Chromatographia (2011) 73:1131-1136
DOI 10.1007/s10337-011-2015-5

ORIGINAL

RP-LC Determination of Residual Monomers

in Polycarboxylate Superplasticizers

Jiaheng Lei - Xiaodi Du - Anfu Zhang -
Hui Wu

Received: 8 January 2011/Revised: 24 February 2011/ Accepted: 18 March 2011/Published online: 30 April 2011

© Springer-Verlag 2011

Abstract A procedure was developed for the determination
of residual monomers in polycarboxylate superplasticizer by
reversed-phase high performance liquid chromatography.
Seven kinds of residual monomers were quantitatively
determined on a SinoChrom ODS-BP (C18) column and UV
detector at 205 nm. The mobile phases which were used to
determine micromolecular monomers were composed of
acetonitrile and phosphate buffer solution (0.05 mol L™,
pH = 3)in the ratio of 8:92 (v/v). While the mobile phases for
long side-chain monomers testing were composed of aceto-
nitrile and phosphate buffer solution (0.05 mol L™,
pH = 6.5) in the ratio of 40:60 (v/v). The linear response
ranged from 4.0 x 107°-2.0 x 107> mol L™". The detec-
tion limit was 0.12 x 107°-0.8 x 10~> mol L™". Determi-
nation of real samples showed that relative standard deviation
of high conversion rate samples was 3.1-8.7% and standard
addition recovery ratio was 91.5-102.8%. While the relative
standard deviation of low conversion rate samples was less
than or close to 1% and the standard addition recovery ratio
was 96.3-103.1%.
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Introduction

Polycarboxylate superplasticizers (PCs), a wide variety of
polyfunctional polyelectrolytes, play an important and
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irreplaceable part in modern concrete [1, 2]. Normally, PCs
can be prepared by copolymerization of monomers with
different functional groups which include carboxylic acid
group, sulfonic acid group and long side-chain [2-6]. A
variety of researches have proved that residual monomers
have significant effect on performance of PCs [7-9]. At
present, halogen addition oxidation reduction titration is
commonly used to determine residual monomers [10]. But
it is only suited to quantify the total amount of residual
monomers and shows low sensitivity. In 2000, Yamada
et al. [7] determined different residual monomers in reac-
tion system by ion chromatography and gel permeation
chromatography in order to calculate the average con-
struction of polycarboxylate superplasticizers; however,
PCs macromolecules might interfere with determination of
monomers. Subsequently, a method for separation of
macromolecules and monomers in PCs system by semi-
permeable membrane techniques was reported and further
studied [8, 9], but it cost a long time for separation.
Reversed-phase high performance liquid chromatography
(RP-LC) was reported to determine residual monomers in
synthetic resin systems, such as superabsorbent polymer
hydrogels [11], dental acrylic resin [12, 13] and polylactide
resin [14]. However, the matrix of determination should be
pretreated by extraction to avoid inference of polymeriza-
tion products, which might then take a longer operating
procedure and bring unexpected deviation of quantification
result. Though residual monomers in resin system have
been reported to be directly determined by head space gas
chromatography without separation or extraction [13, 15],
only volatile monomers could be determined exactly.
Typical PCs mainly include polyacrylic acid system,
polymethylacrylic acid system and polymaleic acid system
[16, 17], and monomers for PCs synthesis include acrylic
acid (AA), methylacrylic acid (MAA), maleic anhydride
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(MA), sodium methylallyl sulfonate (MAS), 2-acrylamido-
2-methylpropane sulfonic acid (AMPS), methoxypolyeth-
ylene glycol acylate (MPEGA) and methoxypolyethylene
glycol methyl acrylate (MPEGMA), etc. [2-6, 16, 17]. In
this paper, chromatographic condition of each residual
monomer separation by RP-LC in PCs system was studied,
and a chromatographic method for residual monomers
quantitative determination in PCs systems without separa-
tion was developed in accordance with strong water-solu-
bility of PCs. The method developed was simple to carry
out and had high accuracy and sensitivity, which allowed
determination of seven kinds of residual monomers in
different PCs systems. Besides, it could be applied to
determine the reaction rate of different monomers and
study polymerization kinetics.

Materials and Methods
Chemicals and Reagents

The HPLC analysis used AGILENT-1100 chromatography
system (AGILENT Company, US). Acetonitrile as the
mobile phase was chromatographic grade. Water used in
this experiment was double distilled. The UV spectrum
analysis used 4-35 UV spectrometer (PE Company, US).
Other reagents were analytical grade. AA and MAA were
purified by reduced pressure distillation. MA was purified
by reduced pressure sublimation. MAS and AMPS were
purified by recrystallization. MPEGA (molecular weight is
1,000) and MPEGMA (molecular weight is 1,000) were
prepared according to Ref. [5] and purified by extraction
with NaCl aqueous solution and ethyl acetate system.

Seven standard samples were all purchased from Sigma-
Aldrich Company, USA, with purity of more than 99%.
Those samples were diluted to the concentration of
0.0200 mol L™" by water as standard solutions, adding
0.05% hydroquinone to prevent autopolymerization. Then
standard solutions were preserved in refrigerator under
4 °C. Solution of a certain concentration could be obtained
by diluting with mobile phase before using.

Chromatographic Conditions

Residual monomers were separated on a SinoChrom ODS-
BP (C18) column (4.6 x 200 mm i.d., 5 um) at 30 °C. The
wavelength of UV detector was 205 nm. Mobile phases of
micromolecule monomers determination composed of
acetonitrile and phosphate buffer solution (0.05 mol L™,
pH = 3) in the ratio of 8:92 (v/v). The mobile phases of
long side-chain monomers determination composed of
acetonitrile and phosphate buffer solution (0.05 mol L™,
pH = 6.5) in the ratio of 40:60 (v/v). The flow rate was
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constant at 1.5 mL min~".

10 pL.

The injection volume was

Sample Preparation

This study investigated three representative systems,
including the PAA system (A), PMAA system (B) and
PMA system (C), of which the PCs samples were prepared
according to Ref. [3-5]. Each PCs sample was accurately
weighed 0.10-0.25 g and diluted to 25 mL with mobile
phase, followed by a filtration through a 0.45-pm mem-
brane filter for further use. External standard method was
used to determine the samples.

Result and Discussion
Chromatographic Separation of Samples

In this paper, polyacrylic acid system (A), polymethacrylic
acid system (B) and polymaleic acid system (C) were
studied. In all these systems, seven kinds of monomers
were mainly involved, including AA, MAA, MA, MAS,
AMPS, MPEGA (molecular weight 1,000) and MPEGMA
(molecular weight 1,000). The monomers above could be
classified into three types according to their chemical
structures: carboxyl group monomer, sulfonic acid group
monomer and long side-chain monomer. The first two
types were usually called micromolecular monomers and
the last was called macromolecular monomer. Since
polycarboxylate superplasticizers were synthesized by
copolymerization of different monomers [16, 17], chro-
matographic separation results of seven monomers in
mixed standard solution were investigated at the same time
in order to suit the determination method to more extensive
application. Impurities in monomers such as hydroquinone
and toluene-p-sulfonic acid should be separated by chro-
matography. The superplasticizer mixture with no residual
monomers (conversion rate higher than 99.8%) was used as
blank sample to carry out a contrast experiment.

The chromatographic behavior of carboxylic monomer
and sulfonic monomer were quite different from long side-
chain monomers because of their strong polarity and
hydrophilicity. Therefore, micromolecular monomers and
long side-chain monomers could be separated and deter-
mined on RP-LC by two steps.

The chromatographic analysis results of micromolecular
monomers are shown in Fig. 1. It can be seen that when
using acetonitrile and phosphate buffer solution
(0.05 mol L™, pH = 3) in the ratio of 8:92 (v/v) as mobile
phase, the micromolecular monomers even impurities like
hydroquinone and toluene-p-sulfonic acid could be sepa-
rated completely on C18 column and the resolution of each
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Fig. 1 Chromatographic separation result of micromolecular mono-
mers, including: a blank solution, b mixed standards, ¢ blank sample
with additional standard solution. The peaks stand for: / maleic acid,
2 MAS, 3 AMPS, 4 acrylic acid, 5 hydroquinone, 6 toluene-p-sulfonic
acid, 7 methacrylic acid

peak was above 1.5. As presented in Fig. 1, by com-
parison of chromatograms of blank solution, mixed
standards, blank sample with additional standard solu-
tion, polymerization products and long side-chain
monomers did not produce chromatographic peaks under
the chromatographic condition. This may indicate that
polymerization products and long side-chain monomers
did not interfere with separation and determination of
micromolecular monomers.

By using acetonitrile and phosphate buffer solution
(0.05 mol L™, pH = 6.5) in the ratio of 40:60 (v/v) as
mobile phase, long side-chain monomers could be perfectly
separated on C18 column. The retention time of each
micromolecular monomer and other impurities was short
and close to dead time so that they did not interfere with
determination of long side-chain monomers. As shown in
Fig. 2, the polymerization product produced no chro-
matographic peak. As a result there was little interference
with the separation and determination of long side-chain
monomers.

Since the capacity factor changed a lot with varying
temperature due to the hydrophilicity of polyethylene chain
which varied with temperature [18], the separation effect of
long side-chain monomers was obviously influenced by
column temperature. The best separation result was
obtained by controlling the column temperature at
25-30 °C. If the column temperature was too high, the
shape of the peaks would broaden. While the column
temperature was too low, the retention time of long side-
chain monomers significantly reduced and degree of sep-
aration decreased.

Retention time (min)

Fig. 2 Chromatographic separation result of long side-chain mono-
mers, including: a blank solution, b mixed standards, ¢ blank sample
with additional standard solution. The peaks stand for: / micro-
monomers, 2 toluene-p-sulfonic acid, 3 hydroquinone, 4 MPEGA, 5
MPEGMA

Selection of Detection Conditions

All monomers under test except MAS contained o, f-unsat-
urated double bond which had strong UV absorption.
Besides, the double bond in MAS molecular was influenced
by strong inductive effect from sulfonic group and delocal-
ization happened, which lead to lower UV absorption.
Therefore, all these monomers could be detected by UV
detection. The UV absorption spectra of each monomer are
shown in Fig. 3. Though experimental results indicated that
absorption curve of each monomer was obviously different
from each other, all their signal response ranged from 190 to
220 nm in varying degrees. So this range was selected as
determination wavelength to obtain significant response
signals. The absorption intensity of a majority of detected
monomers increased with reducing absorption wavelength.
As aresult, its advantageous to detect at lower wavelength to
improve the signal intensity. But the signal-to-noise ratio
(S/N) decreased as strong background absorption of mobile
phase under the wavelength of 200 nm. It is appropriate to
choose 205 nm as the detective wavelength.

Linear Response Ranges and Detection Limits

The linear response range of this method was detected in
standard solution of different concentrations and results were
shown in Table 1. The results showed a good linear
relationship when the concentration of MA was 1.0 x 107°
-1.0 x 1072 mol L™', MAS, AMPS, AA and MAA was
2.0 x 107°-2.0 x 107* mol L™!, MPEGMA and MPEG
MMA was 4.0 x 107°-2.0 x 10> mol L™'. And the
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Fig. 3 UV spectra of monomers, including: a AMPS, b AA, ¢ MA,
d MPEGA, e MAS, f MAA, g MPEGMA

correlation coefficients (rz) of regression equations were all
above 0.999. Based on S/N = 3, the detection limits
of micromolecular monomers were below 0.02 x 107>
mol L™, and that of long side-chain monomers were less
than 0.1 x 107> mol L™'. The detection limits of real
samples decreased because of background noise increment
caused by matrix interference. The detection limit of blank
sample with additional standard solution was approximately
0.12 x 107°-0.8 x 107> mol L™".

Inspection of Accuracy

High conversion rate (conversion rate of monomer higher than
98%) and low conversion rate (conversion rate of monomer
lower than 80%) samples of PAA system (A), PMAA system
(B) and PMA system (C) were tested on repeatability and
standard addition recovery (each sample was determined by
repeting seven times). The results are shown in Tables 2 and 3.
In high conversion rate samples, the concentration of mono-
mers was relatively low (less than 0.050 x 10~ mol Lfl),
relative standard deviation (RSD) was 3.1-8.7% and standard
addition recovery rate was 91.5-102.8%. In samples of low

conversion rate, the concentration of monomers was relatively
high (more than 0.200 x 1073 mol Lfl), RSD was less than
or close to 1%, and standard addition recovery rate was
96.3-103.1%. All results proved the good repeatability and
accuracy of the method by which monomers in PCs copoly-
merization system were determined.

Comparison with Bromine Addition Redox Titration
Method

Comparing chromatographic determination with bromine
addition redox titration (are shown in Tables 2, 3), it can be
seen that the determination results were similar to each
other. But RSD of chromatographic method was less than
titration method, which indicated that the repeatability of
this method was better. And also, because of pure sensi-
tivity, it was difficult to determine low concentration
monomers in high conversion rate system using the titra-
tion method. On the contrary, chromatographic method
was significantly more sensitive than bromine addition
redox titration method and might be a better method
especially for high conversion rate samples.

Conclusion

1. Seven kinds of residual monomers were quantitatively
determined on a SinoChrom ODS-BP (C18) column and
UV detector. The mobile phases which were used to
determine micromolecular monomers composed of ace-
tonitrile-phosphate  buffer solution (0.05 mol L™,
pH = 3) in the ratio of 8:92 (v/v). While the mobile
phases of testing long side-chain monomers composed of
acetonitrile-phosphate buffer solution (0.05 mol L™,
pH = 6.5) in the ratio of 40:60 (v/v). The residual
monomers were detected by UV detector at 205 nm.

2. The orders of magnitude of linear response amounted
to three by chromatographic method. Under this
condition, the detection limit of blank matrix with

Table 1 Regression equations of the calibration curves, retention times and detection limits of the investigated compounds

2

Monomer Concentration range Regression r Detection limit Detection limit
(107> mol L7} equation (107> mol L™1? (107° mol L™HP

AA 0.20-200 Y =17445X + 2.1 0.9994 0.014 0.24

MAA 0.20-200 Y =7445X 4 2.1 0.9996 0.013 0.16

MA 0.10-100 Y =1,6455X + 43 0.9991 0.007 0.12

MAS 0.20-200 Y =12519X - 1.0 0.9991 0.020 0.32

AMPS 0.20-200 Y =1,2958X — 2.5 0.9996 0.009 0.16

MPEGA 0.40-200 Y ="7577X + 0.8 0.9992 0.08 0.6

MPEGMA 0.40-200 Y=7934X+ 13 0.9994 0.09 0.8

* By standard solution
" By spiked blank samples
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Table 2 The results of the analysis of high conversion samples

System (A) System (B) System (C)

Measured value RSD  Recovery Measured value RSD  Recovery  Measured value RSD  Recovery

(107 mol kg™) (%) (%) (mol kg™") (%) (%) (mol kg™") (%) (%)
AA 2.1 45 96.1 - - - - - -
MAA - - - 1.7 4.8 102.8 - - -
MA - - - - - - 39 3.1 102.8
MAS 4.8 34 91.5 44 52 92.7 4.5 4.7 94.6
AMPS 3.0 32 99.4 - - - 1.7 52 97.4
MPEGA 1.8 8.7 98.7 - - - 2.4 6.8 99.3
MPEGMA - - - 2.8 6.3 93.5 - - -
Total 11.7 22 - 8.9 34 - 12.5 2.4 -
Total (by titration)  12.5 5.6 - 9.4 8.2 - 12.8 5.7 -
2 Standard addition was 2.00 x 107> mol kg~'
Table 3 The results of the analysis of low conversion samples

System (A) System (B) System (C)

Measured value RSD  Recovery  Measured value RSD  Recovery Measured value RSD  Recovery

107°mol kg™ (%) (%) 102 mol kg™ (%)  (%)* 102 mol kg™ (%)  (%)*
AA 514 043 1025 - - - - - -
MAA - - - 151.2 0.56 96.3 - - -
MA - - - - - - 439 0.48 98.8
MAS 45.7 1.0 101.7 116.8 0.78 97.6 124.8 0.64 1052
AMPS 21.8 0.55 98.4 - - - 25.9 0.51 97.3
MPEGA 27.9 1.1 99.6 - - - 334 0.57 101.6
MPEGMA - - - 27.1 0.89  103.1 - - -
Total 146.8 0.41 - 295.1 0.43 - 228.0 0.38 -
Total (by titration)  143.4 0.67 - 298.2 0.65 - 2219 0.54 -

2 Standard addition was 20.0 x 107> mol kg~'

additional standard solution was 0.12 x 10— 3.

0.8 x 107> mol L™'. Determination results of high

and low conversion rate samples were proved to have 4

good repeatability and accuracy.
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