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Abstract. Derivatization of the kerogen backbone changes its chemical
reactivity profile. In this study, kukersite kerogen was methylated with dimethyl
carbonate. The substance was analyzed before and after processing by Fourier
transform infrared spectroscopy, *C cross-polarization/magic angle spinning
nuclear magnetic resonance spectroscopy, and elemental analysis. It was
observed that kukersite kerogen can be readily methylated with dimethyl
carbonate. Based on mass balance and the Lille-Blokker model, an average
of 19 methyl groups were added to the kerogen unit. It was concluded that
about half of the hydroxyl groups in Estonian kukersite kerogen are ‘free” and
accessible to methylation.

Keywords: kukersite, kerogen, methylation, hydroxyl group, dimethyl
carbonate, FTIR, NMR.

1. Introduction

Kukersite is a sedimentary rock found in northern Estonia that contains about
30-50% of organic matter called kerogen [1, 2]. Throughout the 20th century,
kukersite was mainly used for energy production through combustion and for
oil extraction via thermal cracking [3]. However, it is now widely accepted
that the traditional uses of oil shale have exhausted their potential and fail to
meet contemporary environmental and efficiency standards. Instead, kukersite
could be used as a versatile source of organic matter and various chemical
structures.
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It is generally accepted that Estonian kukersite, formed during the
Ordovician period over 450 million years ago, originates from colonies of
Gloeocapsomorpha prisca which were rich in resorcinolic units [4]. Building
on this, Lille proposed in 1999 that the resorcinolic units form the structural
backbone of kukersite kerogen [5]. Two structural models of kerogen have
since been independently proposed by Blokker et al. [6] and Lille et al. [1, 7].
More recently, a new model based on the Lille model was developed by
Chu et al. (here Lille-Chu model) [8] and a generalized Lille—Blokker model,
which integrates elements of both original frameworks, was proposed by our
group [9]. However, the number of free hydroxyl groups per kerogen unit
is not exactly defined in any of these models. The content of free hydroxyl
groups is 24% in the Blokker model [6], 43% in the Lille model [1, 7], 47% in
the Lille-Chu model [8], and 50% in the generalized Lille—-Blokker model [9].
Yet, the hydroxyl group is a crucial functionality that strongly influences the
chemical properties and reactivity of kukersite kerogen. Thus, the information
regarding the amount of free hydroxyl groups in kukersite is essential.

Such knowledge may be obtained through the chemical alteration of
kerogen, examined in a recent review [10]. However, few papers investigate
the chemical reactions of kukersite kerogen systematically. In contrast, this
topic has been extensively studied in lignin, a wood-derived biopolymer
[11-13], and other natural materials [14—16]. Given the structural similarities
between lignin and kerogen, such as shared functional groups and low
solubility [17, 18], lignin studies may offer valuable insights for kerogen
derivatization.

Alkylation, particularly methylation, is one of the most common chemical
reactions for protecting hydroxyl groups. This has been extensively studied

P

!

S
P Ork _bMC H OH DMC_ |~
m 90°C 120°C
’DID R H -
A

Fig. 1. Treating kerogen with dimethyl carbonate (DMC) could result in
methoxycarbonylation at 90 °C and methylation at 120 °C or higher [25].
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in lignin, employing methylating agents such as alkyl halides [19], dimethyl
sulfate [20], trimethyl phosphate [21], and dimethyl carbonate [22, 23]. How-
ever, only one attempt to alkylate kukersite kerogen has been reported [24].

In this paper, we present our work on the methylation of kerogen using
an eco-friendly methylating agent, dimethyl carbonate (DMC). DMC has
dual reactivity: at 90 °C, it methoxycarbonylates hydroxyl groups, whereas
at 120 °C and above, methylation occurs [25]. Kukersite was subjected to
both reaction conditions (see Fig. 1). The resulting derivatized kerogen was
analyzed by using Fourier transform infrared spectroscopy (FTIR), *C cross-
polarization/magic angle spinning nuclear magnetic resonance spectroscopy
(*C CP MAS NMR), and elemental analysis. The number of free hydroxyl
groups in a kerogen fragment was quantitatively estimated based on the Lille—
Blokker model.

2. Materials and methods

2.1. Materials

All experiments were carried out on kukersite kerogen concentrate powder
(91.3% kerogen content, particle size >45 um), obtained from the Oil
Shale Competence Center in Kohtla-Jarve, Estonia. The material was dried
at 105 °C to constant mass before use. Additional details regarding the
preparation method of the kerogen concentrate are available in an article
previously published by our research group [26]. All other chemicals were
used as purchased without any further treatment or purification.

2.2. Experimental procedures

2.2.1. Methylation of kerogen: general procedure

The methylation method of Sen etal. [22] was applied with slight modifications.

The reactions were carried out in a 100 mL pressure reactor (stainless
steel 4566C, Parr Instrument Company, Moline, 11, USA).

To the reactor with 1.0 g of kerogen and solid 0.5 g of NaOH (12.5 mmol),
25 mL of DMC (297.8 mmol) was added. The reactor was heated to 200 °C
under a nitrogen atmosphere while stirring at 250 rpm. The reaction time was
measured from the moment the temperature reached 190 °C. After a defined
reaction time (5 h and 24 h), the reactor was cooled to room temperature,
depressurized, and the liquid phase was separated by centrifugation. To the
remaining solid phase, 50 mL of a 1:2 acetone—water mixture was added, and
the mixture was centrifuged. This washing step was repeated three times until
the pH reached 67, and the solid was dried to constant mass.
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2.2.2. Methylation of kerogen: quantitative procedure

To the reactor with 1.000 g of kerogen and 0.5 g of NaOH (12.5 mmol),
25 mL of DMC (297.8 mmol) was added. The reaction mixture was heated to
200 °C under a nitrogen atmosphere while stirring at 250 rpm for 24 h. Then
the reactor was cooled to room temperature, depressurized, and the phases
were separated by centrifugation. The liquid phase was orange-brown in color.
It was suggested that the kerogen slightly degraded at 200 °C and the resulting
organic matter leached to the liquid phase.

The solid phase was washed with 4 x 15 mL DMC and separated by
centrifugation. The combined liquid phases were concentrated to yield 33.2 mg
of dark brown oil. The solid phase was further washed with 4 x 50 mL of
distilled water, until the pH reached 6-7, and separated by centrifugation.
To minimize the loss of methylated product, the liquid phase was additionally
filtered when necessary. The obtained solid mass and the oily mass from DMC
extraction were combined and dried to constant mass on a rotary evaporator,
yielding 1.043 g of methylated kerogen.

2.2.3. Methoxycarbonylation of kerogen

To the pressure reactor with 1.0 g of kerogen and 0.5 g of NaOH (12.5 mmol),
25 mL of DMC (297.8 mmol) was added. The reaction mixture was heated to
90 °C under a nitrogen atmosphere while stirring at 250 rpm for 24 h. Then
the reactor was cooled to room temperature and depressurized. The reaction
mixture was filtered, and the obtained solid was sequentially washed with
distilled water, ethanol, and diethyl ether. Finally, it was dried under vacuum
to constant mass.

2.3. Analytical methods

The FTIR spectra were recorded on an IRTracer-100 FTIR spectrophotometer
(Shimadzu, Japan). Transmission spectra (KBr pellets with kerogen 100:1)
were measured in the range 4004000 cm! with a resolution of 2 cm™! by
accumulating 30 scans. The same parameters were used in attenuated total
reflectance mode.

BC CP MAS NMR spectra were recorded on a Bruker AVANCE-II
spectrometer at a 14.1 T magnetic field using a home-built double resonance
magic-angle-spinning probe for 4 x 25 mm SiN, rotors. The spinning speed
of the sample was set to 12.5 kHz with an ordinary cross-polarization (CP)
pulse sequence, where the duration of the ramped polarization transfer
pulse was 2 ms, and the relaxation delay between the excitations was 5 s.
The intensities in the spectra were normalized to the weight of the sample and
to the number of accumulations.

The CHNS elemental analysis was conducted with an Elementar vario
MICRO cube.
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3. Results and discussion

3.1. FTIR spectra

FTIR spectra of the kukersite kerogen concentrate powder were recorded using
both transmission and attenuated total reflectance (ATR) modes. The obtained
spectra were similar and closely resembled those reported by Derenne et al.
[27, 28] and Blokker et al. [6]. Although the ATR technique yields weaker
signals, it was selected for subsequent measurements due to its simplicity
and lower sensitivity to moisture, which enables more accurate monitoring of
changes in hydroxyl peak intensity.

Methylated kerogen was prepared according to the general procedure.
FTIR spectra were recorded for samples of initial kerogen (a), and methylated
kerogen from 5 h (b) and 24 h (c) reactions (Fig. 2). Considerable differences
were observed in the spectra of the methylated samples compared to the initial
kerogen. Most importantly, in spectrum (b), the characteristic absorption band
at 3400 cm™!, corresponding to hydroxyl groups, had significantly diminished.
Additionally, a decrease in the bands at 1350 cm™ and 1020 cm™ was observed,
further confirming the loss of hydroxyl groups. A new band at 1265 cm™,
attributed to the newly formed phenyl methyl ether bonds, was also noted.
In addition, a symmetric C-H stretching band characteristic of methoxy

| (a) Initial kerogen
(b) 5 h methylated kerogen
1(c) 24 h methylated kerogen
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Fig. 2. ATR-FTIR spectra of Estonian kukersite kerogen concentrate measured before,
after 5 h, and after 24 h of methylation.
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groups at 2840-2820 cm™ and an aliphatic C-O stretching band at 1050-
1010 cm™ were expected [29]. However, those bands were likely masked by
the relatively more intense bands of the kerogen structure. Similarly, the band
at 1705 cm™, corresponding to carboxyl and carbonyl groups, had slightly
decreased in both spectra, and new bands appeared in the 1735 cm™ and
1195 cm™ regions, which may correspond to the formation of aliphatic esters.
These changes were even more pronounced in spectrum (c).

Titration data reported by Aarna and Lippmaa [24] suggest that one
kerogen “molecule” contains ~0.8 carboxyl groups. Therefore, the ester
bands may correspond to the esterified native carboxyl groups. However, the
methoxycarbonylation of kerogen could also account for these absorption
bands. This theory was tested in a separate experiment, further discussed
in the next paragraph. Another possible explanation for the appearance of
these bands is degradation of the kerogen structure, which may lead to side
reactions and the formation of methyl esters. While rapid kerogen degradation
typically occurs at 320-340 °C, it can begin as early as 170-180 °C — well
below our reaction temperature of 200 °C [30-32]. Indeed, the liquid phase
of the reaction mixture had an orange-brown hue and, upon concentration,
produced a small amount of brown, oily substance — likely resulting from
degradation — which was not analyzed further. Beyond this observation, no
further evidence of degradation was detected, suggesting that although some
pyrolysis occurred, its extent was minimal and did not have a significant effect
on the results. It may be concluded that ATR-FTIR is a simple and convenient
method to track the methylation of kerogen and qualitatively estimate the
depth of the process.

3.2. 3C CP MAS NMR spectra

BC CPMAS NMR spectra were recorded for both the initial Estonian kukersite
kerogen concentrate and the 5 h and 24 h methylated samples (Fig. 3). It was
observed that the spectra of the native Estonian kukersite kerogen resemble
those reported by Derenne et al. [27] and Lille et al. [7]. Numerous signals
were observed in the region of aliphatic carbon, with a maximum at 30 ppm.
The signals at 75 ppm correspond to various non-aromatic carbons adjacent
to oxygen atoms, such as oxy-methylene, oxy-methine, and oxy-quaternary
carbons. In the region of aromatic carbons, a peak observed at 109 ppm is
attributed to the carbons within an aromatic ring adjacent to an oxygen-
bearing carbon. The peak at 141 ppm is assigned to aromatic carbons at
branching, while the peak at 156 ppm is assigned to carbons within aromatic
rings bearing oxygen substituents. The peak at 208 ppm belongs to carbonyl
carbons. The asterisks denote the spinning sidebands from the main peaks at
156 and 141 ppm.

The integral number of aliphatic carbons accounts for 74% of the total
carbon content, leaving 26% to aromatic carbons, with resorcinols as the main
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Fig. 3. BC CP MAS NMR spectra of Estonian kukersite kerogen before and after
methylation.

aromatics in kerogen. The latter value is slightly higher than the estimate
previously reported by Aarna and Lippmaa (19%) [24] and comparable to that
of Lille et al. (24%) [33].

The spectra of 5 h and 24 h methylated kerogen show several changes
compared to initial kerogen, which can be traced by calculating and comparing
the chemical shifts for simple molecule models (Fig. 4). In the region of
aliphatic carbons, three new peaks were observed at 51.1, 55.3, and 60.5 ppm,
which should belong to the newly formed methoxy groups. Namely, the peak at
51.1 ppm may be assigned to methylated aliphatic and non-hindered aromatic
carboxyl groups, and the peaks at 55.3 and 60.5 ppm to the methylated
resorcinolic hydroxyl groups. Specifically, the peak at 55.3 ppm corresponds
to sterically unhindered methoxy groups, whereas the peak at 60.5 ppm arises
from methoxy groups that are sterically hindered due to ortho-disubstitution
on the aromatic ring.

In the region of aromatic carbons, we noticed that the peak at 104 ppm had
grown, while the peak at 109 ppm had diminished. In addition, a new shoulder
for the peak at 156 ppm, denoting methoxy-substituted aromatic carbons, had
appeared at 159 ppm. Both changes can be attributed to the changes in the
chemical environment brought on by the added methyl groups. The peak at
173 ppm, initially assigned to carboxyl carbons, had also grown, possibly due
to the formation of esters.

The 24 h methylated kerogen spectrum shows the same changes that were
observed for 5 h methylated kerogen; however, the peaks are slightly more
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Fig. 4. Calculated chemical shifts of phenols and methylated phenols.

developed. This is a strong indication that the reaction has almost completed
within 5 h and matured within 24 h. The NMR spectra also confirm the
methylation of kerogen and indicate that both resorcinolic and acidic hydroxyl
groups were methylated.

To elucidate the appearance of the methyl ester signals in both IR and
NMR spectra, the possibility of kerogen methoxycarbonylation with dimethyl
carbonate was investigated. In the product obtained after 24 h of heating at
90 °C, almost no changes were observed in the FTIR spectrum. The expected
bands at 1750-1730 cm™! and 12801240 cm™! [34, 35] did not appear, and
only a slight decrease of the hydroxyl band was observed. Similarly, the
characteristic peaks of the methoxycarbonylated product at 157 and 55 ppm
were absent from the NMR spectrum. The main changes observed were two
sharp peaks at 172.1 and 167.7 ppm, along with a small bump at ~180 ppm,
which could not be attributed to methoxycarbonylation.

The obtained results suggest that the methoxycarbonylation reaction
proceeds only to a very small extent, if at all.

3.3. Elemental analysis

The elemental composition of the initial Estonian kukersite kerogen
concentrate aligned relatively well with our previous measurements [26]
as well as previously published results [36]. The elemental compositions
of both the native and the methylated kerogens treated for 5 h and 24 h are
presented in Table 1.
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Table 1. Elemental composition of both native and methylated kerogens after 5 h and
24 h of treatment

N, % C,% H, % S, %
Native kerogen* 0.30+0.01 66.42 +0.21 8.03+£0.09 1.41+0.07
5 h methylated kerogen* 0.22+0.01 67.78+0.02 | 8.08 +0.05 1.35+0.10

24 h methylated kerogen®* | 0.25+0.01 71.03 £0.08 8.49 +£0.01 0.97 £0.02

* Mean value of three measurements.

Compared to the elemental composition of the initial kerogen, the carbon
and hydrogen contents of the 5 h methylated kerogen were markedly higher.
The carbon content had increased by 1.36%, while the hydrogen content had
increased by 0.05%. In the 24 h methylated kerogen sample, the carbon and
hydrogen contents had increased even more, by 4.61% and 0.46%, respectively.
These results are consistent with the changes we expected to occur during
methylation.

3.4. Calculation of the number of hydroxyl groups in a kerogen molecule
— comparison of the different kerogen structural models

Based on the assumption that the reaction had completed in 24 h, it is possible
to calculate the number of hydroxyl groups per “molecule” of kerogen.
However, all existing models — the Lille model [7], the Blokker model [6],
the Lille-Chu model [8], and the Lille-Blokker model [9] — assign slightly
different molecular masses to the kerogen “molecule”: 6581 Da, 5312 Da,
5131 Da, and 5650 Da, respectively.

We obtained 1.043 g of methylated product from 1.000 g of starting
material. The starting material, with a kerogen content of 91.3%, contained
0.913 g of organic matter and 0.087 g of inorganic matter. Assuming that
the latter is inert, the treated sample contains 0.956 g of methylated kerogen.
The added methyl groups (actual added mass of CH,) have a molar mass of
14.027 g/mol. Thus, as shown in equation (1), the amount of added methyl
groups is 3.044 mmol. The amount of initial kerogen, calculated using the
molecular mass assigned by the Lille-Blokker model, is 0.162 mmol, and the
number of methyl groups added to one kerogen “molecule” is 19.

s = TCHy 0.956g — 0913 g
CHs ™ Mcy,  (1x12.011 +2 x 1.008) g/mol

x 1000 = 3.044mmol (1)

Similar calculations using the Lille, Blokker, and Lille—Chu models result
in 22, 18, and 19 hydroxyl groups per kerogen “molecule,” respectively
(Table 2).
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Table 2. Quantification of free hydroxyl groups: model vs. experimental

Empirical formula

Free hydroxyl
groups counted
from the model

Free hydroxyl
groups calculated
from methylation

data for the model

Blokker model C, H,,0,, 8 18
Lille model C,,H0,.S,CIN 19 22
Lille-Chu model C,His O, S,.CIN 20 19
Lille-Blokker model C,,Hy,NO, S, 16 19

These results show that all four models slightly underestimate the number
of free hydroxyl groups in kerogen. Moreover, approximately half of the
oxygen atoms in the kerogen “molecule” are accessible to methylation. Given
that there is only ~1 carboxyl group present per kerogen “molecule,” its
contribution to methyl group consumption is minimal. The content of “free”
hydroxyl groups is quite well represented in the Lille, Lille-Chu, and Lille—
Blokker models.

4. Conclusions

In this paper, we have demonstrated that kukersite kerogen can be readily and
almost quantitatively methylated using dimethyl carbonate, an environmentally
benign methylating agent. No evidence of relevant side reactions, namely
methoxycarbonylation, was observed. The study also revealed that all existing
structural models of kukersite kerogen might slightly underestimate the
amount of free hydroxyl groups in kerogen. Our experiments showed that
free hydroxyl groups account for nearly half of the oxygen atoms present in a
kerogen “molecule.” This selective methylation reaction of kerogen hydroxyl
groups paves the way for further studies of other derivatization reactions and
potential applications of kukersite derivatives in future valorization efforts.
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