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Abstract: The aim of this article is to reduce the environmental harm caused by industrial solid waste,
specifically tannery sludge, and enable its reutilization. This study prepared an alkali-activated
tannery sludge-slag solidification product (ATSSP) with high mechanical properties using blast
furnace slag and tannery sludge as raw materials. The response surface methodology (RSM) was
used to optimize the product mix ratio. The hydration mechanism and solidification method of ATSSP
for Cr in tannery sludge were studied using X-ray diffraction (XRD), scanning electron microscope-
energy dispersive spectrometer (SEM-EDS), and Fourier transform infrared reflection (FT-IR). The
results indicate that the compressive strength regression model established through RSM has high
accuracy and credibility. When the ratio of activator to binder is 0.2174, the alkali activation modulus
is 1.02, and the water-to-cement ratio is 0.37; the 28 d compressive strength of ATSSP can reach
71.3 MPa. The sulfate in tannery sludge can promote the secondary hydration reaction of slag, and
the generated hydrated calcium silicate and calcite greatly improve the strength of the ATSSP. The
reducing substances contained in slag can reduce Cr (VI) in tannery sludge to Cr (III) in the form of
uvarovite. The total Cr and Cr (VI) precipitation concentrations of the product are far less than the
specification requirements.
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1. Introduction

Currently, the construction sector accounts for 30% of global greenhouse gas
emissions [1,2], while mining and mineral processing operations contribute between 4%
and 7% of global greenhouse gas emissions [3]. Both sectors face significant pressure to
reduce their emissions. Additionally, the world faces widespread energy and resource
scarcity, as well as environmental pollution problems resulting from the annual increase
in various industrial waste. The rational utilization of solid waste in the construction
industry can help reduce the extraction and consumption of new resources to alleviate
resource scarcity, while also reducing environmental pollution and promoting sustainable
development [4].

Slag is an industrial waste generated through high-temperature processing in pro-
cesses such as metallurgy and energy production. The long-term stockpiling of slag can
occupy a significant amount of land, impacting the effective utilization of land resources.
Furthermore, the soluble components of slag may infiltrate downwards from the surface
with water, thereby contaminating soil and water systems, leading to soil acidification, alka-
lization, and hardening, as well as polluting water sources and human health [5]. However,

Buildings 2024, 14, 1060. https://doi.org/10.3390/buildings14041060

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14041060
https://doi.org/10.3390/buildings14041060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14041060
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14041060?type=check_update&version=1

Buildings 2024, 14, 1060

20f 18

slag contains a large amount of oxides of Ca, Si, Al, Mg, and Fe, along with small amounts
of sulfides. This unique composition enables slag to exhibit potential cementitious activity
under specific conditions, which makes slag highly valuable for reuse in the construction
industry [6].

On the other hand, China is one of the major leather production centers in the world.
Tannery sludge comes from activated sludge produced in the process of tannery wastewater
treatment. The composition of tannery sludge is complex, containing 20-30% inorganic
substances, such as Si, Al, Fe, and Ca, but containing high concentrations of heavy metal Cr
ions [7]. Traditional tannery sludge treatment methods are mainly landfill and incineration.
If it cannot be well treated, it will cause certain pollution to soil and water resources [8]
and even endanger human health [9,10]. Therefore, many scholars propose to treat tannery
sludge with fixed /stable methods for resource reuse. Basegio et al. [11] used tannery sludge
and clay as raw materials to synthesize ceramics and believe that this material can be used
as bricks in the construction industry. Filibeli et al. [12] combined tannery sludge mixed
with cement, sand, and fly ash and maintained it for 28 d. The strength of the cured body
could reach the requirements of filler material. Jin et al. [13] synthesized tannery sludge
with metakaolin as a curing agent, and the cured product had good resistance to high
temperature, acid and alkali, and acid rain erosion. Amin et al. [14] used 10% sludge for
the preparation of clay roof tiles and showed that the dry shrinkage and raw strength of
the tiles decreased with the addition of waste. However, the problem of Cr ion exudation
must be solved in the material utilization of tannery sludge. Ivanov et al. [15] studied the
solidification effect of Portland cement on Cr (VI). The results showed that the hydration
product C-5-H of Portland cement could not cure Cr (VI) well, and it also needed to add a
reductant, which increased the cost of waste treatment. In contrast, geopolymer is a better
choice for the treatment of hazardous waste [16].

Currently, numerous scholars are attempting to utilize industrial waste in the prepara-
tion of alkali-activated cementitious materials and geopolymers. Prasittisopin et al. [17,18]
examined the modification effects of alkaline solutions on a mixed cementitious system
containing rice husk ash, finding that the setting speed of the cementitious system is accel-
erated after alkali activation, leading to higher early compressive strengths and improved
modification effects. Odimegwu et al. [19] utilized 50% alum sludge as a substitute for fly
ash in the preparation of geopolymers, yielding products with good mechanical properties,
with the peak compressive strength reaching approximately 80 MPa. Huang et al. [20]
prepared alkali-activated mortars using urban solid waste incineration ash and slag and
investigated the promotion of polymerization reactions by varying NaOH contents through
microscopic analysis. The spatial structure of geopolymer is composed of a Si-O-Al polymer
skeleton. Cross-linked Si-O tetrahedrons and Al-O tetrahedrons share all bridged oxygen
atoms [21], in which the intermolecular force includes covalent bonds and ionic bonds,
which have good mechanical properties [22]. In addition, geopolymers can form closed
cage-like cavities by combining the “crystal-like” structure of their cyclic molecular chains
to immobilize heavy metals or other contaminants in the cavities [23,24]. El-Eswed et al. [25]
used kaolin/zeolite-based polymers for curing/stabilization of the heavy metals Pb, Cu, Cd,
and Cr. The experimental results showed that Na* and K* are released from the geopoly-
mer structure, while the heavy metal ions are effectively immobilized. Nikoli¢ et al. [26]
investigated the effect of fly ash activity and hydration product structure on the efficiency
of curing Cr (VI) by alkali-excited fly ash geopolymer and concluded that the higher the
strength of the prepared geopolymer, the higher the curing efficiency, indicating that physi-
cal curing action plays an important role in the curing of Cr (VI). Zhao et al. [27] used slag
as a reducing agent to construct a self-heating system and were able to completely remove
Cr (VI) from industrial wastewater. Galiano et al. [28] compared the effects of granulated
blast furnace slag, kaolin, and metakaolin on the efficiency of fly ash geopolymer solid-
ification of municipal solid waste incineration ash. The results showed that granulated
blast furnace slag geopolymer had the highest Cr (VI) solidification rate, and the Cr (VI)
leaching concentration was two orders of magnitude lower than that of Portland cement.
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At the same time, alkali-activated slag material also shows many superior properties, such
as high early strength, low permeability, better chemical corrosion resistance [29,30], fire
resistance [31], and a stronger aggregate—substrate interface zone [32]. In conclusion, the
preparation of geopolymer from alkali-activated slag can provide a solution to the problem
of heavy metal pollution in the process of tannery sludge as building materials [33,34].

Based on this, this study aims to utilize tannery sludge in a resource-oriented manner.
Utilizing tannery sludge and blast furnace slag particles (hereinafter referred to as slag) as
raw materials, an alkali-activated tannery sludge-slag solidification product (hereinafter
referred to as ATSSP) was prepared. Through response surface experiments, the optimal
mixture ratio with alkali activators was explored, and its strength properties and chromium
ion release concentration were tested. Microscopic tests were also conducted to investigate
the hydration and solidification mechanisms of ATSSP, in order to promote the construction
material utilization of tannery sludge.

2. Materials and Methods
2.1. Main Raw Materials

The slag was taken from S95 slag of Henan Zhengzhou Hengyuan New Materials Co,
Zhengzhou, China. The FBT-9 fully automatic cement-specific surface area tester was used
to determine its specific surface area was 450.03m?/kg, and the density was 2.93 g/cm?.
The main chemical composition of the slag was obtained by X-ray fluorescence (XRF)
analysis, and the obtained results are given in Table 1. The main component of slag is CaO,
which contains high levels of SiO; and Al,O3. Under the action of alkaline activators, the
silicon—oxygen bonds and aluminum-oxygen bonds are easily broken and recombined into
stable calcium silicate and calcium aluminate minerals. Therefore, this slag is suitable for
preparing geological polymers. According to the chemical composition of slag, the quality
index of slag is calculated [35], and the results are shown in Table 2.

Table 1. Main chemical composition of slag.

Composition CaO SiO; Al,O3 Fe, O3 MgO SO;3 TiO, Na,O MnO
Percentage (%) 41.03 28.01 13.91 0.37 9.78 2.85 151 1.17 0.54
Table 2. Slag quality index.
Index Alkalinity Coefficient Activity Coefficient Quality Coefficient Water Stiffness
Number 1.21 0.50 2.15 2.31

According to Table 2, it can be seen that the slag used in this article has an alkalinity
coefficient of 1.21 > 1, which belongs to alkaline slag. The activity coefficient is 0.50 > 0.25,
which belongs to high activity slag. The quality coefficient is 2.15 > 1.2, which belongs
to high-quality slag. The water hardness coefficient is 2.31 > 1; the content of active
components in the slag is greater than the content of inactive components; the slag is of
good quality and meets the requirements of this test.

Figure 1 shows the microscopic morphology of the slag. The main phases of the slag
are CaCOj3 and SiO,, and the main composition is amorphous phase aluminosilicate [36]
The physical phase composition of the slag is mainly glassy. In addition, the particles in the
slag are of different shapes with obvious angles, mainly in an amorphous state, and there
is rarely a regular crystal structure. The particles are well-dispersed, although they are of
different sizes. At the same time, it is found that the surface of slag produces many defects
during the high temperature and rapid cooling water quenching process; the surface is
the most unstable part of slag and the place where its hydration reaction is most likely to
occur. When using alkaline activators to excite slag, it first causes the slag glass to dissociate
into unstable structural units and then forms new cohesive structures through reaction.
The depolymerization process includes the breaking process of S5i-O-5i and Al-O-Si of two
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covalent bonds under the polarization of high concentration of OH™ and alkali metal ions
and then transforms into a large amount of silica—aluminum gel phase, and the gel phase
accumulates to a certain degree to form a cohesive structure, leading to the formation of
new phases and the development of a dense structure.

: 20(5 m =
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Figure 1. Scanning electron micrograph of slag.

Of note, the slag itself contains some low valence reducing sulfur, generally in the form
of >~ and elemental S [37], and with the continuous dissociative hydration of the slag,
the reducing sulfur will also continuously enter the pore solution and hydration products.
Eventually, the reducing sulfur inside the pore solution mainly exists in the form of S~
and S,032, and the low valence S is useful for the solidification/stabilization of Cr (VI),
which is beneficial.

Tannery sludge was obtained from a tannery wastewater treatment plant in Pingji
County, Henan Province, China. Table 3 shows the main components of the sludge based
on XRF analysis, and Figure 2 shows the SEM image of tannery sludge. From Table 3,
there are more CaO, SOz, and some other metal oxides in the tannery sludge, which are
mainly generated by the addition of quicklime and sulfate in the tannery sludge tanning
precipitation process. The abundance of calcium helps to compensate for the deficiency
of calcium ions in the sludge, thus avoiding the phenomenon of reduced strength caused
by the excess generation of indeterminate substances from the remaining silica aluminates
caused by a single alkali excitation of the sludge. Sulfate within tannery sludge regulates the
coagulation time of ATSSP and generates calcium alumina to consume Ca?* and promote
slag depolymerization [38]. According to the chemical composition of tannery sludge, the
quality indexes of tannery sludge are calculated, and the results are given in Table 4.

Table 3. Main chemical composition of tannery sludge.

Composition

CaO

SiOZ A1203 Fe203 MgO SO3 P205 NaZO CI‘203

Percentage (%)

33.51

6.72 3.04 17.52 2.84 20.51 2.59 1.17 5.49

At the same time, the only harmful heavy metal in the tannery sludge is Cr ion, so
it is necessary to determine the leaching concentration of chromium ion in the tannery
sludge to ensure the safety of ATSSP. After testing, the Cr (VI) leaching concentration of
tannery sludge used in this study was tested to be 0.317 mg/L, and the total Cr content
was 78.60 mg/L.

To ensure the physical properties of ATSSP and make tannery sludge react with slag
rapidly, tannery sludge was pretreated in this study. Firstly, a crusher was used to crush
the filtered and dehydrated sludge board into small particles and remove the obvious
animal fur tissue. Then the powder mill was run for 1 min to crush the granular sludge
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into powder and pass it through a 0.15 mm sieve. Finally, the screened sludge was put into
an oven for drying treatment before use.

The particle size distribution curves of slag and tannery sludge used in this article are
shown in Figure 3.
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Figure 2. Scanning electron micrograph of tannery sludge.

Table 4. Tannery sludge quality index.

Index Alkalinity Coefficient  Activity Coefficient Quality Coefficient Water Stiffness

Number 3.72 0.45 5.24 5.86
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Figure 3. Particle size distribution curves of slag and tannery sludge.

The alkali exciter was prepared with water glass with an initial modulus of 3.3 and a
water content of 64.16% together with solid NaOH of 95% purity.

2.2. Test Preparation and Process Flow
2.2.1. Single-Factor Test Validation at an Early Age

The composite geopolymer is synthesized from a blend of various raw materials or
multiple geopolymers, presenting a more complex composition and structure compared
to single geopolymers. Currently, there are no studies on the preparation of composite
geopolymers by combining tannery sludge with slag. To achieve composite geopolymer
materials with superior mechanical properties, this study first conducts early-stage single-
factor tests to validate the feasibility and strength patterns of ATSSP and to determine the
appropriate ranges for the three variables: activator modulus, activator-binder ratio, and
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water-binder ratio, for subsequent response surface methodology (RSM) experimental
design. Where the activator modulus is the ratio of the amount of 5iO, to NayO in its
component sodium water glass, and the value is adjusted by adding NaOH and water
to the water glass; the activator-binder ratio is the ratio of the mass of alkali activator to
binding materials (slag, tannery sludge); the water-binder ratio is the mass ratio of water
to the binding materials. Figure 4 shows the effect law of the alkali-activation modulus,
excitation gel ratio, and water-binder ratio on the early compressive strength of the ATSSP.
From the single-factor test, the three factors have a greater influence on the early strength of
the ATSSP. The lowest value of the 7 d compressive strength is 29.8 MPa, and the maximum
value is approximately 61.0 MPa. The forming quality and apparent morphology of the
specimens are good, which indicates that the ATSSP has good glue material characteristics.
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Figure 4. Research on factors influencing the compressive strength of ATSSP: (a) alkali-activation
modulus, (b) activator-binder ratio, and (c) water—gel ratio.

With the designed activator-binder ratio of 15% and water—binder ratio of 0.35, the
variation in the ATSSP strength was studied when the alkali activation modulus ranged
from 0.7 to 1.3. When the alkali activation modulus is higher, the silica content is higher
and the water glass is more viscous; conversely, the lower the alkali activation modulus,
the higher the alkali content, and the greater the excitation effect on the silica-alumina
material. As seen from the obtained results, with the increase in the alkali excitation model,
the early compressive strength of the ATSSP shows a trend of first increasing and then
decreasing; when the value is 1, the strength of the ATSSP reaches the maximum, 44.9 MPa.
The alkali-activation modulus changes more obviously at 0.9 and 1.1. Considering the
interaction between factors, the reasonable range of the alkali excitation model is 0.8-1.2.

A water—gel ratio of 0.35 and an alkali-activation modulus of 1.0 were designed to
study the variation in the ATSSP strength when the activator-binder ratio was 10-24%. The
alkali content (NayO) of the equivalent alkali activator increases as the excitation glue ratio
increases. From the obtained results, the early compressive strength of the ATSSP reaches a
maximum at 22%, which is 56.1 MPa. The reasonable range of the activator-binder ratio
is 20-24%.

With an alkali-activation modulus of 1.0 and a radical glue ratio of 22%, the variation
in the ATSSP strength was studied from 0.35 to 0.39. From the obtained results, the
compressive strength increases with the lower water-binder ratio, and the variation law is
approximately linear, which is basically consistent with the law of cement-based materials.
When the water-binder ratio is 0.35, the early compressive strength of the ATSSP is the
largest, 47 MPa at 3 d and 61.6 MPa at 7 d; when the water-binder ratio is 0.39, the
compressive strength is the lowest, 27 MPa at 3 d and 48 MPa at 7 d. When the water—
binder ratio is too large, the concentration of exciter and OH- decreases, the reaction rate
decreases, and the excitation effect on the slag ATSSP is weakened, while the ATSSP pore
space increases and strength decreases [39,40]. Considering that the water—colloid ratio
directly affects the alkali-activation modulus and the role of the activator-binder ratio, the
range of the water—colloid ratio was selected as 0.35-0.39.
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2.2.2. Process Flow

From the abovementioned single-factor test, the reasonable values of three variables,
namely, the activator-binder ratio, alkali-activation modulus, and water-binder ratio, were
determined to be in the ranges of 18-24%, 0.8-1.2%, and 0.35-0.39, respectively.

Based on this, the Box-Behnken model in response surface analysis (RSM) was used
for the experimental design, and a single-factor asymptotic analysis was conducted with
compressive strength as the response value. Table 5 shows the test factor codes. For the
convenience of analysis, the activator-binder ratio, alkali-activation modulus, and water—
binder ratio are indicated by the coded values A, B, and C, respectively. The high and low
coding levels are denoted by 1, 0, and —1, respectively.

Table 5. Coding and level of test-independent variable factors.

Coding Level
Factors Code Value
-1 0 1
Activator-binder ratio A 18% 21% 24%
Alkali-activation modulus B 0.8 1 1.2
Water-binder ratio C 0.35 0.37 0.39

According to the abovementioned design results, the ATSSP was prepared, and the
experimental operation flow is shown in Figure 5.

sodium
silicate

Water

Alkali
activator

\

Evenly stir for

Evenly stir for |
= —_—
1min |

Imin
Slag Tannery Sludge
80% (20%)
Y i g o
T

Figure 5. Experimental diagram of the ATSSP.

(1) Blend the alkali exciter required for the test proportion 1 d in advance and seal it
for natural cooling to avoid the effect of rapid temperature rise of caustic soda in contact
with water.

(2) Weigh the slag (80%) and tannery sludge (20%) powder according to the mass ratio
and pour them into the stirring pot with slow stirring for approximately 60 s to make their
distribution completely uniform.

(3) Slowly inject the alkali exciter configured in step 1 into the mixing pot (keep the
mixing pot stirring at a slow speed during the period) and stir it rapidly for 60 s after the
injection is completed to make it fully mixed.

(4) Pour the homogeneous slurry into the triple touch (size 40 mm x 40 mm x 40 mm)
and use the cementitious sand vibrating table to vibrate it while entering the mold to ensure
that the air is discharged when the slurry is in the mold and to avoid delamination of the
test block due to early setting of the slurry.

(5) Demold the test block after 24 h of natural curing and then put it into a constant
temperature and humidity curing box for curing until reaching the specified age.
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(6) After curing, the compressive strength was tested; the specimens for microscopic
analysis were terminated with anhydrous ethanol for hydration to be measured.

2.3. Test Method

The ATSSP compressive strength test was performed using 40 mm x 40 mm x 40 mm
cubic specimens, three in each group. The electro-hydraulic servo pressure testing machine
is used for the test. The loading rate is set to 600 N/s.

X-ray fluorescence (XRF) is used to determine the types and contents of chemical
elements in samples.

X-ray diffraction (XRD) was used to test the type of reaction products in the cured
body of tannery sludge.

Scanning electr on microscopy (SEM) was used to observe the microscopic morphol-
ogy of the raw materials and reaction products of tannery sludge-slag based composite
geopolymers, which is also equipped with an EDS energy spectrometer.

FT-IR analysis can determine the functional groups or chemical bonds or vibrational
changes contained in the specimen, characterize the substance, quantify it, study the
reaction process, and contribute to a deep understanding of the mechanism of alkali-excited
slag curing/stabilization of tannery sludge.

The total chromium leaching concentration test method refers to the “Solid waste-
Extraction procedure for leaching toxicity. Sulphuric acid & nitric acid method” [41]; the hex-
avalent chromium leaching concentration test method refers to the “Solid waste-Determination
of chromium (VI)-1,5-Diphenylcarbohydrazide spectrophotometric method” [42]. In this
study, leachate was digested using the US EPA 3010a (HNO3-HCI digestion system) method.

This study used the Box-Behnken design (BBD) model in the Design-Expert 13 soft-
ware for RSM. The compressive strength of the material was used as the response variable,
and the activator-binder ratio, alkali-activation modulus, and water-binder ratio were used
as independent variables, with their value ranges including low, medium, and high values.
The experimental design table was followed for experimental operation, and the response
variable values for each test point were recorded. The experimental data were entered
into the Design-Expert 13 software. An appropriate model was selected to describe the
relationship between the independent variables and the response variables. The software
will automatically perform statistical analysis based on the experimental data, including
significance testing of the model, detection of non-fit items, and correlation testing. The
relationship between variables can be visually understood through the graphical display
of the model (such as the response surface plot and contour plot). Finally, based on the
predicted results of the model, the optimal operating conditions or parameter combinations
can be determined.

3. Results and Discussion
3.1. Experimental Results and Model Selection

For the research of building materials, most of the studies focus on the influence
of a single variable on its performance, while there are few studies on the interaction of
multiple factors. Response surface methodology (RSM) can intuitively obtain the influence
of multiple factors on their performance through response surface models and effectively
predict the response results. RSM has the advantages of fewer experimental times, shorter
cycle time, high accuracy, and wide applicability. At the same time, it overcomes the
defects that orthogonal experiments cannot obtain the relationship expression between
experimental factors and response targets in the specified entire region and cannot provide
intuitive graphics. In addition, the RSM model is a method that effectively combines
experimental design and mathematical modeling and optimizes the results [43]. It adopts
fractional factorial experiments and, through experiments on representative local test
points, regresses and fits the data of representative test points to obtain the functional
relationship between factors and results in the global range. Through optimization, it can
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obtain the optimal level value of each factor on the response results [30]. Therefore, it plays
an increasingly important role in solving practical application problems.

Table 6 shows the measured results of the compressive strength of the ATSSP based
on the RSM method. It can be seen that when A =21%, B =1.0, and C = 0.37, the 28 d
compressive strength of ATSSP is the highest at 72.4 MPa. In addition, it can be seen from
the obtained results of sequences 13 to 17 that the measured 7 d and 28 d compressive
strengths are more stable under the same variable conditions, and the variation is less than
10%, which can be used for subsequent analysis.

Table 6. Test values of the mechanical properties of the ATSSP.

. Factor Compressive Strength/MPa
Specimen

A B C 7d 28d
1 18% 0.8 0.37 45.0 56.8
2 24% 0.8 0.37 52.1 58.5
3 18% 1.2 0.37 43.8 61.6
4 24% 1.2 0.37 50.2 58.7
5 18% 1 0.35 46.0 52.5
6 24% 1 0.35 56.7 56.8
7 18% 1 0.39 45.3 57.1
8 24% 1 0.39 48.0 62.9
9 21% 0.8 0.35 454 54.7
10 21% 1.2 0.35 45.6 52.3
11 21% 0.8 0.39 46.1 54.6
12 21% 1.2 0.39 44.3 62.8
13 21% 1 0.37 52.7 72.4
14 21% 1 0.37 52.1 66.5
15 21% 1 0.37 53.5 71.1
16 21% 1 0.37 54.3 70.6
17 21% 1 0.37 54.4 69.8

With the help of Design-Expert software, linear, two-factor (2FI), quadratic, and cubic
polynomial models were used to analyze the relationship between the ATSSP compressive
strength test values and the activator-binder ratio, alkali-activation modulus, and water—
binder ratio and output the hypothesis test p-value and misfit term p-value. The corrected
values of the correlation coefficient R? and predicted values were output. The calculated
results are given in Table 7. As seen from the table, among the four models, the hypothesis
test p-value of the quadratic polynomial model is the smallest, 0.0001, which is less than
0.01 and very significant, while the p-value of the misfit term is the largest, much larger
than 0.05 and the least significant, and the other three models have the opposite results.
In addition, the difference between the R? corrected and predicted values of the quadratic
polynomial model is less than 0.2. Therefore, the quadratic polynomial model is the most
reasonable for analyzing the compressive strength properties of the ATSSP.

Table 7. Comprehensive analysis results of compressive strength by various models.

p-Value R2
Source Sequential Lack of Fit Adjusted Predicted
7d 28d 7d 28d 7d 28d 7d 28d
Linear 0.109 0.666 0.005 0.011 0.215 —0.096 —-0.019 —0.311
2F1 0.818 0.905 0.003 0.006 0.0669 —0.350 —0.688 —1.039
Quadratic 0.0004 0.0001 0.126 0.449 0.886 0.888 0.399 0.606
Cubic 0.126 0.449 / / 0.946 0.893 / /
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3.2. Regression Equation and Merit Search Test

Based on the quadratic polynomial model, the quadratic multiple regression equations
for 7 d compressive strength (Y1) and 28 d compressive strength (Y2) were established
as follows:

Syq = 53.4+34A —0.6B —0.2C —0.2AB — 1.9AC — 0.5BC )
—1.1A% — 0.6B? —3.4B% — 2.3A2C

Spsq = 70.1+25A +1.4B +2.6C —1.2AB + 04AC +2.7BC )
—5.0A%2 —6.2B2 — 7.8B2 — 2.8AB?

Table 8 shows the obtained results of the plausibility test analysis of the compressive
strength model of the ATSSP, and Figure 6 shows the comparison between the predicted and
tested values of the compressive strength. As seen from the table, the multiple regression
coefficients R? of the predicted and measured values of the 7 d and 28 d compressive
strengths of the ATSSP were 0.9852 and 0.973, respectively, and the differences between the
corrected and predicted R? values were 0.031 and 0.025, respectively, and the coefficients of
variation (C.V. %) were 1.74% and 2.96%, respectively, and the signal-to-noise ratios (Adeq
Precision) were 18.51 and 12.30, respectively. This indicates that the results of the regression
equations in Equations (1) and (2) are calculated with less dispersion, higher confidence
and accuracy, and more reliability and can be used for the prediction and analysis of the
compressive strength of the ATSSP.

Table 8. Results of model plausibility test analysis.

Model Std. Dev. Mean R? Adj R? Pred R? Press C.V.% Adeq Precision
Syq 0.853 49.11 0.985 0.960 0.929 34.26 1.74 18.51
Sasd 1.81 61.16 0.973 0.928 0.953 362.45 2.96 12.30

Note: The closeness of the correlation coefficient R? to 1 and the difference between its correction value and the
predicted value are used to verify the fit of the regression equation, which is less than 0.2 as a good fit; the smaller
is the coefficient of variation (C.V.) (less than 10%), the higher is the accuracy of the data; the signal-to-noise ratio
(Adeq Precision) is greater than 4, which indicates that the model can be run in the design space of this experiment.
Std. Dev. is the standard deviation; Press is the predicted residual sum of squares.
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Figure 6. Comparison of actual and predicted values.

3.3. Multifactor Interaction Analysis

Figures 7 and 8 show the obtained results of the factor interactions (surface and
contour plots) for the 7 d and 28 d compressive strength response surfaces of the ATSSP,
respectively. Figure 7a—c show that the two-factor interaction surfaces show obvious steep
slopes, indicating that A, B, and C have more obvious effects on S;q (7 d compressive
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strength); Figure 7d,e show that the contour density along factor A (activator-binder ratio)
moves toward the peak and is significantly higher than that along factors B (alkali-activation
modulus) and C (water-binder ratio), which indicates that A has the largest contribution
to Y1. This ANOVA result is consistent; as shown by the contour plots in Figure 7d.f, S;4
achieved the maximum value when B was 1. The interaction of AC is much larger than
that of AB and BC.

(a) Factor A and B interaction surface

1.2 [153]

B:Alkali activation modulus
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Figure 7. Influence analysis of the strength response surface factor at 7 d.
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As seen in Figure 8a—c, the model opens downward, that is, the test results have
a maximum value, and the maximum value falls within the test range, indicating that
the significance test takes a reasonable and valid range. The contour plot of Figure 8f is
elliptical in shape, and combined with the ANOVA, it can be seen that the interaction of BC
has the greatest effect on Syg4 (28 d compressive strength). The changes in both B and C
will affect the alkali concentration of the ATSSP test blocks, i.e., the regulation of B relies on
sodium hydroxide, and the size of C directly affects the content of alkali within the unit of
water, which will have an important effect on the hydration of the ATSSP. In contrast, the
interaction between AB and AC is relatively weaker than the contribution of BC to Sygq.

In addition, comparing Figures 7 and §, it is found that A has a greater effect on the
early strength of the ATSSP, indicating that the early strength mainly relies on the silicate
within the alkali exciter combined with calcium ions to generate C-5-H gels to provide
strength [44]. Larger values of the compressive strength of the ATSSP at both ages can be
achieved for B of 1. In addition, a low C is beneficial to the early strength formation of
the ATSSP, but an appropriate increase in the C value can appropriately reduce the alkali
concentration of the liquid phase in the early stage and reduce the phenomenon that the
generated C-S-H-wrapped slag hinders later hydration due to the high alkali concentration.

Design-Expert software has a numerical optimization module, which can select the
desired target for each variable and response value when performing numerical optimiza-
tion. The 28 d compressive strength is selected as the maximum value, and the best values
of the variables are obtained, as detailed in Table 9. From the table, we can see that A is
21.74%, B is 1.02, C is 0.37, the measured value is 71.30 MPa, and the predicted value is
70.71 MPa; the relative error between the measured value (71.30 MPa) and the predicted
value (70.71 MPa) is only 0.82%. The desired function value is 0.939, which indicates that
the predicted value has good reliability.

Table 9. Comparison of predicted values and test values after parameter optimization.

7 d Compressive Strength 28 d Compressive Strength
A B C Predicted Test D/ Predicted Test D/ Desirability
/MPa /MPa ’ /MPa /MPa °
21.74 1.02 0.37 53.77 52.6 222 70.71 71.30 0.82 0.939

Note: D is the relative error between the predicted value and the measured value.

Table 10 shows the obtained results of the heavy metal Cr precipitation test of the
ATSSP after the optimized ratio. The obtained results show that the total chromium
precipitation concentration of ATSSP is 1 mg/L and the Cr (VI) precipitation concentration
is 0.05 mg/L, both of which are much smaller than the national hazardous waste toxicity
leaching standard [45].

Table 10. Cr precipitation test of the ATSSP.

Indicator Name Total Chromium Cr (VI)
Before curing (mg/L) 78.60 mg/L 0.32mg/L
After curing (mg/L) 1mg/L 0.05 mg/L

Leaching rate 1.27% 15.77%

Normative limit value 15mg/L 5mg/L

3.4. Analysis of the Hydration Mechanism
3.4.1. Analysis of Physical Phases

Figure 9 shows the XRD patterns of the preferred fit ratio ATSSP at different ages.
The main hydration products of ATSSP are C-S-H, where C-S-H is the free calcium oxide
from slag, and calcium sulfate from tannery sludge reacted with alkaline exciter to produce
calcium silicate hydrate. Calcium oxide and calcium sulfate from tannery sludge reacted
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with the silica—alumina component to produce hydrated calcium silicate in the presence of
alkaline exciter, which is similar to the results of previous studies on the excitation of sulfate
on slag [46], indicating a facilitative effect of tannery sludge on the hydration reaction of
ATSSP. In addition, the diffraction peaks of the C-S5-H gel and calcite (CaCO3) overlap, and
calcite is formed due to the interaction of partial hydration products with atmospheric
CO; [47]. The abovementioned figure also shows a quartz phase (quartz), which indicates
a crystalline phase with residual raw material, and the intensity of the diffraction peaks
gradually decreases with the age of conservation, indicating that the glassy phase of ATSSP
continuously depolymerizes and generates new C-5-H gels with the age of conservation,
resulting in an increase in strength. In addition, the intensity of the diffraction peak of
calcium-aluminum yellow feldspar (Gehlenite) basically does not change, which indicates
that the physical phase of calcium-aluminum yellow feldspar is relatively stable and does
not have hydration reaction activity.

£
& Calcite o C-S-H o Quartz
v Gehlenite a Uvarovite
e ¢ v N ° .
L] e ¢ 28d
W PO Y Y

I \ \ 7d

T T T T T T T T T T T T 1
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Figure 9. XRD patterns of the optimum mix proportion of solidified product at different ages.

Of note, the diffraction peaks of uvarovite (CazCr;[SiO4]3) are present in the ATSSP
at all ages in Figure 9, which is a mineral generated by the reaction of slag with the heavy
metal cation Cr (III) of tannery sludge that replaces Ca?* during the hydration reaction. This
indicates that the ATSSP achieved the solidification of Cr (III). This shows that the ATSSP
can not only physically stabilize the tannery sludge with a three-dimensional mesh structure
but can also chemically stabilize the sludge by forming stable minerals from Cr (III). Overall,
the intensity of the diffraction peaks of the ATSSP hydration products increased with age,
indicating that the mechanical properties and solidification/stabilization ability of the
ATSSP were also gradually enhanced.

3.4.2. Micromorphology

Figure 10 shows the microstructure of the ATSSP at 7 and 28 d for the preferred
mix ratio. From the figure, it can be seen that at 7 d, there are still unhydrated slag
particles on the surface of the ATSSP, and the surface layer has formed loose C-S-H gel
and continuously accumulates on the surface to form the hydration product “wrapping
layer”, and the large number of cracks found in the figure is the “wrapping layer”. The
large number of cracks found in the figure is the rupture of the “inclusions” under the
action of the crystallization pressure of the hydration products and the osmotic pressure
of the solution through the hydration products. By 28 d, the new hydration products
continue to precipitate in large quantities so that the “wrapping layer” can then heal, and
the liquid phase ions have difficulty passing through the outer layer of hydration products,
resulting in a slower hydration process. The final hydration process is controlled by the
diffusion process of reactants through the dense hydration product layer, thus forming a
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dense three-dimensional cage-like structure. This structure can completely sequester the
tannery sludge particles wrapped by the hydration products in the early stage within the
gel. As the age increases, the Ca-Si ratio decreases from 1.265 to 1.064, and the C-S-H gel
in the ATSSP incorporates more Al, which replaces Si in the Si-O tetrahedra at the bridge
oxygen position in the C-5-H gel. Hydration becomes more adequate. EDS point sweep
analysis of the selected microregion was performed to obtain the elemental composition
of the region (point), as detailed in Figure 10g—i. The selected area 1 (Selected Area 1) is
a white bulk structure of the 7 d hydration product, which is mainly composed of O, Si,
S, Ca, and a large number of other metal cations (such as Na, Al, Mg, Cr, and Fe). This
indicates that the bulk is mainly composed of C-S-H, C(N)-A-S-H, and calcium alumina
feldspar. Microspot sampling (EDS Spot 1) of the white flocculent gel revealed that the
material was a C-5-H gel, in which a small amount of Cr was also found, indicating that
some Cr replaced Ca®* to form a stable mineral structure, which, combined with XRD
(Figure 9) analysis, indicates that the material is calcium-chromium garnet (CazCry[SiO4]3).
Heavy metal ions are dissolved into the hydration products or react with the hydration
components to form precipitates. Due to its high specific surface area (100-700 m?/g),
heavy metals can be adsorbed on its surface first and then intervene in C-S-H+M-M-C-
S-H or replace C-S-H+M- > M-C-S-H+Ca?*. In addition, the analysis of the EDS energy
spectrum of the 28 d hydration products revealed that only a small amount of S from
the tannery sludge was present, and no Cr was found. This is thought to be due to the
dense three-dimensional mesh structure that encapsulates and seals the cured products,
further hindering the precipitation of heavy metals, thus achieving the effect of physical
adsorption [25,48]. In addition to the curing effect, the inhibition of Cr (V1)) leaching by
reduction is also an important effect. The slag produced during the ironmaking process
may contain small amounts of reducing substances such as Fe?* and S? [46,49]. The Cr (VI)
leaching concentration decreased from 0.317 mg/L to 0.05 mg/L before and after curing, and it
is presumed that some of Cr (VI) was reduced to Cr (III) by the reducing substances in the slag.
The following reaction occurred: 352~ + 8CrO42~ + 20H,0 = 350,2 + 8Cr* + 400H . The
reduced Cr (III) is then more easily solidified.

3.4.3. FT-IR Analysis

Figure 11 shows the FTIR spectra of ATSSP at different ages. A review of the corre-
sponding literature shows that the absorption band at wave number around 3450 cm~! cor-
responds to the stretching vibration of —OH, while the absorption peaks at 1600~1700 cm !
are produced by the bending vibration of H-O-H, both of which indicate the presence of
some free and bound water in the sample, and the subsequent increase in peak intensity
with age indicates the production of more hydration products; the absorption band near
1450 cm~lis a stretching vibration of C=0O, which is caused by the carbonization of the
sample during the hydration process. The absorption peak appearing near 1000 cm ! is the
Si-O or A1-O bond asymmetric stretching vibration, which is a significant sign to identify
C-(A)-S-H [50], and the peak shift is caused by the hydration product C-(A)-S-H gel being
subjected to carbonation resulting in lower calcium content; about 460 cm ! is the Si-O
bond bending vibration peak in silica—oxygen tetrahedra [51]. The peak positions of C-S-H
and silica—oxygen tetrahedra tended to move to higher frequencies with increasing the age
of conservation. It has been proved that hydration reactions occur continuously during the
curing period. The absorption peak of Si(Al)-O-Si in the figure shifts about 17 cm ! toward
the high frequency, probably due to the substitution of Cr for Si or Al into the tetrahedra
to get solidified, affecting the structural ordering, which combined with XRD proves the
involvement of heavy metal Cr in the reaction to generate calcium-chromium garnet.
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Figure 10. SEM images and EDS spectra of the ATSSP with the optimal mix ratio.

28d

o

s

(5]

Q

=1

s

£

= 14d .

;,3 oH Si-0, A1-O

T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm™!)
Figure 11. FT-IR spectrum of ATSSG at different ages.
4. Conclusions

In this study, based on the RSM, an alkali-excited tannery sludge-slag curing body
was prepared with tannery sludge and slag as materials, and the compressive strength

characteristics and the curing effect on heavy metal Cr were investigated by multiscale
tests. The main conclusions are as follows:
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(1) The single-factor test verification showed that the alkali-excited tannery sludge—
slag curing body has high early strength, and the 7 d average compressive strength can
reach approximately 45 MPa. The three factors activator-binder ratio, alkali-activation
modulus, and water—binder ratio have a large influence and a more significant regular
relationship with the compressive strength of this material.

(2) By RSM test, a quadratic multiple regression model of 7 d and 28 d compressive
strength of alkali-excited tannery sludge-slag curing body was established based on the
three factors of activator-binder ratio, alkali-activation modulus, and water-binder ratio.
Based on the model, the best ratio of alkali-excited tannery sludge-slag curing body is
obtained by numerical optimization: The activator-binder ratio is approximately 21.74%,
the modulus of excitation is approximately 1.02, and the water-binder ratio is 0.37. The ratio
of 0.37 is the best. At this time, the measured 28 d compressive strength can reach 71.3 MP,
and the relative error between the measured value and the predicted value (70.71 MPa)
is only 0.82%, which is less than 1%. This study provides a reference for the design of
alkali-excited cementitious material system ratios with important reference values and
guidance significance.

(3) Based on microscopic analysis, the hydration mechanism of the alkali-excited tan-
nery sludge-slag curing body and its mechanism of curing heavy metals were investigated.
On the one hand, the main hydration products of the material are hydrated calcium silicate
(C-5-H) and calcite (CaCOs3), which form a dense cage-like three-dimensional mesh struc-
ture, which ensures its excellent mechanical properties and good wrapping and adsorption
of tannery sludge Cr (III). On the other hand, the material can also rely on slag-reducing
components (Fe?*, $27) to reduce part of Cr (VI) to Cr (IIT) and adsorb solid solution or
form calcium-chromium garnet (CazCr;[SiO4]3), while the unreduced Cr (VI) is mainly
physically sequestered by the cage-like three-dimensional mesh structure of hydration
products, achieving the effect of solidifying Cr.

(4) Under the optimal mix ratio, the total Cr and Cr (VI) precipitation concentration
and leaching rate of the material are 1 mg/L and 1.27%, 0.05 mg/L and 15.77%, respec-
tively, which meet the specification requirements. This provides important support for the
utilization of building materials from tannery sludge.

The experimental results indicate that the blending of slag and tannery sludge can
yield an eco-friendly cementitious material, with the product exhibiting superior mechan-
ical properties and the ability to immobilize heavy metals. Based on the findings and
observations, it is recommended to conduct further durability studies (such as thermosta-
bility and acid and alkali resistance) using these materials (slag and tannery sludge). This
is to understand the behavior of slag and tannery sludge-based polymers when exposed to
chemical environments and their resistance to adverse environmental conditions. Simulta-
neously, the concentration of Cr release and leaching rate of ATSSP should be monitored
during this process. The understanding of the form and valence changes of heavy metal Cr
during durability testing will provide further support for the harmless and construction
material utilization of tannery sludge.
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