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ABSTRACT

Batch adsorption experiments were performed to stbdyremoval kinetics of phenol from aqueous
solution using activated carbon derived from flufadnpkin stem waste (FAC) and a commercial activated
carbon (CAC). Optimum removal of 98.50% and 98.40%npl was achieved at the equilibrium time of 60
mins for FAC and CAC respectively. The applicabibfithree kinetic models, the pseudo first, psewsmsd
order and Elovich models for the description of éx@erimental data was examined. The experimentia d
was most suitably analysed by the pseudo secoret orddel with a high regression coefficient)(Ralue for
phenol on FAC and CAC as 0.987 and 0.980 respectiv@lye correlation coefficients followed the order
pseudo second order > Elovich kinetic model > psdirdt order. Fluted pumpkin is the largest conedm
vegetable in the West African sub region and tleesfcreates one of the major agro waste problems i
Nigeria. Preliminary investigations showed thatesal/tons of these waste are produced daily in etglaces
around the country but scarcely useful and theeefoeate environmental nuisance. The results aatatould
be useful for the application of agricultural waster phenol removal from industrial wastewater.
© 2011 International Formulae Group. All rights mrged.
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INTRODUCTION
Phenol and its higher homologues are

considered as one of the priority pollutants in
wastewater; because they are harmful to

aromatic molecules that degrade aqueous
environments in various ways. The origin is
both anthropogenic as well as xenobiotic.
Xenobiotic sources are wastes derived from
fossil fuel extraction, chemical process
industries such as coal, paper, petrochemicals,
pharmaceuticals, pesticides and dye
manufacturing industries (Kujawski et al.,
2004; Entezari et al., 2005). They are

organisms even at low concentrations and
many have been classified as hazardous
pollutants because of their potential harm to
human health. The low volatility of phenol
and its affinity to water make oral
consumption of contaminated water the
greatest risk to humans (Mahvi et al., 2004;
Prpich and Daugulis, 2005; Dursun and
Kalayei, 2005).
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The ingestion of a small amount of
phenol (TLV of 5ppm) by human beings may
cause nausea, vomiting, paralysis, coma,
greenish or smoky coloured urine and even
death from respiratory failure. Fatal poisoning
may also occur by adsorption of phenol by
skin, if a large area of it is exposed (Banat et
al., 2000; Zumiriye and Yener 2001; Banat et
al., 2004; Sofia et al., 2005). Wastewater with
the highest concentration of phenol (>100
mg/L) is typically generated from coke
processing Alzaydien and Manasreh (2009).
Phenol at a concentration as low as 5.0%10
mg/dm® imparts typical smell upon
chlorination and that is why WHO (1984) has
prescribed a concentration of 1.0 x 310
mg/dm?® as the guideline concentration for
drinking water. Elimination of phenol, thus, is
necessity to preserve the environmental
quality.

There are many methods to remove
phenolic materials from aqueous solutions,
e.g., steam distillation and oxidation using a
strong oxidizing agent such as hydrogen
peroxide. Several decades in the past,
extensive research had been conducted to
develop innovative and promising adsorbent
material for dealing with the treatment
problem of contaminated industrial effluents.
There is a growing interest in cost effective
innovative materials and methods that will be
useful in the treatment of industrial waste
streams (Horsfall and Spiff, 2004; Okieimen
et al., 2007; Ekpete et al., 2010). The study of
kinetics in wastewater treatment is significant
as it provides valuable insight into the reaction
pathways and mechanism of sorption
reactions. Kinetics describes the solute uptake
rate that controls the residence time of sorbate
uptake at the solid —solution interface, and is
important to design appropriate sorption
treatment plants, and to predict the rate at
which any pollutant is removed. The pseudo-
first order rate equation of Lagergren has been
widely used since 1998. The use of the pseudo
— first order and second order kinetics for the
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sorption of phenol has been reported by
(Uddin et al., 2007; Nagda et al., 2007). The
objective of this study was to carry out
comparative investigation on the kinetics of
phenol sorption using activated carbon
derived from fluted pumpkin stem waste and a
commercial activated carbon as sorbent. Also
to test the suitability of pseudo- first order,
pseudo-second order and Elovich kinetic
models for the adsorption process.

MATERIALS AND METHODS

The fluted pumpkin stem waste
(Telfairia occidentalis Hook Fused for this
study was obtained from Iwofe market
Rumuolumeni Port Harcourt. The stems
collected were washed thoroughly with water,
cut into smaller bits rinsed with deionised
water and air dried, and later oven dried at 105
°C for 10 h. The oven-dried fluted pumpkin
was carbonised to obtain the carbonised
biomass.

Carbonization

Carbonisation was carried out in the
plant physiology and anatomy laboratory of
the University of Port Harcourt, using a muffle
furnace (Carbolite Sheffield England LMF4)
which allows limited supply of air.
Carbonisation was done at 35C for two
hours and allowed to cool to room temperature
for three hours before activation.

Acid activation of the biomass
A carefully weighed 25.00 + 0.01g

carbonized fluted pumpkin was placed in a
beaker containing 500 ¢nof 0.3 M HPO,.
The content of the beaker was thoroughly
mixed, heated until it formed a paste. The
paste was put in a crucible and placed in a
furnace which heated to 30%C for thirty
minutes. The fluted activated carbon was
washed free of acid to get a pH of 6.7 + 0.12.
This was allowed to cool, washed with
distiled water, oven dried at 108C to
constant weight and ground. It was sieved with
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a 106 um mesh to obtain a fine powdered
activated carbon which was used for the
various experiments. The treatment of the
adsorbent with 0.3 M PO, solution aided in
the removal of any debris or soluble bio
molecules that might interact with phenol
during sorption.

Adsorbate

The test solutions were prepared by
diluting a stock solution of phenol to the
desired concentrations. A stock solution was
obtained by dissolving 1.0 g of phenol
(obtained from Merck India), in distilled water
and diluted to 1000 ml. Before mixing the
adsorbents, the pH of each test solution was
adjusted to the required value with dilute 0.1
M H,SO, and 0.1 M NaOH solutions. Serial
dilutions of the stock solution were made to
obtain specific concentrations required for the
adsorption study.

Determination of equilibration time

1.0 g of the activated carbons of 106 pm
mesh patrticle size was weighed and introduced
into various 100 ml conical flasks. 50 ml of
100 mgl* concentration of phenol solutions
prepared in distiled water from the stock
solution was added to the biomass. The pH of
these suspensions was adjusted to 6.0. The
flasks were labelled for time interval of 20, 30,
40, 50, 60, 70, 80, 90, 100, 110 and 120
minutes. The flasks were tightly covered with
cellophane and shaken for the appropriate time
intervals on an electric shaker. The
suspensions were filtered through Whatman
No 40 filter paper, supernatants obtained were
analysed wusing a Unicom UV-visible
spectrophotometer at a wavelength
corresponding to the maximum absorbance for
phenol solution X,.x = 269 nm). Effect of
temperature was studied using 100 mg/l
phenol and 1.0 g adsorbent at 30, 40,°60
This experiment was performed in duplicates.
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Data analysis

The percent of phenol removed by the
commercial activated carbon (CAC) was
calculated from the difference between the
initial (C,) and equilibrium (@ adsorbate
(Phenol) concentrations, which is given in
equation 1.

oy B o= Co—Cs¢ 8 15 10 BEECLE LT T T TP TP

o

The mass transfer properties of the adsorption
of phenol on the fluted and commercial
activated carbon were evaluated using
different kinetic models. Pseudo —first order,
Pseudo second order kinetic model, and
Elovich kinetic models.

The linearized form of the Pseudo —first order
equation is generally expressed as follows

log (Ge.a) = log g-—

2.303

Where @ is the amount of phenol
adsorbed at equilibrium (mg/g),; ds the
amount of phenol adsorbed at time t (mg/g),
K, is the first order rate constant (g/mg/min)
The straight line plot of log (ep) against
time should give a linear relationship from
which K; and @ can be calculated from the
slope and intercept respectively.

The linearized form of the pseudo second-
order model as expressed by Ho et al. (1995)
was used.

Fr

Where K is the second order rate
constant (g/mg/mif) h, is the initial
sorption rate (mg/g/min).
ho =k Qe2 (4)

K, is the second order rate constant
(g/mg/min), h is the initial sorption rate
(mg/g/min). q is the equilibrium adsorption
capacity (mg/g). A plot of t/qt versus t should
give a linear relationship if the adsorption
follows second order. .qand k were
calculated from the slope and intercept of the
plot.
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The Elovich equation is mainly
applicable for chemisorptions kinetics. The
equation is often valid for systems in which
the adsorbing surface is heterogeneous
Norooozi et al. (2008).

The Elovich model is generally expressed as
E :I._..[:E,—.? qs
Lt
Integrating the equation for the boundary
conditions gives

— 1
Ge =N (of) ¥ It (5)

Where a is the initial adsorption rate
(mg/gmin) andp is related to the extent of
surface coverage and the activation energy for

chemisorption (g/mg). A plot af. versus In t

gives a linear trace with a slope off{)l/and
an intercept of B In(ap).

RESULTS
Sorption kinetic studies

In order to investigate the mechanisms
of the present biosorption process and the
potential rate controlling steps such as mass
transport and chemical reaction processes,
three kinetic models were applied to analyse
experimental data. Consequently, the time

pseudo - first order, pseudo-second order and
Elovich kinetic rate expression models.

Pseudo —first order model

The time dependent experimental data
was analysed using the pseudo-first order rate
equation of Lagergren. In order to determine
the rate constants, the straight line plot of log
(ge-0) against time t was established. The rate
constant k and the equilibrium adsorption
capacity, g were calculated from the slope
and intercept of the plot (Figure 2). The
pseudo first order rate constant, equilibrium
sorption capacity and the regression
coefficients are given in Table 2.

Pseudo — second order model

The pseudo second order kinetic model
considers the rate limiting step as the
formation of chemisorptive bond involving
sharing or exchange of electrons between the
sorbate and the sorbent. And that pseudo
second order kinetic predicts the behaviour
over the whole range of studies supporting a
pseudo-second order equation. A plot of t/q
against time (t) was taken and is shown in
Figure 3. The pseudo-second order rate
constant (&), the correlation coefficient @R
the initial sorption rate @ and the
equilibrium sorption capacity & were

dependence of such systems under various evaluated from the slope and intercept of the

process conditions was analysed using the

plot in Figure 3 respectively.

Table 1: Physico chemical characterization of FAC and CAC.

Property FAC CAC

pH 6.70 £ 0.02 7.00£0.01
pHpzc 6.50 £ 0.02 7.00£0.01
Moisture 19.50 + 0.02 16.67 £ 0.03
Porosity 0.89 £0.01 0.77 £0.05
lodine 224.90 £ 0.50 200.46 £ 0.30
Ash% 22.38 £ 0.02 17.10+0.10
Volatile 40.06 + 3.22 37.32+2.02
Particle density 3.12+252 3.50 +3.22
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Table 2: t.,, values of the various surface properties of FAG @AC.

Property Carbon Mean SD df t Decision
type
pH FAC 6.70 0.02 4 74.06 Significant
CAC 7.00 0.01
Particle densityg/cth FAC 3.12 2.52 4 0.16 Not significant
CAC 3.50 3.22
Porosity FAC 0.89 0.01 4 413 Significant
CAC 0.77 0.05
Moisture % FAC 19.50 0.02 4 1415 Significant
CAC 16.67 0.02
Ash% FAC 22.38 0.02 4 91.03 Significant
CAC 17.10 0.10
Volatile matter % FAC 40.06 3.22 4 1.25 Not significant
CAC 37.32 2.02
lodine number FAC 224.90 0.50 4 72.74 Significant
CAC 200.36 0.30
Carboxylic FAC 0.08 0.01 4 317 Significant
CAC 0.12 0.02
Phenol FAC 0.23 0.03 4 2.00 Not significant
CAC 0.27 0.02
Lactones FAC 1.12 0.01 4 22.20 Significant
CAC 0.61 0.03
Basic FAC 0.49 0.02 4 300 Significant
CAC 0.55 0.02
pHpzc FAC 6.50 0.02 4 41.66 Significant
CAC 7.00 0.01
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Table 3: Kinetic parameters for the adsorption of phenoF&€ and CAC.

Models PFAC Coefficients R PCAC Coefficients R

Pseudo —first order K= 0.064 mift 0.944 K= 2.9 x10min* 0.904
0e = 45.08 mg/g 0e = 25.94 mg/g

Pseudo- second order » K 1..69 x1G g/mg/min? 0.987 K = 1.9 x10" g/mg/mirt”? 0.980
0e = 30.30 mg/g Oe = 29.41 mg/g

h,= 1.56 x10* mg/g/min h,=1.67 x 102mg/g/min
Elovich equation o =0.088 mg/gmin, 0.950 o = 0.118 mg/gmin, 0.977
p=1.58 g/mg p=2.78 g/mg
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Figure 1: Effect of contact time on the percentage sorptiophenol on to FAC and CAC
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Figure 4: Plots of Elovich sorption kinetics of phenol onRAC and CAC.
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DISCUSSION
Proximate analysis

The analysis (Table 1) showed a low
amount of moisture, ash and volatile matter,
indicating that the particle density is relatively
small and that the biomaterial should be an
excellent raw material for adsorbents to be
used in column or fixed —bed reactors. pH
values of the activated carbon sample are
therefore within the specified range of
activated carbon 6-8. The porosity and iodine
number is comparably to other materials used
for batch analysis (Horsfall et al., 2003,
Tarawou and Horsfall 2007; Ekpete et al.,
2010).

Student’s t-test analyses

The surface properties of the activated
carbon derived from fluted pumpkin stem
waste was compared with those of
commercial activated carbon. The values of
statistical t-test analyses carried out to
determine if there was any significant
difference between the properties obtained
for the FAC and CAC at 5% level of
significance and calculated,j values are
given in Table 2.

From Table 2 it was found that, the
activated carbon samples,yt< DF for the
following properties, volatile matter, phenol
content of the activated carbons and particle
density. This shows that there is no
significant difference between the mean
values of volatile matter, phenol content and
particle density, of the activated carbon
samples derived from fluted and commercial
activated carbon. There is a significant
difference in the properties of moisture, pH,
porosity, ash content, iodine number,
carboxylic acid content, lactones, pHpzc and
basic sites content of the activated carbons. In
spite of the significant differences that
existed for most of the surface properties
between the commercial and fluted activated
carbons, the activated carbons were very
efficient and effective in the removal of
phenol and chlorophenol from solution
showing that, though surface properties of
adsorbents play significant role in sorption,
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such properties also depends on the method
and conditions of activation which may
therefore not be the sole determining factor
for adsorption as illustrated in this study.

Effect of contact time

As can be seen from Figure 1, the
adsorption of phenol exhibits saturation
kinetic as the quantity of bound phenolic ions
stagnates after approximately 60 minutes for
the fluted and commercial activated carbon,
meaning that the possibility of further
adsorption is very small. The higher sorption
rate at the initial period may be due to an
increased number of vacant sites on the
adsorbent available at the initial stage
(Vadivelan and Kumar 2005; Uddin et al.,
2007). The decrease in the adsorption of
phenol with time could be due to the
accumulation of phenol particles in the vacant
sites leading to a decrease in sorption percent
at time 70 -120 minutes. The reduction in the
percentage of phenol removed as a result of
increased contact time was not significant,
since more than 98% of phenol was removed
even at contact time of 120 minutes.

Kinetic models determination

Linear plots of all considered kinetic
models and the adsorption kinetic rate
constants are shown in Figures 2-4 and Table
3 respectively. All kinetic models show good
correlation values. As shown in Table 3, the
equilibrium sorption capacity gy obtained
from the pseudo-first order linear plot of
phenol on FAC was 45.08 mg/g better than q
of phenol on CAC 25.94 mg/g. It was also
observed that the pseudo first order rate
constant K and regression coefficient,Rfor
phenol on FAC was (0.064 mirand 0.944)
greater than that of phenol on CAC (0.029
min! and 0.94) respectively. The pseudo
second order model suitably describe the
kinetic data as presented in Table 3 with
higher regression values (0.987 and 0.980) for
both phenol on FAC and CAC respectively.
This suggests that the pseudo second order
adsorption mechanism was predominant and
that the overall rate of the phenol adsorption
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process appeared to be controlled by chemical
process as similar results were obtained by
(Sarkar et al., 2003; Vadivelan and Kumar
2005; Uddin et al., 2007).

The results of Elovich plot for the
adsorption of phenol on FAC and CAC is
shown in Figure 4. The Elovich equation
which has been shown to be useful in
describing  chemisorptions  on  highly
heterogeneous adsorbents, gives a good
account of the adsorption of phenol. From the
result it was observed that the initial sorption
rate, o, and the desorption rafewas higher
for PCAC 0.118 mg/gmin and 2.78 g/mg
compared to PFAC with 0.888 g/min ang
1.58 g/mg respectively. Since adsorption and
desorption are interrelated in surface
transport, we observe a linear relationship
betweengp and B as presented in Table 3. The
Elovich model was found to be adequate to
satisfactorily explain the present biosorption
phenomenon with correlation values of 0.977
and 0.950 for PCAC and PFAC, which
consolidate the chemisorption hypothesis
(Ho, 2006).

Conclusion

The study demonstrates that fluted
pumpkin stem waste could be used as a novel
raw material for the production of activated
carbon. The fluted activated carbon compared
favourably to the commercial activated
carbon. Adsorption kinetic study regression
values followed the order pseudo second order
> Elovich > pseudo first order with higher
regression values for phenol on FAC.
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