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A B S T R A C T   

Lab-scale stirrer bubble and lab-scale stepped continuous flow capillary columns were developed to neutralize 
lime precipitation treated slaughterhouse wastewater (SWW) and recover the volatilized ammonia, using at
mospheric CO2. These experiments were carried out using central composite design based on the response surface 
methodology. The carbonation process occurred in both processes. For the bubbling process, numerical opti
mization indicated a final pH of 8 with calcium and ammonium nitrogen removals of 76.0 and 66.2%, respec
tively, applying 21 h, air flow rate at 65 L h− 1, the stirring speed at 52 rpm, and SWW volume at 178 mL. It was 
also observed that increasing the air flow rate can avoid the stirring step. For the capillary process, a pH of 8.2 
and calcium and ammonium nitrogen removals of 81.0 and 57.5% were achieved, applying a SWW flow rate at 
1.2 mL min− 1, air flow rate at 90 L h− 1, and capillary area at 700 cm2. Under optimal conditions, the flow 
capillary column was able to neutralize different SWW volumes, 178–478 mL, without significant differences in 
the collected samples, with the operation time varying between 4.48 and 10.20 h, respectively.   

1. Introduction 

Carbon neutrality is on the global agenda. Carbon capture and 
storage (CCS) and direct air capture (DAC) are technologies that can 
contribute to this neutrality [1–4]. CCS has been widely explored. 
Different solvents such as alkaline solutions (e.g., CaO [5], piperazine 
solution [6], Sr and Ba alkaline solutions [7], NaOH [8,9], and others), 
alcohols (e.g., methanol, ethanol, 2-Propanol, and others) [10], 
amine-based solvents (e.g., diethanolamine solutions) [11–13] and 
alkaline wastewaters [14,15] have been tested to capture CO2 from in
dustrial flue gases or simulated flue gases. However, the neutralization 
of high alkaline wastewater [16–25] by DAC still needs further inves
tigation. DAC is more interesting than the use of strong acids because 
CO2 is not corrosive, allows greater control in the pH drop, there is 
anywhere, and contribute for reducing the carbon footprint of waste
water treatment plants [26–28]. Moreover, unlike alkaline solutions, it 
is expected that DAC is less expensive since no decarbonization step is 
necessary as wastewaters are sent for disposal or reuse [29,30]. DAC for 
neutralization of high alkaline wastewaters has been a challenge 
because unlike the CCS, it takes a long time, given the low concentration 

of CO2 in the atmosphere compared to CO2-containing flue gases [14, 
31]. Different gas− liquid contactors have been investigated [9,32–36]. 
Long carbonation time (≥ 7 days) to reduce the effluent pH from 12 to 8 
by DAC has been observed using static and open reactor [29,37–39]. In 
these systems, the effluent remains stable over time while its surface is in 
contact with atmospheric air [40]. Low area/volume ratio of reactor 
used (≤ 7 m2/m3), and the presence of the lime precipitation process 
precipitate during the carbonation process [29] may justify the high 
carbonation time in these systems. Aeration tank has contributed to 
better mixing of atmospheric air and liquid by injecting air in the form of 
bubbles, resulting a lower time carbonation [41,42]. Correia et al. [42] 
reduced the carbonation time from 220 to 100 hours in the neutraliza
tion of an alkaline urban effluent pretreated at pH 11.5 by DAC using an 
aeration tank (with air flow at 85 L h− 1). However, as the carbonation 
process is performed in an open system, if the ammonia is present in the 
effluent it may be released into the atmosphere [29,39]. Thus, there is a 
necessity to develop new cost-effective ways to promote a greater 
liquid-air interface for DAC in closed systems. Stirred bubble column 
(SBC) is a technology recognized for its high CO2 absorption capacity 
derived from the large gas-liquid contact area caused by the stirring 
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speed [6]. Pashaei et al. [11] observed that increasing the stirring speed 
favors higher CO2 absorption rates into aqueous solution of diethanol
amine. On the other hand, under constant stirring speed, Liendo et al. 
[5] observed a rapid drop in pH when the authors increased the flue gas 
flow to neutralize CaO slurry. To the best of our knowledge, it is un
known whether increasing air flow (which also contributes to effluent 
turbulence) could reduce or even avoid the stirring step to reduce the 
energy costs associated, which unlike CCS, can be significant for DAC 
due to its long carbonation time. On the other hand, it is unknown 
whether the stirring and bubbling steps could be sucessfully replaced by 
gravitational displacement or by siphon-driven of alkaline wastewater 
onto a surface with capillary characteristics that promote larger 
gas-liquid contact area. This process has contributed to the metal (e.g., 
iron [43,44] and manganese [45]) and organic contaminants removals 
[46], and water desalination [47]. However, to the best of our knowl
edge, the use of this process for alkaline wastewater neutralization 
purposes as well as its effectiveness with increasing the volume of 
effluent processed, has not been reported. To fill these gaps, this work 
aims to develop and model the DAC for neutralizing high alkaline 
wastewater resulting from lime precipitation, and recovering volatilized 
ammonia, using two new closed systems. A system based on bubbling 
and agitation of the effluent (hereinafter referred to as SBC) and another 
system based on the continuous displacement of the effluent over a 
capillary (hereinafter referred to as stepped continuous flow capillary 
column (SCFCR)) were used. Response surface methodology (RSM) was 
used to evaluate the interactive effects between two or more experi
mental variables on the response variables. RSM has been applied to 
model various wastewater treatment processes, as it allows: i) finding 
the best model that can predict the response variables through mathe
matical equations, ii) identifying the independent variables that affect 
the response variables, iii) finding the best operating conditions through 
the optimization process, and iv) validate the RSM model based on 
statistical criteria [48]. 

2. Materials and methods 

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 immediate one-step lime 
precipitation (IOSLM) at pH 12 using calcium hydroxide (≥ 95%, Pan
Reac S.A), according to Madeira et al. [20]. The pretreated SWW sam
ples were characterized in terms of pH, conductivity, calcium, total 
alkalinity, and ammonium nitrogen. If not immediately analyzed, the 
collected samples were stored at 4 ºC until use. The SWW characteristics 
are provided in Table 1. According to Table 1, the effluents used are 
characterized by high pH (around 12), conductivity (around 5 mS 
cm− 1), and calcium (between 500 and 600 mg L− 1), which are charac
teristics of the effluents after the IOSLM process, and contains substan
tial amounts of ammonium nitrogen (between 60 and 80 mg N-NH4

+

L− 1). 

2.2. Experimental setup and procedure 

Before carrying out the experiments, the stability of the reactors was 
guaranteed by analyzing the coefficient of determination at 95% level of 
confidence on a set of pH measurements obtained under different 
operating conditions. Then, the experimental tests of atmospheric CO2 
carbonation were conducted in three experiments. 

In the first experiment, the bubbling process took place (Fig. 1a). 
Between 178 and 478 mL of pretreated SWW was added to a lab-scale 
SBC (bottle column volume 750 mL and diameter 6.8 cm), under vari
able magnetic stirring (NORMAX® NX1200) (0–200 rpm) and atmo
spheric air injection (60–120 L h− 1) by an air pump (Marina® 75, 
Marina® 100, and Marina® 200). The reactor was hermetically sealed. 
The injected air was dispersed continuously (during 2–21 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 2.4. 

In the second experiment, the capillary process was used (Fig. 1b). 
The pretreated SWW was gravitationally displaced, through a capillary 
located inside the lab-scale SCFCR (length, width, and height of 18.5, 
14.5, and 35 cm, respectively), Fig. 1b, while atmospheric air was 
continuously injected using an air pump (Marina® 100, and Marina® 
200) at 90–270 L h− 1. The pretreated SWW flow rate used varied be
tween 1.2 and 2.0 mL min− 1 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 sealed. The capillary material used 
was a commercial non-woven compress (Pingo doce®) (width 5 cm, 
area 150–700 cm2, and thickness 1 mm), non-sterile, with high ab
sorption capacity, composed of four layers 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 so
lution (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 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 2.3). The 
samples were analyzed according to Section 2.4. 

Throughout these experimental tests, the indoor air quality status 
(Table 2) was monitored (see Section 2.4). 

2.3. Experimental design, optimization, and statistical analysis 

In this work, the bubbling and the capillary experiments were carried 
out based on the RSM using the full face central composite design (CCD). 
RSM was used to analyze the effect of independent variables and their 
interactions on response variables, design experiments, build models, 
and find optimal operating conditions, through Design Expert 11 soft
ware (version 11.1.2.0). 

A set of independent variables with a possible potential effect on the 
transfer of atmospheric CO2 to the aqueous phase was proposed and 
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 

Table 1 
Physicochemical characterization of pretreated SWW resulting from IOSLM at 
pH 12.  

Parameter Unit Used in experiments of: 

Bubbling process Capillary process 

pH Sorensen scale 11.88±0.05 12.13±0.02 
Conductivity mS cm− 1 5.23±0.15 5.03±0.34 
Calcium mg L− 1 633.1±18.6 509.7±7.6 
Total alkalinity mg CaCO3 L− 1 1614±0 1296±0 
Ammonium nitrogen mg N-NH4

+ L− 1 84.5±0.9 61.7±1.4  
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variable studied in atmospheric carbonation processes. Shorter times 
may be associated with lower CO2 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 CO2. The capillary area is the contact me
dium 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 3. pH, 
conductivity, calcium, total alkalinity, and ammonium nitrogen were 
the response variables. 

The experimental conditions are shown in Tables S1 and S2 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, 

Fig. 1. Schematic diagrams of experimental systems relating to the atmospheric CO2 carbonation process: a) stirrer bubble column and b) stepped continuous flow 
capillary column. 

Table 2 
Indoor air quality states during the experiments.  

Parameter Experiments 

Bubbling process Capillary process 

Temperature (ºC) Min.  14.3  19.6 
Mean  15.9  19.8 
Max.  16.5  20.3 

CO2 (mg L− 1) Min.  222  206 
Mean  288  271 
Max.  389  420  
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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 Eq. (1): 

Y = β0 +
∑n

i=1
βixi +

∑n

i=1
βiix

2
i +

∑n− 1

i=1

∑n

j=i+1
βijxixj (1)  

where Y is the response variable, xi and xj are coded independent vari
ables, and β0, βi, βii, and βij are coefficients of intercept, linear, quadratic, 
and interaction terms, respectively. The model was evaluated by R2 and 
F values. Subsequently, the model was validated for 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 condi
tions defined for the response variables and independent variables, for 
both processes. All response variables were limited by the range of 
current values defined by Tables S1 and S2, respectively, except for pH. 
For pH, the target pH value was based on the minimum pH value 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. Regarding the 
independent variables, all of these were limited by their levels (estab
lished in Table 3), except when some variable was designated to mini
mize energy costs because it is a variable that does not have a significant 
effect on most parameters responses analyzed. 

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. 

2.4. Analytical methods 

All chemical analyses were performed following the Standard 
Methods [49]. 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 a 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 3 M™ EVM 7 Environmental 
Monitor Kit, which is a portable device whose measurement is contin
uous 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. 

In this work, the devices used were associated with the following 

accuracy values: ±100 ppm (20⁰C, 1 bar pressure at 2000 ppm applied 
gas) for CO2 sensor; ±1.1ºC for temperature sensor; ±0.01 for WTW 
InoLab pH Level 1 apparatus; 0.5% for Jenway 4510 conductivity meter; 
and ±8% for SWW flow rate. 

3. Results and discussion 

3.1. Statistical analysis of the overall model 

The actual and predicted values of the different response variables 
referring to the experimental conditions applied to the bubbling process 
(Table S1 and Fig. S1) and the capillary process (Table S2 and Fig. S2) 
were obtained. Overall, the actual and predicted values were quite close. 
These similarities are confirmed by the proximity of most of the points to 
the diagonal axis (Figs. S1 and S2), indicating that the quadratic poly
nomial models chosen seem suitable to predict the response variables of 
both processes. The quadratic model adequacy was evaluated for 
different response variables using ANOVA (Table S3), both for the 
bubbling process and for the capillary process. According to Table S3, 
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 (R2) 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 R2 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 P-value was less than 0.05 
(P <0.0001), which suggest that the quadratic model was significant for 
all response variables. 

3.2. Experimental design 

As a result of the experimental conditions, the pH, conductivity, 
calcium concentration, total alkalinity, and ammonium nitrogen con
centration ranged from 7.90 to 11.95, 1.5–5.3 mS cm− 1, 
129–634 mg L− 1, 23–1401 mg CaCO3 L− 1, and 24–86 mg N L− 1, 
respectively, in the bubbling process (Table S1). Regarding the capillary 
process (Table S2), the values varied between 8.16 and 12.04 for pH, 
1.26 and 3.78 mS cm− 1 for conductivity, 86 and 311 mg L− 1 for calcium, 
177 and 742 mg CaCO3 L− 1 for total alkalinity, and 22 and 45 mg N L− 1 

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 led to the occurrence of the carbonation process. On the 
other hand, the maximum pH values obtained (which practically 
correspond to the initial values of the effluent, Table 1), clearly indicate 
that carbonation process did not occur in both processes. The non- 
occurrence of the carbonation process happens when the calcium con
centration is limited [39], which was not the case since high pH values 
were associated with high calcium concentrations. According to Vis
wanaathan et al. [31], temperature and atmospheric CO2 concentration 
are factors that can influence the carbonation process. However, in this 
work the concentration of CO2 was not limiting and no variation in 
temperature was observed so the dissolution of atmospheric CO2 in the 
solution was prevented (Table 2). As the atmospheric carbonation pro
cess occurs in a closed system, the most plausible reason is the inability 
of certain operating conditions to disable the atmospheric carbonation 
process from occurring, as will be seen later in Section 3.3. 

3.3. Effects of model parameters on response variables 

For the bubbling and capillary processes, the individual and inter
active effects of independent variables on pH, conductivity, calcium, 
total alkalinity, and ammonium nitrogen were evaluated by the second- 

Table 3 
Experimental range and levels of the independent variables in the bubbling and 
capillary processes.  

Process Independent variable Symbol Coded levels 

-1 0 1 

Bubbling Time (h) A  2  11.5  21 
Air flow rate (L h− 1) B  60  90  120 
Stirring speed (rpm) C  0  100  200 
SWW volume (mL) D  178  328  478 

Capillary SWW flow rate (mL min− 1) A  1.2  1.6  2.0 
Air flow rate (L h− 1) B  90  180  270 
Capillary area (cm2) C  150  425  700  
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order polynomial equations (Table 4, Y1 to Y5 for the bubbling process 
and Y6 to Y10 for the capillary process) and their coefficients (Tables S4 
and S5), as well as their significance level (Tables S6 and S7). 

3.3.1. Individual effects 
Model components such as A (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 
A (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 inde
pendent variables. From Table S4, the model components such as A, B, 
and C in the bubbling process appear to contribute to the reduction of 
pH, conductivity, calcium, total alkalinity, and ammonia. ANOVA re
sults (Table S6) indicate that all these contributions are significant 
(P<0.05), except for model component B on pH, conductivity, and cal
cium. In fact, the perturbation plot (Fig. 2) shows that the increase in 
time (curve A, from 2 to 21 h) and in stirring speed (curve C, from 0 to 
200 rpm) contributes to the decrease in pH (Fig. 2a1), conductivity 
(Fig. 2b1), calcium (Fig. 2c1), total alkalinity (Fig. 2d1), and ammonium 
nitrogen (Fig. 2e1). Moreover, it is possible to observe that the time 
variable (curve A) was the independent variable that had the greatest 
influence on response variables, given its more accentuated curvature 
(Fig. 2a1–e1). Time has been a determining factor in the carbonation 
process in open systems [29,37–39,42,50]. On the other hand, the stir
ring speed favors higher CO2 absorption rates into aqueous solution 
[11]. Although the turbulence at the water surface observed in the 
bubbling process can be created by the air flow rate and the stirring 
speed variables, contributing to the gas-liquid contact, the stirring speed 
had a greater effect on the response variables than the air flow rate 
(Fig. 2a1–e1). 

The air flow rate applied (curve B, from 60 to 120 L h− 1) affect only 
the total alkalinity and ammonium nitrogen which decreased slightly at 
60–90 L h− 1 (Fig. 2d1) and at 90–120 L h− 1 (Fig. 2e1), respectively. The 
variable air injection has deserved importance in the carbonation pro
cess in open systems as it contributes to a significant reduction in the 

carbonatation time of effluent treated by IOSLM [42]. Correia et al. [42] 
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 m2/m3) 
with atmospheric air injection at 85 L h− 1 during carbonation. In fact, 
the injection of air [51] or the turbulence of the water surface [52] can 
increase the gas-liquid interface and promote carbonation reactions. 
However, the increase in CO2 flux is not linear with the reduction in 
carbonation time. Liendo et al. [5] observed that increasing the CO2 flux 
from 100 to 1450 mL min− 1 (at 99.9% purity) could reduce the 
neutralization time from 3 to 1.5 minutes, to reach pH 8. The problem 
with high flue gas CO2 flows is the release of CO2 into the environment, 
as some of it is not absorbed by the water [15]. In the case of atmo
spheric CO2, this concern does not arise, as the atmospheric CO2 that 
leaves the bubbling or capillary processes can be equal to or lower than 
what already existed in the atmosphere, but unnecessary energy 
expenditure is at stake. 

Model component D seems to contribute to the increase of all 
response variables (Table S4), which according to ANOVA results 
(Table S6) has significant effects (P<0.05). As observed in Fig. 2a1–e1, 
all response variables increase with increasing SWW volume (curve D, 
from 178 to 478 mL), indicating that higher volumes of SWW impact the 
carbonation process. In fact, the greater the SWW volume to be treated, 
the greater the amount of atmospheric CO2 necessary to neutralize the 
effluent [20]. Madeira et al. [20] also observed that the application of 
low reactor area/volume ratios (i.e., larger SWW volumes for a fixed 
area) in the carbonation process contributed to a longer carbonation 
time. 

Regarding the capillary process (Table S5), model component A 
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. However, the ANOVA results (Table S7) show that only the 
variables SWW flow rate (A), and capillary area (C) had significant ef
fects (P<0.05) on pH, conductivity, calcium, total alkalinity, and 
ammonium nitrogen. According to Fig. 2a2–e2, all response variables 
increased with an increase in the SWW flow rate (curve A, from 1.2 to 
2.0 mL min− 1). In fact, high SWW flow rates imply greater volumes of 
water to be treated per unit of time, which implies shorter water-air 
contact times in the system and consequently incomplete carbonation 
or even non-carbonatation. On the other hand, in the opposite direction, 
an increase in the capillary area (curve C, from 150 to 700 cm2) 
contributed to the decrease in pH, conductivity, calcium, total alka
linity, and ammonium nitrogen (Fig. 2a2–e2). 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. In this work, the capillary area was the 
independent variable that had the greatest influence on response vari
ables, given its clear sharp curve (Fig. 2a2–e2). Trus et al. [44] evaluated 
the effect of the area of the capillary material on the iron ions removal 
from water. These authors observed that the transition of Fe2+ to Fe3+

significantly depends on the contact area of water solution with air, and 
the reduction of the total iron content is directly proportional to the 
contact area. 

3.3.2. Interactive effects 
Model components AB, AC, AD, BC, BD, and CD for the bubbling 

process and AB, AC, and BC for the capillary process represent the 
interaction between two independent variables, while A2, B2, C2, and D2 

for bubbling process, and A2, B2, C2 for capillary process represent their 
quadratic effects. Of all model components of the bubbling process, only 
the AB (for conductivity), AC (for pH, calcium, and ammonium), AD (for 
pH and ammonium), BC (for conductivity, calcium, and total alkalinity), 
CD (for conductivity, calcium, and total alkalinity), A2 (for pH, con
ductivity, calcium, and total alkalinity), C2 (for pH, conductivity, cal
cium, total alkalinity, and ammonium), D2 (for pH, calcium, total 
alkalinity, and ammonium) components had significant combined 

Table 4 
Regression equations for different parameters, in the bubbling and capillary 
processes.  

Parameters Equations 
Bubbling process Capillary process 

pH Y1 = 11.14–1.12 A - 0.0439B - 
0.2028 C + 0.7467D - 0.0950AB 
- 0.1562AC + 0.6713AD +
0.0413BC - 0.0312BD - 
0.0825CD - 0.4551A2 +

0.1249B2 + 0.4049C2 - 0.5101D2 

Y6 = 9.70 + 0.2903 A - 
0.0259B - 1.61 C - 
0.0016AB + 0.1651AC - 
0.0334BC + 0.1657A2 - 
0.4473B2 + 0.8432C2 

Conductivity 
(mS cm− 1) 

Y2 = 2.49–1.23 A - 0.0652B - 
0.3554 C + 0.3542D - 0.1690AB 
- 0.0849AC − 0.0240AD +
0.2010BC - 0.0989BD - 
0.2015CD + 0.4590A2 - 
0.0490B2 + 0.5860C2 - 0.2640D2 

Y7 = 1.43 + 0.1271 A - 
0.0692B - 0.7802 C - 
0.0635AB - 0.1885AC +
0.0940BC - 0.0656A2 +

0.0959B2 + 0.9409C2 

Calcium (mg 
L− 1) 

Y3 = 275.93–154.48 A - 12.91B - 
49.32 C + 41.79D - 10.56AB - 
15.77AC + 4.98AD +27.67BC - 
11.90BD - 17.44CD + 55.83A2 +

22.78B2 + 66.37C2 - 52.19D2 

Y8 = 110.29 + 11.27 A - 
1.61B - 86.38 C + 6.04AB - 
12.74AC + 12.74BC - 
1.36A2 - 6.72B2 + 84.49C2 

Total alkalinity 
(mg CaCO3 

L− 1) 

Y4 = 239.59–386.29 A - 64.56B - 
103.18 C + 146.86D - 32.77AB - 
33.14AC - 7.80AD + 67.24BC - 
31.47BD - 73.21CD + 188.11A2 

+ 73.82B2 + 181.19C2 - 79.34D2 

Y9= 221.49 + 50.65 A - 
9.42B - 180.21 C - 11.78AB 
- 70.67AC + 26.50BC +
2.25A2 - 27.20B2 +

178.93C2 

Ammonium 
(mg N L− 1) 

Y5 = 51.07–17.77 A - 3.65B - 
4.79 C + 8.82D - 2.33AB - 
2.66AC + 2.66AD + 1.96BC +
0.3525BD - 1.30CD + 4.35A2 - 
3.75B2 + 15.61C2 - 7.49D2 

Y10 = 25.21 + 2.48 A - 
0.3577B - 4.77 C - 
0.3554AB - 4.71AC +
1.70BC + 4.89A2 - 3.01B2 

+ 3.36C2 

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. 
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Fig. 2. Perturbation plot showing the effect of all independent variables on the: a) pH, b) conductivity, c) calcium, d) total alkalinity, and e) 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 bubbling process, and A - SWW flow rate, B - Air flow rate and C - Capillary area, for 
capillary process. 
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effects (P<0.05), according to ANOVA results (Fig. S6). Among all these 
components, only the components AB (for conductivity), AC (for pH, 
calcium, and ammonium), CD (conductivity, calcium, and total alka
linity), A2 (for pH) and D2 (for pH, calcium, total alkalinity, and 
ammonium), contribute to the reduction of the respective response 
variables (Table S4). The response surface graphs show the different 
combined effects (Figs. 3–7). The combined effect time and stirring 
speed (AC) (at 90 L h− 1 of air flow rate and 328 mL of SWW volume) on 
pH, calcium, and ammonium nitrogen (Figs. 3b, 5b, and 7b, respec
tively), show 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 (AB) (at 100 rpm of stirring speed and 328 mL of 
SWW volume) shown in Fig. 4a, lower conductivity values were 

achieved with increasing time from 0 to 21 h and increasing air flow rate 
from 60 to 120 L h− 1. On the other hand, the minimum pH and 
ammonium nitrogen values were reached when the combined effect of 
time and SWW volume (AD) (at 90 L h− 1 of air flow rate and 100 rpm of 
stirring speed) occurred (Figs. 3c and 7c, 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 60–120 L h− 1 and 75–175 rpm (Figs. 4d, 5d, and 6d, 
respectively), as well as for stirring speed and SWW volume (CD) (at 
11.5 h of time and 90 L h− 1 of air flow rate) in the range 50–150 rpm 
and 178–238 mL (Figs. 4f, 5f and 6f, respectively). 

For capillary process, the model components such as AC (for pH, 

Fig. 3. Three-dimensional response surface graphs and contour plots of the pH, showing the effect of two variables (while the other variables are held at center 
level): 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 capillary process. 
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conductivity, calcium, total alkalinity, and ammonium), BC (for calcium 
and ammonium), A2 (for ammonium), B2 (for pH and ammonium), C2 

(for pH, conductivity, calcium, total alkalinity, and ammonium), had a 
significant combined effect (P<0.05) on the respective response vari
ables, according to ANOVA results (Table S7). Only the components AC 
(for conductivity, calcium, total alkalinity, and ammonium) and B2 (for 
pH and ammonium) are responsible for the reduction of the respective 
response variables (Table S5). For combined effect of SWW flow rate and 
capillary area (AC) (at 180 L h− 1 of air flow rate) (Figs. 3h, 4h, 5h, 6h, 
and 7h), all response variables had their minimum values when the 
capillary area increased from 150 to 700 cm2, and the SWW flow rate 
was between 1.2 and 2.0 mL min− 1 (although for pH (Fig. 3h) and 
ammonium nitrogen (Fig. 7h) it was preferable to reach low and high 
values of this range, respectively). 

According to Viswanaathan et al. [31], the rate of dissolution of at
mospheric CO2 in water depends on factors, such as contact time, area at 
the gas-liquid interface, concentration of CO2 in the atmosphere, and 
solution properties (including pH, temperature, concentration of dis
solved salts, and others). This dissolution can be enhanced if all these 
factors are considered. The decrease in pH, calcium, conductivity, and 
total alkalinity that was observed in both processes is related to 
carbonation reactions with atmospheric CO2 (Eqs.2 to 5), as occurs in 
the ocean acidification process [53–55].  

CO2 (g) ⇄ CO2 (aq)                                                                        (2)  

CO2 (aq) + H2O (l) ⇄ H2CO3 (aq)                                                    (3)  

H2CO3 ⇄ H+ + HCO3
-                                                                     (4) 

Fig. 4. Three-dimensional response surface graphs and contour plots of the conductivity, showing the effect of two variables (while the other variables are held at 
center level): 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 capillary process. 
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HCO3
- ⇄ H+ + CO3

2-                                                                        (5)  

CO3
2- + Ca2+ ⇄ CaCO3                                                                    (6) 

Free CO2 is not available in the pretreated SWW by IOSLM at pH 12, 
which causes a chemical imbalance of CO2 between the water and the air 
inside the reactor of both processes. As a way of counteracting this 
imbalance, the CO2 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 CO2 is subjected to a hydration re
action by reacting with water to form H2CO3 (Eq. 3). As H2CO3 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
2- 

and ions H+, from HCO3
- . 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) [56]. Consequently, the conductivity may decrease 
with the removal of calcium. In fact, in this work, high correlations (r =
0.98, P<0.05, Tables S8 and S9) were found between calcium and 
conductivity, in both processes. During the carbonation process, alka
linity is consumed due to the reaction with hydroxide ions and ammo
nium nitrogen removal [29,39]. 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 

Fig. 5. Three-dimensional response surface graphs and contour plots of the calcium, showing the effect of two variables (while the other variables are held at center 
level): 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 capillary process. 
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more difficult [57].  

NH4
+ + OH− → H2O + NH3                                                             (7)  

3.4. Optimization of operating conditions 

The goals, the upper and lower limits, and the importance intended 
for each of the independent and response variables for numerical opti
mization are described in Tables S10 and S11, for the bubbling and the 
capillary processes, respectively. Thus, considering the restrictions 
presented, about 56 optimal solutions (Table S12) for the bubbling 

process and 22 optimal solutions (Table S13) for the capillary process 
were found, respectively. For the bubbling process, the optimal solution 
selected was the one that had the greatest desirability, that is, 0.830 with 
the following characteristics of the response variables (pH (8.0), con
ductivity (1.527 mS cm− 1), calcium (152.1 mg L− 1, corresponding a 
76% of removal), total alkalinity (25.4 mg CaCO3 L− 1) and ammonium 
(28.6 mg N-NH4

+ L− 1, corresponding a 66.2% of removal)) and inde
pendent variables (time (21 h), air flow rate (65 L h− 1), stirring speed 
(52 rpm) and SWW volume (178 mL)) (Table S12). For the capillary 
process, with desirability of 0.858, the selected optimal solution found 
the following values of pH (8.2), conductivity (1.599 mS cm− 1), calcium 
(96.7 mg L− 1, corresponding a 81.0% of removal), total alkalinity 

Fig. 6. Three-dimensional response surface graphs and contour plots of the total alkalinity, showing the effect of two variables (while the other variables are held at 
center level): 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 capillary process. 
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(186 mg CaCO3 L− 1), and ammonium (26.2 mg N-NH4
+ L− 1, corre

sponding a 57.5% of removal), associated with the values of the inde
pendent variables: SWW flow rate (1.2 mL min− 1), air flow rate 
(90 L h− 1) and capillary area (700 cm2) (Table S13). 

On the other hand, the optimization process was also complemented 
with graphic optimization using the constraints of the previously 
defined response variables (Tables S10 and S11) and the values of the 
independent variables of the previously selected optimal solutions 
(Tables S12 and S13), as can be seen in Fig. 8 (for the bubbling process) 
and 9 (for the capillary process). In fact, the graphical optimization re
sults 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, while the regions do not 

meet the proposed criteria are shaded out. According to the graphic 
optimization shown in Fig. 8 (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− 1 (under stirring speed at 52 rpm and SWW volume of 178 mL) 
(Fig. 8a), stirring speed between 0 and 55 rpm (under an air flow rate of 
65 L h− 1 and SWW volume of 178 mL) (Fig. 8b) and SWW volume be
tween 178 and 215 mL (under air flow rate at 65 L h− 1 and stirring 
speed at 52 rpm) (Fig. 8c). In fact, time seems to be the determining 
factor in the bubbling process, requiring about 19–21 hours for atmo
spheric carbonation to be achieved. As can be seen in Fig. 8d, the colored 
region can be reached with an air flow rate of around 67–103 L h− 1 and 
stirring speed of around 8–54 rpm, if the time of 21 h and SWW volume 

Fig. 7. Three-dimensional response surface graphs and contour plots of the ammonium nitrogen, showing the effect of two variables (while the other variables are 
held at center level): 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 capillary process. 
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Fig. 8. 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 air flow rate of 65 L h− 1 and SWW volume of 178 mL; c) time versus SWW volume at air flow rate of 65 L h− 1 

and stirring speed of 52 rpm; d) air flow rate versus stirring speed at time of 21 h and SWW volume of 178 mL; e) air flow rate versus SWW volume at time of 21 h and 
stirring speed of 52 rpm; and f) stirring speed versus SWW volume at time of 21 h and air flow rate of 65 L h− 1. 
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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− 1 without agitation. 
On the other hand, according to Fig. 8e and f, the SWW volume can be 
increased from 178 mL to 214 and 216 mL, respectively, if, in the first 
case, the air flow rate is increased to 77 L h− 1 (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 L h− 1). 

For the capillary process, Fig. 9a and c showed two distinct colored 
regions. One of the regions is limited by the low values of air flow rate 
(about 90–123 L h− 1) when they are applied simultaneously with low 
values of SWW flow rate (about 1.20–1.41) under capillary area at 
700 cm2 (Fig. 9a), or high capillary area values (657–700 cm2) under 
constant SWW flow rate at 1.2 mL min− 1 (Fig. 9c). The other region is 
limited by the high values of air flow rate (224–270 L h− 1) when they 

are applied together with low values of SWW flow rate 
(1.2–1.64 mL min− 1) under capillary constant area at 700 cm2 (Fig. 9a), 
or high capillary area values (619–700 cm2) under constant SWW flow 
rate at 1.2 mL min− 1 (Fig. 9c). Although the SWW flow rate range of 
1.2–1.64 mL min− 1 can be achieved in the colored region (Fig. 9a), the 
results indicated that 1.2 and 1.6 mL min− 1 corresponded to the mini
mum and maximum of the defined pH range 8.2–8.5, 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 Fig. 9b, the colored region 
is limited by high capillary area values (687–700 cm2) and low SWW 

Fig. 9. Overlay plot for optimal region based on the criterion defined for the capillary process, namely: a) SWW flow rate versus air flow rate at capillary area of 
700 cm2; b) SWW flow rate versus capillary area at air flow rate of 90 L h− 1; and c) air flow rate versus capillary area at SWW flow rate of 1.2 mL min− 1. 
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flow rates (1.2–1.38 mL min− 1), when an air flow rate of 90 L h− 1 is 
applied. 

3.5. Validation of the optimal conditions 

Table 5 shows the validation of the optimal conditions for the 
bubbling process (using time of 21 h, air flow rate of 90 L h− 1, no stir
ring speed, and SWW volume of 178 mL, as can be seen in Fig. 8) and 
capillary process (using SWW flow rate of 1.2 mL min− 1, air flow rate of 
90 L h− 1 and capillary area of 700 cm2, in Fig. 9). According to Table 5, 
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 
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. 

The effectiveness of the capillary process to treat different SWW 
volumes (178–478 mL) under the previously found optimal condition 
was investigated (Fig. 10). 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 Fig. 10, there were no significant (P<0.05) 
differences in the values of pH (Fig. 10a), conductivity (Fig. 10b), cal
cium (Fig. 10c), total alkalinity (Fig. 10d), and ammonium nitrogen 
(Fig. 10e), 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− 1. 
These results indicate that, unlike the batch bubbling process which was 
only effective for SWW volumes around 178 mL (Fig. 8c, e, and f), the 
capillary process can treat the effluent continuously and dispose of the 
effluent immediately for the following treatment processes. Further
more, 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. In capillary process, the 
movement of water within the spaces of a porous material, occurs 
without energy due to the forces of adhesion, cohesion, and surface 
tension. Moreover, the bubbling process still requires a settling time to 
remove the calcium carbonate precipitate from the solution, which does 
not happen in the capillary process whose collected effluent was clean. 
Anyway, the static atmospheric carbonation processes found in the 
literature [29,37–39,50] 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 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 [40]. 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 1 and 5) or in the capillary process (about 56.2% 
according to results from Tables 1 and 5) seems to be less efficient than 
the static and open atmospheric carbonation processes found in the 
literature. For example, the authors Madeira et al. [20], Ramalho et al. 
[39] and Madeira et al. [29] obtained 68.1–82.6%, 100% and 61.6% 
ammonium removals, respectively, when they studied atmospheric 
carbonation in open system. In fact, in the former, there is a possibility of 
the volatilized ammonia being mixed again with water, given the tur
bulence 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. Calcium removals were higher than those observed in 
most cases studied (around 70.5% and 82.1% for bubbling and capillary 
processes, respectively, according to results from Tables 1 and 5) [20,29, 
37,38,39,50]. 

4. Conclusion 

The purpose of this study was to evaluate the neutralization of 
slaughterhouse wastewaters treated by lime precipitation, by capturing 
atmospheric CO2 in the lab-scale stirrer bubble column and lab-scale 
stepped continuous flow capillary column. Response surface method
ology was used to model and optimize the lab-scale stirrer bubble and 
lab-scale stepped continuous flow capillary columns. Both processes 
were able to neutralize the lime precipitation treated slaughterhouse 
effluent. The optimal conditions to reach pH 8 in the bubbling process 
were 21 h, air flow rate at 65 L h− 1, stirring speed at 52 rpm, and SWW 
volume at 178 mL, and removals of 76.0% of calcium and 66.2% of 
ammonium nitrogen were obtained. In the bubbling process, the agita
tion step can be removed if higher air flow rate is applied, which can 
consequently reduce the associated energy costs. For the capillary pro
cess, the optimal conditions to reach pH 8.2 were SWW flow rate at 
1.2 mL min− 1, air flow rate at 90 L h− 1, and capillary area at 700 cm2, 
and removals of 81.0% calcium and 57.5% ammonium nitrogen were 
observed. 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 CaCO3 and greater energy 
consumption. Both processes provide a low-cost and eco-friendly alter
native neutralization of alkaline wastewaters, with the recovery of 
volatilized ammonia during the carbonation process and without loss of 
ammonia to the atmosphere, in addition to a substantial removal of 
calcium. 

The next works to be carried out should:  

• Focus on the recovery of calcium carbonate present in the capillary, 
given that this product has potential value in several industries. 

Table 5 
Results of the model validation for the bubbling process and the capillary processes, using optimal conditions.  

Variables Bubbling processa) Capillary processb) 

Predicted value Actual valuec) Error (%) Predicted value Actual valuec) Error (%) 

pH  8.31  8.26  0.61  8.25  8.30  0.60 
Conductivity (mS cm− 1)  1.95  1.91  2.09  1.60  1.57  1.91 
Calcium (mg L− 1)  192.3  187  2.83  96.7  91.2  6.03 
Total alkalinity (mg CaCO3 L− 1)  67  74  9.46  186  206  9.71 
Ammonium (mg N-NH4

+ L− 1)  40.4  38.5  4.94  26.2  27.0  2.96 

Note: a) Optimal conditions: A = 21 h, B = 90 L/h, C = 0 rpm, and D = 178 mL; b) Optimal conditions: A = 1.2 mL min− 1, B = 90 L/h, and C = 700 cm2; c) N = 3. The 
experimental values obtained are part of the 95% confidence interval. 
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• Evaluate the effect of temperature and CO2-laden environments (for 
example, CO2 resulting from the thermal treatment of sludge for 
reuse in the IOSLM process [6] on alkaline wastewater 
neutralization. 
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Fig. 10. Water quality analyzed in terms of: a) pH; b) conductivity; c) calcium; d) total alkalinity; and e) ammonium nitrogen, at different SWW volumes collected 
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represent standard deviation of the mean. 
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