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Abstract: Using zeolite as a heterogeneous catalyst, the reaction conditions were optimized to increase
the yield and selectivity of diglycerol (DG) and triglycerol (TG) in the direct etherification reaction of
glycerol. By the addition of weakly acidic alkali metal-based inorganic salts (NaHSO4 and KHSOy),
the selectivities and yields of DG and TG increased. Although the conversion of glycerol was lowered
due to the role of the additive as an inhibitor, the reaction conditions were optimized by controlling
the amounts and reaction times of the additives to increase the yields of DG and TG. Under the
optimized condition, the glycerol conversion was as high as 85.4%, and the highest yields of DG
and TG were observed as 54.1% and 21.3%, respectively. The recyclability of the catalysts was much
enhanced by the influence of the additives suppressing the formation of oligomers.

Keywords: glycerol; etherification; diglycerol; triglycerol; alkali metal; zeolite; heterogeneous catalyst;
antagonistic additive

1. Introduction

Polyglycerol, a product of the conversion of glycerol by etherification, has tremendous
potential in a variety of fields including polymers, cosmetics, food, dispersants, pharma-
ceutical industry, lubricants, biomedical, or pharmaceutical delivery systems [1—4]. In
particular, diglycerol (DG) and triglycerol (TG) are converted into derivatives such as fatty
acid esters, which can be used as multifunctional additives for pharmaceuticals, cosmetics,
foods, and polyurethans [1,2,5-10]. DG and TG can also be used as water-soluble plasti-
cizers and emulsions. For this reason, interests in the selective conversion of glycerol to
DG and TG have been steadily increasing [1,3,10,11]. However, scientific challenges such
as the development of efficient and selective catalysts and the optimization of reaction
conditions still remain in the selective production of desired short chains such as DG and
TG through the etherification of glycerol [12]. Early research on the etherification of glycerol
focused on the use of acidic homogeneous catalysts such as sulfuric acid, benzene sulfonic
acid, dodecyl benzene sulfonic acid [13,14], as well as basic homogeneous catalysts such as
hydroxides, carbonates, and oxides [15,16].

However, although the homogeneous catalyst has high activity, there is a disadvantage
in that the selectivity of DG and TG is low due to the side reactions such as the increased
formation of oligomer by the condensation reaction between the etherification products.
Therefore, it is necessary to develop the efficient and selective catalysts and optimize the
reaction conditions capable of directly condensing glycerol into DG and TG to overcome
these shortcomings, and various studies have been conducted [17-25].

Research has compared homogeneous catalysts to heterogeneous catalysts such as
basic porous solids and metal oxides, which have excellent selectivity and can be recovered
and reused [23,24,26-29]. In particular, faujasites including zeolite beta, NaX, and NaY
can be used as the selective catalysts for the production of DG and TG directly from
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glycerol, and the results for the direct etherification of glycerol using zeolites have been
being reported [15,30]. In addition, when Cs-exchanged zeolite was used as a catalyst,
the conversion of glycerol and the selectivities of DG and TG were the highest among the
tested zeolites, but the thermal instability has been reported as a disadvantage [31].

Although the selectivities of DG and TG can be increased by using the heterogeneous
catalyst, the reaction temperature needs to be increased to increase the yield due to the
lower reactivity of the heterogeneous catalyst than the homogeneous catalyst. Since the
formation of oligomers is accelerated at high temperatures, the reduction of reaction time
was attempted to decrease the formation of oligomers. However, there is a trade-off
relationship between the reaction temperature and the reaction time, increasing the yield
of DG and TG along with the conversion of glycerol, which was limited. To increase both
the selectivities and yields of DG and TG, it is necessary to overcome the disadvantages
of heterogeneous catalysts while taking advantages by optimizing the reaction condition.
Recently, we have reported that the improved yield of DG and TG and suppressed the
formation of oligomers in the presence of homogeneous catalysts at high temperatures
by introducing the additives capable of moderating the activity of the homogeneous
catalyst [25].

In this study, as an extension of the study and the last journey on the efficient conver-
sion of glycerol to DG and TG under atmosphere pressure, the effect of additives on the
moderating catalytic activity of heterogeneous catalysts was investigated. Especially, to
optimize the reaction conditions for the selective production of DG and TG, the effects of
varied reaction temperature, reaction time, and the amounts of additives on the heteroge-
neous catalytic etherification of glycerol were studied. In addition, as previously reported,
the catalytic activity of zeolites was reduced after being reused 5 times, and this was also
attempted to be overcome through additives.

2. Results and Discussion

Prepared Na* containing X-type zeolite (XZ-Na, Si/ Al = 1.40, surface area = 541 m? g1,
pore volume = 0.27 cm® g~1) and K* containing X-type zeolite (XZ-K, Si/Al = 1.40, surface
area = 465 m? g~!, pore volume = 0.26 cm® g~!) showed different physical properties
(Figure S1 and Table S1 in Supplementary Materials) [32] from NaX (Si/Al ratio = 1.1,
surface area = 868 m? g~ !, pore volume = 0.35 cm® g '), which was previously used as a
catalyst for the etherification of glycerol [15].

Table 1 summarizes the results of the etherification reaction of glycerol by a basic
heterogeneous catalyst containing an alkali metal, including the previously reported results.
In general, the heterogeneous catalysts have the advantage of showing high selectivity
for DG and TG compared to the homogeneous catalysts. To increase the yield of DG and
TG, the reaction temperature or the reaction time need to be increased due to the low
conversion of glycerol by the heterogeneous catalysts. However, because the formation
of oligomers is promoted at high temperatures or increased reaction times, attempts have
been made to reduce the formation of oligomers by reducing the reaction time. However,
increasing both the selectivity and the yield of DG and TG by controlling the reaction time
is limited, because there is a trade-off relationship between the reaction temperature and
the reaction time. As shown in Table 1, when the reactions were carried out at the relatively
low temperature, the high selectivities of DG and TG were observed. However, the yields
of DG and TG were low due to the low conversion of glycerol. If the reaction was carried
out for a long time to increase the conversion of glycerol, the production of oligomers was
also increased.
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Table 1. Comparison of the catalytic activity of heterogeneous catalysts containing alkali metal cation
in the etherification reaction of glycerol !.

Amount of . Selectivity (%)
Temp. Time Conv. of y
Entry Catalyst C(::lozjt €0) () Glycerol (%) DG TG Others Ref.
1 NaX 4 260 9 68.8 68 (46.8) 22 (15.1) 10 (6.9) [31]
Na
2 mordenite 4 260 9 38.6 73 (28.2) 22 (8.5) 5(1.9) [31]
3 NaX 2 260 24 100 25 (25) 26 (26) 49 (49) [15]
4 NaY 2 260 24 79 47.5 (37.5) 18.5 (14.6) 34 (26.9) [15]
5 NaBeta 2 260 24 52.5 445 (23.4) 7.2 (3.8) 48.3 (25.3) [15]
6 Li Ferrierite 2 200 8 35 77 (26.9) 16 (5.6) 7 (2.5) [33]
7 Na Ferrierite 2 200 8 37 79 (29.2) 12 (4.5) 9 (3.3) [33]
8 K Ferrierite 2 200 8 40 80 (32) 14 (5.6) 6 (2.4) [33]
9 XZ-Na 3 280 2 79.4 64.7 (51.4) 27.6 (21.9) 7.7 (6.1) [32]
10 XZ-Na 2 3 280 2 76.3 66.6 (50.8) 26.7 (20.4) 6.7 (5.1) This work
11 XZ-Na 2 3 280 3 81.5 57.4 (46.8) 24.7 (20.1) 17.9 (14.6) This work
12 XZ-K 3 280 2 89.3 53.6 (47.9) 24.5 (21.9) 21.9 (19.5) [32]
13 XZ-K?3 3 280 2 81.2 68.1 (55.3) 21.3 (17.3) 10.6 (8.6) This work
14 XZ-K3 3 280 3 85.4 63.3 (54.1) 24.9 (21.3) 11.7 (10.0) This work

1 The numbers in parenthesis are the yields of each product. 2 0.1 wt.% of NaHSO, was added. 3 0.2 wt% of
KHSO, was added.

The conversions of glycerol using 3 wt% of XZ-Na and XZ-K as catalysts at 280 °C for
2 h were 79.4% and 89.3%, respectively (Table 1, Entry 9 and 12). As previously reported,
XZ-K showed higher conversion of glycerol than XZ-Na under the same reaction conditions
due to the higher catalytic activity of K* cation than that of Na* cation [30,32,33].

The difference in reactivity according to the kind of alkali metal cation contained in
zeolite is because the basicity of the alkali metal cation affects the strength of the catalytic
activity for the etherification of glycerol. However, XZ-Na exhibited the higher selectivities
and yields of DG and TG than XZ-K because the formation of oligomer was facilitated
by K* cation. Recently, we reported that the yields of DG and TG were improved and
the formation of oligomers was suppressed by introducing additives that can moderate
the activity of homogeneous catalysts [25]. As an extension of the study on the efficient
conversion of glycerol to DG and TG, the reaction time and the amounts of additives
were adjusted to optimize the reaction conditions and the effect on heterogeneous catalytic
etherification of glycerol for the selective production of DG and TG.

The results of the glycerol etherification for 2 h at 280 °C using 3 wt.% of XZ-Na and
XZ-K as catalysts with varied amounts of NaHSO, and KHSOy, which were introduced
as additives, respectively, are shown in Figure 1. In both catalysts, as the amount of
the additive increased, while the conversion of glycerol and the formation of oligomers
decreased due to the suppressed activity of catalyst by the antagonistic inhibitor. The
selectivity of DG increased steadily as the amount of additive increased. However, the
yields of DG were observed as the highest when the amounts of 0.1 wt.% of NaHSOy,
and 0.2 wt.% of KHSO4 were added to XZ-Na and XZ-K, respectively. The selectivity
and yield of TG decreased due to the decreased activity of the catalyst as the amounts of
additives increased.

Figure 2 shows the influence of reaction time on the etherification of glycerol at 280 °C
using 3 wt.% of XZ-Na as a catalyst with varied amount of NaHSOj,. Without additive, the
yields of DG and TG were 51.4% and 21.9%, respectively, showing the highest values at
2 h (Table 1, Entry 9 and Figure 2a). The selectivity and yield of the oligomers increased
steadily with the increased reaction time but decreased with the increased amount of
NaHSOy (Figure 2). This is because the additive, which acts as a proton donor, inhibits the
activity of catalyst as in homogeneous catalysis [25]. However, by the addition of NaHSOy,
the conversion of glycerol also decreased, resulting in lower yields of DG and TG compared
to the condition without additives. For example, when 0.1 wt.% of NaHSO,4 was added
and the reaction time was 2 h, the yields of DG and TG were 50.8% and 20.4%, respectively
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(Table 1, Entry 10 and Figure 2b). This seems to be because the catalytic activity of XZ-Na
was greatly affected and inhibited by NaHSOj,.
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Figure 1. The influence of the amount of additive on the etherification reaction of glycerol:
(a) Na-zeolite with NaHSO4 and (b) K-zeolite with KHSO, (-W-: conversion of glycerol, -e-: yield of
DG, -A-: yield of TG, -4-: yield of others -O-: selectivity of DG, -A-: selectivity of TG, -O-: selectivity
of others, the reaction temperature: 280 °C, the reaction time: 2 h).
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Figure 2. The influence of reaction time on the etherification reaction of glycerol in the presence of
3 wt.% of Na-zeolite with (a) 0 wt.%, (b) 0.1 w.t%, (c) 0.2 wt.%, and (d) 0.3 wt.% of NaHSO, (-H-:
conversion of glycerol, -e-: yield of DG, -A-: yield of TG, -¢-: yield of others -O-: selectivity of DG,
-A-: selectivity of TG, : selectivity of others, reaction temperature: 280 °C).
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Figure 3 shows the influence of reaction time on the etherification of glycerol at 280 °C
using 3 wt.% of XZ-K as a catalyst with varied amount of KHSOj. Since the activity of
XZ-K is higher than that of XZ-Na, the conversion of glycerol was 89.3% in a reaction time
of 2 h without additive. The yields of DG, TG, and oligomers were 47.9%, 21.9%, and
19.5%, respectively, and the formation of oligomers increased rapidly with the increase
in the reaction time (Table 1, Entry 12 and Figure 3a). KHSO4 added to XZ-K more
clearly exhibited the suppressed formation of oligomers than NaHSO,4 added to XZ-Na.
Particularly, the formation of oligomers at 2-3 h was very suppressed, while the conversion
of glycerol was maintained at a certain level, thereby obtaining high yields of DG and TG.
When the etherification reaction of glycerol was carried out at 280 °C for 3 h in the presence
of 3 wt.% of XZ-K and 0.2 wt.% of KHSOy, the conversion of glycerol was 85.4%, and the
yields of DG and TG were the highest values as 54.1% and 21.3%, respectively (Table 1,
Entry 14 and Figure 3c). Therefore, the optimized conditions for the production of DG and
TG through the catalytic direct etherification of glycerol using 3 wt.% of XZ-K as a catalyst
at 280 °C were the addition of 0.2 wt.% of KHSO, and reacting for 3 h.
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Figure 3. The influence of reaction time on the etherification reaction of glycerol in the presence
of 3 wt.% of K-zeolite with (a) 0 wt.%, (b) 0.1 wt.%, (c) 0.2 wt.%, and (d) 0.3 wt.% of KHSO, (-H-:
conversion of glycerol, -e-: yield of DG, -A-: yield of TG, -¢-: yield of others -O-: selectivity of DG,
-A-: selectivity of TG, : selectivity of others, reaction temperature: 280 °C).

The catalyst recycle was performed at 280 °C for 2 h in the presence of XZ-Na or XZ-K.
After the completion of the reaction, the zeolite was separated from the liquid product
mixture by the filtration followed by refluxing for 2 h in distilled water (50 mL). The dried
XZ-Na or XZ-K was reused in the next cycle with a fresh charge of glycerol (50 g) and the
appropriate amount of additive. As previously reported, when XZ-Na or XZ-K was used
as a catalyst in the absence of additive, the conversion of glycerol decreased slightly with
the cycle, although the selectivities of DG and TG were kept at a similar level [32]. We
have reported that the decreased catalytic activity was due to the reduced specific surface
area of zeolite by the generated oligomers, although the skeleton structure of the zeolite
was maintained even after recycling. As shown in Figure 4 and Table S2, interestingly, the
catalytic activity of XZ-Na and XZ-K was not deteriorated during 10 times of recycling in
the presence of additives. This result appears to be due to the suppression of the formation
of oligomers, especially long-chain oligomers, under the influence of additives, resulting in
the declined reduction of the surface area of zeolites (Figure 5). The N; sorption isotherms
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of XZ-K exhibited some hysteresis, which seems to be because a small amount of mesopores
(with a pore size distribution of around 5 nm, Figure S2) are generated by relatively large
K* cations, unlike XZ-Na, where only micropores exist. The reason that the yield and
selectivity of the oligomer of XZ-K is higher than that of XZ-Na seems to be because not
only the strong basicity of K* but also the presence of mesopores affect it. It was confirmed
again through FT-IR spectra and XRD patterns that the skeletal structure of zeolites did
not change even after repeated reuse (Figures S3 and S4). The IR peak between 900 and
1000 cm ™! is according to the asymmetric stretching of Si-O-Al. In the case of XZ-Na, the
peak positions of the initial, 5th reuse, and 10th reuse were 961.4, 961.9, and 962.8 cm L
respectively, indicating that there was almost no structural change during the recycle. On
the other hand, in the case of XZ-K, the peak positions of the initial, 5th, and 10th reuse
were 961.4, 956.6, and 964.3 cm ™1, respectively. The Si/ Al ratios for the initial, 5th, and 10th
reuse catalysts of XZ-Na and XZ-K measured by EDX were 1.40, 1.39, 1.38, and 1.40, 1.40,
1.41, respectively (Figure S5 and Table S1). The IR peak position corresponding to Si/ Al
was obtained consistent with the previously reported experimental results and theoretical
calculations [34-36]. Therefore, it appears that the rather large shift of the IR peak in reused
XZ-K catalysts is due to the difference of mesopores rather than the altered the Si/ Al ratio.
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Figure 4. Recycling of XZ-Na and XZ-K for the etherification reaction of glycerol.
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Figure 5. N, sorption isotherms of (a) XZ-Na and (b) XZ-K: (-W-) pristine zeolite, (-e-) after 5 recycles,
(-A-) after 10 recycles.
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3. Materials and Methods
3.1. Materials

Aluminum isopropoxide, silica gel, sulfuric acid (98 wt.%, HPLC grade), and t-butanol
were purchased from Sigma-Aldrich Chemical Co. (Yongin, Korea). Glycerol, NaOH, KCl,
NaHSOy, and KHSO,4 were purchased from Daejung Chemicals Co. (Seoul, Korea). Water
(HPLC grade) was purchased from J. T. Baker Co. (Seoul, Korea). All the chemicals were
used as received without further purification.

3.2. Preparation of XZ-Na and XZ-K

X-type zeolite was prepared using a modified literature method [32,37]. A white
suspension was obtained by mixing sodium silicate gel prepared by dissolving 12.0 g of
silica gel and 9.6 g of NaOH in 25 mL of deionized water and sodium aluminate prepared
by dissolving 29 g of aluminum isopropoxide and 9.6 g of NaOH in 40 mL of deionized
water. XZ-Na in the form of white powder obtained by standing the suspension in an oven
at 90 °C for 4 h was washed with deionized water followed by drying under vacuum at
140 °C. XZ-K was obtained by dispersing XZ-Na in 4 M KCl aqueous solution and stirring
at 80 °C for 24 h to exchange cation.

3.3. Characterization Methods

A Micromeritics TriStar analyzer was used to record the nitrogen adsorption isotherms
at —196 °C. The samples were outgassed at 200 °C for 2 h under vacuum before each
measurement. The total pore volume (Viy,)) was determined from the amount of Np
uptake at P/Py = 0.95. The total specific surface area (Si,) Was calculated using the
Brunauer-Emmett—Teller (BET) method from the nitrogen adsorption data in the relative
pressure (P/Py) of 0.06-0.20 [38]. A field emission scanning electron microscope (FE-SEM,
Hitachi, Model SU 8220, Tokyo, Japan) equipped with an EDS PV9761 detector at the
acceleration voltage of 200 kV was used to investigate the morphology and structural
properties of Na-zeolite. The FT-IR spectrum of zeolite was obtained using a Nicolet FT-IR
spectrometer (i510, Thermo Fisher Co., Waltham, MA, USA) equipped with a SMART
MIRACLE accessory.

3.4. Etherification Reaction of Glycerol

First, 50 g of glycerol, an appropriate amount of zeolite, and additive were added to a
round-bottomed flask (100 mL) with a stir bar, and the catalytic etherification reaction was
carried out under atmospheric pressure. A Dean-Stark apparatus was used to remove the
water generated during the etherification reaction.

3.5. Analysis of the Etherification Reaction Mixtures

The reaction mixture was analyzed using high-performance liquid chromatography
(HPLC) equipped with an Aminex HPX-87H (Bid Rad, Hercules, CA, USA) column and a
reflection index (RI) detector. An aqueous H»SO4 (5 mM) solution was used as a mobile
phase with a flow rate of 0.6 mL min~!. The amounts of glycerol, DG, and TG present in the
reaction mixture were quantitatively analyzed using ¢t-butanol as an internal standard. The
conversion of glycerol, yields, and selectivities of DG, TG, and oligomers were calculated
using the following equations:

Moles of reacted glycerol = moles of glycerol taken — moles of unreacted glycerol

Moles of oligomers = moles of reacted glycerol — moles of DG and TG

les of 1 1
Conversion of glycerol (%) = nlfoijsoo fr;;zfo‘? éf;? x 100%

Yield of DG (%) — —moles of DG % 100%
moles of glycerol taken
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Yield of TG (%) = moles of TG % 100%
moles of glycerol taken

moles of oligomers

Yield of oli %) = 100%
feld of oligomers (%) moles of glycerol taken x 100%
Selectivity of DG (%) = moles of DG x 100%

moles of reacted glycerol
les of T
Selectivity of TG (%) = moles of TG x 100%
moles of reacted glycerol
Selectivity of oligomers (%) = moles of oligomers x 100%

moles of reacted glycerol

3.6. Catalyst Recycle

The recycling experiments of XZ-Na and XZ-K were performed at 280 °C for 2 h in the
presence of additive. After the completion of the reaction, the liquid product mixture was
removed by filtration, and the remaining solid catalyst was resuspended in distilled water
(50 mL) and refluxed for 2 h. The solid catalyst recovered by the filtration and drying was
reused in the next cycle with a fresh charge of glycerol and additive.

4. Conclusions

To moderate the catalytic activity of XZ-Na or XZ-K used as a catalyst for the dehy-
dration etherification of glycerol, NaHSO, or KHSO4 was added to each as an additive
capable of acting as a proton donor, and the characteristics of the reaction were investigated.
The conversion of glycerol and the yields and selectivities of DG, TG, and oligomeric
compounds can be controlled by varying the amounts of additives and reaction time. The
optimized reaction conditions to produce DG and TG with high yield using 3 wt.% of
XZ-K as a catalyst at 280 °C were 0.2 wt.% of KHSO,4 and 3 h of reaction time. Under this
condition, the glycerol conversion was as high as 85.4%, and the highest yields of DG and
TG were observed as 54.1% and 21.3%, respectively. In addition, under the influence of the
additive, the formation of oligomers, particularly long-chain oligomers, was suppressed,
stably maintaining the catalyst activity even after repeated reuse.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/catal12020220/s1. Figure S1: SEM images and EDX data. Figure S2: N; isotherms. Figure S3:
FT-IR spectra. Figure S4: XRD patterns of (a) XZ-Na and (b) XZ-K. Figure S5: EDX data of XZ-Na (a)
pristine, (b) after 5th recycle, (c) after 10th recycle and XZ-K (d) pristine, (e) after 5th recycle, (f) after
10th recycle, respectively. Table S1: Structural characterization. Table S2: Recycling data.
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