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1. INTRODUCTION Phenolic compounds can be removed by physical, chemical,
and/or biological methods. One of the methods used in the
treatment of wastewater containing medium level phenolic
contamination is biological treatment (lagoons, vented
stabilization pools, trickling filters, and active sludge systems)
pools, and the other is adsorption.* The adsorption method is
effectively used in the removal of phenol and its derivatives in
undesirable concentrations in wastewater of petrol refineries,
coke, drug paint, plastic, insecticide, pesticide, and paper
industries,

Most of the adsorption stadies in which good results were
obtained have been the studies with activated carbons with a
large surface area, The removal of phenol by adsorption on

Phencl is an important toxicant which is among the topmost
toxic chemicals. In water, it manifests itself by causing a
noticeable unpleasant taste and odor change during chlorinat-
ing water even though its concentration is at ppm level and
even less than that, Since phenols are protoplasmic toxins, they
are harmful for all live cell types. Drinking water containing
phenol may cause severe renal insufficiency, convulsions, and
even death, Most chlorophenols are corrosive to skin and eye.
Especially, coal distillation and organic synthesis waste flows of
coal entities have large amounts of phenol and its derivatives.
Phenolic compounds are also contained in wastewater from
pulp and paper bleaching facilities, resin, pesticide, insecticide,

paint, and solvent industries. Chlorinating wastewater contain- activated carbons is the most efficient and the most frequently
ing phenol for disinfection purposes causes the formation of used method compared to other processes such as aerobic and
extremely toxic chlorophenols. Also, another source of phenols

in water is plants in nature. Phenolic species are directly or Received: June 4, 2012

indirectly transmitted to water from volatile compounds Accepted: August 15, 2012

emitted by the plants to the atmosphere,' ™ Published: August 27, 2012
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anaerobic biodegradation, oxidation with ozone, and use of ion
exchange resins.” The adsorption ability of activated carbons is
a result of their high surface area, microporous structure, and
high level surface activity. Therefore, activated carbons are
exploited to purify harmful components from gas and liquid
solutions, remove their colors and odors, remove excess
chlorine, separate and concentrate for quantitative recovery,
filter, remove, or modify purposes.®

Many available low-cost raw materials with a high carbon
content, such as agricultural byproduct, residues, or wastes, can
be used in the production of activated carbon,” In this study,
activated carbon was produced from wastes generated by the
black tea production industry. Turkey’s Eastern Black Sea
Region is one of the leading countries producing black tea
{Camellia sinesis). Therefore, tonnes of wastes are generated
during the processing of green tea leaves. These wastes are not
used in any industrial area and are most probably exploited as
fertilizers. By producing activated carbon from these wastes, not
only their risk of causing an environmental problem Is
eliminated, but also they will be regained by economy.
Moreover, this stady will be given a new meaning by the fact
that the activated carbons produced will be used to dispose of
other environmental pollution.

"The production of activated carbon takes place in two steps:
catbonization and activation. Carbonization is the pyrolysis of
raw muaterial at {500 to 1000) °C in an N, atmosphere to
remove noncarbonaceous elements. Activation is a procedure
which can be applied in two ways being physical or chemical
and ensures that the precursor has a porous structure, hence a
very large surface area. Thus, an adsorbent with highly
developed adsorption ability is obtained. In physical activation,
water vapor or CO,, in chemical activation, and chemicals such
as ZnCly, H,PO,, H%SO,g, HNO,, KOH, and K;CO; are used as
activating agents.” ! Zinc chloride was used as a chemical
activation agent in this study for the production of activated
carbom.

In this study, the ability of the activated carbon obtained
from tea industry wastes (TIWAC) by chemical activation
using zinc chloride to remove phenol molecules from aqueous
solution by adsorption was tested by various analytical
parameters in terms of equilibrium, kinetics, and thermody-
nanics.

2. MATERIALS AND METHOD

2.1. Preparation of Activated Carbon. Tea industry
wastes (TIW) were procured from tea factories in the town of
Of, in the province of Trabzon-Turkey. First tea wastes were
dried and ground, and 20 g of tea wastes of (125 to 300) ym
and 20 g of ZnCl, were mixed (precursor/activating agent ratio,
1:1). A portion of 150 mL of distilled water was added to the
mixture, and the mixture was allowed to stand for 1 day. At the
end of one day extra solution was removed by filtration, and the
mixture was put into a stainless steel reactor. The reactor was
placed in a high temperature furnace (Nitve MF 100), and its
temperature was set to 700 °C under nitrogen atmosphere. The
nitrogen flow rate was set to approximately 160 mL-min~", The
heating ; procedure was started at room temperature and
increased to 700 °C in approximately 80 min, and the mixture
was pyrolized. Carbonization procedure was maintained for 4 h
in total, and at the end of the procedure, the reactor was cooled
down to room temperature under pitrogen atmosphere. The
resultant activated carbon (TTWAC) was boiled in 2 M HCl,
and any impurities in its content were removed. Then, it was
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fiftered in vacoum filtration setup; treatment with HCl was
repeated twice, and the resultant TIWAC was thoroughly
washed with distilled water until the filtrate contains no more
chloride. Finally, TIWAC was dried at 105 °C for 4 h and kept
in a desiccator,’*™1*

2.2, Characterization of TIWAC. Proximate analyses were
performed according to ASTM D2854-96 (2004) and ASTM
D$§32-98 (2003), and elemental analyses were Performed by
using a LECO CHNS-932 elemental analyzer, '™

Surface characterization analyses were performed by N,
adsorption at —196 °C using Micromeritics TriStar 3000
instrument. BET (Brunauer—Emmett—Teller) surface areas
(Sgpr), micropore areas {Syeo)y and total micropore volumes
(Vi) were calculated from N, adsorption isotherms.

The methylene blue number of TIWAC was determined by
agitating 20 mg of TIWAC with methylene blue coloring agent
of 1000 mg:L™! for 12 h, followed by analyzing the filtrate by
UV—vis spectrometer,’’ whereas the iodine number was
determined by treating 0.2 g of TIWAC with 40 mL of 0.1
N iodine solution, followed by titrating the filtrate with 0.1 N
standardized thiosulfate solution for the amount of jodine left
unadsorbed in the filtrate.’®

SEM micrographs (by JEOL/JSM-6335F scanning electron
microscope) and IR spectra (by Perkin-Elmer 1600 FT-IR
spectrophotometer) were obtained both before and after
phenol adsorption of TIWAC.

2.3, Adsorption Tests. The batch technique was applied in
adsorption experiments. A sample of 30 mg of TIWAC was
weighed in a series of capped polypropylene centrifuge tubes of
15 mL. Individual 10 ml. solutions were added to them from
0.1 mokL™ BNO; and/or 0.1 molL™ NaOH, and phenol
solutions of {100 to 1000) mg-L~" with a pH adjusted to 6.0,
and tube contents were agitated at 400 rpm for 40 h on a
mechanical agitator. Next, tube contents were filtrated through
0.45 pm nitrocellulose membrane (Sartorius Stedim Biotech,
GmbH). Phenol concentrations left unadsorbed in the
solutions were determined by a UV-vis spectrophotometer
(double-beam Unicam UV-2) at a wavelength of 269 nm.

Fach experiment was carried out in minimum triplicate, and
the average values were presented as results. By the courtesy of
the unadsorbed phenol concentration in the solution, the
amount of phenol adsorbed by 1 g of TIWAC was calculated in
mgg”" by the following formula:

- (Co - Ce)'v
- (1)

The percentage of adsorption was calculated by the following
formula:

— Ce
-100
G @)

where g, is the amount of phenol adsorbed by 1 g TIWAC
(mgg™t), C, is the initial phenol concentration (mg'L7), C.is
the phenol concentration unadsorbed in the solution at
equilibrium (mgL™"), V is the volume of phenol solution
(mL), and m is the amount of TIWAC (g).

2.4, Adsorption Kinetics. 2.4.7. Pseudofirst-Order Kinetic
Mode!. Pseudofirst-order kinetic model was set forth by
Lagergren in 1898." This model is not applicable for a total
adsorption period for many instances. It can be generally used
for the first minutes of adsorption procedure in other words for

CO

adsorption(%) =
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the periods before reaching equilibrium,*® This adsorption rate
can be expressed by the equation,

(3)

If the equation is integrated with Limit tetms in which t=0, g =
0,and £ = & g = g, the equation takes the form;

In(g, — g) =Ing, — kit (4)
where g, (mgg™') and g (mgg™) show the amount of
adsorbate adsorbed on the adsorbent at equilibrium and at time
t, respectively. k; (min™") is pseudofirst-order rate constant. A
plot of In{g, — g,) versus £ is a line and gives information about
whether this kinetic model is compatible with adsorption data.
g, and k, can be obtained from the intercept and slope of the
graph, respectively.

2.4.2. Pseudosecond-Order Kinetic Model. The pseudo-
second-order kinetic model is another model used in the
analysis of adsorption kinetic data, Contrary to the pseudofirst-
order kinetic model, this model is compatible with the
mechanism of rate-controlling step throughout the adsorption.
The pseudosecond-order kinetic model is given by the
tollowing equation:”’

4, _ PR
T kz(‘Ie qt) (s)
When rearranged, it becomes;
oLt
9, k4" 4, (6)

k, (g'mg~"min"") is the second-order rate constant. If the plot
of t/q, versus f is a line, this line shows that kinetic data are
compatibe with the second-order kinetic model. g, and k, can
be obtained from the slope and intercept of the graph,
respectively.

2.4.3. Intraparticle Diffusion Model. The progress of
adsorption can be monitored by the application of intraparticle
diffusion model, and the rate-controlling step(s} can be
determined. The intraparticle diffusion model is given by the
following equation:™

g, = kidtl'fz‘ + C (7)
where kg (mg-g ' min~"?) is the intraparticle diffusion rate
constant and C {mg-g™") is a constant characterizing boundary
layer thickness. k,z 2nd C can be determined from the slope and
intercept of a plot drawn between g, and £/2.

In a plot of g, versus #/* multilinear correlation can be
observed, The first sharp part in the line shows film diffusion or
adsorption. The second part is a more advanced adsorption
section, that is, where diffusion is the rate-controfling grade.
The third part is the equilibrium section, and in this part,
intraparticle diffusion starts to slow down because of the ve
low concentration of the substance remaining in the solution.”
If the linear section in the second part, that is, the intercept
point (C) of the line representing intraparticle diffusion goes
through the origin, it is concluded that the adsorption rate-
controlling step is only intraparticle diffusion. If not, it can be
stated that adsorption rate is controlled by more than one
mechanism, >

2.5, Adsorption Isotherms. 2.5.7. Langmuir Adsorption
Isotherm. According to the theory, any atoms or molecules
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moving toward active regions (functional groups) of a
crystalline surface are deemed to be adsorbed on these regions.
As such sites on the surface can only accommodate one atom or
molecule, it is suggested that the adsorbed layer is a
monomolecular layer and also active regions of the adsorbent
form 2 homogeneous layer.

A curvilinear Langmuir isotherm can be expressed by the
following mathematical equation:

_ kG,
%= Y1, (8)
The linear form of the equation is as follows:
G_ G, L
R ML ©)

where g, is the amount of adsorbate adsorbed by 1 g of
adsorbent (mgg™"), dmy is the mazimum single [ayer
adsorption capacity (mg-g™'), C, is the amount of adsorbate
left unadsorbed in the solution at equilibrium (mg-L™"), and b
is a constant related to free energy or adsorption enthalpy
(L-mg™).

A plot of C,/q, versus C, gives a linear graph and indicates
compatibility of adsorption with the Langmuir model. gr.x and
b can be determined from the slope and intercept, respectively.

Gux gives the maximum adsorption capacity of the adsorbent.
However, in the case of heterogeneous adsorption systems
where monolayer adsorption takes place, the Langmuir
isotherm cannot clearly describe the equilibrium state.

The b constant is a constant depending on temperature and
adsorption enthalpy with respect to the closeness of active sites
on the adsorbent surface with each other,

Another important parameter of the Langmuir isotherm
model is the term “R;” which is a nondimensional constant and
called as separation factor or equilibrium parameter, and it is
represented by the following equation:

_ 1
1+ bC,

R

" (10)
where C, (mgL™") expresses initial adsorbate concentration in
aqueous solution. b (Lomg™) is the Langmuir constant. The R,
parameter gives important signs on the compatibility of
adsorption for the selected adsorbent—adsorbate pair. There
are four possibilities for the Ry value:

e In the case 0 < R < 1, adsorption is favorable.
o In the case Ry > 1, adsorption is unfavorable,
e R =1 indicates linearity of adsorption.

e In the case Ry = 0, adsorption is irreversible.

2.5.2. Freundlich Adsorption isotherm. Freundlich claimed
that adsorption takes place on surfaces with different
adsorption energies and different characters. The amount of
material adsorbed by the adsorbent (q.) increases quickly with
pressure or concentration and then shows a slow increase with
§lling of solid surface with adsorbed molecules. The vaciation of
g, with pressure or concentration is given b}r the following
equation according to the Freundlich model:?

g, = KeC'l" (11)
where K; (mg-g™") is a constant associated with adsorption
capacity and n s an empirical parameter associated with
adsorption intensity and shows the strength of the interaction
between the adsorbate and adsorbent. High K; values indicate

dn.dolorg/10,1021/e300587u 1L Chem. Eng. Data 2012, 57, 2733-2743
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that the adsorbent and the adsorbate are very close to each
other. The n value changes with the heterogeneity of the
adsorbate for the switable adsorption process, Furthermore, the
n value for the adsorbent—adsorbate pair selected in terms of
compatibility of adsorption should be between 1 and 10. The
1/n value is a heterogeneity factor and takes values in the range
0 to 1. The heterogeneity of the surface is an indication of how
far 1/n value is away from zero.

In the Freundlich model, if the curvilinear equation above is
rearranged and twrned into linear form, the following new
formula is obtained:

1
Ing, =InK; + nlnce (12)

Aln C,~In g, graph comprises a line. Ky and 1/n can be
found from the intercept and slope of the line.

2.6, Adsorption Thermodynamics. The temperature
dependency of adsorption is associated with the total energy
change of the system (AH®), usable Gibbs free energy change
{AG®), and energy change which is the criterion for entropy
(AS°), By these parameters, one can decide whether adsorption
is a spontaneous process or not. In spontaneous chemical
reactions and other physicochemical transformations free
energy decreases; that is, standard AG® becomes negative. A
positive AG® means free energy will increase. This shows that
the reaction is progressing in the opposite direction, in other
words, in the involuntary direction. The relationship among
AR°, AG®, and AS° is as follows:

AG® = AH" — TAS® (13)

where AG® is the standard Gibbs free energy change
(iJmol™"), AFP is the standard enthalpy change (kJ-mol™),
A% is the standard entropy change (kJ-mol™~K™), T is the
absolute temperature (I}, and R is the universal gas constant
(8.314 Jmol ™ K%).

To find Gibbs free energy of an adsorption procedure
performed at a certain temperature, it Is necessary to find
equilibrium constant (K,). K; is calculated by the ratio of
amount of adsorbate adsorbed on unit mass of adsorbent to the
amount remaining in the solution:

Kd = Ca/ce (14)

where K; is the adsorption equilibrium constant, C, is the
adsotbate concentration adsorbed on unit mass of adsorbent
(mgL™"), and C, is the adsorbate concentration remaining in
the solution after adsorption (mgL ™).

K found by the above equation, can be placed in the
following equation, and the standard Gibbs free energy of
adsorption can be obtained:

AG® = —RT InK; {13)

Based on the equations above, the following van’t Hoff
equation can be derived:

AS®  AH®
R RT (16)

A plot of In Ky vs 1/T is a line. AH® and AS® values can be
obtained from the slope and intercept, respectively. Thus,
information about the progress of reaction can be achieved.”®

A positive AH® shows that adsorption is endothermic, and a
negative AH® shows that adsorption is exothermic. Further-
more, negative AG® values descriibe that adsorption is
spontaneous. In other words, the applicability of the adsorption

InK; =
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process can be understood from negative values of enthalpy and
Gibbs free energy. Positive AS® values indicate an increase in
randomness in the solid—solution interface.””

3. RESULTS AND DISCUSSION

3.1, Characterization Results, TIWAC obtained as a
result of carbonization and activation procedures has
significantly high carbon content (79.32 %) and extremely
low ash content {1.04 %), as seen in Table 1. A C/H rate of 4
shows the increase in aromatization in activated carbon and,
hence, formation of orderly structure and also transformation
into a graphitical structure,

Table 1. Characteristics of TTWAC

proximate analysis (wt %)

moisture 812
volatlle matter 19.60
ash 1.04
fized carbon 7120
carbon yield 36.70
ultimate (elemental} analysis (wt %)
C 79.32
H 179
N 345
s 0.24
o 1521
et 372
BET surface area (m*g™)
Sy 1066
S 841
Sy 425
pore volume {cn®g™")
Vi 0,580
Vo 0337
V. 0.243
average pore diameter (nm)
D, 218
ioding number (mgg™") 605.8
methylene blue number {mgg™"} 1002

“By difference. "Mole ratio,

It is seen that the activated carbon has a structure of
micromesoporous mixture with a significantly high BET surface
area of 1066 m*g™". Therefore, it can be concluded that it may
adsorb both small and large molecules (Table 1), which is also
clear from the relatively high numbers of iodine and methylene
blue.

SEM micrographs before phenol adsorption of TIWAC are
given in Figure 1ab, from which it is evident that TIWAC has a
significantly porous structure. However, it is seen from Figure
1c,d that these pores have nearly disappeared after adsorption,
suggesting that phenol molecules diffused toward the pores of
TIWAC and, hence, were adsorbed.

Figure 2ab shows IR spectra of TIWAC after and before
phenol adsorption, respectively. In IR spectra taken before and
after phenol adsorption, it is clear that functional groups
appeared approximately at the same frequencies. When the
spectrum before adsorption is considered, there are four
noticeable peaks. The peak at 3372 cm™" indicates the —OH
stretching vibration peak; the peaks at 2056 and 1543 em™
indicate carboxylic acid and/or a lactone group, and the peak
appearing at 1075 cm™! is the C~O stretching peak in

dx.dolorg/10.1021/1e300587u 1 /. Chem. Eng. Data 2012, 57, 27332743
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Figure 1. (2 and b} S$EM micrographs of TIWAC before phenol adsorption, magnified 500 and 1000 times, respectively, and (c and d) SEM

micrographs of TIWAC magnified 1000 times after phenol adsorption.
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Figare 2. IR spectra for TIWAC (a} after and {b) before phenol
adsorption.

heterocyclic rings, There are more peaks in the spectrum taken
after phenol adsorption, and these peaks refer to phenol
molecules. Hence, increasing transmittance and extra peaks
arising from phenol molcules that have entered the structure
indicate phenol adsorption from agueous solution by activated
carhon, Phenolic type C—~H peaks appear at (3110 to 2929)
em™ in the spectrum taken after adsorption. The peak at 1383
em™ indicates the existence of phenolic structure, and the
peaks at (804 and 774) cm™ in the fingerprint area indicate a
monosubstituted aromatic structure.”

3.2. Effect of Initial pH on the Adsorption of Phenol
by TIWAC. Solution pH is one of the most important
parameters influencing adsorption performance. The adsorp-
tion of organic materials on activated carbons, which is slightly
different from metal adsorption, may take place with a higher
yield in a much larger pH range. This result can be seen from

the phenol adsorption graph plotted versus initial pH in Figure
3. It is apparent that, at Jow and high pH values, phenol
adsorption on TIWAC is lower, In the light of this data, in this
study, the optimum pH value was determined as 6.0

110
g 100 +
f
& 90 4
E
g 80 4
% 70 4

60 T 1 T u 1

0 2 4 & ] 10 12
Initial pi{

Figure 3. Effect of initial pH on the adsorption of phenol from
aqueous solution by TIWAC (initlal phenol conc: 110 mgL™,
TIWAC dose: 3.0 g-L™!, TIWAC particle slze: < 150 pm, agitation
time: 12 h}.

The effects of pH on phenol adsorption were first studied by
Snoeyink et al. {1969), and they also reported that Fhenol
adsorption at low and high pH values is not favorable.*’ Since
the pK, value of phenol is 9.89, the species which will be
adsorbed at pH values above this value are mostly anionic, At
high pH values, adsorbent surface and phenolate anions will
distract each other because of the negativity of TIWAC surface,
and hence, decreases in adsorption yield are observed. For low
pH values, acidic solutions are used, which causes extra protons
enter the solution. Since there will be a competition between
protons and phenol for particularly carbonyl sites of activated

dx.dol.org/10.5021/je3005574 1 L Chem, Eng. Data 3612, 57, 2733-2743
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Figure 1. (2 and b) SEM micrographs of TIWAC before phenol adsorption, magnified 500 and 1000 times, respectively, and (c and d) SEM
micrographs of TIWAC magnified 1000 times after pheno] adsorption,
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Figare 2. IR spectra for TIWAC (a) after and (b) before phenol
adsorption.

heterocyclic rings. There are more peaks in the spectrum taken
after phenol adsorption, and these peaks refer to phenol
molecules, Hence, increasing transmittance and extra peaks
arising from phenol molcules that have entered the structure
indicate phenol adsorption from aqueous solution by activated
carbon. Phenolic type C~H peaks appear at {3110 to 2929)
cm™ in the spectrum taken after adsorption. The peak at 1383
cm™ indicates the existence of phenolic structure, and the
peaks at (804 and 774} cm™ in the fingerprint area indicate 2
monosubstituted aromatic structure.?”

3.2, Effect of Inftlal pH on the Adsorption of Phenol
by TIWAC. Solution pH is one of the most important
parameters influencing adsorption performance. The adsorp-
tion of organic materials on activated carbons, which is slightly
different from metal adsorption, may take place with a higher
yield in 2 much larger pH range. This result can be seen from
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the phenol adsorption graph plotted versus initial pH in Figure
3. It is apparent that, at low and high pH wvalues, phenol
adsorption on TIWAC is lower. In the Hght of this data, in this
study, the optimum pH value was determined as 6.0,

1o

—_

o

L=
1

S0 4

80 4

Adsorption of phenol (%)

70 4

60

Initial pH.

Figure 3. Bffect of initial pH on the adsorption of phenol from
aqueous solution by TIWAC (initial phenol conc: 110 mgL™,
TIWAC dose: 3.0 g-L ™", TIWAC particle size: < 150 pm, agitation
time: 12 h}.

The effects of pH on phenol adsorption were first studied by
Snoeyink et al. (1969), and they also reported that Phenol
adsorption at low and high pH values is not favorable.®! Since
the pK, value of phenol is 9.89, the species which will be
adsorbed at pH values above this value are mostly anionic. At
high pH values, adsorbent surface and phenolate anions will
distract each other because of the negativity of TIWAC surface,
and hence, decreases in adsorption yield are observed. For low
pH values, acidic solutions are used, which causes extra protons
enter the solution. Since there will be a competition between
protons and phenol for particulatly carbonyl sites of activated

dxdolorg/10.1021/e300597u 1 L Chem. Eng. Datq 2012, 57, 2783-2743
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Figure 4. Adsorption kinetics of phenol from agueous solution: (a) effect of contact time on phenol adsorption by TIWAC, (b) pseudofirst-order
kinetic model of phenol adsorption, (c) pseudosecond-order Kinetic model of phenol adsorption, {(d) intraparticle diffusion model of phenol
adsorption (initial pH: 6.0, initial phenol conc.; 4, 100; 4, 400; B, 600, and ®, 1000 mgL™, TIWAC dose: 2.0 g L™, TIWAC particle size: < 150
jm).
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carbon, there will be a significant drop in adsorption yield at
low pH values, as in Figure 3. In addition to these, the pH,,,
value of TIWAC being 5.85 causes net charge of the adsorbent
below this pH to be positive, Therefore, protonated species will
repel each other, and thus, the adsorption yield will decrease. At
pH 6.0, which was selected as the optimum, the net charge of
the adsorbent is negative. Since phenol is still in the protonated
position, adsorbate—adsorbent interactions will be maximum, >

3.3, Effect of Contact Time and Adsorption Kinetics.
In terms of effectiveness and. efficiency of adsorption process,
completion of the process within a short time is extremely
important for industrial applications, Figure 4a shows the effect
of equilibrium time on the adsorption of phenol on TIWAC at
four different initial concentrations in the range {100 to 1000)
mgL™!, For four different concentrations of phenol, it is
apparent that adsorption is very fast at the beginning and time
to reach equilibrium increases with increasing concentration.
For four concentrations, an agitation period of 4 h was
determined as the optimum value in reaching equilibrium,
Additionally, it can be seen that, during an agitation period of 8
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h, the curve forms a flat plateau, and hence, within this period,
adsorption of phenol on TIWAC indicates a monolayer
adsorption process,

The adsorption kinetics of phenol on TIWAC was
investigated by three different methods: pseudofirst-order,
pseudosecond-order, and intraparticle diffusion.

For the first-order kinetic model, graphs of In(g, — g,) versus
¢ and for second-order kinetic model graphs of t/q, versus ¢
were plotted (Figure 4b,c) with the obtained data and constants
obtained for four different phenol concentrations given in
Table 2. As can be seen from the table, when #* values are
considered for four different phenol concentrations, the
pseudosecond-order kinetic model represents the time-depend-
ent function of equilibrium better than the pseudofirst-order
kinetic model. Moreover, q.(exp.) results are extremely
compatible with g.(cal.) values obtained by the second-order
kinetic model. Therefore, the compatibility of systems reaching
equilibrium with the pseudosecond-order kinetic model is also
proven in this case,

dhi.Gol org/10.1021//e300557u1 A Chenn, Eng. Data 2012, 57, 2733-3743
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To clarify the adsorption mechanism and determined rate-
controlling step{s), the intraparticle diffusion model was
applied to equilibrium data. Graphs of g, versus #/> plotted
for intraparticle diffusion show that the adsorption process
essentially took place in two steps (Figure 4d), Within the first
minute, a very fast adsorption takes place in the film layer on
TIWAC surface. Then, intraparticle diffusion of phenol
molecules toward the pores in inner surface of TIWAC starts,
which indicates the migration of pheno! molecules toward the
sites where actual adsorption takes place. This step is thought
to be the rate-determining or -limiting step. However, since

“none of C constants obtained for intraparticle diffusion
approach zero (Table 2), it emerges that adsorption rate is
not only controlled by intraparticle diffusion, Therefore, the
adsorption rate is controlled by film diffusion along with
intraparticle diffusion,>

Table 3 shows the contribution of adsorption stages to
adsorption at the end of adsorption process that has taken place

Table 3. Contribution of Three Stages to Efficiency of
Phenol Adsorption on TIWAC for the Intraparticle
Diffusion Model

100 872 104

400 65.8 259
600 802 10.3
1000 755 L1

in three stages being film diffusion on exterior surfaces,
intraparticle diffusion toward the inside of pores, and
equilibrivrn. The most important point that has to be
considered here is that, for all concentrations, fim diffusion
was completed within the first minute at the end of a very fast
process. Moreover, border layer diffusion (film diffusion)} that
has taken place within the first I min contributes the most to
adsorption,

3.4, Effect of TIWAC Dose on Adsorption of Phenol.
To study the effect of the amount of TIWAC on phenol
adsorption, 10 mL portions from a phenol solution of 440
mg-L™! under optimum conditions were individually treated
with TIWAC in six different amounts ranging between (20 and
200) mg. A graph of phenol adsorption versus the amount of
TIWAC was plotted from the data obtained (Figure 5). As seen
from the figure, phenol adsorption percentage increased with
an increasing amount of TIWAC, and a decrease in the amount
of adsorbed phenol per gram of adsorbent was observed, which
can be attributed to two reasons: (i) Increasing the amount of
TIWAC against fixed phenol concentration causes the
formation of surfaces who have not reached saturation on
adsorbent surface, (1i) The adsorption capacity of TIWAC will
be reduced since total surface area will be reduced as a result of
clustering and agglomeration of a high amount of TIWAC
particles.

If you look at the graph in Figure 5, you can see that phenol
adsorption varied glightly after 80 mg of TIWAC. The phenol
adsorption capacity of the adsorbent dosages used have realized
as 53.2 % for 20 myg, 80.5 % for 40 mg, 95.5 % for 80 mg, 97.7
% for 100 mg, 98.6 % for 150 mg, and 99.5 % for 200 mg,
respectively.

3.5, Effect of Initial Phenol Concentration and
Adsorption Isotherms. To study the effect of initial phenol
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Figure 5. Effect of TIWAC dose on adsorption of phenel {initial
phenol conc.: 440 mg-L™%, initial pH: 6.0, TIWAC doses: (20 to 200)
myg, TIWAC particle size: < 150 pm, agitation time: 4.0 h),

concentration (C,) on phenol adsorption on TIWAC, a fixed
TIWAC dosage of 2.0 g'L™! was treated with phenol solutions
with concentrations ranging between (50 and 960) mgL™
under optimum conditions. As seen from the graph of C,—g, in
Figure 6, increasing the initial phenol concentration versus the
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Figure 6. Effect of Initial phenol concentration on the adsorption of
phenol by TIWAC (initial pH: 6.0, inittal phenol conc.: {90 to 960)
mgL~, TIWAC dese: 2.0 g'L™, TIWAC particle size: < 150 pm,
agitation time: 4.0 h).

1200

amount of phenol adsorbed on the adsorbent shows a nonlinear
increase, Increasing phenol concentration is an impact
increasing the capacity of the fixed amount of adsorbent.
Purthermore, Increasing €, causes adsorbate—adsorbent
interaction to increase more, A further increase in C, causes
the adsorbent reach saturation, and thus the capacity of
adsorbent is determined.®

The relation between the phenol concentration remained
unadsorbed in the solution at equilibrium {C,), and the amount
of phenol adsorbed on the adsorbent (g.) is examined by
adsorption isotherms. In this study, the equilibrium established
between phenol and TIWAC in agueous solution was described
by Langmuir and Freundlich isotherm models. A graph of C,
versus g, is widely used in the derivation of various isotherms
and interpretation of data (Pigure 7a). Figure 7b,d shows a
linear Langmuir graph and a knear Freundlich graph,
respectively, When correlation coefficients () of the graphs
are considered, it is apparent that they are very high. Therefore,

dx.tlotorg/10,1021e300597u{ J. Chem, Eng. Dota 2012, 87, 27332743
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Figure 7. Relationship between phenol molecules at equilibrium and phenol molecules adsorbed on TIWAC: (a) C, versus g, graph, (b) Linear
Langmuir isotherm graph; C, versus C,/g, graph, (c) Ry versus C, graph, (d) linear Freundiich isotherm graph; In(C,) versus In(g,) graph.

Table 4. Constants of Langmuir and Freundlich Isotherms for the Adsorption of Phenol on TIWAC

-

3
B
i

20 152 1429 1421 ) T noeer 17207 3095 09778

the adsorption of phenol on TIWAC in aqueous solution Table 5. Comparison of Langmuir Adsorption Capacity
follows both of these isotherm models. Ry which is a parameter (gasx) Of TIWAC for Phenol, with Other Adsorbents in the
of Langmuir isotherm also determines the conformance of Literature [T: (20 to 30) °C]
adsorption to the selected adsorbate—adsorbent system. In the
case of the Ry —C, graph (Figure 7c), all R, values under 1 show
that phenol adsorption on TIWAC is extremely favorable.
Constants obtained from Langmuir and Freundlich iso-
therms are given in Table 4. By the courtesy of the Langmuir

el

bagasse ash - 10,0 23331 M4
isotherm model, the maximum adsorption capacity (g,;) of AC fibers - Lo 1025 35
any adsorbent for a specific adsorbate can be determined, coconut shells, AC 74 to §95¢ 10 4987 36
Phenol adsorption capacity of TIWAC against an amount of 2.0 sattan sawdist 150 1.0 14935 37
g L™ was calculated a5 142.9 mgg™ (1.52 mmolg™), ¥ this vetiver roots, AC - 04 145 3
value is relatively compared to the values reported by other date pits, AC 125 to 212 50 46076 3
studies in the literature, it is seen that this value is higher than granular AC 3000 0.6 23809 40
many such values (Table §). Tectona grandis 150 to 260 50 1345 41

To better understand with which isotherm model the data sawdust, AC

can be defined better, Langmuir and Freundlich isotherm clay 50 40 40120 42
curves can be utilized. For this purpose, if constants obtained “":‘é‘“ﬁﬂ granvlar 150 t0 250 Lo 742 8
from. linear graphs are put in place in the equations used for TIWAC <150 20 1429 This
plotting curve forms, graphs of C,~q, of each model can be work
rederived as in Figure 8, Since the empirical points are better “Reported 2s (30 to 200) mesh. — indicates not reported. AC:
represented by Langmuir graph, it is apparent that our data activated carbon.

better follows the Langmuir isotherm model. Hence, it can be
concluded that TIWAC has a homogeneous surface during
phenol adsorption,
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Figure 8. Nonlinear Langmuir—Freundlich isotherm graphs.

3.6. Effect of Temperature on the Adsorption of
Phenol and Adsorption Thermodynamics, To study the
effect of temperature on phenol adsorption on TIWAC, a series
of phenol solutions with a concentration of 100 mg'L™" and pH
of 6 at various temperatures ranging between (0 and 40) °C
were treated with 2.0 gL~ of TIWAC for 4.0 h. If you look at
the temperature—phenol adsorption graph in Figure 92, you
can see that adsorption efficiency decreased with increasing
temperature, suggesting that phenol adsorption on TIWAC has
an exothermic nature. A negative effect of temperature on
phenol adsorption on various adsorbents has been reported by
many studies.

The temperature increase especially causes effects on the
chemistry of carbon surfaces, An increase is observed on the
water adsorption capacity of porous carbons with increasing
temperature. In addition, changes also take place in hydration
grades of species dissolved in aqueous solution. The interaction
energy of phenol~water changes with increasing temperature
and water adsorption by the carbon greatly modifies the phenol
adsorption mechanism. Therefore, since a significant portion of
active sites are occupied by water molecules, they will weaken
7—# interactions, which are primary bonding mechanisms of
phenol on activated carbon and the donor—acceptor complex
formations.™

In the case of phenol adsorption, which advances through
donor—acceptor formation, primary active groups are carbonyl
and basic groups. Since temperature increase will cause a
decrease in the efficiency of these groups, the adsorption

capacity of the relevant adsorbent will only be limited by the
microporous structure. ™

Thermodynamic parameters can be determined by the
courtesy of a phenol adsorption graph plotted as a function
of temperature, AG, AS, and AH values were determined from
a graph of In K, versus 1/T (Figure 9b). I is seen in Table 6

Table 6. Thermodynamic Parameters of Phenol Adsorption
on TIWAC at Different Temperature

s

0 6.69 4,31
1o 6.14 -4 27
2 $.67 —4.23 0.36 -4.38
36 541 ~4.25
4 525 ~4.3%

that all AG values are negative, suggesting that phenol
adsorption on TIWAC takes place spontaneously, A AH
value of ~4.38 shows that the reaction is exothermic and the
adsorption advances primarily by physical means.

3.7. Salt Effect on the Adsorption of Phenol by
TIWAC, To study the effects of various salts on phenol
adsorption on TIWAC (ionic strength), individual KCJ,
Na,80,, and NaNOQ; salts with concentrations ranging between
(0 and 0.20) mol-L"! were treated with phenol solutions of 105
mg-L%. The graph in Pigure 10 shows that the adsorption of

46 «
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Rigure 10. Effect of some salts on the adsozption of phenol by TIWAC
{initial pE: 6,0, each salt conc.: (0 and 0.20) mol-L™", phenol conc.:
108 mg'L™!, TIWAC dose: 2.0 g'L™", TIWAC particle slze: < 150 pm,
agitation time: 4.0 h}.
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Figure 9, {a) Effect of temperature on the adsorption of phenol by TIWAC, (b) In{K;) versus 1/T graph for thermodynamic parameters (initial
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phenol on TIWAC increases with increasing ionic strength of
the medium. The adsorption efficiency which was 832 % in
distilled water medium increased to 88.3 % in the presence of
KC| ranging between (0 and 0.20) mol-L™" and to 88.1 % in the
presence of Na,80, and NaNQ,, ,

During adsorbate—adsorbent interaction in aqueous solution,
an electrical double-layer arising from electrostatic interactions
is formed in the interface.’® A slight increase in phenol
adsorption with increasing jonic strength arises from the
oppression of the double-layer. The effect of ionic strength can
also be described by electrostatic interactions, which are in the
form of pulling or pushing, Salt which is added to the medium
increases the ionic strength of the solution and reduces these
effects, This situation arises from the shielding effect of surface
charge generated by the salt. If the electrostatic interaction
between adsorbent surface and adsorbate molecules is in the
form of pushing or surface concentration is saturated
sufficiently, any increase in jonic strength will increase
adsorption. Phenol adsorption on TIWAC increased with
increasing ionic strength. At pH 6.0, the surface charge of the
adsorbent is negative. Salt added to the medium has shielded
surface charge with the increase in electrolyte concentration.**

The presence of electrolytes in the solution decreases the
solubility of phenol in aqueous solution and shows an effect
known as salting-out in the literature. Thus, this effect facilitates
adsorption of phenol on activated carbon. Consequently, the
presence of electrolytes in aqueous solution is extremely
efficient in increasing the phenol adsorption capacity of the
activated carbon.*’

4, CONCLUSIONS

From the data obtained, it is seen that phenol adsorption
capacity of TIWAC (1429 mg-g™") is significantly good and
much higher than many other activated carbons reported in the
literature (Table $). This result particularly shows that a waste
material which is of no use and has a potential to cause
environmental pollution (tea industry waste) has turned into an
extremely beneficial materfal, The feasibility of obtaining high
performance activated carbons from agricultural waste materials
at very low costs gradually increases the number of studies
carried out in this field.

Some of the results obtained as a result of various analytical
procedures carried out for phenol adsorption on TIWAC can
be listed as follows:

e The ability of TIWAC to adsotb phenol ions from
aqueous solution have been realized in a wide pH range.
In very acidic and very basic regions, the efficiency of
adsorption is slightly reduced.

e In the case of kinetics studies carried out with four
different initial concentrations, the maximum adsorption
efficiency was reached in a minimum of 40 b It was
understood that phenol adsorption on TIWAC followed
pseudosecond-order kinetic model better and the
adsorption rate s controlled by both boundary layer
diffusion and intraparticle diffusion.

e The percentage of phenol adsorption was showing 2
nonlinear increase with an increasing amount of TIWAC,
whereas a decrease was observed in the amount of
phenol adsorbed per grams of adsorbent.

@ From the adsorption graphs plotted as a result of
increasing phenol concentration at fixed amount of
TIWAC, it was seen that the adsorption behavior of

TIWAC is better described by the Langmuir adsorption
model, rafher than the Freundlich model. It was also
established that the phenol adsorption capacity of
TIWAC is significantly high compared to those values
in the literature.

o As in the case of many studies in the literature, an
increase in temperature lowered phenol adsorption on

© TIWAC. Therefore, it is apparent that adsorption
behavior is exothermic, which is also verified by the
negative AH value —4.38 kJ-mol ™", thereby supporting
the fact that the adsorption in question primarily took
place by physical means. Negative AG values indicate
that adsorption took place spontaneously.

e As in the case of adsorption of other organic molecules
on varjous adsorbents, it was seen that ionic strength had
a positive effect on phenol adsorption on TIWAC. An
increase was also observed in phenol adsorption with an
increasing amount of vatious electrolytes in the medium,
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