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A B S T R A C T

Textile dyeing sludge (TDS) was pyrolyzed at temperature ranging from 300 to 700 °C to investigate char-
acteristics and to evaluate the risk of heavy metals (Zn, Cu, Cr, Ni, Cd, and Mn) in biochar derived from the TDS.
The analyzation of characteristics and potential environmental risk evaluation of heavy metals were conducted
by the BET-N2, FTIR, and BCR sequential extraction procedure. The results showed that the pyrolysis treatment
of the TDS contributed to the improvement of the pH value and specific surface areas with increasing pyrolysis
temperature. Conversion of the TDS to biochar significantly decreased the H/C and O/C ratios, resulting in a far
stronger carbonization and a higher aromatic condensation for the TDS derived biochar. The total contents of Zn,
Cu, Cr, Ni and Mn in biochar increased with pyrolysis temperature owing to the thermal decomposition of
organic matter in the TDS; but for Cd, the portion distributed in the biochars decreased significantly when the
temperature increased up to 600 °C. However, using BCR sequential extraction procedure and analysis, it was
found that pyrolysis process promoted changes in the chemical speciation and biochar matrix characteristics,
leading to reduce bio-available fractions of heavy metals in the biochars. The potential environmental risk of
heavy metals decreased from considerable risk in the TDS to low risk or no risk in biochar after pyrolysis above
400 °C. This work demonstrated that the pyrolysis process was a promising method for disposing of the TDS with
acceptable environment risk.

1. Introduction

Textile dyeing sludge (TDS) is the inevitable byproduct generated
from textile dyeing wastewater treatment plants. In recent decades, the
production of the TDS has mushroomed due to the rapid expansion of
the textile dyeing industry (Liang et al., 2013; Vanhulle et al., 2008).
According to the China Environment Statistical Yearbook in 2016, ap-
proximately 4.65 million tons of the TDS (approximately 80% moisture
content) were produced in China (Man et al., 2018). Compared with
sewage sludge, the TDS usually contains more toxic organic matter (e.g.
perishable organics, dyeing agents, additives, polycyclic aromatic hy-
drocarbons-PAH, aromatic amines) and heavy metal (e.g. Zn, Cu, Cr, Ni,
etc.) (Man et al., 2018; Sohaimi et al., 2017; Xie et al., 2018). These
poisonous and harmful substances in the TDS, especially heavy metals
(e.g., Zn, Cu, Cr, Ni, Cd, etc.), have strong biological toxicities, causing
serious environmental problems, and resulting in unknown harm to
humans and wildlife (Schwarzenbach et al., 2006). In China, the main
approaches for disposing of the TDS include the use of landfills and

incineration (Chen et al., 2012; Xie et al., 2018). However, landfill
disposal is becoming increasingly difficult to implement due to limited
landfill sites and the risks of polluting farmland and drinking water.
Although the TDS incineration can thoroughly degrade organic pollu-
tants, reduce volume, kill pathogens and generate energy, this method
has gradually been prohibited because of its high potential risk of
secondary pollution and stringent regulations. Therefore, it is im-
perative to explore other appropriate disposal technologies for the safe
management of the TDS.
Pyrolysis technology is the thermal cracking of organic material in

the absence of oxygen and at a pyrolysis temperature between 300 and
900 °C (Han et al., 2014). In recent years, pyrolysis has been developed
as a sustainable treatment technique for sludges with different prop-
erties and from different sources because it has the potential to si-
multaneously target energy recovery, nutrient recycling, heavy metals
immobilization and environmental protection (Chen et al., 2015). This
treatment can minimize the volume of sludge, kill eggs of parasitic
organisms, degrade pathogens, and produce the renewable syngas,
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liquid biofuel and low-priced biochar (Méndez et al., 2014). The bio-
char derived from pyrolysis of sludge pyrolysis is generally alkaline,
with well-developed pore structures and nutrient contents. Sludge de-
rived biochar has been widely used as a soil fertilizer, soil remediation
reagent, and cost-effective sorbent (Chen et al., 2008a; Sohi, 2012; Xiao
and Chen, 2017). Overall, the application of the pyrolysis method is an
effective approach for sludge management, establishing a sustainable
energy system and enhancing societal sustainability.
In recent years, heavy metals have attracted increasing attention

owing to their adverse impacts on the global environment and human
health. Thus, the chemical behavior and bio-availability of heavy me-
tals in sludge during the pyrolysis process have been intensively studied
(Jin et al., 2017; Kistler et al., 1987; Li et al., 2018b; Shao et al., 2015).
Researches have shown that the majority of toxic heavy metals in
sludge were still concentrated in the sludge biochar during the pyrolysis
process due to their higher thermal stability than organic substances
(Devi and Saroha, 2014; Liu et al., 2018, 2017). Although it is essential
to monitor the total heavy metal concentration in sludge, more im-
portantly, identifying the chemical speciation of heavy metals in sludge,
since heavy metal speciation largely determines heavy metal mobility,
bio-availability, and eco-toxicity (Huang et al., 2018; Legros et al.,
2017). Various researches have extensively investigated the toxicity of
heavy metals in sludge biochar under various pyrolysis conditions and
have found that pyrolysis promotes the transformation of the mobile
fraction of heavy metals to more stable forms (Devi and Saroha, 2014;
Shao et al., 2015). Jin et al. (2016) observed that most of the heavy
metals existed in the oxidizable and residual forms in the biochars after
the pyrolysis of the sludge at temperatures ranging from 400 to 600 °C
(especially at 600 °C). Our previous study also indicated that heavy
metals in the sludge can be substantially migrated from bio-available
fractions into the relatively stable fractions during sludge pyrolysis (Li
et al., 2018a; Wang et al., 2016), thus lowering the bio-availability of
the heavy metals and the potential and direct environmental risks of the
sludge biochar. However, most literature focused on municipal sewage
sludge, paper making sludge and lignocellulosic waste to investigate the
factors influencing the migration and risk assessment of heavy metals
during the pyrolysis process, with a few studies concentrating on the
heavy metals behavior of the TDS.
The TDS had a lower content of Pb but higher contents of Cr and Ni

than sewage sludge, and the chemical fraction distribution of heavy metals
in the TDS varied greatly depending on the raw materials, pH and heat-
drying method (Liang et al., 2013). During the TDS incineration, a higher
temperature and the CaO additive had a positive effect on the crystal-
lization of heavy metals (Lin et al., 2014). Furthermore, Zhang et al.
(2017) found that the leaching characteristics of heavy metals in the
biochar derived from the TDS can satisfy the requirements of national
standards (GB 5085.3-2007, China) and will not pose a threat to the en-
vironments. However, the distribution and detailed chemical speciation of

heavy metals and the effects of treatment conditions during the TDS
pyrolysis have been barely studied thus far.
Therefore, the main objectives of this study were to (1) investigate the

pyrolysis process and the effect of pyrolysis temperature on biochar
characteristics, (2) evaluate the total concentrations and chemical spe-
ciation of heavy metals in biochars produced from the pyrolysis of the TDS
at different pyrolysis temperatures (300–700 °C), and (3) assess the po-
tential environmental risk of heavy metals leaching from biochar to the
environment.

2. Materials and methods

2.1. Materials

The TDS was obtained from a printing and dyeing plant in Zhejiang
Province, located in the southeastern part of China. Before the experi-
ments, the wet TDS sample was dried for 24 h at 105 °C in a drying oven to
remove the moisture content and then crushed and sieved to fine particle
size (0.043–0.15mm) and stored in a desiccator. The ash content, pH
value and ultimate analyses of the oven-dry TDS are listed in Table 1.

2.2. Experimental apparatus and procedure

Pyrolysis of the TDS was conducted in a homemade pyrolysis and
carbonization experimental apparatus included a high-pressure gas
source, a horizontal quartz tube with a surrounding electrically heated
furnace, and an acetone trap for gas absorption derive (Fig. S1). In each
experiment, 20.0 g of oven-dried the TDS was first inserted into a quartz
tube, which was purged with argon gas of 99.99% purity for 60min to
wipe out the oxygen gas before pyrolysis and then 100mlmin−1 argon
gas was maintained during the entire pyrolysis process. The pyrolysis
temperature was increased from room temperature to the target tem-
perature at a rate of 10 °Cmin−1, and the target temperatures were
maintained for 60min. The resultant biochars were noted as BC-X,
where the prefix “BC” referred to biochar produced from the TDS, and
the infix “X’’ referred to the required temperature. All pyrolysis ex-
periments were replicated in triplicate, and the replicate samples ob-
tained in each experiment were homogeneously mixed and then the
mixed samples were stored in desiccators for further use.

2.3. Characterization of biochar

The biochar yield was calculated according to the weight of the
feedstock and obtained biochars. The ash contents of the TDS and its
biochars were determined by using the standard GB/T 12496.3-1999.
The pH value was measured with a pH meter (Denver, UB-7, USA) and
at a ratio of 1:20 (W/V) (Jin et al., 2016). The elemental analyses of C,
H, N, and S were analyzed with an elemental analyzer (VARIO MAX,

Table 1
Characteristics of the TDS and its biochars.

TDS BC-300 BC-400 BC-500 BC-600 BC-700

Yield (wt%) / 80.85 ± 1.38ca 73.12 ± 0.62b 69.02 ± 0.75b 66.81 ± 1.01ab 60.96 ± 0.96a
Ash content (wt%) 51.21 ± 1.35a 63.57 ± 1.17b 68.40 ± 0.98bc 71.35 ± 0.71c 75.03 ± 1.26cd 78.65 ± 1.57d
pH value 7.28 ± 0.08a 7.40 ± 0.05a 8.73 ± 0.04a 10.20 ± 0.10b 10.99 ± 0.07bc 12.35 ± 0.12c
C (wt%) 20.22 ± 0.26d 17.89 ± 1.00c 15.05 ± 0.51b 14.20 ± 0.24ab 13.70 ± 0.18ab 12.28 ± 0.02a
H (wt%) 3.65 ± 0.06e 1.85 ± 0.12d 1.10 ± 0.03c 0.72 ± 0.01b 0.54 ± 0.01ab 0.42 ± 0.01a
N (wt%) 2.26 ± 0.13d 1.71 ± 0.24d 1.11 ± 0.15c 0.83 ± 0.06bc 0.39 ± 0.02ab 0.12 ± 0.01a
S (wt%) 4.31 ± 0.09a 4.60 ± 0.14a 5.32 ± 0.03b 5.55 ± 0.02b 5.96 ± 0.07c 6.62 ± 0.10d
Ob (wt%) 18.36 10.39 9.01 7.35 4.39 1.92
Molar H/C 2.16 1.24 0.88 0.61 0.47 0.41
Molar O/C 0.68 0.44 0.45 0.39 0.24 0.12
Surface area (m2/g) 6.44 23.83 21.99 27.13 31.44 65.56

TDS, raw textile dyeing sludge; BC-X, biochar derived from the textile dyeing sludge pyrolysis at X (°C) temperature.
a Lowercase letters after the numerical values show significant differences within each row of data (p < 0.05, n=3).
b By difference, O=100− (C+H+N+S+Ash).
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Germany). The BET surface areas of the samples were determined using
N2 adsorption-desorption isotherms at 77 K using a surface apparatus
(Micromeritics ASAP 2020). The surface functional groups of the sam-
ples were obtained using a Fourier transform infrared (FTIR) spectro-
meter (NicoletiS10, ThermoFisher, USA). The oven-dried sample was
mixed with KBr at a ratio of 1:100 in an agate mortar and then the
resulting mixed powder was pressed into pellets for analysis. The
spectra were recorded in the range of 400–4000 cm−1 at a resolution of
4 cm−1.

2.4. Analysis of heavy metals

2.4.1. Total concentrations and chemical speciation of heavy metals
The three-step BCR sequential extraction procedure was adopted for

the sequential extraction of the heavy metals in the TDS and its biochars
(Chen et al., 2014). Briefly, 0.50 g of the oven-dried samples was added
to 50ml polypropylene centrifuge tubes and sequentially extracted by
the following steps: F1, acid-soluble/exchangeable fraction: 20ml
acetic acid (0.1M) for 16 h at 25 °C; F2, reducible fraction: 20ml hy-
droxylamine (0.1M, pH 2.0) for 16 h at 25 °C; F3, oxidizable fraction:
first, 5 ml hydrogen peroxide (30%, v/v) for 1 h at 25 °C, next, another
5ml hydrogen peroxide (30%, v/v) for 1 h at 85 °C and dried in a water
bath, last, 25ml ammonium acetate (1M, pH 2.0) for 1 h at 25 °C. For
F1–F3, a portion of the extracted liquids was digested to remove dis-
solved organics with a mixture of concentrated acid (H2O2:HNO3
= 1:1, v/v) on a hot plate at 100 °C and then diluted to a constant
volume (50ml) with HNO3 (2%) before analysis. The untreated samples
and extracted solid residues were digested with a mixture of con-
centrated acid (HNO3:HClO4:HF=5:5:2, v/v) by using the microwave
digestion instrument. Each of the digestion solutions was filtered and
diluted for concentration analysis. The heavy metals concentrations in
the untreated samples, extracted liquids, and extracted solid residues
were determined by inductively coupled plasma-mass spectrometry
(ICP-MS) (Agilent Technologies, 7500CX, Santa Clara, CA).
In this study, the residual rate of heavy metals in the biochar was

proposed as a parameter to determine the enrichment degree of heavy
metals in the TDS during pyrolysis, which can be calculated using the
following equation:

= × ×R% BCx Y
TDSx

100 (1)

where R is the residual rate of heavy metal in the biochar (%), BCX is
the total concentration of heavy metal in the biochar (mg kg−1), Y is the
biochar yield (%), TDSX is the total heavy metal concentration in the
TDS (mg kg−1), and x is a type of heavy metal.

2.4.2. Leaching experiment
The leachability of heavy metals in the TDS and its biochars directly

relates to their availability and toxicity, and can be assessed by the
toxicity characteristic leaching procedure (TCLP) (Devi and Saroha,
2014; Wang et al., 2016). TCLP simulates landfill condition by using the
glacial acetic acid solution (pH: 2.88, liquid/solid ratio, 20:1). The
leaching tests were extracted in polyethylene tubes and shaken for 18 h
at 200 rpm in a shaking incubator. The supernatant was subsequently
separated by centrifugation, and then digested with H2O2/HNO3 and
filtered through 0.22-μm membrane filters for heavy metals analysis.

2.4.3. Potential ecological risk index (RI)
The potential ecological risk index (RI) proposed by Hakanson

based on the total concentration, number, toxicity and sensitivity of
heavy metals was used to evaluate the degree of potential risk of heavy
metals pollution in the TDS and its biochar using the following equa-
tions:

=C C /Cf m n (2)

= ×E T Cr r f (3)

=RI Er (4)

where Cf is the contamination factor of an individual heavy metal; Cm and
Cn are the potential mobile fractions (F1+F2+F3) and the stable frac-
tion (F4) of the heavy metals, respectively; Er is the potential ecological
risk factor for the individual heavy metal; Tr values is the toxic factor of
the individual heavy metal, and the values for each heavy metal are in the
order of Zn (1), Cu (5), Cr (2), Ni (6), Cd=30, and Mn (1) (Hakanson,
1980); RI is the potential ecological risk index of the overall contamina-
tion. Five Er categories and four RI classes have been defined and were
listed in Table S1. The concentrations of the BCR fractions of heavy metals
in the TDS and its biochar are shown in Table S2.

2.5. Statistical analyses

All experiments were conducted in triplicate, and the results were
expressed as only the mean values ± SD (standard deviation). The
statistical package SPSS 22.0 was used to perform statistical analyses.
The data were calculated to analysis of variance procedures and those
means were separated using the protected least significant difference
(LSD) test at P < 0.05.

3. Results and discussions

3.1. Characterization of the TDS and its biochars

The characterization of the TDS and its biochars produced at dif-
ferent temperatures, including the yield, ash content, pH value, ulti-
mate analysis, and specific surface area, are summarized in Table 1. As
the pyrolysis temperature increased from 300 to 700 °C, the TDS bio-
char yield significantly declined from 80.85% to 60.96% due to the
decomposition of organic substances in the TDS during the pyrolysis
process (Agrafioti et al., 2013; Yuan et al., 2015). Compared with the
TDS (51.21wt%), the ash content in the biochars clearly increased as
the pyrolysis temperature increased. Similar results were also reported
by other researchers (Agrafioti et al., 2013; Chen et al., 2014), sug-
gesting that most of the inorganic constituents in the sludge were en-
riched in the biochar during the pyrolysis process (Chen et al., 2015; Jin
et al., 2016). The pH value of the TDS was close to neutral (7.28).
During the pyrolysis process, the alkali salts in the TDS were released
from the pyrolytic structure, and the amount of acidic surface func-
tional groups decreased with the decomposition of the oxygen-con-
taining functional groups at a higher pyrolysis temperature (Yuan et al.,
2011; Zheng et al., 2013), resulting in the pH value of the biochar
gradually increasing from neutral to alkaline as the pyrolysis tem-
perature increased. The alkaline nature of the biochars produced from
the TDS at high pyrolysis temperatures suggested that the TDS derived
biochar application as an amendment to acid contaminated soil will
have additional beneficial effects.
Pyrolysis of the TDS reduced the contents of C, H, N, and O in the

resultant biochars, with lower C, H, N, and O contents in biochars after
pyrolysis at higher temperatures (Table 1). The main reason for this
result was the continuous decomposition of volatile matter in the TDS
during the pyrolysis process (Li et al., 2018b). The contents of re-
maining C, H, N and O were only 12.28 wt%, 0.42 wt%, 0.12 wt%, and
1.92 wt% in the BC-700, respectively. However, the S content of the
biochars showed an increasing trend as the pyrolysis temperature in-
creased. The ratio of molar H/C and O/C can be used as a carbonization
degree parameter to characterize the degree of organic aromaticity of
the biochar. It can be seen that the ratio of molar H/C and O/C in the
biochar decreased as the pyrolysis temperature due to both the de-
methylation and decarboxylation reactions during the pyrolysis process
(Zhu et al., 2014), implicating a far stronger carbonization and a higher
aromatic condensation for the TDS derived biochar (Cayuela et al.,
2015; Chen et al., 2014). This higher aromaticity biochar can be re-
sistant to decomposition in soil for many years (Huang et al., 2017).
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The surface area of the biochar was mostly correlated with the pyrolysis
temperature (Li et al., 2017). The surface areas of the TDS and its
biochars were 6.44, 23.83, 21.99, 27.13, 31.44 and 65.56m2/g, re-
spectively (see Table 1), suggesting that the surface area in the biochars
increased significantly with an increase in pyrolysis temperature due to
the aggravation of the degree of carbonization.

3.2. FTIR spectra analysis

FTIR spectra analysis was used to identify the chemical functional
groups of the TDS and its biochars obtained at different pyrolysis tem-
peratures (Fig. 1). The peaks at 3405–3443 cm−1 correspond to -OH
stretching vibration related to water, alcohols, and carboxylic acids. The
results indicated that the intensity of -OH stretching of the biochar steadily
decreased with an increasing pyrolysis temperature (Fig. 1), suggesting
that the large amounts of hydroxyl groups in the TDS were decomposed
during the pyrolysis process. The peaks at approximately 2923 cm−1

correspond to asymmetrical and symmetrical -CH3 stretching, showing the
presence of aliphatic structures in the TDS (Fig. 1); however, these bands
disappeared abruptly after pyrolysis at a higher temperature (i.e.,
≥400 °C), leaving only an imperceptible vestige. This result indicated that
almost all the aliphatic C-H bands were decomposed to carbon dioxide,
methane, and other gasses or transformed into aromatic structures when
the temperature reached 400 °C during the TDS pyrolysis process (Lu et al.,
2013). The band at 2360 cm−1 in BC-500, BC-600 and BC-700 might be
the P–H phosphine (Jin et al., 2014). The peaks at 1601–1647 cm−1

correspond to aromatic rings (C=C stretching vibration) and stretching
amide bonds (C=O and -CONH- stretching vibration) caused by the pre-
sence of acids, aldehydes and lipids that come from proteins in the TDS

(Agrafioti et al., 2013; Jin et al., 2016), and the intensities of the peaks
decreased slightly as the pyrolysis temperature increased, indicating that
biochar possesses very high carbon aromaticity. The peaks at
1417–1420 cm−1 corresponding to aliphatic chains, including CH3 and
CH2 groups, did not disappear with increasing pyrolysis temperatures
because the C–H bonds were very strong (Jin et al., 2016). The strong
peaks at 1152–1154 cm−1 correspond to the C-O-C aliphatic/stretching
ether, which was a slight change irrespective of the pyrolysis temperature
due to the different forms of oxygen in the sludge that were transformed
into carbon chains with a single bond form of carbon-oxygen during the
pyrolysis process (Ho et al., 2017). The band with peaks at approximately
873 cm−1 corresponds to aromatic ring and heteroaromatic compounds
(Hossain et al., 2011; Huang et al., 2017). The aromatic ring can provide
π-electrons and has the potential to strongly bond heavy metal cations
(Harvey et al., 2011). The bands below 600 cm−1 were described as metal-
halogen stretching vibrations in samples (Hossain et al., 2011; Huang
et al., 2017). According to the results of the FTIR spectra (Fig. 1), the
pyrolysis temperature dramatically influenced the category and intensity
of the chemical functional groups.

3.3. Heavy metals analysis

3.3.1. Total concentrations of heavy metals in the TDS and its biochar
The total concentrations of Zn, Cu, Cr, Ni, Cd, and Mn in the TDS

and its biochar were listed in Table 2. It was noted that the heavy metal
contents decreased as follows: Zn > Mn > Cu > Cr > Ni > Cd. Zn
had the highest contents among the heavy metals in the TDS, with a
maximum content of 8930mg kg−1, which may be related to the gal-
vanized pipes used in wastewater treatment plants in China (Chen et al.,

Fig. 1. FTIR spectrum of the TDS and its biochars. TDS, raw textile dyeing
sludge; BC-X, biochar derived from the textile dyeing sludge pyrolysis at X (°C)
temperature.

Table 2
Total concentrations of heavy metals in samples and their threshold values for the disposal standards of China.

Samples Heavy metals (mg kg−1)

Zn Cu Cr Ni Cd Mn

TDS 8930.15 ± 89.34aa 262.36 ± 15.37a 251.16 ± 10.22a 183.95 ± 5.03a 0.657 ± 0.078a 1601.20 ± 38.07a
BC-300 10,400.17 ± 97.21b 316.55 ± 20.08ab 297.37 ± 9.88ab 217.32 ± 6.27ab 0.793 ± 0.103a 1859.43 ± 20.75ab
BC-400 11,134.92 ± 69.83c 347.53 ± 18.39abc 314.35 ± 11.37bc 238.57 ± 8.21bc 0.852 ± 0.091a 2082.52 ± 33.62bc
BC-500 12,550.41 ± 93.04d 374.05 ± 23.01bc 360.75 ± 8.78c 260.14 ± 5.08c 0.928 ± 0.055a 2256.54 ± 52.01cd
BC-600 13,080.32 ± 70.55d 392.15 ± 10.55bc 376.82 ± 7.99cd 272.39 ± 2.09cd 0.866 ± 0.042a 2319.54 ± 41.27cd
BC-700 14,109.92 ± 91.39e 426.92 ± 20.02c 411.96 ± 10.11d 299.49 ± 7.44d 0.139 ± 0.027b 2525.01 ± 72.13d
Threshold valuesb 3000 1500 1000 200 20 /

TDS, raw textile dyeing sludge; BC-X, biochar derived from the textile dyeing sludge pyrolysis at X (°C) temperature.
a Lowercase letters after the numerical values show significant differences within each column of data (p < 0.05, n= 3).
b According to the disposal of sludge from municipal wastewater treatment plant-Quality of sludge used in forestland (CJ/T 362-2011).

Fig. 2. Percentage of the heavy metals distributed in biochars. BC-X, biochar
derived from the textile dyeing sludge pyrolysis at X (°C) temperature.
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2014; Jin et al., 2016). Compared with the threshold values for sludge
used in forestland, all of the heavy metals contents in the TDS were
lower than those in the national standard, except for the total contents
of Zn, which far exceeded the threshold values. The heavy metals were
expected to be mainly distributed in biochar (solid residue) and bio-oil
(liquid phase) during the pyrolysis of sewage in the 300–700 °C tem-
perature range (Devi and Saroha, 2014). Fig. 2 showed that the residual
rates of Zn, Cu, Cr, Ni, and Mn in the biochars were over 91.19%,
97.49%, 91.81%, 94.82%, and 93.96%, respectively, which suggested
that most of heavy metals (except for Cd) mainly accumulated in the
biochar after pyrolysis. Accordingly, with the increase in pyrolysis
temperature from 300 to 700 °C, the total contents of Zn, Cu, Cr, Ni and
Mn in biochars increased due to the lower loss in weight of heavy
metals than the loss in weight of organic compounds during pyrolysis

(Table 2). For Cd, the portion distributed in the biochars started to
decrease when the pyrolysis temperature reached as high as 600 °C,
especially for the fraction of Cd distributed in BC-700 (12.92%). It can
also be seen from Table 2 that the total content of Cd in the biochar
gradually increased with the increase in pyrolysis temperature from
300 to 500 °C, and then decreased suddenly when the pyrolysis tem-
perature continuously increased up to 600 °C. A similar observation was
made by other researchers (Chen et al., 2014; Devi and Saroha, 2014;
Kistler et al., 1987). This is because the Cd existed mainly as a carbo-
nate in the raw sludge and was easily volatilized and transferred by off-
gassing when the pyrolysis temperature increased to 600 °C (Kistler
et al., 1987).

Fig. 3. Fraction distribution of the heavy metals distributed in the TDS and its biochars. TDS, raw textile dyeing sludge; BC-X, biochar derived from the textile dyeing
sludge pyrolysis at X (°C) temperature.
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3.3.2. Speciation of heavy metals in the TDS and its biochar
Heavy metals bio-availability and eco-toxicity in the environment

mainly depend on the heavy metals chemical speciation (Chen et al.,
2008b; Leng et al., 2014). The modified BCR was widely used as a se-
quential extraction method to determine the chemical speciation of
heavy metals in samples. In BCR extraction, the bio-availability and
mobilization of the heavy metal fractions decrease in the following
sequence: F1 > F2 > F3 > F4 (Li et al., 2018b). These heavy metal
fractions can be divided into three categories on the basis of their bio-
availability (Huang and Yuan, 2016). The F1 and F2 fractions of heavy
metals present high bio-availability or direct eco-toxicity, the F3 frac-
tion presents potential bio-availability due to being easy degradability,
and the F4 fraction is recognized as a stable nontoxic fraction (Devi and
Saroha, 2014).
Fig. 3 illustrated the percentage concentration of the heavy metals

in the four BCR fractions in the TDS and its biochars. The main forms of
Zn, Cd, and Mn in the TDS were the directly and potentially toxic and
bioavailable category (F1+ F2+F3) (84.27%, 77.88%, and 91.09%
for Zn, Cd, and Mn, respectively), indicating the high environmental
risk of Zn, Cd, and Mn in the TDS applied to land. A remarkable decline
for Zn, Cd, and Mn in the exchangeable and acid-soluble fraction (F1)
and the reducible fraction (F2) occurred after conversion of the TDS to
biochars via pyrolysis, and a significant gradual increased in the re-
sidual fraction (F4) of biochar with increasing pyrolysis temperature
from 300 to 700 °C (Fig. 3). For example, the percentage of Zn, Cd, and
Mn in the F4 fraction of BC-700 increased by 4.3, 2.8, and 6.5 times,
respectively, compared with that in the TDS. The above results sug-
gested that the pyrolysis process can dramatically immobilize heavy
metals Zn, Cd, and Mn in the TDS by transforming a large part of the
unstable fraction (F1+ F2) into the more stable F4 fractions (Li et al.,
2018b). Specifically, the Cu, Cr, and Ni mainly existed in the form of F3
(59.54%, 45.03%, and 63.73% for Cu, Cr, and Ni, respectively) and F4
(28.70%, 54.97%, and 17.91% for Cu, Cr, and Ni, respectively) in the
TDS. The pyrolysis process facilitated the transformation of the oxi-
dizable (F3) into the residual fraction (F4) with increasing pyrolysis
temperature, and the percentages of Cu, Cr, and Ni in F1 and F2 were
slightly lower, indicating that the pyrolysis technology had positive
effects on the immobilization of heavy metals in the TDS and that the
pyrolysis temperature was an important influencing factor on the im-
mobilization of heavy metals in the biochar.
Recovery of heavy metals in the sequential extraction procedure can

be evaluated by comparing the sum of the heavy metals concentration
of each fraction determined by the BCR sequential extraction procedure
with the total concentrations of heavy metals obtained from the acid
digestion procedure. The recovery rates of the modified BCR procedure

are shown in Table S2. It can be seen clearly that the sum of each
fraction was in good agreement with the total heavy metals con-
centration with satisfactory recoveries (92.7–105.7%), indicating that
this modified BCR sequential extraction procedure used in detecting the
speciation of Zn, Cu, Cr, Ni, Cd, and Mn in the TDS and its biochars was
exact and reliable.

3.3.3. Leaching characterization
The leaching characterization of heavy metals was assessed using

the TCLP method recommended by USEPA (Wang et al., 2016). The
results of the TCLP test for six heavy metals in the TDS and its biochars

Fig. 4. Leaching rate of heavy metals in the TDS and its biochars. TDS, raw
textile dyeing sludge; BC-X, biochar derived from the textile dyeing sludge
pyrolysis at X (°C) temperature.

Fig. 5. Ecological risk assessment of the heavy metals in the TDS and its bio-
chars: (A) contamination factor of the individual heavy metal; (B) potential
ecological risk factor for the individual heavy metal; (C) the sum of the po-
tential ecological risk index (Er) of each heavy metals. TDS, raw textile dyeing
sludge; BC-X, biochar derived from the textile dyeing sludge pyrolysis at X (°C)
temperature;.
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were shown in Table S3 and Fig. 4. The leached amounts of heavy
metals from the TDS were 1559.51, 10.36, 4.77, 21.88, 0.186 and
715.92mg kg−1 for Cu, Zn, Cr, Ni, Pb and Cd, respectively. The con-
centrations of heavy metals in the leachate exceeded the threshold
values of the USEPA except for Cr and Cd in the TDS. Therefore, these
heavy metals in the TDS had very high potential environment risks and
can be identified as hazardous wastes according to the USEPA. The
leaching potential of the heavy metals in the biochar was found to be
suppressed significantly by the pyrolysis process. The concentrations of
leached heavy metals from the biochar were remarkably declined after
pyrolysis process. Table S3 showed that the amounts of heavy metals
(except for Zn) leached from the BC-700 were lower than the USEPA
permissible limits. Although the amounts of Zn leached still exceeded
the threshold values, those from biochars were decreased significantly.
The leaching rate of heavy metals from the TDS and its biochars were
shown in Fig. 4. The leaching rate of six heavy metals from the biochar
decreased significantly with increasing pyrolysis temperature, clearly
indicating the reduced toxicity of leached heavy metals in the biochar
after the pyrolysis process. These observations were in accord with the
decline in the directly toxic fraction F1 (Fig. 3).

3.3.4. Environmental risk assessment
The bio-availability and eco-toxicity of heavy metals in the TDS

derived biochar must be determined to evaluate the environment risk,
also the optimal application rate of the sludge biochar to soil for nu-
trient recycling (Devi and Saroha, 2014; Jin et al., 2017). The values of
Cf, Er and RI were determined to clarify the environmental risk level of
heavy metals in the TDS and its biochars, and were shown in Fig. 5. The
value of Cf for Mn in the TDS was 10.21 (Fig. 5A), indicating a high
metal contamination (Cf> 9 implies high contamination), and the
value of Cf for Zn, Ni, and Cd implied a moderate contamination
(3 <Cf< 6 implies moderate contamination). That of Cu and Cr in the
TDS implied a clean or low metal contamination. While the value of Cf
for six heavy metals in biochars declined significantly with the pyrolysis
temperature increasing, indicating that pyrolysis process was beneficial
for reducing the risk level of heavy metals in the TDS. Consequently, the
RI value of the six heavy metals in the TDS reached a maximum of
158.98 (Fig. 5C), suggesting a considerable degree of environmental
risk of soil and water pollution if directly applied to forestland for
nutrient recycling. However, the RI value of the biochar was sig-
nificantly decreased by pyrolysis of the TDS, and the potential en-
vironmental risk also declined greatly with increasing of pyrolysis
temperature. Remarkably, the RI value of the biochar obtained from a
higher pyrolysis temperature (≥ 400 °C) was less than 50.00, indicating
a very low degree of environmental risk for the utilization of biochar. A
similar observation was obtained on pyrolysis of paper mill sludge and
sewage sludge at different temperatures (Devi and Saroha, 2015; Jin
et al., 2017). Therefore, these results suggested that pyrolysis at a
higher temperature was suitable technique for safely treating TDS.

4. Conclusions

In this work, the TDS was pyrolyzed and its biochar was evaluated,
and the following results were obtained. The pyrolysis of TDS at dif-
ferent temperatures (300–700 °C) favored the surface area improve-
ment, benefited TDS aromatization and promoted immobilization of
majority of heavy metals in the biochar matrix. Furthermore, the ac-
cumulated heavy metals migrated from bio-available fractions to the
more stable fractions, causing significant reduction in bio-available and
leaching potential of the heavy metals in the biochar. The environ-
mental risk evaluation indicated that higher pyrolysis temperature
promoted the transformation of eco-toxicity from considerable risk in
the TDS to low risk in biochar, resulting in a decrease in the environ-
mental risk of TDS biochar.
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