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ABSTRACT
$Q�HͿHFWLYH�SURFHVV� IRU�HVWHULÀFDWLRQ�RI� IUHH� IDWW\�DFLGV��))$��E\�1RYR]\P�����LQ�H[SDQGHG�EHG�UHDFWRUV�
ZDV�GHYHORSHG��2OHLF�DFLG�DQG�SDOP�IDWW\�DFLG�GLVWLOODWH��3)$'��ZHUH�XVHG�DV�))$��,Q�WKH�FLUFXODWHG�EDWFK�
SURFHVV��1RYR]\P�����ZDV�UHXVDEOH�IRU����F\FOHV�ZLWK�DQ�))$�FRQYHUVLRQ�JUHDWHU�WKDQ������)XUWKHUPRUH��
LQ�WKH�FRQWLQXRXV�SURFHVV�XVLQJ�IRXU�H[SDQGHG�EHG�UHDFWRUV�FRQQHFWHG�LQ�VHULHV��))$�FRQYHUVLRQV�IURP�WKH�
HVWHULÀFDWLRQ�RI�ROHLF�DFLG�DQG�3)$'�ZLWK�D�WRWDO�UHVLGHQFH�WLPH�RI����PLQ�ZHUH�������DQG��������ZLWK�WKH�
RYHUDOO�SURGXFWLYLW\�RI�DERXW������J�DQG�����J�IDWW\�DFLG�PHWK\O�HVWHU��)$0(��OLWUH-1 hr-1, respectively.
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INTRODUCTION

Alternative and renewable fuels are widely explored 
and expected to ease fossil fuel demand. Among 
these alternative fuels, biodiesel is attractive because 
it is renewable, biodegradable and non-toxic. It can 
be blended with petroleum-based diesel due to its 
similar properties (Lee et al., 2010; Chongkhong et 
al., 2007). Biodiesel is produced from animal fats, 
vegetable oils, waste cooking oil or free fatty acids 
(FFA) (Chen et al., 2009; Fjerbaek et al., 2009) and 
DOFRKROV� XVLQJ� D� WUDQVHVWHULÀFDWLRQ� RU� HVWHULÀFDWLRQ�
process depending on the major feedstock of 
triglycerides or FFA. Methanol is the most widely 
used alcohol in biodiesel production attributed to 
its low cost and high reactivity compared to those 
of longer-chain alcohols with higher nucleophilicity 
and its lower steric hindrance than ethanol (Fjerbaek 

et al., 2009; Chongkhong et al., 2009; Zhao et al., 
2014). Chemicals such as sulphuric acid (H2SO4) 
and potassium hydroxide (KOH) are widely used 
as catalysts for biodiesel production (Marchetti et al., 
�������+RZHYHU��HQ]\PHV�DUH�DOVR�SRWHQWLDOO\�XVHIXO�
catalysts because they are compatible with several 
W\SHV� RI� UDZ� PDWHULDOV�� UHXVDEOH�� HQHUJ\� H΀FLHQW�
and produce less wastewater compared to processes 
using acid or base catalysts (Fjerbaek et al., 2009).

1RYR]\P�����LV�DQ�LQWHUHVWLQJ�HQ]\PDWLF�FDWDO\VW�
IRU�ELRGLHVHO�SURGXFWLRQ��1RYR]\P�����IURP�Candida 
antarctica lipase B, is produced by the submerged 
fermentation of Aspergillus microorganisms 
immobilised in a macroporous acrylic resin, and 
VKRZV� DQ� HͿHFWLYH� SHUIRUPDQFH� FRPSDUHG� WR�
other immobilised lipases (Tamalampudi, 2008; 
José et al., 2013; Yang et al., 2014). Furthermore, 
1RYR]\P� ���� FDWDO\VHV� WUDQVHVWHULÀFDWLRQ� DQG�
HVWHULÀFDWLRQ� SURFHVVHV� ZLWK� PLOG� RSHUDWLQJ�
conditions (Arroyo et al., 1999). Nevertheless, 
HQ]\PDWLF� ELRGLHVHO� SURGXFWLRQ� LV� PRUH� H[SHQVLYH�
than those using chemical catalysts owing to the 
KLJK�SULFH�RI�HQ]\PHV��&KHQ�et al., 2009). Therefore, 
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improving the productivity of biodiesel and the 
UHXVDELOLW\� RI� HQ]\PDWLF� FDWDO\VWV� LV� LPSRUWDQW� IRU�
commercialisation and industrialisation (Chen et al., 
2011). Selection of the appropriate reactor type and 
operating conditions are major criteria for biodiesel 
SURGXFWLRQ� �%HK]DGL� DQG� )DULG�� ������� 3DFNHG� EHG�
reactors have been extensively investigated for the 
use in industrial scale applications (Royon et al., 2007; 
Chen et al., 2009; Lee et al., 2010; Wang et al., 2011). 
The packed bed reactor is a widely used reactor for 
heterogeneous catalysis because the catalyst can be 
easily reused without separation from the reactor 
H΁XHQW�� %HVLGHV�� WKH� PHFKDQLFDO� VKHDU� VWUHVV� WKDW�
DͿHFWV�HQ]\PH�GHDFWLYDWLRQ�LQ�D�FRQWLQXRXV�VWLUUHG�
tank reactor can be prevented. Moreover, a packed 
bed reactor provides higher reaction performance 
(Chang et al., 2007; Chen et al., 2009; Fjerbaek et al., 
2009) and lower operating costs than other batch 
processes.

Oleic acid is an unsaturated fatty acid that is 
the most widely distributed and abundant fatty 
acid in nature. It is monounsaturated fatty acid 
and is stable to thermal oxidation than many other 
unsaturated fatty acid components. Oleic acid is a 
major component in many low cost raw materials 
such as canola oil, palm oil, jatropha oil, rapeseed oil, 
soyabean oil, tallow and yellow grease (Anwar and 
Garforth, 2016). It has been used as a representative 
))$�LQ�PDQ\�VWXGLHV�RQ�HVWHULÀFDWLRQ��

In South-east Asia, biodiesel is produced from 
palm oil and its products is promoted as a renewable 
biofuel (Winayanuwattikun et al., 2008; Choo and 
Wafti, 2015; Pannilawithana and Pathirana, 2017). 
Palm fatty acid distillate (PFAD), a by-product of 
SDOP�RLO�UHÀQHULHV�DQG�ORZHU�LQ�FRVW�WKDQ�SDOP�RLO��LV�
an alternative low cost feedstock for next generation 
palm biodiesel in South-east Asia (Chongkhong et al., 
2009; Yujaroen et al.,��������7KH�HVWHULÀFDWLRQ�RI�3)$'�
can thus help reduce the production cost of biodiesel. 
3UHYLRXVO\��HVWHULÀFDWLRQ�SURFHVV�IRU�WKH�SURGXFWLRQ�
of biodiesel from PFAD has been developed using 
mild acid catalysts, i.e. sulphonic acids (Choo and 
Wafti, 2015). PFAD mainly consists of a mixture of 
FFA up to 93%-97% with a small percentage of mono-, 
di-, and triglycerides (Mulalee et al., 2015; Natthapon 
and Krit, 2015); therefore, at the same weight, PFAD 
can produce more biodiesel as compared to palm 
oil. Malaysia is one of the largest producers of palm 
oil and almost 700 000 t yr-1 of PFAD were produced 
in Malaysia (MPOB, 2010). In January 2008-January 
������WKH�SULFH�GLͿHUHQFH�EHWZHHQ�UHÀQHG��EOHDFKHG�
and deodourised (RBD) palm oil and PFAD is 
USD 100-USD 680 t-1 (Cheah et al., 2010). According 
to the market price generated by collecting market 
price data from the Malaysian Palm Oil Board from 
January 2014 until May 2016, the average prices of 
RBD palm oil, olein, stearin and PFAD relative to 
crude palm oil (CPO) price was 105.0%, 106.2%, 
99.6% and 92.1%, respectively (Solikhah et al., 2017). 

The present work aims to develop the 
HVWHULÀFDWLRQ� SURFHVV� RI� ))$� �ROHLF� DFLG� DQG�
3)$'�� DQG� PHWKDQRO� XVLQJ� 1RYR]\P� ���� DV� D�
biocatalyst from a batch process in our previous 
work (Mulalee et al., 2015) into circulated batch 
and continuous processes in expanded packed bed 
UHDFWRUV�� ,PSRUWDQW� RSHUDWLQJ� IDFWRUV� DͿHFWLQJ� ))$�
FRQYHUVLRQ��VXFK�DV�WKH�IHHG�YROXPHWULF�ÁRZ�UDWH��WKH�
DPRXQW� RI� HQ]\PH� ORDGLQJ� DQG� WKH� EHG�WR�FDWDO\VW�
volumetric ratio were investigated in a circulated 
batch process using a single packed/expanded bed 
reactor and then applied in the continuous process 
using multiple-expanded bed reactors connected 
LQ� VHULHV�� 7KH� H΀FLHQF\� RI� WKH� HQ]\PDWLF� ELRGLHVHO�
production was evaluated.

MATERIALS AND METHODS

Materials and Chemicals

1RYR]\P������/LSDVH�%�IURP�Candida antarctica, 
(&� ��������� D� QRQ�VSHFLÀF� OLSDVH� LPPRELOLVHG� RQ�
macroporous acrylic resin) was purchased from 
S M Chemical Supplies Co, Ltd (Bangkok, Thailand). 
The diameters of the particle beads were in the 
range of 0.3-0.9 mm with an approximate density of 
0.4 g ml-1. All other chemicals used in this work, oleic 
acid, methanol, KOH and phenolphthalein, were 
analytical grade and purchased from local suppliers 
in Thailand. PFAD was obtained from Patum 
Vegetable Oil Co. Ltd, Pathum Thani, Thailand.

Circulated Batch Process Using Packed/Expanded 
Bed Reactor

A cylindrical glass column with an inner radius 
of 2.5 cm and a height of 10.0 cm was used as the 
reactor. The total working volume of the reactor was 
50-100 cm3. The bottom of the reactor (~40 cm3) was 
used as a reservoir for stirring the feed mixture with 
a magnetic bar (No. 5) at 600 rpm to homogenise 
WKH�PL[WXUH��1RYR]\P�����ZDV�SDFNHG� LQ�D�EHG�RI�
an aluminum net covered with cotton fabric. The 
biocatalyst bed was packed inside the reactor. The 
RSWLPDO� RSHUDWLQJ� FRQGLWLRQV� IRU� WKH� HVWHULÀFDWLRQ�
RI�ROHLF�DFLG�DQG�DOFRKROV�E\�1RYR]\P�����IURP�RXU�
previous study (Mulalee et al., 2015) were applied in 
this study. The reaction temperature was maintained 
DW� ���&�� DQG� WKH� HQ]\PH� ORDGLQJ�ZDV� ���Z�Z� RI�
FFA. A mixture of 100 g of oleic acid and methanol at 
an FFA-to-alcohol molar ratio of 1:2 was thoroughly 
mixed and maintained at 45°C in a feed tank. The 
mixture was continuously fed into the reservoir of 
the reactor using a peristaltic pump at a constant 
ÁRZ�UDWH��7KH�PL[WXUH�ÁRZHG�XSZDUGV�WKURXJK�WKH�
biocatalyst bed from the bottom to the top of the 
UHDFWRU��DQG�WKH�H΁XHQW�ZDV�UHF\FOHG�LQWR�WKH�DJLWDWHG�
feed tank until the reaction reached equilibrium. 
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7KH� VFKHPDWLF� GLDJUDP� RI� HVWHULÀFDWLRQ� E\�
1RYR]\P� ���� LQ� WKH� FLUFXODWLRQ� EDWFK� SURFHVV�
by packed/expanded bed reactors is shown in 
Figure 1. Figure 1a demonstrates a circulated batch 
expanded bed with volumetric ratio of bed to 
FDWDO\VW�RI�����DW�HQ]\PH�ORDGLQJ�RI����Z�Z�RI�))$. 
Figure 1b demonstrates an expanded bed reactor with 
YROXPHWULF�UDWLR�RI�EHG�WR�FDWDO\VW�RI�����DW�HQ]\PH�
loading of 5% w/w of FFA.  Figure 1c demonstrates 
a doubly expanded bed reactor with volumetric 
UDWLR�RI�EHG�WR�FDWDO\VW�RI�����DW�HQ]\PH�ORDGLQJ�RI�
����Z�Z�RI�))$��7KH�H΁XHQW�ZDV�FROOHFWHG�HYHU\�
KRXU� WR�GHWHUPLQH� WKH�))$� FRQYHUVLRQ��7KH� HͿHFWV�
RI� LPSRUWDQW� IDFWRUV� VXFK� DV� YROXPHWULF� ÁRZ� UDWH��
UHVLGHQFH� WLPH�DQG� WKH�DPRXQW�RI�HQ]\PH� ORDGLQJ�
on the FFA conversion were investigated. 

Continuous Process Using Expanded Bed Reactors 
Connected in Series

The circulated batch process described in the 
previous section was developed into a continuous 
process consisting of multiple expanded bed reactors 

FRQQHFWHG� LQ� VHULHV�� LQ�ZKLFK� WKH�H΁XHQW� IURP�WKH�
WRS�RI�HDFK�UHDFWRU�GLUHFWO\�ÁRZHG�LQWR�WKH�ERWWRP�RI�
the next one. The schematic diagram of continuous 
HVWHULÀFDWLRQ� RI� ))$� DQG� PHWKDQRO� E\� 1RYR]\P�
435 in the expanded bed reactors connected in 
series is shown in Figure 2. When a steady state was 
UHDFKHG��WKH�H΁XHQW�RI�HDFK�UHDFWRU�ZDV�FROOHFWHG�WR�
determine the FFA conversion at each stage.

Biodiesel Conversion Analysis

The percentage of FFA conversion was 
determined by titration with 0.1 M KOH solution 
using phenolphthalein as the indicator. The FFA 
conversions were calculated from the titration 
volumes of the KOH solution (Mulalee et al., 2013). 
The reported values were the average values of 
each duplicate set. The titration was repeated three 
times for each sample and the data from each set 
had a small standard deviation (less than 1%). From 
the experiments in the continuous operation, after 
the steady state, three samples were taken from 
each reactor for the analysis of FFA conversion. The 

FiJXUH����6FKHPDWLF�GLDJUDP�RI�WKH�HVWHULÀFDWLRQ�RI� IUHH� IDWW\�DFLG��))$��DQG�PHWKDQRO�FDWDO\VHG�E\�1RYR]\P�����LQ�WKH�FLUFXODWHG�EDWFK�SURFHVV��
�D��$�SDFNHG�EHG�UHDFWRU�ZLWK�YROXPHWULF�UDWLR�RI�EHG�WR�FDWDO\VW�RI�������E��DQ�H[SDQGHG�EHG�UHDFWRU�ZLWK�YROXPHWULF�UDWLR�RI�EHG�WR�FDWDO\VW�RI�����DQG��
�F��D�GRXEO\�H[SDQGHG�EHG�UHDFWRU�ZLWK�YROXPHWULF�UDWLR�RI�EHG�WR�FDWDO\VW�RI�����

)LJXUH����6FKHPDWLF�GLDJUDP�RI� WKH�HVWHULÀFDWLRQ�RI� IUHH� IDWW\�DFLG� �))$��DQG�PHWKDQRO�FDWDO\VHG�E\�1RYR]\P����� LQ� WKH�
FRQWLQXRXV�SURFHVV�XVLQJ� IRXU�H[SDQGHG�EHG�UHDFWRUV�FRQQHFWHG� LQ�VHULHV�� FRQVLVWLQJ�RI�D� �D�� IHHGLQJ� WDQN�� �E��D�PXOWLSOH�
SRVLWLRQ�KRW�SODWH�VWLUUHU���F��IRXU�H[SDQGHG�EHG�UHDFWRUV�FRQQHFWHG�LQ�VHULHV���G��SHULVWDOWLF�SXPSV��DQG��H��D�SURGXFW�WDQN�
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calculation for FFA conversion from the titration 
method was calculated by the following equation 
(Chai et al., 2014).

FFA conversion (%) = �,QLWLDO�))$���ÀQDO�))$�
Initial FFA

 x 100

where, Initial FFA is initial acid value at time t = 
0 (mg KOH g-1) and Final FFA�LV�ÀQDO�DFLG�YDOXH��PJ�
KOH g-1) at time t = t.

7KH� UHVXOWV� ZHUH� FRQÀUPHG� E\� WKH� IDWW\� DFLG�
methyl ester (FAME) yield analysed by nuclear 
magnetic resonance (NMR) spectroscopy (Varian 
,QRYD�� ���� 0+]�� /H[LQJWRQ�� 0$�� 86$�� �7DULT� � et 
al., 2011). The samples were sent to Research 
Instruments, Department of Chemistry, Faculty 
of Science, Chulalongkorn University for the 
determination of FAME conversion by NMR 
technique. The FAME yield was analysed by 
105� ���� 0+]� ZLWK� &3�0$6� VROLG� SUREH� DQG�
Nano probe (Varian version INOVA, Lexington, 
USA). NMR analysis was performed by dissolving 
the sample in CDCl3. The dissolved sample was 
transferred to a NMR tube. All solid material must 
be removed from the solution before it was placed 
in the NMR tube. Then, the NMR tube was inserted 
into a sample turbine. Spectra were recorded on 
a Varian Mercury-500 spectrometer operating at 
����0+]�DW� URRP�WHPSHUDWXUH��7KH�)$0(�FRQWHQW�
was determined by the ratio of the area of peaks 
associated with the methyl ester (3.65 ppm) and 
methylene group protons (2.26 ppm) (Hajar et al., 
2009). The equation for FAME (%) determination has 
shown below.

FAME (%) = 100 x 2AMe
3ACH2

ZKHUH�)$0(������LV�)$0(�\LHOG�RI�HVWHULÀFDWLRQ��
AMe is the integration value of the methoxy protons 

of the methyl esters, ACH2 is the integration value of 
ն�PHWK\OHQH� SURWRQV� DQG� ��� �� DUH� SURWRQ� QXPEHUV�
in the methylene and methoxy groups, respectively. 
Spectra analysed by NMR are shown in Figure 3. 

According to the comparison between FFA 
conversion from the titration and FAME conversion 
from 1+�105��ZH�FRXOG�FRQÀUP�WKDW�WKH�FKDQJH�RI�
))$�ZDV� IURP� WKH� HVWHULÀFDWLRQ� UHDFWLRQ� WR� FRQYHUW�
FFA to FAME. The productivity was calculated 
based on the amount of FAME obtained (g) from FFA 
conversion per reaction time (hr) per reactor volume 
(litre). Molecular weight (MW) of oleic acid and 
PFAD were 282.5 and 265.5, respectively (Natthapon 
and Krit, 2015). MW of methyl ester from oleic acid 
and PFAD were 296.5 and 279.5, respectively.

RESULTS AND DISCUSSION

&LUFXODWHG�%DWFK�(VWHULÀFDWLRQ�RI�2OHLF�$FLG�8VLQJ�
a Packed/Expanded Bed Reactor 

(ͿHFW�RI�IHHG�YROXPHWULF�ÁRZUDWH�RQ�))$�FRQYHUVLRQ� 
7KH�HͿHFW�RI�IHHG�YROXPHWULF�ÁRZ�UDWH�UDQJLQJ�IURP�
4-6 ml min-1 on the FFA conversion in the packed 
bed reactor was investigated. The experiment was 
performed in a packed bed reactor under recycling 
ÁRZ� RI� WKH� H΁XHQW� DV� VKRZQ� LQ� Figure 1a. The 
optimal operating conditions from our previous 
work (Mulalee et al., 2015) were applied as follows: 
reaction temperature of 45°C, molar ratio of oleic acid 
WR�PHWKDQRO�DW�����DQG�1RYR]\P�����ORDGLQJ�DW����
by weight of oleic acid. Figure 4a�VKRZV�WKH�HͿHFW�RI�
WKH�IHHG�YROXPHWULF�ÁRZ�UDWH�RQ�WKH�))$�FRQYHUVLRQ�
of oleic acid. The FFA conversion rate increased as the 
IHHG�ÁRZ�UDWH� LQFUHDVHG� IURP�����PO�PLQ-1 because 
WKH�KLJKHU�ÁRZ�UDWH� FDXVHG�D�KLJKHU�H[WHUQDO�PDVV�
transfer rate (Chattopadhyay and Sen, 2013). The FFA 
FRQYHUVLRQ� UHDFKHG�D�PD[LPXP�RI�������DW�D�ÁRZ�
rate of 5 ml min-1 within 8 hr. However, when the 
YROXPHWULF�ÁRZ�UDWH�ZDV�LQFUHDVHG�IURP�����PO�PLQ-1, 

)LJXUH����7KH H-nuclear magnetic resonance �105���VSHFWUD�RI�IDWW\�DFLG�PHWK\O�HVWHU��)$0(��DQG�IUHH�IDWW\�DFLG��))$��RI�HVWHULÀFDWLRQ�RI�ROHLF�DFLG�
�OHIW��DQG��SDOP�IDWW\�DFLG�GLVWLOODWH��3)$'���ULJKW��ZLWK�PHWKDQRO�FDWDO\VHG�E\�1RYR]\P�����

AMe @ 3.7 ppm

ACH2 @ 2.3 ppm
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AMe @ 3.7 ppm

ACH2 @ 2.3 ppm

PFAD
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the reaction rate decreased and the equilibrium time 
ZDV�H[WHQGHG�IURP�����KU��$�VLPLODU�HͿHFW�RI�IHHG�ÁRZ�
rate on FFA conversion has been observed previously 
LQ�D�VWXG\�RI� WKH� WUDQVHVWHULÀFDWLRQ�RI�YHJHWDEOH�RLO�
in a packed bed reactor using immobilised lipase 
and a circulation process (Hajar et al., 2009; Lee et 
al.,��������$W�D�ORZ�ÁRZ�UDWH��WKH�))$�FRQYHUVLRQ�ZDV�
limited because of the mass transfer resistance at the 
OLTXLG�ÀOP� OD\HU��+RZHYHU�� DW� D�KLJK�ÁRZ� UDWH�� WKH�
FRQWDFW� EHWZHHQ� WKH� VXEVWUDWH� DQG� HQ]\PH� DFWLYH�
VLWHV�ZDV� LQVX΀FLHQW�DQG�FRXOG�FDXVH�D� ORZ�)$0(�
yield (Halim et al., 2009). The shear stress of the high 
ÁRZ�FRXOG�DOVR�GDPDJH�WKH�LPPRELOLVHG�ELRFDWDO\VW�
(Wang et al., 2011). 

(ͿHFW� RI� YROXPHWULF� UDWLR� RI� EHG� WR� FDWDO\VW� RQ�
FFA conversion. 7R�VWXG\� WKH�HͿHFW�RI� FRQWDFW� WLPH�
RI� WKH� UHDFWLRQ� XQGHU� WKH� IHHG� ÁRZ� UDWH� RI� �� PO�
min-1, the volumetric ratio of bed to biocatalyst was 
increased from 1:1 to 2:1 as shown in Figures 1a and 
1b respectively. In this case, the reactor bed was 
expanded, the contact time in the bed was doubled, 
and the biocatalyst could move freely within the bed. 
This operation has the advantages of increased contact 
area and time between the substrate and catalyst. As 
shown in Figure 4b,�WKH�LQLWLDO�UDWH�RI�HVWHULÀFDWLRQ�LQ�
the expanded bed with the volumetric ratio of bed to 
catalyst at 2:1 was higher than that in the bed with 
the 1:1 ratio. However, the equilibrium conversions 
of both systems were almost the same. Previously, 
an expanded bed reactor packed with active ion-
exchange resin catalyst was successfully developed 
for the continuous biodiesel production (Shibasaki-
Kitakawa et al., 2007; 2010). As the expanded bed 
enhances the initial reaction rate, it was used for the 
following studies. 

(ͿHFW� RI� HQ]\PH� ORDGLQJ� RQ� ))$� FRQYHUVLRQ� To 
LPSURYH� WKH� ))$� FRQYHUVLRQ�� WKH� RSWLPDO� HQ]\PH�
loading for the reaction in the expanded bed 
was determined. In our previous batch study in 
����PO�PL[LQJ�ÁDVNV��0XODOHH�et al., 2015), the optimal 
HQ]\PH� ORDGLQJ� RI�1RYR]\P� ����ZDV� ���Z�Z�RI�
))$��+HUH��WKH�HQ]\PH�ORDGLQJ�LQ�WKH�H[SDQGHG�EHG�
was increased to 10% w/w of FFA to observe the 
HͿHFW�RQ�WKH�))$�FRQYHUVLRQ��7KH�YROXPHWULF�UDWLR�RI�
bed to biocatalyst was 2:1. A schematic diagram of 
the process is shown in Figure 1c. Figure 4c shows that 
ZKHQ�WKH�HQ]\PH�ORDGLQJ�ZDV�GRXEOHG�IURP����WR�
10% w/w of FFA, the initial conversion rate and the 
HTXLOLEULXP�FRQYHUVLRQ�ZHUH�VLJQLÀFDQWO\�HQKDQFHG��
An FFA conversion of 96.7% was obtained using 
���� Z�Z� RI� 1RYR]\P� ����� ZKLFK� ZDV� DERXW� ���
KLJKHU� WKDQ� WKDW�REWDLQHG�DW����Z�Z�RI�1RYR]\P�
435. Moreover, the equilibrium time was reduced 
IURP� ���� KU� WR� �� KU��$V� WKH� UDWLR� EHWZHHQ� HQ]\PH�
and substrates is higher in the expanded bed reactor 
compared with that in the batch reactor, a higher 
reaction performance was achieved (Chang et al., 

2007). The optimised reactor was then studied for 
reusability.

5HXVDELOLW\�RI�1RYR]\P�����LQ�WKH�FLUFXODWHG�EDWFK�
process using an expanded bed reactor. For long-term 
operation and scale-up purposes, the reusability and 
VWDELOLW\� RI� 1RYR]\P� ���� LQ� WKH� VLQJOH� H[SDQGHG�
bed reactor were investigated. Figure 5a shows the 
UHXVDELOLW\� RI� 1RYR]\P� ���� DV� D� FDWDO\VW� IRU� WKH�
HVWHULÀFDWLRQ� UHDFWLRQ� LQ� WKH� H[SDQGHG� EHG� UHDFWRU�
under the following conditions: 45°C, FFA-to-
PHWKDQRO�PRODU�UDWLR�RI������HQ]\PH�ORDGLQJ�DW�����
w/w of FFA, bed-to-catalyst volumetric ratio of 2:1 
DQG�IHHG�ÁRZ�UDWH�RI���PO�PLQ-1. For the total reaction 
time in each batch of 5 hr, the FFA conversion could 
be maintained at greater than 90% for 22 cycles (110 
KU��� 7KLV� UHVXOW� GHPRQVWUDWHV� WKH� KLJKHU� H΀FLHQF\�
DQG�UHXVDELOLW\�RI�1RYR]\P�����DV�D�ELRFDWDO\VW� LQ�
the circulated batch process using an expanded bed 

)LJXUH�����D��(ͿHFW�RI�ÁRZ�UDWH�RQ�IUHH�IDWW\�DFLG��))$��FRQYHUVLRQ�LQ�D�
SDFNHG�EHG�UHDFWRU��UHF\FOLQJ�ÁRZ�UDWH�RI����¹������Ы��DQG���� ��PO�PLQ-1; 
�E��HͿHFW�RI�YROXPHWULF�UDWLR�RI�EHG�WR�FDWDO\VW�RQ�))$�FRQYHUVLRQ�LQ�WKH�
FLUFXODWHG�EDWFK�SURFHVV��YROXPHWULF�UDWLR�RI�EHG�WR�FDWDO\VW�RI������SDFNHG�
bed, ��DQG������H[SDQGHG�EHG��Ы����F��HͿHFW�RI�HQ]\PH�ORDGLQJ�RQ�))$�
FRQYHUVLRQ�LQ�WKH�FLUFXODWHG�EDWFK�SURFHVV�XVLQJ�DQ�H[SDQGHG�EHG�UHDFWRU�
DW�HQ]\PH�ORDGLQJ�RI����� ��DQG������Ы���Z�Z�RI�))$��
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reactor compared with those of circulated batch 
processes in packed bed reactors (Hajar et al., 2009; 
Veny et al., 2014) and a repeated batch process in a 
VKDNLQJ�ÁDVN��0XODOHH�et al., 2015).

However, the residence time used in the packed bed 
reactors was about 10 hr, which is much longer than 
that in the expanded bed reactors used in this study 
(80 min). The overall productivity of biodiesel from 
WKH� HVWHULÀFDWLRQ� RI� ROHLF� DFLG� ZDV� DSSUR[LPDWHO\�
1000 g (FAME) litre-1 hr-1. The productivity of this 
process was considerably higher than those of the 
continuous processes using packed bed reactors 
previously reported (Chen et al., 2009; Wang et al., 
2011; Chattopadhyay and Sen, 2012; 2013). However, 
RWKHU� SDUDPHWHUV� VXFK� DV� GLͿHUHQFHV� LQ� VXEVWUDWHV��
ELRFDWDO\VWV�DQG�RSHUDWLQJ�FRQGLWLRQV�FDQ�DOVR�DͿHFW�
reaction performance (Silva et al., 2014). Compared 
with the systems using the same substrates catalysed 
E\� 1RYR]\P� ����� WKH� DYHUDJH� SURGXFWLYLW\� RI� WKH�
continuous process in four expanded bed reactors 
connected in series was about four times that of 
the circulated batch process in the expanded bed 
reactor and about six times that of the batch process 
LQ�VKDNH�ÁDVNV��0XODOHH et al., 2015). The comparison 
RI� WUDQVHVWHULÀFDWLRQ� DQG� HVWHULÀFDWLRQ� VWXGLHV�ZDV�
summarised as shown in 7DEOH��.

Previously, the important parameters that 
DͿHFWHG� WKH� UHXVDELOLW\� RI� 1RYR]\PH� ���� ZHUH�
temperature, type of alcohol, and water content 
(Mulalee et al., 2015). Therefore, it can be expected 
WKDW�WKH�VWDELOLW\�RI�1RYR]\PH�����LQ�WKH�H[SDQGHG�
bed reactors connected in series operated under 
FRQWLQXRXV�PRGH�VKRXOG�QRW�EH�PXFK�GLͿHUHQFH�IURP�
that of the expanded bed reactor under circulated 
batch operation. Nevertheless, for commercial 
exploitation, it is suggested that the stability of the 
expanded bed reactors connected in series operated 
under continuous mode should be further examined 
in detail before process scale-up.

The low cost feedstock PFAD was then applied 
IRU�ELRGLHVHO�SURGXFWLRQ��7KH�HVWHULÀFDWLRQ�RI�3)$'�
DQG�PHWKDQRO�ZDV�FDWDO\VHG�E\�1RYR]\P�����LQ�WKH�
continuous process of four expanded bed reactors 
connected in series under the previous optimal 
conditions. PFAD is a by-product obtained from the 
SDOP�RLO� UHÀQLQJ�SURFHVV� LQ� WKH�HGLEOH�RLO� LQGXVWU\��
PFAD is an alternative low cost feedstock for next 
generation palm biodiesel in South-east Asia, with 
an emphasis on Indonesia, Malaysia and Thailand. 
PFAD contains FFA (~93%) with palmitic acid (50.7%) 
and oleic acid (41.0%) as major components (Mulalee 
et al., 2015). As shown in Figure 5b, the FFA conversion 
using PFAD as a feedstock was relatively lower than 
that using oleic acid. The FFA conversions from the 
ÀUVW�� VHFRQG�� WKLUG� DQG� IRXUWK� UHDFWRUV�ZHUH� �������
�������������DQG��������UHVSHFWLYHO\��7KH�ÀQDO�))$�
conversion was about 5% lower than that using oleic 
acid as the FFA. The overall productivity of biodiesel 
IURP� WKH�HVWHULÀFDWLRQ�RI�3)$'�ZDV�DSSUR[LPDWHO\�
940 g FAME litre-1 hr-1.  PFAD contains FFA and a small 
DPRXQW� RI� XQVDSRQLÀDEOH� FRPSRQHQWV� DQG� QHXWUDO�
oil. The process by-products include glycerol from 
WKH� WUDQVHVWHULÀFDWLRQ� �&KRQJNKRQJ� et al., 2007; 

&RQWLQXRXV�(VWHULÀFDWLRQ�RI�2OHLF�$FLG�DQG�3)$'�
Catalysed by Novozym 435 Using Expanded Bed 
Reactors Connected in Series

7KH� FRQWLQXRXV� HVWHULÀFDWLRQ� SURFHVV� XVLQJ�
four expanded bed reactors connected in series 
was developed to improve productivity and reduce 
operating time. The optimal operating conditions 
described in the previous section were used. The 
mean residence time in each reactor was 20 min. 
7KH�UHVXOW�IURP�WKH�FRQWLQXRXV�HVWHULÀFDWLRQ�RI�ROHLF�
DFLG� ZLWK�PHWKDQRO� FDWDO\VHG� E\� 1RYR]\P� ���� LQ�
the four expanded bed reactors connected in series 
is shown in Figure 5b. The FFA conversions from the 
ÀUVW�� VHFRQG�� WKLUG� DQG� IRXUWK� UHDFWRUV�ZHUH� �������
75.6%, 92.6% and 93.5%, respectively. Therefore, 
the number of expanded bed reactors required to 
reach equilibrium conversion was approximately 
four. Previously, an FFA conversion over 88% was 
maintained for 192 hr in biodiesel production using a 
mixture of soyabean oil, distilled water, methanol and 
n-hexane, using four packed bed reactors connected 
in series that contained lipase-Fe3O4 nanoparticle 
biocomposites as the catalyst (Wang et al., 2011). 

)LJXUH�����D��5HXVDELOLW\�RI�1RYR]\P�����RQ�WKH�HVWHULÀFDWLRQ�RI�ROHLF�
DFLG� DQG�PHWKDQRO� LQ� WKH� FLUFXODWHG� EDWFK�SURFHVV�XVLQJ� DQ� H[SDQGHG�
EHG� UHDFWRU�� �E�� IUHH� IDWW\� DFLG� �))$�� FRQYHUVLRQ� RI� ROHLF� DFLG� � �� DQG�
SDOP� IDWW\�DFLG�GLVWLOODWH� �3)$'�� � �� LQ� WKH�FRQWLQXRXV�SURFHVV�XVLQJ�
IRXU�H[SDQGHG�EHG�UHDFWRUV�FRQQHFWHG� LQ�VHULHV� �YDOXHV�ZHUH�H[SUHVVHG�
DV�PHDQ��6'��Q ��� 
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Royon et al., 2007). Glycerol and other impurities 
from PFAD could absorb and coat the surface of 
1RYR]\P� ����� ,W�ZDV� QRWLFHG� WKDW� E\� XVLQJ� 3)$'�
as a feedstock, the colour of the outer surface of 
1RYR]\P�����EHFDPH�GDUNHU�ZLWK�ORQJHU�RSHUDWLQJ�
WLPHV��7KH�FRDWLQJV�RQ�WKH�VXUIDFH�RI�1RYR]\P�����
PLJKW� ORZHU� WKH� HQ]\PH·V� DFWLYLW\� �5R\RQ et al., 
2007). This problem might be avoided by the addition 
RI� D� VROYHQW� VXFK� DV� DFHWRQH� ZLWKRXW� VLJQLÀFDQWO\�
DͿHFWLQJ�HQ]\PH�DFWLYLW\��&KHQ�et al., 2009). 

CONCLUSION

(VWHULÀFDWLRQ�RI�))$�E\�1RYR]\P�����ZLWK�PHWKDQRO�
in expanded bed reactor gave better conversion 
as compared to packed bed reactor. The optimal 
operating conditions for expanded bed reactors 
are as follows: FFA-to-methanol molar ratio of 1:2, 
���&�� IHHG� ÁRZ� UDWH� RI� �� PO� PLQ-1, bed-to-catalyst 
YROXPHWULF� UDWLR� RI� ����� HQ]\PH� ORDGLQJ� RI� ����
(w/w of FFA). In circulated batch expanded bed, 
FFA conversion greater than 90% could be achieved 
at a reaction time of 5 hr with 22 cycles of reuse of 
1RYR]\P� ����� 8QGHU� FRQWLQXRXV� RSHUDWLRQ� XVLQJ�
four expanded bed reactors connected in series with a 
total residence time of 80 min, FFA conversions from 
WKH�HVWHULÀFDWLRQ�RI�ROHLF�DFLG�DQG�3)$'�ZHUH�������
and 88.5%, respectively. The overall productivities of 
ELRGLHVHO� IURP�WKH�FRQWLQXRXV�HVWHULÀFDWLRQ�RI�ROHLF�
acid and PFAD were approximately four to six times 
those of batch processes. Therefore, the continuous 
operation in expanded bed represents a more cost-
HͿHFWLYH� PHWKRG�� 1HYHUWKHOHVV�� IRU� FRPPHUFLDO�
exploitation, it is suggested that the stability of the 

expanded bed reactors under continuous mode 
should be further examined in detail before process 
scale-up.
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