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In gasohol, the concentration of aqueous ethanol should be further increased from 95.6 % (by mass) to 99.5
% (by mass) by dehydration. In industrial processes, zeolite 3A is usually applied for acohol—water
separation. However, it adsorbs ethanol and water at a similar level (uptake of water/uptake of ethanol =
2.01), resulting in inefficient separation. In this study, potato starch was chosen as an adsorption material
because of its very high selectivity and greater capacity for water (uptake of water/uptake of ethanol =
64.18). Conversely, the adsorption capacity of potato starch after regeneration will be substantially reduced,
requiring further modification of the material. After regeneration, the unmodified starch decreased its
adsorption capacity by 19.70 %, while the immobilized starch had a slight decrease of only 0.56 %. The
sol—gel process was used to immobilize the starch, and the equilibrium adsorption isotherm was obtained
to describe the immobilized sorbent. The selectivity of the immobilized starch sorbent had a ratio of 4.39
(water to ethanol). Compared to the zeolite 3A in the industrial dehydration process, this selectivity of
immobilized starch is almost double that of zeolite 3A. The Langmuir model best describes the experimental

isotherm curve of the selected sorbents.

Introduction

In industry, a simple fermentation process can produce an
approximately 10 % (by mass) ethanol solution which can be
increased to 50 % (by mass) after one distillation. Since water
and ethanol will become an azeotropic mixture during distilla-
tion, it makes them difficult to separate by simple distillation.
Continued effort to produce a more concentrated ethanol by
the distillation process will only waste energy and is considered
not cost-effective. There are three methods currently used to
dehydrate acohol: azeotropic distillation with an entrainer,®
membrane distillation,? and the use of adsorbents.® Thisresearch
focused on the adsorption method and a proper choice and
improvement of the adsorbent. The commonly used material to
adsorb water from ethanol is zeolite 3A because of its pore size
that lies between the molecular size of water and ethanol.*
Although zeolite 3A isfit for ethanol dehydration, its regenera-
tion by degassing at high temperature wastes a lot of energy.
Here, we tried to find a new material to replace zeolite 3A with
the primary standard of being green and cost-effective. Some
studies suggest that bioadsorbents are good materias for the
selective removal of water from ethanol.® It was found that
potato starch has the best selectivity between water and ethanol
as compared to other bioadsorbents like cellulose,” cassava
starch, and corn starch. However, because of aggregation and
gelatinization problems, the capability of potato starch to adsorb
water after regeneration will substantially decline.

There are two types of water inside starch particles: free
water, which can be found inside the pores, and bonding water,
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which interacts with the starch molecules. Starch adsorbs water
with limited swelling; it can adsorb water up to half its volume,
and it can expand to a volume that ranges from 30 % to 100 %
its original size. Regeneration of starch requires degassing at
high temperatures. However, the structure of starch will be
destroyed when subjected to heat leading to gelatinization and,
thus, to irreversible expansion.® For this reason, starch was
improved by immobilization in this study. The expansion limit
of starch will be controlled by the immobilization matrix. With
this, aggregation of starch will be avoided as well as gelatiniza-
tion. In this research, the enzyme immobilization process was
applied to immobilize starch. Immobilization can be reversible
or irreversible. The reversible methods include adsorption,® ionic
binding,™® affinity binding,** chelation,* or metal binding and
disulfide bonds; irreversible methods include covalent binding,*>*4
entrapment,*>*® microencapsulation,*”*® and cross-linking.*®
Irreversible immobilization is the permanent attachment of the
enzyme to the support and any means of detaching the enzyme
would destroy either the enzyme or the support. This research
dealt with sol—gel techniques to encapsulate the starch.

The encapsulation process is based on the entrapment of
biomolecules to a matrix. In this process, there is no covalent
interaction between the matrix and the starch.?®?' Other
advantages are the permeability of the matrices and the tunable
material porosity. There are two encapsulation methods: sol —gel
technology and bioencapsulation in a matrix formed by pho-
tocross-linkable polymers.?> The sol—gel process is based on
the ability to form metal-oxide, silica, and organosiloxane
matrices of defined porosity by the reaction of organic precursors
at room temperature.”® This study aimed to improve the
reusability of starch, by immobilizing it using a sol—gel
technique, for the successful removal of water from ethanol.
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Figure 1. Static adsorption apparatus (gravimetric method) used in this work.

Experimental System

Materials. The reagents used in these experiments include
high-purity tetraethyl silicate, Si(OC,Hs),, TEOS (Showa, 99
%); hydrochloric acid, HCI (Showa, 35 %); ammonium hy-
droxide, NH,OH (Tedia, 29.7 %); and soluble starch with a
particle diameter of (30 to 45) um (Sigma-Aldrich).

Equipment. The surface of the adsorbent was analyzed by a
Brunauer—Emmett—Teller (BET) sorptometer (ASAP 2020,
Micromeritics). Scanning electronic microscopy (SEM S-3000N-
EDX model) was used for the elemental analysis of the hybrid
material, while a Hitachi model S-4100 SEM was used for
observing the condition of starch on silica. For isotherm
adsorption experiments, an equipment schematic is shown in
Figure 1.

Starch Immobilization. In the experiment, TEOS was used
as aprecursor, HCl as atransformation agent, and NH,OH with
deionized water solution as a buffer to adjust the pH of the
silica solution. Starch was encapsulated by directly adding it to
the mixture. The molar ratio of the sol —gel materials was TEOS
H,O/HCI/NH4OH/starch = 1:0.02:0.016:[(0.0005 to 0.000025)
g+mol~! TEOS]. The sol—gel process includes a liquid-phase
reaction and gelatinization followed by drying.

Hydrochloric acid was added into a flask containing TEOS
and then continuously mixed (600 rpm) at room temperature.
After 5 min, the pH was adjusted (pH = 2) by the addition of
ammonia a kaline solution with constant stirring for about 1 h.
A homogeneous solution indicates completion of the “sol”
process; this step involves the hydrolysis of Si—OR to Si—OH.
The starch was added directly into the “sol” solution and mixed
at 320 rpm to maintain the starch suspension. The mixture was
heated at 80 °C to increase the rate of gelatinization; here,
Si—OH is converted to Si—O—Si. The gel was then cut into
small pieces and oven-dried for about 12 h. The starch to silica
ratios (by weight) investigated were different: the ratio of silica
and starch in SS-1 was 10:1; SS-2 was 5:1; SS-3 was 2:1; SS-4
was 1:1; and SS-5 was 1:2.

Adsorption Process. Prior to each experiment, the adsorbent
was degassed under vacuum at 100 °C for 24 h. Then, it was
placed on amicrobalance, and the recording of theinitial weight
was started. The vacuum was started until the required level

Table 1. Surface Properties of the Sorbents (ASAP-2020)
BET area surface micropore volume average pore diameter

material m2.g~t cmi-g! A
silicagel 482 0.227 18
SS1 246 0.117 18
SS-2 246 0.115 18
SS-3 168 0.074 17
SS4 87 0.035 16
SS5 74 0.037 19

was reached. The appropriate volume of gas adsorbate was then
allowed to pass through the system until the system reached
the desired pressure. Pressure and weight recording was started
soon after the balance stabilized. The described steps were
repeated until the gas adsorbate reached its saturated vapor
pressure (Figure 1). Mapping the pressure versus the adsorbed
weight gave rise to the equilibrium isotherm curves.

Results and Discussion

BET Surface Analysis. It is shown in Table 1 that, when
silica gel was mixed with starch, the porosity of the material
decreases. Increasing the ratio of starch in the mixture causes a
decrease in both the BET surface area and the average pore
diameter except for the SS-5, and the variation of the surface
properties of the mixtures is due to the almost nonporous nature
of the starch particles.

SEM and Energy-Dispersive X-ray (EDX) Analysis of
the Hybrid Material. Under different magnifications, it was
observed that the starch was embedded (Figure 2) on the silica
gel after immobilization. In hybrid material, more starch was
added, and more circular particles inside the silica gel can be
found with the same magnification. That means that the circular
particles are the starches in the figure (Figure 3). With the same
magnification as the SEM-EDX analysis, the elemental analysis
of the material shows that the addition of starch increases the
carbon content of the resulting material; this confirms the
successful immobilization of starch (Table 2). However, under
the same unit area, the locations formerly occupied by the silicon
particles would be replaced by starch.

When too much starch was added into the silica gel, the
amount of silicon in the mixture would not be enough to
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Figure 2. Condition of starch on silica (SEM photo of sorbent SS-4).

Figure 3. Condition of different amounts of starch immobilized on silica
(SEM photo).

immobilize and interact with the starch particles. Instead, the
starch particles would interact with each other to form alarge
mass of starch. The key to higher water to ethanol selectivity
of starch isthe type of interaction it uses; starch uses hydrogen
bonding to capture water molecules, while silica gel uses van
der Waals interactions. The highest amount of starch that can
be added isa 1:1 (SS-4) ratio with the silica gel. Increasing the
starch content further (SS-5) will cause a decrease in the percent
(by mass) of the elemental carbon in the mixture.

Selectizity of Water and Ethanol. For water adsorption,
potato starch is the best material (Figure 4), while pure silicais
the best for ethanol adsorption (Figure 5). Because of the
hydrophilic property of silica, it adsorbs both water and ethanol
well. However, in terms of water selectivity, potato starch is
superior over silica gel (Figure 6).

In order for the starch to be used repeatedly, it needs to be
immobilized to a support like silica gel. Increasing the amount
of starch in the silica gel increases the selectivity of the material
but not as high as the selectivity of the pure starch. The new
hybrid sorbent has a selectivity of up to 4.38 (water/ethanol) as
compared to the commonly used adsorbent zeolite 3A with a

Table 2. Elemental Analysis of the Hybrid Sorbents in This Study
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Figure 4. Water vapor equilibrium isotherms for selected sorbents (298
K). P/Pais the partial pressure, and P,/Pa is the saturated pressure of the
sorbate.
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Figure 5. Ethanol vapor equilibrium isotherms for selected sorbents (298
K). P/Pais the partial pressure, and P,/Pa is the saturated pressure of the
sorbate.

selectivity of less than half of that of the new sorbent (Table
3). The regeneration temperature required for the new material
isalso lower than that of zeolite, making it a potential adsorbent
replacement for zeolite 3A.

Original Starch Regeneration Adsorption Test. In raw starch,
regeneration adsorption tests gave adsorption reductions of 19.70
% (second test), 26.94 % (third test), and 37.00 % (fourth test),
when compared with the first test. The regeneration capacity is
not good for the raw starch adsorption test. After four adsorption
and regeneration tests the capacity of potato starch had been
reduced to sixty percent. This reduction is not good in industry
(Figure 7).

SS-3 Regeneration Adsorption Test. The water uptake of the
SS-3 mixture after the first regeneration increases by 0.081 %
followed by 1.14 % and 5.32 % for the second and third
regenerations, respectively (Figure 8). However, for the fourth
regeneration, a decrease in water uptake of 0.56 % was observed.

sorbent SS1 SS-2 SS-3 SS4 SS5

element C (0] Si C O Si C O Si C (@] Si C O Si
% (by mass) 1378 49.01 3721 2694 5019 2286 3613 5025 1362 39.16 4915 1169 2137 50.66  27.97
atomic % 20.72 5534 2394 3621 5065 1314 4534 4735 731 4831 4552 6.17 2995 5329 16.76
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Figure 6. Ratio of water-to-ethanol adsorption in selected sorbents (298
K). P/Pais the partial pressure, and P,/Pa is the saturated pressure of the
sorbate.
Table 3. Adsorption Ratio of Water-to-Ethanol Vapors
water adsorbed  ethanol adsorbed

ratio
adsorbent mg-g* mg-g* (water/ethanol)

SS4 139.37 31.76 4,39
SS-3 135.11 47.07 2.87
SS-2 133.21 57.2 2.33
SS1 99.51 59.9 1.66
pure silica 129.86 95.65 1.36
zeolite 3A 82.13 40.86 2.01
potato starch 167.56 2.61 64.18

The reason for the increasing uptake for the first three regenera-
tion steps is the formation of new pores every regeneration step
which increases the surface area of the material. The decrease
in water uptake for the fourth regeneration was due to aging.
For the first three regenerations, the rate to generate new pores
is faster than that of aging, but for the fourth regeneration, the
rate of aging is faster than that for new pore formation, resulting
in a decrease in adsorption.

SS-4 Regeneration Adsorption Test. For the SS-4 mixture,
a reduction of water uptake was observed for the first three
regenerations, which were 7.63 %, 9.79 %, and 8.18 %,
respectively (Figure 9). As opposed to the result in SS-3, the
fourth regeneration resultsin an increase in water uptake. Since
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Figure 7. Adsorption capacity variation of the original starch sorbent in
different reuse times (298 K). P/Pais the partia pressure, and Py/Pais the
saturated pressure of the sorbate.
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Figure 8. Adsorption capacity variation of sorbent SS-3 in different reuse
times (298 K). P/Paisthe partial pressure, and P,/Pais the saturated pressure
of the sorbate.
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Figure 9. Adsorption capacity variation of sorbent SS-4 in different reuse
times (298 K). P/Paisthe partial pressure, and P/Pais the saturated pressure
of the sorbate.

the starch content is higher, the rate of aging is faster for the
SS-4 hybrid. A continuous increase in the rate of aging
surmounts the rate of pore formation, which resultsin a decrease
in water uptake for each regeneration step. After the three
regeneration steps, the limit of aging was reached, allowing pore
formation to take effect in the fourth regeneration.

Data Regression. The adsorption isotherm fitting for each
material was done using the nonlinear |east-squares method with
the Langmuir and BET models. Using the Langmuir isotherm
model for water adsorption, better results were observed for
the newly synthesized materials together with zeolite 3A, potato
starch, and silicone mixture as shown by the higher R? values
(Table 4). From the regression data, the maximum single layer
adsorption capacity (qy) for all the immabilized sorbents were
between (5 to 15) mmol g%, while those for potato starch, silica
gel, and the Si/Al mixture (zeolite) were between (4 to 12)
mmol -g~t. The BET model is not fit to describe the experi-
mental data because it produces unsatisfactory R? values and
also a meaningless (, since it is aready lower than the
experimental data. For ethanol adsorption, the Langmuir model
is still better except for zeolite 3A (Table 5). The maximum
single layer adsorption capacity (qy) for ethanol uptake was
calculated to be between (1 and 3) mmol -g~2.



Journal of Chemical & Engineering Data, Vol. 55, No. 12, 2010 5811

Table 4. Regression Constants of Selected Adsorption Models for
Water Vapor Adsorption Data in This Work (298 K)

Om
model R2 mmol-g~* b
SS1 Langmuir 0.998 5.665 17.913
BET 0.706 0.363 7.185
SS-2 Langmuir 0.999 15.584 1.387
BET 0.988 0.755 1.158
SS-3 Langmuir 0.997 10.374 3.656
BET 0.936 0.633 2.081
SS-4 Langmuir 0.987 10.61 2.986
BET 0.833 0.640 1.742
silica gel Langmuir 0.999 9.375 5.017
BET 0.979 0.579 2.797
zeolite 3A Langmuir 0.995 4.438 54.019
BET 0.146 0.295 14.427
potato starch Langmuir 0.981 12.113 4,272
BET 0.960 3.581 20.226

Table 5. Regression Constants of Selected Adsorption Models for
Ethanol Vapor Adsorption Data in This Work (298 K)

Om
model R? mmol -g~* b
SS1 Langmuir 0.967 1.944 26.964
BET 0.602 0.125 9.103
SS-2 Langmuir 0.964 1.849 25.413
BET 0.427 0.124 7.358
SS-3 Langmuir 0.988 1.659 11.982
BET 0.407 0.794 6.469
SS4 Langmuir 0.933 1.027 22.207
BET 0.581 0.067 7.636
silica gel Langmuir 0.987 3.166 25.531
BET 0.685 0.204 8.750
zeolite 3A Langmuir 0.561 1.185 61.614
BET 0.381 0.054 0.994
potato starch Langmuir 0.874 0.168 0.008
BET 0.583 0.100 0.286
Conclusion

On the basis of the experiment, the optimum ratio of starch
to silica gel for selective water to ethanol adsorption is 1:1
(w/w). A decrease in water uptake of 37.00 % was observed
for the unmodified starch after three regenerations, while a
significantly lower decrease in water uptake was observed for
the immobilized starch sorbents after the same number of
regenerations. The rate of decrease in water uptake for the SS-3
hybrid was lower than that of the SS-4 hybrid because of the
amount of starch present. The impact of regeneration on
adsorption capability is more pronounced on starch than on silica
gel. In terms of the high water to ethanol selectivity, the SS-4
hybrid (with a water to ethanol ratio of 4.39) is better than SS-
3. Infitting the regression data for the new materials as well as
potato starch and silicone, the Langmuir model provides good
R? values.
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