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ABSTRACT The adsorption kinetics of water from an azeotropic mixture of isopropyl alcohol and water
using chemically activated natural zeolites with and without a binder (starch) was investigated. In
addition, an investigation of the compressive strength of zeolite pellets was conducted to ascertain the
performance of the adsorbent for long-term operation. Three parameters were applied in the zeolitemaking process: the particle size of zeolite (20, 30, 50, and 80 mesh), the sintering temperature (550,
750, and 1,000°C), the compaction pressure (2, 4, and 6 tonnes), and the starch-to-zeolite weight ratio
(0, 1:3, 1:5, and 1:7). Initial screenings indicated that the strongest zeolite pellet was 80-mesh zeolite
powder (without starch addition) that was compacted using 6 tonnes pressure and was sintered at
750°C. The adsorption tests using the strongest zeolite were conducted in a packed-bed column for
three cycles, followed by compressive strength tests on the zeolite pellets after each cycle. According
to the experimental data, zeolite pellets made without the addition of starch could adsorb up to 98.4%
of the initial water in the mixture. From the four models proposed to describe the kinetics of adsorption
of water from the mixture, the Freundlich model turned out to be the best model.
© The Author(s) 2020. This article is distributed under a Creative Commons Attribution-ShareAlike 4.0 International license.

1. INTRODUCTION
Solvent recovery is an important process in the chemical industry to make the whole process more efﬁcient and more
economical, as well as to satisfy environmental regulations.
Solvent recovery can be performed by several methods. For
instance, by distillation using a distillation column, by pervaporation using a membrane (Kasik and Lin 2014; Chaniago et al. 2015), and by adsorptive separation in an adsorption column (Saha et al. 2015; Nagarajan and Chandiramouli
2017). While distillation appears to be the most frequently
used separation technique in industry, its separation performances are limited, especially in a case where the difference of the boiling points of each chemical species is very
tight, creating an azeotrope.
Isopropyl alcohol (IPA) is one of the organic solvents
widely used in industry, either as a solvent or as an additive
in pharmaceuticals (Walter et al. 2016), and is frequently
mixed with water. One of the problems observed in the conventional distillation of an IPA-water mixture is the presence of an azeotropic condition when the IPA purity in the
mixture is 87.7 wt.% and when the mixture temperature is
80.3°C (Kuila and Ray 2013). A more efﬁcient dehydration
of IPA in industry is necessary to allow the recycling of pure
IPA, to create economic beneﬁts, and to achieve an environmentally friendly process (Liu et al. 2014).
Some modiﬁcations have been made on the distillation of azeotropic mixtures, such as by using an additional
solvent to perform extractive distillation or by employing

membrane distillation (Sawamura et al. 2015; Chen et al.
2017). Separation using a membrane has also begun to receive more attention from researchers, because it offers
the recovery of pure IPA. Nonetheless, membrane distillation requires an expensive initial investment due to the
high quality materials needed to provide high permeability,
selectivity, durability, and mechanical stability. Additionally, the maintenance of the membrane by regular chemical
cleaning also causes the operational expense to be costly
(Hua et al. 2014). Therefore, this study focused on developing a method that was not only able to recover pure IPA, but
also lowered the cost needed for separation.
In this study, adsorption was chosen as the method to
be developed by utilizing chemically activated natural zeolite as an adsorbent, which was packed in a vertical cylindrical column. Natural zeolite has excellent properties for the
water adsorption process because of its hydrophilic properties (Giroux et al. 2016; Siddiki et al. 2016). Compared
with activated carbon, natural zeolite could have a higher
surface area, up to 1000 m2 /g, and poses a uniform pore
size distribution. However, natural zeolite that exists in
nature as aluminosilicate crystalline is known to be contaminated by metal oxides attached on the pore surface
(Pérez-Page et al. 2016). To allow for the attachment of water molecules to the zeolite pore surfaces, free oxides and
impurities such as Al2 O3 , SiO2 , CaO, MgO, Na2 O, and K2 O
must be removed (Bonaccorsi et al. 2016). These molecules
may close the pathways into the pores or the active sites of
the zeolite, causing the adsorption capacity of the zeolite
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to decrease. Therefore, the natural zeolite must be chemically activated.
The chemical activation can improve the physicochemical properties of zeolite by changing its Si/Al ratio. The
change of Si/Al ratio results in a surface activity change
(Zhang et al. 2016). A low Si/Al ratio is preferred to enhance
the hydrophilic properties of natural zeolite (Veiga et al.
2017). Commonly, natural zeolite has had a relatively low
Si/Al ratio, between 5.14 and 6.65 (Yu et al. 2009). However,
chemical activation using low a concentration of strong
acid is still needed to remove impurities in natural zeolite
(Lu et al. 2009).
Moving on from the chemical aspect to the physical aspect of zeolite, mechanical strength should also be considered to assure the sustainability of the continuous adsorption of water from the mixture in an adsorption column.
In a vertical adsorption column, adsorbents could experience mechanical stress originating from the compression,
tensile strain, and ﬂuid-induced pressure, because of the
height of the zeolite heap in the column. The prolonged mechanical stress experienced by the adsorbent might lead to
the formation of a fragment or crack, resulting in irregularities in the ﬂuid ﬂow distribution and potentially reducing
the adsorption capacity. Therefore, this study evaluated
the compressive strength of the adsorbents constructed
from different particle sizes, compaction pressures, and
sintering temperatures. The effect of a natural binding
agent, namely starch, on the compressive strength of the
adsorbent was also investigated. Ultimately, the reusability
of the adsorbent was assessed to determine the prospect
of long-term operation.
After studying the effect of chemical and physical pretreatment, an adsorption kinetic model was developed to
describe the mechanism of water attachment on the zeolite
surface. A kinetic model is useful when the scale of the operation needs to be enlarged. In this case, scaling up from
lab-scale to either pilot- or industrial-scale would need a
mathematical model to ensure that the design of the process could result in the same adsorption performance.

2. MATERIALS AND METHODS
2.1 Materials
Natural zeolite was obtained from a local mine in Klaten,
Indonesia. Technical-grade IPA containing a signiﬁcant
amount of water was purchased from Bratachem (Jakarta,
Indonesia). Sulfuric acid (H2 SO4 ) 98% as the activating
agent, starch as the binding agent, and deionized water
were supplied by Sigma-Aldrich (St. Louis, United States).

by using 0.2N sulfuric acid (H2 SO4 ). The steps of the experiment in this study are illustrated in Figure 1. Chemically activated natural zeolites were screened using a sieving machine with four different screener sizes: 20, 30, 50,
and 80 mesh. One zeolite pellet was produced by pressing 4–4.5 grams of screened zeolite powder in a 3 cm diameter cylindrical mold made of stainless steel. The pressure of the pressing machine was controlled at 2, 4, and
6 tonnes. Subsequently, the compressed zeolite pellet was
sintered at three different temperatures (550°C, 750°C, and
1,000°C) for 2 h in a furnace with a heating rate of 15°C/min.
Afterwards, the compressive strength test was performed
on the zeolite pellet according to ASTM C39 (ASTM 2020),
and the porosity of the zeolites was measured according
to ASTM C138 (ASTM 2017). After the optimum particle
size, compaction pressure, and sintering temperature that
resulted in the highest compressive strength were identiﬁed, chemically activated zeolite was mixed with starch at
starch/zeolite ratios of 0, 1:3, 1:5, and 1:7. Later, the starchzeolite mixture was transformed into adsorbent (pellet) using the optimum conditions found in the earlier step. The
optimum amount of starch that could be added was also
determined based on the highest compressive strength.

2.3 Batch adsorption
The adsorption test was conducted for 90 min in a packedbed column that was operated in a closed-loop circulation
(Figure 2). There were 25 zeolite pellets in the column in every test. The IPA solution was ﬂowed by a centrifugal pump
from the closed reservoir into the column. The adsorption process was conducted in batch, and the concentration of the chemicals in the efﬂuent changed over the time.
The sampling process was carried out through the sampling
node. Samples were taken every 5 min. The concentration of IPA and water in the sample was analyzed using a
gas chromatography-mass spectrometer (Hewlett-Packard
5890 GC interfaced with a 5971A mass selective detector).
The zeolite pellets would be reused for two cycles (3 ×
90 min. in total). The purpose was to study the reusability performance of the zeolite. After each cycle, the adsorbent pellet was dried in an oven at 80°C with a heating rate
of 15°C/min for 1 h. This drying step is to represent the
regeneration of the adsorbent after it has been saturated

2.2 Methods
2.2.1 Zeolite pre-treatment
The chemical activation of zeolite followed the same
method explained in the literature (Wirawan et al. 2015),

FIGURE 1. Flowchart of adsorption experimental steps.
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FIGURE 2. Experimental set-up for batch adsorption in a packed-bed column. 1: Packed bed column, 2: reservoir, 3: sampling equipment, 4: circulation pump.
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transfer coefﬁcient. Adsorbate concentration at equillib∗ ) could be calculated using the Henry constant (H).
rium (CW
The adsorption mechanism could also be modelled using
the Freundlich adsorption isotherm equation (Equation 4),
in which k stands for the mass transfer coefﬁcient. This was
considered as the second model.

TABLE 1. Porosity of zeolite pellets compacted using 6 tonnes of pressure
and sintered at 750°C.
Sample size (mesh)

Compaction pressure (tonne)

Porosity (%)

2

50.76

20

30

50

80

4

46.51

6

43.39

2

49.56

4

39.41

6

39.39

2

37.98

4

36.82

6

36.01

2

34.76

4

32.97

6

30.87

dCW
= k.CW n
dt

(4)

The third model proposed was the intra-particular diffusion model (Equation 5), which states that the adsorption
of molecules into the adsorbent is not affected by diffusion
through the ﬁlm boundary layer. The intra-particular diffusion process describes the model dependency on time and
amount of water adsorbed into zeolite pores (Yu et al. 2009;
Arias Arias et al. 2017).
(5)

qt = k i .t0.5
with adsorbate. The compressive strength of the dry used
pellet was examined using the same procedure as that for
the fresh pellet before the adsorption test.

where qt accounts for milligram of water adsorbed per zeolite mass, while k i and t refer to the intra-particular diffusion coefﬁcient in mg/(g zeolite.minute0.5 ) and the adsorption time (minute), respectively.
The fourth model proposed was the fractional attainment model, representing mass ratio of adsorbed substance (qt , mg H2 O/g zeolite) to the equilibrium amount of
the adsorbed substance (qe , mg H2 O/g zeolite). The phenomenon was formulated in the form of a mathematical
equation, as shown in Equations 6 and 7 (Chaudhry et al.
2017; Tan and Hameed 2017), where k p (min-1 ) is the fractional attainment constant.

2.4 Mathematical model
In studying the physical phenomenon of the adsorption
process, four mathematical models were assessed. The
most representative model was determined by the lowest Sum of Square Error (SSE) after the experimental data
was curve-ﬁtted using the proposed models. The ﬁrst
proposed model was based on the ﬁlm theory. Mass balance derivation under unsteady-state condition using this
model resulted in Equations 1, 2, and 3.

α=
dXW
∗
= k a .(CW − CW
)
dt

(1)

qt
qe

(6)

(7)

ln(1 − α) = −k p .t
dCW
∗
= −k a .(CW − CW
)
dt

(2)

3. RESULTS AND DISCUSSION
3.1 Zeolite pre-treatment

(3)

= H.XW

Figure 3 shows the compressive strength of zeolite pellets
manufactured at sintering temperatures of 550°C, 750°C,
and 1,000°C. The compaction pressure applied in manufacturing the adsorbent inﬂuenced the compressive strength.
The greater the compaction pressure, the greater the compressive strength of the adsorbent. This could be ascribed
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where XW and CW represent water content in the adsor∗ represents drivbent and solution, respectively; CW − CW
ing force of the mass transfer of water from the solution
into zeolite (mixed ﬁlm theory); and k a represent the mass
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FIGURE 3. Compressive strength of zeolite pellet in relation to particle size for sintering temperature of (a) 550°C, (b) 750°C, and (c) 1,000°C.
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FIGURE 4. Compressive strength of zeolite pellets produced from the mixture of starch and zeolite by means of 6 tonnes pressing and calcination
at 750°C.
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FIGURE 5. Compressive strength of non-starch zeolite pellet and starchbinded zeolite pellet (with a weight ratio of 1:7) after three cycles of adsorption.

to the greater force applied to the pressing process that reduces the porosity in the zeolite and consequently, making
the zeolite pellets more solid and more resistant to pressure. The result of the porosity test on the zeolite pellets
sintered at 750°C, as shown in Table 1, supports the explanation. The zeolite pellet with the lowest porosity (30.87%)
posed the highest compressive strength.
For the zeolite pellet sintered at 550°C, the compressive strength value was lower than that of the pellet sintered at 750°C. This was in accordance with the theory
that the higher the sintering temperature, the stronger the
bond between zeolite particles. Because of the stronger
bond, the ability to resist the load given during the compressive strength test was greater and resulted in higher
compressive strength. However, a uniqueness was observed for the zeolite pellet sintered at 1,000°C. According to Figure 3c, the zeolite pellet had relatively low compressive strength between 7–12.5 N/cm2 . This was possibly caused by the change of dimension during the sintering
process at 1,000°C. At that temperature, the zeolite powder
could shrink and bend on the periphery of the pellet. Consequently, the surface of the zeolite pellet was uneven and
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FIGURE 6. Intra-particular diffusion model: qt value during adsorption
process using (a) non-starch zeolite pellet and (b) starch-binded zeolite
pellet (—: model prediction, ♦: experimental data).

easily broken when loaded. Under three sintering temperatures and three compaction pressures, the highest compressive strength (25.56 N/cm2 ) was given by zeolite pellet manufactured using 80-mesh-screened zeolite, pressed
with 6 tonnes pressure, and calcined at 750°C.
Figure 4 illustrates the compressive strength of the adsorbent with and without the addition of a binding agent.
The presence of starch in the pellet also did not change the
trend observed in the pellet manufactured without starch,
the smaller particle size of which resulted in greater compressive strength. Increasing the starch content from 0 to
12.5%, 16.7%, and 25% decreased the compressive strength
of the adsorbent. The decline in the mechanical strength of
the zeolite pellets was probably caused by the destruction
of amylopectin in the starch. The content of amylopectin in
starch made the mixture become viscous and sticky when
mixed with water. However, during the sintering process
(at 750°C), some of the starch present in the zeolite mixture might have been converted into char, creating a cavity

TABLE 2. Adsorption constants and SSE of every model.
Models

Non-starch

Film theory
Freundlich

dXW
dt
dCW
dt
dCW
dt

Intra-diffusion
Fractional attainment

24

SSE

Starch-binded

SSE

= 0.0461(CW − 0.064XW )

0.0508

= 0.0461(CW − 0.064XW )

0.0508

= 0.0272CW 0.51

0.0433

dXW
dt
dCW
dt
dCW
dt

qt = 0.4127t0.5

5.2466

qt = 0.3208t0.5

6.4746

ln (1 − α) = −5.7215t

2.2395

ln (1 − α) = −0.0557t

0.7451

= 0.0246(CW − 0.202XW )

0.0552

= 0.0246(CW − 0.202XW )

0.0552

= 0.0245CW 0.73

0.0296
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FIGURE 7. Fractional attainment model: qt /qe value during adsorption
process using (a) non-starch zeolite pellet and (b) starch-binded zeolite
pellet (—: model prediction, ♦: experimental data).

in the zeolite structure. A study by (Liu et al. 2014) found
that starch starts undergoing a carbonization reaction at
above 500°C, and that further heating of starch at above
600°C generates amorphous carbon, such as char. Thus,
instead of increasing the mechanical strength of the pellet, the presence of char made zeolite increasingly fragile.
This could be seen from the condition of the pellet with
the starch-to-zeolite ratio of 1:5 and 1:3, which had a darker
colour than pellets without starch or with lower starch content, such as that with a ratio of 1:7.
To study the reusability of zeolite pellets, the pellets
that had been used after the ﬁrst cycle of batch adsorption were reused for the second and the third cycle of adsorption. Due to the highest compressive strength compared with the other starch-binded zeolites, a starch-tozeolite ratio of 1:7 was used in the reusability tests. As
indicated in Figure 5, starch did not make the adsorbent
stronger. Moreover, the compressive strength continuously decreased after each cycle of adsorption. This might
be caused by the afﬁnity of starch to adsorb water and subsequently form a gel-like structure in the micro-scale. The
drying step prior to testing in the second and the third cycle to regenerate the adsorption capacity might also contribute to the weakening of the zeolite pellet by shrinking
the gel-like structure formed after the adsorption. This
shrinkage might leave some void spaces in the pellet, causing the porosity to increase. As a result of greater porosity,
the compressive strength consequently becomes lower.

3.2 Batch adsorption
Four models were tested to describe the physical phenomenon of the adsorption of water from an IPA-water mixture using natural zeolite. Figure 6 reveals the results of
the intra-particular diffusion model. Based on this model,
water adsorbed in the zeolite would reach a relatively conASEAN J SCI TECHNOL DEV 37(1): 21–27

(b)

FIGURE 8. Water concentration in the efﬂuent of adsorption column ﬁtted
with ﬁlm theory kinetics model using (a) non-starch zeolite pellet and (b)
starch-binded zeolite pellet (—: model prediction, ♦: experimental data).

stant value after a certain period. The constant value of
water concentration indicated a faster adsorption rate of
the non-starch zeolite pellets. However, the model did not
show a good representation of the experimental data, given
the high SSE value, as listed in Table 2.
Figure 7 depicts the result of the fractional attainment
model. It could be observed that this model was not suitable for modelling the adsorption process, although it had
a lower SSE compared with the intra-particular diffusion
model. The deviation showed in Figure 7 might be ascribed to the inaccurate equilibrium water molecule adsorbed value, because measurements in this experiment
did not include water content inside the zeolite.
Among the four models proposed, the most representative models (visually) were the ﬁlm theory and Freundlich
models (Figures 8 and 9, respectively). However, based on
the SSE comparison in Table 2, the Freundlich model was
the most appropriate model as it had the lowest SSE value.
Another interesting ﬁnding that should be noted from
Figures 8 and 9 is the different initial rate of water adsorption. From an adsorption time of 0 to 20 minutes, the adsorption rate is relatively faster for non-starch zeolite compared with starch-binded zeolite. This might imply that the
∗
driving force of the adsorption (represented by CW − CW
in Equations 1 and 2) is higher for non-starch zeolite adsorption. The higher driving force in non-starch zeolite
can occur because of the lower Henry constant, so that
∗ ) was lower, according
the equilibrium concentration (CW
to Equation 3. From an operational perspective, the higher
adsorption rate is also beneﬁcial because it enables smaller
process equipment to used, and consequently for a smaller
amount of investments to be made.
Generally, Figures 6–9 are evidence that non-starch zeolite pellet has a higher adsorption rate. One of the explanations for this is that the use of starch as a binder decreased
zeolite pore activity. As previously mentioned, at 350°C,
starch started to decompose into char, which in turn would
cover the active surface of the zeolite, henceforth reducing
25
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the adsorption capacity of the zeolite pellet. Besides, as
reﬂected in Figures 8 and 9, the raw zeolite could adsorb
water from the IPA-water system by 98.4% of the initial water concentration, whereas the zeolite mixed with a binder
could adsorb slightly less water, speﬁcially 96.3% of the initial water concentration in 90 minutes of operation.

4. CONCLUSIONS
The compressive strength test revealed that raw zeolite pellet produced from zeolite powder of 80 mesh, underwent
a compaction pressure of 6 tonnes, and sintered at 750°C
exhibited the highest compressive strength (25.56 N/cm2 ).
The addition of starch as a natural binding agent in the
pellet could not improve the physicochemical properties
and the adsorptive capacity of the natural zeolite as an adsorbent. The use of natural zeolite as an adsorbent was
proven effective to remove water from the IPA-water mixture by up to 98.4% using non-starch zeolite pellets. This
advantage was accompanied by good reusability after being used for three cycles, along with a faster rate of adsorption. This faster rate of adsorption may provide good
technical and economic feasibility in a large-scale operation. This technical-economic feasibility of large-scale operation can be evaluated by means of the Freundlich model,
which explained the adsorption kinetics the best among the
proposed models in this study.
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