
lable at ScienceDirect

Water Research 139 (2018) 74e82
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Characteristics of competitive uptake between Microcystin-LR and
natural organic matter (NOM) fractions using strongly basic anion
exchange resins

Fuhar Dixit a, Benoit Barbeau b, Madjid Mohseni a, *

a Department of Chemical and Biological Engineering, University of British Columbia, Vancouver, Canada
b Department of Civil, Geological and Mining Engineering, Ecole Polytechnique de Montreal, Montreal, Quebec, Canada
a r t i c l e i n f o

Article history:
Received 10 August 2017
Received in revised form
22 March 2018
Accepted 29 March 2018
Available online 29 March 2018

Keywords:
Ion exchange
Microcystins
Natural organic matter
Humic acid
Pore blockage
* Corresponding author.
E-mail address: madjid.mohseni@ubc.ca (M. Mohs

https://doi.org/10.1016/j.watres.2018.03.074
0043-1354/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Microcystins are the most commonly occurring cyanotoxins, and have been extensively studied across
the globe. In the present study, a strongly basic anion exchange resin was employed to investigate the
removal of Microcystin-LR (MCLR), one of the most toxic microcystin variants. Factors influencing the
uptake behavior included the MCLR and resin concentrations, resin dosage, and natural organic matter
(NOM) characteristics, specifically, the charge density and molecular weight distribution of source water
NOM. Equivalent background concentration (EBC) was employed to evaluate the competitive uptake
between NOM and MCLR. The experimental data were compared with different mathematical and
physical models and pore diffusion was determined as the rate-limiting step. The resin dose/solute
concentration ratio played a key role in the MCLR uptake process and MCLR removal was attributed
primarily to electrostatic attractions. Charge density and molecular weight distribution of the back-
ground NOM fractions played a major role in MCLR removal at lower resin dosages (200mg/L ~ 1mL/L
and below), where a competitive uptake was observed due to the limited exchange sites. Further, evi-
dences of pore blockage and site reduction were also observed in the presence of humics and larger
molecular weight organic fractions, where a four-fold reduction in the MCLR uptake was observed.
Comparable results were obtained for laboratory studies on synthetic laboratory water and surface water
under similar conditions. Given their excellent performance and low cost, anion exchange resins are
expected to present promising potentials for applications involving the removal of removal of algal toxins
and NOM from surface waters.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The occurrence of harmful cyanobacterial blooms and lake
eutrophication has increased globally over the past two decades.
Scientific studies highlight that complex interactions between
warming climate, change in rainfall patterns and nutrient cycling in
aquatic environment are driving these blooms (Paerl and Paul,
2012). Cyanobacterial toxins, which are released from algal
biomass have become a serious environmental and health hazard
due to their potential in contaminating drinking, recreational and
agricultural water resources. Although numerous types of cyano-
toxins have been identified, microcystins are the most frequently
eni).
occurring class of cyanotoxins (Graham et al., 2010). Microcystin-LR
(MCLR), one of the most toxic and frequently detected microcystin
is regulated by a Health Canada Guideline of 1.5 mg/L, and a provi-
sional WHO guideline value of 1 mg/L (Falconer and Humpage,
2005).

Removal of cyanotoxins from water is an important challenge
since conventional water treatment have a limited ability to elim-
inate extracellular toxins (Chow et al., 1999). The effectiveness of
chemical oxidants, such as chlorine or ozone, is hindered by the
presence of natural organic matter (NOM), inorganic ions and other
water constituents (Rodríguez et al., 2007). Furthermore, the risk of
cell lysis and release of intracellular toxins may require additional
treatment. In addition, the presence of NOM (including algal
organic matter produced during blooms) influences the removal of
cyanobacterial metabolites (Zamyadi et al., 2015). These challenges
present the need for alternative treatment technologies capable of
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cost effective removal of algal toxins.
NOM in aquatic environments is considered to be the main

competitor for organic micropollutants and algal toxin removals
through adsorption-based processes (Pelekani and Snoeyink, 1999;
Quinlivan et al., 2005). NOM is usually present at concentrations
(mg/L) much higher than those of toxins and micropollutants (mg/
L), resulting in competition for sorption sites. Two major mecha-
nisms could contribute to this phenomenon: pore blockage and
direct competition for active sites, both of which are related to the
source water and adsorbents characteristics (Ando et al., 2010).
Adsorption-based processes using carbon based adsorbents
(Sathishkumar et al., 2010), clays (Couto et al., 2013) and iron oxide
nanoparticles (Lee and Walker, 2011) have been previously tested
for removing microcystins. However, problems with high NOM
competition, adsorbent regeneration and design of adsorbents with
desired surface chemistry properties remain an important chal-
lenge for their commercial application.

Anionic ion exchange (IX) resins offer a promising and cost-
effective alternative for removing NOM from natural waters con-
taining high dissolved organic carbon (DOC) levels (Arias-paic et al.,
2016; Mergen et al., 2008). Application of anionic ion exchange (IX)
process to NOM removal has received considerable attention
because of its effectiveness, ease of operation, scale up or down
capabilities, small footprint, and relatively low cost compared to
alternative treatment processes. However, the applicability of ion
exchange resins as a potential pre-treatment of algae impacted
waters has not received much attention.

Complex competition mechanisms between NOM and micro-
pollutants have been proposed and verified over the past few de-
cades to help water treatment processionals select effective
activated carbons (Pelekani and Snoeyink, 1999). The equivalent
background concentration (EBC) model which derives from the
ideal adsorption solution theory (IAST), is one of the most
commonly used method for understanding the competitive uptake
between NOM and micropollutans, such as MIB, geosmin and
atrazine on activated carbon (Ebie et al., 2001; Matsui et al., 2012).
However, to the best of our knowledge, no studies have been per-
formed to investigate the competitive uptake of NOM and
Microcystin-LR on strongly basic IX resins using the EBC model.

This research was conducted to investigate the efficiency of
strongly basic ion exchange resins (Purolite A860) for the removal
of MCLR, inorganic ions, as well as three reference NOM isolates
spiked in synthetic aqueous matrices. The influence of operating
parameters such as pH and contact time on the adsorption capacity
of the resin was also studied. The competitive uptake between
NOM fractions and MCLR were evaluated using the EBC method.
Moreover, the impact of NOM characteristics, specifically the
charge density and molecular weight distribution, on the uptake of
MCLR was investigated in this study. Subsequently, the kinetics of
uptake were studied to analyze the rate controlling steps of MCLR
removal using anionic IX. Finally, a comparative study was per-
formed with a natural surface water to relate the uptake of MCLR
with the one observed in synthetic water using various reference
NOM isolates.

2. Materials and methods

2.1. Chemicals

Dry microcystin-LR (1mg powder) was purchased from Enzo
Lifesciences (Farmingdale, NY, USA) and was used as received.
Suwannee River Natural Organic Matter (SRNOM), Suwannee River
Humic Acid (SRHA) and Pony Lake Fulvic Acid (PLFA) were obtained
from the International Humic Substances Society (St. Paul, MN,
USA). NOM properties are illustrated in SI Table A.1. All solutions
were prepared in Milli-Q water (resistivity 18.2MU.cm).

2.2. Water and resin preparation

Purolite® A860 (Purolite, Bala Cynwyd, PA, USA), a strongly basic
anionic macroporous resin, was used for all the experiments.
Mercury porosimetry tests were performed to determine the resin
pore volume distribution and resin properties, including porosity,
are illustrated in SI Table A.2. Prior to use, resins were initially re-
generated by mixing 10 Bed Volumes (BV) of 10% (W/V) NaCl so-
lution, a condition equivalent to an application of 0.1 kg NaCl/L of
resin (or 6.2 lb/ft3).

All experiments involving synthetic water were performed by
preparing a stock solution of 700mg/L IHSS isolate, filtered through
0.45 mm pre-rinsed membrane filters and stored in dark at 4 �C for
up to two weeks. The final pH was adjusted to 7.0± 0.1 with NaOH
(0.1 N) and NaHCO3 (40mg/L). MCLR stock solution (0.001mM),
was prepared by mixing 1mg of dry MCLR in 1 L of Milli-Q water
and stored at 4 �C for up to two weeks. Surface water was collected
from the water treatment plant of the city of West Vancouver
(referred hereafter as Eagle Lake), pre-filtered with 0.45 mm pre-
rinsed membrane filters stored in dark at 4 �C for up to four
weeks and filtered before use with 0.22 mm pre-rinsed membrane
filters.

2.3. Isotherms and kinetic studies

For isotherm studies, 10-1000mg of resins (221mg dry weight
of resin¼ 1mL of wet resin) weremixed for 24 h (equilibrium)with
1 L of source water having 0.1mg MCLR/L and 3mg C/L initial
concentrationwith three reference NOM fractions, Suwannee River
NOM, Suwannee River Humic Acids and Ponly Lake Fulvic Acids,
respectively. Control tests without resin were always included in
the study. After 24 h, the resins were filtered from the treatedwater
using a 0.45 mm pre-rinsed syringe filters (Fisher Scientific, ON,
Canada) prior to determining the final DOC. For kinetic studies, a
dry resin dosage of 200mg (equivalent to approx. 0.9mL) was
mixed with 1 L of water in circular 1 L beakers for contact times
varying from 2min to 24 h in a Phipps & Bird 9900 Jar tester
(Richmond, VA, USA) operated at 150 rpm. Triplicate experiments
were performed for every experimental condition, a control sample
that included contaminant solutionwithout resinwas included and
all the samples were analyzed in triplicates.

2.4. Analytical methods

The concentration of Microcystin-LR was determined by solid
phase extraction (Waters SepePak tC18 cartridges, Mississauga,
Canada) followed by high performance liquid chromatography
(HPLC, Dionex Ultimate 3000, USA) with a UV detector at 238 nm
and a C18 analytical column (Waters, Mississauga, Canada). HPLC-
grade methanol and phosphoric acid (Fisher Scientific, Ottawa,
ON, Canada) were used as eluents for MCLR detection in the HPLC.
The HPLC was operated under isocratic conditions using a mobile
phase consisting of 50% methanol and 50% phosphate buffer
adjusted to a pH of 2.8 at a flow rate of 1mL/min with 100 mL in-
jections. The retention times for NOM and MCLR were 3min and
17.5min, respectively, indicating a good peak separation which
avoided NOM interference. TOC, DOC and Dissolved Inorganic
Carbon (DIC) were measured using a TOC analyzer (GE Sievers
M5310 C, Boulder, CO, USA). UV254 analyses were performed using a
UV visible spectrophotometer (Cary 100 U-Vis Spectrophotometer,
Agilent Technologies, USA) with a path length of 1 cm. Liquid
chromatography with organic carbon detection (LCOCD) was per-
formed using a HPLC (Perkin Elmer, Canada) with 900 Turbo
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Potable TOC analyzer (GE Sievers, Canada), for the analysis of
source water NOM using the method from (Huber et al., 2011). A
TSK HW-50S column (Tosoh, Japan) was used as a stationary phase
with a mobile phase of phosphate buffer (2.5 g/L KH2PO4 þ 1.5 g/L
Na2HPO4 inwater) with a sampling rate of 4s and a detection range
of 0.2mg C/L to 10mg C/L (TOC detector). Chlorides, sulphates and
nitrates were measured using ion chromatography (Dionex ICS-
1100, USA) equipped with an electrical suppressor and AS22 Fast
column, according to the USEPA 300.0 reference method.
3. Results and discussion

3.1. Effect of resin dosage

The effect of resin dosage on the uptake of MCLR in the presence
of different NOM fractions was investigated to provide an under-
standing of the capacity and efficacy of the resin A860 for MCLR
removal from different water matrices. Further, studies were per-
formed at lower resin concentrations in order to investigate
competitive behavior and therefore, the selected dosages werewell
below the commercial operational dosages which are as high as
4500mg/L (~20mL/L) (Kabsch-Korbutowicz et al., 2008). The DOC
removal followed the order SRNOM> SRHA> PLFA, i.e., in the order
of the increasing charge density of these respective fractions
(Fig. 1(a), for 1000mg/L ~ 4.5mL/L resin dosage). Previous studies
have indicated that charge density and molecular weight distri-
bution of NOM play key roles in the uptake process by IX resins
(Bazri et al., 2016a; Bazri and Mohseni, 2016). However, for lower
resin dosages (<200mg/L ~ 1mL/L and below), the lower charge
density fraction, PLFA (700 Da, 6 meq/g C), shows higher DOC
removal in comparison to SRHA, (1500 Da, 8 meq/g C), whichmight
be due to the blockage of resin pores and channels caused by higher
molecular weight SRHA fractions (Bazri and Mohseni, 2016).

The removal of MCLR in the presence and absence of NOM
fractions after 24 h of contact time is depicted in Fig. 1 (b). It can be
seen that the toxin uptake improved with increasing resin dosage
from 10mg/L to 1000mg/L (0.05mL/L to 4.5mL/L) for all investi-
gated water matrices. This is in agreement with previous studies
where the availability of higher surface area andmore active sites at
higher resin concentrations resulted in greater contaminant uptake
(Dixit et al., 2018).

To evaluate the competitive NOM uptake, resin dosages of 10,
50, 200, 500 and 1000mg/L (corresponding to an approximate dose
ratio of 1:1, 5:1, 20:1, 50:1 and 100:1 meq/meq (resin/
Fig. 1. Effect of resin dosage on (a) MCLR removal at pH 7 and (b) DOC removal (Co¼ 100
Natural Organic Matte; SRHA ¼ Suwannee River Humic Acid; PLFA ¼ Pony Lake Fulvic Acid (In
desiccator).
contaminants)) were tested. It can be observed that MCLR uptake is
significantly affected by the presence of NOM fractions in the water
matrix, especially at lower resin dosages (i.e., 200mg/L (~1 meq/
mL) and below). For instance, at the lowest resin dosage of 10mg/L
with an initial SRNOM of 3mg C/L, toxin uptake was reduced
twofold: from 80% in DI water to approximately 40%. In particular,
NOM fractions with higher charge densities can impact the uptake
of cyanotoxins and micropollutants through competitive uptake
mechanisms.

Higher MCLR removal was observed in the presence of a lower
charge density fraction (PLFA), as compared to other NOM fractions
with the same initial DOC concentration (3mg C/L) for all the
investigated resin dosages below 200mg/L. Presence of highly
charged SRNOM decreased the toxin removal from >80% in DI
water to approximately 40, 50 and 70% at resin dosages of 10mg/L,
50mg/L and 200mg/L (0.05mL/L, 0.23mL/L and 0.91mL/L),
respectively. Moreover, the difference in MCLR removal in presence
of different NOM fractions, is quite evident at lower resin dosages.
For instance, it can be observed that at a resin dosage of 10mg/L
(0.05mL/L), approximately 40% MCLR is removed in presence of
SRNOM and 58% MCLR is removed in presence of PLFA, which is a
lower charge density fraction (p< 0.05). Thus, it can be concluded
that increasing the charge density of organic fraction leads to a
decrease in toxin uptake at lower resin dosages. However, as
illustrated in Fig. 1 (a) and (b), for all the 3 NOM matrices (SRHA,
SRNOM and PLFA), the MCLR removal was >99% at a dosage of
1000mg/L (4.5mL/L) and the difference between the MCLR
removal in presence of different NOM fractions (at 1000mg/L
dosage) was not statistically significant (p> 0.05). Noteworthy, at
dosages of 500mg/L and 1000mg/L (2.3mL/L and 4.5mL/L), the
ratio of exchangeable resin sites to the total contaminant milli-
equivalents (meq/meq) was 10:1 and above (resin charge density:
0.8 meq/mL). Therefore at higher resin dosages, in presence of
excess exchange sites, the competitive effect was not evident.

Evidence of pore restrictions and pore blockage was observed in
the presence of higher molecular weight fraction organics (i.e.,
SRHA), where the toxin removal decreased by eight-folds: from 80%
in DI water to approximately 10% at a dosage of 10mg/L. This is also
evident from the DOC reduction where dosages >500mg/L were
required to obtain >99% MCLR and >80% DOC reduction. Even
though the exchange sites are approximately 50 times more
abundant than the total contaminant concentration (meq), the pore
restriction and blockage by higher molecular weight fractions leads
to a significant reduction in the actual number of exchange sites
mg MCLR/L; 3mg C/L; 24 h of contact time); NOM Acronyms: SRNOM ¼ Suwannee River
ternational Humic Substances Society); 1 mL resin ¼ 221mg dry weight of resin (24 h in
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(Mergen et al., 2008; Zhang et al., 2014). Further evidence of pore
blocking is also observed in presence of SRHA, as depicted in
Fig. 2(c). Here the LC-OCD reveal that the removal of organic
compounds from SRHA is significantly lower than SRNOM at
similar resin dosages. The mercury porosimetery tests on the resin
(see SI, Table A.2) reveals that micropores (<2 nm) occupy
approximately 25% of the resin pore volume, mesopores (2-50 nm)
occupy 55% and the remaining 20% of the pore volume is macro-
pores (>50 nm). The median pore diameter of the resin is approx-
imately 6 nmwith an average pore diameter of 7.2 nm, indicating a
high presence of primary mesopores (2- 8 nm) connected to mi-
cropores (<2 nm) through inner pores and channels. It has been
well documented by previous studies that the uptake of organic
molecules involves diffusion through inner pores and channels of
the resin and a similar behavior can be expected for MCLR (Bazri
et al., 2016a, 2016b). At any given angle, the possible length of
MCLR molecule is in the range of 2.94 nm to 1.4 nm (Sathishkumar
et al., 2010). Therefore, the MCLR molecule has the capacity of
accessing some of the resin micropores and the majority of resin
mesopores (median: 6 nm). The hydrodynamic diameter of
Suwannee River Fulvic Acid (SRFA), a compound with an apparent
average molecular weight of 1070 Da was reported in the range of
0.8 nme5.8 nm, with the majority of fractions< 4 nm and an
average diameter of 2 nm, determined through ultraviolet (UV)/
flouroscence (FL) detection (Wells, 2015). Therefore, certain SRFA
fractions block the resin micropores but the majority of the resin
Fig. 2. (a) Adsorption Isotherms of MCLR on A860 resin at pH 7.0 (*Lines indicate the Fit to
Suwannee River Humic Acid (SRHA) at different IX dosages (200 mg/L and 500 mg/L; i.e. 1
mesopores (6 nm pores) will not be blocked by SRFA since its
maximum dimension is 5.8 nm. SRNOM, with an average molecular
weight of 1030 Da, is expected to exhibit a similar hydrodynamic
diameter. However, it can be assumed that the higher molecular
weight fractions of SRHA (>2000 Da, > 40% of initial DOC (ac-
cording to LC-OCD)) are capable of blocking the resin micropores
and most of the resin mesopores, thereby resulting in the lower
observed removal of MCLR and DOC. Thus, the competitive uptake
of MCLR is not only dependent upon the charge density of the
background NOM fraction, but also, and more importantly, on the
NOM molecular weight distribution.

In experiments evaluating MCLR removal in NOM-free waters,
more than 80% removal (Co¼ 100 mg MCLR/L) is observed in DI
water for all the resin dosages tested (10, 50, 200, 500 and 1000mg/
L). Moreover, the toxin uptake capacity could reach as high as
approximately 3800 mg/g (resin dosage¼ 10mg/L). For all the
investigated conditions, the highest tested dosage of 1000mg/L
achieved more than 99% MCLR removal and more than 80% DOC
reduction. IX treatment provided a final MCLR concentration of
<0.2 mg/L, a value well below Health Canada guideline of 1.5 mg/L
and the EPA standard of 0.3 mg/L (Health Canada, 2016; USEPA,
2015). Therefore, a complete toxin elimination is expected from
source water at commercial dosages which are two to five times
higher than the investigated dosages. Moreover, our previous
studies have indicated that the resin exhibits excellent perfor-
mance over multiple loading cycles with NOM rich waters,
a Freundlich isotherm), (b) LCOCD results for Suwannee River NOM (SRNOM) and (c)
mL/L and 2.5 mL/L).
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especially when regenerated after 2000 Bed Volumes (BV) of
operation (Dixit et al., 2018). Thus, IX process exhibits a great po-
tential for practical applications targeting the removal of algal
toxins and NOM from bloom laden waters.

3.2. Isotherm studies

In order to investigate the distribution of MCLR molecules on
the resin and obtain the theoretical adsorption capacity, adsorption
isotherm results were fitted to the Freundlich model (qe¼ Kf.Ce1/n;
parameters are provided in Table 1). The high values of regression
coefficients obtained for all the matrices indicate that equilibrium
isotherms were well described by the Freundlich model (Fig. 2 (a)).
The synergistic adsorption mechanisms of hydrophobic effects,
cation-p bonding, and p-p electron donor-acceptor (EDA) in-
teractions between the organic contaminants influence the uptake
of MCLR onto the resin and incline the system towards heteroge-
neous adsorption. The 1/n values for all the water matrices were in
the range of 0.6e0.9 indicatingweak interactions between the resin
and MCLR (Dada et al., 2012). As the charge density of background
NOM increased in the source waters, the values of 1/n decreased
slightly from 0.63 to 0.51. The most important effect was observed
on the values of Kf which declined from 28 ((mg/g) (L/mg)1/n) in
buffered MQ water to 2.8 ((mg/g) (L/mg)1/n)) in the presence of
PLFA (3mg C/L). Increasing the charge density by testing SRNOM
further decreased Kf from 2.8 to 0.6 (approximately a 5-fold
decrease). Similarly, using SRHA, a higher molecular weight NOM
fraction, further decreased the Kf from 2.8 to 0.5 (approximately a
6-fold decrease).

To further clarify the NOM effect, the equivalent background
compound (EBC) method was used and the EBC parameters (KEBC,
1/nEBC and CoEBC) were determined as previously described
(Newcombe et al., 2002). The EBC model has been used in the past
to predict the adsorption isotherms of competing compounds un-
der known isotherms of the target compound in presence and
absence of NOM. (Ebie et al., 2001; Matsui et al., 2012). The
multicomponent interactions are predicted using the ideal adsor-
bed solution theory (IAST), described below.Where, KEBC and 1/nEBC
are the Freundlich single solute isotherm parameters for EBC and
Km and 1/nm are single solute isotherm parameters for the micro-
pollutant. CoEBC was determined using the following equations:

Cme ¼ qme

qme þ qEBCe

�
nmqme þ nEBCqEBCe

nmKm

� nm

(3.1)

CEBCe ¼ qEBCe
qme þ qEBCe

�
nmqme þ nEBCqEBCe

nmKm

�nEBC

(3.2)

The 1/nEBC was held constant at 0.60 and the obtained EBC
concentrations of respective compounds CoEBC in mmol/L, are
summarized in Table 1. The values of CoEBC were found to be in the
order: SRNOM> PLFA> SRHA. Approximately 0.23 mmol/L of
SRNOM, a higher charge density fraction (~10 meq/g C), competes
Table 1
Adsorption isotherm constants and thermodynamic parameters for MC-LR and NOM fra

Parameters * MCLR isotherms SRNOM Iso

With DI Water With PLFA With SRNOM With SRHA

*Kf(mg/g/(mg/L)1/n) 27.9± 1.60 2.83± 0.09 0.60± 0.03 0.47± 0.04 88.3± 4.76
*1/n 0.63± 0.07 0.59± 0.03 0.51± 0.03 0.77± 0.14 0.46± 0.10
*R2 0.97 0.96 0.99 0.98 0.99
a CoEBC (mmol/L) 0.23

*Fitted with the Freundlich equation: (qe¼ Kf.(Ce)1/n; data reported with 95th confidenc
a Equivalent background concentration (EBC), estimated using the IAST model (Newco
with MCLR for the active sites, while it is 0.16 mmol/L for PLFA (6.8
meq/g C), a 1.5-fold decrease in the concentration of competing
compounds. Therefore, it can be observed that the concentration of
competing compounds increases with increasing charge density.

In the present study, the authors have presented the CEBC values
in mmol/L, while studies by other researchers with activated carbon
have often reported CEBC values in mg/L with a hypothesis that the
compounds with similar shape and size are the most competitive
for active sites (Ebie et al., 2001). The hypothesis is true for studies
with activated carbon since it is very well established that micro-
pollutants are sorbed in pores of similar sizes on activated carbon
(Ebie et al., 2001; Matsui et al., 2012). However, sorption on IX
resins is majorly based on electrostatic sorption (rather than hy-
drophobic), therefore, there is a high possibility that small NOM
molecules (say 0.5 nm) can get sorbed into larger micropores
(2 nm), mesopores (20 nm) or even marcopores (50 nm), since the
resin surface is highly charged (0.8 meq/mL). Consequently, using
1000 Da (~MCLR: 995 Da) as the definition of competition might be
incorrect for IX resins. Nevertheless, for comparison, the CEBC values
for SRNOM, PLFA and SRHA were determined based on the
assumption of 1000 Da as the molecular weight of competing
compounds. The calculated values for SRNOM, PLFA and SRHAwere
0.12mg/L, 0.08mg/L and 0.05mg/L, respectively. Noteworthy, the
CEBC concentrations are <5% of the initial NOM concentration
(3mg C/L) of these respective compounds. Therefore, only a small
fraction of the total organic compounds present in the solution
compete with MCLR for active sites.

The EBC modelling results for SRNOM and PLFA were in good
agreement with literature findings where competitive concentra-
tions of <10% of initial DOC have been reported for Geosmin, MIB
and Atrazine (Cook et al., 2001; Pelekani and Snoeyink, 1999).
However, there were few discrepancies with the higher molecular
weight fraction, SRHA. Increasing molecular weight of NOM frac-
tions resulted in a decrease in the concentration of competing
compounds, where only 0.09 mmol/L SRHA, the compound with the
highest averagemolecular weight distribution (1520 Da), competed
with MCLR for active sites (a 2.5-fold decrease compared to SRNOM
(0.23 mmol/L; 1030 Da). This is in contradiction to the observed
experimental results depicted in Fig. 1 (b), where lower toxin
removal is observed in presence of SRHA. This discrepancy origi-
nates from the lack of knowledge about the particular NOM
component which accounts for the majority of competitive effect
and its adsorption characteristics. The crucial components of the
NOM might not show the same behavior as the bulk of the NOM
and the use of bulk parameters such as DOCmight be inappropriate
under these circumstances (Newcombe et al., 2002). The NOM from
PLFA (data not shown; 500 Da-1200 Da) and SRNOM were less
diverse (majorly 600-2000 Da, Fig. 2 (b)) than SRHA (500 Da-
4000 Da, Fig. 2(c)). Selection of bulk DOC as the isotherm of
competing compound in a diverse NOM background for SRHA
might have resulted in the discrepancy for the aforementioned
reasons. Further reductions in the removal of MCLR in presence of
SRHA can be attributed to pore blocking, which has been discussed
ctions.

therm with 3mg C/L PLFA Isotherm with 3mg C/L SRHA Isotherm with 3mg C/L

80.5± 5.26 50.4± 8.76
0.71± 0.03 0.51± 0.11
0.97 0.98
0.16 0.09

e intervals for the Kf and n values.
mbe et al., 2002).
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in details in earlier sections, majorly since the EBC modelling does
not incorporate pore blocking as a competitive mechanism
(Newcombe et al., 2002).

Based on observed results, it can be concluded that the EBC
model does not provide a comprehensive answer to the competi-
tive uptake on IX resins majorly in presence of diverse and higher
molecular weight NOM fractions. Nevertheless, it provides a good
estimate of competition under certain NOM matrices. Therefore, it
can be concluded that the competition arises mostly from the dif-
ferences in the charge densities of the respective NOM fractions, as
determined by the EBC modelling, which is in agreement with
literature findings on NOM uptake in absence of pore blocking
phenomenon (Arias-paic et al., 2016; Bazri and Mohseni, 2016).
3.3. Kinetic studies

As depicted in Fig. 3 (a), a rapid uptake of around 60% removal
was achieved within 5min with the initial toxin concentration of
Fig. 3. (a) MCLR uptake as a function of contact time *(Co ¼ 25 mg MCLR/L, 200 mg/L
resin and DOC of 3 mg C/L), (b) TOC and UV254 reduction for 60min of operation, (c)
Biot number as a function of the initial MCLR concentration with 200mg/L (0.9mL/L)
IX resin (meq/meq); Solid lines indicate a fit to the pseudo-second order kinetic model;
dashed lines indicate an empirical best fit to the experimental data.
25 mg/L in DI water, whereas 60% of MCLR was removed after
60min in the presence of different NOM fractions. Rapid diffusion
into the resin pores and availability of large number of vacant sites
might have resulted in this initial rapid uptake in NOM-free water
(Bazri and Mohseni, 2016). In general, the 60min toxin uptake
followed the order MCLR-DI>MCLR-PLFA>MCLR-
SRNOM>MCLR-SRHA.

The experimental data were fitted to a pseudo-first order ki-
netics, a pseudo-second order kinetics and the intraparticle diffu-
sion models to further investigate the MCLR removal process
(Table 2). The highest k1 and k2 values were observed in the absence
of NOM for all the investigated conditions. Overall, the pseudo-
second order kinetics model was found to provide the best fit to
the data (refer to Fig. 3 (a) and 3 (b)).

As observed earlier, the charge density and molecular weight
distribution of NOM also play vital roles in the uptake of contam-
inants by the IX process. The pseudo second order kinetics rate
constant, i.e., k2 PLFA, was nearly 1.5-fold greater than k2 MCLR-PLFA.
This observation can be attributed to the steeper concentration
gradient of PLFA molecules (Initial concentration: PLFA 3mg C/L, in
comparison to 25 mg MCLR/L), resulting in a faster diffusion of the
smaller molecular weight PLFA molecules (700 Da vs 995 Da), into
the inner pores and channels of the resin resulting in a competitive
uptake (Zhang et al., 2014). Increasing the charge density by using
SRNOM (1.4 fold increase) resulted in a further decrease of the
pseudo-second order rate constant value k2 MCLR-SRNOM (1.3 fold
decrease).

NOM characteristics also influence the MCLR equilibrium
loading (pseudo-second order qe values). The observed qe values for
MCLR decreased from approximately 130 mg/g in DI water to
approximately, 100 mg/g in the presence of SRNOM (Table 2). As
depicted in Fig. 3(a) and (b), more than 40% of DOC was reduced for
both PLFA and SRNOM water matrix during the first 30min of
operation. The qe values obtained for NOM fractions were orders of
magnitude higher than the values for MCLR indicating a large
coverage of resin sites. For instance, the qe value for PLFA surface
concentration was approximately 6500 mg/g (1.8� 10�2 meq/meq)
in comparison to that for the MCLR concentration of approximately
100 mg/g (3� 10�5 meq/meq) (Table 2). A NOM fractionwith higher
molecular weight fractions (SRHA, 1.5 fold increase in average
molecular weight), reduced the qe values to approximately 50 mg/g
(1.5� 10�5 meq/meq) (a two-fold decrease). Noteworthy, as
observed in Table 2, here the uptake of competing NOM compounds
was approximately 3800 mg/g (1.4� 10�2 meq/meq) which was
approximately 1.5-fold lower than the DOC uptake capacities
observed in the presence of lower molecular weight fractions
(1400 Da for SRHA vs 1030 Da for SRNOM and 700 Da for PLFA),
supporting the previous arguments made on evidences of pore
blockage. In the presence of larger molecules most of the resin
macropores and primary mesopores are blocked by the uptake of
charged bulky organic groups resulting in underutilization of
smaller sized mesopore volume and the associated surface area of
the resin (Ebie et al., 2001).

The intraparticle diffusion model (IPD) was used to examine the
impact of film diffusion and intra-particle diffusion mechanism
described on the basis of Eq. (3.3) (Weber and Morris, 1963):

qt ¼ kid � t1/2 (3.3)

where, qt is the time-dependent adsorbate concentration on the
resin (mg/g), kid is the intraparticle diffusion rate constant (mg/g
min1/2), and t is the contact time. The calculated values of kid were
13.1, 12.8 and 7.3 mg/g min1/2, for DI water, PLFA and SRNOM with
25 mg/L initial MCLR concentration, respectively. In the presence of
background SRHA, the value of kid was reduced further to 4.1 mg/g



Table 2
Kinetic parameters of MCLR uptake in presence of different NOM fractions.

Model Parameters* MCLR Removal NOM Removal

DI SRNOM PLFA SRHA PLFA SRNOM SRHA

Pseudo-first Order qe 97± 2 52± 1 94± 2 22± 3 4214± 50 3789± 29 2296± 79
kl 0.060± 0.002 0.055± 0.003 0.058± 0.003 0.029± 0.010 0.045± 0.001 0.048± 0.001 0.053± 0.001
R2 0.98 0.89 0.98 0.97 0.96 0.98 0.97

Pseudo-second Order k2 0.32± 0.01 0.25± 0.01 0.29± 0.02 0.23± 0.01 0.37± 0.03 0.34± 0.02 0.29± 0.03
qe 127± 5 101± 4 115± 7 49± 4 6473± 87 7432± 71 3785± 73
R2 0.99 0.99 0.99 0.99 0.98 0.97 0.96

Intra-particle diffusion kid 13.1 7.27 12.78 4.14 845± 34 713± 58 648± 88
C 13.3 42.9 15.9 18.6 86.2± 7 85.7± 4 93± 9
R2 0.97 0.98 0.97 0.90 0.94 0.93 0.91

Experimental qe 121± 3 92± 2 109± 4 38± 3 6412± 54 7395± 38 3729± 62
Biot Number Bi 0.90 59 61 70 670 752 872

*Data reported with 95th confidence interval for the respective kinetic parameters.
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min1/2. According to the model assumptions, the plot of qt vs t1/2

should be linear if intra-particle diffusion is involved in the process
(Hu et al., 2015). The R2 values of the intra-particle diffusion model
for all conditions tested listed in Table 2 are high (>0.9), indicating
that intra-particle diffusion is involved in the uptake process.

The rate-controlling step was further investigated using the
dimensionless Biot number (Bi) which is the ratio of internal mass
transfer (i.e., pore diffusion) to external mass transfer (i.e. film
diffusion) resistances (Ko et al., 2001).

Bi ¼ kf :Rp
Dpe

(3.4)

where kf (cm/s) is the external mass transfer coefficient (kf¼Df/d)
and Df (cm2/s), is the film diffusion coefficient and Dpe (cm2/s) is
effective pore diffusion coefficient (d is film thicknessz 10�3 cm
according to (Helfferich, 1965). Parameters were estimated by
fitting the pore diffusion (PDM) and film diffusion modelling (FDM)
equations to the kinetic data using nonlinear optimization schemes
as reported elsewhere (Bazri and Mohseni, 2016). Resin beads were
assumed to be spherical with an average radius (Rp) of 375 mm
(resin size range reported by the manufacturer, Rp: 150e600 mm).
The Bi≪ 1 indicates film diffusion as the rate-limiting stepwhere Bi
[1 shows pore diffusion to be the rate limiting step.

The Biot numbers for MCLR in DI water are <1 for initial MCLR
concentrations of 25 mg/L and below at a resin dosage of 200mg/L
and below (Fig. 3 (c), meq/meq of 4� 10�8 and below). The Biot
numbers obtained for MCLR in the presence of PLFA, SRHA and
SRNOM were 59, 61 and 70, respectively, indicating the uptake
kinetics is controlled primarily by intraparticle diffusion in the
presence of NOM fractions. The uptake of NOM fractions was also
controlled by intraparticle diffusion (Bi> 500) for all tested condi-
tions with an initial resin dosage of 200mg/L (~0.9mL/L). Note that
in NOM-free waters, both intraparticle diffusion and film diffusion
govern the MCLR removal process (Bi ~ 1).

In the presence of PLFA and SRNOM, about 50% reduction in
toxin removal was observed after 20min of contact time with 30%
reduction in the DOC and UV254 absorbing compounds. Increasing
the contact time to 60min further resulted in 70% reduction in
MCLR with approximately 55% DOC reduction. Therefore, it can be
concluded that in the presence of smaller molecular weight and
highly charged compounds, increasing the contact time or
increasing the resin dosage, can improve the toxin uptake. How-
ever, for SRHA increasing the contact time did not improve the
toxin and DOC removal to a significant extent due to excessive pore
blockage produced by higher molecular weight fractions. There-
fore, for matrices with higher molecular weight NOM fractions, an
increase in resin dosage would be a better option as opposed to
increasing the contact time. It should be noted that a significant
portion of the DOC and UV254 absorbing compounds is also
removed by the resin which can favor the performance of down-
stream oxidation processes. Hence, IX could simultaneously
remove MCLR as well as serve as pretreatment for downstream
oxidative processes.

3.4. Comparative study with Eagle Lake surface water

The effectiveness of the resin with natural waters was investi-
gated using the raw and treated waters from the Eagle Lake (EL)
water treatment plant (City of West Vancouver, Canada). The
treated water underwent treatment involving 50 mm screening
followed by coagulation (Poly aluminum chloride (low
dose< 20mg/L) and sodium hydroxide (25%)), flocculation and
ultra-filtration (UF) membrane treatment. The raw surface water
had a DOC of 3.2mg/L and a pH¼ 7.0± 0.3, with 5mg/L sulphate
ions. The rationale for the selection of this specific water sourcewas
that it was an actual drinking water source with NOM whose
characteristics were similar to the organic fractions that were used
previously in the laboratory studies. SRNOM and the EL RawWater
NOM had similar molecular weight distributions with an averages
of 1030 Da and 1050 Da, respectively (Size exclusion chromatog-
raphy data not shown; p> 0.05). Similarly, PLFA and EL-UF treated
water NOM had average molecular weights of 680 Da and 700 Da,
respectively (data not shown, p> 0.05). Further, there was no sta-
tistical difference (p> 0.05) in the MCLR uptake on changing the
source water pH from pH¼ 4 to pH¼ 7, however, there was a
consistent decrease in the DOC uptake (p< 0.05) in the pH¼ 4 (80%
DOC removal) to pH¼ 7 (70% DOC removal), range (see SI,
Figure A.1). The pseudo second-order kinetic parameters and re-
movals measured after 60min of contact time at a dosage of
200mg/L are presented in Table 3. Comparative results were ob-
tained for the laboratory and surface water samples. For instance,
the pseudo-second order qe values for MCLR uptake from EL-UF and
PLFAwere approximately 112 and 117 mg/g, respectively. The kinetic
rate constants for these aqueous matrices were also not statistically
different (p> 0.05).

In EL raw water, a lower MCLR uptake was observed in com-
parison to that for the SRNOM matrix. This difference can be
explained by the fact that the raw water had 5mg/L of sulphate
which was reduced to 1.2mg/L after 60min of operation (a 75%
decrease). Sulphates are well known for their competition with
NOM for active sites (Ates and Incetan, 2013). Consequently, only
63% MCLR and 38% DOC removals were obtained in the EL water (a
1.2-fold decrease compared to SRNOM with same initial DOC). As a
reference, the pseudo-second order kinetic rate constant values for
MCLR decreased 4-folds in DI water spiked with 5mg/L sulphate



Table 3
Kinetic parameters of MCLR uptake in presence of surface water.

Water matrix Initial Concentrations Initial pH Pseudo Second Order Parameters for
MCLR

MCLR Removal (%) DOC Removal (%)

MCLR (mg/L) DOC (mg/L) k2 (mg/g min) qe (mg/g) R2

DI water 25.0± 1.5 <0.2 7.0± 0.2 0.32± 0.01 127± 5 0.99 92 e

PLFA 25.0± 1.5 1.5± 0.1 7.0± 0.2 0.29± 0.02 117± 6 0.99 79 62
SRNOM 25.0± 1.5 3.0± 0.1 7.0± 0.2 0.25± 0.01 101± 4 0.99 72 45
Eagle Lake Raw Water 25.0± 1.5 3.2± 0.1 7.0± 0.3 0.22± 0.01 97± 3 0.98 63 38
Eagle Lake Filtered Water 25.0± 1.5 1.3± 0.2 6.9± 0.3 0.31± 0.01 112± 5 0.98 77 63

*Data reported with 95th confidence interval for the respective kinetic parameters.
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ions without NOM (data not shown), while it decreased only by 1.5-
fold with 5mg C/L background SRNOM in absence of sulphates
(data not shown). At low sulphate concentrations (<1mg/L), as in
the case of EL-UF filtered water, a high correlation between the
laboratory and surface water results were observed. These results
show that the resins are effective for the removal of MCLR in the
presence of NOM and inorganic compounds from surface waters.
Also, the results from laboratory scale experiments are comparable
to those from the surface water.

4. Conclusion

IX effectively removed MCLR and DOC from aqueous matrices
and a dosage of 1000mg/L (4mL/L) was sufficient to get the initial
toxin concentration of 100 mg/L below the WHO Guideline of 1 mg/L
for all investigated dosages. NOM loading on the IX resin reduced
theMCLR uptake capacity from approximately 3800 mg/g to 800 mg/
g. Film diffusion was deteremined to be the rate controlling step in
NOM free water. In presence of NOM fractions, the removal kinetics
are controlled by internal pore diffusion. Charge density and mo-
lecular weight distribution of the NOM matrix impacted the resin
performance, the latter being the most influencing factor at lower
resin dosages (200mg/L ~ 1mL/L and below). The lower molecular
weight charged NOM fractions (<1000 Da) compete with the MCLR
molecules for active sites in the interior of the resinwhile the larger
molecular weight compounds reduce the available active sites by
pore blocakge. The MCLR and DOC removal performance remained
>70% in the pH¼ 4 to pH¼ 7 range. Furthermore, addition of
inorganic ions like sulphates reduce the toxin uptake at a given
resin dosage. Finally, comparable results are obtained for laboratory
studies on synthetic laboratory water and surface water as long as
the NOM chracteristics and sulphate concentrations were similar.
Further studies should assess the resin performance over multiple
treatment cycles, toxic brine management and the potential ade-
verse impacts from algae cells on treatment performance.
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