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Abstract

The objective of this project was studied the cosio® of biomass, organic materials
with a particular interest for fuel and chemic#&sgllobiose conversion has been studied. This
is a simple model component for Cellulose. Withstimolecule it is expecting an easier
conversion than Cellulose, i.e., faster and witghhyields rates, besides the analysis of
products should be more simple.

Cellobiose can be converted in different steps. firlseproduct could be Glucose and
can be obtained for hydrolysis. Then, Glucitol xpected. It is a sugar alcohol with an open
chain. In order to open the Glucose ring, the sé&tep should be hydrogenation. Isosorbide
could be the main component in fuel as used asddictave in chemical. The third step
should be Glucitol dehydration. However, all ofgaeeactions are very complex and it was
only possible to compare hydrolysis and hydrogenabif Cellobiose and Methylcellobiose.

During the hydrolysis different temperature corafis, different reaction times and
also different hydrate molten salts as a solverdoatstant pressure (30 bar) were tested, in
order to improve the rate of Glucose and the selgcto Glucose (main component from
Cellobiose hydrolysis). After some reactions, wasatuded that ZnGl4H,O is the best
hydrolysis solvent at 80°C during more than tworkBoln those conditions was possible to
avoid secondary steps, some other sugars wereomoedl. Acidic conditions increased the
rate but separation issues are created.

Hydrogenation reactions have formed two differantk of products. On one hand, in
ZnCl,.4H,0O some Glucitol (or Sorbitol) were formed but alBgreat number of Glucose
molecules were in the system. On the other handi.d, Glucose-Sorbitol were formed.
Once hydrogenation required a catalyst, Rutheniupparted on Carbon (Ru/C) was chosen.
This is the most active catalyst in carbohydratégrbgenations, not only in homogeneous but
also in heterogeneous catalysis. Different rateSarfbitol and Glucose-Sorbitol could be
obtained between 0 and 100%, it only depends omolygthation conditions: amount of
catalyst, reaction time and temperature.

A slightly more complex model component of Celldp#lethylcellobiose has also
been studied. Methylcellobiose derived from a coisdéon of two molecule of Glucose, one
of them with a methyl (-CkJ group that represents a long chain of Glucosesoubs in the
Cellulose chain. This component was studied bec#duseuld have similar reactions than
Cellobiose. However, we have concluded that Mettigbiose is a less reactive and more

stable component than Cellobiose.
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1 Introduction

Fuels and platform chemicals are materials of giegiortance nowadays. The
production of these materials from biomass is ofiremeasing interest. Attention has been
focused on identifying suitable biomass speciesd¢hanot only provide high-energy fuels to
replace conventional fossil fuel energy sources [2], [3]. The goal of this project is to
convert biomass to fuel/chemicals feedstock fougtdy. In order to answer this goal, the
reaction networks for biomass conversion will hedstd and their related kinetics measured.

Biomass is a very complex organic material thatamposed of polymers that have
extensive chains of carbon atoms linked into mawetwork of molecules. It consists of
Cellulose, Hemi-cellulose, and Lignin. In orderdain insight on the potential of biomass,
Cellulose might be selected. Cellulose consistswoherous molecules of D-glucose that
condense througB-(1-4)-glycosidic bonds. The hydrolysis product@sllulose is Glucose
[1], [2], [3], [4].

For chemical conversion Cellulose is still very qbex. More simple model
components representing Cellulose, are Cellobiogde4 (dimer of glucose) and
Methylcellobiose [5]. The methyl group of the Meéltsllobiose presents the polymeric
behavior of the Cellulose. Therefore, Cellobiosal aviethylcellobiose, both Cellulose

derivatives, were used as biomass representatives.

1.1 Biomass

Biomass is all biologically produced matter. ltais organic material that is composed
of polymers with long chains of glucose moleculgki¢ose is the main building block in
nature and is called a carbohydrate), linked intacmmolecules. In the world, the
production of biomass is around 146 billion metoas per year. This material has major
advantage over fossil derived mass as a feedstmckndustry because it is a renewable
resource [1], [2], [3], [4].

Biomass can have two different features. Firsth/,eaergy resource, biomass is the
biological material that comes from a living organiand can be used as fuel or in industrial
production of chemicals. Secondly, it can have @lagical feature. In this way, biomass is
the total source of living matter in an ecosystemplant or an animal. For industrial

production the biomass derives from different tym#splants and trees, so it can be
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considered a natural resource to fuel productimwéVer, the particular plant used is of great
importance in the end products [2].

Biomass conversion can be conducted on two diffenays: biological digestion or
chemical conversion [1].

The main process in biological digestion is fermaénh. However, this process is
expensive. It uses a great amount of water andtHerseparation of product from the
fermentation solution an enormous amounts of easrgie required. On the other hand, it is
costly in terms of cultivated land use [1], [6].

Pyrolysis and hydrolysis are the chemical procedseconvert biomass in useful
material to produce fuel and chemicals. Pyrolysia thermo-chemical technique. It produces
energy fuels with very low efficiency. However,ista very endothermic process that uses a
lot of energy for this pyrolysis conversion in thigssence of oxygen or in reduced air. Another
disadvantage of this process is the formation stabe products. An alternative for pyrolysis
is a hydrolysis process. This hydrolysis is cheadece it needs less energy and water and
does not form unstable products [1].

Plant biomass has three main components: Hemilos#iu Lignin and Cellulose.
These components contribute to the mechanicalgttraio the cell wall [1-3], [7-9]. In this
work we are interested in studying Cellulose siitdeas a particular interest for fuels and
chemicals. It is a biological resource that dodgsuse large amounts of energy and water, and

has its origins in nature.

1.2 Cellulose, Cellobiose, and Methylcellobiose

Cellulose is the most abundant polymer on earthiindn be obtained from wood,
jute, and cotton. The main resource for Cellulasslpction is pulpwood [10].

Cellulose exists in two different forms: crystadlior amorphous, the amorphous form
is easier to reduce [10].

Cellulose is a polysaccharide consisting of longedr chains with the formula
[HOCH,CHO(CHOH}],On-1 (figure 1). The repetitive unit is Glucose and/a@ilGbiose so it

could be considered as the building block and cbeldsed as a model component [5].
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Figure 1 — Molecular structure of Cellulose.

In this work we used Cellobiose as a model compbbecause it is expected that the
conversion will be easier than for Cellulose, whihe chemical pathway will probably be
very similar. Moreover, analysis might be much easCellobiose is a disaccharide with the
formula [HOCHCHO(CHOH}],O (figure 2) which cannot be digested by humansheei
fermented by yeast. It can be formed by the coratears of two molecules of Glucose or by

partial hydrolysis of Cellulose [5].

HO
H

OH
He

oH

ZH

Figure 2 — Molecular structure of Cellobiose.

Cellobiose can be converted in three different &iraf technologies. It can be
converted by fermentation, pyrolysis or hydrolyigie Cellulose. In this work we only will
study the hydrolysis. This kind of reaction usesslamount of water and spends less energy
than fermentation and does not form unstable pitsdike in pyrolysis [1], [11].

Another raw material is Methylcellobiose (figure Jhis is a slightly more complex
model component of Cellulose. Like Cellobiose,sita polymer and also a disaccharide.
However, this component can be obtained by condiensaf two molecules of Glucose, one
of them with a methyl group that represents a lehgin of Glucose molecules in the

Cellulose chain. So, Methylcellobiose is also uaednodel for the conversion of Cellulose.

Glucose can be formed in two different ways: on baed, the C-O bond between the
two rings breaks and it can form two molecules tficGse: one is a normal molecule of
Glucose and another molecule with a methyl grouptt@ other hand, the bond between O-
CHs; can be cleaved and can form two molecules of Glei@emd Methanol.
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Figure 3 — Molecular structure of Methylglucose.

1.3 Cellobiose and Methylcellobiose reactions

The production of fuels or chemicals from Cellolei@nd Methylcellobiose involves
different steps. The first one is hydrolysis (figa4 and 5).

H HO HG
Son v OH OH
4
~ N,/ o o

]_,\? L e H + OH

JLE— o

oH HQO o H

Ol o H
H

Figure 4 — Cellobiose hydrolysis.

CHa
H

CHa

- HO "o | H
OH oH
HO
N, / = o ¢ =
o 2 OH oH
L] oH —’ + OH Or 2 +
H H,O oH o o ~
CH OH CH

OH

Figure 5 — Methylcellobiose hydrolysis.

Looking at the figures above, we can conclude ith&ellobiose hydrolysis (figure 4)
per each molecule of Cellobiose, two molecules hicGse can be formed (the C-O bond
between the two rings breaks). However, in Methidbgose hydrolysis is different. Per each
molecule of Methylcellobiose two different reactocan occur: if the C-O between two rings
breaks it can form one molecule of Glucose and méecule of Glucose with a methyl

group; if the O-CH bond then it can form two molecules of Glucose and molecule of
Methanol, as is shown in figure 5.
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We can also obtain Glucose in Cellobiose or Mettlidbiose hydrogenation. In that
kind of reaction, other types of products are #péited. We can obtain typical hydrogenation
products, i.e., reduce or saturate organic comp®wiith addition of pairs of hydrogen atoms
to a molecule, or hydrolysis products. In figuregngl 7 are shown hydrogenation reactions of

both compounds.

HZe
) CiH
o'\
Ho Vil g/\
j o H,/Catalyst
oy, H,o

Figure 6 — Cellobiose hydrogenation.

Ho |

CH; CH]
o]
i
"o ,/catalyst OH + Or " " il
e e \/K <H
i,

OH HO

OH
OH

Figure 7 — Methylcellobiose hydrogenation.

At temperatures below 480°C all the hydrogenatlmtsveen organic compounds and
H, need a metal catalyst from group VIl of the Péditolable [12].

In Cellobiose hydrogenation (figure 6) we can abtawo different products. First two
molecules of Glucose can be formed if the C-O bloeigiveen two rings breaks, although this
is a more difficult reaction. Secondly, if the CHond in one of the rings breaks we can
obtain Sorbitol connecting with the Glucose ringtbg C-O bond, like a complex Glucose-
Sorbitol (main component).

The same can happens in Methylcellobiose hydrogenéigure 7). If the C-O bond
between two rings breaks we can obtain typical blydis products (one molecule of Glucose
and one molecule of Glucose with a methyl group)tte other hand, if the C-O bond in one
of the rings breaks we can obtain two kinds of clexgs: Glucose-Sorbitol and Methanol or

Methylglucose-Sorbitol (hydrogenation products).

Glucose is a monosaccharide that contains six oaabems (GH1.0s) and can exist

in two forms: an open-chain (acyclic) and like agri(cyclic) [13]. Methylglucose is a
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Glucose molecule that has substituted one of thd ¢toup in an O-CHl group. This

molecule can exist only in cyclic and acyclic form.

The next step is Glucose hydrogenation (figurdt8neans that per each molecule of

Glucose we can obtain one molecule of Glucitol.

HO
CH oH OH
]—o
on H,/catalyst Ho/v'\H\/oH
H,O

O o+ OH
H

Figure 8 — Glucose hydrogenation.

Like in Cellobiose and Methylcellobiose hydrogeaafi this reaction also needs a

metal catalyst [12].

Glucitol is a sugar alcohol. It can be formed dgr{Blucose hydrogenation when the
molecule of Glucose is reduced, which happens wthenaldehyde group in glucose is

changed to an additional hydroxyl group [14].

The last step in biomass conversion for fuels oenulsal platforms is Glucitol
dehydration (figure 9). A double dehydration of Gtal gives Isosorbide, a heterocyclic

compound [15].

HO

o N, °
Ho” N — o + 2H,0
H*, H,0

OH

Figure 9 — Glucitol dehydration.

As is said before, the goal of this project is twert biomass to fuel/chemicals
feedstock for industry. Reaction networks for bigs@onversion and their related kinetics

measured will be studied.
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2 Experiments

2.1  Mini auto-claves setup
In this work our goal was to study Cellobiose andtiWlicellobiose conversion. For these
reactions we have used the mini-autoclaves thatreoen in figure 10.

The mini-autoclaves setup has six stirrer reactgsire 11) of stainless steel with
magnetically stirrers. To study different condiom these reactors we also used a heated
block. In each mini-autoclave we can also haveedsifit environment with nitrogen or
hydrogen, at different pressures.

The conditions of our reactions were: 0,59 of Gmtiee or Methylcellobiose, 6,0g of
solvent (molten salts hydrates or water) and 3(dranydrolysis or 40 bar for hydrogenation.
Once in hydrogenation reactions we also neededaysg we had used Ru/C at different

amounts.

Figure 10 — Mini multi-autoclaves setup.

Figure 11 — Mini-autoclave (reactor) of stainlesstsel.
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2.2 High Performance Liquid Chromatography (HPLC) stup

In order to analyze our results we used a HighdPadnce Liquid Chromatography
(HPLC) — figure 12. Modern HPLC has different apgtions. It can be used to separate,
identify, purify and quantify various compounds.

Figure 12 — High Performance Liquid Chromatography(HPLC) setup.

This chromatograph works with a refractive indexed®or (RI).It is very sensitive to
changes in ambient temperature, pressure and #tee-r So, we need to be very carefully
with those conditions.

The HPLC conditions are: 0,600 mL/min of flow-rat, 85°C and with Calcium
Nitrate Tetrahydrate (Ca(N{.4H,O) as mobile phase: 6g/L of Ca(NQ), in water).
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3 Results

3.1 Hydrolysis solvents

Hydrolysis reactions need water solvents. They khfmliow some requirements: they
should be a liquid at STP (Standard TemperaturePaesisure) and do not need reactions with
pre-treatment or activation of Cellobiose and/otiW&ellobiose. With this proposal we have
chosen molten salts hydrates [16]. They can alsoapglied as reaction medium for

derivatization of Cellulose [17].

Table 1 — Results in the test to select the hydrdis solvents: which one form a single phase baseda
visual inspection.

X ZnCl,.xH,O | LiCl.xH O | CaCl,.xHO
1
heterogeneous
15 heterogeneous
5 heterogeneous
homogeneous
4 homogeneous

As it is shown in table 1 the molten salts thatexgtudied are: Zinc Chloride, Lithium
Chloride and Calcium Chloride. Based on a visuapattion we can found which one can
form a single phase (homogeneous solution) witfeidiht amounts of water.

Zinc Chloride only forms a homogeneous mixture viitio or four molecules of water
(ZnCl,.2H,0 or ZnCh.4H,0) — figure 13. On the other hand, for Lithium Qfde this is only
possible with four molecules of water (LiCl.4B) — figure 14. However, for Calcium
Chloride is not possible to have a homogeneousumgxivith low amount of water. This is

only possible with twenty molecules of water perdecale of Calcium Chloride — figure 15.
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Figure 13 — Bottles with different concentrations bzinc chloride (ZnCly,): ZnCl ,.,1H,0 (10g),
ZnCl,.1,5H,0 (10g), ZnCh.2H,0 (10g) and ZnCh.4H,O (100g).

Figure 14 - Bottles with different concentrations 6lithium chloride (LiCl): LiCL.1H ,0 (10g), LiCl.2H,0O
(10g) and LiCl.4H,0 (10g).
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Figure 15 - Bottles with different concentrations écalcium chloride (CaCl) : CaCl,.1H,0 (10g),
CacCl,.4H,0 (10g) and CaC}.20H,0 (10g).

3.2 Hydrolysis reactions

Different conditions (temperature and reaction 8jnand different molten salts
hydrates at 30 bar was used in hydrolysis reactibhe end solutions were analyzed in the
HPLC and with those pictures was possible to cateuhot only the yields of Glucose,
Methylglucose, Fructose and other isomers, but #fso selectivity to Glucose and/or
Methylglucose.

Yieldof sugar(%)=

P
A§Ugal’ X F)'Ablu cose-blank XlOO (1)
PAZnCIZ—bIankJ

( P'AXnCIZ

Yieldof sugar .
D Yieldof products

Selectiviytosugar(%)=

(2)

With:
PAsugar— Peak area of Glucose, Methylglucose, Fructoseotimer isomers in the end
solution

PAz.cio— Peak area of Zinc Chloride hydrate in the endtiem
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PAzcio-biank — Peak area of Zinc Chloride hydrate in the blaokution (Glucose
dissolved in Zinc Chloride hydrate)

PAgiucose-biank— Peak area of Glucose in the blank solution (@Gecdissolved in Zinc
Chloride hydrate)

3.2.1 Cellobiose hydrolysis

Different temperatures and reaction times madewifft colors in the final solutions.
Figures 16, 17 and 18 present the final solutidn€allobiose hydrolysis in ZnGhlH,O at
80, 100 and 130°C and different reaction times.

Figure 16 - Final solutions from Cellobiose hydrolgis in ZnCl,.4H,0O at 80°C after 30, 90, 120, and 240
minutes of reaction.

Figure 17 — Final solutions from Cellobiose hydrolgis in ZnCl,.4H,O at 100°C after 30, 60, and 120
minutes.
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Figure 18 - Final solutions from Cellobiose hydrolgis in ZnCl,.4H,0 at 130°C after 10, 30, and 60
minutes.

The main product in Cellobiose hydrolysis is Glueoghe yield of Glucose and the

other by-products (fructose and other isomers) @mesented in table 2 as well as the
selectivity to Glucose.

Table 2 — Results from Cellobiose hydrolysis in Znlz.4H,0: Cellobiose conversion, yields of Glucose,
Fructose and other isomers, and selectivity of Gluse.

Cellobiose hydrolysis in ZnC}.4H,0
80°C and 30 bar N

0,5g Cellobiose + 6,09 Zn&#H,O

Reaction Cellobiose Yield of Yield of Yield of | Selectivity to
time (min) | conversion (%)| Glucose (%), Fructose (%) isomers (%)| Glucose (%)
0 - 0 0 0 -

30 4 3,6 0 0 100
90 7 6,6 0 0 100
120 9 8,5 0 0 100
240 9 9,2 0 0 100

100°C and 30 bar N
0,5g Cellobiose + 6,09 Zne#H,O

0 - 0 0 0 -
30 5 4,2 0,2 0,3 90
60 21 20,0 0,7 0,6 94
120 25 22,5 11 1,6 89

130°C and 30 bar N
0,59 Cellobiose + 6,09 Zng&#H,O

0 - 0 0 0 -

10 43 36,9 1,8 43 86

30 34 25,2 1,3 7,3 75

60 21 11,5 3,5 5,8 55
Helena Sofia Soares 27
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At 80 and 100°C the Glucose vyield increases wightithe until 120 minutes. At this
time is possible to find a plateau at low Glucases. On the other hand, for high

temperatures (130°C), the rate of Glucose is dsicrgavith the time (figure 19).

Yield of Glucose (%)
N
o
O
\\

0 40 80 120 160 200 240

Reaction time (min)

Figure 19 — Cellobiose hydrolysis in ZnGl4H,0: yield of Glucose.

For high concentrations of Zinc Chloride the numbkby-products, mostly isomers,

increased. This means that the final solution i&ketaand more viscous (figure 20 and 21).

Figure 20 - Final solution rom CIIobiose' hydrolyss in ZnCIz-.Z'HO at 100°C after 30, 60, and 120
minutes.
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- —

Figure 21 — Final solutions from Cellobiose hydrolgis in (a) ZnCh.4H,0O and (b) ZnCl,.2H,0 at 100°C
after 30, 60, and 120 minutes.

So, it is expecting that at same conditions (10@%bhar N and same reaction times)
the selectivity to Glucose decreases (table 3).

Table 3 - Results from Cellobiose hydrolysis in Zn;.2H,0O at 100°C: Cellobiose conversion, yields of
Glucose, Fructose and other isomers, and selectiyibf Glucose.

Cellobiose hydrolysis in ZnC}.2H,0
100°C and 30 bar N
0,59 Cellobiose + 6,09 Zng#H,O
Reaction | Cellobiose Yield of Yield of Yield of | Selectivity to
time (min) | conversion (%) Glucose (%), Fructose (%) isomers (%)| Glucose (%)
0 - 0 0 0 -

30 13 9,1 1,1 2,7 71

60 17 10,5 1,6 4,8 62

120 24 17,0 1,4 5,5 71

Figure 22 presents the rate of Glucose at Cellebloglrolysis in ZnGI2H,O at
100°C and 30 bar Nduring the time.
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Figure 22 - Cellobiose hydrolysis in ZnGl.2H,0 at 100°C and 30 bar & yield of Glucose

However, in low concentrations of zinc chloride dimt have reactions (figure 23).

Figure 23 - Final solutions from Cellobiose hydrolgis at 100°C, 30 bar N2 and after 60 minutes, in: 4@,
1% ZnC|2, ZnC|2.4H20, and ZnC|22H20

As what was expected the samples for low concemimbf Zinc Chloride the rate of
Glucose and other by-products are smaller or cowlt exist. This means that the final
solution should be transparent, as is shown iréd@38. Table 4 also presents the results from
Cellobiose hydrolysis in different concentratioriZonc Chloride: Cellobiose conversion and

the yield of each product.
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Table 4 — Comparing results for Cellobiose hydrolyis in different concentrations of zinc chloride andat
100°C and 30 bar N: Cellobiose conversion, yields of Glucose, Fructesind other isomers, and selectivity
to Glucose.

Cellobiose hydrolysis
100°C, 60 minutes and 30 bag N

0,5g Cellobiose + 6,09 solvent

Cellobiose Yield of Yield of Yield of | Selectivity to
Solvent | conversion (%) Glucose (%) Fructose (%) isomers (%)| Glucose (%)
ZnCl.4H,0O 21 20,0 0,7 0,6 94
ZnCh.2H,0 17 10,5 1,6 4.8 62
1% ZnC} - 0 0 0 -
H,O - 0 0 0 -

Once the Glucose rates are less significant (< 10#%@n secondary steps are
inhibited, some tests with HCI were done. With samuigl (H) in the system, the reaction can
be faster: it not only accelerates the Cellobiaseversion, but also stabilizes the Glucose at
the hydrolysis conditions [10].

Cellobiose hydrolysis in ZnghlH,O at 80°C is the conditions with large selectivity
(100%). This is the best hydrolysis conditions@ailobiose conversion. 0,4 mol of HCI were
added in this system (figure 24).

Figure 24 - Final solutions from Cellobiose hydrolgis in ZnCl,.4H,O at 80°C during 240 minutes: without
and with 0,4 mol of HCI.

Figure 24 shows the colour of the final solutionewHCI is absent or present. When
it is present, the sample is less transparent am@ yellow. So, the Glucose rate increases.
This means that the reaction is faster (table 5).
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Table 5 - Comparing results for Cellobiose hydrolyis in ZnCl,.4H,0 with and without HCI at 80°C
during 240 minutes: Cellobiose conversion, yields @&lucose and selectivity to Glucose.

Cellobiose hydrolysis in ZnC}.4H,0
80°C, 120 minutes and 30 bas N

0,5g Cellobiose + 6,09 Zne#H,O + 2154 HCI 37%

Cellobiose Yield of Yield of Yield of | Selectivity to

HCI | conversion (%) Glucose (%), Fructose (%) isomers (%)| Glucose (%)
absent 9 8,5 0 0 100
present 53 52,8 0 0 100

Cellobiose hydrolysis in Lithium Chloride Tetrahgtle (LiCl.4HO) never reacted in

different reaction conditions (table 6).

Table 6 - Results for Cellobiose hydrolysis in LICKH,O at 80°C and 100°C: Cellobiose conversion, yields
of Glucose, Fructose and other isomers, and selagty of Glucose.

Cellobiose hydrolysis with LiCl.4H,0O
80°C and 30 bar N

0,5g Cellobiose + 6,0g LiCl.44D

Reaction | Cellobiose Yield of Yield of Yield of | Selectivity to
time (min) | conversion (%) Glucose (%)| Fructose (%) isomers (%)| Glucose (%)
120 0,00 0,00 0,00 0,00 -
100°C and 30 bar
60 0,00 0,00 0,00 0,00 -

In appendix are presented the chromatograms of essattion and some pictures of

the final solutions.

3.2.2 Methylcellobiose hydrolysis
The same reactions of Cellobiose were done in Methgbiose. This is a slightly
more complex model component of Cellulose. It idisaccharide with two molecules of
Glucose, one of them that substitute one of the g@ddip for —-OCH. However, the same
reactions are expected to occur than Cellobiose.

Figures 25, 26 and 27 presented the final solutioNethylcellobiose hydrolysis in
ZnCl,.4H,0 and 30 bar pat different conditions.
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Figure 25 - Final solutions from Methylcellobiose fidrolysis in ZnCl,.4H,0 at 80°C after 30, 90, 120, and
240 minutes of reaction.

Figure 26 - Final solutions from Methylcellobiose fdrolysis in ZnCl,.4H,0 at 100°C after 30, 60, and 120
minutes of reaction.

Figure 27 - Final solutions from Methylcellobiose fdrolysis in ZnCl,.4H,0 at 130°C after 10, 30, and 60
minutes of reaction.

Methylcellobiose has two different main products Mydrolysis: Glucose and
Methylglucose. This means that the selectivity $thdae to Glucose and Methylglucose and

not only to Glucose. Equations 1 and 2 were usedoace Methylglucose is not so different
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than Glucose the blank peak to calculate the yieldse the same (Glucose peak in

ZnCl,.4H,0) — table 7.

Table 7 - Results after Methylcellobiose hydrolysign ZnCl,.4H,O: Methylcellobiose conversion, yields of
Glucose, Methylglucose, Fructose and other isomerand selectivity to Glucose and Methylglucose.

Methylcellobiose hydrolysis in ZnC}.4H,0

80°C and 30 bar N
0,5g Methycellobiose + 6,0g ZntH,O

Reaction Yield of Yield of Yield of | Yield of Selectivity to
time | Methylcellobiose Glucose| Methylglucose fructose| isomers glucose and
(min) | conversion (%)| (%) (%) (%) (%) methylglucose (%

0 - 0 0 0 0 -
30 0,13 0,03 0,1 0 0 100
90 0,34 0,04 0,3 0 0 100
120 0,5 0,1 0,4 0 0 100
240 0,9 0,5 0,4 0 0 100

100°C and 30 bar N
0,5g Methylcellobiose + 6,09 ZnlAH,O

0 - 0 0 0 0 -
30 1,78 0,8 1 0 0 100
60 3,3 1,7 0,7 0,3 0,6 73
120 9,2 5,8 0,2 1,0 2,2 66

130°C and 30 bar N
0,5g Methylcellobiose + 6,09 ZnGAH,0O

0 - 0 0 0 0 -
10 33 3,2 23,1 1,6 4,8 80
30 31 0,2 22,0 0,9 7,9 72
60 15 1,9 4,9 0,5 8,1 44

In figures 28 and 29 are possible to see the agsyettte curve from Glucose and

Methylglucose yields (main components from Methititgose hydrolysis).
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Figure 28 —Methylcellobiose hydrolysis in ZnCl.4H,0: yield of Glucose.
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Figure 29 —Methylcellobiose hydrolysis in ZnCl.4H,0: yield of Methylglucose.

Once Methylcellobiose did not dissolve in Zp@€H,0, it was only possible studied

the Methylcellobiose hydrolysis in low concentrasoof Zinc Chloride. It is expected that in
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low concentrations of Zinc Chloride Methylcellobdoshould not react once it is more

complex component than Cellobiose (figure 30 abtet8).

-
Figure 30 - Final solutions from Methylcellobiose fidrolysis at 100°C and 30 bar Mafter 60 minutes in:
H,0, 1% ZnCl,, ZnCl,.4H,0.

Table 8 - Comparing results for Methylcellobiose hgirolysis in different concentrations of zinc chlorde at
100°C and 30 bar N: Methylcellobiose conversion, yields of Glucose, &thylglucose, Fructose and other
isomers, and selectivity to Glucose and Methylgluse.

Methylcellobiose hydrolysis

100°C, 60 minutes and 30 bag N
0,5g Methylcellobiose + 6,0g solvent

Yield of Yield of Yield of | Yield of Selectivity to
Methylcellobiose Glucose | Methylglucose Fructose| isomers Glucose and
Solvent | conversion (%) (%) (%) (%) (%) Methylglucose (%
ZnCl.4H,0 3 1,7 0,7 0,3 0,6 73
1% ZnC} - 0 0 0 0 -
H.,O - 0 0 0 0 -

Methylcellobiose conversion could be faster if someed was added into the system.

Once only in ZnGl4H,0 Methylcellobiose was reacted, some HC| was aduedhe system
(0,4 mol) — figure 31 and table 9.
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Figure 31 — Final solutions from Methylcellobiose fdrolysis in ZnCl,.4H,0 at 80°C during 120 minutes
without and with HCI.

Table 9 - Comparing results for Methylcellobiose hgirolysis in ZnCl,.4H,0 with and without HCI at 80°C
during 240 minutes: Methylcellobiose conversion, glds of Glucose, Methylglucose, Fructose and other
isomers, and selectivity to Glucose and Methylgluse.

Methylcellobiose hydrolysis in ZnC}.4H,0

80°C, 120 minutes and 30 bag N
0,5g Methylcellobiose + 6,0g solvent+ 246 HCI 37%

Yield of Yield of Yield of | Yield of Selectivity to
Methylcellobiose Glucose | Methylglucose Fructose isomers Glucose and
HCI conversion (%)| (%) (%) (%) (%) Methylglucose (%
absent 0,5 0,1 0,4 0 0 100
present 28 6,0 21,5 0 0 100

Lithium Chloride Tetrahydrate is a bad solvent igdrolysis. In this hydrate molten

salt, Methylcellobiose did not react apart tempaetnd reaction time conditions (table 10).

Table 10 - Results for Methylcellobiose hydrolysim LiCl.4H ,O at 80°C and 100°C: Methylcellobiose
conversion, yields of Glucose, Methylglucose, Fruate and other isomers, and selectivity to Glucosaea

Methylglucose.

Methylcellobiose hydrolysis with LiCl.4H,0O

80°C and 30 bar N
0,5g Methylcellobiose + 6,09 LiCl.4B

Reaction Yield of Yield of Yield of | Yield of Selectivity to
time |Methylcellobiose Glucose| Methylglucose Fructose| isomers Glucose and
(min) | conversion (%)| (%) (%) (%) (%) Methylglucose (%)
120 0,00 0,00 0,00 0,00 0,00 0,0
100°C
60 0,00 0,00 0,00 0,00 0,00 0,0

In appendix are presented the chromatograms of essttion and some pictures of

the final solutions.
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3.3 Hydrogenation reactions

Different conditions (temperature and reaction 8jndifferent amount of catalyst and
different solvents at 40 bar were used during hgenation. Equations (3) and (4) were used
to calculate the yields of Glucose, MethylglucoBeyuctose and other isomers, and the

selectivity to Glucose and/or Methylglucose.

P
YleldOf Suqar(%): Agugar j X I:)'Ablu coseorsorbitd —blank ><100 (3)

( I:)’AZnCIZ
I:)'Ainclz—blank

Yieldof sugar

Selectiviytosugar(%)= X
ytosugar(%) Y Yieldof products

(4)

With:

PAsugar— Peak area of Glucose, Methylglucose, Fructoseotimer isomers in the end
solution

PAz.cio— Peak area of Zinc Chloride Tetrahydrate in ek solution

PAzncizbiank — Peak area of Zinc Chloride hydrate in the blaokution (Glucose
dissolved in Zinc Chloride tetrahydrate)

PAgiucose or sorbitol blank— P€ak area of Glucose or Sorbitol in the blaritsm (Glucose

or Sorbitol dissolved in Zinc Chloride tetrahydpate

Some catalyst was required to have hydrogenatiow/C R(Ruthenium catalyst
supported on Carbon) was chosen. This is the mostveacatalyst in carbohydrate

hydrogenations, not only in homogeneous but al$weterogeneous catalysis [18].

3.3.1 Cellobiose hydrogenation
Glucose is the first product in Cellobiose hydraagemn in ZnC}.4H,O. This means
that in this solvent some hydrolysis started andemwhsome Glucose was formed,
hydrogenation occurs. So, Glucose (hydrolysis pcdand Sorbitol (hydrogenation product)
are the main components in Cellobiose hydrogenaéaation.
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Table 11 presents the effect of the amount of gsita(Ru/C) in Cellobiose

hydrogenation.

Table 11 - Results after Cellobiose hydrogenatiomiZnCl,.4H,O at 100°C during 1 hour: Cellobiose
conversion, yields of Glucose, Sorhitol and isomerand selectivity to Sorbitol.

Cellobiose hydrogenation in ZnC}.4H,0
100°C, 60 minutes and 40 bap H
0,5g Cellobiose + 6,09 Zn&#H,O + catalyst (Ru/C)
amount of| Cellobiose Yield of Yield of yield of | Selectivity to
catalyst (g) conversion (%) Glucose (%) Sorbitol (%) | isomers (%)| Sorbitol (%)
0 - 0 0 0 -
0,025 23 19,3 2,3 1,2 10
0,05 32 27,0 4,4 0,6 14
0,125 74 56,1 17,5 0,4 24
0,25 87 71,3 15,0 0,4 17

Figure 32 presents the curves from the yields afc@Gde and Sorbitol with different
amounts of Ru/C during Cellobiose hydrogenatiodn&l,.4H,O at 100°C during 1 hour. For
high amounts of Ru/C (bigger than 0,2 g), the wadfl Glucose and Sorbitol do not increase

so much, a plateau was formed.
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Figure 32 - Cellobiose hydrogenation in ZnGl4H,0 at 100°C during 60 minutes: yields of Glucose and
Sorbitol.

0,15

Temperature and reaction time also have some mfkieduring Cellobiose

hydrogenation. For lower temperatures (80°C) onlyc@se was formed. This means that
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hydrogenation only occurs at high temperaturestti@nother hand, at 130°C some sorbitol
was formed into the system and this amount incréasdigh reaction times. In the same
time, the amount of Glucose started decreasing Mi@ans that for high temperatures and big
reaction times, the hydrolysis stops and only hasdgenation (table 12 and 13).

Table 12 - Results after Cellobiose hydrogenatiomiCellobiose in ZnCh.4H,O with 0,025g Ru/C at 80°C
during 120 minutes: Cellobiose conversion, yieldsf @&lucose, Sorbitol and isomers, and selectivity to
Sorbitol.

Cellobiose hydrogenation in ZnC}.4H,0
80°C and 40 bar H

0,5g Cellobiose + 6,09 Zng#iH,O + 0,025g Ru/C

Reaction | Cellobiose Yield of Yield of Yield of | Selectivity to
time (min) | conversion (%) Glucose (%) Sorbitol (%) | isomers (%)| Sorbitol (%)
120 7 7,2 0 0 0

Table 13 - Results after Cellobiose hydrogenatiomiCellobiose in ZnC}p.4H,0 with 0,025g Ru/C at 130°C
and different reaction times: Cellobiose conversioryields of Glucose, Sorbitol and isomers, and selevity
to Sorbitol.

Cellobiose hydrogenation in ZnC}.4H,0
130°C and 40 bar #
0,5g Cellobiose + 6,09 Zng#iH,O + 0,025g Ru/C
Reaction | Cellobiose Yield of Yield of Yield of Selectivity to
time (min) | conversion (%) Glucose (%) Sorbitol (%) | isomers (%)| Sorbitol (%)
0 - 0,00 0,00 0,00 -
30 32 22,2 3,2 6,8 10
60 26 10,6 8,5 6,6 33
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Figure 33 - Cellobiose hydrogenation in ZnGl4H,0 at 130°C with 0,025g Ru/C: yields of Glucose and
Sorbitol.

Figure 33 presents Glucose and Sorbitol yieldsndufCellobiose hydrogenation in
ZnCl.4H,0O at 130°C. As was said before, at 130°C after 3@Qutes of reaction only
hydrogenation occurred into the system. This methrad the yield of Glucose starts
decreasing but the yield of Sorbitol only increas®wever, three reaction times is not
enough to analyze the yield’s growth.

The influence of the reaction times was analyzeti08C (minimum of temperature

to have hydrogenation) — table 14 and figure 34.

Table 14 - Results after Cellobiose hydrogenatiomiZnCl,.4H,0 at 100°C with 0,025g Ru/C and different
reaction times: Cellobiose conversion, yields of Gtose, Sorbitol and isomers, and the selectivity to
Sorbitol.

Cellobiose hydrogenation in ZnC}.4H,0
100°C and 40 bar #
0,5g Cellobiose + 6,09 Zng#iH,O + 0,025g Ru/C
Reaction | Cellobiose Yield of Yield of Yield of | Selectivity to
time (min) | conversion (%) Glucose (%) Sorbitol (%) | isomers (%)| Sorbitol (%)
0 - 0 0 0 -
30 19 17,1 1,6 0 8
60 23 19,3 2,3 1,2 10
120 38 27,0 3,7 7,4 10
240 41 23,4 53 12,5 13
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Figure 34 - Cellobiose hydrogenation in ZnGl4H,0 at 100°C with 0,025g Ru/C: yields of Glucose and
Sorbitol.

When Zinc Chloride was changed for Water as a lgeination solvent, the results
were so different. With water we did not only haSerbitol or Glucose has a product a
mixture of these two components. This means thaesGlucose-Sorbitol was formed. This is
a single product of Cellobiose hydrogenation in &/afo, Cellobiose was not hydrolyzed in
water, i.e., Glucose was not a product. Althoughyc@se-Sorbitol has the same retention

time than Glucose so, some Glucose molecules mayigto the system.

Table 15 shown an approximation to the yield of d®@ke-Sorbitol when different
amounts of catalyst was tested. Those resultsggre@mated because they were compared
with Cellobiose blank peak. This is possible onoly tblave two peaks in the chromatograms,

S0 is possible to compare with the completely cosiva.
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Table 15 - Results after Cellobiose hydrogenatiomiH,O at 100°C during 60 minutes and different
amounts of catalyst: Cellobiose conversion and thgeld of Glucose-Sorbitol.

Cellobiose hydrogenation in HO
100°C, 60 minutes and 40 bas H

0,5g Cellobiose + 6,0g #D + catalyst

Amount of catalyst| Cellobiose conversion| Yield of glucose-sorbitol
(9) (%) (%)
0 - 0
0,025 86,6 86,6
0,05 86,3 86,3
0,125 92,5 92,5
0,25 93,1 93,1

Table 16 presents the influence of the temperaitur€ellobiose hydrogenation in
H,0.

Table 16 - Results after Cellobiose hydrogenatiomiH,O at 80 and 130°C with different reaction times:
Cellobiose conversion and the yield of Glucose-Sdtbl.

Cellobiose hydrogenation in HO
80°C and 40 bar H

0,59 Cellobiose + 6,0g #D + 0,025g Ru/C
Reaction time | Cellobiose conversion| Yield of glucose-sorbitol
(min) (%) (%)
120 39,9 39,9
130°C and 40 bar #

0,5g Cellobiose + 6,0g #D + 0,025g Ru/C

0 - 0
30 63,0 63,0
60 84,7 84,7

In Cellobiose hydrogenation in,B, some Glucose-Sorbitol was formed at low
temperatures. However, for high temperature thiswarhis bigger. And for big reaction times
it also increased.

The influence of reaction times was also studie@efiobiose hydrogenation in Water
(table 17 and figure 35).
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Table 17 - Results after Cellobiose hydrogenatiomiH,O at 100°C with different reaction times:
Cellobiose conversion and the yield of Glucose-Sdtbl.

Cellobiose hydrogenation in HO
100°C and 40 bar H
0,59 Cellobiose + 6,09 #0 + 0,025g Ru/C
Reactia time| Cellobiose conversionYield of Glucose-Sorbito

(min) (%) (%)
0 - 0
30 74,1 74,1
60 86,6 86,6

120 ~ 90" ~ 90"
240 ~ 104" ~ 104"

(*) this is an aproximation once the chromatogdioh not have a Cellobiose peak and we could notpeoenthe peak area of glucose
sorbitol.
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Figure 35 — Cellobiose hydrogenation in 5D at 100°C with 0,025¢g Ru/C: yield of Glucose-Sortail.

In appendix is shown the chromatograms of each duyaration reaction of

Cellobiose.

3.3.2 Methylcellobiose hydrogenation

As what was done in hydrolysis, in hydrogenationmso reactions with
Methylcellobiose has also been done. Once this imsose complex model component of
Cellulose in respect of Cellobiose, it is expedigticult conversion and different products.

However, the same reactions of Cellobiose shoutdroc
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Starting with the influence of the catalyst (Rufi@Methylcellobiose hydrogenation in

ZnClh.4H,0, the results are presented in table 18.

Table 18 - Results for the effect of the amount afatalyst in Methylcellobiose hydrogenation in
ZnCl,.4H,0 at 100°C during 60 minutes: Methylcellobiose corersion, yields of Glucose, Methylglucose,
Sorbitol and isomers, and selectivity to Sorbitol.

Methylcellobiose hydrogenation in ZnC}.4H,0
100°C, 60 minutes and 40 bap H
0,5g Methylcellobiose + 6,0g ZnAH,O + catalyst
Amount Yield of Yield of | Yield of | Yield of | Selectivity
of catalyst Methylcellobiose| Methylglucose Glucose| Sorbitol | isomers| to Sorbitol
(9) conversion (%) (%) (%) (%) (%) (%)

0 - 0 0 0 0 -
0,025 6 1,8 2,8 0,5 1,1 8
0,05 5 1,7 1,5 1,6 0,2 32
0,125 22 2,3 7,2 12,0 0,5 54
0,25 21 2,9 7,6 10,0 0,3 48

Figure 36 presents the curves for Glucose, Methglige and Sorbitol yields, main
products in Methylcellobiose hydrogenation. As whats said, Methylcellobiose is more
difficult to convert than Cellobiose. The yieldsMéthylglucose, Glucose and Sorbitol have a

less increasing.

15
A ___ _Sorbitol
10 - 7 A
< 70
> Rl Glucose
=] -, - mTTTTT B |
E )/ ./ /_’,/
>_ // ///,
// P
51 e e
// //’.
e Methylglucose
[} D e T T T T T —
o e e TTTT ¢
A
e
e ~ A
0 ® 4 T T T
0 0,05 0,1 0,15 0,2 0,25

amount of catalyst (g)

Figure 36 —Methylcellobiose hydrogenation in ZnGl4H,O at 100°C during 60 minutes: yields of
Methylglucose, Glucose and Sorbitol.
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In Methylcellobiose hydrogenation was also testesl influence of temperature and

reaction time (table 19).

Table 19 - Results after Methylcellobiose hydrogertian reaction in ZnCl,.4H,0 at 80 and 130°C, during
different reaction times: Methylcellobiose conversin, yields of Methylglucose, Glucose, Sorbitol and
isomers, and selectivity to Sorbitol.

Methylcellobiose hydrogenation in ZnC}.4H,0
80°C and 40 bar K

0,5g Methylcellobiose + 6,0g ZnCAH,O + 0,025g Ru/C

Reaction Yield of Yield of | Yield of | Yield of | Selectivity
time | Methylcellobiose Methylglucose Glucose| Sorbitol | isomers| to Sorbitol
(min) | conversion (%) (%) (%) (%) (%) (%)

120 2,39 1,07 1,32 0,00 0 0
130°C and 40 bar H
0,5g Methylcellobiose + 6,09 ZnCAH,O + 0,025g Ru/C
0 - 0,0 0,0 0,0 0,0 -
30 21,6 8,77 7,75 1,28 3,79 59
60 19,8 4,17 4,13 3,36 8,13 17,0

For low temperatures (80°C), only hydrolysis ocedrrSorbitol did not form. On the
other way, for high temperatures and big reactiores (60 minutes), hydrolysis stop and

some hydrogenation of Glucose and Methylglucose. sta
However, three points is not enough to study tliience of the reaction times. So,

some tests were done at 100°C (table 20 and fRjre

Table 20 - Results for Methylcellobiose hydrogenatin in ZnCl,.4H,0 at 100°C with 0,025g Ru/C and
different reaction times: Methylcellobiose conversin, yields of Glucose, Methylglucose, Sorbitol and
isomers, and the selectivity to Sorbitol.

Methylcellobiose hydrogenation in ZnC}.4H,0
100°C and 40 bar #
0,5g Methylcellobiose + 6,0g ZnAH,O + 0,0259g Ru/C
Reaction Yield of yield of | yield of | Yield of | Selectivity

time | Methylcellobiose| Methylglucose Glucose| Sorbitol| isomers |to Sorbitol
(min) conversion (%) (%) (%) (%) (%) (%)

0 - 0 0 0 0 -

30 4 1,7 1,4 0,9 0 23

60 6 1,6 3,3 0,4 1,1 6

120 32 0,4 13,1 14,5 3,7 46

240 30 0,4 12,6 14,1 3,4 46
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Figure 37 — Methylcellobiose hydrogenation in ZnGl4H,0 at 100°C with 0,025g Ru/C: yields of
Methylglucose, Glucose and Sorbitol.

When the solvent was changed for Water, Methylbéhge only react at high
temperatures. Figure 38 is the example of Methidbadse hydrogenation at 100°C during 60
minutes and different amounts of catalyst and dialy one peak (from Methylcellobiose). As

what was expected, at 100°C and different readiioies was also not possible to have

reaction (figure 39).
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Figure 38 — HPLC analyzes of Methylcellobiose hydigenation in H,O at 100°C during 60
minutes with different amounts of catalyst.
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Figure 39 — HPLC chromatogram of Methylcellobiose fidrogenation in H,O at 100°C with 0,025g Ru/C
and different reaction times.
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At high temperatures, some Glucose, Methylglucosk $orbitol were found into the
system (table 21). This means that Methylcellobimsed strongest conditions to react than

Cellobiose.

Table 21 - Results for Methylcellobiose hydrogenatn in H,O at 130°C with 0,025g Ru/C and different
reaction times: Methylcellobiose conversion, yieldsef Glucose, Methylglucose and Sorbitol, and the
selectivity to Sorbitol.

Methylcellobiose hydrogenation in HO

130°C 40 bar KH

0,5g Methylcellobiose + 6,094 + 0,025g Ru/C
Reaction | Methylcellobiose Yield of Yield of Yield of | Selectivity to
time (min) | conversion (%)| Methylglucose (%)| Glucose (%) Sorbitol (%) | Sorbitol (%)
0 0 0 0 0 0,0
30 6,6 1,6 3 2 30,3
60 9,9 3,7 2,3 3,9 39,4

In appendix is shown the chromatograms of each duygration reaction of

Methylcellobiose.
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4 Discussion

4.1 Hydrolysis solvents

Hydrolysis reactions use water solvents. Moltemssakre chosen because they are a
liquid at STP (Standard Temperature and PressQed)pbiose and/or Methylcellobiose do
not need pre-treatment or activation and they canapplied as reaction medium for
derivatization of Cellulose [17].

To select which is the amount of water that shdaddused to dissolve each molten
salt, different concentrations were studied at romperature (table 1). After a visual
inspection, if the molten salt have dissolved ambladhomogeneous mixture (single phase),
the solvent can be used in hydrolysis reactionsthi@nother hand, if it did not completely
dissolve and a heterogeneous mixture was formedsdlvent can not be used in hydrolysis
(figures 13, 14 and 15). So, Zinc Chloride Tetraayel (ZnC}.4H,O), Zinc Chloride
Dehydrate (ZnGl2H,0) and Lithium Chloride Tetrahydrate (LiCl.48) can be used like a
hydrolysis solvent once they formed a single ph@sethe other hand, Calcium Chloride did
not form a homogeneous solution with 1; 1,5; 24omolecules of water per molecule of
CaCb. A single phase was only possible for twenty males of water per molecule of
calcium chloride. However, when it was done in stdal scale, a large amount of water is

required and it will be so expensive.

4.2 Hydrolysis reactions

Optimal conditions for hydrolysis were chosen iatteection: best hydrolysis solvent,
optimal temperature and the reaction time to awadondary steps such as degradation or
isomerisation of Glucose. The hydrolysis mechaniénCellobiose and/or Methylcellobiose

was written too.

4.2.1 Cellobiose hydrolysis
Selectivity is a measure of the tendency to ocear keaction and is influenced both
by the solvent, temperature and reaction time.s8tgctivity was chosen as a parameter to
decide which the best hydrolysis solvent is betwdndifferent molten salts hydrates that

were already studied. However, that parameter g @specting to the hydrolysis products
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Tables 4 and 6 shows which is the solvent with hggtectivity and Zinc Chloride
Tetrahydrate (ZnGl4H,0) was chosen.

Table 2 presents hydrolysis reactions at diffetentperatures and reaction times. At
80°C did not have isomers into the system, thisnsi¢laat degradation and/or isomerisation
of Glucose were suppressed. However, the rate wfdSk is small. On the other hand, at 100
and 130°C greater hydrolysis rates occurs but sbyaproducts appeared. So, the best
hydrolysis temperature should be chosen after amgythe investment to remove by-
products from the system or to have less yieldslatose

If 80°C is the best temperature for hydrolysis tieas, is also possible to conclude
that that between 120 and 240 minutes the Gluaisedo not have great differences (8,49 to
9,20%). So, in these conditions was not necessasgeénd more energy because the rates will
never be to much bigger than10%. This means that to have higher conversidferdint
environmental conditions should be used. Once éhecsvity is 100% during 120 and 240
minutes of reaction, at 80°C and 30 bay D20 minutes is enough for that reaction.

Cellobiose did not react in low concentrations wicZChloride neither in water but for
high amounts of ZnGI(ZnCkL.2H,;0), a lot of Cellobiose and Glucose isomers werméal.
This means that Cellobiose is more stable in watéow concentrations of zinc chloride (1%
ZnCl,) and start to be unstable when the amount of zhloride increases because the
solvent start to be more viscous and secondary steg improved (table 4). LiCl.4B is a
weak solvent as 1% Zng£br H,O and Cellobiose did not react (table 6).

Once Cellobiose hydrolysis was so slow, some HQ&} added into the system. As
what is expected, the yield of Glucose increasenmoch (from 8,5% to 52,8%). However,
acidic conditions should not have into the systesmalise is very difficult to remove HCI
from the system and separation issues are cretataée £).

Figures 16-24 show the colour of the final solusiohVhen secondary steps were
available the final sample started to be darker lzachme to be solid. To analyze where the
by-products are from, some reactions were donecdski stability at high temperatures
(100°C) was done and a lot of isomers and deg@datioducts were found into the system.
So, high temperatures improve secondary steps ame slegradation and/or isomerisation

occurs.
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4.2.2 Methylcellobiose hydrolysis

Zinc Chloride Tetrahydrate is also the best hydislysolvent for Methylcellobiose.
With this solvent, highest selectivity to GlucosedaViethylglucose (100%) was possible.
However, Methylcellobiose did not dissolve in higbncentrations of Zngl(ZnCl,.2H,0)
because it has a high viscosity. So, Methylcellsbishould be more stable and less reactive
than Cellobiose (tables 8 and 10). On the othedhisnlow concentrations of Zngand in
water, Methylcellobiose also did not react. So,ytla#e not enough strong solvents to
hydrolysis reactions.

Methylcellobiose is more stable than Cellobiosetlse reaction time should be bigger.
Table 7 present this affirmation. Between 120 a#@d @inutes, have a big increasing in the
yield of Glucose (from 0,1% to 0,5%). This meanat thlethylcellobiose hydrolysis did not
finish after four hours of reaction at 80°C.

Some HCI was added into the system because fagtaes are interested. However,
in Methylcellobiose acidic conditions did not haadarge effect in Glucose. The yield of
Glucose only increased from 0,1 to 6% but for Miglucose had more effect: from 0,4 to
21% (table 9). This ratio should be 1:1 but sombdeolution occurs because both peaks are
together in the chromatogram and was so diffiaulsplit them. Some separation issues are
also created when HCI are present into the systems. very difficult to remove from a
mixture.

In the pictures from the bottles of the final sauos, the same conclusion can be done.
So, for high amounts of by-products into the systdra sample is darker and become to have
some solids (figures 25-31).

During Methylcellobiose hydrolysis, the rates of thigglucose and Glucose should
be the same once per each molecule of Methylcekebhave one molecule of Glucose and
one molecule of Methylglucose. Tables 7-10 showt thase yields are different. Some
deconvolution occurs because some times the pdakidusose and Methylglucose were
jointly and is difficult to separate it. Some apyiroations were done.

The way that the hydrolysis occurs in each compoui@kllobiose and
Methylcellobiose) is a strong point in this projeétfter analyzing all the last results,
hydrolysis mechanism is known. This means thatdlydis breaks the oxygen bond between
the two Glucose rings in Cellobiose and Methyldalse.
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4.3 Hydrogenation reactions

Different products of hydrolysis were expecting erglucitol/Sorbitol should be the
main product. This means that the break bond shmfithe the oxygen bond between the two
molecules of glucose of each disaccharide. Witk tjoal, different solvents were tested
(ZnCl.4H,0O and HO) and different products were formed.

4.3.1 Cellobiose hydrogenation

Cellobiose hydrogenation in Zn{AH,O has two different products. This reaction
started with a hydrolysis and some Glucose was ddrniater, some hydrogenation of
Glucose occurred and Sorbitol was found into thstesy. Different amounts of catalyst,
different reaction times and different temperatunese studied to analyze the influence of
these conditions in the rate of Sorbitol.

Table 11 presents an increasing in the amounttafyst that was used. Big amounts
of catalyst improved the reaction and more Sorbitas formed. But between 0,125g and
0,25g of Ru/C this consideration did not occur. sipite of Cellobiose conversion had
increased, the yield of Sorbitol started decreadingan have four different reasons. First is
the amount of catalyst. 0,259 is a large amountsamde Ru/C was deposited in the bottom of
the reactor and not only did not react but alsmdisome sugar in its surface. Secondly,
some sugar can be remained in the filter durindittnation. The amount of catalyst is bigger
and the filter could be full of catalyst and somma could be remained there. The third
reason can be some poisoning of the catalyst becalst of by-products were formed. The
forth reason, and maybe the strongest one, is goroes during the yields calculation. That
measure was calculated based in a relation betpegk areas of Zinc Chloride and Sorbitol
in the solution and in the blank. This is an appr@tion that can introduce some errors.

Figure 33 presents the yields of Glucose and SwrHiiring the time in Cellobiose
hydrogenation in ZnGl4H,O at 100°C with 0,025g Ru/C. The yield of sorbimlalways
increasing during the time (orange line) but theld/iof Glucose starts decreasing after two
hours and a half (blue line). This means that aftat time, hydrolysis reaction stopped and
only had hydrogenation of Glucose.

Cellobiose hydrogenation in,B has different products than in Zr@H,O. Some

Glucose-Sorbitol was formed and only one produd feand.
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Tables 15 and 17 present the influence of the atmiucatalyst and the reaction time
in Cellobiose hydrogenation in,B. As what was expected, the rate of Glucose-Sunwias

increasing and high yields of this product wererfed.

4.3.2. Methylcellobiose hydrogenation

Methylcellobiose hydrogenation in ZnH,O results in Glucose, Methylglucose,
Methanol and Sorbitol. Glucose and Methylglucose mroducts from the first part of the
reaction: hydrolysis. Methanol and Sorbitol areidgp hydrogenation products and are
formed in the second part of the reaction: Glucbgdrogenation forms Sorbitol and
Methylglucose hydrogenation forms Sorbitol and Nl

For big amounts of catalyst was expected big cawerand great amounts of
Sorbitol. Although the same problem than in Celbslei hydrogenation occurred. This means
that not only the yield of Sorbitol decrease bwgoathe conversion of Methylcellobiose
decrease (table 18). This can have for the sameré&asons that were already explained:
deposit of some catalyst, some sugar can be rethainge filter, poisoning of the catalyst
and/or wrong approximations during the yields clatas.

For big reaction times, Methylcellobiose hydrogeatin ZnCb.4H,O also has a
problem. Table 20 presents the influence of theti@a time in that hydrogenation and after
two hours of reaction the yield of Sorbitol and Kigtellobiose conversion start decreasing.
It can happen for two different reasons: first, ta¢alyst could be poisoning because a lot of
by-products were formed. Secondly, mistakes inyie&ls calculate once they have a lot of
approximations.

Methylcellobiose hydrogenation in water requireghhiemperatures. This means that
did not have reaction for fewer temperatures tha@°Q (figures 38 and 39) even with big
amounts of catalyst or big reaction times. FiguB8sand 39 only have one peak and when
some Methylcellobiose was injected into this systdtnmas increasing. So, this is a
Methylcellobiose peak. Methylcellobiose needs greonditions to react. At 130°C, some
Methylglucose, Glucose and Sorbitol were found I@aBl). This has a very complex
chemistry explanation. The —OH group from Cellobidastead of —OCH group from
Methylcellobiose can have two positiomsandf3. These two forms give less stability into the

molecule and hydrogenation is easier.

Helena Sofia Soares 55
August 2009



MSc. Thesis Cellobiose and Methylcellobiosaversion

The way that Cellobiose and Methylcellobiose hyeéragion occurs can answer the
goal of this project. So, after analyzing all tteestl results, hydrogenation mechanism is
known. However, the hydrogenation mechanism isedbfiit between ZnghH,O and HO.
For Cellobiose and Methylcellobiose in Za@H,O the reaction starts with a hydrolysis of
each compound and the oxygen bond between the itwgs broke. For Cellobiose, two
molecules of Glucose were formed, or, for Methytiabse, one molecule of Glucose and
one molecule of Methylglucose were created. Thie, tydrogenation attacks the oxygen
bond in each ring (Glucose and/or Methylglucosell @ome Sorbitol is formed. For
Cellobiose and Methylcellobiose in .8, the reaction has different answer in both
compounds. In Cellobiose, the oxygen bond in onthefrings breaks and Glucose-Sorbitol
was formed. In Methylcellobiose, only at high temgteres have reaction and the same
products than in ZnGK¥H,O were formed: Glucose and Methylglucose in thst fatep and
Sorbitol when some Glucose and Methylglucose existthe system.
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5 Conclusions

Biomass conversion process has been worked ove. fithis is a very complex
system that has several conversion options. Duhiggproject only a part of Cellulose (one
of the three main components of biomass) has beehed. | have used a simpler model
component of Cellulose, called Cellobiose, and kwapecting that the same conversion
reactions could be possible. | was interestingtudys if these reactions were faster and if
conversion was easier. However, it was only posdiblanalyze if the same reactions could
be done. Cellobiose could be converted with theesegactions than Cellulose. To analyze
the speed of the reactions and the ease of thake reactions should be done in the future.

The results were not enough to conclude this aéftrom.
Methylcellobiose is less reactive than Cellobidses more difficult to hydrolyzed and
hydrogenated, and besides did not completely dissalhigh concentrations of zinc chloride

(ZnCl.2H,0), had a slowly dissolutions in the other solventespect to Cellobiose.

The reaction network to produce Sorbitol (or GloBiis presented in figures 40 and

41.
; Hydrolysis Hydrogendion .
Cellobiose ———————» Glucose —————» Sorbitol
¥
Isomerisation or Degradation
Figure 40 — Reaction network to form sorbitol.
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Glacose
- " Isometisation S
" ) Y
M annose Fructose
i E Y
i gk
I b .
Hydrogenation i S i , Hydrogenation
| |
| ¥ | ""
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M annital MMannital Psicose  Sorhitol
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+ b

. ' Hydrogenation
¥ «
Allitol Sorhitel

Figure 41 — Secondary step from reaction network:somerisation and/or degradation reactions from
Glucose.

Sorbitol can be produced from hydrogenation of G&&c or, when some Glucose
degradation or isomerisation occurs, hydrogenatbnFructose and Psicose also form
Sorbitol.

The mechanism of hydrolysis and hydrogenation m@ast of Cellobiose and
Methylcellobiose are also already known. During liydrolysis, the mechanism is the same
for both compounds. So, it breaks the oxygen bataiden the two rings.

Hydrogenation mechanism is different between Z@ELO and HO. For Cellobiose
and Methylcellobiose in Zn@KlH,O the reaction starts with a hydrolysis of each goumd
and the oxygen bond between the two rings brokeedlobiose, two molecules of Glucose
were formed, or, for Methylcellobiose, one molecuak Glucose and one molecule of
Methylglucose were created. Then, the hydrogenatitacks the oxygen bond in each ring
(Glucose and/or Methylglucose) and some Sorbitdborsed. In HO, the reactions have
different answers in both compounds. In Cellobidbke, oxygen bond in one of the rings

breaks and Glucose-Sorbitol (figure 42) was formed.
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>H
Hio >H

HO

OH
OH H

oH
_H

Figure 42 — Structural molecule of Glucose-Sorbitol

In Methylcellobiose, only at high temperatures hasaction and the same products
than in ZnCJ.4H,0O were formed: Glucose and Methylglucose in thst fatep and Sorbitol
when some Glucose and Methylglucose exist intesyiséem.
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6 Recommendations

Biomass conversion is a very promise area and aoflothings are still under
discovered. A lot of questions have no answeredS@tin order to improve the work in that

theme | would like to purpose some studies.

Different hydrogenations conditions can be studieth what was already done. More
reactions with different amounts of catalyst (Rutb&ween the two limits (0,025g and 0,259)
should be study once we need more points to uradetshe evolution of the yield of sorbitol
during the process.

Still in hydrogenation reactions, can be a good kwtyy different catalysts, for
example Cu/Cr. It could be a good catalyst oncevas already used in some sugars

hydrogenations.

Improve the studies of Cellobiose hydrogenatiofater could have good vyields of
Sorbitol if the C-O bond in Glucose-Sorbitol wilkebbreak. However, high amounts of
catalyst and high reaction times were not enougbréak this bond. This can form a lot of

Sorbitol once the Cellobiose conversion is neartamedred percent.

During this work not only the influence of the teangture has been studied, but also
the amount of catalyst and the reaction times. Hewaall the reactions were done at 40 bar
H.. So, it can have good results if some reactionis oth solvents at different pressures can

be done.

Once we did not finish all of purposed work, aftaprove hydrogenation conditions,
the next reactions steps should be study: Isoserikid component with great importance for
fuel or chemicals. So, a combination between hydisland hydrogenation can be a good

step and also Glucitol dehydration.
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Appendix

A Calibration

For the calibration different concentrations of IGklose and Methylcellobiose in
Water and 70% Zinc Chloride diluted in Water wered: Each solution had 5,0g with
different amounts of raw material (Cellobiose ortMgcellobiose). However, the results only
give information about the position of CellobiogselaVviethylcellobiose in Water and in Zinc
Chloride. They do not have a meaning in calibration

Cellobiose and Methylcellobiose have a retentioretnear with Water and 70% Zinc
Chloride but the peaks are asymmetric. For Celkdidhey are not symmetric in the right
side of the peak so, Cellobiose should have a biggention time than these solvents. On the
other hand, for Methylcellobiose the peaks are ®Bgmmetric in the left side.
Methylcellobiose should have a smaller retentiaretthan Water and 70% Zinc Chloride.

As these results have no meaning to the calibrasome solutions were done with
different dissolved solution. They were dilutednmmobile phase (Ca(Ng».4H,0) — figures
43-46. The calibration was done twice (in March amdune) because after two months of

work the column was changed.

8000
7000 - .

Peak Area = 1454188 obiose- 426,03 -7
6000 - R* = 0,9993 -7
5000 - s

4000 7

Peak Area

3000 - e
2000 - -7

1000 4

0 I I I I
0 0,1 0,2 0,3 0,4 0,5

Mcellobiose (g)

Figure 43 — Calibration of Cellobiose in water, diited in mobile phase (March 2009).
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5000 - -t
Peak area = 10891 ®iobiose- 260,76
4000 - R® =0,9991 .7
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o
< 3000 L7
© _
O] -
o _’
2000+ B 24
1000 /,/
‘/
O I I I I
0 0,1 0,2 0,3 0,4 0,5
Mcellobiose (J)
Figure 44 - Calibration of Cellobiose in water, dilited in mobile phase (June 2009).
14000
12000 _»
Peak area = 12354\f@nyiceliobiose- 420,31
10000 R° = 0,9996 P
o
2 8000 -
< //
' _
o 7
> 6000 P
4000 - e
2000 - P
/’//
o ‘ I I I I
0 0,2 0,4 0,6 0,8 1

mMethyIceIIobiose (g)

Figure 45 — Calibration of Methylcellobiose in wate, diluted in mobile phase (March 2009).
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Miethylcellobiose (0)
Figure 46 - Calibration of Methylcellobiose in wate (June 2009).
B Hydrolysis reactions
Some chromatograms from hydrolysis reactions amgesgecondary are presented in
this section.

Figures 47 and 48 are the HPLC chromatograms fdoliiese and Methylcellobiose
hydrolysis in ZnCJ.4H,0O at 80°C.
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Figure 47 - Cellobiose hydrolysis in ZnGl.4H,0 at 80°C and 30 bar M.
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Figure 48 - Methylcellobiose hydrolysis in ZnCJl.4H,0 at 80°C and 30 bar N.

The same reactions were done for 100°C (figuresiob0).
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Figure 49 - Cellobiose hydrolysis in ZnGl.4H,0 at 100°C and 30 bar N
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Figure 50 - Methylcellobiose hydrolysis in ZnCJ.4H,0 at 100°C and 30 bar M.

At 130°C, the results are presented in figuresrsll=2.
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Figure 51 - Cellobiose hydrolysis in ZnGl.4H,0 at 130°C and 30 bar N

Methylcellobiose hydrolysis in ZnCh.4H,0O (130°C and 30 bar N)
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Figure 52 - Methylcellobiose hydrolysis in ZnCJl.4H,0 at 130°C and 30 bar M.

At high temperatures (100 or 130°C) more peaks thltose peak are found. For
80°C only have Glucose peak. As between 80 andCl0@¥e a big temperature gradient
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(20°C), Cellobiose and Methylcellobiose hydrolyats90°C were done. This reaction gives
information about the minimum temperature to fsagdondary reactions (figures 53 and 54).
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Figure 53 - Cellobiose hydrolysis in ZnGl.4H,0 at 90°C and 30 bar N..
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Figure 54 - Methylcellobiose hydrolysis in ZnCl.4H,0 at 90°C and 30 bar N.

For 90°C, only one peak was found. This meanssinaindary steps occurred for high
temperatures (upper than 100°C) and some by-predocid be formed. The secondary steps

are from Glucose degradation or isomerisation (8glb5 and 56).

Figure 55 - Final solutions from Glucose stabilityn ZnCl ,.4H,0 at 100°C and 30 bar N

Helena Sofia Soares 74
August 2009



MSc. Thesis Cellobiose and Methylcellobiosaversion

130

110

90 -
% 70 — 30 min
5 ——1h
£ 50 —2h

30 -

—J L'll
10 -
T J T T g e —h__l—-—'_—,_'.ir"‘{r.xl‘q@ﬂ
100 400 800 1200 1600 2000 2400 2800 3200 3600
Retention time (s)

Figure 56 — Glucose stability in ZnC}.4H,O at 100°C and 30 bar M.

At low temperatures (80°C), Glucose did not havgragation or isomerisation
(figures 57 and 58).

Figure 57 - Final solutions from Glucose stabilityn ZnCl ,.4H,0 at 80°C and 30 bar N.
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.Figure 58 - Glucose stability in ZnC}.4H,0 at 80°C and 30 bar N.

Different Zinc Chloride concentrations and Water sslvents were tested in
Cellobiose and Methylcellobiose hydrolysis.

In low zinc chloride concentrations (1% ZpChnd in Water both Cellobiose and
Methylcellobiose are very stable, they did not te@n the other hand, in high zinc chloride
concentrations (Zn@RH,0), Cellobiose can form a lot of by-products buttiMécellobiose

did not completely dissolve because this is a vesgous solvent (figures 59-62).

Figure 59 - Final solutions from Cellobiose hydrolgis at 100°C in HO, 1% ZnCl,, ZnCl,.4H,0 and
ZnCl,.2H,0.
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e —
Figure 60 - Final solutions from Methylcellobiose fdrolysis at 100°C in HO, 1% ZnCl,, ZnCl,.4H,0.
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Figure 61 — Cellobiose hydrolysis at 100°C during@minutes and 30 bar N. in ZnCl,.4H,0, ZnCl,.2H,0,

1% ZnCl, and H,0.
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Figure 62 - Methylcellobiose hydrolysis at 100°@uring 60 minutesand 30 bar N, in ZnCl,.4H,0, 1%

Acidic conditions

ZnCl, and H,0.

improve fast reactions and theeldi of Glucose and/or

Methylglucose have a big increasing (figures 63 G4
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Figure 63 — Influence of acidic conditions in Cellbiose hydrolysis in ZnC}.4H,0O at 80°C and 30 bar N.
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Figure 64 - Influence of acidic conditions in Methicellobiose hydrolysis in ZnC}.4H,O at 80°Cand 30 bar

N>.
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LiClL.4H,0 is a light solvent. Cellobiose and Methylcellad®odid not react in these
solvent. Different conditions were tested and ndwafe reaction (figures 65 and 66).
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Figure 65 - Cellobiose hydrolysis in LiCl.4HO with 30 bar N,.
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Figure 66 - Methylcellobiose hydrolysis in LiCl.4HO with 30 bar N,..
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Figures 67-70 compares Cellobiose and Methylcadsdihydrolysis in ZnGlAH,O
and in LIClL.4HO0.
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Figure 67 - Cellobiose hydrolysis at 80°C during 2minutes and 30 bar N.
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Figure 68 - Methylcellobiose hydrolysis at 80°C an80 bar N..
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Figure 69 - Cellobiose hydrolysis at 100°C and 3Gab N..
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Figure 70 - Methylcellobiose hydrolysis at 100°C.

ZnChL.4H,O is the solvent with bigger conversion so, it ipected that the final
solutions should be darker than for LiClAM(figures 71-74).

Figure 71 - Final solutions from Cellobiose hydrolgis at 80°C in LiCl.4H,0 and in ZnCl,.4H,0.

Helena Sofia Soares 83
August 2009



MSc. Thesis Cellobiose and Methylcellobiosaversion

Figure 72 - Final solutions from Methylcellobiose fidrolysis at 80°C in LiCl.4H,0O and in ZnCl,.4H,0.

Figure 73 — Final solutions from Cellobiose hydrolgis at 100°C in LiCl.4H0 and in ZnCl,.4H,0.

Figure 74 - End solutions from Methylcellobiose hyrblysis at 100°C in LiCl.4H,0 and in ZnCl,.4H,0.
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C Hydrogenation reactions

This is the last section of this report. In thisapter are presented some
chromatograms from hydrogenation reactions andy, ad®me secondary experiments to
understand some results.

During Cellobiose and Methylcellobiose hydrogenmatidifferent conditions was
studied. First is the influence of the amount dafalyst in Cellobiose and Methylcellobiose
hydrogenation in ZnGl4H,O and in HO (figures 75-78).
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Figure 75 — HPLC chromatograms of Cellobiose hydrognation in ZnCl,.4H,0 at 100°C and 40 bar H
during 1 hour.
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Figure 76 — HPLC chromatograms of Methylcellobioséydrogenation in ZnCl,.4H,O at 100°C and 40 bar
H, during 1 hour.
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Figure 77 — HPLC chromatograms of Cellobiose hydrognation in H,O at 100°C and 40 bar H during 1
hour.
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Figure 78 — HPLC chromatogram of Methylcellobiose fidrogenation in H,O at 100°C during 1 hour.

All of the hydrogenation work until now was at 1G0&nd 0,025g Ru/C. However,
some different temperatures were studied (80°C1806C) — figures 79-86
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Figure 79 — HPLC Chromatogram for Cellobiose hydrognation in ZnCl,.4H,0O at 80°C and 40 bar H.
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Figure 80 - HPLC chromatogram for Methylcellobiosehydrogenation in ZnCl,.4H,O at 80°C and 40 bar

Ho.
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Figure 81 — HPLC chromatogram for Cellobiose hydrognation in H,O at 80°C and 40 bar H.
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Figure 82 — HPLC chromatogram for Methylcellobiosehydrogenation in H,O at 80°C and 40 bar H.
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Figure 83 — HPLC chromatogram for Cellobiose hydrognation in ZnCl,.4H,O at 130°C and 40 bar H.
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Figure 84 — HPLC chromatogram for Methylcellobiosehydrogenation in ZnCl,.4H,0 at 130°C and 40 bar
H..
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Figure 85 - Results for Cellobiose hydrogenation ii,O at 130°C and 40 bar H.
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Figure 86 — HPLC chromatogram for Methylcellobiosehydrogenation in H,O at 130°C and 40 bar H.
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To finish, the influence of the reaction time inliGkiose and Methylcellobiose
hydrogenation were studied (figures 87-90).

70 - h

60 -

50 -

40 1 — 30 min
%‘ —— 60 min
S 30 —— 120 min
= 240 min

20 -

10 \

A
0 ‘ rJ i J‘U‘J WYL G SIY-E S ANV - W
) 400 800 1200 1600 2000 2400 2800 3200 3600
-10 - o
Retention time (s)

Figure 87 - Cellobiose hydrogenation in ZnGl4H,0 at 100°C and 40 bar Hwith 0,025g Ru/C.
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Figure 88 - Methylcellobiose hydrogenation in ZnGl.4H,0 at 100°C and 40 bar H with 0,025g Ru/C.
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Figure 89 - Cellobiose hydrogenation in KO at 100°C and 40 bar H with 0,025g Ru/C.

150 -
140
130~
120
110+
100

— 30 min
—— 60 min
60 - — 120 min
501 240 min

A

—— T - " a—— L = —k ot o —— —

-100 400 800 1200 1600 2000 2400 2800 3200 3600

Intensity
\'
o

Retention time (s)

Figure 90 - Methylcellobiose hydrogenation in HO at 100°C and 40 bar H with 0,025g Ru/C.
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