
energies

Article

Enhancement of Biogas Production from Macroalgae Ulva
latuca via Ozonation Pretreatment

Mohamed A. Hassaan 1,* , Ahmed El Nemr 1 , Marwa R. Elkatory 2 , Ahmed Eleryan 1, Safaa Ragab 1,
Amany El Sikaily 1 and Antonio Pantaleo 3

����������
�������

Citation: Hassaan, M.A.; El Nemr,

A.; Elkatory, M.R.; Eleryan, A.; Ragab,

S.; El Sikaily, A.; Pantaleo, A.

Enhancement of Biogas Production

from Macroalgae Ulva latuca via

Ozonation Pretreatment. Energies

2021, 14, 1703. https://doi.org/

10.3390/en14061703

Academic Editor: Riccardo Amirante

Received: 20 February 2021

Accepted: 15 March 2021

Published: 18 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Marine Pollution Laboratory, National Institute of Oceanography and Fisheries, Alexandria 21556, Egypt;
ahmedmoustafaelnemr@yahoo.com (A.E.N.); aeleryan71@yahoo.com (A.E.);
safaa_ragab65@yahoo.com (S.R.); dramany_mas@yahoo.com (A.E.S.)

2 Advanced Technology and New Materials Research Institute, City for Scientific Research and Technological
Applications, Alexandria 21934, Egypt; marwa_elkatory@yahoo.com

3 Department of Agriculture and Environmental Sciences, Bari University, 70121 Bari, Italy;
antonio.pantaleo@uniba.it

* Correspondence: mhss95@mail.com

Abstract: One of the dominant species of green algae growing along the Mediterranean coast of
Egypt is Ulva lactuca. Pretreatment can have a major effect on biogas production because hydrolysis
of the algae cell wall structure is a rate-limiting stage in the anaerobic digestion (AD) process. The use
of ozone, a new pretreatment, to boost biogas production from the green algae Ulva lactuca was
investigated in this study. Ozonation at various dosages was used in contrast to untreated biomass,
and the effect on the performance of subsequent mesophilic AD using two separate inoculums
(cow manure and activated sludge) was examined. The findings indicated that, in different studies,
ozonation pretreatment showed a substantial increase in biogas yield relative to untreated algae.
With an ozone dose of 249 mg O3 g–1 VS algal for Ulva lactuca, the highest biogas output (498.75 mL/g
VS) was achieved using cow manure inoculum. The evaluation of FTIR, TGA, SEM, and XRD
revealed the impact of O3 on the structure of the algal cell wall and integrity breakage, which was
thus established as the main contributor to improving the biogas production.

Keywords: Ulva lactuca; ozone; treatment; biogas; kinetic models; modified Gompertz model; logistic
function model

1. Introduction

To recycle organic waste into biogas, anaerobic digestion (AD) is a widespread technol-
ogy. Compared with other biomass pretreatment methods such as mechanical, sonication
and chemical, the cost of AD is relatively low [1,2]. In AD [3,4], energy crops, agricultural
runoff, manure, sewage sludge, waste oils, animal fat, food scraps, wastewater, and a
number of high organic industrial effluents can also be used. Biogas has now evolved
into the third generation after decades of development. Biofuels of the first generation
were produced from food, such as grain, maize, or soybeans, resulting in food-energy
competition problems and high demand for land [5]. The second generation of biofuels
were made from rich lignocellulosic feedstocks, which required complicated pretreatment
and expensive catalysts; such processes are expensive and offer little market advantage
over fossil fuels [6]. Marine biomass has relatively high yields compared to lignocellu-
losic feedstocks [7] and removes algae from the body of water, or eutrophication of lakes,
rivers, and oceans can be minimized by the beach [8]. Ulva lactuca belongs to the family of
green algae and, on the rocky shores of Alexandria in the Mediterranean Sea, is one of the
dominant species.

The decomposition of the complex algae cell wall structure is a rate-limiting step
that has a major impact on the AD bioconversion process [9]. Anaerobic co-digestion
of varied feedstocks increases the biogas revenues because of its superior stability of

Energies 2021, 14, 1703. https://doi.org/10.3390/en14061703 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8513-5304
https://orcid.org/0000-0003-2373-5846
https://orcid.org/0000-0001-9956-2350
https://orcid.org/0000-0002-5210-646X
https://doi.org/10.3390/en14061703
https://doi.org/10.3390/en14061703
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14061703
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14061703?type=check_update&version=2


Energies 2021, 14, 1703 2 of 16

nutrients in the digestion media. An appropriate select for increasing biogas revenues
from the AD of municipal solid wastes is the co-digestion with lignocellulosic ingredients.
Anaerobic co-digestion is believed to be the rapid digestion of more than one substrate
and co-substrate mixes. Generally, AD procedures are intended for a particular substrate.
Conversely, using a several of substrates creates the procedure more constant [10]. As a
result, effective and sufficient pretreatment is critical for increasing biogas production [11].
After pretreatment, the substance may be strongly fermented [12]. Pretreatment methods
include sonication [13], acid [14], thermal [15], thermochemical [16], beating [17], milling,
grinding, and extrusion [18], biological, and ozone [19]. However, the evaluation of
unique, powerful oxidative pretreatments, in particular those applying ozone, has not
received much attention so far. Ozonation is a method that has already been successfully
used (i) to encourage excess solubilization of activated sludge and consecutive anaerobic
digestion [20], (ii) to improve the efficiency of enzymatic digestion [20], and to produce
biohydrogen from lignocellulosic organic matter [21]. The emission of biogas from sewage
sludge in psychrophilic conditions has been reported [22]. The study found that the
amount of biogas produced in psychrophilic conditions could be equal to, if not greater
than, that produced in mesophilic conditions under the same conditions [22]. The energy
demand in each process scheme was contrasted between a modified anaerobic digestion
process with partial ozonation of digested sludge to increase biological degradability and
a traditional anaerobic digestion process. One choice for making good use of biogas was
to use it for power generation, and another was to use it for recovery instead of natural
gas. Since the extra energy output from this scheme was supposed to meet all of the
energy demand for the plant activity, the partial ozonation process with power production
resulted in minimal greenhouse gas emissions, according to the report. Furthermore,
the final amount of dewatered sludge cake generated was only 40% of what was predicted
from the conventional process, reducing the potential for greenhouse gas emissions in
subsequent sludge incineration processes significantly [23–26].

Different authors showed that, regardless of the form of pretreatment, biogas capacity
of micro and macroalgae can be significantly different from species to species due to
variations in structure and composition of cell walls [3,7–9,11,16,18]. In addition, a recent
exciting study by Nguyen et al. [23] stated that ozone pre-oxidation of microalgae can
induce cell lysis and, consequently, intracellular organic matter release. Green-blue ozone
has also been shown to degrade efficiently.

A high biomass yield and high photosynthetic ability are demonstrated in the green
Macroalgae Ulva lactuca as contrasted with terrestrial plants. Furthermore, the AD of
wet biomass in methane seems promised and more highways [3] Ulva lactuca’s economic
and environmental viability in the development of bioenergy will benefit from the use of
Ulva lactuca bioremediation capability during production and the extraction of high-value
biomass products before energy generation [3]. In order to increase the digestiveness of
the biomass in methane, three micro algae cultures have been pretreated with ozonation
at various doses [18]. As a result, O3 has increased the biogas capacity of all three algal
cultures tested in contrast with the untreated biomass experiments [18].

From the previous findings of different biotechnology fields, it is safe to assume
that the promise of ozone can also be used in the anaerobic digestion process to enhance
the fermentability of the macroalgic biomass. The mathematical kinetic model used for
the AD process is critical in optimizing, forecasting, simulating, and monitoring process
performance under various conditions [27,28]. To reflect and replicate the experimental
results, two kinetic models were reported: the modified Gompertz and the logistic function
models. Statistical study of correlation coefficients (R2) contrasted the accuracy of these
models. It is anticipated that the findings will provide theoretical guidance for studying
the impact of nanoparticles and modeling the anaerobic fermentation process research.
A techno-economic evaluation of the ozonation treatment for the production of biogas
from the AD of Ulva lactuca must be carried out in order to understand the conditions for
wider penetration of such a technique. In the experiments, the effects of different ozonation
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dosages on the production of macroalgal-based biogas were investigated. The results were
also in contrast to those obtained with non-treated macroalgae. According to the best of
our knowledge, this is the first study to describe the effect of combining mechanical and
ozonation treatment for the production of biogas from Ulva lactuca. However, as far as we
are aware, this research has not yet been investigated, so it has been focused on filling the
existing gap.

2. Materials and Methods
2.1. Collection of Green Algae Ulva lactuca

From the Mediterranean coast, Alexandria, Egypt, Fresh Marine Green Algae Ulva
lactuca was hand collected. The biomass collected was washed a number of times with
seawater, tap water, and then with distilled water. The clean algae underwent sun-drying
for several days, followed by oven-drying for 24 h at 50 ◦C. To obtain a fine and homo-
geneous powder, the dried samples were milled to a size of about 0.5 mm using (Fritsch,
Pulverisette 2, and Filtra vibracion S.L.) for 5 min. For further research, the milled seaweed
samples were placed in plastic bags at room temperature.

2.2. Chemical Analysis of Algae Powder

According to literature [29,30], dry matter has been calculated. By ashing the ground
dried samples overnight in a muffle furnace at 550 ◦C, the ash content was measured.
The elemental analyzer was used to calculate C, H, and N (Model CHN 628).

2.3. Ozonation Pretreatment of Ulva lactuca

Using a 0.2 L cylindrical glass containing 150 mL of Ulva lactuca algal suspension as the
working volume, ozonation pretreatments were carried out at a flow rate of 8.3 mg O3 min–1,
ozone was guided into the column via a porous glass sparger. Using an ozone generator, O3
was produced (N 1668 A power: 18 W, Vol AC 220 V/50 HZ). All ozonation experiments
were performed at pH 8, since when the pH is greater than 7.0, the ozone decomposition
rate increases dramatically at room temperature (23 ± 2 ◦C) due to hydroxyl radical
formation and three curing times (t) (10, 15, and 30 min) were checked. Once pretreatment
with ozonation was completed, a sufficient quantity of Ulva lactuca was consequently
subjected to anaerobic digestion under the conditions set out in the biogas test section.

2.4. Inoculum and Substrates Preparation
2.4.1. Source of Manure

Cow manure was collected from a slaughterhouse in Alexandria city, Egypt. The ma-
nure was collected from the cage, stored inside a black plastic trash bag and stored in a
plastic box container and was used the day after collection. The cow manure was diluted
with water 1:1 (w/v).

2.4.2. Source of Activated Sludge

The sludge sample was taken from a mesophilic anaerobic digester at a waste pump
station in East Alexandria. Triplicate 1L samples were obtained from the mid-section of the
digester simultaneously and combined thoroughly. At 35 ◦C, the samples were incubated
and used as an inoculum within 72 h. Samples of digester sludge (50 mL) were centrifuged
at 1500 rpm for 2 min before being resuspended in 100 mL of an anaerobic 0.2 M phosphate
buffer (pH 7.2) after being purified with ultra-high purity (99.999%) N2 gas [31].

2.5. Biogas Tests

Laboratory tests were conducted on reactors in similar digesters of cylindrical sy-
ringes [32–34]. The syringes are reversed directly onto the reactor lid [35,36]. A plastic
syringe was used to sample the fuel that was equipped with a three-way valve and re-
injected into the waste. In all tests, 100 mL glass syringes were applied. As feedstock,
1.5 g of milled Ulva lactuca (dried weight) was used. In each of the syringes, 20 g (wet
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weight) of each manure or activated sludge was applied to the untreated and treated Ulva
lactuca. For 10 min, the working volume was flushed with N2. For each anaerobic degrada-
tion set-up, three replicates were performed. Until no apparent methane was produced,
the inoculum was pre-incubated for 3 days. At 37 ◦C with continuous shaking at 150 rpm,
the digesters were incubated. Table 1 offers an overview of the substrates used in batch
experiments to estimate the Ulva lactuca biogas yield.

Table 1. Overview of substrates and pretreatment processes used for the estimation of the biogas
yield of Ulva lactuca in batch experiments.

Experiment Pretreatment Incubation Temp. (◦C) I/S Ratio

Batch 1 Manure + algae untreated 37 ± 1 20:1.5

Batch 2 Sludge + Untreated Algae 37 ± 1 20:1.5

Batch 3 Manure + Algae O3 (10 min) 37 ± 1 20:1.5

Batch 4 Manure + Algae O3 (15 min) 37 ± 1 20:1.5

Batch 5 Manure + Algae O3 (30 min) 37 ± 1 20:1.5

Batch 6 Sludge + Algae O3 (10 min) 37 ± 1 20:1.5

Batch 7 Sludge + Algae O3 (15 min) 37 ± 1 20:1.5

Batch 8 Sludge + Algae O3 (30 min) 37 ± 1 20:1.5

2.6. Characterization and Measurement

Ulva lactuca samples were analyzed by the following instrument before and after
ozone pretreatment: Fourier transform infrared (FT-IR) spectroscopy V-100 VERTEX70 con-
nected with platinum ATR (model-100) using wave number between 400 and 4000 cm−1.
The surface structure was examined by the scan electron microscope FEI QUANTA 250
(SEM). Thermogravimetric (TGA) analysis of the Ulva lactuca sample was performed by
TERIOS SDT650 instrument. Using a Bruker 2D Phaser, X-ray diffractograms (XRD) run at
30 kV, 10 mA with a Cu tube (λ = 1.54060 Å) ranging from 0 to 100◦.

2.7. Kinetics Study and Statistical Analysis

Numerous researchers have used the nonlinear regression models, the modified
Gompertz and logistic function models Equations (1) and (2) were applied to determine the
cumulative biogas production [37–40]. Both models are mostly used to determine the lag
phase, biomethane potential, and the max biogas production rate. The biogas production
data and the kinetic parameters were defined under Equations (1) and (2) [37–40], which
are widely recognized.

M = Pb × exp {−exp [(Rm.e)/Pb (λ − t) + 1]} (1)

M = Pb/((1 + exp {4.Rm.(λ − t))/pb + 2) (2)

where M is the biogas yield (L/g VS added) over time t (days), Pb is the maximum biogas
capacity of the sub-strate (L/g VS added), t is the duration (day), Rm is the maximum
biogas rate, and e is 2.7183. The coefficient of determination (R2) and root mean square error
(RMSE) for both models were calculated in order to compare the accuracy of the studied
models determined using SPSS 20, Origin 2020 b, and Excel 2010 methods. The standard
deviation is interpreted as the RMSE, with a lower RMSE implying a better match between
predicted and measured values [40].

RMSE =
√

(∑_(i = 1)n ((PVi −MVi)2)/n) (3)

PVi is the estimated biogas volume value, MVi is the measured biogas volume value, and n
is the number of measurements.
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3. Results and Discussion
3.1. Characterization for Ulva lactuca
3.1.1. Fourier Transform Infrared Spectra (FTIR)

The FTIR displays alternating raw and ozonated Ulva lactuca pretreated spectra,
(Figure 1). Compared to raw Ulva lactuca in the peaks at 1035–1627 cm–1 and the wide
band at 3288 cm–1, the decrease in the strength range of pretreated algae indicates that
the pretreated Ulva lactuca chemical structure deforms as a result of the treatment of
lignocellulose by ozonation degradation [41–43]. The peak at 1627 cm–1 is due to O-H
stretching vibration of H-O-H from the literature, while the broader band at 3288 cm–1

was assigned for the phenolic compounds O-H stretching vibration [44]. The stretching
vibrations present at 1419 and 1035 cm−1 were identified as C-OH band of carboxylic acid
and ester bond in tannin, respectively [44].

Figure 1. Fourier Transform Infrared (FTIR) spectrum of raw and ozonated pretreated Ulva lactuca.

3.1.2. Thermal Analysis (TGA)

Biomass thermal stability is analyzed using TGA, a commonly adopted technique for
assessing biomass thermal degradation [45,46]. The TG graphs (Figure 2) display along
with the method, the relationship between the temperature and the weight percentage of
the sample. The thermal decomposition can be easily distinguished from the TGA graph
(Figure 2), however, and the individual phases of mass change can also be clearly defined.
The experiment was performed up to 1000 ◦C with 10 ◦C per minute under 100 mL/min
N2 gas flow for this study. The graphs were, however, only plotted up to 1000 ◦C, but after
this point, the weight of the samples was constant. The thermal degradation of three
algae samples occurred in a three-step reaction, based on the findings. At the first stage,
one represents the evaporation of moisture desorption extractives or some light volatile
issues at 100–200 ◦C [47–49], while the other two phases at 300–350 and 300–500 ◦C reflect
the cellulose and lignin degradation, respectively (Figure 2). In the second and third phases,
there was a significant weight loss due to the main degradation mechanism. This loss
causes the decomposition and/or depolymerization of algae’s organic components, such as
carbohydrates, protein, and lipids. Carbohydrate decomposition occurs between 180 and
270 ◦C due to algae mass loss, while protein degradation occurs between 320 and 450 ◦C [50].
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Figure 2. Thermal Analysis (TGA) and Differential thermal analysis (DTA) thermographs of raw and
ozonated pretreated Ulva lactuca.

3.1.3. Scanning Electron Microscopy (SEM)

Untreated Ulva lactuca and ozonated Ulva lactuca to better understand the effect
of O3 pretreatment on the AD of the green macroalgae Ulva lactuca, samples of Ulva
lactuca (8.3 mg O3 min–1 VS) were analysed using electron microscopy. Figure 3a–d
display identical-scale macroalgae images before and after pretreatment, respectively.
In general, the cell wall in Figure 3a is well-defined and does not display any fragmentation.
However, in the latter case (Figure 3c,d), the clearly changed structure of the cell wall
appears to be fragmented and it is possible to distinguish broken cell walls. This suggests,
therefore, that O3 was capable of harming the algae and greatly disrupting its integrity [18].
Figure 3c,d, in other words, are clear visual evidence of effective ozone pretreatment.

Figure 3. Cont.



Energies 2021, 14, 1703 7 of 16

Figure 3. Scanning electron microscope (SEM) of raw and ozonated pretreated Ulva lactuca; (a) untreated, (b) O3 10 min., (c)
O3 15 min. and (d) O3 30 min.

3.1.4. X-ray Diffraction (XRD)

The degree of crystallinity of raw and pretreated Ulva lactuca was determined using
X-ray diffraction analysis (Figure 4). The crystallography showed that after ozonation
pretreatment, the peak strength of the raw Ulva lactuca sample became sharper at 2, 20, 26,
27, and 30, Figure 4. These peaks tend to conform to crystalline cellulose after pretreatment.
This may be proof that the pretreated Ulva lactuca crystallinity increased when pretreated
with ozone [34].

Figure 4. X-ray diffractograms of Ulva lactuca pretreated in raw and ozonated form.

3.2. Chemical Compositions of Ulva lactuca

As shown in Table 2, the VS content of the investigated Ulva lactuca is about 71%.
On the other hand, by means of an elemental analyzer, the determination of the C and
N material is detected and the measurement procedure is followed [51]. Table 2 shows
a C/N ratio of about 9.42%. In most literature, a working C/N ratio of 20 to 30, with an
optimal ratio of 25, is recommended for anaerobic bacterial growth in the AD system [52].
Inappropriate C/N ratios in substrate AD can result in high total ammonia nitrogen and/or
VFA accumulation in the digester [53]. However, reported literature [54–56] indicated that
the optimum C/N ratio is 16–19% for better methanogenic efficiency when considering
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hardly degradable complexes such as lignin [52], which is near the same ration for the
studied biomass Ulva lactuca.

Table 2. The proximate values of different substrates.

Proximate Tests Ulva lactuca Manure Activated Sludge

DM% 84.90 79.67 80.51

Ash% 29.21 17.78 16.85

VS% 70.79 82.22 83.15

C% 22.99 49.80 -

N% 2.44 4.25 -

H% 4.55 5.43 -

C/N 9.42 13.70 -

3.3. Impact of Pretreatment with Ozone on Anaerobic Digestion by Batch

During a period of 65 days, the experimental results of biogas output yields were
collected and shown in Figure 5. Inactivity, possibly as a result of the methanogens
undergoing a methamorphic growth phase, follows the initial anaerobic process that
yielded high biogas yields in the first step [57,58]. When the treated Ulva lactuca was treated
with an ozone dose (8.3 mg O3 min–1 VS) for 15 and 30 min, the average biogas production
yield was marginally increased compared to the biogas production yield without ozonation
treatment and ozonation treatment for 10 min with the same ozone dosage, as shown in
Figure 5.

Figure 5. Average production of cumulative net biogas using (a) Manure and (b) Sludge.

High ozone doses have a major positive effect on the production of biogas (p < 0.05).
The ozonation time 15 min and 30 min produces higher biogas yield with 498.75 mL/g
VS and 492 mL/g VS, respectively for Ulva lactuca in combination with manure. Same re-
sults with obtained for Ulva lactuca in combination with activated sludge, where the
ozonation time 15 min and 30 min produces higher biogas yield with 210 mL/g VS and
315 mL/g VS, respectively. It is also clear to notice that concentration of ozone dosage
(8.3 mg O3 min–1 VS) or 10 min time both manure and activated sludge has inhibitory
effects on the biogas production.

Phenols, which are a complex group of phloroglucinol polymerization products
(1,3,5-trihydroxybenzene), widely distributed in plants and algae, isolated from terrestrial
and marine species by >8000 phenolic compounds [59,60]. Tabassum et al. [61], found a
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strong phenolic content association in the brown algae Ascophyllum nodosum (A. nodosum)
and reduced yields of methane. Moen et al. [62], found that polyphenols inhibited the
methanogenesis process of AD, and increased biogas production during AD of A. nodosum
as formaldehyde “fixed” the polyphenols.

This may be the reason for the inhibitory effect of ozonation time of 10 min which
can explains as the following: at the first stage of the ozonation and after 10 min the cell
wall of Ulva lactuca was not completely destroyed as shown in Figure 3 and the phenolic
compounds is still existing as degradation byproducts of Ulva lactuca which may inhibit the
methanogenesis bacteria and after 15 or 30 min the phenolic compounds were degraded to
form CO2 and the cell wall will be weakened by ozone to help release organic matter.

Biogas output tests have been completed when, as seen in Figure 6, the regular
production of biogas is <1% of the total production of most of the tests conducted. It is clear
that the biogas output of mechanically treated algae without ozonation is around 435 mL/g
VS higher than that of ozonated Ulva lactuca with activated sludge in combination, which
may indicate that the manure is favorable as incoculum for marine macroalgae or the
activated sludge I/S ratio need to be optimized in the future studies.

Figure 6. Average production of daily biogas using (a) Manure and (b) Sludge.

The mechanical and ozonation pretreatment of macro algae, which is linked to the
hydrogen bonds that strongly bind the cellulose chain in crystal form, obstructing the
breakdown of cellulose into glucose [63–65], is the first step in the separation of the com-
ponents of lignocellulose, which are lignin, cellulose, hemicellulose, and other extracted
components. This research is also the first study to examine the impact of mixing me-
chanically and ozonally treated macroalgae in conjunction with two distinct inoculums,
resulting in a higher biogas yield than untreated macroalgae. As verified by FTIR, XRD,
SEM, and TGA, ozonation pretreatment in combination with manure has enhanced the
surface area of reaction and biogas production.

Interestingly, the 10-min ozonation time activity was very distinguishable compared
to the other 15 and 30 periods. In fact, when the O3 dose was increased to the highest level
investigated, a significant difference was observed in this situation (249 mg O3 g–1 VS). It is
important to remember that the ozone dose cannot be increased above the threshold level;
otherwise, not only will the cell wall be weakened and organic matter released, but the
organic matter will also be oxidized [18].

Figure 3b,d show SEM analysis, which shows that ozone treatment is safe. The bro-
ken (oxidized) wall structure, faster cell lysis, and better accessibility of hydrolytic en-
zymes/fermenting bacteria to the cell material all contributed to the improved conversion
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of this renewable feedstock to biogas. Supporting results were stated by Miao and Tao [37],
who discussed the removal of green-blue algae and the depletion of their toxins by an
ozone-based peroxidation method. The algal cells were found to be impaired to varying
degrees depending on the dosage of O3, resulting in an increase in dissolved organic carbon
in the algae suspension. Cardeña et al. [18] suggested that the biogas capacity of three
separate algal cultures was enhanced by O3. SEM pictures helped to imagine the potential
ozonation mode of action and to grasp it. Allen et al. [66] from West Cork, Ireland, collected
Ulva lactuca and evaluated the biomethane capacity of fresh Ulva lactuca as 183 L CH4/kg
VS Allen et al. [66] with cattle slurry co-digested of both dried and fresh green algae Ulva
lactuca. In mono-digestion, the results showed synergistic effects, with Ulva lactuca and
slurry providing on the order of 17% more biomethane yield.

3.4. Kinetic Study

The data of the gas production kinetic study have been summarized in the Table 3.
It is reported that the Gompertz and logistic feature models matched well with the ex-
perimental findings. For the logistic feature model and the modified Gompertz model,
a production rate (Rm) of 28.60 L/g VS and 24.42 L/g VS of composite biofuel were
observed. The late reaction and eventual microorganisms adaptation to the fluctuating
atmosphere is expressed in the lag phase (λ) [37,67]. The revised Gompertz and logistic
models functional received λ values of 0.923 and 1.28 days, respectively. In this study,
the value of λ is reasonably close to the published λ of 1.2–1.8 days and 1.5–2.1 days (by
Deepanraj et al. [68]) and 0.9 and 1.23 days [34] reported, respectively, for the modified
Gompertz and logistic function models. The calculated values for biofuel production are
plotted against the observed values, as seen in Figures 7 and 8, to assess the reliability
of the model results in the two tested models. The low values of RMSE (1.59) and (1.74)
reflect modified Gompertz, and the potential of logistic function models to reliably predict
bioactivity is high. To provide an image of the kinetics study, the statistical indicators (R2)
are given in Table 3. Nguyen et al. [37] reported that the higher R2 (0.999 and 0.994) and
lower RMSE values for the updated Gompertz models and the logistic feature models,
respectively, indicated a more suitable kinetic model.

Table 3. Data of kinetic analysis using the modified models of Gompertz and logistic features.

Modified Gompertz Model

Manure

R2 Predicted
P (ml/g VS)

Differences
(%)

Rmax
mL/gVS.day λ(day) RMSE

untreated 0.999 456.29 0.87 24.42 0.081 4.16

10 O3 0.987 95.79 1.33 8.40 0.142 3.45

15 O3 0.993 539.00 0.43 23.06 0.059 12.98

30 O3 0.988 532.44 1.98 26.71 0.074 18.58

Sludge

untreated 0.989 48.88 0.26 5.88 0.240 1.59

10 O3 0.932 50.17 3.06 0.90 0.923 2.49

15 O3 0.901 202.96 6.80 4.55 0.057 14.51

30 O3 0.960 602.90 4.53 40.13 0.020 15.24
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Table 3. Cont.

Modified Gompertz Model

Manure

R2 Predicted
P (ml/g VS)

Differences
(%)

Rmax
mL/gVS.day λ(day) RMSE

Logistic function model

Manure

R2 Predicted
P (ml/g VS)

Differences
(%)

Rmax
mL/gVS.day λ(day) RMSE

untreated 0.994 428.17 2.44 28.60 0.136 12.26

10 O3 0.987 94.28 0.23 11.31 0.214 3.45

15 O3 0.988 490.45 3.61 27.78 0.104 17.62

30 O3 0.992 486.99 2.10 30.51 0.131 14.68

Sludge

untreated 0.987 48.53 0.45 7.80 0.369 1.74

10 O3 0.914 50.08 3.22 1.38 1.28 2.79

15 O3 0.885 198.98 7.32 10.87 0.073 15.56

30 O3 0.958 435.24 4.06 39.19 0.043 15.71

Figure 7. Cont.
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Figure 7. Cumulative biogas yield from Gompertz model, Manure (a–d) and Sludge (e–h).

Figure 8. Cont.
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Figure 8. Cumulative biogas yield from Logistic model, Manure (a–d) and Sludge (e–h).

4. Conclusions

The biomass of the green algae Ulva lactuca was pre-treated with ozonation at various
doses in order to increase its digestibility for biogas production in this study. As a result,
higher doses of O3 (15 and 30 min) increased the biogas ability of the studied green algae
Ulva lactuca, in comparison to untreated biomass studies. SEM, FTIR, TGA, and XRD images
aided in visualizing and comprehending the future ozonation mode of action. In light of
previously published literature, ozone appears to be an excellent alternative candidate
for significantly increasing the formation of biomethane from the renewable green algae
Ulva lactuca. The updated Gompertz model (R2 = 0.999) and the logistic function model
(R2 = 0.994) were appropriate models to match the calculated biogas production, and could
be used more reasonably to characterize the kinetics of the AD phase. Based on the findings
collected, algae is a very high-yielding biomass that does not interfere with the production
of fruit. Ulva lactuca may have an output of dry matter that is more than ten times greater
than that of crops. The ozonated treated Ulva lactuca is an appropriate source of biomass
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for the production of biogas and has a higher outcome than the untreated one. Emission of
Biogas, cost–benefit analysis (CBA) and leveled energy cost (LCOE) could also be required
as a future development to evaluate the compatibility of the entire Ulva lactuca bioprocess.
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Abbreviations

O3 Ozone
AD Anaerobic digestion
FTIR Fourier transform infrared
SEM Scanning electron microscope
TGA Thermo gravimetric analysis
XRD X-ray diffraction
TS Total solids
VS Volatile solids
Rm The maximum biogas production rate (L/g VS added.d)
λ The lag phase time (days)
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