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a b s t r a c t
A crystallization scheme for the recovery and reuse of waste liquid after simultaneous desulfurization 
and denitrification by magnesium oxide/chlorine-based additive was proposed in this paper. Based on 
the constant-rate cooling crystallization method, the mechanisms of magnesium sulfate crystal forma-
tion and growth in the waste liquid were analyzed. Factors such as the solute mass fraction, stirring 
rate, cooling rate, and final cooling temperature were analyzed to understand their impact on crystal 
yield, composition, and morphology. The results indicated that supersaturation is the key factor in 
determining crystal size and form. All of the tested factors have a significant effect on the crystal form. 
As the initial concentration of solute increases and the final cooling temperature decreases, the spon-
taneous crystallization yield increases significantly. As the stirring rate and cooling rate increase, the 
spontaneous crystallization yield slightly decreases.
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1. Introduction

Acid rain and photochemical pollution are serious prob-
lems associated with China’s air pollution. Currently, haze 
weather covers a wide area and lasts for a long time, which 
seriously endangers people’s health and limits the sustain-
able development of the economy and environment [1]. After 
years of efforts, pollutant emissions from coal-fired power 
plants, which are the main source of pollution, have been 
effectively controlled, but air pollution is still intensifying. 
Therefore, solving the problem of gaseous pollutant emis-
sions from other pollutant sources has become critical to con-
trol China’s air pollution as the next step.

Coal-fired industrial boilers, represented by iron and 
steel, petrochemical, smelting, and cement, are the second 
major source of industrial emissions of atmospheric pollut-
ants in China. According to statistics, there are about 500,000 
coal-fired industrial boilers in China, emitting 2.355 million 
tons of smoke, 6.384 million tons of sulfur dioxide (SO2), and 
7.813 million tons of nitrogen oxides (NOx), which account 
for 34.6%, 37.7%, and 13.5%, respectively, of the country’s 
total emissions. Noticeably, the application of desulfuriza-
tion systems for coal-fired industrial boilers is incomplete, 
and denitrification control has just started [2]. In addition, 
there are many constrains in industrial boilers, such as large 
fluctuations in load, varying operating conditions, strong 
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corrosive flue gas, small capacity, and weak economic capa-
bilities. Due to the above constrains, the limestone–gypsum 
desulfurization (WFGD) combined with selective catalytic 
reduction (SCR) denitrification technology adopted by most 
power plants is greatly limited when applied to coal-fired 
industrial boilers, failing to meet the emission requirements 
of SO2 and NOx from coal-fired industrial boilers.

Through the technology of simultaneous desulfurization 
and denitrification by magnesium oxide (MgO)/chlorine-based 
additives [3–8], a desulfurization and denitrification effi-
ciency more than 95% can be achieved, showing advantages 
such as non-fouling, stable operation, low automation, and 
the integration of absorption and oxidation. This technology 
is especially suitable for small or medium industrial boilers. 
However, the waste liquid contains high concentrations of 
chloride (Cl–), sulfate (SO4

2–), nitrate (NO3
–) and magnesium 

(Mg2+). As the early 1960s, the United States took the lead in 
studying on recycling technology for waste liquid from desul-
furization by MgO, and put forward the method of regenerat-
ing MgO and SO2-rich gas by thickening, separation, drying, 
calcination and other operations. MgO was returned to the 
desulfurization system to continue to absorb flue gas, and 
SO2 was sent to a sulfuric acid plant to produce acid [9–11]. 
However, the development of MgO desulfurization technol-
ogy in China is relatively late, leading to insufficient calcina-
tion experience, technical difficulty and high operating cost. 
Therefore, the waste liquid is often treated by discarding 
method, double alkali technology (using lime to regenerate 
Mg(OH)2, the byproduct is gypsum) or magnesium sulfate 
recovery method [12]. Discharging the waste liquid directly 
not only causes secondary pollution in the environment but 
also results in the waste of resources. At the same time, the 
accumulation of byproduct (gypsum) caused by the double 
alkali method also leads to serious land occupation problems. 
Above all, based on the research results of the catalytic oxida-
tion of magnesium sulfite in the previous stage [13–16], a tech-
nical solution with unique operation conditions was proposed 
in this paper to recover Cl–, SO4

2–, NO3
– and Mg2+ ions from 

the waste liquid in the form of magnesium salt by a series 
of operation units such as filtration with impurity removal, 
evaporation concentration, cooling crystallization, centrifugal 
separation and drying. The recovered magnesium salt can be 
used as a raw material for magnesium-based building materi-
als to recycle the byproducts. Through this process, ions in the 
waste liquid are precipitated in the form of salt, and the con-
tent of ion in the discharged waste liquid is greatly reduced, 
which alleviates the problems of equipment corrosion and 
secondary pollution. As a key operation unit, the cooling crys-
tallization with the advantages of low energy consumption, 
safe operation, free of pollution, good selectivity, and high 
product purity has become the focus of this research [17–20].

Himawan et al. [21] recovered magnesium sulfate hep-
tahydrate (MgSO4·7H2O) through a eutectic cooling crystal-
lization method and found that this method consumed 70% 
less energy than the triple effect evaporation crystallization 
method. Compared with the cooling crystallization method, 
the final temperature needs to be reduced to below 0°C, 
and the energy consumption is higher. Based on engineer-
ing practice, Hu and Li [22] found that it is highly feasible 
to recover MgSO4·7H2O from MgO flue gas desulfurization 
through evaporation, crystallization and drying, showing 

significant economic and social benefits. Zhang et al. [23] 
explored the influence of different crystallization condi-
tions on the yield and particle size of MgSO4·7H2O crystals 
by single-factor and orthogonal experiments. It was found 
that the final temperature and the mass fraction of solutes 
were the main factors affecting the crystallization rate. Ren 
and Huang [24] found that as the concentration of magne-
sium chloride (MgCl2) in solution increased, the crystalli-
zation temperature and the decomposition temperature of 
MgSO4·7H2O increased, the width of the metastable zone 
first increased and then decreased, and the nucleation stage 
increased. Other researchers also conducted studies on the 
effect of different operating conditions and systems on the 
metastable zone [25–27], supersaturation [28–31] and crystal 
morphology [32–34].

Although the aforementioned scholars have made many 
achievements in the field of crystallization research, the crys-
tallization process is complicated, and the yield and morphol-
ogy of the crystal product are closely related to the system 
characteristics. Therefore, even for systems with similar prop-
erties, the main influencing factors and influence laws will be 
quite different due to the different interactions between ions. 
The crystallization of waste liquids after simultaneous desul-
furization and denitrification by MgO/chlorine-based addi-
tives has not been publicly reported. Here waste liquid after 
simultaneous desulfurization and denitrification by MgO/
chlorine-based additives was studied. Based on the cooling 
crystallization method, the mechanisms of crystal formation 
and growth were analyzed. The main factors affecting crys-
tal yield, components and morphology were investigated. 
This study is an important part in the recovery of waste liq-
uid after simultaneous desulfurization and denitrification by 
MgO/chlorine-based additives. It provides basic data for the 
subsequent recovery of ions (Cl–, NO3

–) as well as theoretical 
guidance for the crystallization of MgSO4 in practical engi-
neering applications.

2. Experimental setup

2.1. Experimental methods and apparatus

The experimental set is shown in Fig. 1. 
According to the content of the major components in the 

waste liquid after simultaneous desulfurization and denitri-
fication by the MgO/chlorine-based additive, the experimen-
tal solution was prepared by weighing a proper amount of 
solute with an electronic analytical balance (FA2004 model, 
precision ± 0.0001 g, Shanghai, China) followed by dissolving 
in deionized water. The solute in the experiment referred to 
a mixture of MgSO4, magnesium chloride (MgCl2), and mag-
nesium nitrate (Mg(NO3)2) at a mass ratio of 6.2:2:1. Unless 
otherwise specified herein, all reagents were AR grade. The 
pH of the solution was determined by a pH meter (Raymond 
Model PHS-3E, Shanghai, China). The prepared solution was 
transferred to a set of self-designed, double-jacket closed 
glass crystallizers (S212-2, Jiangsu, China) with an inner 
layer volume of 2 L for the crystallization reaction. In the 
course of the reaction, a constant speed stirrer (5GU3KB, 
90 W, 50 rpm–750 rpm, Beijing, China) was used to ensure 
uniform mixing of the solution. The conductivity of the solu-
tion and the temperature were monitored in real time by a 
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conductivity meter (Rayfy DDSJ-319L, Shanghai, China). 
The computer monitored and recorded the initial nucle-
ation conductivity values and temperatures. The cooling 
and heating process of the solution was precisely controlled 
by an intelligent energy-saving constant temperature bath 
(DC-2006, precision ± 0.1°C, Ningbo, China) with dual tem-
perature sensors. At the end of crystallization, crystals were 
obtained by suction filtration through a circulating water 
type multipurpose vacuum pump (SHB-111 type, Henan, 
China) and were dried in an electric heated blast drying box 
(model 101, Beijing, China) at 45°C to a constant weight. 

The composition of the crystalline product was deter-
mined by X-ray diffraction (XRD, Bruker D8 Advance, 
Germany), with a CuKα1 radiation (λ = 0.154056 nm), a scan-
ning rate of 0.1° s–1, and incidence angles of 5°–90° (2θ). The 
morphology of the crystalline product was characterized by 
scanning electron microscopy (SEM, Hitachi S-4800, Japan).

2.2. Calculation methods

The equation used to calculate the crystallization yield is 
shown in Eq. (1):

η = C’/C × 100%� (1)

where η—crystallization yield (%); C’—weight of the crystal 
after crystallization (g); C—weight of the initial solute (g).

3. Mechanism of crystal formation and growth

The formation and growth of MgSO4 crystals consist of 
four stages: formation of supersaturated solution, nucleation, 
crystal growth, and recrystallization [35], as shown in Fig. 2.

As illustrated in Fig. 2(a), the solution does not undergo 
crystallization before reaching final supersaturation, and 
each ion (Mg2+, Cl–, SO4

2– and NO3
–) exists in a free state.

With the temperature of the system decreases, the solu-
tion gradually approaches critical solubility. Since the mass 
concentration of MgSO4 in the experimental waste liquid is 

the largest, and the solubility at the same temperature is the 
smallest, under the impetus of supersaturation, the nucleus 
of MgSO4 hydrate is formed first, and the primary heteroge-
neous nucleation process is completed, as seen in Fig. 2(b). 
According to kinetics [36], the nucleation rate of the crystal 
nucleation rate is expressed in Eq. (2) as follows:

γN = dN/dt = KN·ΔCm� (2)

where N—the total number of particles in solution of 
unit volume (number of particles/m3); KN—nucleation 
rate constant (number of particles mol–m·m3m – 3·s–1); 
m—nucleation order (constant, generally greater than 2); 
ΔC—supersaturation (°C).

From Eq. (2), it can be seen that the nucleation rate is 
positively correlated with supersaturation.

After the crystal nucleus particles are formed, the MgSO4 
crystal grows continuously around its core, but under the 
action of stirring, the solute unit constantly moves, causing 
the crystal to collide with other crystals, the reactor wall, and 
the stirring paddle to break the MgSO4 crystal. Small crystals 
less than the critical size are dissolved, increasing the super-
saturation of the solution and facilitating the formation and 
growth of nuclei, as shown in Fig. 2(c).

Undissolved, broken crystals and newly generated 
nuclei continue to grow as growth cores, and MgSO4 crys-
tals aggregate to form clusters and structurally stable hydro-
gen bonding networks [37], as shown in Fig. 2(d). Similar 
to the nucleation rate, the crystal growth rate is also highly 
correlated with supersaturation. According to the chemi-
cal kinetics, the expression of the crystal growth rate γG is 
shown in Eq. (3), indicating that there is a positive correlation 
between growth rate and supersaturation.

γG = dL/dt = KG·ΔCl� (3)

where L—size increase of the crystal in a linear direction; 
KG—rate constant of crystal growth; l—order of crystal 
growth (constant, between 1 and 2).

Fig. 1. Experimental setup. 1—Isothermal bath; 2—jacket-type crystallizer; 3—agitator paddle; 4—temperature sensor; 
5—constant-speed stirrer; 6—conductivity meter; 7—conductivity electrode; 8—computer.
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The crystallization rate consists of the nucleation rate and 
growth rate, and both rates are affected by the same factor—
supersaturation. Therefore, there is a positive correlation 
between the nucleation rate and growth rate. Combining 
Eqs. (2) and (3) gives Eq. (4).

γN/γG = KN/KG·ΔCm – l� (4)

From the aforementioned equations, it can be seen that 
“m − l” ≥ 0 and KN/KG is a constant. As can be seen from 
Eq. (4), as the supersaturation “ΔC” increases, the γN, γG, and 
γN/γG increase, but the increase rate of γN is greater than that 
of γG. When γN > γG, the size of the MgSO4 crystal is small, and 
its crystal form is simple. Conversely, as the supersaturation 
“ΔC” decrease, the decrease rate of γN is greater than that 
of γG, and the crystal growth is the dominant reaction, pro-
ducing large MgSO4 crystals with a regular shape. Therefore, 
supersaturation is a key factor affecting particle size and 
crystal form. In experimental research and engineering prac-
tice, it is necessary to pay great attention to the control of 
supersaturation.

4. Experimental results and analysis

4.1. Effect of initial mass fraction of the solute on crystallization

The initial mass fraction of the solute is directly related 
to supersaturation, which is an important factor that deter-
mines the crystal growth rate and nucleation rate. Therefore, 
we first examined the effect of the initial mass fraction (wt.) 
of the solute on crystallization. According to sampling results 
at industrial sites, the solute mass fraction of the waste liq-
uid before crystallization is 28%–30%, the initial solute mass 
fraction of 26%–32% was adopted in this experiment. The 
other experimental parameters were as follows: the stirring 
rate was 50 rpm, the cooling rate was 8°C/h, the final tem-
perature was 25°C. In order to ensure the reproducibility of 
experimental data, at least three parallel experiments were 
carried out for each influential factor. The same method was 
also adopted in other experiments. The experimental results 
are shown in Figs. 3–5.

As can be seen from Fig. 3, the waste liquid cannot com-
plete primary nucleation when the wt. is less than 29%. 
This is because at higher final temperatures and lower 

(a) (b) 

(c)
(d)

MgSO4·7H2O 

MgSO4·7H2O 

MgSO4·7H2O 

SO4
2- 

NO3
- 

H2O 

Mg2+ 

Cl- 

(b)

Cl-
MgSO4·7H2O 

 

Fig. 2. Formation and growth of MgSO4 crystals. (a) Slurry, (b) nucleus formation, (c) nucleation and dissolution of crystal nuclei, 
(d) nuclei growth.
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concentrations, the waste liquid has less supersaturation, 
and the resulting driving force is insufficient for nucleation. 
In addition, when the temperature is lower than 48°C, the 
MgSO4 crystals precipitate as the form of MgSO4·7H2O. The 
high crystallized water content facilitates the formation of a 
supersaturated solution, making it difficult to produce nuclei 
[38]. After adding MgSO4·7H2O seeds (0.0257 g, 200 mesh) to 
the waste liquid, considerable nucleation was immediately 
observed. This is because the addition of nuclei significantly 
reduces the undercooling of crystallization and the nucle-
ation energy barrier.

Above 29% wt., primary nucleation can take place 
spontaneously, and the crystallization yield increases with 
increasing wt. This is because with increasing wt., the cor-
responding saturated temperature of the waste liquid 
increases, and the higher temperature can not only gener-
ate a higher degree of supersaturation but also decrease the 
width of the metastable zone. As a result, the crystal nucle-
ation rate, growth rate, and crystallization yield also increase. 
However, at high supersaturation, the crystals are mainly 

nucleated, which results in a smaller crystal size and a simple 
crystal form. Comparing Fig. 4 with Fig. 5, it can be seen that 
when the wt. is increased from 28% to 30%, the crystal form 
becomes obviously fragmented and the crystal grains are 
small. Therefore, the control of wt. is particularly important 
for obtaining suitable supersaturation and crystal products 
with large grain sizes and simple crystal forms.

4.2. Effect of stirring rate on crystallization

Stirring increases the deposition rate of solute on the 
solid surface and is essential in the crystallization process. 
In this experiment, the influence of the stirring rate on crys-
tallization was explored under experimental conditions with 
the initial mass fraction of the waste liquid 28%, the cool-
ing rate 5°C/h, the final temperature 20°C, and the stirring 
rate (S) 50–300 rpm. The experimental results are shown in 
Figs. 6 and 7.

As can be seen from Fig. 6, the waste liquid fails to spon-
taneously nucleate when the stirring rate is lower than 70 rpm 
or higher than 300 rpm. Secondary nucleation is completed 
only after adding seeds. The reason is deduced as follows: 

Fig. 3. Effect of initial mass fraction of the solute on crystallization 
yield.

200μm 

Fig. 4. SEM image of a crystal with an initial mass fraction of the 
solute of 28%, a stirring rate of 70 rpm and a final temperature 
of 20°C.

200μm 

Fig. 5. SEM image of a crystal with an initial mass fraction of sol-
ute 30%, a stirring rate of 70 rpm and a final temperature of 20°C.

Fig. 6. Effect of the stirring rate on crystallization yield.
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the collision probability and energy between the ion-moving 
units in the liquid phase at low stirring rate are not sufficient 
to combine with each other to form a linear body, and more 
difficult to further form crystal nuclei. In contrast, at a high 
stirring rate, a larger fluid shear force is generated. The force 
breaks the nucleus into particles which are smaller than the 
critical size. These particles are completely dissolved and ulti-
mately unable to nucleate. When the stirring speed is between 
70 and 300 rpm, primary nucleation takes place in the waste 
liquid and the crystallization yield maintains stable. This is 
because a proper stirring rate provides not only a suitable rate 
of heat and mass transfer in the waste liquid but also enough 
collision energy of the moving units, avoiding excessive 
crushing and abrasion of the crystal. Comparing Fig. 4 with 
Fig. 7, it can be seen that the greater the stirring rate, the more 
severe the collision of the crystals, which results in a smaller 
size of the crystal product and wider particle size distribution.

In summary, the stirring rate determines particle size 
distribution of the product. Under the premise of ensuring 
waste liquid mixing uniformly, low-speed stirring should be 
used in the experimental and engineering application pro-
cess to obtain crystals with good crystal shape, large particle 
size and uniform particle size.

4.3. Effect of cooling rate on crystallization

Similar to weight, the cooling rate is also an important 
factor affecting the degree of supersaturation. The experi-
mental parameters were as follows: the initial waste liquid 
mass fraction was 28%; the stirring rate was 70 rpm; the final 
temperature was 20°C and the cooling rates (R) were 2°C/h–
8°C/h. The experimental results are shown in Figs. 8 and 9. 

As can be seen from Fig. 8, when R is below 6°C/h, the 
initial nucleation occurred spontaneously in the waste liq-
uid. As the cooling rate increases, the crystallization yield 
decreases slightly. After R reaches 6°C/h, the nucleation 
requirement cannot be achieved. This is due to the induc-
tion period that the solution needs to undergo from super-
saturation to nucleation. The greater the cooling rate of the 
system, the greater the temperature drop during the induc-
tion period, which results in a lower temperature that corre-
sponds with the super solubility and the wider metastable 
zone at the same saturation temperature. Thus, the forma-
tion of nuclei becomes less likely. In addition, the viscosity of 

the solution changes significantly with temperature. As the 
nucleation temperature decreases, the viscosity increases and 
the diffusion rate of the solute to the crystal nucleus slows 
down; further, the probability of solute collision decreases, 
decreasing the probability of nucleation. Comparing Fig. 9 
with Fig. 4, the grain size of the crystal product is small and 
non-uniform. This is because when the cooling rate is small, 
the induction period of the system is prolonged, and the 
accumulation time of supersaturation is extended, increasing 
the possibility of spontaneous nucleation. The formation of a 
large number of nuclei can cause the crushing and abrasion 
of crystals, thereby reducing the crystal size.

4.4. Effect of final cooling temperature on crystallization

MgSO4 is a substance with positive solubility character-
istics, that is, its solubility in water increases with increasing 
temperature. Therefore, the temperature has a significant 
effect on the dissolution and crystallization of MgSO4. The 
nucleation rate constant and growth rate constant of the 
crystals increase with increasing temperature. Therefore, 
the effect of the final cooling temperature of the solution on 
the crystallization process is explored. The final tempera-
ture of the solution cooling (Tf) was chosen as 10°C–25°C. 

200μm 

Fig. 7. SEM image of crystal obtained at a stirring rate of 150 rpm.

Fig. 8. Effect of the cooling rate on crystallization yield.

200μm 

Fig. 9. SEM image of a crystal obtained at a cooling rate of 2°C/h.
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The initial mass concentration was 28%. The stirring rate was 
70 rpm. The cooling rate was 5°C/h. The experimental results 
are shown in Figs. 10 and 11. 

As can be seen from Fig. 10, when Tf is below 22°C, pri-
mary nucleation is spontaneously completed in the waste liq-
uid. As the final temperature decreases, the yield of the crystals 
increases, and spontaneous crystallization cannot occur at 22°C 
or above. This is due to the fact that when the Tf is high, the super-
saturation formed after the completion of cooling is insufficient 
to promote nucleation. As the final temperature decreases, the 
solubility of the waste liquid decreases, the supersaturation 
increases, and the nucleus forms readily. The formation of the 
nucleus, in turn, reduces the total free energy of the system, pro-
motes the precipitation of new nuclei, and improves the crystal 
yield. As illustrated in Fig. 11, the morphology of the crystal is 
intact when the Tf is 10°C, but it needs a large amount of energy 
to decrease the temperature of waste liquid. Considering the 
economy, productivity, and product quality, it is preferable to 
use a higher final temperature in practice.

Considering the experiment results, crystal yield and 
quality, the optimum conditions for crystal formation of 

MgSO4·7H2O were determined: initial mass fraction of the 
solute 28%, stirring rate 70 rpm, cooling rate 5°C/h and final 
cooling temperature 20°C. Under the optimum conditions, 
the yield of crystallization reached 80%.

4.5. Composition analysis of crystal 

In order to characterize the crystal composition, four 
groups of representative crystals were selected for XRD 
analysis. The analysis results are shown in Fig. 12. 

The results show that under various conditions, the XRD 
patterns of the obtained crystal products all correspond to 
the standard spectrum of MgSO4·7H2O, and no other mate-
rial peaks were observed. This shows that the operating con-
ditions have no effect on the crystal composition, and the 
resulting crystalline product is confirmed to be MgSO4·7H2O. 
Under the optimal experimental conditions, the crystalliza-
tion rate reaches 80%. Zhang et al. [23] conducted an experi-
mental study on pure magnesium sulfate. According to their 
experiment results, the crystallization rate was 53% when the 
mass fraction is 34%. Comparing his findings and the results 
in this paper, it indirectly shows that the addition of appropri-
ate amounts of magnesium chloride and magnesium nitrate 
will not only maintain the purity of the crystalline product but 
also facilitate the precipitation of magnesium sulfate crystals.

Fig. 10. Effect of final cooling temperature on crystallization 
yield.

Fig. 11. Crystals obtained under a final cooling temperature 
of 10°C.

Fig. 12. XRD pattern of a crystal. (a) A solute mass fraction of 32%, 
stirring speed of 70 rpm, cooling rate of 8°C/h, and final cooling 
temperature of 20°C; (b) a solute mass fraction of 28%, stirring 
speed of 70 rpm, cooling rate of 8°C/h, and final cooling tempera-
ture of 10°C; (c) a solute mass fraction of 28%, stirring speed of 
300 rpm, cooling rate of 8°C/h and final cooling temperature of 
20°C; (d) a solute mass fraction of 28%, stirring speed of 70 rpm, 
cooling rate of 2°C/h and final cooling temperature of 20°C.
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5. Conclusion

•	 According to the characteristic of waste liquid after 
simultaneous desulfurization and denitrification by 
MgO/chlorine-based additive, the optimal experimental 
conditions are determined. Under the optimum condi-
tions, the yield of crystallization reaches 80%, particle 
size distribution is uniform, and crystal forms are intact.

•	 In a mixed solution of MgSO4, Mg(NO3)2, and MgCl2, the 
crystal obtained by the cooling crystallization method is 
MgSO4·7H2O. No other crystals are observed.

•	 The solute mass fraction, stirring rate, cooling rate and 
final cooling temperature have significant effects on the 
crystal size and form. With the increasing of the mass frac-
tion of the solute, the stirring rate, and the cooling rate, 
and the decreasing of the final cooling temperature, the 
particle size and crystal form intend to become smaller 
and simpler, respectively, and vice versa. The initial sol-
ute concentration and the final cooling temperature have 
a significant effect on the spontaneous crystallization 
yield, while the stirring rate and the cooling rate have 
little effect.

•	 The mechanism analysis shows that supersaturation is 
a key factor that affects crystal size and form. When the 
degree of supersaturation is high, the size of MgSO4·7H2O 
crystals is small and the crystal form is simple; otherwise, 
the size of MgSO4·7H2O crystals is large and the crystal 
form is regular.
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