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A B S T R A C T

Removal of arsenic (As) from water by co-precipitation with Fe(III) (oxyhydr)oxides is a widely used technique
in water treatment. Nevertheless, As removal efficiency appears to be sensitive to the composition of the water
matrix. The aim of this study was to gain a deeper understanding of the independent and combined effects of
silicate (Si), phosphate (P), natural organic matter (NOM) and calcium (Ca) on arsenate [As(V)] co-precipitation
efficiency and the size of Fe(III) precipitates. We found that, in complex solutions, containing multiple solutes
and high levels of Ca, (variations in) Si and P concentrations reduce As(V) removal to some extent, mainly due to
a decreased adsorption of As(V) onto Fe(III) precipitates. On the other hand, NOM concentrations reduced As(V)
removal to a much greater extent, due to possible formation of mobile Fe(III)–NOM complexes that were difficult
to remove by filtration. These findings have a great significance for predicting As(V) removal as a function of
seasonal and process-related water quality changes at water treatment plants.

1. Introduction

The co-precipitation of arsenic (As) with in situ produced Fe(III)
(oxyhydr)oxides is a widely used As removal technique in water
treatment [11,29,38]. Typically, an Fe(III) coagulant such as ferric
chloride (FeCl3) is dosed which, in contact with water, undergoes hy-
drolysis to form Fe(III)(oxyhydr)oxide precipitates. Arsenic adsorbs
onto the surface of the Fe(III) precipitates, at an early stage of the
precipitate growth [16,18,28,38,42]. The As bearing Fe(III) precipitates
(i.e. co-precipitated As and Fe(III)) can be removed from water in a
downstream granular media filter or e.g. with low-pressure membranes
[4,19]. At pH relevant to most natural waters (6.5–8.5), As(V) is ne-
gatively charged and therefore exhibits a higher affinity for the surface
of Fe(III) precipitates than As(III) which is uncharged [16,23,33].
Therefore, in order to effectively remove As from ground water, oxi-
dizing As(III) to As(V) e.g. by adding potassium permanganate (KMnO4)
before co-precipitation with Fe(III)(oxyhydr)oxides has previously been

suggested [1,12,13,34]. Recent studies have shown that As(III) also
oxidizes rapidly to As(V) during rapid sand filtration (RSF), a treatment
step commonly used at water treatment plants [1,14,15]. Thus, the use
of KMnO4 in water treatment can be avoided by treating the RSF ef-
fluent for As(V) removal instead of treating the raw groundwater for As
(III) removal.

The removal efficiency of As(V) with Fe(III) based co-precipitation
is sensitive to the ionic composition of water [5,9,12,13,21,22,28]. The
most abundant oxyanions that may impact As(V) removal are silicate
(i.e.H4SiO4) and phosphate (i.e. H2PO4

− or HPO4
2−), denoted further

as Si and P respectively [20,27,38,40]. Moreover, natural organic
matter (NOM), especially humic substances (HS), can adversely affect
As(V) removal [5,32,44]. These inorganic and organic solutes can
modify the structure, composition and identity of the Fe(III) pre-
cipitates, thereby affecting their size and As(V) uptake behaviour
[35,40]. Moreover, these solutes compete with As(V) for adsorption
sites on Fe(III) precipitates [3,7,16,27,37,44,45,46]. On the other hand,
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natural waters often contain calcium ions (Ca+2, denoted further as
Ca), which can increase As(V) removal during Fe(III) based co-pre-
cipitation. It has been shown that Ca increases the size of Fe(III) pre-
cipitates [2] and also results in an increased uptake of As(V) by Fe(III)
precipitates. Several mechanisms have been proposed to explain these
observations, such as neutralization of the Fe(III) precipitate surface
charge by Ca [45], suppression of electrostatic repulsion [25] and the
formation of ternary complexes between Fe(III), As(V) and Ca [21], van
Genuchten et al. [39].

So far, most of the available studies have focused on the interactions
between As(V) and Fe(III) precipitates in simple solutions [24,43,44],
whereas systematic studies providing understanding of the As(V)–Fe
(III) interactions in complex multi-solute solutions are lacking. In this
study, we aim to provide more insights into the independent and
combined effects of Si, P, NOM and Ca on As(V) co-precipitation effi-
ciency and the size of formed Fe(III) precipitates.

2. Materials and methods

2.1. Chemicals and stock solutions

All chemicals were reagent grade and used without any purification.
The stock solutions of 1.4 g/L FeCl3, 92.9 g/L NaHCO3, 15 g/L NaCl,
and 30.2 g/L Na2SiO3 were prepared by dissolving the required
amounts of FeCl3·6H2O (CAS: 10025-77-1, 97% purity, J.T Baker The
Netherlands), NaHCO3 (CAS: 144–55-8,> 99% purity, J.T Baker The
Netherlands), NaCl (CAS: 7647–14-5, 99% purity, J. T Baker The
Netherlands) and Na2SiO3·5H2O (CAS: 10213–79-3, 99% purity, Sigma-
Aldrich) respectively in ultrapure water (Mill-Q, produced by purifying
distilled water with a Purelab Chorus provided by Veolia). The stock
solutions of 73.8 g/L CaCl2, 39.2 g/L MgCl2 and 0.45 g/L NaH2PO4 were
prepared by dissolving CaCl2 anhydrous (CAS: 10043-52-4, 96% purity,
J. T Baker), MgCl2·6H2O (CAS: 7791-18-6, 99% purity, Boom B.V.) and
NaH2PO4·H2O (CAS: 10049-21-5, > 98% purity, J.T Baker) respectively
in 0.1 M HCl. The NOM stock solution of 2.4 g DOC/L was prepared by
diluting a primary stock (HumVi, Vitens, The Netherlands, 117.4 g
DOC/L) that contained ca. 75% HS (LC-OCD results given in Table S1).
Arsenate was dosed using a stock solution of 1.0 g/l As2O5 (CAS:
12044–50-7, 99% purity, Inorganic Ventures). pH was adjusted with
0.1 M HCl or 0.1 M NaOH.

2.2. Composition of initial solutions

The experiments were performed with synthetic solutions and real
RSF effluent collected from WTP Ouddorp (Table 1). The ionic com-
position of the synthetic initial solutions in the experiments (Table 1)
was based on the yearly variation recorded in the quality of RSF ef-
fluent at the WTP (Table S2). The synthetic initial solution in the re-
ference experiment contained 0.07 µM As(V) and 2000 µM Ca, without
Si, P and NOM. The rest of the experiments are identified by the ions
added in µM to the reference solution (i.e. 70Si consists of 70 µM Si,
0.07 µM As(III) and 2000 µM Ca). All the synthetic initial solutions also
contained 4.1 mM NaHCO3 and 0.6 mM NaCl to provide alkalinity and
ionic strength.

The experiments with the RSF effluent were performed with and
without pre-treatment with anion exchange (AEX) or cation exchange
(CEX). The objective of the AEX or CEX pre-treatment was to remove
the naturally present anions or cations from the RSF effluent before use
as initial solution in the experiments, to determine the impact of natural
anions or cations on Fe(III) precipitation and As(V) removal. The AEX
was performed with Amberlite® IRA-400 chloride form resin (CAS:
60177–39-1) and the CEX was carried out with Amberlite® IR120 N+

form (CAS: 68441-33-8), both were obtained from Sigma Aldrich,
Zwijndrecht, The Netherlands. Each IEX treatment was performed in a
glass column with a contact time of 1min and bed volumes of 78 cm3.
The RSF effluent based initial solutions were spiked with As(V) to

achieve As concentration of 0.07 µmol/L (i.e. similar As concentration
as synthetic initial solutions). The AEX effluent samples were dosed
with NaHCO3 to compensate for the loss of HCO3 during AEX.

2.3. Co-precipitation experiments

The experiments were performed with a 5 L glass reactor connected
to a controller (ez-Control, Applikon® Biotechnology) for adjusting,
maintaining and logging (BioXpertV2 software) reaction parameters,
including the pH, temperature, oxidant supply and stirring speed
(Fig. 1). The reactor was connected to a Mastersizer 2000 (Malvern
Instruments, UK). The experiments were carried out at pH 7.5 and
20 °C, with stirring set to 100 rpm. The experimental procedure in-
cluded: (i) preparation of the initial solutions in the reaction vessel and
collection of solution samples for control, (ii) dosing the FeCl3 stock to
result in Fe(III) concentration of 5 µmol/L and allowing the hydrolysis
and precipitation of Fe(III) to take place while the suspension was
stirred at 100 rpm and (iii) collection of suspension samples after 1 and
60min of FeCl3 addition, which were filtered over 0.45 µm filters to
determine the removal of Fe(III) precipitates. The samples were pre-
served for subsequent analysis. The unfiltered samples without con-
servation were collected for zeta-potential measurements.

For the filtration of samples SpartanTM 30/0.45 RC 0.45 µm syringe
filters (GE Healthcare, Buckinghamshire, UK) were used. Samples for
Fe, As, Si, Ca and P were conserved by addition of 50 µL 60% HNO3

solution to 50mL of sample and stored at 4 °C. The removal of As and Fe
were determined from the difference between the measured values of
the initial solution and final filtered solution. Samples for DOC analysis
were conserved by adding 200 µL 40% HCl solution to 100mL of
sample which was closed off airtight and stored at 4 °C.

2.4. Wet analysis

Arsenic, Fe, Ca, Si, P were measured in water samples by Inductively

Table 1
Nomenclature and composition of the initial solutions used in the co-pre-
cipitation experiments. In all the initial solutions the concentration of Fe(III)
was 5 µmol/L, As(V) was 0.07 µmol/L (As/Fe= 0.014) and HCO3 was
4100 µmol/L. The concentration of Ca was 2000 µmol/L in all the synthetic
initial solutions (Ca/Fe= 400). In RSF effluent the concentration of Ca was
2200 µmol/L (Ca/Fe= 440), which was reduced to < 1 µmol/L after CIEX
treatment.

Experiment code Si P DOC Si/Fe P/Fe DOC/Fe

µmol/L mol/mol
Reference (Ref) – – – – – –
Si70 70 – – 14 – –
Si140 140 – – 28 – –
Si280 280 – – 56 – –
P1.3 – 1.3 – – 0.26 –
P2.5 – 2.5 – – 0.5 –
P3.3 – 3.3 – – 0.66 –
DOC165 – – 165 – – 33
DOC330 – – 330 – – 66
DOC500 – – 500 – – 100
Si0+ P1.3+DOC165 – 1.3 165 – 0.26 33
Si140+P1.3+DOC165 140 1.3 165 28 0.26 33
Si280+P1.3+DOC165 280 1.3 165 56 0.26 33
Si140+P2.5+DOC165 140 2.5 165 28 0.5 33
Si140+P3.3+DOC165 140 3.3 165 28 0.66 33
Si140+P1.3+DOC330 140 1.3 330 28 0.26 66
Si140+P1.3+DOC500 140 1.3 500 28 0.26 100
Effluent RSF+ 153 1.5 172 31 0.3 34
Effluent RSF after CIEX+ 159 1.5 175 32 0.3 35
Effluent RSF after AIEX+ * 160 BDL 59 32 – 12

BDL: below detection limit (< 0.2 µmol/L).
* HCO3 was compensated after the AIEX treatment.
+

As(V) was spiked using a stock solution.
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Coupled Plasma Mass Spectrometry (ICP-MS) (XSERIES 2, Thermo
Fisher Scientific, The Netherlands). The analysis of DOC in water
samples was carried out with a Shimadzu TOC-VCPH total organic
carbon analyzer (Shimadzu Benelux, ‘s-Hertogenbosch, The
Netherlands). Bicarbonate was analyzed by colorimetric method (HI-
3811, Hanna Instruments).

2.5. Particle characterization

The size distribution of the Fe(III) precipitates was determined by
Multiple Light Scattering (MLS) using the Mastersizer 2000 (Malvern
Instruments, UK). The Mastersizer was connected to the co-precipita-
tion reactor and the suspension was fed to the Mastersizer at a constant
flow of 216mL/min through a masterflex easy-load II peristaltic pump
combination (Metrohm Nederland B.V. The Netherlands). Malvern in-
struments mastersizer 2000 software v5.61 recorded the particle size
distribution every 20 s for 5min. The Zetasizer Nano-ZS (Malvern
Instruments) was used for the determination of electrophoretic mobility
and the calculated zeta-potential of the particles in a sub-set of samples
collected after 60min of FeCl3 dosing. Each sample was equilibrated at
20 °C for 300 s prior to measurement which were obtained in duplicate.
The measurement cell (cuvette) was rinsed with ethanol and deminer-
alized water and dried between the measurements.

3. Results and discussion

3.1. Size distribution and filterability of Fe(III) precipitates

3.1.1. Impact of independent Si, P and NOM addition
The particle size distribution and the removal efficiency of Fe(III)

precipitates by 0.45 µm filters as a function of the composition of initial
solution are given in Figs. 2 and 3 respectively. For the reference ex-
periment, (initial solution free of Si, P and NOM), the particles were in
the range of 5–180 µm with the mode of the distribution (dm, the most
commonly occurring particle diameter) at 70 µm. The precipitates in
both 1min and 60min samples were completely removed (≈100%
removal) by 0.45 µm filtration, indicating a rapid growth of Fe(III)
precipitates within the first minute. When different concentrations of Si
or P were added, the size distribution of the precipitates was not sig-
nificantly affected, although a slightly lower dm (≈ 50 µm) was noted

for the highest Si and P additions (i.e. 280 Si µM and 3.3 µM P) com-
pared to the reference (dm≈ 70 µm). Nevertheless, the precipitates
were completely removed by 0.45 µm filtration in all the samples, in-
dicating yet effective and rapid Fe(III) precipitate growth. Silicate and P
oxyanions bind to the surface of Fe(III) precipitates and result in col-
loidally stable suspensions [8,30]. On the other hand, it has been shown
that in the presence of Ca the electrostatic repulsion between the par-
ticles is reduced, which can result in coagulation/destabilization of
colloidal Fe(III) precipitates. For example, Mayer and Jarrell [26] re-
ported an improved flocculation, settling and filtration of Fe(III) pre-
cipitates in a solution where the molar Si/Fe and Ca/Fe ratio was 4.5
and 20 (Ca/Si= 0.2). In our study, however, the molar Ca/Si ratio was
much higher (Ca/Si= 7–28) than in the study of Mayer and Jarrell
[26]. Similarly, Van Genuchten et al. [40], in their co-precipitation
experiments, noticed a stabilization of Fe(III) suspensions at molar P/Fe
ratio of 0.3 and destabilization of the colloids was observed when Ca
was present at Ca/Fe= 2.0 (Ca/P= 6.7). In our study the molar Ca/P
was 570–1300, thus much higher than Van Genuchten et al. [40]. From
this we conclude that in our study the large size and highly efficient
removal of the Fe(III) precipitates by 0.45 µm filtration with the in-
dependent additions of Si and P was due to the presence of high Ca
concentration in water (Table 1).

Unlike the Si and P additions, the independent NOM addition al-
tered the particle size distribution significantly (Fig. 2). The particle
size distribution was bimodal for 330 and 500 µM DOC additions,
consisting of a larger contribution from particles in the non-colloidal
size range (i.e. ≥1 µm) and a relatively small contribution in the col-
loidal range (< 1 µm) for each case (please note that the precipitate size
distribution was not measured for 165 µM DOC addition). Moreover, Fe
(III) removal by 0.45 µm filtration was significantly reduced (e.g. with
the additions of 165, 330 and 500 µM DOC, Fe(III) removal after 60min
was ≈ 40, 30 and 20% respectively, Fig. 3). These observations are in
agreement with several previous studies which also report a similar
reduction in the removal of Fe(III) in the presence NOM. The sup-
pression of Fe(III) removal by filtration has been attributed to formation
of soluble Fe(III)–NOM complexes, as well as formation of Fe(III)–NOM
and Fe(III)(oxyhydr)oxide–NOM colloids [5,22,32]. These different Fe
(III)–NOM complexes, which can be soluble and/or colloidal, are not
removed from water by 0.45 µm filtration due to their small size. Al-
though the exact mechanism for the decreased Fe(III) removal in the

Fig. 1. A schematic overview of the laboratory setup.
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presence of NOM in our study is not clarified, it is proposed that the
mobility of Fe(III) was attributed to the formation of soluble and col-
loidal Fe(III)–NOM complexes.

To study further the precipitate aggregation, we characterized the
particles from a subset of experiments by zeta-potential measurements.
The zeta-potential of the reference sample was low (−2.6 mV, Table 2)
and no considerable decrease was observed with the addition of 3.3 µM

P (−2.8mV). This is in agreement with the yet effective aggregation of
Fe(III) precipitates with the independent P addition, similar to the re-
ference. In the presence of 165 µM DOC the zeta-potential decreased
somewhat (−11.1mV), which is in agreement with the restricted
growth of the precipitates in the presence of 165 µM DOC, due to
electrostatic repulsion between the Fe(III) particles.

Fig 2. Independent and combined effects of silicate, phosphate and natural organic matter on Fe(III) precipitate size. X-axis: particle size (µm). Y-axis: abundance
(%). Ref refers to the reference experiment performed in the absence of Si, P and NOM. In (Fig. 2f & g) complete Y-axis is not shown. In Fig. 2f the abundance peak of
Si140+ P1.3+DOC 500 is at 35.4%. In Fig. 2g the abundance peak of Effluent RSF after CEX is at 25.5%.
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3.1.2. Impact of combined Si, P and NOM addition
In experiments where P and NOM were present with and without Si,

the Fe(III) particles were smaller than in the reference (Fig. 2). More-
over, the removal of Fe(III) precipitates by 0.45 µm filtration was lower
than the reference (≤80% compared to 100%) (Fig. 3). Minor changes
in the precipitate size were observed with the variation in solution
composition. For example, in the absence of Si when 1.3 µM P was
present with 165 µM DOC, particles in the range of 1.4–70 µm were
observed with dm of ≈ 20 µm. The addition of 140 to 280 µM Si in this
solution resulted in a very slight decrease in the removal of Fe(III)
precipitates by 0.45 µm filtration (≈ 10%). Moreover, the precipitate
size range was similar to the solution that did not contain Si (i.e. 1.3 µM
P and165 µM DOC). Similarly, the precipitate size distribution and the
removal efficiency of Fe(III) was not significantly affected in the ex-
periments where the concentration of P was increased from 1.3 to
3.3 µM, keeping Si and DOC fixed at 140 and 165 µM respectively.
Thus, the studied variations in Si and P concentrations with fixed
concentrations of NOM and Ca in water, did not severely impact the
size of Fe(III) precipitates.

Compared to when only NOM (165 µM DOC) was present, the Fe(III)
removal by 0.45 µm filtration was higher when NOM was present with
P and Si (Fig. 3). Also, the zeta-potential with the independent NOM
addition was−11.1 mV, which was lower relative to the experiments in
which NOM was present with Si and P (Table 2). The higher zeta-po-
tential obviously is in agreement with the large size and higher removal

of Fe(III) precipitates in the complex NOM bearing solutions (Figs. 2
and 3). However, the exact mechanism responsible for the higher zeta-
potential when NOM co-occurred with Si and P is not clarified.
Nevertheless, we note that the interactions between NOM and Fe(III) in
the absence and presence of P and Si appear to follow different me-
chanisms.

When the concentration of NOM was increased (from 165 to 330 µM
DOC), keeping Si and P (140 and 1.3 µM respectively) fixed, the Fe(III)
removal by 0.45 µm filtration was reduced significantly. A further in-
crease in NOM concentration (to 500 µM DOC) resulted in no Fe(III)
removal (Fig. 3). This increasing mobility of Fe(III) may be attributed to
the formation of soluble and colloidal Fe(III)–NOM complexes that were
not removed with the 0.45 µm membrane filters. The presence of col-
loidal particles is also confirmed with the particle size distribution
measurements (Fig. 2). However, the identity of the particles (Fe
(III)–NOM or Fe(III)(oxyhydr)oxide–NOM colloids) was not in-
vestigated. Moreover, the properties of the soluble fraction of Fe
(III)–NOM complexes remain unclear. Nevertheless, our results indicate
that the variations in NOM concentrations, in solution with fixed con-
centrations of Si, P and Ca exhibit a strong impact on the size of Fe(III)
precipitates and their removal.

3.1.3. Impact of removing anions and cations from RSF effluent
In the RSF effluent, the Fe(III) precipitate size ranged from 2 to

80 µm with the dm at 25 µm (Fig. 2). The Fe(III) precipitates were ef-
fectively removed (≈ 95% removal) by 0.45 µm filtration in both 1min
and 60min samples (Fig. 3). The removal of Fe(III) precipitates in the
RSF effluent was slightly higher than the synthetic solutions that con-
tained Si, P and NOM in comparable concentrations. This can be ex-
plained by a higher charge neutralization due to the higher Ca con-
centration and an additional presence of ≈ 10mg/L magnesium (Mg)
in the RSF effluent compared to the synthetic solutions (Table S2).
When the RSF effluent was pre-treated with AEX, P and a major portion
of the NOM (negatively charged) was removed from water (Table 1).
The AEX did not remove Si (H4SiO4) because it is not disassociated at
the given pH of 7.5 [6]. Interestingly, the precipitate size distribution
was quite similar to the reference (i.e. in the absence of Si, P, NOM) and
in solutions where we added Si. The removal efficiency of Fe(III) in the

Fig. 3. Percentage Fe(III) removed by 0.45 µm filtration as a function of the composition of the initial solution and time. Ref refers to the reference experiment
performed in the absence of Si, P and NOM.

Table 2
The zeta-potential of Fe(III) precipitates in a sub-set of experiments.

Experiment code Zeta-potential [mV]

Reference −2.6 ± 0.9
P3.3 −2.8 ± 0.6
DOC165 −11.1 ± 1.5
P1.3+DOC165 −5.5 ± 1.9
Si140+P1.3+DOC165 −5.7 ± 0.9
Si280+P1.3+DOC165 −7.6 ± 0.2
Si140+P2.5+DOC165 −7.1 ± 0.6
Si140+P1.3+DOC330 −13.1 ± 0.3
RSF effluent −7.0 ± 1.2
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AEX treated RSF effluent was clearly higher than the untreated RSF
effluent (Fig. 3) which can be attributed to a lower charge repulsion
between the particles in the absence of surface sorbed (negatively
charged) P and NOM ions.

When the CEX treated RSF effluent, which lacked Ca and Mg ions
(Table 1), was used as the initial solution in the co-precipitation ex-
periments, the particle size decreased and the removal of Fe(III) pre-
cipitates by 0.45 µm filtration strongly depleted (Fe(III) removal<
10%). It has been shown previously that the presence of cations in
solutions result in neutralization of Fe(III) precipitate surface charge
and a lower electrostatic repulsion which promotes growth of Fe(III)
precipitates [2,39,40]. In this study, when Ca and Mg were removed
from water by CEX, the sorption of Si, P and NOM on Fe(III) precipitate
surface resulted in a negatively charged precipitate surface with high
electrostatic repulsion which hindered the precipitate growth [6].

3.2. Arsenic removal

3.2.1. Impact of independent Si, P and NOM additions
Arsenate removal was the highest in the reference experiment (i.e.

in the absence of Si, P and NOM), with As(V) removal efficiency of 65%
and ≈ 90% after 1min and 60min respectively (Fig. 4A). This re-
presents a ≈ 75% of the total As(V) removed in the first minute, in-
dicating a rapid adsorption of As(V) to Fe(III) precipitate surfaces. Since
Fe(III) precipitates were completely removed by 0.45 µm filtration after
both 1min and 60min (Fig. 3), the ≈ 25% increase in As(V) removal in
reference experiment was attributed to the diffusion-controlled mass
transfer of As to adsorption sites located in the internal porosity of Fe
(III) precipitates (Fig. 4). The similar time-dependent As(V) adsorption
kinetics observed in the presence of Si, P and NOM can also be ex-
plained by the slow transfer of As towards the internal adsorption sites
(Fig. 4B). The independent additions of Si, P and NOM resulted in a
lower As(V) removal efficiency compared to the reference (Fig. 4A).
The addition of 70 µM Si resulted in As(V) removal efficiency of 45%
and 75% after 1min and 60min, which decreased to ≈ 40% and 60%
respectively, with the independent addition of the highest concentra-
tion of (280 µM Si). The addition of 1.3 µM P resulted in an As(V) re-
moval efficiency of 25% and 44% after 1min and 60min, which de-
creased to ≈ 20% and 30% respectively, with the independent addition
of the highest concentration of P (3.3 µM P). As the removal of Fe(III)

Fig 4. (a) Percentage As(V) removed by 0.45 µm filtration and (b) As(V) uptake by Fe(III) precipitates as a function of the composition of the initial solution and time.
Ref refers to the reference experiment performed in the absence of Si, P and NOM.
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precipitates by 0.45 µm filtration was (nearly) complete (Fig. 3), we
conclude that the reduced As(V) removal was due to a reduced ad-
sorption of As(V) onto the surface of Fe(III) precipitates, similar to the
reference [7,27].

Fig. 4B shows that the independent P additions, though much
smaller compared to Si (Table 1), results in a lower As(V) adsorption
efficiency than with Si additions. These results can be explained by the
pH dependent affinity of As(V), P and Si for the adsorption sites on Fe
(III) precipitates [2,40,41] and the concentration differences between Si
and P relative to As(V). The adsorption of As(V), Si and P onto the
surface of Fe(III) precipitates is competitive. However, at pH 7.5 (this
study), As(V) and P exhibit a similarly high affinity for adsorption sites
on Fe(III) precipitates due to their negative charge and similar chemical
properties. Silicate, on the other hand, is uncharged at pH 7.5 and the
adsorption onto Fe(III) precipitates is much lower than As(V) and P.
Thus, the greater reduction in As(V) adsorption due to lower P con-
centrations than Si is rationalized.

The As(V) removal efficiency was the lowest with the independent
NOM additions. For example, the addition of 165 µM DOC resulted in
As(V) removal efficiency of ≈ 20% and 35% after 1min and 60min,
which decreased to 10% and 15% respectively with the independent
addition of 500 µM DOC. The lower As(V) removal efficiency (Fig. 4A)
compared to the reference was due to i) the lower adsorption of As(V)
onto the surface of Fe(III) precipitates, as reflected in the lower As/Fe
solids ratio for NOM additions (Fig. 4B), and ii) a higher mobility of Fe
(III) due to the formation of Fe(III)–NOM complexes that were not re-
moved by 0.45 µm filtration (Fig. 3). With NOM additions, the As/Fe
solid ratio was higher than the As/Fe solid ratio with P additions. This
indicates a stronger competition with As(V) for adsorption sites by P
than NOM (Fig. 4B). Compared to the Si additions, the As/Fe solid ratio
was slightly lower in case of NOM additions. This indicates a stronger
competition with As(V) for adsorption sites by NOM than Si (Fig. 4B).
Thus, in the given conditions, P competed with As(V) for adsorption
sites on Fe(III) precipitates most strongly and reduced the As(V) ad-
sorption followed by NOM, whereby Si showed had the least negative
impact on As(V) adsorption.

From these results it can be concluded that the removal of As(V) in
the presence of Si and P was affected mainly because of the reduced
adsorption of As(V), whereas in the presence of NOM a reduced ad-
sorption and a reduced Fe(III) removal both were responsible.
Phosphate reduced As(V) adsorption the most, mainly because of its
similar affinity for adsorption sites and higher concentration than As
(V). But, the overall As(V) removal efficiency was reduced the most
with the variations in NOM concentrations, mainly because NOM ren-
dered a large portion of Fe(III) mobile in the solution.

3.2.2. Impact of combined Si, P and NOM additions
In the experiments where 165 µM DOC was fixed and P and Si

concentrations were varied, the As(V) removal efficiency was lower
than the reference experiment and the experiments with the corre-
sponding independent Si, P and NOM additions (Fig. 4A). For example,
with 165 µM DOC fixed, the addition of 1.3 µM P resulted in As(V)
removal efficiency of 17 and 32% after 1min and 60min. This was
lower than the As(V) removal efficiencies observed for the independent
1.3 µM P (25% and 44% after 1min and 60min) and 165 µM DOC (22%
and 37% after 1min and 60min) additions. The lower As removal can
be attributed to i) a greater competition for the adsorption of As(V) onto
Fe(III) precipitates due to the presence of multiple inorganic and or-
ganic ions, as also confirmed by the lower As/Fe solid ratios, and ii) a
NOM-induced higher mobility of Fe(III) (Fig. 3), as discussed pre-
viously.

At fixed P and NOM concentrations (1.3 µM P and 165 µM DOC), the
addition of Si up to 280 µM resulted in only a slight reduction in As(V)
removal efficiency compared to the absence of Si. Similarly, the re-
moval efficiency of As(V) was reduced only slightly when P con-
centrations were increased up to 3.3 µM in the presence of 140 and

165 µM Si and DOC respectively. The subtle decrease in As(V) removal
was attributed to a stronger competition for As(V) adsorption onto Fe
(III) precipitates which resulted in a lower As/Fe solid ratio (Fig. 4B).
Arsenate removal efficiency was majorly reduced with an increase in
NOM concentration, with Si and P also present in water at fixed con-
centrations. For example, when 500 µM DOC was added along with
140 µM Si and 1.3 µM P, As(V) removal was reduced to zero. The ab-
sence of As(V) removal (Fig. 4A) was due to formation of Fe–NOM
complexes that could not be filtered, as discussed previously.

Overall, it can be concluded that in complex solutions, containing
Si, P, NOM and Ca, As(V) removal appears to be most sensitive to
variations in NOM concentration, with NOM- Fe(III) complexation a
key determinant.

3.2.3. Impact of removing anions and cations from RSF effluent
In the RSF effluent, the As(V) removal was lower than the reference

experiment, i.e. As(V) removal was 46% in the RSF effluent compared
to≈ 90% for the reference solution after 60min (Fig. 4A). The lower As
(V) removal in RSF effluent compared to the reference was largely due
to competition for As(V) adsorption from the anions such as Si, P and
NOM. This was also confirmed by pre-treating the RSF effluent by AEX
which showed that As(V) removal significantly increased with the re-
moval of P and NOM (Table 1). The removal of Si with AEX treatment
was not effective and therefore Si competed with As(V) for the ad-
sorption sites, resulting in As/Fe solid ratio that matched the experi-
ments where independent Si additions were investigated (Fig. 4B).

Arsenate removal was absent when the CEX-pre-treated RSF effluent
was used as initial solution. The fact that no removal was observed in
the absence of Ca and Mg is mainly due to the high mobility of Fe(III),
which can be attributed to the highly negative surface of Fe(III) pre-
cipitates that hinders the growth of Fe(III) precipitates to become larger
particles. The mechanistic understanding of how cations like Ca interact
with Fe(III) precipitates in multi-anionic solutions has been presented
in previous studies. It has been reported that when Ca is present during
co-precipitation of Fe(III) and (oxy)anions such as Si, P, As(V) and
NOM, it is incorporated in the structure of the growing Fe(III) pre-
cipitates due to chemical bonding with the surface-sorbed oxyanions
[39]. Moreover, Ca interacts electrostatically with the surface of Fe(III)
precipitates. Magnesium ions have also been shown to enhance ag-
gregation of Fe(III) precipitates, but the effect is less pronounced than
Ca [31,40].

4. Conclusions and implications for water treatment

This study shows that As(V) removal in Fe(III) based co-precipita-
tion is sensitive to the composition of water matrix. In complex solu-
tions containing multiple solutes and high levels of Ca, (variations in) Si
and P concentrations reduce As(V) removal to some extent, mainly due
to a decreased adsorption of As(V) onto Fe(III) precipitates. On the
other hand, NOM concentrations reduce As(V) removal quite drasti-
cally, which we attribute largely to the formation of soluble and col-
loidal Fe(III)–NOM complexes.

The findings presented in this study have a great significance for
predicting As removal at water treatment plants where water quality
changes may take place, e.g. due to seasonal effects. Surface com-
plexation modeling [10,17,21,22,36] is useful in gaining further in-
sights in the As uptake by Fe(III) precipitates, but its application to real
water treatment systems is limited. In water treatment plants, the ef-
fectiveness of As removal also depends on the separation of Fe(III)
precipitates from water. Calcium effectively counteracts the negative
effect of oxyanions and promotes the growth of Fe(III) precipitates,
which can be easily separated from water by gravitation settling and
rapid sand filtration. Thus, Ca-hardness of water should be carefully
considered in designing As removal processes that rely on the co-pre-
cipitation of As and Fe. Obviously, effective separation of the colloidal
particles can also be achieved by employing low-pressure membrane
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filtration (MF/UF) instead of the conventional rapid sand filtration for
effective separation of the colloidal particles. Nevertheless, also in this
case, the charge and size distribution of Fe(III) precipitates will remain
crucial in determining the membrane fouling mechanisms.
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