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ABSTRACT: A novel dispersion polymerization of 2-
phenoxyethanol (PE) with formaldehyde for the prepara-
tion of crosslinked phenolic-typed beads (CPBs) is
reported. Monodisperse CPBs with particle sizes in the
range 400-700 pm were obtained. The dispersion poly-
merization of PE with formaldehyde was conducted
with hydroxyethyl cellulose, concentrated sulfuric acid,
and formic acid as a stabilizer, catalyst, and solvent,
respectively. The effects of reaction variables, including
the polymerization temperature, agitation rate, molar ra-
tio of formaldehyde to 2-phenoxyethanol (F/P), stabilizer
concentration, and amount of the catalyst on the particle

size, particle size distribution, and morphology, were
investigated. Particularly, CPBs of a size 604 pm and a
narrow particle size distribution (polydispersity index =
1.193) were prepared under the following conditions: po-

lymerization temperature = 60°C, agitation rate = 700
rpm, stabilizer concentration = 2.5%, F/P = 3 : 1, and
amount of catalyst = 8 mL. The resulting CPBs were

characterized by scanning electron microscopy and laser
particle analysis. © 2010 Wiley Periodicals, Inc. ] Appl Polym
Sci 117: 216-221, 2010

Key words: polycondensation; resins; synthesis

INTRODUCTION

Recently, crosslinked polymer resins in particulate
form have been attractive because of their many appli-
cations, including in absorption materials, chromatog-
raphy, biomedical technology, controlled release of
agrochemicals, and pharmaceuticals."  Many
approaches have been reported to prepare monodis-
perse polymer microspheres with heterogeneous poly-
merization techniques, including suspension, disper-
sion, emulsion, and interfacial polymerizationfH A
comparison of various techniques used to produce
nanospheres and microspheres was reviewed."?
Among the aforementioned polymerization techni-
ques, dispersion polymerization has been found to be
an effective method for producing monodisperse poly-
mer particles. It is evident that the formation of micro-
meter-size polymer particles reported so far have usu-
ally been conducted by the polymerization of vinyl
monomers. The preparation of phenolic microspheres
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by dispersion polymerization is less published in the
literature.

Generally, phenolic particles are prepared either
by the cryogenic grinding of thermoplastic or ther-
mosetting phenolic resin or by the suspension poly-
merization of phenolic prepolymer in aqueous or
nonaqueous media.'* " The former usually needs
heavy manual labor. More importantly, no regular
phenolic particles with a narrow particle size distri-
bution can be obtained. The latter often consists of
two separate steps. In the first step, a phenolic pre-
polymer is produced through the reaction of phenol
with formaldehyde in the presence of an acid or base
catalyst. The obtained prepolymer is then allowed to
crosslink and convert phenolic particles. In the sec-
ond step, the stabilizer is used to prevent the coagu-
lation of the phenolic prepolymer in the particle for-
mation stage. To our knowledge, no study has been
reported so far on the synthesis of crosslinked pheno-
lic-typed beads (CPBs) via the dispersion polymer-
ization of 2-phenoxyethanol (PE) with formaldehyde.

In this article, we report the synthesis of CPBs by
dispersion polymerization with PE as novel polycon-
densable monomer and hydroxyethyl cellulose
(HEC) as a stabilizer. The effects of the polyconden-
sation temperature, agitation rate, molar ratio of
formaldehyde to 2-phenoxyethanol (F/P), stabilizer
concentration, and amount of sulfuric acid on the
particle size and size distribution were investigated.
The resulting CPBs were characterized with
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scanning electron microscopy (SEM) and laser parti-
cle analysis.

EXPERIMENTAL
Materials

PE (CR, Shanghai Lingfeng Chemical Reagents Co.,
Ltd., Shanghai, China), formaldehyde solution (37-
41% w/v), sulfuric acid (> 98%, Laiyang Economic De-
velopment Zone Fine Chemical Factory, Laiyang,
China), formic acid (AR, Tianjin Regent Chemicals Co.,
Ltd., Tianjin, China), and HEC (weight-average molec-
ular weight = 4000, Shanghai Chemical Reagents of
China Pharmaceutical Co., Shanghai, China) were
used as received.

Typical dispersion polycondensation procedure

A typical procedure for the polycondensation was as
follows: PE (25.00 mL, 27.74 g), formaldehyde solu-
tion (37% w/w solution, 50.00 mL, 53.33 g), formic
acid (50.00 mL, 61.00 g), and HEC (1.144 g) were
mixed in a 250-mL, three-necked flask, attached to a
mechanical stirrer, a reflux condenser, and dropping
funnel. After HEC was dissolved thoroughly, 8.0 mL
of sulfuric acid (98%, w/w) was added dropwise
over 0.5 h. The reaction mixture was then allowed to
react at predetermined temperature for 14 h. After
the polycondensation reaction, the resulting poly-
meric beads were separated by filtration and washed
with water, a 5% NaOH aqueous solution, water,
and ethanol in that order. Then, the polymeric beads
were moved to a Soxhlet extraction apparatus for
reflux extraction in 95% ethanol for 4 h and were
finally dried in vacuo at 50°C for 48 h. The polymer
conversion was determined gravimetrically.

Characterization

The surface morphology of the particle was recorded by
SEM (JSM-5610LV, JEOL, Tokyo, Japan). The samples
were sputter-coated with gold before analysis. The
mean particle size of the CPBs was manually calculated
from each sample micrograph by computerized imagine
analysis.”! Two types of mean particle size were calcu-
lated: number-average mean particle size (D,) and
weight-average mean particle size (D). The polydisper-
sity index (PDI) was obtained as follows:*

n n n n
D, :Zd,/zn,-; Dwzzd?/zd?;
i—1 i=1 i—1 i=1
PDI = D,,/D,,
where D, is the number-average diameter, D,, is the

weight-average diameter, 1, is the number of particle
i, and d; is the diameter of particle i.
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The D,, and size distribution coefficient values of
the particles were measured with a laser particle
size analyzer (LS13320, Becjman Coulter, Los
Angeles, CA). The samples were dispersed in etha-
nol under ultrasonic vibration before measurement.

RESULTS AND DISCUSSION

In this article, the reaction mixture, consisting of PE,
formaldehyde solution, formic acid, and HEC, was
homogeneous. After the sulfuric acid was added, the
polycondensation of PE with formaldehyde took
place immediately. Initially, the polymerization
occurred in the continuous phase. When the poly-
mer chain grew too long to be dissolved in the solu-
tion, the oligomer precipitated from the continuous
phase to form nuclei. The primary nuclei were
unstable and tended to aggregate with each other.
During the aggregation process, the nuclei could
adsorb HEC, and then, stable particles were formed.
The possible crosslinked structure of the CPBs is
shown in Scheme 1 In following sections, the effects
of the reaction variables on the particle size and size
distribution, together with the particle morphology
and yield, are discussed in detail.

Effect of the polycondensation temperature

The particle size and size distribution of CPBs pre-
pared under different polycondensation temperatures
are tabulated in Table 1 When the polycondensation
temperature was 50°C, no polymeric beads were
obtained. Once the polycondensation temperature was
raised to 60-80°C, CPBs in the size range 406-661 pm
were formed. These experimental results illustrate that
the polycondensation temperature had an important
effect on the particle formation during the

OCQH4OH OC9H40H

8 ; LCHa, i CHa.
£CQH4OH ; CoH40H

Scheme 1 Structure of the CPBs.
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TABLE I
Effect of the Reaction Temperature on the Particle Size and Particle Size Distribution

Run Temperature (°C) D,, (um) PDI Yield (%)? Particle morphology
Al 50 — — — Coagulum

A2 60 661.046 1.175 43.54 Bead

A3 70 406.423 1.320 48.32 Bead

A4 80 462.226 1.512 50.63 Bead

The reaction conditions were as follows: 27.74 g of PE, 53.33 g of a formaldehyde solution, 1.14 g of HEC, 8 mL of sul-

furic acid, 61.00 g of formic acid, 14 h, and 700 rpm.

? Determined gravimetrically (the spherical beads were weighted).

polycondensation process of PE with formaldehyde.
The particle size first decreased with increasing poly-
condensation temperature and then increased later.
The decrease of the average particle size of the CPBs
with increasing polycondensation temperature might
be attributed to the increase in the rate constant of
propagation and the concentration of precipitated
chains.® These factors facilitated the formation of more
primary nuclei and stable particles, which resulted in
smaller beads. On the other hand, the increase in the
polycondensation temperature might also have
induced a decrease in the amount of adsorbed stabi-
lizer because of the decreased viscosity of the medium
and the increase in the growth rate of the existing par-
ticles. As a result, the particle size of the CPBs
increased. Also, the polycondensation temperature had
an important effect on the particle size distribution.
CPBs with a narrow size distribution (PDI = 1.175)
were obtained when the polycondensation tempera-
ture was 60°C. The particle size distribution of CPBs
produced at higher polycondensation temperatures
was broader. The phenomenon could be explained as
follows: at higher polycondensation temperatures, the
specific surface area of the CPBs increased because of
the increase in the number of the nuclei formed at the
earlier stage of nucleation. The stabilizer was not able
to provide sufficient protection against particle aggre-
gation, which led to the intensification of coalescence.
The experimental results tabulated in Table I also dem-
onstrate that no significant change in the yields of the
CPBs was observed when the temperature was varied
in the range 60-80°C. Thus, the effect of the reaction
parameters on the yield of CPBs are no longer dis-
cussed for the following experiment.

The SEM images in Figure 1 show that CPBs had
a spherical shape and a smooth surface. No pores
were found on the surface of these particles, even at
higher magnification, which confirmed the absence
of macropores.

Effect of the agitation rate

The relation between the size and size distribution
of CPBs and the agitation rate is shown in Figure 2.
As shown in Figure 2, the particle size of the CPBs
first increased slightly and then decreased sharply
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when the agitation rate varied from 500 to 800 rpm.
Meanwhile, the particle size distribution became
broader as the agitation rate increased. These results
could be explained as follows: the stress field
derived from stirring increased with increasing agi-
tation rate. At a higher agitation rate, the mechanical
force acting across the nuclei was higher, which
reduced the extent of aggregation and increased the
number of nuclei. As a result, smaller CPBs were
obtained."” However, when the agitation rate was
too high, the formation and growing process of

Figure 1 SEM micrographs of CPBs at different polycon-
densation temperatures.
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Figure 2 Effect of the agitation rate on the particle size
and size distribution (reaction conditions: 27.74 g of PE,
53.33 g of a formaldehyde solution, 61.00 g of formic acid,
1.14 g of HEC, 8 mL of sulfuric acid, 14 h, and 60°C).

microspheres might have been disturbed because the
steric stabilization of HEC was seriously destroyed
by the fierce agitation.** This might have upset the
uniformity of the primary nuclei, which resulted in
a broader particle size distribution. Although disper-
sion polymerization is less sensitive to the agitation
rate than suspension polymerization and emulsion
polymerization, the proper agitation rate should be
selected to reduce the coacervation effect.

Effect of the stabilizer concentration

The stabilizer plays a crucial role in dispersion poly-
merization.”>*>?® It provides a protective effect to pre-
vent aggregation during the particle-formation pro-
cess. In this study, HEC was chosen as a stabilizer in
the dispersion polycondensation of PE with formalde-
hyde. The effects of HEC concentration on the particle
size and size distribution were studied, and the
results are shown in Figure 3. The average particle
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Figure 3 Effect of the stabilizer concentration on the par-
ticle size and size distribution (reaction conditions: 27.74 g
of PE, 53.33 g of a formaldehyde solution, 8 mL of sulfuric
acid, 61.00 g of formic acid, 14 h, 60°C, and 700 rpm).
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size varied from 634 to 513 pm as the HEC concentra-
tion increased from 1.5 to 3.5 wt %. The influence of
the stabilizer concentration on the particle size was
straightforward. When the HEC concentration was
increased, the viscosity of the continuous phase, the
rate of physical adsorption of stabilizer molecules,
and the number of nuclei increased. As a result, the
extent of nuclei aggregation decreased, and the num-
ber of stable nuclei increased. Correspondingly,
smaller CPBs were obtained. As shown in Figure 3, an
increase in the stabilizer concentration also had little
effect on the particle size distribution.

Effect of the amount of sulfuric acid

The effects of the amount of sulfuric acid on the par-
ticle size and size distribution were also investi-
gated. The experimental results are ere given in Fig-
ure 4. As shown in Figure 4, the average particle
size of the CPBs decreased as the catalyst amount
increased. The particle size of the CPBs decreased
from 704 to 466 um as the volume of concentrated
sulfuric acid increased from 6 to 12 mL. These
results could be explained as follows: the increase in
the amount of sulfuric acid might have caused an
increase in the rate constant of propagation, which,
in turn, resulted in a short nucleation period at the
early stage, where the particle number reached its
final value.”” Consequently, smaller CPBs were per-
formed. On the other hand, the particle size distribu-
tion became broader with increasing catalyst
amount, which indicated that the increase in the rate
constant of propagation might have resulted in a
broader particle size distribution. The SEM images
of CPBs obtained under different amounts of sulfu-
ric acid are shown in Figure 5, which further identi-
fies the effect of the amount of sulfuric acid on the
particle size and particle morphology.
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Amount of sulfuric acidfmL
Figure 4 Effect of the amount of sulfuric acid on the par-
ticle size and size distribution (reaction conditions: 27.74 g

of PE, 53.33 g of a formaldehyde solution, 61.00 g of for-
mic acid, 1.14 g of HEC, 14 h, 60°C, and 700 rpm).
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Figure 5 SEM micrographs of CPBs with different
amounts of sulfuric acid in the range of 6-12 mL: (B1) 6,
(B3) 10, and (B4) 12 mL (reaction conditions: 27.74 g of PE,
53.33 g of a formaldehyde solution, 61.00 g of formic acid,
1.14 g of HEC, 14 h, 60°C, and 700 rpm).

Effect of F/P

In comparison to the other reaction variables, includ-
ing temperature, agitation rate, stabilizer concentra-
tion, and amount of the catalyst, F/P had a more
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Figure 6 Effect of the F/P molar ratio on the particle size
and size distribution (reaction conditions: 8 mL of sulfuric
acid, 61.00 g of formic acid, 1.14 g of HEC, 14 h, 60°C, and
700 rpm).

complicated influence on the particle size and size
distribution. When F/P was below 4 : 1, the particle
size increased with increasing F/P. In the case of
particle size distribution, no significant changes were
observed. When F/P varied from 4 : 1 to 5 : 1,
smaller CPBs with broader particle size distributions
were formed. Obviously, the changes in F/P might
have affected the rate constant of propagation and
nucleation during the particle-formation process.
These effects could be clarified as follows: the
increase in F/P might have caused the following
changes: (1) a decrease in the rate of physical
adsorption because of the increase in the solubility
of HEC, (2) a decrease in the solubility of the
oligomer chains, and (3) a decrease in the critical
chain length and the concentration of precipitated
chains. The increase in the particle size with increas-
ing F/P indicated the dominant influence of the first
change. On the other hand, the average particle size
of the CPBs decreased with increasing F/P, which
might have been due to the decrease in both the crit-
ical length and the concentration of precipitated
chains.

CONCLUSIONS

A novel polycondensable monomer (PE) and formal-
dehyde were successfully used to prepare CPBs by
dispersion polycondensation. The effects of the reac-
tion parameters, including the polycondensation
temperature, agitation rate, HEC concentration,
amount of sulfuric acid, and F/P, on the particle
size and particle size distribution were investigated.
The particle size of the CPBs decreased as the stabi-
lizer concentration, agitation rate, and amount of
sulfuric acid increased. The particle size of the CPBs
was also affected by the polycondensation tempera-
ture and F/P. In this study, CPBs with a particle
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size of 604 pm as and a narrow particle size distribu-
tion (PDI = 1.193) were obtained under the follow-
ing conditions: polymerization temperature = 60°C,
agitation rate = 700 rpm, stabilizer concentration =
2.5%, F/P = 3 : 1, and amount of catalyst = 8 mL.
Further studies are in progress to fully elucidate the
mechanism of the particle and other effects such as
the solvent and types of stabilizers on the particle
size and particle size distribution.
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