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surface of the microfibrils. Enzyme treatment of paper sludge microfibrils led to a partial decrease in
width, from 19.12 to 13.42 um, and a significant reduction in length, from >2 mm to 93 um.

Figure 5. Scanning electron microscopic (SEM) analysis of paper sludge: surface morphology of (A)
paper sludge before enzyme treatment and (B) solid residues after enzymatic hydrolysis by the Opt
CelMix at a protein loading of 7.5 mg/g biomass. Two magnifications for each sample were used;
200x magnification allows the observer to see fibril length reduction while 2000x magnification allows
the observer to see fibril surface erosion upon enzyme hydrolysis.

2.6. Evaluation of the Performance of the Opt CelMix at Varying Paper Sludge Loadings

Fermentation processes that produce ethanol at concentrations lower than 4% (w/v) require
subsequent distillation of the product (with an extensive energy consumption) [44]. Therefore, increasing
substrate loading during hydrolysis and fermentation steps is essential to make ethanol production
economically feasible. Therefore, the performance of the Opt CelMix (at an enzyme dosage of 15 mg/g
biomass) was investigated at various paper sludge loadings (1-20% w/v) (Figure 6).

The Opt CelMix enzyme cocktail released consistent levels of glucose (~80% yield) across the
substrate loadings of 1 to 10% with a decrease in saccharification yield at higher substrate loadings
(Figure 5). Similar to these findings, a study reported approximately 80% yield for two cocktails;
(1) an optimised in vivo thermostable-cellulase mixture and (2) a Cellic CTec2® to Cellic HTec® mixture,
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during the hydrolysis of 8% (w/v) steam exploded bagasse [37]. The incomplete hydrolysis at higher
paper sludge concentrations could be due to glucose inhibition of the enzymes. This is not a problem
during fermentations since the glucose will be utilised by the yeast as its being produced. At 10 to
20% (w/v) paper sludge loadings, the saccharification yields obtained by Opt CelMix averaged at
approximately 90 mg/mL glucose, this amount being enough to produce in excess of 40 mg/mL or 4%
(w/v) ethanol.
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Figure 6. Glucose yield obtained by the action of the formulated cellulase cocktail at 15 mg/g biomass
with BGL at 10% protein loading during the hydrolysis of varying substrate loadings (1 to 20% (w/v))
paper sludge at 50 °C for 48 h. All experiments were performed in quadruplicate, and the mean
values and error bars (+SD) were calculated. The statistical analysis showed that the differences were
statistically significant (one-way ANOVA, p < 0.05).

The initially high viscosity of lignocellulosic materials at high solid loadings prevents efficient
mixing and is associated with poor mass transfer which leads to lowered saccharification of the biomass
by the cellulases [45]. For high-water retention materials, such as paper sludge, whereby enzymes
have a reduced mobility due to lower free liquid in suspension [46], the Opt CelMix maintained its
performance at high solid loads. These results are encouraging with regards to the economic feasibility
of using Opt CelMix industrially.

2.7. Comparison of the Hydrolytic Efficiency of the Opt CelMix to Commercial Cellulase Preparations

The hydrolytic performance of the Opt CelMix and the commercially available cellulase
preparations (Celluclast® 1.5 L, Cellic® CTec2 and Viscozyme® L) were assessed on paper sludge
under “optimal” enzymatic conditions (pH 5.0, 45 rpm, 50 °C) (Figure 7).

After the first 6 h of hydrolysis the Opt CelMix, Cellic® CTec2 and Celluclast® 1.5 L displayed
a hydrolytic rate of approximately 1.2 mg/mL/h glucose, while Viscozyme® L displayed a rate of
0.35 mg/mL/h glucose (Figure 7A). The hydrolysis yields by Opt CelMix and the different commercial
cellulase preparations were then evaluated after 48 h. Comparable yields of about 90% were obtained
by the Opt CelMix, Cellic CTec2® and Celluclast® 1.5 L, while Viscozyme® L displayed a yield of
26.4% (Figure 7B). High yields from the conversion of paper sludge by the commercial enzymes were
expected as a recent study showed that Celluclast® 1.5 L displayed a hydrolysis yield of 76.8% with
the hydrolysis of deinking paper sludge [47].
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Figure 7. Comparison of (A) hydrolytic rates after 6 h and (B) glucose yields obtained after 48 h from the
hydrolysis of 2% (w/v, dry mass basis) paper sludge for 48 h at 50 °C using the Opt CelMix, Celluclast®
1.5 L, Cellic® CTec2 and Viscozyme® L at a protein loading of 7.5 mg/g biomass. All experiments were
performed in quadruplicate, and the mean values and error bars (+SD) were calculated. The statistical
analysis showed that the differences were statistically significant (one-way ANOVA, p < 0.05).

3. Materials and Methods
3.1. Materials

Paper sludge was derived from Norway spruce (Picea abies) as residual fibre from a sulphite process
(Domsjo Fabriker AB refinery, Ornskoldsvik, Sweden). All the chemicals and substrates (Carboxymethyl
cellulose (CMC-Na), Avicel, p-nitrophenyl-glucopyranoside (¢/NPG) and p-nitrophenyl-cellobioside
(pNPC)) were purchased from Sigma Aldrich (St. Louis, MI, USA) unless stated otherwise. The 1,
4-B-p-cellopentaitol was obtained from Megazyme™ (Ireland). The enzyme cocktails (Celluclast®
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1.5 L, Cellic CTec2® and Viscozyme® L) were supplied by Novozymes A/S (Denmark). Amicon Pro
Centrifugal filters (10 K) were purchased from MERCK (South Africa).

3.2. Paper Sludge Moisture Content Determination

Exactly 10 g of the paper sludge was added to a dry pre-weighed aluminium weighing boat and
placed in an oven at 50 °C until a constant weight was achieved. The % moisture content of the paper
sludge was calculated as follows:

biomass wet weight — biomass dry weight

% moisture content = - -
biomass dry weight

x 100% 1)

3.3. Paper Sludge Chemical Composition

The paper sludge was characterised using a modified sulphuric acid method by the National
Renewable Energy Laboratory (NREL) (Golden, CO, USA) [48]. After the two-step acid hydrolysis,
the biomass was filtered with the filtrate analysed with regards to acid-soluble lignin (ASL) and
monosaccharide content using UV-V is spectroscopy and HPAEC, respectively, while the solid residue
was set aside for Klason lignin and ash content estimation. The mass of the solid residue was measured
after drying overnight at 105 °C to estimate the Klason lignin content. The mass of the solid residue used
for Klason lignin was ignited in a muffle furnace at 525 °C for 6 h, cooled in a desiccator, and weighed
to determine the ash content of the paper sludge.

3.4. Paper Sludge Crystallinity Index (Crl)

The crystallinity of paper sludge was determined by X-ray diffraction using Cu K radiation
(15405 A, nickel filter) on a Bruker D8® Discover (Bruker, United Kingdom) equipped with
a proportional counter. The sample was scanned from 26 of 10 to 40° with a step size of 0.02°.
The determination time was 0.02° per second. The crystallinity index (CrI) was then defined as follows:

Tooz — I
Crl =202~ o 100 )
Too2
where Iy, and I, are the intensities of diffraction at 26 22.6° (crystalline portion) and 18.9° (amorphous
portion), respectively.

3.5. Simon’s Staining (SS) of Paper Sludge

The accessibility of cellulose contained in paper sludge to cellulases was assessed using a modified
version of Simon’s Stain technique with Direct Orange 15 (DO) dye as an adsorbent as described
previously [49]. An increase in the DO dye absorption was proportional to increased cellulose
accessibility [50]. SS (mg/g pulp) represents the amount of DO dye absorbed by paper sludge.

3.6. Media, Yeast Strains and Culture Conditions

The laboratory S. cerevisiae Y294 strain was used as a parental strain for the constitutive expression
of the different cellulase genes. The S. cerevisiae Y294 [TrEGII], Y294 [TeCBHI], Y294 [CICBHIIb] and
Y294 [PcBGLIIB] strains express the recombinant mono-component cellulase genes which produced the
Trichoderma reesei endoglucanase II (TrCel5A) [12], the Talaromyces emersonii cellobiohydrolase I (TeCel7A)
with a carbohydrate binding module (CBM) attached to its carboxyl terminal (Tecbh1-TrCBM-C [11,12],
the Chrysosporium lucknowensis cellobiohydrolase II (CICel6A) [11] and Phanerochaeta chrysospoprium
B-glucosidase (PcBGL1B) [25], hereafter referred to as EGII, CBHI, CBHII and BGL, respectively.

SCURA growth medium was prepared in double strength (13.4 g/L yeast nitrogen base without
amino acids (BD-Diagnostic Systems, Sparks, MD, USA), 20 g/L glucose, and 3 g/L yeast synthetic
dropout medium supplements). The aerobic cultivation of S. cerevisiae Y294 strains was performed
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on a rotary shaker (200 rpm) at 30 °C in 500 mL Erlenmeyer flasks containing 100 mL medium.
The supernatant of the individual strains was harvested after 72 h of cultivation through centrifugation
for 10 min at 4000x g.

3.7. Preparation of Partially Purified Enzymes

Approximately 15 mL of crude cellulase supernatants were ultra-filtrated using an Amicon
Ultra-15 Centrifugal device with a 10 kDa cut off membrane. The samples were centrifuged at 4000x g
for 20 min at 4 °C using a swinging-bucket rotor in the Heraeus Megafuge 1.0R (ThermoFischer
Scientific, Waltham, MA, USA). The 10 kDa retentate (approximately 0.5 mL) were diluted to 1.5 mL
using 50 mM sodium citrate buffer (pH 5) and stored at 4 °C.

3.8. Protein Content and Purity Determination

The protein content of the yeast-derived cellulases was determined by the Bradford method with
bovine serum albumin (BSA) used as a suitable protein standard [51]. To determine purity, protein
samples were subsequently separated by electrophoresis on denaturing 12% SDS-PAGE gels according
to a protocol described previously [52]. Coomassie Brilliant Blue R-250 staining was used to visualise
the gels.

3.9. Enzyme Assays

3.9.1. Substrate Specificity Determination

The endo-glucanase, cellobiohydrolase II, beta-glucosidase and cellobiohydrolase I activities
were determined using the CMC-Na, 1, 4-p3-p-cellopentaitol, pNPG and pNPC substrates, respectively.
Standard assay conditions (50 mM sodium citrate buffer (pH 5.0) at 50 °C with continuous agitation at
45 rpm) were followed as previously described [26]. One unit (U) of enzyme activity is defined as the
amount of enzyme releasing 1 umol of glucose per minute under the specified assay conditions [6,7].

3.9.2. Enzyme Cocktail Formulation

The experiments were carried out in quadruplicate at a paper sludge loading of 2% (w/v DW) in
50 mM sodium citrate buffer (pH 5.0) in a 400 pL total volume (with 0.1 mg/mL BSA as a stabiliser)
using 1.5 mL safe-lock Eppendorf tubes. Hydrolysis took place at 50 °C with mixing at 45 rpm for up
to 48 h. Unless otherwise specified, enzyme loadings were maintained at 1.875 mg/g paper sludge
with BGL at 10% of the total protein loading (0.1875 mg/g paper sludge). The aforementioned enzyme
loading was used for the synergy studies as it assured greater than 5% glucan conversion yields of
paper sludge. Binary and ternary combinations between the cellobiohydrolases; CBHI and CBHII,
and the endo-glucanase, EGII, were formulated (Table 3).

The optimal combination for glucose release was selected as the “core cellulase cocktail”
(Opt CelMix). The hydrolysis was terminated by boiling for 5 min at 100 °C to inactivate the enzymes.
Hydrolysis controls included substrate (without the enzyme) and enzyme controls (without substrate).
The samples were stored at 4 °C until analysed.

3.9.3. Effect of Cellulase Cocktail Loading on the Hydrolysis Yields of Paper Sludge

The hydrolysis of 2% (w/v DM) paper sludge by the formulated cellulase enzyme cocktail was
evaluated at a protein dosage range of 1.875-15 mg protein/g of paper sludge, following the procedure
outlined in Section 3.9.2.

3.9.4. Effect of Paper Sludge Loading on Cellulase Cocktail Hydrolytic Efficiency

Hydrolysis experiments were carried out at 1%, 2%, 4%, 6%, 10%, 15% and 20% (w/v) DM
consistency using paper sludge at a cellulase cocktail loading of 15 mg/g of paper sludge to evaluate
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the effect of paper sludge loading on cellulase enzyme cocktail hydrolytic efficiency, following the
procedure outlined in Section 3.9.2.

Table 3. Enzyme combinations (%) at a total protein dosage of 1.875 mg/g biomass for paper sludge
hydrolysis synergy studies with BGL added subsequently at 10% of the total protein dosage.

No CBHI% CBHII% EGII%
1. 100 0 0
2. 75 25 0
3. 50 50 0
4. 25 75 0
5. 0 100 0
6. 0 75 25
7. 0 50 50
8. 0 25 75
9. 0 0 100

10. 25 0 75

11. 50 0 50

12. 75 0 25

13. 33.3 33.3 33.3

14. 33.5 33.5 25

15. 125 125 75

16. 18.75 56.25 25

17. 56.25 18.75 25

3.9.5. Comparison of the Formulated Cellulase Cocktail to Commercial Enzyme Preparations

The hydrolysis of 2% (w/v, DM) paper sludge was conducted using the Opt CelMix, Celluclast®
1.5 L, Cellic CTec2® and Viscozyme® L at a protein loading of 7.5 mg protein/g of paper sludge,
following the procedure outlined in Section 3.9.2. Due to the low level of 3-glucosidase activity
detected in Celluclast® 1.5 L and Viscozyme® L (data not shown), these enzyme cocktails were
supplemented with the 3-glucosidase preparation, Novozyme® 188 (Novozymes A/S) at 10% of the
total protein dosage.

3.10. Analytical Methods

Quantification of glucose in the hydrolysates was performed upon enzymatic hydrolysis using the
glucose oxidase/peroxidase (GOPOD) method (K-GLUC, Megazyme, Ireland), while that of reducing
sugars was performed using the DNS method with glucose as a suitable standard as described
previously [26,53].

Paper sludge saccharification yield from all the enzymatic hydrolysis reactions was calculated using
the following equation:

Sacchari fication yield (%) = Gl“é‘;ii;lz’)fi’io'g %100 @)

3.11. Scanning Electron Microscopy (SEM)

Prior to scanning electron microscopy (SEM), paper sludge samples before and after
enzymatichydrolysis were mounted on a metal stub, dried using critical point-drying process and
coated with a thin layer of gold prior to SEM analysis. The diameters and lengths of the paper sludge
microfibrils from SEM images were quantified using the imaging software Image J. Approximately
30 microfibrils representing each sample were randomly and manually picked for diameter and
length analysis.
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3.12. Statistical Analysis

All statistical analyses were performed on Microsoft Excel 2013 software using one-way ANOVA.
A p-value of less than 0.05 was considered to indicate statistically significant differences between
compared data sets.

4. Conclusions

The study evaluated an optimised enzymatic cocktail that had been formulated with recombinant
cellulases produced by S. cerevisize Y294. The performance of the Opt CelMix was comparable to
commercial preparations for paper sludge saccharification. At a protein loading of 7.5 mg/g biomass,
over 80% glucose recovery was obtained using the formulated cellulase enzyme cocktail. When the
enzyme cocktail was dosed at 15 mg/g biomass, it also showed consistent yields with a glucose recovery
of 80% over a substrate loading range of 1 to 10% (w/v).

Author Contributions: Conceptualization, W.H.v.Z. and B.LP,; methodology, S.M. and S.H.R.; software, S.M.;
validation, S.M., SH.R.,, WH.v.Z. and B.L.P; formal analysis, S.M., SH.R.,, WH.v.Z. and B.LP; investigation,
S.M. and S.H.R.; resources, W.H.v.Z. and B.LP; data curation, S.M.; writing—original draft preparation, S.M.;
writing—review and editing, S.M., S.H.R.,, W.H.v.Z. and B.L.P,; visualization, S.M.; supervision, W.H.v.Z. and B.LP;
project administration, W.H.v.Z. and B.I.P,; funding acquisition, W.H.v.Z. and B.I.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Science and Technology (DST), the National Research
Foundation of South Africa (Grant Number 86423-Senior SARChI Chair: Biofuels and other Clean Alternative
Fuels), Rhodes University and Stellenbosch University for financial support. Any opinion, findings and conclusions
or recommendations expressed in this material are those of the author(s) and therefore the NRF does not accept
any liability in regard thereto.

Acknowledgments: The authors would like to thank Adnan Cavka (Sekab E-Technology AB, Ornskoldsvik,
Sweden) for providing the paper sludge sample from Domsjo Fabriker AB refinery, Ornskoldsvik, Sweden.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prasetyo, J.; Naruse, K.; Kato, T.; Boonchird, C.; Harashima, S.; Park, E.Y. Bioconversion of paper sludge
to biofuel by simultaneous saccharification and fermentation using a cellulase of paper sludge origin and
thermotolerant Saccharomyces cerevisiae TJ14. Biotechnol. Biofuels 2011, 4, 35. [CrossRef]

2. Gottumukkala, L.D.; Haigh, K.; Collard, FX; van Rensburg, E.; Gorgens, ]. Opportunities and prospects of
biorefinery-based valorisation of pulp and paper sludge. Bioresour. Technol. 2016, 215, 37-49. [CrossRef]

3. Mendes, C.V.T,; Cruz, C.H.G.; Reis, D.EN.; Carvalho, M.G.V.S.; Rocha, ].M.S. Integrated bioconversion of
pulp and paper primary sludge to second generation bioethanol using Saccharomyces cerevisine ATCC 26602.
Bioresour. Technol. 2016, 220, 161-167. [CrossRef] [PubMed]

4. Kang, L; Wang, W.; Lee, Y.Y. Bioconversion of kraft paper mill sludges to ethanol by SSF and SSCE.
Appl. Biochem. Biotechnol. 2010, 161, 53-66. [CrossRef] [PubMed]

5. Gomes, D.G.; Serna-Loaiza, S.; Cardona, C.A.; Gama, M.; Domingues, L. Insights into the economic viability
of cellulases recycling on bioethanol production from recycled paper sludge. Bioresour. Technol. 2018, 267,
347-355. [CrossRef]

6. Ganner, T.; Bubner, P; Eibinger, M.; Mayrhofers, C.; Planks, H.; Nidetzky, B. Dissecting and reconstructing
synergism: In situ visualization of cooperativity among cellulases. ]. Biol. Chem. 2012, 287, 43215-43222.
[CrossRef] [PubMed]

7. Kostylev, M.; Wilson, D. A distinct model of synergism between a processive endocellulase (TfCel9A) and
an exocellulase (TfCel48A) from Thermobifida fusca. Appl. Environ. Microbiol. 2014, 80, 339-344. [CrossRef]
[PubMed]

8. Malgas, S.; Thoresen, M.; van Dyk, S.J.; Pletschke, B.I. Time dependence of enzyme synergism during
the degradation of model and natural lignocellulosic substrates. Enzyme Microb. Technol. 2017, 103, 1-11.
[CrossRef]

152



Catalysts 2020, 10, 775

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Thoresen, M.; Malgas, S.; Pletschke, B.I. Enzyme adsorption-desorption and evaluation of various cellulase
recycling strategies for steam pre-treated Eucalyptus enzymatic degradation. Biomass Convers. Biorefinery 2020.
[CrossRef]

Rizk, M.; Antranikian, G.; Elleuche, S. End-to-end gene fusions and their impact on the production of
multifunctional biomass degrading enzymes. Biochem. Biophys. Res. Commun. 2012, 428, 1-5. [CrossRef]
Ilmén, M.; Den Haan, R.; Brevnova, E.; McBride, J.; Wiswall, E.; Froehlich, A.; Koivula, A.; Voutilainen, S.P,;
Siika-Aho, M.; La Grange, D.C.; et al. High level secretion of cellobiohydrolases by Saccharomyces cerevisiae.
Biotechnol. Biofuels 2011, 4, 30. [CrossRef] [PubMed]

Mhlongo, S.I; den Haan, R.; Viljoen-Bloom, M.; van Zyl, W.H. Lignocellulosic hydrolysate inhibitors
selectively inhibit/deactivate cellulase performance. Enzyme Microb. Technol. 2015, 81, 16-22. [CrossRef]
[PubMed]

den Haan, R.; van Rensburg, E.; Rose, S.H.; Gorgens, J.F.; van Zyl, W.H. Progress and challenges in the
engineering of non-cellulolytic microorganisms for consolidated bioprocessing. Curr. Opin. Biotechnol. 2015,
33, 32-38. [CrossRef] [PubMed]

Davison, S.A.; den Haan, R.; van Zyl, W.H. Heterologous expression of cellulase genes in natural Saccharomyces
cerevisiae strains. Appl. Microbiol. Biotechnol. 2016, 100, 8241-8254. [CrossRef]

Voutilainen, S.P; Murray, P.G.; Tuohy, M.G.; Koivula, A. Expression of Talaromyces emersonii
cellobiohydrolase Cel7A in Saccharomyces cerevisiae and rational mutagenesis to improve its thermostability
and activity. Protein Eng. Des. Sel. 2010, 23, 69-79. [CrossRef]

Kroukamp, H.; den Haan, R.; van Zyl, ]J.-H.; van Zyl, W.H. Rational strain engineering interventions
to enhance cellulase secretion by Saccharomyces cerevisiae. Biofuels Bioprod. Biorefining 2018, 12, 108-124.
[CrossRef]

Davison, S.A.; den Haan, R.; van Zyl, W.H. Exploiting strain diversity and rational engineering strategies
to enhance recombinant cellulase secretion by Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 2020.
[CrossRef]

Park, S.; Baker, ].O.; Himmel, M.E.; Parilla, P.A.; Johnson, D.K. Cellulose crystallinity index: Measurement
techniques and their impact on interpreting cellulase performance. Biotechnol. Biofuels 2010, 3, 10. [CrossRef]
Segal, L.; Creely, J.; Martin, A.; Conrad, C. An empirical method for estimating the degree of crystallinity of
native cellulose using the x-ray diffractometer. Text. Res. ]. 1959, 29. [CrossRef]

Malgas, S.; Kwanya Minghe, V.M.; Pletschke, B.I. The effect of hemicellulose on the binding and activity of
cellobiohydrolase I, Cel7A, from Trichoderma reesei to cellulose. Cellulose 2020, 27, 781-797. [CrossRef]
Thygesen, A.; Oddershede, J.; Lilholt, H.; Thomsen, A.B.; Stahl, K. On the determination of crystallinity and
cellulose content in plant fibres. Cellulose 2005, 12, 563-576. [CrossRef]

den Haan, R;; van Zyl, ] M.; Harms, T.M.; van Zyl, W.H. Modeling the minimum enzymatic requirements for
optimal cellulose conversion. Environ. Res. Lett. 2013, 8, 025013. [CrossRef]

Tsukada, T.; Igarashi, K.; Yoshida, M.; Samejima, M. Molecular cloning and characterization of two intracellular
[-glucosidases belonging to glycoside hydrolase family 1 from the basidiomycete Phanerochaete chrysosporium.
Appl. Microbiol. Biotechnol. 2006, 73, 807-814. [CrossRef]

Rath, A.; Glibowicka, M.; Nadeau, V.G.; Chen, G.; Deber, C.M. Detergent binding explains anomalous
SDS-PAGE migration of membrane proteins. Proc. Natl. Acad. Sci. USA 2009, 106, 1760-1765. [CrossRef]
[PubMed]

Njokweni, A.P; Rose, S.H.; Van Zyl, W.H. Fungal 3-glucosidase expression in Saccharomyces cerevisiae. |. Ind.
Microbiol. Biotechnol. 2012, 39, 1445-1452. [CrossRef] [PubMed]

Malgas, S.; Chandra, R.; Van Dyk, J.S.; Saddler, ].N.; Pletschke, B.I. Formulation of an optimized synergistic
enzyme cocktail, HoloMix, for effective degradation of various pre-treated hardwoods. Bioresour. Technol.
2017, 245, 52-65. [CrossRef]

Nakamura, A.; Tsukada, T.; Auer, S.; Furuta, T.; Wada, M.; Koivula, A.; Igarashi, K.; Samejima, M.
The tryptophan residue at the active site tunnel entrance of Trichoderma reesei cellobiohydrolase Cel7A
is Important for initiation of degradation of crystalline cellulose. |. Biol. Chem. 2013, 288, 13503-13510.
[CrossRef]

153



Catalysts 2020, 10, 775

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Zhong, L.; Matthews, ].F;; Hansen, P.I; Crowley, M.E; Cleary, ]. M.; Walker, R.C.; Nimlos, M.R.; Brooks, C.L.;
Adney, W.S.; Himmel, M.E; et al. Computational simulations of the Trichoderma reesei cellobiohydrolase I
acting on microcrystalline cellulose IB: The enzyme-substrate complex. Carbohydr. Res. 2009, 344, 1984-1992.
[CrossRef]

Igarashi, K; Koivula, A.; Wada, M.; Kimura, S.; Penttila, M.; Samejima, M. High speed atomic force
microscopy visualizes processive movement of Trichoderma reesei cellobiohydrolase I on crystalline cellulose.
J. Biol. Chem. 2009, 284, 36186-36190. [CrossRef]

Hoshino, E.; Shiroishi, M.; Amano, Y.; Nomura, M.; Kanda, T. Synergistic actions of exo-type cellulases in the
hydrolysis of cellulose with different crystallinities. J. Ferment. Bioeng. 1997, 84, 300-306. [CrossRef]
Viljamde, P; Sild, V.; Pettersson, G.; Johansson, G. The initial kinetics of hydrolysis by cellobiohydrolases I
and II is consistent with a cellulose surface-erosion model. Eur. J. Biochem. 1998, 253, 469-475. [CrossRef]
[PubMed]

Wood, T.M.; McCrae, S.I. Synergism Between Enzymes Involved in the Solubilization of Native Cellulose.
In Hydrolysis of Cellulose: Mechanisms of Enzymatic and Acid Catalysis; Advances in Chemistry; American
Chemical Society: Washington, DC, USA, 1979; Volume 181, pp. 181-209. ISBN 0-8412-0460-8.

Jalak, J.; Kurasin, M.; Teugjas, H.; Viljamd, P. Endo-exo synergism in cellulose hydrolysis revisited.
J. Biol. Chem. 2012, 287, 28802-28815. [CrossRef] [PubMed]

Boisset, C.; Fraschini, C.; Schiilein, M.; Henrissat, B.; Chanzy, H. Imaging the enzymatic digestion of bacterial
cellulose ribbons reveals the endo character of the cellobiohydrolase Cel6A from Humicola insolens and its
mode of synergy with cellobiohydrolase Cel7A. Appl. Environ. Microbiol. 2000, 66, 1444-1452. [CrossRef]
[PubMed]

Boisset, C.; Pétrequin, C.; Chanzy, H.; Henrissat, B.; Schlein, M. Optimized mixtures of recombinant
Humicola insolens cellulases for the biodegradation of crystalline cellulose. Biotechnol. Bioeng. 2001, 72, 339-345.
[CrossRef]

Woodward, J.; Lima, M.; Lee, N.E. The role of cellulase concentration in determining the degree of synergism
in the hydrolysis of microcrystalline cellulose. Biochem. ]. 1988, 255, 895-899. [CrossRef] [PubMed]
Kallioinen, A.; Puranen, T.; Siika-Aho, M. Mixtures of thermostable enzymes show high performance in
biomass saccharification. Appl. Biochem. Biotechnol. 2014, 173, 1038-1056. [CrossRef]

Viljamaée, P; Sild, V.; Nutt, A.; Pettersson, G.; Johansson, G. Acid hydrolysis of bacterial cellulose reveals
different modes of synergistic action between cellobiohydrolase I and endoglucanase I. Eur. ]. Biochem. 1999,
266, 327-334. [CrossRef]

Zhang, YH.P; Lynd, LR. A functionally based model for hydrolysis of cellulose by fungal cellulase.
Biotechnol. Bioeng. 2006, 94, 888-898. [CrossRef]

Zhang, YH.P; Lynd, L.R. Determination of the number-average degree of polymerization of cellodextrins
and cellulose with application to enzymatic hydrolysis. Biomacromolecules 2005, 6, 1510-1515. [CrossRef]
Zhou, J.; Wang, Y.H.; Chu, J.; Luo, L.Z.; Zhuang, Y.P.; Zhang, S.L. Optimization of cellulase mixture for
efficient hydrolysis of steam-exploded corn stover by statistically designed experiments. Bioresour. Technol.
2009, 100, 819-825. [CrossRef]

Przybysz Buzata, K.; Kalinowska, H.; Przybysz, P.; Matachowska, E. Conversion of various types of
lignocellulosic biomass to fermentable sugars using kraft pulping and enzymatic hydrolysis. Wood Sci.
Technol. 2017, 51, 873-885. [CrossRef]

Hu, J.; Arantes, V.; Saddler, ].N. The enhancement of enzymatic hydrolysis of lignocellulosic substrates by
the addition of accessory enzymes such as xylanase: Is it an additive or synergistic effect? Biotechnol. Biofuels
2011, 4, 36. [CrossRef] [PubMed]

Huang, W.D.; Percival Zhang, Y.H. Analysis of biofuels production from sugar based on three criteria:
Thermodynamics, bioenergetics, and product separation. Energy Environ. Sci. 2011, 4, 784-792. [CrossRef]
Mukasekuru, M.R.; Hu, J.; Zhao, X.; Sun, EF,; Pascal, K.; Ren, H.; Zhang, J. Enhanced high-solids fed-batch
enzymatic hydrolysis of sugar cane bagasse with accessory enzymes and additives at low cellulase loading.
ACS Sustain. Chem. Eng. 2018, 6, 12787-12796. [CrossRef]

Gomes, D.; Gama, M.; Domingues, L. Determinants on an efficient cellulase recycling process for the
production of bioethanol from recycled paper sludge under high solid loadings. Biotechnol. Biofuels 2018, 11,
111. [CrossRef]



Catalysts 2020, 10, 775

47.

48.

49.

50.

51.

52.

53.

Steffen, F.; Janzon, R.; Saake, B. Enzymatic treatment of deinking sludge-effect on fibre and drainage
properties. Environ. Technol. 2018, 39, 2810-2821. [CrossRef]

Sluiter, J.B.; Ruiz, R.O.; Scarlata, C.J.; Sluiter, A.D.; Templeton, D.W. Compositional analysis of lignocellulosic
feedstocks. 1. Review and description of methods. J. Agric. Food Chem. 2010, 58, 9043-9053. [CrossRef]
Chandra, R.; Ewanick, S.; Hsieh, C.; Saddler, ].N. The characterization of pretreated lignocellulosic substrates
prior to enzymatic hydrolysis. Biotechnol. Prog. 2008, 24, 1178-1185. [CrossRef]

Chandra, R.P; Saddler, J.N. Use of the Simons’ staining technique to assess cellulose accessibility in pretreated
substrates. Ind. Biotechnol. 2012, 8, 230-237. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Laemmli, U.K. Cleavage of Structura 1 Proteins during the Assembly of the Head of Bacteriop hage T4.
Nature 1970, 227, 680-685. [CrossRef]

Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar. Anal. Chem. 1959, 31,
426-428. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

155






catalysts MBPY

Article
Study of Curing Characteristics of Cellulose
Nanofiber-Filled Epoxy Nanocomposites

Mohan Turup Pandurangan * and Krishnan Kanny

Department of Mechanical Engineering, Durban University of Technology, Durban 4001, South Africa;
kannyk@dut.ac.za
* Correspondence: mohanp@dut.ac.za; Tel.: +2-73-1373-2831

Received: 24 June 2020; Accepted: 13 July 2020; Published: 24 July 2020

Abstract: In recent years, much attention was focused on developing green materials and fillers for
polymer composites. This work is about the development of such green nanofiller for reinforcement
in epoxy polymer matrix. A cellulose nanofiber (CNF)-filled epoxy polymer nanocomposites was
prepared in this work. The effect of CNF on curing, thermal, mechanical, and barrier properties of
epoxy polymer is evaluated in this study. CNF were extracted from banana fiber using acid hydrolysis
method and then filled in epoxy polymer at various concentration (0-5 wt.%) to form CNF-filled
epoxy nanocomposites. The structure and morphology of the CNF-filled epoxy nanocomposites
were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
analysis. Curing studies shows CNF particles acts as a catalytic curing agent with increased cross-link
density. This catalytic effect of CNF particles has positively affected tensile, thermal (thermogravimetry
analysis and dynamic mechanical analysis) and water barrier properties. Water uptake test of
nanocomposites was studied to understand the barrier properties. Overall result also shows
that the CNF can be a potential green nanofiller for thermoset epoxy polymer with promising
applications ahead.

Keywords: thermoset polymer; epoxy; cellulose nanofiber; curing characteristics; thermal properties;
mechanical properties

1. Introduction

Over the past two decades, much research attention focused on developing synthetic nanofillers
such as carbon nanotubes (CNT), nanoclays, TiO,, S5iO,, CaCOj3, and Al,O3, etc., for polymeric
matrices. These nanofillers were reinforced in a range of polymeric matrices such as thermosets,
thermoplastics, elastomers and their blends to develop polymer nanocomposites with nanofillers
as reinforcement material. Dramatic improvements in thermal, mechanical, chemical, and physical
properties were observed in nanoparticle filled in polymeric matrix composites [1-5]. However, in
recent years because of the environmental pollution, rapid depletion in natural resources, recycling,
and greenhouse carbon gas emission effects, researchers started looking for alternative green nanofillers
for polymeric materials [6-8].

Some of the green nanofillers such as eggshell-based nanoparticles [9,10], plant-based
materials [11-14] such as nanocellulose, lignin and hemicellulose, polylactic acid (PLA) [15,16],
chitin/chitosan [17-19], etc., were the focus in recent past. Considerable breakthrough had been
obtained with comparable thermo-mechanical properties using these green nanofillers to that of
synthetic nanofillers.

In particular, plant-based cellulosic particles have gained a significant interest in the research
communities because of their abundant availability and cost effective processing methods. Cellulose is
abundantly available worldwide from plant source. Their availability is higher than that of commonly
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produced synthetic materials such as polyethylene, polypropylene, PET, glass fibers, and carbon fibers.
One observation suggests that cellulose fibril has a comparable tensile property to that of plain carbon
steel material. Cellulose is an important component in the plant source which induces structural
properties such as strength, stiffness, thermal, and physical stability. In general, cellulose content varies
from 20 wt.% to 90 wt.% in plant source depending on the type of the plant [20-25].

Plants have three major chemical constituents, namely, cellulose, hemicellulose, lignin and other
chemicals at minor level. Successful attempts have been made in the recent past regarding extraction of
cellulosic material from plant source by chemical and physical methods [26-28]. Cellulose is available
in the form of microfibril, nanocrystal, or nanofibers depending upon the obtainable size and processing
methods [29,30].

These cellulosic particles were filled in polymer matrix to develop micro or nanocomposites,
depending upon the size of the cellulosic particle fillers. In general, most of the literature focused on
the addition of cellulosic particles in thermoplastic polymeric matrices, such as PP (polypropylene),
LDPE (low density polyethylene), PLA (Polylactic acid), etc., [31-34]. The literature on cellulosic
particles filled in thermoset polymers are relatively scarce or negligibly available [35]. It is important to
understand the effect of these green nanoparticles on thermoset polymers such as epoxy, polyester, and
urethanes. Thermoset epoxy and epoxy composites are widely used from bicycle industry to aerospace
industry, because of their high thermal, mechanical, and barrier properties than that of polymeric
materials [36,37]. A possible replacement of synthetic fillers with cellulosic nanofiber (CNF) fillers in
thermosets will have huge impact on economic and social benefits.

Therefore, understanding the effect of CNF on thermal, mechanical, and barrier properties of
the epoxy polymer matrix is vital as the study has significant industrial application. This paper
focuses on the effect of CNF in epoxy polymer matrix on curing characteristics, structure, thermal, and
mechanical properties. The sub-micron sized CNF were extracted from the stem section of banana
fibers using acid hydrolysis method and the fibers were reinforced in the epoxy polymer to form
epoxy-CNF nanocomposites.

2. Results and Discussion

Figure 1a shows the photograph image of raw banana fiber and CNF extracted from banana
fiber. The raw banana fibers appear as a brown colored long fiber extracted from stem section of the
banana plant. The CNF appears as a bright white colored particle, with above 95% cellulose content as
obtained from our earlier study, with the CNF yield of ~28% from initial banana fiber mass content [38].
Figure 1b shows SEM image of cellulose nanofibers (CNF). The diameter of CNF varies from 50 nm to
100 nm and length 100 nm to 1000 nm. Figure 2 shows the TEM image of 2 wt.% CNF-filled epoxy
nanocomposite (Figure 2a) and 5 wt.% CNF-filled epoxy nanocomposite (Figure 2b) observed under
bright field mode. In this mode the CNF phase is represented by dark discontinuous needle like phase
and the matrix phase is represented by bright continuous phase. Dispersion of CNF particles on the
matrix was uniform at lower (2 wt.%) and higher concentration (5 wt.%). However, CNF particles tend
to form agglomeration at higher concentration (5 wt.%).
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Figure 1. Fiber and cellulose nanofiber (CNF) images shows (a) photography image of raw banana
fiber and extracted CNF; (b) SEM image of CNF fibrils.
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Figure 2. TEM image of epoxy with (a) 2 wt.% CNF; (b) 5 wt.% CNF-filled nanocomposites.
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Figure 3 shows the measurement of heat release during gelation of epoxy and epoxy-CNF series
during gelation. Unfilled neat epoxy resin shows the maximum heat release of 76 °C at around 96 min of
gelation, whereas, epoxy with CNF up to 1 wt.% shows maximum heat release at relatively lower time
around 90 min. The reduction in gelation time suggest the catalytic effect of CNF particles during epoxy
curing. CNF with above 1 wt.% shows the gelation peak similar to that of neat epoxy resin, however,
with reduced peak width as function of CNF concentration. This suggests the higher concentration
may not act as a catalytic agent, however, it may aid faster curing. This curing characteristics of the of
nanocomposite series was further examined using the FTIR study. Figure 4 shows the FTIR spectrum
of CNF, unfilled neat cured epoxy polymer, 0.5 wt.% and 3 wt.% CNF-filled epoxy nanocomposites.
CNF shows a broad band around 3400 cm™! suggesting presence of ~OH group. Presence of a shoulder
at around 1660 cm™! suggests oxidation of carbohydrate during CNF extraction. A peak around
1102 cm™! is due to C-H stretching of the cellulosic group. A peak at 1102 cm™! suggest changes
induced in hydrogen bonds indicating transition from cellulose I to cellulose II structure during
chemical treatment. A band at around 1034 cm™~! suggests a fraction of xyloglucans associated with
non-hydrolyzed hemicellulose which is strongly bound within cellulosic fibrils. A sharp peak at
around 888 cm™! suggests a typical cellulosic structure [39,40]. Unfilled neat epoxy polymer shows
a characteristics peak of a typical epoxy group (3500 cm~! OH stretching vibration; shoulder at
2950 cm~1-2775 cm™! of CH stretching of CH, and CH aromatic or aliphatic vibration; 1608 ecm~! of
aromatic C=C stretching; 1504 cm™! of C-C stretching; 1031 cm ™' C-O-C of ether stretching; 830 cm ™
of oxirane group) [41,42]. The nanocomposites show almost all characteristics peaks of epoxy and
CNF and suggest the presence of both these phases. However, in nanocomposites the intensity of
oxirane peak (830 cm™!) was reduced with the disappearance of carbohydrate oxidation peak of
CNF (1660 cm™1) in 0.5 wt.% CNF and 3 wt.% CNF-filled epoxy nanocomposites. This suggests that
CNF might induce a catalytic curing of oxirane rings of epoxy polymer. The reduced oxirane peak
shows the higher level of cross-link density of the epoxy polymer in nanocomposites due to CNF
particles, possibly the oxidized cellulose in presence of amine curing agent induced amide bonding.
This “amidated” cellulose molecules might have incorporated covalent bonding with epoxide structure,
showing the presence of amide group’s band at around 1660 cm™! in nanocomposites. This effect
suggests catalytic effect of CNF in epoxy polymer and may also affect the properties of composite.
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Figure 3. Time-temperature gelation of unfilled and CNF-filled epoxy nanocomposite series.

161



Catalysts 2020, 10, 831

——Epoxy (E) VY
CNF /AV/A \

/ - f

E+0.5wt.% CNF /ﬂ \ TR
E+3WL%CNF \ | H | )

// M" I F/ |

b, ‘ /

- \MWNW\W/ PN U rﬁ‘v V‘”\/\J\J{\w \J

P

[ et ) S |

% Transmission (Arbitrary unit)

3400 2400 1400 400
Wavenumber, cm

Figure 4. FTIR spectrum of CNF, epoxy and epoxy filled with 0.5 wt.% CNF and 3 wt.%
CNF-filled nanocomposites.

Tensile properties of nanocomposites were examined and the tensile stress—strain curves are
shown in Figure 5 with their values in Table 1. In general, tensile properties are positively affected
because of the addition of CNF particles. Maximum improvement of 86% increased modulus at 5 wt.%
CNE 11% increased strength at 5 wt.% CNF, and an 26% increased elongation at 3 wt.% CNF was
obtained than that of unfilled neat epoxy polymer. Although the general trend shows increased tensile
properties of nanocomposites, Table 1 shows the tensile values are fluctuating as the function of CNF
content. This could be due to the few factors, namely, inconsistent particle size, cellulose concentration
within and among the particles, and other non-cellulosic phases presenting in the particles. Since the
material was extracted from natural source such level inconsistence properties are expected. Similar
results were also obtained elsewhere [8,31,33].

TGA of nanocomposites were examined and their plot is shown in Figure 6 with their values
in Table 2. The thermal decomposition of CNF was lower than that of neat banana fiber. This could
be due to the larger heat energy exposed by CNF due to its high surface area when compared with
banana fiber [43]. Whereas, the thermal stability of the nanocomposite is higher than that of neat
epoxy polymer, possible that the nanolevel dispersion of CNF particles acted as a thermal barrier
to the epoxy polymer matrix and resulted in improved thermal stability. Similar improved thermal
properties were also obtained in CNF-filled thermoplastic polymer nanocomposites [32,44]. Relatively
lesser improvement at thermal property at higher content CNF (>3 wt.%) could be due to the higher
amount of surface area exposure of particles. Much of the improvement in thermal stability is obtained
at 2 to 3 wt.% CNF-filled epoxy nanocomposites.
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Figure 5. Tensile stress—strain curves of unfilled and CNF-filled epoxy nanocomposite series.

Table 1. Tensile properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material Modulus, GPa Ultimate Tensile Strength, MPa Elongation at Break, %
Epoxy (E) 22 41.6 42
E + 0.5 wt.% CNF 2.2 423 39
E + 1 wt.% CNF 2.0 344 4.3
E + 2 wt.% CNF 24 40.6 35
E + 3 wt.% CNF 2.1 45.6 53
E + 5 wt.% CNF 41 46.2 2.7
100
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Figure 6. TGA curves of unfilled and CNF-filled epoxy nanocomposite series.
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Table 2. TGA properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material Mass Loss at Mass Lossat ~ Mass Gain Mass Gain Deccg:::stiliun Mass Loss at Onset Dec::“;ze;iﬁo“ Ma;:dc:;' a
125°C, % 200°C,%  at425°C,%  at525°C,% o o Decomposition, % o .
emperature, °C p C  Decomp %
CNF 57 54 44 3.6 295 12.7 380 58
Banana fiber 8.2 8.2 262 229 255 12.8 350 317
Epoxy (E) 7.1 10.1 20.8 19.5 260 16.1 345 252
E+05wt%

CNF 9.5 13.5 19.1 17.8 270 228 345 233
E +1wt.% CNF 77 12.4 23.0 21.8 275 222 340 28.1
E + 2 wt.% CNF 6.2 9.6 24.0 23.3 265 16.7 340 29.5
E + 3 wt.% CNF 6.4 8.5 17.9 16.8 270 14.8 345 227
E +5wt.% CNF 8.4 10.6 11.5 9.8 265 19.1 350 16.6

Figure 7 shows the DMA properties of CNF-filled epoxy nanocomposite series with their properties
in Table 3. The CNF addition increases the storage modulus of epoxy at room and elevated temperatures
(Figure 7a). This improvement could be due to the hard and stiff properties of the CNF particles
when compared with epoxy polymer matrix. Figure 7b shows the Tand versus temperature values
of nanocomposite series. The temperature at which maximum Tand value obtained is called glass
transition temperature (Tg). Tq is a temperature at which molecular relaxation occurs in the amorphous
phase of the polymer and changes toward rubbery phase. Marginal increase in T value is obtained in
nanocomposites due to the addition of CNF particles. The CNF particles possibly resisted the molecular
relaxation movement during heating and increased the Ty temperature. The Tan & peak value was
reduced in composites (>1 wt.% CNF) than that of neat epoxy polymer. Similar results on the reduced
Tan & peak values were observed elsewhere, suggesting effective reinforcement of particles in the
polymer matrix [35,45,46]. Tan § peak value relates to damping and impact characteristics of the material.
The reduction in Tan § peak value in composites (>1 wt.% CNF) shows improved damping/impact
characteristics due to increased packing efficiency of the CNF particles in the matrix [45,46]. DMA
results show optimized improvement was observed at 2-3 wt.% nanocomposite.
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Figure 7. Dynamic mechanical analysis (DMA) of (a) storage modulus; (b) Tan & of unfilled and
CNF-filled nanocomposite series.
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Table 3. DMA properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Storage
Material Stcr;iiy(ﬁglus at Stcr;goiy(ﬁ;lus at Modulus at Tg, °C Tan & Peak
Ve Ve 100 °C, MPa
Epoxy 2107 11.84 7.31 70 0.765
E + 0.5 wt.% CNF 2424 14.51 8.91 70 0.782
E + 1 wt.% CNF 2656 15.27 9.97 68 0.766
E + 2 wt.% CNF 2708 18.51 10.85 70 0.717
E + 3 wt.% CNF 2323 16.56 9.47 72 0.716
E + 5 wt.% CNF 1570 12.24 6.36 72 0.698

Water uptake properties of nanocomposites is shown in Figure 8 with their values in Table 4.
When compared with neat epoxy polymer, water uptake is reduced in CNF-filled epoxy nanocomposites.
The reduction in water uptake is proportional to CNF content in epoxy polymer matrix. Maximum
reduction of ~47% decreased water uptake was observed in 5 wt.% CNF-filled epoxy nanocomposite
than that of neat epoxy polymer. This reduction may be due to the hydrophobic characteristics of CNF
particles than that of banana fiber [26-30] and possibly this effect would have resulted in improved
water barrier properties of nanocomposites. Moreover, large surface of CNF particles might have
exposed a larger area of water medium and served as a barrier medium and protected the matrix
polymer against water uptake.
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Figure 8. Water uptake of unfilled and CNF-filled epoxy nanocomposite series.

Table 4. Water uptake properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material Equilibrium Water Uptake, %
Epoxy (E) 6.94
E + 0.5 wt.% CNF 6.57
E + 1 wt.% CNF 6.15
E + 2 wt.% CNF 5.78
E + 3 wt.% CNF 5.15
E + 5 wt.% CNF 4.10
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3. Materials and Methods

3.1. Raw Materials

The matrix material is a cured thermoset epoxy polymer made up of resin and hardener.

Epoxy resin (Diglycidyl ether of bisphenol-A) and hardener (unmodified cyclic aliphatic amine)
supplied under trade name LR-20 and LH-281 respectively were obtained from AMT Composites
(Mumbai, South Africa). Banana fibers were obtained from Richmond traders, Mumbai, India.
The fibers were mechanically extracted from the stem part of the banana plant. All other chemicals used
for the extraction of cellulose nanofibers were obtained from Merck Chemicals, Durban, South Africa.

3.2. Extraction of Cellulose Nanofiber (CNF)

CNF were extracted from banana fibers using acid hydrolysis process. Initially the banana fibers
were cut into lengths of 3 cm. CNF extraction process involved three steps, namely, alkaline treatment,
bleaching, and acid hydrolysis.

In alkaline treatment, the chopped banana fibers were soaked in 5 wt.% NaOH solution at the
weight ratio of 1:10 of fiber to solution content. The fibers were soaked for 24 h after which the fibers
were extracted and dried in an oven at 60 °C for 4 h.

In the bleaching process, alkaline-treated fibers were soaked and rinsed in concentrated sodium
hypochlorite solution for 1 h. 3 wt.% fraction of fibers were soaked in a solution and bleached in
running tap water. The fibers were removed and then placed in an oven at 60 °C for 4 h.

In the acid hydrolysis process, 10% of diluted sulfuric acid was prepared using distilled water in
a beaker. Thereafter, bleached fibers were then soaked into the acid solution at 7 wt.% fiber weight
fraction. The fiber-solution was stirred using a mechanical stirrer for 30 min. Thereafter, the excess
liquid solution was extracted by a vacuum process. The acid-hydrolyzed fibers were then washed
with distilled water and dried in an oven at 60 °C for 4 h.

In the above processes, cellulosic phase in the banana fiber was extracted and all other non-cellulosic
phases such as lignin, hemicellulose, and other non-cellulosic phases were eliminated.

3.3. Processing of CNF-Filled Epoxy Nanocomposites

Synthesis of nanocomposites were carried out in two steps. First step involved mixing of resin
with desired concentration of CNF and the second step involved casting of resin-hardener-CNF mixture
in a glass mold. An electric shear mixer (Heidolph MR Hei: Standard, Labotec, South Africa) was used
to mix resin and CNF particles. Initially, 100 g epoxy resin was heated in a glass beaker at 80 °C and
CNF were added followed by shear mixing at 500 rpm for 0.5 h at 80 °C. The resin and CNF particle
mixture were then cooled to room temperature (RT) and 30% weight fraction of hardener to that of
epoxy resin (as per supplier’s manual) was added into the mixture for curing purpose. The resin,
hardener, and CNF together were gently stirred using a glass rod for ~3 min and then cast into glass
molds. The casting process involved pouring of resin-hardener-CNF mixture in between two glass
mold plates (30 cm x 30 cm X 3 cm) separated by a rubber gasket running along the three sides of
the plates. The pouring of the resin mixture was assisted by a runner attached to the top side of the
glass plate molds. To facilitate easier removal of the cast product, wax was used as a mold release
agent and applied at the inner face of the glass plates and rubber gasket before the pouring process.
The nanocomposite cast sample (with dimension of ~27 cm X 27 cm X 3 mm) was obtained 24 h after
it was poured inside the mold cavity. The testing and characterization was carried out after seven
days of curing (i.e., fully cured state of the epoxy polymer under experimental condition, though 100%
curing cannot be achieved). The cured sheets were further cut and sized as per the standard dimension
required for conducting testing.
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3.4. Characterisation

A scanning electron microscope (SEM) was used to analyze the surface morphology of CNF
particles. CNF surfaces were examined by Zeiss Environmental SEM (ESEM: model EVO HD 15
operating at controlled pressure conditions at 20 kV). Before conducting the actual SEM surface analysis,
CNF specimens were gold surface-coated using Quorum-150R ES model thin film coating equipment.

A high-resolution transmission electron microscope (TEM) was used to study the dispersion
of CNF particles in the epoxy polymer matrix. TEM was carried out on an ultrathin microtomed
nanocomposite specimen using JEOL HR-TEM (JEM-2100 series), operating at 120 kV.

Thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA) were used to
examine the thermal properties of nanocomposites using TA instruments SDT Q600 model and Q800
model respectively. In TGA, thermal properties of nanocomposites such as weight loss, decomposition
temperature, and degradation were evaluated. In TGA analysis, ~5 mg of the sample was placed in an
alumina crucible of TA apparatus and the sample was scanned from RT to 600 °C at a scanning rate of
10 °C/min under atmospheric condition.

DMA testing on nanocomposites was carried out at a frequency of 10 Hz using a 3-point bending
mode of TA instrument from 25 °C to 125 °C under atmospheric conditions. In DMA testing, specimen
dimension of 5.5 cm X 1 cm X 0.3 cm was used. DMA parameters such as storage modulus, Tand
(damping factor) and Tg (glass transition temperature) were measured using DMA.

FTIR (Nicolet) analysis was carried out for the cured epoxy and epoxy-CNF nanocomposite
series using an attenuated total reflectance (ATR) mode to study the functional group of epoxy and
curing characteristics of nanocomposites. Moreover, curing characteristics of epoxy and epoxy-CNF
nanocomposite were studied by directly monitoring the exothermic cure temperature at regular time
intervals. The temperature of the curing reaction was recorded at regular intervals as soon as the
hardener was mixed into the epoxy resin. The time-temperature graph was plotted for all the curing
sample series.

3.5. Testing

The tensile test of nanocomposite series was conducted on the cured samples to study the tensile
modulus, strength, and elongation properties of CNF-filled epoxy composites. The tensile test was
conducted as per ASTM D3039 standard test, with specimen dimension of 5 cm gauge length X 1 cm
width X 0.3 cm thick. The tensile test was conducted using an MTS UTM Tensile Tester (Model LPS
304—424708 series) with a crosshead speed of 1 mm/min and 1kN load cell. A mean value of tensile
property of three specimens was selected and considered for analysis.

Barrier properties of nanocomposites was studied by a water immersion test method, as per ASTM
D570-98 (2005) test procedure at 25 °C. Three test specimens, each of dimension 3 cm x 3 cm x 0.3 cm,
were chosen for this study. In order to eliminate surface or subsurface entrapped moisture and retain
actual solid mass in the specimen, test samples were dried at 60 °C for 4 h using an oven. During the
4 h drying, samples were taken out of the oven at an interval of 1 h and immediately transferred into
the airtight desiccator. The RT-cooled sample was weighed and ensured that the mass loss remained
constant until the 4 h heating cycle.

The actual solid mass sample was then immediately taken out of the desiccator and fully immersed
in a distilled water medium which was placed in a temperature-controlled water bath set-up. The bath
temperature was constantly maintained at 25 °C for entire duration of the water immersion test.
The water soaked specimen was taken from the water bath at different time intervals and wiped using a
paper towel to eliminate surface water. The sample was then weighed in an electronic balance and then
immediately transferred back into the water bath set-up. This weighing procedure was repeated until
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the water soaked sample showed no or negligible increase in the water mass uptake (i.e., equilibrium
water uptake content, W.). The W was measured as per Equation (1)

(Wr —W;)

We= (Wi)

x 100 (1)
where W; and W; are initial dry solid mass of the test specimen and the water mass uptake of soaked
sample at time t of testing was done respectively. The barrier property was examined by selecting the
mean test specimen water uptake result.

4. Conclusions

In this work, polymer nanocomposites consisting of CNF particles as reinforcement filler and
thermoset epoxy polymer were produced by shear mixing process. The prime objective of this study is
to prepare a CNF-filled thermoset polymer-based composites. CNF particles were filled up to 5 wt.%
in epoxy polymer matrix. The effect of CNF concentration on curing tensile, DMA, TGA, and water
uptake properties was evaluated. CNF addition shows positive effect in these properties. FTIR and
curing studies shows that CNF may act as a curing catalyst during epoxy gelation and increases the
cross-link density of the epoxy polymer and reduces with curing time. Well-dispersed CNF particles
were obtained in this processing method. Almost comparable modulus, 10% increased tensile strength
and 26% increased elongation were observed in 3 wt.% CNEF-filled epoxy nanocomposite. An optimized
improved onset and endset decomposition temperature was observed at 2-3 wt.% CNF-filled epoxy
nanocomposite. In the DMA study, storage modulus of 2 wt.% CNEF-filled epoxy nanocomposite was
increased by 28%, 56%, and 48% respectively at 25 °C, 80 °C, and 100 °C respectively when compared
with unfilled epoxy polymer. Water uptake results suggest that the water uptake proportionally
reduces in nanocomposites as concentration of CNF particles increases in matrix polymer. Maximum
47% reduction of water mass uptake was seen in 5 wt.% CNF-filled epoxy nanocomposite. Overall
results suggest that an optimum level of improvement is obtained at 2-3 wt.% CNF-filled epoxy
nanocomposite. The result suggests that the CNF can be successfully incorporated in thermoset
epoxy polymer matrix with improved properties and serve as a promising green nanofiller for the
epoxy matrix.
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Abstract: In this study, conversion of xylose to furfural was studied using lignin-based activated
carbon-supported iron catalysts. First, three activated carbon supports were prepared from hydrolysis
lignin with different activation methods. The supports were modified with different metal precursors
and metal concentrations into five iron catalysts. The prepared catalysts were studied in furfural
production from xylose using different reaction temperatures and times. The best results were
achieved with a 4 wt% iron-containing catalyst, 5Fe-ACs, which produced a 57% furfural yield, 92%
xylose conversion and 65% reaction selectivity at 170 °C in 3 h. The amount of Fe in 5Fe-ACs was only
3.6 umol and using this amount of homogeneous FeCl; as a catalyst, reduced the furfural yield, xylose
conversion and selectivity. Good catalytic activity of 5Fe-ACs could be associated with iron oxide and
hydroxyl groups on the catalyst surface. Based on the recycling experiments, the prepared catalyst
needs some improvements to increase its stability but it is a feasible alternative to homogeneous
FeCls.

Keywords: furfural; carbon-supported catalyst; xylose conversion; iron; heterogeneous catalysts

1. Introduction

Furfural is an important biomass-based high-value chemical with numerous applications [1].
While it is widely used directly as a solvent and a fungicide, it is most commonly converted
into pharmaceuticals, chemicals and biopolymers, many of which are used as substitutes for
petrochemical-derived analogs [2,3].

Approximately 300,000 tons of furfural are produced annually and the biggest manufacturer is
China [4]. It is formed by the dehydration of pentoses, mainly xylose, which can be obtained through
the hydrolysis of different agricultural residues (corn stover, wheat straw, sugarcane bagasse, rice
husk, oat hull) or forest industry wastes (birch or poplar sawdust). Current industrial processes use
mineral acids, such as sulfuric, phosphoric or hydrochloric acid, as catalysts, with an approximate
furfural yield of 50% [5,6]. The relatively low yield, high energy consumption (caused by the high,
150-240 °C, reaction temperature) and environmental concerns related to acidic process wastes are
driving scientists to develop catalysts with high selectivity for furfural formation. A number of studies
have used inexpensive water-soluble inorganic salts (mainly chlorides) as catalysts instead of mineral
acids for xylose conversion to furfural [7-10]. Many of those studies show that FeCl; results in the
highest furfural yields compared to other metal chlorides [7,10].

Compared to water-soluble salts, solid catalytic systems have fewer environmental impacts than
liquid ones, reduce operational costs and are technically feasible alternatives for industry [11]. A broad
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range of different heterogeneous catalysts have been studied for xylose conversion to furfural, the most
common of which are acidic zeolites and mesoporous silicas, such as SBA-15 and MCM-41 [11,12].
Additionally, sulfonated metal oxides (especially TiO,, ZrO;) have been used, either as such or
combined with mesoporous supports [13-16]. Many studies have shown that some Brensted acidity
is needed, either from metal oxide or support, in addition to metal oxides with a Lewis character, to
achieve good furfural yields [17,18]. The need for Brensted acidity is associated with the furfural
production mechanism; while Lewis acid can isomerize xylose to xylulose, Brensted acid is needed for
the dehydration step (Scheme 1) [19].

-3H,0

Bronsted acid

O
OH OH Ya s o
— 3 HO: _— / o
HO Lewis acid OH Bronsted acid A
HO HO
Furfural
Xylose Xylulose

Scheme 1. Dehydration of xylose to furfural by Brensted acid and Lewis acid catalysts.

Carbon-based catalysts are attractive since the carbon supports are low-cost materials with high
surface area and good thermal stability and they are easily modified with functional groups [20].
Carbon surface groups containing heteroatoms, such as oxygen, can act as anchoring sites for metal
particles and generate high metal dispersion [21]. The diverse surface also enables Bronsted acidity
in addition to metal’s Lewis acidity, which can further promote xylose conversion to furfural. To the
best of our knowledge, few papers have been published on carbon-supported metal oxide catalysts.
Mazzotta et al. used a sulfonated carbonaceous material with TiO, sites, while Russo et al. used
TiO,/carbon black in the conversion of xylose to furfural [22,23]. Barroso-Bogeat et al. prepared a
class of different activated carbon-metal oxide catalysts (Fe, Al, Zn, Sn, Ti and W) but did not use
them in any reaction [24-26]. Therefore, cheap metal oxides, such as iron oxide, have not been utilized
in xylose conversion to furfural, even though iron is common in homogeneous catalysts. The aim
of this study was to create iron oxide sites on a carbon-supported catalyst and apply the catalyst in
the conversion of xylose to furfural. Activated carbon support was derived from hydrolysis lignin,
which is a side stream of cellulosic ethanol production. Reactions were performed in biphasic media to
increase reaction selectivity.

2. Results and Discussion

2.1. Preliminary Studies

The purpose of the preliminary studies was to optimize the reaction media and select the best
catalytic metal for heterogeneous catalysts.

2.1.1. Furfural Partitioning in Biphasic Reaction System

The reaction system was optimized in terms of the appropriate organic solvent and solvent:water
ratio. Experiments were carried out using a 4.7 wt% furfural solution in water as feed and toluene
or methyl isobutyl ketone (MIBK) as an organic solvent. The purpose was to compare furfural
partitioning from water into these two solvents. Solvent ratios of 1:1, 1:2 and 1:3 were used based on
the literature [17,27,28]. The results of partitioning experiments are shown in Figure 1, and, as expected,
the more organic solvent was added, the better furfural was extracted to the organic phase (Figure 1a).
MIBK showed a better ability to extract furfural than toluene, as the furfural content in water was
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relatively higher in the toluene experiments than in the MIBK experiments. In the best case, when 1:3
water:MIBK was used as a solvent, 96% of furfural was extracted to the MIBK phase. Similarly, MIBK
was reported to extract furfural better than toluene in the literature [27,29]. MIBK has a polar carbonyl
group structure that may interact better with furfural, which is an aldehyde, compared to nonpolar
toluene. The partitioning coefficient of MIBK has been reported to be 7 [29], while in our study it was 8
using a similar solvent ratio (1:1) and 8.5 when the solvent ratio was 1:3 (Figure 1b). For toluene, the
partitioning coefficient has been reported to be 3 [29] but in our study it was significantly higher (6)
with a 1:1 solvent ratio. Differences in reported and measured partitioning coefficients are likely due to
different experimental setups. In the cited study, the partitioning coefficients were determined without
any heating, using only shaking as an extraction technique. In our study, 5 min microwave heating
(at 160 °C) was used, as the higher temperature corresponds to the reaction conditions in conversion.
Based on the partitioning results, MIBK was considered most suitable for the furfural removal from
water and it was used as an organic solvent in further experiments.

n(furfural)ﬂrg./n(fuxfu:al)zq

MIBK toluene MIBK toluene

@ (b)

Figure 1. Furfural partitioning between water and methyl isobutyl ketone (MIBK) and water and
toluene using different solvent ratios. (a) Partitioning calculated as the ratio of moles of furfural in the
organic phase and in the water phase; (b) Partitioning calculated as the partitioning coefficient (based
on concentrations).

2.1.2. Furfural Production Using Homogeneous Catalysts

After choosing the reaction media, homogeneous metal salts (ZnCl,, AlCl3-6H,0, CrCl3-6H,0O,
SnCl,-2H,0 and FeCl;-6HO) were used as catalysts to determine the best metal for furfural production.
Different metal salts have been studied in the literature but it was important to perform tests in our
reaction system, using microwave heating and water/MIBK media. Reactions were performed at a
temperature of 160 °C, a reaction time of 1.5 h and a catalyst amount of 0.05 mmol, based on the
literature [10]. Almost full xylose conversion (98%-99%) was achieved using all catalysts other than
zinc chloride, which yielded only 91% conversion (Figure 2, asterisks). In the furfural yields, there was
variation between catalysts and the yields varied between 33% and 68% (Figure 2, bars). Chromium
chloride and aluminum chloride produced the lowest furfural yields, although the xylose conversion
was almost complete. Therefore, their selectivities (34% and 38%, respectively) were poorest among
all catalysts (Figure 2, squares). Tin chloride and zinc chloride produced slightly higher furfural
yields compared to chromium or aluminum and their selectivities were also higher (46% and 48%,
respectively). However, the significantly highest furfural yield (68%) and selectivity (70%) were
achieved using iron chloride as a catalyst. Our result agrees with the literature, as many studies
have shown that FeCl; produces the highest furfural yield in water media compared to other metal
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halides [7,10]. The 68% furfural yield achieved in our study with FeClj catalyst is also comparable
to that found in other studies. For example, Ershova et al. achieved a 60.3% furfural yield in water
at 180 °C, while Zhang et al. reported a 77% furfural yield in gamma-valerolactone at 160 °C [10,30].
However, in most studies NaCl has been used as a phase modifier, and, because C1~ has been shown to
catalyze furfural formation, it is difficult to compare those results to our study without NaCl [31-34].

80 % - 100

70 %

- 90

@
=]
1

[+ 80

o
P
N

H 70

H 60

Furfural yield (%)
@ 3

H 50

3
Conversion / Selectivity (%)

40

=
o
1
1

ZnCl,  AICL6H,O CrCL6H,O SnClL:2H,0 FeCl6H,0 0
Figure 2. Furfural yield (bar), respective conversion (asterisk) and reaction selectivity (square) during
xylose dehydration at 160 °C for 1.5 h using different metal chlorides (0.05 mmol) as catalysts.

2.2. Preparation and Characterization of Heterogeneous Catalysts

After the appropriate reaction media and catalytic metal were chosen, three different catalyst
supports (ACz, ACzy;, ACs) and five different catalysts (5Feno3-ACz, 5Fe-ACz, 5Fe-ACzy;, 5Fe-ACs and
10Fe-Acs) were prepared (Table 1). In the preparations, different activation methods, metal precursors,
metal concentrations and additional treatments were used. ACz support was prepared applying
common ZnCl, chemical activation [35]. ACz-based catalysts 5Feno3-ACz and 5Fe-ACz were prepared
using 5 wt% of either FeNOj or FeCl3 as an iron precursor, respectively. ACzy support was prepared
using HNOj treatment after ZnCl, chemical activation and ACzy-based catalyst 5Fe-ACzy by further
impregnation with FeCl. The third support type, ACs, was prepared using the physical activation
method. Compared to chemical activation, physical activation is performed at a higher temperature
but only using water steam as an activation agent [21,36]. ACs-based catalysts 5Fe-ACs and 10Fe-ACs
were prepared using FeCl as a metal precursor and 5 or 10 wt% as the metal concentration.

Table 1. Key factors in the preparation of various supports and catalysts and the metal contents (wt%)
of the prepared catalysts measured by inductively coupled plasma optical emission spectrometry

(ICP-OES).
S 1 Activation Other Metal Initial Fe Measured Metal (wt%)
ample o
Method Treatment Precursor (wt%) 7Zn Fe
ACs Steam (H,0) - - - 0.01 0.06
5Fe-ACs Steam (H,0) - FeCl3 5 - 4.0
10Fe-ACs Steam (H,0) - FeCly 10 - 9.2
ACz ZnCl, - - - 8.2 0.08
5Fen03-ACZ ZnCl, . FeNO; 5 46 5.0
5Fe-ACz ZnCl, . FeCls 5 38 45
ACzy ZnCl, HNO; - § 0.07 0.06
5Fe-ACzy ZnCl, HNO; FeCls 5 0.08 55
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The metal contents (according to inductively coupled plasma optical emission spectrometry
(ICP-OES)) of all supports and catalysts are listed in Table 1. ACs support was analyzed most
comprehensively since it was the least treated and therefore provided some indication about the
metal content of the biomass-based lignin. According to the results, ACs contained minor amounts
of metals, such as Ca (0.47 wt%) and Na (0.57 wt%) but its Fe content was very low (0.06 wt%)
(Table S1). ACs-based iron-impregnated catalysts 5Fe-ACs and 10Fe-ACs contained 4.0 and 9.2 wt%
iron, respectively. Based on these values, iron impregnation was considered successful, as the target
amounts were 5 and 10 wt%. The other support, ACz, contained a significant amount of zinc (8.2
wt%), which originated from the chemical activation step in the preparation process. Zinc was also
naturally present in ACz-supported 5Fe-ACz and 5Feno3-ACz (3.8 and 4.6 wt%, respectively) but the
amount decreased during the impregnation step. The iron contents for 5Fe-ACz and 5Fenp3-ACz
were 4.5 and 5.0 wt%, respectively. Because of the remaining zinc, a third catalyst support ACzy was
prepared similarly to ACz but afterwards it was treated with HNOj in order to remove remaining zinc.
According to the ICP-OES results, this treatment did remove zinc because the remaining amount was
only 0.07 wt%. Meanwhile, the iron content of 5Fe-ACzy was 5.5 wt%.

Additionally, the surface area (SA) according to Brunauer-Emmett-Teller (BET) theory, average
pore diameter and pore volume distributions according to density functional theory (DFT) were
determined for all supports and catalysts using Na-physisorption analysis (Table 2). As can be seen
from the results, the surface area and pore volume of the chemically activated ACz and ACzy supports
were higher (1470/1091 m?g~! and 0.72/0.49 cm3g~!) than for the ACs support prepared with steam
activation (760 ng‘l and 0.47 cm3g‘1) (entries 1, 4 and 7). Further, the total pore volume and the
relative amount of micropores were higher in ACz and ACzy than in ACs. Treatment with HNOj5 after
chemical activation decreased the support surface area, average pore diameter and total pore volume
but the quantities were still greater than with steam activated ACs.

Table 2. Nj-physisorption analysis from different activated carbon (AC) supports and catalysts.

Entry Sample BET DFT
BET Avg. Pore Total Pore Mesopores Micropores
SA (m%/g)  Diam. (nm) Volume (cm®/g) (cm®/g)
(cm®/g)
1 ACs 760 2.90 0.47 0.26 0.21
2 5Fe-ACs 455 3.44 0.34 0.23 0.11
3 10Fe-ACs 380 3.15 0.26 0.16 0.10
4 ACz 1470 2.29 0.72 0.31 0.41
5 5Fe-ACz 1000 2.28 0.48 0.19 0.29
6 5Feno3-ACz 948 2.16 0.45* 0.15 0.29
7 ACzy 1091 2.15 0.49 0.16 0.33
8 5Fe-ACzy 790 2.07 0.35 0.10 0.25

* also contained macro-pores 0.01 cm®/g (3%).

The surface area and total pore volume of all catalysts decreased while the iron was impregnated
on the carbon surface. This is reasonable, as metal is deposited on the surface and goes into the pores
(Table 2). For ACs-based catalysts, the surface area decreased from 860 to 455 or 380 m?/g and total
pore volume from 0.47 to 0.34 or 0.26 cm3/g, depending on how much metal was impregnated on the
catalyst surface (entries 1-3). For ACz-based catalysts, the surface area decreased from 1470 to 1000 or
948 m?/g and the total pore volume from 0.72 to 0.48 or 0.45 cm®/g, depending on which iron precursor
was used (entries 4-6). For ACzy-based catalysts, the surface area decreased from 1091 to 790 mz/g
and the total pore volume decreased from 0.49 to 0.35 (entries 7-8).

Absolute volumes of the meso- and micropores decreased with all catalysts when iron was
impregnated but there were differences in the final pore volume distributions between meso- and
micropores, partly because of different initial pore volume distributions of the different supports.
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For steam-activated ACs, the micropore volume decreased in 5Fe-ACs and 10Fe-ACs catalysts by
48%-52% compared to ACs. With mesopores, the decrease was smaller, only 12%-38%, meaning
that the micropores were primarily filled in ACs when iron was impregnated. Because micropores
were more filled with iron than mesopores, the average pore diameter also increased with ACs-based
catalysts when compared to plain ACs. Comparing 5Fe-ACs and 10Fe-ACs, the difference in mesopore
volume was notable, which meant that 5% iron addition did not affect the mesopores significantly
while 10% iron addition filled the mesopores considerably. For chemically activated ACz and ACzy,
the micropore volume decreased only 29% or 24%, respectively, while the volume of the mesopores
was decreased 39%-52% for ACz and 38% for ACzy. Different precursors did not have a significant
effect on surface area or pore volumes. Because the volume of the micropores decreased less than the
volume of the mesopores, the relative amount of micropores was increased in chemically activated
iron catalysts. In addition, the average pore diameter decreased compared to the supports.

Other surface properties, such as functional groups, acidity and detailed metal composition,
were studied using X-ray photoelectron spectroscopy (XPS), the Boehm titration method and X-ray
diffraction (XRD). These analyses were only conducted for ACs, 5Fe-ACs and 10Fe-ACs, which were
determined to be the most promising ones in the conversion of xylose to furfural (see Section 2.3).
XPS results show that plain ACs support already contains some oxygen functionalities (hydroxyl and
carboxyl groups) on the surface but iron addition increases the oxygen—carbon ratio of the catalysts
compared to ACs support (Table 3, Table S2). The increase is also dependent on how much iron is
added, as the percentage of carbon atoms decreases from 96.8 to 93.6 or 86.3% and that of oxygen
atoms increases from 2.9 to 4.1 or 9.5% when the amount of iron increased from 0.06 to 4.0 or to 9.2
wt%, respectively. In addition to C, O and Fe, Cl was detected from iron-impregnated catalysts. An
increase of oxygen functionalities was detected from an Ols scan at 531.0eV and at 532.5eV (Table
S2). The former can originate from carbonyl groups or metal oxides and the latter, for example,
from hydroxyl groups or O-Fe bonds [37,38]. From the XPS Fe2p spectra, a peak at 711.3 eV was
detected from both 5Fe-ACs and 10Fe-ACs catalysts, indicating the presence of oxidized iron, Fe;O3 or
FeOOH [37,39]. According to XRD, the iron was mostly present as oxides (Fe3O4 and Fe; O3, Figure S1),
so it is proposed that oxygen content was increased together with iron content as iron oxide. According
to XRD, 10Fe-ACs contained mostly Fe;O3 (hematite, 01-080-5405) and only small amounts of Fe3Oy
(magnetite, 04-015-9120). Conversely, 5Fe-ACs contained clearly more Fe3O, than Fe;O3. However, no
iron chlorides were detected with XRD measurements.

Table 3. Surface analysis of prepared carbon support and catalysts according to X-ray photoelectron
spectroscopy (XPS) and Boehm titration.

XPS 2
Sample
Total C-% Total O-% Total Fe-% Total C1-% Tog:(ﬁ:;:“
from Cls from Ols from Fe2p from Cl2p (mmol/g) ®
ACs 96.8 3.0 nd nd 0.07
5Fe-ACs 93.7 4.1 0.6 1.5 1.77
10Fe-ACs 86.2 9.6 2.4 1.6 1.95

a as atom-%, ° by Boehm titration, nd = not detected.

According to Boehm titration, plain ACs contained a small amount of acidic oxygen functionalities
(0.07 mmol/g, Table 3, Figure S2.). The amount of acidic oxygen groups increased when the metal was
added to 1.77 or 1.95, depending on the metal amount. Acidic oxygen functionalities are probably
formed during iron impregnation as a consequence of HCI formation from FeClz hydration in water
solution. Barroso-Bogeat et al. showed that metal ions markedly influence the pH of the impregnation
solution and thereby the oxidizing power of this solution toward the activated carbon support [40].
Since XPS revealed the potential for the presence of iron hydroxides, it is possible that Brensted acidity
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of 5Fe-ACs and 10Fe-ACs is induced by iron hydroxides (e.g., FeOOH) [25,41]. Regardless of the
specific nature of the acidic oxygen groups, they favor metal adsorption [42].

The morphology of the physically activated support (ACs) and catalysts (5Fe-ACs and 10Fe-ACs)
was observed using a scanning electron microscope (SEM) and a scanning transmission electron
microscope (STEM). SEM images clearly revealed particles on the carbon surface for 5Fe-ACs and
10Fe-ACs, while plain ACs did not contain any visible particles (Figure 3). The support and both
catalysts showed a very porous structure in SEM as well as in STEM. Figure 4 (and Figure S3) shows
chemical mapping of the elements C, O, Fe and Cl using energy-dispersive x-ray spectroscopy in
scanning transmission electron microscopy (STEM-EDS). Comparing the distribution of Fe and O, it
is clear that both elements appear at the same location, which indicates the presence of iron oxide.
Therefore, the results obtained from XPS and XRD showing that the iron particles were oxides were
confirmed. Mapping also showed that significant amount of residual chlorine was evenly distributed
on the surface. Notable chlorine remains have been also detected in the literature when FeClz has been
used as a metal precursor [43].
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Figure 3. Scanning electron microscopy (SEM) images of 5Fe-ACs (a), 10Fe-ACs (b) and ACs (c). Iron
particles are clearly visible in 5Fe-ACs and 10Fe-ACs while ACs shows a porous structure.
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Figure 4. Chemical mapping of 5Fe-ACs using energy-dispersive x-ray spectroscopy in scanning
transmission electron microscopy (STEM-EDS). The figure reveals that iron is most likely present as
iron oxide on the carbon surface, as iron and oxygen appear in the same locations.

2.3. Furfural Production Using Heterogeneous Catalysts

Conversion studies were started with the control experiment without any support or catalyst
(Table 4). This so-called autocatalysis was able to produce a 12% furfural yield and 18% xylose
conversion at 160 °C in 1.5 h. Autocatalysis is based on high temperature and pressure, where the
dissociation constant of water is increased [44]. In addition, formation of organic acids (e.g., formic and
lactic acid) during the reaction might occur, which then further catalyzes the hydrolysis reaction [45].
However, a 160 °C reaction temperature and 1.5-h reaction time represent rather mild conditions
and therefore only low conversion and yield were achieved. All supports and catalysts were able to
produce higher furfural yields and conversions than the control experiment. First, chemically activated
(ZnCly) carbon support (ACz) was tested and it resulted in good conversion (82%, Table 4, entry 2). The
furfural yield was also considerably high (28%). The high conversion is most likely connected to the
high zinc content of ACz (Table 1), which originated from chemical activation. Iron was impregnated
to the support using an FeNOj3 precursor and FeClz precursor (Table 4, entries 3°C4, respectively).
NOs-based salts are commonly favored as precursors since they leave no residue on the catalyst [46,47].
With a nitrate precursor, conversion increased further (from 82 to 91%) compared to ACz support but
the yield decreased from 28 to 23% (Table 4, entries 2-3). Therefore, the reaction selectivity toward
furfural also decreased (from 36 to 27%). With a chloride precursor, the yield increased (from 28
to 32%) compared to the ACz support and the reaction selectivity also increased (from 36 to 51%,
Table 4, entries 2 and 4). Based on the higher furfural yield and reaction selectivity, the FeCl3 precursor
was determined to be more suitable than FeNOj; and was used in further catalysts. Similar results
were obtained by Chareonlimkun et al., who discovered that chloride-based precursors resulted in
higher reactivity compared to nitrate-based precursors in ZrO and TiO catalysts [14]. As mentioned in
Section 2.1.2, chloride ions have been shown to enhance furfural formation from xylose by favoring
the 1,2-enediol formation before dehydration [34]. This is most probably reason why chlorine-based
precursors increase furfural yield and reaction selectivity compared to nitrate-based precursors.
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Table 4. Furfural yield, xylose conversion and reaction selectivity using various chemically activated
catalysts at 160 °C with a 1.5-h reaction time.

Entry Catalyst Yield (%) Conversion (%) Selectivity (%)
1 - 12 18 12
2 ACz 28 82 36
3 5Feno3-ACZ 23 91 27
4 5Fe-ACz 32 66 51

Based on the results so far (Table 4), the 5Fe-ACz catalyst appeared to be the most promising
catalyst. Therefore, it was used in conversion at different temperatures using various reaction times
(Table 5, graphical presentation Figure S4). Temperature and reaction time are highly dependent on
each other, so the time was increased at each temperature until the conversion reached 98%. At 160
°C, a 5 h reaction time was needed to achieve full xylose conversion (98%). In these conditions, the
furfural yield was 48%. However, with a shorter 3-h reaction time, a similar furfural yield of 47%
was achieved with lower conversion (89%). At a higher reaction temperature of 170 °C, the same 98%
conversion was achieved in 2.5 h. However, the furfural yield was lower at this temperature with
a 2.5 h reaction time (44%) compared to the yield at 160 °C but the highest 50% furfural yield was
achieved with a shorter 2 h reaction time at 170 °C. At 180 °C, 99% conversion was obtained in 1.5 h
but the furfural yield was low (39%). The highest reaction selectivities (55-56%) were achieved at 160
°C with 4 and 3 h reaction times and at 170 °C with a 2 h reaction time. At 180 °C, reaction selectivity
was lowest because of the increasing amount of side reactions. Side reaction products were visible in
chromatograms produced by high performance liquid chromatography (HPLC) (Figure S5).

Table 5. Effect of reaction temperature and time on furfural yield, xylose conversion and reaction
selectivity using 5Fe-ACz as the catalyst. Y = furfural yield, C = xylose conversion, S = reaction selectivity.

. 160 °C 170 °C 180 °C
Time
Y (%) C (%) S (%) Y (%) C (%) S (%) Y (%) C (%) S (%)

1 25 50 54 36 82 46 38 97 41
1.5 32 66 51 44 93 49 39 99 41
2 38 79 51 50 96 55 - - -
2.5 38 85 48 44 98 48 - - -

3 47 89 55 - - - - - -

4 47 95 56 - - - - - -

5 48 98 54 - - - - - -

Even though good furfural yields and reaction selectivities were achieved with 5Fe-ACz catalyst,
there was some problems related to its stability. That is, all zinc already leached out of the catalyst at
160 °C in 3 h. In addition, a significant amount of iron (68-78% from initial, depending on reaction
conditions) leached out of the catalyst. Therefore, more catalyst supports and catalysts were prepared
and tested (Table 6). ACzy was chemically activated similarly to ACz but it was treated with HNOj3;
after activation in order to remove remaining zinc. It produced a 14% furfural yield and 21% xylose
conversion in 1.5 h at 160 °C (Table 6, entry 1), which is significantly less compared to ACz. However,
the support was now zinc free (Table 1). When iron was impregnated on ACzy;, the furfural yield
increased from 14 to 22% and the conversion increased from 21 to 47% (Table 6, entries 1-2). The
selectivity of 5Fe-ACzy was similar to that of 5Fe-ACz but the furfural yield and conversion were
lower (Table 6, entry 2 and Table 4, entry 4). The third AC support, ACs, was physically steam activated
with H,O instead of chemical activation. Its surface area was lower than that of ACz or ACzy because
of the activation method but the conversion and furfural yields were comparable to ACzy (Table 6,
entries 1 and 3). After iron impregnation to ACs, the furfural yield increased from 14 to 25% and the
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conversion increased from 19 to 36%. The reaction selectivity with 5Fe-ACs was significantly higher
than with any other iron catalyst: 72% compared to 27/50/51% (Tables 4 and 6).

Table 6. Furfural yield, xylose conversion and reaction selectivity using various catalysts at 160 °C
with a 1.5-h reaction time.

Entry Catalyst Yield (%) Conversion (%) Selectivity (%)
1 ACzy 14 21 71
2 5Fe-ACzy 22 47 50
3 ACs 14 19 81
4 5Fe-ACs 25 36 72

To summarize the experiments so far, the chemical activation method with the AC support
produced the best furfural yields before and after iron impregnation (Tables 4 and 6). However, catalyst
characterization revealed that zinc chloride activation left some zinc remains in the catalyst support,
which further affected its catalytic activity. Furthermore, all the zinc leached out of the catalyst during
the first use and therefore the catalyst was suitable for a single use only. HNO3-treated chemically
activated catalyst did not contain zinc remains but its catalytic activity in furfural production was
comparable to that of physically activated ACs and its selectivity was lower than that of ACs. In
addition, the chemical activation of ACzy demands significant amounts of ZnCl,, which is toxic to the
environment. Therefore, the most reasonable carbon support for iron impregnation would be ACs,
which does not require any chemicals other than water for preparation. As a precursor, FeCl; was
more selective than FeNOs. The reaction temperature of 170 °C led to the highest furfural yield and
thus it was chosen for further experiments.

Conversion studies were continued with ACs-based catalysts—5Fe-ACs and 10Fe-ACs. In
addition, control experiments with plain ACs, without any catalyst and with a similar amount of
homogeneous iron (as in 5Fe-ACs) were carried out. Reactions without any catalyst were able to
produce at most a 37% furfural yield at 170 °C in 3.5 h (Figure 5, black squares). Conversion increased
with time and reached 88% at highest. Conversion was notably higher at 170 °C than at the lower
160 °C reaction temperature and with a shorter 1.5-h reaction time (Table 4). The pH of the water
phase also clearly changed to acidic during the reaction. In autocatalyzed reactions, furfural yields are
strongly dependent on temperature and time but the highest furfural yields have been found around
50% [6]. Our 37% yield at 170 °C in 3.5 h is in good agreement with the study of Ershova et al., who
achieved a 42% furfural yield at 180 °C in 3.75 h [10].

A plain activated carbon support (ACs) produced a similar furfural yield as water with all reaction
times (Figure 5, red circles). Conversion was slightly higher, probably due to oxygen functionalities
on the carbon surface (Table 3), until after 3 h reaction time it decreased slightly. Additionally, the
selectivity was higher with ACs than with plain water. A 40% furfural yield and 77% conversion
were the highest achieved with ACs in 3.5 h. When the activated carbon support was impregnated
with iron, the furfural yield clearly increased. As expected, iron promoted furfural formation. Yields
with both iron catalysts (5Fe-ACs and 10Fe-ACs) were similar with time (Figure 5, blue triangles up
and green triangles down, respectively). The yields increased until a 3 h reaction time, after which
they leveled off to 55-57% depending on the catalyst. The only exception was the 2.5 h reaction with
10Fe-ACs, in which the furfural yield did not increase when compared to the 2 h reaction. Conversion
was similar with both the 5Fe-ACs and 10Fe-ACs catalysts and it increased with time from 59 to
96%. Conversion was clearly higher than with ACs or without a catalyst, which indicated that iron
impregnation increased the catalysts’ activities. Because the furfural yields and xylose conversions
with 10Fe-ACs and 5Fe-ACs were so similar, it was concluded that 4 wt% iron was already enough to
increase activated carbon catalyst activity and no benefit was obtained with a higher metal content. In
fact, the reaction selectivity was lower with 10Fe-ACs than with 5Fe-ACs. The best reaction selectivity
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(67%) was achieved with the 5Fe-ACs catalyst in 2 h but it did not decrease notably when the reaction
time was increased to 3 h, which resulted in the highest furfural yield.
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Figure 5. Furfural yield, xylose conversion and reaction selectivity using various catalysts at 170 °C.

Based on the previous results, 5Fe-ACs was the most promising catalyst studied. Therefore, it was
compared to homogeneous FeCls-6H,O in similar conditions and using similar amounts of catalytic
iron (Figure 5, brown rhombuses). A total of 0.0036 mmol of homogeneous FeCl3-6H,O was able to
produce a 27-58% furfural yield in 1-3.5 h. The yield was lower than with 5Fe-ACs until the reaction
time reached 3.5 h. Even then, the increase in furfural yield was marginal compared to that with
5Fe-ACs, only one percentage unit. Conversion increased with time from 44 to 85% but was always
clearly lower than with 5Fe-ACs. Reaction selectivity also increased with time from 28 to 61% but
again it was always lower than with 5Fe-ACs. Better results with carbon-supported 5Fe-ACs than
with homogeneous FeCl3-6H,O demonstrated that activated carbon support is a promising option for
furfural production. Based on catalyst characterization, iron was oxidized in a heterogeneous catalyst,
which may have affected its catalytic activity positively compared to FeCl;. Moreover, hydroxyl groups
were detected on the surface of 5Fe-ACs, which increases the catalyst’s Bronsted acid sites and therefore
can increase furfural production.

The results with 5Fe-ACs (57% yield at 170 °C in 3 h) are comparable with studies using
carbon-supported titanium catalysts—Mazzotta et al. reported a 51% furfural yield (180 °C, 30 min) in
a biphasic MeTHF/water system, while Russo et al. achieved a 69% furfural yield (170 °C, 3.5 h) in
toluene/water [22,23]. The results were higher than with sulfonated SBA- and MCM-supported metal
oxide catalysts (SBA-15/Zr0,-Al,03/5042 and MCM-41/Zr0,/S0,42), which resulted in 53 and 50%
furfural yields, respectively, at 160 °C with a 4-h reaction time [15,16].
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2.4. Recycling Experiments

Catalyst recycling experiments were performed with 5Fe-ACs catalyst at 170 °C with a 3 h reaction
time. After the reaction, the catalyst was filtered, washed with methanol and water, dried and then
used again in the same conditions for three cycles. As a result, the furfural yield decreased from 48%
to 30% after the first run and then remained constant (Figure 6). Conversion and reaction selectivity
behaved similarly; conversion decreased from 76% to 53% and reaction selectivity from 66% to 59%
after the first run and then they remained constant (Figure 6). The decrease in furfural yield, conversion
and selectivity may be explained by iron leaching. Leaching was observed by measuring the iron
content of the water phase after every reaction. After the first run, 66% of the initial iron amount
was leached out but after second and third runs leaching was only 3% and 1%, respectively. It has
been reported that hot acidic water promotes the solubility of some metal oxides and in particular
the solubility of iron oxides is strongly influenced by the solution pH [48,49]. In our experiments, the
pH changed from 6 to 2 during the reaction with 5Fe-ACs, so the reaction media was clearly acidic.
Chang et al. were able to decrease iron leaching by post-treating the catalyst after impregnation, first
with NaOH and then with HCI [43]. Post treatment was designated to convert iron to ferric hydroxide,
which is poorly soluble in water. This treatment also decreased iron leaching at a low pH (pH = 2) to
21%, while the loss of iron during the post-treatment process was very minor (from 5.2 to 4.5 wt%). In
future work, this must be taken into consideration.
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Figure 6. Furfural yield, xylose conversion and reaction selectivity in catalyst recycling experiments
after 1-3 cycles.

The stability of the catalyst was also observed by monitoring changes at the catalyst surface with
SEM and STEM. The images revealed that the iron content was decreased and leaching was more
connected to larger iron particles (approx. 15-40 nm) than to small ones (approx. 5 nm) (see Figure S6).
Small iron particles were present throughout the recycled catalysts, while large ones occurred only
randomly. However, some large particles were also left on the catalyst surface after the third cycle,
indicating that they were not all leached out. Leaching of large particles (or agglomerates of small
particles) is reasonable since they are more vulnerable to leaching because they have poorer interaction
with the support surface than smaller particles. In future work, it would be important to optimize the
catalyst preparation to obtain less-agglomerated metal particles.

Based on catalyst weighing, the mass of the catalyst was increased from 5 to 6.7 mg in each
cycle. This indicates that the catalyst was adsorbing some reaction products, such as humins. Humins
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are black carbonaceous side-products generated either by the cross-polymerization of furfural by
itself, between the just-formed furfural and free xylose present in solution or between furfural and
intermediate products [50-52]. Solid humins can plug the pores of the catalyst surface, block the access
of xylose to metal surface sites or totally encapsulate a metal particle [53]. It is also possible that this
blocking of the catalytic sites on the porous structure of the catalyst caused the decrease in furfural
yields. Indeed, pore blocking caused by carbon deposition is a common problem in heterogeneous
porous catalysts; for example, with MCM-41-SO3H, the surface area and pore volume decreased by
50%-60% after the first run and the furfural yield decreased from 54% to 37% [54]. BET analysis of the
used catalysts could not be performed because a very small amount of the catalysts was used in the
reactions. In the SEM and STEM images, there was not any clear coating visible on the surface of the
carbon, as in Reference [55] but some slight changes were observed in the SEM images (Figure S7).
However, based on the figures, no differences were found between catalysts that were used one, two or
three times.

3. Materials and Methods

3.1. Materials

For catalyst preparation, hydrolysis lignin was obtained through a biomass hydrolysis process from
Sekab Oy, Sweden. Other chemicals used in catalyst preparation, conversion reactions, partitioning
experiments and analyses were used as received, without any purification. For high pressure liquid
chromatography (HPLC) sample preparation, regenerated cellulose (RC) syringe filters (0.45 um, 25
mm, Phenomenex) were used for the organic samples and polytetrafluoroethylene (PTFE) syringe
filters (0.45 pm, 4 mm, Phenomenex) were used for the water samples.

3.2. Furfural Partitioning in Biphasic Reactor System

Furfural partitioning experiments were carried out using a 4.7 wt% furfural solution in water
as feed and toluene or MIBK as an organic solvent. The furfural solution and organic solvent were
measured with alternative ratios (1:1, 1:2 and 1:3) into a microwave reactor tube with a magnetic
stirring bar. The tube was closed, heated five minutes at 160 °C and cooled to room temperature.
Samples from both layers were analyzed by HPLC to calculate the partitioning for furfural in different
solvent systems.

3.3. Catalyst Preparation and Characterization

Activated carbon (AC) supports were prepared from hydrolysis lignin, dried in oven at 105 °C
and crushed to a particle size of <425 um. Activation was performed using either a chemical or
physical activation method. Chemical activation was done by impregnation of zinc chloride into the
dried lignin using a 2:1 mass ratio of ZnCl,:biomass. ZnCl, dissolved into H;O was mixed with the
biomass for 3 h at 85 °C and then dried in the oven at 105 °C until achieving a constant weight. The
carbonization and activation of the dried ZnCl,-impregnated lignin was done in a stainless-steel tube
in a tube furnace (Nabertherm RT200/13) (Nabertherm GmbH, Lilienthal, Germany) at 600 °C for 2
h using a heating ramp of 10 °C/min. During the thermal heating process, the reactor was flushed
continuously with N, (flow 10 mL/min). Alternatively, carbonization followed by physical activation
was performed in in one-step process in a stainless-steel tube in a tube furnace using a heating ramp of
10 °C/min to 800 °C. At the target temperature, steam was added by feeding water at 0.5 mL/min into
the reactor for 2 h. During the thermal heating process, the reactor was flushed continuously with Nj
(flow 10 mL/min). Both resulting activated carbons were washed with hot water, dried overnight at
105 °C, crushed and sieved to a fraction size of <100 um. The supports were named ACz (AC zinc
chloride-activated and water washed) and ACg (AC steam-activated and water washed). In addition,
a support with chemical activation and HNOj3 treatment was prepared (ACzy;). This was performed in
a round bottom flask with a 10:1 mass ratio of 3 M HNOj; per support and heated for 4 h at 85 °C. After
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the acid treatment, the support was filtrated and washed with hot distilled water until neutral pH was
obtained and finally it was dried in the oven at 105 °C.

In order to modify the carbon supports with iron, metal salts (FeCl3-6H,O or Fe(NO3)3-9H,0)
were added by incipient wetness impregnation on the support, aiming that the targeted concentration
of iron in the catalyst was 5 or 10 wt% of the total catalyst mass. The metal salts were dissolved in
distilled water equal to the pore volume of the support and mixed with the support, matured for 5 h at
room temperature and finally dried in an oven at 105 °C for 16 h. Finally, the catalysts were calcined
at 400 °C for 2 h with a continuous flush of N; (flow 10 mL/min). The iron-impregnated catalysts
were named 5Fe-ACs, 10Fe-ACs, 5Fenp3-ACz, 5Fe-ACz and 5Fe-ACzy according to the targeted iron
concentration, type of support and type of iron precursor (FeNOj if mentioned, otherwise FeCls).

Specific SAs and pore size distributions were determined from the physisorption adsorption
isotherms using nitrogen as the adsorbate. Determinations were performed with a Micromeritics ASAP
2020 instrument (Micromeritics Instrument, Norcross, GA, USA). Portions of each sample (100-200
mg) were degassed at low pressure (0.27 kPa) at a temperature of 140 °C for 3 h in order to remove
adsorbed gas. Adsorption isotherms were obtained by immersing sample tubes in liquid nitrogen
(-196 °C) to achieve constant temperature conditions. Gaseous nitrogen was added to the samples in
small doses and the resulting isotherms were obtained. SAs were calculated from adsorption isotherms
according to the BET (Brunauer-Emmett-Teller) method [56]. The percentual distribution of pore
volumes (vol%) was calculated from the individual volumes of the micropores (pore diameter <2
nm), mesopores (pore diameter 2-50 nm) and macro-pores (diameter >50 nm) using the DFT (Density
Functional Theory) model [57]. The instrumental setup enabled the measurement of micropores down
to 1.5 nm in diameter, even if there might have been some contribution from smaller pores. The SAs
were measured with a precision of ~5%.

The metal contents of the catalysts and supports were measured by ICP-OES using the 5110 VDV
instrument (Agilent Technologies, Santa Clara, CA, USA). Zn, Fe, Ca, K, Mn, S, Na and Mg were
measured from the ACs support; Zn and Fe contents were measured from ACz, 5Feno3-ACz, 5Fe-ACz,
ACzy and 5Fe-ACzy;; while only the Fe content was determined from 5Fe-ACs and 10Fe-ACs. For
determination, samples of 0.1-0.2 g were first digested in a microwave oven (MARS, CEM Corporation)
using the EPA 3051 A method with 9 mL of HNOj3 and 3 mL of HCI [58]. Subsequently, the solution
was diluted to 50 mL with water and the former elements were analyzed with the ICP-OES.

XPS analyses were performed using the ESCALAB 250Xi XPS System (Thermo Fisher Scientific,
Waltham, MA, USA). With a pass energy of 20 eV and a spot size of 900 um, the accuracy of the reported
binding energies (BEs) was +0.3 eV. Fe, C, O and Cl were measured for all samples. The measurement
data were analyzed using Avantage software. The monochromatic AIK« radiation (1486.6 eV) was
operated at 20 mA and 15 kV. Charge compensation of the BEs was performed by applying the Cls
line at 284.8 eV as a reference.

XRD was used to study the phases of 5Fe-ACs and 10Fe-ACs utilizing PANalytical X'Pert Pro X-ray
diffraction equipment (Malvern Panalytical, Almelo, Netherlands). The diffractograms were collected
in the 26 range of 5-90°, with a step size of 0.017° and a scan speed of 1.06°/min using monochromatic
CuKa«l radiation (A = 1.5406 A) at 45 kV and 40 mA. The crystalline phases and structures were
analyzed with HighScore Plus software and the peaks were identified using International Centre for
Diffraction Data ICDD (PDE-4 + 2020).

The morphology of the catalyst particles was studied using SEM and STEM. A JEOL JEM-2200FS
energy-filtered transmission electron microscope equipped with a scan generator (EFTEM/STEM) (JEOL
Ltd., Tokyo, Japan) was used for STEM analysis. The catalyst samples were dispersed in pure ethanol
and pretreated in an ultrasonic bath for several minutes to create a microemulsion. A small drop of
the microemulsion was deposited on a copper grid pre-coated with carbon (Lacey/Carbon 200 Mesh
Copper) and evaporated in air at room temperature. The accelerating voltage in the measurements was
200 kV, while the resolution of the STEM image was 0.2 nm. The metal particle sizes were estimated
visually from the STEM high-angle annular dark field (HAADF) images. The SEM was performed
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with a Zeiss Sigma Field emission scanning electron microscope (FESEM). In the sample preparation, a
powder sample was placed on a conductive glue tape. The SEM images were taken at a voltage of 5 kV
and a working distance around 5 mm.

Catalyst surface acidity was characterized by applying the Boehm titration method [59-63]. A
total of 100 mg of catalyst was weighed and mixed with 50 mL 0.01 M NaOH. Samples were shaken
(300 rpm) in sealed tubes for 72 h at room temperature and then filtered using a syringe and syringe
filter (0.45 pum, regenerated cellulose). Titration was carried out using a back-titration method by
taking 10 mL of filtrate, mixing it with 20 mL of 0.01 M HCl and finally back-titrating with 0.01 M
NaOH. Acidic groups were calculated using Equation (2), based on the theory that NaOH neutralizes
all acidic oxygen groups (including phenols, lactonic groups and carboxylic acids) present on carbon.
Nonconsumed base content was neutralized with acid and then nonconsumed acid was quantified
through simple acid-base titration.

3.4. Furfural Production from Xylose

In a conversion reaction, 0.25 mmol (37.6 mg) of xylose and 0.0036/0.050 mmol of homogeneous
metal salt (AlCl3-6H,0, ZnCl,, CrCl3-6H,0, SnCly-2H,0 or FeClz-6H,0) or 5 mg heterogeneous
carbon-based catalyst were placed into a 5 mL reaction tube. A magnetic stirring bar, water (1 mL) and
MIBK (3 mL) were added and the tube was sealed. The reaction was carried out in a Biotage Initiator
microwave reactor (Biotage, Uppsala, Sweden) at 160/170/180 °C for 30 min to 3.5 h. After the reaction,
approximate 1 mL samples from both layers were filtered with a syringe filter (an RC filter for the
organic layer and a PTFE filter for the water layer) and then analyzed with HPLC.

3.5. Catalyst Recycling

Catalyst recycling experiments were carried out with 5Fe-ACs catalyst with a 3 h reaction time and
a reaction temperature of 170 °C. After the reaction, liquid samples were taken normally for furfural
and xylose analyses. In addition, metal leaching (Fe and Zn) was monitored by measuring the metal
content of the water phase by AAS (see Section 3.6) and the catalyst was collected using a PALL Easy
Pressure Syringe Filter Holder and hydrophilic polypropylene membrane (GHP). The catalyst was first
washed with methanol (4 + 10 mL) and water (3*10 mL) and then dried and weighed. Used catalysts
were analyzed with SEM and TEM (see Section 3.3).

3.6. Analytical Methods for Conversion Studies

Two different HPLC analyses were used to detect furfural and xylose in the samples. In the
analyses, calibrations were performed with commercial furfural or xylose. HPLC analysis for furfural
was carried out using a Waters 2695 separation module fitted with an Atlantis T3 (3 pm, 4.6 x 150
mm) column and a Waters 996 photodiode array (PDA) detector (Waters Corp., Milford, MA, USA).
A mixture of water (0.1% TFA) and methanol (0.1% TFA) (90:10) was used as the mobile phase, with
a flow rate of 1 mL/min. The column temperature was kept constant at 30 °C and the UV detection
for furfural was performed at 277 nm. HPLC analysis for xylose was carried out using a Shimadzu
LC-20AT liquid chromatograph instrument fitted with an SIL-20A TH autosampler, RID-20A refractive
index detector, SUGAR SH-G pre-column and Shodex SUGAR SH1821 column (8.0 X 300 mm). Sulfuric
acid (5 mM) was used as a mobile phase with a flow rate of 0.8 mL/min and the column temperature
was kept constant at 60 °C.

Atomic absorption spectroscopy (AAS) was used to determine iron and zinc leaching from
5Fe-ACs and 5Fe-ACz catalysts. First, water phase samples of the reactions were diluted with water to
a minimum 10 mL. Then, determinations were made using Varian AA240FS equipment (Varian Inc.,
Palo Alto, CA, USA), air-acetylene fuel, a Varian SpectrAA lamp (Cu/Mn/Zn/Fe) and flame emission
wavelengths of 372.0 nm for Fe and 213.9 nm for Zn.

185



Catalysts 2020, 10, 821

3.7. Equations

The partitioning coefficient (P) was calculated using the following formula:
P = [furfural]org/[furfural]ag, (1)

where [furfural]oyg is the concentration (g/1) of furfural in the organic layer and [furfural],q is the
concentration of furfural in the water layer.
The total amount of acid sites according to Boehm titration was calculated as follows:

_ 1
1 gotal acids = [(CNaOH*VNaOH added - (CHCI*VHCI added - CNaOH*VNaOH titration)/ ) = 1\ total acids in reference)/m,  (2)

where ¢ (NaOH and HCI) are concentrations in mol/L, V (NaOH and HCI) are added volumes in mL, V
(NaOH titration) is the volume of NaOH in ml needed to achieve equilibrium in titration, m is the
mass of carbon weighed and n (total acids in reference) represents a blank solution without carbon.
The factor % is due to the measurement of the 10 mL aliquots representing % of the reaction base.

The yield of furfural was calculated as follows:

Yturfural (0/0) = [C furf meas org/ C furf max] % 100%, (3)

where € furf. meas. org is the measured furfural concentration in the organic phase of the sample and ¢
furf max 1S the theoretical maximum concentration of furfural in the sample.
The conversion of xylose was calculated as follows:

nylose (%) =[n xyl initial/ xyl final] X 100%, 4)

where n yy initial i the initial amount of xylose (in moles) fed to the reaction and n yy) final is the amount
of xylose left in the reaction mixture after the reaction.
The selectivity of the xylose to furfural conversion was calculated as follows:

S (0/0) = [(C furf meas total/c furf max)/conversion] % 100%, (5)

where € frf. meas total. 1S the measured total furfural concentration in the organic and aqueous phases of
the sample and ¢ gy max is the theoretical maximum concentration of furfural in the sample.

4. Conclusions

In this study, the conversion of xylose to furfural was studied using lignin-based activated
carbon-supported iron oxide catalysts. Three different activated carbon supports and five different
catalysts were prepared and studied in furfural production. Different activation methods, metal
precursors and metal concentrations were used for the catalysts and different temperatures and reaction
times were studied in the conversion reactions. Chemical activation resulted in a higher surface area
and pore volume than physical activation but in conversion reactions, physically activated catalysts
produced better reaction selectivity. FeNOj3 precursor yielded higher xylose conversion than FeCl3
precursor but the furfural yield and selectivity were higher with FeCl; precursor. The best results
for xylose conversion to furfural were achieved with a 4 wt% iron-containing catalyst (5Fe-ACs),
which produced a 57% yield, 92% conversion and 65% selectivity at 170 °C in 3 h. The results with a
catalyst containing more iron (9.2 wt%) were lower (54% yield, 93% conversion and 60% selectivity) in
similar conditions. The catalytic amount of Fe in 5Fe-ACs was only 3.6 umol and using this amount of
homogeneous FeCl; as a catalyst, reduced the furfural yield, xylose conversion and selectivity. Based
on catalyst characterization, iron was in the form of iron oxide on the surface of the heterogeneous
catalyst, which may have affected to its catalytic activity positively compared to FeCls;. Moreover,
hydroxyl groups were detected on the surface of 5Fe-ACs, which increases catalyst Bronsted acid
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sites and therefore can increase furfural production. The recycling experiments revealed that part
of the iron is easily leached out of the catalyst at a high temperature and in acidic conditions and
the catalyst adsorbed some reactions products. These factors decreased the furfural yield and xylose
conversion after the first round of recycling but then they remained constant. Although the activated
carbon-supported iron oxide catalyst needs some improvements for better stability, it is a feasible
alternative to homogeneous FeCls.
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water (a) and organic (b) phase of reaction solution using 5Fe-ACz catalyst. Grams show increasing side product
peak at 3.1 min and furfural shoulder at 8.5 min, when 180 °C was used as reaction temperature, Figure S6: STEM
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