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Abstract

Biofuels are particularly attractive and play an increasingly important role in sustainable 

energy. However, biofuels originating from lignocellulosic biomass (LCB) are extremely 

challenging because of their low carbon content, low stability, and high oxygen content. 

This work evaluates the supercritical methanol (scMeOH) co-liquefaction of rice straw 

and linear low-density polyethylene (LLDPE) at temperature range of 240 ~ 340 °C for 

0 ~ 2 h, to obtain hydrocarbons (HCs)-rich oil and carbon-rich solid product. Results show 

that reaction temperature dominated the yield and properties of products, but not the 

holding time. Among parameters tested, 30.07 wt% oil yield with 75.79% HCs content 

and 33.05 wt% oil yield with 70.91% HCs content were obtained at 300 °C for 1 h and 

1.5 h, respectively. Simultaneously, the remaining solid products were still as high as 

53.85 wt% with a carbon content of 79.59% and 48.28 wt% with carbon content of 81.34% 

under 300 °C for 1 h and 1.5 h, respectively. Ultimate analysis, FT-IR, TGA, and SEM 

show that solid products could be used as sustainable carbon resources, and solid fuel 

rather than soil amendment because of risk of micro plastic or adsorbent due to smooth 

surface without pores.

Keywords: Rice straw, linear low-density polyethylene, supercritical methanol, co-

liquefaction, hydrocarbons-rich oil

1. Introduction

The past century has witnessed the huge success of petrochemical industry, while 

the significant challenges associated with fossil fuel utilization with the depletion of 

petroleum resources, environmental crises, climate change and its adverse effects on 

health have motivated substantial studies on conversion of renewable and carbon-neutral 
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biomass energy into marketable chemicals [1-3]. Biomass consisted of forestry residues, 

agriculture residues, and municipal solid waste, etc. [4]. Lignocellulosic biomass (LCB), 

as one of the most important biomass, is abundant availability, carbon neutrality, and 

sustainability compared to conventional energy sources, which has the highest potential 

to contribute the energy needs [5]. As one of most important LCB, rice straw (RS) 

comprised of cellulose, hemicellulose, and lignin [6]. It has been considered as energy 

material to produce transportation fuels because of its high photosynthetic efficiency [7] 

and growth rate, and wide sources [8].

However, bio-oil directly originating from RS has typical limitations, e.g., low bio-

oil yield, high oxygen content [9], and complex compositions similar to other biomass [8, 

10, 11], which severely hindered its practical applications. Hence, it is necessary to 

upgrade the bio-oil, which was usually achieved by two common techniques: 1) catalytic 

upgrading [11, 12], and hydrodeoxygenation (HDO) [7], and 2) co-feeding LCB with 

hydrogen-rich materials e.g., sludge [13, 14] and plastic [15]. Yuan et al. [16] reported 

the supercritical liquefaction of RS in mixed solvent of ethanol–water and 2-propanol–

water mixture, and phenols was the main composition of the bio-oil. A similar result was 

also observed by Li et al. [17], in which only a small amount of hydrocarbons was 

obtained. Cao et al. [18] studied the effect of co-solvent (glycerol and water) on bio-oil 

yields from RS, and reported the improvement of the bio-oil production, but not the 

increase of hydrocarbons content (as high as 100% oxygenates). Chen et al. [11] 

investigated on the catalytic hydrothermal liquefaction (HTL) of RS for bio-oil 

production with Ni/CeO2 catalyst and the maximum 10.64% of hydrocarbons content in 
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bio-oil was achieved under the optimal Ni/CeO2 ratio of 1/5 and the temperature of 290 °C. 

Huang et al. [14] studied on the co-liquefaction of sewage sludge and RS, and reported a 

slight improvement in bio-oil quality. Till today, few studies have addressed the subject 

of co-liquefaction of RS with hydrogen-rich plastics. However, this should be considered 

if plastic wastes can be used as a new improver for efficiently enhancing quality and 

quantity of RS-derived bio-oil free of catalyst.

Previous studies had reported that co-liquefying other biomasses with plastics, such 

as polyethylene (PE), could provide hydrogen and carbon to improve oil quality and 

quantity [13, 15, 19]. In addition, co-feeding with plastics could also dispose plastic 

wastes, which are the major source of white pollution [20, 21]. These works mentioned 

above had discussed the influence of adding plastic to biomass on oil production, and 

environmental protection. However, two issues still need to be further discussed. First, 

the researches on improving oil quality were very limited in chemical compositions of 

oil. Second, it is still unclear for the potential utilization of solid products containing 

plastic. The characteristics of solid products derived from co-liquefaction of feedstocks 

containing plastic was quite different from those produced from single biomass 

liquefaction [21, 22]. However, previous studies mainly focused on oil properties, and the 

fundamental data for solid product was very limited to elemental analysis or 

thermogravimetric analysis. Table S1 summarizes a detailed information on highlights 

and limitations from main works about liquefying RS. Therefore, the in-depth studying 

in co-liquefaction of LCB and plastic wastes is worth to be further investigated.

In this work, rice straw (RS) and linear low-density polyethylene (LLDPE) were 
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selected as materials to conduct co-liquefaction of LCB and plastic waste over a broad 

temperature range of 240 ~ 340 °C and holding time of 0 ~ 2 h. The yields of oil and solid 

products at various conditions were recorded, analyzed, and discussed. Oils was 

characterized by gas chromatography-mass spectrometer (GC-MS) to evaluate the oil 

quality, and solid products were analyzed by elemental analysis, Fourier transform 

infrared spectrometer (FT-IR), thermogravimetric analysis (TGA), and scanning electron 

microscope (SEM) to observe their elemental data, thermal stability, functional groups 

composition, and microstructure to explore their potential utilization.

2. Materials and methods

2.1 Materials preparation

Rice straw (RS) was collected from local farmland (Xuzhou, China) and dried in 

vacuum oven at 105±5 °C until no weight variation. Then it was crushed into fine particles 

with a size of 0.15-0.50 mm and stored in a desiccator to prevent moisture absorbing. 

LLDPE with a density of 0.93 g/cm3 was obtained from Exxon Corporation, and its 

particle size is around 0.15-0.80 mm. Fundamental data of both feedstocks could be found 

in previous study [23].

2.2 Experimental setup and procedure

Supercritical methanol (scMeOH) co-liquefaction was carried out in a Parr 4590 

reactor (Parr Instrument Company, USA). Fig. 1 presents the schematic diagram, 

experimental setup and procedures. At each run, 3 g of mixture of RS to LLDPE mass 

ratio of 1:2 based on optimum [23] was mixed with 30 mL (about 23 g) methanol. Reactor 

was initially purged with N2 (99.999%) for 5 min to create an oxygen-free environment. 
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Later, the reactor was heated to the pre-determined temperature (240, 260, 280, 300, 320, 

and 340 °C) and maintained there for desired time (0, 0.5, 1, 1.5, and 2 h). The stir kept 

rotating at a speed of 65 rpm to ensure the uniform of the samples. After reaction, the 

reactor was naturally cooled down to ambient temperature.

Fig. 1. Schematic diagram, experimental setup experimental procedure.

The gas products mainly dominated by carbon dioxide, similar to result from 

Hadhoum et al [24]. Hence, the gas products were directly vented without further 

analyzing after cooling. The remaining products were collected in a beaker, and the 

reactor was washed with methanol to recover the residuals. The slurry products were 

mechanically separated into two parts as solid and liquid phases. The solid residues were 

dried in an oven at 105±5 °C to obtain the yield of solid product. The liquid fraction was 

evaporated at atmospheric pressure by a rotary evaporator with a water bath at 85 °C to 

recover the oil.
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The total yields of gas product as well as loss during collection, separation, and 

extraction grouped together as “gas + loss” and calculated by difference [25, 26]. The 

yields of oil and solid products are determined based on weight fraction of target products 

to pre-dried feedstocks by the following equations:

Yieldoil (wt%) =  Woil

WRS +  WLLDPE
 ×  100%               (1)

Yieldsolid product (wt%) =  
Wsolid product

WRS +  WLLDPE
 ×  100%             (2)

Yieldgas+loss (wt%) =  100% -  yield of oil -  yield of solid product               (3)

The conversion rate was calculated by the following equation.

Conversion rate (%) = 100% -  yield of solid product              (4)

2.3 Products characterizing

The chemical compositions of oils were analyzed by GC-MS (Agilent 

7890A/5975C-GC-MS). Tentative identification of the all compounds was performed 

using NIST mass spectral database (NIST11). The detailed information could be found 

in previous work [23].

The carbon, nitrogen, and hydrogen content of feedstocks, and solid products were 

tested by elemental analyzer (Vario Macro Cube*, Germany). The oxygen content was 

determined by difference, assuming negligible sulphur in the products:

O (wt%) = 100 -  C -  H -  N -  Ash (wt%)                  (5)

The higher heating value (HHV) of solid products was determined using Dulong 

formula [27, 28]:

HHV (MJ/kg) =  0.3383C +  1.422 (H - O/8)               (6)
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LabsysEvo (SETARAM) was used to reveal thermal stability of solid products [29]. 

In each run, ~ 15 ± 3 mg of solid products was heated at 30 ~ 850 °C under heating rate 

of 30 K/min, under N2 atmosphere. FT-IR spectra of solid residua was obtained by a 

*/VERTEX 80v to show the variation of functional groups in the wavenumber range of 

500 ~ 4000 cm-1.

3. Results and discussion

3.1 Effects of temperature and time on products distribution

Fig. 2a depicts the products distribution from scMeOH co-liquefaction of 

RS/LLDPE mixture under various temperature for 1 h. The oil yield calculated by Eq. 1 

was notably increased from 12.23 wt% to 30.07 wt% as temperature rose from 240 °C to 

300 °C. It decreased to 22.03 wt% with further increasing temperature to 340 °C. This 

was due to the enhancement of gasification at higher temperature (above 300 °C). In 

detail, the gas formation required a relatively high activation energy than oil and solid 

products [13]. When reaction temperature was high enough, the reaction system would 

provide enough energy to convert part of oil fragments into light molecules such as gases 

by secondary degradation [25], thus reducing oil yield.

Accordingly, the solid yield calculated by Eq. 2 was decreased rapidly from 85.77 

wt% at 240 °C to 39.03 wt% at 340 °C. This was equivalent to an increase in conversion 

rate by 46.74%. Apparently, solid product yield was still high at 340 °C, which could be 

attributed to two reasons. First, the high proportion (i.e., 66.67 wt%) of LLDPE in 

feedstock and stable structure of polymer with alone degradation temperature of 400 °C 

[30, 31] led to a limited transformation into gas or oil, and the majority of unreacted or 
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reformed LLDPE transferred into solid product, thus increasing the yield of solid product. 

Second, RS mainly consisted of cellulose, hemicellulose, and lignin. Cellulose and 

hemicellulose could be degraded at 240 °C and 180 °C [32, 33], respectively, whereas 

lignin had a high decomposition temperature of 350 ~ 400 °C [34]. Hence, degraded 

lignin also contributed to solid product yield.

Compared to results from RS liquefaction [11, 18, 35], no extremal point for solid 

product yield or conversion rate was observed at a broad temperature range (i.e., 240 ~ 

340 °C) in present study. This could be ascribed to interactive reactions among 

intermediates or free radicals derived from the decomposition of RS and LLDPE. As 

mentioned previously, reformed LLDPE was major component of solid product, which 

would be accelerated to degrade via enhanced synergistic effect under high temperature. 

Detailed possible reasons could be summarized as follows: 1) the cellulose, hemicellulose 

components of RS were degraded by a serious of dehydration, and decarboxylation to 

produce esters, ketones, alcohols, etc. while lignin component was thermally decomposed 

into phenolic compounds [36]. These oxygenated compounds and free radicals were 

further decomposed and depolymerized into highly reactive and light molecular 

fragments under the effect of methanol free radicals of H • , HO • , CH3 •  [24, 37]. 

Simultaneously, LLDPE was cracked by random scission and chain end scission to 

generate aliphatic hydrocarbons (CxHy) and free radicals (Cx-mHy-n•) with various length 

[20]. All these unstable fragments and intermediates from both RS and LLDPE were 

rearranged through polymerization, condensation, and cyclization, and gasification 

reactions, etc. [24] generating new organics compounds to restrict solid formation. 2) The 
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CH• free radicals generated by random scission and chain-end scission of LLDPE could 

easily catch oxygenated free radicals from RS, which would block the agglomeration and 

coking among the free radicals [31], restricting the formation of solid product.

Fig. 2b exhibits the effect of holding time (i.e., 0 ~ 2 h) on products distribution at 

300 °C. Clearly, the holding time had a little effect on yields of oli and solid product at 

300 °C. Oil yield was firstly increased from 24.51 wt% to 33.05 wt% with holding time 

lengthening from 0 h to 1.5 h. It was slightly declined to 31.04 wt% as holding time 

prolonging to 2 h. This is because part of oil products was further degraded to gaseous 

product [25]. For solid yield, it continuously decreased to 48.03 wt% by 6.98 wt% as 

time increased from 0 h to 2 h. Compared to the effect of reaction temperature, it could 

be concluded that adjusting reaction temperature was more efficient for improving 

products distribution instead of time. Besides, 300 °C for 1.5 h was determined 

preliminarily as an optimum condition because of its highest oil yield of 33.02 wt%. The 

highest oil yield of 26.00 wt% was obtained at 280 °C for 30 min without catalyst by 

Singh et al. [35]. The difference in the oil yield was reasonable considering a number of 

internal factors, e.g., reactor, solvents, and complexities of RS characteristic from 

different origin, even the country. With the help of Na2CO3, Cao et al. [18] obtained the 

greatest oil yield of around 68.00wt% under 15 g of RS, 150 mL of glycerol, and 0.75 g 

under 260 °C. Similarly, Chen et al. [11] used Ni/CeO2 (2/10) as catalyst and yielded a 

maximum oil of 65.60wt% under temperature of 290 °C for 1h and pressure of 2.00 MPa, 

and holding time of 1 h from RS. Obviously, catalyst promoted the decomposition of 

feedstock resulting in higher oil production.
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Fig. 2. Effect of temperature and time on products distribution from scMeOH co-
liquefaction of RS and LLDPE under a) various temperature (i.e., 240 ~ 340 °C) for 1 h, 

and b) different time (0 ~ 2 h) at 300 °C.

3.2 Effecs of temperature and time on oil properties

Fig. 3a shows the GC-MS spectra of oils under various temperature (240 ~ 340 °C) 

for 1 h. Generally, increasing temperature could result in much lighter molecules in oils 

[38]. However, the main GC-MS peaks of oils did not shift towards light molecular 

weight with an increase of temperature from 240 °C to 340 °C. By contrast, an irregular 

m/z distribution of compounds in oil was observed. This result reveals that the complex 

interactive reactions between the intermediates of RS and LLDPE existed in co-

liquefaction. There was a little difference in GC-MS spectra of oils generated by varying 

holding time at 300 °C, with an exception of 0 h (Fig. 3b), indicating that reaction 

temperature was a crucial factor in controlling chemical compositions of oil and interplay 

effect between RS and LLDPE. Table S2 and Table S3 exhibit the detailed information 
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of compounds identified by GC-MS spectra from different temperature and time. Oils 

were composed of a variety of organic compounds, which were categorized into 3 groups 

as hydrocarbons (CxHy), nitrogen compounds (CxHyOzNm), and oxygenates (CxHyOz) e.g., 

ester, ketones, and phenols. The compound with more than one functional group were 

named as diverse functional group compounds (DFGCs) according to NIST mass spectral 

database (NIST11), such as propionic acid, 2-isopropoxy-, methyl ester of oil from 240 °C 

for 1 h consisted of –O- and –COO- groups), and 2-furamethanol of oil from 300 °C for 

0 h was composed of –OH and –O– groups.

Fig. 3. GC-MS chromatograms for oils produced by a) varying reaction temperature 
(i.e., 240 ~ 340 °C) for 1 h and b) holding time (i.e., 0 ~ 2 h) at 300 °C.

Fig. 4a depicts the effect of temperature on chemical compositions of oil under 

constant time 1 h. As shown, yield of the hydrocarbons (HCs) in oils was firstly increased 

from 11% at 240 °C to its maximum with 75.79% at 300 °C, and then reduced sharply to 
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2.42% at 340 °C. As discussed previously, increasing temperature (from 240 °C to 

340 °C) resulted in more LLDPE to degrade. Generally, the deep degradation of LLDPE 

could result in more hydrocarbons and their intermediates. However, HCs yield in oil did 

not increase at high temperature ranges (300 °C above), which were only 33.90 and 2.42% 

at 320 and 340 °C, respectively. The reason could be attributed to the promotion of lignin 

degradation by synergistic effect between RS and LLDPE [31]. It has been confirmed that 

polyolefins could readily donate hydrogen to biomass radicals in pyrolytic conditions 

(i.e., absence of H2O) [39]. LLDPE could be solubilized by the biomass-derived 

intermediates (Cx-mHy-nOz-l•), and then it was degraded into monomeric or oligomeric 

fragments. These fragments were further reacted with reactive biomass decomposition 

products [20]. In detail, lignin was an aromatic polymer structure, and consisted of 

phenylpropane units connected by both C-O-C and C-C bonds [40]. These bonds were 

more difficult than the glycoside bonds to break [41]. At high temperature range, the C-

C bonds in lignin structure would be attacked by CH2• radicals originated from LLDPE 

degradation to generate more oxygenates instead of hydrocarbons [42]. Therefore, 

hydrocarbons content in oil was reduced at 320 °C, and 340 °C. This result suggests that 

production of hydrocarbons (HCs)-rich oils from scMeOH co-liquefaction of RS and 

LLDPE strongly depended on reaction temperature. In others words, interactions between 

RS and LLDPE could be selectively conducted towards producing HC-rich oils by 

controlling temperature. Simultaneously, a negative correlation between HCs and DFGCs 

yields was also observed from Fig. 4a. This phenomenon might indicate that there was an 

interaction effect on both HCs and DFGCs with evolution of temperature. In fact, the 
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interplay between biomass-derived oxygenates and plastic-derived hydrocarbons had 

been widely confirmed by large researches [7, 13, 19, 20, 43]. Besides, DFGCs typically 

represented the instability of oil, which was a seriously threat to oil store at room 

temperature [44]. Thus, lowering DFGCs content in oil was necessary considering the 

future application of oil as an alternative fuel for diesel and jet fuel. Apart from HCs and 

DFGCs, the other oxygenates mainly comprised ketones, phenols, and esters (Fig. 4a). 

This result was consistent with that from Chen et al. [11], and Cao et al. [18]. Phenols 

mainly originated from decomposition of lignin structure [45, 46]. Major ketones was 

derived from dehydration, degradation, isomerization etc. of cellulose and hemicellulose 

[34, 47], and the rest of them was derived from the cracking of lignin monomers [48]. 

Esters were mainly produced by esterification of organic acids with alcohols [49]. Above 

oxygenates including phenols, esters, and ethers showed an irregular variation trend. This 

was reasonable considering the complexities of interactions between many hundreds of 

intermediates from scMeOH co-liquefaction of RS and LLDPE, e.g., radical oxidation of 

LLDPE in presence of RS to form ketones [20], and interplay between alcohols and 

ketones [50].

Fig. 4b presents the effect of time on oil chemical compositions at 300 °C. HCs yield 

in oil with 29.81%, 59.77%, 75.79%, 70.90%, and 62.57% were obtained for 0, 0.5, 1, 

1.5, and 2 h, respectively, which were greater than 59% except for 0 h. Apparently, at this 

temperature, HCs formed quickly within 0.5 h, and its formation was further maximized 

as time prolonged to 1 h. This result indicates that the initial holding time (i.e., 0.5 h) was 

crucial factor for HCs formation. After this time, compared to HCs yield maximum (i.e., 
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75.79%), it was decreased by 4.89%, and 13.22% for 1.5 and 2 h, respectively. In general, 

there was an entirely high HCs yield for all holding time, and a low degree change on 

HCs yield with an exception of 0 h. This result also indicates that time had a limited 

influence on oil quality. Similar to temperature, an opposite pattern for yields of DFGCs 

and HCs was also observed in different time. This phenomenon confirmed again that there 

was a mutual transformation between HCs and DFGCs under evolution of conditions 

including temperature and time. Apart from DFGCs, similar to irregular changes of other 

oxygenates e.g., esters, and ethers were observed in different time (Fig. 4b). However, 

the effect degree of time on these oxygenates contents was noticeably weakened 

compared to temperature, clearly indicating that temperature played a dominant role in 

controlling quality of oil. In general, compared with single RS liquefaction (0% of Chen 

et al. [11], and 10.64% of Cao et al. [18]), the HCs yield from scMeOH liquefaction of 

RS and LLDPE in present work was significantly higher (75.79% at 300 °C for 1 h, and 

70.91% at 300 °C for 1.5 h). It indicates co-thermal conversion of RS with LLDPE in 

scMeOH was a viable way to produce high-grade oils without catalyst.
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Fig. 4. Chemical compounds grouped distributions of oils from a) varying reaction 
temperature (i.e., 240 ~ 340 °C) for 1 h and b) holding time (i.e., 0 ~ 2 h) at 300 °C. 

(HC-Hydrocarbon, DFGC-Diverse functional group compound, Kt-ketone, Ph-Phenol, 
Al-alcohol, Est-Ester, Et-Ether, Nt-Nitrogen compound). It is noted that DFGCs and 

other compounds containing oxygen, e.g., Ests, and Als, except for Nts, were all 
belonged to oxygenated compounds. DFGCs contained more than one functional group 

and others contained just one functional group.

Fig. 5 summarizes carbon number distributions (CNDs) of all compounds e.g., HCs, 

DFGCs, esters, and alcohols in oils. For CNDs of oils produced under varying 

temperature, CNDs of oxygenates mainly distributed in low carbon number range of C4 

~ C10, while that of HCs spread in a wide carbon number range of C11 ~ C25. Below 300 °C, 

oxygenates preferred low carbon number, i.e., mainly distributing between C5 ~ C7. At 

300 °C, carbon number of oxygenates shifted towards high carbon number range, i.e., C8 

~ C10 and their content was sharply decreased. Above 300 °C, oxygenates formation were 

synergistically promoted with moving to higher carbon number (C7 ~ C9), indicating the 

enhancement of interactions between RS and LLDPE or intermediates. Within 0.5 h, the 

holding time noticeably affected CNDs. After this duration, the holding time showed a 

weakened effect on CNDs. In general, CNDs of HCs mainly ranged at C11 ~ C19, and only 

a few amounts of long chain HCs, e.g., heneicosane (C21H44), and 2-methyltetracosane 

(C25H52), existed in compounds, implying that oils produced under 300 °C for 0.5, 1, 1.5, 

and 2 h were all attractive as gasoline or jet fuel with further upgrading. All these results 
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show that scMeOH co-liquefaction of RS and LLDPE was an efficient way to produce 

high-grade oil free of catalyst.

Fig. 5. Effects of temperature and time on carbon number distribution of compounds, 
e.g., hydrocarbons, esters, and alcohols, in oils. a, temperature. b, time.

3.3 Effects of temperature and time on solid products properties

Fig. 6a and b show the elemental analysis and higher heating value (HHV) (by Eq. 

6) of solid products from different temperature (i.e., 240 ~ 340 °C) for 1 h, and at 300 °C 

for various time (i.e., 0 ~ 2 h), respectively. As seen in Fig. 6a, oxygen content was 

decreased sharply from 30.26 wt% to 1.71 wt% when temperature was increased from 

240 °C to 260 °C. This indicates that RS was dramatically degraded at 260 °C. It could 

be confirmed by the following indications. First, an obvious carbonization phenomenon 

for solid products from 240 °C and 260 °C shows that RS/LLDPE mixture began to 

degrade noticeably at 260 °C (Fig. 6c). Second, the evolution of functional groups 
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compositions of solid product at 240 °C was similar to those of RS. The absorbance peaks 

between 3200 and 3380 cm-1 was ascribed to O-H stretching vibrations, representing 

organic compounds containing functional group of -OH (e.g., reformed cellulose, and 

hemicellulose), and this peak almost disappeared at 260 °C, showing the noticeable 

degradation of RS (Fig. 6d). For solid products obtained under temperature of 280 °C~340 

°C, no obvious difference was observed in oxygen content. The carbon and hydrogen 

content also remained stable within the range of 79.59 ~ 81.26% and 12.18 ~ 13.97%, 

respectively. Besides, high HHV (43.96 ~ 47.23 MJ/kg) of solid products was obtained 

under temperature of 260~340 °C, implying that these solid products could be used as 

alternative solid fuel. Regarding solid products from different time, a little difference in 

element content and HHV (45.21 ~ 47.00 MJ/kg) was observed (Fig. 6b). Additionally, 

Fig. 6e also depicts that the holding time had little influence on functional groups 

compositions. According to all these results, it could be concluded that the holding time 

had a limited effect on products distribution, chemical compositions of oils, elemental 

compositions and functional group characteristics of solid products at 300 °C.
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Fig. 6. Fundamental data of solid products obtained from various conditions. a), and b), 
EA of solid products (carbon, hydrogen, oxygen, nitrogen, and HHV) obtained varying 
reaction temperature (i.e., 240 ~ 340 °C) for 1 h, and different holing time (i.e., 0 ~ 2 h) 

at 300 °C. c), variation of solid products shape obtained from 240, 260, 280, and 
300 °C. d), and e), FT-IR spectra of feedstocks, and solid products between 500 ~ 4000 

cm -1 obtained from various conditions.

Fig. 7a compares the TG curves of solid products generated under various 

temperature for 1 h, and those of both feedstocks were also listed for a comparison. A 

similar degradation trend was observed for RS and solid product from 240 °C, further 

evidencing that a few amounts of RS were decomposed at 240 °C. For solid products 

derived from scMeOH co-liquefaction at 260 ~ 340 °C, their initial decomposition 

temperature continuously moved towards low temperatures. It implies that the thermal 

stability of solid products was reduced with an increase of reaction temperature, and more 

LLDPE was converted into gas and oil products. Regarding influence of time, there was 

a little difference in thermal stability between solid products at 300 °C for various time 

(i.e., 0 ~ 2 h) (Fig. 7b). This result indicates that the holding time had a limited influence 

on synergistic degradation of LLDPE towards oil or gas during co-liquefying with RS.
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Fig. 7. TG curves of solid products obtained from a) various temperature (i.e., 240 ~ 
340 °C) for 1 h, and b) different time (i.e., 0 ~ 2 h) at 300 °C.

SEM was presented in Fig. 8 to further investigate the other possible potential 

utilization of solid products containing micro plastic. A nearly complete fiber structure 

was observed for solid product obtained at 240 °C, indicating few RS was degraded under 

this temperature. After this temperature, the surface of all solid products shifted towards 

smooth, and there was no obvious difference in images of solid products. These results 

directly strong confirm that RS was significantly degraded after 240 °C. Simultaneously, 

a smooth surface of solid products was observed for all time (0~2 h). This phenomenon 

was mainly attributed to the melting and reforming of LLDPE in solid product. Therefore, 

it could conclude that the solid products obtained from scMeOH co-liquefaction of RS 
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and LLDPE could not be used as soil amendment due to potential micro plastic. Besides, 

all solid products presented a smooth surface without pores, indicating that solid products 

could not used as materials needing pores, e.g., catalyst, and adsorbent.

Fig. 8. SEM of feedstocks and solid products under various conditions.

3.4 Limitations and prospects

Although the present study had comprehensively explored the effects of reaction 

temperature and holding time on yields and properties of liquefaction products, there were 

still some limitations those we need to focus and overcome in the future. Firstly, this work 

produced a significant amount of solid products. It is necessary to find tome feasible way 

to realize its value-added utilization. Here, we presented the scMeOH co-liquefaction of 

RS and LLDPE at higher temperature of 400 °C for 1 h to further degrade the remaining 

solid residue. The results of products yield and properties were presented in Fig. S1. As 

presented, although the yield of solid products was reduced to 16.44 wt% (Fig. S1a), the 

HCs content in oil was only 21.54% (Fig. S1b), only accounting for 28.42% and 30.38% 

of that obtained at 300 °C for 1 h and 1.5 h, respectively. The disappeared peak of -OH 
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stretch at 3403 cm-1 and weakened peak of C-O vibration at 1053 cm-1 (Fig. S1c) 

confirmed that RS derived free radicals containing oxygen reacted with oligomers (Cx-

mHy-n•) from LLDPE, resulting in low HCs yield. Besides, low degradation temperature 

of 112.19 °C for solid product showed that LLDPE had been significantly decomposed 

under 400 °C (Fig. S1d). This indicates that large free radicals of hydrocarbons (Cx-mHy-

n•) derived from LLDPE would directly involve in reaction. The results show that the 

synergistic effect at 400 °C was beneficial for further degradation solid product into light 

molecular compounds rather than producing HCs-rich oil. Thus, the potential utilization 

of solid residue should be considered as other directions, such as organic amendment and 

asphalt.

Secondly, the role of methanol during reaction was unclear. Previous studies could 

be summarized as two aspects as follows. First, large amount of methanol involved 

reactions in the presence of catalyst [51, 52]. Second, methanol did not react in the 

absence of catalyst [37]. However, many researchers had stated that the media 

simultaneously played two roles of solvent and reactant in liquefaction process without 

catalyst. Pei et al. [53] observed many oxygenated compounds for single HDPE-derived 

oil from supercritical ethanol co-liquefaction of microalgae and HDPE without catalyst, 

which strongly evidenced that ethanol involved the liquefaction process. Unfortunately, 

this work did not talk much about the ethanol consumption.

Finally, more attention should be paid on the sustainability features of scMeOH co-

liquefaction of LCB and plastic, which should be investigated by employing the advanced 

sustainability assessment tools, e.g., life cycle assessment, exergy and its combinations 
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with environmental and economic parameters. Aghbashlo et al [54] had looked into the 

application of these techniques in assessing the sustainability features of bioenergy 

production systems. Chen et al. [55] also successfully evaluated the hydrothermal 

liquefaction microalgae by open-source techno-economic analysis and life cycle 

assessment. These technique should be also introduced to evaluate the utilization of 

supercritical technique to recycle wastes.

4. Conclusions

scMeOH co-liquefaction of RS and LLDPE were studied in the temperature range of 

240 ~ 340 °C for 0 ~2 h. Some conclusions could be summarized as follows:

1) the reaction temperature but not the holding time dominated the oil and solid 

product yields, chemical compositions of oils, elemental compositions, thermal stability, 

etc. of solid products. Higher temperature resulted in more LLDPE to degrade, resulting 

in higher oil production but not higher hydrocarbons content in oil. 

2) Among all conditions tested, 30.07 wt% of oil yield with 75.79% of hydrocarbons 

content and 33.05 wt% oil yield with 70.91% hydrocarbon content were obtained under 

300 °C for 1 h and 1.5 h, respectively, which were determined as optimum parameters to 

produce high-grade oil. Under these conditions, as high as 53.85 wt% and 48.28 wt% 

yields of solid products were also obtained.

3) Solid products could be applied as sustainable carbon resources because of high 

carbon content (79.59% ~ 81.26%), and solid fuel due to high HHV (43.96 MJ/kg ~ 47.23 

MJ/kg). However, they could not be utilized as soil amendment resulting from their 

potential micro plastic pollution, and materials (catalyst, adsorbent, etc.) needing pore 
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structure due to the smooth surface without pores.
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