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Abstract—A new process for ion exchange coupled crystallization is introduced for the removal of calcium ions from
dicyandiamide. The effects of different ion-exchange resins, temperature, reaction time, stirring rate, and treatment
amount and resin dosage on the removal of calcium ions in dicyandiamide were studied. On this basis, the crystalliza-
tion process of dicyandiamide was optimized by response surface methodology, together with respective investigations
on the effects of cooling rate, stirring rate, seed grain size and seeding time on the removal of calcium ions in dicyandi-
amide. It was found that the removal efficiency of calcium ion could reach up to 98.12%, during the ion-exchange
treatment, and the value increased then fell, with the rise of stirring rate and temperature; the efficiency would improve,
with the accumulation of resin dosage; but it would diminish with the increase of treatment amount; and the value
would first rise and then remain unchanged when the reaction time was extended. In addition, the best conditions for
crystallization are also provided. When the cooling rate is at 0.3 °C/min, the stirring rate 300 rpm, the seed size 60
meshes, and the seeding time 30 minutes, seeds in uniform size with the content of Ca* pharmaceutically qualified
would be obtained, under the optimum process conditions.
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INTRODUCTION

Dicyandiamide is an important fine chemical material widely
used industrially, including pharmaceuticals [1], electronics [2],
chronic fertilizer [3,4], and polymer modification [5,6]. With the
rapid development of the pharmaceutical, printing and other indus-
tries, the demand for high-purity dicyandiamide is increasing, some-
times even bringing about a short supply. At present, the preparation
of dicyandiamide mainly adopts the hydrolyzed lime nitrogen method,
and the process is as follows. First, CaC, reacts with nitrogen to
form lime nitrogen and then hydrolyzes the lime nitrogen to form
calcium-containing compounds, such as calcium cyanamide. Here-
after, carbon dioxide gas is introduced for decalcification, and the
generated cyanamide is concentrated, polymerized and cooled to
obtain dicyandiamide products [7]. Due to the incomplete decalci-
fication in the production process, the mother liquor of dicyandi-
amide crystallization contains Ca(OH),, CaCO, and other calcium-
containing compounds (such as Ca’™, with a content of about 1,500
mg/kg). These impurities seriously affect the purity and quality of
dicyanamide [8]. For the preparation of high-purity dicyandiamide
products, it is, therefore, imperative to remove the calcium ions in
the dicyandiamide.

By applying different methods, scholars have carried out many
fruitful studies on the removal of calcium ions in solution. Silva et
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al. used chemical precipitation method to remove calcium ions by
water feeding from steam generators, and they applied 50 mg/L
sodium phosphate to remove calcium ions from water. By their
efforts, the maximum removal efficiency reached 81% [9]. Qin et
al. synthesized a calcium ion-selective adsorption zeolite that can
effectively remove calcium ions from solution. They found that
when the pH is 8, the initial calcium concentration of 800 mg/L,
the maximum adsorption capacity of calcium achieved 92.35 mg/
g, after reacting 70 minutes [10]. Nair and Hwang took the lipo-
philic ester of phosphoric acid (bis-(2-ethylhexyl) hydrogen phos-
phate) as a carrier to separate calcium ions from the mixed cationic
solution in the solvent of n-dodecane which serves as the support-
ing liquid film. The results showed that the membrane system can
be used as a calcium ion detecting electrode under certain condi-
tions [11]. Marsousi et al. utilized liquid-liquid extraction to extract
and recover calcium ions in spiral microchannels. It was found
that when operating under optimal conditions, the extraction effi-
ciency of calcium ions was 52%, which was close to the equilibrium
extraction efficiency [12]. These methods generally have disadvan-
tages such as large consumption of raw materials, heavy energy con-
sumption, low removal rate, and difficulty in industrial application
and promotion, notwithstanding they have reported some progress
[9]. Hence, to explore an effective, energy-efficient, simple and easy
method to remove calcium ions is extremely urgent and important.

In recent years, a new type of purification and separation tech-
nology - ion exchange technology has attracted wide attention [13-
16]. Ton exchange technology is a type of chemical reaction that
occurs between the isolated and purified ions and exchangers [17].
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The technology has been extensively applied in pharmaceuticals
[18,19], eftluent disposal [20,21], fuel processing [22,23] and other
industries, due to its high efficiency, high selectivity, low energy
consumption and simple industrial amplification applications. At
the same time, some scholars have launched research on the re-
moval of calcium ions in solution, regarding ion exchange technol-
ogy. Coca et al. used weak cation exchange resin (Lewatit S 8528)
instead of strong ion-exchange resin to remove calcium ions in the
process of sugar beet production. The study found that the removal
rate of calcium ions can surpass 80% [24]. Yu et al. studied the
performance of Amberlite IRC 748 resin in removing calcium ions
from high concentration potassium chromate solution in a fixed
bed column. According to the results, the exchange capacity was
reinforced with the increase of initial calcium ion concentration
and bed height, but decreased with the increase of flow rate. The
research proved that the removal rate of calcium ions under opti-
mal conditions can reach 78.1% [25]. Yi et al. used ion-exchange
resin to remove calcium ions from LiHCO, solution and success-
tully prepared high-purity Li,CO;. Through the exchange process,
the removal efficiency of calcium ions was as high as 99.5%, realizing
almost complete removal [26]. Although the ion exchange method
has been applied to the removal of calcium ions in solutions in
some fields, seldom reported is the research of the method for the
removal of calcium ions from dicyandiamide crystallization mother
liquor.

In view of the excellent characteristics of jon exchange technol-
ogy for removal of metal ions, we first proposed the use of ion ex-
change technology to remove the calcium ions in dicyandiamide
mother liquor. This method will revolutionize the dicyandiamide
purification and impurity removal technology to achieve energy sav-
ing, consumption reduction, quality enhancement. On this account,
we launched investigation mainly on three aspects. First, the effect
of calcium ion removal in dicyandiamide crystallization mother
liquor was studied by ion exchange method. Variables including the
different types of ion-exchange resin, temperature, reaction time,
stirring rate, treatment amount and resin dosage, which may influ-
ence the removal of calcium in dicyandiamide, were also researched.
In addition, to optimize the crystallization process after the intro-
duction of ion exchange method, we used response surface meth-
odology to study the effects of cooling rate, stirring rate, seed size
and crystal growth time on the removal of calcium ions and coef-
ficient of variation (hereinafter referred as CV) in dicyandiamide.
This work will help to achieve a breakthrough in the process tech-
nology for obtaining high-purity dicyandiamide products and pro-
vide guidance for the removal of metal ions by ion exchange.

EXPERIMENTS

1. Materials

Resin (Model: 001x4, 001x7, 001x8 and D001) was purchased
from Shanghai Guangnuo Chemical Technology Co., Ltd,, disodium
edetate from Tianjin Kemiou Chemical Reagent Co., Ltd., calcium
carbonate and triethanolamine from Sichuan Xilong Chemical Co.,
Ltd., sodium hydroxide and hydrochloric acid from Tianjin Guangfu
Technology Development Co., Ltd., and anhydrous ethanol from
Tianjin Damao Chemical Reagent Factory. All these are analytical
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Fig. 1. Experimental setup.
1. Thermostatic heater
2. Three-necked flask

3. Mixer
4. Thermometer

reagent, without any further processing. The deionized water (resis-
tivity >18.5x104 Q m) for dissolving solutes was produced by an
Aquapro RM-220 (Ever Young Enterprises Development Co., Ltd.).
Methyl orange came from Beijjing Chemical Works, and the dicy-
andiamide crystallization mother liquor from Ningxia Dicyandi-
amide Factory.

2. Process

The experimental setup is shown in Fig. 1. The setup consists of
thermostatic heater, three-necked flask, mixer, and thermometer.
The thermostatic heater (DF-101S Zhengzhou Yingyu Yuhua Instru-
ment Co,, Ltd.) was used to heat the dicyandiamide crystallization
mother liquor. The mixer (BOX-110 Shanghai Specimen Model
Factory) was employed to stir the solution. We started from fresh
resin cleaning. The fresh resin was pretreated as follows: 40 mL of
new resins was placed in a beaker and washed several times with
deionized water until the water was clear. Then the resins were
soaked with 4% hydrochloric acid solution of about two-times the
resins volume for 2h, and washed with deionized water several
times until the pH became between 6 and 7. Subsequently, the res-
ins were soaked with 4% sodium hydroxide solution of about two-
times the resin volume for 2 hours. Finally, the pretreated resins were
filtered for use. After that, the treated resins and the dicyandiamide
crystallization mother liquor to be treated were placed in a three-
necked flask as illustrated in Fig. 1. Sequentially, they reacted in a
mixer, under an environment of constant temperature by a ther-
mostatic heater. The experimental parameters were as follows: dif-
ferent types of ion-exchange resins (001x4, 001x7, 001x8 and D001),
with a temperature of 25-70 °C, reaction time of 5-140 minutes, stir-
ring rate of 10-40 rpm, processing volume of 40-400 mL and resin
dosage of 20-65 mL. After the reaction was completed, we measured
the content of Ca™ in the dicyandiamide solution before and after
the ion exchange by standard solution titration method [9] and
calculated the removal rate of the calcium ion by the resins.

The dicyandiamide saturated mother liquor which had gone
through the above-described ionic resin exchange treatment was
placed in a thermostatic heater. Based on the results of the complete
randomized design (one-factor) in the literature, the cooling rate
was set at 0.2-0.4 °C/min, the stirring rate was 200-400 rpm, and
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the seeds with a mesh of 40-80 were selected. After a seeding time
of 20-40 minutes, we adjusted the temperature of the thermostatic
water bath and poured the dicyandiamide mother liquor to be
crystallized into the three-necked flask [8]. When the temperature
dropped to the crystallization metastable zone of the dicyandiamide,
seeds were added, and after crystallization were left to grow for a
while. Finally, crystals in the crystallizer were filtered and washed
several times with absolute ethanol, and then the filtered crystals
were naturally dried at the room temperature, and the dried crys-
tals were sieved into a Ziploc bag.
3. Analytical Methods
3-1. Determination of Calcium Ions

Calcium ions were determined by standard solution titration
method. The removal efficiency of calcium ions in solution was
defined as follows:

C,-C
n= ‘)C—Of x100% 1)
where 77 is the efficiency of calcium ion removal; C, is the ini-
tial concentration of calcium ions in the solution; C, is the concen-
tration of calcium ions in the solution at time t.
3-2. C.V Calculation
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In the formula, PDyy, represents the mesh size, when the accu-

mulated mass fraction under the sieve is 84%; similarly, PD,, rep-

resents the mesh size, when the accumulated mass fraction under

the sieve is 16%, and PDsy, represents the mesh size, when the

accumulated mass fraction under the sieve is 50%.

3-3. Response Surface Methodology

Response surface methodology has been widely used to opti-
mize experimental schemes or to establish relational models between
indicators and factors [27-31]. The principle is to use the multivar-
iate quadratic regression equation to fit the continuous function
relationship between the response value and the factor; and to find
the optimal parameters by analyzing the regression equation, and
to derive the relational surface between all the influencing factors
based on the model, thus presenting intuitive options for the opti-
mal area in the experimental design.

In our experiments, four influential factors selected were cool-
ing rate, stirring rate, seed grain size and seeding time. The con-
tent of calcium ions in the dicyandiamide crystalline products and
the product C.V were set as the response values (Y}, Y,). And the
four-factor and three-level response surface analytical experiments
were implemented. The center point was selected for five times of
repeated experiments, for a total of 29 sets of experiments. The
process variables and their ranges were determined according to
the single-factor experiments and related analysis in our previous
work, as shown in Table 1. Thus, a second-order polynomial equa-
tion was fitted to correlate the independent variable and the response.
The general mathematical form of the second-order polynomial
equation is as follows [32]:

k k k
Y:ﬂo'*Zﬁ}Xj“'ZﬂﬁX;‘*z 2 BiXX;+e 3
= =

i <j=2

Table 1. Factor-level

Level
Factor
-1 0 1
A Cooling rate (°C/min) 0.2 0.3 0.4
B Stirring rate (rpm) 200 300 400
C Seed size (mesh) 40 60 80
D Seeding time (min) 20 30 40

where Y is the response; /3 is the model intercept coefficient; X;
and X; are variables (j and i range from 1 to k); k is the number of
independent parameters; /3, £; and f; are interaction coefficients
of linear, quadratic and the second-order terms, respectively; and
¢, is the error.

After fitting the data to the model, the model was validated and
used to construct a 3D response surface contour map to predict the
relationship between the independent variable and the dependent
variable. In light of these, the work was performed by the Design-
Expert [8].

RESULTS AND DISCUSSION

1. Effects of Calcium Ion Removal
1-1. Effect of Ion-exchange Resin Type and Treatment Amount
Fig. 2 displays the efficiency of Ca™ removal from the dicyandi-
amide crystallization mother liquor, by presenting the performance
of four distinct types of ion-exchange resins and with different treat-
ment amount, where the temperature (45 °C), time (30 minutes),
stirring rate (250 rpm), resin dosage (40 mL) are specifically con-
ditioned. It was found that the 001x7 ion-exchange resin reported
the highest Ca™ removal efficiency in the dicyandiamide crystalli-
zation mother liquor. Hence, the 001x7 ion exchange resin was
employed in all of the subsequent studies. Experimental results also
revealed that with the increase of the treatment amount, the removal
efficiency of Ca™" in the dicyandiamide crystallization mother liquor
of all types of ion-exchange resins decreased gradually. One expla-
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Fig. 2. Effects of the four types of resins and treatment amount on
decalcification (H, 001x7; @, 001x8; A, 001x4; ¥, D001).

Korean J. Chem. Eng.(Vol. 37, No. 10)



1776 M. Huang et al.

nation is that as the amount of treatment increases, the effect of
ion-exchange resin on Ca” removal reaches saturation, which in
turn leads to a gradual decline in the removal efficiency of Ca*.
1-2. Effect of Ion-exchange Resin Treatment Amount

Fig. 3 shows the effect of ion-exchange resin on the removal of
Ca’ in 200 mL dicyandiamide crystalline mother liquor at 45 °C
for 30 minutes and with a stirring rate of 250 rpm. It can be seen
from Fig. 3 that in the investigated range of the amount of ion-
exchange resin, as the amount of resin increases, the adsorption
amount of Ca”* per unit volume of resin gradually decreases; besides,
the removal rate of Ca” increases. As shown, when the amount of
resins varies within the range of 20-30 mL, the removal rate of Ca’™*
increases rapidly and the slope of the curve changes sharply. Regard-
ing of the treatment effect, when the amount of resins comes to
40 mL, the removal rate of Ca** has reached 90.0%; when the
amount of resins exceeds 40 mL, the slope of the curve becomes
smaller, and the removal rate of Ca™ exhibits a trend of slower
growth. Then when the amount of resins is 50 mL, the removal
rate of Ca™ can reach 94.25%, with the concentration of calcium
ions of 83 mg/kg. At this time, the calcium content has reached
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Fig. 3. Effect of resin dosage on decalcification (A, concentration
of calcium ions; l, extraction rate).
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the industry requirement for pharmaceutical grade dicyandiamide
on calcium content. Thereafter, the removal rate tends to grow
slightly, whereas the amount of the resin is continuously increased.
However, from the economic point of view; the greater the amount of
resins consumed, the higher the processing cost. Therefore, consider-
ing the high-quality dicyandiamide industry requirements and the
removal rate of Ca”*, the optimal choice of ion-exchange resin lies
in the range of 40-50 mL in the process of the experiment.
1-3. Effect of Temperature

Fig. 4 shows the effect of temperature on the removal of Ca** in
the 200 mL of dicyandiamide crystalline mother liquor, where the
ion-exchange resin (40 mL), reaction time (30 minutes) and stirring
rate (250 rpm) are specifically conditioned. According to the pic-
ture, as the temperature increases from 25 to 45 °C, the removal
efficiency of calcium ions rises from 95.08 to 98.12%; when the tem-
perature is within the range of 45-50 °C, the removal efficiency of
calcium ijons reaches the maximum. But when the temperature
increases in the range of 50-70 °C, the removal efficiency of calcium
ions drops from 97.99% to 95.52%. One possible reason behind the
ups and downs within the investigated temperature range might
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Fig. 5. Effect of time on Ca’" removal rate.
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be that when the temperature rises, the viscosity of the solution
decreases, and the random movement of calcium ions in the mother
liquid is aggravated, so that the concentration of calcium jons in
the solution is distributed more evenly. Meanwhile, the liquid film
between the two phases becomes thinner, which accelerates the rate
of ion exchange between calcium ions and the resins [33]. On the
other hand, when the temperature is too high, the structure of the
resin would be destroyed, then its capability of exchange is deprived,
finally resulting in the decline of lower selectivity on calcium ions
and further the decrease of removal efficiency. Therefore, it is pre-
ferred to select an exchange temperature within 45-50°C in the
process of the experiment.
1-4. Effect of Time

Fig. 5 manifests the effect of reaction time on the removal of Ca**
in the 200 mL of dicyandiamide crystalline mother liquor, where
the ion-exchange resin (40 mL), stirring rate (250 rpm) and tem-
perature (45 °C) are specifically conditioned. We found that with
the extension of the exchange time, the removal efficiency of Ca’*
increased. To be specific, when the reaction time extends in the range

Table 2. Experimental design and results of Y, and Y, models

of 0-40 minutes, faster growth of removal efficiency occurs, com-
pared with that of performance in the time range of 40-70 minutes.
What may account for the rapid growth rate and the later slower
growth rate is that Ca®* mainly reacts with the surface of resin at
the beginning of ion exchange, and the constant stirring could
facilitate the ion diffusion between the resin surface and the crys-
talline mother liquid. As the ion exchange reaction proceeds, the
concentration of Ca** which has not ion exchanged in the mother
liquor gradually decreases. And at the same time, when the sur-
face exchange of the resin reaches saturation, Ca*" starts to move
along the pores of the resin toward the inside of the resin. Since
some of the internal pores of the resin are clear, some with one of
the end closed, the diffusion resistance of the resin to calcium ions
in the solution is strengthened, thereby reducing the ion exchange
rate. When the exchange time exceeds 70 minutes, the ion exchange
reaches a balance, and the exchange between the resins and the
calcium ions in the mother liquor realizes a saturated state. In this
case, if the saturated resin is not taken out timely, it is possible that
the exchanged calcium ions return to the mother liquor, which

Content of calcium ions (Y)) Coefficient of variation (Y,)

No Cooling time ~ Stirring rate ~ Seed grain size  Seeding time 5 - - - -
- (°C/min) (rpm) (mesh) (min) xperimental Predicted Experimental ~ Predicted

value value value value
1 0.2 400 60 30 43.96 43.53 0.66 0.65
2 0.3 300 60 30 30.63 32.74 0.51 0.53
3 0.4 300 60 40 34.47 3548 0.55 0.55
4 0.3 300 40 20 2491 22.79 0.47 0.44
5 0.3 400 60 40 45.58 45.69 0.68 0.67
6 0.4 400 60 30 41.25 39.53 0.63 0.61
7 0.2 300 60 20 24.40 26.96 044 047
8 0.3 200 60 40 24.55 24.63 0.46 0.46
9 0.3 300 60 30 31.99 32.74 0.52 0.53
10 0.3 400 80 30 47.73 48.62 0.69 0.71
11 0.3 300 60 30 32.83 32.74 0.53 0.53
12 0.3 300 60 30 33.25 32.74 0.53 0.53
13 0.4 300 80 30 41.25 40.57 0.62 0.61
14 0.3 200 60 20 14.42 12.47 0.34 0.34
15 0.2 300 40 30 36.43 35.27 0.56 0.56
16 0.2 200 60 30 21.65 21.64 0.43 0.43
17 0.3 300 60 30 34.99 32.74 0.55 0.53
18 0.2 300 60 40 40.47 40.39 0.60 0.61
19 04 300 60 20 21.40 25.04 0.42 0.45
20 0.3 300 40 40 39.38 37.87 0.59 0.57
21 0.3 200 80 30 26.80 27.31 0.48 0.48
22 0.4 200 60 30 20.14 18.83 041 0.40
23 0.3 400 40 30 36.83 39.89 0.57 0.60
24 0.2 300 80 30 41.79 40.90 0.64 0.62
25 0.4 300 40 30 29.72 28.77 0.50 0.49
26 0.3 300 80 40 43.07 43.45 0.65 0.65
27 0.3 400 60 20 3591 33.99 0.56 0.55
28 0.3 200 40 30 15.93 18.61 0.39 0.41
29 0.3 300 80 20 34.86 34.65 0.55 0.54
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allows the exchange process to achieve a dynamic balance.
1-5. Effect of Stirring Rate

Fig. 6 shows the effect of stirring rate on the removal of Ca** in
the 200 mL of dicyandiamide crystalline mother liquor, where the
ion-exchange resin (40 mL), reaction time (30 minutes) and tem-
perature (45 °C) are specifically conditioned. It was found that when
the stirring speed rose from 100 to 250 rpm, the calcium ion removal
rate grew with the increase of the stirring rate in the process of cal-
cium ijon removal from the dicyandiamide crystalline mother liquor.
It indicates that in the range of appropriate stirring rate, an intensi-
fied removal rate of calcium ions can be realized by boosting the
stirring rate. This is because the increase of the stirring rate can
attenuate the thickness of liquid film between the resins and the
mother liquor, which is favorable for the mass transfer in the mother
liquor. As the stirring rate increases during the ion exchange pro-
cess, the liquid film becomes thinner, leading to the acceleration of
the diffusion process of the liquid film. When the stirring rate reaches
250 rpm, the removal rate of calcium ions achieves a maximum of
97.35%, the thickness of the liquid film is smallest, and the influ-
ence of the stirring rate on the speed of ion exchange lessens. When
the stirring speed is greater than 250 rpm, the calcium ion removal
rate of the resins in the mother liquor decreases as the stirring rate
increases. The result verifies that the stirring rate has an important
influence on the performance of calcium ion removal. When speed-

ing up stirring, the flow resistance of the exchanged solution grows,
which hinders the mass transfer process of calcium ions in the
mother liquor. Yet, a relatively large stirring rate may intensify the
friction and mechanical collision between the ion-exchange resins
as well. It may even break the resin, then the mechanical loss of
the resin increases, weakening its exchange performance. As a result,
the production cost would increase. Accordingly; a stirring rate of
about 250 rpm registers a desirable performance of calcium ions
removal with deliberation of cost-effectiveness.
2. Optimized Crystallization Process by Response Surface Meth-
odology
2-1. Mathematical Model

According to the BBD design, the results are shown in Table 2.
We carried out two different tests on the experimental data in Table
2, namely; total square sum and model summary statistics, regres-
sion models between various models. The results, as shown in
Appendix A, demonstrate that the quadratic model used to pre-
dict the dicyandiamide crystallization process is appropriate. The
experimental results were analyzed by multiple regression analysis,
and the relation between the independent variables and the response
was expressed by a second-order polynomial equation. Based on
the above analysis, a regression equation model of two response
values of calcium ion content and coefficient of variation was estab-
lished [34]. The two code-conversed regression equations are as

(b)

Fig. 7. (a) Interaction between cooling rate and seed grain size; (b) interaction between cooling rate and seeding time; (c) interaction stirring
rate interacts with seed grain size; (d) interaction between seed grain size and seeding time.
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follows:

Y,=—34.83—59.35833A+0.25752B—0.73383C+2.06383D— 0.03AB
+0.77125AC-0.75AD+0.00000375BC—0.000115BD—0.007825CD
+45.875A°—0.00231375B+0.00795C’—0.0123D’

Y,=+0.12528—0.48587A+0.00169113B—0.011312C
+0.01803D—0.0004325AB+0.005575AC—0.009375AD
+0.0000047875BC+0.00000075BD—0.000021875CD
+0.64283A°—0.00000135717B°+0.0000926958C*—0.000134217D"

Subsequently, the sufficiency of the above mathematical model
was evaluated by constructing a diagnostic map, and the results
are shown in Appendix B. It can be seen from Appendix B that
when comparing the experimental values with the predicted val-
ues in the figure, the predicted values of the Y, model and the Y,
model are consistent with their experimental results.

2-2. Effect of Process Variables

On the basis of 3.2.1, the cooling rate, stirring rate, seed grain
size and seeding time were plotted as the response values of cal-
cium content and the C.V of grain size in dicyandiamide crystal-
line products, which can visualize the interaction between various
factors. The changed color from blue to green in the Fig. 7 indi-
cates that the response value becomes larger. And the shape of the
contour line can reflect the degree of interaction between factors.
The closer the shape is to a circle, the less the interaction between
factors; while the closer the shape is to an oval, the more active is
the interaction.

Fig. 7. Continued.

The contour line and response surface map of model Y, are
shown in Fig. 7. In Fig. 7(a), with the stirring rate conditioned at
300 rpm and the seeding time of 30 minutes, the interaction between
the cooling rate and the grain size is remarkable. When the size of
the added seeds is less than 48 meshes, the concentration of cal-
cium ions and the rate of calcium ion removal diminish with the
increasingly dropping temperature rate. When the size is greater
than 48 meshes, the concentration of calcium ion and the rate of
calcium ion removal witness a decline as the cooling rate increases.
But, in this case, the decline tends to be slower. In Fig. 7(b), with
the stirring rate conditioned at 300 rpm and the grain size of 60
meshes, the interaction between the cooling rate and the seeding
time is not significant. When the temperature drops in a range of
0.2-04 °C/min, the concentration of calcium ions gradually increases
with the seeding time rising from 20 to 40 minutes. The reason for
the strengthened concentration may be that the extension of the
seeding time leads to some seeds dissolving, resulting in an increase
in the concentration of calcium ions. In Fig. 7(c), with the cooling
rate conditioned at 0.3 °C/min and the seeding time of 30 minutes,
the interaction between the stirring rate and the grain size is not
evident. When the stirring rate ranges from 200 to 400 rpm, the
concentration of calcium ions reduces, as the grain size decreases.
In Fig. 7(d), with the stirring rate conditioned at 300 rpm and the
drop rate of temperature at 0.3 °C/min, the interaction between the
seeding time and the seed grain size is notable. In the case where
the grain size reaches a certain value and the seeding time increases

Korean J. Chem. Eng.(Vol. 37, No. 10)
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(b)

Fig. 8. (a) Rate of cooling and the interaction of the stirring rate; (b) interaction between cooling rate and seed size; (c) interaction between
cooling rate and seeding time; (d) interaction stirring rate interacts with seed grain size; (e) interaction between cooling rate and seed-

ing time; (f) interaction between seed grain size and seeding time.

from 20 to 40 minutes, the concentration of calcium ions drops as
the seeding time decreases.

The contour line and response surface map of model Y, are
shown in Fig. 8. In Fig. 8(a), the interaction between the cooling
rate and the stirring rate is not strikingly noticeable, with the seed-
ing time conditioned for 30 minutes and the seed grain size of 60
meshes. When the cooling rate rises from 0.2 to 0.3 °C/min, the
coefficient of variation gradually increases and shows a faster growth,
as the stirring rate enlarges from 200 to 300 rpm. And when the
cooling rate rises from 0.3 to 0.4 °C/min, the coefficient of varia-
tion gradually increases yet shows slower growth, as the stirring
rate rises from 300 to 400 rpm. In Fig. 8(b), the interaction between
the cooling rate and the grain size is significant, with the stirring
rate conditioned at 300 rpm and the seeding time of 30 minutes.
When the cooling rate is less than 0.25 °C/min, the coefficient of
variation decreases slowly with the decrease of the grain size. When
the cooling rate is greater than 0.25 °C/min and the grain size is in
the range of 40-50 meshes, the coefficient of variation decreases
with the decrease of the grain size. And the turning point is when
the seed grain size is in the range of 50 to 80 meshes and the coef-
ficient of variation increases as the grain size declines. In Fig. 8(c),
the interaction between the cooling rate and the seeding time is not
so perceptible, with the stirring rate conditioned at 300 rpm and
the seed grain size of 60 meshes. When the cooling rate increases
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from 0.2 to 0.4 °C/min, the coefficient of variation goes up, as the
seeding time increases from 20 to 40 minutes. In Fig. 8(d), the
interaction between the stirring rate and the grain size is intense,
with the cooling rate conditioned at 0.3 °C/min and the seeding
time of 30 minutes. When the stirring rate is less than 0.25 °C/min,
the coefficient of variation gradually decreases with the decrease of
grain size. When the stirring rate is greater than 0.25 °C/min and
the grain size increases from 40 to 50 meshes, the coefficient of
variation decreases accordingly as the grain size decreases. But when
the grain size rises from 50 to 80 meshes, the coefficient of varia-
tion increases as the grain size decreases. In Fig. 8(e), the interac-
tion between the cooling rate and the seeding time is not prominent,
with the stirring rate conditioned at 300 rpm and the seed grain
size of 60 meshes. When the cooling rate goes from 0.2-0.4 °C/
min, the coefficient of variation increases with the extension of
seeding time from 20 to 40 minutes. In Fig. 8(f), the interaction
between the seeding time and the grain size is conspicuous, with
the cooling rate conditioned at 0.3 °C/min and the stirring rate of
300 rpm. When the seed grain size is less than 50 meshes and the
seeding time ranges from 20-40 minutes, the coefficient of varia-
tion shows a slow increase as the seeding time extends. When the
grain size exceeds 50 meshes and the seeding time ranges from
20-40 minutes, the coefficient of variation decreases, as the grain
size decreases.
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Fig. 8. Continued.
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Table 3. Optimization results of the dicyandiamide crystallization
Optimized Cooling rat ~ Stirring ~ Seed grain ~ Seeding
target (°C/min)  rate (rpm) size (mesh) time (min)
Yo 03 300 60 30
Yo 02 400 80 40

2-3. Optimization

The optimization calculations were carried out by the predic-
tion models of Y, and Y, and the crystallization process of the two
models was obtained as shown in Table 3. Provided to taking either
Y, or Y, alone as an optimized target, a contradictory result would
occur. This is because the rate of cooling is a driving force for seed-
ing, and a relatively high stirring rate and long seeding time would
break seeds. Additionally, the selection of rather small grain size of
seeds can enlarge the specific surface area and correspondingly
bring more seeding points, thus accelerating the seeding rate. With
this regard, we chose Y, as the main optimized objective and con-
sidered Y, should not be too large. From Table 3, it is evident that
in order to obtain dicyandiamide crystals with uniform grain size
and comparatively little calcium ions, the optimum process condi-
tions are determined as a cooling rate of 0.3 °C/min, a stirring rate
of 300 rpm, a seed grain size of 60 meshes, and a seeding time of
30 minutes. Under such condition, dicyandiamide crystals in uni-
form grain size and with the calcium ion concentration of 32.29
mg/kg would be obtained.

CONCLUSIONS

We have proposed a new method for the removal of ion-exchange
coupled crystallization of calcium jons in dicyandiamide mother
liquor. We also studied the effects of different ion-exchange resins,
reaction time, temperature, treatment amount, stirring rate and resin
dosage on the calcium jon removal in dicyandiamide. According
to the experimental results, during the ion-exchange treatment, when
the stirring rate and temperature increased and then decreased,
the amount of resins increased and the amount of treatment in-
creased, and the reaction time increased first and then remained
unchanged; under optimal experimental conditions, the highest
efficiency of calcium ion removal was 98.12%. On this basis, the
crystallization process of dicyandiamide was optimized by response
surface methodology, regarding the investigations on the effects of
cooling rate, seed size, stirring rate and seeding time on calcium
ion removal in dicyandiamide, respectively. It was found that when
the cooling rate was optimally conditioned at 0.3 °C/min, the stir-
ring rate at 300 r/min, the grain size at 60 meshes and the seeding
time of 30 minutes, the seed grain sizes were uniform and the Ca’*
removal rate would hit 98.35%, which meets the requirements on
the content of Ca™ in pharmaceutical grade dicyandiamide prod-
ucts. In the future, further studies on the mechanism of the intrin-
sic action of jon-exchange resin to remove calcium ions from di-
cyandiamide mother liquor are expected to be conducted.
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NOMENCLATURE

: initial concentration of calcium in solution [mg/kg]

: concentration of calcium in solution at time t [mg/kg]
: variable coefficient

: seed grain size [mesh]

: error value

: number of independent parameters

: stirring rate [rpm]

: cooling rate [°C/min]

: mesh size of the accumulated mass fraction under the screen
: temperature [°C]

t : reaction time [min]

tl  :seeding time [min]

V' :volume of dicyandiamide crystal mother liquor [mL]
V1  :volume of resin [mL]

X  :variable

Y  :response value
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Greek Letters

£  :model intercept coefficient

f :interaction coefficients of linear

B  :quadratic term

f;  :the second-order term

n  :removal efficiency of calcium ions [%]
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APPENDIX A
Table A1. Multi regression analysis of responses
Source Sum of af Mean F p-Value
squares square value prob>F
Total square sum for Y,
Mean vs Total 31160.01 1 31160.01
Linear vs Mean 2050.74 4 512.69 53.26 <0.0001
2FI vs Linear 21.98 6 3.66 0.32 0.9205
Quadratic vs 2FI 137.51 4 34.38 6.73 0.0031 Suggested
Cubic vs Quadratic 23.05 8 2.88 0.36 0.9105 Aliased
Residual 48.49 6 8.08
Total 33441.79 29 1153.17
Total square sum for Y,
Mean vs Total 8.3034 1 8.3034
Linear vs Mean 0.2067 4 0.0517 54.69 <0.0001 Suggested
2FI vs Linear 0.0014 6 0.0002 0.19 0.9748
Quadratic vs 2FI 0.0139 4 0.0035 6.68 0.0032 Suggested
Cubic vs Quadratic 0.0022 8 0.0003 0.32 0.9280 Aliased
Residual 0.0051 6 0.0009
Total 8.5328 29 0.2942
Model summary statistics for Y,
Linear 3.1 0.89 0.88 0.84 356.93
2FI 341 091 0.86 0.71 670.82
Quadratic 2.26 0.97 0.94 0.84 368.88 Suggested
Cubic 2.84 0.98 0.9 -1.42 5515.85 Aliased
Model summary statistics for Y,
Linear 00307 090 0.8 085 003 Suggested
2F1 0.0344 0.91 0.86 0.71 0.07
Quadratic 0.0229 0.97 0.94 0.84 0.04 Suggested
Cubic 0.0292 0.98 0.89 —1.47 0.57 Aliased
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Table A2. Analysis of variance

M. Huang et al.

Sum of Mean F p-Value
Source df

squares square value prob>F
Model analysis of variance for A
Model 2210.22 14 157.87 30.89 <0.0001 Significant
A 34.92 1 3492 6.83 0.0204
B 1360.43 1 1360.43 266.19 <0.0001
C 227.94 1 227.94 44.6 <0.0001
D 427.45 1 427.45 83.64 <0.0001
AB 0.36 1 0.36 0.07 0.7946
AC 9.52 1 9.52 1.86 0.1939
AD 2.25 1 2.25 0.44 0.5178
BC 0.00022 1 0.00022 0.000044 0.9948
BD 0.0529 1 0.05 0.011 0.9204
CD 9.797 1 9.79 1.92 0.1879
A’ 1.365 1 1.36 0.27 0.6133
B’ 34.725 1 3473 6.79 0.0207
c 65.594 1 65.59 12.83 0.0030
D’ 9.81 1 9.81 1.92 0.1875
Residual 71.55 14 5.11
Lack of fit 61.25 10 6.12 238 0.2095 Not significant
Pure error 10.31 4 2.58
Cor total 2281.77 28
Model analysis of variance for B
Model 221771 14 1.5841 30.24 <0.0001 Significant
A 0.3745 1 0.3745 7.15 0.0182
B 13.3774 1 13.3774 255.35 <0.0001
C 2.4571 1 2.4571 46.90 <0.0001
D 4.4408 1 4.4408 84.77 <0.0001
AB 0.0081 1 0.0081 0.15 0.7001
AC 0.0484 1 0.0484 0.92 0.3528
AD 0.0361 1 0.0361 0.69 0.4204
BC 0.0361 1 0.0361 0.69 0.4204
BD 0.0002 1 0.0002 0.0043 0.9487
CD 0.0072 1 0.0072 0.14 0.7159
A’ 0.0268 1 0.0268 0.51 0.4859
B’ 0.1172 1 0.1172 224 0.1569
c 0.8908 1 0.8908 17.00 0.001
D’ 0.1150 1 0.1150 2.20 0.1606
Residual 0.7334 14 0.0524
Lack of fit 0.6158 10 0.0616 2.09 0.2483 Not significant
Pure error 0.1177 4 0.0294
Cor total 22,9106 28
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APPENDIX B
Normal Plot of Residuals Normal Plot of Residuals
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Fig. A1. Residual analysis chart.
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Fig. A3. The comparison of the predicted values to the actual values.
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