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A B S T R A C T

In this study, empty palm fruit bunch fibre was used for solids-liquid separation of palm oil mill wastewater and
the sludge was sun-dried for potential uses as soil conditioner or solid fuel. The fibre was manually compressed
into a wooden mould to obtain a fibre bulk density of 70 kg/m3. A composite wastewater sample was poured
evenly over the surface of the fibre. The wet solids were sun-dried for 14 days to achieve a moisture content of
<10%. The mass of each mould was determined daily after sunset throughout the drying period. The nutrients
content and calorific value of the dried sludge were determined using standard methods. The solids-liquid sep-
aration process was able to achieve >99% solids and up to 65% COD removal. Analysis of the dried sludge
showed nutrients content (% of dry weight) of 0.84 for total nitrogen, 0.15 for phosphorus and 0.49 for potassium.
The mean calorific value of the dried sludge was 17.1 MJ/kg. The results show the potential of sun-dried palm oil
mill wastewater sludge for use as sustainable soil conditioner or solid fuel. The effluent from the solids-liquid
separation must be given additional treatment as it may still contain harmful constituents.
1. Introduction

Palm oil is a very essential vegetable oil for both domestic and in-
dustrial uses. In the last decade, global consumption has outpaced soy-
bean oil [1]. Palm oil is extracted from fresh fruit bunches (FFB) through
a sequence of unit processes. The processing activities generate various
waste streams such as empty fruit bunches (EFB), palm kernel shells
(PKS), mesocarp fibre and palm oil mill effluent (POME). POME presents
a greater challenge due to its high environmental polluting properties.
Reviewed literature shows that the biochemical oxygen demand (BOD)
and chemical oxygen demand (COD) contents of POME are 17,000–26,
700 mg/L and 42,900–88,250 mg/L respectively [2]. However, the
wastewater also contains solids and essential plant nutrients that could
be harnessed for beneficial use. Department of Environment [3] reported
that POME is rich in total nitrogen (80–1400 mg/L), phosphorus (180
mg/L), potassium (2270 mg/L), magnesium (615 mg/L) and calcium
(440 mg/L). Similarly, the concentration of total solids in POME is re-
ported as 11.5–79 g/L [3]. The total solids and essential nutrients content
of POME indicate the need for cost-effective methods for recovery and
utilization of the solids.

Hassan et al. [4] suggested that the sludge from dewatered POME
ogna, Via Terracini 28, 40131, B
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could be dried and used as a soil conditioner. Solids-liquid separation of
wastewater is normally accomplished in ponds, sedimentation tanks [5]
or sand beds. But other waste materials from the palm oil industry have
been used in POME treatment. For instance, Hassan et al. [6] produced
briquettes using different ratios of POME sludge and palm fronds mixture
and tested their suitability as biomass fuel. They concluded that the
combined properties of POME sludge and palm fronds resulted in high
caloric value of fuel briquette. The combustible [7,8] and biodegradable
[9,10] properties enhance the potential use of EFB fibre as solid fuel or
soil conditioner and consequently its use for dewatering POME. But to
date, EFB fibre has not been utilized to dewater raw POME sludge for use
as fuel. This may be due to the bulky nature of EFBs or the alternative use
of EFB as boiler fuel or mulch.

For use as industrial fuel, sludge must be dried to achieve 90% total
solids (10%moisture content) [11]. Cost-effective sludge dryingmethods
must be explored particularly for low-income countries. The use of solar
energy for drying is known to have low capital and operational cost, as
well as low operational requirements [12]. It has therefore been rec-
ommended for small-scale drying [13] and sludge recovery in
low-income countries [11]. Such simple and low-cost technologies have
been successfully applied in Sub-Saharan Africa for drying of faecal
ologna, Italy.
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sludge [12,14–16].
The current study was aimed at using empty palm fruit bunch fibre for

solids-liquid separation of POME and assessing the potential of the sun-
dried sludge for use as soil conditioner or solid fuel. To the best of our
knowledge, this is the first study to determine the nutrients content and
calorific value of sun-dried palm oil mill wastewater sludge.

2. Materials and methods

2.1. Source of wastewater and empty fruit bunches

Palm oil mill wastewater and empty fruit bunches were obtained from
a small-scale processing mill located in the Abura Aseibu Kwamankese
District of Ghana on Longitude 1�1201900W and Latitude 5�1505900N. To
obtain a composite sample, wastewater from boiling and clarification
tanks were mixed in the ratio of 5:1 (5-part boiler wastewater and 1-part
clarification wastewater). The mixing ratio was based on the mean pro-
duction quantities by each of the unit operations within a production
cycle.

2.2. Description of solid-liquid separator

The solid-liquid separator was made up of rectangular wooden mould
(dimensions 30 cm � 40 cm) with wire mess (aperture 1.2 � 1.2 cm) at
one end (see Fig. 1). Solids-liquid separation of the raw wastewater was
performed using empty palm fruit bunch fibre.

In selecting the material for the solids-liquid separation, emphasis
was placed on using combustible and decomposable waste from the palm
oil extraction industry. Mesocarp fibre was not chosen as the filter ma-
terial because it mostly contains high proportion of unrecovered oils
which could limit their potential use as soil conditioner. The empty fruit
bunches were washed with distilled water to remove any dirt on them.

It was then crushed twice with a 700 g rod to maximize retting pro-
cess as used by Ruan et al. [17]. The crushed EFBs were soaked in
distilled water for 7 days at room temperature to loosen the fibres (a
process called water retting) [18]). Subsequently, the fibres were sepa-
rated manually, and sun dried for 3 days to ensure the fibres were well
dried. The dried fibres were manually fitted and compressed into the
wooden mould. The bulk density of the fibres (ratio of mass of the fibre to
the total volume of the mould) was 70 kg/m3. The experiment was setup
in triplicates.

2.3. Experimental setup

Composite wastewater sample of volume, 9.5 L was poured evenly
over the surface of the fibre in each mould to separate the liquid from the
solids. The setup was allowed to drain for 30 mins. A filtrate of volume
6.5 L was collected from each of the moulds into a container for use in a
Fig. 1. Components of the solids-liquid separa
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granular filter column experiment. The volume of wet solids retained on
the fibre was 31.6% of the total volume. The initial mass of the mould
together with the wet solids and fibre was measured. They were then sun-
dried for 14 days. The same duration of sun drying but under transparent
plastic roof was used to achieve sufficient drying of faecal sludge in
Ghana [14]. The mass of each mould together with the contents was
measured every evening at sunset. After the 14 days, the dried sludge was
analyzed for moisture content, nutrients content (total nitrogen, phos-
phorus and potassium) and calorific value.

2.4. Determination of wastewater characteristics

Laboratory analysis was performed on the wastewater before and
after the solids-liquid separation. Parameters measured were total solids,
suspended solids, chemical oxygen demand (COD), total nitrogen,
phosphorus, and potassium. The solids content was determined using the
gravimetric method. The other parameters were analyzed using Hanna
multiparameter photometer (HI83399) and associated reagents. Analysis
was carried out according to Standard Methods for Examination of Water
and Wastewater [19]. All analyses were performed in triplicates and the
mean values taken.

2.5. Determination of calorific value

An oxygen bomb calorimeter (Sundy, Model: SDC 311, China) was
used to determine the calorific value of the dried sludge. The calorimeter
conforms to ASTM D5865 (2007) and ISO 1928. The specifications of the
oxygen bomb calorimeter are:

� Analysis time: <11 min;
� Precision: RSD <0.1%;
� Heat capacity stability: 0.20% within three months;
� Heat capacity precision: 0.1%
� Temperature resolution: 0.0001 K
� Gas requirement: 99.5% purity of oxygen.
� Water requirement – distilled water

The oxygen bomb calorimeter testing station and the test method was
as used by Obeng et al. [20]. One gram of the sample was fetched into the
crucible in the bomb calorimeter. After about 10 min when the test was
completed, the sample was completely combusted. The calorific value
was computed and displayed on the windows-based desktop computer.
The experiment was conducted in triplicate and the average calorific
value computed.

2.6. Determination of nutrient content of dried sludge

The nutrients measured were total nitrogen, phosphorus, and
tion setup (a) EFB fibre (b) separator box.
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potassium. Prior to the determination of the nutrients content, the sam-
ples were dried at 60 �C for 3 h to further reduce its moisture content. The
samples were then milled to increase the surface area for reaction in
order to favour the extraction process. A sulphuric acid-hydrogen
peroxide digestion mixture (350 mL hydrogen peroxide, 0.42 g of sele-
nium powder, 14 g Lithium Sulphate and 420 mL sulphuric acid) was
prepared. The digestion process and nutrients analysis followed the
procedure outlined in Stewart et al. [21]. Each analysis was performed in
triplicates and the mean value taken.

2.7. Statistical analysis

Data analysis was done using Microsoft Excel. All data sets were
tested for normality with Shapiro-Wilk test at 95% significance level. The
daily mass loss was determined by finding the difference between the
daily masses. A paired sample t-test (α ¼ 0.05) was used to test for sta-
tistically significant differences.

3. Results and discussions

3.1. Efficiency of solids-liquid separation

Table 1 shows the efficiency of the EFB fibre in separation of solids
and removal of COD, total nitrogen, phosphorus and potassium concen-
trations in the influent wastewater. The EFB fibre was able to achieve a
remarkable removal efficiency for total and suspended solids. Fig. 2
shows the wastewater before and after the solids-liquid separation.

The removal efficiency was 99.5% for total solids and 99.7% for
suspended solids. The removal efficiencies were higher than the removal
efficiency of 80–81% for total solids and 96–98% for suspended solids
obtained using gravel-sand filter material for faecal sludge dewatering
and drying in Ghana [16]. The removal efficiency achieved could be
attributed to the bulk density (70 kg/m3) of the fibre in the mould. The
high suspended solids separation shows that empty palm fruit bunch
fibre is a potential material for solids-liquid separation of palm oil mill
wastewater sludge.

The removal efficiency was 64.5% for COD. The fairly high reduction
of COD may be associated with the higher solids removal rate achieved.
On the other hand, the remaining COD of about 35% could be present in a
dissolved form considering 99.7% removal of suspended solids. A much
higher COD removal (85–90%) was achieved during solid-liquid sepa-
ration of faecal sludge in Ghana [16]. A low total nitrogen reduction of
18.7% was achieved. On the contrary, higher concentrations of phos-
phorus and potassium were recorded in the filtrate. The fibre increased
the phosphorus and potassium concentrations by 22.4% and 23.7%
respectively. The fibre may have leached phosphorus and potassium into
the filtrate.

3.2. Drying conditions of palm oil mill wastewater sludge

The characteristics of the EFB fibre and palm oil mill sludge com-
posite is summarized in Table 2. The mean mass of the composite
biomass reduced from 2979 g on the 1st day to 274 g on the 14th day.
The difference in the mean mass loss was statistically significant at 1%
level. The cumulative mass lost by the 14th day was about 91%. The
mean daily mass loss varied over the 14 days of drying as shown in Fig. 3.
The mass of the dried samples were fairly constant from the 11th to the
Table 1
Removal efficiency of empty fruit bunch fibre.

TS SS COD

Raw Wastewater 3976 (1397) 3618 (1551) 56,357
Filtrate 20.3 (2.1) 9.7 (1.3) 19,947
% Removal 99.5 99.7 64.6

All parameters are in mg/L.
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14th day signalling completion of the drying process. But the duration of
drying could be longer during the rainy season. In the rainy season, daily
temperatures are generally low with corresponding higher relative hu-
midity. Increased relative humidity reduces the rate of evaporation [22].

The variabilities in the daily mass loss could be attributed to variation
in the mean daily temperatures within the experimental period. The
average daily temperatures for Cape Coast, Ghana during the experi-
mental period is shown in Fig. 4. The temperatures fluctuated between
the 1st day (July 21, 2020) and 7th day (July 27, 2020) and again be-
tween 10th day (July 30, 2020) and 14th day (August 3, 2020). These
fluctuations reflected in the daily mass loss. The average daily temper-
atures ranged between 27 �C and 31 �C. A higher daily mass loss (in
grams) was recorded on the 3rd day (497 g) and 5th day (502 g) when the
average daily temperatures were higher. Even though the temperature
was 30 �C on the 13th day, the mass lost was only about 4% because over
90% of the mass had been lost by the 13th day. Increasing ambient
temperature has corresponding increase in drying rate. However, too
high temperatures result in case-hardening [23]. The cumulative rate of
mass loss over the 14-day period is also presented in Fig. 2.

From Fig. 4, over 50% of the mass of the composite biomass was lost
within the first 5 days even though the daily rate of mass loss was vari-
able. Within 10 days of solar drying, about 89% of the overall mass had
been lost. These results seem promising for managing the large volume of
palm oil mill wastewater sludge particularly for resource-constrained
environments such as those that occur at small-scale palm oil process-
ing mills in Africa. A picture of the sun-dried palm oil mill wastewater
sludge and fibre composite is shown in Fig. 5.

A higher rate of mass loss and lower drying time could be achieved in
the dry season. The months (July–August) within which the experiment
was conducted is considered part of the year with relatively lower
average temperatures [24]. Drying time is reported to be shorter under
sunny conditions [13]. But, to control the drying rate and avoid surface
hardening, solar air-drying bed with transparent roof covering may be
adopted in place of open-air solar drying especially during seasons with
higher temperatures. Moreover, adopting a covered drying bed would
prevent rainfall from falling directly on the drying beds during field
application. In Turkey, Salihoglu et al. [25] compared the performance of
covered and open solar drying beds for municipal wastewater sludge and
reported that covered solar drying system was more efficient in terms of
drying and faecal coliform reduction. Transparent roofing has also been
suggested as a simple design technique to speed drying and consequently
reduce land area requirement [14].
3.3. Nutrient content of dried palm oil mill wastewater sludge

Raw palm oil mill wastewater sludge and empty fruit bunches have
been reported to contain essential plant nutrients (nitrogen, phosphorus,
potassium) with the potential for use as soil conditioner. The mean nu-
trients content of the dried sludge is given in Table 3.

The essential nutrients content (in % of dry weight) of the dried
sludge for total nitrogen, phosphorus and potassium were 0.84, 0.15 and
0.49 respectively. These values do not include the nutrients content of
the EFB fibre. In terms of dry weight, empty palm fruit bunches is re-
ported to contain 0.86% nitrogen, 0.18% phosphorus and 2.4% potas-
sium [26]. The nutrients content of the composite biomass could
therefore be significantly higher should the EFB fibre be included.
Physico-chemical analysis of 37 commercial compost from France,
Total nitrogen Phosphorus Potassium

(3441) 246 (86) 49 (24) 156 (24)
(626) 200 (28.4) 60 (7.2) 193 (18.0)

18.7 �22.4 �23.7



Fig. 2. Palm oil mill wastewater (A) before and (B) after solids-liquid separation.

Table 2
Mean characteristics of empty palm fruit bunch fibre and palm oil mill waste-
water sludge composite.

Mean (SD) Difference (p-
value)

Day 1 Day 14

Mass of fibre and solids composite
(g)

2979
(89)

274 (22) 2705 (0.000)*

Daily mass loss (g) 297 (68) 12.5
(0.5)

Cumulative mass loss (%) 9.9 (2.0) 90.8
(1.0)

SD – Standard deviation.
*significant at 1% level.
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Greece and the Netherlands showed typical total nitrogen content of
0.67%–3.8% of dry weight [27]. Compost produced from oilcake had a
mean total nitrogen content of 3.03% (SD ¼ 0.84) of dry weight. Whiles
the total nitrogen content of the dried sludge (in this study) is lower than
compost from oilcake, the results were within the range of total nitrogen
content (0.64–1.54%) of vegetable waste compost reported by Kokkora
et al. [28].

Compost produced from co-composting of shredded empty fruit
bunches and partially digested palm oil mill wastewater had total ni-
trogen, phosphorus and potassium contents (in % of dry weight) of 2.2
(SD ¼ 0.3), 1.3 (SD ¼ 0.2) and 2.8 (SD ¼ 0.3) respectively [10]. The
essential nutrient content in the dried sludge from this study were lower
than the concentrations reported by Baharuddin et al. [10]. This could be
Fig. 3. Mean daily mass loss during the 14 days of drying.
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attributed to the characteristics of the wastewater used which is influ-
enced by the processing technique and season [29,30]. In this study,
wastewater was obtained from small-scale palm oil processing mills
which use inefficient processing techniques. Moreover, the empty fruit
bunches may have contributed to the high nutrients content of the
compost. At the industrial mills, palm fruit bunches (empty fruit bunches
and fresh fruits) are sterilized together. This could lead to leaching of
minerals from the EFBs into the wastewater. However, at small-scale
mills only palm fruits are boiled. The differences in the sterilization
methods may have contributed to the higher nutrients content of
compost reported in studies conducted in the major palm oil producing
countries. The nutrient content of the dried sludge shows their potential
for use as soil conditioner.
3.4. Energy value of palm oil mill wastewater sludge

The moisture content and calorific value of the dried POME sludge
and other solid fuels from literature are presented in Table 4.

3.4.1. Moisture content
The mean moisture content of 6.5–7.7% shows that the samples are

well dried. Combustibility of solid fuel is inversely related to themoisture
content since wet fuels require extra energy for evaporating moisture
before combustion [33]. The recommended moisture content for fire-
wood is 10–20% of the total weight [34,35]. The maximum moisture
content required for reuse of dried faecal sludge as biofuel is 20% [36].
Using convective and infrared drying rigs at variable drying temperatures
and residence time, the moisture content of faecal sludge waste was
Fig. 4. Percentage daily mass loss during the 14 days of drying.



Table 4
Moisture content and calorific value of various dried sludge and biomass for use
as fuels.

Biomass Drying
method

Moisture
content (%
dry weight)

Calorific
value (MJ/
kg)

Reference

POME sludge and
EFB fibre

Sun-drying 6.5–7.7 15.5–18.3 This
present
study

EFB fibre Open air
drying

8.43 17.97 Nyakuma
et al. [31]

Faecal sludge Convective
drying rig

5–10 13.3–13.7 Septien
et al. [32]

Palm oil mill
sludge and
palm fronds
briquette

Oven drying 10.3 (POME
sludge) 3.73
(palm fronds)

18–26 Hassan
et al. [6]

Separator Sludge
from
clarification
tanka

Oven drying – 16.13 �
3.73

Loh [33]

a Moisture free sludge.Fig. 5. Sun-dried palm oil mill wastewater sludge.
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obtained as 5–74% (wet basis) [32]. The moisture content of the dried
palm oil mill wastewater sludge was up to 2.5 folds lower than that of
firewood and biofuel from faecal sludge. The level of moisture content in
the sun-dried sludge (in this study) was lower than moisture content of
8% achieve in industrial practice [36].

3.4.2. Calorific value
The calorific value of the sun-dried sludge was 15.3–18.5 MJ/kg. In a

study, Nyakuma et al. [31] found the heating value of empty fruit bunch
fibre at 8.43% moisture content to be 17.97 MJ/kg. Palm oil mill sludge
and palm fronds used as fuel briquette had a calorific value of 18–26
MJ/kg based on the proportions of POME sludge and palm frond waste
[6]. Similar to palm oil mill wastewater sludge, Gold et al. [15]
demonstrated through a pilot study that dried faecal sludge could be used
as industrial fuel with a mean calorific value of 10.9–13.4 MJ/kg. The
calorific value of faecal sludge obtained by drying with convective and
infrared driers at variable drying temperature (40–80 �C) and residence
time (4–25 min) was reported by Septien et al. [32] to range between
13.3 and 21.8 MJ/kg dry solid. The calorific value of the sun-dried palm
oil mill wastewater sludge (in this study) compared to literature suggests
that dried POME sludge possesses suitable calorific value to be used as
solid fuel.

4. Conclusions

In this study, solids-liquid separation of palm oil mill wastewater was
carried out using empty palm fruit fibre. The fibre was able to achieve
>99% solids and about 65% COD removal. The solids were sun-dried to
obtain a moisture content of <10% (dry weight) over 14 days. The per-
centage mass lost increased from about 10% on the first day to 91% on
the 14th day. The essential nutrients content (% of dry weight) of the
dried sludge were 0.84 for total nitrogen, 0.15 for phosphorus and 0.49
for potassium. The nutrient content of the dried sludge shows its po-
tential for use as soil conditioner. Further study is required to determine
Table 3
Mean total nitrogen, phosphorus and potassium content of sun-dried palm oil
mill wastewater sludge.

Parameter Mean (SD) Minimum Maximum

Moisture Content 7.31 (0.415) 6.47 7.70
Total nitrogen 0.84 (0.017) 0.814 0.874
Phosphorus 0.15 (0.006) 0.141 0.159
Potassium 0.49 (0.044) 0.416 0.536

All units are % of dry weight.
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the impact of the dried sludge as soil conditioner on the physical,
chemical or biological characteristics of soils. On the other hand, the
mean calorific value of the dried sludge was 17.1 MJ/kg. The moisture
content and calorific value suggest that sun-dried palm oil mill waste-
water sludge possesses suitable calorific value to be used as solid fuel
especially for palm oil processing. To better understand the valorisation
potential of the dried sludge and EFBs, future research could focus on
examining the EFBs and sludge using Thermal Gravimetric Analysis
(TGA), Scanning Electron Microscope (SEM), Energy Dispersive X-ray
(EDX) Analysis and X-ray Fluorescence (XRF). Open-air sun drying of
palm oil mill sludge into biofuel and soil conditioner shows great po-
tential as a renewable resource. Therefore, further research should focus
on optimization of the drying techniques and enhancing the calorific
value of the sludge. For use in both dry and rainy seasons, transparent
roofed drying beds could be considered. Other low energy and shorter
drying duration techniques may be explored.
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