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Arsenic sorption onto titanium dioxide, granular ferric
hydroxide and activated alumina: Batch and dynamic studies

MAIA R. LESCANO', CLAUDIO PASSALIA??, CRISTINA S. ZALAZAR"? and RODOLFO J. BRANDI"?

YINTEC (UNL-CONICET), Santa Fe, Argentina
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3CONICET, Faculty of Engineering and Hydric Sciences, Santa Fe, Argentina

The aim of this work was to evaluate and compare the efficiencies of three different adsorbents for arsenic (As) removal from water:
titanium dioxide (TiO,), granular ferric hydroxide (GFH) and activated alumina (AA). Equilibrium experiments for dissolved
arsenite and arsenate were carried out through batch tests. Freundlich and Langmuir isotherm models were adopted and their
parameters were estimated by non-linear regressions. In addition, dynamic experiments were performed in mini fixed bed columns
and breakthrough curves were obtained for each combination of sorbate/adsorbent. Experimental results obtained by column assays
were compared with predictions of well-known breakthrough models (Bohart-Adams and Clark). Results indicate that As(V) is
more easily adsorbed than As(IIT) for AA and GFH, while TiO, has a similar behavior for both species. The titanium-based material
is the most efficient adsorbent to carry out the process, followed by the GFH.

Keywords: Adsorption columns, adsorption isotherms, arsenic removal, breakthrough curves.

Introduction

The occurrence of dissolved arsenic in groundwater is a
major issue in many countries throughout the world.['*
Long-term human exposure to arsenic is associated to a
variety of health diseases.”® Accordingly, the World
Health Organization!” has established a guideline for arse-
nic in drinking water of 0.01 mg L™".

The main aqueous species of arsenic in groundwater are
the inorganic forms arsenite (As(III)) and arsenate (As(V))
and their relative abundance is essentially dependent upon
pH and redox conditions. Arsenite is the dominant form
in typical anaerobic groundwater and is more toxic than
the oxidized species.

There are a large number of water treatment technolo-
gies for arsenic removal that have been developed and dis-
cussed in the literature. Among them, adsorption is the
most employed technology because of its relative low cost,
simple implementation and operation keeping high
removal efficiencies.® 1% The selection of an appropriate
adsorbent for arsenic removal and its efficiency depends
on the existing range of concentrations, the presence of
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other dissolved species and pH adjustment. There are pub-
lications that deal with arsenic species adsorption onto
titanium dioxide based materials, some of which present
high removal efficiencies.!'''*! On the other hand, iron
and aluminium oxides and hydroxides have also been
assayed, being suitable for arsenic removal from
water.!*13 Activated alumina, for instance, seems to be
efficient only at pH values lower than the ones encoun-
tered in natural groundwater. The group of iron com-
pounds (oxides and hydroxides, including amorphous
hydrated ferric oxide (FeOOH) and goethite) shows high
removal efficiency and keeps a relative low cost when they
were compared with other adsorbents.

Arsenite (As(IIl)) exists in groundwater mainly as the
non-charged form of H3AsO;, while the dominant forms
of arsenate (As(V)) are H,AsO,~ and HAsO4*~. The nega-
tively charged species of As(V) have higher affinity than
non-charged As(III) species to the surface of different
adsorbents.!'*!”) Due to this fact, an oxidation step prior
to the adsorption process arises as an enhancement factor
of the overall arsenic removal efficiency. The oxidation
process of arsenic in water containing high levels of As
(I11) was addressed in some publications.['*2"

In the present work, three commercially available
adsorbents were completely tested in laboratory experi-
ments to assess their efficiency for As(III) and As(V)
removal from water. Titanium, aluminium and iron based
materials were employed to determine their adsorptive
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properties in stirred beakers (batch) and mini fixed bed col-
umns experiments. Through the batch tests assays, equilib-
rium adsorption isotherms could be determined. In
addition, employing mini fixed bed columns operated in
continuous, breakthrough curves could be represented for
each material providing key parameters concerning to the
design and scaling up of the process.

Material and methods

Chemicals and materials

Throughout the whole set of experiments (batch and col-
umn tests), 1000 mg L~ stock solutions of As(III) and As
(V) were prepared in ultrapure water (< 0.06 wS cm™")
from sodium (meta) arsenite (AsNaO,, > 99%, Sigma-
Aldrich, USA) and sodium arsenate dibasic heptahydrate
(Na,HAsO4.7H,O, 99 - 102%, Sigma-Aldrich, ACS
reagent) respectively. The desired arsenic concentration
for each run was obtained by fresh dilution of the stock
solution on a daily basis.

Three commercial adsorbents were tested: granular tita-
nium dioxide (TiO,, Adsorbsia As500, Dow Chemical
Company, USA), granular ferric hydroxide (GFH, Pro
H,0, USA) and activated alumina (AA, AxSorb A, Axens,
France). The main characteristics and physical properties
of the three materials are summarized in Table 1.

Experimental set-ups and procedures

Batch experiments. Adsorption equilibrium tests were car-
ried out in a batch system at room temperature using a
Jar-Test (Velp Scientifica, Italy) with four beakers
(1000 mL). Solutions with different arsenic concentration
ranging from 100 to 5000 pg L' were prepared by dilu-
tion of the stock solutions and 100 mg of adsorbent mate-
rial were added to each beaker. The pH of the solutions
was adjusted to 7 with dilute sodium hydroxide solution
and it was measured during the experiments. The mixing
speed was set at 200 rpm. The suspensions were stirred for
48-72 h until the arsenic concentration reached a constant
value, the equilibrium concentration.

Table 1. Characteristics and physical properties of the adsorbents.

Fixed-bed column experiments. Arsenic dynamic adsorp-
tion was tested in laboratory scale fixed bed columns for
the three materials. Pyrex glass columns (0.87 cm inner
diameter) were loaded with the adsorbents. Quartz wool
stoppers were placed at the bottom and top of the adsor-
bent bed (8.5 cm height) to keep the uniformity and pack-
ing of the column. A volumetric flow (10 mL min~"') of
arsenic solution (200 pg L") was circulated using a peri-
staltic pump (Cole Parmer, USA). The pH of the solution
was adjusted to 7 with dilute sodium hydroxide and it was
measured during the experiments at the outlet of the col-
umns. Samples were taken at even time intervals at the
outlet of the column until the breakthrough point was
reached, i.e., when the arsenic concentration began to rise.
The occurrence of the breakthrough point was considered
when the relative concentration C/Cy reached the value of
0.05. In this case, such concentration (0.01 mg L") repre-
sents the upFer limit established by the World Health
Organization!” as a guideline for drinking water.

Analytical methods

Arsenic concentrations were determined by atomic absorp-
tion spectrometry preceded by sample filtration with
0.45 pm Nylon filters (Microclar, Argentina), employing
a Perkin Elmer A Analyst 800 atomic absorption spectrom-
eter (ASS) equipped with a Perkin Elmer Model TGHA
graphite furnace.

Each analysis was repeated three times in order to
obtain the average value and its relative standard devia-
tion (%RSD). The RSD value of replicated samples of
each analysis was below 2.5%. The ASS calibration for
arsenic was carried out in the 2-200 pg L™' range using
standard arsenic solutions. The analytical procedure for
arsenic determination was conducted according to EPA
Method 200.9.*"! pH was controlled by HI 98127 Hanna
pHmeter (accuracy: +0.1)

Results and discussion

Adsorption isotherms

Adsorption isotherms are functional forms that describe
the solute concentration in equilibrium with a certain

Adsorbent
Granular Titanium Dioxide Granular Iron Hydroxide Activated Alumina
Active substance TiO, Fe(OH); — B-FeOOH Al,O3
Particle size (mm) 0.25-1.19 0.32-2.0 042-1.0
Bulk density (g mL™") 0.48 1.07 0.86
Specific area (m” g~ ") 200 280 320
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amount of adsorbent material in an aqueous suspension.
By the use of an isotherm, it is possible to evaluate if the
adsorption process is favourable or not to remove a spe-
cific solute and provide an estimated value of the maxi-
mum adsorption capacity. The two equations more widely
used to describe the relation between the adsorbed and
bulk concentrations of a substance are the Langmuir and
Freundlich isotherms.
The Langmuir isotherm can be expressed as:

bCyy
eq =Y9Ym 71~ 1
Tea =T pC,, M
and can be linearized as follows:
1 1 1
— + — (2)

Geq B meceq qm

where ¢., is the solid phase sorbate concentration in the
adsorbent (g g7'), Ce, 1s the sorbate equilibrium concen-
tration in the bulk solution (g L™"), 5 is the Langmuir
adsorption constant (L g~') and ¢,, is the maximum sorp-
tion capacity per unit mass of absorbent (g g~ ").

On the other hand, the Freundlich isotherm is an empiri-
cal formulation that can be expressed as:

Geq = Kcién (3)

or in its linearized form:
1
In goy =InK + Zln Ceq ()]

where K is a constant representing the adsorption capacity
and rn is related to the intensity of adsorption. Larger K
values denote a larger capacity, while a low » value is
related with stronger adsorption of the solute.

The parameters of Langmuir and Freundlich isotherms
were obtained through non-linear estimations. The values

Table 2. Estimated isotherm parameters.

Adsorbent
TiO, GFH AA
Isotherm As As As As As  As
(V) (i) (V) (1) (V) (M)
Freundlich K 0.346 0.021 0.065 0.085 0.051 0.033
n 1.683 5999 4965 3.222 2.890 2.639
R’ 0.999 0.987 0.964 0.975 0.931 0.983

Langmuir g¢n(gg~) 0.015 0.007 0.018 0.013 0.008 0.005
b(Lg™") 805.36 26843 58565 15967 2315 1423
R’ 0.993 0.704 0.992 0.997 0.993 0.997

Bolded values indicate best fittings.

Lescano et al.

of the two model coefficients are summarized in Table 2
for the three adsorbent tested and the two target species.

From the results shown in Table 2, it can be seen that the
adsorption isotherm obtained for both species, As(V) and As
(III), when TiO, is used, is better represented with Freundlich
model. On the other hand, the model that best fits the adsorp-
tion isotherm of As(V) or As(III) on granular ferric hydrox-
ide and activated alumina is the Langmuir model.

The results for batch tests are summarized in Figure 1,
which shows a representation of the different isotherms
with the obtained parameters for each tested adsorbent. In
Figure 1a, the experimental points and adsorption iso-
therm models for TiO, are depicted. Batch tests results for
GFH and AA isotherms (experimental data and models)
are shown in Figure 1b and Figure Ic, respectively.

As can be observed in Figure 1, As(V) is more efficiently
adsorbed onto granular ferric hydroxide and activated alu-
mina than As(III) in a wide range of As concentrations in
the liquid phase. On the other hand, the adsorption over
titanium dioxide based material is different from the other
adsorbents. At lower concentrations, As(III) is more easily
adsorbed than As(V), but at higher concentrations both
species show the same behavior even though As(V) shows
little better adsorption capacity than As(III). The follow-
ing discussion will be focused on the estimated adsorption
parameters only for As(V).

The adsorption isotherm parameters presented in Table 2
are comparable with the ones found in other published
arsenic adsorption studies. Even so, it is very complex to
compare directly the estimated isotherm parameters
because of the different conditions employed for the experi-
ments (pH, initial As concentration) or different kind of
adsorbents (particle size, superficial area) and type of water
used (groundwater, drinking water, distilled water).

There are a number of publications that have evalu-
ated the aqueous As(V) isotherm parameters for iron,
aluminium and titanium dioxide based materials under
different conditions.!'*!'*??! Dutta et al.,””*! Gosh and
Yuan,”¥ Singh et al.*¥ found Langmuir fitting values
of ¢,: 0.002, 0.011 and 0.009 g g’l, respectively for AA
under similar experimental conditions in comparison
with the present work. In the case of GFH, Sperlich
et al.l'" obtained a Freundlich fitting value of ¢, =
0.032 g g~! and Drichaus et al.!* obtained a Langmuir
fitting with a g¢,, value of 0.0085 g g~'. It can be seen that
the parameters related to maximum capacity obtained
from the present work (see Table 2) are in the same order
of the parameters found in other works employing similar
conditions.

The values of the adsorption parameters found in litera-
ture for TiO, based materials with Freundlich fitting are
different from our findings. The discrepancy is probably
due to differences in the superficial area of the adsorbents
and particle size. On the other hand, Nabi et al.'! and
Dutta et al.*? found a ¢,, value of 0.022 and 0.021 g g™,
respectively, with Langmuir fitting employing similar
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Fig. 1. Adsorption isotherms employing (a) TiO,, (b) GFH, (c) AA. Experimental data for As(V) (e) and As(III) (O). Models: Lang-

muir (——) and Freundlich (—).

conditions to our experimental setup. These values are in
the same order of the one obtained in this work employing
Langmuir fitting (0.015 g g~'). Because pH affects the
adsorption of arsenic, it was measured during all the
experiments and remained nearly constant at the adjusted
neutral pH.

Breakthrough curves and simulations

Adsorption experiments in mini fixed bed columns are
dynamic tests which, unlike batch assays, operate under
non-equilibrium conditions. A continuous flow feeds the
top of the column filled with the adsorbent, where the sol-
ute is transferred from the mobile liquid phase to the
solid phase (adsorbent bed). The progressive movement
of the adsorption zone within the bed of adsorbent can
be represented by the so called breakthrough curve, a
plot of the relative inlet concentration (measured at the
column outlet) as a function of time. The key parameter
emerging from a breakthrough curve is the breakthrough
point, i.e., the time at which the relative concentration
rapidly increases until bed saturation. Fixed bed columns
can be mathematically modelled from the first principles
of momentum and mass transport through a porous
media. Solutions to these balances under different
assumptions provide different models for breakthrough
curves. Among them, the model developed by Thomas is
usually employed. The expression found for Thomas

model considers a highly favourable isotherm (bC > > 1)
to give:

C 1
- = (%)
G 14 exp (W%X — kg, Cot)
The model can be linearized as follows:
Co kngoX
Inl—=-1]= — kg, Cot 6
n( C ) 0 mCo (6)

where Cj is the initial arsenic concentration (mg L"), k7,
is the kinetic constant (L mg~' min™"), ¢¢ is the maximum
solute concentration in the solid phase (g g7 '), Q is the vol-
umetric flow rate (mL min’l), X is the mass of adsorbent
in the column (g).

Another model was developed by Bohart-Adams
assuming a rectangular equilibrium isotherm. A simplified
version of this model is usually found as:

C 1
o= (7
0 l+exp (kBANO % — kg Cof)
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or in its linearized form:

C z
In <c0 - 1) — kypCot — kABNOUO (8)

where C, is the initial arsenic concentration (mg L"),
kg4is the kinetic constant (L mg~' min™"), Ny is the con-
centration of saturation (mg L™'), U, is the superficial
velocity (cm min~") and Z is the column height (cm).

The Bohart-Adams model can be thought as a limiting
case of Thomas model when the adsorption isotherm is
highly favourable.* On the other hand, Clark model
defines a different simulation approach of breakthrough
curves. It combines a Freundlich isotherm and the concept
of a mass transfer coefficient to give:

1

C 1 n=T
Co <1+Ae"> )
or in its linearized form:
C 1—n
In (g) - 11 =1In(4) —rt (10)

where Cj is the initial arsenic concentration (mg L"), 7 is
the Freundlich isotherm parameter; 4 and r are parame-
ters of the model.

It can be noticed that the simplified models of Thomas,
Bohart-Adams and Clark model for n =2 can be written
in the same mathematical equation:

< — 1 (11)
Co l+expla—pBr)

which is a form of the logistic function with a sigmoid
shape, typical of the breakthrough curves.

Breakthrough models provide information to perform
the scaling-up of the adsorption columns. By using the
mathematical expressions of these models, a comparative
performance analysis of the different adsorbent materials
can be made, together with a few additional parameters.

Lescano et al.
For instance, the degree of saturation'?” is defined by:

ZdS
DS=1—f Z"

(12)

and gives an idea of the saturation of the column. In the
above equation, Z,4 is the length of the adsorption zone
and /" is the fractional capacity of the adsorption zone:

Zon=7 t(tE_lB) —7— (tr — 1)
o (1— C%)dt I (1— C%)dtJrf(tE—tB)
(13)
1 c
= 1——|d 14
/ (fE—fB)/rB < C0>t (9

In Eqgs. 13 and 14, the relative concentration C/Cy can
be put in the analytical form given by the explicit models.
The breakthrough time (¢3) and the exhaustion time (7g) of
the columns are arbitrarily defined at 5% and 95% of the
inlet concentration, respectively.

Another simple but useful parameter is the total pollut-
ant removal:

1 [ C
Rr= (1 - F) dt (15)

e Jo 0

which constitutes a relative measure of the pollutant mass
removed.

The experimental datasets of As(III) and As(V) concen-
trations for mini fixed bed columns employing AA and
GFH were used in this work to simulate the breakthrough
curves employing Bohart-Adams model. Thomas model
has not been used due to the fact that it reduces to the
Bohart-Adams model for highly favourable isotherms
(this is the present case according to isotherm parameters
in Table 2). On the other hand, Clark model was used in
breakthrough curves simulations for TiO, because it is
more frequently used and more appropriate when a
Freundlich type isotherm gives a better equilibrium
description. The estimated parameters of Clark model for
the adsorption of both arsenic species onto the TiO, bed

Table 3. Estimated parameters of Bohart-Adams and Clark models.

GFH AA TiO,
Bohart-Adams As(V) As(III) As(V) As(III) Clark Model As(V) As(III)

Linearized Kpa (Lmg ' min~") 0.0435 0.0375 0.0245 0.031 InA 8.745 40.48
Ny (mg L") 87.81 74.89 194.0 72.51 r(h™h 0.672 2.964
R? 0.933 0.967 0.910 0.983 R? 0.944 0.923

Non-linear ~ Kp.a (Lmg ! min~") 0.0329 0.0302 0.0305 0.031 InA 6.625 68.93
Ny (mg L") 91.67 78.77 175.3 65.39 r(h™h 0.493 6.086
R? 0.952 0.971 0.932 0.989 R? 0.965 0.982

Bolded values indicate best fittings.
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are presented in Table 3. Also, it summarizes as well the
obtained estimated parameters of Bohart-Adams model
for the adsorption of both arsenic species onto GFH and
AA. According to the regression coefficients, the non-lin-
ear expression seems to give better fittings than linear
equations for both adsorbent and species.

A model validation is graphically performed for each
combination of adsorbent and arsenic species studied. The
non-linear fitting of Clark model (Eq. 9) and the experi-
mental data of adsorption onto TiO,, are shown in Fig-
ure 2a. The experimental breakthrough curve and the
Bohart-Adams model for GFH adsorbent are presented in
Figure 2b. Finally, Figure 2c depicts the fitting of Bohart-
Adams model when AA is used. As can be seen from Fig-
ure 2, experimental breakthrough points for As(V) (for all
the adsorbents tested) are placed at higher times than the
experimental points for As(III). Considering the experi-
mental results, it can be inferred that arsenate can be
removed from water and concentrations below the accept-
able guideline limit of 10 pg L' can be reached. In all
dynamic experiments, the pH of the solutions at the outlet
of the columns did not vary significantly from the initial
conditions. It is worth noting the different timescales and
relative concentration ranges in Figure 2b and Figure 2c,
an evidence of the higher adsorptive capacity of the GFH
bed compared to the AA. This result is consistent with
larger Ny values found for GFH, as it was presented in
Table 3. As can be seen in the figures, simulations of
breakthrough curves by Clark model for TiO, and the

Bohart-Adams model for GFH and AA provide satisfac-
tory results and predict fairly well the experimental data.
These findings are important for practical purposes,
because the first part of the curves determines the useful
capacity of fixed bed columns.*®

A comparative performance analysis of different
adsorbents was made, using predicted breakthrough
curves by the adjusted models. The parameters 5, DS and
Ry were calculated for both species and are presented in
Table 4.

It can be seen that AA is the least efficient material in
comparison with the other two adsorbents: for As(V) it
has the shortest breakpoint time and a low degree of sat-
uration; for As(IlI) it is practically useless. On the other
hand, TiO, shows the longest breakthrough time and
degree of saturation, for both arsenic species. From the
results obtained in our batch tests, As(IIl) is slightly
more easily adsorbed on TiO, than As(V), as it can be
seen in Figure 1. On the other hand, Figure 2 (dynamic
experiment), shows larger breakthrough times for As(V)
suggesting a better adsorption when it is compared to
As(III). Nevertheless, other performance parameters
calculated indicate that the column is better used for
As(III).

The total As(IIT) removal is 91.5%, while the total As(V)
is 71.8%; besides, the degree of saturation is also larger for
As(III). Finally, the breakthrough times only differ by less
than 8%. It can be concluded from these results that the
performance of TiO, for both As species is very similar. In

04 05
(a) (b)
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5 o’ & 03
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Fig. 2. Experimental and simulated breakthrough curves for (a) TiO,, (b) GFH, (c) AA. Experimental data for As(V) (e) and As(II)

(O). Model: Clark (—); Bohart-Adam:s (

).
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Table 4. Calculated column adsorption performances from breakthrough models.

GFH AA TiO,
As(V) As(I) As(V) As(III) As(V) As(II)
Breakthrough time tg (h) 53 32 2.8 — 9.6 8.9
Degree of saturation, DS (%) 41.6 25.8 28.4 — 61.5 91.1
Total As removal, Rt (%) 62.6 56.9 57.8 37.3 71.8 91.5

between the performance of TiO, and AA there is the
GFH, with lower breakpoint times and saturation degrees
than TiO,. Besides, GFH is more efficient for As(V)
removal. Also, the results concerning to the total As
removal (%), calculated by Eq. 15, are consistent with the
experimental and model data with higher values for TiO,
adsorbent.

Conclusions

A complete adsorption study for As(III) and As(V)
removal from aqueous medium was performed. Three
commercial adsorbents were tested: titanium dioxide,
granular ferric hydroxide and activated alumina.

Adsorption isotherm assays and dynamic experiments
were conducted for the two arsenic species and the three
adsorbents tested. Langmuir and Freundlich models were
applied and their parameters were satisfactory estimated.
Freundlich model showed a better correlation for As(III)
and As(V) adsorption on TiO, surface, while Langmuir
isotherm better represents the experimental data for GFH
and AA for both arsenic species.

Experimental breakthrough curves were obtained and
two mathematical fixed bed sorption models were applied.
The Bohart-Adams model represented accurately the
experimental data for GFH and AA, while the Clark
model better represents the experimental data for TiO,.
Both models rendered satisfactory predictions of the
breakthrough curves.

According to all the experiments carried out in these
work, it can be concluded that the employed titanium-
based material seems to be the most suitable adsorbent to
perform the process, followed by the granular ferric
hydroxide. It is important to mention that it would be nec-
essary in a future work, to study the effect of different ions
that are usually present in natural waters that may com-
pete with arsenic species in the adsorption process.
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