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Abstract — In this paper, evaporation and enrichment experiments were carried out to study crystallization law of macro elements 
from reverse osmosis desalination brine. The results showed that the variation law of macro elements in desalination brine is just 
similar with that in normal seawater. Calcium sulfate deposited first and sodium chloride followed during evaporation and 
condensation experiments. Magnesium salt could be acquired by other methods after the separation of calcium sulfate and sodium 
chloride. 
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I. INTRODUCTION 

At present, there are 1.6 billion people around the world 
who face water shortage. By 2025, this population will rise 
to about 4 billion [2]. In the context of limited freshwater 
resources, seawater desalination has gradually become an 
important method for solving freshwater shortage in coastal 
areas. During seawater desalination, brine basically the same 
in amount as freshwater will be produced. Most desalination 
plants still treat the brine by direct discharge to sea, which, in 
the long run, will damage and affect the marine environment 
to some extent. After desalination, most ions in the seawater 
are basically retained in the desalinated brine. If these brines 
can be resource utilized, not only the environmental impact 
will be reduced, some economic value can also be produced. 

New desalination projects established in recent years in 
China's coastal and island cities are all based on reverse 
osmosis desalination technology. The technology shares a 
yearly increasing proportion in the desalination market, 
which has very good prospects for development. Reverse 
osmosis desalination process does not simply remove the 
freshwater; instead, seawater is subjected to various 
treatments including dosing, filtration, reverse osmosis, etc. 
Major components in the remaining brine are about twice the 
original seawater, but the proportion of ions somewhat varies 
[1]. This paper investigates the crystallization law of macro 
elements from reverse osmosis desalination brine by 
analyzing changes in the concentration of macro elements; 
and analyzes the existing forms and concentrations of macro 
elements in brine, thereby providing theoretical support for 
extraction and utilization of major chemical elements in the 
brine. 

 

II. MATERIALS AND METHODS  

A. Seawater and brine  

Brine used in the experiments was the discharged brine 
from a desalination project of Liuheng Water Services Ltd. 
in Zhoushan. The project adopted reverse osmosis 
desalination process and had a production capacity of 20,000 
tons/day. Seawater was taken from the desalination plant's 
intake. At 20 , brine had a density of 1.0336 g·cm-3 and a 
Baume gravity of 4.69 °Bé, while the density of seawater 
was 1.0182 g·cm-3 and its Baume gravity was 2.58 °Bé. 

TABLE I COMPOSITION OF MAJOR IONS OF SEAWATER AND BRINE 

Ion Brine 
g/L 

Seawater 
g/L 

Concentration 
coefficient 

Ca2+ 0.579 0.328 1.763 
Mg2+ 1.802 0.937 1.924 
Na+ 13.380 7.232 1.850 
K+ 0.590 0.277 2.130 

SO42- 2.538 1.722 1.474 
Cl- 25.576 13.445 1.902 

B. Analytical methods  

Ca2+ and Mg2+: EDTA complexometry [5]; K+ and 
Na+: atomic absorption spectrophotometry [6,7]; Cl-: 
fluorescein staining [8]. SO42-: calculated by the positive 
and negative charge conservation [5,9]. 

C. Evaporation and enrichment experiments  

Specific evaporation and enrichment methods were 
developed based on relevant research concerning 
evaporation, enrichment and crystallization laws of seawater 
and brine [4]. Evaporation and enrichment procedures: the 
brine or seawater was poured into a 2 L tall glass beaker, 
then evaporated and enriched in a 40  constant temperature 
water bath. During the evaporation and enrichment, changes 
in the concentration of brine were measured with a Baume 
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hydrometer. When the desired Baume degree is reached, 
liquid phase was placed in a 20  constant temperature 
environment and equilibrated at least for 24 h. After 
equilibration, Baume gravity of filtrate was measured again 
with a Baume hydrometer. Meanwhile, filtrate was retained 
for investigating the crystallization law of macro elements 
and analyzing the existing form and concentration of 
magnesium in the brine. Furthermore, parallel experiments 
were conducted using seawater for comparison purpose. 

III.  

A. Chemical composition analysis results  

The aim of this study was to explore the physicochemical 
properties and crystallization law of macro elements during 

brine evaporation and enrichment; analyze the existing form 
and concentration of magnesium in the brine; and to compare 
them with the law of seawater during evaporation and 
enrichment. Evaporation and enrichment were carried out in 
three phases (0~10 °Bé, 11~20 °Bé, 20~30 °Bé), in each of 
which not less than 3 concentration points were selected, so 
as to obtain the major ion enrichment curves for each phase. 

Brine and the seawater from the East China Sea, which 
were evaporated to different Baume gravities, were analyzed 
separately for major ions and chemical composition. The 
results are shown in Table 2-3 (1# denotes non-evaporated 
brine) and Table 4-5 (1# denotes non-evaporated seawater). 

TABLE II  ANALYSIS RESULTS OF MAJOR IONS OF DESALINATION BRINE THROUGH EVAPORATION AND ENRICHMENT         
 Density(20 ) Ion concentration/(g·L-1) 

ρ/(g·cm-3) °Bé Ca2+ Mg2+ K+ Na+ SO4
2- Cl- 

1 1.033 6 4.69 0.579 1.802 0.590 13.380 2.538 25.576 

2 1.034 9 4.87 0.556 1.896 0.616 14.199 3.079 26.679 

3 1.062 4 8.47 1.006 3.517 1.130 26.615 7.909 48.271 

4 1.093 1 12.29 1.529 5.098 1.631 39.442 10.207 72.343 

5 1.100 4 13.16 1.527 5.496 1.731 41.704 10.516 76.857 

6 1.145 9 18.37 1.074 8.432 2.477 64.411 12.310 118.887 

7 1.186 6 22.69 0.659 11.108 3.260 85.966 12.402 159.942 

8 1.203 1 24.36 0.592 12.070 3.643 95.221 15.797 174.744 

9 1.21 1 0 25.14 0.552 12.548 3.647 99.978 16.563 182.843 

10 1.222 7 26.28 0.327 17.801 4.989 95.623 21.447 188.666 

11 1.234 4 27.40 0.248 23.369 6.958 84.166 25.025 186.246 

 

IV TABLE III   ANALYSIS RESULTS OF CHEMICAL CONSTITUTION OF DESALINATION BRINE THROUGH EVAPORATION AND ENRICHMENT 

 Density(20 ) Salt concentration/(g·L-1) 

ρ/(g·cm-3) °Bé CaSO4 MgSO4 MgCl2 KCl NaCl 

1 
1.033 6 4.69 1.966 1.442 5.919 1.124 34.014 

2 
1.034 9 4.87 1.887 2.189 5.696 1.175 36.096 

3 1.062 4 8.47 3.419 6.888 8.329 2.154 67.659 

4 1.093 1 12.29 5.193 8.198 13.481 3.110 100.266 

5 1.100 4 13.16 5.187 8.590 14.737 3.301 106.017 

6 1.145 9 18.37 3.456 12.369 23.245 4.723 163.741 

7 1.186 6 22.69 2.239 13.561 32.785 6.946 218.536 

8 
1.203 1 24.36 2.011 18.016 33.030 6.954 242.063 

9 1.211 0 25.14 1.874 19.096 34.050 9.513 254.156 

10 1.222 7 26.28 0.843 30.611 67.330 13.267 243.085 

11 1.234 4 27.40 0.843 30.611 67.330 13.267 213.960 
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TABLE IVANALYSIS RESULTS OF MAJOR IONS OF SEAWATER FROM THE EAST CHINA SEA THROUGH EVAPORATION AND ENRICHMENT   
 Density(20 ) Ion concentration /(g·L-1) 

ρ/(g·cm-3) °Bé Ca2+ Mg2+ K+ Na+ SO42- Cl- 
1 1.018 2 2.58 0.328 0.937 0.277 7.232 1.7223 13.445 
2 1.039 2 5.44 0.725 1.963 0.610 15.583 3.118 29.291 
3 1.058 8 8.02 0.936 3.091 0.910 24.812 6.862 44.697 
4 1.092 4 12.21 1.405 4.988 1.340 39.202 10.173 71.195 
5 1.125 7 16.11 1.425 6.910 1.723 58.782 11.809 100.006 
6 1.155 3 19.40 1.194 8.748 2.365 70.599 13.514 128.676 
7 1.204 4 24.49 0.655 11.989 3.310 96.253 17.708 174.500 
8 1.225 1 26.51 0.336 18.622 5.069 92.307 23.417 184.581 
9 1.228 7 26.86 0.323 20.984 6.741 87.667 25.168 184.517 

 

TABLE V  ANALYSIS RESULTS OF CHEMICAL CONSTITUTION OF SEAWATER FROM THE EAST CHINA SEA THROUGH EVAPORATION AND ENRICHMENT  

 Density(20 ) Salt concentration /(g·L-1) 

ρ/(g·cm-3) °Bé CaSO4 MgSO4 MgCl2 KCl NaCl 

1 
1.018 2 2.58 1.115 1.172 2.742 0.528 18.384 

2 
1.039 2 5.44 2.462 1.730 6.320 1.163 39.615 

3 1.058 8 8.02 3.181 5.786 7.532 1.735 63.074 

4 1.092 4 12.21 4.771 8.529 12.792 2.554 99.655 

5 1.125 7 16.11 4.841 10.517 18.749 3.286 139.262 

6 1.155 3 19.40 4.057 13.346 23.714 4.509 179.470 

7 1.204 4 24.49 2.226 20.221 30.971 6.311 244.688 

8 
1.225 1 26.51 1.141 28.333 50.537 9.665 234.656 

9 1.228 7 26.86 1.099 30.565 58.025 12.853 222.859 

 

             

B. Correlation between chemical composition and 
Baume gravity  

Based on Tables 2-5, curves of ion concentration versus 
Baume gravity and salt concentration versus Baume gravity 
during evaporation and enrichment of desalination brine and 
seawater from the East China Sea were plotted, respectively, 
with Baume gravity as the abscissa, as shown in Figures 1-4. 

As can be seen from Figures 1 and 2, variation law of ion 
concentration during evaporation and enrichment of reverse 
osmosis desalination brine was basically consistent with that 
of the seawater. Both Ca2+ concentration curve and Na+ 
concentration curve presented prominent peaks. K+, Mg2+ 
and SO42- concentration curves all exhibited a slow-to-fast 
upward trend. When the Baume gravity was less than 26.28 
°Bé, brine Cl- concentration curve was always rising at a 
trend apparently stronger than K+, Mg2+ and SO42- 
concentration curves. When the Baume gravity was slightly 
greater than 26.28 °Bé, brine Cl- concentration curve showed 
a slightly downward trend. When the Baume gravity was less 
than 26.28 °Bé, trend of Cl- concentration curve of seawater 
from the East China Sea was similar to that of the brine Cl- 

concentration curve at Baume gravity of less than 26.28 °Bé. 
And when the Baume gravity was slightly greater than 26.28 
°Bé, the Cl- concentration curve of seawater from the East 
China Sea also showed a slightly downward trend. 
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Figure 1. Concentration of major ions along with the change of Baume 
gravity through evaporation and enrichment of desalination brine. 
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Figure 2. Concentration of major ions along with the change of Baume 
gravity through evaporation and enrichment of seawater from the East 

China Sea. 
A line perpendicular to the Baume gravity axis was 

drawn through the peak point on Ca2+ concentration curve. 
The same operation was done through the peak point on Na+ 
concentration curve as well. Two perpendicular lines divided 
the figures into three regions, which were denoted by (1), (2) 
and (3), respectively. All ion concentration curves in the 
region (1) exhibited upward trends, which however differed 
from each other due to large difference in the initial 
concentration of each ion in water samples. In region (2), 
Ca2+ concentration curve showed a clear downward trend; 
SO42- concentration curve rose at a trend weaker than that in 
the region (1); Na+, Cl- and K+ concentration curves rose at 
trends stronger than the region (1); while Mg2+ 
concentration curve rose at an almost constant trend, 
indicating CaSO4 precipitation from regions (1) to (2). In the 
region (3), Cl- concentration curve increased at a trend 
weaker than the region (2), then decreased slightly; Na+ 
concentration curve exhibited a downward trend; K+, Mg2+ 
and SO42- concentration curves rose continuously at trends 
stronger than regions (1) and (2); Ca2+ concentration curve 
still showed a downward trend, which was stronger than (2) 
in the initial period but slowed down eventually, indicating 
NaCl precipitation from regions (2) to (3) and still 
continuing Ca2+ precipitation. 
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Figure 3. Concentration of salts in desalination brine along with the change 
of Baume gravity through evaporation and enrichment.  
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Figure 4. Concentration of salts in seawater from the East China Sea along 
with the change of Baume gravity through evaporation and enrichment . 

Figures 3 and 4 show the correlations between salt 
concentration and Baume gravity during evaporation and 
enrichment of reverse osmosis desalination brine and 
seawater from the East China Sea, respectively, which more 
intuitively reflect the crystallization law of brine and 
seawater after evaporation and enrichment. NaCl and CaSO4 
curves in the Figures 3 and 4 had obvious peaks. Lines 
perpendicular to the Baume gravity axis were drawn through 
their respective peak points, which divided the figures into 
three regions. Concentration curves of all salts in region (1) 
exhibited upward trends, which however differed from each 
other due to large difference in the initial concentration of 
each salt in water samples. In region (2), CaSO4 
concentration curve showed a downward trend; MgCl2 and 
NaCl concentration curves rose at trends stronger than region 
(1); MgSO4 concentration curve rose at a trend slightly 
stronger than region (1); and KCl concentration curve rose at 
a trend basically the same as region (1), indicating CaSO4 
precipitation from regions (1) to (2). In the region (3), NaCl 
concentration curve declined; MgCl2 concentration curve 
continued to rise at a trend significantly stronger than regions 
(1) and (2); KCl and MgSO4 concentration curves rose at 
trends slightly stronger than the region (2); and CaSO4 
concentration curve continued to decline, indicating NaCl 
precipitation from regions (1) to (2) and continuing CaSO4 
precipitation. 

In Figure 1, curve for Mg2+ concentration in reverse 
osmosis desalination brine after evaporation and enrichment 
has been in an upward trend. When the Baume gravity was 
greater than 25.14 °Bé, the upward trend increased, 
indicating that magnesium did not precipitate during the 
evaporation and enrichment process, which has been existing 
in the form of ions in the brine. In the non-evaporated and 
enriched brine, Mg2+ concentration was 1.802 g·L-1, which 
was 1.924 times that in the non-evaporated and enriched 
seawater from the East China Sea. In Figure 2, MgCl2 and 
MgSO4 concentration curves have been in upward trends. 
When the Baume gravity was greater than 25.14 °Bé, the 
MgCl2 concentration curve presented a stronger upward 
trend than the MgSO4 concentration curve; besides, at the 
same Baume gravity, MgCl2 concentration was greater than 
the concentration of MgSO4, indicating that the primary 
existing forms of magnesium in the evaporated and enriched 
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reverse osmosis desalination brine were MgCl2 and MgSO4. 
In the non-evaporated and enriched brine, MgCl2 and 
MgSO4 concentrations were 5.919 g·L-1 and 1.442 g·L-1, 
respectively, which were 2.159 times and 1.230 times those 
in the non-evaporated and enriched seawater from the East 
China Sea. 

Comparison between Figures 1, 2, 3 and 4 found that the 
variation law of macro elements in reverse osmosis 
desalination brine during evaporation and enrichment was 
just similar to that in the normal seawater. 

IV. CONCLUSION 

Compared to the seawater, reverse osmosis desalination 
brine have concentration multiples of macro elements 
ranging between 1.474-2.130, which is more conducive to 
extraction. 

Using the evaporation and condensation process, calcium 
sulfate and sodium chloride can be obtained sequentially 
from the brine. Magnesium salt, on the other hand, should be 
acquired by other methods such as precipitation after 
separation of calcium sulfate and sodium chloride. 

Variation law of macro elements in reverse osmosis 
desalination brine during evaporation and enrichment is 
basically consistent with that in the normal seawater. Macro 
elements in the brine can be resource utilized by referencing 
the method for seawater salt production. 
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