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ABSTRACT

The aim of this thesis is the development of a circular treatment sequence for (i) poorly
biodegradable effluents with low C/N ratio and (ii) biodegradable effluents with high C/N
ratio, using explosives wastewater and slaughterhouse wastewater as case studies,
respectively. The proposed integrated treatment system comprises an immediate one-step
lime precipitation (IOSLM) and atmospheric carbonation (AC), followed by constructed
wetlands (CW) or adsorption, to allow reuse or disposal of the treated wastewater and the

reuse of the sludge produced by the [OSLM process.

High removals of chemical oxygen demand (COD) (92%), oils and fats (98%), organic
nitrogen (100%) and NH4" (63%) from explosives wastewater were achieved under
optimized conditions of IOSLM (7.76 g L' of hydrated lime) and atmospheric
carbonation (10 days and in the presence of sludge). Later, higher removals of nitrates
(55%), COD (90%) and NH4" (75%) were achieved in CW with 25% flooding rate, an
external carbon source (ratio C/N of 1.3), nitrate load of 12 g m™ d™! and hydraulic load

of 83 L m?d".

For slaughterhouse wastewater, high removals of COD (7 to 91%), Kjeldahl nitrogen (71
to 97%), biological oxygen demand (BODs) (80 to 86%), NHs" (52 to 88%), total
phosphorus (98 to 99%), and pH 7.8 were obtained under optimized conditions (pH 12
and 10 to 15 days of carbonation). Shorter atmospheric carbonation times and ammonia
capture are possible when atmospheric carbonation occurs in a closed system with air
injection. High COD removals (89.9 to 95.0%) in deeper beds (0.7 m) and with lower
organic loads (3.2 g m™ d!) were obtained. The adsorption by activated carbon was less

efficient than CW.
The successive reuse of lime sludge from the IOSLM process, previously treated by heat
treatment and reused as an adjuvant coagulant, proved to be efficient in the

slaughterhouse wastewater treatment.

Keywords: Explosives wastewater, slaughterhouse wastewater, immediate one-step lime

precipitation, atmospheric carbonation, constructed wetlands, adsorption.
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Resumo alargado

A transicdo do paradigma economia linear para economia circular em sistemas de
tratamento de aguas residuais industriais estd na agenda mundial. A procura de novos
processos simples, eco inovativos e de baixo custo para o tratamento de dguas residuais
industriais, que possam ser também usados por pequenas ¢ médias industrias, tem sido
um desafio constante, para garantir a sustentabilidade ambiental em todos os tipos de

industrias.

O objetivo da presente tese ¢ o de desenvolver uma sequéncia de tratamento integrado e
circular para: (i) efluentes pouco biodegradaveis com baixo racio C/N, utilizando as aguas
residuais dos explosivos como caso de estudo e (i1) efluentes biodegradaveis com alto
racio C/N, utilizando as aguas residuais do matadouro como caso de estudo. O sistema de
tratamento integrado proposto € composto pelo processo de precipitacdo quimica
imediata de etapa Unica com cal hidratada (IOSLM) com reutilizacdo das lamas
produzidas no proprio processo IOSLM (como coagulante ou coagulante adjuvante no
tratamento, testado para aguas residuais do matadouro) e carbonatacao atmostérica (AC),

seguida de zonas humidas construidas (CW) ou adsorcao por carvao ativado.

O processo IOSLM foi aplicado com o objetivo de remover grande parte da contaminagao
presente nos efluentes industriais, designadamente, em termos de matéria organica,
solidos suspensos totais, 0leos e gorduras, e nutrientes (como o azoto organico e fosforo),
avaliando o efeito da dose/pH de reagdo. Posteriormente, o processo AC foi utilizado para
diminuir o pH do efluente obtido no processo IOSLM, bem como para reduzir a
condutividade e as concentragoes de calcio e de azoto amoniacal, através das reagoes de
carbonatacdo atmosférica. O processo AC foi desenvolvido em sistema aberto ou em
sistema fechado. No sistema aberto, foi estudado o efeito do tempo de carbonatagao, racio
area/volume, pH de reagdo e a presenga/auséncia de precipitado na neutralizagdo do
efluente. No sistema fechado, foram desenvolvidos dois modos de carbonatagdo
atmosférica: reator de borbulhamento com agitacdo (SBC) e reator capilar de fluxo
continuo e escalonado (SCFCR, estudando-se o efeito de diferentes variaveis operatorias
através da metodologia de superficie de resposta. Foram ainda testados dois processos de
afinacdo, para ambas as 4guas, apds o processo combinado IOSLM + AC, nomeadamente
as zonas humidas construidas e adsor¢do. Na afinacdo de aguas residuais de explosivos
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através da utilizacdo de zonas humidas construidas plantadas com Vetiveria zizanioides
sob escoamento subsuperficial vertical, avaliou-se o efeito da taxa de inundagdo do leito,
da varia¢do do racio carbono/azoto e da carga de azoto aplicada na remog¢ao de azoto
amoniacal e de nitratos. Por outro lado, na afinacdo de dguas residuais de matadouro
avaliou-se o efeito da profundidade do leito e da variagdo da carga organica aplicada na
remocao da matéria organica. O estudo do processo de afinagdo por adsor¢ao com carvao
ativado teve por objetivo principal a remog¢ao da matéria organica da dgua residual do
matadouro, utilizando diferentes carvoes ativados em p6 (PAC) e carvao ativado granular
(GAC) e carvoes ativados modificados (PACMAG e GACMAG) obtidos pela
incorporacdo de nanoparticulas de 6xido de ferro em PAC e GAC. O efeito da dosagem
de carvao ativado aplicado, do tempo de contacto, e dos métodos de separacao do
adsorvente da solucdo (filtracdo, sedimentacdo e separacado magnética) também foram

avaliados.

Os resultados do processo de tratamento integrado composto por IOSLM + AC,
mostraram que a dose ¢ o pH de reacdo influenciam a remog¢ao de contaminantes em

ambas as aguas residuais industriais estudadas.

Relativamente ao tratamento da agua residual dos explosivos por IOSLM + AC, os
resultados obtidos indicam altas remogdes de CQO (92%), 6leos e gorduras (98%), azoto
organico (100%) e azoto amoniacal (63%), alcangadas sob condi¢cdes otimizadas de
IOSLM (de 7.76 g L!) e carbonatacio atmosférica (de 10 dias e na presenca de lamas).
A presenca de lamas durante o processo de carbonatacao contribuiu para um maior tempo
de carbonatacdo e consequentemente uma maior remo¢ao da amodnia. A adgua residual
obtida apresenta qualidade compativel com a reutilizacdo para rega de culturas, mas ndo
possui qualidade para ser descarregada no meio hidrico dadas as elevadas concentracdes
de azoto (nitratos e azoto amoniacal). No processo combinado de IOSLM + AC+ zonas
hiimidas construidas, os resultados obtidos indicaram uma maior remocao de nitratos
(55%), CQO (90%) e azoto amoniacal (75%) quando foi aplicada uma taxa de inundacao
de 25% e adicionada uma fonte de carbono externa (relagdo C/N de 1,3), carga de nitrato
de 12 g m™ d! e carga hidraulica de 83 L m d™!. Apesar das remogdes observadas, ainda
assim as aguas residuais dos explosivos apresentaram elevadas concentra¢des de azoto

amoniacal e de nitratos para poderem ser descarregadas em meio hidrico.
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Em relagdo as dguas residuais do matadouro, foram obtidas altas remog¢des de CQO (7 a
91%), azoto Kjeldahl (71 a 97%), CBOs (80 a 86%), azoto amoniacal (52 a 88%), fosforo
total (98 a 99%), solidos suspensos totais (52 a 99%), turvacdo (62 a 97%) e Oleos ¢
gorduras (47 a 92%), e um pH em torno de 7.8, quando IOSLM e AC foram aplicadas sob
condi¢des 6timas de pH de reagdo de 12, tempo de carbonatacdo a variar entre os 10 e 15
dias e na auséncia de lamas. As remogdes dos contaminantes variaram conforme as
caracteristicas das dguas residuais a tratar. Quando a carbonatagdo atmosférica foi
realizada em sistema aberto, foi observado que o aumento do réacio area/volume
contribuiu para uma reducdo dréastica do pH da agua residual, resultando num menor
tempo de carbonatacdo. No entanto, quando a carbonatacao atmosférica foi realizada em
sistema fechado e com injecdo de ar observou-se uma maior redugdo do tempo de
carbonatacdo, a captura da amonia (=99%) em solugdo acida, bem como uma
disponibilizagao imediata do efluente a pH préximo da neutralidade com o decorrer do
funcionamento do SCFCR. Apesar das remogdes observadas pelo pré-tratamento IOSLM
+AC, as aguas residuais do matadouro ainda apresentavam concentragdes de matéria
organica consideraveis, o que indica que o pré-tratamento nao permite a descarga em
meio hidrico. Apenas so6 € possivel a sua reutilizagdo agricola quando este pré-tratamento
¢ complementado com o sistema de pré-tratamento existente no matadouro. No entanto,
no processo combinado de IOSLM + AC+ zonas huimidas construidas, observou-se
elevadas remocgdes de CQO (89.9 a 95.0%) em leitos mais profundos (0,7 m) e com
menores cargas organicas (i.e., 3.2 g m™ d'), o que ja permite a sua descarga em meio
hidrico ou a sua reutilizacao agricola. Nao foram detetados sinais de toxicidade e nem
sintomas de deficiéncia de micronutrientes na planta Vetiveria zizanioides. Por fim, o
processo de adsorcdo foi avaliado como alternativa as zonas humidas construidas, no
tratamento das dguas residuais do matadouro. Verificou-se que sob condigdes otimizadas
(dose de 60 g L™ e tempo de contato de 60 min.) foram alcan¢adas remogdes de CQO de
76% e 74%, correspondendo a uma capacidade de adsor¢do de CQO de 5,78 mg g™ e 5,61
mg g para GAC e GACMAG, respetivamente. Para PAC e PACMAG, sob condigdes
otimizadas (dose 70 g L' € um tempo de contacto de 5 min.), foram obtidas menores
eficiéncias de remocao de CQO, ou seja, de 60 e 59%, correspondendo a uma capacidade
de adsor¢do de 3,90 mg g e 3,86 mg g, respetivamente. Apesar das remogdes de CQO
observadas, o efluente obtido ndo apresenta qualidade para ser descarregado em meio
hidrico ou reutilizado na agricultura, uma vez que os valores de CBO se encontram acima

do limite permitido. Ficou demonstrado que o processo de adsor¢do de CQO ndo ¢ afetado
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com a incorpora¢do de nanoparticulas de o6xido de ferro no PAC ou GAC, e que a

separacao magnética do adsorvente pode ser uma alternativa a filtragdo e sedimentagao.

Por fim, as eficiéncias de remogao obtidas pelo retiso de lamas de cal do processo [IOSLM
no tratamento de aguas residuais do matadouro, variaram conforme as caracteristicas das
aguas residuais do matadouro a tratar e as formas de reuso de lamas. Maiores de remogdes
de CQO (3 a 95%), fosforo total (98 a 99%)), turvagdo (99 a 100%), E. coli (100%) e azoto
Kjeldahl (3 a 62%) foram obtidas com a reutilizagdo das lamas como coagulante
adjuvante e com tratamento térmico prévio. Por outro lado, a reutilizacdao sucessiva das
lamas nao alterou a qualidade da dgua residual tratada (exceto para o fosforo) e contribuiu
para uma poupanga de cal hidratada adicionada bem como para obteng@o de lamas cada

vez mais estabilizadas e compactadas.

Palavras-chave: aguas residuais dos explosivos, é4gua residual do matadouro,
precipitacdo quimica imediata de etapa tUnica com cal hidratada, carbonatacgao

atmosférica, zonas humidas construidas, adsor¢ao.
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Chapter 1

Introduction






ABSTRACT

This chapter deals with the problem of industrial wastewater treatment, especially
industrial wastewater from the explosives industry and slaughterhouses. The main
emphasis goes to the description of the technologies studied in this thesis, namely, the
lime precipitation process (and its reuse of lime sludge), atmospheric carbonation process,
phytoremediation process, and adsorption process. A background on functionality,
applicability, advantages and disadvantages, operating variables that affect the process,
contaminant removal mechanisms, main challenges, and recent advances are carried out
for each of these processes. This section also presents the objectives and outline of this

thesis.






1.1. Industrial wastewater characteristics

Industries are of great importance in society as they meet the daily needs of consumers.
However, due to cleaning operations, cooling water, and manufacturing in industry,
wastewaters are generated. The produced wastewater volume and the industrial
wastewater characteristics are different from industry to industry as different raw
materials are used (Table 1.1). Furthermore, the industry can produce several industrial
effluents with different characteristics, depending on the industrial processes used, as well
as variable wastewater characteristics as a result of changes in the industrial process (e.g.,
production volume, changes in the manufacturing process, and degree of cleaning
performed).

Generally, the contaminant levels in industrial effluents are quite high compared with
contaminant levels in domestic wastewater. Meanwhile, domestic wastewater has a pH
around neutrality, and some industrial wastewaters such as winery wastewater and
brewery wastewater have a wide pH range of around 3 and 12 (Mosse et al., 2011; Rao
et al., 2007). Furthermore, other effluents such as rubber processing wastewater (pH 3.7
to 5.5) (Mohammadi et al., 2010), distillery industry wastewater (pH 3.8 to 4.4) (Saha et
al., 2005), and olive mill wastewater (pH 4 to 6) (Khdair and Abu-Rumman, 2020) are
acidic. According to Metcalf and Eddy (2003), a typical untreated domestic wastewater
can have a chemical oxygen demand (COD) of 250 to 800 mg O2 L%, biochemical oxygen
demand (BOD) of 110 to 350 mg O, L%, total suspended solids (TSS) of 120 to 400 mg
L1, total nitrogen (TN) of 20 to 70 mg N L%, absence of nitrates, trace concentrations of
heavy metals, ammonia of 12 to 45 mg N L, and total phosphorus (TP) of 4 to 12 mg P
L1, depending on the wastewater flowrate. These values are much lower than those found

in many industrial wastewaters.



Table 1.1 - Major characteristics of industrial wastewaters.

Type of industrial

Major characteristics

Reference

effluent
Rubber processing High COD, BOD, TSS, and TN. Mohammadi et al.
wastewater (2010)
Dairy wastewater High TSS, BOD, COD, TN, TP, and FOG. Kolev Slavov (2017)

Textile industry

High COD, pH, color, turbidity, BOD, and TS.

Raj et al. (2023)

wastewater
Seafood processing High salinity, COD, BOD, and TN. Anh et al. (2021)
wastewater
Brewery . . Alayu and Yirgu
wastewater High COD, BOD, nitrogen, and phosphorus. (2018)
Battery
manufacture High amounts of Fe**, Pb*", and Cu*". Paulino et al. (2008)
wastewater

Swine wastewater

High COD, TP, TSS, ammonium nitrogen, and
some heavy metals (Cu and Zn).

Wang et al. (2023)

High color, BOD, COD, AOX, TSS, TDS,

Pulp and paper mill phenolics, heavy metals, and plant components ~ Haq and Raj (2020)

wastewater . .. . . . .
like lignin, tannin, resin acids, and extractives.
Slaughterhouse High BOD, CQD, TSS, nitrogen, phosphorus, Cruz et al. (2019)
wastewater pathogenic bacteria, grease, and fats.
High conductivity, inorganic total dissolved

Distillery industry solids, TDS, TSS, COD, acidity, BOD, sulfate, Dinesh Kumar et al.

wastewater ammoniacal nitrogen, chlorides, phenols, (2022)

phosphate, and total nitrogen.

Tannery wastewater

High COD, BOD, salinity, and chromium level.

Ghorab et al. (2022)

Olive mill
wastewater

High COD and BOD, low biodegradability, and
high content of polyphenols.

Mechnou et al.
(2022)

Winery wastewater

High COD, BOD, acidity, electrical
conductivity, and phenolic compounds.

Ioannou et al. (2015)

Ammonium nitrate-
based explosive

High nitrate, ammonium, nitroglycerin,
nitroglycol, and COD.

Cyplik et al. (2012)

wastewater
HMX explosive High COD, BOD, acetate, TN, nitrates, HMX, Zhang et al. (2013)
wastewater and low pH.
RDX explosive High COD, BOD,_ RDX, TKN_, TSS. Low pH Chen et al. (2011)
wastewater and biodegradability.
TNT explosive High COD, TN, TSS, and TNT. Low pH. Bhanot et al. (2020)
wastewater
Pharmaceutical High COD,.B.OD, TN, TP, Ts.Sf biological Guo et al. (2017)
wastewater toxicity, and chromaticity.
Petroleum refinery High COD and oil and grease. Low Ishak and
wastewater biodegradability. Malakahmad (2013)
Metallurgical High COD and metal ions (e.g., Al., Cr, Zn, and Kuokkanen et al.
industry wastewater others). (2021)
Nuclear industry . . . . Venturini et al.
High COD, ammonium, nitrate, and uranium.
wastewater (2021)
Laundry High COD, BOD, and TSS. Sheth et al. (2017)
wastewater

Note: FOG (oils and greases), AOX (adsorbable organic halides), TDS (total dissolved solids), TS (total solids), HMX
(High Melting Explosive), RDX (Research Department Explosive), and TNT (trinitrotoluene).



For example, high values of COD, BOD, and TSS have been found in some industrial
effluents (Table 1.2), such as dairy wastewater (Deshannavar et al., 2012), brewery
wastewater (Rao et al., 2007), distillery industry wastewater (Saha et al., 2005), winery
wastewater (Mosse et al., 2011), and among others. Regarding total nitrogen, rubber
processing, and distillery industry wastewaters have higher concentrations (Table 1.2).
For ammonia, higher values were found for seafood processing wastewater, swine
wastewater, and tannery wastewater (Table 1.2). Greater phosphorus concentrations have
been found for swine wastewater and slaughterhouse (Table 1.2). On the other hand,
higher concentrations of heavy metals (e.g., Fe**, Pb?*, and Cu?*) are expected to find in
battery manufacture wastewater (Paulino et al., 2008).

Thus, compared to domestic wastewater, industrial wastewater presents a greater
challenge in its treatment, given the high concentration of pollutants present, the high
variability of its composition, and consequently the high damage that it can cause to the

environment if there is no treatment or if the treatment is inappropriate.

Unfortunately, the lack of treatment or inappropriate treatment of industrial wastewater
has been a source of pollution of groundwater, lakes, and rivers (Edokpayi et al., 2017;
Singh et al., 2021). For example, eutrophication is one of the problems associated with
the discharge of nutrients (especially nitrogen and phosphorus) and organic matter into
the receiving watercourse, which leads to a marked oxygen depletion due to bacterial
decomposition of organic matter and high turbidity, with severe consequences for the
natural fauna and flora (Fabricius, 2011; Heredia et al., 2022). On the other hand, the
presence of toxic products in industrial effluents is another factor that, in addition to being
lethal for many organisms, can, in some cases, lead to the accumulation of these
compounds in the food chain, making them unfit for consumption (Sukmanaetal., 2021).
In addition, industrial effluents (rich in organic matter) are often released into public
sewage networks without prior treatment, which causes problems in urban wastewater
treatment systems since these systems have a limited treatment capacity. Therefore, the
installation of industrial wastewater treatment plants in industries is essential to produce
effluents with characteristics that can be discharged into water or the domestic sewage

system.



Table 1.2 — Typical characteristics of different industrial wastewaters.

Type of industrial

(6(0))

BOD

TSS

TN

NH;

TKN

TP

effluent pH (mg O, L) (mg 0: L") (mg L") (mgNL") (mgNL') (mgNL') (mgPL" Reference
Rubber processing 5 755 3 500 14,000 1,500 — 7,000 200 - 700 200 - 1,800 NR NR NR Mohammadi et al.
wastewater (2010)
Dairy wastewater ~ 7.2-88 1,900 —2,700 1,200 — 1,800 500 — 740 NR NR NR NR D"‘Sha(“z%alvg ctal.
Textile industry Sanmuga and
 asiomater 55-10.5 350 — 700 150 — 350 200 — 1,100 NR NR NR NR Senthamil (2017)
Seafood processing ¢y 71147 8313 463 — 4,569 324-3,150  21-471 321,059 NR 13-47 Cristovao et al.
wastewater (2014)
Brewery wastewater 3-12 2000 — 6000 1,200 — 3,600 2,901 — 3,000 NR NR 25 -80 NR Rao et al. (2007)
Swine wastewater  7.4—7.9 2,050 — 33,860 287 - 5,820 1,000 — 27,800 NR 321-1,129  483-2,502 148 1,039  Huntetal. (2012)
Pulpand papermill 5 g5 13144100 480 - 1,353 83 — 605 NR NR NR NR Amor et al. (2019)
wastewater
Slaughterhouse 4 5 ¢ 11 550 15,900 610 — 4,635 300 - 2,800 50 - 841 NR NR 25200  Bustillo-Lecompteect
wastewater al. (2016)
D‘Sal;zie-‘/v‘v‘;fe‘ftry 3.8-44  70,000-98,000 45,000 60,000 2,000 — 14,000 1,000 1,200 NR NR NR Saha et al. (2005)
Tannery wastewater 7 — 8.5 3,000 — 6,000 1,200-2,700 2,000 — 3,000 NR 100-300 250 —400 NR Sabumon (2016)
Olive mill 4-6  40,000-220,000 35,000 110,000 NR NR NR NR NR Khdair and Abu-
wastewater Rumman (2020)
Winery wastewater 3-12 320 — 296,119 125 — 130,000 0-30,300 NR NR NR NR Mosse et al. (2011)
Pharmaceutical
6.7-17.2 616 —4,750 322 - 2,440 120 — 354 NR NR 24.6-82.7 1.2-3.4 Fawzy et al. (2018)
wastewater
Petroleum refinery Ishak and
N 7.5-94 744 -1,673 205 — 448 280 — 340 NR 40 - 45 82-95 L67-L73 o kabmad (2013)

Note: NR - not reported.



1.2. Industrial wastewater treatment strategies

1.2.1. General

Different physical, chemical, and biological methods have been reported in the literature
to remove/reduce nutrients (e.g., ammonium, nitrate, and phosphorus) and organic matter

from industrial wastewater.

Physical-chemical treatments include membrane filtration, coagulation-flocculation,
adsorption, ion-exchange, air stripping, breakpoint chlorination, dissolved air flotation,
chemical precipitation, and other processes. Some of these processes are simple, fast, and
flexible in their ability to handle fluctuations in temperature, load, and flow. However,
they present some disadvantages such as the use of chemicals (which increases the
operating cost), the high energy consumption, and/or the cost of disposing of the sludge

generated (Singh et al., 2021).

Biological treatments such as aerobic treatment (e.g., activated sludge process), anaerobic
treatment (e.g., anaerobic baffled reactor, anaerobic lagoon), microalgal-bacterial
process, and constructed wetlands are effective processes in the removal of nutrients,
organic matter, and some metals. Anaerobic treatments have the possibility of producing
energy from biogas. However, these treatments have some disadvantages: a possible
inhibition due to the presence of toxic compounds (such as resistant pathogens, heavy
metals, and other organic compounds) and sensitivity to environmental conditions (pH,
temperature, organic load) which require high hydraulic retention times and maintenance

(Folino et al., 2020).

A typical industrial wastewater treatment plant includes a set of treatment stages (Figure
1.1) (Crini and Lichtfouse, 2019; Singh et al., 2021; Wun Jern, 2006), namely:

e Preliminary treatment or pretreatment, which includes physical and mechanical

methods such as screening and grit removal, to remove coarse suspended solids;

e Primary treatment, which includes physical-chemical methods, for suspended

solids and particulate BOD settle as sludge while the lighter materials float to the



top and are skimmed off. Coagulation-flocculation/dissolved air flotation
processes can also be used to remove precipitable organic matter;

Secondary treatment, which includes chemical and biological methods, the
microorganisms are used to break down the remaining organic matter in the
wastewater (particulate and soluble BOD), using for example stabilization ponds,
aerated lagoons, activated sludge, trickling filters, or rotating biological
contactors;

Tertiary or final treatment, which includes some physical and chemical methods
to remove trace contaminants or organic matter that may not be removed by other
methods. For example, nitrogen removal can be reached by ion-exchange, gas
stripping, or other processes; phosphorus can be removed by chemical
precipitation; TSS removal can be reached by chemical coagulation and filtration
(e.g., sand filters and microfiltration); organics and metal can be removed by
carbon adsorption; organic matter can be removed by advanced oxidation
processes (AOP), and the dissolved solids by reverse osmosis, electrodialysis or
distillation;

Treatment of the sludge produced.

In all stages, the removal of organic matter may occur. Not all industrial wastewater

treatment plants have all these stages, as they may have only a minimum treatment to

discharge at urban collectors. Since each effluent has its characteristics, the combined

treatments will have to be specific for that wastewater.
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h Industrial Wastewater

¥

Step 1

Pretreated effluent 'v

Secondary treatment
(Biological and physical-
chemical methods)

Post-treated effluent

Step 4

\ g

Water discharge

Figure 1.1 — Typical industrial wastewater treatment strategy (adapted from Crini and
Lichtfouse (2019)).

No process is better than all the others, as each process has its advantages and
disadvantages (Table 1.3) in terms of cost, efficiency, complexity, environmental impact,

or need for skilled labor (Keerthana and Thivyatharsan, 2018; Mahmood et al., 2022).
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Table 1.3 — Advantages and disadvantages of different industrial wastewater treatment processes.

Process Advantages Disadvantages References
High performance in removing organic and
inorganic pollutants. Waste product. Rashed (2013)
Adsorption Low-cost. Weak selectivity. Sadegh and Ali
Wide pH range. Regeneration is expensive. (2018)
Easy operation.
Fouling of stripping tower (e.g. calcium Folino et al
. . . . carbonate). o1mo et al.
Simple in removing volatile pollutants (e.g., L . . (2020)
Air striopi ; Emission of the stripped ammonia to the
ir stripping ammonia). o
. atmosphere if it is not captured. .
Cost-effective process. . . 4 Kinidi et al.
Low ammonia concentration (less than 2 g L™) (2018)
is not economically sustainable.
High operation cost. £ (2018
. High effectiveness in removing ammonia. High acidity generated. Qi( )
Breakpoint . - . L .
S High efficiency. Formation of disinfection by-products (e.g., .
chlorination . - . . Al-Abri et al.
Less investment. chloramine and chlorinated organics). (2019)
Ineffective against some types of microbes.
An effective technigue in removing cations (e.g.,
NH,*) and anions (e.g., NO3). Higher power consumption. Sineh et al
Electrodialysis No chemicals are required. Skilled labors require. (;5013) '

Works under a wide pH range.
High separation selectivity.

Membrane fouling.

Dissolved air
flotation (DAF)

Fast system start-up.

High separation efficiency in removing organic
matter, algae, fats, oils and grease (FOG),
microparticles, and microorganisms.
Operational versatility.

Low construction and operation costs.

High loading rates.

High energy consumption and increased
operating costs.
DAF foam generation.

Muiioz-Alegria et
al. (2021)




Table 1.3 — (continued) Advantages and disadvantages of different industrial wastewater treatment processes.

It is nonselective.

Process Advantages Disadvantages References
Effective in removing ionic compounds, organic *  Large volumes of relatively low-density sludge
molecules, phosphorus, metals, FOG, and are prodL_Jced. .
suspended solids. . (ﬂverdosmg can decrease the effectiveness of
Chemical Well-established technology with ready . JI[_aertreeztr;ncfSr:.ts of chemicals may need to be
emica availability of equipment and many chemicals. g Y Wang et al. (2005)
precipitation Low canital cost transported to the treatment location.
sim Ich)) eratior; e Frequent jar tests are necessary for
Sompe tregtment éhemicals especially lime, are confirmation of optimal treatment conditions.
very inexpensive ' ' e  Operating costs (reagents).
) e Costs of disposal of produced sludge.
Zero discharge of wastewater treatment. High energy consumption.
Evaporation Effective in desalination, separation of mixtures, Easy to scale. Wang (2016)
and concentration of solutions. e Large equipment investment.
e Sludge production.
e Sludge/concentrate contains undesired by- .
I . . products of the chemical process or toxic Folino ct al.
The flexibility of the operational process in compounds (2020)
Coagulation/ removing organic matter and other inorganic SR pbl . H'b't ffects in the followi
flocculation compounds. ossible Inhibitory EITects in the Tollowing Tetteh and
. biological treatment. .
Low capital cost. . oo . Rathilal (2020)
e Low nutrient availability and agronomic
utilization, particularly with aluminum and iron
coagulation.
e  Adsorption of organic matter and calcium
sulfate fouling. Pand d
Ton-exchange Effective in removing inorganic ions. e Long-term costs are high. Kighzzlf;nt
g Can regenerate the resin that’s used. e The brine is discharged into the environment. (2021)
[ ]
[ ]

Highly sensitive to pH change.
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Table 1.3 — (continued) Advantages and disadvantages of different industrial wastewater treatment processes.

Process

Advantages

Disadvantages

References

Membrane filtration

Selective separation of the constituents from
waste streams based on the membrane used.

High investment costs

High energy consumption.

High cost for membrane replacement due
to fouling.

Pre-treatment is needed to prevent
membrane fouling.

Folino et al.
(2020)

Elkarrach et al.
(2022)

Inflexible method.

e Low installation cost. : High operating cost
Activated sludge o Good-quality effluent. «  Need for large space to dispose of sludge. Sivapragasam et
process o Need for less space. ; . al. (2021)
. . e Need for skilled supervision.
o Without odor nuisance. -
e Sensitive process.
o Effective.
e Simple to operate and maintain.
e Low operating costs.
Rotary biological . H;ﬂte skill is required in the operation of the e rl:l(;agﬂe%ozel:ic;qlgg against freezing in the Mohameda et al.
contactor ‘ L . (2022)
e Short retention time. e Frequent maintenance.
o Low operating power requirements.
e Low output of sludge.
o Excellent process control.
o Easy to modify cycles.
Aerg;fhsf;‘ftgfing : (S:gsatl_le]fc(f):(;[ﬁ\r/lgt. e High energy consumption. Goli et al.
ASBR ; P e Frequent sludge disposal. (2019)
( ) e High removal efficiency.
o Wide operation flexibility.
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Table 1.3 — (continued) Advantages and disadvantages of different industrial wastewater treatment processes.

Process Advantages Disadvantages References
Biological treatment o Simple techniques.
congﬁgsa?;eﬁebéiank e Low cost. e Ammonia can be an inhibitor of anaerobic Lippi et al.
anaerobic filter, UASB, ®  Reduced hydraulic holding times. degradation. (2018)
movie bed, fixedbed) o  Low sludge generation.
e Low operation and maintenance (required
sl ey o L Ui s n e SO monti
Periodic and non-continuous operation and . yin ging Navalia (2021)
Constructed Wetlands maintenance environmental conditions.
e Tolerate fluctuations in flow. o Limited by regional climatic features, Xu et al. (2022)
e Esthetic benefits especially in cold regions.
e Effective in removing toxins, chemicals of
emerging concern, pesticides, and other ) ,
deleterious substances. e Sludge generation. Vlktogg;;)et al
Advanced oxidation e No energy input is necessary to activate e Technology complexity.
processes (AOP) hydrogen peroxide. e Requires a qualified technical operator. Lippi ct al
e No hazardous end product materials with e Hydrogen peroxide is a costly chemical. (2018) '
high chemical stability and/or low
biodegradability.
e Rapid process and is effective for certain
metal ions.
¢ No chemicals are needed. Viktoryovi et al.
. Low sludge production. .
Electrochemical gep e High energy costs. (2022)
treatment *  Cost-effectiveness. e Formation of large particles
e Ease of automation and adaptability. gep ' Asaithambi et
e Environmental compatibility. al. (2022)
e Selectivity.
e Minimal maintenance costs.
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Although biological treatments seem to be more interesting processes in ecological terms
than physicochemical treatments, some characteristics of industrial wastewater, such as
the carbon and nitrogen (C/N) ratio and the low biodegradability of the effluent may
condition their use (Hamza et al., 2019; Saha et al., 2022; Wang et al., 2018; Wu et al.,
2012).

A high C/N ratio means there is more carbon than nitrogen. Phanwilai et al. (2020) define
wastewater with a COD/N ratio lower than 4.3 as a low C/N ratio wastewater and higher
than 4.3 as a high C/N ratio wastewater. High C/N ratios have been found in breweries
wastewater (Rao et al., 2007), distillery industry wastewater (Saha et al., 2005), tannery
wastewater (Sabumon, 2016), and other types of wastewater. In biological treatment, high
C/N ratios may not only reduce nitrification efficiency but also increase denitrification
(Navada et al., 2020). Carrera et al. (2004) found that as the C/N ratio increased, the
population of heterotrophic bacteria increased, leading to a reduction in the dissolved
oxygen levels in the reactor. As a result, nitrifying bacteria faced increased competition
for the limited available oxygen, which resulted in a decrease in their growth and activity.
On the other hand, the authors also observed that the denitrification rate was favored with
an increase in the C/N ratio. Thus, maintaining a balanced C/N ratio is crucial for the
optimal performance of nitrifying bacteria in wastewater treatment systems. For efficient
removal of nitrogen from effluent by biological treatment, the reduction of high C/N
ratios can go through a physical-chemical pre-treatment (e.g., coagulation-flocculation,
chemical precipitation, membrane processes, or AOP) that first removes the organic
matter, or an alternating set of aerobic and anaerobic phases in biological treatment

(Hande Gursoy-Haksevenler and Arslan-Alaton, 2020).

If the C/N ratio in wastewater is too low (i.e., it has more nitrogen (nitrate and/or
ammonium nitrogen) than carbon), in the biological treatment the microorganisms may
have not enough carbon to use the available nitrogen, resulting in incomplete nitrogen
removal and potential release of nitrogen compounds into the environment (Liu et al.,
2021; J. Shen et al., 2009; Thakur and Medhi, 2019). Some wastewaters such as ammonia
and/or nitrate-rich industrial wastewaters (e.g., the effluent of a fertilizer industry (Zala
et al., 2004), effluent from initiating explosive factory (Shen et al., 2009), wastewater
produced during the frosting process of bottles in a winery (Carrera et al., 2004), and

among others), have low C/N ratios. Therefore, optimizing the C/N ratio in wastewater
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treatment is important for achieving efficient and effective treatment. The treatment of
wastewater with a low C/N ratio can involve the use of physical-chemical processes that
remove nitrates (e.g., ion-exchange (Yaragal and Mutnuri, 2023), reverse osmosis (Shelly
et al., 2021) and electrochemical (Chauhan and Srivastava, 2020)) or ammonium nitrogen
(e.g., chemical precipitation (by struvite recover) (Li et al., 2012), membrane filtration
(reverse osmosis and nanofiltration) (Kurama et al., 2002), ion-exchange (Jorgensen and
Weatherley, 2003), activated carbon adsorption (Han et al., 2021) and air stripping (Ulu
and Kobya, 2020)), if present. Some advantages and disadvantages of these processes are
identified in Table 1.3. Biological treatment (e.g., nitrification-denitrification (Thakur and
Medhi, 2019)) could also be a solution in the treatment of wastewater with a low C/N
ratio if an addition of an external organic carbon source is made, however, this solution
is considered a cost burden (Zhu et al., 2019). On the other hand, the anammox biological
process could be useful to remove ammonium nitrogen, but it is a treatment that requires

very controlled conditions to occur (Li et al., 2021).

The biodegradability index is defined as the ratio between BOD and COD. Low
BODs/COD ratio (less than 0.25) indicates that the inert (non-biodegradable) fraction is
high, so possible indication of physical-chemical treatment. An intermediate BODs/COD
ratio (0.25 to 0.4) indicates that the inert (non-biodegradable) fraction is not high,
therefore, treatability studies to verify the feasibility of the biological treatment must be
carried out. On the other hand, a high BODs/COD ratio (greater than 0.4) indicates that
the biodegradable fraction is high, which is a good indication for biological treatment
(von Sperling, 2007). Some industrial wastewaters such as textile industry wastewater
(Ghoreishi and Haghighi, 2003), paper mill wastewater (Zodi et al., 2011), tannery
wastewater (Mariliz et al., 2015), explosives wastewater (e.g., TNT, RDX, and HMX)
(Chitra and Lakshmanaperumalsamy, 2006), petrochemical wastewaters (Derakhshan
and Fazeli, 2018) and others, are poorly biodegradable. Poor biodegradability may be due
to the presence of non-biodegradable organic matter or toxic substances that inhibit
microbial activity (Mangkoedihardjo, 2006). For this reason, activated sludge is not
viable for treating poorly biodegradable wastewater (Derakhshan and Fazeli, 2018).
Mixing low biodegradability effluents with highly biodegradable effluents, or adding
biodegradable organic matter to the effluent could be examples of solutions to improve
the biodegradability of wastewater to use in biological treatment, however, the latter

solution entails costs Mangkoedihardjo (2006).
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Recently, several pretreatment technologies have been evaluated to treat and improve the
biodegradability of industrial wastewater for suitable biological treatment. Some
examples of wastewater treatment technologies that improve the biodegradability of
wastewater include AOP and electrochemical treatments (Cheng et al., 2022; Devda et
al., 2021; Ma et al., 2019; Saravanathamizhan and Perarasu, 2021), and constructed
wetlands (Mangkoedihardjo, 2006). AOP (e.g., ozonation, UV/O3, ozonation coupled
with H>O», O3/UV/H>0», sonification, photocatalytic oxidation, Fenton, and other
processes) are effective in the treatment of various wastes. However, they have the
disadvantages of generating sludge, are a complex technology, and some reagents (e.g.,
hydrogen peroxide) are costly (Kokkinos et al., 2021). Electrochemical treatments (e.g.,
electrocoagulation, electrodialysis, electrochemical oxidation, among others) are fast and
effective processes for certain metals, do not need chemicals, and have low sludge
production. However, these processes have high energy consumption costs (Ding et al.,
2019; Pandey and Keshavkant, 2021). Compared to these processes, the adsorption
process and constructed wetlands are recognized for their low-cost wastewater treatment
(Waly et al., 2022), eco-friendly treatment, and treatment of various types of industrial
wastewaters, including low biodegradable wastewater (e.g., pulp and paper wastewater,
petrochemical wastewater, pharmaceutical wastewater, and others) (Almazan-Sanchez et
al., 2016; Alvarez-Torrellas et al., 2017; Rodriguez et al., 2004; Skrzypiec and Gajewska,
2017). However, the adsorption process can be less efficient than constructed wetlands
(Keerthana and Thivyatharsan, 2018). Constructed Wetlands can also improve the
biodegradability of effluents, since in these systems, the exudates produced by plants are
highly biodegradable and can stimulate cometabolism of contaminants in the rhizosphere
(Mangkoedihardjo, 2006). Mangkoedihardjo (2006) investigated the performance of low-
biodegradable wastewater using phytotreatment before the biological oxidation process.
The author observed that hyacinths plants were able to increase the BOD/COD ratio of
industrial wastewater from 0.05-0.11 to 0.30-0.52, with simultaneous high significant
COD removals. For better efficiency of constructed wetlands, pretreatment of wastewater
is necessary to remove various contaminants (e.g. TSS) and thus reduce the potential risk
of system clogging (Achak et al., 2023). The precipitation of nondegradable pollutants on
the substrate surface reason is also one of the reasons for clogging (Wang et al., 2021).
According to Karungamye (2021), the effluents to treat in constructed wetlands should

not exceed a suspended solids concentration of 100 mg L. Thus, the effluent must
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undergo a primary treatment to reduce the solid load. Primary decanters and coagulation-
flocculation processes have been used as pretreatment methods to reduce the contaminant
load of constructed wetlands (Ying et al., 2011). Recently, a combined process consisting
of lime precipitation followed by atmospheric carbonation has been considered an
efficient pretreatment of industrial wastewaters (Luz et al., 2021), leachate (Ramalho et
al., 2022), and urban wastewaters for the production of hydroponic nutrient solutions
(Correia et al., 2020), in the removal of COD, TSS, oils and fats, phosphorus and
ammonium nitrogen. This process is also called immediate one-step lime precipitation
process (IOSLM). Some eco-innovative aspects have been found in this integrated
process, namely (Correia et al., 2020; Prazeres et al., 2016; Ramalho et al., 2022):

e Assingle reagent (hydrated lime) of low cost and high availability is used;

e The sludge produced is stabilized, is rich in nutrients, has the potential to be used
in acid soils, and is less harmful than iron/alum sludge obtained by conventional
coagulation-flocculation processes;

e The atmospheric carbonation process contributes to atmospheric CO2 mitigation
since in this process atmospheric CO is used to neutralize alkaline effluent to
values around neutrality. In this way, no consumption of acids and the problems
associated with them occurs.

Eco-innovative wastewater treatment technologies refer to the application of
environmentally sustainable technologies and approaches in treating wastewater to
minimize their negative impacts (e.g., minimizing greenhouse gas emissions) on the
environment while also maximizing their potential benefits. These technologies typically
are energy-efficient and resource-efficient processes that minimize the use of chemicals
and other inputs and may incorporate renewable energy sources and closed-loop systems

to reduce the overall environmental footprint (de Jesus et al., 2022).

However, a decrease in the biodegradability index has also been observed with the
application of lime precipitation, making the wastewater non-biodegradable, as observed
by Luz et al. (2021) and Ramalho et al. (2022). Therefore, the optimization needs further
investigation, mainly in the treatment of industrial wastewater that is not very
biodegradable and has a low C/N ratio. The potentialities of each of these treatment

processes in wastewater treatment are described in the following sections.
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1.2.2. Lime precipitation

Lime precipitation aims to change the solubility of the substances, converting the soluble
substances into insoluble substances, by adding lime to the wastewater. A scheme of the
process is presented in Figure 1.2. It is a process, where rapid and slow mixing take place.
Rapid mixing for a good mixture between the precipitating agent and the wastewater to
form precipitates. Slow mixing for the agglomeration of particles to increase their
sedimentation (Figure 1.2). In immediate one-step lime precipitation, the flocculation step
does not exist since it uses high lime dosages to produce immediately large amounts of
precipitates that settle in the mantle, dragging many particles with it (Prazeres et al.,

2016).

Precipitant tank

Regulation of pH

Settling tank
Treated wastewater

Raw wastewater tank

Mixing tank Slow mixing tank
Shudge

Figure 1.2 — Lime precipitation process.

Quicklime (CaO) and hydrated lime (Ca(OH)>) are the two forms of lime mostly used in
wastewater treatment. CaO is the result of the calcination of CaCOs at high temperatures
(Eq. 1). Hydrated lime results from the hydration of CaO with water (Eq. 2). The
solubility of Ca(OH), decreases with increasing temperature (Zhao et al., 2018).

CaCOs (s) — CaO + COa (g) (1)
CaO + H,0 — Ca(OH), )

Lime has been used for Ph control (An et al., 2023; Niaounakis and Halvadakis, 2006)
and treatment of industrial wastewaters, such as plywood industries wastewater (Prasad

etal., 2019), cotton textile wastewater (Georgiou et al., 2003), tannery wastewater (Ayoub
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et al., 2011; Reyes-Serrano et al., 2020), olive mill wastewater (Boukhoubza et al., 2009)
and others) and stabilized leachates (Renou et al., 2009) (Table 1.4).

High removals of COD, BOD, color, total phosphorus, total coliforms, heavy metals,
turbidity, and organic nitrogen have been observed in the lime treatment of various types
of wastewaters (Table 1.4). The amount of hydrated lime required for optimal effluent
clarification varies with the type of wastewater to be treated (more specifically with the
composition of the water, for example, alkalinity, total hardness, and ammonium
concentration, (Folkman and Wachs, 1973). Sometimes the dosages used are higher than
theoretically foreseeable since hydrated lime partially dissolves (Semerjian and Ayoub,
2003). Boukhoubza et al. (2009) tested different concentrations of hydrated lime (10 to
150 g L) to treat 1 L of olive mill wastewater at pH 12. The authors observed that small
concentrations of hydrated lime contributed to a greater effluent dilution effect than the
effect of coagulation. Increasing concentrations of lime decreased the volume of solution
added and, in this case, the recorded reductions could be related to the coagulation effect
rather than dilution. High concentrations of hydrated lime or CaO solution (e.g., 200
g L!) have been used in the literature (Luz et al., 2021; Prazeres et al., 2019b; Ramalho
et al., 2022; Renou et al., 2009). Ramalho et al. (2022) observed that stirring time in the
immediate one-step lime precipitation process has a small influence on organic load and

NH4" removal.
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Table 1.4 - Application of lime precipitation/IOSLM in the treatment of industrial wastewater, landfill leachate, and urban wastewater.

wgs};le):v:tfer a;;??egdegf):el;gl_l Operation mode Optimum removal efficiency Reference
Lime (4g L), COD (25.5%), Ca®" (93.5%), Mg?* (98.5%), NH4" (56.2%), total
pH 11.85 Rapid mixing (300 rpm) for 5 alkalinity (87.7%), and Fe (75.4%).
Lime (2.0 gL!),  min, slow mixing (30 rpm) for =~ COD (18.0%), Ca>" (65.0%), Mg?" (65.0%), NH4" (29.7%), and total Renou et al.
pH=11.20 30 min followed by alkalinity (80.0%). (2009)
L Lime (6.0 g L), settling for 30 min. COD (0.4%), Ca>" (91.5%), Mg?* (95.5%), NH4" (24.7%), and total
andfill '
pH 10,40 alkalinity (90.9%).
leachates 300 rpm stirring speed for . . h 1 infl ic load and N
Ca0 27.6 gL 2-60 min followed by settling Stirring time has a small influence on organic load and NH4
removal. Ramalho et al.
for 2 h. (2022)
CaO (18.2-33.3 300 rpm stirring speed for 40 4
L% in followed by sottling for 21, COP (64%)at27.6 gL' of CaO.
Plywood Rapid mixing and settling f Prasad et al
industry Lime (1.5 gL apt m"“ngza}‘l“ SCHIME IO cOD (40%), TSS (36.8%), phenol (41%), and TKN (48.1%). rasz‘t)lg a
wastewater ) ( )
Rapid mixing (200 rpm) for
Olive mill Lime (10 gL™"), 5 min, slow mixing (60 rpm) for Boukhoubza et
wastewater pH 1% 10 min, and ﬁltragtion 8) 1 pm) COD (72%), TSS (73%), and Phenol (60%). al. (2009)
after a resting period.
. . 1 Rapid mixing for 1-2 min, slow .
Textile Lime (08 ¢ L), ving for 15-20 min, followed  COD (50-60%) and color (70-00%). Georgiou et al.
wastewater pH 13-13.5 b . . (2003)
y settling for 45 min.
700-800 rpm for 1min, 300— The highest COD removal (29.7%) was obtained at pH 11.0. Prazeres ef al
Lime, pH6to 13 400 rpm for 1 min, followed by Total phosphorus (61.9-95.6%) only occurred for pH > 8.0. (2020) '
Cheese whey settling for 24 h. Highest total phenols removals (63.2—65.5%) at pH 12.0 and 13.0.
wastewater Vigorous agitation. Then the Under optimum conditions: COD (90%), turbidity (99.8%), TSS
Ca(OH),, pH agitation system w.as switched (98-99%), oils and fats (82-96%), phosphorus (98-99%), Prazeres et al.
8.57to 12.37 off potassium (96-97%), and total coliforms (100%) for 80% cheese (2016)
) whey recovery and lime application.
CaO and 10min of vigorous stirring Cr (99.8%), SO4* (66.9%), ZnSO4 (99.6%), FeSO4 (21.4%), CN!
Tannery Ca(OH); (0.3 to 200 om. and a settline fime 0% (70.9%), NiSO4 (52.8%) and Fe,[Fe(CN)s] (76.4%) for CaO, Reyes-Serrano
wastewater 3.2 g alkali/g pm, & Cr (99.8%), SO4> (61.6%), ZnSO4 (99.9%), FeSOs4 (7.1%), CN! et al. (2020)

Cr3 +)

24 h.

(84.0%), NiSO4 (54.4%) and Fex[Fe(CN)e] (90.5%) for Ca(OH),
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Table 1.4 — (continued) Application of lime precipitation/IOSLM in the treatment of industrial wastewater, landfill leachate, and urban wastewater.

Type of Reagent and . . .
wastewater applied dose/pH Operation mode Optimum removal efficiency Reference
Vinasse C?(O%H)ZL_(%Z_ Rapid agitation COD (51%), absorbances, magnesium, nitrogen, and phosphorus Prazeres et al.
wastewater gl ), picag ) had depletions (>70%) at pH 12.13 and 12.49. (2019b)

pH 10.14-12.49.

COD (11.4-17.8%), total phosphorus (23.6-42.2%), turbidity

Olive oil mill Ca(OH)s, Rapid agitation followed a (60.9-100%), total phenols (25.9—48.0%), and absorbances at 220 Prazeres et al.
wastewater pH 11.0 to 12.75.  settling time of 24 h. nm (10.3-33.5%), 254 nm (18.5-45.9%), 410 nm (34.2-81.6%) (2021)
and 600 nm (22.1-77.3%).
Quicklime,
slaked lime,
Calcium
Winer }i{%rgmieiuls}gf Vigorous stirring for High removal levels of BODs (77.9%), turbidity (98.7%), total
wastewa};er slaked lime and 2 min followed by the settling phosphorus (87.1%), total phenols (99.9%), fecal coliforms, and Luz et al. (2021)
. time of 1 h. Enterococcus (100%) at 25 ml L of slaked lime.
calcium
hydroxide, and
5-40 mL L™ for
the quicklime.
Hydrated lime, Vigorous mechanical stirrin,
reagent grade gorout \ & COD (88%), BODs (86%), TP (89%), N-organic (75%), and total .
Urban (magnetically agitated, rotation . o 4 . Correia et al.
Ca(OH); and coliform count (100%) at 0.7 g L™ (reaction pH of 11.5) of
wastewater S speed of 300 rpm) followed by a . (2020)
quick lime, pH line i ¢ . hydrated lime.
95t0125 settling time of 120 min.

Slaughterhouse
wastewater

Lime (100-600
mg L)

Stirring at 100 rpm for 1 min,
slow mixing at 40 rpm for 30
min, followed by a settling time
of 30 min.

TSS (41.9%), BOD (38.9%), and COD (36.1%) at 400 mg L™! of
lime.

Satyanarayan et
al. (2005)




The effect of the effluent composition buoyancy on the effectiveness of the lime
precipitation process has been very scarcely documented in the literature (Wang et al.,
2016). Prazeres et al. (2016) applied IOSLM to treat different high-strength cheese whey
wastewaters (without cheese whey recovery, 60% cheese whey recovery, and 80% cheese
whey recovery). The authors observed that cheese whey recovery significantly influenced
the characteristics of the wastewater to be treated and consequently the removal of various

parameters.

Some reaction mechanisms of the lime precipitation process in wastewater treatment have
been observed, namely:
e Effluent pH increase since the dissolution of hydrated lime in wastewater provides
the hydroxyl ions (OH") (Eg. 3) (Georgiou et al., 2003; Renou et al., 2009).

Ca(OH); — Ca’*" +20H 3)

e Carbonate and hydroxide anions can react with a wide range of cations, leading
to the formation of highly insoluble sediments (Forouzesh et al., 2023). For
example, the instantaneous conversion of calcium bicarbonates and magnesium
bicarbonates into precipitated calcium carbonates (Eq. 4) and magnesium
carbonates (Eq. 5), as well as the transformation of magnesium carbonates into
precipitated magnesium hydroxides (Eq. 6) (Renou et al., 2009; Semerjian and
Ayoub, 2003). In fact, these compounds have low solubility product values (i.e.,
4.7 x 10° for CaCOs and 8.9 x 10-*2 for Mg(OH)_, respectively), and the minimum
solubility of calcium carbonate and magnesium hydroxide occurs at pH 9.1-9.5

and around 11, respectively (Spellman, 2020).

Ca(OH)2+ Ca(HCO3)2 > 2CaCOs(s) + 2H20 %
Ca(OH)2 + Mg(HCO3), «+» MgCO3+ CaCOs (s) + 2H.0 (5)
Ca(OH),+ MgCO3 «> Mg(OH): (s) + CaCOs(s) (6)

e Neutralization of suspended impurities, results in the destabilization of charged
particles and their aggregation (Prasad et al., 2019). The formed calcium

carbonate and magnesium hydroxide can act as coagulants (Ayoub and Merhebi,
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2002). Furthermore, colloidal particles can be trapped during the formation of
calcium carbonate precipitates (Ayeche, 2012).

e Total phosphorus removal (Egs. 7 and 8) occurs in the pH range of 8-12 (Ayeche,
2012). The degree of phosphorus removal by lime precipitation is a function of
the following factors: initial phosphorus concentration, lime concentration, the
concentration of other anions competing with phosphorus for precipitating
cations, and wastewater pH (Liu and Liptak, 2000). The phosphate precipitation
rate is influenced by the presence of carbonates, as the latter compete with the

phosphate ions for calcium ions (Li et al., 2021; Prazeres et al., 2020).

3Ca(OH); + 2PO4*" — Ca3(POs) | + 6 OH (7
4Ca(OH); + 3P0 + H,O — CasH(PO4)3 | + 9 OH (8)

e Disinfection of the effluent due to the exposure of microorganisms/viruses to high
pH under a certain contact time, as well as the occurrence of adsorption of
microorganisms to the formed precipitates (Luz et al., 2021; Semerjian and
Ayoub, 2003).

e Organic matter removal by surface adsorption, co-precipitation, precipitation,
coagulation-flocculation, or chemical reaction (Renou et al., 2009).

e Removal of heavy metals (e.g., Ni, Zn, Fe, Cr, and others) in the form of
precipitated hydroxides (Egs. 9 to 12) or carbonates, as well as their adsorption
on calcium carbonate. Metal hydroxide precipitation is highly dependent on pH
(Forouzesh et al., 2023; Habte et al., 2020; Reyes-Serrano et al., 2020; Wang et

al., 2016).
Ci(SO4)3 + 3Ca(OH). — 2Cr(OH)3| + 3CaSO0s4 | 9)
NiSO4 + Ca(OH)2 — Ni(OH)2| + CaSOs4 | (10)
ZnS04 + Ca(OH)2 — Zn(OH)2| + CaSOa4 | (11)
FeSO4 + Ca(OH)2 — Fe(OH)2| + CaSOs4 | (12)

The main advantages of using hydrated lime are:
e lItisasimple operation, fast (i.e., high precipitation speed) and low-cost (chemical

cost and energy requirements) (Chen et al., 2009; Mirbagheri and Hosseini, 2005),
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Lime is cheaper than other chemicals and can easily be purchased anywhere
(Semerjian and Ayoub, 2003; Wang et al., 2016),

Does not contribute to an increase in salinity, unlike some salts used such as iron
and alum (Semerjian and Ayoub, 2003),

No formation of toxic secondary pollutants (Forouzesh et al., 2023),

The sludges possess superior thickening and dewatering characteristics and are
suitable for filter pressing at a lower cost than sludges generated from ferric
chloride or alum (Prazeres et al., 2016; Semerjian and Ayoub, 2003),

The sludge does not need the addition of polymers or more lime to dewater it,
which results in savings in chemical reagents, unlike the iron and alum sludge
obtained by the coagulation process which still needs to be conditioned
(Semerjian and Ayoub, 2003),

The sludge is chemically stabilized due to the high pH applied, does not
decompose quickly, causes few odor problems, and has recycling potential
(Ayoub and Merhebi, 2002; Semerjian and Ayoub, 2003).

The disadvantages of using hydrated lime are:

Leaves the effluent with high pH, making it unsuitable for some sequence
treatment processes within a wastewater treatment plant, and calcium carbonate
precipitation may occur in the distribution pipelines (Habte et al., 2020),

The removal rate of some pollutants like NH4" is limited (Cheng et al., 2021),
Production of large amounts of sludge, when compared to coagulation processes

using ferric chloride or alum chloride as coagulants (Semerjian and Ayoub, 2003).

The first two disadvantages can be minimized by the atmospheric carbonation process

(See section 1.2.3). Finding economically viable and ecological solutions is important to

minimize the impact of increased sludge production. The reuse of lime sludge from

landfill leachate treatment by lime precipitation to cover landfills has been considered an

eco-innovative solution (Martinez-Cruz et al., 2021). Some sludge resulting from the

treatment of cheese whey wastewater by lime precipitation has potential application in

agriculture as a fertilizer since it contains many nutrients such as calcium, phosphorus,

potassium, magnesium, and others, although with some limitations due to its saline nature

(i.e., high NaCl content) (Prazeres et al., 2016). On the other hand, the reuse of lime
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sludge from the lime precipitation process to treat wastewater is rarely reported. Ayeche
(2012) used hydrated lime sludge (with a purity of 67.03%) produced in the manufacture
of acetylene to treat dairy wastewater, and the author observed substantial removals of
suspended solids, organic matter, nitrogen, and phosphorus. The use of thermal treatment
(calcination process) can also be a solution to recover the hydrated lime from the sludge
and use it again as a reagent. Bal Krishna et al. (2017) investigate the effectiveness of
pre-treated lime sludge from a groundwater treatment plant through heat treatment in
removing phosphorus from an aqueous solution. The authors observed that calcination of
the sludge at 700 °C greatly improved the phosphorus removal from the aqueous solution
than if it were applied to dry lime sludge at 105°C. Information regarding the reuse of

lime sludge in the treatment of industrial wastewater is scarce and necessary.

1.2.3. Atmospheric carbonation

Atmospheric carbonation (or atmospheric CO> sequestration) is a process that aims to
reduce the pH of an alkaline effluent using atmospheric CO,. Basically, this process
consists of leaving the alkaline effluent exposed to the atmosphere over time, at rest, and

at room temperature (Figure 1.3).

Atmosphere
CO,

co, /

A

co,

1|

Figure 1.3 - Atmospheric carbonation process.

The atmospheric carbonation process has recently been used to neutralize industrial
wastewater (e.g., vinasse from the sugarcane ethanol industry (Prazeres et al., 2019b),
winery wastewater (Luz et al., 2021) and cheese whey wastewater (Prazeres et al., 2016)),
urban wastewater (Correia et al., 2020), and landfill leachate (Ramalho et al., 2022),

resulting from lime precipitation process.
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Reductions in pH, conductivity, calcium concentration, magnesium concentration,
ammonia concentration, phenolphthalein alkalinity, and total alkalinity have been
observed over the carbonation time for most wastewater treated by lime precipitation

(Table 1.5).

Time, the absence/presence of precipitates from lime precipitation, and the injection of
atmospheric air have been the factors analyzed in the carbonation process. Time has been
the main factor analyzed by the authors, as it is the factor that regulates the continuity of
carbonation reactions between the supernatant and the atmosphere. This factor is
dependent on the operational variables applied (e.g., air injection or absence/presence of
sludge) (Correia et al., 2020; Prazeres et al., 2019b) and on the initial characteristics of
the alkaline wastewater (e.g. pH, temperature, and others) (Viswanaathan et al., 2022).
Correia et al. (2020) observed that the injection of atmospheric air contributes to a shorter
carbonation time. On the other hand, Prazeres et al. (2019b) found that the presence of
sludge from lime precipitation contributes to an increase in the carbonation time to reach
a pH around neutrality. The minimum and maximum atmospheric carbonation times
reported in the literature were 4.2 (Correia et al., 2020) to 20 days (Prazeres et al., 2019b)
to reach pH = 8. On the other hand, a non-completion of the carbonation process at pH 8
has been observed by some authors, such as the authors Ramalho et al. (2022) who
observed that the effluent still had a pH of 10.10 after 32 days of carbonation (Table 1.5).
Prazeres et al. (2016) also found that the time required for natural carbonation depends

on effluent characteristics.

The decrease in pH of the effluent during the atmospheric carbonation process follows
the same reaction mechanisms (Egs. 13 to 16) that lead to ocean acidification caused by
increased CO; emissions into the atmosphere from anthropogenic sources (Mollica et al.,

2018).

CO2 (g) 2 CO2 (aq) (13)
COz (aq) + H20 (1) 2 H2COs (aq) (14)
H>COs 2 H" + HCO3 (15)
HCOs™ 2 H" + COs* (16)

28



Table 1.5 - Summary of literature review about the neutralization of alkaline wastewater treated by lime precipitation, through carbonation of atmospheric

COa.
;rf}illl:lee:)li Operating conditions Initial physicochemical characteristics Final physicochemical characteristics References
Without precipitate: After 15 days:
V=26L pH =10.6 pH=8
Vinasse from A=162 cm? Conductivity = 10 mS ¢cm’ Conductivity = 10.8 mS cm’!
the sugarcane Room temperature = 16.8+2.3 °C Ca=2400 mg L Ca=2400 mg L"! Prazeres et
ethanol Without agitation, air injection, and With precipitate: After 20 days: al. (2019b)
industry reagent addition pH=12.34 pH=~28
With or without precipitate Without precipitate: After 9.2 days:
pH =12.05 pH=8
V=1L pH =12.4 Algtir;igay&
Winery Without agitation, air injection, and Conductivity = 6.5 mS cm’! b A a Luz etal.
.. _ R Conductivity = 1.805 mS cm
wastewater reagent addition Ca=499.8 mgL _ 4 (2021)
Without precipitate Mg=179.9 mgL"! Ca=426.5 mg L
) Mg=6.6mg L'
Cheese whey . . S Conductivity = 4.75 mS cm’! pr=e - 1 Prazeres et
Without agitation, air injection, and N 1 Conductivity =~ 4 mS cm
wastewater .. Ca=300mgL N a1 al. (2016)
reagent addition Mo =~ 13 me L-! Ca=200mgL
Without precipitate £~ & Mg=~2mgL"!
pH=12.5 s}flt‘f fg fgyS:
+_ -1 - .
V=3t4L NH, =889 mg N L . NH;" <0.1 mgN L
_ > Conductivity = 23.1 mS cm L2 1
A =200cm _ 1 Conductivity = 15.0 mS cm
Landfill With . e d Ca=490mgL q Ramalho et
leachate ithout agl.ta.tlon, air injection, an Phenolphthalein alkalinity = 6600 mg CaCOs L Ca<0.1 mg L. . al. (2022)
reagent addition I Phenolphthalein alkalinity = 2350 mg CaCOs ’
Without precipitate N 1 L!
E‘(’;?)l fﬁ%%ngy 075L3_10 mg CaCO; L Total alkalinity = 4480 mg CaCO; L
gLz COD =474 mg O, L
V=4L Without air injection: After 9.2 days:
A =200 cm? pH~11.5 pH=84
Urban Without agitation and reagent Conductivity = 1.144 mS cm’! Conductivity = 1.050 mS cm’! Correia et
wastewater addition With air injection (85 L h!): After 4.2 days: al. (2020)
With precipitate pH~=11.5 pH =38

With or without air injection

Conductivity = 1.300 mS cm’

Conductivity = 1.170 mS cm’!

Note: V — wastewater volume; A - surface area.
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In fact, the effluents from lime precipitation are quite alkaline and consequently, the free
COz 1n the effluent is unavailable, which causes a chemical imbalance of CO; between
the effluent and the atmosphere with considerable concentrations of CO>. As a way of
counteracting this imbalance, the CO; present in the atmosphere tends to dissolve in the
water through the water-air interface until it reaches equilibrium (Eq. 13). After
dissolution in the water, the dissolved CO; is subjected to a hydration reaction through
reaction with water to form H>COs (Eq. 14). As H,COs is a weak acid, it dissociates in
two steps, the first step (Eq. 15) the formation of HCO3™ and H" ions, and the second step
(Eq. 16) the formation of COs*" and H" ions, from HCOs". The production of H" ions leads
to a decrease in the pH of the effluent. During atmospheric CO, sequestration, H" ions
are attracted by opposite charges, namely by hydroxide ions forming water molecules.
COs* ions are attracted by positive charges, namely calcium or magnesium ions, to form
precipitated calcium carbonate and magnesium carbonate. In addition to the decrease in
pH, water stabilization also occurs during atmospheric CO; sequestration, since
carbonates tend to be converted into bicarbonates (HCOj3"), reaching a maximum in the
pH range of 8.4 to 8.6. At this pH range, precipitation of carbonates (CO3>") does not
occur, since the fraction of carbonates in this pH range is practically zero (Mihelcic et al.,

2002).

During atmospheric carbonation, ammonia can be released into the atmosphere (Ramalho
et al., 2022). However, as the pH decreases ammonia removal becomes more difficult as
ammonia is converted to ammonium ions (Eq. 17), reaching 50% ammonia and 50%
ammonium ion at pH 9.25 (Lin et al., 2009; Wang et al., 2005). Since air stripping of
wastewater with low ammonia concentration (less than 2 g L™!) is not economically
sustainable (Folino et al., 2020), the atmospheric carbonation process could be an

alternative solution.

NH; + H,O <> NH4" + OH (17)

COD removal is not expected during the atmospheric carbonation process (Ramalho et

al., 2022).
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The use of atmospheric CO; as a neutralizing agent in wastewater treatment has some
advantages and disadvantages. The advantages are the following (Prazeres et al., 2016):

e Itisan innovative, low-cost, and environmentally friendly technology,

e Itiseasy toapply and does not require reagents or energy (if not using atmospheric
air injection),

e Contributes to the mitigation of greenhouse gases,

e Avoids the use of acids (e.g., H2SO4 or HCI) or CO; injection, and consequently
reduces costs of reagents, corrosion of equipment by acids, and costs of
transport/storage of CO> to the treatment site,

e Produces stable wastewater concerning CaCOs, preventing precipitation of

CaCOs in distribution systems.

As disadvantages, the atmospheric carbonation process:
e It has a high carbonation time,
e Contributes to the release of ammonia into the atmosphere if it is present in the

effluent.

New approaches to atmospheric carbonation will need to be investigated to minimize the

current disadvantages found.

1.2.4. Constructed wetlands

In recent years, constructed wetlands have gained in popularity, as an emerging green
technology for the treatment of industrial wastewaters (Dinesh Kumar et al., 2020; Hota

et al., 2023).

Constructed wetlands are artificial wetlands that mimic a set of biological,
physicochemical, and chemical processes that occur in natural wetlands to treat industrial
wastewater, urban wastewater, and landfill leachate. These processes result from the
interaction between the different elements that make up the system, namely: water, plants,
microorganisms, and substrate (Lajayer et al., 2022). Plant roots and the substrate act as
a barrier to intercept coarse particles that the effluent may contain, while the
microorganisms and plants break down and absorb pollutants from the effluent, which

makes the constructed wetlands a filtration and purification system for effluents (Kadlec
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and Wallace, 2008). Generally, the resulting effluents can be discharged into surface

waterways or reused for different purposes.

Constructed wetlands have been used as secondary treatment (on a small scale, in isolated

areas) for BOD removal, or as a tertiary treatment (on a large scale, in developed

countries) for wastewater refinement (BOD, solids and nutrients) (Fitch, 2013). The

advantages of these systems are numerous (Avellan et al., 2017, Garcia-Avila et al., 2023;

Rahman et al., 2020; Stefanakis et al., 2014), such as:

Ease of operation and maintenance;

Lower maintenance and capital construction costs than conventional systems;
Consistent compliance with the permit requirements;

Aesthetically pleasing and can provide wildlife habitat;

Require little external energy input;

Low carbon footprint;

Provide effective and reliable wastewater treatment under fluctuating hydraulic
and contaminant loading rates;

The biomass produced can be valued;

Facilitate wastewater reuse and recycling.

However, some limitations can be observed in these systems (Garcia-AVila et al., 2023;

Gorgoglione and Torretta, 2018; Makopondo et al., 2020; Milani et al., 2019), such as:

High land area requirements compared to conventional systems;

The need for a preliminary treatment to avoid clogging the filter medium;

The need for higher (than a conventional system) retention time;

Efficiency may be reduced in cold climates;

Require mosquito control (in free water surface systems);

Require a period of vegetation stabilization to be effective in removing pollutants;
The applied hydraulic load can be compromised in dry climates due to

evapotranspiration.

Substantial removals of pollutants have been observed in the treatment of different

industrial wastewaters by constructed wetlands (Table 1.6).
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Table 1.6 — Pollutant removal efficiencies obtained in constructed wetlands for different

industrial wastewaters.

Wastewater types Removals Reference
Seafood wastewater BOD (91-99%), TSS (52-90%), TN (72-92%) and Sohsalam et al.
TP (72-77%) (2008)

Winery wastewater

BOD (70%), COD (71%), TSS (87%), TKN (52%),
and PO, (17%)

Serrano et al. (2011)

Tannery wastewater

BOD (98%), COD (98%), TSS (55%), TP (87%),
and NH4" (86%)

Saeed et al. (2012)

Steel industry
wastewater

COD (77%), NHs" (77%), Fe (94%), and Mn (81%)

Huang et al. (2011)

Refinery wastewater

COD (80%), oil (93%), BOD (88%), and TKN
(86%)

Ji et al. (2007)

Aquaculture
wastewater

COD (27%), TSS (66%), TN (67%), TP (24%), and
NO;5™ (59%)

Shi et al. (2011)

Textile wastewater

Cr (40-50%)

Fibbi et al. (2011)

Abattoir wastewater

BOD (97%), COD (97%), TSS (94%), TN (74%),
and NH4" (99%)

Soroko (2007)

Distillery wastewater

BOD (85%), COD (80%), TKN (75%), NO5™ (57%),
NH4" (2-10%), and SO4> (69%)

Olguin et al. (2008)

Brewery wastewater

TSS (89%), COD (92%), TN (83.6%), NH,*
(92.9%), TP (74.4%), and PO~ (79.5%)

Alayu and Leta
(2021)

BOD (55%), COD (72%), TSS (60%), TP (30%),

Cheese wastewater and TN (50%)

Comino et al. (2011)

Olive mill wastewater COD (85%), TSS (90%), TP (83%), TKN (83%), Kapellakis et al.
v wastew Phenol (80%), NHs" (54%), and NO5™ (46%) (2012)

Pulp and paper COD (88%), color (96%), BOD (93%), and Kumar and

wastewater chlorophenols (90%) Choudhary (2018)

Mixed industrial BOD (66%), COD (67%), NH4" (24%), organic-N .

wastewater (83%), and PO (62%) Justin et al. (2009)

Different types and combinations of plants, substrates, and constructed wetlands
configurations have been reported in the literature for various types of industrial

wastewater, to find the higher efficiency of removal of pollutants from wastewater.

Biological media (e.g., bagasse, biochar, coal, and oyster shell), construction materials
media (e.g., recycled brick, mortar, gravel, and sand), artificial media (e.g., activated
carbon, compost, and lightweight aggregates), and industrial by-product (e.g., slag and
fly ash) have been used as adhesion materials for biofilms or external sources of organic
matter (in the case of biological media) (Saeed and Khan, 2019; Wu et al., 2015). Light-
expanded clay aggregates (LECA) have also been widely used as a substrate as they can
remove phosphates, have good mechanical strength and hydraulic conductivity, and are a

good support structure for the growth of biofilms and plant roots (Mlih et al., 2020).

In terms of wastewater flow regime, different designs have been used, namely, the

traditionally constructed wetlands (e.g., free water flow constructed wetlands (FWSCW)
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and subsurface flow constructed wetlands (SFCW) (i.e., horizontal flow constructed
wetlands (HFCW) and vertical flow constructed wetlands (VFCW)), hybrid constructed
wetlands (e.g., two-stage constructed wetlands and multi-stage constructed wetlands),
and innovative constructed wetlands (e.g. aecrated CW, circular flow corridor CW, baffled
flow CW, and others) (Masoud et al., 2022). Each of these systems has its advantages and
disadvantages, and applications. FWSCW has lower construction and operating costs than
SFCW, however, odor issues may occur and feature lower contaminant removal ratios per
unit area (which requires a larger area of land) than SFCW (Stefanakis, 2020). Compared
to FWSCW, SFCW tolerate cold weather, have fewer odor problems, and have greater
sorption and exchange sites, however, they have higher costs, are subject to clogging of
the media, and use small flows (Hassan et al., 2021). VFCW has been applied to promote
greater aerobic degradation of pollutants since they have a good oxygen supply, and
require a smaller land area compared to HFCW, however, the flow distances are short,
and they present poor denitrification (Gorgoglione and Torretta, 2018). HFCW has long
flow distances that allow for more complete degradation of pollutants and enables
nitrification and denitrification, however, they require larger land areas and therefore
higher capital cost (Pundlik et al., 2022). To overcome each other's disadvantages in
removing pollutants, hybrid constructed wetlands (e.g., VFCW-HFCW, VFCW-HFCW-
VFCW, and other combinations) have also been applied to reach higher treatment
efficiency (Singh et al., 2022; Waly et al., 2022). The denitrification capacity in VFCW
has also been studied with the application of flood levels (Almeida et al., 2019). Different
types of constructed wetlands have been applied to treat different types of industrial
wastewater, however, most of the cases reviewed by Vymazal (2014) used FWSCW or
HFCW to treat industrial wastewater. There are few cases reported with the use of VFCW

and for wastewater from explosives and slaughterhouses.

Many studies have indicated that pollutant removal efficiencies depend on the type of
plant species used in the constructed wetland (Ky et al., 2020). Therefore, the choice of
the appropriate plant is an important factor in phytoremediation processes (Vymazal et
al., 2021). Plants have been classified as emergent, submerged, or floating, and their use
depends on the constructed wetlands type (Garcia-Avila et al., 2023). Plants that have
been applied in constructed wetlands for industrial wastewater treatment, include: Typha
latifolia e.g., for distillery wastewater (Billore et al., 2001), slaughterhouse wastewater

(Gutiérrez-Sarabia et al., 2004), petroleum refinery wastewater (Mustapha et al., 2018)
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and floriculture wastewater (Engida et al., 2020); Phragmites karka e.g., for distillery
wastewater (Billore et al., 2001); Juncus effusus e.g., for winery wastewater (Serrano et
al., 2011); Cyperus immensus e.g., for paper and pulp wastewater (Abira et al., 2005);
Phragmites australis e.g., for slaughterhouse wastewater (Gutiérrez-Sarabia et al., 2004),
dye wastewater (Hussein and Scholz, 2018), textile wastewater (Bulc and Ojstrsek, 2008),
cork boiling wastewater (Gomes et al., 2018), fish farm wastewater (Schulz et al., 2003)
and olive mil wastewater (Kapellakis et al., 2012); Brachiaria mutica e.g., for
textile wastewater (Hussain et al., 2018); Typha domingensis e.g., for paper and pulp
wastewater (Abira et al., 2005); Canna indica e.g., for mixed wastewater from steel mill,
paper and dyeing factory (Saeed et al., 2018); Pampas grass e.g., for glass industry
wastewater (Gholipour et al., 2020); Eichhornia crassipes e.g., for petrochemical
wastewater (Agarry et al., 2020); Typha augustifolia e.g., for seafood processing
wastewater (Yirong and Puetpaiboon, 2004); Canna lilies e.g., for floriculture wastewater
(Engida et al., 2020); Pennisetum purpureum e.g., for swine wastewater (Klomjek, 2016);
Cyperus papyrus e.g., for sugar mill wastewater (Bojcevska and Tonderski, 2007);

Phalaris arundindcea e.g., for tile drainage (Vymazal et al., 2020) and among others.

In recent years, Chrysopogon zizanioides (L.) Roberty (formerly known as Vetiveria
zizanioides (Linn.) Nash) has instigated the interest of several researchers in the
phytoremediation process due to its characteristics, namely its strong resistance and
survival to extreme climatic and edaphic conditions (e.g. drought and flooding, high
concentration of pollutants (i.e., nutrients, heavy metals, and persistent organic matter),
pH 3 to 10.5, salinity until 47.5 dS m™!, temperatures ranging from -9 to 55°C), as well as
its roots quite long that allow greater absorption of pollutants and a greater supply of
oxygen for aerobic bacteria to develop (Ramos-Arcos et al., 2022; Danh et al., 2009;
Fasani et al., 2019; Goren et al., 2021; Seroja et al., 2018). In addition, this plant also has
an economic value since it serves as a raw material for the production of perfumes and
cosmetics (Burger et al., 2017). This plant has shown similar potential and sometimes
more effectiveness in removing contaminants from industrial wastewater than some
commonly used plant species such as Cyperus species, Phragmites species, and Typha

species (Darajeh et al., 2019).

Vetiveria zizanioides has been applied to remove organic matter from contaminated

surface water (Ky et al., 2020; Nguyen et al., 2023), treat landfill leachate (Ramalho et
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al., 2022) and urban wastewater (Badejo et al., 2017; Hemalatha et al., 2020; Mudhiriza
et al., 2015), rehabilitation and soil stabilization of sites contaminated with high levels of
heavy metals (Banerjee et al., 2019; Chintani et al., 2021; Kriti et al., 2021), and industrial
wastewater, e.g. aquaculture wastewater (Raharjo et al., 2018), piggery effluent (Liao et
al., 2003; Pongthornpruek, 2017), pinora effluent, palm oil mill effluent, biogas effluent
(Yeboah et al., 2015), textile wastewater (Njau and Mlay, 2003), olive mill wastewater
(Goren et al.,, 2021), milk factory wastewater (Roongtanakiat et al., 2007), tofu
wastewater (Seroja et al., 2018), paperboard mill wastewater (Davamani et al., 2021),

high explosives from munition industry wastewater (Panja et al., 2018) and others.

High COD, BOD, and TSS removal efficiencies have been observed in some poorly
biodegradable water from industrial wastewater (e.g., biogas wastewater (Yeboah et al.,
2015) and tofu wastewater (Seroja et al., 2018)) when Vetiveria zizanioides is used (Table
1.7), however, the same did not occur for some wastewater that was not very
biodegradable, such as palm oil mill wastewater (Yeboah et al., 2015) and textile
wastewater (Njau and Mlay, 2003). The use of constructed wetlands to treat poorly
biodegradable industrial wastewater is a challenge since the effluent can influence the
growth of microorganisms as well as the associated removal mechanisms (Saeed et al.,
2018). Most investigations have been carried out with FWSCW, requiring a long

hydraulic retention time (1 to 120 days), when using Vetiveria zizanioides (Table 1.7).
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Table 1.7 — Application cases of phytoremediation of industrial wastewater using Vetiveria zizanioides.

Wastewater

HRT

HL

Removal

types CW type Media @  (m’dY) Initial concentrations performance (%) Country References
Aquaculure rf?f’rcn\z 05 sgl?;I:rT f | 0.576 NH; (0.1 - 0.2 mg L"), NH; (2 - 67%), Indonesia  Raharjo etal.
Wastewater m) ' corals : PO4 (6 -10mg L) PO (0 - 75%) (2018)
VSO BODOTOmL  BoD —
12gery . R 25mgL™), 0), . ongthornprue
Wastowater (| mx3mxl Soil 3 0.18 TKN (158.67 mg L), TKN (88%), Thailand (2017)
m) TP (69.90 mg L) TP (33%)
TSS (385mg L), TSS (82%),
. BOD (4,836 mg L), BOD (94%),
W;‘tr;‘v’;:ter FWSCW ; 120 - COD (6,296 mg L), COD (86%), Ghana Yetzggl; ;’)t al.
NOs (0.721 mg L), NO5 (10%),
NH; (9.69 mg L) NH; (41%)
TSS (278,600 mg L), TSS (71%),
Palm Oil BOD (44,520 mg L), BOD (51%), Veboah et al
Mill FWSCW ; 120 ; COD (128,911 mg L"), NOy COD (10%), Ghana ¢ ‘2’31 ;’ al
Wastewater (0.80 mg L), NO;™ (6%), ( )
NH; (20.40 mg L) NH; (40%)
TSS (330 mg L), TSS (95%),
. BOD (492 mg L), BOD (91%),
Wf’slt‘;%vaaster FWSCW ] 120 ; COD (1,952 mg L), COD (82%), Ghana Yekz‘z’gli ;’)t al.
NO; (0.122 mg L), NOs™ (99%),
NH; (17.3 mg L) NH; (42%)
FWSCW COD (825 mg L), COD (64%),
Pig farm (50 cm x 38.5 cm ) 4 ) BODs (500 mg L), BOD (69%), China Liao et al.
Wastewater <23 cm.) NH; (130 mg N L), NH3 (20%), (2003)
TP (23 mg L) TP (27%)
B TSS (81%),
Textile . rffg?m . Limestone ] cToSS Eglggjzz%gni LL)_’I COD (46.2%), _ Njauand Mlay
. . , gL, o Tanzania
wastewater 0.3 m) soil BOD (226-282 mg L) Cu (73.6%), (2003)
color (78.2%)

Note: HRT - Hydraulic Residence Time; HL - Hydraulic Load.
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Table 1.7 — (continued) Application cases of phytoremediation of industrial wastewater using Vetiveria zizanioides.

Wastewater . HRT HL .e . Removal
types CW type Media @ (m’dY) Initial concentrations performance (%) Country References

o,
TOC (1,132 mg L), TOC (85%),

¥ TN (93%),
Olive mill TN (26.6 mg L) TP (39%) Goren et al.
FWSCW - 67 - Turkey
wastewater 1 TOC (89%), (2021)
TOC (3,168 mg L), TN (24%)
TN (72.6 mg L") P
TP (92%)
Mn (0.49 mg L), Mn (34%),
Milk factory Fe (16.15mg L"), Fe (28%), . Roongtanakiat
wastewater FWSCW ) 120 ) Zn (4.09 mgL™") Zn (53%), Thailand et al. (2007)
Pb (0.05 mg L) Pb (9%)
Tofu COD (5,759 mg L), COD (76%), _ Seroja ct al
wastewater FWSCW Zeliac 15 - BOD (580 mg L), BOD (72%)), Indonesia (2018) '
TSS (552 mg L) TSS (75%)
TSS (1,000 mg L), TSS (60%),
BOD (156 mg L), BOD (96%),
COD (512 mg L™, COD (50%),
TN (39 mgL™"), TN (64%),
TP (9.25 mg L), TP (65%),
Papgﬁfard Lead (2.01 mg L"), Lead (51%),
cadmium (1.90 mg L) cadmium (27%) . Davamani et
vasiewater FWSCW - 40 - TSS (200 mg L), TSS (75%), India al. (2021)
(tri‘;’tsg) BOD (44 mg L"), BOD (72%),
COD (256 mg L), COD (56%),
TN 25 mgL") TN (70%),
TP (8.50 mg L), TP (43%),
Lead (0.96 mg L), Lead (91%),
cadmium (0.42 mg L) cadmium (81%)
100 Nitroguanidine (3,996 mg L)  Nitroguanidine (79%)
Munition ) 100 NO; (352,734 mg NL™) NOs™ (95%) United Pania et al
industry FWSCW 100 - Dinitroanisole (120 mg L) Dinitroanisole (96%) States of (2JOI8) ’
wastewater 20 RDX (7.8 mg L), RDX (100%), HMX America

HMX (12 mg L") (100%)




Although several investigations have been registered on the potential of vetiver in
wastewater treatment, studies on its efficacy in treating industrial effluents with high
nitrate content are limited. Panja et al. (2018) evaluate the phytoremediation potential of
Vetiveria zizanioides in removing explosive compounds and nitrates from wastewater
effluents generated in an industrial munition facility. The authors observed high removal
efficiencies of nitroguanidine (79%), nitrates (95%), dinitroanisole (96%), RDX (100%),
and HMX (100%), however, this was only possible with the use of four successive batches
(except for RDX and HMX which was one batch) once the vetiver plants started to show
visible symptoms of stress, such as chlorosis and fallen leaves, and died within the first
few days, returning to be replaced by a new batch of vetiver plants. These results show

that further research is needed.

Almeida et al. (2019) evaluate the potential of phytoremediation of Vetiveria zizanioides
to nitrate and organic matter removal from synthetic wastewater, in subsurface vertical
flow constructed wetland systems. The authors observed that the ratio of COD/NO3™-N in
wastewater affected the efficiency of NO3;™-N removal, and that low hydraulic load and
high COD/NOs™-N ratio ensure good effects of nitrate and organic matter removal. The
authors did not observe obvious symptoms of toxicity signals during the experimental
tests. Thus, Vetiveria zizanioides have good phytoremediation potential in the field of

nitrate nitrogen and organic substance removal.

For the heterotrophic denitrification process to occur, high concentrated nitrate
wastewaters require a certain amount of organic matter, which sometimes they do not
have (Krishna Mohan et al., 2016). Studies related to the effect of the C/N ratio in the
denitrification of effluents with high concentrated nitrate are still limited. Low nitrogen
removals (28 to 58%) in constructed wetlands have been reported when effluents with
low biodegradability (i.e. 0.16 to 0.36) are used (Saeed and Khan, 2019). When poor
biodegradability is due to a lack of biodegradable carbon in the effluent, some authors
have added an external carbon source (e.g., methanol) (Laber et al., 1997) or used organic
substrates (Tee et al., 2012), to supply carbon to the system, and thus increase the
biodegradability of the effluent and consequently improve heterotrophic denitrification in
constructed wetlands. Saeed and Sun (2013) evaluated the constructed wetlands with
sugarcane bagasse and sand media for the treatment of textile wastewater. The authors

observed that the organic carbon content of sugarcane bagasse facilitated denitrification

39



in the vertical flow constructed wetlands. Saeed and Khan (2019) evaluated the removal
of pollutants from a low biodegradable mixed industrial wastewater using two parallel
hybrid constructed wetlands composed of two VFCW (with different combinations of
biological (i.e., bagasse, biochar, coal, and oyster shell) and construction (recycled brick,
mortar, gravel, and sand) media materials) followed by surface flow constructed wetland,
planted by Phragmites australis. The authors concluded that higher organics and nitrogen
removal percentages were obtained with biological materials than with construction
materials, due to carbon leaching. However, high removals of NH4-N (> 90%), TN (>
86%), P (= 91%), BOD (= 92%), COD (> 85%), and color (> 87%) removal percentages
across both systems were obtained, which reveals that the combination of VFCW (packed
with biological and construction materials) and FWSCW, can be a solution for the

treatment of hardly degradable industrial wastewater.

The removal of pollutants from constructed wetlands is quite complex and involves a set
of removal mechanisms, from physical (sedimentation and filtration), chemical (e.g.,
sorption, complexation, and precipitation), and biological (biodegradation, microbial
transformation, and microbial/plant assimilation) processes, which can occur
simultaneously (Biswal and Balasubramanian, 2022). According to Vymazal (2007), the
nitrogen transformation mechanisms involved in constructed wetlands are ammonia
volatilization, ammonification, nitrification, denitrification, fixation, absorption and
assimilation by plants, ammonium ion adsorption, and anammox. Removal of organic
matter in constructed wetlands is associated with both aerobic and anaerobic degradation
(Cooper et al., 1996). The plant also plays an important role in the phytoremediation of
industrial effluents, and many mechanisms may occur, namely: degradation
(rhizodegradation, phytodegradation), accumulation (phytoextraction, rhizofiltration),
dissipation (phytovolatilization), and immobilization (phytostabilization) to degrade,

remove, or immobilize contaminants (Kafle et al., 2022).

Several environmental factors and operational conditions can affect nitrogen and organics
removal, such as pH, temperature, availability of oxygen, availability of organic carbon
source, hydraulic load and retention time, the mode of influent feed (i.e., continuous,
intermittent, batch, tidal, and step feed modes), nitrogen and organics loading,
recirculation, bed depth, and plant harvesting (Almeida et al., 2020; Saeed and Sun,

2012). In addition, the removal of nutrients and organic matter in constructed wetlands
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can be inhibited by the harmful effect of the presence of heavy metals on plants and
microorganisms. Removal of metals in constructed wetlands can occur by precipitation,
plant uptake, and microbial metabolism, but depend on substrate type, plant species, and
wastewater composition (Vymazal and Btezinova, 2016). Removal of heavy metals (e.g.,
Pb, Cd, Cu, and Zn) (>85%) present in mixed domestic-industrial wastewater has been
observed using recirculating standing hybrid constructed wetlands planted by Canna
indica L. and filled with lava rock and gravel (Zhang et al., 2020). According to Zhang et
al. (2020), these systems require a smaller land, allow a rapid co-precipitation of heavy
metals, and consequently a decrease in toxicity in plants and microorganisms, and a

consistent and effective removal of total nitrogen, total phosphorus, and organic matter.

1.2.5. Adsorption

Adsorption is a process that has been widely used to remove organic matter from
industrial wastewater. This process has the advantages of high performance, low-cost,
simple operation, and application in a wide pH range. However, low selectivity and

generation of a residue are some of the disadvantages (Sadegh and Ali, 2018).

In the adsorption process occurs an accumulation of adsorbates (e.g., organic, or inorganic
pollutants) on the surface of the adsorbent using intermolecular forces of attraction. This
happens when the adsorbent with a highly porous surface structure comes into contact
with a solution containing absorbates (Nageeb, 2013). Then, the adsorbent is removed

from the solution by sedimentation or filtration.

Different conventional and nonconventional adsorbents have been used for the removal
of pollutants from wastewater. Conventional adsorbents include commercial activated
carbons, inorganic materials, and ion-exchange resins. On the other hand,
nonconventional adsorbents include natural materials, agricultural wastes, industrial by-
products, activated carbons from solid wastes, biosorbents, and miscellaneous adsorbents

(Crini, 2006, 2005; Crini et al., 2019).

Commercial activated carbons are the most prevalent and extensively used adsorbents for
wastewater treatment (Ali et al., 2020). These are produced from the carbonization

process of carbon-rich organic materials such as wood, peat, coconut shells, and coals
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(anthracite, bituminous, lignite, and others). This process occurs under slow heating in
the absence of air below 600 °C to remove volatile impurities such as oxygen, hydrogen,
nitrogen, and sulfur. Then, a physical activation (using agents such as Oz, CO», or steam
at high temperatures) or chemical activation (using agents such as H>SO4, H3PO4, KOH,
K>S, and ZnCl,) is carried out (Dlamini et al., 2020; Renu et al., 2017). As a result, the
activated carbon produced has a porous structure, large specific surface area, and high
surface reactivity (Phothong et al., 2021). These properties are important in the removal
of various types of contaminants such as heavy metals (Vasiraja et al., 2023), organic
matter (Hatt et al., 2013; Lakdawala MM and Lakdawala JM, 2013; Subki et al., 2020),
phosphorus (Almanassra et al., 2021), and nitrogen (Zhao et al., 2013). Activated carbon
is usually used as a tertiary treatment for persistent pollutants removal after biological
treatment (Ani et al., 2019). The pore structure is composed of micropores (pore diameter
< 2 nm), mesopores (2 nm < pore diameter < 50 nm), and macropores (pore diameter >

50 nm) (Kuptajit et al., 2021).

Powdered activated carbon (PAC) and granular activated carbon (GAC) are the two forms
of activated carbon applied in wastewater treatment, being able to remove pesticides,
aromatic and phenolic derivatives, pharmaceutics, volatile organic compounds,
hydrocarbons and surfactants, metals, dyes and among others (Crini et al., 2019). PAC
and GAC differ essentially in terms of the origin of production, grain size, type of
equipment used, mode of use, the possibility of regeneration, and production costs (Radhi,
2020). PAC is mainly made from wood, while GAC is from coconut shells or coal. GAC
has a larger particle size than PAC (Newcombe, 2006). PAC is used in rapid mix units by
batch treatment processes, while the adsorption for GAC is usually done continuously on
a packed bed (Hatt et al., 2013). Granular active carbon can be used several times before
going through the regeneration process, while PAC is not regenerated, but rather, usually
disposed of (Upadhyayula and Chaudhary, 2021). The production of powdered activated
carbon is less costly than the GAC, however, when used frequently, it has higher operating
costs than the GAC (Soni et al., 2020). So, GAC is a cost-friendly option for large
treatment plants. Contrary to the PAC, which is soon discarded, there is the possibility of
bacteria growing in the GAC (Wilcox et al., 1983).

The adsorption process is complex and it is influenced by several factors, namely the

dosage and characteristics of the adsorbent (i.e., specific area, porosity, pore diameter and
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structure, and granulometry), characteristics of the solution (i.e., pH, the concentration of
adsorbate, presence of others species and temperature), characteristics of the adsorbate
(i.e., polarity, ionic nature, functional groups, solubility, and diameter), and the contact
time (Marczewski et al., 2016; Sukmana et al., 2021). For example, the pH of the solution
plays a very important role in the adsorption process since it can influence the degree of
ionization of the substances present in it, as well as the surface charge of the adsorbent,
which affects the reaction kinetics (Nizam et al., 2021). Lee et al. (2003) observed that an
accumulation of calcium (in the form of calcium carbonate) over time on activated carbon
deteriorates synthetic organic chemical’s adsorption. It is not expected that the removal
of ammonia by adsorption occurs in very alkaline effluents since the ammonia molecule

is in neutral form (unlike the NH4" ion) to be adsorbed to carbon (Soltani et al., 2015).

The adsorption capacity of adsorbent materials has been evaluated through adsorption
isotherms, which is the ratio between the amount of adsorbate adsorbed per unit mass of
adsorbent and the concentration of adsorbate in solution at equilibrium, at constant
temperature (Mokhatab et al., 2019). From the equilibrium models, it is possible to obtain
useful information about the surface properties of the adsorbent, the mechanism of
adsorption, and the interaction between the adsorbent and the adsorbate (Kalam et al.,
2021). Thus, different isothermal models have been used to evaluate and interpret
experimental adsorption data, namely the Langmuir isotherms (which assumes, for
example, that the surfaces are homogeneous and that the adsorption occurs chemically in
a monolayer), Freundlich isotherms (which assumes, for example, that the surfaces are
heterogeneous and that the adsorption occurs in multilayers) and among other models
(Ribas et al., 2014). On the other hand, the speed with which the adsorbate is retained on
the surface of the adsorbent material has been evaluated through adsorption kinetics
studies. Kinetics is important as it controls the efficiency of the process. Different models
can be fitted to the adsorption process data concerning time, among the most used are
pseudo-first-order kinetics and pseudo-second-order kinetics (Yagub et al., 2014). Other
kinetic models such as Weber and Morris model, Bangham model, and Pseudo n order
model have also been used (Largitte and Pasquier, 2016). The adsorption mechanism can
involve four steps (Kajjumba et al., 2019; Patel, 2018):

1. The transport of the adsorbate from the bulk of the solution to the boundary layer

surrounding the adsorbent particles,
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2. Transport of the adsorbate by diffusion along the boundary layer to the entrance
of the adsorbent pores,

3. The transport of the adsorbate inside the pores of the particle to the adsorption
sites, by a combination of molecular diffusion through the liquid contained inside
the pores and diffusion along the surface of the adsorbent,

4. Attachment of the adsorbate to an available site of the adsorbent involves several
mechanisms, such as physical adsorption, chemical adsorption, ion exchange,

precipitation, and complexation.

Small particle size means faster adsorption kinetics. A large volume of micropores
generally corresponds to a high surface area and good adsorption capacity for small
molecules, while a large volume of mesopores or macropores may indicate a good

adsorption capacity for larger molecules (Hsieh and Teng, 2000).

One of the challenges of using conventional adsorbents is separating the adsorbent from
the treated wastewater. The use of GAC in a packed bed does not require an additional
step to remove the adsorbent from the water, however, the same does not happen with
PAC. In most studies, the adsorbent separation is carried out by filtration and
centrifugation methods (Yegane Badi et al., 2018). Separation of the adsorbent by
filtration and sedimentation represents an extra cost and time for wastewater purification.
Conventional separation processes such as centrifugation, precipitation, filtration, and
chromatography are not economically viable (Ali et al., 2020). Furthermore, as the PAC
has a small particle size, the blockage of filters or the loss of the solid particles could
occur (Do et al., 2011). Magnetic separation of the adsorbent is not possible since
activated carbon has no magnetic properties. However, the combination of activated
carbon with iron oxide nanoparticles (e.g., Fe3O4 (magnetite) or FeoO3 (maghemite)) has
been studied to achieve a separation of the combined using a magnetic field (Borghi and
Fabbri, 2014), since magnetic iron oxide nanoparticles have superparamagnetic
properties (Khajeh et al., 2013). Borghi and Fabbri (2014) compared the percentage of
magnetic-activated carbons (MACs) residues obtained using magnetic separation,
sedimentation, and filtration. The authors noted that the magnetic separation of MACs
would result in a lower percentage of MAC residues in the treated water. Since iron is one
of the most abundant metals on Earth, and the production of iron oxide nanoparticles

(using co-precipitation) is low cost and easy to synthesize, its incorporation into activated
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carbon is popular (Aragaw et al., 2021; Besenhard et al., 2020; Kumari et al., 2019; Y. F.
Shen et al., 2009). On the other hand, the synthesis of magnetic carbon nanocomposites
is considerably cheap and requires low operational energy (Barasarathi et al., 2022;
Vinayagam et al., 2022). Moreover, magnetic carbon nanocomposites can be used several

times after desorption, making it an environmentally friendly water-purification process.

MAC has been extensively applied to remove organic (water-soluble organic dyes,
phenolic compounds, humic substances, pharmaceuticals, and others) and inorganic
(mercury (II), arsenic (V), gold, phosphate, and others) compounds (Abdullah et al., 2019;
Jain et al., 2018; Safarik et al., 2012). However, despite the advantages in terms of magnetic
separation, some limitations have been observed in terms of the efficiency of contaminant
removal in the MAC adsorption process. Lompe et al. (2017) evaluated the influence of
iron oxide nanoparticles (IONP) upon the adsorption of organic matter on magnetic
powdered activated carbon, using three magnetic powdered activated carbons (MPAC)
with mass fractions of 10%, 38%, and 54% maghemite nanoparticles. The authors
observed that maghemite IONP does not contribute significantly to the adsorption of
natural organic matter itself and reduces the adsorption capacity of MPAC by blocking
the mesopores of the carbon matrix when mass fractions above 38% of maghemite
nanoparticles were used. However, improvements in the adsorption capacity with the
incorporation of iron oxide nanoparticles in PAC have also been observed by other
authors. Park et al. (2015) evaluated the simultaneous removal of bisphenol A (BPA) and
natural organic matter (NOM) by applying powdered activated carbons impregnated with
iron oxide nanoparticles (IONPACs). The authors observed that IONPAC adsorbents had
considerably greater sorption capabilities for BPA and NOM compared to native, bare
PAC particles. Vargues et al. (2021) used PAC and PAC combined with iron oxide
nanoparticles (PACMAG) as adsorbents to remove common pharmaceuticals (ibuprofen
and amoxicillin). These authors observed that the kinetic models and the isothermal
models were different between PAC and PACMAG, for both drugs, which means that the

incorporation of iron oxide nanoparticles can influence the adsorption mechanism.
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1.3. Cases studies

Two case studies are proposed and described in this work, namely ammonium nitrate-

based explosive wastewater and slaughterhouse wastewater.

1.3.1. Ammonium nitrate-based explosive wastewater

In this work, ammonium nitrate-based explosive wastewater was collected from an
international explosives industry. This effluent results from the washing of equipment,
floors, and tank trucks (which transport explosives), which are collected in retention
basins in the battery of tanks and the tank truck parking area. Currently, these eftfluents
are subject to a simple treatment (i.e., the addition of a special liquid detergent) to break
down amounts of residual emulsion. The oil residues obtained at the top are burned in the
burning field, while the effluent (characterized for being poorly biodegradable and
containing high amounts of nitrates and ammonium) is collected in reservoirs and sent
periodically (monthly) to an authorized waste operator. This transport and disposal

method constitute a high cost for the company.

Contrary to other types of explosive wastewater (e.g., HMX and RDX wastewater or TNT
wastewater, Bhanot et al., 2020), information regarding the treatment of ammonium

nitrate-based explosive wastewater in the literature is quite limited.

Reverse osmosis and ion-exchange are treatment technologies that have been evaluated
to recover ammonium nitrate and purify the condensate from ammonium nitrate
production for environmental discharge (Duong et al., 2021; Noworyta et al., 2003).
However, the disadvantages of these technologies are well known (as shown in Table 1.3).
These condensates can reach 659 to 2,460 mg L™ as ammonia and 2,360 to 6,590 mg L!
as nitrate (Duong et al., 2021). Nitrate-rich wastewater treatment from explosives
production plants is a challenging task, but the phytoremediation process has been

reported as a low-cost alternative for nitrate removal (Marecik et al., 2013).
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1.3.2. Slaughterhouse wastewater

Wastewater from the slaughterhouse under study was collected at different stages of a
pre-treatment plant for wastewater from the slaughterhouse, located in the Alentejo
region, southern Portugal. This pre-treatment system consists of screening, rotary
filtration, aeration/homogenization, flocculation, and flotation. Then, it is discharged into
the municipal wastewater collection system. Slaughterhouse wastewater results from the
slaughter of animals and the washing, and disinfection of facilities and equipment. The
effluents from the slaughterhouse to be treated are characterized by being biodegradable
and containing a high organic and microbiological load, oils and fats, total suspended
solids, and nutrients (phosphorus and nitrogen). The current pretreatment system has
some drawbacks, such as the production of pretreated effluents containing recalcitrant
and residual organic content that cannot be degraded biologically and through
conventional processes (Bahadur and Bhargava, 2022; Bustillo-Lecompte and Mehrvar,
2015), as well as the production of metal-contaminated sludge. Although these sludges
are rich in nutrients they need to be stabilized and have low potential to be used in
agriculture. These sludges contain metallic residues from coagulants applied in the
coagulation-flocculation processes (e.g. ferric sulfate, ferric chloride, aluminum sulfate,
or aluminum chloride Bustillo-Lecompte and Mehrvar, 2015), whose presence is
associated with human and environmental health concerns (Rahman et al., 2018; Tetteh
and Rathilal, 2020). Moreover, these sludges can contaminate groundwater by leaching
iron and aluminum salts in acidic soils (Aguilar et al., 2005) and limit plant growth due
to lower nutrient availability (Mahedi et al., 2019; Serra et al., 2018). The destination of
these sludges is landfilling disposal. Thus, in terms of environmental sustainability, new
treatments of effluents from slaughterhouses should be rethought. Different
slaughterhouse treatment processes have been reviewed (Bustillo-Lecompte and
Mehrvar, 2017, 2015; Ng et al., 2022; Philipp et al., 2021; Shende and Pophali, 2021),
namely: i) physical-chemical treatments, e.g., coagulation and flocculation (Amuda and
Alade, 2006; Satyanarayan et al., 2005; Tariq et al., 2012), dissolved air flotation (de
Nardi et al., 2008), electrocoagulation (Martinez-Cruz et al., 2020), adsorption (Agarry
and Owabor, 2012; del Real-Olvera et al., 2016; K. Keerthana and Thivyatharsan, 2018),
acid precipitation (Prazeres et al., 2019a), and membranes (Almandoz et al., 2015); ii)
biological treatments, e.g., activated sludge (Carvalho et al., 2013), anaerobic filters

(Martinez et al., 2014), and constructed wetlands (Carreau et al., 2012; K. Keerthana and
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Thivyatharsan, 2018; Odong et al., 2013; Soroko, 2007); iii) chemical oxidation
processes, €.g., ozonation (Wu and Doan, 2005); iv) advanced oxidation processes, €.g.,
UV-H;0; (Bustillo-Lecompte et al., 2014), gamma radiation (Melo et al., 2008), Fenton
(Fe*'/H,0,), photo-Fenton (UV-Fe?*/H,0>), and electro-Fenton (Paramo-Vargas et al.,
2015)), and v) combined processes, e.g., coagulation/adsorption (Mahtab et al., 2009),
activated  sludge/reverse ~ osmosis (Bohdziewicz ~ and  Sroka, 2005),
anaerobic baffled reactor/UV/H,0, (Cao and Mehrvar, 2011), anaerobic baffled
reactor/aerobic activated sludge/UV/H20; (Bustillo-Lecompte et al., 2016), anaerobic
lagoon/constructed  wetlands  (Gutiérrez-Sarabia et al., 2004), anaerobic
digestion/wetlands (Manh et al., 2014), and chemical coagulation/electro-Fenton
(Bazrafshan et al., 2022)). Despite the high efficiencies found in some individual and/or
combined processes, drawbacks of these processes are identified, such as treatment
complexity, high energy consumption, and no recovery nutrients (as can be seen in Table

1.3).

1.4. Guidelines and Regulations

Different regulations have been established around the world to control the impact of
industrial wastewater on the environment. Some jurisdictions have specific regulations

for certain industries.

The specific regulations for the discharge of explosive effluents are very limited. The
limit values of the different parameters established for discharge have been based on the
number of explosives produced in the industry (Table 1.8) (US Environmental Protection

Agency, 1976).

Table 1.8 - Standard limits for explosive wastewater discharge.

Parameter USAY
pH 6-9
BOD* 0.24-0.72
COD * 2.59-7.77
Oil and grease* 0.035-0.11
TSS * 0.084 — 0.25

Note: *kg/kkg of the product; a) US Environmental Protection Agency (1976).
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This sparse regulation at an international level may indicate that the discharge of this
effluent into surface waters will have to respect the discharge standards applied to treated

urban wastewater.

For slaughterhouse wastewater, the World Bank Group (2007), the Council of the
European Communities (1991), and the US Environmental Protection Agency (2004)
have defined discharge limits (Table 1.9). In general, the established limit values are quite
similar to each other (Table 1.9). On the other hand, rules and recommendations have also
been made available to the slaughterhouse sector, as is the case of the document entitled
“Best Available Techniques in the Slaughterhouses and Animal By-products Industries”,
which summarizes the wastewater treatment technologies that are available in the

literature to reach discharge limits (European Commission, 2005).

Table 1.9 - Standard limits for slaughterhouse wastewater discharge from different regulations.

Parameter World Bank?® EUY USAY
pH 6-9 - 6-9
BOD (mg L™ 50 25 16 - 26
COD (mg L™ 250 125 -
TN (mg NL 10 10 - 15 4-8
TP (mg L) 2 1-2 -
Oil and grease
(me L) 10 - 8-14
TSS (mg LY 50 35-60 20-30
Total coliform
bacteria 400 - 400
(MPN/100 mL)

Note: MPN — Most Probable Number; a) World Bank Group (2007); b) Council of the European Communities
(1991); ¢) US Environmental Protection Agency (2004).

In terms of international standards for irrigation with reclaimed water, legislation varies
from country to country (Zhao et al., 2022). In Portugal, the legal regime for producing
water to be reused, obtained from wastewater treatment, is established by Decree-Law

No. 119/2019 (Portuguese Government, 2019), according to Table 1.10.

Table 1.10 — Reclaimed water quality requirements for agricultural irrigation.

let"grlzfl‘:;gy BOD; TSS  Turbidity E. coli (number/100 p;f;:iizgagﬁgs
LAY el mgll)  (NTU) mL) e
A <10 <10 <s <10 -
B <25 <35 - <100 ;
C <25 <35 - <1000 <1
D <25 <35 - < 10000 <1
E <40 < 60 ; < 10000 :
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Thus, the assessment of compliance with the discharge and irrigation requirements of the
different processes studied in this work was based on the limits established by the Council
of the European Communities (1991) and the Portuguese Government (2019),

respectively, for both effluents under study.

1.5. Objective and structure of the thesis

Some industries still see wastewater as a residue or a problem, which they seek to solve
by applying an industrial wastewater treatment system that results in wastewater disposal
and often with the formation of by-products that are difficult to recover. This solution is
not environmentally sustainable. It is necessary to change the linear paradigm to the
circular one, that is, to propose solutions capable of boosting the circular economy
(reduce, reuse, recover) making wastewater treatment plants self-sustainable using low-

energy processes and capable of generating marketable products instead of waste.

Given the challenges encountered in the treatment of industrial effluents (as observed in
the previous sections), the need to look for new, simple, eco-innovative, and low-cost
strategies in the treatment of industrial effluents, especially in effluents from explosives

and slaughterhouses, becomes evident.

The objective of this thesis is to develop a circular treatment sequence for (i) poorly
biodegradable effluents with low C/N and (ii) biodegradable effluents with a high C/N
ratio. Therefore, this work proposes an integrated treatment composed of immediate one-
step lime precipitation (IOSLM) and atmospheric carbonation (AC) followed by
constructed wetland or adsorption process to allow the reuse or disposal of the referred
treated wastewaters and the reuse of sludges produced in IOSLM. Two case studies were
used, namely wastewaters from the explosive industry for (i) effluents, and from

slaughterhouse wastewater for (ii) effluents.

The objective of IOSLM and AC is to reduce effluent contamination, for organic matter,
TSS, oils and fats, and nutrients (e.g., organic nitrogen and phosphorus), as well as reduce
pH and concentrations of ammonia, calcium, and conductivity. The constructed wetlands

and adsorption process are used as an effluent refining process to remove contaminants
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(e.g., organic matter, ammoniacal nitrogen, and nitrates) that were not possible to be

removed by the previous processes.

It is expected that the proposed system can contribute to the circular economy, through
the creation of by-products with economic value, such as i) reuse of lime sludge from the
IOLSM process as a coagulant (aid), and ii) capture of ammonia in atmospheric

carbonation processes that can be used for the production of ammonium sulfate fertilizer.

The specific objectives of this thesis are:

1. Optimize the performance of the IOSLM process to treat industrial wastewater
with variable characteristics, by studying the effect of the lime dose and
precipitation pH;

2. Optimize the atmospheric carbonation process using:

e Open systems, by evaluating the effect of carbonation time, reactor
area/volume ratio, reaction pH, and the presence/absence of IOSLM
precipitate on effluent neutralization;

e Closed systems, through modeling and optimization of CO2 and ammonia
capture for a stirrer bubble column and a stepped continuous flow capillary
column. For the bubbling process, the effects of aeration time, air flow
rate, stirring speed, and effluent volume are evaluated. In the capillary
process, the effects of effluent flow rate, air flow rate, and capillary area
are evaluated,

3. Evaluate constructed wetlands as a refining process for low biodegradable and:

e high nitrogen wastewater, through the study of the effect of flooding level,
C/N ratio, and nitrogen load;

e high organic wastewater, by evaluating the effect of organic matter load
and bed depth;

4. Evaluate the adsorption process as a tuning process in the removal of organic
matter, by studying the effect of the activated carbon dosage and contact time, and
methods for activated carbon separation from water (magnetic separation

filtration, and sedimentation);
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5. Evaluate the reuse of lime sludge from the IOSLM process as a coagulant (aid) in
the treatment of effluents with variable characteristics, through the effect of heat

treatment and the successive reuse of sludge.

This thesis is divided into eight chapters. The chapters of this thesis are autonomous and
are composed of sections: abstract, introduction, materials and methods, results and
discussion, conclusion, and references. Chapter 1 is the introduction, and it describes the
characteristics and strategies for treating industrial wastewater (including the main
treatment processes studied here), as well as indicating the objectives of the thesis.
Chapters 2 and 3 focus on the use of immediate one-step lime precipitation and
atmospheric carbonation as pre-treatment for explosives industrial wastewater and
slaughterhouse wastewater, respectively. In these chapters, the effect of the dose/pH of
reaction applied in the removal of contaminants during the IOSLM process is analyzed,
and then the effect of some operational variables (e.g., time) in the open system
atmospheric carbonation process is studied. Chapter 4 seeks to model and optimize the
capture of atmospheric CO: in a closed system with the simultaneous capture of ammonia,
using response surface methodology. Chapters 5 and 6 focus on the application of refining
processes (e.g., constructed wetland or adsorption) for explosives wastewater and
slaughterhouse wastewater, respectively, both obtained by the IOSLM+AC pretreatment
process. Chapter 7 is dedicated to the recovery of sludge obtained by the IOSLM as a
coagulant (aid) process in the treatment of wastewater from the slaughterhouse. Finally,

chapter 8 provides a conclusion and future outlook.
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ABSTRACT

The treatment of some industrial wastewaters is complex since they usually contain
complex non-biodegradable organic compounds or toxic compounds which are not easily
treatable. These compounds are not removed by biological treatment in wastewater
treatment plants and they may affect the removal of ammonium, nitrate, and organic
nitrogen by these treatment systems. Therefore, this research proposes a new and
innovative low-cost and easy-to-apply pre-treatment to treat low biodegradable and high
nitrogen wastewaters, using explosive wastewaters as a case study. The pre-treatment is
composed of immediate one-step lime precipitation (IOSLM) and atmospheric CO»
carbonation (AC) processes. The novelty of the proposed pre-treatment is based firstly on
the use of one reactant (hydrated lime) at high concentrations, added in one step, that
produces immediately an abundant and insoluble precipitate able to sweep the organic
matter and other contaminants from wastewater in a short time and ensure conditions (pH
and Ca*") for the AC process. Secondly, the AC process uses the sludge produced in
IOSLM to keep pH high for longer, allowing ammonia removal while simultaneously the
pH is reduced by spontaneous reactions with atmospheric CO,. IOSLM results showed
92.1%, 98.2%, and 100% of organic matter, oils and fats, and organic nitrogen removals,
respectively, for the optimal hydrated lime dose (7.76 g L™). In the AC process, 61% of

ammonium nitrogen was removed and the pH was reduced to 8.1 in 10 days.
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2.1. Introduction

Industrial wastewaters usually contain complex non-biodegradable organic compounds
or toxic compounds which are not easily treatable. Examples of these effluents can be
found in the textile industry due to the dyes and organic sizing agents used in the
manufacturing process (Ghoreishi and Haghighi, 2003), in the explosives industry as a
result of the manufacture ammonium nitrate-fuel oil (ANFO), emulsion explosives, 2,4,6-
trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (Vijaya Chitra and
Lakshmanaperumalsamy, 2006), in paper mills factories due to the amount of lignin,
lignin derivatives, and arsenic (Zodi et al., 2011), and in tannery industry due to chemicals
used in leather processing (Mariliz et al., 2015). Furthermore, some of these industries
discharge high amounts of wastewaters, especially when coming from large-scale
industrial parks, which may cause major environmental problems for the receiving water
bodies. These compounds have a high potential impact on human health and environment

(Chatterjee et al., 2017; Vijaya Chitra and Lakshmanaperumalsamy, 2006).

The treatment of these wastewaters is complex. Non-biodegradable compounds are not
removed by the biological treatment of the wastewaters treatment plants (e.g., activated
sludge) and they may affect the removal of ammonium, nitrate, organic nitrogen, and
organic matter in these treatment systems (DeLaune and Reddy, 2005). Therefore, a pre-
treatment is required for these industrial wastewaters since, if not applied, the
effectiveness of the biological treatment will be compromised. The pre-treatment of low
biodegradable effluents has been a real challenge, especially when the effluent has
specific features (such as high concentrations of nitrogen) that could be removed
biologically. In literature, some studies developed physical-chemical pre-treatment
solutions to increase the biodegradability of the effluents, namely oxidation (Schroder,
1996; Van Leeuwen et al., 2009), electrochemical processes (Carboneras et al., 2018), and
peroxi-coagulation (Ren et al.,, 2019), while other studies seek to remove non-
biodegradable organic matter or toxic compounds of the effluents through membranes
processes (Chan et al., 2007) or chemical precipitation and adsorption (Rodriguez et al.,
2004). In chemical precipitation, the treatment of different industrial wastewaters with

lime and hydrated lime has shown several benefits for the environment. Organic
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compounds present as suspended particles can be substantially removed by sweep
coagulation phenomena caused by the formation and simultaneous precipitation of
calcium carbonate. Moreover, dissolved compounds can also be removed, leading to a
significant reduction of several pollution parameters (Dowling et al., 2015; Georgiou et
al., 2019). Georgiou et al. (2019) used hydrated lime as a pre-treatment step for pH-raising
and reduction of residual particulates of an anaerobic digestate generated in the treatment
of animal manure. Hydrated lime was preferred because of its fast reaction and low cost,
with effective clarification of the anaerobic digestate at high pH (>11.5) (Georgiou et al.,
2019). These authors used air-stripping for ammonia removal, with removals ca. 100% at
50 °C and 90% at 30°C (G/L=2000) (Georgiou et al., 2019). In Chen et al. (2009) lime
with fly ashes was preferred for the removal of heavy metals from industrial wastewater
due to its relatively low cost. The application of carbonation improved the removal of
heavy metals. Results showed that removals of Zn(II), Pb(Il), Cu(Il), and Cr(III) were
enhanced between pH 7-11 and removals efficiencies as high as 99.37-99.69% obtained
by the fly ash—lime-carbonation treatment (Chen et al., 2009). A high arsenic acidic
wastewater from a sulfuric acid factory was effectively treated in a combined process of
pre-oxidation, lime, and ferrous precipitation, ferric and manganese binary metal oxide
(FMBO) adsorption, and polyaluminum chloride (PACI) coagulation (Wang et al., 2011).
A lime pretreatment process, for efficient bioethanol production from rice straw was
developed without a solid—liquid-separation (Park et al., 2010). Carbonation was made
using CO> gas bubbled into the treated slurry. This pretreatment was very efficient (Park
et al., 2010). These treatments were very efficient in removing the target compounds but
some included several treatment processes and most were applied to remove heavy
metals. In addition, some of these treatments have proven disadvantages, for example, air
stripping presents high operating costs and often accumulates calcium carbonate on the
walls of the stripping tower (Yuan et al., 2016), and activated sludge is poorly tolerant to
load and flow variations, and to toxic compounds (Yuan et al., 2016). Moreover, some
treatments are expensive or produce sub-products that can be more harmful to the
environment than the initial ones (Gulyas, 1997). Therefore, it is necessary to find better
alternatives for the treatment of these effluents. These alternatives should be technically

feasible, low cost, have less environmental impacts, and consider future reuses.

Thus, this study proposes a novel low-cost and easy-to-apply pre-treatment, composed of

immediate one-step lime precipitation (IOSLM) followed by atmospheric CO:
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carbonation (AC) process, for low biodegradable organic matter and ammonium removal,
using ANFO and emulsion explosives wastewaters as a case study. This integrated pre-
treatment is intended to improve the quality of this type of wastewaters to promote the
viability of biological treatment or allow reuse within the factory processes. In addition,
this environmental solution could mitigate greenhouse gas production, boost the capture
of ammonia to be reused in industries, and recover the lime from the sludge produced
through lime calcination processes. The research of the proposed integrated pre-treatment
is based on the following assumption: (i) Hydrated lime is a low-cost reagent (Davis,
2010) that can be easily acquired, and has been used efficiently to adjust pH and to remove
hardness and impurities from water and wastewater (Davis, 2010; Dowling et al., 2015;
Renou et al., 2009; Zayen et al., 2016); (i1) Hydrated lime can be used as a soil amendment
for in situ remediation of explosives (RDX) and metals stabilization, as demonstrated by
Martin et al. (2012); (ii1) The effect of hydrated lime on the effluent biodegradability and
on the removal of non-biodegradable organic compounds from ANFO and emulsion
effluents have not been studied yet as far as the authors’ knowledge; (iv) Recent studies
have shown that it is possible to reduce the pH by natural neutralization with atmospheric
CO2 (AC) at a low-cost process (Prazeres et al., 2019, 2016). However, no studies have
referred to the AC’s ability to remove ammonia or mentioned the effect of precipitated

sludge (from chemical precipitation) in lowering the pH during the carbonation process.

2.2. Material and methods

2.2.1. Explosive wastewater (EW) characterization

EW was used as a case study. EW was collected from an international industry that
manufactures ANFO and emulsion explosives in Portugal. ANFO and emulsion
explosives are used in mining industry quarrying and construction activities, and their
demand has been increasing relative to other types of explosives due to their low
manufacturing cost and risk of accidental ignition, and ease of handling (Satsangi, 2016;
Schoch et al., 2013). ANFO explosives are composed of a mixture of ammonium nitrate
(AN) with diesel fuel in a ratio of about 94 to 6% (Hernandes et al., 2015). Emulsion
explosives are composed of a dispersed phase (aqueous solution of inorganic oxidizing

AN salt) surrounded by a continuous phase (emulsifying oil, Al-Sabagh et al., 2017). This
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wastewater (EW) is a mixture of effluents from leaks and spills in process areas,
equipment washing operations, floor and auto-tank washing, and on-site wastewater pre-
treatment. The on-site wastewater pre-treatment consists in breaking down residual
emulsion by adding a liquid detergent, which results in the oil separation from the liquid

phase. Table 2.1 summarizes the characteristics of the EW.

Table 2.1 - Characteristics of the EW.

Parameters

Unit

Average + standard

deviation
CcoD mg O, L™ 5922 + 1711
BOD:s mg O, L 50+ 34
BODs/ COD - 0.009 = 0.006
TSS mg L 126+ 3
Ammonium nitrogen mg N-NH, L' 1553.9+ 23.1
pH Sorensen 7.63 = 0.11
Redox Potential mV 114.7 £ 74.3
Conductivity mS cm’! 12.21 £ 0.11
Nitrates mg L' 7233 + 47
Nitrites mgN L' 10.96 + 0.13
Chlorides mg L’ 290.0 + 4.7
Dissolved oxygen mg O, L 6.505 = 0.054
Calcium hardness mg L CaCOs 203.4 + 20.3
Calcium mg L’ 81.4+ 8.1
Total hardness mg L CaCOs 406.8 + 20.3
Magnesium hardness mg L CaCOs 203.4 + 28.7
Magnesium mg L’ 494+ 99
Phenolphthalein mg L' CaCO; 47+ 0.0
alkalinity
Total alkalinity mg L CaCOs 560 + 46.7
Bicarbonate mg L CaCOs 558 + 46.7
Carbonate mg L CaCOs 2.2+ 0.0
Kjeldahl-N mg N-Kj. L' 1897.4+ 0.0
Organic-N mg N L 343.5+ 23.1
Oils and fats mg L’ 285.3
Total hydrocarbons mg L’ 46.0
Cadmium mg Cd L™ <0.025
Manganese mg Mn L 0.504 + 2.51E-04
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2.2.2. Experimental set-up

A scheme of the experimental unit used in this work is shown in Figure 2.1.

e r (A) Hydrated lime
(B) EW
(C) Effluent from IOSLM
(D) Supernatant
L @ (E)Sludge
(F) Atmospheric air
(1) (2) (G) Collected air

Figure 2.1 — Schematic diagram of the IOSLM (1) and AC (2) processes.

2.2.2.1. Immediate one-step lime precipitation (IOSLM) tests

IOSLM experiments were conducted using 1000 mL of explosive wastewater where
different doses (from 2 to 19 g L") of hydrated lime (>95%, Spectrum® chemical) were
added to raw water, under vigorous agitation (rotation speed of 3 Stirrer). Agitation was
maintained until different precipitation pHs were reached, from 9 to 12.5. Once achieved,
the agitation was kept for 1 minute and then stopped. After the stirring period, the effluent
was immediately transferred to a normalized glass graduated cylinder (1 L, 37 cm height
and 28 cm? of superficial area) and the sludge sedimentation operation started, so no
agitation took place and the solution rested for 46 min. Then, the type of sedimentation,
the sedimented sludge volume, and the physicochemical characteristics of the pre-treated

water (supernatant) were analyzed.

2.2.2.2. Atmospheric CO; carbonation (AC) tests

The AC tests consisted in keeping 5 L of EW treated by IOSLM in a 189 cm? superficial
area recipient at room temperature, without chemicals addition and agitation. Two sets of

experiments were made.
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Firstly, the AC process was tested for all the hydrated lime doses studied in ISOLM for
sixteen days. In the first 14 days, the supernatant and the sludge were kept in the same
recipient in contact with atmospheric air, at room temperature. After this time, the
supernatant was separated from the sludge and it was exposed to air, for another two days.
The influence of the sludge in the treated water characteristics was evaluated by pH and

the Langelier Saturation Index.

In the second set of experiments, the AC process was made for the best hydrated lime
dose found in the ISOLM process (section 2.2.2.1.) and the best condition found in the
first AC set experiments. Process efficiency was monitored (section 2.2.3.) over time.
These experiments were maintained until a maximum removal of ammonia was observed

and when the supernatant pH was close to 8.

2.2.3. Analytical methods

pH and redox potential measurements were performed in a WTW InoLab apparatus, using
the electrodes SenTix 41 and WTW SenTix ORP, respectively. Electrical conductivity
was evaluated in a Jenway 4510 meter, using an electrode VWR CO 11. Chemical oxygen
demand (COD) was determined by the standard dichromate closed reflux method (APHA
et al., 2012), using a digester WPA HC 6016 and quantified by Pharmacia Biotech
Ultrospec 2000 UV/Visible spectrophotometer model 80-2106-00. Total suspended solids
(TSS) were quantified by the gravimetric method using filters Whatman™ 1001-110
(APHA et al., 2012). Biological oxygen demand (BOD) was determined by the Mohr
method using the system WTW's Oxitop® (APHA et al., 2012). Chlorides were
determined by the Mohr method (APHA et al., 2012). Oil and fats were measured
gravimetrically after Soxhlet extraction (Sawyer et al., 2003). Nitrate was determined by
the sodium salicylate method (Monteiro et al., 2003). Ammonium nitrogen was measured
by distillation method in BUCHI Distillation Unit B-316 and then by titration (APHA et
al., 2012). Kjeldahl nitrogen was determined by the Kjeldahl method (APHA et al., 2012).
Nitrites and dissolved oxygen were determined by colorimetric and modifications of the
Winkler methods, respectively (APHA et al, 2012). Calcium and magnesium
determinations were made by volumetric complexation with EDTA using eriochrome
black T (calcium + magnesium) and calcon (calcium) indicators (APHA et al., 2012).

Phenolphthalein and total alkalinity were measured by neutralization titration (APHA et
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al., 2012). Heavy metals were determined by flame atomic absorption spectrometry using
a Varian SpectraAA 220FS spectrometer (APHA et al., 2012). Total hydrocarbons were
measured by the company “QUIMITESTE — Engenharia e Tecnologia, Lda”, using
infrared spectrophotometry. The carbonates and bicarbonates were determined by APHA
et al. (APHA et al., 2012). Langelier Saturation Index was determined by the saturation
index (APHA et al., 2012). Clarifying velocity was determined by Talmadge & Fitch
method (Ramalho, 1996).

2.2.4. Statistical analysis

Experiments were made in triplicate for IOSLM and AC experiments as well as for
parameter measurements, and their averages were calculated. The graphs were drawn by
GraphPad Prism version 5.0 for Windows, GraphPad Software, La Jolla California USA.
All data were submitted to one-way ANOVA using Tukey’s test at a 95% confidence level
for a distinction between averages, through the IBM SPSS Statistics for Windows,
Version 20.0, Armonk, NY, IBM Corp. The correlation analysis was performed for
IOSLM and AC experiments according to Pearson using RStudio™ software,
version 1.2.1335, Inc., Boston, MA. All correlations were considered statistically

significant at P values < 0.05 or < 0.001.

2.3. Results and Discussion

2.3.1. EW characterization

Visually, EW is a homogeneous, turbid, and whitish mixture. EW smells fuel, due to one

of the raw materials used in the formation of ANFO and emulsion explosives.

As shown in Table 2.1, the EW pH is neutral (7.63+0.11). The redox potential is positive
(+1144£74 mV), which indicates that the effluent presents an oxidative environment. The
conductivity is 12.21+0.11 mS cm™!, so the effluent has high mineralization. EW presents
a high content of organic matter (5922+1711 mg COD L"), which may be due to the

presence of residual detergent used in the wastewater pre-treatment and/or additives used
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in the formation of explosives. The values of BODs are low, about 50+34 mg L. This
effluent is difficult to biodegrade because it has a very low biodegradability index
(BODs/COD ratio=0.009). The high concentrations of nitrate (7233+47 mg L) and
ammonium (1554423 mg N-NH4" L) are characteristic of this type of effluent because
they are part of the main raw materials used in the manufacture of explosives. Ghafari et
al. (2008) reported effluents from the explosives industry, with nitrate concentration
above 1000 mg L' N-NOs". Nitrogenous organic matter is also high (344423 mg N L)
but nitrites concentration is insignificant (11.040.1 mg N L). The values of total
suspended solids, oils and fats, and total hydrocarbons are 12643, 285.3, and 46.0
mg L', respectively. According to the hardness classification presented by Sawyer et al.

(2003), EW is very hard with a total hardness of 406.8+20 mg L' CaCO:.

2.3.2. Immediate one-step lime precipitation (IOSLM) process

The results of IOSLM bench tests are different from the typical lime precipitation (tested
by Zayen et al. (2016) and Renou et al. (2009)) because a highly concentred lime solution
is added in excess, at once, to the water under vigorous agitation (rotation speed of 3
Stirrer). This produces an instantaneous and intense precipitate followed by the
"sweeping" phenomenon of particles, in a short time. In this process, the flocculation step
did not take place because agitation would reduce the "sweeping" effect. In addition,
hydrated lime is used in high concentrations because it is important for the next process
(AC) since the presence of calcium ions in excess will promote reactions with
atmospheric CO> and the pH decrease. This is a new technology that has been presented

recently (Carvalho et al., 2019).

Figure 2.2A describes in detail the effect of hydrated lime dose on pH, phenolphthalein
alkalinity, and total alkalinity of the EW. Results presented in Table 2.2 indicate that
hydrated lime dose has a significant positive correlation with pH (r=0.88, P<0.001),
phenolphthalein alkalinity (r=0.94, P<0.001), and total alkalinity (r=0.94, P<0.001). The
hydrated lime dose added (2 to 18.98 g L) increases the pH from 9 to 12.45 due to the
addition of OH to the solution. Experimental tests have shown that it is not possible to
increase the pH beyond 12.45 even if a higher dose of lime is added. Zayen et al. (2016)

also observed this behavior in the neutralization of landfill leachate with lime. Between
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2 and 10.5 g L! of hydrated lime added, the pH increase is proportional to the lime dose
applied (Figure 2.2A). However, from 10.5 to 18.98 g L™ of lime doses added, this

behavior is not observed. Thus, a minimal dose of the hydrated lime applied may cause a

significant increase in pH (P<0.05). Theoretically, at 10 g L' of hydrated lime

(corresponding to a pH between 10.5 to 11) all the ammonium ions are converted to

ammonia by consumption of OH" ions (Lin et al., 2009; Wang et al., 2005) according to

Eq. 1, which justifies the pH suddenly increase at this dose (Figure 2.2A).

NHj3 (g) + H20 (1) <> NH4" (aq) + OH (ag)
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Table 2.2 - Correlation matrix between parameters determined in immediate one-step lime
precipitation tests.
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Renou et al. (2009) studied the pre-treatment of three different raw landfill leachates,
using chemical precipitation with lime followed by flocculation. They dosed about 1.8,
3, and 4 g L' of Ca(OH), to achieve a pH of 10, while in this work, about 8 g L! of
hydrated lime was added to get the same pH. This difference in the lime dose consumed
may be due to some differences in the physicochemical characteristics of the wastewater
used, namely the initial pH (8.35, 8.55, and 8.60, respectively for the doses applied 1.8,
3,and 4 g L), alkalinity (175, 285 and 495 mg L' CaCO3) or the initial concentration of
the ammonium ion (370, 468, and 730 mg L) (Renou et al., 2009). The highest the
ammonium ion concentration in the effluent, the highest hydrated lime will be needed.
The phenolphthalein and total alkalinities mean values increase from 654 to 4203 mg L™!
CaCOs and from 934 to 4950 mg L' CaCOs, respectively, for the hydrated lime doses
tested (Figure 2.2A). This increase is related to the increase in hydroxide and carbonate

content. Since the concentration of ammonium ion in EW is high, it may be possible that
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the ammonia contributes to alkalinity (Sawyer et al., 2003) at all lime doses applied, but
mainly for doses whose pH is greater than 9.25. Rounds (2012) mentioned that high
quantities of titrant acid were needed to reach the first equivalence point (pH = 8.3) which
would otherwise be represented by carbonate and hydroxide since ammonia (NH3) will

react with hydrogen ions from the titrant to produce ammonium ion (NHy").

Figure 2.2B presents the variation of conductivity, magnesium, and calcium
concentrations with the hydrated lime dose added. According to Table 2.2, the hydrated
lime dose shows significant positive correlations with magnesium (r=0.64, P<0.001) and
calcium (r=0.84, P<0.001) concentrations, while no significant correlation is observed
with conductivity. Conductivity concentration decreases and reaches the minimum of 8.3
mS cm™! (corresponding to the maximum conductivity removal of 32%) between 7.76 and
9.26 g L'! of hydrated lime (at pH 10 and 10.5, respectively). After the addition of 9.26 g
L' of hydrated lime, conductivity starts to rise (Figure 2.2B). Usually, the conductivity
reduction is due to the chemical precipitation of organic and inorganic (e.g. calcium and
magnesium) salts in the form of hydroxides or carbonates, as explained below (Renou et
al., 2009). Magnesium present in EW may precipitate as magnesium carbonates or
magnesium hydroxide according to Eq. 2 and Eq. 3 (Prazeres et al., 2016; Renou et al.,

2008b).

Ca(OH)2 + Mg(HCO3)2 «» MgCOs+ CaCOs3(s) + 2H20 (2
Ca(OH)>+ MgCO3 < Mg(OH): (s) + CaCOs (s) 3)

The conductivity demonstrates a weak and insignificant correlation with calcium
(r=-0.34, P>0.05) and magnesium (r=0.40, P>0.05) for the range of hydrated lime dose
studied; however, a significant positive correlation is observed between conductivity and
calcium (r=0.95, P<0.001) or magnesium (r=0.78, P<0.001) from 9.26 g L' of hydrated
lime added. Anyway, the conductivity never exceeds the initial value whatever the lime
dose added. In addition, other metallic substances (such as zinc, nickel, or manganese)
may be present in wastewater, since they are part of the raw fuel oil material and tend to
precipitate in the form of hydroxides and/or carbonates contributing in this way to the
conductivity variation. Furthermore, this wastewater has high concentrations of sodium,
nitrates, and chlorides, which may be also responsible for the high conductivity. The

magnesium concentration increases after 10.5 g L' of hydrated lime added (reaching ca.
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80 g L1, Figure 2.2B). This increase may be due to the prevalence of other metals that

precipitate first in relation to magnesium or magnesium contamination from the reagent.

For calcium, concentration increases from 642.8 to 2457.1 mg L' with hydrated lime
doses (the initial calcium effluent concentration was 81.4 mg L™). This increase contrasts
with conventional softening behavior because above pH 9.5 the calcium added and the
existing in the solution (EW) should precipitate in the form of calcium carbonate,
according to Eq. 4 and Eq. 5 (Prazeres et al., 2016; Renou et al., 2008b). The reason for
the observed behavior is the fact that hydrated lime doses applied are, stoichiometric, too
high for the bicarbonate in the solution, making bicarbonate a limiting reagent, even for
the lowest lime dose applied. Thus, since the hydrated lime is poorly soluble, lime will
contribute to sludge but also will be dissociated in calcium cations (Ca>") and hydroxide
anions (OH") (Eq. 6), increasing the concentrations of these ions in solution at the studied
doses. However, when the maximum solubility of Ca(OH); is reached, at ca. pH 12 and
11.89 g L! of lime dose added (Figure 2.2B), calcium tends to remain constant even

though more calcium hydroxide is added.

Ca(OH): +H2CO3 <> CaCOs (s) + 2H20 4)
Ca(OH), + Ca(HCO3)> <> 2CaCO; (s) + 2H,0 5)
Ca(OH)z) <> Ca*(aq) + 2 OH (ag) (6)

Figure 2.2C shows the variation of COD, BODs, ammoniacal nitrogen, and
biodegradability index as a function of the hydrated lime dose added. Hydrated lime dose
shows significant negative correlations with COD (r=-0.84, P<0.001) and NH4" (1=-0.78,
P<0.001) concentrations, while a significant positive correlation with biodegradability
index (r=0.85, P<0.001) is observed. No correlation between hydrated lime dose and
BOD:s is found because its removal was constant at 94%, independently of the dose
applied. COD removals vary between 92 and 94%, for the lime doses applied. The
biodegradability index is 0.0069+0.0007 for all the doses applied so no significant
changes were observed from the initial effluent value (Table 2.1). The IOSLM process
removed proportionally both biodegradable and non-biodegradable organic matter for all
the lime doses tested. The removal of organic matter is related to the addition of calcium
hydroxide in excess and its subsequent drag during sedimentation (Prazeres et al., 2016;

Renou et al., 2008b). In fact, when an appreciable amount of hydrated lime is added, the
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calcium carbonate and calcium hydroxide produced act as coagulating agents. Thus, they
improve the drag of the organic matter, and the "sweeping effect" occurs (Renou et al.,
2008a; U.S. EPA, 2000). Other contaminants like heavy metals, hydrocarbons, oils and
fats, and other organic substances, at this pH, become prone to drag from the solution,
helped by the produced precipitate. So, a sedimentation in mantle occurs and
consequently, a liquid-solid interface is formed, which results in a clarified supernatant
(without the flocculation step) and consolidated sludge. Martin et al. (2012) evaluated the
potential of hydrated lime for metal immobilization and explosives transformation in soil.
These authors concluded that hydrated lime reduced the RDX and zinc metal in leachates
and runoff water by about 26-92% and 66-83%, respectively, and gave conditions for
optimum explosives decomposition. In our study, hydrocarbons removals are ca. 96, 91,

and 90% for the lime doses of 10.13, 11.89, and 18.98 g L', respectively.

Ammoniacal nitrogen removals vary between 5 and 12% until 9 g L' of hydrated lime
added and increase to 21% after the addition of 10.13 g L! of hydrated lime (Figure 2.2C).
This increase in ammonia removal is related to the high availability of ammonia to be
volatilized (Dowling et al., 2015) as a result of the displacement of the chemical
equilibrium (Eq. 1) (conversion of ammonium ion to ammonia) due to increased pH (Lin
et al., 2009). Thus, a significant negative correlation between NH4" concentration and pH
(r=-0.85, P<0.001) is observed in Table 2.2. Berge et al. (2005) and Wang et al. (2005)
reported that pH is normally adjusted above 10.5-11.5 to convert all the ammoniacal
nitrogen into ammonia. From the applied dose of 10.13 g L' (pH = 11.06), ammonia
removal remained constant at around 21%. Renou et al. (2009, 2008a) obtained higher
percentages of ammonia removals (25 to 56%) by applying lime precipitation to leachate.
These higher removals are related to the operational conditions used in the processes.
Renou et al. (2009, 2008a) applied rapid mixing at 300 rpm for 5 min followed by slow
mixing at 30 rpm for 30 min and sedimentation for 30 min, while in this work a rapid
mixing for 1 min and sedimentation for 46 min was applied. In fact, a higher time of
operation contributes to higher ammonia removal. However, for the same time of
operation, the agitation step promotes the release of ammonia into the atmosphere when
compared to the sedimentation step. Water and ammonia are polar molecules, so the
ammonia has some capacity to remain in solution unless there is turbulence (i.e., greater
contact between water and air, as occurs in the agitation operation). Therefore, [IOSLM

should be coupled to an ammonia capture system, not only to recover and reuse ammonia
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(e.g. in the explosives industry since ammonia is one of the ingredients used) but also to
avoid air pollution. As expected, no removal of nitrates is observed in the tested

conditions, because nitrates are soluble ionic compounds in water (Wang et al., 2018).

Figure 2.2D shows the variation of sludge volume produced and the clarifying velocity
as a function of the hydrated lime dose. Sludge volume shows a significant positive
correlation with hydrated lime dose (r=0.65, P<0,001), but the sludge volume only
increases linearly (r=0.99) up to the dose of 9.26 g L' of hydrated lime, reaching a
maximum value of ca. 60 mL L. After 9.26 g L™! of lime added, the sludge volume tends
to remain constant even after doubling the lime dose added, because of the sludge
compaction caused by its weight. Clarifying velocity shows a significant negative
correlation with hydrated lime dose (r=-0.76, P<0.001) and sludge volume (r=-0.87,
P<0.001). The latter high correlation was expected since the high quantities of sludge
produced imply the increase of collisions between particles, causing retardation of

sedimentation and, therefore, a slower clarifying velocity.

The optimal hydrated lime dose is 7.76 g L' for this EW and the tested conditions. This
dose was selected based on the supernatant quality (COD and conductivity removals), the
volume of the sludge produced associated with the needs of the hydrated lime, and the
characteristics that may contribute to the success of the next treatment (ammonia
removal), such as pH. This dose removes 98.2% of oils and fats, 100% of organic
nitrogen, 92.1% of COD, and 10.2% of ammonium ions. Since hydrated lime can globally
cost around US$110-125/ton, approximately US$0.97/m* will be spent with hydrated
lime to treat this EW for the optimal dose in the IOSLM process (Lee et al., 2014; Wei et
al., 2018). This cost can be reduced if the sludges are reused by the calcination process
and if this effluent is properly treated and reused in industry processes operation. Some
possibilities for lime sludge valorization are application in building construction materials
(Vashistha et al., 2019), biofuel (Rughoonundun and Holtzapple, 2017), and bioethanol
production (Mendes et al., 2014).
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2.3.3. Atmospheric CO2 carbonation (AC) process

2.3.3.1. Influence of sludge on the atmospheric CO> carbonation process

The influence of the IOSLM sludge on the AC supernatant was evaluated through pH
(Figure 2.3A) and Langelier Saturation Index (Figure 2.3B) and for all the hydrated lime
doses applied. Figure 2.3A demonstrates that pH decreases during the atmospheric CO>
carbonation with IOSLM sludge (between 0 and 14" days) for all the hydrated lime doses
applied. This decrease is less evident for the highest dose (18.96 g L™) because the
supernatant was buffered in IOSLM. After the removal of the sludge from the AC process
(between the 14" and 16" days), a higher decrease in the supernatant pH is observed, for
all the lime doses applied, when compared with the previous situation. Thus, the contact
between the sludge and the supernatant slows down the pH decrease of the supernatant.
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Figure 2.3 - Evolution of supernatant characteristics, in terms of A) pH and B)
Langelier Saturation Index, for atmospheric CO; carbonation process, with and without sludges
for different hydrated lime doses applied.
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This observation can be an advantage for ammoniacal nitrogen removal since the sludge
avoids a sudden drop in pH and, consequently, ammoniacal nitrogen will be in the form
of ammonia for a longer time. As a result, ammonia can be captured in a separate process
and reused in the explosives industry, for example. According to Eqg. 1, the AC process
must be applied for pH between 9.2 and 11, as proposed in ISOLM, where about 100%
of the ammoniacal nitrogen is in the form of ammonia. However, after the removal of
ammonia, sludge should be removed from the AC process because a rapid drop in pH is
observed (Figure 2.3A). The pH range obtained (6 < pH < 7.5, Figure 2.3A) is considered
optimal for some plants used in phytoremediation, as well as for soil microorganisms
responsible for nitrification (pH 6.6 — 8.0) and denitrification (pH 6.0 — 8.0) processes
(Vymazal, 2007). In the literature, no studies were found on the use of AC with sludge in
wastewater treatment, so a new solution for ammonia recovery is presented. These results
demonstrate that there are chemical equilibriums between sludge and supernatant, and
between supernatant and atmospheric air during the AC process. However, even if a
physical separation of these two phases (sludge and supernatant) is done and the
supernatant is exposed again to the AC process, new residuals sludge could be formed or
residual calcium carbonate in the supernatant could be dissolved, due to the chemical
equilibrium with the atmosphere, and so a new chemical equilibrium between the
supernatant and the new sludge will be restored, as can be seen in Figure 2.3B,
particularly for lime doses of 2.86, 5.75, and 11.89 g L%, whose Langelier saturation index

varied greatly on 16™ day.

2.3.3.2. Optimised solution

The optimized integrated pre-treated solution was studied to guarantee the pH reduction
and the removal of ammoniacal nitrogen and ammonia recovery of the low biodegradable
wastewaters, which includes the best conditions obtained in ISOLM and AC processes.
Thus, the optimal hydrated lime dose (7.76 g L!) from IOSLM and the 11 days of AC

with the supernatant in contact with the sludge were tested.
According to Table 2.3, the AC time shows a significant negative correlation with pH

(r=-0.99, P<0.001) and a significant positive correlation with redox potential (r=0.97,
P<0.001). Figure 2.4A shows a pH decrease from 10 to 8.1, while the redox potential
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increases from -14.8 to 118.5 mV, during experimental time. The observed decrease in

pH over time is justified by the following reactions (Egs. 7 to 10).

CO: (g) <> CO; (aq) (7)
CO: (aq) + H20 (1) — H2CO;s (aq) (®)
H.CO; > H' + HCO3' 9)
HCO;5 <> H" + CO3* (10)

Table 2.3 - Correlation matrix between parameters determined in atmospheric CO, carbonation
process tests.
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The carbonic acid present in EW is totally consumed during the IOSLM to produce
calcium carbonate (Eq. 4), causing a chemical disequilibrium of CO; between the
supernatant and the atmosphere. As a way of counteracting this disequilibrium, the CO>
present in the atmosphere tends to dissolve in the water through the water-air interface
until reaching equilibrium (Eq. 7). During this phase, CO; dissolves in the effluent by
combining with water molecules to form carbonic acid (Eq. 8) and then decomposes
naturally into molecules of bicarbonate (Eq. 9) and carbonate (Eq. 10) producing
hydrogen ions (H") and leading the pH decrease in the supernatant. When the equilibrium
is reached, the pH will remain constant in the solution (Mihelcic et al., 2014). A decrease
in pH during atmospheric CO: carbonation was also observed by Prazeres et al. (2016)
using cheese whey wastewater but without sludge. The increase of redox potential is
related to a pH decrease due to an increase in the concentration of hydrogen ions in
solution (DeLaune and Reddy, 2005), which is confirmed by Table 2.3, whose correlation
is negative and significant (r=-0.96, P<0.001). Redox potential influences the type of
microbial metabolism developed and indicates the tendency of a given system to forward
accepting electrons (if redox potential is positive) or donating electrons (if redox potential
is negative), and predicting the stability of various compounds (Faulwetter et al., 2009;
Reddy and DeLaune, 2008). Thus, at the end of 11 days, it is possible to obtain a
supernatant with a pH very close to the ideal (pH = 8) and a redox potential within the
appropriate range (i.e between 100 to 350 mV) for the occurrence of the denitrification

process.

Conductivity and AC time are variables significantly and positively correlated (r=0.97,
P<0.001), and conductivity increases from 9 to 10.3 mS cm™ (Figure 2.4B), for 11 days.
This increase may be related to evaporation phenomena and/or redissolution of ions
(responsible for electrical conductivity) from sludge to the supernatant. According to
Table 2.3, conductivity presents a weak correlation with calcium (r=0.42, P<0.05), and
no correlation with magnesium is observed, as already obtained (section 2.3.2.). The
calcium and magnesium concentrations vary between 1405 to 1627 mg L' and 23 to 69
mg L', respectively, over time. The variation of calcium and magnesium in the
supernatant is due to the complex interaction between sludge and supernatant, and
between supernatant and atmosphere (explained in section 2.3.3.1.). Consequently, the
dissolution rate (Eqs. 11 and 12) is higher or lower than the precipitation velocity (Egs. 2

and 5) until an equilibrium is reached. It seems that this equilibrium is achieved from the
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8" day since the concentration of calcium and magnesium tends to remain constant
(Figure 2.4B). On the 11" day, the Langelier index value is -0.02+0.04, which means that

the supernatant did not tend to precipitate, so it stabilized.

CaCOs + CO, + HoO — Ca?* + 2HCO5 (11)
MgCO; + CO;, + H,0 — Mg?* + 2HCO5" (12)

The influence of sludge on the supernatant during atmospheric carbonation has not been
found in the literature for simultaneous pH and ammonia decreasing. Normally in water
treatment systems that use softening, the addition of CO> to the water takes place soon,
after the sludge is separated from the supernatant to convert the residual calcium

carbonate into calcium bicarbonate (Davis, 2010).

Figure 2.4C shows that the total and phenolphthalein alkalinities decrease from 3923 to
125 mg CaCO; L' and 3674 to 62 mg CaCO; L™, respectively, for 11 days, with the same
significant negative correlation (r=-0.94, P<0.001, Table 2.3). This decrease is mainly
due to the hydroxides consumption during the reaction with atmospheric CO» and in the
conversion of the ammonium ion to ammonia to maintain the chemical equilibrium
NH3/NH4" (Eq. 1) which has been changing due to the loss of ammonia in the system (Lin
et al., 2009). Ammonium concentration shows a significant negative correlation with AC
time (r=-0.95, P<0.001, Table 2.3), and decreases from 1505 to 556 mg N-NH4* L' over
time, reaching a maximum removal of 61% and stabilizing at the 7" day of the experiment
(Figure 2.4C). According to Berge et al. (2005), temperature and pH are two parameters
that may influence the form of ammoniacal nitrogen (NH3 or NH4") in solution, and
consequently its volatilization capacity. The temperature remained constant over time,
around 24.5+2.0°C (Figure 2.4C), so the temperature has a weak and significant
correlation with ammoniacal nitrogen (r=0.59, P<0.001, Table 2.3). Thus, pH is
responsible for the observed decrease in the ammoniacal nitrogen concentration. In fact,
when pH is above 9.25 the chemical balance (Eq. 1) is displaced in the direction of
converting ammoniacal nitrogen into ammonia which favors the removal of ammoniacal
nitrogen by volatilization of the ammonia. This equilibrium displacement decreases when
the pH of the solution decreases to 9.25, reaching the same percentage of species NH4"
and NH3 in the solution (Lin et al., 2009). Below pH 9.25, this equilibrium is displaced

to the formation of ammonium ion, which is non-volatile so it remains in the solution (Lin
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et al., 2009). On the 11" day, at pH=8.1 and 21°C, the percentage of ammonia is low
(5.5%) compared with the ammonium ion (94.5%). So, the integrated treatment solution
(IOSLM + AC) for the chosen hydrated lime dose can remove 62.8% of ammoniacal
nitrogen. The collection and subsequent reuse of ammonia in the industry is an advantage
since it will contribute to eliminate nitrification in biological treatment (i.e. to produce
nitrate) and consequently in denitrification process organic matter may be added in fewer

concentrations.

2.4. Conclusions

A novel integrated pre-treatment that combines immediate one-step lime precipitation
(IOSLM) with atmospheric CO; carbonation (AC) in the presence of the sludge is
proposed in this work. The integrated treatment, IOSLM and AC, was evaluated for low
biodegradable organic matter and ammonia removal using ANFO and emulsion

explosives wastewaters as a case study.

For the optimal hydrated lime dose (7.76 g L'), IOSLM removed 92.1% of organic
matter, 98.2% of oils and fats, and 100 % of organic nitrogen, as well as reached the
maximum conductivity reduction. However, as expected, it was not effective in
ammonium nitrogen and nitrates removals, resulting in high concentrations of these
compounds in the wastewater. These compounds are expected to be removed in the next
sequence of treatment processes. AC process removed 61% of ammoniacal nitrogen in 7
days and pH decreased to approximately 8. Table 2.4 present the treated wastewater

quality.

The proposed sequence is a low-cost and easy-to-apply wastewater treatment solution,
since lime is a cheap product widely used in industry and wastewater treatment, and AC
does not need chemicals or specialized maintenance and is a low energy consumption
process. The idea of this integrated solution is to pre-treat wastewaters that can be used
in subsequent conventional biological treatments, in green solutions like

phytoremediation processes, or in the industry.

105



Table 2.4 - Characteristics of the treated effluent for the optimised conditions.

Parameters Unit
CcOoD mg O, L™ 468+24
BOD:; mg O, L™ 3+1
BODs/ COD - 0.006
Ammonium nitrogen mg N-NH," L™ 577.9+£18.9
pH Sorensen 8.1310.02
Redox Potential mV 118.5+0.78
Conductivity mS cm’! 10.340.1
Nitrates mg L 7230+50
Nitrites mgN L' 11.0£0.1 3
Calcium hardness mg L CaCOs 4068+40.7
Calcium mg L 1627
Total hardness mg L CaCOs 4217423.5
Magnesium hardness mg L CaCOs 149.2
Magnesium mg L 36.2
Phe;‘l?;’l'i‘;:‘t;'e‘“ mgL! CaCOs  62.0427.0
Total alkalinity mg L CaCOs 125+53.9
Bicarbonate mg L CaCOs 123.0+53.3
Carbonate mg L CaCOs 1.40+0.66
Organic-N mg N L Not detected
Oils and fats mg L 5.13
Total hydrocarbons mg L 5.34+0.12
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Chapter 3

Optimization of atmospheric carbonation in the integrated
treatment immediate one-step lime precipitation and
atmospheric carbonation. The case study of slaughterhouse

effluents
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ABSTRACT

Long carbonation time has been a common feature in the integrated process composed of
immediate one-step lime precipitation and atmospheric carbonation. This work aims to
understand how carbonation time can be influenced by reaction pH, as well as how reactor
area/volume ratio affects carbonation time and ammonia removal, using slaughterhouse
wastewater due to its variable characteristics. In the integrated immediate one-step lime
precipitation and atmospheric carbonation process, the immediate one-step lime
precipitation results showed that the reaction pH and the type of slaughterhouse
wastewater influenced the removal, however, removals were the highest at reaction pH
12. In the atmospheric carbonation process, the carbonation time required to reach pH 8
was independent of the reaction pH used. Additionally, at reaction pH 12, the reactor
area/volume ratios applied (from 0 to 155.4 m?*m?®) showed that higher reactor
area/volume ratios caused lower carbonation time, but ammonia removal was not
affected. For reactor area/volume ratios of 5 and 155.4 m*m?>, 15 and 1 days were spent
to reduce the pH from 11.9 to 8.2, with removals of 71 and 82.6% for NH4" and 10 and
79.1% for calcium, respectively. High removals of total Kjeldahl nitrogen (=71%),
biological oxygen demand (=80%), ammonium nitrogen (>52%), total phosphorus (98%),
total suspended solids (=52%), turbidity (>62%), absorbance at 254 nm (=87%),
absorbance at 410 nm (>83%) and oils & fats (>47%) were obtained using immediate
one-step lime precipitation and atmospheric carbonation integrated process to treatment
slaughterhouse wastewater, indicating that this process is an efficient pretreatment for

slaughterhouse wastewaters.
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3.1. Introduction

Although most municipal wastewater treatment plants are capable of removing
biodegradable compounds (e.g. organic matter, phosphorus, and nitrogen), they are not
designed to remove high concentrations of these compounds, so on-site pre-treatment is
required (Ajala et al., 2022; Iloms et al., 2020). The integrated process, immediate one-
step lime precipitation (IOSLM) followed by atmospheric carbonation (AC), has been
used as a pretreatment for industrial wastewaters, such as explosives (Madeira et al.
(2020), chapter 2), vinasse from sugarcane ethanol industry (Prazeres et al., 2019b),
winery (Luz et al., 2021), cheese whey (Prazeres et al., 2016), urban wastewaters (Correia
et al., 2020), and landfill leachate (Ramalho et al., 2022). This integrated solution is
recognized for its low cost, simplicity, eco-friendly technology, and high efficiency in
removing contaminants, like organic matter and nitrogen (Madeira et al. (2020), chapter
2). However, this treatment process needs to be studied in detail, since the ability of the
atmospheric CO» to be transferred to the aqueous phase depends on factors, such as
concentration of CO» in the atmosphere, area at gas-liquid interface, contact time, and
solution properties (including pH, temperature, concentration of dissolved salts, and
others) (Viswanaathan et al. (2022)). Lately, the capture of atmospheric CO; has deserved
the attention of several researchers (Odunlami et al., 2022). In the AC process, the
atmospheric CO; is transferred to the aqueous phase reducing the pH, but long retention
times are needed to reduce the pH of the effluent (Ramalho et al., 2022). Madeira et al.
(2020) (chapter 2) and Prazeres et al. (2019b) observed that the AC process in the
presence of sludge precipitate (resulting from the IOSLM process) needs a long time to
reduce the pH from 12 to 8, but significant advantages in the removal of ammoniacal
nitrogen were observed (Madeira et al. (2020), chapter 2). On the other hand, Correia et
al. (2020) observed that the injection of air (at 85 L h!) to urban effluent treated by
IOSLM, in the presence of the sludge IOSLM precipitate, reduced the carbonatation time
from 220 to 100 hours to reduce the pH from 11.5 to 8, but its effect on ammonia removal
was not analyzed. Even so, aeration systems have been recognized as a significant energy
cost in wastewater treatment plants (Aziz et al., 2019; Chen et al., 2022). In addition,
since the transfer of CO» to water must be maximized, the reactor area/volume (A/V) ratio
in the AC process is very important. According to the literature, low reactor A/V ratios

such as 3.78 m?/m* (Madeira et al. (2020), chapter 2), 6.23 m?*/m? (Prazeres et al., 2019b),
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4.63 m?/m> (Prazeres et al., 2016), 5.00 m?/m’ (Correia et al., 2020), and 5.00 to 6.67
m?/m* (Ramalho et al., 2022) have been used in the AC process. However, it is not
possible to establish any relationship between these reactors’ A/V ratios and the
carbonation time, as the characteristics of effluent (e.g. pH, temperature, nitrogen, and
organic contents) and experimental conditions were different among the various authors.
Therefore, the effect of high reactor A/V ratios on the carbonation time of the AC process

and hence its effect on ammonia removal is unknown.

This work aims to fill these gaps in the integrated IOSLM and AC process, namely
evaluate the effect of the reaction pH and reactor A/V ratio on the carbonation time and
ammonium nitrogen removal. Slaughterhouse wastewater was used as a case study, given
that current slaughterhouse coagulation pre-treatment systems use coagulants (such as
ferric chloride or ferric sulfate) (Bustillo-Lecompte and Mehrvar, 2017) that do not
remove ammonium nitrogen (Aguilar et al., 2002). Thus, the subsequent treatment
processes, such as biological treatments (e.g. activated sludge) or constructed wetlands,
need alternating aerobic and anoxic phases and consequently, a longer hydraulic retention
time, to effectively remove ammonium nitrogen and organic matter, as heterotrophic and
nitrifying bacteria compete for available oxygen (Madeira et al. (2021), chapter 5). This
effluent is recognized for the great variability in its composition (for organic matter,
nitrogen and total phosphorus (TP), and total suspended solids (TSS)) due to the number
and type of animals slaughtered, and water consumption (Al Smadi et al., 2019; Bustillo-
Lecompte and Mehrvar, 2017; Njoya et al., 2019). Lime precipitation has been applied
by several authors in slaughterhouse wastewater treatment (Hossaini et al., 2013; Mahtab
et al., 2009; Satyanarayan et al., 2005; Tariq et al., 2012), but this treatment has never
been integrated with the AC process, neither the impact of different slaughterhouse
wastewater characteristics. In this way, this work also intends to know if the reaction pH
can be a determining factor in the treatment of slaughterhouse wastewater with variable

characteristics.
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3.2. Materials and Methods

3.2.1. Slaughterhouse wastewater sampling

Slaughterhouse wastewater (SWW) used in this study is Portuguese on-site wastewater
that resulted from the slaughtering process (cattle, pigs, goats, sheep, and ratite) and the
cleaning facilities. The slaughterhouse wastewater is pretreated in an on-site
pretreatment plant (SWPP), after which is discharged to the municipal sewage treatment
plant (MSTP). Three slaughterhouse wastewaters coming from different SWPP stages
were studied: SWW1 was collected in the aeration and homogenization tank, SWW2 was
collected at the output of the rotary drum screen filter, and SWW3 was collected at the
output of the flocculation/dissolved air flotation (DAF) system. All samples were
collected during working hours and only once. If not immediately analyzed, the collected
samples were stored at 4 °C until use. Table 3.1 shows the SWW1, SWW2, and SWW3

physicochemical characterization.

Table 3.1 — Physicochemical characterization of SWW1, SWW2, and SWW3 effluents.

Parameters Unit SWW1 SWW2 SWW3
pH Sorensen 7.240.1 7.24+0.2 7.5+0.1
Conductivity mS cm’! 3.1+0.3 3.0+0.1 3.0+0.1
COD mg O, L'! 5430+1646 1810+274 226441
SCOD mg O, L'! 172438 450+47 18342
BOD:s mg O, L 2813+208 1013+29 40=+0
BODs/COD - 0.52+0.16 0.56+0.09 0.18+0.03
TKN mg N-Kj. L 21242 97+2 58+0
COD/TKN - 25.6 18.7 3.9
NH,* mg N L 88+1 69+0 52+0
Organic-N mg NL! 12442 2842 60
TP mg L! 491.6+89.6 255.6+90.1 147.6+12.0
TSS mg L! 3703%10 848+17 617
Turbidity NTU 1193+84 469+42 17+6
STurbidity NTU 24+1 38+1 11+1
Abs. at 254 nm cm’! 1.659+0.298 0.884+0.150 0.198+0.040
Abs. at 410 nm cm’! 2.072+0.295 1.471+0.296 0.314+0.099
Oils & Fats mg L! 1736+170 376+96 86+8
P. Alkalinity mg CaCO; L 0+0 0+0 0+0
T. Alkalinity mg CaCO; L 560+16 675+16 583+16
Calcium mg L! 101.2+6.0 158.7+6.9 190.5+0.0
Magnesium mg L! 54.143.6 74.6+4.2 60.2+4.2
Color - dark brown dark brown yellowish
Odor - unpleasant unpleasant slight smell

Note: COD - chemical oxygen demand; SCOD - soluble chemical oxygen demand total; BOD - biological oxygen
demand; TKN - total Kjeldahl nitrogen; TP - total phosphorus; TSS - total suspended solids; STurbidity — soluble
turbidity; P. Alkalinity - phenolphthalein alkalinity; T. Alkalinity - total alkalinity.
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3.2.2. Experimental set-up

The experimental set-up used in this work is presented in Figure 3.1, which includes the

IOSLM followed by the AC process.

RSN

L’s’\{ = ~ = - | L u |
®
Figure 3.1 — Schematic diagram of the treatment processes used in this work, namely, (1)

IOSLM process, (2) sedimentation process, and (3) AC process. A — hydrated lime tank, B —
SWW tank, C — IOSLM effluent, D — supernatant.

3.2.2.1. Immediate one-step lime precipitation (IOSLM)

The IOSLM process is already described in Madeira et al. (2020) (chapter 2). Various
hydrated lime concentrations were added to pretreated wastewaters SWW1, SWW2, and
SWW3, drop by drop, under vigorous agitation (magnetic stirrer at speed of 3 s!) and
agitation was maintained until precipitation pH reached, from 9.5 to 12 (called in this
work reaction pH). The agitation was kept for 1 min and then stopped, and the effluent
was transferred to the sedimentation tank (without agitation) for 1 hour. After that, the
physicochemical characteristics of the supernatant were analyzed (section 3.2.3.) and the
effluent passed to the AC process. Calcium hydroxide (=95%, PanReac S.A) was used to

prepare the hydrated lime solution at a concentration of 200 g L.
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3.2.2.2. Atmospheric CO; carbonation (AC) tests

In all these experiments, 1 to 2 L of IOSLM supernatants from SWW1, SWW2, and
SWW3 were tested and applied to AC reactors. Three AC tests were made. In the first set
of experiments, the carbonation time was studied for the different IOSLM supernatants
and pH (from 9.5 to 12) and was tested in AC reactors with 9.5 m?/m> of A/V ratio for
SWW!1 supernatant, and 5 m?*/m?® for SWW2 and SWW?3 supernatants. In the second set,
the supernatant pHs were maintained at 12 and the carbonation time was studied for
different reactors’ area/volume (A/V) ratios, from 0 to 155.4 m?*/m>. Finally, in the third
experimental set, the best conditions were studied to maximize ammonium removal. In
all experiments, the IOSLM supernatants were kept in contact with atmospheric air
without any chemical and agitation. Process efficiency was monitored (section 3.2.3.)
over time, once a day, until the supernatant pH was close to 8 or kept constant over time.

All AC tests were at room temperature 23 + 2°C.

Subsequently, to estimate the amount of atmospheric CO, captured during the
carbonation process, the IOSLM supernatant at pH 12 was neutralized with different
volumes of pure CO from a CO> cylinder (CEVIK brand), and the pH obtained was
recorded. CO> was quantified by Stevin's law and the ideal gas law, applying the sample
in a U-Tube attached to a CO bottle and subsequent vigorous mixing between the added

CO- gas and the sample.

3.2.3. Analytical methods

The parameters and methods used are shown in Table 3.2. Chemical oxygen demand
(COD), total Kjeldahl nitrogen (TKN), ammonium nitrogen (NH4"), total phosphorus
(TP), total suspended solids (TSS), oils and fats, biological oxygen demand (BOD),
calcium, magnesium, phenolphthalein alkalinity, total alkalinity, and turbidity were
determined according to Standard Methods (Baird et al., 2017). Absorbance at 410 nm
indicates the presence of compounds responsible for color, while absorbance at 254 nm
indicates the presence of high molecular weight organic compounds with a high degree
of aromaticity, high number of double and triple bonds, and phenolic groups (Rivas et al.,

2010).
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Table 3.2 — The parameters analyzed and analytical methods used.

Parameters Method Equipment
. . WTW InoLab pH Level 1 apparatus and a pH
pH Potentiometric method electrode SenTix® 41
.. . Jenway 4510 conductivity meter and a conductivity
Conductivity Electrometric method sensor VWR phenomenal CO 11
COD and Closed reflux colorimetric COD digester WPA Hydrocht?ck HC 6016, UV/Vis
SCOD method spectrophotometer Phgrmama Biotech Ultrospec
2000; 0.45-pum pore-size filter for soluble COD.
BODs Respirometric method WTW OxiTop® IS 12 system
. Digester Bloc Digest 6 P-Selecta;
TKN Kjeldahl method distillation unit BUCHI B-316
NH4" Distillation method Distillation unit BUCHI B-316
Vanadomolvbdohosshori Muffle P SELECTA-HORN 186331,
TP anadomorybcophosphoric UV/Vis spectrophotometer Pharmacia Biotech
acid colorimetric method
Ultrospec 2000
TSS Gravimetric method Whatman® glass microfiber filters (Grade 934-AH®)
Turbidity and . HACH 2100N turbidimeter; 0.45-um pore-size filter
STurbidity Nephelometric method for soluble turbidity.
. UV/Vis spectrophotometer Pharmacia Biotech
Abs. at 254 nm Spectroscopic method Ultrospec 2000
. UV/Vis spectrophotometer Pharmacia Biotech
Abs. at 410 nm Spectroscopic method Ultrospec 2000

Oils and Fats

Gravimetric method

Soxhlet extractor with petroleum ether and Soxhlet
heating mantles electrothermal EM O250/CE

P. Alkalinity

Neutralization titration

T. Alkalinity

Neutralization titration

Volumetric complexation

Calcium with EDTA
Difference between total
hardness and calcium
Magnesium hardness. Total hardness

determined by Volumetric
complexation with EDTA.

Note: P. Alkalinity - phenolphthalein alkalinity; T. Alkalinity - total alkalinity; SCOD — soluble COD; STurbidity —

soluble turbidity.

3.2.4. Statistical analysis

All samples and experimental treatments were analyzed in triplicate, and the results were
presented as means =+ standard deviation. For comparison between averages, the data were
submitted to One-way ANOVA with Tukey’s test at a 95% confidence level, using IBM
SPSS Statistics for Windows. Principal component analysis (PCA) and correlation
analysis were performed using the XLSTAT 2021 statistical software. GraphPad Prism
for Windows (version 5.0, GraphPad Software, La Jolla California USA) was used to
draw the graphs.
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3.3. Results and discussion

3.3.1. Physicochemical characterization of SWW

SWW physicochemical characteristics are shown in Table 3.1. Briefly, the COD
concentrations vary according to the collected place at SWPP, being the highest COD
concentrations for SWW1 (5430 + 1646 mg O> L) and the lowest for SWW3 (226 + 41
mg Oz L'"). SWW1 and SWW2 organic matter are in an insoluble form, while SWW3
organic matter is practically soluble. The biodegradability index (BODs/COD ratio) of
SWW1 and SWW?2 is around 0.5, similar to Al Smadi et al. (2019), which means that
these effluents have moderate biodegradability. SWW3 has a low BODs/COD ratio
(around 0.18), which according to Dinger (2020) it is not possible to treat using
conventional biological treatments. For nitrogen, all SWW present considerable values of
TKN (58 to 212 mg TKN L), either in the form of ammonia (52 to 88 mg N-NH4" L)
or organic nitrogen (6 to 124 mg N L), as well as rich in phosphorus (148 to 492 mg L-
1. Turbidity values are high in SWW1 (1193 + 84 NTU) and SWW2 (469 + 42 NTU),
and much lower in SWW3 (17 = 6 NTU), which is excepted since this wastewater was
collected after flocculation/DAF processes. The presence of aromatic and unsaturated
compounds given by absorbance at 254 nm (Table 3.1) is common in SWW due to the
use of pharmaceutical drugs (Aguilar et al., 2006; Shao et al., 2009). Other SWW

characteristics can be seen in Table 3.1.

3.3.2. Immediate one-step lime precipitation (IOSLM)

The supernatant quality and removals after [OSLM are presented in Figures 3.2 and 3.3.
For TKN, NH,4", organic-N, and COD removals practically did not vary with reaction pH
for all the studied waters. After the IOSLM, the supernatants’ quality was very similar
between reaction pHs in each SWW but different between SWW, because the initial
concentrations of these parameters were different between SWW (Figure 3.2). Thus, for
these parameters, the final supernatant quality is not dependent on reaction pH, and it
seems that lower pH may be used in the IOSLM process (pH of 9.5). This is very

important in sludge production and consumption (Figure 3.4).
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The TKN removals were essentially due to the removal of organic nitrogen since the
ammonium nitrogen removals were insignificant (P<0.05). Although the studied pH
range is greater than 9.3 (pKa of the reaction between NH3 and NH4" is 9.26, so at higher
pH than 9.26 the ammoniacal nitrogen is in the non-ionized form (NH3) and susceptible
to being volatilized (Gupta et al., 2015)), the removal of ammonia was negligible since
the IOSLM process was quick. The IOSLM process was not very effective in removing
COD for SWW3 (6.0 to 11.3%, Figure 3.2d), which indicates that this effluent presents
non-precipitable organic matter (in addition to being non-biodegradable). In this way, this
effluent can only be treated by unconventional treatment processes (e.g., advanced
oxidation processes or adsorption processes). Low COD removals in the lime
precipitation process have also been found in the treatment of winery wastewater (Luz et
al., 2021) and landfill leachate (Ramalho et al., 2022). On the other hand, high COD
removals were obtained for SWW1 (86.9 to 91.0%) and SWW?2 (73.5 to 80.6%), similar
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to those obtained by Tariq et al. (2012). These removals are justified by the addition of
lime in excess to wastewater which results in the destabilization and aggregation of
charged particles, as well as the formation of an intense and spontaneous precipitate
(Madeira et al. (2020), chapter 2). This in addition to precipitate adsorptive capacity,
contributes to a vigorous “sweeping” of suspended impurities and organic matter
(Madeira et al., 2020; Prasad et al., 2019). Moreover, the removal of some organic matter
is also due to the sedimentation operation since these effluents present easily

sedimentable organic matter, as observed by Satyanarayan et al. (2005).

For absorbances at 254 and 410 nm, turbidity, and TP, the removals increased with
reaction pH and the supernatant quality was much better for pH 12 (Figure 3.3) for all the
studied waters. In fact, it is at high pH that larger precipitates of CaCO3, MgCO3, and
Mg(OH), are formed, as a result of the reaction between lime and different chemical
species (such as carbonic acid, calcium bicarbonate, magnesium bicarbonate, magnesium
carbonate) present in SWW (Madeira et al. (2020), chapter 2). These precipitates have a
high adsorption capacity for some organic compounds (Hakim et al., 2017; Lawler, 2004;
Zeng et al., 2012) and phosphorus (Yagi and Fukushi, 2012). According to Zhao et al.
(2015), the Mg(OH), precipitate can neutralize the charge and cause enmeshment of
colloidal particles, beyond its adsorptive capacity. The magnesium concentration was

reduced in the entire reaction pH range and for all effluents (Figure 3.5B).

A) B)
400 80
1

4~ 3004 e 60 o
| ‘_'..'.- 4 1 ‘. L@l I
@ . * ..' (@)] .'.- -_'-. .
é 2001 i é40 ........... ; . . !D
rtnﬂs ‘ ......... ! ......... .i (‘{"c’ i .4’.
© 100, ¥ s % i ._;i,,“..-._}.

0 . . . . 04 ; : : - -

9.5 10.0 10.5 11.0 115 12.0 9.5 10.0 10.5 11.0 11.5 12.0

Reaction pH Reaction pH

@ SWW1 - SWW2 -+ SWW3

Figure 3.5 - Effect of the reaction pH in IOSLM tests on the: a) calcium concentration and b)
magnesium concentration, for SWW1, SWW2, and SWW3. Bars represent the standard
deviation of the mean.
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The observed decrease in turbidity appears to be related to the removal of absorbances at
254 nm and 410 nm, and COD since strong and positive correlations were found between
these parameters and turbidity, for all SWW types (Table 3.3). On the other hand, TP had
a negative correlation with calcium, which varies between strong (r=-0.63, for SWW1
and r=-0.66 for SWW2) and weak (r=-0.24 for SWW3) correlation (Table 3.3). In fact,
phosphorus removals involve also large amounts of soluble calcium and alkaline
conditions (pH>9) (Anawar et al., 2019), being associated with the formation of
hydroxyapatite precipitate (Eq. 1), calcium phosphate (Eq. 2) and octacalcium phosphate
(Eq. 3) (Dai et al., 2018).

5Ca** + 3PO4>" + OH" — CasH(PO4);0H | (1)
3Ca(OH), + 2PO4> — Ca3(PO4)2 | + 6 OH- (2)
4Ca(OH); + 3P0 + H,O — CasH(PO4)3 | + 9 OH 3)

Despite the reduction in contamination observed for the pH range studied, the calcium
was not completely consumed in the IOSLM process, for all SWW (Figure 3.5a), which
may be important in the following AC process. On the contrary, the calcium that is present
seems to be responsible for the conductivity since high and positive correlations were
found, for all SWW (Table 3.3). As a result of the IOSLM process, only SWW1 (pH>11.5)
showed a higher conductivity than it had initially (Figure 3.4).
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Table 3.3 — Correlation matrix between all parameters analyzed in IOSLM process, for treated SWW1 (represented by letter A and beige color), treated SWW2
(represented by letter B and blue color), and treated SWW3 (represented by letter C and green color). Values in bold are different from 0 with a significance level

alpha=0.05.
Parameters Reaction pH  Supernatant pH Dose Cond. Turb. Ca Mg Abs 254 Abs 410 COD TP NHsf TKN  Sludge V.
Reaction pH
0.99 *
Supernatant pH 0.98 ©
0.98 ¢
0.98 * 0.96 *
Dose 0.99 8 0.98 8
0.98 ¢ 0.99 €
0.304 0.384 0.164
Cond. 0.708 0.798 0.662
0.67°¢ 0.75¢ 0.79°¢
-0.90* -0.914 -0.844 -0.544
Turb. -0.798 -0.768 -0.758 -0.578
-0.75¢ -0.72¢ -0.70¢ -0.56¢
0.844 0.874 0.734 0.734 -0.944
Ca 0.87° 0.94° 0.86° 0.938 -0.74B
0.91°¢ 0.95¢ 0.96 ¢ 0.85¢ -0.64°¢
0.254 0.364 0.134 0.884 -0.534 0.634
Mg -0.398 -0.418 -0.448 -0.06 5 0.60 -0.358
-0.82°€ -0.80° -0.77¢ -0.38°¢ 0.55¢ -0.80°¢
-0.934 -0.944 -0.86" -0.584 0.984 -0.954 -0.504
Abs 254 -0.98° -0.948 -0.998 -0.558 0.76 8 -0.778 0.438
-1.00€ -0.98¢ -0.97¢ -0.64°¢ 0.73¢ -0.91°¢ 0.84°¢
-0.874 -0.894 -0.794 -0.644 0.994 -0.964 -0.634 0.984
Abs 410 -0.978 -0.928 -0.978 -0.508 0.728 -0.738 0418 1.005
-0.99¢ -0.96 € -0.95¢ -0.59¢ 0.75¢ -0.89¢ 0.88 ¢ 0.99 ¢
-0.634 -0.684 -0.524 -0.774 0.894 -0.884 -0.844 0.844 0.934
COD -0.858 -0.898 -0.88° -0.655 0.818 -0.878 0.63 8 0.84° 0.80°
0.04€ 0.04€ 0.12¢ 0.17¢ 0.47°¢ 0.03¢ 0.23¢ -0.02°¢ 0.06 ¢
-0.934 -0.934 -0.984 -0.104 0.724 -0.634 -0.074 0.784 0.694 0.394
TP -0.288 -0.458 -0.328 -0.638 0.398 -0.665 0.538 0.178 0.118 0.63°
-0.21°¢ -0.30¢ -0.25¢ -0.41°¢ 0.63 ¢ -0.24°¢ -0.03¢ 0.21°¢ 0.18¢ 0.51°¢
-0.564 -0.554 -0.554 -0.364 0.784 -0.604 -0.404 0.734 0.774 0.774 0.424
NH4* 0418 0.528 0.508 0.388 0.095 0.478 -0.198 -0.418 -0.418 -0.465 -0.448
0.10€ 0.02€¢ 0.00 ¢ -0.44°¢ 0.30¢ 0.03 ¢ -0.54°¢ -0.13¢ -0.20¢ 0.00 ¢ 0.71°¢
-0.914 -0.934 -0.834 -0.634 0.994 -0.984 -0.584 0.994 0.994 0.88* 0.734 0.694
TKN -0.078 0.108 -0.085 0.608 -0.065 0.428 0.078 0.228 0.298 -0.238 -0.788 0.178
0.78°¢ 0.79¢ 0.84 ¢ 0.75¢ -0.34¢ 0.90 € -0.75°¢ -0.77¢ -0.75°¢ 0.30¢ 0.17°¢ 0.24°¢
0.874 0.914 0.814 0.694 -0.934 0.934 0.684 -0.96* -0.964 -0.884 -0.754 -0.664  -0.964
Sludge v. 0.86° 0.92°8 0.88° 0.778 -0.808 0.945 -0.648 -0.808 -0.778 -0.96° -0.728 0.50% 0308
0.87°¢ 0.92°¢ 0.88 € 0.70¢ -0.73¢ 0.94°¢ -0.87¢ -0.89€ -0.89¢ -0.28°¢ -0.41°¢ 0.09¢ 0.73¢
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Finally, a PCA was applied for the IOSLM results (Figure 3.6). The first principal
component separates the three SWWs treated at different reaction pH, showing greater
contamination of SWW1, followed by SWW2 and then SWW3. For the three treated
SWW, the increase in reaction pH decreases the concentration of several pollutants,
although this decrease was more noticeable for treated SWW 1, followed by SWW2, and
finally SWW3. This means that the application of the same reaction pH did not guarantee
the same effluent quality for the three SWWs. Thus, the reaction pH is not a key parameter
for slaughterhouse water treatment, which will depend on the characteristics of the SWW
to be treated. However, at the reaction pH 12 the quality of the three treated SWWs is
better for the studied parameters than raw SWWs. SWW1 had higher lime consumption
and sludge production than SWW2 or SWW3, and SWW?2 higher than SWW3, justified
by the different initial contaminations (Figure 3.4). This lime consumption (which ranged
from 0.46 to 1.33 g L") was lower than that found in the treatment of explosive effluents
(about 6 to 12 g L") (Madeira et al. (2020), chapter 2), for the same range of reaction pH
(9.5 to 12), and can be justified by the differences in ammonium nitrogen concentrations
existing in these effluents (about 52 to 88 mg N L' for SWW and 1554 mg N L' for
explosive wastewater). In general, the supernatant pH values were close to the reaction

pH values, for the three SWW types (Figure 3.4).
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Figure 3.6 — Principal Component Analysis (PCA) biplot (axes F1 and F2: 82.56 %) based on
results obtained by the IOSLM process, for the SWW1, SWW2, and SWW3. Score plots
colored by type of SWW sample applied (SWW1 samples in red square, SWW2 samples in blue
circles, and SWW3 samples in green rhombus). Score names are designated by reaction pH
applied (9.5 to 12).
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3.3.3. Atmospheric CO> carbonation (AC)

3.3.3.1. Effect of the reaction pH

Figure 3.7 shows the variation of the supernatant quality with carbonatation time and
reaction pH in the AC process, for the SWW1, SWW2, and SWW3. According to Figure
3.7A, the supernatant pH decreased linearly with time for all reaction pH studied, except
for pH 12. At this pH, the supernatant pH slightly decreased in the first seven days for all
SWW, after which a sudden drop in supernatant pH was observed. This behavior could
be related to the buffer capacity of the supernatant, that is, the ability of the supernatant
to neutralize (through its alkalinity) the protons that were meanwhile released
(Middelburg et al., 2020). Similar behavior was observed by Luz et al. (2021) when the
authors applied the AC process to pretreated winery wastewater at the reaction pH 12. On
the 9" day (for SWW1), the 10" day (for SWW2), and the 12" day (for SWW3) all the

reaction pH had reached the same supernatant pH.

The decrease in supernatant pH over time was due to the reaction of the supernatant with
atmospheric CO; (Madeira et al. (2020), chapter 2). Very strong and significant (P<0.05)
negative correlations were observed between supernatant pH and time, SWW1 (r>-0.95,
Table 3.4), SWW2 (r>-0.92, Table 3.5) and SWW3 (r>-0.90, Table 3.6), at different
reaction pH (9.5 to 12).

No significant variation in conductivity with time was observed for the studied reaction

pH, being very close the final values of the conductivity to the initial ones before the

integrated treatment processes by IOSLM +AC (Figures 3.7B).
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Figure 3.7 — Variation of A) supernatant pH; B) electrical conductivity; C) calcium
concentration; D) magnesium concentration; E) absorbance at 254 nm; F) absorbance at 410
nm, and G) ammonium nitrogen concentration, over experimental time at different reaction pH
(9.5 and 12), in AC process. Numbers 1, 2, and 3 mean SWW1, SWW2, and SWW3,
respectively. Lowercase letters a and b mean the A/V ratio, a for 9.5 m* m™ was used for
SWW1, and b for 5 m* m was used for SWW2 and SWW3 pretreated by IOSLM. Bars
represent the standard deviation of the mean.
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Table 3.4 — Correlation matrix between all parameters analyzed in AC process, for SWW1 pretreated at different reaction pH (such as 9.5, 10, 10.5, 11, 11.5,
and 12, represented by letters A, B, C, D, E, and F, respectively). Values in bold are different from 0 with a significance level alpha=0.05.

Parameters Time S“pegl";‘ta“t Cond. NH/* Ca Mg Abs 254 Abs 410
Time
S ang 0:99 % [0.987
upernatant =y 005 -0.99°"
pH c F
-0.99¢ -0.95

0.97% 0.82° -0.93* -0.69°
Cond. 0.98% -0.07°% -0.97% 0.13F
0.95¢ -0.75F -0.89¢ 0.52F

-0.86% -0.86° 0.90% 0.94° -0.80" -0.49P
NH4" -0.83% -0.80F 0.88% 0.82F -0.77B 0.62F
-0.86¢ -0.79F 0.89¢ 0.58F -0.73° 0.98F

-0.674  -0.40° 0.74% 0.46° -0.58* 0.04° 0.95% 0.35°
Ca -0.698% -0.95% 0.74® 0.96° -0.54% 0.25F 0.88% 0.91F
-0.95¢ -0.95F 0.98¢ 0.82F -0.84¢ 0.87F 0.79¢ 0.88F

0.284  0.02° -0.34%4 -0.24° 0.25% -0.51° -0.714 -043P -0.854 -0.55P
Mg 0.708 034F -0.658 -0.25F 0.61% 0.62% -0.37% 0.22F -0.51% -0.02F
0.72¢ -0.70F -0.67¢ 047F 080¢ 0.96"F -0.28¢ 0.99" -0.73¢ 0.81F

-0.74A  0.53% 0.77% -0.33P -0.69% 0.75° 0.94% -0.04°® 0.95* -0.11° -0.76* -0.73P
Abs 254  -047B -0.14% 0538 0.20° -0.36%® 0.91% 0878 0.71°% 0838 041F -0.078 0.79F
-0.40¢ 0.56F 0.51¢ -0.78F -0.13¢ 0.13F 0.76¢ 0.05F 046¢ -0.32F 0.23¢ 0.17F

-0.884 1 0.252 0914 -0.03° -0.814  0.69° 1.00% 0.22° 0.94%  0.28° -0.694 -0.95° 0.924  0.91°
Abs 410  -0.77B -0.30% 0.82% 0.32F -0.71® 0.85% 0.99% 0.80F 0858 0.53F -023B 0.66F 0.88% 0.97F
-0.71¢ 0.12F 0.73¢ -0.40F -0.57¢ 050" 0.97¢ 0.47F 0.60¢ 0.18F -0.04¢ 0.57F 081¢ 0.83F
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Table 3.5 — Correlation matrix between all parameters analyzed in AC process, for SWW2 pretreated at different reaction pH (such as 9.5, 10, 10.5, 11, 11.5,
and 12, represented by letters A, B, C, D, E, and F, respectively). Values in bold are different from 0 with a significance level alpha=0.05.

Parameters Time Supernatant pH Cond. NH." Mg Abs 254 Abs 410
Time
-0.974  -0.97°
S“pf;‘l‘;‘ta“ 0.96° -0.99°
-0.96¢ -0.92F
0.98*  0.95° -0.92*4 -0.85°
Cond. 0.99% 056% -0.928 -0.53F
0.97¢ -051F -0.87¢ 0.24F
-0.98*  -0.96° 0.97* 0.95° -0.97* -0.89°
NH4* -0.978% -0.97% 097 097°F -0.94% -0.62F
-0.96¢ -0.96" 0.94¢ 097°F -0.94¢ 0.48°F
-0.894 -0.80° 0.91* 0.89° -0.80* -0.61° 0.87% 0.78°
Ca -0.89% -0.86% 0.94% 0.90° -0.83°% -0.14F 096 0.81°F
-0.87¢ -0.87F 0.95¢ 0.70F -0.75¢ 0.80" 0.82¢ 0.85F
0424  -0.02°® -0.354  0.06® 0.38* 0.05® -0.374 -0.09° -0.63* -0.13P
Mg 0.74% 055 -0.758 -0.55F 0.73® 0.86F -0.81® -0.68% -0.87% -0.29F
0.59¢ -0.46F -051¢ 031F 0.58¢ 0.76F -0.46¢ 047F -0.58¢ 0.59F
-0.724 = 0.69® 0704  -0.71° -0.674 0.61° 0694 -0.84° 0.794 -0.68° -0.794 0.45°
Abs 254 -0.498 0.27F  0.38% -0.25F -0.55% -0.01F 0.34® -0.12F 026% -0.17F -043B -043F
-0.67¢ 030  045¢ -034F -0.81¢ -025F 0.62¢ -039F 0.27¢ -038F -0.35¢ -0.62F
-0.684 ~ 0.69% 0.694  -0.71°> -0.60% = 0.62° 0.63* -0.83° 0.79%  -0.62° -0.76* 0.38% 0.98* | 0.97°
Abs 410 -0.43%  0.85F 0.33B -0.81F -0.48% 0.86° 0.28% -0.89° 021% -0.50% -037B 0.81°% 0992 0.10F
-0.75¢ 0.83F  0.54¢ -0.94F -0.87¢ -0.11F 0.71¢ -0.89F 0.34¢ -0.63F -047¢ -025F 0.96¢ 0.54F
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Calcium concentrations decreased in the first 10 days, after which remain practically
unchanged, despite the concentration of the wastewaters after the IOSLM process
(Figures 3.7C). Thus, the AC process is efficient in removing calcium added to the
IOSLM process. On the 10" day for SWW1 and 15" day for SWW2 and SWW3, the
calcium concentrations were below the initial values (ca. 101 mg L™ for SWW1, 159 mg
L' for SWW2 and ca. 191 mg L' for SWW3, Table 3.1) before applying the IOSLM
process. Despite the high calcium removal, the calcium was not a limiting factor in the
AC process to drop pH to neutral values, as was observed by Ramalho et al. (2022).
Ramalho et al. (2022) observed that the calcium concentration was totally consumed
during the AC process, leading to a decrease in pH from only 12.5 to 10.1, after 32 days
of AC. The calcium removal is justified by the formation of calcium carbonate (Eq. 4)
since the carbonate ions are formed by dissolving atmospheric CO; in water and reducing
pH (Prazeres et al., 2016) (a strong positive correlation between calcium and supernatant
pH, >0.46, P<0.05, for SWW1 (Table 3.4), r>0.70, P<0.05, for SWW?2 (Table 3.5), and
r>0.53, P<0.05, for SWW3 (Table 3.6)).

COs> + Ca*" — CaCOs | (4)

Regarding the magnesium (Figures 3.7D), its concentration varied considerably over time
for all SWW, regardless of the reaction pH. In this way, there is no significant correlation
(P<0.05) between magnesium and time, for reaction pHs and waters (Tables 3.4, 3.5, and
3.6). This variation may be due to the simultaneous occurrence of a set of reactions,
namely the formation of magnesium carbonate (Eq. 5), dissolution reactions of

magnesium precipitates (Eq. 6), and evaporation phenomena.

CO3> + Mg*" — MgCOs | (5)
MgCO; + CO; + HO — Mg?" + 2HCO5~ (6)
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Table 3.6 — Correlation matrix between all parameters analyzed in AC process, for SWW3 pretreated at different reaction pH (such as 9.5, 10, 10.5, 11, 11.5,
and 12, represented by letters A, B, C, D, E, and F, respectively). Values in bold are different from 0 with a significance level alpha=0.05.

Parameters Time Supernatant pH Cond. NH." Ca Mg Abs 254 Abs 410
Time
S tant -0.984  -0.99°
“perl“{"‘ Mt 0988 -1.00F
P 0.98C -0.90F
0.844 0.96° -0.74%4  -0.91P°
Cond. 0.96 8 0.54F  -0.91% -0.50F

0.97¢ -049" -090¢ 0.16F

-0.96*  -0.97° 0.96" 0.97° -0.85* -0.93°
NH4" -0.97%  -0.96° 0.99B 0.98 -091% -0.39F
-0.98¢ -0.97"  0.98¢ 0.90F  -0.92¢ 0.54F

-0.754  -0.79°  0.76* 0.86° -0.48* -0.64° 067%  0.82°
Ca -0.86% -0.85F  0.92B 0.865 -0.69% -0.07%  0.928 0.90 ¢
-0.84¢ -0.76"  0.89¢ 0.53%  -0.73¢ 0.77F 0.84°¢ 0.80F

-0.704 © 0.66°  0.78% | -0.68° -0.34% = 0.66° 0.694 | -0.72° 0.34%  -0.78°
Mg -0.328  0.59F 0.258  -0.59%  -037B 0.32°F 0.148  -0.56% = 0.02® -0.50F
0.24¢  -0.09F -0.18¢ -0.08"  0.36¢ 021% -0.13¢ -0.11" -0.35¢ -0.04F

-0.664 | -0.25P 0.56* 0.28° -0.76* = -0.06° 0.584 = 0.23P 0.524 = 0262 0.20% = 0.32°
Abs 254 -0.93% -0.11%  0.88B 0.14%  -0.96% 0.48F 0.918 0.26F 0.728 0.33F 0.128 0.18F
-0.91¢ -0.05F 093¢ -0.04F -0.79¢ 0.05F 0.89°¢ 0.10F 0.89¢ -0.13F  -0.08¢ -0.42F

-0.704 = 0.21®>  0.63* | -0.13% -0.724 = 0.40° 0.634  -0.25%  0.614 = 0.11P 0.254 = 0.44° 0974  0.70°
Abs 410 -0.90%  0.58F 0.90% -0.54%  -0.828 0.92°F 0.94% -039F  0.898% -0.11% -0.12B 0.57F 0.928 0.52F
-0.85¢ 0.70F 0.89¢ -0.84" -0.71¢ 0.08F 0.84¢ -0.60F 0.78¢ -021F 0.12¢ -035F  0.90¢ 0.26F
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Overall, the AC process proved to be effective in removing aromatic and unsaturated
compounds (Figures 3.7E) and compounds responsible for color (Figures 3.7F). It is
expected that the sedimentability of small particles will still occur during the first days of
the carbonation process. The decrease in absorbances (at 254 and 410 nm) may also be
associated with the interaction of organic compounds with the precipitates formed during
the AC process, through adsorption processes since some positive correlations were found

between absorbances and calcium or magnesium (Tables 3.4, 3.5, and 3.6).

A decrease in the concentration of nitrogen ammonium over time was observed, for all
reaction pH and waters (Figures 3.7G). Very strong negative correlations were observed
for SWW1 (-0.79 <r <-0.86, Table 3.4), SWW2 (-0.96 <r <-0.98, Table 3.5), and SWW3
(-0.96 <r<-0.98, Table 3.6). At the end of the AC process, about 93 to 96% of ammonium
nitrogen was removed in SWW1 at reaction pH 11.5 and 12, while 70.7 and 71.4%,
respectively, in SWW2 and SWW3 at the reaction pH 12. It is observed that, over time,
the decrease of ammonium nitrogen concentration is hampered due to the decrease in pH
(Figures 3.7A). In fact, since the supernatant pH decreases over time, ammonia tends to
be converted to ammonium nitrogen, while the other part of the ammonia is available to
be removed (Berge et al. 2005). Ammonium nitrogen is not removed from the supernatant
by volatilization (Chen et al., 2016). In this way, higher reaction pHs provide greater
removal of ammonia during the carbonation process, as can be seen in Figures 3.7G.
Ramalho et al. (2022) obtained 100% ammonia removal during the carbonation process
of a leachate effluent, as the pH decrease was slower over time due to calcium limitation,
using an A/V ratio of 5 to 6.7 m*/m>. These authors also observed the presence of nitrogen
in the sludge resulting from the carbonation process, thus indicating that in addition to
volatilization, it is also possible to have some adsorption of ammonia nitrogen during this

Process.

Finally, after 15 days, the best quality for the tested parameters was observed at the
reaction pH of 12 for all the studied supernatants and the final supernatant pH was 8
(Figure 3.7). Therefore, independently of the water characteristics, it is possible to use the

AC process after the IOSLM to decrease IOSLM supernatants’ pH and remove ammonia.
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3.3.3.2. Effect of the reactor A/V ratio

Figure 3.8 shows the variation of supernatant pH with experimental time in the AC
process, for different reactor A/V ratios (0 to 155.4 m?/m?), for SWW1 (Figure 3.8a),
SWW2 (Figure 3.8b), and SWW3 supernatants (Figure 3.8c), at reaction pH 12. These
results show that below an A/V ratio (A/V ratio of 9.5 m*/m’® for SWW1, and A/V ratio
of 3 m*m’ for SWW2 and SWW?3, Figure 3.8), the AC process was not efficient to
decrease the supernatant pH to values that allow its discharge or reuse, requiring more
time (>7 days). However, for SWW2 and SWW?3 at A/V ratio of 19 m*/m’, 7 days were
enough to put the supernatant pH at 8, and using a high A/V ratio (> 52.4 m*/m?) 2 days
were enough. For the highest A/V ratio, 155.4 m*/m® a more detailed analysis was made

(Figure 3.8B) showing that the supernatant pH was 9.5 after 8 h and 8 after 24 h.

A decrease in the supernatant pH from 12 to 8 during the AC process was obtained by
Prazeres et al. (2019b) and Prazeres et al. (2016), using a reactor A/V ratio of 6.23 m*/m’
(for 10 days with vinasse effluent) and 4.63 m*m?® (for 8 days with cheese whey
wastewaters). However, longer carbonation times (about 13 days) were achieved in this
work using similar A/V ratios (5 m?>/m?). This means that the A/V ratio is not the only
factor determining the pH drop. In fact, other factors (e.g., the concentration of CO; in
the atmosphere during the experiments, as discussed below) can change the ability of the
atmospheric CO; to be transferred to the aqueous phase (Viswanaathan et al. 2022), and
justify these differences in carbonation times. Results of SWW?2 supernatant using A/V
ratios of 5 and 155.4 m?*/m? to reach the pH 8 (13 days and 1 day for 5 and 155.4 m*/m’,
respectively) showed higher NH4" removals for the highest A/V ratio (82% for 155.4
m?/m? compared 68% for 5 m?/m?) (Table 3.7). This means that despite the rapid decrease
in pH, NH4" removal is not hampered, on the contrary, it allows greater volatilization due
to its larger area of exposure. Thus, a higher reactor A/V ratio did not decrease the NH4"

removal of the system.
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Figure 3.8 — Variation of the supernatant pH over time in the AC process, using a) SWW 1, b)
SWW 2, and c) SWW 3 supernatants, all pretreated by IOSLM process (at pH 12), for different

reactor A/V ratios (0 to 155.4 m*/m”*). Bars represent the standard deviation of the mean.
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Table 3.7 - Results of the SWW2 supernatant in the AC process, using A/V ratios of 5 m*/m’
(after 1 day) and 155.4 m*/m’ (after 13 days) to reach a pH of about 8.

Final
Parameters Unit Initial AV = 5 mYm? AV = 125.4
m>/m
pH Sorensen 11.9+0.2 7.9+£0.2 8.240.1
Conductivity mS cm’! 3.12+0.02 2.46+0.01 2.40+0.01
NH4* mg N L 69+0 22+1 12+1
Abs. 254 nm cm'’! 0.022+0.012 0.035+0.006 0.025+0.002
Abs. 410 nm cm'’! 0.020+0.001 0.047+0.001 0.012+0.000
P. Alkalinity mg CaCO; L"! 549440 - 0+0
T. Alkalinity mg CaCO; L™ 694+87 - 234+40
Calcium mg L' 297.6+3.4 130.948.4 62.2+6.9
Magnesium mg L! 43.3£2.1 20.2+1.1 31.4+7.2
Evaporation rate % - 6.0+0.4 4.0£0.6

Note: P. Alkalinity - phenolphthalein alkalinity; T. Alkalinity - total alkalinity.

The impact of CO; concentration was analyzed. The amount of CO> that would be
necessary to reduce the pH of 12 to 8 during the AC process was estimated by adding
COz and by reaction stoichiometry, for all waters studied. About 0.48 g of CO2 L' was
necessary to reduce the pH from 12 to 8, for the three SWWs (Figure 3.9), while lower
quantities of about 0.35, 0.24, and 0.22 g CO> L' were estimated by reaction
stoichiometry, for SWW1, SWW2, and SWW3, respectively. This same amount of CO»
injected for all SWW is justified by the similarity of the initial values of phenolphthalein
alkalinity (about 480+40, 549+40 and 55635 mg L' CaCOs, for SWW1, SWW2, and
SWW?3, respectively), total alkalinity (about 709+79, 694+87, and 610+13 mg L™! CaCOs,
for SWW1, SWW2, and SWW?3, respectively), and pH. However, these CO» quantities
are overestimated for the addition of injected CO; and underestimated for the reaction
stoichiometry. According to Eq. 7, part of the injected CO> was consumed by the reaction
with the ammonia present in the SWWs forming ammonium bicarbonate, since the

immediate injection of CO» prevents the volatilization of ammonia.

NH; + CO2 + HoO — NH4HCO3 (7)
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Figure 3.9 — Supernatant pH reached as a function of added CO», for SWW1, SWW2, and
SWW3 supernatants treated by the IOSLM process at reaction pH 12. Bars represent the
standard deviation of the mean.

On the other hand, for stoichiometric calculation the occurrence of evaporation during
the AC process leads to higher concentrations of calcium or magnesium in the SWWs and
the differences obtained in CO; calculated for SWW1, SWW2, and SWW3 reflect this.
Calcium was the ion that most contributed (in about 81 to 89%) to CO» sequestration in
this work compared to the magnesium ion. Thus, the estimate of the value of CO> captured
during the AC process must be considered by CO- injection. Quantifying the air-water

flux of carbon dioxide is still a challenge (Herrmann et al., 2020).

3.3.4. IOSLM + AC integrated process

Table 3.8 shows the characteristics and removals obtained by the IOSLM + AC integrated
process, using the optimized conditions (IOSLM process at pH 12 and AC process at A/V
ratios of 9.5 m*/m*® for SWW 1 during 10 days and 5 m*m?* for SWW2 and SWW?3 during
15 days). According to Table 3.8, the effluents treated by the IOSLM + AC integrated
process had a pH of around 7.8 and conductivity values close to the initial values. High
TKN (97, 78, and 71%), BODs (86, 82, and 80%), NH4" (88, 69, and 52%), TP (99, 98,
and 98%), TSS (99, 98, and 52%), turbidity (97, 96, and 62%), absorbance at 254 nm (87,
96, and 87%), absorbance at 410 nm (92, 96, and 83%) and oils & fats (92, 71, and 47%)
removals were obtained for SWW1, SWW2, and SWW3, respectively. COD removals
were 91 and 80% for SWW1 and SWW2, respectively, and 7% for SWW3 due to their

previous treatment on-site pretreatment plant. The quality of the treated effluents showed
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concentrations of COD (for all SWWs), BOD (for SWW1 and SWW2), TSS (for SWW1),
TN (SWW2 and SWW3), and TP (for all SWWs) still above EU standards for discharge
(COD =125mgL'; BOD =25mg L"'; TSS=35mg L'; TN =10 mg L''; TP = 1
mg L). Therefore, additional treatments will be necessary for all SWWs. Biological
treatments could be a solution for SWW1 and SWW2 since both presented high
biodegradability index values after [IOSLM + AC integrated process. On the other hand,
constructed wetlands could be a solution to treat low biodegradable effluents such as

SWW3 after IOSLM + AC integrated process (Madeira et al. (2021), chapter 5).

Table 3.8 — Characteristics and removals of three SWWs after the IOSLM + AC integrated
process. Removals are shown in parentheses (at IOSLM reaction pH = 12, and A/V ratios of 9.5
m?/m’ for SWW1 during 10 days and 5 m*/m’ for SWW2 and SWW?3 during 15 days).

Parameters Unit SWW1 SWWwW2 SWW3
pH Sorensen 7.8+£0.2 7.7+0.1 7.840.1
Conductivity mS cm’! 3.4+0.1 2.6+0.1 2.6£0.1
COD mg O, L 488+8 (91%) 368+5 (80%) 21045 (7%)
TKN mg N-Kj. L"! 6+1 (97%) 22+1 (78%) 17+1 (71%)
BODs mg O, L"! 390+14 (86%) 180+0 (82%) 8+4 (80%)
NH,* mg N L 5+1 (88%) 20+1 (69%) 14+£1 (52%)
TP mg L' 3.0£1.6 (99%) 5.6£0.5 (98%) 2.5+2.0 (98%)
TSS mg L' 47410 (99%) 21+1 (98%) 29+4 (52%)
Turbidity NTU 39+0 (97%) 17+0 (96%) 6+0 (62%)
Abs. at 254 nm cm’! 0.210+0.015 (87%)  0.033+0.005 (96%)  0.026+0.001 (87%)
Abs. at 410 nm cm’! 0.164+0.001 (92%)  0.054+0.005 (96%)  0.053%0.000 (83%)
Oils & Fats mg L' 131+17 (92%) 110£15 (71%) 46£3 (47%)
Calcium mg L' 55.7+15.7 (45%) 119.0+7.5 (25%) 71.4£3.7 (63%)
Magnesium mg L! 27.6+24.3 (49%) 20.2+1.1 (73%) 5.8+1.8 (90%)

3.4. Conclusion

This work investigated the AC process in immediate one-step lime precipitation and
atmospheric carbonation integrated processes for slaughterhouse wastewaters treatment.

Slaughterhouse wastewaters with different characteristics were evaluated.

IOSLM results showed that the reaction pH was not a key parameter for slaughterhouse
wastewaters treatment, which will depend on the characteristics of the SWW to be treated.
However, at reaction pH 12 the SWW characteristics were better for the studied

parameters where higher removals were obtained.
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The AC process, as a solution for atmospheric mitigation of CO, emissions, proved to be
efficient in reducing supernatant pH, conductivity, ammonium nitrogen, and calcium
concentrations over time. Longer carbonation times are required using higher reaction
pHs to achieve a supernatant pH of 9.5, however, if the objective is to achieve a
supernatant pH of 8, the carbonation time may be the same regardless of the reaction pH
applied. The reactor A/V ratio can be a significant factor in reducing supernatant pH,
where high reactor A/V ratios mean less carbonation time. Ammonia removal was not

affected by the reduction in carbonation time caused by the increase in the A/V ratio.

IOSLM + AC integrated process proved to be an efficient pre-treatment in the removal of
contamination from the slaughterhouse wastewater for discharge into the municipal
sewage treatment plant, however, an effluent tuning is still necessary if it is to be

discharged into the water environment or to be reused in agriculture.
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Chapter 4

Modeling and optimization of atmospheric CO: capture for
neutralization of high alkaline wastewaters using response

surface methodology

This chapter is in preparation to submit a patent.
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ABSTRACT

In this work, a lab-scale stirrer bubble column (SBC) and a lab-scale stepped continuous
flow capillary column (SCFCR) were developed to neutralize lime precipitation treated
slaughterhouse wastewater (SWW), using atmospheric CO». These experiments were
carried out based on the response surface methodology using central composite design.
Aeration time (2, 11.5, and 21 h), air flow rate (60, 90, and 120 L h™"), stirring speed (0,
100, and 200 rpm), and SWW volume (178, 328, and 478 mL) were the independent
variables studied for the bubbling process, while SWW flow rate (1.2, 1.6, and 2.0 mL
min), air flow rate (90, 180, and 270 L h'') and capillary area (150, 425, and 700 cm?)
in case of capillary process. The results showed that all the independent variables studied
had a significant effect on the response variables studied (pH, conductivity, calcium, total
alkalinity, and ammonium nitrogen), except the air flow rate variable on pH, conductivity,
and calcium in the bubbling process, and the airflow rate variable in relation to all
parameters studied in the capillary process. The carbonation process occurred in both
processes. For the bubbling process, numerical optimization indicated a final pH 8 with
calcium and ammonium nitrogen removals of 76.0 and 66.2%, respectively, applying 21
h, air flow rate at 65 L h™!, the stirring speed at 52 rpm, and SWW volume at 178 mL. On
the other hand, for the capillary process, pH 8.2 and calcium and ammonium nitrogen
removals of 81.0 and 57.5% were achieved, applying SWW flow rate at 1.2 mL min™!, air
flow rate at 90 L h™!' and capillary area at 700 cm?. Under optimal conditions, the SCFCR
was able to neutralize different SWW volumes, 178 to 478 mL, without significant
differences in the collected samples, with the operation time varying between 4.48 and

10.20 h, respectively.
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4.1. Introduction

High alkaline wastewaters are usually generated from some industrial processes
(Filimonova et al., 2019; Qi, 2018; Velts et al., 2013) and lime precipitation-based
wastewater treatment systems (Martinez-Cruz et al., 2021; Mortula et al., 2020; Prasad et
al., 2019; Prazeres et al., 2020). In the case of discharge or additional biological treatment,
this type of effluent requires neutralization at adequate pH values (Madeira et al., 2020).
Strong acids (e.g. sulfuric acid, hydrochloric acid, and nitric acid) have traditionally been
used for neutralizing alkaline wastewater (Goel et al., 2005). However, its use has some
disadvantages such as high economic cost, handling/storage concern of strong acids,
corrosion of equipment and distribution networks, and significant discharge of strong acid
salts (sulfates, chlorides, etc.) downstream of the treatment (Park and Lee, 2020). The
neutralization of industrial alkaline wastewaters by biological means using alkalophilic
bacteria has been reported as a possibility, but this process requires a source of carbon for
acid production (Kumar et al., 2011). The use of CO; from simulated or real flue gas as a
neutralizing agent for alkaline wastewater has been also considered given its advantages:
CO:2 is not corrosive, its solubility in water is very high and allows greater control in the
pH drop as CO» forms a weak acid in aqueous solution (Kang et al., 2016). Several
strategies have been investigated to promote the absorption of gaseous CO; in alkaline
aqueous solutions for carbonate production (Cruz-Navarro et al., 2020; Salmoén et al.,
2018). Different types of gas—liquid contactors have been used: rotating packed bed (Sun
et al., 2011), tube-in-tube microreactor (Liang et al., 2014), microstructure mini reactor
(Henthorn and Peppas, 2007), gas-liquid membrane contactor (Jia et al., 2013), surface-
aerated stirred tank (Ding et al., 2018), gas sparged stirred tank (Garcia Carmona et al.,
2003), continuously stirred bubbling reactor (Liendo et al., 2021), packed bed reactor
(Liendo et al., 2021), spray column (Wang et al., 2022) and tubular reactor (Azizi et al.,
2022), among others. A rapid decrease in pH around neutrality and substantial reductions
in conductivity and calcium concentration has been observed when the Ca-rich alkaline
wastewater is neutralized with COz-containing flue gases, allowing to reduce the CO>
emissions (Uibu et al., 2008). Although high CO> gas flow rates can significantly reduce
the neutralization time to reach pH values below 8.5, there is some percentage of the CO»
gas injected into the solution that is not consumed, which is released into the atmosphere

and increases soluble calcium (Yoo et al., 2017). Recently, atmospheric CO> capture has
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deserved attention in wastewater treatment systems (e.g., by microbial electrolytic carbon
capture, microbial electrosynthesis, microalgae cultivation, constructed wetlands, and
biochar production), since it contributes to negative carbon emissions (Lu et al., 2018).
However, the atmospheric CO; capture for the neutralization of alkaline wastewaters
resulting from the lime precipitation is not yet fully developed. Long carbonation time (>
7 days) to reduce the effluent pH from 12 to 8 has been observed in static and open
systems using atmospheric CO; capture (Luz et al., 2021; Madeira et al., 2020 (chapter
2); Prazeres et al., 2019; Ramalho et al., 2022). The low concentration of CO> in the
atmosphere (when compared to CO»-containing flue gases) (Viswanaathan et al., 2022),
the low reactor area/volume ratio used (< 7 m?/m?), and the presence of the lime
precipitation process precipitate during carbonation process (Madeira et al., 2020)
(chapter 2) may justify the high carbonation time. A high reactor area/volume ratio could
decrease the pH (Madeira et al., 2023) (chapter 3), but this would require a large amount
of available land. On the other hand, the aeration tank has contributed to better mixing of
atmospheric air and liquid (Shibata et al., 2016). Correia et al. (2020) observed that the
carbonation time of urban effluent treated by lime precipitation process (at pH 11.5) could
be reduced from 220 to 100 hours to reach pH 8, using an aeration tank (A/V ratio of 5
m?/m?) with atmospheric air injection at 85 L h™! during carbonation. However, as this
carbonation process is performed in an open system, the ammonia if present in the effluent
may be released into the atmosphere during CO» capture (Madeira et al., 2020 (chapter
2); Ramalho et al., 2022). Thus, there is a necessity to develop new cost-effective ways
to promote a greater liquid-air interface to capture atmospheric CO> and the ammonia
released in the meantime. Stirred bubble column (SBC) is a technology that has been
applied in different industries due to its low cost, simple design, and high CO; absorption
capacity derived from the large gas-liquid contact area caused by the stirring speed
(Pashaei et al., 2018). Different aqueous solutions namely: slurry CaO (Liendo et al.,
2021), diethanolamine solutions (Pashaei et al., 2017), and piperazine solutions (Pashaei
et al., 2018), among others, have been successfully tested to capture CO.. To the best of
our knowledge, no investigations were reported on the neutralization of alkaline
wastewater in stirred bubble columns using atmospheric CO», as well as their behavior in
removing ammonia. On the other hand, recently the use of materials (e.g. cotton,
polyester, among others) with capillary action has drawn the attention of several
researchers in the treatment of supply waters (e.g., for iron (Radovenchyk et al., 2021;

Trus et al., 2022) and manganese removal (Ayoub, 2018), and for water desalination
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(Ahmadvand et al., 2019)) and wastewater treatment (e.g., for organic contaminants
removal (Deng et al., 2022)). Such attention is because, without energy, the movement of
water within the spaces of a porous material occurs due to the forces of adhesion,
cohesion, and surface tension. The effect of capillary action on the neutralization of

alkaline wastewater and on the volatilization of ammonia is not reported in the literature.

This work aims to evaluate the effectiveness of the stirrer bubble column (SBC) and
stepped continuous flow capillary column (SCFCR) in neutralizing slaughterhouse
wastewater (SWW) treated by lime precipitation using atmospheric CO». The effect of
the operational variables of each of the two reactors, as well as the capture of ammonia
in an acidic medium, will be studied. For both technologies proposed, mathematical
models for the neutralization of alkaline effluents using atmospheric CO; have never been
developed. Herein, these two technologies were designed to model and optimize through

the response surface methodology.

4.2. Materials and methods

4.2.1. Raw and pretreated slaughterhouse wastewater (SWW)

Raw slaughterhouse wastewater (SWW) was collected from the output of the rotary drum
screen filter in a slaughterhouse located in Portugal. Then, raw SWW was treated by
IOSLM at pH 12, according to Madeira et al. (2023) (chapter 3). The pretreated SWW
samples were characterized in terms of pH, conductivity, calcium, total alkalinity, and
ammonium nitrogen. If not immediately analyzed, the collected samples were stored at 4
°C until use. The SWW characteristics are provided in Table 4.1. According to Table 4.1,
the effluents used are characterized by high pH (around 12), conductivity (around 5 mS
cm™), and calcium (between 500 and 600 mg L), which are characteristics of the
effluents after the IOSLM process, and contains substantial amounts of ammonium

nitrogen (between 60 and 80 mg N-NH4" L.
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Table 4.1 - Physicochemical characterization of pretreated SWW resulting by IOSLM at pH 12.
Used in experiments of:

Parameter Unit Bubbling process Capillary
process
pH Sorensen scale 11.88+0.05 12.13+0.02
Conductivity mS cm’! 5.2340.15 5.03+£0.34
Calcium mg L' 633.1+18.6 509.7+7.6
Total alkalinity mg CaCO; L! 1614+0 1296+0
Ammonium nitrogen ~ mg N-NH," L"! 84.5+0.9 61.7+1.4

4.2.2. Experimental setup and procedure

The experimental tests of atmospheric CO: carbonation were conducted in three

experiments.

In the first experiment, the bubbling process took place (Figure 4.1a). Between 178 to
478 mL of pretreated SWW was added to a lab-scale stirrer bubble column (SBC) (bottle
column volume 750 mL and diameter 6.8 cm), under variable magnetic stirring (0 to 200
rpm) and atmospheric air injection (60 to 120 L h™') by an air pump. The reactor was
hermetically sealed. The injected air was dispersed continuously (during 2 to 21 h) in the
effluent by a bubble air diffuser (length 2.7 cm and diameter 1.3 cm) which was immersed
in the bottle column. Then, the air was collected at the bottom of a beaker (height 35.3
cm and diameter 6 cm) containing 1 L of a sulfuric acid solution at pH 5, under dispersion
by a bubble air diffuser (length 2.7 cm and diameter 1.3 cm). After the established time,

the effluent was sedimented for 30 minutes and then analyzed according to section 4.2.4.
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Figure 4.1 — Schematic diagrams of experimental systems relating to the atmospheric CO,
carbonation process: a) stirrer bubble column and b) stepped continuous flow capillary column.

In the second experiment, the capillary process was used (Figure 4.1b). The pretreated
SWW was gravitationally displaced, through a capillary located inside the lab-scale
stepped continuous flow capillary column (SCFCR) (length, width, and height of 18.5,
14.5, and 35 cm, respectively), Figure 4.1b, while atmospheric air was continuously
injected using an air pump at 90 to 270 L h™'. The pretreated SWW flow rate used varied
between 1.2 to 2.0 mL min"! and was controlled by a flow regulation valve and by the

height of the water level in the pretreated SWW feed tank. The SCFCR was hermetically
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sealed. The capillary material used was a non-woven compress (width 5 cm, area 150 to
700 cm?, and thickness 1 mm), made of 70% viscose and 30% polyester, which was
arranged in a zigzag pattern with a slope of 17.7% in the SCFCR. The SCFCR injected
air was collected in a beaker (height 35.3 cm and diameter 6 cm) filled with 1 L of sulfuric
acid solution (at pH 5) and with a bubble air diffuser (length 2.7 cm and diameter 1.3 cm).
After collecting 50 mL of effluent from the SCFCR, the experiment was terminated and

the sample was analyzed according to section 4.2.4.

Finally, in the third experiment, the capillary process was performed again to evaluate the
efficiency of the process in obtaining different volumes collected. Thus, 178, 328, and
478 mL of pretreated SWW were collected, using the best conditions found in the

previous tests.

For both processes, the ammonia capture capacity was analyzed using the optimized
conditions defined according to the selected criteria for independent variables and
response variables (see section 4.2.3). The samples were analyzed according to section

4.2.4.

Throughout these experimental tests, the indoor air quality status (Table 4.2) was

monitored (see section 4.2.4).

Table 4.2 — Indoor air quality states during the experiments.

Experiments
Parameter Bubbling Capillary
process process

Min. 14.3 19.6

Temperature (°C) Mean 15.9 19.8
Max. 16.5 20.3

Min. 222 206

COy(mgL™) Mean 288 271
Max. 389 420

4.2.3. Experimental design, optimization, and statistical analysis

In this work, the bubbling and the capillary experiments were carried out based on the
Response Surface Methodology (RSM) using the full face central composite design
(CCD). RSM was used to analyze the effect of independent variables and their

154



interactions on response variables, design experiments, build models, and find optimal

operating conditions, through Design Expert 11 software (version 11.1.2.0).

A set of independent variables with a possible potential effect on the transfer of
atmospheric CO> to the aqueous phase was evaluated for both processes. Four
independent variables, aeration time, air flow rate, stirring speed, and SWW volume were
performed for the bubbling process, while three variables, SWW flow rate, capillary area,
and air flow rate, were for the capillary process. This set of variables was chosen for the
following reasons. Aeration time has been the main variable studied in atmospheric
carbonation processes. Shorter times may be associated with lower CO» capture and
energy costs (e.g. running an air pump), and vice versa. Agitation may be a variable that
promotes a greater area of gas-liquid contact since standing liquids result in less gas
exchange with water. The air flow can be an important variable in the renewal of the air
in closed systems, in addition to allowing a greater area of contact between the gas and
the liquid as has been observed in the aeration tanks. On the other hand, larger volumes
of effluent to be treated may be associated with a smaller space of contact between the air
and the liquid inside the closed system, as well as greater needs for the capture of
atmospheric CO,. The capillary area is the contact medium between the gas and the liquid.
Finally, the pretreated SWW flow rate is a variable that is related to the aeration time and
the volume to be treated, as already mentioned before. Each of these variables was coded
at three levels (-1, 0, +1), whose studied range is shown in Table 4.3. pH, conductivity,

calcium, total alkalinity, and ammonium nitrogen were the response variables.

Table 4.3 — Experimental range and levels of the independent variables in the bubbling and
capillary processes.

Process Independent variable Symbol 1 Coded Olevels I
Time (h) A 2 11.5 21
Bubblin Air flow rate (L h™) B 60 90 120
& Stirring speed (rpm) C 0 100 200
SWW volume (mL) D 178 328 478
SWW flow rate (mL min™") A 1.2 1.6 2.0
Capillary Air flow rate (L h'!) B 90 180 270
Capillary area (cm?) C 150 425 700
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The experimental conditions are shown in Tables 4.4 and 4.5 for the bubbling and the
capillary processes, respectively. These experimental matrices of capillary and bubbling
processes are composed of 19 (with 5 central points and 14 non-central points) and 30
experiments (with 6 central points and 24 non-central points), respectively. The central
point was repeated 5 (for the capillary process) and 6 times (for the bubbling process) to
determine the experimental deviation between them, providing more robust statistical

support to the results.

A quadratic model was applied for both processes to model the relationship between
response variables and the independent variables, using the following second-order

polynomial equation (1):

n n n-1
Y= ﬂu. + E ﬂ:'x:' + E ﬁi-i-x? + Zizl Z}.=i+lﬁi}-x:-x}- (1)
i=1 i=1

where Y is the response variable, x; and x; are coded independent variables, and fo, 5., i,
and p; are coefficients of intercept, linear, quadratic, and interaction terms, respectively.
The model was evaluated by R? and F values. Subsequently, the model was validated as
to its reproducibility of results by repeating (in triplicate) an experiment carried out under
optimal conditions. Once the model was validated, three-dimensional response surface

graphs and contour plots were obtained.

The optimization was performed according to the constraint conditions defined for the
response variables and independent variables, for both processes. These constraint

conditions were mainly related to energy consumption and pH limit.

To confirm the statistical significance of the model, the effects of the input variables, and
the interactions between the variables in the response, an analysis of variance (ANOVA)
was performed with a P-value at the confidence level of 95 %, using the Design Expert
software. GraphPad Prism for Windows (version 8.0.1) was used to draw the graphs.
XLSTAT 2022 statistical software (version 2022.2.1) was used to correlate the response

variables.
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Table 4.4 — Experimental conditions (at four-factor and three-level) and results actual and predicted for pH, conductivity, calcium, total alkalinity, and

ammonium by the bubbling process.

Independent o Conductivity Calcium (mg L) Total alkalinity Ammonium
Run _ coded variables P (mS cm™) & (mg CaCO; L") (mg NL™
A B C D Actual Predicted Actual Predicted Actual Predicted Actual Predicted Actual Predicted
1 1 0 0 0 9.60 9.56 1.57 1.72 158.14 177.28 50.08 41.40 31.68 37.65
2 0O 0 0 0 11.42 11.14 2.64 2.49 253.02 275.93 230.69 339.59 58.09 51.07
3 0O 0 0 0 11.06 11.14 2.79 2.49 284.64 275.93 230.69 339.59 51.49 51.07
4 -1 -1 -1 1 11.95 12.05 5.30 5.49 634.07 652.93 1401.04 1418.05 86.49 90.07
5 0O 0 0 0 10.82 11.14 2.60 2.49 257.53 275.93 230.69 239.59 44.89 51.07
6 1 -1 1 1 10.66 10.69 1.71 1.81 178.41 186.17 184.55 208.16 47.53 48.43
7 1 1 1 -1 7.90 7.82 1.58 1.49 147.59 135.93 22.80 16.26 24.04 20.02
8 0 0 0 1 11.46 11.37 2.64 2.58 290.00 265.53 392.17 307.10 54.13 52.40
9 0O -1 0 0 11.04 11.30 2.17 2.50 292.34 311.62 401.20 377.97 45.64 50.97
10 0 0 1 0 11.29 11.34 2.39 2.72 263.56 292.98 346.03 317.59 56.85 61.90
11 -1 1 1 1 11.90 11.83 4.54 4.56 527.12 522.43 1038.09 1005.03 81.85 81.30
12 0 0 0 0 10.94 11.14 2.78 2.49 257.53 275.93 115.34 239.59 55.45 51.07
13 1 1 1 1 10.29 10.43 1.57 1.55 168.68 170.77 70.67 85.02 40.93 41.10
14 -1 -1 -1 -1 11.82 11.67 4.26 4.14 527.12 520.62 900.52 899.38 76.57 75.86
15 -1 -1 1 -1 11.68 11.66 3.63 3.59 432.24 433.04 784.34 771.23 72.61 70.30
16 0 0 -1 0 11.80 11.74 3.55 3.43 432.24 391.63 590.21 523.95 72.61 71.47
7 1 1 -1 1 11.19 11.23 2.29 2.43 274.10 280.49 346.03 369.60 52.81 54.67
8 1 1 -1 -1 8.23 8.29 1.54 1.56 169.84 175.88 23.01 8.02 27.72 28.41
19 1 -1 -1 -1 8.50 8.59 2.15 2.23 242.47 254.36 230.69 274.22 44.89 44.99
20 0 1 O O 11.49 11.22 2.50 2.37 316.27 285.80 320.30 248.84 45.09 43.68
21 -1 -1 1 1 11.78 11.71 4.32 4.15 506.03 495.59 968.89 997.08 80.53 79.31
2 -1 0 0 0 11.77 11.80 4.12 4.17 516.58 486.24 900.00 813.98 75.25 73.19
23 1 -1 1 -1 8.04 7.95 1.53 1.35 129.00 103.72 50.04 13.51 30.36 28.77
24 0 0 0 0 11.14 11.14 2.04 2.49 316.27 275.93 138.41 239.59 56.77 51.07
25 -1 1 -1 -1 11.76 11.75 4.14 4.14 484.95 484.38 777.40 764.26 69.97 68.62
26 0 0 0 -1 9.80 9.88 1.60 1.87 168.68 181.95 23.01 13.39 29.12 34.76
27 0 0 0 O 11.41 11.14 2.67 2.49 253.02 275.93 207.62 239.59 51.49 51.07
28 -1 1 1 -1 11.78 11.91 4.35 4.40 495.49 507.48 853.54 905.07 67.33 70.88
29 1 -1 -1 1 11.79 11.65 3.70 3.50 422.96 406.57 800.02 761.69 73.93 69.84
30 -1 1 -1 1 11.93 12.00 5.08 5.10 548.20 569.08 1107.30 1157.04 83.17 84.23

Note: A: Time; B: Air flow rate; C: Stirring speed; D: SWW volume.
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Table 4.5 — Experimental conditions (at three-factor and three-level) and results actual and predicted for pH, conductivity, calcium, total alkalinity, and

ammonium by the capillary process.

Independent o Conductivity Calcium (mg L) Total alkalinity Ammonium
Run coded variables P (mS cm™) & (mg CaCO; L") (mg NL™
A B C Actual  Predicted  Actual  Predicted  Actual Predicted Actual Predicted Actual Predicted
1 0 0 0 9.98 9.70 1.63 1.43 128.77 110.29 235.57 221.49 24.17 25.21
2 -1 -1 -1 11.81 11.73 2.99 2.97 268.26 269.46 471.15 458.50 29.70 29.73
3 -101 1 8.16 8.13 1.73 1.78 101.94 106.90 235.57 244.13 29.34 29.61
4 0 0 0 9.89 9.70 1.52 1.43 107.30 110.29 235.57 221.49 26.40 25.21
5 0 -1 0 9.12 9.27 1.53 1.60 96.57 105.18 176.68 203.71 22.00 22.56
6 0 0 0 9.67 9.70 1.49 1.43 123.40 110.29 176.68 221.49 26.40 25.21
7 0 0 1 8.87 8.93 1.67 1.60 107.30 108.40 235.57 220.20 23.73 23.79
8 1 -1 1 9.17 9.16 1.64 1.60 85.84 81.68 176.68 169.92 22.47 22.46
9 1 -1 -1 12.03 11.99 3.78 3.73 311.18 305.41 742.06 724.70 45.21 44.84
10 0 0 -1 11.93 12.15 3.08 3.16 278.99 281.16 530.04 580.63 33.00 33.34
11 1 1 -1 12.04 12.00 3.31 3.27 289.72 288.78 647.83 629.29 39.91 40.00
12 -1 0 0 9.38 9.57 1.34 1.24 107.30 97.67 176.68 173.09 27.63 27.62
13 1 0 0 10.07 10.15 1.40 1.50 107.30 120.20 235.57 274.38 32.18 32.58
14 -1 -1 11.82 11.75 2.74 2.77 225.34 228.69 412.26 410.21 26.40 26.32
15 0 0 0 9.77 9.70 1.28 1.43 96.57 110.29 294.47 221.49 25.67 25.21
16 1 1 1 9.04 9.04 1.51 1.53 118.03 116.02 176.68 180.52 24.56 24.44
17 -1 -1 1 8.28 8.25 1.56 1.60 96.57 96.70 176.68 186.41 26.40 26.21
18 0 1 0 9.10 9.22 1.53 1.46 107.30 101.96 176.68 184.87 22.00 21.84
19 0 0 0 9.72 9.70 1.26 1.43 101.94 110.29 235.57 221.49 24.17 25.21

Note: A: SWW flow rate; B: Air flow rate; C: Capillary area.
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4.2.4. Analytical methods

All chemical analyses were performed following the Standard Methods (Baird et al.,
2017). pH was measured by the potentiometric method, using WTW InoLab pH Level 1
apparatus and a pH electrode SenTix® 41. Electrical conductivity was determined by the
electrometric method, using Jenway 4510 conductivity meter and a conductivity sensor
VWR phenomenal CO 11. Ammonium nitrogen was measured by distillation method
using a nitrogen distillation unit BUCHI B-316, followed by titration with hydrochloric
acid. Calcium was measured by volumetric complexation with EDTA, using a calcon

indicator. Total alkalinity was determined by neutralization titration.

Indoor air quality was assessed by a 3M™ EVM 7 Environmental Monitor Kit, which is
a portable device whose measurement is continuous and in real-time. This equipment is
equipped with a junction diode sensor and a non-dispersive infrared sensor for measuring
temperature and carbon dioxide concentration levels, respectively, over a defined time

interval.

4.3. Results and discussion

4.3.1. Experimental design and statistical analysis

The actual and predicted values of the different response variables referring to the
experimental conditions applied to the bubbling process and the capillary process are
shown in Tables 4.4 and 4.5, respectively. It can be seen from Table 4.4, that the pH,
conductivity, calcium concentration, total alkalinity, and ammonium nitrogen
concentration ranged from 7.90 to 11.95, 1.5 to 5.3 mS cm’!, 129 to 634 mg L', 23 to
1401 mg CaCO; L', and 24 to 86 mg N L., respectively, in the bubbling process.
Regarding the capillary process (Table 4.5), the values varied between 8.16 and 12.04 for
pH, 1.26 and 3.78 mS cm™' for conductivity, 86 and 311 mg L™ for calcium, 177 and 742
mg CaCO; L for total alkalinity, and 22 and 45 mg N L' for ammonium nitrogen
concentration. Minimum pH values observed around neutrality (of 7.90 and 8.16 for the
bubbling process and the capillary process, respectively) indicated that there were
experimental conditions that lead to the occurrence of the carbonation process. Overall,
the actual and predicted values were quite close. These similarities are confirmed by the
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proximity of most of the points to the diagonal axis (Figures 4.2 and 4.3), indicating that
the quadratic polynomial models chosen seem suitable to predict the response variables
of both processes.
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Figure 4.2 — Correlation between the actual value and the predicted values for a) pH, b)
conductivity, c) calcium concentration, d) total alkalinity, and €) ammonium nitrogen
concentration, using the bubbling process.

160



a)

Predicted vs. Actual

pH

12000
Color points by value of
pH:
8.159 I 12.036 ]

10000 ]

o,
9000}
s0c0.}
T T

Actual

Predicted

b)

Predicted vs. Actual

Conductivity
150
Color points by value of
Conductivity: 100
126 I 378
2504
150
- L
100
T T

Predicted vs. Actual

Calcium
1000
Color points by value of
Calcium: a0
s I 3112
1000}
1500}
L)
100}

Predicted

<)

Predicted

T T T T T T T
0 500 0 00 X 150
Actual

d)

Predicted vs. Actual

Total Alkalinity

Color points by value of
Total Alkalinity: s

177 I 742

Predicted
H

g

Actual

Predicted vs. Actual

Ammonium
40
Color points by value of
Ammonium: 4001
220 I 452 B
2 150
100

Figure 4.3 - Correlation between the actual value and the predicted values for a) pH, b)
conductivity, c¢) calcium concentration, d) total alkalinity, and €) ammonium nitrogen
concentration, using the capillary process.

4
g4
4

161



Thus, the regression models to predict the response variables were described by the
second-order polynomial equations given in Table 4.6 (Y1 to Y5 for the bubbling process
and Ys to Yio for the capillary process), which relates the response variable with the
independent variables. Through the regression equations, it is possible to identify the
effects of the independent variables on the response variables. Model components such
as 4 (i.e., time), B (i.e., air flow rate) C (i.e., stirring speed), and D (i.e., SWW volume)
for the bubbling process, and 4 (i.e., SWW flow rate), B (i.e., air flow rate), and C (i.e.,
capillary area) for the capillary process, represent the linear effects of the main
independent variables. On the other hand, the model components 4B, AC, AD, BC, BD,
and CD for the bubbling process and 4B, AC, and BC for the capillary process represent
the interaction between two independent variables, while 4%, B°, C?, and D’ for bubbling
process, and 42, B?, C? for capillary process represent their quadratic effects. The positive
coefficients of the equation indicate the synergistic effect of the independent variables on

the response variables, while negative coefficients indicate antagonistic effects.

Table 4.6 — Regression equations for different parameters in the bubbling and capillary
processes.

Equations

Parameters Bubbling process Capillary process

Y = 11.14 - 1.124 - 0.0439B - 0.2028C + Ve=970 + 029034 - 0.02595 -
0.7467D - 0.09504B - 0.1562AC +
1.61C - 0.00164B + 0.1651AC -
pH 0.67134D + 0.0413BC - 0.0312BD - 0.0334B8C + 0165742 04735+
0.0825CD - 0.45514%+ 0.1249B2 + : oaarct
0.4049C2- 0.5101° '

Y>=2.49-1.234 - 0.0652B - 0.3554C +

0.3542D - 0.16904B - 0.08494C - Y7 =143 +0.12714 - 0.06925 -

oy DTN e G
0.2015CD + 0.45904% - 0.04908° + : S0
0.5860C7 - 0.26400° '
V3537593 - 154.484 - 12,918 - 49.32C -
Calcium 1+ 41.79D - 10.56A4B - 15.774C + 4.984D gg ggléofg &%7{‘2'7;‘323 -
-1 _ _ 2 . . - .
(mg L) +27.67BC - 1190BD - 1744CD + 558347 | S00C T O0MAB - 12 TAACH

+22.78B°+ 66.37C° - 52.19D?

Y4 =239.59 - 386.294 - 64.56B - 103.18C Yo=221.49 + 50.654 - 9.42B -
Total alkalinity ~ + 146.86D - 32.774B - 33.144C - 7.804D 180.21C - 11.784B - 70.67TAC +

(mg CaCO; L) + 67.24BC-31.47BD - 73.21CD + 26.50BC + 2.2547- 27.20B+
188. 1142+ 73.828° + 181.19C7 - 79.34D° 178.93C?
Y<=51.07-17.774 - 3.658 - 4.79C + B
Ammonium 8.82D-2334B -2.66AC+2.66AD+ 737(2 ‘0235 52514;;-4% l‘fg’ff g s
1 2 . - V. -4, .
(mg NL) 1.96BC +0.3525BD - 1.30CD + 43542 - oo A

3.75B°+15.61C?- 7.49D°

Note: A: Time; B: Air flow rate; C: Stirring speed; D: SWW volume, for the bubbling process. A: SWW flow rate; B:
Air flow rate; C: Capillary area for the capillary process.

Tables 4.7 and 4.8 present the values of these coefficients of the regression equations, for

the bubbling and capillary processes, respectively. From Table 4.7, the model components
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such as 4, B, and C in the bubbling process appear to contribute to the reduction of pH,
conductivity, calcium, total alkalinity, and ammonia. On the other hand, model
component 4 seems to contribute to the increase of all response variables (Table 4.7).
Regarding the capillary process (Table 4.8), model component 4 seems to contribute to
the increase in the response variables studied, unlike model components B and C, which
seem to be responsible for its decrease. As with individual effects, the interactive effect
between independent variables on response variables must also be considered. For
example, for the pH, the model components such as D, 4D, BC, B*, and C’ of the bubbling
process (Table 4.7), and 4, AC, A°, and C’ of the capillary process (Table 4.8) indicate
favorable effects for pH increase, while other model components such as 4, B, C, AB, AC,
BD, CD, A°, and D? for the bubbling process (Table 4.7), and B, C, AB, BC, and B’ for
the capillary process (Table 4.8) are responsible for the pH decrease. Although the
coefficients of the terms B and BD (for the bubbling process) and, B and AB (for the
capillary process) were negative, it can be said that their influence on pH was practically
null since the values of the coefficients were close to zero. Therefore, it seems that air
flow rate had not any influence on pH in both processes studied. Other favorable or
unfavorable effects of the model components on the other response variables can be
observed in Tables 4.7 and 4.8 for the bubbling process and capillary process,
respectively. However, it will still be necessary to see the level of significance of these

model components on the response variables, using ANOVA analysis.

Table 4.7 — Estimated coefficient from regression equations for predicting the response
variables in the bubbling process.

H Conductivity Calcium Total alkalinity Ammonium
P (mS cm™) (mg L) (mg CaCO; L) (mg NL)
Constant +11.14 +2.49 +275.93 +239.59 +51.07
A -1.12 -1.23 - 154.48 - 386.29 -17.77
B -0.0439 - 0.0652 -12.91 - 64.56 -3.65
C -0.2028 -0.3554 -49.32 -103.18 -4.79
D +0.7467 +0.3542 +41.79 + 146.86 + 8.82
AB - 0.0950 -0.1690 - 10.56 -32.77 -2.33
AC -0.1562 -0.0849 - 15.77 -33.14 -2.66
AD +0.6713 -0.0240 +4.98 -7.80 +2.66
BC +0.0413 +0.2010 +27.67 +67.24 + 1.96
BD -0.0312 - 0.0989 - 11.90 -31.47 +0.3525
CD - 0.0825 -0.2015 -17.44 -73.21 -1.30
A2 -0.4551 +0.4590 +55.83 +188.11 +4.35
B? +0.1249 -0.0490 +22.78 +73.82 -3.75
C? +0.4049 +0.5860 +66.37 +181.19 +15.61
D? -0.5101 - 0.2640 -52.19 -79.34 -7.49

Note: A: Time; B: Air flow rate; C: Stirring speed; D: SWW volume.
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Table 4.8 - Estimated coefficient from regression equations for predicting the response variables
in the capillary process.

o Conductivity Calcium Total alkalinity Ammonium
P (mS cm™) (mg L) (mg CaCO; L) (mg NL1)
Constant +9.70 +1.43 +110.29 +221.49 +25.21
A +0.2903 +0.1271 +11.27 + 50.65 +2.48
B - 0.0259 - 0.0692 - 1.61 -9.42 -0.3577
C - 1.61 -0.7802 - 86.38 - 180.21 -4.77
AB -0.0016 - 0.0635 + 6.04 - 11.78 -0.3554
AC +0.1651 -0.1885 -12.74 -70.67 -4.71
BC -0.0334 +0.0940 +12.74 +26.50 +1.70
A? +0.1657 - 0.0656 -1.36 +2.25 +4.89
B? -0.4473 +0.0959 -6.72 -27.20 -3.01
C? + 0.8432 + 0.9409 + 84.49 + 178.93 +3.36

Note: A: SWW flow rate; B: Air flow rate; C: Capillary area.

The model adequacy was evaluated for different response variables using ANOVA (Table
4.9), both for the bubbling process and for the capillary process. According to Table 4.9,
the models defined for pH, conductivity, calcium, and ammonia have excellent
reproducibility (CV < 10%), while the model defined for total alkalinity has good
reproducibility (CV between 10 and 20%), for both processes. High determination
coefficient (R?) values were obtained (> 0.96 for the bubbling process and > 0.97 for the
capillary process), indicating a high correlation between the predicted and actual values,
for all response variables. Furthermore, high predicted R? values (> 0.86 for the bubbling
process and > 0.89 for the capillary process) were obtained, indicating that the regression

model can make predictions.

For all response variables and both processes, the predicted coefficient of determination
is in reasonable agreement with the adjusted coefficient of determination since its
difference is less than 0.2. All response variables had an adequate precision > 4, which
indicates an adequate signal, and the model can be used to navigate the design space and
for optimization. F-values of 78.24, 40.43, 54.70, 70.85, and 28.38 for the bubbling
process, and F-values of 109.43, 72.57, 87.98, 37.53, and 107.34 for the capillary process,
were obtained for pH, conductivity, calcium, total alkalinity, and ammonium nitrogen,
respectively, which the P-value was less than 0.05 (P <0.0001). These results suggest that
the quadratic model was significant for all response variables. The P-value of lack of fit
greater than 0.05 was observed for all response variables, either for the bubbling process
(Table 4.10) or the capillary process (Table 4.11), which means that the regression models

are not poor models of the data.
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Table 4.9 — ANOVA results of the response surface quadratic model, for the bubbling process and the capillary process.

Process Model SD Mean ((SA)V) R? Adjﬁfted Pre(lillzc ted P?e(clies?(.)n SS(;l;:roefs df Sl\(;llf::'le F-value P-value Remark
pH 0.1995 10.87 1.83  0.9865 0.9739 0.9521 29.9732 43.59 14 3.11 78.24  <0.0001 Significant
Conductivity 0.2586 2.92 8.84 09742 0.9501 0.9066 22.6301 37.85 14 2.70 40.43  <0.0001 Significant
Bubbling Calcium 27.98 331.60  8.44  0.9808 0.9629 0.9226 27.7572  6.00E+05 14 42828.71 54.70  <0.0001 Significant
Total alkalinity ~ 66.59 457.85 14.54 0.9851 0.9712 0.9441 29.9446  4.40E+06 14 3.14E+05 70.85  <0.0001 Significant
Ammonium 4.81 56.31 8.55 0.9636 0.9297 0.8615 20.5816 9202.32 14 657.31 28.38  <0.0001 Significant
pH 0.1738 9.99 1.74  0.9909 0.9819 0.9656 31.8473 29.74 9 3.30 109.43  <0.0001 Significant
Conductivity 0.1302 1.95 6.69  0.9864 0.9728 0.9525 26.3337 11.06 9 1.23 72.57  <0.0001 Significant
Capillary Calcium 11.74 150.51 7.8 0.9888 0.9775 0.9577 26.2670  1.09E+05 9  12127.80 87.98  <0.0001 Significant
Total alkalinity ~ 39.55 302.53  13.07 0.9740 0.9481 0.8984 19.3348  5.28E+05 9  58711.70 37.53  <0.0001 Significant
Ammonium 0.8243 27.97 2.95  0.9908 0.9815 0.9758 38.4510 656.41 9 72.93 107.34  <0.0001 Significant

Note: SD — standard deviation; CV — coefficient of variation; R? - determination coefficient; Adeq. Precision — Adequate Precision; df — degrees of freedom; F-value — Fisher’s exact test value. A

P>0.10 is considered not significant, while a P<0.05 is significant.
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Table 4.10 — ANOVA of the prediction results for different parameters by quadratic modeling,

in the bubbling process.
Source Sum of Squares df  Mean Square  F-value  P-value Remark
pH model 43.59 14 3.11 78.24 <0.0001 Significant
A 22.60 1 22.60 568.00 <0.0001 Significant
B 0.0347 1 0.0347 0.8714 0.3654  Not significant
C 0.7401 1 0.7401 18.60 0.0006 Significant
D 10.04 1 10.04 252.20 <0.0001 Significant
AB 0.1444 1 0.1444 3.63 0.0761 Not significant
AC 0.3906 1 0.3906 9.82 0.0068 Significant
AD 7.21 1 7.21 181.18 <0.0001 Significant
BC 0.0272 1 0.0272 0.6842 0.4211 Not significant
BD 0.0156 1 0.0156 0.3927 0.5403 Not significant
CD 0.1089 1 0.1089 2.74 0.1188 Not significant
A? 0.5366 1 0.5366 13.49 0.0023 Significant
B2 0.0404 1 0.0404 1.02 0.3295 Not significant
c? 0.4248 1 0.4248 10.68 0.0052 Significant
D? 0.6741 1 0.6741 16.94 0.0009 Significant
Residual 0.5969 15 0.0398
Lack of Fit 0.2972 10 0.0297 0.4958 0.8385 Not significant
Pure Error 0.2997 5 0.0599
Cor Total 44.18 29
Conductivity model 37.85 14 2.70 40.43 < 0.0001 Significant
A 27.16 1 27.16 406.21 <0.0001 Significant
B 0.0766 1 0.0766 1.15 0.3015 Not significant
C 2.27 1 2.27 34.01 <0.0001 Significant
D 2.26 1 2.26 33.77 <0.0001 Significant
AB 0.4570 1 0.4570 6.83 0.0195 Significant
AC 0.1153 1 0.1153 1.72 0.2090 Not significant
AD 0.0092 1 0.0092 0.1378 0.7156  Not significant
BC 0.6464 1 0.6464 9.67 0.0072 Significant
BD 0.1564 1 0.1564 2.34 0.1470 Not significant
CD 0.6496 1 0.6496 9.71 0.0071 Significant
A? 0.5459 1 0.5459 8.16 0.0120 Significant
B? 0.0062 1 0.0062 0.0929 0.7647  Not significant
c? 0.8898 1 0.8898 13.31 0.0024 Significant
D? 0.1805 1 0.1805 2.70 0.1212  Not significant
Residual 1.00 15 0.0669
Lack of Fit 0.6155 10 0.0616 0.7942 0.6474 Not significant
Pure Error 0.3875 5 0.0775
Cor Total 38.85 29
Calcium model 5.996E+05 14 42828.71 54.70 < 0.0001 Significant
A 4.295E+05 1 4.295E+05 548.60 <0.0001 Significant
B 3000.29 1 3000.29 3.83 0.0692  Not significant
C 43791.40 1 43791.40 55.93 <0.0001 Significant
D 31432.43 1 31432.43 40.14 <0.0001 Significant
AB 1783.71 1 1783.71 2.28 0.1520  Not significant
AC 3976.64 1 3976.64 5.08 0.0396 Significant
AD 396.15 1 396.15 0.5060 0.4878 Not significant
BC 12250.60 1 12250.60 15.65 0.0013 Significant
BD 2265.91 1 2265.91 2.89 0.1095 Not significant
CD 4866.27 1 4866.27 6.22 0.0248 Significant
A? 8075.14 1 8075.14 10.31 0.0058 Significant
B? 1344.17 1 1344.17 1.72 0.2098 Not significant
c? 11412.82 1 11412.82 14.58 0.0017 Significant
D? 7056.94 1 7056.94 9.01 0.0089 Significant
Residual 11744.62 15 782.97
Lack of Fit 8501.88 10 850.19 1.31 0.4034 Not significant
Pure Error 3242.74 5 648.55
Cor Total 6.113E+05 29

Note: df — degrees of freedom; F-value — Fisher’s exact test value; A P> 0.10 is considered not significant, while a

P<0.05 is significant.
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Table 4.10 - (continued). ANOVA of the prediction results for different parameters by quadratic
modeling, in the bubbling process.
Source Sum of Squares df Mean Square F-value  P-value Remark
Total alkalinity model 3.919E+06 14 2.799E+05 36.93 <0.0001 Significant

A 2.673E+06 1 2.673E+06 352.66 <0.0001 Significant
B 44985.25 1 44985.25 5.93 0.0278 Significant
C 2.089E+05 1 2.089E+05 27.56 <0.0001 Significant
D 4.305E+05 1 4.305E+05 56.79 <0.0001 Significant
AB 10408.34 1 10408.34 1.37 0.2596  Not significant
AC 15078.07 1 15078.07 1.99 0.1788  Not significant
AD 15.83 1 15.83 0.0021 0.9642  Not significant
BC 88791.34 1 88791.34 11.71 0.0038 Significant
BD 12090.93 1 12090.93 1.59 0.2259  Not significant
CDh 66362.11 1 66362.11 8.75 0.0098 Significant
A? 39194.94 1 39194.94 5.17 0.0381 Significant
B 12420.98 1 12420.98 1.64 0.2200  Not significant
c? 74115.39 1 74115.39 9.78 0.0069 Significant
D? 61310.09 1 61310.09 8.09 0.0123 Significant
Residual 1.137E+05 15 7580.64

Lack of Fit 58640.55 10 5864.05 0.5324 0.8147  Not significant
Pure Error 55069.10 5 11013.82

Cor Total 4.033E+06 29

Ammonium model 9202.32 14 657.31 28.38 <0.0001 Significant
A 5684.57 1 5684.57 245.41 <0.0001 Significant
B 239.40 1 239.40 10.34 0.0058 Significant
C 412.14 1 412.14 17.79 0.0007 Significant
D 1399.90 1 1399.90 60.44 <0.0001 Significant
AB 87.07 1 87.07 3.76 0.0716  Not significant
AC 113.45 1 113.45 4.90 0.0428 Significant
AD 113.45 1 113.45 4.90 0.0428 Significant
BC 61.33 1 61.33 2.65 0.1245  Not significant
BD 1.99 1 1.99 0.0858 0.7736  Not significant
CD 26.94 1 26.94 1.16 0.2978  Not significant
A? 49.10 1 49.10 2.12 0.1660  Not significant
B? 36.39 1 36.39 1.57 0.2292  Not significant
c? 631.65 1 631.65 27.27 0.0001 Significant
D? 145.31 1 145.31 6.27 0.0243 Significant
Residual 347.46 15 23.16

Lack of Fit 230.98 10 23.10 0.9915 0.5391  Not significant
Pure Error 116.48 5 23.30

Cor Total 9549.77 29

Note: df — degrees of freedom; F-value — Fisher’s exact test value; A P>0.10 is considered not significant, while a
P<0.05 is significant.
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Table 4.11 — ANOVA of the prediction results for different parameters by quadratic modeling,
in the capillary process.

Source Sum of Squares df Mean Square F-value  P-value Remark
pH model 29.74 9 3.30 109.43 <0.0001 Significant
A 0.8427 1 0.8427 27.90 0.0005 Significant
B 0.0067 1 0.0067 0.2221 0.6486  Not significant
C 25.93 1 25.93 858.51 <0.0001 Significant
AB 0.0000 1 0.0000 0.0007 0.9795  Not significant
AC 0.2181 1 0.2181 7.22 0.0249 Significant
BC 0.0089 1 0.0089 0.2951 0.6002  Not significant
A? 0.0750 1 0.0750 2.48 0.1496  Not significant
B2 0.5468 1 0.5468 18.11 0.0021 Significant
C? 1.94 1 1.94 64.32 <0.0001 Significant
Residual 0.2718 9 0.0302
Lack of Fit 0.2079 5 0.0416 2.60 0.1874  Not significant
Pure Error 0.0639 4 0.0160
Cor Total 30.02 18
Conductivity model 11.06 9 1.23 72.57 <0.0001 Significant
A 0.1615 1 0.1615 9.54 0.0130 Significant
B 0.0479 1 0.0479 2.83 0.1270  Not significant
C 6.09 1 6.09 359.35 <0.0001 Significant
AB 0.0323 1 0.0323 1.90 0.2009  Not significant
AC 0.2843 1 0.2843 16.78 0.0027 Significant
BC 0.0707 1 0.0707 4.17 0.0714  Not significant
A? 0.0117 1 0.0117 0.6936 0.4265  Not significant
B2 0.0251 1 0.0251 1.48 0.2541  Not significant
c? 242 1 242 142.81 <0.0001 Significant
Residual 0.1525 9 0.0169
Lack of Fit 0.0491 5 0.0098 0.3805 0.8411  Not significant
Pure Error 0.1033 4 0.0258
Cor Total 11.22 18
Calcium model 1.092E+05 9 12127.80 87.98 <0.0001 Significant
A 1269.44 1 1269.44 9.21 0.0141 Significant
B 2591 1 2591 0.1879 0.6748  Not significant
C 74614.81 1 74614.81 541.31 <0.0001 Significant
AB 291.45 1 291.45 2.11 0.1799  Not significant
AC 1298.94 1 1298.94 9.42 0.0134 Significant
BC 1298.94 1 1298.94 9.42 0.0134 Significant
A? 5.02 1 5.02 0.0364 0.8529  Not significant
B? 123.40 1 123.40 0.8953 0.3688  Not significant
c? 19504.54 1 19504.54 141.50 <0.0001 Significant
Residual 1240.57 9 137.84
Lack of Fit 469.12 5 93.82 0.4865 0.7754  Not significant
Pure Error 771.45 4 192.86
Cor Total 1.104E+05 18
Total alkalinity 5284E+05 9 5871170  37.53  <0.0001  Significant
A 25652.83 1 25652.83 16.40 0.0029 Significant
B 887.93 1 887.93 0.5676 0.4705  Not significant
C 3.248E+05 1 3.248E+05 207.62 <0.0001 Significant
AB 1109.91 1 1109.91 0.7095 0.4214  Not significant
AC 39956.82 1 39956.82 25.54 0.0007 Significant
BC 5618.93 1 5618.93 3.59 0.0906  Not significant
A? 13.79 1 13.79 0.0088 0.9273  Not significant
B? 2021.60 1 2021.60 1.29 0.2850  Not significant
c? 87477.95 1 87477.95 55.92 <0.0001 Significant
Residual 14078.57 9 1564.29
Lack of Fit 7141.62 5 1428.32 0.8236 0.5910  Not significant
Pure Error 6936.95 4 1734.24
Cor Total 5.425E+05 18

Note: df — degrees of freedom; F-value — Fisher’s exact test value; A P>0.10 is considered not significant, while a
P<0.05 is significant.
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Table 4.11 - (continued). ANOVA of the prediction results for different parameters by quadratic
modeling, in the capillary process.

Source Sum of Squares df Mean Square F-value  P-value Remark
Ammonium model 656.41 9 72.93 107.34 <0.0001 Significant
A 61.70 1 61.70 90.81 <0.0001 Significant
B 1.28 1 1.28 1.88 0.2032  Not significant
C 227.69 1 227.69 335.09 <0.0001 Significant
AB 1.01 1 1.01 1.49 0.2536  Not significant
AC 177.78 1 177.78 261.64 <0.0001 Significant
BC 23.20 1 23.20 34.15 0.0002 Significant
A? 65.41 1 65.41 96.26 <0.0001 Significant
B? 24.72 1 24.72 36.38 0.0002 Significant
c? 30.81 1 30.81 45.35 <0.0001 Significant
Residual 6.12 9 0.6795
Lack of Fit 1.02 5 0.2040 0.1601 0.9650  Not significant
Pure Error 5.10 4 1.27
Cor Total 662.52 18

Note: df — degrees of freedom; F-value — Fisher’s exact test value; A P>0.10 is considered not significant, while a P
<0.05 is significant.

4.3.2. Individual and interactive effects of model parameters on response variables

For the bubbling and capillary processes, the individual and interactive effects of
independent variables on pH, conductivity, calcium, total alkalinity, and ammonium

nitrogen were evaluated.

Tables 4.10 and 4.11 show the ANOVA results for the bubbling process and capillary
process, respectively. As seen from Table 4.10, all independent variables of the bubbling
process, such as time (4), air flow rate (B) stirring speed (C), and SWW volume (D), had
significant effects (P<0.05) on the tested parameters models, except air flow rate which
had no significant effect on pH, conductivity, and calcium. For the capillary process
(Table 4.11), unlike air flow rate (B), the variables SWW flow rate (4), and capillary area
(O) had significant effects (P<0.05) on pH, conductivity, calcium, total alkalinity, and
ammonium nitrogen. Significant effects (P<0.05) of squared terms were observed for pH
(e.g., A% C? and D?), conductivity (e.g., 4% and C?), calcium (e.g., 4%, C? and D7), total
alkalinity (e.g., 4%, C? and D?), and ammonium nitrogen (e.g., C? and D7), in the bubbling
process (Table 4.10). In the capillary process (Table 4.11), there was also significance
(P<0.05) in terms 42 (only for ammonium nitrogen), B’ (only for pH and ammonium

nitrogen), and C? (for all response variables).

The comparative effects of independent variables on the response variables in the

bubbling and the capillary processes, through the perturbation plot, are shown in Figures
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4.4al to 4.4el and Figures 4.4a2 to 4.4¢e2, respectively. From Figures 4.4al to 4.4el (for
the bubbling process), it is possible to observe that the time variable (curve 4) was the
independent variable that had the greatest influence on response variables, given its more
accentuated curvature. Time has been a determining factor in the carbonation process
(Correia et al., 2020; Luz et al., 2021; Madeira et al., 2020 (chapter 2); Prazeres et al.,
2019, 2016; Ramalho et al., 2022). The increase in time (curve A, from 2 to 21 h) and in
stirring speed (curve C, from 0 to 200 rpm) contributed to the decrease in pH (Figure
4.4al), conductivity (Figure 4.4bl), calcium (Figure 4.4cl), total alkalinity (Figure
4.4d1), and ammonium nitrogen (Figure 4.4e1). However, the increase in SWW volume
(curve D, from 178 to 478 mL) increased for all the response variables (Figures 4.4al to
4.4el), indicating that higher volumes of SWW impact the carbonation process. As can
be seen in Figure 4.4cl, the calcium concentration never reached zero, which indicates
that the carbonation process was not inhibited. On the other hand, the air flow rate applied
(curve B, from 60 to 120 L h'") did not affect the response variables change, except for
total alkalinity and ammonium nitrogen which decreased slightly at 60 to 90 L h™! (Figure
4.4d1) and at 90 to 120 L h! (Figure 4.4e1), respectively. Even so, the use of air injection
has deserved importance in the carbonation process as it contributes to a significant
reduction in the carbonatation time of effluent treated by IOSLM (Correia et al., 2020).
In fact, the injection of air (Legendre and Zevenhoven, 2017) or the turbulence of the
water surface (Yang et al., 2021) can increase the gas-liquid interface and promote
carbonation reactions. In this work, the turbulence at the water surface observed in the
bubbling process was created by the air flow rate and the stirring speed variables,
contributing to the increase of the gas-liquid interface area, even though the physical
dimensions of the reactor are unchanged. From Figures 4.4al to 4.4el, stirring speed had
a greater effect on the response variables than the air flow rate. For the capillary process
(Figures 4.4a2 to 4.4e2), the capillary area was the independent variable that had the
greatest influence on response variables, given its clear sharp curve. The increase in air
flow rate (curve B, from 90 to 270 L h™") did not influence the response variables. All
response variables increased with an increase in the SWW flow rate (curve 4, from 1.2 to
2.0 mL min™). On the other hand, in the opposite direction, an increase in the capillary
area (curve C, from 150 to 700 cm?) contributed to the decrease in pH, conductivity,
calcium, total alkalinity, and ammonium nitrogen. This means that the carbonation
process can be compromised if there is not enough contact time between air and SWW,

either by controlling the SWW flow rate and/or by the capillary area.
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Figure 4.4 - Perturbation plot showing the effect of all independent variables on the a) pH, b)
conductivity, c) calcium, d) total alkalinity, and €) ammonium nitrogen. Numbers 1 and 2 refer
to the bubbling process and the capillary process, respectively. Capital letters inside the figures
represent the following independent variables: A - Time, B - Air flow rate, C - Stirring speed,
and D - SWW volume, for the bubbling process, and A - SWW flow rate, B - Air flow rate, and
C - Capillary area, for the capillary process.
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The decrease in pH, calcium, conductivity, and total alkalinity that was observed in both

processes is related to carbonation reactions with atmospheric CO2 (Egs.2 to 5).

CO2 (g) 2 CO2 (aq) (2)
CO> (aq) + H20 (1) 2 H2CO;s (aq) 3)
H,CO; 2 H" + HCO3 4)
HCOs;" 2 H' + COs* (5)
CO3* +Ca? 2 CaCO; (6)

In fact, free CO; is not available in the pretreated SWW by IOSLM at pH 12, which
causes a chemical imbalance of CO; between the water and the air inside the reactor of
both processes. As a way of counteracting this imbalance, the CO» present inside the
reactor tends to dissolve in water through the water-air interface until reaching
equilibrium (Eq. 2). After dissolution in water, the dissolved CO; is subjected to a
hydration reaction by reacting with water to form H>CO3 (Eq. 3). As H2COs3 is a weak
acid, it dissociates in two steps, the first step (Eq. 4) being the formation of HCO3™ and
H" ions, and the second step (Eq. 5) the formation of CO3* and ions H, from HCO5". The
production of H" ions leads to a decrease in the pH of the effluent. In turn, the carbonate
ions react with the calcium ions present in the water, forming the precipitated calcium
carbonate (Eq. 6) (Mitchell et al., 2010). Consequently, the conductivity may decrease
with the removal of calcium. In fact, in this work, high correlations (r = 0.98, P<0.05,
Tables 4.12 and 4.13) were found between calcium and conductivity, in both processes.
During the carbonation process, alkalinity is consumed due to the reaction with hydroxide
ions and ammonium nitrogen removal (Madeira et al., 2020 (chapter 2); Ramalho et al.,
2022). The decrease in ammonium nitrogen in the water is due to the volatilization of
ammonia at pH > 9.2, since at high pH most of the ammoniacal nitrogen is in the form of
ammonia which can be volatilized. As the pH decreases, ammonia will tend to be in
equilibrium with the ammonium ion (Eq. 7), and its removal will be more difficult

(Mohammed-Nour et al., 2019).

NH4" + OH — H>O + NHj3 (7
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Table 4.12 — Correlation matrix between response variables, using actual values from the
bubbling process. Values in bold are different from 0 with a significance level alpha=0.05.

. .. . Total .
Variables pH Conductivity Calcium alkalinity Ammonium
pH
Conductivity 0.735
Calcium 0.751 0.975
Total
alkalinity 0.692 0.963 0.971
Ammonium 0.835 0.938 0.943 0.919

Table 4.13 — Correlation matrix between response variables, using actual values from the
capillary process. Values in bold are different from 0 with a significance level alpha=0.05.

. .. . Total .
Variables pH Conductivity Calcium alkalinity Ammonium
pH
Conductivity  0.856
Calcium 0.919 0.977
Total
alkalinity 0.879 0.953 0.953
Ammonium  0.678 0.794 0.789 0.874

According to Viswanaathan et al. (2022), the rate of dissolution of atmospheric CO> in
water depends on factors, such as contact time, area at the gas-liquid interface,
concentration of CO; in the atmosphere, and solution properties (including pH,
temperature, concentration of dissolved salts, and others). This dissolution can be
enhanced if all these factors are considered. In this way, significant combined effects
(P<0.05) on the bubbling process (Table 4.10) were observed between time and air flow
rate (AB) for conductivity; time and stirring speed (4 C) for pH, calcium, and ammonium
nitrogen; time and SWW volume (4D) for pH and ammonium nitrogen; air flow rate and
stirring speed (BC) for conductivity, calcium, and total alkalinity; and stirring speed and

SWW volume (CD) for conductivity, calcium, and total alkalinity.

Response surface graphs show the combined effects of the independent variables (which
the other variables were held at center level) on the response variables, for both processes
studied (Figures 4.5 to 4.9). Concerning the bubbling process and the combined effect
time and stirring speed (AC) (at 90 L h! of air flow rate and 328 mL of SWW volume)
on pH, calcium, and ammonium nitrogen (Figures 4.5b, 4.7b, and 4.9b, respectively), it
was possible to observe a greater decrease in pH, calcium, and ammonium nitrogen when
the time was increased from 2 to 21 h, and the stirring speed was increased from 0 to 100-

200 rpm. According to the combined effect of time and air flow rate (4B) (at 100 rpm of
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stirring speed and 328 mL of SWW volume) shown in Figure 4.6a, lower conductivity
values were achieved with increasing time from 0 to 21 h and increasing air flow rate
from 60 to 120 L h!. On the other hand, the minimum pH and ammonium nitrogen values
were reached when the combined effect of time and SWW volume (4D) (at 90 L h'! of
air flow rate and 100 rpm of stirring speed) occurred (Figures 4.5¢ and 4.9¢, respectively),
that is, when the time was increased from 0 to 21 h and the SWW volume was reduced
from 478 to 178 mL. Low values of conductivity, calcium, and total alkalinity were also
observed for the combined effects of air flow rate and stirring speed (BC) (at 11.5 h of
time and 328 mL of SWW volume) in the range of 60 to 120 L h! and 75 to 175 rpm
(Figures 4.6d, 4.7d, and 4.8d, respectively), as well as for stirring speed and SWW volume
(CD) (at 11.5 h of time and 90 L h™! of air flow rate) in the range 50 to 150 rpm and 178
to 238 mL (Figures 4.6f, 4.7f and 4.8f, respectively).

For the capillary process (Table 4.11), significant (P<0.05) combined effects were also
found, namely between SWW flow rate and capillary area (4 C) for all response variables,
and between air flow rate and capillary area (BC) for calcium and ammonium nitrogen.
In the case of the combined effect of SWW flow rate and capillary area (4C) (at 180 L h
! of air flow rate) (Figures 4.5h, 4.6h, 4.7h, 4.8h, and 4.9h), all response variables had
their minimum values when the capillary area increased from 150 to 700 cm?, and the
SWW flow rate was between 1.2 and 2.0 mL min™! (although for pH (Figure 4.5h) and
ammonium nitrogen (Figure 4.9h) it was preferable to reach low and high values of this
range, respectively). For the combined effect of air flow rate and capillary area (BC) (at
1.6 mL min™' of SWW flow rate) on calcium (Figure 4.7i) and ammonium (Figure 4.9i),
the values of these parameters were minimal when the capillary area increased from 150

to 700 cm?, regardless of air flow.
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Figure 4.5 — Three-dimensional response surface graphs and contour plots of the pH, showing
the effect of two variables (while the other two variables are held at center level), for the
bubbling process: a) time and air flow rate; b) time and stirring speed; c¢) time and SWW
volume; d) air flow rate and stirring speed; e) air flow rate and SWW volume; and f) stirring
speed and SWW volume, for the bubbling process, as well as g) SWW flow rate and air flow
rate; h) SWW flow rate and capillary area; and 1) air flow rate and capillary area, for the
capillary process.
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Figure 4.6 — Three-dimensional response surface graphs and contour plots of the conductivity,
showing the effect of two variables (while the other two variables are held at center level), for
the bubbling process: a) time and air flow rate; b) time and stirring speed; c) time and SWW
volume; d) air flow rate and stirring speed; e) air flow rate and SWW volume; and f) stirring
speed and SWW volume, for the bubbling process, as well as g) SWW flow rate and air flow
rate; h) SWW flow rate and capillary area; and 1) air flow rate and capillary area, for the
capillary process.
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Figure 4.7 — Three-dimensional response surface graphs and contour plots of the calcium,
showing the effect of two variables (while the other two variables are held at center level), for
the bubbling process: a) time and air flow rate; b) time and stirring speed; c) time and SWW
volume; d) air flow rate and stirring speed; e) air flow rate and SWW volume; and f) stirring
speed and SWW volume, for the bubbling process, as well as g) SWW flow rate and air flow
rate; h) SWW flow rate and capillary area; and 1) air flow rate and capillary area, for the
capillary process.
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Figure 4.8 — Three-dimensional response surface graphs and contour plots of the total
alkalinity, showing the effect of two variables (while the other two variables are held at center
level), for the bubbling process: a) time and air flow rate; b) time and stirring speed; c) time and
SWW volume; d) air flow rate and stirring speed; e) air flow rate and SWW volume; and f)
stirring speed and SWW volume, for the bubbling process, as well as g) SWW flow rate and air
flow rate; h) SWW flow rate and capillary area; and i) air flow rate and capillary area, for the
capillary process.
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Figure 4.9 — Three-dimensional response surface graphs and contour plots of the ammonium
nitrogen, showing the effect of two variables (while the other two variables are held at center
level), for the bubbling process: a) time and air flow rate; b) time and stirring speed; c) time and
SWW volume; d) air flow rate and stirring speed; e) air flow rate and SWW volume; and f)
stirring speed and SWW volume, for the bubbling process, as well as g) SWW flow rate and air
flow rate; h) SWW flow rate and capillary area; and i) air flow rate and capillary area, for the
capillary process.

4.3.3. Optimization of operating conditions

The values of independent and response variables that simultaneously satisfy the intended
objectives for the atmospheric carbonation process were found through numerical
optimization. Tables 4.14 and 4.15 show the goals, the upper and lower limits, and the
importance intended for each of the independent and response variables in the numerical
optimization, for the bubbling and the capillary processes, respectively. According to
Tables 4.14 and 4.15, all response variables were limited by the range of current values

defined by Tables 4.4 and 4.5, respectively, except for pH. For pH, the target pH value
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was set to 7.9 for the bubbling process and 8.2 for the capillary process (based on the
minimum pH value that was found), and the upper limit of the range was restricted to 8.5
since it is the maximum pH value usually used in biological treatment (Englande et al.,
2015). On the other hand, the defined pH ranges reduce the experimental conditions in
which atmospheric carbonation did not occur efficiently. Regarding the independent
variables, all of these were limited by their levels (established in Table 4.3), although the
air flow rate variable was designated to minimize energy costs since it was a variable that

did not have a significant effect on most parameters responses analyzed in both processes.

Table 4.14 — The selected criteria for numerical optimization, in the bubbling process.
Limits

Variable types Tower Upper Goals Importance

- A: Time (h) 2 21 is in range 3
.§ 38 B: Air flow rate (L h™") 60 120 minimize 3
g é C: Stirring speed (rpm) 0 200 is in range 3
E g D: SWW volume (mL) 178 478 is in range 3
pH 7.9 8.5 is target = 7.9 3

% 8 Conductivity (mS cm™) 1.5 5.3 is in range 3
§ § Calcium (mg L) 129.0 634.1 is in range 3
@ < Total Alkalinity (mg CaCO; L) 22.8 1401.0 is in range 3
Ammonium (mg N-NH," L") 24.0 86.5 is in range 3

Table 4.15 - The selected criteria for numerical optimization, in the capillary process.

Limits

Variable types Tower  Upper Goals Importance

- A: SWW flow rate (mL min™) 1.2 2 is in range 3
§ % B: Air flow rate (L h™") 90 270 minimize 3
= C: Capillary area (cm?) 150 700 is in range 3
® pH 8.2 8.5 is target = 8.2 3
2] % Conductivity (mS cm™) 1.3 3.8 is in range 3
% s Calcium (mg L) 85.8 311.1 is in range 3
2 S Total Alkalinity (mg CaCOs L) 176.7 742.1 is in range 3

Ammonium (mg N-NH," L) 22.0 45.2 is in range 3

Thus, considering the restrictions presented in Tables 4.14 and 4.15, about 56 optimal
solutions (Table 4.16) for the bubbling process and 22 optimal solutions (Table 4.17) for

the capillary process were found, respectively.
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Table 4.16 — Possible optimal solutions based on the selected criteria, for the bubbling process.

Number Time Ai:ai;lgw S::::gg VSO}ZXe pH Conductivity Calcium Allf:ltiz:lli ty Ammonium Desirability
1 21.000 65.277 52.224 178.000 8.047 1.527 152.138  25.390 28.628 0.830  Selected
2 21.000 61.803 53.942 178.000 8.075 1.527 157.327  46.727 28.315 0.829
3 21.000 63.771 53.345 178.493 8.064 1.527 154.373  34.500 28.507 0.825
4 21.000 63.998 53.564 178.955 8.068 1.527 154.117  33.261 28.535 0.820
5 21.000 66.464 50.145 178.000 8.048 1.541 152.498  22.908 29.055 0.820
6 21.000 64.856 53.874 180.176 8.076 1.528 153.263  28.886 28.658 0.806
7 21.000 60.000 50.740 178.002 8.120 1.567 165.883  70.862 29.049 0.796
8 20.903 60.000 57.029 181.006 8.152 1.527 161.007  58.913 28.249 0.762
9 21.000 72.192 37.641 178.000 8.085 1.636 158.987  22.817 31.751 0.742
10 20.612 60.001 55.175 178.000 8.192 1.527 161.096  55.968 28.380 0.717
11 21.000 60.464 40.308 178.000 8.193 1.677 180.149 101.145 31.668 0.713
12 20999 75.384 31.645 178.001 8.107 1.680 162.172  22.801 33.030 0.698
13 21.000 60.166 38.121 178.000 8.214 1.704 184.284 111.310 32.261 0.689
14 21.000 75.964 32.101 180.111 8.133 1.685 162.830  22.800 33.201 0.670
15 21.000 78.143 26.942 178.000 8.124 1.713 164.685  22.800 33.991 0.661
16  21.000 79.309 24.760 178.000 8.135 1.729 166.187  23.938 34.454 0.642
17 20.275 64.837 53.543 178.000 8.234 1.527 154.035  22.802 29.022 0.638
18  21.000 60.822 65.253 192.769 8.255 1.527 161.159  57.481 28.522 0.635
19  21.000 63.941 36.189 181.506 8.243 1.730 182.336  95.875 33.348 0.633
20 20.730 75.407 31.349 178.000 8.181 1.688 163.527  22.800 33.362 0.629
21 21.000 80.628 23.049 178.000 8.141 1.738 166.783  22.800 34.743 0.627
22 21.000 82.114 20.841 178.000 8.150 1.752 168.008  22.906 35.147 0.607
23 20.699 60.000 40.878 179.346 8.296 1.685 182.892  105.019 32.009 0.584
24 20.978 83.905 18.075 178.000 8.170 1.770 169.881  23.866 35.678 0.575
25 20938 85.925 15.697 178.001 8.191 1.781 171.045  22.800 36.038 0.540
26 21.000 87.873 13.032 178.000 8.190 1.794 172.607 24.121 36.391 0.526
27 21.000 73.885 12.223 178.000 8.300 1.936 197.122  106.385 39.353 0.506
28 20.999 88.902 9.911 178.000 8.216 1.824 176.489  31.642 37.186 0.496
29 20.953 93.744 7.158  178.000 8.235 1.809 175.653  22.800 36.822 0.440
30 20989 95.152 5902  178.000 8.232 1.808 176.186  22.800 36.791 0.430
31 20995 88.023 0.070  178.000 8.325 1.968 194922 76.081 40.954 0.395
32 20.819 96.477 4.685 178.000 8.287 1.814 177.601  22.800 36.971 0.373
33 21.000 61.660 76.775 208.140 8.420 1.527 161.634  56.288 29.027 0.361
34 21.000 101.220 1.247  178.000 8.262 1.797 178.747  22.886 36.366 0.352
35  21.000 66.842 199.960 213.423 8.420 1.547 129.000  38.237 34.740 0.344
36  21.000 102.723 0.243  178.000 8.270 1.792 179.393  23.173 36.167 0.332
37 20991 67.318 199.465 214.170 8.426 1.549 129.000  36.275 34.765 0.329
38 21.000 92.030 0.002  183.355 8.393 1.961 195.715  71.695 40.849 0.288
39 20.763 64.471 199.990 209.366 8.449 1.527 129.000 42.756 34.322 0.281
40  20.791 64.986 198.906 210.870 8.453 1.527 129.000  40.218 34.288 0.269
41 21.000 113.591 199.955 206.551 8.211 1.590 145.525  22.800 26.947 0.227
42 20.494 102338 0.470  178.000 8.405 1.809 181.366  22.800 36.777 0.216
43 21.000 108.614 1.359 184.416 8.361 1.744 181.352  22.800 34.553 0.210
44 21.000 112.183 199.400 213.889 8.305 1.609 147.698  24.077 28.359 0.206
45 21.000 113.149 198.471 212.430 8.284 1.594 147.316  22.800 27.583 0.203
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Table 4.16 - (continued). Possible optimal solutions based on the selected criteria, for the

bubbling process.

Number Time Ai:ai;lgw S::igg VSO:ZXe pH Conductivity Calcium Allfz(:ltianli ty Ammonium Desirability
46  20.641 115.980 200.000 195941 8.176 1.574 144.894 22.800 25.100 0.190
47  21.000 115.672 197.786  205.897 8.199 1.563 146.369 22.800 25.555 0.190
48 20998 61.533 200.000  213.881 8.478 1.527 133.984 62.543 34.434 0.189
49  20.650 116.376 199.714 195.434 8.166 1.568 144.859 22.800 24.786 0.183
50  20.667 117.093 200.000 192.114 8.117 1.558 143.885 22.800 24.044 0.176
51 20.394 116.751 200.000 191.366 8.186 1.572 144.924 22.800 24.529 0.168
52 21.000 114.767 200.000  213.350 8.312 1.611 152.160 34.902 27.562 0.165
53 20999 113.119 0.004 184.222 8.376 1.699 182.154 22.800 32.981 0.154
54 19.590 116.826 200.000 183.958 8.316 1.598 146.503 22.800 24.763 0.127
55  20.468 107.856 0.000 181.684 8.474 1.772 183.308 22.801 35.461 0.094
56 20.998 60.689 200.000  214.801 8.500 1.527 135.582 68.046 34.481 0.015

Table 4.17 — Possible optimal solutions based on the selected criteria, for the capillary process.

SWW Air flow Capillary .. . Total . s
Number fl:l:‘)tv: rate area pH Conductivity Calcium Alkalinity Ammonium Desirability

1 1.200 90.000 700.000 8.249 1.599 96.702 186.414 26.207 0.858  Selected
2 1.200 90.001  697.662 8.250 1.589 96.006  184.541 26.165 0.857
3 1.205 90.000 699.998 8.251 1.600 96.639  186.247 26.056 0.855
4 1.200  90.000 692.737 8.251 1.568 94.580  180.681 26.079 0.854
5 1.200 90.030 689.341 8.253 1.554 93.634 178.113 26.023 0.851
6 1.214  90.000 699.997 8.254 1.603 96.537  185.981 25.816 0.850
7 1.200 90.355 695.606 8.253 1.579 95.476  183.242 26.159 0.849
8 1.224  90.000 699.998 8.257 1.606 96.415  185.672 25.539 0.844
9 1.216  90.000 687.978 8.258 1.554 93.083  176.682 25.552 0.842
10 1.258 90.000 700.000 8.271 1.617 95.975  184.608 24.614 0.820
11 1.324  90.000 691.500 8.305 1.599 92.738  176.681 22.965 0.757
12 1.371  90.000 693.086 8.333 1.616 92.520 176.681 22.050 0.700
13 1.200 107.094 700.000 8.392 1.583 99.981  201.246 27.564 0.536
14 1.200 110.030 700.000 8.413 1.580 100.495  203.596 27.776 0.476
15 1.200 118.672 699.999 8.470 1.576 101.926  210.177 28.360 0.270
16 1.200 249.381 700.000 8.328 1.716 108.455 248.554 30.440 0.240
17 1.200 248.547 699.999 8.335 1.714 108.503  248.672 30.467 0.240
18 1.200 250.416 699.999 8.320 1.719 108.393  248.399 30.405 0.240
19 1.200 249.386 697.292 8.330 1.703 107.427 245.924 30.361 0.239
20 1.220 249.493 699.999 8.334 1.717 108.741 246.855 29.831 0.235
21 1.407 255.824 700.000 8.380 1.724 110.950  230.269 25.154 0.166
22 1.200 123.275 700.000 8.497 1.574 102.637 213.478 28.649 0.079

According to Table 4.16, pH, conductivity, calcium, total alkalinity, and ammonium
nitrogen ranged from 8.0 to 8.5, 1.527 to 1.968 mS cm™, 129.0 to 197.1 mg L™, 22.8 to
111.3 mg CaCOs L', and 24.0 to 41.0 mg N-NH4" L!, respectively, when 19.6 to 21.0 h
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for time, 60 to 117 L h'! for air flow rate, 0 to 200 rpm for stirring speed, and 178 to 215
mL for SWW volume were applied in the bubbling process, reaching desirability values
between 0.015 and 0.830. For the capillary process (Table 4.17), pH values from 8.2 to
8.5, conductivity from 1.554 to 1.724 mS cm’!, calcium from 92.5 to 111.0 mg L, total
alkalinity from 177 to 249 mg CaCOs L', and ammonium of 22.1 to 30.5 mg N-NH4" L
! were obtained using SWW flow rate from 1.2 to 1.4 mL min’!, air flow rate from 90 to
256 L h'!, and capillary area from 688 to 700 cm? reaching desirability values of 0.079
and 0.858. In fact, the values of the response variables were substantially lower than the
initial values before treatment (Table 4.1), clearly indicating the occurrence of the
carbonation process in both processes. For the bubbling process and capillary process, the
optimal solution selected was the one that had the greatest desirability. Desirability values
close to 1 mean that all variables meet the objective, while values close to 0 mean that
there is at least 1 variable that does not meet the objective. According to Table 4.16 (for
the bubbling process), this happens with a desirability of 0.830 with the following
characteristics of the response variables (pH (8.0), conductivity (1.527 mS cm™'), calcium
(152.1 mg L', corresponding a 76% of removal), total alkalinity (25.4 mg CaCO; L)
and ammonium (28.6 mg N-NHs" L', corresponding a 66.2% of removal)) and
independent variables (time (21 h), air flow rate (65 L h!), stirring speed (52 rpm) and
SWW volume (178 mL)). For the capillary process, with a desirability of 0.858 (Table
4.17), the selected optimal solution found the following values of pH (8.2), conductivity
(1.599 mS cm™), calcium (96.7 mg L', corresponding a 81.0% of removal), total
alkalinity (186 mg CaCOs L), and ammonium (26.2 mg N-NH4" L"!, corresponding a
57.5% of removal), associated with the values of the independent variables: SWW flow

rate (1.2 mL min™), air flow rate (90 L h'') and capillary area (700 cm?).

On the other hand, the optimization process was also complemented with graphic
optimization, as can be seen in Figures 4.10 (for the bubbling process) and 4.11 (for the
capillary process). The graphical optimization process produces an overlay plot for the
optimal region based on the constraints of the previously defined response variables
(Tables 4.14 and 4.15) as well as the values of the independent variables of the previously
selected optimal solutions (Tables 4.16 and 4.17). In fact, the graphical optimization
results allow a faster search for the ideal settings for the occurrence of atmospheric
carbonation, where the colored areas on the graphical optimization plot indicate the region

of interest (that is, the fulfillment of the objectives selected for each of the response
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variables and for the selected factor pair), while the regions do not meet the proposed

criteria are shaded out.
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Figure 4.10 — Overlay plot for optimal region based on the criterion defined for the bubbling
process, namely: a) time versus air flow rate at stirring speed of 52 rpm and SWW volume of

178 mL; b) time versus stirring speed at an air flow rate of 65 L h™ and SWW volume of 178
mL; ¢) time versus SWW volume at an air flow rate of 65 L h™' and stirring speed of 52 rpm; d)
air flow rate versus stirring speed at the time of 21 h and SWW volume of 178 mL; e) air flow
rate versus SWW volume at the time of 21 h and stirring speed of 52 rpm; and f) stirring speed

versus SWW volume at the time of 21 h and air flow rate of 65 L h™'.
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Figure 4.11 — Overlay plot for optimal region based on the criterion defined for capillary
process, namely: a) SWW flow rate versus air flow rate at the capillary area of 700 cm?; b)
SWW flow rate versus capillary area at an air flow rate of 90 L h”'; and c) air flow rate versus
capillary area at SWW flow rate of 1.2 mL min".

According to the graphic optimization shown in Figure 4.10 (for the bubbling process),
all the colored regions were limited by the time from 19.5 to 21 h, simultaneously with
the following independent variables: air flow rate between 60 and 65 L h! (under stirring
speed at 52 rpm and SWW volume of 178 mL) (Figure 4.10a), stirring speed between 0
and 55 rpm (under an air flow rate of 65 L h™' and SWW volume of 178 mL) (Figure
4.10b) and SWW volume between 178 and 215 mL (under air flow rate at 65 L h! and
stirring speed at 52 rpm) (Figure 4.10c). In fact, time seems to be the determining factor
in the bubbling process, requiring about 19 to 21 hours for atmospheric carbonation to be
achieved. As can be seen in Figure 4.10d, the colored region can be reached with an air
flow rate of around 67 to 103 L h™!' and stirring speed of around 8 to 54 rpm, if the time
of 21 hand SWW volume of 178 mL were considered. However, in terms of energy costs,
it may be preferable to apply only an air flow rate of 67 L h!' without agitation. On the

other hand, according to Figures 4.10e and 4.10f, the SWW volume can be increased from

185



178 mL to 214 and 216 mL, respectively, if, in the first case, the air flow rate is increased
to 77 L h'! (keeping constant time to 21 h and stirring speed to 52 rpm) or in the second
case, stirring speed is increased to 82 rpm (keeping constant time to 21 h and air flow rate

to 65 Lh).

For the capillary process, Figures 4.11a and 4.11c showed two distinct colored regions.
One of the regions is limited by the low values of air flow rate (about 90 to 123 L h!)
when they are applied simultaneously with low values of SWW flow rate (about 1.20 to
1.41) under capillary area at 700 cm? (Figure 4.11a), or high capillary area values (657 to
700 cm?) under constant SWW flow rate at 1.2 mL min™' (Figure 4.11c). The other region
is limited by the high values of air flow rate (224 to 270 L h!) when they are applied
together with low values of SWW flow rate (1.2 to 1.64 mL min') under capillary
constant area at 700 cm? (Figure 4.11a), or high capillary area values (619 to 700 cm?)
under constant SWW flow rate at 1.2 mL min™' (Figure 4.11c). Although the SWW flow
rate range of 1.2 to 1.64 mL min™' can be achieved in the colored region (Figure 4.11a),
the results indicated that 1.2 and 1.6 mL min™' corresponded to the minimum and
maximum of the defined pH range 8.2 to 8.5, respectively. In fact, as noted above, the
increase in the SWW flow rate contributed to the increase in the effluent pH. In terms of
energy costs, it is preferable to choose the region with low air flow rate values. Moreover,
for both processes studied, the identification of optimal regions at low air flow rates,
indicates that the air flows used were not too low to prevent a restoration of atmospheric
CO2 in the system and consequently limit the atmospheric carbonation process.
Concerning Figure 4.11b, the colored region is limited by high capillary area values (687
to 700 cm?) and low SWW flow rates (1.2 to 1.38 mL min™'), when an air flow rate of 90

L h'! is applied.

Table 4.18 shows the validation of the optimal conditions for the bubbling process (using
time of 21 h, air flow rate of 90 L h™!, no stirring speed, and SWW volume of 178 mL, as
can be seen in Figure 4.10) and capillary process (using SWW flow rate of 1.2 mL min™!,
air flow rate of 90 L h™! and capillary area of 700 cm?, in Figure 4.11). According to Table
4.18, the differences between the actual values and the predicted values were small, in all
the response variables, for both processes, which means that the developed models can
predict the response variables with significant accuracy. For the bubbling process and the

capillary process, the ammonium nitrogen capture under these operating conditions was
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about 99+2%. Thus, it can be said that these processes, compared to atmospheric
carbonation processes in open systems, can contribute to the capture and recovery of

ammonium nitrogen.

Table 4.18 — Results of the model validation for the bubbling and the capillary processes, using
optimal conditions.

Bubbling process” Capillary process”
Variables Predicted  Actual  Error Predicted Actual Error
value value® (%) value  value® (%)
pH 8.31 8.26 0.61 8.25 8.30 0.60
Conductivity 1.95 191 2.09 1.60 157 191
(mScm )
Calcium 192.3 187  2.83 96.7 912  6.03
(mgL™)
Total alkalinity
(mg CaCOs Lfl) 67 74 9.46 186 206 9.71
Ammonium 40.4 385 494 26.2 270  2.96

(mg N-NH," L™
Note: a) Optimal conditions: 4 =21 h, B =90 L/h, C =0 rpm, and D = 178 mL; b) Optimal conditions: 4 = 1.2 mL
min”', B =90 L/h, and C=700 cm?; ¢) N = 3. The experimental values obtained are part of the 95% confidence interval.

The effectiveness of the capillary process to treat different SWW volumes (178 to 478
mL) under the previously found optimal condition was investigated (Figure 4.12). The
time required to collect the pretreated SWW volumes of 178, 328, and 478 mL was 4.48,
7.38, and 10.20 hours, respectively. According to Figure 4.12, there were no significant
(P<0.05) differences in the values of pH (Figure 4.12a), conductivity (Figure 4.12b),
calcium (Figure 4.12c¢), total alkalinity (Figure 4.12d), and ammonium nitrogen (Figure
4.12e), for the different volumes collected (i.e., 178, 328, and 478 mL). Therefore,
regardless of the volume collected, calcium, and ammonium removals were around 82.6
and 57.2%, respectively, with a substantial reduction in pH to 8.2 and conductivity to 1.5

mS cm’!.
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Figure 4.12 — Water quality analyzed in terms of a) pH; b) conductivity; c) calcium; d) total
alkalinity; and €) ammonium nitrogen, at different SWW volumes collected (178 to 478 mL),
applying the optimal conditions of the capillary process (SWW flow rate at 1.2 mL min™, air
flow rate at 90 L/h, and capillary area at 700 cm?). Bars represent the standard deviation of the
mean.

These results indicate that, unlike the batch bubbling process which was only effective
for SWW volumes around 178 mL (Figures 4.10c, 4.10e, and 4.10f), the capillary process
can treat the effluent continuously and dispose of the effluent immediately for the
following treatment processes. Furthermore, the capillary process proved to be more
efficient than the bubbling process, requiring about 4.48 h to reduce the pH to around 8
for 178 mL of SWW, while the bubbling process would take 19-21 h and result in greater
energy expenditure by the air pump. Moreover, the bubbling process still requires a

settling time to remove the calcium carbonate precipitate from the solution, which does
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not happen in the capillary process whose collected effluent was clean. Anyway, the static
atmospheric carbonation processes found in the literature (Luz et al., 2021; Madeira et
al., 2020 (chapter 2); Prazeres et al., 2019, 2016; Ramalho et al., 2022) seem to be less
efficient than both processes studied, in which the former have long carbonation times (>
7 days) to reach pH 8. In fact, the contact areas between air and water are greater in
processes studied than in static atmospheric carbonation processes. In the bubbling
process occurs the creation of water splashing in the air. On the other hand, in the capillary
process happens the distribution of water along the entire length of the capillary, whose
area of contact between the air and water is twice the capillary area since the capillary
can be wet either at the top or at the bottom. In static atmospheric carbonation processes,
the water is at rest and the area of contact between the air and the water is just the surface
area of the reactor. However, when the neutralization of effluent is reached, it is observed
that the ammonium nitrogen removal in the bubbling process (about 54.4% according to
results from Tables 4.1 and 4.18) or in the capillary process (about 56.2% according to
results from Tables 4.1 and 4.18) seems to be less efficient than the static atmospheric
carbonation processes found in the literature (e.g. by the authors Madeira et al. (2023)
(chapter 3) who obtained 68.1-82.6% ammonium removal). In fact, in the former, there
is a possibility of the volatilized ammonia being mixed again with water, given the
turbulence of the water or air in the reactors. Reducing the pH to around neutrality with
simultaneous low nitrogen removal in the processes studied favors the production of

nitrogen-rich effluents that could be used by plants.

4.4. Conclusion

The purpose of this study was to evaluate the neutralization of slaughterhouse
wastewaters treated by lime precipitation, by capturing atmospheric CO; in the lab-scale
stirrer bubble column and lab-scale stepped continuous flow capillary column. Response
surface methodology was used to model and optimize the lab-scale stirrer bubble column
(studying the effect of the variables: aeration time, air flow rate, stirring speed, and SWW
volume) and lab-scale stepped continuous flow capillary column (studying the effect of
the variables SWW flow rate, air flow rate, and capillary area), through the analysis of
the response parameters (pH, conductivity, calcium, total alkalinity, and ammonium
nitrogen). Both processes were able to neutralize the lime precipitation treated

slaughterhouse effluent. Time at 21 h, air flow rate at 65 L h”', stirring speed at 52 rpm,

189



and SWW volume at 178 mL was the optimal condition to reach pH 8, and removals of
76.0% of calcium and 66.2% of ammonium nitrogen were obtained in the bubbling
process. On the other hand, SWW flow rate at 1.2 mL min™!, air flow rate at 90 L h™!, and
capillary area at 700 cm? was the optimal condition observed by the capillary process
optimization, reaching pH 8.2 and removals of 81.0 % calcium and 57.5% ammonium
nitrogen. Both processes proved to be more efficient compared to carbonation processes
carried out in static reactors since significantly shorter carbonation times were obtained.
Compared to the bubbling process, the capillary process was more efficient in neutralizing
the effluent, contributing to a faster drop in pH, without the need for prior sedimentation
to remove the precipitated CaCO; and greater energy consumption. Both processes
provide a low-cost and eco-friendly alternative neutralization of alkaline wastewaters,
with the recovery of volatilized ammonia during the carbonation process, and without

loss of ammonia to the atmosphere.
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ABSTRACT

The removal of nitrogen compounds from a pretreated explosives wastewater in a vertical
flow constructed wetland planted with Vetiveria zizanioides (0.24 m*x 0.70 m), filled with
light expanded clay aggregates (Leca®NR 10/20), was studied. Experiments under
constant hydraulic load, 50+4 L m?d ! and 83+5 L m?2d™! without and with flooding level
(25%), respectively, were made at different ammonium (3 to 48 mg NH4*-N L), nitrate
(56 to 160 mg NO3-N L) and nitrite (0.3 to 1.1 mg NO>™-N L") concentrations. Results
indicate that without flooding level (unsaturated) the removal efficiencies obtained were
3049, 7+1, and 96+2%, respectively to NH4"-N, NOs™-N, and NO,-N. When using
flooding level and an external carbon source (C/N ratio from 1.340.19 to 2.5+0.20), the
organic matter (COD) removal efficiencies were above 90%, 75% for NH4"-N, and 55%
for NO3-N. Increasing the C/N ratio from 2.9+0.21 to 44+0.22 did not contribute to
upgrading the efficiencies of COD, NH4'-N, and NO3-N removal. The denitrification
process occurred in aerobic conditions and nitrite has been produced, probably due to the

presence of aerobic conditions that inhibited partially the denitrification.
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5.1. Introduction

Nitrogen compounds release from human activities (domestic, industrial, and agriculture)
have a high impact on environmental nitrogen pollution and degrade water resources
(OECD, 2017). Reactive nitrogen compounds in the form of nitrites (NO2"), nitrates
(NOs") and ammonium (NH4"), and dissolved organic nitrogen affect soil pH and water
quality through surface run-off and leaching into surface and groundwaters leading to
water pollution (EU, 2013; Zhou et al., 2017; Holmes et al., 2019). Most of the nitrogen
leaching from agricultural soils is in the form of nitrate and comes from synthetic
fertilizers, as well as from livestock manure (Hussain et al., 2020; De Boer, 2017). In
addition, localized peaks in pollution may be associated with run-off from urban spaces,
poorly treated sewage, and industrial sources (Sutton and Billen, 2010; WRI, 2013).
Recent estimative revealed an increase in nitrogen discharges of 35 to 46% in water
resources between 2000 and 2050 (IFPRI and Veolia, 2015). According to EU (2013), in
the absence of human influence, around 0.5 kg ha’'year! of nitrogen is generally
deposited in ecosystems, but in many areas of the world, the average nitrogen deposition

rates exceed 10 kg nitrogen ha'year™.

Tertiary wastewater treatment practices have been developed to avoid the deleterious
effects of excess reactive nitrogen in the environment, ensuring the removal of reactive
nitrogen species (Holmes et al., 2019). Many efficient technologies rely on
physicochemical treatments (e.g., reverse osmosis membranes, ion exchange, air
stripping, electrodialysis) to remove nitrogen compounds (Ahn, 2006; Metcalf & Eddy,
2014). However, biological nitrogen removal practices (e.g., modified activated sludge)
are much more environmentally friendly and cost-effective (Holmes et al., 2019). In this
line, constructed wetlands (CWs) are an alternative to conventional treatments to remove
nitrogen and organic matter. In CWs, removal and transformation mechanisms can occur
such as filtration, sedimentation, adsorption, chemical precipitation, volatilization,
bacterial metabolism (e.g., nitrification, anammox, denitrification), and phytoremediation
(phytoextraction, phytodegradation, phytostabilization, phytovolatilization,
rhizodegradation, and rhizofiltration) (Rajan et al., 2019).
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Nitrogen (ammonium or nitrate) removals in CWs are dependent on the water flow
regime, substrate matrix, plant, bed depth, applied operational parameters (such as
hydraulic load (Hy), organic and nitrogen loads, C/N ratio, feeding regime, flooding
level), and climatic conditions (e.g., temperature) (Almeida et al., 2018; Liu et al., 2018;
Saeed and Sun, 2012; Wang et al., 2019). If effluents have low biodegradable organic
matter, the nitrate reduction to molecular nitrogen can be compromised since the
denitrification process involves the donation of electrons from biodegradable organic
matter (Tjelldén et al., 2015). However, this may not be detrimental to certain plants since
some plants may contribute to the denitrification process by releasing weak organic acid
exudates through their root system and by producing enzymes that can transform complex
organic matter into the simplest forms (Tjelldén et al., 2015). Some plants, such as
Phragmites australis, Typha latifolia, Cyperus papyrus, Typha domingensis, are
recognized for their great potential for wastewaters phytoremediation, but recently the
interest in Vetiveria zizanioides plant has increased (Badejo et al., 2018; Almeida et al.,
2019). This plant has wide tolerance to adverse conditions such as weather, soil, pH
(between 3 to 10.5), and salinity (until 47.5 dS m™' although its productivity decreases
from 8 dS m™!) (Danh et al., 2009), and has high potential for the removal of total nitrogen,
ammonia, total suspended solids (TSS), and chemical oxygen demand (COD) from
wastewaters (Badejo et al., 2018). Wang et al. (2009) used Vetiveria zizanioides in
subsurface vertical flow constructed wetland (VFCW) with gravel and coal slag as a
substrate to treat domestic wastewater. These authors obtained high COD (71%),
ammonium nitrogen (67%), and total nitrogen (80%) removals using 5 days of hydraulic
retention time and Hy of 600 to 800 L m™ d'!. The use of subsurface VFCW has some
advantages compared with other water flow regimes since it requires less space and
provides higher levels of oxygen transfer for the occurrence of the nitrification process
and degradation of organic matter (Stefanakis, 2019). However, it does not provide good
conditions for the denitrification process since this process occurs in low oxygen
conditions (Stefanakis, 2019). In turn, subsurface horizontal flow constructed wetland
(HFCW) is usually used for the denitrification process because of the low oxygen content
provided in the system (Kadlec and Wallace, 2009). Xinshan et al. (2010) tested the
combined systems VFCW-HFCW to treat sequentially an effluent containing ammonium
and nitrate and low organic matter. VFCW allowed the conversion of ammonium to
nitrate and then HFCW converted to nitrate (the formed and the present in the effluent)

to molecular nitrogen using additional organic matter sources (Xinshan et al., 2010).
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However, if wastewater has initially high amounts of organic matter nitrification can be
inhibited, so a combined system of HFCW-VFCW with recirculation can be a good option
(Cooper, 2005; Vymazal, 2013, 2005). Moreover, according to Kadlec (2010),
nitrification and denitrification processes can occur simultaneously in the CWs bed. CWs
have alternated zones with different oxygenation states in the proximities of the plant
roots, where nitrification occurs and the produced nitrate is diffused to the soil anaerobic
microzones to be denitrified (Kadlec, 2010). VFCW with flooding level (using Vetiveria
zizanioides) also demonstrated good results in simultaneous nitrification and
denitrification of wastewaters (Almeida et al., 2017; Almeida, 2012). In the flooding
level, the dissolved oxygen (DO) content in the bed decreases when the bed flooding level

increases, providing anoxic conditions for the occurrence of denitrification.

Explosives wastewaters (EW), from the ammonium nitrate-fuel oil (ANFO) and emulsion
industries, are industrial wastewaters with high amounts of nitrogen (in the form of
nitrates and/or ammonium nitrogen) and high non-biodegradable organic matter. Due to
these characteristics, these wastewaters are very difficult to treat (Madeira et al. (2020),
chapter 2). The present work aims to: (i) evaluate the use of VFCW planted with Vetiveria
zizanioides to remove ammonium and nitrate from a pretreated explosives wastewaters
(PEW), using two different flooding conditions; (ii) analyze the increase of organic mass
load in the nitrogen forms removal; and (iii) study the impact of the different C/N ratios

on the removal of nitrogen compounds.

5.2. Material and methods

5.2.1. Experimental setup characteristics

Experiments were carried out in a pilot-scale VFCW (0.4 m % 0.6 m x 0.70 m), planted
with Vetiveria zizanioides (plant density higher than 120 plants per m?) (Figure 5.1), filled
with light-expanded clay aggregates (Leca® NR 10/20). A bottom slope of 2% was
applied in the bed to enable the hydraulic collection of the effluent. A layer of gravel
(diameter 10-50 mm) was placed around the outlet valve to prevent clogging by fine
particles. The flooding levels were modified through a flexible siphon in the outlet. This

VFCW was fed in continuous mode, through network sprinklers, equidistantly located
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over the whole VFCW using a submersible pump (Eheim1250, Deizisan, Germany) in
the feeding tank. The VFCW was acclimatized using PEW at the same concentration that

trials were done until the system was pseudo-stationary.

LECA NR® 10/20

/

0.70 m

A

i B
Feed reservoir 040 -

Figure 5.1 — Schematic representation (not at scale) of the vertical flow constructed wetland
(VFCW) planted with Vetiveria zizanioides.

5.2.2. Experimental conditions

Explosives wastewater was collected from an international industry of ANFO and
emulsion explosives, in Portugal. Then, EW was pretreated using a combined immediate
one-step lime precipitation (IOSLM) and atmospheric CO> carbonation (AC) processes
as presented in Madeira et al. (2020) (chapter 2). The IOSLM process was used to remove
COD and consisted of applying an optimal hydrated lime dose (7.76 g L™!) to the EW,
under vigorous agitation for 1 minute. After the IOSLM process and sedimentation step,
the obtained supernatant was pretreated by the AC process to reduce the supernatant pH

to 9. Pretreated explosives wastewater (PEW) characteristics were: pH (9+1.4), DO
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(6.8+0.3 mg L"), conductivity (8.9£0.1 mS cm™), COD (1226+287 mg L!), BOD (<5 mg
L), NH4"-N (4944464 mg L), TKN (4944464 mg L"), NO5™-N (2302+372 mg L"), and
NO2-N (16+3.2 mg L!). PEW was then used in VCFW experiments, after PEW dilution
to desirable concentrations, as it is pointed out by some researchers that high nitrogen

concentrations are toxic to plants (Almeida, 2012; Britto and Kronzucker, 2002).

The experimental trials were conducted in two phases (Table 5.1). In the first phase (phase
I), the concentrations studied were 45+3 mg L™! for ammonium (NH4*-N), 107+1 mg L"!
for nitrate nitrogen (NOs™-N), 0.6+0.0 mg L' for nitrite nitrogen (NO2-N), and
BOD/TKN <<1 (since in PEW BOD <5 mg L' and TKN 4944464 mg L"), under constant
Hy (50£3 L m? d') without flooding level. In the second phase (phase II), the
concentrations varied between 3 to 32 mg L' for ammonium nitrogen (NH4"-N), 56 to
160 mg L™ for nitric nitrogen (NO3™-N), 0.3 to 1.1 mg L ! nitrite nitrogen (NO2™-N), 170
to 965 mg L' for COD, and Hy was kept again constant but at a higher value (83+5
L m? d') than phase I was used. In these trials (phase II) an external carbon source
(sucrose) was added and the VFCW was operated with a flooding level of 25% to decrease
DO into the bed (according to results obtained by Almeida et al. (2010) and Almeida
(2012)). Throughout the experiments, the plants were assessed visually by identifying

signs of toxicity (such as leaf curling, chlorosis, or death of the plant).
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Table 5.1 — Inlet experimental conditions in Phases I and I (n > 11).

Chemical composition Applied Operations
- EC Eh DO NH;%N NOy-N NO,-N  COD Hp Flfeovffg
(mScm™) (mV) (mgL') (mgL') (mgL') (mgL') (mgL') (Lm?d") (%)
Minimum 8.2 1.2 88 5.0 0 106 0.6 47
Phi“se Maximum 8.3 1.3 165 6.5 48 108 0.6 * 53 .
SD 0.0 0.1 54 1.0 4 1 0.0 4
Minimum 7.7 1.0 96 4.9 3 56 0.3 170 77
Phl‘jl‘se Maximum 8.3 1.6 246 10.2 32 160 1.1 965 89 25
SD 0.2 0.2 52 1.5 14 44 0.3 232 5

* <25 mg Oz L' (detection limit).
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5.2.3. Sampling collection and analysis

The VFCW was monitored every weekday at 10:00 a.m., between April and September,
until sample number >11. The flow rate at the inlet and outlet was measured during all
experimental period. Samples were collected in the inlet (feed tank) and outlet of the
VFCW, and the following parameters were characterized: pH, electrical conductivity
(EC), redox potential (Eh), dissolved oxygen (DO), ammonium (NH4"-N), nitrite (NO>-
N), nitrate (NO3-N), and chemical oxygen demand (COD). The samples were stored at 5

°C if it was not possible to analyze them immediately.

pH and Eh measurements were performed in a WTW InoLab level 1, using the electrodes
SenTix 41 and WTW SenTix ORP, respectively. EC was evaluated in a Jenway 4510
meter, using an electrode VWR CO 11. DO was determined by a modification of the
Winkler method (APHA, 2012). Ammonium nitrogen was determined by the distillation
method in BUCHI Distillation Unit B-316 and then by titration (APHA, 2012). Nitrite
was determined by a colorimetric method (APHA, 2012) at 543 nm using a Pharmacia
Biotech Ultrospec 2000 UV/Visible spectrophotometer model 80-2106-00. Nitrate was
measured by the sodium salicylate method (Rodier, 1989) at 420 nm using a Pharmacia
Biotech Ultrospec 2000 UV/Visible spectrophotometer model 80-2106-00. COD was
determined by standard dichromate closed reflux method, using a digester WPA HC 6016
and quantified by Pharmacia Biotech Ultrospec 2000 UV/Visible spectrophotometer
model 80-2106-00 at 600 nm (APHA, 2012). COD was used to indirectly quantify carbon
content (Metcalf and Eddy, 2014).

5.2.4. Data processing and statistical analysis

The results obtained in each phase were statistically treated. Agglomerative Hierarchical
Clustering (AHC) was determined by SPSS 20 (SPSS Inc.) software and performed by
Euclidean distance, Ward’s method, and standardization of variables. Cluster analysis was
performed for phase II, applied to the affluent parameters (pH, Eh EC, DO, NO>™-N, NO;3"
-N, NH4"-N), and to the hydraulic load. The outliers were eliminated whenever they
existed. According to AHC, it was identified two groups (A and B) in phase II (see Figure
5.2), both under Hy. constant (83+5 L m™d'). Organic matter loads from 10 to 80 g m™
d!' (COD) under constant loads of ammonium nitrogen (0.40+0.1 g m? d' NH4"-N),
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nitrate (12+2 g m? d"! NO5™-N) and nitrite (0.08£0.01 g m™? d"! NO,™-N) were grouped in
group A, and organic loads of 30 to 50 g m>d"! under constant loads of ammonium
nitrogen (2.4+0.4 g m?d! NH4"-N), nitrate (51 g m2d"' NO5-N and nitrite (0.04+0.01
g m?2d ! NO,-N) were grouped in group B.

Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine
0 5 10 15 20 25
L 1

44—

a4
3

Figure 5.2 — Groups identified in Phase Il according to the Dendrogram of hierarchical cluster
analysis.

For the comparison between influent and effluent quality, ANOVA was used at a 95%
confidence level. Two hypotheses were tested against each other (in which the null
hypothesis Ho: “influent and effluent quality are identical”, and the alternative hypothesis
H1: “influent and effluent quality are different”). Post-hoc (a posteriori) Turkey’s test was

used to determine differences between means of specific variables.
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5.3. Results and Discussion

5.3.1. Nitrogen removal in phase |

Ammonium (NH4*-N) and nitrate (NO3™-N) results under unsaturated conditions (without
flooding level) (Table 5.1) are presented in Figure 5.3. The ammonium nitrogen load in
the VFCW outlet decreased significantly (p<0.05) and ammonium nitrogen removal was
30+16% (corresponding to 0.70+0.5 g m2 d?Y) (Figure 5.3a). These results were not
expected since the decrease in ammonium nitrogen observed in this work was lower than
the data reported by Almeida et al. (2018), whose ammonia nitrogen removal efficiencies
were around 60% using a synthetic effluent and a hydraulic retention time of 10 h
identical that was used in this work (10 h£0.9). According to Cervantes et al. (2015) and
Kadlec and Wallace (2009), NH4*-N transformation to NOs™-N consumes alkalinity, H*
ions are released, and dissolved oxygen is consumed too. These transformations can be
observed by the pH decrease (Figure 5.3f) and the DO consumption (Figure 5.3e), both
variations statistically significant (p<0.05). However, it was observed that pH effluent
showed values between 4.0 and 5.6, which can contribute to remove the ammonium
efficiently, since according to Lee et al. (2009) when pH values decrease lower than 7.0
nitrification rate decrease too. In this study, the nitrification process was not inhibited by
organic matter because PEW had a low concentration of organic matter (< 25 mg Oz L?)
and the effluent contained 4+0.1 mg O, L. Moreover, the BOD/TKN ratio was less than
1, which was favorable for successful nitrification, as mentioned by Kadlec and Wallace
(2009). The nitrification process had the ideal initial conditions (pH, redox, nitrogen,
oxygen) to occur successfully, which did not happen, probably due to the presence of
nitrate (106 to 108 mg L™ NO3) in the influent, together with pH drop in the effluent,
which inhibit nitrification, although a nitrate removal (0.40+0.1 g m*2d™?) (not significant,
p>0.05) with a removal efficiency of 7+£0.5% has been observed (Figure 5.3b). Nitrate
production and its removal are processes that can occur in a sequential mode in CW since

low H_ values can provide a greater removal of nitrate than formed.
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Figure 5.3 — Water quality in the inlet (Infl.) and outlet (Effl.) of the VFCW for a) ammonium
applied load, b) nitrate applied load, ¢) nitrite applied load, d) redox potential, e) dissolved
oxygen, f) pH and g) electrical conductivity. Removal efficiency for a) ammonium, b) nitrate,
and c¢) nitrite. The hydraulic load was kept constant (50+3 L m?d") and without flooding level.
Bars represent the standard deviation of the mean (n>11).

208



Nitrite was not found in the effluent (Figure 5.3c), so considering the method detection
limit a removal efficiency of 96+2% was calculated. Usually, in biological treatment
systems under stable operation, there is no accumulation of nitrites because the growth
rate of Nitrobacter bacteria is significantly higher than the Nitrosomonas bacteria. As a
result, the growth rate of the latter generally controls the overall nitrification rate (WEF
et al., 2005).

An increase in the values of redox potential (from 126+54 to 217+7 mV) (Figure 5.3d) in
the effluent was observed. According to Reddy and DeLaune (2008), more oxidized
substances raise the electric potential as in the case of ammonium nitrogen transformation
in nitrates. However, it did not happen in this work because there was no nitrate
production in the effluent (Figure 5.3b). Moreover, any eventual nitrate production from
nitrification would be too little for that. This increase in the redox potential may be related
to the decrease in the pH of the effluent (DeLaune and Reddy, 2005), caused by the
interaction between PEW and CO; present inside the bed, releasing H" ions (Madeira et

al., 2020).

Electrical conductivity showed a significant increase (p<0.05) (Figure 5.3g), attributed to
evapotranspiration. The electrical conductivity values in the effluent (about 1.5 dS m™)
were always below the value (8 dS m™) from which plant Vetiveria zizanioides

productivity decreases (Danh et al., 2009).

5.3.2. Nitrogen removal in phase 11

Ammonium nitrogen and nitrate removals in presence of organic matter were studied
(Figure 5.4). As PEW diluted had a low C/N ratio, it was necessary to add sucrose as an
external source of carbon to ensure that all necessary conditions for denitrification were

ensured.
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Figure 5.4 — Variation of the: C/N ratio in influent (Infl.) and effluent (Effl.) (al and a2); and
removal load and removal efficiency for COD (b1 and b2), nitrate (c1 and ¢2), ammonium (d1
and d2) and nitrite (el and e2), as a function of the applied organic matter load. Items al) to el)

belong to group A (loads applied: 12+2 g m?d' NOs™-N, 0.40+0.1 g m?>d"' NH4"-N and
0.08+0.01 g m?d"' NO,-N) while items a2) to e2) belong to group B (loads applied: 51 g m™
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d'NO;-N, 2.4+0.4 g m?>d" NH,"-N and 0.04£0.01 g m?d' NO,-N). The hydraulic load was
kept constant (83+5 L m2d™") and with a flooding level of 25%.

Figures 5.4al and 5.4a2 show the influence of the organic load applied in the C/N ratio
in the influent and effluent. The C/N ratio in influent varied between 0.4 to 2.5 and 2.9 to
4.3 for groups A and B, respectively. For both groups, the input C/N ratios reduced
significantly to values around 0.2+0.06 (Figure 5.4al) and 0.4+0.08 (Figure 5.4a2), for
all applied organic loads. These reductions were due to the greatest removal of applied
organic matter (COD) than nitrogen. Organic matter removal efficiencies remained above

90%, for organic matter loads applied above 30 g m>d™! (Figures 5.4b1 and 5.4b2).

Although the nitrate removal was observed along with the applied organic load range
(Figures 5.4cl and 5.4c2), heterotrophic denitrification was not the main mechanism for
organic matter removal in both groups because it was observed greater organic matter
removal than would be expected by denitrification process. Schneider et al. (2008)
referred that the degradation of 1 g of sucrose consumed only approximately 1.74 g of
nitrate. Moreover, the organic matter removal was not proportional to the nitrate removal.

So, most of the organic matter was due to aerobic biodegradation.

According to Figure 5.4cl, a maximum nitrate removal from about 4.5 g m? d’
(corresponding to a maximum nitrate removal efficiency of about 55%) at 30 g m™ d’!
COD was achieved, remaining constant for higher added organic loads. This maximum
nitrate removal happened to C/N of 1.3 which is quite close to 1.25 where the
denitrification process should be performed (Metcalf & Eddy, 2014). Xinshan et al.
(2010) results showed that the excessive C/N ratio did not mean an increase in nitrogen
removal efficiency. So, up to 30 gm™ d"! COD applied, the organic matter was the limiting
agent in the denitrification process. From 30 gm™d!' COD, the nitrate removal efficiency
tended to decrease for values around 40%, which was possibly due to the increase in the

dissolved oxygen concentration in the effluent (Figure 5.5b1).
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0.04£0.01 g m?d"' NO,-N). The hydraulic load was kept constant (83+5 L m?d") and with a

flooding level of 25%.
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Nitrate removal efficiencies were lower in group B than in group A, for the same range
of organic load applied. This difference can be due to the greater conversion of
ammonium nitrogen into nitrate in group B (whose ammonium nitrogen removal ranged
from 1.2 to 1.9 g m2d"! NH4"-N) than in group A (whose ammonium nitrogen removal
ranged from 0.2 to 0.3 g m2d! NH4"-N) (Figures 5.4d1 and 5.4d2), although the
ammonium nitrogen removal efficiencies were the same (approximately 75% and 81%,

for organic matter load range studied in both groups).

Nitrate removal happened in the presence of high concentrations of dissolved oxygen
(about 5 to 12 mg O L) in both groups (Figures 5.5bl and 5.5b2) and without
significative differences in redox potential between influent and effluent (Figures 5.5al
and 5.5a2). Although not expected, because the presence of oxygen suppresses the
enzyme required for denitrification (Cooper et al., 1996), the denitrification process was
observed in CWs in the presence of considerable concentrations of dissolved oxygen: 6+2
mg O; L' by Kadlec (2010) and of 4.7 = 2.1 mg O, L' by Almeida et al. (2017). Kadlec
(2010) referred that in the CWs there were alternating zones with different oxygenation
states depending on the proximity to plant roots, which allowed nitrification and
denitrification processes to occur simultaneously. In addition, the flooding level could

determine aerobic/anaerobic activity (Moshiri, 1993).

An increase in oxygen concentration in the effluent (Figure 5.5b1) was observed for
organic matter loads above 50 g m2d!' COD. Moreover, it would be expected a decrease
in oxygen concentration, essentially due to the consumption of organic matter by aerobic
biodegradation and the nitrification process. Hr was kept constant throughout the groups,
so it is not responsible for the variation of oxygen in CW. The same behavior was
observed by Bezbaruah and Zhang (2004). According to Bezbaruah and Zhang (2004),
an increase in the concentration of organic matter in CW could promote the creation of
areas with deficiencies of oxygen near the root, causing the plant to develop defense
mechanisms, namely the formation of aerenchyma in the roots (large cavities in the
interior of the plant filled with air). There are also other factors affecting oxygen released
by the roots of macrophytes in the rhizosphere, namely, some factors that affect

photosynthesis and oxygen transport through plants (Brix, 1994; Rehman et al., 2017).
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Effluent pH decreased in the effluent in both groups (Figures 5.5c1 and 5.5¢2). The pH
drop was the result of all the mechanisms that occurred in the VFCW. As noted above,
aerobic biodegradation of organic matter and nitrification process occurred in both groups
and they were responsible for the pH drop due to the release of CO; and ions H to the
matrix, respectively. The denitrification process also occurred in CW and it is responsible
for an increase in pH, but this process did not prove to be predominant over the other

processes to counteract the drop in pH.

Nitrite accumulation was observed throughout the organic load range applied (Figures
5.4el and 5.4e2). Lu et al. (2009) also verified an increase of nitrite in the effluent when
they supplemented the system with carbon. The accumulation of nitrite indicates that
there were adverse conditions that inhibit the activity of Nifrobacter and consequently the
nitrite removal. However, nitrification was not the only mechanism that contributed to the
production of nitrites (mainly for group A), since the removal of ammonium nitrogen was
less than the nitrite produced. Thus, the accumulation of nitrite may be essentially due to
the interruption of the denitrification process caused by the high levels of oxygen in the

effluent (Figures 5.5b1 and 5.5b2).

No significative oscillations of EC were found in both groups. The EC was around 1.5 dS
m™! (Figure 5.5d1) and 1.0 dS m™ (Figure 5.5d2), throughout the organic load range
applied. This means that the balance among evapotranspiration, salt precipitation, or
nitrate reduction allowed maintain the EC. In both experiments, the EC values were below
8 dS m!, indicating that the productivity of Veteriveria zizanioides was not affected by
this parameter (Danh et al., 2009). No signs of toxicity and no symptoms of micronutrient

deficiency (e.g., yellowing of the leaves) were detected in the plant by visual inspection.

5.4. Conclusion

In this work, a VFCW planted with Vetiveria zizanioides in LECA was used to remove

nitrogen (ammonium and nitrate) from a PEW.

The experimental trials were conducted in two phases: in the first phase, the ammonium

nitrogen removal was evaluated under ammonium and nitrate nitrogen constant
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concentrations, constant H. (50+3 L m™ d!), and without the presence of organic matter
and flooding level. About 30+£9 and 7+1% of ammonium and nitrate nitrogen removal
were reached, respectively. According to the operational conditions applied (traces of
organic matter and low hydraulic retention time), greater removal of ammonium nitrogen
would be expected. High nitrate concentration in the affluent and the drop in pH to very
low values in the effluent (between 4.0 and 5.6) would have been the main reasons for

the inhibition of the nitrification process.

In the second phase, 55% of nitrate nitrogen removal was reached with the addition of
organic matter, constant Hy (83+5 L m?2d™"), and a flooding level of 25%. Results showed
that nitrate nitrogen removal was not dependent on the ratio C/N to values higher than
1.340.19. The denitrification process occurred in aerobic conditions. However, nitrite was

produced which was probably due to partial inhibition of the denitrification process.

The results obtained show that it will be necessary to continue research related to
ammonium and nitrate nitrogen removal, using the VFCW in series and other flooding

levels.
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ABSTRACT

Adsorption using unmodified/modified commercial activated carbons and constructed
wetlands (CW) planted with Vetiveria zizanioides were evaluated as tuning processes for
lowering chemical oxygen demand (COD) from slaughterhouse wastewater pretreated by
the integrated process of immediate one-step lime precipitation and atmospheric
carbonation. Powdered and granular activated carbons (PAC and GAC), and PAC and
GAC incorporated with iron oxide nanoparticles (PACMAG and GACMAG) were used.
COD removal using different adsorbent separation methods (i.e., sedimentation,
filtration, or magnetic separation) was also evaluated. The adsorption results indicated
that the best adsorbent doses and contact times of the studied adsorbents were 70 g L-!
and 5 min for PAC and PACMAG, and 60 g L™ and 60 min for GAC and GACMAG.
Under optimized conditions, GAC (75.7£1.0%) and GACMAG (73.5+£2.1%) were more
efficient than PAC (59.7+1.0%) and PACMAG (59.0+£0.0%) in removing COD. The
incorporation of iron oxide nanoparticles in GAC and PAC did not affect the adsorption
of COD. The Temkin model was the best isotherm model found for PAC and PACMAG,
while for GAC and GACMAG was the BET model. Pseudo-order n kinetic model was
the best kinetic model found for all the adsorbents tested. There were no significant
differences in the removal of COD between filtration and magnetic separations.
Phytoremediation results indicated that increased COD removal efficiency occurred when
the applied COD mass load decreased or when the bed depth was increased. Maximum
COD removals of around 89.9 to 95.0% were achieved. Vetiveria zizanioides showed no

signs of toxicity throughout the trials.
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6.1. Introduction

Slaughterhouse wastewater (SWW) is a complex effluent characterized by a high content
of organic matter, nutrients (nitrogen and phosphorus), oils and fats, total suspended
solids (TSS), and microorganisms (Bustillo-Lecompte and Mehrvar, 2015). Therefore, it
is a challenge to find efficient, economic, low-energy, ecological, and simple treatment
processes. Different SWW treatment processes have been investigated, namely: i)
physical-chemical treatments (e.g., coagulation and flocculation, dissolved air flotation,
electrocoagulation, adsorption, membranes, and acid precipitation (Prazeres et al., 2019));
ii) biological treatments (e.g., activated sludge (AS), anaerobic filters and constructed
wetlands (CW)); iii) chemical oxidation processes (e.g., ozonation); iv) advanced
oxidation processes (AOP) (e.g., UV-H.0>, gamma radiation, Fenton, photo-Fenton and
electro-Fenton); and v) combined processes (e.g., coagulation/adsorption, AS/reverse
osmosis, anaerobic baffled reactor (ABR)/UV/H.O2, ABR/aerobic AS/UV/H,0;,
anaerobic lagoon/CW, anaerobic digestion/CW and coagulation/electro-Fenton
(Bazrafshan et al., 2022)). Combined processes have shown better performance than
individual treatments since the last ones complement each other to remove contaminants
(Bustillo-Lecompte et al., 2014). Recently, Madeira et al. (2023) (chapter 3) developed a
low-cost and easy-to-apply pretreatment for SWW, using a combined immediate one-step
lime precipitation (IOSLM) and atmospheric carbonation (AC) process. These authors
obtained removals higher than 80% for chemical oxygen demand (COD) and biochemical
oxygen demand (BOD) (chapter 3). To fulfill discharge requirements, this combined
process needs to be complemented with a refining process. Reverse osmosis and AOP are
highly effective in removing organic matter, but they have high capital and
operating/maintenance costs (Al-Marri et al., 2021; Foster et al., 2017). Biological
treatments are low-cost and simple, but they are not suitable for removing some poorly
biodegradable contaminants (Bracamontes-Ruelas et al., 2022; Bustillo-Lecompte and
Mehrvar, 2015). So, adsorption and phytoremediation are treatment processes that could
be a solution, however, their effectiveness for safe discharge into water bodies is still

questioned (Keerthana and Thivyatharsan, 2018).

Adsorption is a low-cost, high-performance, and easy operational design process that has
been used to remove a wide range of organic (e.g., dyes, pesticides, herbicides, drugs, and
other emerging contaminants) and inorganic (e.g., heavy metals, radionuclides, etc.)
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(Sahoo and Prelot, 2020). Different adsorbents have been used in adsorption, like
activated carbons (powdered activated carbon (PAC) and granular activated carbon
(GAC)), improved biochars, nano adsorbents, metal oxide adsorbents, magnetic
adsorbents, hybrid adsorbents, and others (Rathi and Kumar, 2021). Some COD and BOD
removal studies from SWW by adsorption processes using activated carbon and improved
biochars have been reported. Agarry and Owabor (2012) achieved high COD (92-95%)
and BOD (68-69%) removal efficiencies from a poorly biodegradable SWW, using
rubber seed pericarp activated carbon and commercially supplied activated carbon.
Djonga et al. (2021) obtained organic matter removals of 40.7% from SWW when they
applied an adsorbent based on Ayous sawdust. About 64% of COD was removed from
SWW by del Real-Olvera et al. (2016) using 7 g L™ of powdered Moringa oleifera seeds.
Affam (2020) observed that greater COD removals from SWW were obtained with iron
oxide-coated GAC (ca. 70.7%) than with GAC alone (ca. 27.6%) at 3.5 g L ™! of adsorbent
and pH 3-7. The modification of activated carbon by iron oxide or iron oxide
nanoparticles (NPs) has also been recently investigated to remove organic matter.
However, no studies on the application of iron oxide NPs incorporated in activated carbon
(PAC or GAC) to remove COD from SWW were found in the literature. Lompe et al.
(2017) found that the adsorption capacity of iron oxide/activated carbon nanoparticle
composite to remove dissolved organic carbon (DOC) from a synthetic solution is
reduced proportionally to the mass fraction of PAC in the composite due to the relatively
low adsorption capacity of iron oxide NPs for DOC compared to PAC. In fact, unlike
mesopores volume (which increased), a decrease in surface area and micropores volume
was observed with increasing iron oxide NPs mass fraction incorporated in PAC (Lompe
et al., 2017). Thus, these authors recommend the use of highly mesoporous PAC and
small fractions of iron oxide NPs during the synthesis of iron oxide/activated carbon
nanoparticle composite. Anyway, the incorporation of iron oxide NPs in PAC is still not
very clear, as positive effects on the adsorption capacity of natural organic matter have
been found in the literature (Park et al., 2015). The advantage of using iron oxide or iron
oxide nanoparticles incorporated in activated carbon is the easy separation of the
adsorbent from water using a magnetic field since this composite presents magnetic
characteristics, simplicity, high efficiency, and low costs compared to the filtration
process (Aragaw et al., 2021). Moreover, some conventional processes of adsorbent
separation such as centrifugation, precipitation, filtration, and chromatography are not

very economical and require labor (Ali et al., 2020).
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Phytoremediation in constructed wetlands (CW) has also been applied to the SWW
(Keerthana and Thivyatharsan, 2018; Soroko, 2007) and pretreated SWW (e.g., from
anaerobic-aerobic SBRs (Odong et al., 2013), septic tank (Carreau et al., 2012) and
biodigester (Manh et al., 2014)). High COD (61.3 to 97.4%) and BOD (52.4 to 99.9%)
removals from raw/pretreated SWW using different plant species (such as Phragmites
australis (Soroko, 2007), Typha latifélia (Carreau et al., 2012; Keerthana and
Thivyatharsan, 2018), Cyperus papyrus, Miscanthidium violaceum, Phragmites
mauritianus, and Typha domingensis (Odong et al., 2013)) has been obtained. The plant
Vetiveria zizanioides has also been highlighted in the phytoremediation of synthetic and
real effluents (Ramos-Arcos et al., 2022), although there are few reported cases of its use
in the treatment of SWW. Manh et al. (2014) obtained COD and BOD removals of 60
and 59.8%, respectively, using CW planted with Vetiveria zizanioides to treat the
biodegradable pretreated SWW from a biodigester. However, no information on the effect
of some operative variables (e.g., bed depth and applied mass load), on the tuning of
poorly biodegradable and alkaline pretreated SWW by CW planted with Vetiveria
zizanioides, has been found in the literature. Although some authors, such as Madeira et
al. (2021) (chapter 5) and Ramalho et al. (2022) have shown that it is possible to use CW
planted with Vetiveria zizanioides to treat poorly biodegradable and alkaline pretreated
wastewaters (e.g., explosives wastewater and landfill leachate) from IOSLM and AC
integrated process, the effect of the variables mentioned has not been studied. Since the
plant Vetiveria zizanioides tolerates wide pH ranges (3-10.5) (Danh et al., 2009), the
application of alkaline effluents in CW could also be an advantage in reducing the
carbonation time. Almeida et al. (2020) observed that the bed depth and applied mass
load can influence the nitrogen removal from synthetic wastewater (at pH 7.5+0.2) in
constructed wetlands planted with Vetiveria zizanioides. More information on organic

matter removal under these conditions is needed.

This work aims to evaluate the tuning of poorly biodegradable and alkaline pretreated
SWW from the IOSLM and AC integrated process, using two processes, adsorption, and
phytoremediation, for wastewater discharge or reuse. In the adsorption process, the effect
of operative variables such as time and concentration, as well as the effect of iron oxide
NPs incorporation into adsorbents (PAC and GAC) and the adsorbent separation methods
(filtration, magnetic, and settling) on the COD removal, were studied. For the

phytoremediation process, the effect of bed depth and organic matter mass load applied
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in CW planted with Vetiveria zizanioides, were studied, under high pH (close to the

tolerance limit of the plant).

6.2. Materials and methods

6.2.1. Slaughterhouse wastewater sampling

Raw SWW was collected at the output of the rotary drum screen filter in a slaughterhouse
located in Portugal. The samples were immediately transferred to the laboratory and were
then pretreated by the IOSLM process at pH 12 followed by the AC process, according
to Madeira et al. (2023) (chapter 3). If not immediately analyzed, the pretreated samples
were stored at 4°C until use. Parameters such as pH, conductivity, COD, soluble chemical
oxygen demand (SCOD), BOD, total suspended solids (TSS), ammoniacal nitrogen, and
turbidity were determined (see section 6.2.4). Table 6.1 shows the SWW characteristics
pretreated by IOSLM+AC processes for the adsorption and phytoremediation tests.

Table 6.1 — Physicochemical characterization of pretreated SWW by IOSLM+AC process.

Parameters Unit Range
pH Sorensen 7.89-11.10
Conductivity mS cm’! 579 —-3.270
COD mg O, L 385 -507
SCOD mg O, L 372 — 498
BODs mg O, L 80 -90
BODs/COD - 0.18—-0.21
NH,* mg NL"! 8.4—56.4
TSS mg L' 4-8
Turbidity NTU 0.8-0.9

Note: COD - chemical oxygen demand; SCOD - soluble chemical oxygen demand; BOD - biological oxygen
demand; TSS - total suspended solids.

6.2.2. Magnetite nanoparticles and adsorbent preparation

Magnetite NPs were obtained as described by Vargues et al. (2021). In general, ferric
chloride hexahydrate was first dissolved in HCI (2 M) and then mixed with the sodium
sulfite solution, under stirring for 30 minutes, until the initial color of the ferric chloride
solution was reached. Then, the above mixture was added to the ammonia solution and
kept under strong stirring for 30 minutes, occurring an immediate precipitation of a black

solid. Subsequently, the supernatant was decanted by applying a neodymium magnet to
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the black precipitate, which was washed once with HCI (0.1 M) and then several times
with deionized water until reaching neutral pH. The precipitate was air-dried for 2 days

and then macerated for incorporation in activated carbon.

Two commercial activated carbons, one in powdered form (SORBOPOR® MV 118/P and
hereinafter referred to as PAC), and another in granular form (NORIT® GAC 830 and
hereinafter referred to as GAC), were previously washed with deionized water to remove
some soluble impurities. After washing, they were air-dried for 2 days and then stored in

a desiccator until use.

Magnetite NPs were incorporated into PAC according to Vargues et al. (2021). For this,
the magnetite NPs were sonicated in deionized water for 15 minutes. Then, the PAC was
added to the sonicated NPs (in a proportion of 0.150 g of magnetite NPs per 0.500 g PAC),
under agitation at 1200 rpm. After 15 minutes, the agitation was interrupted and the
sedimentation was started for 10 minutes, under the action of the neodymium magnet
(40x15x5 mm). Subsequently, the PAC with the magnetite NPs (called PACMAG) was
washed 10 times with deionized water under the action of a neodymium magnet. Finally,
the PACMAG was air-dried for 2 days and then stored in a desiccator until use. The
incorporation of magnetite NPs into GAC followed the same procedure was like used for

PAC, resulting in GACMAG.

6.2.3. Experimental set-up

An experimental setup for the adsorption process and phytoremediation process is shown

in Figure 6.1.
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Figure 6.1 — Experimental scheme of tuning tests, using a) adsorption, and b) constructed
wetlands.
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6.2.3.1. Adsorption tests

Three batch adsorption assays were made (Table 6.2, Figure 6.1a). The type of adsorbent,
dosage, time, and separation method were tested (Table 6.2). In general, in the adsorption
assays, about 5 mL of pretreated SWW by IOSLM+AC process (Table 6.1) were placed
in a sample vial with a predetermined dose of the adsorbent (PAC, PACMAG, GAC, or
GACMAG), and then the mixture was shaken in an orbital shaker (Edmund Biihler KS-
15) at 250 rpm and room temperature. After the defined contact time, the adsorbents were
separated from the effluent using one of the separation methods (Table 6.2). In the first
and second experiments (trials A and B, Table 6.2) adsorption equilibrium isotherms
(dosage at 10 to 100 g/L) and adsorption kinetics (0 to 60 min. for PAC and PACMAG
and 0 to 300 min for GAC and GACMAG) were made. Then, the samples were filtered
by dead-end microfiltration (using Whatman™ membrane filters with a 0.45 um pore
size) and analyzed for COD. Finally, in the third experiment (trial C, Table 6.2), the
adsorbents (PAC, GAC, PACMAG, and GACMAG) were applied to treat 5 mL of
pretreated SWW, in an orbital shaker, using the best adsorption operating conditions (dose
and contact time) from first and second experiments. After adsorption, different effluent
separation methods were individually applied, namely: gravitational sedimentation,
magnetic separation using neodymium magnet (40 x 15 x 5 mm), and dead-end
microfiltration. During the sedimentation and magnetic step, the effluent samples were

collected over time and analyzed for COD and turbidity.
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Table 6.2 — Operating conditions applied to the adsorption process.

Operating conditions

Physical-chemical characteristics of pretreated

SWwW
. Stirring ‘1. .
. Dosage Time Temp. . COD Turbidity NH4
Trials Type of Adsorbent speed o Separation method H . }
P (gL (h) om0 P P (mgL')  (NTU)  (mg NL")
PAC, PACMAG,
A GAC, and 10 to 100 13 250 17.6+0.1 Filtration 7.91+0.02 458+5 - -
GACMAG
PAC, PACMAG, . )
B GAC, and 607 (;i,“d 0'3_ fkf’d 250 17.6£0.1 Filtration 7.91£0.02 458+ - .
GACMAG
PAC, PACMAG, . b Filtration / settling (0-60
C GAC and 607(3?‘1 0'08; and 950 189411 min.) / magnetic 8.02+0.01 46749 0.940.1 8.940.7
GACMAG separation (0-60 min.)

Note: a) for GAC and GACMAG; b) for PAC and PACMAG.
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6.2.3.2. Phytoremediation tests

Two pilot-scale CWs planted with Vetiveria zizanioides (>120 plants m™) in light-
expanded clay aggregates (Leca®NR 10/20) were used in the phytoremediation tests
(Figure 6.1b). Both beds had a surface area of 0.24 m? (0.40x0.60 m) but different bed
heights, 0.35 m for CW1 and 0.70 m for CW2. The effect of bed height and COD and
ammonium nitrogen (NH4") applied mass load on COD and NH4" removal efficiency was
evaluated. The tests took place between February and April, and according to the
operating conditions applied to the beds shown in Table 6.3. Both beds were fed in
vertical flow, continuous mode, and constant applied hydraulic load around 80 L m™ d™!,
using submersible pumps and a network of equidistant sprinklers. Hydraulic retention
times were 3.6+0.5 and 7.1+0.9 h, for CW1 and CW2, respectively. Air and soil
temperatures varied on average from 16 to 23 °C and from 13 to 18 °C, respectively (Table
6.3). To achieve COD mass loads of 3.2 to 9.5 g m™ d’! (trials A and B, Table 6.3), the
pretreated SWW by IOSLM+AC process (Table 6.1) was diluted with tap water and only
then fed to both beds. To evaluate the high COD loadings and the importance of SWW
pretreatment by the IOSLM+AC process, both CWs were fed with raw SWW (pH
7.85+0.45, conductivity 3.1£0.3 mS cm ™!, COD 2648+329 mg O> L', and NH4" 48+7
mg N-NHs" L', see Table 6.3, trials C). Daily, at 10:00 am, wastewater samples were
collected at the inlet and outlet of the bed, and the flow rates were measured. The samples
were immediately characterized in terms of pH, redox potential, electrical conductivity,
and dissolved oxygen (DO). For NH4" and COD, when it was not possible to measure
immediately, the samples were refrigerated at 4°C until further analysis. Signs of
Vetiveria zizanioides toxicity were evaluated weekly by visual inspection. Plant growth
and biomass composition (for calcium, magnesium, sodium, potassium, total Kjeldahl
nitrogen, and phosphorus) were evaluated at the beginning and end of the
phytoremediation test. For this, twenty plants were randomly selected from each CW. In

periods of rain, the beds were covered with thin transparent plastic.
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Table 6.3 — Operating conditions applied to CW1 and CW2.

Parameters

Tz[f)e Trials . COD NH.*-N load Hyldraulic HRT Air Soil
o " End) @) o 0w ed e
Al 9.48+0.77 4.140.5 0.3+0.1 16+1 13+l
cwi Bl 10.25+1.03 9.542.2 0.5+0.05 81+10 3.6£0.5 2143 163
C1 7.85+0.45  211.8+26.4 3.9+0.5 2345 18+2
A2 9.48+0.77 3.2+1.1 0.3+0.1 161 13+l
CW2 B2 10.25+1.03 9.442.5 0.5+0.06 80+10 7.1£0.9 2143 16+3
C2 7.8540.45  211.8426.4 3.9+0.5 23+5 1842

Note: Mean + Standard Deviation, calculated for a 95% confidence level; number of determinations (n>10).

6.2.4. Analytical methods

The wastewater samples were analyzed according to the standard methods of analysis
(Baird et al., 2017). pH was measured by the potentiometric method using a WTW pocket
pH meter kit (model pH 340). Conductivity was determined by the electrometric method
using a Crison GLP32 conductimeter. COD and soluble COD (SCOD) were determined
by closed reflux colorimetric method using MACHEREY-NAGEL Thermoblock
NANOCOLOR VARIO C2, Thermo scientific Genesys 10S UV-VIS spectrophotometer,
and Whatman™ membrane filters with a 0.45 pum pore size for soluble COD. BODs was
determined by the respirometric method using the WTP OxiTop® IS 12 system. NH4"
was obtained by distillation method using BUCHI B-316 distillation unit. TSS were
quantified by the gravimetric method using glass microfiber filters (VWR) with a pore
size of 1.0 um and a diameter of 47 mm. Turbidity was determined by the nephelometric
method or estimated by absorption of light at 750 nm. Redox potential was measured by
the potentiometric method using WTW Inolab apparatus and WTW SenTix ORP

electrode. Dissolved oxygen was quantified by modifications of the Winkler method.

The physicochemical characteristics of the Vetiveria zizanioides leaves were quantified
according to Tabatabai (1998). First, the leaves were cut into small pieces and placed in
an oven (Memmert UL40 Oven) at 70°C for 48 hours for the determination of the dry
matter by the gravimetric method. Subsequently, the samples were placed in a muffle
furnace at 550°C for 4 hours. The ash obtained was dissolved with hydrochloric acid (3
M), followed by filtration with a Whatman™ 1001 filter, and then diluted with deionized
water (for calcium, magnesium, total phosphorus, sodium, and potassium determination).

Calcium and magnesium were determined by the flame atomic absorption spectrometry
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method using Varian SpectrAA 220FS equipment. Sodium and potassium were quantified
by the flame photometric method using the Corning Model 410 Flame Photometer.
Phosphorus was determined by the colorimetric method using muffle P SELECTA-
HORN 186331 and UV/Vis spectrophotometer Pharmacia Biotech Ultrospec 2000. TKN
was analyzed by the Kjeldahl method using Bloc Digest 6 P-Selecta digester and BUCHI
B-316 distillation unit.

The activated carbon materials were characterized by their morphology, texture, surface
chemistry, and physicochemical properties. Morphology was analyzed by scanning
electron microscopy (SEM, FEI Quanta 200), using Everhart—Thornley detector. For the
visualization of particles present in activated carbon, the samples were analyzed by SEM,
using the solid-state detector. The texture was assessed by N> adsorption at -196 °C in an
Automatic apparatus Micromeritics ASAP 2010. Before data acquisition, =75 mg of the
materials were outgassed overnight at 120 °C. The apparent surface area, Ager, was
estimated through the Brunauer-Emmett-Teller (BET) method following the
recommended practices for microporous solids (ISO9277, 2010; Rouquerol et al., 2006;
Thommes et al., 2015). The total pore volume, Viowal, was determined through the Gurvich
rule at p/p° =0.975) (Rouquerol et al., 2013), and the micropore volume, Vimicro, Was
assessed by applying the os method taking as reference the isotherm reported by
Rodriguez-Reinoso et al. (1987), and the mesopore volume, Vmeso, Was obtained from the
difference between the total pore volume, Viotal, and the micropore volume, Vmicro. The
reverse mass titration method (Noh and Schwarz, 1989) was used to determine the pH at
the point of zero charge (pHpzc). Briefly, the measurements were made with <100 mg of
previously dried material with decarbonized deionized water following the methodology
described by Mestre et al. (2009) and the pH was assessed with a Symphony SP70P pH
meter. The moisture content was assessed following the oven drying method (ASTM
D2867-04). Each sample was dried at 110 °C in a ventilated oven (Heraeus Instrument)
until constant weight. The ash content was determined according to ASTM D2866-99
with correction for the moisture content (Mestre et al., 2022). Briefly, the samples were
heated at 815 °C in air (Select-Horn from Selecta, Omron E5SCx controller), until constant
mass. The particle size distribution of the powdered and granular materials was assessed
by dry sieving considering the percentage of weight collected in sieves with dimensions
between 850 and 20 pm and assuring a total weight loss lower than 10% to guarantee a

valid distribution (AWWA, 1996; CEFIC, 1986). The apparent density of the powdered
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activated carbon materials was determined by the tapping method using a graduated
cylinder according to the procedure described by Viegas et al. (2020). For granular
materials, the sample was added to the graduated cylinder by a vibratory feeder and the
cylinder was selected assuring its inner diameter was at least 10 times the mean particle

diameter (ASTM2854-2000).

6.2.5. Statistical analysis

Results were presented as means + standard deviation, using n=3 for the adsorption tests
and n>10 for the phytoremediation tests. All samples were analyzed in triplicate. IBM
SPSS Statistics for Windows was used for statistical purposes. One-way ANOVA with
Tukey’s test at a 95% confidence level was used for comparison between averages. Two-
Way ANOVA with Least Significance Difference (LSD) test at a 95% confidence level,
was used for the analysis of variance with two factors. Graphs were created using

GraphPad Prism for Windows (version 8.0.1, GraphPad Software, Inc.).

In the adsorption tests, different non-linear equations relative to the isotherm adsorption
and kinetic adsorption were used to find the best one that portrays the experiments. For
that, the sum of squared residuals was minimized using Microsoft Excel Solver and the
generalized reduced gradient nonlinear solving method. Langmuir, Freundlich, Redlich-
Peterson, Two-site Langmuir, Generalized Freundlich, Langmuir-Freundlich, Toth,
Temkin, and BET were the adsorption isotherms used (Table 6.4). On the other hand,
Pseudo-first order, Pseudo-second order, Pseudo-order n (n#1), Weber and Morris intra-
particle diffusion, Elovich, and Bangham were the adsorption kinetics models used (Table
6.5). For all adsorption isotherms and adsorption kinetics, the average absolute relative
deviation percent (AARD) (Eq. 1), the root-mean-square error (E) (Eq. 2), and the
coefficient of determination (R?) (Eq. 3) were calculated. The adsorption capacity of
absorbate (q) and the percentage of removal of the absorbate (%R) were determined

according to Eqgs. 4 and 5, respectively.
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Table 6.4 — Equations used in adsorption isotherms.

Isotherm model Equations
L » Hﬂcﬁ‘
angmuir Qe = Qm3 T 7 ~
gm e~ Ym1lK.C,
Freundlich q, = Kz, I/m<1
. Kﬂcg
Redlich-Peterson Qe = qm 1+ (K.C" n>0
a’e
K_4C K -C
Two-site Langmuir Qe = Gma ﬁ + Gm.2 ﬁ
a, = .. =
. . KC[CG "
Generalized Freundlich Go = Gm (HT) 0<n<l1
a“-e
. . l5(6[{:‘9:’.t
Langmuir-Freundlich Je = Qm 17 RC™ 0<n<l1
a-e
HTCE
Toth e = Om (1 + (Krcg)n)ll.fn 0<n<l
. RT
Temkin 9. =3~ In(Kr C)
T
K_C
BET a“e n=1

e = Im [1 — KLCG)(]‘ — KLCG + Kan)

Note: C. - Concentration of adsorbate in solution at equilibrium (mg L™); g — the amount of substance adsorbed per
mass of adsorbent at equilibrium (mg g™'); Ka— Langmuir model isotherm constant (L mg™); gm— maximum adsorption
capacity (mg g"); Kr — Freundlich model isotherm constant (mg'"'" L g'!); n — heterogeneity factor; Kr — Toch or
Temkin model isotherm constant (L mg™); br - Temkin constant ( J mol'); R - universal gas constant (8.314 J/mole k);
T — absolute temperature (K); K¢ - Equilibrium constant of adsorption for upper layers in BET isotherm (L mg™).

Table 6.5 — Equations used in adsorption kinetics.

Kinetic model Equations
Pseudo-first order g, =q, (1— e ¥1%)
ky gzt
Pseudo-second order g, = TF kgt

Pseudo-order n (n#1) qG:=q. — q, 1:1 +ky(n—1) q(-n—ljt)lf{-l—nj

e

Intra-particle diffusion @0 = ki £V2 4 C,

(Weber and Morris)
1
Elovich q: = 3 In(1 + aft)
Bangham q, = kt"

Note: ge- the amount of substance adsorbed per mass of adsorbent at equilibrium (mg g™'); q: - the amount of substance
adsorbed per mass of adsorbent at time t (mg g™!); t - time (min); ki - rate constant of the pseudo-first-order kinetics
(min™'); k2 - rate constant of the pseudo-second-order kinetics or pseudo-order n kinetics (g mg™' min'); n - order of
reaction to the adsorbent in the pseudo order n model; kip - intra-particle rate constant (mg g! min''?); C; — intercept to
the y axis (mg g); o.— Elovich constant (mg ¢! min™"); B — Elovich exponent (g mg™"); v — parameter in the Bangham
model; k — Bangham constant (mg g”' min™).

AARD = iz;‘-‘gl( —q;q‘ ) x 100 (1)
N a2

E= M 2

R2 =1 — Ey::l[qe.i'_QC:aI.:']z (3)

Zir"u':]_(fi’e.i— Omean )2
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_ (Cy—C)

0

%R X 100 (5)
where: ei and qeli are the adsorption capacity of the absorbate obtained by the
experimental method and by calculation, respectively; N is the number of experiments;
(mean 1S the average of the qge. values; Co and C are the initial and the final concentrations
of absorbate (mg L), respectively; m is the adsorbent mass (g), and V is the solution

volume (L).

In phytoremediation tests, the removal efficiency of each parameter (1) (%) and the

hydraulic retention time (HRT) (d) were determined according to equations 6 and 7,

respectively.

_ {HL!' XG— Hpa*Cg }

7 LG x 100 (6)
HRT = Qi - % (7)

where: Hri and Hy. are the hydraulic loads at the inlet and outlet of the bed (L m™ d'),
respectively; Ci and C. are the concentrations of a parameter at the inlet and outlet of the
bed (mg L), respectively; V is the volume of the bed (m?*); Qi is the influent flow rate (L
d!); A is the surface area of the bed (m?); y is the depth of the bed (m); p is the porosity
of the bed.

6.3. Results and discussion

6.3.1 Characterization of pretreated SWW

The pretreated SWW shows a wide range of pH (7.89 to 11.10), conductivity (579 to 3270
mS c¢cm!), and ammonium nitrogen (8.4 to 56.4 mg N L") (Table 6.1). These values are
due to sampling at different stages in the atmospheric carbonation process, in which high

and low values were associated with the beginning and end of atmospheric carbonation,
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respectively (Madeira et al., 2023 (chapter 3)). The pretreated SWW still has some
organic matter (385 to 507 mg O> L' for COD and 80 to 90 mg O, L' for BODs) that
was not removed by the [IOSLM+AC process (Table 6.1). Most of the organic matter is
soluble (SCOD at 372 to 498 mg O> L', Table 6.1). SWW is a low biodegradable
wastewater as it has a BODs/COD ratio of 0.18 to 0.21 (Table 6.1), so it would not be
possible to be treated by conventional biological treatment processes. Low biodegradable
wastewater from the slaughterhouse has also been found in the literature, with
BODs/COD ratios of 0.30 (Affam, 2020), 0.09, and 0.14 (Agarry and Owabor, 2012), for
example. Some SWWs may present low biodegradability due to cleaning activities at the
facilities, as mentioned by Ng et al. (2022). In this case, the biodegradability of
wastewater was reduced by the IOSLM+AC process (Madeira et al., 2023 (chapter 3),
2020 (chapter 2)). Low values of TSS (4 to 8 mg L) and turbidity (0.8 to 0.9 NTU) were
observed (Table 6.1).

6.3.2. Adsorption

6.3.2.1. Characterization of adsorbents

Figure 6.2 shows the morphology of PAC, PACMAG, GAC, and GACMAG obtained by
scanning electron microscope (SEM), at different magnifications. According to Figure
6.2, PAC and PACMAG present irregular laminar structures. GAC and GACMAG have
very rough surfaces and irregular cavities of different shapes. Compared to PAC and
GAC, the SEM image of PACMAG (Figures 6.2d, 6.2¢, and 6.2f) and GACMAG (Figures
6.2j, 6.2k, and 6.21) show several clusters of bright particles of different dimensions.
These clusters appear to be more evenly distributed over the activated carbon on
GACMAG (Figures 6.2, 6.2k, and 6.21) than on PACMAG (Figures 6.2d, 6.2e, and 6.2f).
It is expected that these clusters of bright particles are clusters of iron oxide NPs that have
been incorporated into the surface of the activated carbon. It is not expected that these
agglomerates of particles are activated carbon particles since they were still detected by

the solid-state detector, which would not be possible if it was activated carbon (Figure

6.3).
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Figure 6.2 - SEM images of PAC (a, b, and c¢), PACMAG (d, e, and f), GAC (g, h, and i), and
GACMAG (j, k, and 1), at different magnifications (875X, 4375X, and 8750X), using
the Everhart—Thornley detector.
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Figure 6.3 - SEM images of PAC (a, b, and c¢), PACMAG (d, e, f), GAC (g, h, 1), and
GACMAG (j, k, and 1), at different magnifications (875X, 4375X, and 8750X), using the solid-
state detector.
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Table 6.6 gathers the ABet, Viotal, Vmeso, Vmicro, PHpzc, moisture content, total ash content,

and apparent density values, for the adsorbents used in this work.

Table 6.6 — Textural parameters, pH at the point of zero charge, moisture, and ash content for
the listed activated carbon materials.

ABET Viotal” vaesoh Vmicro® pHP Moisture Appar.en

mig') (em'gl) (em'gh) (migl) zc (%) ASh tdensity

(%) _(kgm™)
PAC 650 0.39 0.14 0.25 8.1 7.3 13.2 560
PACMAG 548 0.36 0.18 0.18 7.3 6.0 35.0 639
GAC 906 0.50 0.18 0.32 6.8 12.7 8.0 491
GACMAG 655 0.43 0.22 0.21 6.3 6.9 31.1 580

Note:

2 Vol evaluated at p/p® = 0.975 in the N> adsorption isotherms at — 196 °C
® Vineso —mesopore volume (2 < width < 50 nm), given by Viotal — Vmicro
¢ Vmicro — total micropore volume (width <2 nm)

From the N> adsorption isotherm (Figure 6.4) it is possible to verify that the incorporation
of the magnetic NPs reflects in the decrease of the adsorption capacity, more pronounced
for the GAC material. GAC presents higher apparent surface area and pore volumes than

PAC (Table 6.6).

A) B)
16 - 16 =
14 14
12 A . \_6;: O
oo oo g -
é 10 E
E 87 £ 87
% 63 PAC = 5 ) GAC
S 49 il
PAC MAG GAC MAG
2 A 2
0 T T T T 1 0 T T T T 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
p/p° p/p°

Figure 6.4 - N, adsorption isotherms at -196 °C for a) PAC and PACMAG, and b) GAC and
GACMAG. Empty and full symbols correspond, respectively, to adsorption and desorption data.

In line with the analysis of the isotherms, the apparent surface area decreased from 650
to 548 m? g'!' and from 906 to 655 m? g”! with the incorporation of iron oxide NPs in PAC
and GAC, respectively. The same behavior was observed for the total pore volume. The
values corroborate that in terms of percentage reduction in surface area or pore volume,
these were greater for the incorporation of iron oxide NPs in GAC than for PAC. The
reduction of the textural parameters after magnetization of the activated carbon materials

results from a mass effect (the NPs are heavy particles and are less porous than the
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activated carbons) and possibly also some pore blocking (deposition of iron oxide NPs in
the entrance of the activated carbon nanopores). However, the incorporation of iron oxide
NPs in activated carbon contributed to the increase in the mesopores volumes (Table 6.6),
which was also observed in literature studies (Labuto et al., 2022; Lompe et al., 2017).
The work by Labuto et al. (2022) reports the mesoporous nature of the magnetic NPs and
the consequent increase of the mesopore volume of the PAC after magnetization. Lompe
et al. (2017) observe the increase of the mesopore volume with the increase of the Fe;Os
mass fraction incorporated in PAC. For PACMAG or GACMAG, the volume of
mesopores and micropores was similar while the PAC and GAC have a higher volume of
micropores in line with their higher surface areas compared to the magnetic counterparts.
The apparent surface areas and total pore volumes obtained for PACMAG or GACMAG
in this work were slightly higher than the values that have been reported in the literature.
For example, Shahrashoub and Bakhtiari (2021) obtained an apparent surface area of 406
and 587 m? g’!, and total pore volumes of 0.34 and 0.29 cm? g'! for magnetite/PAC and
GAC composites, respectively. Regarding the pHpzc of the adsorbents, it was observed
that these values were slightly acidic for the granular materials (i.e., pH 6.8 for GAC and
pH 6.3 for GACMAG) and slightly basic for the powdered counterparts (i.e., pH 8.1 for
PAC and pH 7.3 for PACMAG). Since the pH values of the effluent to be treated are
above the mentioned pHpzc values the surface will be negatively charged and thus more
prone to the adsorption of cationic compounds. On the other hand, for effluent pH values
below pHpzc the adsorbent surface will be positively charged favoring the adsorption of
anionic compounds. In both activated carbons the incorporation of iron oxide NPs
nanoparticles in activated carbon also contributed to a slight decrease in pHpzc effect not
always observed in the literature (Labuto et al., 2022). Regarding the particle size
distribution for the adsorbents used, higher percentages of weight were observed in the
range of 53 to 74 pm for PAC (Figure 6.5) (corresponding to 42.4%) and in the range of
20 to 36 um for PACMAG (Figure 6.5) (corresponding to 34.0%). For GAC and
GACMAG (Figure 6.6) the highest weight percentage occurred for particle sizes >850
pm (corresponding to 91.9 and 74.5% for GAC and GACMAG, respectively). The
incorporation of iron oxide NPs in activated carbon contributed to the increase in the

weight percentage of particles with smaller particle sizes (Figures 6.5 and 6.6).
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Figure 6.5 - Particle size distribution of PAC and PACMAG.
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Figure 6.6 - Particle size distribution of GAC and GACMAG.

6.3.2.2. Effect of adsorbent concentration on COD removal and adsorption

isothermal models

The influence of PAC, PACMAG, GAC, and GACMAG dosages on COD removal was
studied (Figure 6.7). COD removals increased with the increase in the applied adsorbent
dose, with COD removals varying between 38.6 and 59.7% for PAC (Figure 6.7a), 39.3
and 61.9% for PACMAG (Figure 6.7a), 59.0 and 83.0% for GAC (Figure 6.7b), and 57.5
and 80.1% for GACMAG (Figure 6.7b), in the dosage range of adsorbents studied. GAC
and GACMAG were more efficient than PAC and PACMAG in removing COD.
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Figure 6.7 — Effect of adsorbent dosage on the COD removal using a) PAC and PACMAG, and
b) GAC and GACMAG (mixing time = 13 h, stirring speed = 250 rpm, temperature = 17.6+0.1
°C, adsorbent dosage = 10100 g L', COD = 458+5 mg O, L', pH = 7.91+0.02).

For PAC and PACMAG above the dosage of 70 g L™' added, there was no significant
change in the removal of COD. These results show that there is some organic matter that
cannot be adsorbed by PAC and PACMAG. These differences in COD adsorption
efficiency between PAC and GAC or between PACMAG and GACMAG may be due to
the nature of the adsorbent (e.g., surface area, porosity, and pore size) and to the polarity
and charge of the organic compounds (Lawtae and Tangsathitkulchai, 2021). In fact,
GAC/GACMAG showed higher apparent surface area and total pore volume than
PAC/PACMAG (Table 6.6). High values of apparent surface area and the presence of
mesopores pores indicate a good potential for the removal of pollutants by adsorption
(Vinayagam et al., 2022). As can be observed in Figure 6.7a, the COD removal with or
without incorporation of iron oxide NPs in PAC was similar. However, for GACMAG
(Figure 6.7b) a slight decrease (not significant, p<0.05) in COD removal was observed
when compared to GAC most probably because there was a greater reduction in the
apparent surface area and volume of pores with the incorporation of iron oxide NPs in the

GAC than in the PAC (Table 6.6).

Considering the COD requirements for discharge (COD < 125 mg L) and/or the
maximum COD adsorption using the minimum adsorbent dosage, the doses 70 g L' for
PACMAG and 60 g L' for GACMAG were chosen for the next experiments. Although
under these dosages, the BOD values obtained, 115+7 mg O, L' and 90+0 mg O, L™! for
PAC and GAC, respectively, are above the allowed value for discharge (25 mg O, L).
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In this way, for comparison purposes, PAC and GAC were used under the same doses of
PACMAG and GACMAG. Using these doses, COD removals were 59.7+1.0%,
59.7+1.0%, 75.0+£2.1%, and 72.8+1.0%, respectively, for PAC, PACMAG, GAC, and
GACMAG. Thus, considering that the pairs of adsorbents (i.e., PAC/PACMAG and
GAC/GACMAG) were applied at the same dosage, these results show that the COD
adsorption capacity by PACMAG or GACMAC was not influenced by the 23%
substitution of activated carbon weight (PAC or GAC) by iron oxide NPs, despite the
reduction in apparent surface area and total pore volume with the incorporation of NPs
(Table 6.6). Therefore, this seems to point out that there was a synergistic effect between
activated carbon (PAC or GAC) and the incorporated iron oxide NPs. Incidentally, an
isolated experiment (results not yet disclosed) resulted in a COD removal of 41.2% of
pretreated SWW by IOSLM+AC process (COD = 458+5 mg O» L), applying a dose of
60 g L' of iron oxide NPs and contact time of 1 h. Jain et al. (2018) refer that iron oxide
NPs can be a great adsorbent. The synergistic effect between activated carbon (PAC or
GAC) and iron oxide NPs has been observed by some authors but there are also reports
stating lower performance for the magnetic activated carbons. Affam (2020) evaluated
the COD removal from SWW by the adsorption process, using GAC and iron oxide-
coated GAC at 3.5 g L"!. The author observed that greater COD removals were obtained
for iron oxide-coated GAC (ca. 70.7%) than for GAC (ca. 27.6%). Regarding PACMAG,
Vargues et al. (2021) observed that the adsorption capacity of ibuprofen by PACMAG
was not compromised with the incorporation of iron oxide NPs into PAC. However, for
amoxicillin, these authors observed a slight decrease in the performance of PACMAG in
relation to PAC, indicating that the iron oxide NPs were distributed in macro and
mesopores of the adsorbent, making it difficult for the large molecules (such as
amoxicillin) to access some available active adsorption sites. Labuto et al. (2022) also
verified a decrease in the adsorption capacity of a PACMAG compared with the parent
PAC being more pronounced for ibuprofen (negatively charged specie) than for caffeine
a neutral specie. The authors propose the lower adsorption capacity of PACMAG to
ibuprofen is due to the dominant mass effect of the NPs while for caffeine, smaller than
ibuprofen, the more efficient packing in the micropore structure allows overcoming the
mass effect. Kim et al. (2013) also observed that PACMAG provided a lower removal of
natural organic matter compared to PAC, derived from the reduction of micropore volume
and surface area. On the other hand, Lompe et al. (2017) state that a decrease in the

removal of adsorbates with the incorporation of iron oxide NPs in PAC is not expected if
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small fractions of iron oxide NPs are used during the synthesis of iron oxide/activated

carbon nanoparticle composite, or if PAC is highly mesoporous.

A set of isothermal models (Table 6.4) was studied to find the model that best fits the
experimental data. Figures 6.8a and 6.8b show the amount of COD adsorbed by PAC and
PACMAG, and GAC and GACMAG, respectively, as a function of the final COD

concentration.
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Figure 6.8 — Adsorption capacity (q.) versus equilibrium concentration (C.) for the adsorption

of COD onto a) PAC and PACMAG, and b) GAC and GACMAG (mixing time = 13 h, stirring

speed = 250 rpm, temperature = 17.6+0.1 °C, adsorbent dosage = 10—100 g L', COD = 458+5
mg O, L', pH = 7.91+0.02).

Using the Giles classification of adsorption isotherms from solute solutions (Giles et al.,
1960), the adsorption isotherms shown in Figures 6.8a and 6.8b are of types L1 and S1,
respectively. The curvature presented by the type L1 shows that as more sites in the
substrate are filled, it becomes increasingly difficult for a solute molecule to find an
available vacant site (Giles et al., 1960). On the other hand, the form S1 of isotherm
indicates that the initial adsorption is low and increases as the number of adsorbed species
increases. This means that there was an association between the adsorbed species, called
cooperative adsorption, i.e., the adsorbed adsorbate affected the adsorption of other
adsorbate molecules (Liu, 2015). Considering the isotherm models studied (Table 6.7), it
was observed that the model that would best fit the experimental data adequately were
the Temkin model for PAC and PACMAG, and the BET model for GAC and GACMAG,
achieving high correlation coefficients (R* of 0.9568, 0.9668, 0.9771, and 0.9769 for
PAC, PACMAG, GAC, and GACMAG, respectively).

245



Table 6.7 — Isotherm models used to fit the COD adsorption data for PAC, PACMAG, GAC,

and GACMAG.

T}g)é()f Model R? A(‘%A)R)D E Isotherm parameters
Langmuir 0.3868 54.65 3.45 qm=4204.73mgg"; Ka=7.98E-06 L mg’
Freundlich 0.3874 54.64  3.45  Kg=0.034 mg0%0! L0999 g-l: n =1,0001
Redlich-Peterson 0.3875 54.64 345 qm=0227mgg’; Ka=0.295Lmg"';n=0.0001

e . qmi = 6432.69 mg g''; Ka1 = 5.22E-06 L mg!
Two-site Langmuir 0.3870 54.65 3.45 quz = 3.98E-12 mg g'': Kaz = 1256.81 L g’
= T — _ .
Generalized Freundlich 03849 5468 3.4¢ dm~ 112227mgg™ Ku=3.00E-05 L mg’
PAC n =0.9999 1 1
Langmuir-Freundlich 03851 5424 346 1 19294909-69 mg g'; Ko =2.70E-05 L mg!;
- 1R = 3 .
Toth 0.3853 5466 346 Am=2298.95mgg Ka=147E-05Lmg
n =0.9000
Temkin 0.9568 1568 0.92  br=064.67Jmol'; Kr=0.0058 Lmg"
qm=59.14 mg g'!; K. =0.023 Lmg™;
BET -0.4601 60.64  5.33 K. =0.054 L mg'!
Langmuir 0.4135 52.62 3.43 qm=3855.95mg g'!; Ka=9.13E-06 L mg’!
Freundlich 0.4142 52.62 343 Kr = 0.035 mg®000! 1099 g1 n = 1.0001
Redlich-Peterson 0.4142 52.62 343 qm=6.999 mg g'; Ka=0.010 L mg"!; n =0.0001
- . qmi = 3946.77 mg g!; Kai = 8.92E-06 L mg’!
Two-site Langmuir 0.4135 52.62 343 qm2 = 8.15E-07 mg g'': Ka2 = 1256.81 L mg"
- 1R = ) .
Generalized Freundlich 04072 52.68 345 v~ 440.30mg g Ku=799E-05 L mg™
PACMAG n=0.9999
- 1K = : 1.
Langmuir-Freundlich ~ 0.4125 5264 344 A= 179445mgg Ka=197E-05Lmg™;
n=0.9999
- 1K, = 3 1.
n =0.9000
Temkin 0.9668 13.31 0.82  br=78.24 J mol'; Kr=0.0062 L mg"!
qm=42.74 mg g''; Ka=0.027 Lmg;
BET -0.5091 63.00 5.51 K1 =0.054 L mg"
Langmuir 0.5743 50.58 4.47  qm=4204.73 mg g'; Ka=2.06E-05 L mg"!
Freundlich 0.5757 50.55 4.47  Kg=0.086 mg»0%0! 10999 g-l: n = 1.0001
Redlich-Peterson 0.5757 50.54 447 gm=52.102mgg"'; Ka=0.002 Lmg'; n=13.41
. , qmi = 6432.69 mg g''; Ku1 = 1.34E-05 L mg!
Two-site Langmuir 0.5748 50.57 447 qm2 =0 mg g': Ku = 1256.81 L mg’!
- 1R, = ) 1.
Generalized Freundlich 03051 60.30 571 dn~ 27292mggnKe=1I5E-05 Lmg™
- 1o = } 1.
Langmuir-Freundlich 05735 5078 448 1" 029791949-03 mg g''; Ka = 3.20E-05 L mg™;
- 1o = } 1.
Toth 05714 5065 449 Am=229895mgg’; Ka=3.78E-05L mg";
n =0.9000
Temkin 0.7986 36.02 3.08 br=102.19 Jmol'; Kr=0.0129 L mg"!
gm=18.66 mg g'!; Ka=0.001 Lmg;
BET 0.9771 9.19 1.04 K1 = 0.004 L mg"!
Langmuir 05013 5484 473 qm=385595mgg; Ka— 1.98E-05 L mg"
Freundlich 0.5026 54.82 472  Kr=0.076 mg?0%0! [ 099 1. n = 1.0001
Redlich-Peterson 0.5026 5482 472  qm=4.962mgg'; Ka=0.031 Lmg"'; n=0.0001
. . Qmi = 3946.77 mg g''; Kar = 1.93E-05 L mg’!
Two-site Langmuir 0.5014 54.84 473 qm2 = 8.15E-07 mg g; Kao = 1256.81 L mg"!
- 1. g, = ) L.
Generalized Freundlich  0.2639 6238 575 Im 333.04mg g7, Ka =7.03E-06 L mg™;
GACMAG n=0.5072
- LK. = 3 L.
Langmuir-Freundlich 0.5007 54.66  4.73 gm: 02979299934 mg g'; Ka=2.79E-05 L mg™;
- 1ol = } .
Toth 05014 5484 473 An=3913.00mgg"; Ka=195E-05L mg";
n=0.9999
Temkin 0.8112 40.39 291  br=87.78 Jmol!; Kr=0.0110 L mg"
- 1x. = .
BET 0.9769 985 102 Om=3940mggiKa=0.001Lmg"

KL =0.034 L mg’!
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A different result was observed by Vargues et al. (2021). These authors obtained different
isothermal models between PAC and PACMAG, either in the adsorption of ibuprofen or
amoxicillin, indicating that the structural changes introduced by magnetite seem to have
an impact on the adsorption mechanism. This was not observed in this work, perhaps
because the effluent used is very complex. The Temkin isotherm model, which presumes
a multilayer adsorption process, postulates the following: 1) as surface coverage increases,
the heat of adsorption of all molecules in the layer decreases linearly rather than
logarithmically, i) the adsorption process is characterized by a uniform distribution of
binding energies at the adsorbent surface, and 1iii) considers interactions between the
adsorbent and the adsorbate (Amin et al., 2015; Kalam et al., 2021). The BET isotherm is
based on the assumption that adsorption is multilayer (Ebadi et al., 2009). GAC and
GACMAG had a higher affinity with the organic matter than the PAC and PACMAG.
This can be seen in Figures 6.8a and 6.8b, where the experimental adsorption capacity of
COD for the GAC (qe = 27.0 mg/g) and GACMAG (qe = 26.3 mg/g) were greater than
that for the PAC (qe = 5.1 mg/g) and PACMAG (qe = 5.2 mg/g) at 200 mg L' of
equilibrium concentration. The COD adsorption capacity values for GAC (qe =70.97
mg/g) and iron oxide-coated GAC (qe = 181.67 mg/g) obtained by Affam (2020) were
much higher than the values obtained in this work, since the initial COD concentration,
the adsorbent dosage and the effluent volume were different. Other factors such as pH,
temperature, type of adsorbents, type of adsorbates, presence of several pollutants,
contact time, surface functional group, and other experimental conditions can affect the
adsorption process (Ali et al., 2020). Low R? values were obtained for other models (e.g.,
Langmuir isotherm, Redlich-Peterson, and others) (Table 6.7), which may be justified by
the complexity of the effluent to be analyzed. By the way, Vargues et al. (2021) obtained
high coefficients of determination in several isothermal models also used in this work,
probably due to the solutions prepared with only one contaminant, thus minimizing

interference between adsorbates and between these and the adsorbent.

247



6.3.2.3. Effect of adsorption time on COD removal and the kinetics adsorption

models

The effect of adsorption time on COD removal was studied (Figure 6.9).
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Figure 6.9 - Effect of contact time on the COD removal using a) PAC and PACMAG, and b)
GAC and GACMAG (stirring speed = 250 rpm, temperature = 17.6+0.1 °C, COD = 458+5 mg
0, L', pH =7.91+0.02, PAC and PACMAG dosages = 70 g L"!, GAC, and GACMAG dosages

=60gL™).

The maximum COD removal efficiency occurred at 5 minutes of contact time for PAC
(ca. 59.7+1.0%) and PACMAG (ca. 59.0+0.0%), and at 60 minutes for GAC (ca.
75.7£1.0%) and GACMAG (ca. 73.5+2.1%). After this time, the system reaches
equilibrium and the removal remains practically constant. In the first few minutes, the
rapid increase in COD removal is due to the large empty adsorption sites and the high
concentration gradient between the solution and the adsorbent. As the contact time
increases, this gradient and the amount of available adsorption sites decrease, making the
adsorption rates slower until the process reaches equilibrium and the removal rate remains
constant (Konggidinata et al., 2017). The adsorption kinetics of PAC and PACMAG were
much faster than those of GAC and GACMAG since PAC and PACMAG present larger
external areas and thus the active adsorption centers are more accessible to organic matter

than GAC and GACMAG.

Adsorption kinetics is important in a wastewater treatment plant as it controls the
efficiency of the process. Therefore, kinetic analysis was performed for PAC, PACMAG,
GAC, and GACMAG using the kinetic adsorption models shown in Table 6.5, and the

parameters calculated from the studied models are presented in Table 6.8.
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Table 6.8 - Kinetic models used to fit the COD adsorption data for PAC, PACMAG, GAC, and

GACMAG.
Type of AC Model R? A(A;/R)D E Isotherm parameters
0
Pseudo-first order 0.5742 2.95 0.13 g—=3.85mgg’; ki =5.933 min!
ge=3.94mgg;
Pseudo-second order 0.9317 1.04 0.05 ks = 4.063 g mg ! min"!
i ge=4.04mgg;
Pseudo-order n (n#1) 0.9810 0.51 0.03 ks =3326 g mg ! min''; n=2.97
PAC Weber and Morris intra- kip =0.067 mg g’! min''?;
particle diffusion 0.6165 251 0.12 3504 mg g
- il
Elovich 08701 145 007 ¢ 2B86Et13mggimin’
B=9.15gmg
v =0.028;
Bangham 0.8575 1.51 0.07 k = 3.624 mg ! min00%
Pseudo-first order 0.2846 5.31 021 qe=3.79mgg’; ki =5.982 min!
q=391mgg’;
Pseudo-second order 0.7405 3.18 0.13 k»=3.338 gmg! min’!
qe=447mggl;
Pseudo-order n (n#1) 0.9283 1.68  0.07 k2=0.273 gmg! min;
n=5.97
PACMAG Weber and Morris intra- 0.6881 3114 014 kip = 0.092 mg g”! min""?;
particle diffusion ’ ) ) Ci=3.467mg g!
_ NN
Elovich 09039  1.66 008 & 633ET09mggimin
B=6.96 gmg
v =0.038;
Bangham 0.8938 1.68 0.08 k =3.523 mg g min"09%
Pseudo-first order 0.6633 1573  0.68 q=4.95mgg'; ki =1.036 min™
q~=5.32mgg’;
Pseudo-second order 0.8498 10.53  0.45 k= 0.26] gmg! min"!
qQe=7.71mgg";
Pseudo-order n (n#1) 0.9673 4.48 0.21  k2=3.70E-05 gmg™! min';
GAC n=6.53
Weber and Morris intra- 0.6131 1599 0.73 kip =0.196 mg g! min"'’%;
particle diffusion ) ’ ’ Ci=3.370mg g'!
- 1 pyyinl-
Elovich 09468 486 027 ¢ 13643mggimint
B=1.74 gmg
v =0.123;
Bangham 0.8929 7.17 0.38 k = 3252 mg ¢! min13
Pseudo-first order 0.7801 17.87  0.64 qe=4.91mgg'; ki =0.551 min!
i qe=5.30mg g!;
Pseudo-second order 0.9030 11.36  0.43 k2=0.140 g mg ' min’!
qe=7.30mg g!;
Pseudo-order n (n#1) 0.9600 7.61 0.27 k2 =1.69E-04 gmg! min!;
n=5.46
GACMAG Weber and Morris intra- 0.5913 2484 087 kip = 0.225 mg ¢! min'"?;
particle diffusion ) ) ’ Ci=2.833mg g’
- 2 il
Elovich 09319 776 036 ¢ 30.37mgg min;
f=1.50 gmg
Bangham 08578  13.62 052 Y _O1% 0152

k =2.741 mg g’! min®

A very strong correlation coefficient (0.8 < R?<1.00) was observed for the pseudo-
second-order (for PAC with R? of 0.9317, GAC with R? of 0.8498, and GACMAG with
R? of 0.9030), Pseudo-order n (n#1) (for PAC with R? of 0.9810, PACMAG with R? of
0.9283, GAC with R? of 0.9673, and GACMAG with R? of 0.9600), Elovich (for PAC
with R? 0f 0.8701, PACMAG with R? of 0.9039, GAC with R? of 0.9468, and GACMAG
with R? of 0.9319), and Bangham models (for PAC with R? of 0.8575, PACMAG with
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R? of 0.8938, GAC with R? of 0.8929, and GACMAG with R? of 0.8578) (Table 6.8).
According to Revellame et al. (2020), R? > 0.8 indicates a good fit between the data and
the model, but it is not enough to validate the choice of model, so it must be combined
with other parameters. For example, it is usual to compare the adsorption capacity of the
adsorbate obtained experimentally with the calculated value, to justify the fit of a model.
Thus, according to the results in Table 6.8, the pseudo-order n kinetic model best fits the
experimental data, for the PAC, PACMAG, GAC, and GACMAG. This model showed
higher values of correlation coefficients close to 1 (R*> = 0.9810 for PAC, R* = 0.9283 for
PACMAG, R?=0.9673 for GAC, and R? = 0.9600 for GACMAG) than the other models
(see Figure 6.10). On the other hand, this kinetic model also showed a calculated (qcal. =
4.04 mg g for PAC, qca. = 4.47 mg g”! for PACMAG, qear. = 7.71 mg g! for GAC, and
eat. = 7.30 mg g! for GACMAG) and experimental (qe = 3.90+0.07 mg g™! for PAC, qe =
3.86+0.00 mg g! for the PACMAG, qe = 5.78+0.08 mg g™ for the GAG, and qe =
5.61£0.16 mg g! for the GACMAG) adsorption capacity quite close.
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Figure 6.10 — Adsorption capacity (qc) versus time (min) for the adsorption of COD onto a)
PAC and PACMAG, and b) GAC and GACMAG (stirring speed = 250 rpm, temperature =
17.6£0.1 °C, COD = 458+5 mg O, L', pH = 7.9120.02, PAC and PACMAG dosages =70 g L™,
GAC and GACMAG dosages = 60 g L™).

Vargues et al. (2021) also observed the adsorption of ibuprofen using PAC or PACMAG
following the pseudo-order n kinetic model. The pseudo-order n kinetic model predicts
that the adsorption process is dependent on the adsorption capacity (i.e., that the rate-
limiting step is chemisorption) and not on the adsorbate concentration (Sahoo and Prelot,
2020). Furthermore, this mechanism of adsorption occurs in two phases, the first being

related to the diffusion of the pollutants from the solution to the adsorbent, and the second
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phase the fixation of the pollutants to the active sites available on the surface of the

adsorbent (Djonga et al., 2021). In all kinetics models, lower AARD and E were found
for PAC and PACMAG relative to GAC and GACMAG (Table 6.8).

6.3.2.4. Evaluation of different adsorbent separation methods

COD and turbidity removal by different adsorbent separation methods, namely, settling

and magnetic separation over time (Figure 6.11), and filtration (Table 6.9), using PAC,
PACMAG, GAC, and GACMAG, were evaluated and compared.
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Figure 6.11 — Variation of the a) COD concentration and c) turbidity using PACMAG and PAC;
and b) COD concentration and d) turbidity using GACMAG and GAC with the magnetic

separation and settling time. Adsorption operating conditions: stirring speed = 250 rpm,

temperature = 18.9£1.1 °C, mixing time = 5 min (for PAC and PACMAG) and 60 min (for GAC
and GACMAG), adsorbent dosage = 70 g L™ (for PAC and PACMAG) and 60 g L' (for GAC
and GACMAG), COD = 467+9 mg O, L™, and pH = 7.82+0.01.
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Table 6.9 — COD, turbidity, and pH values obtained by adsorption-filtration process with PAC,
PACMAG, GAC, and GACMAG, under operating conditions: stirring speed = 250 rpm,
temperature = 18.9£1.1 °C, mixing time = 5 min (for PAC and PACMAG) and 60 min (for GAC
and GACMAG), adsorbent dosage = 70 g L' (for PAC and PACMAG) and 60 g L' (for GAC
and GACMAG), COD =467+9 mg O, L"), NH," = 8.9+0.7 mg N L', and pH = 7.82+0.01.

Type of COD Turbidity NH.*

adsorbent  (mg O, L") (NTU) (mg N L) pH
PAC 235271 0.25320.023 5.5:08 9.42:0.04

PACMAG 232494 0.27220.017 6.5:0.4 8.2340.12
GAC 128+2.4 0.22720.018 5.040.8 8.82+0.06

GACMAG 123294 0.29120.021 6.5:0.4 7.9040.16

According to Figure 6.11a, high COD concentrations (well above the COD concentration
of the pretreated SWW, 467+9 mg O> L!) were observed in the first minutes (between 0
and 5 min) of sedimentation (for PACMAG and PAC) or magnetic separation (for
PACMAG), which indicates that the adsorbents used (PACMAG or PAC) were not yet
completely separated from the effluent. For GACMAG or GAC, this did not occur as a
faster separation of the adsorbent was observed (Figure 6.11b). A decrease and
stabilization of COD concentrations and turbidity over time were observed for all
separation methods and adsorbents used. The magnetic separation method for PACMAG
or GACMAG showed lower COD and turbidity values in the first minutes (0 to 20 min.)
than the settling separation method for PAC, PACMAG, GAC, or GACMAG. The
minimum COD values reached in the magnetic separation method were 238+0
mg O, L (for PACMAG at 10 min.) and 129+0 mg O L™ (for GACMAG at 20 min.).
In the settling separation method, the following minimum COD values were 222+9 mg
O, L! (for PAC at 60 min.), 288+5 mg O, L! (for PACMAG at 20 min.), 126+5 mg O
L' (for GAC at 40 min.), and 1470 mg O> L' (for GACMAG at 20 min.). For
PACMAG, no significant difference (p<0.05) was observed between the filtration (COD
= 23249 mg O, L'}, Table 6.9) and the magnetic (COD = 238+0 mg O, L' at 10 min.,
Figure 6.11a) separation methods. Regarding GACMAG, no significant difference
(p<0.05) was observed between the filtration (COD = 123+9 mg O, L!, Table 6.9) and
the magnetic (COD = 129+0 mg O, L' at 20 min., Figure 6.11b) separation methods. The
results also show that the settling separation method provides higher COD values than
the filtration or magnetic separation methods when PACMAG and GACMAG are
applied. This means that the effluent resulting from the settling separation method may
have some easily non-settleable organic impurities, which affected the final COD
concentration of the effluent. However, for PAC and GAC, there were no significant

differences (p<0.05) between the filtration (COD = 235+7 mg O> L' and 128+2 mg O;
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L for PAC and GAC, respectively, Table 6.9) and settling separation method (COD =
222+9 mg O, L' for PAC (at 60 min., Figure 6.11a) and 126+5 mg O, L' for GAC (at 40
min., Figure 6.11b)). In fact, PACMAG and GACMAG had a higher weight percentage
of smaller particles than PAC and GAC (Figures 6.5 and 6.6), so a longer settling time
for the former will be expected. Krahnstover and Wintgens (2018) state that PAC settling
velocities are around 1 m h™! for a particle size of 45 um or 0.5 m h™! for a particle size of
30 um and even lower for the fine particle fraction. Generally, the sedimentation operation
is subsequently associated with other PAC separation processes, such as deep bed
filtration, lamella separator, pile cloth filtration, hydrocyclone, flotation, and microsieve
(Krahnstover and Wintgens, 2018), to prevent activated carbon of leaving the wastewater

treatment plant.

According to Table 6.9, an increase in effluent pH after adsorption was observed for all
adsorbents used. The increase in effluent pH may indicate that there was a loss of protons
from the solution to the adsorbent, making the adsorbent surfaces more positively charged
(Cerovi¢ et al., 2007). The observed ammonium nitrogen removal (Table 6.9) could be a
reason for this increase in effluent pH. In any case, all studied adsorbents generate an

effluent that meets the discharge pH requirements (pH<9.5).

6.3.3. Phytoremediation

6.3.3.1. Effect of bed depth and COD mass load on COD and ammonium nitrogen

removal

The effect of bed depth on COD and ammonium nitrogen removal was analyzed for
pretreated SWW by IOSLM+AC integrated process (trials A1 and B1 for CW1, and trials
A2 and B2 for CW2) and for raw SWW (trials C1 for CW1 and C2 for CW2), at constant
hydraulic loads (about 80 L m™ d'!") (Figure 6.12).
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Figure 6.12 - Organic and ammonium load values in the inlet and outlet of CW1 (A and B,
respectively) and CW2 (C and D, respectively), and the respective COD and ammonium
removal efficiencies in different trials (A, B, and C). The average air and substrate temperature
in the phytoremediation trials were 19.743.9 and 15.9+2.7 °C, respectively.

According to Figure 6.12, it is observed that, for pretreated SWW, there are no significant
differences (P<0.05) in the COD removal efficiencies between tests Al (83.8 to 88.3%)
and A2 (89.9 to 95.0%). The same result was observed for ammonium nitrogen removal
efficiencies between tests Al (71.2 to 91.7%) and A2 (68.6 to 92.3%) as well as between
tests B1 (44.8 to 68. 6%) and B2 (58.3 to 67.6%), which indicates that shallow beds may
be sufficient to support low ammonium nitrogen mass loads. However, between tests B1
(59.8 to 78.6%) and B2 (81.5 to 90.8%) there were significant differences (P<0.05) for
COD removal efficiencies, indicating that the depth of the bed tested influenced the COD
removal. For raw SWW, significant differences (P<0.05) were observed in COD and
ammonium nitrogen removal efficiencies between CW1 and CW2 (Figure 6.12). In fact,
no COD and ammonium nitrogen removal efficiencies were observed for CW1, but for
CW2 these values ranged from 59.1 to 83.2% for COD and 51.9 to 64.5% for ammonium
nitrogen (Figure 6.12). Deeper beds allow a greater distribution of roots and
microorganisms in the substrate, as well as greater HRT that allows a longer contact time
between the microbiological community and the effluent to be treated, favoring a more

complete degradation and/or assimilation of pollutants. HRT of about 3.6+0.5 and 7.1+£0.9
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h were determined for CW1 and CW2, respectively. Almeida et al. (2018) also observed
greater nitrogen removals in deeper beds planted with Vetiveria zizanioides, in the
treatment of synthetic effluent (68+3 to 290+8 mg NH4"-N L ). These authors concluded
that deeper root systems are more favorable to the creation of zones with different
oxidation conditions that lead to nitrogen removal. Mburu et al. (2019) evaluated the
effect of bed depth (from 0.65 to 0.8 m) and retention time (from 1 to 5 days) on the
removal of COD, BODs, NH4", and TSS from SWW, using vertical subsurface flow
constructed wetland mesocosms without plants. These authors observed that, contrary to
NH4" and TSS removal, the effect of depth was insignificant in the removal of COD and
BODs. However, an increase in retention time has a significant influence on the removal
efficiency of organic matter, reaching removals of 50%, 55%, and 82% for BODs, COD,

and TSS, respectively, on the 5" day of retention time.

According to Figure 6.12, significant differences (p<0.05) in the concentrations of COD
and ammonium nitrogen were observed between the inlet and outlet effluents of the beds,
for all tests (except for test C1). High COD (from 61 to 75%) and total nitrogen (from 47
to 62%) removals of poorly biodegradable SWW (BOD/COD ratio from 0.21 to 0.27)
were also achieved by Odong et al. (2013) when the authors tested constructed wetland
planted with M. violaceum, C. papyrus, P. mauritianus, and T. domingensis. For
biodegradable pretreated SWW from a biodigester, Manh et al. (2014) obtained COD and

BOD removals around 60%, using CW planted with Vetiveria zizanioides.

The effect of COD loading on COD and ammonium nitrogen removal for pretreated
SWW was evaluated, for both beds studied (Figure 6.12). For CW1, an increase in COD
load mass from 4.1£0.5 to 9.5+2.2 g m™? d"! had a significant effect (P<0.05) on COD
(Figure 6.12a) and ammonium nitrogen (Figure 6.12b) removal efficiency. Higher COD
and ammonium nitrogen removal efficiencies were obtained when smaller COD loads
applied were applied. For CW2, increasing COD mass load contributed to a significant
(P<0.05) decrease in the ammonium nitrogen removal efficiency but had no significant
effect (P<0.05) on COD removal efficiency. Therefore, it appears that ammonium
nitrogen removal occurred in the presence of organic matter and with low dissolved
oxygen. When the COD mass load of the beds was increased to 211.8+26.4 g m? d!, a
significant reduction in the removal efficiencies of COD and ammonium nitrogen was

observed for both beds (except for ammonium nitrogen in the CW2) (Figure 6.12d).
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Mburu et al. (2019) report that a wide variation in the physicochemical characteristics of

the SWW at the CW input can influence pollutant removal efficiencies.

The results show that only trials A1 (91£11 mg O, L' for COD), A2 (41£15 mg O, L™!
for COD), and B2 (86+14 mg O, L' for COD) would be able to meet discharge
requirements in terms of COD concentrations (COD <125 mg L"). On the other hand, the
remaining tests, such as B1 (181+52 mg O, L™! for COD), C1 (2504+321 mg O L™ for
COD), and C2 (1111£24 mg O, L' for COD) resulted in effluents even with high
concentrations of COD. The COD values in tests C1 and C2 show how important is the
IOSLM+AC pretreatment before the phytoremediation process. The IOSLM+AC
processes have emerged as a pretreatment solution for high removals of organic matter,
ammonia, and other compounds present in the effluent (Madeira et al., 2023 (chapter 3),
2021 (chapter 5), 2020 (chapter 2)). Ramalho et al. (2022) also noted the need for
pretreatment by IOSLM+AC processes in the removal of organic matter and nitrogen
from landfill leachate before the phytoremediation process with wetlands constructed

with Vetiveria zizanioides.

Organic matter and ammonium nitrogen removal in the beds is associated with the
occurrence of certain removal mechanisms. There are several indicators (e.g., pH, DO,
potential redox) that can indicate the type of removal mechanisms that occurred in the
bed. The removal of ammonium nitrogen could be due to ammonia volatilization
(VanderZaag et al., 2008) since the pH of the pretreated SWW (from tests Al, B1, A2,
and B2) was still above 9.2 (that is, pH from which 50% of the ammoniacal nitrogen is
available to be volatilized (Lin et al., 2009)). It is also expected that nitrogen removal
may be associated with the nitrification process since the pH of the effluent decreased in
all tests (Figures 6.13a and 6.13¢). Nitrification is a biological process of converting NH4"
to NOs™ in two sequential steps in the presence of oxygen and results in the release of
protons. In the first step, the biological oxidation of NH4" to NO,™ occurs by the action of
bacteria of the genus Nitrosomonas, while in the second step, the oxidation of NO>™ to
NOs™ occurs by the action of bacteria of the genus Nitrobacter (Vymazal, 2007). On the
other hand, the decrease in pH can also be due to carbonation reactions or microbial
degradation of organic matter. The removal of ammonium nitrogen may also be

associated with plant assimilation (Carreau et al., 2012).
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Figure 6.13 - pH, redox potential, conductivity, and DO values, in the inlet and outlet of CW 1
(A, B, C, and D, respectively) and CW 2 (E, F, G, and H, respectively), in different trials (A1,
A2, Bl1, B2, Cl, and C2).

Degradation of organic matter from poorly biodegradable wastewater in CW planted with
Vetiveria zizanioides may be due to the release of plant enzymes. Enzymes released by
plant roots can transform complex organic matter into simpler forms (Tjelldén et al.,
2015). No significant difference (p<0.05) between the inlet and outlet was observed for
redox potential (Figures 6.13b and 6.13f), conductivity (Figures 6.13c and 6.13g), and
DO (Figures 6.13d and 6.13h) for both beds. As expected, significant oxygen
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consumption (p<0.05) was observed in trials C1 and C2, due to the high concentrations
of COD applied, reaching zero DO values in both beds (Figures 6.13d and 6.13h).
Dissolved oxygen consumption should be due primarily to the aerobic degradation of
organic matter and then to the nitrification process. According to Soroko (2007), beds fed
in vertical flow are favorable for carrying out aerobic processes since they allow intensive

aeration caused by diffusion and convection phenomena.

6.3.3.2. Composition of plant biomass

Table 6.10 shows the biomass composition of the leaves of Vetiveria zizanioides, before

and after the phytoremediation tests, for both beds studied.

Table 6.10 - Leaves biomass composition for CW1 and CW?2.
Leaves biomass composition

Parallneter -~ Final
(mg g~ DW) Initial CW 1 CW2
Ca** 1.20+0.05 2.00+0.09 2.30+0.01
Mg? 0.04+0.01 0.06+0.01 0.07+0.02
Na* 0.45+0.01 0.30+0.01 0.36+0.02
K* 0.47+0.02 3.14+0.02 4.0+0.02
TKN 10.50+0.50 15.90+0.20 17.60+0.20
P 1.02+0.01 0.20+0.03 0.44+0.03

Note: Mean + Standard Deviation, calculated for a 95% confidence level;
number of determinations (n=3). DW — dried weight.

According to Table 6.10, the bed with greater depth (CW2) contributed significantly
(p<0.05) to greater accumulation of nutrients in the leaves (such as calcium, potassium,
total nitrogen, and phosphorus) than the beds with less depth (CW1). The accumulation
of nutrients in the leaves of the Vetiveria zizanioides plant in deeper beds can be explained
by the better root distribution of the plants, which leads to greater alternation of aerobic,
anoxic, and anaerobic conditions inside the bed, and consequently a better symbiosis
between plants and microorganisms. During the phytoremediation tests, no signs of
toxicity or chlorosis were detected in the leaves of Vetiveria zizanioides. The plants
showed a very low growth rate (i.e., 0.4+0.1 cm d! for CW1 and 0.5 + 0.2 cm d”! for
CW2), maybe due to the season of the year (February to April), with average air and
substrate temperatures in the phytoremediation tests around 19.7+£3.9 and 15.9+2.7 °C,
respectively. Even so, plant growth was not inhibited by the presence of high pH (around
10.25+1.03), which could contribute to reducing the long time of the carbonation process
that has been observed in the literature. No significant differences (p<0.05) in plant
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growth between beds were observed. However, Almeida et al. (2018) concluded that the

bed depth influenced plant growth, with values around 1.5 = 0.1 cm d! for the deepest

bed and 1.1 £ 0.1 cm d! for the shallower bed, in summer. The reason may be the bed

depth that may limit the increase of the plant's root growth (Vymazal, 2006), which seems

not to have occurred in this work.

6.4. Conclusion

The present work aimed to evaluate the effectiveness of the adsorption and the

phytoremediation processes as tuning processes in the removal of organic matter from a

poorly biodegradable and alkaline pretreated SWW by the IOSLM and AC process. The

following conclusions were drawn from this work:

Under optimized conditions (dose and time), PAC and PACMAG were less
effective than GAC and GACMAG in the removal of COD, being the COD
adsorption capacity 3.90+0.07 mg g* for PAC, 3.86+0.00 mg g for PACMAG,
5.78+0.08 mg g™* for GAG, and 5.61+0.16 mg g for GACMAG,;

Temkin (for PAC and PACMAG) and BET (for GAC and GACMAG) models
were the best isotherm models found, indicating that probably adsorption occurred
on the multilayer adsorption mechanism;

Pseudo-order n kinetic model was the best kinetic model found for PAC,
PACMAG, GAC, and GACMAG, indicating that the adsorption process is
dependent on the adsorption capacity (i.e., that the rate-limiting step is
chemisorption) and not on the adsorbate concentration;

COD adsorption capacity by PACMAG or GACMAC was not influenced by the
impregnation of iron oxide NPs on PAC and GAC,;

Magnetic separation of PACMAG and GACMAG may replace the filtration
separation method without changing the quality of the treated effluent;

Bed depth and applied mass load are two factors that influence organic matter
removal in constructed wetlands planted with Vetiveria zizanioides. Deeper beds
and low COD loads contribute to greater efficiency of organic matter removal,
thus, if the availability of land is a restriction, the option for deeper beds can be

advantageous;
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e Vetiveria zizanioides grew and showed no signs of toxicity when it was fed with
very alkaline pretreated SWW (pH = 10). The use of highly alkaline pretreated
SWW could substantially reduce the time of the carbonation process;

e The adsorption process and the phytoremediation process can be tuned processes
in the removal of organic matter from a poorly biodegradable and alkaline
pretreated SWW from the IOSLM and AC integrated process and fulfill the
discharge requirements in terms of COD (<125 mg L™).
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Chapter 7

Reuse of lime sludge from immediate one-step lime
precipitation process as a coagulant (aid) in slaughterhouse

wastewater treatment
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ABSTRACT

The circularity of wastewater treatment subproducts is on the worldwide agenda. In this
way, this work aims to evaluate alternatives for the reuse of sludge from slaughterhouse
wastewater treatment. Wetted sludges produced in the immediate one-step lime
precipitation process were applied directly or first calcinated, as a coagulant or coagulant
aid, in the absence or presence of Ca(OH)., to slaughterhouse wastewaters with different
characteristics. For the best sludge reuse, successive reuses of the sludge were carried out
and the characteristics of treated slaughterhouse wastewater were evaluated after each
reuse. Results showed a great similarity between slaughterhouse and treated
slaughterhouse wastewaters using wetted and calcined sludges as a coagulant for highly
contaminated slaughterhouse wastewater. In addition, a great similarity was also observed
between the calcined and the wetted sludges, both as a coagulant aid, for all the
slaughterhouse wastewaters tested. However, the latter consumed more hydrated lime,
more volume of sludge sedimented, and higher concentrations of phosphorus and organic
matter in the treated wastewater. Calcined sludge as a coagulant aid guaranteed the best
slaughterhouse wastewater quality for most of the tested parameters (= 94% for
absorbances at 254 nm and 410 nm, E. coli, turbidity, and phosphorus, chemical oxygen
demand between 3-91%, and total Kjeldahl nitrogen between 3-62%) independently of
the wastewater characteristics. Calcined sludge as a coagulant aid can be three times
reused for the tested parameters and slaughterhouse wastewater characteristics without
significantly decreasing the quality. The successive sludge reused saves the hydrated lime
dose applied (up to 28.4%) and the sedimented sludge volume (up to 24.7%), and can be
a solution to stabilize sludge due to the pH increase (sludge pH=12).
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7.1. Introduction

Slaughterhouses produce large amounts of wastewater and global meat production will
grow until 2031, according to OECD/FAOQO (2022). Thus, an increase in sludge production
resulting from the slaughterhouse wastewater (SWW) treatment processes (e.g., flotation,
coagulation-flocculation, and activated sludge processes) is expected. These sludges are
characterized by a high content of organic matter, nutrients, and pathogens among other
contaminants, which could have an impact on the environment if they are not properly

disposed of (Avila-Pozo et al., 2021).

Sludge from the activated sludge process at slaughterhouses have been investigated
regarding their recovery as a nutrient source for energy crop (Ozdemir et al., 2020) and
walnut plantation (Ozdemir et al., 2019), or for the production of biogas (Agabo-Garcia
et al., 2022; Erden, 2013), tiles (Ferreira et al., 2018) and stabilized compounds for
agriculture (Martins et al., 2022). Other applications of sludge from the dissolved air
flotation process have been studied, such as crop growth (De Oliveira et al., 2018) and
biodiesel production (Pirmoradi et al., 2021). However, the valorization of the sludge
from the coagulation-flocculation process (that uses metallic coagulants such as ferric
sulfate, ferric chloride, aluminum sulfate, or aluminum chloride, Bustillo-Lecompte &
Mehrvar, 2015), is practically non-existent. Metallic coagulants can be recovered by
acidifying the sludge, but this process is complex and expensive in heavily contaminated
sludge (Chakraborty et al., 2020; Shewa and Dagnew, 2020), so less attractive (Basibuyuk
and Kalat, 2004; Foroughi et al., 2018; Jangkorn et al., 2011; Mazari et al., 2018; Scalize
et al., 2019; Taheriyoun et al., 2020). In this way, slaughterhouse sludges are usually
dehydrated, stabilized, and sent to landfill (Alvarenga et al., 2015). Nevertheless, this
solution is not environmentally sustainable, so new valorization processes must be studied
to increase the sustainability and circularity of these wastewaters (de Oliveira et al., 2018;
Gherghel et al., 2019; Guerra-Rodriguez et al., 2020). Lime precipitation has been studied
as an alternative to the coagulation-flocculation process in wastewater treatment, since 1)
hydrated lime is a low-cost reagent, ii) high chemical oxygen demand (=87%) and
phosphorus (=94-99%) removals have been observed in the treatment of various types of
wastewater (e.g., cheese whey wastewaters (Prazeres et al., 2016), landfill leachate

(Ramalho et al., 2022), and slaughterhouse (Hossaini et al. 2013)), and iii) the high
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reaction’s pH produced stabilized sludge (Luz et al., 2021). However, the disadvantage
of lime precipitation compared to coagulation-flocculation is the production of larger
amounts of sludge (Satyanarayan et al., 2005). Thus, solutions for sludges reuse must be
found. Prazeres et al. (2016) and Ramalho et al. (2022) demonstrated the possibility of
using the sludge as an acidity corrector in acidic and/or calcium-deficient soils for lime
sludge with high pH values (>12.4). Martinez-Cruz et al. (2021) concluded that the sludge
from leachate chemical precipitation can be applied as sanitary landfill coverage.
However, to the best of our knowledge, no study on the reuse of lime sludge resulting
from wastewater treatment by lime precipitation as a reagent in wastewater treatment has
been found. Although lime sludges have considerable amounts of contaminants (e.g.,
organic matter, phosphorus, etc.) (Prazeres et al., 2016), the interest in reusing these
sludges as a reagent lies in the presence of calcium carbonate, which has the potential to
remediate the inorganic and organic pollutants from the environment by the adsorption
process (Yadav et al., 2021). Some studies have evaluated the use of lime sludge resulting
from the softening process of water treatment plants (WTP) as a reagent, either directly
or indirectly (e.g., using a previous heat treatment), in the treatment of industrial
wastewater. For example, Van Leeuwen et al. (2010) evaluated the use of lime sludge to
neutralize acidic industrial wastewater in food processing. These authors observed that
these lime sludges effectively adjusted the pH of the wastewater to the desired value
without increasing salinity, but also contributed to better sedimentation of the sludge flocs
and savings in pH adjustment reagents. On the other hand, Bal Krishna et al. (2017)
observed that the calcined lime sludge resulting from WTP can be effective in removing
phosphorus from aqueous solutions. In fact, when lime sludges are subjected to heat
treatment, there is a change in their texture, which provides a greater capacity for
adsorbing contaminants (Yan et al., 2014). Temperature is a determining factor in the
calcination process of lime sludge since it can determine the presence/absence of organic
matter and the fractions of CaCO;, CaO, and MgO in the calcined sludge, and
consequently the adsorption capacity of contaminants (Kose and Kivang, 2011; Wajima
and Rakovan, 2013). Bal Krishna et al. (2017) observed a significant improvement in
phosphorus removal efficiency from aqueous solution using calcined lime sludge
obtained at high temperatures (i.e., 700°C, with 96 to 99% of phosphorus removal), rather
than when calcined at 400 °C (9% of phosphorus removal) and oven dried at 105 °C (5%
of phosphorus removal). However, the ability of lime sludges calcined at high

temperatures, from industrial wastewater treatment to treat wastewaters is unknown. The
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adsorption capacity of pollutants by lime sludge from WTP is likely greater than that of
lime sludge from wastewater treatment since the latter has a higher concentration of
pollutants in their composition. However, it is not known to what extent the reuse of the
lime sludge from wastewater treatment would be effective in the treatment of industrial

effluents or would need to be supplemented with the addition of hydrated lime.

Thus, the purpose of this work is to evaluate the reuse of lime sludge resulting from the
immediate one-step lime precipitation (IOSLM) process as a coagulant and coagulant aid
in the SWW treatment, with and without heat treatment, as well as the possibility of
sludge successive reuse. Given the recognized variability of slaughterhouse wastewater
characteristics, it is important to obtain a sludge reuse method that is universally suitable
for all types of slaughterhouse water characteristics. In this way, different slaughterhouse

wastewater characteristics were tested.

7.2. Materials and Methods

7.2.1. Slaughterhouse wastewater collection

SWW was collected in three different places from a full-operation slaughterhouse
wastewater treatment plant, in Portugal: SWW was collected in the aeration and
homogenization tank (pre-aerated SWW), at the exit of the sieve (sieved SWW), and after
coagulation-flocculation/dissolved air flotation (CF/DAF SWW). Samples were stored in
containers and kept at 4°C until the IOSLM tests started. The characterization of the three
SWWs is provided in Table 7.1.
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Table 7.1 — Physicochemical and microbiological characterization of pre-aerated SWW, sieved

SWW, and CF/DAF SWW.

Pre-
Sieved CF/DAF
Parameters Unit aerated
SWW SWw SWw
pH Sorensen 7.1£0.0 7.2+0.2 7.4+0.1
Conductivity mS cm’! 3.0+0.1 2.9+0.1 3.0+0.1
(60))] mg O, L'! 6981+476 1524+84 21944
SCOD mg O, L'! 183+47 461+38 19045
TKN mg N-Kj. L 21342 962 62+0
NH4" mg N-NH," L"! 89+1 69+1 511
Total phosphorus mg L! 554.9+£29.9 329.6439.8 156.0+20.1
Abs. at 254 nm cm'’! 1.679+0.139 0.970+0.028 0.20540.040
Abs. at 410 nm cm'’! 2.197+0.217 1.6414+0.029 0.32540.087
Turbidity NTU 1234428 467+7 13+0
TSS mg L! 3696+12 860+20 66+5
Nitrate mg N L <2 <2 <2
Nitrites mg N L <0.05 <0.05 <0.05
Calcium mg L! 190.5+0.0 156.743.4 192.443 .4
Magnesium mg L! 60.2+4.2 77.0+4.2 59.0+2.1
Chlorides mg L! 961.9432.1 621.6432.1 803.14£32.1
Sodium mg L! 602.4+16.9 331.0+16.9 319.1+0.0
Potassium mg L! 25.3+0.3 24.5+0.3 13.5+0.9
Iron mg L! 6.92440.090 3.19240.076 0.234+0.006
Manganese mg L! 0.456+0.005 0.348+0.009 0.176+£0.017
Copper mg L! 0.404+0.062 0.378+0.055 0.352+0.020
Lead mg L! <DL <DL <DL
Nickel mg L! <DL <DL <DL
Zinc mg L 0.672+0.024 0.364+0.008 0.18340.066
Cadmium mg L! <DL <DL <DL
E. coli CFU/100 ml 17500 900 20

Note: DL — Detection limit.

7.2.2. Experimental set-up

First, experiments were performed to produce the sludges using the immediate one-step

lime precipitation (IOSLM) process. This process was already described by Madeira et
al. (2020) (chapter 2) and Madeira et al. (2023) (chapter 3). Briefly, the IOSLM process

uses hydrated lime solution (at 200 g L"), drop by drop, under vigorous agitation until

pH 12 is reached. After 1 minute the stirring stopped, and the sedimentation took place

for 1 hour. Then, the sedimented sludges were used in the reuse tests started. In this

experiment, about 1.31+0.08, 1.10+0.14, and 1.00+0.20 g L™ of hydrated lime were used
to treat pre-aerated SWW, sieved SWW, and CF/DAF SWW, respectively. A scheme of

the experimental setup used is shown in Figure 7.1.
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7.2.2.1. Sludge reuse tests

Table 7.2 presents the characteristics of the sludges produced in the IOSLM process using
pre-aerated SWW, sieved SWW, and CF/DAF SWW.

Table 7.2 — Characteristics of the sludge obtained by the IOSLM process at pH 12, using Pre-
aerated SWW, sieved SWW, and CF/DAF SWW.

Pre-aerated Sieved CF/DAF

Parameters Unit

SWW SWwW SWwW
Sedimented sludge volume  mL L 148+11 8542 567
Centrifuged sludge volume mL L' 56+11 1443 5+1
Centrifuged sludge weight mg L! 29.6£5.5 9.3+1.5 3.3+0.2
Dry matter % 18.9+1.2 26.1+0.2 43.1£2.0
Organic matter % 66.8+1.3 39.6£8.8  11.32.7
(dry sample)
Organic matter % 12.640.6 103422 4.9+1.3
(wet sample)
pH Sorensen 10.4+0.2 11.0+0.0 11.9+0.1
Conductivity mS cm’! 0.4+0.1 0.3£0.0 0.5£0.1
Calcium g kg'! 145.149.6 26524223 414.2+13.8
Magnesium gkg! 28.8+6.6 32.4+14.9  28.6+16.0
Chlorides g kg! 2.2+0.1 2.3+1.2 1.240.2
TKN o kg 15.80.4 6.6:0.1 1.6+0.1
Sodium g kg! 4.4+0.2 2.7+0.3 3.0+0.6
Potassium g kg! 0.2+0.0 0.1+0.0 0.4+0.2
Iron g kg! 1.5+0.3 1.2+0.1 0.4+0.1
Manganese mg kg'! 116.849.1 170.2£16.2  269.8+6.9
Copper mg kg! 26.4+12.4 20.3+1.3 11.6+1.8
Zinc mg kg! 153.2421.6  118.2+22.4 30.4+14.3
Cadmium mg kg! 1.0+0.0 1.5+0.0 1.4+0.3
Total phosphorus g kg! 1.3+0.4 3.0+0.7 0.8+0.4

Two sets of experiments were conducted using the sludges from these three SWW. In the
first set, about 37 mL (for pre-aerated SWW), 21 mL (for sieved SWW), and 14 mL (for
CF/DAF SWW) of the sedimented sludge were used in the following ways: wetted
sludges as coagulant (WSC) (Figure 7.1bl), wetted sludges as coagulant aid (WSCA)
(Figure 7.1b2), calcined sludge as coagulant (CSC) (Figure 7.1b3), and calcined sludge
as coagulant aid (CSCA) (Figure 7.1b4). Experiments with wetted or calcined sludge as
a coagulant (Figures 7.1bl and 7.1b3) included the application of the sludges directed to
the jar without hydrated lime. When wetted or calcinated sludges were used as a coagulant
aid, first the sludges were added to the SWW, and then the hydrated lime (about
1.26+0.22, 1.13+0.00 and 1.21+0.08 g L' for WSCA and 1.20+0.00, 0.80+0.12 and
0.73+0.06 g L' for CSCA were used in pre-aerated SWW, sieved SWW, and CF/DAF
SWW, respectively) to adjust the pH at 12 (Figures 7.1b2 and 7.1b4). Calcined sludges

276



were prepared using wetted sludges heated at 100°C in an oven and at 700°C in an electric
muffle furnace (Select-Horn, P Selecta) for 2 hours under an air atmosphere, followed by
the maceration. The sludges (wetted or calcinated) were applied to 250 mL of SWWs,
and precipitation and sedimentation processes took place as described by Madeira et al.
(2020) (chapter 2). The treated SWW was separated from the sludge after the

sedimentation, and then both samples were analyzed according to section 7.2.3.

In the second set of experiments, the sludges were successively reused (up to three times)
(Figure 7.1c). Thus, the sludges resulting from the first set of experiments were calcined
and then added as a coagulant aid to 1 L of SWW along with hydrated lime to adjust pH
to 12, under the same operating conditions mentioned in the first set of experiments. The
physicochemical characteristics of treated SWW were evaluated after each reuse (section

7.2.3). The sludges obtained after the first and third reuse were analyzed (section 7.2.3).

7.2.3. Analytical methods

All wastewater and sludge samples were analyzed according to Standard Methods for the
examination of water and wastewater and EN standards, respectively (Table 7.3). The
effluents samples were characterized in terms of pH, conductivity, total Kjeldahl nitrogen
(TKN), total phosphorus (TP), calcium, magnesium, chlorides, sodium, potassium, heavy
metals (Fe, Mn, Cu, Pb, Ni, Zn, and Cd), chemical oxygen demand (COD), soluble
chemical oxygen demand (SCOD), ammonium nitrogen (NH4"), turbidity, total
suspended solids (TSS), nitrites, and E. coli using standardized methods (Baird et al.,
2017), absorbances at 254 and 410 nm using Rivas et al. (2010) method, and nitrate using
Monteiro et al. (2003) method. Absorbance at 254 nm was determined because it indicates
the presence of high molecular weight organic compounds with a high degree of
aromaticity, a high number of double and triple bonds, and phenolic groups. Absorbance
at 410 nm was quantified because it indicates the presence of compounds responsible for

color (Rivas et al., 2010).
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Table 7.3 — The parameters and analytical methods used.

Sample  Parameters Equipment Method
WTW InoLab pH Level 1 apparatus; pH Potentiometric method
pH electrode SenTix® 4; P Selecta Unitronic (Baird et al., 2017)"
320 OR for sludge agitation (EN 12176, 1998)?
Jenway 4510 conductivity meter; Electrometric method
Conductivity  conductivity sensor VWR phenomenal (Baird et al., 2017)"
co 11 (CEN/BT/Task Force 151, 2005)?
. . Kjeldahl method
Total Bloc Digest 6 P-Selecta digester; J.e At mero |
Kjeldahl distillation unit BUCHI B-316 (Baird etal., 2017)
nitrogen (EN 13342, 2000)?
Total Muffle P SELECTA-HORN 186331; Colorimetric method
Effluent  phosphorus UV/Vis spectrophotometer Pharmacia (Baird et al., 2017)!
and Biotech Ultrospec 2000 (Kitson and Mellon, 1944)*
sludge . ) Volumetric complexation with EDTA
Calcium (Baird et al., 2017)
Difference between total hardness and
Magnesium - calcium hardness
(Baird et al., 2017)
Chlorides -

Mohr method (Baird et al., 2017)
Sodlum and Corning Model 410 Flame Photometer
Potassium

Flame photometric method

(Baird et al., 2017)
Flame atomic absorption spectrometry
Fe, Mn, Cu, method
Pb, Ni, Zn Varian SpectrAA 220FS equipment (Baird et al., 2017)!
and Cd
(EN 13346, 2000)*
COD digester WPA Hydrocheck HC
COD and 6016, UV/Vis spectrophotometer Closed reflux colorimetric method
SCOD Pharmacia Biotech Ultrospec 2000; 0.45- (Baird et al., 2017)
pum pore-size filter for soluble COD.
NH.* Distillation unit BUCHI B-316 Distillation method (Baird et al., 2017)
Turbidity HACH 02 100N turbidimeter; 0.4'5—'um Nephelometric method
pore-size filter for soluble turbidity. (Baird et al., 2017)
su;(;?(lle d Whatman® glass microfiber filters Gravimetric method
. (Grade 934-AH") (Baird et al., 2017)
Effluent solids
Abs. at 254 UV/Vis spectrophotometer Pharmacia Spectroscopic method
and 410 nm Biotech Ultrospec 2000 (Rivas et al., 2010)
Ni Sodium salicylate method
itrate i (Monteiro et al., 2003)
Nitri Colorimetric method
itrites ) (Baird et al., 2017)
Membrane filter (MF) technique and
E. coli - most probable number method
(Baird et al., 2017)
Dry matter Memmert UL40 Oven Gravimetric method (EN 12880, 2000)
Organic
Sludge matter L
Muffle P Select-Horn 186331 Calcination method (EN 12879, 2000)
(dry or wet
sample)

Note: 1 — Standard Methods for effluent; 2 — Standard Methods for sludge.

278



Wetted sludge was quantified in terms of volume (before and after centrifugation at 3500
rpm for 10 minutes using the Hermle Z300 Micro Centrifuge) and dry matter (EN 12880,
2000). pH (EN 12176, 1998), conductivity (CEN/BT/Task Force 151, 2005), chlorides
(Baird et al., 2017) and TKN (EN 13342, 2000) were immediately measured after
experiments. After weighing the centrifuged sludge, the calcination process started at
550°C and the organic matter content (dry and wet sample) was determined (EN 12879,
2000). The calcined sludges obtained were digested with hydrochloric acid (3N),
followed by filtration with a WhatmanTM 1001 filter, and then diluted with deionized
water (for total phosphorus (Kitson and Mellon, 1944), calcium, magnesium, sodium, and
potassium determination (Baird et al., 2017)) or with aqua regia (for metals such as Fe,

Mn, Cu, Pb, Ni, Zn and Cd determination (EN 13346, 2000)).

7.2.4. Statistical analysis

Statistical analysis of data was performed. The average and standard deviation were
determined based on the analysis of samples and treatments in triplicate. One-way
ANOVA (pairwise comparison of means with Tukey s test at 95% confidence level) was
applied to experimental data using GraphPad Prism (version 9.0.0 for Windows,
GraphPad Software, San Diego, California USA). Cluster analysis was performed by
Agglomerative Hierarchical Clustering (AHC), using the complete linkage method.
Cluster analysis was determined by XLSTAT 2022 software.

7.3. Results and discussion

7.3.1. Sludge characterization

Table 7.2 presents the characteristics of the sludge obtained by the IOSLM process at pH
12 for all SWWs. The sludge characteristics varied with the characteristics of the SWWs
(Table 7.1). As expected, the sludge from pre-aerated SWW and sieved SWW showed a
higher percentage of organic matter and TKN than CF/DAF SWW, due to the initial
characteristics of these effluents, pre-aerated SWW with a high concentration of COD
and TKN (6981476 mg O> L' and 213+2 mg N-Kj. L"), followed by sieved SWW
(1524+84 mg O, L' and 96+2 mg N-Kj. L") and CF/DAF SWW (219+4 mg O, L' and
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62+0 mg N-Kj. L'"). The sludge had low concentrations of heavy metals (Mn, Cu, Zn,
and Cd). As a result of the IOSLM treatment, calcium was the most abundant inorganic
element in the sludge. High calcium and phosphorus ratios (about 112:1, 88:1, and 518:1,
for pre-aerated SWW, sieved SWW, and CF/DAF SWW, respectively) indicate that most
of the calcium may be in the form of calcium carbonate. The decrease in the sludge
volume after centrifugation indicates that most of the sedimented sludge was composed
of water. After centrifugation, the sludge still had a low percentage of dry matter (about
19, 26, and 43% for pre-aerated SWW, sieved SWW, and CF/DAF SWW, respectively).
All sludges had alkaline characteristics (pH > 10.4) and a low conductivity value (0.3 to
0.5 mS cm™).

7.3.2. Sludge reuse as a coagulant and coagulant aid

Figures 7.2 and 7.3 show the characteristics of the raw SWWs, treated SWW by the
IOSLM process, and treated SWWs using WSC, CSC, WSCA, and CSCA for the three

wastewaters studied.

According to Figure 7.2a, WSC and CSC produced treated SWWs with pH values around
7.7to0 8.8 and 9.4 to 10.1, respectively, depending on the wastewater tested. Even so, these
values were above the pH of the raw SWWs (between 7.1 and 7.4, Table 7.1). For WSC,
this difference in water pH can be related to the pH of the sludge interstitial water, and/or
to the dissolution of hydroxide precipitates (e.g., magnesium hydroxide). In fact, an
increase in magnesium concentrations was observed for sieved SWW and CF/DAF SWW,
when compared to raw SWWs (Figure 7.3b). Calcium hydroxide was completely
dissociated in Ca?" and OH" ions in the IOSLM process since the maximum solubility of
calcium hydroxide added in SWW was not achieved (i.e. 0.160 g/100 g water at 20°C,
Lide et al., 2003). Thus, it is not expected that there will be a contribution from the

increase in pH by the eventual dissolution of calcium hydroxide.
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For CSC sludges, the increase in pH was due to the dissolution of calcium oxide in the
SWW. CSC sludges came from the calcination process, where calcium carbonate
precipitates formed during the IOSLM process were subjected to high temperatures (e.g.,
700 °C), and were converted into calcium oxide (Eq. 1). Then, calcium oxide in water is
dissociated into calcium ions and hydroxide ions (Eq. 2), raising the pH of the effluent.
In addition, calcium oxide can also react with carbonic acid (Eq. 3), calcium bicarbonate
(Eq. 4), magnesium bicarbonate (Eq. 5), or magnesium carbonate (Eq. 6) present in raw
SWW, forming precipitates (calcium carbonate, magnesium carbonate, and magnesium
hydroxides). Moreover, Krishna et al. (2017) observed that the temperature of the lime
sludge calcination process may influence the pH of the effluent to be treated. These
authors verified that for temperatures 400 and 700 °C, there was a change in the effluent

pH value from 7 to 8.77 and from 7 to 10.24, respectively.

CaCO3; — Ca0 + CO, (1)
CaO + H,0 — Ca®" + 201 2)

CaO + HoCO3 — CaCOs + H,0 3)

CaO + Ca(HCO3); — 2CaCO; + H,0 (4)
CaO + Mg(HCO3); — MgCOs + CaCO; + H,0 (5)
CaO + MgCO; + H,0 — CaCOs + Mg(OH), (6)

For CSCA and WSCA processes, treated SWWs had a pH around 12, due to the addition
of hydrated lime to adjust pH to 12 (0.73to 1.20 g L' and 1.13 to 1.26 g L', respectively,
depending on SWW tested). The consumption of hydrated lime in CSCA was lower than
its consumption using WSCA. In fact, calcined sludges contain CaO which contributes to
the pH increase and consequently, there was no need to apply high hydrated lime doses.
On the other hand, the addition of hydrated lime resulted in the dissociation of calcium
ions and hydroxide ions (Eq. 7), raising the pH, and in the production of precipitates
(calcium carbonate, magnesium carbonate, or magnesium hydroxide), when reacting with
carbonic acid (Eq. 8), calcium bicarbonate (Eq. 9), magnesium bicarbonate (Eq. 10) or

magnesium carbonate (Eq. 11).

Ca(OH), — Ca®" + 20H" (7)
Ca(OH); + HxCOs — CaCO; + 2H,0 )
Ca(OH), + Ca(HCO3), — 2CaCOs + 2H,0 ©)
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Ca(OH)2 + Mg(HCO3), — MgCO; + CaCOs + 2H,0 (10)
Ca(OH); + MgCO3; — Mg(OH). + CaCOs (11)

For conductivity, there were no significant differences (P<0.05) for treated SWWs by
CSCA and WSCA, with conductivity values around 3.9 to 4.6 mS cm™! according to SWW
tested (Figure 7.2b). These conductivity values were higher than the values found for
WSC (3.0 to 3.7 mS ecm™) or CSC (2.3 to 3.3 mS cm™), possibly due to a higher

concentration of calcium in the solution, as shown in Figure 7.3a.

The sedimentation sludge volume was smaller using WSC (about 107, 41, and 20
mL L', for pre-aerated SWW, sieved SWW, and CF/DAF SWW), respectively) and CSC
(about 68, 46, and 22 mL L, for pre-aerated SWW, sieved SWW, and CF/DAF SWW,
respectively) (Figure 7.2c¢). This may indicate a lower production of precipitates (and
consequently lower organic matter, nitrogen organic matter, and total phosphorus
removals), possibly due to the low pH of the waters treated by WSC and CSC (Figure
7.2a). As expected, WSCA had a higher sedimented sludge volume (about 165, 97, and
48 mL L', for pre-aerated SWW, sieved SWW, and CF/DAF SWW, respectively) than
the other types of sludge reused, since sedimented sludge included the precipitates of the
sludge and the precipitates formed in the meantime. The calcination process reduced the

sedimented sludge volume (Figure 7.2¢).

Comparing the raw SWWs quality and treated SWWs using sludge reuse, WSC, and CSC
were the processes that resulted in high absorbances at 254 nm and 410 nm (Figures 7.3¢
and 7.3d, respectively) and turbidity (Figure 7.3e) in treated SWWs. For WSCA and
CSCA, a higher decrease of absorbances at 254 nm and 410 nm, and turbidity was
observed, for the different SWWs tested.

In CSCA and WSCA processes, 100% of E. coli were removed in all the SWWs tested
(Figure 7.3f). Similar results were obtained with CSC but only for sieved SWW and
CF/DAF SWW, due to the less initial quantity of E. coli present in these waters. In fact,
pH was responsible for the removal of E. coli, as E. coli is a neutrophilic bacterium (grows
optimally at pH between 5 and 8) so an increase in pH outside this range favors its
inactivation (Paruch, 2015). The use of WSC as pre-aerated SWW treatment resulted in

an increase in the amount of E. coli, from 17500 to 52500 cfu/100 mL, indicating that
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these sludges were not chemically stabilized. These sludges had a pH of 10.4 (Table 7.2)
and the pH of the treated pre-aerated SWW was 7.7 (Figure 7.2a), still within the E. coli
growth range. Substantial removal of E. coli was observed with WSC as sieved SWW
and CF/DAF SWW treatment, justified by the high pH (>11) of their sludges (Table 7.2)
and the high pH of the treated SWW (around 8.4 and 8.8, respectively, Figure 7.2a).
Compared to WSC, CSC was more effective in removing E. coli since it was eliminated

at high temperatures by the calcination process.

For COD and TKN concentrations (Figures 7.3g and 7.3h), all types of sludge reuse
showed a significant (P<0.05) decrease in COD and TKN when compared with raw
SWWs, reaching COD concentrations between 621 to 1029 mg O, L! for pre-aerated
SWW and 213 to 426 mg O> L™! for sieved SWW, and TKN concentrations between 80
to 142 mg N L™! for pre-aerated SWW and 67 to 74 mg N L™! for sieved SWW. However,
for CF/DAF SWW there were no significant differences (P<0.05) in the COD and TKN
concentrations between raw SWW and treated CF/DAF SWW from all types of sludge
reuse, remaining the COD and TKN concentrations around 188 to 225 mg O, L' and 60
mg N L, respectively. These results indicate that the organic matter present in CF/DAF
SWW is not easily precipitable. Moreover, in this SWW the removal of NH4" was not
possible (even though the pH was above 9.2 for possible volatilization) since the stirring
times were small (Madeira et al. (2020), chapter 2). The COD and organic nitrogen
removals are related to the aggregation of colloidal SWW particles with precipitates (e.g.,
calcium carbonate, magnesium carbonate, or magnesium hydroxide) formed by the
addition of hydrated lime (Egs. 8 to 11) and/or CaO (from calcined sludge) (Egs. 3 to 6).
It is also possible, that part of the organic matter removal (including organic nitrogen)
was due to the sedimentation of easily sedimentable solids, regardless of the form of
sludge used. In fact, according to Satyanarayan et al. (2005), previous sedimentation of
SWW (COD = 10226 mg O, L!) can result in a removal of 32% of COD and 75% of
TSS.

All forms of sludge reuse decreased phosphorus concentrations for all SWW (except for
pre-aerated SWW when the WSC was used) (Figure 7.31). The SWWs treated by sludges
supplemented with hydrated lime doses (CSCA and WSCA) presented a greater
phosphorus decrease than the SWWs treated by sludge without hydrated lime addition
(WSC and CSC). This means that the conversion of CaCOj3 to CaO during the calcination

285



process of the sludge is not sufficient to react with the phosphorus present in the effluent,
and therefore, the addition of hydrated lime is still necessary. Bal Krishna et al. (2017)
observed that phosphorus removal depends on the concentration of phosphorus in the
solution and the amount of sludge reused. Phosphorus removals may be related to the
formation of hydroxyapatite (Eq. 12), calcium phosphate (Eq. 13), and octacalcium
phosphate (Eq. 14) precipitates (Dai et al., 2018).

5Ca** + 3PO4> + OH" — CasH(PO4);0H | (12)
3Ca(OH), + 2PO4>" — Ca3(PO4)2 | + 6 OH- (13)
4Ca(OH), + 3PO4* + H,0 — CasH(PO4); | + 9 OH (14)

Figure 7.4 shows the dendrogram of similarity between raw SWW and treated SWW by
the studied sludge reuses (WSC, CSC, CSCA, and WSCA), based on their respective
physicochemical characteristics (absorbance at 254 nm, absorbance at 410 nm, turbidity,
E. coli, COD, TKN, and TP), for the three SWWs studied. Raw SWW is presented for
comparison. According to Figure 7.4, there is a great similarity between CSCA and
WSCA sludge reuses, and between WSC and CSC sludge reuses for all the studied
SWWs. This indicates that the way the sludge is applied (i.e. as a coagulant or coagulant
aid) had a higher impact on the results than how the sludge is treated (i.e. wetted or
calcined). CSCA and WSCA provide a treated SWW with higher pH and greater removal
of the tested parameters. Figure 7.4a shows a great similarity between pre-aerated SWW
and treated waters using WSC and CSC sludge reuses, indicating that these types of
sludge reuse were not effective in the treatment of SWW with high concentrations of
contaminants as was the case of pre-aerated SWW. For sieved SWW (Figure 7.4b) and
CF/DAF SWW (Figure 7.4c), the similarity is higher between treated waters using WSCA
and CSCA, and WSC and CSC, indicating that these types of sludges reuse may be more

advantageous for less contaminated wastewaters.
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Overall, the results presented in Figure 7.3 reveal that the quality of the treated SWW by
the sludge reuse was not better than the treated SWW by the IOSLM process. However,
there are some sludge reuse options, such as CSCA, that were better than others and that
can guarantee a similar quality to the treated SWW by the IOSLM process. CSCA
removals were quite high for most of the parameters analyzed (Table 7.4). Therefore, an

analysis of successive reuse was performed using CSCA.

Table 7.4 — Parameters removals for CSCA, using pre-aerated SWW, sieved SWW, and

CF/DAF SWW.
Pre- .
Parameters aerated Sslgg\e;/i Cg&/)@F
SWW

COD (%) 91 86 3

TP (%) 98 98 98
Absorbance at 254 nm (%) 93 98 90
Absorbance at 410 nm (%) 96 99 94
Turbidity (%) 99 100 100
E. coli (%) 100 100 100

TKN (%) 62 23 3

7.3.3. Sludge successive reuse

7.3.3.1. Treated SWW characteristics

Figures 7.5 and 7.6 show the physicochemical characteristics of the treated SWW at each
stage of the successive sludge reuse process using CSCA, for the three raw SWWs tested.
No significant difference (P<0.05) in pH was observed between the number of sludge
reuses for the three SWWs (Figure 7.5a), maintaining treated SWW at pH 12. However,
a reduction of the applied hydrated lime doses was observed from the beginning to 3™
sludge reuse phase (Figure 7.5b). CaO resulting from the calcination process (Eq. 1) can
react with some chemical species of the effluent (such as carbonic acid, calcium
bicarbonate, and others) (Egs. 3 to 6) increasing the pH of the effluent. Figure 7.7a shows
the savings of the hydrated lime at each stage of the successive sludge reuse process.
According to this figure, at the 3™ sludge reuse stage, hydrated lime savings were about
21.6, 28.4, and 21.8% for pre-aecrated SWW, sieved SWW, and CF/DAF SWW,

respectively.
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No significant differences (P<0.05) were observed for the following parameters during
the successive reuse of sludge: conductivity, absorbance at 254 nm, absorbance at 410
nm, COD, turbidity, and TKN, for all SWWs tested (Figures 7.5¢ to 7.5h). For total
phosphorus (Figure 7.51), the concentration increased with the sludge successive reuse,
for pre-aerated SWW and sieved SWW, becoming significantly different (P<0.05)
between the beginning and the end of the successive reuses of the sludge. Pre-aerated
SWW and sieved SWW had high concentrations of TSS (ca. 3696 and 860 mg L,
respectively, Table 7.1) that sediment by gravity, so after the sludge calcination process
there will be a greater amount of phosphorus available to precipitate and consequently a
lower removal efficiency. Bal Krishna et al. (2017) investigated the calcined lime sludge
reuse resulting from the water softening process to remove phosphorus from an aqueous
solution. These authors observed that, for a fixed amount of sludge, the phosphorus
removal efficiency decreased with an increase in the phosphorus concentration in the
solution. These authors also observed that the greater the amount of calcined sludge used,

the greater the efficiency of removing phosphorus from the solution.

E. coli was not detected at different sludge reuse stages, for all SWWs tested since high

pH was reached (about 12), so 100% was removed.

Regarding the calcium ions (Figure 7.6a), magnesium (Figure 7.6b), sodium (Figure

7.6¢), and potassium (Figure 7.6d), no significant difference (P<0.05) was observed for
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each of these between the different sludge reuse stages, for the three SWWs tested. Metals
such as lead, cadmium, and nickel were not detected for the SWWs tested after the
successive sludge reuse phases since they were not detected in raw SWWs (Table 7.1).
However, the metals that were present in raw SWWs, such as iron, manganese, copper,
and zinc (Figures 7.6e to 7.6h) were not removed efficiently, sometimes reaching
concentrations higher than the SWWs. Metal removals may be due to precipitation in the
form of hydroxides or the ability to adsorb to calcium carbonate. Ahmad et al. (2012)
investigated the adsorption capacity of calcium carbonate of heavy metals ions (Fe*”,
Cr**, Cu**, Zn*", Pb*", and Cd*") from aqueous solutions, and observed a significant

decrease in the concentration of all metal ions after treatment.

7.3.3.2. Sludge characteristics

Table 7.5 shows the characteristics of the sludge obtained after the first and third stages
of successive sludge reuse using CSCA, for the studied SWWs. According to Table 7.5,
a significant reduction in the volume of sludge was observed from the first to the third
stage of sludge reuse, for all SWWs tested. However, this reduction is not reflected in the
volume of the centrifuge sludge, which remained at the same values (no significant
differences, P<0.05). These results indicate that the sludge's successive reuse led to high
sludge compaction and consequently a reduction in the volume of sludge. The savings of
sedimented sludge volume were about 11.6, 11.4 and 24.7% for pre-aerated SWW, sieved
SWW, and CF/DAF SWW tested, respectively (Figure 7.7b). A sludge volume reduction
with the iron sludge successive reuse was also observed by Taheriyoun et al. (2020), when
these authors used iron sludge from steel mill wastewater treatment as a coagulant aid, in
combination with a coagulant (ferric chloride) and flocculant (polyelectrolyte) for

turbidity removal.

From the IOSLM process (Table 7.2) to the third sludge reuse (Table 7.5), an increase in
sludge pH was observed for pre-aerated SWW (from 10.4 to 11.5) and sieved SWW (from
11.0 to 12.0), and CF/DAF SWW’s pH maintained at 12. The stabilization of the pH of
the sludge at 12 is due to the adjustment of the pH of the SWW to 12 with hydrated lime.
On the other hand, these increases in sludge pH may be due to the poor solubility of CaO

in water. Rapid precipitation of magnesium hydroxide onto the surface of the CaO may
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have hindered the progress of the hydration reaction of CaO (Justnes et al., 2020). The
contact time between CaO and the effluent can also be an interfering factor in the
dissolution of CaO. Justnes et al. (2020) mixed 1% fine CaO with seawater at 5°C, and
the authors observed that bulk composition (%) of solids from the reaction varied over
time, that is, in the first minute there was 30.1% of CaO and 50.4% of Ca(OH)., but after
1 hour there was 12.3% of CaO and 61.3% of Ca(OH)s.

Table 7.5 — Characterization of the sludge obtained by CSCA in different sludge successive
reuse stages, for pre-acrated SWW, sieved SWW, and CF/DAF SWW. Pb and Ni were not
detectable in the sludge successive reuse, for different SWW.

Sludge successive reuse

Parameters Unit SWw

1% sludge reuse 3" sludge reuse
. 1 14243 87+6
Sedimented sludge —pyp 1 2 856 5943
3 5240 26+2
. 1 5712 60+10
Centrlfulged sludge mL L > 2746 2549
volume 3 201 201
. 1 28.2+0.7 29.0+3.0
s(l::(‘l‘;‘:‘v‘egieg‘l‘l . mg L 2 12,5413 17.442.6
3 4.3£0.3 8.7+0.7
1 11.1£0.1 11.5£0.1
pH Sorensen 2 12.1+0.1 12.0+0.2
3 11.940.1 12.1+0.0
1 0.520.0 0.4+0.0
Conductivity mS cm’! 2 0.8+0.1 1.1£0.2
3 0.6+0.2 1.3+0.5
1 21.2+0.7 22.1£1.0
Dry matter % 2 21.6+1.2 28.5+0.8
3 34.242.0 34.3+3.8
Organic matter 1 68.5£5.5 57.743.8
(dry sample) % 2 33.5+2.1 24.3+3.6
3 30.3£3.5 9.9+1.2
Organic matter 1 14.5+1.5 12.7+0.6
(wet sample) % 2 7.2+1.1 6.9=0.9
3 10.3+0.6 3.4+0.2
1 181.0£30.6 173.0£2.9
Calcium g kg'! 2 296.9+2.2 335.0+31.5
3 399.949.6 466.24+27.6
1 21.4£6.0 21.3£7.9
Magnesium g kg'! 2 53.4+25.3 43.7£5.0
3 85.1+0.8 67.4£19.4
1 1.8+0.5 1.1+0.5
Chlorides g kg'! 2 5.9+1.5 4.6+0.4
3 3.740.1 2.2+0.3
1 12.5+0.3 11.9£0.1
TKN gkg'! 2 5.5+0.0 3.340.6
3 1.8+0.1 0.7£0.2

Note: 1 — Pre-aerated SWW; 2 — Sieved SWW; 3 — CF/DAF SWW.
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Table 7.5 — (continued) Characterization of the sludge obtained by CSCA in different sludge
successive reuse stages, for pre-acrated SWW, sieved SWW, and CF/DAF SWW. Pb and Ni
were not detectable in the sludge successive reuse, for different SWW.

Sludge successive reuse

Parameters Unit SWW 1% sludge reuse 3" sludge reuse
1 5.0+0.3 4.5+0.5
Sodium g kg 2 45422 2.9+0.1
3 4.5+0.4 4.3+1.1
1 0.4+0.2 0.2+0.1
Potassium g kg'! 2 0.240.0 0.240.1
3 0.0+0.0 0.0+0.0
1 2.6+0.1 3.2+0.5
Iron g kg'! 2 1.9+0.3 2.6+0.4
3 0.5+0.0 0.5+0.1
1 177.0£7.0 240.6+35.8
Manganese mg kg! 2 309.4+48.1 384.3+63.0
3 351.1+15.2 371.4+46.8
1 34.846.5 66.6+11.8
Copper mg kg! 2 36.5+7.3 78.6+23.9
3 59.2+11.9 91.7+15.2
1 224.1+12.1 248.5+15.8
Zinc mg kg! 2 155.4433.5 319.9431.9
3 75.8+19.6 67.1+£17.0
1 1.0+0.1 1.0+£0.3
Cadmium mg kg! 2 2.7+0.1 2.9+0.7
3 1.7+0.2 4.3+0.1
1 4.5+0.6 8.5£2.1
Total phosphorus g kg'! 2 7.4+1.3 9.0+1.7
3 3.3+0.1 4.5+1.2

Note: 1 — Pre-aerated SWW; 2 — Sieved SWW; 3 — CF/DAF SWW.

E. coli of the sludge was not determined, but low levels (in the case of pre-aerated SWW)
or even its absence (especially for sieved SWW and CF/DAF SWW) are expected, due to
the high pH value of the sludge at the third sludge reuse (pH >11.5, Table 7.5). According
to Bina et al. (2004), adding lime to increase the pH of sewage sludge from 6.6 to 11 or

12, can remove up to 99% of fecal coliform.

A decrease in the concentration of TKN in the sludge was observed from the IOSLM
process (Table 7.2) to the third sludge reuse (Table 7.5), for all SWW studied. This
decrease in TKN may be possible due to the combustion of nitrogenous organic matter
with the release of nitrogen oxides during the calcination process, or to the volatilization
of ammonia since, as previously mentioned, the pH of the sludge increased with the

sludge successive reuse.

Conductivity, total phosphorus, and metals (such as iron, manganese, copper, zinc, and

cadmium) increased in the sludge successive reuse stages, for all SWW studied (Table
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7.5). The increase in conductivity was due to the increase in calcium concentration in the
sludge. In fact, calcium is the element with the highest weight per kg of sludge compared
to other ions responsible for conductivity (such as magnesium, sodium, chloride, and
potassium) (Table 7.5). Lead and nickel were not detected in the sludge throughout the

sludge successive reuse.

7.4. Conclusion

In this work, the feasibility of reusing sludge from the IOSLM process at pH 12 to treat
slaughterhouse wastewater with different characteristics was evaluated. For that, four
different methods of sludge reuse, such as coagulant — wetted (WSC) and calcinated

(CSC) — and coagulant aid — wetted (WSCA) and calcinated (CSCA) — were used.

All forms of sludge reuse contributed to removals of absorbance at 245 nm, absorbance
at 410 nm, turbidity, COD, and TKN, although WSC and CSC were the least efficient.
WSC was not effective in removing E. coli and TP. WSCA had a higher sedimented sludge
volume. Given the variability of slaughterhouse wastewater characteristics in a
wastewater treatment system, choosing a single sludge reuse method is critical. In this
case, CSCA was the only method that best provided high COD (3 to 91%), TP (98%),
absorbance at 254 nm (90 to 98%), absorbance at 410 nm (94 to 99%), turbidity (99 to
100%), E. coli (100%), and TKN (3 to 62%) removals for the three effluents studied.

Using CSCA, the sludge successive reuse in the treatment of SWW had some advantages
in all SWWs tested, namely:
e Similar treated wastewater characteristics after each sludge reuse (except for
the total phosphorus parameter which increased with the reuse of sludges),
e Savings in the dose of hydrated lime applied, which means a reduction in costs
associated with the purchase of reagent,
e High sludge compaction, which means a reduction in transportation costs and
storage volume,

e High sludge’s pH, so no need for further chemical sludge stabilization.
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The increase in phosphorus levels in the treated SWW may indicate that there will be a
limit to the successive reuse of the sludge. After reaching a certain established phosphorus

level, new sludge reuse will have to be started.
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ABSTRACT

This chapter presents the main conclusions of the processes studied in the treatment of
poorly biodegradable effluents with low C/N and biodegradable effluents with a high C/N
ratio, as well as in the valorization of sludge produced as a coagulant (aid). Finally, some

proposals for future work on this topic are presented.
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8.1. Conclusions

In this work, a circular treatment sequence was developed, consisting of immediate one-
step lime precipitation and atmospheric carbonation followed by constructed wetland or
adsorption, to treat poorly biodegradable effluents with low C/N ratio (as is the case of
effluent from explosives industry) and biodegradable effluents with a high C/N ratio (as
is the case of effluent from slaughterhouse industry). The reuse of IOSLM sludge as a
coagulant (aid) was also considered as an integral part of the treatment system. The main

conclusions obtained in this work are presented and discussed below, for both effluents.

8.1.1. Immediate one-step lime precipitation and atmospheric carbonation

This work started with the study of the integrated sequence composed of immediate one-
step lime precipitation and atmospheric carbonation as pretreatment to treat wastewaters
with different characteristics using both case studies - wastewaters from explosives and

from slaughterhouse.

The effect of dose or reaction pH on removing several compounds from both wastewaters
were evaluated in the IOSLM process. The results showed that the pH and the dose of
hydrated lime have a significant effect on the removal some compounds, in both
wastewaters, and thus the optimal pH must always be found. Additionally, for
slaughterhouse wastewater it was found that only at a reaction pH of 12, final
characteristics of the slaughterhouse wastewater are more similar and at this pH high

removals were obtained.

In open systems, atmosferic carbonatation applied to both wastewaters was influenced by
several factors, such as the presence or absence of IOSLM precipitates, the reactor A/V
ratios, and the reaction pH. The presence of IOSLM sludge contributes to increase the
carbonation time, since the sludge slows down the effluent pH drop. This brings
advantages that include the use of one less sludge/eftfluent separation step since during
atmospheric carbonation precipitates of calcium carbonate are formed, as well as the great
removal of ammonia since high pH values will remain longer for ammonia volatilize. The

application of higher reactor A/V ratios contributes to greater contact of the effluent with

305



the atmospheric air, thus allowing a greater transfer of atmospheric CO; to the effluent,
and consequently a rapid pH reduction of the effluent. Despite the rapid decrease in pH,
ammonia removal is not diminished by increasing the A/V ratio. Increasing the A/V ratio
of the reactor contributes to the need for larger areas of site, which may be a disadvantage
for sites limited in area. For the reaction pH applied during the carbonation process, it
was observed that regardless of the reaction pH chosen from the range 9.5 to 12, the same

carbonation time would be necessary to reach pH 8.

For wastewater from the explosives industry and under optimal conditions of dose of
hydrated lime (at 7.76 g L', corresponding to a reaction pH of 10) and a carbonation for
10 days in the presence of IOSLM sludge, the pretreatment achieved removals of 92%
for organic matter, 98% for oils and fats, 63% for ammonium nitrogen, and 100% for
organic nitrogen, and a pH around 8. As expected, the removal of nitrates and ammonia
were not effective, resulting in high concentrations of these compounds in wastewater.
The wastewater now produced by pretreatment has the quality (at least in terms of BODs

=3 mg L) to be used as irrigation in accordance with Portuguese legislation.

Regarding slaughterhouse wastewater and under optimal conditions of reaction pH of 12
and carbonation time between 10 to 15 days in the absence of IOSLM sludge,
IOSLM+AC integrated process contributed to removals of 7 to 91% of COD, 71 to 97%
of TKN, 80 to 86% of BODs, 52 to 88% of ammonium nitrogen, 98 to 99 % of TP, 52 to
99% of TSS, 62 to 97% of turbidity, 47 to 92% oils and fats, and a pH around 7.8,
according to the characteristics of the slaughterhouse wastewater studied. Despite the
high removals, these effluents still have considerable concentrations of COD (> 125 mg
L1). Thus, the use of refining processes to reduce the concentration of COD is evident.
However, one of the effluents studied from the slaughterhouse (the most treated at the
slaughterhouse), now has a low value of BOD:s (i.e., 8 mg L!) where a greater coverage

in crop irrigation is already possible, according to Portuguese legislation.

The advantages of the integrated IOSLM+AC process are evident. IOSLM is a simple
process, and the reagent used is low cost and easily available. Atmospheric carbonation
does not require chemicals or specialized maintenance, has low energy consumption and
contributes to the mitigation of atmospheric CO2. On the other hand, the ammonia

removal during the carbonation process is advantageous in downstream processes,
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namely in biological systems and mainly in wastewater with a low C/N ratio, since it

contributes to a lower need of add external organic matter in the denitrification process.

The disadvantage encountered with atmospheric carbonation in open systems is the
release of ammonia into the atmosphere. Therefore, it is advisable to use these systems in
alkaline wastewater with low concentrations of ammonia, otherwise the use of closed

systems is needed.

Atmospheric carbonation in closed systems was also investigated, using a lab-scale stirrer
bubble column (SBC) and a lab-scale stepped continuous flow capillary column (SCFCR)
to reduce the pH of the pretreated slaughterhouse effluent by integrated IOSLM+AC
process, as well as to capture volatilized ammonia in acidic solution. The results
demonstrated that the carbonation process occurred in both columns and the carbonation
time was substantially shorter than the atmospheric carbonation in open systems.
Furthermore, about 99% of the volatilized ammonia was captured in acidic solution.
Aeration time, agitation speed, and SWW volume used in the SBC were the factors that
had a significant effect on pH, conductivity, calcium, total alkalinity, and ammonium
nitrogen. The increase in aeration time and agitation speed, and the decrease in the SWW
volume in the SBC are important for the occurrence of the atmospheric carbonation
process. Regarding SCFCR, SWW flow rate and capillary area were the variables that
had a significant effect on pH, conductivity, calcium, total alkalinity, and ammonium
nitrogen. Decreasing the effluent flow rate and increasing the capillary area have a
positive effect on the atmospheric carbonation process. The air flow rate was not a
variable with a significant effect on most of the studied parameters, for both columns.
Both columns have been optimized according to the response surface methodology using
central composite design. For SBC, the optimized conditions (time at 21 h, air flow rate
at 65 L h'!, stirring speed at 52 rpm, and SWW volume at 178 mL) allowed reaching pH
8 and removals of 76% of calcium and 66% of ammonium nitrogen. On the other hand,
for SCFCR and under optimized conditions (effluent flow rate at 1.2 mL min™', air flow
rate at 90 L h!, and capillary area at 700 cm?) it was possible to obtain a pH of 8.2 and
removals of 81% of calcium and 58% ammonium nitrogen. The carbonation process using
SCFCR was more efficient than SBC, contributing to a faster pH reduction and SCFCR

does not require an additional precipitates/effluent separation step like SBC. Furthermore,
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one of the great advantages of the SCFCR is that during its operation, the effluent is

immediately available at a pH around neutrality and there is no change in quality.

8.1.2. Constructed wetlands

Vertical flow constructed wetland planted with Vetiveria zizanioides were used as a
refining process to remove nitrogen from poorly biodegradable effluent and low C/N
ratios (as is the case with wastewater from the explosives industry), as well as to remove
organic matter from poorly biodegradable effluent and high C/N ratios (as is the case with

slaughterhouse wastewater), resulting from IOSLM + AC pretreatment.

For nitrogen removal from explosive wastewater, the effect of flooding level, C/N ratio,
and nitrogen load were studied. As expected, the removal of nitrates without flooding
level (unsaturated) was low, of around 7%. However, an increase in nitrate removal was
observed when a flooding level of 25% was applied with the addition of an external
carbon source (C/N ratio of 1.3), nitrate load 12 gm™ d’!, and hydraulic load at 83 L m™
d!. Under these conditions, the maximum removal of nitrates was 55%, and removals
above 90% of COD and 75% of ammonium nitrogen were also observed. Flooding level
contributed to the occurrence of the denitrification process. Increasing the C/N ratio to
values above 1.3 has no influence on nitrate removal. Decreasing the nitrate load did not
favor the efficiency of nitrate removal since the effluent initially contained more

ammoniacal nitrogen which was meanwhile converted into nitrates.

For wastewater from the slaughterhouse, it was observed that the efficiency of removal
of organic matter can be reduced with an increase in the organic load of the effluent or
with a decrease in the depth of the bed. The maximum observed COD removal
efficiencies were around 89.9 to 95.0% when deeper beds and lower organic loads are

used.

No signs of toxicity and no symptoms of micronutrient deficiency were detected in the

plant Vetiveria zizanioides, for both effluents studied.

The treatment system composed of IOSLM and AC followed by constructed wetland was

not sufficient in the removal of nitrogen from explosives wastewater to discharge of
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according to EU rules. However, for slaughterhouse wastewater, this treatment solution

meets the requirements for water reuse for irrigation and for discharge into water.

8.1.3. Adsorption

Adsorption was used as a refinement process in the removal of organic matter present in
the slaughterhouse effluent after IOSLM and AC. PAC, GAC, PACMAG, and GACMAG
were the unmodified/modified activated carbons applied. The effect of dosage and contact

time of these carbons on the removal of organic matter was evaluated.

The results showed that, under optimized conditions, removals of 76% and 74% of COD
removals were obtained, corresponding to a COD adsorption capacity of 5.78 mg g™ and
5.61 mg g™ for GAC and GACMAG, respectively, using a dose of 60 g L' and a contact
time of 60 min. For PAC and PACMAG, smaller removals were obtained, that is, 60 and
59%, corresponding to an adsorption capacity of 3.90 mg g™! and 3.86 mg g™! respectively,
and applying a dosage of 70 g L*! and a contact time of 5 min. It has been demonstrated
that the incorporation of iron oxide nanoparticles into the PAC or the GAC does not affect
the adsorption of COD. Therefore, the incorporation of iron oxide nanoparticles and
sequent magnetic separation of the adsorbent seems to be advantageous in terms of time,
since no significant differences in COD concentrations were observed when adsorbent

separation occurs by filtration or magnetic separation.

Compared to constructed wetlands, the adsorption process is less efficient in removing
COD and does not allow its discharge into the water environment and agricultural reuse

since it still has BOD values above the limits.

8.1.4. Lime sludge reuse

It is recognized that the production of lime sludge is one of the disadvantages of the
IOSLM process, and therefore it is fundamental, in terms of environmental sustainability,

to guarantee its recovery.

Thus, in this work, the viability of reusing lime sludge from the IOSLM process to treat

slaughterhouse wastewater with different characteristics was studied. Lime sludge was
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reused as a coagulant or coagulant aid in the IOSLM treatment, and before or after the

heat treatment.

The results showed that the use of lime sludge as a coagulant aid and with heat treatment
contribute to greater removals of COD from 3 to 91%, TP 98%, turbidity from 99 to
100%, E. coli 100%, and TKN from 3 to 62%, depending on the characteristics of the

wastewater of the slaughterhouse treated.

Subsequently, reusing lime sludge as a coagulant aid and with heat treatment, the
successive reuse of sludge was carried out. The results showed that the quality of the
effluent did not change after each reuse (except for phosphorus which increased). In
addition, after each reuse there were savings in terms of the dose of hydrated lime applied
in the IOSLM process, and the sludge was more compacted and stabilized with a high pH
value after three sludge reuses. The sludge obtained is rich in nutrients and may have a

potential application in nutrient-poor and acidic soils.

Finally, it can be concluded that the circular treatment sequences proposed to treat poorly
biodegradable effluents with low C/N and biodegradable effluents with a high C/N ratio,
as well as the sludge recovery processes, contribute to producing by-products, such as
effluents with potential agricultural reuse, and sludge with potential reuse as a coagulant
(aid). So, the change the linear paradigm to the circular one, is possible using simple, eco-
innovative, and low-cost strategies in the treatment of industrial effluents, especially in

effluents from explosives and slaughterhouses.

8.2. Next works

Despite the advances of the present work, there are still aspects to consider in future

research, in each of the processes used or sequence of processes, such as:

» Immediate one-step lime precipitation and atmospheric carbonation:
e Evaluate the effect of temperature and CO»-laden environments on

alkaline wastewater neutralization,
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Evaluate the effectiveness of other materials (e.g., fabrics) in conducting
wastewater to be neutralized in a stepped continuous flow capillary
column,

Evaluate the removal of ammonia and neutralization of alkaline
wastewater if the stepped continuous flow capillary column is exposed to
solar radiation,

Evaluate the effect of using an intermittent air flow in the neutralization
of alkaline effluents in a stepped continuous flow capillary column, to
reduce electricity consumption,

Focus on the recovery of calcium carbonate present in the capillary
material, given that this is a product with potential value in several

industries;

» Constructed wetlands:

Evaluate the use of VFCW in series and other flooding levels, to promote
greater removal of ammonium and nitrate from effluents with low C/N
ratio,

Evaluate the use of organic substrates in the treatment of effluents with
low C/N ratio, to replace the addition of external carbon,

Evaluate the treatability of low C/N ratio effluents through mixing with
high C/N ratio effluents as an external carbon source,

Evaluate the use of construction materials as a substrate in constructed
wetland, in the treatment of effluents with high C/N ratios, to contribute
to environmental sustainability,

Evaluate phosphorus removal in constructed wetlands from effluents

obtained by successive reuse of sludge;

» Adsorption:

Test the adsorption of organic matter by GAC and GACMAG in
adsorption columns, as well as its regeneration,

Evaluate the effect of temperature on the adsorption process,
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e Evaluate the effect of higher ratios PAC/iron oxide NPs and GAC/iron
oxide NPs in the removal of organic matter,

e Evaluate the COD removal with previous treatment with iron oxide NPs,
before adsorption with PACMAG or GACMAG, to reduce the dosage of
activated carbon,

e Test other natural adsorbents that are more efficient, inexpensive, and

recoverable.

» Lime sludge reuse:
e Evaluate the use of sludge (which are rich in organic matter, nutrients, and

calcium) as an acidity corrector in acidic and/ or calcium-deficient soils;

» 10LSM + AC + Constructed wetlands/adsorption
e Evaluate the effectiveness of the full-scale treatment sequence,
continuously and at different times of the year,
e Carry out economic analysis,
e Carry out a life cycle analysis,

e Test in other types of industrial wastewater.
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