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In order to investigate the effect of Cr°" on the properties of alkali-activated slag cement (AAS),
the effects of added dosage of Na,Cr,O,4 on the setting time and compressive strength of AAS
were measured. The leaching concentration of Cr°* from AAS cement stone was measured
using dual-beam UV-visible spectrophotometry. The effect of Na,Cr.O4 on the hydration
kinetics of AAS cement was monitored by microcalorimetry and the corresponding kinetic
parameters were analyzed. The pore solution from AAS was collected and analyzed using the
high pressure press method. The effects of Na,Cr,O4 on the hydration products of AAS
cement were observed and compared using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The experimental results showed that the AAS hydration process was
markedly affected by Na,Cr.O, dosage. The setting time of AAS pastes was increased and
the compressive strength of cement stones was reduced with increasing dosage of NasCroOy.
With the development of AAS hydration, the leaching concentration of Na,CroO,4 gradually
decreased. Na,CroO4 did not affect the dissolution of slag particles, but impeded the formation
of C-S-H gel. The Cr®* was immobilized chemically in the form of needle-like CaCrO, particles
formed by the chemical reaction between Na,Cr,O, and Ca?* leaching from the slag.

Keywords: sodium chromate, alkaline activated slag cement, hydration behavior, hydration kinetic, hydration
products

INTRODUCTION

Domestic and industrial waste in urban areas are both increasing with the rapid development of
China’s economy. Most industrial waste contains toxic heavy metals, such as lead, chromium,
copper, zinc, cadmium, nickel, etc., which exist mainly in the form of oxides, hydroxides, silicates,
insoluble salts, and organic complexes. Such toxic wastes pollute the soil, water courses, and the
atmosphere if not properly disposed of, which thereby results in serious environmental pollution that
threatens human life and health (Liu et al., 2020).

Chromium (Cr), a typical heavy metal element, comes mainly from pigments, electroplating,
metallurgy, leather tanning, Cr-containing wastewater in electronics, and from other industries. The
sludge retains Cr following treatment of these Cr-containing wastewaters and of untreated and newly
produced Cr residues from enterprises. Cr is toxic and can cause human respiratory and
gastrointestinal diseases, as well as skin damage. In addition, Cr®" is carcinogenic when inhaled
into the respiratory tract, which leads to death if the amount of inhalation is large through the skin
and digestive tract (I.C.D. Association, 2007).

At present, solidification technology is one of the important methods for the treatment of heavy
metal lead (Pb) wastes worldwide, and cement-based materials have also been the most widely
studied and applied cementing materials in developed countries in recent decades (Gougar et al.,
1996; Halim et al., 2004). Research on cement-cured heavy metal Cr is quite mature, and it has been
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found that cement-cured bodies have high leaching toxicity, poor
durability, and poor corrosion resistance.

Alkali-activated slag cement (AAS) is a new kind of
cementitious material, which is activated by alkali metal
compounds from finely granulated blast furnace slag. The
alkali-slag concrete derived from this process has excellent
physical and mechanical properties and chemical resistance
(Gougar et al.,, 1996; Halim et al., 2004).

AAS has an excellent pore structure, which is beneficial for
reducing the leaching of Cr®* into alkali-slag cement stones. AAS
has a high initial strength, a stable long-term strength, and
exhibits excellent mechanical sealing effects, which can
comprehensively block Cr®" in cement stone, thereby reducing
Cr®" leaching. The main product generated by the hydration of
AAS is alow Ca/Si ratio C-S-H gel (Shi and Roy, 2006), which has
a larger specific surface area, higher surface energy, and can
strongly adsorb additional Cr®". In addition, the C-S-H gel
formed by AAS hydration has a cage-like microstructure,
which is more conducive to the adsorption and solidification
of Cr°*.

Deja (2002) studied the solidification of Cr®" with slag cement
and found that the nanoscale micropores in the alkali-slag gel had
a great physical package effect on heavy metals. Palomo and
Palacios (2003) pointed out that CrO; could not only solidify
heavy metal ions but its addition could also improve the
mechanical properties of AAS. Xu et al. (2006) studied the
effect of alkali solution concentration and curing time on the
solidification effect, and the results showed that the alkali
concentration had little effect on the solidification effect of Cr.
A large number of studies have pointed out that the effective
solidification of Cr®" by AAS is due to the presence of sulfides,
which can convert Cr®" into Cr’* in a reducing environment,
thereby reducing precipitation (Wang and Scrivener, 1995; Xu
et al,, 2006; Chen et al., 2020). Hence, AAS plays an active role in
the solidification process. Zhang et al. (2016), Ponzoni et al.
(2015), and Guo et al. (2017) all found that the silicate and
aluminosilicate anions of the AAS system can partially chemically
react with Cr®" to form compounds with extremely low solubility,
thus reducing the amount of Cr®" leached in aqueous media.

A large number of studies have reported the solidification
effect of AAS on Cr®". However, the effect of Cr®" on the
hydration performance of alkali-slag cement is still unclear. In
this paper, the effect of Na,Cr,O,4 on the hydration process of
AAS was studied under conditions where the water-binder ratio,
alkali equivalent, and the modulus of the water glass were kept
unchanged. First, the effect of Na,Cr,O, on the hydration
performance of AAS was studied. Then, the effect of
Na,Cr,0, on the hydration dynamics of AAS was
investigated. Finally, the effect of Na,Cr,O4 on the hydration
products of AAS was examined.

MATERIALS AND METHODS

Raw Materials
Granulated blast furnace slag (GBFS) (Chongqing Iron and Steel
Group Co., Ltd., Chongqing Municipality, China) was vibrated
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and ground for 40 min. This material had a specific surface area of
452 m*/kg, a density of 2.91 g/cm”, an alkalinity coefficient (M)
of 1.00, an activity coefficient (M,) of 0.45, and a mass coefficient
(My) of 1.76. Table 1 lists the chemical composition (main
oxides) of GBFS.

NaOH (AR, Chongging Chuanjiang Chemical Reagent
Factory) was added to the purchased water glass (Chongging
Jingkou Chemical Plant; the main physical and chemical
indicators are listed in Table 2) and its modulus adjusted to
the needs of the experiment.

Tap water was used for the preparation of the solidified body,
and deionized water was used for chemical analysis, including
heavy metal leaching.

The chromium in Na,CrO,.4H,0 (AR, Chongging Chuandong
Chemical Co., Ltd.) is hexavalent, which is carcinogenic. Na,Cr,04
has strong oxidizing properties and is soluble in water, giving a
solution that is slightly alkaline.

Table 3 lists their mix ratios (in terms of mass), the modulus of
sodium silicate was fixed at 1.5, the alkali equivalent was 5%, and
the water-binder ratio was 0.3. The mechanism of solidification of
AAS was studied by varying the content of Na,Cr,O,.

Methods

Slurry Curing Time Test

The determination of the curing time of AAS was carried out in
accordance with the method specified in the Chinese cement
standard GB/T 1346-2001 “Water consumption for standard
consistency of cement, setting time, and stability test method”.

Forming and Curing of the Test Block

The slag, alkali component, water, and Na,Cr,0,4.4H,0 were
weighed out in a fixed ratio and mixed evenly in a cement slurry
mixer. A 40 x 40 x 40 mm mold was used to form a solid
specimen, and the molding surface was covered with a plastic
film to prevent moisture evaporating. The mold was removed
after 24h at room temperature. In order to prevent the
precipitation of Cr®" in the specimen and the diffusion of
alkali components to the condensed water on the surface of
the specimen, which could lead to insufficient hardening of the
surface of the cured body, the cured body specimen was placed in
a sealed bag and kept in a standard indoor environment
(temperature 20 + 2°C, RH > 90%) for the specified length
of time.

Compressive Strength Test

The 40 x 40 x 40 mm specimens cured to 3, 7, and 28 d were
removed from the standard curing room, and a universal
material testing machine was employed to test the
compressive strength of 3, 7, and 28 d for different cured
bodies according to “Test Method for Strength of Glue Sand”
(ISO Method).

Heat of Hydration Test

The heat detector of a TAM air microcalorimeter (TA
Instruments, New Castle, DE, United States) was used for the
heat of hydration test. The basic principle of the instrument is as
follows: the heats of hydration of the sample and reference
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TABLE 1 | Chemical composition of ground granulated blast furnace slag.

Immobilization of Cr6+ by Cement

Chemical Ccao SiO, Al,O3 MgO Feo03 Na,O K20 SO3 MnO Loss
component

wt% 36.18 32.61 14.44 9.39 1.03 0.40 0.42 0.27 0.72 0.47
TABLE 2 | Chemical composition and physical properties of water glass.

Index Si02/% Na,0/% Baume degree Modulus Density/g-cm™3 Moisture content/%
Value 28.52 12.18 46 2.42 1.46 52.18

TABLE 3 | Mix proportions of alkali-activated slag cement (AAS) with NaxCroOy,.

No. Water/ Na,0 (%) Modulus Na,Cr,0, content (%)
cement of water glass

1 0.30 5.0 1.5 0.0

2 0.5

3 1.0

4 1.5

5 2.0

sample are measured using a thermocouple (water or the
completely hydrated cement stone is usually selected as the
reference sample) in a constant temperature environment, and
the exothermic rate and cumulative heat release of the sample
are calculated. The test temperature was set at 20°C.
Measurements were carried out on 4g samples of the
pastes. The solution of Na,Cr,0O, was added in the
proportions given in Table 3. Heat development was
measured for 72 h, with a step of 50 s between consecutive
measurements. Before the experiment, slag was placed in an
ampoule, the solution was placed in a syringe, and the
ampoule was placed in the calorimeter. After the syringe
had been installed, the solution was injected into the ampoule
when the temperature had stabilized at 20°C, when
measurement began.

Heavy Metal Concentration Measurement

According to the national standards GB 5086.1-1997
“Solid Waste Leaching Toxicity Leaching Method Reversal
Method” and GB/T 15,555.4-1995 “Solid Waste
Determination of Hexavalent Chromium Diphenylcarbazide
Spectrophotometer Method,” the molded test piece was
broken and a sample passing through a 5mm sieve was
placed in an oven and dried at 60°C, and then soaked in
deionized water at a liquid-to-solid ratio (L/g) of 1:10.
Subsequently, the mixture was vibrated at 23 + 2°C for 18 h
with a flip-type shaking device at a speed of 30 + 2 rev/min,
and kept for 30 min, and then the leaching solution was
collected with a vacuum filter. A dual-beam UV-Vis
spectrophotometer TU-190 made by Beijing General
Instrument Co. Ltd. was used to measure the concentration
of Cr®" in the leaching solution.

Testing of Block Hole Solution

The alkali-slag-Cr®" solidified body pore solution extrusion test
piece was prepared using a special molding test mold (Jiangsu
Subote Materials Co., Ltd., Nanjing, Jiangsu, China). The test
piece was sealed in a plastic bag and then placed in standard
storage environment (temperature: 20 + 2°C; RH > 90%) for the
specified time. The hole solution pressing device of cement-based
material was then used to squeeze the hole solution, and the dual-
beam spectrophotometer was used to test the Cr®" concentration
in the hole solution.

X-Ray Diffraction Test

The sample was broken following curing for the specified time
and hydration was immediately terminated using absolute
ethanol. The sample was then baked to a constant weight at
60°C and passed through a 0.08 mm sieve. The powder was then
sealed in an ampoule for later testing.

A Rigaku D/Max-5A 12kW rotating target X-ray
diffractometer (Rigaku Corporation, Tokyo, Japan) was used
for testing, with Cu Ka radiation at a voltage of 40kV and a
scanning speed of 4°/min. The sample was dried to constant
weight in a vacuum drying oven at 60°C before the test.

Scanning Electron Microscope Test

The sample was broken following curing for the specified time
and hydration was immediately terminated with absolute ethanol.
The sample was then baked to a constant weight at 60°C and
sprayed with gold on a cross-section for later testing.

A variable vacuum scanning electron microscope (TESCAN
VEGAZ2, Tescan Brno, s.r.o, Brno, Czech Republic) was adopted
for morphological characterization, and an INCA Energy 350X
energy dispersive X-ray spectrometer (Oxford Instruments,
Oxford, United Kingdom) was employed for elemental analysis.

RESULTS AND DISCUSSION

Macroscopic Performance of
Na20r204-AAS

Variation in Curing Time

Figure 1 shows the effect of Na,Cr,0,4 on the curing time of
AAS. Tt can be seen that the latter gradually increased as the
Na,Cr,0,4 content increased. The initial setting time of AAS
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FIGURE 1 | Setting time of alkali-activated slag cement (AAS).
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FIGURE 2 | Compressive strength of AAS.

with 2% Na,Cr,0, increased from 17 to 35 min, compared
with that of the control AAS, and the final curing time
increased from 28 to 50 min, both of which were doubled.
This is consistent with the results of previous studies (Palomo
and Palacios, 2003).

Variation in Compressive Strength

Figure 2 shows the effect of Na,Cr,O, on the compressive
strength of AAS. It can be seen that the latter decreased with
increasing concentration of Na,Cr,0, for the same curing age.
The compressive strength of cement with different Na,Cr,0,
content increased with age.

The curing time and strength development of AAS are two
important macro indicators that reflect the hydration process (Shi
and Roy, 2006; Pacheco-Torgal et al., 2015). As shown in Figures
1, 2, the addition of Na,Cr,0O4 played a significant role in the
hydration process of AAS, and the effect increased with
increasing concentration of Na,Cr,O,. Fang et al. (2020)
pointed out that when the chemical substances introduced
into the AAS hydration system combine with the Ca®" ions or
[Si04]*" ions generated by the disintegration of the slag and OH"
ions in the system under the action of the alkali component,

1000

750 +

500 -

250 ~

Leaching concentration of Cr (mg/L)

0.0% 0.5% 1.0% 1.5% 2.0%
Content of Na,Cr,0,

FIGURE 3 | Concentration of Cr®* leaching from AAS.

forming small-sized particles of insoluble substances, they may
form precipitates on the surface of the slag particles, hindering
further hydration reactions with OH™ ijons and activating
components.

Leaching Concentration of Cr®*

Figure 3 shows the concentration of Cr®" leaching from the AAS
stone. It can be seen that at both 3 and 7 d, Cr®" was effectively
solidified in the AAS when the Na,Cr,0,4 content was less than
0.5%. The concentration of Cr®" leaching out increased
significantly when the Na,Cr,O, content was greater than
0.5%, and it rose sharply with increasing amounts of
Na,Cr,0,. Therefore, it can be conjectured that the initial
leaching concentration of Cr®* has a critical value when the
concentration of Na,Cr,O, is 0.5% for this cement mix. In
addition, the Cr®" leaching concentration for AAS stone at
28 d also appeared to follow a similar pattern, whereas the
Na,Cr,04 content for a critical leaching concentration
increased from 0.5 to ~1.0%.

From the previous analysis, it can be seen that the introduction
of Na,Cr,0; led to a low degree of initial hydration of AAS, so
that the porosity of the initial cement stone and the leaching rate
of Cr®" are both increased, leading to a low leaching
concentration threshold. The density of the AAS stone
gradually increased, and the porosity gradually decreased with
increasing age, so that the leaching rate of Cr®" was small, and the
Na,Cr,O, content for a critical leaching concentration increased
with extension of the hydration time.

Hydration Exothermic Behavior of Na,Cr,04-AAS
From the previous analysis, it can be seen that the solidification of
Cr®* is closely related to the hydration process of AAS. In order to
further study the solidification mechanism of AAS on Cr®', the
effect of Na,Cr,0, on the hydration exothermic process of AAS
was studied (Figure 4).

Figure 4A shows the exothermic hydration rate of AAS for the
Na,Cr,0, group and the control group, among which the control
group was AAS without Cr®". In the Na,Cr,O, group, the
Na,Cr,0, content was 1.0%, and the content of the rest of the
material was the same as that of the control group. The figure
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shows that, compared with the control group, the AAS
exothermic hydration rate of the Na,Cr,O, group was
significantly prolonged.

Figure 4B shows the total hydration heat released by AAS in
the Na,Cr,0O, group and the control group. It can be seen that the
AAS hydration of the Na,Cr,0, group was always significantly
lower than that of the control group and that the variation in the
total hydration heat released by the two groups were completely
different. It can be seen from Figure 4A that there is an obvious
exothermic peak in the early stages for the two groups, which was
caused by the destruction of the slag surface by OH™ ions and the
formation of C-S-H gel on the surface of the slag particles (Shi
and Roy, 2006). However, it can be seen from the total quantity of
heat released during the corresponding time in Figure 4B that the
total quantity of heat released in the Na,Cr,O,4 group during this
time was significantly lower than that of the control group. It is
inferred that Na,Cr,O, prevents OH ™ ions from destroying the
slag structure or forming C-S-H gel on the slag surface. The
Na,Cr,0, group showed a longer induction period (Figure 4A),
and the total quantity of corresponding hydration heat
released was much lower than that of the control group
(Figure 4B). It can be inferred that Na,Cr,O, chemically
reacts with the ions in the liquid phase to form insoluble
substances on the surface of the slag particles, which prevents
Ca’" ions from reacting with SiO,* in the liquid phase to form
C-S-H gel. After entering the acceleration period, the variation
in heat released for the two groups was identical, although the
heat released by the Na,Cr,0, group was always lower than
that of the control group. The effect of Na,Cr,O4 on the
hydration process of AAS was therefore weakened. In
summary, the introduction of Na,Cr,O, significantly
changed the hydration process of AAS according to Hess’s
law (Gersten and Gersten, 2001). In order to further
understand the effect of Na,Cr,0,4 on the hydration process
of AAS, the corresponding hydration kinetic parameters were
calculated from the hydration heat release curve of the alkali-
slag cement, the Knudson hydration heat model, and the
Jander equation (Table 4).

TABLE 4 | Hydration kinetic parameters of AAS.

Hydration process - AAS AAS +1% Cr6+
Acceleration stage Time 15.80-32.5 38.44-54.35

N 1.95 1.36

K 1.71 x 107 321 x107°
Deceleration stage Time 32.53-59.4 54.35-89.18

N 2.01 1.37

K 251 x107° 337 x 107°
Attenuation stage Time 59.43-100 89.18-100

N 2.22 2.01

K 1.17 x 107 1.12 x 107

Table 4 lists the AAS hydration kinetic parameters of the
Na,Cr,0, group and the control group. It can be seen from the
data listed in the table that the start time of the acceleration period
in the Na,Cr,0, group was about 2.4 times that of the control
group, and the start time of the deceleration period was about
1.7 times that of the control group. Na,Cr,O, significantly
prolonged the curing time of AAS. In Table 4, N represents
the order of the chemical reaction, which mainly characterizes the
degree of difficulty of the reaction. The latter is controlled by
chemical reactions on the particle surfaces and by the dissolution
of reactants or the deposition of reaction products when N < 1.
The reaction is controlled by the diffusion of reactants through
the porous reaction product layer when 1 < N < 2. The reaction is
controlled by the diffusion of reactants through the dense product
layer when 2 < N (Shi and Roy, 2006). K represents the rate
constant of the chemical reaction, which characterizes the speed
of the chemical reaction (Gersten and Gersten, 2001).

It can be seen from Table 4 that the reaction rate of AAS in
the Na,Cr,0, group during both the acceleration and
deceleration periods was significantly higher than that of the
control group, yet the reaction order was significantly lower
than that of the control group. According to the AAS hydration
process (Zhang et al., 2016), the chemical reaction order N of the
whole hydration process was around 2 for the control group,
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TABLE 5 | Pore solution obtained from solidification of AAS-Cr®* (mg/L).

Immobilization of Cr6+ by Cement

Age/kind 1d 3d 7d

Total Cr cré ca* Total Cr cré Ca?* Total Cr cré ca*
AAS 2.267 2.035 1.64 2.253 2.241 0.85 2.357 2.301 0.475
AAS + Cr 9635.58 7,125.65 2.3 7,056.616 6,023.65 1.4 6,245.069 4,952.26 0.775
indicating that the hydration process of the control group was
more prone to being controlled by the diffusion of reactants AAS+Cr 12 1 C-(A)-S-H
through the dense product layer from the acceleration period. s 2 80,
The main hydration products of sodium silicate activated in 3 CaCrO,

AAS were mainly low calcium-to-silicon ratio C-S-H gel, which
has low porosity and a compact structure (Shi and Roy, 2006).
Although the reaction rate of Ca** and SiO4*~ was rapid in the
liquid phase, it is not easy for Ca®" to penetrate the hydration
product layer and enter the liquid phase in order to react. For
the Na,Cr,0O, group, the reaction order N was closer to 1,
although the reaction rate was faster during both the
acceleration and deceleration periods, indicating that the
hydration process was more prone to being controlled by the
diffusion of reactants through the porous reaction product layer
from the acceleration period. Based on this, it can be further
speculated that Na,Cr,0, first forms a poorly soluble porous
product on the surface of the slag particles with the substance in
the liquid phase. After entering the decay period, the reaction
rate constants and reaction orders of the two groups were
equivalent, and both were controlled by the diffusion of the
reactants through the dense product layer, at which time C-S-H
gel should have been generated.

Pore Solution and Hydration Products of
Na20r204-AAS

Analysis of Pore Solution of AAS

In this study, a cement-based material pore solution pressing
device (Jiangsu Subote Materials Co., Ltd.) was used to collect
different cement paste and pore solutions of the paste
solidification body. The solidification effect of AAS on heavy
metal Cr®" ions during the hydration process was investigated by
analyzing the ion concentration of the pore solution and using the
analysis of hydration kinetics described above.

Table 5 shows that the total Cr, Cr®", and Ca®" concentrations
in the liquid phase gradually decreased with the progress of
hydration. The Ca** concentration of the pore solution in the
AAS stone depended mainly on the degree of disintegration of the
slag glass body and the amount of C-S-H gel hydration product.
With the extension of hydration time, OH™ ions were
continuously consumed, and the formation of hydration
products gradually increased. The hydration product layer
gradually changed from a porous structure to a dense
structure, which reduced the amount available for
disintegration of the slag glass structure as well as the
concentration of Ca®*. The concentrations of total Cr and Cr®*
in the alkali-slag solidified body were reduced as a function of time
due to the reduction of Cr®" by S~ or HS™ in the slag and the
enhanced adsorption of Cr®" by the hydration products.

4 hydrotalcite
5 hydrotalcite-like

AAS

T T T T T T T T T T T 1
10 15 20 25 30 35 40 45 50 55 60 65 70
2609

FIGURE 5 | X-ray diffraction (XRD) of AAS.

At 1d, the Ca®" content in the AAS pore solution of the
Na,Cr,0, group was significantly higher than that of the control
group. This shows that Na,Cr,0,4 can promote the dissolution of
slag particles. At 3 and 7 d, the Ca®* content in the AAS pore
solution of the Na,Cr,O4 group was higher than that of the
control group. The heat of hydration experiment showed that the
rates of hydration of the Na,Cr,0O, group in the initial age were
lower than those of the control group, indicating that Na,Cr,O4
delayed the Ca**, which dissolved from the slag, from reacting
with $i0,*" in the liquid phase to form C-S-H gel, which led to a
delay in the second hydration reaction peak in the heat of
hydration experiment.

Hydration Products of AAS

Figure 5 shows the XRD pattern of AAS stone at 28 d. It can be
seen that a typical “Bailey broad peak” appeared around 30°,
which originated from the C-S-H gel. There are two obvious
peaks at 32.3° and 35.2°, both originating from CaCrO, (Wang
and Vipulanandan, 2000; Chen et al., 2009). Combined with the
analysis of the hydration kinetic process, it can be known that
Na,Cr,0, hydrolyzes to form CrO,*”, which reacts with the
dissolved Ca** in the slag to form CaCrO,, hence preventing Ca**
from interacting with SiO,*~ in the liquid phase to generate C-S-
H gel. This reduces the strength of AAS.

Figure 6 shows the SEM images of AAS stones in both the
Na,Cr,0, group and control groups at 28 d. It can be seen from
the control group that the slag was basically hydrated, forming a
continuous dense structure with fewer pores. In addition, it can
be seen from the Na,Cr,O, group that the structure of the
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FIGURE 6 | Scanning electron micrograph (SEM) of AAS-Cr®* solidification.
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FIGURE 7 | Energy dispersive spectrum (EDS) of AAS-Cr®*
solidification.

hydration products was relatively loose, and needles and rods
were formed. The needles and rods (point B) were analyzed using
energy dispersive spectroscopy (EDS) (Figure 7). The results
showed that the weight percentage of elemental Cr at this point
was 3.23%, which was much higher than the original amount in
the mix (1%). In addition, a large amount of Ca was enriched
here. According to the results of Laforest and Duchesne (2005),
the rod-shaped crystals here were CaCrO,.

CONCLUSION

The curing time of AAS in our experiments was prolonged and
the strength of the cement stone gradually decreased with
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