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Abstract: In this contribution, we experimentally determined the metastable zone width (MSZW) of
adipic acid (AA) in different polar solvents to reveal the nucleation behavior. We performed analyses
for different cooling rates, saturation temperatures and polar solvents. The findings showed that the
MSZW increased as the cooling rate increased, or saturation temperature or polarity decreased. Here,
we suggest that the hydrogen bond donor capacity decreases as the polarity of the solvent decreases,
which weakens the solute and solvent interaction and makes the desolvation process more difficult
during nucleation. Furthermore, we found that the MSZW is mainly determined by the cooling
rate, when the cooling rate is large enough. On account of the classical nucleation theory, it was
found that the sizes of the critical nucleus and Gibbs nucleation energy do not increase monotonously
with increasing driving force. Moreover, this study confirms that solid–liquid interface tension is
associated with crystallization driving force.

Keywords: adipic acid; nucleation; MSZW; critical nucleation parameter

1. Introduction

Crystallization plays a vital role in addressing the issue of the separation and purifi-
cation of crystallization products [1]. From salt production to silicon wafer production,
crystallization techniques are widely applied in the pharmaceutical, petrochemical and
food industries. This is especially true for the pharmaceutical industry, where more than
80% of pharmaceutical active ingredients are used to improve the purity of the product
by crystallization [2]. From a mechanistic standpoint, crystallization is a two-step process
consisting of nucleation and the growth of the crystal [3]. Nucleation, as the first step of
crystallization, has a pivotal role in the crystallization process [4]. Nucleation is a key step
in crystallization, which directly or indirectly affects the number, size, shape and structure
of crystals [5]. Over the last several decades, nucleation from solution was a subject of ex-
tensive study [6–9]. Crystallization begins with the formation of three-dimensional crystal
nuclei, and finally forms macroscopically visible crystals [10]. Due to the randomness and
spontaneity of the initial nucleation process, the crystallization process always enters an
uncontrollable state [11]. Therefore, comprehending and observing nucleation behavior
during the crystallization process is vital for controlling the crystal shape, crystal size
distribution and polymorphism.

The classical nucleation theory (CNT) can still be quantitatively described as the
theoretical framework of nucleation kinetics [12]. The MSZW of a solution or melt system
represents the nucleation point of crystallization, which describes the nucleation behavior
and obtains the optimal operating area for the crystallization process [13]. Extensive
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research has shown that the MSZW increases with an increasing cooling rate [14–19].
Additionally, the MSZW hinges on the rate of agitation force, solution volume, solvents,
additives and ultrasound [13,20–25]. A promising way to keep in touch with nucleation
is to study the dependence of solute–solvent interactions from solution to nucleation [2].
Khamar [26] reported that the nucleation of salicylic acid depends on the binding strength
of the molecules in the solution. He believed that the more solvents that bind to the
salicylic acid molecules in the solution, the slower the nucleation. Similarly, in a study
by Sullivan [27], there is also recent evidence to suggest that desolvation plays a crucial
role in regulating nucleation rates. Maley et al. [28] highlights the restricted influence of
stronger binding between a variety of solvents and risperidone molecules on crystal phase
formation. Recently, many investigators have been focusing on the nature of the interaction
between solutes and solvents, such as the hydrogen bonding capacity of solvents [29,30].

In this study, adipic acid, an important dicarboxylic acid, is chosen as a research object
to explore the relationship between different polar solvents and nucleation kinetics. AA
is a white-like crystalline powder, and its molecular structure is shown in Figure 1. AA
is not only an important kind of monomer for the production of nylon-66 [31], but also
for the manufacturing of fibers, intermediates of medicine, adhesives, insecticides and
dyestuffs, and also an additive for the food industry [32,33]. However, there are some
problems in the industrial production of AA, for instance, unpredictable polymorphs,
impurity inclusion and maldistribution [34]. By employing crystallization technology, it
can effectively control the quality of crystal products, for instance, crystal size distribution
(CSD), crystal shape and polymorphism. Furthermore, this study on the nucleation process
of adipic acid provides important guidance and reference for the mechanism and control of
the crystallization process.
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Figure 1. Molecular structure of adipic acid.

The principal objective of this study is to reveal the influence of different solvents,
cooling rates and saturation temperatures on the nuclear dynamics of adipic acid by
determining the MSZW in cooling crystallization. Firstly, the nucleation of the AA poly-
morphism at different cooling rates was confirmed. Secondly, the dependence of MSZW on
the solvent polarity, saturation temperature and cooling rate was researched by using the
modified Sangwal model [13]. Furthermore, the relationship between the critical nucleation
parameters and the three crucial parameters was explored.

2. Theory

The study of CNT originated from Gibbs’ work in 1878 [12]. In 1985, Nývlt [35] put
forward a semi-empirical model to explain nucleation dynamics, based on the assumption
that the initial nucleation rate is in accordance with the supersaturation rate over a period
of time. In this model, the natural logarithm of R is linearly related to the natural logarithm
of the MSZW. In the past few decades, many related papers have used this method to
present the impact of cooling rate on the MSZW, but the main disadvantages of this method
are as follows: 1. It cannot reveal the influence of temperature on the MSZW; 2. The
nucleation rate is given on a mass basis; 3. The coefficient of solubility may not refer to the
saturation temperature, which is another way to say the solubility changes linearly with
the temperature. In fact, many systems do not meet this assumption; 4. The nucleation
parameters (k and m) have no physical meaning, so they cannot predict the MSZW from the
beginning or obtain physical nucleation parameters from the metastable region data [36].
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Kubota et al. [37] established a new model in 2008 to make the influence of the different
detection technologies on the MSZW clear. However, the inherent shortcomings of the
Nývlt theory cannot be avoided in the Kubota model. Whereafter, on account of a regular
solution, Sangwal [36] presumed that the nucleation rate J corresponded with the change
rate (∆c/c0) of supersaturation of the solution. The relationship between the maximum
supercooling rate (∆Tmax/T0) and the cooling rate (R) was predicted, which is clearly
expressed by Equation (1) [15], as follows:

ln
∆Tmax

T0
=

1 − m∗

m∗ ln
∆Hs

RgTlim
+

1
m∗ ln

f
K
− 1

m∗ ln
1
T0

+
1

m∗ ln R (1)

In the end, the three-dimensional nucleation model was defined as follows:(
T0

∆Tmax

)2
= F1(X + ln T0 − ln R) = F − F1 ln R (2)

The constant F equals to F1(X + ln T0). F1 and X can be expressed as follows:

F1 =
3

16π

γ3Vs
2

k3
bT3

lim

(
∆Hs

RgTlim

)2
(3)

X = ln
(

ARgTlim

f ∆Hs

)
(4)

where the constant A refers to the pre-exponential factor, γ refers to solid–liquid interfacial
tension, Vs represents molecular volume, kb means Boltzmann constant and f stands for the
ratio constant. Thermodynamic and kinetic parameters, solvation and the migration pro-
cesses of molecules have a significant effect on F and F1. Therefore, Sangwal’s model cannot
accurately describe how the saturation temperature and cooling rate influence the MSZW,
nor can it extract relevant nucleation parameters from the slope and intercept values.

According to Sangwal’s model, Xu [13] proposed the following equation to directly
describe the role of saturation temperature in nucleation kinetics:(

T0
∆Tmax

)2

T0 − ∆Tmax
= M + N ln

(
R

T0(T0 − ∆Tmax)

)
(5)

M = N ln
(

f ∆Hs

ARg

)
(6)

N =
−3
16π

k3
b

γ3V2
s

(
∆Hs

Rg

)2
(7)

In Equation (5), at a given cooling rate, (T0/∆Tmax)2/(T0 − ∆Tmax) decreases linearly
with ln(R/T0/(T0 − ∆Tmax)), and the solid–liquid interfacial tension (γ) and nucleation
parameter could be estimated by Equations (6)–(7). It is worth noting that once the interfa-
cial tension has been calculated, the critical nuclei size (rcrit) and critical Gibbs free energy
(∆Gcrit) can be obtained through Equations (8)–(9), as follows:

∆Gcrit =
4πγr2

crit
3

=
16πγ3Vs

2

3∆µ2 (8)

rcrit =
2γVs

∆µ
=

2γRgVsT0

kb∆Hs∆Tmax
=

2γVs

kbT ln S
(9)
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Moreover, the nucleation rate (J) can be expressed based on the CNT, as follows:

J = A exp
(
−16πγ3V2

s
3k3T1

3
1

ln2 S

)
(10)

By the regular solution theory, c1 and c0 delegate the relationship between the solute
concentration at nucleation temperature T1 and saturation temperature T0 and supersatu-
ration, which can be represented as follows:

ln S = ln
c0

c1
=

∆HS

RgT1

∆T
T0

(11)

In a solution system, the crystallization driving force (∆µ) is the difference value of
the chemical potentials in the solid phase (µs) and the liquid phase (µl), which can be
represented as Equation (12), as follows:

∆µ = µl − µs = kT ln S (12)

Hence, Equation (10) can be rewritten as follows:

J = A exp

(−16πγ3V2
s

3k3 )

(
Rg

∆HS

)2
(

T0
∆T

)2

T0 − ∆T

 (13)

where the nucleation temperature T1 and saturation temperature T0 were measured from
experimental data. The metastable zone width (∆T) is equal to the saturation temperature
minus the nucleation temperature. The pre-exponential factor, solid–liquid interfacial
tension, critical Gibbs free energy and critical nuclei size were calculated from experimen-
tal data.

3. Experimental Section
3.1. Materials

Adipic acid is provided by China Shanghai Aladdin Industry Co., Ltd. (Shanghai,
China), with a purity of ≥99%. All organic solvents were used in the experiment; water
(self-made deionized water), methanol, and n-butanol of analytical grade were provided
by China Tianjin Jiangtian Chemical Co., Ltd. (Tianjin, China). All organic solvents were
applied directly without any additional treatment. Table 1 contains all the materials and
sources for all experiments.

Table 1. Sources and mass fraction purity of materials.

Materials Sources Mass Fraction Purity

Adipic acid Shanghai Aladdin Co., Ltd. ≥0.99
Water Self-made deionized water

Methanol Tianjin Jiangtian Chemical Technology Co., Ltd. ≥0.99
n-Butanol Tianjin Jiangtian Chemical Technology Co., Ltd. ≥0.99

3.2. Metastable Zone Width (MSZW) Measurements

According to the solubility data of adipic acid in water, methanol and n-butanol [38],
a saturated solution at different saturation temperatures was prepared in a 100 mL jacketed
glass vessel. Ensuring that all the solutes were dissolved, the solution temperature was set
above the saturation temperature of 5 K by the thermostatic bath (with accuracy of ±0.01 K,
Huber Company, Berching, Germany) for at least 30 min. Next, the solution was cooled
down at a constant cooling rate of 9.5 K/h, 17.5 K/h, 25.5 K/h and 38.5 K/h until the
nucleation was detected by laser monitoring equipment (Focused Beam Reflectance Mea-
surement, D600L, METTLER, Zurich, Switzerland) [15]. The solution temperature was
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measured by a precise mercury thermometer with accuracy of ±0.01 K, and was stirred
using a magnetic stirring system at 400 rpm. In order to avoid the evaporation of solvents
during the experiment, the crystallizer was sealed with PTFE tape and a rubber plug. The
laser monitoring system was combined with the eye to record the temperature at which the
first nucleus appeared. The experimental MSZW (∆Tmax) was the difference between satu-
ration temperature T0 and nucleation temperature T1, ∆Tmax = T0 − T1. The polymorphic
form of the freshly precipitated crystal was characterized by X-ray diffraction (XRD, XD-2
model X-ray diffractometer, Beijing Purse General Instrument Co., Ltd., Beijing, China). All
experiments were repeated at least three times and a new saturated solution was prepared
in each experiment.

4. Results and Discussion
4.1. Solubility

In this research, the saturated solution was prepared based on the solubility of adipic
acid in water, methanol and n-butanol, measured by A.N. Gaivoronskii [38]. The Van’t
Hoff equation [39] was adopted to correlate the experimental solubility data, and can be
described as Equation (14), as follows:

ln x = − a
RgT

+
b

Rg
= −∆Hs

RgT
+

∆S
Rg

(14)

where x means mole fraction, T stands for absolute temperature, ∆Hs refers to dissolution
enthalpy, ∆S is dissolve entropy and R refers to gas constant, 8.314 J/(mol K). In Figure 2,
the lnx is linearly correlated with the inverse of temperature, according to Equation (14).
With successive increases in saturated temperature, the solubility of adipic acid increased.
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Figure 2. The experimental solubility of AA in water, methanol and n-butanol.

At the same saturation temperature, we can observe that the solubility data for
methanol are much higher than water and n-butanol. In Figure 2 and Table 2, the ∆Hs/Rg
values were in the order of methanol < n-butanol < water, which was not in accordance
with the polarity order of the solvent, water > methanol > n-butanol. Therefore, the order
of solubility may have little relationship with the polar solvent, hydrogen bond donor
capacity and hydrogen bond acceptor capacity. Dissolution enthalpy can also be viewed as
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the difference in the solvent strength of solutes in different solvents. Due to ∆Hs/Rg > 0,
we found that the dissolution process is endothermic.

Table 2. Solvent polarity, hydrogen bond donor ability, hydrogen bond acceptor ability and dissolu-
tion enthalpy values.

Solvent Name Polarity of Solvent α a β b ∆S/Rg (K) ∆Hs/Rg (K)

water 1.00 [40] 1.17 0.47 9.08848 4441.29
Methanol 0.60 [41] 0.43 0.47 6.21182 2747.39
n-Butanol 0.47 [41] 0.37 0.48 7.63163 3391.46

a Hydrogen bonding donor capacity. b Hydrogen bond acceptor capacity.

4.2. Effect of Different Cooling Rates, Saturation Temperatures and Polar Solvents on MSZW

In this experiment, the MSZW of adipic acid was measured in water, methanol and
n-butanol at different cooling rates in the range from 9.5 to 38.5 K/h and the range of
saturation temperatures from 283.15 K to 313.15 K, which are set out in Table 3. There
are two crystal forms of adipic acid; the most common crystal form belongs to form
II [42]. The cell parameters of form II are a = 7.4282(2) Å, b = 14.9925(1) Å, c = 10.1000(3) Å,
α = 90◦, β = 111.45(1)◦ and γ = 90◦ [43]. As shown in Figure 3, the experimental data were
compared with the theoretical diffraction patterns. In all the experiments, adipic acid only
precipitated as form II, which belongs to a monoclinic system of centrosymmetric space
group P21/n. Moreover, no crystalline transformation appeared. However, form I belongs
to the non-centrosymmetric space group.

Table 3. Experimental MSZW of adipic acid from 283.15 K to 313.15 K.

Solvent
T0 = 283.15 K T0 = 293.15 K T0 = 303.15 K T0 = 313.15 K

R (K/h) ∆T/K R (K/h) ∆T/K R (K/h) ∆T/K R (K/h) ∆T/K

Water

9.5 3.2 9.5 2.9 9.5 2.4 9.5 1.5
17.5 3.7 17.5 3.5 17.5 2.8 17.5 1.8
25.5 4.2 25.5 4.0 25.5 3.4 25.5 2.2
38.5 5.3 38.5 5.1 38.5 4.4 38.5 2.8

Methanol

9.5 5.6 9.5 4.7 9.5 3.5 9.5 2.0
17.5 6.3 17.5 5.6 17.5 4.0 17.5 2.6
25.5 7.4 25.5 6.1 25.5 4.4 25.5 3.2
38.5 9.3 38.5 7.0 38.5 4.8 38.5 3.8

n-Butanol

9.5 13.1 9.5 10.1 9.5 7.7 9.5 4.8
17.5 14.9 17.5 11.4 17.5 8.6 17.5 5.9
25.5 16.2 25.5 13.0 25.5 9.2 25.5 6.4
38.5 19.2 38.5 16.5 38.5 10.7 38.5 7.9

The results are given in Table 3 and shown graphically in Figure 4. It is evident that at
lower saturation temperatures and faster cooling speeds, a wider MSZW can be obtained,
which is consistent with a large number of previous studies [15]. Among different solvents,
the MSZW in methanol is larger than that in water. This may be related to the interaction
between the solvent and solute. The solubility of adipic acid in methanol is greater than
that in water, which indicates that the solute and solvent interact more strongly in methanol.
Hence, we speculate that there are relatively weak solute and solvent interactions between
the water molecules and adipic acid molecules, so the desolvation of adipic acid becomes
easier. Thus, nucleation in water is easier than that in methanol, resulting in a smaller
metastable zone. Our results indicate that the solvent is a principal determining factor of
the solute nucleation rate. In contrast, the MSZW is the widest in n-butanol, which may be
ascribed to the smaller collision frequency, which we will demonstrate in the next section.
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In order to describe how the cooling rate © affects the nucleation kinetics of AA in
different solvents at different saturation temperatures, the modified Sangwal model [13]
is used to analyze the change in maximum overcooling, ∆Tmax, with the cooling rate. At
a given cooling rate, the values of (T0/∆T)2/(T0 − ∆T) and ln[R/(T0 ∗ (T0 − ∆T))] show
a linear relationship. From the slope and intercept in Figure 5, we can separately obtain
the solid–liquid interfacial tension and the nucleation kinetic factor A in the nucleation
process. Therefore, we can obtain the relationship between the cooling rate and nucleation
parameters. Figure 5 presents a significant influence of different cooling rates on the MSZW
in the nucleation process at a constant saturation temperature, and shows the corresponding
slope and intercept. As shown in Figure 5, the higher the saturation temperature is, the
smaller the slope will be. The findings from these studies suggest that R can have a greater
impact on the MSZW.
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Figure 5. Relationship between MSZW and R at the given saturation temperature based on
Equation (5).

In addition, we can also find that in the modified equation, the straight lines may
intersect at a certain point at different temperatures. In this case, we can assume that the
MSZW is governed by the cooling rate. In order to verify our assumption, using the slope
and intercept in Figure 5, we then calculated the point of intersection in Table 4. When the
cooling rate becomes larger, it is clear that the influence of saturation temperature on the
MSZW of adipic acid can be ignored. In other words, the cooling rate has a major influence
on the nucleation process at this time.
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Table 4. Adipic acid intersects at a certain point at different temperatures.

Solvent ln(R/T0(T0 − Tmax)) (T0/∆Tmax)2/(T0 − ∆Tmax)

Water −15.92 12.06
Methanol −13.91 −4.27
n-Butanol −15.37 0.60

4.3. Critical Nucleation Parameter and Nucleation Kinetic Behavior

In order to explore more detailed information about the nucleation behaviors of adipic
acid in different polar solvents in greater depth, the MSZW experimental data of AA are
fitted with the modified Sangwal theory. Based on Equations (6)–(7), the solid–liquid
interfacial tension and pre-exponential factor can be calculated. As shown in Table 5, at the
lowest saturation temperature, the value of A was the maximum in water and minimum in
n-butanol. A stands for the attachment rate of the solute molecule. It can be observed that
the adipic acid adhesion rate in water and methanol is almost as fast, but is the slowest in
n-butanol. This means that nucleation in n-butanol is more difficult. The lowest value of
solid–liquid interfacial tension appears in methanol, indicating that it is less difficult for
adipic acid to form a solid–liquid interface in methanol. In general, γ decreases with the
increment in saturation temperature, which is in accordance with the general rule. The
lower the temperature, the greater the tension of the corresponding solid–liquid interface.
In Figure 6, the value of solid–liquid interface tension intensively depends on the polar
solvent and saturation temperature. When the temperature is certain, the value of solid–
liquid interface tension is greater when the solvent polarity is minimal. When the saturation
temperature is higher, the solid–liquid interface tension is lower and the connection is
not linear. As can be observed in Figure 7, at a constant saturation temperature, the
surface tension decreases as the solvent polarity increases. In a given solvent, the surface
tension decreases as the temperature increases. This is consistent with the measured data
of MSZW, indicating that it is easier to nucleate at higher temperatures. The effect was
more pronounced in the dependence of solid–liquid interfacial tension, probably owing to
the higher temperature.

Table 5. Value of nucleation kinetic parameters calculated by Equation (5).

Solvent T0/K Slope Intercept γ (mJ/m2) f /A f A (m3/s)

Water

283.15 −12.49 −186.82 1.98 7.03 × 102 4.67 × 1025 6.64 × 1022

293.15 −16.77 −263.80 1.80 1.53 × 103 7.60 × 1025 4.95 × 1022

303.15 −27.73 −426.57 1.52 1.08 × 103 1.26 × 1026 1.17 × 1023

313.15 −72.45 −1122.32 1.10 1.21 × 103 2.10 × 1026 1.74 × 1023

Methanol

283.15 −4.17 −62.17 2.08 1.12 × 103 4.70 × 1026 4.19 × 1023

293.15 −5.19 −76.45 1.93 9.15 × 102 6.56 × 1026 7.17 × 1023

303.15 −8.42 −121.41 1.64 6.66 × 102 9.10 × 1026 1.37 × 1024

313.15 −41.24 −656.91 0.97 3.01 × 103 1.25 × 1027 4.15 × 1023

n-Butanol

283.15 −0.63 −9.01 4.49 5.31 × 102 8.70 × 1025 1.64 × 1023

293.15 −1.28 −19.13 3.53 8.66 × 102 1.30 × 1026 1.50 × 1023

303.15 −1.75 −24.82 3.20 4.77 × 102 1.92 × 1026 4.03 × 1023

313.15 −6.02 −91.39 2.11 1.15 × 103 2.82 × 1026 2.46 × 1023

Based on Equations (8) and (9), the values of rcrit and ∆Gcrit decrease monotonically as
the driving force increases if the interface tension is constant. As shown in Figures 8 and 9,
as the saturation temperature decreases, it substantially increases the driving force, whereas
it decreases the value of rcrit, but the value change in ∆Gcrit did not monotonously decrease.
Therefore, according to Equations (8) and (12), we believe that ∆Gcrit is related to γ. It
can be further explored that there is a dependency between γ and T. Similarly, Yang [18]
reported the nucleation of ethyl vanillin in different solvents, which showed that ∆Gcrit not
only changes with the driving force, but there is also a strong connection to solid–liquid
interface tension.
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Based on Equations (8) and (9), ln∆µ and lnr, and ln∆µ and ln∆Gcrit will follow a
linear relationship if γ is independent ∆µ. In Figures 10 and 11, the driving force, which
changes with the cooling rate, has a negative linear correlation with lnrcrit and ln∆Gcrit
at a constant saturation temperature, respectively. Nevertheless, at different saturation
temperatures, the linear relationship between lnrcrit and ln∆Gcrit will be destroyed, which
should mainly be attributed to the dependence of the solid–liquid interfacial tension on the
driving force. It is worthwhile to further study the relationship between γ and ∆µ until a
solid theoretical foundation has been laid for nucleation control.

Furthermore, the relationship between lnrcrit and ln∆Gcrit was calculated, as shown
in Figure 12. A good linear correlation between rcrit and ∆Gcrit at the same saturation
temperature was obtained. At different saturation temperatures, the relationship between
lnrcrit and ln∆G is nonlinear. This nonlinear relationship may also be due to an important
influence of temperature on the tension of the solid–liquid interface.



Crystals 2022, 12, 202 11 of 17

Crystals 2022, 12, x FOR PEER REVIEW 11 of 17 
 

 

to γ. It can be further explored that there is a dependency between γ and T. Similarly, 
Yang [18] reported the nucleation of ethyl vanillin in different solvents, which showed 
that ΔGcrit not only changes with the driving force, but there is also a strong connection to 
solid–liquid interface tension.  

 
Figure 8. Relationships between driving force and critical nuclei size. 

 
Figure 9. Relationships between driving force and nucleation Gibbs free energy. 

5.0×10-22 1.0×10-21 1.5×10-21 2.0×10-21 2.5×10-21 3.0×10-21 3.5×10-21

5×10-10

6×10-10

7×10-10

8×10-10

9×10-10

1×10-9

1×10-9

n-Butanol

 

 

r c
ri
t/m

Δμ/J

 T0=283.15K
 T0=293.15K
 T0=303.15K
 T0=313.15K

2.0×10-22 4.0×10-22 6.0×10-22 8.0×10-22 1.0×10-21 1.2×10-21

6.0×10-10

8.0×10-10

1.0×10-9

1.2×10-9

1.4×10-9 Water

 

 

r c
ri
t/m

Δμ/J

 T0=283.15K
 T0=293.15K
 T0=303.15K
 T0=313.15K

2.0×10-22 4.0×10-22 6.0×10-22 8.0×10-22 1.0×10-21 1.2×10-21

6.0×10-10

8.0×10-10

1.0×10-9

1.2×10-9

1.4×10-9

r cr
it/m

Δμ/J

Methanol
 T0=283.15K
 T0=293.15K
 T0=303.15K
 T0=313.15K

2.0×10-22 4.0×10-22 6.0×10-22 8.0×10-22 1.0×10-21 1.2×10-21

2.0×10-21

4.0×10-21

6.0×10-21

8.0×10-21

1.0×10-20

1.2×10-20
Water

 

 

ΔG
cr

it/J

Δμ/J

 T0=283.15K
 T0=293.15K
 T0=303.15K
 T0=313.15K

5.0×10-22 1.0×10-21 1.5×10-21 2.0×10-21 2.5×10-21 3.0×10-21 3.5×10-21
2.0×10-21

4.0×10-21

6.0×10-21

8.0×10-21

1.0×10-20

1.2×10-20 n-Butanol

 

 

ΔG
cr

it/J

Δμ/J

 T0=283.15K
 T0=293.15K
 T0=303.15K
 T0=313.15K

2.0×10-22 4.0×10-22 6.0×10-22 8.0×10-22 1.0×10-21 1.2×10-21

2.0×10-21

4.0×10-21

6.0×10-21

8.0×10-21

1.0×10-20

1.2×10-20

ΔG
cr

it/
J

Δμ/J

Methanol
 T0=283.15K
 T0=293.15K
 T0=303.15K
 T0=313.15K

Figure 8. Relationships between driving force and critical nuclei size.
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Figure 11. Relationships between driving force and nucleation Gibbs free energy.
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Figure 12. Relationship between ln∆Gcrit and lnrcrit.

Because of Formulas (10) and (12), the relationship between nucleation rate and ∆µ
can be calculated. If the pre-exponential factor and solid–liquid interface tension were
constants, and were not affected by temperature, cooling rate and solvent, lnJ should be
linearly related to γ3/T1 ∗ ∆µ2. As shown in Figure 13, the value change in nucleation rate
with driving force does not follow a linear correlation. In addition, in Figure 14, at a given
saturation temperature, J and ∆µ are in a straight line relationship. Perhaps this formula
does not apply to this system; the reason for this needs to be further studied. When the
saturation temperature increases, it is beneficial to increase the rate of nucleation, and it is
more beneficial to the nucleation process of adipic acid. When the saturation temperature
remains constant, the nucleation rate increases, with successive increases in the cooling
rate. We found that the crystallization driving force increased as the saturation temperature
decreased. In practice, we find that the nucleation rate does not always increase with the
increasing driving force of crystallization, but also depends on the saturation temperature.
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Figure 14. Relationship between the instantaneous driving force and nucleation rate.
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5. Conclusions

The purpose of the current study was to mensurate the MSZW of adipic acid in water,
methanol and n-butanol at different cooling rates and saturation temperatures. This study
has identified that the MSZW of adipic acid is associated with different polar solvents and
the hydrogen bond donor ability. The investigation of the MSZW of adipic acid in different
polar solvents has shown that the order of the MSZW is n-butanol > methanol > water. As
a solvent with an insufficient number of hydrogen bond donors, n-butanol is not conducive
to self-assembly of the solute, which leads to difficulty in nucleation. Furthermore, we
find that the MSZW is mainly determined by the cooling rate if the cooling rate is large
enough. The research has also shown the decrease in solid–liquid interfacial tension with
an increase in the saturation temperature and polar solvent. The ∆Gcrit and the rcrit do not
increase monotonously with the increase in the crystallization driving force, which means
that the interface tension is associated with the crystallization driving force. Markedly, one
of the more significant findings is that R and T1 will impact gamma and A values together,
resulting in J not being linear with the driving force. In practice, at a given saturation
temperature, J and ∆µ have a linear relationship. Our research provides a solid theoretical
basis for the nucleation behavior of adipic acid.
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