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Abstract Iron hydroxide supported onto porous diatomite
(D-Fe) is a low-cost material with potential to remove arsenic
from contaminated water due to its affinity for the arsenate
ion. This affinity was tested under varying conditions of pH,
contact time, iron content in D-Fe and the presence of com-
petitive ions, silicate and phosphate. Batch and column exper-
iments were conducted to derive adsorption isotherms and
breakthrough behaviours (50 pg L") for an initial concentra-
tion of 1,000 ug L™'. Maximum capacity at pH 4 and 17 %
iron was 18.12-40.82 mg of arsenic/g of D-Fe and at pH 4 and
10 % iron was 18.48-29.07 mg of arsenic/g of D-Fe.
Adsorption decreased in the presence of phosphate and silicate
ions. The difference in column adsorption behaviour between
10 % and 17 % iron was very pronounced, outweighing the
impact of all other measured parameters. There was insuffi-
cient evidence of a correlation between iron content and
arsenic content in isotherm experiments, suggesting that ion
exchange is a negligible process occurring in arsenate adsorp-
tion using D-Fe nor is there co-precipitation of arsenate by
rising iron content of the solute above saturation.
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Introduction

Arsenic’s high toxicity and its widespread environmental oc-
currence have been recognised as a cause for worldwide
public health concern. For example in Bangladesh and India
alone, it is estimated that up to 150 million people are exposed
to arsenic-contaminated groundwater. Much attention has
been given to establishing exposure limits as well as tech-
niques that allow for its better monitoring and control. The
World Health Organization (WHO) has set a provisional
guideline value for arsenic in drinking water of 10 pg L.
Many countries have accordingly lowered their drinking water
limits in response to increasing recognition of groundwater
arsenic problems (WHO 2008; Melamed 2005; Smedley and
Kinniburgh 2002).

Methods to reduce arsenic in water supplies have fo-
cussed on well-established properties such as arsenic’s high
adsorption affinity for metal oxides and hydroxides. This can
be a natural process that mitigates against major toxicity
problems in the environment and is therefore a basis for
many adsorption-based removal technologies (Henke 2009).

In adsorption processes, ions are attracted when the sur-
face of the solid substrate (adsorbent) is of an opposite
charge and adsorption is low when the surface is neutral or
has the same charge. When physical rather than chemical
adsorption occurs, such adsorption is driven by non-selective
competition between ions of similar charge that bind (elec-
trostatic-coulumbic, electro-kinetic or van der Waal forces)
to the surface charge of the solid. This attraction is very
strongly pH dependent. The point of zero charge (PZC) or
iso-electric point is used to measure the ability of a given
surface to attract ions. Thus at pH of PZC, an equal number
of positively and negatively charged surface sites exist, and
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below and above this pH the surface becomes positively or
negatively charged. (Crittenden and Thomas 1998; Everett
1998; Inglethorpe et al. 1999; Asano et al. 2007).

Arsenate anions predominate in oxygenated water with a
pH range from 2 to 14. Therefore electrostatic attraction of
anionic arsenate is favoured onto positively charged sur-
faces. Arsenite is not likely to be found in ionic form and is
the predominant species under reducing conditions, thus
being less likely to be adsorbed onto metal oxy-hydroxides
(Goldberg and Johnston 2001).

Adsorption behaviour can be accurately modelled through
the use of an isotherm which is a way to interpret and fit
specific observations into general adsorption data without pro-
viding information on the adsorption mechanism. Freundlich
and Langmuir equations are the most used and best explained
models both being variants of the mass action law, either
simplifications, or with added electrostatic terms (Everett
1998; Asano et al. 2007).

There are many factors to be considered when choosing the
best technology for treating contaminated water including not
only effective removal from a quantitative/technological
viewpoint but also a method that suits specific socioeconomic
and geo-demographic conditions, and as such the best solu-
tions commonly are a combination of methods. For example,
an effective and commonly used material for removal of
organic pollutants by adsorption is activated carbon, but its
use may be precluded by its relative expense. (Ruthven 1984;
Baruth 2005; Garelick et al. 2009).

A readily available and cheap material that may be effec-
tive in removing arsenic is modified diatomite. Raw diatomite
is formed from fossilised remains of diatoms, a common type
of phytoplankton and it is an abundant mineral whose main
constituent is silicon dioxide followed by aluminium oxide
and iron oxide. Previous studies using calcined, raw and
modified (iron and manganese-coated) diatomite have report-
ed the removal of arsenic from contaminated water to a
maximum absorption of approximately 60 mg/g adsorbent,
corresponding to over 300 mg/g expressed as milligramme As
per gramme Mn or Fe (Table 1). By coating diatomite with
iron the pH of PZC is increased, reported values of raw
diatomite are around 6 and for diatomite coated with iron,
hydrous ferric oxide and granular ferric oxides the pH of ZPC
is 8 (Kosmulski 2009; Chang et al. 2009).

Competing ions can affect arsenic adsorption. Silicate and
more pronouncedly phosphate are similar to arsenate ions in
structure and solubility and have been shown to be major
competitors in arsenate adsorption (Chang et al. 2009).

Previous investigations into the sorption of arsenate by
media adsorbents, more specifically iron-coated substrates,
such as diatomite, have modelled, characterised or investigated
the sorption capacities and kinetics without examining in depth
the mechanism underpinning such adsorption. This paper con-
siders one mechanism suggested by pioneering studies on
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arsenic sorption by diatomite made by Inglethorpe in 1999
where ion exchange was presumed to be involved (Inglethorpe
et al. 1999; Aragon and Thompson 2005; Chen et al. 2007).

The work presented here provides further evidence on the
adsorption of arsenic onto iron-modified diatomite under
different conditions and considers in more detail break-
through behaviour using isotherm and column experiments.
This paper offers further evidence on the effect of the stron-
gest competing ions and provides further tools for an optimal
selection of process parameters namely pH, contact time and
iron content in the modified media.

Materials and methods

All bottles, glassware and columns were washed with alka-
line laboratory detergent (Fisher Scientific, UK), allowed
to soak overnight in 10 % HNOj; solution, triple rinsed
with deionised water (Purite, 18.2 M(2) and allowed to
air dry. All experiments were undertaken at ambient temper-
ature (22-26 °C).

Media preparation

The diatomite material used in this study originated from
Aktyubinsk, Kazakhstan. It was treated with HCL in a pre-
vious experiment (Bakr 2010). Diatomite was crushed in a
mortar and then oven-dried at 105 °C prior to weighing. The
modification of diatomite with iron (hereafter referred to as
D-Fe) was carried out as described elsewhere (Winchester
et al. 2001). Briefly, diatomite was mixed in a solution
containing two different amounts of ferric chloride (0.9 M)
to achieve two contrasting levels of coating and the mixture
was left to sit overnight while stirring. Then equimolar
amounts of sodium hydroxide (2.14 M) were slowly added
until the mixture reached pH 9 to precipitate iron hydrox-
ide into the complex. The iron-coated diatomite was
then washed with deionised water and filtered using
qualitative filter paper. The D-Fe was dried at 105 °C
overnight then ground and sieved using standard labo-
ratory test sieves to obtain a particle size range of 75 to
250 pm.

Media characterisation

The D-Fe was characterized by density determination and by

scanning electron microscopy (SEM) using a Cambridge
stereoscan 240 scanning electron microscope. Microwave
acid digestion (Method EPA 3051A, 2007) followed by ICP-
OES (Thermo-Scientific iCap 6500 ICP) analysis determined
the iron concentration and the efficiency/capacity of the iron
coating process as well as the arsenic content.
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Table 1 Results of previous studies on arsenic adsorption using diatomite and modified diatomite

Adsorbent As species Capacity, mgAs/g Capacity, mgAs/gMn pH Reference
adsorbent or Fe
Hydrous ferric oxide onto diatomite AsV 58.46 333 4 Jang et al. (2006)
Hydrous ferric oxide onto diatomite AsV 41.57 228 8 Jang et al. (2006)
Fe-Mn oxide onto diatomite As 111 1.68 147.9 7 Chang et al. (2009)
Fe-Mn oxide onto diatomite As 111 1.76 141.5 5 Chang et al. (2009)
"Low-quality pure diatomite" AsV 0.23 N/R N/R Inglethorpe et al. (1999)
Fe,0O5/diatomite AsV 2.5 N/R N/R Hue et al. (2008)
Raw diatomite AsV 2 N/R 2.5 Wau et al. (2005)
Iron hydroxide into diatomite AsV 61 N/R 7 Wau et al. (2005)
Iron hydroxide into diatomite AsV 17 N/R 2 Wau et al. (2005)

N/R not reported

Arsenic and iron analysis

Arsenic (V) was prepared using sodium arsenate Na,HAsO,.7H,O
(Sigma-Aldrich UK, laboratory reagent grade) diluted in
deionised water. The pH was tested and adjusted as re-
quired using buffer solutions: potassium hydrogen phthalate
(Fisher Scientific) and potassium carbonate/potassium
tetraborate/potassium hydroxide/disodium EDTA dihydrate
(Fisher Scientific).

All samples were collected in 25 mL glass vials and
analysed within 24 h. Total arsenic and iron were measured
using ICP-OES. Calibration curves (10, 100, 500, 750, 1,000
and 10,000 pug L") were prepared for iron and arsenic. The
method detection limits were 46 and 59 pg L™ for arsenic and
iron, respectively.

Isotherm experiments

Adsorption of arsenic using raw diatomite has been studied
in the past and is considered to be insignificant (Inglethorpe
et al. 1999; Wu et al. 2005), see Table 1. Thus, only iron-
coated diatomite was used in this study. For the isotherm
experiments, pseudo equilibrium time was set at 48 h.
Previous kinetic studies found that the rate of change was
minimal after 12 h and equilibrium was reached after 24 h
and therefore the 48-h period chosen was considered appro-
priately conservative (Bakr 2010).

Freundlich and Langmuir isotherms were calculated by
two experimental methods:

1. Fixed amount of adsorbate (arsenic V), varying amount
of adsorbent (D-Fe)

Screw-top polyethylene batch reactors (50 mL) were
filled with 45 mL of 10 mgLf1 arsenic (V) solution of
pH 4, 7 and 10, containing a varying amount of D-Fe
(10 % and 17 %) (0.001, 0.01, 0.1, 0.5 and 1 g). The batch
reactors were mixed in an orbital shaker (IKA KS-130) for

48 h. After equilibrium, the reactors were centrifuged for
4.5 min at 4,400 rpm. The supernatant was taken to 25-mL
glass vials to measure arsenic and iron content. A control
experiment, without the addition of D-Fe, was performed
for each condition.

2. Fixed amount of adsorbent (D-Fe), varying amount of
adsorbate (arsenic V)

The procedure followed the previous conditions but
using 45 mL of different arsenic (V) solutions (0.5, 1, 2,
5,10 mg L") at pH 4 and 7 and two sets of fixed amount
(0.01 and 0.045 g) of D-Fe (10 % and 17 %).

Effect of competitive ions

The effect of the presence of phosphate and silicate was
investigated as follows: 50 mL screw top polyethylene batch
reactors were filled with:

+  Forty-five millilitre of solution containing 10 mg L™" of
arsenic (V) and 10 mg L' of phosphate (as trisodium
orthophosphate dodecahydrated, Na;PO,4.12H,0, Sigma
Aldrich) for the phosphate effect or

«  Forty-five millilitre of solution containing 10 mg L™ of
arsenic (V) and 10 mg L' of silicate (as sodium silicate,
2810,:Na,0, Fisher Scientific) for the silicate effect

A control experiment was performed for each condition
with no competitive ions added. A fixed amount of D-Fe
(17 %) (0.1 g) was added to the reactors. The same procedure
was followed as with the isotherm experiments. The concen-
tration of the competing ions used was not intended to be
representative of environmental waters but to provide con-
centrations of a similar order of magnitude to the arsenic
being tested and thus provide a high level of competitive
ions, since preliminary experiments using low concentra-
tions of the competing ions did not adversely impact arsenic
adsorption.
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Rapid small-scale column test experiments

The rapid small-scale column test (RSSCT) consisted of
6 mL polypropylene solid phase extraction tubes (Supelco),
fitted with 20 um pore polyethylene frits, glass wool, 10 mL
syringe pistons (used as caps and connectors) and two-stop
PVC tubing. The column set-up is shown in Fig. 1.

Columns were packed with 1.5 and 2.5 g D-Fe with differ-
ent iron contents. The D-Fe was submerged in deionised water
for at least 1 h prior to column loading and the complex was
packed wet to avoid air entrapment. A D-Fe particle size of
0.1625 mm was used, yielding a ratio of column inner diam-
eter to adsorbent particle diameter of 13/0.1625=80, (a min-
imum of 50 is recommended) which in theory may suppress
wall and channelling effects (Crittenden et al.1986). Arsenic
(V) solution of 1 mg L' (pH 4 and pH 7) was pumped in
down-flow mode using a peristaltic pump. The terms used in
the RSSCT calculations are summarised in Table 2.

Ion exchange experiments

In order to investigate ion exchange as a mechanism in
arsenic adsorption using D-Fe, as well as co-precipitation
of arsenic by raising iron content of the solute above satura-
tion, the association between iron and arsenic concentrations
were determined by undertaking correlation analysis from
the column experiments.

Fig. 1 Rapid small scale
column test operation set-up
(diatomite—iron complex (D-Fe))

Statistical methods

Statistical analyses were undertaken using Minitab® v.15.
Correlation coefficients were calculated using Pearson's cor-
relation coefficients and simple regression, least squares
method. Analyses of differences were undertaken using
two-sample ¢ tests and one-way analysis of variance.
Normality and equal variance assumptions as appropriate
were tested in all experiments.

The data for breakthrough curves were transformed using
base 10 logarithms to standardise it using a simple linear
regression and obtain the best model. The model with highest
correlation coefficient (at least 80 %) was fitted in the regres-
sion equations. Models were compared via analyses of differ-
ence of the standard errors and confidence intervals of the
regression coefficients obtained.

Results and discussion
Characterisation

The composition of the raw and HCl-treated diatomite used
in this study is presented in Table 3 and has been previously
discussed (Mohamedbakr and Burkitbaev 2009). The
amount of iron coating achieved in this study was 9.6 %
(w/w; SE=0.12, n=2, hereafter referred to as 10 % D-Fe) and

10mg.L!
Arsenic
reservoir Flow rate range:
(0.58-2.19ml/min)
Columns:
10% iron D-Fe
17% iron D-Fe
A=1.327cm?
V=7.96cm?3
~+——-D-Fe media
~+—— Glass wool

size

PVC tubing
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~ Polyethylene frit
20 microns pore

Sample vial
25mL

Peristaltic
pump
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Table 2 Terms used in rapid small-scale column test calculations

Symbol/terms Description

m Mass, g

v Volume, mL

t Time

A Cross-sectional area of the column, cm?
p Density=mass/volume, g mL "'

FR Flow rate, mL min™ "

C/Cy Normalised concentration=equilibrium

concentration/initial concentration

EBCT Empty bed contact time=volume occupied by
the column medium/FR, (min)
HLR Hydraulic loading rate (FR x60)/(A x100), m/h

Bed volumes (FRxtx60)/(m/p)

Breakthrough: calculated by taking the value of volume of water treated

in the intersection with a concentration that is 5 % of the initial
normalised concentration media particle size: 0.1625 mm

Mass of sorbent material: 1.5 and 2.5 g

Ratio of column diameter to adsorbent particle diameter: 80

Initial As (V) concentration: 1 mg/L

Total volume of As solution used: 132.03 L, pH 7 and 115.83 L, pH 4

16.6 % (w/w; SE=0.28, n=3, hereafter referred to as 17 % D-
Fe) and is therefore clearly substantially different from raw
and HCl-treated diatomite.

The apparent density of the bulk dry 10 % D-Fe and 17 %
D-Fe was 0.54 and 0.74 g mL™", respectively. Similar appar-
ent densities of D-Fe have been reported in some studies and
led to buoyancy effects, necessitating the use of more complex
differential batch reactors to overcome these. The permeabil-
ity of the batch of D-Fe used in this study was high enough to
prevent buoyancy effects and the use of batch reactors was
therefore not necessary in this study (Jang et al. 2006; USEPA
2009).

SEM observations of exhausted D-Fe are presented in
Fig. 2a and b. It can be observed that the porous structure
is almost completely covered. This is in contrast to a previ-
ous study which remarked that the porous structure of diat-
omite was clear and not obstructed by iron after the same iron
coating process used in this study. The authors measured the
specific surface area using energy dispersive spectrometry
finding it to be similar before and after the coating process
(Wu et al. 2005).

The coating results are congruent with previous experi-
ments that found 17.9 % iron in their intended 25 % D-Fe
which suggest that this is the approximate maximum iron
content that diatomite can support by the same coating process
(Wu et al. 2005). Different coating methods have been de-
scribed elsewhere, achieving more effective iron coating, and
associated superior arsenic adsorption capacities. Some au-
thors have described the use of “an incipient wetness impreg-
nation” method to incorporate nanoscale hydrous ferric hy-
droxide using a vortex mixer, claiming to be inexpensive and
simple to perform, reaching up to 37.0 % w/w of iron coating
onto diatomite (Jang et al. 2006). In other studies the use of
ferrous sulphate, potassium permanganate and manganese
chloride have been proposed for coating diatomite with iron
as well as manganese. Adding another metal such as manga-
nese may also allow coverage of sites with different charac-
teristics that iron cannot interact with (Chang et al. 2009).
However, the currently limited number of studies using these
novel methods precludes comparison and the focus of the
currently reported work was to achieve substantial simple
incorporation of iron into diatomite in order to study the
adsorption mechanism rather than comparing coating methods
or the influence of other metals.

Isotherms

Modelling of the isotherm experimental data showed that the
Freundlich isotherm was better correlated with the empirical
observations than the Langmuir isotherm. The Freundlich con-
stants were calculated and are summarised in Table 4 where
consistently high coefficients of determination can be observed.
In addition, examples of Freundlich and Langmuir isotherms
are shown in Fig. 3a and b, respectively.

Some conditions stated in Table 4 were considered non-
optimal as reflected in the low correlation coefficients and
experiments were repeated with optimised conditions.
However, results having high correlation coefficients (>0.9)
show that maximum arsenic adsorption capacity found in this
study was for pH 4, 17 % iron (18.12-40.82) mgAs/g adsor-
bent, followed by pH 4, 10 % iron (18.48-29.07) mgAs/g
adsorbent, pH 7, 17 % iron (11.44-22.37) mgAs/g and finally
pH 7, 10 % (5.93-8.40) mgAs/g adsorbent [Table 4].

The use of surface complexation models has often displaced
the use of Freundlich, Langmuir and mass action equilibrium
models since conventional models do not correlate well.

Table 3 Composition of raw
and HCl-treated diatomite

Composition percentage

Diatomite
Raw 0.93 1.26
HCl treated  0.16 1.05

Na20 MgO A1203 S102 803 C102
10.83
10.39

KO CaO TiO, FeO Total
80.23 0.19 140 142 048 062 3.09 100.45
84.55 0.15 0.78 1.18 024 057 093 100.00
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Fig. 2 SEM micrographs of
diatomite iron complex (D-Fe)
after saturation with As (V)
solution. a D-Fe (17 %). b D-Fe
(10 %)

However, surface complexation models incorporate more com-
plex terms, equations and interpretation of results. The appli-
cation of Freundlich and Langmuir models in the present study
generates high correlation coefficients. Therefore, in an attempt
to balance the complexity versus the reliability of the results,
the choice of either Freundlich or Langmuir models for the
adsorption of arsenic using D-Fe is appropriate. Although on
average, the data were slightly better fitted by the Freundlich
model, the Langmuir model also gave satisfactory fits and
importantly, incorporates a constant not present in the
Freundlich model, which can directly predict the adsorption
capacity, a parameter of relevance to this study. A summary of
similar batch experiments is presented in Table 5 where other
isotherm results are compared along with other experimental
conditions used where it can also be seen that the Langmuir
model is the most commonly employed. In the currently re-
ported study, the achieved capacities are higher than previously
reported for modified diatomite, comparable to char carbon but
somewhat lower than modified orange residue.

Competitive ion effects

As previously found in isotherm experiments, arsenate re-
moval was more effective at pH 4. Experiments on the
impact of competing ions showed a minimal effect of phos-
phate and silicate on arsenic adsorption at pH 4 (Fig. 4). At
pH 7, there was a reduction of 35.0 % in the adsorption
capacity in the presence of phosphate ions and a reduction
of 14.0 % in the presence of silicate ions. At pH 10, there was
a 10.0 % reduction in the presence of silicate ions and an
8.8 % reduction in the presence of phosphate ions.

Other authors have reported a similar negative effect of
silicate and phosphate. It is claimed that these ions compete
with arsenic for similar adsorption sites, but their effects on
arsenic adsorption are slightly different.

Generally, silicate and phosphate have low solubility in
natural waters with common forms of phosphate such as
apatite minerals being largely insoluble. The solubility of
the specific form used in the study was 190 g/L at 20 °C.

Table 4 Freundlich and Lang-

muir constants for different ex- Freundlich qe=KeC"" Langmuir Colqe=1/QK+Ce/Q,
perimental methods
Kg 1/n R? 0, K R?
Fixed adsorbate (10 mg L"), varying adsorbent (0.001-1 g)
pH 710 % 3.341 0.347 0.95 8.403 1.021 0.84
pH 717 % 3.71 0.404 0.92 11.442 0.549 0.58
pH 410 % 6.85 0.623 0.99 29.07 0.626 0.9
pH 417 % 5.637 0.546 0.97 18.116 1.211 0.97
pH 10 10 % 1.228 0.361 0.96 3.134 0.812 0.85
pH 1017 % 1.48 0.401 0.87 4.165 0.605 0.61
Fixed adsorbent (0.01 g), varying adsorbate (0.5, 1,2, 5, 10 mg L")
pH 7 10 % 3.782 0.139 0.81 5.931 1.646 0.91
pH 717 % 4.041 0.191 0.97 6.887 1.799 0.97
pH 410 % 6.069 0.463 0.93 18.484 0.615 0.67
pH 417 % 5.969 0.315 0.78 12.755 1.038 0.7
Fixed adsorbent (0.045 g), varying adsorbate (0.5, 1, 2, 5, 10 mg L")
pH 717 % 13.806 0.33 0.96 22.371 434 0.99
pH 417 % 36.672 0.524 0.94 40.816 6.447 0.99
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Fig. 3 a Langmuir isotherm for
pH 4 and pH 7 (adsorbate, 0.5,
1,2,5,10mg L'; fixed
adsorbent, 0.045 g) and b
Freundlich isotherm for pH 4
(fixed adsorbate, 10 mg L™';
adsorbent, 0.001-1 g)

opH 4 y = 6.849x0623
10% ~ R2=0.991

XpH 4 y = 5.636x054
17% R2=0.971

100 -

10 4

0 4
Equilibrium concentration Cemg/L

Only the sodium, potassium and ammonium salts of phos-
phate are soluble in water in normal conditions, and these
salts are not abundant in natural waters. Nevertheless, solu-
ble phosphate may reach natural waters via anthropogenic
input in detergents and agricultural runoff, causing adverse
effects through eutrophication and by potentially limiting the
efficiency of arsenic adsorption at pH around 7. Although
silicate is not commonly found in natural waters it can be
found in reclaimed water that can be subject to arsenic
removal treatments.

Phosphate is similar in structure and therefore competes
for similar sites to arsenate without altering the surface
characteristics. In addition to this, silicate forms monomers
and dimers that are negatively charged thus reducing the pH
of ZPC of the surface and creating exclusion of arsenate ions.
This silicate coating over the iron coating occurs in minutes
and can form silicate polymers in a matter of hours (Smith
and Edwards 2005).

Silicate in solution is found as silicic acid H4SiO4 or as
H;3Si0O, . There is a bigger dissociation of silicic acid as the
pH increases thus increasing the relative concentration of
silicate in solution (Frankenberg 2002). This may be the
reason for the behaviour observed in Fig. 5 where at pH 10
neither arsenate nor phosphate are effectively adsorbed, but

0.3 5
a) b)
0.25
0.2 4
&
< 0.15
o
0.1 4
! ®pH 4 17% Y =0.044x + 0.013
10 0.05 4 R2=0.988
’ +pH 7 17% ¥ = 0.024x + 0.004
R? =0.999

2 4 6

Equilibrium concentration Ce mg/L

the relative abundance of silicate makes competition stronger
than phosphate. At pH 4 there is also maximal adsorption of
arsenate because there is an increasing electrostatic attraction
with a decrease in pH related to the ZPC of the Fe-D complex
(PZC=38); this makes competition with phosphate negligible
as the two are readily adsorbed at this pH. Due to the
negligible dissociation of silicate at this pH, its competition
with arsenic is also low under these conditions.

Thus an assessment of the concentration of such ions
before large-scale arsenic treatment is carried out is recom-
mended since this would better inform the choice of the best
removal strategy (Chang et al. 2009; Su 2001; Zhang et al.
2007; Henke 2009).

Rapid small-scale column test experiments

Fifteen columns were operated using two different pH solu-
tions: 4 and 7. These pH solutions were combined with
different iron contents in D-Fe (10 % and 17 %) and different
flow rates (using different tubing diameter). A total of
132.03 L of pH 7 solution and 115.83 L of pH 4 solution
were used in the experiments.

Breakthrough (BT) point was calculated by taking the
volume (expressed as number of bed volumes) of water

Table 5 Comparison of different low-cost materials and experimental parameters for arsenic (V) adsorption in batch experiments

Adsorbent Capacity pH Temp, °C Concentration range Model used Reference
Fe-Mn oxide into diatomite 1.68 7 25 0.05-5 mg L' Langmuir Jang et al. (2006)
Mn dioxide into diatomite 12.7 N/A  N/A N/A Langmuir Hue et al. (2008)
Diatomite 0.441 N/A  NA 1-18 mg L' Langmuir Inglethorpe et al. (1999)
Hydrous ferric oxide into diatomite 9.29 4 N/A N/A pH-C- Jang et al. (2006)

DCBR
Char carbon 33.46 2-3 25 157-737 ug L' N/A Mohan and Pittman (2007)
Orange juice residue 67.43 2-6 30 N/A Langmuir Mohan and Pittman (2007)
Phosphorylated cross-linked orange waste (POW) 68.18 3 30 N/A Langmuir Ghimire et al. (2003)
Iron modified diatomite 18.1- 4,7,10 22-26 °C  0.5-10 mgL"! Langmuir This study

40.8

Note: pH-C-DCBR: pH controlled differential batch reactor; capacity mg As(V)/g of adsorbent

N/A not applicable
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Fig. 4 Effect of competitive

ions (phosphate, 10 mg L™"; [None

——

silicate, 10 mg L") in arsenic
(V) (10 mg L") adsorption onto
D-Fe (0.1 g of D-Fe 17 %)

pH10 |SiOs + #

None

=

pH7 |SiO, :|-<

None

Sio,

treated at the intersection with a curve that is 5 % of the initial
normalised concentration (50 pg L™"). BT point occurred at
less than 45 bed volumes for all the experiments at 10 % iron.
The BT points calculated for all the experiments, at different
empty bed contact time (EBCT) [see Table 2], pH and iron
content are shown in Table 6. Figure 5 illustrates the break-
through behaviour at pH 7 and 17 % iron in the Fe-D
complex, where the cut-off point for breakthrough is illus-
trated with a dotted line 0.05 (5 %) where a wide range (400—
2,800) of bed volumes (BV) is associated with breakthrough.

Some columns were operated with on—off pump cycles
as suggested by Westerhoff et al. (2008) and also to allow

0.20 1 EBCT Fe%
—-1.268 17%
—A—1.507 17%
0.16 4 —1.785 17%
-%-2.634 17%
-0-2.713 17%
—---4.127 17%
0.12 -
——5.81117%
o
Q
()
0.08 -
0.04
0.00

20 30 40 50 60 70 80 90 100
% of arsenic removed

continuous effluent sampling at 2-h intervals. An example
of this configuration is shown in Fig. 5 (1.507, 17 %,
pH 7). In all columns operated in this way, removal of
arsenate after the shutdown period was higher than when
the column was running, followed by rapid reduction in
adsorption capacity. This was expected according to the
intra-particle diffusion theory where arsenate adsorption
may have been facilitated first by diffusion through the
stagnant film, then diffusion along the media surface
(external and internal surfaces) or into the internal pore
spaces, and finally by adsorption at specific binding sites
(Westerhoff et al. 2008).

3000

2500

1500

Bed Volumes

Fig. 5 Influence of empty bed contact time for pH 7 and 17 % D-Fe showing breakthrough point of 0.05 (5 %: dotted line). Breakthrough points are

summarised in Table 8
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In order to test for quality control of the test systems to
include satisfactory handling of the test columns, a regres-
sion analysis was undertaken on the effect of EBCT on
arsenic removal at pH 7 and 4 using 17 % D-Fe. As expected,
a good fit was obtained (+*=0.65, p=0.018) at pH 7.
However, at pH 4 the fit was poor (+*=0.083, p=0.58) which
suggests that some maldistribution of flow may have oc-
curred in this instance, thus reducing the contact area be-
tween adsorbate and adsorbent (Aragon and Thompson
2005; Winchester et al. 2001). It was therefore important to
check BV values and correlations with their EBCT as a
quality assurance as shown in Table 6. It is also possible
for some maldistribution of flow to explain some of the
larger than expected BV values at pH 7 for small changes
in EBCT (Table 6).

The ratio of column inner diameter to adsorbent particle
diameter was kept above 50, to avoid channelling and wall
effects, but diatomite being a very soft material can be
compressed easily by the action of the solution flow causing
excessive pressure build-up. Therefore a ratio closer to 50 is
recommended. By diminishing this ratio, there is also a risk
of decreasing adsorption capacity as it has been shown that
smaller particle sizes increase this capacity (Bakr 2010).
Therefore, optimisation between good flow and minimal
particle size is recommended before undertaking adsorption
studies.

Very strong evidence (p<0.0001) was found for the im-
pact of iron content on arsenic removal (at constant pH and
EBCT). However, there was insufficient evidence of differ-
ence in the regression coefficients of the impact of pH for
four different comparisons (17 % D-Fe and similar EBCT
[PH7 17 % 1.268 vs.pH 4 17 % 1.293] [pH 7 17 % 2.634 vs.
pH 4 17 % 2.565] [pH 7 17 % 4.127 vs. pH 4 17 % 4.258])
and for 10 % D-Fe pH 7 vs. pH 4 with 1.393 EBCT with
these comparisons having p=0.85, 0.83, 0.24 and 0.16,
respectively.

Table 6 Breakthrough points (defined as 5 % of initial concentration=>50-
g L") for the rapid small-scale column test experiments for 17 % D-Fe at
pH 7 and 4

EBCTatpH 7 BT point (BV) EBCT*atpH 4 BT point” (BV)
1.268 1,240 0.931 767

1.785 588 1.293 470

1.507 435 2.467 3,045

2.634 2,350 2.565 2,600

2.713 1,120 4.258 2,750

4.127 2,700 4.428 530

5.811 2,386

*Empty bed contact time=volume occupied by the column medium/
FR, (min)

® Volume of water treated at the intersection with a concentration that is
5 % of the initial normalised concentration

Indeed, the overriding influence of iron content is exem-
plified in Fig. 6 where BT curves obtained for all the exper-
iments are shown and where the effect of iron content can be
clearly visualised by the presence of two predominant group-
ings associated with iron content irrespective of other exper-
imental parameters.

High arsenic (V) adsorption capacities and break-
through bed volumes for commercial and low-cost modi-
fied adsorbents have been reported in batch (Table 5) and
RSSCT experiments (Table 7) where adsorption capacities
and efficiencies are compared with this study’s findings.
Generally, however, comparisons between reported capac-
ities are difficult to make due to the variability in exper-
imental parameters utilised, such as initial arsenic concen-
tration, type of water (e.g. groundwater, drinking water,
industrial water, acid mine drainage), pH of the water,
adsorbent dose, temperature, contact time, modification
method, pHpzc of the adsorbent and surface area among
others (Mohan and Pittman 2007; Westerhoff et al. 2008;
Aragon and Thompson 2005). The best adsorption in
column experiments was at 2.467 EBCT, pH 4 and
17 % iron with BT point of 3045 at target concentration
of 50 pg L' and initial concentration of 1,000 pg L'
The adsorption at 5.811 EBCT, pH 7 and 17 % iron
was very similar with BT point of 2,886. The difference
between BT for the same conditions and different iron per-
centage was as high as 1,195 bed volumes.

Differences in column behaviour due to iron content were
clearly evident. Despite the fact that in the isotherm results
derived from batch experiments, pH 4 solutions yielded
bigger adsorption capacities, this behaviour was not ob-
served in the column experiments. The reason for this be-
haviour is unclear and warrants further investigation.

This study has shown that altering the pH of the solu-
tion alone does not yield a better performance in column
processes and that the iron content clearly has a stronger
impact on performance. The method used in this study to
incorporate iron into diatomite is thought to have reached
its maximum capacity, although it is recognised that al-
ternative methods have been described claiming iron coat-
ings reaching up to 37 % w/w (Jang et al. 2006; Chang
et al. 2009). Given the iron-associated performance shown
in this study, consideration of alternative methods of iron
coating to achieve superior arsenic adsorption capacities
is warranted.

Such approaches are based on using a small particle size
of the modifier (iron nanoparticles). Other approaches may
incorporate more than one metal oxide and hydroxide to pore
sites that iron is not capable of attaching using, for example
manganese, aluminium, titanium and perhaps cobalt and
nickel. Mohan and Pittman (2007) provide a comprehensive
review on low-cost adsorbents for arsenic, some of them
modified using several metals.
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Fig. 6 Summarised breakthrough curves for the column experiments, using 1 mg L ™" as initial As concentration and D-Fe (10 % and 17 % of iron) at
pH 4 and pH 7 using different flow rates. Grouped areas denote predominant behaviour of 10 % D-Fe and 17 % D-Fe

Ion exchange tests

There was insufficient evidence to establish a correlation
between iron content in the column effluent vs. arsenic
content in the same effluent (+*=0.06, n=49) suggesting that
ion exchange or any other relationship is negligible in arse-
nate removal using D-Fe. Although ion exchange does not
mean that arsenate anion exchanges with iron oxide or iron,

this study demonstrates that iron is the most important pa-
rameter affecting arsenic adsorption, therefore it is the only
ion released that is worth investigating because no analogue
of arsenic exists in the chemical composition of diatomite
(e.g. phosphate).

The D-Fe was considered to be exhausted when the con-
centration of As in the effluent reached 85 % (850 ug L") of
the initial concentration (1,000 ug L™"). A mean of 0.88 %

Table 7 Comparison of different low-cost materials and experimental parameters for arsenic (V) adsorption in rapid small-scale column experiments

Adsorbent BT bed volumes pH Initial Adsorbent  EBCT Water Reference
to 10 ug L concentration  mass source

Granular ferric hydroxide <10,000 7 100 pg L' NA 8.32 min  Tap water Aragon and
Thompson
(2005)

Activated alumina 1,800 7 100 pg L NA 8.32 min  Tap water Aragon and
Thompson
(2005)

Granular ferric hydroxide 10,000 8.6 108 pg L' 278 g 4 min Spiked water ~ Westerhoff
et al.
(2008)

Fe-Mn binary oxide into diatomite 550 6.8-7.8 447 pgL™! 58¢g 20 min Groundwater ~ Chang et al.
(2009)

Iron modified diatomite 2,500? 7 1,000 gL' 25¢g 5.8 min Spiked water ~ This study

NA not applicable

 Concentration below the detection limits of the method used but extrapolated to the target concentration
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w/w of arsenic, or 8.83 mgAs(V)/g of D-Fe (17 %)
(SE=0.08, n=6) was found in the exhausted D-Fe. This is
only a fraction of the theoretical adsorption capacity,
and this is the reason why at full scale, operations are
conducted with more than one column in series or parallel
configurations.

It was also found that the iron content in the exhausted D-
Fe was 172.8 mg of Fe per gramme of D-Fe or 17.3 % w/w
(SE=0.19, n=6). Importantly, this suggests good stability of
the iron coating on diatomite pores.

The formation of inner spheres could be an important
mechanism in arsenic adsorption, in which case the amount
of iron in diatomite and therefore the formation of bidentate—
binuclear bridging complexes between arsenate and iron
oxy-hydroxide would play a more important role than elec-
trostatic attraction caused by changes in pH which is consis-
tent with our reported findings.

In contrast, if the formation of outer spheres was predom-
inant, electrostatic interactions would be more important and
therefore pH would be expected to have greater influence. If
this was indeed the major mechanism the amount of iron in
diatomite would not exert such a large influence on arsenate
adsorption before (column experiments) and after (isotherm
experiments) equilibrium (Everett 1998) as we observed.

Conclusions

Arsenate adsorption was tested using D-Fe having 10 % and
17 % of iron impregnation and modelled by Freundlich and
Langmuir isotherms to have a maximum capacity at pH 4
and 17 % iron of 18.12—40.82 mg of arsenic per gramme of
D-Fe followed by adsorption at pH 4 and 10 % 18.48—
29.07 mg of arsenic per gramme of D-Fe. There was insuf-
ficient evidence of a correlation between iron and arsenic
content in the isotherm experiments suggesting that the pres-
ence of soluble iron is independent of any process involving
arsenic removal (e.g. ion exchange, co-precipitation, chem-
ical adsorption).

A more detailed investigation on the BT behaviour showed
that although a correlation between EBCT vs. BT for pH 7
was expected and established but it was not possible to estab-
lish one for pH 4. The difference in the behaviour of the
columns due to iron content was evident and was far more
important than any other measured parameter including pH of
the solution. Breakthrough point was found at 3,045 bed
volumes for optimal conditions of pH 4 and 17 % iron, using
initial arsenic (V) concentration of 1,000 pg L.

Evidence on the effect of phosphate and silicate on
arsenate adsorption was gathered. Capacities decreased
from 77 % to 63 % in the presence of silicate and
from 77 % to 42 % in the presence of phosphate at
pH 7. In practice, full-scale adsorption columns are

strongly affected by natural water components, therefore
further studies using natural water containing arsenic are
recommended.

The incorporation of iron into the diatomite matrix in-
creased the performance in both batch and column experi-
ments. In order to enhance the potential of low-cost diato-
mite-based adsorbents to remediate arsenic contaminated
water, it is recommended that further studies are carried out
to optimize methods of coating these adsorbents with iron
and other metal oxides.
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