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ABSTRACT

alaysia produced 16.99 million 
tonnes of crude palm oil (CPO) in 

year 2010 and generated about 3.5 t of palm oil 
mill effluent (POME) for every tonne of CPO 
produced or about 0.6 t of POME for every 
tonne of fresh fruit bunched processed. The 1 
m3 of POME could generate average 28 m3 of 
methane gas which is a negative sustainable 
factor in Life Cycle Analysis if these greenhouse 
gases are allowed to release into the atmosphere. 
The Department of Environment proposed to 
further reduce the biological oxygen demand to 
20 ppm under the Malaysian Environmental 
Quality Act 1974 and Environmental Quality 
(Prescribed Premises),  and the Crude Palm Oil 
Regulations 1977 for tertiary POME treatment 
(POME). Meanwhile spray drying is one of 
the common processes applicable in industrial 
wastewater treatment plant. This involves use of 
a heat exchanger in sludge dryers  to ensure that 
it is partly dried  before sending it  for further 
processing. The objective of this research work 
is to carry out preliminary technical feasibility 
study of spray drying POME generated from 
mills with clarifier tanks.

INTRODUCTION

Palm oil mills generate effluent when 
the fresh fruit bunches are processed to 
produce crude palm oil. This effluent has  
to be treated to reduce its  biological oxygen 
demand (BOD) before being discharged 
into water course  or used as a fertiliser for  
land application. There are many treatment 
methods for the palm oil mill effluent 
(POME) but the most common practise is 
the  ponding method where the POME is 
digested by the microorganism until the 
BOD is reduced from the  average 25 000 
mg litre-1  to 20 mg litre-1 as proposed by 
the  Department of Environment (DOE) 
recently. The common hydraulic retention 
times are one  day in  cooling ponds, four  
days in acidification ponds, 45 days in 
anaerobic ponds and finally 16 days in 
facultative ponds (Gurmit Singh et al., 1999). 
Thus,  the total hydraulic retention time 
needed is 66 days. This POME treatment 
method is cheap and requires minimal 
energy to operate but requires a large land 
area, produces unpleasant odour, methane 
and other greenhouse gases (Ma, 2000). The 
1 m3 of POME could generate  on average 
28 m3 of methane gas which is a negative 
sustainable factor in Life Cycle Analysis, if 
these greenhouse gases are released into the 
atmosphere.

* Malaysian Palm Oil Board, P. O. Box 16020, 
 50720 Kuala Lumpur, Malaysia.
 E-mail: fatahyah@mpob.gov.my



PALM OIL ENGINEERING BULLETIN NO. 10012

Feature Article

In industrial wastewater treatment 
plant, spray drying is one of the common 
processes applicable, which involves the  
use of heat exchanger in sludge dryers 
for the purpose of sludge drying. Figure 
1 shows one of the typical spray drying 
wastewater treatment plant. The spray 
drying of POME could be an alternative 
treatment method thus  eliminating  the 
requirement of ponds resulting in the  
reduction of carbon footprints. In this, no  
unpleasant odour and methane gas would 
be produced.

The objective of this research work is to 
carry out preliminary technical feasibility 
study of spray drying POME generated by  
mills.   

Figure 1. Typical spray drying wastewater treatment plant.

PHYSICAL PROPERTIES OF POME

The fresh POME  collected from the 
de-oiling pond inlet is an acidic  thick 
brownish  colloidal slurry with pH at 4 - 5 
containing about 95% water, 0.6% - 0.7% 
oil, and 4% - 5% total solids including 
2% - 4% suspended solids that are mainly 
debris from palm fruit without unpleasant 
smell. The high concentration of organic 
matter constitute the high organic load 
in the form of chemical oxygen demand 
(COD), suspended solids (SS) and oil and 
grease (O&G). The amount of the nutrient 
retained in the residue is 45.63% lipid, 
10.49% protein and 18.82% carbohydrate. 
The amino acids and fatty acids content 
of dried fresh POME residue are shown in  
Table 1 (Mahmud Ahmed, 2009). 
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TABLE 1.  AMINO ACIDS AND FATTY ACIDS CONTAINED IN 
DRIED PALM OIL MILL EFFLUENT (POME) RESIDUE

Amino acids (g/100 g protein) Fatty acids (g/100 g fatty acid)
Aspartic acid 9.66 ± 0.19 Capric acid (10:0) 2.29 ± 0.03
Glutamic acid 10.88 ± 0.21 Lauric acid (20:0) 9.22 ± 0.03
Serine 6.86 ± 0.15 Myristic acid (14:0) 12.66 ± 0.11
Glycine 9.43 ± 0.17 Palmitic acid (16:0) 14.45 ± 0.12
Histidine 1.43 ± 0.04 Heptadecanoic (17:0) 1.39 ± 0.02
Arginine 4.15 ± 0.10 10 Heptadecanoic (17:1) 1.12 ± 0.02
Threonine 2.58 ± 0.05 Stearic acid (18:0) 11.41 ± 0.08
Alanine 7.70 ± 0.16 Oleic acid (18:1n-9) 8.54 ± 0.06
Proline 4.57 ± 0.10 Linoleic acid (18:2n-6) 9.53 ± 0.05
Tyrosine 3.26 ± 0.06 Linolenic acid (18:3n-3) 4.72 ± 0.04
Phenylalanine 3.20 ± 0.07 Arachidic acid (20:0) 7.56 ± 0.03
Valine 3.56 ± 0.06 Eicosatrienoic (20:3n-6) 1.49 ± 0.02
Methionine 6.88 ± 0.15 Arachidonic acid (20:4n-6) 1.12 ± 0.03
Cystine 3.37 ± 0.06 Eicosapentaenoic (20:5n-3) 0.36 ± 0.02
Isoleucine 4.53± 0.11 Behenic acid (22:0) 2.62 ± 0.03
Leucine 6.86± 0.15
Lysine 5.66± 0.14
Tryptophan 1.26± 0.05

Malaysia produced 16.99 million tonnes 
of crude palm oil (CPO) with average 
national oil extraction rate of 20.45% in 
year 2010 (MPOB, 2011). About 1.5 t of 
water is used to process 1 t of fresh fruit 
bunch which includes about 0.5 t of water 
used as boiler feed water. The volume of 
POME discharge depends on the milling 
operation. The national average is about 
3.5 t of POME generated for every tonne 
of  CPO produced or about 0.6 t of POME 
are generated for every tonne of fresh 
fruit bunched processed. Table 2 shows the 
characteristics of POME (Ma, 2000). 

Regulatory Standard for POME

Palm oil mills release POME in 
tremendous volumes with its attendant 
polluting potential. Therefore POME 
requires proper management and 
handling strategies by the industries 
and government authorities. Malaysian 
experiences in effluent control in palm 
oil industry demonstrate that a set of well 
designed environment policies can be very 

effective in controlling industry pollution. 
All palm oil mills have to comply with 
the Environment Quality Act, 1974 in the 
management of palm oil mills. The effluent 
discharge standards applicable to CPO  
mills are presented in Table 3.

SPRAY DRYING

Spray drying is commonly used to dry 
aqueous or organic solutions, suspensions, 
dispersions or emulsions in chemical and 
food industries for food preservation or 
simply for  weight and volume reduction. 
It consists of four process stages starting 
with atomisation of feed into a spray using 
centrifugal, pressure or kinetic energy. The 
selection of atomiser type depends upon 
the nature and amount of feed and the 
desired characteristics of the dried product. 
Higher dispersion energy generates 
smaller droplets. It is followed by spray 
drying using medium contact involving 
evaporation of moisture from an atomised 
feed by mixing the spray and the hot 
drying medium, typically air. The manner 
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in which the spray contacts the drying 
medium influences droplet behaviour 
during drying thus exerting great influence 
on the properties of dried products. As soon 
as droplets of the spray come into contact 
with the drying medium, evaporation takes 
place from the saturated vapour film which 
is quickly established at the droplet surface. 
The temperature at the droplet surface 
approximates the wet bulb temperature of 
the drying air. Diffusion of moisture from 
within the droplet is sufficient to maintain 
saturated surface initially at a constant 
rate of evaporation. When the moisture 
content becomes too low to maintain 
saturated condition, a dried shell forms at 
the droplet surface and evaporation rate 
is dependent upon the moisture diffusion 
rate through the dried surface shell. The 
high specific surface area with the existing 
temperature and moisture gradients results 
in an efficient drying from an intense heat 

TABLE 2.  CHARACTERISTICS OF PALM OIL MILL EFFLUENT

Parameter Amount
(mg litre-1) Metal Amount 

(mg litre-1)
Oil and grease (O&G)   4000 Phosphorus (P) 180.00

Biological oxygen demand 
(BOD) (3 day @ 30°C)

25 000 Potassium (K) 2 270.00

Chemical oxygen demand 
(COD)

50 000 Magnesium (Mg) 615.00

Total solid (TS) 40 500 Calcium (Ca) 439.00
Suspended solid (SS) 18 000 Boron (B) 7.60
Total volatile solid 34 000 Iron (Fe) 46.50
Ammoniacal nitrogen       35 Manganese (Mn) 2.00
Total nitrogen     750 Copper (Cu) 0.89

Zinc (Zn) 2.30

TABLE 3.  ENVIRONMENTAL REGULATIONS FOR WATERCOURSE DISCHARGE 
FOR PALM OIL MILL EFFLUENT (POME)

Parameters                                           Level 

Biological oxygen demand (BOD) (mg litre-1) 100                   
Suspended solids  (mg litre-1)                                       400 
Oil and grease  (mg litre-1) 50 
Ammoniacal nitrogen (mg litre-1)                                 150 
Total nitrogen  (mg litre-1)                                              200 
pH                                           5–9

Source: Environmental Quality Act, 1974.

and mass transfer. The evaporation leads to 
a cooling of the droplet and thus to a small 
thermal load. Drying chamber design and 
air flow rate provide a droplet residence 
time in the chamber, so that the desired 
droplet moisture removal is completed and 
product removed from the dryer before 
product temperatures can rise to the outlet 
drying medium temperature. Hence, there 
is little likelihood of heat damage to the 
product but different products exhibit 
different evaporation characteristics 
such as expansion, collapse, fracture or 
disintegration and leading to porous, 
irregular shaped particles. Some products 
may still maintain a constant spherical 
shape but the particles become denser. 
Finally the dried product is separated from 
the drying medium using hydrocyclone, 
filter bag or electrostatic precipitator 
(Masters, 1991).
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The drying medium is sucked or blown 
through a heater by the aspirator. Inlet 
temperature is the temperature of the 
heated drying medium measured prior to 
flowing into the drying chamber to vaporise 
the waterphase which does not have to be at 
a higher temperature than the boiling point 
of the  solvent to evaporate the individual 
drops during the short residence time. 
The gradient between the wet surface and 
unsaturated gas leads to an evaporation 
at low temperatures. The final product is 
separated and has no further thermal load. 
The temperature of the medium with the 
solid particles before entering the cyclone 
is known as the outlet temperature. This 
temperature is uncontrollable as this 
depend on the heat and mass balance 
parameters in the drying cylinder such 
as inlet temperature, aspirator flow rate, 
peristaltic pump setting and concentration 
of the sprayed material. Due to the intense 
heat  mass transfer and the loss of humidity, 
the particles can be regarded to have the 
same temperature as the gas.

The optimal choice for the temperature 
difference between the inlet and the outlet 
temperature is one of the most important 
points to consider when spray drying. Of 
course, other product specific factors, such 
as the melting point or decay temperature, 
must be taken into consideration. In spite of 
this, there is still some room for adjustment. 
The throughput of the device as well as the 
residual moisture content can be influenced 
within this temperature difference range 
(Büchi, 2002). 

Spray dryer optimisation means greater 
capacity, greater energy efficiency and lower 
manpower input which are a complex and 
multifaceted task.  Production efficiency 
could be maximised by maximising inlet 
temperature, outlet temperature and feed 
temperature. Furthermore production 
efficiency can also be increased by reducing 
downtime rather than by trying to operate 
each production hour close to the theoretical 
maximum. Environmental factor is also 
crucial for spray dryer efficiency. When 

the moisture in the ambient air is higher, 
less water can be evaporated in the spray 
drying process. 

The capacity of spray drying is measured 
by the amount of water evaporated which 
is defined as the temperature difference 
between inlet and outlet in the drying air, 
∆T. Larger the temperature difference, 
greater is  the capacity of the spray 
dryer. The goal in spray dryer capacity 
optimisation is to maximise the temperature 
difference by raising the inlet temperature 
or lowering the outlet temperature. 

The outlet temperature is a manifestation 
of the relative humidity in the outlet air. 
There are three sources of water in the outlet 
which are the humidity in the ambient 
air absorbed into the dryer, combustion 
products if a direct-fired gas burner is used 
as a source of heat and the water evaporated 
in the spray drying process. If the outlet 
temperature is too low, the product particles 
in the drying chamber will not become dry 
enough in the time allowed enabling sticky 
particles to cause blocking or plugging. If 
the outlet temperature is too high, excess 
capacity remains unutilised. Once the 
proper outlet temperature is established, it 
remains constant for a specific product in a 
particular dryer. 

More energy is available for evaporating 
water at the higher inlet temperature but 
is limited for process reasons when the 
temperature difference has been optimised 
and the maximum outlet humidity has 
been reached. This means evaporating as 
much water as possible and operating just 
above the product’s sticky point. Build-up 
can occur in vessels that operate above a 
certain inlet temperature or below a certain 
outlet temperature. In addition, vessels can 
experience bridging. This is a manifestation 
of operating with a temperature difference 
greater than that which can produce a viable 
dry particle. Inlet temperature is limited 
to a point below which the undesired 
characteristics do not occur due to product 
denaturising, burns, deprived of desired 
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volatiles, or degradation in other ways at 
high inlet temperatures. Safety conditions 
such as product auto ignite should be 
aware to set reasonable limits for the inlet 
temperature. Theoretically, heating feed as 
close as possible to the inlet temperature 
is ideal so that all the energy available 
from the air heater can be used for water 
evaporation with no energy going toward 
heating the residual product. In most cases, 
it is impossible to heat the product greatly 
without causing product degradation. 
Thus, elevating the temperature as high as 
the product allows without degradation 
yields extra capacity from the spray dryer 
by acquiring heat from a source other than 
the main air heater. Higher concentrations 
of feed solids yield greater capacity. 

Efficient operation leads to labour 
savings but dryer downtime results 
reducing the amount of available time for 
production. There are two major downtime 
which are planned routine service 
maintenance and dryer-related unplanned 
downtime. As part of regularly scheduled 
maintenance, spray dryer are cleaned in 
order to:

• remove build-up that can result in fire 
or explosion; 

• eliminate build-up that is causing 
product quality issues; 

• separate product groups or classes to 
prevent cross-contamination; and  

• eliminate bacterial growth that can 
cause product quality issues. 

The most common causes of unplanned 
spray dryer downtime are the plugging of 
cyclones, chamber outlets, conveying lines 
and similar equipment.

Many simple incremental operational 
improvements can be made to shorten turn 
around times. If start-up and shutdowns 
can be minimised or eliminated, the time 
between chamber washes can be extended. 
With fewer start-up and shutdowns, the use 
of fans and heaters between spray drying 
operations can be reduced, resulting in 
energy savings (Kent and McLeod, 2007).

HEAT AND MASS BALANCES

The bond moisture in a solid exerts an 
equilibrium vapour pressure lower than 
that of pure water at the same temperature 
whereas unbinds moisture in a hygroscopic 
material is that moisture in excess of the 
bound moisture. Only free moisture can be 
evaporated. As long as unbound moisture 
exists, drying proceeds at near constant rate. 
The close cycle principles is based upon 
recycling and reusing a gaseous medium, 
involve gas-tight dryer component 
fabrication and the drying chamber is 
operated at low pressure. Humidity have 
an important use in closed and semi-
closed cycle spray drying calculation for 
determining the composition of solvent 
vapour in the medium leaving the scrubber 
condenser and recycling to the drying 
chamber.

According to Dalton’s Law, the amount 
of solvent vapour present in the medium is 
independent of the pressure, PT but it does 
depend upon the temperature of the drying 
medium which is mixed. The absolute 
humidity, Ha is related to the partial 
pressure, PL of the solvent vapour in the 
drying medium as shown below:

Ha = 
m

L

w

w
[

LT

L

PP
P
−

] (1)

where wL is the molecular weight of the 
solvent and wm is the molecular weight of 
the drying medium. Absolute humidity for 
air-water system at atmospheric pressure is 
read directly from psychometric charts as 
shown in Appendix 1.

The addition of heat to a wet droplet is 
insufficient to promote satisfactory drying  
as it is also dependant upon the humidity 
of the as it is surrounding drying air. The 
significance of partial pressure concerns the 
reverse driving force it provides resisting 
drying. The driving force for moisture 
evaporation from a saturated surface is 
the difference between the water vapour 
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pressure at the temperature of the surface 
and the partial pressure of the water vapour 
in the surrounding air. At the saturated 
surface, the partial pressure of water equals 
its vapour pressure and thus the rate of 
mass transfer from a saturated surface is:

dt

dW
= KgA(Hw - Ha) (2)

where Kg is mass transfer coefficient, Hw is 
the humidity at the saturated surface and 
A is area. For dynamic equilibrium the rate 
of heat transfer is equal to the product of 
the rate of mass transfer and latent heat of 
vaporisation, λ.

dt

dQ
= hcA(Ta - Tw) = 

dt

dW
λ

thus
            hc(Ta - Tw) = Kg(Hw - Ha)λ

(3)

where hc is heat transfer coefficient, Ta is 
the air temperature and Tw is the wet bulb 
temperature. Lewis number is given by 
the coefficient hc and Kg by the humid 
heat, Cs which is the heat required to raise 
the temperature of a unit mass of wet air 
and its vapour 1°C at constant pressure. 
If condensation or vaporisations does not 
occur then:

Cs = 0.24 + 0.46Ha and Qa = mCs∆T (4)

where m is the droplet mass and Qa is the 
air enthalpy.

The air transported product flow and 
temperature data for assessing drying 
performance are obtain from heat and mass 
balance data. It is common to base moisture 
balances on a unit weight of dry product.

Specification and design of spray dryers 
are based upon non-theoretical procedures 
but dependent upon pilot plant test data 
and existing industrial experience. The pilot 
plant test work to establish the optimum 
operating conditions for meeting the 
performance specification and the residence 

time to permit completion of drying and 
meeting of product specification are two 
important aspects to consider (Masters, 
1991). 

METHODOLOGY AND RESULTS

Fresh POME  has been collected from the 
de-oiling pond inlet. Initial trial run using 
LabPlant SD-06 (OF301) laboratory spray 
dryer as shown in Figure 2, located in MPOB 
laboratory has produced good dried POME 
powder having 5% moisture content with 
air inlet temperature set at 220°C, pump 
speed 485 ml hr-1 (10), exhaust air velocity 
4.3 m s-1 (50) and fast de-blocking.

The process has been scaled up by 
using APV Pasilac Anhydro AS MAL 
150 laboratory spray dryer located in 
pilot laboratory of Chemical and Process 
Engineering Department, Faculty of 
Engineering and Architecture, Universiti  
Kebangsaan Malaysia, Bangi as shown 
in Figure 3  with the specifications shown  
(Table 4)  has produced good dried POME 
powder with average moisture content of 
5% with air inlet temperature set at 200°C.

The spray dried POME  free flow powder 
from both spray dryers is shown in Figure 
4.  Small laboratory spray dryer produces 
coarser and darker powder compared to 
bigger pilot laboratory spray dryer.

The water evaporation rate of the APV 
laboratory spray dryer  varies with the 
air temperatures applied to the drying 
process. Figure A3 in Appendix 1 shows 
the evaporation rate profile for air outlet 
temperature set at 90°C.

Mass Flow Calculation

The evaporation capacity of the plant, 
V at inlet air temperature 200°C and 
outlet temperature 90°C is approximately 
3.5 kg H2O hr-1 as shown in Figure A3 in 
Appendix 1.
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TECHNICAL INFORMATION

Evaporation rate of water 
at inlet temperature of 
250ºC using Standard 
Chamber

Approximately 1500 ml hr-1

Air inlet temperature 
range

40ºC to 250ºC

Drying air throughput Variable from 100 to 
300 m3 hr-1

Heater capacity 3 kW

Compressor 2.0 m3 hr-1 @ 2.0 bar  
1.7 m3 hr-1 @ 4.0 bar

Sample feed Peristaltic pump with flow 
rate variable up to

32 ml min-1 (2.0 litre hr-1)

Jet de-blocking Integral 2.3 bar compressed 
air supply with variable de-
blocking plunger frequency

Spray system 2 fluid nozzle with standard 
0.5 mm jet and

options of larger diameters

Spray/hot air flow Downward co-current

Power supply 220/240 V - 50/60 Hz - 13 
amps

Dimensions 1110 x 825 x 600 mm 
(H x W x D)

Unit Weight 80 kg

Figure 2.  LabPlant SD-06 laboratory spray dryer.

The laboratory results show that POME  
is having an average total solid content, 
Tf 5% by weight. Water content in the spray 
dried powder is 5% average by weight, thus 
Tp = 100 – 5 = 95. The mass flow rate, F is 
determined as:

F = 
fp

p

TT

VT

−
= 

595

)95(5.3

−
 = 

90

5.332
 = 3.6944 kg hr-1 (5)

Thus, 3.6944 kg hr-1 of dried POME 
with 5% moisture is produced from the 
APV laboratory co-current flow spray 
dryer incorporating a rotary atomiser. 
Atmospheric air at 25°C, RH 80% is heated 
indirectly in the electric air heater to 200°C 
before entering the dryer. Air is exhausted 

from the chamber at 90°C as mentioned 
before. Dried POME temperature is 80°C 
and the POME slurry is pumped to the 
atomiser at 25°C.

Surface area of the drying chamber 
is approximately 5 m2 as shown in the 
equipment specification. Average POME 
slurry have a content of 95% as determined 
in the laboratory. Heat capacity of dry 
solid is approximately 1.6743 kJ/kg°C 
and the specific surface loss, U is about 
8.3716 kJ m-2 for insulated drying chamber. 

Thus, 19
5

95
==i

sW kg kg-1 dry POME; 

0526.0
95
5

==o
sW  kg kg-1 dry POME. 
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Figure 3. APV pasilac anhydro spray dryer model MAL 150.

From the psychometric chart, Hi = 0.0160 
kg kg-1 dry air. Air specific heat capacity is 
1.006 kJ/kg°C and water vapour specific 
heat capacity is 1.84 kJ/kg°C. Latent heat 
of evaporation of water is 2501 kJ kg-1 and 
water specific heat capacity is 4.1858 kJ/
kg°C.

Feed rate to dryer, 

Ms = 1936.70
5

100

100

956944.3
=×

×  kg hr-1;

Feed air enthalpy,   
0179.247)]200(84.12501[0160.0)200(006.1 =++=i

aQ  
kJ kg-1  air;

Exhaust air enthalpy,   

oo
o
a HHQ 6.266654.90)]90(84.12501[)90(006.1 +=++=  

kJ kg-1  air;

Feed POME enthalpy, 

1130.2030)251858.419()25(6743.1 =××+=i
sQ   

kJ kg-1  POME;

Dried POME enthalpy, 
5684.151)801858.40526.0()80(6743.1 =××+=o

sQ   
kJ kg-1  POME.
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TABLE 4.  APV MAL 150 LABORATORY SPRAY DRYER SPECIFICATION

Component      Specification
Air Heater
   Maximum air inlet temperature 300°C
   Temperature inlet 20°C
   Air quantity 125 m3  hr-1

   Power consumption at 300°C 12.6 kW
   Specific load 2 Wcm-2

   Number of heater 3 pieces
   Heating effect per element 4200 W

Centrifugal Atomiser
   Operational disc speed 25 000 rpm to 50 000 rpm

Cartridge Filter
   Filter type Cartridge type LP 33P10S4N
   Filter media 100% PES
   Temperature Maximum 120°C
   Moisture absorption at 21°C, RH 65% 0.2% - 0.5%
   Weight 300 g m-2

   Thickness 0.57 mm
   Ultimate tensile strength 3.5 bar

Installed Motors
   Fan motor 2.60 kW
   Atomiser motor 0.50 kW
   Feed pump motor 0.08 kW

Power supply 3 phase 380 V, 50 Hz 17 kW
Internal chamber diameter 1 m

POME powder from LabPlant SD-06 POME powder from APV MAL 150

Figure 4. Spray dried palm oil mill effluent (POME)  powder.
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Moisture balance.

Dry POME production rate = 3.6944 x 0.95 
= 3.5097 kg hr-1;

Moisture entering via feed = 3.5097 x 19 
= 66.6839  kJ kg-1;

Moisture leaving in POME = 3.5097 x 0.0526 
= 0.1847 kJ kg-1;

Moisture evaporated = 3.5097 x (19-0.0526) 
= 66.4992  kJ kg-1.

Ga(Ho – 0.015) = 66.4922 (6)

Enthalpy balance.

Dryer inlet: 247.0179Ga + (3.5097 x 2030.113) 
= 247.0179Ga + 7125.0470

Dryer outlet: (3.5097 x 151.5684) + Ga (90.54 + 
2666.6Ho) + [8.3716 x 5 x (90-25)]

247.0179Ga + 7125.0470 = 3252.7266 + 90.54Ga + 
2666.6HoGa (2666.6Ho – 156.4779)Ga = 3872.3204

From the equation (6) above, 

Ga = 
0160.0

4992.66

−oH
thus

3872.3204Ho – 61.8410 = 177326.7667Ho – 
10405.6572
173454.4463Ho = 10343.8162

Exhaust air humidity, Ho = 0.0596 kg kg-1 
dry air (12.545% RH - psychrometric chart)
Air flow rate, Ga = 1522.9687 kJ kg-1.

Thus atmospheric air at 25°C and 80% 
(Figure A1 and Table A1)  relative humidity 
is heated to 200°C and passed to spray 
dryer. The air is exhausted at 90°C (Figure 
A2)  and 12.545% relative humidity. 
From psychrometric chart, the wet bulb 
temperature at 200°C and 100% relative 
humidity is about 88°C. Adiabatic cooling 
from 200°C to 12.545% relative humidity is 
about 143°C.

Maximum thermal efficiency 

= %64100
25200
88200

=×
−
−

Overall thermal efficiency 

= %5714.32100
25200

143200
=×

−
−

Evaporative efficiency 

= %8929.50100
88200

143200
=×

−
−

Degree of heat lost = %1818.48100
90200
90143

=×
−
−

PHYSICAL PROPERTIES OF PALM OIL 
MILL EFFLUENT (POME) AND POME 

POWDER

Fresh POME was collected from Rantau 
Palm Oil Mill in Negeri Sembilan. The 
samples were taken from de-oiling tank 
inlet before discharge into their treatment 
system. Determination of BOD - COD, oil 
and grease, and pH were carried out in 
accordance with the standard method - the 
examination of water and wastewater.

The characteristic of fresh POME is 
tabulated in Table 5. It was found that 
POME contains high BOD and COD with 
values of 44 818 mg litre-1 and 85 300 mg 
litre-1 respectively with high total solids and 
SS. The high BOD and COD values showed 
that the POME had high organic matter. 
These will result in significant environment 
problem if there is proper disposal. Most 
of the palm oil mills in Malaysia practice 
biological treatment method and it is quite 
inefficient for effluent treatment. The system 
is capable of producing a final discharge 
with BOD of less than 100 mg litre-1. Table 5 
shows that POME is acidic with pH at 4.5. 
Typically POME is low in pH ranging from 
4 to 5. The low pH could be as a result of the 
presence of phenolic acids and oxidation of 
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other organic acids. The oil residue was in 
the range of 0.4%  to 1.0% which depends 
very much on the quality of fruits, process 
control and machine efficiency.

Density of a typical POME sample 
from a palm oil mill located in Rantau, 
Negeri Sembilan is 1012.65 kg m-3 at room 
temperature of about 25°C measured in 
MPOB laboratory as shown in Table 6.  The 
temperature versus density is shown in 
Figure 5. 

The sample of fresh POME  collected 
was dried using lab plant SD 06 (OF 301) 
laboratory spray dryer. The spray dried 
POME was then analysed for moisture, oil, 
calorific value and protein content.  The 
characteristics of fresh POME powder are 
tabulated in Table 7.  POME powder contains 
4.5%  moisture and has high oil content in 
the range of 11.11% to 17.73%. It is possible 

TABLE 5. CHARACTERISTIC OF FRESH PALM OIL MILL EFFLUENT (POME) 
AT RANTAU PALM OIL MILL

                           

Parameter  Value
                           
BOD (mg litre-1)  44 818            
COD (mg litre-1)  85 300
TS (mg litre-1)  41 022
SS (mg litre-1)  18 980
Oil and grease (mg litre-1)    2 151
pH  4.5
Moisture (%)  96.32

                          

Note:  BOD  – biological oxygen demand.
           COD  – chemical oxygen demand.
           TS  – total solid.
           SS  – suspended solids.

TABLE 6. THE DENSITY OF PALM OIL MILL EFFLUENT (POME) AT VARIOUS TEMPERATURES

Temperature (°C) Calibration 
value

Weight of POME (g) Density (g cm3)

25 50.210366 50.2143 1.0126
35 50.227850 50.6911 1.0092
45 50.247028 50.4754 1.0045
55 50.253944 50.1357 0.9976
65 50.256413 49.7273 0.9895
75 50.261900 49.1675 0.9782

to extract back the oil from POME powder 
which will increase the OER. There are 
over 59 million tonnes of POME produced 
annually in Malaysia which can be turned 
to 2.5 million tonnes of POME powder by 
spray dryer. Assuming that POME powder 
has 10% oil content and that the oil can be 
extracted, nearly  to 0.3 million tonnes of 
oil can be recovered based on 5% sold in 
POME. 

Total protein content was also present in 
POME powder in the range of 10% to 12%. 
This protein can be isolated as an animal 
feed and further work can be done to find 
cheaper method of isolating protein from 
POME powder. The calorific value of POME 
powder is about 17 742 kg kg-1.  This makes 
it  potentially interesting for  animal feed. 
Apart from the organic composition, POME 
powder is also rich in mineral containing 
appreciable amount of N, P, K and Mg 
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Figure 5. Plot of density vs. temperature.

TABLE 7.  APPROXIMATE COMPOSITION OF 
PALM OIL MILL EFFLUENT (POME) 

POWDER (%)
 

Parameter Value

Moisture 4.5
Crude protein 10 - 12
Oil 11.11 - 17.73
Ash 14.0
P 0.62
K 3.55
Mg 1.17
Ca 1.25
Calorific value (kg kg-1) 17 742

which are the vital  material elements for 
plant growth. 

DISCUSSION AND CONCLUSION

The study results show that POME  could 
be spray dried to produce POME powder 
which is rich in nutrient. The powder has  
good aroma smell but yet to have any mar-
ket value which may be a vital positive im-
pact factor in the process economic. POME 
powder can be used as a fertiliser and ani-
mal feed as it contains high nutrient value. 
It can also  be used as fermentation media 
to produce antibiotic and bioinsecticide, 

solvents, polyhydroxyalkanoate and organ-
ic acids.

Thermal efficiency is an expression of 
spray drying performance. Dryer design is 
directed towards achieving desired dried 
product properties at the highest possible 
thermal efficiencies. The calculations 
above show that thermal efficiency can be 
increased by increasing the temperature of 
the air entering the chamber and operating 
the dryer at an outlet temperature as low 
as the process allows. However, there are 
limitations due to the dryer design. Heat 
input is proportional to the evaporation 
rate which is greatly affected by the solid 
content in the dryer feed.

Maximum thermal efficiency is obtained 
by exhausting the drying air in a saturated 
state. Overall thermal efficiency is defined 
as the fraction of the total heat supplied to 
the dryer used in the evaporation process. 
Evaporative efficiency is defined as the 
ratio of the actual evaporative capacity to 
the capacity obtained in the ideal case of 
exhausting air at saturation. Degree of heat 
loss to evaporation determines the heat 
losses from chamber and product heating 
(Master, 1991).

The enforcement of Environmental Act 
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is becoming a high priority for the palm 
oil industry. New technology for effluent 
treatment is urgently needed to overcome 
the effluent problem. The purpose of zero 
waste from palm oil industry incorporating 
production of valuable   POME powder can 
attract the mills to invest in the efficient 
effluent treatment. Thus, the spray drying 
of POME could be an  alternative treatment 
method which would  eliminate the 
requirement of effluent digestion ponds.
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NOMENCLATURE

Symbol Particular SI Unit
A area m2

BOD biochemical oxygen demand -
Ca calcium -
-Cs humid heat J[kg °C]-1

COD chemical oxygen demand -
F mass flow rate kg hr-1

Ga air flow rate kg hr-1

Ha absolute humidity %
Hw humidity at the saturated surface %
Hi humid water content in feed kg kg-1

Ho humid water content in exhaust kg kg-1

K potassium -
Kg mass transfer coefficient kg m-2 s-1

Mg magnesium -
Ms dryer feed rate kg hr -1

P phosphorus -
PL partial pressure of the solvent vapour Nm-2

PT pressure Nm-2

Qa air enthalpy Jkg-1

Qs slurry enthalpy Jkg-1

Ta air temperature °C
Tf total solid content in feed %w
Tp total solid content in spray dried powder %w
Tw wet bulb temperature °C
U specific surface heat loss Jm-2

V evaporation rate kg hr-1

W mass kg

i
sW water content in the feed kg kg-1

o
sW water content in the dried POME kg kg-1

hc heat transfer coefficient J[m2 s °C]-1

m droplet mass kg
t time s

wL molecular weight of the solvent -
wm molecular weight of the drying medium -
λ latent heat of evaporation Jkg-1

∆T temperature difference between inlet and outlet °C
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EQUATIONS DESCRIBING THE 
PHYSICAL PROPERTIES OF MOIST AIR

Water Vapour Pressure

In a closed container partly filled 
with water, there will be some water 
vapour in the space above the water. The 
concentration of water vapour depends 
only on the temperature. It is not dependent 
on the amount of water and is only very 
slightly influenced by the presence of air 
in the container. The water vapour exerts a 
pressure on the walls of the container. The 
empirical equations given below give a 
good approximation to the saturation water 
vapour pressure at temperatures within 
the limits of the earth’s climate. Saturation 
vapour pressure, ps, in pascal: 

ps = 3.238

2694.17

78.610 +t

t

e (A1)

where  is the temperature in degrees 
Celsius. The saturation vapour pressure 
below freezing can be corrected after using 
the equation above, thus: 

ps ice = -4.86 + 0.855ps + 0.000244ps
2 (A2)

The next formula gives a direct result for 
the saturation vapour pressure over ice:
 

ps ice = te +
−

273

4.6140
916.28 (A3)

The SI unit of pressure is Nm-2 and 1 Pa 
= 1 Nm-2. Atmospheric pressure is about 
100 000 Pa (standard atmospheric pressure 
is defined as 101 300 Pa). 

Water Vapour Concentration

The relationship between vapour 
pressure and concentration is defined for 
any gas by the equation:
 

pV = nRT (A4)

where p is the pressure in Pa, V is the volume 
in cubic metres, T is the temperature in 
degrees Kelvin (degrees Celsius + 273.16), 
n is the quantity of gas expressed in molar 
mass, R is the gas constant: 8.31 Jmol-1m-3. 
To convert the water vapour pressure to 
concentration, c in kg m-3: 

c =
)16.273(31.8

018.0

+t

p
=

16.273

002166.0

+t

p
(A5)

where p is the actual vapour pressure. It 
is sometimes convenient to quote water 
vapour concentration as kg kg-1 of dry air. 
This is used in air conditioning calculations 
and is quoted on psychrometric charts. The 
following calculations for water vapour 
concentration in air apply at ground level. 
Dry air has a molar mass of 0.029 kg. It is 
denser than water vapour, which 0.62 x 
10-5 p has a molar mass of 0.018 kg. 
Therefore, humid air is lighter than dry air. 
If the total atmospheric pressure is P and 
the water vapour pressure is p, the partial 
pressure of the dry air component is P - p. 
The weight ratio of the two components, 
water vapour and dry air is:

kg water vapour/kg dry air 
= 0.018p/[0.029(P - p)] = 0.62p/(P - p) (A6)

At room temperature (P – p) ≈ P, which 
at ground level is close to 100 000 Pa, so, 
approximately: 

kg water vapour/kg dry air = 0.62 x 10-5 p (A7)

Wood Equilibrium Moisture Content 
Table 

M =
W

1800
[

)1( KH
KH
−

+
)1(

)2(
22

211

22
211

HKKKKHK
HKKKKHK

++
+

] (A8)

where:

M = moisture content (%) K = 0.791 + 
0.000463T - 
0.000000844T2

Appendix 1
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TABLE A1.  EQUILIBRIUM MOISTURE CONTENT TABLE

RH 
(%)

Ambient air temperature - degrees Fahrenheit

30 40 50 60 70 80 90 100 110 120 130

5 1.4 1.4 1.4 1.3 1.3 1.3 1.2 1.2 1.1 1.1 1.0

10 2.6 2.6 2.6 2.5 2.5 2.4 2.3 2.3 2.2 2.1 2.0

15 3.7 3.7 3.6 3.6 3.5 3.5 3.4 3.3 3.2 3.0 2.9

20 4.6 4.6 4.6 4.6 4.5 4.4 4.3 4.2 3.0 3.9 3.7

25 5.5 5.5 5.5 5.4 5.4 5.3 5.1 5.0 4.9 4.7 4.5

30 6.3 6.3 6.3 6.2 6.2 6.1 5.9 5.8 5.6 5.4 5.2

35 7.1 7.1 7.1 7.0 6.9 6.8 6.7 6.5 6.3 6.1 5.9

40 7.9 7.9 7.9 7.8 7.7 7.6 7.4 7.2 7.0 6.8 6.6

45 8.7 8.7 8.7 8.6 8.5 8.3 8.1 7.9 7.7 7.5 7.2

50 9.5 9.5 9.5 9.4 9.2 9.1 8.9 8.7 8.4 8.2 7.9

55 10.4 10.4 10.3 10.2 10.1 9.9 9.7 9.5 9.2 8.9 8.7

60 11.3 11.3 11.2 11.1 11.0 10.8 10.5 10.3 10.0 9.7 9.4

65 12.4 12.3 12.3 12.1 12.0 11.7 11.5 11.2 11.0 10.6 10.3

70 13.5 13.5 13.4 13.3 13.1 12.9 12.6 12.3 12.0 11.7 11.3

75 14.9 14.9 14.8 14.6 14.4 14.2 13.9 13.6 13.2 12.9 12.5

80 16.5 16.5 16.4 16.2 16.0 15.7 15.4 15.1 14.7 14.4 14.0

85 18.5 18.5 18.4 18.2 17.9 17.7 17.3 17.0 16.6 16.2 15.8

90 21.0 21.0 20.9 20.7 20.5 20.2 19.8 19.5 19.1 18.6 18.2

95 24.3 24.3 24.3 24.1 23.9 23.6 23.3 22.9 22.4 22.0 21.5

98 26.9 26.9 26.9 26.8 26.6 26.3 26.0 25.6 25.2 24.7 24.2

Note: RH – relative humidity. 

H = relative humidity (%)/100 K1 = 6.34 + 
0.000775T - 
0.0000935T2

W = 330 + 0.452T + 0.00415T2 K2 = 1.09 + 
0.0284T - 
0.0000904T2

T = temperature (°F)

Relative Humidity 

The relative humidity (RH) is the ratio 
of the actual water vapour pressure to the 
saturation water vapour pressure at the 
prevailing temperature. 

RH = 
sp

p
(A9)

RH is a ratio but usually expressed as 
a percentage rather than as a fraction. It 
does not define the water content of the air 
unless the temperature is given. The reason 
RH is so much used in conservation is that 
most organic materials have an equilibrium 
water content that is mainly determined 
by the RH and is only slightly influenced 
by temperature. Notice that air is not 
involved in the definition of RH. Airless 
space can have a RH. Air is the transporter 
of water vapour in the atmosphere and in 
air conditioning systems, so the phrase 
RH of the air is commonly used, and only 
occasionally misleading. The independence 
of RH from atmospheric pressure is not 
important on the ground, but it does have 
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some relevance to calculations concerning 
air transport of works-of-art and 
conservation by freeze drying. 

The Dew Point

The water vapour content of air is 
often quoted as dew point. This is the 
temperature to which the air must be 
cooled before dew condenses from it. At 
this temperature, the actual water vapour 
content of the air is equal to the saturation 
water vapour pressure. The dew point is 
usually calculated from the RH. First one 
calculates ps, the saturation vapour pressure 
at the ambient temperature. The actual 
water vapour pressure, pa, is:

pa = ps RH (A10)

The next step is to calculate the 
temperature at which pa would be the 
saturation vapour pressure. This means 
running backwards the equation given 

Figure A1.  Water content in humid air.

above for deriving saturation vapour 
pressure from temperature: 

Dew point =
w

w

−294.17

3.238
 ; w = ln (

78.610
ap

) (A11)
 

This calculation is often used to judge the 
probability of condensation on windows 
and within walls and roofs of humidified 
buildings. The dew point can also be 
measured directly by cooling a mirror until 
it fogs. The RH is then given by the ratio:

RH = 100
ambient
s

dewpo
s

p

p int
(A12)

The Psychometer 

The psychometer is the nearest to an 
absolute method of measuring RH that 
the conservator ever needs. It is more 
reliable than electronic devices, because it 
depends on the calibration of thermometers 
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or temperature sensors, which are much 
more reliable than electrical RH sensors. 
The only limitation to the psychometer is 
that it is difficult to use in confined spaces 
(not because it needs to be whirled around 
but because it releases water vapour). 
The psychrometer, or wet and dry bulb 
thermometer, responds to the RH of the 
air in this way: unsaturated air evaporates 
water from the wet wick. The heat required 
to evaporate the water into the air stream 
is taken from the air stream, which cools in 
contact with the wet surface, thus cooling 
the thermometer beneath it. An equilibrium 
wet surface temperature is reached which 
is very roughly half way between ambient 
temperature and dew point temperature. 
The air potential to absorb water is 
proportional to the difference between 
the mole fraction, ma, of water vapour in 
the ambient air and the mole fraction, mw, 
of water vapour in the saturated air at the 
wet surface. It is this capacity to carry away 

Figure A2.  Psychrometric chart.

water vapour which drives the temperature 
down to tw, the wet thermometer 
temperature, from the ambient temperature 
ta: 

(mw - ma) = B(ta- tw) (A13)

where B is a constant, whose numerical 
value can be derived theoretically by using 
physics. The water vapour concentration is 
expressed here as mole fraction in air, rather 
than as vapour pressure. Air is involved 
in the psychrometric equation, because it 
brings the heat required to evaporate water 
from the wet surface. The constant B is 
therefore dependent on total air pressure, P. 
However, the mole fraction, m, is simply the 
ratio of vapour pressure p to total pressure 
P:  p/P. The air pressure is the same for both 
ambient air and air in contact with the wet 
surface, so the constant B can be modified 
to a new value, A, which incorporates the 
pressure, allowing the molar fractions to 
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be replaced by the corresponding vapour 
pressures: 

pw – pa = A(ta- tw) (A14)

The relative humidity as already 
defined above is the ratio of pa, the actual 
water vapour pressure of the air, to ps, 
the saturation water vapour pressure at 
ambient temperature. 

RH% = 
s

waw

p
ttAp )]([100 −−

= 
s

waw

p
ttp )(6300100 −−

(A15)
 

The constant A changes to 56 when the 
wet thermometer is frozen (Wylie and 
Lalas, 1985).
 

Thermal Properties of Damp Air

Moist air is a mixture of dry air and water 
vapour. In atmospheric air, water vapour 
content varies from 0% to 3% by mass. The 
heat content, usually called the air enthalpy 
consists of sensible heat and latent heat, 
rises with increasing water content (Table 
A2). Enthalpy is used to calculate cooling 
and heating processes. This hidden heat 
has to be supplied or removed in order 
to change the relative humidity of air, 
even at a constant temperature. This is 
relevant to conservators. The transfer of 
heat from an air stream to a wet surface, 
which releases water vapour to the air 
stream at the same time as it cools it, is 
the basis for psychrometry and many 

TABLE A2. AIR COMMON PROPERTIES

Temperature 
t

(oC)

Density 
ρ

(kg m3)

Specific 
heat 

capacity
cp

 (kJ/kg.K)

Thermal 
conductivity 

l
(W/m.K)

Kinematics 
viscosity 
v x 10-6

(m2 s-1)

Expansion 
coefficient 

b x 10-3

(1/K)

Prandtl’s 
number 

Pr

-150 2.793 1.026 0.0116 3.08 8.21 0.76

-100 1.980 1.009 0.0160 5.95 5.82 0.74

-50 1.534 1.005 0.0204 9.55 4.51 0.725

0 1.293 1.005 0.0243 13.30 3.67 0.715

20 1.205 1.005 0.0257 15.11 3.43 0.713

40 1.127 1.005 0.0271 16.97 3.20 0.711

60 1.067 1.009 0.0285 18.90 3.00 0.709

80 1.000 1.009 0.0299 20.94 2.83 0.708

100 0.946 1.009 0.0314 23.06 2.68 0.703

120 0.898 1.013 0.0328 25.23 2.55 0.70

140 0.854 1.013 0.0343 27.55 2.43 0.695

160 0.815 1.017 0.0358 29.85 2.32 0.69

180 0.779 1.022 0.0372 32.29 2.21 0.69

200 0.746 1.026 0.0386 34.63 2.11 0.685

250 0.675 1.034 0.0421 41.17 1.91 0.68

300 0.616 1.047 0.0454 47.85 1.75 0.68

350 0.566 1.055 0.0485 55.05 1.61 0.68

400 0.524 1.068 0.0515 62.53 1.49 0.68

Feature Article



PALM OIL ENGINEERING BULLETIN NO. 100 31

Figure A3.  Drying curve for APV laboratory spray dryer model MAL 150 at a constant outlet temperature 90°C.

other microclimatic phenomena. Control 
of heat transfer can be used to control the 
drying and wetting of materials during 
conservation treatment. The enthalpy of 
dry air is not known. Air at zero degrees 
Celsius is defined to have zero enthalpy. 
For air temperature between -100ºC and 
100ºC the specific heat capacity, a

pc can be set 
to 1.006 kJ/kg°C. The enthalpy known as 
sensible heat, in kJ kg-1, at any temperature, 
t, between 0°C and 60°C is approximately: 

ha = tc a
p  = 1.006t - 0.026 : t ≥ 0°C and ha = 

1.005t : t < 0°C
(A16)

The assumption that air enthalpy is 0 kJ 
kg-1 at 0°C is not correct according to the 
definition of enthalpy in thermodynamics. 
Thus, an approximate corrective factor has 
been included. For practical purposes in 
air psychrometrics this assumption is good 
enough since our interest is the enthalpy 
difference. The enthalpy of liquid water 
is also defined to be zero at zero degrees 
Celsius. To turn liquid water to vapour at 
the same temperature known as heat of 

evaporation, e
wh is 2501 kJ kg-1 at 0ºC. For 

water vapour the specific heat capacity, 
w
pc can be set to 1.84 kJ/kgoC. Thus, at 
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temperature t the specific enthalpy of water 
vapour known as latent heat is: 

hw = e
wh + tc w

p  = 2501 + 1.84t (A17)

Notice that water vapour, once 
generated, also requires more heat than dry 
air to raise its temperature further: 1.84 kJ/
kgºC against about 1 kJ/kgºC for dry air. 
Specific enthalpy of moist air is defined 
as the total enthalpy of the dry air and the 
water vapour mixture per unit mass of 
moist air. The enthalpy of moist air, in kJ 
kg-1, is therefore: 

h = ha + xhw = (1.006t - 0.026) + 
[0.62 x 10-5 p (2501 + 1.84t)]

(A18)

due to the humidity ratio, x, is 
approximately 0.62 x 10-5 p as shown in the 
equation (A7). Common properties for air 
are indicated in Table A2.
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