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Abstract The present study compares the distribution
and nature of heavy metals in composts from 12 cities
of India, prepared from different types of processed
urban solid wastes, namely mixed wastes (MWC),
partially segregated wastes (PSWC), and segregated
bio-wastes (BWC). Compost samples were physically
fractionated by wet sieving, followed by extraction of
heavy metals by dilute HC] and NaOH. Bigger parti-
cles (>0.5 mm) constituted the major fraction in all
three types of composts and had a relatively lower
concentration of organic matter and heavy metals,
the effect being more pronounced in MWC and
PSWC in which a significant portion of the heavy
metals was distributed in finer size fractions. Cd, Ni,
Pb, and Zn were extracted to a greater extent by acid
than by alkali, the difference being greater in MWC,
which contained a higher amount of mineral matter. In
contrast, Cu and Cr were extracted to a greater extent
by dilute alkali, particularly from BWC containing a
higher amount of organic matter. Water-soluble heavy
metals were generally related to the water-soluble C or
total C content as well as to pH, rather than to their
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total contents. This study concludes that wet sieving
with dilute acid can effectively reduce heavy metal
load in MWC and PSWC.
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Introduction

Indian cities generate more than 70 million tonnes of
solid waste every year, containing more than 40 % of
nonbiodegradable materials, some of which are rich in
heavy metals. Composts prepared from such waste
have been found to contain high concentrations of
heavy metals (Saha et al. 2010). When repeatedly
applied to soil as a plant growth promoter, such com-
posts can have negative effects like contamination of
groundwater and the food chain by heavy metals, as
well as inhibition of plant growth and activity of soil
microorganisms (Chaney and Ryan 1994). However,
the magnitudes of these negative effects are likely to
depend upon the distribution of heavy metals in dif-
ferent physical fractions, as well their extractability.
During the collection of solid waste from cities,
both bigger materials (paper, plastics, metals, biode-
gradable organic matter) and smaller materials (from
construction activity, street sweepings, house cleaning,
and sludge from sewage drains) enter the feedstock
material for composting (Kumar et al. 2009). Due to
the varying nature and composition of waste materials
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undergoing decomposition, the resultant composts
contain various size fractions, ranging from fine dust
to larger material. The source of metal-containing
waste as well as the method of processing the waste
during composting may determine the distribution of
metals in different size fractions. Although the major-
ity of MSW composts in India are prepared in an
aerobic environment, feedstock is either of a mixed
type so that it contains nonbiodegradable material or is
of a segregated type so that it contains mostly organic
wastes. Materials are either turned frequently as in
mechanical compost plants or left unturned as in the
case of worm composting (Saha et al. 2010). Different
metal distribution trends have been reported in differ-
ent size fractions of compost (Krauss et al. 1987;
Petruzzelli et al. 1989; Zhao et al. 2012). All of these
studies were conducted on a few compost samples,
which were physically fractionated by using the dry
sieving method. Fine materials (like dust) stick to
putrescible materials and coat wet materials, and very
small metallic compounds penetrate larger putrescible
or other organic materials (Krauss et al. 1987).

Although considered very active due to their high
surface-to-volume ratio and high mobility through soil
pores, such fine particles cannot be separated complete-
ly by dry sieving of compost. Information on the effects
of composting methods on the nature and distribution of
particles and associated heavy metals in compost is
practically absent. The present investigation was carried
out to understand the effect of segregation of feedstock
on the distribution of inorganic and organic matter, as
well as of heavy metals in different size fractions of the
resultant compost.

Materials and methods
Study material

Twelve municipal solid waste compost samples pro-
duced in different cities [Kolkata (S;), Solan (S,),
Shimla (S;), Trivandrum (S,), Bangalore (Ss), Nashik
(S¢), Mumbai (S7), Nagpur (Sg), Bhopal (Sy),
Berhampore (S;¢), Suryapet (S;;), and Vijaywada
(S12)] were used for this study. Of these, five samples
(S1, S3, S5, So, and S;p) were produced from mixed
waste feedstock (MWC), four samples (S,, S4, Ss, and
Se) were produced from partially segregated waste feed-
stock (PSWC), and three samples (Sg, S11, and S;,) were
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produced from segregated biodegradable waste feed-
stock (BWC). Nonsegregated wastes were heaped and
left for several months with or without turning for
decomposition of biodegradable wastes to produce
MWC. During preparation of PSWC, nonbiodegradable
wastes of big size, like plastics, rubber, metals etc., are
manually removed prior to composting. For the prepa-
ration of BWC, segregated biodegradable wastes are
collected separately from individual households, which
are composted in pits or heaps using earthworms.

Physical fractionation of composts

A portion of 100 g of oven-dried (at 70 °C) compost
samples (termed hereafter “F,”) were equilibrated with
200 mL of double-distilled water in a 500-mL beaker
with occasional slow stirring using a glass rod. The slurry
was poured on the top of a vertically arranged, downward
sequence of sieves (diameter of 20 cm) with pore sizes of
0.5, 0.25, 0.125, and 0.075 mm (along with a collector
pan at the bottom of the column for collecting particles
sieved through <0.075 mm in size). The compost suspen-
sion was poured slowly on the topmost sieve (0.5 mm
pore size) in such a way that it was spread thinly with
almost uniform thickness all over the sieve. Water was
sprayed gently with a manually operated sprayer on the
retained material on each sieve so as to wash downward
any smaller particles that had been retained. The liquid
containing smaller particles (<0.075 mm) that had been
retained in the collector pan was centrifuged and subse-
quently filtered (through Whatman no. 42 filter paper).
The filtrate was analyzed for heavy metal and organic C
content. The particles retained on the 0.5-mm sieve (Fj 5),
0.25 mm sieve (Fg,s), 0.125-mm sieve (Fy 1,5), and
0.075-mm sieve (Fo 975), as well as the centrifuged parti-
cles (F.p) were dried in the oven at 70 °C for 24 h and
pulverized. All the above processes were replicated thrice
for each compost sample.

Methods of analysis

Carbon content in the filtrates was determined with the
help of a total organic carbon analyzer. Volatile solids
(VS) in each size fraction were detected in terms of
weight loss during dry combustion of 5 g of dried sample
at 550 °C for 5 h in a furnace (Leege and Thompson
1997). Total Cd, Cr, Cu, Ni, Pb, and Zn content in
materials from each size fraction and original compost
samples were extracted by hot acid digestion using
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HNOj; and HCIO,4 (3:1). Compost samples and their
different size fractions were also extracted with dilute
acid (0.1 N HCI) and dilute alkali (0.1 N NaOH) in the
ratio of 1:100 by shaking for 4 h. Heavy metal levels in
all the extracts were determined by using an inductively
coupled plasma optical emission spectrophotometer.

Data were examined by two-way ANOVA followed
by Duncan’s multiple range test using SPSS 10.0
statistical software.

Results and discussion

Distribution of compost material in different size
fractions

In general, the major fraction (78 %) of the MSW
compost belonged to the F 5 size fraction, and each of
the other groups of smaller size comprised approximate-
ly 2 to 10 % of the total weight. BWC contained more
material in the biggest size fraction (F(s) than did
PSWC or MWC (Table 1). The lowest weight was
recorded for the F o75 size fraction in all the composts,
irrespective of the method of preparation. Feedstock for
MWC probably contained finer particles like dust (from
street sweepings), soils, and ash particles (from burning
of organic wastes). Furthermore, MWC is mostly pre-
pared in aerobic windrows with frequent turning of
composting materials, which might have broken bigger
particles into finer ones. On the other hand, BWC is
produced from segregated organic wastes by worm
composting on static piles/pits with minimum or no
turning, which might have resulted in the retention of
more particles in the bigger size fraction at maturity.

Table 1 Average distribution of mass in size fractions of com-
posts prepared from different types of feedstock

Volatile solids

The levels of volatile solids, a measure of organic matter
content, varied significantly among different size fractions.
Prior segregation also had a significant effect on its distri-
bution in different size fractions. The volatile solid content
increased significantly with decrease in size fractions of
MWC and PSWC but decreased with decreasing size
fractions of BWC (Table 2). This indicates that there were
higher amounts of mineral matter in the coarse fraction
(>500 pwm) of MWC and PSWC, and relatively lower
amounts in the same fraction of BWC. Debris from
building/construction materials and weathered fragments
from metallic waste present in the mixed waste might have
contaminated the larger fractions of MWC and PSWC and
reduced VS. On the other hand, less mechanically invasive
processes (being earthworm-assisted turning decomposi-
tion) might have retained larger amounts of organic mate-
rial in the bigger size fraction of BWC. However, in
contrast to our results, Zhao et al. (2012) observed that
organic matter content decreased with decreasing particle
size in compost produced from mixed waste in an aerobic
composting system in China. As they fractionated the
compost into different and bigger size ranges, such obser-
vation in these two studies could not be compared.

Heavy metal content

Mean total heavy metal concentration was the lowest
in the biggest size fraction (F(s) of compost, and it
increased with decreasing size fractions (Fig. 1).
Solubilization of metals in waste (by organic acid pro-
duced during the decomposition of organic matter) and
their subsequent adsorption on finer particles (due to
higher surface area) might have caused their enrichment
in the finest fraction during composting. Petruzzelli et al.

Table 2 Content of volatile solids (in percentage) in size frac-

MWC PSWC BWC tions of composts prepared from different types of feedstock

% of total dry matter MWC PSWC BWC
Fos 735 a 74.7 a 872 a Fos 11.1b 22.6 b 310 a
Foos 8.0b 51b 3.1b Foos 133D 235b 253 b
Fo.125 7.1b 6.6b 41b Fo.125 14.8 ab 30.6 a 23.8b
F0A075 38b 37D 2.3b F0.075 172 a 30.5a 233Db
Fer 7.7b 99b 35b Fer 188 a 313 a 27.0 ab

Column means followed by the same lowercase letter are not
significantly different among themselves at 0.05 probability level

Column means followed by the same lowercase letters are not
significantly different among themselves at 0.05 probability level
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Fig. 1 Effect of segregation of feedstock on total heavy metal
concentration in different size fractions of composts

(1989) also reported the highest concentration of heavy
metals in the finest fraction. The total metal concentration
in all the size fractions of BWC was considerably lower
than that in the respective fractions of MWC and PSWC
(Fig. 1), probably due to very low amounts of metal-rich
wastes in the feedstock for composting in the case of
BWC. The finest fraction (F ;) of MWC and PSWC had
considerably higher amounts of heavy metals than other
fractions. The ratios between the concentrations in the
finest fraction (F ) and those in the largest fraction (F s)
indicated that Cu showed overall maximum enrichment
in the finer fractions, followed by Zn=Pb>Ni>Cr>Cd
(Table 3).

The distribution of a heavy metal in a given size
fraction was computed by multiplying the concentration
of that metal with the weight of the material present in
the respective size fraction and expressing the result as a
percentage of the metal present in the original compost
(F,). The maximal proportion (53-75 %) of the total
heavy metal content was present in the biggest size
fraction F s, followed by the smallest size fraction F g
(12-24 %), whereas contributions by other size fractions
were lower (5—11 %). This indicates that a considerable
portion of metals can be removed only by washing
through the finest sieve, particularly in the case of
MWC (14 %) and PSWC (24 %). In contrast, in spite
of the low metal content in BWC, most of it (approxi-
mately 75 %) was present in the F 5 fraction.

Water-soluble fraction of heavy metals
Contents of water-soluble heavy metals (except Cr)

were generally lower in BWC than either in MWC or
PSWC or both (Table 4). However, the proportion of
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Table 3 Total heavy metal contents (in milligram per kilogram
dm) in size fractions of composts prepared from different types
of feedstock

Cd Cr Cu Ni Pb Zn

Fos MWC 25 903 3785 30.0 1509 536.2
PSWC 1.5 680 4267 61.6 107.5 5423
BWC 03 228 806 85 451 1633
Foos MWC 3.4 107.7 4923 32.7 2509 6738
PSWC 1.5 93.6 5286 704 351.6 6783
BWC 02 123 1123 74 1322 223.0
Fois MWC 42 1026 5721 39.8 260.8 7754
PSWC 1.8 1148 732.1 103.5 2278 8158
BWC 04 79 167.1 9.1 1870 2493
Foors MWC 43 1413 6308 424 2975 8642
PSWC 1.9 137.0 891.2 1253 219.0 1,005.0
BWC 04 337 3230 139 2005 558.7
For MWC 4.8 1764 992.0 47.0 369.0 13704
PSWC 2.6 157.7 1,557.0 159.9 297.8 1,596.0
BWC 05 21.1 4147 13.6 199.0 628.0
LSDy 05 0.8 163 128 147 216 182

soluble metals (sum of all the metals expressed as per-
centage of total content) in compost ranged from 0.25
and 2.13 and was higher in BWC than in either MWC or
in both MWC and PSWC. A simple correlation analysis
revealed a significant correlation between water-soluble
carbon (WSC) and the soluble forms of Cd (r=+
0.593%), Cu (r=10.956**), Ni (r=+0.876**), Pb (r=+
0.637%), and Zn (r=+0.942**). However, a significant
correlation was seen between water-soluble Cr and VS
(r=+0.678%). This indicates that mineralization of or-
ganic matter (as indicated by VS) in conjunction with
complexation by soluble humic matter might be the

Table 4 Average water-soluble carbon and heavy metal con-
tents in composts prepared from different types of feedstock

Cu Cd Pb Cr Ni Zn C
mg/kg dm (%)

MWC 324b 002a 030ab 027b 03lab 251b 026
0.60) (0.37) (0.16) (0.22) (0.85)  (0.40) (2.76)
PSWC 477a 002a 04la 024b 079a 395a 030
0.93) (1.10) (0.31)  (0.28) (1.13)  (0.62) (2.28)
BWC 0.79¢ 00lb 008b 045a 020b 1.04c 024
0.94) (278) (0.14) (1.71) (224) (0.57) (1.45)

Column means followed by the same lowercase letters are not
significantly different among themselves at 0.05 probability
level. Figures in parenthesis indicate percentage of total content
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major controlling factor for the concentrations in the
water-soluble fractions for all heavy metals. Stepwise
regression analysis (involving pH, WSC, TOC, and total

heavy metal content) indicated that water-soluble Cd,
Ni, and Pb were also significantly related to multiple
factors as follows:

Water — soluble Cd = —0.134 + 0.0265 * WSC + 0.019 % pH (R? = 0.631%)
Water — soluble Pb = —2.743 + 0.634 * WSC + 0.383 x pH (R? = 0.662%)
Water — soluble Ni = —0.289 + 1.853 x WSC + 0.0.006  Total Ni (R? = 0.902**)

This also demonstrates a significant role of pH in
the case of Cd and Pb and of total content in the case
of Ni in terms of controlling their solubility.

Dilute acid (0.1 N HCl)-extractable heavy metal
content

On an average, approximately 42 % (on a molar basis)
of the total heavy metal content was extracted by 0.1 N
HCI from the F, fraction (Table 5). Among the heavy
metals, the average extraction values were approxi-
mately 76 % for total Cd, 58 % for total Zn, 47 for
total Pb, 32 % for total Cu, 26 % for total Ni, and 8 %
for total Cr. Extractability of the sum of all the metal
contents (on a molar basis) was higher for MWC
(47 %) than for PSWC (37 %) and BWC (33 %).
Dilute acid extracted a higher proportion of Cu, Ni,
Pb, and Zn but a lower proportion of Cd from
unsieved (F,) MWC than from BWC (Table 6).
Extraction of total metal content by dilute HCI was
higher from finer fractions than from the F 5 size
fraction; the difference being more pronounced in
BWC (Table 5). While comparing different types of
composts, extractability of Cd and Zn was found to be

higher in finer fractions than in coarse fractions (such
as Fy5) in MWC and PSWC but did not follow any
particular trend across the size fractions of BWC
(Table 6). In contrast, an increase in the extractability
of Cu, Ni, and Pb with reducing size fractions was
observed prominently only for BWC. There was either
no specific trend or no significant difference in the
extractability of Cr among the size fractions of com-
post prepared by different methods.

Dilute acid is expected to extract mainly mineral
forms of heavy metals—almost all of the water-
soluble, exchangeable, and carbonate forms as well
as some of the oxide forms of heavy metals—although
extraction from the organic-bound fraction is also
possible (Filgueiras et al. 2002; Kashem et al. 2007).
Davies et al. (1997) also reported that most of the
metals bound by humic acid are removed by washing
with 0.1 M HCI, revealing the acidic functional groups
of humic acid as the principal metal-binding sites. Due
to its lower ash content, there might be fewer mineral
forms of heavy metals in BWC. However, high cation
exchange capacity of humic acid and fulvic acid in
BWC may provide more sites for electrostatic reten-
tion of the metals (particularly Cd and Zn), which

Table 5 Concentration of 0.1 N HCI and 0.1 N NaOH extractable heavy metals (in millimole per kilogram dm) in size fractions of

composts prepared from different types of feedstock

MWC PSWC BWC Mean

HCI NaOH HCI NaOH HCl NaOH HCI NaOH
Fos 437D 13.6 a 454 a 212 a 37.0 be 16.4 be 439b 17.0 a
Fo.s 48.3 ab 13.7 a 537 a 20.8 a 51.0b 182 b 50.8 a 17.1 a
Fo.125 52.1 ab 16.0 a 483 a 219 a 47.7b 22.1 ab 50.0 a 192 a
Fo.075 54.6 a 179 a 50.0 a 20.8 a 359¢ 122 ¢ 50.0 a 184 a
Fer 555a 17.7 a 50.6 a 222 a 65.5a 344 a 543 a 21.6a

Column means followed by the same lowercase letter are not significantly different among themselves at 0.05 probability level

@ Springer



8820

Environ Monit Assess (2013) 185:8815-8821

Table 6 Dilute acid (0.1 N HCI) and alkali (0.1 N NaOH) extractable heavy metals (percentage of total content) in different size
fractions of composts

Cd Cr Cu Ni Pb Zn

HC1 NaOH HCI NaOH HCI NaOH HC1 NaOH HCI NaOH HCI NaOH
MWC
Fos 683 Db 79a 89b 69a 443D 30.7 a 354 a 145a 453b 36a 5090 35a
Fo.s 773 b 8.7 a 152 a 83a 458ab 283a 327 a 16.6a 533 ab 32a 57.1 ab 50a
Foios 803ab 11.5a 158 a 16.8a 43.8b 326a 31.8a 19.1a 604 a 47a 646a 43 a
Foo7s 902 a 154 a 19.1 a 16.1a 448D 369 a 348 a 200a 61.0a 46a 696a 53a
Fe¢ 934 a 10.7 a 9.2b 93a 527a 399a 344 a 20.7a 62.1a 35a 652 a 37a
F, 74.4 9.1 8.8 7.0 359 25.0 46.7 15.6 52.6 45b 653 3.5
PSWC
Fos 70.7 b 12.1b 8.6a 11.2a 439b 437 a 3470 142a 589a 74a 5290 62a
Fo.s 883 a 18.3 ab 69 a 90a 570a 44.5a 46.1 a 140a 36.0b 40a 628ab 73 a
Fo1ps 80.0ab 21.4 ab 6.6 a 102a 420b 425a 324D 123a 578a 96a 629ab 75a
Foo7s 855a 224 a 6.0 a 9.1a 42.7b 40.1 a 32.7b 11.7a 557a 82a 66.1a 74 a
Fer 894 a 18.3 ab 73 a 89a 465ab 4l4a 28.1 b 10.1a 58.7a 74a  62.1ab 6.8 a
F, 78.1 17.8 7.2 21.2 27.5 424 13.7 15.2 46.5 6.9 52.0 7.0
BWC
Fos 87.5a 25.0b 1.8b 88¢c 29.7¢ 40.9 be 95b 71a 304D 37a  49.1 ab 7.0a
Foss 85.7 a 28.6 b 16.5a 222¢ 4790 47.0b 193 a 10.8a 569a 60a 550a 56a
Fo1ns 833 a 50.0 a 97ab 605a 38.1bc 494b 176 a 88a 623a 8.7 a 53.6 ab 55a
Foo7s 923 a 385D 9.0ab 20.1c¢ 302c¢ 28.1¢ 13.6 ab 62a 520a 38a 40.1b 32a
Fer 86.7 a 60.0 a 88ab 394b 973a 79.8 a 182 a I1.1a 58.6a 37a 48.0ab 7.1a
F, 88.9 33.3 5.1 23.9 20.7 52.9 19.5 8.5 19.5 6.6 45.6 23.6

Column means for particular compost type followed by the same lowercase letters are not significantly different among themselves at

0.05 probability level

might also have been exchanged and extracted by
acid.

Dilute alkali (0.1 N NaOH)-extractable heavy metal
content

On an average, dilute alkali extracted about 17.6 % (on a
molar basis) of the total heavy metal content present in
the F, samples, and extractability was higher in BWC
(30 %) than in PSWC (21.9 %) or MWC (12.5 %).
Average extractability of different heavy metals
followed the order Cu (40.3 %)>Cd (22.2 %)=Cr
(21.0 %)=Ni (18.5 %)>Zn (9.9 %)>Pb (6.1 %). For
the original (F,) compost samples, considerably higher
extraction was observed in BWC (as compared to MWC
or both MWC and PSWC) for Cd, Cr, Cu, and Zn
(Table 6). Alkali extracts mainly humic and fulvic acid
fractions of organic matter and, therefore, is expected to
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extract metals complexed by these soluble and insoluble
organic compounds. These forms of the metals are
tightly bound by mixed ligands inside the helix-like
structures of humic acid molecules through the forma-
tion of coordinated complexes (Davies et al. 1997).
Kaschl et al. (2002) also demonstrated the association
of Cd with humified and less soluble organic materials
like humic and fulvic acids. As the organic matter con-
tent of BWC was considerably higher than that of the
other two types of composts (Saha et al. 2010), a higher
level of metal extraction by dilute alkali is expected for
BWLC. Extractability of heavy metals was similar for all
the size fractions of MWC and PSWC (Table 6). In the
case of BWC, extractability of Cd and Cu increased with
decreasing size fractions; whereas extractability of the
other metals was similar for the different size fractions.

Cd, Ni, Pb, and Zn were extracted to a greater extent
by acid than by alkali, the magnitude of difference being
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greater for MWC containing higher amounts of mineral
matter. In contrast, Cu and Cr were extracted to a greater
extent by dilute alkali, particularly in BWC, which
contain higher amounts of organic matter. This observa-
tion suggests that Cu and Cr were probably bound more
to the organic matter through inner sphere complexes of
humic acids.

Conclusion

Our previous study (Saha et al. 2010) showed that
composts manufactured in India from mixed wastes
and partially segregated wastes were unsuitable for
land application due to low organic matter and high
heavy metal content (being greater than the quality
control limits as specified by Fertilizer Control
Order, 1985 of India). The present investigation shows
that though finer size (<0.5 mm) particles constituted
only a minor fraction in MWC and PSWC; they
contained higher concentrations of organic matter as
well as of heavy metals. In this fraction, heavy metals
were largely present as inorganic forms or were elec-
trostatically held on the surfaces of organic and inor-
ganic particles. On the other hand, heavy metals were
present in smaller quantities in BWC and were largely
adsorbed and complexed in all the size fractions by
organic matter. Composts prepared from mixed wastes
and partially segregated wastes contained significant
amounts (6-20 %) of the finest fraction (<0.075 mm)
with the highest concentration of heavy metals, which,
once applied in agricultural land, can travel down
through macropores of soil profiles along with irriga-
tion water. Mineralized and solubilized metals from
bigger organic particles in compost material might
have limited mobility due to strong interactions with
soil constituents. On the other hand, heavy metal-
loaded fine particles from MWC and PSWC have the
potential to contaminate deeper layers of the soil pro-
file and, thus, can pollute greater volumes of soil in the
rhizosphere.

Although sieving of MWC and PSWC through a 0.5-
mm sieve reduced heavy metal content by 22 and 16 %,
respectively, in the retained material, it also decreased
organic matter content by about 35 and 5 %, respective-
ly, thus lowering its fertilizing value. This shows that
only removal of finer size fractions after composting
may not be a viable technology for improving the qual-
ity of composts prepared from urban solid wastes.

However, 0.1 N HCI could extract about 4445 % of
the total heavy metal content from the biggest size
fraction, suggesting that wet sieving with dilute acid
may be a viable technology for making mixed waste
composts and partially segregated waste composts suit-
able for land application.
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