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Abstract

Limited information about the sludge quality is a major constraint for its usage and proper disposal. This study investigated
the occurrence of 49 elements in sludge from 11 wastewater treatment plants (WWTPs) in Chongqing and Xiamen cities of
China. The concentration of 46-detected elements ranged from 16.2 ug kg ™' (Pt) to 55.0 g kg~ ' (Al) on dry solid basis in
the sludge. The enrichment factor of most of the elements was > 1.5, indicating their possible anthropogenic origin. The
precious metals had considerably higher enrichment factor ranging from 56.3 to 200,000. Principal component analysis
clustered the samples from Chongqing and Xiamen separately to suggest strong spatial variations. Contamination factor,
pollution loading index, and integrated pollution degree were calculated to evaluate the elemental pollution risk. The
pollution loading index indicated unpolluted to highly polluted levels of the elements in the sludge. In addition, results
from the ecotoxicological risk index showed an individual low to very high ecotoxicological risk posed by eight metal(-
loid)s (As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn) in the WWTPs.
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Introduction

Sludge is a semi-solid biomass separated as a by-product of the
wastewater treatment process (USEPA 1995; Zhang et al. 2009;
Feng et al. 2014). In China, over the past few years, the number
of wastewater treatment plants has increased manifolds to deal
with the burgeoning wastewater yields resulting from rapid in-
dustrialization and urbanization (Yang et al. 2014). The number
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that accounted for 4.6 kg per capita DS (Yang et al. 2015).
Hence, sludge disposal has emerged as one of the major envi-
ronmental challenges to draw more and more attention in China.

Thickening, conditioning, and dewatering are the major
sludge treatment processes, while stabilization (via anaerobic
digestion) and drying are also applied to a less extent in China
(Jin et al. 2014). The treated sludge is mainly disposed of
through sanitary landfill (13.4%), land application (2.4%),
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incineration (0.36%), and for building material production
(0.24%) (Yang et al. 2015). However, due to the high cost of
sludge treatment, 83.6% of the total sludge is improperly
dumped (Yang et al. 2015). The hazardous materials, not limit-
ing to the metallic pollutants, are great concern with their po-
tential release into the receiving environments during the sludge
disposal (Chanpiwat et al. 2010).

Several studies investigated the levels of metallic pollutants
in the sludge. The elements (Cd, Cr, Cu, Pb, Hg, As, Ni, Zn, and
Mn) enlisted in the environmental monitoring criterion or na-
tional standards of the People’s Republic of China (GB 4284-
84) and national environmental protection bureau environmen-
tal quality standard for soils (GB 15618-1995) were frequently
reported with the concentrations ranging from mg kg™ ' to
172.3 g kg ' of the DS (Wong and Selvam 2006; Dong et al.
2013; Wu et al. 2015; Suanon et al. 2016). Recent investigation
on broad range of metallic elements in the sludge has raised
great attention (Westerhoff et al. 2015; Suanon et al. 2017).
Westerhoff and associates reported the presence of various me-
tallic and metal oxide colloids with impressive economic value
including platinum and rare earth elements in the sewage sludge
in the USA (Westerhoff et al. 2015). Results indicated that the
economic returns from elemental recovery might provide a po-
tential way to compensate the ever increasing cost of sludge
disposal mainly due to stringent regulations. Recently, Suanon
and associates investigated the spatial and temporal variations of
large number of metallic elements in the sludge in Xiamen City,
China. The sludge disposal operations were suggested based on
the elemental distribution (Suanon et al. 2017). Further investi-
gations on the occurrence of a broad range of elements in the
sludge are needed to address the large number of WWTPs in
different cities/provinces across China.

This study was aimed (i) to analyze the concentration of a
broad range of elements in sludge samples collected in 11
WWTPs in Chongqing and Xiamen cities of China, (ii) to in-
vestigate the spatial variations of the elements between the two
cities, and (iii) to evaluate the enrichment, pollution levels, and
potential environmental risks associated with the elements in
sludge. A total of 49 metals and metalloids were divided into
three groups, including six precious metals (Pd, Ag, Au, Ru, Ir,
and Pt), 15 rare earth elements (Ce, Nd, La, Y, Sc, Pr, Sm, Gd,
Dy, Er, YD, Eu, Ho, Tm, and Lu), and other 28 industrial ele-
ments (Al, Fe, P, Ca, K, Mg, Na, Mn, W, Ba, Sr, Zn, Cu, Sn, Ni,
Cr, Pb, V, Co, As, Rb, Nb, Mo, Cd, Sb, Hf, Re, and TI).

Materials and methods
Reagents and materials
Stock solutions of the targeted elements were obtained from

National Center of Analysis and Testing for Nonferrous
metals and Electronic Materials, China (NCATN). There were

four groups of the stock solutions, where group 1 (GNM-
M27867-2013) included Ag, Al, As, Ba, Ca, Cd, Co, Cr,
Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, Re, Sb, Sr, T,
V, and Zn, group 2 (GNM-M16181-2013) included La, Ce, Pr,
Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, Y, and Sc, group 3
(GSB 04-1769-2004) included Au, Pd, Pt, Ir, and Ru, and
group 4 (GNM-M05868-2013) had Hf, Nb, Sn, and W.
Working standard solutions were prepared by proper dilution
with 2% (v/v) nitric acid for calibration purpose. The nitric
acid and hydrochloric acid of analytical grade were purchased
from Merck KGaA (Darmstardt, Germany). The reagent water
was obtained from Milli-Q system (Millipore, USA).

Sample collection

Chonggqing is the third largest city in China with a population
of 28.8 million (2010) inhabiting an area of 82,000 km?. It is
one of the most important financial and economic centers in
the Western China. Xiamen is the major city in the southeast
of China, and one of the five special economic zones. Xiamen
had a population of 2.48 million in 2010 and an area of 1700
km?. Dewatered sludge samples were collected in plastic bags
from six WWTPs of Chongqing (W1-W6) and five WWTPs
in Xiamen (W7-W11) during 2010. These WWTPs serve a
population of 0.06—0.33 million (Ye et al. 2012) and 0.30-1.0
million (Sun et al. 2016) in Chongqing and Xiamen cities,
respectively. The treatment processes, daily processing capac-
ity, and the daily sludge production of each WWTP are shown
in Table S1 in the supporting information (SI) (Ye et al. 2012).

Physicochemical characterization of sludge samples

Sludge samples were pretreated by preserving under — 80 °C
followed by freeze drying at —50 °C for 60 h using a
lyophilisator (Beijing Boyikang Laboratory Instruments Co.,
Ltd.). Freeze dried samples were ground by agate mortar and
sieved by using a nylon sieve (diameter < 2 mm). The pulver-
ized samples were used for physicochemical characterization,
including pH, electrical conductivity (EC), and carbon, nitro-
gen, and sulfur composition. The filtrate obtained from the
sludge suspension (1/10 m/v) prepared in Milli-Q water
followed by 45 min of horizontal shaking was used to deter-
mine EC and pH by multi-parameter (HACH, HQ40d).
Carbon, nitrogen, and sulfur contents were analyzed by using
the macro elemental CNHS/O Analyzer (Vario MAX;
Elementar, Germany). The results of the physicochemical
characterization are shown in Table S2.

Sample digestion and element determination
All the cleanup procedure, sample digestion, element quanti-

fication, and quality control (QC) were carried out in the clean
operating labs. The digestion vessels (fluoropolymer digestion
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tube) were pre-cleaned by leaching with 10 mL aqua regia at
90 °C for 2 hours followed by rinsing before use as recom-
mended by the USEPA 3051A method (USEPA 3051A
2007). Furthermore, the digestion tubes and all glassware
were carefully acid soaked/washed overnight in 10% nitric
acid followed by washing in 10% hydrochloric acid and final-
ly rinsing with Milli-Q water before use as recommended by
Westerhoff (Westerhoff et al. 2015).

The samples were extracted following the USEPA 3051A
(USEPA 3051A 2007) method using microwave digestion
with a MARS X system (MARS 5 Version 194A05, CEM
Corporation). Sludge sample (0.100 g) and 12.0 mL freshly
prepared aqua regia were sequentially added into the digestion
tube. The mixture was allowed to react for 30 min at room
temperature, and then the digestion was completed under mi-
crowave system. The digestion program includes a tempera-
ture rise to 180 °C (20 °C/min) for 10.0 min followed by
45.0 min of residence time. After cooling, the digested solu-
tion with no visible particles was recuperated, filtered and
diluted to 50.0 mL with 2% nitric acid. The samples were
stored at 4 °C prior to detection.

Inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7500CX) and inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Optima 7000
DV, USA) were used for the quantification of elements.

Quality control

The instrumental blank and procedural blank were applied for
each sample batch to ensure the absence of contamination of
the target elements. The certified reference materials with
known elemental concentrations (GBW07309, GSD-9,
General Administration of Quality Supervision, Inspection
and Quarantine of the People’s Republic of China) were con-
ducted following the same procedures to calculate the recov-
eries. The recoveries were in the range of 73.2—102.5% (Table
S3). All experiments were carried out in triplicate.

Data processing

The data was first normalized by using vegan package to
alleviate the negative effect caused by extremely non-
uniform distribution of some elements. Principal components
analysis (PCA), conducted by R software (Version 3.2.2), was
used to identify the spatial variability of the 49 elements in the
sludge samples collected from WWTPs across two cities.
Results obtained were then used to draw PCA plots by using
PAST Version 2.17 and Origin 9.0.

Enrichment factor

Since, we do not dispose the local background concentration
of the elements in the sludge in China, therefore, enrichment
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factor (EF) of an element (X) was calculated relative to the
average composition of the crustal abundance (Taylor 1964;
Rudnick and Gao 2003) using Al as the reference element as
shown in Eq. 1.

([X]/[Al])Sludge

BF = X]/TAT Crust M

[X]siuage and [Allguqge are the detected concentrations of an
element X and Al in the sludge, and [X]cus and [Al]epu are
their respective value in the upper earth crust, respectively.
Depending on the EF value, soil or sludge can be classified
into six different groups: EF < 1 no enrichment,< 3 minor en-
richment, 3—5 moderate enrichment, 5—10 moderate-to-severe
enrichment, 10-25 severe enrichment, 2650 very severe en-
richment, and > 50 extremely severe enrichment (Miiller
1969; Abrahim and Parker 2008).

Pollution indices

In order to apportion the sources of metals and metalloids
in the sludge and to assess the ecotoxicological risk, vari-
ous pollution indices including contamination factor (Cf),
integrated pollution degree (IPD), and pollution loading
index (PLI) were evaluated for each element.
Specifically, ecological risk index (Ei) and potential eco-
logical risk index (PERI) were evaluated only for heavy
metals (As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn) of greater
environmental concern.

Contamination factor, pollution loading index,
and integrated pollution degree

The pollution level related to a given heavy metal (X) was
evaluated with the single contamination factor, calculated
as the ratio between the metal concentration [X] in a
sludge sample and its reference background concentration

[chrust (Eq 2)

_ [X]sludge

crust

Based on the intensities, the contamination levels were
classified on a scale ranging from 1 to 6: low degree (Cfy<
1), moderate degree (1 <Cfy<3), considerable degree (3 <
Cfy<6), and very high degree (Cfy>6) (Luo et al. 2007,
Islam et al. 2015; Yessoufou et al. 2017).

On the other hand, PLI is an integrated approach to
assess the quality of sludge with respect to multiple con-
taminants. PLI was calculated as the product of nth root of
the contamination factor (Cfy) of contaminants (Tomlinson
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et al. 1980; Bhuiyan et al. 2010; Islam et al. 2015); where n
is number of metals involved.

PLI = ([T%_,Cfy) " (3)

Based on the intensity of PLIL it can be classified into five
different groups as described in Table 1 (Hakanson 1980; Luo
et al. 2007).

The IPD is a polymetallic contamination index also used to
evaluate the level of pollution. It is calculated as the sum of
contamination factors (Luo et al. 2007).

IPD = Y% _,Cfy (4)

The state of sludge is considered as low contamination if
IPD < 5, moderate contamination if 5 <IPD < 10, consider-
able if 10 <IPD < 20, and high contamination if IPD >20.

Ecological risk index and potential ecological risk

The Ei and PERI were introduced by Hakanson (1980) to repre-
sent the ecological toxicity risk of a given pollutant and the
integrated risk of toxicity of all considered pollutants, respective-
ly. PERI method comprehensively considers the synergy, toxic
level, concentration of the heavy metals, and the ecological sen-
sitivity of heavy metals (Singh et al. 2010; Douay et al. 2013). Ei
and PERI were evaluated for eight (n = 8) most reported heavy
metals of great environmental concern (As, Cd, Cr, Cu, Mn, Ni,
Pb, and Zn). The calculation of these two indices was limited to
eight elements due to lack of data with respect to the toxic-
response factor (Tr) for the other elements. The Tr for As, Cd,
Cr, Cu, Mn, Ni, Pb, and Zn are 10, 30, 2, 5, 1, 6, 5, and 1
(Hakanson 1980, Guo et al. 2010), respectively. Ei and PERI
were calculated by using the following equations:

EiX = TI'X X CfX (5)
PERI = > _,Eiy (6)
Based on the intensity, Ei and PERI can be classified into

five and four different groups, respectively as described in
Table 1 (Hakanson 1980; Luo et al. 2007).

Results and discussions

Elemental concentrations

Precious metals

Significant quantities of Pd, Ag, and Au were detected in the
sludge with the concentrations in range of 1.25-23.9 mg kg ',
0.72-14.9 mgkg ', and 0.56-6.89 mg kg ' of DS, respective-

ly (Fig. 1, Table S4 in SI). In addition, Ru and Pt were in the
range of 43.0-131 pg kg ' and 16.2-47.2 pg kg ',

respectively (Table S4), while Ir was below the detection limit
(<6.30x 107 pg kg "). Ag levels in this study are compara-
ble with those from Sweden (0.72-3.3 mg kg~ DS) (Ostman
et al. 2017) and in the sewage sludge in another study
(14.7 mg kg ' DS) (Eriksson 2001). Comparatively, higher
concentrations of Ag (17-102 mg kg™") were reported in the
USA (Westerhoff et al. 2015). The concentration of Au de-
tected in this study was similar to that reported by Suanon et
al. in an earlier study (Suanon et al. 2017) in China and rela-
tively higher than those reported from Sweden (0.26—
1.20 mg kg ' DS) (Ostman et al. 2017) and the USA (0.3—
2.4 mg kg ") (Westerhoff et al. 2015).

Generally, sludge from W7, W8, and W9 showed high
contents of the precious metals. For example, the highest Au
concentration was observed in the sludge samples from W9
(6.89 mg kg ' DS), followed by W8 (3.74 mg kg ' DS). The
highest Ag concentration was observed in W8 (14.9 mg kg™’
DS) followed by W7 (12.3 mg kg ' DS), while the highest Pd
concentration was detected in W8 (23.9 mg kg ' DS) follow-
ed by W7 (21.3 mg kg ' DS). Although, the precious metals
are mainly utilized in the jewelry and investments, however,
they are also used in the industrial production due to their high
chemical stability, corrosion resistance, and electrical conduc-
tivity (Cayumil et al. 2016). For example, Au is used to pro-
duce the corrosion-free electrical connectors for electrical de-
vices (Cayumil et al. 2016), Pd is used as a catalyst and to
produce the electrodes and other electronic devices (Cayumil
et al. 2016; Diallo et al. 2015), and Ag is used to manufacture
electrical products due to its superior electrical conductivity
and to manufacture the solar panels as reflective coating to
concentrate solar reflectors (Cayumil et al. 2016; Cui and
Roven 2011). Since, the electromotor manufacturing, power
transformation devices, luminaries, solar panel, glasses
manufacturing, etc. are some of the dominant industries in
Xiamen City, therefore, the higher concentrations of precious
metals in W7-W9 could be attributed to the high inflow of
industrial wastewater containing high concentrations of the
precious metals (Yearbook of Xiamen Special Economic
Zone 2011).

Rare earth elements

The concentrations of rare earth elements are shown in
Fig. 2. Y, Gd, Dy, Er, Yb, Eu, Ho, Tm, Sc, Ce, La, Pr,
Sm, and Nd were in the range of 8.05-130 mg kg ',
3.79-26.3 mg kg ', 2.30-8.58 mg kg ', 1.05—
3.95 mg kg ', 0.880-3.18 mg kg ', 0.890-15.8 mg kg ',
0.390-1.22 mg kg ', 0.140-0.470 mg kg ', 1.42—
4.96 mg kg, 33.5-1490 mg kg ', 12.9-589 mg kg ',
3.88-106 mg kg ', 3.85-10.9 mg kg ', and 15.4—
48.0 mg kg~ of DS, respectively. Generally, the present
study demonstrated comparatively higher levels of rare
earth elements in the sludge from WWTPs in China
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Table 1 Indices and classification of ecological risk related to heavy metal pollution (Hakanson 1980; Luo et al. 2007)
Contamination  Intensity of  Pollution loading State of the Ecotoxicological ~ Intensity of  Potential Intensity of the
factor (Cfy) (fora the index (PLI) polymetallic risk index (Eiy) (for single ecological risk polymetallic
single metal X)  contamination (polymetallic in- contamination of the a single metal X)  ecological (PERI) ecological risk
dex) environment risk (polymetallic in-
dex)
Cfy<1 Low degree  PLI=0 Below background  Eiy<40 Low risk PERI< 65 Low risk
concentration
1<Cfy<3 Moderate 0<PLI<1 Unpolluted 40 <Eiy< 80 Moderate risk 65 <PERI< 130  Moderate risk
degree
3<Cfy<6 Considerable 1 <PLI<2 Unpolluted to 80<Eiy< 160 Considerable 130 <PERI<260 Considerable
degree moderately risk risk
polluted
Cfy>6 Very high 2<PLI<3 Moderately polluted 160 <Eiy<320 High risk PERI>260 Very high risk
degree
3<PLI<4 Moderately to highly Eiy>320 Very high
Polluted risk
4<PLI<S Highly polluted
PLI>5 Very highly polluted

compared to those in the USA (0.10-36 mg kg™ ' of DS)
(Westerhoff et al. 2015). Similar levels were also reported
in the sewage sludge from the Republic of Benin
(Yessoufou et al. 2017) and in the sludge from three dif-
ferent WWTPs of Xiamen City in China collected in 2014
(Suanon et al. 2017). The high concentrations of the rare
earth metals detected in this study might be from the waste
water contributed by industries associated with machinery,
electronics, computer and communication manufacturing,
etc. both in Xiamen (Yearbook of Xiamen Special
Economic Zone 2011) and Chongqing (Yearbook of
Chongqing 2011). In fact, the rare earth elements are wide-
ly used as oxidizing agents, rare earth magnets, catalysts
and coloring agents, etc. in the industrial manufacturing of
luminous materials, electronic devices, glass and ceramics,
and so on (Diallo et al. 2015; Romero and McCord 2012).
The released rare earth elements via industrial wastewater
may have concentrated in the sludge to cause higher con-
centrations of these elements in the present study.

Fig. 1 Precious elements in the
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Other industrial elements

Other industrial elements were also detected in this study.
Based on their concentration in the sludge, we classified
them as major industrial elements and minor industrial
elements. Concentration of the major industrial elements
reached up to gram per kilogram of DS (Fig. 3, Table S4).
This group included Al (15.9-55.0 g kg ' DS), Fe (13.9—
51.4 g kg'' DS), P (10.5-24.3 g kg'' DS), Ca (13.5—
193 g kg ' DS), K (2.38-9.16 g kg'' DS), Mg (4.26—
12.4 g kg'' DS), Na (0.815-7.35 g kg'' DS), and Mn
(0.233-3.35 g kg ' DS). The high concentration of Fe
and Ca might be due to the addition of dewatering
chemicals (for example, FeCl; and CaO) in the sludge
samples. Among the minor industrial elements (Fig. 3),
W, Ba, Sr, Zn, Cu, Sn, Ni, Cr, Pb, V, Co, As, Rb, Nb,
Mo, Cd, Sb, Hf, and Tl were detected in the range of
2.38-2590, 231-491, 187-464, 110-419, 34.9-1590,
28.6-800, 11.3-1070, 18.1-3080, 25.6-78.1, 13.3-26.1,

R
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I w4
I s
I wo
v
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Fig. 2 Rare earth elements in the
sewage sludge. W1-6, WWTPs
from Chongqing, and W7-11,
WWTPs from Xiamen

Concentration (mg kg™ DS)

1000

100

Concentration (mg kg DS)
=

0.1

Ce

3.14-18.5, 3.57-6.53, 15.2-42.1, 3.86-9.82, 5.47-256,
0.790-1.43, 0.530-8.35, 2.38-4.25, and 0.164-
0.499 mg kg ' of DS, respectively. However, the concen-
tration of Re was below the detection limit (< 8.60 x
107 pg kg ™).

Principal component analysis

PCA was conducted to identify the variations in the oc-
currence and distribution of the targeted elements among
11 WWTPs. The principal components PC1, PC2, and
PC3 explained 71.6%, 15.5%, and 10.5% of the variance
for the normalized elemental concentration data. The
sludge samples collected from Chongqing and Xiamen
clustered into separate groups, indicating strong spatial
variations between the cities (Fig. 4). It is important to
notice that in Xiamen city, sludge samples could be clus-
tered into two subgroups (W7 and W9) and (W8, W10,
and W11). The different wastewater sources especially the
wastewater received from different types of manufactur-
ing industry might be a contributing factor for this
variation.

Enrichment factors

The EF values for the metals detected from different WWTPs
are given in Table SS5. The EF values for majority of the ele-
ments were > 1.5 with the exception of Al, Fe, K, Na, Rb, V, and
TL The higher EF values indicated the anthropogenic source of
the investigated elements in the sludge (Upadhyay et al. 2011).

The EF values varied among the elements in different groups
as well as within the individual groups. Na, V, and Tl showed
lower level enrichment compared to their crustal abundance

Gd Dy Er Yb Eu Ho Tm
Elements

Sc

with EF < 1 in the sludge samples from most WWTPs. Fe, P,
Ca, K, Mn, Ba, Sr, Co, As, Cr, Rb, Hf, and Nb showed minor to
moderate levels of enrichment (1.5 < EF <5) in the sludge from
most of the WWTPs. However, Mg, Zn, Ga, Pb, Cu, Cd, Mo,
and Sb showed moderate-to-severe to very severe levels of
enrichment. Extremely severe enrichment was observed in the
case of Wand Ni in most of the sludge samples (EF > 50). To be
noticed, some elements, including Ni, Cr, Cu, Mo, Cd, and Sb,
also showed extremely severe enrichment in some sludge sam-
ples, especially in W4, W5, W8, or WO.

In the case of rare earth elements, minor to moderate en-
richment was observed in most of the sludge samples with the
exception of samples from W7 and W8, where moderate-to-
severe enrichment was observed. However, Pr did not show
any enrichment in the sludge with EF < 1. It is worth mention-
ing that an extreme enrichment of all the precious metals in the
sludge was observed. The EF values ranged from 56.3 (Pt in
W11) to 200,000 (Pd in W8). Considering the high economic
value of precious metals, the recovery of the precious metals
from the sludge might have potential economic value and
importance (Westerhoff et al. 2015; Suanon et al. 2017), es-
pecially for the sludge from W7 and W8, where extremely
severe enrichment of precious elements was observed.

Ecotoxicological risk assessment

Contamination factor, pollution loading index,
and integrated pollution degree

Cf gives an idea about the contamination level from a single
specific element. Most of industrial elements showed low
contamination level with Cf< 1 in all the WWTPs (Table 2).
However, elements such as Mg, W, Zn, Sn, Pb, Mo, Cd, and
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Fig. 3 Industrial elements in sewage sludge. W1-6 WWTPs from
Chongging and W7-11 WWTPs from Xiamen

Sb exhibited a moderate (1 < Cf <3) to very high level of con-
tamination (Cf>6). The Cf for rare earth elements was gen-
erally low in most of the WWTPs with the exception of W7,
W38, and W9, where considerable to very high level of con-
tamination was observed for Ce, Nd, La, Y, Pr, Gd, and Eu.
PLI and IPD were conducted to evaluate the contamination
level for multiple elements. Based on the PLI values, sludge
from W1, W2, W3, W6, and W10 can be classified as
unpolluted/moderately polluted (1 <PLI<2) and that from
W4, W5, W7, W8, W9, and W11 can be classified as
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Fig.4 PCA to identify the variations of the occurrence and distribution of

the targeted elements in WWTPs. W1-6, WWTPs from Chongqing, and
W7-11, WWTPs from Xiamen

moderately to highly polluted (2 <PLI <4, Table 3). In addi-
tion, results of IPD indicated very high degree of contamina-
tion (IPD > 20) in all the samples. It is worth mentioning that
the high values of PLI and IPD were mainly contributed by the
precious elements (Table 3 and Table S6). Considering the
relatively low levels of precious metals in the sludge samples
and their low toxicity, Ei and PERI were conducted to evaluate
the elemental risk in the sludge.

Potential ecological risk index and potential ecological risk

The evaluation of Ei and PERI was limited to the ele-
ments of great environmental concerns, viz As, Cd, Cr,
Cu, Mn, Ni, Pb, and Zn. Among the given elements, Mn,
Pb, and Zn showed no ecotoxicological risk in all the
WWTPs (Ei< 40, Table 4). The value of Ei for the other
elements varied from one WWTP to another (Table 4).
For example, there was no ecotoxicological risk for As
an Cr in most of the WWTPs with the exception of W7
and W8, where a moderate risk was observed (40 <Ei<
80). Similarly, Cu and Ni showed ecotoxicological risk
only in W4 and WS8. Cu showed a higher potential
ecological risk in both the WWTPs with Ei values of
144.0 and 280.0 for W4 and W8, respectively. While the
risk posed by Ni was moderate in W4 (Ei=67.9) and
considerable in W8 (Ei=136.0). Cd was the highest
ecotoxicological risk-posing element among all the ele-
ments. In short, As, Cr, Cu, Mn, Ni, Pb, and Zn exhibited
very weak individual ecotoxicological risk in most of the
sludge samples from WWTPs. However, high to very
high ecotoxicological risk were observed for Cd in almost
all the sludge samples from all WWTPs.
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Table 2 Contamination factor (Cf)

Elements W1 W2 W3 W4 W5 W6 w7 W8 W9 W10 Wil

Industrial elements

Al 0.19 0.23 0.34 0.20 0.33 0.19 0.30 0.22 0.67 0.21 0.58
Fe 0.25 0.28 0.53 0.53 0.39 0.27 0.85 091 0.66 0.77 0.64
P 0.66 0.70 0.61 0.95 0.51 0.78 1.04 0.79 0.76 0.45 0.49
Ca 1.00 0.41 1.29 0.64 1.29 1.06 1.02 4.69 0.59 3.26 2.24
K 0.39 0.36 0.44 0.34 0.39 0.41 0.24 0.11 0.30 0.10 0.33
Mg 6.24 5.96 7.60 5.60 10.12 7.42 4.06 10.61 5.80 11.79 7.89
Na 0.04 0.04 0.05 0.05 0.05 0.04 0.31 0.10 0.11 0.08 0.03
Mn 0.43 0.51 1.29 0.40 0.80 0.50 3.51 0.24 1.01 0.44 0.42
\Y 1.99 1.25 1.57 38.46 660.58 24.57 123.86 131.28 1364.37 7.96 10.47
Ba 0.46 0.55 0.51 0.78 0.59 0.55 0.58 0.66 0.52 0.34 0.37
Sr 0.89 0.61 1.45 0.94 0.59 0.79 0.87 1.04 0.78 0.78 0.62
Zn 1.88 2.00 1.64 3.38 3.73 1.87 3.44 6.25 493 2.28 2.50
Cu 1.25 1.42 1.37 28.79 5.46 2.16 6.56 56.87 7.09 3.01 8.24
Sn 14.60 13.64 17.72 177.97 74.67 18.83 113.33 380.87 142.38 48.73 118.19
Ni 0.24 0.29 0.37 11.32 1.08 0.32 232 22.68 1.78 1.45 1.65
Cr 0.20 0.56 0.60 0.52 1.13 0.38 1.36 33.47 1.84 0.89 1.02
Pb 1.51 1.82 2.31 3.05 3.14 221 3.88 4.59 2.37 1.67 3.05
A% 0.17 0.18 0.25 0.18 0.27 0.22 0.15 0.17 0.25 0.14 0.14
Co 0.18 0.20 0.29 0.53 0.68 0.24 1.01 0.82 1.07 0.29 0.29
As 0.82 1.07 1.12 0.83 1.30 1.00 7.44 8.02 1.36 0.90 1.13
Rb 0.39 0.38 0.50 0.29 0.49 0.39 0.25 0.18 0.56 0.24 0.51
Nb 0.44 0.32 0.52 0.46 0.40 0.47 0.82 0.80 0.73 0.51 0.74
Mo 5.97 498 5.62 8.59 116.28 7.58 12.64 12.50 232.71 8.82 9.32
Cd 10.03 12.78 11.37 10.67 15.93 10.55 13.41 14.26 18.63 10.59 8.86
Sb 221 1.34 1.86 5.04 241 1.56 19.11 20.88 395 2.05 1.56
Hf 0.58 0.46 0.72 0.58 0.57 0.57 0.67 0.74 0.80 0.45 0.60
Re 0.03 0.02 0.03 0.02 0.09 0.01 0.03 0.04 0.18 0.02 0.03
Tl 0.19 0.18 0.26 0.21 0.42 0.22 0.26 0.26 0.55 0.20 0.37
Precious elements

Pd 2287.50  1974.07  3310.80  4028.39  3531.80  1934.26  39,506.80  44,334.87 576420 227130  4135.80
Ag 13.64 21.85 23.44 56.18 34.25 16.52 231.32 281.98 56.60 79.60 37.69
Au 1538.67  1037.00 560.78  1958.45 1546.33 372.90 602.67 4593.11  2494.89 751.45 1095.45
Ru 385.24 207.74 170.35 202.35 150.32 157.44 229.56 305.44 176.53 127.85 212.79
Ir 172.27 120.45 220.00 154.55 140.45 172.73 188.18 253.64 242.27 96.36 175.00
Pt 93.62 43.52 82.06 51.04 54.78 60.38 62.58 39.70 74.88 46.88 32.38
Rare earth elements

Ce 0.53 0.59 0.96 1.08 1.87 0.77 23.64 14.04 3.14 0.64 1.98
Nd 0.57 0.66 1.03 0.83 1.26 0.81 1.53 1.47 1.62 0.66 1.78
La 0.42 0.51 0.77 091 1.90 0.65 18.99 1.69 3.13 0.61 2.11
Y 0.38 0.43 0.63 0.60 0.95 0.49 6.21 0.94 1.38 0.59 1.54
Sc 0.15 0.13 0.28 0.10 0.26 0.14 0.11 0.13 0.35 0.02 0.16
Pr 0.55 0.64 0.99 0.85 1.28 0.80 15.00 8.50 1.69 0.69 228
Sm 0.82 0.93 1.45 1.00 1.80 1.11 1.19 1.30 2.31 0.91 3.14
Gd 0.95 1.07 1.69 1.15 2.17 1.22 10.92 6.59 3.15 1.04 2.99
Dy 0.59 0.67 1.03 0.78 1.31 0.78 0.92 1.10 1.73 0.75 2.20
Er 0.46 0.51 0.79 0.59 1.07 0.60 0.89 0.89 1.48 0.65 1.50
Yb 0.45 0.49 0.77 0.63 1.14 0.59 1.05 1.00 1.63 0.70 1.62
Eu 0.89 1.05 1.46 1.17 2.01 1.26 15.84 8.89 2.45 1.04 1.99
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Table 3  Pollution loading index (PLI)

PLI Wi w2 W3 w4 W5 W6 W7 w8 W9 W10 Wil
All elements 1.26 1.27 1.77 2.18 2.79 1.52 4.28 4.60 3.74 1.60 2.54
Industrial elements 0.72 0.72 0.96 1.42 1.66 091 1.95 2.57 2.15 1.01 1.22
Precious elements 280.34 209.58 227.42 340.51 273.86 162.48 602.08 930.16 403.97 241.08 259.49
Rare earth elements 0.56 0.64 1.02 0.83 1.44 0.79 3.06 2.02 1.96 0.67 191

PERI, which take into account all the eight elements to
predict the ecotoxicological risk, indicated a potentially
high ecotoxicological risk (327.0-1020.0) in all the 11
WWTPs across Xiamen and Chongqing cites. Cd, Cu,
and Ni generally contributed to the higher values of
PERI. This could be due to the influence of anthropogenic
activities as these elements that are widely used in indus-
trial activities (Luo et al. 2012; Rodriguez Martin et al.
2013). Consequently, deeper investigation would be of
utmost importance for further detailed assessment of ele-
ments in the WWTPs.

Environmental implication

The investigation on a broad range of elements not limited
to only regular heavy metals but including rare earth ele-
ments, precious metals, and some other metals provided a
clear picture of the occurrence and distribution of metallic
and metalloid elements in the sludge samples from the 11
WWTPs in two important cities of China. The pollution
levels and ecological risk assessment indicated a potential
environmental risk posed by various elements in the
sludge. A land application of such sludge (in its present
state) might lead to soil contamination with these metals
which can further aggravate the soil health problems to
affect the quality and quantity of agricultural produce.
The present study provided an insight of the quality of
the sludge from different WWTPs in the study areas and

consequent ecotoxicological risks. This information fur-
ther highlights the importance of proper waste manage-
ment. As the ecotoxicological risk evaluation was based
on the total concentrations of the elements in the sludge,
therefore, an investigation of chemical fractionations of the
heavy metals and trace elements is suggested to provide
more detailed information on their bioavailability, mobili-
ty, and toxicity. In addition, strong enrichment of precious
metals in the sludge also indicates the potential high eco-
nomic value of sludge. However, the availability of cost-
efficient technique for the precious metal recovery is a
great challenge to harvest this potential.

Conclusions

Broad range of the metallic and metalloid elements were
detected in the sludge samples collected from 11 WWTPs
from Chongqing and Xiamen cities of China. PCA showed
strong spatial variations, where samples from each city were
clustered separately. Higher enrichment compared to the
earth’s crust was observed for most of the elements which
indicated their anthropogenic contribution. Various risk-
assessment criteria, including contamination factor, pollu-
tion loading index, integrated pollution degree, potential
ecological risk index, and potential ecological risk, indicat-
ed potential ecotoxicology risk of the investigated sludge
unless disposed of properly.

Table 4  Potential ecological risk index (Ei) and potential ecological risk index (PERI) (only for As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn)

Ei Wi w2 W3 W4 W5 Wé w7 W8 W9 W10 W11
As 8.24 10.70 11.20 8.26 13.00 10.00 74.40 80.20 13.60 9.01 11.30
Cd 301.00 383.00 341.00 320.00 478.00 317.00 402.00 428.00 559.00 318.00 266.00
Cr 0.39 1.11 1.19 1.05 227 0.75 2.73 66.90 3.68 1.78 2.03
Cu 6.24 7.08 6.86 144.00 27.30 10.80 32.80 284.00 35.50 15.10 41.20
Mn 0.43 0.51 1.29 0.40 0.80 0.50 3.51 0.25 1.01 0.44 0.42
Ni 1.45 1.74 223 67.90 6.50 1.94 13.90 136.00 10.70 8.72 9.90
Pb 7.53 9.10 11.50 15.20 15.70 11.10 19.40 23.00 11.80 8.33 15.30
Zn 1.88 2.00 1.64 3.38 3.73 1.87 3.44 6.25 4.93 2.28 2.50
PERI 327 416 377 560 547 354 552 1020 640 363 349
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