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Abstract

Aluminum sulphate (alum) and polyaluminum chloride (PAC) are types of commonly used coagulants in wastewater treatments. However, these
coagulants produce activated sludge which is very hazardous. Hence, it is suggested that a biodegradable coagulant can be a better alternative.
Coagulation of residue oil and suspended solid from palm oil mill effluent (POME) an oily effluent using a biodegradable biopolymer, i.e. chitosan
was explored in this study using a flocculator. Chitosan is a cationic biodegradable biopolymer produced by the extensive deacetylation of chitin
obtained from shrimp shell wastes. The performance of chitosan was compared to alum and PAC. POME contains about 10,000 mg/l of suspended
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olid and 2000 mg/l of residue oil. The results obtained proved that chitosan was comparatively more efficient and economical to alum and PAC.
t the defined optimum experimental conditions (dosage: 0.5 g/l, contact time: 15 min, mixing rate: 100 rpm, sedimentation time: 20 min and pH
) chitosan showed more than 95% of suspended solid and residue oil removal. For alum and PAC the optimum dosages were 8.0 and 6.0 g/l,
espectively, 30 min of mixing time at 100 rpm, 50 and 60 min of settling, respectively, and pH of 4.5 to obtain the same percentage of removal as
erformed by chitosan.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Vegetable oil processing plants, such as sunflower, olive
nd palm normally discharge large volumes of oily wastewater.
hese wastes contain very high volumes of oil-in-water emul-
ions as their basic contaminant. This emulsified oil droplets
re sheltered from spontaneous coalescence into larger flocs,
hus making oil separation by simple gravity a difficult and
ime consuming process [1]. Reducing the environmental load-
ng from oily wastes, decreasing processing costs and other
roducts which utilize residue are strong drives for oily waste
reatments. Thus, numerous methods have been used to remove
esidue from wastewaters such as adsorption, coagulation, floc-
ulation, electro-coagulation and flotation [2].

In Malaysia, palm oil-processing mills are the most promi-
ent vegetable oil industry which discharges large volumes of
ily and colloidal wastewater. The environmental issues of palm

∗ Corresponding author. Tel.: +60 4594 1012; fax: +60 4594 1013.
E-mail address: chlatif@eng.usm.my (A.L. Ahmad).

oil industry are primarily related to the water pollution due to
indiscriminate discharge of untreated or partially treated palm
oil mill effluent (POME) into public watercourses. POME is
a colloidal suspension containing 95–96% water, 0.6–0.7% of
oil and grease and 4–5% of total solids. It is a thick, brown-
ish in color liquid with a discharged temperature of between 80
and 90 ◦C, being fairly acidic with a pH value in the range of
4.0–5.0. Table 1 shows the typical characteristics of raw POME
[3,4].

POME contains about 4000–6000 mg/l of oil and grease. The
oil droplets of POME can be found in two phases, being either
suspended in the solids or floating in the supernatant. Approxi-
mately 2000 mg/l of residue oil is present in an emulsified form
in the supernatant of POME [5]. These residue oil droplets are
solvent extractable. The extract of the oil droplets consist of
84 wt% neutral lipids and 16 wt% of complex lipids. POME
also possesses high concentrations of surface active compounds
such as phospholipids (10 wt%) and glycolipids (6 wt%) [6].
These natural surfactants stabilizes the oil droplets, hence make
it impossible to recover the oil from the sludge as a homogeneous
phase [7]. The maximum allowable limit set by the Malaysian
385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Table 1
Characteristics of palm oil mill effluent

Parameter Concentration (mg/l) Element Concentration (mg/l)

Oil and grease 4000–6000 Phosphorus 180
Biochemical oxygen demand 25000 Potassium 2270
Chemical oxygen demand 50000 Calcium 439
Total solids 40500 Boron 7.6
Suspended solids 18000 Iron 46.5
Total volatile solids 34000 Manganese 2.0
Ammonicals nitrogen 35 Copper 0.89
Total nitrogen 750 Magnesium 615

Zinc 2.3

Department of Environment (DOE) is 50 mg/l for oil and grease
and 200 mg/l for suspended [8]. Therefore, the challenge of
balancing the oily effluent of palm oil mils into a more envi-
ronmental friendly waste requires sound and efficient treatment
and disposal approach.

Coagulation method is widely used in water and wastewater
treatments and well known for its capability of destabilizing and
aggregating colloids. There are number of different mechanisms
involved in a coagulation process, including ionic layer com-
pression, adsorption and charge neutralization, inter-particle
bridging, and sweep coagulation [9]. These mechanisms are very
important in forming flocs of residue oil and suspended solid
which could be easily settled and finally removed. Numerous
researches have reported the treatment of oily mill effluents using
coagulation, filtration and settling procedure [10–12]. A pilot
plant study of POME treatment using a series of process such
as coagulation, sedimentation, solvent extraction, membrane fil-
tration and adsorption was also found to be very successful by
Ahmad et al. [13].

In conventional wastewater treatment systems, coagulants
such as aluminum chloride, ferrous sulphate, aluminum sul-
phate, ferric chloride and hydrated lime are the most widely
used. This is because of their effectiveness, cheap, easy to handle
and availability [14]. Among the available coagulants, aluminum
sulphate (alum) and poly-aluminum chloride (PAC) are the most
extensively used coagulant for sludge conditioning and dewater-
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been tried to coagulate the residue oil and suspended solid in
POME.

Chitosan (N-acetyl-d-glucosamine) is a cellulose-like poly-
electrolyte biopolymer which is derived from the deacetylation
of chitin. Chitin is widely distributed in marine nature, occur-
ring in the insects, yeasts, fungi and exoskeletons of crustaceans
[22]. Chitosan has been recommended as a suitable coagulant
resource material because of its excellent properties such as
biodegradability, biocompability, adsorption property, flocculat-
ing ability, polyelectrolisity and its possibilities of regeneration
in number of applications [23]. It is a non-toxic, linear cationic
polymer with high molecular weight, charge density and read-
ily to be soluble in acidic solution [24]. Chitosan has been used
for various applications such as; coagulation of colloidal parti-
cles [18], as a coagulant for suspended solids in food processing
plants [25], peatland water treatment [26], rubber factory effluent
treatment [27], as a chelator of heavy metals [28] and floccu-
lation of food emulsion waste and river silt [29,30]. Chitosan
is not a health threatening material because it is a biodegrad-
able and biopolymeric material. Furthermore, chitosan enhances
the recycling of marine waste into value added item. Chitosan
chain structure has positively charged amine (NH2) functional
groups which are responsible for the polyelectrolyte behavior.
Chitosan could coagulate negatively charged material with its
positively charged functional group to give electric neutrality
[25].
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ng coagulation processes [15,16]. The most significant usage of
luminum coagulants are usually overdosed in order to ensure
oagulation efficiency [17,18]. They are more effective at lower
emperatures, a broader pH range and forms positive charged
l species that adsorb to negatively charged natural particles

esulting in charge neutralization [19]. Destabilizing oil droplets
nd destroying emulsions via addition of alum and PAC; poly-
lectrolytes have been shown to be effective as a pretreatment
oagulant to separate oil and grease [20]. However, the usage
f this coagulant has been questioned. These coagulants create
azardous activated sludge which contains residual aluminum
hich may cause side effects when discharged into the open
ater course [21]. It has been pointed out that intake of large

mount of aluminum salt may cause Alzheimer’s disease [21].
hus, it has become a necessity to develop a more efficient,
nvironmental friendly coagulant which has similar potential
s aluminum coagulants with an enhanced economic profile.
ence, in this study, a natural polyelectrolyte, i.e. chitosan has
The objective of this research work was to investigate the
otential and effectiveness of chitosan compared to alum and
AC as a coagulant to coagulate suspended solid and residue
il from POME. Experiments were done in a batch coagula-
ion system. Thus, the optimum dosage of coagulant needed to
chieve maximum removal of suspended solid and residue oil
as determined. The best mixing time and sedimentation time
as analyzed. The influence of pH on the coagulation of residue
il and suspended solid was also observed.

. Materials and method

.1. Experimental materials

Samples of POME were collected from United Palm Oil Mill,
ungai Kechil, Nibong Tebal, at a temperature ranging from
0 to 90 ◦C. Samples may vary day to day depending on the
ischarge limit of the factory, climate and condition of the palm
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oil processing. Before the samples are dispensed into the batch
system, the samples were cooled to room temperature and let to
sediment to remove the total solid. Portions of this suspension
were withdrawn and analyzed for their initial residue oil content
and pH properties.

Chitosan were supplied by a local manufacturer, Hunza Phar-
maceutical Sdn. Bhd., Malaysia in the form of a fine off-white
powder with mesh size less than 120. This chitosan was soluble
in 1% diluted acetic acid with a 90% degree of deacetyla-
tion. Alum and PAC were obtained from Quicklab Sdn. Bhd.,
Malaysia. Both Alum and PAC were in powder form with mesh
size less than 80 and 120, respectively.

Distillated water was used to dilute hydrochloric acid solu-
tion (Merck, Germany) and dissolve sodium hydroxide pellets
(Merck) to obtain solutions of 5 M. These solutions were then
used for pH adjustment during the treatment process, n-hexane
(Merck) was used as the solvent for oil extraction in the oil and
grease analysis.

2.2. Procedure

POME was allowed to sediment for 1 h with the super-
natant being analyzed for its residue oil content before and after
sedimentation. A conventional jar apparatus (Stuart Science
Flocculator model (SW1)) was used to coagulate the samples
of POME with chitosan. This apparatus could accommodate
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Fig. 1. Calibration curve of suspended solid (mg/l) vs. turbidity (NTU) content.

3.2. Effect of coagulant dosage

The effect of coagulant dosage was analyzed by varying the
weight dosage of coagulant with 100 rpm of mixing rate, 1 h of
mixing time and 1 h of sedimentation time at pH 4.5. The ini-
tial concentration of residue oil in POME is 2.0 ± 0.5 g/l. Fig. 2
shows the comparative of weight dosage against different coag-
ulants and percentage of residue oil removal. It was noticed that
0.5 g/l of chitosan was needed to remove 99% of residue oil
from a liter of POME. For alum and PAC it takes about 8.0 and
6.0 g/l, respectively, to remove the same amount of residue oil
from POME.

The dosages needed by the synthetic coagulants were 10
times more than chitosan. Furthermore, chitosan proved to be a
better coagulant even at lower dosage; 0.3 g/l of chitosan dosage
could remove about 70% of residue oil from POME. These
results can be explained based on charge density. Chitosan has
a high charge density [23] compared to the other coagulants.
Therefore, it requires lower dosage to destabilize the residue oil.
This proves that chitosan is a very effective coagulant to remove
the residue oil content in POME compared to alum and PAC.
PAC shows moderately good removal of residue oil compared
to alum. The use of polymerized forms of aluminum-like PAC
has become more common because of its high charge density
compared to alum. PAC and polyaluminum sulphate (PAS) often
results in a decrease of coagulant doses and associated solid’s

F

ix beakers. The contents of each beaker can be simultane-
usly stirred at the same speed with six-spindle of steel pad-
les. Each beaker was filled with 1 l of POME. After adding
he coagulants into the suspension, the beakers were rapidly

ixed at various mixing time (5–60 min) and for different
oses of chitosan (0.08–0.8 g/l), alum (0.5–5 g/l) and PAC
0.5–5 g/l). The effect of sedimentation time was analyzed from
to 60 min. pH adjustment (3–6) was done to obtain the best

H condition to remove residue oil and suspended solid from
OME.

.3. Analysis

The residue oil content was measured using the oil and grease
ethod recommended by APHA Standard Method of Examina-

ion of Water and Wastewater [31], with n-hexane being used as
he oil-extraction solvent. The oil and grease content in the sus-
ension was determined for each sample of POME both before
nd after experiment. Three replicates of each test were under-
aken with the mean value obtained for residual oil content being
alculated from the replicates. All tests were carried out at an
mbient temperature of 26–30 ◦C.

. Results and discussion

.1. Relationship between suspended solid of POME and
urbidity

Determination of suspended solid concentration (in mg/l)
ravimetrically gives a linear relationship with turbidity in NTU,
s shown in Fig. 1.
 ig. 2. Percentage of residue oil removed vs. dosage of chitosan, alum and PAC.
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Fig. 3. Suspended solid removal vs. dosage of chitosan, alum and PAC.

production [19]. This proves why PAC showed a better removal
of residue oil at lower dosage compared to alum. This concludes
that alum is the poorest coagulant compared to chitosan and PAC
in coagulating the residue oil in POME.

Chitosan is a positively charged linear polyelectrolyte at
acidic conditions. POME is naturally an acidic suspended efflu-
ent. Therefore, this condition could easily stimulate chitosan to
coagulate the residue oil from POME. Chitosan destabilizes the
negatively charged colloids of residue oil and emulsion from
POME by charge neutralization mechanism [18]. Amine func-
tional group of chitosan which attracts anionic ions to bind and
bridge [32] helps to coagulate and adsorb the residue oil which
is negatively charged in POME.

Fig. 3 demonstrates the suspended solid removal of POME.
Turbidity analysis represents the suspended solid removal in
POME. The initial turbidity of POME is 550 NTU (1:10) and
if this value is compared to the turbidity-suspended solid cali-
bration curve in Fig. 1 it is equivalent to about 990 mg/l (1:10)
of suspended solid. Chitosan shows the lowest suspended solid
reading. 0.5 g/l of chitosan was needed to reach a minimum sus-
pended solid reading of 23 mg/l. For alum at 8.0 g/l and PAC at
6 g/l to reach a minimum suspended solid reading of 107 and
70 mg/l, respectively. Alum can be classified as a poor choice of
coagulant to coagulate POME compared to PAC and chitosan.
Chitosan proved to be the best coagulant to remove suspended
solid of POME at lower dosages compared to alum and PAC
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Fig. 4. Percentage of residue oil removed vs. mixing time for chitosan, alum
and PAC.

duce a rapid precipitation of large quantity of coagulant. A num-
ber of works on restabilization of colloidal suspensions due to
excessive treatment with polyelectrolytes have been done [25].

3.3. Effect of mixing time

The effect of mixing time was conducted by varying the mix-
ing time at 100 rpm of mixing rate. The sample was then let to
settle for 1 h. Dosage of chitosan, alum and PAC was fixed at
their optimum values which were analyzed earlier in Section
3.2. Fig. 4 shows that the mixing time allocated to mix the chi-
tosan, alum and PAC with POME suspension is very crucial in
coagulating the oil content. Fig. 5 shows that a complete 15 min
of mixing at 100 rpm with 0.5 g/l of chitosan could coagulate
about 99% of residue oil in POME.

It was also observed that alum and PAC needs about 30 min
of mixing to achieve 99% of residue oil removal. Chitosan reacts
faster to the residue oil compared to alum and PAC. It was
observed that when the mixing time was increased to 1 h for
alum and PAC, the residue oil was introduced again in the sus-
pension. For chitosan it was still the same without any changes.
This is because chitosan not only agglomerates the residue oil
suspended in the POME but adsorbs the residue oil due to its
amine functional groups. For alum and PAC just agglomerates
and bridges the residue oil. They do not adsorb the residue oil.

F

hich needed much higher dosages.
The flocs produced by chitosan appear rapidly and grows

ery fast to form a larger size which can be easily sedimentated.
he flocs are fibrous and forms large entangled mass resembling
obwebs. This might due to the bridging mechanism. This proves
hat chitosan is a successful coagulant to coagulate suspended
olid in POME compared to the widely used industrial coagulant
lum and PAC. Almost 99% of the suspended solid has been
oagulated by chitosan coagulation.

Nevertheless in Fig. 3, it was also noticed that when the
pplied dosage was higher than the optimum amount, the sus-
ended solid value increased. This shows restabilization of
OME. At 0.8 g/l of chitosan and 10 g/l of alum and PAC there
as an increase in suspended solid reading. At high doses of

oagulant, a sufficient degree of over-saturation occurs to pro-
 ig. 5. Suspended solid removal vs. mixing time for chitosan, alum and PAC.
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Hence, when the mixing time was prolonged the flocs tend
to break and release again the residue oil into the supernatant of
POME.

Therefore by analyzing the destabilization of residue oil in
Fig. 4 and suspended solid in Fig. 5 the predominant proposed
mechanism for chitosan, alum and PAC will be adsorption,
chemical forces and electrostatic attractions [33]. At a shorter
time of mixing, it was observed that the percentage of residue
oil removal was low for all the coagulants. This is because the
chances of the oil molecules and coagulant particles to meet
were low causing the rate of removal inadequate. At longer
time of mixing, breakage of the oil droplets are enhanced thus
reduces the diameter of the oil droplets (emulsification) result-
ing in larger interfacial area available for the coagulation and
adsorption to happen [34].

Fig. 5 shows the suspended solid reading of POME after
coagulation with coagulants at different mixing time. Alum and
PAC shows higher suspended solid values after 30 min of mix-
ing. For chitosan the changes was very small compared to alum
and PAC. This proves that chitosan bridges the flocs more firmly
and tightly than alum and PAC. After 40 min of mixing alum’s
and PAC’s turbidity reading increased from 107 to 125 mg/l and
from 70 to 90 mg/l, respectively. The flocs that have been formed
by alum and PAC seemed to be easily dispersed in the sample
if the mixing time was prolonged. The breakage of the flocs
causes the sample to be turbid again. This indirectly causes the
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Fig. 6. Percentage of residue oil removed vs. sedimentation time of chitosan,
alum and PAC.

particles of sufficient size which can be settled faster and easily.
The turbidity of the coagulated sample depends on the sedi-

mentation effect. Fig. 7 shows that there is a drastic reduction in
suspended solid reading once the sample is left to settle for more
than 1 h. Chitosan shows the best and fastest sedimentation rate.
It needs only about 20 min to reach the minimum suspended
solid reading of 23 mg/l. Alum and PAC needs about 50 min to
achieve the minimum suspended solid values of 107 and 70 mg/l,
respectively. Suspended solid values gets lower as the bridged
particles and flocs starts to settle to the bottom of the beaker and
this effect is mainly affected by the gravitational force. The flocs
formed by chitosan are larger and denser causing the suspended
solid to settle faster.

3.5. Effect of pH

Emulsion breaking is usually brought about by changing the
samples pH value or inorganic coagulants [35]. Therefore, pH
adjustment was done to study the effect of removing the residue
oil using chitosan, alum and PAC by coagulation. The effect of
pH was conducted by adjusting the pH from 3 to 6 and using the
optimum dosage of chitosan, alum and PAC with 30 min of mix-
ing time and 100 rpm of mixing rate. The sample was then let to
settle for 1 h. POME is an acidic suspension, therefore pH adjust-

F
P

uspended solid to disperse in the sample. Therefore, it is clearly
oticed that alum and PAC acts only as a coagulant which flocs
he residue oil and suspended solid in POME and settle it by
ravity settling. PAC and alum does not adsorb the residue oil
or bind the flocs strongly.

.4. Effect of sedimentation time

Effect of sedimentation was analyzed at different sedimen-
ation time at optimum dosage of chitosan, alum and PAC with
0 min of mixing time and 100 rpm of mixing rate. Residue oil
nd suspended solid treated with the optimum dosage of chitosan
ere clarified immediately, once the suspension finishes coagu-

ation. The settling mechanism of chitosan was faster compared
o alum and PAC. Chitosan coagulated POME produces flocs of
etter quality, namely larger flocs with faster settling velocity.

Fig. 6 shows that the settling time needed for the maximum
emoval of residue oil in POME suspension. 20 min of sedimen-
ation can remove about 99% of residue oil. While alum and PAC
eeds about 60 and 50 min, respectively, of settling to achieve
he same percentage as chitosan. Chitosan shows a much faster
edimentation. Ten minute of sedimentation shows almost 90%
f oil has been removed from the POME suspension. Whereby,
or alum; 60% and PAC; 65% of residue oil has been removed.
his proves that the oil droplets attached to the flocs formed by
lum and PAC takes longer time to settle causes the percent-
ge of residue oil removal unfavorable at earlier stage. The time
eeded for the flocs to settlement is very important in removing
he coagulated residue oil faster and more effective. Chitosan
romotes the faster aggregation of colloids, by the formation of
ridges between the dispersed oil droplets, and the formation of
ig. 7. Suspended solid removal vs. sedimentation time for chitosan, alum and
AC.
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Fig. 8. Percentage of residue oil removed using chitosan, alum and PAC vs.
different pH of POME.

ments were only done between pH 3 and 6. The removal was
more than 95% at pH 4 for all the coagulants. These results can
be clearly seen in Fig. 8. The acidic condition of POME incites
the residue oil removal. The original pH of POME was more
or less 4.5 and from Fig. 8 it was observed that the residue oil
removal was very satisfying at this pH. Nearly 95% of removal
could be achieved at this initial pH. All the coagulants showed
a good potential of residue oil removal at initial pH value. This
encouraging fact could bring to a conclusion that pH adjust-
ment on POME in the real treatment system can be discarded in
order to remove the residue oil by using any of these coagulants.
When the pH was adjusted to a higher value to about pH 5 and
above, the residue oil removal was poorer compared to the acidic
condition.

Strong acidic condition aggravates POME to break oil
droplets and destabilization of suspended solid in the suspen-
sion. Thus, enhances the coagulation of residue oil in POME.
In acidic condition chitosan provokes physico-chemical effect,
apparently serving to demulsify and increase the droplet size
and enhance the adsorption of oil and grease. More protons will
be available to protonate amine groups of chitosan molecules to
form –NH3

+ groups [36]. Therefore, the electrostatic attractions
between residue oil molecules and adsorption site increase and
indirectly increases the adsorption of residue oil onto chitosan.
For alum and PAC at acidic pH, the Al3+ exist in significant
amount; therefore the coagulation of residue oil was good.
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Fig. 9. Suspended solid removal using chitosan, alum and PAC vs. different pH
of POME.

removal efficiency for all the three coagulants proposed. This
may due to the destabilization of the coagulants itself at weaker
acid conditions.

As a conclusion we could say that chitosan performed excep-
tionally well to coagulant and remove the suspended solid and
residue oil from POME compared to alum and PAC. The desta-
bilization of suspended solid and residue oil in POME were
successfully performed by applying coagulation process which
shows a synergistic enhancement for effective agglomeration,
adsorption and coagulation. The results showed that coagula-
tion with chitosan was an effective and health risk free treatment
technique for palm oil mill effluent wastewater compared to
alum and PAC which creates hazardous waste. Even though the
performance of alum and PAC was at par under certain condi-
tions but the side effects caused by these synthetic coagulants is
not negotiable. Chitosan is a natural and environment friendly
biopolymer therefore it can be disposed easily but alum and
PAC creates residual aluminum which has to be treated further
carefully before being discharged into the watercourse. Fur-
thermore results prove that chitosan was more economical to
be used. Coagulation of POME using chitosan resulted higher
than 99% of residue oil and suspended solid reduction. The sus-
pended solid value was a low as 23 mg/l in the supernatant of
POME. In order to achieve 99% of residue oil and suspended
solid reduction from an influent with 2.0 g/l of initial residue
oil and 990 mg/l (1:10) of initial suspended solid, the following
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Fig. 9 shows that chitosan, alum and PAC have a good removal
f suspended solid at acidic pH. Chitosan was still the best and
hows almost similar trend with a very minor change. The sus-
ended solid reading of chitosan was low as 23 mg/l when the pH
alue of the suspension was around 4. For PAC and alum it was
1 and 97 mg/l, respectively, at pH 4. The suspended solid value
f initial POME at pH 4.5 without the addition of coagulant was
igher compared to the one with pH 3. This shows the destabi-
ization of suspended solid in acidic condition. At pH more than
.0 the turbidity value was higher and increased quite drastically
or alum and PAC compared to chitosan. When the pH value was
ore than pH 5 it leads to a dissolution of precipitate formed

y Al(OH)4
− [25], which indirectly introduces the turbid and

ncreases the suspended solid values. pH 6 shows the poorest
ptimum parameters should be considered: chitosan dosage of
.5 g/l, pH 4, 15 min of mixing at 100 rpm and 20 min of settling.
or alum and PAC the dosages are 8.0 and 6.0 g/l, respectively,
0 min of mixing time, 50 min and 60 min of settling at 100 rpm
nd at a pH of 4.5. Since the optimal condition of coagulation is
round pH 4.0–5.0, pH adjustment can be neglected for POME,
hus keeping the treatment cost lower and the quality of treated
aste better compared to the conventional coagulation.

cknowledgements

We thank Universiti Sains Malaysia for their Short Term
esearch Grant and Ministry of Science and Technology

MOSTE) for their graduate scholarship to S. Sumathi.



A.L. Ahmad et al. / Chemical Engineering Journal 118 (2006) 99–105 105

References

[1] A.I. Zouboulis, A. Avranas, Treatment of oil-in-water emulsions by
coagulation and dissolved-air flotation, Colloids Surf. 172 (2000)
153–161.

[2] K. Andrew, G. Graeme, G. Jeff, R.S. Brian, Flocculation and coalescence
of oil-in-water poly(dimethlysiloxane) and emulsion, Colloid Interf. Sci.
227 (2000) 390–397.

[3] A.N. Ma, The Planters, Kuala Lumpur Innovations in Management of
Palm Oil Effluent, Palm Oil Research Institute of Malaysia (PORIM),
1999.

[4] A.N. Ma, Environmental management for the palm oil industry, Palm
Oil Dev. 30 (2000) 1–10.

[5] I. Norliza, Removal of suspended solid and residue oil from Palm oil
mill effluent, Masters Thesis, Universiti Sains Malaysia, 2001.

[6] M.C. Chow, C.C. Ho, Chemical composition of oil droplets from palm
oil mill sludge, J. Oil Palm Res. 14 (1) (2002) 25–34.

[7] M.C. Chow, C.C. Ho, Surface active properties of palm oil with respect
to the processing of palm oil, J. Oil Palm Res. 12 (1) (2000) 107–116.

[8] Department of Environmental Malaysia. Industrial Processes and The
Environment. Handbook No. 3, 1999, pp. 1–90.

[9] F.M. Menezes, R. Amal, D. Luketina, Removal of particles using coag-
ulation and flocculation in a dynamic separator, Powder Technol. 88
(1996) 27–31.

[10] A. Kamal, O.J.A. Mohammed, I.A. Nehal, Olive mills effluent (OME)
wastewater post-treatment using activated carbon, Separation Purif.
Technol. 20 (2000) 225–234.

[11] F.J. Rivas, F.J. Beltran, O. Gimeno, P. Alvarez, Chemical-biological
treatment of table olive manufacturing wastewater, Environ. Eng. 127
(7) (2001) 611–619.

[

[

[

[

[

[

[

[19] Y.Q. Zhao, Correlations between floc physical properties and optimum
polymer dosage in alum sludge conditioning and dewatering, Chem.
Eng. J. 92 (2003) 227–235.

[20] W.J. Eilbeck, G. Mattock, Chemical Processes in Wastewater Treatment,
Ellis Horwood Limited, England, 1987.

[21] F.W. Pontius, Regulation for aluminium in drinking water, J. Am. Water-
works Assoc. 92 (4) (2000) 18–22.

[22] R.A.A. Muzarelli, Chitin, Pergamon Press, Oxford, 1977.
[23] N.V. Ravi Kumar Majeti, A review of chitin and chitosan applications,

React. Funct. Poly. 46 (2000) 1–27.
[24] K. An, B.Y. Park, D.S. Kim, Crab shell for the removal of heavy metals

from aqueous solution, Water Res. 35 (15) (2001) 3551–3556.
[25] A. Pinotti, N. Zaritzky, Effect of Aluminium Sulfate and cationic poly-

electrolytes on the destabilization of emulsified wastes, Waste Manage.
21 (2001) 535–542.

[26] G.L. Ivo, I.G. Illa, A.K. Milka, F. Kiril, Treatment of wastewa-
ter from distilleries with chitosan, Water Res. 34 (5) (2000) 1503–
1506.

[27] J.J. Mohd, B.Z. Mat, A. Arisol, K.A. Wan, Analyses of the Effectiveness
of Chitosan in the Treatment of the Effluent from Rubber Coagulation
Industries. Chitin and Chitosan the Versatile Environmental Friendly
Modern Materials, UKM, Bangi, Malaysia, 1995.

[28] B. Sandhya, K. Tonni Agustiono, Low-cost adsorbents for heavy metals
uptake from contaminated water: a review, J. Hazard. Mater. B97 (2003)
219–243.

[29] D. Ravi, P.V.N. Sivasankara, Flocculation of river silt using chitosan,
Water Res. 36 (2002) 2414–2418.

[30] H. Der-Chyan, D. Srinivasan, Selective precipitation and removal of
lipids from cheese whey using chitosan, J. Agric. Food Chem. 43 (1995)
33–37.

[31] APHA AWWA WPCF, Standard Methods for Examination of Water and

[

[

[

[

[

12] A. Rozzi, F. Malpei, Treatment and disposal of olive mill effluents, Int.
Biodeterior. Biodegrad. 42 (1996) 135–144.

13] A.L. Ahmad, I. Suzylawati, I. Norliza, B. Subhash, Removal of sus-
pended solid and residual oil from palm oil mill effluent, J. Chem.
Tech. Biotech. 78 (2003) 971–978.

14] J.K. Edzwald, Coagulation in drinking water treatment: particles, organ-
ics, and coagulants, Water Sci. Technol. 27 (1993) 21–35.

15] N.Z. Al-Mutairi, M.F. Hamoda, I. Al-Ghusain, Coagulant selection and
sludge conditioning in a slaughterhouse wastewater treatment plant,
Bioresour. Tech. 95 (2) (2004) 115–119.

16] M. Kevin, C. Kenneth, G. Dean, Floc morphology and cyclic shearing
recovery: comparison of alum and polyaluminum chloride coagulants,
Water Res. 38 (2004) 486–494.

17] H. Chihpin, S. Hueiling, Interactions between alum and organics in
coagulation, Colloids Surf. A113 (1996) 155–163.

18] R.P. Jill, H. Chihpin, C. Shuchuan, C. Ying-Chien, Evaluation of a mod-
ified chitosan biopolymer for coagulation of colloidal particles, Colloids
Surf. 147 (1999) 359–364.
Wastewater. 18th ed. Washington, DC, 1992.
32] Z. Osman, K. Arof, FTIR studies of chitosan acetate based polymer

electrolytes, Electrochim. Acta 48 (8) (2003) 993–999.
33] L. Jeong-Dae, L. Sang-Ho, J. Min-Ho, P. Pyung-Kyu, L. Chung-Hak,

K. Jong-Woon, Effect of coagulation conditions on membrane filtration
characteristics in coagulation-microfiltration process for water treatment,
Environ. Sci. Technol. 34 (2000) 3780–3788.

34] S. Michael, K. Heike, S. Helmar, Adsorption kinetics of emulsifiers at
oil-water interfaces and their effect on mechanical emulsification, Chem.
Eng. Process. 33 (1994) 307–311.

35] P.C. Schulz, M.S. Rodriguez, L.F. Del Blanco, M. Pistonesi, E. Agullo,
Emulsification properties of chitosan, Colloid Polym. Sci. 276 (1998)
1159–1165.

36] M.S. Chou, H.Y. Li, Adsorption behavior of reactive dye in aque-
ous solution on chemical cross-linked chitosan beads, Chemosphere 50
(2003) 1095–1105.


	Coagulation of residue oil and suspended solid in palm oil mill effluent by chitosan, alum and PAC
	Introduction
	Materials and method
	Experimental materials
	Procedure
	Analysis

	Results and discussion
	Relationship between suspended solid of POME and turbidity
	Effect of coagulant dosage
	Effect of mixing time
	Effect of sedimentation time
	Effect of pH

	Acknowledgements
	References


