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Abstract

:

In this study, a combined pretreatment method of sonication and alkali (KOH) liquefaction (SAL) was used to increase the production of biohydrogen from macroalgae (Chaetomorpha antennina) in an energy-efficient manner. Sonication liquefaction (SL) was accomplished by varying the sonic intensities from 10% to 70% and the pretreatment time from 5 to 60 min. The ideal liquefaction conditions in SL were determined to be 50% for sonic intensity, and 30 min of pretreatment time which produces liquefied organics (LO) release of 2650 mg/L. By adjusting the pH of the alkali (KOH) from 8 to 12, SAL was carried out under SL optimal conditions. With a liquefaction efficiency of 24.61% and LO release of 3200 mg/L, pH 11 was the best for effective macroalgal liquefaction in SAL. SAL (4500 kJ/kg TS) consumed less ultrasonic specific energy (USE) than SL (9000 kJ/kg TS). More VFA was produced in SAL (2160 mg/L) than SL (1070 mg/L). Compared to SL (120 mL H2/g COD/0.005 moles of H2/g COD), SAL produced the most biohydrogen of 141 mL H2/g COD/0.006 moles of H2/g COD. The combined pretreatment (SAL) increases the LO release, which ultimately results in an additional 15% increment in biohydrogen production compared to the SL, along with 44.4% of energy savings. Overall, SAL was determined to be energy efficient in biohydrogen production.






Keywords:


biohydrogen; liquefied organics; macroalgae; sonic alkali liquefaction












1. Introduction


One of the most serious issues in the present-day scenario is global warming and environmental catastrophe, which makes the world insecure. The need for fossil fuels is steadily expanding. The available reserves of fossil fuels are dwindling fast, and all indications suggest they will soon be depleted [1]. Fossil fuels are extensively employed around the globe, but they are unsustainable because of the intensified carbon emissions of greenhouse gases, making the ecosystem destructive [2]. According to new International Energy Agency (IEA) estimates, global incentives for the consumption of fossil fuels surged in 2022, surpassing USD 1 trillion for the first time as turbulence in the energy markets drove fuel prices in international markets considerably higher than the many consumers actually paid. The IEA has evaluated instances in which consumers have paid significantly less than the market price of the fuel itself for many years. Based on the most recent preliminary forecasts for 2022, oil subsidies will have risen to about 85%, since natural gas and electricity consumption subsidies are expected to be more than doubled. In such instances, renewable energy sources such as biofuels must be considered more [3,4]. Hydrogen is recognized as the finest renewable energy source since it produces less carbon, with water vapour as a major byproduct. Hydrogen has elevated energy content per unit weight (142 KJ/g) compared with other fuel sources [5]. The energy density of hydrogen is 120 MJ/kg, making it more prominent in energy generation [6]. In addition, hydrogen is considered to be three times as abundant as helium in the globe [7,8]. The production of hydrogen via fossil fuel combustion results in the emission of greenhouse gases which ultimately results in natural imbalance [9]. To overcome this issue, bio-oriented hydrogen production by microbes through anaerobic fermentation would be an eco-friendly substitute for fossil fuel-based hydrogen production [10]. The microbes perform biological action over the biomass to produce biohydrogen in the anaerobic fermentation [11]. To bring out a scalable system, effective biohydrogen production and balanced system performance are essential [12]. The substrate or biomass for biofuel production should be economically viable, easily approachable, available abundantly, and convincing in pretreatment and bioenergy generation [13]. The production of biofuels uses various biomass resources, including wood, crops, agro-waste, municipal solid waste, and micro- and macroalgae [14].



Compared to other biomass, macroalgae or seaweed is considered the third-generation biomass most effective in producing biofuels [15,16], since macroalgae grow in aquatic environments such as marine areas and are much more productive than terrestrial floras which are therefore plentiful and accessible biomass [17]. A photo-synthetic organism called macroalgae is rich in biopolymer components, mainly carbohydrates. It is more adaptable and simpler to pretreat due to the absence of lignin in its cell wall. Because of its complicated structure and low hydrolysis efficiency, macroalgae require pretreatment to liberate more biopolymers and produce more biohydrogen [18]. Numerous pretreatment methods, including physical, chemical, mechanical, and biological ones, are described in the scientific literature. Each of these methods has advantages and disadvantages [19]. For instance, chemical pretreatment would be efficient, but the expense of the chemicals and the environmental risks are disadvantages. The efficiency of liquefaction increases with biological pretreatment, but cultivating microbes is challenging and time-consuming [20]. Sonication is a powerful mechanical pretreatment in which pressure waves and cavity bubbles caused by ultrasonic waves liquefy the cell walls of macroalgae [21]. As a result, it may exhibit higher liquefaction efficiency, and the liquefaction process proceeds more quickly than with other pretreatment methods. Since the liquefaction process requires more energy than other processes, the sonicator is an electronic device that depends on a power supply. This sonicator energy consumption issue can be solved by combining the sonication process with an alkali additive such as KOH.



When KOH is added to macroalgae during the sonication process, it separates into the cations K+ and the anions OH-. Anions OH- deposit over the macroalgae cell wall and cause it to soften, while cations K+ transform into bubbles and disintegrate the cell wall [22]. The simultaneous action of cations and anions weakens the macroalgae cell wall, which improves the efficiency of biomolecule liberation and liquefaction and lowers the energy requirement during the sonication process. Until now, liquefaction methods that combined disperser with acid, microwave with acid and acid-thermal were effective in biohydrogen production from macroalgae. Nevertheless, no studies have been published with research on the liquefaction of marine macroalgae (Chaetomorpha antennina), employing sonication and KOH in biohydrogen production. As a result, in this study, the marine macroalgae (Chaetomorpha antennina) was liquefied with a unique combinative method, KOH -availed sonication. The main goals of this study are to (1) optimize the liquefaction conditions for SAL to perform energy-efficiently; (2) conduct kinetic analysis for SL and analyze its effectiveness; (3) evaluate the positive effects of this combined SAL over macroalgae; (4) assess the impact of SAL on the production of biohydrogen; and (5) conduct an energy evaluation of SAL to determine its field practicability.




2. Materials and Methods


2.1. Sampling of Macroalgae


The macroalgae of the Chaetomorpha antennina species were gathered in Chennai, Tamil Nadu, India in the Ennore coastal region (13°12′23.4864″ N, 80°19′38.0100″ E). Water was the only cleaning agent used separate undesirable particles from macroalgae. The sample was divided into small pieces that measured 2 cm in length for effective cell wall liquefaction during sonication, and it was then dried in the shade. The biomass was then stored in a refrigerator for upcoming analysis.




2.2. Sonic Liquefaction (SL)


An ultrasonicator (Model VCX130, New Town, CT, USA) with a 20 kHz frequency was used for the macroalgae pretreatment. A total of 250 mL of water and 5 g of macroalgae biomass were added to a 1000 mL beaker for the sonication pretreatment. During the investigation study, a range of ultrasound intensities from 10% to 70% was used for 5 to 60 min. To assess the release of liquefied organics (LO) and potential for liquefaction, samples of the sonication process were taken at 5-minute intervals for each intensity.




2.3. Sonic Alkali Liquefaction (SAL)


Based on the optimum conditions obtained via SL, SAL was performed by differing the pH from 8 to 12 with KOH in order to obtain better liquefaction efficiency. SAL investigation was conducted with a sample water ratio of 1:50 in a 1000 mL beaker. The LO liberation and liquefaction capability analysis of this combined pretreatment was carried out regularly.




2.4. Anaerobic Fermentation Study


Evaluation of the volatile fatty acids (VFA) produced during an anaerobic fermentation process confirms profitable biohydrogen production and liquefaction potential in macroalgae [23]. Control (no pretreatment, CL), SL, and SAL pretreatments were carried in a three-dimensional perspective. For the three samples—control, SL, and SAL—anaerobic fermentation was carried out for three days. As an inoculum, digested sludge from an anaerobic treatment facility was used [24]. All three samples were kept in separate 250 mL serum bottles at a 9:1 ratio with the digested sludge. The acetogenic phase of anaerobic fermentation was reached, and the amount of VFAs produced was assessed. To achieve this, 50 mM of 2-Bromo ethane sulphonic acid (BESA), a suppressor of the methanogenic phase, was added to each of the three serum bottles. Nitrogen gas was injected into every bottle of serum to maintain an oxygen-free environment. A stopper was used to secure each serum bottle, which was then set inside an orbital shaker. Around 150 rpm and 35 °C were the speed and temperatures at which the orbital shaker was operated. For VFA analysis, a distillation method was used [25].




2.5. Experimental Analysis for Biohydrogen Production (EABP)


The mesophilic condition, in which EABP was performed for CL, SL, and SAL, was considered. As a study reactor, three 150 mL serum bottles were used. The serum bottles (CL, SL, and SAL) contained 5% nutrient, 25% anaerobic digested sludge, and 25% biomass. The inoculum was heated to about 100 °C for 30 min to eliminate the methanogenic microbes. This was performed to increase the production of biohydrogen [26]. Adjusting the probe kept a pH of 5.5 inside the serum bottles. All the serum bottles were filled with N2 gas and tightly sealed with rubber stoppers to ensure no oxygen was present. All sealed serum bottles were placed in a shaking incubator at a temperature and rotational speed of 130 rpm. A gas chromatograph with a thermal conductivity detector and a stainless steel column containing Porapak Q (3.25 mm diameter, 2 cm length, 80/100 mesh) was used to produce hydrogen. The study was conducted in the triplet approach method [27].



Equation (1) and a nonlinear curve fit (Gompertz fit) were used to estimate the total H2 production as shown below.


AH = PHP × exp (−exp(−r(IH − LH)),



(1)




where



AH—Accumulated hydrogen production (mL),



PHP—Potential of hydrogen production (mL H2/g COD),



r—Maximum hydrogen production rate (mL H2/g COD),



IH—Initial stage of hydrogen production (days),



LH—Lag stage of hydrogen production (days).




2.6. Analysis of Constituents


Based on standard procedures mentioned by American Public Health Association as prescribed by Kumar et al. [28], LO, total chemical oxygen demand (TCOD) and VFA have been evaluated. A centrifuge instrument was used to grind the macroalgae before analyzing these constituents and a spectrophotometer was used to determine the LO parameter values [29,30]. The LO was determined by calculating the total amount of biomolecules (proteins, carbohydrates) released from macroalgae. Protein analysis was conducted by the lowrys method [31] and carbohydrate analysis was conducted by the anthrone method [32]. TCOD analysis was conducted by the titrimetric method. VFA analysis was conducted by distillation method [28].




2.7. Estimation of USE


“USE” refers to the amount of specific energy the sonicator consumes to liquefy the substrate cell wall. The following Equation (2) indicates the USE consumed by the sonicator in this investigation to liquefy the macroalgae cell wall:


USE = PS × TS/VS × TS,



(2)




where



USE—Ultrasonic specific energy (kJ/kg TS),



P—The amount of power utilized by the sonicator to liquefy the macroalgae cell wall (kW),



F—Time taken for sonic liquefaction (second),



Vs—Sample volume (L),



TS—Total solids (kg).




2.8. Energy Evaluation


The amount of energy throughout the operation is one among the most critical facets of vast biofuel production. In addition to cost savings, even the least energy for input should yield the highest lucrative energy for output [33]. This study examined the amount of energy required to break down the macroalgae biomass of 1 kg to produce H2 gas. Beyond 50% sonic intensity, there was no energy loss in the form of heat in the working medium since the temperature was 45 °C. It is similar to the work of Ushani et al. [34], in which SL was performed for sludge where there was no heat loss effect though the sonic intensity was increased beyond 50% at a temperature not more than 50 °C. Equation (3) was used to calculate the total estimated energy that was obtained (3):


CE = OE − IE,



(3)




where



CE—Cumulative energy (kWh),



OE—Output energy (kWh),



IE—Input energy (kWh).



According to Equation (4), the input energy is the energy consumed by the sonicator to liquefy the macroalgae cell wall:


IE = PS × TL × CR × S,



(4)




where



IE—Input energy (kWh),



PS—The amount of power used in the sonication process (kW/kg),



TL—Time spent on liquefaction (hours),



CR—Capacity of reactor (m3),



S—Substrate (kg/m3).



According to Equation (5), the output energy was determined by a number of factors such as biological load on the reactor, the reactor capacity, and the production of hydrogen:


OE = BMB × L COD × HY × VR × BCF,



(5)




where



OE—Output energy (kWh),



BMB—Biocompatibility of macroalgae biomass (g COD/g COD),



L COD—COD load (g COD/m3),



HY—Hydrogen yield (m3/g COD),



CR—Capaciy of reactor (m3),



BCF—Biohydrogen conversion factor.



The profit or loss in the energy was illustrated by determining the upward and downward cumulative energy amounts in the SL and SAL processes.



The energy correlation is obtained in Equation (6):


Ec = OE/IE,



(6)




where



Ec—Energy correlation,



OE—Output energy (kWh),



IE—Input energy (kWh).





3. Results and Discussion


3.1. Influence of SL on Liquefied Organics Release from Macroalgae


The SL approach analyzed the liquefaction efficiency based on the liquefied organics (LO) released [34]. Figure 1 illustrates the LO release as a function of sonication intensity and time period. The sonication procedure was carried out using a sonicator for a timeframe of 5–60 min, with sonic intensities fluctuating from 10% to 70%. The sonic impulses created during the SL process cause the macroalgae to liquefy. The macroalgae subjected to liquefaction was held under the probe of the sonicator, where pressure waves and cavity bubbles predominate due to excessive ultrasonic waves.



The macroalgae become liquefied as a result of the cavity bubbles and pressure wave formation [35]. For analysis, the macroalgae sample that was liquefied throughout the SL process was taken on a regular basis for every intensity from 10% to 70%. Figure 1 shows that the discharge of LO was divided into two divisions: immediate division (5–30 min) and leisurely division (30–60 min). An identical LO generation process was observed in the work of Tamilarasan et al. [36]. Figure 1 represents that the release of LO tends to increase as the sonication pretreatment time rises.



Figure 1 clearly shows that the release of LO was significant until 30 min in faster phase, whereas the release of LO was minimum beyond 30 min in slower phase. According to the results obtained, a consistent trend in the slower phase was identified after 30 min. Based on this consistent trend in the slower phase, it is proved that the majority of the LO was discharged in the faster phase within 30 min. In the sonication process, the sonicator pretreatment time is highly valued [37]. The optimum pretreatment duration in SL is, therefore, 30 min. Additionally, the pretreatment’s sonic intensity is a key component in SL. With a LO range of 1900–2320 mg/L at the optimum pretreatment period of 30 min, less discharge in LO was seen when the intensity level was maintained between 10% and 40%. Liquefaction was partially complete at this point in intensity. It is comparable to the work of Shabarish et al. [38], in which a similar range of LO (1540–2217 mg/L) was detected between the same intensity levels at 30 min. When the intensity was increased to 50%, the macroalgae cell wall was destroyed and liquefied as a result of the combined effects of excessive ultrasonic power, pressure waves, and intensification of additional cavity bubbles. This caused a massive increase in LO release of about 2650 mg/L. There was only a minimum release after a 50% intensity increase, where a LO release range of 2819–2900 mg/L was observed. This is due to the fact that the majority of the LO was released at 50% sonic intensity. As a result, 50% was chosen as the optimum intensity for SL. After considering all of these factors, it was confirmed that a sonic intensity of 50% and a pretreatment time of 30 min were most effective for SL.




3.2. Impact in Liquefaction via USE


In massive biofuel production, the quantity of energy used to carry out the process has a significant economic impact. During biofuel production, USE receives special attention. Figure 2 shows SL outcomes regarding sonic intensity and USE. The liquefaction tendency increases as the USE input increases at all sonic intensities, as it was mentioned in Figure 2.



The liquefaction ability was divided into three parts: I, J and K. Delayed liquefaction is represented by part I, which relates to intensities ranging from 20% to 40%. Part I of the study showed liquefaction of 14.61–17.84% with a USE input of 3600–7200 kJ/kg TS. The percentage of liquefaction obtained was insignificant and can be abandoned for further inquiry. Part J is recognized by a faster percentage of liquefaction between 40% and 50%. Liquefaction increased in part J, peaking at 20.76% at 9000 kJ/kg TS USE input and 50% sonic intensity. Subsequently, part K ranges from 50% to 70%. There was not much liquefaction increase in part K despite of increasing the sonicator intensity and USE from 50% to 70% and from 9000 kJ/kg TS to 12,600 kJ/kg TS, respectively. For instance, 10,800 kJ/kg TS USE input was needed to improve the liquefaction from 20.76% to 21.78%. As conclusion, simply increasing the sonicator intensities during the SL process may be ineffective. Instead, it was discovered that a USE input of 9000 kJ/kg TS was favorable for SL.




3.3. Impact of SAL on LO and Biomolecules Expulsion


KOH has a great deal of potential for rupturing the adhesive linkage of the cell wall, which enhances cellulose decrystallization [39,40]. When KOH is added to a sample of macroalgae, it separates into cations (K+) and anions (OH−). The cations are transformed into bubbles, which collide with and shatter the macroalgae cell wall, resulting in salts settling at the bottom of the beaker due to solvation. Conversely, the anions build up on the cell wall and cause it to collapse, speeding up and simplifying the sonication process. As a result, less energy is used by the sonicator; consequently, KOH, an alkali, acts as a catalyst to improve the sonication pretreatment. In this investigation, KOH was combined with the SL method to enhance the liquefaction capability, in accordance with the abovementioned certainties. Figure 3 depicts the release of LO and biomolecules at different pH values. The inclusion of alkali was conducted by adjusting the pH between 8 and 12. Table 1 shows composition of biomolecules released at various pH levels.



With the optimized conditions of SL (50% sonic intensity, 30 min pretreatment time), SAL was performed, in which the pH of the samples was adjusted. Every 5 min once during SAL’s operational time, a sample of liquefied biomass was obtained and evaluated for every pH ranging from 8 to 12. The sequence of LO and biomolecules (protein, carbohydrates) in Figure 3 shows two dissimilar stages: a rapid and a stagnant stage. The rapid stage exists from pH 8 to pH 11, with a LO release of 2100–3200 mg/L. This demonstrates that the combined pretreatment is extremely beneficial since more LO were discharged in SAL (3200 mg/L) than in SL (2650 mg/L), as shown in Figure 3. The simultaneous effect of SAL, which causes the breaking of the macroalgae cell wall and the liberation of biomolecules, could explain the huge increase in the liberation of LO during the rapid stage. This is similar to the work of Kumar et al. [41], who implemented a combination of microwave and hydrogen peroxide to obtain 1750 mg/L SCOD release from macroalgae. The slow phase occurs between pH 11 and pH 12, with a LO release of 3200–3280 mg/L. Between pH 8 and pH 11, there was a significant increase in the release of LO, while beyond pH 11, there was only a minor increase. This is because a substantial majority of LO was expelled at pH 11, sufficient to liquefy the cell wall of macroalgae. Since more biomolecules were released at pH 11, liquefaction efficiency also increased. At this optimum pH 11, a liquefaction efficiency of 24.6% was obtained. Hence, liquefaction is directly proportional to pH 11. Increasing the pH level above 11 may raise the price of chemicals rather than enhance the solubility of macroalgae. Figure 3 demonstrates that in SAL, 24.6% optimum liquefaction efficiency was obtained to release a LO of 3200 mg/L.



The existence of biomolecules in macroalgae, notably carbohydrates, stimulates hydrogen synthesis. The emergence of biomolecules from pH 8 to pH 12 is depicted in Figure 3. The biomolecule pattern is undeniably comparable to the LO pattern, and it can be divided into two conditions: vigorous and indolent. The vigorous condition commences with a pH of 8 and terminates at a pH of 11. In this vigorous condition, a considerable rise in biomolecules release was observed up to a pH of 11, with a biomolecule release in the range of 2047–3051 mg/L. Above pH 11, the indolent condition begins, with a biomolecule release of 3100 mg/L, indicating that the preponderance of biomolecules was released at pH 11. The combined action of SAL pretreatment allows for excellent liquefaction of macroalgae cell wall and biomolecule release into the liquid form of the macroalgae. This combined SAL approach was explored in macroalgae (Chaetomorpha antennina) for the first time to reduce the energy consumption of the sonicator and also for efficient biohydrogen production. As an outcome of the foregoing facts, it can be claimed that SAL is more successful in liquefying and liberating biomolecules.




3.4. Assessment and Generation of VFA in Samples


Figure 4a shows the VFA analysis results during anaerobic fermentation performed on the CL, SL and SAL samples. Figure 4b shows the hourly variations of VFA in CL, SL and SAL. At the initiation of hydrolysis, the complicated biomolecules released during pretreatment were converted into simple monomers. At the end of acetogenesis, the simple monomers were changed into VFA [42]. The macromolecules were transformed to VFA by the inoculum microorganism bioactivity [43]. For a period of 72 h, anaerobic fermentation was conducted. As anticipated, the protein and carbohydrate content of SAL dropped dramatically from 1655, 967 mg/L to 615, 384 mg/L after 72 h, confirming hydrolysis capability. On the other hand, protein and carbohydrate levels in SL dropped somewhat from 1325 to 780 mg/L to 516 to 320 mg/L. Compared to SAL, biomolecule concentrations were shown decrease substantially less in SL.



This demonstrated the efficiency of synergetic pretreatment by proving that highly liquefied biomolecules were readily available to fermentative bacteria [44]. This is equivalent to the work of Gao et al. [45], who proposed a combined approach of hydroxyl radical and thermal pretreatment to improve the biodegradability of algae. Contrarily, the CL sample which was not pretreated does not reveal a substantial decrease; instead, a development in biomolecules was seen. In control, protein and carbohydrate concentrations were increased from 160,120 mg/L to 200,150 mg/L. Since the biomolecules in the CL were not liquefied due to the lack of pretreatment, the microbes attempted to liquefy the macroalgae cell wall and release the biomolecules on their own. Instead of fermentation, disintegration was used to achieve this release. After the fermentation process, the increased VFA production should lead to a higher hydrogen yield. To ensure the pretreatment and biohydrogen production in the fermentation process, the VFA production study was carried out. The highest level of VFA liberation boosted biohydrogen production during fermentation [46]. After 72 h of anaerobic fermentation, SAL produced more VFA (2160 mg/L) than SL (1070 mg/L) and CL (183 mg/L) due to the alkali-induced sonication effect and efficient breakdown of liquefied biomolecules by acidogenic bacteria. The data illustrated SALʹs utility in VFA generation, demonstrating that SAL produces more biohydrogen at the end of the anaerobic fermentation reaction. This is because in SAL, the combined action of KOH and sonication resulted in the release of more proteins and carbohydrates. The released proteins and carbohydrates were effectively consumed by microbes in VFA generation, which produced more biohydrogen at the end of the fermentation process.




3.5. Biohydrogen Emission and Analysis in Control, SL and SAL


Figure 5 illustrates the biohydrogen emission in CL, SL and SAL. As shown in Figure 6, the biohydrogen formation was distinguishable with CL, SL and SAL. The biohydrogen analysis requires 15 days to complete. Despite an increase in biohydrogen generation with increasing days of fermentation, the biohydrogen generation rate in CL (40 mL H2/g COD, which is 0.001 moles of H2) was lower than SL (120 mL H2/g COD, which is 0.005 moles of H2/g COD) and SAL (141 mL H2/g COD which is 0.006 moles of H2) on the eighth day of fermentation. The reason behind this was that the microorganisms in the inoculum were more comfortable in biologically digesting the macroalgae when it was in soluble form than solid form in producing biohydrogen. Because of the strong hydrolysis impact produced by the combined effect of KOH and sonication, the SAL sample yielded more biohydrogen than the CL and SL samples. Biohydrogen generation was accelerated by hydrogen-producing bacteria using the acetogenic substance [47]. The combinative liquefaction process applied over the macroalgae allowed the microbes in the inoculum to produce biohydrogen satisfactorily. Similarly, the biohydrogen generation potential of various substrates varies depending on the composition, liquefying efficiency, and pretreatment conditions. The discharged biomolecules constituents, especially proteins and carbohydrates, are reduced as a result of the successful biomolecule consumption by microorganisms. This results in the increased production of VFA and biohydrogen. The breakdown of biomolecules is the first step in the biohydrogen fermentation process. Biohydrogen is formed when hydrogen-producing microbes break down biomolecules. Fermentative bacteria used biomolecules as an electron and energy source [48]. These biomolecules were subsequently used by hydrogen-producing bacteria which convert them into biohydrogen. The liquefied biomolecules were successfully consumed by the inoculum (anaerobic sludge) bacteria which are converted into monosaccharides, ultimately increasing the biohydrogen emission. Biohydrogen production can be classified into four stages: the slower stage, boosted stage, enhanced stage and stable stage. Slower stage can be seen in the early stages of the process (i.e., until the third day), where biohydrogen generation is minimum for all samples. This may be due to the microbes’ incapacity to quickly adapt to the environment in which it was present.



The production of biohydrogen steadily increased after the third day in the boosted stage, with biohydrogen production of 5/0.000, 68/0.002, and 110/0.004 mL H2/g COD/moles of H2 in the CL, SL and SAL, respectively. In the enhanced stage, the escalating scenario of biohydrogen shows effective microbial proliferation and fermentation. On the eighth day, the steady stage of fermentation begins, with biohydrogen production of 40/0.001, 120/0.005 and 141/0.006 mL H2/g COD/moles of H2 for CL, SL and SAL, respectively, after which biohydrogen production does not improve any further. As noticed in the summary of this stable stage in Figure 5, the biohydrogen generators have exploited the liquefied feedstock unconditionally. Compared to SL (120 mL H2/g COD/0.005 moles of H2) and the CL (40 mL H2/g COD/0.001 moles of H2), SAL produced a highest biohydrogen output of 141 mL H2/g COD/0.006 moles of H2.



This is due to the combined effect of sonication and KOH. The SAL pretreatment allows the anaerobic microbes in the inoculum sludge to easily approach the macroalgae biomolecules, resulting in more biohydrogen production. Table 2 provides the kinetics constants for CL, SL and SAL samples based on Gompertz modelling. SAL has a maximum hydrogen production rate and potential (141 mL H2/g COD/0.006 moles of H2 and 0.79 mL H2/g COD) in comparison to SL (120 mL H2/g COD/0.005 moles of H2) and 0.73 mL/d) and CL (40 mL H2/g COD/0.001 moles of H2 and 0.53 mL/d). In comparison to the CL (4.72 days) and SL (3.49 days), SAL has a very short preliminary period (2.32 days). The correlation coefficient of 0.994 obtained in observational data indicates an excellent fit. The study of Tamilarasan et al. [49] showed a similar fit range. Compared to SL (120 mL H2/g COD/0.005 moles of H2) and CL (40 mL H2/g COD/0.001 moles of H2), SAL had the highest hydrogen production rate (141 mL H2/g COD/0.006 moles of H2), demonstrating the combinative potential of sonication and KOH [50].




3.6. Energy Parameter Exploration


To evaluate energy, the total energy consumed by 1 kg of macroalgae was considered. The entire energy analysis between SL and SAL is shown in Figure 6, which comprises the optimum condition, entire energy utilized, biohydrogen production energy, energy ratio and net energy. In order to accomplish efficient liquefaction, the energy which is taken as input should be matched by the energy which is generated as output in biohydrogen production [50]. In the evaluation, the biohydrogen output energy (OE) and sonication input energy (IE) of SL and SAL at an optimum configuration were considered. The energy constants for evaluating SL and SAL were calculated with a liquefaction efficiency of 20.76% as a benchmark. These parameters were used to compute the IE of SL (0.1 kWh/kg solids) and SAL (0.05 kWh/kg solids). Almost 50% of IE was reduced in SAL in comparison to SL. The OE of 0.09 kWh/kg solids was attained for both SL and SAL since the liquefaction efficiency of 20.76% was kept as an index to calculate the energy parameters. It was clearly understood that for an optimum liquefaction efficiency of 20.76%, SAL consumed less IE (0.05 kWh/kg solids) than SL (0.1 kWh/kg solids) to produce OE of 0.09 kWh/kg solids. The lesser energy consumption by SAL showed that the combined action of KOH and sonication was an energy-effective approach in biohydrogen production. Net energy (NE) and energy ratio (ER) are the two most important parameters in determining energy competency and liquefaction potential. The NE (−0.042 kWh) and ER (0.8) of SL were lower than those of SAL, which had a greater NE (0.031 kWh) and ER (1.8). The SAL method is believed to be profitable when the ER is larger than 1. This demonstrates that the combined SAL is more energy effective than SL.





4. Conclusions


According to the findings of this study, SAL pretreatment with an optimum pH of about 11 at a USE of 10,800 kJ/kg TS was shown to be a successful condition for the generation of biohydrogen. This investigation identified pH as a crucial factor in determining the liquefaction efficiency and making it acceptable for biohydrogen production. SAL resulted in a 24.6% liquefaction efficiency and a 141 mL H2/g COD/0.006 moles of H2 higher biohydrogen production. Thus, macroalgae liquefaction for biohydrogen production was determined to be an effective process using sonication combined with KOH in an alkali environment. Although utilizing macroalgae as a source of biofuel has many advantages, it also has significant drawbacks. Sustainable alternatives to bio-refineries should be investigated and implemented in a way that satisfies the general public. The coastal population should be made aware of biotechnologies and their consequences before establishing the biorefinery.
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Figure 1. Impact of SL on LOR. 
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Figure 2. Impact of SL specific energy on LOR and liquefaction efficiency. 
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Figure 3. Impact of SAL on LOR and biomolecule release. 
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Figure 4. (a) VFA generation in CL, SL and SAL. (b) Hourly variations in CL, SL and SAL. 
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Figure 5. Biohydrogen generation in CL, SL and SAL. 
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Figure 6. Energy evaluation in SL and SAL. 






Figure 6. Energy evaluation in SL and SAL.



[image: Energies 16 03017 g006]







[image: Table] 





Table 1. Composition of biomolecules at various pH levels.
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S. No

	
pH

	
Composition (mg/L)




	
Proteins

	
Carbohydrates






	
1

	
8

	
1267

	
630




	
2

	
9

	
1404

	
723




	
3

	
10

	
1635

	
843




	
4

	
11 (Optimum)

	
2014

	
1037




	
5

	
12

	
2178

	
1122
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Table 2. Kinetic analysis for various liquefied samples through Gompertz modelling.
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	S. No.
	Samples
	k

(mL/d)
	HP

(mL)
	Hl

(days)
	R2





	1
	SAL
	0.79
	141
	2.32
	0.994



	2
	SL
	0.73
	120
	3.49
	0.997



	3
	CL
	0.53
	40
	4.72
	0.993







SAL—Sonic alkali liquefaction; SL—Sonic liquefaction; k—Hydrogen production rate; Hp—Hydrogen production potential; Hl—Lag stage; R2—correlation coefficient.
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