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ABSTRACT

The spent activated carbon (AC) loaded with zinc acetate from the vinyl acetate synthesis
industry has been used as a raw material to prepare AC-ZnO porous adsorbents using
microwave irradiation technique with three different activating agents. The morphology
and surface chemical compositions of the prepared samples were characterized by X-ray
diffraction, scanning electron microscope, Fourier transform infrared spectroscopy, and N,
adsorption—desorption isotherm. The regenerated AC-ZnO composites exhibited a well-
developed porous structure with Brunauer-Emmett-Teller surface area in excess of
1,100 m?/g, and the ZnO nanoparticles decomposed from zinc acetate loaded on the surface
of the regenerated AC without aggregation. The adsorption performance of the AC-ZnO
composites was further evaluated by adsorbing Congo Red (CR) from aqueous solutions.
The experimental isotherms data were analyzed using Langmuir, Freundlich, and Temkin
models. Langmuir and Temkin models were found to satisfactorily match the experimental
data with the maximum CR adsorption capacity of 16.72 mg/g for the sample activated by
CO, at 308 K. Similarly, the kinetics of adsorption were tested with pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models, and the data were found to con-
form to the pseudo-second-order kinetics with high correlation coefficient. The intraparticle
diffusion model indicated external film diffusion, and intraparticle diffusion has taken place
during the adsorption process.
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Microwave
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1. Introduction

In recent years, human survival and development
face the challenges of increasingly serious environ-
mental pollution. Effluents with dyes from printing
and textile industries are of major threat to environ-
ment and human health [1,2]. Most dyes are toxic,
non-biodegradable, and tend to trigger several
diseases in human beings due to their potential muta-
genic or carcinogenic effects. In addition, the presence
of dyes in water reduces the light penetration and
oxygen absorption necessary for aquatic life, resulting
in the gradual destruction of aquatic ecosystems.
Thus, it is of great importance to remove the dyes
from the industrial wastewater before discharge.

Various treatment techniques, such as membrane
filtration [3], ion exchange [4], coagulation [5], electrol-
ysis [6], chemical oxidation [7], solvent extraction [8],
etc. are being employed to remove dyes from the
wastewater. However, applications of these techniques
are associated with disadvantages such as generation
of hazardous by-products, energy intensive, and
uneconomical. Adsorption is generally accepted as an
economical, effective, and easily operated process for
the removal of dyes from aqueous solutions [9-11].
Some of the popular adsorbents that were attempted
for application in wastewater treatment include zeolite
[12], silica [13], red mud [14], and activated carbon
(AC) [15], etc. Among them, AC is considered to be
most popular due to its large surface area, high
adsorption capacity, and organophilic character for
organic compounds. However, the high cost of com-
mercially available AC limits its use in most develop-
ing countries. In order to solve the problem, many
researchers have prepared AC from industrial and
agricultural wastes such as sewage sludge [16], tires
[17], coir pith [18], Myrtus communis, and pomegranate
[19], tire crumbs [20], date pits [21], apricot stones
[22], walnut shells [23], and wood sawdust [24] for the
removal of organic compounds or dyes from aqueous
solution. While the conversion of various industrial
and agricultural wastes into AC provides a potentially
cheap alternative to existing commercial carbons, there
is still a great need to prepare AC from cheaper and
readily available materials for the removal of dyes
from wastewater in pilot and industrial scales.

Recently, increasing emphasis has been placed on
the development of processes for regeneration of spent
AC as it is considered a solid waste subjected to
environmental regulations [25]. Reutilization of spent
AC through reactivation on one hand would reduce
the solid waste handling cost, on the other hand,
would minimize resource utilization, through reduc-
tion in the fresh AC consumption. The techniques of
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regenerating spent AC could be thermal regeneration
[26], biological regeneration [27], ultrasonic regenera-
tion [28], and chemical regeneration [29]. Among the
above methods, thermal regeneration has been widely
adopted owing to the ability to produce AC with
desirable porosity and physical characteristics. Unfor-
tunately, the conventional thermal regeneration tech-
nique has some drawbacks such as long processing
time and high energy consumption. Microwave heat-
ing is recognized as a promising technique for the
regeneration of AC due to its ability to rapidly
increase temperature by dielectric heating [30]. In con-
trast to conventional heating methods relying on con-
duction and convection principles, microwave
irradiation produces efficient internal ““in core”” volu-
metric heating by direct coupling of microwave
energy with the molecules that are present in the reac-
tion mixture [31]. Therefore, microwave irradiation
raises the temperature of the whole reaction mixture
simultaneously, resulting in higher yield and purity of
products in comparison with conventional methods.
In fact, microwave heating technology has been
applied successfully for fast regeneration of industrial
waste AC and indicated promising results in removal
of organic pollutants from aqueous solution [32,33].
For instance, X. Duan et al. [34] regenerated spent
coal-based AC from the silicon industry by microwave
heating and reported its potential for the removal of
Methylene Blue dyes. Mao et al. [35] compared the
difference between constant power and constant tem-
perature on microwave regeneration of toluene and
acetone saturated AC from agricultural residue. Appli-
cation of microwave heating technology from cheaper
and renewable sources for industrial production of
AC-based adsorbents is of high commercial interest.
Vinyl acetate is one of the largest produced organic
chemicals as it is the precursor for poly vinyl alcohol
and acetals. In China, around 10,000 tons of spent cata-
lysts containing zinc acetate were generated from vinyl
acetate synthesis as solid waste every year. The spent
catalyst is mainly composed of granular AC and zinc
acetate, which is a valuable secondary resource for
preparation of AC-based absorbents. However, there
are few reports on the utilization of the spent catalyst
and the present methods for recovering the AC by
leaching zinc from the spent catalyst with acidic or
base solutions are easy to produce secondary pollution
and are not commercially available [25,36]. Further-
more, the zinc acetate contained in spent catalysts can
be decomposed into ZnO, which is a commonly used
photocatalyst for degradation of organic compounds.
In a word, the synergistic effect can strengthen the
adsorption and degradation performance of materials.
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The present investigation depicts the development
of a simple and fast method for microwave regenerat-
ing spent catalyst from vinyl acetate synthesis indus-
try as AC-ZnO porous adsorbents with steam, CO,,
and steam-CO, mix gas activation. In order to
investigate the adsorption performance of AC-ZnO
composites, CR (1-nepthalene sulfonic acid, 3,3"-(4,4"-
biphenylenebis(azo))bis(4-amino-) disodium salt) is
selected as a model pollutant because it is the first
synthetic dye of anionic azo dyes used in textile
industry and it is difficult to be removed from
wastewater due to its structural stability and high sol-
ubility in aqueous solution. Until now, little work has
been performed on removal of CR using regenerated
AC [37]. In this study, we have investigated the
adsorption performance of regenerated AC-ZnO com-
posites for CR from aqueous solution. Batch adsorp-
tion experiments were carried out under different
conditions. The experimental data were analyzed
using the Langmuir, Freundlich, and Temkin models
and kinetics was also discussed using pseudo-
first-order, pseudo-second-order, and intraparticle
diffusion models in order to obtain a better under-
standing of the adsorption mechanism of CR in this
porous adsorbent.

2. Experimental
2.1. Materials

The spent catalysts loaded with zinc acetate were
obtained from a chemical factory, which produce vinyl
acetate in Yunnan Province of China. The chemical
composition of the spent catalysts is listed in Table 1.

Prior to preparation of AC-ZnO, the spent catalyst
was washed several times with distilled water to
ensure the removal of the impurities and that the pH
was neutral. The other materials were directly used
without further purification.

2.2. Preparation of the AC-ZnO Composites

The regenerated experiments were carried out in a
self-made microwave tubular furnace, which has a sin-
gle-mode continuous controllable power and micro-
waves propagation in a TE10 mode. As shown in
Fig. 1, the microwave frequency was 2.45 GHz, while

Table 1

Components of the spent catalyst (%)

Element C Zn @) Al Si Ca P
Wt.% 7731 1071 760 039 049 051 299
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the output power could be set to a maximum of
3,000 W. The activation temperature is controlled by
the input microwave power during the activation
process, which is measured by nichrome-nickel silicon
armor-type thermocouple (the dimension of 8 mm
diameter and a length of 450 mm, with the tempera-
ture range of 0-1,250°C), placed such that it touched
the material [34]. Two thermocouples have been used
to take the average temperature as the final treatment
temperature since it is more reliable to represent the
real temperature of the reaction mixture. Three experi-
mental series employing steam, CO,, and CO,-steam
mix gas as activating agents were carried out to inves-
tigate the effect of regenerated temperature, time, and
the flow rate of activating agents on the porous
structure and adsorption capacity of the regenerated
AC-ZnO composites. First, the washed spent catalysts
were dried at 105°C in an air oven to complete
dryness. Then, 25g of dried spent catalysts was
placed inside a ceramic tube (the inner diameter of
80 mm and the length of 900 mm), and the ceramic
tube was placed into the microwave tube furnace. In
the regeneration process, the samples were heated to
the desired experimental temperature using nitrogen
flow as shielding gas. Once it attained the desired
activation temperature, the nitrogen flow was termi-
nated and switched to activation flow (steam, CO,, or
CO,—steam mix gas). The completion of experiment
was marked by termination of activating agent and
reintroduction of nitrogen flow until the samples were
cooled to the room temperature.

The regeneration processes were optimized by
response surface methodology adopting a central com-
posite rotatable design, and the details of the opti-
mization process have been reported in our earlier
publications [38]. The optimized process conditions
for steam were identified to be a regeneration temper-
ature of 850°C, duration of 35 min, and steam flow
rate of 0.6 ml/min, for CO, was regeneration tempera-
ture of 800°C, duration of 30 min, and CO, flow rate
of 600 ml/min, and for steam-CO, mix gas was
regeneration temperature of 750°C, duration of 25 min,
CO, flow rate of 550 ml/min, steam flow rate of
0.5 ml/min. The obtained composites from the opti-
mized process conditions with three different activat-
ing agents were used to characterize their surface
structure and test as an absorbent for CR removal.

2.3. Characterization

X-ray diffraction (XRD) measurements were car-
ried out utilizing a D/max-TTR III XRD spectrometer
(Rigaku) with Cu Ka line of 0.1541 nm. The morpholo-
gies of the prepared AC-ZnO composites were
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Fig. 1. (a) Picture and (b) schematic illustration of microwave tube furnace.

observed by scanning electron microscope (SEM; Phi-
lips XL30 ESEM-TMP). Fourier transform infrared
spectroscopy (FT-IR) was carried out utilizing a FIS-
40/CC FT-IR spectrometer with 200 mg of KBr. The
pore structure characterization of the as-prepared AC-
ZnO composites was performed by Autosorb-1-C
nitrogen adsorption instrument (Quantachrome). It
was performed on the relative pressure from 1077 to
1 Pa and at 77.4 K with high purity nitrogen (99.99%)
for the adsorption medium of utilizing volumetric
method. The Brunauer-Emmett-Teller (BET) surface
area was calculated from the isotherms using the BET
equation. While, the pore size distribution (PSD) was
determined using non-local density functional theory.
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Fig. 2. XRD images of ZnO and AC-ZnO composites
activated by steam, CO, and steam-CO, mix gas.

2.4. Adsorption measurements

The CR number reflects the adsorption capacity of
the AC. CR solution was prepared by dissolving cal-
culated amount in distilled water to the desired con-
centrations. Adsorption experiments were performed
in Erlenmeyer flasks (250 ml), each containing 150 ml
of different initial concentrations of CR (10-50 mg/L).
The concentrations of CR in the supernatant solutions
were measured by a spectrophotometer (UV-2550; Shi-
madzu, Japan) at 488 nm [39] before and after the
adsorption process. A small amount of 0.1 mol/L HCI
solution was used to adjust the initial pH of the CR
solution to 2.7-2.8. At this pH, the dye molecule exists
as cations and the active site of AC remains carboxylic
(-COOH) and phenolic (Ph-OH). Cationic dye mole-
cules get attached on the surface of AC by replacing
H" ion of carboxylic and phenolic ions. Therefore,
adsorption of CR on the AC surface is much higher at
acidic pH than at basic pH [40]. The adsorbed amount
of CR under equilibrium condition, g. (mg/g), was
calculated by the following Equation:

m

where Cy and C. are the initial and equilibrium CR
concentrations in solution, respectively (mg/L), V is
the volume of the solution (1), and m is the mass (g) of
the samples.

The kinetic tests were carried out following the
same procedure used for the equilibrium tests. CR
solution was taken at different intervals of time and
the concentrations of CR were measured at the same
intervals. The amount of CR absorbed onto the
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Fig. 3. SEM images of (a) spent catalysts; AC-ZnO composites activated by (b, g) steam; (c, h) CO,; (f, i) steam-CO, mix
gas; (d, e) EDX spectra obtained from the areas marked with red circle in (c).
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Fig. 4. FT-IR spectra of (a) AC; AC-ZnO composites
activated by (b) steam; (c) CO; and (d) steam—CO, mix
gas; (e) pure ZnO.

regenerated samples at time f g, (mg/g) was
calculated by the following equation:
Co—C)V
g = G =CV @
m

where Cy and C; are the concentrations at an initial
and pre-determined time t (mg/L), respectively, V is
the volume of solution (1), and m is the mass (g) of the
samples.

3. Results and discussion
3.1. Characteristics of AC-ZnO composites

XRD is one of the most important techniques for
characterizing the structure of crystalline or other
ordered materials. Fig. 2 shows the XRD patterns of
AC-ZnO composites. As is shown in the figure, the 10
diffraction peaks correspond to the characteristic
peaks of zinc oxide with wurtzite structure (JCPDS
No.36-1451), and the two broad diffraction peaks
located near at 26 =26° and 44° can be assigned to
(002) and (1 00) planes of AC, respectively. The main
XRD peak is observed from 37° to 43°, which indicates
the zinc acetate decomposition into ZnO with specific
shape and size.
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Fig. 3 shows the SEM images of the spent catalysts
and AC-ZnO samples obtained under different prepa-
ration conditions, and the EDX images in Fig. 3(d) and
(e) were obtained from the area marked in (c). As seen
from Fig. 3(a), the pores of spent catalysts have been
blocked by impurities resulting in very minimal avail-
ability of pores on the spent catalysts. However, as
can be seen from Fig. 3(g), (h), and (k), after being
activated, the blocked pores opened as the zinc acetate
decomposed along with the removal of other contami-
nants. In addition, ZnO particles well adhered on the
surface of AC, as shown in Fig. 3(b), (c), and (f). The
EDX spectra confirming that the composition of regen-
erated sample mainly corresponds to C and ZnO.

Fig. 4 is the FT-IR spectra of AC, ZnO, and AC-
ZnO composites. A wide vibration absorption band of
AC (Fig. 4(a)) centered at 3,431 cm! corresponds to
O-H stretching vibration mode of hydroxyl groups,
while it moves slightly to higher wave numbers in
ZnO and the regenerated AC-ZnO samples. The vibra-
tion shifts may be caused by the increase in positive
charge on O-H groups adsorbed on the surface of
ZnO and AC-ZnO composites, confirming the changes
of the acid-base character of the hydroxyl groups in
these catalysts. Moreover, the band near at 1,630 and
1,580 cm ™' can be assigned to C=C stretching vibration
and the aromatic skeletal vibration of AC. The band at
around 1,100 cm™! corresponding to a C-O-C stretch-
ing vibration can be observed on the surface of AC-
ZnO composites. These absorption bands are consis-
tent to that of literature reports [41,42]. At low wave
numbers, the band located at about 550 cm™' in
Fig. 4(b), (c), and (d) can be assigned to Zn-O stretch-
ing vibration absorption of AC-ZnO samples [43], a
blue shift appears compared to the strong Zn-O
stretching vibration band at 490 cm™ of pure ZnO.
The blue shift may be due to the higher vibration cou-
plings of Zn-O in AC-ZnO composites, which is
related to the crystallite size and the degree of internal
structural ordering.

The nitrogen adsorption isotherm of AC-ZnO sam-
ples and spent catalysts at 77 K is shown Fig. 5(a),
while the cumulative pore volume is shown in
Fig. 5(b), and PSD is shown in Fig. 5(c). From
Fig. 5(a), it can be seen that the regenerated products
present a high adsorption capacity at relatively low
pressures, which indicates the presence of a microp-
orous structure. At relative pressure p/p, greater than
0.1, a continued increase in the nitrogen adsorption
capacity, possibly indicated a type IV adsorption
isotherm under the IUPAC classification of isotherms,
which is typical of material with mixture of micro-
and mesopores [44]. This is further evidenced by
the formation of hysteresis loop which is usually
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Fig. 5. (a) Nitrogen sorption isotherm (filling symbols: adsorption; no filling symbols: desorption), (b) Cumulative pore
volume distribution, and (c) Pore size distribution of spent catalysts and AC-ZnO composites.

Table 2

Textural parameters of the spent catalysts and AC-ZnO composites

Total pore volume (cm®/g) Average pore diameter (nm)

Material Specific surface area (m?/ )
Spent catalysts 212.6
Steam activation 1,109
CO, activation 1,170
Steam—-CQO, activation 1,114

0.141 2.547
0.736 2.647
0.776 2.731
0.739 2.680

associated with the filling and emptying of mesopores
[45]. The PSD diagram in Fig. 5(c) indicates that there
were a large proportion of pores in the AC-ZnO below
2 nm, which corresponds to the microporous struc-
tures. Besides, there are also a few mesoporous struc-
tures above 2 nm, although they do not make a great
contribution to the BET surface area and total pore
volume. The summary of the textural characteristics of
the AC-ZnO composites prepared under different con-
ditions is provided in Table 2. Among the three regen-
eration methods, CO, regeneration resulted in a
marginally higher pore volume, surface area, and
average pore diameter. The enhanced pore volume
and surface area in the process of regeneration can be

attributed not only to the removal of contaminant
from the pores but also to the generation of new pores
during the process of activation.

3.2. Adsorption studies

3.2.1. Effects of contact time and initial CR
concentrations

Fig. 6 shows the effects of contact time on the
adsorption capacity of CR onto AC-ZnO composites at
different initial concentrations (10-50 mg/L). As can
be seen, the adsorption rates drastically increase dur-
ing the initial stage due to that most vacant surface
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Fig. 6. Effects of contact time on the adsorption capacity of CR onto AC-ZnO composites at different initial concentrations
with (a) steam activation, (b) CO, activation, and (c) steam—CO, mix gas activation at 298 K.

sites are available for adsorption at this time. The
equilibrium adsorption capacities increase with
increasing initial CR concentrations, since initial CR
concentrations can provide a driving force to over-
come the mass transfer resistance of CR, thus acceler-
ates the diffusion of CR from the solution onto the
adsorbent. The equilibrium time of CR onto compos-
ites was 295, 300, and 345 min for steam, CO,, and
joint gas activation, and the equilibrium adsorption
capacity (ge) was 9.65, 10.45, and 10.16 mg/g for
steam, CO,, and steam-CO, mix gas activation at
room temperature, respectively. In order to analyze
the isotherm and kinetics for the adsorption process,
three isotherm and three kinetic models were applied.

3.2.2. Adsorption isotherm

The equilibrium adsorption isotherms are funda-
mental in describing the interaction between the
adsorbates and adsorbent and are essential in giving
an idea of the adsorption capacity of the adsorbent.
Three theoretical models (Langmuir, Freundlich, and
Temkin) are used for describing the adsorption

behaviors. Their linear functions can be described as
follows [46-48]:

Langmuir model: C_1 + iCe €)]
gde  quKL =~ qm
. 1
Freundlich model: In g, = " In C. + In Kg 4)
Temkin model: g = B In Kt + B In C, 5)

In these equation, g. (mg/g) is the equilibrium amount
of CR adsorbed; C. (mg/L) is the equilibrium CR con-
centration in solution; Ky, (L/mg) and g, (mg/g) are
the Langmuir constants involved in adsorption rate
and maximum adsorption capacity; Kr and n are the
Freundlich constants, indicating the extent of adsorp-
tion and the degree of nonlinearity of adsorption; Kr
(L/mg) is the equilibrium binding constant corre-
sponding to the maximum binding energy; B is related
to the heat of adsorption. Two deviation tests—the
average relative error (ARE) deviation and
Marquardt’s percent standard deviation (MPSD)—
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Table 3
Isotherm parameters for CR adsorption on AC-ZnO composites
Steam CO, Steam—-CO,
Isotherm model 298 308 318 298 308 318 298 308 318
Langmuir dm (mg/g) 11.91 11.38 12.43 12.86 16.72 13.83 10.87 10.71 11.07
ki, (L/mg) 1.02 1.58 0.95 0.58 0.28 0.48 4.99 7.67 5.67
R? 0.998 0.995 0.997 0.996 0.997 0.995 0.999 1 1
ARE 2.66 4.95 2.19 4.16 1.60 2.54 1.31 0.81 0.43
MSPD 7.57 13.77 6.99 11.36 4.06 6.17 3.66 2.07 1.20
Freundlich 1/n 0.42 0.23 0.32 0.38 0.51 0.3 0.15 0.09 0.11
kg 5.64 6.94 6.33 5.08 4.23 5.92 8.98 9.4 9.39
rR? 0.993 0.989 0.990 0.987 0.988 0.994 0.970 0.956 0.990
ARE 3.67 1.72 2.83 3.78 2.90 1.46 1.48 1.18 0.57
MPSD 8.73 4.54 8.86 9.56 7.31 3.94 3.65 3.11 1.19
Temkin B 2.60 1.93 2.8 2.76 4.00 2.94 1.36 0.88 1.07
kr (L/mg) 10.14 36.49 9.39 5.98 2.26 5.42 734.36 45,264.9 6,276.6
rR? 0.999 0.987 0.985 0.992 0.992 0.991 0.971 0.951 0.993
ARE 1.34 2.33 1.94 2.90 1.64 1.49 141 1.10 0.43
MPSE 3.13 5.80 5.38 7.89 4.07 3.90 3.46 291 1.09
Table 4
Maximum adsorption capacity (4m) values for the adsorption of CR on various adsorbents
Adsorbent Im (mg/g) Adsorption isotherms Refs.
Regenerated AC-ZnO composites from spent catalyst 16.72 Langmuir This work
Activated carbon prepared from coir pith 6.72 Langmuir and Freundlich [18]
Activated carbon from Myrtus communis 19.23 Langmuir [19]
Activated carbons from scrap tires 159 Langmuir [20]
Activated carbon prepared from date pits 105 Langmuir and Redlich-Peterson [21]
Activated carbon prepared from apricot stones 32.85 Langmuir [22]
Commercial grade activated carbon 0.64 Langmuir [51]
Bagasse fly ash 11.88 Freundlich [51]
Waste red mud 4.05 Langmuir and Freundlich [52]
Cashew nut shell 5.18 Redlich—Peterson [53]
Waste banana pith 6.70 Langmuir [54]
Luffa cylindrical-M 17.39 Langmuir [55]

were used to investigate the best fit adsorption
isotherm, the related equations are as follows [49,50]:

ARE = 100§l ~ foca ©
n i=1 qe,exp i
1 & _ 2
MPSD = 100 Z <qe.exp qe,cal) (7)
n= p i=1 qe:exp i

where N is the number of experimental data points,
Jecal (Mg/g) is the theoretically calculated adsorption
capacity at equilibrium, geexp (mg/g) is the experi-
mental adsorption capacity at equilibrium, and p is
the number of parameters in each isotherm model.

The adsorption isotherms of CR onto AC-ZnO
composites were investigated at three different tem-
peratures of 298, 308, and 318 K. The isotherms are
shown in Fig. 7(a) (Steam activation), (b) (CO, activa-
tion), and (c) (Steam-CO, mix gas activation), respec-
tively. The model parameters were evaluated and are
presented in Table 3, along with the correlation coeffi-
cient (R?), which indicates the suitability of the model
with the experimental data. According to Table 3, for
steam and CO, activation, based on R? Langmuir
model seems to be more adequate. However, the cal-
culation of the error deviation using both ARE and
MPSD revealed that at room temperature, the Temkin
model is more suitable to describe the adsorption
process by giving lower error estimation values.
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Fig. 8. Pseudo-first-order and pseudo-second-order models of CR onto AC-ZnO composites activated by: (a) steam, (b)
CO,, and (c) steam-CO, mix gas.
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Table 5
Kinetic models for CR adsorption on AC-ZnO composites
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First-order kinetic model

Second-order kinetic model

Activating agents Co (mg/L)
ge (mg/g) Ky (min)  geca (mg/g) R Ky (min)  geca (mg/g)  R?
Steam 10 1.35 0.034 60.70 0.93  0.0048 1.89 1
20 2.87 0.023 37.18 0.91 0.0008 5.17 1
30 4.76 0.012 6.88 0.89  0.0022 5.73 0.99
40 6.91 0.022 73.14 0.96 0.0002 14.55 0.99
50 9.65 0.012 16.42 0.99 0.0005 13.84 1
CO, 10 1.43 0.014 2.95 0.96  0.0052 1.89 1
20 3.11 0.023 31.71 0.99 0.0006 6.22 0.93
30 5.16 0.017 16.43 0.94 0.0015 6.76 0.99
40 7.78 0.011 8.09 0.96  0.0017 9.08 1
50 10.45 0.017 31.01 0.98 0.0005 15.5 1
Steam—-CO, 10 1.44 0.024 14.12 0.96 0.0032 2.17 0.99
20 3.34 0.013 11.17 0.97  0.00008 13.10 0.99
30 5.70 0.016 21.62 0.99 0.00034 10.83 0.99
40 7.84 0.011 19.26 0.98 0.00002 35.16 0.91
50 10.16 0.018 54.53 0.93  0.0002 17.70 0.98

However, as the temperature increases, there exists
competition between three models. For steam-CO,
activation, Langmuir model gives the highest R* and
the lowest MPSD and ARE, indicating a monolayer
adsorption occurring on an energetically uniform sur-
face. For all adsorbents, the maximum adsorption
capacity (gm) calculated from the Langmuir isotherm
is 16.72 mg/g and the AC-ZnO adsorbent is activated
by CO, at 308 K, in this condition, the adsorption of
CR onto AC-ZnO composites follows the Langmuir
model.

A comparison of the maximum CR adsorption
capacity (4m) of the regenerated ZnO-AC composites
with those of other low-cost adsorbents in the litera-
tures is shown in Table 4. It can be seen from the table
that the AC-ZnO composites showed the comparable
adsorption capacity with respect to other low-cost
adsorbents. The maximum adsorption capacity of
AC-ZnO composites is slightly lower when compared
with the AC prepared from Myrtus communis [19]
and apricot stones [22]. However, the adsorption
capacity was higher than those of AC prepared from
coir pith [18], commercial grade AC [51], Bagasse Fly
Ash [51], and other agricultural wastes [53-55]. There-
fore, the AC-ZnO composites could also have potential
application in removal of dyes from aqueous solutions.

3.2.3. Kinetic studies

Kinetic studies are essential because they provide
information for the rate of removal of pollutants from

the solution. The kinetics of AC-ZnO composites
adsorption were estimated for different initial
concentrations of the CR solution, ranging from 10 to
50 mg/L. Fig. 8(a) (Steam activation), (b) (CO, activa-
tion), and (c) (Steam—CO, mix gas activation) is the
plot of the adsorption kinetics plotted in accordance
with the pseudo-first-order and pseudo-second-order
models, respectively. These two kinetic models can be
expressed as follows [56,57]:

pseudo-first-order model: In(g. — q¢) = In ge — Kyt (8)

)

t 1 t
seudo-second-order model: — = —— + —
P . Koqi o ge

where g, and g; (mg/g) represent the amounts of CR
adsorbed at equilibrium and any time, respectively. K;
(min~") is the rate constant of the pseudo-first-order
model and K, (mg/g min) is the pseudo-second-order
rate constant. The kinetic parameters including corre-
lation coefficients (R?), K;, Ko, and calculated Jescal Val-
ues are displayed in Table 5. As can be observed, the
experimental data were fitted better by pseudo-
second-order model than pseudo-first-order model,
since the correlation coefficient is obviously higher for
the pseudo-second-order model. The calculated values
of equilibrium adsorption capacity using pseudo-
second-order kinetic equation have smaller deviations
with the experimental values than those from pseudo-
first-order kinetic equation. This further substantiates
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Fig. 9. Intraparticle diffusion kinetic model of CR onto AC-ZnO composites activated by: (a) steam, (b) CO,, and (c)

steam—-CO, mix gas.

the appropriateness of the use of pseudo-second-order
kinetic equation at the present experimental condition.

The steps of adsorption process are studied thor-
oughly with intraparticle diffusion model which is
expressed as [58]:

g = Kat'? +C (10)
where K4 (mg/g min'/?) is the intraparticle diffusion
rate constant and C (mg/g) represents the intercept
related to the adsorption steps. The plots of g; vs. /2
for the adsorption of CR are shown in Fig. 9. The plots
present two distinct regions, indicating that two steps
have taken place during the adsorption process. The
first region (up to 65 min) is the stage of external film

diffusion, which is the diffusion of CR molecules from
solution to the external surface of AC-ZnO compos-
ites. The second region (65-295 min) is the intraparti-
cle diffusion stage. The fitting correlation coefficients
and intraparticle rate constants are presented in
Table 6, Kg1, Kgq> are the diffusion coefficient of exter-
nal film diffusion and intraparticle diffusion, respec-
tively. For steam activation, K4, > K41 suggesting that
the intraparticle diffusion had played a more impor-
tant role in the process of adsorption compared to the
external film diffusion. But for CO, and steam-CO,
mix gas activation, K4, was close to K41, demonstrat-
ing that the two stage had competed with each other
in the process of adsorption. The results also indicated
that intraparticle rate constant increases with increas-
ing in initial concentration.
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Table 6
Intraparticle diffusion kinetic model parameters for CR
adsorption on AC-ZnO composites

Activating agents Cp (mg/L) Kg R? Ky R

Steam 10 0072 094 0.089 0.95
20 0.187 091 0.180 1
30 0.155 094 030 090
40 0.061 099 072 098
50 0.184 093 085 0.96

CO, 10 0.160 099 0.042 096
20 0.166 0.86 0246 098
30 0489 0.84 0.188 0.99
40 0.367 090 0.603 0.93
50 0689 094 0723 097

Steam—-CO, 10 0.0719 098 0.107 0.98
20 0.121 099 0272 1
30 0261 092 0447 099
40 0493 0.81 0437 0.96
50 1.024 095 0452 097

4. Conclusion

AC-ZnO composites were prepared from the
exhausted AC containing ZnO from vinyl acetate
synthesis using different activating agents with
microwave heating. The structure and surface mor-
phology analyses from XRD and SEM revealed con-
version of zinc acetate to zinc oxide and the ZnO
particles well adhered on the surface of AC with
specific shape and size. The chemical structure of the
AC-ZnO composites examined using FT-IR spec-
troscopy showed the variations in surface functional
groups as compared to bare ZnO. The BET surface
area and cumulative pore volume of AC-ZnO com-
posites were much higher than that of the spent cata-
lyst, indicating high porosity and excellent
adsorption properties. The synthesized AC-ZnO com-
posites were investigated as potential adsorbents for
removal of CR in aqueous solutions. The equilibrium
adsorption isotherm data generated at three different
temperatures were modeled using Langmuir, Fre-
undlich, and Temkin isotherm models. Langmuir and
Temkin models were found to match the experimen-
tal data better than Freundlich, evidenced through
higher correlation coefficient (R?) and lower error
estimation values. The kinetics of adsorption were
modeled using pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models. The
pseudo-second-order model was found to match the
experimental data better than the pseudo-first-order.
Intraparticle diffusion model indicated two steps
have taken place during the adsorption process.
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