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Abstract: This study focuses on evaluating the feasibility of using pore surface
diffusion model (PSDM) to successfully predict arsenate breakthrough curves
of continuous flow packed columns containing granulated activated carbon
modified with iron (hydr)oxide. Two different treatment methods were used to
synthesize modified granulated activated carbon media (M-GAC): (i)
Fe(III)=alcohol treatment method (M-3–15), and (ii) KMnO4=Fe(II) treatment
method (Mn-0.5–15). Adsorption capacities were obtained and fitted by Freun-
dlich isotherm model (q ¼ K � C

1=n
E ) for initial arsenate concentration of 120 mg

As(V)=L at either pH ¼ 7.3� 0.1 for M-3–15 or pH ¼ 8.3� 0.1 for Mn-0.5–15
in 10 mM NaHCO3 buffered ultrapure water. Short bed adsorber (SBA) columns
tests were conducted at the same water quality condition as the batch experiments
and used to validate the PSDM.
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INTRODUCTION

Arsenic is a commonly occurring Class A human carcinogen and toxic
element in natural waters (1). As such, USEPA and other environmental
and health agencies throughout the world have regulated its presence in
drinking water by establishing a maximum contaminant limit (MCL) of
10mg=L (2–4). However, this presence of arsenic in aquifers and drinking
water has become an evolving concern in the last decade due to the need
to develop new or modify the old technologies to achieve the treatment levels
required by the new regulations.

Modified granulated activated carbon (M-GAC) with many metal
(hydr)oxides have been evaluated as media to remove arsenic from water
in many studies (5–8). However, use of the homogeneous surface
diffusion model (HSDM) or pore surface diffusion model (PSDM),
which have been initially developed for homogeneous media such as
GAC, to simulate arsenate breakthrough of a packed-bed adsorbent col-
umn containing M-GAC has not been shown (9–14). Such models are
useful because they provide mechanistic insight and predict capabilities
using limited data (isotherms and=or small column tests) instead long
duration pilot tests. The goal of the study was to evaluate the feasibility
of using the pore surface diffusion model to successfully predict arsenate
breakthrough curve of a continuous flow adsorber column packed with
modified granulated activated carbon modified. To achieve the goal of
the study several tasks had to be completed:

(i) synthesize modified granulated carbon using same amounts of GAC
and iron;

(ii) characterize the media;
(iii) conduct isotherms experiments;
(iv) conduct short bed adsorber (SBA) column tests; and
(v) validate the PSDM using the experimental data and predict the

performance of a full-scale system using validated PSDM.

EXPERIMENTAL APPROACH

Material Synthesis and Characterization

Lignite based GAC (HD-3000, US mesh 8� 30, NORIT Americas Inc.,
USA) was impregnated with iron (hydr)oxide using two different chemical
synthesis techniques. In the first technique, GAC is pretreated with KMnO4

and then treated with Fe(II)=water solution to form ferric (hydr)oxide (15).
In the second technique Fe(III) precipitates as iron (hydr)oxide under
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alkaline conditions. HD-3000 GAC was selected as base support material
because of its macroporous structure, large pore volume, and low cost of lig-
nite coal (16). Both M-GAC media were synthesized using solutions with
same iron concentrations and same amount of virgin GAC.

In general, 50 g of air-dried GAC were mixed with 500 mL KMnO4 in
1 L amber glass bottles with Teflon caps at 30 rpm with 0.5 N MnO4

�

and for a period of 15 minutes. Treated GAC was decanted and rinsed
repeatedly with ultrapure water (<1mS=cm) until no purple color was
observed. The pretreated resin was then contacted with 1 M solution of FeS-
O4� 7 H2O for a period of 6 hours to oxidize the Fe(II) and precipitate the
iron (hydr)oxide. During Fe(II) oxidation by the oxidized forms of manga-
nese (e.g. Mn4þ ), Hþ is generated resulting in pH decrease. To remove
excess protons and iron (hydr)oxide precipitate, the product was repeatedly
rinsed and soaked overnight in a solution of 1% NaHCO3 in distilled water,
and stored wet. The synthesized media were termed Mn-0.5–15 M-GAC.

A modified form of a proprietary synthetic method, developed by
SolmeteX, using a solution of anhydrous FeCl3 in alcohol was used to
synthesize the modified GAC by precipitation of Fe(III) as iron
(hydr)oxide under alkaline conditions (17). Synthesis involved mixing
of 50 g of air dried GAC (US mesh size 8� 30) with 500 mL of 1 M
Fe(III)=alcohol solution in 1 L amber glass bottles with Teflon caps at
30 rpm for a period of 15 minutes. The iron impregnated GAC was
filtered under suction and than vigorously mixed with a 7.5% NaOH
solution for 15 minutes to form a precipitate. The product was repeatedly
rinsed with distilled water to lower the pH and remove excess precipitate.
The synthesized media were termed M-3–15 M-GAC.

After the synthesis, all fabricated materials were air dried, crushed,
and sieved using US mesh 40� 60, and stored wet. The iron content of
the synthesized materials was quantitatively determined by acid digestion
in concentrated HNO3 and 30% H2O2 (US EPA SWA 846, Method
3050B) followed by Flame-Atomic Absorption Spectroscopy analysis
(Varian Spectra 50B) (18). Before the acid digestion, M-GAC media were
powdered and dried at 104�C to constant mass to remove any moisture.
Scanning Electron Microscope (SEM) techniques were employed to
determine the size and shape of the crushed M-GAC particles (XL 30
by FEI). The densities and porosities of the synthesized media were eval-
uated following a procedure described in Sontheimer et al., (11).

Multi-Point Equilibrium Adsorption Experiments

In order to predict the arsenate breakthrough, the pore surface diffusion
model (PSDM) requires Freundlich isotherm parameters as input to

3156 K. D. Hristovski

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



describe the adsorption capacity of the media. Therefore, multipoint
equilibrium adsorption experiments were conducted at pH ¼ 7.3� 0.1
and 8.3� 0.1 (Final pH values) for M-3–15 M-GAC and Mn-0.5–15
M-GAC, respectively. The batch experiments were conducted in
500 mL HDPE bottles (Nalgene) in the presence of 10 mM NaHCO3 buf-
fered ultrapure water. The initial arsenate concentration was � 120 mg=L
As (V) and the adsorbent dosages were ranging between 0.09 and 3.5 g
dry M-GAC=L. Samples were continuously agitated for 3 days prior to
filtering the M-GAC media through 0.8 mm acetate membrane filter.

Isotherms were developed for arsenate adsorption and analyzed
using the Freundlich adsorption isotherm model (Equation 1).

q ¼ K � C
1
n

E ð1Þ

Where q is adsorption capacity (mgAdsorbate=g Adsorbent), K is the Freun-
dlich adsorption capacity parameter (ðmg Adsorbate=g AdsorbentÞ�
ðL=mg AdsorbateÞ1=n), CE is the equilibrium concentration of adsorbate in
solution (mg Adsorbate=L), and 1=n is the Freundlich adsorption intensity
parameter (unitless).

Modeling Arsenate Breakthrough in Continuous Flow Columns

Initial estimates for the external mass transport coefficient were based on
the Gnielinski correlation (11):

kf ¼
½1þ 1:5ð1� eÞ� �Dl

dp
� ð2þ 0:644�Re1=2 � Sc1=3Þ ð2Þ

Re ¼ ql � U� dp � vl

e� ml

ð3Þ

Sc ¼ ml

ql �Dl
ð4Þ

Constraints: Re� Sc > 500; 0.6� Sc� 104; 1�Re < 100; 0.26 < e< 0.935.
kf is the external mass transport coefficient (calculated

kf� 5.5� 10�3 cm s�1 for M-3–15 M-GAC; kf� 6.2� 10�3 cm s�1 for
Mn-0.5–15 M-GAC); Re is the Reynolds number (unitless); Sc is the
Schmidt number (unitless); dp is the adsorbent particle diameter
(dp ¼ 0.6� 10�3 m); Dl is the free liquid diffusivity for arsenate
(Dl ¼ 9.05� 10�10 m2 s�1) (19); e is the bed void fraction (e� 0.384
for M-3–15 M-GAC; and e� 0.308 for Mn-0.5–15 M-GAC); ml is
the dynamic viscosity of water at 20�C (1.002� 10�3 N s m�2); ql is the
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density of water at 20�C (ql ¼ 998.2 kg m�3); U is the particle shape fac-
tor (U ¼ 1.2); vl is the liquid superficial velocity (vl� 3.45� 10�3 m s�1).

Because M-GAC is very porous (the particle porosity eP � 0.78),
pore diffusion was the assumed dominant intraparticle mass transport
over the surface diffusion, and the impact of surface diffusion was
assumed negligible. As suggested by Sontheimer et al. (11), the pore dif-
fusion coefficient was estimated using Equation (5):

DP ¼
eP �Dl

s
ð5Þ

The tortuosity was estimated using the correlation suggested by Mackie
and Meares (Equation 6) for electrolyte solutions (20):

s ¼ ð2� ePÞ2

eP
ð6Þ

Where s is the toruosity factor; and eP is the particle porosity. The
estimated toruosity value was s� 1.91, which resulted in estimated value
for the pore diffusion coefficient of DP� 3.67� 10–6 cm2 s�1.

The pore and surface diffusion model (PSDM) was used to provide
initial predictions of the arsenate breakthrough curve (9,12,21). PSDM
is a dynamic packed bed model that incorporates a set of assumptions
and governing partial differential equations describing the adsorber
dynamics in a packed bed setup. PSDM simulations were conducted
using AdDesignSTM software (Michigan Technological University) (22).

To validate calculated kf and DP values, a short bed adsorber (SBA)
test was conducted. SBA tests are continuous flow column experiments
with a packed bed sufficiently long enough to describe dissolved pol-
lutant mass transfer zone (14,23,24). The initial model estimates predicted
that a SBA column with diameter of 1.1 cm, bed depth of �2.8 cm, and
M-GAC particle size of 600 mm should be sufficiently long enough to
describe dissolved pollutant mass transfer zone at loading rate of
�5 L m�2 s�1, initial arsenate concentration C0 � 125 mg L�1 and tem-

perature of 20�C. Such loading rates are typical for full scale fixed bed
column absorbers (17,25,26).

For the SBA test, a 2.8 cm deep adsorbent media bed was packed
atop a support of quartz sand and metal support screen in a glass column
with diameter (dColumn) of 1.1 cm (Ace Glass). Glass beads were placed
above and below to provide evenly distributed flow. The SEM analysis
of the sieved adsorbent media suggested that the particle sizes generally
ranged from approximately 400 to 800 mm so mean particle size of
600 mm was used in the calculations, which provided dColumn=dp ratio of
� 36. According to Benenati and Brosilow (27) and Chu and Ng (28),
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the wall effect on the mass transfer can be neglected for dColumn=dp ratios
>20. Since a minimum of 30 mL of sample volume was needed to con-

duct the necessary analyses, effluent from the SBA test was collected in
�20 bed volume (BV) sample aliquots.

The relative importance of internal and external mass transport
resistance was evaluated by estimating the pore (BiP) Biot numbers using
the relationship given by Sontheimer et al, (11):

BiP ¼
kf � dP

2�DP
ð7Þ

Where dP is the arithmetic mean of the media (cm).
The maximum number of bed volumes that could be treated with the

media was estimated using the relationship given by Sontheimer et al.,(11):

BVMAX ¼
q0 � qBED

C0
� 1000 ð8Þ

where qBED is the bed density of the media in the packed bed (g cm�3), and
the multiplication factor result from unit conversion.

The PSDM was used to simulate the performance of full scale fix bed
systems operating at 12 m3 m�2hr�1, and different empty bed contact
times (EBCTs) (20, 40, and 80 minutes). To maintain the same loading
rate, the length of the packed bed was changed to achieve the desired
EBCTs. The modeling was conducted with realistic values of
C0 ¼ 25 mg L�1. Since the external mass transport is a function of the
loading rate and the particle size, kf was recalculated for dp ¼ 1 mm
and U ¼ 1.2 using Equation (3). The water chemistry, pH, and bed
porosity were assumed the same as ones used in the SBA test.

Arsenic and Iron Analysis

Arsenate and iron concentrations in the effluent were analyzed using
a graphite furnace atomic absorption spectrophotometer (GF-AAS)
Varian Zeeman Spectra 400 (29).

RESULTS AND DISCUSSION

Material Characterization

The iron content of the M-3–15 M-GAC and Mn-0.5–15 M-GAC was 9%
and 16% implying that greater iron content can be obtained via the
KMnO4=Fe(II) method although both media were synthesized using solu-
tions with same iron concentrations and same amount of virgin GAC.
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The equilibrium adsorption experiments revealed that Mn-0.5–15
M-GAC has greater adsorption capacity than the M-3–15 M-GAC even
though the experiments for Mn-0.5–15 M-GAC were conducted at higher
pH (Fig. 1). The adsorption capacity (K) parameter for Mn-0.5–15,
which was 47.3 (mg As=g dry media)(L=mg As)1=n, in comparison to the
adsorption capacity parameter of M-3–15 M-GAC, which was 10.6 (mg
As=g dry media)(L=mg As)1=n, illustrates this greater capacity. The Freun-
dlich intensity parameters were 1=n < 0.66 for both media, correspond-
ing to favorable adsorption.

The SEM analysis revealed that the crushed M-GAC particles gener-
ally ranged from approximately 400 to 800 mm so mean particle size of
600 mm was used in the calculations. The estimated particle porosity of
both media was eP� 0.78, and the estimated material densities were
qM� 2.00� 0.15.

Continuous Flow Column Tests and Adsorption Modeling

Figure 2a presents the data and PSDM prediction for arsenate break-
through in the SBA test conducted with M-3–15M-GAC at loading rate
of 3.5 L m�2 s�1 (5.1 gal min�1 ft�2; Re� Sc� 7,150) and initial arsenate
concentration C0(As)� 130 mg L�1. As illustrated, rapid breakthrough
occurred initially due to the short bed depth, reaching 50% breakthrough
(C=C0� 0.5) at approximately 70 bed volumes (BV). A complete break-
through (C=C0� 0.95) was reached much later, at approximately 4,250

Figure 1. Equilibrium adsorption experiments for M-3–15 M-GAC and Mn-0.5–
15 M-GAC adsorbent media in 10 mM NaHCO3 buffered ultrapure water
(Contact time ¼ 3 days; C0-As(V) � 120mg L�1).
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BV. The initial rapid breakthrough was expected as the adsorption sites
located on the outermost surfaces of the particle become quickly occu-
pied with arsenate, and the only available sites are located inside the

Figure 2. PSDM prediction (line) and experimental data (open symbols) from the
SBA tests for (a) M-3–15 M-GAC adsorbent. (pHEffluent� 7.3� 0.1; C0-As(V)

�130mg L�1; 10 mM NaHCO3 buffered ultrapure water); and for (b) Mn-0.5–
15 M-GAC adsorbent. (pHEffluent�8.3� 0.1; C0-As(V) � 121mg L�1; 10 mM
NaHCO3 buffered ultrapure water).
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media particle. Later, the gradual breakthrough (approximately 600 BV)
occurs as the intraparticle mass transport becomes more limiting due to
the longer time necessary for arsenate to diffuse inside the media particle.

Figure 2b presents the data and PSDM prediction for arsenate
breakthrough in the SBA test conducted with Mn-0.5–15 M-GAC.
Although the arsenate breakthrough curve for Mn-0.5–15 exhibited simi-
lar pattern when compared to the breakthrough curve of M-3–15, 50%
breakthrough (C=C0 ¼ 0.5) occurred much later at approximately 500
BV. A complete breakthrough (C=C0 ¼ 0.95) also occurred much later
at approximately 13,000 BV. The later breakthroughs are expected con-
sidering that the Mn-0.5–15 M-GAC exhibited several times greater
adsorption capacity than the M-3–15 M-GAC.

Based upon the theoretically calculated values of kf� 5.5� 10�3 cm
s�1 and kf� 6.2� 10�3 cm s�1for M-3–15 M-GAC and Mn-0.5–15 M-
GAC, respectively, and DP� 3.67� 10–6 cm2 s�1 from equations 3 and
6, PSDM provided a good prediction (lines in Fig. 2) of the arsenate
breakthrough, and validated that the PSDM can be used to predict a full
scale system packed with both types M-GAC adsorbent.

The estimated pore Biot numbers BiP > 58 for both media. A Biot
number	 20 implies intraparticle diffusion controls the overall mass
transport of the system (11).

The iron trace analysis (MDL ¼ 1 mg Fe=L) of the effluent revealed
that no iron leached out of the M-GAC during the short bed column
tests. This suggests that the packed bed was stable and did not release
any iron.

Performance of Full-Scale Packed Bed Systems

Using the validated PSDM, predictions for arsenate breakthrough at
longer empty bed contact times (EBCTs) were simulated for a full scale
packed bed system (Fig. 3a and 4a). The number of bed volumes that
can be treated until the MCL goal of 10 mg=L As(V) (C=C0 ¼ 0.4) is
reached increases with increasing EBCT. For M-3–15 M-GAC, the
PSDM predicts that approximately 1,240 BV can be treated at EBCT
of 20 min, while this number is approximately 4,150 BV for Mn-0.5–15
M-GAC, which is significantly greater. With doubling of the EBCT to
40 minutes, the model predicts that M-3–15 M-GAC and Mn-0.5–15
M-GAC can treat approximately 1,290 BV and 4,700 BV, respectively.
At EBCT of 80 min, the number of bed volumes that can be treated is
approximately 1,320 BV for M-3–15 M-GAC and 4,970 BV for Mn-
0.5–15 M-GAC and it is approaching the maximum number of bed
volumes that can be treated which were estimated using equation 8.
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For M-3–15 M-GAC, the estimated number of bed volumes that can
be treated was BVMAX� 1,350 BV, while this number was
BVMAX� 5,200 for Mn-0.5–15 M-GAC. The greater number of bed

Figure 3. Arsenate breakthrough predictions at EBCTs of 20, 40, and 80 minutes
for a simulated full scale packed bed system expressed as bed volumes (BV)
treated for evaluated M-GAC (C0-As(V) � 25mg L�1).
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volumes treated that can be achieved with Mn-0.5–15 M-GAC is directly
related to the greater adsorption capacity of this media in comparison to
M-3–15 M-GAC.

Figure 4. Arsenate breakthrough predictions at EBCTs of 20, 40, and 80 minutes
for a simulated full scale packed bed system expressed as liters treated per gram
dry media for the evaluated M-GAC (C0-As(V) � 25 mg L�1).
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Figures 3b and 4b illustrate the arsenate breakthrough prediction
expressed on the basis of liters of treated water per g dry media, which
can be used to compare the performance of the media with other com-
mercially available media when evaluated using column tests under simi-
lar conditions. As illustrated in Fig. 3b, approximately 3.5 L (or 87.5 mg
As) can be treated per g of dry M-3–15 M-GAC media, which is at least
an order of magnitude lower than the reported values reported by
Barduzzaman et al. (25), Badruzzaman (30), and Westerhoff et al. (26)
for commercially available GFH and E33 even when these media are
tested in waters that contain ions competing with arsenate for available
adsorption sites. However, although lower, the value of 12.2 L (or
305 mg As) that can be treated per g of dry Mn-0.5–15 M-GAC media,
is comparable with the lower values of the range reported for the com-
mercially available media which is from 300 mg to 11 mg As per g of
dry media (25,26,30,31).

When engineering a packed bed adsorber, it is critical to be able to
capture the mass transfer zone (MTZ) within the packed bed. Shorter
mass transfer zone would reduce the EBCT and contribute to increase
the number of bed volumes treated. Since pore diffusivity controls the
overall mass transport, media with greater porosity would increase the
overall mass transport and shorten the MTZ. Another approach is to
reduce the particle size of the media which would shorten the path of
arsenate inside the pores of the media thus, but also increase the external
mass transport. This, however, can contribute to operational issues such
as increased head loss, channeling, or even clogging of the packed bed.

CONCLUSION

The study demonstrated that the pore surface diffusion model can be
successfully used to predict the performance of a packed bed adsorber
column containing media with heterogeneous surface such as iron
(hydr)oxide modified GAC. The arsenate removal performance of
M-3–15 M-GAC did not compare well with the performance of commer-
cially available media for arsenate treatment such as GFH or E33 even
when these media are tested in waters that contain ions competing with
arsenate, while the performance of Mn-0.5–15 M-GAC was slightly lower
but comparable to commercially available media. The study emphasized
that the adsorption capacity of the media is the crucial factor in determin-
ing the overall ability to remove arsenate in a packed-bed column setup.
The full-scale packed bed simulation was significantly easier and faster
than producing large quantities of media, which would be necessary to
conduct long term pilot tests.
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