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Abstract
Co-composting, a circular economy approach to waste management, has economic potential and environmental benefits 
through nutrient recycling and waste minimization. This research is based on the hypothesis that co-composting municipal 
organic waste, chicken manure, and faecal sludge feedstocks using ratio modelling will yield compost with economic poten-
tial. The study therefore investigated the quality of compost produced by co-composting municipal organic waste, chicken 
manure, and faecal sludge via ratio modelling in terms of the compost nutrient levels, microbial activities, compost maturity 
and heavy metals as a cheaper alternative for farming purposes. Nine compost piles of different substrate ratios were prepared. 
The pristine moisture content of feedstocks was maintained, however, moisture content of the piles was adjusted during the 
composting process to obtain optimal levels. Compost maturity was 91 days. pH and organic matter ranged from 7.7 to 8.4 
and 19.75 to 28.10% respectively. C/N ratio, N, P, and K levels were satisfactory. Micronutrients such as Ni, Zn, Cu, and Pb 
were within acceptable European Union standards. Germination indices were > 80% implying that composts were mature 
and phytotoxin free. Respiration rate was 0.2 to 1.2 mg CO2∙C/g organic carbon/day and acceptable. Self-heat was at 30 °C 
ambient temperature. Although the optimum moisture content of 50 to 60% was not achieved, the overall compost quality 
was satisfactory. The contribution of moisture content, organic matter, organic carbon, C/N ratio, germination index, respira-
tion rates, and self-heat to variations in compost quality was statistically significant at p < 0.05. Three principal components 
(PC) explained 71.5% of the variations in compost quality. PC1 explained 33.3%, PC2 23.9%, and PC3 14.3%. The substrate 
ratios applied through ratio modelling, suggest the feasibility of large-scale production and safe use of co-compost from 
organic waste, chicken manure and faecal sludge. It is recommended that further studies should explore varying the moisture 
content to achieve the optimum range.
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Graphical Abstract

Enhancing the Economic Potential of Organic Waste by Co-composting using Optimized Mixing Ratios toward a Circular Economy

• Characterize the most readily available organic material (organic
municipal waste, chicken manure and faecal sludge) in Ghana

• Find the appropriate mixing ratio for co-composting these
organic materials.
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Results

Co-composting of municipal organic waste, chicken manure and faecal sludge using
mixing ratios was successfully applied to the feed stocks yielding high-quality
compost for crop production. Pile 9 was the optimum compost product based on the
quality parameters analysed, hence the ideal ratio for large scale compost production
is 1 (Municipal Organic Waste): 2 (Chicken Manure) : 1 (Faecal Sludge).
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Introduction

Circular economy is a regenerative sustainable alternative to 
the traditional linear take-make-dispose of economic model 
[9, 37, 65] The philosophy of circular economy presents 
a sustainable alternative to global environmental problems 
associated with the burden of uncollected municipal solid 
waste (MSW) [9, 36, 71]. Co-composting, an emerging cir-
cular economy approach amplifies the advantages of com-
posting and improves compost quality [125]. It disposes of 
at least two waste streams at a time and increases nutrient 
recycling through microbial activity [45, 56]. However, hav-
ing good composting feedstocks and bulking agents is not a 
recipe for obtaining high-quality compost. Good feedstocks 
have resulted in low-end composts due to poor mixing ratios 
[112]. Literature further conveys that an optimized combina-
tion of feedstocks is critical to yielding high-quality com-
post [51, 83]. Ghana, like any other developing economy has 
its peculiar challenges with MSW and faecal sludge man-
agement. It is estimated that 3400 tons of solid waste and 
36,685 m3 of faecal sludge are generated on a daily basis in 
Accra, Ghana [88, 100]. Only 10% of solid waste is collected 

in Ghana [80] and faecal sludge is discharged into the envi-
ronment untreated [63]. Out of the MSW generated daily in 
Ghana, it is estimated that 60% are organic fractions [85]. 
Chicken manure is also very abundant in peri-urban areas 
of southern Ghana [86].

Research has demonstrated that faecal sludge, farm 
manure, chicken manure, organic waste and green waste, for 
example, are feedstocks that yield high-end compost when 
conditions are properly managed [41]. Organic feedstocks 
for instance are good bulking agents [118, 126]; faecal 
sludge has high nitrogen content [15], chicken manure has 
high nitrogen and low moisture content [23, 101] whereas 
green waste has rehabilitation properties for soils affected 
by mining activities and metalliferous wastes [46]. Particu-
larly, the trio of organic wastes, chicken manure, and faecal 
sludge have good physical and chemical properties for co-
composting. Their composite physical and chemical proper-
ties tend to accelerate microbial action to degrade organic 
fractions of waste. Chicken manure has successfully been 
co-composted with feedstocks such as pineapple leaves and 
barley to yield high-end composts [22, 42, 64, 94]. Further-
more, research has demonstrated that when chicken manure 
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is co-composted with organic solid waste, it improves soil 
quality: increases soil organic matter, improves porosity, 
aeration, water holding capacity, structural stability, and 
nutrient availability [56]. Similarly, faecal sludge has been 
co-composted successfully with other substrates [31, 36, 41, 
48]. Though chicken manure and faecal sludge yield high-
end composts with other substrates, it remains unknown 
what compost quality will be yielded if both are mixed with 
organic waste. Additionally, the mixing ratios of organic 
waste, chicken manure, and faecal sludge for co-composting 
is unknown.

Undoubtedly, gaps exist in literature regarding the use and 
appropriate mixing ratios of chicken manure, faecal sludge, 
and organic waste to yield high-end co-compost. It is, there-
fore, hypothesized that municipal organic waste, chicken 
manure, and faecal sludge which are readily available in 
Ghana can yield good compost quality through ratio mod-
elling. This study, therefore, aimed to co-compost organic 
waste, chicken manure, and faecal sludge using ratio mod-
elling. The compost quality is assessed by (1) germination 
index for maturity and phytotoxicity of compost products; 
(2) self-heating test for compost stability as a function of 
microbial activity; and (3) respiration test to determine com-
post maturity in terms of microbial metabolic activities and 
population [49].

It is evident, that this study will fill significant research 
gaps, in addition to gaining useful insights into co-compost-
ing. Additionally, the scope of this study will complement 
other studies and improve understanding of co-composting 
of organic waste, chicken manure, and faecal sludge.

Materials and methods

Study area

This research was performed at the Ga West Municipality 
in Greater Accra region of Ghana, with focus on the town 
Ajden Kotoku, home to the Accra Compost and Recycling 
Plant (ACARP), one of the country’s biggest recycling 
plants. It is an integrated waste processing and recycling 
company established to receive, sort, process and recycle 
solid and liquid waste to produce organic compost for agro-
nomic purposes in Ghana and the sub region. The facility 
has a capacity of 600 metric tonnes per day. The municipal-
ity was mainly chosen because of the dynamics of growing 
population, the ongoing urbanisation, industrialisation, and 
commercialisation. The Ga West Municipality is located 
within the geographical boundaries of latitude 50°48’ North 
and 5°39 North and longitude 0°12 West and 0°22 West. 
It is bounded by Ga East and Accra Metropolitan Assem-
bly to the East, Akuapem South to the North and Ga South 
to the South and West [38] with coverage areas including 

Ablekuma South, Ablekuma North, Ablekuma, Ayawaso, 
Ayawaso East, Ayawaso West, Okaikoi North, Okaikoi 
South, Accra Central, Adenta Municipal, Ga South, Ga 
West, Ga Central, Ga East, Osu Clottey, Madina.

The study area has a tropical monsoonal climate with 
rainfall mainly associated with mesoscale convective sys-
tems and controlled by advection of moisture from the Gulf 
of Guinea [8]. The seasonal rainfall pattern in the area is 
bi-modal with a major wet season from March to July [74, 
90] during which feedstock used for this research were col-
lected. However, due to natural occurrences, rainfall pattern 
was erratic and the temperature at the time of feedstock col-
lection was 25 °C.

Ratio modelling and compost production

Different mixing ratios of MOW, CM and FS were applied 
to obtain an initial C/N ratio between 20:1 and 50:1 neces-
sary to initiate the co-composting process. C/N ratios were 
modelled using the equation [5]:

Municipal solid waste was collected and segregated into 
organic and inorganic waste. The organic waste was then 
shredded by heavy duty commercial shredder machine with 
a capacity to shred about 600 tonnes of waste per day. After 
shredding, particles size obtained was less than 2 inches. 
The shredded organic waste was then mixed with chicken 
manure and pre-treated faecal sludge at the following mixing 
ratios: MOW-CM (1:1, 2:1, 1:2); MOW-FS (1:1, 3:1); and 
MOW-CM-FS (1:1:1, 2:1:1, 1:2:1) after which they were 
heaped into piles on the composting field. Compost piles 
stood at an average height of 21 inches and width of 23 
inches with an average weight of about 9.30 kg. The control 
pile was made up of only MOW. Compost piles were moni-
tored for thirteen (13) weeks. The piles underwent aerobic 
composting, during which physicochemical analysis were 
carried out alongside periodic watering and turning. After 
the composting period, compost quality and stability tests 
were carried out. The compost production process is shown 
in Fig. 1.

Physicochemical and microbial properties 
of co‑compost

Laboratory analysis of key physicochemical and microbiol-
ogy parameters were carried out on the piles to monitor and 
manage the composting process as well as test their proper-
ties. Further tests were conducted to determine the quality 
and performance of the compost product. The parameters 
included pH, temperature, moisture content, organic matter, 

C∕Nratio =

∑

weight of carbon in all subtrate(%)
∑

weight of nitrogen in all subtrate(%)
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organic carbon, and C/N ratio, nitrogen, phosphorus, and 
potassium, zinc, copper, cadmium, lead, and nickel, total 
coliforms, E. coli, and Salmonella spp. Compost quality 
parameters included germination index, respiration rate, and 
self-heating. A summary of methods and equations used are 
presented in Table 1.

Data analysis

Statistical analyses were computed using SPSS version 
25.0. Analysis of variance (ANOVA) and descriptive sta-
tistics were applied to data sets to determine means and 
standard deviations. Significant differences between vari-
ables were determined at 95% confidence level. Principal 
component analysis (PCA) was applied to the composting 
results using R software version 4.1.2 to evaluate the dif-
ferentiation of compost groups according to their physico-
chemical properties.

Results and discussions

Physicochemical characteristics of pristine 
feedstock

pH for pristine municipal organic waste (MOW), chicken 
manure (CM), and faecal sludge (FS) was found to be 
7.8 ± 0.007, 8.22 ± 0.240, and 7.93 ± 0.198, respectively. 
Chicken manure recorded the highest pH as it has a ten-
dency towards alkalinity due to the presence of NH3 and 
basic cations such as K+ [28, 75]. MOW, CM, and FS 
recorded moisture content of 13.5 ± 0.71%, 16.1 ± 0.283% 
and 91.45 ± 0.212% respectively. Faecal sludge contains 
urine which increases its moisture content [33]. The pres-
ence of sawdust which is hydrophilic contributes to lower 
moisture in chicken manure. Organic matter and carbon con-
tent were in the order CM > FS > MOW. The high organic 
matter content for CM could be attributed to the presence of 
sawdust in the manure. Sawdust, which is rich in carbon was 
visibly present. It is used as bedding to collect chicken drop-
pings. Mandal and Bhanja [71] highlight the carbonaceous 

nature of sawdust and its ability to increase organic matter. 
Nitrogen content for FS, CM, and MOW was in the order 
0.99 > 0.74 > 0.53. High nitrogen levels have been associated 
with uric acid and undigested proteins present in chicken 
manure and faecal sludge [71]. The mixing ratios of com-
post piles are presented in Table 2. Table 3 summarizes the 
composition of the feedstock.

Compost piles, mixing ratios and pile characteristics

Figure 2 shows the correlation of compost piles. Mixing 
ratios for each pile were modelled to obtain an initial C/N 
ratio between 20:1 and 50:1 necessary to initiate the co-
composting process [71]. An optimal decomposition efficacy 
was attained by altering the C/N ratios. A high initial C/N 
ratio slows down the initial process and requires a longer 
time than usual, whereas a low initial C/N ratio causes the 
emission of high NH3 [43, 71, 123]. The physicochemical 
properties of mixed piles are presented in Table 4. From 
the ratio modelling, it was observed, that there was a strong 
positive correlation between the properties of piles 5 and 8. 
Although the physical properties of piles 5 and 8 were highly 
correlated, practically they did not yield similar compost 
quality. This may be due to other experimental factors such 
as fluctuations in temperature and moisture content. Similar 
observations were made for piles 2 and 3. Therefore, it can 
be inferred that statistically, the physicochemical properties 
of piles 5 and 8 as well as 2 and 3 have minimum varia-
tions. Thus, based on feedstock availability and cost, the 
target physicochemical properties of the feedstock could be 
achieved with either mixing ratio.

Physicochemical characteristics of compost piles

Temperature

Temperature affects composting processes [110]. The tem-
perature profile of the piles followed the typical tempera-
ture profile of mesophilic-thermophilic-mesophilic [111] as 
shown in Fig. 3.

Fig. 1   Compost production 
process
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The mesophilic phase of composting was observed in the 
first week. All piles except for pile 5 recorded temperatures 
greater than the ambient of 30 °C. The minimum observed 
was 29.85 °C for Pile 5 and a maximum of 31.90 °C for Pile 
4. In weeks 2 and 3, the thermophilic phase was observed 
with a minimum of 37.15 °C in Pile 1 and a maximum 
of 49.17 °C in Pile 4. A steady fluctuation was observed 
between weeks 4 and 10. In week 13, a steady temperature 
of 28 °C which lesser than the ambient temperature of 30 °C 
was recorded at the curing stage of composting. It can be 
inferred that mechanical mixing and watering improve tem-
perature distribution in compost piles [4]. Furthermore, the 

temperature variation in the piles compared to the control 
could be associated with the bulking agents [51]. Bulking 
agents like chicken manure and faecal sludge contribute 
to better aeration for microbial respiration [7, 128]. This 
enhances exothermic microbial activities and increases 
temperatures [49]. All piles except piles 2 (47.12 °C), 3 
(46.35 °C) and 4 (49.17 °C) did not meet the optimal ther-
mophilic temperatures due to pile sizes. Small compost piles 
are known to dissipate heat rapidly [105]. The variations 
for temperature for each pile were statistically significant at 
p < 0.05. Compost maturity was obtained at 91 days and was 
found to be within optimal composting maturity days of 90 
to 270 days [103].

Moisture content

Moisture content plays a key role in composting [124]. 
The moisture content levels of feedstocks are presented in 
Table 3. The experimental results for moisture content were 
in the order Pile 4 > 7 > 8 > 9 > 3 > 5 > 6 > 2 > 1 as shown in 
Fig. 4. The variations in moisture content are attributed to 
thermophilic temperatures and vigorous microbial activity 
[49].

The observed moisture content for piles 5, 6, 7, 8, and 9, 
was due to the faecal sludge feedstock. During composting, 

Table 2   Summary of compost 
piles and mixing ratios

Compost piles Mixing ratio

municipal 
organic 
waste

Chicken 
manure

Faecal 
sludge

Pile 1 (Organic municipal solid waste) 1 0 0
Pile 2 (Organic municipal solid waste: Chicken manure) 1 1 0
Pile 3 (Organic municipal solid waste: Chicken manure) 2 1 0
Pile 4 (Organic municipal solid waste: Chicken manure) 1 2 0
Pile 5 (Organic municipal solid waste: Faecal sludge) 1 0 1
Pile 6 (Organic municipal solid waste: Faecal sludge) 3 0 1
Pile 7 (Organic municipal solid waste: Chicken manure: Faecal sludge) 1 1 1
Pile 8 (Organic municipal solid waste: Chicken manure: Faecal sludge) 2 1 1
Pile 9 (Organic municipal solid waste: Chicken manure: Faecal sludge) 1 2 1

Table 3   Characteristics parameters of feedstock

Parameters Initial feedstock

Municipal organic 
waste

Chicken manure Faecal sludge

pH 7.80 ± 0.01 8.22 ± 0.24 7.93 ± 0.20
MC (%) 13.15 ± 0.07 16.10 ± 0.28 91.45 ± 0.21
OM (%) 26.42 ± 3.81 70.74 ± 0.01 59.03 ± 2.67
OC (%) 15.36 ± 2.21 41.13 ± 0.01 34.32 ± 1.55
N (%) 0.53 ± 0.02 0.74 ± 0.04 0.99 ± 0.12
C/N ratio 28.87 ± 0.05 55.43 ± 0.75 34.53 ± 0.63

Fig. 2   Correlation of compost a 
piles 5 and 8 b piles 2 and 3
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moisture serves as a medium for chemical reaction, nutrient 
transport, microbial mobility, and activity [102] responsible 
for breaking organic matter into humus [18, 77]. However, 
decomposition is inhibited by excess moisture. High levels 
of moisture create anaerobic conditions, which do not com-
plement aerobic composting [55]. Initial lower moisture con-
tent values observed are associated with sawdust contained 
in the chicken manure used. Sawdust is hydrophilic and has 
high carbon content. Both properties contribute to lower 
moisture contents. In terms of absolute values, the moisture 
content of the piles at day 1 of composting ranged from 
11.12 to 32.52%. The rise in moisture content in week 4 
and 6 is associated with the drop in temperature and rainfall 
[93, 130]. The final moisture content ranged from 15.80% to 
28.05%. The overall variation in moisture content through-
out the composting period was influenced by the inconsistent 
rise and fall of temperatures and watering.

Inadequate moisture content in compost piles during 
composting leads to low biological activities and hence, poor 
decomposition. The optimum moisture content of 50% to 
60% was not achieved. The size of compost piles and incon-
sistent watering are known factors that contribute to lower 
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Fig. 3   Temperature variations of compost piles

Fig. 4   Moisture content of compost piles
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moisture content [69]. However, the variations for moisture 
content for each pile were statistically significant at p < 0.05.

pH

The pH of feedstocks is presented in Table 3. pH of the piles 
was observed to generally decline between weeks 1 and 9. 
During the aerobic phase of composting, biological activities 
produce organic acids [27], contributing to lower pH. pH 
is an essential parameter that should be maintained during 
the composting period. pH levels usually influence meta-
bolic activities, nutrient availability to microorganisms, and 
heavy metal solubility. Hence, a neutral pH level is recom-
mended for the optimal composting process. Experimental 
data revealed fluctuations in pH for week 2. The alkaline 
nature of chicken manure and faecal sludge contribute to pH 
fluctuations in compost [116]. It was observed that there was 
a drastic pH decrease in week 6 and 9 of composting, where 
the pH of decomposition was 6.74 and 6.96 for week 6 and 
7.17 and 7.35 for week 9. The decrease in the pH values is 
attributed to the biological activities of the aerobic decom-
position, where the hydrogen atom (acid) was produced [50]. 
From weeks 10 through 13, pH values increased and stabi-
lized between 7.7 and 8.5 potentially due to the reduced pro-
duction of organic acids associated with lowered biological 
activities. The final pH of the piles in week 13 ranged from 
7.7 to 8.4. All compost piles were within the optimum pH 
value range of 5.5 to 9.0 [49, 98] and statistically significant 
at p < 0.05. The pH variation during the composting period 
is illustrated in Fig. 5.

Organic matter and organic carbon

Organic matter and carbon content levels are as shown in 
Fig. 6 and presented in Table 3. Minimum and maximum 
percentages of organic matter at the early phase of compost-
ing were 19.33 and 36.39% for piles 1 and 9, respectively. At 
the end of the composting period, the organic matter con-
tent of pile 1 and pile 9 was found to be 19.75 and 28.10%, 
respectively. Organic carbon content showed a similar trend 
with the initial minimum organic carbon content being 
11.49% in pile 1 and the initial maximum being 21.15% 
recorded in pile 9. At the end of the composting period, 
the organic carbon content of pile 1 and pile 9 reduced to 
11.24 and 16.34%, respectively. Pile 1 recorded the least 
organic matter variations because of the absence of chicken 
manure. At curing, the organic carbon content ranged from 
10.64 to 16.34%, with pile 5 and pile 9 having minimum 
and maximum values, respectively. Turning of compost piles 
might have altered the aeration of the compost mass and 
accelerated the degradation process to enhance the loss of 
carbon as carbon dioxide. The results were similar to the 
findings of Guo et al. [35] who demonstrated higher losses 

of carbon content due to higher aeration rates as a result of 
turning. Similarly, high microbial activities, the decomposi-
tion of biodegradable substrates under ambient conditions, 
and the conversion of elemental carbon to carbon dioxide 
contribute to a decline in organic matter content [11, 97, 
111]. Organic matter in matured compost piles was within 
the expected range of 15 to 45% [115] and statistically sig-
nificant at p < 0.05.

The observed increases in organic matter and organic 
carbon content during the composting process are associ-
ated with the inactivity of microbial activities influenced 
by pH, moisture, and temperature variations. Additionally, 
piles with chicken manure (piles 2, 3, 4, 7, 8, and 9) had 
relatively higher OM content. Chicken manure improves 
organic matter in composts and soils [3]. The presence of 
carbonaceous sawdust in the chicken potentially improved 
the piles’ organic carbon and organic matter content [71].

Nitrogen, phosphorus and potassium

Nitrogen content of feedstocks is presented in Table 3. The 
initial nitrogen content ranged from a minimum of 0.32% 
recorded in pile 4 and a maximum of 0.48% recorded in pile 
9. At the end of the week 13 composting period, the nitrogen 
content of pile 4 and pile 9 increased to 0.81 and 0.70%, 
respectively. The overall final nitrogen content of the com-
post piles ranged from 0.62 to 0.93%, with pile 6 and pile 
2 having the minimum and maximum values, respectively. 
The results of Nitrogen levels are shown in Fig. 7. All blends 
except pile 1 had high nitrogen content at maturity due to 
chicken manure and faecal sludge, which are nitrogen-rich 
materials [40]. Nitrogen (N) level in compost increases with 
time, and matured compost is expected to have total nitrogen 
content between 0.7% and 1% [111]. The breakdown of large 
amounts of organic carbon increases the release of nitrogen 
[67]. Nitrogen-fixing bacteria, loss of dry mass with regards 
to carbon dioxide, and water loss by evaporation due to the 
heat changes during organic matter oxidation also influenced 
the increase in nitrogen [54].

Fig. 5   pH variation of compost piles



Journal of Material Cycles and Waste Management	

1 3

Phosphorus is a vital nutrient in plant growth. It is 
approximately about 20% of the nitrogen content [109]. 
Ideal phosphorus levels in compost range from 0.0003 to 
0.0025% [61]. Minimum and maximum phosphorus content 
were 0.7% recorded in piles 6 and 3.1% recorded in pile 5, 
respectively, which were higher than the ranges predicted by 
Jamaludin [61]. Low phosphorus contents are influenced by 
microbial activities [54]. However, high phosphorus levels 
can be associated with the presence of phosphorus in organic 
waste and excretion from chicken manure [113]. The experi-
mental results for phosphorus were in the order Pile 4 > 2 > 
9 > 7 > 3 > 8 > 1 > 5 > 6 represented in Fig. 8

Potassium plays an important role in amino acids and pro-
tein synthesis and controls water movement. Unlike nitrogen 
and phosphorus, potassium found in compost is readily avail-
able for plant uptake. Low levels of potassium are associated 
with extreme leaching of potassium salts [78]. The ideal 
potassium levels in compost range from 0.014 to 0.07% [61]. 
The use of fibrous materials with high absorptive capacity, 
good structural integrity, and porosity for composting results 
in high potassium levels. High levels of potassium affect 
plants’ uptake of other critical nutrients [18]. At week 13, 
the minimum and maximum potassium content were 0.04% 
recorded in pile 6 and 0.68% recorded in pile 4 respectively. 
Experimental result for potassium is presented in Fig. 9. It 
was observed that all piles with chicken manure, piles 2, 3, 
4, 7, 8, and 9 recorded relatively higher potassium content 
than piles without chicken manure, piles 1, 5, and 6. Pile 4, 
which has a higher mixing ratio of chicken manure recorded 
the highest potassium content. This establishes the fact that 
the presence of potassium in chicken manure contributed to 
this observation. However, higher values of potassium have 
been reported by Nutongkaew et al. [84].

Carbon to nitrogen ratio (C/N ratio)

C/N ratio is one of the crucial parameters used in tracking 
composting progress and the maturity of compost [18]. It 
balances nutrients in compost, representing the quantity of 
available carbon relative to nitrogen which is very important 
for plant growth [49]. C/N ratio is expected to reduce by 
the end of the composting period [6]. A similar trend was 
observed during the composting process. The initial C/N of 
feedstocks is presented in Table 3. C/N ratios at the early 
phase of composting ranged from a minimum of 29:1 in 
pile 1 to a maximum of 48:1 in pile 4. High levels of carbon 
content found in chicken manure and nitrogen losses via 
ammonia release contributed to the C/N ratios in the initial 
composting phase. At week 13, the minimum and maximum 
C/N ratios were 15:1 and 23:1 recorded in pile 2, 5 and pile 
9, respectively. Similarly, Adebayo et al. [2] reported C/N 
ratios of ˂ 25. It was further observed that at week 13, all 
compost piles were within the ideal C/N ratio value of 35:1 
[98]. The variations for C/N ratio for each pile was statisti-
cally significant at p < 0.05. C/N ratios are represented in 
Fig. 10.

Fig. 6   a % OM and b % OC content of compost piles

Fig. 7   Initial and final N (%) in compost piles
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Heavy metals

Nickel acts as a toxic heavy metal and an essential micro-
element for plants. Sources of Ni in compost piles includes 
organic waste from areas with anthropogenic activities, such 
as mining, smelting and the application of bulk agents, e.g., 
faecal sludge or animal manure. Commonly, Ni results in 
numerous phytotoxic effects, such as, limited shoot and root 
growth, reduced leaf area, chlorosis, and necrosis. However, 
low concentrations of Ni have positive effects on seed ger-
mination, growth of shoots, and roots, fruit yield and quality. 
Ni in moderate levels also promotes the synthesis of chlo-
rophyll, protein, and carbohydrates in plant tissues [59]. Ni 
values recorded at the end of the composting process ranged 
from 4.8 to 19.2 mg/kg in the order of pile 6 > 3 > 9 > 2 > 4 
> 7 > 8 > 5 > 1. Similarly, Ni values of 10.5 to 16.6 mg/kg 
has been reported [104]. The presence of electronic waste in 
municipal solid waste is a source of Ni in compost through 
leaching [57].

Zinc is an essential element of life [91]. The origin of 
Zinc in compost piles is associated with municipal organic 
waste and faecal sludge used during composting. Sources 
of Zn include industrial activities, such as mining, coal and 
waste combustion, steel processing, sewage sludge, use of 
galvanized materials, car emissions, car washes, metallurgy, 
and painting. Zn in low volumes contributes to the stimu-
lation of the soil microbiome [108]. Although Zn has low 
levels of toxicity, its high bio-transfer potential can create 
high concentrations that could exceed the recommended 
amounts in plants, cattle, and humans [68] as well as inter-
rupt soil homeostasis [108]. Thus, specific approaches 
should be employed to control the Zn content of organic 
waste [68]. Zinc levels ranged from 7.3 to 17.3 mg/kg in 
the order of pile 4 > 8 > 5 > 2 > 6 > 7 > 9 > 1 > 3. Higher Zn 
values between 274.35 to 665.12 mg/kg has been reported 
in other studies [19, 26]. Leaching of Zn from spent house-
hold batteries and electronic scraps found in MOW is facili-
tated at a favourable pH [95]. This contributes to Zn levels 
in composts. The variation in the values of Zn reported as 

compared to other studies can be associated with the origin 
of the pristine feedstocks.

Cadmium is a highly carcinogenic metal [62]. Cd primar-
ily enters and accumulates in the human body through the 
food chain [17]. Cd occurrence in compost piles is a result 
of the organic waste used. Sources of Cd-rich MOW include 
areas predominate with smelting activities, industrial emis-
sions, and vehicular emissions [92]. Cadmium disturbs crop 
growth by altering ultra-structures and reducing chlorophyll 
biosynthesis and gas exchange characteristics [117]. Cd 
causes oxidative burst in plants by producing reactive oxi-
dative species (ROS) and casing electrolyte leakage through 
membrane burst [16]. It also weakens the defence system of 
plants which causes the reduction of enzymatic and non-
enzymatic antioxidants [1]. High levels of Cd have toxic 
effects on soil organisms and can easily transfer into veg-
etative cover and ultimately the food chain [66]. Recorded 
values of Cd ranged between 12.9 mg/kg and 73.2 mg/kg in 
the order of pile 8 > 7 > 5 > 4 > 2 > 6 > 3 > 1 > 9. Other stud-
ies obtained lower Cd levels ranging from 1.43 to 3.33 mg/
kg [26] and 6.30 mg/kg [44]. Bioleaching of Cd in municipal 
waste into organic fractions can be associated with the pres-
ence of sulphur and iron reducing bacteria [58].

Copper is widely spread through anthropogenic activities 
such as smelting and the application of bulk agents, e.g., 
faecal sludge or animal manure. Cu in the right quantity 
has a high affinity for binding to organic matter [87]. Cop-
per deficiencies decrease the growth and chlorosis of leaves 
[81] Whereas, excessive amounts of copper contaminate the 
soil and limit the growth of plants by causing an adverse 
effect on yield and quality [121]. Cu levels ranged from 3.0 
to 69.7 mg/kg in the trend pile 3 > 4 > 2 > 9 > 1 > 8 > 7 > 6 
> 5. Other studies have found Cu levels between 48.07 and 
111.99 mg/kg [26] and 21.92 mg/kg [19]. The presence of 
dissolved organic carbon in MSW facilitates leaching of Cu 
into organic feedstock through organic ligand exchange.

Lead is a non-essential element [52]. Pb is a toxic heavy 
metal that is widely distributed contaminant in the environ-
ment [53]. High levels of Pb are associated with organic 

Fig. 8   Final P (%) in compost piles Fig. 9   Final K (%) in compost piles
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wastes derived from Pb-contaminated sites such as smelt-
ing and mining sites [60]. High levels of Pb contaminate 
the soil and affect livestock and public health through the 
food chain [107]. Nevertheless, low values of Pb can be 
reduced through composting processes [52]. According to 
Manga et al. [73], Pb values ranged from 38.3 to 44.6 mg/
kg. Similarly, Pb values recorded were between 18.3 mg/kg 
and 42.7 mg/kg in the order of pile 1 > 4 > 6 > 2 > 7 > 9 > 5 
> 3 > 8. At favourable pH, Pb leaching from municipal waste 
is enhanced [106].

The heavy metal concentrations present in the piles 
(Fig.  11) except Cd were within the Compost Quality 
Standards & Guidelines [21] and Canadian Compost Qual-
ity standards [24].

Microbial quality

The mineralization and immobilization of nutrients can be 
influenced by microbial diversity and activity, consequently 
affecting the process of composting [127]. The results in 
this study were consistent with the previous reports [12, 
25, 122]. Experimental data (Fig. 12) showed high levels 
of pathogens, especially total coliforms and E. coli, in piles 
4, 5, 6, 7, 8 and 9 compared to piles 1, 2 and 3. The high 
volumes of chicken manure and faecal sludge present in 
piles could be associated with high levels of coliforms [72, 
78, 104]. Total viable count ranged from 6 × 105 CFU/ml 
recorded in pile 2 to 519 × 105 CFU/ml recorded in pile 6. 
Total coliforms ranged from 27 × 105 CFU/ml as observed 
in pile 1 to 158 × 105 CFU/ml in pile 6. E. coli ranged from 
12 × 105 CFU/ml in pile 1 to 207 × 105 CFU/ml recorded in 
pile 6. Salmonella sp ranged from 10 × 105 CFU/ml in pile 9 
to 74 × 105 CFU/ml in pile 5. Pathogens found in composts 
originate from the feedstock used [82]. High levels patho-
gens in compost products can be harmful [13, 32]. As the 
composting process progresses, it is expected that there will 
be a decrease in pathogen levels due to high temperatures 
(thermophilic phase). However, the experimental results 
showed otherwise. This could be due to small compost pile 
sizes. Smaller piles dissipate heat and do not maintain steady 

temperatures, required to kill pathogens and sterilize the 
compost end-product [30].

Compost quality and stability

Germination index (Phytotoxicity Bioassay)

Germination index evaluated compost maturity and phyto-
toxicity. The acceptable GI value for compost products that 
make the compost phytotoxin-free is 80% [10, 111]. The 
GI values recorded were in the order Pile 5 > 7 > 1 > 6 > 
8 > 3 > 9 > 2 > 4. Seed sensitivity has been associated with 
variations in the germination rate [111]. Compost piles 
recorded GI values greater than 80% as observed in Fig. 13 
This implies that all composts piles could be safely used for 
agricultural purposes without any phytotoxic effects. The 
variations for GI for each pile were statistically significant 
at p < 0.05.

Carbon dioxide respiration

A carbon dioxide respiration test value of ≤ 5 mg CO2∙C/g 
organic carbon/day indicates compost stability [114]. 
Compost respiration in the compost piles ranged from a 
minimum of 0.2 mg CO2∙C/g organic carbon/day recorded 
to a maximum of 1.2 mg CO2∙C/g organic carbon/day in 
the order pile 3 > 2 > 7 > 8 > 9 > 6 > 4 > 5 > 1. Brewer and 
Sullivan [20] and Wong and Fang [120] reported similar 
respiration values of up to 5 mg CO2∙C/g organic car-
bon/day. Sadaka et al. [99] recorded values between 3.64 
to 10.77 mg CO2∙C/g organic carbon/day. A successful 
composting process was realised under acceptable condi-
tions. It was observed that over the 13 weeks of compost-
ing, compost products were stable and had no biological 
activities present, hence making the compost suitable for 
agriculture purposes. The variations for carbon dioxide for 
each pile were statistically significant at p < 0.05. Compost 
respiration is presented in Fig. 14

Self‑heating test

The acceptable temperature for the self-heating test is an 
ambient temperature which implies the absence of micro-
bial activities and compost stability [89]. Mahapatra et al. 
[70] reported temperatures between 10 and 46 °C whereas 
Wilson and Dalmat [119], recorded temperature of 25 °C 
for self-heating test. The experimental data observed in 
Fig. 15 showed that compost piles were approximately 
equal to the ambient temperature of 30 °C. This suggests 
that at curing, compost piles were stable at the end of 
the composting process and can successfully be used for 
agriculture purposes. The self-heat values recorded could 

Fig. 10   C/N ratio of compost piles
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be associated with the fact that at optimum moisture con-
tent, biological activities are enhanced to give composts 
the elevated temperature required [69]. The variations for 
self-heating for each pile were statistically significant at 
p < 0.05.

Multivariate statistics

Analysis of variance

Two-way ANOVA without replication was performed at 
α = 0.05 to determine the level of significance of the vari-
ations in each pile and between piles (piles 1 to 9) under 
physical and quality variables of moisture content, organic 
matter, organic carbon, C/N ratio, germination and respira-
tion tests, and self-heating. For the variations within each 
pile, p > 0.05 indicating that the observations within the vari-
ables of each pile were not statistically significant. However, 
the variations of compost quality between the piles were sta-
tistically significant with p < 0.05. This implies that the ratio 
modelling contributed uniquely to the final compost quality.

Principal component analysis

Principal component analysis (PCA) was applied to evalu-
ate how physicochemical properties contribute to compost 
quality. Data were standardized to minimize the effect of 

covariation. The number of principal components was 
determined using the explained variance table, scree plot 
and eigen vectors. Kaizer normalization was adopted for 
higher communalities. Eigen values greater or equal to 0.3 
were used in interpreting the components. Three principal 
components explained a total of 71.5% of the variations in 
the compost quality. PC1 explained 33.3%, PC2 23.9% and 

Fig. 11   Heavy metal content in compost piles

Fig. 12   Microorganism loads in compost piles

Fig. 13   Germination index of compost piles

Fig. 14   Respiration rates of compost pilesFig. 16

Fig. 15   Self-heating of compost piles
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PC3 14.3%. PC1 was negatively correlated by the variables 
OM, OC, and K. PC2 was also positively correlated by the 
variables MC, Cd and Zn and negatively correlated by the 
variable Ni. PC3 was positively correlated by pH and Cu and 
negatively correlated by Zn and Pb. From the loadings plot, 
it can be inferred that piles 4, 5, 7 and 8 had relatively higher 
nutritional properties than piles 1, 2, 3, 6, 9. Pile 1 and 3 
particularly had very low nutritional properties, and this may 
be associated with the absence of faecal sludge in pile 3, and 
the absence of both chicken manure and faecal sludge in pile 
1. Although chicken manure was absent in pile 5, optimum 
pH, temperature and a high level of phosphorus contributed 
positively to the highest germination index observed. The 
PCA results also highlighted the higher maturity of pile 5 
in comparison to the other piles. The relatively high matu-
rity was influenced by optimum pH and temperature, higher 
levels of P and Cd and lower MC, OM, OC, C/N ratio, N, K, 
Ni, Cu and Zn. The two-dimensional plot of the component 
scores and loadings is presented in Fig. 16 and the eigen 
vectors in Table 5.

Conclusion

Organic waste, chicken manure and faecal sludge feed-
stock were successfully co-composted for higher compost 
performance using ratio modelling, as shown in Table 6. 
Micronutrients such as Ni, Zn, Cd, Cu, Pb, P and K were 
within acceptable European Union (EU) standards except 
for Cd. The contribution of moisture content, organic 

matter, organic carbon, C/N ratio, germination index, 
respiration rates, and self-heating to compost quality was 
found to be statistically significant at p < 0.05. Variations 
in final compost quality were significant at p < 0.05. Ger-
mination index was found to be 80.1 to 108.3% within the 
acceptable maturity range. Germination index obtained 
also indicated that the final composts were phytotoxin 
free. Respiration rate ranged from 0.2 to 1.2 mg CO2∙C/g 
organic carbon/day, within the acceptable range of com-
post stability. Self-heat was at an ambient temperature of 
30 °C as required. Compost quality, maturity and stability 
tests indicated that all compost piles were suitable for use. 

Fig. 16   Component score plot for a final compost piles b physicochemical property loadings

Table 5   Extracted eigen vectors

Parameter Coefficient of eigen vectors

PC1 PC2 PC3

pH 0.24 0.26 0.40
Temperature (°C) 0.24 0.20  − 0.40
Moisture content (% MC)  − 0.25 0.38 0.07
Organic matter (% OM)  − 0.42 0.19 0.00
Organic carbon (% OC)  − 0.42 0.18 0.00
C/N ratio  − 0.22 0.15 0.20
Nitrogen (% N)  − 0.29 0.02  − 0.14
Phosphorus (% P) 0.29 0.24 0.11
Potassium (% K)  − 0.38 0.14  − 0.27
Nickel (mg/kg)  − 0.20  − 0.33 0.16
Cadmium (mg/kg) 0.16 0.46 0.19
Copper (mg/kg)  − 0.19  − 0.28 0.37
Zinc (mg/kg)  − 0.02 0.36  − 0.30
Lead (mg/kg) 0.10 0.23  − 0.49
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Although all piles were within acceptable standards, three 
piles (3) emerged as the optimum compost products in the 
order of compost quality Pile 9 > Pile 8 > Pile 7. This was 
based on their performance during final compost analysis 
and field trials. The substrate ratios applied through ratio 
modelling, suggest the feasibility of large-scale production 
and safe use of co-compost from organic waste, chicken 
manure and faecal sludge. The results encourage the recy-
cling of pile 9 (Organic municipal solid waste (1) Chicken 
manure (2) Faecal sludge (1)), pile 8 (Organic municipal 
solid waste (2) Chicken manure (1) Faecal sludge (1)) 
and pile 7 (Organic municipal solid waste (1) Chicken 
manure (1) Faecal sludge (1)) into economical compost 
products that will serve as sustainable solution of waste 

management as well as a stepping stone towards a circular 
economy. At the end of the study, it was recommended 
that further studies should explore varying the moisture 
content to achieve the optimum range.
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Table 6   Summary of parameters analysed for compost piles

Parameters Pile 1 Pile 2 Pile 3 Pile 4 Pile 5 Pile 6 Pile 7 Pile 8 Pile 9

pH 7.67 ± 0.29 7.71 ± 0.17 7.92 ± 0.01 7.84 ± 0.01 8.44 ± 0.02 8.22 ± 0.07 8.11 ± 0.02 8.09 ± 0.01 7.87 ± 0.01
Temperature 

(°C)
28.70 ± 0.10 28.70 ± 0.10 28.33 ± 0.15 28.50 ± 0.10 28.50 ± 0.10 28.57 ± 0.25 28.73 ± 0.06 28.67 ± 0.06 28.43 ± 0.21

Moisture Con-
tent (%MC)

15.80 ± 0.20 19.85 ± 2.71 22.13 ± 2.06 28.05 ± 1.45 21.18 ± 1.18 20.70 ± 0.20 27.05 ± 2.05 24.92 ± 1.40 22.30 ± 1.77

Organic Matter 
(%OM)

19.75 ± 0.05 23.99 ± 2.15 23.72 ± 0.39 26.68 ± 0.81 18.29 ± 1.20 20.05 ± 0.07 25.05 ± 0.09 26.23 ± 0.18 28.10 ± 0.77

Organic Carbon 
(% OC)

11.49 ± 0.02 13.95 ± 1.25 13.79 ± 0.23 15.51 ± 0.47 10.64 ± 0.70 11.66 ± 0.04 14.56 ± 0.06 15.25 ± 0.11 16.34 ± 0.45

C/N Ratio 17.84 ± 0.05 14.94 ± 0.02 18.24 ± 0.04 19.10 ± 0.025 14.99 ± 0.02 18.93 ± 0.04 21.66 ± 0.06 20.68 ± 0.11 23.34 ± 0.56
Nitrogen (%N) 0.64 ± 0.03 0.93 ± 0.06 0.76 ± 0.03 0.81 ± 0.09 0.71 ± 0.11 0.62 ± 0.03 0.67 ± 0.03 0.74 ± 0.04 0.70 ± 0.03
Phosphorus 

(%P)
1.53 ± 0.06 0.77 ± 0.06 0.73 ± 0.06 1.20 ± 0.00 3.07 ± 0.06 0.70 ± 0.00 1.20 ± 0.00 1.37 ± 0.06 1.43 ± 0.06

Potassium (%K) 0.07 ± 0.01 0.57 ± 0.01 0.26 ± 0.01 0.68 ± 0.02 0.05 ± 0.01 0.04 ± 0.01 0.35 ± 0.01 0.26 ± 0.01 0.53 ± 0.01
Nickel (mg/kg) 4.80 ± 0.10 14.43 ± 0.31 17.27 ± 0.15 9.17 ± 0.31 5.20 ± 0.10 19.20 ± 0.30 8.30 ± 0.00 5.30 ± 0.10 14.67 ± 0.15
Cadmium (mg/

kg)
14.90 ± 0.20 18.40 ± 0.52 16.50 ± 0.30 20.97 ± 0.21 71.80 ± 0.30 16.63 ± 0.15 72.00 ± 1.00 73.23 ± 0.57 12.93 ± 0.32

Copper (mg/kg) 5.60 ± 0.53 8.63 ± 0.55 69.67 ± 1.53 12.33 ± 1.53 3.00 ± 1.00 4.33 ± 1.53 4.83 ± 1.04 5.00 ± 1.00 6.67 ± 1.53
Zinc (mg/kg) 7.67 ± 1.53 12.67 ± 1.53 7.30 ± 1.13 17.33 ± 2.08 13.67 ± 2.52 12.67 ± 1.53 11.17 ± 0.76 14.33 ± 1.53 9.33 ± 1.53
Lead (mg/kg) 42.67 ± 0.58 29.33 ± 0.58 21.67 ± 0.58 39.67 ± 1.16 22.67 ± 1.16 38.67 ± 0.58 26.67 ± 1.53 18.33 ± 0.58 23.00 ± 1.00
Total 

Viable Count 
(× 105 CFU/
ml)

57.0 6.0 38.0 72.0 97.0 519.0 114.0 63.0 88.0

Total Coliform 
(× 105 CFU/
ml)

27.0 53.0 45.0 69.0 90.0 158.0 127.0 52.0 67.0

E.Coli 
(× 105 CFU/
ml)

12.0 31.0 34.0 71.0 50.0 207.0 108.0 50.0 76.0

Salmonella 
(× 105 CFU/
ml)

25.0 32.0 48.0 72.0 74.0 62.0 54.0 53.0 10.0

Germination 
Test (%)

101.80 ± 32.67 81.19 ± 3.06 84.56 ± 6.87 80.09 ± 8.27 123.20 ± 15.43 99.81 ± 17.51 108.30 ± 6.19 95.38 ± 5.85 84.18 ± 9.98

Respiration Test 
(mg CO2∙C/g 
organic 
carbon/day)

0.2 0.6 1.2 0.3 0.2 0.2 0.5 0.4 0.4

Self-Heating 
Test (°C)

29.50 ± 0.58 29.45 ± 0.53 29.15 ± 0.87 28.88 ± 0.85 28.83 ± 0.89 28.83 ± 0.89 29.08 ± 0.78 29.03 ± 0.74 28.45 ± 1.17
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