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1. Abstract 
Recell®, a waste cellulose material, was used as a feedstock to synthesise ethylene glycol 
in a one-pot catalytic reaction. Two variables that were tested in this research were the 
optimal catalyst combination and reaction conditions. The optimal catalyst was found to 
be ammonium metatungstate hydrate in combination with 5 wt% Ru/C. Reaction with 
this catalyst yields 4,04% of ethylene glycol. Reaction optimisation was conducted by 
testing different reaction temperatures. Upon changing reaction temperature, the optimal 
reaction temperature was found to be 245°C which led to an improved ethylene glycol 
yield of 12,15%. This final ethylene glycol yield is still low compared to other raw 
lignocellulosic material. Low ethylene glycol yield was attributed more towards intrinsic 
factors within Recell® in lignin and inorganic impurities compared to reaction 
conditions. However, the effect other reaction conditions such as reaction time and 
hydrogen pressure is yet to be tested. 

2. Introduction 

2.1 Research Background 

Ethylene glycol is a versatile compound that is important in various aspects of everyday 
life. More specifically in energy, chemical, textile, transportation, and manufacturing 
technologies [1]. Several uses of ethylene glycol are synthesis into polyester, hydrogen, 
acetals, fructone [1]. In 2017, synthesis of polyester from ethylene glycol accounted for 
87% global consumption [2]. Global consumption and production of ethylene glycol 
were 20 million metric tons by 2010 and is expected to increase 5 -10% annually [2]. 
 

There are several sources of the synthesis of ethylene glycol. Petroleum, natural gas, coal, 
and finally biomass can all be synthesised into ethylene glycol [1]. This research focuses 
on the environmental alternative synthesis of ethylene glycol from biomass; more 
specifically from recycled waste cellulose. Cellulose is the most common organic polymer 
and an inexhaustible source of raw material which is why it is a promising compound to 
be studied [3][4]. The recycled waste cellulose that is used in this research is Recell®, 
supplied by a local company KNN Cellulose B.V. from Groningen. 

2.2 Research Objective 

There are two main objectives for this research. The first objective of the research is to 
find the optimal state of the art catalysts for the synthesis of ethylene glycol from 
Recell®. The basis of this research is several studies from recent years 
[5][6][7][8][9][10][11], which discusses various catalysts used to synthesise ethylene glycol 
from cellulosic carbohydrates, such as transition metal-based catalysts in combination 
with tungsten-based catalysts. The difference between this research and the research 
previously mentioned is the starting compound. Previous studies used pure cellulose, 
pure glucose, or other raw lignocellulosic material (corn stalk, cassava residue, and woody 
biomass) whereas this research used Recell®. The second objective is to then use the 
optimal catalyst and vary reaction conditions to maximise yield of ethylene glycol. 
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3. Theory 

3.1 Recell® 

The starting material of this research is Recell®, supplied by KNN Cellulose B.V. As 
previously mentioned, Recell® is recycled waste cellulose. Based on KNN Cellulose B.V. 
[12], Recell® originates from waste streams that have been separated, purified, and 
hygienised. This material is applied in a wide number of industries [12][13], such as 
asphalt additive in civil engineering and synthesis material for the chemical industry. 
KNN Celulose B.V. was reached out to and Yme Flapper, a product/process developer 
for the company, indicated that the main end use for Recell® at the moment, May 2019, 
is asphalt additive and the largest potential lies in the possible chemical synthesis. 
Recell® comes in three categories: fibers, pellets, and granulate. Recell® fiber is the 
material used in this research. Below is an image of Recell® that was used throughout 
the research. 
 

 
 

Figure 3.1 - Recell® Fiber 

 

The exact composition of Recell® is unknown. KNN Cellulose B.V. [12] stated that 
Recell® consists of  >90 wt% cellulose, 4-8 wt% ash, and 2-6 wt% of other materials. 
Meanwhile, based on a previous Bachelor research project [15], the composition of 
Recell® is 61-62 wt% cellulose, 7.5 wt% hemicellulose, 6.77 wt% moisture, 6.72 wt% 
ash, 5.6 wt% proteins, and 11.9% other materials. The latter obtained the composition of 
Recell® through several clearly stated experimental techniques namely enzymatic 
degradation for cellulose content, moisture content determination, and and ash content 
determination. For this reason the composition of Recell® for calculations of this 
research was taken from the previous Bachelors research project. 

3.2 Cellulose 

Cellulose is the most abundant biomass on earth, which is a promising renewable 
material to be derived into fuel and chemicals [5]. Cellulose is found in nature as 
lignocellulose, which coexists with hemicellulose and lignin. The worldwide production 
of lignocellulose is estimated to be 170 x 109 tons/year and 35-50 wt% is cellulose [3]. As 
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the world is trying to become more environmentally aware, moving on from diminishing 
non-renewable resources such as petrol and coal is one of the steps that is yet to be 
accomplished. Studies on deriving cellulose into usable end-use products become 
attractive due to this fact.   

 
 

Figure 3.2 - Cellulose Monomer (left) and Cellulose Polymer (right) [5] 
 

In its simplest form, cellulose is a biopolymer consisting of repeating D-glucose units. 
Glucose units are connected by β-1,4-glycosidic bonds. This structure of cellulose gives 
diverse reactivities and functions [16].  Observing the polymeric structure of cellulose, 
there is a vast amount of hydrogen bonding that protects the β-1,4-glycosidic bonds 
from attack by foreign molecules.  
 

Looking at the oxygen-functional groups in cellulose, synthesis of polyols from cellulose 
looks to be atom-economic as those functional groups are preserved in the product [5]. 
Polyols such as ethylene glycol, propylene glycol, xylitol, sorbitol, and mannitol are 
chemicals widely used in a number of industries. Cellulose, due to its functional groups, 
provides an alternative pathway to form polyols and other existing chemicals in place of 
the non-renewable fossil resources [17]. Currently, ethylene glycol is derived from 
petroleum, specifically from ethylene obtained from cracking. In this research, the 
synthesis of ethylene glycol from a renewable source (waste cellulose) is studied. 

3.3 Hemicellulose 

Cellulose is the main component of interest in this research. However, like other raw 
lignocellulosic material such as cassava residue, woody biomass, and corn stalk, 
hemicellulose is also present alongside cellulose [9][11]. The structure of hemicellulose 
can be found below. 
 

 
 

Figure 3.3 - Hemicellulose Monomer (left) and Hemicellulose Polymer (right) [11] 
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Fortunately, hemicellulose does not interfere with the main reaction that takes place. 
Changzhi Li. et al [11] employed xylose, the monomeric unit of hemicellulose with the 
same reaction conditions as the main reaction. It turns out that xylose reacts to form 
both ethylene glycol and propylene glycol. The details of side reactions involving 
hemicellulose are shown further on. 

3.4 Overview of Reactions 

Below is the reaction overview of cellulose synthesised into the desired end product, 
ethylene glycol based on literature [5][8]. 
 

 
Figure 3.4 - Overall Reaction Scheme 

3.4.1 Main Reactions 
Starting from cellulose, there is a cascade of reactions which finally end up as the desired 
product. The mechanisms of each reaction are further discussed below. 

3.4.1.1 Hydrolysis (R1) 
The mechanism of cellulose hydrolysis is based off an article about preparing alkoxy-
glycosides and levulinic esters [18]. 
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Figure 3.5 - Cellulose Hydrolysis Reaction Mechanism 

 

The reaction scheme above shows the hydrolysis of one polymer unit. The first step of 
the reaction is started by acid attack on oxygen, and the acid is provided by high-
temperature water [19] and from the tungsten-based catalyst [5][7]. As previously 
mentioned, due to the hydrogen bonding of cellulose this reaction requires a high 
temperature to take place. 

3.4.1.2 Hydrogenation (R2, R5, R7) 
This reaction occurs with the aid of an insoluble metal catalyst. Explanation of this 
reaction is based of an article [20]. For the reaction to occur, the catalyst first activates 
hydrogen. Subsequently, the alkene is also fixed to the catalyst surface. Finally, hydrogen 
is transferred resulting in the saturated product. An illustration of the reaction 
mechanism is given below. 

 
Figure 3.6 - Catalytic Hydrogenation Reaction Mechanism [20] 

 

Additionally, the number of substituents in the alkenes affects the reactivity. Due to 
steric hindrance, alkenes with four substituents would be the least reactive and 
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monosubstituted alkenes are the best [20]. Hydrogenation is a very exothermic reaction, 
typically releasing - 125 kJ/mol per double bond [21]. In the reaction cascade, there is a 
possibility of formation of unwanted mannitol and sorbitol from the hydrogenation of 
glucose.  

3.4.1.3 Retro-Aldol Condensation (R3, R4, R6) 
In elevated temperatures and pressures, the C-C bond cleavage of glucose follows retro-
aldol condensation pathway [22]. An example reaction mechanism, taken from an article 
[23], of a Zn2+ dependant retro-aldol condensation is presented below. 

 
Figure 3.7 - Retro-Aldol Condensation [23] 

 

Notice that there is a carbonyl group next to the carbon that is cleaved. Typically this is a 
requirement for the retro-aldol condensation [23]. However, there is no carbonyl group 
in glucose. Retro-aldol condensation of glucose occurs differently, with the help of the 
tungsten-based catalyst. Detailed explanation of the catalysts will be discussed further in 
the catalyst utilised section. 

3.4.2 Side Reactions 
Observed from figure 3.4, the reaction scheme involves a number of reactions in a 
cascade. Unfortunately, there are undesired side reactions that occur as well. First is 
hydrogenation of glucose into sorbitol and mannitol (R2). The second is the formation 
of erythritol from hydrogenation of erythrose (R7). Finally, there is also reaction of 
glucose dehydration into 5-hydroxymethylfurfural, formic acid, levulinic acid and humin 
(R8). 

3.4.2.1 Dehydration (R8) 
When working with sugars at high-temperatures, dehydration of sugars can occur which 
leads to the formation of unwanted waste of a series of by-products such as 5-
hydroxymethylfurfural, formic acid, levulinic acid and soluble or insoluble polymeric 
residues known as humin [24]. Yield of humin is influenced by parameters such as 
reaction temperature, reaction time, and catalyst selected [24]. Unfortunately, there has 
not been a clear explanation on the reaction mechanism of the formation of humin. 
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3.4.3 Side Reactions Involving Hemicellulose 
Another interesting point of discussion for this research is the hemicellulose content of 
Recell®. While there is only 7.5 wt% hemicellulose in Recell® [15], it could also react. 
The summary of the reactions involving hemicellulose based of an article from Changzhi 
Li et al. [11] in figure 3.8 below. 

 
Figure 3.8 - Side Reactions Involving Hemicellulose 

 

The side reaction occurs under mechanisms identical to the main reaction scheme. 
Hemicellulose could add to the total production of ethylene glycol while also producing 
side product propylene glycol. It should be noted that theoretically there would not be 
much propylene glycol and ethylene glycol produced from hemicellulose as there is only 
7.5 wt% hemicellulose while there is 61-62 wt% cellulose. 
 

Now that a clear understanding of the reactions that occur in the cascade shown by 
figure 3.4 and figure 3.8 has been established, the next part is to discuss the catalysts that 
were utilised in the research. 

3.5 Catalysts Utilised 

Going back to figure 3.4, there are some undesirable side reactions that can possibly take 
place in the synthesis of ethylene glycol from cellulose. However, several studies 
[5][6][7][8] have thoroughly discussed suitable catalysts for this specific reaction pathway. 
The catalysts that were used in this research are tungsten-based catalyst combined with 
transition metal based-catalyst. 

3.5.1 Tungsten-Based Catalyst 
The role of the tungsten-based catalyst is to promote hydrolysis of cellulose and more 
crucially catalyze the desired C-C cleavage of cellulose [5][7]. One of the tungsten-based 
catalysts used is tungsten acid (H2WO4), and a previous study [7] explored an interesting 
property of this compound. At room temperature, tungsten acid is a yellow solid which is 
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not soluble in water. Zhijun Tai et al. [7] stated that upon hydrothermal conditions of 
518 K and 6 MPa for 30 min the solid changed into a blue fine powder. Through XRD it 
was determined that this compound is tungsten bronze (HxWO3), formed as a 
consequence of hydrogen reduction. This blue fine powder is a result of the dissolving of 
tungsten bronze. Tungsten bronze is the compound that catalyses the C-C cleavage. 
Upon cooling back to room temperature tungsten bronze is oxidized back into tungsten 
acid. This property of tungsten acid makes it is a desirable catalyst due to the 
homogenous catalysis and possible recovery of the heterogeneous catalyst [25]. 
 

Whereas Zhijun Tai et al. [7] discusses tungsten acid which dissolves into tungsten 
bronze, Aiqin Wang et al. [5] suggests that various tungsten species can be transformed 
into tungsten bronze by hydrogen under the reaction conditions. The homogenous 
catalysis of C-C cleavage of cellulose is reasonable considering the β-1,4-glycosidic bond 
present in cellulose, which is not easily accessed by solid catalysts due to steric hindrance 
[5]. 
 

In theory, it is possible to use only a specific tungsten-based catalyst, namely tungsten 
carbide (WCx) and tungsten phosphide (WP), for the whole cascade of reactions without 
the additional transitional metal-based catalyst [5]. This species of catalysts yields a 
moderate yield of around 30% of ethylene glycol [26]. Unfortunately, preparing this 
species of catalyst requires a high temperature and complex procedure, and it would be 
difficult to scale up [7].  For this reason this species of catalysts were not tested during 
this research. 
 

3.5.2 Transition Metal-Based Catalyst 
As previously mentioned in the overview of reactions section, the transition metal-based 
catalyst takes care for the hydrogenation reaction. Among various transition metal-based 
catalysts, Ru and Ni both behave the best also cost-effective making these metals the 
optimal choice [5]. For the maximum yield of ethylene glycol, both catalysts function 
need to cooperate well in the cascade reactions. This means that the ratio of both types 
of catalysts are pivotal; maximum ethylene glycol yield was obtained at Ni/W = 1.0 and 
Ru/W = 0.1 [5]. 
 

The addition of transition metal-based catalysts led to an increase of ethylene glycol yield 
[5]. Note that transition metal-based catalyst on its own is not effective for this reaction 
cascade; only giving ethylene glycol yields of less than 10% [26]. For the reasons stated 
above, the catalysts that were selected for this research is the combination of both 
species of catalyst. 
 

Another note regarding the two species of catalysts are both are heterogenous at room 
temperature. This means that there is a possibility of separating the catalysts upon the 
completion of the reaction and reusing it. Zhijun Tai et al. [7] discussed the recycling 
ability of these catalysts. Tungsten carbide had poor recyclability and ethylene glycol yield 
substantially drops on the fourth run while Ru/C + tungsten acid could be used up to 20 
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times without significant drop in yield [7]. Even though catalyst recyclability is not the 
main aim of the research, it will be briefly looked at as well. 
 

To summarize the reaction pathway with the help of the catalysts [5]: 
1. Cellulose is hydrolysed into glucose under the catalysis of Bronsted acid from 

both dissolved tungsten bronze and hot water. 
2. C-C cleavage of glucose occurs through retro-aldol condensation to form 

glycolaldehyde with the aid of dissolved tungsten bronze. 
3. Transition metal-based catalysts, Ni or Ru in this case, hydrogenate 

glycolaldehyde to form the desired product ethylene glycol. 

3.6 Synthesis of Ethylene Glycol from Raw Lignocellulosic Material  
Before this point, the main discussion has been on converting pure cellulose or glucose 
into ethylene glycol. In reality, results will be different due to the starting material 
Recell® not being pure cellulose. Fortunately, there have been several studies [9][10][11] 
using other raw lignocellulosic material to synthesised ethylene glycol. The materials that 
have already been tested were corn stalk, cassava residue, and raw woody biomass. It is 
important to note that the compositions of these materials are different, however it will 
be beneficial to compare the ethylene glycol yield of Recell® to these other materials. 
This way, it can be inferred whether the ethylene glycol yield is high or low in 
comparison to the other materials. A summary of the ethylene glycol yield from the 
different materials can be found below. 
  

Number Starting Material Catalyst Reaction Conditions 
EG Yield 

(%) Reference 

1 
Corn Stalk, 2% 

Ni-W2C 2% Ni-W2C 245°C, 6 MPa H2, 2 hours 18,3 [9] 

2 

Cassava Residue, 
H2WO4 + 

Ru/C 
H2WO4 + 

Ru/AC 245°C, 6 MPa H2, 1 hour 49,9 [10] 

3 
Cassava Residue, 

AMT + Ru/C 
AMT + 
Ru/AC 245°C, 6 MPa H2, 1 hour 48,2 [10] 

4 
Birch, 4% Ni-
30% W2C/AC 

4% Ni-30% 
W2C/AC 235°C, 6 MPa H2, 4 hours 51,4 [11] 

5 
Ashtree, 4% Ni-
30% W2C/AC 

4% Ni-30% 
W2C/AC 235°C, 6 MPa H2, 4 hours 52,7 [11] 

AMT = Ammonium Metatungstate Hydrate ((NH4)6H2W12O40 · xH2O) 
 

Table 3.1 - Ethylene Glycol Yield from Various Raw Lignocellulosic Materials 

 

Note that some experiments used tungsten carbide catalyst, which is out of the scope of 
this research. Another note is that the experiments were conducted under different 
conditions. One last thing to note is that in these experiments there are varying amounts 
of side products which were listed before which are sorbitol, mannitol, erythritol, and 
finally propylene glycol. Bearing this in mind, the ethylene glycol yield from Recell® will 
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be compared and this table will become a good basis of discussion after conducting the 
experiments.  
 

Upon understanding the effects of how both species of catalysts, reviewing past studies 
and checking results, and finally checking available catalysts in the lab the table below 
shows the catalysts used for the study. 
 

Number Catalyst 
Starting 

Compound 
Reaction Conditions 

 EG 
yield 
(%) 

Reference 

1 
AMT + 4% 

Ru/AC Cellulose 
240°C, 5 MPa H2, 40 
min, batch reaction 46,7 [8] 

2a 
AMT + 4% 

Ru/AC Glucose 
240°C, 5 MPa H2, 40 
min, batch reaction 7 [8] 

2b 
AMT + 4% 

Ru/AC Glucose 
240°C, 5 MPa H2, 40 

min, semicont. reaction 50,2 [8] 

3 
H2WO4 + 

Ru/AC Cellulose 
245°C, 6 MPa H2, 30 

min 58,5 [7] 
AMT = Ammonium Metatungstate Hydrate ((NH4)6H2W12O40 · xH2O) 
 

Table 3.2 - Catalyst Table Based on Literature 
 

From table 3.2 above, there is an apparent discrepancy between the reaction involving 
glucose, reactions 2a and 2b. Ethylene glycol yield of both reactions are vastly different. 
As a semi continuous reactor was employed, better temperature control was achieved. At 
temperatures as low as 80°C glucose readily undergoes hydrogenation to form sorbitol 
[27], while retro-aldol condensation for C-C cleavage occurs at temperatures higher than 
160°C [7][8]. For this reason the yield of ethylene glycol for batch reaction of glucose is 
poor. Meanwhile this is not a problem for cellulose as there is an extra hydrolysis step 
which occurs at temperatures higher than 150°C [8][28].  
 

Catalysts from the table 3.2 above were already tested in previous studies. For this 
research there were also other catalysts, which have not been tested in the past yet which 
were: 
 

Number Catalyst Starting Compound 

4 AMT + Ni on Al/Si Recell® 

5 H2WO4 + Ni on Al/Si Recell® 
6 AMT + Ni-Cu/SiO2 Recell® 
7 H2WO4 + Ni-Cu/SiO2 Recell® 

AMT = Ammonium Metatungstate Hydrate ((NH4)6H2W12O40· xH2O) 

 
Table 3.3 - Untested Catalyst Table 
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Table 3.2 states that there are different reaction conditions that could be employed for 
the synthesis of ethylene glycol from cellulose and glucose. In this research reaction 
conditions (temperature, pressure, reaction time, catalyst amount, starting compound 
amount) was set to be constant at 215°C, 5 MPa H2, 1 hour, batch reaction, 3 g Recell® 
in 30 ml water, 0.06 g tungsten-based catalyst, 0.24 g transition metal-based catalyst. The 
variable that is changed and studied is the catalyst used. The selected reaction 
temperature, 215°C, is lower than the typical temperatures of similar experiments. This 
temperature was selected due to the equipment taking a considerable amount of time to 
heat up past 200°C. Choosing this temperature is not a problem as previous studies 
[8][10] has shown this reaction can take place with this temperature. Furthermore, the 
reaction is run longer than similar reactions like this in hopes to compensate for the 
lower temperature. 
 

As previously mentioned, semi-continuous reactor is more desirable compared to a batch 
reactor for better temperature control, which ultimately leads to a better yield of ethylene 
glycol [8]. However, a batch reactor was used due to the availability of equipment in the 
lab. 
 

3.7 Reaction Optimisation 

Once the first research objective is completed and the optimal catalyst was found, the 
next step is to tweak reaction conditions to obtain an even better yield of ethylene glycol. 
Guanhong Zhao et al. [8] discusses various changes of reaction conditions (temperature 
and hydrogen pressure) changes ethylene glycol yield. Bare in mind that Guanhong Zhao 
et al. [8] used glucose instead of cellulose as the starting material. Due to time 
constraints, the only possible variable that was tested was varying reaction temperature. 

3.8 High-Performance Liquid Chromatography (HPLC) Analysis 

Upon finishing the reaction, the product is then analyzed using high-performance liquid 
chromatography (HPLC). Previous research [8] similar to this research also used this 
analysis technique. The principle of how HPLC analysis works is well defined by an 
article [29], and a simplified diagram of the analysis technique is shown below. 
 

 
 

Figure 3.9 - HPLC Analysis Diagram [29] 
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Whereas the normal column chromatography uses gravity, HPLC utilises pressure to 
feed sample through a column. It works identically to a normal column where sample is 
mixed with solvent (mobile phase), which moves over a HPLC tube (stationary phase). 
Different compounds in a mixture would be separated in the stationary phase and 
identified by the detector with different peaks of varying retention times and intensities, 
recorded on the machine. The data from the detector can then be processed, where the 
areas of the peaks can be derived to concentration of the substances by a calibration 
graph. The retention times of the compounds that are relevant to this research are shown 
below. 
 

Compound Retention Time (min) 
Glucose 11,04 ± 0,05 
Sorbitol 15,08 ± 0,15 
Mannitol 15,80 ± 0,05 
Erythritol 16,90 ± 0,4 
Ethylene Glycol (EG) 18,60 ± 0,1 
Propylene Glycol (PG) 19,80 ± 0,05 

 
Table 3.4 - Relevant Compounds for HPLC 

 

Furthermore, an example of a resulting HPLC spectrum after analysis is shown in the 
figure 3.10 below. The HPLC spectra shown below is of an experiment of ethylene glycol 
synthesis from Recell® using the catalyst AMT + 5% Ru/C. 

 
Figure 3.10 - HPLC Spectra, experiment with Recell® and catalysts AMT + 5% Ru/C 

4. Methodology 

4.1 Autoclave Setup 

Throughout the research the reactions were performed using an autoclave. The 
specifications of the autoclave were 50 mL maximum reactor volume and 20 MPa 
maximum pressure and 350°C maximum temperature. The setup of the autoclave is 
shown with a picture below. 
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Figure 4.1 - Autoclave Setup 

4.2 Reaction Procedure 

For the reaction itself, the conditions were already stated before and is once more 
summarised by the table below. 
 

Starting Material 
Recell 3 g 
Water 30 mL 
Tungsten-based catalyst 0,06 g 
Transition metal-based catalyst 0,24 g 

Reaction Conditions 
Temperature 215°C 
Pressure (H2) 5 MPa 
Reaction Time 1 hour 
Stirring Speed 300 rpm 

Batch Reaction 
 

Table 4.1 - Starting Material and Reaction Conditions 

 

Meanwhile, the catalysts that were used in this research are again shown below. 
 

Number Catalyst 
1 AMT + 5% Ru/AC 
2 H2WO4 + 5% Ru/AC 
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3 
AMT + Ni on Aluminum 

Sillica 

4 
H2WO4 + Ni on 
Aluminum Sillica 

5 AMT + Ni-Cu/SiO2 
6 H2WO4 + Ni-Cu/SiO2 

AMT = Ammonium Metatungstate Hydrate 
 

Table 4.2 - List of Catalyst Used 

 

All of the starting materials were put in the autoclave reactor. The autoclave reactor was 
then secured in place by the aid of bolts and the heating jacket is put on. Air-cooling and 
water-cooling for both stirrer and reactor was turned on. Subsequently, stirring and 
heating was then turned on, and the machine gradually increases in temperature. Once 
the temperature is steady at around 210°C, hydrogen was put into the reactor. Reaction 
was run for 1 hour. Upon completion, reactor was left to cool to room temperature. 
Excess pressure was discharged through a valve. Finally, resulting product was then 
extracted. 

4.3 Product Purification 

After the reaction had been completed, the color of the reaction mixture turned into 
black. This is due to unwanted production of humin and suspension of solid catalyst. 
Since the product needed to be analysed by HPLC, the product is first purified using a 
centrifuge with 4500 rpm for 15 minutes. An image of the difference of product before 
and after centrifuge is shown below. 
 

 
 

Figure 4.2 - Product Before and After Centrifuge 

4.4 HPLC Analysis 

The final step of the experiment is to analyse the sample using HPLC. For the HPLC 
analysis, the first step was making calibration graphs of the relevant compounds, shown 
in appendix 1. List of relevant compounds were already shown in table 3.4. To prepare 
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the product for HPLC analysis, 0,2 mL of product diluted in 0,8 mL water was put in a 2 
mL HPLC vial. The product was first filtered using a 0,20 µm filter. The vials were then 
closed tightly with a cap. Finally, it was put into the HPLC machine and measured for 60 
minutes with the Refractive Index Detector (RID). The resulting graphs were analysed 
and concentration of relevant compounds were obtained. Experimental data obtained 
from HPLC analysis can be found found in appendix 2. 
 
For processing the HPLC data, conversion of recell® is defined as the conversion of 
glucose molecule within Recell®. The formula below better illustrates the calculation of 
Recell® conversion. 
 

!"##$#%&" !"#$%#$ = 61 !"% ∗ !" !"#"$$® = 0,61 ∗ 3 ! = 1,83 !  
!"#$%& !" !"#$%&' = 1,83!

342!"#$!! !" 2!"#$%&' + 1 !"#$%  

= 5,4 ∗  10!! !"# ∗ 2 !"#$%& !" !"#$%&' !" !"##$#%&" !"#"!$%  
=  0,0108 !"# 

!"#"$$® !"#$%&'("# =  !"#$%& !"#$%&'$( !"#$%&' !" !"#$%&' (!" !"!)
0,0108 !"# ∗ 100%  

5. Results and Discussion 

5.1 Catalyst Screening Results 
	

Catalyst Screening Results 

Reaction conditions= starting compound 3g, water 30 mL, tungsten based-catalyst 0,06 g, transition metal based catalyst 
0,24 g, 215°C, 5 MPa H2,300 rpm, 1 hour 
a= conversion calculated by amount of glucose in product / starting amount of glucose 
EG = ethylene glycol, PG = propylene glycol 
 

Table 5.1 - Catalyst Screening Results 

 

Starting 
Material 

Catalyst Mol Yield (%) Conversiona 
(%) Sorbitol Mannitol Erythritol EG PG 

Recell® No Catalyst 0,37 1,22 - 0,99 - 99 
Recell® AMT +5 wt% Ru/C 0,22 0,51 - 4,04 - 100 

Recell® 
H2WO4 + 5 wt% 

Ru/C 0,25 0,77 - 1,04 - 100 
Recell® AMT + Ni on Al/Si 0,46 0,62 - 1,11 - 99 

Recell® 
H2WO4 + Ni on 

Al/Si 0,43 0,6 - 1,03 - 100 
Recell® AMT +  Ni-Cu/SiO2 0,27 1,04 - 0,21 - 100 

Recell® 
H2WO4 +  Ni-

Cu/SiO2 0,81 1,66 - 1,88 - 99 
Cellulose AMT + 5 wt% Ru/C 4,39 1,89 2,75 26,78 4 99 
Glucose AMT + 5wt% Ru/C 1,22 1,34 - 1,59 5,9 100 
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Looking at the two benchmark reactions in the bottom using cellulose and glucose, 
several things can be inferred. Mol yield of ethylene glycol for glucose is low, comparable 
to literature [8] (refer to table 3.2 entry 2a), due to the missing rate-determining step of 
hydrolysis of cellulose to glucose. However, there is an expected sorbitol yield of 32,5% 
for the reaction with glucose. This is not the case for the benchmark reaction that was 
conducted. Possible reasoning behind this could be due to the hydrogen pressure, which 
is further discussed in the second part of the research (chapter 5.3). 
 
For cellulose, there is a significantly higher amount of ethylene glycol yield compared to 
glucose but this is still smaller than the expected ethylene glycol yield of 46,7%. It is also 
important to note that both have almost complete conversion. The high conversion is 
possibly a consequence formation of unwanted side products. The reasoning behind the 
low yield for cellulose could be due to the lower temperature that was employed for the 
reaction. Both results from benchmark reaction from glucose and cellulose suggests that 
reaction conditions were not perfect. To what extent reaction temperature affects 
ethylene glycol yield on Recell® is discussed in the second part of the research, reaction 
optimisation (chapter 5.3). 
 

Looking at selected catalysts, nothing conclusive can be said about the untested catalysts 
(refer to table 3.3). It is unclear whether low ethylene glycol yield using these catalysts are 
attributed to intrinsic chemical inhibitors within Recell®, reaction conditions, or the 
catalysts are simply unsuitable for the process. To eliminate the last possibility, the same 
reaction should be performed using cellulose and checking if ethylene glycol yield is 
comparable to literature values, refer to table 3.2, or not. 
 

Comparing to other raw lignocellulosic materials, ethylene glycol yield from Recell® is 
very poor, the lowest among others. Ethylene glycol yield is even lower than pre-treated 
corn stalk, which was the lowest yield from table 3.2. The highest recorded ethylene 
glycol yield was obtained by using AMT + 5% Ru/C, which lead to a yield of 4,04%. 
This can be better illustrated by the aid of the figure below. 
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Ethylene glycol yield from Recell® was taken from the experiment with AMT + 5% Ru/C and reaction conditions for each 
experiments were mentioned in table 3.2 
 

Figure 5.1 - Comparison of Ethylene Glycol Yield from Raw Lignocellulosic Materials 
 

Keeping in mind that the reaction conditions vary slightly, figure 5.1 illustrates the 
comparison between Recell® and other raw lignocellulosic material. Recell® possess a 
relatively high cellulose content compared to other lignocellulosic materials, yet has the 
lowest ethylene glycol yield. The possible reasoning behind this is further discussed 
below.  
 

Some physical indicators of poor ethylene glycol yield can be observed from figure 3.10, 
which is a resulting HPLC spectrum of the experiment with AMT + 5% Ru/C. A lot of 
peaks are observed which means that most likely a large number of unwanted products 
are present. Furthermore, figure 5.2 below shows the difference of product before and 
after purification by centrifuge. After centrifuge, a lot of black solid is observed. This is 
indicative of possible humin formation, meaning unwanted side reactions did occur 
throughout the synthesis process. Below are images which show how product 
purification differs for reaction with glucose, cellulose, and Recell® respectively. It can 
be clearly seen that there is much more solid separated in Recell® compared to glucose 
and cellulose. The high conversion yet low ethylene glycol yield could most likely be 
attributed to the production of unwanted side products, more specifically humin. 
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Figure 5.2 – Product Purification of Different Starting Material 
 

Meanwhile, in terms of possible intrinsic chemical reasons behind the low yield of 
ethylene glycol were from lignin and inorganic impurities. It is important to understand 
that toilet paper is derived from trees [30], meaning that there it is possible that there 
may be lignin present in Recell®, although it was not characterised in the previous 
Bachelors research project [15]. Studies conducted by Jifeng Pang et al. [9] and Changzhi 
Li et al. [11] both show that the presence of lignin significantly decreases the conversion 
of raw lignocellulosic material into ethylene glycol. Jifeng Pang et al. [9] suggests that 
lignin derivatives under the reaction conditions might cover or poison the hydrogenation 
active sites, leading to a low yield of ethylene glycol. The figure below illustrates the 
effect of lignin content in corn stalk to ethylene glycol yield, taken from an article from 
Jifeng Pang et al. [9]. 
 

 
 

Figure 5.3 – Effect of Lignin on EG Yield [9] 
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It appears that lignin highly influences ethylene glycol yield, especially at higher wt% of 
lignin. However, based on the previous Bachelors research project [15], there is only 
about 11 wt% unidentified compound in Recell®. Even if all 11 wt% of unidentified 
compound is all lignin, based on the figure 5.3, it would reduce ethylene glycol yield. 
However, this decrease would not be as drastic compared to lignin content of over 20 
wt%. Nonetheless, further characterisation of Recell® should be conducted to check 
how much lignin is present.  
 

Another study from Jifeng Pang et al. [31] extensively discusses the possible effects of 
inorganic impurities in this process. This research [31] stated that some inorganic 
impurities, like aluminum chloride, increase the pH causing the rate of reaction of 
cellulose hydrolysis to increase. This would be counterproductive, as formed sugars 
would not be hydrogenated fast enough and end up decomposing and or polymerising 
into humin [31]. Another way that inorganic impurities may hinder ethylene glycol 
synthesis is by reacting with tungsten based-catalyst and forming insoluble compounds 
[31], and even deactivating the catalyst. This is the case with Ca and Fe impurities, which 
forms CaWO4 and FeWO4 respectively [31]. 
 

Since the starting material Recell® is a recycled waste product it is possible that it 
contains some inorganic impurities which were discussed above. Jifeng Pang et al. [31] 
identified these inorganic impurities in the ash content of raw lignocellulosic material, 
which is assumed to be applicable for the ash content of Recell®. Future research should 
try to identify and characterise the ash content in Recell® to see whether this assumption 
stands. 
 
Another interesting fact is that there is no propylene glycol in the product. This could 
occur for the same reason behind the low yield of ethylene glycol mentioned above. 
Additionally, the small amount of hemicellulose in Recell® could be another factor. The 
cellulose content of Recell®, 61 wt%, can only be converted into 4% ethylene glycol. It 
would be logical that since there is a smaller amount of hemicellulose compared to 
cellulose, 7,5 wt%, that it would not lead to a formation of propylene glycol. 

5.2 Catalyst Recyclability 

As catalyst reusability is not the main objective of the research it will be discussed briefly. 
Observing figure 5.2, there are significantly less solid formed for cellulose and glucose, 
which makes it possible to recycle the catalysts. For Recell®, excess solid formed could 
be due to the formation of humin. In order to even start thinking about reusing the 
catalyst one must first think on how to separate humin from the catalyst. One possible 
method for separating humin from the catalyst is through calcinating the solid products 
at 300°C. This could be done to burn off the humin that was produced. However, the 
whether or not the structure and properties of the catalysts remain the same after 
calcination is another problem. This could be tested in future studies. 
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5.3 Reaction Optimisation 

So far the discussion has only been limited to the intrinsic factors within the starting 
compound Recell®, but it should be noted that reaction conditions could be a massive 
factor affecting yield of ethylene glycol. It must be recalled that the reaction was 
conducted in a lower temperature compared to most literature conducting similar 
experiment. The extent on how much temperature affects ethylene glycol yield is 
summarised in a table below. The catalyst that yielded the most ethylene glycol, AMT + 
5% Ru/C, was selected while reaction conditions were altered. 
 

Reaction 
Temperature 

Mol Yield (%) Conversiona 
(%) Sorbitol Mannitol Erythritol EG PG 

200°C No reaction 
215°C 0,22 0,51 - 4,04 - 100 
245°C 1,22 2,03 2,71 12,15 9,56 99 

Reaction conditions= starting compound 3g, water 30 mL, tungsten based-catalyst 0,06 g, transition metal based catalyst 
0,24 g, 215°C, 5 MPa H2,300 rpm, 1 hour 
a= conversion calculated by amount of glucose in product / starting amount of glucose 

 
Table 5.2 – Reaction Optimisation Results 

 
From the table 5.2 above it can be inferred that reaction temperature does affect ethylene 
glycol yield. The highest yield of ethylene glycol was observed at 245°C, which is the 
typical temperature at which this kind of reaction is usually conducted on [8][9][10][11]. 
Reaction at 200°C yielded a slurry of Recell®, which could not be analysed. Due to this 
fact, compounds of interest are not identified and it was concluded that no reaction 
occurred. Possible reasoning behind this might be the lower temperatures lead to lower 
rate of hydrolysis reaction and consequently the following reactions as well. 
 
A trend could be observed that higher temperatures yield higher ethylene glycol from 
Recell®. This trend is consistent with the work of Guanhong Zhao et al. [8], which 
synthesised ethylene glycol from glucose. Guanhong Zhao et al. [8] also tested the 
reaction (with glucose as feedstock) at 260°C and ethylene glycol yield was lower at 
260°C compared to 240°C. This would suggest an upper threshold at which ethylene 
glycol yield will level off or drop upon reaching temperatures higher than 240/245°C. It 
would be beneficial to check if this fact is also consistent, however this was not 
conducted due to time constraints. Finally, it would seem that the initial assumption that 
longer reaction time could compensate the lower temperature was not valid. 
 
There is also another interesting point of discussion. Typically, upon heating the reactor 
to a certain temperature and before putting in hydrogen, there has already been an 
increase in pressure. From this elevated pressure (about 2,5 – 3 MPa), hydrogen was then 
put in up until reactor pressure reaches 5 MPa. This was not the case for the experiment 
at 245°C. The pressure in the reactor had already reached 5 MPa after heating. The 
pressure was then elevated further by the addition of hydrogen. Maybe, instead of 
increasing to 5 MPa, all of the reactions should have been increased from their respective 
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elevated pressures up by 5 MPa. This could be a large factor influencing low ethylene 
glycol yield. Whether or not the hydrogen should be introduced before, during, or after 
heating remains to be a question yet to be answered. It could be possible that introducing 
hydrogen during heating will be beneficial, as it could suppress unwanted humin 
formation. However, that might come with a tradeoff of increased sorbitol and mannitol 
yield. 
 
Due to time constraints, only three temperature points were selected and other reaction 
conditions such as amount of hydrogen and reaction time was not tested. It would be 
beneficial to explore the effects of reaction conditions further to see just how much 
further can the ethylene glycol yield can be obtained from Recell®. A final comparison 
between Recell® and raw lignocellulosic material can be found below. 
 

 
Figure 5.3 - Comparison of Ethylene Glycol Yield from Raw Lignocellulosic Materials After 

Reaction Optimisation 
 

Bearing the results of the limited runs for reaction optimisation, it would appear that the 
low ethylene glycol yield from Recell® is influenced more by the intrinsic factors within 
Recell® compared to the reaction conditions. It is important to stress that this 
conclusion requires further testing with other reaction parameters such as reaction 
temperature and hydrogen pressure. As it stands, ethylene glycol yield from Recell® is 
still low compared to other raw lingocellulosic materials. 

6. Future Perspectives 
The results of this research finds that currently, the synthesis of ethylene glycol results in 
a low yield of 12,15% after reaction optimisation. This number of 12,15% ethylene glycol 
yield is small in comparison of other raw lignocellulosic materials. Furthermore, due to 
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humin formation, recycling catalysts proves to be difficult. Due to these two reasons, it is 
clear that this process is very far away from commercialisation. 
 
The next step in the research of the novel synthesis of ethylene glycol from Recell® is to 
try various pre-treatment methods in effort to maximize ethylene glycol yield. It is very 
important to remove both lignin and inorganic impurities that possibly hinder ethylene 
glycol synthesis. Jifeng Pang et al. [9] extensively discusses a large number of pre-
treatment methods for corn stalk in order to maximise ethylene glycol yield. These 
techniques could also be tested for Recell®. Furthermore, better operation of the reactor 
could be another direction for the future of the study. An example would be introducing 
hydrogen at different times (before and during heating) and utilising semicontinous 
reactors in efforts to improve ethylene glycol yield. 
 
Even after obtaining high yield of ethylene glycol, the desired product must still be 
separated from a mixture of other polyols. This is a crucial step before even thinking of 
utilising ethylene glycol for its intended end use. 

7. Conclusion 
This research aims to optimise the synthesis of ethylene glycol from a waste cellulose 
feedstock, Recell®, by means of one-pot catalytic reaction. Synthesis of ethylene glycol 
from Recell® involves a cascade of reactions beginning with cellulose and hemicellulose. 
Two types of catalyst were required to be used in combination, tungsten based-catalyst 
and transition metal based-catalyst. The former type of catalyst dissolves into tungsten 
bronze at elevated temperature and pressure and aids in cellulose hydrolysis. In addition, 
this catalyst aids in the subsequent C-C cleavage through retro-aldol condensation. 
Meanwhile, the latter type of catalyst is used for hydrogenation.  
 
Reactions were performed in an autoclave reactor with 3 g Recell®, 30 mL water, 0,06 g 
tungsten based-catalyst and 0,24 g transition metal based-catalyst, and 5 MPa hydrogen. 
The reactions were performed at 215°C for an hour. The variables that were tested were 
optimal combination of catalysts and reaction temperature. It was found that, out of the 
6 catalysts combination that were tested, the optimal catalysts were AMT + 5% Ru/C 
which yields 4,04% ethylene glycol. This yield is low compared to similar reactions 
conducted with other raw lignocellulosic materials. Low ethylene glycol yield was 
attributed to intrinsic factors within Recell® specifically lignin and inorganic impurities, 
as well as humin formation during heating. Upon optimising the reaction by trying 
different reaction temperatures, it was found that the optimal temperature was 245°C. 
Due to time constraints other reaction conditions e.g. amount of hydrogen and reaction 
time were not tested. Improved ethylene glycols yield of 12,15% was obtained after 
reaction optimisation. Even after reaction optimisation, ethylene glycol yield was still low 
compared to other raw lignocellulosic materials. It is concluded that the low yield is more 
influenced by intrinsic factors compared to reaction conditions although other reaction 
conditions still needs to be varied and tested. More work needs to be done on 
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characterising Recell®; finding out how much of both lignin and inorganic impurities are 
contained. 
 
Due to the low yield of ethylene glycol and non-reusable nature of the catalyst, this 
process is deemed to be far away from possible commercialisation. Methods of Recell® 
pretreatment should be employed to improve ethylene glycol yield. Another problem 
would still persist even after a high ethylene glycol yield is observed; effective means to 
separate ethylene glycol from other polyols contained in the product mixture still needs 
to be found. 
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10. Appendix 

Appendix 1: HPLC Calibration Graphs 
cal x = x is dilution factor 

Glucose 
  Nr M Area 

cal10 0,005 1,16E+05 
cal4 0,0125 1,99E+05 
cal2 0,025 3,62E+05 
cal0 0,05 7,71E+05 
Line eq y = 2E+7x 

 Slope 2,00E+07 
  

 
 

Sorbitol 
  Nr M Area 

cal10 0,005 1,12E+05 
cal4 0,0125 1,90E+05 
cal2 0,025 3,41E+05 
cal0 0,05 7,69E+05 
Line eq y = 2E+7x 

 Slope 2,00E+07 
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Mannitol 
  Nr M Area 

cal10 0,005 1,06E+05 
cal4 0,0125 2,46E+05 
cal2 0,025 4,42E+05 
cal0 0,05 8,89E+05 
Line eq y = 2E+7x 

 Slope 2,00E+07 
    

 
 
Erythritol 

  Nr M Area 
cal10 0,005 6,00E+04 
cal4 0,0125 1,40E+05 
cal2 0,025 2,53E+05 
cal0 0,05 5,05E+05 
Line eq y = 1E7x 

 Slope 1,00E+07 
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Ethylene 
Glycol 

Nr M Area 
cal10 0,005 2,54E+04 
cal4 0,0125 4,58E+04 
cal2 0,025 7,75E+04 
cal0 0,05 2,26E+05 
Line eq y = 4E+6x 

 Slope 4,00E+06 
  

 
 
Propylene Glycol 

 Nr M Area 
cal10 0,005 30771,6 
cal4 0,0125 53969,2 
cal2 0,025 97019,4 
cal0 0,05 195701 
Line eq y = 4E+6x 

 Slope 4,00E+06 
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Appendix 2: Experimental Results 
The amount of EG yield has been corrected for the fact that the mol ratio of glucose : 
formed EG is 1:3. This would mean an expected EG yield of 0,0108 * 3 = 0,0324 mol. 
This correction was also employed for expected yield of eryhtritol (0,0162 mol) and PG 
(0,0216 mol). Experimental data tables could be found starting from the next page. The 
mol values found from the HPLC data is then divided with the expected yield mention 
for each compound above.  
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Exp 1 (AMT & Ru/C) 
      

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 11,04 1756,44 8,78E-05 4,3911E-07 
1,3173
3E-05 

0,00121
975 0,121975 

Fructose 12,48 1329,1 6,65E-05 3,32275E-07 
9,9682
5E-06 

0,00092
2986 

0,0922986
11 

Sorbitol 15,08 3202,46 1,60E-04 8,00615E-07 
2,4018
5E-05 

0,00222
3931 

0,2223930
56 

Mannitol 15,74 7385,56 3,69E-04 1,84639E-06 
5,5391
7E-05 

0,00512
8861 

0,5128861
11 

Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 
Glycol 18,58 26190 8,73E-03 0,00004365 

0,0013
095 

0,04041
6667 

4,0416666
67 

Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 2 (H2WO4 & 
Ru/C) 

      
Compound 

Retention 
Time Area 

M 
(mol/L) 

M 
(mol/mL) mol yield yield (%) 

Glucose 11,02 2545,07 1,27E-04 6,36268E-07 
1,9088

E-05 
0,00176

741 
0,1767409

72 

Fructose 12,47 3021,8 1,51E-04 7,5545E-07 
2,2663
5E-05 

0,00209
8472 

0,2098472
22 

Sorbitol 14,9 3662,7 1,83E-04 9,15675E-07 
2,7470
3E-05 

0,00254
3542 

0,2543541
67 

Mannitol 15,74 11194,8 5,60E-04 2,7987E-06 
0,0000
83961 

0,00777
4167 

0,7774166
67 

Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 
Glycol 18,73 6734,62 2,24E-03 1,12244E-05 

0,0003
36731 

0,01039
2932 

1,0392932
1 

Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 3 (AMT & Ni on Al/Si) 
     

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 10,98 
7251,3

7 3,63E-04 1,81284E-06 
5,4385
3E-05 

0,00503
5674 

0,5035673
61 

Fructose 12,45 
7757,3

9 3,88E-04 1,93935E-06 
5,8180
4E-05 

0,00538
7076 

0,5387076
39 

Sorbitol 15,1 6586,6 3,29E-04 1,64665E-06 
4,9399
5E-05 

0,00457
4028 

0,4574027
78 

Mannitol 15,71 8999,2 4,50E-04 2,2498E-06 
0,0000
67494 

0,00624
9444 

0,6249444
44 

Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 18,59 7229,0 2,41E-03 1,20484E-05 0,0003 0,01115 1,1155910
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Glycol 3 61452 591 49 
Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 4 (H2WO4 & Ni on Al/Si) 
     

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 10,98 4090,6 2,05E-04 1,02265E-06 
3,0679
5E-05 

0,00284
0694 

0,2840694
44 

Fructose 12,45 5065,2 2,53E-04 1,2663E-06 
0,0000
37989 

0,00351
75 0,35175 

Sorbitol 15,1 
6213,5

1 3,11E-04 1,55338E-06 
4,6601
3E-05 

0,00431
4938 

0,4314937
5 

Mannitol 15,69 
8638,6

3 4,32E-04 2,15966E-06 
6,4789
7E-05 

0,00599
9049 

0,5999048
61 

Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 
Glycol 18,59 6653,7 2,22E-03 1,10895E-05 

0,0003
32685 

0,01026
8056 

1,0268055
56 

Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 5 (no catalyst) 
      

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 11,01 
7950,9

4 3,98E-04 1,98774E-06 
5,9632
1E-05 

0,00552
1486 

0,5521486
11 

Fructose 12,44 
4524,8

6 2,26E-04 1,13122E-06 
3,3936
5E-05 

0,00314
2264 

0,3142263
89 

Sorbitol 15,2 
5413,8

2 2,71E-04 1,35346E-06 
4,0603
7E-05 

0,00375
9597 

0,3759597
22 

Mannitol 15,77 
17607,

1 8,80E-04 4,40178E-06 
0,0001
32053 

0,01222
7153 

1,2227152
78 

Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 
Glycol 18,6 

6403,8
5 2,13E-03 1,06731E-05 

0,0003
20193 

0,00988
2485 

0,9882484
57 

Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 6 (AMT + Ni-Cu/SiO2) 
     

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 11,01 
3680,5

7 1,84E-04 9,20143E-07 
2,7604
3E-05 

0,00255
5951 

0,2555951
39 

Fructose 12,44 
1178,5

3 5,89E-05 2,94633E-07 
8,8389
8E-06 

0,00081
8424 

0,0818423
61 

Sorbitol 15,2 
3850,1

7 1,93E-04 9,62543E-07 
2,8876
3E-05 

0,00267
3729 

0,2673729
17 

Mannitol 15,76 
15003,

7 7,50E-04 3,75093E-06 
0,0001
12528 

0,01041
9236 

1,0419236
11 
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Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 
Glycol 18,6 

1331,0
8 4,44E-04 2,21847E-06 

0,0000
66554 

0,00205
4136 

0,2054135
8 

Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 7 (H2WO4 + Ni-Cu/SiO2) 
     

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 10,98 10623 5,31E-04 2,65575E-06 
7,9672
5E-05 

0,00737
7083 

0,7377083
33 

Fructose 12,46 
11244,

7 5,62E-04 2,81118E-06 
8,4335
3E-05 

0,00780
8819 

0,7808819
44 

Sorbitol 15,1 
11676,

8 5,84E-04 2,9192E-06 
0,0000
87576 

0,00810
8889 

0,8108888
89 

Mannitol 15,72 
23868,

6 1,19E-03 5,96715E-06 
0,0001
79015 

0,01657
5417 

1,6575416
67 

Erythritol 0 0 
0,00E+0

0 0 0 0 0 
Ethylene 
Glycol 18,6 

12161,
2 4,05E-03 2,02687E-05 

0,0006
0806 

0,01876
7284 

1,8767283
95 

Propylene 
Glycol 0 0 

0,00E+0
0 0 0 0 0 

        Exp 8 - 10 invalid due to equipment problems 
   Exp 11 (glucose + AMT/Ru/C) 

    
Compound 

Retention 
Time Area 

M 
(mol/L) 

M 
(mol/mL) mol yield yield (%) 

Glucose 0 0 0,00E+00 0 0 0 0 
Fructose 0 0 0,00E+00 0 0 0 0 

Sorbitol 15,14 
17524,

5 8,76E-04 
4,38113E-

06 
0,0001
31434 

0,01216
9792 

1,2169791
67 

Mannitol 16,4 
19352,

1 9,68E-04 
4,83803E-

06 
0,0001
45141 

0,01343
8958 

1,3438958
33 

Erythritol 0 0 0,00E+00 0 0 0 0 
Ethylene 
Glycol 19,24 

10324,
5 3,44E-03 

1,72075E-
05 

0,0005
16225 

0,01593
287 

1,5932870
37 

Propylene 
Glycol 19,9 

34064,
6 8,52E-03 

4,25808E-
05 

0,0012
77423 

0,05913
9931 

5,9139930
56 

        Exp 12 (Cellulose + AMT/Ru/C) 
    

Compound 
Retention 

Time Area 
M 

(mol/L) 
M 

(mol/mL) mol yield yield (%) 

Glucose 14,16 
10661,

4 5,33E-04 
2,66535E-

06 
7,9960
5E-05 

0,00740
375 0,740375 

Fructose 15,38 9260,6 4,63E-04 
2,31515E-

06 
6,9454
5E-05 

0,00643
0972 

0,6430972
22 

Sorbitol 20,3 
63259,

6 3,16E-03 
1,58149E-

05 
0,0004
74447 

0,04393
0278 

4,3930277
78 

Mannitol 21,02 27271 1,36E-03 6,81775E- 0,0002 0,01893 1,8938194
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06 04533 8194 44 

Erythritol 22,55 
29740,

6 2,97E-03 
1,48703E-

05 
0,0004
46109 

0,02753
7593 

2,7537592
59 

Ethylene 
Glycol 24,37 157807 5,26E-02 

0,00026301
2 

0,0086
79385 

0,26788
2253 

26,788225
31 

Propylene 
Glycol 25,7 

23065,
6 5,77E-03 

0,00002883
2 

0,0008
6496 

0,04004
4444 

4,0044444
44 


