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Process kinetics of inoculation composting of municipal solid waste
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Abstract

A method was used to improve the composting efficiency by seeding with Inoculum A (a blend of Bacillus azotofixams,Bacillusmegaterium
andBacillus mucilaginosus), Inoculum B (a blend of effective cellulolytic strains, i.e.Trichoderma koningii, Streptomyces cellulosae, and
White-rot fungi), and Inoculum C (a mixture of Inoculum A and Inoculum B). There were four runs: the control run (not inoculated), Run
A, Run B and Run C. During the runs, parameters such as temperature, O2, CO2 and H2S emissions, and microbial concentration were
investigated to study the efficiencies of inoculation composting. The maximum oxygen uptake rates in the control run, Run A, Run B and
Run C were calculated as 0.22, 0.32; 0.28 and 0.34 mol/h kg while the corresponding total O2 quantities accumulated were 511.18, 684.57,
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59.74 and 778.47 g/h kg, respectively. In addition, odorous gases were highly reduced by inoculation. In order to understand the m
f inoculation composting process, two stages kinetics equations were developed from the viewpoint of microbial kinetics. These
howed that, in the first stage, microbial concentration was the main limiting factor of the degradation rate. The degradation rates
un A, Run B and Run C were 10.5, 13.61, 13.08, and 15.671 g/kg h, respectively. In the second stage, the degradation rate was ma
y substrate concentration. Although the degradation rates were at almost the same level for both with and without inoculation,
ould reduce the half velocity coefficientKm and in turn stabilize the composting products efficiently. Therefore, inoculation could im
he efficiency of the composting process.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Municipal solid waste (MSW) composting is the decom-
osition of MSW with a variety of microorganisms, which
tilize the organic matter as a carbon source, to make an
arthy, dark, crumbly substance that is excellent for adding

o houseplants or enriching garden soil[1]. The compost-
ng process always occurs in nature, however, many artificial

easures have been developed to improve composting effi-
iency. Over the past decades, effective inoculation has been
eported by several researchers[2–6]. Various specialized
nocula have been applied in practice. For example, Hatakka
7] studied lignin-modifying enzymes from selected white-
ot fungi and found that white-rot fungi played an important
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role in lignin degradation. Nakasaki[8] reported that a the
mophilic bacterium,Bacillus licheniformis, could effectively
decompose protein and prevent the drop of initial pH
ues during composting; thus, it could stimulate prolife
tion of other thermophilic bacteria. Ohtaki[9] revealed tha
inoculations could increase the microbial population, for
late beneficial microbial communities, improve microb
logical quality and generate various desired enzymes
thus enhance the conversion of organics and reduce
ous gas emissions. The Studies of Lei[10] indicated tha
the inoculated microbial populations and indigenous pop
tions would evolve continuously, leading to variations du
different composting stages. This could result in diffic
ties in describing the relevant inoculation mechanism
also indicated that inoculation did not significantly raise
rate of temperature increase, but did increase the tim
composting high temperature remained. Shin et al.[5] also
studied the enhancement of composting efficiency by ad
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Nomenclature

Av the available surface area per unit volume
k the maximum rate of solid substrate hydrolysis

which occurs at high microbial concentration
Km Michaelis (kg m−3)
Kx the half velocity coefficient (equal to the

microbial concentration when dS/dt = v/2)
S the soluble faction substrate concentration

(g kg−1 h)
t composting time (h)
v the hydrolysis rate of solid substrate
X the microbial concentration (g kg−1 h)
Vm the maxum degradation rate (g kg−1 h).

solid and liquid inoculants. However, the inoculation effi-
ciency was usually affected by competition with indigenous
microorganisms. The composting system may not have the
desired performance due to improper process operations. For
instance, Steven Donald Thomas[11] completed a study on
microbial inoculation with mixed cultures ofBacillus# 21415
& Bacillussp.#21522,Trichoderma reeseiQM9414 andTri-
choderma harzianumFP108 in composting fish wastes. The
inocula, performed well overall but were not always signifi-
cantly better than the controlled compost piles, depending on
the season and combination of inocula.

Efforts were also made in developing dynamic models
for inoculation processes. A majority of researchers use
the Monod equation to simulate the growth of inoculated
microorganisms during composting processes[12]. Lapid
[13] created a model to simulate inoculation of recycled solid
waste and to facilitate handling of organic wastes at the north
of Metro, Manila in the Philippines. Huang[14] proposed an
empirical model for simulating the thermophilic compost-
ing process for vegetable wastes. Bari et al.[15] conducted
a series of kinetics analyses on composting processes tha
were operated under various aeration modes. More recently,
Hiraishi Akira [16] investigated microbial dynamics during
the start-up of flowerpot, using fed-batch reactors for biode-
grading household wastes. Pelaez et al.[17] developed a solid
phase kinetic assay for the determination of enzyme activities
d
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The microbial flora and the microbial concentration
during the MSW inoculation composting process change
over time [9]. The living environment of microorganisms
is also incessantly changing with the increase of metabolite
production and biochemical reaction. At the beginning of
composting, the organic matter concentration is high enough
while the microbial community is limited. Thus, seeding with
various inocula, i.e., increasing the microbial concentration,
is helpful to composting at this stage. As the composting
process takes place, the organic matter concentration
decreases gradually while the microorganism concentration
increases. In this case, the metabolic heat is too low to
maintain composting temperature, which causes the drop in
oxygen uptake rate. Hereafter, the composting process turns
into a stage where the concentration of substrate becomes
the limiting factor. Because of the existence of two clearly
different stages, it is indispensable to understand the kinetics
corresponding to these stages, when investigating the effi-
ciency of inoculation. Nandi et al.[18] studied the microbial
synthesis of humus from rice straw. It indicated that rice
straw was converted into compost having high content of
humic substances, following a two-step composting process.
The first step involved degradation of rice straw by selected
lignin degrading fungi,polyporus versicolor, Phanerochaete
chrysosporium and Ganoderma eucidum. The second step
involved humification by a general composting process.
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Generally, previous studies indicated that the inocul

icrobial populations and indigenous populations wo
eep evolving continuously, leading to variations during
erent composting stages. To deal with such a proble
s necessary to divide the composting process into mu
tages, with detailed analyses being carried out at each
idual stage. However, there has been a lack of studies i
eld. For example, little effort has been made to examin
inetics of inoculation processes within a multi-stage c
ext. It is thus desired that research in this emerging are
dvanced.
t

owever, there is little literature to report the variati
etween the different stages in the inoculation compo
rocess. This may cause some difficulties in determinin
fficiency of inoculation composting practically.

The purpose of this study was to determine the effec
eeding inocula during the composting process. Meanw
o better understand the kinetics of inoculation compos
wo-stage kinetics equations were developed by comb
he intrinsic rate equations with fundamental microbial ki
cs. In this study, maximum degradation rate and half velo
oefficient were used to determine the effects of diffe
nocula on the composting efficiency.

. Materials and methods

.1. Composting materials

MSW was obtained from a typical community in Beijin
hina. Samples were sorted and mixed with sawdust, w
as used as a bulking agent. Other procedures of feed
reparation are as follows: (1) adjustment of moisture co

o desirable levels based on analysis of the characterist
he individual raw materials, (2) modification of C/N ratio
proper level without excessive change of moisture con
nd (3) preservation of the composting structure in adeq
ore spaces. The characteristics of the materials for com

ng experiments are shown inTable 1.
The organic matter content was about 600 g kg−1. The

oisture contents (MCs) of the initial waste mixtures
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Table 1
The characteristics of composting materials at the beginning

Samples Analyses

Organic C Water content
(g kg−1)

Dry matter
(g kg−1)

Ashes
(g kg−1)

Organic matter
(g kg−1)

Total N
(g kg−1)

Total P
(g kg−1)

Total K
(g kg−1)

Total C/N pH

MSW 300 700 300 300 600 11–14 4.5 2.5 20–30 6.8
Sawdust 430 80 900 100 850

all tests were adjusted to about 550 g kg−1 by feeding water
or bulking agent to the mixture. The carbon–nitrogen ratio
(C/N) was 20∼30:1. Inocula A, B and C in aqueous medium
were added to each reactor immediately before recording the
respective temperatures. The amounts of Inocula A, B and C
added to reactor were 20 g kg−1. Inoculum A was made by
mixing microorganisms that substantially biodegrade easily
decomposed organic substrates, such asBacillus azotofixams,
Bacillus megateriumandBacillus mucilaginosus. Inoculum
B was made by mixing the cellulolytic strains and white-rot
fungi that strongly biodegrade cellulose and lignin substrates,
i.e. Trichoderma koningii, Streptomyces cellulosae. Inocu-
lum C was produced by mixing Inocula A and B at a ratio of
1:1. The characteristics of inoculants A, B, and C are listed
in Table 2.

2.2. Composting reactor and method

A self-made composting reactor with a volume of 34 l
was used in this study[19]. A schematic diagram of the
reactor is shown inFig. 1. This reactor was wrapped with
10 cm thick polyurethane layer for heat insulation. Air
was provided by an air pump and routed through a per-
forated PVC tube and an air flow meter. Airflow rate was
adjusted at 4.0–6.0 l/min by turning on and off the pump
intermittently. The oxygen concentration of the outlet gas
w
c asure-
m -
5 to
d com-
p into
t pled
o ured
a xing
s e of
4

Fig. 1. Schematic diagram of experimental reactor: (1) gas pump; (2) gas
flow meter; (3) composting tank; (4) temperature maintainence box; (5) gas
analyzer; (6) filter.

2.3. Analytical procedures

Samples taken from six places of the reactor were assem-
bled, mixed and sieved through a 4 mm mesh screen. The
amount of dry matter was determined by drying two sam-
ples at 105◦C for 12 h in parallel. Total nitrogen (TN), total
organic carbon (TOC) and pH were determined in water
extracted (volume ratio 1:5) from samples after shaking for
2 h. TN in the mixtures was measured by the Kjeldahl method
and samples were pretreated with sulfuric acid. A TOC ana-
lyzer (O.I.Analytical Model 1010, College Station, Texas)
was used to determine the TOC.

The number of microorganisms was determined by the
plate counting method as described by Strom[20]. Actino-
mycetes, and fungi were isolated on the agar plates by dilution
plating. Mesophilic and thermophilic microbial strains were
obtained by plating samples taken from composting pro-

T
C

M Inoculum A Inoculum B Inoculum C

B 2.5× 1011 1.6× 107 1.8× 1011

6.3× 109 7.5× 108 5.6× 109

F ND 1.5× 106 1.2× 106

A ND 5.6× 109 4.5× 109

C

as maintained within a range of 100–180 g kg−1. A pre-
ise temperature sensor was used for temperature me
ents. An O2–H2S monitoring instrument (Model MD
20E) and a CO2 analyzer (Model LX-710) were used
etermine the gases emitted from the reactor. The
osting materials were homogenized before being put

he reactor and were manually turned over and sam
nce per day. The weight, pH, and MC were meas
nd recorded everyday. The MC was adjusted by mi
awdust or distilled water to maintain the optimal rang
50–600 g kg−1.

able 2
haracteristics of seed inoculums

icroorganisms Microorganisms

acteria CFU (30◦C growth)
CFU(60◦C growth)

ungi CFU(30◦C growth)
ctinomycetes CFU(60◦C growth)

FU: colony forming unit (cfu/ml medium); ND: not detected.
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Fig. 2. Temperature profile during the composting processes.

cesses and cultivating the plates at 30 and 60◦C, respectively.
Mesophiles and thermophiles were isolated and maintained
on trytone soy agar (TSA) and peptone agar (PA), respec-
tively. Isolates were obtained by streaking out all the colonies
of a spread plate within a sector containing 40 colonies. Oxy-
gen uptake rate and CO2 conversion rate were calculated
according to the outlet gas concentrations.

3. Results

3.1. Temperature profile

Temperature profiles for the four experiments and the
ambient temperature are illustrated inFig. 2. The ambi-
ent temperature only fluctuated within a very narrow range
(around 22◦C) during the composting period. However, the
composting temperatures rose up gradually after the moisture
content was adjusted to around 550 g kg−1 and air flow was
introduced. Metabolic heat was generated due to the degra-
dation of readily degradable organic matter. The temperature
in the control experiment increased to a peak of about 58◦C
at day 5 and remained at a peak temperature for about 5
days (thermophilic stage). The temperatures dropped there-
after and remained at a lower level from day 10 to 25 (cooling

Fig. 3. Oxygen uptake rate profile during the composting processes.

stage) and then further dropped to the ambient temperature
from day 25 to 50 (maturing stage). Although the temperature
profiles of inoculation composting processes were similar
to those of conventional non-inoculated composting (con-
trol), the peak temperature and the rate of increase during
the thermophilic stage were different. For Run A, the peak
temperature could be reached in five days. In Run B and Run
C, the peak temperatures could be reached in 10 and 8 days,
respectively.

3.2. Emission of outlet gas

H2S, CO2 and O2 variations were used to determine the
degradation rates during the composting processes under dif-
ferent conditions[21]. Table 3shows the variations of H2S,
CO2 and O2 concentration with time in the outlet gas.

As shown inTable 3, the maximum concentrations of H2S
emission were 30, 10, 5, 4 ppm in the control run, Runs A,
B and C, respectively. Furthermore, H2S emission lasted for
the longest time in the control run. These results indicated
that inoculation was helpful in controlling H2S emission.

The profiles of oxygen uptake rate and accumulative oxy-
gen consumption for the four experiments are presented in
Figs. 3 and 4, respectively. The maximum oxygen uptake

T
E

T of carb

Ru n C

5
31.
119
37.

1 18.
1 6.
1 5.
1 4.
2 0.
2 0.

A as aro
able 3
mission of gas in outlet

ime (day) Emission of oxygen (ml l−1 O2) Emission

Control Run A Run B Run C Control

0 209 209 209 209 0
24 202 142 162 143 7
48 172 104 134 119 33.6
72 159 78.3 104 82 45
96 145 168 158 142 58.2
20 126 190 179 173 75.5
44 181 207 201 196 29.2
68 202 208 208 207 12.0
92 206 209 208 208 7.4
16 207 209 209 209 5.6
40 208 209 209 209 1.0

eration flow was 1.0 l/(min kg), the moisture of composting matters w
on dioxide (ml l−1 CO2) Emission of H2S (ml l−1)

n A Run B Run C Control Run A Run B Ru

0 0 0 0 0 0 0
4 418 58 0 0 0.5 1.0
8 68.5 982 0 0.3 1.0 4.0

95.0 111 30 10 5 3.2
1 60.1 65 28 8.2 4.8 2.8
2 29.1 27.5 20 6.5 3.3 1.9
4 5.5 13.0 15.4 4.3 2.0 0.5
4 4.5 2.7 12.1 2.2 1.0 0.2
1 3.6 1.8 7.4 1.1 0.4 0
3 3.5 1.0 2.3 0.5 0.1 0
0 0.5 0.3 0.6 0 0 0

und 550 g kg−1.
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Fig. 4. Oxygen accumulated profile during the composting processes.

rates in the control run, Run A, Run B, Run C were 0.22,
0.32, 0.28 and 0.34 mol/h kg while the corresponding total
quantities accumulated were 511.18, 684.57, 659.74 and
778.47/h kg, respectively. These results suggested that inoc-
ulation improved the MSW degradation rate, especially in
Run C.

Fig. 5 shows the CO2 conversion rates over composting
time. It was found that the CO2 concentration in the com-
post was strongly dependent on the inoculum used. The CO2
conversion rate reached up to 0.30 mol/(h kg) in Run C while
the peak CO2 conversion rate was only 0.20 mol/(h kg) in the
control run. These results suggested that biological activity
in Run C was highest since CO2 conversion rate is usually
considered as an indicator of the respiratory activity of the
compost micro flora.

3.3. Total heterotroph counts

To investigate the effects of inocula on composting pro-
cesses, total heterotroph counts in the composting system
were examined. The total heterotroph counts profiles are
shown inFig. 6.

The total microorganism populations in Run A, Run B
and Run C were much higher than those in the control run.
At the beginning of the composting, the log10CFU (colony

s.

Fig. 6. Total heterotroph counts profile in composting.

forming units) g−1 varied from 6.0 to 9.0 in the control run,
Run A, Run B and Run C (Fig. 6). The corresponding peak
log10CFU values were 9.0 (at day 7), 10 (at day 2), 9.5 (at
day 4), and 10 (at day 3). This suggested that inoculation
composting would require a shorter time to reach the maxi-
mum population compared with conventional non-inoculated
composting.

3.4. Two-stage microbial kinetics of the inoculation
composting

There are two different stages in terms of the limiting
factors in the inoculation composting process. At the begin-
ning, enough organic matter was sufficient to be decomposed
while the microbial population was insufficient and in turn
limiting the composting process. With the process ongo-
ing, the organic matter concentration decreased while the
microbial populations increased. When the metabolic heat
was insufficient to maintain composting temperature and the
oxygen uptake decreased, the substrate became the main lim-
iting factor of the composting process. Based on the above
analysis, two-stage kinetics equations derived from the intrin-
sic rate equations and fundamental microbial kinetics were
developed and then used to examine the efficiency of inocula-
tion composting process. The first stage, from the beginning

by
peak
trate
lpful
ctiv-

ng,

fol-
n of
with
Fig. 5. CO2 conversion rate profile during the composting processe
to the peak of the oxygen uptake rate, was controlled
microbes concentration. The second stage, from the
oxygen uptake rate to the end, was controlled by subs
concentration. These two stage kinetics equations are he
to better understand the composting rate and microbial a
ity in the inoculation composting process. In the followi
the equations for the two-stage kinetics are presented.

In the first stage, the degradation rate follows the
lowing expression. The degradation rate was a functio
the microbial concentration for a heterogeneous system
solid substrate[22]:

v = −dS

dt
= kAvX

KX + X
(1)
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Fig. 7. [1/V] vs. [1/X] in the first stage.

wherev is the organic matter degradation rate (g kg−1 h),
dS/dt the hydrolysis rate of soluble faction,S the soluble
faction concentration (g kg−1 h), t the composting time (h),
X the microbial concentration (g kg−1 h), k the maximum
rate of soluble faction substrate hydrolysis which occurs at
high microbial concentration,KX the half velocity coefficient
(equal to the microbial concentration when ds/dt = v/2), and
Av is the available surface area per unit volume.

From Eq.(1), we have

1

v
= KX

kAV

1

X
+ 1

kAV

= KX

Vm

1

X
+ 1

Vm
(2)

whereVm is the maximum degradation rate (g kg−1 h)
In the case of the control run, the values of 1/Vm (0.0952)

andKx/Vm (0.4009) were derived from the regression equa-
tion (y= 0.4009x+ 0.0952). Therefore,Vm andKx could be
calculated as10.504 and 4.21, respectively. PuttingVm andKx

values into Eq.(2), Eq. (3) was developed as follows. Sim-
ilarly, coupled withFig. 7, the following kinetic equations
regarding degradation rates of Run A, Run B and Run C can
be developed as Eqs.(4)–(6):

VControl = 10.504X

4.21+ X
(3)

V
13.61X

VRun B = 13.038X

5.63+ X
(5)

VRun C = 15.67X

4.41+ X
(6)

In the second stage, the degradation rate can be described
as a function of the substrate concentration, which is given
by

V = VmS

Km + S
(7)

1

V
= Km

Vm

1

S
+ 1

Vm
(8)

Similarly, coupled withFig. 8, the second stage kinetic
equations of the control run, Run A, Run B, and Run C were
obtained as follows:

VRun A = 7.73S

204.95+ S
(9)

VRun B = 7.65S

186.41+ S
(10)

VRun C = 7.26S

154.25+ S
(11)

V
7.71S
Run A =
5.403+ X

(4)
 Control = 214.18+ S
(12)
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Fig. 8. [1/V] vs. [1/S] in the second stage.

4. Discussion

Although most organic wastes are decomposed by the
indigenous microbial flora[23], this does not mean that
microbes concentration is a limiting factor, particularly in the
first stage of the composting process. In terms of Eqs.(3)–(6),
unlessX�Kx, the degradation rate could be improved with
the increase of the microbial concentration (X). It was noted
that inoculation would be an effective way to improve the
microbial concentration and in turn increase the composting
rate. In addition, by inoculating complex microorganisms,
maximum degradation rates,KAv, would improve due to the
high bioactivity of inoculum. For instance,KAv varied from
10.5, 13.61, 13.08, to 15.671 g/kg h in the control run, Run A,
Run B, and Run C, respectively. Since inoculum C was a mix-
ture of inoculum A and inoculum B, which had a sufficient
and wide variety of microbes, the maximum degradation rate
in Run C was improved highly and the corresponding value
was the highest. It was also noted fromFig. 2that in the first 4
days, the temperatures in Run A were higher than those in the
control run, Run B and Run C. This may be because inoculum
A contained a large quantity of microorganisms, which could
quickly decompose soluble and biodegradable organic mat-
ter such as mono-saccharides, starch, lipids and proteins, and
increase the temperature up to a high value in a short time.
After this period, the temperature of Run A rapidly dropped
t uld

not persist in for a long time although it was efficient for the
start-up of composting. Compared to Run A, the peak tem-
perature in Run B was lower than that in Run A. Moreover, it
took a longer time to reach the high temperature. As a com-
parison, in Run C, the inoculum of complex microorganisms
including inoculum A and B could not only reach a relatively
high temperature but also maintain the high temperature for a
relatively long time. In the conventional composting process,
the temperature of the composting system increases slowly
with an obvious delay period, especially at the initial stage
of batch operations[24]. During the delay period, a lot of
odorous gases such as H2S and NH3 were produced due to
the high moisture content, oxygen availability, and low tem-
perature. It was noted from this study that the delay period
could be effectively shortened by inoculating using proper
microorganisms.

As outlined earlier, as the composting goes on, the soluble
substrates become less, thus, the substrates may become the
significant limiting factor to the degradation rate. At this time,
the composting process would change to the second stage.
During this stage, biorefractory substrates, such as cellulose
fiber and lignin became the main substrates. In our case,KAv

(i.e. Vm) in the control run, Run A, Run B and Run C was
7.73, 7.65, 7.26 and 7.71 g/kg h, respectively. Obviously, the
improvement ofVm was insignificant. However, these values
were much lower than those in the first stage. This further
s r dur-
o below 40◦C. This suggested that the seed in Run A co
 uggested that the substrate was the main limiting facto
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ing the second stage. Usually,Km value is an indicator of
the composting products stability. The lower theKm, the
more stable the composting products. From Eqs.(9)–(12),
inoculation could reduce the half velocity coefficientsKm
which were 214.18, 204.95, 186.41, and 154.25 g/kg in the
control run, Run A, Run B, and Run C, respectively. These
results indicated that inoculum containing cellulolytic strains,
White-rot fungi (in Run B and Run C) could efficiently stabi-
lize the composting process. In particularly, inoculum C was
the most efficient because the compost of Run C contained a
large number of inocula A and B, whose bioactivities were
higher than those of the indigenous microorganism or inocu-
lum A or inoculum B.

5. Conclusion

A composting process by seeding with an inoculum
containing B. azotofixams, B. megaterium, B. mucilagi-
nosus, cellulolytic strains, and White-rot fungi was found
viable for improving the composting efficiency. Two-stage
kinetics equations were developed to explain the inocula-
tion composting process. In the first stage, the composting
process was limited by microbial concentration, thus, the
degradation rate could be improved effectively by seed-
ing inocula. Meanwhile, odorous gases were also con-
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