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Abstract: Composting is an interesting option to recycle big quantities of organic waste because it
helps to mitigate different environmental problems. Complementary characteristics of rice straw
(RS) and sewage sludge (SS) create a suitable mixture to be used in a composting process. This
work studies industrial-scale RS and SS composting to assess both its viability and optimization.
Windrow composting was conducted during two seasons. The complete characterisation (moisture,
pH, electrical conductivity, total, oxidisable and water-soluble organic carbon, humic substances,
organic and mineral nitrogen, macronutrients, micronutrients, heavy metals) of starting materials,
samples taken periodically and final composts were carried out. During the first season, an RS:SS
ratio of 1:8 (w:w fresh weight) was used, which led to a process with adequate temperatures for
biodegradation, but not for ensuring materials’ sanitation. During the second season, the RS:SS ratio
was increased (1:6) to enhance the energy process and, thus, temperatures. Although this increase
took place, degradation slowed down as oxidisable organic carbon and water-soluble organic carbon
indicated. During both seasons, final composts presented adequate pH, high N-richness, and
interesting macro- and micronutrient values. Notwithstanding, they also presented certain salinity
and high ammonium contents, which must be considered for their field application. The obtained
composts have interesting agronomic characteristics, which suggest their potential as an alternative
to conventional fertilisers.

Keywords: organic waste management; organic fertiliser; circular economy; sustainability

1. Introduction

Within the EU Green Deal framework with its Farm to Fork Strategy [1], an integrated
nutrient management action plan will be drawn up. The objective of this plan is to reduce
and prevent further pollution from excessive fertiliser use and to foster the recycling of
nutrients from different organic waste kinds as fertilisers. This will contribute to delivering
the “zero-pollution ambition”. This Strategy aims to reward farmers who have already
moved towards sustainable practices. Farming practices that remove greenhouse gas
emissions from the atmosphere contribute to the climate neutrality objective and should be
recognised via either the Common Agriculture Policy (CAP) or other public initiatives [2].

Rice (Oryza sativa) is a cereal of primary importance for human consumption. Spain is
one of the main rice-producing countries in Europe, with a cultivated rice area of 103,000 ha
and annual production of around 750,000 t. The Valencia province is responsible for 16%
of total Spanish production [3], which is cultivated mainly in the Albufera Natural Park
(ANP). This rice production generates large amounts of rice straw after harvesting, with
about 100 million kg of waste per year. To eliminate it, rice straw open burning in fields
is commonly practiced by rice farmers. However, this activity negatively impacts both
the environment and public health. Burning straw in situ may contribute significantly to
air pollution levels in surrounding areas because CO2, CH4, CO, NOX, SO2, black carbon,
organic carbon, and coarse and fine particles, are emitted, which cause local population
allergic, respiratory and cardiorespiratory problems [4,5] on the one hand, and increase
the carbon footprint on the other hand. As a consequence, this practice is increasingly
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being restricted in many countries of the world. In Valencia, rice straw burning is now
limited [6]. The delivery of CAP agri-environmental aid to farmers is conditioned to
the use of alternative management systems. Rice straw can be incorporated into soil
but, unlike most cereals, this material is resistant to bacterial decomposition due to its
poor wettability and its composition, being formed by cellulose (38.3%), hemicelluloses
(31.6%), lignin (11.8%) and silica (up to 20%) [7,8]. Furthermore, as rice fields are inundated
shortly after harvest, straw decomposition is hindered, which generates unpleasant odours
and irrigation channels are clogged if straw has not been ploughed deep enough [9].
Alternative management is to remove the straw from fields and use it in construction
materials, paper production, mushroom production, or as an energy source, animal feed
and poultry litter [10]. However, removing straw is expensive [9].

Furthermore, the continuously growing population and more economic activities
produce enormous quantities of sewage sludge. This waste results from urban wastewater
treatment. The amount of sewage sludge generated in Spain is around 1.2 million tons
per year (dry matter) [11]. This waste can be used for agriculture and building materials,
eliminated by incineration or left to accumulate in rubbish dumps. Its composition is
variable depending on its origin and previous treatment. In agriculture, it is a source of
organic matter and nutrients, such as nitrogen (N) and phosphorus (P). Its agronomic
value and its negative aspects (heavy metals content and pathogenic microorganisms) have
been extensively studied [12–14]. Furthermore, its direct application to fields has different
disadvantages, such as odour nuisances, high-level moisture, and complicated storage
and handling [15].

Composting is an option to recycle big quantities of organic waste. This biooxidative
process involves the mineralisation and partial humification of organic matter, which leads
to a stabilised final product free of phytotoxicity and pathogens [16]. Within the circular
economy and sustainable agriculture framework, soil amendment with compost is an
agronomically interesting practice as well as an attractive waste management strategy.

Sewage sludge composting is a common practice that needs bulking agents due to the
high moisture, small particle size and pasty texture of sludge. These bulking agents decrease
moisture content, allow adequate gas exchange and prevent excessive compaction [17].
Many authors have studied the composting process on different sewage sludge scales
with distinct materials [18–21], and the composting process of rice straw with other waste
types [22–24]. However, despite the complementary characteristics of sewage sludge and
rice straw creating a suitable mixture to be used in the composting process [25], all this
has been poorly studied. Roca-Pérez et al., (2009) [26] and Ferrer et al., (2002) [27] studied
the composting of sewage sludge with rice straw exclusively in pilot- and medium-scale
experiments, respectively. Further research on an industrial scale is needed to confirm the
viability of these processes on a larger scale. Small- and medium-scale trials can provide
valuable information, but composting processes can vary significantly on a larger scale
due to factors like feedstock variability, process management and resource availability.
Therefore, industrial-scale studies are necessary to ensure the viability and profitability of
composting processes and to allow their optimal implementation.

The aim of this work was to, therefore, study the composting process of rice straw and
sewage sludge in industrial-scale experiments to optimise it and to achieve the recycling
and valorisation of such organic waste.

2. Materials and Methods
2.1. Composting Process, Materials and Conditions

Experiments were conducted using mixtures of rice straw (RS) and sewage sludge
(SS). For the purposes of this study, the composting process was evaluated during two
different seasons, season 1 (S1) and season 2 (S2), with two replicates with one pile each.
Composting experiments started in September 2019 during S1 and in June 2020 during S2.
The ratios of the waste types utilised during each season were 1:8 and 1:6 RS:SS (w:w fresh
weight) during S1 and S2, respectively.
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Trials were carried out at the ‘La Vintena’ commercial facility (Depuración de Aguas
del Mediterráneo, DAM) sited in Carcaixent (39◦6′32.207” N; 0◦29′6.87” W), Valencia. In
this composting plant, which covers an area of 21,000 m2, windrows were prepared in
paved and covered open buildings using a front-end loader. During both seasons, RS
(RS1: RS used in the two replicates of S1 and RS2: RS employed in the two replicates of
S2) came from the rice commercial orchards in the ANP. The anaerobically digested SS
for S1 (SS1: SS used in the two replicates of S1) was obtained from the Alzira-Carcaixent
DAM Water Treatment Plant (39◦6′32.312” N; 0◦29′12.857” W) and for S2 (SS2: SS used
in the two replicates of S2), it was obtained from the Pinedo DAM Water Treatment Plant
(39◦26′7.489” N; 0◦20′37.332” W), both situated close to the city of Valencia. The dimensions
of each pile at the beginning of processes, the shape of a triangular prism, were about
15 m long × 4.0 m wide × 1.70 m high, which corresponded to a volume of 102 m3. Each
windrow was constructed in duplicate with 64.7 kg (7.20 kg RS and 57.5 kg SS) and 42.7 kg
(6.14 kg RS and 36.5 kg SS) on average of waste during S1 and S2, respectively (fresh weight).
These raw materials were weighed before being piled. Composting was carried out without
modifying the usual protocol followed in the above-cited facility. The researchers did not
attempt to influence the course of the composting process.

2.2. Process Monitoring, Sampling and Preparation

Pile temperatures were measured automatically every hour at four points using
thermometric probes connected to loggers inserted at a depth of 1 m (KTT 220, Kimo,
Mumbai, India). The average daily environment temperatures during the experimental
periods were obtained from the meteorological station of the same municipality of the
Carcaixent study site.

At the beginning of trials, raw material samples were collected to be characterised:
four of RS and four of SS. During the composting process, eight samples were taken
from the east and west sides of each pile at different times. They were composed of six
subsamples taken at the top, middle and bottom in different pile locations. During S1,
compost piles were sampled at 0, 7, 16, 27, 37, 50, 63, 72, 84, 94, 104, 114, 127 and 140 days of
the composting process. During S2, samples were taken at 0, 7, 18, 30, 42, 52, 63, 73, 84, 98,
113, 127 and 165 days of composting. In both cases, the final sample was sieved compost.
Each sample was mixed uniformly and divided into two parts. One part was refrigerated
(4 ◦C) until analyses were performed. The other was oven-dried (60 ◦C), ground with a
cutting mill (SM 100, Retsch, Haan, Germany), then sieved through a 0.25 mm mesh sieve
and stored for further analyses.

2.3. Analytical Determinations

Determinations were: granulometry (25 mm, 5 mm and 2 mm), moisture (drying
at 105 ◦C to constant weight), pH (1:25 water extract), electrical conductivity [(EC), 1:5
water extract], total organic carbon [(TOC), ashing at 560 ◦C], oxidisable organic carbon
[(OOC), oxidisation with K2Cr2O7], water-soluble organic carbon [(WSOC), 1:10 water
extract], humic substances [(HS), extraction with 0.1 N Na2P2O7 + NaOH], humic acids
[(HA), precipitation of humic substances extract at pH 2], organic N (Kjeldahl method),
ammonium and nitrate N (2 N KCl extract), macronutrients (HCl digestion), micronutri-
ents and heavy metals (aqua regia digestion) and chromium (Cr) VI (colourimetry with
s-diphenylcarbazide) following the Official Methods of the Spanish Ministry of Agricul-
ture, Food and Fisheries [28] with minor modifications (used reactives Panreac Co., Ltd.,
Barcelona, Spain).The humic acids E4/E6 ratio was also determined by the method de-
scribed by Chen et al., (1977) [29]. Escherichia coli and Salmonella spp. were determined
following the standard procedures ISO 7251:2005 [30] and ISO 6579-1:2017 [31], respectively.

pH was measured with a pH meter (Basic 20, Crison, Barcelona, Spain), EC by a
conductimeter (Sensor+ EC7, Hach, Barcelona, Spain), WSOC content by a Total Organic
Carbon Analyzer (TOC-VCSN, Shimadzu, Kyoto, Japan), the humic acids E4/E6 ratio
and Cr VI by a UV-VIS spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan), organic
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and mineral N using a 8200 Kjeltec (Foss, Tecator AB, Hoeganaes, Sweden) and the total
concentrations of P, potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), iron (Fe),
copper (Cu), manganese (Mn), zinc (Zn), nickel (Ni), lead (Pb), cadmium (Cd), mercury
(Hg) and Cr were measured in simultaneous inductively coupled plasma atomic emission
spectrometry (iCAP-AES 6000, Thermo Scientific, Cambridge, UK). The C/N ratio values
were calculated with the values of total organic carbon and total nitrogen (TN). TN was
calculated by adding the three determined forms (organic, ammonium and nitrate).

2.4. Statistical Analysis

Data were subjected to an ANOVA to test for significant differences between treat-
ments. Before carrying out any statistical analysis, the normality of all the data was studied
using the Kolmogorov–Smirnov test. If the hypothesis of normality was discarded at the
95% confidence level, data were transformed according to the logarithmic function. The
variance of the transformed or non-transformed data was partitioned with a variance anal-
ysis (ANOVA, Statgraphics Centurion for Windows, Statistical Graphics Corp., The Plains,
VA, USA) into one source of variability. The significance of the comparisons made between
seasons was analysed with Fisher’s least significance difference (LSD) test at p < 0.05.

3. Results and Discussion
3.1. Characteristics of the Raw Materials and Initial Mixtures

Moisture, pH and EC of RS, SS and the initial mixtures (IMs) were initially char-
acterised independently during both seasons (Table 1). Although RS was harvested in
rice fields during different seasons and sludge did not come from the same wastewater
treatment plants (WWTPs), the values obtained for these parameters did not statistically
differ, except for moisture. RS2 presented significantly higher moisture values (16.6%) than
RS1 (7.03%). Despite these differences, in both RS:SS ratios (1:8 and 1:6) RS counteracted
the excessive moisture of SS. The IMs showed adequate contents with 73.5% during S1
(IM1) and 69.9% during S2 (IM2) when taking into account that a range of 60–70% provides
maximum microbial activity [32]. The pH of both IMs was suitable for starting the com-
posting process (7.22 in IM1 and 7.53 in IM2). Although the microorganisms responsible for
degradation act within wide pH ranges, the recommended range for this process is around
5.5 to 8.5 because most of the enzymes present in microorganisms are active within this pH
range [33]. The larger amount of RS used in IM2 together with slightly, but not significantly,
higher pH values in RS2 generated a mixture with significantly higher alkaline pH values.
In addition, IM2 showed lower conductivity (5.52 dS/m vs. 8.12 of IM1), possibly due to
the lower conductivity of the raw materials, but it was not possible to determine EC in RS
given its hygroscopic nature.

Table 1. Moisture, electrical conductivity and pH of raw materials and initial mixtures.

Parameter 1 RS1 2 RS2 2 SA 3 SS1 4 SS2 4 SA IM1 5 IM2 5 SA

Moisture (%) 7.03 16.6 ** 84.5 81.1 ns 73.5 69.9 **
pH (1:25) 8.04 8.25 ns 7.40 7.40 ns 7.22 7.53 **
EC (1:5)
(dS/m) -- -- -- 7.53 6.32 ns 8.12 5.52 ***

1 EC: electrical conductivity at 25 ◦C. 2 RS1: rice straw during season 1; RS2: rice straw during season 2. 3 SA:
statistical analysis. ns: not significant. ** Significant at p < 0.01. *** Significant at p < 0.001 (Fisher LDS). 4 SS1:
sewage sludge during season 1; SS2: sewage sludge during season 2. 5 IM1: initial mixture during season 1 (RS:SS
1:8); IM2: initial mixture during season 2 (RS:SS 1:6).

One of the main constituents of composted organic waste is organic carbon. Total
carbon consists of TOC and inorganic carbon in the form of carbonates and bicarbonates.
TOC generally represents more than 90% of the total carbon in composts [34]. No significant
differences in the TOC and OOC concentrations were observed for IMs, although there
were differences in these parameters for SS1 and SS2 and the proportion of straw was
higher in S2 (Table 2).
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Table 2. Total organic carbon, oxidisable organic carbon, humic substances, humic acids and fulvic
acids concentrations of raw materials and initial mixtures.

Parameter 1 RS1 2 RS2 2 SA 3 SS1 4 SS2 4 SA IM1 5 IM2 5 SA

TOC (%) 47.7 46.8 ns 38.0 37.3 ** 42.0 41.7 ns
OOC (%) 43.9 42.7 ns 30.9 27.7 * 33.6 33.3 ns
HS (%) 14.4 16.2 ** 17.3 16.6 ns 14.7 17.1 ***
HA (%) 4.80 7.82 *** 6.80 3.78 *** 4.93 6.00 *
FA(%) 9.57 8.36 * 10.4 12.8 ns 9.76 11.1 ns

1 TOC: total organic carbon; OOC: oxidisable organic carbon; HS: humic substances; HA: humic acids; FA: fulvic
acids. All the data are expressed on a dry weight basis. 2 RS1: rice straw during season 1; RS2: rice straw
during season 2. 3 SA: statistical analysis. ns: not significant. * Significant at p < 0.05. ** Significant at p < 0.01.
*** Significant at p < 0.001 (Fisher LDS). 4 SS1: sewage sludge during season 1; SS2: sewage sludge during season 2.
5 IM1: initial mixture during season 1 (RS:SS 1:8); IM2: initial mixture during season 2 (RS:SS 1:6).

Humic substances, a major reservoir of organic carbon in soils and aquatics environ-
ments, are divided into humin (a fraction that is not soluble in water at any pH), humic
acids (a fraction that is not soluble in water under acidic conditions) and fulvic acids
(soluble in water under all pH conditions) [35]. The results obtained for HS, HA and FA
are shown in Table 2. RS2 had significantly higher HS and HA concentrations than RS1.
These higher concentrations, together with the higher proportion of straw used during S2,
produced an IM with a significantly larger amount of HS and HA.

Microorganisms in composting processes require not only an energy source (degrad-
able organic carbon) but also N for their development and activity [16]. Table 3 shows the
organic, mineral and total N concentrations and the C/N ratio. The total N concentrations
in both raw materials and mixtures showed significant differences between seasons. Or-
ganic N in RS1 (0.775%) was almost half that in RS2 (1.33%), probably due to RS1 coming
from the previous season and the important N losses that occurred during its storage. These
differences were not detected in the IMs because N was provided mainly by SS. In mineral
N, only significant differences were seen in NO3

−-N. Indeed SS2 showed lower values than
SS1 (453 mg kg−1 and 2047, respectively), which resulted in significantly lower NO3

−-N
in IM2 than in IM1. An adequate C/N ratio in IMs is fundamental for the appropriate
degradation of materials by means of microbiological activity throughout the process. The
IM1 and IM2 C/N ratios were 13.5 and 12.1, respectively, which are far from 25 to 30
which is generally considered optimal. However, in a study about the influence of different
C/N ratios on the microbiological activity of distinct RS and SS blends, Roca-Pérez et al.,
(2005) [36] indicate C/N values of around 17 as being adequate because they lead to greater
microorganism growth and better mixture homogeneity with, consequently, greater micro-
biological attachment. Likewise, Ferrer et al., (2002) [27] adequately composted SS and RS
in a study about the effects of urea addition and municipal solid waste (MSW)-compost
extract inoculation during SS and RS composting, for which they used mixtures with C/N
ratios ranging from 11.8 to 13.7.

SS showed a higher concentration of macronutrients than RS, except for K (Table 3).
This low content was due to the fact that K is highly soluble in water and remains dissolved
in the effluent during the wastewater treatment process [37]. SS showed wide variability
in all the elements due to the different origins of the wastewater treated in WWTPs.
Similarly, RS contents were also variable because they came from harvests of different
campaigns. The values agree with the range obtained by Iranzo et al., (2004), [25] during
the characterisation of 30 RS and 7 SS as composting materials. Significant differences in
raw materials led to different concentrations in the IMs, except for Mg. Both mixtures
presented interesting macronutrient values, especially P, which was higher than those
reported in previous studies [26].
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Table 3. Organic, mineral and total nitrogen concentrations, C/N ratio and macronutrient concentra-
tions of raw materials and initial mixtures.

Parameter 1 RS1 2 RS2 2 SA 3 SS1 4 SS2 4 SA IM1 5 IM2 5 SA

Organic N (%) 0.775 1.33 *** 3.88 3.52 ** 2.50 2.67 ns
NH4

+-N (mg kg−1) 146 75.5 ns 9705 11848 ns 5387 7572 ns
NO3

−-N (mg kg−1) 142 113 ns 2047 453 *** 937 216 ***
Total N (%) 0.798 1.35 ** 5.05 4.75 ** 3.13 3.45 *
C/N ratio 60.4 35.1 ** 7.53 7.85 ** 13.5 12.1 *
P2O5 (%) 0.242 0.269 ns 5.09 6.97 *** 3.02 4.14 ***
K2O (%) 1.33 0.827 * 0.295 0.195 ** 0.981 0.531 ***
CaO (%) 0.633 2.06 *** 7.09 7.05 ns 4.28 4.80 *
MgO (%) 0.352 0.638 ** 1.01 0.741 ** 0.757 0.655 ns
Na2O (%) 0.0771 0.127 * 0.443 0.135 *** 0.310 0.139 ***

1 All the data are expressed on a dry weight basis. 2 RS1: rice straw during season 1; RS2: rice straw during season
2. 3 SA: statistical analysis. ns: not significant. * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at
p < 0.001 (Fisher LDS). 4 SS1: sewage sludge during season 1; SS2: sewage sludge during season 2. 5 IM1: initial
mixture during season 1 (RS:SS 1:8); IM2: initial mixture during season 2 (RS:SS 1:6).

SS presented substantially higher micronutrient and heavy metals contents than RS
(Table 4). Heavy metals are normal in industrial and domestic wastewater and come from
different sources of waste, such as batteries, paints, fertilisers, pesticides, pigments and
galvanised pipes [38,39]. Both SS did not exceed the quality standards in force at the time
for treated SS (threshold concentrations of Cd, Cu, Ni, Pb, Zn and Cr are 20, 1000, 300, 750,
2500 and 1000 mg kg−1 dry weight for soils with pH < 7 and 40, 1750, 400, 1200, 4000 and
1500 dry weight for soils with pH > 7 respectively) [40] and fertilising products (threshold
concentrations of Cd, Cu, Ni, Pb, Zn and Cr are 0.7, 70, 25, 45, 200 and 70 mg kg−1 dry
weight for the higher quality products (class A); 2, 300, 90, 150, 500 and 250 mg kg−1 dry
weight for the medium quality products (class B) and 3, 400, 100, 200, 1000 and 300 mg kg−1

dry weight for the lower quality products (class C) respectively) [41]. In macronutrient
contents, significant differences in raw materials led to different concentrations in the
mixtures of almost all the micronutrients (Zn, Ni, Pb, Cd and Cr). Similar Fe contents were
obtained in both IMs in spite of significant differences in raw materials. On the contrary,
IM1 and IM2 differed in Cu and Mn, but neither straws nor sludges were significantly
different, probably due to the distinct RS:SS ratios.

Table 4. Micronutrients and heavy metals concentrations of raw materials and initial mixtures.

Parameter 1 RS1 2 RS2 2 SA 3 SS1 4 SS2 4 SA IM1 5 IM2 5 SA

Fe (mg kg−1) 1477 752 ns 35,135 32,946 * 19,835 19,895 ns
Cu (mg kg−1) 6.35 9.03 ns 111 181 ns 63.4 72.8 **
Mn (mg kg−1) 94.5 85.6 ns 107 112 ns 91.4 103 *
Zn (mg kg−1) 39.8 62.8 * 651 781 ** 371 488 ***
Ni (mg kg−1) 4.07 4.74 ns 51.7 42.7 ** 26.4 22.3 **
Pb (mg kg−1) 3.05 3.62 ns 55.8 43.6 *** 31.0 26.4 **
Cd (mg kg−1) 0.0744 0.0684 ns 2.51 1.91 *** 1.37 1.24 *
Cr (mg kg−1) 7.60 11.6 * 84.1 169 *** 39.4 95.4 ***

1 All the data are expressed on a dry weight basis. 2 RS1: rice straw during season 1; RS2: rice straw during season
2. 3 SA: statistical analysis. ns: not significant. * Significant at p < 0.05. ** Significant at p < 0.01. *** Significant at
p < 0.001 (Fisher LDS). 4 SS1: sewage sludge during season 1; SS2: sewage sludge during season 2. 5 IM1: initial
mixture during season 1 (RS:SS 1:8); IM2: initial mixture during season 2 (RS:SS 1:6).

3.2. Composting Process

Temperature and aeration are essential parameters in a composting process [17]. The
composting material was turned and mixed by a bridge turner for its cooling and aeration
34 and 22 times during S1 and S2, respectively. Turning was carried out according to the
temperature measured every hour daily. In the beginning, turning was conducted very
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frequently to achieve the homogenisation of materials. Proper aeration allows temperature
control, eliminates excess moisture and CO2, and provides O2 for biological processes [16].
The temperature values obtained inside each pile during the processes, and the ambient
temperatures and turnings carried out during both seasons, are shown in Figure 1. During
S1, the process occurred within the upper range of mesophilic temperatures (T < 55 ◦C).
These temperatures allow greater mass loss because they maximise the biodegradation
rate [42]. However, thermophilic temperatures (T > 55 ◦C) were not reached because the
maximum value was 53 ◦C, obtained on days 88 and 89. Although this temperature may be
insufficient to ensure the complete sanitation of the resulting products, the microbiological
analyses of final composts showed E. coli contents less than 1000 MPN g−1 and the absence
of Salmonella spp. in 25 g, meeting the legislation requirements [41]. The difficulty in
reaching high temperatures was probably due to the initial stability of the employed
SS. Indeed Maulini-Duran et al., (2002) [43] demonstrated that composting processes
of wastewater sewage sludge biologically treated by anaerobic digestion attained lower
temperatures than raw sludge composting due to the significant stabilisation of organic
matter in digested sludge. According to the obtained data, an increase in the initial
proportion of RS was considered to favour a more vigorous process and to increase the
RS management capacity of the commercial facility. Thus during S2, the RS:SS ratio of 1:6
(w:w) was used. This ratio made it possible to reach higher temperatures: from 67 ◦C to
70 ◦C for 40–48 composting days. This compost was acceptable in sanitation terms (absence
of Salmonella spp. in 25 g and <1000 MPN g−1 of Escherichia coli). During both processes, at
around 127 days of composting the temperature began to not substantially increase after
turnings, which indicates the beginning of the maturation phase.
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Figure 1. Evolution of ambient and inside the pile’s temperatures during the composting processes.
White circles indicate turnings (o).

In addition to temperature, moisture content and the C/N ratio also strongly influence
microbial activity. The evolution of these parameters during both seasons is shown in
Figure 2. Moisture content decreased in the first 50 days during both S1 and S2, but this
decrease during S1 was accompanied by a significant drop in temperatures, unlike S2.
When moisture is very low, the process can be prematurely stopped and the inhibition of
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microbiological activity may occur by entraining temperature reduction [42]. Therefore,
during S1, intensive watering was carried out using a hose connected to a tank attached
to a forklift truck to reach the highest points of piles. Despite the low moisture content
during S2, no irrigation was performed because temperatures indicated adequate process
progress. During both seasons, the C/N ratio gradually lowered until it stabilised by the
end of composting. This trend is usual in such processes and agrees with other studies of
SS composting with different bulking agents [37,44].
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The decrease in the C/N ratio was supported by reductions in total and water-soluble
organic C (Figure 3). At the end of composting, TOC reduction was greater during S1 (27%)
than during S2 (19%). Microbial degradation, which causes decomposition and loss of
organic matter, would have been promoted by both moisture conditions during S1 and
material homogeneity being better as a result of the lower RS:SS ratio. WSOC content
is an indicator of the quantities of readily degradable substances in or generated from
organic materials [45]. The initial values of 1.44% and 1.88% for IM1 and IM2, respectively,
were lower than those usually generated in mixtures with other raw materials due to
the relative initial stability of the previously digested sludge. Indeed Sanchez-Monedero
et al., (2001) [46] reported WSOC content to be 2.43% for an IM while composting primary
aerobic sewage sludge and cotton waste. During S1, this parameter decreased throughout
the process (67%). However, during S2, it behaved differently because the amount of the
bulking agent was larger. The final value (1.89%) was practically the same as the initial
value as a result of a balance between the degradation rates of labile organic compounds
and the mineralisation of the resulting fractions.
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The evaluation of the degree of organic matter humification during composting is an
agronomic criterion for assessing compost quality [23]. Organic matter humification during
composting is evidenced by the formation of humic acids with increases in molecular
weight, aromatic characteristics and functional groups [16]. As the process progresses, hu-
mic substances are produced, humic acids increase, while the fulvic acid fraction decreases
or remains unchanged [16,47]. In our study, the data obtained for HS, HA, FA contents and
the E4/E6 ratio of humic acids generally showed wide variability (Figure 4). This variability
was due to both the extreme sensitivity of the analytical method and the material’s wide
variability. A similar variation was observed by Canet and Pomares in 1995 [48] in a study
of MSW composting on the industrial scale.

The evolution of pH and EC during processes is shown in Figure 5. Microbial activity
during a composting process can be favoured by adequate pH, with optimum values
between 5.5 and 8.0 [16]. During both seasons, the pH values fell within this optimal
range. pH evolution during composting usually moves towards neutrality as a result of
the gradual disappearance of the simplest and most reactive organic forms throughout the
process. In our study, the pH values at the beginning of processes were slightly alkaline,
probably due to the large quantity of ammonium released from the N components present
in sludge. However, during composting, the pH values were under 7 most of the time due
to the production of organic acids by carbohydrate and lipid degradation [23].

Large increases in EC were observed in the initial phase for both seasons, caused by the
release of soluble salts like ammonium and phosphate that result from the decomposition
of readily biodegradable organic substrates [49]. However, these values stabilised as
the process progressed because of a balance between a decrease due to the reduction of
water-soluble substances, ammonia volatilisation and the precipitation of mineral salts [22]
and an increase in the total salt concentration because organic matter disappeared. The
incorporation of a larger amount of straw in IM2 resulted in a greater increase in the degree
of salinity, with a rise of 152% versus 47% for S1.
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During a composting process, N is lost by NH3 volatilisation, leaching and denitrifica-
tion. At the same time, N concentration increases as a consequence of a concentration effect
due to the weight reduction of a pile. In our study, as an outcome of both situations the
initial total N and the final total N were close during both seasons (3.13% initial N —3.07%
final N and 3.45% initial N —3.37% final N, for S1 and S2, respectively) (Figure 6).
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The mineral N, NH4
+-N and NO3

−-N concentrations (Figure 7) varied throughout
the process during both seasons. During S1, the NH4

+-N concentration lowered by 4%
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after 140 days of composting. This reduction could have been due to nitrification and
NH3 volatilisation [50]. However, volatilisation was not favoured due to the moderate
pH values of processes (pH < 8) [51]. On the contrary, during S2 NH4

+-N increased by 5%
after 165 days of composting, probably because of the predominance of the ammonification
process, which converts organic N into NH4

+ [23].
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Figure 7. Evolution of ammonium and nitrate nitrogen during the composting processes. Vertical
bars indicate standard deviation (n = 8).

The expected increase in NO3
−-N, which is normally seen at the end of composting

processes, was not observed in either season. No important leaching losses occurred as
the conditions under which composting was conducted did not favour the formation of
leachates. Indeed, windrows were built under cover to avoid the influence of possible
precipitation, and irrigation was occasional (once during S1) or nil (during S2). The
most likely explanation for the lack of NO3

−-N accumulation would be that important
denitrification would have taken place during S1 and, in agreement with the TOC and
WSOC results, the higher RS:SS ratio during S2 would have slowed down the process and,
therefore, that of nitrification.

3.3. Yields Obtained and Analytical Characteristics of the Composts

After completing the process, the composted mixtures were sieved. The amounts
of compost obtained per season were 14,135 kg (weight basis) of C1 (average of the two
composts obtained during S1) and 7960 kg of C2 (average of the two composts obtained
during S2). The composts generated per kg of initial RS, the RS required for the formation
of one kg of compost and the yields obtained during both seasons are shown in Table 5.
During S2, a larger quantity of RS was used to produce one kg of compost compared to S1.
As one of the present study objectives was to valorise the maximum amount of RS possible,
the composting process during S2 would be the most appropriate. Increasing the bulking
agent during S2 resulted in significantly lower yields in wet weight, but similarly to dry
weight, which suggests that changes were due mainly to water losses.
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Table 5. Compost generated per kg of initial rice straw, the rice straw required for the formation of
one kg of compost and the yields obtained in two seasons.

Parameter 1 S1 2 S2 2 SA 3

Compost (kg)/RS (kg−1) 1.97 1.29 **
RS (kg)/Compost (kg−1) 0.510 0.915 *

Wet weight yield (%) 21.9 18.6 *
Dry weight yield (%) 48.9 48.6 ns

1 RS1: initial rice straw. Weights of rice straw and compost are expressed on a wet weight basis. 2 S1: Season
1; S2: Season 2. 3 SA: statistical analysis. ns: not significant. * Significant at p < 0.05. ** Significant at p < 0.01.
(Fisher LDS).

In both seasons, compost granulometry met legislation requirements (>90% compost
particles >25 mm, <2% gravel particles >5 mm, <1.5% impurities >2 mm) [52]. The final
moisture, pH and EC values of composts are shown in Table 6. As a result of the low
moisture contents throughout the process, C2 (26.2%) was significantly drier than C1
(46.2%) and met the legislation requirement of 40% maximum moisture [52]. The pH values
in both C1 and C2 (6.94 and 6.96, respectively) fell within the recommended range according
to previous studies [53]. Indeed these values are especially interesting for their application
in soils like the alkaline ones found in the Valencia region. C1 and C2 significantly differed
in EC, and had higher values than IM1 and IM2, due to lack of watering and the salt
concentration as a result of reduced organic matter. Both composts had high EC values,
which should be considered in their doses for field application purposes. However, given
the nutrient richness of the sludge composts, the ratio of salt input per unit of compost
may be advantageous compared to other poorer composts, such as MSW. Furthermore, the
improvement in soil structure that compost application produces can favour salt washing
and might, thus, reduce salinity problems.

Table 6. Moisture, electrical conductivity and pH of the generated composts.

Parameter 1 S1 2 S2 2 SA 3

Moisture (%) 46.2 26.2 ***
pH (1:25) 6.94 6.96 ***

EC (1:5) (dSm−1) 11.9 14.7 ***
1 EC: electrical conductivity at 25 ◦C. 2 S1: Compost obtained in season 1; S2: Compost obtained in season 2. 3 SA:
statistical analysis. *** Significant at p < 0.001 (Fisher LDS).

The total, oxidisable and WSOC of composts are indicated in Table 7. TOC in C1 and
C2 corresponded to 52.4% and 56.5% of total organic matter, respectively, being higher than
the minimum content (35%) indicated in the legislation [52]. Due to the different organic
matter evolution during composting, C1 and C2 significantly differed in TOC and OCC
values, although no significant differences were observed in the IMs. The larger amount of
RS during S2 would have slowed down the process. The higher proportion of RS led to an
increase in plant components, such as cellulose, hemicellulose and lignin, the last of which
is the most difficult component to degrade. While composting SS and green waste, after
135 days of composting Jouraiphy et al., (2005) [54] found that 61% and 70% of cellulose
and hemicellulose, respectively, was degraded, but only 37% of lignin. This slower process
resulted in less mature composts according to the final WSOC values with 1.86% for C2
versus 0.475% for C1 and despite the process taking more days than during the first season.
According to Bernal et al., (1998) [55] and Hue and Liu (1995) [56], who set WSOC at <1.7%
and WSOC at <1%, respectively, as a limit for mature composts from a wide range of wastes,
C1 would be a mature compost, while C2 would not.
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Table 7. Total organic carbon, oxidisable organic carbon, water-soluble organic carbon, humic
substances, humic acids and fulvic acids concentrations of the generated composts.

Parameter 1 S1 2 S2 2 SA 3

TOC (%) 30.4 32.8 ***
OCC (%) 23.5 28.1 ***

WSOC (%) 0.475 1.86 ***
HS (%) 9.62 15.6 ***
HA (%) 4.28 8.38 ***
FA (%) 5.34 7.17 ***

1 TOC: total organic carbon; OOC: oxidisable organic carbon; WSOC: water- soluble organic carbon; HS: humic
substances; HA: humic acids: FA: fulvic acids. All the data are expressed on a dry weight basis. 2 S1: Compost
obtained in season 1; S2: Compost obtained in season 2. 3 SA: statistical analysis. *** Significant at p < 0.001
(Fisher LDS).

HS contents were significantly different in composts, as they were in the IMs, with
values of 9.62% and 15.6% for C1 and C2, respectively (Table 7). HA and FA were higher in
C2 than in C1 (8.38% HA and 7.17% FA vs. 4.28% HA and 5.34% FA) where a bigger straw
fraction was used. The values in both composts agree with the 13.4% HS, 7.97% HA and
5.21% FA reported by Zhao et al., (2016) [17] for an RS compost with SS.

Table 8 presents the N contents and C/N ratios. The total N in all the composts was
high, with higher values in C2 than in C1. There was good sustaining N despite the many
performed turnings because the final contents were in the same order as those in the IMs.
Values were higher than those reported by other authors in SS and RS composts, such as
Jusoh et al., (2013) [53] (1.80%) and Zhao et al., (2016) (1.86%) [17]. In the same way, total N
was high compared to most manures [57,58], which shows its interesting potential as an
N organic fertiliser. High ammonium levels stood out, which were not negative because
N richness is very important in an organic fertiliser, but it must be taken into account to
obtain the correct dose of compost. The final C/N ratio values of 10.1 and 9.72 for C1 and
C2, respectively, met legislation requirements for fertilizing products (C/N < 20) [52] and
agreed with those considered by Fialho et al., (2010) [59], who estimated that final values to
be about 10, which indicates slow microbial activity and the material’s stabilisation.

Table 8. Organic, mineral and total nitrogen concentrations, C/N ratio and macronutrient concentra-
tions of the generated composts.

Parameter 1 S1 2 S2 2 SA 3

Organic N (%) 2.32 2.52 ***
N-NH4

+ (mg kg−1) 6170 8510 ***
N-NO3

− (mg kg−1) 791 58.9 ***
Total N 3.02 3.38 ***

C/N ratio 10.1 9.72 **
P2O5 (%) 4.44 5.41 ***
K2O (%) 1.40 0.953 ***
CaO (%) 8.19 7.23 ***
MgO (%) 1.25 0.968 ***
Na2O (%) 0.498 0.291 ***

1 All the data are expressed on a dry weight basis. 2 S1: Compost obtained in season 1; S2: Compost obtained in
season 2. 3 SA: statistical analysis. ** Significant at p < 0.01. *** Significant at p < 0.001 (Fisher LDS).

As seen in Table 8, macronutrient contents increased during both processes due to the
drop in the total mass. Significant differences between both seasons were observed for all
the nutrients. Similar P2O5 (4.97%), K2O (1.04%), MgO (1.25%) and Na2O (0.307%) contents
were obtained by Ferrer et al., (2002) [27] in an SS and RS compost.

The micronutrient and heavy metal contents of composts are shown in Table 9. Al-
though the composting process intrinsically reduces the availability of heavy metals com-
pared to other organic waste stabilisation methods, the heavy metals content in composted
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waste materials must be controlled to protect soil quality and avoid contamination [60].
Cu, Ni, Pb, Cr and Hg for C1 and C2 concentrations would allow their inclusion in class B
fertiliser products by Spanish legislation [41]. However, Cd and Zn concentrations were
slightly higher than the maximum permitted values (2 mg kg−1 for Cd and 500 mg kg−1

for Zn). Higher Cd and Zn values of 2.5 and 610 mg kg−1 have also been reported by Roca-
Pérez et al., (2009) [26] in SS and RS composts. In general, the micronutrients and heavy
metals values increase during the composting process due to the microbial degradation of
the organic matter and loss of volatile solids [60]. Therefore, despite the IMs containing Cd
and Zn at the allowed values, their concentrations during composting led to high Cd and
Zn values. Starting with raw materials with lower Cd and Zn values could have avoided
exceeding limitations. New legislation has been recently published in Spain [61] to set
standards for sustainable nutrition in agricultural soils. The concentrations of the heavy
metals in C1 and C2 would comply with the established levels. Valuable micronutrient
concentrations suitable for agricultural use were obtained in both seasons, and the high
Fe levels in C1 and Mn in C1 and C2 are especially interesting. In S1, both micronutrients
and heavy metals (except Mn and Cd) showed much higher contents compared to the IMs
than during S2, which confirms greater organic matter degradation as the TOC, OCC and
WSOC values also indicate.

Table 9. Micronutrients and heavy metals content of the generated composts.

Parameter 1 S1 2 S2 2 SA 3

Fe (mg kg−1) 32,021 25,692 ***
Cu (mg kg−1) 98.4 96.1 ns
Mn (mg kg−1) 155 183 ***
Zn (mg kg−1) 569 626 ***
Ni (mg kg−1) 36.8 24.5 ***
Pb (mg kg−1) 42.9 34.2 ***
Cd (mg kg−1) 1.54 2.18 ***
Cr (mg kg−1) 52.9 112 ***

Cr (VI) (mg kg−1) nd 4 nd
Hg (mg kg−1) 0.800 0.850 ns

1 All the data are expressed on a dry weight basis. 2 S1: Compost obtained in season 1; S2: Compost obtained in
season 2. 3 SA: statistical analysis. ns: not significant. *** Significant at p < 0.001 (Fisher LDS). 4 nd: not detectable.

4. Conclusions

The results of this study indicate that industrial-scale RS and SS composting is a
viable solution for the recycling and valorisation of large quantities of both waste types
due to their complementary characteristics. Indeed, the RS and SS mixtures presented
adequate features for initiating the composting process, as well as very interesting macro-
and micronutrient contents. The RS:SS ratio of 1:8 (w:w fresh weight) during S1 led to a
process with adequate temperatures for organic matter biodegradation, but not enough
thermophilic. The usual protocol followed in the facility, which includes many turnings,
the fact that digested and relatively stable SS was used, and the fast decreasing moisture
noted by 50 days, could have impeded reaching high enough temperatures. To overcome
this problem, a decision was made to increase the RS proportion in the IMs to an RS:SS
ratio of 1:6 (w:w fresh weight) with the added objective of valorising larger quantities of
this waste. The number of turnings in the second half of the process was also reduced. As a
result, higher temperatures were reached, but TOC, OCC and WSOC indicated less material
degradation throughout the process, as well as less stable final composts compared to S1.
Poor moisture management would have affected composting. As temperatures indicated
adequate process progress, no corrective measures were taken, and lack of moisture would
have slowed down biodegradation.

In both seasons, final composts presented adequate granulometry and pH values.
Moisture content was adequate in C2 but slightly higher than legislation requirements in
C1. Compost showed certain salinity that, albeit not a major issue, must be considered
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for their dose for field applications. Similarly, the high ammonium contents must be
taken into account for their correct application. Compost presented high N richness, as
well as interesting macro- and micronutrient values, especially P, Fe and Mn. Heavy
metals concentrations would allow their inclusion in class B fertilizer products by Spanish
legislation except for Cd, in C2 and for Zn in both composts. Microbiological requirements
were met in both seasons. Although obtained composts have interesting characteristics
which render them worthy fertilisers, further research is necessary to increase their quality,
considering other parameters, such as antibiotics, organic compounds, dioxins and furans.
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