Open Access Article. Published on 08 September 2023. Downloaded on 7/29/2025 6:37:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 26960

Received 20th June 2023
Accepted 30th August 2023

DOI: 10.1039/d3ra04154a

Using polyacrylamide hydrogel to adsorb chloride
ions in cement-based materials

Chao Wu,? Bo Jin,? Zhenghui Li,? Yuexin Xu,? Yutao Ma,® Meng Cao,” Hui Li°
Changmiao Huang,” Wanyu Chen®P® and Hao wu ©*@

Concrete material is an important engineering material for modern marine engineering construction, but
the presence of chloride ions in sea sand and seawater can cause corrosion of reinforcing steel, which
greatly endangers the safety of reinforced concrete structures. Gel is an environmental friendly
functional material which has the functions of exchange and adsorption of ions. Therefore, in this paper,
polyacrylamide (PAM) gels were prepared for chloride ions adsorption in a reinforced concrete system.
The chloride ions adsorption behavior of PAM gel in simulated seawater and cement were investigated
and the maximum adsorption capacity of chloride ions in simulated seawater was 32.67 mg g% In
addition, compared with the cement sample without gel, the chloride ion content in the cement sample
containing 1.5 wt% gel was reduced 46.8% at a depth of 0-2.5 mm from the sample's surface. The
results showed that PAM gel can effectively adsorb the chloride ion and improve the chloride ion
penetration resistance in cement because the three-dimensional network structure of PAM gels allowed
chloride ions to enter the inside of the gel. This gel has potential applications in the field of marine

rsc.li/rsc-advances construction.

1. Introduction

Gel is a polymer material with a three-dimensional network
crosslinked structure.” The structure of the gel is highly
controllable and the functional groups on the polymer chains
can be adjusted to make the gel material respond to many
environmental stimuli, such as pH, temperature, quantity of
electric charge, and magnetic signals.** And it can also control
the porous structure of the gel by adjusting the cross-link
density and crosslink strength of the polymer network, so that
it has the functions of exchange and adsorption of ions.
Therefore, gels are widely used in the fields of biomedical
materials, wastewater treatment and energy materials. As an
environmental friendly functional material, gel is also being
used more and more widely in the field of construction mate-
rials. For example, Liu et al.® designed supramolecular hydro-
gels as carriers of phosphate for a cement paste self-healing
system. When cracks occurred in cement-based materials, the
gel responded and released the phosphate. The healing effi-
ciency of this self-healing system can reach 93.2% for resistance
to water penetration repair ratio after curing for 28 days.
Concrete material is an important engineering material for
modern marine engineering construction such as port
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terminals, cross-sea bridges, undersea tunnels and island
buildings.”® The use of sea sand and seawater instead of
traditional river sand and freshwater in the marine engineering
concrete materials can be reduced raw material costs and
transportation costs.” However, the presence of chloride ions in
sea sand and seawater can cause corrosion of reinforcing steel,
which greatly endangers the stability and safety of reinforced
concrete structures.’ The chloride ions mainly enter the
concrete in two ways: external infiltration and internal admix-
ture." The existence of local acidification of chloride ions in
concrete can lower the pH of the steel surface to below 4, destroy
the passivation film on the surface, form a “corrosion cell” in
the local area, accelerate the electrochemical corrosion of the
steel. Moreover, the chloride ion will not be consumed, but will
act destructively over and over again."*™

At present, in order to reduce the corrosion of reinforcing
steel by chloride ions in reinforced concrete system, there are
some methods, such as (1) increasing the protective layer of
concrete, (2) using concrete surface coating layer, (3) using
coated reinforcing steel and corrosion resistant reinforcing
steel, (4) mixing with rust inhibitor for reinforcing steel, (5)
using cathodic protection for reinforcing steel, (6) maximum
control of concrete cracks."”"” Thomas M. D. A. et al.*® opti-
mized the chloride curing ability by adding high alumina
cement, high strength cement and auxiliary cementitious
materials with high Al,O; content to increase Friedel salt
production. Z. Shui et al' used y-alumina, vy-alumina
hydroxide and nano-alumina colloids to improve the chloride
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curing ability of cementitious materials and to form AFm phase
more easily. However, the application of gels in the field of
chloride ions adsorption in reinforced concrete system is rare.
Gels can be used as adsorptive functional materials.
However, studies on the adsorption of chloride ions in concrete
by gels are rare and some methods are not suitable for use in
buildings because of the high cost of materials. For example,
Chen's* group studied a kind of double network gel based on
chitosan and this gel could adsorb chloride ions in cement.
However, chitosan is not suitable for use in real buildings be-
cause (1) chitosan is a kind of natural polymer. The amount
of chitosan is small in the lab so the consistent of chitosan's
solubility can be ensure. But the amount of chitosan is huge if it
is used in a whole building so it is difficult to ensure the solu-
bility of chitosan is consistent. (2) Chitosan is too expensive for
building materials. Therefore, in this paper, polyacrylamide
(PAM) gels which are environmentally compatible*** were
prepared for chloride ions adsorption in reinforced concrete
system. The chloride ions adsorption behavior of PAM gel in
simulated seawater and cement were investigated. The results
showed PAM gel could effectively adsorb the chloride ion and
improve the chloride ion penetration resistance in cement.

2. Experimental section

2.1. Materials

Acrylamide (Analytical Reagent, 99.0%), tetramethylethylene-
diamine (99%), calcium chloride anhydrous (99.9%, metals
basis), N,N-methylenebisacrylamide (MBA, 99%) and anhydrous
magnesium chloride (99.99%, metals basis) were purchased
from Aladdin Technology Co., Ltd (Shanghai, China). N,N-
Dimethylbisacrylamide (DMF, =99.5%), ammonium persulfate
(=98.0%), absolute ethanol (=99.7%), sodium chloride
(=99.8%), sodium sulfate (anhydrous, =99.0%), potassium
chloride (=99.8%), sodium bicarbonate (=99.5%), hydrochloric
acid (500 mL, 36.0-38.0%) and sodium hydroxide (flaky,
=96.0%) were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). All the chemicals are analytically
pure (AR) grade. 201*7 (360 g), D202 (250 g) and H103 (250 g)
were purchased from Zhengzhou Hecheng New Material Tech-
nology Co., Ltd (Zhengzhou, China). Standard sand was
purchased from Xiamen Aceou Standard Sand Co., Ltd (Xiamen,
China).

2.2. Preparation of polyacrylamide gel

The synthetic reaction is shown in Fig. 1. 100 g acrylamide,
a certain amount of N,N-methylenebisacrylamide (MBA) and
0.4 g ammonium persulfate (APS) were added to 800 mL

9 APS,MBA

A

Fig. 1 The synthesis process of PAM gel.
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distilled water. After stirring for 5 min, the homogeneously
mixed prepolymer solution was poured into the glass container
and then increased the temperature to 70 °C. After 3 hours,
polyacrylamide gel (PAM) was prepared.

2.3. Pretreatment of resin

H103 is one of the most important polymeric resins with poly-
styrene skeleton.>* Pretreatment of H103 resin (purchased from
Zhengzhou Hecheng New Material Technology Co., Ltd): 100 g
H103 resin was soaked in 95% ethanol solution for 12 hours
and then it was washed repeatedly with distilled water. Subse-
quently, it was soaked with 5 wt% hydrochloric acid solution
and rinsed with water until the liquid was neutral. Rinsed with
5 wt% sodium hydroxide solution and washed with water until
neutral. Finally the resin was dried in vacuum drying oven.

The matrix of 201*7 is styrene-divinylbenzene, and it's
functional group is -N(CH;");. The matrix of D202 is Styrene-
divinylbenzene, and it's functional group is -N(CHj"),-
C,H,OH.*® Pretreatment of 201*7 resin and D202 resin
(purchased from Xiamen Aceou Standard Sand Co., Ltd): 100 g
201*7 resin or D202 resin was washed with distilled water until
the wash solution was colorless. The resin was then soaked in
5% hydrochloric acid solution for 6 h and washed with water to
neutral. Soaked the resin in 5 wt% sodium hydroxide solution
and washed with water until neutral. Finally the resin was dried
in vacuum drying oven.

2.4. Preparation of cement-based materials

Poured a certain quality of Portland cement (PO52.5) into
a cement mortar mixer. Added a certain quality of water
(cement: sea sand :water (mass ratio) = 2:6:1) and covered
with a blender. After mixing the cement, added a certain quality
of sea sand and stirred at high speed for 10 minutes. Added
a certain amount of gel and stirred at high speed for 15-20
minutes. The cement mortar mixture was poured into a 20 x 20
x 20 mm cement block mold to fill the mold. Then put the mold
on the cement sand vibrating table and shaked for 5 min. After
curing at room temperature for 24 hours, the cured mortar
sample was obtained. Put the sample in a standard curing room
for 28 days.

2.5. Characterization

2.5.1. PAM gel

2.5.1.1. PAM gel infrared spectroscopy test. According to the
above preparation method, the reaction solution was dropped
onto a glass slide, sealed and placed in a 70 °C oven for 3 h to
obtain a PAM gel film. The film was soaked in distilled water for
24 h and changed every 12 h to remove un-reacted monomers
and solvents. Then freeze-dried the soaked PAM gel film. The
infrared absorption spectra of PAM gel film was determined by
Fourier infrared spectrometer (FTIR, Nicolet 6700, Thermo
Nicolet Corporation, Massachusetts, USA) with a scanning
range of 4000-400 cm ™.

2.5.1.2. PAM gel scanning electron microscopy test. The PAM
gel film was freeze-dried for 48 h and then a dry film sample was
obtained. The sample was treated with platinum spray and
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tested by scanning electron microscopy (SEM, JSM-7500F, JEOL,
Tokyo, Japan).

2.5.2. Chloride ions adsorption test

2.5.2.1. Chloride ions adsorption test of PAM gel in simulated
seawater. In order to investigate the chloride ions adsorption
ability of materials in simulated seaside environments, the
simulated seawater was prepared. According to ASTM D1141-
98,*® the composition of simulated seawater are as follows:
12.27 g NaCl, 2.05 g Na,SO,, 0.58 g CaCl,, 2.60 g MgCl,, 0.35 g
KCl, 0.10 g NaHCO3;, 0.05 g KBr, 0.014 g H;BO; and 500 mL
deionized water.

Put the PAM gel into the sealed glass bottle containing
simulated seawater solution. After shaking for 48 h, took the
adsorbed solution from the glass bottle and used Leimagnetic
PXSJ-216F ion meter to test the chloride ions content of the
solution.

2.5.2.2. Chloride ions adsorption test of resins. Put a certain
amount of H103 resin, 201*7 resin and D202 resin in a sealed
glass bottle containing simulated seawater, respectively. After
soaking for 48 h, took the adsorbed solution from the glass
bottle and used Leimagnetic PXSJ-216F ion meter to test the
chloride ions content of the solution.

2.5.3. Chloride resistance test of cement-based materials

2.5.3.1. Chloride ion curing test in cement. Cement samples
that were cured for 28 days were knocked into powder. Then
passed through a 100 mesh sieve to remove the gel from the
mortar block. Placed the powder sample in a 100 °C oven and
dried to constant weight. The 5 g powder sample was then put in
a 250 mL beaker containing 100 mL deionized water. After
sealing with plastic wrap, it was placed on a shaker table and
continuously shaken for 24 h to completely leach the free
chloride ions in the cement powder.

2.5.3.2. Chlorine energy scanning test

EDS test of mortar. Crushed the mortar test block that has
been cured for 28 days. Took small pieces with a flat surface.
Platinum spraying was applied to cement specimens. It was
placed in the SEM sample chamber, and after passing through
the selected area of the EM, the elements were scanned with an
energy spectrometer with an accelerating voltage of 15 kV.

EDS test of gels. Removed the gel from the simulation exper-
iment and freeze-dry it for 48 h. Dry gels were sprayed with
platinum. It was placed in the SEM sample chamber, and after
passing through the selected area of the EM, the elements were
scanned with an energy spectrometer with an accelerating
voltage of 15 kv.

2.5.3.3. Resistance of cementitious materials to chloride ion
penetration test. The cement block that had been cured for 24 h
was removed from the mold. It was then sealed on all four sides
with paraffin, leaving only the two opposite sides. It was soaked
in saturated calcium hydroxide solution containing 5% mass
fraction sodium chloride at a temperature of 25 °C for 28 days.
Then took it out. Wiped dry and placed in an oven for 2 h. The
sample was then cut into thin pieces every 2.5 mm from the
penetration surface. Its depths were: 0-2.5 mm, 2.5-5 mm, 5-
7.5 mm, 7.5-10 mm. These thin pieces were then ground into
powder and sieved (100 mesh) to remove the gel. The resulting
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powder was immersed in quantitative water for 24 h. Tested the
chloride content of the immersion solution with an ionometer.
The content of chloride ions at different depths from the
permeable surface of the cement could be obtained.

3. Results and discussion

3.1. Structure of PAM gel

Fig. 2 showed the FTIR pattern of PAM gel in the range of 4000-
400 cm™". The peak that appears at 3415 cm ™" was due to the
stretching vibrations of -NH, and -C-H groups. The peaks at
2936 cm™ "' and 2860 cm ™" were both the stretching vibration
peaks of -CH and the peak at 1654 cm ™' corresponded to the
adsorption band of amide. The peak at 1121 cm ™" was related to
the stretching vibrations of -C-N in PAM gel and it was the
second amide of N,N-methylenebisacrylamide. This indicated
that the formation of crosslinked polyacrylamide.

3.2. Microscopic morphology of PAM gels

Fig. 3 shows the SEM images of PAM gel. As shown in Fig. 3(a),
the surface of the PAM gel was rough and had many holes,
indicating that the PAM gel had a channel for chloride ions to
enter. As shown in Fig. 3(b), the three-dimensional network of
the PAM gel were uniform and loose, and the diameters of these
pores were about 10 pm. The three-dimensional network
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Fig. 2 Infrared spectrum of PAM gel.

Fig. 3 SEM images of PAM gels at different magnifications. (a) 200
magnifications, (b) 3000 magnifications.
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structure of PAM gels could allow chloride ions to enter the
inside of the gel.>”*°

3.3. Chloride ions adsorption of PAM gel in simulated
seawater

Fig. 4(a) shows chloride ions adsorption of PAM gels with
different crosslinker contents in simulates seawater. When the
crosslinker content was 1%, the chloride ions adsorption of
PAM gel in simulated seawater was 32.67 mg g '. With the
increase of crosslinker content, the chloride ions adsorption of
PAM gels gradually decreased. When the crosslinker content
was 9%, the chloride ions adsorption was only 13.63 mg g~ *,
which was 58.3% lower than the adsorption capacity at 1%
crosslinker content. This might be due to the increasing
crosslinking density of the polyacrylamide network. When the
crosslinker content increased, the three-dimensional network
of the PAM gel became more compact and the pore size became
smaller, so the chloride ions adsorption of PAM gel was
reduced. In addition, when the content of crosslinkers was
lower, the active groups on polyacrylamide could form hydrogen
bonds with chloride ions. However, with the increasing of the
content of crosslinkers, these active groups might be not form
hydrogen bonds with chloride ions because they could enter in
the crosslinking reaction and the adsorption site was reduced.
Thus, the chloride ions adsorption of PAM gel was reduced.

In order to study the effect of monomer content on the
chloride ions adsorption of PAM gel, polyacrylamide gels with
different acrylamide monomer contents (50 g L™, 75 ¢ L™,
100 g L' and 125 g L™ ') were synthesized when the crosslinker
content was 1% of the monomer mass. Fig. 4(b) showed the
chloride ions adsorption of PAM gels with different acrylamide
monomer contents in simulated seawater. When the monomer
content was 50 g L™, the chloride ions adsorption capacity of
PAM gel in simulated seawater was 18.96 mg g~ '. With the
increase of the content of the monomer, the adsorption capacity
of PAM to chloride ions gradually increased. When the mono-
mer content was 125 g L', the adsorption capacity is 32.67 mg
g '. This was a 72.3% increase in adsorption capacity with
a monomer content of 50 g L. As the content of the monomer
increased, the number of active groups in the PAM chain that
could form hydrogen bonds with chloride ions also increased,
so the adsorption capacity increased. In addition, when the
monomer content was less, the crosslinking density of PAM gel
network was smaller and the pore size of three-dimensional
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Fig. 4 (a) Chloride ions adsorption of PAM gels with different cross-
linker contents in simulate seawater. (b) Chloride ions adsorption of
PAM gels with different monomer contents in simulate seawater.
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network structure was larger.*** The chloride ions captured
by the gel through adsorption in simulated seawater were prone
to desorption. By comparing the adsorption rate curve in
Fig. 4(a) and (b), it could be seen that the change of monomer
content had less effect on the chlorine ions adsorption of PAM
gel than the change of crosslinker content.?**°

3.4. Adsorption of commercially available resins in
simulated seawater

This paper aims at find a new material which can adsorb
chlorine ions in cement-based materials. Therefore, it is
necessary to study the chlorine ions adsorption capacity. To
compare the chloride ions adsorption capacity of PAM gels with
commercially available resins, three common commercially
available ion exchange resins were selected: macroporous H103
strong alkaline anionic resin, gel type 201*7 strong alkaline
anion exchange resin and macroporous D202 strong alkaline
anionic resin.

According to Fig. 5, PAM gel had a stronger chloride ions
adsorption capacity than H103, 201*7 and D202 resin in
simulated seawater. To compare the three kinds of resin, the
order of adsorption capacity from high to low was 201*7, D202
and H103 resin. For example, when the concentration is 30 g
L', the adsorption rate of PAM was 16.03%, and the adsorption
rate of the mass of H103 is 8.71%. In addition, with the increase
of the mass of PAM gel, 201*7, D202 and H103 resin, the
chloride ions adsorption capacities in simulated seawater
obviously increased. For example, when the concentration
increased from 6 ¢ L™" to 30 g L™ ', the adsorption rate of the
mass of D202 increased to 2.21 times, while the adsorption rate
of the mass of 201 increased to 2.25 times. This is because the
number of resin particles increases, the chance of the active site
coming into contact with chloride ions increases, and the
chloride ions adsorption capacities increases. The ion exchange
process occurs by diffusion to the active site through the
spacing between its crosslinked points. As shown in Fig. 3, the
pores diameters of PAM gel three-dimensional network were

184—PAM
P —— H103 resin
@ 167—— D202 resin
< —201%7 resin
o 147
=
S 124
= 10
5 10
'5
o 81
5
» 61
= &
< 47

2-

6 12 18 24 30
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Fig. 5 Adsorption rate of PAM (MBA/PAM is 1%), H103 resin, 201*7
resin and D202 resin in simulated seawater.
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about 10 pm. The matrix of gel-type anion exchange resin 201*7
is also microporous and its pore diameter is between 0.5 and
5 nm. The diameter of inorganic ions is about 0.3-0.7 nm.***’
Therefore, the chloride ions adsorption capacity of gel-type
201*7 resin is higher than macroporous ion exchange resins
H103 and D202. For example, when the concentration was 6 g
L', the adsorption rate of PAM was 6.525%, and the adsorption
rate of the mass of H103 was 2.5875%. In addition, with the
increase of the mass of PAM gel, 201*7, D202 and H103 resin,
the chloride ions adsorption capacities in simulated seawater
obviously increased. For example, when the concentration
increased from 6 ¢ L™ to 30 g L™, the adsorption rate of the
mass of D202 increased to 2.2 times, while the adsorption rate
of the mass of 201 increased to 2.25 times.

3.5. Adsorption in cement

In order to study the adsorption capacity of PAM on chloride
ions in marine architecture, PAM gel was mixed in the cement
with sea sand. Fig. 6(a) showed the content of free chloride ion
of the cement curing 28 days with gel (1 wt% and 1.5 wt%) and
without gel respectively. As shown in Fig. 6(a), the content of
free chloride ion of the cement with gel was obviously less than
the content of free chloride ion of the cement without gel and
the content of free chloride ion decreased when the gel weight
was increasing. Compared to the content of free chloride ion of
the cement without gel, the contents of free chloride ion of the
cement with 1 wt% and 1.5 wt% had decreased by 21.7% and
30.9%, respectively. Fig. 6(b) showed EDS spectra of Cl elements
of PAM gel after the gel was mixed in cement for 28 days. PAM
gel was polyacrylamide gel and it did not contain chlorine
element before it was mixed in cement. However, it could be
seen that the relative strength distribution of Cl element in PAM
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Fig. 6 (a) Content of free chloride ion of the cement curing 28 days
with gel (1 wt% and 1.5 wt%) and without gel. (b) EDS spectra of Cl
elements of PAM gel after the gel was mixed in cement for 28 days. (c)
EDS spectra of Cl element of cement with 1.5 wt% gel. (d) EDS spectra
of Cl element of cement without gel.
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gel which was mixed in cement for 28 days was strong so PAM
gel could effectively adsorb chloride ions in cement with sea
sand. Fig. 6(c) and (d) showed EDS spectra of Cl element of
cement with 1.5 wt% gel and without gel respectively. These
figures indicated that PAM gel adsorbed a lot of chloride ions in
cement. As mentioned above, the surface of the PAM gel is
rough and has many pores so the PAM gel had a channel for
chloride ions to enter and could effectively adsorb the chloride
ion in cement.***

3.6 Chloride penetration resistance in cement

In order to further study the ability of PAMC gel to adsorb
chloride ions in cement, the cement with PAM gels was cured in
NaCl solution for 28 days, respectively. The free chloride ion
mass fraction at different depths from the surface of cement
was measured and showed in Fig. 7. According to Fig. 7, when
the depth increased, the content of free chloride ions gradually
decreased because chloride ions entered the cement mainly
through osmosis. The chloride ion content in the cement with
1.5 wt% gel were 14.3 mg g " and 2.5 mg g ' at the depth of 0-
2.5 mm and 7.5-10 mm, respectively. And the chloride ion
content in the cement with 1 wt% gel were 18.2 mg g~ and
3.3 mg g~ at the depth of 0-2.5 mm and 7.5-10 mm, respec-
tively. The free chloride ion content at each depth of the cement
without PAM gel group was higher than that of the cement with
1 wt% and 1.5 wt% PAM gel groups. The cement samples con-
taining 1.5 wt% gel had the lowest chloride content at each
depth. Compared with the cement sample without gel, the
chloride ion content in the cement sample containing 1 wt% gel
and 1.5 wt% gel were reduced 31.3% and 46.8% at a depth of 0-
2.5 mm, respectively. This showed that when the PAM gel
content is higher, it can better prevent the penetration process
of chloride ions in cement and improve the resistance of
cementitious materials to the chloride ion penetration. This
result is consistent with the gel adsorption results in simulated
sea water since the amide and hydroxyl groups in PAM gel could
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Fig. 7 Chloride ion content of the cement matrix at different depths
from the penetration surface after 28 days of maintenance.
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form hydrogen bonds with chloride ions to provide adsorption
sites.>*®

4. Conclusions

In order to reduce the damage of chloride ions to marine
structures, PAM gel was prepared for chloride ions adsorption
in reinforced concrete system. The chloride ions in simulated
seawater were adsorbed by PAM gel and the chloride ions
adsorption capacity of PAM gel was stronger than H103, 201*7
and D202 resin in simulated sea-water. In addition, PAM gel
could effectively adsorb the chloride ion, such as when the
monomer AM content was 125 g L™ ", the adsorption capacity
was 32.67 mg g~ *. The free chloride ion content at each depth of
the cement without PAM gel group was higher than that of the
cement with 1 wt% and 1.5 wt% PAM gel groups, indicating that
PAM gels could effectively prevent the penetration of free
chloride ions and improve the chloride ion penetration resis-
tance in cement.
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