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Abstract

Organic production of agricultural waste and animal manure lead generation of vast quantity of wastes. Inefficient manage-
ment of these agroindustrial wastes causes a serious threat to the environment. Biological waste treatment technology cocom-
posting is an aerobic digestion (AD) of organic wastes mixes, aiming to obtain compost regarded as a sustainable and clean
environment method for nutrient recovery. Compared with conventional cocomposting methods, integrated composting is
not merely the cocomposting of organic biomass amended with inorganic contents to initiate and sustain the biodegradation
process but also to obtain added value compost with designed characteristics. The setup of appropriate integrated composting
protocols can be the way to optimize the management of organic waste and to improve production process and also product
nutritional contents. Therefore, this research study focused on the viability of cocomposting organic biomass with or without
inorganic amendments to obtain added-value compost with enhanced nutritional characteristics. Substrate combinations
derived from the solid fraction of digestate (SFD), agricultural (lignocellulosic) biomass, and bulking material (sawdust,
peanut shell, and green yard waste) with or without inorganic amendments were cocomposted in a controlled composting
system. During the composting process, the temperature of composting material and physicochemical, chemical, and maturity
characteristics were monitored. Potential added-value characteristics such as biomethane production (BMP) and physical
and microbial characteristics of matured compost were determined. Maximum temperatures reached a thermophilic range (<
60°C), which was lower than sanitizing temperatures set by the United States Environmental Protection Agency (USEPA).
The bulking material showed the positive effect, reducing the EC (less than 5 dS m™') and N losses up to (10-13%) during
integrated composting, while amendment of inorganic content did not alter the composting process but enhanced nutritional
characteristics (micro- and macro elements) of the compost obtained. This pilot scale integrated composting facility evaluated
production characteristics of composting process; the integrated composts showed optimal degree of stability and maturity
depicting appropriate physical characteristics to be used as organic fertilizer. Further studies into the optimal rate of amend-
ing inorganic ingredients and evolution of nutritional values are recommended for integrated composting.

Keywords Agricultural and animal waste - Inorganic amendments - Integrated composting - Bulking material - Compost
production characteristics - Nutritional quality

1 Introduction

Agricultural soil has continuous fertility problem (low
organic matter) due to greater mineralization process. Soil
organic matter (SOM) is considered an important factor
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The final product of composting is humus-like mixture that
improves soil physical, chemical, and organic characteristics
of soil [2, 3]. Application of compost fertilizer increases the
soil organic matter, suppresses soil-born plant pathogens,
and improves plant growth [4].

Organic amendments such as compost, green manure, and
animal manure are a quick way to improve organic matter
in soil [5]. In addition, compost suppresses the soil born
disease caused by different phytopathogenic microorganism
making another added-value characteristic of compost. A
composting process is a prolonged digestive process; various
additives such as ash, fertilizers, phosphogypsum, jiggery,
lime, charcoal, FGD gypsum, polyethylene glycol, and vari-
ous bacterial strains are frequently used to speed up compost
decomposition [6, 7]. In the last few decades, the use of
inorganic amendments in composting process has gained
a significant importance to enhance nutritional values of
the compost to fulfill the soil nutrient requirement and to
improve soil properties [8, 9]. The quality of mature com-
post is improved through inorganic amendments because of
reduction in ammonia and greenhouse gas emissions [10].
There are some inorganic contents which are very ben-
eficial to amend organic matter in composting [11]. Such
mineralization of phosphorus (P) by microorganisms con-
verts the organic form of P to a plant-available form [12].
The moisture content of composted material can be main-
tained by evaluating changes occurred in the composition of
organic carbon. Compost contains cellulose, hemicellulose,
lignin, water-soluble organic materials, and carbon that is
biological in nature. Amino acids, starch, sucrose, and low
fructose are all components of water-soluble organics, and
microorganisms get their direct materials and energy from
water-soluble organic substances. The conversion rate and
component lifespan of 4-degree organic matter during ferti-
lizing methods may be reflected by changes in water-soluble
organic matter [13]. Lignin is typically not biodegradable
and partially transformed into other chemicals by bacteria
while cellulose is more difficult to biodegrade than hemicel-
lulose [14].

Evaluating changes in nitrogen constituents is useful in
refining the composting procedure, which adds to the fea-
ture of the compost. Generally, nitrogen is available in the
form of organic nitrogen and inorganic nitrogen. Inorganic
nitrogen is mainly composed of ammonia and nitric nitrogen
while organic nitrogen is composed of acid-hydrolyzed and
nonhydrolyzed nitrogen. Several studies have focused on the
role of inorganic fertilizers amendments in the composting
process to decrease nitrogen losses although some studies
have clarified the addition inorganic fertilizer into the com-
post to improve the compost fertility level. The goal is to
increase the efficiency of the use of integrated fertilizers.
Changes in biomass, nitrogen composition, and humus dur-
ing organic-inorganic cocomposting are also rarely studied.
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Clarifying these differences will help improve production
processes, fertilizer biomass, and compost nutrient con-
tent [6-8]. Lime is an inexpensive and accessible resource
that may be used as a composting ingredient, making it an
appealing way to repurpose solid waste. In sewage sludge
composting, lime enhanced the highest temperature, length-
ened the duration of the thermophilic stage, and sped up the
composting process [6]. However, very little is known about
how organic matter degrades when lime is added during the
composting process, let alone how antibiotics and heavy
metals evolved and how they affect microbes.

Therefore, in the current investigation, an aerobic com-
posting experiment using lignocellulosic biomass and
animal dung was carried out with or without inorganic
amendments (NPK fertilizer) (1) to examine the feasibil-
ity and impact of biological transformation of farmyard and
agricultural crop by its cocomposting with or without inor-
ganic amendments (NPK fertilizer) and (2) to monitor and
quantify the nutritional dynamics and physicochemical and
biological characteristics of composting produced during
the decomposition of organic waste with and without NPK
ingredients. The effects of inorganic amendment on micro-
biological activities were examined in order to identify the
underlying causes of the performance improvement using
NPK contents to increase composting efficiency.

2 Materials and methods
2.1 Feedstock collection

The raw materials (biomass) used in this cocompost technol-
ogy were animal farm waste/animal dung (AD), solid frac-
tion from digestater (SFD), and agricultural biomass (wheat
straw, rice husk, and corn stalks), while animal bedding
waste, green waste/yard waste, peanut shell, and sawdust
were used as bulking materials to provide the specific bulk
density to composting mixtures [15]. The SFD produced
from anaerobic codigestion of cattle manure and agricultural
waste (fresh mass basis) at farmer’s field (29° 30’ 59.54"
N 70° 51" 1.15" E) was collected and used immediately as
a feedstock in the composting material. Agricultural (lig-
nocellulosic) biomass was collected from a farmer’s field
in the vicinity of study site. Technically, it is economically
beneficial to used discarded wheat straw in the compost [16].
The collected wheat straw was a residue from animal feed-
ing and wasted straw at the bottom layer of wheat straw pile/
storage. Usually, it is the common practice to use rice husk
along with animal dung as animal bedding in the villages.
This animal bedding is a rich source of organic matter and
moisture and carries nutrients that can stimulate the com-
posting process. Green waste or Yard waste was collected
from lawn and orchards, crushed to a size of 10-25mm and
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added as bulking agents because of high moisture contents to
optimize composting process. Peanut shell and sawdust (fine
size) were taken from peanut oil extraction plant and wood
saw plant, respectively. Diamonium phosphate (18% N, 46%
P) and urea (46% N) fertilizers are a good source of N, P,
and K. A small quantity (at 0.2%) of sulfur was also used as
a process stabilizer in composting. The inorganic modifiers
were purchased from the agrochemical industry in the Mul-
tan Industrial Zone, Pakistan. The main physicochemical
characteristics of the organic wastes used in cocomposting
system are listed in the Table 1.

2.2 Composting structure

The experiments of integrated composting of lignocellulosic
crop waste and animal waste with inorganic amendments
were carried out in a cemented RBC pit, insulated from
inside with polythene sheet [16] as shown in Fig. 1. The
maximum designed volume of the compost pit was 1500 ft>
with 150 ft> base area. The compost structure system was
equipped with a leachate collection system at the basement
of the compost pit. The moisture content in the compost-
ing pits was controlled using sprinkler system installed over
composting pit. The required amount of water was sprinkled
to maintain the moisture level >40% to optimize biological
activity. Biogas extraction system consisted of perforated
PVC network installed in three different layers of compost-
ing structure. It was also provided with an aeration system to
maintain the oxygen rate for better microbial activity using a
sequential aeration program which depends on composting
temperature. To analyze and quantify the biogas constitu-
ents, a biogas analyzer was mounted on the biogas drainage
line. Temperature measuring probes were fixed at different
locations of each layer (3 per layer) of composting mixture.
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Fig. 1 Schematic diagram of the composting structure with attached
systems

2.3 Experimental procedure

A pilot scale study was carried out on organic and inte-
grated cocomposting experiments to evaluate the effects
of inorganic amendments and bulking materials on pro-
cess and end-product quality of integrated composting of
organic biomass with inorganic nutrients. Four composting
treatments were performed in triplicate: Treatment 1 (O-T)
was the sole lignocellulosic/organic biomass cocompost-
ing, and Treatments 2-4 (I-T,_;) were the cocomposting of
organic materials with inorganic amendments. The mix-
ing ratio of organic biomass and inorganic nutrients was
adjusted according to previous studies [17, 18], consid-
ering two criteria: (i) the dominance of lignocellulosic/
organic material in the mixture as it is the main substrate

Table 1 Determination of physicochemical characteristics of composting substrates

Feedstock pH MC (%) TOM (%) C(%ofTS) N (%ofTS) C/Nratio TN (mgg™) TP(mgg™) TK(mgg™)
Animal farm waste (FW)
Animal dung 7.3 827 76.6 41.3 3.9 10.6 1.21 0.17 39.8
Solid fraction of digestate 7.9 84.9 72.6 35.7 3.1 11.52 0.98 0.4 333
Agricultural biomass (CR)
Wheat straw - 8.2 96.4 54.6 0.8 68.3 0.47 34 26.71
Rice husk - 13.5 82.8 49.8 0.9 55.3 0.38 2.8 25.98
Corn stalks - 20.2 81.3 414 0.5 82.8 0.42 3.32 23.61
Bulking agent (BA)
Animal bedding waste 8.1 83.6 85.4 51.5 3.1 16.6 0.83 0.3 322
Green/yard waste - 8.8 75.4 44.2 0.55 80.4 .98 0.8 27.7
Peanut shell waste - 5.1 46.2 1.3 35.54 0.79 0.3 19.6
Sawdust - 12.3 58.4 0.91 64.17 0.79 0.5 15.2

MC moisture content, TOM total organic matter, TN total nitrogen, TP total phosphorous, 7K total potassium
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in the compost (% of total organic carbon and total nitro-
gen) and (ii) to achieve good C/N ratio (around 20) in
the composting mixture. Additionally, all integrated com-
posting treatments were added with a small amount of
sulfur (at 0.2%) to lowers/regulate the pH of integrated
cocomposting mixtures. Sawdust used in composting as a
bulking material enhances porosity, controls moisture, and
maintains C/N ratio [15].

Prior to composting, the animal waste, lignocellulosic
biomass, and inorganic nutrients were mixed uniformly
according to the treatments (Table 2). The moisture con-
tents in the cocomposting mixtures were maintained (50-
60%) throughout the composting process [19]. Each com-
posting pit was provided a one-foot layer of unshredded
tree leave and branches to act as porous media for leachate
drainage. The compost mixtures (400 kg/ per treatment)
were then fed into the composting pit and covered with
polythene sheet. To facilitate thermophilic range, the com-
posting material was aerated through perforated pipes sup-
plied at bottom of composting pit. The oxygen rate in the
composting pit was maintained 5% (v/v). Based on the C/N
ratio, it was evaluated that the compost took about 75 days
to maturity [20].

The biooxidative phase of the compost is considered
complete when the temperature approaches ambient tem-
perature and aeration was stopped to allow the compost to
mature. Approximately 1000g of fresh compost samples
was collected from each compost pit on days 0, 15, 30, 45,
60, and 75. Samples were obtained by mixing seven sub-
samples from seven locations in the entire section (top to
bottom) pit. Each sample was divided into two parts: one
was air-dried and ground to 0.5 mm for analysis, and the
other was immediately frozen for later use. All analyses
were performed in triplicate.

2.4 Characterization of composting

In this integrated composting study, the characteristics eval-
uated were physical, physicochemical, chemical, microbial,
and biomethane. Monitoring started right after the prepara-
tion of compost treatments.

2.5 Composting temperature

Temperature evolutions in the composting treatments were
noted daily using digital temperature probes (accuracy,
+01). The average temperature and ambient temperature of
each compost layer (2-ft layer) were measured six times a
day (0:00 to 24:00 hours) and recorded by data loggers.

2.6 Physicochemical and chemical analysis

The electrical conductivity and pH of air-dried lignocellu-
losic substrate and compost mixtures were analyzed using
an OEM digital water tester (China). An oxygen meter
(HORIBA OM-71, Japan) was used for the determination
of oxygen content; moisture content was measured by dry-
ing the samples in an oven at 105°C for 24 hours. The OM
fraction was evaluated by determining the loss on ignition
at 500 °C for 24 hours; total carbon (Cy) and total nitrogen
(Np) were measured by microanalysis (Euro-vector elemen-
tal analyzer).

An automatic liquid analyzer (TOC-V CSN Analyzer,
Shimadzu) was used to determine the humic acid-like com-
ponents, extractable carbon (C,), fulvic acid-like carbon
(Cy), and humic acid-like carbon (C,). The same analyzer
was used for determining the water-soluble carbon (C,,) and
nitrogen (N,,) in the water extract (1:10, w/v) using synthetic
filtration (0.45 pm diameter) [21]. The cation exchange

Table 2 Sole and integrated

; Feedstock for composting
composting treatments,

Treatments Description with dosage (wet weight)

description, and their doses Animal farm waste (1:1)

Animal dung (AD)

Solid fraction of digestate (SFD)
Agricultural biomass (1:2:1)
Wheat straw (WS)

Rice husk (RH)

Corn stalks (CS)

Bulking agent (2:2:1:1)
Animal bedding waste (BW)
Green/yard waste (YW)
Peanut shell waste (PS)
Sawdust (SD)

Inorganic amendments

NPK nutrients (NPK)
Sulfur (S)

O-T 70% animal farm waste
20% agricultural biomass
10% bulking agent

I-T, 50% animal farm waste
25% agricultural biomass
20% bulking agent
5% inorganic amendments
0.2% sulfur

I-T, 40% animal farm waste
30% agricultural biomass
20% bulking agent
10% inorganic amendments
0.2% sulfur

I-T, 25% animal farm waste
25% agricultural biomass
25% bulking agent
25% inorganic amendments
0.2% sulfur
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capacity (CEC) was measured according to the method dis-
cussed [22]. NO;-N and NH,*-N were measured through
electrophoresis and calorimetric method, respectively, as
discussed by Berthelots’s reaction [23].

The organic nitrogen (N,,,) was calculated from subtrac-
tion of inorganic N contents (NO; N and NH,*-N) from
total nitrogen (Np). Phosphorous (P) and sodium (Na) were
determined using calorimetric method (molybdovanadate
phosphoric acid) [24] and flame photometry, respectively,
while Ca, Mg, Fe, Cu, Mn, and Zn were measured by ICP-
OES spectrometry (Thermo-elemental Co. Iris Intrepid II-
XDL). The germination index (GI) was determined using
Lepidium sativum L. seeds [25]. Losses in OM and N were
determined by difference in ash concentrations as discussed
by Paredes et al. [26].

[x,(100 - x,)]
[x,(100 — x; )]

(xi2)
(M)
where x,_, and N, are initial-final ash and N, concentrations.

The following expressions were employed to calculate
humification indices [27, 28]:

OM loss (%) = 100 — 100 1)

Ny loss (%) = 100 — 100

(@)

G

(Ch)

Humification ratio (HR) = 100

Humification index (HI) = 100 4)
(Cr)
. L (G)
% humic acid (Pha) = 100 (C ) (®)]
o (@)
Polymerization rate = ——— 6)

(<)

2.7 Physical and microbial characteristics

Bulk density (BD), real density, and porosity of compost
mixtures, total water holding capacity (TWHC), shrinkage,
and air capacity were evaluated at compost maturity stage
as presented by Bustamante et al. [29]. The microbial com-
munity, Salmonella, was evaluated using a method devel-
oped by the USEPA [30]; total coliforms and fiscal coli-
forms (E. coli) were examined using a method developed
by Chroni et al. [31]. The results obtained were presented

in colony-forming units (numbers) per gram of fresh com-
posting mixture (CFU g~'), but Salmonella (detected/not
detected).

2.8 Biochemical methane production

The biochemical biomethane productions (BMP) in com-
posting process were stored in PVC biogas bags for fur-
ther quantification after gaseous composition analysis. The
total volume of biomethane produced was measured using
biogas flow meter while a portable biomethane analyzer
(GAS5000, Geotech, China) was used to identify biometh-
ane compositions.

2.9 Statistical analysis

The one-way analysis of variance (ANOVA) with least sig-
nificant difference (LSD) at p = 0.05 was used to analyze
the data on the production and characterization of compost,
and the Tukey B test was used to determine whether there
were statistically significant variations in the compost physi-
cal characteristics. Normality and homogeneity of variances
were investigated using the Shapiro-Wilk and Levene tests,
respectively. The SPSS Statistics-20 software package was
used for analysis.

3 Results and discussion
3.1 Development of cocomposting process
3.1.1 Evolution of compost temperature

The variations in temperatures of different composting
treatments are presented in Fig. 2. After the composting
process started, all of the composting treatments showed
rapid temperature increases [32], with the O-T attaining a
compost temperature of over 50 °C in the first week. This
rapid temperature rise is due to the initiation of microbial
activity in organic biomass mixtures and indicates favorable
conditions (pH, MC, TOC, TPS, and nutrients) of the com-
posting substrate. All the composting treatments presented
similar temperature evolution trends; the usual chronological
stages (mesophilic, thermophilic, cooling, and maturity) were
identified, which are the characteristics of composting [33].
The treatment O-T (organic mixtures) attained the maximum
temperature and for a longer time than that in all other inte-
grated treatments; this thermophilic phase lasted till the 36
day in this organic composting treatment. This indicated the
effect of bulking material incorporated into the composting
mixtures [33]. So, the characteristics of the composting mix-
ture could be improved as Serramia et al. [34] stated that the
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Fig.2 Temperature evolution
in composting pits during the
organic and integrated compost-
ing system
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lignocellulosic material in composting enhanced the degrada-
tion and humification of organic biomass in cocomposting. In
all the integrated composting treatments, the compost mix-
ture temperatures were attained > 50°C for 2-3 weeks, con-
secutively, helping the mixtures’ sanitization. As expected,
each treatment showed a higher digestion rate in mesophilic
and thermophilic phases, which is due to the disintegration
of lignin and cellulose (recalcitrant organic biomass) in the
later phases [35]. The optimum degradation of composting
mixtures can be linked to the addition of bulking agent [33]
due to the growth of microorganisms solubilizing phosphate
into organic acids [36]. In this study, compost mixture tem-
peratures in all the treatments were the same in the cooling
stage after 45 days, which indicated the decomposition of
hard to degrade composting substrate. Furthermore, in the
thermophilic range, higher nitrogen losses may occur due
to NHj; volatilization (i.e., associated with high temperature
and alkaline pH) [37]. The overall composting process time
(75 days) was longer for both single and combined treatments
than reported by other previous studies [33, 38].

As more bioresistant substances like cellulose and lignin
replace easily biodegradable substrate and microbial activ-
ity declines, the temperature should ideally drop as a result.
Therefore, it has been proposed that a temperature drop to
near-ambient may signal that the compost is getting close to
reaching a stable and mature condition (provided that reheat-
ing does not occur upon turning the pile) [33]. Because it
is easy, quick, and affordable, temperature monitoring is
appealing as a potential stability-maturity evaluation tool
[38] and since the majority of compost monitoring methods
routinely include pile temperatures. Other research revealed
that a number of variables frequently used to assess the sta-
bility and maturity of compost showed good correlation
with the final fall in pile temperature [38]. These research-
ers came to the conclusion that temperature monitoring
might be applied as a quick and easy way to gauge compost
maturation.
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Composting time [d]

3.2 Mineralization of organic matter (OM)

Table 3 indicates, during the biooxidative stage, the OM losses
in the sole organic and integrated treatments were substantial,
from initial values of 823, 861, 855, and 859 g kg_1 to the values
of 640, 719, 711, and 716 g kg™' for O-T, I-T,, I-T,, and I-T,
treatments showed the OM mineralization process, respectively.

The OM losses in both sole organic and integrated treat-
ments were statistically significant in biooxidative stage, linked
with maximum microbial activity; this was significantly higher
in O-T due to the high-temperature reach. During the initial
stages of the cocomposting process, the lowest percentages of
OM mineralization were measured in treatments with a larger
proportion of bulking material, indicating that a bulking agent
slowed the rate of OM degradation. Furthermore, among all
compost treatments, the lowest percentage of OM mineraliza-
tion was measured during the mature stage, demonstrating the
compost mixture’s stability after the biooxidative phase. All
composting treatments displayed comparable OM losses (by
mass) at the completion of the process: 57-59% (Fig. 3). When
olive waste and winery waste were cocomposed with manure,
respectively, the investigations by Paredes et al. [26] and Busta-
mante et al. [22] found decreased organic matter mineralization
and similar final organic matter loss during the maturity stage.
The formation of H+ during the nitrification process, the deg-
radation of high molecular organic matter to organic and inor-
ganic acids, the volatilization of NHj;, and the mineralization
of nitrogen and phosphorus are the causes of the pH drop [16].

3.3 Nitrogen transformation
The N, concentration significantly increased across the
board for all composting treatments, particularly during
the biooxidative stage. According to Fig. 4a—d, this may
be connected to the concentration effect brought on by the
significant mineralization of OM, resulted in the weight
loss of the compost mixture [9]. By day 30, the NH,*-N
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Table 3 Evolution of

- . . Composting time (d) pH EC oM C/Np C, C./N,
physm.ochernlcal, chemical, and (dS/m) (¢ kg—l) (g kg—l)
maturity parameter throughout
the composting (dry mass basis) O-T
0 7.84 3.18 823 27.9 17.8 341
15 7.63 3.35 774 24.6 134 5.65
30 7.48 4.21 723 19.8 8.6 4.32
45 7.24 4.73 694 16.4 6.3 2.84
60 7.09 5.16 642 12.5 5.5 1.41
Mature 7.01 5.22 640 12.2 5.31 14
I-T,
0 8.18 3.38 861 36.2 17.6 4.06
15 7.91 4.12 848 33.6 13.2 6.82
30 7.64 4.95 814 27.7 74 8.1
45 7.32 5.24 771 22.5 6.4 4.51
60 7.13 5.89 724 19.6 5.6 2.23
Mature 6.8 5.9 719 19.3 5.5 2.2
I-T,
0 8.10 3.52 855 35.9 16.7 3.76
15 7.88 4.21 837 32.1 133 6.56
30 7.70 4.75 795 26.8 8.3 7.82
45 7.44 5.15 753 224 6.3 4.61
60 7.25 5.93 709 18.3 54 2.23
Mature 6.91 5.93 711 18.1 5.5 2.2
I-T,
0 8.17 3.33 859 36.4 17.3 3.93
15 7.86 3.75 842 33.1 15.3 7.2
30 7.47 4.27 809 28.2 11.8 8.3
45 7.21 491 745 232 7.9 4.83
60 6.97 5.36 721 18.7 5.7 2.45
Mature 6.91 54 716 18.8 5.5 2.15
Fig.3 Organic matter (OM) 70 A
losses during the different
composting. The experimental 60

data (n = 3) are represented by
symbols, and the curve fitting is
shown as lines
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concentration had dramatically dropped in each of the com-
posting treatment, especially in O-T, which had the highest
beginning NH,*-N concentration. It then became steady
until the composting process is complete. Although there
was no visible rise in NO;-N concentration, this drop in

Composting time [d]

NH,*-N concentrations may have been caused by the pro-
cess of NH;-concentration volatilization. The temperature
of composting treatments during the first month (30 days)
was found to be high (Fig. 2) and pH > 7, notably in O-T,
which facilitated the volatilization of NH;. A considerable
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Fig.4 Determination of organic and inorganic nitrogen during the composting; a sole organic treatment, O-T, integrated treatment, b I-T|, ¢ I-T,,

and d I-T

N loss from NH; volatilization was also found [39] at pH
levels above 7.0 and higher temperatures (> 40 °C). All the
compost treatments had NH,*-N concentrations at or below
the recommended maximum for mature composts, which is
100 mg kg_l, at the time of compost maturity [40]. The first
30 days of composting saw NO5-N concentrations below
500 mg kg~! in all treatments, which is attributable to high
temperatures and excess NH; slowing down nitrification,
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respectively [39, 41]. Following this stage, NO5-N concen-
tration exhibited a considerable increase in all treatments,
indicating nitrification.

As shown in Fig. 5, the N losses were less than that
typically observed during composting (50% loss of N mass
fraction). These findings are supported by studies by Paredes
et al. [26] when oil mill effluent is composted including the
solid organic biomass, Bustamante et al. [22] when brewery
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Fig. 5 Evolution of total nitrogen mass losses from different composting treatments
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waste and liquid manure are cocomposted, and Bernal et al.
[40] when animal manure is composted. These losses could
be caused by NH; volatilization, which is encouraged by the
alkaline pH and high temperature reached in the early stages
of composting. However, the N loss is reduced the more
bulking agent there is in the compost composition. There-
fore, the inclusion of bulking material seems to dramatically
reduce N loss. At the beginning of the process, an increase in
N contents was observed in all treatments with the addition
of bulking material, possibly due to biofixation of N [22]. It
is desirable to minimize N loss during composting to obtain
maximum N concentration in the end product and to sup-
press odor and environmental concerns [42].

3.3.1 Evolution of physicochemical, chemical, and maturity
characteristics in cocomposting

In the initial phase of all composting treatments, high pH
values of 6.8 to 8.18 were displayed as shown in Table 3, due
to the high solid fraction of anaerobic digester with alkaline
in nature. However, the pH was significantly decreased as
the composting process carried on, which is the consequence
of nitrification at the completion of the composting process
and oxidation of the additional sulfur content in compost
mixtures other than pure organic biomass (O-T) compost-
ing [43]. Except for O-T, all S-amended integrated compost
treatments exhibited pH final values as neutral or slightly
acidic (Table 3). According to Wang et al. [1], the pH should
be maintained around 7.5 to 8.5 throughout the composting
process, especially in the beginning. There are similar find-
ings of good microbial activity at pH values between 6.7 and
9 [16]. Low pH would delay or even prevent the transition
from the mesophilic phase to the thermophilic phase [13],
which would also restrict microbial activity [31].

In all composting formulations, the beginning EC read-
ings were high (> 3 dS m™!), with I-T, having the notice-
ably highest value. As the growth of inorganic compounds
and the rising relative concentration of ions brought on by
the mass of composting mixtures, the EC increased during
the composting process in both organic and integrated com-
posting treatments [26]. The integrated composting treat-
ments had the highest EC values at the maturation stage,
demonstrating the significant positive impact of the bulking
material added to the integrated treatments on the reduction
of salinity in the composted product. All treatments had EC
values higher than 5 dS m™ at this stage.

The end-values attained in all integrated composting
treatments were close to 19, while 12 in O-T composting,
which indicated a good degree of compost maturity [68].
Primarily in the start of the composting process, the OM
degradation led to a decrease in the C{/Ny ratio. All of the
treatments saw a decrease in the amount of water-soluble
organic C (C,,) and the ratio of soluble organic C to soluble

organic N (C,/N,,) as the composting process progressed,
particularly in the biooxidative stage. This may result from
the breakdown of simple, water-soluble chemical compo-
nents including sugars, amino acids, and peptides. The final
C,, readings for all of the treatments were close to 5 g kg™!,
which satisfies the upper limits suggested by various authors
for compost.

The cation exchange capacity (CEC), humification index
(HI), and germination index (GI) were used to indicate com-
post maturity; all the parameters significantly improved in
composting for all treatments (Table 4). This illustrates
phytotoxins are absent and OM humification. As compost
maturity attained, all the composting treatments pretended
a significant maturity level because all the studied variables
have higher values as mentioned in the different literature as
indicative of maturity [25, 27]. However, our article’s evolu-
tion about these parameters is a clear indicator of the OM
humification process and the absence of any phytotoxicity.
At the start of the composting process, however, the HI and
GI exhibited values that were greater than the limit values,
so these values for compost maturity cannot be used in this
study. The most crucial elements affecting the quality of the
compost are the initial carbon to nitrogen (C/N) ratio [40].
In general, composting experts believe that beginning C/N
ratios of 25 to 30 are appropriate [27]. Nevertheless, sev-
eral researchers recently accomplished composting at lower
beginning C/N ratios with success. Composting at lower
beginning C/N ratios can cure more manure but also cause
more nitrogen to be lost as ammonia gas.

The two main chemical components of humic substances
are fulvic acids (FA) and humic acid (HA), with HA having
a more complicated structure than FA. FA can dissolve in
both acidic and alkaline solutions, but HA cannot, and vice
versa. The variations observed in HA and FA during the
composting process are presented in Fig. 6. The continuous
rise in HA content and falling of FA content showed the
stability of OM in composting process. These results were
validated by similar studies conducted by Li et al. [44] and
Wang et al. [45]. The production of humus substance in the
composting process might be in two ways; (1) as the sub-
stance’s core and skeleton, lignin derivatives were created
by oxidizing lignin, and (2) humus substance was created
through the polymerization of monomers that were disin-
tegrated by microorganisms. Under the influence of diverse
bacterial processes, HA and FA can change into one another
[46]. The thermophilic phase was primarily responsible for
the rise in HA contents and fall in FA contents. The HA
content in I-T; was significantly the highest, and the I-T,
show no significant difference with I-T;, while O-T com-
posting had the lowest HA values found. NPK is typically
adsorbed by HA because it typically carries a lot of acidic
functional groups and has a large amount of CEC [47, 48].
In order to increase the effectiveness of fertilizer usage, it

@ Springer



Biomass Conversion and Biorefinery

Table 4 Evolution of different

M . Composting CEC CEC/CT HI HR Py, C/C; Gl
maturity 1n.dlcators during . time (d) (cmol/kg OM) (cmolkg CT) (%) (%) (%) (%)
cocomposting (day mass basis)

Literature-suggested limits >67a >190b >3.5¢ >7c >50c >lc >50d
O-T
0 60.9 125.40 3.7 7.1 51.3 1.1 91.3
15 77.2 158.40 39 7.5 50.7 1.06 924
30 108.5 222.30 43 8.9 53.9 1.2 91.2
45 154.5 251.10 4.7 8.3 54.7 1.25 93.7
60 151.20 255.60 5.1 9.2 57.7 1.4 99.2
Mature 156.8 321.60 53 9.6 55.2 1.2 98.1
I-T,
0 494 99.20 3 7.05 48.4 0.81 88.7
15 66.2 123.50 33 7.2 453 0.91 90.2
30 99.7 188.20 4.2 7.8 47.8 0.83 89.7
45 133.1 226.30 5 8.3 474 0.84  90.2
60 138.30 237.10 5.1 8.8 51.7 1.1 94.7
Mature 141.4 243.70 52 9.1 51.3 1.08 96.1
I-T,
0 55.7 87.50 3.6 7.2 47.2 0.82 784
15 71.6 119.30 4.1 7.5 46.8 0.93 82.8
30 111.2 172.80 44 8 479 0.81 90.8
45 145.6 208.30 4.9 8.35 49.2 0.98 90.1
60 155.30 222.10 52 9.1 50.1 1.03 91.8
Mature 139.3 232.80 54 9.3 51.7 .12 982
I-T,
0 60.1 90.90 35 7.1 46.2 092 829
15 88.4 129.30 4.2 7.3 46.7 0.91 89.2
30 121.8 180.30 4.6 7.6 48.4 1.01 86.2
45 144.2 231.90 5 8.1 47.3 0.98 93.6
60 162.50 238.10 5.2 8.5 51.6 1.1 91.2
Mature 160.3 243.00 53 8.8 53.1 1.2 90.7

is therefore advantageous to activate and fix the fertilizer
nutrients as well as to promote slow-release inorganic nutri-
tional (inorganic fertilizer) values. During the composting
process, inorganic nutrients can also be used by microor-
ganisms to transform them into organic nutrients and create
slow-release fertilizer.

In all of the composting treatments, oxygen content was
observed to continue declining until it reached a rather con-
stant value, declining from 14.5 percent to 2.7 percent before
stabilizing as shown in Fig. 7(b). All of the sole organic and
integrated composting treatments showed a decreasing trend
in oxygen concentrations during composting. This was due
to the composting of bulking agent (peanut shell) decreasing
compost mixtures density [49, 50], minimizing the develop-
ment of big clumps and enabling for the compost feedstock
to get oxygen [51].

Additionally, the moisture content (MC) showed a gradu-
ally decreasing trend in the cocomposting process of both

@ Springer

sole organic and integrated treatments during the fermen-
tation stage (Fig. 7a). In all of the composting mixtures,
moisture contents were over 60% at the start of the experi-
ment, while generally tended to drop as the composting
process proceeded on. In the initial stages of composting
(0-30 days), MC reduced with a gradual trend while during
the middle stage MC decrease slightly quickly. It is because
quick microbial activities occurred in the composting mix-
ture. MC was stable and accounted up >30% of the compost
pile at the maturity stage. The duration of time when MC
tended toward stability was the key distinction between the
composting treatments. The treatments took 10—15 days for
MC stability.

3.3.2 Evolution of carbon components in cocomposting

Changes in carbon composition (i.e., total organic car-
bon (TOC), water-soluble organic carbon (WSOC),
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Fig.6 Evolution of the humus 60 A (a)
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hemicellulose, lignin, and cellulose) during composting were
assessed (Fig. 8). The TOC content continued to decrease
until it reached a relatively stable value. This phenomenon is
due to the decomposition and utilization of organic matter by
microorganisms and CO, released during the fermentation
period. TOC contents were higher in integrated treatments
than that in sole organic treatment. The trend found was O-T
< I-T| < I-T, < I-T;, as the bulking material has enhanced
carbon absorption capacity (Fig. 8a). An effective C/N ratio
for microorganisms and a bulking agent both reduce nitrogen
losses.

The changes of WSOC during composting are shown
in Fig. 8b.WSOC in all the treatments showed a gradually
decreasing trend because of the continual consumption
of WSOC by microorganism. In all composting combina-
tions, WSOC decreased more rapidly within the thermo-
philic temperature range, due to the highest fermentation
rate during this stage. The hemicellulose content first
decreased and then increased and continued until the matu-
rity stage of composting (Fig. 8c). This indicated the partial
decomposition of hemicellulose of the easily degradable

T T T 1

21 30 37 45 50 60
Composting time [d]

Mature

hemicellulose is depleted while the hemicellulose content
begins to increase again. In the late stage of composting, the
content of hemicellulose began to decrease, and the content
of WSOC decreased significantly, which could not provide
the required nutrients for microorganisms, and the hemicel-
lulose was decomposed again.

The variation observed in cellulose and lignin contents is
presented in Fig. 8d, e, respectively. This demonstrated that
the thermophilic stage is the stage in which cellulose and
lignin are primarily disintegrated. Thermophilic actinomy-
cetes and fungi under unfavorable development conditions
have been proven to be the primary biodegradable micro-
organisms for cellulose and lignin as elaborated in previ-
ous research [52, 53]. Actinomycetes develop bacteria with
thicker spores that are resistant to radiation, high tempera-
tures, and chemical sterilization. Glucose, hemicellulose,
and lignin are all readily decomposed by high-temperature
fungus [54]. Previous studies have shown that white-rot
fungus can effectively disintegrate lignin [55]. The results
showed that the addition of bulk material was beneficial to
the decomposition of cellulose and lignin.
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Fig. 7 Evolution of moisture 65
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3.3.3 Biomethane production

Figure 9a presents the total biomethane production (BMP)
and its burning time against all the composting treatments.
The methane was collected in biogas bags after the 10—12%
day of composting. Compared with sole organic compost-
ing, integrated composting showed a similar total volume
of biomethane production except for the I-T; composting
treatment. On the other hand, O-T and I-T; gave maximum
burning time for unit biogas burning, which may be due to
the more biomethane contents in the biogas mixtures. The
biogas production was observed and collected during the
first month (30 days) of composting; later, no BMP was
generated from composting. The maximum BMP generated
was 8.95 m® in O-T composting followed by 8.55 m? in I-T,
composting. The BMP composition analysis (Fig. 9b) for
CH,, CO,, H,S, and O, revealed that the maximum CH, gas
(34.37 %) was produced in O-T composting followed by all
integrated composting treatments (Fig. 9b). Due to the prop-
erties of raw substrate, building compost technology alone
is more challenging than installing compost technology and
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biogas technology simultaneously. It would be essential
to build run-off water retention ponds, a perimeter drain,
and underground piping systems to handle surplus water at
the composting site [7]. According to the calculation made
under the identical operating conditions, the integrated tech-
nology is more economically appealing than installing either
technology separately. When both technologies are installed
at once, a synergistic effect occurs that allows each technol-
ogy to complement the other, resulting in better products
and increased revenue.

3.3.4 Compost quality and added-value characteristics

Table 5 presents some relevant characteristics of composted
material related to nutritional (micro and macro elements)
and hygienic aspects. The macroelement concentrations
were found significantly higher: the final N values were
>20 g kg™! in all composting treatments while the P and K
contents had the same values found in frequently utilized
organic mixtures (agroindustrial waste and manures) [56]
and municipal solid waste [57]. However, the micronutrients
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Fig.8 Evolution of carbon components during different composting treatments

measured in our study were similar to those measured in the
studies conducted on agroindustrial waste and were found
lower than municipal solid waste [56, 57]. For the hygienic
safety of mature compost, compost quality microbial indi-
cators for instance fecal-coliform (Escherichia coli), total-
coliform, and pathogenic micro-organism (Salmonella) in
mature compost were evaluated. Microbiological analysis
results confirmed significant reductions in total and fecal
coliform (E. coli) levels according to review literature limits
for composting hygienic properties, while Salmonella was
not found in any of the composting treatments.

Stability and maturity of compost are the two primary
factors addressed before using compost for agriculture which
can be studied using a number of approaches at a chemi-
cal and/or biological level [22]. Additionally, a number of
agricultural industries, such as the soilless crop production
industry, demand composts with additional benefits that both
justify the compost’s associated production costs and meet
the demands of these particular agricultural activities, such

as the capacity to suppress phytopathogenic microorganisms
[13, 31]. For this, many techniques (analytical, instrumental,
and biological) have been employed to assess the resulting
composts’ characteristics and potential added value.

3.3.5 Physical characteristics of matured compost

Table 6 shows the physical properties of mature composts
obtained from different treatments and compared with the
values reviewed for the substrate [58]. In general, both
the sole organic and the integrated compost treatments
showed appropriate physical characteristics under the opti-
mal range particularly shrinkage: total pore spaces (TPS)
and bulk density (BD). There was no significant difference
found between all composting treatments studied. The
mature compost obtained for each treatment had higher
air capacity values and therefore lower total water holding
capacity values, which were lower than those specified in
the literature for the substrate. It can be concluded that the
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Fig.9 Evolution of carbon
components during different
composting treatments

Table 5 The nutritional contents and microbial characteristics of
mature composts
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Macroelements
Total N (g kg™ 31.9 28.5 27.9 27.8
Inorganic-N (g kg™") 2.94 1.54 0.86 0.83
P(gkg™h) 8.4 7.4 6.1 6.7
K (gkg™ 20.1 16.8 15.9 17.3
Na (mg kg™ 7089 6021 5001 5564
Ca(gkg™) 88.6 74.5 78.9 82.4
Mg (g kg™ 9.3 9.12 9.41 9.35
Microelements
Fe (gkg™) 2.6 2.1 1.97 2.06
Cu (mg kg™h 69.3 55.1 479 50.1
Mn (mg kg™!) 162 133 129 142
Zn (mg kg™h) 252 199 171 188
Microbial groups ( CFU g™)
Salmonella ND ND ND ND
Total coliforms 821 2192 22200 19102
Fecal coliforms (E. coli) 0 159 0 16.7
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utilization of substrate is constrained by aeration. Conse-
quently, considering the reduced water holding capacity,
the high air capacity values found in the research treat-
ments are beneficial for use as substrates, but also mean
that low levels of moisture are often used because leaching
can easily occur.

Compost stability and maturity were determined by
changes in the color and smell of the compost. When com-
post reaches maturity, it turns dark brown (although this is
a result of the feedstock material), and the smells change
from obnoxious and ammonia-like to rich and earthy. The
stability and maturity of these sensory indicators are not
particularly specified [13]. These two indexes, when com-
bined, could potentially give a very rough idea of stability
and maturity. [31].

4 Conclusion

Integrated composting of animal waste (including the solid
fraction of digestate) and lignocellulosic biomass with
or without inorganic amendments sets up a more feasible
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Table 6 Evolution of physical characteristics of mature composts

Compost RD BD TPS Air capacity TWHC Shrinkage
(g/em?) (g/cm®) (% volume frac- (% volume fraction)  (mL/L) (%)
tion)
Acceptable range* <0.4 >85 20-30 550-800 <30
O-T 1.72 0.22 87.6 72.1 324 26.8
I-T1 1.68 0.21 88.1 73.6 328 27.2
I-T2 1.67 0.23 86.4 72.8 309 29.3
I-T3 1.69 0.23 87.8 73.2 316 27.9
ANOVA ns ns ns ns ns ns

composting method not only for sustainable organic waste
utilization but also for the production of compost that can be
applied as a soil organic fertilizer due to increased stability
and maturity and the presence of value-added properties.
Moreover, the addition of bulking materials to the compost
mixtures improved various properties of compost produc-
tion, such as lowering the composting temperature and EC of
the composting process, the percentage of OM degradation,
and N losses, which are often apparent when farm waste
and lignocellulosic waste are cocomposted. This study was
conducted to investigate the effect of addition of inorganic
amendments on various production characteristics, matu-
rity/stability characteristics, and nutritional significance in
composting of organic material (integrated composting). The
specific finding indicated that the addition of inorganic mate-
rial into the composting of biowaste produced no significant
effect on production characteristics of compost. Integrated
compost revealed more disintegration of hemicellulose, cel-
lulose, and lignin, stimulated humification process in com-
posting, reduced N conversion (N loss), and also improved
nutrient content in mature compost. Integrated compost
showed low OM and N losses along with the addition of
bulking material which is a good source to improve soil
health as integrated soil fertilizer. This could be the best
and most economical way to fulfill the local demand of fer-
tilizer towards organic farming. The compost showed good
maturity and stability characteristics according to the safe
limits of characteristics as mentioned by the previous related
literature. Overall, integrated composting was found to be
the good option to enhance the nutritional level of compost
and best way of “waste to money.” An addition of 10-25%
inorganic contents (w/w) is optimal for integrated compost-
ing of organic-inorganic mixtures.
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