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ABSTRACT

In this chapter is investigated the combined effect of natural organic matter (NOM) and water
background ionic strength (IS) on microcystins adsorption rate onto fresh and preloaded
carbon (PAC Norit SA-UF). Results with NOM surrogates and preozonated clarified water
demonstrated the important role of both the adsorbate’s size similarity and the water IS on
NOM competition. Adsorption kinetics showed no effect of humic and salicylic acids onto
microcystins adsorption rate, and a severe impact of tannic acid (TA), which, due to its closest
size to microcystins, participated in pore constriction/blockage and probably direct size
competition. IS induced AHA competition, by reducing its size and causing pore blockage.
PAC preloading with AHA further hindered the microcystins adsorption. In opposition, IS
slightly attenuated TA-microcystins competition, probably converting pore blockage into pore
constriction. A same positive effect was observed by PAC preloading with TA, caused by TA
displacement by microcystins. Kinetic models were consistent with these competition
mechanisms. The data were best fitted by the pseudo-second order model, and the stronger the
NOM competition, the lower its . and h parameters. Intraparticle diffusion controlled the
microcystins adsorption from NOM model solutions, whereas the external diffusion was the

rate-limiting step for microcystins uptake from surface water.
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4.1 INTRODUCTION

Cyanotoxins may cause significant problems to water suppliers for their recognized human
and animal potential health risk. Microcystins (hepatotoxins) are the most commonly
occurring cyanotoxins in drinking water reservoirs. The World Health Organisation (WHO)
has established a drinking water guideline value of 1.0 pug/L for microcystin-LR, one of the

most toxic and commonly occurring microcystins.

Microcystins are extremely stable and resistant to conventional chemical oxidation, requiring
more advanced treatment in water treatment plants (WTP). The hybrid process of powdered
activated carbon adsorption and ultrafiltration (PAC/UF) is one of the most promising
treatment technologies for cyanotoxin removal and its success depends of an efficient PAC

adsorption.

Microcystins are moderately hydrophobic compounds and the MC-LR, -LY, -LW and -LF
variants are easily adsorbed by mesoporous carbon in the absence of competing compounds
(Campinas and Rosa, 2006). However, in natural waters where natural organic matter (NOM)
is one thousand times more concentrated than microcystins, the competition effect of NOM
onto microcystins adsorption may be critical. Previous studies have demonstrated that NOM
may adversely impact the adsorption kinetics (Cook et al., 2001; Newcombe et al., 2002; Li
et al., 2003 a; Matsui et al., 2003) and/or the adsorption capacity (Newcombe et al., 1997,
2002; Kilduff et al., 1998 a, b; Pelekani and Snoeyink, 1999; Cook et al., 2001; Ebie et al.,

2001; Matsui et al., 2003; Quinlivan et al., 2005) of the target compounds.

Pore blockage and direct site competition are considered the two main mechanisms affecting

the activated carbon adsorption in the presence of NOM. Newcombe et al. (1997) results
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showed that the low molecular weight NOM compounds (500-3000 Da) exerted a higher
competitive effect on 2-methylisoborneol (MIB) adsorption and attributed that effect to direct
site competition. Nevertheless, recent studies have showed that the small NOM compounds
may also participate in pore constriction/blockage (Pelekani and Snoeyink, 1999, 2001; Ebie
et al., 2001; Newcombe et al., 2002), and accordingly, Li et al. (2003 a) concluded that NOM
with MW between 200 and 700 Da was the most likely responsible for the pore blockage

mechanism in atrazine adsorption.

Pore size distribution of carbon, as well as the relative sizes of the target and the competing
compounds are key properties that determine the extension of competitive adsorption and the
dominant mechanism of competition (Pelekani and Snoeyink, 1999, 2000, 2001; Ebie et al.,
2001; Newcombe et al., 2002; Li et al., 2003 a, b). Actually, the adsorption capacity of small
micropollutants (e.g. MIB, atrazine and trichloroethylene (TCE)) is mostly determined by
micropore volume, and several authors concluded that a broadening of PAC pore size
distribution may reduce, and even avoid, pore blockage by NOM (Newcombe et al., 1997,
Pelekani and Snoeyink, 1999, 2001; Ebie et al., 2001; Li et al., 2003 a, b; Quinlivan et al.,

2005; Ding et al., 2008).

Most competitive adsorption approaches developed to date have focused primarily the NOM
impact on the equilibrium adsorption of small organics (below 300 Da, e.g., TCE, atrazine,
MIB) (Newcombe et al., 1997; Kilduff et al., 1998 a, b; Pelekani and Snoeyink, 1999) that
adsorb preferentially in primary micropores, where it is believed that NOM cannot access.
Microcystins are larger (~1000 Da) than those target-compounds and of similar size of the
small NOM, both preferentially adsorbing in secondary micropores and mesopores (Donati et

al., 1994; Pendleton et al., 2001). Although competition studies are important, attention has
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until now been focused on carbon properties (porosity and surface chemistry) that maximize
the microcystins removal (Donati et al., 1994; Mohamed et al., 1999; Pendleton et al., 2001;
Lee and Walker, 2006; Huang et al., 2007) and studies on competitive adsorption kinetics are
rather scarce. However, adsorption equilibrium is rarely achieved in PAC/membrane reactors
and the impact of competition on kinetics is extremely important, as it controls the PAC dose
required for cyanotoxins removal. PAC preloading studies are also important given that in
PAC/membrane systems, PAC is kept in the system, while water passes through, exposing it

to NOM and causing a similar effect to PAC preload in batch systems (Li et al., 2003 a).

Furthermore, organic and inorganic matrices coexist in natural waters and there is general
acceptance that the aqueous ionic strength interferes with the adsorption of NOM compounds,
particularly the high molecular weight fraction (Randtke and Snoeyink, 1983; Kilduff et al.,
1996; Li et al., 2002; Campinas and Rosa, 2006). In spite of this, the research addressing the
impact of ionic strength on competitive adsorption is, as far as my knowledge go, limited to
Kilduff and Karanfil (2002) study. These authors concluded that the preload of an activated
carbon with humic acid in the presence of ionic strength further reduced TCE adsorption as a

result of increased uptake of organic matter.

Given the previous background, it is intended to study the impact of NOM onto microcystins
adsorption kinetics in the presence of controlled aqueous ionic strength and using fresh
(simultaneous adsorption condition) and preloaded PAC. Besides assessing the NOM
responsible for the greatest competitive effect and the probable competitive adsorption
mechanisms, this paper aims to investigate the ionic strength contribution to the competitive

effect of NOM onto the microcystins adsorption kinetics. The combined effect of NOM and
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water background ionics onto the microcystins adsorption isotherms will be addressed in part

IT of this paper (chapter 5 of this thesis).

Even though the effect of NOM molecular weight has been studied by using NOM fractions
(Newcombe et al., 1997, 2002), it is complex to quantify the contribution of each NOM
fraction to direct site competition and pore blockage as NOM molecules present in any
fraction may cause both effects. To simplify the NOM system, some authors have used model
compounds in competition studies (Pelekani and Snoeyink, 2000, 2001; Li et al., 2003 b). In

this study NOM surrogates as well as natural surface water were used.

4.2 MATERIALS AND METHODS

4.2.1 Adsorbates

Microcystins were used as the target adsorbate. Microcystins were produced and extracted
from Microcystis aeruginosa laboratory grown culture (Pasteur Culture Collection
Cyanobacteria). The procedure for microcystins extraction is described elsewhere (Campinas
and Rosa, 2006). Four microcystins variants were detected by high performance liquid
chromatography (HPLC), i.e., MC-LR, -LY, -LW and -LF. The dominant microcystin variant
was MC-LR, accounting for ca. 75% of total microcystins. Molecular weights of these four
microcystins vary between 985 and 1024 Da (Sivonen and Jones, 1999). All variants were
quantified as MC-LR equivalent and the overall concentration is therefore given in

Ug/L MC-LR,.

Salicylic acid (SA, reagent grade Merck), tannic acid (TA, Sigma) and humic acid (AHA,
Aldrich) were used as model compounds to simulate small hydrophilic, moderate size

relatively hydrophilic and large hydrophobic NOM molecules, respectively. SA has a molar
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mass of 138 Da and TA is approximately 1700 Da. Molecular weight of humic acids is
difficult to advance for they are mixed molecular compounds. However, values of 4100, 3070,
14500 and 3000 — 11000 Da have been reported for AHA (Chin et al., 1994; Yamada et al.,
2000). AHA was purified through a repeated precipitation with HCI to remove bound iron and
decrease the ash content, using Hong and Elimelech (1997) method. Prior to model solution
preparation, AHA stock solution was filtered through GF-C (1.2 um) and GF-F (0.7 wm)

filters.

4.2.2 Model Solutions

Organic-free ultrapure water was obtained from a Milli-Q water purification system
(resistance > 18 MQ/cm). Potassium chloride (1 mM IS) and calcium chloride (1.5 mM IS)
were used to prepare the electrolyte solutions with 2.5 mM of overall ionic strength, which
corresponded to an electric conductivity of 280-300 uS/cm. Model solutions of microcystins
were prepared with controlled organic and inorganic matrices, i.e., MC variants were
dissolved in solutions of AHA plus SA or in TA in ultrapure water or in 2.5 mM IS
background electrolyte. For comparison purposes, model solutions of each adsorbate
(microcystins or NOM surrogates in ultrapure water and in electrolyte solution) were studied,
corresponding to a non-competition scenario. The concentrations studied ranged from 32 to
137 ug/L MC-LReg, 1.7-2.7 mg/L. of AHA, 1.6-1.9 mg/L of SA and 2-3.2mg/L of TA

corresponding to 1.5 to 3.2 mgC/L.
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4.2.3 Natural Surface Water

The natural water used was Beliche reservoir water, sampled at Tavira WTP, after ozonation,
and clarification by coagulation/sedimentation (TCW) (Table 4.1). Upon arrival the water was

stored at 4°C and used within two days.

Table 4.1 - Characteristics of the natural surface water (TCW) used in adsorption kinetic

experiments, after spiking with microcystins.

- EC TOC DOC  UVyuum  SUVA  Turbidity  Ca Mg  MC-LR,
P (uS/em) (mgC/AL) (mgCL) (ecm')  (LA(mgm)) (NTU) (mg/ll) (mg/L)  (ug/L)
7.3 177 1.4 1.3 0.015 1.2 0.38 17 7.7 28

EC-electric conductivity; SUVA: specific UV absorbance, defined as the UV,s, absorbance (meter) per unit
concentration of DOC in mg C/L

As expected, this preozonated clarified natural water is a very low turbidity, low organic
carbon (USEPA, 1999) and moderately hard (Sawyer et al., 1994) water. The background
2.5 mM ionic strength used in model solutions was in fact chosen to represent the inorganic
matrix of the natural waters used to produce drinking water in Algarve region (Portugal) both
in terms of conductivity and hardness cations. In addition, the low SUVA values of TCW
suggest a non-humic water, with hydrophilic low molar mass NOM (Edzwald and Van
Benschoten (1990) experience with numerous surface waters has shown that a SUVA of
2 L/(mg.m) indicates a non-humic water, while a SUVA greater than 6 indicates a humic rich
water). This feature is easily understood, since TCW was preoxidized with ozone which
breaks down NOM molecules into smaller ones. In addition, there is a clarification step before
TCW samples collection, which preferentially removes the remaining hydrophobic and high

molar mass NOM molecules.
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4.2.4 Adsorbent

PAC Norit SA-UF was used in this research. This PAC has a low particle mean diameter
(6 wum) and a wide-opened structure, which is important to adsorb microcystins in the
presence of NOM. It presents a high specific surface area coupled with a large pore size
distribution (38% of primary micropore volume (0,343 cm3/g); 22% of secondary micropore
volume (0,194 cm’ /g) and 40% of mesopore volume (0,357 cm’/ g) (Campos et al., 2000; Li et
al., 2002; Li et al., 2003 b). Such characteristics are important since it was found that MC-LR
adsorption correlated with secondary micropores plus mesopore volumes (Donati et al., 1994;
Pendleton et al., 2001). From previously published data on PAC surface charge measurement
(Campinas and Rosa, 2006), the PAC Norit SA-UF has its point of zero charge at pH 9.6, and
therefore displays a positive charge at the pH values studied in this research. Carbon was oven

dried at 105°C overnight to remove excess water and stored in a desiccator until use.

4.2.5 Analytical Methods

Filtered samples (through 0.7 um glass-fiber filters) from the adsorption kinetic studies were
analysed for conductivity, pH, microcystin variants (as MC-LR equivalents) and/or NOM
surrogates. Electrical conductivity (at 25°C) and pH (at 20°C) were analysed electrometrically
using a Crison GLP 32 conductimeter and a WTW pH 340 meter, respectively. Microcystin
samples were analysed by HPLC with a photo-diode array detector, using the sampling and
the analytical procedures of Meriluoto and Spoof (2005 a, b) and described in chapter 3.
NOM model compounds were measured by UV absorbance with a UV/VIS
spectrophotometer (Beckman DU 640B) at 254 nm for AHA, 215 nm for TA and 210 nm for
SA. Calibration curves between UV absorbance and AHA, TA and SA concentrations were

established with good correlations.
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4.2.6 Adsorption Kinetics

Several adsorption kinetic tests using 5 mg/L of fresh PAC were performed: i) adsorption
kinetics of microcystins, TA or AHA plus SA in ultrapure water and in 2.5 mM IS electrolyte
solution; ii) competitive adsorption kinetics of microcystins in the presence of TA or AHA
plus SA (in ultrapure water and in 2.5 mM IS electrolyte); iii) competitive adsorption kinetics

of microcystins in Tavira’s WTP clarified water (TCW).

The device used for the simultaneous competition kinetics was a jar-test apparatus with four
positions (Flocumatic, Selecta). Prior to its application, PAC was soaked overnight in
ultrapure water to allow for complete wetting of the pores. Mixing was maintained (125 rpm;
5 minutes) before PAC addition and samples were taken at predetermined time intervals over
a 4 h period after PAC addition. Identical mixing (200 rpm), volume of water (500 mL) and

temperature conditions (21-23°C) were applied to all batch reactors.

Microcystins adsorption kinetics were also conducted using PAC preloaded with TA, AHA
plus SA in ultrapure water and with a 2.5 mM IS background electrolyte. A 5 mg/L dose of
PAC was first preloaded with 2-3 mg/LL of NOM surrogates, in a 2.5 L glass bottle during
65 h. Samples were taken before and after the preloading to calculate the solid phase
concentration of the competing compound. Mixing was maintained while taking the sample
so that the carbon concentration remained the same after sampling. Microcystin solution was
then spiked into the bottle to obtain the desired initial concentration, and samples were taken

at predetermined time intervals over a 4 h period.
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4.3 RESULTS AND DISCUSSION
4.3.1 Kinetic Studies with Model Solutions and Fresh PAC

Batch kinetic competition tests were conducted with 34 pg/L of MC-LR.q and with a solution
containing a mixture of high and low molecular weight NOM surrogate (ca. 2 mg/L. of AHA
plus 2 mg/L. SA). Several adsorption kinetics were also performed with a solution containing
2-3.2 mg/L of TA and 33-137 ug/L MC-LR.,. To investigate the ionic strength effect, in some
experiments NOM model solutions were supplemented with potassium and calcium salts to

accomplish a background aqueous ionic strength of 2.5 mM.

Figure 4.1 presents microcystins adsorption kinetics, when microcystins and NOM model
compounds were simultaneously contacted. For comparison purpose, single-solute kinetics of
MC-LReq, SA, TA and AHA were also depicted (no competition situation). The kinetic
curves presented in Figure 4.1 (right) for microcystins are the average data of four

independent trials (error bars represents the standard deviation).
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Figure 4.1 — Adsorption kinetics in the absence (open symbols) of competition and under
competition (full symbols) between microcystins and AHA+SA (left) or
microcystins and TA (right) (5 mg/L PAC; left: 34 ug MC-LR/L, 1.6 mg SA/L,
2 mg AHA/L; right: 33-137 pg MC-LR./L, 2-3.2 mg TA/L).
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The kinetic curve for microcystins adsorption onto fresh PAC SA-UF in the presence of AHA
and SA is close to that of microcystins in organic-free water (Figure 4.1, left), showing no
effect of large (AHA) and very small (SA) molecules in microcystins adsorption rate. The
absence of AHA effect may be explained by two main reasons, both related to the high
molecular weight of AHA molecules compared to microcystins. First of all, these larger
molecules preferentially adsorb in wider mesopores than those preferred by microcystins.
Secondly, the larger AHA molecules have a slower diffusion rate through the narrow pores of
PAC SA-UF and are not then able to block or constrict the pores before the microcystins
adsorb to the PAC surface. On the other hand, hydrophilic SA molecules mostly adsorb in

primary micropores, not disturbing microcystins adsorption.

However, the adsorption kinetic of microcystins in the presence of tannic acid (TA) is
severely affected (the normalised aqueous concentration (C/Cy) increased from 0.13 to 0.70
after 4 h of contact time with 5 mg PAC/L (Figure 4.1, right), consistent with the occurrence
of pore blockage/constriction mechanisms. TA molecules are probably able to access the
mesopores and the large secondary micropores pores where microcystins preferentially
adsorb. However, TA is bigger than microcystins (1700 Da vs. 994-1024 Da) and may
therefore reduce the pore size (constriction), delaying the microcystins diffusion. Pore
blockage of the smaller secondary micropores is also possible, restricting the direct access of
microcystins, and resulting in a more tortuous diffusion path for the target contaminant. These
results confirm that the competition between a microcontaminant and small NOM compounds
does not necessarily imply a direct site competition mechanism. As referred by other authors,
small NOM compounds may also participate in pore constriction/blockage (Pelekani and

Snoeyink, 1999, 2001; Ebie et al., 2001; Newcombe et al., 2002; Li et al., 2003 a).
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Figure 4.2 presents the competitive adsorption kinetics onto fresh PAC of microcystins and
NOM model compounds in the absence and in the presence of aqueous background
electrolyte. The data series with error bars (standard deviations) represent three (left) or four

(right) replicates.
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Figure 4.2 — Competitive adsorption kinetics of microcystins with AHA+SA (left) or TA
(right) in the absence (open symbols) and in the presence
(full symbols) of 2.5 mM background ionic strength (left: 32-46 pg MC-LR./L,
1.7-2 mg AHA/L, 1.6-1.9 mg SA/L; right: 33-137 ug MC-LR./L, 2-3.2 mg TA/L).

While Figure 4.1 (left) showed no effect of AHA and SA on microcystins adsorption rate in
ultrapure water, Figure 4.2 (left) shows that the ionic strength addition enhanced AHA
adsorption, which is apparently related with the decline observed on microcystins rate of
diffusion. As previously concluded by Campinas and Rosa (2006) and by other authors
(Randtke and Snoeyink, 1983; Kilduff and Karanfil, 2002; Li et al., 2002), the ionic strength
effect depends on the adsorbate molecular size. Campinas and Rosa (2006) (chapter 3 of this
thesis) verified that potassium plus calcium addition induced negligible changes on salicylic
acid adsorption, while an enhancing effect was found on the rate of adsorption of microcystins

(mainly observed for the more charged variants and higher IS such as 10 and 100 mM), tannic
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acid and, particularly, of humic acid. A reasonable explanation was that the ionic strength
decreases the adsorbate molecular size (by reducing the intramolecular charge repulsion) and
that change is more significant for larger molecules, facilitating their transport through the
narrow pores of carbon and enabling them to access additional surface area, which is usually
not available. These conclusions are consistent with the kinetic results presented in Figure 4.2.
Probably, the above mentioned reduction of humic acids molecular size increases their
adsorption diffusion and their access to smaller mesopores and thus increases transport pores

tortuosity and/or blocks pore entrance for microcystins.

The rate of adsorption of microcystins in the presence of TA (Figure 4.2-rigth), on other hand,
is somewhat improved by the ionic strength addition. The explanation seems to be the same as
for AHA, but for TA a constriction/blockage mechanism was already observed in the
ultrapure water. Therefore, the slight solute shrinkage and its better packing into pores driven
by the backgrounds inorganic means that, eventually, pore blockage could have changed to

pore constriction, attenuating the pore size reductions.

Since microcystins and NOM compounds may compete for the same pores, it is also
interesting to analyse if microcystins also affect the rate of adsorption of AHA or TA

(Figure 4.3).

Figure 4.3 (left) reveals that microcystins have a negligible effect on AHA rate of adsorption
in the presence of background electrolyte and no effect at all in ultrapure water. This is in
agreement with the adsorption in different pores and/or AHA constriction/blockage of pores,
without the smaller microcystins molecules being able to disturb the higher AHA molecules.

By other hand, microcystins and TA (Figure 4.3-right) are mutually disturbed (although TA

100



Chapter 4 - Relating the competitive adsorption of microcystins with the water background organic
and inorganic matrices: 1. Kinetic Study

concentration is 15-100 times higher than the microcystins concentration), indicating an

identical adsorption path.
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Figure 4.3 — AHA (left) and TA adsorption kinetics in the absence (open symbols) and in the
presence (full symbols) of microcystins (left: 32-46 ug MC-LR./L,
1.7-2.7 mg AHA/L; right: 31-137 ug MC-LR.(/L; 2-3.2 mg TA/L).

4.3.2 Kinetic Studies with Model Solutions and Preloaded PAC

Two sets of adsorption kinetics were performed with preloaded PAC. In the first set, 5 mg/L
of fresh PAC was contacted with 2 mg/L of each NOM model compound (AHA+SA or TA)
during 65 h prior to the adsorption kinetic runs. A second set of preloads were performed with
3 mg/L of TA or with 3 mg/L of AHA supplemented with salts, in order to confirm the TA
results and to evaluate the ionic strength contribution. After preloading the carbon,
microcystins were then spiked into the isotherms bottles to obtain an initial concentration of
32-43 ug/L MC-LR,. Preloaded NOM displacement was only measured in the second set of
adsorption kinetics and was evaluated through the variation of the aqueous concentration
(since constant volumes were used). The results obtained are presented in Figure 4.4, as well
as the comparison with the respective kinetics of simultaneous microcystins and NOM

addition.
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Although the PAC preloading with AHA plus SA yield a surface concentration of NOM much
higher than the simultaneous adsorption (144 mg AHA/g vs. 36-62 mg AHA/g and
293 mg SA/g vs. 36-40 mg SA/g), the kinetic curves match (Figure 4.4-left), confirming that

AHA, SA and microcystins adsorb on different sites.
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Figure 4.4 — Competitive adsorption kinetics of microcystins onto fresh and NOM preloaded
PAC (32-46 ug MC-LR./L in Milli-Q water (left and right) and in 2.5 mM IS

solution (center)).

However in the presence of salts, preloading PAC with AHA has a more negative effect than
the simultaneous adsorption (Figure 4.4-center), which is consistent with a pore blockage
mechanism. The explanation is that preloading allowed a surface concentration of
333 mg AHA/g, while the simultaneous adsorption achieved 67-154 mg AHA/g, and
therefore more pores are blocked. Adding ionic strength to NOM model solutions during the
PAC preloading causes a reduction in the molecular size (and size distribution) of the humic
substances, making them more adsorbable and exhibiting a greater impact on microcystins
uptake. These results are in agreement with those of Kilduff and Karanfil (2002), who
suggested that the increase in ionic strength does not change the way the humic acids compete
with trichloroethylene, only increases the amount of humic acids adsorption. In the presence
of aqueous background inorganics, AHA and microcystins must share a small range of pores,

since microcystins addition caused the displacement of 8% of AHA (Figure 4.5, left).
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Figure 4.5 — Displaced desorption of AHA (left) and TA (right) by microcystins addition
(32-37 pg MC-LR./L; 5 mg PAC/L).

As far as TA is concerned, surprisingly, the competitive kinetic curve of microcystins
beneficiated from PAC preloading with TA, even though the surface concentration has
increased from 101-288 mg TA/g (simultaneous competition) to 337-484 mg TA/g (PAC
preloading with TA). The results of TA concentration in the liquid phase after the
microcystins addition indicate a displacement of 20 % of TA (Figure 4.5, right) and reveal the
TA adsorption reversibility at high concentrations. This is, TA can be easily displaced by the
competing microcystins, given their stronger affinity for PAC Norit SA-UF. To et al. (2008 a,
b) concluded that strongly competing compounds displace adsorbed contaminants and
accelerate their diffusion, while pore-blocking compounds reduce the rate of release of
adsorbed contaminants. The kinetic results with both fresh and TA preloaded carbon seem to
indicate a combination of two competitive mechanisms, pore constriction/blockage
(evidenced in the simultaneous adsorption trials) but also direct competition (suggested by

data from preloaded PAC).
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4.3.3 Kinetic Studies with Natural Surface Water and Fresh PAC

Competitive adsorption trials using NOM model compounds with different characteristics
were followed by experiments with natural surface water and fresh PAC. Data are shown in
Figure 4.6, which, for comparison purposes, also includes data from the analogous studies

performed with model solutions.
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Figure 4.6 — Adsorption kinetics of microcystins onto fresh PAC in the presence of natural
surface water (TCW) (left) and comparison with NOM model compounds effect
(right) (28-39 ug MC-LR.(/L).

Figure 4.6 (left) indicates a rapid rate of microcystins uptake from TCW, with residuals
(C/Co) ranging from 0.5-0.1 after 0.5-4 hours of contact with 5 mg/L of PAC. By opposition,
there is a slow rate of NOM adsorption. As found by other authors, these results must be
related to the small size and the hydrophilic nature of NOM’s TCW and the high mesoporous
volume of PAC Norit SA-UF. Kilduff e al. (1996), Newcombe et al. (1997) and Ebie et al.
(2001) presented data showing that small NOM is preferentially adsorbed onto microporous
carbon, while Li et al. (2003 b) concluded that larger NOM is better adsorbed by mesoporous
carbon. These authors found that 16.4% of the total DOC of a groundwater was non-
adsorbable for PAC Norit SA-UF, because of their small size (200-500 Da) and probable

hydrophilic nature, having poor affinity for the carbon surface.
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The kinetic curve of microcystins in TCW is close to the single-solute adsorption kinetic
(Figure 4.6, right), revealing that NOM’s TCW has little effect on the rate of microcystins
adsorption onto this PAC. This behaviour indicates that NOM molecules have similar sizes or
are predominantly smaller than microcystins, not being able to block or constrict the small
mesopores and secondary micropores entrance. The few larger molecules must adsorb in
different pores and do not disturb the microcystins adsorption given the high volume of
mesoporosity of PAC Norit SA-UF. Several studies confirm the positive effect of broadening
the pore size distribution to attenuate the pore blocking effect (Newcombe er al., 1997;
Pelekani and Snoeyink, 1999, 2001; Ebie et al., 2001; Li et al., 2003 a, b; Quinlivan et al.,

2005).

4.3.4 Kinetic Models Analysis
For adsorption to take place, a series of four steps must occur (Snoeyink and Summers, 1999,
Newcombe and Cook, 2004):
1) Bulk diffusion to PAC boundary layer;
2) Diffusion through the boundary layer to the external carbon surface (external mass
transfer or film diffusion);
3) Diffusion through the pore structure to the most favourable adsorption site
(intraparticle diffusion);

4) Adsorption.

Three kinetic models were used to study these processes and to investigate the mechanisms
and potential rate-controlling step(s) of microcystins adsorption, such as mass transport
(intraparticle diffusion model) and chemical reaction (pseudo-first and second order models)

(Table 4.2) (Reichenberg, 1953; Ozacar and Sengil, 2004; Yalcin et al., 2004; Aksu and
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Kabasakal, 2005; Eren and Acar, 2006; Onal, 2006; Ozmihci and Kargi, 2006; Janos et al.,

2007; Wang and Li, 2007).

Table 4.2 — Kinetic models investigated

Model

Equation

Parameters

Pseudo-first
order adsorption
model

Pseudo-second
order adsorption
model

Intraparticle
diffusion model

Boyd et al.
kinetic
expression

In (ge-q) =1lng.- Kt

t/q;= 1/h + 1/q.t

qi= Ki tO‘S +C

Bt = -2.30258 log,o (1 - F) - 0.49770
Bt =6.28318 - 3.2899F-6.28318 (1 - 1.0470F)"2

ge.= equilibrium surface concentration (Lg/mg)
q=surface concentration at time t (Lg/mg)

K= equilibrium rate constant (minh)

h= initial adsorption rate (lLg/mg.min)
(h=Kyq.”)

K, = equilibrium rate constant (mg/|lg.min)

K; = intraparticle diffusion rate constant
(ug/mg.min®)
C= constant (proportional to the extent of
boundary layer thickness)

For F > 0.85
For F<0.85

Bt=Boyd values; F = q/q.

A straight line of In (ge-q¢) vs. t (min) suggests the applicability of pseudo-first order

adsorption kinetic model, and the adsorption rate K; is obtained from the slope of the linear

plot. If the pseudo-second-order model is applicable, the plot of t/q; against t should give a

linear relationship, from which the constants qe, h and K, may be determined. In intraparticle

diffusion model, K; may be obtained from the slope of the straight-line portions of the q; vs.

t*> plots, and C is the y-axis intercept. The linearity of the plot of Bt values against time

provides useful information to distinguish between external-transport (non-linear plot) and

intraparticle-transport-controlled rates of adsorption (linear plot passing through the origin)

(Reichenberg, 1952; Wang and Li, 2007).
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Although kinetic models are usually applied to single-solute experiments, in this study, they

are also applied to competition kinetics in order to investigate if the competitive mechanisms

may be reflected by the kinetic models parameters. Table 4.3 and Figures 4.7 and 4.8 present

the results of the application of the pseudo-first order and pseudo-second order adsorption

kinetic models.

Table 4.3 — Kinetic parameters calculated for pseudo-first order and pseudo-second order

adsorption kinetic models.

Pseudo-first order model

Pseudo-second order model

MC-LR,, Kinetics K, Qe 2 K, h e >
(min)  (ug/mg) (mg/(ug min))  (Ug/(mg min)  (ug/mg)
Milli-Q 0.0073 3.8 0.9816 0.0058 0.263 7.2 0.9995
AHA+SA 0.0071 2.4 0.9567 0.0056 0.255 6.7 0.9984
AHA+SA+IS 0.0069 3.5 0.9954 0.0050 0.199 6.3 0.9959
TA 0.0063 1.2 0.9791 0.0157 0.079 2.3 0.9962
TA+IS 0.0067 2.0 0.9798 0.0079 0.076 3.1 0.9917
TCW 0.0068 3.1 0.8449 0.0053 0.175 5.7 0.9949
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Figure 4.7 — Pseudo-first order plots for microcystins adsorption from organic free-water and

NOM model solutions.
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Figure 4.8 — Pseudo-second order plots for microcystins adsorption from organic free-water

and NOM model solutions.

The kinetic data show an excellent compliance with the pseudo-second order equation
(R™> 0.992). Considering the pseudo-first order model, the correlation coefficient is low for
TCW kinetics and as for NOM model solutions kinetics, although the correlation coefficients
are high (0.957-0.995), they are lower than those of pseudo-second order model. Therefore,
the microcystins adsorption kinetic data are best fitted by the pseudo-second order model,

which indicates the chemisorption as the adsorption mechanism.

Figures 4.7 and 4.8 and Table 4.3 evidence the higher competitive effect of TA and that the
ionic strength addition to the water enhances the AHA competitive effect, while reduces the
TA competition. The equilibrium adsorption of microcystins (q.) and the initial sorption rate
(h) parameters (Table 4.3) are a function of the competitive effect, but no distinct relationship

could be established for the rate constant values, Ko.

The weak AHA+SA competitive behaviour in the absence of backgrounds inorganics kept the

h parameter almost constant and slightly lowered the qe, but the addition of aqueous ionic

strength induced AHA competition and therefore further reduced q. and reduced the initial
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sorption rate. The strong competition between TA and microcystins results in a huge
reduction of both h and g, parameters, especially in the absence of background ionic strength
(71% h reduction and 68% q. reduction). The attenuating effect of IS on the TA competition
is evidenced by the partial recovery of g.. The intermediate competitive behaviour exhibited
by TCW is expressed by intermediate values of h and q.. This is, the stronger the competition,
the lower the g. and the h values. In agreement with the competition mechanisms discussed in
the previous sections (mostly pore blockage/constriction), this trend could be attributed to the
decrease of the PAC surface area available for microcystin adsorption, which slows down the

microcystins uptake.

Figure 4.9 shows the intraparticle diffusion plots for microcystins adsorption kinetics in
ultrapure water and NOM model solution. In order to determine the rate-controlling step of
mass transport, the kinetic data were further analysed using the Boyd kinetic expression

(Figure 4.10). Table 4.4 presents the kinetic parameters obtained for both models.
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Figure 4.9 - Intraparticle diffusion kinetics for microcystins adsorption in organic free-water

and NOM model solutions.

The q vs. t*° plots (intraparticle diffusion model) may present a single straight line or

multilinearity, indicating that two or more steps are taking place. The first, sharper portion is
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the external surface adsorption, the second is the intraparticle diffusion adsorption, and the
third portion is the final equilibrium stage (Yalgin et al., 2004; Ozacar and Sengil, 2004;
Onal, 2006). Figure 4.9 shows that only one linear portion is present for all kinetics,
corresponding to the second sorption stage. The external surface sorption (stage 1) is absent

which reveals its completion before 30 minutes.

The linearity of the plots indicates that intraparticle diffusion model fitted well the
experimental data. However, to be a rate-controlling step, the plots should be linear and pass
through the origin (Aksu and Kabasakal, 2005). As the linear plots did not pass through origin
the intraparticle diffusion was not the only rate-controlling step. The values of C intercept are
proportional to the boundary layer thickness, i.e., the greater the intercept the greater the
boundary layer effect and therefore, the stronger is the role of the external film. Figure 4.9 and
Table 4.4 show that the higher C values are obtained for microcystins adsorption from
ultrapure water and as NOM competition increases, the C values decrease. These results point
towards a decreasing importance of the intraparticle diffusion on the microcystins adsorption

kinetics, in the following order: TA> TA+IS > AHA+SA+IS ~ AHA+SA > Milli-Q.
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Figure 4.10 - Boyd et al. plots for microcystins adsorption of in organic free-water and NOM

model solutions.
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Table 4.4 — Kinetic parameters obtained from intraparticle diffusion model and Boyd et al..

expression
. . . Boyd et al. expression
Intraparticle Diffusion Model
MC-LR4 Bt=at+b
Kinetics K.
L s C R’ a b R’
(ug/(mg min "))
Milli-Q 0.26 2.6 0.9349 0.0068 0.21  0.9854
AHA+SA 0.26 22 0.9691 0.0069  0.27 0.9681
AHA+SA+IS 0.22 22 0.9850 0.0066 0.16  0.9965
TA 0.08 0.8 0.9459 0.0063 0.16  0.9850
TA+IS 0.11 1.0 0.9543 0.0064 0.13 0.9832
TCW 0.23 1.7 0.8575 0.0063 0.22  0.8328

The linearity of the plot of Bt values against time (Figure 4.10 and Table 4.4) and the quite
low values of b intercept also suggest that the intraparticle diffusion is mainly the rate-
limiting step of microcystins adsorption kinetics from AHA+SA+IS, TA and TA+IS model
solutions (even though external mass transport may not be neglected as plots do not pass
through the origin). However, the kinetic data for microcystins adsorption from TCW show a
poor correlation with the intraparticle diffusion model and the Boyd plots and the C values
(proportional to the boundary layer thickness) are relatively high, which is consistent with

external mass transport as the rate-limiting process.

The values of Kj in Table 4.4, indicate that the intraparticle diffusion rate for microcystins are
equivalent in ultrapure water and in AHA+SA solution, higher than in AHA+SA+IS solution
and especially higher than with TA competition. As pore dimensions decrease due to the
adsorption of the competing NOM, the free path for molecules to travel within the transport
pores becomes smaller (with possible pore blockage occurring) and hence their diffusion
decreases. The addition of ionic strength during TA competition slightly beneficiated the
intraparticle diffusion rate of microcystins. All the previous observations are in agreement

with pore constriction/blockage effect of TA, AHA and TA with IS addition; with the absence
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of pore constriction/blockage mechanisms for AHA and TCW and with a positive effect of

ionic strength onto microcystins adsorption during TA competition.

4.4 SUMMARY AND CONCLUSIONS

NOM affected the microcystins adsorption kinetics onto the mesoporous PAC NORIT SA-UF
differently, according to the NOM molecular size and the aqueous background ionic strength.

The hydrophobic large AHA molecules had no effect on microcystins adsorption kinetics,
probably due to their adsorption onto mesopores larger than those preferred by microcystins.
However, the aqueous ionic strength induced the competitive effect of AHA, by reducing its
size, and therefore enabling them to access smaller mesopores and causing pore constriction

or blockage.

The small hydrophilic SA molecules did not disturb microcystins kinetics given their slower

rate of adsorption and probable adsorption in small primary micropores.

TA, the compound with the closest size to microcystins, was responsible for the stronger
competition, severely affecting the microcystins adsorption kinetics (microcystins residuals
increased 5 times). Pore constriction/blockage mechanism seems to be the major responsible
for TA effect, although the microcystins interference with the rate of TA adsorption and TA
displacement from preloaded PAC due to microcystins also indicated some effect of direct
site competition. Background ionic strength attenuated the TA-microcystins competition, i.e.,
it enhanced the rate of microcystins adsorption. Due to the slight reduction in TA size driven
by the water IS, some pore blockage could have changed to pore constriction, and pore size

reductions were not so severe.

112



Chapter 4 - Relating the competitive adsorption of microcystins with the water background organic
and inorganic matrices: 1. Kinetic Study

TCW background organic and inorganic matrices did not impact the microcystins adsorption
kinetics, which is consistent with the small size and the hydrophilic character of the NOM

present in this preozonated clarified surface water.

The application of kinetic models to microcystins adsorption from NOM solutions
corroborated the proposed competitive mechanisms. Adsorption data were best fitted by the
pseudo-second order kinetic model and the stronger the NOM-microcystin competition the
lower the equilibrium surface concentration and the initial adsorption rate. The rate-limiting
steps were identified: the intraparticle diffusion mainly controlled the microcystins adsorption
from NOM model solutions, while the external diffusion was the limiting step for

microcystins uptake from surface water.
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