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The adsorption of arsenic (V) on iron (III) hydroxide had investigated in function of sorbent
amount, pH, and contact time. The surface complexation method is used to establish the
interaction mechanisms. H;0/OH stoichiometry is evaluated and varied between -2 and 2, in pH
range of 3 to 12. This suggests that As (V) adsorbs in this conditions, via six predominant
adsorption reactions. Stability constants of predominant species which are protonated and
unprotonated, are obtained. The contribution of electrostatic effect to arsenic (V) uptake by Fe-
hydroxide is evaluated. Obtained results show that adsorption is of electrostatic nature for pH < 6,
and of chemical character at pH > 7. While the kinetics adsorption data suggest a complex
changing of predominant adsorption reaction with time, involving the intrinsic (n=0), and 1 or 2
H" or OH exchange reactions.
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INTRODUCTION

Arsenic, which is a toxic element, is of a major concern in
environmental chemistry. Between the two naturally occurring
forms of arsenic, arsenite (As (I11)) is more toxic than arsenate
(As(V)) and has been reported more mobile in the environment
(Grossl et al., 1997; Razzouki et al., 2015 and Razzouki ef al.,
2015). The presence of arsenic in aquatic environment is a
result of rock weathering, human activities including mining,
ore processing and fertilizers uses (Gao et al., 2001). It is more
abundant in ground water than in surface water’. Under oxic
conditions, arsenate is predominant and exists as H2AsO42’
species, while in anoxic conditions arsenic exists as uncharged
species H3AsOsor/andH,AsO;™ anion (Vithanage et al., 2006;
Raven et al., 1998; Goldberg et al., 2001).

*Corresponding author: Elyahyaoui, A.,
Department of Chemistry, Laboratory of Radiochemistry, Faculty of Science,
University Mohammed V, BP 1014, Rabat, Morocco

The contamination of natural waters is governed by sorption
process, especially, by adsorption on the surface of iron oxides
and hydroxides (Grossl, 1997). Arsenic contaminated drinking
water has been found in several countries (Vithanage et al.,
2006; Bang et al., 2004; Carabante et al., 2013; Ghosh et al.,
2006; Hlavay et al., 2005; Sharif et al., 2011; Vu et al., 2003).
Hence, arsenic is of major concern to World Health
Organization (WHO), United States Environment Protection
Agency (USEPA), and other regulatory agencies. Thus, this
element is severely controlled in soils and water, and the
maximum contamination level (MCL) is lowered in drinking
water from 50 to 10mg/L, in several countries (Jang et al.,
2003). Consequently, the removal of arsenic from drinking
water is extremely important and given much considerations
(Cumbal et al., 2005; Dutta et al., 2006 and Teixeira et al.,
2005). The most common method used for this purpose is
coprecipitation with salts, followed by microfiltration. In order
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to remove arsenic efficiently and economically and to better
evaluate its environmental impact, the mechanisms of its
release in aquatic environment must be well understood.
Hence, more extensive information on the interaction of As in
solution with various hydrous oxides is required. Due to their
reactivates and large specific surface areas, iron (hydro) oxides
are the most important adsorbents of microelements in natural
environments (Luengo et al., 2006 and Waychunas et al.,
1993). Adsorption at mineral surfaces is the primary processes
controlling the mobility and bioavaibility of minor elements
such arsenic, in soil and natural environments (Grossl et al.,
1997; Luengo et al., 2006; Sverjensky et al., 2006). As a
result, the nature of adsorbed As species on these oxides must
be known over a wide range of pH. Adsorption of arsenic (V)
on amorphous Irons oxides (III) is strongly pH-dependent and
shows very different behaviours for As (III) and As(V). In
general, apparent sorption maximum of arsenic (V) is observed
at low pH in the range of 4 to about 7, whereas maximum
arsenic (III) adsorption is occurring in the range of 7 to 8.5
(Goldberg et al., 2001; Arai et al., 2001; Harper et al., 2015).
Often, arsenite is more strongly adsorbed than arsenate when
solution, pH is greater than 8 (Bang ef al., 2004). One can note
however, that results quite variable are reported on optimal
conditions removals of both As (V) and As (IIl), in these
conditions (Raven et al., 1998 and Harper et al., 2015). These
discrepancies are difficult to explain as discussed previously
(Arai et al., 2001), due to the complexity of the adsorption
phenomenon and to the various influencing parameters, must
be due furthermore, to the experimental conditions in
particular, those of pH control (Raven, 1998; Wang et al.,
2008). The adsorption reactions of As(V) and surface
speciation on iron oxides is investigated using macroscopic
and microscopic techniques, such as extended X-ray
absorption fine structure spectroscopy (EXAF), Fourier
transform infrared (FTIR) (Harper et al., 2015 and Carabante
et al., 2010), X-ray studying wave (XSW) (Catalano et al.,
2007). It has been found that arsenic is sorbed to Fe(IIl)
(Hydro) oxides predominantly by forming inner-sphere surface
complexes via ligand exchange mechanism (Goldberg et al.,
2001; Waychunas et al., 1993; Sverjensky et al., 2006; Wang
et al., 2008; Carabante et al., 2010; Jain et al., 1999). The
formation of outer-sphere complexes has been also observed
for adsorption of arsenite on amorphous Fe oxides’. Quantum
chemical calculations are performed for previously proposed
surface complexes of arsenic (V) and arsenic (III). In general,
the results are consistent with the tendency to form bidentate
surface complexes at low pH, but however, the best results
requires the correct protonation states (Catalano et al., 2007)
and hydration of adsorbed arsenic Fe(hydr)oxide species
(Kubicki et al., 2007). While most of these studies are
successfully used to describe adsorption of arsenic at soil-
mineral-water interfaces, the mechanisms are often postulated
without considering protonation environment of As surface
species, as discussed earlier (Arai et al., 2004). Also little
information are reported on state protonation of the arsenic
surface species (Sverjensky et al., 2006) and, especially, on the
removal mechanism during coagulation/flocculation technique
(Pallier et al., 2010). The surface speciation and state of
protonation of arsenic(Ill, V) on iron (hydro)oxides was
investigated by spectroscopic analysis (Arai, 2004; Carabante,
2010; Goldberg, 2001; Catalano, 2007; Fedorf, 1997; Masue,
2007 and Sherman, 2003), protonation surface titration (Gao et
al., 2001; Jain, 1999; Zhang, 2008), combined with surface
complexation adsorption experiments (Sverjensky, 2006;
Pallier et al.,2010 and Fukushi et al., 2007b). Obtained results

show that arsenic (III, V) surface species are protonated at low
pH and deprotonated at neutral to alkaline pH. Nevertheless,
most of studies are often carried out at two fixed values in the
ranges of 4-5 and 9-10.5, respectively that definitive
experimental of state of protonation of As surfaces species is
needed to achieve best fits of adsorption data over a wide
range of pH (Goldberg, 2001; Sverjensky, 2006 and Arai,
2004).

MATERIALS AND METHODS

Coagulation experiments: All chemicals are of reagent grade
are used without further purification. Arsenic adsorption
experiments are carried out in batch systems to determine
adsorption envelopes (amount of Arsenic adsorbed as a
function of solution pH at fixed total concentration). Solutions
of Arsenic (V) are freshly prepared using standard stock
solutions of 1gL" Fe(IIl) is added as Fe(Cl3);.6H,O to 50 ml
of 10 mg/L Arsenic solution and equilibrated by chaking for
time varying from 30 to 240 min. HNO; or KOH are used to
adjust the starting acidity of aqueous solution. The samples are
centrifuged and decantates are filtered through 0.45um filter
and analyzed for arsenic concentration using atomic
absorption. The methods used for Arsenic determination are
depicted in standard methods of water and wastewater
analysis.

RESULTS AND DISCUSSION

Effect of pH and contact time on arsenic (V) adsorption
Effect of pH: The effect of pH on arsenic (V) adsorption, with
amorphous iron (IIT) hydroxide is investigated in the pH range
of 3 to 11.Contact time and sorbent amount are varying from
30 to 240 min, and 90 to 150mg L™, respectively. Obtained
results (Fig. 1, 2 and 3) show that As(V) adsorption is typical
of weak acid oxyanion with a maximum near their acid
dissociation constant (pk,;) (Shi, 2009; Kim, 2005). The pk,; of
arsenic (V) acid are pk,; = 2.24, pk,, = 6.94, and pk,; = 11.5"
Similar adsorption edges are reported for magnetite,
maghemite, amorphous iron(Ill) hydroxide, and goethite,
showing optimal As(V) uptake about pH 7(~pk,,), which
decreases rapidly with increasing pH (Goldberg, 2001; Arai et
al., 2004; Shi et al., 2009; Goldberg, 1985 and Kim et al.,
2005). The adsorption on iron (hydro) oxides is mainly by
inner-sphere complexation at both acidic and alkaline media.
Thus, arsenic (V) is adsorbed via ligand exchange reaction
resulting in  various surface complexes depending,
furthermore, on surface coverage’'. Taking into account the
pH- diagram speciation, arsenic (V) is adsorbed as HAsO, at
pH 2.3-7 and as HAsO,” at pH 7-11.5. The fast decrease in
adsorption is observed for pH > 7 due to the dominant
HAsO,* specie, combined with surface charge diminution of
Fe(Ill) hydroxide which point of zero charge (PZC) is 7.5-9
(Goldberg et al., 2001; Chowdhury et al., 2010; Zachara et al.,
1987). In pure alkaline conditions (pH > 9), the effect of pH is
no significant and a plateau is obtained, in all explored
experimental conditions.

Effect of contact time; The effect of contact time (t) on
arsenic (V) adsorption is studied in the range of 30 to 240 min,
using sorbent amount (m) of 90, 100, and 150 mgL-1 (Fig./,
and 3). As shown, this effect is more significant in acidic to
neutral pH. The optimal contact time (t,.x) varies from 30 to
180 min and no simple correlation between (t,.) and m is
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found. Although, the best As (V) recovery is achieved for 120
min, in all the cases.

Arsenic(V) adsorption reactions and stability constants: In
general, adsorption process with hydrous metal (hydro) oxides
is modeled thermodynamically as a complex reaction between
surface sites (> SOH ) and hydrated adsorbate. The acid-base
properties of the metal oxide surface sites is attributed to
protonation/deprotonation reactions of surface functional
> SOH expressed as:

>SOH + H* => SOH; K™ €Y)
>S0H =>S0- + H'K~ )

K" and K are the stability constants, and the one lined species
refer to solid phase.

The adsorption reaction of arsenic (V) onto iron hydroxide is
described with a method usually employed for solution
complex description:

I(>SOH) + HsAsO, = (> SOH),(H;AsO)H_, + nH",
l=1o0r2,K,(3)

(Charges were omitted for the sake of simplicity)

The general symbol H_, stands both for hydrogen atoms (n<0)
and for OH groups (n>0). Taking into account the formation of
1 H,O =H, + Hj, the adsorption reaction can be formulated
following general equilibrium:

I(>SOH) + HsAs0,
= (> 50)[(H3ASO4_1)H_1_11 + nH+
+ lH,0,l=10r2, K, 4)

The surface complexation constant, K, is given by:

[(> SO)Z(H3A504—1)H—I—11J [H*]"

Kin = [> SOH]'[H;As0,] ®)

Taking into account the expression of D given by:

[(> 50),(H3450,_)H_;_,]

b= [H3As0,] ©
We obtain:
logD = logK;, + llogm + npH (7)

With> SOH = m, is the concentration of sorbent used in g L™
The nature of surface complexes(> S0),(H3;AsO,_)H_;_, ,
noted thereafter (/, n), can be obtained from As(V) distribution
data according to:

élogD g
o ®

Fig. 1, 2 and 3 shows the plot of the curves of Log D versus

pH ranges at different weight of Iron oxide (III).

The analysis of Fig.1, 2 and 3 shows that the plots of log D=f
(pH) are linear in various pH ranges. The slopes of obtained
straight lines whose correspond to mean values of n, are
varying between -2 and 2. The predominant surface species are
then (/, 0), (/, 1), (1, 2), ({, -1), and (/, -2).

Surface complexes and effect of pH and contact time on
H;0"/OH  exchange

Effect of pH: Basic research on the coprecipitation/adsorption
process of arsenic and their optimization requires the
knowledge of the interaction of this element with (hydro)
oxides of metal. To achieve this purpose, the distribution data
are best fitted (R* > 99%) to a third order polynomial
respectively in acidic to neutral pH, and in alkaline solution.
The present work involves theoretical approach providing
access to both surface complexes and their stability constants,
using a macroscopic method in wide range of experimental
conditions. The distribution data are described with one
chemical equation. This could be of great interest for
developing simple and approximate models of adsorption
phenomenon. During arsenic(V) removal, the exchange of H"
or OH increases gradually with pH to reach maximal values of
about 1 or 2, and then decreases when the pH continues to rise.
This exchange reaction is influenced by contact time and
sorbent amount (surface coverage). Although the maximal I n 1
values are often obtained in the pH ranges of 6 to about 7, and
7 to 8.5, in all explored conditions.

Generally, the variation in removal efficiency of weak acid
(HA) is due to protonation/deprotonation of both HA and
functional surface groups (Jain et al, 1999). When pH
increases above 5.4 (pK") (Jain et al, 1999; Kim, 2005;
Zachara et al, 1987), the positively surface (Fe-OH,")
favorable to H' exchange becomes not predominant, resulting
then in a decrease of As (V) adsorption, in this case. The
maximum adsorption occurs when the combination of high
positive charge and concentration of favorable oxyanion is
obtained (Wang ef al., 2013). A comparison of n = f(pH) plots
with pH-diagram of As(V) distribution species shows that
these curves have similar variations. Arsenic(V) is adsorbed as
H;As0, for pH < 2.3, as H,AsOy4 for 3.5 < pH <6 (90%), as
HAsO,” for 8 < pH < 10.4 (90%), as a mixture of these species
between pH 6 and 8, and as AsO, for pH > 10.4 (90%).
Moreover, obtained results show that H;O"/OH exchange
stoechiometry is not integer as suggested by the theoretical
reactions. Similar results are reported for arsenate and similar
other oxyanions on Fe (hydro) oxides (Jain, 1999 and Wang et
al., 2013). It is assumed that adsorption of oxyanions rises
from different predominant reactions, and results in a
combination of at least two predominant surface complexes.

The contribution of columbic effect to overall uptake of
arsenic (V) with various metallic oxides is proposed to be
significant, especially, in acidic conditions (Arai et al., 2001;
Carabante et al., 2013; Dzombak et al., 1985 Maihler et al.,
2013). Nevertheless, at pH around isoelectric point (IEP) or
the point of zero charge (PZC)), the repulsion reaches a
minimum (Antelo, 2005), and then the intrinsic process
becomes the major adsorption mechanism. Accordingly the
overall equilibrium is obtained by combining at least, the
intrinsic reaction (n=0) with 1 or 2 H" moles (n=1; 2) or lor 2
OH’ moles (n= -1; -2) exchange reaction per mole of H;AsO,.
Taking into account these results there is a strong evidence
that in basic pH, arsenate is adsorbed essentially by forming
binuclear complexes as reported previously (Waychunas,
1993; Fedorf, 1997; Kim, 2005; Antelo et al., 2005; Antelo et
al., 2012; Strugstad, et al., 2013). Unfortunately, in acidic
medium, we have no experimental evidence to decide about
the formation of mono or binuclear As (V) complexes.
Nevertheless, as shown from preliminary tests, anomalous
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Table 1. Summarizes obtained results K, associated with K., is

Species (1,n) Adsorption Reaction logK,, logKco
Acidic medium (pH<6)
(> SH,A4s0,) 1,0 (> SOH) + H3As0, < (> S(H,As0,) + H,0 4.50
(> SHAs0,) (1,1) (> SOH) + H3As0, < (> S)(HAsO,) + H* + H,0 1.60 4.1
(> 54s0,) (1,2) (> SOH) + HAs0, & (> S)(As0,) + 2H* + H,0 -7.04 17.28
Neutral to alkaline medium (7 < pH < 9)

(> 50),(4s0,) 2,-1 2(>SOH) + HAsO? o (> 50),(4s0,) + OH™ + H,0 12.64 -8.48
(> 50),(HAs0,) (2,-2) 2(> SOH) + HAsO} < (> S0),(As0,) + 20H™ 21.08 -16.88
More Alkaline medium (9 < pH <11)

(> 50),(HAs0,) (2,0) 2(>SOH) + HAsO} o (> 50),(4s0,) + 2H,0 3.53
results in distribution of As (V) acid species with pH are = Consequently, As (V) adsorption occurs through six

obtained for binuclear surface complexes. Based on these
considerations, the H' exchange is combined with a
dehydration, andthe surface complexation of arsenic(V) with
Fe (III) hydroxide can be summarized by the following general
equilibrium:

l(> SOH) + H3ASO4 = (> SO)I(H3ASO4—I)H—n—Zl +
nH* + IH,0 , Ky, (9)

With 1= 1, and 2 for pH < 6 and pH > 6 respectively, and -2<
n<2.

Taking into account the experiment results,
predominant adsorption reaction could be written as:
For pH< 6, as:

simplified

(S5 SOH) + HyAs0, = (> SOH)(HaAsOH,l = 1,
n= 0, KIO (1 0)

(> SOH) + H3ASO4 = (> SOH)(H3A502)H_1 N l = 1,
n= 1, Kll(]‘ 1)
=(>S)(HAsO,) + H* + H,0
(> SOH) + H3ASO4 = (> SOH)(H3ASOZ)H_2 N l = 1,

n=2Kp, 1D
=(>S5)(4s0,) + 2H* + H,0

For 7<pH <9, and as:

2 (5SOH) + HAs0?~ = (> SOH),(HAsODH,, !
= 2, n= 1, Kz_l (1 2)

=(> S0),(As0,) + OH™ + H,0

2 (5SOH) + HAs0?~ = (> SOH),(HAsODH,, | =2,
n= 2, Kz_z (1 3)

= (> 50),(HAsO,) + 20H"~

Alkaline medium (9 <pH < 11):

2(SSOH) + HAs0? = ((5> SOM)(HAsODH,, |
= 2, n= 0, KIO (1 4)

=> 50),(4s0,) + H,0

predominant reactions which result in

(> S)(H,As0,)=(1,0), (> S)(HAs0,)=(1,1),
(> 5)(4s0,)=(1,2),
(> S0),(4s0,)=(2, 1), (> S0),(HAsO,) = (2, 2)

and (> S0),(As0,) = (2,0) species. The nature ofidentified
complexes is consistent with previous results of As(V) surface
speciation on Fe(Ill) (hydr) oxides®™ " ¥, which indicate
furthermore, that unprotonated mononuclear, (> S0)(As0,)
specie, predominates at lower surface coverage for pH > 8-9%
26,35, 51, as shown in (Fig. 4, 5 and 6). In addition, it can be seen
that the diprotonated (> S)(H,As0,)=(1, 0) complex
dominates at pH values less than about 5, in all cases. While
(> S0),(HAs0,)=2,-2) and (> S0),(As0,) = (2,0) are the
most dominant species for 90 and 150 mgL™, in the pH range
of about 7-9. (> S)(HAs0,)=(1,1) complex is prevailing in
particular, at m = 90 mgL'1 (high surface coverage) for pH
ranging from 5.5 to 6.5. One can note that the interaction of
arsenate ions with iron(IIl) hydroxide, is essentially of
electrostatic nature in lower acidic medium (pH < 6), and of
chemical nature in near neutral to alkaline medium.

Conclusion

The adsorption of arsenic (V) on Fe(Ill) hydroxide is
examined in order to develop a method for the study of surface
complexation of this element. The distribution coefficient, D,
is dependent on contact time, pH and surface coverage. The
treatment of logD=f(pH) experiment data is used to evaluate
H'/OH™ exchange sotoechiometry in adsorption reaction and
allows us to specify the predominant As(V) surface species.
The surface complexes are found to be protonated and
unprotonated. The stability constants are logK,, = 4.50
for(> S)(HAsO,) , logK,, = 1.60 for (> S)(HAsO,) , logK,
= -7.04 for(> S)(As0,) , logK,.; = 12.64 for> (50),(As0;) ,
logK,, = 21.08 for > (50),(As0,) and logK,, = 3.53
for(> S0),(A4s0,). The columbic effect is evaluated for the
predominant species, and obtained results show that As(V)
adsorption on iron(IIl) hydroxide is of electrostatic nature in
acidic solutions, and chemical character in near neutral to
alkaline solutions. Also the adsorption kinetics is examined
and it is found that a complex changing of predominant
adsorption reaction with time, involving the intrinsic (n=0), 1,
and 2 H' or OH exchange reactions.

Notes: The authors declare no competing financial interest.
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