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Abstract:

 Applications for lignin and lignosulfonates are limited today due to the undefined structure and varying properties of the substance. However, lignin, as the second most abundant bio-resource besides cellulose and the bio-resource with one of the highest natural carbon contents, has the potential to act as a precursor for carbon materials. In this study we have applied a Kraft lignin and a sodium lignosulfonate with the cross-linker toluene-2,4-diisocyanate. The reaction mixture was molded to form small cylindrical shaped paddings. Cross-linked lignin-polyurethane and lignosulfonate-polyurethane networks were analyzed via elemental analysis and thermogravimetric analysis and finally carbonized. The carbon material was analyzed for its BET surface area and its surface structure via scanning electron microscopy. Surface areas between 70 and 80 m²·g−1 could be reached. Moreover, the material was tested for its adsorption potential of crude oil from water and could take up to twice its own weight. For better understanding of the core chemistry of the cross-linking reaction, we have studied the reaction with model substances to define the reactive groups and the influence of sulfonate groups in the cross-linking reaction of lignin and lignosulfonates with toluene-2,4-diisocyanate.
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1. Introduction

Lignin is one of the main components of wood and a side product of the pulp industry, with a production volume of about 70 million metric tons per year [1]. Today, lignin has only a few low-value applications and it is burned to 95% for energy production [1]. However, lignin is the only natural product with aromatic functionalities which is available in huge quantities [2]. In addition to its aromatic nature, lignin contains different functional groups such as hydroxyl groups (phenolic and aliphatic), ether-bridges and methoxyl groups [1]. In the case of sulfite pulping, lignin is sulfonated during the process and therefore contains sulfonate groups as well. Depending on the origin, lignin differs in its functional group composition and molecular size. Therefore, it can be said that lignin has a hardly definable molecular structure, which complicates its applicability. Nonetheless, the aromatic-nature of lignin makes it the renewable resource with the highest natural carbon content [2], which qualifies it as a promising candidate for carbon materials from a renewable resource.

Carbon materials are frequently discussed in the context of composite materials for polymers [3,4,5], super capacitors [6,7], electrode materials [8,9,10] and adsorbing materials [11,12,13]. In all of these cases, one critical point is the formation of a 3D structure of lignin to introduce orientated structures or pores into the material [8,14,15]. This cross-linking reaction is often performed by introducing radical oxygen species via oxidative thermostabilization. These have unpredictable cross-linking behavior and influence the final quality of the carbonized material [3]. In addition, lignin, as a natural substance, appears in various forms, which have an impact on the final quality of a carbonized material [3]. Therefore, a controllable cross-linking-reaction with defined functional groups of lignin would have advantages in terms of quality in a production process of carbon materials with lignin as a natural precursor. Some authors have reported lignin cross-linking with formaldehyde [16,17,18,19], diisocyanates [20,21,22,23] and ester-type cross-linked epoxy resins [24] focusing on different material properties, while the resulting carbon material of cross-linked lignin and lignosulfonates, especially with diisocyanates, is poorly studied in literature to date [25].

In this study, we present the formation of 3D cross-linked structures from a lignin and a lignosulfonate with toluene-2,4-diisocyanate (TDI) and a subsequent carbonization reaction, which result in form-stable carbon materials. The cross-linking reaction of the material was studied with NMR spectroscopy and model substances to describe the reactivity of the functional groups of the lignin and the influence of the sulfonate group in the cross-linking reaction, which, to our knowledge, is not described in the literature so far. The advantage of the present method is the solvent-free reaction of solid lignin with a liquid cross-linker. Finally the carbon material was investigated for its surface area and its applicability as an adsorbing agent for crude oil.



2. Results and Discussion


2.1. Cross-Linking Reaction Study with Model Substances

The cross-linking reaction in this study was performed with TDI and Kraft lignin or lignosulfonate and can be described through the use of model substances. The model substances used are phenol, anisole, benzylalcohol, 4-hydroxybenzylalcohol (HBA), vanillyl alcohol (VA), syringyl alcohol (SA), sodium methanesulfonate (SMSA) and the cross-linker (TDI). These are presented in Figure 1 and 1H NMR spectra of the substances can be found in the supplemental information. The model substances were chosen to describe possible reactions of TDI with all available functional groups of lignin, which are aliphatic OH groups, phenolic OH groups, methoxyl groups, and, in the case of lignosulfonates, sulfonate groups. HBA, VA and SA should represent the H- (hydroxyphenyl), G- (guiacyl) and S- (syringyl) building block units of lignin. All model reactions were performed in solution with a deuterated solvent heated to 60 °C for 24 h. The reaction solutions were then analyzed by 1H NMR spectroscopy.

Figure 1. Model substances used for describing the influence and the reactivity of functional groups in lignin and lignosulfonates.
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Figure 2 shows the 1H NMR spectra of the model substance VA, which contains all the important functional groups of lignin, together with TDI (all other reaction processes with model substances can be found in the supplemental information). VA represents the most common lignin building block present in softwood lignins. The reaction of VA with TDI was performed with a double molar amount of TDI to ensure an excess of TDI compared to the functional groups of VA. The observable signals in the 1H NMR spectra were assigned by the monomer spectra and after comparisons to a spectra database [26]. After 10 min reaction time at 60 °C (Figure 2a), the spectrum can hardly be differentiated from an overlay of the monomer spectra, except a small, single signal which appears at 5.13 ppm. This signal grows considerably after 24 h reaction time at 60 °C (Figure 2b), while the signal of the CH2 group of VA at 4.60 ppm drastically decreases. The reaction is also indicated by a decreasing signal of the aliphatic OH group of VA at 1.73 ppm in Figure 2b compared to Figure 2a. As a consequence of the reaction, an NH signal appears, which can be found in the region between 6.50 ppm and 7.50 ppm. In addition, the observed peak shifts of Figure 2 are also in good accordance with the peak shifts of the model substance benzyl alcohol with TDI (supplemental information), which indicates the activity of aliphatic OH groups. The other two functional groups of VA (phenolic OH and the methoxy group) hardly show any reactivity. In case of the methoxy group a reaction was highly unexpected and also not observable, while the signal of the phenolic OH group at 5.70 ppm had a slight decrease in the integral from Figure 2a to Figure 2b, which can be interpreted as a minor reactivity of the functional group. Nevertheless, the low reactivity of the phenolic OH group was surprising since phenolic OH groups are often used for technical PUs. The difference in this case could be the absence of a catalyst, which is frequently used in PU productions. From these results it can be concluded that lignin cross-links with TDI mostly via its aliphatic OH groups in the absence of a catalyst.

Figure 2. Reaction sequence of TDI with VA after (a) 10 min at 60 °C and (b) 24 h at 60 °C. In (c) the greatest possible reaction of TDI with the aliphatic OH group in the absence of a catalyst is shown. (300 MHz, in CDCl3).
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To test the reactions also from other lignin sources, further building blocks were tested in terms of their reactivity with TDI. HBA was used as a model compound for the H-lignin and SA for the S-lignin. Similar to the investigations of VA, the compounds were studied by NMR measurements in DMSO-d6 as solvent.

HBA showed such a high reactivity that after ten minutes of reaction time at 60 °C, only a gel was present, which made a liquid 1H NMR measurement impossible. IR spectroscopy of the formed gel showed that significant urethane absorption bands showed up at 3304.82 cm−1 from the N-H stretching, and also at 1712.61 cm−1 from the carbonyl group. Nevertheless, combined with the reactivity measurements (supplemental information) of phenol, which showed no reaction without catalyst, and the reactivity of benzylalcohol, it can be assumed that the aliphatic hydroxyl group is the most reactive group and the aromatic hydroxyl group is a possible attacking site for a fast crosslinkage.

Syringyl alcohol should be a model compound for the S-lignin building block. The relevant NMR spectra are added in the supplemental information. Similar to the results from the VA reaction, both OH groups and the CH2 group are most relevant for the reaction observation. In DMSO-d6 as solvent, the CH2 group can be found at 4.39 ppm, the aliphatic OH group at a very broad and not very intensive peak at 5.03 ppm and the phenolic OH at 8.15 ppm. After 24 h at 60 °C reaction temperature, similar to the experiment with VA, two new signals are formed while the signals from the aliphatic chain almost completely disappear. The first new signal can be attributed to the new CH2 signal directly next to the newly formed urethane group, which is shifted to 5.11 ppm. The original methylene signal disappeared. A second new peak appears at 6.80 ppm, which should be an indicator for a new NH group, formed in the urethane network. The reaction of the vanillyl alcohol with TDI proceeds faster than the respective reaction of syringyl alcohol. Previous work on this topic by Zhunag et al. also shows that the aliphatic OH group is more reactive to isocyanates than the phenolic OH group [27].

Testing of the sulfonate groups was more intricate, since the solubility was lower. Due to the pulping process, sulfonation of lignin exclusively provides sulfonate groups attached to aliphatic chains and not to aromatic carbons [28]. We found that the sodium salt of methanesulfonic acid does not react with TDI due to the absence of an acidic OH-group. During the tests, the water content turned out to be of main importance, as it is shown with the model substance SMSA. It is observable that the sulfonate group of SMSA does not react with the isocyanate group of TDI. However, the water signal (3.38 ppm) in the reaction solution completely disappears due to the reaction of water with TDI. From these observations it can finally be concluded that lignosulfonates are cross-linked via a catalyzed reaction of their OH groups and TDI, with sulfonate groups as a catalyst.



2.2. Carbonization of Cross-Linked Kraft Lignin or Lignosulfonates

LPUs (Lignin polyurethane; Kraft lignin plus TDI) and LSPUs (Lignosulfonate polyurethane; lignosulfonate plus TDI) were derived from a solvent-free synthesis (60 °C, 24 h). After 24 h reaction time, the materials were transferred to ceramic containers for subsequent pyrolysis.

The carbonization reaction was performed at a maximum temperature of 900 °C. For this temperature it is reported that the physical structure of the material hardly changes, while the pyrolysis reactions causes carbonization of the material [29,30]. For the carbonization reaction the weight loss was determined thermogravimetrically, which is shown in Figure 3.

Figure 3. TGA curves of (a) LSPU samples and (b) LPU samples. (10 °C·min−1, N2 20 mL·min−1).
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It can be seen that pyrolysis of LPUs and LSPUs is a multistep reaction, described in detail in the literature [31,32,33,34,35]. The measured terminal residue weight of different LSPU samples varies between 34.3% (LSPU 1), 30.5% (LSPU 2) and 28.7% (LSPU 3). Similar to that the LPU samples show a range of residue weight from 31.5% (LPU 1) to 28.1% (LPU 2) and 28.6% (LPU 3). Thermograms of the initial material lignin and lignosulfonate look very similar to the produced polyurethanes, although the starting temperature of the main decomposition is shifted to slightly lower temperatures in the products. Also, the residual carbon weight of the resource materials is with 40% to 42% slightly higher.



The calculated initial carbon contents of the LPU and the LSPU (calculation based on the composition determined by elemental analysis in Table 3 and TDI) as well as the analytically determined carbon contents are summarized in Table 1. It can be seen that the final weights of carbonized LPUs as well as carbonized LSPUs (Table 1) do not reach the theoretical value due to volatile carbon-containing fractions [34].


Table 1. LPU and LSPU compositions according to the results from elemental analysis.



	
Name

	
Initial Composition TDI:Lignin or TDI:Lignosulfonate (g:g)

	
Elemental Analysis

	
Residue after TGA-Carbonization (wt%)




	
C (Ccalc) * (wt%)

	
H (Hcalc) * (wt%)

	
N (Ncalc) * (wt%)

	
S (Scalc) * (wt%)






	
LPU 1

	
0.5

	
62 (61)

	
4.9 (4.7)

	
6.8 (5.4)

	
-

	
32




	
LPU 2

	
1.0

	
62 (62)

	
4.8 (4.4)

	
9.2 (8.0)

	
-

	
28




	
LPU 3

	
1.5

	
62 (62)

	
4.7 (4.2)

	
10 (9.7)

	
-

	
28




	
LSPU 1

	
0.5

	
48 (48)

	
4.3 (4.1)

	
5.5 (5.4)

	
2.9 (2.6)

	
34




	
LSPU 2

	
1.0

	
53 (51)

	
4.5 (3.9)

	
9.1 (8.0)

	
2.6 (1.9)

	
30




	
LSPU 3

	
1.5

	
56 (53)

	
4.2 (3.8)

	
11 (9.7)

	
2.2 (1.5)

	
29






* Ccalc, Hcalc, Ncalc and Scalc are calculated contents from the TDI:LPU and TDI:LSPU compositions based on the elemental analysis results from lignin and the lignosulfonate results of Table 3 and the composition of TDI.





Table 3. Lignin and lignosulfonate compositions according to the results from elemental analysis (based on dry matter).



	
Name

	
Elemental Analysis




	
C (wt%)

	
H (wt%)

	
S (wt%)






	
Lignin

	
61

	
5.3

	
-




	
Lignosulfonate

	
40

	
4.4

	
3.8









To improve the formation of carbon and reduce the production of volatile hydrocarbons, the thermal carbonization reaction was performed with only a slow increase in temperature [1]. From the results of elemental analysis it seems that LSPU residues have a lower carbon loss compared to the LPU samples, since they have a comparable residue but a lower initial carbon content. Lignosulfonate materials show higher ash content than the Kraft lignin, which could be a reason for that. The inorganics residue (ash) in the carbon material seems to increase the carbon content because it does not decompose during the pyrolysis process under inert gas atmosphere [28].

The ash can be observed in the form of nano-sized-needles on the surface of the lignosulfonate-based carbon material and is presented in Figure 4a,b. In case of lignin-based carbon materials, salt-crystals cannot be found (Figure 4c,d). As a consequence of the salt appearance in the carbon material, a difference in the behavior in water can be found. While LPUs are floating, LSPUs are sinking in water. This behavior of the material can be correlated with the properties of the salt crystals, which are highly dense and distribute water throughout the material due to their hydrophilic character.

Figure 4. Comparison of different product materials. (a) and (b) SEM images of LSPU 3 showing nano-salt-crystals; (c) and (d) SEM images of LPU 3 showing a smooth surface without crystals.
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2.3. Carbon Material

The carbon material was investigated in terms of its BET surface area and its applicability for its use as adsorbent. The BET surface area of the carbon materials is presented in Table 2. We observed that the largest surface area can be found within the samples LPU 2 and LSPU 2, which initially had the same composition of lignin or lignosulfonate and TDI.


Table 2. BET surface areas, elemental analysis and densities of carbonized LPUs and LSPUs.



	
Carbonized Material

	
Elemental Analysis

	
Bulk Density (g·cm−3)

	
BET Surface Areas (m²·g−1)




	
C (wt%)

	
H (wt%)

	
N (wt%)






	
LPU 1

	
85

	
0.8

	
2.9

	
0.145

	
9.64




	
LPU 2

	
87

	
0.9

	
3.1

	
0.153

	
80.3




	
LPU 3

	
85

	
0.8

	
3.3

	
0.132

	
0.86




	
LSPU 1

	
68

	
0.8

	
1.1

	
0.520

	
42.8




	
LSPU 2

	
65

	
0.8

	
0.9

	
0.492

	
70.8




	
LSPU 3

	
67

	
0.9

	
1.1

	
0.501

	
1.51













Hence, the differences in the surface area can also be found in the surface structure. In Figure 4a–d the smooth surfaces of LSPU 3 (Figure 4a,b) and LPU 3 (Figure 4c,d) are shown. In contrast, the rougher surfaces of Figure 5, showing the surface structures of LSPU 2 (Figure 5a) and of LPU 2 (Figure 5b), indicate larger surface areas. As it can be observed from Figure 5, beside rougher surface structures, quite smooth areas are also present, which finally result in a limitation in the surface area size. It seems that areas with higher and lower cross-linking degrees are present throughout the surface, which produces rougher and smoother structures.

Figure 5. SEM images indicating the surface structures of carbonized (a) LSPU 2 and (b) LPU 2.
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Finally, the carbon materials were investigated for their ability to adsorb crude oil. Therefore, we mixed water with crude oil and added a certain amount of the carbonized material. After shaking for some time, the amount of crude oil decreased and was adsorbed by the carbon material as shown in Figure 6. In Figure 7 the relative mass increase of different samples of the produced polyurethane material is plotted against the time. As can be seen, this increase is significantly higher compared to the sample in pure water. A maximum crude oil uptake could be estimated at about 20 to 30 min. The material is able to increase its own weight by 200% while there was almost no visible change in dimensions. We therefore suggest the carbon materials as a possible adsorbent for crude oil in water. The suitability is comparable to other materials used in oil adsorption [36]. A potential way to recycle the carbon material again is simple burning of the crude oil and reuse of the materials or vacuum filtration.

Figure 6. Crude oil adsorption ability of carbonized LPU 2.
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Figure 7. Oil uptake of carbonated LPU compared to the uptake of water (a) and the uptake of crude oil from the carbonated LPU compared to the non-carbonated species (b).
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3. Experimental Section


3.1. Material

Lignin (Indulin AT, Sigma Aldrich, Steinheim, Germany) and sodium lignosulfonate (Sigma Aldrich, Steinheim, Germany), as well as the cross-linker toluene 2,4-diisocyanate (TDI, 96%, Sigma Aldrich, Steinheim, Germany) were used without further purification. In this study, lignin cross-linked with TDI is called lignin-polyurethane (LPU), while sodium lignosulfonate cross-linked with TDI is called lignosulfonate-polyurethane (LSPU). The Kraft lignin Indulin AT and a sodium lignosulfonate were used to produce carbon materials. All raw materials were characterized by elemental analysis. The sulfur content in the lignosulfonate determined by elemental analysis constitutes the sulfonate content in the raw material. Unlike for lignin, the lignosulfonates investigated contain sodium, which cannot be detected with the elemental analysis method and which is thus unaccounted for in the elemental analysis results. Consequentially, absolute results from elemental analysis have a deviation, while relations between the individual elements can correctly be made and constitute a relative composition.

In order to receive definable structures from the reaction of lignin and lignosulfonates with diisocyanates, no additional catalyst was used for the cross-linking reaction. The reactivity of the functional groups of the reactants was studied with model substances as discussed in the next section. The cross-linker toluene-2,4-diisocyanate (TDI) was chosen since its aromatic structure fits into the lignin base structure.


3.1.1. Cross-Linking Reaction Study

The cross-linking reaction was studied with the model substances phenol (>99%, for synthesis, Merck, Darmstadt, Germany), anisole (99%, Merck), benzylalcohol (for analysis, Merck), 4-hydroxybenzyl alcohol (HBA, >98%, Sigma-Aldrich), 4-hydroxy-3-methoxybenzyl alcohol (VA, vanillyl alcohol, 98%, Alfa Aesar, Karlsruhe, Germany), 4-hydroxy-3,5-dimethoxybenzyl alcohol (SA, syringyl alcohol, 97%, Alfa Aesar, Karlsruhe, Germany), methanesulfonic acid (purum, >98%, Fluka, Steinheim, Germany) and sodium methanesulfonate (produces by neutralizing methanesulfonic acid with sodium hydroxide and drying). Therefore, a certain amount of the model substance was first dissolved in a deuterated solvent (non-sulfonated in CDCl3 (≥99.8%, for NMR spectroscopy, Merck, Darmstadt, Germany), sulfonated in dimethyl sulfoxide (DMSO, ≥99.8%, for NMR-spectroscopy, Merck, Darmstadt, Germany) and then TDI was added in a specific molar ratio. The solution was kept at 60 °C for 10 min, measured by NMR spectroscopy (see below) and kept at 60 °C for another 24 h. After a second NMR measurement, the catalyst N,N,N′,N′-tetramethylethylenediamine (TEMED, p.a., Merck, Darmstadt, Germany) was added and after 10 min at 60 °C, the sample was measured by NMR spectroscopy again.



3.1.2. Production of LPUs and LSPUs

For the synthesis of LPUs and LSPUs, no solvent was used, only the lignin source and TDI. The base materials were thoroughly mixed in a sealable glass vessel and subsequently put inside an oven at 60 °C. After 24 h reaction time, the material was taken out and put into ceramic containers for further pyrolysis.

The resulting polyurethanes were measured by FT-IR spectroscopy. Figure 8 shows the spectra of the lignin starting material and one resulting lignin polyurethane. The product shows new absorption bands at 3304.82 cm−1 which can be attributed to the N-H stretching, and also at 1712.61 cm−1, which can be attributed to the carbonyl group. The absorption band at 2260.17 cm−1 is formed by the unreacted isocyanate group [37].

Figure 8. Comparison of FT-IR spectra of starting material (lower spectra) and resulting lignin polyurethane (upper spectra).
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3.1.3. Carbonization Reaction

The carbonization of the materials was performed in a “GERO HTK8” high-temperature oven. The following temperature program was used: from room temperature to 500 °C with a heating rate of 1 °C·min−1. This temperature was held for 1 h and was then increased to 900 °C with a rate of 5 °C·min−1. The carbonization temperature was held for 2 h. The whole procedure was performed under a nitrogen flow of 150 L·h−1.






3.2. General Measurements


3.2.1. NMR Spectroscopy

A Bruker digital Avance III 300 MHz NMR-spectrometer was used. 1H NMR measurements were performed for reactions of the model substances, which were dissolved in CDCl3 and in DMSO, respectively.



3.2.2. Elemental Analysis

For elemental analysis, a Thermo FlashEA 1112 CHNS-O analyzer with sulfanilamide as a standard substance was used. Samples were weighed on a Mettler UMT2 balance.



3.2.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analysis was performed on a Zeiss 1540XB CrossBeam equipped with an Oxford Instruments EDX system. The electrical high tension (EHT) was set to 5 kV and different magnifications were used for measurements.



3.2.4. BET Surface Area Determination

BET surface was determined using a Quantachrome Nova 3000e analyzer. Only multi-point BET analysis necessary adsorption points were determined. Prior to the analysis, the sample materials were degassed under high vacuum for 1 h at 200 °C.



3.2.5. FT-IR-Spectroscopy

The IR absorption was measured on a Thermo-Scientific Nicolet 5700 FT-IR spectrometer mounted with a Thermo Foundation ATR.



3.2.6. Crude Oil Adsorption Test

50 mg of crude oil for the crude oil adsorption test were added to 450 mg of water. Subsequently, pieces of about 100 mg of the carbonized material were cut and weighed exactly. Each of these was added to one of the oil-water mixtures. These were shaken for 2 min and further to 3 h before photographical documentation. The uptake of oil was registered by a balance after 5, 10, 20 and 65 min. A blind control was performed with a non-carbonized material.





4. Conclusions

Carbon materials were produced via isocyanate cross-linking of lignin and lignosulfonate and a subsequent carbonization reaction. For the cross-linking reaction, it was shown with model substances that without a catalyst, lignin predominately cross-links via its aliphatic OH groups, while sulfonate groups of lignosulfonates act as a catalyst. The model reaction studies could confirm former studies on the reactivity of OH groups and different isocyanates [27]. It could also be shown that the H-lignin model would be more reactive than the G- and S-lignin models.

The cross-linking degree constitutes the final surface area and structure, while intermediate cross-linking results in the highest surface areas and roughest structures. Lignosulfonates form nano-sized salt crystals on its surface after carbonization, which absorb water and causes sinking. In contrast, Kraft lignin polyurethanes float in water and have a good ability to adsorb crude oil.







Supplementary Materials

Supplementary materials can be found at http://www.mdpi.com/2311-5629/1/01/43/s1.
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