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fractionation by means of a microwave-assisted, acid-catalysed, organosolv process

T. Li*, J. Remén™*, Z. Jiang®, V.L. Budarin®, J. H. Clark®*.

*Green Chemistry Centre of Excellence, University of York, Department of Chemistry,
Heslington, York, YO10 5DD, UK

’Key Laboratory of Green Chemistry and Technology, Ministry of Education, College of
Chemistry, Sichuan University, Chengdu, Sichuan 610064, China.

*Corresponding authors:

james.clark@york.ac.uk (James H. Clark)

javier.remonnunez@york.ac.uk (Javier Remon)

Abstract

This work addresses a novel microwave-assisted, acid-catalysed, organosolv (EtOH/H,0)
system for the selective fractionation of bamboo, examining the effects of the temperature
(110-190 °C), solvent system (EtOH/H,0) and catalyst amount (0-5 vol.% formic acid) on
the process. The statistical analysis of the results revealed that the operating variables have a
significant influence on bamboo fractionation, allowing the selective production of i) a
cellulose-rich solid fraction, ii) a hemicellulose rich water-soluble fraction and iii) a lignin
rich solid fraction. The yields of each of these fractions varied between 51-94%, 2-23% and
2-32%, respectively. Increasing temperature exerted a positive effect on bamboo
decomposition, increasing the overall bamboo conversion and influencing the effect that the
solvent system (EtOH/H,O) has on the process. At low temperature (110 °C) the solvent
system does not have much influence, while a synergetic interaction between EtOH and H,O
took place at higher temperatures, which allowed better results to be obtained with
EtOH/H,O mixtures than with the pure solvents alone. The effect of the catalyst was
relatively weak, being greatest when using a high temperature (190 °C) and high proportions
of water (>85 vol.%) in the solvent system. With respect to the properties of each fraction,
the cellulose rich solid fraction was made up of un-reacted cellulose (44-83 wt.%),

hemicellulose (0-21 wt.%) and lignin (12-34 wt.%); the water-soluble hemicellulose rich
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fraction consisted of a mixture of oligomers, sugars, carboxylic acids, ketones and furans;
and the solid rich lignin fraction comprised high purity (>95 wt.%) organosolv lignin. The
optimisation of the process revealed that by using a temperature of 190 °C, a solvent system
consisting of 45 vol.% EtOH and 55 vol.% H,O with a concentration of formic acid of 5 vol.%
it is possible to fractionate bamboo into a high purity (84 wt.%) cellulose solid fraction, very
pure (>95%) organosolv lignin and a rich water-soluble hemicellulose fraction consisting of a
mixture of oligomers (27 wt.%), sugars (56 wt.%) and carboxylic acids (14 wt.%); thus
converting this process into a very promising method for the selective fractionation of

bamboo.

Keywords: microwaves, bamboo, organosolv, biomass fractionation, value-added products

Highlights (85 characters including spaces)

- Microwave-assisted bamboo fractionation into cellulose, hemicellulose and lignin

- Analysis and optimisation of the temperature, EtOH/H,O system and catalyst amount

- Synergetic effect between EtOH & H,O during bamboo fractionation at high temperature

- Optimum conditions for bamboo fractionation: 190 °C, 45% EtOH/H,O and 5 vol.%

HCOOH
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1. Introduction

Throughout the world new policies to mitigate global climate change have led researchers to
seek new processes, alternative renewable materials and more sustainable strategies to
replace the current petroleum-based energy industry with a greener and more
environmentally-friendly energy market. As part of this, the bio-refinery concept is gaining
increasing attention, as biomass is the only renewable source of carbon that can be converted
into gas, liquid and solid products [1]. Unfortunately, the development of a lignocellulosic
biorefinery has received some criticism, since energy and chemical production in this way
could affect the food supply and total forestry area. To overcome this issue, researchers are

looking for fast growing and low “food-conflict” biomasses.

Among all the potential biomass feedstocks, bamboo is regarded as an excellent candidate.
Bamboo is a big wooden plant large, which is widely distributed in subtropical temperature
zones around the world (latitudes from 46°N to 47°S) [2]. As one of the fastest growing
woody plants, bamboo can grow at a rate of 30-60 cm/day to 15-40 m with a culm diameter
of 30 cm [2, 3]. Due to its fast-growing property, bamboo generally could produce a higher
yield of biomass than other common crops [4]. Typically, bamboo contains 37-47 wt.%
cellulose, 15-30 wt.% of hemicellulose and 18-31 wt.% lignin, depending on the species [4].
In the past, bamboo was widely cultivated in Asian countries and used as a raw material for
food, handicrafts, paper and construction. In recent years, bamboo has shown a huge potential
to be used for the production of biofuel and other value-added chemicals via bioconversion

[4-7].
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Bioconversion is believed to be one of the most attractive methods for lignocellulosic
biomass utilisation [8, 9]; enzymes and bio-catalytically active cells (fermentation) being the
two pathways commonly employed [10]. This biotechnology is mainly used for bioethanol,
biodiesel, biobutanol, methane and fine chemicals production [11]. In the past few years,
bioconversion technology has undergone dramatic growth, which has increased the attention
of researchers and industry. Nevertheless, the intrinsic complexity of biomass hampers the
development of this technology, and more research is needed. In particular, within the
lignocellulosic biomass structure, cellulose and hemicellulose are intimately associated with
lignin in the cell wall, and part of the cellulose is in crystalline status. This hinders enzymes
and microbes from achieving biomass digestion and, therefore, the pre-treatment of biomass
for its selective fractionation into its main constituents (cellulose, hemicellulose and lignin) is

still a challenge.

In the midst of the different strategies for biomass fractionation, the use of water/organic
solvent (organosolv) processes is gaining increasing attention. Several works have been
conducted with rice straw [12], cotton stalk [13], wheat straw [14-16], hemp hurds [17, 18],
corncob [19, 20], maple wood [21], reed [22], corn stover [23] and bamboo [24, 25]. This
route is well known for its higher efficiency in removing lignin under acidic condition than
other processing methods. Organosolv systems can be classified into two categories: pure
organic (simple) and aqueous-organic solvent (multiple) systems. In general, aqueous-organic
systems perform better than single solvent systems [26, 27]. The multiple systems consist of
a nucleophile agent (H,O, in the vast majority of the cases, to react with the activated
linkages in biomass) and an organic solvent to help dissolve the liberated fragments [20].
This water/organic mixture has a significant influence on biomass depolymerization kinetics

and thermodynamics, which affects not only the solubility of biomass but also the dissolution
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of biomass-derived products. This is of particular interest for the solubilisation of lignin
which has both nonpolar and polar functional groups [28]. In addition, a homogeneous acid
catalyst is used in some cases to increase the kinetics of biomass depolymerization in

organosolv systems and, therefore, help increase the overall efficiency of the process.

Regarding the organic compounds used in H,O/co-solvent systems, alcohols are the most
commonly used as they have a low boiling point and can efficiently fractionate biomass into
relatively high purity lignin and cellulose for further applications [29]. In particular, Hu et al.
[30] regarded the H,O/ethanol organosolv system catalysed by oxalic acid as one of the
greenest co-solvent systems for biomass fractionation. They reported that by using this
orgnaosolv system and employing a temperature of 140°C and a pressure of 2MPa for 1h, it
was possible to recover 88 wt.% of the hemicellulose and 89 wt.% of the lignin present in
corn stover, the cellulose remaining in the solid residue. Quignard et al. [16] worked on the
extraction of lignin from wheat straw by using a HyO-ethanol organosolv system at 160°C for
2h, examining the effect of different homogeneous Lewis acidic catalysts, such as FeCly,
CuCly, FeCls, Ga(OTf)s, and ZrOCl, It was found that lignin extraction was related to the
acidity of the catalyst, with a maximum of 80% lignin conversion. Methanol has also been
used in water-organic systems. In particular, Shimizu and Usami [31] used a catalysed (0.2
wt.% of HCl) methanol/HO mixture at 170 °C for 45 min to fractionate pine wood,
achieving very high hemicellulose (100%) and lignin (90%) recoveries. In addition, high
boiling point alcohols, such as ethylene glycol and glycerol, have also been tested in the
presence of H,O for organosolv processes. This allows a low-pressure treatment to be
conducted, but hinders solvent removal; thus decreasing the energy efficiency of the overall

treatment [29].
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Besides alcohols, other organic solvents have also been tested with positive results for
biomass fractionation. For example, the H,O/y-valerolactone (GVL) co-solvent system was
positively used for the simultaneous separation of lignin from corn stover at 150 °C for 30
min, employing H,SO4 as a catalyst, achieving high yields for both lignin (75%) and
hemicellulose (72%) [23]. H,O/tetrahydrofuran (THF) assisted by Na,COs also showed 94.6%
conversion of lignin from corncob residue, at 2 MPa of pressure at 140 °C for 1h, preventing
the dissolution of cellulose [20]. Wyman et al. [21] compared the difference between two
H,SO, catalysed systems: H,O/tetrahydrofuran (THF) and pure H,O for maple wood
degradation. The experiments were conducted at temperatures ranging 170-200°C with
several reaction times (40-120 min). This comparison revealed that THF could significantly
boost the efficiency of organosolv processes due to the good solubility of biomass
decomposition products in THF, with more than 90% lignin recovery [21]. Furthermore,
several organic acids were also tested in organosolv processes. Sun et al. [25] used an acetic
acid-water system catalysed with HCI to extract lignin from bamboo. 95% of lignin and 48%
of cellulose were recovered. The optimal delignification degree was achieved with 4 wt.%

HCl in a 90 wt.% acetic acid-water solution using a batch reactor at 114°C for 2 h.

All these works published to date provide valuable information on the use of different
organosolv systems for biomass fractionation. However, the work on analysing bamboo
fractionation is very scarce [24, 25, 32-34] and, consequently, more research is needed for the
valorisation of this biomass. In addition, these studies showed that the reaction conditions
(especially the temperature, solvent system and catalyst) exert a significant influence on
biomass fractionation, however parametric studies to thoroughly analyse the specific effect of
the variables have never conducted. Therefore, the large number of factors significantly

influencing the process increases its intrinsic complexity. Moreover, some interactions
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between some of these factors could occur so that the effects of some variables may depend
on others, resulting in different consequences for the process. These interactions have never
been considered in the works addressing organosolv processes for biomass fractionation. In
addition, optimum conditions for bamboo fractionation and synergetic effects between
solvents have never been analysed in depth. Given this background, this work addresses the
microwave-assisted fractionation of bamboo by means of an ethanol/water organosolv
process catalysed by formic acid. In particular, the effects of the ethanol/water concentration
(0-100 vol.%), catalyst (formic acid) amount (0-5 vol.%) and temperature (110-190 °C)
together with all the possible interactions between these variables on bamboo fractionation
have been analysed in depth. Microwave heating represents a potentially faster, more
efficient and selective process for the thermal treatment of biomass [35, 36]. As water and
ethanol are highly effective in microwave energy absorption, the combination of an
organosolv system together with microwave assisted heating offers an interesting new
technology for the valorisation not only of bamboo but also of many other types of biomass
The fact that the combined effects of the operating variables and their interactions on an
organosolv system has never been reported before demonstrate, together with the results
provided by the in-depth study and the optimisation and energetic assestement conducted,
that this work represents a novel investigation in this field, which can help to develop a novel

biorefinery concept based on bamboo fractionation, “the bamboo-refinery”.

2. Experimental

2.1 Material

Dried bamboo (Phyllostachys heterocycle cv. pubescens) was purchased from Anji County,

Zhejiang Province, China. The raw bamboo was ground to 300 meshes. After grounding, the
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bamboo powder was washed by 50°C distilled water and then dried overnight at 105°C. This
bamboo powder was characterised by means of proximate, ultimate and fibre (cellulose,
hemicellulose and lignin) analyses, calorific value and ash content. Proximate analyses were
performed according to standard methods (ISO-589-1981 for moisture, ISO-1171-1976 for
ash and ISO-5623-1974 for volatiles). Elemental analysis, based on carbon, hydrogen and
nitrogen content, was carried out using an Exeter Analytical (Warwick, UK) CE440
Elemental Analyser, calibrated against acetanilide with a S-benzyl-thiouronium chloride
internal standard. Fibre characterisation was performed by using the chemical titration
method described by Hu et al. [24] to determine the amount of cellulose, hemicellulose and
lignin in the material. In addition, Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

was used to identify and quantify the amounts of metals.

2.2 Microwave experiments

The experiments were carried out in a CEM-Mars microwave system using a 70 mL scale
PrepPlus® reactor copped with a fibre optic temperature sensor. For each experiment, 1.50 g
bamboo powder along with 30 mL solvent (EtOH+H,0) and catalyst (formic acid) mixture
were loaded into the reactor. Before placing the reactor inside the microwave unit, the
reaction mixture was pre-stirred at room temperature for 10 min. A ramping time (time to
reach the reaction temperature) and a reaction time of 5 min and 15 min were respectively
used for all the experiments. After reaction, the reactor cooled down to room temperature by
CEM-Mars default programme. Then, the reactor was opened and its content, consisting of a
mixture of liquid and solid, was transferred to a centrifuge tube. After that, the reactor was
carefully rinsed with 10 mL of an ethanol/water (50 vol.%) solution for 3 times and

transferred to the centrifuge tube to recover all the material. Centrifugation was used to
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separate the solid from the liquid. Then, the solid residue obtained after centrifugation was
rinsed with the 50 vol.% ethanol-water solution until the solution remained clear, and dried
overnight at 105°C. The liquid phase obtained was made up of a mixture of ethanol in water
along with the hemicellulose and lignin fractions solubilised from bamboo during the
microwave experiments. Finally, ethanol was removed from the liquid phase by means of a
rotary evaporator, leading to lignin precipitation; thus allowing the separation of
hemicellulose (water fraction) and lignin (solid fraction) by filtration. After this separation,
part of the rich lignin solid was re-solubilised in ethanol (ethanol fraction) for further analysis.

Figure 1 shows a schematic diagram of the fractionation process developed.

Cellulose-rich
solid residue

CEM mars

Pretreatment Bamboo Mix with erganosolv . Solid-liquid
microwave

powder solvents and catalyst separation
process

Lignin
precipitation

Liquid mixture Ethanol removal

Hemicellulose-
rich water
solution

Figure 1. Fractionation process schematic diagram

2.3 Response variables and analytical methods

Several response variables were used to analyse the effect of the operating conditions on the
process. These include the overall bamboo conversion, the gas yields as well as the yields and
the most important properties of the three fractions produced: i) a cellulose-rich solid fraction,
i1) a hemicellulose rich water-soluble fraction and iii) a lignin rich solid fraction. Table 1

summarises the response variables and the analytical methods used for their calculation.
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The solid residue produced after centrifugation was used to determine the conversion of
cellulose, hemicellulose and lignin by using the chemical titration method described by Hu et
al. [24]. This calculation was also used to analyse the relative amounts of cellulose,
hemicellulose and lignin in the cellulose rich fraction. In addition, this solid fraction was also
analysed by X-ray Powder Diffraction (XRD) and Scanning Electron Microscopy (SEM).
The XRD patterns were obtained from a Bruker AXS-D8 Advance diffractometer with a
Kristalloflex 760 X-ray generator, which generates focused and monochromatized Ka X-rays
from a Cu source. The samples were carefully milled into fine powders and placed evenly on
a small round hole bevelled out of an aluminium sample holder. Scans were recorded across
the range of 5-80 20 over 10 minutes with a 40kV and 40mA current. Evaluation programme
EVA and the Bruker CDS database were used to identify the phases present in the samples.
SEM pictures were taken with an INSPECT F, at an acceleration voltage of 20KV. Samples
were coated with gold using a vacuum sputter-coater to improve the conductivity of the

samples and the quality of the SEM pictures.

The water liquid phase was analysed by high-performance liquid chromatography (HPLC)
and Total Organic Carbon (TOC), while the ethanol liquid phase containing ethanol-soluble
lignin was characterised by GPC. HPLC analyses were conducted with an Agilent
Technologies 1200 series HPLC system employing a XDB-C18 column and a UV detector.
A Waters GPC device equipped with a 2414 refractive index detector was used with Waters
Strygel columns HT4 and HT3 in series. Empower III GPC software was used for running
the GPC instrument and for calculations. Both the columns and the RI detector were
maintained at 45°C for analysis. TOC analyses were conducted in a Vario TOC Cube

Analyser.

10
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Table 1. Response variable and analytical methods used for their determination

Response variables Analytical method

Overall results

mass of solid residue) 0 Mass difference

Overall conversion (%) = (1 -
mass of bamboo

. . . mass of gas (g) + mass of solid residue (g) Mass difference
Hemicellulose rich fraction yield (%) = (1 — 100

mass of bamboo (g)

Cellulose rich fraction yield (%) = %m 100 Mass difference

Lienin rich fracti ield (%) = mass of lignin (g)
ignin rich fraction yie 0) = e oTbarboo ©

mass of gas M -
Gas yield (%) = —g(g) 100 ass difference
mass of bamboo (g)

Cellulose rich fraction phase properties

mass of structural component Chemical titrati
Composition (wt. %) = - - P &) 100 emicat titration
mass of solid residue(g)

Lignin rich fraction phase properties

Molecular weight (g/mol) GPC (Gel permeation
chromatography)

Hemicellulose rich fraction phase properties

TOC (Total Organic Carbon) TC-IC (Total Carbon- Inorganic
Carbon) measurement
mass of C of each compound HPLC (High perft liquid
Composition (C — wt. %) = D) pound (g) , o, (High performance liqui

total mass of C in solution (g) chromatography)

242
243

244

245

246

247

248

249

250

251

252

wt.% = weight percentage

C-wt.% = percentage in carbon basis

2.4 Experimental design and data analysis

The influence of reaction temperature (110-190°C), ethanol concentration in water (0-100
vol.%) and the amount of formic acid, used as a homogeneous catalyst, (0-5 vol.%) on
bamboo fractionation was experimentally investigated. This ethanol/water system was very
stable under the microwave conditions tested; i.e. the pressure achieved under the
experiments was in good agreement with the saturation pressure of the solvent system at the
temperature of the experiment, and neither runaway reactions nor explosions took place. The

experiments were planned according to a 2 level 3-factor Box-Wilson Central Composite

11
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Face Centred (CCF, o: +1) design. This corresponds to a 2" factorial design, where k
indicates the number of factors studied (in this case 3 operating variables) and 2* represents
the number of runs (in this case 8) for the simple factorial design. 9 axial experiments were
performed to study non-linear effects and interactions according to the CCF design. In
addition, 3 replicates at the centre point (centre of the variation interval of each factor) were
carried out in order to evaluate the experimental error. This experimental design is suitable
not only for studying the influence of each variable (linear and quadratic effects) but also for
understanding possible interactions between variables. The results were analysed with an
analysis of variance (ANOVA) with 95% confidence. The ANOVA analysis helped for the
selection of the operating variables and interactions that significantly influence the response
variables under consideration. In addition, the cause-effect Pareto principle was used to
calculate the relative importance of the operating variables in the response variables. In these
analyses, the lower and upper limits of all the operating variables (temperature, EtOH/H,O
and catalyst amount) were normalised from -1 to 1 (codec variables). This codification
permits all operating variables (factors) to vary within the same interval and helps to
investigate their influence in comparable terms. In the interaction Figures, the evolution of
these variables obtained from the ANOVA analysis of all the experiments performed was

represented. In addition, when possible, some experimental points were added.

3. Results and discussion
3.1 Bamboo characterisation

Table 2 lists the characterisation results of bamboo. These include the proximate, ultimate
and fibre analyses, the ash content and higher heating value (HHV). These results are fairly

similar to those reported in the literature [37-39]. The presence of inorganics in bamboo is

12
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accounted for by the presence of powder derived from soil. Ca, Mg, K, Na, P and Si are the
major inorganics detected. In addition, traces of other inorganic components, such as Fe, Al,

S and Mn were also found in the feedstock.

Table 2. Proximate, fibre, elemental and calorific analyses of the bamboo used in this work.

Proximate analysis (wt.%)

Moisture 3.46

Ash 8.15
Volatiles 63.52
Fixed carbon 20.31
Fibre analysis (wt.%)

Cellulose 45.01£1.41
Hemicellulose 25.984+0.66
Lignin 20.80+0.17
Ash 8.15%
Elemental analysis (wt.%)

C 47.58+0.34
H 5.83+0.03
N 0.48+0.04
O* 37.96+0.33
HHV (MJ/kg) 19.61+0.13
Ash composition (ppm)

Ca 500

Mg 257.4

K 292

Na 170.41

P 108

Si 107

*Oxygen was calculated by difference

3.2 Effects of operating conditions on the overall conversion and products distribution

Table 3 summarises the operating conditions for the experiments and the experimental results.
The overall bamboo conversion and the yields to gas, lignin-rich solid fraction, hemicellulose
rich water fraction and cellulose rich solid fraction vary as follows: 6-49%, 1-9%, 2-23%, 2-
32% and 51-94%, respectively. The relative influence of the operating variables on the global
bamboo conversion and the yields of the three main fractions produced according to the
ANOVA analysis, and the cause-effect Pareto principle is shown in Table 4. The gas yield is
low and its not influenced by the operating conditions. This might suggest that formic acid

decomposition did not take place due to the relative low temperature employed [40].

13
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293 Table 3. Experimental conditions: temperature (°C), solvent system (EtOH/H>O, vol. %) and formic acid (vol. %) and results obtained in the

294  experiments
295

Run 1 2 3 4 5 6 7 8 9-12 13 14 15 16 17 18 19
T (°C) 110 190 110 190 110 190 110 190 150 110 190 150 150 150 150 190
EtOH/EtOH+H,0 (vol.%) 0 0 100 100 0 0 100 100 50 50 50 0 100 50 50 50
Formic acid (vol. %) 0 0 0 0 5 5 5 5 2.5 2.5 2.5 2.5 2.5 0 5 5
pH 4.16£0.39  4.16+0.39  542+0.02 5.4240.02 1.53+0.04 1.53+£0.04 1.37+0.02  1.37+0.02  2.12+0.03 2.1240.03  2.12+0.03  1.83+0.03  1.834+0.03  3.46+0.21 1.45+0.03  1.45+0.03
Overall results
Overall conversion (%) 6.55 34.74 10.27 12.62 14.12 48.75 5.59 16.45 20.27+1.71 13.43 46.91 29.79 10.80 20.63 19.04 49.00
Hemicellulose fraction yield
(%) 4.17 23.22 6.77 8.12 10.98 32.33 2.33 10.94 12.35+1.46 9.04 24.04 23.60 7.44 12.22 11.73 25.82
Cellulose fraction yield (%) 93.45 65.26 89.73 87.38 85.88 51.25 94.41 83.55 79.73£1.71 86.57 53.09 70.21 89.20 79.37 80.96 51.00
Lignin fraction yield (%) 2.39 11.52 3.50 4.51 3.14 16.42 3.26 5.50 7.93+0.60 4.39 22.87 6.19 3.35 8.42 7.31 23.17
Gas yield (%) 1.36 3.23 2.94 231 4.85 8.67 3.76 2.39 2.79+0.64 2.45 2.47 2.25 2.58 1.47 2.44 3.74
Cellulose rich fraction fibre analysis
Cellulose (wt.%) 43.94 57.62 49.33 51.85 55.82 61.92 49.33 46.78 52.86+2.87 49.65 61.55 49.32 56.79 54.61 45.79 83.00
Hemicellulose (wt.%) 14.88 422 19.57 15.76 17.82 0.00 18.95 19.10 14.09+0.79 19.85 2.46 7.20 20.86 15.10 12.99 1.99
Lignin (wt.%) 25.15 24.22 24.98 24.53 34.23 19.16 23.99 24.49 23.65+1.34 26.95 30.53 25.29 22.21 23.10 25.82 12.52
Lignin rich phase
Mw (g/mol) 600 1528 3177 2758 2039 1053 3133 2540 21424261 2262 1614 1567 2768 3060 2201 2323
Hemicellulose rich phase composition
TOC (ppm) 0 353.05 174.37 34.31 206.44 157.76 89.69 56.06 148.754£90.27  34.52 172.94 126.11 56.58 177.44 93.28 397.27
Sugars (C- wt.%) 0 2.66 0 1.19 0.53 42.68 0.66 1.66 2.33£1.75 3.86 15.98 32.01 1.95 1.42 1.52 11.52
Acids (C- wt.%) 0 6.43 0 19.56 95.45 53.94 99.34 37.98 81.43£11.07  85.84 27.17 26.59 98.03 32.86 82.99 60.65
Oligomers (C- wt.%) 100.00 90.88 100.00 79.19 0 0 0 60.36 5.50+4.20 0 56.19 41.39 0.00 65.72 0 27.71
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306  Table 4. Relative influence of the operating conditions according to the ANOVA analysis
A B C
Variable R’  LTerm (T) (EtOH%) _ (formic acid) AB AC BC ABC A’ B’ c’ A’B A’C AB’ AC’ A'B’
Overall results
Overall conversion (%) 0.99 20.17 16.21 -7.82 n.s -6.2 1.74 -2.8 n.s 9.48 n.s n.s n.s 2.46 -6.71 n.s -11.01
(28) a7 12) @] ©) 3 ®) (®) (11
Hemicellulose fraction yield (%)  0.99 12.22 6.52 -8.08 n.s -3.8 1.18 -2.19 n.s 4.25 33 n.s 2.76 1.77 n.s n.s -7.41
(28) (22) 13) (6) )] O] 3 “ (7 ®
Cellulose fraction yield (%) 0.99 79.83 -16.21 9.5 n.s 6.2 -1.74 2.8 n.s -9.47 n.s n.s -2.09 -2.46 6.71 n.s 11.01
(28) a7 12) (6) O] 3 2 ®) (®) (11
Lignin fraction yield (%) 0.99 7.91 8.98 -1.95 n.s -2.39 0.61 -0.61 n.s 5.46 -3.14 n.s n.s 0.73 -5.77 n.s -3.95
(26) )] (10) @] 3) “ (18) O] (13) ©)]
Gas yield (%) 0.92 2.45 n.s n.s n.s -0.96 n.s -1 n.s n.s n.s n.s -0.84 1.19 n.s 0.42 1.24
a7 as) (18) (23) @) (18)
Solid residue fractionation composition
Cellulose (wt.%) 0.92 52.54 5.95 n.s -4.41 -2.48 n.s -2.66 n.s n.s n.s n.s -2.75 5.8 -26.6 23.12 n.s
(20) © @) ®) ©)] (10) a7 (20)
Hemicellulose (wt.%) 0.99  14.06 -8.75 6.83 -1.05 3.1 -0.41 0.5 139 296 n.s n.s 227 1.22 4.73 n.s 2.69
(26) (22) 3) 12) “ (2 (6) “ “ O] (10) (6)
Lignin (wt.%) 095 2388 1.79 -0.79 n.s 2.01 -1.65 n.s 1.89 4.86 n.s n.s n.s n.s 12.58 -16.36 -3.65
(16) O] a2) an a12) O] ©) (22) (10)
Lignin phase
Mw (g/mol) 0.92 20975 -169.77 758.9 -429.5 n.s -258.46 n.s 217.5 n.s n.s 543.15 n.s 519.79 n.s n.s -537.15
() (40) Q) 10) an O] (13) (13)
Water phase properties
TOC (ppm) 092 125.36 69.21 -43.23 n.s -59.76 -36.91 n.s 63.52 n.s n.s n.s n.s n.s -292.49 239.61 n.s
(15) (13) (16) 3) (18) a7 a7
- wt. © -
Sugars (C- wt. %) 0.93 13.5 n.s 27.83 n.s -22.44 n.s n.s 22.15 n.s 57.79 n.s -28.18 24.18 n.s n.s -44.9
O] (18) (18) 12) (10) 2D (15)
Acids (C- wt.%) 096  76.79 -29.33 35.72 31.54 n.s -15.54 n.s n.s -1452  -1097  -13.09 -35.59 n.s n.s 20.29 n.s
(10) (6) (26) 12) (15) )] (6) (11) @)
Oligomers (C- wt.%) 0.99 6.01 28.1 -20.7 -37.75 6.08 11.03 9.01 9.01 21.07 14.69 25.83 26.78 n.s n.s -24.55 -13.8
() @) (26) C) (® © () as) 6 ® ) ) (2)
307
308 n.s: Non significant with 95% confidence
309 Response = Indep. + Coefficient A-A + Coefficient B-B + Coefficient C-C + Coefficient AB-AB + Coefficient AC-AC Coefficient BC-BC Coefficient ABC-ABC + Coefficient A*-A* + Coefficient B*>-B* + Coefficient
310 C*C? + Coefficient A’B-A’B + Coefficient A’C-A’C + Coefficient AB*- AB* + Coefficient AC*-AC* + Coefficient A’B*-A’B?
311 Numbers in brackets indicate the percentage Pareto influence of each factor on the response variable. Pareto values represent the percentage of the orthogonal estimated total value.
312
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According to the cause-effect Pareto analysis, the temperature (with more than 26% of
influence) is the operating variable exerting the greatest influence on the overall bamboo
conversion and the yields to lignin, hemicellulose and cellulose rich solid fractions. In
addition, the concentration of ethanol and the interactions (both linear and quadratic) between
the temperature and the concentration of ethanol also have a significant influence on these
response variables with more than 12% influence in all cases. The concentration of formic
acid (catalyst) alone does not have a significant influence on these response variables.
However, its interaction with the temperature is significant, thus suggesting a synergistic
effect between these two variables; i.e. a certain temperature is needed for the acid to catalyse
the process significantly. The gas yield is greatly influenced by the interaction between the

temperature and the concentration of ethanol in water.

As regards the influence (positive or negative) of the operating variables on the process, the
coefficients in the models indicate that an increase in the temperature leads to an increase in
the overall conversion, the hemicellulose rich fraction and lignin rich fraction yields (positive
terms), and a decrease in the cellulose rich solid fraction yield (negative term). The
concentration of ethanol in water has the opposite effect; i.e. an increase in the proportion of
ethanol results in a decrease in the overall bamboo conversion and the hemicellulose rich
fraction and lignin rich fraction yields (negative terms) along with an increase in the cellulose
rich solid fraction (positive terms). Moreover, as commented above, significant interactions
between variables also take place, demonstrating that the other operating variables influence
the effect that each variable has on the process. To gain a better understanding of the process,
Figure 2 displays the effect of the operating variables and the most important interactions
detected with the ANOVA analysis. Specifically, Figure 2 a and b illustrates the effect of the

ethanol concentration and the temperature on the overall bamboo conversion in the absence
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of catalyst (formic acid = 0 vol.%) and for the highest amount of catalyst used in this work
(formic acid = 5 vol.%), respectively. These effects are also shown for the lignin rich fraction,
hemicellulose rich fraction and cellulose rich fraction yields in Figures 3 c-d, e-f and g-h,

respectively.

As regard the effects of the temperature, Figure 2 shows that regardless of the other operating
conditions, the temperature positively potentiates bamboo decomposition. Specifically, an
increase in temperature from 110 to 190 °C substantially increases the overall bamboo
conversion as well as the yields of the lignin and hemicellulose fractions; which consequently
results in a decrease in the cellulose fraction yield. The temperature positively enhances the
kinetics of the process and greater microwave power is also needed to achieve higher
temperatures, thus promoting the break of the intramolecular bonds between cellulose,
hemicellulose and lignin in bamboo. Kassaye et al. [37] reported a similar trend during the

hydrolysis of bamboo between 90 and 150 °C with NaOH for 30 min.

The effect of the concentration of ethanol in water (solvent system) depends on the
temperature due to the significant interaction detected between both variables, with two
different developments occurring. At low temperature (110 °C) the solvent system does not
have a very important influence on the process, and similar conversions and yields to
products are obtained regardless of the solvent composition, either using the pure solvents
(ethanol and/or water) or any binary mixture. This suggests that a certain temperature is
needed to both break the intermolecular bonds between the bamboo structural components
and solubilise the released fractions into the solvent system. This is a consequence of the
kinetics of the process and is in good agreement with the cause-effect Pareto results, which

indicated that the temperature was the operating variable exerting the greatest influence on
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the overall conversion and the yields to different fractions. High temperatures are needed to

achieve good conversion during the very short reaction (15 min) time employed in this work.

Conversely, as the temperature increases, the solvent system has a more important influence
on the process, and an interaction between ethanol and water takes place. In particular, a
synergetic interaction between EtOH and H,O occurs for the overall bamboo conversion and
the yields to lignin and cellulose fractions. Higher values are obtained for the bamboo
conversion and the yield of lignin fraction and lower values for the yield of cellulose fraction
with an EtOH/H,O mixture than using the pure solvents (EtOH or H,O alone), with a
maximum occurring with a concentration of EtOH of around 40-50 vol.%. This maximum is
in good accordance with other works reported in the literature [41-45] where maxima for
lignin conversion occurred employing a concentration of 40-60 vol.% of EtOH in water. This
solvent system-temperature interaction has been never detected in other works dealing with

organosolv systems and can help to gain a deeper insight into this complex process.

This interaction is more obvious for the lignin yield than for the other variables, and it does
not take place for the hemicellulose fraction yield, thus suggesting that the solvent system
exerts the greatest influence on lignin fractionation. For lignin extraction, a nucleophilic
solvent such as water is needed for extracting lignin from the biomass structure along with
another solvent to dissolve the extracted lignin [28]. Water alone can extract lignin, however,
the solubilisation of this lignin by water is the limiting step. Conversely, ethanol is not
appropriate for lignin extraction, but it promotes lignin solubilisation. Therefore, the presence
of both solvents in the system at the right temperature promotes both lignin extraction and
solubilisation; which, therefore, significantly increases the lignin yield. This synergetic

interaction does not take place for the hemicellulose fraction yield, for which the highest
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yield is produced with pure water; the addition of ethanol into the system progressively
decreases the yield of this fraction. In addition, this effect is too weak for the rich cellulose
solid fraction. These developments are a consequence of the different polarities of these two
fractions compared to lignin as well as due to the lesser spread of hydrolysis reactions to

extract hemicellulose in ethanol than in water [30].

The effect of the catalyst concentration on the overall bamboo conversion and the yields to
the lignin, hemicellulose and cellulose rich fractions can be observed comparing Figure 2
a,c,e, and g with b, d,f and h, respectively. This comparison reveals that the effect of the
catalyst for these response variables is relatively weak as predicted by the Pareto Analysis. In
addition, the effect depends on the temperature. At low temperature (110°C) the effect of the
addition of up to 5 vol.% of formic acid in the process is almost negligible. However, at 190
°C the catalyst has a more pronounced effect on bamboo decomposition as the kinetics of the
process is enhanced. In addition, at this temperature, the specific effect of the catalyst
depends on the solvent system. While an increase in the amount of catalyst promotes bamboo
decomposition (increases bamboo conversion/decreases the cellulose solid yield and
increases the yields to lignin and hemicellulose rich fractions) with pure water, the addition
of ethanol progressively decreases the catalytic effect of formic acid in the process due to the

lower solubilisation of formic acid protons in ethanol than in water [30].
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Figure 2. Interaction plots between the temperature and the solvent system (EtOH/H,O)
without/with catalyst for the overall bamboo conversion (a/b), lignin rich solid fraction yield
(c/d), hemicellulose rich liquid fraction yield (e/f), and cellulose rich solid fraction yield (g/h).
Bars are LSD intervals with 95% confidence.
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3.3 Effects of operating conditions on the properties of each fraction

This section examines the effects of the operating conditions on several of the most important
properties of the three products produced during the fractionation of bamboo: i) the cellulose-
rich spent solid fraction, ii) the hemicellulose rich water sample fraction and iii) the lignin

rich fraction.

3.3.1 Cellulose-rich solid fraction

This cellulose-rich solid fraction consists of the solid residue obtained by filtration after the
microwave treatment of bamboo. The characterisation of this solid by chemical titration
revealed that this fraction contains cellulose and, in less proportion, unreacted hemicellulose
and lignin with varying compositions depending on the operating conditions. The amounts of
cellulose, hemicellulose and lignin in the spent solid vary by: 44-83 wt.%, 0-21 wt.% and 12-
34 wt.%. The effect of the operating conditions on the composition of this fraction according
to the ANOVA analysis, and the cause-effect Pareto principle is shown in Table 4. The
temperature and its interaction with the catalyst amount and in lesser extent with the solvent
system are the factors exerting the greatest influence on the proportions of cellulose and
lignin. The temperature, the solvent system and the interaction between these two variables
primarily influence the proportion of hemicellulose. The effects of the operating conditions
and interactions between them on the relative amounts of cellulose, hemicellulose and lignin
are plotted in Figure 3. In particular, Figure 3 a, b and ¢ shows the effects of the solvent
system and the temperature in the absence of catalyst. Figures 3 d, e and f show these effects

when using the highest concentration of catalyst (5 vol.%) employed in this work.
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Figure 3. Interaction plots between the temperature and the solvent system (EtOH/H,O)
without/with catalyst for the relative amounts of cellulose (a/d), hemicellulose (b/e) and
lignin (c/f) of the cellulose rich solid fraction. Bars are LSD intervals with 95% confidence.

With respect to the effects of the temperature on the composition of the cellulose rich fraction,
Figure 3 shows how regardless of amount of catalyst employed (0-5 vol.% formic acid), an
increase in the temperature between 110 and 190 °C results in a decrease in the proportions of
hemicellulose and lignin, and consequently, the proportion of cellulose increases. An increase
in the temperature helps to solubilise the hemicellulose and lignin fractions of bamboo into
the solvent system, and therefore a cellulose-rich solid is obtained due to the positive kinetic
effect of the temperature in the process. A solid with a high proportion of hemicellulose (80-
85%) can be obtained at 190 °C employing a concentration of EtOH of around 40-50 vol.%.
This is in good agreement with other works where the EtOH/H,O solvent system was used

for the fractionation of biomass [41-45].
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In addition, an interaction between the temperature and the solvent system was detected in
the ANOVA analysis and can be observed from the results plotted in Figure 3. This indicates
that the effect of the temperature depends on the solvent system and vice versa. The
temperature has a significant influence on the process for the majority of the binary mixtures
considered (between 15 and 85 wt.% of ethanol in water). However, for the pure solvents or
high concentrated in one compound (>85 wt.%) binary mixtures, the effect of the temperature
decreases dramatically, being insignificant in some cases. This development might be a

consequence of the positive influence of the temperature on the solvent system in this work.

At 190 °C, the positive kinetic effect of the temperature can mask the effect on the solvent
system on lignin solubilisation, resulting in a cellulose solid fraction with similar lignin
content regardless of the solvent system. Conversely, the effect of the solvent can be
observed at low temperature. Pure water helps lignin depolymerisation [28], while ethanol
can react with a-hydroxyl groups in bamboo to increase the solubility of lignin, preventing
its condensation; thus decreasing the lignin content of this fraction at 110 °C [28]. For these
reactions to take place at low temperature, high biomass/ethanol and biomass/water ratios
might be needed, therefore pure solvents are required, and the synergetic effect between both
solvents does not take place a low temperature. The opposite effect takes places for the
relative amount of hemicellulose in the solvent system; i.e. the proportion of hemicellulose is
not strongly influenced by the solvent system at low temperature, and this fraction has a high
proportion of hemicellulose due to the low solubilisation of this structural component at low
temperature. Conversely, the solvent system significantly influences the relative amount of
hemicellulose at high temperature (190°C). Using pure water the proportion of hemicellulose
in the solid is very low, and the addition up to a 40 vol.% of ethanol in the system does not

influence the relative amount of hemicellulose in the solid. However, a further increase in the
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proportion of ethanol from 40 to 100 vol.% results in a sharp increase in the relative amount
of hemicellulose in the spent solid due to the lesser spread of hydrolysis reactions to extract
hemicellulose in ethanol than in water [30]. The variations observed for the relative amount
of cellulose in this fraction are related to the variations observed for hemicellulose and lignin,

as this fraction is not very reactive under the operating conditions tested in this work.

The catalyst has a weak effect on the proportions of cellulose, hemicellulose and lignin of
this fraction, with two different effects occurring depending on the temperature. At low
temperature an increase in the amount of formic acid between 0 and 5 vol.% leads to a
decrease in the proportion of cellulose along with an increase in the relative amount of
hemicellulose and lignin, the opposite is observed at high temperature (190 °C); i.e. the

proportion cellulose increases and the relative amounts of hemicellulose and lignin decrease.

3.3.2 Lignin-rich solid fraction

This rich lignin fraction consists of the solid residue produced after removing the ethanol
from the liquid collected after the microwave experiments. The lignin content of this solid
fraction was greater than 95 wt.%, which is in good agreement with other works reported in
the literature that regard this solid as high purity organosolv lignin and suggests that the
formation of humins does not substantially take place under the operating conditions tested in
this work. This highlights the good controllability and selectivity of this microwave-assisted
organosolv process for the fractionation of bamboo. The molecular weigh of this fraction,
determined by GPC, shifts between 600 and 3177 g/mol. The effects of the operating
conditions on the molecular weight of the organosolv lignin produced according to the

ANOVA analysis, and the cause-effect Pareto principle is shown in Table 4. This analysis
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shows that the solvent system (ethanol concentration in water) is the factor exerting the
greatest importance on the molecular weigh of this fraction, the temperature and the catalyst
amount having a lower influence. Figure 4 a and b show the effect of the solvent system on
the molecular weight of the organosolv lignin produced at low and high (110 and 190 °C)
temperatures for two catalyst loadings: 0 vol.% and 5 vol.%, respectively. Regardless of the
temperature and the catalyst loading, this fraction has the lower molecular weight when only
water is used in the process. The addition of up to 45-50 vol.% of ethanol in the solvent
mixture increases the molecular weight of this fraction, while a further increase of up to 100
vol.% does not modify the molecular of the lignin produced. The presence of water in the
solvent system helps to depolymerise lignin, thus decreasing the molecular weight of the

lignin produced [20].

(@) (b)

4000~ 40001
= 3 =
g 3000 g 3000
s | T ¢ 5
R "" -t
2 g g
] ] ° '
2 2000 3 2000
8 & T=110C 8
3 4 T=190°C 3
2 - < ~ 4 T=190°C
g 1000- Formic acid = 0 vol.% g 10004 T,
-o- Experimental Points Formic acid = 5 vol.%
1 6 -o- Experimental Points
0-— T T T T T 01— T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
EtOH / EtOH + H,0 (vol.%) EtOH / EtOH + H,0 (vol.%)

Figure 4. Interaction plots between the temperature and the solvent system (EtOH/H,O)
without/with catalyst (a/b) for the molecular weight of the lignin produced. Bars are LSD
intervals with 95% confidence.

The effect of the temperature depends on the catalyst amount. On the one hand, in the
absence of a catalyst, the temperature does not exert a significant influence regardless of the

solvent system. On the other, when the highest amount of catalyst is used, the effect of the
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temperature depends on the solvent system with two developments observed. In particular, an
increase in the temperature decreases the molecular weight of lignin when pure water is used.
The addition of ethanol progressively reduces the effect of the temperature and as a
consequence, the effect of this variable stops having a significant influence on the molecular
weight of the organosolv lignin produced for concentrations of ethanol higher than 75 vol.%

due to the lower effectiveness of ethanol than water in lignin depolymerisation [20].

3.3.3 Hemicellulose-rich liquid fraction

This fraction comprises water-soluble hemicellulose decomposition products. It is made up of
a mixture of oligomers, sugars (cellobiose, glucose and xylose), carboxylic acids (acetic acid),
ketones (y-valerolactone, GVL) and furans (furfural and 5-hydroxymethylfurfural, HMF).
The relative amounts (in C basis) of these families of compounds vary by 0-100 wt.%, 0-100
wt.%, 0-100 wt.%, 0-13 wt.% and 0-4 wt.%, respectively. Table 4 lists the effects of the
operating conditions on the composition of this fraction according to the ANOVA analysis
and the cause-effect Pareto principle. This analysis indicates that the operating conditions do
not significantly influence on the relative amounts of ketones and furans of this fraction,
probably due to their low concentration in the liquid phase under the operating conditions
used in this work. In addition, methyl acetate was not found in the chemical analysis of the
water-soluble hemicellulose rich fraction; thus suggesting that the possible esterification
reaction between ethanol and formic acid did not significantly take place under the operating
conditions tested in this work. The statistical analysis shows that the interaction between the
temperature and the solvent system is the factor with the highest influence on the proportion

of sugars, while the amount of catalyst is the operating variable with the highest influence on
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the relative amounts of carboxylic acids and oligomers. In addition, significant interactions

between the operating variables also take place.
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Figure 5. Interaction plots between the temperature and the solvent system (EtOH/H,O)
without/with catalyst for the relative amounts of sugars (a/d), carboxylic acids (b/e) and
oligomers (c/f) present in the water-soluble hemicellulose rich fraction. Bars are LSD
intervals with 95% confidence.

The effect of the operating conditions and the most important interactions for the proportions
of sugars, carboxylic acids and oligomers are shown in Figure 5. In the absence of a catalyst,
this hemicellulose rich water fraction is primarily made up of oligomers, the proportions of
sugars and carboxylic acids being quite low regardless of the solvent system. Conversely, the
addition of a catalyst (formic acid) decreases the proportion of oligomers and increases the
concentration of sugars, and carboxylic acids in this fraction. At low temperature (110 °C)
carboxylic acids are the most abundant compounds of this fraction, while an increase in the
temperature increases the relative amounts of sugars and oligomers and decreases the

proportion of carboxylic acids in the liquid due to greater conversion of hemicellulose and
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lignin. At 190 °C the proportion of carboxylic acids is not influenced by the solvent system,
while this operating variable exerts a significant influence on the relative amounts of sugars
and oligomers. With pure water, this fraction has a high concentration of sugars, and a
negligible quantity of oligomers is observed. The increase of the proportion of ethanol in the
solvent system decreases the proportion of sugars and increases the proportion of oligomers.
The presence of water in the solvent system promotes hydrolysis reactions, thus decreasing

the proportion of oligomers and, therefore, increasing the amount of sugars [28].

3.4 Optimisation of the fractionation process and energetic assestment

Optimum conditions were sought for the selective fractionation of bamboo making use of the
experimental models developed (Table 4). The predicted R” of all the models are greater than
0.90, allowing their use for prediction purposes within the range of study. The optimisation
process comprises the minimisation of the cellulose conversion (maximisation of the
cellulose solid rich fraction and proportion of cellulose of this fraction) and the maximisation
of the yields of hemicellulose rich and lignin rich fractions. To meet this objective, a solution
that strikes a compromise between the optimum values for all the response variables was
sought. To do so, a relative importance (from 1 to 5) was given to each of the objectives in
order to come up with a solution that satisfies all the criteria. Table 5 lists the relative
importance assigned to each variable as well as the criteria used in the whole optimisation. A
relative importance of 3 was given to the overall conversion and the cellulose, hemicellulose
and lignin yields, while a relative importance of 5 was given to proportions of cellulose,
hemicellulose and lignin in the cellulose rich fraction to increase the purity of this fraction

and therefore the purity of the lignin and hemicellulose fractions produced. This strategy
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581 allows striking a compromise between yield and purity to maximise the process by using the

582  desirability objective function D(X) shown in Eq.1.

1 1
583 DX)=(di*- dj?-..-di™Iri = (r[;.;ld}")irf (Eq. 1)

584  Where n is the number of responses considered in the optimisation and rj is the relative

585  importance of each response (1-5)

586  Table 5. Theoretical optimisation: operating conditions and response variables: objectives,
587 the interval of variations, relative importance, theoretical and experimental optimum values.

Variables Objective Interval of Relative Optimum Optimum
variation importance (1-5) Theoretical Experimental

Temperature (°C) none 110-190 190

EtOH/EtOH+H,0 (vol.%) none 0-100 45

HCOOH (vol.%) none 0-5 5

Overall Conversion (%) maximise 0-100 3 52 51.23

Cellulose rich faction

Yield (%) maximise  0-100 3 49 50.46

Cellulose content (wt.%) maximise  0-100 5 84 84.87

Hemicellulose content (%) minimise  0-100 5 1 1.85

Lignin Content (%) minimise  0-100 5 12 11.55

Lignin rich fraction

Yield (%) maximise  0-100 3 24 23.87

Molecular weight (DA) none 2203 2201

Hemicellulose rich fraction

Yield (%) maximise  0-100 3 27 26.82

Oligomers (C-wt.%) none 0-100 27 27.80

Sugars (C-wt.%) none 0-100 56 60.11

Carboxylic acids (C-wt.%) none 0-100 14 12.65

588

589  Taking these conditions into account, the optimisation predicts an optimum at 190 °C using a
590  solvent system consisting of 45% EtOH/50% H,O (vol/vol) with a concentration of formic
591  acid of 5 vol.%. Under these conditions, it is possible to selectively fractionate bamboo into
592  cellulose, hemicellulose and lignin. The cellulose rich fraction contains 84 wt.% of cellulose
593  and 12 wt.% of lignin. The yield to organosolv lignin is very high (24%), which corresponds
594 to a recovery of 90 wt.% of the lignin present in the original bamboo. In addition,
595  hemicellulose is completely removed from the original feedstock, and a water solution
596  consisting of a mixture of oligomers, sugars and carboxylic acids can be produced. This

597  optimum was checked experimentally (Table 5) and non-statistically significant differences
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were found between the theoretical prediction and the experimental results with 95%

confidence.

To gain a better insight into this fractionation process, the original bamboo and the spent
solid produced at the optimum condition were characterised by Scanning Electron
Microscopy (SEM) and X-ray Diffraction (XRD), and a comparison was established between
both materials. The SEM images (Figure 6) show how after the microwave-assisted
organosolv treatment the original micro-fibrous structure of bamboo disappears and the solid
residue surface becomes significantly rougher. In addition, some small spheroidal particles
appeared on the cellulose fibrillar structure after the treatment (under 1500 magnification),
which was possibly caused by lignin precipitation onto the fibres [46, 47]. These differences
suggest that most of the lignin and hemicellulose are removed during the organosolv process.
A small quantity of lignin still remains on the surface of the cellulose rich fraction due to the

lignin condensation. These developments are in a good agreement with the experimental

results listed in Table 5.

Figure 6. SEM images of bamboo powder (A: x500, B: x1000, C: x1500) and optimum
experimental run solid residue (D: x500, E: x1000, F: x1500).
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XRD was used to evaluate the effectiveness of the optimised microwave assisted organosolv
process by comparing the degree of crystallinity (DoC) of both materials (before and after the
treatment) [48, 49]. Figure 7 shows the XRD patterns for the original material and the spent
solid (high purity cellulose fraction) produced after the microwave treatment. The
comparison of both spectra does not show great differences between both solids, which is in
good agreement with the experimental results, as only crystal cellulose can be detected by
XRD. In addition, the crystallinity degree increases from 0.54 (original bamboo) to 0.64
(cellulose rich fraction). This is in good agreement with the experimental results described
above, as hemicellulose and lignin (amorphous) are removed during the treatment and,
therefore, the proportion of cellulose in this fraction increases; thus augmenting the degree of

crystallinity of this fraction.

DoC=0.64

optimum cellulose rich fraction

Intensity (a.u.)

DoC=0.54

bamboo powder

5 10 15 20 25 30 35

2 theta angle (degree)

Figure. 7 XRD patterns for the original bamboo powder and spent solid produced the
optimum conditions.

Finally, a basic energetic assessment was conducted to analyse the energy feasibility of this

organosolv process. This process relies on thermal energy, i.e., for heating of the feedstock to
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reaction conditions, for product separation by drying and for thermal solvent recovery. The
physicochemical properties used for this calculation are listed in Table 6. At the optimum
operating conditions (reaction temperature and solvent system), the energy required to heat
up the solvent system and bamboo from 25 to 190 °C is 10.89 MJ/kg bamboo and 0.25 MJ/kg
bamboo, respectively. In addition, the energy required for ethanol evaporation is 9.4 MJ/kg
bamboo. Therefore, the input energy, calculated as the sum of energy needed to heat the feed
up to the reaction temperature and the energy needed for solvent evaporation is 20.5 MJ/kg
bamboo. In a real case, it would be necessary to include heat losses as well as the energy
demand for all the operation units required in the process. Viell et al. [50] and Garcia et al.
[51] reported energy requirements of 28.8 MJ/kg biomass and 11.84 MJ/kg biomass for wood
biomass, respectively. Very interestingly, it was also reported that the energy requirement of
organosolv processes could be reduced up to around 6 MJ/kg biomass using process unit heat

integration [50], which makes this organosolv process more energetically feasible.

Table 6. Physicochemical properties of biomass and solvents used for energy calculations

Chemical property Energy

Water heat capacity 0.00418 MJ-Kg-" "K'
Water enthalpy vaporisation at normal boiling point 2.26 MI-Kg-'
Ethanol heat capacity 0.00242 MJ-Kg-""K!
Ethanol enthalpy vaporisation at normal boiling point 0.841 MJ-Kg-'
Biomass heat capacity (estimated) [52] 0.0015 MJ-Kg-"-K!
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4. Conclusions

This work addresses a novel microwave-assisted, acid catalysed, organosolv process for the
selective fractionation of bamboo analysing how and to what extent the reaction temperature
(110-190 °C), solvent system (EtOH/H,0) and catalyst amount (0-5 vol.% formic acid) affect
the yields and the most important properties of each fraction. The most important conclusions
obtained from this work are summarised as follows.

1. The operating variables have a significant influence on bamboo fractionation, with three
main fractions being obtained: i) a cellulose-rich solid fraction, ii) a hemicellulose rich water-
soluble fraction and iii) a lignin rich fraction. The yields to each one of these fractions varied

by 51-94%, 2-23% and 2-32%, respectively.

2. Increasing temperature positively enhances bamboo decomposition, increasing the overall
bamboo conversion. The effect of the concentration of ethanol in water (solvent system)
depends on the temperature. At low temperature (110 °C) the solvent system does not exert a
very important influence, while a synergetic interaction between EtOH and H,O takes place
at high temperature, and better results are obtained with EtOH/H,O mixtures than with pure
solvents alone. The effect of the catalyst is relatively weak, however it does demonstrate a
noticeable effect when using a high temperature and high proportions of water in the solvent

system.

3. The cellulose rich solid fraction consists of the solid residue obtained after the microwave
treatment of bamboo, and it is made up of un-reacted cellulose (44-83 wt.%), hemicellulose
(0-21 wt.%) and lignin (12-34 wt.%). The water-soluble hemicellulose rich fraction consists
of a mixture of oligomers, sugars, carboxylic acids, ketones and furans. The relative amounts

(in C basis) of these families of compounds vary by 0-100 wt.%, 0-100 wt.%, 0-100 wt.%, O-
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13 wt.% and 0-4 wt.%, respectively. The solid rich lignin fraction comprises high pure
(>95%) organosolv lignin, with a molecular weight range of 600 to 3177 g/mol.

4. An optimum for this bamboo fractionation process was found at 190 °C using a solvent
system consisting of 45% EtOH/50% H,O (vol/vol) with a concentration of formic acid of 5
vol.%, employing a reaction time as short as 15 min; thus converting this process in a very
selective and efficient process for the valorisation not only of bamboo but also of many other
types of biomass. These conditions maximise the solubilisation of lignin and hemicellulose in
the organosolv system and minimise cellulose conversion; thus allowing the selective
fractionation of bamboo into a high purity (84 wt.%) cellulose solid fraction, pure (>95%)
organosolv lignin and a rich hemicellulose fraction consisting of a mixture of oligomers (27

C-wt.%), sugars (56 C-wt.%) and carboxylic acids (14 C-wt.%) in water.

Acknowledgments

This research has been funded by the Industrial Biotechnology Catalyst (Innovate UK,
BBSRC, EPSRC) to support the translation, development and commercialisation of
innovative Industrial Biotechnology processes (EP/N013522/1). EPSRC for research grant

number EP/K014773/1.

References

[1] D. Ayhan. Biofuels sources, biofuel policy, biofuel economy and global biofuel
projections. Energy Conversion and Management. 49 (2008) 2106-16.

[2] J.M.O. Scurlock, D.C. Dayton, B. Hames. Bamboo: an overlooked biomass resource?
Biomass and Bioenergy. 19 (2000) 229-44.

[3] Z. Ben-zhi, F. Mao-yi, X. Jin-zhong, Y. Xiao-sheng, L. Zheng-cai. Ecological functions
of bamboo forest: Research and Application. Journal of Forestry Research. 16 (2005) 143-7.
[4] M.X. He, J.L. Wang, H. Qin, Z.X. Shui, Q.L. Zhu, B. Wu, et al. Bamboo: A new source
of carbohydrate for biorefinery. Carbohydrate Polymers. 111 (2014) 645-54.

[5] J. Littlewood, L. Wang, C. Turnbull, R.J. Murphy. Techno-economic potential of
bioethanol from bamboo in China. Biotechnology for Biofuels. 6 (2013) 173.

[6] F. Kobayashi, H. Take, C. Asada, Y. Nakamura. Methane production from steam-
exploded bamboo. Journal of Bioscience and Bioengineering. 97 (2004) 426-8.

34



706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

[7] M. Miura, N. Matsumoto, K. Seino, Y. Shimotori, H. Nakatani, M. Aoyama.
Bioconversion of bamboo grass culm hydrozylate into xylitol by yeast candida magnoliae.
Cellulose Chemistry and Technology. 49 (2015) 807-12.

[8] H. Chen, J. Liu, X. Chang, D. Chen, Y. Xue, P. Liu, et al. A review on the pretreatment of
lignocellulose for high-value chemicals. Fuel Processing Technology. 160 (2017) 196-206.
[91 S. Mohapatra, C. Mishra, S.S. Behera, H. Thatoi. Application of pretreatment,
fermentation and molecular techniques for enhancing bioethanol production from grass
biomass — A review. Renewable and Sustainable Energy Reviews. 78 (2017) 1007-32.

[10] R. Kumar, S. Singh, O.V. Singh. Bioconversion of lignocellulosic biomass: biochemical
and molecular perspectives. Journal of Industrial Microbioly and Biotechnoly. 35 (2008) 377-
91.

[11] V. Menon, M. Rao. Trends in bioconversion of lignocellulose: Biofuels, platform
chemicals & biorefinery concept. Progress in Energy and Combustion Science. 38 (2012)
522-50.

[12] N.N. Win, F. Weinwurm, A. Friedl. Investigation of organosolv and hot-compressed
water pretreatments of rice straw. Biomass Conversion and Biorefinery. 6 (2016) 355-64.

[13] M. ElSakhawy, B. Lonnberg, A.A. Ibrahim, Y. Fahmy. Organosolv pulping .2. Ethanol
pulping of cotton stalks. Cellulose Chemistry and Technology. 29 (1995) 315-29.

[14] H. Chen, Y. Zhang, S. Xie. Selective Liquefaction of Wheat Straw in Phenol and Its
Fractionation. Applied Biochemistry and Biotechnology. 167 (2012) 250-8.

[15] F. Sun, H. Chen. Enhanced enzymatic hydrolysis of wheat straw by aqueous glycerol
pretreatment. Bioresource Technology. 99 (2008) 6156-61.

[16] S. Constant, C. Basset, C. Dumas, F. Di Renzo, M. Robitzer, A. Barakat, et al. Reactive
organosolv lignin extraction from wheat straw: Influence of Lewis acid catalysts on structural
and chemical properties of lignins. Industrial Crops and Products. 65 (2015) 180-9.

[17] S. Gandolfi, G. Ottolina, R. Consonni, S. Riva, I. Patel. Fractionation of Hemp Hurds by
Organosolv Pretreatment and its Effect on Production of Lignin and Sugars. ChemSusChem.
7 (2014) 1991-9.

[18] G. Hu, C. Cateto, Y. Pu, R. Samuel, A.J. Ragauskas. Structural Characterization of
Switchgrass Lignin after Ethanol Organosolv Pretreatment. Energy and Fuels. 26 (2012) 740-
5.

[19] Z. Jiang, T. He, J. Li, C. Hu. Selective conversion of lignin in corncob residue to
monophenols with high yield and selectivity. Green Chemistry. 16 (2014) 4257-65.

[20] Z. Jiang, H. Zhang, T. He, X. Lv, J. Yi, J. Li, et al. Understanding the cleavage of inter-
and intramolecular linkages in corncob residue for utilization of lignin to produce
monophenols. Green Chemistry. 18 (2016) 4109-15.

[21] C.M. Cai, T. Zhang, R. Kumar, C.E. Wyman. THF co-solvent enhances hydrocarbon
fuel precursor yields from lignocellulosic biomass. Green Chemistry. 15 (2013) 3140-5.

[22] P.M. Grande, J. Viell, N. Theyssen, W. Marquardt, P. Dominguez de Maria, W. Leitner.
Fractionation of lignocellulosic biomass using the OrganoCat process. Green Chemistry. 17
(2015) 3533-9.

[23] J.S. Luterbacher, A. Azarpira, A.H. Motagamwala, F. Lu, J. Ralph, J.A. Dumesic.
Lignin monomer production integrated into the [gamma]-valerolactone sugar platform.
Energy and Environmental Science. 8 (2015) 2657-63.

[24] L. Hu, Y. Luo, B. Cai, J. Li, D. Tong, C. Hu. The degradation of the lignin in
Phyllostachys heterocycla cv. pubescens in an ethanol solvothermal system. Green Chemistry.
16 (2014) 3107-16.

[25] M.-F. Li, S.-N. Sun, F. Xu, R.-C. Sun. Mild Acetosolv Process To Fractionate Bamboo
for the Biorefinery: Structural and Antioxidant Properties of the Dissolved Lignin. Journal of
Agricultural and Food Chemistry. 60 (2012) 1703-12.

35



756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804

[26] S. Cheng, 1. D’cruz, M. Wang, M. Leitch, C. Xu. Highly Efficient Liquefaction of
Woody Biomass in Hot-Compressed Alcohol-Water Co-solvents. Energy and Fuels. 24
(2010) 4659-67.

[27] Z.C. Jiang, C.W. Hu. Selective extraction and conversion of lignin in actual biomass to
monophenols: A review. Journal of Energy Chemistry. 25 (2016) 947-56.

[28] L. Shuai, J. Luterbacher. Organic Solvent Effects in Biomass Conversion Reactions.
ChemSusChem. 9 (2016) 133-55.

[29] K. Zhang, Z. Pei, D. Wang. Organic solvent pretreatment of lignocellulosic biomass for
biofuels and biochemicals: A review. Bioresource Technology. 199 (2016) 21-33.

[30] T. He, Z. Jiang, P. Wu, J. Y1, J. Li, C. Hu. Fractionation for further conversion: from raw
corn stover to lactic acid. Scientific Reports. 6 (2016) 38623.

[31] K. Shimizu, K. Usami. Enzymatic hydrolysis of wood. III. Pretreatment of woods with
acidic methanol-water mixture. Mokuzai Gakkaishi 24 (1978) 632-637.

[32] T.Y. Chen, J.L. Wen, B. Wang, HM. Wang, C.F. Liu, R.C. Sun. Assessment of
integrated process based on autohydrolysis and robust delignification process for enzymatic
saccharification of bamboo. Bioresource Technology. 244 (2017) 717-25.

[33] M.F. Li, S.N. Sun, F. Xu, R.C. Sun. Formic acid based organosolv pulping of bamboo
(Phyllostachys acuta): Comparative characterization of the dissolved lignins with milled
wood lignin. Chemical Engeeniering Journal. 179 (2012) 80-9.

[34] S.X. Li, M.F. Li, P. Yu, Y.M. Fan, J.N. Shou, R.C. Sun. Valorization of bamboo by
gamma-valerolactone/acid/water to produce digestible cellulose, degraded sugars and lignin.
Bioresource Technology. 230 (2017) 90-6.

[35] E.T. Kostas, D. Beneroso, J.P. Robinson. The application of microwave heating in
bioenergy: A review on the microwave pre-treatment and upgrading technologies for biomass.
Renewable and Sustainable Energy Reviews. 77 (2017) 12-27.

[36] T. Li, J. Remon, P.S. Shuttleworth, Z. Jiang, J. Fan, J.H. Clark, et al. Controllable
production of liquid and solid biofuels by doping-free, microwave-assisted, pressurised
pyrolysis of hemicellulose. Energy Conversion and Management. 144 (2017) 104-13.

[37] S. Kassaye, K.K. Pant, S. Jain. Hydrolysis of cellulosic bamboo biomass into reducing
sugars via a combined alkaline solution and ionic liquid pretreament steps. Renewable
Energy. 104 (2017) 177-84.

[38] L. Dai, C. He, Y. Wang, Y. Liu, Z. Yu, Y. Zhou, et al. Comparative study on microwave
and conventional hydrothermal pretreatment of bamboo sawdust: Hydrochar properties and
its pyrolysis behaviors. Energy Conversion and Management. 146 (2017) 1-7.

[39] W.-H. Chen, Y.-S. Chu, W.-J. Lee. Influence of bio-solution pretreatment on the
structure, reactivity and torrefaction of bamboo. Energy Conversion and Management. 141
(2017) 244-53.

[40] Y. Tang, C.A. Roberts, R.T. Perkins, I.LE. Wachs. Revisiting formic acid decomposition
on metallic powder catalysts: Exploding the HCOOH decomposition volcano curve. Surface
Science. 650 (2016) 103-10.

[41] C. Arato, E.K. Pye, G. Gjennestad. The lignol approach to biorefining of woody biomass
to produce ethanol and chemicals. Applied Biochemistry and Biotechnology. 121 (2005) 871-
82.

[42] Z.Q. Li, Z.H. Jiang, B.H. Fei, X.E. Liu, Y. Yu. Bioconversion of bamboo to bioethanol
using the two-stage organosolv and alkaly pretreatment. BioResources. 7 (2012) 5691-9.

[43] X. Pan, C. Arato, N. Gilkes, D. Gregg, W. Mabee, K. Pye, et al. Biorefining of
softwoods using ethanol organosolv pulping: preliminary evaluation of process streams for
manufacture of fuel-grade ethanol and co-products. Biotechnology and Bioengineering. 90
(2005) 473-81.

36



805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

832

[44] X. Pan, N. Gilkes, J. Kadla, K. Pye, S. Saka, D. Gregg, et al. Bioconversion of hybrid
poplar to ethanol and co-products using an organosolv fractionation process: optimization of
process yields. Biotechnology and Bioengineering. 94 (2006) 851-61.

[45] X.J. Pan, D. Xie, R.-W. Yu, D. Lam, J.N. Saddler. Pretreatment of lodgepole pine killed
by mountain pine beetle using the ethanol organosolv process: Fractionation and process
optimization. Industrial and Engineering Chemistry Research. 46 (2007) 2609-17.

[46] B.S. Donohoe, S.R. Decker, M.P. Tucker, M.E. Himmel, T.B. Vinzant. Visualizing
lignin coalescence and migration through maize cell walls following thermochemical
pretreatment. Biotechnology and Bioengineering. 101 (2008) 913-25.

[47] J.-L. Wen, S.-N. Sun, T.-Q. Yuan, F. Xu, R.-C. Sun. Fractionation of bamboo culms by
autohydrolysis, organosolv delignification and extended delignification: Understanding the
fundamental chemistry of the lignin during the integrated process. Bioresource Technology.
150 (2013) 278-86.

[48] Y. Xu, L. Hu, H. Huang, D. Tong, C. Hu. Simultaneous separation and selective
conversion of hemicellulose in Pubescen in water—cyclohexane solvent. Carbohydrate
Polymers. 88 (2012) 1342-7.

[49] L. Segal, J.J. Creely, J. A.E. Martin, C.M. Conrad. An Empirical Method for Estimating
the Degree of Crystallinity of Native Cellulose Using the X-Ray Diffractometer. Textile
Research Journal. 29 (1959) 786-94.

[50] J. Viell, A. Harwardt, J. Seiler, W. Marquardt. Is biomass fractionation by Organosolv-
like processes economically viable? A conceptual design study. Bioresource Technology. 150
(2013) 89-97.

[51] A. Garcia, M. Gonzélez, R. Llano-Ponte, J. Labidi. Energy and Economic Assessment of
Soda and Organosolv Biorefinery Processes. in: S. Pierucci, G.B. Ferraris, (Eds.), Computer
Aided Chemical Engineering. Elsevier2010. pp. 115-20.

[52] C. Dupont, R. Chiriac, G. Gauthier, F. Toche. Heat capacity measurements of various
biomass types and pyrolysis residues. Fuel. 115 (2014) 644-51.

37



