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Cement-based materials sometimes encounter sulfate attack and ammonium salt environments during
service, which can severely affect the long-term durability of these materials. In cement-based materials, the
formation of thaumasite usually requires five conditions: sulfate, silicate, carbonate, and sufficient water
and low temperature (<15 °C). However, under other conditions, thaumasite can also form. To study the
changing trend of thaumasite in an ammonium salt solution at ambient temperature (25 °C), the formation
process of thaumasite was studied by laser Raman spectroscopy and thermodynamic analysis. The reaction
was accelerated in the presence of NHy" ions at ambient temperature, and the presence of SO+ anions en-
hanced this trend; this enhancement was even greater than that at low temperature. The change in the Gibbs
free energy of formation of thaumasite in the presence versus absence of NH4" ions was studied using ther-
modynamic methods, and the acceleration mechanism of the formation of thaumasite in the presence of NH;"
ions was explained.
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TIpoyecc obpazoeanus maymasuma u3yeH ¢ NOMOWbIO0 CHEKMPOCKONUU KOMOUHAYUOHHO20 PACCEAHUSA
ceema u mepMOOUHAMUYECKO20 AHAIU3A OISl 6IAGNCHUS USMEHEHUL MAYMA3ZUMad 6 pACmEope COu AMMOHUSL
npu memnepamype okpyascaioweti cpedvt 25 °C. Tokaszanwl yckopenue peakyuu 6 npucymemeuu uono NHy"
npu memnepamype oKpyvscaiowesi cpedbl u ycuienue moil menoenyuu 6 npucymemeuu anuonog SO
Dmo ycunenue boavuie, uem npu Hu3Kou memnepamype. HMzmenenue c60600nou suepeuu I'ubbca obpazosa-
HUA maymazuma 6 npucymcemeuu u 6 omcymemeue uonoé NH;" usyueno ¢ ucnonvsosanuem mepmoounami-
ueckux memo0os. QObACHEH MeXaHUM YCKOPeHUs: 00pa306aHus maymasuma é npucymemeuu uonos NHy'.

Kntoueswie cnosa: maymaszum, conb AMMOHUS, CYAbdam, CneKmpoCKOnUs KOMOUHAYUOHHO20 paccest-
HUsL c8emd, MepMOOUHAMUYECKUL AHANU3.

Introduction. Cement-based materials are the most common structural materials because of their excel-
lent performance and low cost. These materials may often encounter many extreme environments during
services, such as complex groundwater environments, seawater corrosion, and freeze-thaw cycles, which can
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lead to severe degradation of their performance [1-3]. Cations in the complex environment of groundwater
include mainly Mg?*, Ca®*, and ammonia nitrogen and anions include mainly SO4>", CI", and COs*" [4].
Among them, ammonia nitrogen differs from the other ions because of its acidity and strong coordination;
hence, its influence on the stability of compounds in cement-based materials is also different.

Cement-based materials are prepared by bonding sand and stone with cement to form cementitious
materials, where the main chemical components of the cement include 3CaO - SiO,, 2CaO - SiO;,
3Ca0 - Al,O3, and 4CaO - Al,O3 Fe;O3, among other compounds. After hydration of the cement, hydrated
calcium silicate, hydrated calcium aluminate, Ca(OH),, and ettringite are formed, and the material gradually
hardens due to the formation of these substances. There are many pores in these hardened cement-based ma-
terials and Ca?", SiOs2", AlO,~, and OH™ ions in aqueous solution fill the pores and reach equilibrium with
the solid phase. Based on the complex mixture of chemical ions in underground water, many reaction prod-
ucts are formed in cement-based materials, such as gypsum, ettringite, and thaumasite [5].

Thaumasite, which has the chemical formula Cas[Si(OH)s]CO3SO4-12H2O [6], is a mineral with
a hexagonal structure and P6;-type spatial structure (a = 11.030 A and ¢ = 10.396 A) [7, 8]. Materials with
similar ~ structures mainly include ettringite = [CasAl2(OH)12(SO4)s - 26H,O]  and  bentorite
[Cas(Cr,Al)2(SO4)3(OH)12 - 26(H20)] [9]. Previous studies have shown that ettringite and thaumasite are
widely formed in cement chemistry [10]. After sulfate attack of a cement-based material, many SO4>~ anions
react with it and form ettringite. If CO, or COs>” anions are present in this solution system, especially at low
temperatures, thaumasite can form [11, 12]. Ettringite and thaumasite have similar spatial structures; there-
fore, they have similar XRD diffraction peaks, which are easily confused in the detection process. According
to the literature, in the presence of NH4" ions, ettringite cannot exist stably and decomposes to gypsum [3],
but Mileti et al. [13] found that the reaction products in cement-based materials were gypsum and ettringite
in 10% (NH4)2SO4 solution. In this study, the detection of ettringite was carried out using XRD, which led to
a controversy regarding whether ettringite or thaumasite was formed in the presence of NH4" ions.

Laser Raman analysis was demonstrated to be a better method of analyzing thaumasite, ettringite, and
other hydration products in cement [14], in which thaumasite had three main spectral bands at 658, 990, and
1074 cm™! and ettringite had two main bands at 990 and 1088 cm!. The three main spectral bands
of thaumasite corresponded to Si(OH)s>, SO4*7, and CO3%". The peak that corresponded to SO4>~ in thau-
masite was the same as that of ettringite. Therefore, the other two main peaks of thaumasite can be used to
distinguish it [15].

Two formation mechanisms have been identified in the formation process of thaumasite: conversion
from ettringite to thaumasite [9, 16]. Luo et al. [17] showed that Mg>" ions accelerated the formation of thau-
masite more than Ca®" ions and Na*ions; Li et al. [18, 19] reported that an increase in Cl~ anions can inhibit
the formation of thaumasite, for which the main reason is that CI” can form CaCl, with Ca®>" ions and then
react with hydrated calcium aluminate or ettringite in cement-based materials to form hydrated calcium chlo-
roaluminate (3Ca0 - Al,Os - CaCl, - 10H,0), and direct reaction in solution [20]. The direct formation of tha-
umasite in solution by Ca®’, SiO3*", SO4>", and CO3? ions has been related to the concentrations of relevant
chemical ions. Xiao et al. [20] believed that adding CaCl, in this process could effectively accelerate the
formation of thaumasite whereas SO4>~ and COs>™ anions had little effect on the reaction rate of thaumasite
formation. The reason was that more soluble Ca>* ions were provided in the solution. However, CaCl, not
only increased the concentration of Ca®" ions in the solution but also increased the concentration of Cl~ ani-
ons. Therefore, the mechanism of the effect of CI™ anion concentration on the formation of thaumasite was
contradictory.

Thus, the effect of NH4" ions on the stability of thaumasite was examined by studying the formation
of ammonium salts (NH4Cl and (NH4)2SO4), which helped to explain the above differences. In this paper,
to resolve the contradiction between the effects of Cl™ anions and OH™ on the formation of thaumasite, the
effects of NaCl and NaOH on the stability of thaumasite were studied.

Materials and methods. Calcium oxide (CaO, AR, Xilong Chemical Co., Ltd.), sodium metasilicate
nonahydrate (Na;SiO3 - 9H,O, AR; Sinopharm Chemical Reagent), anhydrous sodium sulfate (Na>SOs, AR;
Sinopharm Chemical Reagent), anhydrous sodium carbonate (Na,COs, AR; Tianjin FengChuan Chemical
Reagent Technology), sucrose (C12H22011, AR; Xilong Chemical), sodium chloride (NaCl, AR; Sinopharm),
ammonium chloride (NH4Cl, AR; Sinopharm), ammonium sulfate ((NH4)>SO4, AR, Sinopharm), calcium
hydroxide (NaOH, AR; Chengdu Kelong Chemical Reagent Factory), and distilled water were the raw mate-
rials that were used in this study.
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TABLE 1. Mix Proportions of Chemical Reactants

No. CaO, |Na,SiO3-9H,0,| NaSOys, | Na,COs, NaCl, | NaOH, (NH4)2S04,| NH4CI, Sucrose, g | Water, g
mol mol mol mol mol mol mol mol

NO | 0.48 0.08 0.08 0.08 0 0 0 0 453 900.7

N1 | 0.48 0.08 0.08 0.08 0.08 0 0 0 453 900.7

N2 | 0.48 0.08 0.08 0.08 0 0.08 0 0 453 900.7

N3 | 0.48 0.08 0.08 0.08 0 0 0.08 0 453 900.7

N4 | 0.48 0.08 0.08 0.08 0 0 0 0.08 45.3 900.7

After accurately weighing the reactants according to the mix proportions of the raw materials (Table 1),
they were dissolved in 5% sucrose solution, stirred with a magnetic stirrer for 0.5 h, and stored at 25°C.
After 7 and 14 days, the samples were washed with absolute ethanol, filtered with a laboratory vacuum suc-
tion pump, and dried at 35°. A Finder One micro-area laser Raman spectrometer (Beijing Zolix) was adopt-
ed, with a resolution of <2 cm™!, a laser light source wavelength of 540 nm, an integration time of 0.5 s, and
a scanning interval of 50~1500 cm™'.

Five milliliters of the supernatant were accurately obtained from the upper part of the solution that was
cured for 14 days and diluted with water to 200 mL, and the conductivity of the solution was measured with
a DDS-307A conductivity meter (Inesa Scientific Instrument). Then, a PHS-3C pH meter (Shanghai
Yueping Scientific Instrument) was used to determine the pH of the solution.

Results and discussion. To study the effect of the addition of ammonium salt on the formation of
thaumasite, experiments were designed to compare the effect of ClI™ by adding NaCl (N1), the effect of the
enhancement of the alkali environment on the formation of thaumasite by adding NaOH (N2), and the effect
of NH4" by adding NH4Cl (N3) and (NH4)2SO4 (N4). Then, the effect of an ammonium salt environment
on the stability of thaumasite was studied.

Ca?", Si0s2, CO3*", SO4*", OH", and CI™ ions were identified in the reaction solution system. In the
Raman spectrum, the peaks at 660, 715 cm™!, and approximately 1000 cm ™! corresponded to the vibration of
Si(OH)e? anions in thaumasite, CO3>~ anions in calcite, and SO4>~ anions in mainly thaumasite and dihydrate
gypsum respectively; the peak at 1080 cm™! corresponded mainly to the vibration of CO3> anions of
thaumasite and calcite; the peak at 380 cm™' corresponded mainly to the vibration of OH; and the peaks
at 150 and 280 cm™' corresponded mainly to the vibration of calcite. As shown in Fig. la, after 7 days
of chemical reaction, Ca(OH), and calcite were detected in group NO as the control group, and relatively
weak vibrational bands of thaumasite were identified. In groups N3 and N4, after the addition of NH4", not
only Ca(OH), and calcite bands were identified but also calcium silicate and gypsum bands; in addition,
a relatively strong vibration band of thaumasite was detected, and the vibration band of thaumasite in N3
was stronger. The results showed that CI” and OH™ anions cannot promote the formation of thaumasite,
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Fig. 1. Raman spectra of reaction products that were formed in the solution after reaction
for (a) 7 and (b) 14 days.




494 WANG X. et al.

whereas NH4" ions can promote the formation of thaumasite, and more importantly, sulfate anions can pro-
mote the formation of thaumasite more than CI™ anions.

However, as the spectral band of thaumasite that was formed by various chemical reactions was never
obvious, the reaction products after 14 days of chemical reaction were analyzed, and the results were shown
in Fig. 1b. Figure 1b shows that the bands of the chemical reaction that occurred in the solution that was
cured for 14 days were stronger. According to N4, at 660 cm™, the vibration band of the reaction product,
namely, Si(OH)¢>~ anions, in the solution with added NH4Cl, was stronger, the vibration band of gypsum
and thaumasite at 1000 cm ™' was split, and the vibration band of silicate at 850 cm™' was more obvious.
In the solution with (NH4)2SO4, not only the spectral bands of the above products but also the spectral band
of SiO; were observed.

After 14 days of curing, two samples of the solution were stored for 1 week, one at ambient temperature
and the other at low temperature (2°C). By comparing the changes in the reaction products between the two
samples, the effects of a low-temperature environment on the formation of thaumasite in the presence of
ammonium salt were studied, and the results were shown in Fig. 2. Figure 2 shows that after curing, the
bands of calcium hydroxide, calcite, and calcium silicate were all formed in the spectra at ambient tempera-
ture and low temperature (2°C), and the bands of thaumasite were also formed. Comparing the reaction
products, the spectral band of thaumasite was stronger at ambient temperature. At the same time, calcium
hydroxide and calcium silicate were substantially precipitated. This showed that thaumasite easily formed
at low temperatures. However, compared with Fig. 1b, the vibration band of the thaumasite that formed after
curing in the ammonium sulfate solution for 14 days was sharper than that of the thaumasite at low tempera-
ture. This showed that the promotional effect of ammonium sulfate on the formation of thaumasite was
stronger than that at low temperatures.
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Fig. 2. Raman spectroscopic analysis of thaumasite at two temperatures.

Conductivity and pH changes in the solution. To study the relevant changes in the solution, the conduc-
tivity and pH of the solution in the process were studied, and the overall changes in the solution were evalu-
ated based on these two parameters. The results were shown in Fig. 3. According to Fig. 3, when NaCl (N1),
(NH4)2SO4 (N3), and NH4Cl1 (N4) were added to the solution, the changes in pH in the solution were not ob-
vious, and the pH of the solution with added NaOH (N2) was slightly higher than those of the other solu-
tions. When NaCl, NaOH, and NH4Cl were added to the solution, the conductivity of the solution with
(NH4)2SO4 was much lower than those of the other solutions. This showed that the chemical reactions in the
solution occurred in an alkaline environment, the amount of CaO that was added to the system was exces-
sive, the addition of NH4" ions did not change the alkalinity of the solution, and the solution remained alka-
line. When (NH4)2SO4 was added to the solution, the conductivity of the solution decreased gradually. The
conductivity of the solution had the following relationship with the ion concentration in the solution:

A, =A’ +KC", AP=v A, +v A . (1)
This variation is referred to as Kohlrausch’s law [21]. A,” denotes the limiting molar conductivity;
K is a constant; C is the concentration of ions in the solution; A+ and A- are the limiting molar conductivities

of the cations and anions, respectively; and v+ and v- are the numbers of cations and anions, respectively, per
formula unit of electrolyte.
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Fig. 3. Conductivity and pH values of the solution that was cured for 14 days.

In the comparative test, the conductivity changed only minimally when NaCl, NaOH, and NH4Cl were
added to the solution: Na* (v+= 1, A+= 5.01 ms/m®), CI” (v-= 1, A-=7.63 ms/m?), OH™ (v-= 1, A-= 19.8 ms/m°),
and NHs"(vs= 1, A+= 7.37 ms/m?). In contrast, the conductivity decreased substantially when SO4* (v- = 2,
L+= 16 ms/m*) was added. According to Eq. (1), (NH4)2SO4 had a large limiting conductivity, but according
to the test, it had a small conductivity. Therefore, the ion concentration in the solution gradually decreased
owing to the addition of (NH4)2SO4. Thus, more ions precipitated and separated from the solution system.

Thermodynamic factors in the reaction of thaumasite. The raw materials were CaO, NaSiO3, NaySOq,
and NaxCOs. These compounds were dissolved in water and formed free ions. The reaction was expressed as
follows:

3Ca0 +Si03 ™+ 8O3+ CO3 ™ +18H,0 — Ca, [ Si(OH), -12H,0 | 0,80, +60H" )

According to Eq. (2), the Gibbs chemical free energy of the chemical reaction was calculated. Accord-
ing to the data in Langer’s Chemistry Manual and studies from the literature [22-24], the Gibbs chemical
free energy of thaumasite at 298 K was calculated as follows:

A, Gy (Ca; [ Si(OH), 12H,0]CO,80, ) =~210.43 ki/mol . 3)

Therefore, the Gibbs free energy of the chemical reaction in this process was negative; thus, the reac-
tion in Eq. (2) occurred spontaneously.

When NH4" was present in the solution, owing to the alkalinity of the chemical system, it was trans-
formed into NH3(aq), and it could also be smelled during the experiment. In the Raman spectrum, the vibra-
tion peak at 715 cm™' showed that calcite was formed in the reaction. The peak at 660 cm™' proved that
Si(OH)s>~ was produced in the reaction process, namely, that thaumasite was formed in the reaction. The
vibrational peak at 1000 cm™! indicated that a sulfate solid material was formed, and this peak was split,
thereby indicating that the sulfate corresponded to different chemical environments. Owing to the presence
of sulfate in thaumasite, dihydrate gypsum was also formed in the reaction.

Based on the above analysis, the chemical reaction can be expressed as follows:

3Ca0 +2NH; +SiO3” +S0; +CO3 +16H,0 — Ca, [Si(OH)6 : 12H20]CO3SO4 +40H™ +2NH; (4)
According to the data in [22-24], the Gibbs chemical free energy of thaumasite at 298 K was calculated
as follows:

ArG® (Ca3 [si(on), -12H20]co3so4)= —245.9 kJ/mol . (5)

At the same time, Ca**, SiO3>", SO4>", and CO3>" ions were present in the system, and the following
chemical reactions also occurred in the system [25]:

Ca +Si0> —> CaSiO, (6)
Ca® +SO? +2H,0 — CaSO0, -2H,0 @)
Ca® +C0O> — CaCoO, (®)

Some of the silicic acid, namely, H4SiO4, in the solution was polymerized. The molecular weight of the
silicate anion increased gradually in the concentrated solution, and the silicate anion was converted among
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various polymers [26], which finally formed quartz. Therefore, the analysis showed that CaSiOs, gypsum,
calcite, and quartz were gradually formed in the chemical reaction process, which was verified by Raman
spectroscopy.

Analysis of the formation factors of thaumasite. The structural formula of thaumasite is
Ca3[Si(OH)s]CO3S04 - 12H,0; in its structure, cylinders of Cas[Si(OH)s - 12H,0]*" were closely arranged
parallel to the c-axis of the crystal, and COs>~ and SO4>~ were staggered to fill the gaps between the cylin-
ders. The chemical reaction of its formation was as follows:

Ca, [ Si(OH), -12HZOJ4+ +CO3 +80;" — Ca, [ Si(OH), -12H,0]C0,S0, 9)

The chemical reaction rate-determining step in Eq. (4) was the formation of Ca3[Si(OH)s - 12H, O]*'. There-
fore, the formation of thaumasite depended on Cas[Si(OH)s - 12H,0]*" formation.

In the chemical reaction rate-determining step of the formation of Cas[Si(OH)s - 12H,0]*, calcium ions
in the structure were usually coordinated with oxygen atoms in H>O, and the studies proved that their pre-
ferred coordination number was 6 to 8. Therefore, Ca®" ions were initially present in the form of Ca[H,0]¢*"
in water. In the chemical reaction process, when there was a strong alkaline environment, Ca(H,0)s*" was
converted into Ca(H,0)7*>" and Ca(H,0)s>" in the following forms [27]:

Ca(H,0); +H,00Ca(H,0)", Ca(H,0);" +H,00Ca(H,0);" (10)

During the formation of thaumasite, the silica tetrahedron gradually changed from Si(OH)s*
to Si(OH)s>". The central element Si in the Si(OH)s>~ anion was sp’d * hybridized, and six hybrid orbitals
were inserted into the six vertices of the octahedron. These hybrid orbitals overlapped with the 2p orbitals
of coordinated oxygen atoms to form six covalent bonds [28].

When the pH of the solution was increased from 9 to 10.7, the neutral silicate monomer was converted
to Si(OH)s , whereas when the pH was higher than 10.7, silicate salts reacted with OH™ ions. As the surface
OH group was ionized to the anion position of SiO™, the particles were also negatively charged [29].

Si(OH), + OH™ =(HO), SiO"+H,0, (HO),SiO"+OH" = (HO), Si0; +H,0 (11)
The Si-O bond was not a pure ionic bond but also had some covalent properties [30].

Another raw material silicate participated in the chemical reaction, in which Si could form a [SiO4]*
tetrahedron structure. When calcium ions were present in the solution, the following chemical reactions oc-
curred with Si-O bonds [31]:

2=8i-0"+Ca* —(=Si-0), Ca (12)

Therefore, according to the above analysis, the Ca;[Si(OH)s - 12H,0]*" formation process can be ex-
pressed as follows. To facilitate observation of the spatial structure of thaumasite, in the Cas[Si(OH)s - 12H,0]**
formation structure, Si(OH)s>~ was added, which changed the valence state of the structure

(l)H2 > H,0 (|)H20H =
2 2
> < +2H,0 — | H,0—Ca=—0H,
| “om, H,0 | OH,
OH, OH, (13)
_ —_—
HO
no\l _OH
2+ 2- R0 no/ \on OH
H,0, OH, 0 \ \
H,0 OH,
H,0 ) : ) 2
T H0 o ﬂ HZO/ / ;\ / \Onﬁ
g
n” Il\OH

According to a report in the literature, if SO4* anions are added to the solution alone, they cannot pro-
mote the formation of thaumasite [20]. In this experiment, to form thaumasite, Si(OH)s*" was gradually
transformed into a Si(OH)s> coordination anion, and this material first needed to form a silicate monomer.
In an alkaline environment, (HO);SiO~ and (HO),SiO»>~ were the main components [29, 32]. According to
the literature [33], NH3 can increase the coordination of silicate. The (NH4),SiO3 that was formed by these



FORMATION OF THAUMASITE IN AMMONIUM SALT SOLUTION 497

two ions was extremely unstable and finally underwent a double hydrolysis reaction to form SiO4* anions.
This step could promote the rapid formation of thaumasite. The addition of excess SO4*>~ as (NH4)2SO4 to the
solution could promote the reaction of thaumasite.

Conclusions. As a common corrosion product of cement-based materials, thaumasite is often present
in structural engineering materials. In a solution of Ca®", SiO3?", COs2", SO4*, and OH™ ions, the presence
of NH4" ions can affect the formation of thaumasite. Laser Raman spectroscopy was an effective method for
detecting thaumasite. In the presence of ammonium ions, the spectral band of thaumasite was detected in the
reaction product, and SO4>~ anions in the solution accelerated the reaction. Neither C1~ anions nor an alkaline
environment effectively enhanced this trend. Based on the laser Raman spectroscopy data, the rate of direct
thaumasite formation in solution at a low temperature was still higher than that at ambient temperature.
However, the promotional effect of ammonium sulfate on the formation of thaumasite was stronger than that
at a low temperature. The presence of ammonium ions could reduce the Gibbs free energy and increase the
rate of the chemical reaction. Through the double hydrolysis reaction, the addition of ammonium ions pro-
moted the coordination of silicate in the solution and increased the formation rate of thaumasite.
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