T. 88, No 2 KYPHAJ IPUKJIATHOM CHEKTPOCKOIINU MAPT — AIIPEJIb 2021
V.88,N2 JOURNAL OF APPLIED SPECTROSCOPY MARCH — APRIL 2021

APPLICATION OF 'H LOW-FIELD NMR SPECTROSCOPY
FOR THE DETERMINATION OF THE CONCENTRATION
AND MOLECULE WEIGHT OF POLYCARBOXYLATE SUPERPLASTICIZERS
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As a type of water reducer, polycarboxylate superplasticizers (PCEs) has been widely used in the con-
crete industry. The concentration and molecule weight of PCEs have a profound impact on the performance
of fresh concrete. Based on 'H low-field nuclear magnetic resonance (NMR) spectroscopy, this paper devel-
oped a novel method for the determination of the concentration and characterization of the molecule weight
of PCEs. Five types of PCEs with various ether to acid ratios (3:1 to 5:1) and functional groups were syn-
thetized in laboratory conditions, and their molecular structures were characterized by size exclusion chro-
matography. PCE solutions with concentrations from 0 to 40% were measured using the Carr—Purcell-
Meiboom—Gill sequence by 'H low-field NMR. The results showed that the T value of the main peak has a
linear relation with the PCE concentration. The signal intensity of peaks whose T> values are smaller than
10 ms of the PCE solutions with a concentration of 20% is linearly correlated to the molecule weight of PCEs.

Keywords: polycarboxylate superplasticizers, concentration, molecule weight, 'H low-field
Carr—Purcell-Meiboom—Gill spectroscopy.
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Ha ocrose nuskononeeoti cnekmpockonuu a0eproz2o maznumno2o pesonanca (IMP) 'H paspaboman
Memoo onpedeneHuss KOHYEHMpayuy U MOAEKYIAPHOU MACCbl NOAUKAPOOKCUNAMHBIX CYNEPRAACMUDUKAmo-
poe (PCE). Cunmesuposanvt name munog PCE ¢ paznuunvimu omuowenuem 3¢gupa x kuciome (om 3:1
00 5:1) u ynxkyuonanvHeiMu epynnamu, MonexyispHvle cmpykmypul pasueix PCE oxapaxmepu3zosarvl
C HOMOWBIO DKCKIO3UOHHOU Xpomamoepaduu. Pacmeopvr PCE ¢ xonyenmpayueti 0—40 % uzyuenst ¢ no-
Mouybio nocredosamenvrocmu Kappa—Ilapcenna—Meiibyma—I unna memooom nuzkononeeoti 'H SAMP-cnek-
mpockonuu. Pezynomamur nokasvigarom, umo 3nauenue T> 0CHO8HO20 NUKA JUHEUHO 3A6UCUM OM KOHYEH-
mpayuu PCE. Unmencusnocmo cuenana ¢ T> < 10 mc ona pacmseopos PCE ¢ konyenmpayueii 20 % nunetino
Koppenupyem ¢ monexynsapuou maccou PCE.

Knwouesvle cnosa: nonuxapboxcunammuuvle cynepniacmu@uxamopvl, KOHYEHMPayus, MONEKVIAPHAS
macca, nuzkononesas | H AMP-cnexmpockonus.

Introduction. The addition of a water reducer can significantly increase fluidity (or workability) and
lead to the higher mechanical strength and durability of concrete [1]. As the third generation of water reduc-
ers, polycarboxylate superplasticizers (PCEs) are used for ultra-high building and for the long-distance
transportation of concrete [2, 3]. It is a known fact that the development of modern concrete engineering is
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inseparable from the help of polycarboxylate (PCE) superplasticizers.

PCEs can increase the fluidity of concrete in the early stage due to multiple effects, known as electrical
repulsion and steric hindrance [3, 4]. Due to the effect of electrical repulsion, PCE superplasticizers cause
the cement particles to be mutually exclusive. As a result, the dispersion is enhanced, and the mobility be-
tween the cement particles is promoted [5—7]. Besides, the side chains of PCE molecules point to the pore
water, which may reduce the possibility of the formation of a flocculated structure by the cement particles
(named as the effect of steric hindrance) [7]. The impacts of PCEs are all due to the fact that enough PCEs
could be attached on the cement particles. In general, the concentration and molecule weight of PCEs have
shown high relevance with the workability of concrete [8, 9]. However, the concentration of PCEs is gener-
ally not stable. Different synthetizing processes, such as water used in the raw materials, alter the concentra-
tion of PCEs as well as the molecule weight [1, 10]. In addition, the air-exchanging degree of the synthetiz-
ing and storage equipment will induce the evaporation on the PCEs surface, so the PCEs concentration will
be influenced. Besides, it is not rare that producers intentionally dilute PCEs products in order to lower the
product cost or due to the solubility of other chemical admixtures (i.e., retarders, air-entraining admixtures,
and early strength admixtures). Therefore, rapid measurement of the concentration is essential to the applica-
tion of PCEs, and the objective characterization of the molecule weight can provide guidelines for the design
of the PCEs structure.

As a nondestructive method, 'H low-field NMR has been widely used for various studies, i.e., water
migration in pores [11], determination of the pore structure [12], as well as the determination of water popu-
lations in shale [13]. The sensitivity of 'H low-field NMR to different forms of water molecules and water
distribution in different porous materials may provide an alternative method for measuring both the PCE
concentration and the weight of the molecules. In this study, five types of PCEs with various ether to acid ra-
tios from 3:1 to 5:1 and functional groups (AM and AMPS) were synthesized in laboratory conditions, and
their molecular structures were characterized by size exclusion chromatography (SEC). PCE solutions with
concentrations from 0 to 40% were measured using the Carr-Purcell-Meiboom-Gill (CPMG) sequence by
the NMR method. The relationship between NMR spectroscopy (expressed as 7> relaxation time or signal in-
tensity) and concentration, as well as molecule weight, is analyzed and discussed in this paper.

Experimental. The macro-monomer was industrial-grade methyl allyl polyethenoxy ether (HPEG, MW
2400 g/mol), manufactured by Dong Da Chemical Company. Analytical grades of acrylic acid (AA), 2-ac-
rylamide-2-methylpropanesulfonic (AMPS), acrylamide (AM), hydrogen peroxide (H>0,), ammonium per-
sulfate (APS), L-ascorbic acid, as well as 2-mercaptoacetic acid (TGA), were also used, purchased from Si-
nopharm Chemical Reagent Co., Ltd. Hydrogen peroxide was used as an oxidant and reductant. L-ascorbic
acid and ammonium persulfate were used as initiators to decrease the initiating temperature. TGA was used
as the chain transfer agent. The water used in this study was deionized.
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The synthesis of PCEs can be described as follows. First, AA or other monomers (for their proportions,
see Table 1) were mixed with a certain amount of water to prepare solution A (with a mass concentration of
53.3%). Considering the low dissolving ability, AMPS powders were mixed with a certain amount of water
at first, and then the pre-prepared solution was mixed with the rest of the water and AA. L-ascorbic acid
(0.15 g) and TGA (0.35 g) were mixed with water to prepare solution B with a mass concentration of 2.5%
(the quantity of solution B was 20 g). HPEG was mixed with water to prepare solution C with a mass con-
centration of 56%. Then, we put solution C, hydrogen peroxide (1 g), and ammonium persulfate (2.2 g) into
a glass reactor; then the reactor was kept at 60+0.5°C (2 h) in a water bath system. Peristaltic pumps were
used to titrate solutions A and B into the synthesis system in the reactor gradually and uniformly for 3 h to
complete the polymerization. During the titration, the whole system was mixed with an electric blender at a
stirring speed of 55 r/min. After that, the copolymers were cooled down to 28°C, and then the NaOH (30%)
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solution was gradually added until the pH of the copolymers reached 6—7. Finally, the unreacted monomers
were removed from the synthesized polymers by the method according to the [6, 14].
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To gain information about the size of the synthesized PCEs, the size SEC, equipped with a refractive
index detector and a multi-angle laser light scattering detector, was applied in this study. The weight average
molecular weight (M,,), number average molecular weight (M,,), and polydispersity index (PDI = M,,/M,) of
the synthesized PCEs are summarized in Table 1.

TABLE 1. Molar Ratios of Monomers and Molecular Weight Determined
by SEC of the Synthesized PCEs

Properties
PCE:s types AA HPEG AM AMPS M, M, PDI
AA3 3 1 - - 81308 125215 1.54
AA4 4 1 - - 124134 | 181235 1.46
AAS5 5 1 - - 126805 | 205424 1.62
AA2-AM 2 1 1 - 87342 138874 1.59
AA2-AMPS 2 1 - 1 126894 | 189072 1.49

'H Low-field NMR. The NMR instrument (PQ-001; Niumag Electric Corporation, Shang Hai, China)
used in this study has a 25 mm RF coil, and its magnetic field is 0.50 T. To keep the stability, the magnet
was stored in constant temperature conditions (32°C). The decay curves for the 'H proton of the sample was
measured using the CPMG sequence, and the parameters including the echo time (t; = 0.30 ms), echo num-
bers (NECH = 15000), and number of scans (NS = 4) were kept constant throughout the NMR measure-
ments. The inverse Laplace transform algorithm [14, 15] was used to fit the transverse relaxation decay
curve to obtain the 7> relaxation time.

The nuclei (‘H) of water molecules in voids are moving randomly because of Brownian motion during
the NMR experiment [16, 17]. Thus, the 7> relaxation time and the signal intensity of a sample can reflect
the structure. The T relaxation of water in the pores of a material can be thus related to the pore (or space)
size [17-19]:

YT, =T,y + p.S/V, (1)
where p; is the so-called surface relaxivity for the 7> relaxation, and S and V stand for the surface area and
volume of the pores, respectively. As Tyui is in general quite large in comparison to the surface relaxation,
the first term can be neglected [14, 20]. Hence the 7> relaxation time can provide information on the V/S,
which is proportional to the pore size.

Results and discussion. 7> distribution of the PCEs-water solution. In order to compare the impacts of
the PCE concentration on the transverse relaxation time (7>) distribution, first we calculated the solid weight
concentration of the PCEs solution (taking the loss from the unreacted monomers into consideration), then ti-
trated the solutions with water until it reached a concentration of 40% (£0.2%). Thereafter we gradually add-
ed water to prepare PCEs-water solutions with concentrations from 0 to 40%. The PCEs samples (7.5 g)
were then measured by 'H low-field NMR with the CPMG sequence. The results concerning the transverse
relaxation time (7>) distribution of PCEs-water solutions (PCEs-AA5) are shown in Fig. 1.
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Fig. 1. Transverse relaxation time distribution of the PCE-water solution (PCE-AAS)
with concentration of 0 (7), 2 (2), 4 (3), 6 (4), 8 (5), 10 (6), 20 (7), 30 (8), and 40% (9)
(the inset is the enlarged image of the peaks with 72 < 10 ms).

It can be seen in Fig. 1 that the sample without PCEs (the PCEs-AA5-0%) has only one 7> peak (rang-
ing from 1000 to 10000 ms), while the samples with PCEs have three 7> peaks. The peaks (peak 1) are locat-
ed between 0.2 and 10 ms and believed to be generated from the water attached on the PCE molecules.
However, these T> peaks can only be found for the PCE solution whose concentration is higher than 10%.
Another two T peaks, peaks 2 and 3, which may result from the water inside the PCE molecules body and
the water between PCE molecules, respectively, can also be found in Fig. 1. We can see that peaks 2 and 3
are overlapped in the case of PCEs-AAS 40% and PCEs-AAS5 30%. The possible reason for this is that PCE
molecules have entanglement (Fig. 2) because the main and side chains of PCE molecules are close when the
concentration is high. As a result, the water in the entanglement of PCE molecules would generate a transi-
tion zone between the two peaks. It is also found that peak 3 is gradually shifted to the right (bigger 7> value)
as the concentration of PCEs decreases from 40 to 0%.
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Fig. 2. Diagram of the PCE molecules for low and high PCE concentration.
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Relationship between the T, value and the PCEs concentration. Here we investigated the relationship
between the 7> values of peak 3 and the concentration of different types of the synthesized PCEs. The 7>
values are expressed as the weighted mean value of 7> and the relative amplitude

T3, max A1
TZ,W = Z ((Tz,;)_j ) (2)
Tz,min Atotal

where 7>, is the weighted mean value, 7> is the transverse relaxation time at the measurement i, 4; is the
relative amplitude for the measurement /, and Aol is the total amplitude of the 7> peak. The results in Fig. 3
shows that the 7> values are linearly correlated with PCE concentrations from 0 to 40% (the fitting results
are summarized in Table 2), and their linearity is up to 0.98. This confirms that the low-field NMR method
could be an alternative method for the determination of the PCE concentration. Also, it should be noted that
the slope of the concentration against the 7> value is dependent on the PCE type. The slope values (absolute
value) increase with the average molecular weight (M,,) of the PCEs.

TABLE 2. The Fitting Results of the 7> Relaxation Time and Concentration
of the PCE-water Solution, Fitting Equation y = ax + b

PCEs types Slope Intercept Standard error
AA3 -1.982-10°* 0.527 0.01205
AA4 -1.836-107* 0.480 0.01243
AAS ~1.805-10* 0.463 0.01764

AA2-AM ~-1.913-10* 0.499 0.01243

AA2-AMPS -1.914-10* 0.493 0.01383
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Fig. 3. Relationship between 75 relaxation time measured by the low-field NMR and PCE concentration
from 0 to 40% (error bars are placed to indicate the standard for the concentration).

The relationship between the T> value and the molecules weight. The peaks between 0.2 and 10 ms
shown in Fig. 1 are believed to be the signals originating from the water attached on the PCE molecules.
Thus, theoretically the signal intensity of peak 1 may correlate with the surface of the PCEs molecules in the
solutions. Figure 4 shows the relationship between the signal intensity of peak 1 and the average molecular
weight of the PCEs molecules. It can be seen that the signal intensity of peak 1 is linearly correlated with the
average molecular weight of PCEs molecules when the PCEs concentrations are below 20%. The linearly
dependent coefficients for the PCEs concentrations of 10 and 20% are 0.543 and 0.985, respectively. How-
ever, there are no obvious correlations between the signal intensity of peak 1 and the molecular weight of
PCEs when the concentration is higher than 30%. The possible reason for this outcome is that the high con-
centration of PCEs may not only create water between the PCE molecules (related to peak 3) but also gener-
ate the signals whose 75 values range from 0.2 to 10 ms, which may interfere with the water signals (related
to peak 1) absorbed on the PCEs molecules. Therefore, lower linearity is found for the PCEs with high con-
centrations.
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Fig. 4. Relationship between the signal intensity of the peak 1 measured by the low-field NMR
and average molecular weight of PCE molecules (the PCE concentration is 10 (m), 20 (e), 30 (&),
and 40% (¥); Ri? = 0.543, R,> = 0.985.

Conclusions. The results evidenced showed that three 7> peaks could be observed for the PCE-water
solution compared with the sample without PCEs. It is found that the 7> peaks are gradually shifted to the
right as the concentration of PCEs decreases from 40 to 0%. The 7> values are linearly correlated with the
PCE concentrations from 0 to 40%, and their linearity is up to 0.98. Moreover, the signal intensity of the 7>
peaks is linearly correlated with the average molecular weight of PCEs molecules when the PCEs concentra-
tion is below 20%.
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