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Abstract: Most of the conventional treatments of waste-activated sludge (WAS) are devoted to their
minimization and destruction. On the other hand, the biomass contained in WAS can be utilized as a
valuable source of renewable carbon. In this study, the influence of different pretreatments (ultra-
sonication, chemical, thermal, and combined pretreatments) was explored for sludge solubilization.
Effects of the pretreatments were investigated as a function of the solubilization of total solids (TS),
volatile solids (VS), and chemical oxygen demand (COD). Concentrations of soluble carbohydrates
and total nitrogen were also measured. The most effective pretreatment to hydrolyze sludge was
found to be the combined alkali–thermal (pH 12, 75 ◦C) pretreatment method, leading to TS and
vs. solubilization of 9.6% and 17.2%, respectively. Soluble COD, carbohydrates, total nitrogen, and
proteins estimated in the liquid phase were 5235 mg/L, 732 mg/L, 430 mg/L, and 2688 mg/L, respec-
tively. Thus, the alkali–thermal method could be used for efficient valorization of WAS. Moreover,
the solid fraction from all pretreated samples was further subjected to thermogravimetric analysis to
estimate its potential for bioenergy from its higher heating value (HHV), which was found to be in
the range of 10–11.82 MJ/kg. This study can provide better insight into the efficient valorization of
liquid and solid phases of sludge after pretreatment.

Keywords: waste-activated sludge; pretreatment; ultrasonication; chemical; alkali; thermal; sludge
solubilization; higher heating value

1. Introduction

The European Union with a population of 500 million people is estimated to have a
total sludge production of about 13 million tons of dry matter as of 2020 from wastewater
treatment plants (WWTPs) [1,2]. In recent times, population and economic factors have led
to an increase in the number of WWTPs, and, with stricter effluent discharge laws enforced
on them, the rate of biosolid production is expected to increase [3–5]. At present, sludge
management involves the disposal of sludge using conventional methods such as incinera-
tion, landfilling, and agricultural use [6]. It does not include the valorization of sludge as
feedstock for the production of fine chemicals and bioproducts [7]. Within the vision of
circular economy, valorization of secondary biomass can offer a sustainable way to obtain
useful products such as fuels and chemicals either directly or indirectly [8,9]. To facilitate
valorization of sludge, it is important to firstly solubilize the organic content present.

Waste-activated sludge (WAS) mainly comprises microbes. The cell walls and mem-
branes of the microbial cells contain organic carbon that can serve as raw materials for
production of value-added materials [10]. However, the cell walls act as physical walls that
prevent the easy release of these organics [11]. Hence, it is necessary to pretreat WAS to
hydrolyze the cell structure and, therefore, enhance sludge solubilization [12,13].

Several pretreatment techniques have been investigated in the past to improve sludge
hydrolysis. These include mechanical [14–16], chemical [17,18], thermal [19,20], and bio-
logical [21] methods. Mechanical methods such as ultrasonication improve the solubility
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of organic molecules by disrupting sludge flocs through cavitation phenomena [22]. Al-
kali treatment, as a chemical pretreatment method, involves increasing the sludge pH to
12 with the addition of an alkali and maintaining it for a specified amount of time. This
can increase the solubilization of complex organics by destroying cells and flocs [23,24].
In thermal pretreatment, cell hydrolysis of sludge takes place because of a pressure dif-
ference. The most utilized temperature range for solubilizing organics varies from 60 ◦C
to 180 ◦C [25]. Low-temperature pretreatment (<100 ◦C) requires longer reaction times
than high-temperature pretreatment, but they can both be used to efficiently improve the
production of biogas from secondary sludge [24].

Additionally, combined pretreatments (e.g., thermal–chemical [26], thermal–chemical–
ultrasonic [27], ultrasonic–chemical [28], and thermal–ultrasonic [29]) have been studied
previously on WAS. A summary of results from coupled pretreatments is shown in Table 1,
suggesting that the combination of different pretreatments can improve sludge hydrolysis
and the solubilization of organics.

Table 1. Summary of combined pretreatment methods.

Pretreatments Conditions Results References

Thermal–chemical 130 ◦C, pH 12, 5 min Enhanced biodegradability
and solid solubilization [26]

Thermal–chemical 50–90 ◦C, pH 9–12,
5–180 min 80 ◦C, pH 11 optimum

[27]

Thermal–chemical–
ultrasonic

80 ◦C, pH 11, 20 kHz,
5–180 min

Improved COD
solubilization and suspended

solid reduction

Alkali–ultrasonic
Ambient temperature,

40 meq/L NaOH,
20 kHz, 120 W, 24 h

Enhanced production of
volatile acids [28]

Ultrasonic 20 kHz, 1 h Efficient hydrolysis on WAS
[29]

Thermal–ultrasonic

Thermal: 30–90 ◦C,
0–3 h

Ultrasonication:
20 kHz, 20 min

Improved hydrolysis for
thermal–ultrasonication

compared to
ultrasonic method

Thermal–alkali 80 ◦C, 80 min, 0.1 M
NaOH

Improved solubilization of
organic matter in

thermal–alkali method

[23]

Thermal 80–170 ◦C,
30 min–12 h

This study focused on pretreating WAS to disintegrate its cell structure and release
organics such as polysaccharides and proteins by using ultrasonication, chemical, thermal,
ultrasonication–chemical, ultrasonication–thermal, chemical–thermal, and ultrasonication–
chemical–thermal methods. Thus, in addition to single pretreatments, two or three of these
individual methods were also combined and experiments carried out. The main objective
of this article was to study the effects of different single and coupled pretreatments on
the solubilization of secondary sludge obtained from a municipal wastewater treatment
plant. A thorough search of the relevant literature did not yield a similar compilation of
these seven pretreatments performed on waste-activated sludge from municipal WWTPs
all in a single study. Therefore, the aim of this paper was to give better insight into the
disintegration efficiency of organics in secondary sludge after the abovementioned pre-
treatments for their further resource recovery, biotechnological transformation, or energy
exploitation. Concentrations of total solids (TS), volatile solids (VS), soluble chemical oxy-
gen demand (SCOD), carbohydrates, proteins, and total nitrogen were measured. The solid
fraction of sludge after pretreatments was further subjected to thermogravimetric analysis
to determine the higher heating value (HHV) for estimating the bioenergy potential.
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2. Materials and Methods
2.1. Materials

A municipal WWTP located in Genoa, Italy provided the raw WAS used in this study.
Samples obtained were taken after the secondary settler unit of the WWTP. Sludge was
stored at 4 ◦C, and the experiments were carried out with a living sludge. The major
composition of raw WAS is given in Table 2. Prior to the pretreatments, sludge was
thickened to a TS concentration of 15 g/L with a vs. fraction of 12.2 g/L. Chemicals such
as sodium hydroxide (NaOH) used for the tests was purchased from Sigma Aldrich and
used as received.

Table 2. Characteristics of raw waste-activated sludge (WAS).

Parameter Mean Value ± Standard Deviation

pH ~7.0
Total solids (TS) 4.8 ± 0.1 g/L

Volatile solids (VS) 3.7 ± 0.2 g/L
Soluble chemical oxygen demand (SCOD) 1 500 ± 10 mg/L

Soluble carbohydrates 1 143 ± 5 mg/L
Total nitrogen 1 230 ± 35 mg/L

1 Evaluated on the liquid fraction of sludge.

2.2. Pretreatments

In this study, physical (ultrasonication), chemical (alkali addition), and thermal (heat-
ing) methods, as well as their combinations, were applied to WAS. Each pretreatment was
done using 80 mL of thickened sludge in 100 mL Pyrex bottles for a reaction time of 1 h.

Ultrasonication (U) was performed using an ultrasonicator bath (Bandelin Sonorex
Digitec DT 52 H) operating at a constant and continuous frequency of 35 kHz and heating
power of 140 W. The pH of sludge was not controlled, and only a negligible change in pH
was observed after ultrasonication. A rise in temperature is expected during sonication
due to the cavitation phenomenon [24,30]. However, during pretreatment, the sample was
maintained at ambient temperature 25 ◦C by circulating cold water for a reaction time
of 1 h. These ultrasonic parameters were selected following the work by Tiehm et al. [31]
and Zhang et al. [32]. It was suggested that a low frequency (below 40 kHz) and longer
sonication were optimum for sludge degradation [33,34]. Lowering the frequency pro-
duced cavitation bubbles large enough to collapse and permit initiation of strong shear
forces in the sludge sample. Furthermore, increasing the sonication time resulted in the
disintegration of microbial cell walls and enhanced the solubilization of organic matter [35].

The alkali (chemical) pretreatment (A) was carried out using 5 M NaOH to set the
initial pH of the thickened WAS to 12 [36,37]. NaOH was chosen as it was found to better
influence sludge solubilization [37]. The sample was stirred continuously at 200 rpm at
room temperature for 1 h.

For thermal pretreatment (H), a heating temperature below 100 ◦C was considered.
Microbial cell lysis was effectively studied between 60 ◦C and 100 ◦C in the lower tempera-
ture range [38–40]. Here, a median temperature of 75 ◦C was selected and, after heating
WAS to the set temperature, the reaction continued for 1 h with constant heating and
stirring at 200 rpm. The pH of the sample was not adjusted and remained at 7 before and
after pretreatment.

In addition to the abovementioned individual pretreatments, combined pretreat-
ments (ultrasonication–alkali (UA), ultrasonication–heating (UH), alkali–heating (AH), and
ultrasonication–alkali–heating (UAH)) were performed to study the effect of the different
pretreatments on the solubilization of organic matter in WAS.

The UA method was a combination of ultrasonication and the addition of alkali at a
fixed sludge pH of 12. The total time of pretreatment was 1 h. After NaOH addition, WAS
was mixed and then sonicated, maintaining the batch experiment at room temperature by
circulating cold water.
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In the UH method, ultrasonication and thermal pretreatments were combined. The
temperature of the sonicator bath was set to 75 ◦C, and sludge was ultrasonicated for a
total pretreatment time of 1 h. The initial pH of the sludge was not modified.

The AH pretreatment combined the addition of NaOH to set the pH of sludge to
12 and subsequent low-temperature thermal pretreatment. WAS was heated at 75 ◦C with
constant stirring at 200 rpm for a reaction time of 1 h.

The UAH method was the combination of ultrasonication, alkali addition, and thermal
pretreatments. This pretreatment was performed analogously to the UH method with the
difference being that the sludge pH was adjusted to 12 before the start of the experiment
using 5 M NaOH. After pH adjustment, sludge was sonicated for 1 h at 75 ◦C.

2.3. Sample Analyses

After the pretreatments, the solid fraction was separated from the liquid phase by
centrifuging (Neya 16, Italy) at 7000 rpm for 15 min. The aqueous samples were filtered
using 0.2 µm cellulose acetate syringe filters (Merck, Darmstadt, Germany) before the
determination of soluble composition. The Merck Spectroquant COD Cell Test (catalog
number 114541 from Darmstadt, Germany) and the Merck Spectroquant Nitrogen (total)
Cell Test (catalog number 114537 from Darmstadt, Germany) were used to measure SCOD
and total nitrogen (TN), respectively. Proteins were estimated by multiplying organic
nitrogen concentration by a factor of 6.25 [41]. The soluble carbohydrates were determined
using Dubois’s colorimetric phenol–sulfuric acid method with D-glucose as a standard
solution for calibration [42]. Total solids (TS) and volatile solids (VS) measurements were
gravimetrically done on the pretreated WAS samples as per Standard Methods for the
Examination of Water and Wastewater 21st edition [43]. For TS calculations, samples
were dried to a constant weight at 105 ◦C and weighed. This sample was then allowed to
undergo combustion at 600 ◦C for measuring VS. All the experimental runs were performed
in duplicate, and the results were shown as means ± standard deviation.

The percentage of solubilized TS and vs. were calculated as follows:

% solubilized TS =
TSi −TSf

TSi
×100, (1)

% solubilized vs. =
VSi −VSf

VSi
×100, (2)

where TSi and VSi refer to TS and vs. before pretreatment, and TSf and VSf refer to values
after pretreatments. Sludge pH was read using a pH 209 bench top pH meter (Hanna
Instruments Italia, Ronchi di Villafranca Padovana, Italy).

2.4. Estimation of HHV by Thermogravimetric Analysis

The energy potential of sludge can be determined from its HHV. Most commonly, a
bomb calorimeter is used as a standard to obtain this value; in the absence of this instru-
ment, HHV can be estimated from ultimate and proximate analysis. However, a special
instrument is required to carry out ultimate analysis. Although proximate analysis can be
done using more commonly used instrumentation, the time needed for the experimental
runs is higher and strongly dependent on the operator’s skill. Thus, thermogravimetric
analysis (TGA) has been successfully used in the past to determine the main analytical
parameters such as moisture content (MC), volatile matter (VM), fixed carbon (FC), and
ash (A) required for estimating HHV [44,45]. Furthermore, TGA allows faster analysis with
smaller quantities of samples. Here, TGA was done using a thermal analyzer (TGA/DSC
1 Mettler Toledo, Milan, Italy) to estimate the HHV of the sludge sample as per ASTM
Standard E1131-20 [46]. The experiments were done on the solid part of the sludge obtained
after centrifugation before and after all pretreatments. Approximately 7–8 mg of solid
samples pre-dried at 60 ◦C were placed in an alumina crucible for the analysis. In the
first segment of the experiment, the sludge sample was heated at 10 ◦C/min in an inert
environment (N2 gas) from ambient temperature to 110 ◦C with a hold time of 5 min. Then,
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the sample was heated to 950 ◦C with the same heating rate and an isothermal period
of 7 min at this temperature. After this, at 950 ◦C, carrier gas was switched to O2 with a
dwelling time of 10 min to ensure complete combustion of the sample. N2 and O2 flow was
maintained at 80 mL/min for the complete run. Prior to the sample run, blank experiments
with an empty crucible were performed to obtain baseline correction. For accuracy of
results, experiments were done in duplicate and reproducibility of the data was assured.
The thermogravimetric (TG) curve was plotted using OriginPro software.

The following proximate parameters were evaluated as per ASTM Standard E1131-
20 [46]: MC and VM were calculated in the nitrogen atmosphere; MC was measured as
the weight loss between room temperature (starting temperature) and 110 ◦C; VM was
considered to be the difference in mass at 110 ◦C and 950 ◦C, assuming that complete
devolatilization took place before the combustion stage; FC was evaluated as the mass loss
during the isothermal period at 950 ◦C when the N2 carrier gas was substituted by O2; Ash
(A) was considered to be the residual mass at 950 ◦C in the oxidative atmosphere after
combustion.

3. Results and Discussion

The pretreated sewage sludge can be used as primary or secondary raw material to
produce fuels or biomolecules such as amino acids, proteins, biosurfactants, short-chain
fatty acids, and monomers for bioplastics. Here, the focus was to explore the ability of
different pretreatments and their combinations to release organic molecules in the liquid
phase, thereby enhancing valorization efficiency. Furthermore, the work was specially
oriented toward a reduction in total solids, SCOD, carbohydrate solubilization, and protein
estimation from nitrogen content.

3.1. Solubilization of TS, VS

Figure 1 shows the percentage of solubilized TS and vs. after the different pretreat-
ments calculated as per Equations (1) and (2) in Section 2.3. The concentrations of TS
and vs. in g/L after pretreatments are also represented in Figure 1. In general, for all the
pretreatments, the percentage of TS solubilization was lower than vs. solubilization. This
is because, in addition to organic matter, TS is also composed of mineral solids which
cannot be easily broken down [47]. Among the individual pretreatments, alkali addition
with TS 6.2% and vs. 11.2% seemed better than ultrasonication (TS 2.0% and vs. 5.4%)
and thermal (TS 2.5% and vs. 7.0%) pretreatments at solubilizing total and volatile solids.
Overall, combining at least two or more of the pretreatment methods improved the sludge
solubilization compared to the corresponding individual pretreatments. However, combin-
ing the ultrasonication method with heating had the least effect on solubilization in terms
of both TS (6.5%) and vs. (7.0%) in comparison to other combined pretreatments. WAS
solubilization improved when chemical pretreatment was combined with ultrasonication
(TS 7.2%, vs. 12.7%) and the values increased greatly for the combined alkali–thermal
pretreatment to TS 9.6% and vs. 17.2%. When all three single pretreatments were cou-
pled, the solubilization of TS 9.5% and vs. 17.8% was similar to that of the alkali–thermal
method. This suggests that combining ultrasonication with the alkali–thermal pretreatment
method did not significantly impact sludge solubilization. Nevertheless, improving WAS
solubilization helps to increase the concentration of organic molecules released into the
soluble phase.
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Figure 1. TS and vs. in terms of percentage solubilized and g/L after various pretreatments. U, A,
and H represent ultrasonication, alkali, and heating, respectively.

3.2. Solubilization of SCOD and Carbohydrates

The SCOD and soluble carbohydrate concentration are shown in Figure 2, which
indicates that all the single and grouped pretreatments had a significant impact on the
SCOD measurements as compared to the untreated sludge sample with an SCOD of
500 mg/L. The release of total carbohydrates into the soluble phase of WAS improved
with the pretreatments but did not have a strong dependence on the type of pretreatment,
varying in the range of 500–800 mg/L. The highest SCOD of 5235 mg/L was achieved by a
combination of alkali and heating pretreatments. In general, combined treatments gave
better SCOD values of about 3600–5235 mg/L as compared to individual tests with SCOD
values in the range 1770–3600 mg/L. This was also confirmed by previous studies [36,48].
Coupling of single pretreatments gave a trend similar to solubilization of TS and VS. The
effect of alkali addition proved to be pivotal for effectively solubilizing COD, which is
agreement with previous studies [49,50]. Chemical pretreatment alone resulted in an
SCOD of 3654 mg/L, which was slightly increased to 4081 mg/L when combined with
ultrasonication and improved significantly to 5235 mg/L when combined with thermal
pretreatment. Alkali pretreatment was the most efficient among individual pretreatment
methods, as well as when combined with ultrasonication, heating, or both, at helping to
enhance COD solubilization. Ultrasonication had a lower impact on solubilizing COD in
comparison to other single pretreatment methods. This could be the reason that adding
ultrasonication to the most impactful alkali–heating pretreatment only slightly changed
the SCOD and soluble carbohydrate concentration. Overall, the results suggest that all the
different pretreatment methods elevated the release of carbohydrates and COD. However,
combined pretreatments with alkali addition solubilized greater quantities of organic
molecules in the soluble phase.
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Figure 2. Comparison of different pretreatments in terms of SCOD and carbohydrates.

3.3. Total Nitrogen and Soluble Proteins

One of the significant constituents of the microorganisms found in WAS is represented
by proteins, which are comprised of carbon, nitrogen, oxygen, and hydrogen. Disruption
of microbial cells releases proteins into the aqueous phase of WAS [16]. The concentration
of nitrogen in protein is historically assumed to be 16% [51,52]. Thus, the concentration
of proteins in WAS was calculated as 6.25 times the total nitrogen [49]. Here, only TN
concentration was measured, and total proteins were estimated by assuming that all the
nitrogen released was in an organic form. The concentrations of TN and proteins are
shown in Figure 3. The concentration of proteins present in WAS was comparatively
similar to the trend observed in SCOD, with a higher quantity of proteins resulting from
combined pretreatments than each separate treatment. Ultrasonication alone had a limited
effect on protein release; however, when coupled with other pretreatments, it improved
the solubilization of proteins. Alkali pretreatment resulted in a protein concentration of
1969 mg/L which gradually rose when combined with ultrasonication, heating, or both,
ranging from 2281 mg/L to 3031 mg/L. It was found that increasing the pH of sludge
increases protein solubilization [53], whereas the protein release accounts for a higher
value than the corresponding carbohydrate solubilized [54], as seen here. Alkali with
thermal pretreatment at 75 ◦C was seen to be the most effective among pretreatments
in terms of COD solubilization, as well as carbohydrate and protein transfer, into the
soluble phase. Similar results were obtained by Uma Rani et al. [55], who suggested that a
low temperature and pH of 12 were important parameters of pretreatment for enhanced
solubilization of organic matter. Generally, pretreatments involving the alkali method were
found to better solubilize both lower- (below 20 kDa) and higher-molecular-weight (above
20 kDa) proteins compared to other pretreatments due to the enhanced removal of protein
nitrogen at pH 12 [56].
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Figure 3. Effect of pretreatments on the concentration of total nitrogen and protein release.

3.4. Effect of Alkali Addition on WAS Solubilization

The effect of adding NaOH on solubilizing the organic fraction of sludge was com-
pared for different pretreatment methods, as shown in Figures 2 and 3. Figure 2 compares
the extent of solubilization of COD and carbohydrates, while Figure 3 shows the proteins
(estimated from concentration of total nitrogen) for both individual and combined pre-
treatments. The pH sludge pretreated with alkali was adjusted to 12 using 5 M NaOH
solution. Among the individual pretreatment methods, alkali pretreatment had a sig-
nificant influence on WAS disintegration with respect to ultrasonication, as it resulted
in higher concentrations of soluble COD, carbohydrates, and proteins. Similar to these
results, Tyagi et al. [57] also found that an alkali pH of 12 was better for the release of
organics in the soluble phase. Thermal pretreatment at low temperature with an SCOD of
3141 mg/L was comparable to the soluble COD of 3654 mg/L obtained after alkali addition.
However, this value of 3141 mg/L was improved to 5235 mg/L when thermal and alkali
pretreatments were combined. The concentration of soluble proteins was also enhanced
from 1813 mg/L to 2688 mg/L after AH pretreatment. In general, the type of pretreatment
performed had a very limited effect on the solubilization efficiency of carbohydrates. In the
combination of ultrasonication and alkali methods, at the end of 1 h, the values of soluble
COD, carbohydrates, and proteins was almost doubled with respect to the corresponding
initial concentrations after ultrasonication pretreatment. During the UA method, ultra-
sonication created hydromechanical shear forces that helped to break the WAS flocs. The
more opened floc structure resulted in better interaction of the microbial cell, with OH¯
ions promoting better disintegration. Hence, the sludge solubilization efficiency of UA
was higher than individual ultrasonication and alkali methods. Upon combining alkali,
ultrasonication, and thermal methods, there was significant WAS disintegration due to the
synergetic effects of the three different pretreatments. However, in terms of the release of
soluble COD and carbohydrates, the concentrations were quite comparable to the alkali–
thermal method, with only a negligible increase in protein concentration with respect to
AH. As a result, the effect of alkali addition on sludge solubilization was most prominent
when alkali pretreatment was coupled with low-temperature thermal pretreatment.

3.5. Thermogravimetric Analysis

TGA was used for the mass loss experiments to estimate the HHV of the sludge
sample before and after pretreatments. TGA analysis was carried out on the solid part
of the sludge samples to understand their behavior in terms of energy potential. The
results of this analysis can give better insight into the usage of sludge for energy even after
pretreatments and the resource recovery phase. MC, VM, FC, and A were calculated from
TGA curves as outlined in Section 2.4, and an example of this can be seen in Figure 4a,
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showing the TGA curve of the untreated sample. Figure 4b shows the TGA graphs before
and after all pretreatments.

Processes 2021, 9, x FOR PEER REVIEW 9 of 13 
 

 

this analysis can give better insight into the usage of sludge for energy even after pretreat-

ments and the resource recovery phase. MC, VM, FC, and A were calculated from TGA 

curves as outlined in Section 2.4, and an example of this can be seen in Figure 4a, showing 

the TGA curve of the untreated sample. Figure 4b shows the TGA graphs before and after 

all pretreatments. 

For all TG curves, it can be observed that there was an initial mass loss attributed to 

water volatilization, expressed as MC. In the second stage, there was large weight loss up 

to 950 °C due to the decomposition of the main volatile constituents of the sludge sample, 

represented as VM. Significant sludge pyrolysis took place between 200 °C and 550 °C. 

Biodegradable organic matter was disintegrated in the temperature range of 200–400 °C, 

whereas most of the nonbiodegradable organics decomposed at 400–550 °C. A compara-

tively lower loss of weight was noticed from 550 °C to 950 °C, which contributed to the 

remaining volatilization of organics. At 950 °C, sludge was allowed to completely oxidize 

in the O2 environment, and FC and A were measured at this stage. The FC of samples was 

also measured as the difference in mass percentage between the sample and sum of 

masses of MC, VM, and A. These results were found to be fully in agreement with those 

calculated from the TG curves. The TG curves for all alkali-treated samples were observed 

to be steeper in the 550 °C to 950 °C region. In almost all pretreated sludge samples, espe-

cially the alkali ones, FC was found to strongly decrease with respect to the untreated 

sludge. 

 

 

(a) (b) 

Figure 4. TGA graphs of (a) untreated sludge with proximate parameters shown, and (b) sludge before and after all pre-

treatments. 

HHV was estimated here from thermogravimetric analysis using an empirical equa-

tion from the literature [58]. 

HHV = 0.3536FC + 0.1559VM − 0.0078A, (3) 

where FC, VM, and A are the weight percentages on a dry basis yielding the HHV in 

MJ/kg. This correlation was selected as it can be useful for computing HHV from proxi-

mate analysis for any kind of biomass material. Moreover, it had an average absolute error 

and bias error of 3.74% and 0.12%, respectively, highlighting the good relationship be-

tween calculated and measured HHV. The HHV results for all the samples are shown in 

Table 3. 

  

0 200 400 600 800 1000
0

20

40

60

80

100

W
e

ig
h

t 
(%

)

Temperature (C)

MC=6.66%

VM=75.89%

FC=4.56%

A=12.89%

0 200 400 600 800 1000

20

40

60

80

100

W
e
ig

h
t 

(%
)

Temperature (ºC)

 Untreated

 U

 A

 H

 UA

 UH

 AH

 UAH

Figure 4. TGA graphs of (a) untreated sludge with proximate parameters shown, and (b) sludge before and after all pre-
treatments.

For all TG curves, it can be observed that there was an initial mass loss attributed to
water volatilization, expressed as MC. In the second stage, there was large weight loss
up to 950 ◦C due to the decomposition of the main volatile constituents of the sludge
sample, represented as VM. Significant sludge pyrolysis took place between 200 ◦C and
550 ◦C. Biodegradable organic matter was disintegrated in the temperature range of
200–400 ◦C, whereas most of the nonbiodegradable organics decomposed at 400–550 ◦C. A
comparatively lower loss of weight was noticed from 550 ◦C to 950 ◦C, which contributed
to the remaining volatilization of organics. At 950 ◦C, sludge was allowed to completely
oxidize in the O2 environment, and FC and A were measured at this stage. The FC of
samples was also measured as the difference in mass percentage between the sample and
sum of masses of MC, VM, and A. These results were found to be fully in agreement with
those calculated from the TG curves. The TG curves for all alkali-treated samples were
observed to be steeper in the 550 ◦C to 950 ◦C region. In almost all pretreated sludge
samples, especially the alkali ones, FC was found to strongly decrease with respect to the
untreated sludge.

HHV was estimated here from thermogravimetric analysis using an empirical equation
from the literature [58].

HHV = 0.3536FC + 0.1559VM − 0.0078A, (3)

where FC, VM, and A are the weight percentages on a dry basis yielding the HHV in MJ/kg.
This correlation was selected as it can be useful for computing HHV from proximate
analysis for any kind of biomass material. Moreover, it had an average absolute error and
bias error of 3.74% and 0.12%, respectively, highlighting the good relationship between
calculated and measured HHV. The HHV results for all the samples are shown in Table 3.

The estimated HHV values according to Parikh et al.’s correlation of the sludge
samples after pretreatments using proximate values from TG curves were in the range of
10–12 MJ/kg, while the untreated sludge had an HHV of 13.34 MJ/kg. It is the VM that
mainly contributed to the heating value of sludge. From the literature, municipal sludges
with VM 23–53% had an HHV of 4.3–13.9 MJ/kg (measured using a bomb calorimeter) [59].
The percentage of VM obtained in this study was around 65–75%, which is comparatively
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higher than the above values, with an HHV between 10 and 14 MJ/kg. Due to variability
found in FC, a clear comparison was not possible among the different pr-treated samples.
However, the proximate analysis using the TG curve gave a reasonable estimation of
HHV in case of the absence of expensive equipment, which could be used for quick and
preliminary energy studies. Moreover, it can be seen that the HHV value of sludge after
pretreatments did not largely differ with respect to the HHV of untreated sludge. Thus,
this suggests that, even after pretreatment, there is a possibility to utilize this sludge for
further energy recovery.

Table 3. Results of HHV from thermogravimetry.

Sample HHV MJ/kg

Untreated 13.34 ± 0.65
U 10.90 ± 0.65
A 10.00 ± 0.65
H 11.44 ± 0.65

UA 10.88 ± 0.65
UH 11.47 ± 0.65
AH 11.82 ± 0.65

UAH 10.58 ± 0.65

4. Conclusions

This paper evaluated the effect of different pretreatments on WAS solubilization,
which is the first step for a biorefinery exploiting WAS as a source. The pretreatments
resulted in an increase in the concentration of dissolved organics. Among individual
pretreatments, the alkali addition method was the most significant. The conversion of
volatile solids in general was higher for alkali-treated samples, ranging from 11 to 18%.
Upon comparing all pretreatments and all tested parameters, the combined alkali–heating
pretreatment was found to be the most effective. The highest solubilization of both TS
(9.6%) and vs. (17.2%) was obtained for the alkali–heating pretreatment method. Higher
SCOD values showed that the pretreatment could be more effective in improving the
release of organic soluble molecules in the liquid phase, and that a combination of pre-
treatments was the most effective. Solubilization of carbohydrates was independent of the
pretreatments performed. The amount of nitrogen release was higher for the combined
pretreatments involving the alkali step. On the other hand, the higher SCOD compared
to the concentration of carbohydrates and estimated proteins revealed the presence of
other classes of soluble compounds. Identification of the major contributors to the SCOD is
necessary to efficiently valorize WAS. Therefore, alkali-coupled pretreatments could be fur-
ther explored to produce an aqueous liquor with organic constituents which can undergo
subsequent biotechnological steps to produce value-added chemicals/materials. For all the
pretreatments, the HHV values were approximately 10–11.82 MJ/kg and did not greatly
vary with comparison to the untreated sample. The HHV of the sludge after pretreatments
was reduced to a maximum of 10 MJ/kg from 13.34 MJ/kg (untreated sample), which
shows that, after resource recovery, the solid part of sludge can be further utilized for its
energy properties.
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