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Abstract: Reaction crystallization to produce glycidyl trimethyl ammonium chloride (GTA) via
epichlorohydrin with gas-state trimethylamine was investigated. The crystallization process of the
GTA gas-liquid reaction was optimized by a seed method. The optimized technology can prepare
GTA products with crystal form and purity greater than 97%. The crystallization process of GTA
consists of four steps (i.e., addition of seed, dispersion of seed, growth of crystals on the seed surfaces,
agglomeration and growth of crystal). Seed method and flow rate are the key factors affecting purity.
The purity and particle size of GTA crystals were satisfactory as long as the operation was kept
within the defined envelope. The experiments were conducted on a 1 L reactor and successfully
scaled-up to 3000 L in industry.

Keywords: glycidyl trimethyl ammonium chloride (GTA); reaction crystallization; purity; crystallization
process optimization

1. Introduction

Glycidyl trimethyl ammonium chloride (GTA, CAS No. 3033-77-0), with a chemical
formula C6H14ClNO, is a kind of solid active cationic etherifying agent. GTA can react
with a variety of substrates (i.e., starch, cellulose, guar gum, polyacrylamide and so on)
to produce modified products [1]. Therefore, GTA is widely used in the industries of
paper, daily chemicals, petroleum, and water treatment [2]. GTA is a white solid at room
temperature and is very moisture absorbing. Thus, GTA generally needs to be stored in an
airtight and cool place.

GTA is generally prepared by the reaction of epichlorohydrin with trimethylamine.
The trimethylamine can be in the form of an aqueous solution, an alcohol solution, or
hydrochloride. There is little research on the reaction crystallization process of gas trimethy-
lamine as reactant. The reactive nature of the gas adds difficulty to the control of the reaction
process [3–5]. Preparation of trimethylamine solution increases the production procedure
and cost. Solubility and supersaturation are important data bases for crystallization process
research [6–12]. However, it is difficult to determine the supersaturation of the reaction crys-
tallization process, which brings challenges to the crystallization process control [13–15].
Previous literature mainly focused on the synthesis of GTA. There are relatively few studies
on its crystallization process. The main problems in production of GTA are low purity, low
crystallinity and difficulty in particle size control. Especially when epichlorohydrin is recy-
cled, the product quality decreases obviously. Purity and particle size are important quality
indexes of solid products [16]. The deep understanding of the crystallization process is
also the basis of technological innovation and optimization [17–19].
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In this study, epichlorohydrin and gas trimethylamine were considered as reactants.
The crystallization process of GTA was studied based on the gas-liquid reaction. On the
basis of further understanding of the GTA crystallization process, the application of a
seed method of the GTA gas-liquid reaction crystallization process was proposed. The
effects of operating parameters on the purity, recycling of reactants, particle size and other
properties of the products were investigated on the basis of the seed method. An optimized
GTA production process was obtained, which can be scaled up, and it contains industrial
application value.

2. Materials and Methods
2.1. Materials

The details of the materials used in this experiment are listed in Table 1. All the
materials were used without any further purification.

Table 1. Details of materials used in this experiment.

Name Supplier Purity (wt %)

epichlorohydrin Sinopec Qilu petrochemical Company, Zibo
City, Shandong Province, China 99%

trimethylamine Sinopec Qilu petrochemical Company, Zibo
City, Shandong Province, China 99%

methyl tert-butyl ether Sinopharm Chemical Reagent Co., Ltd.,
Shanghai City, China 99%

sodium hydroxide (NaOH) Sinopharm Chemical Reagent Co., Ltd.,
Shanghai City, China 96%

phenolphthalein Sinopharm Chemical Reagent Co., Ltd.,
Shanghai City, China indicator

water arium® advance EDI, Sartorius,
Göttingen, Germany

ultrapure

2.2. Equipment

As shown in Figure 1, a 1 L glass jacketed reactor with mechanical agitation was
selected (supplied by Pharmavision (Qingdao) Intelligent Technology Ltd., Qingdao City,
Shandong Province, China). The temperature was controlled by a thermostatic water-
circulating bath (CF41, Julabo, Seelbach, Germany) with an uncertainty of 0.05 ◦C. A
flowmeter was used to regulate the flow rate of gas. The sample of GTA solids was evalu-
ated by X-ray powder diffraction (XRPD), which was carried out using an X’pert3 Powder
(PANalytical B.V., Almelo, The Netherlands) instrument. Cu Kα radiation (λ = 1.5418 nm)
was used in the experiment, and the tube voltage and current were set at 40 kV and 30 mA,
respectively. The data were measured from 5◦ to 50◦ (2θ) at a scan speed of 10◦/min at room
temperature (25 ◦C) under atmospheric pressure (about 101.3 kPa). Infrared spectroscopy
(Bruker, Karlsruhe, Germany) was used to determine product. The thermal decomposition
temperature of GTA was measured by thermogravimetric analysis (DSC-STA449 F3, NET-
ZSH, Selb, Germany). A polarization microscope (OLYMPUS BX 53, Tokyo, Japan) was
used to observe crystal morphology in this investigation.
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washed twice by methyl tert-butyl ether and dried in a vacuum oven at room temperature 
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Figure 1. Diagram of crystallization system (a—reactor, b—flowmeter, c—gas cylinder, d—thermostatic
water-circulating bath, e—thermometer, f—relief valve).

2.3. Crystallization Procedure

The reactor was added with a certain amount of epichlorohydrin and kept at a fixed
temperature for approximately half an hour. Mechanical agitation was initiated at a
fixed rate of agitation during this time. The trimethylamine gas was injected into the
system at a fixed speed for a certain period of time (e.g., 20 min, ensure that there are
no solids in the system). We stopped gas addition and continued stirring for 10 min.
Then, a certain quantity of seed was added to the system (e.g., 1 wt%, with the theoretical
mass of the product). Crystal seed was selected from the product with high purity and
crystallinity (produced by spontaneous nucleation method), and was ground and crushed
before use. After the seeds were suspended in the system for 20 min, a certain amount
of trimethylamine gas was added again at a fixed adding speed. Epichlorohydrin, used
as a reactant and dispersant in the reaction process, was relatively excessive. After that,
the solution was kept at a fixed temperature for 2–3 h with stirring. Then, the suspension
was filtered, washed twice by methyl tert-butyl ether and dried in a vacuum oven at
room temperature for 12 h. The molar ratio of epichlorohydrin to trimethylamine is
approximately 4:1 in the overall process.

2.4. Content Determination

A 1 g sample of GTA was accurately weighed with a balance (Model AL204, Mettler
Toledo, Zurich, Switzerland; with a precision of ±0.0001 g) and placed in a 250 mL conical
flask. Then, 20 mL solution of calcium chloride hydrochloride was added into the conical
flask. The system was sealed and magnetically stirred for 20 min. After that, 50 mL purified
water and 3 drops of phenolphthalein were added to the system. The standard solution
of NaOH (0.5 mol/L) was dropped until the solution turned pink, when the pH value
is approximately 8.5 (measured by a pH meter, Sartorius PB-10, Göttingen, Germany).
In addition, a blank titration sample is required. The difference of the blank sample is
that there is no GTA added to the system. The purity value was calculated based on the
following equation:

Purity (%) =

(
VNaOH, blank − VNaOH, sample

)
× CNaOH × MGTA

1000msample
× 100% (1)

where VNaOH, blank and VNaOH, sample (mL) is the used volume of NaOH of the blank sample
and the GTA sample, respectively; CNaOH (mol/mL) denotes the concentration of NaOH
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solution; msample (g) means the mass of GTA used in the measurement; MGTA (g/mol)
means the relative molecular mass of GTA.

3. Results and Discussion
3.1. Process Analysis of Crystallization

The crystallization process of GTA is directly prepared by one-step reaction crystal-
lization of trimethylamine in the gas phase and epichlorohydrin in the liquid phase. The
reaction equation is shown in Figure 2. In general, different reaction conditions correspond
to different degrees of side reactions. There is no seed-adding step before optimization.
That is to say, GTA is prepared by a spontaneous nucleation method. Due to the fast spon-
taneous nucleation phenomenon, the crystallinity and particle size of solids production
is uncontrollable. The product may be crystalline or amorphous solid or a mixture of
them. The final product would not be crystalline if the initial product is amorphous. That
is to say, the amorphous solid would not transform to crystal form during the reaction
process in this experiment. The products obtained by the seed method were all crystals,
and the crystal form product produced by the seed method (details are mentioned in the
“Crystallization procedure” section; red line in Figure 3) is the same as the product of
spontaneous nucleation (blue line in Figure 3). The main 2θ values were 16.595◦, 17.743◦,
20.030◦, 20.997◦, 23.514◦, 25.189◦ and 31.037◦. According to the IR spectrum (Figure 4)
and the TG curve (Figure 5). Although the solid state (crystal form or amorphous) of
GTA products is different, there was no significant difference in the GTA substance itself.
Regardless of crystal or amorphous product, decomposition temperature was 160 ◦C.
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For GTA products, purity is an essential quality index. In the actual production
process, epichlorohydrin would be recycled to reduce the cost. It was found in the previous
experiment, when the epichlorohydrin used as the reactant was recovered, the purity,
whiteness and particle size of the final product are difficult to control. Considering that
epichlorohydrin is highly corrosive, general process analysis tools (e.g., process imaging
system, ATR-FTIR or particle size tester) cannot be utilized in this reaction crystallization
system. A polarizing microscope was selected to observe the crystallization process of GTA
in this investigation. There are mainly three methods to prepare the production of GTA
including (i) the amorphous products prepared by the spontaneous nucleation method,
(ii) the crystalline products prepared by the spontaneous nucleation method, and (iii) the
crystalline products prepared by the seed method.

i. Amorphous products prepared by the spontaneous nucleation method: Flow rate of
the trimethylamine gas is the key factor affecting amorphous shape or crystallinity.
When the flow rate is larger than 100 mL/min in this investigation, the product
would be amorphous. As shown in Figure 5, there is no polarization phenomenon
of amorphous products (catch with XRD without diffraction peak). In this process,
the solids are formed gradually and they grow slightly (Figure 5(a1–d1)). The main
behavior be-tween solids is agglomeration. The product has no fixed morphology
and no polarization phenomenon (Figure 5(a2–d2)). On the other hand, the purity
of amorphous products is low (less than 85% in fresh epichlorohydrin and less
than 80% in the experiment of epichlorohydrin recycling). Amorphous solids tend
to contain higher Gibbs free energy, which results in poor stability. Furthermore,
amorphous solids are easy to preserve solvents (or reactant), which leading impurity
content increased. GTA is a substance that absorbs moisture easily, especially in an
amorphous state. Thus, amorphous GTA should be prevented during the reaction
crystallization process.

ii. Crystalline products prepared by spontaneous nucleation method: The sponta-
neously nucleated GTA is a rod-like crystal with high crystallinity (as shown in
Figure 6(a2–d2)). The spontaneous nucleation process is fast, with the constant addi-
tion of trimethylamine gas (Figure 6(a1,b1)). The rod-like crystals of GTA gradually
multi-ply and aggregate (Figure 6(c1,d1)). The purity of the crystals produced by
this method could be larger than 90%, but the particle size is small. Solids agglomer-
ate seriously during the storage procedure. Products prepared by the spontaneous
nucleation method contains some uncertainty. The product may be crystalline or
amorphous. When the reactant is recovered (epichlorohydrin), it is more difficult to
obtain crystal products with high purity.

iii. Crystalline products prepared by the seed method: The seed method is widely
used in the crystallization process. However, the application of seed in reaction
crystallization—especially in gas- and liquid-phase reaction crystallization—is used
relatively rarely. The investigation found that the seed method could produce high
purity GTA solids no matter if the reactant of epichlorohydrin is recycled or not. The
process involves first adding a certain amount of trimethylamine gas into epichlorohy-
drin (as mentioned in the experimental section). It must be emphasized that the seeds
should be in crystal form (measured by XRD before using). After adding seed crystals,
the seeds are aggregated pellets first (Figure 7(a1,b1)). At this time, the phenomenon
of seed polarization is not obvious because the thickness of the solid is too large. Then,
the seeds will spread out (Figure 7(a2,b2)). With the adding of trimethylamine gas,
GTA grows and aggregates at the same time (Figure 7(c1,d1)). The crystal seeds regu-
late the number of crystal particles and the growth rate of crystal to a certain extent.
The seed product has excellent crystallinity (Figure 7(c2,d2)) and pupurity (larger
than 95%). This method will be examined emphatically in the following section.



Crystals 2021, 11, 449 7 of 11
Crystals 2021, 11, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 6. Image of the process of spontaneous nucleation to produce crystalline products. 

 
Figure 7. Image of the process of seed method to produce crystalline products. 

3.2. Understanding of the Crystallization Process 
The seed method is an effective way to control the purity of GTA solids. As men-

tioned, the seed crystals were obtained from spontaneous nucleation production. The way 
the crystals aggregate and grow is shown in Figure 8. Seed crystals were dispersed by the 
action of stirring. Then, with the increasing of trimethylamine content in the system, cys-
tals began to grow on the basis of some rough crystallization sites on the seed surface (b1 
in Figure 8). At this point, the seed plays the role of the growth core. The crystallization 
process of the gas-liquid reaction is rapid. The solid content in the system gradually in-
creases. The generated GTA solids begin to grow and aggregate with seed as the center 
(d1 in Figure 7 and the “agglomeration and growth” step in Figure 8). In this process, seed 
plays a role in the growth and aggregation of the core. By this time, the growth rate of 
GTA would affect the purity. Excessive growth rates lead to the entrapment of reactants 
and impurities. 

 
Figure 8. Agglomeration and growth of particles. 

In summary, the reaction crystallization of GTA involves four steps. Firstly, approx-
imately spherical seeds were added to the system. Then, aggregated seeds were dispersed. 
Thirdly, crystals on the seed surface began to grow. Finally, generated GTA solids began 
to grow and aggregate. 

3.3. Planning of Experiments 
For the reaction crystallization, the reaction temperature and concentration of the re-

actant often play important roles; however, the reaction crystallization process of GTA 

Figure 6. Image of the process of spontaneous nucleation to produce crystalline products.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 6. Image of the process of spontaneous nucleation to produce crystalline products. 

 
Figure 7. Image of the process of seed method to produce crystalline products. 

3.2. Understanding of the Crystallization Process 
The seed method is an effective way to control the purity of GTA solids. As men-

tioned, the seed crystals were obtained from spontaneous nucleation production. The way 
the crystals aggregate and grow is shown in Figure 8. Seed crystals were dispersed by the 
action of stirring. Then, with the increasing of trimethylamine content in the system, cys-
tals began to grow on the basis of some rough crystallization sites on the seed surface (b1 
in Figure 8). At this point, the seed plays the role of the growth core. The crystallization 
process of the gas-liquid reaction is rapid. The solid content in the system gradually in-
creases. The generated GTA solids begin to grow and aggregate with seed as the center 
(d1 in Figure 7 and the “agglomeration and growth” step in Figure 8). In this process, seed 
plays a role in the growth and aggregation of the core. By this time, the growth rate of 
GTA would affect the purity. Excessive growth rates lead to the entrapment of reactants 
and impurities. 

 
Figure 8. Agglomeration and growth of particles. 

In summary, the reaction crystallization of GTA involves four steps. Firstly, approx-
imately spherical seeds were added to the system. Then, aggregated seeds were dispersed. 
Thirdly, crystals on the seed surface began to grow. Finally, generated GTA solids began 
to grow and aggregate. 

3.3. Planning of Experiments 
For the reaction crystallization, the reaction temperature and concentration of the re-

actant often play important roles; however, the reaction crystallization process of GTA 

Figure 7. Image of the process of seed method to produce crystalline products.

3.2. Understanding of the Crystallization Process

The seed method is an effective way to control the purity of GTA solids. As mentioned,
the seed crystals were obtained from spontaneous nucleation production. The way the
crystals aggregate and grow is shown in Figure 8. Seed crystals were dispersed by the
action of stirring. Then, with the increasing of trimethylamine content in the system, cystals
began to grow on the basis of some rough crystallization sites on the seed surface (b1 in
Figure 8). At this point, the seed plays the role of the growth core. The crystallization
process of the gas-liquid reaction is rapid. The solid content in the system gradually
increases. The generated GTA solids begin to grow and aggregate with seed as the center
(d1 in Figure 7 and the “agglomeration and growth” step in Figure 8). In this process, seed
plays a role in the growth and aggregation of the core. By this time, the growth rate of
GTA would affect the purity. Excessive growth rates lead to the entrapment of reactants
and impurities.
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In summary, the reaction crystallization of GTA involves four steps. Firstly, approxi-
mately spherical seeds were added to the system. Then, aggregated seeds were dispersed.
Thirdly, crystals on the seed surface began to grow. Finally, generated GTA solids began to
grow and aggregate.
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3.3. Planning of Experiments

For the reaction crystallization, the reaction temperature and concentration of the
reactant often play important roles; however, the reaction crystallization process of GTA
has some particularity. The process has no real meaning for the solvent. Epichlorohydrin
acts as a reactant and a dispersant. The other reactant is a gas state (trimethylamine).
Therefore, factors including reaction temperature, flow rate of gas, stirring speed, seed
amount and length of breeding time were investigated in this experiment. The details of
experimental parameters are listed in Table 2.

Table 2. Experiments.

Experiment No. Reaction
Temperature (◦C)

Stirring Speed
(r/min)

Flow Rate
(mL/min)

Seed Amount
(wt %)

Length of
Breeding Time (h)

exps 1–5 10, 15, 20, 25, 30 80 40 1.0 2
exps 6–10 20 60, 80, 100, 120, 140 40 1.0 2
exps 11–16 20 100 30, 40, 50, 60, 70 1.0 2
exps 17–22 20 100 50 0.2, 0.5, 1.0, 2.0, 3.0 2
exps 23–27 20 100 50 1.0 1, 2, 3, 4, 5

exp 28 20 100 50 1.0 3
exp 29 20 60 150 L/min 1.0 4

3.4. Factors Affecting Purity

Seed is the key factor affecting the purity of GTA. As shown in Table 3, when the
seed method is used, the product tends to be of higher purity. The number of seeds can
influence the quality of the final production (exps 17–22). With the increase in seed quantity,
the purity of GTA increased first and then remained unchanged. When the seed amount
is small, it is not enough to provide sufficient sites for growth and nucleation. There is a
certain amount of spontaneous nucleation occurring, which leads to a decrease in purity.
Solids formed by spontaneous nucleation tend to contain impurities and are less stable. On
the other hand, the spontaneous nucleation products tend to be looser, which leads GTA to
be more likely to degrade in contact with water and oxygen during storage. When the seed
amount increases (larger than 1.0 wt%), the total yield is constant; too many seeds will also
lead to the reduction in the particle size of the final product. The larger specific surface
of small particles will also lead to faster degradation. What is more, excess seed is also a
cost loss.

Table 3. Purity of final products under different seed amount (calculated by Equation (1)).

Seed Amount (wt %) 0 0.2 0.5 1.0 2.0 3.0

Purity of GTA (%) 89.4 95.7 96.4 97.3 97.0 97.1

It is worth noting that when the reactant is fresh epichlorohydrin, a certain amount of
trimethylamine gas is required before seed is added. This may be explained by the presence
of GTA molecules in the pre-state system. Although GTA molecules did not separate out as
a solid, this system is favorable for the existence and dispersion of seed. When the reactant
is recycled epichlorohydrin, there is no need to include gas in advance because there is
already a certain number of GTA molecules in the recovered epichlorohydrin system.

Another factor affecting purity is the flow rate of trimethylamine (exps 11–16). There
is a negative correlation between product purity and flow rate. Excessive flow rate will
make the crystal growth process speed up, which enhances the encapsulation of solvent
and impurity. The byproducts [i.e., (2,3-dihydroxypropyl)trimethylammonium chloride,
trimetlylamine oxide, biquaternary ammonium salt of GTA and GTA polymer] produced
by the side reaction (e.g., hydrolysis, oxidation, polymerization and reverse reaction) would
be wrapped in the GTA. All in all, the purity is affected by formation of new impurities,
degrade of main product at a later stage, residues of reactants, etc. Larger flow rate
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also causes the crystal size to become tiny. Low flow rate will prolong the reaction time.
Considering product purity and operation time, the flow rate of 50 mL/min was selected
(purity larger than 95%).

3.5. Factors Affecting Particle Size

As mentioned above, both seed amount and flow rate have certain effects on particle
size. Among all the factors, stirring speed has the greatest influence on particle size (exps
6–10). Due to the strong hygroscopicity of GTA, it is difficult to characterize the particle
size by traditional methods. On the other hand, the particle size of GTA is almost larger
than 500 µm, so the microscope is not suitable. As shown in Figure 9, with the increase in
stirring rate, the particle size decreases (from approximate 2000 µm to 500 µm). Because
large particles have the advantages of storage and packaging, large particles are expected in
the experiment. Rapid stirring speed increases the profile of collisions between gas-liquid
reactants. Meanwhile, rapid stirring also increases the collisions between solid particles,
which leads to increased nucleation rates and crystal fragmentation. When the stirring
speed is less than 80 r/min, with the increase in solid content in the later stage of the
reaction, the solids will settle at the bottom of the crystallizer. In order to prevent solids
from settling and affecting the crystallization reaction, the stirring speed should not be too
low. Considering the degree of mixing and particle size, it is better to choose 100 r/min for
laboratory level experiment.
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3.6. Factors Affecting Product Color and Yield

The crystallization temperature has an important effect on the color of the product
(exps 1–5). When the reaction temperature is higher than 25 ◦C, the product will be yellow.
Therefore, the experimental temperature was selected below 30 ◦C. Higher temperature can
accelerate the decomposition of GTA in the solution system and increase the degree of some
side reactions. In general, solids suspended in solution would be significantly less stable
than those in the nonliquid state. The presence of water and oxygen tends to accelerate the
deterioration of GTA. Growth rate of the GTA crystal is slow at low temperatures (lower
than 15 ◦C), which leading the crystallization period prolonged. The reaction rate is slow
at low temperatures, and so is the growth rate of crystals. The length of breeding time
of crystallization has an effect on the yield (exps 23–27). The length of breeding time is
the guarantee of the degree of reaction. The residual free trimethylamine molecules in the
system need to react with epichlorohydrin gradually. When the length of breeding time
reaches 3 h, the yield would be unchanged.
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3.7. Process Identification and Scale-Up

The optimized reaction crystallization condition in the 1 L scale reactor was as follows:
reaction temperature, 20 ◦C; stirring speed, 100 r/min; gas flow rate, 50 mL/min; number of
seeds, 1 wt%; length of breeding time, 3 h (exp 28). When the initial fresh epichlorohydrin
is 600 g, the crystal seed needs to be added after adding 1000 mL of trimethylamine gas
into the reactor. The total time of adding gas in the second step is 3 h. The purity of the
final products is larger than 97% (the purity of the original process is less than 90%). The
particle size of the product will also increase significantly. The condition (exp 29) was
successfully scaled up to 3000 L with satisfactory purity and particle size. According to
the production test data, the gas flow rate is increased proportionately, stirring speed was
60 r/min, and the length of breeding time was up to 4 h. The purity of final products
produced by scale-up experiments is larger than 97%. The particle size is approximately
1500 µm. The yield and whiteness are basically the same as the laboratory level and they
meet the product requirements.

4. Conclusions

The crystallization process of the GTA gas-liquid reaction was optimized by the seed
method. The optimized technology can prepare GTA products with crystal form and
purity greater than 97%. The reaction process of GTA was analyzed. The crystallization
process of GTA consists of four steps (i.e., addition of seed, dispersion of seed, growth
of crystal, agglomeration and growth of crystal). Seed method and flow rate are the key
factors affecting purity. Stirring speed has an obvious effect on particle size. The optimized
reaction crystallization condition in the 1 L scale reactor: reaction temperature, 20 ◦C;
stirring speed, 100 r/min; gas flow rate, 50 mL/min; number of seed, 1 wt%; length of
breeding time, 3 h. The process can be successfully scaled up to 3000 L. The purity and
particle size of the product were improved obviously.
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