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Arsenic (As) poses a significant water quality problem and challenge for the environmental engineers and
scientists throughout the world. Batch tests were carried out in this study to investigate the adsorption
of As(V) on NanoActive alumina. The arsenate adsorption envelopes on NanoActive alumina exhibited
broad adsorption maxima when the initial As(V) loading was less than a 50 mgg~! sorbent. As the initial
As(V)loading increased to 50 mg g~! sorbent, a distinct adsorption maximum was observed at pH 3.2-4.6.
FTIR spectra revealed that only monodentate complexes were formed upon the adsorption of arsenate

Z?s’ ‘eA:IOiZdS: on NanoActive alumina over the entire pH range and arsenic loading conditions examined in this study.
Alumina A speciation-based adsorption model was developed to describe arsenate adsorption on NanoActive alu-
Adsorption mina and it could simulate arsenate adsorption very well in a broad pH range of 1-10, and a wide arsenic

FTIR loading range of 0.5-50mgg~' adsorbent. Only four adjustable parameters, including three adsorption

Speciation-based model constants, were included in this model. This model offers a substantial improvement over existing models

in accuracy and simplification in quantifying pH and surface loading effects on arsenic adsorption.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Inorganic species of arsenic (As) represent a potential threat to
the environment, human health, and animal health due to their
carcinogenic and many other effects. Several diseases, including
a number of different types of cancers, have been linked to the
consumption of arsenic-containing groundwater in Bangladesh,
Taiwan, Argentina, Mexico, Chile, China, Hungary, Thailand, USA,
New Zealand, South Africa, and India [1-3]. Consumption of arsenic
also leads to disturbance of the cardiovascular and nervous sys-
tem functions and eventually leads to death [4]. In order to reduce
arsenic exposure through drinking water consumption, the United
States Environmental Protection Agency (U.S. EPA), the World
Health Organization (WHO) and the Ministry of Health of the Peo-
ple’s Republic of China have lowered their regulatory or guideline
values for total As concentration in drinking water to 10 pgl-1.

Several treatment methods have been developed for the removal
of arsenic from water, including flotation [5], precipitation with
sulfide [6], coagulation [7], ion-exchange, and desalting techniques
such as reverse osmosis or electrodialysis [8]. These methods may
not be feasible for point-of-use (POU) applications due to the
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requirement for continuous attention during the treatment. Some
of them may produce large amounts of chemical sludge which
needs further treatment before being disposed of [4]. As an alterna-
tive to these treatment methods, adsorption has been recognized
as an effective technique for removing arsenic. Therefore, accurate
prediction of arsenic adsorption for different field water quality
conditions is needed in order to properly design and operate the
treatment system.

A commonly used approach for modeling arsenic adsorption
considers surface electrostatic effects. These models include con-
stant capacitance model [9-12], diffuse layer model [13,14], triple
layer model [10,15,16], generalized two-layer model [17], and
CD-MUSIC model [18-20]. These models incorporate the surface
electrostatic effects on the adsorption calculation. Venema et al.
[21] discussed the scope and limitations of five such models and
commented that, while most of these models can satisfactorily
quantify the adsorption phenomenon, none of them can simulta-
neously describe all available data for a particular extended data
set. Moreover, consideration of the surface electrostatic effects in
these models makes the modeling process very complex, which
limits their practical application. Therefore, a robust model that is
capable of predicting arsenic adsorption under various field water
quality conditions, especially the pH and arsenic concentration, is
needed. Such a model could be used to determine the proper unit
size for column treatment systems and the operation time (before
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saturation of the column) based on the field water quality condi-
tions.

Activated alumina adsorption is considered to be inexpensive
and convenient to use [22,23] due to its strong selectivity to arse-
nate ion [24], especially for POU applications [24-26]. NanoActive
alumina is acommercial alumina that is produced using proprietary
processes to obtain an amorphous material with a large specific
surface area and low density that has high adsorption capacity
and chemical reactivity. This study examined the adsorption per-
formance of As(V) on NanoActive alumina to validate a robust,
speciation-based model that would simulate arsenate adsorption
under various pH and surface loading conditions. Such a model has
the potential to be used for the prediction of arsenic adsorption
capacity of column systems, therefore is important for treatment
system design and operation based on local water quality condi-
tions.

2. Materials and methods

Reagent-grade chemicals and de-ionized (DI) water were used
to prepare all solutions. NanoActive alumina, with the mean aggre-
gate size of 1.5 um and the BET area of 359 m2 g~! was purchased
from NanoScale Materials, Inc., Manhattan, KS.

2.1. Batch equilibrium titration

A batch equilibrium titration method was employed to deter-
mine the surface site density and acidity constant of NanoActive
alumina. The titration procedure consisted of: (a) distributing a
certain amount of sorbent and 100 ml of DI water containing 0.1 M
NaNOs to each of a series of 125 ml HDPE plastic bottles; (b) adding
different amounts of standard acid or base stock solution to these
bottles to adjust the pH to a range of 1-13; keeping one unit without
adding acid or base as the control; (¢) sealing up all bottles and shak-
ing them at 180 oscillation min—! using an EBERBACH 6010 shaker
for 24 h; (d) measuring the final pH, and plotting the acid/base addi-
tion volume as a function of pH to obtain an overall titration curve;
(e)filtrating the suspensions and titrating the filtrate back to the pH
of the control; (f) developing a net titration curve by subtracting the
acid/base consumed by the filtrate from the overall titration curve;
and (g) modeling the net titration data using a non-linear regres-
sion program, NLREG (P.H. Sherrod, Brentwood, TN). An Orion pH
meter (perpHecT LoR model 370) with an Orion PerpHecT Triode
pH electrode (model 9207BN) was used to measure pH.

2.2. As(V) adsorption experiment

The batch equilibrium experiments to determine arsenate
adsorption on NanoActive alumina were conducted at a pH ranging
from 1 to 13, with initial arsenic concentrations ranging from 5 to
500mgl-1, and a sorbent concentration of 10g1~1. The broad pH
range was selected to induce the protonation and deprotonation
reactions of different surface sites. Theoretically, the broad arsenic
concentration range was selected to evaluate the adsorption behav-
ior of arsenate in different regions of the sorption isotherm, that is,
(i) the initial proportional adsorption region, (ii) the intermediate
region, and (iii) the maximum adsorption region. In addition, the
ultimate goal of this research was to determine adsorption con-
stants to be used for the prediction of column adsorption capacity,
based on field water quality (pH and influent arsenic concentra-
tion). In adsorption columns, the sorbent continually accumulate
arsenic. The saturated section of the column, i.e., the section prior
to the mass transfer zone, is in equilibrium with the influent arsenic
concentration. Therefore, the total column capacity (i.e., the total
adsorbed arsenic) needs to be estimated using the influent arsenic

concentration as the equilibrium concentration. When a batch
experiment is conducted to determine adsorption constants appro-
priate for column capacity prediction, an arsenic loading consistent
with that for the saturated section of the column, i.e., the section
prior to the mass transfer zone, needs to be used. With this loading,
the equilibrium arsenic concentration in solution after adsorption
should be equal to that normally seen in raw water (parts per bil-
lion level). As a result, the total (i.e., initial) arsenic concentration
used for batch experiments should be significantly greater than that
found in raw water, depending on the sorbent concentration. It has
been reported that the As content of residual sludges from arsenic
removal systems can be inarange of 1-10mg g~! [27,28]. Therefore,
for a batch system with a sorbent concentration of 10 g1-1, the total
arsenic concentration should be slightly in excess of 10-100 mg1-1.
Considering some extreme arsenic concentration conditions, and
the presence of other competing elements in the raw water, a
broader arsenic concentration range of 5-500mg1-! was used in
this study. A broader arsenic loading range also allowed us to exam-
ine the arsenic adsorption behavior and validity of the model under
near saturation conditions.

A 100 ml solution containing 0.1 M NaNOj3 and the pre-selected
concentration of As(V) were added to each of a series of 125 ml
HDPE plastic bottles containing a pre-selected amount of sorbent.
The pH of the mixture was then adjusted using stock HNO3; or NaOH
solutions. All flasks were then sealed and shaken for 24 h. As a stan-
dard practice, duplicate samples and sample blanks are used in our
batch experiments for QA/QC purposes.

2.3. Chemical analysis

At the end of each adsorption test, the suspensions were
immediately filtered through a 0.45-pwm membrane filter made of
cellulose acetate (MFS) and the filtrates were collected for the arse-
nate analyses. A graphite furnace atomic absorption spectrometer
(AAnalyst 600, PerkinElmer Corp., Norwalk, Connecticut, USA) was
used to determine arsenic concentrations in solution.

Electrophoretic mobility was used to determine the surface
charge of alumina particles at various pH values and the point of
zero charge (PZC)is the pH value that results in the value of the elec-
trophoretic mobility being zero. Colloidal alumina particles were
diluted in 100 ml of a 0.01 M NaNOs solution. The pH of the solu-
tion was adjusted either by NaOH and HNOs3 solution and was left
to equilibrate for 1 day. The electrophoretic mobility of the alu-
mina particles was observed at room temperature with a Zetasizer
3000HSA (Malvern Instruments Ltd., UK).

The SEM image of NanoActive alumina was collected with a
Hitachi S-570 LaB6 SEM. XRD analysis was carried out with a Rigaku
Miniflex Diffractometer to characterize NanoActive alumina. The
BET specific surface area, pore volume, and pore size of NanoActive
alumina were examined with a Quantachrome Autosorb-1-C high
performance surface area and pore size analyzer.

Diffuse reflectance FTIR spectra of powdered samples were
recorded on a Nexus 470 FT-IR (Thermo Electron Co.). The samples
were diluted to a concentration of 2% with IR-grade KBr. Sixty-four
co-added scans were collected at 2cm~! resolution in the mid-
IR region (4000-400cm™1) for pure KBr and for each KBr-mixed
sample. Vibrational spectra of each sample were obtained by sub-
tracting the background spectra (pure KBr) from the spectra of a
KBr-mixed sample. The ATR-FTIR spectra of aqueous arsenate at
various pH levels were examined using attenuated total reflec-
tion Fourier Transform infrared spectroscopy. The ATR cell was
equipped with a trapezoidalm ZnSe crystal (45° angle of incidence)
as the internal reflection element. The ZnSe crystal was washed
with deionized water at the end of each sample scan. To mini-
mize oxoanion reactions with the ZnSe crystal, the spectra were
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Fig. 1. Scanning electron microscopy image and properties of NanoActive alumina.

immediately collected after the solutions were transferred into the
ATR-cell. Background subtractions were made to remove bulk water
spectra.

3. Results and discussion
3.1. Characterization of NanoActive alumina

Fig. 1 shows the SEM image and the physical properties of
NanoActive alumina. It has a very smooth surface and XRD anal-
ysis revealed that NanoActive alumina is a typical Al,03 (The XRD
result is not shown). The NanoActive alumina particles were aggre-
gated in solid state and could be dispersed in water with greatly
reduced particle sizes. The BET surface area of the NanoActive alu-
mina was 359m2 g-! and the pore volume and average pore size
were 0.269 cm? g1 and 2.5 nm, respectively.

Zeta potential of NanoActive alumina was collected as a function
of pH using 0.01 M NaNOs as the supporting electrolyte, as demon-
strated in Fig. 2. Obviously NanoActive alumina carries a positive
charge at pH below 8, while it is negatively charged at pH over 8.

3.2. Arsenate adsorption edges on NanoActive alumina

Arsenate speciation is pH dependent and H3AsO4, H;AsO4—,
HAsO42~ and AsO43~ are the dominant species in the follow-
ing pH ranges: <2.3, 2.3-6.8, 6.8-11.3, and >11.3-14, respectively
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Fig. 2. Zeta potential of NanoActive alumina as a function of pH using 0.01 M NaNO3
as the supporting electrolyte.

[29]. In addition, the surface charges of NanoActive alumina are
pH dependent, as shown in Fig. 2. At pH values below the pHp,c
of the adsorbent, the surface of adsorbent particles is positively
charged and vise versa. This indicates that surface site specia-
tion changes with pH. Consequently, the adsorption of arsenate
on NanoActive alumina is expected to depend on pH. The effect
of pH on As(V) adsorption on NanoActive alumina was examined
over a pH range of 1-13, with the initial As(V) concentration rang-
ing from 5 to 500mgl-!, with the results presented in Fig. 3.
The adsorption envelopes indicated that almost 100% of arsenate
was adsorbed on NanoActive alumina throughout a pH range of
1.2-11, when the initial As(V) concentration was 5 or 10mgl-!
(equivalent to 0.5 or 1.0mgg~! alumina). Results indicated that
the adsorbed amount of arsenic was proportional to its initial con-
centration, i.e., the plots of As(V) adsorption ratio (the fraction
of As(V) adsorbed on adsorbent) as a function of pH overlapped
when the initial As(V) concentration were 5 and 10mgl-! (figures
not shown), suggesting that the As(V) adsorption is in the linear
range of Langmuir isotherm. Over 99.9% of arsenate was adsorbed
at pH<9.2, pH<8.2, and pH<7.9, when the initial As(V) con-
centrations were 50, 100, and 200 mgl-1, respectively. However,
arsenate adsorption on NanoActive alumina decreased significantly
beyond these pH ranges, indicating that the adsorption edge of
arsenate shifted to a lower pH level with increasing arsenate con-
centrations. As the initial As(V) concentration further increased
to 500mgl-1, a distinct adsorption maximum at pH 4.0-4.6 was
observed.

Some researchers found that almost 100% of arsenate was
adsorbed by alumina at a pH below a certain value, which was
related to the initial As(V) concentration, while arsenate adsorp-
tion decreased considerably with a furtherincrease in pH[10,12,30],
similar to the trends demonstrated in Fig. 3(b). This is because these
researchers employed very low surface loading in their experiment.
Other researchers observed that adsorption of arsenate decreased
when the pH increased from the starting pH [31,32], which was
ascribed to the narrow pH range (pH 4-9) employed in their studies.

The adsorption maximum for the initial As(V) concentration of
500mgl-1 appeared in the pH range of 3.2-4.6, when HyAsO4~
anions are the dominant species in the solution. The reduction
in arsenate adsorption at excessively low pH may be associated
with a reduction in the fraction of H;AsO4~ and complexation of
H,AsO,4~ with soluble aluminum in solution and the formation of
neutrally charged H3AsQ4, which depressed the adsorption of As(V)
on the alumina surface. The neutrally charged H3AsO4 was diffi-
cult to adsorb on the NanoActive alumina. However, the fraction
(86-100%) of arsenate adsorbed on the NanoActive alumina at pH
below 2 was much greater than the fraction (<35%) of HyAsO4~
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Fig.3. Comparison of experimental data and model predictions for arsenate adsorp-
tion on NanoActive alumina as functions of pH and concentration (concentration
of NanoActive alumina: 10gl~"; arsenate concentration: 5-500mgg=" as As(V)).
Model results are indicated by solid lines.

in solution, which suggests that the adsorption (consumption) of
H,AsO4~ by NanoActive alumina surface facilitates the transfor-
mation of H3AsO4 into H;AsO4~ on sorbent surface [33]. When the
initial arsenate concentration was equal to or less than 200 mg1-1,
no reduction in arsenate adsorption was observed at very low pH
levels, which may be ascribed to the abundance of surface sites
under these conditions. The decrease in adsorption at alkaline pH
may be attributed to the increased repulsion between the more
negatively charged arsenate species and negatively charged sur-
face sites [34]. In addition, an increase in pH results in a greater
proportion of hydroxyl ions in the liquid competing with the adsor-
bate for the available sites on the surface of NanoActive alumina.
This reduces the electrostatic attraction between the adsorbate
and adsorbent causing a reduction in adsorption [35]. The strong
adsorption of arsenate on NanoActive alumina at pH greater than
PHpzc indicated that arsenate was specifically adsorbed on NanoAc-

tive alumina [36], but the surface electrostatic effect played an
insignificant role in arsenic adsorption.

3.3. FTIR study of adsorbed As species

The symmetry was lowered when As was adsorbed on NanoAc-
tive alumina by forming inner sphere complexes, leading to peak
splitting or shifting. Fig. 4 shows the spectra of As(V) adsorbed
on NanoActive alumina at various pH values and various adsorp-
tion densities. The peak positions of the adsorbed samples were
significantly different from those of the dissolved As species. The
difference was due to symmetry reduction as a result of inner-
sphere complex formation. If the symmetry reduction were caused
by protonation, as would be the case for outer-sphere adsorption,
the bands should exhibit similar positions with regard to the cor-
responding dissolved As species in the pH range. Therefore, the
band shift indicated the formation of inner-sphere complexes. With
the similarities of phosphate and arsenate, the band assignment
of adsorbed As(V) spectra was comparable to that of (MO),PO,
surface complexes having C,, symmetry [37-40]. Because metal
ions are not as strongly coordinated to oxygen ions as protons
are [37-39,41], the As-0OAl bond should be stronger than As-OH.
Thus, the uncomplexed As-0 bond in (AlO);AsO, should be weaker
than that in (HO);AsO,~, and the uncomplexed As-O bond in
(AI0)AsO3~ should be weaker than that in (HO)AsO32-.

The adsorbed arsenate on NanoActive
alumina is characterized by one band at 847-854cm~!. Gold-
berg and Johnson [11] observed that the adsorbed arsenate on
Al oxide was resolved by a strong band at 850-862cm~! and
they assigned this peak to v(As-0) vibration of an inner-sphere
Al-O-As complex. They declared that the As-O groups were
involved in direct complexation to the alumina surface. This
difference and the lack of change in band position at various pH
values and adsorption densities suggest that As(V) formed same
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Fig. 4. Diffuse reflectance FTIR spectra of (a) NanoActive alumina and (b-i) NanoAc-
tive alumina with adsorbed arsenate at different pH and different adsorption
densities: (b) pH 4.4, 72.0mgg~"'; (c) pH 6.3, 54.8 mgg!; (d) pH 4.4, 99.0mgg';
(e) pH 6.0,81.0mgg1; (f) pH 7.5,54.0mgg~'; (g) pH 1.33,65.9mgg"'; (h) pH 2.66,
83.1mgg'; (i) pH 3.32, 1041 mgg .
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Fig. 5. Titration and curve fitting results for NanoActive alumina (100 ml). Back-
ground electrolyte =0.1 M NaNOs, temperature = 21 °C, equilibration time =24 h.

inner-sphere surface complexes on NanoActive alumina. The peak
at 847-854cm~! can be assigned to the v(As-0) vibration of a
monodentate complex because it appears at a lower frequency
than the vg5(As—0) in HAsO42". In brief, the FTIR results indicated
that arsenate interacted strongly with NanoActive alumina and
formed a mono-dentate complex upon adsorption under various
pH and adsorption densities.

3.4. Modeling As(V) adsorption data

3.4.1. Surface acidity

The determination of surface acidity is a key step for adsorp-
tion modeling [42,43]. Fig. 5 shows the net titration data (open
circles and filled circles) of NanoActive alumina suspensions at two
different concentrations. The following equation was employed
to simulate the net titration data for determining the acid site
concentration and the corresponding acidity constant, based on
the assumption that multiple types of monoprotic acid sites were
present on the particle surface [42]:

VoStiKui 1 1
AVss = _ 1
5= ¢ [H ] +Kui  [H'lo + K M

i=1-n

where AVsg is the net volume of the stock acid/base (negative value
for acid) solution consumed by the surface acid sites (ml); Vg is the
total volume of the alumina mixture (ml); St; is the total acid site
concentration of the species i (M); Ky; is the acidity constant of the
species i (M); Cis the concentration of the acid/base stock solution
(M); and [H*]g is the hydrogen ion concentration of the control unit
(M). Note the total surface site concentration St; = I x SS, where
I is the surface site density for species i (molg=1) and SS is the
solid concentration (g1-1).

The simulation was carried out with a nonlinear regression
program, NLREG. The curve fitting results based on the three-site
assumption, as indicated by the smooth curves in Fig. 5, best fit the
net titration data of NanoActive alumina. Therefore, we hypothe-
sized that there were three types of acid sites, denoted as site Sy,

S,0H," S,0H

Surface site density (10 mol g™")

Fig. 6. Surface speciation of NanoActive alumina at different pH.

site S, and site S3, on the surface of the NanoActive alumina. The
surface site density (/) and acidity constant (pKy) resulting from
the modeling process are summarized in Table 1.

Since values of pKy; and pKy; for NanoActive alumina are less
than its pH;pc, the protonated surface acid sites S; and S, are pos-
itively charged. Similarly, since the pKys is greater than pHzpc, the
deprotonated surface site S3 is negatively charged. The protonated
surface sites S; and S, could be responsible for adsorbing anionic
arsenate species.

3.4.2. Surface speciation

As mentioned before, we hypothesized that the protonated acid
surface sites S; and S, are responsible for arsenic adsorption. Since
they are positively charged, their deprotonation reactions can be
expressed as:

S10H} = S;0H+H" Ky 2)
S,0H} = S,0H+H"  Kipp (3)

where Ky1 and Ky are the acidity constants of surface acid sites Sy,
and S,, respectively.

The concentrations of the positively charged surface acid sites,
$10H] and S,0H3, are expressed as:

S{OHF = S = & 4
$10H; = 14811 o1y = THET (4)
H+
SZOH-{ = 02,52 0y = [H+[]7+]KHZ (5)

where St; and St are the total concentrations (protonated and
unprotonated) of site S; and S,, respectively; ¢+ and o, are the
fractions of the protonated surface sites. Fig. 6 demonstrates the
surface speciation for all three acid sites at various pH levels.

3.4.3. Modeling As(V) adsorption data with a speciation-based
multisite Langmuir isotherm

As the FTIRresults indicated that arsenate formed a monodenate
complex with NanoActive alumina, the surface electrostatic effects

Table 1

Surface site density and acidity constants of NanoActive alumina.

Sample Surface site parameters Si S, S3 IEP

NanoActive alumina ' (10-*molg") 6.22 + 0.46 3.75 £ 0.22 3.09 + 0.11 8.0
pKu 3.63 + 0.10 6.52 + 0.09 10.28 + 0.08
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Table 2

Parameters obtained through modeling.

Site Si Szs R
log Ks; log Ks» log Ksa log Kss log Ksg log Ks7 log Ksg log Ksg

NanoActive alumina 3.98 +£0.13 6.33+0.11 537+0.12 4.85+0.14 NA 6.18+0.29 717 £0.35 6.93+0.34 0.471
3.98 +£0.13 log Ks2.456=5.82+0.11 log Ks789=8.86+0.24 0.122

on arsenate adsorption were not considered in our model and the
formation of mononuclear (1:1 stoichiometry) surface species was
proposed in developing the model [42,44,45]. A model for arsenic
adsorption on a single site has been developed by Wang et al. [45].
As discussed above, the protonated surface acid sites S; and S,
on NanoActive alumina were hypothesized to be the surface sites
responsible for arsenate adsorption, the multisite model in a system
with two different types of sites was as follows:

q — a1t ZQmax,lKAllAs(V)]D qmax,2KA2[AS(V)]D
At T AATTIAT T K AS(VIp 1+ Kaa[As(V)]p

where a0 =total adsorbed arsenic concentration, qmax,1 =
Sti, 9max,2 = S125

(6)

Ka1 = a1 (a1 Ksq + aaKsp + a3Ks3)

Kaz = a4 (a1 Ksgq 4 apKss + a3K5s6)

Ks1, Ksp and Ks3 are adsorption constants of HyAsO,~, HAsO42-,
and AsO43~ on surface acid site S;, respectively. Ks4, K55 and Ksg are
adsorption constants of HyAsO4~, HAsO42~, and AsO43~ on surface
acid site S,, respectively. [As(V)]p is the concentration of arsenate
in the solution at equilibrium.

o1, 0 and a3 are fractions of arsenic species HyAsO4~, HAsO42—,
and AsO,43 in solution, respectively.

oy = > . [H*]Kar 7
[H*]" + [H"]"Ka1 + [HT K1 K2 + Ka1 Ko Koz

oy = 5 . [H"]Ka1 Kao )
[HTT” + [H ] Kar + [H"]Ka1Kaz + Ka1Ka2Ka3

o = Ka1Ka2Kq3 (9)

[H*]® + [H' ’Ka1 + [H* [Kq1Kaz + K1 Kea K3

where K1, K2, K3 are the dissociation constants of arsenic acid.

The modeling results were reasonable, but not ideal, for reflect-
ing the experimental data under alkaline pH conditions. Based on
observation of the adsorption data, we hypothesized that the sec-
ond acid sites, S,, are composed of two types of arsenic adsorption
sites, weak sites (S ) and strong sites (S,s), following the practice
of many researchers [46,47]. Here, it was assumed that a certain
percent (R) of surface acid sites S, are strong sites. Therefore, the
Eq. (6) was modified to be:

q = QA 1+GA 24 — Gmax,1Ka1[As(V)]p | gmax,2Ka2[As(V)]p
Aot T ERTTIRETERS T T KAV T+ Kaa[As(V)I

qmax,3Ka3[As(V)]p

1 +KA3[AS(V)]D (10)

where  gmax,1 =S11.  Gmax2 = (1 =R)x S12,  Gmax,3 = Rx 512,
Kpsz =02+ (1 Ks7 + 2 Ksg + a3Ksg), and Ks7, Ksg and Ksg are the
adsorption constants of HyAsO4~, HAsO42~ and AsO43~ on the
strong sites S,s, respectively. R is the ratio of strong sites S, to total
acid sites S, and its value was obtained from modeling. Compared
to the original Langmuir isotherm, the Eq. (10) includes the pH
effect on the surface site speciation and arsenic speciation, and the
competitive effect of different arsenic species for the same surface
site.

Theoretically, there should be nine adsorption constants related
to the adsorption of three arsenic anion species to three surface
sites. In the process of modeling, it was found that adsorption of
AsO4>~ on sites S; and S,y was very limited. The limited adsorp-
tion of AsO43~ on sites S; may be associated with the fact that no
protonated S; sites were present when AsO,43~ anions were dom-
inant in the solution. The negligible adsorption of AsO43~ on sites
S,w may be due to the weak affinity of AsO43~ for S,y sites. There-
fore, only eight parameters, including seven adsorption constants
Ks1, Ks2, Ksy, Kss, Ks7, Ksg, Ksg and R, were used as the adjustable
parameters. The values of these parameters were determined by
curve fitting with NLREG program and are summarized in Table 2.

The magnitudes of Ks,, Ks4 and Kss were similar, and Ks7, Ksg
and Ksg were similar for NanoActive alumina. Although Ksg is not
important for acid site S,yy, in order to simplify the model, we
assumed that Ks; = Ksq = Ks5 = Ksg and Ks7 = Ksg = Ksg. There are only
three empirical adsorption constants in this model, K51, Ks4 and Ks7.
With this idea in mind, the Eq. (10) was further modified to be:

Stia14(a1Ks1 4+ a2Ks4)[As(V)]p
1+ a1 (@1Ks1 + @2Ks4)[As(V)]p

qatot =

(1 = R)Smpa2 Ksa(ay + az + a3)[As(V)]p
1+ oz Ksg(og + a2 + a3)[As(V)]p

RStya2, Ks7(0r1 4+ ap + a3)[As(V)]p
1+ Ks7(a1 + az + a3)[As(V)]p

(11)

The values of these three adsorption constants and R were deter-
mined with the NLREG program and given in Table 2. This study
found that the model with four adjustable parameters could
simulate the adsorption data as satisfactorily as that with eight
parameters. The ability of the speciation-based model, with only
four adjustable parameters to describe arsenate adsorption on
NanoActive alumina, is depicted with solid lines in Fig. 3. This model
could describe the adsorption data very well over a wide pH range
of 1-10 and a wide arsenic concentration range. Since the pKy;
of arsenic acid is 2.3 [29], the total fraction of anionic species of
arsenic, o1 + oy + 3, is ~1 when pH is greater than 3. As aresult, the
Equation [11] can be further simplified during practical application
when pH is greater than 3:

St1a14(@1Ks1 + aaKsq)[As(V)]p
1+ a1y (a1Ks1 + a2Ksq)[As(V)]p
(1 = R)Sp0r2, Ksa[As(V)]p
1+ ap Ksq[As(V)]p

RS2+ Ks7[As(V)]p
1+ a1 Ks7[As(V)]p

das,tot =

(12)

Based on the field water pH and arsenic concentration, the total
adsorbed arsenic concentration by the sorbent at equilibrium can
be calculated using Eq. (12). Therefore, the total bed volumes of
water to be treated can be calculated under normal operating con-
ditions. This model can also be conveniently used to predict impacts
of sudden pH changes on the treatment performance, avoiding the
leaching of adsorbed arsenic to the treated water. Therefore, this
model is a useful tool for the design and operation of arsenic treat-
ment systems based on the field water quality condition.



X.-H. Guan et al. / Journal of Hazardous Materials 166 (2009) 39-45 45

4. Conclusions

The arsenate adsorption envelopes on NanoActive alumina
exhibited broad adsorption maxima when the As(V) loading was
less than 50 mg g~! sorbent. As the initial As(V) loading increased
to 50 mg g~ sorbent, a distinct adsorption maximum was observed
at pH 3.2-4.6. FTIR spectra revealed that monodentate complexes
were formed upon the adsorption of arsenate on NanoActive alu-
mina over the entire pH range and arsenic loading conditions
examined in this study. A speciation-based adsorption model was
developed. This model can well describe arsenic adsorption on
NanoActive alumina in a broad pH range from 1 to 10, and a wide
arsenic loading range from 0.5 to 50mgg~' adsorbent with only
four constants. Modeling results suggested that there are three
types of sites on an alumina surface that are responsible for arsenic
adsorption. This model offers a substantial improvement and sim-
plification over existing models by simultaneously quantifying the
effects of pH and arsenic concentration on arsenic adsorption, and
consequently has great field application potential.
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