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varies with the degree of ionization, the medium ionic 
strength, and the nature of the counterions.[1–3] PAA and 
its polyacrylates derivatives are quite versatile for many 
applications. They are widely used as scale inhibitors, clay 
deflocculants,[4] superabsorbents,[5] antimicrobial agents,[6] 
adsorbents in wastewater treatment,[7,8] biomedical appli-
cations,[9] and cosmetic additives.[10]

PAA is employed in the ceramic industry as defloc-
culating and spreading agent, where its molecular 
microstructure must be fine-tuned to ensure an adequate 
performance. A PAA of medium or low molar mass (MM) 
(<100 kDa) is often used as deflocculant agent, while a 
PAA of high MM (>800 kDa) is used as flocculant agent.

PAA of medium or low MM is mainly produced through 
a radical polymerization of AA in aqueous solution. The 
high reactivity of AA (the propagation rate constant at 
60 °C in acid media is 8.7 × 106 mol min−1 L−1, around 
300 times higher than styrene homopropagation at the 
same temperature), and its high exothermicity (heat of 
polymerization ΔHAA = 77.5 kJ mol−1) make difficult the 
production of PAA with a prespecified MM and under 
thermal controllability to ensure process reproducibility. 

The synthesis of poly(acrylic acid) (PAA) of low molar mass under safe conditions is difficult due 
to the high polymerization rate of acrylic acid (AA) and the fast heat generation. The aqueous-
solution “semibatch” polymerization of non-ionized AA in almost starved conditions involves 
high initiator loads when low molar masses are required. This 
article proposes the simultaneous feeding of AA and noncon-
ventional chain transfer agents (CTA) as a strategy aimed at 
controlling both the molar masses and the generated heat 
rate. Three CTAs are investigated: 2-mercaptoethanol, thiogly-
colic acid, and isopropyl alcohol. Even when PAA of relatively 
low molar mass can be produced by adequately selecting the 
flow rates and concentrations of both AA and CTA, it is found 
that the nature of CTA can have a significant effect on the 
polymerizations kinetics. The mechanisms responsible for 
these effects are discussed with the help of a representative 
mathematical model.
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1. Introduction

Since poly(acrylic acid) (PAA) is a weak polyelectrolyte, its 
degree of ionization varies with pH. Solutions of PAA have 
interesting properties because the structure of the polymer 
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The kinetics of AA polymerization is quite complex due 
to backbiting reactions (1,5 hydrogen shift), which trans-
form the secondary propagating radical (SPR) into a less 
reactive tertiary mid-chain radical (MCR).[11] MCRs can 
add monomer and thus be retransformed into SPRs.

The polymerization rate of AA and the MM of the 
obtained PAA strongly depend on experimental condi-
tions,[12,13] such as the selected type of process, the solids 
content, the reaction temperature, the initiation system 
(dissociative or redox), the degree of neutralization, the 
medium conditions (pH and ionic strength), and the use 
of chain transfer agents (CTAs).

The increasing demand of PAA of low MM from var-
ious industrial applications (civil engineering, household 
chemistry, wastewater treatment, textile, ceramics, and 
leather) has motivated a strong interest for investigating 
the chemical processes to produce such polymers.[14–17] In 
a previous work, an AA feeding strategy was proposed to 
produce PAA of controlled MM (between 10 and 200 kDa), 
at complete AA conversion and under safe conditions.[18] 
With this strategy, a high concentration of potassium 
persulfate (KPS) was required to produced PAA of rela-
tively low MM, while no significant MM reduction was 
obtained when the KPS concentration exceeded a limit 
of 3% weight based on monomer.[18] On the other hand, 
CTAs are normally used for reducing the MM, but water 
soluble CTAs have been mainly investigated in batch 
processes.[19] Typically, the chemical structure of CTAs 
includes thiols, amines, secondary alcohols (e.g., isopropyl 
alcohol), bisulfite ion, monobasic sodium phosphate, thiol 
acids (e.g., 2-mercaptoethanol or thioglycolic acid),[20] 
and alkyl halides.[21] Thiols are usually employed as CTAs 
because they exhibit high chain transfer constants, while 
aldehydes or alcohols are weaker CTAs.[22]

In some cases, when the radical function is transferred 
to CTAs, the rate of polymerization can be altered due 
to the lower reactivity of the transferred radicals with 
respect to the propagating radicals; but being still capable 
of reinitiating the polymerization by a reaction termed 
retardation or degradative chain transfer.[23] In addition, 
there is evidence of redox couplings between thiol and 
persulfate, which can compete with the thermal ini-
tiation in the polymerization of acrylates carried out in 
batch mode with persulfates and/or bromates as initia-
tors and in the presence of water soluble thiols (such as 
thiourea, thiomalic acid, 2-aminoethanethiol chloride, or 
α-mercaptocarboxylic acids).[24–26]

This work investigates the semibatch aqueous solution 
polymerization of AA in the presence of three different 
CTAs [mercaptoethanol (ME), thioglycolic acid (TGA), or 
isopropyl alcohol (IPA)] with the aim of safely producing 
PAA of controlled average MM in low range values. The 
ability of each CTAs to control the PAA molecular struc-
ture (measured as average MM and branching) as well as 

its influence on the polymerization kinetics are analyzed. 
A mathematical model that contains the main kinetic 
aspects of the aqueous solution polymerization of AA in 
presence of water soluble CTAs is developed to help inter-
preting the experimental data.

2. Experimental Section

2.1. Materials

All reagents were used as received. Polymerization reactions were 
carried out with AA [Aldrich, inhibited with 200 ppm of meth-
ylhydroquinone] and K2S2O8 (KPS, Anedra, 99% purity) as initi-
ator. The employed CTAs were ME (Fluka AG, >99% purity), TGA 
(Baker, purity 99%), and IPA (Cicarelli, purity 99%). Hydroquinone 
(Fluka AG, >99% purity) was employed as polymerization inhib-
itor. The MMs of all polymer samples were determined by size 
exclusion chromatography (SEC). The MM calibration was deter-
mined on the basis of a set of 12 PAA narrow standards (Amer-
ican Polymer Standard Corp., MM range 900–193 800 g mol−1). 
The following reagents were used to prepare the eluent for SEC: 
NaH2PO4/NaHPO4, NaNO3 (to adjust ionic strength) and NaN3 (to 
inhibit microbial growth). All SEC reagents were from Cicarelli 
Argentina (purity>98%). Distilled and deionized water was used 
throughout the work.

2.2. Polymerizations

Polymerization reactions were carried out at 70 °C in a semi-
batch reactor under semistarved conditions with the objective 
of maintaining low concentrations of AA in the reaction system 
during the entire operation thus working under safe condi-
tions. The strategy consists of preloading the reactor with the 
initiator solution (KPS) and feeding the aqueous solutions of AA 
and CTA at low constant flow rates in separate streams, with 
the aim of simultaneously controlling the reaction temperature 
and the molar mass distribution (MMD). For all investigated 
reactions, the experimental conditions, the recipes, and the 
employed CTA/AA molar ratios are summarized in the upper 
part of Table 1.

A control reaction (CR) was carried out in absence of CTA. The 
other eight reactions are labeled with the abbreviation of the 
employed CTA followed by the experiment number. ME1-3, 
TGA1-3, and IPA1-2, were carried out with semicontinuous addi-
tion of CTA. Experiments ME1 and ME2 were similar to CR, but 
two different concentrations of ME were used; while lower con-
centrations of CTA and KPS were used in ME3. It should be noted 
that TGA1, TGA2, and TGA3 involved the same recipes but dif-
ferent AA and TGA feeding times (tfeeding) and total reaction time 
(tr). Also note that the same moles of CTA were fed in TGA1-3, 
ME2, and IPA1. Finally, the CTA concentration in the IPA2 reac-
tion was tenfold with respect to IPA1.

2.3. Sampling and Characterization

Samples were withdrawn along the polymerizations for meas-
uring the total and fractional monomer conversions (x and xf 
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respectively), the MMD and their number- and weight-averages 
molar masses (Mn and Mw). Monomer conversions were gravi-
metrically measured after drying the samples until constant 
weight at 70 °C.

PAA samples were analyzed by SEC. The chromatographic 
system involved a Waters 1515 isocratic pump, fitted with a set 
of five Ultrahydrogel (Waters) columns of nominal fractionation 
range 5 × 103 to 7 × 106 g mol−1, and a Waters 2414 differential 
refractometer (DR). The MMD was estimated by combining the 
corrected DR chromatograms with the molar mass calibration 
determined with PAA narrow standards. The following aqueous 
buffer solution was used as eluent: NaH2PO4/NaHPO4 50 × 10−3 m 
(pH = 7) + NaNO3 50 × 10−3 m, at a flow rate of 0.8 mL min−1. An 
injection loop of 200 µL was used. Samples for SEC were prepared 
from PAA solution directly taken from the reactor and diluted in 
the eluent buffer at a concentration of around 5 mg mL−1. These 
relatively high concentrations were selected to improve the 
signal-to-noise ratio and the baseline definition at high elution 
volumes, where the solvent peaks can strongly distort the sample 
chromatograms. The measured signals were treated through an 
ad hoc data processing routine that was specially developed to 
compensate for artifacts introduced by the column overloading 
due to the required high-concentration injections (i.e., all chro-
matograms are shifted to higher elution volume and are addi-
tional broadened).[27]

The final samples were also characterized by gel phase  
13C NMR (Bruker Advance II 300 spectrometer, 75 MHz) in order to 
quantify the mean branching degree (BD) and elucidate the main 
kinetic mechanisms involved in the reactions.[18] NMR charac-
terization was carried out on final PAA liquid samples (0.4 mL)  
containing D2O (0.5–0.1 mL) in 5 mm NMR tubes. The BD was cal-
culated through

A
A

BD(%) (Cq)
(C 0)

100=
= 	

(1)

where A(Cq) and A(C = 0) are the peak areas of the quaternary 
carbon (48 ppm) and carbonyl carbons linked to the main chain 
(172–180 ppm), respectively. According to Equation (1), BD rep-
resents the branching degree as the percentage of polymerized 
repeat units which contain a branching point.

3. Kinetics and Mathematical Model

The developed mathematical model is based on that pre-
sented by Minari et al.,[18] and describes the kinetics of 
the free radical solution polymerization of AA. An over-
view of the relevant reactions is presented in Table 2. 
Inherent assumptions in the polymerization mecha-
nism are: i) thermal decomposition of KPS (Equation (2)),  
ii) generation of secondary radicals produced by the reac-
tion of the monomer with sulfate radicals [the first and 
second indexes between brackets in • s lR ( , )sec  indicates 
the number of quaternary carbons linked to a short (s) 
branch and to a long (l) branch, respectively] (Equation 
(3)); iii) the generated secondary radicals can propagate 
with AA (Equation (4)), or can terminate (by combination) 
between them (Equation (5)), iv) chain transfer reaction 
between the secondary radicals and the CTA (Equation 
(6)), v) redox decomposition of the water soluble CTAs con-
taining –SH groups (TGA and ME) with KPS, when they 
are employed, generating sulfate and mercaptan radicals 
( • •RS or RCTA)[28] (Equation (7)), vi) generation of CTA radicals 
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Table 1.  Semibatch polymerizations of AA (at 70 °C): reaction conditions (top), recipes (middle), and main characteristics of the final product 
(bottom).

Reactions CRa) ME1 ME2 ME3 TGA1 TGA2 TGA3 IPA1 IPA2

tr [min] 150 150 150 150 240 150 150 150 150

tfeeding [min] 120 120 120 120 210 120 60 120 120

AA [g] 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5 79.5

KPS [g] 4.9 4.9 4.9 2.45 4.9 4.9 4.9 4.9 4.9

CTA [g] 0 0.90 1.38 0.45 1.62 1.62 1.62 1.06 10.6

Water [g] 315.6 314.7 314.2 317.6 314.0 314.0 314.0 314.5 305.0

Weight [g] 400 400 400 400 400 400 400 400 400

CTA/AAb) [−] 0 0.010 0.016 0.005 0.016 0.016 0.016 0.016 0.16

x [%] 100 100 73.5 94.9 63.5 88.3 99.6 100 100

Mn [kDa] 20.9 10.8 8.9 22.3 7.5 7.4 12.1 18.4 15.1

Mw [kDa] 58.8 30.5 24.2 65.6 18.6 21.7 26.0 52.8 37.4

Dn
c) (–) 2.8 2.8 2.7 2.9 2.5 2.9 2.1 2.9 2.5

pH (–) 1.56 1.54 1.54 1.53 1.52 1.47 1.48 1.53 1.43

a)Control reaction without CTA; b)Molar ratio; c)Dn = Mw/Mn.
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by reaction of sulfate radicals with CTA (Equation (8)), vii) 
propagation of CTA radicals produced by Equations (6–9), 
viii) intramolecular H transfer (backbiting), generating 
more stable radicals, meaning that the radical end (sec-
ondary radical) isomerizes to an internal position (tertiary 
radical) during propagation, giving place to a new short 
branch point (Equation (10)); ix) intermolecular transfer 
to the polymer produced by the abstraction of a tertiary 
H of PAA, where tertiary radicals are generated in the 
polymer chain, thus generating a new long branch point 
(Equation (11)), x) propagation of tertiary radicals with 
AA (Equation (12)); and xi) termination of SPR and MCR by 
bimolecular combination (Equation (13)), and termination 

by disproportionation[12,18] between two MCR,[11] and 
(intra and inter-) abstraction of Rtert

•  negligible. Note that 
in Equation (8) some sulfate radicals are deactivated by 
transferring the radical function to the –SH ending CTA, 
thus generating a new radical RCTA

•  that can also initiate 
propagation by reacting with a monomer molecule in 
Equation (9) (thiol-ene reaction).

Most of the model parameters were adopted from lit-
erature, while the rate constants of transfer to polymer 
(kf,p), transfer to TGA (Kf,CTA), CTA radicals propagation 
(Kp,CTA), and redox decomposition of SH–CTAs with KPS 
(kr) were adjusted to fit the experimental data of xf, Mn, 
and Mw. The parameters are summarized in Table 3.

Macromol. React. Eng. 2017,  DOI: 10.1002/mren.201600049

Table 2.  Reaction steps used for modeling aqueous radical polymerization of acrylic acid.

Initiator kinetics

Initiator decomposition  →− •−S O 2SOk
2 8

2
4

d (2)

Chain initiation +  →•− •SO AA R (0,0)k
4 sec

p ,I (3)

SPR kinetics

Propagation of SPRs +  →• •s l s lR ( , ) AA R ( , )k
sec sec

p ,sec (4)

SPR–SPR termination +  → + +• •s l m r P s m l rR ( , ) R ( , ) ( , )k
sec sec n

tc (5)

CTA kinetics

Transfer to CTA +  → +• •s l P s lR ( , ) CTA R ( , )k
sec CTA n

f CTA, (6)

Redox decomposition +  → + +− •− • • −S O CTA(RSH) SO R (RS ) HSOk
2 8

2
4 CTA 4

r (7)

CTA initiation +  → +•− • −SO CTA R HSOk
4 CTA 4

f ,CTA (8)

CTA propagation +  →• •R AA R (0,0)k
CTA sec

p ,CTA (9)

MCR kinetics

Backbiting  → +• •s l s lR ( , ) R ( 1, )k
sec tert

bb (10)

Intermolecular transfer +  → + +• •m r P s l P m r s lR ( , ) ( , ) ( , ) R ( , 1)k
sec n n tert

f ,p (11)

Propagation +  →• •s l s lR ( , ) AA R ( , )k
tert sec

p ,tert (12)

MCR-SPR termination +  → + +• •s l m r P s m l rR ( , ) R ( , ) ( , )k
tert sec n

tc (13)

The main model assumptions are: 1) isothermal semibatch polymerization in dilute solution, 2) decomposition of KPS via thermal and 
acid catalyzed routes (the last one does not produce free radicals),[29] 3) AA only consumed by propagation reactions (long-chain hypoth-
esis), 4) propagation rate constant of AA independent of AA concentration in dilute aqueous solution, 5) radicals termination by com-
bination with an unique constant rate independently of the radical nature, 6) generation of •Rtert and of a new long-chain branch by 
intermolecular H abstraction from the tertiary Carbon on the polymer chain, 7) generation of 

•Rtert and of a new short-chain branch by 
intramolecular H abstraction from tertiary Carbon on the growing macroradicals, 8) different propagation rate constants for •Rsec , •Rtert 
and CTA radicals, agreeing with those observed by pulsed laser polymerization (PLP)-SEC, where 

•Rtert exhibits a lower reactivity than •Rsec

,[30] 9) pseudo-stationary state for all radical species, 10) rate constants are not diffusion controlled and are independent of the chain 
length, 11) negligible transfer to monomer, and 12) the reaction media is considered as a weak acids mixture for pH estimation. The full 
mathematical model is presented in the Appendix.
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4. Results and Discussion

Hereinafter, the effect of including each CTA (ME, TGA, or 
IPA), on the aqueous solution polymerization of AA car-
ried out under semicontinuous conditions with varied feed 
periods and reaction times is considered. For all experi-
ments, the bottom part of Table 1 summarizes the final 
values of x, Mn, Mw , polydispersity (Dn), and pH.

4.1. Semicontinuous Polymerization of AA 
in the Presence of ME

Figure 1 compares the experimental and simulated evolu-
tions of xf, pH, Mn, and Mw for CR and ME-based experiments. 
In CR, bimolecular termination mainly controls the MM.[18] 
The incorporation of ME contributes to reduce the MM. 
Thus, reaction ME1 reduces 50% the Mn  and Mw values 
obtained in CR, without affecting the AA conversion. This 
indicates that the chain transfer to ME importantly contrib-
utes to control MM and that the transferred radicals •(R )CTA  
are able to propagate. However, the increment of the ME 
concentration in ME2 did not produce a further reduction 

of the MM, while the AA conversion was meaningfully 
reduced. Even though the reaction time was extended 
for 30 min after the feeding period, the AA conversion 
remained relatively low. In ME3, the reduction of both 
KPS and ME concentration with respect to ME2 produced 
MM similar to those of CR. This is because the reduction 
of KPS concentration decreases both the radical concen-
tration and the termination rate, which compensates for 
the MM reduction due to the chain transfer to CTA. These 
observations are confirmed by the MMDs of final samples 
(Figure 2), where: (i) the MMD is shifted toward lower MM 
when ME is incorporated (ME1 and ME2), and (ii) broader 
MMD with respect to CR is observed in ME3, due to the 
opposite effect between the lower termination and the 
presence of CTA, which is not able to completely control 
de MMD. Notice that the incorporation of ME in ME2 and 
ME3 reduced the final AA conversion, but this effect is only 
apparent in the last stage of the process.

The mathematical model reasonably predicts the evo-
lution of xf, Mn, Mw, and pH of reactions with ME and 
of CR (Figure 1). The main cause of the incomplete AA 
polymerization by the presence of ME (in experiments 
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Table 3.  Model parameters employed to fit the experimental data (at 70 °C).

Constant CTA Value References

f (−) 0.5 [18]

kd(min − 1) 8.83 × 10−3 [18]

kp, sec(L mol− 1 min− 1) 3.51 × 107 [31]

ktc(L mol− 1 min− 1) 4.48 × 1011 [11]

kp, CTA(L mol− 1 min− 1) ME 3.51 × 107 This work

TGA 1.57 × 107 This work

IPA 3.51 × 107 This work

Cf,CTA(−) ME 2.8 × 10−1 [32]

TGA 1.9 × 10−1 This work

IPA 3.1 × 10−4 [33]

kr(L mol− 1 min− 1) ME 5.00 × 102 This work

TGA 1.96 × 102 This work

kbb(min− 1) 9.58 × 104 [32]

kf, p(L mol− 1 min− 1) 5.50 × 102 This work

kp, tert(L mol− 1 min− 1) 2.46 × 105 This work

H+ Dissociation Constants

KAA(mol L− 1) AA 5.52 × 10−5 [34]

KPAA(mol L− 1) PAA 1.0 × 10−5 [34]

KME(mol L− 1) ME 1.9 × 10−10 [34]

KTGA(mol L− 1) TGA 2.3 × 10−4 (COOH) [34]

2.5 × 10−11 (SH)

KIPA(mol L− 1) IPA 1.1 × 10−18 [35]
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ME2 and ME3), is the capability of the SH–CTA to act as 
reducing agent with KPS. Thus, the resulting redox initia-
tion SH–CTA/KPS not only promotes the production of pri-
mary radicals, but also increases the consumption of KPS. 
Figure 3 compares the model prediction for KPS concen-
tration during the experiments in presence of ME (ME1-3), 
with that obtained when only thermal decomposition is 
present (CR). Even though KPS is always present during 
the CR reaction, it is completely consumed before the 
reaction end in the experiments with ME, thus producing 
the important fall in the polymerization rate observed in  

Figure 1a. Since AA is continuously fed 
during the polymerization (with tfeeding =  
120 min), then the time at which the 
KPS is totally consumed practically 
determines the final AA conversion. 
According to simulation, KPS disappears 
in ME2 at 80 min (66.7% of the tfeeding), 
reaching a final conversion of 73.5%. 
On the contrary, in ME1 and ME3, KPS 
is available until the end of the feeding 
stage and, for this reason, a significant 
inhibition is not observed.

Notice that fractional AA conversion 
was close to 1 when the polymeriza-
tion proceeds in presence of KPS (before 
inhibition), which indicates that AA 
concentration was low along the reac-
tion. For this reason, in these semibatch 
experiments the propagation rate con-
stant was assumed to be independent 
of the AA concentration, without dete-
riorating the prediction of xf.

The gel phase 13C NMR of the final 
sample of experiment ME2 (Figure 4) 

confirms the formation of •RCTA. The peak at 57.6 ppm 
shows the carbon linked to the alcohol group at the end of 
the polymer chain, which corresponds to the propagation 
of the radical •SCH2CH2OH from ME.

A quaternary carbon peak (Cq) is observed in the 13C 
NMR spectrum (Figure 4), at 47.2 ppm which indicates the 
occurrence of both inter- and intramolecular H abstrac-
tion. The calculated BD determined from NMR informa-
tion (Equation (1)), the model predictions of BD, and its 
short (BDs) and long (BDl) branching contributions, are 
summarized in Table 4. According to the model prediction, 
the main branching mechanism is due to intramolecular  

Macromol. React. Eng. 2017,  DOI: 10.1002/mren.201600049

Figure 1.  Semibatch polymerization of AA in the presence of ME (in comparison with the 
CR experiment). a–d) Evolutions of xf, pH, Mn, and Mw. Experimental data (symbols) and 
simulation results (curves).

Figure 2.  MMD of the final PAA samples obtained in experiments 
with ME (in comparison with the CR experiment).

Figure 3.  Model prediction for the evolution of the KPS concentra-
tion. Comparison between ME1-3 and CR experiments.
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H abstraction (short branches are around 100-fold in 
number over long branches), in agreement with previous 
reports.[18,32] However, long branches have an important 
effect on polymer structure, and they must be taken into 
account to adequately fit the experimental Mw data.

The incorporation of ME produces an increment in BD 
with respect to CR. The main mechanism for increasing 
short branching (Equation (A.8)) in the presence of ME is 
the higher radical generation obtained as a consequence 
of the redox initiation mechanism between ME and KPS 
(Equation (7)). Figure 3 clearly shows the faster KPS con-
sumption (i.e., the faster radicals generation) when ME is 
present in comparison with that of CR.

The pH values of all final samples are lower than 
2.15 or 1.91 (i.e., the values which correspond to a 20% 

aqueous solution of PAA or AA; see 
bottom of Table 1). The proposed model 
adequately predicts the evolution of pH 
in experiment CR (Figure 1b), thus sug-
gesting that a fraction of KPS generates 
sulfuric acid according the mechanism 
of Table 2.[29] Notice that the final pHs 
of reactions with ME are similar to that 
of CR, because ME is a weak acid with a 
negligible contribution of H+.

4.2. Semicontinuous Polymerization of 
AA in the Presence of TGA

The incorporation of TGA (TGA1-3) 
importantly reduces the MMs with 
respect to CR (Table 1 and Figure 5). Also, 
the presence of TGA importantly affects 
the AA conversion, depending not only 
on the CTA concentration, but also on 

the feeding time. When both the feeding and the reaction 
times are reduced, while maintaining constant the CTA/AA 
ratio, higher MMs are obtained, but lower inhibitions and 
higher final conversions are observed (TGA1-3). In CR, Mn  
and Mw increase along the reaction, as a consequence of 
the radical concentration reduction, together with the 
occurrence of chain transfer to the polymer, which is more 
important at the end of the process.[28] When the feeding 
time is reduced, the AA concentration is increased, the 
polymerization becomes faster and, therefore, the inhi-
bition is less important and appreciable (Figure 5 and 
Table 1).

Figure 6 shows the model prediction of the KPS con-
centration during TGA experiments compared with that 
of the CR experiment. In TGA experiments, KPS runs 
out simultaneously with the beginning of the observed 
inhibition period (Figure 5a), due to the redox initiation 
between KPS and TGA (Equation (7)). Also, when tfeeding is 
decreased (from TGA1 to TGA3) a shorter period of poly
merization proceeds in absence of KPS. For each polymeriza-
tion, the corresponding tfeeding is indicated with an arrow 
in the abscissa of Figure 6.

When the feeding rate is increased (or equivalently, the 
tfeeding is decreased), then higher MMs are obtained. This 
is because a larger amount of AA is polymerized while 
maintaining constant the flux of radicals in all cases (KPS 
runs out before tfeeding), and the relationship between the 
transfer rate constant to the TGA and the propagation rate 
constant of AA is lower than one (Cf,TGA = 0.19). The oppo-
site effect of feeding rate on BD was observed in Table 4. 
In fact, BD decreased with feeding rate due to the lower 
probability of chain transfer to polymer and backbiting 
reactions with respect to propagation when the amount 
of polymerized AA was increased, while maintaining 
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Figure 4.  13C NMR spectrum of the final product obtained in the ME2 experiment.

Table 4.  Comparison between experimental and simulated BD for 
final PAA samples of all experiments.

Experiment 13C NMR 
measurements

Simulation results

BD  
[%]

BD  
[%]

BDs  
[%]

BDl  
[%]

CR 2.7 1.97 1.96 0.01

ME1 3.1 2.45 2.43 0.02

ME2 4.2 2.63 2.61 0.02

ME3 3.1 2.05 2.03 0.02

TGA1 2.9 2.79 2.77 0.02

TGA2 1.5 2.36 2.36 0.02

TGA3 1.0 1.93 1.91 0.02

IPA1 3.8 2.00 1.99 0.01

IPA2 5.2 1.99 1.98 0.01
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constant the flux of radicals. In conclusion, as the feeding 
rate increases, the propagation is promoted without prac-
tically changing termination, chain transfers, and back-
biting reactions.

Notice that experiments ME2 and TGA2 employed the 
same CTA/AA molar ratio. In TGA2, lower MMs and less 
inhibition (higher final conversions) were observed with 
respect to ME2. These observations were also predicted 
by the model, where the adjusted values of the redox ini-
tiation constant rate SH–CTA/KPS (kr) for ME was higher 

than for TGA, thus indicating a greater 
inhibition and lower availability of CTA 
when ME is used.

Finally, for experiments that involved 
TGA, the pHs were lower than for CR 
and ME experiments (see bottom of 
Table 1 and Figure 5b). This is because 
TGA is a stronger acid than AA and PAA 
(see bottom of Table 3). These results 
were well predicted by the model, 
through the overall balance of protons.

4.3. Semicontinuous Polymerization of 
AA in the Presence of IPA

Figure 7 shows the evolution of xf, pH, 
Mn and Mw, along the polymerization, 
with the incorporation of IPA as CTA 
(IPA1,2), in comparison to the CR experi-
ment. For the same CTA/AA molar ratio, 
the MMs obtained in IPA1 were higher 
than with ME and TGA (see experi-
ments ME2 and TGA1), thus indicating 
that IPA has a lower chain transfer capa-

bility. This is also confirmed by the adopted kf,CTA values 
of Table 3.[32] To achieve a meaningful reduction in the 
MMs, the CTA initial concentration in IPA2 was ten times 
higher than in IPA1. Figure 8 shows the MM distributions 
for experiments IPA1 and IPA2. Notice that the MMs of 
the obtained PAA were little affected (in comparison to 
the CR experiment).

Also, in the reactions where IPA was used as CTA, the 
fractional conversions reached 100%, and their evolutions 
were coincident with that of CR. This suggests that the 
only source of KPS consumption is the thermal decom-
position. For this reason, the KPS concentration exhibits 
an evolution superimposed with that of CR. IPA is a weak 
acid and therefore, for low CTA concentrations, the pH 
was not further reduced with respect to that of CR. How-
ever, when a high amount of IPA was fed, lower pH values 
were obtained (Table 1 and Figure 7). Finally, a signifi-
cant effect on BD was not observed when IPA was used, 
because the absence of thiol groups in this CTA does not 
interfere in the radical generation.

5. Conclusions

The semibatch aqueous solution polymerization of non-
ionized AA at 70 °C with the addition of ME, TGA, or IPA as 
CTA was investigated, with the objective of producing low 
molar mass PAAs, in a process operating under safe iso-
thermal conditions. With proper selection of the amount 
of CTA and the feeding time, PAAs of relatively low MM 
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Figure 5.  Polymerization of AA in the presence of TGA and its comparison with the CR 
experiment. a–d) Evolutions of xf, pH, Mn, and Mw. Experimental data (symbols) and 
simulation results (curves).

Figure 6.  Model predictions for the evolution of the KPS con-
centration in TGA experiments compared to the CR experiment 
(the arrows for each experiment indicate the end of the feeding 
period).
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(M 10.8n ≈  kDa with ME, M 12.1n ≈  kDa with TGA, and 
M 15.1n ≈  kDa with IPA) can be synthesized, at conversion 
close to 100%. In contrast, larger MMs were obtained in 
absence of CTA M( 20.9 kDa)n ≈  under equivalent experi-
mental reaction conditions. With higher concentration of 
either ME or TGA, PAA with lower MMs could be obtained, 
but without reaching complete AA conversion under the 
investigated conditions.

Lower feeding rates of AA and TGA, and higher mer-
captan (ME and TGA) concentrations, adversely affect 
the fractional conversion, because KPS is more quickly 

consumed by the KPS/SH–CTA redox 
system. This effect is more impor-
tant than the thermal decomposi-
tion of KPS in Equation (2) (kr > kd),  
and tends to rapidly stop the poly
merization. Also, the increment of both 
the feeding time and the concentration 
of SH–CTA in TGA and ME respectively, 
adversely affect the BD of PAA, because 
radical generation is promoted.

For similar reaction conditions, the 
IPA has a lower effect than other CTAs. 
It does not participate in the initiation 
process, and therefore xf is almost unaf-
fected. Also, for equimolar CTA concen-
tration, TGA produced PAA of lower MM 
and higher conversions.

The proposed mathematical model 
for semibatch reactions was able to 
adequately predict the inhibition effects 
and the molecular architecture of PAA 
due to the presence of CTA, and the 
evolution of main measured variables. 
This was reached even when using 

simple parameters, independent of pH, AA, and polymer 
concentrations.

5.1. Mathematical Model for the Aqueous-Solution 
Polymerization of AA in presence of a Chain Transfer 
Agent

Based on the model by Minari et al.[18] and from the kinetic 
considerations and hypothesis previously described in the 
kinetics and mathematical model section, the following 
balances can be written

N
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Figure 7.  Polymerization of AA in the presence of IPA and its comparison with the CR 
experiment. a–d) Evolutions of xf, pH, Mn, and Mw. Experimental data (symbols) and 
simulation results (curves).

Figure 8.  Molar mass distributions of final PAA samples obtained 
in the IPA experiments (IPA1, IPA2) compared to the CR experiment.
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where NAA and NKPS are the moles of AA and KPS, respec-
tively; FAA, FCTA, and Fw are the molar AA, CTA, and water 
feed rates; V is the total reaction volume; vAA, vCTA, and 
vw are the molar volumes of AA, CTA, and water, at the 
reaction temperature; Q0, Q1, and Q2 are the first three 
moments of the number chain-length distribution, [i] is 
the molar concentration of specie i; and BDs and BDl are 
the branching degrees due to short and long branches, 
respectively.

The radical concentrations •[R ], •[R ]CTA , •R[ ]tert , and •[R ]sec , 
are calculated according to

=
+• fk k
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Fractional (xf) and global (x) conversions are esti-
mated by:
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where NAA
0  represents the initial load of AA (zero in our 

experiments) and DT is the feeding time of the reagents.
Finally, the average MMs and the total BD are calcu-

lated from:

M M Q
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1
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M M Q
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2
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(A.25)

BD BD BDl s= + 	 (A.26)

where MAA represents the MM of AA.
Calculation of [H±].
The [H+] was calculated by considering that there is 

a mixture of weak acids in the reactor, and taking into 
account the contributions of all acid species present (AA 
and PAA for each used CTA: ME, TGA, and IPA)[36] and the 
generation of H2SO4 from the KPS initiator[29] that follow 
a kinetic of pseudo first order.[37]

t

K K K
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