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f heavy metals in tannery sludge
by the formation of tobermorite in subcritical water
treatment with rice husk silica†
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Shamsunnahar Khanam,d Md. Abu Bakar Siddique, e Md Faysal Hossainf

and Tapos Kormoker *b

Tannery sludge, heavy metals (HMs) enriched hazardous solid waste, is produced extensively in many

regions of the world. Even though the sludge is hazardous, it can be considered a material resource, if

organic matter and HMs in the sludge can be stabilized to minimize its negative environmental impacts.

This research aimed to evaluate the efficacy of using subcritical water (SCW) treatment for tannery

sludge treatment through immobilization and thus reduction of HMs to mitigate their potential

environmental risk and toxicity. HMs in the tannery sludge were analyzed by inductively coupled plasma

mass spectrometry (ICP-MS) and the average concentration of HMs (mg kg−1) was found in the

following decreasing order of Cr (12 950) > Fe (1265) > Cu (76) > Mn (44) > Zn (36) > Pb (14) with very

high Cr concentration. The result of toxicity characteristics leaching procedure and sequential extraction

procedure tests revealed that the raw tannery sludge leachate contained 11.24 mg L−1 Cr, which

classified the raw tannery sludge into a very high-risk category. After SCW treatment, the concentration

of Cr in leachate was reduced to 1.6 mg L−1 indicating risk reduction to a low-risk category. The eco-

toxicity levels of other HMs also decreased considerably after SCW treatment. X-ray diffractometry (XRD)

and scanning electron microscopy (SEM) analysis were employed to identify the effective immobilizing

substances formed in the SCW treatment process. The favorable formation of immobilizing

orthorhombic tobermorite (Ca5Si6O16(OH)2$4H2O) at 240 °C in the SCW treatment process was

confirmed by XRD and SEM analysis. The results confirmed that the formation of 11 Å tobermorite is

capable of strongly immobilizing HMs in the SCW treatment process. Further, both orthorhombic 11 Å

tobermorite and 9 Å tobermorite were successfully synthesized by SCW treatment on a mixture of

tannery sludge including rice husk silica and Ca(OH)2 with water under rather mild conditions. Hence, it

can be concluded that SCW treatment of tannery sludge with supplementary silica from rice husk can

effectively immobilize the HMs and significantly reduce their environmental risk through tobermorite

formation.
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1. Introduction

Tanning industries generate huge quantities of wastewater and
solid wastes throughout the whole process. The treatment
process of tanning effluents also produces a bulk quantity of
solid materials called tannery sludge. This sludge is usually
a by-product from wastewater treatment, typically generated
through chemical precipitation with the addition of lime and
inorganic coagulant, which contains approximately 500–
5500 mg L−1 trivalent chromium (Cr).1,2 Most of the leather
production industries around the world use Cr salts for leather
tanning.3 Therefore, tannery sludge may contain high concen-
trations of Cr which is a potential contaminant of soil, surface
water, and groundwater unless it is properly treated and
disposed of.4 In addition to Cr, tannery sludge oen contains
elevated concentrations of other heavy metals (HMs) such as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
arsenic (As), nickel (Ni), cobalt (Co), copper (Cu), zink (Zn), iron
(Fe), and cadmium (Cd) due to the use of Cr salt, syntans, dyes,
pigments, and re-tanning agents that are used in tanning
processes.5,6 Such HMs possess chronic adverse impacts on
human health as well as the ecosystem because of their non-
biodegradable nature, long biological half-lives, and potential
for bioaccumulation.7 Therefore, the tannery sludge needs to be
treated for removal or immobilization of HMs before being
discharged into the environment. Moreover, the volume and
mass of tannery sludge need to be reduced due to the scarcity of
available landll sites for its nal disposal.

Various methods such as chemical extraction, bio-leaching,
adsorption, and bioremediation have been applied for the
removal of HMs from the tannery sludge and other waste such
as tailing leachate.8–12 However, such methods are tedious and
time-consuming and it has been observed that they are difficult
to control for removal efficiency in the actual operation.
Immobilization, in this regard, is a promising technique for
treating heavy metal-contaminated sludge and soil and thus
reducing the HMs toxicity in the environment.13 The technique
is widely employed due to its high efficiency, simplicity, and
cost-effectiveness.14 Subcritical water (SCW) treatment has
recently gained widespread recognition as a potential technique
for the pretreatment of organic sludge due to its simplicity and
affordability.15 SCW may be effective in both immobilization of
HMs in contaminated sludge and the reduction in its volume
and mass. In contrast, a reduction in volume and/or mass
means leads to an increase in the concentrations of HMs in the
residual. Therefore, stable immobilization of HMs in the
residue from tannery sludge is crucial. Several immobilizing
agents, such as magnetite, biochar, sulde, carbonate, silicate,
and phosphate have been applied for the immobilization of
HMs in sludge. The formation of tobermorite in the SCW
process on tannery sludge can be an effective way to immobilize
and stabilize HMs. Tobermorite is calcium silicate hydrated
that is a carbonate–silicate-based mineral having the chemical
formula of Ca5Si6O16(OH)2$4H2O or Ca5Si6(O, OH)18$5H2O.
Tobermorite is a naturally occurring crystalline mineral and is
known to immobilize a wide range of HMs with very high effi-
ciency. It can also be synthesized under hydrothermal
(subcritical water, SCW) conditions via the reaction of silica and
calcium at moderately high temperatures as applied in Auto-
claved Lightweight Aerated Concrete (ALAC) panel
manufacturing process. ALAC is rich in tobermorite that
provides strength behavior. Additional advantages of SCW
treatment on sludge include stabilization of organic fraction
and reduction in mass and volume of the nal residue. Dew-
aterability is also improved which contributes to further mass
and volume reduction in the nal residue.

To develop a practical and feasible waste treatment system,
the possibility of simultaneous treatment of multiple wastes
should be incorporated. Since silica is needed for the formation
of tobermorite, co-SCW treatment of tannery sludge with rice
husk silica can be advantageous for both immobilization of
HMs and the management of rice husk waste, which is one of
the major agricultural solid wastes. Previously some
researchers10,16,17 used tobermorite or tobermorite-based
© 2023 The Author(s). Published by the Royal Society of Chemistry
materials for the removal of HMs such as Pb, Cd, Cr, Cu, and
other chemicals such as phosphate and ammonium fromwater.
However, to the best of our knowledge, the immobilization and
stabilization of HMs in tannery sludge using tobermorite have
not been reported yet. The formation of tobermorite by facile
SCW treatment of tannery sludge with rice husk-mediated
amorphous silica, calcium oxide, and NaOH solution is ex-
pected to be able to provide means for tannery sludge stabili-
zation before land application. Nevertheless, the risk of HMs in
tannery sludge aer SCW treatment with rice husk silica
through tobermorite formation has not also been investigated
yet. Therefore, the primary objective of the research is to eval-
uate and control the environmental risk of HMs in tannery
sludge by SCW treatment with rice husk silica, and conrm that
the sludge is safe before land application. Based on this
consideration, the investigation on the immobilization of HMs
in tannery sludge and the inuential factor in SCW treatment is
of great importance for risk control of HMs in the sludge to
improve the risk reduction effects of SCW on HMs. The
formation of tobermorite under SCW conditions is considered
to be one of the causal factors for the immobilization of HMs in
treated sludge. Therefore, investigating the formation of
tobermorite under SCW conditions is necessary and urgent.

2. Materials and methods
2.1. Collection and preparation of tannery sludge

Tannery sludge samples were collected from Leather Industry,
Merlimao industrial state, MerlimaoMelaka, Malaysia. Samples
were collected randomly from different sludge dumping sites.
The sampling period represents normal process conditions for
the leather industry. The wet weight of the individual sample
was around 10 kg. Aer sampling, the sludge was crushed into
small particles by a ball mill and stored at 4 °C in a sealed
plastic bag for further experiments.

2.2. Preparation of amorphous silica from rice husk

About 10 kg of rice husk was collected from local farmers in
Tsukuba, Japan for experimental purposes. The collected rice
husk underwent a series of steps that included washing with
a 5 M sodium dodecyl sulfate solution, air drying overnight,
soaking in a 0.5 M sulfuric acid solution, and rinsing with tap
water, distilled water, and Milli-Q water in that order. The
cleaned rice husk samples were air-dried overnight and then
dried in an oven at 105 °C for 24 h. 2 g per crucible of dry rice
husk was kept in a muffle furnace, incinerated at 650 °C for 2 h
to remove organic matters, and placed in a desiccator for
cooling.18,19 The nal product, amorphous silica from rice husk,
was used in the experiments as the supplementary source of
silicon as silica (SiO2) for tobermorite formation.

2.3. SCW treatment of tannery sludge

At rst, amorphous silica and calcium oxide weremixed with 10 g
of tannery sludge powder in a beaker at a ratio of 0.81. Then,
6mL of 2MNaOH solutionwas added to themixture, andMilli-Q
water was used to make the total volume to 100 mL. A bench-top
RSC Adv., 2023, 13, 10610–10620 | 10611
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Fig. 1 Sequential extraction procedure of heavy metals.
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SCW reactor system developed andmanufactured by OMLabtech
Company Limited (Model: MS200-C, OM Labtech, Tochigi,
Japan) was used for SCW studies. The hot water inside the rector
acts as a catalyst in a saturated pressure condition (ESI Fig. S1†).
SCW experiments were conducted with 10 g of the mixture of
tannery sludge powder and amorphous silica loaded into the
reactor and treated under SCW conditions (200 to 280 °C) under
the saturation steam pressure for 30 to 540 min. The pre-
determined SCW treatment conditions are summarized in ESI
Tables 1 and 2.† The pressure range was between 1.5 MPa
(200 °C) and 6.4 MPa (280 °C). The reactor was cooled below
100 °C aer the SCW treatment for the removal of the treated
sample. The raising temperature and the rapid cooling system
follow a curve shown in ESI Fig. S2.† Aer solid–liquid separation
by vacuum ltration with a 0.6-micron pore-size membrane lter,
the collected solid residue was oven-dried at 105 °C for 24 h,
crushed to powder, and stored in a sealed plastic bag at 4 °C until
further experiments and analyses.
10612 | RSC Adv., 2023, 13, 10610–10620
2.4. Physiochemical and elemental analysis of tannery
sludge

The pH of the samples was determined by shaking 5 g of the
sample in 100 mL of deionized water for 16–24 h followed by
direct measurement with a pH meter (Sigma-Aldrich, USA). The
calibration of the pH meter was carried out by standard buffer
solutions of 5020 Reference Standard for pH 4 and Hanna HI
6010 for pH 10. To determine the water content of the sample,
the mass of the wet sample was precisely measured before
drying in an oven at 105 °C for 24 h. Aer drying, the sample was
kept in a desiccator for about 30 min to cool and weighed. The
water content was calculated by eqn (1).

Water content = ((w − d)/w) × 100% (1)

where, w = initial mass (g) of the sample as delivered and d is
the mass (g) of the sample aer drying. The volatile matter,
which is indicative of organic matter in the sample, and ash
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Elemental contents in the tannery sludge samples

Elements Content

Metals [mg kg−1 – dry matter] Al 133 100
Ca 30 300
Cr 12 950
Si (as SiO2) 5300
Fe 1265
K 400
Cu 76
Mn 44
Zn 36
Pb 14
Mg 2500

Other elements [% dry matter] C 19.7
H 3.65
N 2.63
O 45.4
S 1.55
P 0.09
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content were determined aer incinerating the dry sample in
a muffle furnace at 600 to 650 °C for 3 h to decompose organic
matter. The molybdenum blue and UV-visible spectrophotom-
eter techniques were used to quantify the total amount of
soluble phosphorus (P) and total soluble nitrogen (N) in the
water fraction, respectively. To determine carbon (C), hydrogen
(H), nitrogen (N), and oxygen (O) contents in the sample, an
ultimate analysis was carried out using a CHNO analyzer (Flash
2000, Thermo scientic Fisher, USA).

For heavy metals (HMs) analysis, raw tannery sludge and
treated sludge samples were prepared by the acid digestion
method. About 1 g of dry solid was rst incinerated in a muffle
furnace at 550 °C for 4 h. Then, 25 mL of a 3 : 1 mixture of HNO3

and HClO4 was added to the resulting organic matter-free solid
sample under cooled conditions and the mixture was gradually
heated on a hot plate at 100–110 °C for ∼4 h. The resulting
colorless solution was dried almost entirely by evaporation.
Aer the digestion process was nished and the residue had
cooled, 0.01 N HNO3 solution was added to make the nal
solution volume of 25 mL. HMs contents in the prepared
samples were then determined by inductively coupled plasma
mass spectrometry (ICP-MS) (ELAN DRC-e, PerkinElmer, USA).
The raw sludge and treated sludge were sequentially extracted
for HMs as per the procedure shown in Fig. 1 and analyzed
accordingly. Sequential extraction using a similar method has
been documented elsewhere.20 The concentration of HMs in the
analyzed samples was calculated by the following eqn (2).

HMs concentration
�
mg kg�1

� ¼

HM concentration
�
mg L�1�� total volume makeup ðmLÞ

weight of solid sample ðgÞ (2)

2.5. Risk assessment code (RAC) and ecotoxicity

A risk assessment code based on the metals in the rst two
fractions (F1 + F2), which are vulnerable to variations in salt
content, pH of sludge, and the environment, was employed for
a quantitative evaluation of the ecotoxicity of HMs in sludge.21

The risk index (RI), which is dened as the ratio of eachmetal in
these two fractions (F1 + F2) to the overall concentration in the
sludge [RI = ((Fl + F2)/total) × 100], was used to assess the
ecotoxicity of HMs.22,23 Then, HMs in sludge may be categorized
as having no risk, low risk, medium risk, high risk, and
extremely high risk by using RAC (ESI Table S3†).

2.6. Analysis for tobermorite

The formation and presence of tobermorite were identied by
X-ray diffraction (XRD) analysis, which produces characteristic
patterns of the materials when an X-ray beam is diffracted by
thematerial's surface. Using an agatemortar and pestle, the raw
materials and tobermorite were crushed, pulverized to a ne
powder <5 mm, and mounted on aluminum plate sample
holders with a volume of 0.1 cm3. The samples were analyzed
with a powder diffractometer (Smart Lab, Rigaku, Japan) oper-
ated in Bragg–Brentano geometry with Cu-ka radiation at 40 mA
© 2023 The Author(s). Published by the Royal Society of Chemistry
and 40 kV, and a secondary monochromator. The diffraction
patterns were recorded in the 2q angle range of 10–70° with
a scanning step of 0.02°. The powder diffraction le database
provided by the International Center for Diffraction Data
(ICDD) was used to compare the diffraction patterns to the
standard line pattern. The tannery sludge and synthetic product
were also inspected by XRD analysis.

To determine how the surface morphology and porous
structure of the samples change due to the conversion of sludge,
a scanning electron microscope (SEM) (JSM.7800F Prime, JEOL,
Japan) was used and the images were captured carefully at
different magnications.

3. Results and discussion
3.1. Elemental contents in tannery sludge, and chemical
compositions of rice husk

The concentration of chemical elements in the tannery sludge
collected from the tannery industry is presented in Table 1.
Total carbon (19.7%), total hydrogen (3.65%), total nitrogen
(2.63%), and silica (5300 mg kg−1) contents in the samples were
determined on the dry sample. The average concentration of
HMs was found in the following decreasing order of Cr > Fe > Cu
> Mn > Zn > Pb. The highest concentration was observed for Cr
(12 950 mg kg−1), which might be due to the effects of
unplanned tanning activities and tannery waste dumping from
the industries.24 The effluent discharged from tannery indus-
tries is the main source of Cr that is deposited in the sludge.25 It
was also found that Ca content was high, while silica content
was very low. These two elements are the basic components of
tobermorite. High concentration of aluminum is due to the
effects of coagulant (alum or poly-aluminum chloride) used in
the wastewater treatment process. Other heavy metal concen-
trations spread over a very wide range, from 1 to more than
4500 mg kg−1. A similar wide variation in the concentration
range of HMs was reported in the literature.26–28 The difference
in the concentration of HMs in the industry is due to different
raw materials and the operational processes applied.29
RSC Adv., 2023, 13, 10610–10620 | 10613
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Fig. 2 Fractional distribution of heavy metals in the tannery sludge, F1:
water-soluble fraction, F2: exchangeable fraction, F3: reducible frac-
tion, F4: oxidizable fraction, and F5: residual fraction.
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The chemical compositions of rice husks are presented in
ESI Table S4.† The organic materials in rice husk consist of
mainly cellulose (31.12%), hemicellulose (24.48%), and lignin
(22.34%). The moisture and ash content were 7.86 and 13.87%,
respectively. The rice husk ash contains several metal oxides
(e.g., SiO2, K2O, MgO, Al2O3, CaO, Fe2O3) with the highest and
lowest % of silica (93.19) and Fe2O3 (0.58), respectively (Table
S4†).
3.2. Speciation, bioavailability, and eco-toxicity of HMs in
the tannery sludge

The sequential extraction method provides useful information
on the potential mobility and association of HMs with different
phases of sludge.30,31 The fractional distribution of HMs in the
tannery sludge is depicted in Fig. 2. The distribution of each
HM, which is associated with different fractions in the tannery
Fig. 3 Distribution of heavy metals in bioavailability (Cbio: bioavailabl
bioavailable fraction).

10614 | RSC Adv., 2023, 13, 10610–10620
sludge, varies depending on the metals. In the case of Cr, the
water-soluble fractions (F1) and the residual fraction (F5) were
14.3 and 22.7%, respectively. F1 of Pb was less than 5%, while
51% of it was found in the reducible fraction. Among the HMs
studied, Mn was found with the highest water-soluble fraction.

The fraction distribution of HMs can be used to assess the
bioavailability and toxicity of the HMs. Fig. 3 shows the distri-
bution of availability of HMs. The criteria for their availability
are summarized in ESI Table S5.† It was found that for HMs in
raw tannery sludge before SCW treatment, the highest
bioavailable fractions (Cbio) were observed withMn (81.4%), Cu
(61.1%), and Cr (31.7%) (Fig. 3). The potentially bioavailable
fractions (Cp-bio) of Cr and Pb were 45.7 and 67.0%, respec-
tively, which were the highest among the HMs studied.
Considering the sum of bioavailable fraction and potentially
bioavailable fraction, and the high concentration of Cr in the
tannery sludge, the human health risk of Cr in the tannery
sludge is high.

The eco-toxicity results based on the RACmodel are depicted
in Fig. 4. As shown, Mn (81.0%), Cu (61.0%), Cr (31.7%), and Zn
(30.5%) are regarded to be at high risk to the environment. Pb
and Fe in the tannery sludge are considered to be at medium
risk in this study. RI values also indicate their mobility, and
hence toxicity in the environment. Based on the RAC results, the
tannery sludge is judged not to be suitable for direct soil
application. The risk and ecotoxicity of HMs must be reduced,
especially for Cr because its original concentration is very high
followed by high toxicity. The tannery sludge is very toxic, and
its level of risk is very high if directly applied to the soil without
treatment.
3.3. Effects of SCW on HMs immobilization

Even though the increase in the concentration of HMs in the
collected residue of sludge aer SCW due to the liquefaction of
organic matter and improved dewaterability implies
e fraction, Cp-bio: potentially bioavailable fraction, and Cn-bio: not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Eco-toxicity of heavy metals in tannery sludge by risk assessment code (RAC) model based on the scale of metals in (F1 + F2).
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a possibility of increased potential risk, the evaluation must
consider their fractionations and current forms. The current
forms of HMs are oen more signicant because they control
the HMs' bioavailability, mobility, and ecotoxicity. Different
fractions of HMs in sludge and hydrochar made from sludge
may be extracted, and these fractions may represent the HMs'
current forms. The results are shown in ESI Fig. S3.† SCW
process affected positively on immobilization of the HMs in the
tannery sludge. The effects of immobility on HMs are somewhat
related to the dehydration process. Some weakly bound HMs (in
fractions Fl and F2) might have transferred with the migration
of water, resulting in partial release or dissolution into liquid
portions and partial xation into sludge through precipitation
and recombination. The suggested immobilization process is
supported by the fractional transformation and redistribution
of HMs.21

Stabilization and extraction occurred simultaneously during
SCW treatment. Co-mixing of rice husk silica and tannery
sludge treated at different SCW temperatures had a great
inuence on the redistribution of HMs in fractions and the
reduction of ecotoxicity and bioavailability (ESI Fig. S3†). Aer
a treatment within SCW, the existing forms of all HMs changed
and accumulated in F5. The effects were more apparent at
higher temperatures at 240 °C and 280 °C than at 200 °C. SCW
treatment signicantly transferred all heavy metal species to F4
and F5 fractions that have no risk to the environment which is
consistent with the ndings of some previous studies.25,32

Immobilization may have occurred simultaneously in two
pathways, which are chemical stabilization and physical
encapsulation. ESI Fig. S3(C)† shows that weakly bounded
forms (F1 and F2) of HMs decreased in the sludge residue aer
SCW treatment. Importantly, the F5 fraction had changed
signicantly for all HMs aer SCW treatment, especially at 240 °
C and 280 °C, implying that added silica and Ca formed
a C–S–H gel, or C–S–H layered structures, which were imperfect
layered structures of tobermorite. According to a study reported
© 2023 The Author(s). Published by the Royal Society of Chemistry
by Vespa et al.,33 HMs may rmly occupy three positions of the
layered structure of the tobermorite.

3.4. Bioavailability assessment of HMs in tannery sludge
before and aer SCW

Ecotoxicity and bioavailability were evaluated using the
percentage of HMs in Cbio, Cp-bio, and Cn-bio; the ndings are
shown in ESI Fig. S4.† HMs in F1 and F2, which represent the
weakly bounded fractions, can easily be released into the envi-
ronment. These two fractions recorded higher contents withMn
(81%), Cu (61.7%), Cr (31%), and Zn (30%) than Fe (20%) and
Pb (17%). A large fraction of each HM existed in a potentially
bioavailable form in the raw tannery sludge. However, aer
SCW treatment, the bioavailable fraction (Cbio) of HMs
decreased. A notable decrease was found with concerned Cr,
which was reduced from 31 to 8.7%, while Cu decreased from 61
to 15%, Fe from 21 to 16%, Pb from 17 to 8%, Mn from 81 to
20%, and Zn from 30 to 9%. The potentially bioavailable frac-
tion (Cp-bio) decreased slowly with increasing temperature
except for Cr at 240 °C. The Cp-bio value of Cr decreased at 200 °
C, then increased at 240 °C in contrast to the other metals. It
was shown that the immobilization of Cr, Pb, and Mn was due
to transformation from the Cbio fraction to the Cp-bio fraction
in the treated tannery sludge. The Cn-bio fraction of HMs
showed a signicant increase aer SCW treatment, which is
crucial for the immobilization of HMs. The HMs content in the
residual phase, Cn-bio, which is not likely to leach or degrade
(as classied as non-toxic), increased sharply with SCW
temperature, indicating that treatment temperature is a deci-
sive factor for the immobilization of HMs in the tannery
sludge.32

3.5. RAC analysis of HMs in tannery sludge before and aer
SCW

The RI value of each HM before and aer the SCW is presented
in Fig. 5. Aer SCW treatment at 200 °C with the addition of rice
RSC Adv., 2023, 13, 10610–10620 | 10615
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Fig. 5 Eco-toxicity levels by risk assessment code (RAC) model SCW at 200, 240, and 280 °C, for 30 min.
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husk silica, the risk levels of Cr and Zn were reduced by one step
down from high risk to medium risk. Cu was also reduced by
one step down from very high risk to high risk. The effects of
SCW treatment at 240 °C show that the high-risk level of Cr was
reduced by one step down from the medium-risk zone to the
low-risk zone, while Mn goes one step down from very high risk
to high risk. Except for Fe, which risk level increased by 1% at
the treatment of sludge at 240 °C. The risk level of Cr declined
by 2% from the previous level at 280 °C. In the case of Pb, the
risk level declined by 4%, which might be due to higher
temperatures where Pb was immobilized in the residual frac-
tion. The residual fraction of Pb increased with the increasing
temperature leading to Pb immobilization,15,25 which indicated
that the risk level of Pb was reduced. Mn also declined from the
high-risk to a medium-risk zone.
3.6. XRD analysis

XRD pattern of raw tannery sludge showed that the major
crystalline phase is quartz and calcium (ESI Fig. S5†). However,
as shown in ESI Fig. S6,† a new phase of 9 Å tobermorite having
a distinctive peak was observed by XRD, implying that tober-
morite was formed in the SCW reaction with the presence of Ca
and silica. Since the CaO/SiO2 molar ratio in the starting
material was set at 0.8 and in excess quantities, it is expected
that tobermorite-based porous material was rst formed by the
added silica serving as the starting material that was incorpo-
rated with NaOH solution. SCW treatment temperature, which
was up to 240 °C, was apparently high enough to promote
tobermorite formation in the presence of alkali such as NaOH.

Aer heating at 200 °C for 360min, a crystal of orthorhombic
tobermorite was formed, which is denoted as 11 Å tobermorite.
Reection data corresponding to the orthorhombic polytypes
10616 | RSC Adv., 2023, 13, 10610–10620
(lattice parameters: a = 11.27, b = 7.35, c = 22.7, a = 90°, b =

90°, g = 90°) was detected. Aer heating at 240 °C for 180 min
with 200% of silica, a crystal of orthorhombic tobermorite, 11 Å
tobermorite, was formed. Reection data corresponds to the
orthorhombic polytypes, where a = 11.27, b = 7.42, c = 22.55,
a = 90°, b = 90°, g = 90° were obtained. Under different SCW
conditions, triclinic tobermorite, one of the clino tobermorite
types, was formed. It is known that there are two polytypes, i.e.,
monoclinic and triclinic. Triclinic polytypes were observed in
the specimen aer SEW treatment under the conditions SR200/
540, SR240/180, SR240/360, SR200/360/D, and SR240/360/D %,
which are all 9 Å tobermorite. However, in the case of treatment
at SR240/180/D, a well-developed crystal of tobermorite, 11 Å
tobermorite, was detected. The XRD pattern agrees closely with
that found by Magaw and Kelsey.34

The XRD patterns of the treated sludge show that the main
diffraction peaks are in good arrangement with 9 Å and 11 Å
tobermorite (ESI Fig. S6†). In ESI Fig. S6(E),† the main diffrac-
tion peaks are in good arrangement with the JCPDS card no. 00-
019-1364 for 11 Å tobermorite at the treatment temperature of
240 °C, reaction time 180 min, and double doses of calcium and
silica. Minor peaks of calcite (CaCO3) were also presented
during the formation of the tobermorite. The treated sludge
with higher doses of calcium and silica may suggest an
increased reaction rate of the tobermorite. Particularly narrow
and sharp peaks indicate the tobermorite phase's strong crys-
tallinity. The basal spacing of the 002-diffraction peak implies
the high formation of the tobermorite phase, which is to be 11
Å. Tobermorite crystallization is known to be affected by the
precursor of C–S–H gel, additional silica may enhance the
formation of C–S–H gel to tobermorite.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effects of SCW temperature on XRD patterns. (A): 200 °C and 240 °C for 180 min; (B): 200 °C and 240 °C for 360 min. Effects of SCW
reaction times on XRD patterns. (C): 200 °C, for 0, 60, 180, and 360 min; (D): 200 °C and 240 °C, for 360 min.

Fig. 7 SEM photograph of a solid portion of raw tannery sludge.
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3.7. Effects of temperature, reaction time, and Ca/SiO2 ratio
on tobermorite formation

The effects of reaction temperature on tobermorite formation
were investigated. Based on the XRD analysis data, there is no
tobermorite in SRC. The quantity of tobermorite grows
dramatically with time while the amount of quartz continues to
© 2023 The Author(s). Published by the Royal Society of Chemistry
decline.35 However, when SCW treatment was applied, it was
observed that large quartz was present at 200 °C/30 min.
However, at 280 °C/30 min, the tobermorite peak appeared. It is
reported that the tobermorite is unstable at high temperatures
and may be converted to walostine, which has a different crystal
structure. In Fig. 6A and B, it is shown that among various
peaks, the peaks of tobermorite at 2q of 29.5 was relatively
RSC Adv., 2023, 13, 10610–10620 | 10617
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Fig. 8 SEM photograph of the solid portion of tannery sludge SCW. (A): 240 °C for 180min, D; (B): 240 °C for 180min, S; (C): 240 °C for 360min,
D; (D): 240 °C for 540 min, S.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 1
2:

25
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stable. The intensity of peaks increased to 7–8 and 28.5–29
when the curing temperature reached at 240 °C. As the
temperature increased from 200 to 240 °C, the peak of SiO2

progressively reduced, suggesting that the curing temperature
may speed up the interaction between Ca(OH)2 and SiO2. These
phenomena proved that the temperature of 240 °C is favorable
to form tobermorite.

The effect of reaction time on the phase evolution was
investigated at 200 °C and the results are presented in Fig. 6C
and D. Aer 60 min, no sludge was found. The reection peaks
of the tobermorite become sharper as treatment time increases,
indicating that longer durations result in greater crystallinity.
Aer 540 minutes of treatment, the quartz reection peaks
entirely disappeared, indicating that the reaction had nished.
The XRD patterns of the nal samples show that as the reaction
time increased, the amount of tobermorite formation increases
sharply. A longer curing time is required for quartz to complete
the reaction and produce pure tobermorite. The temperature of
200 °C and 540 min reaction time showed the best performance
to form the tobermorite. Effects of the Ca/SiO2 ratio were
examined. The result showed that adding more silica reduces
the curing time to form the tobermorite. SR240C/180/D
produced the best tobermorite according to XRD and SEM
results.
3.8. SEM image observation on immobilization of HMs
within tobermorite

The SEM photographs of tannery sludge before and aer SCW
treatment are shown in Fig. 7 and 8. Needle or sheet-like crystal,
10618 | RSC Adv., 2023, 13, 10610–10620
which is characteristic of tobermorite, was observed in the SEM
images. Fig. 8A shows the distinctive morphology of tober-
morite formed in SCW treatment at 240 °C and for 180 min
added silica on double doses (SR240/180/D). The observed
morphology of tobermorite 11 Å matches the research work of
Nair et al.36 Whereas the SCW reaction at 240 °C and for 360min
with a double dose of silica, tobermorite 9 Å was also formed
(Fig. 8C). It was observed that both orthorhombic 11 Å and 9 Å
tobermorite were successfully synthesized by SCW treatment on
the mixture of tannery sludge, rice husk silica, and Ca(OH)2
with water under rather mild conditions.
4. Conclusions

The present research demonstrates a comprehensive assess-
ment of the immobilization of heavy metals (HMs) in tannery
sludge by the formation of tobermorite (Ca5Si6O16(OH)2$4H2O)
in subcritical water (SCW) treatment with rice husk silica. The
results showed that most of the metals, especially Mn Cu, Cr,
and Zn in tannery sludge remain in bioavailable form and also
pose high environmental risks when evaluated by the risk
assessment code and risk index. However, the cumulative of the
bioavailable and potentially bioavailable fractions along with
a high Cr concentration in the tannery sludge demonstrated its
high human health risk. Pb and Fe showed to be a medium risk
in sludge. However, the concentrations and risk of all themetals
decreased aer SCW treatment, especially when the sludge was
treated at 240 and 280 °C. The results of SCW treatment effects
revealed that 11 Å tobermorite was formed at 240 °C for 180 min
treatment with a CaO/SiO2 ratio of 200%. In addition, 9 Å
© 2023 The Author(s). Published by the Royal Society of Chemistry
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tobermorite was formed under SCW conditions of [SCW treat-
ment (SR)/treatment temperature/reaction time/CaO & SiO2

ratio]: SR200C/360/200%, SR240C/360/200%, SR200C/540,
SR240/360, and SR240/180. According to the XRD analysis
conrmation, the favorable formation of 9 Å tobermorite was
found in the SCW treatment process when the sludge was
treated at 240 °C for 360 min with a double dose of silica
(SR240/360/D) while 11 Å tobermorite was formed favorably in
SCW treatment at 240 °C for 180 min with an added silica on
double doses (SR240/180/D). Hence, it can be concluded that
tannery sludge amendment with rice husk silica formed
tobermorite successfully under SCW conditions which can
effectively immobilize HMs reducing their environmental
toxicity. This treated sludge could be used safely in land appli-
cations. However, it is recommended that future studies can
focus on the formation of tobermorite within lower tempera-
tures and the evaluation of the mechanism of trapping HMs
within the crystal structure of tobermorite under SCW
conditions.
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