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Summary 
Biomass such as wheat straw is a renewable energy source and can be used in the paper industry. 

Wheat straw is already present, because it is agricultural waste and it could replace the now used 

wood in paper industry. Before it can be used the lignin has to be separated from the cellulose and 

hemicellulose, the now used methods are expensive and environmental unfriendly. A solvent which 

could replace these methods, are deep eutectic solvents (DESs). DESs are environmental friendly and 

are not expensive, it is expected that these solvents work because ionic liquids have been used for 

extracting lignin from biomass and DESs probably have the same characteristics as these ionic liquids. 

DESs can be formed by mixing two solids and heating them a little bit and this will result in a liquid. 

Two extractions of wheat straw were done, one with glycolic acid and proline in a ratio 3:1 and one 

with glycolic acid and choline chloride in a ratio 3:1. To analyse the extracted wheat straw, the wheat 

straw was hydrolysed and from this the amount of extracted lignin, hemicellulose and cellulose can 

be calculated. The hydrolysis is a gravimetric method and unfortunately it does not give very good 

results. From the hydrolysis an acid insoluble lignin remains as a solid and it is assumed that this only 

contains lignin, but it is possible that some cellulose or hemicellulose did not hydrolysed and is 

present in the acid insoluble lignin. A plant consists also of other inorganic volatile components and 

protein, which could be present in the acid insoluble lignin. So the acid insoluble lignin is investigated 

with infrared spectroscopy, Raman microscopy, SEM-EDX and with TGA. 

Another explanation for finding wrong results from the hydrolysis, is that some solvent is remaining 

in the wheat straw and that this is measured by the weight loss of the wheat straw, which is also 

used to calculate the content of extracted lignin. To see if some solvent is remaining in the wheat 

straw, the wheat straw is also investigated with infrared spectroscopy, Raman microscopy and with 

SEM-EDX. Also an immersion is done with both DESs, for the immersion wheat straw was mixed with 

DES at room temperature for a very short time and this was also investigated with these methods. It 

was expected that the immersion samples did not extracted any components. 

The DESs is washed away with a mixture of water-ethanol and it was also investigated if this was step 

influenced the composition of the wheat straw, so untreated wheat straw was compared with the 

reference sample. 

After analysing the acid insoluble lignin it could be seen that some cellulose if left, and that the AIL is 

not the same for every sample. Probably the differences are due to the hydrolysis reaction itself, 

because not every biomass particle gets the same treatment, this influences the gravimetric method. 

In the wheat straw no remaining solvents was left and only very small differences between the 

reference, immersion and extraction sample could be seen. These difference are probably from the 

wash step with water-ethanol. Wheat straw gets sticky after it is treated with LTTM, so the washing 

with water-ethanol takes longer and more lignin will dissolve. The extracted samples are even 

stickier and the wheat straw is longer in contact with the water-ethanol mixture. This can lead to the 

small differences.  

The extraction with LTTM does not remove all lignin from the wheat straw, still some lignin is present 

in the wheat straw. The extraction with the LTTM does remove the amorphous cellulose. 
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1. Introduction 

1.1. Biomass 

It is important to replace the fossil sources and reducing the carbon dioxide footprint, several ways 

are possible for doing this, one of them is the use of biomass. The biomass is divided into three 

groups, agricultural products, lignocellulosic biomass and algae. [1] Biomass can be used as biofuel, 

bio power or bio products such as plastics and other products which are currently made from 

petroleum. [2] Biomass sources are very versatile, but this work will be focussed on non-edible 

lignocellulosic biomass like agricultural waste or wood to prevent food-competition. Most of the 

agricultural waste, such as wheat straw, is burned and this leads to pollution, so it has high economic 

and environmental potential. [3] Wheat straw is an abundant agricultural waste stream that consists 

of dried wheat stem. The yield of straw is 1.3-1.4 kg per kg of wheat and the world production is 680 

million tons a year. [4] Lignocellulosic biomass consists of three main components, cellulose, 

hemicellulose and lignin. In Figure 1.1 the wall of a cell can be seen, the outside of the wall is made of 

lignin and in the lignin cellulose fibrils can be found. The hemicellulose can be found between the 

cellulose fibrils as can be seen in Figure 1.2. 

 

The main source for the paper industry is the cellulose from wood. Lignocellulosic biomass can 

replace the now used wood fibers, this is necessary because the environmental concerns are 

increasing [5], the future availability of the wood fibers is uncertain, the demand of wood is still 

increasing and the wood costs are increasing. [6] Another reason for using non-wood fibers is that 

the rain forest or primeval forest are not used. [6] Non-wood fibers have also advantages compared 

Figure 1.1: Plant cell, cell wall and micro fibrils [68] 

Figure 1.2: Lignin, cellulose and hemicellulose [69] 
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to wood fibers, non-wood fibers grow faster, the lignin content is smaller and the pulp can be made 

at low temperatures with less chemicals. If the non-wood fibers are from agricultural waste, it can 

give additional income to the farmer. These fibers can be used in different kinds of paper. [6] 

The lignocellulose biomass can also be converted to biofuels and biochemicals, but before it can be 

used the lignin must be removed from the biomass. For the biofuel the cellulose and hemicellulose 

are converted to monomeric sugars with hydrolysis and after that the sugars convert to ethanol with 

a fermentation process. [7][8] In paper and pulp industry only cellulose and hemicellulose are used to 

get a high strength and brightness of the paper, the lignin makes the paper weaker. [9] Also for the 

hydrolysis of cellulose it is necessary to remove the lignin, because it interferes with the hydrolysis. 

[10] 

Lignin is a major residual stream and in the future it could be used for other applications, it can be 

found in concrete, asphalt or as fuel. [1] It is also a potential renewable source for aromatic 

chemicals. [11] In the paper and pulp industry lignin is removed with the Kraft process, after this 

process the hemicellulose and lignin are not useful anymore for other applications. If another 

process is used for the delignification of the biomass, such as a pre-treatment step which makes the 

hemicellulose and cellulose more accessible for a hydrolysis, the lignin can be recovered and used for 

other applications. [11] In section 1.3 the Kraft process will be explained and compared with other 

processes. In section 1.2 the composition of a cell of a plant and the structure of the three 

biopolymers which can be found in plants can be seen.  
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1.2. Composition of a cell of a plant and the structure of lignin, cellulose 

and hemicellulose 

The cell of a plant consists of several components, as discussed in section 1.1. Besides cellulose, 

hemicellulose and lignin which can be found at the wall of the cell, the wheat straw contains also 

other elements such as metals and salts, which can be found in the cell itself. These elements are 

important for the cell to live. 

Elements which can be found in plants are hydrogen, carbon, oxygen, nitrogen, potassium, calcium, 

magnesium, phosphor, sulphur, chlorine, boron, iron, manganese, zinc, copper and molybdenum. 

The hydrogen, carbon and oxygen form the lignin, cellulose, hemicellulose and other sugars. The 

nitrogen can be found in proteins of the plant, the proteins function as enzymes or biological 

catalysts and they make the metabolism of the plant possible. Chloride and potassium are important 

for the photosynthesis, potassium is also necessary for cell expansion and to regulate opening and 

closing of stomates. Stomates can be seen in Figure 1.3. The opening and closing of these stomates is 

very important because it regulates the incoming and outgoing carbon dioxide and oxygen. 

 

Calcium makes crosslinks between cell walls of the plant and is a messenger for the regulation of 

growth hormones. The magnesium atoms lay in the centre of chlorophyll and can increase the 

effectiveness of enzymes. Chlorophyll molecules can be found in the chloroplasts, the latter can be 

seen in Figure 1.4. Manganese is also important for the synthesis of chlorophyll. Phosphor can be 

found in the DNA, it is the backbone of nucleic acids and it provides energy to the plant as ATP. 

Sulphur can be found in amino acids, vitamins and enzyme cofactors. 

Iron is important for the synthesis of chloroplasts and enzymes. Copper is a component of several 

enzymes and molybdenum is essential for the conversion of the nitrate into amino acids. [12][13][14] 

  

Figure 1.3: Stomates in a cell [70] 
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In other literature is also found that silicon oxide is present in the stem of wheat straw. [15][16] 

 

The main components in plants are hydrogen, carbon and oxygen. Nitrogen (2%) and potassium (1%) 

are the other two components which have a large composition. The other elements have a presence 

of less than one percent. [13] 

Glucose molecules are connected with β-1,4 glycosidic bonds as can be seen in Figure 1.1 and form 

cellulose fibrils, the cellulose fibrils are bounded with hydrogen bonds to each other. Cellulose is a 

linear polymer [17] and amorphous and crystalline cellulose can be found in the cell walls. This 

crystallinity protects the cellulose for chemical and biological degradation. [18] The cellulose is 

connected to hemicellulose, hemicellulose consists of different monosaccharides, such as xylose and 

arabinose (pentoses) and mannose, galactose and rhamnose (hexoses). [19] Hemicellulose has a 

lower molecular weight than cellulose [19], the chains are shorter and it is a branched polymer with 

side groups. [17] The hemicellulose is also bound to the lignin, with ester and ether bonds and it is 

the connection between the cellulose and lignin [20]. Hemicellulose makes the cell walls more rigid. 

[19] 

Lignin is an amorphous polymer and it consists of three different monomers, these are aromatic 

alcohol precursors and are p-coumaryl, coniferyl and sinapyl. In Figure 1.5 the three aromatic alcohol 

precursors can be found. These three molecules form a complex three dimensional polymer, during 

the lignification process. Approximately 50% of the bonds in this polymer are β-O-4 ether linkages. 

[11] These linkages can also be seen in Figure 1.6. In wheat straw all three aromatic alcohol 

precursors can be found. Lignin is associated with carbohydrates via covalent bonds. 

Figure 1.4: Cell of a plant [71] 

Figure 1.5: Different aromatic alcohol precursors which form lignin [6] 
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1.3. Extracting lignin from biomass 

In chemical pulp production the lignin is removed from the biomass and it is tried not the affect the 

cellulose and hemicellulose, these can be used for further applications. [17] Several processes can be 

used for extracting the lignin from biomass, for example the Kraft process and the organosolv 

process. 

The process which is used for the pulping of biomass in the industry is the Kraft process, the lignin 

which is obtained from this process is the alkali lignin. In this process the biomass is cooked at high 

temperatures and pressure in white liquor. White liquor is a mixture of a strong alkali such as sodium 

hydroxide and sodium sulphide. [21] The sodium sulphide acts as a catalyst for separating the lignin 

from the cellulose fibers. [22] This white liquor degrades the lignin and a little bit of the 

hemicellulose in the biomass. To remove the lignin two structural changes must be made to the 

lignin, the first one is the fragmentation of the lignin into smaller parts [10], because of the pH value 

of the white liquor, the alpha aryl ether bonds break as can be seen in Figure 1.6 and these make 

smaller parts of the lignin. This bond breaks only in the phenyl propane parts if a free phenolic 

hydroxyl group is present. [23] The cleavage of the ether bond gives reactive intermediates, such as 

quinone methide or carbocations, and these can react with nucleophilic species. The second step is 

the introduction of hydrophilic groups, these nucleophiles react with the intermediates and  the 

small lignin parts are dissolved and removed. [10] 

 

Figure 1.6: Breaking of the aryl ether bonds [23] 

After the cooking process, the biomass is blown in the blowing process, this is done by reducing the 

high pressure to atmospheric pressure and a brown product is formed, this product is washed and a 

black liquor remains. The black liquor consists of hemicellulose, sodium carbonate, sodium sulphate 

and lignin. The washed brown product are the cellulose fibres and these fibres are bleached with 

chlorine dioxide, hydrogen peroxide and oxygen to get the white colour of paper. After the bleaching 

process the water is removed from the pulp and the black and white liquor is recovered. This process 

is used for products such as tissues, printing paper and paper for books. The Kraft process degrades 

the lignin and hemicellulose and it can only be used to gain heat or power by burning. [23] The 

crystallinity of the cellulose is also reduced. [18] For the Kraft process a lot a chemicals are necessary, 

and also a lot of reactors and separation steps are necessary before the desired cellulose fibres can 

be used. [21] Another problem from the Kraft pulping are the emissions from the plants, these 

contain sulphur dioxide, suspended solids and wastewater pollution which are not environmental 

friendly. [6] Other disadvantages of the Kraft process are odour problems, high water use and a large 

plant size is necessary. [10] 
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An alternative for the Kraft process is the organosolv process, in this process the lignin is not 

degraded and can be used for other purposes. In the organosolv process organic solvents are used 

for delignification of the biomass, to get Alcell lignin a water-ethanol mixture is used as solvent. 

Lignin can be recovered from the organosolv liquor with a high purity and the lignin contains almost 

no ash, in this case the lignin can be used for other purposes than gaining heat or power. [11] The 

disadvantages of this process are the severe reaction conditions and the high processing costs. [18] 

The temperature of the organosolv process is between 140 °C and 170 °C. 

Another method of extracting lignin is with ionic liquids (IL). ILs are non-flammable, have a low 

volatility and high thermal stability. [18] ILs can extract lignin at lower temperatures. First ILs were 

seen as green solvents, so it was a good alternative for the other used processes. Later ILs were not 

seen as green solvents anymore. A disadvantages of ILs are that they are expensive  and they need to 

be recovered. [24]  

Another solvent that could be used for the delignification of the biomass are deep eutectic solvents 

(DES). DESs might have the same characteristics as ILs, only DESs are environmental friendly [25] and 

are seen as green solvents. [26] DESs are also less expensive than ILs and the synthesis of DESs does 

not require purification.  [26], [27] DESs consist of a hydrogen bond donor and a hydrogen bond 

acceptor which are solids, if these are mixed hydrogen bonds are formed and the mixture has a lower 

melting point than the individual solids. The hydrogen bonds prevent crystallisation of the initial 

compounds and therefore the mixture becomes a fluid. The properties of the DES, such as the phase-

transition temperature and stability, are dependent on the strength of the hydrogen bonds. [25] The 

costs of DESs are similar to the costs of organic solvents. [27] DESs can be prepared from readily 

available material at high purities. [25] DESs have one melting point, but for most mixtures a glass 

transition was found and these mixtures are called low transition temperature mixtures (LTTM). [28] 
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1.4. Biochemical Composition Analysis of biomass 

To analyse the composition of the biomass after the extraction, a two-step hydrolysis is done with 

sulphuric acid. The first step is the hydrolysis at a high concentration of sulphuric acid and low 

temperature, in this step the hemicellulose will be hydrolysed. For the second step a hydrolysis is 

performed with a dilution of the acid at a high temperature, now the cellulose will be hydrolysed. 

This second step is done at a high temperature because the cellulose is a stable linear glucose 

polymer. At high temperatures the acid must be diluted, otherwise unwanted degradation products 

are formed. The two-step hydrolysis hydrolyses the hemicellulose and the cellulose and the lignin is 

not or only partially hydrolysed, which gives the AIL. After the hydrolysis there is a solid (AIL) and a 

liquid phase remaining. The liquid phase consists of different sugars and the acid soluble lignin (ASL). 

The AIL is separated from the liquid with filtration and washed with boiling water. The AIL is dried 

and with the weight of the AIL and the weight loss of the extracted biomass, the total amount of 

lignin is calculated. The filtrate is analysed with UV, the UV analysis is done to find the amount ASL. 

The residue is the remaining lignin which is the AIL, but it is possible that other components are 

present in this AIL as discussed in the section 1.2. The AIL was put in a muffle to burn all the lignin 

present in the AIL and the remaining is the ash. It is expected that the ash consists of inorganic 

components, but it is possible that other components are present in the AIL which will be removed in 

the muffle, such as proteins or volatile inorganic components. [29]  
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1.5. Problems and aim of this project 

The motivation for this project is that the analysis of the extracted wheat straw gives results with 

very high deviations. It is necessary to investigate the extraction and analysis of extraction further 

into detail to see were the error arises.  

The lignin is extracted from the wheat straw with a LTTM and washed with a water-ethanol mixture, 

after the extraction, the wheat straw is analysed. This is done with a hydrolysis as explained in 

section 4.1.2, from this hydrolysis the total amount of lignin, cellulose and hemicellulose present in 

wheat straw can be determined. This method is gravimetric and this can give some problems, since it 

is assumed that only lignin is present in the acid insoluble lignin (AIL). However, other components 

can also be present in the AIL. If the hydrolysis did not hydrolyse all cellulose and hemicellulose, it 

will be present in the AIL and this will lead to wrong quantities of lignin. But also other components 

can be found as explained in section 1.2, the AIL is corrected for the ash which can contain metals. 

For investigating the AIL the most important is to correct for the proteins, which contain nitrogen. 

Some of the protein-derived materials can also form acid insoluble substances and these are also 

measured with the acid insoluble lignin. [30] 

Another possible problem is that some of the solvent remains in the wheat straw, because it is not 

washed away completely with the water-ethanol mixture. This also leads to wrong amounts of lignin, 

because the weight loss of the wheat straw during extraction is used for calculating the amount of 

lignin which is present in wheat straw after extraction. It is also possible that the washing with the 

water-ethanol mixture influences the composition of the wheat straw and that the sample which is 

only washed with water-ethanol (reference sample) has less lignin than the untreated wheat straw. 

1. The first aim of this project is to investigate if during the analysis only lignin is present in the 

AIL after extraction with LTTM.  

 

The methods which are used for the analysis of the AIL are infrared spectroscopy (IR), Raman 

microscopy and thermogravimetric analysis (TGA) to find the different polymers and SEM-

EDX for different elements. 

 

2. Another aim of this project is to find out if the extraction with the LTTM works or not, this 

can be done by comparing the reference sample with the extracted samples.  

 

The methods which are used for the analysis are IR, Raman microscopy and SEM-EDX. 

 

3. The third aim is to find out if some of the LTTM is not removed after washing with the water-

ethanol mixture. 

 

This is done by mixing some wheat straw with the LTTM for several minutes at room 

temperature and then washed with the water ethanol-mixture. For this short mixing time 

and low temperature it is not expected that the LTTM extracts any lignin, so no change in 

weight must be found. This wheat straw is also investigated with IR, Raman microscopy and 

SEM-EDX. 
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4. The last aim is to find out if the wash step with water-ethanol has an influence on the 

composition of the wheat straw. 

The influence of the washing with the water-ethanol mixture can be investigated by 

comparing the reference sample with the untreated wheat straw, for this also IR, Raman 

microscopy and SEM-EDX is used. 
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2. Standards 
In order to recognise lignin and cellulose in the biomass and AIL samples, standards of commercial 

lignin and cellulose are analysed. From the standards of lignin and cellulose ATR-FTIR and Raman 

spectra are made, no SEM-EDX measurements are done. Three types of cellulose are used as 

standards and two types of lignin are used as standards. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy is used for the 

standards, wheat straw and AIL. ATR-FTIR spectroscopy is a non-destructive method and can be used 

to analyse organic compounds. No sample preparation is necessary for this method and it can be 

used for solids and liquids. Additionally, Raman spectroscopy is used because it is complementary to 

infrared spectroscopy. For Raman spectra overlapping of individual bands is a common phenomenon, 

in contrast with ATR-FTIR spectroscopy were most bands do not have overlap. [31] Raman 

microscopy is also a non-destructive method. 

2.1. Methods 

2.1.1. ATR-FTIR spectroscopy 

Before the spectra were made, the samples were dried to avoid any traces of water. The sample was 

placed on the crystal, only a few milligrams were used. The pressure which was applied on the 

sample was 56 N·mm
-1

. For every spectrum 32 scans were made at a resolution of 4 cm
-1

 and before 

every sample a background scan was made. After the spectra were collected, a baseline correction 

was made, with PerkinElmer Spectrum software, Application version 10.03.08.0135, 2012. The     

ATR-FTIR spectra were made with a PerkinElmer Spectrum Two with UATR. 

2.1.2. Raman microscopy 

The samples are placed on a specimen slide and several drops of water are added. The water was 

added because this would give lower fluorescence of the sample and the signal was not saturated 

anymore. The samples are mixed with the water and a cover glass is put carefully on top and the 

sample is sealed with nail polish. [32] 

The laser beam which is used has a wavelength of 632.81 nm. The Raman spectra were made with a 

Jobin Yvon Horiba Raman Division Olympus BX40 and the Raman spectra LabSpec software is used 

for a baseline correction. The baseline correction is done manually by adding multiple reference 

points that are forced to be zero. 

The alkali lignin is only measured with an Olympus LMPPlanFI 100x/0.80 Japan objective. Alcell lignin 

is measured with a long distance objective and an immersion lens. The long distance objective gave 

the best results for both alkali and Alcell lignin, but the hydrolysed samples could not be measured 

with this objective, because the signal was saturated and the immersion lens had to be used. 

Therefore, the Alcell lignin was also measured with the immersion lens. The α-cellulose is also 

measured with an immersion lens. The immersion lens which was used was a Olympus UplanApo 

Japan 100x/1.35 oil iris. On top of the cover glass a few drop of immersion oil are added and this is 

put under the microscope. The oil is used to reduce the number of refractions of the laser beam, with 

an immersion lens there is only refraction of the laser beam. 
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2.2. ATR-FTIR 

In Figure 2.1 the infrared spectrum for the three standards for cellulose can be seen, the differences 

between the shape and wavenumbers of the standards are discussed and other peaks can be found 

in Table 2.1. 

 
Figure 2.1: ATR-FTIR spectra of the standards for cellulose 

The first difference can be found at a wavenumber of ~2890 cm
-1

, α-cellulose has a slightly lower 

wavenumber than the other two samples, this peak is assigned to C-H vibrations. The second 

difference is at a wavenumber of 1033 cm
-1

 also a difference between the α-cellulose and the two 

other standards, the peak for α-cellulose has no separated tops. The next difference is at 667 cm
-1

, 

this peak can be assigned to the OH torsional vibration of cellulose [33]. It can be seen that two 

standards of cellulose also have a sharp peak, the cellulose fibers long and the cellulose fibrous, and 

the α-cellulose has a peak which is less sharp. These differences can all be assigned to the difference 

in polymerisation, α-cellulose has a lower polymerisation than the other two celluloses. The other 

differences which can be seen in Figure 2.1 are also assigned to the difference in polymerisation. If 

the celluloses are compared with the wheat straw of chapter 5, it can be seen that α-cellulose looks 

the most like the cellulose in wheat straw. Cellulose in wheat straw has amorphous and crystalline 

parts, the cellulose fibers long and cellulose fibrous contain only crystalline cellulose and have no 

pollutions. α-cellulose has a lower polymerization and contains also some pollution, so this cellulose 

has more similarities with the cellulose from wheat straw. 
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Table 2.1: Assignments for ATR-FTIR spectra of standard celluloses 

Wavenumber [cm
-1

] Assignment References 

3333 O-H stretch α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

2890 C-H vibrations α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1455  cellulose fibrous C6288, cellulose fiber long C6663 

1423 C-H deformation 

 

α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1370 C-H deformation α-cellulose 

1318 C-H α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1259 C-O stretching α-cellulose 

1244  cellulose fibrous C6288, cellulose fiber long C6663 

1207  α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1202  α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1159 C-O-C 

 

α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1087  α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

1033 C-O stretching α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

897 C-H deformation 

β-glycosicic linkages 

(1à4) 

α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

 

667  α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 

612  cellulose fibrous C6288, cellulose fiber long C6663 

560  

 

α-cellulose,  cellulose fibrous C6288, cellulose fiber long 

C6663 
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Two types of lignin are used as standards, Alcell and alkali lignin. In Figure 2.2 the two standards of 

lignin can be seen and in Table 2.2 some peaks of the standards for lignin can be seen. 

 
Figure 2.2: ATR-FTIR spectra of Alcell and alkali lignin 

Several differences can be seen between the Alcell and alkali lignin. It is expected that the Alcell 

lignin looks the most like the lignin of the hydrolysed samples, because the Alcell process is similar to 

the process with the water-ethanol and LTTM treatment. The difference between the alkali and Alcell 

process is explained in chapter 1. 

Table 2.2: Assignments for ATR-FTIR spectra of standards for lignin 

Wavenumber [cm
-1

] Assignment References 

3387 O-H stretch Alcell lignin 

3374 O-H stretch Alkali lignin 

2932  Alcell lignin and alkali lignin 

2843  Alcell lignin and alkali lignin 

1714 C=O stretch 

Unconjugated to aromatic rings 

Alcell lignin 

1594 Aromatic C=C stretch Alcell lignin and alkali lignin 

1510  Alcell lignin 

1504 C=C stretch Alcell lignin and alkali lignin 

1455  Alcell lignin and alkali lignin 

1423 Aromatic skeletal vibration Alcell lignin and alkali lignin 

1354 C-H deformation Alcell lignin 

1259 C=O stretching 

Guaiacyl ring breathing 

Alkali lignin 

1207  Alcell lignin and alkali lignin 

1159 Deformation vibrations benzene ring 

p-coumaric ester group 

Alcell lignin 

1145  Alcell lignin 

1087  Alcell lignin and alkali lignin 

1033 Deformation vibrations, guaiacyl Alcell lignin and alkali lignin 

782 C-H bends 

Phenyl ring substitution 

Alkali lignin 

560 C-C stretching Alcell lignin and alkali lignin 

530  Alcell lignin and alkali lignin 

523  Alkali lignin 
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2.3. Raman microscopy 

For Raman, only one type of standard cellulose is measured. The differences were very small 

between the three types of cellulose, and the spectra of the different wheat straw samples have the 

most similarities with α-cellulose, so it is decided to measure the α-cellulose. The spectrum of the α-

cellulose can be seen in Figure 2.3. 

 
Figure 2.3: Raman spectrum of α-cellulose 

In Table 2.3 the different peaks from α-cellulose with the assignments [34] can be found. 

Table 2.3: Assignments for Raman spectrum of α-cellulose 

Raman shift [cm
-1

] Assignment 

906 Amorphous cellulose 

998  

1064  

1102 CC and CO stretch 

1125 CC and CO stretch 

1093 CC and CO stretch 

1127 CC and CO stretch 

1343 HCC and HCO bending 

1387 HCC, HCO and HOC bending 

1467 HCH and HOC bending 

2903 C-H stretch sp
3 

2949 C-H stretch sp
3
 in OCH3 asymmetric 

 

The results for the long distance lens can be seen in Figure 2.4, these spectra are not baseline 

corrected. The baseline correction was not done because all peaks could be seen for the spectra. In 

Figure 7.6 in the Appendix Raman spectra, the spectrum of the Alcell lignin measured with an 

immersion lens can be found. A peak can be found at 1591 cm
-1

 and at 1617 cm
-1

, because this 

spectrum has a lot of noise it is not possible to see more peaks. 
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Figure 2.4: Raman spectra of alkali and Alcell lignin measured with a long distance lens 

It can be seen that Alcell lignin gives two peaks, one at 1361 cm
-1

 and one at 1588 cm
-1

, for alkali 

lignin these peaks can also be seen, the wavenumbers are a bit different, 1326 cm
-1

 and 1573 cm
-1

. 

The peaks at ~1580 cm
-1 

are assigned to C=C vibrations. The difference between these two lignins can 

be seen at a wavenumber of 989 cm
-1

, the alkali lignin gives a peak and the Alcell lignin not. In 

literature this peak was only assigned to the orientation of cellulose [34], but from the standard alkali 

lignin it can be seen that this peak also can be assigned to lignin.   
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3. Influence of washing with a water-ethanol mixture on wheat straw 
In chapter 5 can be seen that some differences can be found between the extracted wheat straw, 

immersed wheat straw and reference wheat straw. These differences are very small, a possible 

explanation for the extraction of lignin is that the wash step with water-ethanol removes also some 

lignin. To see if the water-ethanol mixture removes lignin, the wheat straw which is untreated is 

compared to the reference sample. 

In literature is found that a mixture of water-ethanol dissolves lignin, and that the solubility of lignin 

is dependent on the concentration of the mixture. It is found that a water-ethanol mixture with 30v% 

water and 70v% ethanol has the same solubility parameter as Alcell lignin. So lignin has a maximum 

solubility at this concentration at a temperature of 23 °C. [35] For the experiments a water-ethanol 

mixture of 30v%-70v% is used and the washing is done at room temperature, so the temperature will 

be slightly lower than 23 °C, but the washing of the wheat straw might extract some lignin. The 

solubility parameter is probably a bit different for the AIL than for Alcell lignin, so a different 

concentration of the water-ethanol mixture will extract more lignin. 

3.1. Methods and materials 

3.1.1. Reference sample 

For the reference sample no LTTM extraction was done. Wheat straw (from Spain) with a particle 

diameter between 425-90 µm was only washed with 300 mL mixture of 30v%-70v% water-ethanol 

(Absolute ethanol, VWR chemicals, CAS 64-17-5, 99.5%). 

3.1.2. TGA 

The percentage of water present in the wheat straw is measured with a TGA. For measuring the 

water content, the temperature is raised to 105 °C with 50 °C·min
-1

. The temperature is kept at      

105 °C for 15 minutes. With the weight loss of the wheat straw the water content is measured. 

The water content is measured with a TGA 4000 Perkin Elmer. The software which is used is Pyris 

Software, Version 11.0.2.0468, 2009, PerkinElmer, Inc. 

3.1.3. SEM-EDX 

For SEM-EDX some sample preparation is necessary, first some double-sided carbon tape is taped on 

an aluminium stub and then the sample is pressed on top of the carbon tape.  

The energy is set at 10 kV, spot at 5 and a magnification of 750x is used. The spot size is the actual 

electron beam diameter.[36] The measurements were done under a vacuum, the temperature is not 

controlled. The SEM images were made with a Quanta 3D FEG and the EDX measurements were 

done with an EDAX, from FEI Company. 

EDX is used to find the carbon to oxygen (C:O) ratio in the sample. The C:O ratio of hemicellulose is 

determined by assuming that each precursor is present at the same amount in the polymer, this is 

not correct because more xylose is found in hemicellulose for wheat straw, but no composition of 

hemicellulose for wheat straw could be found in literature. For lignin the composition is 46% syringyl, 

49% guaiacyl and 5% p-hydroxyphenyl [11] and this leads to an estimated ratio of 3.05:1. In Table 3.1 

the estimated C:O ratios can be found for hemicellulose, cellulose and lignin. 
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For the C:O ratio a correction is made for the silicon peak. All silicon that is found comes from glass of 

the storage flask or from sand and stone. Glass, sand and stone consists of silicon dioxide, so the 

oxygen peak will change if a part of the silicon is from the glass. 

Table 3.1: Estimated C:O ratios for cellulose, hemicellulose and lignin 

 C:O ratio 

Lignin 3.05:1 

Cellulose 1:1 

Hemicellulose 1.04:1 
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3.2. ATR-FTIR 

The first difference which can be seen between untreated wheat straw and wheat straw washed with 

water-ethanol (reference sample) in Figure 3.1 is at 3027 cm
-1 

(peak 1), a small peak can be seen in 

the untreated wheat straw, this peak cannot be seen in the reference sample. Peak 1 can be assigned 

to a C=C bond in alkenes or an aromatic =CH vibration, both vibrations can be found in lignin. [37] 

 
Figure 3.1: ATR-FTIR spectra of the differences between untreated wheat straw compared with reference sample 

The second difference in Figure 3.1 is the peak at 2920 cm
-1 

and at 2852 cm
-1

 (peak 2), the untreated 

wheat straw has a peak which looks more like the peak which can also be seen in the standards for 

lignin. The reference sample has a peak which looks more like the peak of cellulose, so probably 

some lignin is removed during the washing with the water-ethanol. 

Other indications that lignin is removed in the reference sample can be seen in Figure 3.2 for the 

peak at 1494 cm
-1

 (peak 3). This peak can be seen in untreated wheat straw and is assigned to C=C 

stretch of lignin, but cannot be seen in the reference sample. At 1218 cm
-1

 (peak 5) the untreated 

wheat straw has a bump which can be assigned to the C-O stretch in lignin [38]–[42] for the 

reference sample this bump cannot be seen. Only one peak can be seen at 520 cm
-1

 (peak 9) for the 

reference sample and for the untreated wheat straw two peaks can be seen, this peak can be 

assigned to the C-C stretch of lignin. The peak at 698 cm
-1 

can be seen for the untreated wheat straw 

and in the reference sample this peak cannot be seen. At this wavenumber a lot of aromatic –CH out 

of plane vibrations can be seen, and these can be assigned to lignin. 
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Figure 3.2: ATR-FTIR spectra of the differences between untreated wheat straw and the reference sample 

At 1455 cm
-1

 the reference sample gives two small peaks and the untreated wheat straw gives only 

one peak and a very small bump, but the bump is much smaller than the peak which can be seen in 

the untreated wheat straw. This peak can be assigned to lignin and cellulose. This difference is also 

seen for the hydrolysed sample extracted with GlyA:ChCl compared to the other sample, this is 

discussed in section 4.2.3. 

Another difference is seen at a wavenumber of 875 cm
-1

, this peak can be assigned to lignin or 

cellulose. For the untreated wheat straw a bump can be seen, and for the reference sample this 

bump is less obvious. If this peak is from lignin, it is from the aromatic C-H out of plane vibration [38], 

[43], [44] and it is possible that the washing with water-ethanol removed some lignin. But this peak 

can also be assigned to the β-glycosidic linkages between xylose units in hemicellulose, it is also 

possible that the washing with a water-ethanol mixture changes the structure of hemicellulose. [40], 

[45] 

A difference which is not assigned to lignin is the peak at 667 cm
-1

 (peak 8), the reference sample has 

a much sharper peak than the untreated wheat straw. This peak is assigned to the polymerisation of 

cellulose, a sharp peak usually refers to a lower degree in polymerisation. It is not very likely that the 

cellulose depolymerises with the wash step with water-ethanol. 
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3.3. Raman microscopy 

The first difference can be seen in Figure 3.3 at a wavenumber of 907 cm
-1

, the untreated wheat 

straw gives a higher and sharper peak than the reference sample. This peak is assigned to amorphous 

cellulose, so the washing with a water-ethanol mixture removes some cellulose.  

Peak 2 and 3 can be assigned to cellulose and hemicellulose. The difference is the ratio between the 

peaks at 1094 cm
-1 

and 1127 cm
-1

. In the reference sample these peaks have almost the same 

intensity, but for the untreated wheat straw a difference can be seen. These peaks are orientation 

sensitive for cellulose, so if one peak changes the other peak changes also. It is possible that 

orientation of the cellulose is different, but if the orientation sensitive peak at 1094 cm
-1 

increases, 

the peak at 2900 cm
-1

 (peak 8), which is also orientation sensitive, should decrease, but this cannot 

be seen. It is possible that the hemicellulose is removed from the wheat straw after washing with a 

water-ethanol mixture. These two peaks have in the untreated wheat straw a higher intensity 

compared with the other peaks. For the reference sample these peaks have almost the same 

intensity.  

Another difference which is assigned to the cellulose, are the peaks at 1341 cm
-1

 and 1378 cm
-1

.
 
For 

the untreated wheat straw these peaks have almost the same intensity, but for the reference sample 

the peak at 1341 cm
-1

 is higher compared to the other peak. 

 
Figure 3.3: Raman spectra of the differences between untreated wheat straw and the reference sample 

The next difference can be seen at 1503 cm
-1

, this peak is assigned to lignin. This peak is better visible 

in the reference sample than in the untreated wheat straw, it is possible that the peak at 1463 is a bit 

larger for the untreated wheat straw and that this peak overlaps the peak at 1503 cm
-1

. The peak at 

1463 cm
-1

 is assigned to lignin and cellulose. 

The difference at 1634 cm
-1

 is also assigned to lignin, the untreated wheat straw has only one peak 

with a bump at 1634 cm
-1

, the reference sample gives two peaks. These peaks are assigned to the 

aromatic C=C bonds in lignin, the peaks for the untreated wheat straw are much broader than the 

peaks for the reference sample. This could mean that more lignin is present in the untreated wheat 

straw, this could also be seen in the ATR-FTIR spectra. 
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Another difference is seen at a wavenumber of 2900 cm
-1

 and 2945 cm
-1

, for the reference sample 

the second peak is only a bit smaller than the first peak. For the untreated wheat straw the second 

peak is much smaller than the first peak, the first peak is assigned to cellulose and the second peak is 

assigned to lignin, hemicellulose and cellulose. Probably this change in ratio is not from the 

orientation of cellulose, because this must be seen at other places. Another possibility is that the 

hemicellulose is removed during the wash step. 

The last difference can be seen at a wavenumber of 3084 cm
-1

, the untreated wheat straw gives a 

peak at this wavenumber, this peak cannot be seen for the reference sample. This peak can be 

assigned to cellulose or lignin. [34] 
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3.4. SEM-EDX 

The EDX measurement for untreated wheat straw can be seen in Figure 3.4. The SEM picture for the 

untreated wheat straw can be found in the Appendix SEM-EDX in Figure 7.19. The first peak can be 

seen at an energy of 0.27 keV and this energy comes from the K line of carbon. The second peak is 

from oxygen and the K line can be found at an energy of 0.53 keV. The last peak which can be seen is 

from silicon, and can be found at 1.84 keV.  

 

 
Figure 3.4: EDX of untreated wheat straw 

Silicon gives a broad peak and carbon and oxygen give a narrower peak. For carbon and oxygen only 

two types of secondary electrons can be found, the K series and the L series. In the K series two 

energies can be found, but these are very close together, for example the carbon K edge line gives an 

energy of 0.282 keV and the Kα line can be found at an energy of 0.277 keV. The energy of the L-

series is very low, for carbon this energy is 0.005 keV and oxygen is slightly higher with an energy of 

0.008 keV. The EDX which is used cannot detect these low energies, and therefore these lines cannot 

be seen. Silicon gives a broader peak, because it has more K lines and these are divided in the range 

1.739-1.840 keV. The L series gives a line at 0.10 keV, but this cannot be seen with the EDX. 

The corrected C:O ratio for the untreated wheat straw is 1.93:1, the ratio of the reference sample is 

higher, this can be seen in Table 3.2 and in section 5.2.2. This means that the amount of lignin is 

higher in the reference sample than in the untreated wheat straw and this is not possible. It is 

possible that the washing with water-ethanol removed some cellulose or hemicellulose which 

increases the ratio. 

Table 3.2: C:O ratio for the untreated wheat straw and the reference sample 

 Initial C:O ratio SiO2 corrected C:O ratio 

Untreated wheat straw 1.74:1 1.93:1 

Reference sample 1.77:1 2.22:1 
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3.5. Conclusion 

From the results can be concluded that a lot of small changes take place during the washing with 

water-ethanol. From the Raman spectra and the EDX measurement can be concluded that some 

hemicellulose is removed during the washing with water-ethanol. From the ATR-FTIR spectra and the 

Raman spectra, it can be seen that also some lignin is removed. Some peaks totally disappeared from 

the spectrum and other peaks are changed. 

The washing with water-ethanol influences the composition of the wheat straw, this could also 

explain some of the differences between the samples which will be discussed in chapter 5. From the 

EDX measurements can be concluded that more cellulose or probably hemicellulose is removed from 

the wheat straw and this can also be seen in the ATR-FTIR spectra and the Raman spectra. 
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4. Analysis verification 
First the wheat straw was extracted or immersed with an LTTM and to remove the LTTM, the sample 

was washed with a water-ethanol mixture. To quantify the lignin content in the resulting wheat straw 

a two-step hydrolysis was done and after this a solid remains, which is the AIL. Because this is a 

gravimetric method, it was assumed that only lignin was present in the AIL. 

The AIL is analysed, to see if this assumption is valid or that some cellulose or hemicellulose is 

present. From the results of the different hydrolysis it is also possible to see if the hydrolysis gives 

always the similar results. The results from the gravimetric analysis of the hydrolysis can be found in 

chapter 5, in this chapter only a qualitative verification of the analysis method will be showed. 

4.1. Method 

The method for ATR-FTIR spectroscopy can be found in section 2.1.1 the same method is used for 

analysing the AIL, the method which is used for the SEM-EDX can be found in chapter 3. 

4.1.1. Extraction 

For the extraction of wheat straw two different LTTMs were used. The LTTMs which were used for 

the extraction are glycolic acid (Sigma Aldrich, CAS 79-14-1, assay 99%) and proline (L-Proline, SAFC, 

CAS 147-85-3, assay  98.5%) in a molar ratio of 3:1 (GlyA:Pro) and glycolic acid and choline chloride 

(Sigma, CAS 67-48-1, assay  98%) (GlyA:ChCl) in a 3:1 molar ratio. 1.5 gram of wheat straw was 

treated with 13.5 gram LTTM at 60 °C for 24 hours. First 6.75 gram of LTTM was put in a plastic 

centrifuge tube, after this the wheat straw was put on top of the LTTM with a weighing boat to avoid 

that the wheat straw sticks to the side of the tube. The remaining LTTM was put on top of the wheat 

straw and a stir bar was put in the tube. The cap was turned on the tube and the tube was put in a 

water bath of 60 °C. The temperature controller which was used was an IKA ETS D6 and an IKA ETS 

D5 class 2, both with an accuracy of ± 0.05. 

After the extraction some water-ethanol mixture was poured into the tubes and mixed with the 

extracted wheat straw and LTTM. The tube was poured onto a filter with a porosity of 4 and all 

wheat straw particles were removed from the tube. The wheat straw was washed with a water-

ethanol mixture in the filter, by stirring. All samples were washed with 300 mL water-ethanol mixture 

in total, this was done to remove the LTTM. 

Additionally, an immersion with the LTTMs was done, this was done to investigate if the LTTM is 

washed away with the water-ethanol mixture. For the immersion samples 1.5 gram of wheat straw 

was treated with 13.5 gram LTTM at room temperature and stirred for three minutes. 

4.1.2. Hydrolysis 

The biomass which was treated with LTTM and/or a water-ethanol mixture is dried at 105 °C and 

after that it is grinded with a coffee grinder for 20 s. After this the biomass is put in a storage flask 

and mixed to get a homogeneous sample. 

An empty centrifuge tube is weighed and after that 0.4 gram of biomass is added with a weighing 

boat. The centrifuge tube is put in an ice bad and 4 mL of 72 v% cold sulphuric acid (VWR chemical, 

CAS 7664-93-9, 96.4%) is added with a Finn pipette. The biomass is stirred with a thin glass rod, first 

on the interface of the biomass and acid and gradually deeper until a homogeneous mixture is 

obtained. If the stirring rod is put too far in the biomass dry particles will remain on the stirrer, while 
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all particles must be wetted. After this, the centrifuge tubes are put in a water bath of 30 °C without 

a cap for one hour. Every 20 minutes the biomass is stirred. 

The centrifuge tubes are cooled in ice again, and 36 mL of cold Milli-Q water is added to the biomass. 

First 9 mL water is added and this is stirred, after this the stirrer is also cleaned with 9 mL water and 

then the remaining water is added. The caps are screwed on the centrifuge tubes and these are put 

in a boiling water bath. The tubes are mixed every hour and the hydrolysis takes three hours.  After 

this the centrifuge tubes are put in a room temperature bath to cooled them down. The tubes are 

dried and weighed. The liquid (ASL) is poured in a filter cup with porosity 4 and this can be analysed 

with UV (10 mL). After sampling, the remaining biomass is also poured in the filter cup and this is 

washed with boiling water. All biomass particles must be removed from the centrifuge tube. The 

remaining solid in the filter cup is the AIL and this will be dried overnight at 105 °C. The AIL is then 

weighed and with this the total amount of lignin present in the biomass after extraction can be 

calculated. 

For the HPLC the pH of the ASL must be 6, to get this pH around 2 gram of calcium carbonate (Sigma 

Aldrich, CAS 471-34-1) is added to 10 mL of ASL in a centrifuge tube. The pH is checked with a pH 

paper. The tubes are centrifuged at 3500 rpm for 5 minutes, after this the liquid is removed with a 

syringe and filtered. The centrifuging and the removing of the liquid is done three times. 

Unfortunately, due to analytical problems with the HPLC, these samples were not analysed but 

stored in the freezer instead. 

4.1.3. Raman microscopy 

The method which is used for wheat straw is also used for measuring the AIL. With this method the 

lignin samples give high fluorescence, so the measurements of the lignin are much shorter than the 

measurements of the extracted wheat straw, for lignin a measurements takes 8-10 seconds. The 

same Raman microscope is used as in section 2.1.2. 

4.1.4. TGA 

The same TGA is used as in section 3.1.2. For the AIL the thermal stability is measured and not the 

water content. The method for the standards of cellulose and lignin are measured with a heating 

with 10 °C·min
-1

 from 30 °C to 500 °C. The method for the hydrolysed samples which is used is 

heating with 5 °C·min
-1

 from 30 °C to 600 °C. The heating rate is chosen lower compared to the 

standards to see the difference better, because the standards had the weight losses very close to 

each other. 
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4.2. Results and discussion hydrolysed samples 

4.2.1. Reference sample AIL 

ATR-FTIR 

Some peaks which can be seen in Figure 4.1 of the ATR-FTIR spectrum can be assigned to more than 

one biopolymer, these peaks are explained in more detail, other peaks can be found in Table 4.1. 

  
Figure 4.1: ATR-FTIR hydrolysed reference sample compared with Alcell lignin and α-cellulose 

The first peak (peak 1) which can be seen is the OH-stretch vibration at 3376 cm
-1

. If this peak is 

compared with the standards for lignin and cellulose, it can be seen that the peak has wavenumbers 

close to lignin. In chapter 5 wheat straw gives peaks closer to the standards of the celluloses, so that 

the peak is closer to the standard of lignin could say that less cellulose or only lignin is present in the 

AIL. 

The second peak (peak 2) can be seen at wavenumbers 2923 cm
-1

 and 2851 cm
-1

. If this peak is 

compared with the standards it can be seen that the wavenumber and shape of the peak looks more 

like the standards for lignin. The AIL has two peaks and the standards for lignin have also two peaks, 

cellulose has only one peak at this wavenumber, this also indicates that no or not much cellulose is 

present in the AIL. 

The functional group which belongs to the peak at 1714 cm
-1

 (peak 3) is the C=O stretch vibration, 

this vibration can be from carboxylic acid [41] or from an aromatic aldehyde [37]. If this peak is from 

an aromatic aldehyde the double peak at 2933-2923 cm
-1

 can be assigned to C-H stretch vibration of 

the aromatic aldehyde [37] and can be assigned to lignin. If the carboxyl groups of lignin are 

esterified, the peak at wavenumber 1731 cm
-1

 should move to a lower wavenumber. This is found in 

wheat straw and will be discussed in chapter 5. From the hydrolysed sample can be seen that no 

peak is found at 1731 cm
-1

 and a peak can be seen at 1714 cm
-1

. This means that the carboxyl groups 

of lignin are esterified and the peak at 1731 cm
-1

 which can be seen in wheat straw in chapter 5 can 

be assigned to lignin. 
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In the hydrolysed samples also a peak at 1653 cm
-1 

can be seen, but this peak cannot be found in the 

standards for cellulose or lignin. A possible functional group for the peak at 1653 cm
-1 

is the carbonyl 

group. Carbonyl vibrations can be found at 1740-1680 cm
-1

 for carboxylic acids, but the carbonyl 

groups in lignin are conjugated carbonyls and due to the resonance the wavenumbers will shift to 

lower values. This can be explained with Hooke’s law, which can be seen in equation 1. 

( )1 2

1 2

1

2

k m m

c m m
n

p

× +
= ×

× × ×
          (1) 

In equation 1 the molecule is approached as a simple harmonic oscillator and two atoms are 

attached to each other with a spring. m1 and m2 are the atomic masses of the two atoms which are 

involved in bond. c is the speed of light and has a value of 2.998·10
8
 m·s

-1
. The bond order of a 

carbonyl group is two, but for a conjugated carbonyl the bond order will decrease and the bond 

becomes longer. If the bond order decreases, the force constant, k, will also decrease and this leads 

to lower wavenumbers. The wavenumber can be 50-20 cm
-1

 lower [46], as can be seen the range for 

the carboxyl groups shifts to 1653 cm
-1

. In this case this peak can be assigned to lignin. This can also 

be found in literature [42], [47][48] 

The next peak (peak 4) which can be seen in Figure 4.1 is at 1087 cm
-1

. This peak can be seen in lignin 

and cellulose, the lignin peak is much thinner and sharper than the cellulose peak. For the standards 

of lignin four separated peaks in the region 1212-1030 cm
-1

 can be observed, α-cellulose gives only 

one broad peak at these wavenumbers. The hydrolysed reference sample gives two peaks at these 

wavenumbers and a very small peak at 1145 cm
-1

, this could mean that some cellulose is present in 

the AIL. This peak can be further investigated with TGA and the results can be seen in section 4.2.1 in 

TGA. 
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Figure 4.2: ATR-FTIR hydrolysed reference sample, zoomed at the region 950-700 cm

-1
 for the out of plane aromatic C-H 

vibrations in lignin 

The first peak of Figure 4.2 gives two small peaks and cannot be seen in the standards for lignin and 

cellulose. In literature is found that peaks from 877 cm
-1

 to 782 cm
-1

 are out of plane aromatic C-H 

vibration in lignin. [38][44][49][43][50] Because this peak is from an aromatic hydrogen, it is possible 

that more than one peak can be found. Each precursor is different, the functional groups have 

different substitutions to the aromatic ring and this could influence the position of the peaks in the 

spectra. In the range from 860 cm
-1

 to 800 cm
-1

 para substitution gives a peak and 1,2,4 substitution 

gives also a peak in this range. These substitutions can be found in the coumaryl and coniferyl 

precursors. The sinapyl precursor cannot be seen in the spectra, for this substitution a peak should 

be found between 900 cm
-1

-860 cm
-1

 but this is not a strong peak. Around 915 cm
-1

 a small bump can 

be seen in all three spectra, so it is possible that the peak is shifted to a slightly higher wavenumber 

and that this bump represents the sinapyl precursor. In literature is also found that out of plane 

aromatic C-H vibrations are at wavenumbers between 919 cm
-1

 - 912 cm
-1

. [38][40] 
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Table 4.1: Assignments for ATR-FTIR spectra of hydrolysed samples 

Wavenumber 

[cm
-1

] 

Assignment Biopolymer References 

1714 C=O stretch 

Unconjugated to 

aromatic rings 

Lignin Alcell lignin 

[42], [47][45][51][52] 

1594 Aromatic C=C 

stretch 

Lignin Alcell lignin, alkali lignin 

[45][52][51][53][47][54][55][40][56][38][41][48][39] 

1504 C=C stretch Lignin Alcell lignin, alkali lignin 

[38][42], [47][53][44], [57][51][54][52][48][41] 

[44][33][45][55][40][49][43][50][42] 

1455  Lignin 

 

Cellulose, 

hemicellulose 

Alcell lignin and alkali lignin 

 

[39][40][37] 

1422 C-H deformation 

 

Aromatic 

skeletal 

vibration 

Cellulose 

 

 

Lignin 

α-cellulose,  cellulose fibrous C6288, cellulose fiber 

long C6663, [38][51][48][37] 

 

Alcell lignin and alkali lignin [38][41][42], 

[47][51][55][40][43][57] 

1354 C-H deformation Lignin Alcell lignin 

[56] 

1326 syringyl and 

guaiacyl 

Lignin Alcell lignin 

[48][43][49][41] 

1259 C=O stretching 

Guaiacyl ring 

breathing 

C-O stretching 

Lignin 

 

Cellulose 

Alkali lignin, [40] 

 

α-cellulose, [58][49] 

1207  Cellulose 

 

Lignin 

α-cellulose,  cellulose fibrous C6288, cellulose fiber 

long C6663, [40][45][56] 

Alcell lignin and alkali lignin 

[45][57] 

1202 O-H bending 

 

Cellulose 

 

 

Hemicellulose 

α-cellulose,  cellulose fibrous C6288, cellulose fiber 

long C6663, [51][38][45] 

 

[45] 

1145   Alcell lignin 

1087  Lignin 

Cellulose 

Alcell lignin, alkali lignin, [38] 

α-cellulose,  cellulose fibrous C6288, cellulose fiber 

long C6663 

839 Out of plane 

aromatic C-H 

vibration 

Lignin [55][45][43][33][45][41][37] 

819 Out of plane 

aromatic C-H 

vibration 

Lignin [55][45][43][33][45][41][37] 

551 Aromatic rings Lignin [55] 

471 Aromatic rings Lignin [55][59] 

 

  



34 

 

Raman microscopy 

The Raman spectrum of the hydrolysed reference sample can be seen in Figure 4.3, for this spectrum 

a baseline correction has been done, the spectrum without baseline correction can be found in the 

Appendix Raman spectra in Figure 7.7. A lot of noise can be seen for this sample, it was not possible 

to take measurements longer than 10 seconds because this gave a too high intensity. It is possible to 

distinguish some peaks. One peak can be seen at a wavenumber of 1591 cm
-1

, this peak can be 

assigned to the aromatic C=C bonds in lignin. It is possible that this peak can be divided into two 

separate peaks, but this cannot be seen in this spectra. And one peak can be seen at a wavenumber 

of 2944 cm
-1

, this peak can be assigned to lignin, cellulose or hemicellulose. For wheat straw it can be 

seen that another peak at 2900 cm
-1

 is found and can be assigned to cellulose, this peak is not visible 

in this spectrum. 

 
Figure 4.3: Raman spectrum of the hydrolysed reference sample after baseline correction 
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SEM-EDX 

The results of the EDX can be seen in Figure 4.4. For the hydrolysed reference sample the same three 

elements as for wheat straw can be found, carbon, oxygen and silicon.  

The ratio between carbon and oxygen, C:O is 2.64:1. The ratio for the hydrolysed reference sample is 

closer to the lignin ratio (C:O is 3.05:1) than to the cellulose (C:O is 1:1) and hemicellulose (C:O 

1.04:1) ratios.  

The corrected C:O ratio would be 4.21:1, this ratio is above the ratio which would be expected from 

lignin. The C:O ratio for lignin is determined by calculating the C:O ratio of each precursor, this could 

also influence the ratio. Another explanation is that the composition of the lignin of the used wheat 

straw is different than calculated, a higher percentage of p-hydroxyphenyl, or that the extraction 

with GlyA:ChCl removes more syringyl units, than guaiacyl or p-hydroxyphenyl units. Syringyl has the 

lowest ratio (2.75:1) and if this one is removed the C:O ratio becomes higher. Syringyl is more 

sensitive for degradation, because it has less aryl-aryl bonds and a lower redox potential than 

guaiacyl. So it is possible that more syringyl is removed from the AIL, than the two other 

components. [60], [61] 

The structure of the wheat straw can be seen in the SEM picture and this can be found in Figure 7.15 

in the Appendix SEM-EDX, from this figure the EDX measurement is done. 

 
Figure 4.4: EDX of the hydrolysed reference sample 
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TGA 

From the TGA results of the AIL from the reference sample, Figure 4.5, can be seen that the 

reference sample in the beginning looks like α-cellulose. The Alcell lignin starts to decrease at a 

slightly higher temperature than the reference sample starts to decrease. If much cellulose was 

present a sharp slope was expected, this cannot be seen in the reference sample. But the slope of 

Alcell lignin is not followed entirely. It is possible that still some cellulose is remaining but that this 

amount is very small and most of the sample consists of lignin.  

 
Figure 4.5: Thermogravimetric analysis of the isolated lignin of the reference sample compared to the standards of lignin 

and cellulose 
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4.2.2. Immersion sample AIL 

ATR-FTIR 

The ATR-FTIR spectra of the hydrolysed immersion samples can be seen in Figure 4.6. The focus will 

be on the influence of the LTTMS on the AILs of the different solvents that were used during the 

immersion experiments. Some peaks are discussed in more detail, the remaining peaks can be seen 

in Table 4.1. 

  
Figure 4.6: ATR-FTIR spectra for the hydrolysed samples which are washed with GlyA:Pro and GlyA:ChCl 

The only peak which is different for the two immersion samples is the OH-stretch peak (peak 1) at 

3347 cm
-1

 for the hydrolysed sample washed with GlyA:ChCl and the hydrolysed sample washed with 

GlyA:Pro gives a wavenumber of 3373 cm
-1

. The hydrolysed sample washed with GlyA:Pro gives the 

same wavenumber for the OH peak as the standards for lignin, the hydrolysed sample washed with 

the GlyA:ChCl gives wavenumbers close to the standards of cellulose. This could mean that more 

cellulose is present in the GlyA:ChCl sample or that the lignin is changed during the washing with 

GlyA:ChCl. The other peaks are exactly the same for both immersion samples, so the washing with 

GlyA:ChCl probably changed the lignin, if more cellulose was present other peaks would be seen in 

the spectrum. It was not expected that the washing with the solvents would change the lignin. The 

other three peaks which are marked in Figure 4.6, are already discussed in section 4.2.1. 
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The reference sample is almost the same as the immersion samples, only very small differences can 

be seen in Figure 4.7. 

The first difference (peak 4) can be seen at a wavenumber of 1326 cm
-1

, this peak is assigned to 

guaiacyl and syringyl units of lignin. These peaks cannot be seen in the spectra of the immersion 

samples, but the reference sample gives a peak. It is possible that the immersion samples modified 

the lignin and does not give a peak anymore at this wavenumber, but this cannot be seen on other 

places in the spectra. It is possible that more syringyl is removed with the immersion step, as 

explained in section 4.2.1, and this could give the difference in the peak. It is not expected that the 

guaiacyl precursor is removed and a peak which is assigned to the guaiacyl can be seen at 1259 cm
-1

. 

This peak can be seen for the immersion samples and the reference sample. It is also possible that 

this peak disappeared under another peak 

 
Figure 4.7: ATR-FTIR spectra of hydrolysed reference sample compared with hydrolysed immersion samples 

The last difference (peak 5 and 6) is seen at a wavenumber of 800 cm
-1

, this peak is assigned to 

aromatic C-H out of plane vibrations of lignin. The two immersion samples have a peak around 800 

cm
-1

 and the reference sample has a peak at 819 cm
-1

. The peak for the reference sample was 

assigned to 1,2,4-substitution or para substation of an aromatic ring, for wavenumbers of 800 cm
-1

 

this peak can still be assigned to these substitutions. [37][43] 
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Raman microscopy 

In Figure 4.8 the Raman spectra for both immersion samples can be seen, the spectra are baseline 

corrected. Only the peak around 1600 cm
-1

 can be seen in this spectra, and this is from the aromatic 

C=C bonds in lignin. From these spectra nothing else can be seen. 

 
Figure 4.8: Raman spectra for the hydrolysed immersion samples with baseline correction 
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SEM-EDX 

In the EDX measurements of both immersion samples three elements can be found, these are 

carbon, oxygen and silicon. The results of the EDX for the immersion sample with GlyA:Pro and the 

immersion sample with GlyA:ChCl can be seen in Figure 4.9. 

Nitrogen can be found in both solvents and in the results no nitrogen peak is found, so the solvent is 

removed from the AIL. 

The C:O ratio for the hydrolysed sample washed with GlyA:Pro is 4.41:1, this ratio is higher than the 

ratio of lignin. The ratio for the hydrolysed sample washed with GlyA:ChCl is C:O is 3.72:1, this ratio is 

higher compared to the ratio which can be found in lignin as can be seen in Table 4.2. As explained 

for the reference sample, this could mean that the amounts which were chosen for the precursor are 

not correct. 

Table 4.2: C:O ratio for the AIL of immersion and reference samples 

 Initial C:O ratio SiO2 corrected C:O ratio 

Reference sample 2.64:1 4.21:1 

Immersion with GlyA:Pro 2.50:1 4.41:1 

Immersion with GlyA:ChCl 3:1 3.72:1 

Lignin 3.05:1 3.05:1 

Cellulose 1:1 1:1 

Hemicellulose 1.04:1 1.04:1 

 

The SEM pictures can be seen in Appendix SEM-EDX in Figure 7.16 for the GlyA:Pro sample and in 

Figure 7.17 for the GlyA:ChCl sample. 

If the reference sample is compared with the immersion samples, it can be seen that the immersion 

sample with GlyA:ChCl gives a lower C:O ratio and that the GlyA:Pro gives a higher ratio, so from 

these results can be seen that the composition of the lignin is very different for each AIL, or that 

some cellulose or hemicellulose is present which makes the ratio a bit lower. Another explanation is 

that the EDX measurement is not representative for the AIL, if only one part is measured. 

  

Figure 4.9: EDX of hydrolysed sample immersed with GlyA:Pro on the left and on the right the GlyA:ChCl 
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TGA 

Both immersion samples decompose at exactly the same rate as can be seen in Figure 4.10. It has the 

same trend as the reference sample until the intersection with the standards. From that point the 

immersion samples have a slower weight loss, this could mean that less cellulose is present in both 

immersion samples, but from the EDX results can be seen that the immersion with GlyA:ChCl gives a 

lower ratio than the reference sample. So it would be expected that this sample decreases faster, so 

it could be possible that the glycolic acid has attached to the lignin and that this causes the difference 

in C:O ratio, but this cannot  be seen in the ATR-FTIR spectra and the Raman spectra. From this 

results can be seen that the AIL contains mainly lignin. 

 
Figure 4.10: TGA for the reference and immersion samples compared to the standards of lignin and cellulose 
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4.2.3. Extracted with LTTM at 60 °C and washed with water-ethanol AIL 

ATR-FTIR 

The ATR-FTIR spectra for the two hydrolysed samples from the extracted wheat straw can be seen in 

Figure 4.11. The assignments of the peaks which are not discussed can be found in Table 4.1.    

    

Figure 4.11: ATR-FTIR spectra for the hydrolysed samples which are extracted with GlyA:Pro and GlyA:ChCl 

The first difference between the extracted samples can be seen at the OH-stretch peak, the GlyA:Pro 

sample gives exact the same wavenumber alkali lignin, so it is possible that only lignin is present in 

the AIL.  But alkali lignin is the lignin which is the most modified one, because it also contains 

sulphur. So it is also possible that the AIL contains some cellulose. The GlyA:ChCl sample gives a 

wavenumber which is lower than the standards for lignin. This could mean that more cellulose is 

present in the GlyA:ChCl sample or that this solvent modifies the lignin. It is possible that the solvent 

changed the position of the peak, this would lead to lower wavenumbers. In literature this is also 

seen for different solvents [56].  

The peak at 1714 cm
-1

 can be assigned to lignin but can also be found in both solvents. The IR spectra 

of the solvents can be found in the Appendix ATR-FTIR spectra in Figure 7.1 and the spectra of 

glycolic acid, choline chloride and proline can be seen in the Appendix ATR-FTIR spectra in Figure 7.2. 

Because this peak is also found in the reference sample, were no solvent is used, it is expected that 

this peak is not from the solvent. In literature this peak is assigned to lignin [56] [38]. If some solvent 

is remaining in the lignin, this must be seen at other places, the only other place were a solvent peak 

can be seen is for the OH-stretch vibration. If the solvent is not removed it should be seen in the 

SEM-EDX results, which will be discussed in section 4.2.3. 

GlyA:Pro gives a double peak at 1455 cm
-1

, but GlyA:ChCl gives only one peak at this wavenumber. 

This peak can be assigned to lignin, cellulose and hemicellulose. It is possible that the lignin is 

modified by the GlyA:ChCl and only one peak can be seen, or that more cellulose and hemicellulose is 

removed and only a lignin peak can be seen. 
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Figure 4.12: ATR-FTIR spectra of hydrolysed samples extracted with GlyA:Pro and GlyA:ChCl zoomed in on 1200 cm

-1 

The last difference which can be seen between the two samples is at a wavenumber of 1205 cm
-1

, in 

Figure 4.12 this difference can be seen. The GlyA:Pro sample gives two small peaks and the GlyA:ChCl 

sample gives only one peak, this peak can be assigned to lignin, so it is possible that one of the 

solvents modifies the lignin. 

The immersion samples are also compared with the extracted samples and only one difference can 

be found.  From the immersion samples and extracted samples the OH stretch peak is for both 

GlyA:Pro samples the same. The GlyA:ChCl gives a difference between the immersion sample and the 

extraction, both peaks can be found at lower wavenumbers compared to the GlyA:Pro and reference 

sample. The GlyA:ChCl solvent gives a peak at 3293 cm
-1

, so it is possible that the solvent has 

attached to the lignin and that this peak has shifted to lower wavenumbers. In this case it is expected 

that the extraction gave a lower wavenumber because the solvent has been in contact with the 

sample for 24 hours, but the immersion samples gives a lower wavenumber than the extraction. 
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Raman microscopy 

The Raman spectra for the two extracted samples can be seen in Figure 4.13, in the Appendix Raman 

spectra in Figure 7.8 the spectra without baseline can be seen. 

 
Figure 4.13: Raman spectra of the hydrolysed extracted samples with baseline correction 

For these spectra two peaks can be seen and both peaks can be assigned to the aromatic C=C bond in 

lignin. Both peaks can also be seen in the Alcell lignin. 

For the Raman spectra of the hydrolysed reference sample, immersion samples and extractions only 

one peak can be seen and this is assigned to the aromatic C=C of lignin. It is not possible to see if 

some cellulose is left with these spectra.  
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SEM-EDX 

For the two hydrolysed samples of the extracted wheat straw also three elements can be seen, 

carbon, oxygen and silicon, this can be seen in Figure 4.14. 

The GlyA:Pro sample has a C:O ratio of 3.67:1, this ratio is higher than the ratio calculated for lignin, 

and the GlyA:ChCl sample gives a ratio of 4.21:1, this can be seen in Table 4.3. 

Table 4.3: C:O ratio for reference, immersion and extraction samples 

 Initial C:O ratio SiO2 corrected C:O ratio 

Reference sample 2.64:1 4.21:1 

Immersion with GlyA:Pro 2.50:1 4.41:1 

Immersion with GlyA:ChCl 3:1 3.72:1 

Extraction with GlyA:Pro 2.44:1 3.67:1 

Extraction with GlyA:ChCl 3.67:1 4.21:1 

Lignin 3.05:1 3.05:1 

Cellulose 1:1 1:1 

Hemicellulose 1.04:1 1.04:1 

 

The SEM pictures can be found in Appendix SEM-EDX, in Figure 7.18 for the sample extracted with 

GlyA:Pro and in Figure 7.19 the sample extracted with GlyA:ChCl can be seen. 

If the reference sample is compared with the extracted samples, the GlyA:Pro sample gives a lower 

ratio and the GlyA:ChCl sample gives exactly the same ratio. It is possible that the sample extracted 

with GlyA:Pro has more cellulose or hemicellulose present. Or the solvent has attached to the lignin, 

but this cannot be seen for the extraction with GlyA:ChCl. Only the immersion sample with GlyA:ChCl 

has a lower ratio, but for the immersion it is not expected that the solvents attaches to the lignin and 

this should also be seen in the extracted sample. For the sample extracted with GlyA:ChCl a higher 

ratio can be seen. 

Another explanation for the large differences is that, only one area is measured with the EDX and the 

areas which are measured could give different results for the C:O ratio. 

  

Figure 4.14: EDX for hydrolysed sample extracted with GlyA:Pro on the left and the GlyA:ChCl sample on the right 
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TGA 

For the extraction samples the same trend can be seen as for the immersion sample, see Figure 4.15. 

It was expected that for the extraction a different graph would be found, because the C:O ratio from 

the EDX are different for these samples. It is possible that heating with 5 °C·min
-1

 was too fast, maybe 

if the heating was slower a better difference could be seen. For the extraction samples, it is also 

possible that some cellulose is remaining, but the main component in the AIL is lignin. Because a 

similar graph can be seen for the extraction and immersion samples, the hydrolysis went the same 

for these samples. Only the reference samples gives a different graph, this could mean that the 

hydrolysis of the reference sample was not complete, and more cellulose remains in the AIL. It is 

possible that the treatment with LTTM changes the composition of the wheat straw and the 

hydrolysis works better, but this was not expected for the immersion samples. It is also possible that 

the particles from the reference sample were not completely wetted with the sulphuric acid, and 

that more cellulose is remaining in the AIL. 

 
Figure 4.15: TGA for the reference, immersion and extraction samples compared to the standards of lignin and cellulose 
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4.3. Conclusion 

From the ATR-FTIR results can be concluded that the differences between the hydrolysed samples 

are very small. The solvent has probably not attached to the lignin and the AIL probably contains 

some cellulose, this was further investigated with TGA and from these results can be concluded that 

the immersion and extraction samples are similar, so the hydrolysis was the same for these samples. 

Only the reference sample is a bit different, this could mean that the solvent has changed the 

structure of the wheat straw and that the hydrolysis went better, but this was not expected for the 

immersion samples. The most likely reason for this difference is that the biomass particles of the 

reference sample were not completely hydrolysed because not all particles were wetted with 

sulphuric acid. The differences between the reference, immersion and extraction samples compared 

to the cellulose and lignin can also come from the difference in heating rate. 

Also from the EDX measurements can be seen that the immersion and extracted samples give no 

indication that the solvent has attached to the AIL. A lot of differences between the ratios can be 

seen, this was not expected. It was expected that the ratios were close together, because the AIL 

should only contain lignin. For the extracted samples some glycolic acid could been attached to the 

lignin, this could be the case for the extraction with GlyA:Pro, because the C:O ratio is lower than 

immersion sample. For the GlyA:ChCl extraction, this could not be seen. It is possible that these 

differences are from the hydrolysis because the hydrolysis is not the same every time, and in some 

samples remains (more) cellulose than in other samples. Or another possibility is from the EDX 

measurement. 

For the ATR-FTIR the area which is analyzed is the largest, with the Raman microscope a lens with a 

magnification of 100x is used, and for the EDX a magnification of 750x is used. The ATR-FTIR 

measurement are probably the most accurate, because the largest area of the sample is investigated. 
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5. Treatment with LTTM 
From chapter 4 can be seen that the hydrolysis is not completely reliable for finding the amount of 

extracted lignin with the LTTM, because probably some cellulose was remaining in the AIL. The wheat 

straw is also analysed after extraction and immersion with IR spectroscopy, Raman microscopy and 

SEM-EDX, to see if the solvents modifies the wheat straw and if lignin is extracted. 

5.1. Method and materials 

5.1.1. UV 

The UV for the ASL is measured at 280 nm and 205 nm, with this the amount of lignin is determined. 

The samples are 15x diluted with water and the reference sample is 150x diluted acid. 

The UV is measured at a Shimadzu UV 2501 PC UV-VIS  with a quartz cuvette. 

5.1.2. Raman microscopy 

Wheat straw gives high fluorescence if it is placed on a specimen slide without any preparation. To 

solve this problem, the sample of wheat straw is placed on a specimen slide and several drops of 

water are added. The wheat straw is mixed with the water and a cover glass is put carefully on top 

and the sample is sealed with nail polish. [32] For wheat straw the measurement takes 30 seconds. 

The same Raman microscope is used as in section 2.1.2.  



49 

 

5.2. Results and discussion 

5.2.1. Gravimetric analysis 

After washing with the water-ethanol mixture of the wheat straw the weight loss can be determined, 

the weight loss comes from the extraction, immersion or wash step and for the reference sample it is 

expected that not much lignin is extracted. For the extraction samples the highest weight loss is 

expected, because the solvent should extract the lignin from the biomass. The average amount of 

lignin remaining in the biomass is 20.87 wt% and the average weight loss of the wheat straw is      

3.40 wt%. The results can be seen in Table 5.1. 

Table 5.1: Results of washing for the reference sample 

 Weight loss of 

wheat straw [%] 

Lignin remaining after 

washing [%] 

Corrected  weight loss [%] 

Reference sample 1 4.32 20.79 4.32 

Reference sample 2 4.10 20.78 4.10 

Reference sample 3 2.87 21.07 4.52 

Reference sample 4 2.30 20.85 3.95 

The percentage of lignin is close together, but the amount of weight loss is different for the samples , 

it was expected that the weight loss would be the same for each sample, because the same 

treatment was used for each sample. The only difference can be found in the water percentage 

present in the wheat straw, for sample 1 and 2 this percentage is 7.63 wt% and for sample 3 and 4 

this percentage is 9.19 wt%. If the percentages would be the same, similar amounts of weight loss is 

found. It is possible that something went wrong with measuring the water content of the wheat 

straw. The value of 7-8% is measured for the most samples of wheat straw. If this is adjusted, the 

weight losses are closer together, this can be seen in Table 5.1. 

The average amount of lignin remaining in the biomass found for the immersion samples with 

GlyA:Pro is 21.77 wt%. For GlyA:ChCl the lignin remaining in the biomass is 21.13 wt%. In Table 5.2 

the results for both immersion samples can be seen. 

It can be seen that the duplos of the immersion experiments with GlyA:ChCl have similar weight 

losses and lignin percentages. For the immersion with GlyA:Pro the deviation is a bit higher, but it is 

still close together. The LTTM does not influence the results in case of the immersion, this was also 

expected because it was done at room temperature for a short time. The only difference can be seen 

in the lignin extracted with LTTM (equation 2 and 3) for both samples this value is negative and this is 

not possible. Therefore the composition of the AIL was investigated and the very small amounts of 

cellulose which could be present can give these values. With equation 2 the weight loss, a, is 

calculated and with this the amount of lignin extracted with LTTM can be calculated (equation 3), the 

wt% lignin remaining, is the lignin remaining in the biomass which can be found after hydrolysis. 

         (2) 

    (3) 
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To investigate these values, the wheat straw and AIL is investigated with other techniques. It is 

possible that the amount of lignin calculated after hydrolysis is not correct as explained in chapter 1, 

and a small difference in the weight of the AIL leads to big differences in the lignin extracted with 

LTTM, this can also be seen in Figure 5.1. 

 
Figure 5.1: Gravimetric method for immersion with GlyA:Pro, cyan is the lignin remaining after extraction. Red is the 

amount of lignin extracted with LTTM and orange is the weight loss from the biomass after extraction. 

If the reference sample is compared with the immersion samples, it can be seen that the weight loss 

is in the same range for all samples. The lignin remaining in the biomass is for the immersion samples 

slightly higher, so more lignin is found during the hydrolysis of the immersion samples. This was not 

expected, but the difference are in the same range 21%, because these results are based on weight it 

is possible that a small deviation can be found. 

Table 5.2: Results of hydrolysis for immersion, extraction and washing with a water-ethanol mixture 

 Weight loss of wheat 

straw [%] 

Lignin remaining in 

biomass [%] 

Lignin extracted 

with LTTM [%] 

Reference sample 1 4.32 20.79  

Reference sample 2 4.10 20.78  

Reference sample 3 4.52 21.07  

Reference sample 4 3.95 20.85  

GlyA:Pro immersion 1 4.18 21.54 -17.44 

GlyA:Pro immersion 2 4.92 21.99 -20.24 

GlyA:ChCl immersion 1 4.87 21.11 -18.81 

GlyA:ChCl immersion 2 4.87 21.15 -19.51 

GlyA:Pro extraction 1 8.36 19.35 26.08 

GlyA:Pro extraction 2 7.58 20.07 17.94 

GlyA:ChCl extraction 1 11.23 21.71 5.69 
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For the duplo of the extraction with the GlyA:Pro sample can be seen that the weight loss has a large 

deviation and also a large deviation can be seen in the lignin remaining in the biomass. The values of 

the extracted lignin are not negative anymore, but the large difference of the duplos is not expected, 

this should be almost the same. 

For the extracted GlyA:ChCl sample, the weight loss is a bit higher than for the extracted GlyA:Pro 

sample, the lignin extracted with the extracted GlyA:ChCl sample is lower than for the extracted 

GlyA:Pro sample. Because the weight loss is a bit higher, it is expected that the lignin extracted with 

LTTM is also higher. A possible explanation is that not only lignin is remaining in the AIL, but also 

some cellulose and hemicellulose can be present in the AIL. 

The weight loss of the wheat straw is higher for the extracted samples than for the reference sample 

and the immersion samples. The amount of lignin found in the AIL and ASL is a bit lower compared to 

the immersion samples and reference sample for the GlyA:Pro samples. It was expected that the 

amount of lignin was lower after the extraction of wheat straw, because more lignin was extracted. 

But for the GlyA:ChCl sample this could not be seen. 
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5.2.2. Reference sample 

The reference sample of wheat straw is discussed for the assignments of the peaks and the reference 

sample is compared with the immersion and extraction samples. 

ATR-FTIR 

In Table 5.3 the assignment for several peaks can be seen, some peaks can be assigned to two or 

more biopolymers. For some peaks it was not clear which polymer they could be assigned to, these 

peaks are discussed in more detail. 

 
Figure 5.2: ATR-FTIR spectra of the OH-stretch peak and the peak at ~2900 cm

-1 

The first peak (peak 1) can be seen in both standards for cellulose and lignin at wavenumbers 

between 3330-3390 cm
-1

 and this peak is assigned to an OH group, see Figure 5.2. It is expected that 

the OH group in lignin gives a higher wavenumber compared to cellulose, in lignin most of the OH 

groups are bonded to a benzene ring. A benzene ring withdraws electrons from the oxygen atom and 

with resonance the oxygen is sp
2
 hybridized with the carbon. These bonds are shorter than the sp

3
 

bonds in a normal alcohol and this will lead to a higher wavenumber. If the wavenumber of the 

reference sample is compared with the wavenumbers of both standards, it can be seen that the 

wavenumber of the OH-stretch peak is much closer to the cellulose peak than to the lignin peak. 

The second peak (peak 2), which can be seen at 2918-2851 cm
-1

, can be assigned to both lignin and 

cellulose. The standards for lignin give a double peak at these wavenumbers and the standards for 

cellulose only give one peak, this can be seen in Figure 5.2, the reference sample gives also two 

peaks, these peaks do not have the same shape as the standards for lignin. The lignin gives two 

separated peaks and for the reference sample the peaks are not separated, probably this comes from 

the cellulose. The wavenumber is shifted more to the wavenumber of lignin. It is expected if more 

lignin is extracted the peak will shift to the wavenumber of cellulose, this can be seen in Figure 5.3. 
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Figure 5.3: ATR-FTIR spectrum for the reference sample at 2918 cm

-1
, if the peak shifts to the right more lignin is 

extracted. 

A peak can be seen at 1731 cm
-1

, in Figure 5.4 this peak is compared to the standards of lignin and 

cellulose and it cannot be found in the spectra of the standards for lignin and cellulose. If the 

carboxyl groups of lignin are esterified the peak will shift to lower wavenumbers, the Alcell lignin 

gives a peak at 1714 cm
-1

. It is possible that this peak was at a wavenumber of 1731 cm
-1

, before the 

Alcell lignin was removed from the wheat straw. [56] If the peak in the hydrolysed samples 

disappeared and a peak at 1714 cm
-1

 is found, the carboxyl groups are esterified and this peak can be 

assigned to lignin, this can be seen in chapter 4. It very unlikely that the lignin groups are esterified at 

room temperature. According to literature this peak can be assigned to hemicellulose. [33], [40], 

[43], [45], [54]  

 
Figure 5.4: ATR-FTIR spectra of the peak at 1731 cm

-1 
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Another peak which can be found in the reference sample is the peak at a wavenumber of 1625 cm
-1

. 

This peak cannot be seen in de standards for lignin or cellulose, but Alcell lignin gives a peak close to 

this wavenumber. As can be seen in Figure 5.5 this peak is consists of three tops. If this peak is 

separated into the three peaks, a peak can be found at 1653 cm
-1

, the second peak is at 1625 cm
-1

 

and the third peak can be seen at 1598 cm
-1

. The peak at 1653 cm
-1

 was also seen in every hydrolysed 

sample, but cannot be found in the standards for cellulose or lignin. This peak is explained in section 

4.2.1.
 

 
Figure 5.5: ATR-FTIR spectrum for the peak at 1625 cm

-1
 can be divided into three separate peaks 

At 1625 cm
-1

 the C=C vibration of the aromatic ring can be found [37], in the reference is mentioned 

that this peak normally is seen at a wavenumber of 1600 cm
-1

. At 1598 cm
-1 

a peak can be seen, so 

this could mean that different types of aromatic structures are present in lignin, one which gives a 

peak around 1600 cm
-1

 and one that gives a peak at 1625 cm
-1

. Another possibility is C=C-aryl 

vibration of an alkene, this peak is found at 1625 cm
-1

. [37] A C=C-aryl band can be found in the 

precursors of lignin, so it is also possible that some precursors, see figure Figure 1.5, are not totally 

polymerized or that the wash step with ethanol/water broke the bonds between the lignin 

precursors, but this is not very likely because the washing with water/ethanol is done at room 

temperature. In lignin from plants small amounts of incomplete monolignols can be found, so this 

peak is probably from a unpolymerized  precursor. [62] 
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Table 5.3: Assignments for ATR-FTIR spectra of wheat straw samples 

Wavenumber 

[cm
-1

] 

Assignment Biopolymer References 

1510  

 

Lignin Alcell lignin 

[38], [40]–[45], [47]–[55], [57], [59] 

1423 C-H deformation 

 

 

Aromatic skeletal 

vibration 

Cellulose 

 

 

Lignin 

α-cellulose,  cellulose fibrous 

C6288, cellulose fiber long C6663, 

[38][51]  

Alcell lignin and alkali lignin [38], 

[40]–[42], [44], [46], [52], [54], [57]  

1370 C-H deformation Cellulose and 

hemicellulose 

α-cellulose [38], [40], [42], [46], 

[51], [57]  

1318 C-H Cellulose α-cellulose, cellulose fibrous C6288, 

cellulose fiber long C6663, [38], 

[40], [55], [57]  

1244  

 

Syringyl ring 

C-O stretching 

O-H stretching 

C-O stretching 

Cellulose 

 

Lignin 

 

 

Hemicellulose 

cellulose fibrous C6288, cellulose 

fiber long C6663 

[47][54][59][52][33]  

 

 

[47][51][40][52] 

1159 C-O-C 

 

 

Deformation vibrations 

benzene ring 

p-coumaric ester group 

Cellulose and 

hemicellulose 

 

Lignin 

α-cellulose,  cellulose fibrous 

C6288, cellulose fiber long C6663, 

[38], [40], [43], [54], [56], [57]  

Alcell lignin, [42], [47][51][40] 

1033 C-O stretching 

 

 

 

C-O stretching 

 

Deformation vibrations 

Guaiacyl 

Cellulose 

 

 

 

Hemicellulose 

 

Lignin 

α-cellulose,  cellulose fibrous 

C6288, cellulose fiber long C6663, 

[38][45][43] 

 

[45][43] 

 

Alcell lignin, alkali lignin, [38][42], 

[47][45][40] 

897 C-H deformation 

 

 

β-glycosicic linkages 

(1à4) 

Cellulose α-cellulose,  cellulose fibrous 

C6288, cellulose fiber long C6663, 

[38][49][52][43]  

[49] 

782 C-H bends 

Phenyl ring substitution 

Lignin Alkali lignin, [44] 

667  Cellulose α-cellulose,  cellulose fibrous 

C6288, cellulose fiber long C6663, 

[33] 

560  

 

C-C stretching 

Cellulose 

 

Lignin 

α-cellulose,  cellulose fibrous 

C6288, cellulose fiber long C6663 

Alcell lignin, alkali lignin, [44], [57] 

530  Lignin Alcell lignin, alkali lignin 

523  Lignin Alkali lignin 
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Raman microscopy 

The spectrum which can be seen in Figure 5.6 is corrected for the baseline, the spectrum which is not 

corrected can be seen in the Appendix Raman spectra in Figure 7.3. The baseline correction must be 

done to find Raman signal, because of the high fluorescence of the sample almost no signal can be 

seen in the original spectrum. At low wavenumbers a lot of peaks can be seen, this comes from the 

baseline correction and these peaks are noise. The first peak which can be found in the spectrum is 

the peak at 907.1 cm
-1

, in literature peaks lower than this wavenumber for wheat straw are not 

mentioned.  

 
Figure 5.6: Raman spectrum of the reference sample for wheat straw 

To find the different peaks in the spectrum the Raman software and literature was used, the 

spectrum was also compared with the Raman spectrum for α-cellulose and Alcell and alkali lignin. To 

find all separated peaks LabSpec is used for curve fitting of the spectra. 

In literature [34] an article was found, which gave similar spectra for wheat straw. In the Raman 

spectrum for wheat straw several orientation sensitive peaks for cellulose can be found, these will be 

explained in section 5.2.3. For the Raman spectrum every peak could be assigned, and they can be 

found in Table 5.4. 
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Table 5.4: Assignment of Raman peaks for the reference sample 

Raman shift [cm
-1

] Assignment Remarks References 

907.1 CC and CO stretch Amorphous cellulose [34], [44] 

990  Cellulose 

Lignin 

[34] 

Alkali lignin 

1040.9 CO of aryl-O-CH3 and aryl-OH 

C-O stretch 

Lignin 

Cellulose and hemicellulose 

[34], [44] 

1093.9 CC and CO stretch Crystalline cellulose 

Hemicellulose 

α-cellulose 

[32], [34], 

[44] 

1126.8 CC and CO stretch Cellulose and 

hemicellulose 

α-cellulose 

[34], [57] 

1174.8 C-C aryl-alkyl ether bonding 

and methyl C to aromatic rings 

Lignin [50], [57] 

1207.6 C-C aryl-alkyl ether bonding 

and methyl C to aromatic rings 

Lignin [50], [59] 

1275.8 Aryl-O of aryl OH 

Aryl O-CH3 

 

Lignin, aromatic ether in G 

 

Guaiacyl ring (with C=O group) 

mode 

 

 

[34], [43] 

1341.4 HCC and HCO bending Cellulose 

 

Lignin 

α-cellulose  

[34] 

Alcell lignin 

[32] 

1379.3 HCC, HCO and HOC bending 

C-H deformation 

Cellulose 

 

 

hemicellulose 

α-cellulose 

[32], [34], 

[44] 

1432.4 O-CH3 deformation 

CH2 scissoring 

 

Lignin 

 

Guaiacyl ring vibration 

Orientation sensitive band of 

cellulose 

[34] 

1462.7 C-C ethylene and methyl 

HCH and HOC bending 

Lignin and cellulose 

 

[34], [59] 

1503.1  Lignin, Aryl ring stretch 

asymmetric vibration of S 

Alcell lignin 

[34], [43], 

[44] 

1604.1 C=C aromatic Lignin, Aryl ring stretch 

symmetric vibration of G and S 

Alcell lignin 

[34], [43], 

[44], [52], 

[57], [59], 

[63] 

1634.4 Ring conjugated C=C stretch 

C=O 

Lignin, coniferaldehyde Alcell lignin 

[34], [43], 

[44], [52], 

[59] 

2899.7 C-H stretch sp
3 

Cellulose α-cellulose 

[32], [34] 

2945.1 C-H stretch sp
3
 in OCH3 

asymmetric 

Lignin 

Cellulose 

Hemicellulose 

α-cellulose 

[32], [34] 
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5.2.3. Immersion sample 

ATR-FTIR 

The first peak which can be seen in Figure 5.7 can also be seen in the reference sample and is 

assigned to the O-H stretch vibration. If this peak is compared with the standards of cellulose and 

lignin, it can be seen that the wavenumbers are closer to the ones of the standard cellulose. The 

wavenumbers are shifted slightly to a higher wavenumber compared to cellulose standards, but this 

is expected because lignin is present in wheat straw. The wavenumbers are closer to cellulose, so it is 

possible that some lignin can be found in the wheat straw. This is also seen for the gravimetric 

results, lignin can be found in the extracted wheat straw. The wavenumbers for the reference sample 

and the immersion samples are similar. 

 
Figure 5.7: ATR-FTIR spectra of the immersion samples compared with the reference sample 

The second peak which can be seen in Figure 5.7, can be assigned to lignin and cellulose, both 

immersion samples spectra give two peaks at this wavenumber. If this peak is compared with the 

standards for lignin and cellulose, it can be seen that the peaks looks more like lignin, this could also 

be seen for the reference sample. If the wavenumbers of the standards are compared with the 

wavenumbers of the immersion samples, it can be seen that both immersion tests give a 

wavenumber closer to the one of lignin, this could also be seen for the reference sample. The 

reference sample and immersion samples give both the same wavenumbers for this peak, so this 

would mean that no lignin is removed compared to the reference sample as expected. 

The peak at 1733 cm
-1

 can be assigned to the solvent, lignin or hemicellulose. This peak is compared 

with the used solvents Figure 5.8, both solvents have a peak around this wavenumber, this peak is 

from the glycolic acid and it is possible that there is some solvent remaining in the wheat straw. The 

ATR-FTIR spectra of both solvents and components of the solvent can be seen in the Appendix ATR-

FTIR spectra in Figure 7.1 and Figure 7.2. Probably this peak is not from the solvent, because this 

peak can also be seen in the reference sample. Another possibility is that this peak is from the 

carbonyl of lignin as explained in section 4.2.1. 
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Figure 5.8: ATR-FTIR spectra of the solvents compared with the immersion samples 

For the two immersion samples the peak at 1625-1627 cm
-1

 can also be divided into three separate 

peaks, this is also found the reference sample and explained in section 5.2.2. The assignments of the 

other peaks can be found in Table 5.3. 

Also some differences can be found between the immersion samples and the reference sample these 

can be seen in Figure 5.9. 

 
Figure 5.9: ATR-FTIR spectra of reference sample and the immersion samples with GlyA:Pro and GlyA:ChCl 

The first difference (peak 1) can be found at a wavenumber around 667 cm
-1

 and this peak can be 

assigned to the OH torsional vibration of cellulose [33]. For the standards of cellulose a sharp peak 

around this wavenumber can be seen. This peak is much sharper in the reference sample than in the 

immersion  samples, the reference sample has also a slightly higher wavenumber than in the 

immersion samples. In the standards it can be seen that two standards of cellulose also have a sharp 

peak, and α-cellulose has a peak which is less sharp. The α-cellulose has a lower polymerisation and 

has some pollution and traces of hemicellulose this cellulose gives the less sharp peak. So from this 

peak can be seen that immersion samples are more like α-cellulose, this can be seen in Figure 5.10. 
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Figure 5.10: ATR-FTIR spectra for the peak at 667 cm

-1
 for standards of cellulose, compared with extraction and reference 

samples 

And the last difference can be seen at a wavenumber around (peak 2 and 3 from Figure 5.9) 530 cm
-1

 

and 523 cm
-1

, these peaks are assigned to lignin. For the reference sample the peak at 523 cm
-1

 is 

higher than the peak at 530 cm
-1

, for the other two immersion test samples this is just the other way 

around. It is possible that the use of a solvent has changed the structure of lignin, but the changes 

are very small and in literature nothing is found at these low wavenumbers. For the immersion 

samples this was also not expected. 
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Raman microscopy 

The Raman spectra for both immersion samples can be seen in Figure 5.11. The spectra are already 

baseline corrected, the spectra without a baseline correction can be seen in the Appendix Raman 

spectra in Figure 7.4. Some differences can be seen between the two immersion samples. The first 

difference can be seen at the peak at 1096 cm
-1 

(peak 1), this peak is higher compared to the peak at         

1126 cm
-1

 (peak 2) for the GlyA:Pro immersion sample and the reference sample. For the immersion 

sample with GlyA:ChCl the peak at 1096 cm
-1 

is lower than the peak at 1126 cm
-1

. Both peaks are 

assigned to the same functional groups of hemicellulose and cellulose. The band at 1096 cm
-1

 is an 

orientation sensitive band, so it is possible that different orientations of the cellulose are measured 

and this results in the difference in peak heights. If the orientation changes the peak at 1096 cm
-1

 

would increase, the peak at 2900 cm
-1

 (peak 5) would decrease and a peak at 994 cm
-1

 and around 

1423 cm
-1

 would appear, these bands are also sensitive to the orientation of cellulose. [34] It is 

possible that another orientation is measured, but this must be seen in the other peaks and for the 

GlyA:ChCl sample no decrease in the peak at 2900 cm
-1

 is seen. It is also possible that some 

hemicellulose is removed and that this leads to the differences between the peaks. Because both 

peaks are assigned to exact the same biopolymers and functional groups, this difference is probably 

from the baseline correction. It is possible that a different point is chosen and therefore the peak at 

1096 cm
-1

 is a bit lower. From the gravimetric results can be seen that the immersion sample for 

GlyA:ChCl and the reference sample are almost the same, so this difference was not expected. 

The second difference is assigned to C-C aryl-alkyl ether bonding and methyl C to aromatic rings, this 

peak can be seen at a wavenumber of 1205 cm
-1

 (peak 3). The sample immersed in GlyA:ChCl has a 

peak at this wavenumber, but the sample immersed GlyA:Pro does not have a peak. This could mean 

that the immersion in LTTM influence the composition of the wheat straw. Another difference is at      

1503 cm
-1

, this peak can be assigned to lignin. For the GlyA:Pro sample the peak is much smaller than 

the peak for the GlyA:ChCl sample and the reference sample. These two differences can both be 

assigned to lignin, so it is possible that the structure of the lignin has changed after immersion with 

GlyA:Pro, in the ATR-FTIR spectra for the immersion tests also some small changes can be seen. In 

section 5.2.4 these peaks are compared with the extraction samples and will be discussed to find out 

what the difference is, because the reference sample and the immersion with GlyA:ChCl are the 

same at these wavenumbers, it is possible that this difference is due to the baseline correction. 

  
Figure 5.11: Raman spectra for immersion samples with GlyA:Pro and GlyA:ChCl 
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The last difference which can be seen is the C-H stretch vibration, this vibration can be found at 

wavenumbers of 2900 cm
-1

 (peak 5) and 2945 cm
-1

 (peak 6). For the GlyA:Pro sample both peaks 

have the same height, but the GlyA:ChCl immersion sample and the reference sample give a lower 

second peak. The peak at 2900 cm
-1

 comes from cellulose and the peak at 2945 cm
-1

 is assigned to 

lignin, hemicellulose and cellulose. It is possible that some of the hemicellulose is removed and that 

this changes the peak, another possibility is that the GlyA:Pro solvent changes the lignin, this peak 

could also be assigned to lignin. It is also possible that this difference is due to the baseline 

correction. As can be seen the GlyA:Pro immersion sample is different compared to the reference 

sample and the GlyA:ChCl immersion sample. Probably these differences are from the baseline 

correction. The assignment of the other peaks can be found in Table 5.4.  
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SEM-EDX 

The EDX measurements give three elements, carbon, oxygen and silicon, this can be seen in Figure 

5.12. 

As can be seen in Table 5.5 the C:O ratio of the immersion sample with GlyA:ChCl gives a very high 

C:O ratio, even above the ratio of lignin. This was not expected, it was expected that the ratio should 

be the same as for the reference sample, or a little bit smaller because some changes could be seen 

in the ATR-FTIR and Raman spectra. This can be seen for the immersion with GlyA:Pro, the C:O ratio 

is lower compared to the reference sample. This could mean that some lignin is extracted during the 

immersion with GlyA:Pro or that the solvent has attached to the lignin. Glycolic acid has a C:O ratio of 

0.67:1, if the glycolic acid has attached to the lignin, this would lead to a lower ratio. Both extraction 

and modification of lignin were not expected for the immersion tests. 

Table 5.5: C:O ratios for the reference and immersion samples and for the standards of lignin and cellulose 

 Initial C:O ratio SiO2 corrected C:O ratio 

Reference sample 1.77:1 2.22:1 

Immersion with GlyA:Pro 1.83:1 1.88:1 

Immersion with GlyA:ChCl 1.97:1 3.71:1 

Lignin 3.05:1 3.05:1 

Cellulose 1:1 1:1 

Hemicellulose 1.04:1 1.04:1 

From these results it can be seen that no solvent is remaining in the wheat straw, if solvent was 

remaining a nitrogen peak must be found but this cannot be seen. Nitrogen is present in choline 

chloride and proline. It is possible that the amount of nitrogen is too small for the EDX to detect. 

The SEM pictures, with the exact magnification, can be found in the Appendix SEM-EDX Figure 7.10 

and Figure 7.11. 

  

Figure 5.12: EDX of wheat straw washed with GlyA:Pro can be seen on the left and washed with GlyA:ChCl on the right 
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5.2.4. Extracted with LTTM at 60 °C and washed with water-ethanol 

ATR-FTIR 

The first peak which can be seen in Figure 5.13 is assigned to the O-H stretch vibration, this peak 

could also be seen in the reference and immersion samples and the wavenumber for all samples are 

similar. For all samples the wavenumber is around 3340 cm
-1

. From Table 2.1 and Table 2.2 can be 

seen that this wavenumber is closer to the standards of cellulose than to the standards of lignin. But 

no real differences between immersion, extraction or reference sample can be seen. 

 
Figure 5.13: ATR-FTIR spectra for wheat straw extracted with GlyA:ChCl and GlyA:Pro and the reference sample 

The second peak which can be seen in Figure 5.13, can be assigned to lignin and cellulose, for both 

spectra only one peak can be seen, this can also be found in the standards for cellulose, see     

chapter 2. If the wavenumbers of the standards are compared with the wavenumbers of the 

extracted wheat straw, it can be seen in Table 5.6 that the extraction with GlyA:ChCl gives exact the 

same wavenumbers as one of the standards for cellulose fibers long, the extraction with GlyA:Pro 

gives a similar result. From the spectra it could be seen that the α-cellulose has the most similarities 

with the wheat straw and from Table 5.6 can be seen that the wavenumber from α-cellulose is a bit 

different. This could mean that still some lignin is present in the wheat straw after the extraction. 

Table 5.6: Wavenumbers of the second peak from the ATR-FTIR spectra in Figure 5.13 

 Wavenumber [cm
-1

] 

Reference sample 2918
 

Immersion test GlyA:Pro 2917 

Immersion test GlyA:ChCl 2918 

Extraction GlyA:Pro 2902 

Extraction GlyA:ChCl 2898 

α-cellulose 2889 

Cellulose fibrous, C6288-100G 2897 

Cellulose fibers long, C6663-250G 2898 

Alcell lignin 2932 

Alkali lignin 2935 
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Another possibility is that the structure of lignin has changed with the use of the solvents and 

wavenumbers closer to cellulose can be found. It is possible that the solvent is attached to the lignin, 

this can also lead to small differences in the OH-stretch vibration. If the solvent is attached to lignin, 

it is the glycolic acid which is attached to the lignin. That the solvent attaches to the lignin can also be 

seen in literature, the changes in the wavenumbers are very small. The solvent attached with a 

reaction. [56]  

The next difference which can be seen between the reference sample and the extracted samples are 

the two following peaks, at 1733 cm
-1

 for the two extracted samples and at 1731 cm
-1

 for the 

reference sample, and the peak between 1627 cm
-1 

- 1623 cm
-1

, peak 3 and 4 in Figure 5.13. For the 

two extracted samples these peaks have almost the same intensity, but for the reference sample and 

the immersion samples the first peak is much smaller than the second peak, which could indicate 

that something changed in the wheat straw. As explained in section 5.2.3 it is possible that this peak 

is from the solvent, but this peak can also be seen in the reference sample and for that sample no 

solvent is used. It is possible that the peak becomes a bit larger due to the remaining of some 

solvent, but in that case other solvent peaks must be seen in the spectra and this is not the case, the 

solvent gives peaks between 2700 – 2200 cm
-1

. It is also possible that the glycolic acid has attached to 

the lignin [56], this would lead to very small changes in the ATR-FTIR spectra. 

If some lignin is removed from the wheat straw it is also possible that the peak at 1625 cm
-1

 becomes 

smaller. In this case the peak at 1733 cm
-1 

can also be assigned to hemicellulose, because if the peak 

was from lignin it would also change. It is also expected that the hemicellulose is removed very 

easily, so after extraction with the LTTM probably hemicellulose is also extracted. The differences at 

peaks 5 and 6 can also be seen between the reference samples and the immersion samples, it is 

possible that the solvent changed the wheat straw. From this can be seen that the extraction 

probably is not temperature dependent. 
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Raman microscopy 

The Raman spectra for the two extracted samples compared with the reference sample can be seen 

in Figure 5.14 and two differences can be seen. These spectra are already corrected for the baseline 

and the peaks at lower wavenumbers are noise, the spectra without baseline correction can be seen 

in Appendix Raman spectra in Figure 7.5. The assignment of the other peaks can be seen in Table 5.4. 

 
Figure 5.14: Raman spectra reference sample of wheat straw compared with extracted wheat straw 

The first difference between the extraction samples and the reference sample can be seen in Figure 

5.14 is the peak at 907 cm
-1

, this peak is assigned to amorphous cellulose. For the reference sample a 

peak can be seen at these wavenumbers, but for the two extracted samples no peak can be seen at 

907 cm
-1

, this would mean that the extraction removes not only lignin but also amorphous cellulose. 

The second difference which can be seen is at the C-H stretch peaks, the extraction with GlyA:Pro 

gives a higher peak at 2945 cm
-1

 compared with 2900 cm
-1

 and for the reference sample and the 

extraction with GlyA:ChCl the peak at 2900 cm
-1

 is higher than the peak at 2945 cm
-1

, this difference 

can also be seen in section 5.2.3, and is assigned to hemicellulose, lignin or the baseline correction. 

The immersion samples and extracted wheat straw are also compared and the differences can be 

seen in Figure 5.15. 

 
Figure 5.15: Raman spectra extracted wheat straw compared with immersion tests for wheat straw 
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If the extracted samples are compared with the immersion samples it can be seen in Figure 5.15 that 

the peak at 907 cm
-1 

disappeared for the extracted samples, this could also be seen for the reference 

sample compared with the extracted wheat straw. 

The second difference can be seen at wavenumbers of 1096 cm
-1

 and 1126 cm
-1

, this was already 

discussed for both immersion samples. For the GlyA:ChCl immersion sample the peak at 1096 cm
-1

 is 

lower than the peak at 1126 cm
-1

, for the other three samples this is not seen. Because it is only seen 

in this sample, the change is probably from the baseline correction of another explanation can be 

that the orientation of the cellulose was different for the GlyA:ChCl sample, although this was not 

seen for the other orientation sensitive peaks as explained in section 5.2.3. 

The third difference is the peak at 1205 cm
-1

, for the immersion sample with GlyA:Pro no peak can be 

seen, for the other three samples a peak can be seen. This peak is assigned to lignin, but the 

extraction with GlyA:Pro gives a peak at 1205 cm
-1

, so it is unlikely that the lignin is modified by the 

solvent. Probably this peak is present, but it cannot be seen in the spectra because the peaks next to 

it overlap it or that it is from the baseline correction as explained above. 

The fourth difference is at a peak of 1503 cm
-1

, this peak is also assigned to lignin. For the immersion 

sample and extraction with GlyA:ChCl a larger peak can be seen. For the GlyA:Pro immersion sample 

and extraction a smaller peak can be seen. Because this can be seen at both immersion samples and 

extraction it is possible that the solvent has modified the lignin, for the immersion samples this was 

not expected, but in ATR-FTIR some small differences can be seen. 

And the last difference which can be seen is the peak at 2900 cm
-1

 and 2945 cm
-1

, the extraction of 

GlyA:Pro gives a higher peak at 2945 cm
-1

, the immersion sample of GlyA:Pro gives two peaks with 

almost the same intensity. Both extraction and immersion samples of GlyA:ChCl gives a higher peak 

at 2900 cm
-1

. For the extraction with GlyA:Pro the peak at 2900 cm
-1 

is flat, if this is from the cellulose 

orientation the peak at 1096 cm
-1

 must be a lot higher, but this cannot be seen in Figure 5.15. The 

peak at 2945 cm
-1

 is from lignin, it is also possible that the GlyA:Pro modified the lignin. 
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SEM-EDX 

For the two extracted samples three elements can be found in Figure 5.16, carbon at an energy of 

0.27 keV, oxygen at an energy of 0.53 keV and silicon at an energy of 1.84 keV. 

The ratio C:O for an extraction with GlyA:Pro is higher than the C:O ratio of the extraction with 

GlyA:ChCl, see Table 5.7. It can be seen that both samples are between the lignin and cellulose and 

hemicellulose ratio, so lignin, cellulose and/or hemicellulose is present in both samples. As can be 

seen from Table 5.7, the extraction with GlyA:Pro has a higher C:O ratio than the immersion of the 

GlyA:Pro and the reference sample. This would mean that after extraction more lignin is present in 

the wheat straw compared to cellulose and hemicellulose. Because the lignin content has not 

increased, the hemicellulose and cellulose content is decreased. So the extraction with GlyA:Pro 

would remove the cellulose and hemicellulose instead of extracting the lignin. From section 5.2.3 it 

could be seen that the C:O ratio of the immersion sample decreases compared to the reference 

sample and that it is possible that some lignin is removed or modified. So the results from the 

extraction with GlyA:Pro were not expected and cannot be explained. For the extraction with 

GlyA:ChCl a decrease in ratio can be seen compared to the reference sample and the immersion 

sample of GlyA:ChCl, this was also as expected. Some lignin is removed and this will lead to a lower 

C:O ratio or that the solvent has attached to the lignin and gives a lower C:O ratio. 

Table 5.7: C:O ratio for extraction samples and the standards 

 Initial C:O ratio SiO2 corrected C:O ratio 

Reference sample 1.77:1 2.22:1 

Immersion with GlyA:Pro 1.83:1 1.88:1 

Immersion with GlyA:ChCl 1.97:1 3.71:1 

Extraction with GlyA:Pro 1.86:1 2.27:1 

Extraction with GlyA:ChCl 1.60:1 2.03:1 

Lignin 3.05:1 3.05:1 

Cellulose 1:1 1:1 

Hemicellulose 1.04:1 1.04:1 

The SEM pictures with exact magnification and area can be found in the Appendix SEM-EDX in Figure 

7.12 for the extraction with GlyA:Pro and in Figure 7.13 for the extraction with GlyA:ChCl. It can be 

seen that both samples are between the lignin and cellulose and hemicellulose ratio, so lignin, 

cellulose and/or hemicellulose is present in both samples. 

Figure 5.16: EDX of wheat straw extracted with GlyA:Pro can be seen on the left and extracted with GlyA:ChCl on the right 
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5.3. Conclusion 

From the gravimetric method can be concluded that the immersion with LTTM does not influence the 

extraction of the lignin, the results are the same for both LTTMs. For the extraction the weight loss is 

a bit higher, than for the immersion samples and the reference sample. This was also expected, the 

amount of lignin extracted with LTTM gave also a positive value, but the results were varying very 

much. 

From the ATR-FTIR can be concluded that the changes in wheat straw are very small. From the peak 

around 2900 cm
-1 

it can be seen that some lignin is removed during the extraction, because one peak 

disappeared. The solvent probably did not attach to the wheat straw, because this should lead to 

new peaks which cannot be seen. Because no solvent peaks can be seen and probably the solvent did 

not attach to the wheat straw another explanation is necessary. This could be the influence of the 

washing with the water-ethanol. The peak at 667 cm
-1

 was less sharp for the extracted sample, this 

can be assigned to the polymerisation of the cellulose. From this peak can be concluded that 

cellulose with a low polymerisation degree is removed during extraction. 

If the two solvents are compared, it can be seen from the gravimetric results that the GlyA:Pro 

probably extracts some lignin and the GlyA:ChCl sample does not extract lignin. From the ATR-FTIR, 

Raman and EDX this is not seen, because almost no differences are found between the spectra for an 

extraction with GlyA:Pro and GlyA:ChCl so the extraction should be the same for these solvents. The 

difference in the gravimetric results can be from the cellulose that is remaining in the AIL. 

From the Raman spectra can be concluded that the solvent did not change the wheat straw, the only 

clear change after the extraction was the peak at 907 cm
-1

, which disappeared, this peak was 

assigned to amorphous cellulose, so during the extraction cellulose and hemicellulose was removed. 

This can also be seen in the results for ATR-FTIR. Further some small differences can be seen but 

these differences probably are from the washing with water-ethanol. 

From the SEM-EDX results can be concluded that only three elements can be detected in the wheat 

straw, carbon, oxygen and silicon. Only cellulose, hemicellulose and lignin are present in the wheat 

straw and from the ratios it can be seen that during the extraction lignin is removed from the wheat 

straw. After extraction with GlyA:ChCl can be concluded that the sample goes to a lower ratio 

compared to the immersion samples, this probably means that lignin is removed during the 

extraction and/or that the solvent has attached to the lignin. It is possible that the water-ethanol also 

changed the wheat straw after extraction a bit more, because after extraction for 24 hours at 60 °C, 

the samples were even stickier than for the immersion samples. So the removal of the LTTM took 

even more time and in the spectra only very small indications are found, which could indicate that 

the solvent has attached to the wheat straw or lignin. 

During the extraction not only lignin was removed but also some cellulose, this was not seen for the 

immersion samples and the reference sample. An explanation for the other differences between the 

samples in the wheat straw is the washing with the water-ethanol mixture. The same amount of 

water-ethanol is used for every sample, but for some sample the washing takes a lot longer which 

could lead to the differences. The differences between the immersion tests and the reference sample 

are very small, a possible explanation for the differences is that the LTTMs are a bit sticky and it takes 

more time to wash with water-ethanol to remove the LTTM than to wash the reference sample. For 

the immersion samples the water-ethanol mixture is put in the tube and mixed until the wheat straw 
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can be removed from the tube. For the reference sample, the water-ethanol mixture is poured on 

the wheat straw and mixed a little bit, but it is removed much faster. 
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6. Conclusion 
The gravimetric method for determining the amount of extracted lignin after extraction with the 

LTTM gives results with a large deviation. These deviations are from the hydrolysis reaction and 

therefore the AIL was investigated. It was assumed that only lignin was present in the AIL, but from 

the ATR-FTIR spectra it could be seen that probably some cellulose was remaining. This was further 

investigated with the SEM-EDX and TGA measurements. From the results of the EDX could be 

concluded that all corrected ratios were above the ratio of lignin, but all samples gave different 

ratios. From the TGA measurements could be seen that all immersion and extraction sample had a 

similar graph, but the graph for the reference sample was different. The difference between the 

reference sample and the other samples are probably from the hydrolysis reaction itself, probably 

some biomass particles were not completely wetted and on these particles the cellulose was not 

totally removed from the biomass. No indications were found that the solvent attached to lignin, 

because this should give differences between the immersion samples and the extracted samples, 

these differences could not be seen. 

The large deviations can also come from the wheat straw weighed after extraction. It is possible that 

not all LTTM was removed with the washing of water-ethanol. If some solvent remains in the wheat 

straw, this will lead to different weights and to a wrong amount of lignin. From IR spectroscopy and 

Raman microscopy, no solvent peaks could be found in the extracted or immersed wheat straw. Also 

from the EDX measurements, no other elements than carbon, oxygen and silicon were found. If 

solvent was remaining in the wheat straw, a nitrogen peak should be seen because this was present 

in both solvents. It can be concluded that no solvent was present in the wheat straw or AIL. 

Only very small differences were found in wheat straw after extraction with LTTM compared to the 

immersion samples and the reference sample. Lignin was remaining in the wheat straw, this could 

also be seen from the hydrolysis reaction. The ASL and AIL is the remaining lignin after extraction, 

probably some cellulose was left in the AIL but also a lot of lignin could be found. The largest 

difference could be seen from the Raman spectra of extracted wheat straw, the peak for the 

amorphous cellulose was removed after extraction, so the extraction did remove cellulose. 

The small differences between the reference sample, the immersion samples and the extraction 

samples can be from the washing with water-ethanol. A water-ethanol mixture of 30v%-70v% 

dissolves lignin at room temperature. If the wheat straw is treated with a LTTM it gets sticky and it is 

more difficult to wash it. The same amount of water-ethanol is used for every sample, but the time of 

the wash step was much longer than for the reference sample, the differences between immersion 

and extraction can also be explained with this, the extracted samples were stickier than the 

immersed samples, so it took longer to remove the LTTM and the wheat straw was longer in contact 

with the water-ethanol mixture. So the differences which are seen between the sample, are from the 

wash step with water-ethanol. 
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7. Recommendations 
The AIL could not be measured properly with the Raman microscope. This problem could be solved 

by using a Raman spectroscope with a different laser. The now used laser gives high fluorescence and 

the UV Raman spectroscope supresses this fluorescence. [64] The excitation line of the laser is 325 

nm. In Figure 7.1 the Raman spectrum of Alcell lignin measured with an UV Raman spectroscope can 

be seen. 

 
Figure 7.1: Raman spectrum for Alcell lignin with an UV Raman spectroscope 

In Figure 7.2 the spectra of Alcell lignin for the Raman microscope and the UV Raman spectroscope 

are compared. 

 
Figure 7.2: Raman spectra for Alcell lignin with two different Ramans 

The AIL could also be investigated further with TGA, in the range of 250-450 °C. If the heating is 

slower at these temperatures, it is possible to see the changes in more detail and it can be compared 

better with the standards for cellulose and lignin. The TGA results for the reference could be 

measured again, to find out if any difference can be seen. With a Pyrolysis-Field Ionization Mass 

Spectrometry (Py-FIMS) the components present in wheat straw and AIL can also be analysed. [65]  
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The EDX measurements could also be done at different places on the sample, and compared with 

each other. This could explain the difference in C:O ratios which are found for the EDX 

measurements. Also Alcell lignin should be measured with the EDX to see how much silicon is 

present and what the C:O ratio is for this lignin. This could also be done for cellulose. 

It is also possible to investigate the wheat straw further with XRD and CPMAS NMR, with these 

techniques it is possible to find the crystallinity of cellulose present in the wheat straw, also 

hemicellulose and lignin can be found. [48], [66], [67] With XRD it is possible to find inorganic crystal 

structures such as NaCl, KCl, CaCO3. [44] 

The results of the wheat straw between the immersion and the extraction are very small, it is 

possible that the extraction is not temperature dependent, this could be investigated further by 

doing the extraction at different temperatures.  

  



74 

 

Bibliography 

 [1] “Conversion of cellulose, hemicellulose and lignin into platform molecules: 

biotechnological approach.” [Online]. Available: 

http://www.eurobioref.org/Summer_School/Lectures_Slides/day3/Lectures/L06_A.Frola

nder.pdf.pdf. [Accessed: 27-Oct-2014]. 

 

[2] “NREL Learning About Renewable Energy.” [Online]. Available: 

http://www.nrel.gov/learning/re_biomass.html. [Accessed: 20-Oct-2014]. 

 

[3] M. Roncero, A. Torres, J. Colom, and T. Vidal, “TCF bleaching of wheat straw pulp 

using ozone and xylanase. Part A: paper quality assessment,” Bioresource technology, 

vol. 87, no. 3, pp. 305–314, 2003. 

 

[4] J. C. Del Rio, J. Rencoret, P. Prinsen, A. T. Martinez, J. Ralph, and A. Gutiérrez, 

“Structural characterization of wheat straw lignin as revealed by analytical pyrolysis, 

2D-NMR, and reductive cleavage methods,” Journal of agricultural and food chemistry, 

vol. 60, no. 23, pp. 5922–5935, 2012. 

 

[5] E. Avsar and G. Demirer, “Cleaner production opportunity assessment study in SEKA 

Balikesir pulp and paper mill,” Journal of Cleaner Production, vol. 16, no. 4, pp. 422–

431, 2008. 

 

[6] W. Sridach, “The environmentally benign pulping process of non-wood fibers,” 

Suranaree J Sci Technol, vol. 17, no. 2, pp. 105–123, 2010. 

 

[7] C. N. Hamelinck, G. van Hooijdonk, and A. P. Faaij, “Ethanol from lignocellulosic 

biomass: techno-economic performance in short-, middle-and long-term,” Biomass and 

bioenergy, vol. 28, no. 4, pp. 384–410, 2005. 

 

[8] B. C. Saha, L. B. Iten, M. A. Cotta, and Y. V. Wu, “Dilute acid pretreatment, enzymatic 

saccharification and fermentation of wheat straw to ethanol,” Process Biochemistry, vol. 

40, no. 12, pp. 3693–3700, 2005. 

 

[9] M. A. Hubbe and L. A. Lucia, “The ‘Love-hate’ relationship present in lignocellulosic 

materials,” BioResources, vol. 2, no. 4, pp. 534–535, 2007. 

 

[10] S. S. Tan, D. R. MacFarlane, J. Upfal, L. A. Edye, W. O. Doherty, A. F. Patti, J. M. 

Pringle, and J. L. Scott, “Extraction of lignin from lignocellulose at atmospheric 

pressure using alkylbenzenesulfonate ionic liquid,” Green Chemistry, vol. 11, no. 3, pp. 

339–345, 2009. 

 

[11] P. De Wild, W. Huijgen, and H. Heeres, “Pyrolysis of wheat straw-derived organosolv 

lignin,” Journal of Analytical and Applied Pyrolysis, vol. 93, pp. 95–103, 2012. 

 

[12] J. L. T. J. M. Berg and L. Stryer, Biochemistry. W.H. Freemand & Company, 2006. 

 

[13] K. T. Smith, “Plants’ essential chemical elements,” American Nurseryman, vol. 206, no. 

10, pp. 10–11, 2007. 

 



75 

 

[14] “Plants nutrients.” [Online]. Available: 

http://www.ncagr.gov/cyber/kidswrld/plant/nutrient.htm. [Accessed: 29-Sep-2014]. 

 

[15] T. D. F. J. R. H. R. L. H. T. P. H. J. A. L. D. N. Thompson and P. G. Shaw, “Selective 

harvest of higher value wheat straw components,” Idaho National Engineering and 

Environmental Laboratory. 

 

[16] T. S. Khan and U. Mubeen, “Wheat straw: A pragmatic overview,” Current Research 

Journal of Biological Sciences, vol. 4, no. 6, pp. 673–675, 2012. 

 

[17] A. Lähdetie and others, “Wood biomass characterization by Raman spectroscopy,” 

2013. 

 

[18] D. Fu, G. Mazza, and Y. Tamaki, “Lignin extraction from straw by ionic liquids and 

enzymatic hydrolysis of the cellulosic residues,” Journal of agricultural and food 

chemistry, vol. 58, no. 5, pp. 2915–2922, 2010. 

 

[19] A. Hendriks and G. Zeeman, “Pretreatments to enhance the digestibility of 

lignocellulosic biomass,” Bioresource technology, vol. 100, no. 1, pp. 10–18, 2009. 

 

[20] J. Bidlack, M. Malone, and R. Benson, “Molecular structure and component integration 

of secondary cell walls in plants,” in Proc. Okla. Acad. Sci, 1992, vol. 72, pp. 51–56. 

 

[21] MISSING:h, “MISSING:h,” 2015. 

 

[22] “Lignoworks.” [Online]. Available: http://www.lignoworks.ca/content/what-lignin . 

[Accessed: 01-Nov-2015]. 

 

[23] Y. Ziaie-Shirkolaee, J. Mohammadi-Rovshandeh, P. Rezayati-Charani, and M. 

Khajeheian, “Influence of dimethyl formamide pulping of wheat straw on cellulose 

degradation and comparison with Kraft process,” Bioresource technology, vol. 99, no. 9, 

pp. 3568–3578, 2008. 

 

[24] M. Mora-Pale, L. Meli, T. V. Doherty, R. J. Linhardt, and J. S. Dordick, “Room 

temperature ionic liquids as emerging solvents for the pretreatment of lignocellulosic 

biomass,” Biotechnology and bioengineering, vol. 108, no. 6, pp. 1229–1245, 2011. 

 

[25] M. Francisco, A. van den Bruinhorst, and M. C. Kroon, “New natural and renewable low 

transition temperature mixtures (LTTMs): screening as solvents for lignocellulosic 

biomass processing,” Green Chemistry, vol. 14, no. 8, pp. 2153–2157, 2012. 

 

[26] P. D. de Mar’\ia and Z. Maugeri, “Ionic liquids in biotransformations: from proof-of-

concept to emerging deep-eutectic-solvents,” Current opinion in chemical biology, vol. 

15, no. 2, pp. 220–225, 2011. 

 

[27] J. Gorke, F. Srienc, and R. Kazlauskas, “Toward advanced ionic liquids. Polar, enzyme-

friendly solvents for biocatalysis,” Biotechnology and Bioprocess Engineering, vol. 15, 

no. 1, pp. 40–53, 2010. 

 



76 

 

[28] M. Francisco, A. van den Bruinhorst, and M. C. Kroon, “Low-Transition-Temperature 

Mixtures (LTTMs): A New Generation of Designer Solvents,” Angewandte Chemie 

International Edition, vol. 52, no. 11, pp. 3074–3085, 2013. 

 

[29] A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, and D. Crocker, 

“Determination of structural carbohydrates and lignin in biomass,” Laboratory 

analytical procedure, 2008. 

 

[30] “Laboratory Analytical Procedure LAP-003CS,” 2002. 

 

[31] R. J. Meier, “On art and science in curve-fitting vibrational spectra,” Vibrational 

spectroscopy, vol. 39, no. 2, pp. 266–269, 2005. 

 

[32] N. Gierlinger, T. Keplinger, and M. Harrington, “Imaging of plant cell walls by confocal 

Raman microscopy,” Nature protocols, vol. 7, no. 9, pp. 1694–1708, 2012. 

 

[33] L. Shang, J. Ahrenfeldt, J. K. Holm, A. R. Sanadi, S. Barsberg, T. Thomsen, W. Stelte, 

and U. B. Henriksen, “Changes of chemical and mechanical behavior of torrefied wheat 

straw,” Biomass and Bioenergy, vol. 40, pp. 63–70, 2012. 

 

[34] N. Gierlinger and M. Schwanninger, “Chemical imaging of poplar wood cell walls by 

confocal Raman microscopy,” Plant Physiology, vol. 140, no. 4, pp. 1246–1254, 2006. 

 

[35] Y. Ni and Q. Hu, “Alcell\textregistered lignin solubility in ethanol-water mixtures,” 

Journal of applied polymer science, vol. 57, no. 12, pp. 1441–1446, 1995. 

 

[36] M. Dufek, “Quanta 3D FEG 200/600 User Operation Manual,” 2010. 

 

[37] Boer, “Tabellendiktaat bij module C20,” 2004. 

 

[38] K. Pandey, “A study of chemical structure of soft and hardwood and wood polymers by 

FTIR spectroscopy,” Journal of Applied Polymer Science, vol. 71, no. 12, pp. 1969–

1975, 1999. 

 

[39] H. Yang, R. Yan, H. Chen, D. H. Lee, and C. Zheng, “Characteristics of hemicellulose, 

cellulose and lignin pyrolysis,” Fuel, vol. 86, no. 12, pp. 1781–1788, 2007. 

 

[40] X.-F. Sun, R. Sun, P. Fowler, and M. S. Baird, “Extraction and characterization of 

original lignin and hemicelluloses from wheat straw,” Journal of agricultural and food 

chemistry, vol. 53, no. 4, pp. 860–870, 2005. 

 

[41] G.-H. Delmas, B. Benjelloun-Mlayah, Y. L. Bigot, and M. Delmas, “Functionality of 

wheat straw lignin extracted in organic acid media,” Journal of Applied Polymer 

Science, vol. 121, no. 1, pp. 491–501, 2011. 

 

[42] J. Ke, D. Singh, X. Yang, and S. Chen, “Thermal characterization of softwood lignin 

modification by termite< i> Coptotermes formosanus</i>(Shiraki),” biomass and 

bioenergy, vol. 35, no. 8, pp. 3617–3626, 2011. 

 



77 

 

[43] C. Ganne-Chedeville, A.-S. Jaaskelainen, J. Froidevaux, M. Hughes, and P. Navi, 

“Natural and artificial ageing of spruce wood as observed by FTIR-ATR and UVRR 

spectroscopy,” Holzforschung, vol. 66, no. 2, pp. 163–170, 2012. 

 

[44] S. Nanda, P. Mohanty, K. K. Pant, S. Naik, J. A. Kozinski, and A. K. Dalai, 

“Characterization of North American lignocellulosic biomass and biochars in terms of 

their candidacy for alternate renewable fuels,” BioEnergy Research, vol. 6, no. 2, pp. 

663–677, 2013. 

 

[45] D. L. Sills and J. M. Gossett, “Using FTIR to predict saccharification from enzymatic 

hydrolysis of alkali-pretreated biomasses,” Biotechnology and bioengineering, vol. 109, 

no. 2, pp. 353–362, 2012. 

 

[46] “Introduction to Interpretation of Infrared Spectra.” [Online]. Available: 

http://www2.ups.edu/faculty/hanson/Spectroscopy/IR/IRInterpretation.htm. [Accessed: 

04-2015]. 

 

[47] J. Ke, D. D. Laskar, and S. Chen, “Biodegradation of hardwood lignocellulosics by the 

western poplar clearwing borer, Paranthrene robiniae (Hy. Edwards),” 

Biomacromolecules, vol. 12, no. 5, pp. 1610–1620, 2011. 

 

[48] G. Almendros, A. T. Martinez, A. E. Gonzalez, F. J. Gonzalez-Vila, R. Fruend, and H. 

D. Luedemann, “CPMAS carbon-13 NMR study of lignin preparations from wheat straw 

transformed by five lignocellulose-degrading fungi,” Journal of Agricultural and Food 

Chemistry, vol. 40, no. 7, pp. 1297–1302, 1992. 

 

[49] X. Sun, F. Xu, R. Sun, P. Fowler, and M. Baird, “Characteristics of degraded cellulose 

obtained from steam-exploded wheat straw,” Carbohydrate research, vol. 340, no. 1, pp. 

97–106, 2005. 

 

[50] R. Azargohar, S. Nanda, J. A. Kozinski, A. K. Dalai, and R. Sutarto, “Effects of 

temperature on the physicochemical characteristics of fast pyrolysis bio-chars derived 

from Canadian waste biomass,” Fuel, vol. 125, pp. 90–100, 2014. 

 

[51] P. Adapa, L. Schonenau, T. Canam, and T. Dumonceaux, “Quantitative analysis of 

lignocellulosic components of non-treated and steam exploded barley, canola, oat and 

wheat straw using Fourier transform infrared spectroscopy,” Journal of Agricultural 

Science and Technology, p. 177, 2011. 

 

[52] C. Li, B. Knierim, C. Manisseri, R. Arora, H. V. Scheller, M. Auer, K. P. Vogel, B. A. 

Simmons, and S. Singh, “Comparison of dilute acid and ionic liquid pretreatment of 

switchgrass: biomass recalcitrance, delignification and enzymatic saccharification,” 

Bioresource technology, vol. 101, no. 13, pp. 4900–4906, 2010. 

 

[53] C. Pang, T. Xie, L. Lin, J. Zhuang, Y. Liu, J. Shi, and Q. Yang, “Changes of the surface 

structure of corn stalk in the cooking process with active oxygen and MgO-based solid 

alkali as a pretreatment of its biomass conversion,” Bioresource technology, vol. 103, 

no. 1, pp. 432–439, 2012. 

 



78 

 

[54] P. Kaparaju and C. Felby, “Characterization of lignin during oxidative and hydrothermal 

pre-treatment processes of wheat straw and corn stover,” Bioresource technology, vol. 

101, no. 9, pp. 3175–3181, 2010. 

 

[55] G. Zhou, G. Taylor, and A. Polle, “FTIR-ATR-based prediction and modelling of lignin 

and energy contents reveals independent intra-specific variation of these traits in 

bioenergy poplars,” Plant Methods, vol. 7, no. 9, pp. 1–10, 2011. 

 

[56] O. Chirila, M. Totolin, G. Cazacu, M. Dobromir, and C. Vasile, “Lignin Modification 

with Carboxylic Acids and Butyrolactone under Cold Plasma Conditions,” Industrial \& 

Engineering Chemistry Research, vol. 52, no. 37, pp. 13264–13271, 2013. 

 

[57] S. Nanda, R. Azargohar, J. A. Kozinski, and A. K. Dalai, “Characteristic studies on the 

pyrolysis products from hydrolyzed Canadian lignocellulosic feedstocks,” BioEnergy 

Research, vol. 7, no. 1, pp. 174–191, 2014. 

 

[58] R. Sun and J. Tomkinson, “Separation and characterization of cellulose from wheat 

straw,” Separation science and technology, vol. 39, no. 2, pp. 391–411, 2005. 

 

[59] P. Mohanty, S. Nanda, K. K. Pant, S. Naik, J. A. Kozinski, and A. K. Dalai, “Evaluation 

of the physiochemical development of biochars obtained from pyrolysis of wheat straw, 

timothy grass and pinewood: effects of heating rate,” Journal of Analytical and Applied 

Pyrolysis, vol. 104, pp. 485–493, 2013. 

 

[60] C. H. Vane, T. C. Drage, and C. E. Snape, “Bark decay by the white-rot fungus 

Lentinula edodes: Polysaccharide loss, lignin resistance and the unmasking of suberin,” 

International biodeterioration \& biodegradation, vol. 57, no. 1, pp. 14–23, 2006. 

 

[61] C. H. Vane, T. C. Drage, and C. E. Snape, “Biodegradation of oak (Quercus alba) wood 

during growth of the shiitake mushroom (Lentinula edodes): a molecular approach,” 

Journal of agricultural and food chemistry, vol. 51, no. 4, pp. 947–956, 2003. 

 

[62] J. Ralph, C. Lapierre, J. M. Marita, H. Kim, F. Lu, R. D. Hatfield, S. Ralph, C. Chapple, 

R. Franke, M. R. Hemm, and others, “Elucidation of new structures in lignins of CAD-

and COMT-deficient plants by NMR,” Phytochemistry, vol. 57, no. 6, pp. 993–1003, 

2001. 

 

[63] M. Christensen, M. Frosch, P. Jensen, U. Schnell, Y. Shashoua, and O. F. Nielsen, 

“Waterlogged archaeological wood—chemical changes by conservation and 

degradation,” Journal of Raman Spectroscopy, vol. 37, no. 10, pp. 1171–1178, 2006. 

 

[64] “Horiba.” [Online]. Available: http://www.horiba.com/us/en/scientific/products/raman-

spectroscopy/raman-academy/raman-faqs/what-are-the-advantages-and-disadvantages-

of-ultra-violet-uv-lasers-for-raman/. [Accessed: 24-Mar-2015]. 

 

[65] M. Schnitzer, C. M. Monreal, and E. E. Powell, “Wheat straw biomass: A resource for 

high-value chemicals,” Journal of Environmental Science and Health, Part B, vol. 49, 

no. 1, pp. 51–67, 2014. 

 



79 

 

[66] V. Tserki, N. Zafeiropoulos, F. Simon, and C. Panayiotou, “A study of the effect of 

acetylation and propionylation surface treatments on natural fibres,” Composites Part A: 

applied science and manufacturing, vol. 36, no. 8, pp. 1110–1118, 2005. 

 

[67] H. Wikberg and S. Liisa Maunu, “Characterisation of thermally modified hard-and 

softwoods by 13C CPMAS NMR,” Carbohydrate Polymers, vol. 58, no. 4, pp. 461–466, 

2004. 

 

[68] “M. Galbe, Biomass pre-treatment, Lund University .” [Online]. Available: 

http://www.lth.se/fileadmin/energiportalen/images/LU_Biofuels/Mats_Galbe.pdf. 

[Accessed: 10-Sep-2014]. 

 

[69] J. A. Rollin, Z. Zhu, N. Sathitsuksanoh, and Y.-H. P. Zhang, “Increasing cellulose 

accessibility is more important than removing lignin: A comparison of cellulose solvent-

based lignocellulose fractionation and soaking in aqueous ammonia,” Biotechnology and 

bioengineering, vol. 108, no. 1, pp. 22–30, 2011. 

 

[70] “Photosynthesis, BSB International Nature Education Online, Biologoy Distant 

learning.” [Online]. Available: http://www.nature-education.org/photosynthesis.html. 

[Accessed: 10-Aug-2014]. 

 

[71] Biologie voor jou. Malmberg. 

 
  

  



80 

 

7. Appendix 

7.1. ATR-FTIR spectra 

 

 
Figure 7.1: ATR-FTIR spectra of the two solvents which are used for extraction 

 

 
Figure 7.2: ATR-FTIR spectra of choline chloride, proline and glycolic acid 
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7.2. Raman spectra 

 

 
Figure 7.3: Raman spectrum of wheat straw reference sample without baseline correction 

 

 
Figure 7.4: Raman spectra of wheat straw for immersion samples with GlyA:Pro and GlyA:ChCl without baseline 

correction 
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Figure 7.5: Raman spectra of wheat straw for extraction with GlyA:Pro and GlyA:ChCl without baseline correction 

 

 
Figure 7.6: Raman spectrum of Alcell lignin after baseline correction 
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Figure 7.7: Raman spectrum of hydrolysed reference sample without baseline correction 

 

 
Figure 7.8: Raman spectra of hydrolysed extracted sample without baseline correction 
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7.3. SEM-EDX 

The samples are not sputtered with gold, because this will influence the EDX measurement and a 

large gold peak will be found. However not sputtering with gold will lead to charging of the sample 

and results in white spots in the pictures, this does not influence the EDX measurements. 

 
Figure 7.9: SEM picture of the wheat straw reference sample 
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Figure 7.10: SEM picture of wheat straw washed with GlyA:Pro 
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Figure 7.11: SEM picture of wheat straw washed with GlyA:ChCl 
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Figure 7.12: SEM picture of wheat straw extracted with GlyA:Pro 
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Figure 7.13: SEM picture of wheat straw extracted with GlyA:ChCl 
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Figure 7.14: SEM picture of untreated wheat straw 
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Figure 7.15: SEM picture of hydrolysed reference sample 
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Figure 7.16: SEM picture for the immersion sample with GlyA:Pro for the hydrolysed sample 
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Figure 7.17: SEM picture for the immersion sample with GlyA:ChCl for the hydrolysed sample 
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Figure 7.18: SEM picture for hydrolysed sample extracted with GlyA:Pro 
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Figure 7.19: SEM picture of hydrolysed sample extracted with GlyA:ChCl 

 


