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ABSTRACT

Hydrothermal treatments (HTT) are used in the biorefineries to effectively valorize 

carbohydrate fractions and their products. However, lignin is often marginalized as a secondary 

component. Herein, we propose a new biorefinery approach focused on lignin valorization. We 

demonstrate that high-value lignins can be extracted using a simple, green and affordable 

process consisting of an optimized HTT followed by lignin extraction with aqueous acetone 

under ambient conditions. Significantly, the chemical structure and molecular mass of the 

lignin can be tailored by the selection of the process variables while maintaining a high yield, 

in the range of ~ 60-90%. For example, the average molecular mass (Mw) of the isolated lignins 

is in the range between 2.5 and 5 kDa while the amount of -O-4 linkages is 4-28 per 100 Ar. 

The extracted lignins are further used to generate micro and nanoparticles by using an aerosol 

flow system. The introduced lignin profiling affords control of particle properties, including 

average size and distribution, surface energy and wettability. Overall, the suggested approach 

allows to customize lignin products while achieving a 58% reduction in the lignin particles 

production costs compared to the lowest prime figures reported so far.

KEYWORDS: Autohydrolysis, Biorefinery, Lignin valorization, Lignocellulose, 

Nanoparticles 
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INTRODUCTION

The exploration of natural sources to mitigate our dependency on fossil-based fuels and raw 

materials has been motived by the gradual depletion of fossil feedstock and the variability of 

crude oil prices. Such factors are coupled with the growth in population and related basic 

needs.1 In this sense, lignocellulosic biomass is a suitable alternative, especially given its 

abundance as a source of organic carbon available.2,3 For conversion and utilization of biomass 

to value-added products, such as biofuels, bio-based chemicals and materials, the 

lignocellulosic biorefinery (LCB) concept has received a great attention.4

Among common biorefinery processes, hydrothermal treatment (HTT), also known as 

autohydrolysis, stands as an environmentally friendly and cost-efficient technology for the 

extraction of hemicelluloses from biomass. HTT is also distinctive for its flexibility and 

simplicity.5,6 The simple use of water in HTT, removing the need for extra chemicals in the 

reaction medium, is the principal foremost advantage of this process.5,7 HTT has been used in 

the pulping industry for the production of dissolving grade pulps,8 as well as in emerging sugar-

based biorefineries for the optimization of hemicellulose extraction9,10 and for the adjustment 

of the reactivity of cellulose-rich solids for further enzymatic hydrolysis.11,12 Therefore, all 

efforts in HTT-based biorefineries have focused on the optimization of the conditions for 

carbohydrates valorization.13,14 However, the biorefinery lignins, generated in this (and other) 

process, have been traditionally considered as a side-streams,15 mostly for uses in low-value 

applications; hence, they have been disregarded in efforts related to process optimization. 

Given the importance of lignin as an abundant natural resource, potentially available in large 

quantities from pulping industries and LCB,16–18 its valorization into industrially relevant 

products depends on a comprehensive investigation of lignin isolation, and obtained structures 

and properties.19,20

A few works have reported lignin extraction from biorefinery solids. Sun et al.21 extracted 

about 50% lignin from hydrothermally-treated eucalyptus fiber with aqueous NaOH. Li et al22 

extracted 26-50% of lignin from steam exploded solids of aspen wood with dioxane/water. 

Four decades ago Lora and Wayman23 investigated lignin extraction with dioxane/water 

solutions from hydrothermally-treated hardwoods. In this latter work, hardwood chips and 

sawdust were subjected to HTT at temperatures of 175-220˚C at liquid to solid (L/S) ratio of 

1. It was reported that application of aqueous dioxane solution under reflux allowed extraction 

of up to 91.6% of the original lignin from HTT-pretreated hardwoods. Also, 98% of lignin 

could be extracted after boiling the HTT- solids for 3 hours in 1% NaOH solution; however, 

this also resulted in the extraction of half of the original wood cellulose. Unfortunately, dioxane 
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is not an industrially feasible solvent while NaOH extraction is bound to generate undesirable 

carbohydrate side products. In addition, the structure and properties of the extracted lignins 

were not reported.

Inspired by the work of Lora and Wyman we explored the feasibility of a process with industrial 

viability. Specifically, we focus on an HTT-based biorefinery concept to extract high-value 

lignins from hardwood (birch) by using an aqueous acetone solution under ambient conditions. 

Our main objective is to evaluate the yield and the properties of the lignins isolated from the 

pre-treated biomass under respective HTT conditions. 

In addition, the assembly of lignin into micro/nanoscaled structures makes it possible to 

improve the properties of the materials by taking advantage of lignin’s inherent molecular 

structure and composition, opening a wide range of applications.24,25 Thus, the integrated 

production of dry lignin micro/nanoparticles (LMNP) is proposed by using the dissolved 

lignins directly (i.e. without lignin precipitation and drying) through an aerosol flow system, 

resulting in substantially lower production costs than the ones previously reported for such 

method. 

MATERIAL AND METHODS

Wood material. Chips of birch wood (Betula sp.) were ground into sawdust and screened 

(0.55–0.125 mm particle size). Acetone extraction of the sawdust prior to hydrothermal 

treatments was used to eliminate the effect of wood lipophilic extractives in order to understand 

better the lignin fundamentals in the process. 

Hydrothermal Treatment (HTT). The hydrothermal treatments (Figure 1) were conducted 

in a 50 mL batch reactor (Parr Reactor 4841), equipped with a temperature controller, a 

pressure gauge and a mechanical stirrer. About 4.2 g (per dry mass) of the extractives-free birch 

sawdust was placed in the reactor and then filled with deionized water, reaching distinct L/S 

ratio.  The effect of HTT parameters on lignin removal and extracted-solids were evaluated by 

processing temperature and residence time which were combined in the P-factor value  by 

assuming an Arrhenius-type equation with an activation energy of 125.6 kJ/mol.26 Severity 

factors are also provided in Table S3 to allow an easily comparison of the current data with 

published literature. Once a target P-factor was reached, the autoclave was immediately cooled 

in an ice bath to prevent further reactions. The HTT profiles can be seen in Figure S1. Then, 

the reaction mixture was transferred to a filtering crucible and vacuum-filtered. The produced 

liquor (hydrolysate) was collected for the subsequent analyses. Hydrothermally treated solids 
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were thoroughly washed with deionized water and then extracted with acetone/water 9/1 (v/v) 

solution at room temperature, until yielding a colorless filtrate. The extracted solids were 

collected and dried at 105˚C for 24 h. The solution containing the acetone-extracted lignin 

(AEL) was collected and concentrated in a rotary evaporator at 40˚C for further 

characterization. Replicates of AEL at P-factor=2000 and L/S=4, were dried directly as lignin 

micro/nanoparticles (LNMP), as shown in Figure 1c. 

 Figure 1. Scheme of the experimental design. (a) Hydrothermal treatment of birch sawdust 

and the two resulted products: hydrolysate and HTT-solids; (b) lignin extraction from HTT-

solids with aqueous acetone, generating the acetone-extracted lignin (AEL) solution and the  

extracted-solids; (c) controlled drying of AEL, where dried lignin micro/nanoparticles (LMNP) 

are produced.

Compositional analysis of the feedstock and extracted solids. To determine carbohydrate 

and lignin contents in the initial material and extracted solids, the samples were subjected to a 

Saeman hydrolysis - according to a modified NREL procedure - and the resulting neutral 

monosaccharides were determined by high performance anion exchange chromatography with 

pulse amperometric detection (HPAEC-PAD) in a Dionex ICS 3000A system equipped with 

CarboPac PA1 column. The acid insoluble (Klason) lignin content was determined 

gravimetrically, and the acid soluble lignin was quantified by ultraviolet spectroscopy at 215 

and 280 nm as described by Goldschmid (1971).27 Overall composition and yields of feedstock, 

solids and AEL can be seen in Table S1.
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AEL characterization. The AEL extracted from the HTT solids produced at L/S = 4 and 

195°C using a P-factor of 500, 800, 1500, 2000 and 2500, were labeled as AEL-1, AEL-2, 

AEL-3, AEL-4 and AEL-5, respectively. The lignin extracted from solids treated at P-factor of 

800 at L/S=8 and 205˚C was denoted as AEL-6. Alcell, a hardwood organosolv (OS), and 

Indulin AT, a softwood kraft (KL), lignins, were used for comparison.

Molecular weight distribution. The molecular weight distribution of AEL was 

analyzed by size exclusion chromatography (SEC) after dissolving the sample in 0.1M NaOH 

(1 mg/mL, pH 13, flow rate 0.5 mL/min, T= 25ºC) using PSS MCX 1000 & 100000 Å columns 

with a pre-column and Waters 2998 Photodiode Array detector (280 nm). The molecular 

weight distribution (MWD) were calculated against polystyrene sulphonate (8 x PSS, 1600-

148500 g/mol) standards, using Waters Empower 3 software.

Nuclear magnetic resonance (NMR) spectroscopy. The amounts of different 

hydroxyl groups were determined by 31P NMR spectroscopy28 (Bruker NMR Spectrometer AV 

III 400) in accordance with the optimized protocol.29 Briefly, about 40 mg of dried AEL sample 

was dissolved in 0.4 ml of a pyridine/deuterated chloroform (1.6/1, v/v) solution. In the next 

step, 50 µl of chromium (ǀǀǀ) acetylacetonate (11.4 mg in 1 mL of the solution) and certain 

amount of internal standard (IS) (endo-n-hydroxy-5-norbornene-2,3-dicarboximide, 20 mg/ml) 

required to obtain IS/lignin ratio of 1:20 wt/wt was introduced. Then, 100 µl of phosphorus-

containing reagent (2–chloro–4,4,5,5–tetramethyl–1,3,2–dioxaphospholane) was added to the 

mixture. The vial content was vortexed, transferred into an NMR tube, and submitted for NMR 

acquisition. The relaxation delay was 5 s and 128 scans were collected. The spectra were 

phased and calibrated using the signal of water-derivatized product (122.2 ppm). The baseline 

was corrected using a linear function.

For 13C-NMR analysis,30 about 200 mg of lignin was dissolved in 0.5 mL solution of DMSO-

d6 containing the relaxation reagent chromium (ǀǀǀ) acetylacetonate (6 mg/ml), and the internal 

standard (IS), trioxane, (40 mg/ml). The ratio of IS/lignin was adjusted to 1:10 wt/wt. The 

spectra were acquired using 2 s relaxation delay, 1.38 s acquisition time; 20,000 scans were 

collected. The spectra were processed according to our previous publication.30

The HSQC spectra were acquired with approximately 70 mg of lignin dissolved in 0.6 mL of 

DMSO-d6. 2D NMR spectra were recorded with a Bruker AVANCE 600 NMR spectrometer 

with magnetic flux density of 14.1 T, and equipped with a cryogenically cooled 5 mm TCI 

probe head with inverse geometry (i.e., optimized for proton signal detection). 36 transient 

(scans per block) were acquired using 1024 data points in F2 (1H) dimension for an acquisition 

time of 77.8 ms, and 256 data points in F1 (13C) dimension for an acquisition time of 3.94 ms. 
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The 2D data set was processed with 1024 x 1024 data points using Qsine function in both 

dimensions. The 2D spectra were quantified using the corresponding quantitative 13C NMR 

spectra as reference.31 

Contact Angle measurement. Approximately 150 mg of AEL was used to prepare 

pellets for static water contact angle (SCA) measurements. The analysis was performed using 

a KSV Instruments CAM 200 goniometer. The average SCA was determined from 5.5 µL 

droplets of deionized water placed at three (randomly selected) different positions for each 

sample. For every measurement of the average SCA, 15 images were recorded from 0 to 15 

seconds (at 1 second intervals) after the droplet placement on the pellet. 

Dry lignin micro and nanoparticles (LMNP). The AEL was fixed to a concentration of 5% 

in 90% aqueous acetone and used as precursor solution for LMNP production. The 

experimental set up used to synthesize the particles was based on a collison-type jet atomizer 

with nitrogen gas, as the one previously reported by Ago et al.32 In short, atomized droplets of 

the lignin solutions were carried through a laminar flow of nitrogen gas (3 L/min) kept at room 

temperature (25˚C). This process leads to consolidation of droplets into solid particles. In the 

subsequent section of the reactor, turbulent nitrogen flow at 30 L/min was used for the further 

removal of residual solvent prior to collection (Figure 8a). Afterward, the spherical lignin 

particles were collected and fractionated by size using a Berner-type low-pressure impactor 

with 10 different collector stages. In this study, the particles collected at stages 1-7 and 8-10 

were combined into two different size populations (small and large, respectively).

 Characterization of dry LMNP. The morphology of the lignin particles was analyzed 

using a field emission scanning electron microscope (FE-SEM, Zeiss Sigma VP, Germany) 

using an acceleration voltage of 1.6 kV and a working distance of ca. 4.5 mm. Small amounts 

of the lignin particles were placed on carbon tape and the excess was sample removed with 

gentle pressurized air. The samples were sputtered using Au-Pd targets to a thickness of ca. 4 

nm. The particle size distribution was determined by manually measuring random particles 

from SEM images by using the image processing ImageJ 2.0.0-rc-68/1.52e. Each size 

distribution was evaluated from at least 500 measurements. The Zeta potential of the diluted 

suspensions of the small fraction of the LMNP samples was analyzed by using a Malvern 

Zetasizer Nano ZS90. The reported values are averages from at least three replicates.

RESULTS AND DISCUSSION
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7

HTT of biomass at L/S ratio 8. The effect of severity (P-factor) was studied at the HTT 

temperature of 205˚C (optimal one according to Lora and Wayman’s work23) and L/S=8 (to 

provide homogenous mixing in the reactor).

As P-factor increased from 800 to 2500, the lignin and xylan content in the extracted solids 

decreased from 24 to 18% and from 10 to 4%, respectively. The glucan content increased from 

57 to 72% (Figure 2a). 

Figure 2. Effect of P-factor at L/S = 8 and 205˚C on the (a) composition of extracted solids 

and (b) yields measured in the extracted-solids for residual glucan (RGlc), residual xylan 

(RXyl) and residual lignin (RL). The yields of AEL and soluble lignin (SL in hydrolysate) are 

also included. All the values were calculated based on the respective content in the original 

wood feedstock.

Considering the conversion of the biomass components (Figure 2b), approximately 92-96% of 

the initial glucan (residual glucan, RGlc) remains in the HTT solids in the whole range of P-

factor. In contrast, as the P-factor increases the amount of residual xylan (RXyl) decreases from 

~30% to 10% (based on the original Xyl content), similarly reported elsewhere.33 
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On the other hand, AEL yields increase with P-factor increment (Figure 2b). It can be seen in 

Figure 2b that HTT at P-factor of 2000 allows isolating about 50% (per initial lignin content) 

via the acetone extraction.  Further increase in HTT severity (P-factor of 2500) results in a 

slight decrease in the AEL yield. The yield of the residual lignin (RL) is the lowest at P-factor 

=2000, while the amount of lignin soluble in the HTT hydrolysate (soluble lignin, SL) is in the 

12-16 % range (Figure 2b). 

HTT of biomass at L/S ratio 4. It was hypothesized that the limited AEL yield was due to a 

high L/S ratio; Lora and Wyman obtained significantly higher extraction yields using similar 

HTT process severity (temperature and time), but at lower L/S ratio. Therefore, the L/S ratio 

was reduced to 4 at the optimal P-factor of 2000. In particular, the results of HTT at 205˚C and 

L/S = 4 (Figure 3) can be directly compared with those produced at L/S = 8 (Figure 2) with 

the same P-factor (2000) illustrating a very pronounced effect of the L/S ratio. 

Effect of the reaction temperature. In the range of temperatures between 175-205˚C 

(at P-factor= 2000, L/S=4), the contents of xylan in the extracted solids are close to zero 

(Figure 3a). Except for the results at 195˚C, the glucan and lignin content is about 50% and 

40%, correspondingly, in all experiments. The HTT extracted solids produced at 195˚C contain 

much higher glucan (71%) and significantly lower lignin (23%). This fact can be explained by 

a much more efficient lignin extraction from the HTT solids produced at 195˚C (Figure 3b).
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Figure 3. Effect of temperature at L/S=4 and P-factor =2000 on the (a) composition of 

extracted solids and (b) yields measured in the extracted-solids for RGlc, RXyl and RL. The 

yields of AEL and SL (in hydrolysate) are also included. All the values were calculated based 

on the respective content in the original wood feedstock 

The dissolution of xylan in HTT at the lower L/S (L/S=4) was almost completed. The amount 

of RGlc in the extracted-solids was in the range of 70-86% indicating partial degradation of 

cellulose (Figure 3b). This is likely caused by the higher acidity of the hydrolysate with the 

decrease in the L/S ratio from 8 to 4, due to increase in the solution acidity (organic acid 

concentration).9  pH of the hydrolysate was 3.2 and 2.8 at L/S ratios 8 and 4, correspondingly, 

under comparable HTT conditions (205˚C, P=2000).

Noteworthy, the total lignin amounts (the sum of AEL, RL and SL) were much above 100% 

(in the range of 140-162%) (Figure 3b). This is likely related to the partial conversion of 

carbohydrate degradation products into products quantified as lignin. This phenomenon is 

known in industry since 1930s, the so called as ‘humic substances’, ‘polyfurans’,34 or  

‘pseudolignin’.35,36 Interestingly, pseudolignin was not formed at L/S=8 even at the very high 

severity. 
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The L/S reduction from 8 to 4 decreases the amount of SL by 50% to a rather low SL yield 

(about 7%). The yield of AEL goes through a maximum at the reaction temperature of 195˚C, 

achieving about 90% of the original biomass lignin (Figure 3b). Accordingly, the amount of 

RL was minimal at T=195˚C. However, due to high formation of pseudolignin under these 

conditions, also the amounts of RL were also significant. 

The reaction temperature of 195˚C resulted in maximum yields of AEL (L/S=4) and it was 

selected to elucidate the effect of process severity (P-factors ranging from 500 to 2500) under 

these conditions. 

Effect of P-factor. Regarding the extracted solids composition at 195˚C and L/S=4 

(Figure 4a), the content of glucan was in the range of 60%, with highest value of 71% at P-

factor=2000. Xylan contents (4-1.6%) were lower than in the first set of experiments (L/S=8). 

In contrast, the lignin content was higher (26-37%) than that at L/S=8.

 

Figure 4. Effect of P-factor at L/S=4 and 195˚C on the (a) composition of extracted solids (b) 

yields measured in the extracted-solids for RGlc, RXyl and RL. The yields of AEL and SL (in 

hydrolysate) are also included. All the values were calculated based on the respective content 

in the original wood feedstock.
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The yields of RXyl expectedly decreased with increasing P-factor, from 10% at P=500 to 3% 

at P=2500. The amount of RGlc was in the range of 82-88% (Figure 4b).

Similarly to results discussed earlier (Fig. 3b), the total amount of lignin (together with 

pseudolignin) was surprisingly very high even at a rather low P-factor of 500 and did not 

increase significantly as the reaction continues (Figure 3,4). Noteworthy, the amount of AEL 

obtained after HTT at L/S of 4, 195˚C (Figure 4b) was higher as compared to that at L/S of 8 

(Figure 2b). The yields of AEL were significant (about 60%) even at low P-factors (Figure 

4b). Again, the maximal yield of AEL was at P-factor of 2000 with the minimal amount of the 

RL in the extracted solids. Increased AEL yield is likely associated with lignin 

depolymerization during HTT and cleavage of lignin-carbohydrate complex (LCC).  Further 

increase in the severity from P-factor of 2000 to 2500 likely results in predominant lignin re-

polymerization, the competitive process, and therefore in lower extraction yield due to lower 

solubility of the re-polymerized lignin. 

Low SL amounts (< 7%) were detected in the hydrolysate, regardless the P-factor applied.

In summary, the obtained HTT solids free of hemicellulose but rich in cellulose and contain 

certain amount of lignin. As has been shown recently,19,37 biorefinery ligno-cellulose blends 

can be successfully used for various applications. This approach is rather different from the 

traditional bioethanol biorefinery approach and collaborates well with the high-purity extracted 

lignin (AEL) product supplementing it in a potentially integrated biorefinery. A desirable 

composition and properties of the extracted solids can be obtained by manipulating the process 

variables.

Characterization of AELs. Considering the high AEL yields in the experimental set at 195˚C 

and L/S=4, these AELs were subjected to structural analyses.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

Figure 5. Hydroxyl groups in KL, OS and AEL-(1-5) by 31P NMR.

The analysis of AEL-(1-5) by 31P NMR Spectroscopy (Figure 5, Table S2) demonstrated 

approximately similar carboxylic acid (COOH) content, between 0.31-0.38 mmol/g. A gradual 

and slight increase in phenolic-OH (Ph-OH) content and decrease in aliphatic OH groups 

(Aliph-OH) were observed when the P-factor was increased to 2000 (AEL-1 to AEL-4), 

possibly caused by lignin fragmentation. Both types of OH groups were decreased when the P-

factor increased to 2500, apparently due to further (secondary) conversion of lignin as well as 

possible contribution of pseudolignin. However, all differences were rather subtle. Compared 

to KL, AELs presented lower contents of COOH and Aliph-OH groups and similar content of 

Ph-OH groups. When compared to a hardwood OS lignin29 the values were in the same range 

(Figure 5).

Figure 6. (a) Molecular distributions of AEL and (b) contact angle as a function of average 

molecular weight (Mw) of AEL.
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It should be noted that the calibration using the polystyrene sulphonate do not represent 

absolute values for lignin molecular weight, but relative ones. However, the method is very 

common in the area and therefore allows for comparison of our data with others obtained by 

the similar approach. Moreover, very recently Zinovyev et al.38 reported a calibration curve 

allowing converting the relative values from the polystyrene sulphonate calibration to the 

absolute ones obtained by a cutting-edge method developed by this group. 

The molecular weight values (Mw and Mn) and PDI of AEL went through a maximum at P-

factor of 2000 (Figure 6a). This indicates higher solubility of lignin fractions in aqueous 

acetone due to transformation of the original native lignin and possible cleavage of LCC 

linkages while the P-factor increases up to 2000. Further increase in P-factor to 2500 resulted 

in a decreased molecular weight, apparently due to decrease in lignin solubility, in which only 

smaller molecules of the fragmented lignin can be dissolved in the acetone solution. Notably, 

the MWD correlates with the yield of AEL (Figure 4b) indicating that the lignin solubility is 

the main factor affecting the AEL yield.

The static water contact angles (SCA) from the AELs of different P-factors (Figure 6b) did 

not correlate with the total amount of aliphatic or phenolic hydroxyl groups present in each 

sample (Figure 5). A correlation between SCA and Mw was observed (Figure 6b). Therefore, 

to better understand the relationship between the structural features and the wetting behavior 

of the AELs, a parallel can be traced with another completely amorphous, water insoluble 

polymer of comparable wetting behavior, i.e. poly(glycerol adipate) (PGA). The static water 

contact angles of PGA have been shown to increase from around 58˚ to 72˚ at increasing 

degrees of branching.39 Branching degree of polymers and water contact angle are two factors 

that can be correlated due to the reduced accessibility of the hydroxyl functional groups to 

water molecules. In the case of lignins originated from HTT at increasing degrees of severity, 

it is known that the cleavage of β-O-4 linkages take place while competitive condensation 

reactions tend to increase the molecular weight, heterogeneity and, possibly 

branching/crosslinking.22,40 Therefore, the molecular weights of the AELs are herein used as a 

qualitative indicator of such possibly higher degree of branching/crosslinking. Such 

correlation, however, should be considered with care as, in this specific case, such comparison 

has only been possible due to the systematic variation of the treatment conditions (and same 

raw material source), which enabled considerable differences in the degree of condensation 

and possibly branching without altering considerably the overall amount of hydroxyl groups. 

Most commonly in previous literature, the static water contact angles of different types of 
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lignins have been compared, yet such association has not been evident given the heterogeneity 

of the biomass source or processing conditions. 

Detailed structural analysis of selected AELs. Based on the obtained results, three samples 

were chosen for structural analysis by quantitative 13C NMR spectroscopy (Table 1, Figure 7) 

and by a semi-quantitative 2D HSQC NMR method (Figure 8). Samples AEL 1 and AEL-4 

were selected as these materials demonstrated lowest and highest Mw and yield, respectively. 

In order to investigate the effect of L/S ratio, sample AEL-6 was selected. The results were 

compared with two technical reference lignins, KL and OS30 (Table 1). The results show that 

AEL-6 is the less degraded lignin; it has the highest content of native lignin moieties, e.g., 

oxygenated aliphatic, OMe, -O-4 structure and the lowest content of degradation products, 

e.g., CO and COOR moieties, saturated aliphatic carbons, lowest degree of condensation. The 

higher S/G ratio of AEL-6 than those of AEL-1 and AEL-4 indicates that syringyl (S) units 

(likely -O-4 moieties) degrade faster than guaiacyl (G) ones due to their higher reactivity. In 

contrast to AEL-6, AEL-4 and even AEL-1 are much more degraded, even the latter that was 

obtained at rather low HTT severity. The difference between AEL-1 and AEL-4 was very 

subtle (Table 1, Figure 8). 

As the “molecular mass” of an average lignin monomeric unit (M-Ar)30 was rather close to 

common values for hardwood lignins (180-230 g/mole), we can hypothesize that the produced 

pseudolignin did not contribute much into AEL and it was accumulated in the extracted solids 

(as RL). In addition, 13C and HSQC spectra showed no or small resonances of pseudolignin 

moieties (compared to those reported earlier, such as carbonyl group of furfural at about 179 

ppm and others38) in AEL investigated. 

Thus, NMR studies suggest that the majority of pseudolignin is accumulated in the extracted 

solids. Pseudolignin is usually considered as undesirable product of biorefinery.36 This is 

apparently true considering the effect of pseudolignin (as well as the true lignin) on enzymatic 

hydrolysis of pretreated solids. However, in terms of lignin applications, there is no solid 

evidence of a negative effect of pseudolignin on the application performance. In contrast, 

organosolv lignins obtained under very severe conditions and containing large amounts of 

pseudolignins, show better performance than typical organosolv lignins (e.g., Alcell lignin, 

known as a ‘golden lignin standard’).41 Incorporation of furans into the lignin structures may 

generate additional cross-linking sites (similarly to incorporation of formaldehyde into lignin 

structure, e.g., in lignin-phenol-formaldehyde formulations) and thus increase lignin reactivity 
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in certain applications, like thermosets. Certainly, this interesting hypothesis needs further 

experimental confirmation. 

Table 1. Quantification of various moieties in AEL and reference technical lignin (KL and OS) 

by 13C NMR

na: not applicable; DC: degree of condensation; M-Ar: “molecular mass” values of an averaged 
lignin monomeric unit

 Figure 7. 13C NMR spectra of AEL-1 and AEL-4 (from L/S= 4) and AEL-6 (from L/S=8).

KL OS AEL-6 AEL-1 AEL-4

Moieties
per 
100Ar mmol/g

per 
100Ar mmol/g

per 
100Ar mmol/g

per 
100Ar mmol/g

per 
100Ar mmol/g

CO nonconjugated 6 0.35 9 0.48 4 0.21 17 0.83 23 1.24
CO Conjugated 8 0.23 14 0.59 8 0.41 13 0.64 14 0.75
Total CO 15 0.58 29 1.06 12 0.62 30 1.47 37 1.99
COOR
nonconjugated

15 0.92 17 0.48 10 0.51 15 0.74 16 0.86

COOR conjugated 2 0.06 4 0.11 2 0.10 2 0.10 3 0.16

Total COOR 17 0.98 21 0.59 12 0.62 17 0.83 19 1.02
OMe 81 4.73 103 6.23 136 7.00 108 5.29 97 5.22
S/G ratio na na 1.18  2.31  1.55  1.36  
ArH 234 12.75 202 9.80 201 10.34 187 9.17 183 9.84
DC, % 66  44  17  37  43  
Oxygen. Aliphatic 93 4.61 82 5.96 160 8.23 104 5.10 79 4.25
Saturated Aliphatic 109 6.40 149 4.74 83 4.27 150 7.35 122 6.56
Side Chain Length 233 12.57 281 12.35 267 13.73 301 14.75 257 13.82
β-O-4 (total) 7 0.29 7 0.37 28 1.44 9 0.44 4 0.22
Carbohydrates ~1 0.17 <1  ~1  <1  <1  
M-Ar, g/mole 173  178  194  204  186  
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Figure 8. HSQC spectrum of AEL-1 and the quantification of AEL-1 and AEL-4 of various 

moieties by a combination of 13C and HSQC NMR methods.

Controlled drying of AEL into lignin micro and nanoparticles (LMNP). Efforts related to 

the industrial production of lignin conventionally involve a final drying step via spray drying 

of the extracted lignin suspension. Morphological and dimensional control, however, are not 

usually taken into consideration, whereas the powder has a wide size distribution in the 

micrometer range and poorly defined shape characteristics.  Most often, these factors limit the 

direct utilization of such dry lignin for any commercial application. In fact, further processing 

involving dissolution of the lignin is most often required. In contrast, nano- and micro-particles 

in the colloidal size range and having controllable morphologies are highly sought after 

especially because of the emerging properties arising at such length-scale. The behavior of 

colloids in suspension, for instance, is much less affected by gravitational forces than particles 

of several microns, especially in the case of low-density materials.42 For this reason, 

suspensions of colloidal lignin having intermediate wetting properties can be used to create 

stable Pickering emulsions32 that may not be achieved using particles of several microns. 

Furthermore, by decreasing the particle size and consequently increasing the surface area to 

volume ratio, surface and near surface properties become increasingly relevant. Various 

applications can thus benefit from colloidal particles, such as in paintings and coatings, 

adhesives, emulsions, rheology modifiers, antimicrobial agents and many others.43 Therefore, 

in this work, AEL was used to exemplify the convenience of incorporating an aerosol-flow 
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reactor in the final recovery / evaporation step for the direct production of spherical, dry 

LMNP. Diverse applications of such particles have been identified in recent years,44–47 

indicating the advantage of having a controllable process integrated to the production of lignin 

in biorefineries or pulp mills.    

For the preparation and characterization of LMNP, the AEL of higher yield (P-factor 2000, 

195˚C and L/S = 4) was selected and compared to kraft lignin, which has been previously used 

for particle fabrication through aerosol-flow. Acetone-water solvents, however, is used for the 

first time in such aerosol-flow method, offering a promising alternative to associated techno-

economical considerations. In short, the aerosol-flow reactor produces LMNP by a controlled 

drying process which can be divided in different stages (Figure 9a). First, the lignin suspension 

is atomized and carried upwards under a laminar flow at a controlled temperature. In this stage, 

the solid spherical particles are formed. Then, a turbulent flow is introduced in the system for 

further removal of the residual solvent. At the end of the process, the particles are size-screened 

and recovered in collectors. Here, two fractions were used, with size distributions shown in 

Figure 9d,e. The size histograms were fit to a log-normal function, reporting mean sizes of ca. 

489 and 606 nm for the small and large fractions, respectively. Despite of the similar mean 

particle size, the small fraction presented only ca. 6 % of the particles larger than 1 µm (upper 

limit of the colloidal range), while the large fraction had ca. 15 %. The largest particle size for 

each fraction was the most striking difference between the two populations: the upper limit for 

the small and the large fraction was ca. 2 µm and 15 µm, respectively.

The surface morphology (Figure 9b,c) tended to change for larger particles as crumpling 

effects were more predominant. Wrinkled and crumpled kraft lignin particles have been 

previously produced by using a blowing agent,48 whereas in the present case no additives were 

needed. The zeta potential of the acetone extracted LMNP was -35 mV (small size fraction), 

lower than that measured for kraft LMNP of equivalent size, -50 mV (Figure 9f). This result 

points to a higher colloidal stability in aqueous media for the kraft lignin particles and also 

correlate with the contact angle values previously discussed, pointing to the lower 

hydrophilicity of AEL particles.

LMNP have extensive potential applications that can benefit from our process.49 For instance, 

the more hydrophilic fractions can find use in applications where colloidal stability in water is 

important, while the less hydrophilic particles are suitable for better compatibility with 

hydrophobic components. 
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 Figure 9. (a) Aerosol-flow reactor set up for the synthesis of LMNP. SEM of LMNP at (b) 
small and (c) large fractions. Particle size distribution of LMNP at (d) small and (e) large 
fractions. (f) Zeta potential of LMNP and a comparative common kraft lignin (KL) at fraction 
small.

In a previous estimation of the theoretical manufacturing costs for LMNP by aerosol-flow 

reactor, the use of a biorefinery lignin and acetone as solvent were raised as potential 

precursors.49 In that work, the estimated manufacturing cost of lignin particles produced from 

a kraft lignin at 2% concentration, as previously reported,32,49 was 1750 US$ t-1. While, the 

manufacturing cost of a biorefinery lignin in acetone at 5% concentration would cost 58% less 

(747 US$ t-1).49 Importantly, we observed in practice that no heating of the reactor was required 

for the drying of the particles when using acetone as the solvent. In fact, the particles were 

produced at room temperature (ca. 25 ˚C). We demonstrated herein that the production of 

LMNP from a biorefinery lignin in acetone is suitable and allows a higher concentration of 5% 

in the precursor solution. In addition, the LMNP presented unique properties while a dramatic 

reduction of manufacturing costs can be achieved. 

Overall, we believe that our new biorefinery approach suggests application of all process 

streams for high-value products in contrast to the traditional current biorefinery focused on the 

bioethanol or monomeric sugars only. The focus of the current research was in elucidation of 

the effect of the HTT conditions on the yield and the structure of the extracted lignins as the 
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first step of the alternative biorefinery. We found the maximal AEL yield at rather severe 

conditions, but it is not necessarily the optimal condition for lignin valorization; this would be 

also dependent on the required lignin characteristics (e.g., less degraded lignin may be desirable 

even at a lower yield).

We believe that the new approach may be easily incorporated into the traditional bioethanol 

biorefinery. Although the operation conditions were more severe than traditionally used in the 

sugar-based biorefinery, the extracted solids still can be used for monomeric sugar (specifically 

glucose) production by enzymatic hydrolysis. We have not investigated their reactivity 

comprehensively yet, but our preliminary results indicate (paper in preparation) that the glucose 

yield was rather similar or even higher than that from the solids produced under traditional 

HTT conditions (at P-factor of about 800).33,50,51

Alternatively (and ideally) extracted lignocellulosic solids can be used for other high-value 

applications suggested very recently19 in particular when a synergism between lignin and 

cellulose is expected. Furthermore, the extracted HTT solids may be utilized for consequent 

hydrotermolysis52 where the presence of pseudolignin in the solids, discussed earlier, may be 

beneficial for a higher yield of the biochar produced. 

The decision on the best integrated biorefinery approach will be made after understanding the 

process-structure-properties correlations for all biorefinery streams and also considering 

economic aspects (e.g., the production costs, yields and potential values of the products).

CONCLUSIONS

A simple, green and affordable process for biomass conversion was presented in this work as 

a new biorefinery approach for HTT. Overall, it suggests application of all process streams for 

high-value products in contrast to the traditional current biorefinery, focused on the bioethanol 

or monomeric sugars only, by operating in a new range of HTT conditions. In the current 

research, we studied the effect of HTT conditions on the yields and characteristics of extracted 

lignins. High purity lignins of high yields (up to ca 90% per original biomass lignin) were 

successfully extracted from hydrothermal treated solids under ambient conditions. By varying 

HTT conditions, we were able to control lignin yields and properties. More specifically, the 

chemical structure and molecular mass of the lignin could be tailored by the selection of the 

process variables. For example, the average molecular mass (Mw) of the isolated lignins was 

in the range of 2.5 - 5 kDa while the amount of -O-4 linkages was 4-28 per 100 Ar. Significant 

reduction in manufacturing costs (by 58 %) of lignin particles by aerosol-flow method were 

achieved when the biorefinery lignin was used in a LMNP integrated production process. Our 
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biorefinery approach brings an alternative to lignin valorization while the extracted-solids 

(cellulose-rich fraction) can be considered for integration in potential materials for emerging 

applications or/and as a feedstock for traditional bioethanol production.
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BRIEFS 

Green and simple lignin-centered biorefinery process based on hydrothermal treatment 

integrated with low-cost synthesis of lignin micro/nanoparticles.
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