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ABSTRACT

The present study investigated the effect of the operating conditions on the
crystallization of zinc borate. For zinc borate crystallization, sodium tetraborate
decahydrate and zinc sulfate heptahydrate were used as reactants. In the
first part of the study, the crystals were characterized by X-ray diffraction
spectroscopy (XRD), Fourier-transform infrared spectroscopy (FTIR), light
microscopy, and particle size and thermogravimetric analysis. The results
show that the obtained crystals were in the form of Zn,B.O,,-7H,0, and the
operating conditions had a significant effect on the size, morphology, and
filtration characteristics of the zinc borate crystals. In the second part of
the study, Box—Behnken design (BBD) with response surface methodology
(RSM) was employed to determine the optimal operating conditions for zinc
borate crystallization. The effects of stirring rate, temperature, and reactant
feed rate on the average particle size were investigated. The results show that
the data sufficiently fit the second-order polynomial model. The crystallization
conditions, including stirring rate, temperature, and reactant feed rate, were
studied at 400-500 rpm, 45-85 °C, and 300-900 mL/h, respectively. The
minimum particle size (3.3 um) was obtained at a stirring rate of 450 rpm, a
temperature of 85 °C, and a reactant feed rate of 300 mL/h.

1. Introduction

Zinc can form several hydrated borates including
2Zn0-3B,0,-3.5H,0, 4Zn0-B,0,-H,0, 2Zn0-3B,0,
7H,0, 2Zn0-3B,0,-3H,0, 3Zn0-5B,0,-5H,0, and
Zn0-5B,0,4.5H,0 [1]. Zinc borates have many im-
portant uses as ingredients in plastic, rubber, ce-
ment, glass, ceramic, electrical insulation, and even
medicines. Moreover, zinc borates are employed as
preservatives in wood composites, anticorrosive pig-
ments in paint, and polymer additives for the promo-
tion of char formation to suppress smoke and retard
combustion [2-4]. Zinc borates are also commonly
used as host lattices for photo- and thermolumines-
cent material phosphors as a result of their high ther-
mal and chemical stability, convenient synthesis, and
low cost. Furthermore, zinc borates can have applica-
tions in tribology and medicine [5]. Due to their use in
different industries, a plethora of studies have been
performed, showing that zinc borate crystallization af-
fected by various physicochemical parameters [6-8]
such as pH, temperature, supersaturation, operating
conditions, and the presence of surface-modifying re-
agents [9-12].

In the present study, Zn,B,O,,-7H,0O crystallization was
investigated in detail. The crystal properties including
morphology, phase structure, filtration characteristics,

and average particle size were compared under differ-
ent operating conditions. An experimental design tech-
nique was also applied to gain insight into the effects
of the process variables of stirring rate, temperature,
and feed rate on zinc borate crystal formation. Detailed
identification of the combined effects of process vari-
ables on the crystallization of zinc borate crystals will
provide useful information for various industries. The
experimental data were analyzed by fitting to a qua-
dratic model, the significance of which was determined
by analysis of variance (ANOVA). The results obtained
in the present study will contribute to the determination
of the optimal conditions for processes in which zinc
borate crystallization occurs under different working
conditions. Moreover, the results of the characteriza-
tion and optimization can be used as a guide for re-
search regarding the control of zinc borate crystal size.

2. Materials and methods

The analytical-grade pure powdered sodium tetrabo-
rate decahydrate (Na,B,0.,.10H,0) and zinc sulfate
heptahydrate (ZnSO,.7H,0) were purchased from
Merck. Distilled water was used in all experiments. All
experiments were carried out at least in triplicate.

The zinc borate was synthesized by the reaction of
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Na,B,0,.10H,0 with ZnSO,.7H,0 in a double-jacketed
glass crystallizer containing an active volume of 500
mL. Temperature control within the crystallizer was
provided by a thermostat, and stirring was performed
by three-blade propellers at a constant stirring rate of
400 rpm controlled by a mechanical motor. The experi-

mental setup is illustrated in Figure 1.

At the beginning of the experiments, Na,B,0,.10H,0
solution was prepared and to start the crystallization,
the solution was placed into the crystallizer. After ther-
mal equilibrium was reached, the ZnSO,.7H,O solu-
tion was fed into the crystallizer via a peristaltic pump
to produce zinc borate crystals. After the reactant had
been added to the crystallizer, the suspension was left
to stir for half an hour. At the end of this time, the crys-
tallizer contents were filtered and washed thoroughly
with distilled water. The washed zinc borate crystals
were then dried at room temperature and subjected to
various characterization processes. To investigate the
effect of the temperature and feed rate of reactants on
zinc borate crystallization, the experiments were per-
formed at three different temperatures of 45, 65, and
85 °C, feed rates of 300, 600 and 900 mL/h, and stir-
ring rates of 400, 450, and 500 rpm.

The structures of the prepared samples were identified
by powder X-ray diffraction (XRD) analysis (Bruker D2
Phaser benchtop) using Cu Ka radiation (A = 1.5418
A). The scans were performed for 28 values of 10—-40°.
The IR spectra were obtained using a Bruker Tensor
27 Fourier transform infrared (FTIR) spectrometer in
the wavenumber range from 4000 to 400 cm™. The
morphology of the zinc borate was observed using a
light microscope. The crystal size was analyzed using
a Malvern 2000 instrument. The thermal decomposi-
tion of the zinc borate was determined using a Netsch
STA 409 thermogravimetric analyzer in nitrogen atmo-
sphere between 25 °C and 800 °C with the heating
rate of 10 °C/min. The filtration rate of the zinc borate
crystals was measured using a Millipore standard lab-
oratory vacuum filtration system at 110 mbar.

3. Results and discussion
3.1. XRD and FTIR analysis

The XRD patterns of the zinc borate crystals obtained
at 450 rpm, 65°C, and 600 mL/h, in addition to the cor-
responding data from the JCPDS card, are presented
in Table 1.

Mechanical
stirrer
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Cooling thermostat | {
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Figure 1. Experimental setup.

Table 1. XRD data of zinc borate crystals and the corresponding JCPDS card values.

Measured values

JCPDS cards values

260 (°) d(A) 1% 20 d(A) 1%
13.281 6.6612 100 13.243 6.6800 100
17.759 4.9902 60 17.547 5.0500 60
19.840 4.4712 60 19.756 4.4900 60
21.162 4.1949 20 21.136 4.2000 20
23.420 3.7953 40 23.205 3.8300 40
25.701 3.4633 60 25.726 3.4600 60
26.600 3.3483 80 26.586 3.3500 80
29.620 3.0135 80 29.554 3.0200 80
31.220 2.8626 40 31.026 2.8800 40
33.439 2.6775 20 33.407 2.6800 20
35.838 2.5036 60 35.597 2.5200 60
36.881 2.4351 60 36.962 2.4300 60
38.420 2.3410 10 38.268 2.3500 10
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The experimentally observed XRD data closely
matched those of JCPDS: 32-1463, indicating that the

obtained crystals were in the form of Zn,B,O,,-7H,0.

FTIR analysis was performed to determine which func-
tional groups were present in the samples. Figure 2
shows the FTIR spectra for zinc borate samples ob-
tained atatemperature of45, 65, and 85 °C at 600 mL/h.

The peaks between 3000 and 3500 cm™' were attrib-
uted to the O-H stretching vibration. The peak at 2505
cm' belonged to the O—H stretching due to the hydro-
gen bond. The peaks located at 1184 and 1268 cm™
were ascribed to the in-plane bending of B-O-H. The
medium band at 1389 cm™ was due to B(a)—O asym-
metric stretching vibrations. The two bands at approxi-
mately 1021 and 883 cm™ denoted the presence of
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Figure 2. FTIR spectra for zinc borate samples obtained at different temperatures.
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asymmetric and symmetric stretching of B(4)—O, re-
spectively. The peak at 679 cm™ was associated with
the out-of-plane bending mode of B(S)—O [13,14]. Con-
sistent with the XRD results, FTIR analysis shows that
the crystals obtained at different temperatures were in
the Zn,B,O,,-7H,0 form.

TG /%

3.2. Thermal analysis

The thermogravimetric (TG) and differential thermal
analysis (DTA) curves for the obtained zinc borate at
450 rpm and 600 mL/h are presented in Figure 3 for
experiments conducted at 45, 65 and 85 °C. In the DTA
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Figure 3. TG/DTA curves of the zinc borate obtained at 45 °C (a), 65 °C (b), and 85 °C (c).
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curves, an endothermic peak was observed at approx-
imately 190 °C, which was related to the elimination of
crystalline water. An exothermic peak at approximate-
ly 610 °C was also detected. The formed amorphous
phase of zinc borate recrystallized, as shown by the
exothermic peak at approximately 610 °C [13]. During
the thermal decomposition of zinc borate (between 30
and 800 °C), a total weight loss of 25.53, 25.96, and
25.88% was recorded at 45, 65, and 85 °C, respec-
tively, which corresponds to the loss of seven water
molecules, agreeing with the theoretical value.

3.3. Morphological analysis

The effects of the stirring rate, reactant feed rate,
and temperature on zinc borate crystallization were

investigated. Firstly, to determine the influence of the
stirring rate, the experiments were carried out at three
stirring rates of 400, 450, and 500 rpm and a constant
temperature of 65 °C and a constant reactant feed rate
of 600 mL/min. The results show that the stirring rate
did not affect crystal morphology or particle size.

Figure 4 displays the microscopy images and corre-
sponding particle size distributions of the zinc borate
samples obtained at a temperature of 45, 65, and 85 °C
at 300 mL/h, i.e., a low reactant feed rate.

As indicated in Figure 4, an increase in temperature
led to a decrease in the average particle size of the
crystals. At higher temperatures, deformation of the
crystal surface occurred. A decrease in particle size
with increasing temperature was similarly observed at

Figure 4. Microscopy images and corresponding particle size distributions of zinc borate obtained at a temperature of 45 °C (a), 65 °C (b),

and 85 °C (c) at 300 mL/h.
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the two other feed rates of 600 and 900 mL/h, the re-
sults of which are given in Figures 5 and 6. As can be
clearly seen from the microscopy images, increasing
the temperature caused crystal deformation and twin-
ning behavior. Furthermore, the agglomeration ten-
dency of the crystals increased at higher temperatures.

The crystal morphology of zinc borate crystals was
also affected by the feed rate. In contrast to the effect
of temperature, an increase in the feed rate contrib-
uted to the formation of zinc borate crystals of a larger
particle size, mainly within the range of 10-100 pm. At
a constant temperature of 65 °C and a constant stir-
ring rate of 450 rpm, the particle size of the crystals
was 4.7, 5.4, and 6.2 ym at 300, 600, and 900 mL/h,
respectively. The zinc borate crystals were shortened
in length and enlarged in width as the feed rate was
increased. The aspect ratio of the crystals obtained at

Number (%6)

H.M

65 °C and 300, 600, and 900 mL/h was determined to
be 0.301, 0.312, and 0.345, respectively, by dividing
the width of the crystal by its length. A further increase
in temperature to 85 °C gave an average particle size
of 3.3, 3.8, and 5.2 ym at 300, 600, and 900 mL/h,
respectively

3.4. Filtration analysis

The effects of the operating conditions on the filtration
characteristics of zinc borate were investigated in the
present study. The filtration rate and specific cake re-
sistance results are presented in Table 2.

The filtration results indicated that the significant differ-
ences between the cake resistance and filtration rates
in the suspensions were influenced by the operating
conditions studied. Among the investigated conditions,
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Figure 5. Microscopy images and corresponding particle size distributions of zinc borate obtained at a temperature of 45 °C (a), 65 °C (b),
and 85 °C (c) at 600 mL/h.
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Figure 6. Microscopy images and corresponding particle size distributions of zinc borate obtained at a temperature of 45 °C (a), 65 °C (b),

and 85 °C (c) at 900 mL/h.

Table 2. Filtration results of zinc borate.

Temperature Feed rate Specific cake resistance Filtration rate

(°C) (mL/h) (m/kg) (m?s)

45 1.89 x 100 4.41x 108
65 300 2.73 x 100 3.87 x 108
85 2.94 x 100 2.84 x 108
45 1.56 x 1010 4.80 x 10
65 600 2.07 x 101° 4.03 x 108
85 2.80 x 10"° 3.30 x 108
45 1.33 x 10"° 5.52 x 108
65 900 1.61 x 10"° 5.12 x 108
85 1.97 x 10"° 3.85x 108

highest feed rate and lowest temperature were most
efficient for filtration, obtaining the lowest cake resis-
tances and highest filtration rate. As shown in Table 2,
the highest filtration rate (5.52x10® m3/s) and lowest
specific cake resistance (1.33x10" m/kg) were ob-
tained at 45 °C and 900 mL/h feed rate. The changes
in filtration characteristics can be attributed to the size
and morphology of the zinc borate and the differences
in size and shape of the samples directly affected the
filtration properties.

3.5. Experimental design results

The response surface methodology (RSM) was used
to correlate the relationship among the effects of pro-
cess variables that influence the particle size of zinc
borate based on a three-level three-factor Box-Behnk-
en design (BBD). Experimental data were analyzed us-
ing the Design Expert 10 statistical software [15]. The
individual and combined effects of the process vari-
ables (temperature, stirring rate, and feed rate of the
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reactants) on the average particle size of zinc borate
were analyzed. The range and levels of the variables
used in the experimental design are shown in Table 3.

The Box—Behnken matrix, experimental results of the
combination of all the factors, and their corresponding
responses for each run are given in Table 4.

Basedontheseresults, the model equation as afunction
of the process variables obtained for the particle size
of zinc borate crystals can be written as follows Eq. 1.

Where A is the temperature, B is the feed rate, and C
is the stirring rate. The smallest particle size was ob-
tained at 85°C, 300 mL/h, and 450 rpm. The fit and sig-
nificance of the model and its coefficient were tested
statistically by analysis of variance (ANOVA) [15], the
results of which are given in Table 5.

The p-value was determined to evaluate the statistical
significance of the model. The ANOVA results show
a large F value of 64.17 and a small p-value < 0.05,
which verify that the model fit is statistically significant.
The precision of the model was checked by the use
of the correlation coefficient (R?), which was 0.9914,
indicating a good correlation between the measured
and predicted responses. The ‘Pred R? value was in
reasonable agreement with the “Adj R?’ value, with a

difference of less than 0.12. Adeq Precision was used
to measure the signal to noise ratio, with a value >
4 being desirable. In the present study, the signal to
noise ratio was found to be > 4; therefore, the quadrat-
ic model could be used to navigate the design space.
Moreover, a low coefficient of variation (CV) denoted
good accuracy and reliability of the experiment. The
independent process variables, temperature (A) and
feed rate (B), and the second-order effect of tempera-
ture (A?) and feed rate (B?) on particle size were found
to be significant (p < 0.05), whereas the other terms
were insignificant (p > 0.1), as shown in Table 5.

The relationship between the particle size and the
combined effect of two variables, namely temperature
and feed rate, temperature and stirring rate, and feed
rate and stirring rate at a constant level of the third
variable are shown in Figure 7.

Each plot in Figure 7 shows the combined effect of
two variables on the particle size with the third variable
fixed. The tendency of each variable studied can be
examined by evaluating the response of the surface.
Figure 7 clearly shows that the average particle size
of the zinc borate increased with increasing feed rate
but decreased with increasing temperature. The con-
tour plots are in accordance with the 3D-surface plots,
revealing that the stirring rate had a negligible effect.

Table 3. Range and levels of the process variables.

Parameters Factors Levels
-1 0 1
Temperature (°C) A 45 65 85
Feed Rate (ml/h) B 300 600 900
Stirring Rate (rpm) C 400 450 500

Table 4. Box—Behnken matrix and experimental results.

Coded level of

Actual level of factors f Response

Run — actors -
Temperature Feed Rate Stirring A B c I?artlcle

(°C) (mL/h) Rate (rpm) size (um)
1 65 300 400 0 -1 -1 4.8
2 65 900 400 0 +1 -1 6.5
3 65 300 500 0 -1 +1 4.6
4 65 900 500 0 +1 +1 6.2
5 45 300 450 -1 -1 0 5.5
6 45 900 450 -1 +1 0 7.9
7 85 300 450 +1 -1 0 3.3
8 85 900 450 +1 +1 0 5.2
9 45 600 400 -1 0 -1 6.3
10 45 600 500 -1 0 +1 6.0
11 85 600 400 +1 0 -1 4.0
12 85 600 500 +1 0 +1 3.5
13 65 600 450 0 0 0 54
14 65 600 450 0 0 0 54
15 65 600 450 0 0 0 54

Yo =5.40-1.214+0.94B-0.15C-0.12AB - 0.050AC - 0.050BC - 0.264° +0.34B* -0.19C"

(1)
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Table 5. ANOVA results of the quadratic model for particle size.

Source g:rl.?a::s Df g:z:re F-Value g;\:;)ll;el:
Model 19.92 9 2.21 64.17 0.0001
A- Temperature (°C) 11.76 1 11.76 340.91 < 0.0001
B-Feed rate (ml/h) 7.03 1 7.03 203.80 < 0.0001
C- Stirring rate (rpm) 0.18 1 0.18 5.22 0.0712
AB 0.063 1 0.063 1.81 0.2361
AC 0.010 1 0.010 0.29 0.6134
BC 0.010 1 0.010 0.29 0.6134
A? 0.25 1 0.25 7.37 0.0420
B2 0.42 1 0.42 12.19 0.0174
Cc? 0.13 1 0.13 3.76 0.1101
Residual 0.17 5 0.034

Lack of Fit 0.17 3 0.057

R? 0.9914

Adj R?=0.9760, Pred R?=0.8627, Adequate Precision = 28.353, CV% = 2.48,
Standard Deviation = 0.19

Average particle size
g 7l

GO0 gmE @

Average particle size
B: Feed rate

o5

A: Temperature

Average particle size

(55701 S 2o S IR e ]

Average particle size
C: stiming rate

A: Temperature

Average particle size

||||||

C: stiming rate
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Figure 7. 3D-surface and contour plots showing the effect of a) temperature and feed rate; b) temperature and stirring rate; and c) feed rate
and stirring rate on the average particle size of zinc borate crystals.
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Both the surface and contour plots in Figure 7 show
that a smaller particle size was obtained at a higher
feed rate but a lower temperature. In comparison with
the feed rate and stirring rate, temperature was the
most significant variable affecting particle size.

4. Conclusions

This work assesses the effects of the operating condi-
tions, including stirring rate, feed rate and temperature
on zinc borate crystallization. The XRD, FTIR, and
TGA/DTA results showed that all of the crystals were
in the form of Zn,B.O,,-7H,0. Microscopy analysis re-
sults indicated that operating conditions studied affect-
ed the size and crystal morphology. With decreasing
feed rate and increasing temperature, the particle size
of the zinc borate decreased distinctively. The chang-
es in morphological characteristics in different operat-
ing conditions directly affected the filtration character-
istics of zinc borate crystals. While the specific cake
resistance of the zinc borate crystals obtained at 45
°C was calculated as 1.89 x 10'° m/kg, this value was
determined as to 2.94 x 10'°m/kg for zinc borate at 85
°C. Moreover, Box—Behnken design with RSM was ap-
plied successfully to determine how temperature, feed
rate, and stirring rate influenced the zinc borate crys-
tallization in terms of the average particle size of the
crystals. The model fit well to the experimental data,
with an R? of 0.9914. Among the three investigated
variables, temperature was the most efficient for creat-
ing a small crystal size. Consequently, the detailed in-
formation about the characterization and optimization
could provide a reference for the crystallization of zinc
borate for scientific and industrial purposes.
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