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Synergistic effects of combined chemical ad physiochemical on Sugar Liberation for Bioethanol Production
Abstract	
This review paper explores the synergistic effects of a chemical and physiochemical combinative pretreatment, which includes microwave-assisted pretreatment, ultrasonic-assisted pretreatment and liquid-hot water (LHW) assisted pretreatment on the fermentable sugar and bioethanol yield from selected biomasses. Methods employed include assessing the delignification efficiency and the sugar yield of biomass from the different combinative methods. The analysis also encompasses the evaluation of the economic viability of using the combinative pretreatment methods for bioethanol production, along with an examination of its environmental impacts. Results demonstrate that the combinative pretreatment has considerable potential for sustainable energy practices due to its synergistic effects, leading to reduction in pretreatment time, low chemical consumption, reduced temperature and heating power. It was observed that with combinative pretreatment, a high fermentable sugar yield of up to 80% can be achieved on or before 240 min of expose to the pretreatment conditions. The maximum exposure temperature and irradiation recorded was 200oC and 320W respectively. Despite challenges in cost competitiveness with the pretreatment equipment and the ecofriendly chemicals for the pretreatment, recycling of these green chemicals such as deep eutectic solvent, shows economic promise. Conclusively, chemo-physical combinative pretreatment presents a viable option for biomass energy, potentially playing a pivotal role in the biomass sector as the energy landscape shifts towards more sustainable solutions; although, the pretreatment conditions need further addressing through a robust process optimization design.
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Introduction
Global warming, primarily driven by fossil fuel combustion, poses significant threats to human life and the environment due to increased greenhouse gas emissions, which raise Earth's average surface temperature. While fossil fuel reserves are depleting, biofuels offer a sustainable alternative with benefits like cost-effectiveness and lower emissions (Dahman et al., 2019). Utilizing lignocellulose residues from agriculture for biofuel production not only supports renewable energy efforts but also mitigates environmental pollution (Ojiabo et al., 2024). Biofuels have been produced from different sources, but lignocellulose biomass (LB) remains the most prevalent renewable biomass on earth. 
LB's rigid structure, composed of cellulose, hemicellulose, and lignin, hinders its use for biofuel production. While biomass is a cost-effective energy source, extracting fermentable sugars is challenging due to this rigidity. Pretreatment modifies LB's structure by removing lignin and solubilizing holocellulose, enhancing hydrolysis rates. Effective pretreatment designs are crucial for cost-effective biomass processing, with various techniques available that can increase hydrolysis rates significantly, by three to ten times compared to untreated biomass (Nauman et al., 2019).
Despite its effectiveness in enhancing sugar production, pretreatment methods may trigger the hydrolysis of inhibitory substances, resulting in the formation of harmful compounds like acetic and formic acids, as well as furfural derivatives, which can adversely affect ethanol-producing organisms. An ideal pretreatment method should not only be cost-effective but also decrease cellulose crystallinity and disrupt the strong bonds among the polymer components (Abud & Silva, 2019). Moreover, an optimal pretreatment process permit lower enzyme loading for effective hydrolysis, and support lignin and other compound recovery for further valorization (Abud & Silva, 2019; Nauman Aftab et al., 2019; Sarker et al., 2021). The limitations of the traditional pretreatment processes make them inadequate to meet the requirements for industrial adaptation (Haldar & Purkait, 2021). 
There is no single pretreatment universally effective for all biomass types (Ashokkumar et al., 2022; J. Zhang et al., 2019), and none are both economical and environmentally friendly (Tayyab et al., 2018). Hydrothermal pretreatment is suitable for low lignin biomass (Purkait & Haldar, 2021), while biomass with high lignin is suitably pretreated with acid or alkaline. Other methods such as organosolv, ionic-liquid, and deep-eutectic solvent, are suitable for biomass with low and high lignin  (Gundupalli et al., 2022).  According to (Xu et al., 2020; Meenakshisundaram et al., 2021: Zheng et al., 2017) synergistic pretreatment enhance enzymatic hydrolysis. However pretreatment order is an important consideration (Meenakshisundaram et al., 2022).  Acid pretreatment is effective for hardwood and herbaceous biomass but ineffective for softwood. 
Biological pretreatment is inefficient and lengthy, whereas solvent pretreatment is energy-intensive and costly for solvent recovery. Alkali pretreatment is effective for hardwood, softwood, and agricultural residues but also expensive. Steam explosion enhances lignin removal and hydrolysis efficiency, yet the process remains costly and requires improvements for economically viable biofuel and bio-product production (Shahrooz et al., 2020).
This review paper discusses the utilization of different chemo-physiochemical combinative pretreatment methods and their efficiency in the pretreatment of LB prior to enzymatic hydrolysis. It specifically discussed combinative microwave, ultrasonic combinative and LHW-assisted pretreatment method. The influence of various factors of pretreatment on the sugar yield, such as cost, production of secondary products, and the environment were discussed and compared. Finally, preferred methods for different scenarios were established based on the findings from existing literature. Fig. 1 represents the overall review.
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Figure 1: Overall representation of the review work

Combinative Pretreatment Methods 
Three different thermal pretreatment approaches were reviewed. The synergic effects of combining these methods with either of these four different types of chemicals; acid-based, alkaline-based, ionic liquid and deep eutectic solvents treatments are of great importance in biorefinery downstream. This section discussed how these physiochemical and chemical methods were combined to pretreat different lignocellulose biomasses. Fig. 2 uses pie charts to illustrate different ways in which pretreatment methods can be combined for LB valorization. 
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Figure 2: A representation of pretreatment combination patterns

Microwave chemical assisted combinative pretreatment methods

This section discusses microwave irradiation-assisted acid (MWAC), microwave-assisted alkali (MWAK), microwave-assisted ionic liquid (MWIL) and microwave-assisted deep eutectic solvents (MWDES) for the pretreatment of rice straw, giant reed, kans grass, cassava residue, sweet sorghum bagasse, miscanthus, sugarcane bagasse, empty palm fruit bunch, switchgrass and corn stover respectively. 
Cellulose depolymerization and the continuous breakdown of its molecular crystalline can be achieved by microwave irradiation, with the time of contact and power of microwave radiation being the two key interaction parameters that improve cellulose digestion and hemicellulose elimination. High microwave irradiation time and power during pretreatment can expose the material under treatment to excessively high temperatures, leading to the deterioration of released sugar (Hoang et al., 2021). Several reports have shown that microwave-assisted pretreatment can ameliorate the release of reducing sugar. However, there is a need for proper combinative reaction conditions to balance the demerits with the advantages. Two factors, lignin and sugar concentration in biomass after pretreatment, are critical in measuring pretreatment performance. As a result, it is critical to identify a process condition which will remove a greater percentage of lignin while keeping the reducing sugars.
Microwave Acid-assisted combinative pretreatment  
Pretreatment temperature of 155oC at 10 min has been described to be effective in the treatment of rice straw using 3% phosphoric acid (H3PO4 and 0.35M iron III chloride (FeCl3) in microwave-assisted pretreatment. The system gave a 57.5% yield amounting to 7.8mg/l of total sugar yield (Kumar et al., 2019). According to (Pena et al., 2019), rice straw pretreated with microwave- assisted acid method show a reduction in crystallinity with a high crystallinity index (Crl) of 49.9%. The efficiency of microwave assisted H2SO4 in the treatment of cassava residues ((peels, stems and leaves) was verified at the conditions of 0.1 M H2SO4 at 30 ± 1 °C for 10 min with the irradiation power of 300 W. The stem pretreatment produced a yield of 54.58 g/L during SHF in the presence a detoxification chemical and 50.03 g/L without the detoxification chemical of reducing sugar. Adding the detoxification chemical to the pretreatment of cassava leaves prodcued a reducing sugar yield of 33.95g/L and 30.28 g/L without detoxification. The corresponding values for cassava peels with and without detoxification are 45.96 g/L and 51.04 g/L respectively (Pooja et al., 2018). Microwave assisted H2SO4 has also shown effectiveness in the pretreatment of Miscanthus at 180 °C and 300 W, 0.2 M H2SO4 under 20 min exposure. The procedure produced a maximum sugar yield of 75.3% from the available carbohydrates, with 46.7% as glucose. The pretreatment of miscanthus under the above conditions is a potential source of levulinic acid as 6–8% of the biomass was converted to levulinic acid during the process (Zhu et al., 2015). This method effectively makes more glucose available by altering the cellulose structure compared to non-combinative methods. 
Microwave alkali- assisted combinative pretreatment  
Sweet sorghum bagasse was treated with microwave-assisted ammonium hydroxide(NH4OH) at a temperature of 160oC (Chen et al., 2012). This method of treatment effectively removed the lignin content by 48% while retaining about 90% and 73% of cellulose and hemicellulose, respectively, which resulted in the optimal glucose yield of 42/100g dry biomass. NaOH mixed with microwave irradiation was reported to be effective in pretreating giant reed ((Arundo donax) and Kans grass (Saccharum spontaneum). With the optimum conditions of 5 min, 5%(w/v) of NaOH, and temperature of 120oC and 80oC for giant reed and Kans grass, respectively, there was an optimum sugar yield of 6.8g/100g of biomass for both samples (Komolwanich et al., 2014).

Microwave assisted NaOH was also reported to efficiently pretreat cassava residues ((peels, stems and leaves). 20g each of the three samples were reported to be visible to irradiation power of 300 W and 200 ml of 3% NaOH for over 7 min. With a detoxification chemical, the stem formed a reducing sugar yield of 59.05 g/L during SHF and 55.13 g/L without the detoxification chemical. Adding the detoxification chemical to the pretreatment of cassava leaves gave a reducing sugar yield of 47.37g/L and 41.77 g/L without detoxification. The corresponding values for cassava peels with and without detoxification are 58.75 g/L and 64.06 g/L, respectively (Pooja et al., 2018). The microwave pretreatment of Miscanthus supported with NaOH and water pretreatments broke down only hemicellulose, thereby contributing to high xylose yield (Zhu et al., 2015). 0.4M of NaOH effectively improved the reducing sugar yield from sugarcane bagasse to (1.90 mmol/mg) with irradiation power of 320W, a temperature of 170 OC ± 5 OC, and a holding time of 7 mins. Increasing the holding time to 10 mins negatively affects the sugar yield (Zhu et al., 2016). Pretreating empty palm fruit bunch (EFB) with microwave assisted sodium hydroxide (NaOH) removed more of the hemicellulose, and lignin. At the optimum process conditions of 3% weight by volume of NaOH, irradiation power of 180 W, and 12 min, there was a maximum loss of 74% lignin and 24.5% holocellulose (Nomanbhay et al., 2013). 

Optimization of pretreatment of corn stover by microwave assisted calcium chloride (CaCl2) solution of 62.5% (w/w) resulted in the following optimal conditions: temperature of 162.1oC, solid-to-liquid ratio of 10% (w/v), and process time of 12 min. The pretreatment process recorded an upsurge in surface area of the biomass by 168.93%, hemicellulose degradation of 85.90%, and a decrease in cellulose crystallinity index (CrI) by 13.91% when compared with the untreated corn stover. These conditions gave glucose recovery of 65.47%, and the enzymatic hydrolysis ratio of cellulose was 90.66%.  90% of hemicellulose was removed by CaCl2-assisted microwave pretreatment (Li & Xu, 2013). This section has established that microwave alkali assisted pretreatment acts more on the hemicellulose and significantly produces more of xylose. 
Microwave ionic liquid- assisted combinative pretreatment  
Green solvents that are eco-friendly have been applied for the pretreatment of lignocellulosic biomass as a replacement for other traditional pretreatment methods. Such solvents include ionic liquids (ILs), low-transition temperature mixtures (LTTMs), and deep eutectic solvents (DESs) (Loong et al., 2021). ILs have strong hydrogen bonding coordination, which gives them the unique ability to completely solubilize biomass or exclusively dissolve components that are insoluble in traditional solvents and yet maintain the biopolymers intact (Usmani et al., 2020). Microwave irradiation supplied from home used microwave, assisted by ionic liquids 1-ethyl-3-methylimidazolium acetate [C2mim][OAc], 1-butyl-3-methylimidazolium acetate [C4mim][OAc], 1-ethyl-3- methylimidazolium chloride [C2mim][Cl], and 1-butyl-3-methylimidazolium chloride [C4mim][Cl], effectively pretreated rubber wood.  Acetate-based imidazolium ionic liquids, 1-ethyl-3-methylimidazolium acetate [C2mim][OAc], and 1-butyl-3-methylimidazolium acetate [C4mim][OAc], were found to have the highest dissolution up, to 85%. The quantity of glucose from acetate-based imidazolium ionic liquids was also higher than that produced from chloride anion pretreatment. The structural and morphological analysis revealed a decrease in crystallinity. The overall result ascertained anion acetate-based imidazolium ionic liquid as an appropriate solvent to dissolve rubber biomass in combination with microwave radiation(Darji et al., 2015). 
Microwave deep eutectic solvents- assisted combinative pretreatment  
Deep eutectic solvents are cheap and recyclable making them advantageous in biomass pretreatment (Xu et al., 2020). The pretreatment efficiency of DES has been increased by incorporating microwave and ultrasound into the pretreatment system (Roy et al., 2020). High-speed microwave combined with DES was deployed to effectively pretreat switchgrass, corn stover, and Miscanthus. DES made up of chloride and lactic acid (ChCl: LA) was used for pretreatment for 45 sec at microwave radiation of 800 W. A greater percentage of the cellulose was retained in the pretreated solids while removing xylan and lignin. Cellulose digestibility was increased by 2 to 5 folds. During the pretreatment, corn stover had the highest lignin removal of about 80%, while Miscanthus, and switchgrass showed more than 65% lignin removal. The process removed a significant amount of xylan and lignin.  As a result, cellulose was enriched with its content between 65% and 68% in the pretreated biomass. Comparing the three biomasses used, glucose yield from switchgrass and corn stover were similar but had minimal cellulose loss during the process. Miscanthus experienced lower digestibility than corn stover and switchgrass. Lignin recovered from each of the pretreatment liquors was relatively of high purity. Though the irradiation power of 800 W seems very high when compared with the optimal microwave irradiation of 180 W reported by (Nomanbhay et al., 2013), the low irradiation time of 45 sec complements the high power (Chen & Wan, 2018). In essence, microwave combined with DES will be of great benefit where lignin is required for industrial application.
Ultrasonication-assisted pretreatment method
Ultrasonication is another method that has been proven to be effective in LB pretreatment. A clear understanding of the concept of the ultrasonication approach allows researchers and industrialist to investigate the practicability of using cleaner and sustainable method of biomass extraction to commercialized bioethanol. Nevertheless, combining ultrasonication with other methods improve the pretreatment efficiency (Sabaruddin et al., 2023) Ultrasonication, using high-frequency sound waves, can interrupt the arrangement of lignocellulosic biomass by inducing cavitation (the formation and collapse of bubbles). The following ultrasonication-assisted combinative methods ware discussed; ultrasonic-assisted acid (USAC), ultrasonic-assisted alkaline (USAK), ultrasonic-assisted ionic liquid (USIL) and ultrasonic-assisted DES (USDES). Ultrasonic combinative pretreatment of grass samples and durian peels, Chinese fir, saw dust, wheat straw, rice straw, watermelon rind, pineapple waste, oil palm frond and empty palm bunch were discussed.
Ultrasonication acid-assisted pretreatment
With sonication power of 260 W for a period of 30 min with acid pretreatment of 30 min at 100°C, the availability of sugar from a grass sample was improved to 236.9%. The surface morphology and crystallinity analysis indicated that this combinative pretreatment effectively deconstructed the biomass's rigid structure and improved the surface area (Yang & Wang, 2019). One of the advantages of combinative pretreatment is its application under mild operating conditions. In a two-stage ultrasonic-assisted dilute H₂SO₄ pretreatment of sugarcane bagasse (SCB), the process recorded hemicellulose degradation of 92.40% and lignin removal of 57.41%. There was a reduction in inhibitor formation with ethanol fermentation efficiency of 93.37% by the simultaneous saccharification and co-fermentation process under cellulase 10 FPU/g SCB and 30% pretreated SCB loading (Chen et al., 2022). Durian peels subjected to ultrasound-assisted H₂SO₄ pretreatment at a solid-to-liquid ratio of 1:20, 1% w/w acid, a frequency of 40 kHz, and an amplitude of 70% of 300 W yielded reducing sugar of 237.38 ± 3.96 mg/g dry biomass (Yan et al., 2024). 
Ultrasonication alkali-assisted pretreatment
NaOH has been reported by several researchers to effectively improve yield of reducing sugar from LB. Ultrasound alkaline-assisted pretreatment on Chinese fir in the presence of borax and sodium hydroxide effectively influenced the delignification and hemicellulose removal, with the crystallinity of the wood sample moving from 6.34% to 11.29% (Wang et al., 2019). Miscanthus sacchariflorus treated with 1 hr ultrasonication and 0.2 M NaOH concentration (2.25 mol NaOH/kg biomass) produced 45.59 ± 0.19 g/L total sugar, a 6.7% total sugar increment (theoretical yield of 83.1%). There was a 26.1% reduction in usage of chemical and a 17.0% increment in lignin removal (Byun et al., 2020).  NaOH sonochemical pretreatment was also found to effectively increase the availability of fermentable sugar from sawdust at ultrasonication power of 120 W, a frequency of 40 kHz, and a sodium hydroxide solution with a concentration of 40 g/L. Two different ultrasonic applicators (horn and bath) revealed a delignification of 68% for the horn applicator and 57% for the bath applicator, matched with conventional pretreatment. This was done within a period of 5 hr. For reducing sugar of 138.15 mg GE/g substrate, the following optimal conditions were determined from a factorial design: solid/liquid ratio of 1.25 g/100 mL, ultrasonication amplitude of 60%, and pretreatment temperature of 50°C (Gavrila et al., 2024). 
Ultrasonication-assisted NaOH pretreatment process is considered an effective and environmentally safe method for the bio-refinery process, as it limits the chemical usage and at the same time enhances the enzymatic digestibility of starch (Byun et al., 2020). It has also been proven that ultrasound-assisted alkaline pretreatment is a dependable and effective method for rice straw pretreatment with a reducing sugar yield 3.5 times larger than that from untreated rice straw (Wu et al., 2017). In the combined ultrasonication and ammonium hydroxide pretreatment of wheat straw, the method achieved great lignin removal and structural transformation. The lignin was partly gotten and collected from straw via pretreatment. The process was carried out with 15% solvent at 50°C for 30 minutes with a power intensity of 344 W/cm² recorded a 4-fold increase in saccharification yield amounting to about 92.4% compared to untreated straw. This finding suggests that ultrasonication-assisted ammonium hydroxide treatment can significantly enhance the bioaccessibility of LB (Zhong et al., 2017). Under the same pretreatment conditions, by (Yan et al., 2024), ultrasound-assisted alkaline pretreatment gave more reducing sugar (376.60 ± 12.14 mg/g dry biomass) when compared with ultrasound-assisted acid pretreatment in the treatment of durian peels. 
Ultrasonication ionic liquid-assisted pretreatment
The effect of Choline acetate (ChOAc), a cholinium based ionic liquid (IL), and 1-ethyl-3-methylimidazolium acetate (EmimOAc) was investigated for bagasse pretreatment. The two ionic liquids showed similar capability; however, ChOAc showed less of an inhibitory effect on cellulase than EmimOAc. Hence, ChOAc was chosen for IL/ultrasound-assisted pretreatment and in situ enzymatic saccharification, where IL was not washed out from the pretreated bagasse; instead, a buffer solution was used as a dilution. During the in situ saccharification performed for 48 h with 10% ChOAc, the saccharification percentages of cellulose and hemicellulose were 80% and 72%, respectively. When the ChOAc was adjusted to 20%, the saccharification percentages were reduced to 72% and 53%, respectively (Ninomiya et al., 2015), an indication that 10% ChOAc is ideal for high sugar yield.  
The efficacy of ultrasonic irradiation and ionic liquids (ILs) in the degradation of rice straw was investigated by (Yang & Fang, 2014). Rice straw was treated by different ILs at different ultrasonication power. At 300 W/(40kHz and 28kHz), rice straw was treated by 1-ethyl-3-methylimidazolium ethylsulfate and trihexyl (tetradecyl) phosphonium decanoate, respectively. Rice straw was also treated with choline hydroxide ([Ch][OH]) at ultrasonication of 300 W/40 kHz. The ultrasound-mediated enzymatic hydrolysis of choline hydroxide-treated rice straw yielded up to 96.22% total reducing sugar (TRS) at 240 min, outperforming the other substrates. Notably, the TRS yield from the rice straw treated with choline hydroxide with ultrasound was 19.5% higher than that without irradiation. The findings indicate that lignocellulosic biomass pretreated with [Ch][OH] exhibits the highest efficiency among the tested ILs and that ultrasound can be effectively applied in rice-straw pretreatment and enzymatic hydrolysis (Yang & Fang, 2014). Due to high ultrasonic power, the exposure time was reduced drastically compared to the pretreatment of bagasse.  
Ultrasonication deep eutectic solvent-assisted pretreatment
A combination of ultrasonication and DES pretreatment applied on empty fruit palm bunch with different DES; choline chloride: urea (ChCl:U), choline chloride: lactic acid (ChCl:LA), and choline chloride: glycerol (ChCl:G) lead to increase in sugar yield. A maximum reducing sugar yield of 36.7% was obtained with treatment from ChCl:LA under the action of ultrasonication for 15 min at a temperature of 50oC and sonication power of 60% (210 W).  Under the same conditions with ChCl:U, and ChCl:G respectively, sugar yields of 35.8%, and 35.3% were recovered (Lee et al., 2021). DES-based pretreatment has been reported by (Roy et al., 2020) to be one of the most favorite methods in the future. Oil palm frond was pretreated with ultrasonication combined with NaOH-aqueous DES with ultrasonic conditions of 60% amplitude and 30 min and 2.5 % NaOH-aqueous DES. Lignin removal was greatly improved to 47.00 % when compared to that obtained without ultrasound pretreatment. The enzymatic saccharification achieved a glucose yield of 90.12 %. The use of NaOH-aqueous DES with ultrasonication was proven to be an effective technique to promote a novel one-pot, two-processes pretreatment (Zhenquan et al., 2021). Alcoholic deep eutectic solvent (choline chloride/ethylene glycol, 1:2) and ultrasound at 50 %, 20 min were applied to pretreat pineapple waste. This approach resulted in improved xylan extraction of 180 mg/g biomass from the liquid portion of the pretreated sample (Sharma et al., 2025). The interest was in producing other bioproducts. However, the pretreatment process validates the potential for sustainable bioproduct production from pineapple waste. 

The synergistic effect of ultrasonication and DES pretreatment on watermelon rind delignification in a two-pot approach investigated by (Fakayode et al., 2020) achieved maximum lignin removal of 43.56%. The lignin removal was obtained at ultrasonication frequency of 60 kHZ, ultrasonication power of 180 W. ultrasonication time 40 minutes, reaction temperature 120°C and, reaction time of 180 minutes in the presence of Choline chloride (ChCl): lactic acid (C3H6O3). The prospect of watermelon rind for bioethanol production investigated through combinative sequential ultrasonication and DES (ChCl:C3H6O3) pretreatments improved the accessibility of reducing sugar for enzymatic hydrolysis and fermentation. The process produced maximum glucose of 60.17% and total reducing sugar yields of 83.03%. These were obtained at ultrasonication power 180 W, ultrasonication frequency 40 kHz, ultrasonication time 40 minutes, DES reaction temperature and time of 120oC and 180 minutes, respectively. Combinative pretreatment was shown to be effective in delignifying, solubilizing, and hydrolyzing cellulose and hemicellulose into monomeric sugars by eliminating hemicellulose from cellulose fibers. This improved fermentable sugar recovery, resulting in greater bioethanol yield (Fakayode et al., 2021).

Liquid hot water (LHW) assisted pretreatment

The volume of water used for liquid hot water (LHW) pretreatment process can be minimized through process modification such as incorporating chemicals into the procedure. Moreover, the adverse effects of only LHW pretreatment on xylose saccharification rate can be curbed by combinative methods. LHW assisted acid (LHWAC), LHW assisted alkali (LHWAK), LHW assisted ionic liquid (LHWIL) and LHW assisted DES (LHWDES) are discussed below. The section covers combinative LHW pretreatment for LB such as corn stover, rice straw, wood chips, Dendrocalamus giganteus, sugarcane bagasse, bamboo, poplar and napier grass.

Acid catalyzed LHW assisted pretreatment 
In acid-catalyzed LHW pretreatment of corn stover for bioethanol production, the optimal pretreatment conditions of a 29.5 min treatment period, 162.4 °C, and 0.45% v/v sulfuric acid was determined by response surface methodology (RSM). Under the above conditions, the enzymatic hydrolysis of the cellulose-rich portion gave an optimum glucose yield of 91.05%. Simultaneous saccharification and fermentation (SSF) of the solid fraction converted to ethanol yielded a maximum of 0.47g/g ethanol, an equivalent of the theoretical ethanol yield of 93.91%. The structural and morphological analysis revealed a gain in the amount of crystallinity index; hence there was disruption on the microstructure of the pretreated sample (Suriyachai et al., 2020). Carbonic acid was incorporated into the LHW pretreatment method to treat corn stover at a temperatures range of 180 to 220 oC, a reaction time between 2 and 32 minutes, and a carbon dioxide pressure of 0 or 800 psig. It was discovered that the presence of carbonic acid significantly increased the concentrations of furan and xylose compounds in the liquid hydrolysate.  Carbonic acid increased the intensity of the pretreatment conditions, but this gave rise to a hydrolysate with a higher pH (Van Walsum & Shi, 2004).  Accumulation of organic acids was seen to be reduced by the higher severity pretreatment conditions. This is in contrast with the high severity effect on microwave–assisted organosolv pretreatment, where higher severity caused an increase in the accumulation of inhibitors (Alio et al., 2019).
LHW and phosphotungstic acid (PTA) combined to pretreat rice straw in a two-step method significantly enhanced the saccharification efficiency of the biomass. The approach improved cellulose hydrolysis efficiency by 201.85% and glucose recovery by 164.25%. Remarkably, glucose comprised 96.8% of the total reducing sugar in the final enzymatic hydrolysate. The two-step process method involved initial treatment with LHW at 180°C for 90 minutes, followed by treatment with 20 mM PTA at 130°C for 60 minutes. Efficient removal of hemicellulose (89.24%) and lignin (21.33%) from the lignocellulosic substrate was recorded. It was also discovered that the PTA catalyst demonstrated excellent recyclability, with approximately 70.8-73.2% recovery after each use. Even after five cycles, the catalytic activity of the PTA catalyst remained unchanged. Hence, the innovative LHW-PTA pretreatment method shows great promise for improving biomass saccharification efficiency in cellulosic ethanol production (Zhang et al., 2022). The efficacy of acid-catalyzed liquid hot water (LHW) pretreatment on corn stover (CS) to enhance its conversion to ethanol was employed by (Suriyachai et al., 2020). Response surface methodology was used in evaluating the impact of reaction temperature, acid concentration, and residence time on the glucose yield. The results revealed that the optimal pretreatment conditions were 162.4 °C for 29.5 minutes with a sulfuric acid concentration of 0.45% v/v. Under these conditions, the maximum glucose yield achieved from enzymatic hydrolysis of the cellulose-enriched fraction was 91.05%.
Alkaline catalyzed LHW assisted pretreatment
The combined pretreatment for sugarcane bagasse in the presence of LHW and ammonia resulted in better enzymatic digestibility of glucan and xylan owing to high hemicellulose and lignin removal. At a reaction temperature of 180°C, there was low lignin removal and enzymatic digestibility, which was credited to the laying down of lignin deposits on the surface of the solid residue. The high temperature led to the repolymerization of solubilized lignin, causing the pseudo-lignin to become resistant to extraction by alkali; 75.5% of hemicellulose sugar and 87% of glucose were recovered following the combinative pretreatment and the post-washing (Yu et al., 2013). In essence, a temperature below the reaction temperature could possibly remove the need for post-washing. Sugarcane bagasse was also subjected to a two-step pretreatment: LHW and alkaline sulfonation pretreatment (Kane et al., 2023). LHW pretreatment was first carried out at 120°C for 1 h, followed by sulfonation at 120°C for 2 h. The processes involved autoclave/alkaline sulfonation and boiling/alkaline sulfonation, which led to a growth in the efficiency of its enzymatic hydrolysis. Glucose yield for autoclaved/alkaline sulfonated SCB reached 99.6 ± 0.21% and 97.47 ± 0.75% for boiled/alkaline sulfonated bagasse. Xylose yields were 86.9 ± 1.9% for the former and 88.0 ± 1.8% for the latter. After LHW pretreatment, the SCB structure was disorganized, which is associated with chemical modifications of the lignin. The lignin removal was supported by alkaline sulfonation, leading to efficient separation of carbohydrates and lignin.
The effectiveness of alkali dosage and temperature on the digestibility of the bamboo cell wall was studied using LHW sodium hydroxide alkali-assisted pretreatment. Results from enzymatic hydrolysis showed that pretreatments partially removed and degraded hemicelluloses and lignin, respectively. However, highest bioconversion was gotten with 0.5% NaOH solution at 170ºC and enzymatic hydrolysis, yielding 4.8 g/L ethanol (Yang et al., 2019). The effectiveness of a stepwise pretreatment on corn stalk by alkali deacetylation (removal of the acetyl group bound to the backbone of hemicellulose) and liquid hot water on enzymatic hydrolysis was investigated by (Jiang & Xu, 2016). The deacetylated treatment strengthened the corn stalk from 1.79% to 91.34%. The stalk was then pretreated by liquid hot water with severity from 3.27 to 4.27. The study indicated that hemicellulose and the formation of inhibitors in LHW pretreatment could be reduced due to the developed strength of alkali deacetylation. This combined pretreatment method not only improves glucose yield but also enhances energy utilization efficiency. With alkali deacetylation strength at 84.96% with 21 PS at 3.97, the maximum enzymatic hydrolysis of 87.55% ± 3.64 was obtained, while glucose yield to energy input was 50.39 g glucose kJ⁻¹.
Ionic liquid assisted LHW catalyzed pretreatment
This type of combinative method has not received researchers’ attention, perhaps, due to the high cost of ionic liquid and process complexity.
Deep eutectic solvent LHW catalyzed pretreatment
[bookmark: _Hlk205131756]Stepwise pretreatment method, using hydrothermal and deep eutectic solvent (DES), was applied in to remove hemicelluloses and lignin from poplar. The recyclable DES [MEAHCl][MEA] used for the pretreatment was synthesized from the mixture of monoethanolamine (MEA) and ammonia chloride (NH₄Cl) at the molar ratio of 1:5. The entire processes contributed to 90.4% enzymatic digestibility (Xu et al., 2020). Green bamboo pretreated in a two-step process involving hydrothermal and DES (choline chloride and lactic acid) was efficient in the hemicellulose decomposition and delignification. The 30 min hydrothermal pretreatment at 180°C achieved 88.6% hemicellulose with a xylo-oligosaccharide yield of 50.9% and a purity of 81.6%. The second step of the pretreatment with DES at 140°C for 2 h, recorded 79.1% lignin removal at 96.8% purity, indicating outstanding antioxidant activity. The two-step treated residue resulted in much higher enzymatic digestibility than that of single hydrothermal pretreatment residue, confirming that synergistic pretreatment is a promising technique for overcoming lignocellulose resistance to high value-added usage. The DES recycled showed minimal difference in the delignification (Chang et al., 2023). 
Three different biomasses having similar ratios of hemicellulose and lignin—rice straw, napier grass, and sugarcane bagasse combined in the same proportion—were treated with liquid hot water and DES to enhance the solubilization of their hemicellulose and lignin. Choline chloride with urea, glycerol, and lactic acid were the DES used for the study. The LHW was performed at a biomass loading of 1:10 w/v at the temperature of 121°C for 40 minutes, while DES pretreatment was carried out at 130°C for 95 minutes at 150 rpm. The method yielded a high portion of glucose (94.5% wt) and 73.3% delignification, indicating the method's efficiency (Gundupalli et al., 2022). In a one-step method of LHW and hydrophobic DES pretreatment of wood chips, functionalized lignin was separated from the LHW pretreatment solution. Methyltrioctylammonium chloride was used as the hydrophobic DES. The lignin removal rate at 90 seconds was 99% at room temperature and pH neutral, leading to a total sugar of 17.60 g L⁻¹ (Xu et al., 2022). The operating conditions, time, and water loading for hydrothermal pretreatment of sugarcane bagasse were optimized prior to DES pretreatment of sugarcane bagasse, rice straw, and napier grass using choline chloride lactic acid (ChCl:LA) (Gundupalli et al., 2022). During the hydrolysis, which took place for 72 hours, the fermentable sugar yield improved 3.1, 3.4, and 2.9 times for the three biomasses, respectively, which was approximately 90%.
[bookmark: _Hlk205131970][bookmark: _Hlk206845816]LHW-assisted DES pretreatment was effectively applied in the bioconversion of cellulose and delignification of Dendrocalamus giganteus. The DES was synthesized from the hydrogen donor formic acid (FA) with choline chloride (ChCl) at a molar ratio of 2:1. The hydrothermal pretreatment was carried out at 160℃ for 1 h, while ChCl:FA pretreatment was performed at 120℃ for 6 h. The pretreatment recorded a reducing sugar yield of 56.1%, hemicellulose removal rates of 71.9%, and a delignification rate of 72.7%. Following the enzymatic hydrolysis, its efficiency and ethanol yield based on the theoretical value were 64.3% and 75.1%, respectively. Additionally, the combined pretreatment led to the acylation of γ-C of lignin (Jin et al., 2025). To efficiently fractionate hemicellulose, cellulose, and lignin from sugarcane bagasse, LHW-DES (triethylbenzyl ammonium chloride (TEBAC)/lactic acid (LA) pretreatment was applied. Through enzymatic saccharification, the combinative method yielded 85.05 ± 0.66 gL⁻¹ of total fermentable sugar and a bioethanol yield of 34.33 ± 3.15 gL⁻¹ after fermenting the SCB hydrolysate. It was observed that the maximum enzymatic conversion of 80.83% ± 0.17% was obtained at 120°C for 90 minutes. However, the concentration of fermentable sugar and enzymatic conversion decreased at 140°C, which was attributed to the limited pretreatment ability of DES at 140°C  (Xian et al., 2024). It can be deduced that at about 95 minutes exposure to DES in a two-step LHW-assisted DES pretreatment, raising the temperature to 140°C can improve the reducing sugar yield of high-lignin LB while reducing that of low-lignin LB.  Table 1 summarizes the pretreatment conditions, yield, and the drawback for the different LB discussed in this review.
Table 1: Summary of the effects of different Chemo-physiochemical combinative pretreatment methods
	Biomass
	Pretreatment 
	 Pretreatment conditions
	Benefits/yield
	Drawback
	Authors

	Bamboo
	LHWAK
	0.5% NaOH solution, 170ºC
	Improved enzymatic hydrolysis and enhanced delignification. Produced 4.8 g/L ethanol.

	N/R
	(Yang et al., 2019) 

	1.Cassava stem
2.Cassava leaves
3.Cassava peels
	MWAK
	irradiation power of 300 W and 200 ml of 3% NaOH for over 7 min. With and without detoxification chemical.
	1.*59.05 g/L and 55.13 g/L sugar
2.*47.37g/L and 41.77 g/L sugar
3.*58.75 g/L and 64.06 g/L sugar
	N/R
	(Pooja et al., 2018)


	1.Cassava stem

2.Cassava leaves

3.Cassava peels

	MWAC
	0.1 M H2SO4 at 30 ± 1 °C for 10 min with the irradiation power of 300 W, with and without detoxification chemical
	1. *54.58 g/L and 50.03 g/L sugar 
2. *33.95g/L and 30.28 g/L sugar
3. *45.96 g/L and 51.04 g/L sugar

	N/R
	(Pooja et al., 2018)


	Chinese fir
	USAK
	Borax (Na2B4O5(OH)4.8H2O) and sodium hydroxide (NaOH)
	Deconstruction and removal of hemicellulose and lignin. Increase in crystallinity from 6.34% to 11.29%.
	May require high operational cost

	(Wang et al., 2019) 

	Corn stalk
	LHWAK
	NaOH solution with alkali deacetylation strength at 84.96% with 21 PS at 3.97
	Removal of the acetyl group bound to the backbone of hemicellulose.
	Alkali deacetylation involves the use of chemicals, which can pose environmental concerns if not properly handled and disposed. Produced 87.55% ± 3.64 sugar yield

	(Jiang & Xu, 2016)

	Corn stover
	MWAK


	CaCl2 solution of 62.5% (w/w), 162.1oC, solid-to-liquid ratio of 10% (w/v) and 12 min

	Increase in surface area, and hemicellulose degradation, with 65.47% fermentable sugar obtained.
	Possibility of lignin re-localization
	(Li & Xu, 2013)


	Corn stover
	LHWA
	1) Sulfuric acid (H2SO4), formic acid (CH2O2), phosphoric acid (H3PO4). 29.5 min treatment period, 162.4 °C, and 0.45% v/v H2SO4







2) Carbonic acid (H2CO3) at a temperatures range of 180 to 220 oC, a reaction time between 2 and 32 minutes, and a carbon dioxide pressure of 0 or 800 psig.
	Decrease in the crystallinity, and disruption of the microstructure. 91.05% glucose, 0.47g/g ethanol (93.91%) theoretical ethanol yield

High severity reduced the formation of organic compounds. 91.05% fermentable sugar was obtained.
	Possibility of inhibition effect

Produced hydrolysate with high pH
	(Suriyachai et al., 2020; Van Walsum & Shi, 2004)

	Dendrocalamus giganteus
	LHWDES
	Formic acid (FA) with choline chloride (ChCl) at a molar ratio of 2:1. Initial  hydrothermal pretreatment at 160℃ for 1 h, then ChCl:FA pretreatment at 120℃ for 6 h
	Reducing sugar yield of 56.1%, hemicellulose removal rates of 71.9% and delignification rate of 72.7%
	Energy consumption is high.
	(Jin et al., 2025) 

	Durian peels
	USAC
	A solid-to-liquid ratio of 1:20, 1% w/w H₂SO₄, a frequency of 40 kHz, and an amplitude of 70% 300 W 
	237.38 ± 3.96 mg/g dry biomass of reducing sugar 
	N/R
	(Yan Sim et al., 2024)

	Durian peels
	USAK
	A solid-to-liquid ratio of 1:20, 1% w/w alkali, a frequency of 40 kHz, and an amplitude of 70% 300 W
	376.60 ± 12.14 mg/g sugar yield
	N/R
	(Yan Sim et al., 2024)

	Empty palm fruit bunch
	MWAK
	3% weight by volume of NaOH, irradiation power of 180 W, and 12 min
	Pretreatment time reduction, and improved enzymatic activity. 411mg fermentable sugar per gram of EFB was achieved. 
	Overexposure may lead to loss in the volume of the liquid phase.
	(Nomanbhay et al., 2013)

	Giant reed and Kans grass
	MWAC


	180oC, 30 min, and 0.5 % (w/v) H2SO4 for giant 

200oC, 10 min, and 0.5 % (w/v) H2SO4 for kans grass
	High heating efficiency and low reaction time, with 31.9g/100g, and 33.8g/100g fermentable sugar obtained from  giant reed, and kans grass respectively.
	Sugar degradation in severe condition

	(Komolwanich et al., 2014)




	Giant reed and Kans grass
	MWAK
	Optimum conditions of 5 min, 5%(w/v) of NaOH, and temperature of 120oC and 80oC for giant reed and Kans grass, respectively, 
	Sugar yield of 6.8g/100g of biomass for both samples 
	N/R
	(Komolwanich et al., 2014)

	Grass samples
	USAC
	A two-stage process with irradiation power of 260 W at 30 min, followed by exposure to HCl at 100°C for 30 min
	Enhanced the solubilization of grass biomass and disrupted biomass structure, with 236.9% sugar yield
	High energy and high operational cost requirement
	 (Yang & Wang, 2019) 

	Green bamboo
	LHWDES
	Initial 30 min hydrothermal pretreatment at 180°C, followed by DES (ChCl: LA and lactic acid)
) treatment at 140°C for 2 h
	Achieved 88.6% hemicellulose with xylo-oligosaccharide yield of 50.9% and purity of 81.6%,
79.1% delignification at 96.8% purity
	N/R
	(Chang et al., 2023)


	Miscanthus
	MWAC
	180 °C and 300 W, 0.2 M H2SO4 under 20 min exposure.
	Improved sugar yield within a shorter time.
Has the potential of producing levulinic acid as (6–8% of the biomass)
75.3% sugar, with 46.7% as glucose

	Reduction in sugar yield with increased holding time
	(Zhu et al., 2015)

	Miscanthus 
	USAK
	1 hr ultrasonication and 0.2 M NaOH concentration (2.25 mol NaOH/kg biomass)
	Reduced chemical usage by26.1%  and 17.0% increment in lignin removal  
45.59 ± 0.19 g/L total sugar, a 6.7% total sugar increment (theoretical yield of 83.1%). 

	Disintegration of hemicellulose at long ultrasonication exposure
	(Byun et al., 2020)

	Oil palm fronds
	USDES
	2.5% aqueous NaOH DES, ultrasonic conditions of 60% amplitude for 30 min

	lignin removal was significantly improved to 47.00 %. There was glucose yield of 90.12 %.
	N/R
	(Zhenquan et al., 2021)

	Pineapple leaf
	USDES

	Choline chloride/ethylene glycol (1:2), ultrasound at 50 %, 20 min
	93 % extraction efficiency, with 180 mg/g of xylan
	N/R
	(Sharma et al., 2025)

	Rice Straw
	USIL
	Choline hydroxide ([Ch][OH]) at ultrasonication of 300 W/40 kHz for 240 min.
	Lignocellulosic biomass pretreated with [Ch][OH] showed the highest efficiency among the tested ILs.
Total reducing sugar was up to 96.22% 

	The effect of ultrasonic frequency
on the pretreatment of RS was not significant
	(Yang & Fang, 2014) 


	Rice straw
	LHWAC
	Initial treatment with LHW at 180°C for 90 minutes, followed by treatment with 20 mM phosphotungstic acid at 130°C for 60 minutes
	96.8% glucose, 89.24% hemicellulose removal and 21.33% 70.8-73.2% solvent recovery
	N/R
	(Zhang et al., 2022)

	Rice Straw
	MWAC
	155oC at 10 min
3% phosphoric acid (H3PO4 and 0.35M iron III chloride (FeCl3
	Reduction in crystallinity.

Reduction in hydrolysis time. 7.8mg/l (57.5%) fermentable sugar was obtained
	High severity condition may result to decrease in sugar yield
	(Kumar et al., 2019)

	Rice straw, napier grass and sugarcane bagasse combined
	LHWDES
	Initial LHW pretreatment at biomass loading of 1:10 w/v, 121°C, 40 minutes, followed by DES pretreatment at 130°C for 95 minutes at 150 rpm
	High portion of glucose, 94.5%wt and 73.3% delignification was achieved.
	N/R
	(Gundupalli et al., 2022)

	Poplar 
	LHWDES
	Mixture of monoethanolamine (MEA) and ammonia chloride (NH₄Cl) at the molar ratio of 1:5. 
	Enzymatic digestibility was improved from 13.9 to 90.4%
	N/R
	 (Xu et al., 2020) 

	Rubber wood
	MWIL
	1-butyl-3-methylimidazolium acetate [C4mim][OAc], 1-ethyl-3- methylimidazolium chloride [C2mim][Cl], 1-ethyl-3-methylimidazolium acetate [C2mim][OAc], and 1-butyl-3-methylimidazolium chloride [C4mim][Cl]
	Removal of the hydrogen bonding network.  Reduction in crystallinity.
up to 85%.  Substantial dissolution of rubber biomass was reached 
	longer chain-length cations may need more time to dissolve in rubber biomass
	(Darji et al., 2015)

	Saw dust
	USAK
	40 g/L NaOH, ultrasonication power of 120 W, a frequency of 40 kHz, amplitude of 60%, 50°C and 5 hrs. 
Solid-to-liquid ratio of 1.25 g/100 mL  
	138.15 mg GE/g sugar yield
	N/R
	(Gavrila et al., 2024)

	Sugarcane bagasse
	MWAK
	0.4M of NaOH, irradiation power of 320W, 170 OC ± 5 OC, and 7 min
At holding time of 10 mins
	Improved sugar yield within a shorter time, 
1.90mmol/mg of fermentable sugar was achieved.
	Reduction in sugar yield with increased holding time
	(Zhu et al., 2016)

	Sugarcane bagasse
	USAC
	A two-stage process with dilute H₂SO₄
	hemicellulose degradation of 92.40% and lignin removal of 57.41%
	N/R
	(Chen et al., 2022)

	Sugarcane bagasse
	LHWAK
	Liquid ammonia (NH3), 180°C
	Low energy consumption and environmentally friendly, with 87% fermentable sugar obtained
	Re-polymerization at high temperature. Requires, post-pretreatment washing 
	(Yu et al., 2013)


	Sugarcane bagasse
	LHWAK
	Initial pretreatment with LHW at 120°C for 1 h, followed by sulfonation at 120°C for 2 h.
	Lignin removal was promoted by alkaline sulfonation,
99.6 ± 0.21% glucose,
88.0 ± 1.8% xylose
	Possible contaminants from the sulfonating agent used if not handled properly
	(Kane et al., 2023)

	Sugarcane bagasse
	LHWDES
	120°C for 90 minutes
	85.05 ± 0.66 gL⁻¹ of total fermentable sugar and a bioethanol yield of 34.33 ± 3.15 gL⁻¹
	N/R
	 (Xian et al., 2024)

	sugarcane bagasse, rice straw, and napier grass
	LHWDES
	Choline chloride lactic acid (ChCl:LA), 72 hours,
	90% reducing sugar 
	N/R
	(Gundupalli,  et al., 2022)

	Sweet sorghum bagasse
	MWAK
	Ammonium hydroxide (NH4 OH) at 160oC
	Increase in porosity. 
42/100g glucose
48% delignification, retained 90% and 73% cellulose and hemicellulose respectively.
	May require high energy, and produce inhibitory materials.
	(Chen et al., 2012)

	Switchgrass, corn stover, & Mischanthus
	MWDES
	chloride and lactic acid (ChCl: LA), Irradiation power of 800W and 45 sec
	65-80% delignification was achieved with high cellulose digestibility.
	Requires higher microwave power.
	(Chen & Wan, 2018) 

	Watermelon rind
	USDES
	40 kHZ, ultrasonication power of 180 W, ultrasonication time 40 minutes, reaction temperature 120°C and, reaction time of 180 minutes in the presence of Choline chloride (ChCl): lactic acid (C3H6O3)
	Maximum lignin removal of 43.56% was achieved

produced maximum glucose of 60.17% and total reducing sugar yields of 83.03%

Effective in delignifying, solubilizing, and hydrolyzing cellulose and hemicellulose into monomeric sugars by eliminating hemicellulose
	High energy consumption, solvent residue on treated biomass if not properly handled
	(Fakayode et al., 2021)


	Wheat straw
	USAK
	15% solvent at 50 °C for 30 minutes with power intensity of 344 W/cm2.
	The method achieved great lignin removal and structural transformation. There was hydrolysis yield of 92.4%. 
	The lignin was partially recovered. 
	(Zhong et al., 2017)

	Wood chips
	LHWDES
	Methyltrioctyl-ammonium chloride
	Lignin removal rate was 99% at room temperature, natural pH and 90 seconds. Total sugar of 17.60 g L−1 was obtained.
	N/R
	(Xu et al., 2022)


N/R: Not Reported, * stands for treatment with detoxification chemicals. 



Considerations for the application of the combinative methods

 Comparison on the different combinative methods
Hydrolysis/enzymatic sugar yield depends on lignin removal, alteration to cellulose structure, and hemicellulose dissolution. Therefore, a successful pretreatment process will address the above concern and at the same time address other hindrances that may arise during the process. All the methods reviewed in this paper are effective in improving fermentable sugar yield. However, some methods outperform the other, either in terms of yield, cost or environmental consideration. 
In a situation where other value products such as levulinic acid are desired, MWA pretreatment becomes necessary.  MWAK and MWDES pretreatments improves delignification, hence they are important where lignin production is desired for industrial applications. USAK pretreatment offers a great combination for delignification and enhanced sugar recovery, and can stand in place of MWAK pretreatment. 
The combination of ultrasonication with ILs or DES is a green and efficient method to increase biomass digestibility but may be an expensive option for improved fermentable sugar yield. Combining irradiation/sonication power with chemicals provides mechanical and chemical effects, enhancing mass transfer and disruption, often allowing for lower temperatures or reduced chemical usage, but the initial equipment cost may hinder the choice in biorefinery application. Although inhibitors can find application in several places, their presence in the biorefinery process can affect bioethanol yield. LHWA and LHWAK pretreatments can reduce inhibitor formation by reducing the severity of the method. LHW-DES pretreatment is an eco-friendlier approach to pretreatment, but the presence of DES increases the operation cost.  All the combinatorial methods reviewed in this work are subjected to elevated temperature that is complemented by low chemical usage and reduced exposure time. 
Under extreme conditions, all the pretreatments assisted by acid could develop inhibitors like organic acids and furfural. On the contrary, the severity in the Carbonic Acid-LHW pretreatment of corn stover does not spike the formation of inhibitors (Suriyachai et al., 2020; Van Walsum & Shi, 2004); hence, inhibitor formation in such a scenario was reduced. Corn stover treated with microwave-assisted calcium chloride had the possibility of lignin relocalization  (Li & Xu, 2013), which could hinder fermentable sugar yield. This brings about an additional process such as detoxification or washing, making the operation expensive. However, relocalization can be prevented by reducing the pretreatment 
This review recorded the highest glucose yield of 91.05% from corn stover pretreated with LHW assisted H2SO4. Up to 74% delignification can be achieved from empty palm fruit bunches when subjected to microwave-assisted NaOH. In order to obtain sugar yield of about 83% from Miscanthus biomass, USA is required. Rice straw pretreated, LHWA in the presence of phosphotungstic acid produced 96.8% glucose, and also offers the opportunity for the acid to be reused. A mixture of rice straw, napier grass, and sugarcane bagasse can provide over 90% sugar yield when subjected to LHW assisted DES pretreatment making it an efficient method for the pretreatment of such biomass. Sugarcane bagasse pretreated in LHWAK sulfonation efficiently produced about 100% glucose yield. While giant reeds and kans grass pretreated in MWA produced over 31g/100g sugar per dry biomass. Cassava stem and peels produced above 58 g/L in MWAK, while the leaves produced above 47g/l when compared with the treatment with MWA. Durian peels in USAK produced a sugar yield of 376.60 ± 12.14 mg/g.
All combinative methods involving alkali, ILs, and DESs are generally more effective at lignin removal compared to dilute acid combinative methods. Optimal conditions (temperature, time, chemical concentration, irradiation power, etc.) are highly biomass-specific and require careful optimization for each feedstock. The method picked is determined by the specific biomass type, need for byproduct and lignin recovery, and economic, corrosion, and environmental considerations. 
[bookmark: _Hlk206845948]Cost implication and environmental consideration of the combinative method 
In biorefinery Pretreatment is a crucial step, which is usually an expensive process; however, the choice of methods not only impacts the overall process cost but may also play a role in environmental footprint. The cost implications and environmental considerations are discussed in this section. 
Microwave-assisted pretreatment requires an initial high capital investment for the equipment, especially at an industrial scale. High power levels of irradiation/sonication are usually complemented by reduced heating time and chemical impact. Microwave-assisted heating may be considered to have a lower overall energy requirement due to the ability to heat directly, lower processing time, and high heating efficiency. The combination with chemicals adds to chemical procurement and disposal costs, but this is complemented by reduced heating time, high efficiency, and the ability to recycle some of the chemicals such as DES. The lower processing time and prompt control also contribute to lower operating costs. With careful optimization of irradiation intensity, irradiation time, choice of chemical, biomass, and chemical loading, the energy consumption will be reduced with maximized sugar yields. 
Similar to microwave-assisted pretreatment, industrial-scale ultrasonic equipment can represent a considerable capital expenditure. It also requires electricity to generate sonication waves; this, with the incorporation of chemicals, adds to the operational cost. However, energy input can be reduced by optimizing sonication frequency, treatment time, and ultrasonic intensity. Ultrasound can boost the effects of milder chemicals, undoubtedly reduce the amount, concentration, or harsh conditions required from the chemicals, and invariably minimize the environmental impact associated with chemical waste. 
Liquid Hot Water (LHW)-Assisted Pretreatment generally requires high-pressure and high-temperature reactors. Because these reactors are also exposed to acid and alkaline environments, it is necessary to use metals that are not susceptible to high-temperature corrosion and chemical attack in the construction of such equipment, making them uneconomical. Nevertheless, this equipment may be moderately expensive compared to microwave and ultrasonic-assisted pretreatment equipment. Heating a large volume of water on an industrial scale requires significant energy, adding to the operating cost. In essence, the cost of operating LHW-assisted pretreatment on an industrial scale may be higher than those of microwave and ultrasonication.
Each method presents a unique balance of cost and environmental considerations. If renewable energy sources are used to provide electricity to power the equipment, the environmental footprint will be significantly reduced. Improper irradiation conditions such as excessive power and time as well as high chemical concentration which possibly produces inhibitory compounds that imped fermentation. Though green solvents are recyclable, ILs are considered more expensive than DES; this could be one of the reasons the combination of ILs in pretreatments has not gained adequate attention. Unlike the green solvents, conventional alkalis and acids are cheaper but may be difficult to reuse. DES is a better alternative to other chemicals used in microwave, ultrasonic, and LHW combinative pretreatment.
The integration of these pretreatments into existing biorefinery systems requires careful evaluation of operational costs and environmental impacts. Additionally, the variability in biomass types and their response to pretreatment conditions must be addressed to optimize the process for different feedstocks. 
Challenges and future directions in lignocellulosic biomass 
There has been a shift from the early generations of biofuels to third-generation biofuels, where non-feed materials are utilized as feedstock for biofuel production. Nevertheless, biorefineries are still faced with a huge challenge of commercialization of biofuels and other bio-products. These challenges are associated with the choice of LB feedstock, adequate pretreatment methods, environmental hazards, and the overall cost of chemicals, equipment  (Ashokkumar et al., 2022), and energy requirements. Ultimately, a guaranteed pretreatment process that can disintegrate the lignocellulosic biomass and produce a significant amount of sugar yield is the goal of LB pretreatment. The pretreatment processes for an economically feasible scale should be able to bring down the excessive drawback associated with different pretreatment techniques (Meenakshisundaram et al., 2021). Efforts should be made to develop and intentionally cultivate plants with high sugar yield for the purpose of application in bio-refinery. A widely acceptable pretreatment technique that can cover a wider range of LB should be developed to adequately convert them to bio-products. Researchers should focus on the optimization of pretreatment approaches and conditions, such as combinative pretreatment for optimal value-added product yield.
Looking at the cost implication and the environmental consideration, the use of DES in chemo-physiochemical combinative pretreatment is recommended. Moreover, a thorough design of the combinative pretreatment process is very important to ensure optimum productivity. More research that will put into consideration the production and immediate removal of other bio-products without possibly interfering with biofuel yield is also recommended. A study comparing other combinative methods is also recommended. 
Conclusion 
The high yield of fermentable sugar from combinative pretreatment methods discussed in this review has established the great potential of combinative pretreatment techniques in the commercialization of bioethanol. It has also been established that three critical parameters—temperature, reaction/exposure time, and catalyst dosage—effectively promote sugar yield in bio-refinery. Catalyst boosts the reaction rate; hence, complete pretreatment can occur in a shorter period. However, what must be carefully controlled is the dosage of catalyst used, as degradation of reducing sugars can occur at high acid concentrations. 
Each of the combinative processes discussed in this work has its specific pretreatment factors that play a major role in making fermentable sugar available for enzyme actions. A robust optimization of the process is required to reap the synergic effect of the combined methods. Specifically, microwave-assisted acid/alkali pretreatment is effective for biomass types like rice straw and sugarcane bagasse. Ultrasonication-assisted pretreatment is particularly beneficial for biomass with relatively low lignin content, such as grass samples, and for biomass with complex structures, such as oil palm fronds. LHW-assisted pretreatment efficiently breaks down the lignocellulosic structure of corn stover and sugarcane bagasse, making their cellulose and hemicellulose more accessible to enzymes.
Based on the study, it can be concluded that:
1. Microwave-assisted pretreatment improves the porosity and crystallinity of LB and reduces the duration of hydrolysis. However, severe pretreatment conditions should be avoided to prevent sugar degradation, lignin relocation, and biomass instability. 
2. Ultrasonication-assisted pretreatment serves the purpose of pretreatment, but the operational cost may be expensive. To optimize the effects of ultrasonication and ionic liquid pretreatment on fermentable sugar yield, further research is needed to investigate the effects of varying ultrasonication intensity, ionic liquid concentration, and pretreatment time. 
3. LHW pretreatment is an ecofriendly method. However, harsh pretreatment conditions can lead to the formation of degradation components.
4. Despite the great benefits of combinative physiochemical pretreatment methods, the process parameters and the choice of which method precedes the other in a two-stage process need to be optimized in order to reap the synergistic benefits of the process. 
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