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Abstract: The study of biotransformation of domestic wastewater treatment plant
(DWTP) sludge was conducted in laboratory-scale by two-stage integrated process i.e.
liquid state bioconversion (LSB) and solid state bioconversion (SSB) processes. The
liquid wastewater sludge [4% w/w of total suspended solids (TSS)] was treated by mixed
filamentous fungi Penicillium corylophilum and Aspergillus niger, isolated, screened and
mixed cultured in terms of their higher biodegradation potential to wastewater sludge.
The biosolids was increased to about 10% wi/w. Conversely, the soluble [i.e. Total
dissolve solid (TDS)] and insoluble substances (TSS) in treated supernatant were
decreased effectively in the LSB process. In the developed LSB process, 93.8 g kg™of
biosolids were enriched with fungal biomass protein and nutrients (NPK), and 98.8% of
TSS, 98.2% of TDS, 97.3% of turbidity, 80.2% of soluble protein, 98.8% of reducing
sugar and 92.7% of chemical oxygen demand (COD) in treated sludge supernatant were
removed after 8 days of treatment. Specific resistance to filtration (1.39x10*2 m/kg) was
decreased tremendously by the microbial treatment of DWTP sludge after 6 days of
fermentation. The treated biosolids in DWTP sludge was considered as pretreated
resource materials for composting and converted into compost by SSB process. The SSB
process was evaluated for composting by monitoring the microbial growth and its
subsequent roles in biodegradation in composting bin (CB). The process was conducted
using two mixed fungal cultures, Trichoderma harzianum with Phanerochaete
chrysosporium 2094 and (T/P) and T. harzianum and Mucor hiemalis (T/M); and two
bulking materials, sawdust (SD) and rice straw (RS). The most encouraging results of
microbial growth and subsequent solid state bioconversion were exhibited in the RS than
the SD. Significant decrease of the C/N ratio and germination index (GI) were attained as
well as the higher value of glucosamine was exhibited in compost; which clearly implied
that the increased bioconversion occurred in the treated process. Comparatively, superior
composts were produced by T/P at 50-60 days of SSB. Significantly lower heavy metals
(Pb, Cd, Cr, Ni, Cu and Zn) were recorded in chemical analysis of the end products
(composts) after SSB, in comparison to the USA’s recognized limits for application in
municipal solid waste (MSW).
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1. INTRODUCTION

The treatment and disposal of domestic wastewater sludge, which are mainly of organic
origin, pose one of the most serious challenges all over the world. Proper operation,
maintenance and appropriate technology are essential for future waste management
strategies to overcome these challenges by efficient utilization of sludge disposal.

Bioconversion i.e, biological-based treatment of wastewater sludge is probably the only
way that could lead to sustainability and environmental friendly, and seems to be an
immediate solution to these problems. Although there exist many alternatives for sludge
treatment and disposal such as landfill, incineration, physical-chemical process,
physicochemical process, adsorption, membrane process. None of them are environmental
friendly or non-hazardous, every one is disseminating some sort of contaminants to the
environment as well as ground water [1, 2]. In recent years, interest has twisted to the
methods/processes based on resource recovery approach known as recycling and
utilization of organic materials from sludge. The concept of organic matter recovery by
applying biological-based treatment is becoming more popular to be applied for various
purposes. Composting as a resource recovery is becoming a more acceptable alternative
for sludge treatment due to its potential use for land application as biofertilizer and soil
conditioner [3].

Bio-transformation of domestic wastewater treatment plant sludge by liquid state and
solid state bioconversion (LSB & SSB) is being proposed to solve these problems.
Considering the existing treatment processes, the employment of fungal treatment using
LSB & SSB is a new approach for the biodegradation, bioseparation, biosolids
accumulation, biotransformation or bioremediation of soluble and insoluble organic and/or
inorganic substances of DWTP sludge which exhibits the benefit of being non-hazardous
and environmental-friendly for all living beings [4, 5]. The processes were developed with
sterilized and semi-sterilized conditions in the laboratory.

In LSB process, the filamentous fungi isolated from wastewater and DWTP sludge [6]
entrap the solid particles in higher strength of sludge (<4% w/w of TSS) during their
growth and enhance the biosolids accumulation, bioseparation and biodegradation of
treated supernatant [7, 8]. In LSB treatment, sludge particles are compacted by
filamentous mycelia that modify the prose structure of the treated sludge and enhance its
filterability and dewaterability [9]. After liquid state bioconversion of the DWTP sludge,
the separated fungal biomass containing biosolids generated during the treatment of sludge
that was used as composting materials for rapid and effective composting by solid state
bioconversion (SSB) process [5]. It contains large content of organic matters, macro- and
micro-nutrients and existing high potential microbes for quick bioconversion. The treated
supernatant can be disposed without any further treatment as it meets the standard values
of discharge [10].

Solid state bioconversion, a biological based process, is well known as a novel low cost
promising bioremediation technique [11]. The SSB has been traditionally practiced in
composting of agricultural wastes for mushroom cultivation and production of organic
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acids. The process often brings about an improved quality of substrate and enhances the
nutritional quality of products [12]. Furthermore, the process offers faster degradation of
the substrate due to more homogeneous distribution of excreted enzymes by filamentous
fungi [13]. The treatment of wastewater sludge by LSB and SSB has not been widely
investigated. Therefore, the present study was undertaken to evaluate the two-stage
integrated process for biotransformation, biosolids accumulation and bioseperation of
DWTP sludge into a value added product (compost).

2. MATERIAL AND METHODS

2.1 Microbial strains for LSB and SSB processes

The fungal strains of Aspergillus niger SCahmA103 (IM1385267) and Penicillium
corylophilum WWZP1003 (IMI385277) were evaluated for LSB process based on
performances of a series of experiments of isolation/identification [6], screening [14] and
compatible mixed cultures [15]. The A. niger and P. corylophilum strains were isolated
from sludge cake and wastewater, respectively and optimized on the basis of potential
performance for the treatment of DWTP sludge using LSB process. Two mixed fungal
cultures, Trichoderma harzianum with Phanerochaete chrysosporium 2094 and
Trichoderma harzianum with Mucor hiemalis were used for SSB process. Among these
three strains, T. harzianum and M. hiemalis were isolated from local relevant sources [16]
while the last one was collected from lab stock. These strains were found as compatible in
mixed culture [17] and adapted to higher percentage of DWTP sludge-rich growing media
[18]. The cultures were maintained on 3.9% w/v of potato dextrose agar (PDA, Oxoid)
slants, subcultured once in a month and stored at 4°C.

2.2 Collection and preparation of DWTP sludge and bulking materials

For LSB, the DWTP sludge of 1-2% w/w of TSS (pH 6.7) was collected from an
aeration tank in Indah Water Konsortium (IWK)’s domestic wastewater treatment plant,
Kuala Lumpur, Malaysia. The sludge concentration of 4% w/w of TSS was prepared by
removing of the excess free water with the solid/water mass balance. The final pH
recorded in the concentrated sludge (4% w/w) was 6.5. The sludge medium (4% w/w of
TSS) supplemented with co-substrate of 2% w/w of wheat flour (WF, optimized cheap
carbon source) was used throughout the study.

The moisture was recorded around 90% wi/w of the biosolids for composting in the
SSB process. The sawdust was collected from a local sawmill and a rice straw from
Malaysian Agricultural Research and Development Institute (MARDI). Sawdust was
cured for three days followed by sieving with 2.38 mm and the rice straw was cut into 3-4
cm followed by milling in bar mill to reduce its size to 0.5 cm to 3 cm. The biosolids (for
SSB) were also cured for several days at ambient temperature to reduce moisture content
of 90% w/w to 55% wi/w. The final moisture content recorded was 18.00% and 7.04% for
the sawdust (SD) and the rice straw (RS), respectively.
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2.3 Experimental procedures for the LSB Process

The optimized inoculum and bioconversion process were used to develop the sludge
treatment technique in a batch fermenter. The optimized carbon source (C) of wheat flour
as co-substrate and the process conditions were used as in Alam et al. [19]. To evaluate
the microbially treated biosolids as pretreatment resource materials for rapid and effective
composting in developed conditions, a 6-liter capacity BIOSTAT®CT compact laboratory-
scale fermenter (B. Braun Biotech International) with a 5-liter working volume was used.
The fermenter was a vertical glass cylinder with the height/diameter ratio of 2.2:1. The
fermenter and all its parts were sterilized to be used along with the substrate at 1.5 barg
and 121°C for 45 min. Filtered air was supplied into the substrate in the fermenter just
below the impeller by an air compressor. The initial pH of the substrate was adjusted to
5.5 but it was not controlled thereafter. Temperature, agitation and aeration rate were
maintained automatically bya microprocessor controller in the fermenter. An experiment
was carried out in the fermenter containing 3 kg sludge of 4% w/w of TSS content
supplemented by 2% w/w of co-substrate (wheat flour). The treatment was started by
inoculating 2% v/w of spore suspension of mixed inoculum of A. niger and P.
corylophilum (1:1 ratio of individual) for 10 days (sampling of every two days interval).
The concentration of mixed inoculum of A. niger and P. corylophilum used were 2x10*
and 1.25x10* spores/ml respectively. Inoculum preparation (spore suspension) was done
according to the method of Alam et al. [15].

2.4 Experimental procedures for the SSB Process

The SSB process was conducted to evaluate the feasibility of the SSB process of
DWTP sludge by considering the performance of microbial growth and its subsequence
affect on biodegradation. A study was conducted with three inocula and two bulking
agents. The experiment was carried out in a plastic composting bin [H 35 cm, D (upper)
32 cm and D (bottom) 25 cm] at semi sterile condition. Three inoculations, two bulking
agents, and a total of six treatments were conducted to evaluate the composting process
with seven harvests 0, 5, 15, 30, 45, 60 and 75 days after inoculation. The mixed inoculum
of 6% (v/w) of spore/mycelial suspension (1:1 ratio of each in mixed inoculum) was used
to inoculate the substrate. Equal volumes of myecelial suspension of P. chrysosporium
2094 were mixed with their compatible partner. The inocula were prepared according to
the procedure of Molla [5]. The concentration of inoculum was 3.28x10% and 2.99x10°
spores/ml for T. harzianum and M. hiemalis, respectively.

Two bulking materials, sawdust and rice straw, were used individually with fungal
treated biosolids for the SSB process. Mixed biosolids (55% moisture, 32.6% C and 3.6%
N) with sawdust (18% moisture, 44% C and 0.1% N) for preparation of biosolids-sawdust
substrate using in the ratio 1:1. Similar ratio was also followed to mix biosolids with rice
straw (7.04% moisture, 49.4% C and 0.44 % N) for biosolids-rice straw substrate. A 3 g of
KH2PO4, 0.3 g of MgSO4 and 0.3 g of CaCl> were used as available nutrients dose per kg
of substrate for the initial activation of inoculated fungi. The amount (1.9 g for biosolid-
sawdust and 1.5 g for biosolid-rice straw per 100 g of substrate) of available carbon
source, WF as co-substrate was determined to maintain the C/N ratio 30:1. In both
substrates, 65% moisture was adjusted as optimum for effective operation of the SSB
process. In composting bin, 6 kg of biosolids-saw dust and 3 kg of biosolids-rice straw
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substrates were used. The pH and final moisture content were adjusted for the substrate
after autoclaving at 121°C for 50 min. The substrates were inoculated with 6% mixed
spores/mycelial suspension. The composting bins were in a shade house for 75 days at
ambient temperature (28+2°C). At every harvest, a stick was used for mixing the substrate
in a composting bin.

2.5 Chemical analysis and parameters studied

The dry biosolids (sludge cake) was collected by filtering the fermentation broth
(treated sludge) and dried at 105°C for 48 h. The supernatant was used for analysis after
centrifuging the fermented broth at 3000 rpm for 30 min. The standard methods [20] were
followed for analyzing TS, TSS, and COD. The optical density (OD) of the supernatant
was measured at 660nm against distilled water in an UV spectrophotometer (UVIKON
933) that was considered as turbidity. Soluble protein was determined according to Lowry
method [21]. Total dissolved solids (TDS) was determined by using EC (electrical
conductivity)/ TDS meter (Hanna Instruments, HI 9835) according to manual instructions
of Hanna Instruments. Reducing sugar was measured according to the method of DNS
[22]. Total organic carbon (TOC) was measured according to the method of Navarro et al.
[23]. Total nitrogen was determined by micro-kjeldahl method [24]. Heavy metals
determination was followed by aqua regia extraction method [25]. The sample preparation
and calculation for specific resistance to filtration (SRF) test was determined according to
Carman [26].

The compost material after harvesting was used for chemical and physical analysis. The
analysis was done by using dry compost and its water extract. The sample was dried (at
105° C for 24 h) in an oven for dry basis calculation. The water extract was collected by
adding distilled water to substrate (10:1 v/w) followed by a three hour shaking at 180 rpm
in orbital shaker at room temperature. Finally the filtrate was collected after filtration
through whatman no. 1 filter paper. The TOC, total nitrogen and heavy metals of dry
compost were determined as same method as in the LSB process. Glucosamine and
germination index were measured from water extract to evaluate the performance of
fungal growth & multiplication, and the level of maturity of compost through
biodegradation by SSB, respectively. Glucosamine was determined according to Zheng
and Shetty [27]. Germination index was measured by using seeds of Brasicca napus based
on the procedure of Zucconi et al. [28].

2.6 Statistical analysis.

The experiment was conducted using a completely randomized design with three
replicates. The data were analyzed by F factor after ANOVA, and comparisons means
were done separately using the statistical package MSTAT-C [29]. The standard deviation
was presented in respective tables.
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3. RESULTS AND DISCUSSION

3.1 Liquid state bioconversion process

3.1.1. Biosolids accumulation, biodegradation and bioseparation of DWTP sludge.

The production of dry biosolids (DBS) enriched with the protein, nutrients and trace
elements in treated DWTP sludge using mixed fungal inocula of A. niger and P.
corylophilum is presented in Table 1. The results shown in Table 1 shows that the
maximum composting materials (biosolids) production of 93.8 g kg was recorded from
its initial concentration of 40 g kg™ of liquid sludge after 8 days of fungal treatment. The
production rate was slightly declined during final days of treatment (10 days). It might be
due to the nature of growth curve of treated microbes in death phase. The DWTP biosolids
increased with fungal treatment was used as pretreated resource materials for rapid and
effective composting by solid state bioconversion (SSB) process [5]. The fungal treated
biosolids improved with nutrients (NPK) and trace elements that could make as the richer
composting material compared to other composting materials (sewage sludge, municipal
solid wastes, paper sludge, etc) are shown in Table 2. The reports on increasing sludge
cake/biosolids in different waste materials of its bioconversion using fungi have been cited
by several researchers [8, 30, 31].

Table 1: Bisolids accumulation, protein enrichment, macro- and micro-elements and
C/N ratio in fungal treated biosolids as pretreatment material for composting with different
fermentation period.

Biosolids, proteins, Treatment period
nutrients and trace Day 0 Day 2 Day 4 Day 6 Day 8 Day 10
elements

*Biosolids (g kg")  40.042.10 59.0+2.07 74.7+2.50 85.6+3.20 93.8+2.70 92.2+2.10
*Protein (g kg™) 16.7£1.10 19.9+0.93 24.1+0.60 28.3+0.38 30.2+0.73  30.1+1.23

C/N 7.30 7.10 6.90 6.90 7.00 7.10

N (g kg™ 48.3+0.22 53.0+0.82 59.4+0.44 60.8+0.11 61.4+0.09 62.3+0.85
P (g kgh) 19.9+0.49 26.7+1.20 26.7£0.92 28.6+1.10 30.1+0.42  31.5+0.65
K (g kg™ 0.8+£0.01  01.5+0.05 01.5+0.10 01.4+0.01 01.63+0.00 01.5+0.10
Fe (g kg™ 09.3+0.40 08.9+0.24 08.2+0.11 09.0+0.03 09.9£0.07 09.3+0.07
Ca (mg kg™ 01.4+0.02 01.4+0.03 01.2+0.02 01.6+0.03 01.7£0.17 02.1+0.02
Mn (mg kg™) 490+10.4 390+30.7 300+12.20 420+25.50 540+10.00 480+20.10
Na (mg kg*) 200+£7.50 660+110. 430+40.80 560+20.40 450+10.90 440+40.00
Cu (mg kg™ 73.0£2.50 62.0£7.10 61.0£5.00 70.0+3.40 92.0+4.40 87.0+10.1
Zn (mg kg™ 302+52.5 300+41.2 300+72.10 300+61.40 310+32.50 305+22.00
Pb (mg kg?) 32.0£5.20 28.0+1.10 28.0£1.50 29.0+4.10 43.0+2.20 36.0+2.50
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aAccumulated biosolids by LSB was determined in g kg* of liquid DWTP sludge (4% w/w of TSS),
bProtein enrichment was determined in g kg of dry biosolids. All heavy metals analysis were done in dry
wet basis.

The protein was also enriched with fungal biomass during microbial treatment of
DWTP sludge. Enriched protein in biosolids containing fungal biomass is shown in
Tablel. Increasing trend of protein in biosolids followed similar trend of biosolids
production, as it was determined from biosolids. A maximum of 30 g of protein was
determined in per kg of dry biosolids of treated sludge after 8 days of treatment. Extensive
researches have been done in food and animal hushandry industry for protein enrichment
[12], where as very little works were conducted to convert the waste materials into value-
added product with enrichment of protein by microbial treatment [8].

Chemical characterization of compost is generally based on two criteria, agronomic
value and heavy metal contents. With regards to the agronomic value, the availability of
major elements such as N, P, K and trace elements e.g. Cu, Zn, Mn, Fe, Ni, Ca, and Na
must be evaluated [32]. The nutrient values (N, P, K) were determined in DWTP sludge to
evaluate the quality of composting materials. The microbial effect on nutrient enrichment
is shown in Table 1. The results shown in this study reveal that initial values of nutrients
were increased up to final days of fungal treatment. In untreated sludge (control), N, P,
and K were recorded with 48.27, 19.87 and 0.82 g kg™, which were increased to 62.34,
31.47 and 1.49 g kg of dry biosolids, respectively after 10 days of fungal treated sludge.
The increased protein in sludge cake has been examined by several authors [8]. The total
crude protein is positively correlated with total nitrogen content and fungal biomass, the
total N may increase due to enrichment of fungal biomass in biosolids. The increases in
total N have been observed in many other composting processes [33].

Table 2: Properties of different composting materials compared to treated biosolids of

DWTP sludge.

Parameters Composting raw materials (wastes)

“Treated bSeawge Sludge ‘MSW 9DPS

biosolids

by LSB
C (%) 43.4 445 18.6 40
N (%) 6.2 9.7 1.1 0.3
CIN 7.0 4.6 16.8 135.6
P (%) 3.0 2.3 0.9 0.1
K (mg kg™) 1530 — 5200 1.3
Ca (mg kg 2005 — 6800 12300
Mn (mg kg?) 540 278 486.3 —
Na (mg kg?) 450 — 207 1013
Cu (mg kg™ 92 726 10.3 123
Zn (mg kgt 310 4038 110 35

DWTP - Domestic Wastewater Treatment Plant; MSW- Municipal Solid Waste; DPS - De-inking
Paper Sludge; LSB — Liquid State Bioconversion, *Microbially treated biosolids after 8-10 days of
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DWTP sludge treatment; chemical analysis were done in dry basis , "Fang et al. [49]; *Soumaré et
al. [32]; “Charest and Beauchamp [50].

Total heavy metals recorded in biosolids after microbial treatment of DWTP sludge
with different fermentation time is shown in Table 1. The initial value of Ca in biosolids
without treatment recorded was 1.4 mg kg™ and it was increased to 2.1 mg kg™ after 10
days of fungal treatment. The maximum increase of the trace elements Ca and Na were
43% and 115% respectively, compared to its initial values (0 days, control) in microbially
treated biosolids. However, the obtained data are not followed any uniform trends in terms
of fermentation period (Table 1), while in most cases, trace elements were slightly
increased in fungal treated sludge. Biosolids were enriched with fungal biomass, which
has higher biosoption capacity for metals, and might adsorb metals from treated
supernatant and perhaps it increased the metals content [34, 35]. Moreover, it was also
slightly decreased with different fermentation time. Compared to the different waste
composting materials such as municipal solid waste (MSW), citrus waste, sewage sludge
and manure, the mineral content in microbially treated biosolids as pretreated material for
composting was lower [32, 36, 37].

In composting process, the C/N ratio is a very important factor for compost maturity.
As the product biosolids as well as pretreated materials were converted into compost, the
C/N ratio in biosolids was recorded after LSB of DWTP sludge (Table 1). The C/N ratio
can be increased to > 25 from the recorded value of about 7 by the adjustment of carbon
contained bulking substances for composting by SSB process.

The biodegradation of the DWTP sludge supernatant during microbial growth recorded
was very important because the supernatant was disposed directly to the environment as it
meets the standard values of discharge [10]. The total suspended solids (TSS), the total
dissolved solids (TDS), reducing sugar as substrate utilization, soluble protein as nitrogen
content, optical density at 660 nm as turbidity, and the chemical oxygen demand (COD)
were determined in treated supernatant to evaluate the LSB process for the treatment of
the DWTP sludge. The results indicated that the filamentous fungi significantly (P>0.05)
influenced on reduction of TSS, TDS, reducing sugar (RS), soluble protein (SP), optical
density (OD) and COD in supernatant of treated sludge and enhanced the LSB process
(Table 3). The higher reduction rate was recorded at day 6-8 of the LSB treatment period
and no significant difference was observed thereafter. The filamentous fungi entrapped the
suspended solid particles in the sludge and enhanced the TSS reduction process
significantly [8, 30]. During treatment, the fungal strains utilized the dissolved substances
as food and energy sources in sludge and enhanced the reduction of TDS, SP, and RS of
treated sludge [8] In the treatment, the fungal cultures utilized the soluble suspended
matters resulting in higher reduction of turbidity. The COD was an important factor to
evaluate the organic content of the DWTP sludge. The results suggested that COD
removal was highly accelerated by the microbial treatment of the sludge. Fungal growth
and its secondary metabolites helped to reduce the soluble and insoluble organic
substances in sludge effectively [8]. COD removal of waste materials by fungal treatment
have been studied by many authors and they found that COD were reduced by mixed
culture of Aspergillus niger, Penicillium corylophilum; Aspergillus awamori and
Trichoderma reesei; and single culture of Penicillium spp., Aspergillus oryzae and
Rhizopus oligosporus in domestic wastewater [7], olive mill wastewaters [31], and starch
processing wastewater [30] with a considerable values (60-90%).
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Table 3: Biodegradation and bioseparation of DWTP sludge by the mixed culture of A.
niger and P. corylophilum.

Treatment Increased biodegradability in supernatant and filterability of treated biosolids

period — : _
(day) gL Optical ~ Specific
COoD RS TDS SP TSS density  resistance

(660 nm) to

for filtration
turbidity  (Rx10'?,

m/kQg)

0 1.28+0.03 12.9+0.16 5.5+0.01 0.3310.01 8.10+0.21 0.85+0.01 85.45+2.10
2 0.96+0.02 9.240.18 3.7+0.11 0.25+0.01 5.86+0.20 0.71+0.00 65.21+2.08
4 0.66+0.05 6.310.29 1.6+0.17 0.19+0.02 3.10+0.17 0.11+0.02 42.37+0.18
6 0.22+0.03 3.810.24 0.2£0.18 0.09+0.01 0.50+0.16 0.05+0.01 1.39+0.12
8 0.15+0.01 1.440.19 0.1+0.01 0.07+0.01 0.09+0.00 0.02+0.02 1.58+0.22
10 0.09+0.01 0.4+0.01 0.1+0.05 0.07+0.09 0.10+0.01 0.03+0.01 1.65+0.11

COD - Chemical Oxygen Demand; RS - Reducing Sugar; TDS - Total Dissolved Solid; SP -
Soluble Protein; TSS - Total Suspended Solid.

Specific resistance to filtration (SRF) was determined to assess the
dewaterability/filterability of the treated sludge. The filterability of treated sludge was
significantly influenced by the fungal treatment as compared to untreated sample (Table
3). The filamentous fungi entrapped the solid particles of DWTP sludge and compressed
sludge solids by filamentous mycelia, which modified the porosity structure of sludge
cake, and accelerated the filtration process [9]. Fakhru’l-Razi et al. [8] has studied the
filterability test of higher solids content of domestic wastewater sludge in shake flask
using Aspergillus and Penicillium to evaluate its potentiality for bioconversion of
wastewater sludge and has produced effective results.

3.2 Solis state bioconversion process

C/N ratio. The TOC and total Kjeldahl nitrogen (TKN) ratio (C/N ratio) decreased
gradually in all situations over time of bioconversion periods (Table 4). In all cases, the
treatments of mixed fungal culture influenced in decreasing (significantly at P <0.05
by LSD) the C/N ratio than the control treatment. The obtained results of two different
mixed cultures were roughly similar and insignificant in the solid state bioconversion of
DWTP sludge. Comparatively sharp decreasing value was exhibited up to the period of 45
days mostly in all cases. The minimum 12.1 and 12.6 of the C/N ratio were recorded for
RS in compost by T/P and T/M, respectively after final days of treatment. In the case of
the SD, the lowest C/N ratio were 16.0 and 16.7 which were achieved by T/P and T/M,
respectively in the process after the same period of treatment.

The C/N ratio is an index traditionally used to evaluate the maturation of compost; the
value cannot be used as an absolute indicator of compost maturation [3]. A C/N ratio < 20
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could be considered a satisfactory maturation level of compost [37] but a ratio < 15 is
more preferable [23]. In the present study, the obtained results in CB implied the excellent
maturation of compost. Fang et al. [3] recorded the final range of C/N ratio of 17-19 over
100 days composting of sewage sludge, which was 25 initially in pile composting that did
not have any microbial treatments. In 70 days composting program of soybean leaves, the
final range of C/N ratio 18-22 was achieved, when the initial ratio was 30 [38]. Mathur et
al. [39] cited of C/N ratio in the topic of ‘determination of compost biomaturity’ that the
ideal C/N ratio of mature compost is 10, as in humus, hardly ever achieved by composting.
In spite of this difficulty, they also remarked that the C/N ratio up to 20 is acceptable for
composts as long as they are biostable or mature. The C/N ratio does generally decrease,
except for an occasional increase due to loss of ammonia from some systems and reaches
more or less a more stable level. Therefore, the C/N ratio is a potential indicator of
compost maturity but it cannot be used as a sole indicator of biomaturity for all types of
composts [39].

Germination index. Germination index (Gl %) decreased gradually and attained to
minimum at 30 days in both bulking materials (Table 5). The minimum value of Gl for SD
was 52.8 and 55.0% by T/M and T/P, respectively. Conversely, it was 33.4 and 39.6% for
RS by T/P and T/M, respectively. In all situations, the values of Gl increased to about 90%
and above. At final harvest, the Gl in SD was >100% in both mixed cultures. At last
harvest, the highest level of Gl was 99.0 and 122.2% were observed using bulking
material of SD. On the other hand, for bulking material RS, the maximum 92.3% was
recorded at last harvest (Table 5). Brassica napus seeds were used for Gl, the profile of it
clearly presented that the trend of Gl started from around 100%, then it gradually declined
to 35-40% (most of the cases) at 30 days of SSB treatment of mixed fungal cultures and
next it was increased around 100% and above at 60 to 75 days.

The GI (using Brasicca napus seeds) was the most sensitive parameter to evaluate the
toxicity and degree of maturity status of compost [40]. The dropping of Gl value in profile
around 30 days of treatment might be the reason to the release of high concentration of
ammonia and low molecular weight organic acids [3]. Excess of free ammonia is well
known toxic organic chemical for seed germination and seedling growth. The GI level
increased significantly (P<0.05) (122.2 & 119.5% in SD by T/P & T/M, respectively; 89.2
& 92.3% in RS by T/P & T/M, respectively) at 75 day, perhaps the relief of phytotoxins
especially the ammonia volatilization and reduction of unstable organic acids. Higher
phytotoxins, sources of unstable organic substances caused severe injuries of root systems
[41]. Immature compost retarded plant growth due to nitrogen starvation, phytotoxicity of
NHs and some organic acids [39]. The Gl of 50% has been used as an indication of
phytotoxin-free compost [40]. But in another report, when the Gl value exceeded 80%,
then the sludge compost was considered as mature [42].

Glucosamine in water extract of compost. Glucosamine, an essential component in
chitin of mycelial cell wall, is water-soluble sugar and stable component. It can be
considered as a good parameter for indirect estimation of the nature of mycelial growth in
solid substrate [43]. In another report, Roche et al. [44] found positive correlation between
biomass and glucosamine content of fungi in solid state fermentation. In solid state
fermentation of cranberry processing, higher mixed fungal mycelial growth was examined
by estimation of glucosamine content [27].
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Table 4: The changes of C/N ratio during solid state bioconversion of domestic
wastewater sludge using two mixed cultures.

Treatment C/N ratio

Day 0 Day 5 Day 15 Day 30 Day 45 Day 60 Day 75
SD RS SD RS SD RS SD RS SD RS SD RS SD RS

Control 29.9729.8028.3427.5024.3223.2523.0023.1122.76 18.88 22.80 17.7921.3217.25
T/P 29.9729.8024.8823.6721.3518.8624.0415.7918.5913.9116.4812.6315.98 12.14
T/M 29.9729.8025.9024.6021.0418.3719.76 14.58 18.42 13.68 16.83 12.90 16.65 12.58
LSD (5%) - - 024 035 1.02 1.00 0.82 0.26 0.70 0.70 0.59 1.04 0.32 0.75

SD - Sawdust; RS - Rice Straw; T/P — Trichoderma harzianum with Phanerochaete
chrysosporium; T/M — T. harzianum with Mucor hiemalisTable 5: The changes of Germination
Index (GI) during solid state bioconversion of domestic wastewater sludge.

Germination Index (%), Control 100
Treatment Day 0 Day5 Dayl1l5 Day30 Day 45 Day 60 Day 75
SD RS SD RS SD RS SD RS SD RS SD RS SD RS

Control 117.6 103.2 99.9 84.8 110.8 85.6 91.0 71.0 107.2 105.3 103.2 91.6 98.3 79.5
T/P 117.6 103.2 93.6 71.4 72.7 65.155.0 33.4 80.7 72.2 121.17 85.2 122.2 89.2
TIM 117.6 103.2 89.561.3 79.9 71.652.8 39.6 82.7 657 112.9 89.8 119.5 92.3

LSD (5%) - - 85161 81 128 34 41 86 7.7 162 142 10.0 8.9

SD - Sawdust; RS - Rice Straw; T/P — Trichoderma harzianum with Phanerochaete
chrysosporium; T/M - T. harzianum with Mucor hiemalis

Comparatively, higher results were achieved for RS than the SD (Table 6). It implied
the higher growth of fungal mycelium occurred for RS. The results showed significantly
higher trend of glucosamine profiles by fungal treatments than the control in all situations.
But enhanced results were observed for RS by fungal treatments. Relatively poor results
for SD implied the poor adaptation and growth of fungi might be due to the hard cell wall
of wood than the rice straw. In cranberry processing under solid state culture, Zheng and
Shetty [27] also explained the significant growth of fungi Trichoderma and Penicillium
species by estimation of glucosamine and suggested as a good indicator of fungal biomass
estimation in heterogeneous substrates.

33



IIUM Engineering Journal, Vol. 6, No. 1, 2005 M Z Alam et al.

Table 6: Glucosamine during solid state bioconversion of DWTP sludge using two
mixed cultures and bulking materials.

Treatment Glucosamine, (%)

Day0 Day 5 Day15 Day30 Day45 Day60 Day75
SD RS SD RS SD RS SD RS SD RS SD RS SD RS

Control 0.079 0.114 0.115 0.142 0.268 0.239 0.302 0.285 0.354 0.343 0.318 0.274 0.285 0.287
T/P 0.079 0.114 0.229 0.584 0.309 0.411 0.463 0.756 0.422 0.649 0.428 0.623 0.392 0.557
T/M 0.079 0.114 0.238 0.487 0.336 0.435 0.453 0.786 0.431 0.622 0.439 0.608 0.369 0.576

LSD 5% - - 0.018 0.040 0.024 0.032 0.030 0.042 0.028 0.046 0.022 0.050 0.026 0.120

SD - Sawdust; RS - Rice Straw; T/P — Trichoderma harzianum with Phanerochaete
chrysosporium; T/M - T. harzianum with Mucor hiemalis.

3.3 Heavy metals and nutrients in compost of biosolids produced by SSB technique.

The heavy metals status of compost produced by SSB of the DWTP sludge was not so
changed by microbial treatment (Table 7). The analyzed record of heavy metals (in dry
basis) in compost was lower than that of sludge (Table 4) due to dilution effect (i.e.
composting is the mixture of equal half w/w of sludge and bulking materials). All heavy
metals in Table 7 were about half or 50% of the amount present in sludge except Mn for
RS. The reasons might be that the present study was carried out using sludge to bulking
materials ratio of 1:1 (w/w). Therefore, analysis of heavy metals from compost would be
half than the sole sludge. Higher Mn in compost of RS might be the reason of bulking
agent rice straw. Remediation of heavy metals is the limitation of
bioconversion/bioremediation program, which was reported by Boopathy [45]. The acting
microbes could assimilate some of the metals. But in chemicals analysis, which was not
reflected because the metals absorbed by microbes were also contributing in results

Table 7. Heavy metals status of compost after 75 days of solid state bioconversion of
IWK DWTP sludge using mixed fungal culture T. harzianum with P. chrysosporium 2094
(T/P) and T. harzianum with M. hiemalis (T/M).

Treatment Pb Ni Cu Mn Cd Zn

SD RS SD RS SD RS SD RS SD RS SD RS
mg kg
Control 33.00 37.53 9.47 11.20 63.07 75.47 30.34 1683 1.83 193 1120.0 11934
T/P 33.73 36.27 8.73 10.53 63.53 7553 34.93 165.67 199 224 1130.0 1200.0
T/M 32,67 31.87 9.07 10.27 5847 7453 3553 16380 1.75 202 10734 1160.0

LSD 5% 1.77 1.06 5.22 11.81 0.21 61.04

wdust: RS — Rice Straw; T/P — Trichoderma harzianu Wltf% Phanerochaete
chr}lﬁ,os orlum T/M.=T. harzianum with Mucor hiemalis, Chemical an y5|s or heavy metals
estimation was'done in dry basis.
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It was not possible to separate out the acting microbes from compost before chemical
analysis. The heavy metals were significantly changed between composts of RS (i.e, CRS)
and SD (i.e, CSD) due to influence of bulking materials (Table 7). The higher amount was
achieved in rice straw. Furthermore, the amounts of heavy metals present in composts
(CRS and CSD) are quite low than the standard limits of several countries except for
chromium (Cr) and zinc (Zn) in some cases (Table 8). On an average the amount of
heavy metals present in composts (CRS and CSD) are 30 times lower compare to the
level that have recommended to be applied for crop production by USA in compost of
MSW [46]. Indah Water Konsortium (IWK) is dealing with only urban sewage sludge and
free from industrial wastewater. Therefore, it contains comparatively lower amount of
heavy metals. Ishak et al. [47] reported that significant higher amount of Cd and Zn was
disseminated in soil after direct application of the IWK wastewater sludge for corn
cultivation. Contamination of Cu, Cr, and Cd are mainly concerned with industrial
wastewater but Zn and Pb are mainly from domestic wastewater [48]. It might be the
reason of higher amount of Zn in IWK sludge (Table 8).

Table 8: Nutritional status of composts from IWK DWTP sludge. Standard limits of
heavy metals of MSW composts in some countries [46, 51] and typical level in soil [52].

Parameters Compost? USA EC Australia China Typical
CRS csD value in soil

Moisture (%) 69.87 66.88 - - 25-35 25-35 -

pH 5.27 5.15 - - 7.0-8.5 6.5-8.5 5.0

C/N ratio 12.11 15.60 - - - - 11

EC (dS m?) 1.49 0.35 - - - - -

BD (ka m?) 1099.22 953.26 - - - - 1300

N (%) 3.10 2.87 - 0.6 0.5-1.5 >0.5 0.4

P (%) 0.84 0.62 - 0.5 0.4-0.8 >0.3 0.05-0.2

K (%) 3.13 0.25 - 0.3 0.3-1.0 >1.0 0.04-3.0

Ca (%) 0.10 0.05 - - - - 0.7-50

Ma (%) 0.21 0.05 - - - - 0.06-6.0

Pb (maka?l) 36.27 33.73 300 750 200-900 > 100 2-100

Ni (ma kgl  10.53 8.73 420 50 30-200 - -

Cd(maka™) 224 1.99 39 5 1-6 >3 0.01-7.0

Cr(maka®  508.33 450.0 1200 150 50-300 >300 5-3000

Cu(makgl) 75.53 63.53 1500 300 1000 - 2-100

Mn (mag kat) 165.67 34.93 - - 500-1200 - 100-4000

Zn(ma ka™)  1200.0 1130.0 2800 1000 300-1500 - 10-300

Na(ma k™)  436.50 1364.5 - - - - 400-30000

Fe(mgkg") 9200 8066 - - - - )

3CRS: Compost -rice straw, CSD: Compost -sawdust. Both prepared with mixed fungi T. harzianum
and P. chrysosporium 2094 inoculation by SSB process. All nutrients were analyzed as dry basis.
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Moreover, in the present study, the end product (compost) of SSB of DWTP sludge
achieved the suitable characteristics of stable matured composts in compared to others in
relatively shortest period of time (Table 9). The composting duration may significantly
reduce if the process is operated in mechanized control condition. It contains more or less
all nutrients (Table 8). It can supplement the trace elements to the soil in sufficient amount
for better plant growth. The compost of CRS possessed higher nutrients levels than the
CSD i.e. all major nutrients are higher in CRS than the CSD (Table 8).

Table 9: Comparative study of composts of IWK DWTP sludge by SSB process with

others”.
Compost quality Siegfried Nutri Compost CRS CSD
characteristics Agro and Plus® (Negro et
AsiaGreen? al., 1999)°

Dry substance (% DS) 40-60 55 62 47.66 46.95
pH value 7-8 - 5.3 5.27 5.15
EC (dS/m) 0.5-15 - 2.98 1.49 0.35
Organic matter (% OM) - 16-29 75 31.67 37.37
Nitrogen (%) 0.6-1.3 0.9 3.0 1.48 1.38
Phosphorous (%) 0.15-0.62 - 0.88 0.40 0.29
Potassium (%) 0.37-1.49 - 0.57 1.49 0.12
Calcium (%) 2.48-9.94 1.3 0.005 0.05 0.02
Magnesium (%) 0.4-1.6 - 0.45 0.10 0.02
TOC (%) - - 39 17.93 21.53
C/N ratio 12-18 - 13 12.11 15.60
Bulk density (kg m™) - - - 1099.22 953.26
Germination index (%) 80-94 - >50 90 122
Weight loss (%) - - - 18.29 7.57
Duration (days) 56-70 - >365 50-60 50-60
Odor status - free - odor free odor free
Out look - - - good good
N (%) supplement in crop - - - 50% 50%
production
Weed status - free - free free

*All chemical analysis was done as wet basis. Both composts (CRS: Compost of biosolids with
rice straw and CSD: Compost of biosolids with sawdust) were produced in solid state
bioconversion using filamentous mixed fungal culture T. harzianum with P. chrysosporium
2094.

aSiegfried Agro Ltd from Switzerland and AsiaGreen Environmental Sdn Bhd in Malaysia are
commercially producing composts in joined venture and recommended the optimal level of
characteristics of matured quality compost.

b Nutri Plus is compost produced commercially by Edmonton Composting Facility, Canada from
Municipal Solid Waste and Sewage biosolids.

¢Compost produced from Sewage sludge with Sorghum bagasse, the chemical analyzed was done
in dry basis
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4. CONCLUSION

In the present study, LSB process increased the biosolids accumulation, moreover it
enhanced nutrients and dewaterability, and minimized soluble and insoluble
organic/inorganic substances in supernatant. The results also revealed that the SSB process
efficiently and effectively converted the treated biosolids from LSB into compost and
retained high nutrient values compared to other composts. The integrated processes of
LSB and SSB may show a complete solution of higher concentration of wastewater sludge
(4% wiw) to value added products (compost) by enhancing the biosolids accumulation,
bioseparation and biodegradation. This study may enhance the planning of sludge
management strategies using this integrated processes in future research, solutions and
applications.
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