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ABSTRACT

In this research, pine-sawdust pyrolytic char (PyC) was activated by phosphoric acid through micro-
wave irradiation and activated PyC (APC) was obtained. The characterization of APC was presented,
such as scanning electron microscope, pH , Brunauer-Emmett-Teller surface area, surface functional
group, etc. Surface area of APC was 683 m* g while average radius of pore was 1.5 nm. Then, APC
was used as adsorbent to remove 4-chloro-2,5-dimethoxy nitrobenzene (CDNB) from aqueous solu-
tion in batch mode. Several experimental factors like initial pH, NaCl concentration, contact time, solu-
tion temperature were evaluated. Solution pH within 2-5 was in favor of adsorption and common salts
had no effect on adsorption quantity. The adsorption capacity from experiment was up to 220.8 mg g™
at 297 K. Langmuir model and Freundlich model were used to fit the adsorption equilibrium data
and both can better predict the process. The kinetic process was better fitted by pseudo-second-order
kinetic model and the process was controlled by film diffusion process. CDNB-loaded APC can be
regenerated by 70% ethanol and adsorption capacity decreased after regeneration. It was concluded

that APC be good adsorbent to remove CDNB from solution.
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1. Introduction

Nitrobenzene compounds are frequently used by chemical
industry such as the raw material in the manufacture of dyes,
rubbers, pesticides and herbicides, pharmaceutical prepara-
tion, etc. [1]. These compounds have great harmful effect for
public health and environmental quality and the wastewater
has brought a series of serious environmental problem due
to its high toxicity and accumulation in the environment [2].
Among the different processes often adopted for elimination
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of refractory pollutants, adsorption seems to be a good choice
in terms of cost and operation for removal of aniline and its
derivatives [3]. Adsorption on commercial activated carbon
may be an effective process for removal of refractory pollut-
ants from wastewater, but it is too expensive and the regen-
eration of spent activated carbon is relatively difficult with
loss of mass [3]. So attentions have been focused on the devel-
opment of low cost adsorbent for the application of waste-
water treatment and there were several reviews in this field
[3/4]. So, some raw or natural agricultural by-product and
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carbonaceous materials based on this by-product as low-cost
adsorbents have been tested to evaluate their efficiency in the
removal of dyes and other pollutants [5,6]. However, direct
use of the raw agricultural by-products have many disadvan-
tages, one of them is the leaching of organic pollutants, which
may cause second pollution, second is the low adsorption
capacity. The problem could be avoided by carbonization of
the raw materials or chemical modification. Activated carbons,
obtained from agricultural by-products, have good adsorption
capacity with respect to heavy metals, phenol and dyes [7]. So
carbonaceous material prepared was utilized as adsorbent for
wastewater treatment. The transformation of agricultural res-
idues into carbon or other products would avoid some prob-
lems of disposal and management of these waste by-products.

Recently, biomass was used to produce bio-oil or bio-gas
production from pyrolysis and this may lead to the formation
of solid residue, bio-char. Pyrolytic bio-char (PyC) is differ-
ent from that formed by partial combustion. In the process
of biomass thermal conversion, attention is usually focused
on the liquid or gas product [8]. But bio-char as by-product
has received attention in recent years. It is available for this
carbonaceous residue used as soil amendment except direct
combustion for heat production [9]. PyC can be directly used
or simply modified as adsorbents for removal of heavy metal
ions and dyes [10-12]. For enhancement of its surface prop-
erty, PyC can be activated by physical or chemical methods to
obtain activated carbon. The advantages of chemical activa-
tion are low energy cost due to lower temperature of process
and higher product yield [13]. Compared with conventional
heating process, microwave heating has the additional advan-
tages: interior heating, higher heating rates, greater control
of the heating process, etc. So the time can be considerably
reduced and energy consumption was less [14-17]. Microwave
assisted heating and chemical activation has been presented to
prepare activated carbon and ZnCl,, KOH, K,CO,, NH,H,PO,,
etc. were selected as activated agents [18-20]. The obtained
carbon materials were selected as adsorbent. Agricultural res-
idues as precursors can be used to prepare activated carbon
and references of [21-24] were relative reviews.

4-Chloro-2,5-dimethoxy nitrobenzene (CDNB; as interme-
diate of dyes and pharmaceuticals), available in refined chem-
ical process, can be released to wastewater during preparation
process. It was selected as target pollutant as it is very difficult to
biodegrade (chloro- or nitro-aromatic ring is more refractory) in
wastewater treatment. Adsorption of CDNB was seldom stud-
ied by carbon or other materials. In this study, the pine-sawdust
pyrolytic char (PyC) was activated by phosphoric acid through
microwave irradiation and activated PyC (APC) was obtained.
The characterization of APC was presented such as X-ray dif-
fraction (XRD), scanning electron microscope (SEM), pHch and
pore structural parameters. Furthermore, CDNB was selected
as adsorbate to study adsorption property of APC. Moreover,
the equilibrium and kinetic data of the adsorption process were
then analyzed to study the adsorption property. Regeneration
of CDNB-loaded APC was also performed.

2. Materials and methods
2.1. Preparation of APC

PyCwasobtained from Research Institute of Environmental
Sciences, Zhengzhou University. It was produced by slow

pyrolysis of biomass in a fluidized reactor to obtain pyrolytic
oil. It was air-dried for 1 d and was ground and sieved to a
particle size (30-80 mesh). Pine sawdust was adopted as the
feedstock for the pyrolysis process in a fluidized-bed reactor.
River sand was selected as medium and 2 kg h™ of biomass
can be treated [25]. The pyrolytic temperature is up to 550°C
and the time through the fluidized bed is 5 min to produce
bio-oil and bio-gas. The yield of PyC is about 25% of sawdust.
Then, it was sieved to produce particles of 100-120 mesh and
washed to remove dirty substances. The preparation proce-
dure was as follows: PyC was soaked in H,PO, solution (1:1)
with an impregnation ratio of 1/5 (W/V). The activation step
was conducted in a glass reactor placed in a microwave oven
with a frequency of 2.45 GHz. The microwave power was set
as 380 W and 2 min of irradiation time was selected as the heat-
ing period based on preliminary experiments. The activated
product was then washed with hot HCl solution (V/V 1/10)
solution (353 K and 2 h), sodium bicarbonate (0.1 mol L) and
deionized water until the pH of the washing solution reached
67, dried at 105°C and APC obtained was stored. The yield of
APC is 66.4% (average of four times).

2.2. Characterization of PyC and APC

SEM analysis was performed to study the textural struc-
ture of PyC and APC. The pore structures of two mate-
rials were characterized by nitrogen adsorption at 77 K
with an accelerated surface area and porosimetry system
(Micromeritics ASAP 2020), while surface functional groups
of APC were detected by Fourier transform infrared (FTIR)
spectroscope (FTIR-2000, PerkinElmer, USA) from the
scanning range of 4,000-400 cm™.

The amphoteric character of material surface was assessed
by the selective acid-base neutralization method. Boehm
titration [26] was used to determine the amount of surface
acidic and basic functional groups. Each sample (0.400 g) was
accurately weighed and reacted with 10 mL of 0.05 mol L™
HCI, NaOH, Na,CO,, NaHCO, solution in a closed flask and
agitated for 48 h at room temperature, respectively. Back
titration was carried out. The suspensions was then decanted,
and the remaining HCI, NaOH, Na,CO,, NaHCQO,, solution
was determined by titration with 0.05 mol L' NaOH or HCl
solution, respectively.

The determination of pH _was conducted by adjusting
pH of 20 mL 0.01 mol L™ NaCl solution to a value between
2 and 11. APC or PyC of 0.010 g were added and the final
pH was measured after 10 h under agitation. The pHch is the
point where pH, - pr =0.

X-ray diffraction (XRD) analysis was carried out to
identify any crystallographic structure in PyC and APC
sample using a computer-controlled X-ray diffractometer
(D/MAX-RA, Japan). Content of carbon, nitrogen and
hydrogen was determined by element analysis (Flash EA
1112, Thermo Electron Corporation, USA) while content of
phosphorus, calcium and potassium was obtained by X-ray
fluorescence analysis (S4PIONEER, German).

2.3. Preparation of CDNB solution

Molecular formula of CDNB is C;H,CINO, and its molec-
ular weight is 217.61 g mol™ (CAS No 6940-53-0). Its structure
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Fig. 1. Structure of CDNB.

is shown in Fig. 1. The CDNB used in this work was purchased
from Luoyang Chemical Corporation, China. Solutions of
CDNB were prepared to some desired concentration and pH
of solution was near 6.2. The initial pH of the working solu-
tion was adjusted to the required value by addition of 1 mol
L HCI or NaOH solution before mixing with the adsorbents
to study the effect of pH and the uptake pH was assumed
constant during other experiments.

2.4. Adsorption study

Adsorption experiments were carried out in a rotary
shaker at 100 rpm using 50 mL shaking flasks containing
20 mL of 30 mg L™ CDNB concentrations with 0.004 g of APC.
The experiments were carried out at 293, 303 and 313 K in a
constant temperature shaker bath. After shaking the flasks for
predetermined time intervals, the samples were withdrawn
from the flask and then filtered with filter screen. The left out
concentration in the supernatant solution was analyzed using
a UV/Vis-3000 spectrophotometer at 281 nm. Each experi-
ment was repeated three times and the results given were the
average values. 450 min of contact time was selected to reach
adsorption equilibrium except kinetic study.

The data obtained in batch studies were used to calculate
CDNB uptake quantity. The quantity of dye loaded onto
unit weight of APC (g, or q, mg g™') was obtained using the
following expression:

V(-0
q n 1)
where C, is the initial CONB concentration (mg L), C is the
CR concentration at any time ¢ or equilibrium (mg L™), V is
the CR solution volume (L) and m is the mass of APC (g).

To evaluate the reusability of APC, the regeneration and
readsorption of CDNB studies were conducted for three con-
secutive cycles. Adsorption—desorption experiments were
carried for the desorption solvent (20 mL 70% ethanol) to
three cycles. A single cycle sequence consists of adsorption
(300 min) followed by desorption (60 min) (pH =3, APC dose
=02gL", C,=30 mg L7, T =303 K). After adsorption, the
resultant CDNB-loaded APC was filtered, washed and air
dried and reintroduced into the desorption solvent and agi-
tated. The cycle of adsorption was performed. The desorption
efficiency and regeneration efficiency were calculated in the
following equations:

p:C“XVxloo% 2)
g, xm

n =9 4 100% 3)
T
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where p is desorption efficiency of the adsorbent (%), C, is
the concentration of desorbed CDNB in solution (mg L?); V
is the volume of desorption solution (L); m is the dry weight
of loaded adsorbent (g); 1) is the regeneration efficiency of the
adsorbent (%); g, and g, are the adsorption quantity of regen-
erative APC and APC in the same experimental conditions,
respectively.

3. Results and discussion
3.1. Characterization of PyC and APC

The structural heterogeneity of activated carbon plays
an important role in adsorption processes, and numerous
methods have consequently been developed and applied for
the characterization of this property. In this study, nitrogen
adsorption, scanning electron microscopy and XRD methods
were used to characterize our carbon samples. Surface chem-
istry of the carbons was analyzed by FTIR, measurement of
acidic and basic functional groups.

3.1.1. Nitrogen adsorption/desorption

Identifying pore structure of adsorbents by the adsorp-
tion of inert gases is essential before liquid sorption experi-
ments. Fig. 2(a) illustrates adsorption/desorption isotherms
of N, at 77 K on PyC and APC. The Brunauer-Emmett-Teller
(BET; the most usual standard procedure) was used to find
the BET surface area and they are 0.52 and 683 m? g™ for PyC
and APC, respectively. The result showed that the surface
area of PyC was significantly increased after activation.

The structural heterogeneity of porous material was
generally characterized in terms of the pore size distribution.
Fig. 2(b) shows pore size distribution of PyC and APC. It
was seen from Fig. 2(b) that the majority of micropores was
created for APC and this supported the result that APC
obtained had well-developed microporosity. This figure
confirmed that PyC was non-porous materials, while APC
was mainly micropores and some mesopores. The average
radius of pore was 29.8 and 1.5 nm for PyC and APC,
respectively.

3.1.2. Comparison of the external surfaces of PyC and APC
using SEM

SEM imaging was used to observe the surface morphol-
ogy. Figs. 3(a) and (b) show the surface morphology of PyC
and APC. This figure showed the differences of the exter-
nal surfaces of PyC and APC. It was obvious that PyC was
non-porous carbons, while APC had cavities on their exter-
nal surface. It seemed that the cavities on the surfaces of
APC resulted from the evaporation of the activating agent
(phosphoric acid) in this case during carbonization, leav-
ing the space previously occupied by the activating agent.
It is seen from Fig. 3 that there was smooth texture with
heterogeneous surface for PyC, while there was rough tex-
ture with heterogeneous surface and a variety of randomly
distributed pore size for APC. Furthermore, it contained an
irregular and highly porous surface, indicating relatively
high surface area. This observation can be supported by BET
surface area.
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3.1.3. X-ray diffraction

Materials can be crystallographically characterized
by means of XRD. The XRD curves were shown in Fig. 4.
Compared with APC and PyC, there was similar XRD. For
these carbons, the diffraction profiles exhibited broad peaks
at around 24° which are assigned to the reflection from (002)
plane. The occurrence of broad peaks at these 20 indicates
an increasing regularity of crystal structure and resulting in
better layer alignment.

3.1.4. FTIR of PyC and APC

FTIR of PyC and APC is shown in Fig. 5. Both spectra
showed similar absorption. The presence of broadband
around 3,440 cm™ was ascribed to both free and H-bonded
—OH stretching vibrations due to alcoholic or phenolic func-
tions, while peak around 2,924 cm™ was assigned to the C-H
symmetric and asymmetric vibration mode of methyl and
methylene groups. A middle strong band at 1,590-1,640 cm™!
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Fig. 2. (a) N, adsorption and desorption isotherms for PyC and
APC. (b) Pore size distribution of PyC and APC.
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can be ascribed to C=C aromatic ring stretching vibration
enhanced by polar functional groups. Peak near 1,112 cm™
was corresponding to C-O stretching in acids, alcohols, phe-
nols and ethers [11]. At low wave number district, the small
shoulder peak at 865 cm™ is ascribable to C-H out-of-plane
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10.0kV SEI M WD 8.0mm 9:56:16
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— 10pm JEOL

10.0kV SEI M WD 8.0mm 10:28:52

Fig. 3. SEM of PyC (a) and APC (b).
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Fig. 4. XRD pattern of PyC and APC.
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bending absorption in aromatic ring and C-C stretching is
located at 580 and 455 cm™.

Compared with PyC, the presence of COO- groups
in APC was consistent with the peak at approximately
1,558 cm™ which was typically attributed to anti-symmetric
stretching vibration. The peak near 1,120 cm™ became
slightly strong and this was due to ionized linkage P*—O" in
acid phosphate esters and to symmetrical vibration in a chain
of P-O-P. Overall, the FTIR results demonstrated qualitative
differences in the surface functional groups of PyC and APC.

3.1.5.pH, of PyC and APC

The pH of the point of zero charge (pH ,) of materials
depends on the chemical and electronic properties of the
functional groups on its surface. The results for the determi-
nation of pH_ are shown in Fig. 6. From Fig. 6, the pH
values are approximately 6.7 for PyC and 5.5 for APC, respec-
tively. Therefore, there was a negatively charged surface of
adsorbent at pH over this value while there was a positively
charged surface of adsorbent at pH below this value.

3.1.6. Elemental analysis and acidic and basic functional
groups

The contents of elemental analysis were C 66.4%, H
3.54%, N 0.078% for PyC and C 63.9%, H 2.90%, N 0.011%
for APC. The elemental analysis (data not presented) showed
that the content of C, N and H decreased with small extent
after activation. X-ray fluorescence analysis showed that
there were higher content of phosphorus element and lower
content of calcium and potassium for APC. But for PyC,
phosphorus was not detected and contents of calcium and
potassium were higher. The difference was from activation
by phosphoric acid and elution by HCl solution. The amount
of acidic and basic functional groups of PyC and APC are
listed in Table 1. There were more acidic groups and less basic
groups for APC and this suggested that activation facilitated
the creation of acidity on the surface of PyC. Furthermore,
there were more carboxyl group and phenolic group and less
lactonic group for APC. The result was consistent with lower
pH,,. values of APC. The type and concentration of surface
functional groups can play an important role in the adsorp-
tion capacity and the removal mechanism of the adsorbates.

T (%)

Wavenumber (cm )

Fig. 5. FTIR of PyC and APC.

3.2. Adsorption study
3.2.1. Effect of solution pH on adsorption quantity

The aqueous solution pH has been reported to present a
significant influence on the adsorptive uptake of adsorbate as
it impacts on both the surface binding sites of the adsorbent
and the ionization process of the adsorbate molecule. In the
present study, the effect of pH was investigated between 2
and 10 and the results are displayed in Fig. 7.

It was seen that the solution pH affected adsorption
quantity (q,). The values of g, changed little in the range pH
value of 2.0-5.0 and adsorption quantity was to 122 mg g™
As pH,,. of APC was 5.5, there was positive charge on surface
of APC at pH 2.0-5.0. -NO, with benzene ring was electron
withdrawing group and there was some negative property.

2

PyC

14

12

ApH
T

0.5+

0.0
12

ApH

-0.5

-1.0

-1.54

Fig. 6. Determination of pH___using pH drift method.

pzc

Table 1
Quantity of surface acidic and basic functional groups of PyC
and APC

Surface  Surface = Carboxyl Lactonic Phenolic
basicity  acidity (mmol g™) (mmol g™?) (mmol g™)
(mmol g) (mmol g7)
PyC 1.22 1.13 0.608 0.282 0.235
APC 0.167 1.787 1.13 0.189 0.469
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So there was some electrostatic attraction between APC and
CNDB. When the value of pH was from 5 to 11, the adsorp-
tion quantity decreased with some extent. This showed that
it was not in favor of adsorption at basic condition as the
acidic group onto surface of adsorbent was dissociated and
existed in anionic form which decreased the action between
CDNB and adsorbent. So the pH of the working solution
was adjusted to 4. As CDNB molecule existed as neutral
form, and the removal of CDNB was still efficient at basic
condition, this suggested that m—mt dispersion interactions
between adsorbent and adsorbate be dominant in adsorp-
tion process.

Compared with APC, there was lower adsorption capac-
ity of CDNB onto PyC (8.45 mg g) at the same condition.
So compared with PyC, adsorption quantity of APC toward
CDNB was 14 times. The significant difference of adsorption
quantity was due to the property of adsorbent surface. There
was higher surface area and lower pore size, rough sur-
face, more carboxyl group and phenolic group on surface of
APC, which was favored of CDNB adsorption. This was also
concluded that adsorption capacity of PyC be significantly
enhanced after activation.

3.2.2. Effect of NaCl concentration on adsorption quantity

The wastewater containing pollutants has commonly
higher salt concentration, and the effects of ionic strength are
of some importance in the study of adsorbates onto adsor-
bents. Fig. 8 shows the effect of NaCl concentration on the
values of g,. From Fig. 8, it is seen that values of g, changed
little with the increase of NaCl concentration. The reason
was due to CDNB existed in neutral form and there was little
effect with change of ionic strength. This result implied that
APC can be used to remove CDNB from practical effluents
containing common salts.

3.2.3. Effect of contact time on adsorption quantity

The results of adsorption quantity per gram APC (g, at
different contact time (t) are shown in Fig. 9.

130+

120

110

q,(mgg")

100

80

pH

Fig. 7. The effect of solution pH on adsorption quantity
(C,=30mg L™, dose=0.2 g L, T=297 K).

From Fig. 9, a three-stage kinetic behavior is evident: a
rapid initial adsorption over 60 min, followed by a longer
period of much slower uptake 180 min and gradual equilib-
rium time. The first phase was the instantaneous adsorption
stage or external surface adsorption. The second and third
phase was the gradual adsorption stage and finally CDNB
uptake reached equilibrium. The adsorption quantity was up
to 1252 mg g™

In order to predict adsorption kinetic process, the
pseudo-first-order kineticmodel and the pseudo-second-order
kinetic model were used to analyze the experimental data.

The pseudo-first-order kinetic model was generally given
as [27]:

g, =q.(1-¢™) (4)
140+
1304
—;gg I—I—"m
E 1204
<
1104
I(X) T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
C o L)

Fig. 8. Effect of NaCl concentration on adsorption quantity
(C,=30mg L™, dose=0.2gL", T=297 K, pH=4).

1304
120

110

q,(mgg’)

—m— Experimental curve

""" Pseudo-first-kinetic model fitted curve
704 - — -~ Pseudo-second-kinetic model fitted curve

0 50 100 150 200 250 300 350 400
t, min
Fig. 9. Effect of contact time on adsorption quantity and fitted

curves by kinetic models (C,=30 mg L, dose=0.2 g L, T=297K,
pH=4).
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The pseudo-second-order kinetic model was represented
as the following [27]:

kqit

%= 1+k,q,t ©)

where g, and g, (mg-g™") were the amounts of CDNB adsorbed
on adsorbent at equilibrium and at any time f, respec-
tively. And k, was the rate constant of pseudo-first-order
kinetic model (min™). And k, was the rate constant of
pseudo-second-order kinetic model (g'mg™*-min™).

The kinetic parameters can be calculated from non-linear
regressive analysis using software Origin 7.5. The parameters
of two models, together with determined coefficient (R?) and
average relative error (x?) are listed in Table 1. Furthermore,
the comparison between experimental curves and fitted
curves are also illustrated in Fig. 8.

As shown in Table 2, there were lower value of R* and
higher value of x? about pseudo-first-order kinetic model and
this showed that this model was not appropriate to fit the
kinetic process. But for pseudo-second-order kinetic model,
there were higher value of R? and lower value of x Value
of g, in Table 1 (130.8 mg g™) was very close to value of g,
from experiment. Furthermore, the fitted curve from pseu-
do-second-order kinetic model was also closer to experi-
mental curve. So pseudo-second-order kinetic model could
describe the adsorption kinetics and the rate determining
step could be chemical adsorption in this adsorption process
[27]. This implied that valency forces may be involved during
this process by exchange or sharing electrons between APC
and CDNB.

In order to assess the nature of the diffusion process
responsible for the adsorption of CDNB on APC, attempts
were made to calculate the coefficients of the process
as explained by Chabani et al. [28]. Assuming spherical
geometry for APC, the overall rate constant of the process
can be correlated with the pore diffusion coefficient (D ) and
the film diffusion coefficient (D) independently according to
reference [27,29,30] as described below:

1
typy="T— 6
s que ( )
0037 ”
1/2
DP
0.03#*
D, == ®)
1/2
p, - 0% 4. )
t1/2 CU

where 7 (0.0149-0.0125 cm) is the radius of the adsorbent,
¢ is the film thickness (10° cm) and ¢, is the time for half
sorption (min).

Values of t,, and D, calculated according to Eqs (6)
and (8) were 19 72 min and 3.96 x 10 to 5.33 x 10° cm? s,
respectively. The pore diffusion rate constants were in the
order of 107 to 10" ecm*s™ and values of D in this system
was over one order, suggesting that the pore diffusion in this
adsorption process was not significant.

Values of D, calculated according to Eq. (9) were from 1.06
x10%t0 1.26 x 10® cm? s™. The value of the film diffusion coef-
ficient (D) should be in the range 10 to 10® cm? s* and val-
ues of D was in this range. So it clearly appeared that CDNB
removal on APC was controlled by film diffusion process.

3.2.4. The effect of equilibrium CDNB concentration on
adsorption quantity

The effect of the equilibrium concentration of CDNB in
the solutions on adsorption is shown in Fig. 10 (adsorption
isotherm). As seen from Fig. 10, equilibrium uptake increased
with the increasing of CDNB concentrations at the range of
experimental concentration. This was a result of the increase
in the driving force the concentration gradient. It was also
found that there was highest adsorption quantity at 303 K. At
experimental conditions, adsorption quantity was improved
with the increase of temperature below 303 K, while it was
decreased when temperature was over 303 K. In another
words, the adsorption process was endothermic as tempera-
ture was below 303 K while the process was exothermic as
temperature was over 303 K.

The equilibrium isotherm is significant to design and
optimize the adsorption system for the removal of adsorbate
from wastewater. Both common adsorption isotherm equilib-
rium models, Langmuir model and Freundlich model, were
used for the analysis of the APC-CDNB adsorption system.
Two models are expressed in the following.

Langmuir isotherm model [31]:

quLCe

e 1K,

(10)

240+

—=— 297K
—*— 303K

120 ——313K
——  Langmuir model fitted curves
804 Freundlich model fitted curves
T T T T T T T T T 1
0 5 10 15 20 25

C. (mgL")

Fig. 10. Adsorption isotherms and fitted curves at various
temperatures (pH = 4).
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Table 2
Parameters of adsorption models by non-linear regressive analysis

Y. Jiao et al. / Desalination and Water Treatment 77 (2017) 247-255

Models Parameters
Langmuir model K, (Lmg™) q, (mgg™") R? x>
297 K 0.119 £0.015 302.3+17.6 0.981 56.1
303 K 0.178 £ 0.028 284.5+17.9 0.968 107.8
313K 0.0630 +0.010 362.8 +33.0 0.979 56.6
Freundlich model K, 1/n R? x?
297K 53.02 +4.36 0.468 +0.033 0.977 69.3
303K 65.81 £2.57 0.417 £0.016 0.993 23.3
313K 36.01 +4.43 0.576 +0.047 0.968 88.8
Pseudo-first-order kinetic model q,(mgg™) k, (min™) R? x?
119.4+4.0 0.0351 + 0.0055 0.886 78.9
Pseudo-second-order kinetic model q,(mgg™) k, (g mg™ min™) R? x?
130.8 +3.8 0.00039 + 0.00007 0.951 34.2

Note: x* = Z(q —q, )2 , q and g, are the experimental value and calculated value according to the model, respectively.

Freundlich isotherm model [32]:

q.= K" (11)

where K, and g, are constants related to affinity of the bind-
ing sites (L mg™) and adsorption capacity (mg g™), respec-
tively; 1/n and K, are the Freundlich constants related to
adsorption intensity of the adsorbent and the adsorption
capacity, respectively.

The parameters of two models and determined coef-
ficients were also listed in Table 2 and the fitted curves are
shown in Fig. 10.

It is observed from Table 2 that there were higher values
of R? and lower values of x? for both model, this implied that
both models can be applied to fit the adsorption equilibrium
process. But the value of g, from Langmuir model was low-
est at 303 K, this was opposite to experimental results. This
showed that Langmuir model was not available to fit the data
at 303 K. Furthermore, fitted curves from Freundlich model
were more close to experimental curves (seen in Fig. 10). So
Freundlich model was better to predict the equilibrium pro-
cess. This result suggested that the CDNB adsorption be het-
erogeneous and adsorption energy exponentially decrease
on completion of the adsorption centers of an adsorbent.

The value of g, from Langmuir model was up to
302.3 +17.6 mg g™ at 297 K. It was also found that parame-
ter of n was within 1-10 and this indicated that CDNB ions
were favorably adsorbed by APC at all the temperatures
studied [33,34].

3.3. Regeneration of exhausted APC

Regeneration of saturated adsorbent was crucial to eval-
uate the reusability of the adsorbents and to elucidate the
mechanism of adsorption [35-38]. If CDNB adsorbed on
surface of APC was desorbed easily by deionized water, the
attachment of CDNB onto APC was of feeble binding force.

The chemisorption would be verified if high desorption effi-
ciency was obtained using organic solution, such as ethanol.
In this work, two different desorption solutions were tested
in batch system to find optimal reagent. And regeneration
efficiency (p) was found to be 8.2%, 60.2% for deionized
water and 70% ethanol, respectively. Thus, it was rational
to refer that the action between CDNB and APC be con-
trolled predominantly by chemisorption. The regenerated
APC was repeatedly used to adsorb CDNB when 70% eth-
anol served as elution solution. The desorption efficiency
was 99.0%, 81.6% and 71.9% while regeneration efficiency
(n) was 60.2%, 37.7% and 19.1% during three adsorption—
desorption cycles. This showed that adsorption quantity
significantly decreased after regeneration.

4. Conclusion

APC was prepared through activation of pine-sawdust
pyrolytic char (PyC) by phosphoric acid impregnation and
microwave. Surface area of APC was significantly increased
while there were more acidic groups and less basic groups
for APC. CDNB was as adsorbate to study the adsorption
property of APC. There was higher adsorption capacity
and the adsorption quantity from experiment was up to
220.8 mg g™ at 297 K. Langmuir model and Freundlich
model can predict the equilibrium process while pseu-
do-second-order kinetic model can fit kinetic data and it
was controlled by film diffusion process. Exhausted APC
can be regenerated by 70% ethanol. It was promising that
APC can be used as good adsorbent to remove CDNB from
solution.
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