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Abstract

Background Composting is one of the sustainable prac-

tices to convert sewage sludge into useful agricultural

product because it is rich in organic matter, micro- and

macronutrients, which is essential for plants growth and

soil fauna to live. Therefore, the present study was to

recycle the sewage sludge by rotary drum composter. Five

sets of experiments (C/N 15, 20, 25, 30 including control)

were carried out in the reactor, where sewage sludge was

coupled with sawdust and cattle manure to attain the

optimal feedstock. The process was monitored with respect

to physico-chemical characteristics and stability parame-

ters during 20 days of composting period. In addition, the

kinetic parameters km and rm have been evaluated in the

present work.

Results Higher reductions in CO2 evolution and oxygen

uptake rate (OUR) observed in C/N 30 showed the stabil-

ity, resulting in the total biodegradable ingredients to be

stabilized. Similarly, higher percentage reduction in car-

bon-nitrogen ratio was observed in C/N 30 followed by

C/N 20, C/N 25, C/N 15 and control experiments, respec-

tively, indicates maximum degradation was achieved; as it

corroborate higher temperature regime occurred in C/N 30.

The composting parameters such as moisture content,

volatile solids, CO2 evolution, OUR and C/N ratio were

reduced significantly (p\ 0.05). The kinetic model used

illustrated the comparable variations in Michaelis constant

(km) and maximum rate constant (rm) under varying pro-

portions of the initial feedstock. The overall assessment of

kinetic data for C/N 30 experiment showed enhancement of

degradation during the composting process.

Conclusions The results suggested that composting of

sewage sludge with optimal proportion of cattle manure

and saw dust, especially in C/N 30, can produce stable

compost within 20 days of composting.

Keywords Sewage sludge � Sawdust � Rotary drum � C/N
ratio � Stability � Kinetic analysis

Introduction

Sewage sludge, a by-product generated in enormous

quantity from various biological, chemical and physical

treatment processes, may create environmental concerns in

its disposal due to the presence of soil contaminants such as

organic compounds, heavy metals and human pathogens

(Singh and Agrawal 2008). The problem of efficient dis-

posal and management of sewage sludge has become more

rigorous owing to rapidly rising of population, economic

growth and increasing numbers of treatment plants. Hence,

it is necessary that we find approaches to effectively reuse

the sewage sludge and reduce their impact on the envi-

ronment. Composting is one of the most promising bio-

logical techniques to stabilize the organic matters

contained in the sewage sludge (Doublet et al. 2010).

During the composting process, pathogens may be killed

due to the heat generated during the thermophilic phase and

the organic fractions in sewage sludge will be converted

into stabilized humic substances through mineralization

and humification with a significant reduction in volume

(Tuomela et al. 2000; Gouxue et al. 2001; Khwairakpam

and Bhargava 2009). The reason is that compost made from

sludge returns useful resources to the environment and also
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has a number of beneficial effects such as accelerating the

plant growth, improving moisture retention capacity in the

soil, increasing organic matter in the soil and improving

erosion control (Liang et al. 2003; Cheng et al. 2007; Wang

et al. 2014).

Rotary drum composting is an efficient and promising

technology compared to conventional outdoor technologies

such as windrows and static piles, as it provides adequate

agitation, aeration and proper compost mixing to produce

consistent and uniform end product without any nuisance

odor or leachate-related problems (Kalamdhad et al. 2009;

Rodrı́guez et al. 2012). Different types of wastes (cattle

manure, swine manure, municipal biosolids, brewery

sludge, chicken manure, animal mortalities and food resi-

dues) can be effectively composted in rotary drum reactors

(Vuorinen and Saharinen 1997; Mohee and Mudhoo 2005;

Aboulam et al. 2006; Kalamdhad and Kazmi 2008;

Rodrı́guez et al. 2012). Until recently, reported data about

the use of rotary drum in sewage sludge composting are

rather scarce.

Many studies have reported that sewage sludge alone

produces poor quality of compost due to its high moisture

content and low air permeability. It is necessary to mix

with other ingredients including bulking agents such as

rice straw, sawdust, grass and leaves. These bulking

agents are used to adjust moisture content and maintain

inter-particle void dispersion, which provides adequate air

and water exchange within the composting mass (Eftoda

and McCartney 2004; Petric and Selimbasic 2008; Iqbal

et al. 2010), and also provides optimal initial carbon-to-

nitrogen (C/N) ratio to enhance the decomposition rate

(Kalamdhad and Kazmi 2009). The fact that the appli-

cation of immature and unstable compost may inhibit the

growth of vegetables by competing for oxygen or causing

phytotoxicity to plants, due to insufficient biodegradation

of organic matter (Khwairakpam and Bhargava 2009). In

addition, cattle manure having the tendency to bind the

substrates together and also an important resource to

supplement additional organic fraction, which improves

the soil conditions. Furthermore, other composting factors

such as temperature and nutritional requirements should

also be controlled to attain good-quality compost

(Kalamdhad and Kazmi 2009). Stability prevents nutrient

from becoming tied up in rapid microbial growth,

allowing them to be available for plant needs. In this

regard, different techniques are widely used for measuring

stability, based on physical (temperature, aeration

demand, odor, color, etc.), chemical (organic matter loss,

C/N ratio, chemical oxygen demand, etc.) and biological

(respiration measured either as O2 consumption, CO2

production or heat generation, etc.) characteristics of

composts (Wu et al. 2000; Brewer and Sullivan 2003;

Matteson and Sullivan 2006; Gomez et al. 2006;

Kalamdhad et al. 2008), but none has found universal

acceptance. But, the respirometric indices (either oxygen

uptake rate (OUR) or CO2 evolution) have been proven to

be useful for the prediction of the stability of final com-

post products in the recent years (Barrena et al. 2011;

Varma et al. 2014). Most of the literatures reported on

compost stability are generally dealt with traditional

composting techniques such as windrows and static pile

types for various kinds of wastes. The study of stability

analysis in rotary drum composter for sewage sludge in

combination with optimal mixtures of cattle manure and

saw dust is rarely present. Hence, it is essential to check

the stability in the final compost which correlates with the

degree of decomposition.

Besides the above facts, it is observed that most pub-

lished information on the composting process is qualitative.

Very few studies have been performed based on quantita-

tive knowledge to design the operating conditions of the

composting process, but they possessed less systematic.

From the engineering point of view, kinetic study is

essential to describe the controlling factors in the opti-

mization of the process (Whang and Meenaghan 1980;

Agamuthu et al. 2000; Bari et al. 2000). Keeping issues in

mind, the scope of the present study was to evaluate the

effect of process variables such as temperature, moisture

content, ash content, volatile solids, total nitrogen, CO2

evolution, OUR and initial C/N ratio, during 20 days of

composting period using pilot-scale rotary drum reactor. In

addition, the dynamics of the composting process were also

examined by simulating the results of organic matter

degradation on the Monod equation, to determine the

kinetic parameters like Michaelis–Menten constant km and

maximum velocity constant rm.

Materials and methods

Feedstock materials and its preparation

Undigested sewage sludge having high percentage of

organic matter was procured from the sewage treatment

plant of the IIT Guwahati campus. Fresh cattle manure and

sawdust were obtained and/or purchased from nearby

Amingaon village and saw mill, respectively. The initial

characteristics of waste are detailed in Table 1. Prior to

composting, sewage sludge (C/N = 11.2), cattle manure

(C/N = 26.4) and sawdust (C/N = 135.9) were mixed with

five different proportions (C/N = 15, 20, 25, 30 and con-

trol), as compiled in Table 2. To prepare the initial feed-

stock, C/N ratio of the compost mixture was calculated as

given in Eqs. (1), 2 and (3) (CWMI 1996).
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G ¼ M1 � Q1 þM2 � Q2 þM3 � Q3

Q1 þ Q2 þ Q3

ð1Þ

where Qn nis the mass of material n (wet weight basis); G

the moisture goal (%); Mn the moisture content (%) of

material n.

where R is the C/N ratio of compost mixture;Qn the mass of

material n (wet weight basis); Cn the carbon (%) of material

n; Nn the nitrogen (%) of material n; Mn the moisture con-

tent (%) of material n.

By simplifying and rearranging the above equation, the

mass of the third material required would be Eq. (3):

Rotary drum composter design

Figure 1 shows the schematic diagram of a pilot-scale

rotary drum composter of 550 L capacity operated by

batch-mode operation. The composter is made up of

1.22 m in length and 0.76 m in diameter, fabricated by a

4-mm-thick metal sheet. The inner side of the drum is

covered with anti-corrosive coating. The drum is mounted

on four rubber rollers attached to a metal stand and is

rotated manually with its handle. To ensure appropriate

mixing and agitation of the wastes during rotation,

Table 1 Initial characteristics

of waste materials
Parameters Sewage sludge Cattle manure Sawdust

Moisture content (%) 79.2 ± 2.0 80.8 ± 0.1 10.3 ± 0.3

Ash content (%) 61.5 ± 0.3 29.9 ± 3.9 2.4 ± 0.1

Total organic carbon (TOC) (%) 21.4 ± 0.2 39.0 ± 2.1 54.2 ± 0.1

Total nitrogen (%) 1.9 ± 0.2 1.5 ± 0.2 0.40 ± 0.3

C/N ratio 11.2 ± 1.2 26.4 ± 2.5 135.9 ± 7.3

CO2 evolution (mg CO2/g VS/day) 12.1 ± 0.5 17.6 ± 0.5 10.8 ± 0.1

Oxygen uptake rate (mg O2/g VS/day) 17.9 ± 0.2 21.8 ± 1.3 12.5 ± 0.7

All values are means of three replicates ± SD (n = 3)

Table 2 Waste proportion of mixtures and its physico-chemical characteristics

Feedstock materials C/N 15 C/N 20 C/N 25 C/N 30 Control

Sewage sludge (kg) 130 104 98 87 150

Cattle manure (kg) 16 39 39 45 0

Sawdust (kg) 4 7 13 18 0

Total weight of mixture (kg) 150 150 150 150 150

Initial moisture content (%) 70.9 ± 0.2 68.7 ± 0.5 64.9 ± 0.2 62.3 ± 0.2 68.1 ± 0.1

Initial ash content (%) 51.7 ± 0.4 50.5 ± 0.2 48.7 ± 0.4 46.5 ± 0.3 57.5 ± 0.2

Initial total organic carbon (%) 26.8 ± 0.2 27.5 ± 0.1 28.5 ± 0.2 29.7 ± 0.2 23.6 ± 0.1

Initial total nitrogen (%) 1.54 ± 0.03 1.20 ± 0.02 1.12 ± 0.02 1.05 ± 0.03 1.69 ± 0.08

Initial CO2 evolution (mg CO2/g VS/day) 9.9 ± 0.1 10.0 ± 0.1 9.4 ± 0.2 9.5 ± 0.3 10.5 ± 0.2

Initial oxygen uptake rate (mg O2/g VS/day) 20.0 ± 0.3 17.4 ± 0.3 13.1 ± 0.1 16.1 ± 0.3 17.9 ± 0.2

All values are means of three replicates ± SD (n = 3)

R ¼ Q1ðC1 � ð100�M1ÞÞ þ Q2ðC2 � ð100�M2ÞÞ þ Q3ðC3 � ð100�M3ÞÞ þ � � �
Q1ðN1 � ð100�M1ÞÞ þ Q2ðN2 � ð100�M2ÞÞ þ Q3ðN3 � ð100�M3ÞÞ þ � � �

ð2Þ

Q3 ¼
RQ1N1ð100�M1Þ þ RQ2N2ð100�M2Þ � Q1C1ð100�M1Þ � Q2C2ð100�M2Þ

C3ð100�M3Þ � RN3ð100�M3Þ
ð3Þ
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40 9 40 mm angles are welded longitudinally inside the

drum, resulting in tumbling action inside the drum gener-

ally moves material through the drum for 20 days. In

addition, two adjacent holes of 10 cm each are made on top

of the drum to drain out the excess water. Rotary drum

composter contained approximately 150 kg of different

waste combinations and was manually turned on every

24 h through one complete rotation, to ensure that the

material on the top portion moved to the central portion

where it was subjected to higher temperature. Aerobic

condition was maintained by opening the top half side

doors of the two circular faces.

Sampling and parameter analysis

100 g of samples was collected through grab sampling

from different locations, mainly from middle portion and

terminal ends of the composter without disturbance of the

adjacent materials. All the grab samples were thoroughly

mixed together to make a homogenized sample. Triplicate

homogenized samples were collected periodically and

stored at 4 �C for stability analysis of the wet samples

within 2 day. The sub-samples were air dried immediately,

and pulverized to pass through 0.2 mm sieve and stored for

physico-chemical analysis.

Temperature was monitored every 6 h using a digital

thermometer throughout the composting period. Each air

dried and grounded sample was analyzed for the following

parameters: moisture content (105 �C for 24 h) and volatile

solids/organic matter (loss ignition at 550 �C for 2 h). The

total organic carbon (TOC) was calculated as follows in

Eqs. (4), (5) and (6) (Mohee et al. 2008).

% Ash ¼ WeightInitial � WeightFinal
WeightInitial

� 100 ð4Þ

% Volatile solid = 100� % Ash ð5Þ

% Total organic carbon =
% Volatile solid

1:8
ð6Þ

The percentage of nitrogen content was calculated using

Kjeldahl method following Eq. (7) (Codell and Verderame

1954).

% Total nitrogen =
1:4ðR � SÞN

W
ð7Þ

where R is the volume of H2SO4 to titrate boric acid (ml);

S the volume of H2SO4 to titrate blank (ml), W the weight

of sample (g); and N the normality of H2SO4.

Finally, the carbon-to-nitrogen ratio was determined by

dividing the total organic carbon content to the total

nitrogen content.

OUR was performed according to the method described

by Kalamdhad et al. (2008). A liquid suspension of com-

post (8 g of compost in 500 mL of distilled water added

with CaCl2, MgSO4, FeCl3 and phosphate buffer at pH 7.2)

incubated at room temperature (24 ± 2 �C) was placed in

the sample bottle. A DO sensor (Eutech instruments,

ECD11001K) was placed in the sample bottle at a depth of

5–7 cm below the water surface. The suspension was

continuously stirred by means of a magnetic stirrer. Then,

O2 concentration (expressed in mg/L) was recorded every

30 s for approximately 15–20 min. Finally, OUR was

calculated in terms of VS as mg O2/g VS/day.

CO2 evolution rate was measured using static mea-

surement method (Knoepp and Vose 2002; Kalamdhad

et al. 2008). Approximately, 10 g of sample was sealed in a

0.5 L vessel along with a beaker containing a known

weight of oven-dried soda lime (105 �C, 1.5–2.0 sieve

mesh) to trap CO2. The samples were incubated at room

temperature (24 ± 2 �C). Blank experiment was

Fig. 1 Pilot-scale design of

rotary drum composter
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performed without putting the sample in a vessel, needs for

initial CO2 calculation. The soda lime traps were removed

after 24 h, oven dried and reweighed to determine CO2

absorbed. The CO2 and OUR values were used to deter-

mine the Solvita maturity index on a scale of 1–8, which

represents the maturity level of the compost samples.

All the results reported are the means of three replicates.

The results were statistically analyzed at 0.05 levels using

two-way analysis of variance (ANOVA) and Tukey’s HSD

test was used as a post hoc analysis to compare the means

(STATISTICA package).

Results and discussion

Physico-chemical characteristics

Temperature profiles for the four C/N ratios (15, 20, 25 and

30) including control are shown in Fig. 2. It justifies the

optimal conditions at which the biological process pro-

ceeds and also plays an important role in evolution and

succession of the microbiological communities (Hassen

et al. 2001). Due to early decomposition of the soluble,

readily degradable compounds (especially in C/N 30), the

substrate passed from an initial mesophilic phase (\40 �C)
to a thermophilic stage on 2nd day of the composting

period caused by metabolic heat, indicating quick estab-

lishment of microbial activities (Nolan et al. 2011). Ele-

vated temperatures ([50 �C) were maintained in the

reactor for 12–18 h which is sufficient time for the sani-

tation of the substrate from potential pathogenic microor-

ganisms that exists in sewage sludge (Chroni et al. 2009).

Thereafter, the amount of degradable organic matter in the

reactor decreased over the course of the composting pro-

cess until the maturation process takes place. The fact that

heat generation decreased leads to reduction of the

temperature in the composter. In addition, lower tempera-

ture profiles observed in control, C/N 15 and 20 experi-

ments compared to others may be due to higher amount of

sewage sludge which reduces porosity between substrates,

indicates that sewage sludge without appropriate amend-

ments is less favorable for growth and biological activity of

microorganisms (Nakasaki et al. 1987). All of the experi-

ments accomplished ambient temperature at the end of

20 day show the reflective image of stability. Similar

results have been observed by Yañez et al. (2009), where

maximum temperature was recorded as 62 �C.
Moisture loss during the composting process can be

examined as an index of decomposition rate, since the heat

generation which accompanies decomposition drives

vaporization (Liao et al. 1996). From the results obtained

(Fig. 3), it is seen that the C/N 15 achieved higher initial

moisture content (70.91 %) due to huge quantity of sewage

sludge, which is further dropped to 51.01 % resulting in

only 28.06 % moisture loss, whereas in C/N 30, moisture

content at the beginning was 62.30 % which is reduced to

43.23 % within 20 days. On the other hand, moisture

contents were reduced from 68.74, 64.93 and 68.10 % to

48.80, 47.18 and 55.16 % for C/N 20, 25 and control

experiments, respectively. Higher moisture loss was

observed in C/N 30 (30.61 %) followed by others, which is

directly correlated with its evaporation rate of moisture

leading to large heat generation. Leachate formation was

not observed during the composting period. The reduction

in the percentage of moisture content was significantly

varied in all the experiments (p\ 0.05).

The contents of TOC decreased with composting period

especially in thermophilic phase, leading to higher micro-

bial activity. The variation of organic carbon during com-

posting is shown in Fig. 4. Thereafter, the degradation rate

of OM was reduced gradually. TOC loss during compost-

ing is mainly attributed by mineralization of organic matter

resulting in the evolution of CO2 and heat (Hassouneh et al.Fig. 2 Temperature variation during the composting process

Fig. 3 Variation of moisture content with composting time during

different sets of experiments
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1999). In addition, a large fraction (*30 %) of organic

carbon was lost as utilized by microorganisms in the form

of energy source (Kalamdhad and Kazmi 2008). Higher

TOC reduction was observed in C/N 30 (39.97 %), fol-

lowed by C/N 25 (37.08 %), C/N 20 (35.37 %), C/N 15

(33.81 %) and control (25.62 %), due to presence of

readily degradable compounds as decomposed by microbes

resulting in higher temperature regime in C/N 30. Signifi-

cant variations in TOC were observed between all the

reactors (p\ 0.05).

Biodegradability was calculated from the initial and

final organic matter contents, according to the following

equation (Haug 1993; Külcu and Yaldiz 2004):

Kb ¼
½OMið%Þ � OMf ð%Þ� � 100

OMið%Þ � ½100� OMf ð%Þ�
ð8Þ

where OMi is the organic matter content at the beginning of

the process and OMf is the organic matter content at the

end of the process. The degradability coefficient (Kb) val-

ues for all the reactors are shown in Table 5. Higher values

of biodegradability were observed in C/N 30

(Kb = 0.5887) and 25 (0.5478). As the added sewage

sludge increases, lower values of biodegradability were

observed in C/N 15 (0.4972) and C/N 20 (0.5199) includ-

ing control (0.3841).

Figure 5 shows that total nitrogen was higher in final

composts compared to initial substrate, as increased from

1.54 to 1.91 %, 1.20–1.69 %, 1.12–1.52 %, 1.05–1.60 %

and 1.69–2.06 in C/N 15, 20, 25, 30 and control, respec-

tively. Higher percentage in nitrogen content was observed

in C/N 30 (34.38 %) followed by C/N 20 (28.99 %), C/N

25 (26.32 %), C/N 15 (19.37 %) and control (17.96 %)

during the composting period. This enhancement was

occurred due to the net loss of dry mass in terms of CO2 as

well as water loss by evaporation during mineralization of

OM by microorganisms (Yamada and Kawase 2006;

Kalamdhad and Kazmi 2009). Alternatively, nitrogen fix-

ing bacteria might also contribute to increase in total

nitrogen during later phase of composting (Zucconi et al.

1985). ANOVA analysis showed significant changes in

nitrogen content among the experiments (p\ 0.05).

Stability analysis

Compost stability has been evaluated by CO2 evolution

because it measures carbon derived directly from the

compost being tested, caused by mineralization of the

organic matter (Bernai et al. 1998; Kalamdhad et al. 2008).

The CO2 evolution rates of the C/N 15, 20, 25, 30 and

control decreased from initial values of 9.94, 10.03, 9.40,

9.54 and 10.46–2.12, 1.41, 1.35, 0.51 and 3.60 mg CO2/g

VS/day, respectively (Table 3). The variation of CO2

evolution among the reactors was statistically significant

(p\ 0.05). Results suggested that higher reduction in CO2

evolution rate was observed in C/N 30 (94.7 %) followed

by C/N 20 (85.9 %), C/N 25 (85.6 %), C/N 15 (78.7 %)

and control (65.6 %). The reduction in CO2 evolution rate

was very low after 16 days of composting in all the

experiments, indicating the stability of finished compost.

The reason is CO2 was mainly emitted during the ther-

mophilic period because of the degradation of easily

degradable carbon under vigorous bacterial and fungal

activity. During the curing period, CO2 emissions are

related to the degradation of complex organic molecules

such as lignin and lignocelluloses by some fungi and

actinomycetes. The Solvita� maturation index based on

CO2 evolution increased from 3 to 8 for all the experi-

ments. Solvita� results proved that the composts from all

the reactors enter into the well stable condition after

20 days. Similarly, Wang et al. (2004) suggested that the

composts become more stable when the respiration rates

were below 1 mg CO2/g VS/day.

As composting begins, large organic molecules are

broken down to smaller soluble structures and temporarily

more substrate may become available. Furthermore, the

Fig. 4 TOC variation with composting time for all C/N ratios

including control

Fig. 5 Total nitrogen variation with composting time for all C/N

ratios including control
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microbial activity reduces with composting period as evi-

denced by the decrease in the values of OURs of all the

experiments. It is observed that, a gradual decrease in OUR

values from 19.98 to 3.96, 17.37–3.66, 13.12–1.77,

16.09–0.81 and 17.86–4.39 mg O2/g VS/day in C/N 15,

C/N 20, C/N 25, C/N 30 and control, respectively, after

20 days of composting period in the rotary drum. OUR

values attained stability after the initial reduction in all the

experiments, while after the 14th day of composting the

drop was moderate indicating the compost approaches the

maturation period. Higher reduction observed in C/N 30

(94.9 %) followed by C/N 25 (86.5 %), C/N 15 (80.2 %),

C/N 20 (78.9 %) and control (75.4 %), respectively

(Table 3), might be due to optimal amount of cattle manure

and sawdust which provided a favorable condition for the

growth and biological activity of microorganisms (Gomez

et al. 2006). The percentage reduction in OUR value was

significantly varied among the reactors (p\ 0.05). Results

Table 3 Variation in CO2

evolution, OUR and C/N ratio

during drum composting over

time

Days CO2 evolution (mg CO2/g VS/day)

C/N 15 C/N 20 C/N 25 C/N 30 Control

0 9.9 ± 0.1abc 10.0 ± 0.1ac 9.4 ± 0.2b 9.5 ± 0.3ab 10.5 ± 0.2c

2 9.5 ± 0.2a 9.5 ± 0.3a 8.6 ± 0.2b 8.3 ± 0.1b 9.8 ± 0.3a

4 8.6 ± 0.1a 8.9 ± 0.1b 6.9 ± 0.1c 7.7 ± 0.1d 8.8 ± 0.4ab

6 7.5 ± 0.1a 8.3 ± 0.1b 6.0 ± 0.1c 6.3 ± 0.5c 8.1 ± 0.3b

8 6.6 ± 0.2a 6.1 ± 0.2a 5.4 ± 0.1b 5.4 ± 0.3b 7.6 ± 0.1c

10 5.5 ± 0.2a 5.4 ± 0.3a 4.4 ± 0.2b 4.5 ± 0.2b 6.6 ± 0.3c

12 4.8 ± 0.2a 4.4 ± 0.4b 3.7 ± 0.2c 3.9 ± 0.1c 5.7 ± 0.1d

14 3.5 ± 0.1a 3.4 ± 0.1ab 3.0 ± 0.4b 3.3 ± 0.2ab 4.7 ± 0.2c

16 2.9 ± 0.3a 2.6 ± 0.2a 2.5 ± 0.2a 2.9 ± 0.1a 4.2 ± 0.2b

18 2.5 ± 0.2a 1.9 ± 0.3b 1.7 ± 0.2b 1.6 ± 0.1b 3.9 ± 0.1c

20 2.1 ± 0.3a 1.4 ± 0.2b 1.4 ± 0.1b 0.5 ± 0.1c 3.6 ± 0.1d

Oxygen uptake rate (OUR) (mg O2/g VS/day)

0 19.9 ± 0.3a 17.4 ± 0.3b 13.1 ± 0.2c 16.1 ± 0.3d 17.9 ± 0.2b

2 18.1 ± 0.3a 15.2 ± 0.2bde 10.9 ± 0.1c 13.9 ± 0.2d 14.5 ± 1.1e

4 16.37 ± 0.36a 13.1 ± 0.3bde 8.9 ± 0.7c 12.0 ± 0.2d 13.4 ± 0.3e

6 13.9 ± 0.4a 10.0 ± 0.2b 7.41 ± 0.3c 8.6 ± 0.4d 11.4 ± 0.1e

8 12.2 ± 0.3a 8.9 ± 0.3b 6.1 ± 0.5c 6.8 ± 0.1c 9.8 ± 0.4b

10 9.6 ± 0. 4a 7.8 ± 0.4b 5.3 ± 0.5c 5.4 ± 0.1c 8.5 ± 0.3b

12 8.5 ± 0.2a 7.1 ± 0.4b 4.1 ± 0.2c 3.6 ± 0.2c 7.7 ± 0.2b

14 7.0 ± 0.2a 6.6 ± 0.2a 2.9 ± 0.4b 2.8 ± 0.2b 7.0 ± 0.2a

16 5.9 ± 0.2ac 5.5 ± 0.1a 2.4 ± 0.4b 1.7 ± 0.6d 6.1 ± 0.2c

18 5.1 ± 0.1a 4.7 ± 0.1b 2.0 ± 0.1c 1.2 ± 0.9d 5.2 ± 0.1a

20 3.9 ± 0.2ac 3.7 ± 0.2a 1.8 ± 0.1b 0.8 ± 0.1d 4.4 ± 0.6c

C/N ratio

0 17.4 ± 0.5a 23.2 ± 0.4b 25.6 ± 0.8c 28.3 ± 0.9d 14.0 ± 0.7e

2 16.5 ± 0.3a 20.6 ± 0.340b 22.6 ± 0.6c 25.6 ± 0.4d 12.6 ± 0.4e

4 15.2 ± 0.4a 18.9 ± 0.242b 20.1 ± 0.9b 21.8 ± 0.7c 11.8 ± 0.1d

6 13.8 ± 0.6a 16.7 ± 0.2b 18.6 ± 0.5c 20.2 ± 0.5d 11.1 ± 0.1e

8 12.8 ± 0.2a 15.3 ± 0.2b 17.2 ± 0.4c 18.8 ± 0.2d 9.9 ± 0.1e

10 12.0 ± 0.3a 14.4 ± 0.3b 15.6 ± 0.3c 17.4 ± 0.2d 10.4 ± 0.3e

12 11.4 ± 0.1a 12.6 ± 0.1b 14.1 ± 0.2c 15.7 ± 0.1d 9.8 ± 0.4e

14 10.7 ± 0.3a 12.4 ± 0.4b 13.3 ± 0.1c 14.1 ± 0.2d 9.4 ± 0.4e

16 10.2 ± 0.1a 11.4 ± 0.1b 12.7 ± 0.1c 12.9 ± 0.2c 9.1 ± 0.1d

18 9.6 ± 0.7a 11.0 ± 0.2b 12.2 ± 0.1c 11.9 ± 0.3c 8.8 ± 0.2d

20 9.3 ± 0.2a 10.5 ± 0.5b 11.9 ± 0.2c 11.2 ± 0.4d 8.5 ± 0.1e

All values are means of three replicates ± SD (n = 3)

Values followed by the same letter within each column are not significantly different (ANOVA; Tukey’s

test, p\ 0.05)
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indicated that the composts produced from C/N 25 and 30

experiments are considered to be very stable and possessed

a Solvita� index value of 8, which indicated that compost

was ready for usage of soil conditioner (Cabanas-Vargas

et al. 2005). In addition, C/N 15, 20 and control experi-

ments have a Solvita� maturity index of 6 which can be

considered as immature and unstable compost.

The changes in the C/N ratios reflect the organic matter

decomposition and stabilization achieved during compost-

ing. The microorganisms which decomposed the waste

mixture require a supply of nutrients, mainly carbon as a

source of energy and nitrogen for building cell structures;

however, these nutrients should be present in optimal

amount to perform the composting process efficiently

(Kalamdhad and Kazmi 2009). Moreover, if the C/N ratio

of compost is more, the excess carbon tends to utilize

nitrogen in the soil to build cell protoplasm resulting in loss

of nitrogen which is known as robbing of nitrogen in the

soil. While, if the C/N ratio is too low, the resultant product

does not help improve the structure of the soil. In this

study, the C/N ratio decreased rapidly from an initial value

of 17.43–9.30, 23.02–10.52, 25.60–11.85, 28.33–11.19 and

14.04–8.53 in C/N 15, 20, 25, 30 and control, respectively,

after 20 days of composting (Table 3). Hirai et al. (1983)

and CPHEEO (2000) have reported that C/N ratio less than

or equal to 20 is considered as a satisfactory value for

maturity when the initial value is in between 25 and 30.

Results suggested that higher reduction was observed in

C/N 30 (60.5 %) followed by C/N 20 (54.3 %), C/N 25

(53.7 %), C/N 15 (46.6 %) and control (39.2 %) experi-

ment, which led to rapid decrease in organic carbon due to

the oxidation of the readily available organic matter. C/N

ratio was reduced significantly (p\ 0.05) in all experi-

ments during the composting process.

Kinetic analysis

Composting is a biochemical process where enzyme

kinetics concept could applicable with some theoretical

considerations. In this regard, the enzyme kinetics

approach is carried out by considering following assump-

tions: (1) each microbe in the rotary drum is uniformly

dispersed in a solution of soluble organic matter to main-

tain homogeneity, (2) under controlled aerobic conditions,

the microbes are amended with organic matters and the

moisture required for microbial growth is optimized with

respect to readily available organic carbon, (3) These

biocomplex systems can be analyzed by Monod’s kinetics

to describe its process. Various researchers have illustrated

the comprehensive models for kinetic degradation (Finger

et al. 1976; Whang and Meenaghan 1980; Haug 1993;

Agamuthu et al. 2000; Kulcu and Yaldiz 2004; Yamada

and Kawase 2006; Mason 2006). Among those models, the

incorporation of organic matter or volatile solids’ decom-

position to predict the kinetic degradation becomes a suc-

cessful and easy way for sewage sludge composting

(Whang and Meenaghan 1980). In this sense, the com-

posting of organic ingredients or decomposition of organic

matter is regarded as enzymatic-related microbe system

(Haug 1993; Agamuthu et al. 2000; Bari et al. 2000; Nel-

son and Cox 2000; Kumar et al. 2009).

In enzyme kinetics concept, enzyme concentration

forms an intermediate complex with the organic matter

concentration leading to complex formation represented as

EC. The decomposition of EC is carried out in two ways as

given in Eq. (9):

E½ � þ C½ � !k1
k2

EC½ �!k3 E½ � þ P½ � ð9Þ

where E is the microbial concentration (%); C is the lim-

iting organic matter concentration (%); P is the by-product

generated by endogenous reaction (%); k1, k2, k3 are the

specific reaction rates.

In equilibrium conditions,

k1½E�½C� ¼ k2½EC� þ k3½EC� ð10Þ

By solving, EC is given by Eq. (10)

½EC� ¼ ½ET�½C�
½C� þ ðk2þk3Þ

k1

ð11Þ

where ET is the total microbial concentration (%). On

solving, we get

ðrÞ ¼ rm½C�
km þ ½C�

ð12Þ

where rm = k2 [ET], represented as maximum rate of

enzymatic reaction (day-1).

Equation (12) is the projected kinetic rate equation for

the composting process in accordance with Michaelis–

Menten equation. To determine kinetic parameters,

Eq. (12) is re-transformed into Lineweaver–Burk plot as

follows:

1

r
¼ km

rm

1

C

� �
þ 1

rm
ð13Þ

The kinetic parameters km and rm can be graphically

determined from the slope and intercept of a Lineweaver–

Burk plot (Whang and Meenaghan 1980) using Eq. (13)

incorporating 1/r and 1/C data. It correlates the initial rate

of reaction (r) and the organic matter concentration

(C) results into a linear relationship. In the Michaelis–

Menten equation, the value of km (i.e., dissociation con-

stant) is inversely proportional to the chemical affinity of

the enzyme for the utilization of organic matter. The value

of rm (i.e., maximum or limiting velocity) gives the extent

of reaction rate which directly correlated with the
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operational parameters of the process such as temperature,

moisture, aeration and chemical conditions. Higher the

value of rm, the faster is the rate of degradation of organic

matter.

The organic matter was evaluated over the 20 days of

composting period (Fig. 6) and the consumption rate of

organic matter due to microbial activities (i.e., r) can be

obtained on each sampling day by plotting the tangent of

the curve organic matter (on ash basis) vs. time, as shown

in Table 4. The reciprocals of reaction rate (consumption

rate, i.e., 1/r) and organic matter content (1/C) were com-

piled by plotting a Lineweaver–Burk plot (1/r vs. 1/C), to

determine the kinetic constants km and rm for all sets of

experiments as summarized in Table 5. It is observed that

C/N 30 shows the least km value (0.4482) compared to

other reactors, which reveals that 100 % ingredients act as

feedstock to be satisfied for the enzyme–substrate affinity.

Subsequently, C/N 30 yielded highest rm value (114.9425)

concludes the maximum rate of degradation which might

be due to regular aeration and optimal nutrients balance

occurred. Results showed that the reduction in temperature

was constant after maintaining the peak value may caused

due to lack of biodegradable organic matter, results the

microbial deactivation. It is seen that C/N 30 showed

higher R2 value as compared to other experiments, which is

well suited for the Lineweaver–Burk plot (Fig. 7).

While highest km value (98.5349) was observed in C/N

25 compared to other reactors, showed that the microor-

ganisms does not decomposed the organic matter effi-

ciently, might be due to insufficient oxygen as the air could

not penetrate inside the waste mixture. It also correlated

with lesser degradability coefficient (Kb = 0.5478) and

limiting constant (rm = 1.1609) values observed in C/N

25. The comparative analysis between C/N 15

(km = 68.1105), C/N 20 (km = 80.1805) and control

(km = 62.4675) experiments revealed that cattle manure

which contains readily available biodegradable materials,

when coupled with sewage sludge and sawdust in the

desired proportions; it does not satisfied the affinity of the

Table 4 Computed values of

reaction rates during

composting period

Days Organic matter concentration (%) r (day-1)

C/N 15 C/N 20 C/N 25 C/N 30 Control C/N 15 C/N 20 C/N 25 C/N 30 Control

0 48.30 49.51 51.35 53.50 41.56 0.988 1.129 1.085 0.996 0.566

2 45.74 46.44 48.30 50.85 39.41 0.955 1.088 1.053 0.975 0.551

4 42.72 43.59 44.64 46.29 37.66 0.89 1.006 0.99 0.933 0.521

6 40.42 39.72 42.85 44.68 36.10 0.826 0.924 0.926 0.891 0.491

8 37.86 37.33 40.68 42.67 35.38 0.761 0.842 0.863 0.849 0.461

10 36.40 36.38 38.36 40.87 34.55 0.696 0.760 0.799 0.807 0.431

12 35.32 35.40 36.20 38.82 33.32 0.631 0.678 0.735 0.765 0.401

14 34.52 34.67 34.78 36.49 32.45 0.566 0.596 0.672 0.723 0.371

16 33.63 33.52 33.36 34.48 31.52 0.502 0.514 0.608 0.681 0.341

18 32.6 33.1 32.89 33.67 30.95 0.437 0.432 0.545 0.639 0.311

20 31.96 32.01 32.31 32.12 30.46 0.404 0.391 0.513 0.618 0.296

Table 5 Computed values of

kinetic constants using

Lineweaver–Burk plots for

different C/N ratios

Parameters C/N 15 C/N 20 C/N 25 C/N 30 Control

Correlation coefficient (R2) 0.859 0.787 0.914 0.982 0.928

rm 0.5214 0.8297 1.1609 114.9425 0.3330

km 68.1105 80.1805 98.5349 0.4482 62.4675

Degradability coefficient (Kb)
a 0.4972 0.5199 0.5478 0.5887 0.3841

a Calculated on dry mass basis using Eq. (8)

Fig. 6 Variation of organic matter (%) during the composting period
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compost mixture for microbial activities, and was further as

evidenced with lesser rm values (C/N 15: 0.5214; C/N 20:

0.8297; control: 0.3330). As a result, these waste propor-

tions do not suit well for the degradation process due to

lesser availability of the carbon source as compared to C/N

25 and 30. It also might be due to insufficient aeration

which resembles lesser rm values observed in C/N 15

(0.5214), C/N 20 (0.8297) and control (0.3330) experi-

ments. The results concluded that higher degradation was

achieved in C/N 30 as compared to other experiments, due

to their optimal nutrient balance for the excellent microbial

activities, which further correlated with its higher temper-

ature regime.

Conclusions

Stability studies carried out in rotary drum composter for

various C/N ratios reveal that C/N 30 produced more stable

compost as compared to others after 20 days, implying that

rigorous decomposition was occurred. Higher percentage

reductions in CO2 evolution (94.7 %), OUR (94.9 %) and

C/N ratio (60.5 %) were observed in C/N 30 experiment,

which showed that total biodegradable ingredients are

stabilized. In addition, the degradation became decreased

with increasing the amount of sewage sludge, caused by

insufficient free spaces between the substrate mass for

feasible microbial activities. Moreover, the decomposition

process was analyzed by Monod kinetics which resembles

Michaelis–Menten equation, and the following results (i.e.,

km = 0.4482 and rm = 114.9425) suggested that the opti-

mal nutrient balance has been occurred in C/N 30 experi-

ment. Lower km value concluded that 100 % ingredients

act as feeding material was to be satisfied for the enzyme–

substrate affinity. Hence, it is concluded that the rotary

drum composting of sewage sludge with initial C/N ratio of

30 can produce mature and stable compost after 20 days of

the composting period.
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