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Abstract: This paper presents a study on utilizing a novel BCP binder, basic oxygen furnace
slag (BOFS) activated with mixed calcium carbide residue (CCR) and phosphogypsum (PG),
to solidify/stabilize heavy metals in industrial contaminated site soil. The effects of curing
time and binder dosage on the geoenvironmental properties of the solidified/stabilized soil
including soil pH, electrical conductivity, unconfined compressive strength, and leachability
were tested and discussed. Chemical speciation of target heavy metals, pore-size distribution
of treated soil, and phase identification of reaction products were analyzed to understand the
mechanisms leading to the change of geoenvironmental prope:*ies. The results demonstrated
that the addition of the BCP binder yielded remarkabl: n crease in soil pH, unconfined
compressive strength, and relative binding intensit’ \~dex (Igr) of target heavy metals
including nickel (Ni) and zinc (Zn), while significartly -ecreased the electrical conductivity
and leachability of contaminated soil. The ig ‘/2.ue of heavy metals had a good linear
relationship with the leached concentrai‘on, on a semi-logarithmic scale. The formation of
heavy metal-bearing precipitates, abscrntivity of calcium silicate hydrate (C-S-H), heavy
metals encapsulation by C-S-H, ~nc ‘on-exchange of heavy metals with ettringite (AFt)
contributed to the immobilizaticn 01 heavy metals in the solidified/stabilized soil.

Keywords: Contaminated i, Heavy metal, By-products, Solidification/stabilization,
Leachability, Unconiined cumpressive strength.

1. Introduction

Since the 1980s, a large number of industrial enterprises have moved from mega city to
suburban areas because of the nationwide adjustment of urban layout in China (Du et al.,
2014; Yang et al., 2018; Zhou and Liu, 2018). The soil contamination at abandoned industrial
sites is of increasing concern because of its potential threat to public health and detrimental
effects on ecosystems (Feng et al., 2018; Zhou and Wang, 2019; Xia et al., 2019; Du et al.,

2020) Accordingly, effective remediation strategy is in a high demand to improve the



ecological environment quality of the contaminated soils so as it can be reused as sustainable
construction materials.

Solidification/stabilization is widely used for treating heavy metal-contaminated soils and
Portland cement (PC) is the most popular binder used in previous studies and engineering
practice (Sharma and Reddy, 2004; Spence and Shi, 2004; Du et al., 2014; Tian et al., 2019;
Zhang et al., 2020). However, PC manufacturing consumes large amounts of energy and emits
high levels of greenhouse gas. It is reported that the PC industry accounts for 15% of total
energy consumption in the industrial sector and contributes a= much as 5% to 10% of global
anthropogenic CO, emissions (Ansari and Seifi, 2013; M’kw. *i¢ et al., 2016; Li et al., 2020).
Furthermore, PC plants are traditionally characterized as an intensive consumer of
unrenewable natural materials such as limestone, cl7y 1. inerals, and fossil fuels (Hasanbeigi
et al., 2012). Researchers have been exploring the ntential application of various by-products
for alternatives, such as ground granula.~d last furnace slag, fly ash, spent coffee grounds,
construction and demolition materials, ved mud, paper ash, and so on (Horpibulsuk et al.,
2009; Rahman et al., 2015; Kua et ~l., ?416; Hua et al., 2017; Ma et al., 2017; Phummiphan et
al., 2018; Kurda et al., 2018; V"1 et al., 2018; Jiang et al., 2018; Chen et al., 2019; Gollakota
et al., 2019; Dong et al., 0.2 Oprkal et al., 2020; Wu et al., 2020). However, very limited
researches have inves.nawed the application of basic oxygen furnace slag (BOFS) in
solidification/stabilization of heavy metals in industrially contaminated soils.

BOFS is a by-product generated from the conversion process of iron to steel in a basic oxygen
furnace, the amount of BOFS accounts for 10% to 15% of produced basic oxygen furnace
steel (Shi, 2004; Proctor et al., 2006; Poh et al., 2006). In China, more than 400 million tons
of steel slag (mainly BOFS) is deposited per annum, and the amount is continually increasing
at a rate of about 100 million tons annually (Zhang et al., 2011). It is reported that the mineral

phases of BOFS are dicalcium silicate (C,S, including £-C,S and y-C,S) and tricalcium



silicate (C3S) which are also known as major contributors to strength development of PC (Shi,
2004; Zhang et al., 2011). Thus, the BOFS can be potentially used as a substitute to PC in
preparing a binder for environmental and economic benefits. However, the $-C,S formed in
BOFS have less hydration activity compared with those in the cement clinker due to their
larger crystal size resulted from higher operating temperature (~100 °C) in the basic oxygen
furnace (Shi, 2004; Poh et al., 2006). Hence, hydrated BOFS paste and BOFS
solidified/stabilized uncontaminated soil show low strength, especially at the early curing
stage (Poh et al., 2006; Zhang et al., 2011). On the other hand, the acceleration of the
hydration of BOFS by chemical admixtures has been stucied by many researchers. The
commonly used admixtures are cement clinker, quicklime (Ca0), gypsum (CaSQO,4-2H,0), and
calcium chloride (CaCl;) (Poh et al., 2006; Zhang ¢ a.. 2011; Belhadj et al., 2012), which
come from non-renewable resources. Therefcre, the attempt of searching by-product-based
admixtures containing these component: (i 2., CaO, CaS0,4-2H,0, and CacCl,) is a feasible

way to make the BOFS-based binder mcve economical and environment-friendly.

Calcium carbide residue (CCR, is a by-product of polyvinyl chloride, polyvinyl alcohol, and
acetylene production. The nu™inant components of CCR are calcium hydroxide (Ca(OH),),
limited amounts of calc.'m carbonate (CaCOs3), and silicon dioxide (SiO,) (Jiang et al., 2015;
Du et al., 2016). In addition, phosphogypsum (PG) is an industrial by-product of phosphoric
acid from natural phosphate rock by the wet process. PG is mainly composed of gypsum
(CaS04-2H,0) and some impurities such as phosphates, fluorides, and sulphates (Rashad,
2017). Hence, the application of mixed CCR and PG to activate BOFS paste is feasible, as the
presence of Ca(OH), and CaSQO,-2H,0 can effectively enhance the hydration reaction of the
silicates contained in BOFS (Poh et al., 2006; Zhang et al., 2011). The expected hydration

products including calcium silicate hydrate (C-S-H), ettringite (AFt), and portlandite



(Ca(OH),) can facilitate the improvement of soil strength by the cementation and soil pore
filling effects of these products. Furthermore, the formation of metal-bearing hydroxides, the
absorptivity of C-S-H, heavy metals encapsulation by C-S-H, and the ion-exchange of heavy
metals with AFt can result in the immobilization of heavy metals in the solidified/stabilized
soil matrix (Sharma and Reddy, 2004; Spence and Shi, 2004; Du et al., 2014). However,
studies on assessing the feasibility of BOFS activation by mixed CCR and PG are not
available in the literature. Moreover, no existing research addressed the effectiveness and
mechanisms of using mixed CCR and PG activated BOFS to -ah'ify/stabilize contaminated

soil with a relatively high concentration of heavy metals.

To evaluate the effectiveness of solidification/stabilizatic ", the leachability and strength of the
solidified/stabilized soils are the most persuasiv * feoenvironmental properties (Sharma and
Reddy, 2004; Spence and Shi, 2004; Du >t 2'., 2014). Mercury intrusion porosimetry (MIP) is
a technique to characterize the microp.rosity structure of soils, which provides important
information in understanding the ~nil <*rength and evaluating the pores-filling effects within
the soils solidified/stabilized ith various binders such as PC, quicklime, and other novel
binders (Horpibulsuk et al .2"J; Li and Zhang, 2009; Du et al., 2014; Jiang et al., 2015; Cai
et al., 2019a). X-ray u’friaction (XRD) and scanning electron microscope (SEM)-energy
dispersive spectroscopy (EDS) analyses are extensively used to investigate microstructural
and phase information of reaction products in hydrated binder pastes and solidified/stabilized
soils, which are responsible for the macroscopic change of the geoenvironmental properties of
the solidified/stabilized soils such as the reduction in leachability and increase in soil strength
(Du et al., 2014; Jiang et al., 2015; Xia et al., 2019; Cai et al., 2019b). Furthermore, chemical
speciation distribution of heavy metals obtained by European Communities Bureau of

Reference sequential extraction procedure (BCR SEP) is reported to significantly influence



the leached concentrations of heavy metals in solidified/stabilized soils (Xia et al., 2019).
However, the relationship between the leachability and chemical speciation distribution of

heavy metals has not been well addressed.

The objectives of this study are to (1) assess the feasibility of utilizing the novel type of
BOFS-CCR-PG binder named as BCP binder to immobilize Ni and Zn in a typical
electroplating industrial site soil, (2) evaluate the effects of curing time and binder dosage on
the primary geoenvironmental properties of the solidified/stab*!ize. soil (e.g., the leachability
and strength), and (3) investigate the mechanisms re.pu.sible for the changes in the
abovementioned geoenvironmental properties with RCR SEP (chemical speciation
distribution of heavy metals obtained by Europein ~ommunities Bureau of Reference
sequential extraction procedure), MIP (M:rc'v intrusion porosimetry), XRD (X-ray
diffraction), and SEM-EDS (scanning e: ctron microscope - energy dispersive spectroscopy)
analyses. The results facilitate the app..~ation of BCP in solidification/stabilization of heavy

metal-contaminated soils.

2. Materials and test proora™:

2.1. Materials

A real site soil collected from a decommissioned electroplating plant in Nantong City, China
was used in this study. During the past 60-year operation, the shallow ground soil at the post
electroplating plant was contaminated with high concentrations of nickel (Ni) and zinc (Zn).
The site investigation report indicated that the Ni concentration of the contaminated soil in the
depth of 0-50 cm exceeded the risk intervention value (2000 mg/kg) prescribed in China GB
36600 (China MEE and China GAQSIQ, 2018). Hence, the soil remediation depth at this site

was designed to be 50 cm. Surface soil excavated within a depth of 50 cm was collected,



stored in polyethylene bags and transported to the laboratory. The oven-dried soil was then
crushed, passed through a 2-mm sieve, and stored in sealed bags for subsequent engineering
properties and environmental characteristics tests and the measured values are summarized in

Table 1.

The BCP binder developed in this study is a mixture of BOFS, CCR, and PG in a dry mass
ratio of 6:3:1, as this ratio yielded relatively low leached concentrations of heavy metals and
high strength of the solidified/stabilized soil in the prelimin~/ wsts conducted by authors.
The fresh BOFS collected from a local steel factory was cir-dried and then subjected to
mechanical grinding to increase its specific surface =rec (SSA). In general, the hydration
activity of BOFS can be improved with increasing SSA ‘Proctor et al., 2006; Shi, 2004), but
the grinding treatment is very time/cost-corsu.ing. Preliminary tests were conducted to
investigate the effect of the SSA of BC'FS on the solidified/stabilized efficiency. The test
results indicated that when the SSA of DOFS is higher than 300 m%/kg, there was insignificant
reduction in the leached concer*at.~s of heavy metals or enhancement of strength of
solidified/stabilized soil. Henc: the SSA of BOFS was determined to be 300 m?/kg in this
study. The dry CCR and P( »rwders purchased from a by-product recycling company were
grounded to pass throuzh a 0.25-mm sieve. The physicochemical properties and chemical
compositions of BOFS, CCR, and PG are shown in Tables 2 and 3. Before mixing with
contaminated soil, the binder was prepared by dry-mixing the raw materials in the designed

proportions using an electric mixer for 30 min to achieve homogeneity.

2.2. Sample preparation
The standard Proctor compaction tests were conducted to obtain the maximum dry density

(pmax) and optimum water content (wqp) of the binder admixed soils immediately after



sufficient mixing. The preliminary test results showed that the pmax and wqp: of the admixed
soils with 4%, 6%, 8%, and 10% of binder dosages were 16.5%, 15.2%, 17.3%, 17.6%, and
1.71, 1.79, 1.81, 1.86 g/cm?®, respectively. The binder dosage (or water content) is defined as

the weight ratio of the binder (or water) to the oven-dried contaminated soil.

Table 4 summarizes the binder dosage and curing time for various tests. To prepare admixed
soil samples for unconfined compressive strength (UCS), soil pH, soil electrical conductivity
(EC), and leaching toxicity tests, a predetermined amount of “inuors (i.e., 4%, 6%, 8%, and
10%) and deionized water (corresponding to wqp: Of the so’ran"ed/stabilized soils, respectively)
were added into the oven-dried soils. Then, the mixtre_ containing soil, water, and binder
were thoroughly stirred using an electric mixer for 20 min to achieve homogeneity. A
predetermined amount of admixed soil was tlei. trunsferred into a stainless-steel cylindrical
mold with a diameter of 50 mm and a :*eicat of 100 mm, and statically compacted using a
hydraulic jack to obtain the desired ai, density (i.e., 95% of the pmax). The cylindrical soil
samples (@ 50 mmxH 100 mr:} v<re carefully extruded from the mold, sealed in a
polyethylene bag, and cured in ~ standard curing room (temperature of 20£2 °C and relative
humidity of 95%). The s=.i4n.cd/stabilized soil samples were prepared in triplicate for UCS,

soil pH, soil EC, and leaching tests.

2.3. UCS, pH, EC and leaching tests

After designed curing time, the as-hydrated soil samples were taken out from the standard
curing room and immediately used for UCS tests. Then triplicate 10 g of subsamples retrieved
from the broken UCS test samples were employed for soil pH, soil EC, and leaching tests.
The solidified/stabilized soil samples were subjected to unconfined compression test with the

strain rate controlled at 1%/min as per ASTM D4219 (ASTM, 2017). The soil pH



measurement was conducted using a HORIBA D-54 pH meter as per ASTM D4972 (ASTM,
2019). The soil EC was measured using a DDS-22C conductivity meter as per JGS 0212 (JGS,

2010). The leaching tests were conducted as per China HJ/T 299 (China MEP, 2007).

2.4. BCR SEP and MIP tests

The preparation method of soil samples for BCR SEP and MIP tests was the same as that of
the soil samples for UCS, soil pH, and leaching tests. Approximately 10 g of powder
subsample for BCR SEP and 1 cm® of cube subsample for M*'™ teot were carefully collected
from a hand-broken cylindrical soil sample. Prior to BZk SEP and MIP tests, these soil
subsamples were frozen using liquid nitrogen and the, dried in a vacuum chamber by
sublimation of the frozen water at a temperature rf -20 °C. One solidified/stabilized soil

sample was prepared for BCR SEP or MIP test.

The BCR SEP was performed with the same procedures provided by Davidson et al. (1998)
for determining the exchangeable -ec.'~ible, oxidizable, and residue fractions of Ni and Zn in
the soil samples. To quantitativ ly aescribe the chemical stability of heavy metals of the BCP
solidified/stabilized soil by v e variable, the relative binding intensity index (Ig) is used in
this study. The Ir is use.' to evaluate the mobility of trace metals contained in soils, composts,

and sediments (Han et al., 2003; Gusiatin et al., 2014), and defined as Eq. (1):
k -
Iy =Y (Ri")/k" (1)
i=1

where, i is the number of the extraction steps, progressing from 1st (for the weakest) to the
strongest extractant used in the kth step (k is 4 in the BCR procedure adopted in this study); F;
is the percentage of a particular trace metal presented in fraction i, and n is 1 or 2 as proposed
in previous studies by Han et al. (2003) and Gusiatin et al. (2014). A higher Ir value of a

given heavy metal element represents a more stable pattern of the speciation distribution and



more quantity of metal residues in the soil and vice versa.

The MIP test was performed using an AutoPore 1V 9510 mercury intrusion porosimeter
capable of generating pressure in the range of subambient to 413 MPa. The pore diameter was
calculated using the following capillary pressure equation (Mitchell and Soga, 2005):

__4rcosa
p

d=

()

where d is the pore entry diameter in which mercury is being :.*ruded (um), 7 is the surface
tension (N/m), o and p are the contact angle of mercury with (~e soil (°) and applied pressure
of mercury intrusion (MPa), respectively. In this study, ‘*he surface tension and contact angle

at 25 °C were assigned to be 139° and 4.84x10™ N/mi.” a< suggested by Wu et al. (2018).

Peak analysis is widely adopted to quant’ @t vely evaluate the pore distribution characteristic
of the solidified/stabilized soils, and Gaussian distribution functions are commonly applied to
fit each peak of the PSD scatterplts (i and Zhang, 2009; Du et al., 2014). The typical

Gaussian distribution function car he written as (Du et al., 2014):

- n 1 {(logd—zﬂi)z}
fl)=3 fid)=2A—=——=' ™
‘T 270,

=1 i=1

(3)

where n is the number of peaks in fitting curves on a logarithmic scale (1 and 2 for the
unimodal and bimodal types, respectively), A; is pore volume in the 1 g dry soil covered by
the fitted curve of fi(d) (mL/g), a; is standard deviation on a logarithmic scale, and y; is the

mean pore diameter in the fitted curve of fi(d) on a logarithmic scale (um).

2.5. XRD and SEM-EDS analysis
The formation of Ni(OH), or Zn(OH), is one of the primary mechanisms of immobilizing Ni

or Zn in the cement solidified/stabilized soils (Spence and Shi, 2004). In addition, the



presence of sulfate (SO,%) and iron (Fe, exists in tri-valence) had noticeable impacts on the
immobilization efficiency of Ni due to the formation of Ni-Fe layered double hydroxides
(Ni-Fe LDHSs) (Constantino et al., 1995; Li et al., 2010; Wang et al., 2016; Krehula et al.,
2018). Meanwhile, the presence of chloride (CI) contributes to the formation of
Zns(OH)sCl,-H,O whose chemical stability is higher than that of Zn(OH), (Srivastava and
Secco, 2011; Feng et al., 2018). Therefore, it is important to investigate the effects of
coexisting chloride (CI"), sulfate (SO4%), and iron (Fe, exists in tri-valence) on the
immobilization of Ni and Zn in the BCP solidified/stabiliz2* scils, as CI” and SO4* are
commonly encountered in the electroplating industrial site su.'s. When the binder dosage was
low and consequently the contaminant-bearing produ~ts farmed in solidified/stabilized soils
were trace, researchers suggested to use heavy metal sp..-ad pastes to investigate the products
due to the chemical reactions between hydra’au hizders and heavy metals (Du et al., 2014,
Xia et al., 2017). Hence, in this study, .”Rl, and EDS-mapping analyses were conducted to
identify the products formed in the biriJ'ar pastes with the presence of Fe and mixture of Fe,

CI', and SO,

A series of BCP paste samnics spiked by Ni, Zn, Fe, CI', and SO,* were prepared for XRD
and SEM-EDS analyses. Because the solidified/stabilized soil with a binder dosage of 8% and
curing time of 28 d can meet China criterion for groundwater quality of Class IV prescribed in
GB/T 14848 (China GAQSIQ and China SA, 2017) (see 3.2 section), the curing time and
ratio of binder to contaminants in this soil sample were selected as the prototype of the BCP
paste preparation. The concentrations of Ni, Zn, Fe, CI', and SO, in this soil sample were
6053 mg/kg (0.6053%), 5352 mg/kg (0.5352%), 7515 mg/kg (0.7515%), 3735 mg/kg
(0.3735%), and 1630 mg/kg (0.1630%) as shown in Table 1. To be consistent with these ratios,

a series of BCP binder paste samples were prepared by spiking powder binders with



Ni(NO3),-5H,0, Zn(NO3),-5H,0, Fe(NO3)3-9H,0, Na,SO,4 and NaCl powder (analytical
reagent). The mass ratios of Ni, Zn, Fe, CI', and SO,” to the dry BCP binder were calculated
to be approximately 7.6 (0.6053%:8%), 6.7 (0.5352%:8%), 9.4 (0.7515%:8%), 4.7

(0.3735%:8%), and 2.0 (0.1630%:8%), respectively.

The preparation method of the paste sample was as follows: Firstly, a predetermined amount
of Ni(NO3),-5H,0, Zn(NOs),-5H,0, Fe(NO3)3-9H,0, Na,SO4, and NaCl powders were
poured into the dry binder powder in a beaker, and the mixture *va. thoroughly mixed using a
glass stirring rod. Then, predetermined volume of deioniz:a . ‘ater was slowly added into the
mixture to achieve a solid-liquid ratio of 1.0:0.8 (ma. mL), following which the wetted
mixture was stirred thoroughly for 10 min to achieve hoi.ogeneity. The ratio was to guarantee
the thorough mixing of wetted mixture and cu**ent reactions that occurred in the wetted
mixture. After that, the mixture was pou ad «nto a polyethylene mold (inner diameter 50 mm
and height 50 mm), top sealed anu subjected to curing under the standard condition
(temperature of 20+£2 °C and rele<ve ~amidity of 95%) for 7 d. The paste sample was then
removed from the mold, seaic™ in a plastic bag, and cured under the standard condition
(temperature of 20+2 °C =1\ caative humidity of 95%) for 21 d. After that, the paste samples
were carefully crushed u.ing a rubber hammer. Approximately 1 cm® of subsample with fresh
surface was immediately collected from each crushed paste sample and frozen-dried. The
paste sample was frozen using liquid nitrogen and then dried in a vacuum chamber by
sublimation of the frozen water at a temperature of -80 °C. After that, the dried paste sample
was ground, sieved through a 200-mesh sieve, and subjected to XRD and SEM-EDS analysis.
Samples were designated as BCP+Ni+Zn, BCP+Ni+Zn+Fe, and BCP+Ni+Zn+Fe+ SO, +CI’
to represent paste samples spiked by the mixture of Ni and Zn, mixture of Ni, Zn, and Fe,

mixture of Ni, Zn, Fe, SO,*, and CI', respectively (Table 5). One spiked paste sample was



prepared for XRD or SEM-EDS analyses.

After the primary reaction products had been identified by XRD and SEM-EDS analyses
conducted on binder pastes, XRD analysis was also conducted on soil samples to investigate
the effects of curing time and binder dosage on the formation and quantities of the reaction
products. The preparation method of soil samples for XRD analysis was the same as that of
the soil samples for UCS, soil pH, and leaching tests. Approximately 10 g of subsample for
XRD analysis was carefully collected from a hand-bre!en cylindrical soil sample,
frozen-dried, grounded and sieved through a 200-mesh si’:ve. 1he method used to freeze-dry
the soil sample was the same as that to freeze-dry past= scmple. One solidified/stabilized soil

sample was prepared for XRD analysis.

The paste samples and soil samples we.= s.anned over the 26 range of 5° to 60° for XRD
spectra using a Rigaku D/Max-250u X-ray diffractometer with Cu-Ko radiation. The
instrument was operated at 15 kV ‘nout voltage and 20 mA current in the step scan mode. The
scan time of 5 s was used at cach step (0.02°). The gold-coated paste sample was scanned
using a LEO 1530VP scannn.2 :lectron microscope (SEM) to obtain micrographs. Moreover,
energy dispersive spectroscopy (EDS) was performed in combination with SEM to

characterize the elemental mapping.

2.6. Benchmarking

For comparison, the untreated contaminated soil sample without binder addition (i.e., 0%
dosage) and clean BCP paste sample were used to prepare the benchmarking samples. The
preparation method of the untreated soil samples was identical to those of the

solidified/stabilized soil samples. Meanwhile, the preparation method of the clean BCP paste



sample was identical to those of the spiked BCP paste samples except that no contaminants

were added into the bender paste.

Same as the solidified/stabilized soil samples or spiked paste samples, the untreated soil were
prepared in triplicate for UCS, soil pH, soil EC, and leaching tests. Untreated soil sample (one
specimen) was also prepared for BCR SEP, MIP test, and XRD analysis. One clean paste
sample was prepared for XRD analysis. The untreated contaminated soil samples and
uncontaminated BCP paste samples were also cured in a starZ2ru curing room (temperature

of 20+2 °C and relative humidity of 95%).

3. Results and analysis

3.1 Soil UCS, pH, and EC

Fig. 1 shows the variations of soil uncorn.*nfd compressive strength (UCS), pH, and electrical
conductivity (EC) with different curing :*me and binder dosages. The average values of these
triplicate values are reported here The Zrror bars representing the standard deviations are also
plotted in the corresponding fiqures. The coefficient of variation (COV) is below 5%
demonstrating the excelle~* re2.oducibility of the test results. It is seen from Fig. 1(a) that, as
compared to the comp~cted untreated soil (i.e., no binder addition), the UCS of the
solidified/stabilized soil increases considerably with extending curing time regardless of the
binder dosage. This increase is mainly attributed to the time-dependent hydration reaction of
the silicates (i.e., C,S and C3S) contained in the BCP binder and the simultaneously occurred
pozzolanic reaction in the solidified/stabilized soil matrix (Poh et al., 2006; Jiang et al., 2015).
The UCS of the solidified/stabilized soil increases with increasing binder dosage, which is
due to the presence of more additional products (i.e., calcium silicate hydrate (C-S-H),

ettringite (AFt), portlandite (Ca(OH),), and heavy metal-bearing precipitates addressed in 3.5



section) that exhibit excellent cementation strength between soil particles and filling effects
within the soil pores (Shi, 2004; Jiang et al., 2015). A minimum UCS value of 350 kPa has
been recommended by the USEPA for the solidified/stabilized materials to be disposed of in a
landfill (USEPA, 1996). To meet the USEPA recommend value, as shown in Fig. 1(a), either
8% BCP with 60-d curing or 10% BCP with 14-d curing can be selected to solidify/stabilize

soils.

At the early curing period (i.e., 7 d), significant increment in 2on »H was observed with the
binder addition into the contaminated soil (Fig. 1(b)), ow'ny *o the immediate dissolution of
the alkaline constituents such as C,S, C3S and C2/0,, ", contained in the BCP binder.
However, after the first increase stage, the soil pH drcrecsed gradually with increasing curing
time. The phenomenon is attributed to t'ie evolution of pozzolanic reaction in the
solidified/stabilized soil matrix and prec nit~.cion reaction of heavy metal-bearing hydroxides
(i.e., Ni(OH); and CazZn,(OH)s-2H,0), n which a certain amount of hydroxide ion (OH") are
consumed. Furthermore, the soil = ‘ecreases dramatically with increasing curing time (see

Fig. 1(c)), which consequently :2suns in a remarkable decrease in soil salinity.

3.2 Leaching toxicity

Fig. 2 depicts the variation of leached concentrations of heavy metals from BCP
solidified/stabilized soil at different curing time and binder dosages. The leached
concentrations of Ni and Zn in the untreated contaminated soil are 8.50 and 9.27 mg/L, which
significantly exceed the China criterion for groundwater quality of Class 1V (0.10 mg/L for Ni
and 5.00 mg/L for Zn) prescribed in GB/T 14848 (China GAQSIQ and China SA, 2017).
While, the leached concentrations of Ni and Zn from the solidified/stabilized soil sharply

decrease with the addition of BCP binder. In addition, the increased curing time and binder



dosage noticeably reduce the concentrations of Ni and Zn leached from the
solidified/stabilized soil. The phenomenon is primarily attributed to the time- or
dosage-dependent hydration reaction of silicates contained in BOFS, pozzolanic reaction
occurred between the dissolved silica dioxide in the soil and the calcium hydroxide from CCR
and hydrated BOFS, precipitation reaction of heavy metals, and adsorption of C-S-H that
formed in the solidified/stabilized soil matrix. Longer curing time or higher binder dosage
enhances the abovementioned reactions, and consequently reduces leached concentrations of
heavy metals in the solidified/stabilized soil. This finding is *~~ri’2d based on the chemical

speciation distribution of heavy metals presented in 3.3 serdo.

The test results in Fig. 2 show that 10% and 8% B P :nlidified/stabilized soils after curing
time of 7 d and 28 d, respectively, meet the Chi. 2 <riterion for groundwater quality of Class
IV. Previous studies indicated that the hy, dra“ion and pozzolanic reactions occurred in the soil
solidified/stabilized with reactive may.asia activated ground granulated blast furnace slag
were slower than the acid-bas~ .~7ction occurred in soils solidified/stabilized with
phosphate-based binders (e.g., KMP binder which consists of monopotassium phosphate,
reactive magnesia, and ovanc «cid-activated phosphate rock power, and SPC binder which
consists of superphospi.ote and calcium oxide) (Feng et al., 2018; Xia et al., 2019). Hence, it
is recommended to appropriately extend the curing time in the soil remediation practice if

relatively low BCP dosage is required.

3.3 Heavy metal speciation
Figs. 3 and 4 illustrate the variation of chemical speciation of Ni and Zn in
solidified/stabilized soil, respectively. The acid soluble fraction (F1) and residual fraction (F4)

remarkably vary with increasing curing time or binder dosage, while the changes in reducible



fraction (F2) and oxidizable fraction (F3) of Ni and Zn are not significant. All the changes in
the four fractions have effects on the chemical stability of Ni and Zn in the BCP
solidified/stabilized soil and environmental quality of the BCP solidified/stabilized soil (Han

et al., 2003).

To analyze the effects of curing time and binder dosage on the chemical stability of heavy
metals in the BCP solidified/stabilized soil, Ig values of Ni and Zn calculated by Eqg. (1) are
shown in Fig. 5. It is seen that the Iz values of Ni and Zn c~nsiderably increase with
increasing curing time or binder dosage. The results are con.'stent with those obtained from
the leaching tests, in which increasing curing *'mc or binder dosage reduces the
concentrations of Ni and Zn leached from the BCP cahu*fied/stabilized soil. The relationship
between the Iz values and leached concertr.icas of Ni and Zn is obtained using a
least-square-root method and expressed L. th.e follows:

logC,;(N) =2-1,(Ni)+b 4)

logC ) =c-1;(Zn)+d (5)
where Cy; or Cz, is the concentrction of Ni or Zn leached from the BCP solidified/stabilized
soils; nis 1 or 2 as pror.ose by Han et al. (2003) and Gusiatin et al. (2014); and Ir(Ni) or
Ir(Zn) is the relative bina ng intensity index of Ni or Zn in the BCP solidified/stabilized soil.
As shown in Fig. 6, Iz shows a good linear relationship with leached concentrations of heavy
metals on a semi-logarithmic scale. Therefore, the reduced leached concentrations of heavy
metals with increasing curing time or binder dosage may be attributed to the enhanced Ig

values.

3.4 Pore-size distribution

Table 6 indicates the variations of the pore volumes of BCP solidified/stabilized soils. The



total pore volume in 8% BCP solidified/stabilized soil notably decreases from 0.250 to 0.191
mL/g with the curing time extending from 7 to 90 d. On the other hand, when the binder
dosage increases from 4% to 10%, the total pore volume in the solidified/stabilized soil after
28 d curing remarkably decreases from 0.255 to 0.183 mL/g. The decrease in voids is owing
to the time- or dosage-dependent evolution of reaction products such as C-S-H, AFt,
portlandite, and heavy metal-bearing hydroxides that can effectively fill the pore spaces of

contaminated soil.

To investigate the variation of pore structures of soils, re.ea ~hers have divided the pores in
these soils into different types based on pore diameter /' 1 ond Zhang, 2009; Horpibulsuk et al.,
2009; Khoshghalb et al., 2015; Oualmakran et al., 202.6). Tollowing Horpibulsuk et al. (2009),
the total pore volume in the BCP solidified/stib. i72d soil is divided into three types such as
intra-aggregate, inter-aggregate, and air nores, with the pore diameters of 0.01 and 10 um
being assigned as thresholds betweon intra-aggregate and inter-aggregate pores, and
inter-aggregate pores and air pore= re-nectively. As shown in Table 6, when the curing time
of 8% BCP solidified/stabilize. soil extends from 7 d to 90 d, the inter-aggregate pore volume
and air pore volume de¢,~=3e by 0.051 mL/g and 0.006 mL/g, respectively (the
intra-aggregate pore vo..'me of these soils shows negligible change). On the other hand, when
the binder dosage of the solidified/stabilized soil with 28 d curing increases from 4% to 10%,
the inter-aggregate pore volume and air pore volume decrease by 0.049 mL/g and 0.017 mL/g,
respectively (the intra-aggregate pore volume of these soils shows negligible change). The
results indicate that the time- or dosage-dependent reduction in the total pore volume in the
BCP solidified/stabilized soil primarily results from the reduction in the inter-aggregate pore
volume. It is reported that the reduction in inter-aggregate pore volume is the primary reason

for the remarkable improvement of the strength of compacted soils treated with PC, fly ash, or



hydroxyapatite-based binder (Horpibulsuk et al., 2009; Du et al., 2014; Xia et al., 2017).

Fig. 7 illustrates the variations of the pore size distribution (PSD) in the BCP
solidified/stabilized soils. The Y-axis is plotted as f(d) (f(d) = dV/dlogd), where V is the
volume of pores (mL/g) having a diameter of d (um) in 1 g of the dry solidified/stabilized soil.
Bimodal PSDs are usually observed in compacted solidified/stabilized clayey/slit soil
(Horpibulsuk et al., 2009; Du et al., 2014; Xia et al., 2017). From Fig. 7, it is seen that
bimodal PSDs are observed in the scatter plotted f(d) of the RTP _olidified/stabilized soils at
early curing time (i.e., 7 d and 28 d for 8% BCP dosage, sev Fig 7(a) and 7(b)) or with few
binder dosages (i.e., 4%, 6%, and 8% for 28 d curira. cee Fig 7(d), 7(e), and 7(b)). Such
bimodal PSDs have also been observed in completely decomposed granitic soil (Li and Zhang,
2009), compacted clean clayey soils (Simms in. Yanful, 2001), and PC solidified/stabilized
kaolin soil contaminated by Zn with lo.v concentration (< 0.2%) (Du et al., 2014).
Furthermore, when the curing time inc, ~ases to 90 d (see Fig 7(c)) or binder dosage increase
to 10% (see Fig 7(f)), these two p~ak. fradually converge to be one. The bimodal PSD curve
was reported to be found in fi, ash blended cement stabilized silty clay, carbonated reactive
magnesia-admixed silty sci!. phosphate-based binder solidified/stabilized clay soil
(Horpibulsuk et al., 20u2" cai et al., 2019; Xia et al., 2019). The variation in PSD is because
that the some air pores or inter-aggregate pores are filled with and/or separated by the reaction
products such as C-S-H, AFt, portlandite, and heavy metal-bearing precipitates, and

consequently they transform into inter-aggregate pores or intra-aggregate pores.

Table 7 lists the changes in the parameters of A;, ui, and a; when curing time extends from 7 to
90 d for the 8% BCP solidified/stabilized soil samples, and when binder dosage increases

from 4% to 10% for BCP solidified/stabilized soil samples at 28 d curing. The fitting



parameters for simulated f;(d) curve are A, 1, and a1; and for simulated f,(d) curve are Ay, uo,
and oy, respectively. The PSD of the 8% BCP solidified/stabilized soils with 7 d and 28 d
curing are bimodal (see Fig. 7). It is seen that from Table 7, when curing time increases from
7 to 28 d for 8% BCP solidified/stabilized soil samples, u; varies from -0.633 to -0.652 um,
which corresponds to a decrease in the mean diameter of soil pore covered by f;(d) curve from
0.233 to 0.223 um (i.e., a 4.28% decrease). Meanwhile, u, for these soil samples drops from
-0.287 to -0.582 pum, which corresponds to a notable decrease in the mean diameter of soil
pore covered by f,(d) curve from 0.516 to 0.262 pum (i.e., a "9.57% decrease). On the other
hand, when curing time extends from 7 to 28 d, A;, whic’i corresponds to the volume of the
pore covered by the simulated f1(d) curve, shows a s'ian: reduction by approximately 0.007
mL/g. Meanwhile, A, remarkably decreases from 0.C45 2 0.026 mL/g. The x; and A; for the
simulated f1(d) curve of BCP solidified/stabili:ze <~ with 90 d curing decrease to -0.738 um

and 0.182 mL/g, respectively.

Furthermore, the PSD of 4%, 6% ~nc °% BCP solidified/stabilized soils with 28 d curing are
bimodal (see Fig. 7). From Tax'e 7, it is seen that when binder dosage increases from 4% to
8%, w1 and up decrease fro,» -0.151 to -0.652 pum and 0.892 to 0.203 pm, respectively.
Accordingly, the mean “iaineters of soil pores covered by simulated f;(d) and f(d) curves
decrease by 0.483 and 6.202 pum, respectively. Besides, when binder dosage increases from 4%
to 8%, A; and A,, which correspond to the volume of the pore covered by the simulated f;(d)
and f,(d) curve, remarkably decrease by 0.016 and 0.045 mL/g. The u; and A; for simulated
f1(d) curve of 10% BCP solidified/stabilized soils continually decrease to -0.916 um and

0.180 mL/g.

The variation in these fitting parameters listed in Table 7 indicates that with increasing curing



time (28d to 90 d) or binder dosage (4% to 10%), the mean diameter and volume of soil pores
gradually decrease with increasing binder dosage and/or curing time. The results agree well
with those of Horpibulsuk et al. (2009) and Xia et al. (2019) who studied the effects of binder
dosage and curing time on the pore-size distribution characteristic of soils solidified/stabilized

by PC, fly ash, and hydroxyapatite-based binder.

3.5 X-Ray diffraction and SEM-EDS analysis of paste samples

Fig. 8 shows X-ray diffractograms of the hydrated BC™ pcste spiked with various
contaminants such as Ni, Zn, Fe, SO,%, and CI after 22 a -uring. Diffractogram for clean
hydrated BCP paste is also presented as a reference. Tha vesence of un-hydrated C,S, Fe,O3
RO phase, and newly generated C-S-H, AFt, and pe tla,dite are identified in all of the paste
samples irrespective of the presence of contar ir.. nt.. Previous studies showed that BOFS has
limited hydraulic properties, and hardl,” ary hydration products such as C-S-H, AFt, and
portlandite could be detected when expc=ed to aqueous environment (Shi, 2004; Proctor et al.,
2006). With the rapid dissolution ~f C~R in the porewater of the BCP paste, the high alkaline
in the porewater promotes the :»vdration of the silicates contained in BOFS (Poh et al., 2006;
Belhadj et al., 2012). Ther u.~ ‘elatively high concentrations of Ca** and SO,** released from
PG contribute to the J~rruation of AFt (Shi, 2004). Therefore, the substantial hydration
products of C-S-H, AFt, and portlandite presented in the hydrated BCP paste (Fig. 8) indicate
that the hydration activity of BOFS is significantly improved by the activation of mixed CCR

and PG.

For the BCP paste spiked with mixed Ni and Zn, the presence of a-Ni(OH),, -Ni(OH),, and
CazZn,(OH)g-2H,0 are detected. Furthermore, Ni-Fe layered double hydroxides (Ni-Fe

LDHs(C), [Ni wx Fe x (OH).]**(CO s )w2-yH20), as well as a-Ni(OH),, S-Ni(OH), and



CaZny(OH)g-2H,0 are detected in the BCP paste spiked by the mixture of Ni, Zn, and Fe.
When the BCP paste is contaminated with the mixed spikes of Ni, Zn, Fe, SO,, and CI’, the
presence of a-Ni(OH),, p-Ni(OH),;, Ni-Fe LDHs(C), CaZny(OH)s-2H,0, and

Zns(OH)sCl,-H,0 are identified in the hydrated BCP paste.

Fig. 9(a) shows SEM images for the hydrated BCP paste spiked with the mixture of Ni, Zn, Fe,
SO;, and CI', and Fig. 9(b) shows the EDS distribution maps for elements of Ni, Zn, Fe, Ca,
C, and CI, respectively. It is seen that the products of a-Ni(O*"»> «1d S-Ni(OH), detected by
XRD analysis in the BCP paste spiked with mixed Ni anu > (Fig. 8), are identified in Fig.
9(a) when overlapping the distribution maps for the eleme,ts of Ni and O. The Ni-Fe LDHs(C)
is identified by overlapping the distribution maps for the elements of Ni, Fe, O, and C.
Meanwhile, when overlapping the distributioti 1. ars for the elements of Zn, O, and Ca, the
presence of CaZn,(OH)g-2H,0 is identif.d. which is also supported by the XRD analysis for
the BCP paste spiked with mixed Ni and Zn as shown in Fig. 8. The Zns(OH)sCl,-H,0
highlighted by overlapping the di~tri>*don maps for the elements of Zn, O, and Cl is also
observed in the BCP paste sp."ed with the mixture of Ni, Zn, Fe, SO,%, and CI" by XRD

analysis (Fig. 8).

From Fig. 8, it is seen that the primary mechanisms of Ni and Zn immobilization in the BCP
paste after 28 d curing are significantly impacted by the presence of Fe and CI’, while the
presence of SO,* is negligible. For instance, compared with the hydrated BCP paste spiked
with mixed Ni and Zn, the extra Ni-Fe LDHs(C) and Zns(OH)sCl,-H,O are detected in the
hydrated BCP pastes when the mixture of Ni, Zn, Fe, SO,%, and CI is present. The Ni-Fe
LDHs(C) is the finally generated Ni-bearing layered double hydroxides (LDHSs) in the

hydrated BCP paste sample spiked with the mixture of Ni, Zn, Fe, SO,*, and CI" (see Fig. 8).



However, the Ni-Al layered double hydroxides (Ni-Al LDHs(C), [NiuAl«(OH),]**(CO
3)x2-YH20) is formed in the hydrated cement paste (Vespa et al., 2006). This difference is
attributed to (1) the presence of a higher concentration of Fe in the mixture of BCP paste and
contaminants than that in the Ni-spiked cement paste tested by Vespa et al. (2006), and (2) the
lower solubility of Ni-Fe LDHs(C) (solubility product constant, Ks=3.11x10*) compared
with that of the Ni-Al LDHs(C) (Ks,=4.75x10%%) (Johnson and Glasser, 2003; Wang et al.,
2016; Krehula et al., 2018). The presence of Zn-bearing product, Zns(OH)sCl,-H,0, identified
in the BCP paste spiked with the mixture of Ni, Zn, Fe, SO, «>d CI  is due to the lower
solubility of Zns(OH)sCly-H,0 (Ksp=2.35x10"") than ‘na. of Zn(OH), (K«=1.80x10™%)

(Haynes, 2014; Feng et al., 2018).

The mechanisms responsible for immobilizatior, f neavy metals are discussed based on the
results obtained from paste samples. Tk.» hpotheses are further discussed by exploring the

reaction products formed in the BCP so. dified/stabilized soil (see 3.6 section).

3.6 X-Ray diffraction analysis ~f contaminated soil samples

Fig. 10 presents the X-ray dn=ctograms of the 8% BCP solidified/stabilized soils at 7 d, 28 d,
and 90 d curing. Fig. 1. shuws the X-ray diffractograms of the solidified/stabilized soils with
different binder dosages cured for 28 d. Diffractogram for untreated contaminated soil is also
presented as a reference. It is seen from Figs. 10 and 11 that the generated products including
C-S-H, AFt, and portlandite observed in the hydrated clean BCP paste (see Fig. 8) are
identified in all of the solidified/stabilized soil samples. The C-S-H possesses excellent
cementation property between soil particle and AFt or portlandite shows filling effect to soil
pores (Jiang et al., 2015; Du et al., 2014). Hence, the formed C-S-H, AFt, and portlandite play

an important role in the improvement of soil strength (Fig. 1). Furthermore, the absorptivity



of C-S-H, heavy metals encapsulation by C-S-H, and ion-exchange of heavy metals with AFt
partly contribute to the reduced leached concentrations (Fig. 2) and increased chemical

stability of heavy metals in the soil (Figs. 3 and 4).

It is also seen from Fig. 10 that, for specific curing time and/or binder dosage, all the Ni- and
Zn-bearing products observed in the hydrated BCP paste such as a-Ni(OH),, S-Ni(OH),,
Ni-Fe LDHs(C), Ni-Fe LDHs(S), CazZn,(OH)g-2H,0, and Zns(OH)sCl,-H,0 (see Fig. 8) are
identified in the solidified/stabilized soil. However, the in*eri>ediate product of Ni-Fe
LDHs(S) presented in the 8% BCP solidified/stabilized so.! sample at 28 d curing is not
detected in the hydrated BCP paste (see Fig. 8) or the kv, ~ted cement paste studied by Vespa
et al. (2006; 2007). This difference is attributed to trat .~e transformation of Ni-Fe LDHs(S)
to Ni-Fe LDHs(C) is only occurred when suffic,»n* amount of carbonate (CO5”) is available
in the pore solution of the soil (Li et al., 20".0). Generally, the higher pH of the pore solution
in hydrated BCP paste (Fig. 1) or hydra:=d cement paste (Vespa et al., 2006) allows sufficient
amount of CO, from the atmosph~+e .~ dissolve into the pore solution and then transforms to
COs? at a certain curing time, - e., 8 d (Li et al., 2010). In other words, the lower pH of the
BCP solidified/stabilized snn “iniders the transformation of Ni-Fe LDHs(S) to Ni-Fe LDHs(C)
in 28 d curing age, which 1s due to the absence of sufficient amount of dissolved CO; in the
soil pore solution. For example, the respective pH values are 10.5 and 11.3 for the 8% BCP
solidified/stabilized soil sample and hydrated BCP paste sample at 28 d curing (see Fig. 1).
Furthermore, with curing time extending to 90 d, the Ni-Fe LDHs(S) gradually transforms to
Ni-Fe LDHs(C), which is resulted from the progressive dissolution of CO, in the pore
solution and consequently sufficient amount of COs* presented in the pore solution of
contaminated soil. The transformation of crystalline phase of Ni-bearing LDHs, to some

extent, contributes to the improvement of chemical stability of Ni (Fig. 3(a)) and the reduction



in the leached concentration of Ni ((Fig. 2(a)).

It is interesting to note that, however, the presence of Ni-Fe LDHs(C) is only identified in the
case of 50% BCP addition at 28 d curing (see Fig. 11). This phenomenon is attributed to the
higher pH of the solidified/stabilized soil with a higher binder dosage (50%). For instance, the
pH value of the solidified/stabilized soil with 50% BCP dosage after 28 d curing is 12.7, while
the pH values are 10.5 and 11.6 for 8% and 20% BCP dosage, respectively. Similar to the case
of the time-dependent phase transformation of LDHs in th2 so.‘dified/stabilized soil, the
higher pH of the 50% BCP solidified/stabilized soil al’ow: sufficient amount of CO, to
dissolve into the pore solution and result in the formation ~f Ni-Fe LDHs(C) (Li et al., 2010).
The presence of a-Ni(OH), and S-Ni(OH),, correspeam. g to two-theta of 11.36° and 19.26°,
are detected in all soil samples with 8%, 20%, a:.? £0% BCP addition (Fig. 11). Furthermore,
the presence of Ni-Fe LDHs(S), CaZn,{YH6-2H,0, and Zns(OH)sCl,-H,0 are identified in

all the solidified/stabilized soils.

Tables 8 and 9 summarize the nrimary hydration products of BCP and heavy metal-bearing
products observed in the RC™ olidified/stabilized soils and the corresponding peak intensity
of these concerned prodticis. It is found that the peak intensity exhibits different variation
trend with increasing curing time or binder dosages. For instance, the peak intensity of C-S-H,
AFt, and portlandite gradually increases with increasing curing time or binder dosage. The
accumulation of C-S-H, AFt, and portlandite leads to the gradual reduction in pore volumes of

the solidified/stabilized soil (Table 6) but improvement of soil strength (Fig. 1).

From Table 8, it is also found that the peak intensity of a-Ni(OH); (Ks,=5.48x10""°) in the

case of 28 d curing is weaker than that in the case of 7 d curing, and no obvious peak



corresponding to a-Ni(OH), at 90 d curing is detected in the solidified/stabilized soil sample.
In contrast, the development of S-Ni(OH), (Ks,=7.92x10"") exhibits an opposite trend as
compared with that of a-Ni(OH),. In other words, the peak corresponding to 5-Ni(OH), in the
solidified/stabilized soil samples is not detected until 28 d curing, after which the peak
intensity continuously increases with extending curing time. This phenomenon indicates that
a-Ni(OH); is the early Ni-bearing product, and then it gradually transforms into S-Ni(OH),
and Ni-Fe LDHs as the chemical stability of 4-Ni(OH), (Ks=7.92x10"") and Ni-Fe LDHs
(Ks=3.11x10"**) is higher than that of a-Ni(OH), (Ks,=5.48x12""°) Vespa et al. 2006; Haynes,
2014; Krehula et al., 2018). The change pattern of these ni-hearing products formed in the
BCP solidified/stabilized soil sample is the same ~< u.at in the Ni-spiked cement paste
reported in Vespa et al. (2006; 2007), in which the tin.~-dependent phase transformation of
Ni-bearing products in hydrated cement paste du % with Ni was studied. The peak intensity
of CazZn,(OH)s-2H,0 has no significant -ariution with increasing curing time. Meanwhile, the

peak intensity of Zns(OH)sCl,-H20 inci 2ases with extending curing time (see Table 8).

It is found from Table 9 that i = peak intensity corresponding to all the heavy metal-bearing
products markedly increases ~h increasing binder dosage, suggesting the dosage-dependent

accumulation of these p.~aucts in the BCP solidified/stabilized soil.

In summary, the time- or dosage-dependent accumulation of reaction products in the BCP
solidified/stabilized soil (see Figs. 10 and 11) leads to the continuous improvement in soil
strength (see Fig. 1(a)). Meanwhile, both the time-/dosage-dependent accumulation and
crystalline phase of heavy metal-bearing products result in the increased Ir value of heavy

metals but decreased leachability of the solidified/stabilized soil (see Figs. 2 and 5).



4. Discussion
4.1 The contributions of CCR and PG to soil solidification/stabilization

The dominant components of carbide calcium residue (CCR) and phosphogympsum (PG)
are calcium hydroxide (Ca(OH),) and gypsum (CaSO4-2H,0), respectively (Du et al., 2016;
Rashad, 2017). In this study, CCR and PG were mainly used as chemical admixtures to
improve the reactivity of basic oxygen furnace slag (BOFS).

With the addition of BCP to the contaminated soil, the Ca(OH), contained in CCR
rapidly dissolve and improve the pH of the solidified/stabilize~ so.' (see Fig. 1(b)). Then, the
high pH of the solidified/stabilized soil accelerates the hyrira..7n of the silicates (i.e., C,S and
C3S) contained in BOFS and simultaneous pr7zi'anic reaction occurred in the
solidified/stabilized soil matrix (Poh et al., 2006; Du et al., 2014). In the hydration and
pozzolanic reactions, amounts of calcium s'licte hydrate (C-S-H) formed (Fig. 8). The
cementation and soil pore filling effec.s ¢. C-S-H contribute to the improvement in soil
strength (Fig. 1(a)). Meanwhile, the hsorptivity and encapsulation of C-S-H lead to the
immobilization of heavy metals (P~h .* 4l., 2006; Jiang et al., 2015).

On the other hand, the pre:ence of gypsum (CaSO4-2H,0) in the solidified/stabilized soil
can facilitate the formation o =dtringite (AFt) which has prominent mechanical property and
ion-exchange capacicy \~hiysochoou and Dermatas, 2006; Du et al., 2014). Hence, the soil
pore filling effects of proper amount of formed AFt contributes to the improvement in soil
strength (Fig. 1(a)). Meanwhile, the ion-exchange of heavy metals with AFt reduces the
leached concentrations of heavy metals (Fig. 2).

In summary, the primary contributions of CCR and PG to the soil
solidification/stabilization are to enhance the reactivity of BOFS which can trigger the
subsequent hydration of the silicates contained in BOFS and simultaneous pozzolanic reaction

in the solidified/stabilized soil matrix. With the formation of C-S-H and proper amount of AFt,



the heavy metals in the contaminated soil are immobilized and the strength of the treated soil

is elevated.

4.2 Environmental impact

As hazardous or waste materials, the contaminated soils, BOFS, CCR, and PG are commonly
destined for landfill disposal, which conflicts the sustainable development strategy by
decreasing the efficiencies in using of landfill space, resources, and energy. Embodied energy
and carbon footprint are extensively adopted indicators 2 ev:luate the environmental
sustainability of construction materials. Embodied energy anu carbon footprint are defined as
the total amount of energy associated and carben (mitted during the production of
construction materials (Soga et al., 2011; Kua et 71., 2016). These raw materials such as
BOFS, CCR, and PG are not purposefully maiiu: »c*tared for construction materials and hence
they are technically zero embodied enrg> and carbon footprint. On the other hand, the
embodied energy and carbon footprint of PC are 4.60 MJ/kg and 0.23 kg C/kg (Hammond et
al., 2008; Cagiao et al., 2011). In ~the - *vords, if 1 kg of PC is substituted by 1 kg of BCP, the
needed energy and emitted cai.on 1n the stabilization/solidification of contaminated soil will
be reduced by 4.60 MJ/ko and' .23 kg C/kg, respectively. Hence, the reduced consumption of

PC by opting for BCrP u.naer would significantly reduce negative environmental impacts.

With stabilization/solidification, the contaminated soil has the potential to be reused as a
construction material. However, when the solidified/stabilized soil is embedded in the soil
strata, a common concern would be the ambient soil or groundwater contamination due to the
leaching behavior. Fig. 12 shows a typical pavement road cross-section in which the BCP
solidified/stabilized soil is used beneath the pavement layer. The black arrows in Fig. 12

represent the potential flow of precipitation across the pavement structure. In the pavement



design, most of the rainwater is expected to be surface runoff and then flow into adjacent
drainage system due to the waterproof asphalt layer. Nevertheless, a small portion of naturally
occurring precipitation would infiltrate into the pavement layer. The downward percolation of
the precipitation would gradually carry certain amount of heavy metals across the
solidified/stabilized soil filling layer into the substratum clean soil, and subsequently
converge with the groundwater (red solid arrows). Furthermore, the downward and horizontal
diffusion of heavy metals from the solidified/stabilized soil to ambient soil (blue arrows) is
other threat to the surrounding soil environment. From the “hi.a HI/T 299 leaching test
results (Fig. 2), it is seen that with appropriate binder dosege ond curing time (i.e., 8% and 28
d), the leached concentrations of heavy metals from th. BCP solidified/stabilized soil can
meet the criterion for groundwater quality of Class 1./ prescribed in China GB/T 14848
(China GAQSIQ and China SA, 2017). This le.~k.ng test, similar to USEPA Method 1312
(USEPA, 1994), is intended to simula = t'ie leaching behavior of solid materials due to
exposure to acid rain (China MEP, 200, The substratum soil as shown in Fig. 12 can prevent
direct contact between the solidif*~d/ t~pilized soil and aquifer. Furthermore, the impacts of
migrated heavy metals from ti.» sondified/stabilized soil to the groundwater quality depends
on not only the leached crnconrations, but also the hydraulic and diffusive properties of the
solidified/stabilized son 'ayer and substratum soil layer, the rainfall percolation rate through
the pavement layer, covering soil, solidified/stabilized soil, and substratum soil (see Fig. 12),
and even the hydrological conditions of the reuse scenario (Du et al., 2009; Kua et al., 2016).
Therefore, further research is suggested to investigate the migration characteristics of heavy
metals from on-site solidified/stabilized soil to ambient environment, such as site-specific
tests, theoretical analysis based on advection-diffusion-dispersion theory, and

post-implementation monitoring of field-scale remediated sites.



Table 10 shows the total and leached concentrations of heavy metals in basic oxygen furnace
slag (BOFS), calcium carbide residue (CCR), and phosphogypsum (PG) tested in this study.
As prescribed in China GB 36600 (China MEE and China GAQSIQ, 2018) and China GB/T
14848 (China GAQSIQ and China SA, 2018), the suggested elements of Ni, Zn, Pb, Cd, Cu,
Cr, As, and Hg were evaluated in this study. It is seen Pb, Cu, and Cr in BOFS, Zn and Pb in
BOFS, and Cd and Cu in PG were detected. However, no leached concentrations of these
elements were detected. Hence, the BOFS, CCR, and PG used in this study are
environmentally friendly materials that do not pose potential »i~k .2 environment and human

health.

4. Conclusions

This study presented a systematic investigatiot: ¢.* "sing a sustainable BCP binder, which was
composed of basic oxygen furnace slag {30’-S) activated with mixed calcium carbide residue
(CCR) and phosphogypsum (PG), to onlidify/stabilize an electroplating industrial site soil
contaminated with nickel (Ni) and ~in: /Zn). Major conclusions can be drawn as follows:

(1) The addition of BCP binac ehectively changed the geoenvironmental properties of the
contaminated soil. The seil .~ and unconfined compressive strength remarkably increased,
but the EC and leachabi.*ty of the contaminated soil significantly decreased.

(2) After BCP stabilization/solidification, the relative binding intensity index (lg) of target
heavy metals including nickel (Ni) and zinc (Zn) in soil was considerably improved. It was
also verified that the Ir value of heavy metals had a good linear relationship with their leached
concentrations on a semi-logarithmic scale.

(3) Binder dosage and curing time reduced the pore volume of BCP solidified/stabilized soil,
resulting in the enhanced strength of the solidified/stabilized soil. Peak analysis results

demonstrated that the mean diameter of the soil pores decreased with increasing binder



dosage and/or curing time.

(4) The cementation property of calcium silicate hydrate (C-S-H) and the soil pore filling
effects of ettringite (AFt), portlandite, and heavy metal-bearing precipitates lead to the
improvement in soil strength. The formation of Ni(OH),, Ni-Fe layered double hydroxides,
CaZn,(OH)g-2H,0, and Zns(OH)sCl,-H,O contributed to the enhanced binding intensity of
heavy metals. Furthermore, the absorptivity of C-S-H, heavy metals encapsulation by C-S-H,
and the ion-exchange of heavy metals with AFt facilitated the immobilization of heavy metals
in the solidified/stabilized soil.

(5) Curing time and binder dosage had remarkable influzncos on the effectiveness of BCP
binder within their ranges presented in this stedv. The time- or dosage-dependent
accumulation of reaction products led to the cortincous improvement in soil strength.
Meanwhile, both the time- or dosage-dependeat ~cumulation and crystalline phase of heavy
metal-bearing products resulted in the c¢~cr.ased leached concentrations of heavy metals in
the solidified/stabilized soil.
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Table 1 Basic physicochemical properties of untreated contaminated soil.

Test parameter Value ° Test method
Specific gravity, G 2.75 ASTM D854-14
Liquid limit, wi_ (%) 37.2 ASTM D4318-10
Plastic limit, wp (%) 18.1 ASTM D4318-10
Optimum water content, Wop: (%) 18.7 ASTM D698-12
Maximum dry density, pq (g/cm?) 1.68 ASTM D698-12
Soil pH 5.82 ASTM D4972-18
Soil classification CL ASTM D2487-17
Grain size distribution (%) —
Clay (<0.002 mm) 22.1
Silt (0.002-0.075 mm) 70.3
Sand (0.075-20 mm) 7.6
Contaminants concentration (mg/kg) —
Nickel, Ni 6053 HJ 766-2015
Zinc, Zn 5352 HJ 766-2015
Iron in trivalence, Fe 7515 HJ 766-2015
Chloride, CI 3755 GB/T 50123-2019
Sulfate, SO.** 1630 GB/T 50123-2019

Measured using a laser particle size analyzer M>z*e(sizer 2000 (Malvern, USA)).
® Number of replicates = 3, and the coefficient 0 *.ar.ance (COV) < 3.1%.

Table 2 Basic physicochen. ~a' properties of BOFS, CCR, and PG.

Value (%) °

Test parameter _—,i oS CCR PG Test method
Specific gravity, G 2.35 2.17 2.63 ASTM D854-14
pH 11.03 12.57 4.31 ASTM D4972-18

Specific surface areas (m*/"q) 307 1263 558  China GB/T 8074-2008
Grain size distribution (%) _

<0.002 mm 16.55 19.07 9.14
0.002-0.075 mm 79.42 7322 7116
0.075-2Cn.m 4.03 7.71 19.7

# Measured using a laser prticle size analyzer Mastersizer 2000 (Malvern, USA).
® Number of replicates = 3, and the coefficient of variance (COV) < 2.6%.

Table 3 Chemical compositions of untreated contaminated soil, BOFS, CCR, and PG.

o a Weight percent (%) ©
Oxide Soil  BOFS _ CCR PG

Calcium oxide (CaO) 1.93 39.59 68.02 26.13
Silicon oxide (SiO,) 63.51 13.78 1.73 6.59
Aluminum oxide (Al,O3) 16.13 4.67 1.97 2.73
Phosphorus oxide (P,0s) 0.03 1.67 0.43 3.34
Sulphate oxide (SO3) 0.57 0.72 1.79 33.71
Ferric oxide (Fe,O3) 4.82 15.97 0.37 ND ¢
Magnesium oxide (MgO) 2.17 9.53 0.22 3.57
Potassium oxide (K»0) 2.43 0.29 ND ° 1.51

Loss on ignition ° 4.89 5.03 22.56 19.32




% Analyzed using ARL 9800 XP+XRF spectrometry.
> \alue of loss on ignition is referenced to 950 °C.

° Number of replicate = 1.

9 Not detectable.

Table 4 Binder dosage and curing time for various tests.

Test type Binder dosage (%) Curing time (d) Number of replicate
UCS 4,6,8,10 3,7,14, 28, 60, 90 3
Soil pH 4,6,8,10 3,7,14, 28, 60, 90 3
Soil EC 4,6,8,10 3,7,14, 28, 60, 90 3
Leaching toxicity 4,6, 8,10 3,7,14, 28, 60, 90 3
BCR SEP 4,6,8,10° 7,28, 60, 90° 1
MIP 4,6,8,10° 7,28, 90 1
XRD Paste, 8, 20, 50° 7,28, 90" 1
EDS-mapping Paste 28 1

 Curing time is 28 d.
® Binder dosage is 8%.

Table 5 Binder paste samples for XRC anc SEM-EDS analysis.

Contaminant Binder-solution

Mixing denotation Binder Contaminzat?®  concentration (%) . Ne
b ratio (g:ml)
BCP® BCP - - 1:0.8
BCP+Ni+Zn ¢ BCP N’ and Zn 7.6 and 6.7 1:0.8
BCP+Ni+Zn+Fe ¢ BCP Ni,21,andFe 7.6,6.7and 9.4 1:0.8
o
BCP+Ni+Zn+Fe+S02+Cl¢  Bcp ' 2™ Fe SO+ 35,6.7,9.4,4.7 1:0.8

“* and CI’ and 2.0

% Prepared by dissolving metals ir \.itruies or anions in sodium in distilled water.
® The percentage of the contamin.nt to the binder on dry weight basis.

° The ratio of binder weight (n) .~ solution volume (ml).

Y The paste sample is subjected .> XRD analysis.

® The paste sample is subizztew (0 XRD, SEM, and EDS-mapping analysis.

Table 6 Variations in p~.e volumes of solidified/stabilized soil with curing time and binder

dosage.
Dosage (%) _Curing Total pore volume Pore volume (mL/g) ®
time (d) (mL/g) <0.0l ym  0.01-10 pym  >10 um
8 7 0.250 0.008 0.231 0.011
8 28 0.214 0.005 0.200 0.009
8 90 0.191 0.006 0.180 0.005
4 28 0.255 0.011 0.225 0.019
6 28 0.230 0.006 0.215 0.009
8 28 0.214 0.005 0.200 0.009
10 28 0.183 0.005 0.176 0.002

® Number of replicate = 1.

Table 7 Parameters obtained from the peak analysis of PSD curve of solidified/stabilized soils



with different binder dosages and curing times.

Dosage  Curing na Ay ¢ d A; c d R2¢
(%)  time (d) (mL/ig)® U (mug)® 2 72

8 7 2 0192 -0.633 0.821 0045 -0.287 0.258 0.96
8 28 2 0185 -0.652 0973 0026 -0582 0.232 0.96
8 90 1 0182 -0.738 1.035  — —  — 093
4 28 2 0201 -0.151 0532 0071 0.892 0.643 0.95
6 28 2 0191 -0409 0701 0.042 0.227 0.302 0.9
8 28 2 0185 -0.652 0973 0026 0203 0.232 0.96

10 28 1 0.18 -0.916 0.916 — — — 095

® Number of peaks in the fitted PSD curves.

® Arand A,, volumes of soil pores covered by simulated f.(d) and f,(d) curves.

¢ g and pp, logarithm of the mean diameter of soil pores fitted by f;(d) and f,(d) curves.
¢ 61 and o, standard deviations.

® R?, correlation coefficient.

Table 8 Intensity of major reaction products in solidifiec/swohiiized soils with different curing
times obtained from X-ray diffrac.on analysis.
Intensity (counts)

Reaction products Bragg angle (°)

74P 28d° 90d?

A 9.10 837 1039 1093

15.80 507 508 624

con 2936 853 1110 1227
32.02 459 493 526

Portlandite 1840 403 pi o
34.05 401 485 608

_ 1 .20 652 531 ND °
OC-NI(OH)Z L0 NDb NDb NDb

_ 1926 551 569 489
ﬁ_NI(OH)Z 38.46 NDb NDb NDb

_ 10.02 ND " 681 ND "
Ni-Fe LDHs (S) 20.04 ND ® 478 ND®
_ 11.64 ND ° ND°® 634
Ni-Fe LDHs (C) 23.40 ND ND ° 485
18.92 ND P 528 554

Zns(OH)sCl,-H,0 38.28 ND P ND P ND P
14.18 483 496 479

% Binder dosage is 8%.
® No peak is detected.



Table 9 Intensity of major reaction products in solidified/stabilized soils with different binder
dosages obtained from X-ray diffraction analysis.

Reaction products Bragg angle (°)

Intensity (counts)

8% ° 20% 2 50% °

At 9.10 1039 1194 1471

15.80 598 719 794

.. 29.36 1110 1327 1592
32.02 493 547 634

Sortlandite 18.10 472 488 494
34.08 487 552 649

. 11.36 531 553 629
o-Ni(OH), 22.74 ND ° ND ° 463

. 19.26 551 569 617

_Ni(OH

A-Ni(OH), 38.46 ND P Db 373

. 10.02 681 703 771
Ni-Fe LDHs (S) 20.04 478 491 523
. 11.64 NC P ND P 759
Ni-Fe LDHs (C) 23.40 N ND ° 493
18.92 528 565 637

Zns(OH)eClo-H.0 38.28 NI ND ® ND ©
14.18 496 567 603

Cazn,(OH)e-2Hz0 28.56 454 511 534

% Curing time is 28 d.
® No peak is detected.

Table 10 Total and leached concenu ~tions of heavy metals in BOFS, CCR, and PG.

Heavy metal ®

Total concartr adon (mg/kg)

Leached concentration (mg/L)

BOFS  ~°CR PG BOFS CCR PG
Nickel (Ni)® <1.9' <1.9 <19 <0.002° <0.002 <0.002
Zinc (Zn)® <3.2 7.11 <3.2 <0.5 <0.5 <0.5
Lead (Pb) ° L2 0.2 <0.1  <0.005 <0.005 <0.005
Cadmium (Cd)® <005  <0.05 0.06  <0.001 <0.001  <0.001
Copper (Cu) ° 2.7 <1.2 6.2 <0.05 <0.05 <0.05
Chromium (Cr) ° 0.3 <0.1 <0.1 <0.01 <0.01 <0.01
Arsenic (As) ° <0.5 <0.5 <05  <0.001 <0.001 <0.001
Mercury (Hg) ¢ <0.05  <0.05  <0.05 <0.0001 <0.0001 <0.0001

% The suggested elements prescribed as per China GB 36600 and China GB/T 14848.
® Tested as per China HJ 766 (China MEE, 2015).
° Tested as per China HJ 680 (China MEE, 2013).
¢ Symbol < x in total concentration means lower than the detection limit (x mg/kg).

®Symbol <y in leached concentration means lower than the detection limit (y mg/L).
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contaminated soil. (Number of replicate = 1).
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distribution map: (Curing time is 28 d and number of replicate = 1).
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Fig. 10 X-ray diffractograms of the soil solidified/stabilized with 8% BCP dosage at various

curing time (Number of replicate = 1).
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Highlights

BCP, a sustainable by-product-based binder, is developed.

BCP improves the strength but reduces the leachability of contaminated soil.
Solidification and stabilization effectiveness of BCP are investigated.

Curing time and BCP dosage are suggested for soil stabilization/solidification.



