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Abstract: In the present study, a comparison of microwave assisted alkali pretreatment was tried
using oil palm empty fruit bunch. The microwave assisted alkali pretreatment of POME using
NaOH, significantly improved the enzymatic saccharification of POME by removing more lignin
and hemicellulose and increasing its accessibility to hydrolytic enzymes. Enzymatic hydrolysis of
POME suspension by various amylolytic enzymes was investigated to reveal the potential coupling
mechanism of Microwave Irradiation-Enzyme Coupling Catalysis (MIECC). It was shown that
enzymatic hydrolysis of POME using typical enzymes may successfully was carried out at
microwave condition. The MIECC resulted in increasing initial reaction rate by about 3 times. The
results testify on specific activation of enzymes by microwaves and prove the existence of non-
thermal effect in microwave assisted reactions. Low power microwave irradiation (100W) does not
increase the temperature beyond 40 °C and hence denaturation of the enzyme is avoided. The
present study has highlighted the importance of well controlled microwave assisted enzymatic
reaction to enhance the overall reaction rate of the process.
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Introduction

The development of the industrial and technological society together with the decreasing of
oil reserves, the sharp increase in the cost of oil and the political instability of some crude
oil producing countries, have been driving worldwide interest in searching for renewable
energies to replace fossil fuels. Environmental issues such as global warming have
demonstrated the vulnerability of the present sources for liquid fuel'. In this context, ethanol
produced from biomass, the so called “bioethanol”, has become a major energy carrier for a
sustainable transportation sector. Bioethanol is an oxygenate fuel with an high octane number
and it can be used as biofueleither in its pure state (E100) or blended with petrol in various
proportions, such as E85, E95, E10 containing 85%, 95% and 10% of ethanol respectively”.
Among these, E10 not requires anychange in engine’. Furthermore, due to the higher oxygen
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content, ethanol allows a better oxidation of the fuel and reduces CO and particulate
emissions. Other advantages of ethanol versus gasoline are broader flammability limits,
higher flame speeds, heat of vaporization and compression ratio and a shorter burn time'*.
Simultaneously, bioethanol is also building block for theproduction of several other
chemicals, like acetaldehyde, ethane, ethylene, propylene, butadiene, carbon monoxide or
hydrogen®'’. Today nearly 95% of hydrogen is produced from fossil-based materials such as
methane and naphtha. Bioethanol as chemical reagent for hydrogen production could be a
way to support hydrogen economy from a renewable and clean energy source’*.

Palm-oil mill effluent (POME) is an abundant organic residue that is generated by palm-
oil mills during the process of extracting palm oil from fresh fruit bunches of oil palms. It
has been estimated that POME contributes to about 30% of the total biochemical oxygen
demand (BOD) load exerted on the Malaysian aquatic environment. Wastewater treatment
facility is one of the most important components in the palm oil industry'"'2. Specifically,
the amount of POME generated is approximately 3.8 m’ for each ton of CPO produced".
POME is an acidic brownish colloidal suspension containing 95-96% water, 0.6-0.7% oil
(4000 mg/L); 4-5% total solids (43,500 mg/L) of which around 18,000 mg/L is suspended
solids and with a very high biological oxygen demand (BOD) of 25,000 mg/L'*". The
POME solids consists mainly debris from palm fruit mesocarp which is lignocellulosic
material. The POME has high amounts of carbohydrates (29.55%), proteins (12.75%),
nitrogenous compounds and lipids with a considerable amount of cellulose and nontoxic
minerals which can provide sufficient amount of nutrients and minerals favourable for
microbial growth'®". Recently, many processing technologies for converting POME into
value added products have been realized using bioconversion process. In this process the
rich organic residue is used as a medium where some microbial species grow, consume the
organic components and at the same time, produce biomass and other valuable products'’.
These include carotenoid, which canbe further utilized for vitamins A and E (tocopherols)
production'®, citric acid'’, biohydrogen® and bioethanol®'.

Current world bioethanol research is driven by the need to reduce the costs of
production. For example, cheap feedstock, improvement in feedstock pretreatment,
shortening of fermentation time, lowering the enzyme dosages, improving the overall starch
hydrolysis and integration of the Simultaneous Saccharification and Fermentation (SSF)
process could be the basis of cutting down production costs. Limited research has been done
on bioethanol production by bioconversion of lignocellulosic and carbohydrate-based
materials, especially POME?'. Palm oil mill effluent has great potential as a substrate for
acetone, butanol and bioethanol fermentation because it contains a mixture of carbohydrates.
There are two forms of carbohydrates, insoluble and soluble carbohydrates, contained in
POME. Ho et al.,” reported that the total soluble carbohydrate was low at concentration of
about 3.9 g/L POME; while the remaining of about 26 g/ POME was the insoluble
carbohydrate consisting of high molecular weight compounds such as cellulose,
hemicellulose and  starch. It is, therefore, necessary to hydrolyze the complex
carbohydratein POME prior to processing it for bioethanol production. In this process, the
direct bioconversion of POME into ethanol occurs in three steps. The first step is the
delignification of lignocellulosic materials from their complex structure. The second step is the
depolymerization of the carbohydrate polymers (cellulose and hemicellulose) intoreducing
sugars (glucose, fructose, xylose etc.) using cellulolytic enzymes, followed by the third step,
fermentation of sugars by yeast (S. cerevisiae) forbioethanol production. In biomass research
in general, microwave irradiation has been used to extract oils from vegetable feedstock™,
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to pretreat biomass to benefit the subsequent enzymatic hydrolysis and fermentation®*.
Specific enzymes such as amylase, amyloglucoamylase and pulluanase are needed for
hydrolyzing starch®>*°. Tapai is a traditional fermented food popular in Malaysia and
Indonesia. The inoculum is called ragitapai and is cheaply available in local market.
Microorganisms found in the traditional ragitapai are moulds (Rhizopusoryzae,
Amylomycesrouxii, Mucor sp. and Candida utilis) and yeasts (Saccharomyces
cerevisiae, Saccharomycopsisfibuliger, Endomycopsisburtonii). The moulds are strong
amylolytic’’. Microwave Irradiation-Enzyme Coupling Catalysis (MIECC) has also
been proven as a useful tool for many enzymatic transformations in both aqueous and
organic solutions®™. It has been proposed that in case of low power of high-frequency
electromagnetic field the nonthermal activation of enzyme may be observed® .
Enzymatic hydrolysis of carbohydrate is a very important not only for bioethanol
production but many other industrial process and study of amylolytic enzyme working
at microwave conditions is of great importance from both the scientific and industrial
interest. The objective of this study is to improve the bioethanol production from raw
POME by using co-culturing approach and microwave irradiation. Microwave
pretreatment will be carried on the POME suspension as some previous studies have
shown that application of microwave irradiation pretreatment may significantly increase
the conversion of carbohydrate materials to glucose****. The objective of this study is to
evaluate the efficiency of pretreatment and enzymatic hydrolysis by combination of
microwave-alkali and MIECC on POME to enhance fermentable sugar production.

Experimental

All chemicals were purchased from Merck (Darmstadt, Germany). The chemical reagents
were of analytical grade and used without further purification unless otherwise stated.
Sodium hydroxide was purchased from Merck; acetic acid, sulfuric acid, calcium chloride,
ammonium sulphate, magnesiumsulphate, anhydrous ethanol, calcium hydroxide and
anhydrous glucose were purchased from J.T. Baker. Spectrophotometric analyses were
performed using a Thermo Spectronic Helios a UV-Visible Spectrophotometer. Microwave
treatments were carried out using a domestic microwave oven (Samsung, CE2877-N; Korea)
with an operating frequency of 2450 MHz. The microwave oven provided microwave
radiation at variable power levels of 100 W, 180 W, 300 W, 450 W, 600 W and 850 W.

Preparation of raw material

Palm oil mill effluent was collected from East Oil Mill, Sime Darby Plantation, Careylsland,
Selangor, Malaysia. The fresh POME sample was collected during production of palm oil at
a temperature between 80 °C and 90 °C. After allowing it to cool, the POME was
transferred to plastic container and tightly capped before transporting it to the UNITEN
laboratory. At the laboratory POME was filtered through 5 mm sieve to remove heavy
suspended particles. The containers were tightly capped and stored at 4.0 °C until further
use. The POME sample having 4.0% (w/v) of total suspended solid (TSS) was prepared on
the basis of material balances'’.

Microorganisms and culture conditions

Bacto-Peptone and yeast extract was purchased from BD Diagnostic Systems USA. The
culture used was commercial ragitapai (which provides the amylolytic enzymes). It was
obtained from the local market. Saccharomyces cerevisiae was used for the fermentation of
hydrolyzed carbohydrate. Before using as inoculums, ragitapai (10 g) were aerobically
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propagated separately in 250 mL flasks containing 100 mL YEP broth media (10 g.L" yeast
extract, 10 g.L"! Peptone and 5 g.L”' NaCl) at 37 °C and 250 rpm for 3 h. The liquid media
was autoclaved at 121°C for 15 min before the aerobic propagation.

Microwave assisted alkaline pretreatment of POME

Alkaline pretreatment of POME (for delignification) was carried out in 500 mL glass bottles
with screw cap. The POME sample (250 mL) having 4.0% (w/v) of total suspended solid
was added with 1% (w/v) NaOH. With the cap of the bottles slightly loose, the samples were
subjected to microwave treatment in a microwave oven. Output power was set at 180 W and
the exposure time was at 10 min. This power level was chosen since it allowed for sufficient
lengths of pretreatment time without drastic volumetric losses of the liquid phase. After pre-
treatment reaction, the samples were filtered to separate the insoluble solid from the soluble
fraction. The POME supernatant after the pretreatment was analyzed for TSS, reducing
sugar, total carbohydrate and COD to observe the effectiveness of the pretreatment method
compared to raw POME.

Reducing sugar contain in the POME supernatant was analysed using dinitrosalicylic
(DNS) assay™*, while total carbohydrate (TC) content was measured using phenol-sulphuric
acid assay” and the Chemical Oxygen Demand (COD) was measured using HACH
reagents. Total Suspended Solid (TSS) was measured using standard APHA method™.
Furfural was determined by using a spectrophotometer at 280 nm according to Aguilar et al.,”’
with furfuraldehyde as standard®’. The results were compared with the values obtained from
the raw POME

Microwave assisted hydrolysis of pretreated POME

As stated earlier, the second step in the process of bioethanol production is the
depolymerization of the carbohydrate polymers (cellulose and hemicellulose) introducing
sugars (glucose, fructose, xylose etc.) using cellulolytic enzymes. The microwave assisted
enzymatic hydrolysis (saccharification) of pretreated POME was performed in the
following manner. The pretreated POME supernatant (having 4.0% (w/v) of total
suspended solid was prepared as mentioned earlier. The pretreated POME supernatant
(250 mL) was added with 10 mL of 10% ragitapai and then was subjected to microwave
treatment (microwave oven, Samsung, CE2877- N, Korea) at 100 W for 3 h which
consisted of a 1 min break after every 10 minutes microwave exposure. During the 1 min
break, the sample mixture was removed from the microwave oven and mixed well by
rapid swirling. After 1 min of mixing the sample was put back into the microwave oven
and exposed to microwave irradiation for another 10 min. The 10 min cycle was continued
until the 3 h of incubation time was reached (about 18 cycles). After the 3 h hydrolysis
with microwave treatment at 100 W, the flasks were kept in a water bath at 50 °C for up to 5
min. At the end of 5 min, the supernatant was used to estimate the reducing sugar released
for each flask. The reducing sugar was estimated by 3,5-dinitrosalicylic acid (DNS)
method®. The result expressed in milligram of reducing sugar per liter of pretreated
POME (having 4.0% (w/v) of total suspended solid). A standard curve was drawn by
measuring the absorbance of known concentrations of glucose solutions at 570 nm. All
experiments were conducted in duplicate.

The control samples were not subjected to the microwave irradiation, but were incubated
at 50 °C in a shaking water bath (120 rpm) and incubated for 48 h. The supernatant was
analyzed for reducing sugars as before after the end of the incubation period.
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Analytical methods

Reducing sugar (measured as glucose) concentration in the samples was measured at several
intervals. Samples were collected at every 2 h interval for the first 10 h which consist of 5
data and another 5 data at every 4 h for the next 20 h. A total of 10 data were collected for
the entire run of 30 h. During the hydrolysis and fermentation, the content of reducing
sugars, calculated as glucose, was determined by 3,5-dinitrosalicylic acid (DNS) method**.
A standard curve was drawn by measuring the absorbance of known concentrations of
glucose solutions at 570 nm.

Results and Discussion

POME is a suitable substrate for bioethanol production because of its reasonably rich
carbohydrate content. The yeast, S.cerevisiae, is non-amylolyticbut, a very good candidate
for fermentation of sugar to ethanol”®. Hence, pretreatment of POME is important to break-
up lignocellulosic materials into simple sugar to be used by yeast during fermentation.
Among the common pre-treatment methods used to pretreat lignocellulosic materials
includes: physical (mechanical milling and extrusion), chemical (alkali, acid, ozonolysis and
ionic liquids) physicochemical (steam explosion, hydrothermal, microwaves, ultrasound and
CO, explosion) and enzymatic treatment'***. In this study alkaline pretreatment with low
level microwave irradiation (100 W power output) was performed. Table 1 shows the
characteristics of POME before and after the pretreatment. The POME mixture turned black
after subjecting the raw POME to microwave assisted alkaline pretreatment. From the Table 1,
it can be seen that there is a correlation between the amount of TSS reduced and the amount
of total carbohydrate increased after pretreatment. This shows that, the alkaline can rupture
the lignin seal to simple sugar’’. The pretreatment using alkaline, improves recovery of
sugars from hemicelluloses, facilitate the cellulose hydrolysis step and avoid the formation
of inhibitors (furfural) for subsequent fermentation processes™***. Alkaline treatment can
also remove acetyl and the various acid substitutions on hemicelluloses that lower the
accessibility of the enzyme to the hemicelluloses and cellulose surface*'. The presence
microwave irradiation helps in facilitating the conversion of carbohydrate polymers to
reducing sugars. Microwave treatment helps in destroying the crystalline polymeric structure
of carbohydrate and hence makes it easier for the conversion to reducing sugars.

The use of microwave radiation is a promising pretreatment process that utilizes thermal
and non-thermal effects generated by microwaves in aqueous environments. Superiority of
activating polysaccharides by microwave irradiation may be due to direct delivery of
microwave energy to polysaccharides through molecular interactions with electromagnetic
field. The vibration of polar molecules and the movement of ions results in the generation of
heat and extensive collisions. These effects can accelerate chemical, biological and physical
processes*?. From this study it was shown that the most efficient method for utilizing
microwave radiation as a pretreatment process for POME was at lower power levels (100 W)
in combination with dilute NaOH (1%). The choice of using NaOH as the medium is based
on the fact that the effects of microwave-based processes depend on the polar characteristics
of the system. NaOH has a much higher dipole moment compared to H,SO, and deionized
water, hence, makes NaOH a better choice for microwave assisted reactions*”. Low level of
MW power (100 W) was used in order to avoid the protein and other related structures from
denaturation and to minimize the thermal effects of the process. In a study by Palav and
Seetharaman™ relatively short duration of the microwave treatment was also selected by
them as appropriate for destroying the crystalline arrangement in carbohydrate polymers™.
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During delignification, the sodium hydroxide (NaOH) breaks the ester bonds cross-linking
lignin and xylan, thus increasing the porosity of biomass®. It was reported that during alkali
pretreatment of wheat straw, with microwave assisted heating, lower sugars losses and
higher hydrolysis rates were observed compared to alkali pretreatment with conventional
heating method™.

Table 1. Comparison of some properties of POME after pre-treatment

Parameters Raw POME Pre-treated POME
Color Dark brown Black
TSS, g/L 38.1 22.8
Reducing sugar, g/L 11.35 16.64
Total Carbohydrate, g/L 23.2 28.4
Soluble COD, g/L 59.0 58.6
Furfural, g/L 0.28 0.0

Microwave assisted hydrolysis of POME

Hydrolysis of cellulosic biomass prior to fermentation to ethanol is a very important step
because the yeast, S. cerevisiae, is non-amylolytic microbe. The hydrolysis (depolymerization)
of carbohydrate polymers was done by using enzymes present in the ragitapai. This was
done in order to provide sufficient amount of reducing sugar before the start of fermentation
for production of bioethanol by S. cerevisiae. Two sets of experiments (microwave assisted
hydrolysisand conventional hydrolysis) were performed. In microwave assisted hydrolysis
and pretreated POME samples were subjected to microwave irradiation for 5 min (100 W)
after addition of ragitapai. Low level of MW power was used (100 Watt) in order to avoid
the enzyme denaturation and to minimize the thermal effects of the process. At this level, the
temperature of the mixture was found to be in the range of 41 °C - 45 °C; which is crucial to
avoid enzyme denaturation.

Table 2. Reducing sugar yield for microwave assisted hydrolysis and non-microwave
hydrolysis of POME

Parameter Raw  Pre-treated Microwave Assisted Non microwave
¢S pOME POME enzymatic hydrolysis  enzymatic hydrolysis

Reducing =, 35 16.64 383 23.8

Sugar, g/L

As shown in Table 2, at the end of the total 3 h incubation under microwave exposure
(100 W output power; temperature 41 °C-45 °C) the highest yield of reducing sugar was
found to be about 38.3 g per liter of pretreated POME. As for the non-microwave enzymatic
hydrolysis, after the incubation period of 48 h, the yield of reducing sugar was found to be
23.8 g per liter of pretreated POME. This shows that microwave assisted enzymatic
hydrolysis enhances the yield of reducing sugar by about 3 fold as compared with the non-
microwave enzymatic hydrolysis process.

Non-thermal effects or microwave effect has been observed in a number of microwave
assisted catalytic or enzymatic reactions*. It has been proposed that at low power level of
microwave irradiation, the significant contributor is the non-thermal effects, while the
thermal effect plays only a minor role. The non-thermal effect brings about time-averaged
drift motion of matter*> which provides the molecule collision under microwave irradiation
extra driving force, which results in higher rate of reaction under microwave irradiation as
long as the enzyme is not deactivated by microwave. Under low power level of microwave
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irradiation, the active site of the enzyme molecules may undergo conformational changes
and the microwave energy can modulate the configuration of enzyme molecules by
accelerating the molecular rotation, which can provide more chance to make the substrates
fit to the enzyme per unit of time***'. It has also been suggested that microwave irradiation
was able to decrease the activation energy of the reaction. In their work on bio-diesel
production, Asakuma et al.,*®, have confirmed that preheating samples with microwave
irradiation give the molecules a more flattened configuration, which improves reactivity due
to the resultant lower dipole moment and lower activation energy.

Conclusion

This study examined the potential of microwave-based pretreatment and microwave assisted
enzymatic reaction on POME. It was determined that the most efficient method for utilizing
microwave radiation as a pretreatment process was at lower power levels in combination
with dilute NaOH. Ragitapai was chosen based on its ability toproduce glucose and ethanol
yields from starch directly as presented previous by other researches, but with low yields®’.
The present study had also highlighted the importance of well controlled microwave assisted
enzymatic reaction to enhance the overall reaction rate of the process. It should be noted that
enzymatic hydrolysis of lignocellulose material using typical enzymes was successfully
carried out under microwave condition. The effect of microwave irradiation strongly
depends on; micro-wave power level-higher levels of MW may cause denaturation of the
enzyme. The dominant factor in the microwave assisted reaction in this study may be treated
as non-thermal effects. The MIECC or microwave assisted enzymatic reaction effects on
reducing sugar production had shown a reaction rate increase of 3 fold.
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