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ABSTRAK : 7andan buah kosong kelapa sawit (EFB), sejenis bahan buangan pertanian yang
banyak terdapat di Malaysia, telah digunakan untuk menyediakan karbon teraktif dengan kaedah
pengaktifan fisiokimia. Bahan mentah yang telah dirawat dikarbonkan di bawah keadaan lengaj,

diikuti dengan rawatan kimia yang menggunakan potasium hidroksida serta pengaktiftan fizikal
yang menggunakan karbon dioksida. Analisis mikroskop elekiron pengimbasan menunjukkan
bahawa karbon teraktifyang disediakan adalah poros dengan fiang-iang yang berkembang dengan
baik. Isoterma pernjerapan metilena biru (MB) padia karbon teraktif ditentukan darjpada eksperimen
kelompok pada suhu 30°C dengan kepekatan awal MB dari 50 hingga 500 mg/l. Data
keseimbarigan dimasukkan ke dalam model-mode/ isoterma Langmuir, Freundlich, Temkin dan
Dubinin-Radushkevich. Data keseimbangan diwakilkan terbaik oleh model isoterma Langmuir,

aengan kapasiti penferapan ekalapis maksimum sebanyak 303.03 mg/g. Data kinetik telah
dlianalisis dengan menggunakan model-mode/ pseudo-first-order’, pseudo-second-order’ dan
intraparticle diffusion’. Mode/ pseudo-second-order’ adalah mode/ yang terbaik menerangkan
kinetik penjerapan tersebut, memberikan jumiah perbezaan kuasa dua yang terendah sebanyak
4.77%, sefta pemalar-pemalar kinetik bernilai 0.002-2.624 g/ing h. Prestasi penjerapan bagi karbon
leraktif yang disediakan darjpada EFB ke atas MB adalah setanding dengan karbon teraktif
komersial.

ABSTRACT : Oil palm empty fruit bunch, an abundant agricultural waste product in Malaysia,
was used to prepare activated carbon by physiochemical activation method. The pre-treated
precursor was first carbonized under inert atmosphere, followed by chemical treatment using
potassium hydroxide and physical activation using carbon dioxide. Scanning electron microscopy
analysis showed that the activated carbon was porous with well developed pores. Adsorption
isotherm of methylene blue onto the activated carbon was determined by batch tests at 30°C with
initial concentrations of methylene blue ranging from 50 to 500 mg/l. Equilibrium data were fitted
to Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models. The equilibrium
data were best represented by the Langmuir isotherm model, with maximum monolayer adsorption
capacity of 303.03 mg/g. The kinetic data were analyzed using pseudo-first-order, pseudo-second-
order and intraparticle diffusion models. The pseudo-second-order kinetic model was the best
applicable model to describe the adsorption kinetics, giving the lowest sum of squared errors of
4.77%, with kinetic constants of 0.002-2.624 g/mg h. The adsorption performance of the empty
fruit bunch-based activated carbon on methylene blue was comparable to commercially available
activated carbon.

KEYWORDS : Adsorption, empty palm fruit bunch, activated carbon, methylene blue, Langmuir
isotherm, pseudo-second-order kinetic model.
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INTRODUCTION

The discharge of dyes in the environment is worrying for both toxicological and esthetical

reasons (Métivier-Pignon ef a/, 2003). Industries such as textile, leather, paper and plastics-
produce dye effluents. It is estimated that more than 100,000 commercially available dyes

with over 7 x 10° tons of dye-stuff are produced annually (Lee ef a/, 2006). Methylene blue

(MB) is the most commonly used substance for dying cotton, wood and silk. MB can cause

harmful effects where acute exposure to it will cause increased heart rate, vomiting, shock,

Heinz body formation, jaundice, quadriplegia and tissue necrosis in humans (Vasanth Kumar

and Kumaran, 2005). Therefore, the treatment of effluent containing such dye is of interest

due to its harmful impact on receiving waters.

In general, dyes are poorly biodegradable or resistant to environmental conditions (Tsai ez al,
2001). Among several chemical and physical methods, the adsorption onto activated carbon
has been found to be superior compared to other techniques for wastewater treatment in
terms of its capability for efficiently adsorbing a broad range of adsorbates and its simplicity of
design. However, commercially available activated carbons are still considered expensive
(Sourja etal, 2005). This is due to the use of non-renewable and relatively expensive starting
material such as coal, which is unjustified in pollution control applications (Martin efal, 2003).
Therefore, in recent years, this has prompted a growing research interest in the production of -
activated carbons from renewable and cheaper precursors which are mainly industrial and
agricultural by-products, such as cassava peel (Rajeshwarisivaraj et a/, 2001), bagasse (Tsali
et al,, 2001), date pits (Girgis and El-Hendawy, 2002), maize cob (Kadirvelu e a/, 2003) and"
jute fiber (Senthilkumaar ef a/, 2005).

At present, Malaysia is the largest exporter of paim oil in the international market. One of the
significant problems in the palm fruit processing is managing of the wastes generated during
the processes. Approximately 15 million tons of oil palm empty fruit bunch (EFB) biomass
waste is generated annually throughout Malaysia by palm oil mills (Rahman e# a/, 2006). In -
practice this biomass is burned in incinerator by palm oil mills which creates environmental
pollution problems in nearby localities and also offers limited value to the industry.

To make better use of this abundant waste, it is proposed to make it into activated carbon. Not
many studies have been done on converting EFB into activated carbon. Conversion of EFB to
activated carbon will serve a double purpose. First, unwanted agricultural waste is converted
to useful, value-added adsorbents and second, the use of agricultural by-products represents
a potential source of adsorbents which will contribute to solving part of the wastewater treatment
problem in Malaysia. The focus of this research was to evaluate the adsorption potential of
EFB-based activated carbon on MB dye. The surface morphology of the prepared activated
carbon was examined. The equilibrium and kinetic data of the adsorption process were then
studied to understand the adsorption mechanism of MB molecules onto the prepared activated
carbon.
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MATERIALS AND METHODS

Methylene blue

Methylene blue (MB) which corresponds to methylene blue hydrochloride with three groups of
water, with molecular weight of 373.9 g/mol, was used as an adsorbate and was not purified
prior to use. Deionized water was used to prepare all the solutions and reagents. Chemical
structure of MB is shown in Figure 1.

Figure 1. Chemical structure of methylene blue aye

" Preparation and characterization of activated carbon

EFB used for preparation of activated carbon was obtained from a local palm oil mill. The
precursor was first washed and soaked in n-hexane to remove dirt and oil. Then, it was dried
and cut into the size of 1-2 mm. The pre-treated precursor was then carbonized at 700°C
under purified nitrogen (99.995%) flow of 150 cm¥min for 2 h (first pyrolysis) in a stainless
steel vertical tubular reactor placed in a tube furnace. The schematic diagram of the
experimental setup is shown in Figure 2. The char produced was then soaked in potassium
hydroxide (KOH) solution with an impregnation ratio of 1:1. The mixture was then dehydrated
in an oven overnight at 105°C and then activated under the same condition as carbonization,
but to a final temperature of 850°C. Once the final temperature was reached, the nitrogen gas
flow was switched to carbon dioxide (CO,) and activation was held for 2 h. The activated
product was then cooled to room temperature and washed with hot deionized water and
hydrochloric acid of 0.1 molar until the pH of the washing solution reached 6-7. Scanning
electron microscopy (SEM) analysis was carried out on the prepared activated carbon to
study the surface morphology and to verify the presence of porosity.
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Figure 2. Schematic diagram of the experimental setfup

Batch equilibrium studies

Adsorption tests were performed in a set of Erlenmeyer flasks (250 mi) where 100 ml of MB
solutions with initial concentrations of 50-500 mg/l were placed in these flasks. Equal mass of
0.1 g of the prepared activated carbon with particle size of 200 um was added to each flask
and kept in an isothermal shaker of 120 rpm at 30°C for 48 h to reach equilibrium. The pH of
the solutions was around 6.5 without any pH adjustment. Aqueous samples were taken from
the solutions and the concentrations were analyzed. All samples were filtered prior to analysis
in order to minimize interference of the carbon fines with the analysis. Each experiment was
duplicated under identical conditions. The concentrations of MB in the supernatant solutions
before and after adsorption were determined using a double beam UV spectrophotometer
(Shimadzu, Japan) at 668 nm. The amount of adsorption at equilibrium, q, (mg/g), was
calculated by :

(c,-c)v

g = ——" (1)
w

where C_ and C_ (mg/l) are the liquid-phase concentrations of MB at initial and equilibrium,
respectively. V is the volume of the solution (I) and W is the mass of dry adsorbent used (g).
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Batch kinetic studies

The procedure of kinetic tests was basically identical to those of equilibrium tests. The aqueous
samples were taken at preset time intervals and the concentrations of MB were similarly
measured. The amount of adsorption at time t, g, (mg/g), was calculated by :

(c-c)v
(71 = ——— (2)
w .

where C_ and C, (mg/l) are the liquid-phase concentrations of MB at initial and at any time t,
respectively. V is the volume of the solution (I) and W is the mass of dry adsorbent used (g).

RESULTS AND DISCUSSION

Characterization of prepared activated carbon

Figure 3 shows the SEM image of the derived activated carbon. Many large and well-developed
" pores in a honeycomb shape were clearly found on the surface of the activated carbon. This
might be due to the activation process used, which involved both chemical and physical

activating agents of KOH and CO,. Pore development in the char during pyrolysis was also
. important as this would enhance the surface area and pore volume of the activated carbon by
promoting the diffusion of KOH and CO, molecules into the pores, thereby increasing the
KOH-carbon and CO,-carbon reactions, which would then create more pores in the activated
carbon. Stavropoulos and Zabaniotou (2005) stated that KOH is dehydrated to K,O, which
reacts with CO, produced by the water-shift reaction, to give K,CO,. Intercalation of metallic
_ potassium appeared to be responsible for the drastic expansion of the carbon material and
hence the creation of a large surface area and high pore volume.

Figure 3. SEM image of EFB-based activated carbon (x1000)
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Effect of contact time and initial dye concentration on adsorption equilibrium

Figure 4 shows the adsorption capacity versus the adsorption time at various initial MB
concentrations at 30°C. It indicated the contact time needed for MB solutions with initial -
concentrations of 50-200 mg/l to reach equilibrium ranged between 1-5 h. For MB solutions
with initial concentrations of 300-500 mg/l, equilibrium time of 24 h was required. As can be
seen from Figure 4, the amount of MB adsorbed onto the activated carbon increased with
time and, at some point in time, it reached a constant value beyond which no more MB was
further removed from the solutions. At this point, the amount of the dye desorbing from the
activated carbon was in a state of dynamic equilibrium with the amount of the dye being
adsorbed onto the activated carbon. The amount of dye adsorbed at the equilibrium time
reflects the maximum adsorption capacity of the adsorbent under those operating conditions.
In this study, the adsorption capacity at equilibrium (q,) increased from 62 to 300 mg/g with an
increase in the initial dye concentrations from 50 to 500 mg/I.

——50mgl  —o—100 mgh
—-200mgh  —x—300 mg!
——400mgl  —x—500mgh

0 e

O msm——
—

Figure 4. The variation of adsoiption capacity with
adsorption time at various initial MB
concentrations

Three consecutive mass transport steps are associated with the adsorption of solute from
solution by porous adsorbent (Faust and Aly, 1983). First, the adsorbate migrates through the
solution, i.e., film diffusion, followed by solute movement from particle surface into interior site
by pore diffusion and finally the adsorbate is adsorbed into the active sites at the interior of the
adsorbent particle. This pnenomenon takes relatively long contact time. A similar phenomenon
was observed for the adsorption of methylene blue from aqueous solution on jute fiber carbon
and the equilibrium time was 250 min (Senthilkumaar ef a/, 2005).

Adsorption isotherms

The adsorption isotherm indicates how the adsorption molecules distribute between the liquid
phase and the solid phase when the adsorption process reaches an equilibrium state. The
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analysis of the isotherm data by fitting them to different isotherm models is an important step
to find the suitable model that can be used for design purposes (El-Guendi, 1991). Adsorption
isotherm is basically important to describe how solutes interact with adsorbents, and is critical
" in optimizing the use of adsorbents.

Adsorption isotherm study was carried out on four isotherm models : the Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich isotherm models. The applicability of the isotherm models
to the adsorption study done was judged by the correlation coefficients, R? value of each plot.
The higher the R? value, the better the fit.

Langmuir isotherm

Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number
of adsorption sites of uniform strategies of adsorption with no transmigration of adsorbate in
the plane of surface (Weber and Chakkravorti, 1974). The linear form of Langmuir isotherm
equation is given as :

O

1 1
% " ab T @

G @)

where C, is the equilibrium concentration of the adsorbate (mg/l), q, is the amount of adsorbate

" adsorbed per unit mass of adsorbent at equilibrium (mg/g), Q, and b are Langmuir constants
related to adsorption capacity and rate of adsorption, respectively. When C /q, was plotted
against C_, a straight line with slope of 1/Q was obtained, as shown in Figure 5. The Langmuir
constants b and Q_ were calculated from Eq. (3) and their values are shown in Table 1, together
with the R? value. The R? value of 0.999 indicated that the adsorption data of MB onto the
prepared activated carbon was well fitted to the Langmuir isotherm model.

The essential characteristics of the Langmuir isotherm can be expressed in terms of a
dimensionless equilibrium parameter (R ) (Weber and Chakkravorti, 1974), which is defined

by :

1
A= —— 4)
¢ 1+6C, (

where b is the Langmuir constant and C is the highest dye concentration (mg/l). The value of
R, indicates the type of the isotherm to be either favorable (0<R <1), unfavorable (R >1),
linear (R_= 1) or irreversible (R = 0). The value of A, was found to be 0.002 and this again
confirmed that the Langmuir isotherm model was favorable for adsorption of MB onto the
EFB-based activated carbon under the conditions used in this study.
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Figure 5. Langmuir adsorption isotherm of MB onto activated carbon

Freundlich isotherm

Freundlich isotherm on the other hand assumes heterogeneous surface energies, in which
the energy term in Langmuir equation varies as a function of the surface coverage (Weber
and Chakkravorti, 1974). The well-known logarithmic form of Freundlich isotherm is given by
the following equation :

log g, = log A_ + (1/n)logC, (5)

where C, is the equilibrium concentration of the adsorbate (mg/l), q, is the amount of adsorbate
adsorbed per unit mass of adsorbent at equilibrium (mg/g), K. and n are Freundlich constants
with n giving an indication of how favorable the adsorption process and K_ (mg/g (/mg)*") is
the adsorption capacity of the adsorbent. K_ can be defined as the adsorption or distribution
coefficient and represents the quantity of dye adsorbed onto activated carbon for a unit
equilibrium concentration. The slope of 1/n ranging between 0 and 1 is a measure of adsorption
intensity or surface heterogeneity, becoming more heterogeneous as its value gets closer to
zero (Haghseresht and Lu, 1998). A value for 1/n below one indicates a normal Langmuir
isotherm while 1/n above one is indicative of cooperative adsorption (Fytianos ef a/, 2000).
The plot of log g, versus log C_ gave a straight line with slope of 1/n with value of 0.21 (Figure
6), indicating a normal Langmuir isotherm. Freundlich constants K_and n were also calculated
and are listed in Table 1.

log qe
@

Figure 6. Freundlich adsorption isotherm of MB onto activated carbon
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Table 1. Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm model constants
and correlation coefficients for adsorption of MB onto prepared activated carbon at 30°C

Isotherms Constants Correlation
Coefficients, R?
Langmuir Q, b
303.03 mg/g 0.83 I/mg 0.999
Freundlich K 1/n
119.43 mg/g (/mg)*n 0.21 0.770
Temkin A B
55.18 I/g 35.69 0.881
Dubinin-Radushkevich g, E
302.60 mg/g 2236.07 0.899

Temkin Isotherm

Temkin and Pyzhev considered the effects of indirect adsorbate/adsorbate interactions on

_adsorption isotherms. The heat of adsorption of all the molecules in the layer would decrease
linearly with coverage due to adsorbate/adsorbate interactions (Hosseini ef a/, 2003). The
Temkin isotherm has been used in the following form :

g, = (RAT/b)1n (AC) (6)

where RT/b = B. A plot of q, versus In C, yielded a linear line, as shown in Figure 7. The
constants A and B together with the R? value are shown in Table 1.

Qe (mg/g)

Figure 7. Temkin adsorption isotherm of MB onto activated carbon
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Dubinin-Radushkevich Isotherm

Another popular equation for the analysis of isotherms of a high degree of rectagularity is
Dubinin-Radushkevich isotherm (Rengaraj ef a/, 2004) which is as follows : -

q, = q exp(-Be?) @)
where € can be correlated :

e=R7'7n|:7+L} (8)
Ce

The constant B gives the mean free energy E of sorption per molecule of the sorbate when it
is transferred to the surface of the solid from infinity in the solution and can be computed by
using the relationship :

E=|—— 9)

where R is the gas constant (8.31 J/molK) and T is the absolute temperature. A plot of In g,
versus €2 (Figure 8) enables the constants g, and E to be determined (Table 1).
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Figure 8. Dubinin-Radushkevich adsorption isotherm of MB onlo activated carbon

From Table 1, the Langmuir isotherm model yielded the best fit with the highest R? value
compared to the other three models. Conformation of the experimental data into Langmuir
isotherm equation indicated the homogeneous nature of EFB-based activated carbon surface,
i.e., each dye molecule/EFB carbon adsorption had equal adsorption activation energy. The
results also demonstrated the formation of monolayer coverage of dye molecule at the outer
surface of the prepared activated carbon. Similar observation was reported by the adsorption
of MB onto activated carbon prepared from jute fiber (Senthilkumaar ef a/, 2005) and olive-
seed waste residue (Stavropoulos and Zabaniotou, 2005).
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Table 2 lists the comparison of maximum monolayer adsorption capacity of MB onto various
adsorbents. The activated carbon prepared in this work had a relatively large adsorption capacity
of 303.03 mg/g compared to some other adsorbents reported in earlier studies (Kannan and
Sundaram, 2001; Chakraborty ef a/, 2002; Senthilkumaar ef a/, 2005; Vasanth Kumar and
Kumaran, 2005; Banerjee and Dastidar, 2005), including commercial activated carbon, F300
(Stavropoulos and Zabaniotou, 2005).

Table 2. Comparison of the maximum monolayer adsorption of MB onto
various adsorbents

Maximum monolayer

Adsorbents adsorption capacity References
(mg/g)

Qil palm empty fruit bunch-based 303.03 This work

activated carbon

Bamboo dust-based activated carbon 143.20 Kannan and Sundaram,
2001

Coconut shell-based activated carbon 277.90 Kannan and Sundaram,
2001

Groundnut shell-based activated carbon 164.90 Kannan and Sundaram,
2001

Saw dust 133.87 Chakraborty ef al/, 2002

Jute fiber-based activated carbon 225.64 Senthilkumaar et a/, 2005

Mango seed kernel powder 142.86 Vasanth Kumar and

Kumaran, 2005

Jute processing wastes 22.47 Banerjee and Dastidar,
2005

Olive-seed waste residue-based 190.00-263.00 Stavropoulos and

activated carbon Zabaniotou, 2005.

*Filtrasorb F300 240.00 Stavropoulos and

Zabaniotou, 2005.

* Commercial activated carbon

Adsorption kinetics

The kinetic data of adsorption was analyzed by the pseudo-first-order equation given by
Langergren and Svenska (1898) as :

in(g-¢g)=1ng- k¢t (10)
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where q, and q, are the amounts of MB adsorbed (mg/g) at equilibrium and at time t (h),
respectively and k, (h") is the rate constant adsorption. Values of k, were calculated from the
plots of In (q,-q,) versus t (Figure 9) for different initial concentrations of MB. The R? values
obtained for all MB concentrations were relatively high (>0.95), however the deviations of the
calculated g, values from the experimental q, values were relatively large (3.50-110.91 mg/g)
indicating that this model was not applicable to the kinetic data.

Figure 9. Pseudo-first-order kinetics for adsorption of MB onto
activated carbon

On the other hand, the pseudo-second-order equation (Ho and McKay, 1998) based on
equilibrium adsorption is expressed as :

I P B -

9, k9" 4,

where k, (g/mg h) is the rate constant of second-order adsorption. The linear plot of t/q, versus
t, as shown in Figure 10, yielded R? values that were greater than 0.99 for all MB concentrations. .
It also showed a good agreement between the experimental and the calculated q, values,
with A g, of 0.02-8.61 mg/g, showing the applicability of this model to describe the adsorption
process of MB onto the prepared activated carbon.

Intraparticle diffusion model based on the theory proposed by Weber and Morris (1962) was
tested to identify the diffusion mechanism. According to this theory :

g, = /(pﬂ/z (12)

where k; (mg/g h'?), the intraparticle diffusion rate constant, is obtained from the slope of the
straight line of g, versus t"2 (Figure 11). The first, sharper portion is the instantaneous adsorption
or external surface adsorption. The second portion is the gradual adsorption stage where
intraparticle diffusion is the rate limiting. In some cases, the third portion exists, which is the
final equilibrium stage where intraparticle diffusion starts to slow down due to the extremely
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Figure 10. Pseudo-second-order kinetics for adsorption of
MB onlo activated carbon
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Figure 11. /Intraparticle diiffusion mode/ for adsorption of
MB onlo activated carbon

low adsorbate concentrations left in the solutions (Wu et a/, 2005). As can be seen from
Figure 11, the linear line did not pass through the origin and this deviation from the origin or
near saturation might be due to the difference in the mass transfer rate in the initial and final
stages of adsorption (Mohanty efa/, 2005). The R? values obtained from intraparticle diffusion
model was relatively low (0.30-0.96), showing that this model was not suitable to represent
the adsorption process.

Validity of kinetic models
The adsorption kinetics of MB onto the prepared activated carbon was verified at different

initial concentrations. The validity of the three kinetic models was determined by judging the
sum of squared errors (SSE, %) given by :

2
SSE:J z (qe’exp.— qs’cal) (13)
- N

where N is the number of data points.
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The lower the value of SSE indicates the better a fit is. It was found that the pseudo-second- .
order kinetic model yielded the lowest SSE value of 4.77%, compared to pseudo-first-order
kinetic model and intraparticle diffusion model with SSE value of 83.94% and 12.64%,
respectively. This agrees with the R? values obtained earlier and proves that the adsorption of -
MB onto the EFB-based activated carbon could be best described by the pseudo-second-
order kinetic model which is based on the equilibrium chemical adsorption, that predicts the
behaviour over the whole range of studies, strongly supporting the validity and agrees with
chemisorption being rate-controlling (Tseng and Tseng, 2005).

CONCLUSION

The present investigation showed that oil palm empty fruit bunch was a promising precursor

to be used in the preparation of activated carbon for the removal of methylene blue dye from

aqueous solutions over a wide range of concentrations. MB was found to adsorb strongly onto

the surface of the activated carbon. SEM study showed that the prepared activated carbon

was porous with well developed pores. Equilibrium data were fitted to Langmuir, Freundlich,

Temkin and Dubinin-Radushkevich isotherms and the equilibrium data were best described

by Langmuir isotherm model, with maximum monolayer adsorption capacity of 303.03 mg/g.

The kinetics of the adsorption process was found to follow the pseudo-second-order kinetic”
model. The adsorption potential of the EFB-based activated carbon on MB was comparable

to commercial activated carbon and some other adsorbents reported in earlier studies.
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