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Abstract 

For the copper-containing electroplating wastewater 
generated by a semiconductor company, the recovery of 
copper salts by progressive freeze crystallization and its 
process parameters were experimentally optimized and 
studied. Based on the results of single-factor experiments, 
according to the principles of Box-Behnken Design 
experimental design for response surface methodology to 
investigate the effects of coolant temperature, agitation 
rate, and freezing time on salt removal and optimize 
process parameters. The optimization results of the 
response surface method showed that the optimal 
conditions were when the coolant temperature was -8°C, 

the stirring rate was 264 rmin-1, and the freezing time was 
78 min. Three validation experiments were conducted 
under optimum conditions, and salt removal was obtained 
as 60.13 ± 4.10%, which is more in line with the predicted 
values. Treatment of copper-containing electroplating 
wastewater using tertiary freezing under response surface 
optimized experimental conditions. At this time, the total 
ice rate of the wastewater was about 65.00%, and the 

conductivity was also concentrated from 2.17 mScm-1 of 

the raw water to 2.99 mScm-1 with a total concentration 
ratio of 1.38. In addition, a higher concentration of 
concentrated liquid was obtained in the third freezing, 
while a crystalline salt precipitated from the bottom of the 
reactor. The precipitate was analyzed mainly as copper 
sulfate pentahydrate using XRD, XRF, EDS, and other 
characterization techniques. Theoretical calculations show 
that pre-cooling of raw wastewater reduces energy 
consumption by up to 20.40%. 

Keywords: progressive freeze crystallization; response 
surface methodology; copper-containing electroplating 
wastewater; copper (II) sulfate 

1. Introduction 

The rapid expansion of the surface treatment industry has 
led to the discharge of a large amount of electroplating 
wastewater (Li et al. 2022), and acidic copper-containing 
electroplating sewage, as typical electroplating 
wastewater, is produced with strong acidity and contains a 
high concentration of copper ions (Li et al. 2021) and other 
characteristics. At present, electroplating wastewater 
treatment has entered the stage of resource reuse (Luo et 
al. 2024), and the recovery of copper salts in copper-
containing electroplating wastewater can reduce 
environmental pollution and achieve cleaner production 
and resource utilization. Currently, the commonly used 
processes for copper-containing electroplating wastewater 
treatment include chemical precipitation, membrane 
treatment, electrodialysis technology, and evaporation and 
crystallization (Jeremias et al. 2023), of which chemical 
precipitation is the most widely used (Li et al. 2024). 
However, the chemical precipitation method requires 
adding a large number of chemicals to the water, and the 
secondary pollution is serious and cannot effectively 
recover copper salts. As an environmentally friendly 
wastewater treatment method, the freeze crystallization 
method can treat high-salt wastewater and recover 
crystalline salt without adding additional chemicals and 
less secondary pollution (Pronk et al. 2006). For example, 
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Randall et al. (2011) treated reverse osmosis brine using 
multistage freeze concentration to recover sodium and 
calcium sulfate. 

The progressive freeze crystallization method grows ice in 
one direction by controlling the growth of a one-
dimensional ice front (i.e., the interface between the 
solution and the solid phase), while concentrating 
impurities in the liquid phase. The main advantage of the 
progressive freeze crystallization method over other 
freezing processes is that the brine can be focused outside 
the ice layer, making it easy to separate the brine from the 
ice crystals, reducing operating costs (Samsuri et al. 2016). 
During freeze crystallization, if the rejected solute does not 
diffuse into the liquid phase, a highly concentrated layer 
forms near the moving ice-liquid interface, and the solute 
tends to be trapped in the ice as it grows (Luo et al. 2010). 
To avoid the solute at the interface being trapped in the ice 
crystals, this can be achieved by controlling the ice crystals' 
growth rate and the solute's mass transfer coefficient (Gu 
et al. 2010). The freezing time and coolant temperature 
determine the ice crystal growth rate, and the stirring rate 
determines the mass transfer coefficient. Therefore, in this 
paper, coolant temperature, freezing time, and stirring rate 
are chosen as independent variables to explore their 
effects on the purity of ice crystals. However, when more 
influencing factors exist, the single-factor test requires 
several trial times, and the interaction between the factors 
is difficult to grasp. The use of response surface 
methodology is effective in reducing the number of trials, 
and the two-by-two interactions between factors can be 
examined through response surface plots and contour 
plots and the resulting response surface model is also 
helpful in determining the optimal conditions for a 
multivariate system (Li et al. 2023). 

This experiment adopted the progressive freeze-
crystallization method to treat high-salt copper-containing 
electroplating wastewater. The effects of coolant 
temperature, stirring rate, and freezing time on the salt 
removal rate were studied deeply. The process parameters 
were optimized by using the response surface method, 
which provides a reliable basis for the feasibility study of 
the practical engineering application. In addition, this 
experiment proposes using a three-stage freezing 
procedure to treat copper-containing electroplating 
wastewater to recover the copper salts in the wastewater 
(van der Ham et al. 1999), thus achieving the resourceful 
use of wastewater. 

2. Materials and methods 

2.1. Experimental wastewater 

Copper-containing electroplating wastewater was taken 
from a semiconductor company in Hefei, and the quality of 
raw water is shown in Table 1. From the table, it can be 
seen that the salt composition of copper-containing 
electroplating wastewater compared with the dye 
chemical wastewater, the composition is relatively single, 
mainly for copper ions and sulfate ions. 

2.2. Experimental setup 

Figure 1 shows the schematic diagram of the experimental 
setup, which mainly includes a cryostat (Shanghai 
Hengping DC 3010), a double-layer glass reactor, and a 
mechanical stirrer. Cryostats with advanced digital 
controllers are the main devices in progressive freeze 
crystallization experiments. The unit uses anhydrous 
ethanol as the freezing medium. When the circulating 
pump carries out the external circulation of coolant, the 
‘outlet’ pipe is connected to the inlet and outlet of the 
experimental vessel outside the trough so that the 
temperature is evenly distributed and the temperature can 
be adjusted as low as -30℃. The temperature of the 
anhydrous ethanol in the cryostat can be monitored and 
read directly from the digital display panel on the unit. The 
double glass reactor was designed in-house and 
customized locally; the unit is a 1 L glass crystallizer with an 
internal diameter of 110 mm. Two ports on the side of the 
reactor body are connected to the cryostat tank to provide 
coolant and heat exchange with the solution. The coolant 
is fed into the glass sandwich of the reactor through the 
lower port and circulates upwards, leaving through the 
upper port. There is a downdraft valve at the bottom of the 
reactor. The top of the stirrer is fixed on a stand, and a 
digital display controller connected to the stirrer controls 
the stirring rate in real time. 

Table 1. Copper-containing electroplating wastewater quality 

analysis results 

Items Content(mgL-1) 

COD 2500 

NH3-N 228 

TN 1309 

SO4
2- 24166 

Cl- 1360 

PO4
3- 814 

Zn2+ 46 

Cu2+ 19780 

 

Figure 1. Schematic diagram of the experimental setup 

2.3. Experimental procedure 

To minimize the effect of overcooling at the initial moment 
of ice crystal formation, the plating wastewater was pre-
cooled to near 0°C before freezing. The temperature of the 
freeze concentration unit was set before the start of the 
experiment, and to ensure that the effect of stirring rate 
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influence was the same for each experiment, stirring bars 
of the same length were submerged in the liquid. Once an 
ice layer is formed, stop the digital stirrer and separate the 
concentrate from the ice. Water quality indicators such as 
conductivity and ion concentration were subsequently 
determined for the concentrate and effluent (ice melt). In 
the multi-stage freezing process, the concentrate is taken 
and the above steps are repeated to obtain the effluent 
and the secondary concentrate, and the three-stage 
freezing process is used in this test. During the third freeze, 
in addition to the ice crystals generated, a blue crystalline 
substance precipitated from the bottom of the 
wastewater. The concentrate was centrifuged in a 
centrifuge to obtain blue crystals. The blue crystals from 
centrifugation were dried in a vacuum oven at 80°C. XRD, 
FT-IR, EDS, and XRF analyzed the precipitated crystals. 

2.4. Methods of analysis 

Conductivity is commonly used to measure the number of 
inorganic ions in water and is closely related to the 
concentration of soluble inorganic substances in water. A 
conductivity meter (DDS-307A) was used in the experiment 
to measure the salt concentration in the solution: 
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Where E is the salt removal rate, %; C0 is the conductivity 

of the initial wastewater, mScm-1; CS is the conductivity of 

the effluent, mScm-1. 

N indicates the concentration coefficient of concentration, 
i.e. the concentration ratio of the concentrate to the raw 
water, the larger the N value, the better the concentration 
effect: 
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Where N is the concentration ratio; C0 is the conductivity in 

the initial wastewater, mScm-1; CL is the conductivity in the 

concentrate, mScm-1. 

The ice formation rate is the volume of water recovered as 
ice at the end of the experiment relative to the volume of 
the feed: 
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(3) 

Where I is the ice formation rate, %; M0 is the volume of 
the initial wastewater, L; MS is the volume of the effluent, 
L. 

Anions are analyzed by ion chromatography for 
concentration analysis, and cations are analyzed by an 
Inductively Coupled Plasma (ICP) analyzer. Before testing, 
the solution needs to be permeabilized. For copper-
containing electroplating wastewater, three-stage freezing 
and concentration to get out of the water and concentrate, 
because in the freezing process did not occur chemical 
changes, so theoretically out of the water and concentrate 
should be with the original water between the material 
calculations should meet the formula (4), in line with the 
law of conservation of mass. 

A0 × M0 = AS × MS + AL × ML (4) 

Where A0 is the ion content in the initial wastewater, mgL-

1; AS is the ion content in the effluent, mgL-1; AL is the ion 

content in the concentrate, mgL-1. 

2.5. Characterization of precipitates 

Scanning Electron Microscope (SEM), a high-resolution 
emission scanning electron microscope (Regulus 8230, 
Hitachi, Japan), was used to microscopically image the 
surface of the precipitated solid. An appropriate amount of 
the precipitated solid was placed in anhydrous ethanol, and 
a homogeneous dispersion was prepared using ultrasound. 
Subsequently, a small amount of the dispersion was taken 
and dropped onto a smooth monocrystalline silicon wafer 
substrate, which was allowed to dry naturally. Energy 
Dispersive Spectrometer (EDS), a Bruker X-Flash 60 energy 
spectrometer, was used to perform the EDS analysis to 
determine the elemental content of the precipitates. 

Fourier Transform Infrared Spectroscopy (FT-IR), an FT-IR 
spectrometer (Nicolet IS50 iN10, Thermo Nicolet, USA), 
was used to do functional group analysis of the precipitated 
substances. 

X-ray powder Diffraction (XRD) was used to analyze the 
crystal structure of the samples using an X-ray 
diffractometer (Rigaku D/MAX2500VL/PC, Rigaku 
Corporation, Japan) under the following test conditions: 
the Cu target Kα was used as the source of diffraction, and 
the diffracted rays were diffracted at a wavelength of 

λ=1.54Å, and the scanning range2 was5°~90°. 

X-Ray Fluorescence (XRF): A certain amount of dry sample 
is taken and placed on a carrier sheet specially designed for 
X-Ray Fluorescence testing, compacted, and placed on a 
sample stage for testing. With the help of an X-ray 
fluorescence spectrometer, the sample is analyzed for its 
elemental species and content. 

3. Results and discussion 

3.1. Effect of coolant temperature on salt removal rate 

(1) The effect of coolant temperature on salt removal is 
shown in Figure 2. The effect of temperature from -4 to -
12°C on the salt removal rate was investigated at an 

agitation rate of 250 rmin-1 and a freezing time of 90 min. 
As the temperature increases, the salt removal first 
increases and then decreases to increase, the temperature 
reaches -8℃, and the removal rate reaches the highest 
value. This is because temperature is the main factor 
affecting the ice crystal growth rate (Miyawaki et al. 2005), 
which increases with the difference between the solution 
and coolant temperatures (Flesland, 1995). The decrease in 
coolant temperature increases the ice crystal growth rate, 
which exceeds the solute diffusion rate (Chen et al. 1998)

，  and promotes solute entrapment in the ice crystals. 

Thus, low growth rates produce high-purity ice. In contrast, 
at -4°C and -6°C, unsmooth and very thin dendritic ice 
crystals are formed due to heterogeneous nucleation 
(Wang et al. 2019), and the resulting ice crystals have a 
higher rate of solute entrapment, which leads to lower 
purity of ice crystals (Mountadar et al. 2019). 
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(2)The effect of stirring rate on salt removal is shown in 
Figure 3. Figure. 3 shows the effect of coolant temperature 
and freezing time fixed at -8°C and 90 min, respectively, 

where the stirring rate was 50 to 450 rmin-1on the salt 
removal rate. From the figure, it can be seen that the salt 

removal is maximum at a stirring rate of 250 rmin-1. Stirring 
rate is also an important parameter in progressive freeze 
crystallization as it plays an important role in reducing the 
solute concentration in the vicinity of ice crystals. Dendritic 
ice structures formed by structural supercooling can also 
be avoided by providing a suitable stirring rate, leaving 
firmer and higher-quality ice crystals (Shirai et al. 1998). 
However, if the stirring rate is too high, the ice crystals 
generated will mix with the solute, making the ice layer less 
pure. 

 

Figure 2. Effect of coolant temperature on salt removal rate 

 

Figure 3. Effect of stirring rate on salt removal rate 

(3)The effect of freezing time on salt removal is shown in 
Figure 4. At a temperature of -8°C and an agitation rate of 

250 rmin-1, the removal rate increased substantially with 
increasing freezing time, reaching a maximum value at 90 
min of freezing time. This is because the ice crystal growth 
rate is high at the start of freezing. Still, over time, the 
thickness of the ice layer increases, and the efficiency of 
heat transfer between the coolant and the solution 
decreases, resulting in a lower ice crystal growth rate. In 
addition, higher accumulation of solutes at the solid-liquid 
interface will lower the freezing point of the solution, thus 
making it more difficult for freeze crystallization to occur 
(Chen et al. 1998). However, after 90 min of freezing, the 
trend changes. When the cooling time is too long, due to 

the small area in the container, the remaining liquid is 
saturated with solutes, and a large amount of solute in the 
solution can easily be trapped in the ice if the freezing 
process continues. 

 

Figure 4. Effect of freezing time on salt removal rate 

3.2. Response surface methodology optimization 

3.2.1. Model building and analysis of variance 

Response surface methodology was used for the process 
optimization of salt concentration in the progressive freeze 
crystallization method, and the optimized level of each 
factor determined by a one-way experiment was used as 
the central level of the BBD experimental design. Coolant 
temperature, stirring rate, and freezing time were used as 
independent variables, and salt removal rate was the 
response value. Two-by-two interactions between the 
three factors were examined to determine optimal freezing 
conditions and response values. Based on the BBD 
experimental principle, a three-factor, three-level 
experimental design table was designed as shown in Table 
2. With +1 for the high level, -1 for the low level, and 0 for 
the center level (Fu et al. 2020). The experimental set of 
Box-Behnken designs is shown in Table 3, where 17 
experiments were performed to obtain a quadratic model 
consisting of 12 experiments plus 5 replicated centroids. To 
avoid systematic errors, the experiments were 
randomized. Table 3 shows the design and results of 
progressive freeze crystallization experiments based on the 
BBD experimental design, with observed values of salt 
removal ranging from 41.29% to 60.81%. 

Table 2. Response surface factors and levels based on BBD 

experiments 

Symbols 
Levels 

-1 0 +1 

Temperature/℃ -10 -8 -6 

Stirring rate /(rmin-

1) 
150 250 350 

Time /min 60 90 120 

Experimental results were created, evaluated, and 
optimized using Design Expert 11 software. The following 
fitted second-order polynomial equation represents the 
empirical relationship between the response and the 
variables (Pandey et al. 2018): 
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E(%) = 59.8 + 0.4A + 1.08B − 2.3C + 0.4AB − 0.1AC 
− 3.2BC − 6.6A2 − 10.6B2 − 4.5C2 

(5) 

where E is the salt removal rate, and A, B, and C represent 
the coolant temperature, stirring rate, and freezing time, 
respectively. From equation (5), it can be seen that freezing 
time is the most prominent influence on the response 
value. From a linear point of view, A, B, and AB have 
positive coefficients indicating synergistic effects, while the 
quadratic terms A2, B2, C2, and C, AC, and BC have negative 
coefficients indicating antagonistic effects on salt removal 
rates (Bajpai et al. 2021). 

Before analyzing the model's response surface and contour 
plots, it is usually necessary to perform an ANOVA on the 
experimental results and check the significance of the 
fitted model. The results of the ANOVA are shown in Table 

4, where A is the coolant temperature, B is the stirring rate, 
and C is the freezing time. The model's accuracy was 
measured using the correlation coefficient R2, the closer R2 
is to 1, the more accurate the model is (Alrugaibah et al. 
2021). The model correlation coefficient R2 is 98.97%, 
higher than 95%, indicating that the model explains the 
experimental results well. In addition, the R2

Adj of the 
model is 97.64%, and the R2

Pred is 89.23%, and the 
difference between the values of R2

Adj and R2
Pred is within 

0.2, which indicates that the model results are reasonable 
(Inger et al. 2019). If Adequate precision is much higher 
than 4, the simulation results have a high degree of 
confidence and are subject to little interference (Ji et al. 
2023). 

 

Table 3. BBD experimental design and results 

Run 
Independent variable Response value 

Temperature(℃) Stirring rate(rmin-1) Times(min) Salt removal rate(%) 

1 -8 250 90 59.05 

2 -6 250 60 50.81 

3 -6 150 90 42.7 

4 -10 150 90 41.29 

5 -8 250 90 59.69 

6 -8 150 60 42.2 

7 -10 250 120 46.7 

8 -8 250 90 58.69 

9 -10 350 90 41.7 

10 -8 350 120 40.67 

11 -10 250 60 51.3 

12 -8 350 60 51.74 

13 -6 250 120 45.9 

14 -8 150 120 44.1 

15 -8 250 90 60.72 

16 -6 350 90 44.8 

17 -8 250 90 60.81 

Table 4. Analysis of variances 

np Sum of squares Degrees of freedom  Mean square F-value P-value  

Model 911.44 9 101.27 74.52 < 0.0001 Significant 

A  1.30 1 1.30 0.95 0.3613  

B  9.29 1 9.29 6.83 0.0347  

C  43.62 1 43.62 32.10 0.0008  

Residual 9.51 7 1.36    

Lack of fit 5.84 3 1.95 2.12 0.2404 Not Significant 

R2 = 0.9897 

Adjust R2 = 0.9764 

Predicted R2 = 0.8923 

Adequate precision = 21.94 

 

3.2.2. Response surface analysis 

From Figure 5(a)-Figure 5(c), it can be seen that the salt 
removal rate increased and then decreased as the coolant 
temperature increased from -10°C to -6°C, the stirring 

speed increased from 150 rmin-1 to 350 rmin-1, and the 
freezing time increased from 60 min to 120 min, which 
indicates that either too high or low coolant temperature, 
stirring speed and freezing time all lead to the decrease of 
salt removal rate. 

The contour plot of Figure 5(d) is obtained by projecting 
the response surface plot of Figure 5(a) on the bottom 
surface, and from the contour plot, it can be seen that the 
density of contours in the direction of the stirring rate is 
higher than that in the direction of coolant temperature. It 
can be deduced that the stirring rate affects the salt 
removal rate to a greater extent than the coolant 
temperature. The contour plot of Figure 5(e) is obtained by 
projecting the response surface plot of Figure 5(b) on the 
bottom surface, and from the contour plot, it can be seen 
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that the concentration of contour lines in the direction of 
freezing time is higher than that in the direction of coolant 
temperature, and it can be deduced that the freezing time 
affects the salt removal rate to a greater extent than the 
coolant temperature. The contour plot of Figure 5(f) was 
obtained from the projection of the response surface of 
Figure 5(c) on the bottom surface, from which it can be 
seen that the salt removal rate showed an increasing and 
then decreasing trend with the increase of freezing time 
and agitation rate. In addition, its contour shape was 
closest to an ellipse, proving the most significant 
interaction between freezing time and stirring rate(Priya 
and Kanmani, 2011). In addition, the density of contours in 
the direction of freezing time is higher than that in the 
direction of the stirring rate, and it can be inferred that the 
freezing time affects the salt removal rate to a greater 
extent than the stirring rate. 

According to the above analysis, the magnitude of the 
effect of coolant temperature, stirring rate, and freezing 
time on the salt removal rate was in the order of freezing 
time > stirring rate > coolant temperature, which is 
consistent with the results of the ANOVA model. 

 

Figure 5. Response surface plots of the effect of (a) coolant 

temperature and agitation rate, (b) coolant temperature and 

freezing time, (c) agitation rate and freezing time on salt 

removal, and contour plots of the effect of (d) coolant 

temperature and agitation rate, (e) coolant temperature and 

freezing time, (f) agitation rate and freezing time on salt removal 

3.2.3. Optimization and validation of results 

In the optimization process, the Derringer function can be 
used, which can optimize the response values. The targets 
for coolant temperature, stirring rate, and freezing time 
were set to "in range", and the target for salt removal rate 
was set to "maximum". The optimal conditions for 
optimizing the salt removal rate can be obtained from the 

above settings: -8°C, 78 min, 264 rmin-1, and the predicted 
salt removal rate under these conditions is 60.13%. Three 
experimental validations of the optimal conditions 
obtained gave a salt removal rate of 60.13 ± 4.1%, which is 
more in line with the theoretical values. 

3.3. Tertiary freezing treatment of copper-containing 
electroplating wastewater 

The change in conductivity of the concentrate after the 
three-stage freezing process is shown in Figure 6. At a total 
ice formation rate of about 65.00 %, the concentration 
ratio for the conductivity of the primary concentrate is 
1.28, the concentration ratio for the conductivity of the 

secondary concentrate is 1.18, and the total concentration 
ratio is 1.38. Compared with the experimental data of 
primary freezing, the conductivity concentration ratio of 
secondary freezing is low, which may be analyzed because 
of the higher concentration of the secondary concentrate 
compared with the primary concentrate, and when the 
concentration of the solution increases, its freezing point 
decreases, the degree of subcooling and the ice growth 
rate increase, and the stability of the solid-liquid interface 
decreases, and the dendritic ice crystals come into being. 
In addition to this, the interactions between the molecules 
lead to higher solution viscosity and lower solute diffusion 
rate when the solution concentration increases. That is, the 
higher the solution concentration, the more potential 
nuclei in solution, the increasing frequency of nuclei 
colliding with each other and the energy consumed, thus 
enhancing secondary nucleation as well as the formation of 
small crystal sizes (dendrites) (Amran et al. 2016), and ice 
crystals of this structure lead to the trapping of more 
impurities or solutes into the ice. 

As shown in Figure 6, the changes in the concentration of 
copper and sulfate ions in the concentrate followed the 
same trend as that of the conductivity, with the 
concentration of copper and sulfate ions in the concentrate 
increasing step by step in both the first and second freezing 
phases, whereas the third concentrate showed a slight 
decrease in comparison with the second concentrate 
instead. This change may be because after the solution 
reaches its concentration limit during the third freezing 
process, the concentration no longer increases, and solutes 
are precipitated. A total of 2.0 g of solids were precipitated 
in the effluent from the third freezing process. 

 

Figure 6. Changes in conductivity and ion concentration of 

concentrate during tertiary freezing 

3.4. Analysis of precipitates 

Approximately 2.0 g of blue crystals were obtained after 
centrifugation and vacuum drying of the solids precipitated 
during progressive freeze crystallization of copper-
containing electroplating wastewater as shown in Figure 7. 
The solids were analyzed by XRD, FT-IR, EDS, and XRF to 
determine their main components. 

Figure 8(a) shows the XRD patterns of the precipitates. 
Compared with the standard XRD card of copper sulfate 
pentahydrate (JCPDS No. 11-0646), it can be seen that the 
diffraction peaks of the precipitated crystals appeared at 
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2=16.16°, 19.03°, 22.21°, 23.97°, and 31.66°, which 

corresponded to (10), (110), (011), (21), (11) crystal 
planes, which are all characteristic diffraction peaks of 
copper sulfate pentahydrate. 

 

Figure 7. Solids from the tertiary freezing treatment of copper-

containing electroplating wastewater 

Figure 8(b) shows the FT-IR spectrum of the precipitated 
crystals, according to the spectral library, for the similarity 
comparison analysis from the figure. It can be seen that 
there is a distinct peak at 3343.7 cm-1 wavelength for the 
stretching vibration of the conjugated hydroxyl group (-

OH); 1517.2 cm-11750.1 cm-1 there is a sharp peak of 
absorption, the peak position is 1628.1 cm-1, and this peak 
was determined to be the water of crystallization variable 
angle vibration peak (Nagabhushana et al. 2009). A broader 
spectral peak appeared in the wavelength range of 915.5 

cm-11246.3 cm-1, which was judged to be the telescopic 
vibrational absorption peak of sulfate (SO4

2-) (Teixeira dos 
Santos et al. 2016), so it was presumed that there was 
sulfate in the precipitated solid, which was in agreement 
with the previous presumed results. 

 

Figure 8. (a) XRD patterns, (b) FT-IR spectrum  

The surface micromorphology of the precipitates is shown 
in the SEM image of Figure 9. From the solid surface 
micromorphology in the figure, we can see that the crystals 
of the precipitates obtained in the crystallization process 
show a columnar morphology. To further confirm the 
elemental composition of the precipitates, the EDS spectra 
of the precipitates were analyzed, as shown in Figure 9, and 
the main elements detected in the solids were Cu, O, 
and S. 

The mass percentages and atomic number percentages of 
the major elements in the precipitates are shown in Table 
5, with approximately 34.94 %, 53.53 %, 11.53%, and 12.92 
%, 78.62 %, and 8.45 % for the elements Cu, O, and S, 
respectively. Analyzed in conjunction with the previous FT-
IR and XRD results, the precipitate contains a certain 
amount of copper sulfate pentahydrate. 

XRF analyzed the material composition of the precipitates, 
and according to the XRF results, the main elements in the 
precipitates were Cur and S with 56.97% and 16.34%, 
respectively, and contained a small amount of Cl with 
2.34%. Combined with the analysis of FT-IR, XRD, and EDS 

spectra of the precipitates, it can be seen that the main 
component of the precipitates is copper sulfate 
pentahydrate. 

Table 5. The mass percentage and atomic number percentage of 

each element in the precipitates 

Element Mass norm(%) Atom(%) 

S 11.53 8.45 

O 53.53 78.62 

Cu 34.94 12.92 

 100.00 100.00 

 

Figure 9. Element mapping of precipitates 

3.5. Material balance 

During the tertiary freezing process, we analyzed the water 
quality of the ice meltwater and concentrate obtained from 
each freezing stage. Table 6 shows the variation of ionic 
concentration in the inlet and outlet water of copper-
containing electroplating wastewater under the response 
surface optimization experimental conditions. 
Theoretically, there is a material balance between the inlet 
and outlet water. Still, considering the loss of material 
caused by washing ice crystals in the freezing process, 
experimental errors, and other issues, there is an error 
between the two. (Chen et al. 2019). As seen in Table 6, 
compared with the feed water, the copper ion content and 
sulfate content in the secondary concentrate increased to 
65.44% and 64.18% of the feed water, respectively. 
Therefore, CuSO4 can be isolated and recovered by treating 
the secondary concentrate with progressive freeze co-
crystallization. Calculation of the copper ion and sulfate 
content of the concentrate and effluent obtained from the 
third stage of freezing revealed a reduction of 1.01 g and 
1.38 g, respectively, as compared to the second stage 
concentrate, whereas 2.00 g of crystalline salt was 
recovered in this experiment. 

3.6. Energy consumption analysis 

This experiment is a three-stage freeze crystallization, and 
its theoretical energy consumption is divided into three 
main parts: one part is used for the energy required to cool 
down the wastewater to the crystallization temperature; 
one part is used for the energy consumed by the water to 
undergo a phase change, and one part is used for the 
energy consumed by the ice to continue to cool down to 
the freezing temperature. Assuming an effluent yield of 
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500 kgh-1, an initial wastewater temperature of 20°C, a 
freezing temperature of -8°C, and an ice formation rate of 
50%. 

Q = CWMt1 + MfusH × 0.5 + CIMt2 × 0.5 (6) 

where CW is the specific heat capacity of wastewater, taken 

as 4.2 kJ-1kg-1°C-1; M is the mass of wastewater; t1 is the 

temperature difference of wastewater cooling; fusH is the 

enthalpy of melting of ice, taken as 333.5 kJkg-1; CI is the 

specific heat capacity of ice, taken as 2.06 kJ-1kg-1°C-1; t2 
is the temperature difference of ice cooling. 

Therefore, the electrical power required for this cryogenic 
process is: 

Q

COP T
E =

  

(7) 

Where COP is the cooling coefficient of the refrigeration 
unit; T is the time (s). 

In the freeze crystallization process, when the refrigeration 
unit is operated in an ideal inverse Carnot cycle, the 
refrigeration performance factor is: 

TL
COP

TH TL
=

−  

(8) 

Where TL is coolant temperature, K; TH is room 
temperature, K. 

 

Table 6. Test results of dye chemical wastewater before and after treatment 

Detection 
indicators 

Water Single freezing Secondary freezing Tertiary freezing 

Effluent Concentrate Effluent Concentrate Effluent Concentrate 

Cu2+(mgL-1) 19780 7463 26110 10442 32724 13744 31019 

SO4
2-(mgL-1) 24166 9502 31705 12714 39675 16504 36020 

Volumetric(mL) 300 95 200 60 135 40 92 

 

In the primary freezing process t1 is 24°C, t2 is 4°C, M is 
250 kg, and the electrical power required for the freezing 
process, E1 = 3.97 kW, is calculated from Eq. 6 and Eq. 7. 
For the secondary freezing process, the wastewater 

temperature is 0°C, so t1 is 4°C and M is around 250 kg, so 
E2 = 1.37 kW. During the tertiary freezing process, a part of 
the energy consumption is used for the crystallization of 
solids, which is negligible in view of the fact that it is small 
compared to the energy consumption of the frozen 
wastewater. Therefore, the electrical power for tertiary 
freezing was obtained as E3 = 0.69 kW. At this point, the 
total power E = 6.03 kW. 

After freeze-crystallization treatment, the wastewater is 
divided into a low-temperature concentrate and an ice 
layer, and to make full use of this cold energy, the 
concentrate and the ice layer can be used to pre-cool the 
original solution to reduce the temperature of the original 
solution, thus reducing the energy consumption of the 
freeze-crystallization process. Pre-cooling the wastewater 
before treatment using ice and concentrate from the 
freeze crystallization process allows the wastewater to be 
pre-cooled to a lower temperature before freezing, taking 

t = 0°C. At this point, t1=4°C and E1=2.74 kW. From the 
above results, it can be seen that there is a reduction in 
freezing energy consumption after pre-cooling, with up to 
20.40% reduction in energy consumption after pre-cooling 
as compared to non-pre-cooling energy consumption. The 
above energy consumption analyses are theoretical 
calculations, and the actual energy consumption needs to 
be verified in engineering practice. 

4. Conclusion 

(1) A response surface methodology for BBD experimental 
design was used to develop a regression model to predict 
salt removal efficiency. The results of response surface and 
contour plot analyses showed that the degree of influence 
of the three factors on the salt removal rate was in the 
order of freezing time > stirring rate > coolant temperature. 

The optimum conditions were derived as -8°C, freezing 

time 78 min, stirring rate 264 rmin-1, and the predicted 
value of salt removal under these conditions was 60.13%. 
Three validation experiments were conducted on this. The 
results showed that the salt removal rate was 60.13 ± 4.1%, 
similar to the simulated predictions, indicating that this 
model can accurately simulate the experimental results. 

(2) The tertiary freezing method treated copper-containing 
electroplating wastewater under optimized freezing 
conditions by response surface methodology. The results 
showed that the total ice formation rate during the tertiary 
freezing process was about 65.00 percent, and the 
conductivity concentration ratio was 1.38. Crystalline salt 
precipitated during tertiary freezing, and the main 
component of the precipitated solid material was judged to 
be copper sulfate pentahydrate by XRD, FT-IR, EDS, and XRF 
characterization and analysis. 
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