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ABSTRACT: N-Acetylglucosamine (NAG) is a significant novel functional mono-
saccharide with a wide range of potential applications, such as in the medical and
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cosmetic fields. A gravimetric technique was used to assess the solubility of NAG in e kJ_\ o
water, methanol, N,N-dimethylformamide, water + methanol, water + n-propanol, water 3 o Ve ¥

+ N,N-dimethylformamide, and water + acetonitrile at temperatures ranging from - T A s
283.15 to 323.1S K. The outcomes of the experiment demonstrated that the <= | ¢ . 7,

temperature and water content were positively correlated with the solubility of NAG in e " v

o d
four experimental binary solvents. The order of solubility in the four aqueous solvent . —" : -7
mixtures is water + DMF > water + methanol > water + n-propanol > water + 17 Lt e G
acetonitrile. The solubility data was well correlated using the modified Apelblat model, : s ; P
the CNIBS/R-K model, and the Apelblat—Jouyban—Acree model. Experimental data 0 . . , .
from NAG will help guide the design of cooling and dissolution in crystallization oo™ MT"/(K) N
processes.
1. INTRODUCTION research on its applications in different fields. Hesketh et al.
N-Acetylglucosamine (NAG, CgH,;NO;, CAS registry number: found that oral NAG can alter the insulin content, which prov?(s)
7512-17-6, Figure 1) is a kind of amino monosaccharide in that it may play a certain role in the treatment of diabetes.
NAG also has great potential application value in the cosmetics
HO industry. It is a suitable substrate for the synthesis of hyaluronic
acid, which can accelerate the synthesis of collagen in cells and
o delay cell senescence.'’
The study of crystal thermodynamics serves as the basis for
HO OH understanding crystallization kinetics and processes.'> Solubility
o measurement is the cornerstone of crystal thermodynamic

research. In view of the current research progress of NAG, we
HO NH measured the solubility of NAG in water, methanol, N,N-

dimethylformamide, water + methanol, water + n-propanol,

water + DMF, and water + acetonitrile at 283.15—323.15 K by

Figure 1. Chemical structure of NAG. gravimetric methods. In addition to being miscible with water,
the four organic solvents were chosen because NAG is much
more soluble in water than in the other three. The solubility data
which the hydroxyl group on the second position C of the of NAG in certain solvent systems can guide the design of the
glucose molecule is replaced by an acetylamino group. Typically, solvation crystals. We determined the solubility of NAG in three
it comes as a white powder with a somewhat pleasant flavor." pure solvents (water, methanol, and N,N-dimethylformamide)
NAG is the monomer unit of chitin agd the basic component of and four binary mixed solvents. Using water as a good solvent
hyaluronic acid on the cell surface.” It can be employed for and selecting four commonly used antisolvents to form four

immunomodulation and biosynthesis, among other things.™* groups of binary mixed solvents (water + methanol, water + n-
NAG can also inhibit the metastasis of cancer cells at a certain

concentration, thus improving the resistance of the human body
to cancer cells.” Huang et al. showed that NAG has a good effect
in the treatment of gastric cancer.’ In addition to being widely
utilized in medicine, they also make excellent additions to
cosmetics and healthcare items.”

A few NAG reports have already been made public.”” But the
current studies on NAG’s solubility are not as prevalent as
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Table 1. Details of the Material Specification™”

materials CAS no. molar mass(g-mol™) source mass fraction purity ~ analysis method
N-acetylglucosamine 7512-17-6 221.208 Shandong Runde Biotechnology Co., Ltd. >0.998 GC*
methanol 67-56-1 32.04 Sinopharm Chemical Reagent Co., Ltd. >0.997 GC*
n-propanol 71-23-8 60.1 Sinopharm Chemical Reagent Co., Ltd. >0.995 GC*
N,N-dimethylformamide 67-63-0 73.095 Sinopharm Chemical Reagent Co., Ltd. >0.997 GC°
acetonitrile 75-05-8 41.052 Sinopharm Chemical Reagent Co., Ltd. >0.998 GC*

“Both the analysis method and mass fraction purity were provided by suppliers. bHigh—performance liquid chromatography. “Gas chromatography.

propanol, water + DMF, and water + acetonitrile), the solubility
test was conducted at 278.15—318.15 K. Methanol, #n-propanol,
DMEF, and acetonitrile are common and widely used solvents.
Studying the solubility of NAG in these four mixed solvents has
practical application significance. To expand the application
scope, the modified Apelblat model,"* the CNIBS/R-K model,"*
and the Apelblat—Jouyban—Acree model"> were used to
correlate the data.

2. EXPERIMENTAL SECTION

2.1. Materials. NAG (CAS no. 7512-17-6) was supplied by
Shandong Runde Biotechnology Co. Ltd. The solvents used in
this study (methanol, n-propanol, and acetonitrile) were
purchased from Sinopharm Chemical Reagent Co., Ltd,,
China. N,N-Dimethylformamide was purchased from Tianjin
Fuyu Fine Chemical Co., Ltd. The deionized water was prepared
in the laboratory (Arium Mini Plus, Germany). All organic
solvents were of analytical grade and used without repurification.
Details of the materials used in these experiments are listed in
Table 1. The purity and purity analysis methods were provided
by the supplier.

2.2. Solubility Measurement. The solubility of NAG in
three pure solvents and four binary solvents was determined by
the gravimetric method in the temperature range of 283.15—
323.15 K. The experimental procedures were as follows. (1)
Excess of solid NAG was dissolved in 30 g of binary solvent and
placed in a 100 mL glass tube, which was placed in a double-layer
jacket glass container. A glass container was attached to a
constant temperature bath (CF41, Junlabo, Germany) to
control the system temperature difference within +0.05 K.
The solution was stirred for 12 h using a magnetic stirring device
(MS-H-S type, DLAB Scientific Co., Ltd., China). No
dissolution of the NAG after 12 h could determine whether
the system had reached solid—liquid equilibrium. (2) After
turning off the stirring, the solution was allowed to stand for 2 h.
The filtered supernatant was weighed immediately after being
injected into a preweighed Petri dish using a preheated/
precooled S mL syringe and a 0.45 ym filter membrane. (3) The
Petri dish was put in a vacuum drying oven (DZF-6000,
Shanghai Yiheng Scientific Instrument Co., Ltd., China) at
323.15 K for at least 12 h, until the mass was constant. The mass
of the samples was analyzed by analytical balances (ME type,
Mettler Toledo, Switzerland) with a precision of +0.0001 g. The
solubility was calculated by using the average of the data after
three repeated measurements for each experiment to reduce
experimental error. The content ratio of water (x3) in the initial
binary solvent and the mole fraction solubility (x;) of NAG in
binary solvents was calculated using eqs 1 and 2.

0 _ m, /M,
mz/Mz + m3/M3 (1)

_ m; /M,
m/M; + my/M, + my/M, ()

X

where m; represents the mass of NAG and m, and mj are the
masses of water and organic solvent, respectively. M;, M,, and
Mj; are molecular masses of NAG, water, and organic solvent,
respectively.

2.3. X-ray Powder Diffraction. X-ray diffraction (PXRD)
was used to confirm the crystal form of NAG in the experimental
temperature range, and it was found that there was no change in
the crystallographic structure of NAG. X'Pert’ powder
diffractometer (MiniFlex600, Rigaku, Japan) was used. During
the measurement, the tube voltage and current were set at 40 kV
and 30 mA. EMPYREAN (PANalytical, The Netherlands)
collected two ranges of Cu Ka radiation (0.1540S nm) at room
temperature in order to measure these patterns. The scan rate
was 8°/min, and the step size was 0.02°.

2.4. Thermal Examination. The thermal gravimetric
analyzer-differential scanning calorimetry (TGA-DSC) method
was used to determine the melting parameters of NAG. The
melting temperature T, and the enthalpy of melting AH,, of
NAG were determined by TGA and DSC (TGA/DSC 3+,
METTLER TOLEDO, Switzerland). Approximately S—10 mg
of NAG was added to the aluminum crucible. Nitrogen was used
as a protective gas, and a heating rate of 10 K/min was used to
assess the NAG’s melting properties.

3. THERMODYNAMIC MODELS
3.1. Modified Apelblat Equation. The modified Apelblat

equation is an accurate semiempirical equation.16 It is

commonly used to correlate solubility at different temper-
17-19 1 .

atures. It is represented by the following eq 3.

B
Inx, =A+ T/_K + CIn(T/K) 3)

where x, represents the mole fraction solubility; T represents the
selected test temperature; and A, B, and C are empirical
constants. A and B parameters represent the change in activity
coefficient in solution, and C represents how melting enthalpy is
affected by temperature.*’

3.2. CNIBS/R-K Model. The CNIBS/R-K model may be
used to illustrate the link between the solvent composition and
the isothermal mole fraction solubility of a binary solvent
combination.”' 7** The expression is shown in eq 4.

n
_ .0 0 0.0 0_ _0yi
Inx, = x)In g, + a5l g + x5 E Si(xy — x5

i=0 4)

where x; is the solute’s mole fraction solubility. The saturated
mole solubilities of the solute in the respective pure solvents are
denoted by the letters xand xp. The starting mole percentages
of the solvent mixture are x3 and x3. The parameters of the model

https://doi.org/10.1021/acsomega.3c04044
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are S; and n. In binary solvent mixtures, eq 4 can be simplified to
eq S.

Inx, = xylnx, + (1 — x)lnxg + (1 — x;)x;
+ [So + S,(2x; — 1) + S,(2x; — 1)°] (s)

We used b, —b; to replace the constant parameters ineq 5. Eq S
can be expressed as eq 6.

Inx = by + byx, + by(x,)" + b(x))* + by(x;)" (6)
3.3. Apelblat—Jouyban—Acree Model. The Apelblat—

Jouyban—Acree model may be used to represent the connection
between composition of solvent and temperature in a variety of
solvents;”* and the expression is shown in eq 7.

n ( 0 0y\i
0 0 0,0 oy — x5
Inx; = x,In %, + x3In x5 + x5, _—
i=0 T (7)

where x3 and x} stand for the binary solvent mixture’s initial
molecular fraction makeup when the solute was not added.” J; is
the model constant, and x, and x3 stand for the mole solubility of
the solute in pure solvent. In binary mixed solvents, eq 7 can be
simplified to eq 8.

Inx,=a;+ by/T+ c;In T

0
x
+(a, - “3)953 + (b, - by + b= +]2)?2

(x;)° (x,)°

T T

+(3]1 - ]0 - 5]2)

()"

+ (8]2 - 2’]1)

+(C, — Cx,In T

+(—4J,) ®)

We used Ay—Ag to replace the constant parameters in eq 8. Eq
8 can be expressed as eq 9.

A 0 xé) (xé))z
lnx1=A0+ ? +A21nT+A3x2 +A4? -i-A5 p
043 04
x x
+A6(;) +A7( 2) + Agesln T
)

To evaluate the accuracy of the model, the average relative
deviation (ARD %) and root-mean-square deviation (RMSD)
are computed.””*” The expressions are shown in eqs 10 and 11.

y 100 n xiexp _ xical
ARD% = —
n i=1 X P (10)
n cal exp\2
RMSD = \/2‘:1 (™ — x7%)
n (11)

cal

where &7 and x{*refer to the experimental mole fraction
solubility and calculated mole fraction solubility of NAG, and n
stands for the number of experimental data points.

4. RESULTS AND DISCUSSION

4.1. Characterization of NAG. The crystal forms of NAG
were detected by PXRD. The remaining solids were tested after
shaking the crystals in four solvents, such as water + methanol,
water + n-propanol, water + DMF, and water + acetonitrile for
12 h. The experimental results are listed in Figure 2. The peaks of

L o A | water-acetonitrile
>
=
‘@
§ L " A A water-DMF
=
o
AA A A water-n-propanol
L oy A A water-methanol
l o A A raw material
T T g T g T g
10 20 30 40 50
2-Theta(®)

Figure 2. PXRD patterns of raw material and residual solids of NAG in
aqueous binary solvent mixtures.

the PXRD spectrum are mainly at 9.98, 19.78,27.52, and 30.76°.
The characteristic diffraction peaks have not changed, which
indicates that there is no crystal-form transition in the whole
experiment.

The results of TGA and DSC analyses of NAG are presented
in Figure 3. The graphic shows that the initial melting
temperature is approximately 482.28 K. It indicates that the
NAG is well stabilized throughout the experiment.
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Figure 3. TGA and DSC plots of NAG.

4.2. Solubility of NAG. All the solubility data obtained in
this work are shown in Tables 2—5 and plotted in Figures S1—
S8. As shown in the table and figure, the solubility of NAG in a
combination of four binary solvents increased with increasing
temperature (283.15—323.15 K) or molar amount of water (0—
1).

The mole fraction solubility of NAG in the same solvent
system is positively correlated with temperature. At the same
temperature, the order of solubility in four binary solvent
mixtures is water + DMF > water + methanol > water + n-
propanol > water + acetonitrile.

The interactions between solvent and solute molecules, such
as hydrogen bonds and van der Waals forces, are typically
connected to solubility. In our research setup, NAG is a polar

https://doi.org/10.1021/acsomega.3c04044
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https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04044/suppl_file/ao3c04044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04044/suppl_file/ao3c04044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04044?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Experimental and Correlated Solubility of NAG in Water + Methanol at Temperatures from 283.15 to 323.15 K under

Atmospheric Pressure (p = 0.1 MPa)*"

Py 103, 103, Apelblat 10, CNIBS 103,414
283.1S K
0.00 0.6835 0.6599 0.6833 0.6382
0.30 2.678 2.675 2.669 2.533
0.40 3.768 3.828 3.868 3.819
0.50 5.600 5.455 5.340 5.511
0.60 6.868 6.929 7.085 7.594
0.70 9.298 9.422 9.185 10.03
0.80 11.68 11.83 11.93 12.85
0.90 16.42 16.56 16.06 16.20
1.00 23.20 23.49 23.36 20.60
288.15 K
0.00 0.7080 0.7233 0.7081 0.7033
0.30 2.857 2.873 2.858 2.782
0.40 4.184 4.151 4.161 4.193
0.50 5.790 6.011 5.834 6.053
0.60 7.886 7.892 7.938 8.352
0.70 10.75 10.67 10.58 11.06
0.80 13.91 13.43 13.98 14.19
0.90 18.49 18.29 18.57 17.95
1.00 25.26 24.82 25.20 22.88
293.1S K
0.00 0.7807 0.8028 0.7814 0.7877
0.30 3.135 3.133 3.090 3.089
0.40 4.557 4.564 4.654 4.646
0.50 6.626 6.677 6.666 6.698
0.60 9.190 8.981 9.080 9.236
0.70 12.20 12.08 11.87 12.23
0.80 14.59 15.20 15.21 15.71
0.90 20.04 20.20 19.66 19.88
1.00 26.61 26.37 26.68 25.36
298.15 K
0.00 0.8913 0.9048 0.8905 0.8957
0.30 3.515 3.464 3.567 3.464
0.40 5.401 5.084 5.289 5.192
0.50 7.601 7473 7.549 7.462
0.60 10.15 10.21 10.38 10.27
0.70 13.90 13.68 13.79 13.57
0.80 17.68 17.14 17.78 17.41
0.90 22.65 22.32 2243 22.02
1.00 27.79 28.15 27.90 28.07
303.15 K
0.00 1.023 1.033 1.023 1.033
0.30 3.828 3.880 3.812 3.923
0.40 5.699 5.733 5.768 5.848
0.50 8.492 8.422 8.377 8.367
0.60 11.50 11.60 11.61 11.47
0.70 15.51 15.48 15.36 15.11
0.80 19.32 19.27 19.56 19.33
0.90 24.55 24.66 24.36 24.39

S 103, 103, Apelblat 10, CNIBS 103,44
303.1S K
1.00 30.29 30.20 30.34 31.00
308.1S K
0.00 1.223 1.195 1.225 1.207
0.30 4.417 4.399 4.301 4.482
0.40 6.152 6.538 6.494 6.635
0.50 9.637 9.553 9.465 9.436
0.60 13.59 13.17 13.19 12.86
0.70 17.30 17.51 17.51 16.87
0.80 21.79 21.61 2221 21.49
0.90 27.57 27.26 27.16 27.01
1.00 32.43 32.53 32.52 34.19
313.1S K
0.00 1.481 1.397 1.481 1.427
0.30 5.071 5.043 5.110 S.161
0.40 7.596 7.534 7.524 7.581
0.50 10.81 10.90 10.71 10.70
0.60 14.39 14.93 14.66 14.49
0.70 19.40 19.80 19.23 18.89
0.80 24.10 24.15 24.22 23.93
0.90 29.62 30.12 29.45 29.90
1.00 34.83 35.18 3491 37.64
318.1S K
0.00 1.643 1.651 1.642 1.706
0.30 5.767 5.842 5.820 5.990
0.40 8.902 8.768 8.754 8.715
0.50 12.47 12.51 12.55 12.20
0.60 16.82 16.92 17.00 16.38
0.70 22.32 22.38 21.77 21.20
0.80 25.81 26.92 26.70 26.66
0.90 32.82 33.29 32.04 33.10
1.00 38.64 38.19 38.88 41.37
323.1S K
0.00 1915 1.970 1914 2.062
0.30 6.882 6.834 6.936 7.000
0.40 10.34 10.30 10.21 10.08
0.50 14.43 14.43 14.47 13.97
0.60 19.47 19.15 19.63 18.58
0.70 25.68 25.28 25.41 23.84
0.80 30.88 29.93 31.35 29.74
0.90 37.39 36.78 36.93 36.62
1.00 41.53 41.59 41.69 45.41

“, is the experimental solubility; x} pelblat - CNIBS - and aVA are the
calculated mole solubility according to the modified Apelblat model,
the CNIBS/R-K model, and the Apelblat—Jouyban—Acree model,
respectively. &) represents the initial mole fraction of water in the
binary aqueous solvent. “The standard uncertainty is u(T)= 0.1 K,
and the relative standard uncertainties u, are u,(P) = 0.01, u,(x;) =
0.02, and u,(x3) = 0.001.

molecule. Water, methanol, n-propanol, and DMF are polar
protic solvents; the order of polarity is water (1.09) > DMF
(0.88) > methanol (0.60) > n-propanol (0.52), and acetonitrile
is a polar aprotic solvent. The main physicochemical properties
of the five pure solvents are given in Table 6. According to the
data in the table, it can be concluded that the dissolution order of
NAG in binary solvent is the same as the sum of hydrogen bond
donor tendencies of pure solvent, indicating that hydrogen
bonding plays an important role. In other words, the solubility

order is positively associated with polarity, except for the water +
acetonitrile solvent system. The C=O group in DMF solvent
can interact with the N—H group of NAG molecules, enhancing
the solubility of NAG. O—H bonds in alcohol solvents have
negligible interaction with NAG. In summary, polarity has a
significant impact on how soluble NAG is in mixed solvents.
4.3. Data Correlation. To expand the application range of
solubility data, we linked the experimental data to three
thermodynamic models. The parameters, ARD, and RMSD

https://doi.org/10.1021/acsomega.3c04044
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Table 3. Experimental and Correlated Solubility of NAG in Water + N-Propanol at Temperatures from 283.15 to 323.15 K

under Atmospheric Pressure (p = 0.1 MPa)™”
xg 1 OSxIEXP il OSXIAPEHJ]M 103x1CNIBS 1 OSxIAJA
283.15 K
0.30 0.6709 0.6910 0.6852 0.6379
0.40 1.371 1.405 1.282 1.350
0.50 2.378 2.45S 2.463 2.661
0.60 4.139 4.177 4.516 4.795
0.70 8.402 8256 7.584 7.850
0.80 11.65 11.63 11.56 11.73
0.90 15.55 15.64 16.37 16.28
1.00 23.20 23.49 22.78 21.57
288.15S K
0.30 0.8857 0.8480 0.8887 0.8005
0.40 1.773 1.656 1.759 1.652
0.50 3.269 3.059 3.249 3.179
0.60 5.372 5.238 5.534 5.602
0.70 8.876 9.108 8.697 8.983
0.80 1291 13.01 12.77 13.17
0.90 17.66 17.53 17.96 17.95
1.00 25.26 24.82 25.12 23.39
293.1S K
0.30 0.9720 1.018 0.9683 0.9824
0.40 1.855 1.940 1.885 1.984
0.50 3.688 3.717 3.600 3.743
0.60 6.283 6.386 6.360 6.475
0.70 10.08 10.09 10.12 10.21
0.80 14.63 14.53 14.57 14.73
0.90 19.67 19.58 19.66 19.80
1.00 26.61 26.37 26.62 25.45
298.15 K
0.30 1.303 1.197 1.296 1.181
0.40 2.335 2.261 2.378 2.343
0.50 4.390 4.414 4.345 4.346
0.60 7.606 7.583 7.440 7.406
0.70 11.28 11.23 11.57 11.52
0.80 16.25 16.22 16.32 16.43
0.90 21.79 21.83 21.47 21.83
1.00 27.79 28.15 27.93 27.78
303.15 K
0.30 1.410 1.381 1.397 1.391
0.40 2.575 2.621 2.657 2.722
0.50 5.049 5.129 4.941 4.982
0.60 8.727 8.785 8.487 8.390
0.70 12.65 12.54 13.11 1291
0.80 18.12 18.09 18.26 18.25
0.90 24.28 24.28 23.71 24.07
1.00 30.29 30.20 30.53 30.42

S 103, 103, Apelblat 10, CNIBS 103,44
308.15 K
0.30 1.555 1.564 1.538 1.609
0.40 2.912 3.025 3.014 3.113
0.50 5.744 5.839 5.617 5.642
0.60 9.908 9.944 9.575 9.418
0.70 14.07 14.06 14.67 14.39
0.80 20.11 20.15 20.30 20.22
0.90 26.80 26.94 26.08 26.54
1.00 32.43 32.53 32.73 33.41
313.15§ K
0.30 1.654 1.742 1.652 1.829
0.40 3.672 3.474 3.670 3.510
0.50 6.611 6.521 6.727 6.316
0.60 11.24 11.01 10.86 10.48
0.70 15.79 15.80 16.11 15.94
0.80 22.22 22.44 22.43 22.34
0.90 29.69 29.83 29.27 29.26
1.00 34.83 35.18 34.97 36.78
318.15 K
0.30 1.802 1.908 1.801 2.046
0.40 3.949 3.972 3.957 3.904
0.50 7.25§ 7.152 7.241 6.994
0.60 11.80 11.95 11.80 11.57
0.70 17.83 17.82 17.81 17.57
0.80 25.16 24.97 25.25 24.60
0.90 33.25 32.97 33.15 32.25
1.00 38.64 38.19 38.67 40.58
323.15 K
0.30 2228 2.059 2.239 2253
0.40 4.496 4.523 4411 4.287
0.50 7.659 7.713 7.818 7.666
0.60 12.75 12.72 12.82 12.67
0.70 20.08 20.14 19.65 19.26
0.80 27.76 27.76 28.02 27.03
0.90 36.31 36.36 36.40 35.53
1.00 41.53 41.59 41.46 44.88

“x, is the experimental solubility; xfPPRt xTNIBS and x84 are the
calculated mole solubility according to the modified Apelblat model,
the CNIBS/R-K model, and the Apelblat—Jouyban—Acree model,
respectively. x5 represents the initial mole fraction of water in the
binary aqueous solvent. The standard uncertainty is u(T)= 0.1 K,
and the relative standard uncertainties u, are u,(P) = 0.01, u(x,) =
0.03, and u,(x3) = 0.001.

data of the selected models are shown in Tables S1—S3. All of
the ARD % values are smaller than 5.97%, proving that these
models can accurately predict the solubility data. For water +
methanol, the fitting order of the selected three thermodynamic
models is Apelblat—Jouyban—Acree model (ARD = 0.0319) >
CNIBS/R-K model (ARD =0.0155) > modified Apelblat model
(ARD = 0.0150). In addition, the correlation ability of F-test
evaluation model for data is shown in Table S4. The results of F-
test and ARD judgment are consistent; the fitting effect of
modified Apelblat model parameters is the best. For water + n-
propanol, the fitting order is Apelblat—Jouyban—Acree model
(ARD = 0.0355) > CNIBS/R-K model (ARD = 0.0212) >
modified Apelblat model (ARD = 0.0168). For water + DMF,

the fitting order is Apelblat—Jouyban—Acree model (ARD =
0.0436) > CNIBS/R-K model (ARD = 0.0142) > modified
Apelblat model (ARD = 0.0127). For water + acetonitrile, the
fitting order is Apelblat—Jouyban—Acree model (ARD =
0.0355) > CNIBS/R-K model (ARD = 0.0212) > modified
Apelblat model (ARD = 0.0199).

The findings demonstrate that all three thermodynamic
models used in this work give good-fitting results. The modified
Apelblat model can correlate the solubility data at various
temperatures, whereas the CNIBS/R-K model can correlate the
solubility of various binary solvents with various compositions,
and the Apelblat—Jouyban—Acree model can also take temper-
ature and solvent content into account. According to the fitting
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Table 4. Experimental and Correlated Solubility of NAG in Water + N,N-Dimethylformamide at Temperatures from 283.15 to

323.15 K under Atmospheric Pressure (p = 0.1 MPa)*"

Py 103, 103, Apelblat 103, CNIBS 103,414
283.15S K
0.00 5.339 5411 5.333 5.041
0.30 6.582 6.621 6.649 6.478
0.40 6.671 6.682 6.655 6.659
0.50 6.768 6.963 6.646 6.925
0.60 6.856 6.928 6.826 7.438
0.70 7.321 7.225 7.486 8.409
0.80 9.028 9.094 9.158 10.18
0.90 13.57 13.90 13.15 13.39
1.00 23.20 23.49 23.47 19.39
288.15 K
0.00 5.568 SA72 5.557 5.150
0.30 6.927 6.863 7.036 6.853
0.40 7.223 7.100 7.278 7.134
0.50 7.886 7.514 7.519 7.512
0.60 8.036 7.755 7.947 8.164
0.70 8.365 8.416 8.861 9.332
0.80 10.65 10.67 10.83 11.41
0.90 16.13 15.77 15.20 15.13
1.00 25.26 24.82 25.82 22.06
293.15S K
0.00 5.706 5.635 5.697 5.377
0.30 7.297 7.254 7.409 7.349
0.40 7.608 7.659 7.637 7.727
0.50 8.373 8.205 7.995 8.214
0.60 8.665 8.719 8.702 9.010
0.70 9.629 9.764 10.06 10.38
0.80 12.55 12.40 12.62 12.78
0.90 18.18 17.79 17.45 17.05
1.00 26.61 26.37 27.05 24.96
298.15 K
0.00 5.848 5.902 5.840 5.730
0.30 7.746 7.806 7.870 7.982
0.40 8.255 8.378 8.155 8.453
0.50 8.854 9.057 8.664 9.051
0.60 9.556 9.844 9.648 9.992
0.70 11.18 11.29 11.42 11.58
0.80 14.47 14.30 14.47 14.32
0.90 20.03 19.93 19.59 19.17
1.00 27.79 28.15 28.05 28.11
303.15S K
0.00 6.194 6.279 6.191 6.224
0.30 8.482 8.544 8.545 8.773
0.40 9.138 9.284 9.044 9.336
0.50 9.789 10.10 9.778 10.04
0.60 10.97 11.16 11.00 11.13
0.70 12.98 13.00 13.04 12.95
0.80 16.36 16.35 16.37 16.0S
0.90 21.90 22.21 21.75 21.50

Py 103, 103, Apelblat 103, ONIBS 103,41
303.15 K
1.00 30.29 30.20 30.38 31.51
308.15 K
0.00 6.842 6.779 6.840 6.882
0.30 9.551 9.499 9.595 9.750
0.40 10.49 10.41 10.43 10.40
0.50 11.49 11.37 11.49 11.22
0.60 13.01 12.69 13.01 12.46
0.70 15.28 14.92 15.27 14.50
0.80 18.52 18.56 18.72 17.98
0.90 24.39 24.61 24.09 24.05
1.00 32.43 32.53 32.55 35.16
313.1S K
0.00 7.379 7.420 7.375 7.736
0.30 10.66 10.72 10.76 10.95
0.40 11.94 11.82 11.74 11.68
0.50 12.85 12.91 12.95 12.60
0.60 14.63 14.47 14.63 13.99
0.70 17.17 17.07 17.09 16.27
0.80 20.45 20.92 20.78 20.13
0.90 26.81 27.13 26.39 26.85
1.00 34.83 35.18 35.00 39.07
318.15S K
0.00 8.240 8.226 8.232 8.832
0.30 12.41 12.26 12.59 12.41
0.40 14.05 13.55 13.80 13.22
0.50 15.28 14.78 15.17 14.24
0.60 16.79 16.56 16.98 15.77
0.70 19.44 19.47 19.56 18.29
0.80 23.39 23.41 23.42 22.54
0.90 29.73 29.76 29.39 29.91
1.00 38.64 38.19 38.84 43.25
323.15S K
0.00 9.249 9.229 9.248 10.23
0.30 14.12 14.20 14.13 14.19
0.40 15.25 15.68 15.27 15.07
0.50 16.80 17.06 16.70 16.17
0.60 18.66 18.99 18.78 17.84
0.70 21.93 22.13 21.87 20.59
0.80 26.37 26.04 26.41 25.23
0.90 3291 32.49 32.86 33.28
1.00 41.53 41.59 41.55 47.68

“, is the experimental solubility; x} pelblat - CNIBS - and aVA are the
calculated mole solubility according to the modified Apelblat model,
the CNIBS/R-K model, and the Apelblat—Jouyban—Acree model,
respectively. &) represents the initial mole fraction of water in the
binary aqueous solvent. “The standard uncertainty is u(T)= 0.1 K,
and the relative standard uncertainties u, are u,(P) = 0.01, u,(x;) =
0.03, and u,(x3) = 0.001.

results, the solubility value of any temperature point can be
calculated, which can be used to control supersaturation and
calculate yield. It is useful to the design of the crystallization
process of NAG.”

5. CONCLUSIONS

The PXRD and thermal analysis confirmed that the crystal form
was stable during the whole experiment. Using a gravimetric
approach, the solubility of NAG in three pure solvents (water,

methanol, and N,N-dimethylformamide) and four binary
solvents (water + methanol, water + n-propanol, water +
DMF, and water + acetonitrile) was measured between 283.15
and 323.15 K. The solubility of NAG in all solvents was found to
be enhanced significantly with increasing temperature. The
order of the four solvents’ mole fraction solubilities at 298.15 K
is water + DMF > water + methanol > water + n-propanol >
water + acetonitrile. It also increases when the solvent polarity
and total hydrogen bond donor inclinations of the solvents rise.
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ACS Omega 2023, 8, 47463—-47471


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 5. Experimental and Correlated Solubility of NAG in Water + Acetonitrile at Temperatures from 283.15 to 323.15 K

under Atmospheric Pressure (p = 0.1 MPa)™”
xg 1 OSxIEXP il 03x1Apelblat 103x1CNIBS 1 OSxIAJA
283.15 K
0.30 0.3450 0.3622 0.3550 0.3466
0.40 1.200 1.217 1.075 1.105
0.50 2.072 2.286 2.368 2.552
0.60 4.414 4.305 4.348 4.798
0.70 7.807 7.940 7.267 7.954
0.80 11.26 11.51 11.52 12.13
0.90 16.80 17.06 17.20 17.08
1.00 23.20 23.49 22.94 21.49
288.15S K
0.30 0.4447 0.4184 0.4425 0.4071
0.40 1.345 1.336 1.390 1.271
0.50 3235 2756 2.970 2.890
0.60 4.669 4.944 5.199 5.370
0.70 8.885 8.714 8383 8.816
0.80 13.13 12.79 13.08 13.33
0.90 19.09 18.68 19.41 18.64
1.00 25.26 24.82 25.13 23.34
293.1S K
0.30 0.4961 0.4789 04926 04729
0.40 1.496 1.470 1.533 1.449
0.50 3.507 3.245 3.433 3.252
0.60 6.270 5.641 6.207 5.982
0.70 9.701 9.598 9.857 9.74S
0.80 14.36 1421 14.51 14.64
0.90 20.66 20.46 20.29 20.38
1.00 26.61 26.37 26.76 25.43
298.15 K
0.30 0.5513 0.5437 0.5495 0.5435
0.40 1.642 1.618 1.659 1.638
0.50 3.708 3.739 3.681 3.635
0.60 6.743 6.396 6.687 6.635
0.70 10.63 10.61 10.73 10.75
0.80 15.82 15.78 15.90 16.08
0.90 22.20 22.40 22.00 22.30
1.00 27.79 28.15 27.87 27.79
303.15S K
0.30 0.5994 0.6123 0.5962 0.6184
0.40 1.757 1.782 1.795 1.838
0.50 4.106 4.220 3.993 4.040
0.60 7.238 7210 7.295 7.329
0.70 11.68 11.76 11.78 11.82
0.80 17.55 17.53 17.51 17.64
0.90 24.31 24.53 24.19 2443
1.00 30.29 30.20 30.35 30.45

Py 103, 103, Apelblat 10, CNIBS 103,44
308.1S K
0.30 0.6441 0.6844 0.6415 0.6970
0.40 1.940 1.966 1.968 2.046
0.50 4.45S 4.673 4.394 4.464
0.60 8.046 8.083 8.029 8.064
0.70 12.93 13.07 12.99 12.98
0.80 19.18 19.48 19.37 19.34
0.90 26.95 26.86 26.63 26.79
1.00 32.43 32.53 32.54 33.45
313.1S K
0.30 0.7824 0.7596 0.7783 0.778S
0.40 2.159 2.169 2.201 2.262
0.50 4.945 5.081 4.836 4.907
0.60 8.902 9.014 8.920 8.840
0.70 14.4S 14.56 14.56 14.22
0.80 21.46 21.64 21.59 21.19
0.90 29.45 29.40 29.14 29.40
1.00 34.83 35.18 34.95 36.83
318.15 K
0.30 0.8323 0.8376 0.8332 0.8623
0.40 2.393 2.395 2.382 2.484
0.50 S$.311 5.431 5.351 5.366
0.60 10.06 10.00 10.02 9.657
0.70 16.37 16.26 16.35 15.54
0.80 23.87 24.03 23.92 23.20
0.90 31.88 32.18 31.87 32.29
1.00 38.64 38.19 38.64 40.64
323.1S K
0.30 0.9334 0.9177 0.9321 0.9476
0.40 2.672 2.646 2.690 2.710
0.50 6.089 5.714 6.006 5.841
0.60 11.06 11.05 11.18 10.51
0.70 18.28 18.20 18.28 16.95
0.80 27.09 26.69 2691 25.39
0.90 35.49 35.21 35.65 35.49
1.00 41.53 41.59 41.49 44.92

“x, is the experimental solubility; xfPPRt xTNIBS and x84 are the
calculated mole solubility according to the modified Apelblat model,
the CNIBS/R-K model, and the Apelblat—Jouyban—Acree model,
respectively. x5 represents the initial mole fraction of water in the
binary aqueous solvent. The standard uncertainty is u(T)= 0.1 K,
and the relative standard uncertainties u, are u,(P) = 0.01, u(x,) =
0.04, and u,(x3) = 0.001.

Table 6. Main Physicochemical Properties of the Five Pure
Solvents™®

solvent z Ya® 5
water 1.09 1.17 0.47
N,N-dimethylformamide 0.88 0.00 0.74
methanol 0.60 0.43 0.47
n-propanol 0.52 0.37 0.48
acetonitrile 0.75 0.07 0.35

“Polarity of the solvent. “Summation of the hydrogen bond donor
propensities of the solvent. “Summation of the hydrogen bond
acceptor propensities of the solvent.

47469

The modified Apelblat model, the CNIBS/R-K model, and the
Apelblat—Jouyban—Acree model were used to fit the solubility
data. The solubility data measured in this experiment can
provide basic data for the optimal design and operation of
crystallization processes.
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