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Abstract: Physical and chemical characterization of granular ferric hydroxide (GFH)
[e.g., scanning electron micrographs (SEM), X-ray diffraction (XRD) analysis,
Brunauer-Emmett-Teller (BET) and Langmuir surface area measurements, pore
size distribution, pH titration, and zeta potential measurements] were conducted to
determine its performance as an adsorbent for trace arsenic(V) removal. Speciation
diagrams for arsenate and phosphate were produced for the present system. The
equilibrium adsorption isotherms were measured over initial arsenate concentrations
ranging from 100-750 pg/L and the pH range of 4-9. The adsorption of arsenate
was found to decrease as the pH of the solution was increased, thus giving the
optimal adsorption of arsenate onto GFH at pH 4. Adherence to the Langmuir
isotherm was found at all pHs for the arsenate adsorption. The competitive effect
of phosphate on the uptake of arsenate at pH 4 by GFH was investigated,
outlining the greater affinity of GFH for arsenate adsorption compared to
phosphate. The kinetic performance of GFH was assessed and the results were
analyzed by applying a particle diffusion model.
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INTRODUCTION

Arsenic is present naturally within the earth’s crust, held within igneous and
sedimentary rocks, causing its profile to be raised to the twentieth most
abundant material in the earth’s crust (1). Its presence has also been
increased through the use of arsenical pesticides, mining, and burning of
fossil fuels. Arsenic has received widespread attention in recent times due
to its toxic and carcinogenic properties. More than 13 million people in the
United States routinely obtain water from public sources that have more
than 10 parts per billion (ppb or pg/L) of arsenic, according to U.S. Environ-
mental Protection Agency (USEPA) figures. Other nations have a significant
problem with arsenic poisoning. Bangladesh, for example estimates between
35 and 77 million of its 125 million citizens are at risk of drinking contaminated
water, where local populations are routinely exposed to arsenic poisoning
through the ingestion of groundwater and eventual release into the bloodstream
(2). Due to instances of arsenic presence in some parts of the United States, the
USEPA has lowered the current U.S. drinking water maximum contaminant
level (MCL) for arsenic to 10 ug/L from a proposed level of 50 ug/L (3).
The European Union has issued a directive to reduce the arsenic threshold
from 50 pg/L to 10 ug/L (4). The new limit has generated research in the
United Kingdom, as 30 treatment works will be required to take some
measures to reduce the arsenic level down to 10 pg/L.

Dissolved arsenic in water essentially exists as As(V) and As(Il), i.e.,
arsenate and arsenite, respectively. Thus in order to meet upcoming legislation,
increased importance has been placed on the removal of As(V) and As(III)
oxyanions and oxyacids from water. The occurrence and distribution of these
two forms of arsenic is largely influenced by pH and the redox conditions of
the environment in which they exist. In atmospheric and slightly oxidizing
environments, As(V) is the predominant species mainly as H, AsO; and
HAsOﬁf. As a general rule, As(IIl) is more likely to be found in anaerobic
groundwater, while arsenate, As(V), is found in aerobic surface water. Dissolu-
tion from the solid phase results in arsenolite (As,03), arsenic oxide (As,Os)
and realgar (As4S4) (5). Arsenate is more readily removed from water than
arsenite, as it is an ionic species in the pH range typically found in the aquatic
environment. Arsenite does not readily oxidize to arsenate if the pH is less
than 10 without the presence of additional oxidizers (6). Arsenic can occur in
four oxidation states in water, although it is usually found in the trivalent
(arsenite) and pentavalent (arsenate) forms. The toxicity of arsenic
compounds is as follows: arsine > arsenite > arsenate > alkyl arsenic (7, 8).

The present study is primarily concerned with the removal of arsenate
from water through sorption mechanism. The removal of arsenic from water
systems has been carried out by several conventional methods, which
include removal by coagulation with ferric salts, results in residual arsenic
concentrations below 10 pwg/L; lime softening for removal of As(V); conven-
tional iron-manganese removal processes; ion exchange; reverse osmosis; and
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adsorption onto activated alumina. A number of arsenic removal technologies
have been investigated in the laboratory and for field-scale testing for the
removal of trace arsenic (9-25).

The use of granular ferric hydroxide (GFH) as an efficient arsenic
adsorbent was developed at the Technical University of Berlin (Germany)
(9). Pal (10) indicated that a granular activated ferric oxide or ferric
hydroxide should have a higher capacity for the adsorption of arsenic from
water than activated alumina in a fixed-bed system, the most commonly
used set up for water treatment. Thus the aim of applying GFH to arsenic
removal is to combine the advantages of the widely used coagulation-filtration
techniques; high removal efficiency with a small residual mass together with
the fixed-bed adsorption on activated alumina.

The purpose of this work is to observe the effect on the sorption of
arsenate onto granular ferric hydroxide (GFH). The physical and chemical
characterization of GFH in the form of scanning electron micrographs
(SEM), X-ray diffraction (XRD) analysis, Brunauer-Emmett-Teller (BET)
and Langmuir surface area measurements, pH titration, and zeta potential
measurements have been conducted to determine its performance as a
sorbent for As(V) removal. Density functional theory (DFT) has been used
to analyze the pore size distribution data. The speciation diagrams of
arsenate and phosphate have been produced to interpret the underlying
sorption mechanism. The sorption of arsenate from aqueous solution onto
GFH has been studied in batch equilibrium experiments. The influence of
pH on arsenate sorption capacity has been examined. The kinetic performance
of GFH has been assessed and the results have been analyzed by applying a
particle diffusion model. The competitive effect of phosphate on the uptake
of arsenate by GFH has also been investigated.

EXPERIMENTAL
Adsorbent Material—Granular Ferric Hydroxide (GFH)

The granular ferric hydroxide used in this study was supplied by GEH, Was-
serchemie, Germany. The sample was produced from ferric chloride solution
by neutralization and precipitation with sodium hydroxide. Sodium hydroxide
and ferric chloride were contacted at 313 K. The resulting precipitate was
washed, passed through a membrane, and then stored in plastic tubs. The
tubs were conditioned in situ with a solid content as low as 15%, then left
to naturally dewater, until the volume was replaced by 75%. The equilibrium
pH of the product was 7. GFH is a poorly crystallized B8-FeOOH, which
resembles the mineral Akaganeit, containing chloride, which aids the
structure of adsorbent. The pores of the GFH are completely filled with
water leading to a high density of available adsorption sites and therefore a
high adsorption capacity. The characteristics of GFH are given in Table 1.
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Table 1. Characteristics of GFH

Characteristics Value
Moisture content, % 43.3
Specific surface area, m*/g 250-350
Density of grain, g/cm® 1.59
Bulk density, g/cm? 1.32
Porosity of grains, % 75-80
Bulk porosity, % 26
Active substance: Fe(OH); and 55
(am-FeOOH), %
Water content, % 46

Chemicals and Materials

Arsenate solutions were prepared using Na,AsO, - 7H,O and was supplied by
Fisons; phosphate solution were prepared using Na,HPO, (Sigma). Sodium
hydroxide solution was prepared by using laboratory-grade pellets supplied
by Fisher Scientific, UK. Standard solutions of sodium hydroxide, hydro-
chloric acid, and palladium modifier (palladium nitrate, 10 wt% solution in
10 wt% nitric acid) were obtained from Fisher Scientific, UK. The analytical
reagents used for the colorimetric method for phosphate determination were
ammonium molybdate and L-ascorbic acid (purchased from Fisons) and
antimonyl potassium tartrate and concentrated sulphuric acid (both from
Fisher Scientific, UK).

Analyses of Arsenate and Phosphate

The concentration of arsenic present in the sample was analyzed using a Varian
Graphite Furnace Atomic Absorption (AA), GTA 100. A palladium modifier
was used to permit the use of a higher ashing temperature and to enhance the
analyte signal. The calibration procedure followed in this work is as follows.
A standard arsenate solution of 75 pg/L was made up from 1000 mg/L
standard arsenic solution. The palladium modifier solution consisted of 0.1%
palladium and 0.25% citric acid; this was made from a 10 wt% solution and
10 wt% nitric acid of palladium nitrate and citric acid. The total volume of
the 75 pg/L sample being injected into the GTA was set to 30 L, consisting
of 12 pL standard, 11 pL palladium modifier and 7 pL deionized water. The
GTA lamp was set to a current of 10 mA, a slit width of 0.5 nm, and a wave
length of 193.7 nm. The carrier gas (argon) was set to a flow rate of 3 L/min.

Phosphate analysis was carried out using a colorimetric method, with the
aid of a Perkin Elmer Lambda 12 dual beam UV /VIS spectrophotometer at a
wave length of 882 nm. In order for the phosphate analysis to be carried out,
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areagent was prepared as follows: 125 mL of sulphuric acid (5 N), made from a
standard solution of 18 M and mixed with 37.5 mL of ammonium molybdate
(20g in 500mL) in a glass flask. A total of 7SmL of 0.1 M ascorbic acid and
12.5 mL of potassium antimonyl tartrate (1 mg/mL) were added and thoroughly
mixed. A new reagent was prepared for each batch of samples, as degradation
occurs after more than 24 h. Therefore, a new calibration curve was required for
each run and the R values were always greater than 0.99. To determine whether
there was a time effect on absorbance values, the samples were reanalyzed after
15 min. The difference between the two reading for several samples across the
concentration range used was less than 4%.

A calibration was then produced, using calibration standards of 25, 50, 100,
150, 250, and 500 ppb that were prepared using the following method. A 4 mL
volume of the phosphorus solution was placed into a 100 mL volumetric flask,
4mL of the reagent was added, and the solution volume made up using
deionized water. This was left for 10 min for the complexation reaction to occur.

A back correction was made to the sample absorbance using a blank at
each measurement; the calibration was then carried out using the spectro-
photometer. A cuvette was filled with the sample and the absorbance
measured at 882nm. A plot of log absorbance vs. log concentration, i.e.,
log(Ags,) vs. log(C,) was constructed and the equation of the line of best fit
determined, according to Eq. (1).

log(Ags2) = mlog(Cp) +¢ (1)
where
log(Agg,) = log absorbance at 882 nm
m = gradient of the line

log(C,,) = phosphate concentration (ug/L)
¢ = intercept

The unknown phosphorus concentration was calculated using Eq. (2).

Cp= 10llog(Ass2)—C)/m] )

Physicochemical Characterization Procedure
Scanning Electron Micrography (SEM)

Scanning Electron Micrographs (SEM) were taken on a Cambridge Instru-
ment stereo scan 360 microscope at room temperature. The normal second
electron mode (i.e., not back scattering) was used and the accelerating
voltage was set to 10kV. Prior to analysis, the GFH sample was dried in a
vacuum oven at room temperature, then mounted using PVA glue on an
aluminium platform and gold coated.
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XRD Analysis

A Philips PW1050 goniometer with a copper X-ray tube was used. A graphite
monochromator with a 1° scatter slit and a 0.2 mm receiving slit was added.
A Hilton Brooks nucleonics and automation system was used. Prior to analysis,
GFH sample was dried in a vacuum oven at room temperature. The crushed
GFH sample passed into an aluminium holder. XRD scans were carried out
in the range 10-80° at 0.05° step size and 0.2° /min.

Surface Area and Pore Size Distribution Analysis

Surface area and porosity measurements were carried out by nitrogen adsorption
and desorption methods using a Micromeritics ASAP 2010 automatic analyzer
fitted with an optional high-stability 133.3N-m > pressure transducer.
Weighed sample of GFH was prepared by out-gassing for a minimum period
of 24h at 373K on the degas ports of the analyzer. Adsorption isotherms
were generated by dosing nitrogen (>99.99% purity) onto the adsorbent
contained within a bath of liquid nitrogen at approximately 77 K. Surface
area was measured for linear relative pressure range between 0.05 and 0.15.

pH Titration

A number of samples were prepared by measuring 10 mL 0.1 M sodium nitrate
to a series of 25mL flasks. Nitrate was used as an electrolyte as Fe(III)
complexes are less likely to form. Different initial pH values were obtained
by addition of 0.1M NaOH or 0.1M HNO; solutions. A total solution
volume of 15mL was maintained by addition of deionized water, to ensure
the adsorbent weight to solution volume ratio was kept constant. Prior to the
addition of the GFH adsorbent, the pH of the solution was measured by a
Mettler Toledo 340 pH meter calibrated at pH 4 and pH 10. Total solution
volume used was 15 mL per 25 mg dry sample. The samples were shaken for
2 days on an arm shaker at 298 + 1 K. At the end of the experiment, the pH
of the supernatant solution was measured by a Mettler Toledo 340 pH meter.

Zeta Potential Measurements

Zeta potential of the materials in the size range 0—45 pm was measured using a
Malvern Zetamaster instrument. The measurements were based on a Laser
Doppler Electrophoresis technique (27). The technique operates by measuring
the interference fringes of two laser beams at the point where the beams
cross. Particles that cross the beams will cause the interference fringes to
shift, and this can be related back to the particle’s velocity and hence to the elec-
trophoretic mobility. This technique offers several advantages over traditional
microscopic methods. It averages the measurement over thousands of
readings, generating an intensity distribution, greatly reducing statistical
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errors. Very low or zero zeta potential can also be measured accurately by virtue
of an optical modulator which causes a Doppler shift in one of the beams.

The zeta potential of GFH samples was determined using the same
samples that were prepared for pH titration. The zeta potential of each
solution was measured after the equilibration had been attained. The measure-
ment was conducted at 298 + 1K. SmL of the supernatant material were
collected using a plastic Luer syringe that resulted in an optimum count
rate of 4000 counts/sec. The suspension was injected into a quartz cell in
an electrophoresis chamber.

Batch Adsorption Studies
Single Component Studies

A 1L stock solution of 20,000 ng/L As(V) was prepared by dissolving
sodium arsenate (Na,HAsO, - 7H,0) in deionized water. The required concen-
tration of As(V) was prepared in a 2L volumetric flask using the stock
solution, then split into four samples of 490 mL decanted into 500 mL
Nalgene bottles. The remaining solution was kept in a volumetric flask for
future reference. Adsorption experiments were carried out in the pH range
4-9, sample pH was adjusted using 0.1 M HCI or 0.1 M NaOH prepared
from standard 1 M solutions. A mass of 5mg of GFH was added into each
of the bottles. The GFH was weighed on a Metttler AJ100 balance within
the accuracy limit of +0.0005 g.

The sample bottles were placed into a C25 incubated orbital shaker (New
Brunswick Scientific) for 24h at 298 + 1K, the pH was measured using a
Mettler Toledo 340 pH meter maintained at its initial value throughout the
experiment by addition of stock acid or alkali. Any addition of acid/alkali to
the solution volume was noted and was <0.5% of the total batch volume.
The experiment was carried out at pH values of 4, 5, 7, and 9 and at different
As(V) concentrations. It was assumed that the solution had reached equilibrium
when there was no change in the solution pH. After this period, a 5 mL sample
of the mixture was extracted and analyzed for As(V) content.

Binary Component Studies

The binary component analysis was carried out based on the combined
adsorption effects of phosphate(V) and As(V) on the GFH adsorbent. A
245mL sample of 150 wg/L As(V) solution was placed into a Nalgene
bottle, along with 245mL of the equivalent molar amount of phosphate
solution. A mass of 5mg of GFH was added to the sample and the pH
was adjusted to 4 using 0.1 M HCI. The sample bottles were placed into
a C25 incubated orbital shaker (manufactured by New Brunswick Scientific)
for 24h at 298 + 1K, the pH was also maintained at its initial value by
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addition of acid or alkali. The solution pH was measured using a Mettler
Toledo 340 pH meter. Any addition of acid/alkali to the solution volume
was noted and was <0.5% of the total batch volume. Then the samples
were analyzed for As(V) and phosphate following the method described
in the analyses section.

Kinetic Studies

The kinetic studies were performed at As(V) concentrations of 100 pg/L using
GFH. The samples were sieved into two fractions, i.e., 75—180 pm and 600—
700 pm. A 500mL sample of the As(V) solution was prepared at pH 4 and
placed into the glass reactor vessel suspended in a water bath at a temperature
of 298 K. The solution was agitated by an impellor revolving at 500 rpm. Once
the solution temperature had reached a constant temperature of 298 K, a known
quantity of previously wetted GFH sample was added to the reactor. This was
noted as the starting time of the experiment. The samples were collected at
various time intervals and then analyzed for As(V) content by Graphite
Furnace Atomic Absorption. All kinetic experiments were conducted for 3h
and repeated twice for precision and accuracy.

RESULTS AND DISCUSSION
Speciation

Construction of speciation diagrams for each pollutant studied is important
in determining the nature of the ions present in solution. Speciation is
dependent on the total solute concentration and the solution pH. The
charge of a species (anionic, cationic, or neutral) affects the removal capacity
of the adsorbent. At low pH, the GFH surface is positively charged, hence
will attract anions and at high pH the surface is negatively charged and will
attract cations. Hence, it is essential to produce the speciation diagram of
each species studied.

Arsenic(V) Speciation

The speciation of As(V) is important in determining the chemistry behind
aqueous arsenic solutions, thus enabling treatment methods for removing
dissolved arsenic from water to be established. The distribution of As(V)
compounds are influenced by pH; this can be shown by a speciation
diagram and will give the predominant form of As(V) present at a given
value of pH. Thus the method of removing arsenic can be determined by
using the diagram to find out the predominant species present at a known
pH of aqueous solution. The arsenate ion, AsO; "> is a commonly found
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species of arsenic present in water. Arsenic(V) as it is otherwise known exists
in four forms in aqueous solution: H3AsOy4, H,AsOy , HAsOﬁ_, and AsOi_.
The predominant species of arsenic(V) present varies with the pH of the
solution. The diagram is constructed from the equilibrium expressions,
where K is the equilibrium constant for the equilibrium reaction of each
As(V) species, and then equations are formed where each species is
expressed as a function of pH and total arsenic concentration only. The
equations for As(V) dissociation in water are given as follows (11):

Equilibrium Expressions

H3ASO4 < I’I+ + HZAS'OZ

A0l

H,AsO; <= H' + HAsO>~

[H'][HAsO;"]

K, =
2T [HyAsO; ]

pK, =6.98 4)

HAsO;” <= H' + AsO;~

_ [HAs0]

K, =11.
HAsO‘Zf PR3 6 ®)

The total arsenic concentration is therefore the sum of the four arsenic(V)
species:

[As] = [H3As0,] + [H2AsO; ] + [HAsO "] + [AsO; ] (6)

For each species, the variation in concentration with pH can be calculated by
choosing a total arsenic concentration value and substituting in the values for
the equilibrium constants K;, K,, and K.

The pH is related to the concentration of H* ions by the following expression:

pH = —log;o[H"] (7

Therefore by varying the value of pH, the concentration of H' ions used in the
previous expressions can be varied. The total arsenic concentration is kept
constant and the concentration of each species for each pH is then calculated
as a fraction of the total concentration value. Taking an arsenic concentration
of 400 pg/L, this can then be converted into mol/L by dividing by the atomic
mass of arsenic, to give a total arsenic concentration of [As] = 5.34 x 1076
mol/L. The constants can then be substituted into expressions for each of
the four arsenic(V) species concentrations at different pH values to give the
speciation diagram for As(V) as shown in Fig. 1.
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Figure 1. Arsenate speciation diagram showing the predominate species present at
each pH.

Phosphate(V) Speciation

The principal sources of phosphates in natural waters are the apatite minerals,
3Ca3(POy,), - CaF, and 3Ca3(PQy), - CaCl,, which dissolve in aqueous solution
to H,PO,, HPO}[, and POZT The predominant species of phosphate present
varies with the pH of the solution. A speciation diagram is a representation of
the predominant form of phosphate for a given value of pH. The dissociation
of orthophosphoric acid in water indicates a molecular dispersion as H;POy,
which ionizes by the following equilibrium expressions used to construct
the speciation diagram (26) where K is the dissociation constant for the equili-
brium reaction of each phosphate species being ionized. Equations can then be
formed where each species is expressed as a function of pH and total
phosphorus concentration only. The equilibrium expressions are shown:

Equilibrium Expressions
H3PO, <= H" + H,PO;

[H*][H,PO;]
[H3PO,4]

H,PO; <= H' + HPO}~

K = pK, =2.1 (8)

[H*)HPO;]

FP0. ] pK, =72 9)

2 —
HPOX™ <> H" 4 PO~

[H*1PO;]

Kz =
P T HPO*

pK; = 122 (10)
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The total phosphorus concentration is therefore the sum of the four phosphate
species:

[P] = [H3PO4] + [H,PO; ] + [HPO; ™ + [PO; ] (11)

For each species the variation in concentration with pH can be calculated by
choosing a total phosphorus concentration value and substituting in the values
for the equilibrium constants K;, K5, and K3. The pH is related to the concen-
tration in H ions as shown in Eq. (7). Therefore by varying the value in pH,
the concentration of HT ions used in Eq. (7) can be varied. The total phos-
phorus concentration is kept constant and the concentration of each species
for each pH is then calculated as a fraction of the total concentration value.
Taking a phosphorus concentration of 500 jg/L, this can then be converted
into mol/L to give an total phosphorus concentration, [P] = 1.61 x 1073
mol/L. The constants can then be substituted into expressions for each of
the four phosphorus species concentrations at different pH to construct the
speciation diagram as shown in Fig. 2.

Physicochemical Characterization
Scanning Electron Micrography (SEM)

Figures 3a and b show micrographs of the GFH particles and particle surface,
respectively. GFH is a poorly crystallized S-FeOOH, which resembles the
mineral Akaganeit containing chloride. The average particle size (diameter)
is quite large, 500—650 pwm. The structure appears to be robust and without

1.0 ——

-, . /—
-~ ¥ N 1/
o 08 .'.- ‘ t/

Y N | I— /
2 ; : oo |\ o
o 06 : [ A N IPPPP H2PO4- \
- 5 HPO4-2 J
g s 1 - = - -PO43
= \ i /
£
s MT :
c k % /
= \ A / ‘
BT /
SN ANYIEN
0.0 = ——
2 4 6 8 10 12 14
pH

Figure 2. Phosphate speciation diagram showing the predominate species present at
each pH.
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(2) ®)

Figure 3. Scanning Electron Micrograph (SEM) of GFH (a) particles, (b) particle
surface.

agglomerated material (see Fig. 3a). The surfaces of the GFH sample (Fig. 3b)
appear rough due to the presence of fine particles attached to the larger grain
surfaces.

Surface Area and Pore Size Distribution Analysis

Surface area and pore size distribution analysis for all samples were carried
out by N, adsorption/desorption method at 77 K (27). The Density Functional
Theory (DFT) model is recognized as a powerful tool for studying inhomo-
geneous classical fluids (28, 29). Hence, porosity distribution of the GFH
was calculated using the DFT model based on nitrogen adsorption,
assuming slit pore geometry.

The calculation method requires the solution of a system of complex
integral equations that are implicit functions of the density vector. Since
analytical solutions are not possible, the problem has been solved using
iterative numerical methods. The complete details of the theory and math-
ematical formulations have been described by Oliver (28). Inversion of the
integral equation of adsorption to determine micropore size distribution
from experimental isotherms using the DFT model usually produces results
showing minima near 6 and 10 A effective pore width, regardless of the simu-
lation method used. This is assumed to be a model-induced artifact (27). The
inclusion of surface heterogeneity in the model, while more realistic, does not
change this observation significantly. The strong packing effects exhibited by
a rigid parallel wall model seem likely to be the dominant feature causing the
double minima in the derived pore size distributions.

Brunauer-Emmett-Teller (BET) and Langmuir surface areas of GFH
sample are 351 and 253 m” g~ ', respectively. The sample has a comparable
surface area to that of Deliyanni et al. (30). They produced Akaganeite
material at room temperature with a specific surface area of 330m? g~ .
However, this material was nanocrystalline, which could account for the
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high specific surface area. Crosby et al. (31) reported the BET surface area of a
number of ferric hydroxide materials, all in the range of 160—230m? g~ ' and
were classified as an amorphous material, am-FeOOH. It is a general obser-
vation that the higher the degree of crystallinity, the lower the specific
surface area.

The adsorption isotherm of the GFH sample is shown in Fig. 4. The
isotherm describes that the adsorption for GFH can be used to calculate
specific surface area of the material and the pore size distribution. During
the adsorption process, the adsorbate molecule diffuses through the pores of
the solid. Initially this is through the smallest pores or micropores. These
sites have the greatest energy and have the greatest polarity. As the pressure
increases, the adsorbate molecules diffuse to larger and hence the less
energetic pores. A small pressure difference is required when nitrogen is
adsorbed onto the surface. On desorption, however, a higher pressure differ-
ence is required to enable the nitrogen to desorb back into the micropores.
Figure 5 indicates that GFH has a high percentage of microporosity as the
isotherm shows substantial quantity of adsorbed nitrogen in the initial
portion of the isotherm. However, the isotherm is a characteristic of mesopor-
ous substances, where capillary condensation occurs. A bottleneck effect
between micropores and mesopores causes adsorbate condensation to occur.
The quantity of micropores could be related to the pH control during the pro-
duction of the material. The pH of GFH sample was controlled to a constant
value throughout the reaction procedure. At higher relative pressure, the
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Figure 4. Adsorption isotherm of GFH sample.
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Figure 5. DFT pore size distribution of GFH sample.

isotherm flattens up, which indicates the absence of macroporosity in the
sample. Hence from the adsorption isotherm it can be concluded that GFH
sample is mainly mesoporous. Density Functional Theory (DFT) pore size dis-
tribution results are shown in Fig. 5. The results suggest that the GFH sample
contains a significant amount of mesoporosity.

pH Titration, Zeta Potential, and XRD Analyses

The values of point of zero net proton charge (PZNPC) and iso electric point
(IEP) for GFH were found to be 5.7 and 7.5, respectively. The zeta potential
results indicate the amphoteric nature of GFH, with an approximately equal
amount of positive and negative surface charge across the pH range. At
pH > IEP, the GFH surface will attract cations from the surface, conversely
at pH < IEP it will attract anions. The IEP is an indication of external
surface charge only; however, the PZNPC takes into account both the
external and internal charges. The difference between PZNPC and IEP for
GFH sample is —1.8. This indicates that the internal surface is more nega-
tively charged than the external surfaces. The residual chloride content in
the GFH would also reduce the PZNPC. Moreover, the surface area and
pore structure may affect the balance of external and internal charges.

The XRD output of GFH shows considerable amount of crystallinity in
the material. It is also evident from the result that GFH sample is not pure
as there was a peak associated with hematite (33°) that was identified by
XRD analysis. The time of aging the precipitate can be a contributing factor
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to increased crystallinity. The crystallinity increases with the increase in the
time of aging. It was also determined that chloride content of GFH sample
is 0.60 mmol/g and the equilibrium pH in water in about 3.9. The quantity
of chloride present in GFH affects the XRD output of the sample, a lower
chloride content causes peak broadening. The presence of chloride in the
GFH sample is attributed to a lesser degree of washing of the sample and
hence residual chloride from the reaction may still be bound within the
structure. The small pore size of GFH sample indicates the inhibition of
chloride removal. The residual chloride slowly leaches out from the
material as HCI, hence the equilibrium pH of GFH in water is about 3.9.
This is comparable with the equilibrium pH of Akaganeite, i.e., 3.5.

Equilibrium Study

Arsenic(V) adsorption experiments were carried out at each pH value in the
range 4—9 for GFH sample. The amount of arsenate present in the sample
for each concentration and pH was taken to be the equilibrium concentration
(Ceq), in pmol /L. The results for each value of pH were then plotted on a
graph of the amount of arsenate adsorbed per g of GFH (q) vs. the equilibrium
concentration of arsenic (C.q) (see Fig. 6). The adsorption capacity (q) is cal-
culated from Eq. (12)

q= (CUVU - Cqueq)/m (12)

180
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Figure 6. Arsenic uptake by GFH (pH range 4-9).



09: 48 25 January 2011

Downl oaded At:

2924 B. Saha, R. Bains, and F. Greenwood

where, q = adsorption capacity (umol/g); C, = initial concentration (pmol/
L); V, = initial volume of solution (L); C.q = equilibrium concentration
(wmol/L); Veq = equilibrium volume (L); m = mass of adsorbent (g).

In order to make a comparison with a theoretical model the results
were then used to plot a Langmuir isotherm, as this had been shown to fit
to the adsorption of arsenate onto GFH by Pierce and Moore (12) and
Thirunavukkarasu et al. (32). The expression for Langmuir Isotherm model
is given in Eq. (13)

_ Qmaxceq
1= e+ oy (13)
where, (max = maximum adsorption capacity (wmol/g); ki = Langmuir
constant.

Thus the maximum amount of arsenate adsorbed per g of GFH at each
pH can be determined as shown in Table 2. The experimental results of the
adsorption of arsenate onto GFH shows adherence to the Langmuir adsorp-
tion isotherm with initial concentrations of arsenate ranging from 100 pg/L
up to 750 pg/L. For As(V) removal, Thirunavukkarasu et al. (32) estimated
the adsorption maxima and the adsorption density at a residual concentration
of 5pg As/L using Langmuir model and the reported values are 159 and
32 g As/g GFH, respectively. Their estimated adsorption density was
lower than the value reported by Driehaus et al. (9) and Fuller et al. (33).
Driehaus et al. (9) reported that at a residual As(V) concentration of
10 pg/L, the adsorption density of GFH was 1 mmol As/g Fe, at high
initial As(V) concentration. They also reported that arsenate adsorption on
freshly prepared ferric hydroxide was higher than the adsorption on GFH.
It is expected that at a high initial As concentration or at a high As/Fe
ratio, the adsorption maxima and adsorption density will also be high.
The amount of arsenate adsorbed per g of GFH decreases when the pH
increases from pH 4 to pH 9, as would be expected for anion exchange.
For the present work, the highest amount of arsenate adsorbed is
170 wmol/g, at pH 4 at an initial concentration of 400 pwg/L. Drichaus
et al. (9) also found for a granular ferric hydroxide that arsenate adsorption
decreased with increasing pH. Similar observations were also reported

Table 2. Maximum arsenic (V) uptake capacity
at different solution pH

pH Qmax (mol/g)
4.0 212
5.0 208
7.0 206

9.0 192
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for ferrihydrite (34) and goethite (35, 36). It is to be noted that the results
are comparable with the reported data for As(V) sorption by goethite
particles (36).

From the speciation diagram of arsenate (see Fig. 1), it can be seen that
the most predominate species present at pH 4 is H,AsO, . The iso electric
point (IEP) for GFH is approximately near neutral, i.e., pH 7.4. Hence at pH
4, the surface is positively charged and will attract anions. For protonated
anions, such as arsenate or phosphate, ligand exchange may be accompanied
by a deprotonation at the surface, resulting in a bidentate innersphere
bonding (37). As the pH increases, the degree of positive surface charge
decreases, lowering the attractive forces toward anionic species. Neutral
adsorption occurs through proton dissociation from acid surface. Adsorbed
species receive a proton from solution to equilibrate with solution. At
pH > IEP, there is some arsenic adsorption despite there being mutual
repulsion between the negative surface and anionic species. Therefore the
energy gained by the surface in forming new bonds with the anion must
be greater than the repulsive forces, for any adsorption to occur.
Moreover, the speciation of arsenate changes from H,AsOj; to HAsO?{,
increasing the negative charge of the species. Removal at higher pH by
specific adsorption is possible, if the undissociated acid donates a proton
to the surface hydroxyl group to form water that can be displaced by the
anion. Arsenic acid, H3AsQ,, dissociates to H,AsO, and HAsOi_ anions,
which would have a greater effect on the surface charge than the singly
charged H,AsO3 anion of arsenous acid. It is capable of coordinating to
the surface atoms of the GFH allowing adsorption of the anion to occur.
The proton produced is used to remove the OH from the coordinating
layer of the surface and provide a site for the anion to attach. The ease at
which a proton can be removed from the undissociated acid in solution
varies with the pH of the solution (12).

The GFH surface has different types of surface sites, with differing affi-
nities for the adsorbate ions. The surface density of the strong binding sites
would be much less than the weaker binding sites, after which point the
anions start to adsorb on the weaker binding sites (38). Thus, adsorption
proceeds until all the strong binding sites are occupied. The underlying
removal mechanism in every arsenic removal technology is ion exchange
and Lewis acid-base interactions. As(V) can undergo both ion exchange
(Coulombic) as well as Lewis acid-base interaction (2). The high adsorptive
capacity of GFH for arsenate can be explained by the structure of the GFH,
a loose hydrated structure which is permeable to hydrated ions, allowing
adsorption to easily occur.

Figure 7 shows the plot of Ceq. vs. q for both arsenate and phosphate
binary sorption at a pH of 4. It can be seen that both materials are easily
adsorbed by the GFH. However, GFH was found to be more selective to the
adsorption of arsenate compared to phosphate. Driehaus et al. (9) reported a
similar observation for their studies. This result also corresponds to the
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Binary study plot of Ceq vs. q
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Figure 7. Binary adsorption isotherm of arsenate and phosphate at pH4.

results of Ryden et al. (39), who found a higher adsorption density of arsenate
on hydrous ferric hydroxide gel with equimolar addition of arsenate and
phosphate. At an equilibrium concentration of 2.45 wmol/L of phosphate
the maximum adsorption capacity of phosphate per g of GFH was
125 wmol/g, a value substantially lower than that observed for arsenate
sorption (175 pwmol/g). It is evident that phosphate competes strongly with
arsenate and hence phosphate is a major water constituent that could reduce
the removal of arsenate by GFH.

The chemistry of arsenate and phosphate are similar (see Figs. 1 and 2)
and it would be expected that a similar process would describe the adsorption
mechanism. The overall arsenate capacity is about 40% higher than
phosphate. The effective ionic radii at 298 K for both arsenic and phosphorus
are approximately 4 A. Lumsdon et al. (40) reported that the arsenate is a
larger ligand than phosphate (ionic radii of arsenate and phosphate are 248
and 238 nm, respectively; As-O bond is ~10% longer than P-O bond as deter-
mined by FTIR analysis), hence arsenate interacts more strongly with
hydroxyl ion (OH ") at the surface and is preferred. It was also reported by
Jain and Loeppart (41) that phosphate adsorption was lower on ferrihydrite,
indicating arsenate is preferred over phosphate. This is in good agreement
with the results of the present research.

Kinetic Study

Kinetic studies were conducted to examine the relationship between GFH
particle size and arsenate uptake rate. The kinetics of the arsenate adsorption
was studied over 3h for two different size fractions (75-180wm and
600-700 wm) of GFH sample (see Fig. 8). The results shown in Fig. 8
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Figure 8. Arsenic(V) kinetic studies of GFH sample for two particle size fractions.

confirm that there was a significant improvement in kinetics by using smaller
particle fraction of 75—180 wm. The rate of sorption of arsenate ion will
depend on its mobility in the solution phase, the pore structure and the
particle size of the adsorbent, and the hydrodynamics of contact between
the solution and particle phase.

It is considered that the sorption of trace arsenate ions from aqueous
solution by GFH is an example of reactive ion exchange. A comprehensive
theoretical treatment of various reactive ion exchange processes is described
by Helfferich (42). It is to be noted that kinetic studies were performed with
vigorous stirring and therefore film diffusion was not a controlling factor in
the sorption process. Moreover, the rate of attainment of equilibrium
arsenate sorption was seen to be nearly independent of the arsenate concen-
tration. This indicated the possibility of ordinary particle diffusion control
of the sorption process. Hwang and Helfferich (43) introduced a numerical
technique to extend the Nernst-Planck model for intraparticle diffusion con-
trolled ion exchange to multispecies systems with very fast reversible
reactions at local equilibrium. This method is applicable to most reactions,
which are very fast compared with diffusion in ion exchange. However, the
sorption of arsenate ion by GFH particle involves multiple processes,
perhaps involving complex formation, which are not elucidated. Hence, an
approximate and simpler model based on Fick’s flux equations was used to
analyze the overall rate of metal sorption.
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The rate of arsenate exchange is determined by diffusion processes, the
simplest case being that of isotopic exchange, which is the exchange of
the arsenate species predominate and the hydroxyl ions (OH ) in
equilibrium, where most of the complicating effects are ignored but a well-
established theory still exists (42). Here we assume that all the arsenate ions
are initially in the GFH and that the concentration across the GFH particle
surface is equal to the concentration of the bulk solution. Therefore, the resist-
ance to diffusion across the interface is negligible. In order to compare the rate
of arsenate sorption by GFH from aqueous solutions, an effective diffusion
coefficient for sorption into GFH sample has been calculated by assuming
particle phase control governed by Fick’s second law.

The experimental kinetic results were plotted as fractional attainment of
equilibrium, F(t), vs. time in minutes (see Fig. 8). Where F(t) was calculated
from Eq. (14)

Py — 2= 00
0~ 0
where, Q4(f) = concentration of arsenate at time t(pumol /L); 04 = initial con-
centration of arsenate (umol/L); O3 = equilibrium concentration of arsenate
(wmol/L).

For practical use, applying Vermeulen’s equation, fractional attainment
of equilibrium can be approximated to the following equation (42)

(14)

= 2
F(t) = [1 _ exp(—D’; )} 0<F@) <1 (15)
where, F(t) = fractional attainment of equilibrium; D = effective particle
phase diffusivity (sz/ s); t = time for arsenate sorption (s); r, = radius of
the GFH particles assuming spherical geometry (cm). Thus the fractional
attainment of equilibrium, F(¢), depends only on the magnitude of the dimen-
sionless time parameter, Dt/ r3. The half time for arsenate sorption is given by
substituting F(f) = 0.5, i.e.,

0.03r2

iy = D ° (16)
Hence, the relative rate is proportional to the diffusion coefficient in the GFH,
particle and inversely proportional to the square of the particle radius.

Equation (15) can be rearranged to the following equation:

D
—In[l — {FO)Y] = —-1 (17)
o

Hence for particle diffusion controlled mechanism, a plot of — In/1 — {F! (t)}z]
vs. t should be linear (passing through the origin) and the effective particle
phase diffusivity, D, can be calculated from the slope of the graph. It can be
seen from Fig. 8 that the particle diffusion model fitted the experimental
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Table 3. Summary of the diffusion coefficients and half times (t; »)
for As(V) sorption for different GFH particle sizes

Average effective particle

Particle size phase diffusivity, D tij2

(m) (em’s™") (min)

600—700 224 x 1078 19
75-180 7

data very well, with R? values of 0.985 and 0.995 for 75—180 pm and
600—-700 wm GFH samples, respectively. The average value of the diffusion
coefficient is summarized in Table 3. The calculated average value of D for
arsenic(V) sorption on 75-180 um and 600-700 um GFH samples is
2.24 x 10™® ecm”-s”'. Figure 8 shows that for the smaller GFH particle
(75-180 m), the half time is 7 min, whereas for the larger GFH particle
(600—700 pm), the half time is 19 min. The half time for reaching equilibrium
is therefore faster for the smaller GFH particles, which indicates that with
smaller particles there is an initial larger surface area of GFH to allow for
more adsorption of the predominate arsenate ionic species, i.e., HbAsO,4 at
pH 4. Both the curves on the graph shown in Fig. 8 start to level off after
60 min. Given the high stirrer speed, this would suggest that the slower
kinetic performance of bigger size fraction GFH particle (600—700 wm) was
mainly due to its pore structure, and the main resistance to the arsenic(V)
ion exchange reaction was due to intraparticle diffusion when using the
larger particle size fraction. Similar approach was adopted by other research-
ers to calculate the effective particle phase diffusivity using intraparticle
diffusion model (27, 29, 42, 44, 45). We are currently engaged in further
studies to improve the kinetic performance of the adsorbents for arsenate
sorption and also investigating the effect of other competing anions on
As(V) removal from water.

CONCLUSIONS

Pore size distribution results suggest that GFH sample contains significant
amount of mesoporosity. The results of pH titration and zeta potential
measurements indicate that the difference between PZNPC and IEP for
GFH sample is —1.8. This indicates that the internal surface is more nega-
tively charged than the external surfaces. The XRD output of GFH shows con-
siderable amount of crystallinity in the material. It is also evident that GFH
sample is not pure as there was a peak associated with hematite (33°). The
time of aging the precipitate can be a contributing factor to increased crystal-
linity. It was also determined that chloride content of GFH sample is
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0.60 mmol /g and the equilibrium pH in water is about 3.9. The small pore size
of GFH sample indicates the inhibition of chloride removal.

The adsorptive capacity of GFH was found to be high for arsenate. The
adsorption of arsenate was found to decrease as the pH of the solution was
increased, thus giving the optimal adsorption of arsenate onto GFH in the pH
range of 4 with an initial arsenate concentration of 400 pg/L. Langmuir
isotherm model was found to be suitable for describing the arsenate adsorption
at all pHs. The high adsorptive capacity of GFH for arsenate can be explained
by the structure of the GFH, a loose hydrated structure which is permeable
to hydrated ions, allowing adsorption to easily occur. The particle size used
was also found to have a significant effect on the rate at which the arsenate
was adsorbed from solution, as deduced from the kinetic studies. A particle
size range of 75-180 um (diameter) was found to have a better kinetics
for arsenate sorption compared to the larger-sized particles in the range of
600-700 wm (diameter), which was evident from the t;,, values of 2 and
19 min, respectively. At a pH of 4, GFH was found to have a greater adsorptive
capacity for arsenate in comparison with phosphate. This study indicates that the
use of GFH in water treatment would provide a simple and safe method which
could easily be utilized by water treatment facilities for the safe removal of
this naturally occurring highly toxic material from aquatic environment.
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