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The study aimed to assess the effects of ultrasound-assisted thermal
pretreatment on biogas production by co-digesting stress-adapted microalgae
(Synechocystis sp.) with a combination of mixed municipal and industrial
sewage sludge under anaerobic conditions. The pretreatment process involved
subjecting the microalgae biomass to thermal pretreatment at temperatures
of 70, 90, and 110°C while utilizing ultrasound pretreatment for the sludge
(with an average solids content of 16.7 g/L) at a frequency of 25 kHz and power
output of 400 W for durations of 3, 9, and 15 minutes before the main digestion
process. The experiment was designed using response surface methodology
(RSM) with a central composite design. The results revealed that the model
exhibited statistical significance, with a probability value (Prob > F) of less than
0.05. Pre-treated samples demonstrated a substantial increase in biogas
production compared to untreated samples, showing an average 1.4 to 5.6-
fold enhancements. Optimization analysis indicated that the highest
cumulative biogas production, amounting to 706 NmL, could be achieved after
two weeks by pre-heating the microalgae cells at 110°C for one hour and
subjecting the sewage sludge to ultrasound pretreatment for three minutes.
These findings highlight the potential of ultrasound-assisted thermal
pretreatment technology as a strategy to enhance biogas production through
the co-digestion of stress-resilient microalgae and sewage sludge.
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1. Introduction

The increasing trend in population growth and the
consequent rise in demand for water and energy
present a significant threat to essential fuel and
drinking water resources for future generations.
Freshwater withdrawals have tripled over the past
50 years, with a year-on-year demand increase of
64 billion m?® [1]. Predictions indicate a 50%
increase in global energy consumption by 2035 [2],
which will undoubtedly impact
requirements. Despite this high demand for water
and energy, significant amounts of wastewater
(approximately 2.2 million m* globally) are
produced annually from various sources such as
agriculture, industry, and households [3]. In early
2017, approximately 80% of global sewage was
being discarded without adequate treatment [4].
However, effective strategies and practices have
decreased wastewater mismanagement to 48%
[5], and recycling of wastewater has become a
crucial aspect of water management policies in
many countries, aiding in the conservation of
precious water resources [6]. Nevertheless, the
global demand for sewage treatment has led to an
increase in sludge production with high levels of
organic matter, resulting in
environmental impacts such as improper disposal
and groundwater contamination through leachate.
Treating the sludge through anaerobic digestion
(AD) can mitigate these negative consequences
and produce renewable energies, turning it into a
valuable resource [7]. Therefore, it is imperative to
alternative especially
sustainable ones, and address water resources by
developing technologies for wastewater treatment
and recycling for safe reuse in nature. In recent

water

detrimental

prioritize energies,

years, there has been significant global
development of biofuels, attributed to the
utilization of economically viable non-edible

sources [8], waste materials [9], and even sewage
sludge [10] as renewable energy sources,
contributing to a more sustainable and
environmentally friendly future. Biogas generated
from sewage sludge, with a methane content
ranging from 40-75% by volume [11] and 25-60% of
CO; [12], has the potential to generate significant
amounts of energy. When used as fuel for a
combined heat and power plant, it can produce
both electrical and thermal energy, with up to 81%

efficiency equating to 2 kWh and 3 kWh,
respectively [13]. The biogas production process
involves four biochemical
hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [14]. Hydrolysis is the initial step
where complex organic compounds are converted
into simpler organic matter and monomers by
hydrolyzing  bacteria.  Following  hydrolysis,
acidogenesis occurs, where acidic bacteria convert
the monomers into acetic acid and hydrogen. Next,
during the acetogenesis stage, acids are further
transformed into acetate and CO,. Finally, in the
methanogenesis stage, the products from the
previous stages are converted into methane [14].
Recently, there has been notable attention given to
biogas upgrading technologies, including reaction
kinetics [9] and current developments and
applications of methane enrichment in microbial
methanation processes [15]. As anaerobic
processes are required for methane production
from sewage sludge, various factors must be
considered. These microbial processes occur in the
absence of oxygen [11,16] and are influenced by a
range of complex factors that impact their
efficiency on an industrial scale [17,18]. These
factors include temperature [19], pH [20,21],
retention time [22], C.N ratio [23], nanoparticles
[24], and the type and size of precursor particles,
which can optimally affect biogas production
efficiency (Table 1). The choice of substrate heavily
influences the efficiency of biogas production, with
agricultural waste [25], municipal solid waste
(MSW) [26,27], industrial waste [28], and co-
digestion of MWS [29] being utilized as substrates.
To address this issue, a consortium substrate has

essential reactions:

been developed to combine various organic sources
to provide sufficient nutrients for the
microorganisms involved in the process. Microalgae
represent a substrate with significant benefits for
the AD process [36]. The biomass of microalgae
contains essential components such as proteins,
carbohydrates, and lipids. Certain species of
microalgae exhibit a remarkable ability to absorb
carbon [37], as well as trace amounts of metals
and non-metallic minerals during their growth
cycle, making them an effective biological
treatment option for waste management.
Furthermore, specific strains of microalgae, such

as Chlorella [38], Nannochloropsis [38], and
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Scynecosystis [39], have been found to enhance
biogas production efficiency in AD systems. Studies
have indicated that the use of Chlorella, for
significantly biogas
production rates [40, 41]. Therefore, selecting an
appropriate precursor, such as microalgae, can
promote a better balance and ultimately increase
the efficiency of the AD process. Moreover,
microalgae show promise for coupling wastewater
treatment and biofuel production [42]. They offer
a sustainable approach to CO. bio-fixation,

example, can improve

biomass production, nutrient removal from
wastewater, and bioenergy generation [43].
Utilizing algal biomass provides economic

advantages over conventional methods by allowing
the recovery of various value-added bioproducts,
including biopolymers, biochemicals, biofertilizers,
and biofuels. This approach not only reduces
production costs but also supports the
development of a sustainable, algal-based green
economy [44]. Furthermore, pretreatment
methods for substrates play a crucial role in biogas
production efficiency as they can impact methane
content and reaction Researchers have
explored pretreatment techniques,
including mechanical [11], chemical [45], thermal
[46], and biological [47] methods, with the aim of
enhancing biogas production efficiency. Among
these methods, ultrasound (US) pretreatment has
shown particular effectiveness in
preparation [48]. US waves create acoustic
cavitation, which generates microscopic bubbles in
the liquid medium. These bubbles collapse due to
the rapid change in pressure, creating localized
hotspots and intense turbulence. This mechanical
shear force facilitates faster nutrient entry into the
reaction and promotes the uptake of food by
anaerobic bacteria [49]. However, it is important
to note that the effects of ultrasonic pretreatment
can vary depending on the specific application
range. Outside of this range, the use of ultrasonic
waves may have negative effects on the findl
efficiency due to certain factors [36]. Additionally,
thermal pretreatment has proven to be highly
algae Studies
indicated that applying thermal processing to an
algae consortium can increase the reaction rate by
improving the solubility of organic matter and
nutrients, resulting in higher methane yields

rates.
various

inoculum

efficient for substrates. have

[36,38]. Several pretreatment methods have also
been developed for biomass conversion into value-
added products, with a focus on detoxifying
inhibitors present in hydrolysate. Different
strategies can be applied to mitigate the inhibitory

effects of various compounds on microbial
fermentation. These strategies involve the
detoxification of hydrolysate wusing various

physicochemical methods and the engineering of
microbes to enhance their tolerance to inhibitors
[50]. Therefore, pretreatment methods offer
opportunities to optimize biogas production
efficiency by manipulating reaction conditions and
enhancing microbial activity. Ongoing research
explore further and
pretreatment techniques to maximize biogas yields
and improve the overall sustainability of the
process. While several studies have evaluated the
impact of anaerobic co-digestion on methane yield
[51], a few have investigated real continuous case
studies on microalgal anaerobic co-digestion. Co-
digestion of microalgae and sewage sludge involves
combining these organic materials to undergo
anaerobic digestion. In this biological process,
microorganisms break down organic matter in the
absence of oxygen to produce biogas, a mixture of
primarily methane and carbon dioxide. The co-
digestion reaction pathways and mechanisms of
microalgae and sewage sludge are interconnected
and leverage the unique properties of each
material to enhance biogas production [52].
Microalgae, being rich in proteins, lipids, and
carbohydrates, can complement the nutrient
composition of sewage sludge, which typically
contains a mix of organic materials derived from
domestic and industrial sources. When combined,
the microorganisms in the anaerobic digestion
process can utilize the diverse substrate the
microalgae and sewage sludge offer to enhance
biogas production [53]. The co-digestion process
can benefit from synergistic effects, such as
improved microbial activity and
pathways, leading to higher biogas
compared to individual digestion of
materials. The novelty of this study lies in the
development of a model for biogas production that
takes

aims to refine these

metabolic
yields
these

into account different combinations of
proper microalgae cells and sewage sludge
pretreatment technologies during the co-digestion
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process. This study aimed to investigate the impact
of ultrasonic-assisted thermal pretreatment on
biogas production through the co-digestion of
stress-adapted microalgae with municipal sewage
sludge under anaerobic  conditions. The
combination of ultrasonic and thermal energy
serves to improve the overall performance of pre-
processing techniques by enhancing mass transfer,
improving reaction kinetics, and facilitating the
breakdown of complex structures within the
material. Additionally, the potential of stress-
resilient microalgae as an effective means of
treating contaminated wastewater and extracting

valuable refined materials in co-digestion with
mixed sewage sludge was explored. The study also
sought to investigate the impact of the
simultaneous thermal pretreatment of microalgae
cells and ultrasonic pretreatment of sewage sludge
on biogas production efficiency. The optimal
ranges of using mixed pretreatment parameters in
microbial co-digestion were identified for the first
time in this study, offering significant advantages
in terms of enhanced biogas yields and overall
process efficiency.

Table 1. Factors effect on biogas production using different substrates under AD process.

Parameter Substrate Value Results Ref.
Substrate Animal manure (goat 157-500 mL.gVs™! Pig manure: 204-438.4 mL.gVS™' [30]
and pig) Goat manure: 402-500 mL.gVS™
Lignocellulose biomass 160 to 212 mL.gVs! 160.1-211.8 mL.gVS™"
MSW 143-516 mL.gVS™' 143 (Cucumber waste)
516 (Fruit and vegetable)
Industrial waste 25-429 mL.gVs™! 25 mL.gVS™ (Barley)
429 mL.gVS™ (Pulp.paper mill
sludge)
Glycerol and MWS 1% Glycerol 115 % increase in biogas production [29]
activated sludge and 50:50 (v.v) 89 % increase in biogas production
MSW
Mud primitive with Mesophilic 131% increase in biogas production
returned Dough Paper Conditions
MWS With Cheese Curd 90:10 (v.v) 121% increase in biogas production
MWS.Qil ,fat And Grace 52:48 (v.v) 198% increase in biogas production
Temperature MWS 30-40 °C 12.4% increase in biogas production [19,31]
(Mesophilic) (Thermophilic Condition)
50-70°C
(Thermophilic)
pH Co-digestion 7.1 (Mesophilic) 35% increase in biogas production [20]
MSW.Activated sludge 7.2 (Thermophilic)
MWS pH: 5-7 24% increase in methane content [21]
(pH=7)
TS Concentrated sewage TS:2.61-37.86% 1.7% increase in biogas production  [32,33]
sludge
Digested sludge TS: 2-10% 62% increase in biogas production [34]
(TS 8%)
C.N MWS combined with fruit C.N=2-16.33 31% increase in biogas production [23]
waste and cheese whey (C.N:16.33)
Retention Time Sewage Sludge 15-25 day 50 % of increase in biogas production  [22]
Size Particles Cow manure 25-500 pm 59% increase in biogas production [32]

Pig manure
Chicken manure
MWS

39% increase in biogas production
53% increase in biogas production
39% increase in biogas production
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2. Materials and methods

2.1. Sewage Sludge and Microalgae Preparation as
Mixture Substrate

For this study, a consortium substrate composed of
resilient microalgae and mixed municipal and
industrial sewage sludge obtained from the Tehran
South Wastewater Treatment Plant was utilized.
This treatment plant is recognized as one of the
most significant wastewater projects in the Middle
East. The sewage sludge samples, with an average
solids content of 16.7 g/L, were taken from the final
wastewater pool created by condensing a mixture
of domestic and industrial sewage sludge. In this
pool, the total suspended solids (TSS) ranged from
20-40 kg/L, while the volatile suspended solids
(VSS) content was 0.0336 kg/L. The COD.VS ratio
was measured as 1.5+x0.5. The Synechocystis sp.
PCC 6803 cells as microalgae biomass, obtained
from the Culture Collection of Algae and Protozoa
(CCAP, Scotland), were gradually acclimated to
mixed domestic and industrial wastewater before
the pretreatment process. The optical density (OD)
of the microalgae biomass (with a fresh weight of
1.23  mg/mL) using a
spectrophotometer at a wavelength of 600 nm. The
pH was set to 7.1. The AD rate of the sewage sludge
in TS was 8%, achieved using a weight ratio of 37:63
(v.v) for the mixed sewage sludge and microalgae,

was measured

respectively.

2.2. Ultrasonic- assisted thermal pretreatment of
substrates

The UP 400 S (400 W, 24 kHz) was utilized as the
probing ultrasonic device to generate US waves for
sludge pretreatment. Sludge samples with a
volume of 63% (v.v) were exposed to a frequency
of 25 kHz with amplitude of 70%, in accordance
with the experiment matrix outlined in section 2.4.
The ultrasonic intensity was set at 25 W.cm™. The
pretreatment time for the sewage sludge was
determined using Eq. 1, based on ultrasonic specific
energy [49]:

By= o 1
=T m

where E; represents the specific energy (kJ/kg), P is
the device power (kW), t is the ultrasonic exposure
time (s), V represents the sample volume (L), and

Ts is the total suspended solids (kg/L). The values of
E;, P, V, and T; were 5500 kJ/kg (based on the VS of
sample and the extractable energy from the
produced biogas [54,55]), 0.4 kW (based on the
device specifications), 0.315 L, and 0.04 kg/L,
respectively. In order to pre-treat the microalgal
biomass, thermal treatment was employed on the
cells (with biomass density of 1.236 kg/L) for a
duration of 1 h using a digital oven set to 70°C,
90°C, and 110°C.

2.3. Biogas production using AD reactor

The water displacement method was used to
measure the biogas production volume [56-58]. To
this end, nine glass digester tanks with a volume of
50 mL and nine glass measurement containers
containing a dilute acid solution with a volume
concentration of 10% HCI were applied. A dilute
acid solution was introduced into the measurement
container via glass tubes. The volume of the
produced biogas in each reactor was measured
daily for 15 days. A water bath heated by a 400 W
element and controlled via a temperature sensor,
thermocouple, and thermostat were employed to
control the temperature balance within the range
of 38£1°C. Argon gas was injected into the
headspace of the digester tanks before starting the
AD. The reactors were spun by a mechanical mixer
for one min every 6 h to prevent two-phase
conditions. Each digester was filled with 37 wt%
cultivated Synechocystis sp., which was then mixed
with water in a relative ratio of 1:3 (v.v).

2.4. Experiment design through response surface
methodology

The experiment was designed via response surface
methodology (RSM) [59] with central composite
design (CCD) in Design Expert x13 to analyze the
interaction of factors and predict an optimum
pretreatment model for the highest biogas
production. Figure 1 demonstrates a scheme of the
designed experiment to investigate the interaction
effect of the US-assisted thermal pretreatment of
mixed biogas production. The
independent variables for this study were sludge US
pretreatment time (A) and microalgae biomass
thermal pretreatment temperature (B), each at
three levels of 3, 9, and 15 min and 70, 90, and
110°C, respectively (Table 2).

substrate on
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Table 2. RSM experimental design for optimizing biogas production using pretreatment.

Pretreatment type Factors Name Unit -1 0 +1
Ultrasound sludge pretreatment A Time min 3 9 15
Thermal microalgae pretreatment B Temperature °C 70 90 110

Also, control samples were prepared without a
pretreatment process. Total biogas was measured
every day as response data. Based on the designed
matrix, a quadratic model was used to model the
biogas production; A and B were defined as
duration time of US treatment for sewage sludge
and temperature of thermal treatment for
microalgae cells, respectively. The Design Expert
software offers a range of statistical tools for
evaluating the reliability of a statistical model. In
this study, the validity of the statistical model was
evaluated using analysis of variance (ANOVA),
residual analysis, and prediction error assessment.
ANOVA serves as a statistical technique employed
to determine the significance of the model terms
and ascertain their contribution to the variability in
the response variable. denote the
disparities between the predicted and actual values
of the response variable. The residuals of the model
were examined through plots to assess whether
they adhered to a normal distribution. Prediction
error quantified the effectiveness of the model in
forecasting the
observations. Cross-validation was employed to
estimate the prediction error of the model and
determine its accuracy.

Residuals

response variable for new

Thermal
treatment

Microalgae
cells ]

RSM — AD process

Sewage “-,
sludge

US treatment —»

Fig. 1. A scheme of the experiment for evaluating the
effect of the US-assisted thermal pretreatment of
substrate on biogas production.

3. Results and discussion

3.1. Biogas production enhanced using combined
pretreatment technology

Biogas production in the reactors was evaluated for
15 days based on the designed experiment (Table
3). The results demonstrated that the application
of the mixed pretreatment process resulted in an

average 1.4-5.6-fold increase in the accumulated
production of biogas, ranging from a total amount
of 167-704 mL compared to the control sample (120
mL). The cumulative biogas production results
from co-digestion of treated sewage sludge and
microalgae cells are presented in Figure 2.

Table 3. Accumulative biogas production amount as
responses for the designed experiment.

Run A: Time B: Temperature Biogas

[min] [°C] [NmL]
1 0.51 90 373
2 9 90 556
3 9 61.72 210
4 17.49 90 360
5 3 70 469
6 15 70 386
7 3 10 704
8 9 118.28 302
9 15 110 167

Optimizing the temperature during thermal

biomass pretreatment significantly impacts the
production of biogas. The study revealed that
increasing the temperature led to a corresponding
increase in biogas production until it peaked at
110°C. Therefore, the most suitable temperature for
the thermal pretreatment of this resilient
microalgae, promoting AD, was observed to be
110°C for a duration of one hour. The chemical
bonds between cellulose, hemicellulose, and pectin
in the microalgae's cell wall were effectively broken
down through thermal pretreatment. This process
enhanced cell permeability, facilitating the release
of intracellular compounds into the surrounding
aqueous phase, ultimately resulting in improved
biogas production [60]. On the other hand, algae
arerich in volatile fatty acids (VFAs), which are also
intermediate products of methanogenesis [61]. The
formation and accumulation of VFAs can lead to
microbial stress, resulting in acidification and a
decline in the co-digesting process [62]. This factor
could be investigated in future works. The results of
the present study significant
improvement in biogas production through US-
assisted thermal pretreatment. This increment

revealed a
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surpassed the outcomes of previous attempts
involving US pretreatment before sludge AD (Table
4). US pretreatment of sewage sludge produces
microbubbles that burst upon reaching a critical
resulting in cavitations. This
generates high local temperature (~4726.85°C) and
pressure (exceeding 500 bar), which affects the
digestion process. The impact of this phenomenon
on biogas production requires  further
investigation. Several factors contribute to
enhanced hydrolysis of volatile solids, including
hydro mechanical shear forces, radical formation,
thermal decomposition of hydrophobic substances,
and increased temperature. Although the specific
mechanism by which US waves excite enzymes has
yet to be extensively studied, it is known that
enzyme activity depends on the active site
configuration. changes in
conditions or composition can significantly alter
the three-dimensional structure of the enzyme,
affecting catalysis. These alterations in protein
structure and enzyme activity are typically
observed within the frequency range of 20 to 100
kHz [63]. This study has successfully developed
stress-resilient cells of Synechocystis sp. through
the gradual passaging of cells in highly toxic
industrial and municipal wastewater effluent [6];
it is assumed that these cells may exhibit a new
profile of enzymes as a result of biosynthetic

size, explosion

Minor medium

changes. Identifying  the  enzymes and

700

60D

£ so0

= 400

3

= 300

o

= 200

u

2 100
0

17/5 15 9 3 /s

(a) US treatment (min)

understanding how enzymes undergo changes
under US waves is crucial because enzyme activity
is influenced by structural alterations. It has been
suggested that under appropriate US conditions,
enzymes unfold, exposing the active site and
facilitating faster substrate interaction, leading to
increased reaction rates [64]. The effect of
ultrasonic waves on enzymes is not fully
understood, but it is known that enzyme activity is
influenced by changes in the active site's
configuration.  Ultrasonic can
structural alterations in the enzyme, resulting in
increased enzyme activity due to an exposed active
site and improved transport phenomena. However,
it is unclear whether ultrasonic waves affect only
the structure of the enzyme and substrate or also
the reaction media. Ultrasonic intensity and duty
cycle are crucial factors affecting enzymatic
activity, with low-intensity and low-frequency US
irradiation promoting stable cavitation bubbles
that increase enzyme activity. Higher ultrasonic
intensity can lead to denaturation of the
polypeptide chain and decreased enzymatic
activity. Enzymes can also undergo radical attack
and modification of their secondary and tertiary
structures under ultrasonic processing [65]. The
diverse nature of enzymes requires a case-by-case
study to understand their response to ultrasonic
waves, with kinetic modeling providing valuable
insights.

waves cause

700
=~ 600
= 500
T 400
; 300
= 200
s
8 100

0

62 T0 90 110 118
() Thermal treatment (°C)

Fig. 2. Average of cumulative biogas production during co-digestion of mixed treated microalgae and sewage sludge

affected by US treatment (a) and Thermal treatment (b).
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Table 4. Comparison of the results of biogas production under US pretreatment with other studies.

Substrate TS Power Frequency Yield Ref

Concentrated sludge 16.2-17.2 g/1 400 W 25 kHz 40-480 % increase in biogas This study

Activated sludge 16.2-17.2g/1  21KJg/TS 20 kHz 40% increase in CH4 [66]

Activated sludge 1.78% 60 W 20 kHz 84% increase in biogas

Activated sludge 3.5% 100W  20kHz 27 increasein organic matter [67]
dissolution

Concentrated sludge 4.36% 100 W 20 kHz 27% increase in biogas

As shown in the Table. 4, the highest increment in
biogas production (40-480% increase) was
observed while using different pretreatment
processes particularly suitable for each substrate in
co-digestion. In studies, it
demonstrated that thermal pretreatment of
different microorganisms, such as Arthrospira
maxima, Chlorella sorokiniana, Nannochloropsis
Salina, and Acutodesmus obliquus,
temperatures and times led to biogas production
increases ranging from 12-72% [68]. Furthermore,
ultrasonic pretreatment with frequencies between
20 and 40 kHz was found to enhance methane
production by increasing the availability of
macromolecular components for AD [69]. The
highest increase in biogas production reported
resulted in a 27-84% increase with an energy input
between 21-35 kJ.gTS™ [66,67]. Moreover, a study
[61] has demonstrated that US technology could

previous was

at various

enhance methane production. However, when
ultrasound is combined with the thermal
treatment of sludge, it hinders methane

production but boosts hydrogen production [62].
Ultrasound pretreatment of sewage sludge
disrupts the cell structure, facilitating the release
of organic matter and making it more accessible to
the microorganisms during anaerobic digestion.
This can increase the rate of biogas production by
enhancing the availability of substrates for
activity [49]. The application of
ultrasound can also aid in reducing particle size and
increasing the surface area of the sludge, thereby
improving the efficiency of the digestion process.

microbial

On the other hand, the heating pretreatment of
microalgae can break down complex organic
compounds, such as cell walls, and facilitate the
release of intracellular components. This can lead
to increased solubilization of organic matter and
improved digestibility of the microalgae biomass
during anaerobic digestion. As a result, the
enhanced accessibility of nutrients and substrates
from the pretreated microalgae can promote
higher biogas production [70]. Co-digestion of
microalgae and sewage sludge can lead to
enhanced biogas production due to the
complementary composition of the
materials and synergistic effects on microbial
activity. Furthermore, ultrasound and heating
pretreatments can increase biogas production by
improving the accessibility and digestibility of the
organic matter in sewage sludge and microalgae,
respectively, thereby optimizing the anaerobic
digestion process.

nutrient

3.3. Co-digestion improved
combination of pretreatment processes

using optimum

Statistical analysis of the results indicates a
significant paired effect of sludge pretreatment
with ultrasonic algae thermal
pretreatment on biogas production, as shown in
the table for the given significance level (Figure 3).
The ANOVA results between two effective factors
on biogas production, including A: US time on
sewage sludge and B: temperature on microalgae
biomass, are presented in Table 5.

waves and
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Table 5. ANOVA results: the impact of mixture thermal pretreatment of microalgae and US pretreatment of sludge

on biogas production.

Source Sum of Squares df Mean Square F Value p-value (Prob > F)'
Model 147.34 3 491 9.68 0.0159"

AB 46.03 1 46.03 9.07 0.0297

B2 23.98 1 23.98 4.72 0.0818

AB2 77.34 1 77.34 15.24 0.0114
Residual 25.38 5 5.08

Cor Total 172.72 8

"Values of "Prob > F" less than 0.05 indicate model terms are significant.

A: Sludge US pretreatment time

B: Microalgae biomass thermal pretreatment temperature

The Model F-value of 9.68 implied that the model
was significant. There was only a 1.59% chance
that a "Model F-Value" this large could occur due
to noise. Values of "Prob > F" less than 0.050
indicated that the model terms were significant
and, in this case, AB and AB? were significant model
terms. The results of ANOVA, residual analysis, and
prediction error demonstrated the validity of the
statistical model in Design Expert, ensuring that it
accurately represented the relationship between
the independent and dependent variables. Figure 4
illustrates the relationship between pretreatment
conditions and biogas production. The goal was to
identify the combination that resulted in the
highest desirability, which indicated the optimal
solution. To minimize energy consumption during
the pretreatment process, we aimed for a
desirability of 83%. This was achieved by subjecting
the microalgae cells to thermal pretreatment at
70°C and applying US for three minutes to the
sewage sludge (Figure 4a). Under these conditions,
biogas production was significantly enhanced,
resulting in a total yield of 397.14 mL biogas over a
span of two weeks. Furthermore, based on our
second prediction, it was found that heating the
microalgae cells to 110°C while maintaining the
same duration of US pretreatment on the sludge
could increase the desirability to 100% (Figure 4b).
According to this updated model, the average
biogas production throughout the entire mixed
pretreatment process followed by the AD process
would increase to 706 mL after two weeks. The final
optimization equation is shown below:

Sqrt (Biogas production) = 4.40 AB%+ 2.21

2
B%+3.39 AB -21.14 (2)

These findings highlight the importance of
optimizing the pretreatment conditions for both
microalgae cells and sewage sludge to maximize
biogas production. Significant improvements in
biogas yields can be achieved by carefully selecting
the appropriate combination of pretreatment
parameters, such as temperature and US intensity.
The economic aspect of pretreating sewage and
microalgae is essential for improving process

efficiency, reducing costs, and maximizing
resource recovery. Proper pretreatment can
enhance downstream processes like wastewater
treatment and biofuel production, leading to
reduced operation expenses and increased
economic viability. By minimizing equipment
damage and optimizing performance,

pretreatment also helps lower maintenance costs.
Investing in pretreatment offers long-term cost
savings and improved economic feasibility for
sewage and microalgae treatment processes. The
combination of ultrasonic and thermal energy
enhances pre-processing techniques by improving
mass transfer, reaction kinetics, and breaking
down complex material structures. Pretreatment
methods with a positive energy balance are crucial
for making anaerobic digestion economically
feasible. The techno-economic analysis evaluates
the economic viability of production processes to
determine commercial feasibility [71]. Improving
algal biomass productivity can reduce the cost of
algae-derived biogas, achieved through strategies
like recycling CO- for cultivation [72]. Life cycle and
economic assessments explore the benefits of
biogas production from microalgae biomass,
highlighting factors affecting net energy ratio,
benefit, nitrogen
greenhouse gas emissions.

economic recovery, and
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(b) interaction of factors plot, (c) normal plot of residuals and the predicted vs. actual plot, and (d) normal plot of

residual.

4. Conclusions

In this study the impact of US-assisted thermal
pretreatment on biogas production through the co-
digestion of stress-adapted microalgae with mixed
municipal and industrial sewage sludge was
anaerobic conditions. The
results indicated that the production of biogas
could be enhanced by adjusting the temperature
during thermal microalgae biomass pretreatment.
Thermal pretreatment breaks down the chemical
bonds present in cellulose, hemicellulose, and
pectin within the cell walls of microalgae. As a
result, the permeability of the cell increased,
allowing for the release of intracellular compounds
into the surrounding aqueous phase. This
breakdown of chemical bonds and increased
permeability contributed to improved biogas

investigated under

production during the subsequent AD process. On
the other hand, ultrasonic promoted efficient
mixing and enhanced mass transfer rates, leading
to improved process efficiency. Ultrasonic energy
could disrupt molecular and crystalline structures
in sludge, making them more susceptible to
subsequent processing steps during AD. This is
particularly useful when dealing with complex
sewage sludge, where breaking down the structure
enhances extraction, digestion, and other desired
transformations. The main results of this study
based on the designed experiment through RSM are
listed below:

i The optimal temperature for the
resilient microalgae cell pretreatment
process was 110°C for duration of one
hour.
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ii. The optimal US time for sewage sludge
pretreatment was three min at a
frequency of 25 kHz, amplitude of 70%,
and power output of 400 W.

iii. The prediction model and the
interaction of pretreatment factors
were significant based on the RSM
investigation, with  the  highest
desirability followed by an average 1.4-
5.6-fold increase in biogas production.

The combination of ultrasonic and thermal energy
offers several advantages in mixed pre-processing,
including enhancing mass transfer, accelerating
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reaction kinetics, disruption of complex structures,
energy efficiency, and versatility. The enhanced
mass transfer resulting from ultrasonic-assisted
thermal pretreatment also accelerates the reaction
kinetics. By increasing the contact area and
promoting the diffusion of reactants, ultrasonic
waves facilitate faster reactions, reducing the
required processing time. Combining ultrasonic
and thermal energy allows for reduced processing
temperatures and shorter processing times. This
not only saves energy but also minimizes the risk of
thermal degradation or unwanted side reactions,
preserving the quality of the processed material.
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Fig. 4. Two Optimized models for the highest biogas production using combined pretreatment of microalgae and
swege sludge. 3D RSM contore and optimized level of substrate mixture with desirebility of (a) 83% and (b) 100%.

Therefore, the ultrasonic-assisted thermal
pretreatment is a promising technique in mixed
pre-processing methods. Harnessing the
synergistic effects of ultrasonic and thermal energy
offers improved process efficiency, faster reaction

kinetics, and enhanced product quality while being

applicable to a wide range of materials and
processes. Further investigation is required to
comprehensively analyze the effects of the
combination of ultrasound pretreatment of sludge
and thermal treatment of microalgae cells on the
composition of biogas. While various sludge
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pretreatment methods have been implemented at
anindustrial scale, assessing newer technologies at
lab and pilot scales is necessary for a solid techno-
analysis.  Balancing  operational,
economic, and environmental concerns in selecting
efficient pretreatment applications is challenging.
Future research should focus on scaling
implications and integrating energy-efficient
waste management practices for
solutions. Focusing on these areas aims to unlock
the immense potential of stress-resilient
microalgae and advance sustainable solutions for

economic

sustainable

wastewater treatment while simultaneously
harnessing valuable resources for energy
production.
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