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16  Abstract:

18  Thorough lignin characterization is vital to understand the physicochemical properties of lignin
19  and to evaluate lignocellulose biorefinery processes. In this study, an in-depth characterization
20  of lignin oil, obtained from reductive catalytic fractionation (RCF) of pine wood, was
21  performed with quantitative GC x GC - FID analysis and qualitative GC x GC - MS. By
22 utilizing high-temperature resistant column sets in the GC x GC system and by applying a
23 derivatization step, unambiguous detection of lignin monomers, dimers, and trimers is enabled.
24 In addition to confirming the identity of eleven monomers, corresponding to 34 wt% of the
25 RCF lignin oil, thirty-six dimers (16 wt%) and twenty-one trimers (7 wt%) were
26  comprehensively identified and quantified, encompassing an additional 23 wt% of the RCF
27  lignin oil. The proposed structures reveal the interlinkages present in the dimeric and trimeric
28  oligomers, containing B-5, B-1, B-B, 5-5, and a minor fraction of B-O-4 and 4-O-5 bonds.
29  Furthermore, aliphatic end-units in the dimeric and trimeric molecules were identified,
30  consisting of multiple 4-position substituents that have been previously observed in RCF-
31  derived lignin monomers. The identified structures of individual dimer and trimer molecules
32 by GC x GC align with and further complement the recent findings from *H-*C HSQC NMR
33 spectroscopy, demonstrating complementarity between both 2D techniques to obtain a holistic
34 view on both the molecular structures and the distribution of bonds and end-units in RCF oil.
35  Furthermore, the RCF oil was separated into six fractions and analyzed. The structural motifs
36  (inter-unit linkages and end-units) found in the fractions vary significantly, such that lignin
37  fractions extracted in more polar solvents contained higher molecular weight fragments and

38  more hydroxyl containing structural motifs.
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39 Introduction

40

41  The use of sustainable carbon sources for the production of chemicals and fuels has gained
42  increased attention in the last decades.>? To this end, lignocellulose holds enormous potential
43  due to its abundance, renewable nature, and composition. It is mainly composed of two
44 polysaccharides, cellulose and hemicellulose, and the aromatic polymer lignin. The latter is
45  formed by radical polymerization of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units,
46 among others, in the plant cell wall, forming B-O-4 (B-aryl ether), B-5 (phenylcoumaran), 5-5
47  (dibenzodioxocin), 4-O-5 (diaryl ether), B-1 (spirodienone), and B-B (resinol) inter-unit
48  linkages.>* Among them, the B-O-4 linkage is most abundant and is relatively labile, making it
49  the target linkage for depolymerization processes to yield aromatic molecules with low
50 molecular weights.>’

51

52  Many efforts have been made to convert lignin, obtained through various biorefining
53  processes,>®810 into liquid fuels'''? and valuable chemicals (e.g. phenol,®® polyurethane,*
54  phenol-formaldehyde (PF) resin,'® and epoxy resin'®1’). One promising biorefining process that
55  emerged notably in recent years is reductive catalytic fractionation (RCF) of lignocellulosic
56  biomass.®® 2% During RCF, lignin is extracted with protic solvents (e.g. MeOH,8 alcohol/H202%)
57  from lignocellulose, generating phenolic intermediates by selective cleavage of the labile B-O-
58 4 linkages in lignin. Subsequently, these intermediates are stabilized by hydrogenation and
59  hydrogenolysis with a heterogeneous redox catalyst (e.g. Pd/C) at elevated temperatures (150 -
60 250 °C) in a reductive environment (e.g. hydrogen atmosphere). As a result, the lignin
61  macromolecules are depolymerized, yielding a mixture of phenolic monomers, dimers, and
62  short oligomers.?*2"-30 Besides the monomers, there is little molecular understanding of the
63  dimer and oligomer fractions of these RCF o0ils.*° Given the complex nature of the RCF oil in
64 terms of composition, heterogeneity, and molecular size distribution, solvent-based
65  fractionation can be used to provide relatively homogeneous lignin oil fractions (with regard to
66  molecular weight and structure).®31-33 Consequently, the resulting fractions can provide fruitful
67 information on the molecular weight and its relationship with individual molecular structures
68  (e.g. inter-phenolic linkages) and lignin properties such as the hydroxyl content, which are key
69  properties to be considered for the development of the production of new materials and
70  chemicals.17:3335

71
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72 Various analytical techniques have been developed and applied in the analysis of lignin-derived
73 oil samples generated from lignin depolymerization, such as nuclear magnetic resonance
74  (NMR) spectroscopy,®® Fourier-transform infrared resonance (FT-IR) spectroscopy,®’ gel
75  permeation chromatography (GPC),%%3% thermogravimetric analysis (TGA),*° and elemental
76  analysis (EA).*42 However, these analytical tools provide exclusively bulk information of the
77  lignin depolymerization products.*®#¢ To separate and individually identify the compounds in
78  (mostly) less/non-volatile oligomeric fractions of (lignin-derived) oil samples, high-pressure
79  liquid chromatography (HPLC) or comprehensive two-dimensional liquid chromatography
80 (LC x LC) combined with high-resolution multi-stage tandem mass spectrometry (HRMS") is
81 a common method of choice because this technique is not limited by the volatility of the
82  analyte(s). Nonetheless, studies using this approach have focused on monomer identification,
83  through analyzing their mass fragmentation patterns, but not substantially on the oligomers.
84  The comprehensive quantification of oligomers is also inadequate due to the shortage of
85  authentic standard compounds used to support the quantification of the oligomers.#’-53 The most
86  popular method to analyze RCF oils is gas chromatography (GC) coupled to mass spectrometry
87  (MS) or a flame ionization detector (FID). However, this approach only allows identification
88 and quantification of the volatile monomeric fractions and a small number of dimers after
89  derivatization.'820.27:39.455455 Fyrthermore, due to the complex composition of lignin-derived
90 samples, “co-elution” of components with similar physicochemical properties often occurs. As
91 aresult, the components can be incorrectly assigned and their quantification thus inaccurate.>6:5
92
93  Alternatively, two-dimensional gas chromatography (GC x GC) can be used as it has a higher
94  resolution, larger peak capacity, and higher sensitivity than conventional one-dimensional
95  GC.41466566:5658-64 Saveral studies have described the use of GC x GC coupled to a MS/FID
96  detector for qualitative and semi-quantitative analyses of mainly monomers and some dimers
97  in complex bio-oil samples.41:56:6485 Until now, no work has been reported to our knowledge on
98 the detailed molecular characterization of the phenolic oligomers in this complex matrix. The
99  methods that were often applied for quantification consist of: (i) a quantification based on an
100  external quantification method of selected compounds,”t%55 (ii) a quantification in which
101  response factors were calculated based on (modified) effective carbon number factors,>*®’ or
102 (i) a relative quantification in which the relative response factors were measured through an
103 internal standard.58.6566:68

104
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105 RCF literature also has focused mainly on the identification and quantification of the phenolic
106  monomers, and only little on the identification of some phenolic dimers in the RCF lignin oil.
107  Structural chemical information of the RCF lignin oligomers that comprise over 40% of the
108 lignin oil has not been detailed, although it is recognized as critical .3%4®> Recently, a thorough
109  structural study of the pine wood RCF lignin oil was reported that combined solvent
110  fractionation and a variety of classic chromatographic (GC, GC-MS, GPC) and spectroscopic
111  (1D-, 2D-NMR) analyses. This study unambiguously assigned more than 80% of the structural
112 molecular units within the RCF lignin oligomers, including p-5 y-OH, -1 y-OH, B-p 2x y-OH,
113 B-5ethyl, B-1 ethyl, B-p THF, and 5-5 inter-unit linkages. However, only monomers and some
114  dimers were characterized individually.?” Here, high-temperature GC x GC-MS/FID was
115  utilized to comprehensively reveal the individual structural features of the RCF lignin phenolic
116  dimers and trimers from pine wood RCF, including their reliable quantification. Fractionation
117  was used primarily to facilitate the analytical work and product identification. The results
118  provide molecular insight of individual lignin oil components, revealing insight into their
119  formation in the RCF process, and a better understanding of the lignin oil chemical reactivity,
120  which is indispensable to direct further valorization efforts for RCF oil.

121

122 Material and methods

123

124 Chemicals

125  All commercially purchased chemicals in this study were used without further purification.
126  Guaiacol  (2-methoxyphenol,  98%),  4-n-propylguaiacol  (<99%),  N-methyl-N-
127  (trimethylsilyl)trifluoroacetamide (>98.5%), anhydrous pyridine (99.8%), 2-isopropylphenol
128  (>98%), 4-propanolguaiacol (3-(4-hydroxy-3-methoxyphenyl)-1-propanol, >98%), 4-
129  ethylguaiacol (98%), and isoeugenol (2-methoxy-4-propenylphenol, >98%) were purchased
130 from Sigma Aldrich. Acetonitrile (99.9%) and methanol (99.9%) were purchased from
131  ChemLab. 2-Phenoxy-1-phenyl ethanol (1), 1-(4-hydroxyphenyl)-2-phenoxy-1,3-propanediol
132 (2), and 2-(2,6-dimethoxyphenoxy)-1-(4-hydroxy-3-methoxyphenyl)propane-1,3-diol (3),
133 were synthesized as described in the Electronic Supplementary Information (S6, ESI).

134

135  Sample preparation

136  The RCF oil is obtained from processing 150 g pre-extracted pine wood for 3 h at 235 °C in a
137 2 L batch reactor in the presence of 800 mL MeOH, 30 bar Hz, and 15 g Pd/C as a catalyst, as

138  described in a previous study.?” The entire RCF lignin oil (Foil) was sequentially fractionated
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139  using a binary solvent mixture of heptane (Hept) and ethyl acetate (EtOAc) with increasing
140  polarity. The sequential fractionation steps resulted in 6 lignin oil fractions: Frioo (100 vol%
141 Hept/ 0 vol% EtOAc), Fuso (80 vol% Hept/ 20 vol% EtOAc), Freo (60 vol% Hept/ 40 vol%
142 EtOAC), Frao (40 vol% Hept/ 60 vol% EtOAC), Fxzo (20 vol% Hept/ 80 vol% EtOAC), Feaioo
143 (0 vol% Hept/ 100 vol% EtOAc). The detailed preparation of these fractions can be found in
144  our previous study.?’

145  Subsequently, an internal standard (IS) was added to a weighed amount of the entire oil Foil
146  sample and the Frioo, Frso, FHeo, FHao, FH2o, FeEaloo fractions, which were then derivatized before
147  further analysis according to the following procedure: first a small amount of 2-isopropyl
148  phenol (~5 mg), used as an 1S, was added into a GC-vial containing a weighted amount of lignin
149  oil (=50 mg). Subsequently, 0.5 mL of anhydrous pyridine, 0.5 mL of N-methyl-N-
150  (trimethylsilyl)trifluoroacetamide, and 0.5 mL of anhydrous acetonitrile was added. The vial
151  was sealed and put in an oven at 80 °C for 30 minutes. Then, the vial was removed from the
152  oven and cooled to room temperature. Afterward, the sample was analyzed on Thermo
153  Scientific TRACE GC x GC setup (Interscience, Belgium).

154

155  Analytical method

156  The GC x GC comprises an Mxt column (60 m x 0.25 mm % 0.25 um) as the first dimension
157  column connected to a ZB-35HT (2.2 m x 0.18 mm x 0.18 um) as the second dimension column
158  through a Sil Tite connection. The column set and a dual-state cryogenic modulator (liquid
159  COy) are placed in the same oven. The outlet of the second column is connected to an FID/MS
160  detector. For the GC x GC - FID setup, the flow rates of Hz, air, and N2 (make-up gas) were set
161  at 35, 350, and 35 mL mint, respectively. The FID temperature was set at 350 °C and the data
162  acquisition rate was 100 Hz. Moreover, a PTV injector was used in these analyses with a
163  programmed temperature injector from 40 °C to 370 °C (hold 25 minutes at 370 °C) to avoid
164  discrimination in the injector. For the GC x GC - MS setup, the data acquisition rate was set at
165 30 spectra s with the scanning range set from 150 to 1100 amu. The GC - MS interface
166  (transfer line) temperature was set at 280 °C and the ion source temperature was set at 300 °C.
167  The MS detector used electron ionization (70 eV). Helium was used as a carrier gas at a constant
168  flow rate (2.1 ml min't). The modulation period was optimized (10 s) to obtain a maximal
169  resolution in the first dimension without causing wrap-around. The GC system was operated in
170  programmed temperature conditions: 40 °C to 420 °C with a heating rate of 3 °C min.

171

172  Data acquisition and quantification

5
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173  Thermo Scientific’s Chrom-Card data system was used for data acquisition and processing of
174 the FID while Thermo Scientific’s XCalibur software was applied for data acquired with the
175  MS. The raw data of GC x GC - FID was exported to a .cdf file, subsequently processed by GC
176  Image (Zoex Corporation, USA) for quantification. The tentative identification of the resulting
177  peaks from GC x GC - FID was achieved by reproducing the analysis using the GC x GC - MS
178  with the identical column combination and an optimized carrier gas flow. Thanks to the stability
179  and linearity of the FID response, the quantification of the identified compounds was, therefore,
180  conducted using the GC x GC - FID chromatogram.

181

182  Results and Discussion

183  General methodology

184  GPC results of the RCF lignin oil samples indicated that their composition contains monomers,
185  dimers, and oligomers with varying distribution over the samples and thus varying molecular
186  weights, ranging from 203 to 1,771 g/mol (Figure S1.1, see ESI).?” This information reveals
187  that many molecules in these fractions have a high boiling point. Consequently, the GC x GC
188  setup for analyzing RCF lignin samples was equipped with two high-temperature columns with
189  different polarity, allowing chromatographic separation up to 430 °C. Firstly, the use of this GC
190 x GC - FID/MS setup was assessed by measuring an untreated Foit sample. The result of this
191  test revealed that the GC x GC - FID/MS operating at high temperature could elute the
192  monomers, dimers, and a small number of trimers according to three structural regions (Figure
193  S1.2,see ESI). However, the eluted components often suffered from peak tailing and co-elution,
194  likely due to interaction of hydroxyl groups of the phenolic compounds in the sample either
195  with the glass material of the liner or with the stationary phase of the columns used.®® As a
196  consequence, the components present in the sample could be incorrectly assigned and
197  inaccurately quantified. To avoid this issue, the hydroxyl groups of the phenolic compounds
198  were shielded, prior to analyzing on the GC x GC setup, via a derivatizing step using N-methyl-
199  N-(trimethylsilyl)trifluoroacetamide as a reagent. The chromatographic result of the testing Foil
200  sample after derivatization on the GC x GC - FID is illustrated in Figure la.

201

202  The derivatization step significantly improved the separation of the Foil Sample. The phenolic
203  compounds were eluted in the individual monomeric, dimeric, trimeric, and other oligomeric
204  regions with well-defined peak shapes. With the key derivatization step in hand, the six
205  fractions (i.e. Fuioo, Frso, Freo, Frao, Frzo, and Feaio0) were pretreated accordingly before

206  analysis. The GC x GC chromatograms of Fuso, FHa0, and Feaioo are presented in Figure 1b,
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207  Figure 1c, and Figure 1d, respectively, (the chromatogram of Fuioo, FHeo, and Frzo fraction can
208  be found in the ESI, Figure S1.3 - Figure S1.5). Thereby, the identification and calculation of
209  the components present in the seven RCF oil samples will be based on chromatograms of

210  derivatized samples.
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212 Figure 1. The GC x GC color plots of the derivatized entire Foii (@) sample and Fuso (b), Frao (C), and Feaioo (d)

213  fractions (Mxt as the first column x ZB35-HT as the second column).
214

215  Identification and quantification of lignin-derived phenolic monomers, dimers, and trimers in
216  the RCF lignin oil

217  The identification of monomers in the RCF lignin oil samples was performed by comparing the
218  deconvoluted mass spectra obtained from GC x GC - MS with the NIST library or with retention
219 indices of authentic monomers. However, this approach could not be applied to the dimers and
220  trimers due to the limitation of the NIST library and the lack of the authentic dimers and trimers.
221  The dimeric and trimeric compounds have been assigned based on detailed analysis of their
222  mass fragmentation patterns (see ESI S3 and ESI S4).

223

224  To accurately quantify the monomers, dimers, and trimers in the RCF oil fractions by GC x
225  GC, it strictly requires individual response factors (RFs) between each analyte and the internal
226  standard. In other words, a library of authentic compounds is required to attain the

227  corresponding response factors. However, this quantitative approach can solely be applied to
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228  the available monomers, not to oligomers owing to the lack of reference standards. Thus, in this
229  study, a calibration mixture of monomers and dimers having exact chemical structures (in the
230  case of monomers) or similar chemical structures (in the case of dimers) of compounds in the
231  real lignin oil fractions was prepared and measured in the same way as the actual samples (more
232  information on calibration mixture can be found in S2 in the ESI). The experimental RFs of
233 individual components in the calibration mixture were used to determine the RFs of other
234 components, based on the assumption that the response factor on GC-FID is a function that
235  depends on the molecular weight of molecules and the number of carbon, hydrogen, oxygen
236  atoms, and aromatic rings in their structures.%®7%.71 With these RFs in hand, all the identified
237  monomers, dimers, and trimers in the seven RCF lignin oil samples were individually
238 quantified. The monomer quantification using this RF approach on the GC x GC - FID set up
239  (Figure 2) is in line with the results obtained in our previous study,?’ for which their RFs have
240  been determined based on external calibration of the authentic compounds on 1D-GC (The
241  detailed results of the monomer quantification by GC x GC & 1D-GC can be found in Table
242  S2.1., ESI. Comparison of monomers determined by GC x GC and 1D-GC is presented in
243  Figure S2.1, see ESI).

60
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245 Figure 2. Observable monomers determined by GC x GC - FID. The detailed results of the monomer
246  quantification can be found in Table S2.1.

247
248  Figure 2 shows that the monomer content in the first three fractions (Fx1o0, Frso, and Freo) was
249  enhanced in comparison with the entire Foit sample. Furthermore, in the pure heptane fraction

250  (FH100) the non-polar phenolic monomer (4-propylguaiacol) consists of up to 19.5 wt% of the
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total monomeric mass fraction. However, 4-propanolguaiacol is the primary monomer in
fractions Frso and Freo (48.9 wt% and 51.0 wt%, respectively). Furthermore, the number of
monomers decreases significantly in the Fuaso fraction, whereas negligible amounts were
observed in fractions Fx20and Feaioo. Sequential fractionation by increasing slightly the polarity

of solvent thus influences both the distribution and type of monomers in each fraction.

The use of the high-temperature GC x GC setup provided a better monomer separation and
detection than 1D-GC (more detailed information found in Table S2.1, ESI). In particular, the
monomers guaiacol (M7), 4-propylsyringol (M8), 4-ethylsyringol (M9), 4-(2-hydroxyethyl)-
2-methoxyphenol (M10), and methyl 3-(4-hydroxy-3-methoxyphenyl)propanoate (M11) were
separated and detected on the GC x GC chromatogram while not clearly visible on the
chromatogram of 1D-GC. Figure 3 illustrates the main monomers found in the Foit sample using
the GC x GC. It should be noted that in all seven RCF lignin oil samples, the G-type monomers
were found in a significantly higher content, as expected from using softwood feedstock, but
also S-type monomers were observed due to the higher resolution of GC x GC system, that

were not detected on 1D-GC in earlier work.?’
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Figure 3. The GC x GC chromatogram of the monomeric region in the Fo; sample.

In addition to the monomers, analysis of GC x GC data identified thirty-six phenolic dimers in

the RCF lignin fractions, of which only twelve dimers have been previously reported.’18.27:45
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272  Furthermore, twenty-one trimers were also determined for the first time in these fractions (MS
273  information can be found in the ESI, for dimers (Figure S3.1 - Figure S3.36) and trimers
274  (Figure S4.1 - Figure S4.21)). It is worth noting that not only monomers, dimers, and trimers
275  were detected by using a high peak capacity GC x GC setup, but also other larger oligomers
276  could be eluted(Figure 1). The presence of such oligomers was apparent in the most polar
277  fractions Fr2o and Feaioo (Figure S1.5 and Figure 1d). However, due to the inherent limitation
278  of the GC x GC - MS and the low concentration of these oligomers, this study only focused on
279  the identification and quantification of the dimers and trimers. Figure 4 and Figure 5
280  summarize the chemical structures

281

282  These dimers and trimers consist of different G units coupled mainly via C-C inter-unit
283  linkages, including B-5 (B-5 y -OH, B-5 ethyl, and -5 propyl), B-1 (B-1 y -OH, B-1 ethyl, and
284  B-1 propyl), B-B (B-p 2x y -OH and B-B), and 5-5. Furthermore, only a minor number of p-O-4
285  and 4-0O-5 inter-linkages were observed in these RCF lignin oil fractions. Most of the inter-unit
286 linkages align well with the bulk information from 'H-13C HSQC NMR spectroscopy.?’
287  However, the *H-13C HSQC NMR technique could only assign the inter-unit linkages present
288  of compounds with relatively high concentrations in the entire lignin oil. The inter-unit linkages
289  with low abundance such as -5 propyl, B-1 propyl, and 4-O-5 could not be observed properly
290 by the 2D NMR approach, due to its inherent moderate detection limit. HT-GC x GC can also
291  identify the aliphatic end-units for the different molecules in the fractionated RCF lignin oil
292  samples. Figure 4 and Figure 5 shows that the aliphatic end-units in the dimeric and trimeric
293  molecules consist of 4-propanol (4-P-y-OH), 4-propyl (4-P), 4-ethyl (4-E), 4-(3-
294  methoxypropyl) (4-P-y-OMe), 4-methyl (4-M), 4-propenol, and 4-(3-methoxyprop-1-en-1-yl))
295  asan end-unit. Presence of the two methoxy substituted end-groups indicates some RCF solvent
296  incorporation in the final products of the RCF biorefinery.

297

298  The identified dimers and trimers are all composed of similar structural units through the same
299 inter-unit linkages. This indicates that they have been subject of the same chemistry during RCF
300  processing; almost all inter-unit ether linkages (i.e. p-O-4) are cleaved, whereas the lignin-
301  original C-C inter-unit linkages remain intact. Furthermore, detailed inspection of the end-units

302  of the oligomers also reveals strong structural resemblance with those of the monomers.
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306
307 Figure 5. The structure of observed trimers in the RCF oil samples, derived from the MS spectra using high-

308  temperature GC x GC.
309

310  Subsequently, the identified dimers and trimers were quantified according to the RF approach
311  explained above. Figure 6 presents the product distribution and total mass of the monomers,
312  dimers, and trimers in the seven RCF lignin oil fractions (additional information can be found
313 in Table S2.2, ESI).
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315 Figure 6. Distribution and total mass of monomers, dimers, and trimers in the RCF oil samples. Detailed results
316  can be found in Table S2.2 and Table 1.

317

318  The quantitative analysis shows that the entire RCF lignin oil (Foi) consists of more monomers
319  (34.03 wt%, of which 29.01 wt% is 4-propanolguaiacol) than dimers (15.79 wt%) and trimers
320  (7.26 wt%), respectively. Figure 6 also shows that only a small number of dimers are found in
321  theless polar fraction (Fxi00), whereas the largest amount is found in Frao. Trimers are primarily
322  observed in 2 fractions (Fr4o and Fu20) and are negligibly present in the less polar fractions
323 (FH100, Frso, and Freo). Furthermore, almost all monomers, dimers, and trimers were extracted
324 in the Fnioo, FHso, Freo, FHao, and Frzo fractions, corresponding to 50.11, 62.91, 68.23, 64.63,
325 and 33.15 wt% of the respective samples. Only 9.64 wt% of the pure ethyl acetate fraction
326  (Fea1oo0) could be identified. Moreover, the accumulated mass balance of the monomers, dimers,
327  and trimers over each individual fraction (Fig 5, Foil mass balance) is nearly identical to that of Foil,
328  showing the reliability of the analysis. Clearly, the sequential fractionation of the entire RCF
329  oil (Foit) by using a solvent mixture (Hept/EtOAC) can separate the complicated entire lignin oil
330  Foil into relatively more homogeneous fractions in terms of molecular weight, in line with the
331  GPC result in earlier studies,>"® and structural functionality, as revealed here.

332

333 The detailed quantification of individual dimers (D) and trimers (T) identified in each lignin oil
334  fraction is presented in Table 1. The result shows that D2, D13, D20, and D28 are the primary
335  dimeric molecules found in the entire RCF lignin oil (Foil), corroborating earlier suggestions.?’
336  These dimers contain the same 4-propanol end-group as observed in the monomers, and consist
337  of 5-5, B-5 y-OH, B-5 E, and B-1 y-OH inter-phenolic linkages, respectively. They account for
338 2.14,2.81, 1.96, and 2.32, wt% of the total 15.79
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339  wt% identified dimers in Foil. Because of the sequential fractionation of the entire Foil, the
340  occurrence of these dimers varied between the fractions. Similarly, T1, T7, T4, and T2 are the
341  most occurring trimers, corresponding to 0.94, 0.81, 0.80, and 0.72 wt% of the total 7.26 wt%
342  of the identified trimers in the entire lignin oil (Foit). The structural motifs of these trimers
343  consist of 4-propanol end-group, similar to the observed monomers, and contain 5-5 & B-1 y-
344  OH (T1), p-O-4 & B-B 2 x y-OH (T7), B-p 2 x y-OH & 5-5 (T4), and B-5 y-OH & 5-5 (T2)
345 inter-unit linkages.

346
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347  Table 1: Detailed quantitation of the identified dimers and trimers in 7 RCF lignin oil fractions, expressed in wt%

348  of the corresponding fraction.

Dimer Foil Fhio0 Frso Freo Friao Frzo Feai0 Trimer Foil Fhio0 Friso Friso Friao Frzo Feai0
Pl 027 000 008 051 051 006 000 |1 0.94 000 03 000 197 252 060
D2 214 000 004 031 680 409 040 | T2 072 000 000 000 060 386 195
D3 008 000 000 000 000 000 000 |T3 068 ~ 000 000 000 08 260 064
D4 019 000 018 031 025 000 o000 |'4# 08 000 000 000 098 525 257
D5 010 000 004 000 016 003 000 | T8 062 000 000 000 124 140 044
D6 000 009 006 000 000 000 000 |T6 048 000 000 000 163 102 052
D7 000 020 008 000 000 000 o000 |T7 081 000 000 000 104 216 077
D8 031 000 019 060 033 000 000 |T8 021 000 000 000 033 000  0.00
D9 000 013 013 000 000 000 o000 |T9 017 000 000 000 085 038  0.00
DI0 o0 007 006 000 000 000 000 | T 017 000 000 000 038 016 000
DIl (09 000 000 009 024 015 o002 |TL 019 000 000 000 000 028  0.00
D12 0.5 000 032 048 015 000 000 | T2 036 000 000 000 052 105 036
DI3  ,4, o000 012 125 905 318 o000 | T3 010 046 000 000 000 000 000
D4 405 041 025 000 000 000 000 | T4 032 000 014 038 113 027 000
DI5 o0 000 003 000 000 000 o000 |TI5 041 000 000 08 063 048 0.8
DI7  s4 000 010 077 104 010 002 | T 015 000 000 000 000 000 0.0
DI9 (07 000 008 013 005 000 000 |T® 000 000 000 000 039 000  0.00
D20 195 042 101 357 279 014 000 |T20 000 000 000 000 055 039  0.00
D21 03 000 005 007 009 000 000 |T2L 000 000 000 000 115 080 023
D22 4,5 000 010 030 033 000 000 | Towl 726 046 054 120 1455 2278 8.6
D23 o4 015 006 000 000 000 000

D24 021 000 015 030 025 000 0.0

D25 000 000 014 000 000 000 000

D26 17 030 054 018 000 000  0.00

D27 051 050 160 061 006 000  0.00

D28 ;3 011 067 322 468 038 008

D29 g5 000 006 056 285 084 033

D30 033 008 033 047 028 000  0.00

D31 010 000 000 000 024 014 000

D32 o556 000 009 050 152 029 004

D33 052 000 007 050 138 047 006

D34 046 004 044 094 039 000 0.0

D35 000 022 018 000 000 000 000

D36 000 016 045 000 000 000 0.0

Total 1579 528 868 1568 3347 987 095

349
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350 Inter-unit linkages and end-groups of dimers and trimers in the pine wood RCF lignin oil

351  The quantitative GC x GC results of the dimers and trimers show that the structural motifs of
352  these molecules consist of inter-unit linkages including B-5, B-1, B-B, 5-5, p-O-4, 4-O-5 and
353 aliphatic end-units including 4-P-y-OH, 4-P, 4-E, 4-P-y-OMe, 4-M, 4-propenol, and 4-(3-
354  methoxyprop-1-en-1-yl). A fraction-dependent distribution between these structural motifs and
355  the increasing polarity of the extraction solvent can be observed in Figure 7. Furthermore, the
356 individual distribution of B-5, B-1, and B-p inter-unit linkages in the RCF lignin oil, based on

357  the dimer and trimer molecular identification, is also depicted in Figure 8.
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358
359 Figure 7. Relative distribution of inter-unit linkages based on wt% of the corresponding dimers (a) and trimers

360  (b) in the RCF lignin oil.
361
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364 lignin oil.
365

366  The first inter-unit linkage discussed herein is the -5 inter-unit linkage, which is composed of
367  B-5v-OH (e.g. D13), B-5 ethyl (e.g. D16), and B-5 propyl (e.g. D16) analogs, originating from
368  the native B-5 phenylcoumaran structure. Over 45 wt% of the identified dimers in the entire
369 RCF oil (Foir) contain a -5 inter-unit linkage and over 59 wt% of the identified trimers in Foil
370  contain at least one B-5 inter-unit linkage in the structure. Given always two inter-unit linkages
371  are present in trimers, approximately 34% of all inter-unit linkages in trimers contains the -5
372  structure (Figure 7). Among these -5 inter-unit linkages, -5 y-OH is most abundant in both
373  dimers and trimers (relative amount of 51% and 84%, respectively; Figure 8). Furthermore, the
374  distribution of B-5 analogs of dimers and trimers varied between fractions. For example, -5
375  dimers are predominant (63%) in the fraction Frioo (Figure 7a), with mostly the -5 E linkage
376  (Figure 8a). Only a small amount of these -5 units (1.7%) is present in the most polar fraction
377  Feaw0o, With sole contributor B-5 y-OH. Overall, the high B-5 y-OH occurrence increases at the
378  expense of -5 E (Figure 8); this accords with the solvent polarity.

379

380  The B-1 motifs, consisting of -1 y-OH (e.g. D28), B-1 ethyl (e.g. D27), and B-1 propyl (e.g.
381 D26) analogs, are a second group of inter-unit linkages present in the RCF lignin oil.

382  Approximately 19 wt% of the identified dimers in Foit and over 20 wt% of the identified trimers
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383 in Foil have one B-1 inter-unit linkage, indicating that approximately 10% of the inter-unit
384  linkages in the identified trimers holds a p-1 structure (Figure 7). The B-1 y-OH analog
385 predominates in both dimers and trimers, showing a relative occurrence of 77% and 78%,
386  respectively (Figure 8). Presence of B-1 y-OH increases with solvent polarity, similarly as
387  observed for B-5 (Figure 8). Moreover, presence of -1 decreases with solvent polarity (Figure
388 7). These observations of less -1 in the trimers, compared to the dimers, and less -1 in the
389  more polar (higher molecular weight containing) fractions, is likely the consequence of the
390 native-lignin structure. That is, in the B-1 spirodienone structure, one of the two phenolics of
391 the B-1 linkage is a quinone methide, remaining unsubstituted on its phenolic and 5-position.®
392  Thus, only a linkage to a third phenolic group can be made through the second phenolic moiety.
393  Given the high chance of this being a p-O-4 linkage in accordance with lignin formation
394  mechanisms’, relatively more B-1 inter-unit linkages are present in a dimer form, as observed
395 inFigure?7.

396

397  The B-B linkages are the third group of inter-unit linkages discussed herein. They originate from
398  the native B-P resinol structure, and after subjecting to the RCF process this resinol structure is
399  converted to B-B 2x y-OH (e.g. D29) and B-B THF (e.g. D30). Around 7 wt% of the identified
400  dimers and over 37 wt% of the trimers contain a - structure in Foil (Figure 7), indicating that
401  approximately 20% of the inter-unit linkages in trimers has a B-p structure (Figure 7). The -
402  2xv-OH linkage in both dimers and trimers is more abundant than - THF (Figure 8). Figure
403 7 and 8 also shows that the relative number of - linkages and B- 2xy-OH’s presence in both
404  dimers and trimers increases with increasing polarity of the extraction solvent, while - THF
405 is mainly present in the less polar fractions (e.g. dimer fraction Fuioo and Frso ) (Figure 8a).
406

407 It can be concluded that a significant amount of the y-OH functional group in the inter-unit
408 linkages of -5, B-1, and B-f units in both dimers and trimers is observed in the more polar,
409  higher molecular weight fractions (e.g. Frao, Fr20, and Feaio0), compared to the inter-unit
410 linkages without y-OH group. Thus, the oligomers containing the polar inter-unit linkages will
411  be mainly extracted in more polar solvents, and they are, conversely, less soluble in the
412  non/less-polar solvents. This observation supports the bulk results obtained from *H-3C HSQC
413  NMR spectroscopy.?’

414

415  The fourth group is the biphenyl (5-5) inter-unit linkage, originating from the dibenzodioxocin

416 inter-unit linkages in native lignin. Approximately 20 wt% of the detected dimers and 51 wt%
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417  of the detected trimers in Foil contain this 5-5 linkage, and thus 25% of the inter-unit linkages
418 inthe identified trimers have a 5-5 structure. Dimers containing 5-5 are present in considerably
419  higher amounts in the more polar (higher molecular weight) fractions (Figure 7a). An
420  increasing trend of 5-5 containing trimers in the Frao, Fr20, and Feaioo fractions with the higher
421  polarity is also apparent in Figure 7b. However, Figure 7b shows that the 5-5 trimers account
422  for up to 50% of inter-unit linkages in the non-polar fraction Fuico. The reason for this is that
423  only one trimer is detected in Frioo, f which one of the inter-unit linkages has the 5-5 structure.
424 This is because this non-polar extraction solvent impedes the solubility and extraction of
425 trimers.

426

427  Small amounts of B-O-4 inter-unit linkages that remained after RCF processing are also
428  detected in dimers and trimers of the entire oil (Foir) (Figure 7). Strikingly, the majority of
429  detected B-O-4 structure underwent a a-dehydroxylation, yielding a reduced form of the native
430 B-O-4 structure (e.g. Figure 5, T7). This o-dehydroxylation reaction product has been
431  previously observed in minor amounts when using Pd/C catalysis on -O-4 model compounds.
432 It was suggested to be a side product of the concerted catalytic B-O-4 cleavage.” The
433  occurrence of B-O-4 linkages increases in the high molecular weight fractions of dimers and
434 trimers. Given their low occurrence - relative to the other inter-unit linkages - most of the B-O-
435 4 linkages were effectively cleaved during the RCF process. Moreover, most of the non-cleaved
436  B-O-4 structures has undergone a reductive reaction, yielding a reduced form of §-O-4.

437

438  Lastly, in 3 wt% of the dimers (in the entire oil, Foil), a 4-O-5 inter-unit linkage was found,
439  while absent in the structure of the trimers. It should be noted that these 4-O-5-linked structures
440  have never been detected by NMR techniques in the previous studies on RCF lignin. This is
441  possibly due to the low concentration level of these units in the lignin oil. This example
442  illustrates the high sensitivity of the GC x GC-FID/MS method as compared to that of the 2D
443  NMR technique.?”76.77

444

445  Next to the inter-unit linkages, end-units resulting from p-O-4 cleavage and the reductive
446  chemistry during RCF processing are another important structural motif. These groups consist
447  of 4-P-y-OH, 4-P, 4-E, 4-P-y-OMe, 4-M, 4-propenol, and 4-(3-methoxyprop-1-en-1-yl) units.
448  Among them, the 4-P-y-OH and 4-P end-units are found at high amounts in the various RCF
449  lignin oil fractions (Figure 9). The other end-units, including 4-E, 4-P-y-OMe, 4-M, 4-
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450  propenol, and 4-(3-methoxyprop-1-en-1-yl)) are detected with relatively low abundancy in the
451  dimer and trimer structures, and therefore they are combined as “Others” in Figure 9.

452

453  Around 80% of 4-P-y-OH end-unit is found in both dimers and trimers, whilst only
454 approximately 10% of the 4-P unit is observed in both dimers and trimers of the Foil fraction
455  (Figure 9). This is the consequence of the reduction chemistry with Pd catalysis, showing (as
456  in the monomer fraction) large quantities of propanol end groups due to its low oxophilic
457  character.X It is also recognized that the presence of the P-y-OH end-unit in dimers increases
458  steadily with the increasing polarity of the fractions (Figure 9a). A similar observation can be
459  made for the trimers in Frao-ea100. Figure 9 also indicates that the 4-P end-unit is most prevalent
460 in the non-polar fraction (Fx100) of both dimers and trimers. Obviously, this is the result of the
461  favorable extraction of less polar 4-P substitution in pure heptane, while the more polar P-y-

462  OH end-unit is preferably extracted in the polar solvents.
(a) (b)

100% - 100% 1
5 0% | S 80% |
g 80% _ = 80% A ®m4-P-y-OH
2 = |
S 60% - 5 60% 1 a4-p
o - ° '
2 40% - 2 40% 1 mOthers
g Lo ] $ 20% -
& 20% - & 20% -
0% - 0% -
" ¢ LT K&, " ¢P ST B
- ¢ < & T LT oF

464 Figure 9. Relative distribution of end-unit groups in dimers (a) and trimers (b) of the RCF lignin oil.

465 GC x GC - NMR correlation

466  Similar solvent fractionation was used (for sample preparation) in an earlier study presenting
467  structure elucidation of RCF lignin oil using *H-*C HSQC NMR spectroscopy. The advantage
468  of this particular method is that a specific end-unit or inter-unit linkage only has a limited
469  amount of C-H correlation signals, which are independent of the individual molecular structure.
470  For example, a dimer containing a -5 ethyl (B-5 E) inter-unit linkage will have the same -5 E
471  C-H correlation pairs as a trimer also containing -5 E. Hence, the total relative distribution of
472  aspecific inter-unit linkage or end-unit can be quantified for the entire RCF lignin oil. A general
473  disadvantage of this spectroscopic method is that only bulk information of these molecular
474 structures is obtained. Accordingly, itis challenging to investigate differences in the distribution
475  of specific structures in specific classes (viz. monomers, dimers, trimers, etc.). Besides, the

476  technique has sensitivity limits, as known for NMR spectroscopy. The high-resolution GC x
20
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477  GC method developed herein solves this latter issue, providing more detailed structural
478  information, also of the minor compounds in the RCF lignin oil. To investigate if large
479  differences in distribution can be observed between these classes and the entire lignin oil, the
480  structural relative distributions obtained by GC x GC (in mole%; monomers, dimers, and
481  trimers) are compared with the relative distributions obtained by H-*C HSQC NMR
482  spectroscopy by analysis of the entire sample (in mole%, total).
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484  Figure 10. Comparison of distribution of end-units, divided in 4-P-y-OH, 4-P, and “Others” in the different RCF
485  lignin fractions. The monomer, dimer, and trimer distribution is obtained by GC x GC. The distribution of each
486 total fraction is obtained by *H-*C HSQC NMR spectroscopy.®
487

488  As shown in Figure 10, the effect of the extraction solvent has a clear influence on the
489  distribution of end-units, as discussed earlier. For almost all fractions, the relative occurrence
490  of aspecific end-unit obtained by the *H-13C HSQC NMR spectroscopy lies between that of the
491  specific fractions (i.e. monomer, dimer, and trimer) of a certain sample, validating the GC x
492  GC analysis. Thus, in addition to the insight in chemical structure (from MS), the accumulated
493  quantified information from GC x GC - FID accords with the bulk information delivered by
494  H-3C HSQC NMR spectroscopy.

495

496  Just as for the end-units, the distribution differences for the various inter-unit linkages are
497  shown in Figure S5 (Figure S5.1 - Figure S5.3, see ESI) and similar trends can be observed.
498  That is, the occurrence of the typical RCF B-5, -1, and B-f structures found by GC x GC and
499  NMR analysis are comparable for fraction Feil. One noticeable exception is the very low -5 E
500 substitution in the entire lignin oil’s trimer fraction, compared to the two times higher B-5 E

501  substitution observed in the entire oil. The reason for this might lie either in a reactivity
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502 difference during the RCF process (i.e. lower reactivity to form -5 E in trimers) or in the GC
503  x GC detection. Indeed, while an even amount of dimers bearing the -5 E or -5 y-OH group
504  are identified, four times more B-5 y-OH structures are identified in the trimers as compared to
505 the B-5 E. Since not all trimer signals were identified and quantified, the possible lower catalytic
506  selectivity to the B-5 E linkage might thus simply be enhanced by the low number of identified
507  B-5 E containing signals.

508

509  Besides comparing product distribution of the RCF process, as ascertained by GC x GC analysis
510 and 'H-BC HSQC NMR spectroscopic analysis, the overall yield of the specific molecular
511  structures obtained by GC x GC analysis can also be constructed and compared with the *H-
512 13C HSQC NMR spectroscopic results. This furthers the insight into the distribution of a certain
513  molecular structure in the monomers, dimers, and trimers relative to the entire oil. As the *H-
514 13C HSQC NMR spectroscopic results are expressed in relative percentage per guaiacyl unit,
515 the GC x GC results were recalculated according to formulas in Note S5.4 (see ESI).

516

517  Before going into detail, a few important remarks on the interpretation of these results must be
518 made. First, the results of two powerful analytical techniques are combined, each with their
519 advantages and disadvantages. The obvious advantage of GC x GC is the identification of
520 individual molecular structures. However, compounds which are only present in a very small
521 amount are hard and laborious to detect, identify and quantify. Consequently not all molecules,
522  containing a specific molecular structure are taken into account in this calculation, negatively
523  effecting molecular structures with a low abundance; viz. there are still unassigned trimers.
524  Besides, by recalculating the GC x GC results (in wt% or mole%) to the ‘relative abundancy
525  vs. G-units’, the assumption has been made that 100% of each sample’s mass is lignin. Whereas
526  thisis evidently more correct for the more polar samples (because of the almost closure of some
527  balances), this is less correct for the less polar samples, likely the consequence of the presence
528  of some non-polar extractives. One major disadvantage of 'H-13C HSQC NMR spectroscopy is
529 thatits quantification is only on a relative scale (vs. the aromatic part) and that the spectroscopic
530 related issues (such as the Jc-n dependency or relaxation effects) might play a large role in
531 comparing these relative quantitated structures with the absolute quantitated structures by GC
532 x GC. Despite these barriers, the results of these product distributions still contain various
533  relevant trends, as shown in Figure 11.

534
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Figure 11. Distribution of the end-units and inter-unit linkages found in the monomers, dimers and trimers in the

different fractions and compared to their amounts found in the entire sample. The monomer, dimer and trimer
distribution is quantified according to Note S5.4 (see ESI). The results of the oil are obtained by *H-*C HSQC
NMR spectroscopy.®
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540

541  Firstly, it is obvious from Figure 11a-c that the monomers account for by far the largest amount
542  of end-units. Yet, in certain fractions from intermediate polarity (viz. Frao and Frzo), also the
543  dimers and trimers make up for a large part of the end-units (Figure 11a). Overall, in the results
544  obtained by *H-13C HSQC NMR spectroscopy, almost in all cases more end-units have been
545  observed in the fractions. In Frxioo, Frso, and Freo, this can likely be ascribed to the reasons noted
546  above, viz. presence of non-lignin molecules, analytical complexity, since only a minor amount
547  of RCF lignin trimers are present in these fractions, excluding the possibility of higher
548  molecular weight structures - which is also in correspondence with the GPC result (Figure S1).
549  However, in Frao, F20, and Feazoo, the higher amount of end-units observed by *H-*C HSQC
550 NMR spectroscopy is likely the consequence of the undetected dimers and trimers, and the
551 presence of higher molecular weight structures, such as RCF lignin-derived tetramers,
552  pentamers, etc., which cannot be analyzed by the GC x GC technique due to too high
553  evaporation temperatures of the products.

554

555  Secondly, between 40-80% of a specific inter-unit linkage quantified in *H-13C HSQC NMR
556  spectroscopy can be accounted for by the observed dimers and trimers (Figure 11d-j),
557 indicating that a considerable amount of the RCF lignin inter-unit linkages are present in the
558  observed RCF dimers and trimers. More detailed interpreting of the distribution of specific
559 inter-unit linkages has to be done with caution, due to the above described barriers arising from
560 the construction of these figures. This is likely the consequence of the low number of identified

561 trimers bearing these inter-unit linkages.

562 3. Conclusion

563  This study shows both the comprehensive identification and quantification of the dimeric and
564  trimeric phenolic oligomers in the RCF lignin oil of pine wood. The successful combination of
565  the high-temperature GC x GC - FID and GC x GC - MS, besides fractionation of lignin oil
566  suing varying solvent polarity, allows to unambiguously assign molecular structures of thirty-
567  six dimers and twenty-one trimers in the RCF lignin oil samples. Derivatization of these lignin
568 samples was critical to prevent peak-tailing and co-eluting effects. The detailed structural
569 information in terms of inter-unit linkages and aliphatic end-units of the dimeric and trimeric
570  oligomers was revealed. The similar structural motifs (i.e. inter-unit linkages and end-units) of
571  these dimers and trimers disclose that they are subjected to the same chemical transformation

572  during the RCF process, a claim that can tentatively also be transferred to larger oligomers.
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573  Accumulation of the GC x GC quantified products with regard to end groups and inter-linkages
574  agrees with recently acquired bulk *H-*C HSQC NMR spectroscopic information. This study
575 demonstrates a methodology using GC x GC in combination with recent *H-*C HSQC NMR
576  spectroscopic findings to advance the molecular structural information. This information
577  enables to assess the chemical transformation of lignin occurring during RCF biorefinery
578  processing as well as to steer further research in downstream lignin oil usage (reactivity) and
579  separations, and subsequent application development.
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