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Abstract In the Kingdom of Saudi Arabia (KSA) and Gulf
region, a very small amount of municipal solid waste (MSW)
is treated for compost production. The produced compost
through traditional methods of compost piles and trenches
does not coincide with the international standards of compost
quality. Therefore, in this study, a continuous thermophilic
composting (CTC) method is introduced as a novel and effi-
cient technique for treating food waste into a quality compost
in a short period of time. The quality of the compost was
examined by degradation rates of organic matter (OM),
changes in total carbon (TC), ash contents, pH, dynamics in
ammonium nitrogen (NH4-N) and nitrate nitrogen (NO5-N),
and nitrification index (NI). The results showed that thermo-
philic treatment at 60 °C increased the pH of the substrate and
promoted degradation and mineralization process. After
30 days of composting, the degree of OM degradation was
increased by 43.26 and 19.66%, NH4-N by 65.22 and 25.23%,
and NO3-N by 44.76 and 40.05% as compared to runs treated
at 25 and 40 °C, respectively. The stability of the compost was
attained after 30 to 45 days with quality better than the com-
post that was stabilized after 60 days of the experiment under
mesophilic treatment (25 °C). The final compost also showed
stability at room temperature, confirming the rapid degrada-
tion and maturation of food waste after thermophilic
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treatment. Moreover, the quality of produced compost is in
line with the compost quality standard of United States
(US), California, Germany, and Austria. Hence, CTC can be
implemented as a novel method for rapid decomposition of
food waste into a stable organic fertilizer in the given hot
climatic conditions of KSA and other Gulf countries with a
total net saving of around US $70.72 million per year.

Keywords Food waste - Compost - Thermophilic treatment -
Organic matter (OM) - Stable compost

Introduction

In developing countries, the rapid growth in population and
urbanization has resulted in a massive generation of municipal
solid waste (MSW) that are causing several environmental
and economic problems in terms of waste magnitude and po-
tential impacts on water, air, soil, and public health (Cardoen
etal. 2015a, b). For instance, in the Kingdom of Saudi Arabia
(KSA), the generation rate of MSW reached up to 15 million
tons per year with 8 million tons of food waste only (Anjum
et al. 2016; Nizami et al. 2017). All the collected MSW are
disposed of in the dumpsites or landfills without any material
recovery, which results in the soil and groundwater contami-
nation, greenhouse gas (GHG) emissions, waste leachate, and
odors along with public health issues (Khan and
Kaneesamkandi 2013). In KSA, only the landfills contribute
to around 76% of the country’s total methane (CH,4) emissions
(Wadkar et al. 2013).

Resource recovery of food waste through composting is
getting significant attention worldwide as being an eco-
friendly and cheap alternative waste management method
(Awasthi et al. 2016). The food waste can be diverted from
landfills to a beneficial compost for increasing the soil quality
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and crop growth (Alzaydi et al. 2013; Rahmanian et al. 2015).
A limited compost by traditional methods of compost piles
and trenches is carried out in KSA and other Gulf countries
(Alzaydi et al. 2013). Al-Turki et al. (2013) examined the
chemical characteristics of 25 different composts produced
in KSA to assess their quality according to local and
international standards. Similarly, Alzaydi et al. (2013) con-
ducted a study to determine the physicochemical characteris-
tics of randomly selected samples of compost from selected
cities of KSA, including Madinah, Yanbu, Taif, Jeddah, and
Makkah. The results of both studies showed that the final
compost has high moisture and inorganic contents, unpleasant
odors, and low nutritive value along with bad packaging and
long process time. Moreover, the levels of toxic metals and
micro-nutrient in produced compost were higher in some
cases than the limits of European Union (EU) compost stan-
dards (Alzaydi et al. 2013; Al-Turki et al. 2013).

The process of composting occurs naturally; however, it
can be accelerated through various methods such as introduc-
tion of effective microorganisms (Sun et al. 2016), chemical
nitrogen activators (Chan et al. 2016), frequent turnings and
shredding, and natural additives and minerals (Awasthi et al.
2016). Recently, a new approach of continuous thermophilic
composting (CTC) has gained significant attention to enhance
the process of organic matter (OM) degradation and produce
compost in a short time duration (Xiao et al. 2009; Awasthi
etal. 2016). During the CTC, the waste materials are treated at
an elevated temperature (40 to 60 °C) for a certain time dura-
tion. The temperature is one of the critical parameters for
monitoring the rate of biological processes in the composting
(Wadkar et al. 2013). High temperature degrades all the com-
plex molecules, reduces the volume by 40-50%, kills patho-
gens, removes excess moisture, and sanitizes the final product
(Awasthi et al. 2016; Xiao et al. 2009; Sun et al. 2016).

In CTC, different systems have been designed such as
in-vessel composting system that comprised a closed re-
actor to avoid heat losses during the process and retain the
temperature of the process (Xiao et al. 2009). However, in
the scientific literature, there is limited information avail-
able on the extrapolation of thermophilic temperature pro-
files during the composting process (Wadkar et al. 2013),
which was the focus of this study. This study aims to
develop a continuous thermophilic in-vessel treatment
method for efficient food waste composting. The maturity
and stability of compost were assessed against the degra-
dation rates of organic matter (OM), changes in total car-
bon (TC), moisture content (MC), ash contents, pH, and
nitrogen derivatives during the active composting stage
along with nitrification index (NI). In the context of cur-
rent knowledge on CTC, the findings of this study using
an in-vessel bioreactor could lead to a novel method for
treating food waste into a high-quality organic fertilizer in
a relatively short period of time.

Materials and methods
Preparation of compost materials

Food waste was collected from the central canteen of King
Abdulaziz University (KAU), Jeddah, KSA. The collection of
food waste was carried out regularly for 1 week. The collected
food waste from the KAU canteen was considered a represen-
tative sample, as the waste produced at canteen was composed
of all types of food waste. The total number of individuals that
enter into canteen every day for breakfast is more than 1000,
whereas the total number of individuals exceeds 3000 at lunch
time. The collected food waste was segregated into various
materials, including vegetables, fruit and bread, meat and grain,
rice, and bakery products to estimate the percentage composi-
tion of each material. Chemical characterization of collected
food waste was carried out according to the standard proce-
dures (FCQAO 1994), and their results are shown in Table 1.
The resource materials were shredded and ground into a parti-
cle size of up to 2 in, in order to accelerate the biodegradation
of OM during the composting process. The MC of feedstock
was adjusted below 70% after sun drying for 24 h in order to
initiate the composting process (Sun et al. 2016).

Experimental setup

A laboratory scale in-vessel composting bioreactor made of
plastic with 10 kg capacity was commissioned to perform the
experiments. Dimensions of the unit were as follows: height
0.63 m, diameter 0.51 m, and thickness 10 mm (Fig. 1). About
70% of the vessel was filled with feedstock, while 30% of the
area was kept as a head space. The type and capacity of the
bioreactor commissioned in this study were according to the
previously published works on compost experiments
(Table 2). Each 7-kg shredded resource materials of food
waste were loaded to the bioreactor and treated under three
different temperatures for 60 days. In run A, the incubator
temperature was maintained at 25 °C during the entire exper-
imental duration. In run B, the temperature was kept at 40 °C,
while in run C, it was maintained at 60 °C for the first 50 days

Table 1  Physiochemical characteristics of food waste used for
composting

Parameters Unit Mean St. deviation
Moisture content (MC) % 67.9 2.8

Organic matter (OM) % 92.4 1.0

Ash content % 7.6 0.3

Total carbon (TC) % 51.3 0.2

pH 6.4 1.1
Ammonium nitrogen (NH4-N) mg/kg 72.5 1.1

Nitrate nitrogen (NO5-N) mg/kg 22.8 0.6
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Fig. 1 Schematic diagram of in-vessel compost reactor

and then was kept at room temperature for the last 10 days.
The reason for this was to examine the stability of compost
through changes in various physiochemical parameters (Xiao
et al. 2009). Chopped dried waste leaves were added as a
source of bulking agent (1:0.2) to each bioreactor, on a wet
weight basis of the feedstock (An et al. 2012). The addition of
bulking agent was to provide aerobic conditions to the mi-
crobes as during the initial stage, the mixture was rich in
moisture (>70%) that may lead to poor composting process
due to anaerobic conditions (An et al. 2012).

The temperature was recorded from the core of the
composting matrix that reached up to 40 °C due to self-
heating during the initial days of the experiment. For run A,
the incubator temperature was lowered down and maintained at
25 °C, while for run B, it was maintained at 40 °C. Likewise,

the incubator temperature for run C was increased to 60 °C and
maintained for the desired period of time. The compost mixture
was turned/stirred mechanically through an agitator 2 times per
day to achieve a uniform mixing and oxygen (O,) supply
throughout the experiment (Shi et al. 2016). The aeration meth-
od of the composting materials through turning and mixing was
followed by the procedures reported by Jindo et al. (2016),
Sanchez-Garcia et al. (2015), Latifah et al. (2015), and An
et al. (2012). Each experimental run was replicated three times
to ensure the impact of experimental runs and to present the
mean data with standard deviations.

Analytical and statistical analysis

A compost sample of 20 g was randomly taken from each
bioreactor after regular interval of every 5 days throughout
the experiment for assessing the compost maturity. MC (%)
was determined by drying the sample in an oven at 105 °C for
24 h (Chan et al. 2016). The standard procedures of
Hoogsteen et al. (2015), Robertson (2011), and FCQAO
(1994)) were followed for measuring the OM, TC, and ash
contents. Accordingly, the dried samples were burned at
550 °C in a muffle furnace for 3 h. The remaining mass after
burning at 550 °C was measured for percent ash content ac-
cording to the formula provided by McClements (2005). For
analyzing pH, a 1:10 aqueous extract (w/v, wet basis) of fresh
compost sample was taken with deionized water after shaking
for 2 h in an oscillating shaker (EAWAG 1970). The pH was
then measured through Hanna multi-parameter (HI 9828) pH
probe. To avoid instrument errors, the meter was first calibrat-
ed through standard buffers, including acidic (pH 4), neutral
(pH 7-7.5), and basic (pH 10) buffers. Inorganic nitrogen
(NH*; and NO3) was determined by following the test
methods for the compost examination (Thompson et al.
2002). There are various indicators of compost maturity such
as NI, germination index (GI), carbon dioxide (CO,)

Table 2  Type and capacity of bioreactors used for laboratory-based composting experiments

Composting feedstock Reactor design Reactor capacity (liters) Sample size (g) Study

Sludge In-vessel 12.5 10 Zhang et al. (2014)

Food waste and sludge In-vessel cylinder 3.6 5 Wang et al. (2003)
Household waste Compost bin 10 10 Sadaka and El-Taweel (2003)
Municipal solid waste In-vessel 2 Stamou and Antizar-Ladislao (2016)
Food waste In-vessel 60 Al-Jabi et al. (2008)

Pig manure In-vessel 15 Zhang et al. (2016)

Soy fiber residue In-vessel 10 10 Ballardo et al. (2016)
Chicken manure In-vessel 0.5 5 Jia et al. (2016)

Food-rice hull In-vessel cylinder 10 Madrini et al. (2016)
Municipal solid waste In-vessel cylinder 15 20 Makan et al. (2014)
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evolution, OM degradation, and microbial biomass. Among
these, the most important are NI that is the ratio between NH*,
and NO 3 and OM degradation (Das et al. 2011). These indi-
cators were determined for each experimental run. NI value
below 0.5 suggests a fully mature compost, while values up to
3 indicate just a mature compost and value above 3 represent
an immature compost (California Compost Quality Council
2001). All of the collected data were subjected to analysis of
variance test using SPSS, package 16, statistical software
(SPSS Inc., Chicago, IL, USA) at the 5% probability level.
Mean data are presented with a standard deviation of three
replications.

Results and discussion
Moisture content

The variation in moisture content (MC) values versus the
number of days for each experimental run is shown in
Fig. 2. Table 3 shows MC in the final compost, whereas a
comparison of this study results with other published studies
is grouped in Table 4. During the initial stage, the level of MC

10 15 20 25 30 35 40 45 50 55 60
Time (days)

was high (>60%) that showed the poor physical structure of
the compost mixture. There was a significant variation in MC
level in each experimental run with time procession. The re-
sults showed that in run C, MC was drastically reduced
through time. The lowest MC (26.3%) was recorded after
20 days of the experiment, and additional water was required
for adequate microbial activities (Fig. 2). The water was added
because if MC drops below 30%, microbial activities virtually
stop (California Compost Quality Council 2001). According
to Ermolaev et al. (2015), this reduction can be attributed to

Table 3  Physiochemical characteristics of final compost

Parameters Run A Run B Run C

MC (%) 455+3.2 332+79 37.2+6.1
OM (%) 60.2 +£2.0 463 +5.1 50.2+3.6
Ash content (%) 39.8+2.0 53.7+£5.1 49.8+3.8
TC (%) 334+1.1 257+£28 279+1.6
pH 6.1 0.8 6.9+0.3 7.4 £0.15
NH4-N (mg/kg) 120.7 £ 6.7 1493+ 1.5 163.5+114
NOs-N (mg/kg) 47.1+163 76.6 +8.9 87.3+6.9
NI 2.6 1.9 1.9
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Table 4 Comparison table for physiochemical characteristics of current research with other studies

Resource material Temp (°C) MC (%) OM (%) TC (%) pH Reference

Food waste 60 Cont.” 372 50.2 27.9 74 This study

Food waste 40 Cont. * 332 46.3 25.7 6.9 This study

Organic fraction of municipal 50 53.0 <38 - >7.0 Elango et al. (2009)
solid waste (OFMSW)

Organic waste (OW) >55 22.4 - - 6.7 Wadkar et al. (2013)

OFMSW 50-60 Maintained at 60 329 18.0 7-7.3 Xiao et al. (2009)

Food waste >70 - >30 <30 <85 Anetal. (2012)

Pig manure >50 Maintained at 55-65 >30 <8.5 Sun et al. (2016)

Food waste 53 Maintained at 50-65 - >30 <8.5 Al-Jabi et al. (2008)

ow 60 31 - - 6.7 Nakasaki et al. (2004)

OFMSW >5 49.7 - 14.3 6.2 Turan and Ergun (2007)

This is continuous application of specific temperature, whereas for other studies, temperature values were achieved at thermophilic stage

higher activities of thermophilic microbes that decompose the
substrate with the release of water vapors along with different
gasses. Similarly, run B also showed substantial variation in
MC, and it was observed that after 20 days, the MC was
51.4% that was linearly reduced throughout the experimental
duration. The final MC level was observed at 33.2% (Table 3).
During the active stage, the rapid decomposition produced
heat that converted water into vapors. Therefore, a decline in
water content happened in the compost matrix (Mohee and
Mudhoo 2005; Wadkar et al. 2013).

The least variation in MC level was observed in run A,
where the low compost temperature resulted in small changes
in MC with the time. Data showed that in comparison to runs
C and B in which a notable reduction was observed after
20 days, the required MC of <50% in run A was achieved
after 50 days of the experiment (Fig. 2). Furthermore, a slow
reduction of MC in run A revealed poor compost process.
Statistical analysis also illustrated significant variation among
different temperature protocols and time duration, whereas a
significant interaction of temperature with time was also
reported for food waste composting by Mohee and Mudhoo
(2005) and Viel et al. (1987). The results clearly demonstrated
that temperature had a vital role in the stabilization of compost
(Fig. 2). These results are in line with studies in which the
same trend for MC was obtained when the compost units were
incubated at higher temperatures (Table 4). Furthermore,
Mohee and Mudhoo (2005) and Viel et al. (1987) also stated
that the active (thermophilic) phase of composting is charac-
terized by the release of a larger volume of water from com-
post in the form of leachate and vapors. These observations
are in line with the results of this study (Table 3).

pH

The standard deviation error bars showed that after 30 days of
the experiment, no significant difference was observed in runs
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B and C (Fig. 2). The reason for declining pH values after
achieving peak values was the release of large quantities of
CO, during decomposition of OM (An et al. 2012). These
observations are in line with the work of Sun et al. (2016)
and An et al. (2012), who reported that during thermophilic
stage, the degradation and mineralization of complex substrate
to simpler compounds occur due to the formation of free am-
monia (NH3) that increases the pH. In run A, no higher values
for pH were observed during the experiment. It was noticed
that pH was continually declined and reached to 5.4, whereas
the pH value for the final compost after 60 days was observed
at 6.13 (Table 3). It shows that during mesophilic stage (tem-
perature below 40 °C), the mesophilic microbes were not able
to fully mineralize the OM into stable products. This observa-
tion is in line with the work of Liu et al. (2011), who reported
that the mesophilic microbes partially degrade OM and result
in the formation of different organic acids that cause lowering
of compost pH. This partially decomposed OM is required to
degrade further by thermophilic microbes to form a stable
compost.

During the initial phase of conventional composting, a de-
cline in pH value is observed due to the formation of organic
acids by mesophilic microbes during the incomplete oxidation
of OM (Wadkar et al. 2013; Liu et al. 2011). A similar phe-
nomenon was observed in this experimental study (Fig. 2).
The pH value was dropped from 6.4 to 5.9 in run B and
5.63 in run C within first 5 days, whereas in run A, the decline
in pH was observed after 10 days (Fig. 3). Afterward, much
higher pH value (10.1) was observed in run C after 20 days,
while in run B, peak pH value of 10.1 was noticed within
30 days of the experiment. The rise in pH of the compost is
due to the conversion of organic acids to CO, and formation
of ammonium nitrogen (NH4-N) by microbial action (Elango
etal. 2009). After 30 days of the experiment, the pH values for
runs B and C were steadily reduced with time and reached to
7.5 after 45 days with no significant change up to the end of
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the experiment (Fig. 2). The pH values for the final compost
were within the satisfactory range (7.0-8.0), as recommended
by Xiao et al. (2009) and Maso and Blasi (2008).

Variation in organic matter and ash content

The percent OM and ash content observed during the study
are plotted in Fig. 3. Initially, the resource materials were rich
in organics (>90%) that were decreased in different experi-
mental runs. The results showed that OM decomposition is
directly linked with temperature as it was observed that at low
temperature (25 °C), a lower degradation of OM was noticed,
whereas the composting bioreactor treated with elevated tem-
perature (60 °C) showed a maximum degree of OM

0

5 10 15 20 25 30 35 40 45 50 55 60
Time (days)

degradation. In response to initial OM content (92.4%), the
values after 60 days were 60.18% in run A (Table 3). In run C,
a drastic reduction in OM was observed after 25 days (53.5%)
with no significant changes up to the end of the experiment
(Fig. 3). This shows that the microbes consumed all bio-
transformable and available organic components. The high
rate of OM degradation in compost bioreactor incubated at
high temperature can also be linked with pH, where higher
substrate pH neutralizes acidic conditions and facilitates min-
eralization (An et al. 2012). The work of Xiao et al. (2009)
reported that alkaline pH is advantageous for critical enzyme
activity like ligninase and cellulose. Hence, CTC can hasten
the degradation in very short time than conventional
composting. Moreover, biological justification for eminent
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decomposition is that at high temperature, the dominant ther-
mophilic microbes like Actinomyces sp., Bacillus sp.,
Clostridium thermocellum, Geobacillus sp.,
Hydrogenobacter sp., Methanothermobacter,
Micromonospora sp., Pseudonocardia sp., Symbiobacterium
sp., and Thermus thermophilus (Ryckeboer et al. 2003;
Westerman and Bicudo 2005) decompose the complex organ-
ic molecules, including fats, proteins, and carbohydrates that
result in a linear reduction in OM (Zhang et al. 2016).
Similarly, poor organic decomposition in compost reactor in-
cubated at 25 °C was due to low microbial activities and low
pH value. These factors according to An et al. (2012) were
responsible for inhibiting the composting process.

Ash is the inorganic portion that is mainly composed of
cations associated with phosphates, carbonates, sulfates, and
nitrates (Venglovsky et al. 2005). Decomposition process con-
sumes O, and produces CO,, metabolic water, and a net loss
in OM that is the accumulation of inorganic components like
ammonium, phosphates, and nitrates, thus increase inorganic
content of the material (Zhang et al. 2016). The results showed
a noticeable difference in ash content accumulation between
different temperature ranges (Fig. 3). This showed a positive
correlation between ash content and temperature where high
ash content was determined in compost bioreactor kept at high
temperature (Table 3). The values for OM decomposition and
ash content in run B showed that 40 °C is a separation point on
which thermophilic stage dominates the mesophilic stage.
ANOVA for OM and ash content showed significant variation
among experimental duration and temperature regimes,
whereas interaction of both factors was also recorded highly
significant. Standard deviation error bar revealed that after
30 days, no significant difference had been observed between
experimental runs B and C.

Total carbon

The total carbon (TC) value of food waste was 51.34%
(Table 1). All experimental runs showed different trends in
TC. The NI was decreased quickly to stable values in run C
followed by run B, whereas a slow decrease was noticed in
run A (Fig. 3). The decline in TC is an indicator of compost
maturity (Bernal et al. 2009). In run C, TC descended quickly
during the first 25 days and then stabilized to 29.7%, as after-
ward no significant changes were observed (Fig. 3). For run B,
a gradual decrease in TC was observed through time interval,
and after 40 days, stability in terms of TC was achieved. The
maximum reduction in TC showed a high decomposition rate
in both runs B and C, whereas low reduction in TC in run A
showed the poor process. Mean values for TC in compost after
60 days were 33.4% inrun A, 25.7% for run B, and 27.9% for
run C (Table 3).

Microbes decompose the organic materials from which
carbon is used as an energy source while nitrogen is utilized
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for the formation of cell structure (Elango et al. 2009). Tiquia
(2005) reported a direct relation of temperature rise with mi-
crobial diversity and their activities. At high temperature, spe-
cialized microbes metabolize complex compounds like lignin
more than 2/3, whereas during mesophilic stage, only readily
degradable components are metabolized by the mesophilic
microbes (Rashid et al. 2016). Compaction in substrate occurs
when carbon compounds collapse and demolish as a result of
biodegradation during composting. Therefore, a high bulk
density in compost material is observed as compared to the
initial waste substrate (Awasthi et al. 2016). The results of TC
as shown in Table 3 are in line with the work of Mena et al.
(2003) and Bernal et al. (2009), which reported that during the
thermophilic stage, a reduction in TC occurs due to the con-
version of organic carbon to inorganic compounds along with
CO, production, whereas in later stages, low changes in TC
were due to a reduction in readily degradable organic carbon
(Turan and Ergun 2007).

Ammonium nitrogen, nitrate nitrogen, and nitrification
index

The initial NH*4-N content in the composting materials was
72.5 mg/kg (Table 1). Table 3 shows NH*4-N content in final
compost, whereas Fig. 4 shows a variation in NH*4-N content
in all experimental runs. ANOVA results demonstrated that
temperature protocols, experiment duration, and their interac-
tion had significant variation in terms of mineral nitrogen
contents. During the first 5 days, the only minor difference
in NH*4-N content was examined, whereas with compost pro-
cession, a rapid increase in run C was observed. After 30 days
of the experiment, a peak value of 187.2 mg/kg for NH*4-N
content was observed (Fig. 4). Similarly, in run B, a rapid
mineralization resulted in a high accumulation of NH"4-N,
and after 35 days, the maximum value of 167.8 mg/kg was
observed. Run A showed the least rise in NH*,4-N concentra-
tion that showed low compost process. After achieving peak
values, a gradual decrease with time was observed that
reached up to 149.3 and 163.5 mg/kg in runs B and C, respec-
tively, at the end of the experiment (Table 3). This slight de-
crease in the concentration was due to nitrification phenome-
non along with the formation and emissions of NH; (Awasthi
et al. 2016).

Formation and volatilization of free NH3 can coincide
with high pH values. Maximum production of NH; occurs
at high pH. In this study, when pH became neutral, the
stabilization in NH*4-N content was observed. This stabi-
lization can coincide with inhibition in the conversion of
NH*4-N to NH;. The process of ammonification results in
the production of ammonium during degradation of OM
(Sanchez-Monedero et al. 2001). The level of NH*,-N
observed in each experimental run reflected the rate of
nitrogen transformation and degradation process. High-
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temperature composting bioreactor showed high degrada-
tion rates in comparison to the low-temperature bioreactor
(Fig. 4). These results are in line with the work of Hu
et al. (2009), who reported that when composting reaction
reached to thermophilic phase, the active mineralization
leads to high NH*4;-N accumulation. However, low deg-
radation rates during composting hinder nitrogen transfor-
mation processes (An et al. 2012).

The changes in NO 3-N showed that by increasing reactor
temperature, an increased nitrification process was observed.
A high concentration of NO 3-N was recorded in run C
(Fig. 4). The results showed that with time, a linear increase
in run C was observed that reached up to 102.6 mg/kg after
35 days followed by run B with NO 5-N contents 92.2 mg/kg
after 45 days. The utmost value for NO 5-N in run A was
63.3 mg/kg after 40 days of the experiment (Fig. 4). On the
last day of experiment, the NO ;-N concentration was
47.1 mg/kg in run A, 76.6 mg/kg in run B, and 87.3 mg/kg
inrun C (Table 3). The results confirmed that high nitrification
rate occurred in composting bioreactor incubated at high tem-
perature. A similar trend was also observed by Makaly et al.

10 15 20 25 30 35 40 45 50 55 60
Time (days)

(2000), who reported that NO 3-N concentration increased to
specific values and after that decreased to certain values.

The possible factors behind this reduction are changes in
the concentration of NH3, MC, and pH (Al-Jabi et al. 2008).
Similarly, low NO ;-N content accumulation at low tempera-
ture (25 °C) was due to anaerobic conditions that resulted in
high MC, which inhibited the conversion of NHj3 to nitrates
(Turan and Ergun 2007). The results of this study are not in
agreement with the findings of Al-Jabi et al. (2008) that re-
ported inhibition of nitrification process when the temperature
exceeded to 40 °C due to the activity of nitrobactors, whereas
other indicated that the oxidizing activities of nitrosomonas
from NHj to nitrates are not disturbed even at high tempera-
ture (above 60 °C) (Xiao et al. 2009; Westerman and Bicudo
2005). Therefore, it proved that at thermophilic temperature,
certain microbes are present, which can sustain and degrade
complex components into simpler molecules (Turan and
Ergun 2007).

The values of NI for all experimental runs are shown in
Table 3 and Fig. 5. The stability and maturity in run C were
achieved after 25 days, while in run B, it was achieved after
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Fig. 5 Changes in NI throughout 4.0
experiment in different runs ]

Nitrification index (NI)

40 days. In run A, a non-linear trend was observed with NI
value of 2.6 at the end of the experiment (Table 3). High bio-
logical activities in run C resulted in a more stable product in a
relatively short period as compared to run A (Fig. 5). Current
results are in agreement with the findings of Xiao et al. (2009)
who reported that CTC could short the processing time.

A route to successful implementation of thermophilic
composting in Gulf regions

Composting is gaining significant attention in comparison
to other waste treatment technologies for material recov-
ery due to its easy implementation and affordable eco-
nomics (Awasthi et al. 2016). From an economic perspec-
tive, composting saves waste disposal and landfill cost by
diverting the waste from disposal to valuable organic

m25°C m40°C m60°C

15 30 45 60
Time (days)

fertilizer. In the case of KSA, the total amount of food
waste is around 8 million tons per year. According to
Nizami et al. (2017), the disposal of waste to landfill in
KSA costs about US $50 to US $100 per ton depending
on the area and type of waste. Therefore, the conversion
of KSA’s food waste to organic fertilizer will directly save
the disposal cost (tipping fees) that amounts up to US $40
million per year considering the waste disposal cost of US
$50 as a conservative value (Table 5). In addition, the
produced compost can play a major role in revenue gen-
eration due to its high market value with price that ranged
from US $50 to US $200 per ton. Hence, after compen-
sating the operating cost of around US $220.48 million
for food waste compost facility in KSA, a total net saving
from the compost facility can be around US $70.72 mil-
lion per year (Table 5).

Table 5 The cost benefit analysis

of the conversion of food waste to Waste production

Amount

compost
MSW production per year

Food waste

Cost of waste disposal per ton®

Cost of disposal of 8 million tons food waste

Food waste composting
Composting process yield®

Total compost produced from 8 million tons

Price of compost per ton®

Price of compost for 4.16 million tons
Operating cost for the production of 4.16 million tons compost

Total saving

15 million tons

8 million tons

US $50 to US $100
US $40 million

52%

4.16 million tons
US $70

US $291.20 million
US $220.48 million
US $70.72 million

? The waste disposal cost varies from US $50 to US $100 in KSA and others Gulf countries depending on the area
of waste collection and type of waste. In this study calculation, US $50 was considered in cost benefits analysis as

being a conservative number

® The yield of composting process ranged from 45 to 55% due to volume reduction during the process. The given
value is the yield obtained during the current study

“The cost of compost varied from $ 50 to 200 due to the feedstock used for composting. The given cost of
compost is the average cost of compost produced form organic waste
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The findings of this study along with the economic benefits
of the compost recommend that future research should be
focused on treating the waste containing complex compounds
in an economical way. For instance, the CTC of sludge from
industrial wastewater treatment comprised antibiotics, dyes,
pathogens, and phytotoxic compounds (Khan et al. 2017).
These compounds mostly remained unaffected during natural
composting due to the short thermophilic stage. Similarly,
slaughterhouse waste is also problematic for the Gulf coun-
tries due to the presence of complex substances like fats and
high organic nitrogen that resist degradation. Therefore, CTC
could be a suitable option for reduction and stabilization of
these complex wastes into value-added products. Moreover,
further research is required on the potential of various re-
sources that can be added to the composting system as amend-
ments, including biochar and natural zeolites to optimize the
overall process. Nevertheless, other technologies should also
be examined for treating food waste such as microbial fuel
cells (MFCs) in which food waste can be used for renewable
energy production (Pasupuleti et al. 2015). The energy pro-
duction of MFCs can be enhanced due to heterogeneous nu-
trient mixture of food waste that will act as a biocatalyst to
meet the electron requirement by the circuit.

Conclusions

The composting of food waste at high temperature can reduce
the process time without compromising the compost quality.
The compost stability was achieved within 30 to 45 days in
run C after high-temperature (60 °C) treatment and even
remained unchanged when kept at room temperature. This
confirms the rapid degradation and maturation of food waste
after thermophilic treatment. Moreover, the quality of pro-
duced compost was in line with compost standard of United
States (US), California, Germany, and Austria. Therefore, it is
concluded that heating the materials to an elevated tempera-
ture and maintaining that temperature throughout the
composting process along with a suitable supply of air and
turning of the pile can complete the compost cycle in 30 to
45 days. This will also assure the appropriate sanitization of
final compost according to the international guidelines of
compost handling and production. Hence, considering the sig-
nificant generation of food waste and hot and desert climatic
conditions of the Kingdom of Saudi Arabia (KSA) and other
Gulf countries, composting either in-vessel or windrow or
aerated static pile can be a promising alternative for producing
a quality organic fertilizer in relatively short period of time.
Composting will not only provide sustainable management to
municipal solid waste (MSW) in Gulf countries but will also
fulfill compost demand in the region that was estimated to be
about 500,000 tons per year in 2015 only in KSA with total net
savings of US $70.72 million per year.
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