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Abstract This work concerns the preparation and characterization of poly (acrylonitrile-co-methyl

methacrylate) Copolymer, P(AN-co-MMA), nano-particles using precipitation polymerization

technique. Potassium per-sulfate redox initiation system was used to perform polymerization pro-

cess in an alcoholic aqueous system. The impact of different polymerization conditions such as

comonomer concentration and ratio, polymerization time, polymerization temperatures, initiator

concentration and co-solvent composition on the polymerization yield and particle size was studied.

Maximum polymerization yield, 70%, was obtained with MMA:AN (90%:10%) comonomer com-

position. Particle sizes ranging from 16 nm to 1483 nm were obtained and controlled by variation of

polymerization conditions. The co-polymerization process was approved by FT-IR and TGA anal-

ysis. The copolymer composition was investigated by nitrogen content analysis. Copolymers with a

progressive percentage of PAN show thermal stabilities close to PAN Homopolymer. SEM photo-

graphs prove spherical structure of the produced copolymers. The investigated system shows prom-

ising future in the preparation of nanoparticles from comonomers without using emulsifiers or

dispersive agents.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

With high development in nanoscience, micro and nano-struc-

tured polymers have attracted high interest due to their unique
properties, such as porous structure, and high surface. On the
other hand, a wide range of applications using micro and

nano-structured polymers have been recently reported in spe-
cific for medical (Thapa et al., 2003; Cho and Borgens, 2012),
and industrial applications (Cheng et al., 2005; Yang et al.,
2005). Many methods such as seeded suspension polymerization,
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Scheme 1 Synthesis copolymer of P(AN-co-MMA)

nanoparticles.

Figure 1 Effect of comonomer concentration of (AN&MMA) on

the polymerization conversion yield [Reaction condition:Como-

nomer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8, co-

solvent solution (1:1) from (H2O:Ethanol), 55 �C, 4 h].

Figure 2 Influence of the comonomer content on the effective

diameter of (P(AN-co-MMA)) [Reaction condition:Comonomer

concentration (1:1) from (AN:MMA), 0.01 M K2S2O8, cosolvent

solution (1:1) from (H2O:Ethanol), 55 �C, 4 h].
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water based emulsion and precipitation polymerization have
been used to fabricate micro and nano-structured polymers
(Chaitidou et al., 2008). It has been reported that, monodi-

spersed micro and nano nanoparticles could be produced using
precipitation polymerizations without using any stabilizers or
surfactant (Chaitidou et al., 2008; Downey et al., 1999). Syn-

thesis of hybrid organic–inorganic nanocomposites and molec-
ularly imprinted polymers is considered as main products
using precipitation polymerization (Chaitidou et al., 2008;

Ye et al., 1999; Wei et al., 2006). Polymers based on acryloni-
trile can be prepared by polymerization of acrylonitrile or
other unsaturated monomers bearing nitrile groups in the pres-
ence of comonomers such as acrylamide and a cross-linker, e.g.

divinyl benzene or bisacrylamide (Ivanov and Yotova, 2002;
Cao, 2006). In the same context, Boguslavsky et al. (2005) have
reported the preparations of polyacrylonitrile nanoparticles

using dispersion/emulsion polymerization method
(Boguslavsky et al., 2005). On the other hand, Lee et al.
(2009) have reported the synthesis of poly(AN-co-IA-co-MA)

nanoparticle using acrylonitrile, itaconic acid, and methyl
acrylate via aqueous dispersion polymerization using hydro-
philic PVA in a water/N,N-dimethylformamide mixture

media. Highly dispersed and uniform polyacrylonitrile micro-
spheres have been prepared using soapless emulsion polymer-
ization in water initiated by KPS (Guangzhi et al., 2011). In
this paper we synthesized nano-poly (acrylonitrile-co-methyl

methacrylate) particles with controllable size using a simple
and cheap precipitation polymerization technique for the first
time without any emulsifier or dispersive agents.

2. Materials and methods

2.1. Materials

Methyl methacrylate (MMA) was purchased from ACROS

(USA), potassium persulfate (K2S2O8) and acrylonitrile (AN)
were obtained from Fluka (packed in Switzerland). Ethyl alco-
hol absolute was obtained from El-Nasr Pharmaceutical Co.

for Chemicals (Egypt). Mixed indicator, Special for ammo-
nium titration (Methyl Red + Methyl Blue dissolve in Etha-
nol), was purchased from MUCSAT (Egypt). Kjeldahl
catalyst (6.25% CuSO4.5H2O) was purchased from Panreac

Quimice S.A. Co. (Australia).

2.2. Methods

2.2.1. Preparation of P(AN-co-MMA) nanoparticles

The poly (acrylonitrile-co-methyl methacrylate) was prepared

by simple precipitation polymerization of acrylonitrile (AN)
and methyl methacrylate (MMA) = 1:1 using (0.01 M) potas-
sium per-sulfate (K2S2O8) as initiator. Unless otherwise stated,

to the reactor fitted with a magnetic stirrer, the mixed mono-
mers and the co-solvent from distilled water and ethanol as a
solvent were added, and followed by stepwise injection of ini-
tiator. Temperature was kept at 55 �C for 4 h. The polymer

was isolated by centrifugation at high speed (14,000 rpm)
and washed successively with ethanol-distilled water mixture
at 55 �C. The product was then dried in an oven at 55 �C for

24 h. The white powder was obtained as a product (Scheme 1)
The obtained polymerization yield was calculated from the

following equation:
Y ð%Þ ¼W

Z
� 100

where W = Weight of copolymer, Z= wt of MMA+ wt of
AN.

2.2.2. Characterization of copolymer of P(AN-co-MMA)
nanoparticles

To verify the chemical structure and study the composition of

P(AN-co-MMA) nanoparticles prepared under different poly-
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merization conditions, the following techniques and methods
were used.

2.2.3. FT-IR spectroscopic analysis

The structure of P(AN-co-MMA) was analyzed by FT-IR
spectra. In an atypical procedure, ‘‘Samples were mixed with
KBr to make pellets. FT-IR spectra in the absorbance mode

were recorded using FT-IR spectrometer (Shimadzu FTIR-
8400 S, Japan), connected to a PC, and data were analyzed
by IR Solution software, Version 1.21’’ (Mohy Eldin et al.,

2012).

2.2.4. Thermal characterization (TGA)

‘‘The thermal degradation behaviors of P(AN-co-MMA) were

studied using Thermo Gravimetric Analyzer (Shimadzu
TGA–50, Japan); instrument in the temperature range from
Figure 3 SEM photographs of P(AN-co-MMA) nanospheres prepar

8%, (E) 10%, and (F) 20% [Reaction condition:Comonomer concent

(1:1) from (H2O:Ethanol), 55 �C, 4 h].
20 �C to 600 �C under nitrogen at a flow rate of 20 ml/min
and at a heating rate of 10 �C/min’’ (Mohy Eldin et al.,
2012).
2.2.5. Morphological characterization (SEM)

The surface morphology of P(AN-co-MMA) was observed
after coating with gold with the help of a scanning electron

microscopy (Joel Jsm 6360LA, Japan) at an accelerated volt-
age of 20 kV.
2.2.6. Particle size analysis

Particle size of P(AN-co-MMA) was analyzed by using Submi-

cron Particle Size Analyzer (Beckman Coulter – USA). The
sample dispersed in water, at a temperature 20 �C, of viscosity
1.002 and refractive index 1.33.
ed with comonomer concentration; (A) 2%, (B) 4%, (C) 6%, (D)

ration (1:1) from (AN:MMA), 0.01 M K2S2O8, cosolvent solution
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2.2.7. Determination of nitrogen on copolymer of P(AN-CO-

MMA) nanoparticles by Kjeldahl method

In an atypical procedure, this method consists in mineralizing
the sample with concentrated sulfuric acid and alkalinizing
with NaOH. The ammonium liberated is carried by distillation

and recovered in boric acid. The subsequent titration with HCl
allows the calculation of the amount of ammonium in the
sample.

To a sample of 0.5 g, was added a sample of 1 g of copper
sulfate catalyst, 10 ml of sulfuric acid at 96% (d= 1.84), and
some granules of glass. Put the digestion tube with the sample
into the Bloc-digest with the fume removal working. Do the

digestion at a temperature between 350 �C and 420 �C. To
50 ml of boric acid was added mixed of indicator in an Erlen-
meyer flask. The distillation has to be extended for enough

time in order to be distilled for a minimum of 150 ml, approx-
imately between 5 min and 10 min. Titrate the distilled
obtained with HCl 0.25 N until the solution changed from

green to violet color (Mohy Eldin et al., 2012).
Figure 4 Effect of comonomer composition (AN:MMA) on the poly

concentration from (AN:MMA), 0.01 M K2S2O8, cosolvent solution (

Figure 5 Influence of the comonomer composition on the effe

Comonomer concentration from (AN:MMA), 0.01 M K2S2O8, cosolve
Calculate the quantity of nitrogen detected by means of
formulae:

Nitrogen ð%Þ ¼ 1:4� ðV1 � V0Þ �N

P

where P = weight g of sample, V1 = HCl consummation on
titration (ml), V0 = HCl consummation on blank (ml) and

N= normality of HCl.
Conversion of nitrogen percentage to weight is done using

the following formula.

100! N%

W! X

X ¼W�N

100

where X= weight g of nitrogen in sample, W = weight of
sample, and N= percentage of nitrogen.
merization conversion yield [Reaction condition:10% Comonomer

1:1) from (H2O:Ethanol), 55 �C, 4 h].

ctive diameter of (P(AN-co-MMA)), [Reaction condition:10%

nt solution (1:1) from (H2O:Ethanol), 55 �C, 4 h].



Figure 6 SEM photographs of (A) PAN, (B) P(AN-co-MMA) nanospheres, (C) PMMA [Reaction condition:10% monomer

concentration from (AN, MMA and AN:MMA), 0.01 M K2S2O8, cosolvent solution (1:1) from (H2O:Ethanol), 55 �C, 4 h].

Figure 7 Effect of acrylonitrile concentration on the composi-

tion of P(AN-co-MMA) nanospheres and determination of

nitrogen and weight of PAN (in 1gm copolymer (P(AN-co-

MMA)) by Kjeldahl methods.

Figure 8 Effect of initiator concentration (K2S2O8) on the

polymerization conversion yield [Reaction condition:10% Como-

nomer concentration (1:1) from (AN:MMA), K2S2O8, co-solvent

solution (1:1) from (H2O:Ethanol), 55 �C, 4 h].

Poly (acrylonitrile-co-methyl methacrylate) nanoparticles 1157
Then to calculate the weight of acrylonitrile

M:wtðANÞ !M:wtðNÞ
W ofðANÞ ! X

WðANÞ ¼M:WtðANÞ � X

14

where W of (AN) = weight of acrylonitrile, M.wt
(AN) = molecular weight g of acrylonitrile, X= weight g of
nitrogen in sample.
3. Results and discussion

The impact of different polymerization conditions such as
comonomer concentration and composition, polymerization

time, polymerization temperatures, initiator concentration
and co-solvent composition on the polymerization yield and
particle size and its morphology structure was studied. Also,
the effect of the feed comonomer system composition on the



Figure 9 Influence of the initiator concentration (K2S2O8) on the

effective diameter of (P(AN-co-MMA)) [Reaction condition:10%

Comonomer concentration (1:1) from (AN:MMA), K2S2O8,

cosolvent solution (1:1) from (H2O:Ethanol), 55 �C, 4 h].
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composition of the prepared copolymers was monitored.
Finally, the formation of copolymer was verified by FT-IR
and TGA analysis.

3.1. Copolymerization process

3.1.1. Effect of the comonomer concentration

Fig. 1 shows the effect of variation in comonomer concentra-
tion on the polymerization conversion yield obtained by esti-

mating the amount of monomers converted to copolymer. It
is clear that the conversion yield% of the comonomers reaches
its highest value by using 10% comonomer concentration. The

curve has two stages. The first stage is linear increment of yield
in the comonomer concentration from 2% to 6%. The second
stage, in the comonomer concentration range from 6% to
10%, the rate of increment turned to be exponential. This

behavior may be due to the concentration of reactants in the
polymerization medium becoming higher which increases the
probability of the molecular collision of reactants leading to

an increase in the conversion yield%.
Fig. 2 depicts the effect of monomer concentration on the

formed particle size. Particle sizes are getting smaller with

the gradual increase of monomer concentration.
Qiana et al. (2006) have reported that, increase in both the

surface charges and surface hydrophilicity may be the main
reasons behind reducing the particle size with increase in

monomer concentration. On the other hand, variation of type
of charges over monomer surfaces and produced copolymer
may have a direct impact on the prepared particle size.

Fig. 3 represents results of the scanning electron micros-
copy (SEM) photographs. As seen, spherical particles are
obtained. The images show the successful synthesis of copoly-

mer nanoparticles. As the copolymer concentration increased
up to 10%, the size of P(AN-co-MMA) nanosphere decreased.
This could be explained as previously reported; ‘‘nanospheres

decreased due to the favorable formation of more primary
nuclei in the early stage of polymerization’’ Lee et al. (2009).

Fig. 3(F) is a representative photograph of the P(AN-co-
MMA) particles prepared with 20% comonomer for a compar-

ison. By observing the spherical particles, the final particle size
distributions of the P(AN-co-MMA) particles are broad, and
the spherical form starts to destroy.

3.1.2. Effect of the comonomer (AN:MMA) composition

In exploring the effect of ratio between MMA monomer and
AN monomer in the comonomer solution, on the conversion

yield, comonomer solutions with different compositions have
been polymerized (Fig. 4). For better understanding, both
AN and MMA have been polymerized individually under the

same conditions and their conversion yields were obtained.
From the obtained data it is obvious that MMA is more reac-
tive than AN where 100% of MMA was converted to polymer

compared with 45% only of AN. Two trends have been
noticed as seen in Fig. 4. The first trend is linear decrement
of the conversion yield of comonomer with MMA from 0%
to 40% amount with increase in the amount of AN monomer

in the range 60–100%. The second part or trend of the curve
started from MMA from 50% to 100% in which the conver-
sion yield of comonomer increment rate was found higher.

This behavior is explained according to the optimum ratio
between AN monomer and MMA monomer. This result can
be attributed to chain transfer reactions to ligand (Shen
et al., 1996). It must be borne in mind that the solubility of
both individual monomers in the cosolvent solution compo-

nents is different. Where AN solubility in water is reaching
to 7%, the solubility of MMA is only 3%. However, both
monomers are soluble in ethanol. The persulfate solubility in

ethanol is very limited while it is completely soluble in water.
The combination of all these factors leads finally to the
obtained results.

Fig. 5 illustrates the effect of AN and MMA initial concen-
tration in the feeding comonomer solution on the size and size
distribution of the P(AN-co-MMA) nanoparticles. Data show
an increase in particle size from approximately 40 to 1212 nm

with increase in the concentration of AN from 10% to 100%.
On the other hand, increasing the concentration of MMA
from 10% to 90% will lead to spherical and narrow size parti-

cles (Boguslavsky et al., 2005).
Fig. 6 shows SEM images of PAN, PMMA, and P(AN-co-

MMA), from the figure, the changes in the surface morphol-

ogy of copolymer nanoparticles and formation spherical parti-
cles are clear. The images show the successful synthesis of
copolymer nanoparticles when mixing the MMA with AN.

The Kjeldahl method can measure nitrogen in P(AN-co-
MMA) nanospheres. It is used for determining the content
of polyacrylonitrile in different P(AN-co-MMA) nanospheres
prepared with differed comonomer compositions in this study.

Fig. 7 illustrates the effect of AN concentration on the nitro-
gen contents of the P(AN-co-MMA) nanosphere copolymers.
This figure shows that when the concentration of AN is chan-

ged from 10% to 90% (v/v), the nitrogen content increases
from approximately 2% to 18%. On the other hand, the poly-
acrylonitrile varied from 5 to 34%, weight percent, of copoly-

mer composition. These results reflect the effect of reactivity
ratio difference between the two monomers in the copolymers.

3.1.3. Effect of the initiator concentration

Fig. 8 shows the effect of variation of K2S2O8 concentration
on the polymerization conversion yield. Linear increase in
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the conversion yield has been observed with increasing the
K2S2O8 concentration up to 0.01 M. Slight increase in the con-
version yield was noticed over increase in the concentration up

to 0.1 M. The results signify that increasing the K2S2O8 con-
centration up to 0.1 M is accompanied by enhancement in
the conversion yield of P(AN-co-MMA) copolymer. It should

be noted however, that the magnitude of this enhancement is
striking up to 0.01 M K2S2O8 and not so at higher K2S2O8

concentrations i.e., 0.05 M and 0.1 M. Increment of conver-

sion yield of the copolymer by increasing K2S2O8 concentra-
tion up to 0.01 M could be interpreted in terms of the
contribution of the primary free radical species participation
mainly in the initiation of the polymerization when K2S2O8

range from 0.005 to 0.01 M was used, which exhibits higher
Figure 10 SEM photographs of P(AN-co-MMA) nanospheres prep

0.02 M, (D) 0.05 M, and (E) 0.1 M [Reaction condition:10% Comono

from (H2O:Ethanol), 55 �C, 4 h].
enhancement in the % total conversion within the range
studied.

Fig. 9 shows the effect of initiator concentration on the

P(AN-co-MMA) nanoparticle size and size distribution in
the presence of 10% (v/v) (AN-co-MMA).

Data show that, large particles with a wide size distribution

have formed with increase in the initiator concentration. For
example, in the presence of 0.005 and 0.1 M (K2S2O8), the par-
ticle sizes are 63 and 1485 nm respectively. The results come in

agreement with the previous studies reported by Shen et al.
(1996) and Paine et al. (1990). According to their explanation,
oligomeric radical concentration and consequently number of
P(AN-co-MMA) chains will be increased as a result of increas-

ing initiator concentration. Boguslavsky et al. (2005) have
ared with initiator concentration; (A)0.005 M, (B) 0.01 M, (C)

mer concentration (1:1) from (AN:MMA), cosolvent solution (1:1)



Figure 11 Effect of cosolvent ratio (H2O:Ethanol) on the

polymerization conversion yield, [reaction condition:10% Como-

nomer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8, co-

solvent solution (H2O:Ethanol), 55 �C, 4 h].

Figure 12 Influence of the cosolvent ratio (H2O&Ethanol) on the

effective diameter of (P(AN-co-MMA)) [Reaction condition:10%

Comonomer concentration (1:1) from (AN:MMA), 0.01 M

K2S2O8, cosolvent solution (H2O:Ethanol), 55 �C, 4 h].
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reported that, ‘‘this may lead to an increase in the number of
P(AN-co-MMA) nanoparticles (more nuclei) and an increase
in their size (more P(AN-co-MMA) chains participating in

the growing process). Moreover, a higher initiator concentra-
tion increases the growth rate of the oligomeric chains, thus
favoring secondary nucleation during the particle growth

stage, and this may account for the broad particle size distribu-
tion above 0.02 M (K2S2O8)’’.

Fig. 10 shows SEM images of P(AN-co-MMA) copolymer

nanoparticles prepared using various initiator concentrations.
As shown in the figure, using lower (K2S2O8) concentrations
has a better impact to have narrow particle size distribution.
This impact has been reduced at higher (K2S2O8) concentra-

tions. Accordingly, the best particle size distribution was
obtained with 0.01 M (K2S2O8). Tuncel (2000) studied the
Emulsion copolymerization of styrene and poly(ethylene

glycol) ethyl ether methacrylate. He found the same trend
where the average particle size increased with increasing
(K2S2O8) concentration. Similar trend has been observed by

Tanrisever et al. (1996) during their study of Kinetics of
emulsifier-free emulsion polymerization of methyl methacry-
late. They attributed the obtained results to increase in the

ionic strength of the aqueous phase which strongly affected
the particle size.

3.1.4. Effect of the cosolvent composition

The effect of variation of cosolvent composition on the poly-
merization conversion yield has been performed by studying
the effect of variation of H2O amount (Fig. 11).

Zhang et al. (2004) have reported the use of ethanol/water
media in the copolymerization of methyl methacrylate and
acrylic acid. They have declared that, ‘‘the solubility parameter
was chosen to estimate the miscibility of each ingredient

involved in the polymerization system. If the polar part of each
ingredient was not taken into account, the monomers were less
miscible with the media and tended to form monomer micro-

droplets under proper agitation, and continuously and stably
deposition in the media. The deposition is micromorphicly like
oil-in-water’’.

However, this is not the case at present since the cosolvent
is able to dissolve completely the comonomer.

The determined factor here is the capability of the cosolvent
composition to swell, stabilize or even dissolve the formed

copolymers. The presence of ethanol, which is known as a sol-
vent for PMMA, acts somehow as a stabilizer for the copoly-
mers. The stability effect depends on the percent of PMMA in

the formed copolymer particles. Increase in the PMMA ratio
in the formed copolymer will lead to some kind of higher sta-
bility of the particles and in sequence derived to the formation

of bigger particle size.
Fig. 12 shows the number-average particle diameter of nan-

ospheres prepared using water and ethanol as the media at

55 �C. It has been reported that, solubility in cosolvent has
an important effect on the size of produced nanosphere (Lok
and Ober, 1985). In pure alcohol, the largest particle size
was obtained (777 nm). On the other hand, it was observed

that, decreasing alcohol concentration has led to a smaller par-
ticle size as shown in Fig. 12. This property was related to the
polarity of the solvent system, and when using the cosolvent in

the range from 20/80 ethanol/water to 60/40 ethanol/water, the
size of nanospheres in the range from 30 to 50 nm; respectively.
Experimental conditions and SEM images of resulting par-
ticles are presented in Fig. 13; we already demonstrated the
effect of solvent polarity on the final particle size. The ionic

strength of the reaction medium affects the morphology and
the size of particles. Therefore, the amount of ethanol added
should be less than that of the amount of water, in order for

both systems to have identical solvent polarity. The effect of
ethanol on the morphology and the size of grown particles is
shown in Fig. 13. The excess amount of ethanol however,

caused aggregated particles Fig. 13 (E,F).

3.1.5. Effect of the polymerization temperature

The effect of variation in polymerization temperature was

studied by changing the reaction temperature from 35 �C to
70 �C and keeping other reaction conditions constant, as
shown in Fig. 14. Increase in temperature led to increase in

the polymerization rate. This could be explained by the fact
that, increasing the temperature will lead in enhancing the
decomposition of initiator, increasing the collision chance
between (MMA & AN) comonomer and K2S2O8 and also

the propagation rate as reported by Zhang et al. (2004). On



Figure 13 SEM photographs of P(AN-co-MMA) nanospheres prepared with cosolvent concentration; (A) 100% H2O, (B) 90%

H2O:10% ET.OH, (C) 80% H2O:20% ET.OH, (D) 50% H2O:50% ET.OH, (E) 40% H2O:60% ET.OH, and (F) 30% H2O:70% ET.OH,

[Reaction condition:10% comonomer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8,, 55 �C, 4 h].

Figure 14 Effect of polymerization temperatures on the poly-

merization conversion yield [Reaction Condition:10% comono-

mer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8,

cosolvent solution (1:1) (H2O:Ethanol), 4 h].

Figure 15 Influence of the polymerization temperatures on the

effective diameter of (P(AN-co-MMA)), [Reaction condition:10%

Comonomer concentration (1:1) from (AN:MMA), 0.01 M

K2S2O8, cosolvent solution (1:1) (H2O:Ethanol), 4 h].

Poly (acrylonitrile-co-methyl methacrylate) nanoparticles 1161



Figure 16 SEM photographs of P(AN-co-MMA) nanospheres prepared with polymerization temperatures; (A)35 �C, (B) 40 �C, (C) 45
�C, (D) 50 �C, (E) 60 �C, and (F) 70 �C, [Reaction condition:10% Comonomer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8,

cosolvent solution (1:1) (H2O:Ethanol), 4 h].

Figure 17 Effect of polymerization time on the polymerization

conversion yield [Reaction condition:10% comonomer concentra-

tion (1:1) from (AN:MMA), 0.01 M K2S2O8, cosolvent solution

(1:1) (H2O:Ethanol), 55 �C].

Figure 18 Influence of the polymerization times on the effective

diameter of (P(AN-co-MMA)) [Reaction condition:10% Como-

nomer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8,

cosolvent solution (1:1) (H2O:Ethanol), 55 �C].

1162 M.S. Mohy Eldin et al.
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the other hand, the low conversion yield recorded at low tem-
peratures is mainly due to the low amount of generated radical
and consequently, the slow redox reaction between K2S2O8

and (MMA & AN) comonomer.
Fig. 15 illustrates the effect of variation of polymerization

temperature on the P(AN-co-MMA) nanoparticle size. This

figure shows the variation of particle sizes at different polymer-
ization temperature from 35 �C to 70 �C. Starting from 35 �C,
there is a constant growth in the particle size, until the temper-

ature reaches to 50 �C. At 60–70 �C, there is a sharp increase in
the size of the particles from 67 nm to 235 nm in the polymer-
ization process. Same behavior has been previously reported in
the case of dispersion polymerization of styrene (Margel and

Bamnolker, 1996; Baines et al., 1996), methyl methacrylate
(Shen et al., 1994), hydroxyethyl methacrylate (Horak et al.,
1999), and of styrene with butyl acrylate (Sáenz and Asua,

1998).
Figure 19 SEM photographs of P(AN-co-MMA) nanospheres

Comonomer concentration (1:1) from (AN:MMA), 0.01 M K2S2O8, co
Boguslavsky et al. (2005) have explained the effect of
changing temperature on the produced particle size. They
declared that, increase in the temperature will have the same

effect as increase in the initiator concentration. This will even-
tually lead to increase in the polymerization rate and the par-
ticle size. In addition to that, Boguslavsky et al. (2005) have

stated that ‘‘contrary to increasing the initiator concentration,
increasing the temperature leads to an increase in the oligorad-
ical reactivity and a decrease in their half-life period, thus

achieving a faster particle growth rate and a more rapid attain-
ment of their maximal size’’. Shen et al. (1994) have found the
same results during their studies of mechanism of particle for-
mation during dispersion polymerization of methyl methacry-

late. It has been reported that, the high concentration of
precipitated oligomer chains and high solvency of the continu-
ous phase are the main reasons behind increasing the critical

chain length. (Boguslavsky et al., 2005)
prepared with polymerization times [Reaction condition:10%

solvent solution (1:1) (H2O:Ethanol), 55 �C].



Figure 20 FTIR spectra for AN, MMA and P(AN-co-MMA)

with comonomer compassion of (AN:MMA) (1:1) in the range of

450–4000 cm�1.
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Fig. 16 shows SEM images of P(AN-co-MMA) copolymer
nanoparticles, prepared under different polymerization tem-
peratures. The figure shows that the average particle diameter

increased with increasing the polymerization temperature. At
high polymerization temperature, due to low concentration
of high molecular weight chains in the medium, a few nuclei

were produced, leading to a few larger sizes (Ki-Chang Lee
et al., 2004).

3.1.6. Effect of the polymerization time

The effect of variation in polymerization time on the polymer-
ization conversion yield has been studied (Fig. 17). A linear
increase in the conversion yield has been observed with a reac-

tion time increase up to 300 min. Further upon increase of
reaction time to 480 min, the conversion yield increased line-
arly but with lower rates. With the increase in reaction time,
the concentration of (MMA & AN) comonomer and free rad-

icals in the system increased and resulted in the increase of
P(MMA & AN) nanoparticles. With polymerization reaction
progress, both initiator and comonomers are consumed. In

addition, the absence of agitation reduces the chances of colli-
sion between formed free redials and left free monomer unites,
both factors affect, negatively the polymerization conversion

yield which depends mainly on the last stage of reaction on
the diffusion of free radicals and monomer units.

Fig. 18 shows the variation of particle size with reaction
time at the temperature 50 �C. Data show three stages till

reaching their final stable size; beginning with a sharp decrease
in the particle size within the first 15 min of the polymeriza-
tion, followed by a moderate decrease in their size till they

reach their final stable size of 70–50 nm after approximately
60 min of reaction. This indicates the termination of polymer-
ization process (Boguslavsky et al., 2005).

Fig. 19 represents results of the scanning electron micros-
copy (SEM) photographs of the P(AN-co-MMA) nanospheres
prepared with various polymerization times of 30, 60, 90, 120,
150, and 240 min. As usual, spherical particles are obtained.
The images show the successful synthesis of copolymer nano-

particles, as the polymerization time increased, the size of
P(AN-co-MMA) nanospheres decreased due to the favorable
formation of more primary nuclei in the early stage of poly-

merization (Lee et al., 2009).
Fig. 19(F) is a representative photograph of the P(AN-co-

MMA) particles prepared at 240 min. By observing the spher-

ical particles, the final particle size distributions of the P(AN-
co-MMA) particles are nanospherical and Homogeneous in
size.

3.2. Nanoparticles characterization

3.2.1. FT-IR analysis

Fig. 20 presents the FTIR spectra of polymers, (PAN) and
(PMMA), and their copolymer, P(AN-co-MMA). Typical
characteristic peaks at 1629 cm�1and 2246 cm�1, which corre-

spond to the bonds C‚C and C„N respectively have been
recorded for PAN polymer (Rao et al., 2008; Zhou et al.,
2008). The characteristic peaks at 1631 cm�1 and 1732 cm�1,

which correspond to the bonds C‚C and C‚O respectively
have been recorded for PMMA polymer (Rajendran et al.,
2003; Zhang et al., 2007b). For P(AN-co-MMA), the presence
of peaks at 1730 cm�1 for and 2243 cm�1 for and disappear-

ance of peaks at 1629 or 1631 cm�1 can be easily seen. As pre-
viously reported, this indicated that copolymerization process
has been achieved through the breaking of double bonds in

both monomers (AN) and (MMA) (Zhou et al., 2008).

3.2.2. TGA analysis

The thermal stability of the P(AN-co-MMA) nanoparticles

was analyzed by thermogravimetry under N2 atmosphere,
from room temperature to 600 �C at a heating rate of
10 �C min�1. The result in Fig. 21 shows no mass loss and ther-

mal stability below 306 �C for P(AN-co-MMA) compared to
PMMA and PAN, which showed a thermal stability up to
265 �C and 269 �C, respectively (Zhang and Zhang, 2007).

Apparently, the formation of copolymer has enhanced the
thermal stability of both individual polymers (Zhou et al.,
2008).

3.2.3. X-ray diffraction analysis

Fig. 22 shows the XRD patterns of PMMA, PAN and P(AN-
co-MMA) nanoparticles. In Fig. 22(a), one relatively strong

diffraction peak is found at 2h = 14.5� for PMMA, which
reflects the crystallization of polymer (Zhang et al., 2007a).
The X-ray diffraction pattern of the PAN involves two narrow
peaks at 2h = 16.7� and 25.5� Fig. 22(b). P(AN-co-MMA)

nanoparticles also have diffraction peaks, indicating that
P(AN-co-MMA) is characteristic of crystallization, as shown
in Fig. 22(c). This result is consistent with that reported by

Liao et al. (2009) and Shi et al. (2005). As shown in
Fig. 22(c) it can be found by comparing Fig. 22(b) and (c) that
the diffraction peaks of P(AN-co-MMA) are weaker and

broader than those of PAN, indicating that P(AN-co-MMA)
has lower crystallinity than PAN, PMMA is amorphous, thus
‘‘the addition of the monomer (MMA) to (AN) may reduce the

crystallinity and increase the amorphous nature of the copoly-
mer’’ (Liao et al., 2009).



Figure 21 TGA curve for PAN, PMMA and P(AN-co-MMA) with different monomer compassion, from room temperature to 600 �C at

a heating rate of 10 �C min�1.

Figure 22 X-ray diffraction patterns of (a) PMMA, (b) PAN

and (c) P(AN-co-MMA).
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4. Conclusions

Precipitation polymerization technique has been used in the
preparation of poly(AN-Co-MMA) copolymers nanoparticles.
The impact of different polymerization conditions on the poly-
merization conversion yield (PCY) was monitored. It was

found that the polymerization conversion yield is linear up
to 300 min then tends to slow down with longer polymeriza-
tion times. At polymerization’ temperature below 45 �C,
PCY was found to be very low. Linear increment from 10%
to 65% was observed with variation of polymerization’ tem-
perature from 45 �C to 70 �C. Increase in the water content

in the cosolvent from 20% to 70% exponentially increased
the PCY up to 60%. Variation of KPS concentration above
0.01% has no effect on PCY. MMA content over 40% has a
significant effect on the PCY. The comonomer concentration
as all has a clear determining effect on PCY.

Particles size was controlled by variation of the polymeriza-

tion conditions. KPS concentration over 0.01% increases the
size over 100 nm up to microns. Solvent composition with
40–80% water kept the size of particles below 70 nm. Solvent

with any other composition produces copolymer particles with
a higher size. Polymerization temperature in the range 35 �C to
60 �C, kept the size of copolymer particles less than 70 nm.

Polymerization time over 15 min is recommended to have par-
ticles size less than 80 nm. Under all polymerization condi-
tions, the particles were produced with a uniform spherical
structure.

The structure and composition variation was verified by
FT-IR, TGA and nitrogen content analysis. High PAN con-
tent copolymers proved to be more thermally stable.

The presented results recommended the preparation of
copolymer particles in the nanoscale without any need for
emulsifier or dispersion agents and under very mild polymeri-

zation conditions and almost aqueous polymerization solvent
with minimum alcohol content.
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