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Heavymetals in the industrial sludges were investigated to assess ecological risk using inductively coupled plas-
ma mass spectrometer (ICP-MS). The ranges of Cr, Ni, Cu, As, Cd, and Pb in the samples were 1.4–9469.7, 4.8–
993.8, 12.8–444.4, 2.2–223.8, 1.9–46.0 and 1.3–87.0 mg/kg, respectively. Statistically significant difference
(P b 0.05) was observed for metal concentration in sludge of the studied industries. As a whole, the average
concentrations of heavy metals were in the decreasing order of Cr N Ni N Cu N As N Pb N Cd. The results of the
Community Bureau of Reference (BCR) sequential extraction showed that the studiedmetalswere predominant-
ly associated with the residual fraction followed by the oxidizable fraction. The values of pollution load index
(PLI) were higher than one (N1), indicating progressive deterioration of sludge due to metal contamination.
The contamination factor (Cf

i) of Cd ranged from 11.2 to 28.9 revealed that the examined sludges were strongly
impacted by Cd. The Cf

i value demonstrated that sludges from tannery, dye, metal processing and battery
manufacturing industries weremoderately to very high contamination by Cr, Ni, Cu and As. In view of the poten-
tial ecological risk (PER), sludges from all industries showed very high ecological risk.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, heavy metals contamination has attracted global at-
tention owing to its toxicity, abundance and persistence to the environ-
ment (Armitage et al., 2007; Yuan et al., 2011a; Chen et al., 2015). The
occurrence of heavy metals in the industrial wastewater and sludge is
of interest because they are often present at considerable quantities
and if discharged into surface waters or arable land can have severe ef-
fects on the environment andpublic health (Venkateswaran et al., 2007;
Chen et al., 2016). Sludge that disposes from different industries contain
trace metals, organic compounds, macronutrients, micronutrients,
organic micro pollutants, microorganisms and eggs of parasitic organ-
isms (Wang et al., 2008; Yuan et al., 2011b; Chen et al., 2015). So, the
accumulation of industrial sludge poses environment problem and the
bioavailable fraction of these wastes may result in secondary environ-
mental pollution (Fig. 1). Therefore, contamination of environment by
heavy metals from untreated wastewater and sludge of various indus-
tries is a worldwide environmental problem. Heavy metals such as Cr,
ence, Patuakhali Science and
sh.
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Ni, Cu, As, Cd and Pb have been recognized as hazardous elements for
the environment (Ahmaruzzaman, 2011; Islam et al., 2015a; Chen et
al., 2016). Unlike organic wastes, heavy metals are non-biodegradable
and they can be accumulated in living tissues, causing various diseases
and disorders; therefore, they must be removed before discharge to
the environment.

The environment of Dhaka City, Bangladesh is facing serious threats
from pollution caused by the city's rapid expansion, congestion, and
anthropogenic activities. The Dhaka City is one of the most densely
populated cities in the world is about 12 million people in an area of
815.8 km2 (Mohiuddin et al., 2010; Islam et al., 2014a, b). The industrial
waste problem has become one of the prime concerns of the city corpo-
ration. Many industries have set up in and around the city during the
last decade, and the number of new industries are continually increas-
ing (Bhuiyan et al., 2011). In recent times, the rapid development of var-
ious industries has created environmental problems that pose a serious
threat to the environment (Ahmad et al., 2010; Islam et al., 2014a, b). As
a direct consequence, the amount of untreated wastewater and sludge
from different industries is being discharged into the arable lands and
channels of rivers around the city that may result the accumulation of
heavy metals in the cultivated soils (Sajwan et al., 2003; Speir et al.,
2003; Fuentes et al., 2004).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gexplo.2016.09.006&domain=pdf
http://dx.doi.org/10.1016/j.gexplo.2016.09.006
mailto:islam-md.saiful-nj@ynu.jp
Journal logo
http://dx.doi.org/10.1016/j.gexplo.2016.09.006
http://www.sciencedirect.com/science/journal/03756742
www.elsevier.com/locate/gexplo


4

Disposed sludge 
from industries

Trace metals
Organic compounds

Macro and micronutrients
Organic Micro pollutants

Microorganisms
Eggs of Parasitical Organisms

High risk to 
environment

Liquefaction due to thermo-chemical reactions

The risk and hazard of
heavy metals in liquefaction 

sludge to environment

Trace metals

The mobile and easily 
available fractions

were reduced with the 
relatively stable 

fractions increased

Residues of liquefaction 
industrial sludge

Low risk to 
environment

Secondary pollution 
problems in the aquatic 

environment that receive 
disposable sludge from 

industries

Speciation analysis of 
trace metals

The bioavailability
and eco-toxicity of

trace metals in residues
were relieved

Ash (Dominant species)
Organic compounds

Fig. 1. Transformation of trace metals in the environment and evaluation of bioavailability and ecotoxicity.
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Information on total metal concentrations is not sufficient to assess
the overall environmental impact (Chandra Sekhar et al., 2003),
which lead to the particular interest on geochemical speciation of
industrial sludge for assessing the potential environmental impacts
and ecotoxicity of heavy metals (Pueyo et al., 2001; Sin et al., 2001;
Venkateswaran et al., 2007; Chen et al., 2008, 2015). To evaluate the
combined risk of multiple heavy metals in sludge, the pollution load
index (PLI) and potential ecological risk (PER) index have also been de-
veloped (Yang et al., 2009; Huang et al., 2013). The PER introduces a
toxic-response factor for a given substance that provides quantitative
value for the assessment of ecological risk (Håkanson, 1980). Very few
studies have been focused on the present state of solid waste and mon-
itoring of heavy metals in the industrial waste in Bangladesh (Bhuiyan
et al., 2011; Islam et al., 2015b). However, to our knowledge, there has
been no study reported on the pollution of heavymetals in the industri-
al sludge to assess the ecological risk. The hypothesis of the present
study state that the concentrations of heavy metals in sludge depend
on the activities of various industries. Therefore, the main objectives of
this study are to determine Cr, Ni, Cu, As, Cd and Pb concentrations in
sludge of different industries and to assess the ecological risk of sludge
contamination by heavy metals in Dhaka City, Bangladesh.
2. Materials and methods

2.1. Sample collection and pre-treatment

About fifty seven sludge samples were collected during August and
September 2013 from the effluent dispose channels of seven different
types of industries in Dhaka City, Bangladesh (Fig. 2). The industries
were tannery, dye chemicals, textile, paper mill, jute mill, metal pro-
cessing and battery manufacturing. For considering the preindustrial
sample as background value, soil was taken by means of a percussion
hammer corer (50–80 cm in length) for metal analysis (Schottler and
Engstrom, 2006). Lead-210 dating by alpha spectrometry method was
used to determine the soil age and accumulation rates of heavy metals
(Islam et al., 2015c). Pre-industrial background is sometimes used
when data either come from age-dated materials or are collected
from areas believed to represent survey/study area in its supposed
‘pre-industrialization’ state (Reimann and Garrett, 2005). After
collection samples were dried at 105 °C to attain constant weight
(Venkateswaran et al., 2007). The dried samples were crumbled
and pulverized with a porcelain mortar and pestle and sieved
through 2 mm nylon sieve and stored in airtight clean zip lock bag in
freezer condition up to chemical analysis was carried out. The
physico-chemical parameters such as moisture content, pH, organic
carbon, total N, total K, total P and cation exchange capacity (CEC)
values were determined following the standard analytical methods
(Liu, 1996; Chen et al., 2008).
2.2. Sample digestion and metal extraction procedure

All chemicals were analytical grade reagents and Milli-Q (Elix UV5
and MilliQ, Millipore, USA) water was used for solution preparation.
For total metal analysis, 0.5 g sample was treated with 1.5 mL 69%
HNO3 (Kanto Chemical Co, Tokyo, Japan) and 4.5 mL 35% HCl (Kanto
Chemical Co, Tokyo, Japan) in a closed Teflon vessel and was digested
in a Microwave Digestion System (Berghof Speedwave®, Eningen,
Germany). The digested solution was then filtered using a syringe filter
(DISMIC® - 25HP PTFE, pore size = 0.45 μm, Toyo Roshi Kaisha, Ltd.,
Tokyo, Japan) and stored in 50 mL polypropylene tubes (Nalgene,
New York).

Sequential extraction was performed using the Community Bureau
of Reference (BCR) procedure recommended by in whichmetals are di-
vided into the following four steps.

Step one - acid soluble/exchangeable (F1): About 0.5 g sludge
samples were introduced in a 50-mL polypropylene centrifuge tubes
containing 20 mL of acetic acid (0.1 mol/L) and then shaken for 16 h
at room temperature. Subsequently, the suspension was filtered
through a 0.45 μm membrane filter and solid residues were preserved
for the subsequent fractions.

Step two - reducible-fraction (F2): The residues from step one were
slurried with a portion of a 20 mL volume of 0.1 mol L−1 hydroxyl am-
monium chloride (adjusted to pH2with nitric acid) for 16h. The extrac-
tion procedure described above was followed.



43M.S. Islam et al. / Journal of Geochemical Exploration 172 (2017) 41–49
Step three - oxidizable fraction (F3): The residues from step two
were dispersed in 5 mL volume of hydrogen peroxide (30%) and
digested at room temperature for 1 h with occasional shaking. A second
5 mL aliquot of hydrogen peroxide was introduced and digested at
85 ± 2 °C (oil bath) for 1 h. The contents were evaporated to a small
volume (1.2 mL). Twenty five milliliters of ammonium acetate
(1.0 mol/L, adjusted to pH 2 with HNO3) was added to the cool and
moist residue, shaken, centrifuged and the extract separated described
in step one.

Step four - residual fraction (F4): Residue from step three extracted
with a hydrochloric/nitric acid (1:1, V/V) mixture and digest under
pressure and temperature in closed vessel in a microwave digestion
system. The resultant solutions were subsequently used to determine
the heavy metals. A blank was also run at the same time and no detect-
able concentration was observed when aliquots of the sequential
extraction reagents were processed and analyzed with the samples.
The concentrations of Cr, Ni, Cu, As, Cd and Pb in different fractions
were determined by using inductively coupled plasma mass spectrom-
etry (ICP-MS, Agilent 7700 series).

2.3. Calculation of pollution indexes

2.3.1. Contamination factor (Cf
i)

The Cf
i is the ratio obtained by dividing the concentration of each

metal in sludge by the background value (tracemetals in the pre-indus-
trial soil samples of the study area):

Ci
f ¼

Cheavymetal

Cbackground
ð1Þ

The contamination levelsmay be classified based on their intensities
on a scale ranging from 1 to 6: low degree (Cfi b 1), moderate degree
(1 ≤ Cf

i b 3), considerable degree (3 ≤ Cf
i b 6), and very high degree

(Cfi ≥ 6) (Luo et al., 2007; Rashed, 2010; Islam et al., 2015a) (Table 3).

2.3.2. Pollution load index (PLI)
To assess the sludge quality in terms of metal contamination, an in-

tegrated approach of pollution load index of six heavy metals is
Fig. 2.Map of the sampling location of differe
calculated. The PLI is defined as the nth root of the multiplications of
the contamination factor (Cfi) of metals (Bhuiyan et al., 2010; Islam et
al., 2015a, c).

PLI ¼ Ci
f1 � Ci

f2 � Ci
f3 �…� Ci

fn

� �1=n
ð2Þ

2.3.3. Potential ecological risk (PER)
Potential ecological risk (PER) index is also introduced to assess the

contamination degree of heavy metals in sludges. The equations used
for calculation of PER were proposed by Guo et al. (2010) and are as
follows.

Ci
f ¼

Ci

Ci
n

; Cd ¼
Xn

i¼1

Ci
f ð3Þ

Eir ¼ Ti
r � Ci

f ; PER ¼
Xm

i¼1

Eir ð4Þ

where Cfi is the single element contamination factor, Ci is the concentra-
tion of heavymetals in samples and Cn

i is the background value of Cr, Ni,
Cu, As, Cd and Pb in sampleswere 45, 39, 33, 9.5, 0.95 and 27mg/kg. The
sum of Cfi for all metals represents the integrated pollution degree (Cd)
of environment. Eri is the potential ecological risk index and Tr

i is the bi-
ological toxic factor of an individual element. The toxic-response factors
for Cr, Ni, Cu, As, Cd and Pb were 2, 6, 5, 10, 30 and 5, respectively (Guo
et al., 2010; Islam et al., 2015c). PER is the index of comprehensive po-
tential ecological risk,which is the sumof Eri . It represents the sensitivity
of the biological community to the toxic substance and illustrates the
potential ecological risk caused by the overall contamination.

2.3.4. Statistical analysis
The data were statistically analyzed using the statistical package,

SPSS 16.0 (SPSS, USA). The means and standard deviations of trace
metal concentrations in sludges were calculated. Multivariate post-hoc
Tukey test was performed to detect significant differences in sludge
metal concentration depending on various industries.
nt industries in Dhaka City, Bangladesh.



Table 1
Physico-chemical properties of sludges collected from different industries in Dhaka City,
Bangladesh.

Industries
Moisture
(%) pH

Organic
C (%)

Total
N (%)

Total
P (%)

Total
K (%)

CEC
(Cmol/kg)

Tannery 85.4 7.85 64.1 2.11 3.62 1.11 79.6
Dye-chemical 90.1 5.37 55.6 3.01 2.24 1.98 66.1
Textile 81.6 8.91 49.1 1.92 2.05 1.47 63.3
Paper mill 75.9 7.39 58.7 2.04 3.14 0.98 52.4
Jute mill 83.4 6.52 44.1 1.79 3.71 0.87 38.9
Metal processing 78.8 6.93 36.9 2.61 2.96 1.66 37.1
Battery
manufacturing

77.3 5.98 50.4 3.55 1.94 1.05 33.3
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3. Results and discussion

3.1. Physico-chemical properties in sludges

The physico-chemical properties of sludge from selective industries
in Dhaka City, Bangladesh are presented in Table 1. The moisture con-
tent of the sludge was 75.9 to 90.1%, with pH ranging from 5.4 to 8.9.
The organic carbon ranged from 36.9 to 64.1%, 1.8 to 3.6% for total N,
1.9 to 3.7% for total P, 0.9 to 2.0% for total K and 33.9 to 79.6 cmol/kg
for CEC. Though the properties of the sludge sample of each industries
varied from the other, compared with the agricultural soil collected
from the study area (Islam et al., 2014a), the industrial sludge generally
contained high organic contents and was rich in N, suggesting high po-
tential agricultural benefits for practical application after bioremedia-
tion (Wong et al., 2000) and treatment by chemical remediation
(Veeken and Hamelers, 1999).

3.2. Total concentration of trace metals in sludge samples

The total concentrations of heavymetals viz., Cr, Ni, Cu, As, Cd and Pb
of sludge samples are presented in Fig. 3. The average concentrations of
heavymetalswere in the following decreasing order: Cr NNi N Cu N As N
Pb N Cd. In general, the total concentrations of heavy metals showed a
Fig. 3. Total concentrations of heavy metals in sludge of different industries in Dhaka City, Ban
among different industries.
wide variation. Similar wide variation in the concentration ranges of
heavy metals have been reported by (Ščančar et al., 2000; A'lvarez et
al., 2002; Liu and Sun, 2013). However, the total concentration of Cr,
Ni and Cd in sludge reported by (Liu and Sun, 2013) and for Cu and Pb
observed by (A'lvarez et al., 2002) were much higher than the results
of present study. This difference in concentration of metals among the
industries may due to the nature of rawmaterials and the composition
used in their operation process (Venkateswaran et al., 2007). Statistical-
ly significant difference (P b 0.05) was observed for Cr concentration in
sludge of tannery and dye industries with the others (Fig. 3). The
highest concentration of Cr was observed in the sludge of tannery in-
dustry (5805.4 mg/kg) followed by dye industry (303.3 mg/kg). This
study has provided the evidence that effluents discharged from the tan-
neries, dyeing and auxiliary industries were the main sources of Cr in
the deposited sludge (Ahmad et al., 2010; Islam et al., 2014b, 2015c).
Chromium compounds are used as pigments, mordents and dyes in
the textiles and as a tanning agent in the leather (Lokhande et al.,
2011; Islam et al., 2016).

The highest mean concentration of Ni was observed in sludge of
metal processing industry (641.2 mg/kg) followed by battery
manufacturing industry (342.7 mg/kg). Statistically significant differ-
ence (P b 0.05) was observed for Ni concentration in sludge of metal
processing and battery manufacturing industries with the others
(Fig. 3). The effluent from metal processing and battery manufacturing
industries did not meet the standard and the pollutant settled and
accumulated in the sludge, which caused a high heavy metal especially
Ni concentration in sludge. A considerable amount of Cu was observed
in the sludge of tannery, jute mill, metal processing and battery
manufacturing industries. However, high level of Cu in sludge indicates
its higher input, which might be originated from urban and industrial
wastes of these industries (Mohiuddin et al., 2012; Islam et al., 2015c).
Statistically significant difference (P b 0.05) was observed for As con-
centration in sludge of tannery with other industries (Fig. 3). The
highest concentration of As was observed in the sludge of tannery in-
dustry (133.7 mg/kg) followed by dye industry (66.8 mg/kg). High
level of As in sludge might be attributed to the treatment of wood by
using copper arsenate (Baeyens et al., 2007; Pravin et al., 2012) and
gladesh. Columns denoted by different letters indicated significant (P b 0.05) differences



Fig. 4. Speciation of heavy metals in sludge of different industries in Dhaka City,
Bangladesh.
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tanning in relation to some chemicals especially arsenic sulfide
(Asaduzzaman et al., 2002; Bhuiyan et al., 2011).

The highest mean concentration of Cdwas observed in sludge of dye
industry (27.4 mg/kg) and the lowest was found in textile industry
(10.6mg/kg). Statistically significant difference (P b 0.05) was observed
for Pb concentration in sludge of metal processingwith other industries
(Fig. 3). The highest concentration of Pb was observed in the sludge of
metal processing industry (67.8 mg/kg) followed by jute mill (10.0
mg/kg). The higher concentrations of Pb from metal processing indus-
trial sludge might be due to the effect from chemical manufacturing
and steel works (Mohiuddin et al., 2011a, b; Islam et al., 2015c). There
were significant differences in heavy metal concentrations between all
analyzed industrial sludge (Fig. 3), respectively; suggesting thatmining,
waste disposal, agriculture, sewage effluent and complex activity had
different effects on the levels of heavy metal in sludge which may
have effect on groundwater (Chen et al., 2016).Mining related to the in-
dustrial activity has a profound effect on local groundwater quality,
making the surrounding groundwater being more enriched in heavy
metals (El Khalil et al., 2008). Wastewater containing heavy metal and
harmful chemicals from many industries discharge may seep into the
groundwater (Rattan et al., 2005) which would directly threaten
human health through oral intake or dermal exposure. The higher con-
centrations of trace metals in sludge from some industries suggested
that effluent from certain industries does not meet specified discharge
standards. As a consequence, these pollutants settled and accumulated
in the sludge and contributed to high concentrations of trace metal in
the sewage sludge. From the point view of environment protection
and present environmental characteristics in Dhaka City, Bangladesh,
taking strict management and implementing clean production is neces-
sary to improve the environment in the study area.

3.3. The speciation of trace metals in the industrial sludge

Sequential extraction methods may provide useful information on
the potential mobility and association of heavy metals with different
phases of sludge (Chen et al., 2015; Vemic et al., 2015). The mobility/
bioavailability and eco-toxicity of heavy metals mainly depend on
their speciation in sludge (Chen et al., 2008). Therefore, relative distri-
bution of heavymetals estimated by BCR extraction procedure in the in-
dustrial sludge represented as percent of total concentrations are shown
in Fig. 4 and the results of each fraction of heavy metals are listed in
Table 2. The residual fraction is believed to consist mainly of primary
and secondary minerals, which hold metals within their crystalline
structure (Murray et al., 1999; Szolnoki and Farsang, 2013). The metals
associated with different fractions in sludges followed the descending
order of, Cr = residual N exchangeable N reducible N oxidizable; Ni =
residual N oxidizable N reducible N exchangeable; Cu = residual N
oxidizable N reducible N exchangeable; As = residual N oxidizable N

reducible N exchangeable; Cd: residual N oxidizable N exchangeable N

reducible; and Pb = residual N oxidizable N exchangeable N reducible.
Chromiumwas principally distributed in the residual fraction (31%)

provided evidence on low mobility and availability to environment
(A'lvarez et al., 2002; Yuan et al., 2011b). Nickel had higher percentage
of residual fraction (20–59%) and the least proportion was observed in
the exchangeable fraction (7.7–41%). The predominant form of Cu was
observed in residual fraction (25–69%), followed by oxidizable (14–
54%), reducible (2.2–33%) and exchangeable fraction (8.5–22%) (Fig.
4). A considerable amount of total Cu present in the oxidizable fraction
(F3) in samples, and this result was in agreement with Bibak, 1994. The
higher stability constant of Cu complexes with organic matter leads to
higher organic fractions and under strong oxidizing conditions it can
be leached to the environment (Illera et al., 2000; Chen et al., 2008).
Cu–organic matter complexes were generally considered relatively sta-
ble (Walter and Cuevas, 1999; Illera et al., 2000). However, the percent-
age of Cu associatedwith organicmatter fraction is primarily depending
on the quantity of Fe oxides in soil (Sliveira et al., 2006) and the evalu-
ation of the bioavailability of metals to environment is essential to pre-
dict changes in metal behavior in response to environment conditions.
Agricultural soil dominated in Dhaka City is rich in Fe oxide and Cu in
oxidizable fraction (F3) can bemobilized and available in this oxidizing
condition (Islam et al., 2014a). So, the Cu in all sludge samples had a
high potential eco-toxicity and bioavailability to the soil of Hunan. Arse-
nic was primarily present in the residual fraction (18–51%) followed by
oxidizable fraction (11–34%). Interestingly, tannery and dye chemical
may result in serious potential eco-toxicity to the environment where
a considerable proportion of As was observed in acid soluble/exchange-
able fraction (Fig. 4). Among the fractions, the higher percentage of Cd
was found in residual fraction (24–42%). Interestingly a considerable
proportion of Cd in sludge of tannery (32%) and dye chemical (40%)
was observed in acid soluble/exchangeable fraction (Fig. 4) indicated
potential mobility and bioavailability of Cd from these two industries.
Lead was primarily present in the residual fraction (23–65%). The
results were in good agreement with the reports by other studies
(Wong et al., 2001; Chen et al., 2008). It was reported that Pb can be
immobilized by the presence of insoluble salts like phosphates
(Walker et al., 2003) and the importance organic matter in limiting Pb
bioavailability has also been demonstrated (Strawn and Sparks, 2000).
These can explain the high concentration of Pb in sludge of residual frac-
tion and predict the low direct and potential bioavailability to the
environment.



Table 2
Metal concentration (mg/kg) [mean ± SD] in each fraction of the samples.

Metals Exchangeable Reducible Oxidisable Residual Sum %Recovered

Tannery (mg/kg)
Cr 1698.1 ± 728.5 1145.5 ± 331.4 1150.6 ± 785.8 1242.6 ± 1034.5 5237.0 90.2
Ni 3.6 ± 2.0 5.8 ± 3.1 5.6 ± 3.1 9.7 ± 3.7 24.7 108.5
Cu 33.3 ± 35.7 5.9.3 ± 4.3 116.3 ± 53.4 108.2 ± 61.3 263.7 95.4
As 68.5 ± 41.4 24.7 ± 19.6 28.5 ± 16.7 40.4 ± 25.7 162.0 121.2
Cd 7.8 ± 4.1 4.5 ± 3.1 6.0 ± 4.2 5.9 ± 3.8 21.0 94.8
Pb 1.1 ± 1.0 2.2 ± 1.6 6.8 ± 3.5 13.4 ± 6.3 23.4 116.4

Dye chemical (mg/kg)
Cr 144.7 ± 70.4 57.9 ± 42.7 38.2 ± 34.9 49.7 ± 31.5 290.5 95.7
Ni 3.2 ± 3.6 10.3 ± 8.2 8.8 ± 9.8 18.7 ± 10.3 41.0 107.6
Cu 7.6 ± 4.5 18.8 ± 12.4 25.7 ± 24.4 31.8 ± 36.4 84.0 92.3
As 30.1 ± 17.1 13.4 ± 14.7 7.4 ± 5.0 17.2 ± 16.8 68.0 101.9
Cd 11.7 ± 5.8 6.2 ± 5.5 3.6 ± 0.9 7.4 ± 2.7 28.9 105.1
Pb 2.8 ± 1.6 1.8 ± 1.8 3.2 ± 2.1 14.2 ± 4.0 22.0 100.0

Textile (mg/kg)
Cr 18.4 ± 13.6 12.1 ± 12.2 13.5 ± 16.0 12.2 ± 14.0 56.2 86.3
Ni 7.0 ± 6.4 8.3 ± 6.4 5.6 ± 3.1 29.6 ± 18.9 50.5 103.2
Cu 9.3 ± 6.8 5.0 ± 4.5 19.5 ± 11.1 57.9 ± 29.3 91.7 103.4
As 6.6 ± 2.6 13.4 ± 9.9 12.0 ± 11.0 33.3 ± 20.6 65.3 107.7
Cd 2.1 ± 3.2 2.1 ± 2.1 2.9 ± 1.4 5.0 ± 3.7 12.0 113.4
Pb 2.4 ± 1.6 3.4 ± 3.7 3.2 ± 1.6 4.6 ± 3.0 13.6 94.2

Paper mill (mg/kg)
Cr 2.5 ± 2.7 10.9 ± 11.6 11.4 ± 9.3 20.1 ± 14.1 45.0 109.2
Ni 5.8 ± 4.7 10.1 ± 3.3 11.8 ± 6.7 10.2 ± 4.8 37.8 112.9
Cu 5.8 ± 4.8 10.7 ± 6.7 25.3 ± 8.2 37.2 ± 20.5 79.0 105.9
As 4.7 ± 2.4 9.6 ± 3.6 10.3 ± 8.0 5.3 ± 2.7 29.8 114.2
Cd 1.9 ± 1.9 2.5 ± 2.3 4.7 ± 4.1 5.7 ± 3.3 14.9 99.4
Pb 4.6 ± 3.2 4.4 ± 3.7 2.7 ± 1.4 6.1 ± 3.9 17.9 107.4

Jute mill (mg/kg)
Cr 10.8 ± 3.1 21.5 ± 11.8 11.2 ± 3.3 29.1 ± 28.2 72.6 105.8
Ni 2.7 ± 1.8 10.1 ± 8.6 9.6 ± 7.4 13.4 ± 12.0 35.8 100.1
Cu 22.4 ± 14.0 8.7 ± 7.5 24.6 ± 17.3 122.6 ± 84.7 178.3 95.5
As 3.7 ± 0.9 2.5 ± 0.3 4.5 ± 4.4 5.9 ± 3.4 16.5 106.3
Cd 1.9 ± 1.5 2.5 ± 1.4 4.8 ± 2.2 6.8 ± 2.6 16.0 114.4
Pb 0.7 ± 0.5 1.7 ± 0.8 2.3 ± 1.5 4.8 ± 3.5 9.4 117.7

Metal processing (mg/kg)
Cr 2.3 ± 2.0 3.4 ± 4.0 3.8 ± 0.6 5.6 ± 4.1 15.1 117.3
Ni 152.4 ± 78.6 118.4 ± 110.5 250.9 ± 132.5 133.6 ± 118.9 655.3 102.2
Cu 16.7 ± 31.5 18.0 ± 13.3 106.3 ± 45.3 55.0 ± 23.5 196.1 79.0
As 2.0 ± 0.6 8.3 ± 5.5 6.6 ± 10.8 4.5 ± 6.9 21.4 108.2
Cd 2.9 ± 2.1 2.6 ± 2.1 4.9 ± 3.1 4.8 ± 3.8 15.3 74.8
Pb 9.5 ± 7.8 10.8 ± 7.3 27.8 ± 13.6 20.1 ± 13.7 68.2 100.6

Battery manufacturing (mg/kg)
Cr 1.0 ± 1.0 0.6 ± 0.5 1.5 ± 1.4 1.7 ± 1.7 4.9 105.3
Ni 129.6 ± 63.1 15.9 ± 7.3 75.9 ± 29.9 94.6 ± 63.2 316.0 92.2
Cu 59.0 ± 25.6 87.5 ± 35.3 52.5 ± 22.5 67.4 ± 35.2 266.5 94.8
As 2.7 ± 2.1 3.8 ± 3.0 4.7 ± 3.9 8.7 ± 7.9 19.9 115.7
Cd 3.1 ± 3.4 3.0 ± 1.3 1.7 ± 1.4 2.5 ± 3.2 10.3 89.3
Pb 7.1 ± 5.0 3.4 ± 3.5 2.6 ± 2.2 4.0 ± 4.0 17.1 97.7
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3.4. Ecological risk assessment

In this study, contamination factor (Cfi), pollution load index (PLI)
and degree of contaminations (Cd) have been applied to assess the eco-
logical risk of heavy metals in the industrial sludge. The PLI value equal
to zero indicates perfection; value of one indicates the presence only
baseline level and values above one indicates progressive deterioration
of soil in terms of contamination of heavy metals (Suresh et al., 2012;
Mohiuddin et al., 2011a, b; Islamet al., 2015c). As per above grade, stud-
ied sludges were polluted considerably, since PLI of all sludges were
higher than one (Fig. 5). Among the types of industries, the highest
PLI values were observed in sludge collected from tannery (mean: 6.8,
range: 4.0–12.2) followed by dye industry (mean: 3.6, range: 3.3–4.1).

Håkanson (1980) defines four categories of Cfi, four categories of Cd,
five categories of Eri , and four categories of PER as shown in Table 3.
The contamination factor (Cfi) for individual metal and degree of con-
tamination (Cd) are presented in Table 4. For Cr and As concentration
in sludge of tannery and dye industries showed very high contamina-
tion (Cfi N 6) whereas, all samples showed very high contamination
(Cfi N 6) for Cd (Table 4). Overall, the Cf

i for all metals were the descend-
ing order of Cr N Cd N Cu N As N Ni N Pb. Considering the degree of
contamination (Cd), all sites showed very high degree of metal contam-
ination (Cd N 20) indicating a considerable degree of contamination
(Table 4).

Combining the potential ecological risk index of individual metal
(Eri) and the potential ecological risk (PER) index of the environment
(Table 5) with their grade classifications (Table 3), sludges from
seven different types of industries were classified as posing consid-
erable to very high potential ecological risk with Cd. The order of Eri

in soils were in the following descending order of Cd N As N Cr N

Cu N Ni N Pb. Cadmium contributes potential ecological risk (PER)
index to the environment due to the effect from anthropogenic activ-
ities such as application of phosphate fertilizers and industrial activ-
ities (Mass et al., 2011; Luo et al., 2012; Rodríguez Martín et al.,



Fig. 5. Pollution load index (PLI) values of heavymetals in sludge of different industries in
Dhaka City, Bangladesh. Horizontal dot line indicates PLI value one as baseline level of
contamination.
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2013). Therefore, further detailed assessment of Cd is highly recom-
mended for the study area to explain the reasons for the higher
potential ecological risk. The PER of the environment for the different
types of industries can be ranked in the following order: tannery N

dye Nmetal processing N paper mill N jute mill N battery manufacturing
(Table 5).

3.5. Recovery rate of heavy metals

During the sequential extraction procedure, the recovery of trace
metals can be investigated by comparing the sum of each fraction's con-
centrations with the total metal concentrations. Verification of the re-
sults of the BCR sequential extraction procedure was performed by
comparing the sum of the four fractions (F1, F2, F3 and F4) with the
total concentrations of trace metals from HCl, HNO3 and H2O2 digestion
procedure. The detailed calculations were expressed as follows:

Recovery %ð Þ F1þ F2þ F3þ F4
Total concentration

� 100 ð5Þ
Table 3
Indices and grades of potential ecological risk of heavy metal pollution (Luo et al., 2007).

Contamination
factor (Cfi)

Contamination degree
of individual metal

Degree of
contamination (Cd)

Contamination degree
of the environment

Cf
i b 1 Low Cd b 5 Low contamination

1 ≤ Cf
i b 3 Moderate 5 ≤ Cd b 10 Moderate contamination

3 ≤ Cf
i b 6 Considerable 10 ≤ Cd b 20 Considerable contaminati

Cf
i ≥ 6 High Cd ≥ 20 High contamination

Table 4
Contamination factor, degree of contamination and contamination level of trace metals in slud

Industries

Contamination factor (Cfi)

Cr Ni Cu As

Tannery 135.2 0.6 8.4 14.4
Dye 6.7 1.0 2.8 7.0
Textile 1.4 1.3 2.7 6.4
Paper mill 0.9 0.9 2.3 2.8
Jute mill 1.5 0.9 5.7 1.6
Metal processing 0.3 16.4 7.5 2.1
Battery manufacturing 0.1 8.8 8.5 1.8

Note: Bold indicates very high contamination (Cfi N 6.0).
The results are shown in Table 2. It can be seen clearly that the sum
of the four steps (F1 + F2 + F3+ F4) was in good agreement with the
total metal concentration with satisfactory recoveries (74.8–121.2%)
similar to those recorded by other authors using the same procedure
(Chen et al., 2008; Yuan et al., 2011b). The results indicated that the
modified BCR sequential extractionmethod used in detecting the speci-
ation of Cr, Ni, Cu, As, Cd and Pb in the industrial sludge was accurate
and reliable.
4. Conclusions

Contamination of heavy metals was investigated in the sludge col-
lected from seven different types of industries in Dhaka City, Bangla-
desh. Total concentrations of heavy metals in sludges varied widely
among the industries where tannery, dye and metal processing indus-
tries might create adverse effects to the surrounding ecosystem. A con-
siderable proportion of heavy metals were observed in the oxidizable
fraction which indicates potential eco-toxicity to the environment dur-
ing the oxidizing condition. From the potential ecological risk factor (Eri)
each singlemetal had low potential ecological riskwith the exception of
Cdwhere this element showed high ecological risk. Finally, it is conclud-
ed that further detailed assessment of this vital metal (Cd) is highly rec-
ommended for the study area to explain the reasons for the higher
potential ecological risk.
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Er
i

Grade of ecological risk
of individual metal

Potential ecological risk
(PER)

Er
i b 40 Low risk PER b 65 Low risk

40 ≤ Er
i b 80 Moderate risk 65 ≤ PER b 130 Moderate risk

on 80 ≤ Er
i b 160 Considerable risk 130 ≤ PER b 260 Considerable risk

160 ≤ Er
i b 320 High risk PER ≥ 260 Very high risk

Er
i ≥ 320 Very high risk

ge collected from different industries.

Degree of contamination Contamination levelCd Pb

24.8 0.8 184.2 Very high
28.9 0.8 47.2 Very high
11.2 0.5 23.5 Very high
15.7 0.6 23.2 Very high
14.7 0.4 24.8 Very high
21.6 2.5 50.4 Very high
12.1 0.6 32.0 Very high



Table 5
Potential ecological risk factor, risk index and pollution degree of heavy metals in sludge collected from different industries in Bangladesh.

Industries

Potential ecological risk factor (Eri)

Potential risk PER Degree of ecological riskCr Ni Cu As Cd Pb

Tannery 258.0 3.2 41.9 140.8 701.2 3.7 1148.8 Very high risk
Dye 13.5 5.9 13.8 70.3 866.8 4.1 974.2 Very high risk
Textile 2.9 7.5 13.4 63.8 335.2 2.7 425.6 Very high risk
Paper mill 1.8 5.2 11.3 27.5 472.3 3.1 521.2 Very high risk
Jute mill 3.1 5.5 28.3 16.3 440.5 1.9 495.5 Very high risk
Metal processing 0.6 98.7 37.6 20.8 646.8 12.6 817.0 Very high risk
Battery manufacturing 0.2 52.7 42.6 18.1 363.6 3.2 480.4 Very high risk

Note: Bold indicates high ecological risk.
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