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Low-cost, chemically activated carbon materials, Pellet-600 and PVA-300, were prepared at relatively low
temperatures and show more effective removal efficiency of Cr(VI) from water than commercially available
activated carbons tested. The Pellet-600 is a pelletized carbon material with high mesoporous volumes
and surface area, and the PVA-300 is composed of a high surface area carbon coating on a fiberglass mat

substrate. A much faster adsorption kinetics and a much higher adsorption capacity for Cr(VI) are achieved

Keywords:

Chromium (VI) removal
Activated carbon
Porous materials
Chemical activation

by the Pellet-600. At very low concentrations of Cr(VI), the PVA-300 displays a strong adsorption ability
for Cr(VI). XPS data show an increase in the atomic ratio of Cr/C and oxidation of carbon materials after
adsorption of Cr(VI). These results suggest that a high content of mesopores with a high surface area and
surface functional groups greatly improve the Cr(VI) removal efficiency from water.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Chromium (Cr) compounds are widely used in industry such
as electroplating, metal finishing, leather tanning, pigments, etc.
The predominant use of chromium in industry unfortunately intro-
duces an environmental concern. Cr exists almost exclusively in the
Cr(Ill) oxidation state or in the Cr(VI) oxidation state. In the environ-
ment Cr(III) is typically not a problem, its relative toxicity is low. In
contrast, Cr(VI) compounds are toxic chemicals and genotoxic car-
cinogens [1]. Thus, the presence of Cr(VI) ions in the environment
is posing serious problems and causing great public concern [2,3].
Currently, the United States Environmental Protection Agency (US
EPA) has set a Maximum Contaminant Level (MCL) for chromium
at 0.1 parts per million (ppm) in drinking water [4]. The increasing
concern with Cr(VI) pollution, significantly motivates the investi-
gation and development of new and improved materials to address
the problems.

A wide range of technologies have been investigated for the
removal of Cr(VI) from water [5-11]. Adsorption using activated
carbons proved to be the most efficient technique [7-11]. To fur-
ther improve the removal efficiency of Cr(VI) ion from water, the
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commercially available activated carbons were chemically modi-
fied with acid and different oxidizing agents such as HNOs3, H,0,
and Fe(NOs3); [7,8]. It was found that the adsorption mechanism
and rate of Cr(VI) are affected by the modified pore structure and
surface properties of the activated carbons.

A family of chemically activated carbon materials has been
developed by a new approach in our laboratory [12]. This new
method provides the carbon materials with relatively low-cost,
high surface area, high mesopore volumes, and some unusual
pore surface chemistries [13-17]. Some of these activated carbon
materials, without any post-chemical treatments, contain high con-
centration of functional groups. In most cases, these groups include
-OH, =0, and -COOH. Some other groups such as >P(O)OH and
-P(0)(OH), may exist on the activated materials made from certain
raw materials and H3POg4 activation [16]. The previous studies have
shown that those kinds of materials have improved removal effi-
ciency for trace toxic organics over the granular activated carbons
(GACs) [17-20]. Therefore, the novel activated carbon materials
with tailored porosity and surface chemistry are expected to have
great potential as highly effective adsorbents for removal of Cr(VI)
from water.

In this work, two chemically activated carbon materials with
highly mesoporous volumes and functional groups were prepared
and then tested in comparison to standard activated carbons for
Cr(VI) removal. The Cr(VI) adsorption kinetics and adsorption
isotherms were performed to demonstrate the superior activity of
the new materials. The effect of porous and chemical structures on
the adsorption of Cr(VI) was also elucidated.
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2. Experimental
2.1. Synthesis of materials

Two chemically activated carbon materials, Pellet-600 with a
pellet form and PVA-300 with a fiber mat form, were laboratory
prepared using a patented approach [12]. A granulated carbon
Pellet-600 and a fiber form material PVA-300 were synthesized in
the following ways.

2.1.1. Pellet-600

Cellulose powder with ~20 wm particle size (Aldrich Chemical
Company) was dissolved in 66 wt% of ZnCl, aqueous solution. The
weightratio of cellulose, ZnCl,, and H,O in the solution is 2.5:33:16.
1g of carbon black (Pearls 2000, Cabot Corporation) with particle
size of ~12nm was mixed with 7 g of the solution. The mixture
was pelletized and then activated with ZnCl, inside the material
in N, at 600°C for 30 min. The pellets were washed with HCI and
deionized (D.I.) water and then fully dried at 150 °C under vacuum.
The resulting pellets have a cylinder form with a diameter of 1.6 mm
and a length of 1.3 mm. In this experiment, ZnCl, plays an important
role for the preparation of Pellet-600. Its aqueous solution is used
as a solvent for cellulose binder; subsequently it acts as a catalyst
to activate the cellulose binder to high surface area porous carbon
binder. Nanosize carbon black with very high geometric surface
combining with the porous carbon binder provides the Pellet-600
with a high porosity.

2.1.2. PVA-300

1g of polyvinyl alcohol (PVA) (99+% hydrolyzed, Avg. M.W.
50,000, Aldrich Chemical Company) was dissolved in 10g of hot
water (~90°C). After cooling, 1 g of H3PO,4 (86%) was added into the
solution. A non-woven fiberglass mat, CRANEGLAS 230 (0.015in.
nominal thickness, fiber diameter of 6.5 um and 7 wt% of PVA bind-
ing), was dip-coated with the above solution. The coated mat was
dried at 120°C and then activated with H3PO4 inside the coating at
300°Cin air for 60 min. The activated fiber mat was washed with a
NaOH (0.5 M) solution and D.I. water, then rinsed thoroughly with
HCI (0.5 M) and D.I. water, and finally dried at 150 °C under vacuum.

As a comparison, two commercially available activated carbons,
granular activated carbon GAC-F400 from Calgon Co. and activated
carbon fiber ACF-10 from Kynol Co., were employed in this study,
since they have a close surface area and microporous volumes to
the Pellet-600 and PVA-300, respectively.

2.2. Adsorption of Cr(VI)

K,Cr,07 was used to prepare a stock solution with a concen-
tration of 1000 ppm Cr(VI) which was diluted for preparation of
standard and test solutions. Standard solutions were prepared at
concentrations of: 0, 5, 10, 20, 40, 80, 125, 200, 400, 600, 800, and
1000 ppb. The pH of test solutions is in a range between 4.8 and
6.8 based on the concentration of Cr(VI). The adsorption of Cr(VI)
was carried out in a shaking machine at room temperature. Color
reagent for the analysis of Cr(VI) was prepared according to Refs.
[21,22]. 250 mg of 1,5-diphenylcarbohydrazide was dissolved into
50 ml of methanol (HPLC-grade). 250 ml of H,SO,4 solution (con-
tains 14 ml of 98% H,S0,4) was added into the above solution, which
was then diluted with D.I. water to 500 ml. The fresh color reagent
is a very clear solution and can be used for several days until any
color appears.

Adsorption kinetics of Cr(VI) were studied at room temperature
with an initial Cr(VI) concentration of 4 ppm at pH 6.0, an initial
volume of 200 ml, and a sample weight of 176-179 mg. One mL
samples were removed at different times for the analysis of Cr(VI)

concentration. Although there is a minor error for the reported data
due to an increasing solid to solution ratio with sampling, this test
method can be used to compare the removal efficiency of Cr(VI) on
different activated carbons.

Adsorption isotherms were performed at concentrations of: 0.5,
1,2,4,8,12, 20, and 40 ppm (pH changed from 6.8 to 4.8). For each
solution, 30-40 mg of each adsorbent was added and the samples
were shaken for 7 days at room temperature.

6 ml of water samples were treated, after dilution if necessary,
with 2 ml of the above color reagent. The color was developed upon
addition of the color reagent. The solutions were measured within
2h at A =540 nm using a Shimadzu 2100 UV-vis spectrophotome-
ter. The concentration of Cr(VI) prior to and after adsorption was
calculated by means of standard solutions.

2.3. Characterization

Brunauer-Emmett-Teller (BET) surface area and micro- and
mesoporous volumes were carried out on an Autosorb-1 appara-
tus (Quantachrome). All samples were degassed at 150 °C until the
outgas pressure rise was below 5 wHg/min prior to analysis. N;
isotherm results at 77 K in the appropriate relative pressure ranges
were used for subsequent calculations. The BET equation was used
to determine the surface area. The Dubinin—-Radushkevich (DR)
equation was used to deduce micropore (<2 nm) volumes. The total
pore volume was estimated from the amount of nitrogen adsorbed
at P/Py =0.95. The volume of mesopores (2-50 nm) was calculated
by subtracting the volume of micropores from the total pore volume
at a relative pressure of 0.95.

The ash or fiberglass content of activated carbon materials was
measured using a Hi-Res TA Instruments 2950 Thermogravimetric
Analyzer (TGA) by burning off the carbon materials (~20 mg) in air
at 800°C.

X-ray photoelectron spectroscopy (XPS) data were obtained
from the carbon materials using a Physical Electronics PHI Model
5400 surface analysis system. Before analysis all samples were
washed with D.I. water and then fully dried. XPS spectra were
obtained using an achromatic Mg Ka (1253.6eV) X-ray source
operated at 300 W. Survey scans were collected from 0 to 1100 eV
with a pass energy equal to 178.95 eV. High-resolution scans were
performed with the pass energy adjusted to 35.75eV. The pres-
sure inside the vacuum system was maintained at approximately
10-2 Torr during all XPS experiments. A non-linear least squares
curve fitting program (XPSPEAK4.1 software) with a symmetric
Gaussian-Lorentzian sum function and Shirley background sub-
traction was used to deconvolve the XPS peaks. The carbon 1s
electron binding energy corresponding to graphitic carbon was ref-
erenced at 284.5 eV for calibration [23].

3. Results and discussion
3.1. Comparison of different adsorbents

The BET surface area and microporous and mesoporous vol-
ume of the four carbon materials are listed in Table 1 comparing
chemically activated carbon materials Pellet-600 and PVA-300 with
commercially available products GAC-F400 and ACF-10. Pellet-600
has the highest surface area, microporous and mesoporous vol-
umes which contributed from porous carbon binder and nanosize
carbon black. PVA-300 fiber has a 33-wt% of carbon coating on a
fiberglass substrate so that it has a lowest surface area of 549 m2/g
which is mainly contributed from the activated coating material.
Pellet-600 and PVA-300 were prepared with chemical activations
at relatively low temperatures. Previous studies have demonstrated
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Table 1

Comparison of porosity parameters of adsorbents.

Adsorbent Pellet-600 PVA-300 GAC-F400  ACF-10

Activation method ZnCl, at 600°C  H3PO4 at 300°C - -

Material form Pellet Fiber mat Granule Fabric

BET surface area 1357 549 (1664?) 1053 730
(m?/g)

DR micropore 0.49 0.22 0.41 0.25
volume (cm?/g)

Mesopore volume 0.94 0.07 0.19 0.05
(cm?/g)

Total volume 143 0.29 0.60 0.30
(cm®/g) . .

Ash or fiberglass 1.72 67.0 5.97 2.10
(Wt%)

2 BET surface area (m?/g of carbon). Calculation based on the carbon coating.
" Adsorbent consists of porous carbon and fiberglass.

that low temperature, chemically activated materials possess more
functional groups [13-17].

3.2. Adsorption kinetics

Cr(VI) removal with four adsorbents vs. adsorption time is
shown in Fig. 1. The Pellet-600 displays superior activity as com-
pared to the other materials tested and demonstrates the fast
kinetics of the material. After 540 min the Pellet-600 had removed
the Cr(VI) below the EPAMCL of 100 ppb, and it continued to remove
the Cr(VI) to below 6 ppb. It is suggested that high mesoporous
volumes and surface area in the Pellet-600 improve the removal
efficiency of Cr(VI) from water. The commercial granular form, GAC-
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Fig. 1. Cr(VI) removal vs. adsorption time. (A) Change in Cr(VI) concentration and

(B) change in the ratio of Cr(VI) adsorption.

F400, was not able to reach the MCL set by the EPA as it only
removed down to 840 ppb after 6 days. Although the PVA-300 had
slower kinetics, it was still able to come close to the MCL after 6 days,
whereas the commercial fiber form, ACF-10 only reached about
400 ppb. The slower removal of Cr(VI) by the PVA-300 is probably
due to the lower carbon content (33.0 wt% of the carbon coating)
on the fiberglass mat vs. the ACF-10 which is 97.9% carbon.

3.3. Adsorption isotherms

The adsorption isotherms for the materials are shown in Fig. 2.
The Pellet-600 shows a high capacity in both low concentration
and high concentration regimes. The capacity was much greater
than other materials. The isotherm for PVA-300 shows a very high
capacity in the low concentration regime, but fell below commer-
cial products at high concentration. This is again due to the lower
amount of carbon in the PVA-300. The log-log plot can be seen in
Fig. 2(B) long with the best-fit lines. The lines for all materials are
shown to fit well with a Freundlich isotherm model Q = KC;/” (or
logQ=1log K+1/n x log C.), where Q is mass of the target compound
adsorbed per unit mass of adsorbent (mg/g); Ce is equilibrium con-
centration of the adsorbate in the liquid (mg/1); K is the adsorption
equilibrium constant (mg/g)(mg/1)~1/"; and n is a constant indica-
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Fig. 2. Adsorption isotherms of Cr(VI) for materials tested. (A) Linear-type plot and
(B) log-type plot with best-fit lines.
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Table 2

Freundlich model parameters for adsorbents.

Adsorbent K 1/n r
Pellet-600 12.05 0.300 0.960
PVA-300 443 0.181 0.969
GAC-F400 3.38 0.375 0.948
ACF-10 2.54 0.624 0.988

tive of adsorption intensity. For an effective adsorption system, high
adsorption capacity (Q) and low equilibrium concentration of tar-
get compound (Ce) after adsorption are needed. Thus, the larger the
Kvalue and smaller the 1/n value, the more effective the adsorbent
is for adsorption.

The calculated Freundlich parameters and the best-fit correla-
tion coefficient values (r) are listed in Table 2. The Pellet-600 and
PVA-300 show higher K and lower 1/n values as compared to the
commercial products GAC-F400 and ACF-10. This indicates that the
chemically activated Pellet-600 and PVA-300 are effective mate-
rials for the removal of Cr(VI) from water. It is suggested that the
improved adsorption affinity of Cr(VI) on the Pellet-600 and PVA-
300 might be related to the pore surface chemistry of the materials
as well as their proper pore structures.

3.4. XPS analysis

In order to future characterize the surface characters of the
prepared materials, XPS data were obtained for Pellet-600 and PVA-
300 prior to and after adsorption of Cr(VI). XPS survey spectra (see
Figs. 3 and 4) show carbon and oxygen atoms on the Pellet-600
and carbon, oxygen, and silicon atoms on the surface of PVA-300
prior to adsorption. Silicon should derive from SiO,, which is the
main constituent of the fiberglass substrate. For both materials, Cr
atom was detected on the surface after adsorption of Cr(VI). The sur-
face elemental analysis from high-resolution XPS spectra is listed
in Table 3. The atomic ratio of Cr/C greatly increased in both mate-
rials after adsorption. For the Pellet-600 the atomic ratio of Cr/C
increased from O to 0.037 and O/C increased from 0.110 to 0.206.
For the PVA-300, Cr/C increased from O to 0.022, the change in O/C
was omitted due to an error from a contribution of O in the SiO,.
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Fig. 3. XPS survey spectra of Pellet-600 before and after adsorption.
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Fig. 4. XPS survey spectra of PVA-300 before and after adsorption.

Table 3
XPS surface elemental analysis of the Pellet-600 and PVA-300.
Pellet-600 PVA-300
o/C Cr/C Cr/C
Before adsorption 0.110 0 0
After adsorption 0.206 0.037 0.022

To explain the increase in O/C on the surface of the Pellet-
600, High-resolution XPS C1s spectra (Fig. 5) were deconvoluted
into four peaks. Based upon literatures [24,25], the four peaks
in the spectra represent carbon in C*-H and C*-C (peak I,
284.5eV), carbon present in phenolic, alcohol, and ether groups
(peak II, around 285.5eV), carbonyl or quinone groups (peak
Ill, 287.5eV), and carboxyl or ester groups (peak IV, around

c 18

After adsorption C*=0:

IV m
294 292 290 288 286 284 282
Binding Energy (eV)

Fig. 5. High-resolution XPS C1s spectra of the surface of Pellet-600 before and after
adsorption.
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290eV). There is a significant decrease in the relative content
of peak I while a significant increase in the peak III is observed
after adsorption. This suggests that the carbon in the Pellet-600
was oxidized (=C-H — =C-OH — =C=0) after the adsorption of
Cr(VI).

It is reasonable to hypothesize that the part of adsorbed Cr(VI) is
reduced to Cr(IIl) with oxidation of the functional groups C-H and
C-OH in the Pellet-600. The reduction of Cr(VI) to Cr(IIl) on acti-
vated carbons was reported in literatures [26-28]. It was found that
small amount of Cr(Ill) may not be adsorbed in the pores, instead, it
may begin to dissolve back into solution around pH 4-5. However,
in the case of this study, if Cr3* ion was formed, it is likely to be
adsorbed by ion exchange groups, such as —-COOH, which presents
arelatively higher concentration in the chemically activated carbon
materials.

4. Conclusions

Two activated carbon materials, Pellet-600 and PVA-300, were
synthesized with chemical activation at low temperatures. Both
materials show an improved adsorption efficiency in removing
Cr(VI) from water as compared to the commercial products GAC-
F400 and ACF-10. The following features of the materials are
summarized as follows:

(1) The Pellet-600, a granulated carbon material activated with
ZnCl, at 600°C in a N, flow, has high mesoporous volumes and
surface area. The PVA-300, a fiber form material activated with
H3PO4 at 300°C in air, has high surface area carbon coated on
a fiberglass substrate. Both carbon materials are low cost and
considered to have high concentration of functional groups on
the surface due to the low temperature activation.

(2) The Pellet-600 shows much faster adsorption kinetics than
other materials for the removal of Cr(VI) from water. Its high
mesoporous volume and high surface area are considered to be
the main factors for the improvement.

(3) Cr(VI) adsorption isotherms show that the Pellet-600 has a
higher adsorption capacity than other materials. The PVA-300
has a stronger adsorption affinity for Cr(VI) over other materials
at very low concentrations of Cr(VI).

(4) XPS analyses show an increase in the atomic ratios of Cr/C
and O/C on the surface of the carbon materials after adsorp-
tion of Cr(VI). The peak-fitting of C1s spectra demonstrates a
conversion of carbon bonds from C*-H to C*=O0. These results
suggest that the adsorption of Cr(VI) onto carbons is achieved
partially by a redox reaction between the Cr(VI) and carbon
materials.
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