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Abstract

Palm ash, an agriculture waste residue from palm-oil industry in Malaysia, was investigated as a replacement for the current expensive methods
of removing direct blue 71 dye from an aqueous solution. The experimental data were analyzed by the Langmuir and Freundlich models of
adsorption. Equilibrium data fitted well with Freundlich model in the range of 50-600 mg/L. The equilibrium adsorption capacity of the palm
ash was determined with the Langmuir equation and found to be 400.01 mg dye per gram adsorbent at 30 °C. The rates of adsorption were found
to conform to the pseudo-second-order kinetics with good correlation. The results indicate that the palm ash could be employed as a low-cost

alternative to commercial activated carbon.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Textile wastewater is generally high in both color and organic
content. Effluents discharged from dyeing industries are highly
colored and they can be toxic to aquatic life in receiving waters
[1,2]. Color removal from textile effluents has been given much
attention in the last few years, not only because of its potential
toxicity, but mainly due to its visibility problems [3,4]. The total
dye consumption of the textile industry worldwide is in excess
of 107 kg/year, and an estimated 90% of this ends up on fabrics.
Consequently, 1000 tonnes/year or more of dyes are discharged
into waste streams by the textile industry worldwide [5].

Among several chemical and physical methods, the adsorp-
tion onto activated carbon has been found to be superior to other
techniques in water-re-use methodology because of its capability
for adsorbing a broad range of different types of adsorbates effi-
ciently, and simplicity of design. However, commercially avail-
able activated carbons are still considered expensive [6]. Thus,
many researchers researched for cheaper substitutes, which are
relatively inexpensive, and are at the same time endowed with
reasonable adsorptive capacity. These studies include the use of
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coal [7], fly ash [8], activated clay [9], palm-fruit bunch [10],
Bagasse pith [11], cellulose-based waste [12], peat, bentonite,
slag and fly ash [13], rice husk [14], activated sludge [15], etc.

Solid waste from the palm-oil industry is highly abundant in
Malaysia, which is one of the largest palm-oil exporters in the
world. This waste is usually used as fuel in palm-oil mill fac-
tories. Then, after the combustion of oil-palm fibers and shell
(used as boiler fuel for the steam generation in palm-oil mills)
ash is produced. Malaysia thus generates huge loads of palm
ash each year. Hence, the utilization of such agriculture solid
waste residues for wastewater treatment is most desirable, first,
as wastes are available abundantly at no or very low cost; second,
as the disposal of these wastes normally poses a serious envi-
ronmental problem in Malaysia, which has extensive agricultural
activities. Therefore, the objective of this work is to study the
utilization of palm ash as adsorbent to remove direct blue 71 dye
from an aqueous solution. The equilibrium and kinetic studies
have been performed.

2. Materials and methods
2.1. Adsorbent: palm ash

The palm ash was provided by United Oil Palm Mill, Penang,
Malaysia. It was washed doubly with water and oven dried at
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Nomenclature

b adsorption energy constant of Langmuir
adsorption isotherm (L/mg)

Ce equilibrium liquid phase concentration (mg/L)

Co initial liquid phase concentration (mg/L)

ky rate constant of pseudo-first-order adsorption
(1/min)

ky rate constant of pseudo-second-order adsorption
(g/g min)

Kr Freundlich isotherm constant related to
adsorption capacity ((mg/g)(L/mg)!/™)

n Freundlich isotherm constant related to
adsorption intensity

qe equilibrium solid phase adsorbate concentration
(mg/g)

qt amount of adsorption at time 7 (mg/g)

0 the maximum surface coverage (formation of
monolayer) of sorbent (mg/g)

Ry, dimensionless separation factor

R? correlation coefficient

Vv volume of solution (L)

w mass of adsorbent (g)

110°C overnight and sieved through sieve no. 100 (150 wm).
Forty grams of palm ash are activated by refluxing with 250 ml
of 40 wt.% H,SO4 at 340 K for 4 h in a round-bottom flask. The
slurry was cooled in air and filtered through a glass fiber. The
filter cake was repeatedly washed with hot deionized water until
the filtrate was neutral.

2.2. Adsorbate: direct blue dye

Direct blue 71 dye, with the molecular formula C4oHog
N7NaO13S4 (molecular weight 965.94) with CI No. 34140, was
chosen as adsorbate. The dye was supplied by Sigma—Aldrich
(M) Sdn Bhd, Malaysia. The chemical structure of the dye is
shown in Appendix A.

2.3. Characterization of adsorbent

Adsorption of Ny at 77K was performed to evaluate the
adsorptive properties of the palm ash. The value of BET
surface area is obtained from the adsorption of Np at 77K
using Autosorb I, supplied by Quantachrome Corporation,
USA. The BET specific surface area and average pore diam-
eter of palm ash were found to be 5.356m?/g and 2.263 nm,
respectively.

The chemical composition of palm ash was determined using
Rigaku RIX 3000 X-ray Fluorescence (XRF) spectrometer. It
was found to have the composition: SiO; 40%, K>O 12.1%,
CaO 10.0%, Al,03 6.1%, MgO 6.4%, P05 8.32%, C 5.4%,
others 4.38% and its ignition loss was found to be 7.3%.The
high oxide contents in palm ash give its structure the credibility
as a good adsorbent.

2.4. Batch equilibrium studies

Adsorption isotherms were performed in a set of 43 Erlen-
meyer flasks (250 mL), where solutions of dye (200 mL) with
different initial concentrations (50-600 mg/L) were placed. An
equal mass of 0.3 g of particle size (150 wm) palm ash was added
to dye solutions, and the mixture was then kept in an isother-
mal shaker (30, 40 or 50 °C % 1) for 4 h to reach equilibrium as
a solid-solution mixture. A similar procedure was followed for
another set of Erlenmeyer flask containing the same dye con-
centration without palm ash to be used as a blank. The pH was
adjusted to 7 by adding either a few drops of diluted hydrochloric
acid or sodium hydroxide. The flasks were then removed from
the shaker; the final concentration of dye in the solution was mea-
sured at 594 nm using UV-vis spectrophotometer (Shimadzu
UV/Vis 1601 Spectrophotometer, Japan). Each experiment was
duplicated under identical conditions. The amount of adsorption
at time ¢, ¢; (mg/g), was calculated by

_ (G-
w

where Cp and C; (mg/L) are the liquid-phase concentrations of
dye at initial and any time ¢, respectively, V the volume of the
solution (L), and W is the mass of dry adsorbent used (g).

ey

qt

2.5. Batch kinetic studies

The procedures of kinetic experiments were basically iden-
tical to those of equilibrium tests. The aqueous samples were
taken at present time intervals, and the concentrations of dye
were similarly measured.

3. Results and discussion

3.1. Effect of agitation time and concentration of dye on
adsorption

The effects of agitation time and dye concentration upon
the removal of direct blue dye by palm ash at 30°C are pre-
sented in Fig. 1. The amount adsorbed (mg/g) increased with
the increase in agitation time and concentration, and remained
nearly constant after equilibrium time. An increase in the initial
dye concentration leads to an increase in the adsorption capac-
ity of the dye on palm ash. The initial concentration provides
an important driving force to overcome all mass transfer resis-
tances of the dye between the aqueous solution and solid phases.
Hence a higher initial concentration of dye enhances the sorp-
tion process. Fig. 1 also shows that most of the dye is adsorbed
to achieve adsorption equilibrium in about 1 h, although the data
were measured for 4 h. The time required to attain this state of
equilibrium is termed equilibrium time, and the amount of dye
adsorbed at the equilibrium time reflects the maximum adsorp-
tion capacity of the adsorbent under those operation conditions.

The adsorption capacity at equilibrium increases from 32 to
321 mg/g, with an increase in the initial dye concentration from
50 to 600 mg/L. At the beginning, the dye ions were adsorbed by
the exterior surface of palm ash, so the adsorption rate was fast.



72 A.A. Ahmad et al. / Journal of Hazardous Materials 141 (2007) 70-76

qi (mg/g)

0 50 100 150 200 250 300
t (min)

——50mg/L —®— 100mgL —&— 200 mg/L —%— 300 mg/L
—%— 400 mg/L. —@— 500 mg/l. —+— 600 mg/L

Fig. 1. The variation of adsorption capacity with adsorption time at various
initial dye concentrations at 30 °C.

When the adsorption of the exterior surface reached saturation,
the dye ions entered into the pores of the palm ash particles
and were adsorbed by the interior surface of the particle. This
phenomenon takes relatively long contact time. The time profile
of dye uptake is a single, smooth and continuous curve leading
to saturation, suggesting also the possible monolayer coverage
of dye on the surface of the palm ash. A similar phenomenon
was observed for the adsorption of reactive blue 114, reactive
yellow 64 and reactive red 124 dyes from an aqueous solution
on calcined alunite and the equilibrium time was 2 h [16].

3.2. Adsorption isotherms

The relationship between the amount of a substance adsorbed
at constant temperature and its concentration in the equilib-
rium solution is called the adsorption isotherm. Fig. 2 shows the
adsorption isotherm of the direct blue dye at 30, 40 and 50 °C.
It is clear that the adsorption capacity at higher temperature is
higher than that of lower temperature. The removal of direct
blue dye by adsorption onto palm ash increased from 400.01 to
434.71 mg/g by increasing the temperature of the solution from
30to 50 °C (Table 1), indicating that the process is endothermic.

The equilibrium adsorption density g increases with the
increase in dye concentration. Several models have been pub-
lished in the literature to describe experimental data of adsorp-
tion isotherms. The Langmuir and Freundlich are the most fre-
quently employed models. In this work, both models were used
to describe the relationship between the amount of dye adsorbed
and its equilibrium concentration.

Table 1
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Fig. 2. Equilibrium adsorption isotherm of direct blue 71 dye on palm ash at
different temperatures.

3.2.1. Langmuir isotherm
The following relation can represent the linear form of the
Langmuir isotherm model:

S + L 2
UE 0 bOC
where ¢, is the amount adsorbed at equilibrium (mg/g), Ce the
equilibrium concentration of the adsorbate (mg/L), and Q (mg/g)
and b (L/mg) are the Langmuir constants related to the maximum
adsorption capacity and the energy of adsorption, respectively.
These constants can be evaluated from the intercept and the
slope of the linear plot of experimental data of 1/g. versus 1/Ce
(Fig. 3a). Conformation of the experimental data into Lang-
muir isotherm model indicates the homogeneous nature of palm
ash surface, i.e., each dye molecule/palm ash adsorption has
equal adsorption activation energy. The results also demonstrate
the formation of monolayer coverage of dye molecules on the
outer surface of palm ash. Similar observations were reported
for the adsorption of acid dyes (Acid Green 25, Acid Orange 10,
Acid Red 18, Acid Red 73) on chitosan [17], and also for the
adsorption of methylene blue on adsorbents materials produced
from sewage sludge [18]. Values of QO and b were calculated
from the intercept and slope of the linear plot and presented in
Table 1. As seen in Table 1, the maximum adsorption capacities
for direct blue dye onto palm as at 30, 40, and 50 °C were found
to be 400.01, 416.66, and 434.71 mg/g, respectively. Maximum
adsorption capacities of palm ash increased with increasing tem-
perature.
The essential characteristics of the Langmuir equation can
be expressed in terms of a dimensionless separation factor, Ry,

Langmuir and Freundlich parameters for adsorption of direct blue 71 dye on palm oil at different temperatures

Temperature (°C) Langmuir isotherm model

Freundlich isotherm model

Q(mgg™) b (L/mg) R Kr ((mg/g)(L/mg)'") n R
30 400.01 0.023 0.93 21.61 1.79 0.99
40 416.66 0.23 0.88 23.61 1.68 0.96
50 434.71 0.50 0.91 3343 1.74 0.99
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Fig. 3. (a) Linearized Langmuir isotherm for dye adsorption by palm ash at
different temperatures; (b) linearized Freundlich isotherm for dye adsorption by
palm ash at different temperatures.

defied [19] as

1

- 3
14+ bCy )

Ry
where Cy is the highest initial solute concentration, b the Lang-
muir’s adsorption constant (L/mg). The Ry, value implies the
adsorption to be unfavorable (R, > 1), linear (R = 1), favorable
(O<Ry < 1), or irreversible (R =0). Ry, values for direct dye
adsorption onto palm ash were less than 1 and greater than zero
indicating favorable adsorption under conditions used in this
study.

3.2.2. Freundlich isotherm
The linear form of the Freundlich isotherm model is given by
the following equation:

1
Inge =InKg+ —InC, “4)
n

where K (mg/g)(L/mg)"" and 1/n are Freundlich constants
related to adsorption capacity and adsorption intensity of the
sorbent, respectively. Linear plot of In g versus In C shows that
the adsorption of direct blue dye from an aqueous solution on
palm ash also follows the Freundlich isotherm (Fig. 3b). Similar
observations were reported for the adsorption of Direct Red 12B
dye on biogas residual slurry [20], and also for the adsorption of
methylene blue on adsorbent materials produced from sewage
sludge [18]. Values of K and n are calculated from the intercept
and slope, respectively, and are listed in Table 1. The value K of
palm ash for direct blue dye at 30, 40, and 50 °C are on the order
21.61, 23.61, and 33.43, respectively. It is shown that n value is
1 <n<2, suggesting that the direct blue dye adsorption on palm
ash is favorable [21]. Values of the correlation coefficient (R?)

Table 2
Comparison of the maximum monolayer capacities of some dyes on various adsorbents
Dyes Adsorbent Langmuir isotherm Freundlich isotherm Reference
Maximum monolayer adsorption b (L/mg) Kr n
capacities, Q" (mg/g)
Direct blue 71 Palm ash 400.01 0.023 21.61 1.79 This work
Reactive blue 114 Calcined alunite 170.7 0.050 13.72 1.742 [16]
Reactive yellow 64 Calcined alunite 236 0.017 6.28 1.373 [16]
Reactive red 124 Calcined alunite 153 0.084 19.23 1.995 [16]
Acid brilliant blue Banana pith 43 0.13 1 2.63 [27]
Acid violet Coir pith 1.6 0.746 2.87 2.35 [28]
Acid brilliant blue Coir pith 16.6 0.03 0.47 0.42 [28]
Rhodamine B Coir pith 203.2 0.03 23.16 2.17 [28]
Acid blue 29 Peat 13.95 0.178 3.69 2.841 [13]
Acid blue 29 Fly ash 15.17 1.862 1.361 1.09 [13]
Basic blue 9 Bentonite 46.30 36.0 43.65 6.30 [13]
Basic blue 9 Fly ash 54.05 0.007 0.431 1.09 [13]
Dispersed red 1 Peat 49.73 0.094 5.18 1.71 [13]
Dispersed red 1 Bentonite 22.73 8.445 37.72 1.49 [13]
Dispersed red 1 Fly ash 30.03 0.106 3.71 1.77 [13]
Dispersed red 1 Slag 33.22 0.094 5.13 2.25 [13]
Methylene blue Anaerobically sewage sludge 114.943 0.0300 7.518 2.096 [18]
(Ua)
Methylene blue Sewage sludge from agrofood 86.957 0.0076 2.434 1.856 [18]

industrial wastewater (Aq)
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(see Table 1) indicate that Freundlich isotherm has been best
fitted for the adsorption of direct blue dye on palm ash.

Table 2 lists and compares the maximum monolayer adsorp-
tion capacity of some dyes on various adsorbents. Compared
with some data in the literature, Table 2 shows that the palm ash
studied in this work has a large adsorption capacity.

3.3. Adsorption kinetics

Kinetic adsorption data were treated with pseudo-first-order
kinetic model [22]:
dqt

i ki(ge — qv) (5)

where g. and g; refer to the amount of dye adsorbed (mg/g) at
equilibrium and at any time, ¢ (min), respectively, and kj is the
equilibrium rate constant of pseudo-first-order sorption (1/min).
Integration of Eq. (5) for the boundary conditions =0 to ¢ and
q:=0to gy, gives:

de _ ky
ge —q:  2.303

log t (6)
which is the integrated rate law for a pseudo-first-order reaction.
Eq. (6) can be rearranged to obtain a linear form:

ki ;
2.303

The slope and intercept of plot of log(ge — g¢) versus ¢ were
used to determine the pseudo-first-order rate constant k1 at 30 °C
(Fig. 4). In many cases, the first order equation of Lagergren does
not fit well with the whole range of contact time and is generally
applicable over the initial stage of the adsorption processes [23].

Kinetic data were further treated with the pseudo-second-
order kinetic model [24]. The differential equation is the fol-
lowing:

log (g — qt) = loggqe — 7

dgt 2

— =k - 8
o = ke —q) ®)

where kj is the equilibrium rate constant of pseudo-second-order

adsorption (g/mg min). Integrating Eq. (8) for the boundary con-

dition =0 to ¢ and g; =0 to gy, gives:

3

Log (qe-q) mg/g

t (min)
* 50 mg/L | 100 mg/L A 200 mg/L X 300 mg/L
X 400 mg/L ® 500 mg/L + 600 mg/L

Fig. 4. Pseudo-first-order kinetics for adsorption of direct blue dye on palm ash
at 30°C.

which is the integrated rate law for a pseudo-second-order reac-
tion. Eq. (9) can be rearranged to obtain a linear form:
r_ ! + ! t (10)
a kgt ge
The slope and intercept of plot of #/g; versus ¢ were used to
calculate the second-order rate constant ky at 30 °C (Fig. 5). It

t/ qt (ming/mg)

0 ) L L .
0 50 100 150 200 250 300
t (min)
* 50 mg/L = [00mg/L A 200 mg/L x 300 mg/L
X 400 mg/L ® 500 mg/L + 600 mg/L

1 1
= — + kot ) Fig. 5. Pseudo-second-order kinetics for adsorption of direct blue dye on palm
e —dqv e ash at 30°C.
Table 3
Pseudo-first-order and pseudo-second-order adsorption rate constants and the calculated and experimental g. values for adsorption of direct blue dye on palm ash at
30°C
Cop (mg/L) Geexp (ME/Q) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
qe.cal (mg/g) ki (1/min) R? qe.cal (mg/g) ko (g/g min) x 1072 R?

50 32.17 21.60 21.71 0.81 35.84 0.140 0.96
100 61.10 40.08 26.31 0.65 70.42 0.052 0.96
200 119.25 147.67 18.55 0.81 147.05 0.017 0.90
300 173.62 173.30 18.79 0.79 204.08 0.017 0.94
400 223.81 284.44 18.96 0.79 270.27 0.015 0.94
500 270.68 416.38 14.28 0.91 322.58 0.013 0.93
600 321.17 289.50 19.64 0.82 357.14 0.012 0.95
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is more likely to predict the behavior over the whole range of
adsorption and is in agreement with the chemisorption mecha-
nism being the rate-controlling step [23,24].

Table 3 lists the results of the rate constant studies for dif-
ferent initial dye concentrations by the pseudo-first-order and
pseudo-second-order models at 30 °C. The correlation coeffi-
cient R? for the pseudo-second-order adsorption model has high
value (>0.90); its calculated equilibrium adsorption capacity
(e.cal 18 consistent with experimental data. These facts suggest
that the pseudo-second-order adsorption mechanism is predom-
inant, and that the overall rate of the dye adsorption process
appears to be controlled by the chemisorption process [23,24].
Similar phenomena have also been observed in the biosorption
of remazol black B on biomass [25], and in the adsorption of
Methylene blue dyes on perlite [26]. For the second pseudo-
order model in Table 3, the rate constant generally decreased
with the increase of the initial dye concentration.

The benefit of using palm ash is two-fold since the prob-
lems associated with management of the waste are also amelio-
rated. Recovery and regeneration of some adsorbents is difficult,
whereas the palm ash as adsorbent could be disposed of safely
by burning after drying.

4. Conclusion

Palm ash was used as an adsorbent for the removal of direct
blue 71 dye from an aqueous solution. The palm ash had very
high adsorption capacity to remove the dye, with a maximum
monolayer adsorption capacity was 400.01 mg/g at 30 °C. The
adsorption capacities were affected by the initial dye concen-
tration. The uptake increased with the increase in initial dye
concentration. The Freundlich equation agrees very well with the
equilibrium isotherm. The pseudo-second-order kinetic model
fits very well with the dynamical adsorption behavior of direct
blue dye. This agriculture waste residue could therefore sub-
stituted be in place of activated carbon as adsorbent due to its
availability, high adsorption capacity and low cost.
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Appendix A. Chemical structure of direct blue 71 dye
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