Open Access Article. Published on 18 September 2020. Downloaded on 1/19/2026 3:45:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Ad\v., 2020, 10, 34738

ROYAL SOCIETY
OF CHEMISTRY

(3

Totally green cellulose conversion into bio-oil and
cellulose citrate using molten citric acid in an open

system: synthesis, characterization and
computational investigation of reaction

mechanisms¥

Isabella Romeo, Fabrizio Olivito,* Antonio Tursi,

Amerigo Beneduci,

and Antonio De Nino®@*

Giuseppe Chidichimo, Loredana Maiuolo,

* Vincenzo Algieri,
Emilia Sicilia

The simultaneous transformation of crystalline or amorphous cellulose into a furan-based bio-oil and
cellulose citrate was realized avoiding the use of strong inorganic acids, drastic conditions, enzymatic
treatments or microorganism fermentation. This innovative method is very eco-friendly and involves the
use of molten citric acid under solvent free conditions at atmospheric pressure. An accurate discussion
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1. Introduction

The term biomass is a wide and general definition that includes
all the organic materials derived from plants or organic
wastes.'"* This matter is originated during the photosynthesis of
plants in which CO,, water and sunlight are converted into
carbohydrates that represent the building blocks of the plant
body. Lignocellulosic material represents the dry part of the
plant structure and can be used as renewable and sustainable
energy source.>® It is composed of cellulose, hemicellulose and
lignin, that can be converted into fuels and chemicals by
numerous procedures.”** Cellulose is the main component
with an average percentage of 40-50 of the weight. This is
a stable polysaccharide, composed of pB-p-glucopyranoses,
approximately between 5000 and 10 000 units, linked by B-1,4-
glycosidic bonds. B-Glycosidic bonds force the structure to
a linear arrangement, because of the pyranose chair confor-
mation and the equatorial disposition of the substituents, that
corresponds to a minimum of energy." The structure stability is
one of the main problems for cellulose depolymerisation,
especially for microcrystalline cellulose. In fact, it possesses an
ordinate reticulate structure due to the great number of intra-
and inter-molecular hydrogen bonds and additional van der
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were formulated on the basis of experimental findings and detailed DFT quantum-mechanical
simulations were carried out to confirm, step by step, the proposed reaction paths.

Waals forces that are related to its recalcitrant character.'>"
Hemicellulose contributes between 25-30% of the weight.
Hemicellulose differs from cellulose as its structure is charac-
terized by short branched chains consisting of various glucose,
mannose, xylose, galactose, arabinose, 4-O-methyl glucuronic
acid and galacturonic acid units. Lignin is the third wood
component. It is the less abundant with an average of 15-30% of
the weight. This polymer is composed of phenylpropane units,
that arrange in an amorphous highly branched structure.’>*” As
hydrophobic lignin shells protect cellulose and hemicellulose
from enzymatic or chemical attacks, delignification allows to
reach milder and easier conditions for depolymerization of the
cellulosic material. Generally, during the delignification
process, hemicellulose is also solubilized and removed from the
cellulosic core.”?° Cellulose derived compounds represent high
value platform chemicals for industrial or chemical
purposes.”** One of the most promising material derived from
cellulose or from raw biomass is a mixture of compounds called
bio-0il.>*** Pyrolysis under elevated temperature and in the
absence of oxygen is a common method for the production of
pyrolytic oils for fuel or other industrial applications. The use of
reactor systems and severe conditions limits the scalability of
the process together with other factors like by-products forma-
tion. The most common by-products of pyrolysis are biochar,
humins, gas and tar. The temperature commonly reached is in
the range 450-500 °C. This procedure has a remarkably ener-
getic cost.”**®

This journal is © The Royal Society of Chemistry 2020
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Advancements in the bio-oil production process have
involved several methodologies, such as microwave irradia-
tion,?>*° the use of Lewis or Bronsted acids at high pressure and
high temperature,*** the employment of concentrated marine
seawater,* encompassing a strong environmental impact and
a low conversion in bio-oil. A green procedure to overcome some
of the shortcomings underlined previously, is the use of non-
conventional solvents like ionic liquids and deep eutectic
solvents. These systems in combination with catalytic quanti-
ties of Lewis acid allow to convert cellulosic materials under
milder conditions. The remarkable limitations of this method
are the high affinity of the synthesized bio-oil for the ionic
phase and the extremely poor recovery in organic solvents.**?*

Cellulose citrate is the esterification product of one carboxyl
group of citric acid with cellulose, which can be prepared,
usually, by impregnation of cellulose with an aqueous solution
of acid citric at elevated temperature.®*® Such product, that has
free and reactive carboxylic acids, is generally insoluble in the
common organic solvents and in water and because of its
porous structure may be used, among other things, like adsor-
bent for large molecules as hormones and antibiotics or for
heavy metals from waste water, or as ion exchange agent.*” More
recent applications involve the use of cellulose citrate as rein-
forcing filler of polylactic acid (PLA) and its derivatives or
polypropylene (PP) resins.****

A fast and simple process to obtain simultaneously cellu-
lose hydrolysis and esterification was carried out using mild
organic acids. For example, molten oxalic acid dihydrate in
solvent free conditions*® or aqueous solutions of citric acid
and hydrochloric acid under reflux, are able to produce
elevated yield in cellulose ester but poor quantity of bio-oil. In
particular, for the latter method, the reason may be due to the
presence of water that prevents a direct contact between the
three acidic functionalities of citric acid and the glycosidic
bonds of cellulose.**

In the recent years, a great deal of attention was devoted to
furan-based bio-oils.*> Furan is a member of a class of bio-
privileged molecules, which can be converted into other
substances with high added value.**** Furanic compounds can
be chemically manipulated or wused directly for many
purposes.*™ For example, 5-hydroxymethylfurfural (HMF) is
one of the most promising platforms for chemicals formed
from hexoses. It has many applications in the industry of
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adsorbents, coatings, batteries, drug delivery, bio-pesticides,
polymers, corrosion inhibitors and high calorific biofuels.***

In this work, we suggest a simple methodology to convert
simultaneously cellulose in the form of crystalline or amor-
phous cellulose into a furanic bio-oil and cellulose citrate
without any use of strong inorganic acids, harsh conditions,
enzymatic treatments or microorganism fermentation. The
proposed methodology involves the use of citric acid (CA) as
a mild, natural and non-toxic acidic agent under solvent free
conditions and at atmospheric pressure. The reaction is
carried out by heating in a range of temperature between 152-
155 °C. The cellulose depolymerisation and contemporary
esterification occur in short time, without the formation of any
other by-products.>® A detailed discussion on materials char-
acterization and quantum-mechanical DFT calculations for
the exploration of the reaction mechanisms complete the
synthetic procedure.

2. Results and discussion

2.1. Synthesis and characterization

In order to find a fully green, safe and fast procedure to convert
simultaneously cellulosic material to cellulose-citrate and bio-
oil, we started the investigation using crystalline cellulose and
different molten organic acids in solvent-free conditions and at
atmospheric pressure. The used temperature is the melting
point temperature of the acids. The open-air system allows the
presence of traces of water to increase the amount of hydrolysis
products in an acid medium. We decided at first to use cellulose
in the crystalline form because it is many times more resistant
respect to amorphous cellulose and its conversion is difficult.
The source of these cellulosic materials is represented by
lignocellulosic biomasses, which are the most abundant waste-
products of industrial processes.

A screening of different mono-, di- and tricarboxylic acids
used to obtain simultaneously cellulose esters and bio-oil is
reported in Table 1. More specifically, the reaction with molten
dihydrated oxalic acid under solvent free conditions at the acid
melting point temperature produces only cellulose oxalate
(entry 1). Probably, the reaction temperature is not high enough
to convert cellulose into bio-oil. Then, we used molten benzoic
acid at a higher melting point temperature (entry 2) but neither
cellulose-benzoate nor bio-oil were produced.

Table 1 Solvent-free and open-air reaction between crystalline cellulose and different molten organic acids

Melting point

Yield in bio-oil Yield in cellulose

Entry Organic acid (°Q) (%) ester (%)
1 Oxalic acid dihydrate 104-106 — 80

2 Benzoic acid 121-123 — —

3 Adipic acid 151-154 — 90-100
4 Citric acid 152-155 60-80 40-20

5° (+)Tartaric acid 168-170 — —

6" Succinic acid 185-188 — —

“ See ref. 33. ” Only decomposition products (biochar).

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Cellulose esterification and depolymerization by molten citric acid in an open-air system.

In this case, maybe, both the temperature is not high enough
to depolymerize cellulose and in presence of only one carboxylic
group a structural cleavage and a right insertion between
cellulosic chains are not allowed. The reaction with cellulose
and adipic acid (entry 3) failed toward hydrolysis, likely because
its two carboxylic groups are separated by a too large distance
through the alkyl chain. This hydrophobicity does not allow the
right insertion of the acid into the cellulosic chains intra- and
inter-molecularly bonded through hydrogen bonds. When citric
acid at its melting point temperature was used in this reaction,
after 3 hours, cellulose was mostly depolymerized in a mixture
of compounds collected by acetone extraction in the form of
a bio-oil and at the same time the washed solid was identified as
esterified cellulose in the form of cellulose citrate (entry 4). This
last one has porosity similar to that of cellulose, it is insoluble
in the common organic solvents and also in water and for these
reasons it can be suitable as an absorbent for very large mole-
cules as hormones and antibiotics as well as ionic exchange
resin, pollutants absorber and green nanocomposites.®* Other
natural acids, like (+)tartaric acid and succinic acid, with their
melting points near 169 and 183 °C, respectively require
a reaction temperature too high to melt leading, instead, to
biochar formation (entries 5 andé6). A schematic representation
of the transformation process of cellulose through reaction with
citric acid is reported in Scheme 1.

Once we found the best system for obtaining simultaneous
cellulose esterification and hydrolysis, the reaction conditions

Table 2 Optimization of the reaction conditions using different
weight equivalents of citric acid

Citric acid weight Bio-oil yield Cellulose-citrate

Entry equivalents (%) (%)

1 0.5 20-30 40-20
2 0.8 40-50 40-20
3 1 60-80 40-20
4 1.2 60-80° 40-20
5 1.5 60-80¢ 40-20

% Unreacted citric acid inside.
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optimization was carried out, using different equivalents of
citric acid, as described in Table 2.

In order to obtain the maximum yield of bio-oil and cellulose
citrate one weight equivalent of citric acid (entry 3) has to be
used. When a lower quantity of citric acid is used, the corre-
sponding yield of bio-oil decreases (entries 1 and 2), while the
difference in cellulose citrate depends on the lower degree of
substitution. In contrast, when a higher quantity of citric acid is
used, the yield in cellulose citrate and its degree of substitution
remain the same, and a significant amount of unreacted citric
acid is present in bio-oil.

Once the optimized amount of reagents was found, we
investigated the dependence of the chemical composition of
bio-oil on reaction times. All the products were identified by
using positive ESI ionization mode and for the preparation of
the sample, 100 ppm of bio-oil was dissolved in a mixture of
CH;0H/H,0 added of a solution of NH," 5 mM to enhance
the ionization. The obtained results are reported in Table 3.

As it clearly appears, the bio-oil composition is strongly
dependent on the reaction time. In fact, from 30 minutes to
3 hours, the bio-oil composition results rich in furanic
compounds (Table 3, entries 1-4), while after three hours or
more a significant oxidation of furanic compounds occurs
(Table 3, entry 5). In more detail, after 30 minutes, almost 80%
of cellulose is hydrolysed to furanic bio-oil, whereas the
remaining 20% of cellulose is esterified by the used citric acid.
The increase of the reaction times for overnight led to uncon-
trolled decomposition both of the furanic compounds and
cellulose citrate; in particular, the latter produces glucose and
its dimers, which cannot be easily rationalized. For this reason,
no data is shown in Table 3 even if the mass spectrum relative to
the reaction in overnight is reported in the ESL{

Schematically, cellulose is depolymerized to glucose units by
the action of traces of water and the acidic carboxylic groups.
The presence of traces of water is favoured by the open reaction
system. Glucose, once formed, in these reaction conditions
dehydrates quickly, with the loss of three molecules of water to
give 5-hydroxymethylfurfural (HMF, Scheme 2), as already re-
ported in literature.®* At this point 5-hydroxymethylfurfural
thanks to the moderate temperature and to the open-air system,

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06542k

Open Access Article. Published on 18 September 2020. Downloaded on 1/19/2026 3:45:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 3 Bio-oil composition at different reaction times
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M+ M +

Entry Reaction time Formula Compound Molecular weight H]" [M + NH,4] Na]"
1 30 minutes CeHgO, 5-Methylfuran-2-carbaldehyde 110.11 111 — —

CeHgO3 2,5-bis(Hydroxymethyl)furan 128.13 129 — —

CeH,0, 2,5-Furandicarboxylic anhydride 138.08 139 — —

CgH,0,4 5-Formyl-2-furancarboxylic acid 140.09 141 — —

CeHeO4 5-Hydroxymethyl-2-furancarboxylic acid 142.11 143 — —

CeHgO3 5-Hydroxymethylfurfural 126.11 — 158 —

CeH1,06 Glucose 180.16 181 — —

CeH 0, Citric acid 192.12 — 210 —
2 1 hour CeHeO, 5-Methylfuran-2-carbaldehyde 110.11 111 — —

CsH,0, 2,5-Furandicarboxylic anhydride 138.08 139 — —

CeHeO4 5-Hydroxymethyl-2-furancarboxylic acid 142.11 143 — —

CeHgO3 5-Hydroxymethylfurfural 126.11 — 158 —
3 2 hours CeHgO, 5-Methylfuran-2-carbaldehyde 110.11 111 — —

CeHgO3 2,5-bis(Hydroxymethyl)furan 128.13 129 — —

2,5-Furandicarboxylic anhydride 138.08 139 — —

CeHgO4 5-Hydroxymethyl-2-furancarboxylic acid 142.11 143 — —

CeH1,06 Glucose 180.16 181 — —
4 3 hours CeHeO, 5-Methylfuran-2-carbaldehyde 110.11 111 — —

CeHgO5 5-Hydroxymethylfurfural 126.11 — 158 —

CsH,0, 2,5-Furandicarboxylic anhydride 138.08 139 — —

Ce¢HgO4 5-Hydroxymethyl-2-furancarboxylic acid 142.11 143 — —

CeH1,06 Glucose 180.16 181 — —
5 5 hours CeHg0, 5-Methylfuran-2-carbaldehyde 110.11 111 — —

CeHgO3 5-Hydroxymethylfurfural 126.11 — 158 —

CeH,O5 2,5-Furandicarboxylic acid 156.09 157

CeH,0, 2,5-Furandicarboxylic anhydride 138.08 139 — —

CgH1,06 Glucose 180.16 181 — —

OH
OH OH
HO o ° o)
_Openair 0
o) \%\ HO o —s5°C Ho/&/
OH HO OH
OH OH
Cellulose unit Citric Acid (CA) Glucose
-3H,0

o} o)
o I
HO OH <2 Ho OH =2
\ / 155 °C lesc 155 °C

\ /

5-Hydroxymethylfurfural (HMF)

Scheme 2 Cellulose hydrolysis catalysed by citric acid at 155 °C and under open-air conditions.

can start a sequence of consecutive oxidation reactions towards
formation of products a, b and c¢ of Scheme 2. Cellulose
hydrolysis and the consecutive oxidation reactions are depicted
in Scheme 2.

The carboxylic moieties formed in the oxidative process
(products a, b and c, Scheme 2) are confirmed by pH
measurements of the bio-oil that goes from 4.2-4.4, stopping
the reaction after 30 minutes, to 3-3.2 stopping the reaction
after overnight time. In addition, the total acid content was
obtained by a potentiometric titration following the standard
method ASTM D664.7> (Experimental procedure are reported

This journal is © The Royal Society of Chemistry 2020

in ESIY). Finally, hydroxyl content was calculated through the
standard method ASTM D4274-16, by esterification of bio-oil
using phthalic anhydride.*® All results are reported in Table 4.

Moreover, in Fig. 1 the trend of carboxylic groups versus
hydroxyl groups over time is showed.

As additional evidence of the oxidative process, we totally
esterified the bio-oil by a common procedure reported in liter-
ature, observing in IR spectra both the disappearance of C=0
stretching of carboxylic groups and the presence of C=O
signals of ester groups (see ESIt for IR spectrum).®*

RSC Adv, 2020, 10, 34738-34751 | 34741
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Table 4 Determination of pH, total acid number and hydroxyl group content of bio-oil

Total acid content Hydroxyl group content

Entry Reaction time pH (mg KOH per g) (mg KOH per g)
1 30 minutes 4.4 105 170
2 1 hour 4.3 120 160
3 2 hours 4.1 135 152
4 3 hours 3.8 150 145
5 5 hours 3.0 180 130
6 Overnight 2.2 205 110
250 acids (3300-2800 cm '), respectively. The relatively intense
200 band at 1049 cm ™', supports the presence of primary alcohols
T 150 in the mixture. Other bands, indicating the presence of both
2 100 = OH number carboxylic acids and aldehydes, are those close to 1390 cm™*
E s (mgKOH/g) and 1427 em™ ", characteristics of the out of plane OH bending

M Acid number
0 (mgKOH/g)

Time (minutes)

Fig. 1 Time dependency between bio-oil, OH numbers and acid
numbers.

2.2. FT-IR characterization of bio-oil

FT-IR analysis was carried out on bio-oil samples and Fig. 2
shows a sequence of FT-IR spectra acquired as a function of the
reaction time.

Consistently with the LC-MS data, the FT-IR analysis shows
the complex composition of the bio-oil mixture, particularly in
the early stage of the reaction. Indeed, the spectra at 30 min
and 1 h show the presence of two sharp and intense peaks at
1705 cm ™' and 1750 cm™!, characteristic of the CO double
bond stretching vibrations of dimeric carboxylic acids and
aldehydes, respectively (see also the well visible overtone
bands at 3449 cm™' and 3495 cm™').** Moreover, the broad
band in the 3700-2800 cm ' range exhibited by the two
spectra, is characteristic of the superposition of the OH
stretching modes of alcohols (3700-3200 cm ') and carboxylic

overnight

—

5h
3h
v 2h
/ 1750-1700 — ?
3700-3000 1450-1300  1250-1000

T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-1)

Fig. 2 FT-IR spectra of bio-oil at different reaction times.

34742 | RSC Adv, 2020, 10, 34738-3475]

of dimeric acids and of CH bending of aldehydes, respectively.
The relatively intense signals in the 1000-1400 cm ™' range can
be attributed to the COC vibrations of the furan ring generally
observed for the 5-HMF,*® whose presence is also supported by
weak signals at about 1600 cm ™" due to the C-C double bond
stretching vibration.

The FT-IR spectrum of the bio-oil mixture for reaction times
greater than 1 h shows several interesting changes, suggesting
that oxidation processes are taking place quite early (just in the
first 2 h) in the mixture.

One of the most indicative changes is the disappearing of the
CO double bond stretching vibration of aldehydes (and its
overtone signal). Only one sharp and intense peak at 1728 cm ™"
occurs, which is typical of the CO double bond stretching
vibration of dicarboxylic acid. The area of this signal, normal-
ized with respect to the total spectral area, remains almost
constant with time from 2 h up to overnight (Fig. S1 in ESIt) and
it is equal to the sum of the area of the two carbonyl peaks
occurring in the spectra at 0.5 and 1 h, indicating that the
carboxyl functional groups formed during the reaction time
derive from the oxidation of the aldehyde carbonyl groups
present at the beginning in the mixture. However, it is worth
noting that, in the spectrum at 5 h, a shoulder appears in the
carbonyl signal at 1728 cm ™"
that one acquired after overnight. The relative increase in the

, which becomes more evident in

Cellulose

5h

overnight

T T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 3 FT-IR spectra of cellulose citrate at different reaction times.
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Fig. 4 Simulated intercalation of citric acid between adjacent cellu-
lose chains.

intensity of the latter peak could indicate further oxidation
processes.

Another interesting change, though less diagnostic, is that
the spectral region below 1500 cm™ ', becomes less crowded
with respect to that observed in the spectra acquired within the
first hour. This is probably due to the more complex mixture
composition in the early stage of the reaction.

2.3. Characterization of cellulose citrate. FT-IR and degree of
esterification

The solid fraction product of the hydrolysis reaction was also
characterized by FT-IR in order to support its identification as
cellulose citrate and in Fig. 3 a sequence of representative FT-IR
spectra of cellulose citrate, as a function of time, is reported. It
clearly shows that, just after half an hour, a strong signal cen-
tred at 1736 cm ™" appears in all the spectra, which is absent in
the spectrum of pure cellulose. This signal is typical of carbonyl
vibrational stretching modes, strongly supporting that cellulose

OH

HO i_-0O—4

OH

Scheme 3 Cellobiose portion of a cellulosic chain highlighted in green.

This journal is © The Royal Society of Chemistry 2020
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esterification®® takes place due to the reaction with the citric
acid at 152-155 °C. No other significant change with respect to
the cellulose spectrum can be detected in the other spectra,
indicating that the solid material produced is structurally based
on cellulose.

Another confirmation of cellulose citrate formation came
from conductometric titration for the estimation of the average
degree of substitution calculated according to ATSM D1439.%”
(Detailed procedure is reported in ESIt). The degree of substi-
tution is 0.46 from 30 minutes to 3 hours, to confirm the
maximum esterification. However, after five hours the degree of
substitution is 0.35 and when the solid is collected after over-
night time is 0.20. Therefore, the decomposition of this polymer
after prolonged reaction time in the reported temperature range
is confirmed. Finally, we investigated also the same reaction
conducted under nitrogen without any presence of trace of
water and, in this case, the reaction proceeds only toward
cellulose esterification, with a functionalization of 0.2 weights
equivalents of citric acid, while the remaining part is washed
and collected in acetone. The degree of substitution in this case
is 0.45. This procedure becomes selective only toward the
production of cellulose citrate.

2.4. Mechanism of reaction

The proposed reaction mechanism consists in a simultaneous
hydrolysis and esterification of cellulose. Initially, citric acid in
solid form is mixed with cellulosic material and the coupled
solids are heated together in a range of temperature between
152-155 °C. Citric acid at this temperature melts and inserts
into cellulose chains, breaking the intra- and intermolecular
hydrogen bonds (Fig. 4). Therefore, the separate cellulose
chains are predisposed to an easier protonation of glycosidic
bonds to assist the hydrolysis and to an enhanced acid catalysis
on carboxylic groups to promote Fisher esterification.

For simplicity, the proposed hydrolysis mechanism is
described considering only a cellobiose moiety of cellulose, as
highlighted in Scheme 3, which contains all the chemical
characters appearing in cellulose.

Cellulose hydrolysis is due to the acidic functionalities of
citric acid that interacts both with the glycosidic bonds of
cellulose chains and the oxygen of the pyranose rings following
two different pathways of reaction (path a and b, Scheme 4). In
the first pathway (path a), the protonation of the O-glycosidic
bond by citric acid (CA) leads to formation of the six-membered

OH

OH
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Scheme 4 Probable hydrolysis mechanism and subsequent formation of 5-hydroxymethylfurfural (HMF).

oxocarbenium ring (4) and glucose (5). The intermediate 4 in  pyranose oxygen (3) to form intermediate 6 with an open
turn produces glucose (5) by water addition. In the second glucose unit. Then, the oxocarbenium ion 6 provides both
pathway (path b), citric acid promotes the protonation of a glucose molecule (5) and protonated open-chain glucose 8. At
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06542k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 September 2020. Downloaded on 1/19/2026 3:45:27 PM.

(cc)

Paper

this point, path a and path b continue along a single pathway,
leading to the formation of fructofuranose 11 through the
enolic species 9. Finally, the substrate 11 produces 5-hydrox-
ymethylfurfural 15 (HMF) by three dehydration steps.

2.5. Computational study of reaction mechanisms

Detailed computational studies were performed to support step
by step the complex mechanistic hypotheses formulated on the
basis of experimental evidences. Outcomes were compared with
the existing literature in order to confirm or discard previously
proposed reaction pathways.

2.5.1 Hydrolysis process. The computational analysis of
depolymerisation and conversion of cellulose was carried out
considering, as anticipated above, a cellobiose unit. The ester-
ification process of cellobiose, 1, was examined as the first step
of the cellulose conversion process in a furanic bio-oil using
citric acid as catalyst and including one explicit water molecule.
Cellulose hydrolysis in presence of citric acid can follow two
different pathways as illustrated in Scheme 4. The results of
cellulose protonation on both glycosidic (path a) and pyranic
(path b) oxygens are reported in Fig. 5. For the sake of clarity,
only one of the three carboxyl groups of CA is shown. The key
step of the whole process is the formation of a carbocation that
is cyclic in path a and acyclic in path b. Although formation of
the cyclic carbocation was suggested to be the preferred one,
path b was also computationally investigated.”®*® In the final
step, a water molecule reacts with the carbocation. The attack of
the water molecule restores the anomeric center and
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regenerates the citric acid in path a, while leads to the forma-
tion of the open-chain form of fructose together with citric acid
in path b.

Along path a, the transfer of the proton from citric acid to the
glycosidic oxygen and the simultaneous breaking of the C1-O1
bond occurs by overcoming a free-energy barrier of
8.0 kcal mol !, which corresponds to the transition state
TS2_CA_H,0. As a result, one glucose unit (5) is formed
together with a cyclic carbocation (4). The next step leading to
the regeneration of citric acid and the formation of the second
glucose molecule has a free-energy barrier, for the transition
state TS3_CA_H,0, of 5.2 kcal mol . The imaginary frequency
that identifies the transition state nature of the intercepted
stationary point corresponds to the concerted attack of a water
molecule to the carbocation and the simultaneous proton
abstraction from water by a citrate unit. Formation of products
is very favourable, being exergonic by 23.0 kecal mol .

Along path b, instead, protonation of the pyranic oxygen and
breaking of the bond with the adjacent carbon atom requires
12.5 kecal mol™* to occur going through the TS4_CA_H,O tran-
sition state. Nucleophilic attack of the water molecule leads to
the formation of a glucose unit together with an open ring
aldehydic protonated intermediate via TS5_CA_H,O with a free-
energy barrier of 28.9 kcal mol™'. The H atom on C2 is trans-
ferred to citric acid via TS6_CA_H,0 going beyond a free-energy
barrier of 18.1 kcal mol™' to form the species labelled 9,
calculated to be exergonic by 5.2 kcal mol . Citric acid plays
a pivotal role, as in path a, in promoting the H transfer from the

18.1

\ 1 \Qg;;fs.é:QA_HZO
Y 11.0.7 y

(’ AAAAA ‘\Q.o

5+5+CA
-23.0

©
FRU

open-chain

Fig. 5 Free energy profiles describing cellobiose hydrolysis assisted by the protonation of glycosidic (O1) (path a, solid line) and pyranose ring
(O5) (path b, dashed line) oxygens by means of citric acid. Only H atoms that should be involved in investigated reactions are shown. Energies are

given in kcal mol™! and relative to the reactants' asymptote.
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Fig. 6 Free energy profile for the conversion of glucose into the
open-chain form of fructose in acidic environment. Only H atoms that
should be involved in investigated reactions are shown. Energies are
given in kcal mol™t and relative to the reactants' asymptote.

hydroxyl group on the C5 atom to C1 to form the CH,~OH unit
via the concerted transition state TS7_CA_H,O corresponding
to an energy barrier of 14.7 kcal mol .

Indeed, citric acid works as a proton shuttle accepting
a proton from the OH group at C1 and transferring a proton to
the OH group at C2 and assisting the H migration from C5 to
C1. Formation of the species FRUgpen-chain, that is the open-
chain form of fructose, corresponding to the change of C1
atom hybridization from sp® to a sp® results to be almost ther-
moneutral with respect to the previous minimum.

2.5.2 Glucose isomerization into fructose. Once glucose is
formed, the isomerization to fructose, that subsequently
converts into HMF by successive dehydrations, can take place in
acidic environment as reported in Fig. 6. When the optimiza-
tion of the adduct formed by glucose and a H;O" unit is carried
out, proton is immediately transferred to the pyranic oxygen
and the concomitant breaking of the O-C1 bond occurs. The
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adduct formed between water and open-chain protonated
glucose is more stable than separated reactants by
33.8 keal mol . Final product, that is the open-chain fructose,
is obtained thanks to the action of a water molecule that
abstracts a proton from the OH group at C2 simultaneously with
the H migration from C2 to C1. Even if alternative pathways
previously proposed in the literature were also explored,®
results of computational analysis show that the preferred
pathway is that reported in Fig. 6.

2.5.3 Fructose conversion into HMF. The outcomes of our
computational analysis of the open-chain form of fructose
conversion to HMF are shown in Fig. 7. The formation of fruc-
tofuranose is due to the reaction of the C2-keto-group with C5-
OH, thus generating a weak hemiketal bond. The barrier for the
TS1openrru-umr Was calculated to be 36.1 keal mol . According
to previous works,* the ensuing elimination of three water
molecules allows the conversion of fructose to HMF. The
heights of the free energy barriers for the sequential dehydra-
tion steps are 46.9, 28.9 and 42.5 kcal mol™"' for the first,
second, third loss of water molecules, respectively. Intra-
molecular dehydration of fructose to HMF goes faster at higher
temperatures.®® Therefore, being the operative temperature
range of 152-155 °C, that is the melting temperature of citric
acid, the calculated energy barriers appear to be accessible and
eliminations can proceed to form the final product HMF. The
removal of a first water molecule (INT2openrru-mmr) i endo-
thermic, by +3.3 kcal mol™'. The second water elimination
(INT3openrru-amr) is exothermic, by 8.3 keal mol ! due to the
conjugation system between the C=C bond of the ring with the
C=0 bond of the aldehyde group. Finally, the third dehydration
step (INT4penrru-umr) is highly exothermic (—21.3 keal mol )
attributable to the major stability of aromatic ring in HMF.
Once conversion of cellulose to HMF in presence of citric acid
was analysed, computational efforts have been focused on the
rationalization of the pathways leading to the formation of

42.5

TS4openFRU-HMF

-21.3
HMF + 3H20

Fig. 7 Free energy profile describing the HMF formation from the open chain form of fructose. Only H atoms that should be involved in
investigated reactions are shown. Energies are given in kcal mol™* and relative to the zero reference energy of the reactant.
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several compounds experimentally observed in bio-oil at
different reaction times.

2.5.4 Proposed HMF oxidation reaction scheme. The first
step of the oxidation reactions occurring in presence of air
oxygen shown in Fig. 8, is the oxidation of the aldehyde moiety
of HMF, leading to the generation 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA). The complex sequence starts
with the abstraction of a H radical by triplet molecular oxygen
occurring by overcoming a free-energy barrier of 36.5 kcal mol "
(TSumr_o,) and forming the corresponding 5-hydroxy-methyl-
furanyl radical (HMFC(O)’). In the next step an additional O,
molecule binds to the carbon atom of the furanyl radical giving
the 5-hydroxy-methyl-furanyl-peroxy radical in spontaneous way
(HMFC(0)O0") releasing about 15 kcal mol . The initially
formed peroxy radical (HOO) reacts with the furanyl peroxy
radical. The height of the barrier for this transition state, named
TSHMFC(0)OO-_OOH, is 20.2 kcal mol~" that is almost at the
same energy of the minimum leading to it. The products are the
hydroxyl-methyl-furanyl-peroxydic =~ acid  (HMFC(O)-OOH)
together with regenerated molecular oxygen. The reaction
continues involving a second molecule of HMF and the
HMFC(0O)-OOH intermediate with a calculated energetic gain of
18.8 kecal mol~'. The HMF-peroxydic acid interacts with the
aldehyde group of HMF to give two molecules of 5-hydroxy-
methyl-2-furancarboxylic acid HMFC(O)OH via the tetrahedral
Criegee intermediate observed in the Baeyer-Villiger reaction by
overcoming a free energy barrier of 15.0 kcal mol ™ '.%*%* Rear-
rangement of such intermediate occurs through the transition
state lying at 14.1 kcal mol *, corresponding to the migration of
the aldehyde hydrogen to the perester oxygen and cleavage of
the O-O bond, and gives two carboxylic acids. The whole

This journal is © The Royal Society of Chemistry 2020

process is calculated to be exergonic by 101.7 kcal mol . As
revealed by the bio-oil composition obtained by experimental
analysis, after 30 minutes, HMF can be transformed into the
species with molecular weight (MW) 142.11 g mol ' that is
HMFC(O)OH. The HMFCA species can be intercepted by the
intermediate radical HMFC(O)OO" allowing the subsequent
formation of the detected 5-formyl-2-furancarboxylic acid
(FFCA) to occur. Along this pathway (see Fig. 9), the reaction
starts with the H-transfer from the carbon atom of the hydroxyl-
methyl group of HMFCA to the radical HMFC(O)OO".

The required energy is 5.2 kcal mol ™ (TSumrca_amFc(0)00°))
whereas the regeneration of the HMFC(O)-OOH species and
formation of the new carbon radical HMFA'" results to be exer-
gonic by 15.2 kcal mol . With the help of air oxygen, the H-
abstraction from the hydroxyl group leads to the formation of
a peroxy radical and the final oxidation to 5-formyl-2-
furancarboxylic acid (FFCA) (MW 140.09 g mol ). Separated
products lye well below the energy at the entrance channel, as
the process is calculated to be exergonic by 20.2 kcal mol %,
whereas the transition state (TSgmrca-_o,), leading to products
formation lies at —12.3 kcal mol ' is less stable by about
3 keal mol ™" than the preceding minimum.

2.5.5 Citrate ester formation. The esterification process
assisted by CA was also computationally explored. All three
hydroxyl groups in the anhydroglucose unit, that is primary
hydroxyl group at Cé6 and secondary hydroxyl groups at C2 and
C3, can participate in condensation. The preferred site for the
ester formation in presence of citric acid by elimination of
a water molecule is the hydroxyl group at the C6 carbon atom.
Indeed, the energy barrier that is necessary to overcome for the
O6-cellulose citrate formation is found to be 33.5 kcal mol™*

RSC Adv, 2020, 10, 34738-34751 | 34747
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involved in investigated reactions are shown. Relative energies are in kcal mol™ and calculated with respect to the reference zero energy of

separated reactants.

calculated with respect to the reference energy of separated
reactants (Fig. 10 panel a). Geometrical structures of the inter-
cepted stationary points are reported only for the C6 hydroxyl
group, whereas those for the OH group at C2 can be found in
Fig. S3 of the ESL{ Formation of the first adduct and ester
product are exergonic by 13.4 and 8.5 kcal mol *, respectively.
The height of the barrier of the transition state that allows the
formation of the O2-cellulose citrate is 36.6 kcal mol !, whereas
the two connected minima lye 6.8 kcal mol™", for the adduct,
and 8.3 keal mol *, for the product, below the entrance channel.

In addition, it has been investigated the possibility (see
Fig. 10 panel b) that, in absence of water, protonation of the
glycosidic oxygen occurs simultaneously with the breaking of
the O1-C4’ bond and the attack of the deprotonated citrate
oxygen on the C4’ atom. The intercepted transition state lies
53.2 keal mol " higher in energy with respect the zero reference

34748 | RSC Adv, 2020, 10, 34738-3475]

energy of separated reactants. The subsequent formation of
glucose and cellobiose citrate products is calculated to be
exergonic by 8.8 kcal mol™". Due to the significantly higher
calculate energy barrier, this pathway is the less viable one.

3. Conclusions

In conclusion, here we propose an innovative, green, catalyst-
free and efficient synthetic methodology to convert simulta-
neously cellulose in furan-based bio-oil and cellulose citrate.
This last, recovered from the reaction environment in eco-
sustainable conditions only by filtration and washing opera-
tions with water, can be used for its chemical characteristics as
an additive in composites and bioplastic materials to improve
mechanical strength and biodegradability properties. On the
contrary, furan-based bio-oil, collected from reaction crude

This journal is © The Royal Society of Chemistry 2020
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through a simple extraction process with acetone, due to its
chemical composition enriched of 5-hydroxy-methylfurfural
(HMF) and other furan-based derivatives, is a recent example
of mixture of bioprivileged molecules that can be used for
several applications such as antifriction, additive in gasoline,
drug delivery, bio-pesticides, biobased packaging material etc.

Bio-oil and cellulose citrate obtained with the versatile
synthetic procedure illustrated here were fully characterized by
MS, IR and SEM techniques. Meticulous theoretical investiga-
tions were carried out to disentangle step by step all the
mechanistic aspects of the processes leading to the conversion
of cellulose into furan-based bio-oil and cellulose citrate assis-
ted by citric acid.

The results herein illustrated provide experimental evidence
for a promising industrial procedure for contemporary
production of furan-based bio-oil and cellulose citrate with
minimal cost and environmental impact.

4. Experimental

All reagents and solvents were purchased from Sigma-Aldrich or
Alfa Aesar and used without purification.

4.1. Synthesis

In a Pyrex glass beaker, 5 g of microcrystalline or amorphous
cellulose and 5 g of citric acid (monohydrate or anhydrous can
be used) are placed and mixed together. The mixture is heated
at 152-155 °C, using an oil bath, for the chosen reaction times
(30 min, 1 hour, 2 hours, 3 hours, 5 hours, overnight time) and
sometimes mixed mechanically. At the end of reaction, after
cooling the reaction mixture, 20 ml of acetone are added and
the suspension is filtered using a 50 ml sintered glass filter
connected to an Erlenmeyer flask. The filtered solid is washed
with other 20 ml of acetone. The liquid phase is reduced under
vacuum to remove any trace of solvent to give bio-oil in the form
of a brown highly viscous oil. The solid phase is collected,
washed with distilled water, dried in an oven at 70 °C for one
day and consists of cellulose citrate as a pale-yellow solid.

4.2. Characterization

Bio-oil characterization was carried out using a MS spectrom-
eter Q-Star Pulsar-i (MSD Sciex Applied Biosystem, Toronto,
Canada) in ESI (+) ionization mode. Both MS (full scan mode)
and MS/MS (product ion scan) experiments were carried out. All
samples were dissolved in CH;OH/H,O 9/1 solution added of
same drops of NH," 5 mM. All spectra are reported in ESLT

Bio-oil and cellulose-citrate FT-IR spectra were acquired by
the Shimadzu IRAffinity-1S spectrometer (Shimadzu Corpora-
tion) in the spectral region of 375 and 4000 cm™ ' with a reso-
lution of 1 ecm ™", setting 50 scans for a single analysis and using
KBr pellets technique. The KBr pellets were obtained by mixing
the sample with KBr powder (ratio 1:100) and pressing with
a hydraulic press, at the pressure of 10 tons for 5 minutes. The
resulting pellets were placed in the appropriate compartment of
the instrument and exposed to the FT-IR light beam for anal-
ysis. All spectra are collected in ESL

This journal is © The Royal Society of Chemistry 2020
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Morphological studies of cellulose and citrate cellulose at
different reaction time were carried out using a LEO 420 scan-
ning electron microscope (SEM, Zeiss), operating with vacuum
conditions of 8 x 10° Torr at an accelerating voltage of 15 kV.
Samples were gold metallized by an Auto Sputter Coater (Agar).
Images were taken with 200, 500, and 3000 SEM micrograph
magnifications (see ESIT for imagines).

4.3. Computational methods

All the electronic calculations were carried out with the
Gaussian 09 suite of programs,® in the framework of the density
functional theory employing the hybrid Becke three-parameter
exchange functional®® and the Lee-Yang-Parr correlation func-
tional, B3LYP.*” Dispersion corrections for nonbonding inter-
action have been included through the Grimme approach using
atom pair-wise additive schemes,*® denoted as DFT-D3 method.
The geometries and zero-point energies were calculated with 6-
311G(d,p) basis sets. Vibrational frequencies at the same level of
theory have been calculated for both establishing the nature of
intercepted stationary points as minima and transition states
and calculating zero-point energy (ZPE) and Gibbs free energy
corrections. The intercepted transition states are first order
saddle points on a potential energy surface (PES) and their
vibrational spectrum is characterized by one imaginary
frequency, corresponding to a negative force constant, which
means that in one direction, in the nuclear configuration space,
the energy has a maximum, while in all the other directions the
energy has a minimum. Furthermore, transition states have
been carefully checked to be properly connected to the correct
minima by IRC (intrinsic reaction coordinate) analysis.®*”°
Enthalpies and Gibbs free energies have been obtained using
standard statistical procedures™ at 298 K and 1 atm from total
energies, including zero-point and thermal corrections.
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