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Abstract 
Composting is among the most effective integrated waste management strategies used to recycle sewage sludge (SS) 
waste and generate a useful product. An encapsulated lifting system (ELS) is a relatively new industrial-scale 
composting technology. The objective of this study was to evaluate the effectiveness of composting dewatered 
stabilized SS mixed with green waste using this new technology. The composting process was monitored by 
changes in the physico-chemical properties, UV-visible spectra, and fourier transform infrared (FTIR) spectra. The 
composting temperature was steady in the thermophilic range for 24 and 12 d in the intensive and maturation 
phases, respectively, which fulfilled the disinfection requirement. Moreover, the temperature increased rapidly to 
76.8°C within three days, and the thermophilic temperatures peaked twice and lasted longer than in traditional 
composting, which accelerated SS degradation and decreased the composting period necessary to obtain mature 
compost. FTIR spectroscopic analysis showed a diminished in methyl group derived from methane (CH4) and 
methylene C-H aliphatic groups because of organic matter degradation by microorganisms and an increased number 
of aromatic chains. The new technology may be a viable and sustainable alternative for SS management that 
converts waste into compost that is useful as a soil amendment. 
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1. Introduction 

Rapid increases in population density and mounting urbanization and industrialization have led 

to many additional wastewater treatment plants being built; as a result, the amount of wastewater 

and sewage sludge (SS) generated has dramatically increased, and the disposal of these materials 

has become a major technical challenge in terms of both operating costs and ecological damage. 

Untreated SS and direct agricultural use without previous treatment and stabilization can 

potentially cause groundwater pollution, generate odors, and pose risks to human health and the 

environment because SS contains high concentrations of toxic metals, infectious microbes and 

organic micropollutants [1]. Moreover, the current capital and operating costs for sludge 

management can reach 25-50% of the total cost of the wastewater treatment process [2]. 

The production of SS as a result of urban wastewater treatment in the 27 continental EU 

countries will reach 13.5 million tons of dry matter by 2020 [3], and the environmental pollution 

resulting from this SS will become a key issue if it is left untreated. It is therefore important to 

identify alternative disposal methods and effective technologies for waste reuse to eliminate the 

harmful environmental impacts of this SS. 

Composting can help efficiently manage SS by reducing the volume and weight of initial 

waste by approximately 50%, as well as killing pathogenic microorganisms due to the generation 

of heat (50°C to 70°C) during its thermophilic phase, and producing mature and stable organic 

substances [4]. However, to obtain a high-quality compost product, efficient composting 

technologies must be used [5]. Currently, various composting technologies are available; the 

choice of technology depends on the operational cost, the time needed to reach compost maturity, 

the land availability, and the source of raw materials. In recent years, due to the demand for new 

SS treatment technologies, composting technologies have been subjected to considerable 
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modifications (e.g., cocomposting, vermicomposting, and windrow composting) to make 

composting technology more cost effective [6]. 

Two-stage composting is a relatively new concept in the production of compost, which 

integrates two completely different technologies into a single composting process in order to 

improve the final compost quality and increase the cost-effectiveness of the process; it also helps 

to minimize the negative environmental impact of traditional composting technologies. Several 

two-stage systems have been examined: some systems combine two composting technologies, 

such as the integration of in-vessel composting with periodically turned windrow composting or 

the integration of vermicomposting and traditional composting methods, while other systems 

include some form of mechanical treatment, such as waste pre-treatment, mechanical biological 

treatment (BMT), or anaerobic digestion (AD), prior to the composting process [7]. 

The first paper addressing the two-stage composting was by Kulikowska and Klimiuk [8], 

who studied SS waste. The technology involves a transfer between two systems, typically a 

periodically turned windrow and an aerated bioreactor. The organic waste spends a short time 

(10 d) in the aerated bioreactor to allow decomposition and sanitation of the organic material 

before spending 207 d in the windrow to reach maturity. Another two-stage composting 

technology involves primary composting (PC) and secondary composting (SC) [9]. During PC, 

the thermophilic phase (50°C to 60°C) starts quickly and persists for a long period. When the 

temperature decreases to ambient temperature, PC is considered complete, and SC begins, during 

which decomposition continues, resulting in a second thermophilic phase [9]. This novel 

technology thus results in two thermophilic temperature peaks during the whole composting 

process and a longer thermophilic phase than that obtained with traditional composting (one 

stage with composting windrows); in addition, compared with traditional composting, the 

2 
 



 

composting duration of the new method is shortened, and the quality and stability of the compost 

product are increased. Only 30 d are required for the production of mature compost with two-

stage composting, as opposed to the 90 d to 270 d required in traditional composting [10]. 

González et al. [11] demonstrated the advantages of SS composting at the industrial scale 

by utilizing an aerated static windrow covered with a novel semipermeable film. This novel 

technology reduces carbon dioxide, sulphur, and nitrogen oxide emissions and also reduces the 

overall process time by reducing heat losses and prolonging the thermophilic phase; furthermore, 

by increasing the treatment capacity, this technology increases system efficiency and reduces 

operating costs [11]. However, the disadvantages of such systems include complex infrastructure 

and greater costs than required for open-windrow composting technologies. 

The use of a semipermeable cover system with air-floor aeration for a mixture of SS and 

pruning debris green waste (GW) led to a change in the bacterial profile; microorganisms with 

the ability to degrade recalcitrant compounds were detected in the early stages of composting, 

presumably due to the high temperatures rapidly reached during the first few days of composting 

[12]. In a previous study, during the composting of pig manure and wheat straw using a 

semipermeable membrane cover with a bottom-up aeration system, the relative abundances of 

anaerobic Clostridiales and pathogenic Pseudomonas decreased, and the abundance of the 

facultative anaerobe Cellvibrionales, which has a complex cellulase system, increased [13]. The 

use of a semipermeable membrane during pig manure and wheat straw composting with a 

bottom-up aeration system allowed even and sufficient oxygen concentration to be achieved with 

a slight positive pressure, decreasing the anaerobic zone in the compost pile and decreasing 

methane (CH4) emissions by 22.42% [14]. Greenhouse gases (CO2, CH4, and N2O), as well as 
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ammonia production and emissions were also decreased during cattle manure composting using a 

semipermeable membrane cover [15]. 

The encapsulated lifting system (ELS) is a relatively new composting technology that 

includes a two-phase aerated static windrow combined with a GORE(R) cover membrane and a 

bottom-up aeration system. However, to date, data on the use of ELS technology with a GORE(R) 

cover membrane in SS composting remain unavailable. Therefore, this study is novel, and the 

goal was to evaluate the effectiveness of this technology based on monitoring the changes in the 

physico-chemical properties and the UV-visible and fourier transform infrared (FTIR) spectra 

during a SS composting process. 

 

2. Materials and Methods 

2.1. Composting Materials 

The study was carried out at a composting facility at the municipal wastewater treatment plant in 

the city of Kecskemet, Hungary. The plant serves a population of 240,000, treats 20,000 m3/d 

and generates 22,400 t/y of activated SS (21-23% dm content). The composting facility was 

established in 2010, with its initial production capacity being approximately 5,000 m3/y. 

The dewatered stabilized SS (DSSS) and GW were used for composting. The DSSS was 

obtained by centrifuging stabilized sludge from a biogas digester, while the GW (grass, wood 

chips, tree leaves, etc.) was collected from the parks and gardens in Kecskemet. The DSSS was 

mixed with the GW materials, which acted as bulking agents, at a 1:4 proportion of sludge to 

bulking agent to obtain optimum moisture and a C/N ratio of approximately 65% and 25:1, 

respectively. The main characteristics of the raw materials used are presented in Table 1. The 

DSSS was characterized by having the highest moisture and nitrogen content, while the GW had 
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a high organic matter (OM) content and the lowest moisture content. The GW materials were 

thus added to lower the overall moisture content, increase the C/N ratio, and enhance the final 

structure of the composted material. 

Table 1. 

 

2.2. Composting Process 

Composting processes were carried out using an ELS with a GORE(R) cover membrane at an 

industrial scale (Fig. 1). The composting process consisted of two phases of aerated static 

windrow treatment under cover: an intensive phase (4 weeks) and a maturation phase (3 weeks). 

Fig. 1.  

At the beginning of the intensive phase, the mixture was loaded into a composting cell; 

this was on day 0. The cell (35 m long, 8 m wide, and 2.6 m high, with a 730 m3 total capacity) 

had three reinforced concrete side walls, was covered with GORE(R) cover membrane, and had a 

dedicated ventilation system to ensure its oxygen supply. When the windrow temperature 

dropped to ambient temperature at day 28, the intensive phase was considered complete. At that 

time, the mixture was removed from the composting cell with an excavator and placed in another 

composting cell for the maturation phase. That cell (30 m long, 8 m wide, and 2.6 m high, with a 

630 m3 total capacity) had three reinforced concrete side walls, which were covered with a 

GORE(R) cover membrane and had a ventilation system to provide adequate aeration. The 

maturation phase began on days 29 till 49. A 4 m high glass-fibre tarpaulin was attached to the 

reinforced concrete walls, and the whole structure was covered with a GORE(R) cover membrane 

during both phases to avoid excessive water loss caused by wind and evaporation. The two-stage 

composting process was considered complete when the temperature of the windrow declined to 
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ambient temperature. The material was then screened using a screening drum with 12 x 12 mm 

holes. 

The temperature was measured using Pt-100 type sensor housed in stainless-steel sheath 

that were connected to a data acquisition system linked to a standard PC. The Pt-100 sensor was 

placed in the windrow at measuring points located at half the windrow’s height. The daily mean 

temperatures were calculated based on recorded hourly temperatures that were taken 

continuously throughout the process using a digital recorder. Another temperature sensor was 

placed outside to measure the ambient temperature for comparison. 

 

2.3. GORE(R) Cover Membrane 

The GORE(R) cover membrane had three different layers: an expanded polytetrafluoroethylene 

(ePTFE) membrane/microporous film, and two protective layers made of high-robust polyester 

fabric that formed the laminate's top and bottom layers. The membrane in the middle layer acted 

as the functional component, and the membrane parameters were as follows: water vapor 

permeability resistance of ≤ 19.5 m2 Pa W-1, air permeability of 1.5-6.5 m3 m-2 h-1, and 

hydrostatic pressure of ≥ 50 kPa [15]. 

The GORE(R) cover membrane is waterproof, windproof, and reusable; the material is 

highly tolerant to biological and chemical degradation and to heat (up to 200-260°C) [15]. With a 

micropore size of approximately ≤ 0.2 µm, the membrane effectively prohibits the release of 

microbes, gaseous substances, and particulate matter while remaining semipermeable to moisture 

[16]. Most of the water vapor generated during the early composting phase in response to 

decomposition of OM did not escape the membrane due to the limited permeability of the 

membrane, however, building up an aqueous condensate layer on the inner surface of the cover. 
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This aqueous condensate layer acted as a scrubber for odours by dissolving odour compounds 

and forming droplets that returned the compounds to the composting material where they could 

be further decomposed by microorganisms. 

 

2.4. Ventilation System 

Air was supplied via ventilators and trenches placed at the base of the windrow. These trenches 

acted as ducts to provide air to the windrow and to collect leachate from the windrow. Aeration 

was accomplished by ventilators with a maximum flow rate of 2,400 m3/h at 2,940 rpm and 80 

dB(A), using a forced aeration system placed at the base of the windrow. The ventilator engine 

power was 2.5 kW. A ventilation system controlled by a timer was used to control the windrow 

temperature. The injected flow rate diffused the air intermittently. In the intensive phase, the 

aeration frequency was 491 min/d (491 min ON/949 min OFF), and the air flow rate was 172 m3 

air/m3 compost/d, while in the maturation phase, the frequency was 404 min/d (404 min 

ON/1,036 min OFF), and the air flow rate was 166 m3 air/m3 compost/d. 

 

2.5. Sampling Strategy and Collection 

Composting was conducted for 49 d. Homogenous 1-kg samples that represented the average 

conditions of the entire windrow were collected in accordance with the US Composting Council 

standard [17] at the following intervals: 0 (first day of composting/initial non-decomposed 

material), 7, 14, 21, and 28 d during the intensive phase, and 35, 42, and 49 d during the 

maturation phase. 
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2.6. Physicochemical Analysis of Compost Samples 

Ash content was determined by burning samples (previously dried at 105°C) at 550°C for 7 h in 

a muffle furnace [17]. OM were estimated as follows [17]:  

OM (%) = 100-ash (%)     (1) 

A 1:10 aqueous extract of fresh compost was used to analyse the pH and electrical 

conductivity (EC), as described by Guo et al. [18]. Losses of OM due to OM mineralization were 

calculated based on the initial and final ash content for each time interval according to the 

equation [19]: 

OMloss (%) = 100 − 100 [X1(100 − X2)] / [X2(100 − X1)]   (2) 

where X1 and X2 are the initial and final ash concentrations, respectively. 

Total nitrogen (TN) and total carbon (TC) were determined by subjecting air-dried 

samples to dry combustion at a combustion temperature of 1100-1200°C using a CNS analyzer 

(Fisons NA 1500 Series II CNS analyzer). The cation exchange capacity (CEC) of the air-dried 

samples was determined according to Harada and Inoko [20]. The ammoniacal nitrogen (NH4
+-N) 

and nitrate nitrogen (NO3
--N) were extracted by mixing air-dried samples with 0.5 M K2SO4 at a 

ratio of 1:10 (w/v), mechanically shaking for 1 h, and filtering through 0.45-μm membrane filters. 

The filtrate was used for NH4
+-N and NO3

--N determination using the colorimetric method, as 

described by Okalebo et al. [21]. 

 

2.7. UV-visible Spectroscopic Analysis 

UV-visible spectroscopy analysis was performed according to the following method by 

Zbytniewski and Buszewski [22]. One gram of air-dried compost and 50 mL of 0.5 M NaOH 

were shaken for 2 h and then centrifuged at 3,000 rpm for 25 min. The absorbance of the 
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supernatant was measured at λ = 280 nm (A280), 472 nm (A472), and 664 nm (A664) using a 

UV-2000 spectrophotometer covering a frequency range of 200 nm to 800 nm. The following 

absorbance ratios were calculated: E2/6 = A280/A664, E4/6 = A472/A664, and E2/4 = A280/A472. 

 

2.8. FTIR Spectroscopic Analysis 

Air-dried samples from each composting step were analyzed with a Bruker DRIFT (diffuse 

reflectance infrared fourier transform) FTIR spectrometer covering a frequency range of 4000-

400 cm-1. The resolution was set to 4 cm-1, and 32 scans were recorded before being averaged for 

each spectrum and corrected against ambient air, which acted as the background. 

 

2.9. Statistical Analyses 

The data shown in the tables and figures represent the means of three replicate subsamples for 

each composite sample with standard deviations calculated using Microsoft Excel 2016. Each set 

of three subsamples was prepared from the corresponding composite sample (representing the 

average conditions of the entire windrow in question) and analyzed independently.  

 

3. Results and Discussion 

3.1. Temperature Evolution 

The composting process is principally a biological phenomenon that relies highly on temperature 

fluctuations within windrows. In this case, the mixture of DSSS and GW at the beginning of the 

composting process was characterized by its large fermentable fraction. On day 0 (the start of the 

intensive phase), the temperature began to rise rapidly from 31.2°C, reaching a peak temperature 

of 76.8°C within three days (Fig. 2). These temperatures were higher and increased faster than 
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those observed during composting of the same substrate using classical methods [23, 24]. The 

micropositive pressure environment resulting from the joint effects of the forced bottom-up 

ventilation system and the GORE(R) cover membrane was conducive to providing the even 

supply of sufficient oxygen to microorganisms that is required to degrade OM. Ultimately, the 

microbial degradation of easily decomposable OM was enhanced, the decomposition rate 

increased, and a large amount of heat produced. After peaking during the intensive phase, the 

temperature decreased, remaining in the mesophilic range (below 42°C) between days 25 and 31. 

The decrease in temperature can be explained by two main phenomena: the exhaustion of the 

initial simple molecules and the development of conditions hostile to microorganism activity. 

Fig. 2. 

During the composting process, a paradoxical situation was observed. As part of the 

maturation phase (beginning on day 29), the temperature began to increase again to produce a 

second thermophilic phase, with a peak temperature of approximately 75.4°C again achieved on 

day 37 (Fig. 2). Insam et al. [25] demonstrated that temperatures from 26°C to 45°C lead to 

favourable conditions for the growth of actinomycetes and other heat-tolerant bacteria, an 

observation that explains why, during the short mesophilic stage (days 25 to 31), the conditions  

favoured the regrowth of microorganisms, subsequently leading to the reappearance of 

microorganism activity and a second increase in temperature. However, after the second 

thermophilic stage, the temperature progressively decreased to ambient temperature, and the 

covered compost did not exhibit any large variations in temperature during storage, indicating 

that the microbial activity and mineralization had ceased and that humification resumed, 

demonstrating that the compost was stable and that the process could be considered complete. 

This phenomenon of two thermophilic peaks has been observed by several authors [26-28]. 
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Zhang et al. [9] subjected raw materials to a two-phase composting process comprised of 

primary fermentation and secondary fermentation during which a thermophilic phase was 

attained twice. Tønner-Klank et al. [29] showed that appropriate composting can eliminate many 

human pathogens in different types of compost, as the temperatures attained (50°C to 70°C) 

during treatment kill enteric microorganisms. 

With regard to the length of thermophilic periods, the composting temperature must 

exceed 45°C for at least three consecutive days to destroy pathogenic organisms and thus meet 

disinfection requirements [30]. The results showed that the total duration of thermophilic 

temperatures in this experiment (intensive phase plus maturation phase) was > 3 d. This finding 

indicated that the duration of the thermophilic stage was sufficient to kill pathogens and meet the 

disinfection requirements. 

By using the new technology, the temperature remained high and steady in the 

thermophilic temperature range for 24 d and 12 d in the intensive phase and maturation phase, 

respectively, as the GORE(R) cover membrane completely enclosed the windrow, retaining heat. 

This technology resulted not only in more rapid attainment and prolongation of thermophilic 

temperatures but also in the creation of two thermophilic temperature peaks (one during the 

intensive phase and one during the maturation phase); the main consequence of this was more 

rapid decomposition of organic waste. El Fels et al. [24] and El Hayany et al. [31] stated that 

traditional composting requires 180 d and 105 d, respectively, to produce a mature product; two-

stage composting consisting of the use of an aerated windrow under a semipermeable film and in 

the second stage a static open windrow requires 190 d [11]. However, the proposed new 

technology shortens the SS composting time significantly, producing mature compost in only 49 

d. 
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3.2. Evolution of pH and Conductivity 

3.2.1. pH variation 

Changes in pH and EC were monitored during the composting of SS mixed with GW. During the 

first week of composting, the pH value decreased from 7.0 to 6.1 (Fig. 3), which could be due to 

production of organic acids such as acetic acid and butyric acid from microorganism activity 

during the degradation of easily degradable compounds, or due to the loss a large quantities of 

carbon dioxide during the composting process [32]. The decrease in pH could also be due to a 

reduction in the buffering capacity of the system deriving from volatilization of ammonia in the 

thermophilic phase [33]. Normally during SS composting processes, NH3 volatilization takes 

place coincidentally with high temperatures and lower initial C/N ratios, thereby reducing the 

agronomic value of the compost and generating undesirable odours [34]. NH3 loss during 

composting ranges from 16% to 76% of TN loss [35]; advanced compost technology to reduce 

TN loss is thus needed. The GORE(R) cover membrane inhibited NH3 emissions as some NH3 

absorbed by the water layer created on the inner surface of the cover, and as a result nitrogen 

conservation was achieved through the transformation of reduced ammonia [15]. 

Fig. 3.  

The increase in pH from 6.1 to 7.3 (Fig. 3) during the ensuing three weeks of composting 

(days 7 to 28 of the intensive phase) can be explained by the production of ammonia during 

ammonification and the mineralization of organic nitrogen, which releases those bases already 

present in organic waste [24]. Vergnoux et al. [36] showed that a higher oxygen concentration 

resulted in more rapid acid decomposition and thus a faster increase in pH. Baeta-Hall et al. [37] 

and Hachicha et al. [38] also showed that increase in pH may occur as a result of the 
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mineralization of OM and the decomposition of acids containing carboxylic and phenolic groups. 

After the observed increase, during days 28 to 42 of the maturation phase, the pH of the mixture 

stabilized at approximately 7 (neutral). Zenjari et al. [39] and El Fels et al. [24] showed that the 

stabilization of pH at near neutral values during composting results from the generation of humic 

substances, which act to increase buffering capacity. During the final week of the maturation 

phase (days 42 to 49), the pH decreased to 6.9, which remained constant at the end of 

composting; this was the result of compost maturation under aerobic conditions, the generation 

of humic acids [38, 40], and H+ release as a result of nitrification by nitrifying bacteria during the 

later stages of composting [33]. The final pH values of the composts were 6.9, which matches 

the recommended pH for matured compost products [41]. 

 

3.2.2. EC variation 

EC indicates the degree of compost salinity and the quantity of ions in the final composting 

product; these parameters reflect the potential product phytotoxicity. EC increased sharply from 

1.7 mS cm-1 to 3.1 mS cm-1 (Fig. 3). Huang et al. [32] showed that an increase in EC could be 

due to the release of mineral salts, such as phosphate and ammonium ions, occasioned by the 

degradation of organic materials. Additionally, concentration effects resulting from OM loss and 

water evaporation due to high temperatures can increase EC [42]. 

A similar EC increase observed by Zhang et al. [43] was attributed to water evaporation. 

The increased content of soluble salts indicated the progressive mineralization of OM [42]. By 

the end of the composting process, the EC values of the final compost were 3.1 ms cm-1, below 4 

ms cm-1 which is commonly regarded as the limit for safe use on plants [44]. This indicates that 

the compost is safe for most crop growth. However, due to the lack of a definite pattern in the 
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changes in pH and EC over time, these parameters were not considered suitable for monitoring 

the composting process or for evaluating the stability of the composting material [45]. 

 

3.3. OM Loss and Ash Content 

Approximately 50% of OM is fully mineralized [46]. The degradation of OM during composting 

can be estimated based on the loss of OM, and here, OMloss increased sharply to 52.5% within 

the first 35 d of composting (Fig. 4) due to the greater availability of substances which are easily 

biodegradable by microorganisms. It then slowed down, reaching 56.7% at the end of 

composting due to the depletion of easily biodegradable carbon and the synthesis reactions of the 

new complex polymerized organic substances (humification), processes which prevail over 

mineralization during the maturation stage [47]. This transformation matched well with the 

remarkable reduction in OM, indicating a rapid decomposition rate. Expected OM loss during 

composting is between 30% and 60% and OM loss > 42% may be accepted as an index value for 

mature compost [48]. Based on this, the compost could be considered matured during 28 d. 

Composting is an exothermic aerobic process in which the OM in SS are decomposed and 

mineralized to CO2 by microorganisms. As a result, a reduction in OM is always observed in SS 

composting. The higher OMloss observed in this case could be due to the presence of two 

thermophilic temperature peaks and the longer thermophilic periods experienced during 

composting using this new composting technology (Fig. 2). It has previously been found that 

high composting temperatures accelerate the growth of thermophilic microorganisms, allowing 

further biodegradation of OM [49]. 

Fig. 4. 
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During composting, there was an increase in ash content in the windrow. The ash content 

increased by 62.3% after 49 d (Fig. 4). Several authors have stated that increased ash content 

during composting results from the mineralization of OM by microbes [50, 51], and this 

parameter indicates decomposition and mineralization of the OM, consequently reflecting the 

degree of stabilization achieved during the process. A final compost with a higher ash content 

and lower OM is considered mature. 

 

3.4. C/N Ratio 

The C/N ratio is one of the most significant parameters used to evaluate the stabilization of 

compost. In this case, the C/N ratio decreased to reach a value of approximately 6.7 (Fig. 5) after 

49 d of composting. The continuous and rapid reduction in the C/N ratio was due to loss of TC 

and an increase in the proportion of TN due to the concentration effects resulting from the 

intense biological oxidation of OM over the composting period [32]. The TN value might have 

been also increased within the compost under the GORE(R) cover membrane due to the 

contribution of the free-living N-fixing microorganisms that are generated during later stages of 

the composting process [30]. Several authors have shown no agreement regarding the best C/N 

ratio for stable compost. However, Chefetz et al. [52], Provenzano et al. [53], and El Fels et al. 

[24] all state that values near to 10 indicate low microbial activity and result in a stabilized 

compost. According to Tomati et al. [54], a C/N ratio of between 11 and 22 indicates stabilized. 

In the present study, the C/N ratio of the final compost reached a value of 6.7, which indicated 

that compost stabilization was achieved. Using this technology, the C/N ratio reduction rate was 

higher than the C/N ratios achieved in conventional methods of composting with the same 

substrate, in which C/N ratios were found reduce to 10.1 [24], 11.7 [48], and 12.9 [55]. This is 
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due to the forced bottom-up aeration system, which improves aeration conditions, accelerates 

decomposition, and results in a greater loss of carbon as carbon dioxide. The results thus agree 

with the findings of Guo et al. [18], who demonstrated that higher rates of aeration lead to an 

enhancement of carbon loss. 

Fig. 5. 

 

3.5. NH4
+/NO3

- Ratio 

The NH4
+/NO3

- ratio ranged from 20.3 to 0.1 after 49 d of composting (Fig. 6). The NH4
+/NO3

- 

ratio is used to indicate the maturity of compost; a ratio below the limit of 0.16 for composting 

materials such as SS, municipal solid waste, and pig slurry indicates maturity [47]. The recorded 

value of approximately 0.1 indicated that the final product reached maturity in this case, and that 

the substrate had been changed to yield a non-phytotoxic compost. Garcia et al. [56] and El Fels 

et al. [24] showed that a ratio below 1.0 suggests that the final compost has reached maturity. For 

comparison, the critical limits for maturity during composting of SS by conventional composting 

technology have been found to be fulfilled after 6 mon [24], 220 d [57], and 135 d [48], while the 

new composting technology achieved maturity critical limits by the 49th day, implying that the 

conventional composting technology takes much longer to achieve the index value for maturity 

than the new composting technology, most likely due to the differences in aeration. These results 

indicate that this new technology is highly suitable for ensuring compost maturity in a shorter 

time frame due to improved aeration conditions and the flow oxygen throughout the entire 

composting vessel using forced bottom-up aeration that enhance the oxidization processes, 

leading to an increase in the intensity of nitrification [58]. 

Fig. 6. 
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3.6. CEC Evolution 

During composting, CEC increased substantially from 51.3 cmol kg-1 to 170.3 cmol kg-1 after 49 

d (Fig. 7). CEC can be used to evaluate the degree of humification and the nutrient retention 

capacity of compost [59, 60]. According to Harada and Inoko [20], the CEC of a mature compost 

should be > 60 cmol kg-1. In the current study, the CEC value of the final product was 170.3 

cmol kg-1, which indicates that the compost is mature. Zhang and Sun [60] confirmed that high 

CEC values are due to larger proportions of carboxyl functional groups in the substrates, while 

Lax et al. [61] concluded that increases in CEC values during composting could be the result of 

the accumulation of compounds bearing a negative charge, such as lignin-derived products, 

carboxyl groups, and phenolic hydroxyl groups. Joseph et al. [62] further showed that the 

presence of negatively charged groups caused the attraction, retention, and exchange of basic 

cations, which in turn could increase the CEC and nutrient-holding capacity of the compost. Any 

increase in CEC during composting is due to the humification process, during which carboxyl 

and phenolic functional groups are produced [47]. Humic compounds have high capacity to 

adsorb positively charged ions, which are then easily exchanged with other cations at the same 

adsorption sites [41]. 

Fig. 7. 

 

3.7. UV-visible Spectroscopic Analysis 

The evolution of the E2/6, E2/4, and E4/6 ratios provides information on the variations in OM 

during composting. The E2/4, E2/6 and E4/6 ratios decreased sharply to 5.1, 25.4, and 3.8, 

respectively, after 49 d of composting (Table S1). These decreases indicate the occurrence of the 
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humification process. The decreases in the E2/6 and E4/6 ratios at the end of composting 

demonstrated a strong increase in the humification of OM [55]. Chen et al. [63] used the E4/6 

ratio as a humification index, and Zbytniewski and Buszewski [22] reported that low E2/6 or E4/6 

ratios reflected high degrees of aromatic condensation and indicated a higher level of organic 

material humification. E4/6 can also be used as an estimator of molecular weight [63]. Guo et al. 

[64] showed that during the thermophilic stage, rapid breakdown of lignin and quinine moieties 

occurred as the E2/4 ratio decreased, indicating a higher degree of aromatic condensation, as well 

as a higher level of organic material humification. Therefore, a continuous decrease in E2/4 

reflects a high degree of aromatic condensation. 

 

3.8. FTIR Spectroscopic Analysis 

FTIR spectrometry is a non-destructive qualitative or finger printing method used to characterize 

the principal classes of chemical groups that make up OM [65], in order to determine the 

changes seen in OM during composting [66]. The FTIR spectra thus derived are presented in Fig. 

S1. A very wide band located at 3460 cm-1 was detected during the process that can be attributed 

to the stretching vibrations of OH in hydroxyl groups. El Mezouari El Glauoi et al. [66] 

attributed this band to the hydrogenic vibrations of OH groups of alcohols and to phenols or to 

the OH of the carboxyl groups (COOH). The interaction of hydroxyl groups with hydrogen 

bonds explains the wide profile of this band and the fact that the wave number is lower than that 

of a free OH hydroxyl [24]. El Fels et al. [67] reported that the 3000-2800 cm-1 region reflects 

the hydrophobic properties of aliphatic OM. The peak observed at 2950 cm-1 is due to methyl 

derived from CH4 and methylene C-H aliphatic groups. The intensity of these bands decreases 

during composting, which is a good indication of the microbial oxidation of OM, especially the 
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aliphatic compounds, during composting [24]. The peak intensity ratio of the bands at 2920 and 

1640 cm-1 (designated as aliphatic methylene and aromatic C, respectively) is suggested as a 

meaningful parameter for tracking the biological stability of OM during landfill stabilization [68, 

69]. 

The band located at approximately 1675 cm-1 showed an increase during composting. El 

Fels et al. [24] attributed the region from 1750-1700 cm-1 to νC = O stretching of the carboxyl 

group in its nonionized form, and the peaks that appear at approximately 1650 cm-1 to νC = O of 

ionized carboxyl (COO-). According to Kaiser and Ellerbrock [70], the band at 1650 cm-1 is 

associated with the vibrations of νC = C aromatic structures and the antisymmetric vibrations of 

COO-. In a biological specimen study, Maquelin et al. [71] further attributed the 1675 cm-1 band 

to the amide I band components resulting from the antiparallel pleated sheets and β-turns of 

proteins. Pajączkowska et al. [72] observed absorbance bands between 1680 and 1630 cm-1 and 

attributed these to νCOO- in the case of humic acids extracted from sludge at different stages of 

treatment. An increase in this band thus provides information on the evolution of humification of 

OM during composting. Smidt et al. [73] showed that humic acids display a strong band at 1640 

cm-1 that increases in intensity during the composting process. The continuous increase in the 

humic acid content has a positive impact on this band. The bands at 1470 cm-1 are attributed to 

aromatic benzene compounds. Droussi et al. [74] attributed the region from 1442-1472 to C = C 

stretching vibrations arising from aromatic components. An increase in the intensity of the 

aromatic absorbance indicates progress in the humification process [24, 66]. The 1170 cm-1 band 

can be attributed to C-O vibrations. While analysing fulvic acids, Zhou et al. [75] attributed the 

band at 1170 cm-1 to C-O stretching in alcohols, and El Fels et al. [24] reported that the change 

in intensity of the observed bands at 1740 cm-1 and 1155 cm-1 indicated the presence of a 
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carboxyl functional group in the first, while that seen in the second is probably a characteristic of 

an ester bond. The 1160 cm-1 band is assigned to the asymmetric stretching of C-O-C of 

glycosidic linkages [76]. Ouatmane et al. [77] and Wu et al. [69] attributed the 1165 cm-1 band to 

C-O-C stretching; El Mezouari El Glauoi et al. [66] showed that the latter band could also be 

used as an indicator of the biodegradation process. The 1067 cm-1 band remained constant during 

composting. The region at 1080-1030 cm-1 was attributed to the C-O stretching of 

polysaccharides or polysaccharide-like substances and the Si-O asymmetric stretch of silicate 

impurities [78, 79]. Aguelmous et al. [80] observed bands located at 875 and 713 cm-1, which 

suggest the presence of calcium carbonates. The band at 875 cm-1 could be attributed to the C-O 

out of plane vibration of carbonates. Reig et al. [81] attributed the 875 cm-1 band to the C-O out-

of-plane bending of carbonate. The evolution of each functional group reflects the advanced 

stage of humification of OM during composting.  

 

3.9. Characteristics of the Final Compost 

Compost product can be safely used as organic fertilizer or conditioner once it is mature or stable 

and does not present toxicity to plant growth [41]. Table S2 shows the main chemical properties 

of the final composts obtained in this experiment. The final compost product satisfied the 

threshold levels established in the literature for common maturation indices, suggesting that it 

can be used as an organic fertilizer for plant growth. These findings indicated that composting 

was carried out successfully under optimized conditions. 
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4. Conclusions 

The current study indicates that ELS composting technology is an effective method for the 

disposal of SS waste based on the production of mature compost. The final compost product met 

the threshold levels established in the literature for the subsequent use of such compost as a soil 

amendment or as organic fertiliser for soil based on it obtaining the following parameters: pH 

7.1-7.7, EC < 4 mS cm-1, C/N ratio < 10, NH4
+/NO3

− < 0.16, CEC > 60 cmol kg-1, and OM 33.3-

55.4%. This new technology is novel and is extremely effective due to its two thermophilic 

temperature peaks, as well as rapid onset, and long-duration thermophilic phase. Moreover, the 

proposed new technology shortens SS composting time to obtain mature compost in only 49 d, 

unlike conventional composting technology that requires 105-180 d and produces a more 

immature compost. Further studies are recommended to focus on the evolution of microbial 

communities and enzymatic activities in this new process. 
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Table 1. Characteristics of the Raw Materials Used for Composting 

Organic 
waste 

Moisture 
(%) 

Organic 
matter (%) 

Total 
carbon (%) 

Total nitrogen 
(%) C/N EC (mS cm-1) pH 

DSSS 80.5 ± 0.7 71.8 ± 1.5 31.5 ± 1.2 4.1 ± 0.0 7.71 ± .4 3.1 ± .01 7.4 ± 0.0 

GW 29.4 ± 1.1 97.4 ± 0.2 54.0 ± 1.0 0.7 ± 0.0 74.7 ± 2.4 0.7 ± 0.0 
 

7.1 ± 0.2 
 

± represents the standard deviation based on three replicates 
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Fig. 1. Schematic diagram of the composting technology. 
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Fig. 2. Evolution of temperature during SS-GW composting. 

 

 

Fig. 3. Evolution of pH and EC during composting. 
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Fig. 4. Evolution of OMloss and ash content during composting. 

 

 

Fig. 5. Evolution of the C/N ratio during composting. 
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Fig. 6. Evolution of the NH4
+/NO3

- ratio during composting. 

 

 

Fig. 7. CEC evolution during composting. 
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