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Abstract

An investigation was carried out in laboratory to find out the effect of ambient temperature and different treatments
on passive bin composting of municipal solid waste (MSW). A potent cellulase degrading inoculum (Bacillus subtilis, B.
amyloliquefaciens, B. nakamurai and B. velezensis) sourced from dumpsite soil and cow dung slurry was used as addon to
MSW composters. Treatments were tested during summer (26-45 °C) and winter (5-22 °C) season to profile the physio-
chemical, enzymatic and microbial changes during 90-day study. In addition, a kinetics model for MSW composting
was derived for the rate of organic load degradation deducing the first order kinetics rate (K)), limiting velocity (K,
and dissociation constant (K,). The results of the present investigation revealed that ambient temperature hastened
the degradation of organic substrates in case of MSW amended with microbes and cow dung (60 days) as indicated by
the achieved maximum kinetics reaction rate, 0.0131 day‘1 (R?=0.993) and reduced C/N ratio (11.6%). Also, enzymatic
profiles; dehydrogenase (170.1 ug TPF g~' day™), cellulase (96.1 ug glucose g dwt™' h™') and urease (539.1 pg NH,*-
Ng dwt™" h™") with a high temperature profile (47-63 °C) in the finished summer compost, Cs, supported the results.
Whereas, winter composting could not attain the desired results and produced immature compost even after 90 days.
Statistical analysis (proximal cluster analysis, hierarchical cluster analysis and ANOVA) and kinetics study showed that
ambient temperature in collaboration with addons significantly influenced the compost maturity.

Keywords Municipal solid waste - Composting - Enzyme kinetics - Seasonal variation - Microbial inoculation

1 Introduction

Composting attracts the attention of researchers because
of its lower operative cost and an environmentally via-
ble solution for waste disposal. The major part of the
municipal solid waste generated in India is compostable
(50-60%), offers an opportunity to explore composting as
a potential method to manage this waste [1]. Compost-
ing is a biotransformation process where the microbial
actions generate a stable and pathogen free product used
to increase the soil fertility [2]. It includes three phases: (1)
an initial decomposition or mesophilic phase (20-45 °C);

(2) a thermophilic or high-temperature phase of intense
microbial degradation and (3) a maturation phase that
can lasts for several months. During composting, several
microbial communities succeed one another depending
on the nutritional and environmental conditions prevail-
ing at stages. Microorganisms utilize the available organic
sources to supplement their energy requirements and
multiplication. In case of MSW, microbiota generates spe-
cific hydrolytic enzymes for degrading the organic con-
stituents via composting. The enzyme dehydrogenase
indices microbial activity accounting to their oxidative
phosphorylation and respiratory mechanisms [3]. While,

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s42452-019-0889-2) contains

supplementary material, which is available to authorized users.

B4 Mansi Rastogi, rastogimansi86@gmail.com | 'Department of Environmental Sciences, Maharshi Dayanand University, Rohtak,
India. 2Division of Microbiology, ICAR-Indian Agricultural Research Institute, New Delhi 110012, India.

®

Check for
updates

SN Applied Sciences (2019) 1:849 | https://doi.org/10.1007/542452-019-0889-2

Received: 28 April 2019 / Accepted: 5 July 2019 / Published online: 11 July 2019

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0889-2&domain=pdf
http://orcid.org/0000-0003-3405-6785
https://doi.org/10.1007/s42452-019-0889-2

Research Article

SN Applied Sciences (2019) 1:849 | https://doi.org/10.1007/s42452-019-0889-2

the enzymes; cellulase (glucose hydrolysis), phosphatase
(release phosphate groups), amylase (starch hydrolysis),
protease and urease (mineralization of the nitrogenous
compounds to generate ammonia) are associated with
specific nutrient cycles. However, considering the enor-
mous quantity of waste generated in a developing nation
like India with a shrinking land area, natural composting
of waste is a time-consuming process [4]. As a solution
to the current problem, adding effective microbes (EM)
and/or cow dung to waste has been suggested as a useful
strategy. These amendments can reduce the time taken
for waste degradation and enhanced the compost stability
[5-7]. Therefore, monitoring the activity of the microbiota
developed within the compost piles is a key for effective
waste management through composting. At the same
time, the rate of biodegradation and enzymatic param-
eters reflect the maturity of the compost [8].

For efficient composting, an optimum moisture content
(40-60%), C/N ratio (25-30), aeration rate (0.005-0.300 L
air kg™") and appropriate bulking agents (to facilitate bet-
ter air circulation) are some important parameters. Apart
from the above-mentioned parameters, the temperature
attained in the compost mass significantly affects the rate
of bio-oxidation in compost piles. During composting the
ambient temperature influences the temperature con-
served within the waste heap thereby achieving better
humification of waste [9]. Subsequently, in summer season
due to a higher ambient temperature, more heat is devel-
oped within the waste pile that intensifies the microbial
activity and waste decomposition [10]. On the other hand,
during winter, less heat is conserved, that prevents the pile
from attaining an optimum temperature for composting.
The lack of optimum temperatures might result in genera-
tion of an immature and unhealthy compost. Therefore,
we need to determine the effect of seasonal ambient tem-
perature on the rapid composting of MSW.

Kinetics modelling is a vital tool to design and operate
composting facilities. This fosters the need to understand
compost kinetics complied with the market demands and
environmental regulations [11]. Modelling of compost
kinetics is extensively studied through substrate degra-
dation models. The substrate degradation is studied along
time period with substrate concentration as independent
variable. Previous investigations studied the effect of sea-
sonal temperature on composting, no past attempts for
detailed assessment of the kinetics between microbial and
enzymatic dynamics with an added commixture (EM and
cow dung slurry) to MSW are known. The present study
monitored the effect of seasonal temperature and addi-
tives on the compost kinetics during an aerobic passive
bin MSW composting. The effect of seasonal temperature
(ambient and compost pile) on the prevailing microbial
diversity (innate, EM and cow dung induced), process
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speed and product quality for different treatment mix-
tures was explored. Compost kinetics for degradation of
MSW was assessed and validated by multivariate statistical
analysis. In addition, some fundamental chemical equa-
tions were derived to assess the order of MSW degrada-
tion rate. The research findings rebounded the significance
of compost kinetics for MSW degradation. The study also
accounted the role of ambient temperature with additives
on waste degradation rate during composting and added
information to the existing literature.

2 Materials and methods
2.1 Compost sampling and analytical methods

Collection and processing of samples: The MSW samples
(five) comprising of degradable and non-degradable frac-
tions was procured from an open dumpsite in Sunaria vil-
lage at Rohtak city in Haryana (100 13'58.08" North, 770
31'02.40" East, elevation 1929 m) (Fig. 1). The samples were
air dried and segregated for the organic fractions followed
by oven drying at 60 °C for 24 h. The materials were then
shredded to a size of 1.0-1.5 mm for further processing.
The initial physicochemical analysis of MSW was done as
per standard protocols.

Experimental setup: Passive aeration composting
experiment was done in plastic bins (1.5 m x 0.6 m) with
40 circular holes (diameter-50 mm) and perforated PVC
pipe (38 mm) to supply sufficient air supply (8 hin a day at
rate of 1.5 L/min/kg/OM) to the feedstock material. Treat-
ment bins were packed with 15 kg shredded and dried
MSW after removing plastic, glass and metal (Fig. 2). The
bulking agent sawdust, green and dry brown constituents
were added to all the treatment bins (1:7:6). The initial
feedstock mass for compost mixture was computed as
given in Eq. (1) [12]. A mixed consortium (Bacillus subti-
lis, B. tequilensis, B. venezuelans and B. nakamurai) isolated
from dumpsite soil was sprayed on the feedstock material
(bacterial load —5 ml, 2x 10° CFU mlI™") to treatment bin
Cs, and Cs,. One kg fresh cow dung was prepared into a
slurry with distill water (1:50, w/v) and added to bin Cs;
and Cs,. Eight treatments were maintained as compiled in
Table 1. All the treatments were maintained with a mois-
ture content of 55%, which is inclusive of the water used
while making dilutions for cowdung and inoculum. The
experiential set up was kept in screen house facility with
an average ambient temperature (30-35 °Cin summer and
10-15 °Cin winter) and relative humidity as 60%. A lea-
chate collection facility was also provided in the bottom
of the compost bins. The compost mixture was regularly
turned to maintain the required temperature and aeration.
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Fig. 1 Study area (landfill site at Sunaria village, Rohtak)
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Fig.2 Passive aerobic bin composter
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where Q,, is the mass of material n (wet weight basis); G the
moisture goal (%); M,, the moisture content (%) of mate-
rial n.

Physiochemical analysis: Grab sampling (50 gm) was
done from three different depths (5 cm, 10 cm and 15 cm)
of the composting pile at regular intervals after 0, 15,
30, 45, 60 and 90 days. These samples were then mixed

Landfill site

MSW dumpsite

thoroughly to make a homogenized sample and stored
at 4 °C for stability. The physical analysis of compost (wet
sample) was done within 24-48 h and for chemical analy-
sis the compost samples were air dried (25 °C for 2 days).
Changes in temperature was monitored daily by using a
digital thermometer, kept permanently in middle of the
treatment bins. pH of the compost was determined by
digital pH meter with a glass electrode (1:5 (w/v) compost:
water ratio)). The total organic carbon of the compost was
estimated through Rapid dichromate oxidation process
[13] and total nitrogen (TN) by Micro Kjeldahl method [14].
For calculation of C:N ratio, percent of total organic carbon
was divided by percent of total nitrogen. Enumeration of
microbial load was done by spread plate counting method
[15] by counting the colony forming units (CFU) per dry
weight of composts (Eq. 2). For aerobic bacteria and fungi,
1 ml of homogenate was placed on nutrient agar plates
and sabouraud dextrose agar plates in triplicates.

Log,, colony count i
(Number of Colony x Dilution factor x 100)

Moisture content
CFU/g dry sample (Eq. 2)

=1log10

In study, the enzyme activity was evaluated at each
time-point on freshly grounded and sieved (<2 mm)
compost samples (1.0 g). The dehydrogenase activity was
assayed by employing TTC (triphenyl tetrazolium chloride)
with methanol as substrate, incubated at 30 °C for 24 h and
represented as ug TPF g~" day™' [16]. The cellulase activity
was expressed in filter paper unit (FPU) by using carboxy
methyl cellulose as substrate, dissolved in 0.1 M citrate
buffer (pH 5.0) [17]. For measuring amylase activity, starch
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Table 1 Waste proportion with ratio of mixtures and initial physico-chemical characteristics

Material Total C (%) Total N (%) C/N ratio Moisture content  Summer treatment Winter treat-
(%) (mass in kg) ment (mass
in kg)
Cattle manure 46 24 19 81 1 1
Grass clippings 58 34 17 82 6 55
Leaves (dry) 49 0.9 54 38 6 6
Sawdust 106 0.24 442 39 1 0.8
Treatment (15 kg) Ratio of waste proportion mixture
Cs, (control) (1:1:7:6:0:0) Cw, (control) (1:1:7:6:0:0)
Cs, (1:1:7:6:1:0) Cw, (1:1:7:6:1:0)
Cs; (1:1:7:6:0:1) Cw;, (1:1:7:6:0:1)
Cs, (1:1:7:6:1:1) Cw, (1:1:7:6:1:1)

Constituents: MSW, sawdust, brown matter, grass clippings, microbial consortia and cowdung

Table 2 Physico-chemical characteristics (initial) of raw MSW for
summer and winter season

Parameter Summer treatment Winter treatment
pH 8.06+0.005 8.59+0.005
Total moisture content (%) 78+0.002 61+0.002
Total Nitrogen (%) 0.55+0.003 0.49+0.015
Total organic carbon (%) 33.5+0.019 31.8+0.005
C/N ratio 61.4+0.001 52.9+0.014

(n=3; Mean+SD)

was dissolved in 0.1 M acetate buffer (pH 4.7) and the
amount of maltose released was estimated by DNSA
method [18]. Protease activity was estimated using Tris
HCl as buffer (pH 8.1) and denaturalized (heated) casein as
substrate following the Folin—ciocalteau method [19]. The
urease activity was quantified according to Weatherburn
[20] by determining the NH," ion formed in supernatant.
The Alkaline and acidic phosphatase activity was assayed
at pH 9.0 and 5.0 with glycine (0.1 M)/acetate (0.1 M)
buffer ensuing the Tabatabai and Bremner method [21].
All the enzymatic activities were expressed as pg product
released g~' DM h™' [22].

Statistical analyzes were done using SPSS-23.0 statisti-
cal package on averages of n=3 + standard deviations. Sta-
tistical analysis of multiple correlations between physic-
chemical parameters and organic matter degradation was
made using a principal component analysis (PCA), Hier-
archical Cluster Analysis (HCA) and a correlation matrix.

3 Results and discussion

The physio-chemical analysis of the initial raw MSW used
for the investigation has been detailed in Table 2. The
changes observed during the passive bin composting of
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MSW within different waste treatment mixtures and the
seasonal temperature variation pictured a positive effect
on simulation of the composting process.

In the present investigation, Temperature (Fig. 3)
showed an increase during early phase of composting
for all the MSW treatments (both season), from the ambi-
ent (0 day) to the thermophilic stage (45th day) followed
by a reduction in later stages of composting (90th day).
However, the rise in temperature in case of summer com-
posting (inoculated) proceeded much faster than winter
composting. The temperature—time pattern of the MSW
composting pile was majorly in the thermophilic range
for the summer treatment (Cs) with highest temperature
observed in treatment Cs, (63 °C) by 45th day followed
by treatment Cs;, and Cs, (49 and 46 °C). Whereas, the
winter treatments recorded an increase (39 °C) in tem-
perature only during the thermophilic (45th day) period
of composting. Thermophilic microbes, which accelerated
oxidative reactions, are likely responsible for the released
heat during summer composting showing an influence
of inoculum and ambient temperature [24]. The ambi-
ent temperature and proper aeration might have influ-
enced microbial activity that resulted in higher organic
matter mineralization and better compost stability. By
all accounts, it confirmed that the summer compost has
achieved a good sanitation degree. Whereas, for winter
treatment, an unexpected increase (25; 28 °C) was seen
around day 90 (at maturation) in Cw; and Cw, treatment
suggesting incomplete decomposition, resulting in an
immature compost.

In study, pH typically varied for both summer and
winter treatments (Fig. 4) exhibiting an increased pH
with a maximum pH recorded on 90th day (end stage)
of experiment. An initial acidic pH (5.31-5.9) was exhib-
ited by all treatments (both season) up to 15th day with
a subsequent increase during the thermophilic stage of
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Fig.3 Changes in temperature
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composting (30-45 day). It indicates breakdown of protein
molecules in the organic waste with release of ammonia,
which was in agreement with Li et al. [23]. However, the
pH turned slightly alkaline (Cs,-8.1, Cs3-8.2 and Cs,-8.2) in
case of all summer treatments except Cs, (pH-6.9) at the
end phase of decomposition, i.e. 90th day. This alkaline
pH might be because of the faster synthesis of phenolic
compounds during degradation process. This is sugges-
tive of a faster degradation of organic fractions in sum-
mer treatments with respect to composting time period.
Whereas, in the winter treatments pH showed a decreased
pH stability with increasing days of MSW composting,
indicating slower degradation and higher production of
organic acids.

Figure 5a, b, illustrates the logarithm changes in the
microbial biomass during passive composting of MSW.
It was found that the microbial biomass for summer
treatment (inoculated/non-inoculated) increased nota-
bly with time (45 days) followed by marginal decrease.
Conversely, in case of winter treatment the microbial bio-
mass showed a marginal decline in values at the end of
experimental period. Amon the various treatments, sum-
mer treatment Cs, reported maximum bacterial biomass
(19.80x 10”7 CFU/g) on 30th day of composting followed
by Cs; (13.50x 107 CFU/g) and Cs, (10.30x 10’ CFU/g)
on 45th day. This is assessed to prevalence of dominant
actinomycetes and thermophilic bacteria (mainly Bacillus
species) and initial addons (bacillus culture and cowdung
slurry) that increased readily available carbon substrates
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resulting in higher microbial growth. Whereas, for winter
treatments, treatments Cw;, (1.7x107 CFU/g) and Cw;,
(2.2x107 CFU/q) registered the lowest bacterial count
on last day (90th) of experiment. As expected, at matura-
tion stage a decreasing bacterial population followed the
trend Cs > Cw, attributed to the moisture loss as maturity
proceeds in the curing stage [25]. Comparing all the treat-
ments, the fungal population was higher for summer treat-
ments in initial stage of composting, probably because of
early maturation and curing of compost. Whereas, winter
treatments showed increased fungal biomass at later
stages of composting indicating slower humification and
an immature compost.

A perusal of results for both seasons revealed that total
organic carbon concentration (Fig. 6a) was inversely pro-
portional to time [26]. It was found that with time, the
maximum reduction in TOC from 33.5% (0 day) to 23.10%
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TIME PERIOD (DAYS) M5 B30 B45 Fg0 90

in treatment Cs,, followed by Cs; (22.10%), Cs, (21.80%),
and control (21.70%) for summer treatments (90th day),
considerably more stabilized than winter set. Higher
reduction in treatment Cs, was ascribed to presence of
readily available nutrients due to cow dung slurry addi-
tion and inoculated culture, sourcing efficient microbial
degradation and established higher temperature. This is
in concordant with results obtained by Cabrera et al. [27]
suggesting that the decomposition process had ceased
and the compost attained maturity by 60th day in case of
summer treatments. However, in case of winter treatments
the desired results in for TOC could not be attained, pos-
sibly due to insufficient rise in temperature and underde-
veloped microbial growth.

The experimental observations revealed that total
nitrogen content (Fig. 6b) was low initially (0 day) in
case of all the eight treatments (Cs,-Cs, to Cw,-Cw,)
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Fig.6 Changesin a total
organic carbon, b total
nitrogen, ¢ C/N ratio in MSW
treatment piles during 90 days
of composting in summer and
winter season
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and increased gradually for both seasons with compost-
ing time. As the organic matter becomes more stabilized
with time, the nitrogen mineralization accelerated dur-
ing MSW composting [28]. This documented increase in
nitrogen content was higher for summer treatment Cs,
(1.83%) followed by Cs, (1.79%) and Cs, (1.64%) than
control (Cs,) on 90th day, respectively. Whereas for win-
ter season, lower concentration of total nitrogen was
reported on all observation days, ascribed to poor min-
eralization process during winter composting.

Data for the effect of seasonal variation and addons
on C/N ratio during MSW composting have been shown
in Fig. 6¢. The results showed that C/N ratio for summer
season, specifically microbial and cowdung facilitated
treatment bin was better than all the other treatments.
Within 90 days, the C/N ratio reduced from 61.4 (0 day)
to 11.86 for treatment Cs, followed by Cs;, Cs, and con-
trol Cs; (12.18, 13.48 and19.41) for summer season. The
obtained results are indicative of an acceptable matu-
rity (between 10 and 15), as suggested by Zaccheo et al.
[30]. Whereas, winter treatments the reduction was lower
for Cw,.Cw;, Cw, and control Cw, (23.86, 24.86, 26.38,
38.94), implied to higher evolution of carbon dioxide due
to carbon transformation during summer [29]. Moreover,
the drop-in moisture content during winter treatment
might have slowed down the metabolic reactions of
microbes resulting in a higher C/N ratio. Another inter-
esting observation was that though highest reduction in
C/N ratio for MSW was observed on the last day of exper-
iment, an early reduction (30 day) could be observed
in inoculated summer treatments. It is suggested that
for an effective composting with reduced time period,
the initial acclimatizes should essentially target the early
stages of composting activity [36]. The result is analo-
gous to the reporting’s by Edris et al. [30] and Sudarshan
et al. [31], where summer compost stabilized faster than
winter indicating effectiveness of the facilitated treat-
ments for rapid degradation of organic matter.

The monitoring of enzymatic activity is essential for
gaining an insight to microbial transformations taking
place during composting [32]. The enzymatic activity
(Fig. 7a-g) showed an overall increase for all the treat-
ments (summer and winter season) between 15 and
30 days of composting. Among the treatments, dehy-
drogenase activity was observed to be higher and statis-
tically significant in treatment Cs, (170.1 ug TPF g™' dwt
day™") followed by Cw, (129.1 ug TPF g~' dwt day™")
in the 2nd week of composting, ascribed to enhanced
enzyme action in the treatments by booster addons
(microbes and cow dung slurry). The added mixture of
bacillus inoculum and cow dung might have stimulated
the enzymatic synthesis due to surplus availability of
substrates. However, at later stages the dehydrogenase
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activity drastically declined for both summer and winter
treatments. From previous study, this decline is related
to decrease in pH, organic substrate concentration and
increased release of phytotoxic compounds when miner-
alization is achieved during composting [33], which was
in agreement with our results.

Data for Urease activity (Fig. 7b) shows a sharp increase
(15th day) for both seasons at beginning of composting,
followed by a sudden decline. Among various treatments,
the activity of urease was higher (observed on 15th day)
for summer treatment Cs, (539.1 pg NH,*-N/g dwt h),
followed by winter treatment Cw, (383.4 NH,*-N/g dwt
h) during passive composting. It is reasonable here to
hypothesize an increased available carbon and enzyme
production elevating the humic substances production by
the facilitated mixture of microbes and cow dung slurry
[34]. It was observed that urease activity for the treatment
Cs4 (377.8 ug NH,*-N/g dwt h) was found to be lower than
Cs, (298.1 ug NH,-N/g dwt h), induced by the competi-
tion and interference of the diverse microbes present in
the cow dung slurry [5]. More interestingly, at later stages
of composting a lower reduction rate was observed for the
urease activity for both seasons (C.-6th week and C,-8th
week), attributed to the process of “resynthesis” [34]. The
process occurs because of a direct response of certain bac-
terial species to the constitutive ureases or to urea as a
substrate. However, for winter season, the observed final
urease activity was rather low than for summer treatments
at last days of experiment (90 day).

The results for Cellulase activity (Fig. 7¢) during MSW
composting showed an increase in similarity with previ-
ous cases (amylase and urease), up to 15th day of passive
composting. This was followed by a sharp decline in cellu-
lase activity during later stages of MSW composting in the
order; Cs, > Cs; >Cs, > Cw, > Cs; > Cw, > Cw, > Cw,, indi-
cating the decreased microbiota and the substrate avail-
ability. Contrasting to this, an increase in cellulase activity
was noticed in (controls) Cs; and Cwj till 6th week (35.2 ug
glucose g day™' h™") and 8th week (14.2 ug glucose/g dwt
h) indicating that cellulose was available as substrate till
last due to slower degradation [32]. A maximum of cellu-
lose hydrolysis occurred in summer treatment Cs, (96.1 pg
glucose/g dwt h) within 15 days that declined to 14.5 pg
glucose/g dwt h at the end of composting (90th day).
Whereas, in case of winter the registered cellulose activity
was comparatively lower than summer indicating slower
cellulose degradation.

(Figure 7d), explains the amylase activity increased for
both the seasons during MSW composting. A perusal of
results showed an increase in amylase activity up to 4th
week (except in controls Cs, and Cwy), superseded by a
steady decline, owing to the mechanism of starch hydroly-
sis during MSW composting. Amylase activity was found to
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Fig.7 Changes in enzymatic activity a Dehydrogenase, b urease, c cellulase, d amylase, e alkaline phosphatase, f acidic phosphatase, g pro-
tease in MSW treatment piles during 90 days of composting in summer and winter season
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be highest in Cs, treatment (30th day), at 20.1 pg/maltose,
that decreased rapidly at later stages at 7.7 pg/maltose
(90th day). On the contrary, for winter treatments Cw,
(12.6 pg/maltose) showed higher amylase activity up to
day 30 of composting. This indicated that amylase activity
was highest for the treatment where inoculum and cow-
dung slurry was facilitated. However, early degradation
of starch in summer treatments could have ascribed as a
result of ambient temperature influenced increased micro-
bial biomass during initial stage of composting. Perhaps,
in agreement with Castaldi et al. [35] maximum degrada-
tion of starch took place during the initial 15-30 days of
composting due to presence of abundant organic matter.

Alkaline phosphatase is synthesized by microorganisms
only (not from plant residues) and therefore, is a relevant
enzyme for the characterization of efficacy of the com-
posting process [36]. In the experiment, a higher activity
for alkaline phosphatases (Fig. 7e) was observed in com-
parison to acidic phosphatase activity (Fig. 7f) for both
seasons (C; and C,), respectively. This increased alkaline
phosphatase activity during composting is attributed to
more active alkaline phosphatases at neutral pH range of
composts [37]. The alkaline and acidic phosphatase activity
was highest for the summer treatment Cs, (581.1 pg PNP
g h™"and 42.8 ug PNP g~' h™"), mainly indorsed to the
combined effect of additives (EM and cow dung), followed
by Cs;, Cs, and Cs, after day 15 of composting. Whereas,
for winter treatment the recorded phosphatase activity
was comparatively lower in the order; Cw,-347.4 > Cwj;-
281.3>Cw,-183.6>Cw;-99.4 ug PNP g~" h™', indicating a
lower amount of organic phosphate compounds available
in the composting mixture.

The protease activity and protein degradation
increased in passive composting due to ammonia losses
through aeration. Results for protease activity (Fig. 7g) was
recorded highest for summer treatment, Cs, (916.1 ug h™"
at 2nd week of composting, followed by a gradual and
slower decline compared to other enzymes. More interest-
ingly, in Cs; and Cw, treatments an increase in protease
activity was observed even after 8th week (235.6 g h™1
and 12th week (94.5 g h™"), indicating the requirement of
more time for proteins degradation resulting in low stabi-
lization degree. Conversely, Raut et al. [36] reported that
ammonia as a product of the protein hydrolytic reactions,
can act as an inhibitor and affect protease activity during
the composting process.

3.1 Statistical analysis

To explore the variables involved in deducing compost
maturity through microbial-enzymatic activities with the
respective treatments, Two-way ANOVA with replication
of variables and Hierarchical Cluster Analysis (HCA) were
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established. The results reveal significant interactions
between the treatments and enzymes, rejecting the null
hypothesis, as determined by two-way ANNOVA with
F >F_ (P<0.05) as given in Table 3.

value crit

3.1.1 Principal component analysis (PCA)

The results of PCA analysis for various parameters of the
derived MSW compost are presented in Fig. 8. The PCA
analysis explains the degree of correlation between the
components. Based on the PCA results, two principal com-
ponents (F1 and F2) with an eigenvalue — 1.0 to 1.0 were
extracted, where F1 and F2 explain the major conjunctions
between the various parameters. The parameters repre-
sented far away from the center shows higher correlation,
suggestive of more variations in the process. In both the
seasons, the F1 corresponds to Temperature, TOC, TN,
C/N ratio, enzymes depicting degradation in the process,
whereas F2 corresponds to pH (accelerated process). For
summer season, maximum variations for F1 and F2 corre-
sponds to 89.52% and 8.03% in treatment Cs,,, followed by
Cs; (80.95%, 9.19%) and Cs, (78.37, 8.18%). The most sig-
nificant parameters falling within F1 were Temp, TOC, TN,
C/N ratio, and enzymes (cell, amy, ure, deh, pro, phos). On
the other hand, only pH was observed causing variations
in F2. For winter season, the two principal components,
F1 and F2, accounts maximum for 80.11% and 8.11% in
treatment Cw,, followed by other treatments (Cw;, Cw,
and control Cw,). The F1 component was attributed to a
similar pattern as observed in summer set, respectively.

For HCA analysis the dendrogram are illustrated in
Fig. 9. There is more similarity between parameters when
the Euclidean distances (x-axis) have lower values. In
summer treatment C,, cellulase, amylase and TN formed a
cluster, whereas Temp, TOC, C/N ratio, acidic phosphatase
and Dehydrogenase formed another cluster with Alka-
line phosphatase, Urease and protease grouping. Similar
grouping was observed in dendrogram for the winter
treatment set except with lesser similarity between the
parameters. In the winter treatment (C,,) two groups were
observed: (1) cellulase, amylase, TN and Acidic phos-
phatase (2) Temperature, TOC, Dehydrogenase, C/N ratio
and Alkaline phosphatase both clustered with Urease and
Protease. All these observations deduce a substantial rela-
tion between the environmental and the biological factors
that ultimately lead to advancement of maturity during
the composting process [7].

3.1.2 Kinetics study

For designing an effective composting system, the study
of kinetics along with some theoretical considerations is
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Table 3 Correlation coefficients and ANOVA: two factor with replication analysis of the MSW treatment piles among C/N ratio, temperature

and enzymatic activity

Temp C/N Amylase Protease Urease Cellulase Alkaline Acidic phosphatase Dehydrogenase
phos-
phatase
Temp 1.000
C/N 0.565 ns 1.000
Amylase —-0.932**  —-0.698ns 1.000
Protease —-0.846** —0.732* 0.835**  1.000
Urease -0.640ns —-0.969** 0.717* 0.850** 1.000
Cellulase -0.707* —0.794* 0.710* 0.961**  0.899*8 1.000
Alk. Phosphatase —0.647ns —0.770*  0.605ns 0.909**  0.891** 0.972**  1.000
Aci. Phosphatase  —0.766* —0.665ns 0.824**  0.843**  0.709* 0.764* 0.621 ns 1.000
Dehydrogenase  —0.446ns -0.827* 0420ns 0.673ns 0.872** 0.807* 0.892%** 0.371ns 1.000
ANOVA
Source of variation SS (sum-of squares  Df (degree of MS F statistic P value F critical
value) freedom)
Sample 7542922 7542.922 12.82876 0.000795 4.042652
Columns 99,238.23 14,176.89 241116 1.07E-13 2.207436
Interaction 16,108.47 2301.21 3.913825 0.001888 2.207436
Within 28,222.54 48 587.9696
Total 151,112.2 63
*Correlation is significant at the 0.05 level (two tailed)
**Correlation is significant at the 0.01 level (two tailed)
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‘ e p— ! Vi e
/ cell / » /
/ it /
_ Toc | p”\ / cdl/my‘ // -
s < ohos | & —— g0 — T
: i ¢ ~——° ~Ss—
8 . ~ ¢ @J‘ b \\:““
o aee e, \\7&,;‘” e
~ > N m
w F1-(8269%) w0 F1-7837%1 W wow 1 189.52%) E
Fi- [s035%] Cs4
(b) Cs1 . Cs2 Cs3
Temp 1 Temp
/ﬁ
cell iy /
R " o=
£ : | i =
ol ) W 0 W E
Cwr s’ cws "Cwa
Fig. 8 PCA analysis for a summer, b winter treatment sets after 90 days of MSW composting
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Fig.9 Dendrogram of a sum-
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an important tool. In this study, few assumptions were
applied (1) uniform dispersal of each bacterial suspension
to maintain homogeneity (2) Optimization of treatments
with suitable organic supplements for microbial growth.
The enzyme kinetic study was undertaken in four steps:

1. Formation of EMOC (Efficient microbial-organic con-
tent) complex that disintegrates to generate a byprod-
uct P as a result of endogenous reaction. Where EM is
the Inoculum concentration, OC the organic concen-
tration (%) and K, K, and K_ are the specific rate of
reactions.

[EM] + [OC] % [EMOC] — k [EM] + [P] 2)

k, =k + k. (equilibrium condition)
[Ewc] (O]

[EMOC(C] =
(kptke)
[OC] + r—

Epc is the total microbial concentration
2. Derivation of Michaelis—Menton equation to project
the kinetic rate reaction
kp[OC]
S~ (4)
kyq+[0OC]

K,=rate of reaction, k,,=maximum reaction rate and
ky=dissociation constant
3. Lineweaver-Burk plot to determine the kinetic param-
eters that establish the relation between initial reac-
tion rate and the organic load.

1 kylOC]
K.~k +10C] ©)

4. Derive Pseudo first order kinetic model equation in
accordance with obtained experimental data

dia _

) —k, dt (6)

[C] = [Clyexp~*" 7)
C

In% = —Kt, ®)

where Cis the biodegradable organic content, k is the
degradation rate constant (day-1) and t is the time
(days).

In this sense, the composting of organic ingredients
or decomposition of organic matter is regarded as enzy-
matic-related microbe system [38]. During 90 days of
composting, a reduction in the degradable organic matter
was observed attributed to the microbial activities, which

Table 4 Computed values for the initial rate of reaction (K)), cor-
relation coefficient (R?), the kinetic parameters ky and K., and the
organic load (OC) after 90 day of MSW composting

Treatment K, R? kyg K ocC

Cs, 0.0031 0.761 12.03 78.67 21.31
Cs, 0.0096 0.861 41.45 30.95 4498
Cs; 0.0086 0.940 48.96 22.56 38.31
Cs, 0.0074 0.992 99.12 1.58 27.47
Cw, 0.0011 0.743 2.68 138.15 17.68
Cw, 0.0034 0.865 14.81 90.98 33.19
Cw;, 0.0028 0.823 8.46 89.28 29.33
Cw, 0.0026 0.897 21.78 58.58 25.19

was in agreement with Whang and Meenaghan [39]. The
results from enzymatic kinetic study are illustrated in Fig. 8
and Table 4. The treatment bin, Cs, showed highest bio-
degradability with a reaction rate constant of 0.0101 day ™
in the compost pile owing to the added mixture of micro-
bial inoculum and cow dung slurry. It also evident by the
highest temperature (63 °C) attained in the treatment bin
(Cs,) as a result of microbial respiration during the waste
degradation process. This was followed by bin treatment
Cs, and Cs; with reaction rate constants (k,) of 0.0062 and
0.0059 day‘1, respectively. In contrast, winter treatment set
showed lower biodegradability with reaction rate constant
of 0.0054 day™" in bin Cw,, followed by Cwj; (0.0032 day ™)
and Cw,, rate constant being 0.0024 day“. While, mini-
mum values for rate constant 0.0011 day™' was observed
in control treatment (Cw,), respectively. This implies that
winter treatments had incomplete degradation of sub-
strates with lower biodegradability. For estimation of
mathematical models derived by experimental data, cor-
relation coefficient (R?) has been extensively used [40]. It
can be observed that for all summer treatments (except
control Cs,, 0.761) the degradation process shows the cor-
relation of the exponential function with higher values for
coefficient of determination (R?), 0.992 (Cs,), 0.940 (Cs3),
0.861 (Cs,) for MSW, respectively. The estimated kinetic
values fitted well to first order reaction as shown by R?
value (~0.86-0.96). However, for winter season the values
for rate of degradation very low in comparison to summer
season.

The slope and intercept of a Lineweaver-Burk plot (1/
k, vs. 1/0C) as shown in Fig. 10, graphically determines
the kinetic parameters ky and K, (Eq. 5) by correlating the
initial rate of reaction (K) and the organic load (OC), result-
ingin a linear relationship [39]. The parameter K, here rep-
resents maximum limiting velocity while K is the disso-
ciation constant. They depend on process parameters like
aeration, temperature, moisture and chemical conditions.
In study, MSW treatment Cs, showed maximum value of
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Fig. 10 Lineweaver—Burk plot 350 y=6072.1x + 40.513
for a summer season, b winter RY=0.7606
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Ky (99.12) owing to the fastest rate of organic matter deg-
radation which might be due to the amendments (EM and
cow dung slurry). Subsequently, treatment Cs, shows the
least value of k., (1.58) compared to other treatments.
So, it could be concluded that 100% raw material acted
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(b) winter season

as feedstock to satisfy the enzyme-substrate affinity. The
highest value for k,, (138.1) and lowest value for K (8.68)
was observed in treatment Cw, compared to other treat-
ments. This is ascribed to lower microbial degradation
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efficiency, due to insufficient temperature or nutrients in
the waste mixture resulting in microbial deactivation.

4 Conclusion

The present study aims at fabricating the importance of
microbial-enzyme kinetics in a small-scale composting
system. Ambient temperature extensively influenced the
physicochemical, microbial and enzymatic properties of
the MSW during passive bin composting. MSW degrada-
tion followed first-order kinetics during composting with
better biodegradability rates for summer season. To con-
clude summer composting facilitated with inoculum and
cow dung slurry will achieve better and more satisfactory
sanitization and biodegradation than winter composting
generating immature and poor-quality final product.
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