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Abstract
The upgrading of pyrolysis deoxygenation of polyester/viscose fibers was examined 
in this paper utilizing montmorillonite (MMT) catalysts with varying ratios and 
amounts of tungsten-manganese bimetallic. The temperature-programmed desorp-
tion of NH3 (NH3-TPD) revealed that after tungsten-manganese bimetal loading, 
MMT formed novel acidic sites, resulting in a considerable rise in total acidity. The 
maximum aromatics yield (73.10%) was achieved by the MMT with a bimetal load-
ing of 10 wt%, the yield of monocyclic aromatic hydrocarbons (MAHs) was highest 
at 40.38%, while the yield of polycyclic aromatic hydrocarbons (PAHs) was low-
est. The MAHs yield dramatically dropped at 15 wt% and 20 wt% bimetal load-
ing. The application of a moderate load has the potential to facilitate the generation 
of MAHs, whilst an excessive load can readily facilitate the development of PAHs. 
The acid equilibrium of MMT was enhanced following the application of varying 
ratios of tungsten-manganese bimetal loading. When the ratio of bimetal load was 
1:1, a significant synergistic impact was seen, resulting in a substantial enhancement 
of the catalyst regulation performance on MAHs and PAHs. Specifically, the cata-
lyst exhibited a tendency to generate a higher proportion of useful MAHs (40.38%) 
while simultaneously reducing the production of PAHs (32.72%). This phenomenon 
can be attributed to the appropriate pore structure and the equitable distribution of 
Lewis acid and Brønsted acid sites within the pores.
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Introduction

The rise in demand for textiles has resulted in a corresponding increase in the 
production of textile waste. Unfortunately, the current absence of viable recycling 
methods has led to fewer than 1% of textile waste being effectively repurposed 
into fibers for the creation of new textile products. Consequently, the majority of 
waste textiles are either discarded in landfills or incinerated [1]. Theoretically, 
it is possible to recycle up to 95% of waste textiles. However, the actual recy-
cling rates are far lower, with China achieving only 10–15%, the United States 
achieving 15.2%, and the European Union achieving 25% [2]. The primary fac-
tor contributing to the suboptimal recycling rate of waste textiles is the press-
ing necessity to address certain technical obstacles, including the development of 
efficient and expeditious fiber component identification and sorting technologies 
[3]. Textile waste is produced via the utilization of diverse forms and varieties of 
primary materials, including fibers, yarns, textiles, and garments, among others. 
Consequently, the generation of garbage exhibits significant disparities. Moreo-
ver, waste textiles consist of a variety of components, such as cellulose fibers 
and synthetic non-cellulose fibers, hence posing challenges in terms of their bio-
processing capabilities.

Recycling textile waste made of a single component is comparatively simple. 
For example, one potential application involves utilizing biobased textile waste 
as a substitute raw material for the synthesis of biological products via the bio-
conversion of the cellulose component of the textile. Following the bioconver-
sion process, the cellulose portion is retained as a purified value-added product. 
However, the presence of numerous synthetic fibers and dyes within the fabric 
presents obstacles during the sorting procedure and diminishes the quality of the 
reclaimed material [4]. In the context of multi-component systems, certain tex-
tile waste remains non-recyclable due to its heterogeneous nature, comprising 
a combination of natural and synthetic fibers (e.g., cotton and polyester fabric 
blends) [5]. The retrieval of blends necessitates the depolymerization or dissolu-
tion of one or both constituents. For instance, the dissolution of polyester typi-
cally entails the use of hazardous solvents (such as DMSO) and elevated tempera-
tures, which may have an impact on the characteristics of cellulose components. 
Cellulose degradation under acidic environments is facilitated by a comparable 
approach. An illustrative instance involves the utilization of hydrochloric acid to 
hydrolyze cotton, resulting in the production of microcrystalline cellulose pow-
der. This powder can subsequently be separated from the residual polyester fabric, 
thereby enabling the recovery and subsequent reuse of the polyester material for 
the creation of novel textiles [6]. However, when considering the financial impli-
cations of recycling and the impact on the environment, the recovery and treat-
ment of textile fibers pose significant challenges for multi-component systems.

The conversion of underutilized textile resources into energy presents a poten-
tial solution for addressing energy demands, waste treatment, and waste man-
agement. The integration of environmental factors, available resources, and 
energy sources can serve as a crucial catalyst in attaining objectives related to 
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environmental preservation, waste administration, and energy generation [7]. The 
process of upcycling involves the conversion of substances with low value into 
products of higher value through recycling [8, 9]. Thermochemical techniques 
possess the capability to effectively address a wide range of textile waste, exhib-
iting rapid reaction rates and facilitating substantial product throughput [10]. 
Pyrolysis stands out as a very efficient technique for managing diverse and intri-
cate waste materials, making it a representative waste-to-energy approach. Due to 
the heterogeneous composition of textile waste, encompassing both synthetic and 
natural fibers, pyrolysis emerges as a highly promising avenue for the upgrading 
of textile waste in its life cycle. For instance, pyrolysis has shown to be highly 
effective for textile waste to recover renewable fuels such as cotton cellulose [11] 
and disposable masks [12]. Pyrolysis is therefore regarded as a potential upcy-
cling technique for textile waste [13]. Catalytic pyrolysis is a process that enables 
the direct conversion of solid feedstocks into liquid fuels, commonly known as 
bio-oils, which exhibit a high degree of similarity to fuels generated from petro-
leum sources [14]. Catalytic fast pyrolysis (CFP) refers to the process of enhanc-
ing the quality of desired products, such as bio-oil, by employing catalysts prior 
to the rapid cooling of the pyrolysis volatiles. The implementation of upgraded 
technology enables the selective regulation of pyrolysis product distribution, 
resulting in an enhanced yield of desired products and consequently, an improved 
bio-oil quality. Throughout this procedure, a sequence of chemical events includ-
ing pyrolysis, deoxygenation (specifically decarbonylation, decarboxylation, and 
dehydration), oligomerization, and aromatization may take place. These reac-
tions serve to eliminate substantial quantities of oxygen from the initial material, 
resulting in the release of CO, CO2, and H2O [15, 16].

The catalyst is primarily composed of two primary components, namely the 
active substance and the support. The synergy between the two components has 
the potential to enhance the catalytic efficacy [17]. The development of appropriate 
catalysts plays a pivotal role in determining catalytic efficiency, product specificity, 
and durability when subjected to pyrolysis reaction conditions [18]. The catalyst’s 
active and carrier catalysts work synergistically to modulate the interface between 
the active site and the pyrolysis steam, as well as the catalytic reaction pathway. This 
results in an enhanced selectivity of the desired product. The utilization of natu-
rally plentiful minerals can offer cost-effective catalysts for the mild pyrolytic steam 
upgrading process. Montmorillonite (MMT), a type of solid acid clay catalyst, has 
demonstrated the ability to enhance the quality of bio-oils [19]. The utilization of 
metal-modified support has been demonstrated as a viable approach to enhance cata-
lytic activity, mitigate catalyst deactivation resulting from coke deposition on the 
catalyst surface, and enhance the yield and selectivity of aromatics in the CFP pro-
cess [20]. The introduction of a second active metal into a monometallic system can 
induce substantial modifications in both the electrical and geometric configuration 
of the catalyst. Consequently, the physical and chemical characteristics of the cata-
lyst can exhibit notable disparities compared to those of the monometallic counter-
part upon the incorporation of a second metal. Numerous studies have demonstrated 
that bimetallic catalysts manifest enhanced catalytic efficacy in diverse industrial 
applications when compared to their single metal counterparts. The utilization of 
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bimetal catalysts has been seen to yield a substantial enhancement in catalytic activ-
ity, thereby facilitating the process of thermal cracking of raw materials and the sub-
sequent generation of aromatic hydrocarbons [21, 22]. The findings of Miskolczi 
et al. [23] demonstrated that the use of a Ni/Mo catalyst resulted in an augmentation 
of the rates of cracking, dehydrogenation, and decarboxylation processes. It is note-
worthy to mention that the collective impact of bimetallic catalysts was not consist-
ently significant. Specifically, the Zn/Ga multifunctional catalyst exhibited a reduced 
preference for aromatic hydrocarbons compared to the carrier catalyst. However, the 
simultaneous introduction of Co and Zn enhanced the catalytic performance of the 
carrier catalyst. Likewise, variations in metal loading ratios will exert an influence 
on the resultant product and its corresponding distribution. In their study, Balasun-
dram et al. [24] employed a multifunctional catalyst that was synthesized with vary-
ing proportions of nickel (Ni) and cerium (Ce) to generate diverse yields of C6-C8 
hydrocarbons during the catalytic pyrolysis of bagasse oil. In summary, the selection 
of appropriate metals for the catalyst surface can yield favorable outcomes, contin-
gent upon the specific experimental subject.

Polyester fiber (PET), cotton fiber (CF), and viscose fiber (VF) are the predomi-
nant textile fibers in terms of usage. These three fibers, individually or in combina-
tion, are widely utilized in the production of textile textiles, thereby commanding a 
significant portion of the market. The recycling process of these three fibers has the 
potential to effectively address the recycling needs of a significant portion of textile 
waste. The utilization of natural fibers, such as cotton fibers, is hindered by the issue 
of land competition between grain and cotton crops, as well as their susceptibility to 
climatic variations, insect pests, and other variables. Consequently, the availability 
of these resources is limited, hence highlighting the increasing significance of chem-
ical fibers as primary textile raw materials. This study primarily examines the recy-
cling and treatment methods for polyester/viscose fiber, whereas the essential con-
stituents of viscose fiber and cotton are the same. Notably, China has the position of 
the largest producer of viscose, with its production capacity for viscose staple fiber 
accounting for 73% of the global total production in 2021. To fulfill the objective 
of obtaining high-value pyrolysis products from waste textile fibers, an inexpensive 
clay catalyst, namely MMT, was employed. This study involves the synthesis of a 
set of cost-effective tungsten-manganese bimetallic supported MMT catalysts using 
the equal volume wet impregnation method. The catalytic performance of several 
catalysts in the hydrodeoxidation process of polyester/viscose fibers was evaluated 
and enhanced, with the aim of investigating an improved catalytic approach for the 
pyrolysis of textile fibers.

Materials and methods

Material

Previous research has indicated that the optimal pyrolysis synergistic effect was 
observed when polyester and viscose fibers were combined in a mass ratio of 1:2 
(abbreviated as P1V2) [25]. Hence, our study delved deeper into the catalytic 
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pyrolysis characteristics of P1V2. The MMT powder (K10) utilized in the experi-
ment was purchased from Qianyan Chemical Technology Co., Ltd. (Wuhan, China), 
the composition of MMT was shown in Fig. S1. The chemical Na2WO4·2H2O (ana-
lytically pure) and Mn(NO3)2 solution with a concentration of 50 wt% were supplied 
by Chengdu Kelon Chemical Reagent Factory (China).

Preparation of catalyst

Metal supported MMTs were synthesized using the equal volume wet impregna-
tion process. To conduct a comparative analysis of the catalytic activity, tungsten or 
manganese monometallic supported catalysts were also synthesized alongside tung-
sten-manganese bimetal supported catalysts. The monometallic loading of MMT 
was conducted using the following procedure: the designated reagent was dissolved 
in deionized water, and subsequently, the MMT was submerged in the solution at 
ambient temperature. The mixture was agitated for a duration of 1 h, followed by 
a 24-h period of air drying. Finally, the sample was subjected to oven drying at a 
temperature of 100 °C for a duration of 4 h. Subsequently, the catalyst underwent 
calcination in a Muffle furnace at a temperature of 550  °C and was subsequently 
activated for a duration of 4 h. This process resulted in the production of a catalyst 
supported by mono-metal MMT.

The procedure for loading tungsten-manganese bimetal onto montmorillonite 
(MMT) involved the following steps: first, an aqueous solution containing a specific 
concentration of manganese nitrate was made in accordance with the metal load-
ing’s quality standards, and then the manganese nitrate was loaded onto the surface 
of montmorillonite. It was stirred for 1  h, then left to stand for a full day before 
being dried in the shade. Following 4 h of drying at 100 °C in the oven, the catalyst 
intermediate was produced; Create a certain concentration of aqueous sodium tung-
state solution, apply it to the catalyst intermediate’s surface, agitate for 1 h, and then 
let it stand for 24 h. After that, dry it in the shade, dry it in an oven at 100 °C for 4 h, 
then calcine it at 550 °C in a muffle furnace. Obtain new MMT catalyst loaded with 
tungsten manganese bimetallic after 4 h of activation. The catalysts prepared are all 
powders and were screened with a 100 mesh sieve before use.

Catalyst characterization

The specific surface areas and porous structures (mean pore diameters and pore vol-
umes) of the different catalysts were measured using a Belsorp Max II instrument 
(USA) at an operating temperature of -196 °C for N2 adsorption and desorption. All 
catalysts had their Brunauer–Emmett–Teller (BET) specific surface area measured 
using a multi-point method in the relative pressure range of 0.05–0.35. The thermo-
dynamic Barrett-Joyner-Helenda (BJH) method was used to calculate the pore size 
based on the adsorption and desorption branches of the isotherms. To determine the 
catalysts’ total pore volumes, a relative pressure of 0.99 was chosen.

The acidities of the catalysts were determined using temperature programmed 
desorption of NH3 (NH3-TPD) studies (AMI-300, Altamira Instruments, USA). The 
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samples’ actual metal loading contents were measured using the Agilent 5100 induc-
tively coupled plasma-optical emission spectrometer (ICP-OES), and the results are 
illustrated in Table S1. X-ray diffraction (XRD) equipped with a Cu Kα radiation 
was used to determine the crystal structures of the catalysts using a Rigaku Ultima 
IV diffractometer (Japan). The X-ray tube operated at 40  kV and 40  mA, with a 
scan range of 5° to 90° (2θ) and a speed of 5°/min. The XRD patterns are shown 
in Fig.S1. The Thermo Scientific ESCALAB Xi + X-ray photoelectron spectrometer 
(XPS) was used to determine the state of metal oxides in metal-supported catalysts.

Pyrolysis–gas chromatography/mass spectrometry (Py‑GC/MS) experiment

Pyrolysis analysis (Py) experiments were conducted on the Pyroprobe 5200 (CDS 
Analytical, USA). High purity helium gas (99.999%) was used to purge the volatiles 
generated during pyrolysis through a transport pipeline to a gas chromatograph (GC) 
(GC-450, Varian, USA) equipped with an online mass spectrometer (MS) (240-MS, 
Varian, USA) for analysis. The parameter setups and operational techniques of the 
pyrolysis experiments were detailed in our previous article [26].

Results and discussion

Catalytic pyrolysis of tungsten‑manganese bimetallic supported MMT 
with different contents

Performance analysis of catalysts

All catalysts exhibited the distinctive MMT peaks in the XRD patterns (Fig.S1) at 
2θ = 22°, suggesting that metals loading had no effect on the MMT skeleton. On 
bimetallic loaded MMT, the characteristic diffraction peaks of WO3 and MnO2 with 
approximately 2θ = 35.5°, 56° were observed, respectively [27, 28]. The composi-
tion of the pyrolysis oil is primarily influenced by the pore size and acidity of the 
catalyst [29]. Research has identified a positive association between the concentra-
tion of acid sites and the capacity to perform deoxygenation and aromatization pro-
cesses [30]. The investigation of metal-supported catalysts revealed that the metal 
support layer had the ability to control the pore size structure of the carrier material. 
Furthermore, it was observed that the presence of mesopores in the catalyst contrib-
utes positively to enhancing the selectivity of aromatic hydrocarbons [31]. The N2 
adsorption and desorption isotherms of tungsten-manganese bimetallic loadings of 
5 wt%, 10 wt%, 15 wt%, and 20 wt% with a constant tungsten-manganese loading 
ratio of 1:1 are shown in Fig. 1, while Table 1 shows the abbreviations and structural 
parameters of these catalysts.

The specific surface area, pore volume, and average pore diameter of the 
unloaded metal MMT were observed to be 262.46 m2/g, 1.265 cm3/g, and 14.18 nm, 
as indicated in Table 1. Bimetallic loading dramatically decreased the specific sur-
face area when compared to untreated MMT. This is because metal elements stick 
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to the MMT’s interior pore channels and surfaces during metal loading. The crea-
tion of new mesoporous structures caused by metal loading can be used to explain 
why the average pore width of the MMT loaded with tungsten-manganese increased 
after the metals were loaded. The obtained outcome exhibits resemblance to the 
experimental findings reported by Fang et al. [32], which showed that the introduc-
tion of metal Fe into the catalyst led to an increase in the average pore width. This 
phenomenon can be attributed to the development of comparable novel mesoporous 
structures on the surface of the catalyst. The catalyst containing a 10 wt% loading of 
tungsten-manganese bimetal (10-W1M1) exhibited the greatest specific surface area 
and pore volume, measuring 165.45 m2/g and 1.028 cm3/g. As the loading climbed 
to 15 wt% and 20 wt%, there was a corresponding drop in both specific surface area 
and pore volume. This observation suggests a rise in the loading capacity of the 

Fig. 1   N2 adsorption and desorption isotherms of tungsten-manganese bimetallic loading at 5 wt%, 10 
wt%, 15 wt%, and 20 wt%

Table 1   Structural parameters of catalysts with different bimetallic loads

a By Multi-point BET method. bBy total pore volume at P/P0 = 0.99. cBy t-plot method. dBy BJH method

Bimetallic
content

Catalyst abbreviation SBET (m2/g)a Pore volume Average 
aperture 
(nm)dVtotal Vmicro Vmeso

(cm3/g)b (cm3/g)c (cm3/g)c

0 MMT 262.46 1.265 0.17546 1.090 14.18
5 wt% 5-W1M1 149.19 0.965 0.00863 0.956 21.54
10 wt% 10-W1M1 165.45 1.028 0.00556 1.022 20.7
15 wt% 15-W1M1 142.16 0.899 0.07205 0.827 20.08
20 wt% 20-W1M1 128.5 0.829 0.01941 0.810 19.91
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catalyst, accompanied by the agglomeration of catalyst particles and subsequent 
blockage of certain pore channels. The bimetal concentration rose to 15 wt% and 
20 wt%, and the micropore volume increased, which also indicated the aggrega-
tion phenomena that prevented tungsten-manganese dispersion into the pores. As 
depicted in Fig. 1, the catalysts that underwent modification exhibited a preserved 
IV type N2 adsorption–desorption isothermal curve. This observation suggests that 
the catalysts continued to be predominantly characterized by a mesoporous structure 
[33]. The results of BET showed that metal ions were successfully dispersed on the 
surface of MMT and adjust the aperture. Generally speaking, it can be stated that 
mesoporous catalysts possessing greater pore size and suitable specific surface area 
have the capability to create favorable conditions for the process of late catalytic 
pyrolysis of biobased macromolecules [34].

To conduct a more comprehensive analysis of alterations in acidity, the quantities 
of acid and site content were measured and are presented in Table 2. Figure 2 shows 

Table 2   Acid amount of catalyst 
and content of different acid 
sites

a The number of acid sites was normalized integration values

Catalyst Acid amounta

(umol/g)
Acid sites content (%)a

Weak Medium Strong

MMT 296.14 16.2 26.6 57.2
5-W1M1 468.83 24.2 26.2 49.6
10-W1M1 552.47 27.5 22.2 50.3
15-W1M1 532.36 23.7 28.1 48.1
20-W1M1 506.31 37.4 18.4 44.2

Fig. 2   NH3-TPD spectra of MMT catalysts modified with different contents (5 wt%, 10 wt%, 15 wt%, 
and 20 wt%) of tungsten-manganese bimetal
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the NH3-TPD spectra of these catalysts. Significant alterations in the distribution of 
acid sites were observed while varying the quantity of tungsten-manganese bimetal. 
The alteration in acidity of the catalyst can be attributed to the presence of acidic 
sites on the external surface or channels of the catalyst, as well as the interaction 
between metal species and proton acids or other functional groups [33, 34]. Based 
on the data presented in Table 2, the measured concentration of acid in MMT was 
determined to be 296.14 umol/g. The distribution of acid within MMT was found 
to consist of weak acid, medium strong acid, and strong acid, accounting for 16.2%, 
26.6%, and 57.2% of the total acid content. The catalytic activity of MMTs for deox-
idation and cracking of textile fibers was found to be poor, perhaps because to their 
mild acidity. However, it was observed that mesoporous catalysts did not quickly 
get deactivated as a result of coking [35, 36]. Following the loading of tungsten-
manganese bimetal, there was an observed increase in the proportion of weak acid, 
accompanied by a decrease in the proportion of strong acid. This suggests that the 
interaction between the metal and protic acid resulted in the transformation of strong 
acid into medium or weak acid. Furthermore, the introduction of bimetal to the cata-
lyst resulted in an increase in particle size, a decrease in dispersibility, a reduction in 
the coverage of acid sites, and the formation of additional acid sites due to the pres-
ence of metals. Consequently, there was a substantial increase in the overall acidity.

Based on the aforementioned findings, it is evident that the MMT mesoporous 
molecular sieve lacking metal loading exhibited bigger pore diameters and greater 
rates of molecular diffusion, hence demonstrating superior resistance to coking 
compared to microporous molecular sieves. Nevertheless, the catalytic activity of 
mesoporous molecular sieves was poor as a result of the insufficient presence of effi-
cient acid sites [37]. Following the modification of MMT with tungsten-manganese 
bimetal, certain effects were observed. The presence of the bimetal led to the unde-
sirable consequences of pore blockage and a reduction in the overall surface area 
of the catalyst, both of which had a negative impact on its catalytic activity. How-
ever, it was also observed that the acidity of the MMT catalyst was initially low, but 
increased after the modification with tungsten-manganese bimetal. Consequently, it 
was anticipated that the inclusion of bimetal would yield novel active sites, thereby 
resulting in an increased quantity of active sites involved in the deoxygenation reac-
tion. This augmentation in active sites could potentially counterbalance the decline 
in activity stemming from the reduction in surface area.

Effect of tungsten‑manganese bimetallic loading on catalytic pyrolysis of textile 
fibers

In order to study the effect of tungsten-manganese supported MMT on the cata-
lytic pyrolysis of P1V2, MMT catalysts with different tungsten-manganese content 
(5-W1M1, 10-W1M1, 15-W1M1, 20-W1M1) were synthesized. The supported ratio 
of tungsten to manganese was 1:1, while the ratio of sample P1V2 to catalyst was 
1:4. To enhance comprehension of the impact of various supporting metal catalysts 
on the allocation of pyrolysis products, the aforementioned compounds were classi-
fied into eight distinct categories based on the functional structure of pyrolysis prod-
ucts: monocyclic aromatic hydrocarbons (MAHs), polycyclic aromatic hydrocarbons 
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(PAHs), other light hydrocarbons, phenols and alcohols, acids and esters, aldehydes 
and ketones, furans and other oxygenated compounds. The distribution results of 
corresponding pyrolysis products are shown in Table 3 and Fig.S2. Table 4 presents 
the distribution of pyrolysis products during the catalytic cracking of P1V2 with 
tungsten and manganese single metal supported MMT, for the purpose of compari-
son with bimetallic materials.

All MMT catalysts assisted by tungsten-manganese bimetal greatly decreased 
the proportion of compounds containing oxygen when compared to MMT, drop-
ping from 37.91% to 27.77%, 23.47%, 24.89%, 24.05% of 5-W1M1, 10-W1M1, 
15-W1M1, 20-W1M1. In the absence of tungsten-manganese bimetal, the contents 
of acids and esters, aldehydes and ketones in the pyrolysis products catalyzed by 
MMT were 16.32% and 7.49%, respectively. After supported bimetal, the contents 
of acids and esters, aldehydes and ketones were significantly reduced. When the 
load of tungsten-manganese bimetal was 10 wt%, the contents of acids and esters, 
aldehydes and ketones were reduced to 4.49% and 2.34%. Hence, the utilization 
of a tungsten-manganese bimetal supported MMT catalyst demonstrates a notable 

Table 3   Main pyrolysis compounds of P1V2 catalyzed by bimetal supported MMT with different content

Compound Peak area/%

MMT 5-W1M1 10-W1M1 15-W1M1 20-W1M1

MAHs 24.02 35.98 40.38 39.10 34.32
PAHs 34.23 32.36 32.72 31.56 37.96
Other light hydrocarbons 3.84 3.89 3.43 4.44 3.66
Phenols and alcohols 8.27 9.91 8.77 8.90 9.09
Acids and esters 16.32 7.29 4.49 5.77 4.84
Aldehydes and ketones 7.49 1.89 2.34 1.87 3.23
Furans 6.52 7.47 6.75 7.16 6.35
Other oxygenated compounds 0.30 1.21 1.12 1.19 0.54

Table 4   Main pyrolysis compounds of P1V2 catalyzed by tungsten and manganese supported MMT

Compound Peak area/%

Tungsten -5% Tungsten -10% Manganese -5% Manganese -10%

MAHs 23.95 21.46 29.98 26.51
PAHs 44.90 49.14 42.88 49.56
Other light hydrocarbons 4.83 4.43 2.45 3.71
Phenols and alcohols 9.97 9.99 6.89 8.21
Acids and esters 5.33 5.13 6.87 3.89
Aldehydes and ketones 1.89 2.26 5.10 0.61
Furans 8.72 7.46 5.56 7.32
Other oxygenated compounds 0.40 0.14 0.27 0.19
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capability in efficiently facilitating the deoxygenation and decarboxylation processes 
of pyrolysis steam, which will greatly enhance the quality and stability of the bio-oil.

The results presented in Table 4 demonstrate that the MMT catalysts supported 
with tungsten and manganese single metals exhibited noteworthy deoxidation 
effects. Catalysts participate in the deoxygenation of highly oxygenated compounds 
to different types of hydrocarbons through deoxygenation pathways such as aldol 
condensation, decarboxylation, decarbonylation, dehydration and Diels − Alder 
reactions [37, 38]. Compared with MMTs containing individual metals such as 
tungsten and manganese, the incorporation of tungsten-manganese bimetallic spe-
cies into MMT catalysts yielded notable effects on the resulting pyrolysis products. 
Specifically, the utilization of tungsten-manganese bimetallic loaded MMT cata-
lysts led to a greater production of MAHs. Bimetallic catalysts exhibit considerable 
promise owing to the synergistic interplay between their acidity and redox char-
acteristics, resulting in enhanced selectivity and stability of the resultant products 
[39, 40]. In this study, tungsten-manganese bimetallic supported MMT significantly 
enhanced the selectivity of MAHs, which also confirmed the advantages of bimetal-
lic catalysts in catalytic pyrolysis. In comparison to single metal catalysts composed 
of tungsten or manganese, bimetallic catalysts consisting of tungsten and manganese 
demonstrated superior skills in achieving equilibrium of MAHs and PAHs. This 
characteristic renders them more desirable for the composition of bio-oil intended 
for potential use as transport fuels [41]. The bimetal active site’s synergistic action 
not only enhances the deoxidation effect of the bimetal catalyst due to their higher 
aromatics selectivity (MAHs and PAHs), but also reduces PAHs selectivity, prevent-
ing active site deactivation and improving catalyst stability [40, 42].

The selectivity of 5-W1M1, 10-W1M1, 15-W1M1 and 20-W1M1 to aromatics 
(MAHs and PAHs) was 68.34%, 73.10%, 70.66% and 72.28%, that is, the sequence 
of catalytic effects on aromatics was as follows: 10-W1M1 > 20-W1M1 > 15-W1
M1 > 5-W1M1, which was the result of tungsten-manganese bimetal converting 
oxygen-containing substances into hydrocarbon compounds, bimetal can promote 
the Diels–Alder reaction and the deoxidation of oxygen-containing aromatic com-
pounds, thereby increasing the yield of aromatic compounds. Under catalytic pyrol-
ysis conditions, MMT with a tungsten-manganese loading of 10 wt% had the highest 
aromatics yield of 73.10%, with MAHs of 40.38%, which may be attributed to two 
factors: On the one hand, higher surface area and pore volume increased the acces-
sibility of the pyrolysis active center; on the other hand, higher acidity increased 
the number of active sites in the catalytic reaction, and more oxygen-containing 
compounds were converted to aromatics via acid catalyzed deoxidation, cleavage, 
and aromatization[28, 32]. The catalytic performance of 5-W1M1 was unsatisfac-
tory, possibly due to its low acidity and inadequate provision of active sites, result-
ing in insufficient deoxidation. The micropore volume of 15-W1M1 (0.07205 cm3/g) 
was significantly greater than that of 20-W1M1 (0.01941 cm3/g). This disparity in 
micropore volume resulted in a larger amount of oxygen-containing compounds 
being unable to facilitate the conversion process. Consequently, this had a negative 
impact on the yield of aromatics. As a result, the selectivity of 20-W1M1 towards 
aromatics was higher than that of 15-W1M1. When the tungsten-manganese loading 
was 15 wt% and 20 wt%, the MAHs yield was significantly reduced to 34.32%, that 
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is, the catalyst with higher metal loading promoted the formation of more PAHs, 
which may be due to the high tungsten-manganese loading resulting in a large loss 
of specific surface area and acid content [43]. Without a doubt, the loading of cat-
alysts plays a pivotal role in both the production and quality of bio-oil. A higher 
quantity of catalysts promotes secondary reactions and influences the development 
of tar, ultimately leading to a decrease in the yield of bio-oil [43, 44].

The findings of this study suggest that a moderate loading of tungsten-manganese 
can enhance the production of MAHs, but an excessive loading of tungsten-manga-
nese can readily increase the formation of PAHs. PAHs are known to possess haz-
ardous and carcinogenic properties. Therefore, it is imperative to exercise stringent 
control over the generation and accumulation of these chemical components during 
the pyrolysis process. The accumulation of coke, resulting from the polymerization 
of oxygen-containing intermediates, often occurs on the catalyst’s external surface. 
In contrast, catalytic coke mostly forms from polycyclic aromatic hydrocarbons 
(PAHs) and is deposited within the catalyst channel [22]. In brief, the incorporation 
of tungsten and manganese elements into the MMT carrier resulted in an increased 
efficacy in eliminating oxygen-containing compounds and promoting the formation 
of hydrocarbons in the bio-oil. This notable deoxidation and selective aromatization 
can be attributed to the balanced presence of Lewis and Brønsted acid sites within 
the catalyst, as well as the heightened hydrogen transfer reaction that occurs dur-
ing pyrolysis [45]. The largest yield of MAHs and the lowest yield of PAHs were 
observed when the tungsten-manganese bimetallic load was 10 wt%, specifically 
referred to as 10-W1M1. Hence, it is deemed appropriate to conduct a more com-
prehensive investigation into the impact of varying tungsten manganese ratios on 
the distribution of P1V2 catalytic products, given a tungsten-manganese bimetallic 
loading of 10 wt%.

Table 5   Structural parameters of catalyst with bimetallic loading ratio

a By Multi-point BET method. b By total pore volume at P/P0 = 0.99. cBy t-plot method. dBy BJH method

Tungsten 
manganese 
ratio

Catalyst abbreviation SBET (m2/g)a Pore volume Average 
aperture 
(nm)dVtotal Vmicro Vmeso

(cm3/g)b (cm3/g)c (cm3/g)c

4:1 10-W4M1 145.56 1.169 0.00817 1.161 25.63
2:1 10-W2M1 163.59 1.175 0.00788 1.167 22.23
1:1 10-W1M1 165.45 1.028 0.00556 1.022 20.70
1:2 10-W1M2 175.28 1.171 0.00561 1.165 20.01
1:4 10-W1M4 177.32 1.106 0.00520 1.101 19.66
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Effect of tungsten‑manganese bimetal loading ratio on pyrolysis performance

Performance analysis of catalysts

Table  5 presents the structural features of MMT catalysts supported by various 
tungsten-manganese ratios, with a tungsten-manganese bimetallic load of 10 wt%. 
In comparison to MMT, the introduction of varying tungsten-manganese bimetallic 
ratios on MMT exhibits a similar effect in reducing the BET surface area and total 
pore volume. With the decrease of tungsten metal loading and the increase of man-
ganese metal loading, the specific surface area of the catalyst increased from 145.56 
m2/g to 177.32 m2/g, and the average pore diameter decreased from 25.63  nm to 
19.66 nm, indicating that manganese is more likely to enter the channels of MMT 
than tungsten.

Figure 3 shows the NH3-TPD spectra of MMT catalysts modified with different 
tungsten-manganese ratios. Table S2 shows the details of the total acid content and 
the content of different acid sites of the catalysts with five different bimetal load-
ing ratios. The process of deoxidizing bio-oil is primarily achieved by a dehydration 
reaction facilitated by an acid catalyst. The effectiveness of this catalyst in deox-
idizing bio-oil can be enhanced by using a transition bimetal in an optimal ratio. 
Metal ions can be dispersed on the internal and external surfaces of the MMT cata-
lyst, or they can be introduced as compensating cations in the MMT structure [46]. 
The introduction of various tungsten-manganese bimetal ratios into MMT catalysts 
resulted in a notable alteration in the overall acid content. Specifically, there was an 
increase in acid levels as a consequence of the interaction between the metal spe-
cies and proton sites located within the catalytic channel or on its surface. When 
the tungsten-manganese load ratio was 1:1 (10-W1M1), the acid content reached the 

Fig. 3   NH3-TPD spectra of MMT catalyst modified by tungsten-manganese ratio (4:1, 2:1,1:1,1:2, and 
1:4)
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highest value (552.37 umol/g). More acidic sites are beneficial for deoxygenation 
reactions, thus more conducive to the formation of aromatic hydrocarbons, this is 
because strong acids and higher overall acidity stimulate catalyst hydrogenation and 
deoxidation, resulting in higher MAHs yields. However, polymerization processes 
are more likely to occur at strong acid sites, producing more PAHs. Therefore, the 
distribution of strong and weak acids in the catalyst impacts the selectivity of MAHs 
and PAHs [47]. Furthermore, achieving increased deoxidation and minimizing char-
ring necessitates the careful management of the quantity and nature of acid sites 
present in the catalyst [41]. Additionally, the acidity balance of MMT is enhanced 
through the application of varying quantities of tungsten-manganese bimetal 
loading.

To determine the status of metal oxides in metal supported catalysts, XPS analy-
sis was performed. The states of manganese oxide and tungsten oxide might be dis-
tinguished using the spectral properties of W 4f, Mn 2p. Figure 4 shows the W 4f, 
Mn 2p spectra curves of the fresh and spent catalyst. Peaks centered at 35.02 and 
642.17 eV were seen in the fresh 10-W1M1. These values corresponded to the fea-
tures of W6+ and Mn4+, confirming the presence of WO3 and MnO2 in the catalyst. 
In the XPS spectrum of spent catalyst, the central binding energy of W increased 
slightly from 35.02 to 35.28 eV, and the density of electron cloud around W metal 
decreased, whereas the band of Mn widened and moved slightly toward the direction 
of low binding energy, and the density of electron cloud around Mn metal increased.

Effect of tungsten‑manganese bimetallic loading ratio on catalytic pyrolysis

To clarify the effect of different tungsten-manganese bimetallic modifications 
of MMT on the formation of pyrolysis products, CFP tests were performed on 
P1V2 at 700  °C on different catalysts, namely 10-W4M1, 10-W2M1, 10-W1M1, 
10-W1M2 and 10-W1M4. The ratio of P1V2 to catalyst was maintained at 1:4. 
Table S3 and Fig. 5 show the product distribution of P1V2 catalytic pyrolysis using 
tungsten-manganese bimetallic supported MMT catalyst. In the scenario where the 
tungsten-manganese concentration remains constant at 10 wt%, alterations in the 

Fig. 4   The tungsten (W) and manganese (Mn) XPS spectra of fresh and spent catalyst (10-W1M1)



1 3

Reaction Kinetics, Mechanisms and Catalysis	

tungsten-manganese ratio would have a substantial impact on the production yield 
of pyrolysis products such as MAHs, PAHs and oxygenated compounds. The data 
shown in Table S3 demonstrates that aromatic hydrocarbons, specifically MAHs and 
PAHs, were the predominant outcomes. This indicates that MMT catalysts, when 
modified with varying proportions of bimetallic compounds, can effectively facili-
tate the manufacture of aromatic compounds with selectivity. The catalyst exhib-
its a notable degree of selectivity towards aromatic hydrocarbons, maybe attributed 
to the interaction between the active metal and the carrier MMT. This interaction 
is believed to induce structural modifications at the corresponding active acid site. 
Ultimately, the combined catalytic action of the two metals leads to a modification 
in the preferential formation of products. It has been substantiated through empiri-
cal research that metals employed as acid catalysts can effectively facilitate decar-
boxylation and decarbonization reactions, thus augmenting the overall production 
of hydrocarbons [48]. Various metal loading ratios displayed distinct variations in 
pyrolysis products, potentially attributable to their inherent acidity and mesoporous 
structure.

Compared with MMT, 10-W4M1, 10-W2M1, 10-W1M1, 10-W1M2 and 
10-W1M4 could significantly promote the production of MAHs, and the yields were 
27.77%, 33.61%, 40.38%, 30.24% and 37.16%. Therefore, the physicochemical fea-
tures of the catalysts were altered by varying the tungsten-manganese bimetallic 
ratios, resulting in distinct catalytic activity seen in the CFP process. By compar-
ing the distribution of P1V2 pyrolysis products using these five different catalysts, 
it can be observed that higher amounts of MAHs and lower amounts of PAHs tend 
to be produced when the tungstan-manganese load ratio was 1:1. The PAHs yield 

Fig. 5   Relative contents of P1V2 catalytic pyrolysis products by MMT supported on different tungsten-
manganese ratio (4:1, 2:1,1:1,1:2, and 1:4) at 700 °C
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of 10-W1M1 catalyst was the lowest (32.72%), while the PAHs yield of 10-W4M1 
catalytic pyrolysis was the highest (44.54%). The low PAHs yield will help suppress 
the formation of coke, thereby reducing catalyst deactivation [49]. The superior 
deoxidation performance of the 10-W1M1 catalyst in the production of MAHs in 
bio-oil samples can be ascribed to its suitable pore structure and the well-balanced 
arrangement of Lewis acid and Brønsted acid sites inside the pores.

The quantification of the aromatics yield was demonstrated in Fig. 6. Benzene 
was found to be the predominant constituent among all aromatic compounds in the 
category of MAHs, while biphenyls were identified as the most prevalent constit-
uents among PAHs. The observation in Fig. 6 reveals that catalysts with varying 
bimetallic loading ratios also yield competitive levels of MAHs and PAHs. The 
study revealed that altering the loading ratio of tungsten-manganese metal dur-
ing the pyrolysis process resulted in the preferential generation of distinct hydro-
carbon compounds within the bio-oil samples. Compared with MMT, 10-W1M2 
and 10-W4M1 significantly inhibited the formation of MAHs and promoted the 
increase of PAHs. As can be seen from Table  S4, when using a tungsten-man-
ganese bimetallic ratio of 1:1, that is, 10-W1M1, MAHs significantly increased, 
while PAHs decreased. The relative content of benzene in aromatic hydrocarbons 
can reach 40.75%, much higher than 29.32% of MMT. The observed phenomenon 
could perhaps be attributed to the influence of the tungsten-manganese bimetal 
on the catalytic hydrogenation capacity of the catalyst, hence facilitating the 
dealkylation process of xylene, toluene, and other aromatic compounds. Accord-
ing to literature report, bimetallic modified catalysts can inhibit the generation of 

Fig. 6   The aromatic hydrocarbon selectivity from the pyrolysis of P1V2 by MMT supported on different 
tungsten-manganese ratio (4:1, 2:1,1:1,1:2, and 1:4)
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MAHs due to their optimized acidity and enhanced hydrogen transfer ability [50]. 
This is consistent with Table S2, where 10-W1M1 exhibited the strongest acidity. 
A significant synergistic effect was seen at a tungsten-manganese ratio of 1:1 (10-
W1M1), resulting in a substantial enhancement of the catalyst’s regulatory effi-
cacy towards MAHs and PAHs. Hence, it can be observed that the utilization of 
a 1:1 ratio of tungsten to manganese in the bimetallic system resulted in a height-
ened level of synergy, thereby enhancing the generation of beneficial MAHs.

Conclusions

This research presents a demonstration of the superior bio-oil deoxidation activ-
ity exhibited by a tungsten-manganese bimetal-supported MMT catalyst dur-
ing the pyrolysis of textile fibers. The utilization of this catalyst significantly 
enhances the quality and stability of the resulting bio-oil. The bimetallic catalyst 
composed of tungsten and manganese exhibited enhanced deoxidation effective-
ness and yielded a comparatively elevated concentration of aromatic hydrocar-
bons. The order of catalytic effect on aromatic hydrocarbons was 10-W1M1 > 
20-W1M1 > 15-W1M1 > 5-W1M1. MMT with a bimetallic load of 10 wt% (10-
W1M1) had the highest aromatics yield of 73.10%, with MAHs of 40.38%, due 
to its higher surface area and higher acidity. When the loading amounts were 15 
wt% and 20 wt%, the yield of MAHs significantly decreased to 34.32%, indicat-
ing that the catalyst with higher metal loading promoted the formation of more 
PAHs. Compared with MMT, 10-W4M1, 10-W2M1, 10-W1M1, 10-W1M2 and 
10-W1M4 could significantly promote the production of MAHs, and the yields 
were 27.77%, 33.61%, 40.38%, 30.24% and 37.16%. The superior deoxidation 
performance of the 10-W1M1 catalyst in the production of MAHs in bio-oil sam-
ples can be ascribed to its well-suited pore structure and the equitable allocation 
of Lewis acid and Brønsted acid sites within the pores. The variation in outcomes 
observed across different catalyst types can be attributed to the distinct physical 
and chemical features resulting from the loading of tungsten-manganese bimetal-
lic compounds. Furthermore, the acid balance and mesoporous structure of cata-
lysts exert an influence on the activity and selectivity of these catalysts.
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