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Abstract Bioavailability of heavy metals present in
industrial sludges and their subsequent phytotoxicity are
crucial parameters to assess the associated health hazards
and suitability for land application. The present study is an
effort to determine the extractability of heavy metals
present in different phases of the sludges, coming out of
two different operations involved in petrochemical industry
viz. spent caustic treatment (SCT) and waste water treat-
ment (WWT) following the BCR sequential extraction
procedure. The maximum amount of Cd and Cu was found
associated with oxidizable phase, whereas Cr and Ni were
best recovered in residual fractions of both the sludges.
Maximum Pb was recovered in oxidizable and residual
phase in the WWT and SCT sludges, respectively. The
stabilization treatment undergone by sludges strongly influ-
enced the heavy metal distribution and the phases to which
they were associated. The total metal concentration in both the
sludges did not exceed the limit set out by the European
Legislation and was found as Cd = 0.449, Pb = 3.340,
Ni = 6.530, Cr=21.087, & Cu=27.129 ugg ' and
Cd = 0.549, Pb =5.664, Ni = 7.161, Cr = 27.096, &
Cu = 35.479 pg g~ in the SCT and WWT sludges, respec-
tively. Phytotoxicity of the sludges was assessed against the
germination index and the relative root and shoot growth.
Sludge leachates did not adversely affect the seed germination
and the early seedling growth of Mung (Phaseolus mungo)
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and Gram (Cicer arietinum), indicating that these metals were
concentrated in the non-bioavailable fractions of sludges.
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Introduction

Effluent treatment plants (ETPs) produce sludge as the
principal by-product. As practice, the sludge produced is
either disposed off in landfills or incinerated, but both these
methods are expensive and are not eco-friendly. Recycling
such sludges as fertilizer or as soil conditioner in agricultural
farms, forests, and gardens seems to be an attractive/alter-
native possibility because of the presence of valuable com-
ponents such as organic matter, nitrogen, phosphorous, and
other nutrients for plants growth (Jamali et al. 2008; Saruhan
et al. 2010). However, because of the high heavy metal
content, their application in the agricultural field poses a
potential threat to the environment and health (Alonso et al.
2002; Majid et al. 2012). Heavy metals’ mobilization in the
soil may make them bioavailable and they can become the
part of food chain. Another problem is the potential phyto-
toxic nature of the organic waste, mainly due to their high
salinity, excess of ammonium ions, organic compounds, or
high molecular weight fatty acids which may inhibit the seed
germination and plant growth (Wong et al. 2001; Hoekstra
et al. 2002). The toxicity of metals present in the sludge
depends on their bioavailability and mobility instead of the
total metal concentration which is a function of the chemical
form in which they exist (Fernandez et al. 2000; Pueyo et al.
2001; Gaber et al. 2011; Mohammed and Ayodele 2011).
Chemical speciation or sequential extraction of heavy metals
is a promising technique for the determination of the forms in
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which they are present in industrial sludges (Ahmed and
Bouhadjera 2010; Achi et al. 2011; Gonzélez-Corrochano
etal. 2011; Odohetal. 2011; Tamunobereton-ari etal. 2011).
When the sludges are applied to soil, the information on
chemical speciation of metals is valuable for predicting their
mobility, bioavailability, and leaching rates (Jamali et al.
2007; Gaber et al. 2011; Mohammed and Ayodele 2011).

In accordance with the scheme proposed by the Com-
munity Bureau of Reference (BCR), now known as the
Standard, Measurements and Testing Program, a sequential
extraction method was applied to recover Cd, Cu, Pb, Cr,
and Ni present in petrochemical industry sludge. The
scheme consists of three steps which give rise to four
different fractions and an additional step:

e Step I (Exchangeable fraction associated with carbon-
ated phases): This fraction represents the metals
adsorbed on the sludges or on their essential compo-
nents, denominated clays, Fe and Mn hydroxide, and
humic acids. Metal adsorption is related with changes
in the ionic composition of the water, which may affect
the processes of adsorption—desorption.

e Step Il (Reducible fraction or fraction associated with Fe
and Mn oxide): The Fe and Mn oxides act as cement or are
present as nodules between particles or cover the same.
The heavy metals are strongly bound to these oxides, but
are thermodynamically unstable in anoxic conditions.

o Step Il (Oxidizable fraction bound to organic matter):
This fraction represents the metals which are com-
plexed or peptized by the natural organic substances.
Soluble metallic forms are liberated when organic
matter is attacked in oxidant conditions.

e Step 1V (Residual fraction): The residual solids mainly
contain primary and secondary solids that occlude the
metals in their crystalline structures.

Bioassays of metals present in the industrial sludges are
of immense importance to determine their phytotoxicity,
before their possible utilization in agriculture. Such bio-
assays are simple and have been used by many authors to
determine the phytotoxicity of heavy metals due to their
high sensitivity (Gothberg et al. 2002; Sahu et al. 2008;
Kumar et al. 2009a, b). The objective of the present study
is to develop a chemical and biologic approach to assess
the potential impacts of petrochemical industry sludge
through chemical characterization and bioassay.

Materials and methods
Sludge collection and pretreatment

The sludges used in the study were collected from the spent
caustic treatment plant (SCTP) and waste water treatment
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plant (WWTP) of a petrochemical industry situated in Uttar
Pradesh, India. The samples were air dried and homoge-
nized manually to remove bigger pieces of stone, plastics,
etc. The samples were then ground and sieved to obtain a
fraction of less than 165 pm.

Equipment and reagents

The concentration of Cd, Cu, Pb, Cr, and Ni was deter-
mined using an atomic absorption spectrophotometer (AA
240 FS, Varian). All the reagents used in the study were of
analytical grade and were obtained from E. Merck (India)
Limited, Mumbai. Certified aqueous standards of the ele-
ments were used as reference.

Sludge characterization

The sludges were characterized for different physico-
chemical parameters viz. pH, electrical conductivity,
moisture content, total solids, organic carbon, total nitro-
gen, and available phosphorous and potassium, following
the standard analytical method (APHA 2005).

Metal determination

One gram sample of the sludge was taken in five replicates
and digested overnight in a solution of HNO5;:HCIO, (4:1
v/v) at 70-80 °C. The solution was allowed to evaporate by
raising the temperature to 105 °C until the sludge was
digested and the solution became transparent. The volume
of the samples was reduced to 0.5-1.0 ml. The final vol-
ume was diluted to 50 ml with 0.1 N HNO;, filtered
through 0.25-p filter paper, and analyzed on an atomic
absorption spectrophotometer (AAS) (Singh et al. 2010;
Kumar et al. 2012).

Sequential extraction procedure

The sequential extraction procedure for speciation of heavy
metals, proposed by the Commission of the European
Communities Bureau of Reference (BCR) was followed.
Analysis was performed in five replicates for both the
sludge samples (n = 5).

Toxicity characteristic leaching procedure (TCLP)

Toxicity characteristic leaching procedure test was carried
out to determine the mobility of both organic and inorganic
analytes present in the waste, following the method of
USEPA (1992).
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Toxicity assessment of sludges

Sludge extracts were prepared by shaking (overnight) 5 g
of sludge with 25 ml (1:5 w/v) deionized water. The sus-
pension was filtered through Whatman No. 1 filter paper. In
addition to the extract obtained, two more working con-
centrations (25 and 50 %) were prepared by diluting the
extract and were used for bioassay, while deionized water
served as the control. 30 seeds each of Mung (Phaseolus
mungo) and Gram (Cicer arietinum) were placed in a petri
dish lined with a double layer of Whatman No. 1 filter
paper. The filter paper was moistened with 5 ml of the
working concentrations. The seeds were allowed to ger-
minate at room temperature. A 1-mm emergence from the
seeds was considered as germination. Seed germination
and root length (cm) of seeds were recorded after 72 h of
germination. The relative seed germination (RSG), relative
root growth (RRG), and the germination index (GI) were
calculated following Hoekstra et al. (2002).

Number of seeds germinated in test

RSG(%) =
(%) Number of seeds germinated in control

x 100

Root length in test plants (cm)
RRG = 100
(%) Root length in control plants (cm) %

Germination Index (GI) = (G,L;)/(G.L.)

where G, and L, represent seed germination (%) and root
elongation (cm), respectively, and G. and L. are the cor-
responding control values. To facilitate the comparison
between different tests, the GI is expressed as a percentage
in comparison to the control (100 %).

Statistical analysis

One way analysis of variance (ANOVA) and ¢ test were
performed to compare the means of the different treatments
at p < 0.05. Differences between individual means were
tested using the Duncan Multiple Range Test (DMRT).

Results and discussion
Characterization of the sludge

Physicochemical parameters analyzed during the sludge
characterization are presented in Table 1. The pH of SCTP
and WWTP sludges was 7.8 and 7.6, respectively, which
may be considered as normal. Slightly alkaline pH favors
the availability of elements and nutrients to the plants.
Moisture content of the WWTP sludge (22.2 %) was
higher than the SCTP sludge (15.5 %), which may be due

Table 1 Physicochemical characteristics of petrochemical industry
sludges

Parameters SCTP sludge =~ WWTP sludge
pH 7.8 £0.12° 7.6 £0.12°
Moisture (%) 155+ 1.2° 222 + 1.4
Total solids (%) 84.5 + 1.6° 77.8 £ 2.7°
Organic carbon (g kg™") 12 4£0.02°  1.954+0.12
Available phosphorus (mg kg™")  16.7 + 0.8° 18.9 + 0.86°
Available potassium (mg kg™') 180 + 12.4° 258 &+ 11.6°
Conductivity (ms cm ™) 2.4 +0.08 227 £ 0.06°
Total nitrogen (%) 327 £ 0.27° 4.46 £+ 0.28*

SCTP spent caustic treatment plant, WWTP waste water treatment
plant

t Test was performed to assess the significance of differences between
two sludges and is shown by different alphabets

to prolonged exposure of the SCTP sludge to sunlight.
Electrical conductivity of the SCTP sludge was higher than
the WWTP sludge, indicating high salt content in the SCTP
sludge. Both the sludges contained a high level of nitrogen
(N), phosphorous (P), potassium (K), and organic carbon
(OC), which are the principal components for any sludge to
be used in land application. Similar results were reported
by Sophia and Swaminathan (2005); Bose et al. (2008);
Bose and Bhattacharyya (2008); Nair et al. (2008);
Li et al. (2010).

Toxicity characteristic leaching of metals

The mobility of metals following TCLP is presented in
Table 2. Results revealed that Cu is the easiest and most
leachable metal, i.e., 0.462 and 0.413 mg 17! in the SCTP
and WWTP sludges, respectively. The metals present in
both the sludges followed the given pattern of leaching:
Cu > Cr > Pb > Ni > Cd. However, the leachable con-
tents of these metals present in both the sludges were below
the limits suggested by Alloway (1968); Bowen (1979);
Kabata-Pendias and Pendias (2001).

Table 2 Mobility of metals after following TCLP (mg 1™")

Metal SCTP sludge WWTP sludge
Cd 0.016 + 0.002° 0.016 + 0.002°
Cu 0.372 £ 0.014* 0.342 + 0.012°
Pb 0.143 £+ 0.086* 0.171 + 0.066°
Cr 0.152 + 0.068" 0.144 £ 0.053*
Ni 0.017 + 0.002° 0.041 + 0.003*

SCTP spent caustic treatment plant, WWTP waste water treatment
plant

t Test was performed to assess the significant differences between two
sludges and is shown by different alphabets
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Table 3 Total heavy metal content of petrochemical industry sludges (ug g~ )

Metals Soil SCTP sludge WWTP waste Threshold values®
Cd ND" 0.449 + 0.054° 0.549 + 0.048" 20-40
Cu 12.12 £ 1.06° 27.129 4+ 1.87° 35.479 + 1.92° 1,000-1,750
Pb 1.52 £+ 1.28° 3.340 + 0.28° 5.664 + 0.44* 750-1,200
Cr 4.61 £ 1.25° 21.087 + 1.76° 27.096 + 1.44% 1,000-1,500
Ni 1.85.9 £+ 1.02° 6.530 + 0.43° 7.161 £+ 0.58" 300-400

SCTP spent caustic treatment plant, WWTP waste water treatment plant
* Threshold values of heavy metals established in directive 86/278/EEC.

Value stipulated by Spanish law

° Not detectable. Data are represented as means of five individual measurements & SD. The significant values followed by different letters

calculated by the Duncan’s multiple range test (DMRT) at p < 0.05
Total heavy metal content

The use of sludges from treatment plants as fertilizer/soil
conditioner depends on their heavy metal contents. The
limits are established by the European Legislation (Direc-
tive 86/278/EEC) and represent the maximum permitted
concentration of heavy metals in sludge destined for agri-
culture use. The total heavy metal content of the sludges
was within the maximum permitted levels mentioned in the
directive (Table 3).

Sequential extraction of metals

The heavy metal recovery from the sludges subjected to
sequential extraction scheme is presented in Fig. 1 and
Table 4. The sum of the metals recovered in four fractions
was reasonably similar to the total metal contents obtained
after digestion of the original samples. Recovery of metals
in different phases ranged between 75 and 97 %, which is
in good agreement with the findings of Tokalioglu et al.

>

70~ B Exchangeable E Reducible
Oxidizable W Residual

Metal distribution (%)

Metals

(2000); Da Silva et al. (2002); Fuentes et al. (2003, 2004);
Corrochano et al. (2011). Maximum amount of metals was
recovered in the oxidizable fraction of the sludges except
for Cr and Ni, which is to be expected given the affinity of
organic matter for these elements and the formation of
stable complexes (Scancar et al. 2000; Da Silva et al. 2002;
Fuentes et al. 2003, 2004; Corrochano et al. 2011).
Approximately 95 % of Cr was recovered in the oxi-
dizable and residual fraction, whereas the first and second
stages of metal recovery did not exceeded 5-6 % in both
sludges. The sum of Cr recovered in four fractions
accounted for 88.63 and 82.78 % in SCTP and WWTP
sludge, respectively. Similar results were reported by
Tokalioglu et al. (2000) and Da Silva et al. (2002).
Approximately 94 % of Pb was recovered after four stages
of sequential extraction in both the sludges. The highest
proportion of Pb was recovered in residual fraction
(40.09 %) in SCTP sludge, whereas in case of WWTP
sludge, it was maximum in the oxidizable fraction
(72.71 %). Highest amount of Cd in both sludges was

B Exchangeable E Reducible
B Oxidizable B Residual

80 1

=~

Metal distribution (%)

Metals

Fig. 1 Metal distribution in different steps determined with the BCR sequential extraction process for the spent caustic treatment (a) and waste

water treatment (b) sludges of a petrochemical industry
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Table 4 Metal concentration (ug g~ ' dry wt) in the petrochemical industry sludge extracts for the different steps of BCR scheme

Metal Step 1 Step 11 Step III Step IV Sum Percentage recovered
WWTP sludge
Cd 0.054 £ 0.01 0.063 £ 0.01 0.19 £ 0.01 0.118 £ 0.01 0.425 94.65
Cu 0.29 £ 0.04 0.24 £ 0.03 12.13 £ 0.97 9.19 £ 0.09 21.85 80.54
Pb 0.028 £ 0.03 0.76 £ 0.06 1.11 £ 0.01 1.27 £ 0.14 3.168 95.85
Cr 0.08 + 0.01 1.09 £ 0.09 5.95 £ 0.68 11.57 & 0.98 18.69 88.63
Ni 2.15 £ 0.02 0.32 £ 0.02 147 £ 0.15 2.16 £ 0.19 6.10 93.41
SCTP sludge
Cd 0.067 £ 0.01 0.085 £ 0.01 0.22 £ 0.02 0.16 £ 0.02 0.532 96.90
Cu 0.46 £ 0.05 0.37 £ 0.04 17.21 £ 1.21 12.46 + 1.42 30.50 85.97
Pb 0.082 £ 0.01 0.058 £ 0.01 3.89 + 0.04 1.32 £ 0.97 5.35 94.46
Cr 0.09 £ 0.01 0.11 £ 0.01 7.24 £ 0.62 14.99 £+ 1.62 22.43 82.78
Ni 0.62 £ 0.01 0.32 £+ 0.03 1.37 £ 0.09 3.11 £ 041 542 75.69
The results are expressed as the mean of five individual replicates = SD
SCTP spent caustic treatment plant, WWTP waste water treatment plant
A - B 225 C
104 B GrRAM a & GrRAM a 2257 mGRAM
200 - b a
102 4 .
175 A
100 150 4
SR S 1251 S
o} O ot
2 9 g 1001 4 &)
75 1
94 -
50 A
92 25 4
90 45 . : 0 ; -
Control  SCTP  WWTP Control SCTP WWTP Control SCTP WWTP

Fig. 2 Effect of sludge extract on RSG (a), RRG (b), and GI (c¢) of
C. arietinum (Gram) and P. mungo (Mung). Data are represented
by means of five individual measurements £ SD. Values followed

extracted in the oxidizable fraction (SCTP = 44.71 % and
WWTP = 41.35 %). Further, the total Cd recovery was
94.65 and 96.90 % in SCTP and WWTP sludge, respec-
tively. Nickel was variably distributed in the different
fractions of the process; however, the maximum recovery
was observed in the fourth stage of the extraction proce-
dure, which accounted for about 57 and 35 % in WWTP
and SCTP sludge, respectively. Total Ni recovery was
93.41 (SCTP) and 75.69 % (WWTP) in the sludge. Similar
results were reported by Odoh et al. (2011). Copper was
mainly associated with the organic matter and the highest
exchangeable percentage was obtained in the oxidizable
fraction of both the sludges; similar results were found by
Fuentes et al. (2003). It may be because of the affinity of
organic matter for this type of element and the formation of
stable complexes (Da Silva et al. 2002; Fuentes et al. 2006;

by different letfers are separated by the Duncan’s Multiple Range
Test (DMRT) at p < 0.05

Corrochano et al. 2011). The sum of the last two fractions
accounted for about 79 and 84 % of the total Cu in SCTP
and WWTP sludges, respectively, whereas the total Cu
recovery from SCTP and WWTP sludge was approxi-
mately 81 and 86 %, respectively. Results indicate that Cu
was associated with strong organic ligands and probably
occluded in minerals like quartz and feldspars (Fuentes
et al. 2004; Odoh et al. 2011).

Phytotoxicity test

The phytotoxicity results are presented in Fig. 2a—c. Ger-
mination of both the crops was not significantly affected on
exposure to sludge extracts and remained at a higher level.
However, seed germination has been regarded as a less
sensitive method than root elongation when used as a
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bioassay for the evaluation of phytotoxicity (Wong et al.
2001; Kumar et al. 2009a, b). C. arietinum exposed to both
the sludge extracts showed better root growth as compared
to the control; however, the GI and shoot growth were
reduced with respect to the control on exposure to the
SCTP sludge extract. Exposure of P. mungo to the WWTP
and SCTP sludge extracts showed better GI, RSG, and
RRG, which may be attributed to a higher degree of min-
eralization and availability of organic carbon and nitrogen
in sludge extracts (Walter et al. 2005).

Conclusions

Petrochemical industry sludge may be used as soil
amendments because of high organic matter as well as
nutrients (N, P, and K). Moreover, the metals were con-
centrated in the oxidizable and reducible fraction and hence
not easily bioavailable, which makes it suitable for soil
amendment. The phytotoxicity test confirmed that none of
the sludges have any inhibitory effect during early seedling
growth of C. arietinum and P. mungo. Present findings can
contribute in making the policies for the management of
industrial solid waste; however, they cannot be directly
correlated for predicting the “in situ” metal behavior in the
soil. To obtain the optimum application rates and to
properly evaluate the effects of sludges on plants, the
laboratory bioassays should be complemented with field
experiments, in which an appropriate quantity of sludge
should be added to the field according to its particular
needs.
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