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The present paper reports kinetic studies of the adsorption of aniline (AN),
phenol (P), 4-chlorophenol (CP) and 4-nitrophenol (NP) from aqueous solution
onto granular activated carbon (GAC). In FTIR spectral analysis, the transmit-
tance of the peaks gets increased after the loading of AN, P, CP and NP sig-

India nifying the participation of these functional groups in the adsorption and it
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Phenol (P) and its derivatives are ionizable
organic compounds that are regarded as environ-
mentally relevant contaminants. They are widely fo-und
in pesticides, dyestuffs, pharmaceuticals, oil refine-
ries, coke plants, plastic industry, petrochemicals, and
other industrial effluents [1-4]. Phenols (Ps) are also
used in the manufacture of P-formaldehyde resins for
surface coatings and as bonding agents in laminated
products, among other uses. Chlorophenols (CPs)
and nitrophenols (NPs) are used as pesticides, bac-
tericides, wood preservatives and synthetic interme-
diates [5]. CPs are typical byproducts of the chlorine
bleaching process used in pulp and paper mills. NPs
are among the most common organic pollutants in
industrial and agricultural wastewater. These com-
pounds are involved in the synthesis of many che-
micals, particularly in the field of pesticides. Aniline
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seems that the adsorption of AN, P, CP and NP is chemisorptive in nature. The
rates of adsorption were found fo obey a pseudo-second order model and that
the dynamics of AN, P, CP and NP adsorption are controlled by a combination
of surface and pore diffusion. The diffusion coefficients were of the order of 10 0
n? s, Thermal desorption at 623 K was found to be more effective than sol-
vent desorption. GAC performed well for at least five adsorption-desorption
cycles, with continuous decrease in adsorption efficiency after each thermal
desorption. Owing fto its relative high heating value, the spent GAC can be used
as a co-fuel for the production of heat in a boiler or a furnace.

Keywords: GAC, aniline, phenols, kinetics, pseudo-first-order, pseudo-
second-order, desorption, solvent, thermal.

(AN) has been found to distribute in an aqueous envi-
ronment and causes teratosis in aquatic species [5]. It
is known to be carcinogenic [6]. It reacts easily in the
blood to convert hemoglobin into methahemoglobin,
thereby preventing oxygen uptake [7]. Ps and their
substituted compounds are thus important environ-
mental pollutants [8-12]. The USEPA recommends a
maximum level of 1 ug mL" of total phenolic com-
pounds in water supplies [12]. Adsorption processes
using GAC are widely employed for the removal of
trace organic contaminants such as P, AN and its de-
rivatives from drinking waters and industrial effluents.
Conventional methods for the removal of Ps and
AN from wastewaters include solvent extraction, bio-
degradation [13-14], catalytic oxidation [15], mem-
brane separation [16-17], ultrasonic degradation [18],
supercritical water oxidation [19], and electrochemical
oxidation [20], photodegradation [21], flocculation
[22], chemical oxidation [23-25], as well as biological
process [6,26]. Many workers have reported on the
adsorptive removal of AN [3,27-28] and Ps [29-31]
from aqueous solutions. The adsorption of P and sub-
stituted Ps from aqueous solution on activated car-
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bons (ACs) has also been extensively investigated
[31-36].

In the present study we determine the GAC
characteristics from SEM, FTIR and TGA analyses
and also report the effects the initial pH (pHy),
adsorbent dose (m), initial concentration (C;) and
contact time (4 on the adsorption efficiency. The kine-
tics of adsorption were studied and various kinetic
models were tested against experimental data in an
effort to gain insight into the adsorption and desorp-
tion mechanisms.

MATERIALS AND METHODS

GAC and its characterization

The GAC used in the present study was pro-
cured from S.D. Fine Chemicals Limited, Mumbai, In-
dia. The average particle size was calculated to be
1.671 mm. Proximate analysis showed the presence
of 9.04% moisture, 12.70% volatile matter and
78.87% fixed carbon in blank-GAC. No ash was found
in the blank. The BET surface area of GAC was
977.05 m? g, whereas the BJH adsorption/desorp-
tion surface area of pores was 45.03/47.63 m? g
The single point total pore volume of pores was found
to be 0.4595 cm?® g'1, whereas the cumulative adsorp-
tion and desorption volumes of the pores (17 A< d <
< 3000 A) were 0.0717 and 0.0789 cm® g™, respecti-
vely. The BET average pore diameter of GAC was
found to be 18.79 A. The bulk density and heating
value of GAC were found to be 725 kg m™ and 8.51
MJ kg™, respectively.

Chemicals

All the chemicals used in the study were of anal-
ytical reagent (AR) grade. AN (C¢HsNH,; CAS No.62-
-53-3) was procured from Qualigens Fine Chemicals,
Mumbai, India. P (C¢HsOH; CAS No.108-95-2) was
procured from Ranbaxy Fine Chemicals, New Delhi,
India. CP (4-CIC¢H,OH; CAS No0.106-48-9), NP (4-
NO,CgHsOH; CAS No. 10-02-7), NaOH, and HCI were
obtained from S.D. Fine Chemicals, Mumbai, India.
Stock solutions of AN, P, CP and NP were made by
dissolving exact amount of AN, P, CP and NP in dis-
tiled water, respectively. These test solutions were
prepared by diluting 1 g dm™ of stock solution of AN,
P, CP and NP with double-distilled water.

Analysis of AN, P, CP and NP

The initial and residual concentration of AN, P,
CP and NP were determined by finding the absor-
bance of the respective solution at 230, 269, 279 and
317 nm, respectively, using a UV/Vis spectrophoto-
meter (Lambada 35; PerkinElmer, MA 02451, USA).
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First, calibration plots of absorbance versus concen-
tration were made after all adsorbates. The calibration
plots of AN, P, CP and NP showed a linear variation
up to concentrations of 0.27, 1.06, 0.78 and 0.36
mmol dm?, respectively. Before the analysis, the sam-
ples were diluted to concentrations in the linear range,
whenever necessary, with double-distilled water.

Batch adsorption programme

For each experimental run, 100 ml aqueous
solution of known concentration of AN, P, CP and NP
was taken in a 250 ml conical flask containing a
known mass of GAC. In all the experimented, the pH
of the solution was maintained constant using buffer
system of potassium dihydrogen orthophosphate
(KH,PO,4) and sodium hydroxide (NaOH). These flasks
were agitated at a constant shaking rate of 150 rpm in
a temperature controlled orbital shaker (Metrex Scien-
tific Instruments, New Delhi) maintained at 303 K. To
determine the adsorption kinetics, the samples were
withdrawn at different time intervals up to 24 h, cen-
trifuged using a Research Centrifuge (Remi Instru-
ments, Mumbai) at 10000 rpm for 5 min, after which
the supernatant liquid was analyzed for residual con-
centrations of AN, P, CP and NP. The removal of AN,
P, CP and NP from the solution and the adsorption
uptake in solid phase (g) were calculated using the
following relationships:

Percentage of AN or P or CP or NP removal =
=100(C,-C,)/ C, (1

Amount of adsorbed AN or P or CP or NP per g
of solid:

g, =(Co—C WV Im ()

where (, is the initial AN, P, CP and NP
concentration (mmol dm™), C, is the AN, P, CP and
NP concentration (mmol dm?) at any time £ Vis the
volume of the solution (dm® and m is the mass of the
adsorbent (g). For equilibrium values, the correspond-
ing values at equilibrium time were taken for calcul-
ation.

Adsorption kinetic theory

Diffusion study

The possibility of intra-particle diffusion was ex-
plored by using the intra-particle diffusion model [37]
given by following equation:

g, = kgt"* +1 (3)

where £y is the intra-particle diffusion rate constant,
and values of /give an idea about the thickness of the
boundary layer. In order to check whether surface dif-
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fusion controlled the adsorption process, the kinetic
data were further analyzed using the Boyd kinetic ex-
pression, which is given by [38-39]:

F =1—%exp(—B,) or B,=-04977-In(1-F)  (4)

where F(f)=gq,/q. is the fractional attainment of
equilibrium at time ¢ and B;is a mathematical function
of F.

Kinetic data were further treated by models
given by Boyd ef a/. [38] and simplified by applying a
solution given by the Skelland and Vermeules appro-
ximation [39-40] for calculating effective diffusivity:

1 Dyt
mLFF%i% R? ©

where [, is the effective diffusion coefficient of adsor-
bates in the adsorbent phase (m? s™), R, is the radius
of the adsorbent particle assumed to be spherical (m).
The slope of the plot of |n[1/(1 —Fz(t)] vs. tgives D..

Pseudo-first-order- and pseudo-second-order-model

The adsorption of AN, P, CP and NP molecules
from the liquid phase to the solid phase can be con-
sidered as a reversible process with equilibrium being
established between the solution and the solid phase.
Assuming non-dissociating molecular adsorption of
AN, P, CP and NP molecules on GAC particles with
no AN, P, CP and NP molecules initially present on
the adsorbent, the uptake of the AN, P, CP and NP
molecules by the GAC at any instant tis given as [31]:

g, =q.[1-exp(-kt)] (6)

where g, is the amount of the adsorbate adsorbed on
the adsorbent under equilibrium condition and & is the
pseudo-first-order rate constant. The pseudo-second-
order model is represented as [41]:

_ fksqg

= 7
1+ thsq, @

q;
The initial adsorption rate, # (mg g min™), at
-0 is defined as:

h = ksq? (8)

The Marquardt’'s percent standard deviation
(MPSD) error function [42] was employed in this study
to find out the most suitable kinetic model to
represent the experimental data. This error function is
given as:

My, — np i=1 qe,/,exp

MPSD = 100\/

2
1 i[qe,/,exp _qe,i,caIJ (9)

In this equation, the subscript exp and calc re-
present the experimental and calculated values, 7, is
the number of measurements, and 1, is the number of
parameters in the model.

RESULTS AND DISCUSSION

GAC and its characterization

The SEM micrographs for blank GAC are shown
in Figure 1. The GAC shows random type of pores
with cracks and crevices. Similar micrographs were
obtained for AN, P, CP and NP-loaded GAC (not
shown here). At low magnification, the surface texture
of blank and AN, P, CP and NP-loaded GAC were
found to be similar with very little difference. However,
at high magnification, AN, P, CP and NP-loaded GAC
showed bright spots which may be due to the pore
filling by AN, P, CP and NP. EDX analysis (Table 1)
shows the GAC to be mainly carbonaceous with
90.4% carbon, 9% oxygen, and 0.6% other.

50%x

Figure 1. SEM of virgin-GAC.

The nature of interaction between AN, P, CP
and NP molecules and ions with functional groups
present on the GAC surface was assessed through
FTIR spectral analysis. The infrared spectra of GAC,
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Table 1. Physico-chemical characteristics of GAC and loaded-GAC

Characteristics GAC AN-GAC P-GAC CP-GAC NP-GAC
Proximate analysis
Moisture (%) 9.04 1.62 1.34 1.72 1.24
Volatile matter (%) 12.09 10.54 12.18 11.17 10.71
Fixed Carbon (%) 78.87 87.84 86.48 87.11 88.05
Bulk density (kg m™) 725 - - - -
Heating value (MJ kg'1) 8.26 14.3 8.89 9.84 10.45
Average particle size (mm) 3.161 - - - -
EDX Analysis
C (%) 90.41 88.28 91.08 92.14 89.67
O (%) 9.01 6.30 7.28 4.08 3.89
N (%) - 3.85 - - 2.96
Cl (%) - - - 3.18 -
Al (%) 0.15 0.52 0.55 0.13 0.44
Mg(%) 0.26 0.35 0.44 0.2 0.58
Surface area of pores, m* g’
(i) BET 977 - - - -
(i) BJH
(a) adsorption cumulative 45 - - - -
(b) desorption cumulative 48 - - - -
BJH cumulative pore volume, cm® g

(i) Single point total 0.4595% - - - -
(i) BJH adsorption 0.0717° - - - -
(iii) BJH desorption 0.0789° - - - -
Average pore diameter (A) - - - -
(i) BET 19 - - - -
(i) BJH adsorption 63° - - - -
(iii) BJH desorption 66" - - - -
pHpzc 10.3 - - - -

®Pores less than 5666 A; "pores diameter between 17 and 3000 A

AN, P, CP, NP and AN-, P-, CP- and NP-GAC are
shown in Figures 2-4. Blank-GAC (Figure 2) shows a
broad band with centre at 3450 cm™ indicative of the
presence of both free and hydrogen bonded OH
groups on the GAC surface. The FTIR spectrum of
blank GAC shows a weak and broad peak in the re-
gion of 1620 cm™. The broad peak in the region of
1602 cm™ indicates the presence of CO group stretch-
ing from aldehydes and ketones. The band at 1600
cm™ may also be due to conjugated hydrocarbon
bonded carbonyl groups. The FTIR spectra also show
transmittance around 1115 cm™ region due to the vib-
ration of the CC group in lactones and due to -COH
stretching and -OH deformation.

Figure 3a shows that the pure and loaded-GAC
spectrum of AN. The spectrum of AN can be assigned
as: a band at 3347.95 cm™ for stretching vibration of -
NH, group; a ring stretching with a contribution of the
NH, scissoring band at 1610.96 cm™. The mode at
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1276.71 cm™ is assigned as partly to C-N stretching
and partly to the ring stretching vibration [43-44]. Fi-
gure 3b shows the FTIR spectra of pure AN and after
AN adsorption onto GAC. The peak at 3331.51 cm™
and 3041.10 cm™ were assigned to OH stretching and
aromatic C-H stretching. The peaks at 1468.49,
1364.38, 805.48 and 690.41 cm” were diminished,
while the absorbance band of hydroxymethyl and me-
thylene groups increased. The peaks at 1468.49 cm™
corresponded to the C=C aromatic ring vibrations.
The peaks at 1364.38 cm™ corresponded to the C-H
bending in plane, while the 690.41 cm™ peaks belonged
to the C-H out of plane vibrations. Similar peaks were
observed by [45-46].

Strong band at 1589.82 and 1489.02 cm™ in the
spectrum of pure CP (Figure 4a) can be attributed to
C=C stretching. This band was observed as 1590 cm™
by other researcher for the interaction between acti-
vated carbon surfaces and adsorbed P derivatives [47].
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3449.71
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The band at 1369.86 cm™ was attributed to the
in-plane bending of C-H bonds. The band at 1090.36
cm™ is assigned to a C-Cl vibration. The band at
810.96 cm™” was attributed to mostly out-of-plane
bending of the ring C-H vibration. Similar peaks were
observed by previous investigators [46,48-49].

Figure 4b shows the FTIR spectra of NP loaded
GAC. Bands appearing at 3429 and 2966.52 cm™
were assigned to OH stretching and C-H stretching of
aromatic. The variations in intensity of the bands at
3421.38 and 3084.93 cm™' shows the adsorption of
NP. The bands at 1923.29, 1614.28, 750.68 and 629.16
cm™' were due to C=C stretching, C=O stretching of
carboxylic group, methylene rocking band and =C-H
bending mode, respectively. Out of these, carboxylic
and hydroxyl groups played a major role in the re-
moval of NP. Bands at 1499.42 and 1384.38 cm™
were typical of NO, group indicating the adsorption of
NP. The presence of a medium peak at 750.68 cm™
further confirmed the adsorption of para-substituted ben-
zene product. Similar peaks were observed by [50].

It may be seen that few peak appear in AN, P,
CP and NP loaded GAC and few of the peaks ori-
ginally present in GAC get shifted. Also the transmit-
tance of the peaks gets increased after the loading of
AN, P, CP and NP signifying the participation of these
functional groups in the adsorption and it seems that
the adsorption of AN, P, CP and NP is chemisorptive
in nature.

Effect of initial pH (pHo)

At low pH (e.g., pH < point of zero charge
(pHpzc)), most ACs are positively charged, at least in

GAC-Blank

2000 1000
Wavenumbers {cm-1)

Figure 2. FTIR of virgin-GAC.

part as a consequence of donor/acceptor interactions
between the carbon graphene layers and the hydro-
nium ions [51]. The pHp,. for GAC used in the present
study lies at the pH, value of 10.3 (not shown here).

For a solution containing P and having pH >
pHp.c of P, mainly phenolate anions are formed. It can
be presumed that in the case of P adsorption, the
positive surface charge resulting from the adsorption
of protons by the strongest surface bases still attracts
water and ionic species, thus blocking some active
sites and preventing complete pore filling by P [52]
and also electrostatic repulsion phenomenon was
produced which the lower amount adsorbed at acidic
pH [53-55].

The pK, values of AN, P, CP and NP were 4.63,
9.95, 9.38 and 7.15, respectively [56-57]. AN, P, CP
and NP species are found to be present in deionized
water in the form of AN, P, CP and NP. For AN, the
ratio of CgHsNH, to CgHsNH;* =99% at pH 7; for P, the
ratio of CgHsOH to C¢HsO™ is =0.99 at pH 6; for CP,
the ratio of C¢H4CIOH to C¢H,CIO™ is =0.99 at pH
5.75; and for NP, the ratio of CgH4(NO,)OH to
CsH4(NO,)O™ is =93.3 at pH 6. The concentration of
the hydrolyzed AN, P, CP and NP species depends
on the total AN, P, CP and NP concentrations and the
solution pH. The speciation of AN, P, CP and NP in
deionized water is presented in Figure 5. The per-
centage of AN, P, CP and NP hydrolytic products was
calculated from the following stability constants.

The effect of pHy on the adsorption of AN, P, CP
and NP (G, = 1.07, 1.06, 0.78 and 0.72 mmol dm?,
respectively) onto GAC was studied at a temperature
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Figure 3. FTIR of AN, P and AN, P loaded GAC; a) 1. pure AN, 2: AN-GAC; b) 1: pure P; 2: P-GAC.

of 303 K by varying the pH, in the range of 2-12.
Natural pH of AN, P, CP and NP solution at G, =1.07,
1.06, 0.78 and 0.72 were 6.9, 6, 5.75 and 6, res-
pectively. The results of the experiments are pre-
sented in Figure 6. It can be seen that the removal of
the AN, P, CP and NP slightly increased with an in-
crease in pHy of the solution from 2 to natural pH.
Further increase in pHy from natural pH to 12 led to a
sharp decrease in the AN, P, CP and NP removal effi-
ciency. Zheng et al. [58] found that the adsorption effi-
ciencies of AN onto Cr-bentonite are high and stable
under acidic and neutral pH conditions and decrease
with the increase of pH value under alkaline pH con-
ditions. Lower sorption of AN at alkaline pH is pro-
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bably due to the presence of excess OH™ competing
with AN for hydrogen bond formed with water mole-
cules coordinated with chromium ion in interlayer [58].
The percentage adsorption were found to be close to
97, 94.3, 97.4 and 87.62% for AN, P, CP and NP,
respectively, at pHy 4; and 99.3, 98.2, 98.7 and 94.8%,
respectively at natural pH. Percentage adsorption
decreased sharply for pHy = 6 for AN, P, CP and NP.
However, decrease in removal efficiency for NP and
CP was much sharper than as compared to that for
AN and P.

The main contributions to organics adsorption
onto GAC are n-nt dispersion interactions [59], hyd-
rogen-bonding interactions [60] and donor-acceptor
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Figure 4. FTIR of CP, NP and CP, NP Joaded GAC; a) 1: pure CP; 2: CP-GAC; b) 1: pure NP; 2: NP-GAC.

interactions [61]. The substituents on benzene ring
provide different inductive and resonance effects, and
their relative electron donating properties are well-
known [62]. Hydroxyl is an electron-donating functio-
nal group [63] which can increase the m-donating
strength of the host aromatic ring. Thus, -OH can in-
crease the adsorption affinity of the phenolic com-
pounds to the GAC graphene surfaces [64]. It is obvi-
ous that m-n dispersive interactions will be stronger
with the increase of the number of hydroxyl. There-
fore, the number of hydroxyl has positive effect on the
adsorption of phenolic derivatives. Previous investiga-
tors have shown that the substitution of P with a hyd-
roxyl in metfa-position results in a much higher ab-

sorption amount than substitution in the ortho- and
para-position [65].

The increased surface acidity of GAC at pH =6
favors the donor-acceptor interaction between the
electrons of the aromatic ring and the surface. This
leads to an increase of the removal efficiency [65].
However, the increasing removal efficiency of AN, P,
CP and NP by GAC within pH 2-6 suggests the insig-
nificant involvement of hydrogen bonding between the
phenolic and GAC [66]. Increasing adsorption of
these polar aromatics to GAC with increasing pH
before their pK, may be due to the change of GAC
properties with pH. At pH < pH,,., the GAC surface is
positively charged and the species adsorbed at pH (7,
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Figure 5. Distribution of AN, P, CP and NP as a function of pH.
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Figure 6. Effect of pH, on the adsorption of AN, P, CP andNP by GAC. T =303 K, t =24 h, C, = 100 mg dm”, GAC dose = 10 g dm”.

6 and 5.75) are neutral molecules that were adsorbed
significantly due to the dispersive or van der Waals in-
teractions determining the adsorption process [65,67].

Effect of GAC dosage (m)

Figure 7 shows the AN, P, CP and NP removal
efficiency as a function of GAC dosage with G, of
1.07, 1.06, 0.78 and 0.72 mmol dm?, respectively, and
t= 24 h. The AN, P, CP and NP removal efficiency
increased from 29.2, 38.3, 23.4 and 47.07% at m= 1
g dm™ to 86.47, 90.74, 96.69 and 87.8%, respecti-
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vely, at m=5 g dm™. For m= 10 g dm™, AN, P, CP
and NP removal efficiencies became constant at 95.8,
97.3, 98.56 and 98.4%, respectively. The increase in
adsorption of AN, P, CP and NP with an increase in m
up to 10 g dm™ was due the presence of a greater
number of adsorbent sites at increased m. The ad-
sorption efficiency of AN and CP increases with the
increase of adsorbent dosage upto 10 g dm™ and
remain almost constant onto XAD-4 and Cr-bentonite
[68-69]. Similar results were reported for 4-hydroxy-
phenol sorption on Cr-bentonite from aqueous solu-
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tion [69]. However, for m = 10 g dm™, the AN, P, CP
and NP removal efficiencies become less dependent
on m. Varying amounts of AC were contacted with the
BSM containing 1000 mg dm™ of P or NP to optimize
the dose of adsorbent. Kumar et a/. [70] reported that
NP showed more adsorbability than P. Only 6 g dm™
of AC dose was required in case of NP as against the
10g dm of AC dose to effect the same amount of P,
L.e., 95%, showing a good interaction between the
nitro-group of NP and functional groups present on
the AC surface. After 95% removal, the AC dose is
not very effective, suggesting that the whole of the P
and NP concentration cannot be reduced efficiently to
zero in a single stage batch reactor.

100

=]
(=]

(=)
(=}

S
<

Percent removal

[
(=]

0y
0 20 40
Adsorbent dosage (g L)

Figure 7. Effect of adsorbent dose on the adsorption of AN, P,
CP and NP by GAC. T =303 K, t =24 h, C, = 500 mg dm”.

Effect of contact time and initial AN, P, CP and NP
concentration

The effect of contact time on the g; values for G,
0.54-10.74 mmol dm?, 0.21-10.62 mmol dm®, 0.15-
7.78 mmol dm™ and 0.14-7.19 mmol dm™ for AN, P,
CP and NP at m=10 g dm™ and 7= 303 K is shown
in Figures 8a-8d. The adsorption was followed over a
period of 24 h. These durations are considered to be
approximately the equilibration times for the adsorp-
tion process. It may be seen that in the first 1 h, brisk
adsorption of AN, P, CP and NP occurred at all G,
and, thereafter, the adsorption rate decreased gra-
dually and the adsorption reached equilibrium. For G <
< 2.68, 2.66, 1.94 and 1.80 mmol dm™ the residual
concentrations at 5 h contact time were found to be
higher by a maximum of around 2% than those
obtained after 24 h contact time for AN, P, CP and
NP, respectively. Therefore, after 5 h contact time, a
steady state approximation was assumed and a
quasi-equilibrium situation was accepted for G < 2.68
mmol dm™. For AN adsorption onto GAC, equilibrium

adsorption time were found to be 5 (96.5%), 5
(97.7%), 8 (97.8%), 16 (98.6%) and 20 h (92.4%)
respectively, at &, values of 0.54, 1.07, 2.68, 5.37 and
10.74 mmol/l. For P adsorption onto GAC, equilibrium
adsorption time were found to be 5 (97.2%), 5
(97.3%), 8 (97.2%), 5 (98.6%) and 5 h (99.2%) res-
pectively, at & values of 0.53, 1.06, 2.66, 5.31 and
10.63 mmol dm?, For CP adsorption onto GAC, equi-
librium adsorption time were found to be 2 (97.9%), 3
(98.5%), 5 (98.3%), 5 (99.5%) and 3 h (99.1%) res-
pectively, at & values of 0.39, 0.78, 1.94, 3.89 and
7.78 mmol dm™ and For NP adsorption onto GAC,
equilibrium adsorption time were found to be 3
(98.1%), 5 (96.5%), 5 (97.5%), 8 (95.6%) and 12 h
(94.1%) respectively, at &, values of 0.36, 0.72, 1.80,
3.59 and 7.19 mmol L. The rate of AN, P, CP and
NP removal by GAC is fast for the first 1 h. This is
obvious from the fact that a large number of vacant
surface sites are available for the adsorption during
the initial stage and with the passage of time, the
remaining vacant surface sites were difficult to be
occupied due to repulsive forces between the solute
molecules on the solid phase and in the bulk liquid
phase. Also, the adsorbates get adsorbed into the
mesopores of GAC that get almost saturated during
the initial stage of adsorption. Thereafter, the adsor-
bates have to traverse farther and deeper into the
pores encountering much larger resistance. This re-
sults in the slowing down of the adsorption during the
later period of adsorption.

Various researchers have reported that ¢, pro-
vides an important driving force to overcome all mass
transfer resistances of the adsorbates between the
aqueous and solid phases. The increase in G also
enhances the interaction between adsorbate molecu-
les and the vacant sorption sites on the GAC and the
surface functional groups. Therefore, an increase in
Gy enhances the adsorption uptake of AN, P, CP and
NP onto GAC [58,71-72]. For example, the AN remo-
val efficiency decreased from 97.8 to 89.5% as the
AN concentration was increased from 20 to 200 mg
dm™ [58] and similar trends was found for removal of
phenols [70,73]. The rate of removal of P and NP was
faster initially and NP was more readily adsorbed than
P, showing higher affinity of NP towards AC [70].
However, more P gets adsorbed than NP in the pre-
sent study.

Adsorption dynamics

Two kinetic models, namely pseudo-first-order
[74] and the pseudo-second-order model [41], were
applied to the kinetic data in order to investigate the
adsorption behavior of AN, P, CP and NP onto GAC
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Figure 8. Effect of contact time on the adsorption of AN, P, CP and NP by GAC. Experimental data points given by the symbols and the
lines predicted by the pseudo-second-order model. T =303 K, m=10g am’.

in the present study. The results of the fits of these
models are given in Tables 2 and 3. The fits of expe-
rimental data to the pseudo first-order and the pseudo-
second-order equations seemed to be quite good
when correlation coefficients (~°) obtained from non-
linear regression analyses were examined. However,
it was very difficult to decide which model represents
the experimental data better solely on the basis of R?.
A better criterion to find the best model for the expe-
rimental data is the MPSD parameter. It is known that
the lower the MPSD value, the better is the fit. When
the MPSD values given in Tables 2 and 3 are exa-
mined, it can be seen that they are much smaller for
the pseudo-second-order model as compared to that
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for the pseudo-first-order model, leading to the con-
clusion that the kinetic data of adsorption of AN, P,
CP and NP onto GAC fit to the pseudo-second order
model better than the pseudo-first-order model. Simi-
lar conclusions were made by various researchers
[28,75-76] for removal of AN, 4-methylaniline, and
4-nitroaniline and CP onto various types of ACs.

Controlling mechanism

The overall adsorption process may be control-
led either by one or more steps, e.g., film or external
diffusion, pore diffusion, surface diffusion and ad-
sorption on the pore surface are the major steps in-
volved during the adsorption process. Any one of these
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Table 2. Kinetic parameters for the removal of AN and P by GAC. t =24 h, Cy = 0.54-10.74; 0.53-10.63 mmol am? m=10 g am® T=303K

Parameter AN-GAC adsorption system P-GAC adsorption system

0.54 1.07 2.68 5.37 10.74 0.53 1.06 2.66 5.31 10.63

Pseudo 1% order
k! min” 0.046 0.047 0.065 0.026 0.043 0.121 0.068 0.060 0.052 0.779
Gecal / Mmol g 0.059 0.105 0.259 0.444 1.111 0.057 0.111 0.288 0.639 1.211
Ge,exp | MmOl g’ 0.0599 0.1057 0.235 0.472 0.275 0.058 0.112 0.291 0.645 1.216
A (non-linear) 0.986 0.992 0.952 0.957 0.968 0.979 0.987 0.985 0.962 0.999
MPSD 26.94 15.79 43.18 58.38 43.54 22.49 23.14 26.87 42.04 2.82
Pseudo 2™ order
ks / g mmol™ min™ 1.98 0.55 0.28 0.06 0.05 2.85 1.36 0.33 0.12 8.46
A/ mmol g min” 0.007 0.006 0.022 0.014 0.0645  0.0096 0.0172 0.0287  0.0501 12.38
Gecal / Mmol g’ 0.060 0.108 0.2780 0.4854 1.1487  0.0581 0.1123 0.2937  0.6496 1.21
A (non-linear) 0.989 0.999 0.975 0.981 0.993 0.998 0.997 0.997 0.986 0.999
MPSD 17.16 12.29 24.13 38.13 19.13 5.74 7.53 10.18 21.82 2.41
Weber Morris

K1 / mmol g min™ 0.006 0.008 0.016 0.027 0.059 0.005 0.007 0.025 0.014 0.001
h 0.012 0.017 0.099 0.057 0.304 0.018 0.043 0.274 0.129 1.195
R 0.916 0.875 0.896 0.936 0.998 0.953 0.893 0.901 0.923 0.958
Kz / mmol g min™  0.00008 0.0002 0.0002  0.0014  0.0032 0.00007 0.0002  0.0005 0.0002  0.0002
h 0.057 0.099 0.269 0.422 1.043 0.055 0.284 0.626 0.284 1.212
R 0.761 0.615 0.904 0.923 0.777 0.869 0.731 0.759 0.731 0.698

Table 3. Kinetic parameters for the removal of CP and NP by GAC. t =24 h, Cy = 0.39-7.78; 0.36-7.19 mmol dam? m=10 g am® T=303K

Parameter CP-GAC adsorption system NP-GAC adsorption system

0.39 0.78 1.94 3.89 7.78 0.36 0.72 1.80 3.59 7.19

Pseudo 1st order
k! min” 0.116 0.075 0.056 0.649 0.746 0.129 0.058 0.049 0.136 0.021
Gecal / Mmmol g 0.059 0.080 0.211 0.455 0.888 0.037 0.079 0.195 0.312 0.688
Gooxp/ MMol g 0.061 0.080 0.213 0.455 0.213 0.037 0.079 0.197 0.319 0.197
A (non-linear) 0.942 0.983 0.995 0.996 0.999 0.989 0.996 0.995 0.967 0.982
MPSD 23.00 21.06 17.55 5.27 1.77 15.02 16.25 17.26 26.96 50.64
Pseudo 2™ order
ks / g mmol™ min™ 12.06 2.39 0.48 10.79 8.99 4.79 1.16 0.31 0.45 0.06
A/ mmol g min™ 0.044 0.016 0.022 2.23 7.106 0.007 0.008 0.013 0.046 0.031
Gecar / Mmol g 0.060 0.081 0.215 0.455 0.889 0.037 0.081 0.202 0.319 0.717
A (non-linear) 0.994 0.994 0.997 0.997 0.999 0.999 0.998 0.993 0.996 0.985
MPSD 9.34 10.82 10.87 4.29 1.18 457 6.87 10.53 9.96 36.07
Weber Morris

K1 / mmol g min™? 0.002 0.005 0.002  0.0046 0.0015 0.0003 0.0055 0.0114  0.0132  0.0409
h 0.043 0.036 0.043 0.408 0.869 0.013 0.023 0.071 0.170 0.117
R 0.984 0.862 0.984 0.712 0.773 0.876 0.829 0.814 0.963 0.996
Kz / mmol g min™? 0.00004 0.00002 0.00007 0.00004 0.0002 0.00002 0.00009 0.0001 0.0003  0.001
b 0.059 0.079 0.209 0.454 0.886 0.036 0.076 0.193 0.306 0.661
R 0.969 0.836 0.841 0.943 0.987 0.890 0.773 0.741 0.919 0.912

steps, individually or in combination with other steps,
may control the adsorption process. The characte-
ristics of the adsorbate, adsorbent and the solution
phase affect the adsorption process. The particle size

of the adsorbent, concentration of the adsorbate, dif-
fusion coefficient of the adsorbate in the bulk phase
and the pores of the adsorbent, affinity towards ad-
sorbent and degree of mixing are some of the impor-
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tant factors. The external mass transfer controls the
sorption process for the systems that have poor mix-
ing, dilute concentration of adsorbate, small particle
sizes of adsorbent and higher affinity of adsorbate for
adsorbent. Film diffusion and adsorption on the pore
surface are considered to be fast process [77] in a
rapidly stirred batch adsorption process; whereas,
intra-particle diffusion controls the adsorption process
for a system with good mixing, large particle sizes of
adsorbent, high concentration of adsorbate and low
affinity of adsorbate for adsorbent [78].

In the present study, experiment were conduc-
ted at well-mixed condition of 150 rpm with AN, P, CP
and NP concentration ranging from 0.54-10.74, 0.21-
-10.62, 0.15-7.78 and 0.14-7.19 mmol dm™ to pro-
perly understand the controlling mechanism. In gene-
ral, external mass transfer is characterized by the ini-
tial solute uptake [79] and can be calculated with the
assumption that the uptake is linear for the first initial
rapid phase (in the present study first 30 min). The
initial adsorption rates (As in min™') were quantified as
(G0 min/ G)/30. For AN adsorption onto GAC, the cal-
culated As values were found to be 0.00722, 0.0103,
0.01139, 0.0168 and 0.0185 min™' for G, values of
0.54, 1.07, 2.68, 5.37 and 10.74 mmol dm™, respecti-
vely. For P adsorption onto GAC, the calculated As
values were found to be 0.0069, 0.0076, 0.0096,
0.01028 and 0.00075 min™" for Cy values of 0.53,
1.06, 2.66, 5.31 and 10.63 mmol dm?, respectively.
For CP adsorption onto GAC, the calculated A5 va-
lues were found to be 0.0038, 0.0072, 0.0089, 0.00357
and 0.00045 min™" for Gy values of 0.39, 0.78, 1.94,
3.89 and 7.78 mmol dm™, respectively. For NP ad-
sorption onto GAC, the calculated A5 values were
found to be 0.0040, 0.0067, 0.0075, 0.00908 and
0.01866 min™' for C, values of 0.36, 0.72, 1.80, 3.59
and 7.19 mmol dm™, respectively.

Figures 9a-9d show the Weber and Morris [37]
plot of g, versus P° for all the adsorbates and the
parametric values are given in Tables 2 and 3. If the
plot of g, versus f° satisfies the linear relationship
with the experimental data, then the sorption process
is supposed be controlled by intra-particle diffusion
only. However, if the data exhibit multi-linear plots,
then two or more steps influence the sorption pro-
cess. The slope of the linear portions are defined as a
rate parameters (k41 and 4y 2) and are characteristics
of the rate of adsorption in the region where intra-
particle diffusion is rate controlling. In Figures 9a-9d,
the data points are related by two straight lines. The
curvature from the origin to the start of the first straight
portion (not shown in figure) represents the boundary
layer diffusion and/or external mass transfer effects
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[79-80]. The first straight portion depicts macro-pore
diffusion and is attributed to the gradual equilibrium
stage with intra-particle diffusion dominating. The se-
cond represents meso-pore diffusion and is the final
equilibrium stage for which the intra-particle diffusion
starts to slow down due to the extremely low adsor-
bate concentration left in the solution [80-81]. Extra-
polation of the linear portions of the plots back to the
J~axis gives the intercepts, which provide the mea-
sure of the boundary or film layer thickness. The de-
viation of straight lines from the origin indicates that
the pore diffusion is not the sole rate-controlling step.
Therefore, the adsorption proceeds via a complex
mechanism [82] consisting of both surface adsorption
and intra-particle transport within the pores of GAC. It
can be inferred from the Figures 9a-9d that the diffu-
sion of AN from the bulk phase to the external surface
of GAC, which begins at the start of the adsorption
process, is the fastest. It seems that the intra-particle
diffusion of AN, P, CP and NP into meso-pores (se-
cond linear portion) is the rate-controlling step in the
adsorption process. The portion of the plots are nearly
parallel (k4. = 0.00008-0.0032 mg g™ min™®*, 0.00007-
-0.0032 mg g”' min™®®, 0.00002-0.0002 mg g min®?,
0.00002-0.0013 mg g"' min?®®), suggesting that the
rate of adsorption AN, P, CP and NP into the meso-
pores of GAC is comparable at all . The slopes of
the first portions (44 1) are higher for higher &, for AN,
P, CP and NP, which corresponds to an enhanced
diffusion of AN, P, CP and NP through macro-pores.
This is due to the greater driving force at higher .

The multi-phasic nature of intra-particle diffusion
plot confirms the presence of both surface and pore
diffusion. In order to predict the actual slow step in-
volved, the kinetic data were further analyzed using
Boyd kinetic expression. Equation (4) was used to
calculate B, values at different time £ The linearity of
the plot of B; versus time was used to distinguish
whether surface and intra-particle transport controls
the adsorption rate. It was observed that the relation
between B,and ¢ (not shown here) was non-linear (~°
range 0.828-0.991 for AN, 0.900-0.999 for P, 0.796-
-0.959 for CP and 0.764-0.994 for NP) at all concen-
trations, confirming that surface diffusion is the not
the sole rate-limiting step. Thus, both surface and
pore diffusion seem to be the rate-limiting step in the
adsorption process and the adsorption proceeds via a
complex mechanism.

The values of effective diffusion coefficient (D.)
were calculated from Eq. (5). Average values of D,
were found to be 2.24x107"%, 2.43x107"°, 3.65x107"°
and 2.89x107"° m? s™, respectively, for the adsorption
of AN, P, CP and NP onto GAC. This shows that CP
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Figure 9. Weber and Morris intra-particle diffusion plot for the removal of AN, P, CP and NP by GAC. T =303 K, m = 10 g dm’”.

has a little higher overall pore diffusion rate. Similar
average values of D, (0.388x107"°) were reported by
Srivastava et a/. [31] for adsorption of P onto AC.

Desorption study

Various solvents, viz. ethanol, HNOj; HCI,
NaOH, CH;COOH, acetone and water were used in
the present study for the elution of AN or P or CP or
NP from the GAC [83]. AN or P or CP or NP-loaded
GAC was stirred with 50 ml of various eluents and the
results are shown in Figure 10. Among the various
solvents, only NaOH was found to be a better elutant

for the desorption of P, CP and NP with a maximum
desorption efficiency of 5.43, 6.6 and 9.98%, respec-
tively. HNO3; was found to be a better elutant for the
desorption of AN with a maximum desorption effici-
ency of 9.63%, respectively. Other solvents did not
show any desorption efficiency. Negligible desorption
efficiency by all solvents could be attributed to the
chemical attachment between GAC and adsorbed
AN, P, CP and NP, which prevented the adsorbed
AN, P, CP and NP from being effectively desorbed by
any solvent. NaOH was more removal efficiency com-
pared to other solvents in the order of P, CP and NP,
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due to stronger adsorbate-surface interactions with P,
CP and NP [75]. Subsequent thermal regeneration
was needed to remove additional adsorbates.

11
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Figure 10. Desorption efficiencies of AN, P, CP and NP by
various desorbing agents. T =3 03 K, t = 24 h, C, (desorbing
agents)=0.1N, m=1g dm”.

Spent-GAC was thermal desorbed by process
described in material and method section. Thermally
desorbed GAC was again used for adsorption. This
cycle of adsorption-desorption was repeated five times.
Percent removal of AN, P, CP and NP in those cycles
is shown in Figure 11. It is seen that the spent-ad-
sorbent can be reused for a number of adsorption-de-
sorption cycles. Percent removal of AN, P, CP and
NP, however, decreased after each adsorption-de-
sorption cycle.

It is necessary to properly dispose of the spent
GAC and/or utilize it for some beneficial purpose if
possible. The dried spent-GAC can be used directly
or by making fire-briquettes in the furnace combus-
tors/incinerators to recover its energy value. AN, P,
CP and NP loaded adsorbents were studied for their
thermal degradation characteristics by thermo gravi-
metric instrument. The thermogravimetric analysis
(TGA), differential thermal analysis (DTA) and diffe-
rential thermal gravimetery (DTG) curves of the blank,
and AN-, P-, CP-and NP-loaded GAC at the heating
rate of 10 K/min are shown in Figures 12a-12c. The
TG traces show the loss of moisture and the evolution
of some light weight molecules including water upto
500 °C. The weight loss was 18% for blank-GAC,
10.2% for AN-GAC, 13.7% for P-GAC, 14% for CP-
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GAC and 22.9% for NP-GAC. Higher temperature
drying (>100 °C) occurs due to loss of the surface
tension bound water of the particles. Blank, AN, P,
CP-and NP-GAC do not show any endothermic trans-
ition between room temperature and 400 °C, indi-
cating the lack of any crystalline or other phase
change during the heating process [84]. The rate of
weight loss was found to increase between 500 and
601 °C (81% weight loss), 501 and 701 °C (67.2%),
499 and 601 °C (79.3%), 500 and 599 °C (78.5%) and
500 and 600 °C (49.4%) for blank, AN, P, CP and NP-
GAC, respectively. In these temperature ranges, the
AN, P, CP and NP-loaded GAC oxidize and comple-
tely lose their weight. The strong exothermic peak
centered between 500-660 °C is due to the oxidative
degradation of the samples. This broad peak as that
observed from the first derivative loss curve (DTGQG)
may be due to the combustion of carbon species.
TGA and DTA curves could be used to deduce drying
and thermal degradation characteristics. Blank GAC
has a heating value of about 8.26 MJ/kg. Thus, the
GAC along-with the adsorbed AN, P, CP and NP can
be dried and used as a fuel in the boilers/incinerators,
or can be used for the production of fuel-briquettes.
The bottom ash may be blended with clay to make fire
bricks, or with cement-concrete mixture to make colored
building blocks thus disposing of AN, P, CP and NP
through chemical and physical fixation. Thus, spent
GAC could not only be safely disposed of, but also its
energy value can be recovered.
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Figure 11. Thermal desorption efficiencies of AN, P, CP and NP
in a sequence of adsorption/desorption cycle.
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CONCLUSION

The present study shows that the GAC is an
effective adsorbent for the removal of AN, P, CP and
NP from aqueous solutions. The amount of AN, P, CP
and NP uptake (mmol g™') was found to increase with
an increase in AN, P, CP and NP concentration and
contact time. Equilibrium between the AN, P, CP and
NP in the solution and on the GAC surface was prac-
tically achieved in 5 h. The sorption kinetics followed
a pseudo second-order model. AN, P, CP and NP
loaded GAC regeneration was studied using various
solvents as well as by heating the spent GAC at 623
K. Solvent aided regeneration of GAC was found to
be very less with maximum desorption efficiency of
9.63, 5.43, 6.6 and 9.98%, respectively, shown by
AN-, P-, CP-and NP-GAC system. Thermal desorp-
tion of GAC worked well for at least five adsorption-
desorption cycle, with continuous decrease in adsorp-
tion efficiency after each cycle. Spent-GAC can be
used as co-fuel in boiler-furnaces/incinerators.
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PROUCAVANJE KINETIKE ADSORPCIJE |
REGENERACIJE ANILINA, FENOLA,
4-HLORFENOLA | 4-NITROFENOLA POMOCU
AKTIVNOG UGLJA

U ovom radu fe predstavijena kineticka studija adsorpcije anilina (AN), fenola (P), 4-hlo-
rofenola (CP) i 4-nitrofenola (NP) iz vodenog rastvora na granule aktivnog uglja (GAC).
FTIR spektralna analiza pokazuje da se transmitanca pikova povecava nakon punjenja
sa AN, P, CP i NP, ukazujuci na znacajno ucesce ovih funkcionainih grupa u adsorpciji,
koja je u ovom slucaju hemisorptivne prirode. Brzina rekcija adsorpcije predstavija reak-
clju pseudo drugog reda i dinamika adsorpcife AN, P, CP i NP je kontrolisana kako od
strane povrsine pora tako i od difuzjje. Koeficjjent difuzije je reda velicine 107 nf’-s”.
Utvrdeno je da je termalna desorpcija na 623 K daleko efikasnija od desorpcije rastva-
racem. GAC se vr$i sa najmanje pet adsorpciono-desorpcionih ciklusa, uz stalno sma-
njenje efikasnosti adsorpcije nakon svake termicke desorpcije. Zahvaljujuci relativno
visokoj vrednosti zagrevanja, GAC moZe se koristiti kao dodatno gorivo u proizvodnji
toplote za bojlere i peci.

Kiljucne reci: anilin, fenoli, kinetika, pseudo prvi red, pseudo drugi red, desorp-
cifa, rastvarac, termaini.
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