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ABSTRACT

The characteristics of commercial bamboo charcoal and adsorptive removal of p-nitroaniline
(PNA) from aqueous solution by this bamboo charcoal were studied intensively. The effects
of adsorbent grain size and solution pH value on the adsorption were investigated by con-
ducting a series of batch adsorption experiments. The results showed that bamboo charcoal
with grain size of 80-100 mesh was optimal for the adsorption, and the removal efficiency
kept decreasing with the increase of solution pH value, the acidic solution environment was
generally optimal for this adsorption. The adsorption amount decreased with increasing
solution temperature, and the maximum adsorption amount of PNA (C, = 400 mg/L) was
found to be 176.92 mg/L (278 K), 170.10 mg/L (298 K), and 154.93 mg/L (308 K), respec-
tively. The kinetic rates were modeled by using the pseudo-first and pseudo-second-order
equations, and the pseudo-second-order equation could explain the adsorption kinetics most
effectively. The equilibrium data were fitted with the Langmuir, Freundlich, Redlich-
Peterson, and Dubinin—Radushkevich models, and the result showed it followed the
Redlich-Peterson model very well, which suggested the co-existence of single-layer adsorp-
tion and heterogeneity of adsorption mechanisms. The thermodynamic data showed the
adsorption was a spontaneous and exothermic process. The entropy of the adsorption was
greater than zero, which suggested the net increase of system randomness.
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1. Introduction

Bamboo charcoal is usually made from bamboo
culms, branches, and roots, which are usually taken
from bamboo plants (five years or older) and are

*Corresponding author.

pyrolyzed in oxygen-free or oxygen-limiting circum-
stance at temperatures over 700-1,200°C. It has been
proven to be an environmentally functional, low cost
and renewable bioresource with high surface area and
excellent adsorption properties [1,2]. In recent years,
the excellent adsorption properties of bamboo charcoal
and its application in removal of toxic organic
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compounds in surface and drinking water have been
widely investigated [1-9].

The p-nitroaniline (PNA) is a bright yellow, nee-
dle-like crystalline solid having the formula
CeHgN,O,, molecular weight of 138.12, density of
1.424(20/4°C), and pK, of 1.00. It is an organic chemi-
cal compound, consisting of a phenyl group attached
to an amino group which is para to a nitro group.
This chemical is commonly used as an intermediate in
the synthesis of dyes, antioxidants, pharmaceuticals,
and gasoline. However, PNA is usually classified as a
type of hazardous substance, and can cause long-term
damage to the environment. In consideration of the
huge threat of PNA to the environment, this com-
pound has been officially included in the Black List of
water environmental preferred controlled pollutants by
Ministry of Environmental Protection of China in 1989
[10]. The discharge limit for PNA-containing water is
also very stringent in China, which is less than
1.0 mg/L in Chinese National Standard GB 8978-1996
[11].

Consequently, the effective removal of PNA in sur-
face and drinking water is quite important for water
quality improvement, and it is also a big challenge to
environmental engineers. Currently, the PNA-contain-
ing wastewater is usually treated by photo-catalysis
[12,13], biodegradation [14,15], advanced oxidation
[16], and adsorption [17-20]. Among these technolo-
gies, adsorption has been proven to be effective and
convenient in separating PNA from various water
bodies. Different types of adsorbents have been inves-
tigated and utilized to remove PNA, such as activated
carbon fiber [18], polymeric adsorbents [19,20], and
carbon nanotube [21].

In recent years, bamboo charcoal has received
increasing attention in the field of environmental
purification, and a great number of studies have been
performed over the last decade to investigate the
adsorption properties of various organic compounds
onto bamboo charcoal [22-25]. However, to the best of
our knowledge, the adsorption of PNA on bamboo
charcoal had not been investigated in previous studies
and in this paper, the key characteristics of commer-
cial bamboo charcoal, including the surface morphol-
ogy, functional groups, specific surface area, and pore
size distribution were investigated to elucidate the
adsorption process of PNA on bamboo charcoal sur-
face, and the kinetics, isotherms, and thermodynamics
of this adsorption process were also discussed using
various models. The goal of this study was to obtain a
clear and comprehensive understanding of the adsorp-
tion process of PNA onto bamboo charcoal.
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2. Material and methods
2.1. Materials

The commercial bamboo charcoal was provided by
Zhongzhu Bamboo Charcoal Industry Co., Ltd (Anji,
China). Firstly, this bamboo charcoal sample was
finely ground and sieved to different meshes (6-10,
10-16, 60-80, 80-100, 100-200 meshes), after having
been washed in copious amount of deionized water,
they were dried in sun to eliminate moisture and were
stored in desiccators. PNA (AR grade) was purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). The deionized water was produced by an
Ultra-pure UV Water System manufactured by Hi-tech
Instruments Co., Ltd (Shanghai, China). All of the
other chemicals were of AR grade and were used
without further purification.

2.2. Analytical methods

All solutions used in this experiment were buf-
fered to needed pH values with a mixture of sodium
dihydrogen phosphate and disodium hydrogen phos-
phate (NaH,PO, + Na,HPO,, ion strength =10 mM),
the detailed buffer composition is provided online
[26], and the actual pH values of these buffered solu-
tion were double-checked and compared with their
theoretical values, the comparison showed these two
values were quite close, which demonstrated the relia-
bility of these buffer compositions.

Concentration of PNA in this experiment was
determined by an UV-vis spectrophotometer (TU-
1810, P-General Instrument Co., Ltd, China) according
to the method provided by literature [27], which was
based on the measurement of maximum absorbance at
Amax = 380 nm, and the absorbance is proportional to
the aqueous PNA concentration. The calibration curve
of PNA was also determined using the same method
and the correlation coefficient R* was 0.9978.

The surface morphology of bamboo charcoal was
observed by using scanning electron microscopy
(SEM, Quanta-200, FEI Company, USA). The surface
area and porosity were determined by N, adsorption
at 77 K with surface area and porosimetry analyzer
(ASAP 2020, Micromeritics Corp, USA). The X-ray
photoelectron spectroscopy (XPS) measurement was
carried out with a Kratos AXIS Ultra DLD system
(Rigaku Corporation, Japan). The other instruments
used in this study were an acid meter (PHS-3C, Kan-
gyi Instruments, China) and an incubator shaker
(HZP-250, Jionghong Instruments, China).
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2.3. Batch adsorption experiments

The batch adsorption experiments were carried out
in a series of 50 mL capped Teflon bottles where 0.1 g
bamboo charcoal sample and 50 mL of PNA buffered
solution (25-500 mg/L) were added with no head-
space in these bottles. Then, these sealed bottles were
placed into a temperature-controlled incubator shaker,
which was set to a fixed speed of 100 rpm and fixed
temperature points of 278, 298, and 308 K.

After the adsorption, water samples in these bot-
tles were centrifuged at 4,000 rpm and then were fil-
tered rapidly through 0.45 pm membranes (equipped
with 33 mm diameter syringe filter, Thermo Scientific
Inc.), the filtrates were tested immediately on the UV-
vis spectrophotometer to determine the equilibrium
concentrations of PNA.

The adsorbed amount of PNA (g., mg/g) was cal-
culated using Eq. (1):

ge = M 1)

m

where Cy and C. (mg/L) are the initial and equilib-
rium concentrations of PNA, respectively; V (L) is the
volume of PNA solution, 50 mL; m (g) is the mass of
bamboo charcoal, 0.1 g.

To determine the best-fit model for the adsorption
process, the nonlinear curve fitting facility of Origin
8.5 (Origin Lab Corporation, USA) was employed to
evaluate the fitting of different models. To compare
the validity of each model, a normalized standard
deviation Ag, (%) was calculated using Eq. (2):

N

2 (Fiexp — qi7cal)/qi,exp]2

Age(%) = 100 N )

where N is the total number of data points and i is the
serial number of each data point; giexp (mg/g) and
Jical (mg/g) are the experimental and calculated
adsorption amount of PNA at each data point.

3. Results and discussion
3.1. Characterization of bamboo charcoal

The SEM image of bamboo charcoal sample was
shown in Fig. 1(a) and (b). As could be seen in these
figures, the bamboo charcoal kept nearly the original
morpha of raw bamboo, a sponge-like structure was
clearly found on the cross section of bamboo charcoal,
this structure was quite different from those of other
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carbonaceous adsorbents, such as various nutshell
ACs or ACFs. The size of these small cells on the cross
section always ranged from several to dozens of
micrometers according to the scale on Fig. 1(a) and
(b). Numerous pores, including the micro-, meso-, and
macropores, were distributed in the internal wall of
these small cells. These pores, accompanied with
numerous wrinkles and cracks, contributed most to
the total surface area of bamboo charcoal. It is gener-
ally believed that this unique sponge-like structure of
bamboo charcoal originated from the intrinsic vascular
bundles and parenchyma tissues of raw bamboo [28],
which are the main constituents of the central cylinder
of the internodes. In the pyrolysis process, all of the
organic contents in these vascular bundles and par-
enchyma tissues, such as lignin, cellulose, and hemi-
cellulose were decomposed and vaporized completely,
and then the resulting sponge-like structure was left.
The curves of N, adsorption/desorption and pore
size distribution of bamboo charcoal were shown in
Fig. 2(a) and (b). The shape of this adsorption/desorp-
tion curve was a mixture of type I and IV isotherms in
the IUPAC classification, with a quite narrow hystere-
sis loop at high relative pressure area. It is generally
believed that the formation of hysteresis loop is
mainly due to differences in curvature of the meniscus
on adsorption (cylindrical) and desorption (spherical),
so the occurrence of narrow hysteresis loop on this
curve definitely suggested the existence of meso-
porous structure on bamboo charcoal surface. Fig. 2(b)
showed a vast majority of pores fell into the width
less than 25 nm, suggesting a mixed micro- and meso-
porous porosity of bamboo charcoal. The structure
parameters, including BET surface area, pore volume,
and average pore width were summarized in Table 1.
The XPS survey spectrum exhibited prominent
peaks due to different surface element, consequently,
the high resolution XPS measurement was employed
to detect the possible elements on bamboo charcoal
surface, which was showed in Fig. 3(a), (b), and (c). In
Fig. 3(a), the peaks of Cls, Ols, and Nals were
acquired over 282-294, 524-544 eV, and 970-990 eV,
respectively. It was very interesting that the N1s peak
was totally missing in this spectrum, which indicated
the nitrogen content on bamboo charcoal surface was
so tiny that the instrument cannot clearly detected it;
this result was quite different from the XPS spectra of
activated carbons presented in other literature [29-31],
which always revealed a tiny but very clear N1s peak
at around 400eV. Another interesting point of
Fig. 3(a) was the occurrence of Nals at around 980 eV,
the Nals peak in the survey spectrum was quite clear,
which indicated the Na atom might widely spread on
bamboo charcoal surface. However, the Nals peak
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Fig. 2. The curves of N, adsorption/desorption and pore size distribution of bamboo charcoal ((a) N, adsorption/desorp-

tion curve and (b) pore size distribution curve).

Table 1
The porosity parameters of experimental bamboo charcoal

Bamboo Specific surface Average pore Total pore volume Micropore volume Surface area of
charcoal area (m?/ g) width (nm) (cm®/ g) (cm3/ g) micropore (m?/ g)
321.45 16.61 0.282 0.123 236.47

could hardly be found on the XPS spectrum of con-
ventional activated carbons, so the relatively high Na
content on bamboo charcoal surface might suggest the
high capacity of bamboo tissue to absorb and accumu-
late Na element from soil.

In this part, the Origin 8.5 was employed to inte-
grate the peak area of Cls, Ols, and Nals, to get the
relative C, O, and Na content on bamboo charcoal sur-
face. The result showed the relative content of C atom
was 72.21%, while those of O atoms and Na atoms
were 18.62 and 9.17%, respectively. So it was quite
clear that the C atoms were dominant on the bamboo

charcoal surface, and the O atoms were usually fixed
with C atoms to form various functional groups.

The XPS survey spectrum of bamboo charcoal was
further measured to give quantitative content of sur-
face functional groups, so the Cls and Ols peaks were
deconvolved to some sub-peaks, as shown in Fig. 3(b)
and (c). Fig. 3(b) presented several carbon species and
the optimum fitting was achieved by deconvolution of
six peaks for the Cls spectrum: graphitic or aromatic
carbon (C-C, 284.5 eV and C=C, 285.0 eV), carbon pre-
sent in phenolic, alcohol, and ether groups (C-O,
285.5 eV), carbonyl groups (C=0O, 287.8 eV), carboxyl,
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Fig. 3. The XPS survey spectrum and fitting curves of Cls
and Ols ((a) XPS survey spectrum, (b) XPS fitting curve of
Cls, and (c) XPS fitting curve of Ols).

lactone, or ether groups (O=C-O, 288.9eV), and
shake-up satellite peaks due to m—r transition in aro-
matic rings (291.7 eV). Fig. 3(c) presented the oxygen
species on the surface of bamboo charcoal, four differ-
ent oxygen-containing functional groups were identi-
fied, as reported by Kodama [32]: oxygen atoms in
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keto and quinone groups (C=0, 529.5eV), carbonyl
oxygen atoms in esters, amides, and anhydrides as
well as oxygen atoms in hydroxyls or ethers
(531.7 eV), ether oxygen atoms in esters and anhy-
drides (532.7 eV), and oxygen atoms in the carboxyl
groups (533.6 eV).The relative content of each func-
tional group was obtained from the area of sub-peaks
divided by the total area, which was shown in Table 2.
It was clear that the graphitic or aromatic carbon
atoms were dominant in the total carbon composition,
and most of the oxygen atoms were fixed into the car-
bonyl and carboxyl groups.

3.2. Effect of bamboo charcoal grain size on adsorption

In this experiment, five different grain size, 6-10,
10-16, 60-80, 80-100, and 100-200 meshes, were pre-
pared to compare their adsorption capacities for PNA,
the result was shown in Fig. 4. It could be easily
found that the solution pH values kept nearly constant
during the adsorption process, and the removal effi-
ciency kept increasing with the decrease of grain size,
which indicated smaller bamboo charcoal grain size
was beneficial to the adsorption. However, the
removal efficiency began to keep nearly constant when
the grain size was less than 80-100 mesh. In considera-
tion of the operation factor in pilot or field application,
too small adsorbent grain size would inevitably cause
some difficulties to the operators or to the devices,
such as the pipe clogging or device damage, so the
proper selection of adsorbent grain size is one of the
key factors in practical application. In this experiment,
the grain size of 80-100 mesh could obtain the almost
best removal efficiency, and could also facilitate the
operation, so the bamboo charcoal sample with grain
size of 80-100 mesh was used in the following experi-
ment to evaluate the adsorption performance.

3.3. Effect of solution pH on adsorption

In this experiment, a series of PNA solutions with
various pH values (2.0-10.0) were prepared to investi-
gate the relation of adsorption capacities and solution
pH values, the result was shown in Fig. 5. It was obvi-
ous that the removal efficiency decreased with the
increase of solution pH values. However, the decrease
rate was quite slow within the pH range 2.0-7.0, and
it became much more rapid when the solution pH
exceeded 7.0, this phenomenon apparently suggested
that the acidic solution environment was generally
optimal to the adsorption, while the basic solution
environment would deteriorate the adsorption
dramatically.
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Table 2
The C1s and Ols deconvolution and peak area of experimental bamboo charcoal
Element Cls Ots
BE (eV) 284.5 285.0 2855  287.8 288.9 291.7 5295 531.7 532.7 533.6
Functional groups C-C Cc=C O C=0 O0-C=0 n—= Keto/Quinone Carbonyl Ether Carboxyl
Peak area 33,575 51,986 12,019 21,607 12,058 7,359 <1 24,466 887 22,578
% 24.22% 3751% 8.67% 15.59% 8.70% 531% 0 51.04% 1.86% 47.10%
100 200 and the conjugated m-n interaction were mainly deter-
%0 | oHs7.08 DH=:.10 pF0.98 mined by the intrinsic properties of PNA molecules and
o711 - . o 4180 adsorption sites on bamboo charcoal surface, such as
80 ] oH702 m . the molecular or atomic weight, distance between dif-
'g" W © {160 3, ferent molecules or atoms, and the valence electrons in
E 60 - o g the atomic orbit, so these forces would not be heavily
® 55 ] - 1140 & affected by the solution pH. Consequently, the dramatic
decrease of removal efficiency, especially in the basic
42 u % Removal 4 120 solutions, could be clearly attributed to the combined
30 - o G effects of hydrogen bond interaction and electrostatic
20 . . . : . ito force between adsorbent and adsorbate.
610  10-16  60-80  80-100  100-200 In aqueous solution, the existing form of PNA

grain size (mesh)

Fig. 4. The effect of bamboo charcoal grain size on adsorp-
tion (Cp=400mg/L; T=298K; bamboo charcoal
mass = 0.1 g; solution pH 7.0).
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Fig. 5. The effect of solution pH on adsorption

(Cop =400 mg/L; T =298 K; bamboo charcoal mass =0.1g,
solution pH 2.0-10.0).

It is generally believed that five different forces: the
Van der Waals force, hydrogen bond interaction, elec-
tron donor-acceptor interaction, electrostatic force, and
conjugated m—m interaction were involved in solid/lig-
uid phase adsorption [33]. Within these forces, the Van
der Waals force, electron donor-acceptor interaction,

could change rapidly under different pH values, and
the equations could be expressed as follows:

C6H4N02NH§— +— C¢H4NO,NH, + H"
pH = pK, + log [C¢H4NO,NH,]/[CsHsNO,NH; |
]0g[C6H4NOQNH2]/[C6H4NOZNH;] = pH - pKa

When pH - pK, > 0, [CsH,NO,NH,]/[CsH,;NO,NHS |
> 1, so most of the PNA in the aqueous solution is in
the form of electron-neutral PNA molecules. When
pH - pKa <0, [C6H4NOZNH2]/[C6H4N02NH;—] <1,
the positively charged PNA ions is dominant in the
aqueous solution.

Literature [34] said that when the solution pH val-
ues is within pK, + 2.0, the electron-neutral molecules
and positively charged ions can co-exist in aqueous
solution, while the solution pH values exceed this lim-
its, the electron-neutral molecule or the positively
charged ions will be dominant solely in aqueous solu-
tion, which was summarized in Table 3.

Previous research showed the point zero charge
(pHp,o) of bamboo charcoal in this experiment was
8.71 [35], which suggested that the bamboo charcoal
surface would be fully positively charged within
experimental solution pH 2.0-8.0, and there were also
some positively charged PNA ions within experimen-
tal solution pH 2.0-3.0 (Table 3), so the electrostatic
repulsion force played a key role in deteriorating the
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Table 3
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The form of PNA molecule in aqueous solution with different pH values

Solution pH

values Existing form

£1.0 Positively charged PNA ions

1.0-3.0 Electron-neutral PNA molecules and a few of Positively charged PNA ions co-exist in solution, and
percentage of electron-neutral PNA molecules keeps increasing with the increase of solution pH value

>3.0 Electron-neutral PNA molecules

adsorption in this solution pH range. When the solu-
tion pH exceeded 3.0, the positively charged bamboo
charcoal surface would have no interaction with the
electron—neutral PNA molecules (Table 3), so the elec-
trostatic force could be totally omitted when solution
pH exceeded 3.0. Another important force involved in
this adsorption process was hydrogen bond interac-
tion. It was generally believed that some hydrogen or
oxygen-containing groups, especially the carbonyl and
carboxyl were involved in this interaction [32-35]. The
XPS analysis in Table 2 also showed the dominant role
of carbonyl and carboxyl in the total group composi-
tion, and with the continuous increasing of solution
pH values, an increasing number of carboxyl would
be dissociated to ion state, consequently, the strength
of hydrogen bond interaction between carboxyl and
PNA molecules would be inevitably decreased and
would be totally missing when solution pH exceeded
7.0. However, the carbonyl could keep stable in the
aqueous solution and the strength of hydrogen bond
interaction between carbonyl and PNA molecules
could keep nearly constant despite the increase of
solution pH. The combined effect of these forces on
the adsorption was summarized in Table 4.

3.4. Adsorption kinetics

The effect of contact time on adsorption was showed
in Fig. 6. It could be found that the adsorption amounts
of PNA increased gradually with the rise of contact time
until g, remained invariable. The adsorption equilib-
rium of PNA on bamboo charcoal could be reached
within 300 min, and more than 80 percent of the equi-
librium adsorption amounts could be obtained within
the initial 120 min. The equilibrium adsorption amount
of PNA was 176.92 mg/L (278 K), 170.10 mg/L (298 K),
and 154.93 mg/L (308 K), respectively, with the initial
concentration of 400 mg/L. Fig. 6 also showed the
adsorption of PNA onto bamboo charcoal surface was
easily affected by the variation of solution temperature,
and lower temperature was always beneficial to the
adsorption.

As is mentioned above, the adsorption process of
PNA molecule onto bamboo charcoal was mainly domi-
nated by various physical forces, and in some ways, the
solid/liquid phase adsorption functioned mainly by
physical forces could be seemed as the “condensation”
of free adsorbate molecule on adsorbent surface. With
the increase of solution temperature, the irregular

Table 4

The forces between PNA molecule and bamboo charcoal under different solution pH values

Solution pH values 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Van Der Waals force ~ Unchanged

Electrostatic Strong Weak Nearly Neutral Neutral Neutral Neutral Neutral Neutral
interaction repulsion repulsion neutral

Hydrogen bond Strong Strong Strong Strong Weak  Very Extremely Extremely Extremely
interaction caused weak  weak weak weak
by carboxyl

Hydrogen bond Strong Strong Strong Strong Strong Strong  Strong Strong Strong
interaction caused
by carbonyl

Electron donor— Unchanged
acceptor interaction

Conjugated n—n Unchanged

interaction
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Fig. 6. The kinetic rates of this adsorption process
(Cp =400 mg/L; bamboo charcoal mass =0.1g; solution
pH 7.0).

Brownian Motion of H,O molecule became increasingly
vigorous, and the impact of moving H,O molecule
would inevitably disturb the transfer of PNA molecule
from bulk solution to bamboo charcoal surface and re-
entrain the adsorbed PNA molecule back to the bulk
solution, so the equilibrium adsorption amount
decreased dramatically with the increase of solution
temperature.

In order to investigate the adsorption processes of
PNA on bamboo charcoal, kinetic analyses were
usually conducted using pseudo-first-order and
pseudo-second-order models. The equation of pseudo-
first-order model could be expressed as follows:

kit

10g(‘1e,oal —qt) = 10g e cal — 2.303 ©

The equation of pseudo-second-order model could be
expressed as follows:

t 1 t

= + 4)
qr ka qg,cal

5]c,cal

where (.. (mg/g) is the calculated equilibrium
amount of PNA adsorbed on bamboo charcoal using
these two models; q; (mg/g) is the amount of PNA
adsorbed on bamboo charcoal at time f (min); k; (1/
min) is the rate constant of pseudo-first-order model;
k, (g/(mg min)) is the rate constant of pseudo-second-
order model.

The regression curves of pseudo-first-order and
pseudo-second-order model were also shown in
Fig. 7(a) and (b), and the corresponding kinetic param-
eters were listed in Table 5.
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As seen from Fig. 7(a) and (b), the pseudo-first-
order model did not show a good agreement with the
kinetic data, which could also be concluded from the
lower correlation coefficients (R? = 0.9877, 0.9835, and
0.9723) and larger normalized standard deviation Ag,
(20.17, 19.84, and 17.95%) listed in Table 5. However,
the pseudo-second-order model fitted the experimen-
tal data very well, and the correlation coefficients (R?)
and the normalized standard deviation (Ag.) were
quite satisfied. Therefore, the pseudo-second-order
model was suitable to describe this kinetic process.

3.5. Adsorption isotherm

In this study, the equilibrium data was analyzed
using the well-known isotherm models of Langmuir,
Freundlich, Redlich-Peterson, and Dubinin—-Radushke-
vich. It is generally believed that the Langmuir model
could describe quantitatively the formation of a mono-
layer adsorbate on the outer adsorbent surface, and
after that, no further adsorption takes place. Further-
more, the surface of adsorbent should be homoge-
neous, which means the adsorption mechanism at
each adsorption site is similar to the others [1-9,35].
The Freundlich model is commonly used to describe
the adsorption characteristics for the heterogeneous
surface, the “Heterogeneity” always means the differ-
ence of porosity and the adsorption mechanism [35].
The Redlich-Peterson model incorporates the features
of both the Langmuir and Freundlich models [34,35].
It considers the heterogeneous adsorption surface in
Freundlich model and the possibility of single layer
adsorption in Langmuir model. The Dubinin—-
Radushkevich model is generally applied to express
the adsorption mechanism with a Gaussian energy
distribution onto a heterogeneous surface. This model
has often successfully fitted high solute activities and
the intermediate range of concentrations data well.
These isotherm equations are given in Table 6.

Fig. 8(a), (b), and (c) showed the regression curves
of four types of isotherm models under different tem-
perature. All of the parameters obtained from these
models were shown in Table 7. By comparing the cor-
relation coefficients of these isotherm models at differ-
ent temperatures, it was clear that the equilibrium
data of three temperature could be best fitted by Red-
lich—Peterson model (the correlation coefficients were
0.9964, 0.9952, and 0.9882, respectively), and the val-
ues of Ag. of Redlich-Peterson model listed in Table 7
were quite smaller than those of the other models.

As mentioned above, the Redlich-Peterson model
is generally seemed as the combination of Langmuir
and Freundlich model, which always notify the



26456

G. Wu et al. | Desalination and Water Treatment 57 (2016) 26448-26460

(b) 5

3.0 4

tig min.g/mg)
oo oy Led 2ed
[=] on [=] o

=
w

0.0

Lt

278K
298K
308K

e

20 2, . 278K
8 . 208K
15 L 308K
A
& 10 w8
% 05 L .
g
2 00 .
0.5 %
- .
1.0 4 4
.
T A S S
(1] 60 120 180 240 300 360 420 480

t (min)

0 50 100 150 200 250 300 350 400 450 500
t (min)

Fig. 7. The kinetic model fitting curves of this adsorption process ((a) pseudo-first-order model and (b) pseudo-
second-order model; Cy = 400 mg/L; bamboo charcoal mass = 0.1 g; solution pH 7.0).

Table 5
Kinetic parameters for adsorption of PNA onto bamboo
charcoal

T (K)
Parameter 278 K 298 K 308 K
Pseudo-first-order model
R? 0.9877 0.9835 0.9723
Jeexp (ME/ Q) 176.92 170.10 154.93
Je,cal (Mg/g) 139.44 162.52 126.77
Age (%) 20.17 19.84 17.95
ki (1/min) 1935 x 1072 1.750 x 1072  1.543 x 1072
Pseudo-second-order model
R? 0.9999 0.9989 0.9995
Jeexp (ME/ Q) 176.92 170.10 154.93
Jecal (MG/E) 196.07 185.19 172.41
Age (%) 10.70 11.42 10.56
k» (g/(mg min)) 1436 x10™* 1.403x107* 1.255x10~*

adsorption behavior has both the characteristics of
monolayer and surface heterogeneity, and the forces
or mechanisms involved in adsorption are also com-
plex. As for the bamboo charcoal, the SEM images
demonstrated the complex porosity inside the bamboo
charcoal and the XPS spectrum also showed us the
existence of various functional groups on bamboo
charcoal surface, so the heterogeneity of bamboo char-
coal surface was quite easy to be understood. How-
ever, it was also quite understandable that the
contribution of each force or mechanism to the
adsorption was quite different, and one or more forces
or mechanisms would inevitably play a more
important role in adsorption than the other forces or
mechanisms.

3.6. Thermodynamic study

Thermodynamic parameters were evaluated to
confirm the nature of PNA adsorption on bamboo

Table 6

Isotherm equations and the parameters

Isotherm Equation Parameters

Langmuir Je = %fLT%IZX Q.: equilibrium adsorption amount of PNA(mg/g); Ce:
equilibrium concentration of PNA (mg/L); max: maximum
monolayer adsorption amount of PNA (mg/g); Ki: Langmuir

: constant (L/mg)

Freundlich ge = KeC,, Kg: Freundlich constant (mg/g (L/mg)"/™); 1/n: related to the
magnitude of the adsorption driving force and to the
adsorbent site energy distribution

Redlich—Peterson Je =1 f’fl;q a, b: Redlich—Peterson model constants; c¢: the Redlich-Peterson

Dubinin-
Radushkevich

ge = qp exp[—Bpr(RT In(1 + 1/C.)]

model exponent reflecting the heterogeneity of the adsorbent
Bpg: related to the free energy of adsorption per mole of the
adsorbate as it migrates to the surface of the adsorbent from
infinite distance in the solution (mol?/ k]2); gp: the Dubinin-
Radushkevich theoretical isotherm saturation capacity (mg/g)
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Fig. 8. The fitting curves of four different isotherm model
under three temperatures ((a) 278 K, (b) 298 K, and (c)
308 K; Cp=25-500 mg/L; bamboo charcoal mass=0.1g;
solution pH 7.0).

charcoal. The thermodynamic parameters, including
the Gibbs free energy change (AG®), enthalpy change
(AH"), and entropy change (AS®), were calculated to
evaluate the thermodynamic feasibility and sponta-
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neous nature of this process. These parameters were
calculated from the variation of the thermodynamic
equilibrium constant K, with respect to temperature
[36]. K, for the adsorption reaction can be defined as
follows [37]:

_ G/

Ky =
eNe

(5)

where C, is the surface concentration of PNA in mole
per gram of bamboo charcoal (mol/g), C. is the aque-
ous concentration of PNA at equilibrium (mol/1), Cg is
the surface concentration of PNA at monolayer cover-
age of the adsorbent (mol/m?), C? is molar concentra-
tion of PNA at standard condition and is equal to
1 M. The standard free energy change (AG®) for
adsorption was calculated from the following relation-
ship:

AG® = —RT In(Ko) 6)

where R is the universal gas constant and T is the
temperature in Kelvin. Using the Van’t Hoff equation
[38], the average standard enthalpy change (AH") can
be calculated from the relationship between K, and T:

In Ky = —AH°/RT + const )

and standard entropy changes (AS®) can be calculated
from:

AG® = AH® — TAS® ®

Using the above relationships, the thermodynamic
parameters, including the standard free energy change
(AG"), the standard enthalpy change (AH®), and the
standard entropy change (AS®), were calculated and
the thermodynamic parameters for this adsorption
process were summarized in Table 8.

In general, the adsorption equilibrium constant Ky
decreased by increasing the solution temperature. The
negative values of AH" verified the exothermic nature
of this adsorption process and this observation also
explained the decrease of adsorption capacity at
higher solution temperature. The negative standard
free energy changes (AG®) and positive standard
entropy changes (AS°) at all temperatures indicated
that the adsorption was a spontaneous process and
the randomness at the solid/liquid interface during
the adsorption increased dramatically. Because the
size of PNA molecule is much larger than that of H;O
molecule, the adsorption of one PNA molecule at one
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Table 7
The isotherm parameters of this adsorption process

T (K)
Parameters 278K 298K 308K
Langmuir model
Ky (L/mg) 539 x 1072 3.93x 1072 3.52x1072
R? 0.9817 0.9920 0.9866
Age (%) 7.80 5.87 7.81
Freundlich model
1/n 0.6168 0.5670 0.5054
Kg ((mg/g)(L/mg)"/™) 16.74 12.37 12.19
R? 0.9326 0.9629 0.9861
Age (%) 12.08 10.88 11.01
Redlich—Peterson model
a 9.024 6.903 9.005
b 0.015 0.033 0.213
C 1.251 1.036 0.741
R? 0.9936 0.9898 0.9922
Age (%) 7.36 8.91 4.66
Dubinin—Radushkevich model
o (mg/g) 191.6184 170.034 167.1714
Bpr (mol?/kJ?) 0.0071 0.0034 0.0092
R? 0.9920 0.8287 0.9852
Age (%) 15.78 10.54 12.90
Table 8

The thermodynamic parameters for the adsorption of PNA

onto bamboo charcoal

T (K)
Parameters 278 K 298 K 308 K
C, (mol/g) 1.32x1072 123x10%  1.14x107°
CY (mol/m?) 1.67x10°  156x107°  145x107°
C. (mol/L) 247 x 107 434 x 107 6.10 x 107*
Ko 3.21 x 10° 1.82 x 10° 1.29 x 10°
In Ky 14.98 14.41 14.07
AG® (kJ/mol) -34.62 —35.70 -36.03
AH" (k] /mol) -14.63
AS° (J/k mol) 71.91 70.70 69.48

adsorption site would inevitably push more than one
H>O molecules out of this place, so the increase of sys-
tem randomness was something that must happen.

4. Conclusions

The key characteristics of commercial bamboo
charcoal and the adsorption of PNA from aqueous

solution by this bamboo charcoal were studied. The

characteristic investigation demonstrated the complex
surface morphology of bamboo charcoal and the
existence of various functional groups on bamboo
charcoal surface, the majority of bamboo charcoal
pores fell in to the size less than 25nm, showing
the mesoporous structure was dominant on bamboo
charcoal surface. The adsorption process of PNA
onto bamboo charcoal was heavily affected by grain
size and solution pH values, and grain size of 80-
100 mesh and acidic solution pH values were
proved to be optimal for the adsorption. The kinetic
study revealed that the adsorption process followed
pseudo-second-order model perfectly and the equi-
librium data could be best fitted by the Redlich—
Peterson model. The thermodynamic study showed
the adsorption process was product-favored and
exothermic. The change in entropy value was posi-
tive which indicated an increase in system random-
ness due to the replacement of H,O molecules on
the adsorption sites with PNA molecules transferred
from bulk solution.
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