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bstract

A promising biological, sustainable, non-hazardous, safe and environmental friendly management and disposal technique of domestic wastewater
ludge is global expectation. Fungal entrapped biosolids as a result of prior fungal treated raw wastewater sludge was recycled to evaluate
ts performance as inoculum for bioseparation/bioconversion of supplemented sludge in view of continuous as well as scale up wastewater
ludge treatment. Encouraging results were achieved in bioseparation of suspended solids and in dewaterability/filterability of treated domestic
astewater sludge. Fungal entrapped biosolids offered 98% removal of total suspended solids (TSS) in supplemented sludge treatment at 6-day
ithout nutrient (wheat flour, WF) supply. Consequently, 99% removal of turbidity and 87% removal of chemical oxygen demand (COD) were

chieved in supernatant of treated sludge. The lowest value (1.75 × 1012 m/kg) of specific resistance to filtration (SRF) was observed at 6-day after

reatment, which was equivalent to the 70% decrease of SRF. The all results except SRF were not influenced further in treatments accompanied
ith WF supplementation. The present treatments offered significant (P ≤ 0.01) improvement in all results except SRF of treated wastewater

ludge compared to the control. Furthermore, the present result is addressing a potential avenue of probable solution for expected management and
isposal of domestic wastewater sludge in future.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Characteristically the activated sewage treatment plant sludge
ontains huge amount of water (approximately 96–99% water)
long with organic solids [1–3]. This huge amount of water
auses severe problem of its transportation as well as disposal.
ince, separation of suspended solids and dewatering are consid-
red as important factor for its proper management and disposal
n treatment plants. The efficiency of solids–liquid separa-
ions successfully depends on the physical characteristics of the

ludge particle aggregates such as size, density, porosity as well
s the settling velocities. The poor settlement of activated sludge
ocs adversely affects the operation of sewage treatment plants.
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ujibur Rahman Agricultural University, Salna, Gazipur 1706, Bangladesh.

el.: +880 2 9205310; fax: +880 2 9205333.
E-mail addresses: ahmolla60@gmail.com, ahmolla60@yahoo.com

A.H. Molla).

e
s
m
i
s
a
i
a

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.01.060
stewater sludge

here are several reports on using polymer, chemicals, polyelec-
rolyte, membrane filtration and flocculation for enhancement
f settleability and dewaterability of sludge [4–7]. Mostly these
dvanced techniques are effective for non-soluble substances
ut inefficient for soluble and toxic pollutants. In addition, these
re quite expensive and incapable of providing environmentally
afe and friendly disposal [8]. On the other hand, biological-
ased treatment or bioremediation is a natural process in which
icrobial communities play important roles in break down or

lteration the structure of sludge constituents [9–13].
However, in liquid state bioconversion, sludge particles were

ntrapped by filamentous mycelia that modify the porosity
tructure of the treated sludge and enhance separation and biore-
ediation significantly [14–16]. Fungal treatment tremendously

mproves dewaterability and filterability of treated wastewater

ludge as compared to untreated sludge [15–17]. Moreover,

significant improvement in bioseparation and dewaterabil-
ty of raw domestic wastewater sludge was observed in our
nother recent research after filamentous fungal treatment
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unpublished]. Here it is also mentionable that our previous all
esearches on biological treatment of wastewater sludge were
oncerned about sterilized sludge. No doubt pre-sterilization
ractice has some impact to change the originality of the sludge
tructure. In contrast, the fungal inoculum is the key component
nd plays important roles for successful bioseparation of solids
nd bioremediation of wastewater sludge treatment. For contin-
ous treatment it is important to ensure the continuous supply of
otential fungal inocula. Definitely in higher scale of wastewa-
er sludge treatment its requirement is also higher. No doubt its
reparation and maintenance to its purity is laborious. Therefore,
onsidering this point of continuous and scale up wastewater
ludge treatment, the present research was assigned to evalu-
te the performance of fungal treated dewatered sludge (fungal
ntrapped biosolids after dewatering) as inocula in biosepara-
ion and dewaterability of supplemented raw wastewater sludge
reatment.

. Experimental

.1. Sample collection

For the present study the domestic wastewater sludge was col-
ected from an aeration tank of Indah Water Konsortium (IWK)
reatment Plant, Kuala Lumpur, Malaysia and preserved it in
lastic container in colds room at 4 ◦C for next immediate use.
hereafter, the total solids (%), total suspended solids (TSS)

%), turbidity (NTU), chemical oxygen demand (COD) (mg/L)
nd pH of the fresh sample (raw sludge) were measured as 1.21,
.06, 4485, 3065 and 6.76, respectively, just after collect.

.2. Preparation of fungal spore suspension

The fungus Mucor hiemalis Wehmer, isolated from IWK
astewater sludge cake in our previous studies [18] was used

n the present research project. The fungal strain was subcul-
ured on potato dextrose agar (PDA, 3.9% Merck) plate for 7
ays at ambient temperature (28 ± 2 ◦C). For preparing spore
uspension each plate of fungal culture was washed with 10 ml
f 0.01% Tween 20 sterilized solution. Afterward the mycelial
uspension was filtered by 12.5 cm Whatman #1 filter paper.
he viable spores strength in fungal spore suspension was mea-
ured 3.03 × 106 (spores/ml) by serial dilution and plate count
ethod. For counting viable spores, PDA media were used for

ermination of spores at ambient temperature (28 ± 2 ◦C) for
–3 days. The stock of spores suspension was preserved at 4 ◦C
nd same source of fungal spores suspension was used for the
resent study.

.3. Inoculum (fungal treated dewatered sludge/biosolids)
reparation

The dewatered biosolids (sludge with fungal biomass,

ig. 1B) were obtained after dewatering of supernatant of initial
ungal treated raw wastewater sludge (Fig. 1A). Successively, the
ewatered biosolids were recycled as inoculum for further raw
astewater sludge treatment in the present study. However, the
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ewatered biosolids were prepared in following steps. Two per-
ent fungal spores suspension (3.03 × 106 spores/ml) was added
o 2% WF solution (prior sterilized at 121 ◦C for 15 min) for fun-
al broth preparation. The fungal broth was cultured in 250 ml
rlenmeyer wide mouth flask at 150 rpm in an orbital shaker for
0 h at 32 ◦C. Prepared 50 ml fungal broth was used for 100 ml
aw wastewater sludge treatment was operated in single 250 ml
rlenmeyer flask at 150 rpm in an orbital shaker at 32 ◦C. After 3
ays, the fungal biomass (broth) successfully separated all sus-
ended solids. Discarded the clean supernatant (free water by
ouring) and the whole dewatered biosolids (i.e. the content of
ach flask, Fig. 1B) were used for subsequent raw wastewater
ludge (for 50 or 100 ml sludge based on experimental design)
reatment for the present study.

.4. Experimental design and statistical analysis

The present experiment was conducted in completely ran-
omized design (CRD) with following five treatments and
eplicated five times. The assigned treatments were: (i) control
fresh 100 ml raw sludge only), (ii) 50 ml raw sludge without
heat flour (WF), i.e. 50 (−WF), (iii) 50 ml raw sludge with
% WF, i.e. 50 (+WF), (iv) 100 ml raw sludge without WF,
.e. 100 (−WF), and (v) 100 ml raw sludge with 1% WF, i.e.
00 (+WF). In all situations except control, the almost same
mount of fungal entrapped biosolids inocula (the used inoc-
la were obtained from a single flask contained 50 ml fungal
roth plus 100 ml sludge, explained in Section 2.3) were used
or sludge treatment. For fungal treatment, flasks were operated
t 150 rpm in an orbital shaker for 6 days at 32 ◦C. Parameters
ere studied in 48 h intervals since 0-day. The analysis of vari-

nce was accomplished in Microsoft Office Excel. The means
ere tested by least significance difference (LSD) at P ≤ 0.01

evel of significance.

.5. Analytical methodology

The inoLab (Multi Level) pH meter was used to record the pH.
upernatant was used for analyzing of total suspended solids,

urbidity and chemical oxygen demand. Ten millilitre super-
atant was collected by pipette from upper surface of the treated
ludge (from Fig. 1C) within 10–15 min after removal of flask
rom the shaker. After that 10 ml supernatant was diluted to 100
imes with distilled H2O for assessing the necessary parameters.
he standard methods [19] were followed for TSS and COD
easurement, while the Hach Turbidity meter 2100N was used

or measurement of turbidity of the supernatant. Specific resis-
ance to filtration (SRF) measures the resistance of sludge to
ltration or dewaterability was analyzed based on description
f our previous report [20]. Fisherbrand (code FB59021) 9 cm
lter paper was used to collect 40 ml filtrate as a function of

ime by applying vacuum pressure of 300 mmHg. The following

ormula was used for specific resistance to filtration (SRF = r)
alculation.

=
[

2A2P

μc∗

]
b
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Fig. 1. Bioseparation of suspended solids and dewatering of supplemented raw domestic wastewater treatment plant sludge by filamentous fungus (Mucor hiemalis)
entrapped biosolids from prior treated wastewater sludge. A: Raw 100 ml wastewater sludge after 3 days fungal (Mucor hiemalis) treatment with previously grown
f our so
e 0 ml s
e ing of
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ungal inocula (the used 50 ml inocula was prepared in 2% sterilized wheat fl
ntrapped biosolids after dewatering/decanting of supernatant of A, C: Raw 10
ntrapped biosolids B, D: Decanted or fungal entrapped biosolids after dewater

here r is the specific resistance to filtration (m/kg), A the area
f the filter paper (m2), P the pressure of filtration (N/m2), μ

he viscosity of filtrate (N s/m2), c* the weight of dry solids per
olume of filtrate (kg/m3), b the slope of the plot of filtration
ime/filtrate volume (t/V) versus filtrate volume (V).

. Results and discussion

.1. Total suspended solids

The total suspended solids of raw wastewater sludge were
ecreased significantly (P ≤ 0.01) after treatment by fungal
ntrapped biosolids (Fig. 2). Among the treatments, 50 (+WF)
nd 100 (+WF), i.e. 50 ml raw sludge with 1% (v/w) wheat flour

WF) and 100 ml sludge with 1% WF exhibited higher values
f TSS at 0-day compared to the others. Conversely at 0-day the
SS was minimum in control treatment implied that the added

nocula and WF enhanced TSS initially. However, the obtained

h
m
(
t

lution with 2% spore suspension in 48 h culture in rotary shaker), B: Fungal
upplemented wastewater sludge after 4 days treatment with dewatered fungal
C.

alues of TSS in fungal treated sludge were more or less simi-
ar and significantly lower compared to the control at 2-day. At
-day the recorded TSS values in supernatant of treated wastew-
ter sludge were 4500, 500, 300, 200 and 200 mg/l, while these
ere 9300, 13,700, 26,800, 14,100 and 24,900 mg/l at 0-day

n control, 50 (−WF), 50 (+WF), 100 (−WF) and 100 (+WF)
reatments, respectively. The decreasing trend of TSS was maxi-

um at higher volume of sludge (i.e. in 100 than 50 ml) but it was
nsignificant. Perhaps orbital shaking and volume of the sludge
ad some correlation on separation of suspended solids. On the
ther hand, the removal percent of TSS in treated sludge at 6-
ay was 51.6, 96.3, 98.9, 98.6 and 99.2 in control, 50 (−WF),
0 (+WF), 100 (−WF) and 100 (+WF) treatments, respectively.
he almost maximum percent removal of TSS was attained at 2-
ay, which was above 85% in WF added treatments. Relatively

igher percent removal of TSS was occurred in WF added treat-
ents but which was insignificant with non-added treatments

Fig. 2). Entrapping of suspended solids by fungal filamen-
ous structure is the probable mechanism of decreasing TSS
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removal turbidity was insignificant compared to the non-added
WF treatment (except control). Assurance of nutrients supply
for proper fungal growth was the reason for WF application
in the system. Perhaps the sludge itself accomplished this pur-
ig. 2. Total suspended solids (TSS) in supernatant of treated supplemented
aw domestic wastewater sludge by fungal entrapped biosolids. Vertical bars
epresent the LSD at P ≤ 0.01 level.

n treated wastewater sludge. Similarly, significant entrapping
f suspended solids in supplemented raw sludge was observed
y fungal entrapped biosolids in present studies (Fig. 1BCD).
oreover, there are several citations in literature on decreasing

rends of TSS by fungal treatments of several wastewater sludge.
lam et al. [20] recorded the minimum value of TSS 93 mg/l and
aximum removal of TSS 98.8% after 8 days of fungal treatment

f pre-sterilized domestic wastewater sludge. They reported the
igher reduction rate was attained after 6 days and no remarkable
hanges were noticed hereafter. Entrap of suspended solids par-
icles in sludge by filamentous fungi results enhanced significant
eduction of TSS [15,21].

.2. Turbidity
The trend of turbidity in supernatant of treated raw wastew-
ter sludge by fungal entrapped biosolids was followed almost
imilar profiles as TSS. At 2-day the turbidity decreased signifi-

F
w
L
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antly (P ≤ 0.01) in all fungal treatments compared to the control
Fig. 3). The obtained results showed that the recorded values of
urbidity were 4510, 6086, 11,000, 7095 and 10,553 (NTU) at
-day, which were decreased to 2565, 129, 44, 40 and 36 (NTU)
t 6-day in control, 50 (−WF), 50 (+WF), 100 (−WF) and 100
+WF) treatments, respectively. At 2-day period of treatment the
emoval percent of turbidity was attained 5.1, 93.3, 94.9, 92.3
nd 93.6 in control, 50 (−WF), 50 (+WF), 100 (−WF) and 100
+WF) treatments, respectively, and simultaneously these val-
es were recorded 43.1, 97.9, 99.6, 99.4, and 99.6% in control,
0 (−WF), 50 (+WF), 100 (−WF) and 100 (+WF) treatments,
espectively, at 6-day period. The obtained results of turbidity
mplied that the previously fungal treated sludge residues, i.e.
ungal entrapped biosolids were quite efficient to remove almost
ll suspended wastes/solids from supplemented raw wastewater
ludge. The effect of nutrients (WF) supply on enhancement of
ig. 3. Turbidity profiles in supernatant of treated supplemented domestic
astewater sludge by fungal entrapped biosolids. Vertical bars represent the
SD at P ≤ 0.01 level.
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ose. Therefore, the WF added treatment did not offer significant
esults. Decreasing trends of turbidity in wastewater sludge by
ungal treatment were reported by several authors but all of these
eports described the use of sole fungal inocula. Accordingly, at
-day 99% removal of turbidity in filtrate (not in supernatant)
f activated sludge treated by Penicillum corylophilum was
eported by Mannan et al. [22]. Moreover, maximum 97.3% tur-
idity removal was recorded at 8 days after treatment of domestic
astewater sludge by filamentous fungus [20]. In another report,

ignificant decreasing of turbidity in wastewater sludge after fun-
al treatment was also reported by Alam and Fakhru’l-Razi [12].

.3. Chemical oxygen demand

Chemical oxygen demand of the supernatant of treated sludge

as decreased significantly (P ≤ 0.01) by fungal entrapped
iosolids (Fig. 4). The gradual decreasing trends of COD were
bserved in all treatments. But the highest decreasing was
oticed in 100 (−WF) and the lowest was in control treatment. At

ig. 4. Chemical oxygen demand (COD) in supernatant of treated supplemented
omestic wastewater sludge by fungal entrapped biosolids. Vertical bars repre-
ent the LSD at P ≤ 0.01 level.

s
r
s
[
t
w
[

3

d
o
e
b
a
a
w
w
t
w
f
i
d
r
2
t
H
fl
s
e
r
C
w
h
e
t
c
v
e
(

zardous Materials 147 (2007) 350–356

-day after treatment of wastewater sludge by fungal entrapped
iosolids the recorded values of COD in supernatant were 2750,
80, 880, 400 and 480 mg/l, whereas these values were 3000,
200, 3680, 3120 and 3600 mg/l at 0-day in control, 50 (−WF),
0 (+WF), 100 (−WF) and 100 (+WF) treatments, respectively.
onversely, the percent removal of COD at 6-day was 8, 85,
6, 87 and 86 in control, 50 (−WF), 50 (+WF), 100 (−WF) and
00 (+WF) treatments, respectively. Besides, the decreasing rate
f COD was relatively higher in non-added wheat flour (−WF)
reatment compared to the added one but which was insignificant
o each other. However, in our earlier report around 82% removal
f COD was monitored in sterilized domestic wastewater sludge
y the treatment of fresh fungal inocula [20]. Definitely the per-
ent removal of COD depends on the effective performance of
icrobes such as break down or alteration in the structure of

ludge constituents [9,10,12] as well as the amount of organic
ubstances presence in the system. Significant percent of COD
emoval in the filtrate of treated activated domestic wastewater
ludge by filamentous fungi was also reported by Mannan et al.
22]. Moreover, the biological-based treatments also reported
he COD removal of pharmaceutical wastewater [23], olive mill
astewater [9], saline wastewater [24] and textile wastewater

25].

.4. Specific resistance to filtration

Specific resistance to filtration was monitored to assess the
ewaterability/filterability of treated sludge. The dewaterability
f supplemented raw domestic wastewater sludge was influ-
nced over time after treatment by filamentous fungal entrapped
iosolids (Fig. 5). The values of SRF (m/kg) were decreased in
ll treatments. The changing profiles of two wheat flour (WF)
dded treatments followed similar trends but it was different
ith non-added (−WF) treatments. The SRF values at 2-day
ere higher at both WF added treatments. In practical observa-

ion in the present study suggested that the WF using substrate
as changed into too gluey (not measured) at 2-day, there-

ore it imposed resistance to filtration and finally it enhanced
n higher SRF record. But at following date of sampling (at 4-
ay) it almost disappeared. The gluey characteristics were also
emarked at non-added WF treatments but it was minimum at
-day than that of WF added treatments. Also at non-added WF
reatment it disappeared slowly than the WF added treatments.
owever, the gluey/gooey characteristics were absent in control
asks. Besides both fungal entrapped biosolids and quantity of
ludge had prominent roles in filtration of treated sludge. The
ntrapped biosolids mass (mud like structure, Fig. 1B) made
esistance in filtration of treated sludge compared to the control.
onversely the water content at lower amount of sludge (50 ml)
as mostly absorbed with fungal entrapped biosolids than the
igher amount of sludge (100 ml) as well. That situation also
nhanced resistance in filtration at treatments of 50 ml sludge
han the 100 ml. Therefore, the SRF values were the lowest in

ontrol. Addition of WF enhanced resistance, i.e. increased SRF
alues compared to others at early periods of treatment. How-
ver, at 6-day the difference of SFR reading of control with 100
−WF) and 100 (+WF) treatments was minimized and finally
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he WF added treatments offered superior performance in filtra-
ion of treated sludge compared to the non-added (−WF) sludge.
he obtained results (Fig. 5) showed that the maximum 70.3%
ecrease of SRF was achieved in the treatment of 100 (+WF)
nd the minimum 24.6% was observed in 50 (−WF) treatment
t 6-day. About 90% decrease of SRF at 2 days was reported in
reated activated wastewater sludge by fresh filamentous fungi
reatment [22]. Conversely 98% decrease of SRF was reported at
days in treated sludge also after treatment by fresh fungal broth

20]. In the present study, comparatively poor results of SRF
ecrease (%) were achieved compared to the previous reports.
ut the tendency of the trends (Fig. 5) showed that the SRF
ight decrease in some extent at fungal treatments if the treat-

ent period to be extended. Using of fungal entrapped biosolids

nd lower amount (50 ml) sludge offered the poor and delayed
esults of SRF in the present study. It might be the reasons of
nferior results than the previous reports.

ig. 5. Changes pattern of specific resistance to filtration (SRF) of treated
upplemented domestic wastewater sludge by fungal entrapped. Vertical bars
epresent the LSD at P ≤ 0.05 level.
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ig. 6. The profiles of pH of treated supplemented domestic wastewater sludge
y fungal entrapped fungal biomass as inocula.

.5. pH

Like other parameters, the pH decreased in treated supple-
ented raw wastewater sludge by fungal entrapped biosolids

n all treatments except 100 (+WF). The recorded values of pH
ere 6.72, 6.61, 6.65, 6.55 and 6.55 at 0-day, which was changed

nto 5.12, 4.70, 4.81, 4.83 and 7.22, respectively at 6-day in
reatments control, 50 (−WF), 50 (+WF), 100 (−WF) and 100
+WF). The pH decreased profile was also remarked in control
xcept at 6-day (Fig. 6). In control the pH profile was 6.72, 4.61,
.14 and 5.12 at 0, 2, 4 and 6-day, respectively. Both WF added
reatments projected increased values of pH but finally the treat-

ent 50 (+WF) offered declined pH trend over time of treatment.
n the other hand, the decreasing trends of pH were observed in

ludge treated without WF application. The decreased pH val-
es implied the intensity of fungal growth and multiplication
enerally in stress environment. Perhaps, the without added WF
reatments enhanced it. Conversely, WF added treatment did not
ace this situation but the treatment 50 (+WF) might face this
ituation at later period of treatment due to scarcity of nutrient.
n the present treatment 1% WF was supplied based on amount
f supplemented sludge but the fungal inocula size was same
n every treatment. The decrease of pH by microbial treatment
f wastewater sludge was reported earlier by several authors
14,15,22].

. Conclusions

The following conclusions were drawn based on above results

nd discussion:

1) Fungal entrapped biosolids played significant roles in
bioseparation of suspended solids and dewaterabil-
ity/filterability of supplemented raw wastewater sludge.
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2) In supplemented sludge treatment by fungal entrapped
biosolids, encouraging results were obtained in all treat-
ments but the treatment 100 (−WF) was most suitable in all
respect.

3) The obtained results of the present study implied that the
fungal entrapped biosolids from prior wastewater treatment
would be capable of continuously treating supplemented
raw wastewater sludge without nutrient supply to the sys-
tem.

4) Safe environmental management, dewatering and disposal
of wastewater sludge is a common problem of each treat-
ment plant. The present results are conveying the positive
indication of continuous bioseparation of suspended solids
in raw wastewater sludge. Perhaps it would able to con-
tribute a significant improvement and address a potential
avenue for environmental friendly management and dis-
posal of wastewater sludge in future program.
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