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Abstract: The selective utilization of dissociated products of carbonic acid to induce either pH control or adsorption of
heavy metal ions on the surface of an adsorbent could be generally achieved by the gas-phased mixture of CO, and H,O
(CHM). Given that the reduction of chromium (Cr(VI)) has occupied a growing niche within industrial sectors, we pres-
ent a set of computation data to observe standard energies and the adsorption behavior via CHM under the aqueous solu-
tion. Herein, activated carbon fibers (ACF) were adapted as a skeleton absorbent. With a cross-validation on
physicochemical characteristics, thus-produced sample (CACF) revealed a decrement in the specific surface by 9.58%,
but also experienced an increment of 33.40% in surface functional moieties compared to ACF. In terms of adsorption
capacity, CACF showed 6.36% more Cr(VI) adsorption capacity than ACF with 200 mg of initial adsorbent amount at
323 K. Based on our calculations, the Langmuir isotherm was favored by all samples. Adsorption behavior was found
to be spontaneous and feasible in nature over certain temperature. Lastly, thermodynamic parameters successfully under-

pinned that the physio-sorption was found to be dominant compared to the chemisorption.
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Introduction

Heavy metal contamination of surface water bodies and
ground water has become a serious environmental concern
worldwide. At low-level exposure, the presence of heavy metal
contaminants in water could result in undesirable conse-
quences. In particular, hexavalent form of chromium (Cr(VI))
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and its known compounds are considered to be carcinogenic,
mutagenic, and genotoxic on the prevailing flora and fauna of
the aquatic environment.! Cr(VI) is also defined as one of the
hazardous pollutants by the US Environmental Protection
Agency in 2004.” Therefore, adequate treatment of aqueous
Cr(V]) prior to discharge is urgent for the reduction of sec-
ondary contamination. Technical approaches on the Cr(VI)
treatment have so far been mostly focused on the adsorption
using low cost of adsorbents such as activated carbon fibers
(ACF). However, major drawbacks of raw carbonaceous



296 S. H. Lee et al.

adsorbents including low adsorption capacity and large access
time limit their practical applications. Thus, surface modifi-
cation is essentially required after the activation process to
introduce an ion-exchangeable environment as a supporter.

A widely accepted idea is that an acidic treatment on the car-
bonaceous surface using strong acids is efficient for the fea-
sible environment of heavy metal removal. Whilst most of the
work in this area made the use of strong acid, we previously
suggested a green candidate using an air bubble mixture of
CO, and H,0 (CHM) onto a carbonaceous skeleton.’ The
notion that carbonic acid has often considered as a weak acid
arising out of (i) the non-negligible account of undissociated
carbon dioxide and (ii) short lifetime in aqueous environment
was held for a long time.* Therefore, the use of carbonic acid
and its dissociated products as a chemical feedstock for surface
modification and ion-interactions was not highly encouraged
with its low acidity (pK,; 6.4).° Notwithstanding this, recent
studies have updated that carbonic acid may have comparable
acidity to formic acid with its pK, in a range of 3.4~3.8.%7 With
this content, one may assume the possibility of using dis-
sociated carbonic acid upon interaction with other ions.

Within the scope of this study, we further tracked the adsorp-
tion behavior of Cr(VI) under computed standard energies. For
a better understanding, we also supported physiochemical
properties and adsorption kinetics of ACF before and after
loaded with dissociated products of carbonic acid. Based on
the concept of capturing hazardous materials via hazardous
materials, we believe that an environmental-friendly and eco-
nomic surface modification technique compared to other
strong acids by solely using the major culprit of global warm-
ing could pave a new way to the relevant academia.

Experimental

All chemicals were of analytical grade and used without any
further purification. Preparation of samples was followed by
our early procedure. In brief, CACF was prepared at a pressure
of 10 bar with 373 K of CHM for 1 h through the gas-phase
(0.2 mL min™) via a compact size of batch with 160 mm in
diameter and 400 mm in height. This procedure is to introduce
surface functional moieties from the dissociated products of
carbonic acid (Figure 1). Fixed temperature of 373 K was
introduced to prevent any hot water layer around the surface of
fibers.® Cr(VI) ion standard solution was diluted by 10 ppm of
distilled water. Each sample in a range of 100~200 mg
(+1 mg) was doped into Cr(VI) containing solution after the
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Figure 1. A possible mechanism of dissociated products of carbonic
acid.

temperature was adjusted from 303 to 323 K. Surface char-
acteristics were determined by using ASAP 2460 (Micromer-
itics). The pretreatment was performed for 12 h through the
heat degradation at 573 K while maintaining a vaccum state of
1.33x107 Pa. The specific surface area for the prepared ACF
was measured by using the BET equation. The correlation
between the surface area (4;) and monolayer (V) is shown in
the following eq. (1):

A, = (Vo/22414)N,G (1)

where, N, is Avogadro number and  is the area covered by one
nitrogen molecule. The generally accepted o value is 0.162 nm?,
After the BET equation for the determination of the total spe-
cific surface area, the #-Plot equation was used to calculate the
micropore and external specific surface area as shown in the
following eq. (2):

t=n/ny)o 2

t, n, n, refer to the average thickness, total adsorption
amount, and monolayer adsorption amount, respectively. G is
the atom size of nitrogen at 298 K. The chemical properties
were analyzed using an element analyzer with a thermal con-
ductivity detector (EA 1008, FISONS). The Boehm titration
was performed to determine the sum of acidity after a CHM
treatment (G20, Mettler Toledo).” Inductively coupled plasma
optical emission spectroscopy (ICP-OES) was adopted to ana-
lyze the adsorption characteristics of Cr(VI) (Optima 5300DV,
PerkinElmer). The adsorption efficiency was calculated by the
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following eq. (3)-(4):
Q.= (Co—CVim 3)
R=(Co— C.)/Co x 100(%) C))

where Q. (mg g) is the equilibrium, C,, (mg L) is the initial
concentration, C, (mg L") is the equilibrium concentration, V'
(L) is the volume of aqueous solution, and m (g) is the amount
of a sample.

Results and Discussion

Physiochemical Properties of Samples. Observed phys-
iochemical characteristics of samples are listed in Table 1.
CACF experienced inevitable decreases of 9.58% and 11.64%,
respectively, in Sgpr and S, as compared to ACF, indicating the
increase of surface functional moieties which may block the
access of N, molecules onto the fiber surface. With accor-
dance, CACF showed higher H- and O-contents than ACF by
an increase of H- and O-containing surface functional moi-
eties.'” Throughout the physiochemical properties, it was con-
cluded that dissociated products of carbonic acid were
successfully loaded on the surface of CACF.

Adsorption Characteristics. Adsorption plots of Cr(VI)
onto samples as a function of time by initial adsorbent amount
and the temperature are depicted in Figure 2. The direct pro-
portional relationship between initial adsorbent amount and the

Table 1. Physicochemical Characteristics of Samples

adsorption capacity could be attributed to an increased surface
area which allows more binding sites for Cr(VI) ions." Herein,
200 mg of CACF was sufficient to ensure 93.24% Cr(VI)
adsorption capacity at room temperature. With an increase in
the temperature from 303 to 323 K, the maximum adsorption
capacity at the equilibrium state increased from 70.10% to
83.03% and from 70.44% to 84.21% in 100 mg of ACF and
CACEF, respectively. This indicates that the rate of intra-particle
diffusion of Cr(VI) ions into pores of the adsorbent is more
feasible as the temperature rises."” In all circumstances, CACF
recorded the highest increment, or “plateau” value at 180 min
and the status was secured upon the equilibrium state at
240 min. Especially, more rooms for CHM benefited the over-
all adsorption efficiency as can be seen in Figure 2(a). Herein,
CACF with improved surface functional moieties offers strong
electrostatic attraction between negatively charged Cr oxy-
anions and protonated sorbent, thus leads to a favorable ion-
exchangeable environment. The pH of the aqueous solution
could change the heavy metal ions into various forms to facil-
itate adsorption. In case of Cr(VI), HCrO*, Cr*0O;*, Cr,0,;%,
and Cr;0,,> are reported to be present as dominant species in
the pH range between 2 and 6."* Given that the low pH leads
to an increase in Cr(VI) removal, it could be concluded that the
adsorption capacity of Cr(VI) could be benefited by the
increased acidity from the dissociated products of carbonic acid.

Adsorption Kinetics and Thermodynamics. Kinetic param-
eters were calculated using the Langmuir isotherm and listed in

S.d Sh Se Elemental composition (wt%) Acidity
Sample G 2" 2 1
(m” g7) (m” g") (m” g7) H N 0 (meq™)
ACF 1894 1721 173 97.13 0.35 0.39 2.13 0.36
CACF 1713 1521 192 92.44 0.66 0.39 6.51 0.54
“Brunauer-Emmett-Teller specific surface area. *“Micropore area. “External surface area.
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Figure 2. Adsorption of Cr(VI) onto samples by (a) adsorption capacity; (b) the temperature as a function of time.
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Table 2. Langmuir Isotherm Parameters for the Cr(VI) Adsorption by Sample Amount

Sample Amount (mg) Temperature (K) Grmax K. R
100
ACF 150 313 15.16 0.15 0.9915
200
CACF 100 313 15.85 0.10 0.9962
10 10
(a) 303 ~ 323 K (b) 303 ~ 323 K
8 8
[ &
&
E 4 4 ..n
2 2 1 i
« ACF (100 mg) . = ACF {150 mg)
L CACF {100 mg) | + CACF (150 ma) N i N B ;
0.0030 0.0031 00032 00033 00034 0.0035 0.0036 0.0030 0.0031 0.0032 0.0033 00034 0.0035 0.0036
1T 1T
10
(c) 303 ~323 K
s |
B 4
3
£
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1 e
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Figure 3. Dependence of In K, on 1/7 for the Cr(VI) adsorption by (a) 100 mg; (b) 150 mg; (c) 200 mg of initial adsorbent.

Table 2. The former was calculated using the following eq. (5):
CJO. = (C/Xy) + 1N(XLKe) ®)

where, C, (mmol L") is the equilibrium concentration, Q.
(mmol g") is the equilibrium constant, X;, (mmol g') is the
maximum adsorbed amount of heavy metal, and K (L mmol™)
is the adsorption strength onto the adsorption sites. Major
parameters revealed that the Langmuir isotherm was favored
with a high regression coefficient for both ACF and CACF.
The Langmuir monolayer adsorption capacity (¢m.,) was found
to be increased by the surface modification, and the obtained
gmax Values are in accordance with the above adsorption char-
acteristics. In case of the Freundlich isotherm, it was found to
be unfavorable compared to the Langmuir isotherm (R®<
0.9900). Thermodynamic parameters of standard enthalpy
(AHP), standard entropy (AS°) and standard Gibbs free energy
(AG®) were calculated for further computations. The change in
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AH® and AS° was calculated using the following eq. (6):
In K =AS°/R—- AH/RT 6)

where, K| is the equilibrium constant, R is the universal gas
constant (8.314 J mol” K) and T represents the temperature in
Kelvin. Thereafter, AG® could be obtained by the following eq.

):
AG°=-RT In K; 7

The dependence of In K} on 1/T for the Cr(VI) adsorption
varying initial adsorbent amounts and temperatures are plotted
in Figure 3 and computed thermodynamic parameters are
listed in Table 3. Values of AH° recorded the lowest at 200 mg
of initial adsorbent amount in both ACF and CACF. Low val-
ues of AH° shows that Cr(VI) ions and surface functional moi-
eties are having weak interactions. In other words, the physio-
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Table 3. Computed Thermodynamic Parameters for the Cr(VI) Adsorption by Sample Amount
Sample Ar(nn?;n Temperature (K) In K, (kJAIII;I:)l") (k nfg;K") (kJAn('n;;l")
303 0.01 -0.01
308 0.75 -1.79
100 313 1.64 39.91 148.62 -3.94
318 2.83 -7.15
323 2.98 -8.26
303 0.41 -0.94
308 1.16 -2.74
ACF 150 313 1.86 42.14 158.94 -4.44
318 2.89 -7.29
323 3.58 -9.91
303 0.81 -1.87
308 1.33 -3.12
200 313 2.12 38.82 149.27 -5.08
318 2.86 -7.21
323 3.70 -10.26
303 0.11 -0.26
308 0.98 -2.32
100 313 1.94 48.03 179.27 -4.63
318 3.44 -8.67
323 3.67 -10.16
303 0.79 -1.82
308 1.32 -3.10
CACF 150 313 2.03 42.13 161.47 -4.85
318 3.54 -8.92
323 3.76 -10.41
303 1.00 -2.32
308 1.52 -3.56
200 313 241 22.15 95.15 -5.77
318 3.64 -9.16
323 3.89 -10.78

sorption becomes more favorable than the chemisorption with
more initial adsorbent amounts. The change of AG® for physio-
sorption generally occurs in a range of -20~0kJ mol” and
chemisorption is between -80 ~ -400 kJ mol™."* Values of AG®
from the samples were in a range of -0.01 ~ -10.78 kJ mol?,
thus the process was feasible and spontaneous. This implies
that a more advanced technique is required to develop evenly
dispersed surface functional moieties, which may cover the
majority area of the surface. Decreased values of AG® with the
temperature rise suggest that the adsorption is more preferable

at high temperatures. Herein, CACF was more favorable for
Cr(VI) adsorption than ACF in all circumstances. Lastly, pos-
itive values of AS® confirm the increased randomness at the
solid-solution interface and the occurrence of ion-replacement
reactions during Cr(VI) adsorption.

Conclusions

Standard energy computations point out that physiochemical
approaches hold the promise of allowing significant contri-
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butions to understand the adsorption behavior of Cr(VI) onto
ACF and CACF which could be summarized as follows;

(1) Physiochemical analyses observed that a green modi-
fication onto ACF leads to a decrement in the specific surface
area by 9.58%, but also increases 33.40% of surface functional
moieties.

(2) CACEF revealed the maximum Cr(VI) adsorption capac-
ity of 6.36% more than ACF with 200 mg of initial adsorbent
amount at 323 K.

(3) The Langmuir isotherm was fitted with all samples.
Observed natures of the adsorption behavior of Cr(VI) onto
ACF and CACF were found to be spontaneous and feasible
over certain temperature. Herein, the physio-sorption was
more favorable than the chemisorption.

We also noted that there are discovered technical limitations
of unevenly dispersed surface functional moieties, or more
opportunities which could pave a way for widespread appli-
cations with the aid of further developments. In conclusion,
Cr(V]) onto carbonaceous surface has a possibility to be effec-
tively managed by controlling the balance of physiochemical
environment via green aid.
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