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ABSTRACT 

Sewage sludge (SS) disposal methods are increasingly used in sustainable applications, such as land 

reclamation for forestry and agriculture, which are recognized as effective strategies for nutrient recovery 

from the sludge. However, SS typically contains high levels of pathogenic microorganisms and chemical 

pollutants, necessitating appropriate treatment before reuse. Alkaline treatment is widely employed to 

reduce pathogenic content and improve the safety of SS for agricultural applications. In this context, the 

present study investigates the valorization of Filter Cake (FC), a byproduct of brown sugar refining 

primarily composed of calcium oxide (CaO), as a chemical conditioning aid in the dehydration and 

sanitization of digested SS. The objective was to explore the feasibility of converting digested SS and FC 

into value-added products in alignment with circular economy principles. The effect of FC as a drying 

adjuvant and disinfecting agent was evaluated by adding it to dehydrated SS at proportions of 0.10, 0.15, 

and 0.20 gFC/gDS (grams of FC over grams of dry solid content).  The FC addition resulted in increased pH 

levels and a significant reduction in microbiological contamination. During the thermal drying of the 

dehydrated SS, FC has a further positive impact on reducing pathogens to below regulatory limits and 

drying time. The optimal drying conditions for reducing dehydrated SS moisture content (up to 12%), 

minimizing drying time, and reducing microbiological contamination levels below the legal limit were 70 

°C and 0.20 gFC/gDS. Overall, the current study confirms the beneficial role of FC in improving the drying 

and disinfection performance of dehydrated SS. These findings support the potential of producing a safer 

and more sustainable organic soil amendment, thereby contributing to resource recovery and 

environmental protection. 

Keywords-chemical conditioning; circular economy; filter cake; pathogens; sewage sludge 

I. INTRODUCTION  

The growth in population and human activity is 
accompanied by an increase in water consumption, leading to 
the discharge of greater volumes of wastewater, which must 
undergo several treatment processes to comply with the 
standards regarding discharge into the natural environment [1]. 
The SS produced during primary and secondary treatment 

undergoes several treatment processes, such as thickening, 
Anaerobic Digestion (AD), conditioning, and dewatering, 
before disposal [2]. Digested and dehydrated SS consists 
mainly of water, suspended solids, a range of harmful 
substances (heavy metals, organic pollutants, and pathogens), 
and important components for agronomic applications (e.g., 
organic carbon, phosphorus, and nitrogen) [3, 4].  
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A growing research interest has been observed in effective 
methods for utilizing dewatered SS from Wastewater 
Treatment Plants (WWTPs), as well as treated wastewater, in 
combination with environmental protection [5-10]. The need to 
implement a sustainable SS management strategy has become a 
major concern, due to the restriction and in some cases legal 
prohibition of conventional recycling options, such as direct 
use in agriculture [11-13]. Against this backdrop, agricultural 
reclamation and energy recovery have emerged as the two most 
promising and sustainable SS management strategies [14, 15]. 
AD is a well-known and proven technology, commonly 
deployed to recover energy from organic waste and reduce 
pathogens in digesters under 35 ± 2 °C or 55 ± 2 °C conditions. 
with long Sludge Retention Times (SRT) (20-30 days) [16, 17]. 
It can also reduce SS volume by 50–60%, thus lowering 
storage and transportation costs [18]. However, due to the low 
biodegradability of thickened SS, only 30–40% of its Organic 
Matter (OM) is degraded under mesophilic conditions [18-22]. 
Nevertheless, the biogas produced during AD is mainly 
composed of methane (65%) and carbon dioxide (around 35%) 
[23, 24]. 

In Algeria, most WWTPs are based on activated sludge 
processes. The SS produced is mechanically dewatered after 
thickening and chemical conditioning. The Oran WWTP stands 
out in western Algeria for its incorporation of four digesters 
dedicated to biogas production. Digested SS undergoes various 
treatments to eliminate pathogenic bacteria and viruses before 
being reused in agriculture. The growing concern over viral 
infections has prompted greater attention to chemical 
stabilization, particularly using lime (CaO) and heat treatments. 
Algeria has adopted national regulations aligned with USEPA 
standards to govern SS treatment and its reuse in agriculture 
[25]. In this context, alkaline stabilization has proven to be a 
cost-effective and efficient technique, appreciated for its ability 
to inactivate pathogens and reduce sludge volume [26-30].  

Building on this foundation, the present study introduces an 
innovative and circular approach to SS treatment by integrating 
FC, a byproduct of brown sugar refining mostly containing 
calcium oxide (CaO), combined with the thermal drying and 
chemical conditioning of dehydrated SS. The non-hazardous 
nature of this byproduct makes it a cost-effective, 
environmentally friendly substitute for commercial liming 
agents. Moreover, the alkaline pH of FC can contribute to the 
reduction of pathogens present in dehydrated SS and promote 
safer use in the agriculture of this valuable product rich in OM 
and nutrients. 

II. MATERIALS AND METHODS 

A. Sample Collection of Raw, Digested, and Dehydrated 
Sewage Sludge 

The samples of SS were collected from the WWTP of 
Oran, in North-Western Algeria (35°36'25"N, 0°35'10"W). 
Commissioned in 2009, the facility treats a mixture of domestic 
(70–80%) and industrial (20–30%) wastewater. The sludge 
treatment line consists of two gravity thickeners, four 
continuously stirred anaerobic digesters, each with a volume of 
9605 m3, and a mechanical dewatering unit. The thickened SS 
is heated at 35 ± 2 °C using external heat exchangers and is fed 

continuously into a digester, where the AD process takes place 
in steady-state conditions.  To minimize the shock loading and 
maintain process stability, continuous or regularly timed 
feeding of the thickened SS is employed. Mechanical 
dewatering of the digested SS after conditioning is carried out 
using belt filtration units. Three types of SS samples were 
collected:  

 Raw SS from the mixed sludge thickener. 

 Digested SS directly from the outlet of the anaerobic 
digester. 

 Dehydrated SS immediately after mechanical dewatering. 

The samples were immediately transferred to the laboratory 
and stored at 4 °C. 

B. Sample Collection of FC 

The brown sugar refining process involves multiple steps, 
including melting, carbonation, and filtration [31]. During the 
carbonation stage, quicklime (CaO) is reacted with water to 
form hydrated lime (Ca(OH)2). The hydrated lime is dispersed 
in melted brown sugar and combined with carbon dioxide 
(CO2) to form precipitated calcium carbonate (CaCO3). The 
resulting CaCO3 facilitates the removal of impurities from the 
sugar syrup through adsorption and bridging mechanisms. 
Sugar syrup and CaCO3 are separated using filter media, and 
the resulting sludge is mixed with softened water and filtered in 
press filters at a maximum pressure of 6.5 bar. At the end of the 
filtration cycle, hot air is injected to reduce the moisture 
content of the resulting FC to 35–40%, with a residual sugar 
content of less than 1% [31]. A 5 kg sample of FC was 
collected directly from the sugar refinery and stored under dry 
conditions at room temperature until further use. 

C. Chemical Conditioning 

Dehydrated SS was mechanically blended with FC at three 
dosage levels: 0.10, 0.15, and 0.20 gFC/gDS (grams of additive 
per gram of dry sludge). The mixtures were thoroughly 
homogenized using mechanical mixing to ensure a uniform 
distribution of the additive. The resulting samples were 
designated as SS10FC, SS15FC, and SS20FC. Each prepared 
mixture was transferred into uncovered rectangular plastic 
containers and placed under a chemical fume hood for curing 
under ambient laboratory conditions. During the experiments, 
the laboratory temperature ranged between 19–20 °C, and the 
relative humidity ranged from 60–70%. For each treatment, 
approximately 100 g of material was sampled at 24-hour 
intervals for five days. These subsamples were subjected to 
subsequent chemical and microbiological analyses 

D. Physico-Chemical Parameter Analysis 

The pH of the sludge samples was measured using a Hanna 
HI2210 pH meter after preparing a 1:5 (m/v) water suspension 
and agitating it for 2 hours with a magnetic stirrer. The 
determination of Total Solids (TS), Volatile Solids (VS), and 
OM was conducted in accordance with the EPA method 1684 
[32]. The concentrations of major elements (K, Mg, Ca, and 
Na) in the dehydrated SS were measured using Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
(Thermo Electron Corporation, IRIS Intrepid II XPS) and a 
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flame photometer (Jenway PFP7). The heavy metals were 
analyzed using an atomic absorption spectrometer (Analytik 
Jena, novAA 400 P). 

E. Microbiological Parameters Analysis 

The microbiological parameters of both dehydrated SS 
samples without (SS0FC) and with adjuvant (SS10FC, 
SS15FC, and SS20FC) were determined by culturing on Petri 
dishes. The identification and counting were carried out using 
the following analytical methods: ISO 16649-2 (2001) [33] for 
Escherichia coli enumeration, ISO 6579 (2002) [34] for 
Salmonella spp enumeration. 

F. Thermal Drying Procedure and Mathematical Modeling 

The drying process was performed to evaluate the effect of 
the temperature on E. coli enumeration. The mixed samples 
(SS10FC, SS15FC, and SS20FC) were placed in aluminum 
plates (90 mm diameter x 13 mm thickness) and then dried at 
50 °C, 70 °C, and 90 °C in a laboratory oven (UN30, 
Memmert) using an air velocity of 100 mL∙min-1. During the 
drying process, each sample was continuously weighed at 5-
min intervals until a constant weight was achieved, indicating 
the end of drying. 

The dry solid content ��  was calculated as the mass 
percentage of dry matter in the sludge, based on: 

�� (%) =  
�	

�

× 100                (1) 

where �� (g) is the initial weight of the sludge sample, and �� 
(g) is the weight of the dry solids, determined after drying at 
105 °C for 24 h.  

The average moisture content �, representing the mass of 
water per unit of dry solids, was determined using: 

� =  
(�
� �	)

�	
                      (2) 

where �  represents the moisture content (gwater/gDS) of the 
sludge. 

To evaluate the performance of the drying process, the 
drying rate �� was calculated using: 

�� =   
����� ��

(�������)�	
                  (3) 

where ��  is the drying rate (gwater/gDS∙min-1), ��  and ����  are 
the drying times (min), and �� (g) and ���� (g) are the weights 
of the sludges at the drying times of ��  and ����, respectively. 

III. RESULTS AND DISCUSSION 

A. Analysis of the Oran WWTP Performance 

The average physico-chemical parameters of the raw and 
digested SS under mesophilic anaerobic conditions are 
presented in Table I. The key parameters include pH, Volatile 
Fatty Acids (VFA), and temperature, factors critical to the AD 
process due to their influence on microbial activity and sludge 
breakdown rates. 

The pH of the digested SS ranged from 7.2 to 7.7, with an 
average value of 7.2. This range is favorable for most microbial 
consortia involved in AD. In particular, methanogenic archaea 

are highly sensitive to pH, with an optimal range between 6.5 
and 7.2 [14, 35], while the fermentative bacteria are more 
tolerant, operating effectively between pH 4.0 and 8.5 [14]. For 
the stable mesophilic digestion, maintaining the pH between 
6.8 and 7.2 is ideal; pH levels below 6.5 significantly hinder 
methanogenic activity [36]. 

The temperature in the digester was maintained between 
35-36 °C. Stable thermal conditions enhance the microbial 
metabolism and enzymatic activity, while abrupt or frequent 
fluctuations can disrupt the microbial equilibrium, especially 
affecting methanogens [2]. Such disturbances can inhibit the 
conversion of VFAs to methane, reducing the biogas yield [35, 
37]. 

The moisture content of the digested sludge reached up to 
97.5%, with the TS comprising more than 72% OM. The 
annual production of digested SS at the Oran WWTP was 
approximately 27,180 tons, as shown in Figure 1. The average 
per capita sludge production was estimated at 4.5 kg/capita-
equivalent/month, which is lower than the typical values 
reported for the developed countries, likely due to the differing 
consumption and wastewater generation patterns [38]. 

Figure 2 presents the daily biogas production in one of the 
digesters. The specific biogas yield was measured at 0.7 Nm3 
per kg of VS removed at pH 7.2. VFAs play a central role in 
AD as intermediates formed by acidogenic bacteria and 
consumed by hydrogenotrophic methanogens [39]. However, 
VFA accumulation above critical thresholds (6.7–9.0 g/L) can 
be toxic to methanogens [40, 41], often caused by system 
imbalances, such as temperature instability, excessive organic 
loading, or the presence of toxicants [39]. In this study, the 
VFA levels remained relatively low (Table I), indicating stable 
digestion performance. 

The biogas generated can be used as fuel in a burner to 
maintain the temperature of the digester, or to power a 
Combined Heat Power (CHP) engine [42]. The estimated 
electrical energy output from the CHP system, based on the 
monthly biogas production, was 2.26 × 107 kJ/day. Compared 
to the WWTP’s total energy consumption, estimated at 
6.78 × 107

 kJ/day (including 9.25 × 104
 kJ/day per ton of SS for 

mechanical dewatering, based on plant data), the CHP unit 
could offset approximately 24.5% of the facility’s overall 
electricity demand. 

TABLE I.  AVERAGE PHYSICO-CHEMICAL CONTROL 
PARAMETERS AFTER MESOPHILIC AD AT HYDRAULIC 

RETENTION TIME (HRT) OF 25 DAYS 

Parameter Raw SS Digested SS 

pH  7.2 

T (°C) - 35.8 

TS (%) 28.6 17.1 

VS (%) 21.5 11.1 

Volatile Fraction (VF) (%) 71.5 60.5 

Dissolved COD (mg/L) 5200 700 

Alkalinity (mg CaCO3/L)  4700 

VFA alkalinity (mg CaCO3/L)  1750 

Organic load fed (kgVS/m3
∙d)  1.54 

Organic load removed (kgVS/m3
∙d)  0.98 

Average removal VS (%)  50.3 

Moisture content (H) (%)  97.5 
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Fig. 1.  Average SS production in Oran WWTP. 

 
Fig. 2.  Average biogas production in the first digester (pH=7.2 and HRT 
25d). 

B. Effects of FC Addition on Dehydrated Sewage Sludge 
Conditioning Process 

A technical assessment of the drying process was also 
performed, aimed at enhancing water removal from SS and 
improving its manageability for storage, transportation, and 
agricultural reuse. The characteristics of the dehydrated SS and 
FC are summarized in Table II.  

At the Oran WWTP, mechanical dewatering is performed 
using belt filter presses, following chemical conditioning with 
polyaluminium chloride at a dosage of 6 g/kgDS. The resulting 
dehydrated SS exhibits an average moisture content of 78.5%, 
corresponding to a dry matter content of 17–22%. The average 
OM content of 47.6% indicates that the sludge retains valuable 
agronomic properties. If applied at appropriate rates, such 
material can improve soil physical, chemical, and biological 
characteristics. The average pH of the dewatered SS was 6.61, 
within the neutral range and consistent with literature values 
[43], while the FC displayed an alkaline pH of 10.6. The 
electrical conductivity in FC was low (1.5 mS/cm), but for the 
dehydrated SS, it was at a slightly higher value. Therefore, its 
application to the soil requires supervision, as pH and salinity 
can be increased. Additionally, Mg and Ca concentrations were 
lower in dehydrated SS compared to FC. The macronutrient 
content (N and P) of the dehydrated sludge is agronomically 
significant, supporting its potential use in improving poor-
quality soils and enhancing plant growth [2, 38]. However, the 

presence of potentially toxic elements, such as heavy metals, 
must be evaluated, as they may pose environmental risks and 
degrade soil quality [44]. The characterization results for the 
three samples of the dehydrated SS, stabilized with FC, 
indicate that the addition of FC raised the initial pH of the 
mixtures from 6.6 to 9.5 at the highest adjuvant dose, 0.2 
gFC/gDS. Quicklime (CaO) treatment, a widely adopted 
stabilization method in WWTPs, was used for chemical 
conditioning. By raising the pH above 10, this method inhibits 
the microbial activity, reduces the odor generation, and lowers 
the pathogen loads, even if the pH slightly drops below this 
threshold over time [45]. The effectiveness of this conditioning 
process was evaluated by enumerating E. coli, as shown in 
Figure 3. Among the samples, only SS20FC achieved values 
below the regulatory limit of 3 log CFU/g [25]. In the other 
samples, the conditioning and a maximum treatment duration 
of 5 days were insufficient to achieve acceptable E. coli levels. 
Salmonella spp. was undetectable in all treated samples, 
aligning with previous studies [46, 47]. 

TABLE II.  CHARACTERISTICS OF DEHYDRATED SS AND 
FC SAMPLES 

Parameters Dehydrated SS FC 

OM (%) 47.60 1.3 

H (%) 78.5 45.1 

pH 6.61 10.6 

EC (mS/cm) 3.8 1.5 

N (%) 2.4 nd 

P2O5 (%) 3.25 nd 

K2O (%) 0.91 nd 

MgO (%) 0.47 1.7 

CaO (%) 2.65 43.8 

Na2O (%) 
E.Coli (logCFU/gDS) 

1.15 
4.5-6.6 

0.7 

 

 
Fig. 3.   E. coli enumeration after 5 days conditioning and thermal 
treatment (the dashed line depicts the legal limit [25]). 

Given these results, the direct application of dehydrated SS 
from the Oran WWTP to agricultural soils is not advisable 
without additional treatment. Therefore, thermal treatment was 
applied post-conditioning. As depicted in Figure 3, the 
combination of chemical conditioning and thermal drying at 
temperatures above 70 °C effectively reduced E. coli 
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contamination. Specifically, treatment with 0.2 gAdj/gDS, 
reduced E. coli counts from 4.62 to 2.78 logCFU/gDS, while the 
combination of chemical and thermal treatment further reduced 
contamination to logCFU/gDS. 

C. Comparison of Lime and Filter Cake 

Comparing the proposed incorporation of FC to SS rather 
than commercially available lime (CaO), from an economic 
standpoint, reveals that lime treatment is considerably more 
expensive. In Algeria, lime costs range between 165–185 $ per 
ton, resulting in a conditioning cost of 1.5–2.8 $ per ton of dry 
sludge. In contrast, the cost of FC is limited to transportation 
from the sugar refinery to the WWTP, with a maximum 
estimated distance of 50 km, yielding a total conditioning cost 
of only 0.3–0.9 $ per ton of dry sludge, depending on the dose 
used. Besides the cost-effectiveness aspect, lime is widely 
recognized as a potent sanitizing agent due to its high alkalinity 
and reactivity, which significantly raise both the pH and 
temperature of the sludge matrix [26, 28, 30, 48]. However, its 
prolonged use may have deleterious effects on soil health, 
particularly by altering the soil structure and reducing soil 
fertility over time. 

IV. CONCLUSION 

This study investigates the incorporation of Filter Cake 
(FC), a brown sugar refining byproduct, as an alternative 
stabilizing agent for dehydrated Sewage Sludge (SS), with a 
focus on both chemical and thermal conditioning processes. 
The results indicate that the chemical conditioning using FC at 
varying dosages led to a moisture content reduction of 2.35–
4.1% and a decrease in E. coli levels by 13–18%. When 
thermal conditioning was applied in combination with FC, 
these parameters were further reduced by approximately 10–
12% for moisture content and 38–44% for E. coli 
quantification. The addition of FC significantly enhanced the 
drying process, improving both the drying rate and drying time 
of the sludge. The microbiological decontamination tests 
revealed that the E. coli concentrations in the conditioned 
samples fell below the legal limits set by the EPA [25] after a 
5-day conditioning period. In the samples treated with 0.1–
0.2 gFC/gDS and subjected to thermal treatment, E. coli was 
effectively reduced, and Salmonella spp. remained undetected. 
From a circular economy perspective, the use of alkaline, non-
toxic industrial solid waste such as FC, not only contributes to 
improved sludge drying and sanitation, but also supports waste 
valorization and resource recovery. Based on both the physico-
chemical and microbiological assessments, FC demonstrates 
strong potential as an environmentally sustainable and effective 
stabilizing agent for SS. 

In summary, the findings suggest that FC presents a cost-
effective, efficient, and sustainable alternative to conventional 
lime-based stabilization. Its implementation in SS management 
could represent a promising strategy for both waste reuse and 
agricultural and environmental applications. 
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