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A B S T R A C T   

This paper proposes the use of modified biochar, derived from Sawdust (SD) biomass using sonication (SSDB) 
and Ozonation (OSDB) processes, as an additive for biogas production from green algae Cheatomorpha linum 
(C. linum) either individually or co-digested with natural diet for rotifer culture (S. parkel). Brunauer-Emmett- 
Teller (BET), Fourier-Transform Infrared (FTIR), thermal-gravimetric (TGA), and X-ray diffraction (XRD) ana
lyses were used to characterize the generated biochar. Ultrasound (US) specific energy, dose, intensity and 
dissolved ozone (O3) concentration were also calculated. FTIR analyses proved the capability of US and ozon
ation treatment of biochar to enhance the biogas production process. The kinetic model proposed fits successfully 
with the data of the experimental work and the modified Gompertz models that had the maximum R2 value of 
0.993 for 150 mg/L of OSDB. The results of this work confirmed the significant impact of US and ozonation 
processes on the use of biochar as an additive in biogas production. The highest biogas outputs 1059 mL/g VS 
and 1054 mL/g VS) were achieved when 50 mg of SSDB and 150 mg of OSDB were added to C. linum co-digested 
with S. parkle.   

1. Introduction 

AD (anaerobic digestion) is a well-known and established technol
ogy, which often is affected by process instability, mainly when utilized 
with refractory feedstock [1,2]. Two of the most significant difficulties 
in AD are the low methane production yield and process inhibition due 
to detrimental inhibitor accumulation [3]. On the other side, biochar is 
often employed as a soil amendment; however, its retention of nutrients 
and its microbial development properties make it an attractive supple
ment for boosting anaerobic digestion processes [4]. Biochar’s 
morphology and porous structure may cause bacteria immobilisation, 
resulting in increased digestion and methane production [2,5]. 

Additionally, biochar’s conductive characteristics facilitate direct 
inter-species electron transfer (DIET), increasing methane synthesis 
[6–8]. Several investigations have demonstrated that biochar can reduce 
the time required to produce methane. Additionally, it was discovered 
that a high surface area of biochar facilitates biofilms’ production and 

the sequestering of CO2. Biochar can have either a helpful or a harmful 
influence on the anaerobic digestion process because the difference in 
feedstock and pyrolysis conditions of biochar production have different 
effects on its physicochemical characterizations [9]. As an electron 
acceptor, oxidized biochar facilitates ethanol production from volatile 
fatty acids (VFA). The reduced form of biochar, on the other hand, 
contributes to nitrate reduction through its role as an electron donor. It 
also benefits by buffering the inhibitory effects of moderate ammonia 
toxicity and other damaging inhibitors, enhancing the pace at which 
microbes reproduce [3,9,10]. 

Chen et al. [11] reported on the grinding method for preparing 
biochar nanoparticles, whereas Wang et al. [12] reported on the US 
method for preparing biochar nanoparticles. In general, it is believed 
that US and grinding are two excellent methods for simulating the 
natural weathering of biochar [13]. 

The ash component of biochar comprises minerals included in the 
original biomass, typically insoluble calcium and magnesium 
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carbonates, and is a byproduct of the carbonization process. Carbon 
dioxide sequestration activity and alkalinity of biochar are enhanced 
due to the presence of these minerals, which help reduce the quantity of 
carbon dioxide emitted into the atmosphere. Biochar has a high carbon 
dioxide sequestration activity and is naturally alkaline, making it an 
excellent carbon dioxide sequestration material. This is referred to as 
mineral carbonation, and it occurs when calcium and magnesium- 
containing minerals react with carbon dioxide to generate stable car
bonates, providing a safe and permanent storage solution for carbon 
dioxide [9,14,15]. 

An additional study investigating the role of biochar as a buffering 
agent discovered that biochar improved the buffering system during the 
anaerobic digestion of chicken manure and kitchen waste, significantly 
increasing the amount of biogas produced and the amount of methane 
released [3]. It was also discovered that biochar formed from fruit for
ests increased methane production by 47 percent and reduced the lag 
phase by 23 percent during anaerobic digestion of granular sludge using 
fruit forest anaerobic digestion. 

However, it was discovered that coarse and medium-sized biochar 
granules favored methanogenesis, but small biochar particles favored 
fermentation and acidogenesis [8]. Small biochar particles, on the other 
hand, favored fermentation and acidogenesis. Adding biochar granules 
in the range of 0.5–1.0 mm in size to a crop can reduce the lag phase by 
11 percent while simultaneously increasing the rate of methane syn
thesis by 86 percent, according to a study on the effects of fruitwood- 
generated biochar on crop growth. Anaerobic digestion was explored 
in this study by examining the impact of different types of biochar. The 
data demonstrate the need to use the correct amount of biochar during 
the entire digestion process, which was carried out in this study. Ac
cording to one study, there has been some evidence that applying 
excessive biochar has a deleterious effect on methanogenesis. 

As early as the first decade of the twenty-first century, research on 
biochar made from maize straw, coconut shells, and municipal solid 
waste demonstrated that biochar-supplemented setups produced less 
methane daily [16]. On the other hand, biochar made from coconut 
shells and corn straws showed a gradual rise in methane production after 
acclimation [16]. They reported that adding unmodified biochar at 
concentrations of 50 and 100 mg to algae significantly increased their 
biogas production compared to the same amount of algae that had not 
been treated [16–18]. Using 100 mg of unmodified biochar combined 
with 10 mg of Fe2O3 in the inoculum, it was revealed that a maximal 
amount of biogas (219.5 mL/g VS) was formed, and the highest amount 
of biogas generation was achieved. After experimenting with several 
combinations of biochar and Fe2O3, it was revealed that inoculating the 
inoculum with 100 mg of unmodified biochar mixed with 10 mg of 
Fe2O3 yielded the highest amount of biogas generation. 

Biochar that has been sonicated and ozonated has been used exclu
sively for this study to test its effect on biogas production from green 
algae C. Linum, alone or in conjunction with S. parkle (S. parkle® is a 
ready-to-use dry diet for rotifers. This diet offers a performing and cost- 
effective product that allows – as the name suggests a sparkling clean 
rotifer production. It is formulated with high-quality, protected in
gredients and manufactured following INVE Aquaculture’s renowned 
strict quality control process). By comparing the performance of sawdust 
biochar containing NH4OH (SD-NH2), which was made from sawdust 
biomass, with that of unmodified (SD) and modified (SD-NH2) biochar, 
we hope to enhance biogas generation from the red algae Pterocladia 
capillacea even further. As part of our research, we are looking into 
different methods of treating biochar that is utilized as an additive 
manufacturing of biogas. In the author’s knowledge, this analysis is 
among the first researches to assess the effect of US and ozonation on the 
biochar individually or co-digestion (Co) with other dietary for the 
biogas production from algae C. Linum. 

2. Materials and methods 

2.1. Collection of green algae C. linum 

To manufacture the final product, C. linum, a green alga, was har
vested from the Mediterranean Sea off the coast of Alexandria in Egypt 
and gently treated with water to remove contaminants before being 
rinsed multiple times with distilled water and dried in an oven to pro
duce the final product. It was necessary to treat and crush the dry algae 
to a particle size of around 0.5 mm before storing it until it was required 
for further usage. It has been computed that the amount of dry matter 
follows the literature [17,18]. The ash concentration of powdered dried 
samples was determined by ashing them for 24 h in a muffle furnace set 
to 550 ◦C. Carbon and nitrogen concentrations were evaluated using a 
CHN analyzer. 

2.2. Synthesis of biochar 

Sawdust (SD) is the precursor used to create biochar, and it was 
obtained from a local Egyptian market. After that, they are rinsed 
multiple times with tap water. It was necessary to dry the cleaned 
sawdust at a temperature of 105 ◦C before the dried SD could be milled 
and crushed further. In a refluxed system (200 ◦C), a soxhlet was used to 
boil the crushed SD in a 1000 mL solution of 75 % H2SO4 for 2 h. After 
that, the samples were filtered and washed with distilled water until the 
washing solution was neutralized [19,20]. 

2.3. US pretreatment 

In a 100-mL distilled water solution of SDB, the produced neutral 
solution was sonicated for 30 min. The precipitated SDB was filtered, 
washed several times with distilled water, and then washed once with 
ethanol, followed by oven-dried at 105◦for 24 h before being used. SSDB 
was the product’s code designation. The pretreatment of biochar in the 
United States was carried out using a sonicator (QSonica 700). We 
employed a maximum power of 700 W (99 percent amplitude) and a 
fixed working frequency of 20 kHz for this experiment [22,23]. The 
Pyrex glass beakers (100 mL) were filled with the US tip. After under
going US pretreatment, the specific energy, US dose, US density, and US 
intensity were all measured. All pretreatment studies in the US were 
repeated, and the final results were reported as mean values. The spe
cific input energy (SE) of sludge solids is defined as the amount of energy 
given per unit mass of solids in the sludge. The following equation (1) 
describes the strength of the object [24]: 

SE =
P × t

TS × V
(1)  

where SE (kJ/kg TS) = Specific energy in P = US power in kW, t = US 
time in second (s). 

US dose: the US dose is the energy amount supplied per unit of sludge 
volume (equation (2)) [25]: 

US dose =
P × t

V
(2) 

US density: the US density is the power supplied per unit of biochar 
volume (equation (3)): 

US density =
P
V

(3) 

US intensity (I): The US intensity (W/cm2), (I) is proportional to the 
probe size and reflects the power delivered through the tip probe area. It 
may be computed using the following equation (4) [26]: 

US Intensity =
P × t

A
(4)  

where P = US power in kW, V = Volume of US sludge in liters (l), TS =
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Total solid concentration in g/l, t = US time in second (s), and A =
Surface area in cm2. 

2.4. Preparation of ozonized biochar (OSDB) 

As previously described [27,28], O3 was created using an O3 
generator and connected through silicone tubing to a glass diffuser, 
where the prepared SDB was ozonized for 30 min in distilled water. The 
mixture was filtered and washed with distilled water and once with 
ethanol before being oven-dried overnight at 105 ◦C and designated as 
OSDB. It was decided to employ the KI titration method reported by 
Eaton et al. [29] to evaluate the O3 content in the sample’s gaseous and 
liquid phases. It has been reported that these procedures have been used 
in several water treatment plants and that they are applicable across the 
entire O3 concentration range reported by Rakness and colleagues [30]. 
The system’s detection limit depends on the system, and these iodo
metric titrations are cost-effective and apply to both phases [31]. O3 gas 
is formed following the passage of O3 gas through a solution containing a 
specified amount of potassium iodide at a steady flow rate. In the 
presence of sodium thiosulphate (Na2S2O3), any of the products will 
react to generate a pale yellow solution, as can be seen in the photo. Do a 
titration after each addition of the starch solution until the blue color is 
totally eliminated. All experiments were carried out a total of three 
times to ensure accuracy. At the end of the process, the O3 concentration 
is calculated with the help of the following equation (5): 

O3 concentration (mg/L) =
24 × Vt × Nt

V
(5)  

where V is the bubble volume, Vt is the volume of Na2S2O3 utilized (in 
milliliters), and Nt is the normality of the Na2S2O3 solution. 

2.5. Biochar pH determination 

The pH of biochar was tested in three replicates (n = 3) using 1.0 g of 
biochar and Millipore water (10 mL) in each conical flask [32]. The 
results showed that biochar has a pH of 7. To ensure that the biochar 
slurry was thoroughly mixed, it was shaken for one hour at 100 rpm per 
minute using the JSOS-500 shaker. Using a JENCO pH metre, Model 
6173, after each sample had been shaken, the pH of each sample was 
determined. 

2.6. Source of S. parkle 

S. parkle is a Batch diet for a consistent, performing rotifer culture. 
The powder was obtained from National Institute of oceanography and 
fisheries, Alexandria Branch and (Table 1) contains all the compositions 
of the used powder. 

2.7. Measurement and characterization 

The following approaches were used to characterize the SSDB, and 
OSDB biochar samples: FTIR analysis was made in the wavenumber 
range (400–4000 cm− 1) using VERTEX70 spectroscopy connected to 
ATR platinum model V-100 manufactured in Germany. X-ray samples 
were analyzed using Bruker Meas Srv (D2-208219)/D2-2082019 XRD 
equipment manufactured in Germany operating at 30 kV, 10 mA, with a 
Cu tube (λ = 1.54 Å) using a range from 5 to 100◦. BET analysis was 
performed using Mini II, BEL Japan equipment, Inc., Osaka, Japan. 
Thermal studies were done on both manufactured biochars using the 
SDT650-Simultaneous Thermal Analayzer equipment in the range of 50 
to 900 ◦C using a 5 ◦C per minute ramping temperature [18]. 

2.8. Creating the inoculum and substances 

Cow dung was acquired from a slaughterhouse in the Egyptian city of 
Alexandria. The faeces were removed from the cage and placed in a 
black plastic garbage bag to be disposed of properly. Once it had cooled, 
it was placed in a plastic box container until it was needed the following 
morning. Before use, the cow poo was diluted one-to-one (w/v) with 
water to ensure it was ready to use. 

2.9. Biogas tests 

The digester configuration consisted of three bottles: a 100 mL 
digesting bottle, a 1000 mL water displacement bottle, and a water 
collection bottle. The digester configuration was designed to be mobile. 
The digester configuration was designed to be portable. The digester 
system has previously been successfully tested [33]. The containers were 
connected with plastic tubing, and the volume of gas created was 
determined by measuring the amount of water that was displaced by the 
containers. It was necessary to insert a piece of silicon plastic between 
the cap and the gas outflow port to ensure that the digester was entirely 
sealed against infiltration. Two-minutes flushing with pure nitrogen 
before the experiment was performed to eliminate oxygen from the 
system and convert it to anaerobic conditions. The amount of biogas 
produced was calculated by measuring the water displaced. Various 
concentrations of SSDB biochar and OSDB biochar were blended with 
C. linum, either alone or in combination with S. parkle, to investigate the 
effects of the additions on AD performance and biogas production yield. 
All treatments were carried out at 37◦Celsius for 70 days. The batch AD 
experiments were carried out in triplicate, and the results were reported 
as an average of the three studies’ results. The substrates that were 
utilized in batch studies to evaluate biogas output are given in the 
following table (Table 2). 

Table 1 
The composition of the S. parkle.  

Typical composition 

Crude lipids 12 % 
Crude protein 38.9 % 
Crude ash 5 % 
Phosphorus 0.8 % 
Crude Fibre 0.5 % 
Vitamin A 500000 IU/kg 
Ca 0.1 % 
Vitamin D3 50000 IU/kg 
Na 0.1 % 
Vitamin E 3600 IU/kg 
DHA 8.5 mg/g dwt 
Vitamin C 4000 mg/kg 
EPA 4.5 mg/g dwt 
ARA 0.6 mg/g dwt  

Table 2 
A review of the substrates and pretreatment techniques used in batch tests to 
estimate the biogas production.  

Experiment batch Pretreatment 

B-1 Manure + algae untreated (control) 
B-2 Manure + algae + SSDB 50 mg/L 
B-3 Manure + algae + SSDB 100 mg/L 
B-4 Manure + algae + SSDB 150 mg/L 
B-5 Manure + algae + OSDB 50 mg/L 
B-6 Manure + algae + OSDB 100 mg/L 
B-7 Manure + algae + OSDB 150 mg/L 
B-8 Manure + algae untreated + S. parkle (Co-control) 
B-9 Manure + algae + S. parkle + Co- SSDB 50 mg/L 
B-10 Manure + algae + S. parkle + Co- SSDB 100 mg/L 
B-11 Manure + algae + S. parkle + Co- SSDB 150 mg/L 
B-12 Manure + algae + S. parkle + Co- OSDB 50 mg/L 
B-13 Manure + algae + S. parkle + Co- OSDB 100 mg/L 
B-14 Manure + algae + S. parkle + Co- OSDB 150 mg/L  
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2.10. An investigation of the mechanics of production and statistical 
analysis 

To estimate cumulative biogas production, many studies have 
employed nonlinear regression models (such as the modified Gompertz 
model), logistic functions, and first-order models (such as equations 
6–8) [34–36]. The correlation coefficient (R2) was calculated to 
compare the accuracy of the studied models using the Excel 2010 and 
Origin 2020b techniques, respectively. 

M = Pb × exp
{

− exp
[

Rm × e
Pb

(λ − t) + 1
]}

(6)  

M =
Pb

(
1 + exp

{
4Rm
Pb (λ − t) + 2

} ) (7)  

M = Pb(1 − exp[ − kt] ) (8)  

where M (L/g VS added) shows the yield of biogas per time t (days), Pb 
(L/g VS added) shows the substrate’s maximum potential of biogas, k 
denotes the rate constant of hydrolysis (1/day), t (day) shows the time, 
Rm (L/g VS added) shows the maximum production rate of biogas, λ is 
the lag time of phase (days), e (2.7183) is Euler’s function constant. 

3. Results and discussion 

3.1. Physiochemical properties of pretreated biochar 

3.1.1. Chemical compositions of C. linum 
The VS content of C. linum is 72.37 % and a C/N ratio was 9.46 

(Table 3). The majority of literature [18] recommends a working C/N 
ratio of between 20 and 30 with an ideal ratio of 25 for anaerobic 
bacterial growth in the AD system, which is still significantly lower than 
the measured ratio for C. linum. 

3.1.2. Fourier Transform Infrared spectrum (FTIR) 
The FTIR spectrum (Fig. 1) is consistent with those of previous bio

chars generated via chemical treatment (sulfonation), followed by pre
treatment with US and O3 [19–21,37,38]. Peak at 783.4 cm− 1 indicates 
the presence of alkene compounds and C––C bending. Additionally, it 
implies a higher concentration of benzene derivatives or aromatic 
chemicals in SDB than in SSDB or OSDB. The presence of aromatic esters 
between 1203.44 and 1380 cm− 1 is indicated by peaks between 1203.44 
and 1380 cm− 1. Due to the presence of alcohols, bands between 1035 
cm− 1 indicate silica and C–O. The peaks at 1479.2 and 1600 cm− 1 

exhibit C––C bending, consistent with various aromatic ring modes and 
alkenes [39,40]. The strong peak at 1027 cm− 1 indicates that OSDB 
stretches CO with more intensity than SDB and SSDB. The peaks 
1380–1496 cm− 1 belong by O–H stretching, which correlates to car
boxylic acid. During the ozonation process, the strength of the O–H 
stretching vibration band grew significantly more than that of SDB and 
SSDB. The peaks between 3259 and 3378 cm− 1 are represented to O–H. 
The strength of the O–H stretching vibration band decreased much 
more than it did for SDB and OSDB and shifted somewhat to the lower 
zone of frequency, which indicates a decrease in the amount of OH 
groups. There is no specific difference between biochar from different 
treatments, which can be attributed to the fact that the change that 
occurs due to the various treatments is physical and not chemical. 

3.1.3. X-ray diffraction (XRD) and elemental analysis 
Amorphous carbon structure C (002) with randomly aligned aro

matic sheets is indicated by the diffraction peaks for SDB, SSDB, and 
OSDB (Fig. 2), which are broad diffraction peaks in the range 2ϴ =

Table 3 
Approximate values for the various substrates are provided.  

Tests of Proximate C. linum Manure 

TS%  86.15  8.04 
Ash%  27.63  15.30 
VS%  72.37  84.70 
C%  23.38  48.92 
N%  2.47  4.21 
H%  4.65  5.45 
S%  4.079  – 
C/N  9.46  11.64  

Fig. 1. FTIR analysis of SDB, SSDB and OSDB.  

A. El Nemr et al.                                                                                                                                                                                                                                



Ultrasonics Sonochemistry 90 (2022) 106197

5

10–30◦. There are sharp peaks in the vicinity of 2ϴ = 27 and 43.65◦. In 
the case of OSDB, sharp peaks around 2ϴ = 25.8, 43.6, and 
63.9◦correspond to various inorganic components, primarily composed 
of quartz, albite, and/or calcite, within the structure of SDB, indicating 
that the original feedstock was high in Si, as indicated by the Si-O-Si 
stretching band in the FTIR spectrum. As the pyrolysis temperature 
rises, the crystallinity of mineral components increases, resulting in 
highly structured aromatic structures in the SDB, SSDB, and OSDB bio
chars [41]. Elemental analysis determines the biochar’s bulk composi
tion and is valuable for determining the degree of change caused by US 

and O3 treatments. As demonstrated in (Table 4), there is a slight change 
due to US and O3 treatments. The findings revealed that sonolysis could 
result in hydrogenation (the fixation of hydrogen from water) and 
reductive fixation of carbon (from dissolved CO2). Such findings are 
amplified when CO2-saturated water is used (which is not the case here), 
as the carbon content increased from 77.4 percent of the untreated 
sample to 78 percent of the 30-minute US-treated sample. However, the 
carbon content of the untreated sample decreases significantly from 77.4 
percent to 71.6 % after 30 min of O3 treatment. Additionally, there 
appears to be an increase in the oxygen content in the biochar samples, 
from 12.9 percent for the untreated biochar to 23.9 percent for the 30- 
minute O3-treated biochar sample. 

3.1.4. Thermal analysis (TGA) 
The SDB is decomposed in three steps, whereas the SSDB and OSDB 

are decomposed in 2 steps (Fig. 3). The first phase occurred between 50 
and 150 ◦C as a consequence of the loss of surface-bound water and 
moisture in the sample, resulting in a weight loss of 6.7 and 13.21 
percent for SDB and SSDB, respectively. This is followed by the second 
stage, which results in weight loss of 56.30 percent at 150–350 ◦C, 22.55 
percent at 350–1,000 ◦C and 30.03 percent at 275 ◦C–1000 ◦C (SDB and 

Fig. 2. XRD analysis of SDB, SSDB and OSDB.  

Table 4 
The percentage of the elemental contents to determine chemical composition of 
untreated and pretreated biochar.  

Material Elements content (%) 

C H O 

SDB 77.4  9.7  12.9 
SSDB 78  12.5  9.5 
OSDB 71.6  4.5  23.9  

Fig. 3. TGA analysis of SDB, SSDB and OSDB.  
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SSDB), respectively. The weight remained of SSDB and the percentages 
of 2.96 % obtained and the curves of DTA reflect more stability for SSDB, 
and OSDB treated with US and O3 sample than SDB; this refers increases 
susceptibility to consuming them during digestion by anaerobic bacte
ria, which explain that the cumulative biogas production was high in 
case of using SSDB and OSDB biochar than SDB [20,21]. 

3.1.5. Scanning electron microscopy (SEM) 
These SEM images (Fig. 4) indicate that raw biochar had a non- 

smooth surface and many small particles, and its pores were observed 
of different sizes due to the loss of volatile matter [17]. After acoustic 
activation, acidic activation (H2SO4) combined with Sulphur function
alization increased mesoporous and micro-porous. The surface of the 
carbon material was smooth compared to biochar, with no pretreatment. 
As opposed to amorphous silicon, the surface of SSDB was more porous 
and comprised several opening pores, most of which had no content in 
their pore channels. As a result of the US reaching the under-layers and 
breaking down the biochar structure, pores were formed on the top layer 
and between the layers, resulting in interlayer pores. The material’s 
surface got cleaner, more micro- and meso-pores formed, and micro- and 
meso-channels formed. SEM analysis demonstrates that the US treat
ment improves porosity and dissociates weakly linked components of 
the biochar surface (for example, labile carbon (LC) and volatile matter 
(VM)). The OSDB, on the other hand, exhibits collapsed porosity, indi
cating the physical changes to the biochar surface caused by ozonation 
pretreatment. 

The SDB, SSDB, and OSDB characteristics are listed in (Table 5), 
together with the specific surface area (SBET, m2/g), total pore volume 
(Vp, cm3/g), and mean pore diameter (rp, nm). The surface area of 
biochars increased from (SDB) 2.913 to (SSDB) 4.009 m2/g by treating 
biochar with US due to increasing different pore sizes; the mean pore 
diameters decreased from SDB 16.824 to SSDB 14.728 nm (mesopores), 
respectively, total pore volume slightly increased from (SDB) 0.0122 to 
(SSDB) 0.01476 cm3/g. These results revealed that the modification 
process reduces the rp of SSDB. While, the SBET, rp, and Vp of OSDB are 
decreased to 1. 974 m2/g, 10. 716 nm and 0.00529 cm3/g, respectively, 
when the biochar was treated with O3. Results showed that after 
chemical treatment of biochar, the surface area, mean pore diameters, 
and total pore volume reduced due to SDB broken into small pieces with 
a lower surface area and pore blockage induced by the new functional 
groups developing on the surface of the material. 

3.2. Impact of biochar on the production of biogas 

3.2.1. Impact of biochar modifications on the production of biogas 
The methane generation yields over time are shown in Fig. 5. The 

laboratory work findings of biogas output yields were gathered over 70 
days, and the results are depicted in (Fig. 6). As illustrated in (Fig. 6), 
when the C. linum was treated with an SSDB at doses of (100, 50 mg/L), 
and an OSDB at a dose of (150 mg/L), the average production yield of 
biogas was increased marginally when compared to the average pro
duction yield of biogas when the C. linum was not treated with biochar. It 
was discovered that when C. linum was treated with 50 mg Co-SSDB, a 
significant favorable effect on biogas generation (p 0.05) was found. The 
50 mg and 150 mg/L dosages of Co-SSDB and Co-OSDB, respectively, 
produced the highest biogas yield with 1059 and 1054 mL/g VS for 
C. linum co-digested with S. Parkle. Additionally, when C. Linum was 
individually treated with OSDB at concentrations of 50, 100, and 150 
mg/L, the production yield of biogas was raised more than the pro
duction yield of biogas from the control sample, yielding 536, 600, and 

Fig. 4. SEM image of (a) raw SD, (b) SDB, (c) SSDB, and (d) OSDB.  

Table 5 
Biochar surface area and porosity as measured by BET.  

Sample of biochar SBET (m2/g) rp (nm) Vp (cm3/g) 

SDB 2. 913 16.824  0.0122 
SSDB 4.009 14.728  0.01476 
OSDB 1.974 10. 716  0.00529  

A. El Nemr et al.                                                                                                                                                                                                                                



Ultrasonics Sonochemistry 90 (2022) 106197

7

717 mL/g VS respectively. The same enhancement happened when 
C. linum was treated with SSDB with different dosages (50, 100, and 150 
mg/L), which produced a higher biogas yield (629, 649, and 617 mL/g 
VS), respectively. 

(Fig. 6) shows that most groups’ daily biogas production yield 
exhibited several peaks, with the occurrence time and persistence period 
of the peaks varying from one group to the other. Several months after 
the final biogas production apex, gas output in all 14 groups gradually 
decreased, signaling the conclusion of AD. Methanogens were able to 
produce their maximal biogas output within the first 0–10 days of 
digestion in all digesters, which may be due to the presence of dissolved 
and easily degradable chemicals in the feedstock. Volatile organic acids 
(VFAs) are also formed gradually during the hydrolysis of soluble 
organic compounds. In contrast, when the accumulation of VFAs 
exceeded the regulating capability of biochar, the methanogenic activity 
of methanogens was suppressed, resulting in a significant reduction in 
biogas production rate. Hassaan et al. [17] also showed that the greater 
intermediate product concentrations inhibited the AD process. 

When C. linum was digested alone or in combination with S. parkle 

and treated with SSDB, the development of the second peak of the biogas 
occurred earlier than in the control and co-control treatment groups. If 
prepared biochar and co-additives (such as S. parkle) contain alkaline 
groups on their surfaces, this may be due to the fact that they can 
neutralize vast amounts of organic acids produced during the early 
stages of AD, thereby alleviating the acid inhibition phenomena that 
occur within the system. Second, SSDB has a higher specific surface area 
than SDB, making it ideal for the metabolism and growth of metha
nogens and other microorganisms. In contrast, OSDB has a lower specific 
surface area than SDB but contains more functional groups, making it an 
excellent choice for methanogen metabolism and growth. Finally, the 
effectiveness of SSDB and OSDB is enhanced when algae are co-digested 
with S. parkles. Possibly because S. parkles has nutrients that metha
nogens can utilize to boost their activity and the effectiveness of VFA 
conversion, the plant’s efficacy may be attributed to the fact that it feeds 
nutrients to methanogens. Immediately following the second peak, daily 
methane production began to decline rapidly in lockstep with the de
gradability of organic matter, as shown in the graph (Fig. 6). 

The biogas production rate recovered significantly from day 24 to 70 

Fig. 5. Production of cumulative net biogas (mL/g VS) on an average basis employing (a) SSDB, (b) OSDB, (c) Control and Co-control, (d) Co-SSDB, and (e) Co-OSDB.  
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for all treatments, demonstrating that methanogens consume and digest 
organic compounds that may be difficult to degrade to produce methane 
in the AD system. As the number of chemicals available to methanogens 
decreases, biogas generation gradually increases, and the AD process 
concludes after 70 days. This phenomenon was primarily caused by the 
physical properties of biochars, which are highly dependent on the 
feedstock, pyrolysis conditions, and physical modification to alter the 
surface structure via the addition of additional active sites via the US or 
chemical alteration via ozonation. To avoid ammonia toxicity, the Co 
process attempts to balance the algae’s comparatively high nitrogen 
content with another high carbon substrate by adjusting digestion var
iables such as duration of residence, reactor design, loading rates, and 
the temperature of digestion [17]. Following a brief time of adaption 
and reproduction, methanogens gradually adjust to their environment 
and rapidly enhance biogas generation. While Co-control produces poor 
yield biogas due to ammonia accumulation caused by algae in the 
digester, which inhibits microbial activity if it exceeds the encouraged 
methanogen growth rate. The cumulative production yields of biogas for 
the several test groups are depicted in Fig. 5. The results demonstrated 

that various pretreatments of biochar using US, O3 procedures, and co- 
additives for previously described pretreated biochar had varying 
beneficial effects on methane and biogas production. When C. Linum is 
co-digested with S. Parkle treated with 50 mg/L of SSDB, the maximum 
biogas yield increases by 501.7 percent compared to when C. Linum is 
treated alone. Clearly, the biochar characterization is influenced by the 
type of pretreatment of biochar and co-additives (S. parkle). Addition
ally, previous research has indicated that aromatization, porosity 
generated by US and O3 processes, and co-additive (S. parkle) biochar 
may all affect biochar’s effect on AD. 

3.2.2. Biochar dosage effect on biogas production 
Experiments demonstrated that various types of biochar treated with 

US and O3 accelerated biogas generation significantly. Apart from the 
type of biochar used, the dose of biochar can also affect biogas yield. As a 
result, the influence of biochar doses on the cumulative biogas yield was 
examined, and the results are depicted in Fig. 5. Compared to the Con
trol group, the incremental yield % of biogas is increased by 501.7, 
498.8, 307.3, 306.8, 268.7, 257.3, 250.5, 204.5, and 249.4 % when the 

Fig. 6. Production of cumulative net biogas (mL/g VS) on an average basis employing (a) SSDB, (b) OSDB, (c) Control and Co-control, (d) Co-SSDB, and (e) Co-OSDB.  
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Co-SSDB (50), Co-OSDB (150), OSDB (150), Co-OSDB (100), SSDB 
(100), SSDB (50), SSDB (150), OSDB (50), and OSDB (100 mg/L) were 
added, respectively. However, increasing the amount of SSDB to 150 
mg/L resulted in a significant decrease in the cumulative yield percent of 
biogas, which was 64.7 percent less than that of the control group 
treated with 0 mg/L biochar (Fig. 5c). The results demonstrated that 
when biochar was added at a higher concentration, it had a clear 
inhibitory impact, decreasing biogas yield. For Co-SSDB, the most sig
nificant cumulative biogas yield occurred at a dose of 50 mg/L (1059 
mL/g VS), while a significant decrease in yield was observed when Co- 
SSDB was administered at a dose of 150 mg/L (Fig. 5d). When Torri [10] 
carried out a similar investigation in which he added corn-derived 
biochar to an AD system, he discovered that biochar’s addition 
enhanced the cumulative methane emission, but it also increased the 
rate at which the reaction took place. A further discovery was indicated 
that the best amount of biochar to use was 10.0 g L–1, and that increasing 
the amount resulted in a drop in methane emissions. Because moderate 
biochar addition effectively mitigated VFA accumulation and resulted in 

increased methanogenic activity [24], whereas a higher biochar con
centration resulted in increased propionic acid accumulation and low
ered the stability of the AD process [25], the authors concluded that 
moderate biochar addition was the most effective option for their 
research. Moreover, according to a study by Lü et al. [8], methane 
output increased by 23.5–47.1 percent in digesters containing biochar 
compared to controls that did not include biochar [17–21]. Total 
methane outputs compared to the control group increased by 12.07 
percent, 21.19, 33.65, and 45.66 percent in the biochar treatment 
groups. Additionally, three to six increasing peaks in daily biogas yield 
were tested, both with and without the inclusion of biochar treatment. It 
was discovered that adding biochar to the mix could lead daily biogas 
outputs to peak substantially earlier than in the control study [17–21]. 
For example, Co-SSDB 50 mg/L demonstrated six peaks in daily biogas 
yields on the 3rd, 8th, 19th, 40th, 60th, and 67th days of fermentation, 
whereas the control group demonstrated peaks on the 8th, 27th, and 
41st days (Fig. 5d). Aside from the fact that it is extremely biodegrad
able, biochar can supply sustenance to methanogens throughout the 

Fig. 7. Variation of pH during AD of different substrates.  

Fig. 8. Variation of TS during AD of different substrates.  
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digestion process, increasing microbial activity and methane production 
in the environment. 

It was discovered that Co resulted in a synergistic effect in which the 
amount of methane produced exceeded the amount expected by each co- 
solo substrate’s digestion in a previous experiment [42,43]. This method 
is based on the concept that when ordinary algal biomass is digested, it 
creates chemicals that hinder the digestive process, primarily ammonia. 
Reduced ammonia nitrogen concentrations can be achieved by 
combining algae with low-cost, high-carbon wastes, which may mini
mize ammonia inhibitor levels in the water. Yen and Brune [44] 
discovered that waste paper co-digesting with algae results in a C:N ratio 
of 20:1–25:1 for methane production, which is similar to the optimal C:N 
ratio for other substrate. In addition to raising the methane yield by 50 
% over that obtained by algae digestion alone, adding paper to the 
digester increased the methane yield by another 50 %. They also theo
rized that adding paper to the mix boosted cellulose activity, assisting in 
breaking algal cell walls. In our study, the Co substrates were biochar 
and S. parkle. Additionally, biochar has been shown to be an effective 
adsorbent of indirect inhibitors or contaminants such as antibiotic res
idues [45], oily substances [46], pesticides [47], metal ions [48] and 
metal ions [16] dispersed in water, and as a reactant in the biochars 
labile carbon methanization process [49]. When biogas and biochar are 
combined in a system, they can benefit from several profitable synergies 
that can improve digestive quality by facilitating direct interspecies 
electron transfer, promoting microbial immobilisation and metabolism, 

increasing fertilizer nutrient retention, and lowering the inhibition and 
accumulation of interspecific products [16,49,50]. 

As part of the first stage, US is used to induce microjets through the 
surface of the biochar, which penetrates through the surface of the 
biochar, exfoliating and fracturing the irregularly shaped biochar to 
change its surface area and pore distribution while simultaneously 
lowering its mineral content. The anaerobic digestion of algae was 

Fig. 9. Variation of VS during AD of different substrates.  

Table 6 
Results of different parameters of the US and ozonation.  

Measurements Values 

US power 500 W 
Frequency 20 KHZ 
US time in second 1800 S 
Specific input energy 92.934 kJ/kg TS 
US dose 9000 kJ/L 
US density 5 kW/L 
Probe Surface area 418 cm2 

US Intensity 177.87 W/cm2 

O3 time in second 1800 S 
O3 production per hour 500 (mg/hr) 
O3 dose 1.1 mg/L 
Dissolved O3 concentration 0.85 mg/L 
pH of US biochar 3.91 + 0.28 
pH of O3 biochar 1.86 + 0.25  

Table 7 
Kinetic analysis data using a modified Gompertz model.   

R2 Predicted P 
(ml/g VS) 

Differences 
(%) 

Rmax mL/g 
VS.day 

 (day) ג

SSDB 
control  0.946 187.33 + 6 3.9 14.52 +

0.98 
0.07 +
0.01 

50 SSDB  0.991 622.22 + 6.71 1.9 14.58 +
0.34 

0.09 

100 SSDB  0.991 637.52 + 6.53 2.4 14.07 +
0.33 

0.09 

150 SSDB  0.991 603.18 + 5.97 2.7 13.33 +
0.32 

0.09 +
0.04 

OSDB 
control  0.946 187.33 + 6 3.9 14.52 +

0.98 
0.07 +
0.01 

50 OSDB  0.992 535.46 + 4.59 0.32 12.87 +
0.28 

0.11 

100 OSDB  0.992 599.37 + 5.91 0.83 14.40 +
0.31 

0.09 

150 OSDB  0.993 722.51 + 8.10 0.85 16.93 0.08 
Co-SSDB 
Co- 

Control  
0.976 48 + 0.39 0 6.05 12.30 

50 Co- 
SSDB  

0.946 1646.68 +
355.08 

4.9 38.49 +
10.56 

0.02 

100 Co- 
SSDB  

0.987 593.54 + 4.69 0.43 8.26 + 0.24 0.14 

150 Co- 
SSDB  

0.949 62.20 + 0.70 0.32 5.92 + 0.16 0.92 +
0.19 

Co-OSDB 
Co- 

Control  
0.976 48 + 0.39 0 6.05 12.30 

50 Co- 
OSDB  

0.970 55.92 + 0.50 0.15 6.19 + 0.15 2.25 +
1.61 

100 Co- 
OSDB  

0.972 638.31 +
10.28 

11.5 10.08 +
0.53 

0.08 

150 Co- 
OSDB  

0.965 1085.76 +
49.89 

6.2 18.49 +
1.41 

0.05  

A. El Nemr et al.                                                                                                                                                                                                                                



Ultrasonics Sonochemistry 90 (2022) 106197

11

improved due to the development of redox-active organic functional 
groups on the surface of biochar following the application of O3 to the 
material (Fig. 1). It was found that the characteristic peak in FTIR at 
1400 cm− 1 (OH and C–H) in OSDB was more evident than the corre
sponding peak in SSDB and SDB (Fig. 1), resulting in superior anaerobic 
digestion of untreated algal performance over SSDB and SDB (Table 1). 
As a result, the most likely explanation for these observations was that 
biochar facilitated interspecies electron transfer by functioning as an 
electron mediator or shuttle rather than an electron conduit, as previ
ously suggested. 

S. parkle is another potential co-substrate for algae digestion, but it 
was found that depending on the adaptation procedure, mixed bacterial 
populations can lose their ability to degrade a protein substrate [51], 
with the yield of biogas dropping from 176 to 48 mL/g VS when S. parkle 
was added to untreated algae. Protein and lipids are the principal ele
ments of S. parkle, with the latter, due to its high energy content, playing 
the most essential role in AD for the production of biogas [52]. Protein is 
the most essential component of S. parkle’s composition. Lipids are long- 
chain fatty acids (LCFAs) linked to glycerol, alcohols, or other groups by 
using ester or ether bonds. Lipids are found in various foods, including 
meat, fish, and poultry. Lipids can be found in a number of plant and 
animal tissues, as well as in the blood. During hydrolysis, lipids are 
rapidly broken down into monomers such as glycerol LCFAs, and these 
monomers are then converted into short organic acids through oxidative 
degradation [53]. Short organic acids are transformed into acetate and 
hydrogen due to this conversion, which are then converted into methane 
and carbon dioxide [52]. Compared to biogas produced from carbs and 
proteins, biogas produced from lipids contains much more significant 
methane quantities [53]. A high organic loading or LCFAs prevented the 
production of biogas from lipid even though the gas quality was 

improved [54,55]. High organic loading or LCFAs also stopped the 
production of biogas from lipid despite the improved quality of the gas. 
According to Koster and Cramer’s research work [56], LCFAs have been 
demonstrated to inhibit several activities during the AD process. Con
centrations as low as 50 mg/L of LCFAs have been shown to have 
inhibitory effects on the growth of bacteria [57]. Additionally, LCFAs 
have a considerable inhibitory effect on AD bacteria, particularly 
methanogens and acetogens [57]. Methanogens grow slowly and are 
particularly sensitive when exposed to the harsh circumstances of the 
procedure. As a result, methanogens require more time to be retained in 
digesters [52]. anti-methanogen chemicals are also effective against 
methanogens. To produce a high methane output, the optimal carbon/ 
nitrogen/phosphorus (C/N/P) ratio is approximately 100:3:1 [58–60], 
and the S. parkle has 389 percent protein. Anaerobic fermentation is 
characterized by differences in the physiological characteristics of 
acidogens and methanogens and differences in food requirements, 
growth kinetics, and environmental sensitivity [58]. The failure to 
maintain equilibrium between these two groups is the most fundamental 
source of process instability [59]. Because of the increased danger of 
ammonia inhibition [61], it is not recommended to employ large 
amounts of energy-dense [60] proteinaceous substrate in the AD pro
cess. As suggested by the literature [58], the inhibitory level of total 
ammonia concentration varies depending on variables such as the 
inoculum, the substrate, and the amount of acclimation required, the 
length of the operation, the pH, and the temperature of the environment. 
The explanation is that free NH3 is membrane permeable [59] and 
causes a proton imbalance and a potassium shortage, making it the most 
prevalent source of inhibitory action. Although a decreased biogas yield 
has been observed when S. parkle is used, this has been attributed to an 
increased ammonia load. The feeding of the substrate with high nitrogen 
content in conjunction with a significant number of carbon-rich 

Table 8 
Kinetic data analysis utilizing the Logistic model.   

R2 Predicted P 
(ml/g VS) 

Differences 
(%) 

Rmax mL/g 
VS.day 

 (day) ג

SSDB 
control  0.945 181.87 + 4.69  2.6 20.48 +

1.09 
0.10 +
0.01 

50 SSDB  0.982 607.69 + 7.37  3.5 19.14 +
0.50 

0.13 +
0.01 

100 SSDB  0.980 623.79 + 8.05  3.9 18.68 +
0.51 

0.14 +
0.01 

150 SSDB  0.979 592.09 + 7.62  4.1 17.83 +
0.51 

0.14 +
0.01 

OSDB 
control  0.945 181.87 + 4.69  2.6 20.48 +

1.09 
0.10 +
0.01 

50 OSDB  0.984 528.76 + 5.79  1.4 17.05 +
0.42 

0.16 +
0.01 

100 
OSDB  

0.982 586.17 + 7.30  2.4 19.07 +
0.49 

0.13 +
0.01 

150 
OSDB  

0.984 698.17 + 9.42  2.9 21.85 +
0.54 

0.12 +
0.01 

Co- SSDB 
Co- 

Control  
0.977 48.07 + 0.38  0.14 6.63 + 0.16 2.03 +

0.42 
50 Co- 

SSDB  
0.937 1407.18 +

0.23613  
3.8 46.47 +

9.17 
0.04 +
0.01 

100 Co- 
SSDB  

0.988 587.11 + 4.32  1.5 11.40 +
0.26 

0.20 +
0.01 

150 Co- 
SSDB  

0.964 62.24 + 0.59  0.39 6.28 + 0.18 0.91 +
0.12 

Co- OSDB 
Co- 

Control  
0.977 48.07 + 0.38  0.14 6.63 + 0.16 2.03 +

0.42 
50 Co- 

OSDB  
0.976 56.05 + 0.45  0.1 6.53 + 0.14 1.31 +

0.18 
100 Co- 

OSDB  
0.958 624.08 +

10.46  
12.9 14.78 +

0.71 
0.12 +
0.01 

150 Co- 
OSDB  

0.949 1024.02 +
42.86  

7.1 25.66 +
1.89 

0.07 +
0.001  

Table 9 
Kinetic data analysis utilizing a first-order model.   

R2 Predicted P (ml/g 
VS) 

Differences 
(%) 

K (1/day) 

SSDB 
control  0.949 211.87 + 10.61 6.8 0.031 +

0.01 
50 SSDB  0.978 743.23 + 26.03 3.9 0.030 +

0.01 
100 SSDB  0.979 751.79 + 23.79 3.5 0.031 +

0.01 
150 SSDB  0.979 659.19 + 19.54 2.9 0.034 +

0.01 
OSDB 
control  0.949 211.87 + 10.61 6.8 0.031 +

0.01 
50 OSDB  0.964 604.09 + 19.66 5.4 0.039 +

0.03 
100 OSDB  0.979 711.96 + 24.02 5.1 0.031 +

0.01 
150 OSDB  0.979 961.38 + 50.50 5.8 0.022 +

0.01 
Co- SSDB 
Co-Control  0.817 49.20 + 1.30 2.5 0.134 +

0.02 
50 Co-SSDB  0.950 1548.88 + 209.87 8.7 0.014 +

0.01 
100 Co-SSDB  0.969 616.24 + 9.49 2.5 0.068 +

0.01 
150 Co- 

SSDB*  
– – 11.4 – 

Co- OSDB 
Co-Control  0.817 49.20 + 1.30 2.5 0.134 +

0.02 
50 Co-OSDB  0.836 57.35 + 1.41 2.4 0.135 +

0.02 
100 Co-OSDB  0.985 677.44 + 10.21 9 0.05 + 0.01 
150 Co-OSDB  0.982 1308.12 + 63.72 4.5 0.02 + 0.01 

*Faild. 
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materials has been attempted to reach the requisite C/N/P ratio but has 
proven unsuccessful. 

S. parkle’s digestibility can be increased by mixing them with high- 
carbon substrates, which improves the C/N ratio. This could result in 

considerable improvements in the pore properties of biochar due to the 
biochar responsible for boosting C/N ratio and removing NH3 through 
pores created on the surface of pretreatment biochar by US and O3 
treatments. Given that functional groups on biochar surfaces such as 

Fig. 10. Cumulative biogas yield from Logistic model, (a) Control (b-d) SSDB, (e-g) OSDB, (h) Co-Control (i-k) Co-SSDB and (L-n) Co-OSDB.  
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COOH and phenolic groups (which have a net negative surface charge) 
can interact directly with multi-valence cations to produce organo- 
mineral complexes [62]. These are likely oxygen-containing groups 
triggered these reactions on biochar surfaces. As a result of its high 
sorption capacity for gaseous NH3 and aqueous ammonium ions, biochar 
that has been synthesized with US and O3 has been shown to lower 
ammonium emissions from N-rich S. parkle plants by as much as 50 % 
[63]. The most excellent biogas yields in SSDB with 50 mg/L and OSSDB 
with 150 mg/L, respectively, were 1059–1054. The results show that 
pretreatment biochar with US and O3 removes inhibitors from the re
action medium throughout the AD process, improves the C/N ratio, and 
stabilizes anaerobic bacteria for biogas production. 

The influence of biochar on the fermentation process was evident in 
the change in pH during AD. According to previous research, the optimal 
pH range for the growth of AD bacteria is 6.6–7.6 [64–66]. pH is a 
crucial parameter for tracking the progression of Alzheimer’s disease 
and influencing microbial activity and metabolic pathways. Because of 
the alkaline nature of biochar, pH values in digesters with biochar 
addition increased, as expected (Fig. 7). Overall, it appeared that the pH 
of all groups decreased during the first 10 days of AD, which was most 

likely due to the accumulation of VFAs generated by the breakdown of 
organics in the slurry [67], which was most likely due to the accumu
lation of VFAs generated by the breakdown of organics in the slurry 
[68]. The pH of the control group decreased from 6.96 to 6.1, but the 
lowering was limited in the biochar treatment digesters due to the 
organic alkali functional groups in the biochar [68]. The ingestion of 
VFAs and the ammonification of protein, in addition to the aforemen
tioned causes, led in a rise of the pH value in all digesters, which was 
observed in all digesters. The pH of biochar-amended digesters was 
slightly alkaline (6.9–8.03), considerably higher than the control group 
(6.9–7.08). At a pH lower than 6.6, methanogenic activity was severely 
suppressed in the digesters without biochar addition (untreated algae 
with manure and Co of untreated algae with S. parkle and faeces), 
resulting in a poor biogas output. Because of the buffering capability of 
biochar, a more acceptable range for microbial activity was found. As a 
result, biochar plays a critical role in improving reactor stability by 
enhancing VFA decomposition in the digester. 

3.2.3. Total and volatile solids change 
AD is home to the essential intermediate products in the generation 

Fig. 10. (continued). 
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of biogas, which includes VS If the digester accumulates a significant 
amount of VS the digestion process may fail. As a result, the amount of 
VS is considered critical in determining the anaerobic reactor’s opera
tional state. When measuring the stability of the AD process, it is 

necessary to consider the deterioration of TS, and VS. Figs. 8 and 9 de
pict the TS trend during the e 70-day experiment. Throughout the 
digesting period, the TS content in all treatments decreased. Further
more, the TS removal efficiencies ranged between 6.1 for 1 OSDB with 

Fig. 11. The cumulative biogas yield calculated using a first-order model (a) Control (b-d) SSDB, (e-g) OSDB, (h) Co-Control (i-k) Co-SSDB and (L-n) Co-OSDB.  
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100 mg/L and 76.4 % for SSDB with 100 mg/L dosages, respectively. It’s 
worth mentioning that in the case of Co of untreated algae with S. Parkle 
Co-control group, the digester accumulates a high amount of VS and 
leads to failure of the digestion processes, leading to a small amount of 
biogas production (48 mL/VS). 

On the other hand, the VS removal efficiencies were 4 and 17.6 % for 
100 mg/L of Co-SSDB and 100 mg/L of OSDB, respectively. Every bio- 
digester treatment tested decreased VS content throughout the trial. 
When different forms of biochar were added, the amount of organic 
matter degraded increased, which was indicated by changes in the total 
soluble solids and total volatile solids (TS and VS) content with each 
type of biochar added. 

3.2.4. Mechanism of US and O3 effect on biochar properties 
Acoustic cavitation’s chemical and mechanical properties are highly 

dependent on the US frequency [69]. Because of the increased jet ve
locity at low frequencies, the cavitation bubbles are more giant. Their 
collapses are more severe than at higher frequencies due to the more 
incredible jet velocity at low frequencies. Furthermore, it is generally 
established that shock waves heighten the physical effect of acoustic 

cavitation, shear stress, and jet flow, all of which are more abundant at 
low frequencies. Each of these variables contributes to the phenomenon. 
Additionally, Weiss [70] proposed that OH radicals would be generated 
during the breakdown of water, which was later confirmed by Makino 
et al. [71]. Under US, the generation of OH radicals happens both inside 
and around the interface between the cavity and the surrounding liquid 
during the hollow’s collapse, allowing biochar’s surface morphology 
and structural alteration to be altered in the presence of US (equations 
12–14) [72]. (Fig. 5) indicates that the biogas production efficiency was 
enhanced by more than 3 folds when the carbon modified by US irra
diation was used for the concentrations of 50, 100 and 150 mg/L for 
C. Linum only and increased by more than 6 folds when treated with Co- 
SSDB 50 mg/L. But it’s also noticed that biogas production efficiency 
declined again as in sonicated SSDB 150 mg/L upon increasing the SD 
dosage. On the other hand, when the biochar was treated with O3 dose 
1.1 mg/L (Table 6), the massive increase in biogas production, specially 
the high dosage of OSDB 100 and 150 mg/L, unlike the US treatment, 
which favor the low dosage of OSDB 50 mg/L. Overall, the pH of the 
OSDB samples decreases dramatically, from neutral for the untreated 
OSDB to 1.87 ± 0.25 for the sample that was treated with O3 for 30 min 

Fig. 11. (continued). 
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in all cases. In this case, it is thought that the addition of acidic oxygen- 
functional groups to the OSDB surface, particularly carboxyl groups, is 
the source of the dramatic pH drop that takes place very quickly. There is 
a relationship between treatment duration and increasing acidity in the 

OSDB samples, as evidenced by the pH trend. Due to the inhomogeneity 
and complexity of non OSDB material molecular structures, the re
actions between it and oxygen can be quite complicated. According to 
the most likely scenario, the most significant interactions between O3 

Fig. 12. The cumulative biogas yield calculated using the Gompertz model (a) Control (b-d) SSDB, (e-g) OSDB, (h) Co-Control (i-k) Co-SSDB and (L-n) Co-OSDB.  
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and organic matter involve the breakage of the carbon double bond, 
which acts as an excess electron nucleophile in these processes. For 
example, the injected O3 air stream may, to a limited extent, contribute 
to the creation of carbonyl and carboxyl groups on OSDB surfaces by 
interacting with particular C––C double bonds in OSDB materials, as 
demonstrated in equations (20). The result will be an increase in the 
hydrophilicity of the ozonized OSDB product, which will be due to both 
the ability of the carbonyl and carboxyl groups to attract water mole
cules, as well as an increase in the cation exchange capacity (CEC) value, 
which will be due to the carboxyl groups readily deprotonating in water, 
resulting in a greater negative charge on the OSDB surfaces, as illus
trated in equation (21). To characterize delocalized electrons, it has 
been discovered that the density of C––C structures is a useful metric 
[72–74]. Additional interactions with H2O may be facilitated by the 
delocalized electron in SD, leading to the formation of the ions hy
droxide (HO–) and hydronium (H3O+) (Eq. (12)). In this case, through 
radical chain reactions, –OH could join with O3 to produce a scavenger 
of reactive oxygen radicals (e.g., HO2

. , O2
.–,.OH) in the presence of oxygen 

(Eqs. 15–19). As revealed by XRD characterisations, the presence of 
bicarbonate in SD, such as CaCO3 or MgCO3, may also contribute to ROS 

production during the O3/SD process.  

Carbon-π + H2O → Carbon-H3O++HO–                                           (12)  

H2O → HO•+H• (13)  

H•+O2 → HOO• (14)  

O3 + HO–→H2O–+O2                                                                    (15)  

O3 + H2O–→H2O•+O3
•–                                                                 (16)  

H2O•→O3
•–+H+ (17)  

O3
•–→O2 + O•–                                                                             (18)  

O•–+H2O → HO•+HO–                                                                 (19)  

Biochars-CH = CH-Biochars + O3 → Biochars-COH + Biochars-COOH.(20)  

Biochars-COOH → Biochars-COO–+H+.                                          (21)  

Fig. 12. (continued). 
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3.3. Kinetics study 

Detailed results of the kinetic investigation of natural gas production 
are shown in (Tables 7–9). The Gompertz and logistic feature models 
were found to be highly predictive of experimental results, with R2 

values greater than 0.94. For biogas generation using Co-OSDB (150 
mg/L) and Co-SSDB (50 mg/L), Rm values of 25.66 and 38.49 mL/g VS 
were observed for the logistic model and modified Gompertz model 
(GM), respectively, for Co-OSDB (150 mg/L) and Co-SSDB (50 mg/L), 
for the logistic model and modified GM [38,53]. As predicted by the 
first-order model, the highest hydrolysis rates (K) were seen in the 
experiment with OSDB (50 mg/L) having 0.0.039 per day. Based on the 
data, the adjusted Gompertz and logistic models (GALM) have func
tional values of 0.02 and 0.07 days, respectively. Compared to the values 
published earlier for the modified GALM function [34,54], the value is 
exceedingly low in this work. As shown in (Figs. 10, 11, and 12), plotting 
the calculated values for biogas generation versus the observed values 
allows us to assess the model’s trustworthiness in the context of the two 
models under consideration. (Tables 7 and 8) additionally give the sta
tistical indicators (R2), which provide context for the kinetics investi
gation. According to Nguyen et al. [38], better R2 values (0.999 and 
0.994, respectively) suggested a more appropriate kinetic model for the 
modified GALM feature. Both models have a higher R2 of 0.992 than the 
other in our analysis. 

4. Conclusions 

When green algae C. linum is used as a substrate, conventional algal 
biomass’s low carbon to nitrogen ratio might produce compounds 
detrimental to the digestive process, particularly ammonia. Reduced 
ammonia nitrogen concentrations can be achieved by combining algae 
with low-cost, high-carbon wastes, which may minimize ammonia in
hibitor levels in the water. Because they served as bacteria colonies 
support, an electron transfer conductor between species, and a sorbent 
for indirect inhibitors or contaminants in C. linum and S. parkle fish food, 
the Co substrates were multifunctional in that they could promote 
biogas and biomethane production while also acting as an electron 
transfer conductor between species. A significant sorption ability to 
ammonium ions in both gaseous and aqueous form, pretreated biochar 
with US and O3 can be used to reduce ammonium emissions from N-rich 
S. parkles. The greatest biogas yields were 1059 and 1054 mL/g, 
respectively, compared to SSDB’s 50 mg/L and OSSDB’s 150 mg/L. The 
results show that pretreatment biochar with US and O3 removes in
hibitors from the reaction medium throughout the AD process, improves 
the C/N ratio, and stabilizes anaerobic bacteria for biogas production. 
Future research should also examine the compatibility of the bioprocess, 
biogas emission, techno-economic analysis, and compositional analysis 
of the used seaweeds. According to our statistics, bioenergy is one of the 
main renewable energy sources that necessitate a generous financial 
investment. The worldwide, governments and societies should signifi
cantly contribute to developing more biogas and biomethane production 
facilities in the upcoming years to address the issue. 
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