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Abstract: Adequate water-removal techniques are requisite to remain superior biofuel quality. The
effects of vibrating types and operating time on the water-removal efficiency of molecular sieves were
experimentally studied. Molecular sieves of 3 Å pore size own excellent hydrophilic characteristics
and hardly absorb molecules other than water. Molecular sieves of 3 Å accompanied by two different
vibrating types, rotary shaking and electromagnetic stirring, were used to remove initial water
from the reactant mixture of feedstock oil in order to prevent excessive growth or breeding of
microorganisms in the biofuel product. The physical structure of about 66% molecular sieves was
significantly damaged due to shattered collision between the magnetic bar and molecular sieves
during electromagnetic stirring for 1 h. The molecular sieves vibrated by the rotary shaker appeared
to have relatively higher water-removal efficiency than those by the electromagnetic stirrer and by
keeping the reactant mixture motionless by 6 and 5 wt.%, respectively. The structure of the molecular
sieves vibrated by an electromagnetic stirrer and thereafter being dehydrated appeared much more
irregular and damaged, and the weight loss accounted for as high as 19 wt.%. In contrast, the
structure of the molecular sieves vibrated by a rotary shaker almost remained original ball-shaped,
and the weight loss was much less after regenerative treatment for those molecular sieves. As a
consequence, the water-removal process using molecular sieves vibrated by the rotary shaker is
considered a competitive method during the biofuel production reaction to achieve a superior quality
of biofuels.

Keywords: molecular sieve; water removal; rotary shaking; electromagnetic stirring; biofuel

1. Introduction

The mesocarp of palm accounting for 45–60 wt.% of whole palm fruit is the major
contribution of palm oil. Palm oil is primarily composed of free fatty acids (FFA) and
triglycerides consisting of glycerol and three fatty acids. Palm oil is the largest feedstock oil
provider for food, biochemical, and biofuels due to its highest ratio of oil yield/production
area and lowest production cost among terrestrial plants [1]. The oil yield of palm oil is
5.5 t/ha in comparison with 0.5 t/ha and 2 t/ha of soybean and rapeseed oils, respectively.
The production cost of palm oil is 300 USD/t, which is much lower than 700 and 800 USD/t
for rapeseed and soybean oils [2]. Global palm oil consumption is increasing rapidly from
61.6 million tons in 2016 to 71.5 million tons in 2020 [3]. Widespread use of various vegetable
oils for biofuel production is considered one of the significant measures to mitigate the
effects of greenhouse gases and acute climate change [4].

The preservation extent of vegetable oil quality partly depends on the water con-
centration in the oil. The existence of water in the palm oil might facilitate the oxidation
rate, leading to the deterioration of oxidation stability and increase in peroxidation value.
Further, fatty acids are hydrolyzed by water in lipids to form free fatty acids, which re-
act with the alkaline compounds to cause saponification and produce more water in the
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compounds [5]. The rate of hydrolysis reaction is further accelerated with higher water
concentration [6], leading to the deterioration of biofuel quality.

Water in vegetable oil frequently causes metallic corrosion of the oil storage tank and
might even break down the oil feeding system, including the high-pressure injection pump.
The water in vegetable oil also facilitates the growth and breeding of microorganisms such
as bacteria and fungi ascribed to accelerating biodegradability characteristics of vegetable
oils, resulting in worsening biofuel properties and damage to the flavors and nutrients in
the food oils. Water content in biofuel might be increased with its intensity of microbial
activity [7]. Hence, the lowest possible water content in biofuels is suggested [8].

Sebastian et al. [8] observed that the presence of water and free fatty acids in tallow
feedstock oil inhibited the extent of transesterification reaction. Further, Ma and Hanna [9]
suggested that the water content, acid value, and free fatty acids (FFA) are less than
0.06 wt.%, 1 mg KOH/g, and 0.5 wt.%, respectively, to prevent saponification reaction.
Eze et al. [10] found that the conversion rate of transesterification was only 50 wt.%
when the raw oil contained 5.6 wt.% FFA and 0.2 wt.% water. Hence, the separation
of water from feedstock oil is considered a requisite to improve biofuel properties [11].
The frequently applied techniques of separating a liquid from adhered liquid include
electrolytic dissociation, extractive distillation [12], vapor permeation [13], ion exchange
adsorption [14], and absorbent selection [15].

Some water-separating processes involve heating liquid mixtures to reach their boiling
points and thus require higher energy consumption. Here, the output energy to input
energy ratio of the whole production process may be less than 1 and, therefore, is less
economical in terms of energy requirement. The membrane separation method, which
requires high vacuum pressure at the permeation side of the mixture and regular cleaning
of its membrane structure, may not be an adequate choice for water separation during
biofuel production. Distillation by heating is the most often applied water-removal method
in the current transesterification with a strong alkaline catalyst [16]. Nevertheless, the fuel
properties of biofuel products might deteriorate with continuous heating under high tem-
peratures. Continuous or intermittent vacuum distillation was carried out by Lawrence and
Jiang [17] for separating water from biofuel. The vacuum pressure and operating tempera-
ture were controlled under 2.6 kPa and 105~110 ◦C. Likewise, some other more efficient
water-removal processes continue to be proposed and investigated. For example, alu-
minum silica materials have many tiny pores on the surface for absorbing compounds that
are smaller than those pores’ sizes, and those compounds can be stored within them [18].
The volume of the pore material may not change obviously with the stored compounds
from the surrounding. The function of the pore material after absorbing water could be
regenerated by heating under a high temperature and low humidity environment.

A few materials have been applied to those water-removal techniques, such as acti-
vated carbon, silica gel, activated aluminum oxide, and molecular sieve. Khalil et al. [19]
used activated carbon to remove nitrate and phosphate from water. Hybrid membranes
produced from activated carbon and whey protein fibrils were used to remove mercury
and chromium in water [20]. In addition, solid silica gel (SiO2) was applied to enhance
the oxidative transformation of caffeine in water [21]. Among those, a molecular sieve
composed of alkaline metal aluminosilicate is a constructive crystalline material possessing
precise uni-pore size. A molecular sieve with a pore diameter less than 2 nm (i.e., 20 Å) is
referred to as microporous material. Molecular sieves are frequently used as desiccants or
catalytic applications, including fluid catalytic cracking or hydrocracking [22]. In particular,
molecular sieves of precise pore size can be used to absorb materials of the corresponding
size. Only sufficiently smaller compounds than the pore size can enter these pores and
be adsorbed by the molecular sieves. Chemical compounds whose molecular diameter is
larger than the corresponding pore size of the molecular sieves are hardly adsorbed [23].
Further, a molecular sieve has extremely high hydrophilic characteristics so that even under
an ultra-low humid environment, its superior water absorption and storage properties are
retained [24]. The characteristics of the molecular sieves also include excellent crushing
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resistance, convenient regeneration capability, and swift adsorption rate [25]. The pore
sizes of commercialized molecular sieves are generally in the range of 3 and 10 Å. Zeolite
molecular sieve beds of 4 Å pore size were observed to successfully absorb water from
humid natural gas [26]. The carbon molecular sieve membrane was evaluated to be a highly
cost-effective method for separating CH4 from CO2 to upgrade biogas characteristics [27].
A total of 4 Å zeolite molecular sieves synthesized from attapulgite were also applied to
remove hydrogen sulfide (H2S) in gaseous fuels. The removal rate of H2S might reach
nearly 100% [28]. The molecular sieve of 3 Å pore size has excellent water-absorption
capacity and hardly absorbs molecules other than water [29]. Highly hygroscopic material
such as molecular sieve might absorb a large amount of water several times of its own
weight, while it is difficult to extrude out the absorbed water from the material.

The long-chained molecules of high-hygroscopicity material appear as a twisted
and curled structure before they absorb water. After water absorption, the twisted struc-
ture of the molecular sieve swiftly expands to become cross-linked cubes full of water
molecules [30]. Water content in feedstock oil might retard the transesterification reaction,
leading to deteriorated fuel characteristics of the biofuel product [31]. The water-removal
process is hence a necessity to enhance the reaction process for biofuel production. Al-
though high water-absorbing materials have been widely applied in industrial practices, no
study used those materials for water absorption during transesterification from feedstock
oil or alcohol. Moreover, there is no study reporting the investigation of the effects of highly
hygroscopic material accompanied by vibrating motion on the extent of water removal
from raw oil or alcohol during transesterification. Hence, the effects of vibration modes
and operating time of molecular sieves on the fraction of water removal from palm oil
and ethanol and the extent of structural damage of the water-absorbing material after the
process were experimentally investigated in this study. Molecular sieves accompanied by
two different kinds of vibrating motions, including electromagnetic stirring and rotary
shaking, were used to absorb water from the reactant mixture of transesterification. The
efficiency and rate of water removal and appearance and weight loss of molecular sieves
were observed and compared to find the optimum water-removal technique and thus
improve the fuel characteristics of biofuel.

2. Materials and Methods
2.1. Experimental Materials

Molecular sieves were used to absorb water from palm oil or ethanol, which are the
reactants of the transesterification for biofuel production. Palm oil was procured from
Formosa Oilseed Processing Co., Ltd. in Taichung City, Taiwan. Molecular sieves of 3 Å
pore size were provided by Eikme International Ltd. in Hsinchu County, Taiwan. The
water-absorption capability of 3 Å pore size has been found to be superior among those
commercialized molecular sieves of pore sizes in the range of 3 to 10 Å. One gram of the
3 Å molecular sieve is able to absorb as high as 0.83 g water [32]. The bulk density of the
molecular sieve is 0.63 g/mL. The molecular sieves of 3 Å are also used for the desiccation
of petroleum-cracking alkenes and gas [33].

2.2. Experimental Methods

Palm oil or ethanol has the disposition to absorb moisture from the environment [34].
Five grams of palm oil or ethanol was poured into a vial and sealed. The vial was placed
within a constant-temperature tank (Model LE-509D, Yih Der Ltd. in Taichung City, Taiwan)
at 25 ◦C. An internal circulating fan was operated to keep an even temperature distribution
in the tank. The vial was vibrated by a rotary shaker (Model TS-520D, Yih Der Ltd. in
Taichung City, Taiwan) within the tank for 5 min to mix the compound with 0.09 wt.%
initial water uniformly in the vial. The vibration frequency of the rotary shaker was set
at 140 rpm. A volumetric Karl Fischer Titrator (Model DL-31, Mettler Toledo Ltd. in
Greifensee, Switzerland) was used to measure the water content of palm oil or ethanol
stored in the vial. The experimental procedures are illustrated in Figure 1.
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Figure 1. The experimental procedures for removing water from palm oil or ethanol by molecular sieves under different
vibrating modes.

Molecular sieves of equal weight (5 g) to ethanol or palm oil were then added into
the vial containing palm oil or ethanol. The vial at a constant temperature of 25 ◦C was
then vibrated either by an electromagnetic stirrer or a rotary shaker for 1 h. The vial
containing the oil or ethanol sample after removing water using the molecular sieves
was then moved out from the constant-temperature tank to measure their water contents
by a volumetric Karl Fischer Titration. After absorbing water from palm oil or ethanol
under various operating conditions, the molecular sieves were collected and heated in a
high-temperature furnace (Model DF 404, Deng Yng Ltd. in New Taipei City, Taiwan) at a
constant temperature of 300 ◦C for 5 h for their dehydration and drying. The photographs
of molecular sieves before and after dehydration processes were taken for comparison.
The weights of the molecular sieves before and after dehydration were measured by a
precise electronic balance (Model 210 g, Mettler Toledo Ltd. in Greifensee, Switzerland) to
calculate weight loss of the molecular sieves during the water-removal process from palm
oil or ethanol under different vibration modes.

At every consecutive 0.5 h of operating time period from 0 to 6 h for comparing
the water-removal efficiencies between vibrating motions of electromagnetic stirring and
rotary shaking, the water contents in the mixture of molecular sieves and palm oil or
ethanol in the vial before and after the water-absorption processes were measured by a
volumetric Karl Fischer Titration. When the water-removal efficiencies between ethanol
and palm oil were compared, the water contents before and after the water-removal process
at every consecutive 5 min of operating time from 0 to 60 min were measured. The water-
removal efficiency from palm oil or ethanol by molecular sieves under rotary shaking and
electromagnetic stirring was defined as shown in Equation (1):

Water-removal efficiency (%) = (water content prior to water removal
(wt.%)) − water content after water removal (wt.%))/(water content prior to

water removal (wt.%)) × 100%
(1)

The results of water-removal efficiencies between different vibrating motions or ab-
sorbents were thus be calculated and plotted. The water-removal rate, defined as the
amount of water-removal per unit time, was also calculated for evaluating the effectiveness
of potential water-removal techniques. The rate of water removal is formulated as shown
in Equation (2):

Rate of water-removal (wt.%/min) = (water content prior to water removal
(wt.%)) − water content after water removal

(wt.%))/water-removal time (min)
(2)
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3. Results and Discussion

The effects of vibration modes and operating time on the water-removal efficiency
were experimentally investigated in this study. At least three repetitions were carried
out to obtain the mean values of the experimental data. The experimental uncertainties
of the water-removal efficiency by electromagnetic stirring, rotary shaking, and being
kept motionless were ±2.72%, ±4.36%, and ±1.84%, respectively; the uncertainty of the
water-removal rate was ±3.35%. The experimental results were explained and discussed
as follows.

3.1. Effect of Vibration Modes on Water-Removal Efficiency

The sample oil, molecular sieves, and a magnetic bar were kept in a vial to be vibrated
by an electromagnetic stirrer. The magnetic bar began stirring the mixture of the sample oil
and molecular sieves after triggering the electromagnetic stirrer. However, the magnetic
bar was prone to collide with the molecular sieves, causing structural damage to the
molecular sieves during the vibration of the vial. Part of the molecular sieves was even
shattered to become powder after the vial’s vibration, leading to fast deterioration of the
water-absorption capability of the molecular sieves. The appearance of molecular sieves
before and after the water-removal process vibrated by an electromagnetic stirrer is shown
in Figure 2. Around 66% of the molecular sieves were subjected to structural damage
ascribed to collision and friction between the molecular sieves and magnetic bar during
electromagnetic stirring for 1 h. This caused the scaling-off of the surface material from
the molecular sieves to mix with surrounding palm oil, resulting in a turbid palm oil
liquid mixed with molecular sieve material. In contrast, under rotary shaking, most of
the molecular sieves, after absorbing water content from palm oil or ethanol, appeared to
be in original shape, with only a slight scale-off from the molecular sieves’ surface. The
comparative appearance of molecular sieves before and after water-removal processes
under the vibration effect of the rotary shaker is shown in Figure 3. It was shown that
after water removal by molecular sieves, palm oil appeared as only mildly turbid because
of little damage to the molecular sieves by rotary shaking, and the shapes of molecular
sieves remained almost integrated. Almost 100% structure of the molecular sieves after
water-removal process by rotary shaking for 1 h remained but suffered only slight collision.
Herold and Mokhatab [35] found that zeolite molecular sieves of 3 Å pore size are capable
of selectively removing water from liquid aliphatic alcohol. The vibrating motion could
help molecular sieves in promoting their rate of water adsorption from aliphatic alcohol.
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The water-removal efficiency, as defined in Equation (1), was found to decrease with
the operating time due to the broken structure and thus partial water-adsorption function
loss of the molecular sieves after 3 h of absorbing water from ethanol accompanied by elec-
tromagnetic stirring in Figure 4. After 6 h of water absorption, part of the water absorbed
by the molecular sieves accompanied by electromagnetic stirring released back to ethanol
liquid, indicating that its water-removal efficiency decreased after 3 h of water absorption,
as shown in Figure 4. In contrast, the water-removal efficiency steadily increased after
30 min of fast water absorption from ethanol by molecular sieves accompanied by the
vibration effect of rotary shaking (Figure 4). The water-removal efficiency of the molecular
sieves vibrated by rotary shaking for 6 h was observed to be higher than that of electro-
magnetic stirring by 6% for the same time, as shown in Figure 4. Molecular sieves are
considered more efficient than other desiccants such as activated charcoal, silica gel, and
alumina for dehydration in that they are small-pore adsorbents and with less possibility of
co-adsorption of hydrocarbons [36]. Lad and Makkawi [37], after comparing the adsorption
efficiency of methyl chloride among activated carbon, silica, and molecular sieves, found
that the adsorption capability increased with the increase in adsorbent surface area. The
molecular sieves vibrated by rotary shaking were found to have superior water-absorption
efficiency due to its less damage by collision and higher complete adsorption surface area
in turn in comparison with that by electromagnetic stirring.
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The molecular sieves, after 6 h-water absorption under two different vibrating modes,
were dehydrated, and their appearance was compared (Figure 5). The surface shapes of
the dehydrated molecular sieves under electromagnetic stirring in Figure 5a appeared
to be more irregular and broken than those under rotary shaking, as shown in Figure 5b,
which were considerably glossier and mostly retained their original ball-shapes. The extent
of damage caused to molecular sieves varied under different vibrating modes. When
electromagnetic stirring was used to vibrate the mixture of molecular sieves and ethanol, a
magnetic bar stirred the mixture under the effect of an electromagnetic field. Molecular
sieves, being less hard than the magnetic bar, were prone to apparent damage due to the
collision of the magnetic bar. In contrast, under rotary shaking action, direct collision
among the molecular sieves with the same structure hardness rendered relatively less
damage to the molecular sieves. The variation of total weight percentages of molecular
sieves before and after water absorption under different vibrating modes are presented in
Figure 6. Jemil et al. [38] found that increasing concentration of molecular sieves caused
the gradual reduction in water in the reaction system. The vibration motion could decrease
the concentration of molecular sieves required to reduce the same amount of water in
the reaction system. Particularly, the molecular sieves suffered significantly larger weight
loss under electromagnetic stirring treatment than rotary shaking action. The weight
loss of molecular sieves under electromagnetic stirring accounted for as high as 19 wt.%,
compared with less than 2 wt.% by rotary shaking after 6 h of water absorption. This
indicated nearly 10-times higher weight loss after electromagnetic stirring than that after
rotary shaking. This considerable weight loss of molecular sieves under electromagnetic
stirring can also be judged by their indented and shrank surfaces, as shown in Figure 5a.
Wang et al. [39] studied the effects of electromagnetic stirring (EMS) on mechanical prop-
erties and microstructure of Incoloy825 superalloy. They found that both the ultimate
tensile strength and elongation rate of the superalloy increased with the application of
electromagnetic stirring.

Based on the above-mentioned results, rotary shaking is suggested to be a more
efficient vibrating mode to remove water from feedstock oil mixture during transesterifica-
tion reaction. Further, rotary shaking causes considerably less structural damage to the
adsorbent molecular sieves compared with electromagnetic stirring. The rotary shaking
motion could also enhance the extent of fluidity [40] between the oil sample and adsorbent
through the vibration of the rotary platform. The mixing extent of various reactants could
also be raised by rotary shaking under an adequate rotary speed to facilitate a chemical
reaction [41].
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Figure 6. Comparison of weight percentages of molecular sieves before and after water-removal
experiments vibrated by electromagnetic stirring and rotary shaking.

3.2. Effects of Rotary Shaking and Motionless Treatment on Water Absorbency

Rotary shaking was shown to have significantly higher water-removal efficiency than
keeping the mixture of oil sample and molecular sieves motionless, as shown in Figure 7.
After 30 min of water absorption from ethanol, the water-removal efficiency of rotary
shaking was higher than that of the motionless mixture by 5%. The water-removal efficien-
cies of those two cases appeared to slightly increase with the operating time after 1 h of
operation. This is attributed to the increase in the contact area and frequency of interaction
between molecular sieves and ethanol under the rotary shaking motion at 140 rpm speed,
resulting in superior water-absorption capacity of molecular sieves than keeping the mix-
ture motionless. Tiadi et al. [42] found that higher adsorbent dosage, agitation speed, and
contact time caused faster adsorption rates after comparing three different adsorbents. The
increase in rotary shaking speed and reactant temperature was also observed to facilitate
the activity of the chemical reaction and catalyst [43]. Raviadaran et al. [44] suggested that
the increase in the absorption rate of contaminants by molecular sieves may be ascribed to
more available adsorption sites provided by a higher adsorbent dosage or increased contact
frequency between adsorbent and contaminants. Hence, the molecular sieves vibrated
by rotary shaking were observed to remove more water from ethanol compared to other
keeping motionless processes.

3.3. Effects of Water-Absorption Time

In the initial 5 min of water absorption by rotary shaking, the efficiency of water-
removal from ethanol was considerably higher than that of palm oil (Figure 8). The
water-removal efficiency of ethanol remained almost unchanged at nearly 85% after 10 min
of water absorption. After 60 min of the absorption process, the water-removal efficiency
of palm oil achieved that of ethanol, as shown in Figure 8. It is possible because ethanol is a
polar solvent with low viscosity. Water molecules are thus prone to be absorbed and mixed
with ethanol. The molecular structure of ethanol sustains its superior miscibility with both
polar and nonpolar compounds. In particular, ethanol is rather hydroscopic to readily
absorb water molecules from the environment [45]. Likewise, water can also be easily
adsorbed out from ethanol by molecular sieves. In contrast, under rotary shaking, palm
oil mixed with water tended to form a partial emulsion of water droplets-in-oil, resulting
in the formation of many water droplets enveloped by the outer oil layer [46]. Palm oil
is primarily composed of fatty acids, which are esterified with glycerol. The saturated
fatty acids of palm oil could reach as high as 50 wt.% [47]. Hence, palm oil is considerably
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more viscous and heavier than ethanol, makes it relatively difficult to adsorb water out
from the emulsion of palm oil by the molecular sieves. Hence, a milder increasing curve
of water-removal efficiency with the operating time for palm oil appeared as, as observed
in Figure 8.
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Figure 8. Comparison of the changes in water-removal efficiency with operating time between palm
oil and ethanol by molecular sieves with rotary shaking.

Under rotary shaking motion, the water-removal efficiency of molecular sieves from
ethanol soon reached 80% within 5 min of initiation. The water absorbency of molecular
sieves for ethanol tended to reach saturation in the initial 10 min and thereafter appeared
unvaried with the operating time while the water-removal efficiency for palm oil steadily
increased and reached that of ethanol (at nearly 90%) after 60 min of operation. Water
molecules were found to be more prone to be squeezed out from ethanol-water matrix
under rotary shaking motion of the molecular sieves than from palm oil-water structure [48].
Superior water-absorbent materials such as molecular sieves provide high water-absorption
function and excellent water retention performance [49]. Fluid and burning characteristics
of biofuel products such as kinematic viscosity, cold filter plugging point (CFPP), and acid
value are influenced by the water content in the reactant mixture [50]. The water-removal
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rate in terms of wt.%/min as formulated in Equation (2) is defined as the amount of
water removal (wt.%) per unit time (min). The water-removal rate of the molecular sieves
for ethanol and palm oil under rotary shaking motion in the first 5 min was 1.005 and
0.476 wt.%/min, respectively. This indicates that the water-removal rate of ethanol was
considerably faster than the palm oil by nearly two-fold. After 60 min of operation, the
water-removal rate from both the analytes reached the same at 0.097 wt.%/min.

4. Conclusions

In this study, molecular sieves accompanied by two different vibration modes, includ-
ing rotary shaking and electromagnetic stirring, were used to remove initial water from
feedstock palm oil or ethanol. The water-removal efficiency and water-removal rate from
ethanol or palm oil at various operating times were analyzed. The major results of this
study are summarized as follows:

1. The magnetic bar was prone to collide with the molecular sieves in the vial to cause
structural damage of the latter during electromagnetic stirring. The shape and struc-
ture of about 66% of molecular sieves were obviously damaged due to frequent
collision and friction between the molecular sieves and magnetic bar under the effect
of the electromagnetic field. It resulted in fast deterioration of water-absorption capa-
bility of the molecular sieves and a slight decrease in water-removal efficiency due to
the release back of absorbed water from the molecular sieves;

2. The surface shapes of all the molecular sieves were nearly intact and only scaled
off slightly from their surfaces after water removal from ethanol by rotary shaking
motion for 6 h. The water-removing capability of the molecular sieves is almost
sustained after the process accompanied by rotary shaking;

3. The water-removal efficiency of the molecular sieves vibrated by a rotary shaker
was higher by 6% than that by an electromagnetic stirrer after 6 h water absorption
from ethanol. The electromagnetic stirring motion caused an obvious loss of water-
absorption capability of the molecular sieves due to severe structural damage during
the water-removal process;

4. The shapes of molecular sieves were much more irregular and broken after being used
for 6 h water-removal from ethanol under electromagnetic stirring than those by rotary
shaking. In contrast, the molecular sieves under rotary shaking remained almost like
original, ball-shaped, and much glossier. The extent of structural damage of the molec-
ular sieves resulted in the accompanied loss of their water-adsorption capability;

5. The water-absorbing process by molecular sieves vibrated by electromagnetic stir-
ring for 6 h caused significantly larger weight loss of the molecular sieves, which
accounted for 19 wt.%, nearly 10 times, than that by rotary shaking, which was less
than 2 wt.%. The rotary shaking motion is considered a much more adequate agi-
tation method to increase contact frequency and area among the reactant mixtures
of feedstock oil, water, and alcohol. This results in a higher reaction rate and faster
water-removal efficiency;

6. The water-removal efficiency of molecular sieves vibrated by a rotary shaker is
higher than that of the remaining motionless mixture of molecular sieves and ethanol
by 5% after 30 min of the water-absorption process. The vibrating motion could
facilitate the fluidity and mixing extents of the reactant mixture and thus accelerate
the chemical reaction;

7. The water-removal efficiency from ethanol was considerably higher than that from
palm oil by molecular sieves vibrated by a rotary shaker. The water-absorbing
capability of the molecular sieves from ethanol reached saturation and steady-state
after 10 min while the water-removal efficiency from palm oil increased with time and
reached that of ethanol (90%) after 60 min of operation. Ethanol is highly hydroscopic
and readily absorbs or desorbs water molecules than palm oil, composed of complex
fatty acids and glycerol with much higher viscosity;
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8. The water-removal rate of the molecular sieves from ethanol by rotary shaking motion
in the first 5 min of the operation period was significantly higher and nearly twice
that from palm oil in the same period of operation. The molecular structure of ethanol
assures its superior miscibility with water molecules and higher water-removal rate.
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