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Adsorption behavior of methyl palmitate (MP), as a model substance of biodiesel fuel, onto silica surface in the
presence of methanol and toluene was investigated, assuming the dry washing purification of biodiesel pro-
duction process. Methanol and toluene affected amount absorbed of MP, especially methanol greatly affected
amount absorbed of MP. The adsorption model was proposed based on the Langmuir type adsorption and two
assumptions for competitive adsorption. The equilibrium adsorption constant, K, and the maximum number of

the adsorption sites, Xs, were determined by fitting the data to the proposed model. The proposed model agreed
well experimental data. The magnitude of K correlated with the dielectric constant of each substance. The
occupied surface area of silanol group estimated from Xs was mostly the same as the reported values. These
adsorption parameters were verified experimentally with other conditions.

1. Introduction

From the viewpoints of depletion of fossil fuels, concerns about
environmental problems, and effective utilization of biomass resources,
biodiesel production has attracted much attention during the past
decade as a renewable and environmentally friendly fuel [1,2]. Biodiesel
is fundamentally and chemically a fatty acid methyl ester (FAME) and
can be produced from animal fat, vegetables, and fish oil, in which the
corresponding triglyceride (TG) reacts with methanol in the presence of
a catalyst.

Several kinds of oil have been employed for biodiesel production.
One of the major resources is vegetable oils, for example, rapeseed oil,
palm oil, olive oil, and so on. They have been mostly used from waste oil,
which is used frying cooking oil. On the other hand, it has been well
known that fisheries wastes, especially viscera of fishes and shells
include proteins and lipids. The lipid mainly consists of triglyceride,
which includes three fatty acids. For example, the triglycerides extracted
from squid liver contain mainly oleic acid (C18:1), palmitic acid
(C16:0), docosahexaenoic acid (C22:6, DHA), eicosapentaenoic acid
(C20:5, EPA), and so on [3]. EPA and DHA have been used in medicines
and health supplements because they are well known to have health-
promoting effects. The low-value fatty acids other than EPA and DHA
can be utilized as a resource of biodiesel. However, fatty acids of fish-
eries waste have rarely been used as a resource of biodiesel fuel. Few
studies have been reported in two decades. We are proceeding study on
the effective utilization of fisheries waste for biodiesel [4].
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Several purification methods of crude biodiesel have been proposed
[5,6]. Among them, recently wet washing method using water or
organic solvent was widely used to purify biodiesel and used to remove
impurities [2,5]. This technique can process a large amount of crude
biodiesel as an advantage, however, has some disadvantages such as
increasing cost and producing high wastewater with high chemical ox-
ygen demand (COD). On the other hand, dry purification (washing)
which involves adsorption has also been attempted and has been applied
to remove impurities (water, glycerin, methanol, unreacted glycerides,
free fatty acid, and so on) or to recover biodiesel (fatty acid alkyl ester).
For this purpose, several adsorbents was used in dry washing, for
example, silicate [7-10], ion exchange resin [11-13], cellulosic [14,15],
activated clay [16], activated carbon [17,18], membranes [19-21] and
so on. However, there have been few reports on the direct recovery of
biodiesel fuel using the adsorption technique.

Extracted lipid or feedstock oil for biodiesel production is not always
dissolved well in all kinds of organic solvent, resulting in dispersing lipid
oil droplets in the organic solvent because of the difference in polarity
between lipid (triglyceride) and these organic solvents. From an
empirical viewpoint, this immiscible property affected mass transfer and
kinetics of transesterification of triglyceride. The influence on mass
transfer of transesterification has been pointed out by many researchers
[22-24] and several methods of mixing lipids (oil) and methanol have
been developed and proposed (mechanical mixing [25,26], ultrasonic
irradiation [27], and so on).

To solve this problem, the relatively highly polar solvents, such as
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toluene or benzene, should be added to a solution of the reaction system.
The lipid could be hereby dissolved in organic solvents, resulting in
enhancing the rate of the esterification reaction. This fact has been well
known empirically. In the case of usage of the adsorption method to
recovery fatty acids methyl ester, it is necessary to understand the in-
fluence of these coexisting substances on the adsorption behavior of the
objective substance, that is, fatty acid methyl ester (biodiesel).

Adsorption method as separation technique has well known and has
been used in various processes, for example, removal of harmful sub-
stances, recovery of useful substances, and so on. Some investigations
and attempts have been reported. Molecular sieve X 13 [28], rice hull
ash [29], silica gel [29], and activated charcoal [30] were used as ad-
sorbents. These researchers would investigate the adsorption of alkyl
methyl ester onto these adsorbents from the viewpoint of their oleo-
chemical interests. However, there are few reports on the adsorption
behavior of fatty acid alkyl ester onto adsorbents from the viewpoint of
biodiesel fuel recovery and on the influence of coexisting substances on
the adsorption behavior of fatty acid methyl ester. It is very important to
clarify the adsorption behavior of biodiesel fuel from mixture solvent
from the viewpoints of design and operation of the adsorptive
separation.

In this study, we conducted adsorption experiments on the assump-
tion of recovery of fatty acid methyl ester (FAME) from the solution after
the esterification reaction of triglycerides in the biodiesel production
process. Methyl palmitate was employed as a model fatty acid alkyl
ester. Silica gel was used as an adsorbent because it is a widely used
adsorbent. The adsorbed amounts of the objective substance (methyl
palmitate) and the coexisting substances (methanol and toluene) were
measured. Based on the obtained experimental results, we proposed the
Langmuir type adsorption model considering the influence of the
coexisting substances on the adsorption behavior of the subjective
substance. We discussed the influence of coexisting substances on the
adsorbed amount of methyl palmitate and verified the proposed
adsorption model with varying the initial solution conditions.

2. Experimental
2.1. Materials

Silica particle (silica gel 60, diameter distribution 100-210 pm,
specific surface area 730 + 50 m?/g) as an adsorbent, palmitic acid,
hydrogen chloride-methanol (10 wt%) solution, and hexane were pur-
chased from Kanto Chemical Co. Inc. (Japan). Methyl alcohol, toluene,
and glycerin were purchased from Fujifilm Wako Pure Chemical Co.
(Japan). All purchased reagents were used without further purification.

2.2. Preparation of methyl palmitate

The desired amount of palmitic acid was taken in a 100 mL bottle. A
desired amount of toluene was added to the bottle and palmitic acid was
dissolved in toluene. An aliquot of hydrogen chloride-methanol (10 wt
%) solution was added as a liquid catalyst of the esterification reaction.
The bottle was set in a water bath and was heated at 90 °C for 120 min.
After open cooling, methyl palmitate (MP) was collected by liquid
extraction and was stocked in a refrigerator.

2.3. Procedure of adsorption experiment

All adsorption experiments in this study were conducted with a
batch-wise operation. Silica gel particles were washed with distilled
water and were dried at 180 °C for two hours in an incubator. After
cooling to be room temperature, they were stocked in a desiccator. A
certain amount of silica gel was taken in a 100 mL flask with a lid. By
pouring a small amount of hexane into the flask, the adsorbent was
soaked in hexane and was deaerated by decompression using an aspi-
rator. Predetermined amounts of MP, methanol, and toluene were taken
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into another glass vessel and were mixed well. The adsorption experi-
ment was started by adding the required amount of the mixed solution to
the flask. In most experiments, the liquid volume of the adsorption
system was 49.5 mL. It was stirred with a magnetic stirrer for the time
necessary to attain the adsorption equilibrium, and then the silica par-
ticle was separated from the liquid phase by filtration with a 3 pm
membrane filter. The concentrations of toluene, methanol, and methyl
palmitate were determined by ultraviolet spectrometry [31], colori-
metric spectrometry [32,33] (Jasco V-630, Japan) and, gas chroma-
tography (Shimadzu GC-2014, Japan), respectively. The adsorbed
amount of each substance onto the silica surface was determined from
the difference between the concentrations in the initial and the equi-
librium state.

3. Results and discussion
3.1. Influence of coexisting substances on adsorption of methyl palmitate

We suppose that the adsorption operation is performed after the
esterification reaction of triglyceride in a biodiesel production process.
Firstly the adsorption experiment was conducted with the same initial
mole ratio of methanol (ME), toluene (TL), methyl palmitate (MP), and
glycerin. The ratio was employed as 1:1:1:0.33. The reason why we
employed this mole ratio is as follows; 3 mol of alkyl methyl ester and 1
mol of glycerin are produced stoichiometrically from 1 mol of triglyc-
eride by the esterification reaction. Also, we conducted the same
adsorption experiments without adding glycerin. The results are shown
in Fig. 1. As seen in Fig. 1, the adsorbed amount of ME, TL, and MP in
both cases were mostly the same, although some scatter could be
observed. Glycerin could adsorb onto the silica surface because some
investigators have reported the adsorption of glycerin onto the silica
surface. In the fixed bed adsorption experiment to refine biodiesel as
methyl ester of soybean oil, the saturated adsorption density of glycerin
was 1.41 x 1072 mol/g [34]. For the same aim of biodiesel refining, in
the batch adsorption experiment, the saturated adsorption density of
glycerin was 2.6 x 10~> mol/g [35]. In our experimental system, glyc-
erin should adsorb onto the silica surface. However, in the present
concentration range and the stoichiometrically restricted condition, it
could be considered that the adsorbed amount of glycerin did not affect
the adsorbed amount of the other coexisting substances (ME, MP, TL).
Therefore, in further experiments, we conducted the adsorption exper-
iments without glycerin.

Fig. 2 shows the influences of the coexisting species, methanol, and
toluene, on the adsorbed amount of MP. The initial concentration of MP
was 0.1 mol/L. In both results as seen in Fig. 2, the adsorbed amount of
MP decreased with increasing the concentrations of coexisting ME or TL.
The influence of the concentration of ME greatly affected the adsorbed
amount of MP than that of TL. The concentration of existing ME at a
lower concentration than that of TL sufficiently affected the adsorbed
amount of MP. Thus, it is important to understand how the coexisting
species affect the adsorption behavior between each other for stating the
adsorption behavior of MP.

The adsorption isotherms of MP, TL, and ME were anew shown in
Fig. 3a—c. The initial mole ratio of each substance in the solution was set
for MP: TL: ME = 1: 1: 1. Fig. 3d shows the adsorbed amount of all these
substances to clarify the difference in the adsorbed amount of each other
for comparison. In the equilibrium concentration of ca. 1.6 mmol/L or
less, the adsorbed amounts of ME and MP increased abruptly and the
adsorbed amount of methanol indicated an extremely higher value than
that of TL and MP. In contrast, the adsorbed amount of TL increased
slightly. In the equilibrium concentration range of ca. 1.6 mmol/L or
more, the adsorbed amount of TL increased largely, on the other hand,
the adsorbed amount of MP decreased largely and that of methanol kept
the most high-level amount (ca. 5.4 mmol/g). This experimental result
should suggest that these variations of the adsorbed amount described
above were affected by some competitive adsorptions among methyl
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Fig. 1. Influences of glycerin on the amount adsorbed of methyl palmitate (a),
toluene (b) and methanol (c) onto silica gel surface. The symbols of open circle
and triangle correspond to the results of without and with glycerin in the
adsorption systems.

palmitate, methanol, and toluene. The present adsorption model pro-
posed in this study would be explained in the following.

3.2. Competitive adsorption model

Considering the present experimental results described above, we
assumed that the following two types of competitive adsorption
occurred; (1) competitive adsorption between MP and ME onto the
hydrogen atom of the silanol functional group at silica surface; (2)
competitive adsorption between MP and TL onto methyl functional
group of methanol adsorbed onto silanol group at silica surface. A
scheme of two assumptions and these adsorption reactions are shown in
Fig. 4. Reactions 1 and 2 correspond to the adsorption of ME onto the
silanol group at the silica surface. Reaction 1 represents the binding
between the oxygen atom of ME and the hydrogen atom of the silanol
group, in addition, reaction 2 represents the binding between the
hydrogen atom of ME and the oxygen atom of the silanol group. Reac-
tion 3 represents the binding between MP and the hydrogen atom of the
silanol group. We assumed that one of the competitive adsorptions could
occur between ME and MP onto the hydrogen atom of the silanol group.
Reactions 4 and 5 correspond to the adsorption of TL or ME onto methyl
group of ME adsorbed onto silanol group, respectively. We also assumed
that the other competitive adsorption could occur between ME and MP
onto the methyl group of adsorbed ME. It is well known that the silanol
groups exist on the silica surface. Yamauchi and Kondo [36] and Christy
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Fig. 2. Influences of the initial concentration of methanol (a) and toluene (b)
on the amount adsorbed of methyl palmitate onto silica gel surface.
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Fig. 3. Adsorption isotherms of (a) methyl palmitate (MP), (b) toluene (TL) and
(c) methanol (ME), respectively. Fig. 4d corresponds to the overlay of Fig. 4a, b
and c. The initial condition of the mole ratio of each substance in the solution
was employed for MP: TL: ME = 1: 1:1. The solid lines are calculated values by
fitting of the data to the proposed adsorption model (Egs. (13)-(15)).
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Fig. 4. Schematic drawing of the competitive adsorption mechanism proposed
in this study.

[371 reported that methanol could bind with hydrogen or oxygen atoms
in the silanol group by hydrogen bond formation. We think that these
reports support our assumptions.

Once again, the equations for the adsorption reactions are shown in
Egs. (1)-(5) as follows,

— SiOH + CH;0H < SiOH-ME; Ky @
— SiOH + ME « SiO-ME-H; Ky, (2)
— SiOH +MP < — SiOH-MP; Kyjp; 3)
— SiOH-MeOH + TL < — SiOH-Me-(TL)-OH; Ky, 4
— SiOH-MeOH + PM < — SiOH-Me-(PM)-OH; Kyp, (5)

where, each K represents the equilibrium adsorption constant for each
adsorption reaction. From Egs. (1)-(5), the equilibrium constants for
these adsorptions are obtained as follows,

Kypr = Xs — XMT:MT Xor1)Cort 6)
Kvpz = X — XM}:I? Xo)Co @)
o= - XMiMI— Xu1)Con ®
K, = X 10)

(XM - XPMZ - XTL)CTL

where, Xg represents the maximum adsorption sites existing silica sur-
face, which correspond to the all silanol groups at silica surface. As for
MP and TL, The maximum adsorbed amount of both MP and TL is
regarded as the same as the amount adsorbed of ME (Egs. (7) and (10)).
The total adsorbed amounts of ME and MP, Xy and Xyp, are represented
as the following equations, respectively.

Xy = Xmi + X2 1D
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Xme = X1 + Xup2 12)

From Egs. (6)-(10), the adsorbed amounts of each substance at each
adsorption site, X, were obtained as follows,

_ Xs Kyvp1 Cyvip XnmKmp2 Cup
Xvp = as
1+ KvpiCvp + KviiCy - 1+ Kvpo Cyvp + K. Cr
Xs K G Xs K G
Xy = sKmi Cm sKvaCnm (14)
XuKr.C
Xop mKrLCrL (15)

" 1+ Kup2Cwp + K11.Cr

By fitting the data to Egs. (13)—(15) using a least-squares regression,
the equilibrium adsorption constants and the saturated adsorbed
amount were determined. The calculated lines by using the estimated
adsorption parameters are shown in Fig. 3. The solid curves in Fig. 3a-d
correspond to these values. Judging from the fact that the data are in
good accordance with the model calculation, the adsorption of MP, TL,
and ME should be expressed by the proposed adsorption model.

Ustiin conducted adsorption experiments by using FAME of tail oil
and molecular sieve 13 x as an adsorbent in various solvents [28]. In the
case of methanol used as a solvent, a maximum adsorbed amount of
FAME (fatty acid methyl ester) was ca. 350 mg/g. Damasceno et al. [30]
reported adsorbed amounts of relatively short molecular chain (C8, C10,
and C12) FAME produced from macauba oil. They used a commercial
molecular sieve 13x and activated charcoal prepared from macauba
cake remaining after press-defatting macauba fruit kernel. The total
adsorbed amount of these FAMEs were 27 mg/g and 1225 mg/g for X13
and the activated charcoal, respectively. As seen in Fig. 3, the maximum
adsorbed amount of MP was ca. 0.9 mmol/g, which corresponds to
243.4 mg/g. This adsorbed amount of MP was not especially lower than
these reported values in the literature.

3.3. Consideration of the validity of the estimated adsorption parameters

The evaluated values of the adsorption parameters are summarized
in Table 1. Comparing the adsorption equilibrium constant, Kyp; of MP
and Kypj of ME, for the hydrogen atoms of the silanol group, the value of
Kyi was larger than that of Kypp. This suggests that the adsorbed
amount of MP decreased as the initial concentration of ME increased
because ME is more selective to the hydrogen atom of the silanol group
than MP.

The dielectric constants of ME, TL, and MP [38] were also summa-
rized in Table 1. The dielectric constant could become an indicator of the
magnitude of polarity. The value of the dielectric constant of methanol is
larger than that of toluene. It means that the magnitude of polarity for
methanol should be stronger than that for toluene, thus, methanol
molecule was tended to adsorb at silanol group than at methyl group, on
the other hand, toluene molecule was tended to adsorb at methyl group.
Therefore, the relationship between the dielectric constant and the
adsorption equilibrium constant was compared. As for the competitive
adsorption between ME and MP at the hydrogen atom of the silanol

Table 1
The equilibrium adsorption constants and the maximum adsorbed amount
estimated by the proposed adsorption model.

Methanol Methyl palmitate Toluene
Estimated Kwn Kmz Kmp1 Kyp2 K Xs
adsorption [L/ [L/ [L/ [L/ [L/ [mmol/
parameters mol] mol] mol] mol] mol] gl
212 30.7 8.97 0.01 0.61 3.24
Dielectric 32.7 3.1 2.4
constant” [F/
m]

* Ref. [38].
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group, the equilibrium adsorption constant, Ky, for ME is larger than
Kyp1 for MP. As for the alternate competitive adsorption between TL and
MP at methyl group of methanol adsorbed onto silanol group, K, was
larger than Kypy for MP. These relations of the magnitude of the equi-
librium constants mostly corresponded to the tendency of the relations
of the magnitude of the dielectric constants. These suggest that the
relative strength of the adsorption of ME, TL, and MP onto the silica
surface was affected by the polarity of these substances.

Takamuku et al. [40] reported that methanol molecules were
strongly hydrogen-bonded to the silanol group according to large-angle
X-ray scattering measurement and suggested the hydrogen bond has
consisted of the binding between the methanol O atom and the H atom of
the silanol group. Yoon and Vivek [41] reported the strong adsorption of
methanol onto silica surfaces judging from atomic force microscopy
measurement. These reports support the present experimental results
and our assumption of reaction 1 presented in Fig. 4 (selective adsorp-
tion of methanol onto silanol group and the methyl group of adsorbed
methanol could be the adsorption site for MP and TL). The proposed
adsorption model could evaluate the equilibrium constant as an indi-
cator of the adsorption strength.

We considered the number of the maximum adsorption sites, Xg, as
the same as the number of the silanol groups existing at the silica sur-
face. Based on the value of Xs, the occupied area of silanol site, Agy, by
using the following equation,

Aon = (XsNa)/Sm (16)

where, Ny and Sy, represent Avogadro's number and the specific surface
area of silica gel based on unit mass, respectively. The value of S, was
employed the data supplied by the company (Kanto Chemical Co., Inc.
Japan) and was 730 + 50 m?/g. Aoy was calculated as 2.7 OH groups/
nm?. Christy determined the silanol group number per unit area of
different silica gel samples with different surface areas, particle sizes,
and pore sizes by the deuterium exchange technique. The silanol group
numbers were reported to be ranging 2.6-3.5 OH groups/nm2 [37,39].
These values are listed in Table 2. The average value of silanol numbers
reported by Christy is 3.18 OH groups/nm?. Aoki et al. [42] measured
the number of silanol groups on the surface of hydrophilic silica at low
water content and reported that it was about 2.5 OH groups/nm? at 1 wt
% water content. The estimated value of the silanol group derived from
Xs is also considered to be a reasonable value.

3.4. Verification of equilibrium adsorption parameters

We verified whether the estimated equilibrium adsorption constants
and the number of maximum adsorption sites were adequate for other
different initial concentration conditions. Figs. 5 and 6 show the
experimental results of the adsorbed amount and the calculation lines
when the initial mole ratio of each substance in the solution was set in
MP: TL: ME = 1: 1: 0.5 or 1: 1: 1.5, respectively. The solid lines shown in
Figs. 5 and 6 represent the calculated values of the adsorbed amount by
using Egs. (13)-(15) with the adsorption parameters determined from
the results shown in Fig. 3. The experimental values mostly agreed with
the calculated values although some scatters were observed. Moreover,
by conducting the adsorption experiments in various cases of the mole
ratio of MP, TL, and ME in the initial concentrations, the verification of
the equilibrium adsorption constants and the maximum adsorbed

Table 2
Comparison of the numbers of the silanol groups at silica surface.

The numbers of the silanol groups [OH groups/nm?]

A? B c D* i F this study
3.1 2.6 2.9 3.0 3.5 3.0 2.72
@ Ref. [37].

b Ref. [39].
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Table 3
The initial concentration conditions shown in Fig. 7.

ME [mol/L] TL [mol/L] MP [mol/L] Mole ratio ME: TL: MP
1 0.05 0.80 0.682 13.6: 16:1
2 0.10 0.80 0.682 6.8:8:1
3 0.05 1.59 0.695 13.9: 31.7:1
4 0.10 1.59 0.695 7:15.9: 1
5 0.05 5.87 0.771 15.4:117.3: 1

(98]

Xy [mol/g] x10°
— N
(e} (e}

| | |
0 0.01 0.02 0.03 0.04
C, [mol/L]

Fig. 5. Verification of the adsorption parameters of the proposed model. The
initial concentration condition of mole ratio, ME: TL: MP was 0.5: 1: 1 for
adsorption experiment.

amount was confirmed. Fig. 7 shows the comparison of the experimental
and the calculated adsorbed amount of MP, TL, and ME in the various
mole ratio conditions. The experimental results almost agreed with the
calculated adsorbed amounts for MP, TL, and ME, respectively. This
suggests that the estimated adsorption parameters were sufficiently
adequate values and that the assumptions in the proposed adsorption
model were also verified.

4. Conclusions

The influence of coexisting methanol and toluene on the adsorption
behavior of methyl palmitate onto silica surface was investigated,
assuming the adsorption of diesel fuel from the solution after the reac-
tion in the biodiesel production process. Methyl palmitate was used as a
model substance for biodiesel fuel.
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Fig. 6. Verification of the adsorption parameters of the proposed model. The
initial concentration condition of mole ratio, ME: TL: MP was 1.5: 1: 1 for
adsorption experiment.

Under the experimental condition of the present study, coexisting
glycerine did not affect the adsorbed amounts of methyl palmitate,
methanol, and toluene in comparison with the case without glycerine.
Among the three species, methyl palmitate, methanol, and toluene,
methanol was found to have the largest adsorbed amount, in addition,
methanol greatly affected the methyl palmitate and toluene adsorption.

For explaining these influences by each other, the adsorption model
was proposed based on Langmuir type adsorption and two assumptions
for competitive adsorption; (1) competitive adsorption between ME and
methanol onto hydrogen atom of silanol group; (2) competitive
adsorption between ME and toluene onto methyl group of methanol
adsorbed onto silanol group. The proposed model was in good agree-
ment with the experimental results and explained them well.

The estimated adsorption parameters, each equilibrium adsorption
constant, K, and the maximum number of the adsorption sites, Xs, were
verified with several initial concentration conditions. In these cases, the
experimental adsorbed amounts of each substance also agreed well with
the calculated those. The magnitude of each K tended to be similar to
each dielectric constant of MP, methanol, and toluene in a liquid state.
The occupied surface area of a single silanol group estimated from Xg
was mostly the same as the reported values in the literature.

Colloid and Interface Science Communications 44 (2021) 100468

0.15
(a) MP
20 0.10f o 5
o
g
g
NS 0.05F o
O 1 1
0 0.05 0.10 0.15
10
(b) TL, ME
8 -
en
S 6F
g &>
= 4r
> L A
0 | | | |
0 2 4 6 8 10
Xexp [mmol/g]

Fig. 7. Comparison of the experimental and the calculated amount adsorbed of
MP (open circle), TL (open triangle), and ME (open diamond) at various initial
concentration conditions. The experimental conditions are summarized
in Table 3.

Notation

Aon Estimated occupied area of silanol group based on saturated adsorbed
amount [groups/nmz]

Ce Equilibrium concentration of methanol, toluene, or methyl palmitate [mol/
m3]

Cm Equilibrium concentration of methanol [mol/m3]

Cmi Initial concentration of methanol [mol/m?%]

Cwvp Equilibrium concentration of methyl palmitate [mol/m3]

CrL Equilibrium concentration of methyl toluene [mol/m3]

CrLi Initial concentration of toluene [mol/m®]

Kwm Equilibrium adsorption constant of methanol binding with hydrogen atom of
silanol group [m®/mol]

Knz Equilibrium adsorption constant of methanol binding with oxygen atom of

silanol group [m®/mol]

Kvp1 Equilibrium adsorption constant of methyl palmitate binding with hydrogen
atom of silanol group [m3/m01]

Kyip2 Equilibrium adsorption constant of methyl palmitate binding with methyl
group of methanol adsorbed onto silica group [m®/mol]

Kt Equilibrium adsorption constant of toluene binding with methyl group of
methanol adsorbed onto silica group [ms/mol]

Np Avogadro's number [/mol]

Sm Specific surface area of silica gel based on unit mass [m?/kg]

XM Total equilibrium adsorbed amount of methanol [mol/kg]

X Equilibrium adsorbed amount of methanol binding with hydrogen atom of
silanol group [mol/kg]

Xm2 Equilibrium adsorbed amount of methanol binding with oxygen atom of

silanol group [mol/kg]

Xmp Total equilibrium adsorbed amount of methanol [mol/kg]

Xwmp1  Equilibrium adsorbed amount of methyl palmitate binding with hydrogen
atom of silanol group [mol/kg]

Xmp2 Equilibrium adsorbed amount of methyl palmitate binding with methyl
group of methanol adsorbed onto silica group [mol/kg]

Xs maximum number of silanol groups onto silica gel [mol/kg]

X1 Equilibrium adsorbed amount of toluene binding with methyl group of
methanol adsorbed onto silica group [mol/kg]

Credit authors statement

Hideo Maruyama: Planning the experiments of this research,



H. Maruyama et al.

Assisting the experiments, Analysis of the experimental data, Writing
original manuscript.

Hideshi Seki: Advising experimental method, Discussions about re-
sults, Writing-Reviewing and Editing.

Akito FURUKAWA: Running the experiments, Analysis of the
experimental data.

Declaration of Competing Interest

The authors declare no conflicts of interest associated with this
manuscript.

References

[1] F. Ma, M.A. Hanna, Biodiesel production: a review, Bioresour. Technol. 70 (1)
(1999) 1-15, https://doi.org/10.1016/S0960-8524(99)00025-5.

[2] S. Krishnaprabu, A review on biodiesel production as alternative fuel, Int. J. Pure
Appl. Biosci. 7 (2) (2019) 258-266, https://doi.org/10.18782/2320-7051.7441.

[3] D. Igarashi, K. Hayashi, H. Kishimura, Positional distribution of DHA and EPA in
phosphatidylcholine and phosphatidylethanolamine from different tissues of
squids, J. Oleo Sci. 50 (2001) 729-734, https://doi.org/10.5650/j0s.50.729.

[4] T. Yukirari, A. Furukawa, K. Ohnishi, Y. Kurosaki, H. Maruyama, H. Seki,

Fundamental study of transesterification catalyzed by calcinated shell, in: The

Proceedings of the Muroran Meeting of the Society of Chemical Engineering of

Japan, 2018, p. B122.

L.M. Atadashi, M.K. Aroua, A. Abdul Aziz, Biodiesel separation and purification,

Renew. Energy 36 (2011) 437-443, https://doi.org/10.1016/j.

renene.2010.07.019.

[6] 1.J. Stojkovié, O.S. Stamenkovié, D.S. Povrenovié, V.B. Veljkovi¢, Purification
technologies for crude biodiesel obtained by alkali-catalysed transesterification,
Renew. Sust. Energ. Rev. 32 (2014) 1-15, https://doi.org/10.1016/j.
rser.2014.01.005.

[7] E.A. Duran, R. Tinoco, A. Pérez, R. Berrones, D. Eapen, P.J. Sebastian,

A conparative study of biodiesel purification with magesium silicate and water,
J. New Mater. Electrochem. Sys. 17 (2014) 105-111, https://doi.org/10.14447/
jnmes.v17i2.431.

[8] B. Rudiyanto, M. Andrianto, Y. Susmiati, N.A. Pambumi, Optimization and
validation of hydrated magunesium silicate on dry washing purification biodiesel
using response surface, Energy Procedia 158 (2019) 333-338, https://doi.org/
10.1016/j.egypro.2019.01.098.

[9] M. Catarino, E. Ferreira, A.P.S. Dias, J. Gomes, Dry washing biodiesel purification
using fumed silica sorbent, Chem. Eng. J. 386 (2020) 123930, https://doi.org/
10.1016/j.cej.2019.123930.

[10] M. Berrios, R.L. Skelton, Comparison of purification methods for biodiesel, Chem.
Eng. J. 144 (2008) 459-465, https://doi.org/10.1016/j.cej.2008.07.019.

[11] M. Carmona, J.L. Valverde, A. Perez, J. Warchol, J.F. Rodriguez, Purification of
glycerol/water solutions from biodiesel synthesis by ion exchange: sodium removal
Part I, J. Chem. Technol. Biotechnol. 84 (2009) 738-744, https://doi.org/
10.1002/jctb.2106.

[12] G.O. Ferrero, M.F. Almeida, M.C.M. Alvim-Ferraz, J.M. Dias, Water-free process for
eco-friendly purification of biodiesel obtained using a heterobeneous Ca-based
catalyst, Fuel Process. Technol. 121 (2014) 114-118, https://doi.org/10.1016/j.
fuproc.2014.01.020.

[13] N.R. Uliana, L.A. Kuhl, M.B. Quadri, J.V. Oliveira, Model and simulation of a
packed resin column for biodiesl purification, Renew. Energy 126 (2018)
1074-1084, https://doi.org/10.1016/j.renene.2018.04.025.

[14] M.G. Gomes, D.Q. Santos, L.C. Morais, D. Pasquini, Purification of biodiesel by dry
washing, empoying starch and cellulose as natural adsorbents, Fuel 155 (2015)
1-6, https://doi.org/10.1016/j.fuel.2015.04.012.

[15] M.G. Gomes, D.Q. Santos, L.C. Morais, D. Pasquini, Purification of biodiesel by dry
washing and the use of starch and cellulose as natural adsorbents: Part II — study of
purification times, Biofuels 12 (5) (2021) 579-587, https://doi.org/10.1080/
17597269.2018.1510721.

[16] F.D. Santos, L.R.V. Conceicao, A. Ceron, H.F. Castro, Chamotte clay as potential
low cost adsorbent to be used in the palm kernel biodiesel purification, Appl. Clay
Sci. 149 (2017) 41-50, https://doi.org/10.1016/j.clay.2017.09.009.

[17] A.B. Fadhil, M.M. Dheyab, A.Y. Abdul-Qauder, Purification of biodiesel using
activated carbons produced from spent tea waste, J. Assoc. Arab Univ. Basic Appl.
Sci. 11 (1) (2012) 45-49, https://doi.org/10.1016/j.jaubas.2011.12.001.

[18] D. Rachmaat, A.D. Agustin, D.D. Risanti, Purification of biodiesel using activated
carbon produced from cocoa pod husk, E3S Web Conf. 42 (2018), 01012, https://
doi.org/10.1051/e3sconf/20184201012.

[5

=

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Colloid and Interface Science Communications 44 (2021) 100468

J. Saleh, A.Y. Tremblay, M.A. Dubé, Glycerol removal from biodiesel using
membrane separation thechnology, Fuel 89 (2010) 2260-2266, https://doi.org/
10.1016/j.fuel.2010.04.025.

M.J. Alves, S.M. Nascimento, 1.G. Pereira, M.I. Martins, V.L. Cardoso, M. Reis,
Biodiesel purification using micro and ultrafiltration membranes, Renew. Energy
58 (2013) 15-20, https://doi.org/10.1016/j.renene.2013.02.035.

A. Amelio, L. Loise, R. Azhandeh, D. Darvishmanesh, V. Calabrd, J. Degréve,

P. Lius, B. Van der Bruggen, Purification of biodiesel using a membrane contactor:
liquid-liquid extraction, Fuel Process. Technol. 142 (2016) 352-360, https://doi.
org/10.1016/j.fuproc.2015.10.037.

T. Tsuji, M. Kubo, N. Kitakawa, T. Yonemoto, Is excess methanol additoin required
to drive transesterification of triglyceride toward complete conversion? Energy
Fuel 23 (2009) 6163-6167, https://doi.org/10.1021/ef900622d.

1. Sengo, J. Gominho, L. d’Orey, M. Martins, E. d’Almeida-Duarte, H. Pereira,

S. Ferreira-Dias, Response surface modeling and optimization of biodiesel
production from Cynara cardunculus oil, Eur. J. Lipid Sci. Technol. 112 (2010)
310-320, https://doi.org/10.1002/ej1t.200900135.

B. Likozar, J. Levec, Effect of process conditions on equilibrium, reaction kinetics
and mass transfer for triglyceride transesterification to biodiesel: experimental and
modeling based on fatty acid composition, Fuel Process. Technol. 122 (2014)
30-41, https://doi.org/10.1016/j.fuproc.2014.01.017.

H. Noureddini, D. Zhu, Kinetics of transesterification of soybean oil, JAOCS 74 (11)
(1997) 1457-1463, https://doi.org/10.1007/s11746-997-0254-2.

J. Lifka, B. Ondruschka, Influence of mass transfer on the production of biodiesel,
Chem. Eng. Technol. 27 (2004) 1156-1159, https://doi.org/10.1002/
ceat.200407033.

P. Cintas, S. Mantegna, E.C. Gaudino, G. Cravotto, A new pilot flow reactor for
high-intensity ultrasound irradiation. Application to the synthesis of biodiesel,
Ultrason. Sonochem. 17 (2010) 985-989, https://doi.org/10.1016/j.
ultsonch.2009.12.003.

G. Ustiin, Separation of fatty acid methyl esters from tall oil by selective
adsorption, J. Am. Oil Chem. Soc. 73 (2) (1996) 203-210, https://doi.org/
10.1007/BF02523896.

S. Ozgiil-Yiicel, S. Tiirkay, Purification of FAME by rice hull ash adsorption, J. Am.
0il Chem. Soc. 80 (2003) 373-376, https://doi.org/10.1007/s11746-003-0706-0.
S.M. Damasceno, V. Ferraz, D.L. Nelson, J.D. Fabris, Selective adsorption of fatty
acid methyl esters onto a commercial melecular sieve or activated charcoal
prepared from the Acrocomia aculeata cake remaining from press-extracting the
fruit kernel oil, AIMS Energy 6 (5) (2018) 801-809, https://doi.org/10.3934/
energy.2018.5.801.

T. Takeuchi, O. Ishii, Fractional determination of trace benzene, toluene and
xylene mixtures in air, Kogyo Kagaku Zasshi 64 (5) (1961) 763-769 (in Japanese),
https://doi.org/10.1246/nikkashi1898.64.5_763.

R.N. Boos, Quanitative colorimetric microdetermination of methanol with
chromotropic acid reagent, Anal. Chem. 20 (10) (1948) 964-965, https://doi.org/
10.1021/ac60022a032.

S. Igarashi, An improved method for the colorimetric determination of methanol by
adding ethanol, Bunseki Kagaku 27 (12) (1978) 802-803 (in Japanese), https
://doi.org/10.2116/bunsekikagaku.27.12_802.

J.C. Yori, S.A. D’Ippolito, C.L. Pieck, C.R. Vera, Deglycerolization of biodiesel
streams by adsorption over silica beds, Energy Fuel 21 (2007) 347-353, https://
doi.org/10.1021/ef060362d.

V.A. Mazzieri, C.R. Vera, J.C. Yori, Adsorption properties of silica gel for biodiesel
refining, Energy Fuel 22 (2008) 4281-4284, https://doi.org/10.1021/ef800479z.
H. Yamauchi, S. Kondo, The structure of water and methanol adsorbed on silica gel
by FT-NIR spectroscopy, Colloid Polym. Sci. 266 (1988) 855-861, https://doi.org/
10.1007/BF01417870.

A.A. Christy, New insights into the surface functionalities and adsorption evolution
of water molecules on silica gel surface: a study by second derivative near infrared
spectroscopy, Vib. Spectrosc. 54 (2010) 42-49, https://doi.org/10.1016/j.
vibspec.2010.06.003.

C. Wohlfarth, Permittivity (dielectric constnat) of liquid, in: D.R. Lide (Ed.), CRC
Handbook of Chemistry and Physics the 81th Edition 2000-2001, CRC press, Boca
Raton (Florida), 2000, pp. 149-171.

A.A. Christy, Near infrared spectroscopic study on the adsorption of methanol on
silica gel, Adv. Mater. Res. 650 (2013) 150-155, https://doi.org/10.4028/www.
scientific.net/AMR.650.150.

T. Takamuku, H. Maruyama, S. Kittaka, S. Takahara, T. Yamaguchi, Structure of
methanol confined in MCM-41 investigated by large-angle X-ray scattering
technique, J. Phys. Chem. B 109 (2005) 892-899, https://doi.org/10.1021/
jp047359k.

R. Yoon, S. Vivek, Effect of short-chain alcohols and pyridine on the hydration
forces between silica surface, J. Colloid Interface Sci. 240 (1) (1998) 179-186,
https://doi.org/10.1006/jcis.1998.5575.

M. Aoki, Y. Chikashige, T. Komatsubara, M. Ueda, Surface structure of fumed silica,
Nippon Gazo Gakkaishi 54 (2) (2015) 140-147, https://doi.org/10.11370/
isj.54.140.


https://doi.org/10.1016/S0960-8524(99)00025-5
https://doi.org/10.18782/2320-7051.7441
https://doi.org/10.5650/jos.50.729
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0020
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0020
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0020
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0020
https://doi.org/10.1016/j.renene.2010.07.019
https://doi.org/10.1016/j.renene.2010.07.019
https://doi.org/10.1016/j.rser.2014.01.005
https://doi.org/10.1016/j.rser.2014.01.005
https://doi.org/10.14447/jnmes.v17i2.431
https://doi.org/10.14447/jnmes.v17i2.431
https://doi.org/10.1016/j.egypro.2019.01.098
https://doi.org/10.1016/j.egypro.2019.01.098
https://doi.org/10.1016/j.cej.2019.123930
https://doi.org/10.1016/j.cej.2019.123930
https://doi.org/10.1016/j.cej.2008.07.019
https://doi.org/10.1002/jctb.2106
https://doi.org/10.1002/jctb.2106
https://doi.org/10.1016/j.fuproc.2014.01.020
https://doi.org/10.1016/j.fuproc.2014.01.020
https://doi.org/10.1016/j.renene.2018.04.025
https://doi.org/10.1016/j.fuel.2015.04.012
https://doi.org/10.1080/17597269.2018.1510721
https://doi.org/10.1080/17597269.2018.1510721
https://doi.org/10.1016/j.clay.2017.09.009
https://doi.org/10.1016/j.jaubas.2011.12.001
https://doi.org/10.1051/e3sconf/20184201012
https://doi.org/10.1051/e3sconf/20184201012
https://doi.org/10.1016/j.fuel.2010.04.025
https://doi.org/10.1016/j.fuel.2010.04.025
https://doi.org/10.1016/j.renene.2013.02.035
https://doi.org/10.1016/j.fuproc.2015.10.037
https://doi.org/10.1016/j.fuproc.2015.10.037
https://doi.org/10.1021/ef900622d
https://doi.org/10.1002/ejlt.200900135
https://doi.org/10.1016/j.fuproc.2014.01.017
https://doi.org/10.1007/s11746-997-0254-2
https://doi.org/10.1002/ceat.200407033
https://doi.org/10.1002/ceat.200407033
https://doi.org/10.1016/j.ultsonch.2009.12.003
https://doi.org/10.1016/j.ultsonch.2009.12.003
https://doi.org/10.1007/BF02523896
https://doi.org/10.1007/BF02523896
https://doi.org/10.1007/s11746-003-0706-0
https://doi.org/10.3934/energy.2018.5.801
https://doi.org/10.3934/energy.2018.5.801
https://doi.org/10.1246/nikkashi1898.64.5_763
https://doi.org/10.1021/ac60022a032
https://doi.org/10.1021/ac60022a032
https://doi.org/10.2116/bunsekikagaku.27.12_802
https://doi.org/10.2116/bunsekikagaku.27.12_802
https://doi.org/10.1021/ef060362d
https://doi.org/10.1021/ef060362d
https://doi.org/10.1021/ef800479z
https://doi.org/10.1007/BF01417870
https://doi.org/10.1007/BF01417870
https://doi.org/10.1016/j.vibspec.2010.06.003
https://doi.org/10.1016/j.vibspec.2010.06.003
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0190
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0190
http://refhub.elsevier.com/S2215-0382(21)00108-4/rf0190
https://doi.org/10.4028/www.scientific.net/AMR.650.150
https://doi.org/10.4028/www.scientific.net/AMR.650.150
https://doi.org/10.1021/jp047359k
https://doi.org/10.1021/jp047359k
https://doi.org/10.1006/jcis.1998.5575
https://doi.org/10.11370/isj.54.140
https://doi.org/10.11370/isj.54.140

	Adsorption behavior of methyl palmitate onto silica particle surface
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of methyl palmitate
	2.3 Procedure of adsorption experiment

	3 Results and discussion
	3.1 Influence of coexisting substances on adsorption of methyl palmitate
	3.2 Competitive adsorption model
	3.3 Consideration of the validity of the estimated adsorption parameters
	3.4 Verification of equilibrium adsorption parameters

	4 Conclusions
	Notation
	Credit authors statement
	Declaration of Competing Interest
	References


