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a b s t r a c t
The low-temperature multi-effect distillation desalination (LT-MED) is an intriguing and advancing 
trend in the desalination process. However, calcium carbonate scale (CaCO3) can have lasting adverse 
consequences in heat-exchange tube in the LT-MED desalination system. It destructively affect the 
heat transfer and the water production efficiency. CaCO3 exhibit differences in the different environ-
mental factors. Behaviour during operating pressure of LT-MED of calcium carbonate growth are 
unknown. This paper examines the influence of operation pressure on the precipitation of CaCO3 
scale. It demonstrates that the amount of scaling is reduced under pressure. The least amount of 
CaCO3 scale is formed under the operation pressure of 60 kPa. The distribution probability of large 
particles of CaCO3 is greater under operation pressure. The operation pressure does not change 
the CaCO3 structure type. The structure of CaCO3 is still calcite. The molecular dynamics simula-
tion is used to study the formation process of CaCO3 under different operation pressure. The for-
mation mechanism about the CaCO3 scale under different operation pressure in LT-MED is further 
discussed. These data provide a link between CaCO3 behaviour during the experience of operation  
pressure.
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1. Introduction

As the development of economy, the water demand 
for manufacturing, power generation and domestic sector 
is also increasing [1]. By 2050, the global water demand is 
projected to increase more than 55%. It will push 40% of 
the world population below water scarcity level. Seawater 
desalination can solve the shortage of fresh water and pro-
mote the sustainable development of economy and society. 
Many countries are already planning more seawater desali-
nation projects up and down the coast [2]. Presently, there 
are more than 18.000 desalination plants in 150 countries 
which can produce roughly 38 billion·m3 purified water 

per year. There are two main techniques including thermal 
evaporation/condensation and membrane filtration (SWRO) 
[3]. The operation and maintenance cost of SWRO is easily 
affected by the quality of feed water. Owing to the uncer-
tainty of SWRO, thermal desalination methods are deemed 
as the dominant processes employed in desalination mar-
ket [4]. Among the evaporation/condensation technique, 
the low-temperature multi-effect distillation (LT-MED) 
is one of the most efficient desalination methods [5]. The 
multi-effect distillation (MED) process consists of a series of 
stages (usually from 2 to 16) that are maintained at decreas-
ing levels of pressure. Operating pressure is below normal 
atmospheric pressure. The temperature of the first stage 



D.D. Liu et al. / Desalination and Water Treatment 311 (2023) 1–92

is around 70°C, to be used to evaporate some of the brine 
inside the stage that is kept at low pressure. Fig. 1 shows a 
schematic diagram of the MED unit [6]. The key advantages 
of LT-MED desalination systems compared to other pro-
cesses are low energy consumption and high productivity 
[7], due to low-temperature operation, the systems can uti-
lize the waste heat from the thermal power plant and solar 
energy, which greatly reduce the embodied water consump-
tion and increase economic benefits [8,9]. However, there 
are a lot of inorganic salts in seawater, such as Mg2+ and 
Ca2+ ions. They become crystallization fouling deposited on 
the surface of the heat exchange tube to form a dense scale 
layer. The scaling problem greatly affects the water produc-
tion efficiency during the LT-MED process [10]. It seriously 
affects the heat transfer performance of the heat exchange 
tube, which greatly reduce the water production efficiency. 
Even, the scaling can also cause the under-deposit corrosion, 
resulting in perforation and leakage of the heat exchange 
tube. Thus, the influence of scaling seems to be crucial in 
LT-MED system and affects the quality of the product water.

There are many factors affecting the scaling, such as 
temperature, flow velocity, pH value and pressure [11]. 
The operation pressure can affect the formation of scales, 
such as calcium carbonate (CaCO3), CaSO4 and BaSO4. As 
for CaCO3 scaling, its deposition reaction is more obvi-
ously affected by pressure, owing to CO2 participating in 
the chemical reaction. Dyer and Graham [12]. find that the 
oilfield scaling tendency of the carbonate and sulfate brines 
can decrease marginally with the increasing of the pres-
sure (1,379–27,580 kPa). Ahmadi et al. [13]. further explored 
the reason that a pressure (101.325–6,282.15 kPa) drop can 
decrease the solubility of CaCO3 and increase the saturation 
ratio for CaCO3. However, the action mechanism of the oper-
ation pressure of the LT-MED process on the CaCO3 scaling 
is still not clear and needs to be further investigated.

Herein, we explore the effect of the operation pressure 
of the LT-MED process on CaCO3 scaling. The formation 
of CaCO3 scale under different pressures (101.1, 80, 60 and 
40 kPa) are tested by the static precipitation method and the 
electrochemical impedance spectroscopy test. The CaCO3 
scale is characterized by the Fourier-transform infrared 
spectroscopy (FTIR), and the scanning electron microscopy 
(SEM). The molecular dynamics simulations are used to 

analyze the CaCO3 scale formation procedure. The growth 
model and the formation mechanism of CaCO3 crystal under 
different operation pressure are discussed.

2. Materials and methods

2.1. Static precipitation method

The prepared solution containing Ca2+ and HCO3
– was 

in accordance with the China National Standard (GB/
T16632-2019). The prepared solution (6 mmol/L Ca2+ and 
12 mmol/L HCO3

–) were blended into a volumetric flask of 
250 mL. The mild Na2B4O7 buffer solution was added to 
keep the pH around 8. Then, the effects of different oper-
ation pressures on CaCO3 deposition were investigated 
at a temperature of 60°C in a vacuum drying oven (10 h). 
The concentration of calcium ions was measured every 
2 h. The sampling solution was filtered with medium 
speed quantitative filter paper. Then, 25 mL filtrate was 
moved into a conical flask (250 mL) and 80 mL water was 
added into the conical flask. The KOH solution (200 mg/L, 
5 mL) and about 0.1 g of calcium-carboxylic acid indicator 
(C21H14N2O7S) was added into the mixed solution. It was 
titrated with ethylenediaminetetraacetic acid disodium 
salt solution (C10H14N2Na2O8, EDTA-Na) until the color of 
solution changes from purple red to bright blue.

2.2. Electrochemical measurements

The working electrode was AA5052 Al alloy material 
(2.46 wt.% Mg, 0.27 wt.% Fe, 0.19 wt.% Cr, Cu 0.1 wt.% Cu, 
0.1 wt.% Si, 0.06 wt.% Mn and balance Al) which exposed 
an area of 1 cm2. Before the electrochemical measurement, 
the working electrode was polished with a series of SiC 
papers (600; 800; 1,000; 1,200; 1,500 and 2,000 grit), washed 
with deionized water and ethanol, and dried at room tem-
perature. All the electrochemical measurements were tested 
on CHI660D electrochemical workstation. The scanning 
voltage range was from –0.5 to –1.8 V (vs. SCE) in linear 
sweep voltammetry and the scan rate was 2.0 mV/s [14]. 
After the open circuit potential was stable, the EIS mea-
surement was performed and recorded at a frequency 
range of 105 to 10–2 Hz. The amplitude perturbation for 
EIS test was about 10 mV [13].

 

Fig. 1. Schematic of process of multi-effect distillation unit. Reprinted from the study of Al-Karaghouli and Kazmerski [6]. 
Copyright (2013), with permission from Elsevier.
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2.3. Scale characterization

The CaCO3 scale formed under the different pressure 
was further analyzed. Its precipitated phases were tested by 
X-ray diffraction (XRD) on an X-ray powder diffractometer 
(Bruker D8 Advance, Germany), and by infrared spectros-
copy on an FTIR spectrophotometer (Nicolet iS20, Thermo 
Scientific, America). The crystal structure of CaCO3 scale was 
studied by Raman spectroscopy (JYH R800, Horiba, France). 
The morphology of CaCO3 was identified by SEM on a scan-
ning electronic microscope (Sigma 300, Zeiss, Germany). 
The volume extent of CaCO3 was measured by laser diffrac-
tion particle size analyzers (SALD-2201, Shimadzu, Japan).

2.4. Molecular dynamics simulation

The molecular dynamics simulations were built entirely 
within Materials Studio 2020. It consisted of water molecules, 
calcium ions and carbonate ions in a tetragonal unit cell. 
The system of simulations was programmed in the isother-
mal–isobaric ensemble (NPT), where P (ambient pressure) 
and T (temperature) are kept constant [15,16]. The tempera-
ture was 333 K. The pressures were 101.1, 80, 60 and 40 kPa, 
respectively. On the other hands, the CompassⅡforce field 
was determined for modeling intermolecular atomic inter-
actions. The time step was set at 1 fs, and the simulation 
ran for 50 ps [17].

3. Results and discussion

3.1. Static precipitation method

Three experiments are reported on for each set of pres-
sure conditions. The calcium ion concentration in solution 
under different pressures are plotted in Fig. 2. The concen-
tration of calcium ions (cCa2+) has the same trend of change 
under different pressures. The cCa2+ in the solution decreases 
continuously with the increase of time. The reduced cal-
cium ions in the solution are converted to the form of cal-
cium carbonate. In other words, the more calcium ions left 
in the solution, the less calcium carbonate is produced. As 
shown in Fig. 2, the initial concentration of calcium ions 
is basically the same. The initial concentration of calcium 
ions is basically the same. The remaining concentration of 

calcium ions is the highest at 60 kPa, the scale formation 
of calcium carbonate is the smallest.

3.2. Linear sweep voltammetry measurement

The linear sweep voltammetry curves are shown in 
Fig. 3a. The curves of Fig. 3a can be divided into two 
parts. The curves show a trend of rising steadily in the left 
part of inflection point. Then the curves rise steeply in the 
right part of inflection point. The left part of curves corre-
sponds to a water reduction process. The right part of curves 
indicates a reaction dominated by an oxygen reduction 
process [18]. The reduction processes are as follows [19,20]:

O H O e OH2 22 4 4� � �� �  (1)

2 2 22 2H O e H OH� � �� �  (2)

HCO OH CO H O3 3
2

2
� � �� � �  (3)

CO Ca CaCO3
2 2

3
� �� � � �s  (4)

From Eqs. (1) and (2), both the oxygen reduction process 
and the water reduction process can generate a large amount 
of OH–. The pH near the cathodic electrode is increased. 
The generation of OH– further react with HCO3

– according 
to Eq. (3). It creates favorable conditions for CO3

2– forma-
tion. With the concentration of CO3

2– increasing, the elec-
trode surface is deposited easily by CaCO3 scale. It can be 
seen from Fig. 3a that the cathodic current under negative 
pressure is significantly higher than that under the 101.1 kPa 
at the same potential. The larger cathodic current density 
is obtained under 60 kPa. In previous research, the larger 
cathodic current density corresponds to less CaCO3 scaling 
[21,22]. Therefore, the negative pressure is more favorable 
to decrease the formation of CaCO3 scale. The deposition 
of CaCO3 scale on the electrode surface is less under 60 kPa.

3.3. EIS measurements

The influence of pressure on electrochemical deposited 
CaCO3 scale has been explored through EIS. Fig. 3b and c 
show the Nyquist and Bode plots under the different pres-
sures. The depressed capacitive loops are observed for the 
electrode under the 101.1 kPa. As for electrode under neg-
ative pressure, a capacitive loop in the high frequency and 
a straight line (Warburg impedance) in the low frequency 
are observed. It is clear that the impedance response of the 
electrode has significantly changed under negative pres-
sure. This indicates that the electrochemical reaction is 
being controlled by the mass transport rate. Usually, the 
deposited film formed on the surface of electrode is mainly 
composed of CaCO3 scale layer and corrosion products 
[23]. The Warburg impedance is mainly because of the dif-
fusion-controlled step of cations and other ions through 
the deposited film [24,25]. The impedance spectrum with 
only a depressed capacitive loop for Al electrode suggests 
a compact deposited film is formed can prevent the diffu-
sion processes of ions. The impedance spectra are analyzed 
according to the equivalent circuits shown in Fig. 3d and e. 

 
Fig. 2. Calcium ion concentration in solution under different 
pressures every 2 h.
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In the circuits, Rs represents the resistance of the solution, 
Qdl is the constant phase element of the electrochemical 
double layer, and Rct is the charge transfer resistance [26]. Rf 
are the resistance produced by the deposit film formed on 
the aluminum alloy surface and Qf stands for its capacitive 
response. W is the Warburg impedance element. While Rp is 
the polarization resistance, which is approximately equal to 
the sum of Rct and Rf. Table 1 shows the impedance param-
eters fitted by using the equivalent circuits under different 

pressures. The Rp under 101.1 kPa is the largest, indicat-
ing that the metal electrode is covered by the deposited 
film and the active area for electron transfer is restricted. 
With the decrease of the operation pressure, the value of 
Rp decreases significantly. This variation trend means that 
the nucleation and the growth of CaCO3 scale slow down 
under the negative pressure. The lowest Rp value is obtained 
under 60 kPa, suggesting few CaCO3 scale deposits on 
the electrode surface in this operation condition.

 
Fig. 3. LSV curves (a), Nyquist plots (b) and Bode plots (c) for aluminum electrode under different pressures (25°C); the equivalent 
circuit model for EIS at 101.1 kPa (d); the equivalent circuit model for EIS under negative pressure (e).

Table 1
Results of electrochemical parameters fitted in EIS for alloy in different pressures

Pressure 
(kPa)

Rs 
(kΩ/cm2)

Qf Rf 
(kΩ/cm2)

Qdl Rct 
(kΩ/cm2)

Rp 
(kΩ/cm2)

W 
(µS/s0.5·cm2)

χ2 
(10–4)Y0 (µS/sn·cm2) n Y0 (µS/sn·cm2) n

101.1 0.11 0.17 0.79 157.8 919.1 0.99 1.15 157.9 – 5.64
80 0.10 0.11 0.90 5.22 304.4 0.95 1.43 5.37 256.4 3.78
60 0.10 0.13 0.86 4.46 174.3 0.99 1.48 4.61 139.9 3.32
40 0.10 0.13 0.87 5.72 426.4 0.91 1.59 5.88 158.0 2.65
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3.4. Scale characterization

The FTIR spectra are used to record the compositional 
information and structure of CaCO3 scale [27]. Fig. S1 shows 
the typical FTIR spectra of the CaCO3 scale obtained under 
different pressures. It is obvious that the FTIR spectra have 
no significant difference with the decrease of pressure. 
For the CaCO3 scale obtained under negative pressure, the 
FTIR spectra have 874; 1,425; 712 and 1,792 cm–1 adsorp-
tion bands [28,29]. The characteristic absorption peak of 
1,792 cm–1 is the vibration band of the C=O group. The 
peak at 874 cm–1 is strong and sharp. The peak of 712 cm–1 
is sharp but not as strong as 874 cm–1. They are all related 
to the C–O bending vibration. The peak at 874 cm–1 is out-
plane bend of the CO3

2– groups, and the peak at 712 cm–1 is 
in-plane bend of the CO3

2– groups. The peak at 1,425 cm–1 is 
related to C–O asymmetric stretching vibration.

The XRD patterns of the CaCO3 scale obtained under dif-
ferent pressures is shown in Fig. S2. Under normal pressure, 
there are some characteristic peaks of CaCO3 scale and some 
miscellaneous peaks corresponding to other substances. 
These distinct characteristic peaks located at 2θ values of 
22.8°, 29.17°, 36.08°, 39.11°, 42.96°, 47.23° and 48.5° corre-
spond to calcite crystallographic planes (012), (104), (110), 
(113), (202), (018), and (116), respectively. And the miscel-
laneous peaks correspond to sodium chloride [30]. Under 
negative pressure, it also appears the same characteristic 
peak of CaCO3. but there are no miscellaneous peaks. It indi-
cates that the purity of calcium carbonate obtained under 
negative pressure is higher. In addition, the peak intensity 
located at 2θ values of 29.17° is obviously different. This 
is mainly due to the different crystallinity of calcium car-
bonate crystals under different pressures.

The crystal structure of CaCO3 scale formed under dif-
ferent pressures is also studied by Raman spectroscopy, 
and the results are shown in Fig. S3. The Raman spectra of 
the CaCO3 scale under different pressures have no appar-
ent difference. The peaks at 153, 284 and 1,087 cm–1 are the 
characteristic bands of calcite [31]. This proves that the 
crystal form of the CaCO3 scale is still calcite. The peak at 
1,087 cm–1 is symmetric C–O stretching of the CO3

2– groups. 
The peak at 153 and 284 cm–1 are corresponding to the 
lattice vibration of calcite.

The volume content distribution curves of the CaCO3 
scale formed under different pressures are shown in Fig. 4. 
The size of CaCO3 scale has three optimum volumes con-
tent extremum under different pressures. The proportion of 
volume fraction between 0–2 µm under 101.1 kPa is higher 
than that under negative pressure. The volume fraction of 
CaCO3 scale between 25–50 µm is the largest under 60 kPa. 
It shows that the average size of CaCO3 scale under nega-
tive pressure is larger than that under normal pressure. 
The possible mechanism is reported as Oswald ripening 
[32,33]. That is, in the subsequent stage of the precipita-
tion phase from the supersaturated solution, the particle 
size of the precipitation phase is not the same. With the 
smaller particles dissolving and the larger particles grow-
ing, the average particle size increases. The particle size of 
CaCO3 scale formed after crystal nucleation is 0–2 µm and 
a part of CaCO3 gathered particles due to Oswald ripening 
with the increase of reaction time so that the particles size 

of CaCO3 scale increases to 35–40 µm. The average diame-
ter of CaCO3 particles formed under different pressures is 
shown Table 2. The CaCO3 scale formed under 60 kPa has 
the biggest median diameter and the biggest mean diameter.

The SEM images of the CaCO3 scale under different 
pressures are shown in Fig. 5. These morphologies have the 
subtle changes with the variation of the pressure. Under 
101.1 kPa, the crystal of CaCO3 scale is complete calcite 
structure. The shape of calcite is a complete rhombohe-
dron. The rhombohedron particle has clear surface lines, 
complete crystal development, and regular particle surface. 
With the decrease of pressure, the shape of calcite becomes 
irregular rhombohedron. A small number of particles are 
seriously agglomerated, forming an amorphous large par-
ticle structure. The small particles are most likely to gather 
under 60 kPa and form particles with larger size.

3.5. Crystallization dynamics

Molecular simulation software is used to investigate 
the formation process of CaCO3 crystals under the compass 
force field. The optimized results of solution under different 
pressures are shown in Fig. 6. The mean square displace-
ment (MSD) of Ca2+ ions and the energy fluctuation curves 
are displayed in Fig. 7. The displacement change of par-
ticles with time can be expressed by the MSD (A°2), which 
reflects the diffusion of particles. The larger the MSD is, the 
faster particles move. For example, r(t) represents the posi-
tion of the particle at time t. And r(0) represents the initial 
position of the particle. Then the MSD calculation formula 
is shown in Eq. (5). Where, “< >” represents the average 
value of all particles in the group. Furthermore, the detailed 
data of diffusion coefficient (D) of Ca2+ ions are obtained 
by Eq. (6) [34], which are shown in Table 3.

Table 2
Average diameter of the calcium carbonate particle-size 
distribution

101.1 kPa 80 kPa 60 kPa 40 kPa

Median D (µm) 17.65 27.91 41.47 28.34
Mean V (µm) 14.89 23.46 36.83 26.43

 
Fig. 4. Volume content curve.
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MSD � � � � � �r t r 0
2

 (5)

D
t
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t
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��
lim 1

6
0

2
 (6)

From Fig. 7 the MSD of Ca2+ ions in the diffusion process 
under different pressures is linear with time (t). The MSD of 
Ca2+ ions increase gradually with prolong of the time. The 
value of diffusion coefficient (D) under negative pressure 
is significantly larger than that under 101.1 kPa. It indicates 
that the diffusion rate of Ca2+ ions in solution under nega-
tive pressure is obviously higher than that under 101.1 kPa. 
The higher diffusion rate makes it easier for CaCO3 to nucle-
ate and agglomerate. The coincidence between the test data 
and the fitting function is evaluated by R2 (R related to the 
correlation coefficient). The values of R2 are all greater than 

0.95, which indicate that the reliability of the fitting results 
is relatively high. As an equilibrium system, the fluctua-
tion range of energy should be less than 10%. As observed 
in Fig. 7, the four kinds of energy are all in equilibrium. 
Thus, the above analysis results are reliable.

According to the result of static precipitation method and 
EIS measurements, we have found that it is difficult to form 
CaCO3 scale under negative pressure. And the formation 
amount of CaCO3 is the least under 60 kPa. The formation 
process of CaCO3 is an equilibrium process involving gas–
liquid–solid phases, which is accompanied by the release 
of CO2 to the atmosphere. There are the following reactions 
during the formation of CaCO3:

CO CO2 2g l� � � � �  (7)

H CO CO H O2 3 2 2� � � �l  (8)

H CO H HCO2 3 3� �� �  (9)

HCO H CO3 3
2� � �� �  (10)

2 23 2 3 2 3NaHCO CaCl CaCO NaCl H CO� � � �  (11)

Eqs. (7)–(11) demonstrate the ionization of carbonic acid. 
When the pressure decreases, the partial pressure of CO2 
in the gas phase decrease. The concentration of CO2 in the 
solution is accordingly decreased and eliminates carbonic 
acid from the water layer. This promotes the precipitation 
of CaCO3 scale [Eq. (11)]. The calcium carbonate solubility 
is therefore highly depends on the carbon dioxide content 
of the water [13]. On the other hand, the formation of CaCO3 
is accompanied by the formation of new H2CO3 in the solu-
tion, resulting in a decrease in solution pH. The decrease 
of pH value is unfavorable to the formation of CaCO3. 
Thus, under the combined effect of these two factors, the 
amount of CaCO3 scale is least under 60 kPa, even less than 
that under 40 kPa.

The morphology and the size distribution of CaCO3 
scale have changed significantly under different pressures. 
A schematic diagram of this process is shown in Fig. 8. 

 
Fig. 6. Optimized results of solution under different pressures.

 
Fig. 5. Scanning electron microscopy images and the enlarged sections of calcium carbonate scale formed under different pressures: 
(a) 101.1 kPa, (b) 80 kPa, (c) 60 kPa and (d) 40 kPa.
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Under negative pressure, the distribution probability of 
large particles of CaCO3 is greater, and the crystal surface 
of CaCO3 is rougher. This is mainly because the pressure 
affects the growth process of CaCO3 crystal. From Table 3, 
the diffusion coefficient is different under different pres-
sure. Under 101.1 kPa, the diffusion coefficient of Ca2+ ions 
are small. And the CaCO3 particles can grow into perfect 

 

Fig. 7. Mean square displacement and fluctuations of energy during molecular simulation: (a) MSD of Ca2+, (b) total energy, 
(c) potential energy, (d) kinetic energy and (e) non-bond energy.

Table 3
Fit data of mean square displacement of Ca2+ ions in solution

101.1 kPa 80 kPa 60 kPa 40 kPa

D (×10–8 m2/s) 0.71 0.73 0.86 0.74
R2 0.99 0.99 0.99 0.99

 

Fig. 8. Schematic diagram for effect of negative pressure on the formation of calcium carbonate.
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integral particles [12]. Under negative pressure, the diffusion 
coefficient of Ca2+ ions become large. This brings a higher 
collision of crystal nucleus. The higher collision rate also 
contributes to an increase in the probability of CaCO3 parti-
cles agglomeration [35]. It means that it is easier to agglom-
erate into large particles under negative pressure.

4. Conclusions

In summary, the formation of CaCO3 scale under differ-
ent operation pressure is investigated. Through the static 
precipitation method and the electrochemical experiment, 
we find that the amount of CaCO3 scale formation is less 
under negative pressure, especially under 60 kPa. However, 
the distribution probability of large particles of CaCO3 
under 60 kPa is the largest. The Ca2+ ions have the diffusion 
coefficient under different operation pressure. Under neg-
ative pressure, the higher diffusion coefficient of Ca2+ ions 
bring a higher collision of crystal nucleus. The higher col-
lision rate also contributes to an increase in the probability 
of CaCO3 particles agglomeration. Aggregation of particles 
results in the increase of the CaCO3 particle size. This study 
provided some guidance value for exploring the scale inhi-
bition technology under negative pressure operation, such 
as the low temperature multi-effect distillation (LT-MED) 
desalination process.
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Fig. S1. FTIR spectra of calcium carbonate scales obtained under 
different pressures.
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Fig. S2. X-ray diffraction patterns of the calcium carbonate scale 
obtained under different pressures.

Fig. S3. Raman spectra of calcium carbonate scales obtained 
under different pressures.
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