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Abstract

The structural characteristics of products derived from the hydrothermal
carbonization (HTC) of Loblolly Pine (LP) and Straw Grass (SG) were investigated
via Solid-State Cross-Polarization/Magic Angle Spinning nuclear magnetic resonance
(CP/MAS 3C NMR), Heteronuclear Single-Quantum Correlation Nuclear Magnetic
Resonance (HSQC-NMR), solution 3C NMR and 3'P NMR techniques. Results
revealed that after HTC, hydrochars from both LP and SG mainly consisted of a
combination of lignin, furfural and condensed polyaromatic structures with a high
level of fixed carbon content and Higher Heating Value (HHV). Hydrochar from the
LP exhibited a higher aryl to furan ratio, and those from the SG contained more
aliphatic functional groups. Solution '*C NMR and HSQC revealed that both liquid
chemicals were condensed polyphenolic structures with aliphatic groups, that existing
mainly in the form of side chains. Although the LP products exhibited a higher
proportion of aromatic structures, the types of polyphenol and aliphatic C-H were
more diverse in the SG products. Results also indicated that reactions such as chain
scission and condensation occurred during the hydrothermal carbonization processes.
Overall, HTC was found to be an effective refinery treatment for converting different
waste biomass into valuable energy materials and chemicals.
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Introduction

Lignocellulose substances such as grass, poplar, pine and corn are the most



abundant and readily utilized biomass resources in the world. They all have the
potential to be converted into value-added products used in the fields of adsorption,
catalysis and energy.'* Although they have the same basic components, the
percentages of these components vary greatly. For example pine mainly consist of
~46% cellulose, lignin percentage account for the second (~28%) with hemicellulose
percentage is the third (~23%). However, in grass-related materials, content of
hemicellulose reached to 26~33%, and lignin account for only 17~18%.* The obvious
differences among the composition of raw materials can lead to structural and
character differences in the final chemicals they are used to produce, including the
ratio of aromatic structures, oxygen-containing functional groups and species of

intermediate products created during the conversion process.>

Similar to the process of “coaling”, hydrothermal carbonization (HTC) is an
effective method for converting biomass materials into carbon materials and other
valuable energy chemicals.® Bergius’ first described the transformation of cellulose
into coal-like materials in 1913. Since then, the HTC process has been rapidly
developed for the production of various carbonaceous materials. HTC involves
reactions conducted in a closed system under mild temperatures (120-280 °C) using
water and self-generated pressure. The resulting materials are a black solid powder
and a sticky liquid. The solid product has been reported to have abundant functional
groups such as carbonyl, carboxyl and hydroxyl which can be used in environmental
and energy fields as catalysts,® adsorbents,” super-capacitors'® and electrode
materials'! while liquid products can be further treated yielding fuels, chemicals

and/or materials.!?

So far, literature about the hydrothermal treatment of complex biomass has



provided a limited and inconsistent picture of the products’ chemical composition and
reaction paths, and few comparative studies have been conducted. The solid products
of HTC such as hydrochar have been characterized using FT-IR, Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) techniques
using polysaccharides as raw materials,'3!'# while liquid products have not been
studied as much. The amorphous character, chemical complexity and heterogeneity of
HTC products challenge most analytical characterization techniques. FT-IR and XPS
spectroscopy techniques do not have enough resolution to precisely depict the
structure of HTC products, as the spectra are poorly resolved and composed of several
overlapping peaks. Xiao et al.'’> has used Gas Chromatography-Mass Spectrometer
(GC-MYS) to analyze HTC liquid products and was shown to be an effective means to
identify selective products, but the product mixture is complex and has many
overlapping peaks that cannot be determined. Compared to these techniques, NMR
has a much higher resolution and can provide detailed structural information on both
solid and liquid hydrothermal products. This technique can provide qualitative or
semi-quantitative data for structure identification of organic compounds based on
chemical shift data.'® Our previous works examined the chemical structure of hydro-
products using CP/MAS '3C NMR and quantitative 3C NMR, and it proved that
NMR techniques can provide an accurate chemical-shift assignment database for a
corresponding structural analysis.!”-'® On this basis, Heteronuclear Single-Quantum
Correlation-Nuclear Magnetic Resonance (HSQC-NMR)—which is a 2D spectrum

that can provide a directly connected relationship between hydrogen and carbon for



the intuitive and accurate judgment of structures!>—will be applied. In this study, we
focused on a comparative study of the structure of hydrochars and liquid-chemicals,
choosing two different kinds of biomass—LP and SG—as raw materials, and using
combination of 1D and 2D NMR techniques.

Based on some of our previous investigations, we propose here that 240 °C is the
appropriate temperature and 4 h is the appropriate time period for converting
lignocellulose resources into carbon materials in our laboratory.?’ These conditions
are based on yields and structure and energy consumption; therefore, for this present
research, we conducted all of our experiments at 240 °C and 4 h. The goal of this
work is to provide a guide for the utilization of different kinds of biomass based on
demand for solid/liquid structure components.

Experimental
Materials

LP woodchips and SG were collected from a Kraft pulp mill in the Georgia,
United States. The air-dried materials were milled to around 0.50 mm, then Soxhlet-
extracted with methylene chloride for 24 h, and stored in a desiccator for further use.
HTC Experimental procedure

10.00 g of dried LP and SG powders (moisture content 6.25%, dry weight of
9.38 g) were dispersed in 150 ml of distilled water and ultrasonically agitated for 15
min at room temperature (RT). The mixtures were then transferred to a 200 ml Parr
pressure reactor (Parr Instrument Company, Moline, Illinois), and the reactor was

heated to 240 °C and held at this temperature for 4 h. The reaction mixtures were then



allowed to cool to RT and centrifuged to separate the liquid phase from the solid
products. The black solid products were further washed with DI water until the
effluent was clear and then dried in a vacuum at 80 °C overnight and labeled as
CSP,40-4 (from the LP) and CSGyyp-4 (from the SG). The liquid products were stored
in a freezer for further use after being freeze dried.

Characterization

Raw Materials and Hydrochar (Solid products)

Klason lignin content analysis: the original LP, SG and corresponding hydrochar
samples was acid hydrolyzed with a two-step acid hydrolysis according to previous
published literature.?! The acid insoluble residues known as Klason lignin were
filtered through a G8 glass fiber filter (Fisher Scientific, USA), dried, and weighed.

Solid-State  Cross-Polarization/Magic Angle Spinning nuclear magnetic
resonance (CP/MAS 3C NMR) spectra were recorded at RT using a Bruker Avance
[T 400 spectrometer (Bruker Biospin AG, Fallanden) operating at a frequency of
100.55 MHz for 3C in a Bruker double-resonance MAS preheated at spinning speeds
of 10 kHz. CP/MAS experiments utilized a 5 ps (90 °) proton pulse, a 2.0 ms contact
pulse, a 4 s recycle delay and 8000 scans. NMR data processing and plots were
carried out using the MestReNova v7.1.0 software’s default processing template
(zero-filling is 32 K) with a line-broadening (LB) of 5.0 Hz and automatic phase and
baseline correction.

The weight average molecular weight (Mw), number average molecular weight

(Mn) and polydispersity index (Eqgs.1) of the original LP, SG, CSP,40-4 and CSG,49-4



were determined by Gel Permeation Chromatography (GPC) analysis using methods
from the relevant existing literature.??
PDI=Mw/Mn 1

Prior to GPC analysis, the acetylation solid samples were dissolved in THF (1
mg/mL), which exhibited good solubility and was filtered through a 0.45 pm syringe
filter prior to analysis.

Ash content was tested using a Pyris] TGA apparatus (Perkin Elmer, USA) at a
heating rate of 20 °C min™! in air.

The HHV was expressed on a dry basis, and evaluated using the Dulong’s
formula (Eqgs.2) and measured in an adiabatic oxygen bomb calorimeter according to
the TAPPI method T684 om-06 (TAPPI Test Methods, 2006).

HHV =0.3383 x C + 1.422 x (H-O/8) 2
Liquid products

All liquid NMR spectrum data in this study were recorded with a Bruker
Avance/DMX 400 MHz NMR spectrometer. All the NMR data processing and plots
were carried out using the MestReNova v7.1.0 software’s default processing template
(zero-filling is 32 K) with a line-broadening (LB) of 5.0 Hz and automatic phase and
baseline correction.

Quantitative 3C-NMR acquisition was employed with the following acquisition
parameters: ~100.0 mg liquid products dissolved in 450 pL DMSO-ds; 3C-NMR
acquisition was performed on a QNP probe operating at a frequencies of 100.59 MHz,

using a 90° pulse with an inverse-gated decoupling pulse sequence, a 12-s pulse delay,



and 12288 scans at RT; the central DMSO solvent peak was used for calibrating
chemical shifts.

A standard Bruker Heteronuclear Single-Quantum Correlation Nuclear Magnetic
Resonance (HSQC) was used on a BBO probe with the following acquisition
parameters: spectra width 10 ppm in F2 ("H) dimension with 2048 times of domain
(acquisition time 256.1 ms); 210 ppm in F1 (*C) dimension with 256 times of domain
(acquisition time 6.1 ms), a 1.5-s delay, and 32 scans. The central DMSO solvent peak
((C/ (H at 39.5/2.49) was used for calibrating chemical shifts.

Quantitative 3'P NMR were acquired after in situ derivatization of the samples
using ~20 mg of samples with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) in a solution of (1.6:1 v/v) pyridine/CDCl;, chromium acetylacetonate
(relaxation agent), and Endo-N-hydroxy-5-norbornene-2,3-dicarboximide (NHND,
internal standard). Quantitative 3'P NMR spectra were acquired on a Bruker Advance
400 MHz spectrometer equipped with a BBO probe using an inverse-gated decoupling
pulse sequence (Waltz-16), a 90° pulse, and a 25-spulse delay with 64 scans and a
total runtime of 28 min. All chemical shifts reported are relative to the product of
TMDP with water, which was observed to provide a sharp signal in the
pyridine/CDCl; at 132.2 ppm. The contents of the hydroxyl groups were quantitated
on the basis of the amount of added internal standard.

Results and Discussion
Chemical and structure properties of LP, SG and hydrochars

The hydrochar yield, fixed carbon content, ash content and HHV of LP, SG,



CSPy40-4 and CSGyyp-4 were summarized and are shown in Table 1. The main
components of the LP and SG were the same, while there were obvious differences in
the percentages of each component.* The LP consisted mainly of 39.88% glucan,
32.06% klason lignin and 18.63% hemicellulosic sugars; while the SG consisted of
37.94% glucan, 25.37% hemicellulosic sugars, and only 24.91% klason lignin, while
its ash content was higher (not shown). After HTC treatment, the hydrochars showed
a remarkable change in their compositional components, as compared with the
original LP and SG. In the hydrochars, the klason lignin content reached 97.52 % for
CSP,40-4 and 94.67% for CSGyyp-4, indicating that the final hydrochars consisted
mainly of condensed lignin-like components,--in fact, a combination of lignin and
polyphenolic structures—generally referred to as pseudo lignin, as our group has
studied in details previously.??

SG typically contains a higher content of cellulose and hemicellulose, which are
unstable and can be hydrolyzed easily; therefore, in our experiment, we found that its
solid yield was only 41.93%, lower than the 45.50% of CSP,4-4. Both exhibited a
high fixed carbon content—48.61% (CSGy49-4) and 53.16% (CSP,40-4)—confirming
that HTC is an effective means for carbon sequestration. The fixed carbon content of
the CSGa4o-4 was lower for two reasons; first, the fixed carbon content of the SG
itself was lower and second, the percentage of unstable components such as ash in the
SG was higher. The HHV of the CSGy49-4 and CSP,4-4 also exhibited significant
differences: the value for CSGy4-4 was 23.94 MJ/kg, nearly 1.48 times that of the

untreated SG. Comparable to many other HTC materials,>*?’ this value for the



CSP,40-4 reached as high as 29.34 MJ/kg, which was even higher than that of the coal
reported in some of the literature.? The results shown in Table 1 also indirectly
indicate that there were still abundant components stored in the liquid products,
especially for the CSG49-4.

Table 1

CP/MAS BC NMR was used to characterize the detailed differences among the
chemical structures of the LP, SG and corresponding hydrochars, as shown in Fig. 1
and Table S1. The spectrum can be divided into three spectral domains: between 0
and 100 ppm, indicating the presence of aliphatic and ether carbons; between 100 and
160 ppm, with carbon atoms in C=C double bonds; and at 160-250 ppm, for which
signals represent C=0O groups in either carboxylic acid moieties or ketones and
aldehydes.?”?® From Fig. 1, it is clear that after HTC, a large amount of unsaturated
aromatic structures were formed in both hydrochars, and indeed, aromatic structures
became the main structures in the hydrochars. There were also abundant aliphatic
functional groups generated, especially in the CSGj4-4, which derived from the
higher content of cellulose and hemicellulose in the SG.

The detailed chemical shifts assignments are shown in Table S1. The peaks in
the range of 119-142 ppm arose from the condensed aromatic structures, pointing out
that the final hydrochars belonged to the poly-aromatic structure. The signals centered
at 151 ppm, corresponding with the O—C=C groups in the aromatics as well as with
the C, in the furan units.?® Signals in the range of 106 and 117 ppm arose from the

C=C-R groups, indicating the existence of furfuran structures within the poly-



aromatic structures, as reported in the literature.’® Aliphatic alkanes and methyl
carbons were also generated, as indicated by the signals centered at 30-37 ppm and 23
ppm, which were more abundant in the CSGy-4. It may be concluded that the
structural components of the two hydrochars were similar but with different
proportions. The CSPy40-4 contained a higher percentage of aromatic structures, and
the peak intensity centered at 117 ppm was much lower than that centered at 151 ppm,
indicating that the ratio of furan to arene was less than one, and the aromatic structure
was still the primary structure.3! In the CSGy40-4, the ratio of furan to arene was still
less than one, but the ratio value was higher than that of the CSP,4-4. This suggests
that a higher proportion of furan was generated in the CSGy4-4 than in the CSP,40-4,
as furan mainly forms via the hydrolysis products of cellulose and hemicellulose,
which were more abundant in the SG.
Fig.1

The number average, weight average molecular weights (Mn and Mw) and
polydispersity index (PDI) values of the CSPy4p-4 and CSGy40-4 are shown in Fig. 2:
they all display the same change trend with the values of Mw having decreased and
the Mn having increased slightly after HTC treatment. This reveals a general shift of
the high molecular weight fraction to the lower molecular weight, indicating that
chain scission occurred. At the same time, the PDI values exhibited the same trend,
showing that their molecular weight distributions were narrower.

Fig. 2

Composition of Hydrothermal liquid products



Solution 3C NMR was used for further quantitative analysis of the functional
groups of the CSP,49-4 and CSGy40-4 liquid chemicals, and the integration results are
summarized in Fig. 3. Overall, the CSPy4-4 and CSGyy-4 were rich in aromatic
carbon, including aromatic C-C, C-O and C-H bonds, suggesting that polyaromatic
groups were the main structure. The newly generated aromatic C-O and C-C bonds
mainly derived from radical-initiated condensation reactions between aromatic and
aliphatic hydroxyl groups,3>3 as well from the polymerization and substitution
reactions. Aliphatic C-O and C-C bonds were also abundant, especially in the CSGy4¢-
4, showing that the liquid products also consisted of polyphenolic and aliphatic alkane
groups. For liquid products, the CSP,4-4 was still more rich in condensed aromatic
structures, while the CSGy49-4 contained more aliphatic chain groups; in contrast,
more groups containing C=0 were detected in the liquid than in the solid products for
both.

Fig. 3

HSQC provides a facile way to elucidate the component structures (C-H
connection methods) in the liquid hydro-products. The assignments of furfural,
aromatic C-H bonds, aliphatic C-H bonds and methoxyl groups in the HSQC-NMR
spectra for the liquid products of the CSPy49-4 and CSG,4¢-4 are shown in Figures 5-8,
separately. The corresponding detailed structures of the assignments are listed in Fig.
4 and based on previous studies.>*3 The results confirmed completely that the furans
and polyphenols with alkanes are major structures that exist in liquid products, in

accordance with our analysis above.



Fig. 4

Fig. 5 confirms the existence of furfural structures. A represents the C-H bond of
the aldehyde group in the furfural, and B represents the C-H bond of hydroxymethyl
in the furans. The CSGy4-4 contained both C-H bonds in furfural and an HMF
structure, while only the furfural structure was detected in the CSP4p-4. The aromatic
C-H bonds indicated that the major aromatic components in the CSGy49-4 were liquid
products containing C, D, E, F, G, H and I types of aromatic C-H bonds as shown in
Fig. 6, while only C, D, E, F, G types existed in the CSPy-4. From 3C NMR
analysis, we can see that the CSP,40-4 was more abundant in aromatic C-C bonds,
which may suggest that the aromatic structure of the CSP,49-4 was more condensed.
Fig. 7 indicates that the CSG,49-4 was more abundant in aliphatic C-H bonds of both
contents and types. The M, N and J types of aliphatic C-H bonds were the main form
for both products, pointing out that aliphatic groups existed mainly in the form of
aromatic side chains. Fig. 8 shows that methoxyl existed mainly in two forms, and
these were more often to be rearranged methoxyl (O, no hydroxyl group or ether
bond in the ortho position) than O, for both products.

The results indicate that although the CSP,40-4 contained more condensed
polyphenol structures (detected via 3C NMR), the types of phenols and aliphatic C-H
were more diverse in the CSGa4-4.

Fig. 5
Fig. 6

Fig. 7



Fig. 8

3P NMR was used to quantitatively analyze the special hydroxyls groups in the
liquid products. The contrast 3'P NMR figures of the CSP,4-4 and CSGyy-4 are
shown in Fig. 9, and the assignment ranges and corresponding structures have been
referenced in the literature*® as shown in Table 2. The peaks between 145-150 ppm
are aliphatic hydroxyls that were more obvious and rich for the CSGy49-4, while the
peaks between 137.5-140.2 ppm are free phenolic hydroxyls, which were richer for
the CSP,40-4. Peaks appearing around 134 ppm are mostly carboxylic acid OH.
Consistent with the results produced via NMR characterization, we found that the
CSP,4-4 experienced more aromatization, while the CSP,40-4 was more abundant
with aliphatic groups.

Fig. 9

Per the detailed contents shown in Table 2, a greater amount of non-condensed
phenolic units than Cs substituted phenolic units were observed for both products. The
total hydroxyl content of liquid products was 5.73 mmol/g for the CSPy4-4 and 6.97
mmol/g for the CSGy49-4, and the condensed hydroxyl content was 0.27 mmol/g and
0.07 mmol/g, respectively.

Free phenolic hydroxyls in liquid products came primarily from catechol and
guaiacyl units, and it is believed that at the initial stage, the thermal cleavage of the B-
O-4 ether bond will form guaiacyl, a p-hydroxy-phenyl hydroxyl group, and catechols;
this has been studied by Ben et al.#! who found that mostly monomeric phenols were

generated. Carboxylic acids OH were abundant, which occurred mostly toward the



end of the aromatic side-chain.

Table 2

Conclusion

Through hydrolysis, chain scission, polymerization, aromatization and
condensation reactions that occurred during HTC, the LP and SG were effectively
converted into condensed carbon materials with high HHV (hydrochar) and water-
soluble chemicals; the materials produced consisted mainly of polyphenolic
compounds and furan derivatives that are desirable feedstock for biodiesel and
chemical production. The hydrochar of the CSP,4-4 exhibited a more condensed
polyaromatic structure, with a fixed carbon content of 53.16%. The HHV was as high
as 29.34 MJ/kg, nearly 1.46 times that of the LP. A high aryl to furan ratio was
exhibited, and the degree of aromatization was higher than that of the CSGy40-4. The
CSGy49-4 contained more aliphatic and carboxyl groups, and had a fixed carbon value
0f'48.61% and an HHYV value as high as 23.94 MJ/kg, nearly 1.48 times that of the SG.
Liquid products for both were condensed polyphenolic structures with aliphatic side
chains, although in the liquid products, the CSP,40-4 exhibited more aromatization,
the types of polyphenol, and the furan and aliphatic groups, were richer and diverse in
the CSGyy49-4.

In conclusion, the hydrochar obtained from LP exhibited higher fixed carbon
content, HHV and degree of aromatization, which are more suitable used as carbon
materials to replace fossil carbon sources, while SG are more appropriate feedstocks

for liquid chemicals production such as biodiesel and platform chemicals.

Supporting Information

CP/MAS 1BC NMR chemical shift assignment ranges and functional group

contributions
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Fig.1 CP/MAS 3C NMR spectra of LP, SG, CSPy4-4 and CSGs4p-4.
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Fig. 2 Molecular weight distribution and PDI of LP, SG, CSP4¢-4 and CSG,4¢-4.



%

Fig. 3 Integration results for liquid products from CSP,4-4 and CSGy4¢-4, detected by



quantitative 3C NMR, shown as the percentage of carbon.
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Fig. 4 Detailed structures of assignments for HSQC-NMR analysis [23-3],
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Fig. 5 HSQC-NMR assignment of HMF in liquid products of CSGy49-4 (up) and

CSP240-4 (dOWl’l).
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Fig. 6 HSQC-NMR assignment of Aromatic C-H bonds in liquid products of CSGy4o-

4 (left) and CSPy40-4 (right).
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Fig. 7 HSQC-NMR assignment of Aliphatic C-H bonds in liquid products of CSGs4¢-
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Fig. 8 HSQC-NMR assignment of methoxyl groups in liquid products of CSGy4-4

(left) and CSPy49-4 (right).
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Fig.9 Quantitative 3'P NMR spectrum of CSPy4-4 and CSG,4o-4 derivatized with

TMDP using as NHND as internal standard.



Table 1 Chemical property of LP, SG, CSP,4p-4 and CSGy40-4

Sample Klason Lignin  Yield Fixed Carbon Ash HHV (MJ/kg)
(%) (%) Content (%)* (%)
LP 32.06 -- 11.05 1.34 20.16
CSPy40-4 97.52 45.50 53.16 0.08 29.34
SG 2491 -- 14.77 1.97 16.23
CSGyg0-4 94.67 41.93 48.61 0.42 23.94

*Fixed Carbon Yield (%) was calculated by thermogravimetry



Table 2 Hydroxyl groups contents of liquid products determined by quantitative 3!P

NMR
Integration region CSPoy0-4 CSGoyp-4
Structure
[ppm] mmol/g mmol/g
Aliphatic OH
145.6-148.9 1.06 3.49
(side-chain of lignin)
Cs Substituted B -5 142.3-142.9 - 0.09
Condensed 4-0-5 141.7-142.3 0.01 0.02

phenolic OH 5-5 140.1-141.2 0.26 0.06




