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ABSTRACT: Effective high-yield recycling of waste paper to
well-defined future platform chemicals and carbon nano-
spheres was demonstrated. The developed process utilized the
exceptional combined effect of microwave irradiation and
dilute acid catalyst to hydrothermally degrade cellulose in waste
paper. The process was evaluated for three different waste
papers, brown and white paper tissues and white printing paper.
Different pretreatment processes were investigated to further
increase the cellulose liquefaction efficiency. By utilizing soda
pretreatment, liquefaction efficiencies as high as 88% were

200 nm

Carbon nanospheres (CN)

achieved. The obtained liquefaction products were fingerprinted by NMR and LDI-MS, while the solid residues were analyzed by
XRD, SEM, TGA, and FTIR. As industrial-scale microwave reactors are currently under development, the developed method
displays significant potential for recycling waste paper to green platform chemicals at the industrial scale.
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B INTRODUCTION

The recent concerns on shrinking unrenewable oil resources
and related environmental problems have raised new policies
regarding the use of sustainable resources for fuel and chemical
production.”” Sustainable development also demands taking
care of the waste produced and finding new ways to recycle waste
to value-added products. For example, at the moment, waste
paper corresponds to more than 40% of the whole United States
trash, equaling more than 71 million tons per year.” The envi-
ronmental risk of managing downgraded waste paper (waste
paper fibers that have been recycled several times) such as
landfilling incineration is high.4’5 At the same time, valuable raw
material is disregarded as these low quality paper products could
be new cheap cellulosic resources for production of new platform
chemicals and materials.

Cellulose, the main raw material for production of paper, is the
most abundant organic compound on Earth. It is the main
structural component of the primary cell wall of green plants and
can be produced also by algae, oomycetes, and some bacteria. It is
also one of the main bioresources not competing with food
production.”” On the basis of the report by the Food and Agri-
culture Organization of the United Nations (FAO),® “Successful
utilization of cellulosic materials as renewable carbon sources is
dependent on the development of economically feasible process
technologies for cellulose production, and for the enzymatic hydrolysis
of cellulosic materials to low molecular weight products such
as hexoses and pentoses”. They also emphasize that cellulose
production is the most expensive step during ethanol production
from cellulosic biomass corresponding to 40% of the total cost.
Therefore, significant reduction in the cellulose starting material
cost is a key step for commercial viability of cellulose production
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technology. Another report from United Nations Environment
Programme” states that improper management of agricultural
and cellulosic biomasses including waste paper can produce more
methane, contaminate leachate, and finally generate more CO,.
A suitable recycling and biorefinery plan for waste paper after it
can no longer be recycled to new paper products is, thus, of
utmost importance.

The physicochemical behavior and resistance of native
cellulose for hydrothermal hydrolysis reaction is influenced
mainly by its protected f (1—4)-glycosidic linkages within
crystalline (I) structure and interchain, intrachain, and intersheet
networks of hydrogen bonding."’™"> An efficient process for
hydrothermal degradation of cellulose requires first decreasing
the order of the cellulose chains through disruption of the hydro-
gen bonds and second efficient hydrolysis of the glycosidic
linkages. In this regard, different pretreatments have been
employed to disrupt the hydrolysis prohibiting interactions, to
increase pulping, to change cellulose crystallinity and polymer-
ization degree, to increase surface area, porosity, catalysis access,
and swelling of the material, and to purify biomass waste from
additives."*>° All these parameters are favorable for increasing
the hydrolysis rate and for facilitating the nucleophilic attack of
the glycosidic bond.'

Microwave-assisted reactions have created revolutionary devel-
opments in organic synthesis, and microwave-assisted processes
are also emerging as viable technologies for chemical recycling
of polymers and biomass.”*™>* In addition, microwave-assisted
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reactions are generally greener and relatively easy to scale up.***®

The potential of the microwave-assisted reaction to effectively
decrystallize, dissolute, and depolymerize cellulose at relatively
low temperatures and under mild reaction conditions was
recently confirmed.***® In addition, it was shown that the
reaction leads to chemo-selective production of a few well-
defined platform chemicals. We hypothesized that a similar
reaction could effectively turn waste paper into value-added
chemicals including glucose (Glc), hydroxymethylfurfural
(HMF), levulinic acid (LeA), and formic acid (FA) as well as
carbonous structures. While levulinic acid, glucose, and formic
acid display §reat potential as future platform chemicals from
biorefinaries,” carbon nanospheres are promising materials
for versatile applications ranging from lithium batteries* to
therapeutic devices.*' To further facilitate the hydrothermal
degradation of waste paper, different simple low cost industrially
applicable pretreatment methods were also evaluated.

B EXPERIMENTAL SECTION

Materials. Cellulose-rich waste products including brown paper
tissues (BT) (KATRIN Basic (25 cm X 20.6 cm) hand towel M2, Metsi
Tissue Corporation), white paper tissues (WT) (KIMTECH science
tissue wipers (21 cm X 20 cm) Kimberly-Clark professional Company),
white printing paper (WP) (copy paper A4 (21 cm X 29.7 cm) 80g/m>
XEROX Company), and pure a-cellulose from Sigma-Aldrich as
a reference material were included in the study. a-Cellulose was
dried in vacuum oven overnight (25 °C) before use. Sulfuric acid (SA)
(95—98%) and sodium hydroxide (>98%) were purchased from Sigma-
Aldrich and were used as received. Deuterium oxide was obtained from
Cambridge Laboratories (99.9%). Deionized water was used for
preparation of all the aqueous reaction solutions.

Instruments and Methods. Pretreatment of Paper Waste. Prior
to the microwave reaction, different pretreatments of waste paper were
evaluated to enhance pulping, surface area, and cellulose swelling, to
purify the paper materials from additives, and to potentially decrease the
degree of polymerization and crystallinity (by soda pretreatment). The
simplicity and industrial favorability were considered when choosing the
pretreatment methods. The selected pretreatment methods included
water swelling, acid wetting, soda treatment, and sonication.

(1). Water Swelling. The shredded waste paper samples (0.5 g) were
soaked and stirred (magnetic stirring, 150 rpm) for 24 h in 20 mL water
before the main microwave reaction. The desired concentration of
sulfuric acid was added to the solution before the microwave reaction.

(2). Acid Wetting. The shredded waste paper samples (0.5 g) were
soaked in 20 mL acidic solution (0.01 g/mL H,SO, solution) and stirred
for 30 min (magnetic stirring, 150 rpm) at room temperature. Moderate
time and temperature were chosen to avoid depolymerization before
running the main microwave reaction.

(3). Sonication. To take the advantage of mechanical shear force, the
shredded waste paper samples (0.5 g) were soaked in 20 mL acidic
solution and sonicated for 30 min at 45 °C at sonication bath (Bransonic
Ultrasonic cleaners, model 2210, 40 kHz, 130 W) before the microwave
reaction.

(4). Soda Pretreatment. On the basis of the procedure suggested by
Obumneme as optimum soda pulping condition for cellulosic
biomasses,*” 4 g of shredded waste paper was added to S0 mL of
aqueous solution containing S wt % NaOH (pH ~ 14). Vigorous
agitation (magnetic stirring, 400 rpm) was applied for 180 min at 55 °C.
The final product was filtered and washed continuously with deionized
water to reach neutral pH before drying in the vacuum oven for 24 h
at 25 °C.

Microwave Reactions. The microwave reactions were run in sulfuric
acid solution (0.01 g¢/mL, pH ~ 1) in a MES-1000 (CEM Corporation)
microwave with a maximum power of 950 W + 50. The experiments
were performed on dynamic mode where the microwave reactor will
reach and keep the desired temperature by input of irradiation. The
microwave was operated with full power (100%), while the maximum
pressure was set to 11.3 bar and the RAMP time to 20 min. The reaction
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tubes (100 mL Teflon PFA vessels) were cooled in an ice bath after the
end of the reaction time. Samples were filtered and washed with 20 mL
of distilled water to separate the liquefied products from the solid
residue. Then, the liquefied products were neutralized by adding NaOH
solution. The residue was vacuum-dried overnight at 25 °C and weighed
in order to extract the liquefaction efficiency (LE) from the solid residue

(eq eq 1).
Original cellulose (g) — Residue (g)

LE (%) = X 100%

Original cellulose (g)
(eq 1)

The amount of cellulose in the starting materials (original cellulose)
was estimated from thermogravimetric analysis (TGA) results (Figure
S2, Supporting Information). According to TGA, the cellulose content
of BT, WT, and WP was 95, 95, and 76 wt %, respectively.

Characterization. Fourier transform infrared (FTIR) spectra of the
samples were recorded on a PerkinElmer Spectrum 2000 spectrometer
(PerkinElmer Instrument) with 16 scans at a resolution of 4 cm™.
"H NMR (400.13 MHz) and *C NMR (100.62 MHz) analyses were
performed on a Bruker Advance 400 spectrometer at 298 K. For each
sample, approximately 20 mg ("H NMR) or 120 mg ("*C NMR) of the
vacuum-dried liquefied cellulose was dissolved in 1 mL of D,0.

Mettler-Toledo TGA/SDTA 851e was used for the TGA analyses.
A total of 3—4 mg of each sample was placed into a 70 yL alumina cup.
The samples were then heated at a rate of 10 °C/min from 30 to 550 °C
with an O, flow rate of 80 mL/min.

A Bruker UltraFlex time-of-flight mass spectrometer with a SCOUT-
MTP ion source (Bruker Daltonics, Bremen, Germany) in reflector
mode equipped with a nitrogen laser (337 nm) was used for the laser
desorption ionization-mass spectrometry (LDI-MS) analysis of the
liquefied products. The acceleration voltage was 25 kV and the reflector
voltage 26.3 kV. All experiments were run in positive ion mode. A spot of
0.5 pL of the neutralized sample medium was directly applied on the
stainless steel plate and allowed to evaporate before analysis. The
spectrum obtained for each sample is an accumulation of 1000 laser
shots at different spots. The mass-to-charge (m/z) ratio was scanned
from 60 to 2000 m/z.

XRD analysis of the solid samples before and after reaction were re-
corded on PANalytical XPert Pro with CuKR radiation (4 = 0.1541 nm)
at 25 °C using a silicon monocrystal sample holder. The intensity (Miller
indices) as a function of 26 was measured, while the angle range was
5—40° and the step was 0.017°. Segal method* was used to obtain
the crystallinity index (CI) of cellulosic biomasses by applying the height
of the Iy, (characterizes both crystalline and amorphous material,
20 = 22.7°) and I, (minimum between the peaks at (200) and (110)
represents only amorphous material ~18°) shown in eq eq 2

IZOO -1

Cl = X 100

200

(eq 2)

Scherrer equation** was used to obtain average thickness of the
cellulose crystallites (D) by measuring the full width at half-maximum
(fwhm) of the 6,,,, (200) peak shown in eq eq 3:

KA

D (nm) = ——
A26 cos 0

(eq 3)

where A26 is the fwhm, § max is maximum point in radians, K is
Scherrer constant (0.94), and 4 is the X-ray wavelength (4 =0.1541 nm).

B RESULTS AND DISCUSSION

A process for chemical recycling of waste paper to value-added
platform chemicals and carbon nanospheres was developed by
utilizing the exceptional combined effect of microwave irra-
diation and dilute acidic medium. In addition, the effect of
different pretreatments on the liquefaction yields was evaluated.

Evaluation of Pretreatment Methods. Different combi-
nations of physical processes (e.g,, high temperature, swelling,
and sonication) and chemical methods (e.g, acids, bases, and
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Table 1. Effect of Different Pretreatments on Microwave-
Assisted Liquefaction Efficiency for BT Samples

sonication (min)/ residues liquefaction
sample® temperature (°C) (2) efficiency (%)°

no 0 0.263 49.8
pretreatment

acid wetting 0 0.275 47.4

sonication 30/45 0.279 46.5

water swelling 0 0.110 82.0

soda 0 0.125 78.9
pretreatment

“Sample weight = 0.5 g, RAMP time = 20 min, microwave
temperature = 140 °C, holding time (min) = 120, and catalyst
concentration = 0.01 g/mL. bLiquefaction efficiency for cellulose was
calculated based on the TGA estimation of the original cellulose
content in BT samples (95 wt %).
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Figure 1. (a) XRD of the different samples before (dark colors) and
after (light colors) soda pretreatment. (b) Crystallinity index (CI, blue
square) and crystal thickness (D, red circle) before and after soda
pretreatment.

pure water) were tested on brown paper tissue (BT) samples to
find a pretreatment that leads to highest liquefaction efficiency.
The microwave reaction conditions were extracted from our
previous study on hydrothermal degradation of a-cellulose.*®
As demonstrated in Table 1, water swelling and soda
pretreatments resulted in higher liquefaction efficiencies in
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Figure 2. SEM images of (a) BT, (b) WT, and (c) WP before (left) and
after (right) soda treatment.

comparison to the other proposed pretreatments. Interestingly,
short time acid wetting and sonication did not improve the
hydrolytic availability of cellulose in the waste paper samples.
The increased order of the chains due to shearing and cavitation
crystallization of amorphous areas induced by sonication could
be a possible reason for this observation.*

After the initial screening of the pretreatment processes on the
BT samples, the impact of the soda pretreatment on the structure
of all three waste paper samples, BT, WT, and WP, was studied in
more detail. The functional groups on the surface of the samples
before and after soda pretreatments were investigated by FTIR
(Figure S1, Supporting Information). It was shown that the
chemical nature of the cellulosic chains did not change through
the procedure, and the chemical state of the materials was
preserved. The crystallinity indexes (CI) of the samples after
soda pretreatment in Figure 1a and b show two trends depending
on the type of sample: (1) An increase in CI was observed for
BT and WT probably due to the depolymerization of the amor-
phous parts, which is supported by weight loss observed during
pretreatment (Table S1, Supporting Information). (2) A de-
crease in CI was observed in the case of WP. This is explained
by more dominant decrystallization during the treatment, leading
to less depolymerization and higher pulping yield (Table S1,
Supporting Information). However, in the same regime, the
crystal thickness of the cellulose after soda treatment increased
(Figure 1b).

TGA studies (Figure S2, Supporting Information) indicated
no significant increase in the cellulose content after soda
pretreatment. The remaining large residue in the case of WP
samples probably mainly consists of mineral fillers. The pulping
efficiency of the soda pretreatment was also evaluated with help
of SEM micrographs. The morphological changes in the cellulose
fibers are obvious after the pretreatment (Figure 2). The fibers
exhibited more disintegrated microfibrils after the alkaline
treatment. It seems that heating under alkaline conditions

successfully swelled the fibers, dislocated the hydrogen bonds
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Figure 3. (a) "H NMR spectra of BT liquefaction products after different pretreatments. (b) *C NMR spectra of liquefaction products of the different
soda-pretreated samples. In addition, the reference spectra for pure levulinic acid as sodium salt (sodium levulinate (LeNa) pH ~ 7) and glucose are

shown. The cellulose LE values are exhibited in the gradient bar.

between the cellulose microfibrils and increased the surface
area and porosity, which is expected to facilitate the following
acid-catalyzed hydrolysis.

Microwave-Assisted Hydrolysis of Pretreated Waste
Papers. Soda and water swelling, the pretreatments that re-
sulted in best liquefaction efliciencies for BT, were applied to the
other waste paper samples (WT and WP) before acid-catalyzed
microwave-assisted hydrothermal degradation. The obtained
liquefaction efficiencies (calculated from remaining weight of the
solid residues) were all higher than 69% (Figure 3 and Figure S3,
Supporting InformationlI).

180

Qualitative Analysis of the Liquefaction Products. The
hydrothermal degradation of the paper samples to small
hydrophilic molecules was investigated by 'H and *C NMR
and LDI-MS techniques to identify the final depolymerization
degradation products of the cellulose hydrolysis. On the basis of
the NMR investigation, the main small molecules formed
included glucose (Glc), hydroxymethylfurfural (HMF), levulinic
acid (LeA), and formic acid (FA) (Figure 3, Figures $4—S10,
Supporting Information).

As was illustrated before for pure a-cellulose,®® the small
molecules formed included products of initial depolymerization

dx.doi.org/10.1021/5c500686j | ACS Sustainable Chem. Eng. 2015, 3, 177—-185
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Figure 4. LDI-MS fingerprints of the liquefaction products for the
different waste papers and after different pretreatments.

(D-Glc), secondary aqueous phase dehydration products
(HMF), and further hydrothermal decomposition products
(LeA and FA). In the case of a-cellulose, glucose was the
dominating degradation product at lower liquefaction yields,
while LeA and FA dominated at higher liquefaction yields. The
correlated presentation of the LEs and the spectral patterns of the
liquefied products in Figure 3 indicate a similar trend. However,
this trend was also clearly affected by the type of pretreatment
and type of waste paper.

The obtained chemicals were further fingerprinted by matrix-
free LDI-MS in Figure 4 based on our earlier method.*® The
analysis clearly confirmed the NMR identification of the
products. The main degradation products observed are denoted
in the upper side of the spectra in Figure 4. The analysis of the
water-soluble products after different pretreatments is displayed
as a function of liquefaction efficiencies. Depending on the
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conditions used, either glucose or levulinic acid was the dom-
inant water-soluble degradation product. Water swelling and
soda treatment increased the amount of levulinic acid [LeA
+Na*]* and the salt sodium levulinate [LeA-H" + 2Na*]".
However, all the soda-treated samples demonstrated significantly
higher amounts of levulinic acid based on the signal-to-noise
values and peak intensities in the mass spectra, indicating that
this pretreatment favored levulinic acid formation. All the
product mixtures contained levulinic acid with the exception of
the sonicated samples, in which glucose [Glc+Na*]* dominated.
This is in accordance with the low liquefaction yields obtained
after this pretreatment. The only sample where glucose was not
detected was BT water swelling. As observed in the SEM
micrographs, the alkaline treatment increased the surface area
and porosity of the microfibrils, facilitating and increasing the
rate of depolymerization. This probably resulted in faster
depolymerization to glucose and gave more time for further
degradation to levulinic acid. The peak at m/z 164.7 corresponds
to the formed [Na,SO,Na*]* salt after neutralization of H,SO,
with NaOH.

Selectivity of the Reaction toward Specific Chemicals. A
semi-quantitative '"H NMR study of the water-soluble product
mixtures was conducted (Figure S) based on the integrals of all
organic compounds present in the liquid phase in order to
evaluate the selectivity of the reaction. All the pretreated samples
with LE over 69% had faced further reactions of the primary
depolymerization product glucose including dehydration (pro-
ducing HMF), decomposition (producing LeA and FA), and
polymerization (producing carbonized-precipitated nanopar-
ticles), although the degree of further reactions was different
depending on the starting waste paper characteristics and the
pretreatment. Therefore, the pretreatment can be chosen to
reach the desired end-products in high yield. For example, for BT
with lowest initial CI, water swelling pretreatment exhibited
much better selectivity over the final degradation products,
producing LeA and FA at ~99% selectivity with respect to the
water-soluble product mixtures. At the same time, the original
cellulose structure was completely degraded, and solid carbon
nanosphere residues were formed (Figures 6 and 7). The best
selectivity for the production of Glc was obtained in the case of
WP—water swelling with water-soluble products consisting of
~83% of Glc.

Figure S shows that the selectivity over the final products was
enhanced by the water swelling pretreatment. The LE values
were generally in the same regime. The largest difference was
observed between soda-treated and water-swelled WT samples,
where the soda pretreatment resulted in 18% higher LE. This
observation can be correlated to the more fibrous morphology of
WT and increased disintegration of microfibrils enhancing the
hydrolysis rate. This morphological difference is also illustrated
by the SEM images in Figure 2. A small amount of HMF, an
intermediate of glucose degradation, was detected in all samples.
The low amount of HMF observed confirms its intermediate
nature and low stability under the applied conditions, as well as
the efficiency of the subsequent dehydration—polymerization
process to LeA, FA and CN.

Qualitative Study of Solid Residues. The dark black visual
feature of the obtained solid residues indicated the presence of
carbonous structures (Figure S11, Supporting Information).
These solid residues were further investigated by FTIR, XRD,
and SEM analyses. The characterization of the functional
groups in the remaining solid residue revealed the presence of
carbonous structures and in some cases the coexistence of
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Figure 5. Liquefaction yield and molar composition of the liquefied fraction extracted from 'H NMR analysis.
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Figure 6. FTIR spectra of the solid residues from the microwave-assisted
degradation after different pretreatments.

unreacted cellulose. FTIR spectra of the residues after micro-
wave depolymerization—degradation reactions (Figure 6)
proved changes in functional groups in comparison to pure
cellulose at three areas: (1) O—H stretching at 3200 cm™
combined with alkyl C—H stretching, alkenyl C—H stretching
with alcohol O—H stretching, or/and carboxylic acid O—H
stretching, (2) aromatic C=C and C=0 stretching at 1500—
1750 cm ™!, and (3) C—O stretching peaks in the region 1000—
1260 cm™.
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Figure 7. (a) X-ray diffraction patterns of the solid residues from
microwave-assisted degradation of BT—soda (light orange), BT—water
swelling (dark orange ), WT—soda (light purple), WT—water swelling (dark
purple), WP—soda (light blue), and WP—water swelling (dark blue).
Graphitized carbon black is shown as a reference (black). (b) the correlation
curves for the crystallinity index (CI, blue squares) and crystal thickness
(D, red triangles) of the remaining cellulose (C). The bars illustrate the
wt % of cellulose (C) and solid carbon nanosphere (CN) residues.
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Figure 8. Typical SEM images of the residues of (a) BT—soda, (b) BT—
water swelling, (c) WT—soda, (d) WT—water swelling, (¢) WP—soda,
and (f) WP—water swelling samples.

The X-ray diffraction patterns of the solid residues from
the BT samples after different pretreatments are displayed in
Figure S12 of the Supporting Information. The diffraction
patterns were combinations of typical cellulose peaks ((110) 26
~ 15.5° and (200) and 20 ~ 22.7°) and amorphous carbon
structures (with small graphitized region diffraction peak for
BT—water swelling and BT—soda on 26 ~ 26.3°). Only in the
case of the BT—water swelling sample, all the original cellulose
had degraded, and no diffraction peaks of cellulose were ob-
served. Instead, almost pure carbonous structures were ob-
served. In agreement with the NMR results, it thus seems that
cellulose was entirely depolymerized to glucose followed by
complete further conversion of glucose forming LeA, FA, and
solid carbon nanospheres. In all the other cases, the coexistence
of unreacted cellulose and precipitated carbonized structures is
observed with varying degree of carbonization—graphitization
and varying degree of crystallinity for the remaining cellulose
(Figure 7). Similar spherical carbon particles produced during
traditional hydrothermal degradation of biomass have received
growing attention due to their sophisticated properties such
as low density, high surface area, electronic properties, high
thermal stability, and biocompatibility.** From these properties,
a variety of potential applications including catalyst supports,
column packing materials, lubricating materials, materials for
electrical-optical devices, and biomedical application can be
anticipated. """~

Scheme 1. Schematic Presentation of Microwave-Assisted Reaction Process and Its Different Stages
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The morphological changes caused by microwave-assisted
degradation of water swelled- and soda-pretreated samples
were evaluated by SEM. In consistency with the FTIR and XRD
results, fine nanometric spherical carbon structures were visible
in all the samples. The morphological transformation from na-
tive fibrous cellulose to the polymerized-precipitated carbon
nanospheres was complete in the case of BT—water swelling
(Figure 8a) with no signs of any remaining fibrous structures.
The remaining cellulose fibers were, however, visible when the
liquefaction yield was lower (see WP—soda and WT—water
swelling in Figure 8c and f, respectively).

The whole microwave-assisted waste paper recycling process
and its different stages are summarized in Scheme 1. Mixtures
with different compositions of Glc, HMF, LeA, FA, and solid
carbonized particles were obtained at the end of the reaction with
the exception of the most degraded sample, BT —water swelling,
which realized completely with chemo-selective production of
LeA and FA together with some precipitated carbon nano-
spheres.

B CONCLUSIONS

A microwave-assisted process was developed for recycling waste
paper to functional chemicals and carbon nanospheres. The
dilute acidic conditions and microwave irradiation in combina-
tion with pretreatments, like water swelling and soda treatment,
resulted in exceptionally high liquefaction efficiencies. The
liquefaction yields demonstrated that soda and water swelling
pretreatments successfully swelled the cellulosic fibers, increasing
the surface area and disintegrating the microfibrils making them
more susceptible to microwave-assisted degradation. Liquefac-
tion efficiencies as high as 88 wt % of the original cellulose in
waste paper were achieved. The reaction was chemo-selective
resulting in a few well-defined products. At lower liquefaction
yields, glucose was the dominating degradation product. At
higher liquefaction yields, glucose was dehydrated to HMF,
which was rapidly further converted to levulinic acid and formic
acid and/or polymerized to solid carbon nanospheres. The
degradation product composition was also influenced by the type
of pretreatment and type of waste paper. The selectivity of the
reaction could reach up to ~99% of LeA and FA in the liquid
phase, while Glc could be produced at 83% selectivity. The
developed process displays significant potential for future
production of platform chemicals from waste paper as even
low quality paper waste not suitable for traditional recycling can
be turned to value-added products.
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