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A study was carried out to investigate the adsorption of 4-nitrophenol on activated carbon fiber prepared from coconut husk. For comparison, |
a commercially available granular activated carbon was also tested. The effects of initial concentration, agitation time, solution pH and |
temperature were examined. Adsorption isotherms were described using the Langmuir and Freundlich models. It was found that, both |
models fit the experimental data. Pseudo-first-order model, pseudo-second-order model and intra-particle diffusion equations were applied
to examine the Kinetic data. It was noted that the empirical kinetic data of the prepared activated carbon fiber was well described by the |
pseudo-second-order model, whereas, the pseudo-first-order model agreed well with the experimental data for the commercial granular |
activated carbon. Intra-particle diffusion mechanism was partially involved in the case of the commercial adsorbent. It was observed that |
the prepared adsorbent has both the adsorption capacity and a rate of adsorption higher than that of the commercial one. Adsorption |
thermodynamic parameters were also estimated. Values of AH® with AS® and AG® indicate that the adsorption of 4-nitrophenol onto both
adsorbents are exothermic and spontaneous processes. The AH® values suggest that the adsorption is by chemisorption for the prepared |
activated carbon fiber and physisorption for the commercial granular activated carbon. I
|
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INTRODUCTION adsorbents when used to remove phenols, such as the high
regeneration cost and the generation of fine carbon. This is
due to the oligomerization of phenols on its surface under oxic
conditions (presence of oxygen) and the brittle nature of these
activated carbon®”!'. On the contrary, activated carbon fibers
have a number of favorable adsorptive properties such as an
elevated adsorption capacity and a high adsorption rate and
are easier to handle in a batch system compared to powdered
and/or granular activated carbon'?. Therefore, activated carbon
fibers have attracted much attention from many researchers as
a new adsorbent for the treatment of polluted gaseous and
liquid phases®. This is due to their better adsorption perfor-
mance as compared to the granulated and powdered forms of
activated carbons".

Various manufactured fibers like polyacrylonitrile',
poly(p-phenylene terephthalamide)™, rayon'®, Nomex [poly (m-
phenylene isophthalamide)]", polyvinyl alcohol'®, phenolic
resin'® and pitch® have been used for the production of fibrous
activated carbons. Those fibers are however, expensive”. Thus,
one of the main negative aspects of the activated carbon fibers
produced from artificial fibers is its higher price compared to
the activated carbons available in the market*'. Therefore, to
increase the functionality and application capabilities of

Various chemical industries such as petroleum refineries,
coal tar, steel foundries, pesticides, insecticides, plastics,
preservatives, disinfectants, rubber proofing, pulp processing,
pharmaceuticals, gasoline and petrochemicals will usually use
phenol or its derivatives as the intermediate'>. Therefore, it is
common to find that wastewaters generated from these indus-
tries are contaminated by phenolic compounds.

Phenols are normally resistant to biodegradation processes,
highly toxic (even at low concentrations) and carcinogenic*”.
Thus, the US Environmental Protection Agency (EPA) and
the European Union have included most of these compounds,
such as phenol, chlorophenols and nitrophenols in their lists
of priority pollutants®. Consequently, it is mandatory to remove
phenolic compounds from wastewaters before their disposal
to the environment. Accordingly, various treatment techno-
logies have been used to remove these contaminants from
wastewaters. Among these, adsorption is found to be the best
technique as is widely used in wastewater treatment®.

Powdered and granulated activated carbons are the most
widely used adsorbents due to their favorable surface physical
and chemical adsorptive properties’. Unfortunately, there are
some disadvantages that may be associated with these
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activated carbon fibers it would be sensible to use low cost
materials like natural fibers as precursors for the production
of activated carbon fibers. Consequently, few attempts were
conducted to prepare this adsorbent from natural precursors
such as piassava fibers?, kenaf fibers**, cotton stalks**?,
coconut shell fibers®, jute and coconut fibers' and oil palm
fiber”.

Coconut husks are abundant in tropical countries like
Malaysia and they often cause serious disposal problems®.
The fibers obtained from coconut husk have little ash content
and are cheap in comparison with industrial fibers". There-
fore, activated carbon was prepared from coconut fiber by Phan
et al."” and used for adsorption of phenol, acid red 27 dye and
Cu” ions. So far, no attempts have been carried out to investi-
gate the adsorption of 4-nitrophenol, on activated carbon
prepared from coconut husk fibers under ideal conditions.
Thus, the main aim of this work was to determine the optimal
conditions of activated carbon production from coconut fiber
whereas the second objective was to investigate the adsorption
efficiency of the produced sample towards 4-nitrophenol.

It is not easy to determine the real adsorption capacity of
phenols due to the oligomerization of these compounds on
the adsorbent surface under oxic condition. Therefore, 4-nitro-
phenol due to its high critical oxidation potential was selected
in order to avoid any additional process that may occur simul-
taneously with the adsorption. Lu et al.*® reported that the
limiting factor in the oligomerization of phenols on the surface
of F400 was the oxidation potential which on the other hand
is influenced by the functional group of the substituent.

EXPERIMENTAL

Coconut husk fiber-based activated carbon was prepared
using a horizontal tube furnace under optimized experimental
conditions established in our primary work. The optimized
parameters were; activation temperature of 700 °C, 50 % w/v
ZnCl, concentration, 200 cm*/min nitrogen flow rate, activation
time of 2 h and carbonization temperature of 400 °C. The comm-
ercial granular activated carbon (ACG; CAS No. 64365-11-3)
was obtained from Sigma Aldrich (Germany). The surface
areas and porosity of the prepared activated carbon fiber (ACF)
and commercial granular activated carbon were measured with
a Sorptomatic Automated Gas Sorption System (Sorptomatic
Thermo Finnigan 1990, USA) using the BET method. The
pH at the point of zero charge of the prepared activated carbon
fiber was determined by using the batch equili-brium method,
as described by Babic et al.”. Boehm's titration method and
the Fourier Transform Infrared Spectroscopy (FT-IR) (Perkin
Elmer-2000 FT-IR) measurement was applied to quantify the
functional groups on the surfaces of both the prepared activated
carbon fiber as well as for the commercial granular activated
carbon. To investigate the effect of % oxygen on the adsorption
performances of the prepared sample and the commercial
activated carbon, the chemical composition of these two
adsorbents was examined by EDX-analyzer. The surface morpho-
logy of the adsorbents was examined by scanning electron
microscopy (SEM) (LEO 1455 VP, England).

All the chemicals were used without further purification.
HCI, ZnCl,, NaHCO3, Na,CO;, NaOH and NaOC,Hs, NaNQO,

n-hexane and 4-nitrophenol were purchased from Sigma-
Aldrich, USA, APEO. 10 g of pure crystals of 4-nitrophenol
was weighed and introduced into a 1000 mL volumetric flask
and dissolved in deionized water and diluted up to the mark.
Solutions for the adsorption studies were prepared by diluting
of this stock solution to the required concentration.

Adsorption studies

Effect of the initial adsorbate concentration: In batch
adsorption experiments, twenty-one solutions of 4-nitrophenol
with initial concentrations in the range of 50-1500 mg//L were
prepared from the stock solution. Certain amounts (0.03 g) of
the prepared activated carbon fiber were added into each of
the twenty-one 30 mL amber bottles each of which containing
25 mL different concentrations of 4-nitrophenol. The bottles
were then sealed and placed in a rotational shaker. The bottles
were shaken, at 150 rpm, room temperature (30 = 1 °C) and
without any pH adjustment, for 3 days in order to reach the
adsorption equilibrium. The adsorbent was then separated from
the solution by suction filtration. The final concentrations of
4-nitrophenol at equilibrium (C.) were measured by using a
UV-visible spectrophotometer (Shimadzu, Japan) at a maximum
wavelength of 317 nm. The amount adsorbed at equilibrium
was calculated based on eqn. 1.

(C.-C)V
9= (1
where, Cy and C. are the liquid phase concentrations of
4-nitrophenol at initial and equilibrium times, respectively. V
is the volume of the solution (L) whereas, W is the mass of
adsorbent (g).

For comparison, the above-mentioned processes were
repeated with commercial granular activated carbon.

Adsorption isotherms: The study of the adsorption
isotherms was performed by adding 25 mL of 400, 450, 500,
550 and 600 mg/L solutions of 4-nitrophenol into amber
bottles, each bottle containing a fixed amount (0.03 g) of the
prepared activated carbon fiber or the commercially available
granular activated carbon. The bottles were sealed and shaken
at 150 rpm on a rotational shaker at room temperature (30 + 1
°C) for 3 days without any pH adjustment. The mixtures were
then separated by filtration. The final concentrations of
4-nitrophenol at equilibrium were measured. The amounts of
4-nitrophenol adsorbed at equilibrium by the adsorbents (q.
mg/g) were also calculated from eqn. 1.

Adsorption kinetics: To investigate the effect of contact
time and the adsorption kinetics, the adsorption of 200 and
400 mg/L of 4-nitrophenol solutions on the prepared activated
carbon fiber and commercial granular activated carbon were
carried out at predetermined time intervals. A similar procedure
as conducted with the isotherm studies were followed. The
uptake of 4-nitrophenol at any time t (q. mg/g) was calculated
using the following equation:

- CozCoV o
where, q, is the amount of 4-nitrophenol adsorbed at time t
(mg/g). C, and C, (mg/L) are the liquid phase concentrations
at initial and any time t, respectively. V is the volume of the
solution (L) and W is the mass of adsorbent (g).
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Effect of solution pH: 100 mL of 450 mg/L 4-nitrophenol
solution was added to each one of the six beakers (200 mL).
The pH of the solutions was adjusted to the required values
(2-11) by the addition of HCI or NaOH. 25 mL of each solution
was then added to the amber bottles containing 0.03 g of the
prepared activated carbon fiber as well as for the commercial
granular activated carbon. The experiments were performed
atroom temperature (30 + 1 °C) and at 150 rpm and the samples
separated by filtration after 3 days. The final concentrations
of 4-nitrophenol and the amount adsorbed at equilibrium were
measured and calculated, respectively, as in the isotherm studies.

Adsorption thermodynamics: The same processes
carried out in the isotherm studies were repeated at 30, 45 and
60 °C with two different initial concentrations of 4-nitrophenol
(400 and 450 mg/L) using an incubator shaker. The experi-
ments were carried out in order to study the impact of
temperature on the adsorption capacities and to investigate
the adsorption thermodynamic parameters such as AH®, AG®
and AS°.

RESULTS AND DISCUSSION

Characteristics of the adsorbents: The BET surface
areas of the prepared activated carbon fiber and the commercial
granular activated carbon were found to be 1354 and 1061
m?/g, respectively. The pore structure of the prepared activated
carbon was calculated to be 89.1 % micropores and 10.9 %
mesopores with an average pore diameter of 1.952 nm. For
the commercial granular activated carbon, the calculations gave
58.6 % micropores and 41.4 % mesopores and macropores
with an average pore diameter of 2.106 nm. The pH at the
point of zero charge (pHZPC) of the prepared activated carbon
was found to be 6.0. The results of Boehm's titration method
showed no difference between the concentrations of the stan-
dard and the final solutions. The pH ZPC value and Boehm's
titration results indicated that the surface of the prepared
activated carbon fiber is naturally neutral. The results of the
FR-IR spectra of the prepared activated carbon fiber and the
commercial granular activated carbon are presented in Fig. 1.
This figure shows that the absorption peaks appeared in the
region of 3423.64 and 3434.43 cm™ for the prepared sample
and for the commercial one, respectively. Both of these peaks
represent OH vibration stretching. The band recorded in the
region of 2961 cm™ in the case of the prepared activated carbon
corresponds to an aliphatic CH,- bending vibration (Fig. 1).
Moreover, there are two main absorption peaks recorded in
the regions of 1053 and 1633.36 cm™" for the prepared activated
carbon fiber and granular activated carbon, respectively. These
two peaks correspond to the mono or disubstituted C=C. The
FT-IR results indicate that both adsorbents have the same
absorption peaks and differ only in the absence of CH,-bending
vibration in the region of 2961 cm™ for the commercial acti-
vated carbon. Furthermore, the results obtained by the EDX
analyzer showed that the prepared activated carbon contains a
very small amount of oxygen (6.15). The SEM photograph of
the prepared activated carbon fiber and the commercial granular
activated carbon are given in Figs. 2 and 3, respectively. It can
be observed from this figures that most of the pores on the
surface of activated carbon fiber are micropores, which are
more effective in the case of the adsorption of 4-nitrophenol.

Activated carbon fiber
1526.73

1052.91

3419.44

Granular activated carbon

1633.36

1109.67 612.52

Transmittance (%)

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
Wavelength (cm™)

Fig. 1. FT-IR graph of coconut husk fiber-based activated carbon and
granular activated carbon

—50 ym——

HV |Spof ag | Vac Sig sure
5.0 kV| 3.0 [1000x|Lowvacuum|SE | 60.0 Pa

Fig. 3. SEM image of granular activated carbon

In the other hand, the majority of pores on the surface of granu-
lar activated carbon are mesopores, which are less effective in
the adsorption of 4-nitrophenol.

Adsorption studies

Effect of initial concentrations: Fig. 4 shows the effect
of the initial concentrations (Cy mg/L) of the solution on the
adsorption efficiency of the prepared activated carbon and the
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commercial activated carbon. It can be observed from this
figure that, the amount adsorbed at equilibrium (q. mg/g) of
both adsorbents increases as the 4-nitrophenol concentration
increased from 50-1000 mg/L and becomes stable when the
concentration is increased above 1000 mg/L. Fig. 4 also illus-
trates that the prepared activated carbon fiber is more effective
in adsorbing 4-nitrophenol compared to the commercial granular
activated carbon. This is due to its higher surface area and
higher percentage of micropores.

500

400
2 300
——ACF

£
~ 200
c ——ACG

100

0

0 500 1000 1500 2000
Go (mg/L)
Fig. 4. Effect of initial concentration on the adsorption capacity of 4-

nitrophenol on activated carbon fiber (ACF) and commercial
granular activated carbon (ACG)

Adsorption isotherms: Adsorption isotherm is a funda-
mental concept in adsorption science™. It is the equilibrium
relationship between the amount of the substance adsorbed
and its pressure or concentration in the bulk fluid phase at a
constant temperature®**'. The primary experimental informa-
tion is usually made up by these isotherms, commonly used
as a tool to distinguish among different adsorbents and by this
means selecting the fitting one for a particular application™.
Several models such as Langmuir, Freundlich, Temkin,
Dubinin-Radshkevich (D-R) and Redlich-Peterson (R-P) are
available in literature to describe the experimental data of the
adsorption isotherms. The Langmuir model is based on the
supposition of a homogeneous adsorbent surface with identical
adsorption sites®. The Freundlich model is an empirical equation
which is based on the assumption that there are heterogeneous
adsorptive energies on the surface of the adsorbent™. Redlich-
Peterson's model is usually used as a compromise between
the Langmuir and the Freundlich models*. When [ values are
close to unity, the Redlich-Peterson's isotherms conform to
the Langmuir model better than that of the Freundlich model*.

In this work, both Langmuir and Freundlich isotherm
models were used to analyze the adsorption equilibrium data.
The linear form of these two models is given by eqns. 3 and 4
for Langmuir and Freundlich, respectively:

where, g is the amount of an adsorbate adsorbed at equilibrium
(Mmg/g), gmax the maximum adsorption capacity corresponding
to a complete monolayer coverage on the surface (mg/g), C.
is the concentration of the adsorbate at equilibrium (mg/L).
Ky is the Langmuir constant. Kr is the Freundlich constant in
relation to the adsorption capacity. 1/n is another constant
in the Freundlich model related to adsorption. If the value of
1/n is between 0 and 1, this indicates that the adsorption is
favourable™.

The essential characteristics of the Langmuir equation can
be articulated in the vocabulary of a dimensionless factor, R.
which is given by eqn. 5%.

1
T14K, G, )

where, K is the Langmuir constant and is the highest initial
concentration of the adsorbate. The Ry value implies that the
adsorption to be unfavorable (R;. > 1), linear (R, = 1), favourable
(0 <Ry < 1) orirreversible (R = 0).

In case of the Langmuir equation, the relationship between
C./q. and C. for both the prepared ACF and the commercial
granular activated carbon is given in Fig. 5. Langmuir parameter’s
gmax and Ky were calculated from the slopes and intercepts of
those plots, respectively. Values of these two parameters, the
correlation coefficients (R?) and R, are listed in Table-1.

Ry

081
071 /
06
051
04 |
031
02
011

0

+ ACF
= ACG

Ce/qe (9/L)

0 50 100 150 200 250
Ce (mg/L)

Fig. 5. Langmuir isotherm model for adsorption of 4-nitrophenol on
activated carbon fiber and commercial granular activated carbon

From the slope and intercept of the linear plots of In q.
versus In C. (Fig. 6), 1/n and K¢ (Freundlich parameters),
respectively, were obtained and listed with the correlation
coefficient value (R?) in Table-1. It can be observed from Table-
1 that the prepared activated carbon fiber has an adsorption
capacity (500 mg/g) higher than that of the commecial granular
activated carbon (333.3 mg/g). Moreover, the Freundlich

C 1 C

—e:—K +—= (3)  constant (Kr = 171.74) of the prepared activated carbon is

Qe dmax®r Gmax also larger than that obtained for the granular activated carbon

| —InK +ll C (Kr=164.02). The results indicate that the prepared adsorbent

Nde =M B n e ) has high adsorption affinity towards 4-nitrophenol than the
TABLE-1

LANGMUIR, FREUNDLICH PARAMETERS AND SEPARATION FACTORS (R;) FOR THE ADSORPTION OF
4-NITROPHENOL ON ACTIVATED CARBON FIBER (ACF) AND COMMERCIAL GRANULAR ACTIVATED CARBON (ACG)

Langmuir isotherm

Freundlich isotherm

Adsorbent > T >
Gunax (Mg/g) K. (L/mg) Ry R Kr (mg/g) (L/mg)™ 1/n n R
ACF 500 0.051 0.032 0.999 171.74 0.144 6.9 0.995
ACG 333.3 0.061 0.027 0.999 164.02 0.117 8.5 0.920
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Fig. 6. Freundlich isotherm model for adsorption of 4-nitrophenol on
activated carbon fiber and commercial granular activated carbon

commercial sample. This is due to the larger surface area and
a higher percentage of micropores in the prepared activated
carbon, which is more effective in the adsorption process.
Furthermore, it can be seen from Table-1 that all values of Ry
and 1/n are in between zero and one. This confirms that the
adsorption of 4-nitrophenol on both the prepared activated
carbon fiber and the commercial granular activated carbon is
favorable. Values of the correlation coefficients (R?) along with
Figs. 4 and 5 demonstrate that the Langmuir isotherm model
fits well with the equilibrium data. The Freundlich model also
reveals a good correlation, with R? values of 0.920 and 0.995
for the prepared activated carbon and the commercial one,
respectively. Similar results were observed previously by
Ahmad et al.*®.

Effect of agitation time: Plots of the amount adsorbed
(q: mg/g) versus time (t min) are depicted in Figs. 7 and 8 for
the prepared activated carbon fiber and the commercial granu-
lar activated carbon, respectively. It can be seen from these
figures that the amount adsorbed increases as the agitation
time increased until reaching equilibrium at 1 and 3 h for the
prepared activated carbon fiber and the commercial granular
activated carbon, respectively. This confirms that the rate of
adsorption on the prepared activated carbon fiber is higher
than that of the commercial granular activated carbon. This is
due to all the micropores being directly on the surface of the
activated carbon-fiber”’, whereas, the adsorption of phenols on

granular activated carbon involves intra-particular diffusion®.

350

300 - - a

250 == 200 mg/L

200 —&— 400 mg/L

a: (mg/g)

100
50

0 100 200 300 400
Time (min)
Fig. 7. Plot of q. versus time for the adsorption of 4-nitrophenol onto

activated carbon fiber at two initial concentrations (200 mg/L, 400
mg/L)

250
——
200 200 mg/L
—&— 400 mg/L
S 150 M - - M
(o)}
E
S 100
50
0
0 100 200 300 400

Time (min)

Fig. 8. Plot of q, versus time for the adsorption of 4-nitrophenol onto
commercial granular activated carbon at two initial concentrations
(200 mg/L, 400 mg/L)

Adsorption kinetics: The adsorption kinetics of 4-
nitrophenol on both activated carbon fiber and commercial
granular activated carbon were studied using initial concen-
trations of 4-nitrophenol of 200 and 400 mg/L. The linear forms
of the pseudo-first-order Lagergren (eqn. 6), pseudo-second-
order rate equation (eqn. 7) and intra-particle diffusion equation
(eqn. 8) have been used in this work to model the adsorption
kinetics.

lo - =1lo -K
g(qe qt) gqe 1 2.303 (6)
o1
qQ¢ quz e @
q, =Kyt +C ®)

where, . (mg/g) and q; (mg/g) are the amounts of 4-nitrophenol
adsorbed at equilibrium and at any time t (min), respectively.
K, (h™), K, (g/mg h) and K (mg/g h'?) are the rate constants
of the pseudo-first-order, pseudo-second-order and intra-
particle diffusion models, respectively. C is another constant,
which gives information about the thickness of the boundary-
layer®®.

Linear plots of all the considered kinetic models are
depicted in Figs. 9-14. Adsorption kinetic parameters have
been calculated from the slope and intercept of these plots
and are given with the correlation coefficients in Tables 2 and 3.

2.5 1
20 | ®
~a_ ¢ 200mg/L

151 ¢ I 400 mg/L
,c[_:r [
& 101 -
£

0.5 ¢

0 T T T S S
50 100 150 200

-0.5 - Time (min)

Fig. 9. Pseudo first-order kinetics model for the adsorption of 4-nitrophenol

onto activated carbon fiber
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TABLE-2
PSEUDO-FIRST AND PSEUDO-SECOND ORDER ADSORPTION RATE CONSTANTS, THE CALCULATED AND EXPERIMENTAL
q. VALUES FOR THE ADSORPTION OF 4-NITROPHENOL ONTO ACTIVATED CARBON FIBER (ACF) AND GRANULAR
ACTIVATED CARBON (ACG) AT DIFFERENT INITIAL CONCENTRATIONS AND 30 + 1 °C

Pseudo-first-order model

Pseudo-second-order model

Adsorbent Co(mg/L) ey (Mg/g)

Geea (M) K, (W) R’ eca (Mg/g) K, (g/mgh R’ Rate
ACF 200 164.39 28.77 0.018 0.886 166.67 0.00180 0.999 0.299
400 249.56 77.09 0.023 0.934 333.3 0.00056 0.999 0.188
ACG 200 158.75 175.79 0.028 0.997 200 0.00012 0.990 0.024
400 230.83 249.46 0.035 0.906 333.3 0.00008 0.991 0.025
o5 TABLE-3
PARAMETER VALUES OF INTRA-PARTICLE
DIFFUSION MODEL FOR THE ADSORPTION OF
20 * 4-NITROPHENOL ONTO ACF AND ACG AT DIFFERENT
- INITIAL CONCENTRATIONS AND 30 + 1 °C
.5 . Sample G Qeexo Intra-particle diffusion parameter
o + 200 mg/L (mg/ll) (mg/g) K (mg/h'g) C R’
T 200 164.39 3.314 125.6 0.787
S 10 = 400mglL ACE 40 24956 8.924 1934 0.663
8 ACG 200 15875 11.91 14.22 0.918
05 400 230.83 16.80 31.46 0.905
Figs. 9-14 along with Tables 2 and 3 indicate that the
0 ‘ T ' - pseudo-second-order model adequately describes the adsorption
50 100 150 200 L . .
kinetics of 4-nitrophenol on the prepared activated carbon fiber
05 Time (min) with a high correlation coefficient (R* = 0.999). Moreover, it

Fig. 10. Pseudo first-order kinetics model for the adsorption of 4-nitrophenol
onto commercial granular activated carbon

o] e

o8 //

+200 mg/L
=400 mg/L

0 50 100 150 200
Time (min)

Fig. 11. Pseudo second-order kinetics model for the adsorption of 4-
nitrophenol onto activated carbon fiber

1.2
1.0

5 0.8 |

£

(o)}

206 +200 mg/L

£ ®400 mg/L

g

0 50 100 150 200
Time (min)

Fig. 12. Pseudo second-order kinetics model for the adsorption of 4-
nitrophenol onto commercial granular activated carbon

can be observed that the values of the calculated q. are in a
good agreement with experimental g. values. This means that
the adsorption of 4-nitrophenol on the prepared activated
carbon is by chemisorptions*“*’. Tang et al.*' also found that
the adsorption of 4-nitrophenol on activated carbon fiber
obeyed the pseudo-second-order kinetics model.

350 1|

300 | x
- )|

250 1

B 200 1

(=)
\5:150, M
&

100

* 200 mg/L
=400 mg/L

50 1

0 T T |
0 5 10 15
't (min) '

Fig. 13. Intra-particle diffusion for the adsorption of 4-nitrophenol onto
activated carbon fiber

300 |

250 | /_

+200 mg/L

®400 mg/L

0 5 10 15

't (min)'2
Fig. 14. Intra-particle diffusion for the adsorption of 4-nitrophenol onto
commercial commercial granular activated carbon
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In the case of the commercial granular activated carbon,
although the correlation coefficient values for both pseudo-
first-order and pseudo-second-order kinetics models are high
(R?>0.900), the calculated adsorption capacity values (q. mg/
g) of the pseudo-first-order equation fit well with the experi-
mental g. values more than with the pseudo-second-order
model. This suggest that the adsorption of 4-nitrophenol on
the commercial adsorbent sample appears to be controlled by
a physical process.

The regression coefficient values of the intra-particle
diffusion (R?) are < 0.790 and > 0.900 (Table-3) for the prepared
activated carbon fiber and the commercial granular activated
carbon, respectively. These values confirmed that the intra-
particle diffusion mechanism was not involved in the adsor-
ption of 4-nitrophenol on the prepared activated carbon fiber
but contribute in the case of the commercial granular activated
carbon. For this reason, adsorption rates of 4-nitrophenol on
the prepared activated carbon is higher than that observed with
the granular activated carbon as illustrated in Table-2. Addi-
tionally, it can be seen from the plot of the intra-particle diffusion
(Fig. 14) that the two lines do not pass through the origin,
indicating that this mechanism was not the limiting step for
the rate of 4-nitrophenol adsorption on the commercial acti-
vated carbon®.

Effect of pH on adsorption: The effect of pH on the
adsorption of 4-nitrophenol on the activated carbon fiber is
illustrated in Fig. 15. When the pH of the solution increased
from 2-5, the amount adsorbed decreases slightly. However,
when the pH is increased to above 5, especially in the alkaline
pH range, the adsorption of 4-nitrophenol decreased sharply.
The pK, value of 4-nitrophenol is equal to 7.15*. Therefore,
when the solution pH is lower than 5, 4-nitrophenol is present
in solution in the unionized form. The net charge on the surface
of activated carbon fiber was positive since the pHPZC was
found to be 6.0. Thus, at low pH (e.g. pH = 2) there is nearly
no electrostatic repulsion between the adsorbent and the
adsorbate and hence the amount adsorbed is at the maximum.
Increasing the pH from 2 to 5 leads to the increased of
4-nitrophenolate anions in the solution as well as the number
of negatively charged sites on the adsorbent. This resulted in
electrostatic repulsion between the adsorbate and the adsor-
bent, which is the reason for the slight decrease in the amount
of adsorption. At pH values higher than 5, almost all of the
4-nitrophenol molecules in solution are in the anionic form
and the average net charge on the adsorbent surface is negative.
For this reason, the amount of 4-nitrophenol adsorbed has
sharply decreased due to the electrostatic repulsion between
the 4-nitrophenolate anions and the adsorbent negative surface.
Similar observations were aready reported**'*,

Effect of the temperature on adsorption: Plots of the
amount adsorbed at equilibrium, q. (mg/g) versus temperature
(T °C) are shown in Figs. 16 and 17 for the prepared activated
carbon fiber and commercial granular activated carbon,
respectively. It can be seen from these figures that the amount
adsorbed decreases with increasing of adsorption temperature
for both tested adsorbents, indicating the apparent exothermic
nature of the entire process. In the liquid phase, an increase in
temperature commonly increases the solubility of the molecules
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Fig. 15. Effect of pH on the adsorption of 4-nitrophenol onto activated
carbon fiber
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Fig. 16. Effect of temperature on the adsorption of 4-nitrophenol onto
commercial activated carbon fiber
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Fig. 17. Effect of temperature on the adsorption of 4-nitrophenol onto
commercial granular activated carbon

and their diffusion within the pores of the adsorbent materials*
and hence less molecules of the adsorbate would be adsorbed.
Similar influence has also been reported by other researchers*'*.
Thermodynamic parameters: The thermodynamic
parameters for the adsorption process, AH® and AS®, were calcu-
lated from the slopes and intercepts of the plots of eqn. 9;

AH®  AS°
Ke="2r " r ©)
q
K c =C_e

€

where AH® and AS°® are the change in enthalpy (KJ/mol) and
entropy (KJ/(mol K)), respectively. R is the universal gas constant
[8.314 J/(K mol)] and T is the adsorption temperature (K).
AG?® values at each temperature were evaluated from the
obtained values of AH® and AS° using Gibb's equation (eqn. 10);

AG =AH-TAS (10)
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TABLE-4
THERMODYNAMIC DATA FOR THE ADSORPTION OF 4-NITROPHENOL ONTO ACTIVATED CARBON FIBER AND GRANULAR
ACTIVATED CARBON EVALUATED AT DIFFERENT AMOUNT ADSORBED AT EQUILIBRIUM AND DIFFERENT TEMPERATURES

” ~ AG® (KJ/mol
Adsorbent e o AH’ (kJ/mol) AS° (KJ/mol) (KJ/mol)

(mg/L) 303K 318K 333 K

. ‘ 400 229.46 20,082 4614 3384 2154

ACEVELE G a3 450 -23.41 -0.065 3715 274 -1.765

Gramalar activated carbon 400 17.76 20.049 20913 2178 1443

450 -14.54 -0.041 2117 -1.502 -0.887

Values of these three parameters (AH®, AS°, AG®) for the
adsorption of 4-nitrophenol on activated carbon fiber and
commercial granular activated carbon are listed in Table-4.

As shown in Table-4, the values of the enthalpy change
are negative, indicating that the adsorption of 4-nitrophenol
on these two adsorbents are exothermic. Moreover, the AH®
values for the adsorption of 4-nitrophenol onto the prepared
activated carbon fiber (29.46 and 23.41 KJ/mol) are higher
than 20.9 KJ/mol whereas, in the case of the commercial acti-
vated carbon the thermodynamic parameter values (17.76 and
14.54 KJ/mol) are between 2.1 and 20.9 KJ/mol. This indicates
that the adsorption of 4-nitrophenol can be classified as chemi-
sorption and physisorption**** for the prepared activated carbon
fiber and the commercial granular activated carbon, respec-
tively. This conclusion can also be confirmed by the results
observed in the kinetics studies. Furthermore, the prepared
activated carbon fiber shows higher adsorption enthalpy
changes than the commercial activated carbon, which indicates
that the prepared activated carbon has a stronger affinity for
4-nitrophenol in aqueous solution than the commercial one™.
This is in agreement the results of the isotherm studies.

The values of the adsorption entropy changes (AS°) are
negative, which is indicative of the fact that the mobility of
adsorbate on the surface of adsorbents is being more restricted
as compared with that of those in solution. Moreover, Table-4
demonstrates the values of this thermodynamic parameter in
the case of the prepared activated carbon fiber as being higher
than the values for the commercial granular activated carbon.
This is because the micropores of the granular activated carbon
are in a more orderly arrangement*®.

The negative values of the adsorption free energy (AG®)
(Table-4) demonstrate that the adsorptions investigated are
spontaneous processes. Moreover, it can be observed that the
values of AG® are reduce with increasing initial concentration
of 4-nitrophenol or rising adsorption temperature. This suggests
that at a larger initial concentration and higher temperature,
the reverse process of adsorption-desorption could be easily
achieved"'. It can also be observed for each concentration and
at any adsorption temperature that the value of AG® for the
granular activated carbon is always smaller than that for the
prepared activated carbon. This confirms that the prepared
sample has a stronger adsorption affinity towards 4-nitropheol
compound than that of the commercial one. The thermody-
namic results obtained in this study are in agreement with the
results observed by other researchers*' .

Conclusion

The chemical activation method was applied in this work
for the preparation of activated carbon from coconut husk fiber

under optimal experimental conditions using ZnCl, as the
chemical activator. The results obtained indicate that the prepared
activated carbon fiber has significant adsorptive properties.
Adsorption of 4-nitrophenol by the prepared activated carbon
fiber and the commercial granular activated carbon in a batch
system was investigated. The granular activated carbon was
used as a reference in evaluating the adsorption performance
of the prepared activated carbon fiber. The amounts of 4-
nitrophenol adsorbed by both of these two adsorbents were
strongly influenced by the initial concentration of the adsor-
bate, agitation time, solution pH and temperature. The adsorbed
amount decreased with increasing temperature, indicating an
exothermic process. Adsorption reached equilibrium within
1 and 3 h in the case of the prepared activated carbon fiber
and commercial granular activated carbon, respectively.
Langmuir and Freundlich models were used to inspect the
adsorption isotherms. The Langmuir equation described the
experimental data better than the Freundlich. The parameters
of the isotherms such as qm. and Kg confirm that the adsor-
ption efficiency of the prepared activated carbon is higher than
that of the commercial one. Pseudo-second-order kinetic model
fits very well with the experimental data of the prepared acti-
vated carbon and the experimental kinetic data of the granular
activated carbon are in better agreement with the pseudo-first-
order kinetic model than the pseudo-second order. Intra-particle
diffusion was only involved in the case of the commercial
activated carbon. The adsorption rate of the prepared activated
carbon fiber sample is always higher than that of the commer-
cial granular activated carbon. The thermodynamic parameters
were all negative. This indicates that the adsorption of each
adsorbent used in this work is an exothermic and a spontaneous
process and the mobility of the adsorbate on the surface of the
adsorbent becomes more restricted compared with that of those
in the solution. Moreover, the absolute values of the adsorp-
tion thermodynamic factors in the prepared activated carbon
are higher than that of the commercial activated carbon, which
shows that the adsorption affinity of the prepared sample to
4-nitrophenol is larger than that of the reference granular
activated carbon. This confirms that the coconut husk fiber-
based activated carbon will have a greater application capability
in the field of wastewater treatment than any of the commer-
cially available activated carbon.
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