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ABSTRACT: The solubilities of phloretin in methanol, ethanol, propan-1-ol, propan-2-ol, butan-1-ol, butan-2-ol, pentan-1-ol,
hexan-1-ol, ethyl acetate, butyl acetate, 1,4-dioxane, and water were measured at T = (288.2, 298.2, 308.2, 318.2, and 328.2) K and
atmosphere pressure. The experimental results show that the phloretin is soluble in methanol, ethanol, propan-1-ol, propan-2-ol,
butan-1-ol, butan-2-ol, pentan-1-ol, hexan-1-ol, ethyl acetate, butyl acetate, and 1,4-dioxane but insoluble in water. The solubilities of
phloretin in selected solvents increase with increasing temperature. A simplified thermodynamic equation and a three-parameter
Apelblat equation were used to correlate the experimental data.

B INTRODUCTION

Phloretin [3-(4-hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)-
1-propanone, CAS no. 60-82-2; Figure 1] is a natural product
found mainly in apples, pears, and other juicy fruits,' * and it has
many biological and pharmacological activities, such as moistur-
izing and antioxidative effects.”® In addition to extraction from
apples, nowadays phloretin can be prepared easily from the
available compound dihydrochalcone (DHC). In order to get
high-purity phloretin to meet the increasing demand for this
compound in food, pharmaceutical, cosmetic, and health pro-
ducts, solubility data for phloretin in different solvents at different
temperatures should be well-known. Unfortunately, solubility
data for phloretin in different solvents have not been found in the
literature.

In this work, the solubilities of phloretin in methanol, ethanol,
propan-1-ol, propan-2-ol, butan-1-ol, butan-2-ol, pentan-1-ol,
hexan-1-ol, ethyl acetate, butyl acetate, 1,4-dioxane, and water
were measured at T = (288.2, 298.2, 308.2, 318.2, and 328.2) K
and atmosphere pressure. A simplified thermodynamic equation
and a three-parameter Apelblat equation were used to correlate
the experimental data

B EXPERIMENTAL SECTION

Materials. The pale-red powder of phloretin (0.98 mass
fraction) was supplied by Skyherb Ingredients Co. Ltd.
(China). The phloretin was dissolved in a mixture of ethanol
and water in a 3:2 mole ratio, refluxed for about 2 h, and
recrystallized twice at room temperature. The phloretin was dried
inavacuum oven at T' = 378 K for 24 h and stored in a desiccator to
avoid absorption of water. The mass-fraction purity was 0.993 for
the phloretin, as determined by high-performance liquid chroma-
tography (HPLC) using a Shimadzu LC-10AD chromatograph.
The melting point of phloretin was found to be T = (534 £ 0.3) K,
as determined by a thermal analyzer (Netzsch STA409 PG/PC).
All of the organic solvents (HPLC or analytical grade) were dried
with (0.3 to 0.4) nm molecular sieves before use. Deionized water
was distilled using a quartz sub-boiling purifier. The reference
standard of apigenin, whose mass-fraction purity was 0.998, was
purchased from Sigma Chemical Corporation (USA).
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Figure 1. Structure of phloretin (C;sH;405).

Solubility Measurements. Glass-stoppered conical flasks,
each with a Teflon-coated magnetic stirrer, were used to prepare
saturated solutions (about 50 mL) of phloretin with excess solid
solute (about 0.5 g) in the 12 solvents. Each saturated solution
with solid solute was then put into three glass-stoppered test
tubes; each test tube contained about 10 mL of saturated solution
and was stoppered and sealed with Parafilm to prevent evapora-
tion of the solvent. Next, the test tubes were directly placed in a
constant-temperature thermostatic bath (THJD-0510W, China)
with a temperature stability of 0.05 K and a temperature
uncertainty of 0.1 K. Undissolved solid and solution were allowed
to settle for about (24 to 48) h in the dark to ensure solid—liquid
equilibrium and stability of phloretin before sampling.

About 0.1 mL of the clear saturated solution was withdrawn
from each test tube using a preheated glass syringe (1.0 mL). The
glass syringe with saturated solution was weighed using an
analytical balance (Sartorius CP225D) with an accuracy of %+
0.01 mg. In order to prevent evaporation of solvent during the
weighing procedure, the needle was closed with silicon rubber.
The saturated solution was injected into a volumetric flask
(10 mL) immediately to prevent precipitation. After that, the
mass of the glass syringe with the remaining solution was
determined. The solutions of samples used in the analysis were
diluted to the mark with methanol.

The solubility was determined using an HPLC system
(Shimadzu LC-10AD). All of the chromatographic analyses were
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performed on a Diamonsil ODS C g column (250 mm X 4.6 nm,
S um) with the wavelength of the detector set at 280 nm. The
mobile phase was composed of acetonitrile and a 0.002 mass
fraction phosphoric acid solution in a 40:60 mass ratio at a flow
rate of 1.0 mL-min " ". The reference standard solution contain-
ing about 0.3 mg-mL ™" of phloretin was prepared in methanol.
The injected volumes of sample and reference standard solutions
were 20 uL. All of the chromatograph procedures were per-
formed at room temperature.

B RESULTS AND DISCUSSION

Because of the low solubilities of phloretin in the selected
solvents, HPLC was used to determine the concentration of a
saturated solution of phloretin. To prove the reliability of the
experimental method, known masses of phloretin were dissolved
in methanol solutions and then determined by HPLC. The
average relative uncertainty was 1.8 %.

The solubility data for phloretin in methanol, ethanol, propan-
1-ol, propan-2-ol, butan-1-ol, butan-2-ol, pentan-1-ol, hexan-1-
ol, ethyl acetate, butyl acetate, 1,4-dioxane, and water at T =
(288.2,298.2, 308.2, 318.2, and 328.2) K [as mole fractions (x;)
and molalities (m,)] are presented in Table 1. Each solubility
value is an average of three independent determinations in the
same solvent. The expanded uncertainty (+) for each data point
is also listed in Table 1. The experimental results show that the
phloretin is soluble in methanol, ethanol, propan-1-ol, propan-2-
ol, butan-1-ol, butan-2-ol, pentan-1-ol, hexan-1-ol, ethyl acetate,
butyl acetate, and 1,4-dioxane but insoluble in water.

According to the theory of solid —liquid phase equilibrium, the
relationship between solubility and temperature is expressed as’
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where ¥ is the activity coeflicient of phloretin on a mole fraction
basis, «; is the mole-fraction solubility of phloretin, Ag,H is the
enthalpy of fusion of phloretin, AC, is the change of the heat
capacity, T is the absolute temperature, T, is the triple-point
temperature of phloretin, and R is the gas constant. Equation 1
can be simplified to”

i) = (1- 77 o)
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in which T, is normal melting temperature. Equations 1 and 2
are valid only for simple eutectic systems. The activity coeflicient
of the solute in an organic solvent is represented by the simple
empirical relation®
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where C is a parameter. Because the solubilities of phloretin in

the selected solvents are low [i.e, (1 — x;) &~ 1], eq 4 can be
obtained from eqs 2 and 3:

A
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where A and B are constants. The data for the solubility of
phloretin in different solvents were correlated using eq 4, and the

Table 1. Solubilities of Phloretin in Different Solvents at
T = (288.2, 298.2, 308.2, 318.2, and 328.2) K

m my
T/K (mol-kg™")  10%-x° (mol-kg™") 10%-x,
Methanol Ethanol
2882 0.78+0.04" 245+ 0.13 0.7840.04 345+£0.17
2982 0.83+£0.03 2.5940.10 0.84+0.04 3.73 £0.16
3082 0.88+0.01 2.7540.03 0.90+0.01 3.99 £0.04
3182 0.96+0.02 2.9940.05 0.95+0.02 4.21+£0.08
3282 1.02£0.03 3.17£0.10 1.01£0.01 447 £0.01
Propan-1-ol Propan-2-ol
2882 0.51+£0.03 3.00 £0.15 0.60+0.02 3.51+0.12
2982 0.55£0.03 3.18+0.15 0.64=£0.03 3.74+0.14
308.2 0.58 £0.01 3.364+0.05 0.68=+ 0.02 3.90 +0.08
3182 0.624+0.01 3.584+0.03 0.71+0.04 4.111+0.20
3282 0.66+0.01 3.82+0.06 0.7540.02 42940.11
Butan-1-ol Butan-2-ol
2882 0.47+0.01 3.36+0.04 0.14£0.01 1.01 £ 0.04
2982 0.49+0.01 3.504+0.03 0.1940.01 1.40 +0.04
308.2 0.51 £0.01 3.624+0.01 0.24+ 0.01 1.75£0.06
3182 0.53+0.01 3.784+0.06 0.30+0.01 2.17 £0.06
3282 0.55£0.01 3.94=40.10 0.34=£0.01 2.44+0.01
Pentan-1-ol Hexan-1-ol
2882 0.35+0.01 3.01 £0.08 0.29+0.01 2.89+ 0.1
2982 0.38£0.02 3.2440.13 0.32+£0.01 3.13+0.12
308.2 0.40 £0.01 3.40£0.07 0.34=£0.02 3.324+0.15
3182 04240.02 3.574+0.18 0.35%+0.01 347 +0.12
3282 0454+0.02 3.784+0.19 0.37+0.02 3.66+0.15
Ethyl Acetate Butyl Acetate
2882 0.314+0.01 2.66 0.1 0.234+0.01 2.58 + 0.08
2982 0.33+0.02 2.83+0.15 0.25+£0.01 2.811+0.03
3082 0.36 £0.01 3.094+0.07 0.27=+£ 0.01 3.05 £0.08
3182 040+0.02 3.4340.13 0.29+0.01 3.23+0.02
3282 044+0.02 374+02 031+0.01 3.46+0.13
1,4-Dioxane Water

2882 0244001 2114005 (1.9240.03)-10 * (3.46+£0.06)-10"*
2982 0294001 2494 0.02 (32040.02)-10 * (5.76+0.05)-10"*
3082 0344001 290+ 0.01 (62140.02)-10 % (1.12£0.05)-10"3
3182 0394001 3314008 (9.3140.01)-10* (1.70£0.01)-10"3
3282 0454001 3.84+0.03 (1.5040.06)-10 > (2.70£0.01)-10 >

“ Mole fraction of solute. ” Expanded uncertainties () were calculated
as SD -k, where SD is the standard deviation and k is the coverage factor

(k=2).

results are given in Table 2 along with the root-mean-square
deviation (rmsd) values.

Additionally, according to the theory of solid-liquid phase
equilibrium, the relationship between the mole-fraction solubility
and temperature also can be expressed by the modified Apelblat
equation:9

b
Inx; =a + T + ¢In(T/K) ()

where g, b, and c are empirical parameters. They were obtained by
nonlinear least-squares fitting and are listed in Table 3 together
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Table 2. Values of the Parameters in Equation 4 for Phloretin
in Different Solvents

parameter

solvent A/K B 10%- rmsd
methanol —624.728 —1.553 0.03
ethanol —602.724 —1.271 0.01
propan-1-ol —586.232 —1.484 0.02
propan-2-ol —470.548 —L715 0.01
butan-1-ol —372.933 —2.102 0.01
butan-2-ol —2100.664 2.739 0.08
pentan-1-ol —523.396 —1.682 0.01
hexan-1-ol —547.684 —1.636 0.02
ethyl acetate —801.449 —0.861 0.04
butyl acetate —687.683 —1.267 0.02
1,4-dioxane —1400.791 1.003 0.02
water —4909.549 4453 0.04-10"°

Table 3. Parameters of Equation 5 for Phloretin in Different
Solvents

parameter
solvent a b/K c 10%-rmsd
methanol —57.69 1938.524 8.343 0.02
ethanol 15.774 —1381.007 —2.533 0.01
propan-1-ol —14.363 1212 1914 0.01
propan-2-ol 8.938 —956.968 —1.583 0.01
butan-1-ol —22.845 574.213 3.083 0.01
butan-2-ol 310.126 —16136.226 —45.683 0.02
pentan-1-ol —0.603 —572.682 —0.16 0.02
hexan-1-ol 42.625 —2568.665 —6.578 0.01
ethyl acetate —79.7 2798.397 11.717 0.03
butyl acetate 27.126 —1984.12 —4.22 0.01
1,4-dioxane —10.474 —876.718 1.706 0.02
water —102.964 —2.251 15.963 0.06-10 2
T T T T T T T M T
0.045 |- B
0.040 |- B
0.035 - B
0.030 |- B
0.025 |- 4
® 0020 .
0.015 - B
0.010 |- 4
0.005 |- _
O‘OOO I 1 L 1 L o | L 1 2 | ]
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Figure 2. Solubilities of phloretin in 12 solvents as functions of
temperature: B, methanol; %, ethanol; <, propan-1-ol; V, propan-2-ol;
¥, butan-1-ol; A, butan-2-ol; @, pentan-1-ol; O, hexan-1-ol; @, ethyl
acetate; O, butyl acetate; A, 1,4-dioxane; ¥, water. Solid lines were
calculated using eq S with the parameter values in Table 3.

with the rmsd values. In both Table 2 and Table 3, the rmsd is
defined as

. 1/2
rmsd = %Z (xiﬂCd - xi’ftl)z (6)
i=1
where x§%* is the solubility calculated using eq 4 or 5, %" is the
experimental value of the mole-fraction solubility of phloretin,
and n is the number of experimental data points for each solvent.
The solubility data for phloretin in the 12 solvents are plotted
versus temperature in Figure 2. The lines were calculated using
eq S with the parameter values in Table 3. Figure 2 shows that the
solubilities of phloretin in the selected solvents increase with
increasing temperature and that the temperature dependence of
the solubility in 1,4-dioxane is much stronger than for any of the
other solvents.

B CONCLUSIONS

The solubilities of phloretin in different solvents over the
temperature range (288.2 to 328.2) K were measured using a
saturation method. From the experimental data, some conclu-
sions can be obtained. First, for all of the systems in this work, the
solubilities of phloretin increase with increasing temperature.
Second, the best solubility of phloretin was shown in alcohols,
particularly methanol and ethanol. Third, Figure 2 shows that the
temperature dependence of the solubility in 1,4-dioxane is much
stronger than for any of the other solvents. The reason for this
may be that the activity coeflicient given by eq 2 has a larger
deviation from 1, in view of the nature of the solvent itself and the
strong interaction between the solute and solvent. Fourth, the
solubilities of phloretin calculated using the two equations show
good agreement with the experimental values, and it can be seen
that the correlated results obtained using eq S are a little better
than those from eq 4. Thus, the experimental solubilities and
correlation equations in this paper can be used as essential data in
the purification process of phloretin by crystallization in labora-
tory and related industries.
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