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In this research, a kind of 2-acrylamido-2-methylpropanesulfonic acid sodium salt- (AMPS-Na-) type copolymer additive, the ﬂuid
loss additive (FLA), named as FLA A additive, was used for research. The performance of FLA A was tested and found to fail in the
eﬀective control of free water and to hinder the hydration process for delaying the breaking of the early hydration shell. The reason
for it was the absorbed behavior and chelating eﬀect of the AMPS-Na unit to Ca2+ hydrating cement particles. Thus, a cationic
polyvinyl alcohol (PVA) polymer, modiﬁed by glyoxal and boric acid, was discovered due to its excellence in associating with
the FLA A additive for controlling the free cement-based material water amount and preventing the chelating eﬀect of FLA A
chains on the surface of the cement-based material. Glyoxal/boric acid-modiﬁed polyvinyl alcohol, abbreviated as PVAGB or
PVA-G-B, was with special molecular properties, i.e., positive ZETA (ζ) potential characteristics and cross-linked molecular
structure. Due to competitive absorbed behavior of glyoxal-modiﬁed hydroxyl groups and free Ca2+ released by the hydration
product, the chelating eﬀect of AMPS-Na units to Ca2+ was weakened and the possibility of FLA A chains being absorbed to the
surface of the cement-based material was decreased. Then, the formation of a complete ﬂuid loss system was obtained; i.e., the
ﬂuid loss volume decreased to less than 50 mL at 30°C and 108 mL at 80°C with 0.2 percentage by weight of cement (%BWOC)
of PVAGB and 0.50%BWOC (percentage by weight of cement) of FLA A. Besides, the hydration process of cement-based
material was accelerated due to formation of more C-S-H gels in the early hydration period. As a result, the cement-based
material not only showed no worse compressive-strength retrogression but also showed a stable 28-day compressive strength of
28 MPa.

1. Introduction
For more superior comprehensive performance of cementitious materials used in oil well cementing projects, diﬀerent
kinds of additives are being used for optimization of cementitious materials. Functionalization and higher eﬀectiveness
are the two essential factors when using these additives. In
particular, polymeric additives were utilized. So, various
molecular structure characteristics of these functional polymers, including types of special functional chemical groups,
have created signiﬁcant factors, which are exerting more
and more important functions when designing new polymeric additives. For polymer additives used in cementitious
materials with special functional side-chain units, such as
2-acrylamido-2-methylpropanesulfonic acid sodium salt

(AMPS), the optimization of these polymerizable units is
necessary and eﬀective for the excellent application function
of polymer additive. And 2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS) was a type of functional unit
for polymeric additive, with which 2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS-Na) could be
formed by pH adjustment to sulfonic acid groups with
sodium hydroxide. As a result, excellent properties, i.e.,
strong chelation ability [1, 2] and temperature/salt resistance
[3] of relating polymer additives, could be obtained. However, when used in cement-based materials, functional failure
occurred due to the physicochemical behavior of AMPS-Na
units surrounding high positively charged metal ions.
AMPS-type ﬂuid loss additive (FLA) was eﬀective in the
microstructure control of hydrating cementitious materials
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for chelating eﬀect with high-valence hydrated ions, such as
calcium ion (Ca2+), and these positive ions were released by
hydrating cementitious particles. Due to stronger and eﬀective chelation eﬀect of the AMPS-Na unit to calcium ion
(Ca2+) or other metal ion, chemisorption mechanism of the
AMPS-type additive was a fact [4]. AMPS-Na showed stronger absorbed ability to Ca2+ hydrated cement particles when
compared to AMPS, and AMPS-Na-type chains could be
absorbed on the hydrating surface of cement-based materials;
a better multilayer ﬂuid loss control structure was formed
due to the absorbed behavior of numerous polymer chains
to the surrounding cement-based material. However, perfect
function of the AMPS-Na-type additive was based on better
dispersion of polymer chains and formation of ﬁltration control multilayers, so as to reduce ﬂuid loss volume of well
cementing materials [4, 5], and most free water molecules
across through every layer were blocked at certain parts of
the cementitious materials [6].
Dias et al. [7], Han and Zhang [8], and Cui et al. [9]
depicted that molecular structure characteristics of the polymeric ﬂuid loss additive were the key points to improve ﬂuid
loss additive application eﬀectiveness. Salami and Plank
depicted that the highly dispersed grafting polymer structure
was beneﬁcial to overcome unnecessary side eﬀects when
contacting with electrolyte matters, such as metal ions [10].
Besides, Guo et al. indicated the control ability of the carboxylic group to retard side eﬀects of the AMPS-type ﬂuid loss
additive and ﬂuid loss control ability improvement [11].
With regard to chelation and absorption eﬀects of AMPSNa to calcium ion, resistance of AMPS-type additives to calcium ion contamination reﬂected its ﬂuid loss control ability
and rheological properties of cement slurry, especially in
high-temperature bore holes. And Liu et al. indicated that
amphoteric polymers could be useful for anticalcium contamination [12]. Meanwhile, Salami and Plank depicted the
inﬂuence of electrolytes to ﬂuid loss additive, and their
research results indicated that unsuitable cationic matters,
such as Mg2+, were not beneﬁcial for additive performance
in oil well cement slurry [10].
So, as depicted by the above research results, for traditional AMPS-Na-type additives, which only showed physicochemical properties of the anionic polymer, the new
components used for additive systems could become the
key point to improve the eﬀectiveness of the additive system.
In this research, a type of AMPS-type additive, the FLA A
additive, was used to explore additive defects used for cement
materials. During compression test, serious brittleness along
the axial direction frequently occurred. This kind of brittleness could negatively aﬀect exploitation operations after
cementing, and on the other side, ductile fracture characteristics could be much more beneﬁcial to cement mechanical
performance when compared to brittle drawbacks [13–15].
Plank et al. depicted that PVA, as a kind of associated swellable colloidal polymer, showed no inﬂuence on the ﬁlter cake
microstructure but signiﬁcantly reduced ﬁlter cake permeability. And they showed no chemical absorbed behaviors
to cement particles [16]. And for it to improve ﬁltration control performance, as well as to weaken brittleness, chemically
modiﬁed PVA polymer has been researched. So, a new type
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of cationic cross-linked polyvinyl alcohol, named as PVAGB,
had been remarkably regarded, and it had been utilized for
better ﬂuid loss control ability and it was beneﬁcial in accelerating the early hydration of cement-based materials [6],
in which PVAGB possibly showed no chemically absorbed
behaviors to cement particles, so as to keep the microstructure completion of cement itself and reduce its microstructure permeability.
In this research, the FLA A additive showed negative
ZETA potential value and excellent chemisorption ability to
calcium ions mostly due to numerous sulfonate groups
(SO3-) on AMPS units. However, in experimental tests, ﬂuid
loss control abnormality and serious compression performance defects occurred. It was estimated that normal molecule distribution of FLA A was damaged due to long-chain
molecule characteristics of the polymer additive, and ﬂuid
loss control ability was worse than expected.
Thus, doubts on the eﬀectiveness of function of AMPStype additives were established. And further researches were
carried out on FLA A additives. In experiments, FLA A additives showed obvious drawbacks even with 3%BWOC and
excellent acetone-formaldehyde-type dispersants [5].
As Hussein et al. depicted, the mixture of diﬀerent ﬂuid
loss additives at certain proportions could be beneﬁcial to
the formation of more excellent ﬂuid loss control systems
[17]. So, it was thought that the ﬁnal aim of using ﬂuid loss
additives was to accelerate the formation of a complete ﬂuid
loss control system in cement slurry. For it, an estimated concept to a ﬂuid loss-controlled microstructure of cementbased materials was established (Figure 1), and a spatially
dispersed support to adjust FLA chain distribution formation
was the possibility to constitute the system of completed ﬂuid
loss control multilayers. In research, polyvinyl alcohol
(PVA), a commonly used adhesive, was often utilized for its
better ﬂuid loss control ability and beneﬁts to hydration of
cement-based materials [18]. And glyoxal was often used
for PVA chemical group modiﬁcation, i.e., polyvinyl acetal
adhesive, which showed excellent adhesion performance to
cement-based materials [19–21]. So, glyoxal-modiﬁed PVA
could be used. Furthermore, a glyoxal-modiﬁed hydroxyl
group was discovered to be with positive ZETA potential
characteristics and it could possibly impose a chemisorption
behavior on the FLA A additive when competing with Ca2+.
Formation of chemisorption force between the sulfonate
group on the FLA A chain and the glyoxal-modiﬁed hydroxyl
group on the PVA chain was a possibility. In particular, a
cross-linking technique was utilized to form a solid polymeric network dispersed in a material matrix. In previous
research, cement-based materials showed an obvious retarding side eﬀect when using cross-linked PVA polymers for
ﬁlming eﬀect [6, 8, 16, 22]. However, the cross-linked network was stable with higher mechanical strength. So, a
cross-linked cationic polyvinyl alcohol (PVA) polymer,
modiﬁed by glyoxal (G) and boric acid (B), could be used
for better functional synergy of FLA A additives to form
an excellent ﬂuid loss control system. FLA A additives and
this modiﬁed PVA (PVAGB) polymer were combined for
improving the FLA A chain distribution state, and PVAGB
was utilized as a microstructure additive of the FLA A
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Figure 1: Schematic c. Note: the rearrangement of FLA A chain
distribution was formed by absorption mechanism and the
adjustment of the chain distribution by a spatially ﬁxed and crosslinked network of the PVAGB polymer. Sectional direction was
deﬁned for the formation of ﬁltration control multilayers. The
direction was vertical to the ﬂowing direction of cement slurry;
free water was blocked on a certain layer to keep the perfect ratio
of cement to water resulting in better hydration of cementitious
material; axial direction was deﬁned for the formation of ﬁltration
control multilayers. The direction was along the ﬂowing direction
of cement slurry. And free water possibly ﬂowed along the axial
direction micropore within the cement-based material, and the
hydration process of the material was partly delayed or stopped
due to lack of free water.

additive (Figure 1) rather than providing a stronger interface
adhesion ability with larger addition for stronger binding
force among cement particles [23, 24]. This could be a possible solution to form chains in a uniform spatial distribution and could be formed by chemisorption mechanism of
the FLA A additive itself.

2. Materials and Methods
2.1. Materials. In research, the FLA A additive, an AMPStype ﬂuid loss additive, which is a commercial product
made in China, was used for research of absorption behaviors
and mechanism of AMPS-type ﬂuid loss additive used in
cement-based materials. Furthermore, the PVA polymer,
modiﬁed by glyoxal and boric acid, abbreviated as PVAGB
(or PVA-G-B), which could be completely swelling-soluble
in water (PVA, degree of polymerization, i.e., DP was
1788), was used for research on its physicochemical association eﬀect on FLA A additives. Besides, formaldehydeacetone poly(condensate) was utilized as a dispersant for
FLA A or PVAGB additives in the ﬂuid loss system of
cement-based materials [5], designated as SXY-2, which is a
commercial product made in China. In addition, class G
Portland cement, Ca2+ (CaCl2) agent, and NaOH agents,
commercial products made in China, were also used.
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2.1.1. Synthesis of PVA-Glyoxal-Boric Acid (PVAGB)
Polymers. Synthesis of PVA-glyoxal-boric acid (PVAGB)
polymers was done as mentioned above. Glyoxal was a better
kind of adhesive modiﬁer to reinforce adhesion performance
of PVA-type additives, and these additives were beneﬁcial
to the cementing performance of inorganic materials, such
as cement-based materials [18, 20]. Besides, it may contribute to the well dispersion of cross-linked PVA in water
for acetal chemical structures [25, 26]. So, glyoxal (G) and
boric acid (B) were used as modiﬁcation agents [27, 28].
And the new modiﬁed PVA was designated as PVAGB
polymer. Besides, to ensure a better hydrophilic property
of the PVAGB polymer, urea (U) was utilized for keeping
more residual hydroxyl groups [19]. Speciﬁcally, the synthesis procedure was the following: ﬁrstly, in a 500 mL
reaction ﬂask, 9 g of PVA was dissolved in 150 g of deionized water just under air atmosphere, and dissolution process was kept at 90~95°C for 1~2 hours. The reaction ﬂask
was equipped with a reﬂux condenser, dropping funnel, and
water bath kettle. To this solution, hydrochloric acid solution
(50 wt.%) was added to adjust the pH value of the PVA solution to 2~3, and it was used as a reaction catalyst of aldolization reaction. Then, temperature of the PVA solution was
adjusted to 80~85°C. Secondly, with a dropping funnel,
3.6 g glyoxal (98%, weight percentage) was dissolved in
89.4 g deionized water and added slowly for 0.5 hour. Then,
the aldolization reaction was kept at 80~85°C for 2 hours.
Then, the temperature was adjusted to 65~70°C. Thirdly,
the acetal reaction was stopped with sodium hydroxide
(NaOH) solution (50 wt.%) and the pH value was adjusted
to 7~8. Finally, 0.06 g of boric acid was added to the solution
and dissolved within 0.5 h, then the cross-linking reaction
was kept at 65~70°C for 1.5~2 hours. So, glyoxal- and boric
acid-modiﬁed PVA (PVAGB or PVA-G-B) polymer was
formed. And the weight percentage of PVAGB was 5%.
2.1.2. Preparation of Cement-Based Material Samples. As
described, all referred additives and other materials were
used for making the cement-based material according to
the Chinese recommended standard of GB/T 19139-2012
[29] and API RP 10B-2 [30]; cement was mixed with diﬀerent
BWOC percentages of various polymer additives but with a
ﬁxed weight ratio, water to cement was 0.44; i.e., cement
weight and water weight were, respectively, 800 g and 352 g,
with weight deviation of 0.1 wt.%, and mixing speed was set
at 4000 r/min ± 250 r/min for 15 seconds to add cement or
cement/dry additive blend to the water and then increased
to a mixing speed at 12000 r/min ± 250 r/min for 35 s ± 1 s.
Then, for cementing of the material, all cement slurry was,
respectively, poured into a sample mould for mechanical
strength testing. The curing temperature for compressivestrength test was 60°C, and the cement slurry mixture could
be cured with 1 day, 3 days, 7 days, 14 days, and 28 days of
curing time. It was maintained in an atmospheric-pressure
water curing bath within ±2°C. The test was with four specimens of a set, and each strength value was obtained by average value of four tested values. Then, the curing temperature
for sample preparation of scanning electron microscope
(SEM) analysis was 60°C, curing period 1 day, and then
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Table 1: XRF analysis of class G Portland cement chemical components.

Components
Weight percentage (%)

0

Na2O

Al2O3

MgO

SiO2

CaO

K2O

Fe2O3

Loss

Others

0.23

3.37

1.95

20.38

61.79

0.45

4.15

2.61

5.07
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Figure 2: FTIR analysis of FLA A additive and SXY-2 dispersant.

freeze-drying operation in a vacuum drying oven for more
than 48 hours.
2.2. Characterization
2.2.1. Physical and Chemical Properties of Used Materials.
Class G Portland cement was tested with X-ray ﬂuorescence
(XRF) analysis, shown in Table 1 (provided by the producer).
Chemical structure analysis of FLA A and SXY-2 is shown in
Figure 2.
For the FLA A additive, the absorption peak at 3446 cm-1
that corresponds to -NH2, the absorption peaks at 2929 cm-1
and 2873 cm-1 that correspond to -CH3, and the absorption
peaks at 1181 cm-1, 1043 cm-1, and 632 cm-1 that correspond
to -SO3- [31] were clearly observed, which represented the
AMPS-Na unit that existed on the FLA A polymer chain.
Besides, the absorption peaks at 1455 cm-1 corresponded to
-CH2. So, on FLA A, -SO3- was the main chelating part to
Ca2+ or other high-valence-state metal ions within cementbased materials. For the SXY-2 dispersant, the absorption
peak at 3446 cm-1 corresponded to -OH, the absorption peak
at 2931 cm-1 corresponded to -C-H, the absorption peak at
1647 cm-1 corresponded to -C=O, and the absorption peak
at 1182 cm-1,1043 cm-1, and 617 cm-1 corresponded to -SO3[31], which showed that the dispersant was one type of acetone-formaldehyde-sulfonate-based dispersant [5].
2.2.2. Compressive-Strength Test. Cement slurry tests were
conducted, operated based on API RP 10B-2. Oil well classG cement, FLA A polymer additive, PVAGB polymer, dispersant SXY-2, and water were applied. The mixture samples
were all 50:8 × 50:8 × 50:8 mm3 and used for compressivestrength testing (Table 2, compressive-strength tester). All
mixture samples were cured at 60°C and normal atmospheric
pressure, with a designed curing time of 1-day, 3-day, 7-day,

Table 2: Testing and characterization instruments.
Instruments
Compressive-strength tester
High-temperature and
high-pressure (HTHP)
ﬂuid loss tester
Fourier transform infrared
(FTIR) spectrum
Scanning electron microscope
ZETA potential tester

Model number
TYE 300B (China)
OWC-9510 (China)
Nicolet 6700 (Thermo
Scientiﬁc company, America)
ZEISS EV0 MA15
(ZEISS company, Germany)
ZetaProbe (Colloidal
Dynamics company, America)

14-day, and 28-day periods, and a curing period for one set of
four tested specimens. Compressive-strength testing procedure was referred by GB/T 19139-2012 and the API Recommended Practice 10B for compressive-strength testing. The
cured rectangular specimens (50:8 × 50:8 × 50:8 mm3 ) were
used to measure compressive-strength testing at a crosshead
speed of 400 N/s. For evaluation of compressive-strength
performance of tested specimens, an average strength value
of four specimens was adopted.
2.2.3. Fluid Loss Test. Fluid loss test was done to verify
cement slurry ﬁltration loss volume and conﬁrm function
failure behaviors of the FLA A polymer additive with a
high-temperature-high-pressure (HTHP) ﬂuid loss tester
(Table 2). This test was performed based on API Recommended Practice 10B. Test conditions were required at
30°C and 80°C, with 6.9 MPa test pressure. Besides, for testing
at a speciﬁc temperature, all cement slurry mixtures were
kept in a normal atmospheric-pressure consistometer for 20
minutes, with 150 r/min stirring and 30°C or 80°C constant
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Sectional direction
Axial direction

Figure 3: Illustration of spatial direction of cement-based material.

temperature heating operation, just as API 10B recommended. The test of every set of the additive formula was
repeated at least twice except for the orthogonal analysis. If
all results of every set were with a value deviation within
10~15 mL, the results could be thought as regular and their
average value could be the ﬁnal result of this set, or it would
be seen as a failure in the control of the ﬂuid loss test. For
conﬁrming the failure of FLA A, the diﬀerent contents of
FLA A were adopted and the SXY-2 content was controlled
to 0.2%BWOC due to its possible negative result according
to the relating compressive-strength test. For comparison,
an orthogonal analysis at 30°C for the ﬂuid loss test was carried out and for optimization of PVAGB content added with
the FLA A additive. Then, further comparison was carried
out at 80°C with diﬀerent FLA A/PVAGB/SXY-2 content
according to optimization results of the orthogonal analysis
at 30°C. Besides, 60°C was chosen as the test point for
researching the physicochemical eﬀect of FLA A additives
and/or PVAGB additives to cement-based materials.
2.2.4. Microstructure Analysis. To conﬁrm test results, especially a clear contrast in the ﬂuid loss test and compression test
before and after addition of PVAGB, SEM analysis was performed (Table 2, scanning electron microscope). For analysis
of microstructure characteristics, cement-based material samples underwent curing in a 60°C atmospheric-pressure water
curing bath within ±2°C for 1 day, a freeze-drying operation
of liquid nitrogen, and a more than 48-hour vacuum drying
oven treatment. Then, the dried samples were compressed
with the compressive-strength tester test (Figure 3) under certain strain stress forces [32, 33] along the sectional direction
and axial direction of prepared samples (no touching operation was done), to obtain two types of hardened lamellar samples, which was along the sectional and axial directions of
samples. Then, they were fully dried after more than 48 h.
During SEM analysis, all samples were made into an electrically conducting material and were deposited by a high vacuum evaporation operation.
2.2.5. FTIR Analysis of PVAGB Additive and Material
Formulas with Diﬀerent Additive Systems. For analysis of
chemical structure characteristics of the PVAGB polymer,
FTIR analysis was utilized for varieties of chemical groups
before and after modiﬁcation. The tested polymer product

underwent drying operation of more than 48 hours and
was then pulverized.
And FTIR analysis was utilized to test the chemical reaction and changes before and after additives were added into
the cement-based material. And the tested samples were in
the power state and made with pulverized cement-based
material fragments of diﬀerent additive formulae, which were
cured in a 60°C atmospheric-pressure water curing bath
within ±2°C for 1 day. The tested cement-based material
product underwent drying operation of more than 48 hours
and was then pulverized.
2.2.6. ZETA Potential Test (Polymer Solutions). The FLA
A additive and/or PVAGB polymer was utilized to prepare a polymer aqueous solution, mass fraction no less
than 1 wt. (solvent as deionized water). In particular, the
FLA A/PVAGB mixture polymer additive solution mass ratio
of FLA A to PVAGB was 5 : 2. Then, the Ca2+ additive
(CaCl2) of 0.6 g/L may be added to FLA A and FLA
A/PVAGB polymer solutions to obtain an equivalent Ca2+
content in cement-based materials [34]. A NaOH agent was
utilized to adjust the pH value to simulate the cement slurry
chemical environment. The test condition was 30°C (±2°C),
with normal atmospheric pressure.
For simulation of the cement-based material formula, the
weights of cement, deionized water, FLA A additive, PVAGB
additive, and dispersant SXY-2 were, respectively, 800 g,
352 g, 4 g, 1.6 g, and 9.19 g. Then, the hydrating product was
with 0.6 g/L Ca2+. So, for simulation of the hydration environment but with no cement added, all other components
were added in deionized water and an extra Ca2+ agent,
CaCl2, of approximately 0.59 g was needed. The weight ratio
was ﬁxed, but the weight of used water was decreased.
Speciﬁcally, the preparation of polymer solutions was
as follows:
Solution 1. FLA A (1.875 wt.) solution; 5.625 g FLA A polymer additive dissolved in 294.375 g deionized water
Solution 2. FLA A (1.875 wt.) solution and then 0.6 g/L Ca2+
added; 5.625 g FLA A polymer additive dissolved in
294.375 g deionized water. And 0.83 g CaCl2 was added.
The weight ratio of FLA A to CaCl2 was 4 : 0.59
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Figure 4: FTIR spectrum of the PVAGB polymer additive (solid blue line). PVA: polyvinyl alcohol; PVAGB-U: PVA modiﬁed by glyoxal,
boric acid, and urea [19]; PVA-G: PVA modiﬁed by glyoxal; PVA-G-B: PVA modiﬁed by glyoxal and boric acid (also abbreviated as PVAGB).

Solution 3. Solution 2 was prepared and then 3.43 g NaOH
was added. Note: for the added NaOH, 3.5 g NaOH added
for 300 g deionized water, and pH values were tested with
pH test strips. PVAGB (1.0 wt.) solution: 3 g FLA A polymer
additive dissolved in 297 g deionized water (or 60 g of 5%
PVAGB solution diluted with 240 g deionized water)
Solution 4. PVAGB (1.0 wt.) solution and then 0.6 g/L Ca2+
added; for 300 g of PVAGB (1.0 wt.) solution, 1.10 g CaCl2
was added. The weight ratio of FLA A to CaCl2 was 1.6 : 0.59
Solution 5. Solution 4 was prepared and then 3.46 g NaOH
was added
Solution 6. Mixture of 200 g FLA A (1.875 wt.) solution and
150 g PVAGB (1.0 wt.) solution, i.e., 3.75 g FLA A additive
and 1.5 g PVAGB additive were added in 294.75 g deionized water
Solution 7. 350 g of Solution 6 was prepared with 0.55 g CaCl2
added. And then 4.02 g NaOH was added. The weight ratio of
FLA A to CaCl2 was 4 : 0.59, and the weight ratio of FLA A to
CaCl2 was 1.6 : 0.59 (the weight ratio of FLA A to PVAGB
was 4 : 1.6, i.e., 0.5 : 0.2). Note: test condition is normal atmospheric pressure and normal temperature.

3. Results and Discussions
3.1. PVAGB Polymer Additive: FTIR Spectrum. As mentioned before, the modiﬁed PVA, the PVAGB (PVA-G-B)
polymer, with urea (U) is taken as an indicator to maintain
enough dispersed hydroxyl groups on PVA chains. As per
the FTIR spectrum in Figure 4, it can be seen that there are
two characteristic peaks at 1085 cm-1 and 1633 cm-1, indicating hydroxyl groups modiﬁed by glyoxal (G) agent, in which

the peak at 1085 cm-1 represented the formation of a -C-Oheterocyclic ring and the peak at 1633 cm-1 represented
-C=O of an aldehyde group (-CHO) on modiﬁed PVA chains.
The absorption peak of -B-O- was shown at 1324 cm-1, representing the modiﬁcation eﬀect of boric acid to hydroxyl
groups. Furthermore, as shown in the PVAGB-U spectrum,
the lower peak at 1290 cm-1 of the PVAGB spectrum has been
covered by a nearby peak, and the dual peak of C=O in the
PVAGB-U spectrum, at 1600~1800 cm-1, resulted from the
modiﬁcation eﬀect of glyoxal and urea. Urea (U) was used as
indicators of residual hydroxyl groups, making all PVA chains
the most dispersed hydroxyl groups retained according to the
probability of reaction eﬀect and adjacent-group eﬀect [35], so
as to eventually keep this PVA polymer additive with stronger
hydrophilic performance. Moreover, a high hydrophilic performance could be a beneﬁt to weaken the retarding side eﬀect
for the cross-linked PVA itself [16, 36].
Generally, glyoxal could be used as a cross-linker to chemical groups of -OH or -NH2; however, with the so-called acid
kill, HCL added to adjust pH from 7~8 to 2~4, the crosslinking reaction was interrupted and chemical modiﬁcation
to -OH just happened [37]. For that, glyoxal-modiﬁed polyvinyl alcohol (PVA-G) could be obtained, and the product had
the characteristics of positive ZETA potential matter. As a
result, glyoxal-modiﬁed hydroxyl groups could possibly show
positive ZETA potential characteristics and it could possibly
impose the chemisorption behavior of FLA A additives to
modiﬁed PVA polymer chains. Besides, in Liu et al.’s words,
a new kind of amphoteric polymer, which could show better
anticalcium contamination properties, was produced [12].
3.2. Eﬀect of FLA A Additive to Cement
3.2.1. Fluid Loss Test. As shown in Table 3, for exploring the
negative eﬀect FLA A brought to cement-based materials,
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Table 3: Fluid loss test 1.
Test no.

Table 5: Fluid loss test (comparison for SXY-2 added).

PVAGB
FLA A
SXY-2
(%BWOC) (%BWOC) (%BWOC)

Fluid loss (mL)
(30 min)
Data 1 Data 2

Test no.

PVAGB
FLA A
SXY-2
Fluid loss (mL)
(%BWOC) (%BWOC) (%BWOC)
(30 minutes)

9

0.2

1.0

0.50

34

9′

0.2

1.0

0.75

30

1∗

0.20

0

0

452

2∗

0.20

0

0.25

446

3∗

0

1.0

0.25

195

235.2

4∗

0

2.0

0.25

147

276

20

5∗

0

3.0

0.25

67

91.9

18

°

Note: test condition as 30 C, 6.9 MPa, and ﬂuid loss in 30 minutes.

16

°

Note: test condition as 30 C, 6.9 MPa, and ﬂuid loss in 30 minutes.

Test no.
1
2
3
4
5
6
7
8
9
K1
K2
K3
R

PVAGB
FLA A
SXY-2
Fluid loss (mL)
(%BWOC) (%BWOC) (%BWOC)
(30 minutes)
0.1
0.1
0.1
0.15
0.15
0.15
0.2
0.2
0.2
67.7
52
34.7
33

0.5
0.75
1.0
0.5
0.75
1.0
0.5
0.75
1.0
72.3
48
34
38.3

0.25
0.50
0.75
0.50
0.25
0.75
0.75
0.25
0.50
73.3
46
35
38.3

122
46
35
58
65
33
37
33
34
/
/
/
/
°

Note: orthogonal test (L9 (33)). Test condition as 30 C, 6.9 MPa, and ﬂuid
loss in 30 minutes.

content of the SXY-2 dispersant was controlled to decrease to
0.25%BWOC and suitable for comparing with the FLA
A/PVAGB/SXY-2 additive formula. Besides, addition of
0.2%BWOC PVAGB showed no excellent ﬂuid loss control
ability. As a result of this test, ﬂuid loss control ability of
cement slurry could be mostly attributed to the addition of
the FLA A additive. However, the ﬂuid loss showed obvious
diﬀerence for the same proportion of the FLA A additive,
especially 2%BWOC. With the 2%BWOC FLA A additive,
ﬂuid loss in 30 minutes was shown as 147 mL and 276 mL,
which showed a 129 mL value deviation. And its utilization
has caused a larger ﬂuid loss volume than the use of
3%BWOC of FLA A. So, the FLA A additive showed an obvious defect in ﬂuid loss control ability.
As per Table 4, contents of PVAGB, FLA A, and SXY-2
were the aﬀecting factors and an orthogonal test was carried.
Though PVAGB showed no excellent ﬂuid loss control ability with the addition of 0.2~0.25%BWOC, an excellent ﬂuid
loss control coordinating eﬀect with the FLA A additive
was shown. According to Table 4, PVAGB showed excellent
assistance to the FLA A additive even with 0.25%BWOC
SXY-2 added. The degree of eﬀect of additives to ﬂuid loss
volume was as PVAGB > FLA A > SXY − 2.

Pbc (MPa)

Table 4: Fluid loss test 2.

14
12
10
8
6
4
2
0

Sample 1∗

Sample 2∗

Sample 3∗

Pbc1
Pbc2

Figure 5: (1) Compressive-strength test 1. Columns in red color for
samples containing only FLA A additive (Pbc1 ); columns in orange
color for samples containing FLA A and 0.75%BWOC dispersant
SXY-2 (Pbc2 ). Sample 1∗: 1%BWOC FLA A; sample 2∗: 2%BWOC
FLA A; sample 3∗: 3%BWOC FLA A. Note: Pbc1 and Pbc2
represent compressive strength of cement-based material samples.

As shown as Tables 4 and 5, due to the positive eﬀects of
higher content of SXY-2 added to the new additive formula
(FLA A and PVAGB combined) ((9) compared with (9 ′ )),
0.75%BWOC showed better ﬂuid loss control ability compared with 0.25/0.5%BWOC, so SXY-2 of 0.75%BWOC content could be utilized. And relatively higher content of
PVAGB could be better for the ﬂuid loss control ability when
combined with FLA A; as (5) compared with (8), ﬂuid loss volume was decreased from 65 mL to 33 mL (average value) when
PVAGB content increased from 0.15%BWOC to 0.2%BWOC
combined with 0.75%BWOC FLA A. Besides, due to the coordination eﬀect of the PVAGB eﬀect to FLA A with less content
and comparison with FLA A, we selected 0.2%BWOC
PVAGB/0.5%BWOC FLA A additive formula for further
research, i.e., as the research background of SEM analysis
and ZETA potential test.
3.2.2. Compressive-Strength Test. For exploring the eﬀect of
the FLA A and SXY-2 additive to cement-based materials,
a control experiment was carried based on the 1-day compressive strength of cement-based materials. As shown as
Figure 5(1), with 1-3%BWOC, the tested compressivestrength value showed relative decrease compared to
0.7%BWOC added, even with the statistical similar value of
sample 2# and sample 1∗. For guaranteeing the eﬀect of
SXY-2, with/without SXY-2 operation was done and
SXY-2 content was controlled as 0.75/0%BWOC. With
dispersant addition, 2%BWOC addition showed relative
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Figure 6: (2) Data contrast for compressive-strength test 1. Samples
contain FLA A of diﬀerent content and 0.75%BWOC dispersant
SXY-2. Sample 1#: FLA A 0.5%BWOC; sample 2#: FLA A
0.7%BWOC; sample 1∗: FLA A 1%BWOC; sample 2∗: FLA A
2%BWOC; sample 3∗: FLA A 3%BWOC. All with 0.75%BWOC
dispersant SXY-2. Note: Pbc1 and Pbc2 represent compressive
strength of cement-based material samples.

decrease compared with a cement-based material sample
with no SXY-2 added. Furthermore, shown in Figure 6(2),
with one-day curing, when the FLA A additive content
increased from 1%BWOC to 3%BWOC, cement-based
material samples showed a relatively weakening phenomenon in compressive-strength performance when compared
to that of the 0.7%BWOC added. We found that a better
FLA A content was approximately 0.7%BWOC. And failure
of 1~3%BWOC FLA A additive was shown in respect
of mechanical performance. In this research, the ﬁlling
eﬀect of polymer adhesion was not the research key point
[38, 39]. And we could not conclude that the FLA A additive
was not beneﬁcial to the compressive strength. But, the
addition of more FLA A additive did not contribute to a
more stable compressive-strength development [38]. In the
meantime, the SXY-2 dispersant, which was used for reinforce compatibility of the AMPS-type additive to other additives [40], showed no excellent positive eﬀect to mechanical
performance of cement-based material when the FLA A
additive was added. So, the possible negative eﬀect of
0.75%BWOC content of SXY-2 should be researched in a
new FLA A/PVAGB additive system in respect of the compressive strength of cement-based materials according to
the results of Figures 5(1) and 6(2). For research on the
SXY-2 eﬀect on cement-based materials, FTIR and SEM
analyses were used.
3.2.3. Eﬀect of Dual Use of PVAGB and FLA A to CementBased Material. There was no serious chemical side eﬀect
of PVAGB and FLA A addition by FTIR analysis, i.e.,
the distinction of varieties of covalent bonds in hydration
products, with slight and regular intensity change. As shown
in Figure 7, addition of PVAGB or FLA A and compound
addition of these two types of additives could be chemically

1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm–1)
C
C-S

C-S/FLA A
C-S/FLA A/PVAGB

Figure 7: Eﬀect of PVAGB and/or FLA A to cement-based material
(FTIR). C: pure samples; C-S: samples with dispersant SXY-2;
C-S/FLA A: samples with dispersant SXY-2 and additive FLA A;
C-S/FLA A/PVAGB: samples with dispersant SXY-2 and additives
FLA A and PVAGB.

safe to the material itself. Besides, what had been conﬁrmed
was the stronger absorbed behavior of the FLA A additive
to cement particles due to its stronger chemical chelating
eﬀect of AMPS units to Ca2+ [4]. Although the absorption
mechanism of the AMPS-type additive to Ca2+ has been
proven to be a chemisorption mechanism [4], FLA A additives absorbed on Ca2+ hydrated cement particles resulted
in no new chemical group products. In other words, no
chemical reaction occurred between PVAGB and the FLA
A polymer. However, ﬁrstly, when compared with a pure
cement-based material, according to the absorption peak at
3400 cm-1 that represented -OH of Ca(OH)2 [41], SXY-2
showed a slightly accelerating eﬀect to the hydration process
compared to cement-based materials with no additive added.
But its addition has no acceleration eﬀect to the C-S-H gel
formation according to the absorption peak at approximately
990 cm-1 that represented C-S-H gel [41–43]. And FLA A
showed a negative eﬀect to the hydration process according
to a weaker absorption peak of Ca(OH)2 showing an absorption peak at about 3300 cm-1 [41, 43], and the absorption
peak at 617 cm-1 that represented sulfate ions (-SO42-) [41,
43]. Among the SXY-2, FLA A, and PVAGB additives,
PVAGB showed an excellent positively improving eﬀect to
the hydration process when FLA A and the dispersant SXY2 were all added. For PVAGB addition, a stronger absorption
peak for the C-S-H gel was shown. Due to the association
eﬀect of chains of the C-S-H gel, the absorption peak of the
C-S-H gel was wider. So, FLA A hindered the hydration process of the cement-based material although addition of SXY2 partly accelerated the hydration process (compared with
the pure cement-based material with no additive added).
Besides, the absorption peak at 1617 cm-1 represented C-H
[43], but all tested samples had similar intensity.
3.2.4. SEM Analysis. As depicted in Figure 8, agglomerating
behaviors of additive chains themselves were wrongly
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C-S-H gel

(a)

(c1)

(b)

(c2)

(c3)

(c)

absorbed to cement particles on some part interfaces of the
cement-based material rather than being dispersed and uniformly distributed. According to SEM test results, the entanglement behavior of most absorbed polymer chains was
mainly in a mess and entangled distribution along the axial
direction of cement-based materials in spite of utilizing the
better dispersing property of acetone-formaldehyde sulfonate dispersant. And thus, the incompatible and gluing interface was formed in the gap within cement-based materials in
the early hydration period. The hydration shell formed in the
early period could not break and free water leaked along the
gluing interface rather than contacting with more cement
particles, which was disadvantageous to the secondary hydration of the cement clinker. As an incompatible and gluing
interface formed, the free water could not be kept as crystal
water of hydrating products.
With addition of SXY-2, cement-based materials
showed a phase transformation of the hydration product;
the long needle-like portlandite (Ca(OH)2) was transformed
into a hexagonal plate form, which showed the phase completion phenomenon compared to partly radially growing
formation of Ca(OH)2 [44]. And a certain part of the CS-H gel aggregated product was formed. Though FLA A
was added, a gluing phenomenon was observed, which
caused the aggregation and gluing behaviors on these parts
of interfaces, and was possibly due to AMPS-Na units
absorbed on Ca2+ hydrated cement particles. Besides, no
hexagonal plate Ca(OH)2 was formed when FLA A was
added even with SXY-2.

Compressive-strength growth (MPa)

Figure 8: SEM images of diﬀerent types of cement-based material samples (axial direction). (a) Pure samples; (b) pure samples with
dispersant SXY-2 (0.75%BWOC); (c) samples with dispersant SXY-2 (0.75%BWOC) and additive FLA A ((c1) 1%BWOC, (c2) 2%BWOC,
and (c3) 3%BWOC).
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Figure 9: Compressive-strength test 2. Note: sample 0: pure cement
(no additive added); sample 1: FLA A added (FLA A and SXY
0.25%BWOC); sample 2: PVAGB/FLA A added (PVAGB
0.20%BWOC, FLA A, and SXY 0.25%BWOC); sample 3:
PVAGB/FLA A added (PVAGB 0.15%BWOC, FLA A, and SXY
0.25%BWOC).

3.3. Eﬀect of PVAGB Polymer Additive to CementBased Material
3.3.1. Compressive-Strength Test. For comparison of the
PVAGB eﬀect to material mechanical strength after FLA
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Table 6: Fluid loss test (PVAGB and FLA A compound additives).

30

Compressive strength (MPa)

28

Test no.

26

1
2
3

24
22

PVAGB
FLA A
SXY-2
Fluid loss (mL)
(%BWOC) (%BWOC) (%BWOC)
(30 min)
0
0.2
0.2

3
0.5
0.75
°

0.75
0.75
0.75

110.2
108
66

°

Note: test condition as 80 C (176 F), 6.9 MPa, and ﬂuid loss in 30 minutes.
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Figure 10: Compressive-strength test 3. Note: sample 1#: FLA
A added (FLA A 0.5%BWOC, SXY 0.75%BWOC); sample 2#:
FLA A added (FLA A 0.7%BWOC, SXY 0.75%BWOC); sample 3#:
PVAGB/FLA A added (PVAGB 0.20%BWOC, FLA A 0.5%BWOC,
and SXY 0.75%BWOC).

A addition, a content control experiment was carried out
as shown in Figures 8 and 9, and due to the possible negative eﬀect of SXY-2 to the material when FLA A is added,
the content was controlled at 0.25%BWOC and FLA addition controlled at 0.25%BWOC. But the result was a success, with 0.15%BWOC PVAGB addition, combined with
0.25%BWOC FLA A, the cement-based material showed no
obvious strength retrogression compared with the pure
cement-based material. This means the use of lower content combined with proper content of PVAGB was beneﬁcial to the stable mechanical strength of the cement-based
material. In the meantime, the test carried out as in
Figure 8 was also a controlled experiment set for the
experiment shown in Figure 9.
As depicted in Figure 9, there was no doubt that the new
formula, 0.2%BWOC PVAGB and 0.5%BWOC FLA A
together with 0.75%BWOC SXY-2, was beneﬁcial for
mechanical strength development. When content of FLA A,
PVAGB, and SXY-2 increased to 0.2%BWOC, 0.5%BWOC,
and 0.75%BWOC, respectively, the compressive strength
of test samples increased from 22 MPa to over 28 MPa.
Due to the hindering eﬀect of FLA A to the hydration process of the cement-based material (Figure 8), the acceleration function to the early hydration process was possibly
caused by PVAGB, which caused the formation of more
C-S-H gels at the early period (Figures 7 and 8). Though
the cement-based material showed a minor value at 7-day
curing with 0.15%BWOC PVAGB, the 7-day curing compressive strength was increased to 28 MPa with 0.20%BWOC
PVAGB.
Speciﬁcally, as shown in Figure 9, there was a
compressive-strength value decrease phenomenon for 0.10
or 0.15%BWOC PVAGB addition with FLA A with a ﬁxed
adding proportion (0.25%BWOC). And the formula of

0.15%BWOC PVAGB and 0.25%BWOC FLA A showed stable compressive-strength development of more than 22 MPa.
So, combined with ﬂuid loss test results (Table 4), it was estimated that PVAGB and FLA A should be in a proper ratio to
keep stability of application functions in both compressivestrength stability and cement ﬂuid loss control ability.
Also, as displayed in Figures 9 and 10, the PVAGB polymer was still a proper choice regarding the stable increase of
compressive-strength performance of the cement-based
material. And the 0.2%BWOC PVAGB and 0.5%BWOC
FLA A compound formula got an early-developed compressive strength at the 7-day curing period compared to 0.5 or
0.7%BWOC FLA A, which showed stable 7-day to 28-day
compressive strength for over 28 MPa.
So, cross-linked polyvinyl acetal adhesive-PVAGB
showed an excellent beneﬁt to the early stability of mechanical properties when coordinated with proper proportion
of FLA A, i.e., 0.25%BWOC FLA A coordinated with
0.15%BWOC PVAGB, or 0.5%BWOC FLA A coordinated
with 0.2%BWOC PVAGB. So, higher proportion addition
of PVAGB and FLA A, with proper addition ratio, was a
potential excellent ﬂuid loss additive formula, which exerts
a dual-function beneﬁt in both excellent compressivestrength performance and superior ﬂuid loss control ability.
Besides, as shown in Figure 9, 28 MPa was not the biggest
compressive-strength value for the cement-based material,
but it was predicted that the use of PVAGB could be the early
hydration accelerator and keep the mechanical stability of
28 MPa in a 28-day observation period.
However, as Zhang et al. depicted [45], the class G Portland cement could be with nearly perfect hydration of about
110°C with stable compressive-strength development of nearly
30 MPa. Thus, PVAGB and FLA A were utilized as the ﬂuid
loss additive, but there was no doubt that the dual use of
proper content of PVAGB and FLA A was useful to reasonably
control the mechanical performance of the cement-based
material. So, in our research, suitable ﬂuid loss additive, i.e.,
0.2%BWOC PVAGB, 0.5%BWOC FLA A, and 0.75%BWOC
SXY-2, was with a relatively perfect early hydration process.
3.3.2. Fluid Loss Test (80°C). According to Table 6,
0.75%BWOC SXY-2 was used, and ﬂuid loss volume was
decreased to below 100 mL with only 0.20%BWOC PVAGB
and 0.5%BWOC FLA A additive. And other combined contents of PVAGB and FLA A also showed excellent ﬂuid loss
control ability. And PVAGB and FLA A showed a coordination eﬀect in respect of ﬂuid loss control ability. When FLA A
content just increased from 0.5%BWOC to 0.75%BWOC, the
ﬂuid loss volume showed a big decrease of over 40 mL. At
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Figure 11: SEM images of hydrating cement-based material with diﬀerent formulas. FLA A (0.7%BWOC) added (a, b); PVAGB/FLA A
(0.2/0.5%BWOC) added (c, d). (a, c) are section direction images; (b, d) are axial direction images.

80°C, with 0.20%BWOC PVAGB and 0.5%BWOC FLA A
used, the cement-based material could be with a ﬂuid loss
level same as that when 3%BWOC FLA A is used. With
proper weight ratio of PVAGB to FLA A additive, the ﬂuid
loss volume could be further controlled.
3.3.3. SEM Analysis for Microstructure of Cement-Based
Material. As shown in Figures 8 and 11, an axially incompatible gap defect was observed when the FLA A additive was
added, which caused the formation of microlevel gaps within
the cement-based material. It was wrongly distributed along
the axial direction of the material. However, with PVAGB
added, no gluing gap was observed. There was no doubt that
the PVAGB additive was beneﬁcial to the hydration process
for better formation of the C-S-H gel phase.
Speciﬁcally, as depicted in Figure 11, for the added FLA A
(0.7%BWOC), axial direction of the material showed more
microlevel pores and more gluing eﬀect at the interface of
the cement-based material, but little C-S-H gel aggregated
product was formed when compared with the pure cementbased material (only 0.75%BWOC SXY-2 added). Besides, a
less hexagonal plate Ca(OH)2 product was formed. As
depicted by the section direction microstructure, the gluing
microlevel gap was formed, and thus, the leakage channel
of free water was formed. This may be the direct cause of
sharply increased abnormal ﬂuid loss volume. Besides, with
respect to the mechanical perfection of the crystalline material, formation of an incompatible interface within the
cement-based material was not only a potential developing
line-plane defect to the cement-based material but also the
destruction of its mechanical perfection. Furthermore, due
to the formation of an early hydration shell, the addition
of the FLA A additive caused an extra layer to hinder the
bursting of the early hydration shell, and cement clinker

particles were blocked from contacting free water and
further hydration reaction was terminated. The formation
of the free water channel was another reason for aﬀecting
the general hydration process of the cement-based material [41]. Thus, the compressive-strength test showed that
compressive strength increased when content increased
from 0.5%BWOC to 0.75%BWOC and decreased from
0.75%BWOC to 1.0%BWOC, and then an irregular decrease
of 1~3%BWOC that compared to 0.75%BWOC was shown
(Figures 5(1) and 6(2)).
Relatively, though the FLA A additive led to the negative
eﬀect of physicochemical properties of the cement-based
material, more C-S-H gel was formed due to the added
PVAGB. And the C-S-H gel was equally distributed and
formed into a network in both the sectional direction and
the axial direction. Furthermore, the material showed a
denser physical structure. Besides, the promotion to hydration increased the adsorption sites of Ca2+ hydration products for FLA A chains. As a result, the more AMPS-based
polymers were adsorbed simultaneously onto more area
range of the hydration products rather than mostly aggregating on some part of cement-based material interfaces [46].
Therefore, PVAGB eﬀectively improved the compatibility
problem caused by the competitive adsorption of AMPS
polymer chains to limited Ca2+ hydrating cement particles
at the early hydration period.
Because FLA A showed stronger chemisorption behavior
to Ca2+ or other high-valence-state metal ions [1, 5], an estimation was made that most FLA A chains were absorbed on
the same part surface of the cement-based material rather
than a spatial uniform distribution. But this estimation
should be based on analysis of chemisorption behavior of
FLA to Ca2+ before and after PVAGB is added. Thus, the
ZETA potential analysis test was utilized.
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Table 7: Polymer solution ZETA potential tested results.

Polymer solution
Solution 1
Solution 2
Solution 3
Solution 4
Solution 5
Solution 6
Solution 7

ZETA potential value (mV)
-26.4
15.8
93.6
35.2
347.1
-5.9
43.7

3.3.4. ZETA Potential Test (Polymer Solution). Previous
research results depicted that adding a cationic group could
cause reduction of the anionic charge of the AMPS additive
[5, 34]. As per the test results (Table 7), the FLA A additive
showed strong absorption ability to Ca2+ and originally with
a negative ZETA potential property, and PVAGB was
designed to show a relatively positive ZETA potential and
would impose the chemically absorbed behavior of AMPS
units on FLA A chains. In fact, with PVAGB added, the
ZETA potential deviation just decreased from 120 mV to
43.7 mV. Above all, with the new ﬂuid loss additive formula,
excellent ﬂuid loss control ability was shown (comparison by
Tables 3–6).
So, better control ability to the Ca2+ positive ion due to
assistance of FLA A and PVAGB addition was still reﬂected.
This phenomenon may be contributed to the chelating and
absorption properties of SO3- on AMPS unit, and each Ca2+
was possibly absorbed by two or more SO3- (-SO3Na) on
AMPS units. As a result, FLA A chains were absorbed on
the interface of the cement-based material. As competition
occurred, the aggregating problem of FLA A chains was
shown and wrong distribution of FLA A chains was formed.
Then, some part of the material sample’s interface was covered with much more aggregated FLA A chains, which
resulted in the microlevel gaps within the cement-based
material. In particular, most of these gaps were formed along
its own axial direction.
Thus, a reason for the abnormal ﬂuid loss volume was the
disordered chemisorption behavior of AMPS units to Ca2+
hydrated cement particles [4]. The eﬀectiveness decreased
for a ZETA potential value of the FLA A solution which
sharply increased from -26.4 mV to 93.6 mV. Thus, the whole
multilayer ﬁltration control system was not completely
formed. And the ﬂuid loss volume unexpectedly increased.
However, with the cationic PVA, even with 0.6 g/L Ca2+
added, the FLA A solution just increased from -26.4 mV to
43.7 mV, in which a deviation value that reached to
18.6 mV was caused by addition of PVAGB.
Besides, addition of PVAGB caused a positive ZETA
potential deviation to the FLA A solution, which was
contrary to a normal ZETA potential decrease of adding
PVA [47]. Thus, PVAGB showed a positive ZETA potential.
Within PVAGB chains, the cross-linking technique just got
the decrease of negative ions, i.e., hydroxyl groups. So,
glyoxal was the key factor for the potential change. So,
glyoxal-modiﬁed hydroxyl groups were formed as numerous
positive chemical groups.

3.4. Function Synergy Mechanism. As depicted by ﬂuid loss
test results, compression-strength test results, FTIR analysis
results, and SEM analysis results, both FLA A and PVAGB
additives contributed to a much less ﬂuid loss volume.
Besides, single use of the FLA A additive showed obvious
physicochemical damage to the properties of the cementbased material, as shown in Figure 12(a).
Depicted as FTIR analysis, SEM analysis, and ZETA
potential test results, the function synergy of FLA A and
PVAGB was a fact and could contribute to the better ﬂuid
loss control ability and better mechanical performance. As
the ZETA potential test result described, the FLA A additive
showed better absorption behavior to PVAGB polymer
chains; thus, numerous absorption points between FLA A
chains and PVAGB chains were formed (Figure 12(b)).
And a stable network of the PVAGB polymer was formed
into a spatial and structural support to FLA A, which
imposed a better dispersion of FLA A chains and was less
absorbed on the material interface due to the ﬁxed, cationic,
and cross-linked network of the PVAGB polymer (Figures 1
and 12(b)). Thus, FLA A were reasonably absorbed on
cement particles. And the complete ﬁltration layer was
formed rather than aggregated and glued on the interface,
which caused incompatible cementing interfaces and formation of free water ﬂowing gaps within the cement-based
material (Figures 11(a) and 11(b)). So, a renewed and completed ﬂuid loss control system was formed. Besides, due to
the adjustment function of PVAGB to FLA A chains, plus
the hydrophilic properties of PVAGB itself, the cementbased material showed better and more excellent hydration
process. Besides, the new additive system showed much
better chemisorption ability to Ca2+, as shown in Table 7.
And the reason for the rearrangement behavior of FLA A
chains was the competitive chemisorption behavior of
SO3- to cationic points on the PVA polymer additive and
absorbed behavior of SO3- to Ca2+ hydrating cement particles, and thus, the chelating eﬀect of AMPS-Na units to
Ca2+ hydrating cement particles was much weaker but with
better absorbed behavior to more Ca2+ hydrating cement
particles. So, FLA A chains were uniformly distributed
and imposed the perfection of ﬂuid loss control multilayers.
Beside, when mixing PVAGB to the FLA A solution, the
absorption behavior of SO3- to glyoxal-modiﬁed hydroxyl
groups could get a dual eﬀect, both the absorption force
of SO3- and possible adhesion force of glyoxal-modiﬁed
hydroxyl groups [19–21].

4. Conclusions
(1) The modiﬁcation to PVA is a success. PVAGB is a
new kind of cationic PVA polymer for its glyoxalmodiﬁed hydroxyl groups, which shows the cationic
ion properties. And it makes the chemisorption
behavior of the FLA A additive to PVAGB chains
become a possibility. PVAGB showed excellent
absorbed property by the FLA A additive. The compound additive formula PVAGB/FLA A ﬂuid loss
control system has a superior and more stable ﬂuid
loss control ability, i.e., less than 50 mL at 30°C and
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Figure 12: Formation of excellent ﬂuid loss control system.

108 mL at 80°C with 0.2%BWOC PVAGB and
0.50%BWOC FLA A addition
(2) FLA A additive, a kind of AMPS-type ﬂuid loss
additive, showed a much stronger chelating ability
to Ca2+ and thus caused a wrong chemically absorbed
behavior to Ca2+ hydrated cement particles. Then,
ﬂuid loss control ability was sharply increased and
other defects of the cement-based material occurred.
Furthermore, material samples showed a worse
hydration speed due to FLA A added in the cementbased material. The reason for it should be the hindering eﬀect to early hydration, for which the cement
clinker could not contact with free water to accelerate
the secondary hydration of the cement-based material. Besides, as the ﬂuid loss volume increased, the
free water kept within the hydrating structure
became less, which is of no beneﬁt to hydration of
the cement-based material
(3) Acetone-formaldehyde-sulfonate dispersant SXY-2
showed an accelerating eﬀect to the formation of hexagonal plate form Ca(OH)2, and more sulfate ions
were formed. However, it showed little contribution
to the formation of the C-S-H gel, which was the
main reason for reinforcement of compressivestrength performance after PVAGB additive addition
(4) PVAGB, a ﬁxed and dispersing support to the FLA A
additive for its cationic properties and hydrophilic
properties, showed acceleration eﬀect to the hydration process of the cement-based material. Besides,
for associating with the FLA additive and SXY-2,
the cement-based material showed better compressive performance of 28 MPa. All this due to the
accelerating formed C-S-H gel network. And the
adhesion properties of PVAGB on the interfaces
may be also beneﬁcial in respect of reinforcement
of compressive-strength performance. Furthermore,

due to the accelerating eﬀect of PVAGB on the hydration process of the cement-based material, PVAGB
eﬀectively improved the compatibility problem caused
by the competitive adsorption between AMPS polymer chains to the limited number of Ca2+ hydrating
cement particles at the early hydration period
(5) The new ﬂuid loss additive formula, i.e., 0.2%BWOC
PVAGB, 0.5%BWOC FLA A, and 0.75%BWOC
SXY-2, not only exerted excellent ﬂuid loss control
ability but also accelerated the formation of the relatively perfect early hydration process for the cementbased material
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