
Citation: Huang, G.; Li, D.; Cui, Y.;

Feng, J.; Gao, Q.; Lu, T.; Zhang, Y.;

Zhu, J. Compressive Strength

Enhancement in Early Age Acid

Activated Mortars: Mechanical

Properties and Analysis. Crystals

2022, 12, 804. https://doi.org/

10.3390/cryst12060804

Academic Editor: Leonid Kustov

Received: 10 May 2022

Accepted: 3 June 2022

Published: 7 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Compressive Strength Enhancement in Early Age Acid
Activated Mortars: Mechanical Properties and Analysis
Guodong Huang 1,2,3,4,*, Dawei Li 1, Yi Cui 1, Jiacheng Feng 1, Qi Gao 1, Tianyang Lu 1, Yuting Zhang 1

and Jielei Zhu 1

1 School of Civil Engineering and Construction, Anhui University of Science and Technology,
Huainan 232001, China; dwli@aust.edu.cn (D.L.); yicui@aust.edu.cn (Y.C.); jcfeng@aust.edu.cn (J.F.);
qigao@aust.edu.cn (Q.G.); tylu@aust.edu.cn (T.L.); ytzhang@aust.edu.cn (Y.Z.); jlzhu@asust.edu.cn (J.Z.)

2 Hefei Comprehensive National Science Center, Institute of Energy, Hefei 230031, China
3 Institute of Environment-Friendly Materials and Occupational Health, Anhui University of Science and

Technology, Wuhu 241003, China
4 Engineering Quality Inspection and Safety Evaluation, Fujian University Engineering Research Center,

Fuzhou 350011, China
* Correspondence: gdhuang@aust.edu.cn

Abstract: To increase the hydration reaction rate and the amount of hydration products, different
types and proportions of acids were mixed into mortars. The effects of the acid type and content on
the early compressive strength of cement-based materials and the strengthening mechanism were
assessed via X-ray diffraction and Fourier-transform infrared spectrum analyses. The addition of
acetic acid or hydrochloric acid significantly increased the compressive strength of mortars at 1 d
and 3 d, and slightly increased it at 28 d. With increasing acetic acid content, the strengthening effect
increased first and then decreased with the best content at 4%. With increasing hydrochloric acid
content, the strengthening effect decreased gradually with the best content at 2%.

Keywords: acid activated; mortars; compressive strength; hydration reaction; calcium silicate

1. Introduction

Portland cement is widely used in various engineering constructions because of its
wide range of available raw materials, low price, excellent mechanical properties, frost
resistance, and good wear resistance [1]. After mixing cement and water, dicalcium silicate,
tricalcium silicate, and tricalcium aluminate are continuously dissolved. Cement hydration
reaction occurs in a strong alkali reaction environment (pH range between 12 and 13),
forming hydrated calcium silicate gel, thereby, gradually establishing specific mechanical
properties [2].

The strength development of cement-based materials is a slow and complex process,
which requires the dissolution of active substances, hydration reaction, and the formation
and gradual strengthening of hydrated calcium silicate [3]. Moreover, the hydration reaction
rate is low, and the reaction duration is long, resulting in insufficient early strength, slow
strength development, and a long curing time of cement-based materials [4]. Generally,
under laboratory conditions, cement-based materials must be cured for 28 d to reach
standard strength, while in actual projects, cement-based materials must be cured for at
least 7 d before the mold can be removed and construction continued.

With the acceleration of urbanization, building structures are developing towards su-
per high-rise and long-span properties, and building constructions are developing towards
the goals of high quality and short construction periods. However, the development of
early-age strength of cement-based materials is often insufficient, and the requirement of a
long curing period runs counter to the modernization goals [5]. Therefore, it has become a
hot issue in the field of cement-based materials to improve early-age mechanical properties,
accelerate the hydration reaction rate, and shorten the curing cycle.
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Although the use of an early-age strength agent can improve the early-age mechanical
properties and shorten the curing cycle, it also increases the preparation cost of cement-
based materials, delays the setting time, and causes a sudden drop in the mechanical
properties [6]. The use of early strength agents containing chloride and sulfate will lead to
a significant reduction in the durability of cement-based materials (because of resistance to
chloride and sulfate corrosion) [7].

Therefore, although the addition of an early strength agent can improve the early-age
mechanical properties of cement-based materials, the negative impact is severe. With
the continuous development of technology, scholars remain committed to developing a
low-cost, high-efficiency, and side-effect-free method to improve the early-age mechanical
properties of cement-based materials and shorten the maintenance cycle [8]. These goals are
of great importance for the further development of building structures and construction.

In this study, different kinds and proportions of acids were mixed in the preparation
of cement-based materials. The goals were to stimulate the hydration reaction activity of
cement particles, accelerate the dissolution of active substances, improve the hydration
reaction rate, and increase the production of hydration products. Ultimately, these treat-
ments were employed to improve the early-age mechanical properties of cement-based
materials and shorten the required curing period. The influence of acid excitation on the
time-varying law of the development of mechanical properties of cement mortar specimens
at an early age was analyzed from a macro perspective. Furthermore, the enhancement
mechanism of acid excitation was analyzed and expounded from the micro perspective by
Fourier-transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD).

2. Experimental Materials and Mix Proportions
2.1. Experimental Materials
2.1.1. Portland Cement

P·O 42.5 ordinary Portland cement produced by a cement plant in Huainan City was
used in the experiment. Its performance meets the standard of general Portland cement
(GB175-2007) [9]. The chemical composition of the cement was measured using X-ray
fluorescence spectrometry (XRF) and is presented in Table 1.

Table 1. Chemical composition of the Portland cement (%).

Raw Material SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Others Loss

Portland cement 21.42 5.31 2.68 61.37 2.26 0.32 0.18 2.21 1.82 2.34

2.1.2. Acetic Acid and Hydrochloric Acid

To ensure the same amount of H+ in acetic acid solution and hydrochloric acid solution
of the same quality, the acetic acid used in the experiment is of chemical grade and has a
concentration of 30%. The hydrochloric acid used in the experiment is also of chemical
grade and has a concentration of 18%.

2.1.3. Others

The fine aggregate used in the experiment is medium–coarse river sand with a fineness
modulus of 2.7. The experimental water is tap water. The pH value of tap water is 8.1, and
the turbidity is less than 1 NTU.

2.2. Experimental Mix Proportion

The experimental coordination of mortars is shown in Table 2. Test sample C-1 (i.e., the
control group) was not mixed with any acid solution. Samples C-2 to C-6 were mixed
with different proportions of acetic acid (2%, 4%, 6%, 8%, and 10%, respectively) to test the
regulatory effect of acetic acid on the properties of cement-based materials. Samples C-7 to
C-11 were mixed with different proportions of hydrochloric acid (2%, 4%, 6%, 8%, and 10%,
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respectively). The excitation effects of hydrochloric acid on cement-based materials were
tested and compared with those of acetic acid.

Table 2. Mix proportions of cement mortars (g).

Samples
Number

Portland
Cement Water Acetic and

Hydrochloric Acid Sand Liquid–Solid
Ratio

C-1 450 225 0 1350 0.5
C-2 450 216 9 g (2%) 1350 0.5
C-3 450 207 18 g (4%) 1350 0.5
C-4 450 198 27 g (6%) 1350 0.5
C-5 450 189 36 g (8%) 1350 0.5
C-6 450 180 45 g (10%) 1350 0.5
C-7 450 216 9 g (2%) 1350 0.5
C-8 450 207 18 g (4%) 1350 0.5
C-9 450 198 27 g (6%) 1350 0.5
C-10 450 189 36 g (8%) 1350 0.5
C-11 450 180 45 g (10%) 1350 0.5

Note: H+ content in 9 g acetic acid = 9 × 30%/60 = 0.045 mol; because cement is strongly alkaline, it can completely
react with H+ in acetic acid; H+ content in 9 g hydrochloric acid = 9 × 18%/36.5 = 0.044 mol.

3. Experimental Contents and Methods
3.1. Preparation and Curing of Test Pieces

The preparation and curing of samples were conducted according to the standard of
mortar strength test method (ISO method) (GB/T 17671-2020) [10]. Taking sample C-2 as
an example, first, acetic acid was added to the test water according to the mix proportion
shown in Table 2. The sample was mixed evenly and placed in a mixer (JJ-5 planetary
cement mortar mixer, Shanghai Meiyu Instrument Technology Co., Ltd. Shanghai China).

Then, cement was added into the mixer, the mixture was mixed slowly for 30 s, and
then quickly for 30 s. Next, test sand was added and mixed quickly for 60 s, and finally,
the prepared mortar was poured into 40 mm × 40 mm × 160 mm mold for formwork
removal and curing. When the specimen was prepared, it was placed in the curing room
immediately, cured for 24 h, and the formwork was removed. After formwork removal,
the specimen remained in the curing room until the experimental age was reached. The
temperature of the curing room was kept at 20 ± 1 ◦C, and the relative humidity was
greater than 95%.

3.2. Compressive Strength Test

The compressive strength test was performed according to the standard of cthe ement
mortar strength test method (ISO method) (GB/T 17671-2020) [10]. The test adopted
the YAW-300D automatic cement mortar test machine produced by Instrument and
Equipment Co., Ltd. in Jinan, China, and the compressive strengths of samples cured
for 1, 3, and 28 d were tested. The experimental results are presented as the average value
of six measurements.

3.3. Microscopic Inspection

(1) X-ray diffraction analysis
The mineral crystal composition of cement paste samples C-1, C-2, C-3, C-6, C-7, and

C-11 was analyzed by using the D8 advance X-ray diffractometer produced by Bruker
company, Germany, to test the promoting effects of acid excitation on mineral crystal
formation and time-varying law. The anode target of the instrument adopted Cu Target
and Ka radiation, and the measurement range was (2θ) between 5◦ and 70◦.

(2) Fourier-transform infrared spectroscopy analysis
The molecular composition, structure, and chemical bond types of cement paste sam-

ples C-1, C-2, C-3, C-7, and C-11 were analyzed using a vertex 80V Fourier-transform
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infrared spectrometer and micro infrared system produced by the Bruker company, Ger-
many. The promoting effect and time-varying law of acid excitation on the formation of
silicate and aluminate were assessed. The spectral measurement range was between 4000
and 400 cm−1.

4. Experimental Results and Analysis
4.1. Acid-Induced Compressive Strength
4.1.1. Compressive Strength of Mortars

Figure 1a shows the development law of the mechanical properties of mortars excited
by acetic acid. Without acid excitation, the compressive strength of sample C-1 after
curing for 1 d reached 16.9 MPa. After curing for 3 d, it increased to 33.4 MPa and further
increased to 50.6 MPa after curing for 28 d. Sample C-1 had excellent mechanical properties.
However, the compressive strengths of samples cured for 1 and 3 d were only 33.3% and
66%, respectively, of the strength of sample cured for 28 d. This shows that the early
compressive strength was clearly insufficient, and the growth rate was low.
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4.1.2. Effects of Acetic Acid Contents on Mechanical Properties

(1) Excitation with 2% acetic acid
After the addition of acetic acid (2%), the development law of the mortar mechanical

properties changed greatly. The compressive strengths of sample C-2 cured for 1 and 3 d
increased to 32.3 and 43.2 MPa, respectively, which were 91.1% and 29.3% higher than the
compressive strengths of sample C-1. The addition of acetic acid (2%) notably improved
the early mechanical properties, and the range of the increase was the largest when curing
lasted for 1 d. With an extended curing age, the compressive strength of sample C-2 (cured
for 28 d) increased to 53.7 MPa, which was 6.1% higher than that of sample C-1. The
enhancement effect of vinegar excitation decreased gradually with increasing curing age
and only slightly improved the compressive strength at the later stage. The compressive
strengths of sample C-2 cured for 1 and 3 d reached 60.1% and 80.4% than if cured for 28 d,
which were considerably higher than the compressive strengths of sample C-1.

The addition of acetic acid significantly improved the early compressive strength and
slightly improved the compressive strength in the later stage. Acid excitation improved
the hydration reaction activity of cement particles, accelerated the dissolution of active
substances, increased the hydration reaction rate, and improved the formation of hydration
products [11]. The enhancement mechanism of acetic acid was further confirmed via
microscopic analysis.



Crystals 2022, 12, 804 5 of 13

(2) Excitation with 4% acetic acid
With increasing acetic acid content, the compressive strengths of sample C-3 (mixed

with 4% acetic acid) cured for 1 and 3 d further increased to 39.6 and 49.2 MPa, respectively,
which were 22.6% and 13.9% higher than those of sample C-2. When the curing age reached
28 d, the compressive strength of sample C-3 increased to 58.4 MPa, which is 8.8% higher
than that of sample C-2. The compressive strengths of sample C-3 cured for 1 and 3 d
reached 67.8% and 84.2% more than when cured for 28 d. Compared with sample C-2, the
early mechanical properties of sample C-3 developed faster, and the range of improvement
was still significant. With increasing acetic acid content, the compressive strength at the
early age continued to increase, and the range of this increase was apparent; however,
the improvement effect on the later compressive strength was not clear. Therefore, with
increasing acetic acid content, the improvement of acid excitation gradually increased.

(3) Excitation with 6% acetic acid
As the content of acetic acid was further increased to 6%, the compressive strengths

of sample C-4 cured for 1 and 3 d reached 38.4 MPa and 47.5 MPa, respectively, which is
3.0% and 3.5% lower than the compressive strengths of sample C-3, respectively. As the
curing age reaches 28 d, the compressive strength of sample C-4 increased to 56.7 MPa,
which is 2.9% lower than that of sample C-3. Further increasing the acetic acid content
does not continuously increase the compressive strength but eventually leads to a decrease,
implying that there is an optimal dosage for the promotion of acid excitation. When the
dosage of acetic acid was within 4%, the acid excitation increased with increasing acetic
acid dosage.

When the dosage of acetic acid exceeded 4%, the acid excitation decreased with
increasing acetic acid dosage. This decrease of excitation is because the excessive addition
of acetic acid will severely affect the strong alkaline environment required for the cement
hydration reaction, and the formation of hydration products must be completed under
strong alkaline conditions. When the acetic acid content is low, the calcium hydroxide
generated by cement hydration can compensate for the negative impact caused by acid
excitation, fully reflecting the stimulating effect.

When acetic acid is added in excess, the calcium hydroxide produced by cement
hydration is not sufficient to resist the reduction of the alkaline reaction environment
caused by acetic acid [12], hindering the formation of hydration products and finally
leading to a reduction of acid excitation. This reduction of acid excitation is the reason why
compressive strength decreases with further increasing acetic acid content. The adverse
effect of excessive acid excitation was further confirmed via microscopic analysis.

(4) Excitation with 8% and 10% acetic acid
As the content of acetic acid increased to 8%, the compressive strengths of sample C-5

cured for 1 and 3 d decreased to 34.9 and 40.2 MPa, respectively, which is 11.9% and 18.3%
lower than those of sample C-3. The compressive strength of sample C-5 cured for 28 d
also decreased to 50.3 MPa, which is 13.9% lower than that of sample C-3. Furthermore,
as the content of acetic acid increased to 10%, the compressive strength of sample C-6
further decreased than that of sample C-3. With further increasing acetic acid content, the
compressive strength showed a clear downward trend, with increasing range. However,
compared with sample C-1 (without acid excitation), even if the content of acetic acid is
excessively high (10%), the acid excitation still significantly increased the early compressive
strength but adversely impacted the development of later strength.

Therefore, with gradually increasing acetic acid content, the mechanical properties
increased first and then decreased gradually, and the best content was 4%.

4.1.3. Effect of Hydrochloric Acid on Mechanical Properties

(1) Excitation with 2% hydrochloric acid
Figure 1b shows the development law of the mechanical properties of mortar samples

excited by hydrochloric acid. At a hydrochloric acid content of 2%, the compressive
strengths of sample C-7 cured for 1 and 3 d increased to 34.8 and 43.6 MPa, which is 106%
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and 30.5% higher than those of sample C-1, and even 7.7% and 0.9% higher than those of
sample C-2 (mixed with 2% acetic acid), respectively. The compressive strength of sample
C-7 cured for 28 d increased to 54.7 MPa, which is 8.1% higher than that of sample C-1 and
1.9% higher than that of sample C-2. The addition of hydrochloric acid also significantly
improved the early mechanical properties and slightly improved the later mechanical
properties. Moreover, at the same dosage (2%), the acid excitation effect of hydrochloric
acid was better than that of acetic acid, because hydrochloric acid is a monobasic strong
acid, which is completely ionized in water.

The rate and amount of hydrogen ions provided by hydrochloric acid are significantly
higher compared to acetic acid, which can stimulate the reaction activity of cement particles
quicker and more comprehensively, improve the contact rate and reaction degree between
cement particles and hydrogen ions, and improve the dissolution rate and amount of active
substances [13]. Through these effects, the early compressive strength can be increased,
which is also the main reason why the excitation effect of hydrochloric acid (mixed with 2%)
is better than that of acetic acid (mixed with 2%), and also why the compressive strength of
sample C-7 is higher than that of sample C-2.

(2) Excitation with 4% hydrochloric acid
When the hydrochloric acid content increased to 4%, the compressive strengths of

sample C-8 cured for 1 and 3 d increased to 32.4 and 41.3 MPa, which is 6.9% and 5.3%
lower than those of sample C-7 and 18.2% and 16.1% lower than those of sample C-3 (mixed
with 4% acetic acid), respectively. After curing for 28 d, the compressive strength of sample
C-8 increased to 52.1 MPa, which is 5% lower than that of sample C-7 and 10.8% lower than
that of sample C-3. Different from the enhancement law of acetic acid, the compressive
strength decreases significantly with increasing hydrochloric acid, and the best effect is
obtained at 2% hydrochloric acid. As hydrochloric acid is a strong acid, excessive addition
strongly reduces the high alkaline environment of the cement particle hydration reaction
and adversely affects the formation of hydration products, which is the main reason for the
observed decrease in compressive strength.

Analysis of the maximum lifting effect of acid excitation showed that the compressive
strength of sample C-3 (mixed with 4% acetic acid) was higher than that of sample C-7
(mixed with 2% hydrochloric acid). Thus, the maximum excitation effect of acetic acid is
better than hydrochloric acid. The reason for this better excitation effect is that the H+ in
acetic acid can be slowly released into the hydration reaction environment, where it can
react with the calcium hydroxide generated by the cement hydration reaction.

This reaction strongly reduced the amount of calcium hydroxide and increased the
amount of calcium silicate hydrate. This shows that the compressive strength development
of cement mortar mainly depends on the formation of hydrated calcium silicate, while
calcium hydroxide formation is unfavorable. Therefore, acetic acid can not only stimulate
the hydration reaction activity of cement particles but also reduce the formation of adverse
substances, which is the best excitation effect of acetic acid.

(3) Excitation with 10% hydrochloric acid
With increasing amount of hydrochloric acid, the compressive strength continues to

decrease, and the decreasing range increased. When the content of hydrochloric acid is
increased to 10%, the compressive strengths of sample C-11 cured for 1 and 3 d increased to
26.8 and 35.5 MPa, increased by 58.6% and 5.7% compared with sample C-1 (without acid),
respectively. After curing for 28 d, the compressive strength of sample C-11 increased to
44.8 MPa, which is 11.5% lower than that of sample C-1 (without acid). With increasing
hydrochloric acid content, the compressive strength decreased significantly, and the best
improvement effect was obtained by adding 2% hydrochloric acid.

Although the excessive addition of hydrochloric acid can still significantly improve the
early compressive strength, it exerts an adverse impact on the later mechanical properties.
The reason for this adverse impact is that the excessive incorporation of hydrochloric acid
will lead to a low pH of the cement hydration reaction. It consumes tricalcium silicate
and other active substances in the cement particles and seriously affects the formation of



Crystals 2022, 12, 804 7 of 13

C-S-H gels [14], thus, leading to the insufficient strength development of sample C-11 in
the later stage.

4.2. X-ray Diffraction Analysis of Acid Regulation
4.2.1. X-ray Diffraction Analysis of Paste Samples

The X-ray diffraction analysis of paste samples C-1, C-2, C-3, C-6, C-7, and C-11 cured
for 3 d is shown in Figure 2. Figure 2a clearly shows characteristic peaks, such as quartz,
gypsum, and portlandite in sample C-1, and weak mineral characteristic peaks, such as
tobermorite, hillebrandite, hydrogarnet, calcite, and vaterite. As the raw materials (clay
and limestone) for preparing Portland cement contain a large amount of quartz, which does
not decompose under high temperature conditions, quartz is not generated by hydration
reactions [15].
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Gypsum is added after the completion of cement firing, which is mainly used to adjust
the setting time. The appearance of portlandite follows the hydration reaction of tricalcium
silicate and dicalcium silicate in cement, which indicates that the hydration reaction is
relatively sufficient. Tobermorite, hillebrandite, hydrogarnet, calcite, and vaterite are all
silicate minerals that are commonly referred to as calcium silicate hydrate (C-S-H) gels [16],
whose characteristic peak strength is very low.

4.2.2. X-ray Diffraction Analysis of Regulated by Acetic Acid

With addition of 2% acetic acid, the characteristic peak of sample C-2 changed to a
certain extent. Compared with sample C-1, the characteristic peaks of quartz and gypsum
minerals did not change significantly in sample C-2; however, the characteristic peaks of
C-S-H gels in sample C-2 showed a distinct increase. This increase indicates that the hydra-
tion rate and reaction degree are significantly enhanced, and the amount of calcium silicate
gel is also increased, which is the main reason for the increasing compressive strength.

The hydration reaction first requires the dissolution of active substances (i.e., tricalcium
silicate and dicalcium silicate) from cement particles; however, the strong alkaline reaction
environment is not conducive to the rapid dissolution of active substances [17]. Addition
of acetic acid can reduce the strong alkaline environment around the cement particles,
and more importantly, the acid-base neutralization reaction can significantly improve
the hydration reaction activity of cement particles and promote the dissolution of active
substances [18].
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Moreover, addition of acetic acid will inevitably lead to a decrease in pH in the
hydration reaction environment. The dissolution of active substances can improve the pH
of the hydration reaction, form a highly alkaline environment conducive to the formation of
hydrated calcium silicate, and eliminate the adverse effects caused by the addition of acetic
acid [19]. Therefore, the addition of the appropriate amount of acetic acid can accelerate the
dissolution of active substances without affecting the strong alkaline environment required
for the formation of H-C-S gels. Finally, the characteristic peaks of C-S-H gel increased
significantly in the sample C-2, and the mechanical properties clearly improved at the
early stage.

With increasing acetic acid content, the characteristic peak of sample C-3 (mixed with
4% acetic acid) changes further. Compared with sample C-2, the characteristic peak of
C-S-H gel in sample C-3 further enhanced, indicating that increasing the acetic acid content
will further enhance the hydration rate and the crystallinity along with the yield of C-S-H
gels. Due to the weak acidity and partial ionization of acetic acid, the excitation effect of
adding 2% acetic acid cannot reach the best activation state of cement particles.

When the content of acetic acid increased to 4%, the acid excitation effect was further
enhanced, and the active substances reached the best dissolution state. This best dissolution
state enhanced the hydration reaction efficiency, promoted the formation of hydration
products, and increased the characteristic peak of calcium silicate gel in sample C-3. All
these beneficial effects are also the reason why the compressive strength at an early age
increased further.

The intensity of the characteristic peak of portlandite in samples C-1, C-2, and C-3,
decreased significantly with increasing acetic acid content. This observed decrease of
peak intensity indicates that acetic acid can react with portlandite to produce an acid–base
neutralization reaction, which can significantly reduce the portlandite amount. Portlandite
is unfavorable for the development of compressive strength. Therefore, the addition of
acetic acid can not only play the role of acid excitation but also reduce the formation of
adverse substances in samples, thus, promoting the development of strength.

When the acetic acid content increased to 10%, the characteristic peak of C-S-H gel
in sample C-6 decreased significantly (compared with sample C-3), and the characteristic
peak of portlandite also showed a downward trend. The formation of hydration products
can only happen in a high alkaline environment (pH between 12 and 13), while a low
alkaline environment will seriously affect the formation of hydrated calcium silicate [20].
The addition of 10% acetic acid can further promote the dissolution of active substances in
cement particles but significantly reduces the alkalinity of the reaction environment. Even
if a large amount of active substances is dissolved, they cannot return to the highly alkaline
state, which seriously affects the formation of hydrated calcium silicate.

Excessive acetic acid reacts with dissolved tricalcium silicate, dicalcium silicate, and
other active substances, resulting in a further decrease in the formation of hydrated cal-
cium silicate [21]. Therefore, the incorporation of acetic acid can significantly increase
the early compressive strength; however, the decreased reaction environment alkalinity,
active substance content, and calcium silicate gel formation severely affect the develop-
ment of compressive strength. This effect on compressive strength is the reason why the
performance control effect gradually decreased with increasing acetic acid content.

4.2.3. X-ray Diffraction Analysis of Samples Regulated by Hydrochloric Acid

The XRD analysis of hydrochloric acid regulated samples C-7 and C-11 is shown in
Figure 2b. When 2% hydrochloric acid is added, characteristic peaks of quartz, gypsum,
portlandite, and hydrated calcium silicate minerals are clearly visible in sample C-7. Com-
pared with sample C-1, in sample C-7, the characteristic peaks of quartz, gypsum, and
portlandite did not change significantly; however, the intensity of the characteristic peak
representing hydrated calcium silicate minerals increased significantly.

This increase indicates that addition of even a small amount of hydrochloric acid can
promote the dissolution of active substances, accelerate the rate of hydration reaction, and
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increase the production of calcium silicate hydrate [22]. Comparison between sample C-2
(mixed with 2% acetic acid) and sample C-7 (mixed with 2% hydrochloric acid) showed
that the characteristic peak intensity of hydrated calcium silicate mineral in sample C-7 was
slightly higher than in sample C-2. This slightly higher peak intensity shows that, under
the condition of a content of 2%, the regulation effect of hydrochloric acid is better than
that of acetic acid. The early-age mechanical properties of sample C-7 are better than those
of sample C-2, which further confirms this conclusion.

Hydrochloric acid is a strong acid and can be completely ionized. H+ can be completely
released into the reaction solution at one time. However, acetic acid is a weak acid, which
can only be partially ionized, and its rate of releasing H+ is significantly lower than that
of hydrochloric acid. Therefore, the addition of hydrochloric acid cannot reduce the
amount of portlandite-like acetic acid, which is confirmed because the characteristic peak
of portlandite in sample C-7 is not reduced.

Compared with the regulation of acetic acid, hydrochloric acid can more efficiently
enhance both the reaction rate and degree between cement particles and H+, improve
the dissolution rate and amount of active substances in cement particles, and promote
the formation of silicate products [23]. These effects are the main reason why the early
mechanical properties of sample C-7 (mixed with 2% hydrochloric acid) are better than
sample C-2 (mixed with 2% acetic acid).

When the content of hydrochloric acid increased to 10%, the XRD diffraction pattern
of sample C-11 changed dramatically. Compared with sample C-7, the intensity of the
characteristic peak representing hydrated calcium silicate in sample C-11 is significantly
lower. Excessive addition of hydrochloric acid can further promote the dissolution of active
substances in cement particles but also leads to a significant decrease in the pH of the
reaction environment, which is not conducive to the formation of silicate minerals [24].
This decrease in the pH is the reason for the observed decrease of the characteristic peak
strength of hydrated calcium silicate minerals and also the main reason for the gradual
decline of compressive strength.

4.3. Fourier-Transform Infrared Spectroscopy Analysis of Acid-Regulated Samples
4.3.1. Fourier-Transform Infrared Spectroscopy Analysis of Paste Samples

The results of FT-IR of paste samples C-1, C-2, and C-3 (cured for 3 d) are shown in
Figure 3. Figure 3a shows the asymmetric stretching vibration of Si-O bond at 464 cm−1

in sample C-1 (without acid excitation), which indicates that there is a certain amount of
silica [25], which is consistent with the characteristic peak of quartz in XRD.
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There is asymmetric stretching vibration of Al-O bond at 765 cm−1, which repre-
sents an alumina tetrahedron structure, indicating that a certain amount of aluminate
has formed [26], which is consistent with hydrate garnet (calcium aluminate hydrate)
mineral characteristic peak in XRD. Most importantly, there is a clear Si-O-Si bond at
982 cm−1 (v3 and v4), which implies out-of-plane bending vibration. This specific fre-
quency (i.e., 982 cm−1) is the tetrahedron characteristic of the hydrate chain structure of
calcium silicate hydrate [27], which indicates that hydrated calcium silicate gel has formed
in sample C-1.

Moreover, a symmetrical stretching vibration of O-C-O bond was found at 1429 cm−1,
which represents a carbonate ion (CO3

2−) indicating that calcium carbonate type substances
have formed [28], which is consistent with the calcite and aragonite minerals in XRD. At
1643 cm−1, there is symmetric stretching vibration of the H-O-H bond, which represents
a water molecule (H2O), and indicates that there is a small amount of free water [29].
Asymmetric stretching vibration of -OH bond is found at 3445 cm−1, which represents
OH− [30], and indicates that there are a large number of alkaline substances, such as NaOH
or Ca(OH)2 in sample C-1.

4.3.2. Fourier-Transform Infrared Spectroscopy Analysis of Samples Regulated by Acetic Acid

After the addition of 2% acetic acid, the FT-IR spectrum of sample C-2 changed greatly.
Compared with sample C-1, the strength of the Si-O-Si bond characteristic peak at 979 cm−1

and the width of the Si-O-Si tetrahedron of sample C-2 increased clearly, indicating that the
amount of C-S-H gel increased.

The characteristic peaks of an Al-O bond representing the aluminum oxygen tetrahe-
dron structure at 742 cm−1 and O-C-O bond representing CO3

2− at 1496 cm−1 in sample
C-2 were significantly stronger than in sample C-1, indicating that the formation of alumi-
nosilicate minerals and carbonate had significantly increased. This increased formation
of aluminosilicate minerals and carbonate further proves that the acid excitation of acetic
acid can significantly improve the hydration reaction rate, promote the formation of high-
strength hydration products, and improve the formation of hydration products, thus,
significantly improving the early compressive strength.

However, the characteristic peak of -OH at 3442 cm−1 in sample C-2 is not lower than
in sample C-1, which indicates that although the addition of acetic acid leads to a reduction
of the alkalinity in the reaction environment, the OH− released by the dissolution of cement
particles completely offsets the negative impact of the addition of acetic acid after three d
of curing. The hydration reaction environment returns to the highly alkaline state to avoid
adverse effects on the formation of hydration products [31].

With increasing acetic acid content, the FT-IR spectrum of sample C-3 (mixed with 4%
acetic acid) changed further. Compared with sample C-2, the Si-O-Si bond characteristic
peaks representing silicon oxygen tetrahedron at 916 and 1025 cm−1 in sample C-3 are
further enhanced. The characteristic peaks of Al-O bond representing the aluminum oxygen
tetrahedron structure at 734 cm−1 and O-C-O bond representing CO3

2− at 1421 cm−1 in
sample C-3 were significantly stronger than in sample C-2. With increasing acetic acid
content, the formation of minerals, such as hydrated calcium silicate, hydrated calcium
aluminate, and calcium carbonate, in sample C-3 increased significantly.

This increase of minerals shows that, with increasing acetic acid content, the acid
excitation was strengthened further, the hydration reaction rate was further improved, and
finally, the early compressive strength of sample C-3 was further increased.

However, compared with sample C-2, the intensity of the characteristic peak repre-
senting -OH at 3446 cm−1 in sample C-3 decreased slightly. This slight decrease shows
that the addition of 4% acetic acid had an adverse impact on the highly alkaline hydration
reaction environment, resulting in the beginning of the pH decline. The decline of the
pH is because, with the increasing acetic acid content, the amount of H− released to the
reaction environment gradually increased, and the release duration increased strongly. The
excess H− not only reduced the alkalinity of the reaction environment but also affected the
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formation of hydration products, which explains why the excitation gradually decreased
with the increasing acetic acid content [32].

4.3.3. Fourier-Transform Infrared Spectroscopy Analysis of Samples Regulated by
Hydrochloric Acid

FT-IR spectra of samples C-7 and C-11 are shown in Figure 4. With the addition of 2%
hydrochloric acid, the FT-IR spectrum of sample C-7 changed further. The characteristic
peak of Si-O-Si bond representing the silicon oxygen tetrahedron at 1024 cm−1 in sample
C-7 was significantly higher than in sample C-1 (without acid excitation). It was even
significantly higher than in sample C-2 (mixed with 2% acetic acid) but slightly lower than
in sample C-3 (mixed with 4% acetic acid).
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The intensity of the characteristic Al-O bond peak at 826 cm−1, which represents the
aluminum oxygen tetrahedron structure in sample C-7, was also significantly higher than
in sample C-1 and sample C-2 but slightly lower than in sample C-3. The addition of a
small amount of hydrochloric acid can also play the role of acid excitation and significantly
improve the production of hydration products, such as silicate and aluminate, which
improves the early compressive strength.

However, the maximum increase range of the mechanical properties doped with
hydrochloric acid (2%) is lower than that doped with acetic acid (4%). The acidity of hy-
drochloric acid is too strong, which not only accelerates the dissolution of active substances
but also results in an acid-base neutralization reaction with alkaline substances dissolved
in cement particles, which adversely impacts the formation of silicate and aluminosilicate.
More importantly, hydrochloric acid is a strong acid and completely ionized.

Therefore, it cannot release H+ slowly as with acetic acid, which reduces the formation
of portlandite and finally reduces its impact on the development of compressive strength.
Therefore, the regulatory effect of acetic acid is better than that of hydrochloric acid. When
the content of hydrochloric acid is increased to 10%, the Si-O-Si bond characteristic peaks
(representing silicon oxygen tetrahedron at 923 and 1018 cm−1 in sample C-11) are still
significantly higher than those in sample C-1 (no acid excitation).

However, they are strongly lower than those in sample C-7 (mixed with 2% hydrochlo-
ric acid). The intensity of the Al-O bond characteristic peak (representing an aluminum
oxygen tetrahedron structure at 764 cm−1 in sample C-11) is also significantly lower than
that in sample C-7. Most importantly, the characteristic peak representing -OH at 3445
cm−1 in sample C-11 is significantly lower than that in sample C-7, and also lower than
that in sample C-1.



Crystals 2022, 12, 804 12 of 13

This lower peak shows that, although the addition of 10% hydrochloric acid can lead
to acid excitation, the pH of the hydration reaction environment is significantly reduced,
and the generation of hydration products is also significantly reduced, thereby, resulting
in a clearly insufficient development of compressive strength. Therefore, with increasing
acetic acid (more than 4%) or hydrochloric acid (more than 2%) contents, the regulation
effect on the mechanical properties begins to decrease. Therefore, too much acetic acid or
hydrochloric acid adversely affects the development of the compressive strength.

5. Conclusions

(1) The addition of acetic acid and hydrochloric acid can lead to acid excitation,
improve the hydration reaction activity of cement particles, and promote the dissolution
of active substances. Moreover, it can accelerate the hydration reaction rate, improve the
formation of hydration products, significantly improve the early compressive strengt and
slightly improve the later mechanical properties.

(2) With increasing acetic acid content, the compressive strength increased significantly
at first and then decreased gradually, and a content of 4% was found to be the best. The
compressive strength of samples cured for 1 and 3 d increased by 134.3% and 47.3%
compared with the sample without acid excitation. XRD and FT-IR analysis showed that
the hydrogen ions released slowly by acetic acid reduced the negative effect of calcium
hydroxide produced by hydration reaction, which was the main reason for the significant
improvement of compressive strength. The best excitation effect of acetic acid was better
than that of hydrochloric acid.

(3) With increasing hydrochloric acid content, the compressive strength showed a clear
decreasing trend, and the content at 2% was the best. The compressive strength cured for 1
and 3 d increased by 106% and 30.5%, respectively, compared with the sample without acid
excitation. XRD and FT-IR analysis showed that, when hydrochloric acid is added in excess,
this not only affects the pH of the hydration reaction environment but also neutralizes
many active alkaline substances in cement particles, which ultimately seriously hinders
the formation of hydration products. The resulting diminished formation of hydration
products is the reason why the compressive strength is significantly reduced when acids
are added in excess.
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