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Highlights 
· Thermal treatment of red mud impacts fast pyrolysis product distribution.
· Total yield of phenols reduced during catalytic vapour upgrading.
· Good selectivity of red mud to furfurals revealed.
· Red mud catalyst facilitates formation of new ketones and sugars.



Abstract
Red mud, a by-product of the Bayer process in the aluminium industry, was applied as a catalyst for in-situ upgrading of vapour products of beechwood fast pyrolysis. Thermal pre-treatment of red mud enhanced the catalytic upgrading effect. Individual oxides (α-Al2O3, Fe2O3, SiO2, and TiO2) co-existing in red mud were also tested for fast pyrolysis upgrading. A biomass/catalyst weight ratio of 1:4 had the strongest catalytic effect on the product distribution. Red mud was found to reduce the yield of phenolic compounds and promote the formation of cellulose-derived furfurals and acetic acid, which can be used for the production of a broad range of chemicals and liquid transportation fuels. α-Al2O3 and Fe2O3 also reduced the yield of phenols, whereas the formation of furfurals was promoted by Fe2O3 and TiO2. SiO2 showed negligible effect on fast pyrolysis vapours. The impact of catalysts on the product distribution is discussed for the product groups, such as phenols, furfurals, and acids, displaying the strongest catalytic effect.
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1. Introduction
Limited resources of fossil fuels have become a great concern in recent years [1]. Abundant and environmentally friendly lignocellulosic biomass is the possible alternative to fossil fuels in the future [2]. Bio-oil is regarded as a viable substitute to petroleum fuel. The production of liquid bio-oil through fast pyrolysis of biomass is considered as one of the promising conversion technologies that offers an alternative way to solve liquid fuel shortage problems [3]. Three main groups of products form during the fast pyrolysis of biomass: non-condensable gases, pyrolysis vapours, and chars. The condensed pyrolysis vapours form the liquid bio-oil is a complex mixture of oxygenated organic compounds derived from the depolymerisation of cellulose, hemicellulose, and lignin, including acids, alcohols, ketones, aldehydes, phenols, ethers, esters, sugars, furans and nitrogen containing compounds. High oxygen content, acidic nature, corrosiveness for common metals, instability and immiscibility with petroleum derived fuels make the bio-oil a low grade liquid fuel [4]. Therefore, it is necessary to upgrade the bio-oil by decreasing the level of undesired oxygenates and converting them into useful products. Several upgrading methods have been developed in recent years. One of the most important methods is the catalytic cracking, which can be applied on pyrolysis vapours as well as on liquid bio-oils. Catalytic upgrading of pyrolysis vapours may be a more desirable approach as instability problems can be avoided [5]. The cracking reactions enhance the decomposition of heavy molecules to lighter molecules and also induce deoxygenation reactions to remove oxygen in the form of H2O, CO, and CO2 [6] to obtain more stable liquid bio-oil with a higher calorific value. 
In addition, bio-oil consists of value added products, which could be the source for various chemicals. During biomass fast pyrolysis, furfural is formed as a typical pyrolytic product from both cellulose and hemicellulose. Furfural is a valuable chemical, which is widely used as an organic solvent and an organic reagent for the production of food additives, medicines, fuel additives and other chemical products. Previous studies have confirmed that the formation of furfurals could be promoted in acid-catalysed pyrolysis, using catalysts such as ZnCl2, MgCl2, CaCl2, Al-MCM-41, and SO42−/MxOy (M = Ti, Zr, Sn) [7-10]. Further, liquid C7 – C15 alkanes can be selectively produced from furfurals by aldol condensation followed by dehydration/hydrogenation over solid bifunctional catalysts (e.g. Pt/SiO2 - Al2O3) [11]. 
Another main component of bio-oil, acetic acid, is an important industrial chemical applied in many industrial processes with a world demand of about 6 million tonnes per year. It is mostly produced by carbonylation of methanol, which accounts for 60 % of the total world acetic acid manufacturing capacity [12]. Among other uses, acetic acid can be utilised for hydrogen production by catalytic steam reforming [13-15].
Phenolic compounds are widely used for the production of resins, and steroids are natural products with pharmaceutical applications. Separation of  steroid [16] and phenol [17] bio-oil fractions has been reported. Several methods have been developed for the recovery of pure chemicals from bio-oils, such as acetic acid and levoglucosan [18, 19]. However, the recovery of pure chemicals from bio-oils is economically unattractive at present, because most of the compounds are present in bio-oils in low concentrations. Utilisation of bio-oils for value-added chemicals requires selective control of biomass pyrolysis pathways to produce specific bio-oils with high contents of target products, known as the selective fast pyrolysis technique. Many studies have been carried out through specific pre-treatment of biomass or catalytic pyrolysis of biomass to increase the content of the target products in bio-oils. For example, levoglucosan and levoglucosenone formation could be facilitated from fast pyrolysis of cellulose or biomass pre-treated with phosphoric acid and Fe3+ ions [20]. The catalytic cracking of pyrolysis vapours with NaOH or Na2CO3 can produce bio-oils rich in acetol, while the application of the Fe2(SO4)3 catalyst favours furfural formation [21]. Besides, for the production of levoglucosan, acetic acid, and monomeric phenols additional studies have been performed [22-24]. However, those entail high production cost, which would have negative impact on the economic viability of the process. Thus, the need for the development of chemically feasible and cost effective catalysts that can facilitate the production of stable pyrolysis oils or valuable chemicals in high yields becomes of great significance.
Red mud (RM) is a solid waste residue of the Bayer process formed after the caustic digestion of bauxite ores during the production of alumina [25]. It is a complex mixture based on oxides such as Fe2O3, Al2O3, TiO2, MgO, CaO and SiO2, also containing minor inclusions of other compounds. The alkaline nature of RM poses significant negative impact on the environment, thus proper disposal of the RM waste is a challenge [26]. Alternative applications of RM can provide significant economic and ecological benefits.
Previously, RM has been considered as unsintered construction material and cementitious material [27, 28] for surface treatment of carbon steel prior to painting [29] and as an adsorbent for the removal of pollutants from solutions [30-33]. In addition, RM can also be employed as a catalyst for pyrolysis of waste plastics [34], for production of valuable chemicals through hydrogenation of naphthalene to tetralin [35, 36], hydrodechlorination of tetrachloroethylene to ethylene [37], and for hydroliquefaction of rye straw [38].
Previously, several oxides were employed as catalysts for the bio-oil upgrading. Torri et al. [39] have investigated the catalytic pyrolysis of pine sawdust over various metal oxides (Fe2O3, CuO, and ZnO) and found that heavy organic compounds were reduced in the final bio-oil. Solid acid 40SiO2/TiO2-SO42- and solid base 30K2CO3/Al2O3-NaOH catalysts have been applied for esterification reactions in bio-oil [40]. Lu et al. [10] have employed three sulphated metal oxides (SO42-/TiO2, SO42-/ZrO2, and SO42-/SnO2) over cellulose fast pyrolysis vapours and found that levoglucosan and hydroxyacetaldehyde were reduced, while 5-methylfurfural, furfural and furan were greatly increased.  Therefore, the RM, which is a mixture of oxides, can be potentially applied as a catalyst for upgrading pyrolysis vapours.	Comment by Kozhevnikov, Ivan: What means 40 and 30 in there catalysts? (e.g 40%SiO2/TiO2-SO42-)
The aim of the study is to explore the red mud as a catalyst for upgrading the beechwood (BW) fast pyrolysis vapour products, looking at the effect of thermal pre-treatment of RM and variation of the BW/RM ratio on product selectivity. Besides the RM, its individual constituent oxides, such as α-Al2O3, Fe2O3, SiO2, and TiO2, were also applied for catalytic cracking of the pyrolysis vapours. This research is therefore related to the co-processing of two waste streams, namely, biomass derived from forestry waste and red mud from bauxite mining. Thus, the utilisation of RM can reduce the amount of solid waste polluting the environment and at the same time provide an economic benefit in the fast pyrolysis process.

2. Materials and experimental techniques
2.1. Materials
In this study, beechwood (BW) was used as the biomass material. Prior to use, the BW was dried at 105oC for 24 h in an oven and further stored in a desiccator. Red mud was obtained from the Chinese Aluminium industry and was thermally treated in the temperature range of 300-950oC. The following RM powders were used for experiments: as received (RM-initial), after calcination at 600oC (RM-600) and 950oC (RM-950). To better understand the catalytic behaviour of red mud, its constituent individual oxides α-Al2O3, Fe2O3, SiO2, and TiO2 (>99.9% purity and micron particle size) were also investigated as catalysts.	Comment by Kozhevnikov, Ivan: Should give a particle size, e.g. 40-100 μm

2.2. Materials characterisation techniques
Elemental analysis of beechwood was performed on a Vario MACRO (Elementar, Germany) cube elemental analyser to identify C, H, N, and O content. Helium was used as the carrier gas. Three measurements were conducted for each sample. The elemental composition of the dried BW was (wt.%) C 45.8 ± 0.8, H 6.1 ± 0.1, and N 0.04 ± 0.005. In this setup, the sulphur content could not be measured, however the typical content of sulphur in lignocellulosic biomass is quite low (< 1 wt.% [41]), and thus, considered as negligible. Oxygen was assumed to be the balance (48.1 wt. %).
Scanning electron microscopy (SEM) in combination with Energy Dispersive 
X-ray analysis (EDX) was used to identify the chemical composition of red mud after its calcination at 950oC for 5 h. Analysis was performed on JEOL JSM-6510 (JEOL, Japan) equipped with INCA ENERGY 250 X-Act elemental analyser (Oxford Instruments, UK). According to SEM/EDX analysis, RM‑950 contained (at.%) Al 18.8, Fe 7.6, 
Si 6.5, Ti 0.9, Ca 0.2, K 0.1, and O 65.8.
The surface area of red mud powders was measured by the Brunauer-Emmett-Teller (BET) nitrogen adsorption method on a 3H-2000PS2 analyser (Beishide Instruments, China) in the static volumetric mode. Three measurements were conducted for each sample. Thermogravimetric analysis (TGA) was performed on a STA 449 F3 Jupiter instrument (Netzsch, Germany) to determine the mass changes of red mud on heating. The analysis was performed under air flowing atmosphere in the temperature range of 25-950 oC with the heating and cooling rate of 10 and 20oC/min, respectively. The TGA data are presented after subtraction of the buoyancy effect. The X-ray powder diffraction patterns were collected before and after experiments on a Bruker D8 Advance diffractometer with Cu-Kα radiation (Bruker AXS, Germany) with a Lynxeye detector at 1o/min scanning speed in the 2θ range of 15-110o. Infrared spectra of all catalysts, fresh and spent after fast pyrolysis experiments, were recorded on an FTIR spectrometer (Agilent technology Cary 600 series, USA).

2.3. Fast pyrolysis analysis (Py-GC/MS)
[bookmark: _Toc432435504][bookmark: _Toc435108628]A CDS Pyroprobe (Py) 5200 pyrolyser (CDS Analytical, USA) in combination with 7890A/5975C gas chromatograph (GC)/mass spectrometer (MS) (Agilent technology, USA) was used to carry out non-catalytic and catalytic fast pyrolysis of BW. The fast pyrolysis of the samples took place in the pyrolyser, where a sample was thermally decomposed into various chemical compounds. The decomposed pyrolysis vapours were mixed in the pyrolysis interface with a helium carrier gas (30 ml/min flow rate) and transferred into the GC/MS system for identification. Each type of experiments (i.e. non-catalytic pyrolysis, catalytic pyrolysis with red mud and individual oxides, different ratio RM/BW) was repeated three times to ensure reproducibility.
The samples were heated with a heating rate of 20°C/ms to 500°C and then pyrolysed at this temperature for 20 s. The fast pyrolysis temperature was chosen to be 500°C, as it was found optimal in the previous work [42]. Helium was used as the carrier gas with a constant flow rate of 1 mL/min and the split ratio 1:50. The chromatographic separation was performed in the HP5MS capillary column (30 m length with 0.25 mm inner diameter). The GC oven temperature ramp was set from 50°C to 300°C with a heating rate of 5°C/min. The interface temperature of the GC/MS was maintained at 250°C and the pressure was set at 10 psi. The transfer line temperature, ion source temperature, and the auxiliary heater temperature of mass spectrometer were set at 150, 230, and 280°C, respectively. The mass spectra were obtained in the range of m/z ratio between 35-400 amu. 
In the non-catalytic pyrolysis experiments, 1 mg of BW was introduced into the quartz tube, packed by a small amount of quartz wool on both sides of the BW. For in-situ catalytic fast pyrolysis (CFP) experiments, biomass was mixed with RM powders in a mortar in weight ratios of 1:1, 1:2, and 1:4 before the mixture was loaded into the quartz tube.
The identification of the compounds in the chromatograms was performed by comparing the mass spectra of the peaks with standard spectra of organic compounds from the NIST library to obtain the most probable matches. The chromatographic peak area of the detected compounds is proportional to its quantity and their peak area percentage in the vapour mixture was used for the quantification. The total peak area of the recorded chromatograms was within the same order of magnitude for all experiments in the present study. In order to understand the changes in the yields of the products, all the detected compounds were classified into twelve groups, including CO2, acids, esters, furfurals, aldehydes, ketones, alcohols, phenols, alkoxybenzenes, sugars and other compounds (OC). Small, unidentifiable peaks were grouped together as the non-identified (NI) compounds. 

3. Results and discussion
3.1. Effect of red mud on beechwood CFP 
Beechwood typically contains 45.8 % cellulose, 31.8 % hemicellulose, and 21.9 % lignin [43]. The major compounds detected during the non-catalytic fast pyrolysis of BW are listed in Table 1. The yields of different groups are presented in Fig. 1. In the non-catalytic fast pyrolysis of BW, phenols were found in the largest yield (23.7 %), followed by acids (16.9 %) and ketones (16.6 %). Furfurals were found in a small yield (3.0 %).	Comment by Kozhevnikov, Ivan: Too many significant figures; I have cut one.

Table 1. Main identified products from non-catalytic fast pyrolysis of beechwood.
	No.
	Retention time	Comment by Kozhevnikov, Ivan: Too many significant figures.
	Compound
	Group

	1
	1.417
	Carbon dioxide
	CO2

	2
	1.552
	Acetaldehyde
	Aldehyde

	3
	1.828
	Ethylenediamine
	a) OC

	4
	2.056
	Acetic acid
	Acid

	5
	2.196
	1-Hydroxy-2-propanone
	Ketone

	6
	3.210
	Succinaldehyde
	Aldehyde

	7
	3.292
	3-Amino-2-oxazolidinone
	Ketone

	8
	3.837
	Furfural
	Furfural

	9
	4.299
	2-Furanmethanol
	Alcohol

	10
	4.474
	5-Hexen-2-one
	Ketone

	11
	4.794
	3-Hydroxycyclohexanone
	Ketone

	12
	5.610
	2(5H)-Furanone
	Ketone

	13
	5.855
	1,2-Cyclopentanedione
	Ketone

	14
	6.572
	5-Methyl-2-furancarboxaldehyde
	Furfural

	15
	7.596
	2-Methyliminoperhydro-1,3-oxazine
	a) OC

	16
	8.443
	3-Methyl-1,2-cyclopentanedione
	Ketone

	17
	9.602
	2-Methylphenol
	Phenol

	18
	9.925
	2-Methoxyphenol
	Phenol

	19
	12.148
	2,3-Dihydroxybenzaldehyde
	Aldehyde

	20
	12.899
	2-Methoxy-4-methylphenol (Creosol)
	Phenol

	21
	14.736
	5-Hydroxymethylfurfural
	Furfural

	22
	15.222
	3-Methoxy-1,2-benzenediol
	Phenol

	23
	15.338
	4-Ethyl-2-methoxyphenol
	Phenol

	24
	16.382
	4-Ethenyl-2-methoxyphenol
	Phenol

	25
	17.560
	2,6-Dimethoxyphenol
	Phenol

	26
	17.810
	3-Hydroxy-4-methoxybenzyl alcohol
	Phenol

	27
	18.913
	4-Hydroxy-3-methoxybenzaldehyde (Vanillin)
	Aldehyde

	28
	20.081
	4-Methoxy-3-(methoxymethyl)phenol
	Phenol

	29
	20.454
	2-Methoxy-4-propenylphenol (Isoeugenol) 
	Phenol

	30
	21.186
	4-Hydroxy-3-methoxyacetophenone (Apocynin)
	Ketone

	31
	22.051
	1,2,3-Trimethoxy-5-methyl-benzene
	b) AB

	32
	22.307
	(+)-s-2-Phenethanamine,1-methyl-N-vanillyl
	Phenol

	33
	23.125
	3′,5′-Dimethoxyacetophenone
	Ketone

	34
	23.987
	4-Allyl-2,6-dimethoxyphenol
	Phenol

	35
	25.509
	4-Hydroxy-3,5-dimethoxybenzaldehyde
	Aldehyde

	36
	25.732
	2-Allyl-1,4-dimethoxy-3-methyl-benzene
	b) AB

	37
	27.171
	1-(4-Hydroxy-3,5-dimethoxyphenyl)ethanone
	Ketone

	38
	27.696
	Tetradecanoic acid
	Acid

	39
	27.998
	Desaspinidol
	Ketone

	40
	29.961
	Pentadecanoic acid
	Acid

	41
	30.292
	Hexadecanol
	Alcohol

	42
	31.668
	Hexadecanoic acid
	Acid

	43
	32.597
	3,5-Dimethoxy-4-hydroxycinnamaldehyde
	Aldehyde

	44
	34.168
	Octadecanol
	Alcohol

	45
	35.28
	Oleic acid
	Acid

	46
	35.696
	Octadecanoic acid
	Acid

	47
	38.568
	2-Ethylhexyl 4-methoxycinnamate
	Ester

	48
	42.352
	Diisooctyl phthalate
	Ester


a) Other compounds. b) Alkoxybenzene. 
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Fig. 1. Effect of red mud on product distribution of beechwood (BW) fast pyrolysis: uncatalysed pyrolysis (BW), untreated red mud (RM-initial), calcined RM at 600oC (RM-600) and 950oC (RM-950); BW/RM = 1:4 w/w; alkoxybenzene (AB); other compounds (OC); non-identified compounds (NI).	Comment by Kozhevnikov, Ivan: Give labels for legend in the inset.


Fig. 2. Product distribution of beechwood CFP with RM-950 at different weight ratios: 1:1, 1:2, and 1:4.

Table 2. New compounds formed in catalytic fast pyrolysis of beechwood with RM-950 catalyst.
	No.
	a) R.T.	Comment by Kozhevnikov, Ivan: Too many significant figures.
	Compound
	Group
	BW:RM-950 weight ratio

	
	
	
	
	1:1
	1:2
	1:4

	1
	4.324
	3-Methyl-4-penten-2-one
	Ketone
	Present
	Present
	---

	2
	4.537
	4-Cyclopentene-1,3-dione
	Ketone
	Present
	---
	---

	3
	5.076
	5,6-Dihydro-2H-pyran-2-one
	Ketone
	---
	Present
	---

	4
	5.151
	2-Acetylfuran
	Ketone
	---
	Present
	---

	5
	5.59
	2-Hydroxy-2-cyclopenten-1-one
	Ketone
	Present
	Present
	---

	6
	5.927
	Dihydro-3-methylene-2,5-furandione
	Ketone
	Present
	Present
	Present

	7
	6.753
	3-Methyl-3-cyclohexen-1-one
	Ketone
	---
	Present
	---

	8
	10.486
	Maltol
	Sugar
	Present
	---
	---

	9
	10.573
	Levoglucosenone
	Sugar
	Present
	Present
	Present

	10
	11.999
	5-Hydroxy-9-oxabicyclo[3,3,1]nonan-2-one
	Ketone
	Present
	---
	Present

	11
	13.003
	6-Hydroxyhexahydrocyclopenta(b)furan-2-one
	Ketone
	Present
	Present
	Present

	12
	14.784
	3,4-Anhydro-d-galactosan
	Sugar
	Present
	Present
	Present

	13
	20.684
	4-n-Propylacetophenone
	Ketone
	Present
	Present
	Present


a) Retention time.


RM powders after thermal pre-treatment at different temperatures were applied as the catalyst for upgrading the beechwood CFP vapour. These include RM-initial, RM-600, and RM-950. The following general trend was observed: a drop in the yield of phenol fraction was accompanied by an increase in the yields of furfurals, acids, and aldehydes (Fig. 1). Other product groups remained either unaffected or showed very small variations in their yields. High temperature pre-treatment of RM clearly makes an impact on the product distribution. The higher the temperature of RM calcination, the stronger the reduction in the phenols yields and the stronger the increase in the yields of furfurals and acids. CO2 elimination from the pyrolysis products in general decreases with the increase in the calcination temperature of RM catalyst, however this effect is within experimental error. The strongest effect was observed with the RM-950. The yields of furfurals and acids increased up to 13.3 % and 22.3 %, respectively, whereas the yield of phenols decreased to 11.8 %. The effect of the catalyst loading on the product distribution is presented in Fig. 2. The highest impact was observed for the BW/RM weight ratio of 1:4. Note that after CFP with red mud, most of the original products were still detected (Table 1), while new ketones and sugars were also formed in small yields (Table 2).
After thermal treatment, the specific surface area of RM powder was found to decrease from 14.1±1.5 m2/g (RM-initial) to 9.9±0.1 m2/g (RM‑950), however the catalytic impact became more intense, which could be associated with phase evolution. XRD analysis indicates that red mud is a multiphase composition (Fig. 3). The AlO(OH) phase significantly dominates in the XRD pattern of RM-initial, although several other phases can also be identified, including α-Fe2O3, TiO2 (anatase), SiO2, and hydrous aluminium silicates (kaolinite). Several phase transitions associated with the thermal stability of hydrous aluminium silicates and AlO(OH) occur in red mud during heating to 950°C. The RM-950 powder contains α-Al2O3, SiO2, α-Fe2O3, and TiO2. XRD data are in a good agreement with the TGA/DSC results shown in Fig. 4. The gradual weight loss during heating to about 250oC is associated with desorption of physisorbed water. The significant weight loss in the range of 250-350oC and 475-572oC accompanied by exothermic peaks could be attributed to the release of chemically absorbed water [44] from aluminium silicates and the transformation of AlO(OH) to the more stable α-Al2O3 phase with corundum structure.
The XRD and TGA results indicated low chemical stability of AlO(OH) at intermediate temperatures. Therefore, phase transitions in RM-initial would be likely to occur during BW CFP at 500oC. 


Fig. 3. XRD patterns of red mud: untreated (RM-initial) and after calcination at 600oC (RM-600) and 950oC (RM-950) for 5 h.

The XRD patterns of RM-initial before and after CFP were found to be very similar (supporting information, Fig. S1). The IR-spectra of RM-initial after CFP of BW shows only a partial disappearance of bands at 3446 cm-1 and 3528 cm-1 associated with vibrations of OH groups in AlO(OH) phase (supporting information, Fig. S2). This indicates that a longer exposure time of RM-initial at 500oC is required for complete transformation of AlO(OH) to another phases. The XRD patterns and IR spectra of RM-950 were very similar before and after CFP (supporting information, Figs. S1 and S2).



Fig. 4. TGA/DSC curves of RM-initial under air in the temperature range of 25-900oC.

To better understand the catalytic effect of RM, the RM constituent oxides (α-Al2O3, Fe2O3, SiO2, and TiO2) were also tested in the CFP of beechwood. It was found that after CFP with α-Al2O3, Fe2O3, SiO2, and TiO2, the distribution of the pyrolysis products was significantly affected (Fig. 5). In general, Fe2O3 and α-Al2O3 had an effect on the pyrolytic products, increasing the formation of CO2 and furfurals, whilst decreasing the yield of phenols. TiO2 also promoted the formation of furfurals, whereas aldehyde formation was promoted by all these oxides. Overall, the acid yield was not altered by all individual oxides constituting red mud. XRD patterns and IR spectra of all individual oxides were recorded before and after CFP of beechwood (supporting information, Figs. S3 and S4).
The catalytic effect of the applied catalysts (RM-950 and individual oxides with the BW/catalyst ratio of 1:4 w/w) will be further discussed for the most highly affected groups of compounds.
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Fig. 5. Product distribution for CFP of beechwood (BW) with α-Al2O3, Fe2O3, SiO2, and TiO2 in 1:4 weight ratio.

3.2. Catalytic effect on the distribution of phenolic compounds
The decomposition of lignin primarily generates various phenolic compounds [45]. These phenolic compounds are considered to be responsible for the high molecular weight and high viscosity of bio-oils. Therefore, cracking of the primary phenolic products to lighter derivatives is necessary for improvement of the bio-oil properties. 

Fig. 6. Catalytic effect on the distribution of some phenolic compounds.
As shown in Figs. 1 and 5, the overall phenolic content is significantly reduced with RM and Fe2O3. In contrast, α-Al2O3, SiO2 and TiO2 had little impact on the reduction of phenolic compounds. However, the application of these catalytic materials showed a different upgrading effect on the yields of identified compounds within the group, as shown in Fig. 6 and Fig. S5. The yields of 4-ethenyl-2-methoxyphenol, 2,6-dimethoxyphenol, 4-methoxy-3-(methoxymethyl)phenol and 4-allyl-2,6-dimethoxyphenol were greatly reduced during CFP with RM (Fig. 6). Except for 4-ethenyl-2-methoxyphenol, the rest of the affected compounds contain two methoxy groups in their side chains. The impact of Fe2O3 on these four phenolic compounds was similar to the impact of RM. This indicates that the catalytic properties of RM are similar to those of Fe2O3 for phenolic compounds, in spite of the red mud containing noticeably lower fraction of iron oxide (7.6 at.%). The reduction of phenolic compounds in CFP showed that the application of the catalysts inhibited the devolatilisation of lignin, as reduction in the total yield was observed without any obvious transformations between compounds within this group. On the other hand, re-polymerisation reactions associated with transformation of pyrolysis vapours with phenolic motive to chars [46] cannot be completely ruled out.	Comment by Kozhevnikov, Ivan: This is not clear, perhaps can be excluded.

3.3. Catalytic effect on the distribution of furfural compounds
Cellulose, in which D-glucose units are linked by β-1,4-glycosidic bonds, starts its decomposition at lower temperatures than lignin, forming various products, including furfurals. Three furfurals are formed during the fast pyrolysis of BW (Fig. 7). The yield of furfurals increased significantly with RM-initial and RM-950 (RM/BW ratio 1:1 w/w), and it also increased with increasing RM/BW ratio (Fig. 2). The yields of furfural, 5-methylfurfural, and 5-hydroxymethylfurfural (5-HMF) increased up to 8.89%, 3.08%, and 1.29%, respectively (Fig. 7), indicating good selectivity of RM to furfurals and efficien depolymerisation reaction through selective cleavage of specific C–C or C–O bonds in glucose molecules. Furfurals, the dehydration products of fructose, were also promoted by Fe2O3 and TiO2, indicating their good furfural selectivity. The results clearly indicate that red mud, Fe2O3 and TiO2 promote the dehydration reactions of the depolymerisation products of cellulose. The peak area percentage of furfurals was increased steadily to 7.88% and 7.08%  for  Fe2O3  and  TiO2  respectively. 
The possible pathways for the conversion of cellulose to furfurals are presented in Fig. 8. The dehydration of fructose is required for the production of 5-HMF. 5-HMF could be converted to 5-methylfurfural and furfural by fragmentation as shown in Fig. 8c. Fe2O3 and TiO2 behave similarly to the red mud with respect to furfural formation. However, for RM-950, containing 7.6 at.% iron and around 1 at.% titanium the overall increase in furfurals yield was almost 2 times higher than for Fe2O3 and TiO2 oxides. Despite Al2O3 and SiO2 barely facilitate furfurals formation (Fig. 5), their acidic nature should be taken into consideration as acid sites can catalyse the decomposition of cellulose into furfurals.


Fig. 7. Catalytic effect on the distribution of furfurals. 
(a)


(b)


(c)


Fig. 8. Possible reaction pathways for the conversion of cellulose to 5-HMF [47] (a); 
dehydration of hexoses [48] (b); and transformation of 5-HMF into furfural and 5-methylfurfural (c).



3.4. Catalytic effect on the distribution of acidic compounds
Fast pyrolysis of beechwood primarily produced acetic acid and hexadecanoic acid (Fig. 9). Full list of the identified acids is presented in the supported information (Fig. S6). Acetic acid is known to be mainly formed from the deacetylation of acetyl groups in hemicellulose during fast pyrolysis of BW [49]. The yield of acetic acid was found to increase with RM catalyst, reaching 20.2%. Individual oxides also favoured acetic acid formation, however, their effect was not as strong as with the red mud. The red mud increased noticeably the yield of acetic acid, while decreasing the yield of hexadecanoic acid (Fig. 9). The change in the yield of acetaldehyde in CFP is also presented in Fig. 9 for comparison.
Cracking of hexadecanoic acid at 500oC into acetic acid and alkene compounds followed by oxidation of alkene into acetaldehyde (Fig. 10) could contribute to the observed increase of yield. A fraction of the produced acetaldehyde could be further transformed by oxidation into acetic acid. The proposed pathway correlates with the increase in the yield of acetaldehyde. One mole of hexadecanoic acid produces one mole of acetic acid and seven moles of alkene. Therefore, the increase of acetic acid and acetaldehyde yields could be in favour of less decrease in hexadecanoic acid yield. In addition, one cannot rule out that the observed decrease in the phenols yield is associated with their

Fig. 9. Catalytic effect on the distribution of acetic acid, hexadecanoic acid, and acetaldehyde.


Fig. 10. Possible reaction pathway for transformation of hexadecanoic acid into acetic acid and acetaldehyde.
conversion to acetic acid through a series of consequtive and parallel reactions. Previously, it was found that phenols could decompose into acetic acid and other acids in the presence of catalysts [50].	Comment by Kozhevnikov, Ivan: I suggest to exclude the text highlighted in green about the hexadecanoic acid. It does not look good.
Acids are not generally considered as desirable compounds in the liquid bio-oil. However, acetic acid is important organic volatile product, which is applied in many industrial processes, and can be recovered as a by-product from the pyrolytic liquid. 

3.5. Catalytic effect on the distribution of ketonic compounds
1-Hydroxy-2-propanone, 1,2-cyclopentanedione, 3',5'-dimethoxyacetophenone and 1-(4-hydroxy-3,5-dimethoxyphenyl)ethanone were the most abundant ketones in the non-catalytic fast pyrolysis of beechwood (Fig. 11). The full list of the identified ketones is presented in the supported information (Fig. S7). There was no significant effect of catalysts on the overall yield of ketones in CFP of BW: 16.6 % for the BW alone and 15.4 % for the BW with RM-950 (Fig. 1). α-Al2O3, Fe2O3, SiO2, and TiO2 also showed a moderate effect on the overall ketone yield in CFP. However, the yields of some specific ketones were altered during the catalytic upgrading of pyrolysis vapour (Fig. 11), whilst some new ketones in minor quantities below 1 % were formed (Table 2 and Table S1). The yield of 3',5'-dimethoxyacetophenone was reduced by all catalysts, in particular by RM-950 and Fe2O3. All the catalysts had small effect on the yield of 1-(4-hydroxy-3,5-dimethoxyphenyl)ethanone, while the yield of 1,2-cyclopentanedione barely increased. α-Al2O3 and SiO2 specifically favoured the formation of 1-hydroxy-2-propanone. 
 
Fig. 11. Catalytic effect on the distribution of selected ketones.

4. Conclusions
Red mud (RM) was employed as the catalyst for the fast pyrolysis of beechwood (BW). Thermal pre-treatment of red mud at 950oC (RM-950) was found to be effective for BW pyrolysis vapours upgrading, as at this temperature all unstable phases, such as AlO(OH) and hydrous aluminium silicates, transformed into more stable phases, resulting in a higher selectivity of pyrolysis products upgrading. BW/RM-950 weight ratio 1:4 was found to be the optimum pyrolysis condition. In this system the yields of furfurals and acetic acid increased to their highest values and the fraction of phenols almost halved. Cellulose decomposition into furfurals was significantly promoted in the catalytic fast pyrolysis with RM-950 as well as with individual constituent oxides Fe2O3 and TiO2. Phenols and ketones with two methoxy groups in their side chains underwent strong conversions during catalytic fast pyrolysis with RM-950 and Fe2O3. The reduction in phenolic content can improve the quality of bio-oil in terms of its calorific value and lower viscosity.	Comment by Kozhevnikov, Ivan: This (marked green) is not needed in conclusion.
The potential application of red mud as a catalyst and a schematic overview of processes occurring during catalytic fast pyrolysis are presented in Fig.12. The reduction in the total yield of phenols is related to the low molecular weight and lower viscosity of pyrolytic liquid. The conversion of higher molecular weight ketones into lower molecular weight and new ketones could further improve the heating value of the pyrolytic liquid. Both transformations are important for obtaining high quality bio-oil. Furfural is widely used for the production of chemicals and can also be further converted in liquid transportation fuels [11, 51]. The recovery of furfural and acetic acid from bio-oil can be considered as a platform for the production of a broad range of chemicals. The composition of red mud can be further optimised for targeted production of valuable chemicals.
BW fast pyrolysis with RM-950, α-Al2O3, Fe2O3, SiO2, and TiO2



	
Decreased Phenols
Increased Acetaldehyde

Increased Acetic acid
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Fig. 12. Catalytic impact on fast pyrolysis products. 	Comment by Kozhevnikov, Ivan: Fig. 12 does not look catchy, nor does it give any new information. 
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BW	0.67030142473367837	1.8073048688278808	4.188078318274388E-2	0.48642642472080871	0.43392856554967707	0.10288828893513542	0.13636796626122366	0.98992064777379429	3.7187214051188099E-2	0	0.47805741170793337	2.2713682122358625	0.67030142473367837	1.8073048688278808	4.188078318274388E-2	0.48642642472080871	0.43392856554967707	0.10288828893513542	0.13636796626122366	0.98992064777379429	3.7187214051188099E-2	0	0.47805741170793337	2.2713682122358625	CO2	Acid	Ester	Furfural	Aldehyde	Ketone	Alcohol	Phenol	Alkoxy benzene	Sugar	Other	NI	15.073	16.940333333333331	0.20699999999999999	3.028	7.1410000000000009	16.564999999999998	1.4353333333333331	23.700666666666667	1.4923333333333335	0	5.1976666666666658	9.2193333333333332	α-Al2O3	0.88686952566629274	1.0169370132357709	0	0.16318973279250426	0.17776826363430465	0.49905599774863807	0	0.26580736550283085	4.0925406398579584E-2	0	0.19046667833391606	0.59572159791484958	0.88686952566629274	1.0169370132357709	0	0.16318973279250426	0.17776826363430465	0.49905599774863807	0	0.26580736550283085	4.0925406398579584E-2	0	0.19046667833391606	0.59572159791484958	CO2	Acid	Ester	Furfural	Aldehyde	Ketone	Alcohol	Phenol	Alkoxy benzene	Sugar	Other	NI	20.302333333333333	17.043333333333333	0	4.9586666666666668	11.449333333333334	17.610666666666663	0	17.715333333333334	1.5776666666666668	0	7.3836666666666666	1.9583333333333333	Fe2O3	0.52210875835936288	0.84208563829471617	0	9.01011776960884E-2	0.30578242083038276	0.14354325712713492	1.1115554667022055E-2	0.86967005237618533	7.6843274844900278E-2	2.9679772386069423E-2	0.16933595798490872	0.6421040068053977	0.52210875835936288	0.84208563829471617	0	9.01011776960884E-2	0.30578242083038276	0.14354325712713492	1.1115554667022055E-2	0.86967005237618533	7.6843274844900278E-2	2.9679772386069423E-2	0.16933595798490872	0.6421040068053977	CO2	Acid	Ester	Furfural	Aldehyde	Ketone	Alcohol	Phenol	Alkoxy benzene	Sugar	Other	NI	24.740666666666669	15.496666666666668	0	7.8846666666666669	11.054666666666668	15.051	0.44533333333333336	11.549999999999999	1.4936666666666667	0.3056666666666667	6.5049999999999999	5.4716666666666676	SiO2	1.106275834601038	1.2693400735115157	0	2.993697082575689E-2	0.13408040705321375	0.67906128016712997	1.6062378404209026E-2	1.454081840887917	9.0827064003828437E-2	0	0.24042878363457182	0.37112471698278959	1.106275834601038	1.2693400735115157	0	2.993697082575689E-2	0.13408040705321375	0.67906128016712997	1.6062378404209026E-2	1.454081840887917	9.0827064003828437E-2	0	0.24042878363457182	0.37112471698278959	CO2	Acid	Ester	Furfural	Aldehyde	Ketone	Alcohol	Phenol	Alkoxy benzene	Sugar	Other	NI	15.349666666666666	17.062666666666669	0	4.0423333333333327	10.051333333333334	19.104333333333333	0.61599999999999999	20.029	1.6316666666666668	0	7.8380000000000001	4.2743333333333338	TiO2	0.52046923273352352	2.4901182033523206	0	0.17380129139016448	0.47550557889004391	0.8556989345947944	1.2391753530294057E-2	1.1540684555085967	0.15155710328307123	0	0.29273461625772179	0.54802007262508123	0.52046923273352352	2.4901182033523206	0	0.17380129139016448	0.47550557889004391	0.8556989345947944	1.2391753530294057E-2	1.1540684555085967	0.15155710328307123	0	0.29273461625772179	0.54802007262508123	CO2	Acid	Ester	Furfural	Aldehyde	Ketone	Alcohol	Phenol	Alkoxy benzene	Sugar	Other	NI	13.432333333333332	16.840000000000003	0	7.0463333333333331	9.2236666666666665	16.670999999999999	0.47533333333333339	19.791999999999998	1.7466666666666668	0	7.0216666666666656	7.75	


BW	0.14233996861973328	0.23472584481096717	0.20000666655555904	0.45773451791282765	0.14233996861973328	0.23472584481096717	0.20000666655555904	0.45773451791282765	4-Ethenyl-
2-methoxy	
phenol	 2,6-
Dimethoxy	
phenol
	4-Methoxy-
3-(methoxymethyl)	
phenol	4-Allyl-
2,6-dimethoxy	
phenol	2.3049999999999997	4.6553333333333331	4.6260000000000003	6.6273333333333335	BW:RM-950	0.06	0.08	0.09	0.27	0.06	0.08	0.09	0.27	4-Ethenyl-
2-methoxy	
phenol	 2,6-
Dimethoxy	
phenol
	4-Methoxy-
3-(methoxymethyl)	
phenol	4-Allyl-
2,6-dimethoxy	
phenol	1.24	1.18	2.35	3.21	BW:Al2O3	0.20826638924437346	0.10733850919197435	5.8659090419890682E-2	4.9443570529105689E-2	0.20826638924437346	0.10733850919197435	5.8659090419890682E-2	4.9443570529105689E-2	4-Ethenyl-
2-methoxy	
phenol	 2,6-
Dimethoxy	
phenol
	4-Methoxy-
3-(methoxymethyl)	
phenol	4-Allyl-
2,6-dimethoxy	
phenol	2.0746666666666669	2.4643333333333337	4.1053333333333333	6.0330000000000004	BW:Fe2O3	7.6386444405332057E-2	0.15215416158912295	0.24299382708208983	0.24864477115399403	7.6386444405332057E-2	0.15215416158912295	0.24299382708208983	0.24864477115399403	4-Ethenyl-
2-methoxy	
phenol	 2,6-
Dimethoxy	
phenol
	4-Methoxy-
3-(methoxymethyl)	
phenol	4-Allyl-
2,6-dimethoxy	
phenol	1.2786666666666668	0.97266666666666668	2.0419999999999998	4.0586666666666664	BW:SiO2	0.13203282420166082	0.24072436981373979	0.15977970946135669	0.71936746906956195	0.13203282420166082	0.24072436981373979	0.15977970946135669	0.71936746906956195	4-Ethenyl-
2-methoxy	
phenol	 2,6-
Dimethoxy	
phenol
	4-Methoxy-
3-(methoxymethyl)	
phenol	4-Allyl-
2,6-dimethoxy	
phenol	2.0419999999999998	3.465666666666666	4.5226666666666659	6.0906666666666673	BW:TiO2	0.2486925813127526	0.34198537980445859	0.14599162837490209	0.41962708312129798	0.2486925813127526	0.34198537980445859	0.14599162837490209	0.41962708312129798	4-Ethenyl-
2-methoxy	
phenol	 2,6-
Dimethoxy	
phenol
	4-Methoxy-
3-(methoxymethyl)	
phenol	4-Allyl-
2,6-dimethoxy	
phenol	3.0310000000000001	2.1869999999999998	4.1503333333333332	5.8603333333333332	
Area %


BW	0.20960650965294081	0.13199579117869153	0.21301173676584115	0.20960650965294081	0.13199579117869153	0.21301173676584115	Furfural	5-Methyl
furfural	5-(Hydroxymethyl)
furfural	1.797666666666667	0.92933333333333346	0.30099999999999999	BW:RM-950	0.14000000000000001	0.14000000000000001	0.12	0.14000000000000001	0.14000000000000001	0.12	Furfural	5-Methyl
furfural	5-(Hydroxymethyl)
furfural	8.89	3.08	1.29	BW:Al2O3	0.13147707869519396	8.8031559997284806E-2	0	0.13147707869519396	8.8031559997284806E-2	0	Furfural	5-Methyl
furfural	5-(Hydroxymethyl)
furfural	3.7093333333333334	1.2493333333333334	0	BW:Fe2O3	0.18115248334544656	0.13532430183328734	0.12849902723367182	0.18115248334544656	0.13532430183328734	0.12849902723367182	Furfural	5-Methyl
furfural	5-(Hydroxymethyl)
furfural	4.9026666666666667	2.036	0.94600000000000006	BW:SiO2	9.6724120856979193E-3	2.699382645470387E-2	0	9.6724120856979193E-3	2.699382645470387E-2	0	Furfural	5-Methyl
furfural	5-(Hydroxymethyl)
furfural	2.8783333333333334	1.1639999999999999	0	BW:TiO2	0.1498287911806894	0.12676049156666402	0.15882974812323031	0.1498287911806894	0.12676049156666402	0.15882974812323031	Furfural	5-Methyl
furfural	5-(Hydroxymethyl)
furfural	4.6369999999999996	1.1476666666666666	1.2616666666666667	
Area %


BW	0.68566091392822526	0.44361319487439221	1.4505737562158711	0.68566091392822526	0.44361319487439221	1.4505737562158711	Acetic
 acid	Acetaldehyde	Hexadecanoic 
acid	10.427333333333332	3.1980000000000004	3.8873333333333338	BW:RM-950	5.0999999999999996	0.99159277035597126	0.8	5.0999999999999996	0.99159277035597126	0.8	Acetic
 acid	Acetaldehyde	Hexadecanoic 
acid	20.2	9.5773333333333337	1.86	BW:Al2O3	7.1088364417501548E-2	0.20129745817239392	0.81800787825600374	7.1088364417501548E-2	0.20129745817239392	0.81800787825600374	Acetic
 acid	Acetaldehyde	Hexadecanoic 
acid	13.785333333333334	7.669999999999999	2.5446666666666666	BW:Fe2O3	0.7360991781003432	0.23540933616905627	0.86783114076926726	0.7360991781003432	0.23540933616905627	0.86783114076926726	Acetic
 acid	Acetaldehyde	Hexadecanoic 
acid	12.286999999999999	9.2896666666666672	2.170666666666667	BW:SiO2	0.77861600862613134	0.32169999827306334	0.3462622641229573	0.77861600862613134	0.32169999827306334	0.3462622641229573	Acetic
 acid	Acetaldehyde	Hexadecanoic 
acid	12.974333333333334	6.0806666666666667	2.7906666666666666	BW:TiO2	0.18512398247900971	0.29944541331527458	1.4368300757802468	0.18512398247900971	0.29944541331527458	1.4368300757802468	Acetic
 acid	Acetaldehyde	Hexadecanoic 
acid	11.952333333333334	6.5123333333333333	2.996	
Area %


BW	0.27405271188019464	4.7391982444291152E-2	0.44001085845187987	0.16615320908393219	0.27405271188019464	4.7391982444291152E-2	0.44001085845187987	0.16615320908393219	 1-Hydroxy-
2-propanone	
	1,2-Cyclo
pentane	
dione	3′,5′-Dimethoxy
aceto	
phenone	1-(4-Hydroxy-3,5-
dimethoxyphenyl)	
ethanone	4.3873333333333333	2.38	4.325333333333333	1.3556666666666668	BW:RM-950	0.14000000000000001	0.22	0.17	0.1	0.14000000000000001	0.22	0.17	0.1	 1-Hydroxy-
2-propanone	
	1,2-Cyclo
pentane	
dione	3′,5′-Dimethoxy
aceto	
phenone	1-(4-Hydroxy-3,5-
dimethoxyphenyl)	
ethanone	2.4300000000000002	3.1	2.42	0.48	BW:Al2O3	0.30945220417160818	6.6614979963635482E-2	8.8578903934414546E-2	8.6503692920527286E-2	0.30945220417160818	6.6614979963635482E-2	8.8578903934414546E-2	8.6503692920527286E-2	 1-Hydroxy-
2-propanone	
	1,2-Cyclo
pentane	
dione	3′,5′-Dimethoxy
aceto	
phenone	1-(4-Hydroxy-3,5-
dimethoxyphenyl)	
ethanone	5.4119999999999999	2.4923333333333333	3.6773333333333333	0.92166666666666652	BW:Fe2O3	2.2226110770892989E-2	7.3322726505649222E-2	0.10379573958287289	6.542850211405489E-2	2.2226110770892989E-2	7.3322726505649222E-2	0.10379573958287289	6.542850211405489E-2	 1-Hydroxy-
2-propanone	
	1,2-Cyclo	
pentane
dione	3′,5′-Dimethoxy
aceto	
phenone	1-(4-Hydroxy-3,5-
dimethoxyphenyl)	
ethanone	2.9609999999999999	2.6026666666666665	2.444666666666667	0.94633333333333336	BW:SiO2	0.13324747235459633	6.2622324737712731E-2	0.30030983999862548	0.21589555087793955	0.13324747235459633	6.2622324737712731E-2	0.30030983999862548	0.21589555087793955	 1-Hydroxy-
2-propanone	
	1,2-Cyclo
pentane	
dione	3′,5′-Dimethoxy
aceto	
phenone	1-(4-Hydroxy-3,5-
dimethoxyphenyl)	
ethanone	5.4063333333333334	2.7773333333333334	3.629	0.98566666666666658	BW:TiO2	0.18624953392931992	0.10940546401142648	0.46498052527916639	0.12869343417595167	0.18624953392931992	0.10940546401142648	0.46498052527916639	0.12869343417595167	 1-Hydroxy-
2-propanone	
	1,2-Cyclo
pentane	
dione	3′,5′-Dimethoxy
aceto	
phenone	1-(4-Hydroxy-3,5-
dimethoxyphenyl)	
ethanone	3.5346666666666664	2.3476666666666666	3.8353333333333333	1.4410000000000001	
Area %
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