
Heliyon 6 (2020) e05258
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
Ethanol-free antisolvent crystallization of glycine by liquefied
dimethyl ether

Hideki Kanda a,b,c,*, Tsubasa Katsube a, Rintaro Hoshino a, Mitsuhiro Kishino d, Wahyudiono a,
Motonobu Goto a

a Department of Materials Process Engineering, Nagoya University, Furocho, Chikusa, Nagoya, 464-8603, Japan
b PRESTO, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama, 332-0012, Japan
c SATREPS, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama, 332-0012, Japan
d Research Institute for Bioscience Products & Fine Chemicals, Ajinomoto Co., Inc., 1-1 Suzukicho, Kawasakiku, Kawasaki 210-8681, Japan
A R T I C L E I N F O

Keywords:
Food science
Chemical engineering
Materials
Chemistry
Natural product
Amino acid
Crystallization
Antisolvent
Subcritical fluid
* Corresponding author.
E-mail address: kanda.hideki@material.nagoya-u

https://doi.org/10.1016/j.heliyon.2020.e05258
Received 17 August 2020; Received in revised form
2405-8440/© 2020 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Liquefied dimethyl ether (DME) was employed as an antisolvent to crystallize glycine from its aqueous solution.
The proposed method can be performed at 20–25 �C and has the potential to reduce the energy consumption of
drying or crystallizing using ethanol. α-Glycine crystals were successfully obtained from glycine aqueous solutions
by mixing in liquefied DME, which was easily removed from the crystals by decompression. Contact with a liq-
uefied DME/water mixture and small γ-glycine crystals resulted in the α-glycine converting to γ-glycine. This was
only observed for saturated glycine solutions. We speculated that this conversion occurs via a solution-mediated
transition. Pure liquefied DME is not capable of promoting solvent-mediated transitions, so saturated glycine
solutions treated with the pure antisolvent can give α-glycine as the sole product.
1. Introduction

Crystallization is a significant industrial process that is widely used in
pharmaceutical, food, and fine-chemical industries for separating and/or
purifying products from reaction solutions. During crystallization pro-
cesses, the physical properties of the final product, such as its chemical
purity, crystal size distribution, and morphology, are changed by several
factors, including temperature reduction and the antisolvent/solution
ratio. In pharmaceutical industries these properties affect the bioavail-
ability of materials [1, 2].

Glycine is non-toxic and is highly water soluble. It has been generally
used as a bulking agent for freeze-dried protein formulations, where it
inhibited the aggregation of certain proteins upon freezing [3, 4]. Dry
glycine powder, from spray-drying, has also been investigated for ap-
plications in pulmonary delivery [5]. When spray-drying glycine, the
latent heat and boiling point of water are increased with decreasing of
water content in glycine solution. Therefore, glycine is a product typi-
cally obtained by antisolvent crystallization. The energy consumed by
ethanol antisolvent crystallization is lower than that consumed by the
spray-drying processes. However, because of the high boiling point of
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ethanol and the azeotropic phenomenon (Figure 1 (a)), ethanol anti-
solvent crystallization requires high temperatures to separate the ethanol
from water after crystallization. Electric furnaces or boiler are employed
to achieve this high temperature; however, it is necessary to consume
electricity or burn fossil fuels for them to operate. Therefore, an anti-
solvent that does not require a high temperature heat source is desirable.
In addition, ethanol is contraindicated in various religions. To cope with
such diversity, it is desirable to develop an antisolvent crystallization
method that does not involve ethanol. Herein, we propose liquid
dimethyl ether (DME) as an alternative antisolvent for glycine
crystallization.

The normal boiling point of DME is�24.8 �C; thus, it is gaseous under
standard conditions with a saturated vapor pressure of 0.59 MPa at 25 �C
[6]. Liquefied DME is partially miscible with water, where the saturated
water concentration in liquefied DME is approximately 7.5 wt.% at 25 �C
[7, 8, 9]. Based on these characteristics, several groups have carried out
dewatering processes using DME, as well as extracted several organic
components from lignite, soil, plants, and biomass using DME as the
solvent medium [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25]. This technique simultaneously extracted the organic components
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Figure 2. Glycine crystallization equipment using liquefied DME.
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and water from wet materials. Specifically, lipids extracted from wet
microalgae by liquefied DME consistedmainly of C, H, and O, while the N
content remained in the residue [21, 25]. Because microalgae contain
numerous amino acids and proteins, these results imply that liquified
DME can be employed as an antisolvent for isolating amino acids and
proteins.

There are a few studies that employ DME to separate proteins and
lipids. Catchpole et al. utilized the DME as an effective antisolvent for
proteins in an aqueous solution [16, 19]. This technique was applied to
fresh and reconstituted egg yolks and on selected dairy by-product
streams, where the lipids were removed from these materials using liq-
uefied DME. The results showed that amino acids did not dissolve in the
liquefied DME, thus cementing it as a potential antisolvent for their
crystallization.

The low boiling point of DME negates the need for high-temperature
heat sources. This was supported by an extraction study that showed that
methods employing liquefied DME required substantially less energy
consumption than those using other solvents [25]. Antisolvent crystalli-
zation by liquefied DME is shown in Figure 1(b). DME has been approved
as a safe extraction solvent for the production of foodstuffs and food
ingredients [26, 27]. Moreover, it exhibits resistance to autoxidation,
unlike other alkyl ethers [28]. Therefore, there are no safety concerns
associated with the use of liquefied DME for glycine crystallization.

In this study, the efficacy of glycine crystallization using liquefied
DME was evaluated. The morphologies, sizes, and crystal structures of
the glycine crystals obtained under various conditions were examined.

2. Materials and methods

2.1. Samples and chemicals

Purified DME (supplied as a propellant filled in a spray-work air can
420D, Tamiya, Inc., Shizuoka, Japan) was used as the antisolvent.
Distilled water obtained from a water distillation apparatus (Auto still
WS200, Yamato Scientific Co. LTD., Tokyo, Japan) was used as the sol-
vent. Glycine (99.0%, Wako Pure Chemicals Industries Ltd, Osaka,
Japan) was used as the solute. The concentration of the unsaturated
glycine solution was 10.3 wt.% and that of the saturated solution was
20.2 wt.%. The glycine was completely dissolved in the unsaturated so-
lution. The saturated glycine aqueous solution was filtered through a
0.65-μm filter (DVPP1300, Merck Millipore, MA, USA) to remove un-
dissolved glycine crystals, but it was considered to contain glycine
crystals <0.65 μm in size.

2.2. Experimental setup and procedure

Figure 2 shows the schematic diagram of the apparatus employed to
conduct glycine crystallization by liquefied DME. The main apparatus
consisted of an HPLC pump (880-PU; Jasco, Tokyo, Japan) for feeding the
glycine solution, a crystallization reactor made of pressure resistance
Figure 1. Procedure for antisolvent crystallization using
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glass covered by polycarbonate (upper half of HPG-96-3 and lower half of
HPG-96-5 were cut and combined; volume: 96 mL; inner diameter: 27
mm; Taiatsu Techno Corp., Saitama, Japan), a DME supply tank made of
SS 316 (TVS-1-100; volume: 100 mL; Taiatsu Techno Corp., Saitama,
Japan) that was equipped with a needle valve, and a collector made of
pressure resistance glass covered by polycarbonate (HPG-96-3; volume:
96 mL; Taiatsu Techno Corp., Saitama, Japan). A 0.65-μm filter
(DVPP1300, Merck Millipore) was placed at the bottom of the crystalli-
zation reactor. The flow rate of liquefied DME was controlled by a flow
meter (P-100 customized for liquefied DME, Tokyo Keiso Co., Ltd, Tokyo,
Japan). These were connected via 1/16-inch SS 316 tubes.

Liquefied DME in the DME supply tank wasmaintained at 35� 1 �C in
a water bath with a saturated vapor pressure of 0.78 � 0.02 MPa. This
pressure was measured by a pressure gauge connected to the DME supply
tank. The inside of the DME supply tank was in a state of gas-liquid
coexistence, and the vapor pressure was equal to the saturation vapor
pressure. The liquefied DME was flowed into the crystallization reactor
by the pressure difference between the DME supply tank and crystalli-
zation reactor. Infrared, non-contact thermometers detected that the
temperature of the liquefied DME dropped rapidly, by approximately 25
(a) a previous method and (b) the proposed method.
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�C, as it passed through the SS 316 tubing at the crystallization reactor
inlet. The internal pressure of the crystallization reactor was measured by
a pressure gauge connected to the crystallization reactor, which was 0.59
MPa.

First, 83 mL of liquefied DME was charged into the crystallization
reactor. The glycine solutions were then injected from a nozzle to the
surface of liquefied DME for 1 min. The flow rate of the glycine solution
was 5 mL/min, which was controlled by the HPLC pump. The inside
diameter of the nozzle was 0.25 mm and the initial distance between the
nozzle tip and the surface of liquefied DME was 23 mm. During the in-
jection of the glycine solution, the liquefied DME surface level was
elevated.

After 5 mL of the unsaturated glycine solution (water amount was
4.49 g) was mixed with 83 mL (54.9 g; the density of liquefied DME at 25
�C is 0.661 g/mL) of liquefied DME, the water concentration of liquefied
DME became 8.2 wt.% based on the liquefied DME weight. Liquefied
DME at 25 �C is considered water-saturated when the water concentra-
tion is 7.5 wt.% [8]; therefore, the liquefied DME here is water-saturated.
As a result, the undissolved water is separated into the lower layer of the
liquefied DME. Also, when using the saturated glycine solution, the liq-
uefied DME is saturated with water.

The crystalized glycine powders were trapped by the filter at bottom
of the crystallization reactor and possessed very high-water content due
to the water-saturated liquefied DME. To remove this water, additional
liquefied DME charged in through the top of the crystallization reactor
while the liquefied DME containing water was discharged from the
bottom. The bottom of the crystallization reactor was equipped with a
hand-operated pressure relief valve, whose opening was adjusted so as to
keep the level of the liquefied DME constant while the additional lique-
fied DME was being charged. The liquefied DME flow rate was 20 � 3
mL/min. Liquefied DME in the collector tank was decompressed and
evaporated at 20–25 �C by opening a valve connected to the collector
tank.

After feeding various amounts of liquefied DME, the remaining liq-
uefied DME in the crystallization reactor was removed to the collector.
Glycine powder was obtained from the filter at the bottom of the crys-
tallization reactor and then analyzed.
2.3. Characterization

The water content of the glycine powders was measured using a
moisture meter (Frontlab, AS ONE Corporation, Tokyo, Japan). When the
weight reached a certain level by heating to 107 �C, the water content
was determined from the difference from the initial weight.

Residual DME vapor in the glycine powder was detected by a gas
chromatography/mass spectrometry (GC/MS) head space system ac-
cording [29]. The glycine powder (0.50 g) was place in a 10 mL head-
space vial. The GC/MS analysis was carried out using an Agilent 7890B
GC system connected to an Agilent 5977A mass spectrometer using a
cyanopropyl capillary column (VF0624MS; 60 m � 0.32 mm (i.d.) � 1.8
μm, Agilent Technologies Tokyo Ltd., Hachioji, Japan). An Agilent 7697A
headspace sampler was also connected. The heating temperature of the
head space was 50 �C and the vial equilibration time was set at 10 min.
The oven temperature was initially set at 40 �C for 5 min and was then
allowed to ramp up to 260 �C at a rate of 5 �C/min. The mass range was
29–450 m/z and the injector and interface temperatures were set at 150
and 240 �C, respectively.

The morphologies and sizes of the glycine powders were observed by
scanning electron microscope (SEM) using a JSM-6390LV microscope
(JEOL Ltd., Tokyo, Japan). The acceleration voltage was 1.0 kV.

X-ray diffraction (XRD) (RINT 2100/PC; 40 kV and 200 mA; Rigaku,
Akishima, Japan) was used to confirm the crystal structure of glycine. It
was equipped with a θ–θ wide-angle goniometer and scintillation de-
tector and used Cu Kα radiation (λ ¼ 1.5406 Å) with a scan rate of 2o/
min, step size of 0.02, and a 2θ range of 10–50o.
3

A series of experiments, from crystallization by liquefied DME to
analysis, was repeated three times with very similar analysis results.

3. Results and discussion

Unsaturated glycine solutions and saturated glycine solutions were
sprayed into the liquefied DME in the crystallization reactor, where it was
visually observed that glycine instantaneously crystallized from both the
aqueous solutions.

In the glycine aqueous solution, water obstructs the growth of nascent
glycine crystals, owing to the strong interactions between the OHwa-

ter–Oglycine and NHglycine–Owater hydrogen bonds [30]. The successful
crystallization by liquefied DME implies the breakage of hydrogen bonds
between the water and glycine molecules.

First, the results of the unsaturated glycine aqueous solution are
discussed. After the injection of the unsaturated glycine solution into the
liquefied DME, the pressure inside the crystallization reactor was
reduced to atmospheric pressure, and the glycine powder remaining in
the crystallization reactor was taken out. The obtained glycine powder
had a water content of 24.1 � 3 wt.%. Removal of this water from the
glycine powder is crucial. Therefore, after the injection of the glycine
unsaturated solution, without lowering the pressure in the crystallization
reactor, pure liquefied DME was added to the crystallization reactor
while an equal amount of water-containing liquefied DME was dis-
charged from the bottom of the crystallization reactor. As a result, the
amount of water in the crystallization reactor decreased.

After allowing 126 mL of additional liquefied DME to flow through
the crystallization reactor, the pressure inside it was reduced and all the
solution was discharged. The glycine crystal was subsequently removed
from the crystallization reactor. The water content of glycine crystal was
below the detection limit of 0.1%, which demonstrated the successful
crystallization of glycine from the aqueous solutions and the removal of
the water trapped within the crystals, simultaneously. We observed no
ethereal odor in the obtained glycine powders; head space GC/MS
analysis detected no DME vapor. This shows that DME was easily
removed from the glycine powders at 20–25 �C. This was also the case
when the amount of additional DME that was added to remove the water
was varied, and the saturated glycine solution was used. The non-
retention of DME in glycine implies that DME interacts strongly with
water and weakly with glycine, thus removing the DME and water
molecules from the glycine crystals. Previous studies have shown that the
evaporated DME gas can be recovered and re-liquefied and reused as
pure liquefied DME in an extraction solvent [15, 17, 18]. This is due to
the fact that the difference in vapor pressure between DME and water at
25–40 �C is very large. Therefore, the reuse of liquefied DME obtained by
evaporation and liquefaction does not interfere with this method.

SEM images (Figure 3(a-c)) were taken of the glycine powders after
various amounts of additional liquefied DME were added or not added
after the initial injection of the unsaturated glycine solution. As shown in
Figure 3(a), needle-like glycine powders were generated when no addi-
tional liquefied DME was added to remove water. The length of the
crystallized glycine particles was approximately 200 μm Figure 3 (b and
c) show that the shape of the glycine powders did not change when the
water was removed by the additional liquefied DME. This crystalline
form seen in all the images corresponds to α-glycine [31, 32, 33]. The
crystallized glycine particles became shorter in length and were mixed
with particles of several tens of micrometers in length. This suggests that
the addition of new liquefied DME gave preference to the creation of new
glycine particles over the growth of existing glycine particles when the
glycine saturation solubility in the liquefied DME/water mixture was
reduced. The crystal structure of the glycine powder was analyzed by
powder XRD. As a pretreatment for XRD analysis, the glycine powder was
completely dried by sealing it in a desiccator for 1 day at a relative hu-
midity of 20 % and 20–25 �C. The XRD patterns of the powders treated
and not treated with additional liquified DME both showed peaks cor-
responding to good crystallinity of α-glycine (Figure 4(a-c)) [33, 34, 35,



Figure 3. Scanning electron microscopy (SEM) images of glycine powders: (a) Unsaturated solution, no additional dimethyl ether (DME); (b) unsaturated solution,
126 mL of additional DME; (c) unsaturated solution, 229 mL of additional DME; (d) saturated solution, no additional DME; (e) saturated solution, 106 mL of additional
DME; (f) saturated solution, 222 mL of additional DME; and (g) saturated solution and pure liquefied DME.
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36]. The formation of the metastable α-glycine suggests that the solubi-
lity of glycine decreased very rapidly due to the swift dissolution of water
from the glycine solution into the liquefied DME. When the solution is
sufficiently supersaturated, Ostwald's step rule is known to give prefer-
ence to crystalline forms with low surface energy, i.e., those with low
thermodynamic stability [37]. This result with the appearance of the
metastable phase, α-glycine, is consistent with Ostwald's step rule, since
the spray of glycine solution into liquefied DME is able to reach super-
saturation of glycine more rapidly than the addition of liquefied DME to
glycine solution.

In general, the type of antisolvent and its concentration affects the
polymorphs of crystals [38]. The saturated glycine solution was evalu-
ated to examine if the concentration of the injected glycine solution had
4

any influence on crystallization. Upon injecting the saturated glycine
solution, and without additional liquefied DME being added, a wet
glycine powder was obtained with a water content of 31.1 � 3 wt.%.
Similar to what was seen with the unsaturated glycine solution,
needle-like glycine powder was produced from the saturated glycine
solution before the additional liquified DME was added (Figure 3 (d)).
The length of the crystallized glycine particles was approximately 200
μm, similar to that of the unsaturated glycine solution. The XRD pattern
confirmed that α-glycine was also present in this glycine powder
(Figure 4 (d)). Water removal was then tested by adding 106 mL of
additional liquified DME after the injection of the saturated glycine so-
lution, where the water content was reduced to below the detection limit
of less than 0.1 wt.%. Even when the additional amount of liquefied DME
Figure 4. X-ray diffraction (XRD) patterns of
glycine crystals obtained under several con-
ditions. The open circles indicate α-glycine
peaks and the open triangles represent
γ-glycine peaks. (a) Unsaturated solution, no
additional DME; (b) unsaturated solution,
126 mL of additional DME; (c) unsaturated
solution, 229 mL of additional DME; (d)
saturated solution, no additional DME; (e)
saturated solution, 106 mL of additional
DME; (f) saturated solution, 222 mL of
additional DME; and (g) saturated solution
and pure liquefied DME.
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was increased to 106 mL, the glycine crystals remained needle-shaped
(Figure 3(e)). The additional liquefied DME made the glycine particles
smaller overall. However, in the XRD pattern shown in Figure 4(e), not
only was α-glycine observed, but γ-glycine, the stable phase [33, 34, 35,
36], was also detected. When the amount of additional liquefied DME
was increased to 222 mL, the crystal structure of glycine changed to
become cube-like (Figure 3(f)) and the XRD pattern showed only
γ-glycine (Figure 4(f)). These XRD patterns show that α-glycine converts
to the more stable γ-glycine. The cubic glycine particles grew again to
approximately 200–300 μm in size. This could be explained if a small
amount of γ-glycine crystals were initially mixed in the saturated glycine
solution.

In a previous study, the application of the inner seeding method to
glycine has been investigated by Doki [39], in which glycine was crys-
tallized by cooling of aqueous solution and α-glycine particles were
added as seeds. In their cooling method, γ-glycine was crystallized when
seed of α-glycine was not added. In contrast, the addition of α-glycine
seed resulted in α-glycine crystallization by their cooling method. They
showed that it is possible to crystallize glycine in the same crystalline
form as the pre-existing seed. The present method differs from their
cooling crystallization method, but the existence of seed has controlled
the crystal form of glycine in a similar way.

To elucidate the mechanism of the α-glycine crystal transition to
γ-glycine, we focused on solution-mediated transition. Here, a previous
Figure 5. Relationship between glycine concentration
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study has shown that the saturated solubility of γ-glycine in water and
mixtures of water and poor solvents (methanol, ethanol, 2-propanol, and
acetone) is around 5% lower than that of α-glycine [40]. The
solution-mediated transition is due to this difference in solubility, which
is detailed below. As crystallization progresses, the glycine supersatu-
rated concentration in the aqueous solution decreases towards the satu-
rated solubility. The glycine concentration first decreases to the saturated
solubility of α-glycine, where the crystallization of α-glycine stops.
However, since the saturated solubility of γ-glycine is even lower, if
γ-glycine seeds are present at this point, the crystallization of γ-glycine
proceeds. Since the glycine concentration is lower than the saturated
solubility of α-glycine, also the glycine molecules dissolved from
α-glycine into the aqueous solution are provided for the growth of
γ-glycine crystals [40]. The occurrence of the solution-mediated transi-
tion is consistent with the SEM observation that the particles became
smaller once and then larger again when additional DME was supplied.

In contrast, in the case of a pure poor solvent in which glycine is not
soluble at all, the difference in solubility between α-glycine and γ-glycine
is almost zero, so no solution-mediated transition occurs. Here, it was
assumed that the same logic as for alcohol-based poor solvents holds for
liquefied DME. In the case of this study, after injecting the glycine so-
lution, the liquefied DME in the crystallization reactor was saturated with
water. If glycine is slightly soluble in the liquefied DME/water mixture,
then this mixture is capable of promoting solvent-mediated transitions.
and operation method and glycine crystal form.
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An additional examination under pure liquified DME conditions was
performed where the saturated glycine solution was injected into the
liquefied DME within the crystallization reactor, all the water-saturated
liquefied DME was removed, and then the crystallization reactor was
refilled with pure liquefied DME. After then, additional pure liquefied
DME was fed into the crystallization reactor at a flow rate of 20 � 3 mL/
min and removed from the bottom at the same rate. The level of liquefied
DME within the reactor was maintained by manually adjusting the
pressure relief valve. Under these pure liquefied DME conditions,
α-glycine did not convert to γ-glycine when 215 mL of additional lique-
fied DME was added (Figure 3 (g) and Figure 4 (g)). These results
demonstrated that the crystal transition occurred only in liquefied DME/
water mixture, not in pure liquefied DME. Therefore, the glycine crystal
form can be controlled by the concentration of the injected glycine so-
lution, the amount of additional liquefied DME added, and by using
either pure or water-saturated liquefied DME (See also Figure 5.).

For future scale-up of crystallization based on this method, it is
important to stabilize the crystallization phenomenon by inner seeding
method because the rapid increase of poor solvent may cause a blockage
or crystallization at the contact point with the poor solvent. In a previous
study by Doki [39], the seed amount of α-glycine was 33% of all crys-
tallized glycine amounts, which is very high. In comparison, in the pre-
sent study, the amount of γ-glycine seed was so low that it was expected,
although the presence of γ-glycine seed in the saturated glycine solution
is suspected. The amount of glycine seed needed for stable crystallization
should be examined in the future scale up of liquefied DME crystalliza-
tion method.

4. Conclusions

We proposed using liquefied DME as a new antisolvent for the crys-
tallization of glycine from solutions. Glycine crystals were successfully
obtained using liquefied DME, which was easily separated from the
crystals at 20–25 �C. Liquefied DME has a low boiling point; therefore,
this method has the potential to serve as an energy-saving crystallization
process. α-Glycine was initially obtained by rapid and local supersatu-
ration in the liquefied DME. Contact with a liquefied DME/water mixture
and small γ-glycine crystals resulted in the α-glycine converting to
γ-glycine. This was only observed for saturated glycine solutions. We
speculated that this conversion occurs via a solution-mediated transition.
Pure liquefied DME is not capable of promoting solvent-mediated tran-
sitions, so saturated glycine solutions treated with the pure antisolvent
can give α-glycine as the sole product.

The method proposed here can potentially be applied to other water-
soluble materials as an antisolvent crystallization method that does not
use ethanol. We believe that our method is useful for reducing energy
consumption and dealing with the religious repurcussions surrounding
the use of ethanol.
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