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Arsenic Removal from Aqueous Solution by Iron
Oxide-Coated Biomass: Common Ion Effects and
Thermodynamic Analysis

D. Pokhrel and T. Viraraghavan
Faculty of Engineering, University of Regina, Regina, SK, Canada

Abstract: A batch study showed that the presence of anions (sulfate, chloride,
and nitrate) in solution did not affect the adsorption process of both As(V)
and As(III) by iron oxide-coated A. niger biomass. It was found that the presence
of Ca", Fe’*, and Mg?" ions at a concentration of 200 mg/L in solution could
increase the removal efficiency of As(V) by 86.5%, 95.4%, and 65.8%, respect-
ively. Similarly, the presence of Ca’", Fe*", and Mg®" ions at a concentration
of 200mg/L in solution could increase the removal efficiency of As(IIl) by
39.3%, 97%, and 8.4%, respectively. The batch adsorption-desorption study
showed that the reactions between the arsenic species and the iron oxide-coated
A. niger biomass were reversible. Desorption of As(V) and As(III) at neutral
pH was approximately 15%. As(V) desorbed more than As(III) in acidic (pH
1.33) and alkaline (pH 12.56) solutions. At a pH of 1.33, 67% of the adsorbed
As(V) desorbed, and the percentage of desorbed As(III) was only 47.1% in the
same condition. At a solution pH of 12.56, 73.4% of the As(V), and 43.7% of
As(IIT) desorbed. The thermodynamic study showed the spontaneous nature of
the sorption of arsenic on IOCB. The high value of the heat of adsorption
{AH=~ —133kJ/mol for As(V), and 88.9k/mol for As(IIl)} indicated that the
mechanism of arsenic sorption was chemisorption.

Keywords: Adsorption, purification, biosorption, batch processing, thermody-
namics, ion effect
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INTRODUCTION

Arsenic may be released into the environment by volcanoes, burning of
fossil fuels and coal mining, weathering of arsenic-bearing minerals and
ores. Contamination of groundwater sources due to the dissolution of
arsenic-bearing minerals has posed a serious threat to human health.
Arsenic is a known carcinogen and long-term exposure is reported to
cause numerous health disorders: gastrointestinal, hepatic, renal, cardio-
vascular, neurologic, dermal, respiratory, hematopoietic and repro-
ductive system (1). Therefore, the World Health Organization (WHO)
in 1993 (2) and the United States Environmental Protection Agency
(US EPA) in 2001 reduced the limit of arsenic in drinking water to
10 pg/L from an earlier value of 50 pg/L (3).

Arsenic may occur in nature in various inorganic and organic species:
arsenate {As(V)}, arsenite {As(II)}, methylarsonic acid (MMA),
dimethylarsinic acid (DMA), trimethylarsine oxide, tetramethylarsonium
ion, arsenobetaine, arsenocholine, dimethylarsinoylribosides, trialkylar-
sonioribosides, and dimethylarsinoylribitol sulfate (4). The toxicity varies
depending on the arsenic species present; As(III) is 25 to 60 times as toxic
as As(V) and several hundred times toxic than methylated arsenicals (5).
In natural waters As(V) and As(III) are the dominant species.

Iron oxides have been reported to be effective for metal ion removal.
Iron oxide-coated sand and other materials were reported to be effective
in the removal of arsenic from aqueous solutions (6,7,8). Oxides of iron,
aluminum and manganese are the potential sources/sinks for arsenic in
aquifer sediments because of their chemistry, occurrence and tendency
to adsorb other particles (9). Pokhrel and Viraraghavan (10) investigated
arsenic removal potential of chemically modified A. niger because arsenic
removal was less than 20% using non-viable biomass. Among the various
pretreatment studies, iron oxide-coated biomass (IOCB) enhanced
arsenic removal efficiency to 95% and 80% for As(V) and As(III),
respectively (10). Further, iron oxide-coated biomass may be a better
option to use in the case of drinking water compared to other chemical
modifications. A factorial design study identified temperature and the
mass of adsorbent as important factors in the removal of arsenic by iron
oxide-coated A. niger biomass (11). A detailed batch study indicated an
optimum pH of 6 and an equilibrium time of 7 hours (12) for best
removals. Arsenic removal using A. niger biomass is the first kind of
study conducted so far to the best of our knowledge.

This study examines adsorption-desorption and thermodynamic
behavior of the arsenic species and the effects of common ions on arsenic
removal in aqueous solution using iron oxide-coated A4. niger biomass,
because such studies related to iron oxide-coated materials are limited
in literature. The adsorption-desorption study examines the leaching
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behavior of the adsorbed arsenic at different environmental conditions.
In this laboratory study, the arsenic- loaded-IOCB was contacted with
acidic (pH 1.33), neutral (pH 7) and basic (pH 12.56) solutions and the
arsenic desorbed was measured. The driving force of reaction between
arsenic species and IOCB was determined in the thermodynamic study.
As Ca®", Mg>", Fe**, NO;~, SO,>~, and CI~ are common ions found
in most groundwaters, the effects of these ions on arsenic adsorption pro-
cess was investigated in this study.

MATERIALS AND METHODS

Preparation of Standards, Non-viable A. niger Biomass and Iron
Oxide-coated Biomass

Detailed procedure for the preparation of standards and reagents, and
non-viable A. niger biomass could be found elsewhere (10). Detailed pro-
cedure for the preparation of iron oxide-coated biomass (IOCB) from the
non-viable 4. niger biomass could be found in an earlier publication (11).

The crushed biomass powder passing through a 400 pm sieve was
used in biosorption experiments. The iron oxide-coated biomass powder
used in the experiments was found to have a surface area of 2m2/ g a
density of 0.72g/cm’, and an iron content of 254 mg/g.

Adsorption-desorption Studies
Adsorption

Arsenic solution {As(II) and As(V) 100 ug/L} of 100 mL volume was
contacted with varying masses (0.02, 0.04, 0.06, 0.08, and 0.1 g) of the
iron oxide-coated biomass at a controlled pH of 6 using tris buffer sol-
ution and a speed of 175 rpm for 7 hours in a platform shaker. Tris buffer
solution of strength 0.1 M was prepared and the pH was adjusted to 6 by
adding a required quantity of 0.5 M HNOj; solution. Three sets of separ-
ate adsorption experiments were conducted for As(V) as well as for
As(I1T) and the filtrate was analyzed for arsenic. All the experiments were
conducted in duplicate and the average values were used in data analysis.
The quantity of arsenic adsorbed on IOCB was determined by dividing
the difference in the mass of arsenic in solution (initial — final) by the
mass of the biomass as shown below:

(As; — Asp) x V

Arsenic adsorbed (ng/g) = -
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where, As; = initial arsenic concentration in solution (ng/L)
As¢ = arsenic concentration in solution after experiment (ng/L)
V = solution volume (L)

m = mass of IOCB (g)

Desorption

After each set of the adsorption experiment, the arsenic-loaded iron
oxide-coated biomass was separated from the solution by filtration.
The arsenic-adsorbed biomass was placed in a series of conical flasks.
A volume of 100 mL of arsenic-free solution each with pH 7, pH 1.33
(0.1 M HNO3), and pH 12.56 (0.1 M NaOH) was added to three separate
sets of the conical flasks. The solutions were shaken at a speed of 175 rpm
for 14 hours and the arsenic desorbed in solution from the iron oxide-
coated biomass (IOCB) was determined. Arsenic desorbed in the solution
at different solution pH values was calculated as shown below:

(Asy — Aso) x V

Arsenic desorbed (ug/g) = —

where, Asq = arsenic desorbed in solution (ng/L)

Asy = initial arsenic concentration in solution in desorption experi-
ment (ug/L)

V = solution volume (L)

m = mass of IOCB (g)

Note: The mass of the biomass in desorption experiment was considered
to be the same as in adsorption experiment.

Effects of Common Ions

Experiments were conducted with arsenic solution {As(III) and As(V) of
100g/L concentration} of 100 mL volume with an adsorbent dose of
1 g/L. The dose of the common ions: NO;~ (NaNOj, Fisher Scientific
USA), SO,*~ (Na,SO,, Sigma Chemicals USA), CI~ (NaCl, BDH
Inc. Canada), Ca’" (CaCl,.2H,O, Fisher Scientific USA), Fe*"
(FeS0O,4.7H,0, Sigma Chemicals USA), and Mg>" (MgSO,, Fisher Scien-
tific USA) was varied from 200 to 1000 mg/L. The solutions were mixed
at a speed of 175rpm on a platform shaker for 7 hours at a pH of 6.
Select experiments were conducted by varying the arsenic dose in solution
while keeping the adsorbent dose and the Ca®*, Fe*", and Mg*" concen-
tration constant. A controlled experiment was conducted without adding
ions but varying the arsenic concentration while keeping the adsorbent



09: 09 25 January 2011

Downl oaded At:

Arsenic Removal by Iron Oxide Biomass 3549

dosage constant (1 g/L). All the experiments were conducted in duplicate
and average values were used in further analysis.

Thermodynamic Study

Arsenic solution {As(III) and As(V) 100 pug/L} of 100mL volume was
contacted with varying masses (0.02, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09,
and 0.1 g) of the iron oxide-coated biomass powder at a constant pH
of 6 and a rotational speed of 175rpm for 7 hours. These experiments
were conducted at controlled temperatures of 5, 10, 15, 20, and 25°C
and residual arsenic {As(III) and As(V)} in the solution was analyzed.
The temperature was controlled by using an air bath. All the experiments
were conducted in duplicate and the average value was used in the data
analysis.

Arsenic Analysis

Arsenic was analyzed on Varian type spectraAA-600 Zeeman GFAAS
equipped with GTA 100-graphite tube atomizer and programmable
sample dispenser. Details of the analysis procedure had been given in
an earlier publication (11).

Data Analysis

The isotherm data for As(V) and As(III) removal (at different tempera-
tures) were analyzed using the Langmuir equation by non-linear
regression using the software package STATISTICA (Release 5.0) for
Windows. The significance of the data fit was evaluated by the #-test.

THEORY (THERMODYNAMICS)

The changes in heat of sorption (AH) and entropy (AS) of the sorption
process are the driving forces for the reaction. The changes in heat of
sorption (AH) and entropy (AS) are related with the standard Gibb’s
free-energy change (AG) by equation (1) (13). The changes in AG is
expressed in terms of the Langmuir equilibrium constant, “b (L/mol)”
by equation (2) (14) and the Langmuir equation is shown as Eq (3).

AG = AH — TAS (1)

AG = —RT In(b) 2)
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where R is the universal gas constant (8.314 J/mol/°K) and T is tempera-
ture in °K
The Langmuir equation is expressed in the following form (15):

_ gmbCe
=1 1nc,) (3)

where g, is the equilibrium adsorption of arsenic by the adsorbent (ug/g);
gm 18 the maximum adsorption capacity of the adsorbent (ng/g);
b is the equilibrium constant (L/pg); and C, is the equilibrium concen-
tration (ug/L). The Langmuir model assumes homogeneous monolayer
adsorption of adsorbate on adsorbent. This means that an adsorbent
(IOCB in this study) has fixed adsorption sites on its surface to adsorb
arsenic. The adsorption of adsorbate continues to the point that the reac-
tion sites are available in the adsorbent. There is a point beyond which no
adsorption takes place and a steady-state equilibrium condition reaches.

In order to determine the Gibbs free-energy change at different tem-
peratures, the equilibrium constant ‘b’ was first calculated from the
Langmuir equation (3). The value of ‘b’ (L/ug) was converted to L/mol
mol by multiplying with a factor of 74.92 x 10° and the value of
‘b’(L/mol) for different temperatures was substituted in equation (2) to
find AG. The values of AG were plotted against T and the data points
were regressed to form a straight line. The value of enthalpy change
(AH) was obtained at T = 0°K from the equation of the straight line
and the magnitude of the entropy change (AS) was equal to the slope
of the straight line.

RESULTS AND DISCUSSION
Adsorption-desorption Studies

The adsorption-desorption experiments showed that only a small quan-
tity of As(V) {14.7% =+ 1.9} and As(III) {13.7% =+ 8} on an average was
desorbed at neutral pH in a contact time of 14h. The desorption of
As(V) in a dilute acid solution (0.1 M HNO3) of pH 1.33 and in an
alkaline solution (0.1 M NaOH) of pH of 12.56 was 67% + 5.9 and
73.4% + 4.2, respectively. Desorption of As(III) in similar acidic and
alkaline solutions was 47.1% £+ 11.9 and 43.7% =+ 7.6, respectively.
The adsorption-desorption data for As(V) and As(III) are provided in
Tables 1 and 2, respectively. Desorption of both As(IIT) and As(V) at
neutral solution (pH 7) was similar. However, desorption of As(III)
in acidic and alkaline solutions was much less than that of As(V) in
similar conditions.
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Table 3. Effects of common ions on As(V) removal {initial As(V) concentration
100 pg/L, adsorbent dose 1 g/L, pH 6, contact time 7 h and the residual As(V)
[ng/L] is shown

Ions —

Ion con.

(mg/L) | NO;~ SO,* Cl- Ca?* Mg** Fe?t

0 30070 439422 319+29 4504+03 327+£1.2 262408
200 376+13 4284+05 21.2+04 3.04+02 89+03 26407
400 394+14 409+01 204+04 12402 37£01 23403
600 403+45 440+04 164+01 01+£0.1 29401 23+£02
800 41.0+1.3 454412 163+04 1.04+02 1.74+02 294+£0.0

1000 41.0+03 464+£10 161£01 05£00 23£01 1.6=£0.1

Note: ‘con.” means concentration.

Effect of Common Ions on Arsenic Removal

Nitrate, sulfate, chloride, calcium, magnesium, and iron(II) are com-
monly present in most groundwaters. The presence or absence of these
ions in the aqueous medium may have significant influence on the arsenic
removal process. The arsenic removal process can be optimized when the
effects of these ions are known. The effect of common ions on As(V) and
As(IIT) removal are shown in Tables 3 and 4, respectively.

The data showed that the presence of anions (sulfate, chloride and
nitrate) had no significant effect on As(V) adsorption. Addition of
cations such as calcium, magnesium and iron (II) improved the adsorp-
tion of As(V). A residual As(V) concentration of 3 ug/L or below was
achieved at all times when Ca”>" and Fe?" ions of 200 mg/L or greater
were present in the solution when the initial As(V) was 100 pg/L
(Table 3). The presence of Mg>" ions in the solution was not as effective
as Ca”" and Fe”" ions. However, Mg”" ions of 400 mg/L or more might
be required to lower As(V) below 5ug/L from an initial As(V) of
100 pg/L.

The addition of anions such as nitrate, sulfate, and chloride did not
have any influence on As(III) adsorption process (Table 4). The presence
of cations (Ca”>" and Fe*") in the solution improved As(III) adsorption.
The effect of Mg>" on the As(III) adsorption was not quite high even
with the increased dose of Mg ions.

In another set of experiments, the dosage of Ca’>", Mg?" and Fe**
was kept constant (200 mg/L), adsorbent dosage was also maintained
at 1 g/L and the arsenic {As(V) and As(IIl)} concentration was varied
in order to find out proper ratio of cations to arsenic for optimization
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Table 4. Effects of common ions on As(III) removal initial As(III) concentration
100 pg/L, adsorbent dose 1 g/L, pH 6, contact time 7h and the residual As(I1I)
[ng/L] is shown

Tons —

Ton con.

(mg/L) |  NO;~ S0, cl- Ca*" Mg** Fe**

0 21.9+20 21.6+0.1 332+£03 232+08 41.84+29 39.5+0.6
200 2054+29 2024+40 235£03 34+0.1 334+0.1 6.1 £0.3
400 242+0.1 21.3+06 281+£03 79+16 279+16 7.1+£1.0
600 16.7+1.1 2204+09 21.2+06 92+1.8 2474+09 6.6+0.6
800 202+03 21.6+22 250+£12 92+1.1 263+04 80+£04
1000 244+12 241400 234+3.1 99+13 205+0.8 9.3+0.1

Note: ‘con.” means ‘concentration’.

of experiments. Figures 1 and 2 show the increased removal of As(V) and
As(III), respectively by IOCB due to the presence of the cations in the
solutions. Comparing the residual arsenic in solution after the experiment
with and without cations, it was found that As(V) removal increased to
86.5%, 95.4%, and 65.8% on an average due to the presence of Ca’",
Fe?", and Mg®" ions (concentration of cations in solution 200 mg/L),
respectively. The As(III) removal increased by 39.3%, 97%, and 8.4%

180

160 + Ca(Il) A Mg(I) >|E
o Fe(l) X Control
140
g 120
3
= x
> 100
z X
= 80
E
=
17
60
& f I
40 E
x =
20 E ¥ x
& m
0 - - = - e &
0 100 200 300 400 500 600
Initial As(V) [pg/L]

Figure 1. Residual As(V) vs initial As(V) at a fixed dose of cations [Ca*", Mg®*
and Fe®" concentration 200 mg/L, adsorbent dose 1 g/L, pH 6, contact time 7
hours and error bars are shown in Figure].
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Figure 2. Residual As(III) vs initial As(III) at a fixed dose of cations [Ca?", Mg*"
and Fe*" concentration 200 mg/L, adsorbent dose 1 g/L, pH 6, contact time 7
hours and error bars are shown in the Figure].

on an average due to the presence of Ca>", Fe>", and Mg " ions (concen-
tration of cations in solution 200 mg/L), respectively.

It was found that the addition of Fe?" at a dose of 200 mg/L could
remove As(V) approximately at or below 5pug/L for up to an initial
As(V) concentration of 500pug/L using IOCB as an adsorbent. With
the presence of Ca®" jons at a concentration of 200 mg/L, the residual
As(V) was found to be approximately 5 pug/L or below for up to an initial
As(V) concentration of 250 ug/L. For an initial As(V) concentration of
500 pg/L, the residual As(V) was approximately 24 ng/L, well below the
drinking water standards in the developing countries such as Bangladesh
(arsenic standard for Bangladesh is 50 pg/L). There was an improvement
in increased adsorption capacity of As(V) due to the presence of Mg>"
ions in solution but it was not as effective as Ca®" and Fe’" ions. For
an initial As(V) concentration of 500pug/L, the residual As(V) was
approximately 56 ug/L due to the presence of Mg”" ions at a concen-
tration of 200 mg/L.

Addition of Fe*" ion in solution at a concentration of 200 mg/L
could remove As(IIT) well below 10 pg/L for up to 500 ug/L of initial
As(III) concentration. The presence of Ca*" and Mg>" ions in solution
could improve the adsorption capacity of the IOCB for As(III) removal
but the dose of Ca*" and Mg”>" ions needed would be greater than
200mg/L in order to achieve residual As(IIT) below 10 pg/L.
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Table 5. The Langmuir isotherm parameters and Gibbs free-energy change (AG)
for As(IIT) and As(V) adsorption by IOCB

As(I1T) As(V)
Temp. AG AG
(°C) b (L/pg) qm (ng/®) R* (kJ/mol) b (L/pg) qm (ng/g) R*> (kJ/mol)
5 0.0027 2002 0.13 —282 0098  108.6 0.61 —36.6

10 0.0052 181.8 020 —30.3 0.1040 188.2 091 —373
15 0.0020 5229 043 —285 0.0426 3345 096 —359
20 0.0991 103.5 025 —38.5 0.0052 15413  0.79 -314
25 0.0154 305.5 0.73 —34.6 0.0571* 526.0* 0.82* —37.8"

Note: (1) * Data not significant at 95% confidence level. All other data are sig-
nificant at 95% confidence level (¢-test). (2) ‘Temp.” means ‘temperature’.

Thermodynamic Behavior

The isotherm data for As(V) and As(IIT) removal (at different tempera-
tures) were fitted to the Langmuir equation to find the equilibrium con-
stant ‘b’ in order to determine AG. The Langmuir isotherm parameters
and the Gibbs free energy change (AG) values for As(V) and As(III)
removal are presented in Table 5. Data that were not significant at
95% confidence level were not used for the calculation of thermodynamic
parameters (AH and AS).

In most of the environmental engineering practice, both the change
in energy (AG) and the change in entropy (AS) must be considered to
determine the spontaneity of the process (16). The negative values of
AG indicated the feasibility of the adsorption of both As(III) and
As(V) by the IOCB and the spontaneity of the sorption process. The
values of AH and AS for As(V) adsorption were —133kJ/mol and
—0.34kJ/mol/°K, respectively (Fig. 3). The negative value of AH for
As(V) confirmed that heat was produced during the adsorption of
As(V) by IOCB indicating the exothermic nature of the process. The
negative value of entropy (AS) change indicated a greater order of reac-
tion during the adsorption of As(V) on IOCB (17) and also that stable
complexes formed between the As(V) and the IOCB (18). The values of
AH and AS for As(III) adsorption were 88.9 kJ/mol and 0.42kJ/mol/°K,
respectively (Fig. 3). The positive value of AH for As(III) confirmed the
endothermic nature of the process. The positive value of entropy (AS)
change showed the affinity of the IOCB on As(IIl) and also an increased
randomness at the solid/liquid interface during the adsorption (19,20,21).
A study by Zeng (21) reported exothermic nature of reaction between
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Figure 3. The Gibbs free-energy change vs temperature (°K).

As(V) and Fe(IlT)-binary oxide and endothermic between As(III) and
Fe(I1T)-binary oxides. The adsorption of As(III) on iron oxide impreg-
nated activated alumina was also found to be an endothermic (22). The
reasons why As(V) adsorption was exothermic and As(III) adsorption
endothermic need to be examined.

Discussion

Desorption of arsenic varied according to the arsenic oxidation state,
adsorbents and leaching solutions (23). The desorption capacity of
iron-pillared clay was 95% and 80% for As(V) and As(III), respectively
(24) using 1 M HCI in a contact time of 4h. In another study 70% of
As(IIT) and 55% of As(V) desorbed from the waste tea fungal biomass
using 0.5N NaOH solution (25). The desorption percentage of As(V)
through Fe,O5; with a solution pH of 7 was directly proportional with
the initial As(V) concentration (26). The present study showed that
desorption of arsenic varied according to the arsenic species and the sol-
ution pH.

Kundu and others (27) reported that SO,>~ did not affect the adsorp-
tion of As(V) whereas presence of CI~ and NOj3 ions at or above 200 and
400 mg/L, respectively, decreased the removal of As(V). The presence of
Ca’", Mg>", and Fe’" jons in solution decreased arsenic removal
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efficiency. The presence of chloride and sulfate ions in solution
improved the removal of As(V) using natural iron ores (hematite and
goethite) (28). The presence of sulfate (SO4>~) had no effect on arsenic
removal (at pH 7.4) using Fe(II1)-Si binary oxide (21). The presence
of Ca*", Mg>", CI", NO3, and SO,*~ ions had no effect on As(V)
adsorption using Ce(IV)-doped iron oxide adsorbent (29). There was
no effect of sulfate on As(V) removal using ferrihydrite but As(I1I)
adsorption decreased below neutral pH (30) and the presence of sulfate
above pH 7 had no effect on As(III) adsorption. A decreasing trend was
observed in adsorption of As(III) and As(V) using hydrous ferric oxide
in the presence of sulfate ion (31). The effect was greatest at a lower
pH. The addition of Ca®" ions in solution enhanced As(V) adsorption
by hydrous ferric oxide, increasing the quantity of positive charge on
oxide surface (31). The presence of Ca>" jon enhanced As(V) adsorp-
tion by aluminum oxide above pH 8 (32). The reason for the enhanced
removal of arsenic by the IOCB in the presence of cations (Ca®", Mg",
and Fe®") could be due to an enhanced positive charge similar to
the mechanism suggested by other researchers (31). Arsenic is often
found in the mineral deposit as a compound combined with cationic
metal ions.

The forces of attraction between the solute molecules and the adsorb-
ing surfaces could be classified into three major groups:

1. chemical,

2. electrostatic and

3. physical, and the energies associated with the attraction of solute by the
adsorbent surfaces are due to the changes in enthalpy (AH) (33).

Chemical adsorption involves solute-sorbent bond characterized by a
large heat of adsorption (100 to 400kJ/mol or larger). Electrostatic
adsorption involves Coulombic forces of attraction between oppositely
charged species, with a heat of adsorption as high as 200 kJ /mol. Physical
adsorption results due to the action of van der Waals forces, comprised
by London dispersion forces and classical electrostatic forces. The heats
of adsorption associated with the physical adsorption may be as high as
20kJ/mol (33). The sublimation energy of physical adsorption ranges
from 20 to 40 kJ /mol whereas in chemical adsorption it could range from
100 to 400kJ/mol (14). The strength of physical adsorption could be
20kJ/mol and chemisorption could be as high as 300 to 500kJ/mol
(34). 1t was noted that AG values of up to —20kJ/mol were consistent
with physical adsorption while the AG values greater than —40kJ/mol
involved charge sharing or formed a coordinate bond between the metal
surface and the adsorbent (35). The energy of ligand exchange reaction
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may range from 8 to 60 kJ/mol whereas the change in enthalpy of chemi-
sorption may be greater than 29 kJ /mol (36).

The high values of AG (=—28 to —39 kJ/mol) for both As(V) and
As(IIT) as well as high AH values {—133 kJ/mol for As(V) and 88.9
kJ/mol for As(IIl)} indicated that the adsorption mechanism may be
either chemisorption or electrostatic attraction. The surface charge of
the IOCB was negative from a pH of 3 to 9(10) and the fact that arsenic
species in these pH ranges are either in anionic or in neutral form, elec-
trostatic attraction can not be the mechanism of adsorption. The high
value of AH and the negative surface potentials of IOCB found earlier
provide evidence that the major mechanism of arsenic {both As(V) and
As(I11)} adsorption on IOCB was chemisorption. In chemisorption an
actual chemical bond, usually covalent, is formed between the adsorbate
molecule and the adsorbent surface atoms and also some ligand exchange
reactions are chemisorption processes (36). The adsorption capacity of
the iron oxide-coated biomass was found to be 1080 pg/g for As(V)
and 880 pg/g for As(III) in fixed bed column experiments (37).

CONCLUSIONS

The following conclusions were drawn based on the results:

1. There was no considerable effect of the presence of anions (NO3,
SO,*", and CI7) on arsenic removal process using IOCB.

2. Addition of cations such as Ca?", Mg®", and Fe*" enhanced arsenic
{As(V) and As(III)} removal efficiency in general. The presence of
Ca®" and Fe’' ions at a concentration of 200 mg/L could remove
As(V) below 5 pg/L from an initial As(V) concentration of 250 pg/L
L and 500 pg/L, respectively.

3. The presence of Fe*" at a concentration of 200 mg/L could remove
As(I1T) below 10 pg/L from up to an initial As(III) concentration
of 500 pg/L. However, the Ca’" and Mg®" dose of 200 mg/L was
not adequate to achieve effluent As(III) less or equal to 10 pg/L,
the standard set by WHO for drinking water.

4. The adsorption-desorption study showed that the reactions between
the arsenic species and the iron oxide-coated A4. niger biomass were
reversible.

5. Desorption of arsenic was dependent on the solution pH. At pH 7,
desorption of both As(V) and As(III) was less than 15%. Desorption
of As(V) was greater than that of As(III) in acidic (pH 1.33) and alka-
line solutions (pH 12.56).
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The value and sign of the thermodynamic parameters (AG and AS)
showed the spontaneity of the adsorption of arsenic on IOCB.

The high value of the heat of adsorption (AH) indicated that the
mechanism of arsenic adsorption by IOCB may be chemisorption.
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