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ABSTRACT. Diels-Alder reaction is a useful method for modifying the surface of carbon
materials. In this work, we functionalized activated carbon with a large number of carboxyl
groups using the Diels-Alder reaction. Polyaromatic structure of activated carbon acted as a
diene for addition of maleic anhydride (MA) that acted as a dienophile. Upon hydrolysis of the
anhydride group in the adduct, vicinal carboxyl groups were formed. The formation of carboxyl
groups by Diels-Alder reaction was proved by FTIR, solid-state *C NMR, CO and CO;
evolution from TPD and Boehm titration. Titration results showed that the number of carboxyl
groups increased from 0.09 mmol g* to 3.06 mmol g*. DFT calculation showed that the concave

site of the armchair edge on carbon surface was the most favorable for the Diels-Alder addition.



The formation of exo-adduct was preferred with a reaction energy (AE) of -24 kJ mol™. The
synthesized catalyst was tested for acid-catalyzed hydrolysis of cellobiose. The catalyst showed

higher activity than a catalyst prepared by oxidation in the presence of air.
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1. Introduction

Porous carbon materials have found wide application in many areas such as catalysis,
adsorption, gas storage and separation [1,2]. The widespread application of carbon materials is a
result of their many favorable properties. Carbon materials are thermally and chemically stable
making them durable even under harsh condition. Porous carbon materials can have very high
surface areas, so that they are ideal for use in catalysis and adsorption [3]. Finally, the easy
availability and inexpensive synthesis of activated carbons makes them cost-effective at any
scale of operation [4].

In catalysis, activated carbon is extensively used as a support for the preparation of metal
catalysts. The role of carbon as a support is to achieve high dispersion of metal. However, carbon
material functions more than just a support and it may affect the catalytic activity by assisting
with adsorption of chemicals and by interacting with the substrate to activate it [5]. Consequently,
carbon materials are used as catalysts for many reactions. The activity of metal-free carbon
catalyst is derived from the nature and abundance of the functional groups present on its surface

[6]. Covalent functionalization of the carbon surface can introduce acidic and basic functional



groups that act as catalytically active sites [7]. Functionalized carbon materials find application
in both liquid phase [8] and gas phase [9] reactions.

Carbon materials containing covalently bonded carboxyl groups are used for acid-catalyzed
reactions such as methanol oxidation [10] and hydrolysis of cellulose [11]. The activity of carbon
catalyst with carboxyl groups can be improved by incorporation of vicinal dicarboxylic moieties.
For example, the synergy of adjacent functional groups can be employed for hydrolysis of -1,4-
glycosidic bonds in cellobiose [12]. Remarkably high frequency factor was observed for the
hydrolysis of cellobiose using phthalic acid as a dicarboxylic model catalyst. It is important to
note that not only a large number of carboxyl groups but also their position defines the reactivity
of carbon materials. However, selective functionalization of carbon materials to incorporate
adjacent carboxyl groups is challenging.

Oxidation is the most common method for the introduction of oxygenated functional groups on
carbon. Oxidation introduces various kinds of acidic and non-acidic functional groups. The
relative density of carboxyl groups increases by using harsh condition for oxidation. Strong
oxidizing agents such as nitric acid provide higher density of carboxyl groups [13]. Similarly,
when carbon is oxidized in the presence of air, the selectivity of formation of carboxyl groups
increases at higher temperature [11]. However, a large number of other functional groups such as
hydroxyl, carbonyl, ether and lactone are always present [14]. More importantly, oxidation lacks
specific control of the location of functional groups.

One promising approach for selective functionalization of carbon is the Diels-Alder reaction,
which involves a [4+2] cycloaddition between a diene and a dienophile to form a stable
cyclohexene adduct (Scheme 1) [15]. Diels-Alder reaction is used for covalent functionalization

of carbon nanotubes and porous carbon materials to alter the surface features [16-20].



Dienophiles such as tetracyanoethylene and maleic anhydride show high reactivity due to the

presence of strong electron withdrawing groups.
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Scheme 1: Strategy for incorporation of vicinal carboxyl groups on carbon surface by Diels-

Alder reaction.

The Diels-Alder reaction on activated carbon surface is not completely understood. Activated
carbon has a non-uniform structure, and physical properties like curvature in the aromatic plane
influence the addition reaction [21]. Materials like fullerene, carbon nanotubes and graphene
show different reactivity towards Diels-Alder reaction based on the curvature of their aromatic
structure [22]. The polyaromatic plane, arm chair edge and zigzag edge of carbon materials are
possible sites for the reaction. In complex carbon materials like activated carbon, it is difficult to
determine the favorable site for the Diels-Alder reaction.

Here we report the introduction of vicinal carboxyl groups on activated carbon by Diels-Alder
reaction with maleic anhydride. The prepared catalyst was characterized by N2 adsorption, FTIR,
Boehm titration, 3C CP/MAS NMR, TPD and Raman spectroscopy. We also elucidate the
plausible position of adduct formation by DFT calculations, and the catalytic activity of the

carbons was tested in hydrolysis of cellobiose.

2. Materials and methods



2.1 Chemicals and materials
Activated carbon (named AC) was supplied by Ajinomoto Fine-Techno. Maleic anhydride
(>99%), sodium bicarbonate (>99.5%), sodium hydroxide (>97%), toluene (>99.5%), potassium
bromide (FTIR grade, crystal block) and standard solutions of 0.05 mol L™ HCI and 0.05 mol L™
NaOH were purchased from Wako Pure Chemical Industries. Cellobiose and ethanol were
purchased from Kanto Chemical.
2.2 Catalyst preparation
Activated carbon (AC) was dried in an oven at 120 °C for 2 h. For Diels-Alder reaction, 1.0 g
of dried AC and 10.0 g of maleic anhydride were added to a glass tube and purged with Ar for 15
min. Then, the mixture was heated at 120 °C in an oil bath for 7 days under constant stirring
using a magnetic stirrer. The mixture was then cooled to room temperature and the slurry was
washed with toluene in a Soxhlet extractor. Finally, the obtained carbon was dried in oven at
110 °C for 18 h followed by drying in vacuum for 3 h (named AC-MA). Air-oxidized carbon
catalyst was prepared by heating 4 g of dried AC spread with a thickness of 3-5 mm in a furnace
at 425 °C for 10 h. The recovered carbon was named AC-Air.
2.3 Characterization
Temperature-programmed desorption (TPD) was performed in a BelCat 11 from MicrotracBEL.
For each run, 50 mg of catalyst was pretreated at 150 °C for 1 h under He flow of 30 mL min?,
followed by raising the temperature from 150 °C to 1000 °C with a ramp rate of 10 °C min*
under He flow. The evolution of CO and CO- were determined by the intensities of m/z at 28 and
44, respectively, using a BelMass spectrometer. Calibration for CO and CO; was performed after

each run.



The acid sites on the surface were characterized by neutralization method described by Boehm
[23,24]. NaOH and NaHCOs were used to neutralize the acid sites followed by back titration to
determine the amount of base consumed. For each analysis, 100 mg of catalyst was stirred in 20
mL of 0.05 M NaHCOs3 or NaOH solution for 24 h at room temperature. The slurry was filtered
and 10 mL of 0.05 M HCI was added to 5 mL of each filtrate. The resulting solution was titrated
with 0.05 M NaOH using methyl orange as indicator. The amount of NaHCO3 consumed during
neutralization was attributed to the carboxyl groups and the amount of NaOH consumed was
attributed to the total number of acid sites.

Fourier transformed infrared spectrum (FTIR) of catalysts was measured using a Perkin Elmer
Spectrum 100 S instrument. Before analysis the samples were diluted using KBr (0.1 wt %) and
pressed into a pellet. The nitrogen adsorption and desorption isotherms were measured at -
196 °C using a Belsorp mini Il. Before the adsorption measurements, the samples were
outgassed for 3 h under vacuum at 110 °C. The surface area was calculated by the Brunauer—
Emmett-Teller (BET) method. Solid state 3C CP/MAS NMR was measured on a Bruker MSL-
300 instrument (75.4 MHz, MAS 8 kHz, relaxation delay 1 s). Raman spectra were obtained
from Renishaw inVia Reflux spectroscope using 532 nm laser. For each spectrum, eight scans
were collected in the 1000-2000 cm™ region.

2.4 Theoretical calculation

The density functional theory (DFT) calculations were performed with the Gaussian 09
programs. Chemical structures and the energies were estimated at the M06-2X/6-31+G(d,p) level
of theory [25,26], because the functional predicted the energy of Diels-Alder reactions in good
accuracy [27]. Zero-point vibration energies were included in the energy calculation.

2.5 Catalytic activity test



Hydrolysis of cellobiose was conducted in a pressurized Ace glass reactor where cellobiose
(40 mg) was mixed with carbon catalyst (6.2 mg) in 5 mL of H2O for 6 h at 140 °C. Then the
mixture was centrifuged to separate the filtrate and solid. Conversion of cellobiose and yield of
products was calculated by analyzing the filtrate using a high-performance liquid chromatograph
(Prominence, Shimadzu) equipped with a Shodex Sugar SH-1011 column. Yield of unknown

products was calculated by subtracting the total yield of known products from the conversion.

3. Results and Discussion

Activated carbon AC was treated with maleic anhydride in solvent-free condition at 120 °C to
complete the Diels-Alder reaction. The resulting catalyst showed an increase in mass of 51%
because of the incorporation of maleic anhydride on the carbon surface (Table 1). AC-Air
prepared by oxidation of activated carbon under air showed a mass loss of 47 % because a part of

carbon was lost as CO and CO..

Table 1: Summary of chemical and physical properties of carbon materials.

Sample _Change N2 adsorption Boehm titration TPD Raman
in mass
y SoT volme sy | COOH €O co, "
("0Y)  migh)  (mmolg? (MMOlgY) (mmolg?) (mmolg?)
AC - 1157 0.61 0.35 0.09 0.88 0.32 0.96
AC-MA +51 131 0.12 3.11 3.06 1.47 2.66 0.90
AC-MA-3d +22 405 0.26 1.47 1.41 0.95 1.33 0.90
AC-Air -47 1057 0.62 2.64 1.00 5.29 1.16 0.91



N2 adsorption isotherm was measured to analyze physical structures of AC, AC-MA and AC-
Air. AC showed an isotherm typical for microporous solid with condensation at p/po > 0.4
indicative of interparticle condensation in activated carbon (Figure 1a). The BET surface area of
AC was 1157 m? g (Table 1). NLDFT simulation by using a standard slit model for carbon
materials showed that the micropores had a mean size of 0.6 nm [11]. For AC-MA, the
adsorption of N2 was reduced and the BET surface area was 131 m? g. However, the shape of
isotherm was preserved, showing characteristics of a porous material. The reduction in surface
area indicated incorporation of functional groups within the micropores of AC causing partial
blockage of the narrow pores. By reducing the preparation time for catalyst synthesis to 3 days
instead of 7 days we obtained a catalyst with surface area of 405 m? g. The N2 adsorption
isotherm of AC-Air was identical to that of AC with a slight reduction in surface area to 1057 m?

g (Table 1). Therefore, the microporous structure of carbon was also preserved after air

oxidation.
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Figure 1: (a) Nitrogen adsorption isotherms of carbon materials. (b) FTIR spectra of AC, AC-
MA, AC-MA-hyd (AC-MA after hydrolysis in water at room temperature), AC-Air and MA-

AC-Phy (Physical mixture of MA and AC).

FTIR spectra of the carbon materials are shown in Figure 1b. Unreacted AC showed peaks
assigned to v(C=C) in aromatic carbon at 1569 cm™ and overlapping peaks at 1250-1140 cm™
originating from v(C-0) and other functionalities. After maleic anhydride grafting, two peaks
appeared at 1781-1715 cm™ derived from the v(C=0) of anhydride and carboxyl functional
groups [17,20,28,29]. It is evident that part of anhydride groups on the surface of carbon were
hydrolyzed to carboxyl groups. The anhydride group is highly reactive and can be hydrolyzed by
water present in air to form carboxyl groups. When this sample was hydrolyzed by stirring it in
water at room temperature, the v(C=0) peak from anhydride at 1781 cm™ disappeared,
confirming the complete hydrolysis of anhydride to vicinal carboxyl groups. The IR spectrum for
the physical mixture of MA and AC showed a single peak for v(C=0) of the unattached MA
centered at 1770 cm™ confirming the absence of free MA species on the carbon surface. The IR
spectrum for AC-Air also showed peaks resulting from v(C=0) of carboxyl groups. Broad peaks
of v(C-0) at 1218 cm™ were observed, indicating incorporation of other functional group such
as hydroxyl and ether.

Solid state 3C CP/MAS NMR spectrum of AC showed only one peak assigned to aromatic
carbon atoms centered at 125 ppm (Figure 2) [20,30]. Although AC contained small number of
oxygenated functional groups, they did not appear in the spectrum due to the low resolution of
the CP/MAS NMR analysis. AC-MA showed two additional broad peaks apart from the aromatic

carbon. Peaks around 170 ppm were assigned to carbon with —CO2R from carboxyl and



anhydride groups [20]. Another broad peak at ca. 30 ppm was assigned to sp® hybridized carbon
in the maleic anhydride adducts [31]. It is notable that the intensity of this peak was high due to
cross polarization. Spectrum of AC-Air showed only small peaks centered at 155 ppm and 189

ppm originating from —CO2R and C-O, respectively.
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Figure 2: Solid state *C CP/MAS NMR of carbon materials.

Titration of AC revealed the presence of small number of acidic functional groups (0.35 mmol
g, Table 1). The total number of COOH in this sample was 0.09 mmol g, roughly a fourth of
the total acid sites. After incorporation of maleic anhydride, the number of COOH increased to
3.06 mmol g*. The total number of acid sites in AC-MA was 3.11 mmol g, which was similar
to that of COOH. This result indicates that only carboxyl groups were incorporated on the carbon
surface and no products resulting from degradation of maleic anhydride were present. The AC-

MA-3d catalyst showed lower abundance of acidic functional groups (1.41 mmol g), suggesting
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that 7 d reaction was required to achieve high loading. The titration of AC-Air revealed that the
total acidic functional groups was 2.64 mmol g* including 1.00 mmol g* of COOH. Therefore,
after air oxidation the selectivity of carboxyl groups among all acidic functional groups was
38 %. The remaining 62 % comprised of less acidic sites such as hydroxyl and lactone.

To further characterize the nature of the oxygenated functional groups, we performed TPD
[28,32,33] under He flow. The gases evolved during TPD were analyzed using a mass
spectrometer. The rates of CO and CO> evolution for AC, AC-MA and AC-Air are shown in
Figure 3. In accordance with the titration data the evolution of CO; (2.66 mmol g*) and CO
(1.47 mmol g*) from AC-MA showed the presence of high density of carboxyl groups. The
decomposition of functional groups in AC-MA started at 190 °C and peaked at 283 °C, which is
lower than that of AC-Air. The adducts of Diels-Alder reaction are bonded by single sigma
bonds with the surface of carbon materials. Therefore, thermal decomposition of the adducts is
easier than that of the carboxyl groups attached to the aromatic carbon. Furthermore,
dicarboxylic acids may decompose either by evolution of two CO2 molecules or by dehydration
to produce an anhydride followed by decomposition to produce CO2 and CO. Therefore, the
presence of some amount of CO in TPD of AC-MA is not surprising. Evolution of CO in AC-Air
was observed in the temperature range of 420-860 °C. Interestingly, the evolution of CO from
AC-Air was very high (5.29 mmol g) with the peak centered at 660 °C. It is evident that a large
number of non-acidic oxygenated groups such as C=0 and C-O-C were also incorporated by air

oxidation.
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Figure 3: TPD of (a) CO2 and (b) CO for AC, AC-MA and AC-AIr.

Addition of maleic anhydride can occur either on the polyaromatic plane or the edge in carbon
materials. The adduct formation on edge would be preferred as the polyaromatic surface
probably acts as adsorption site for organic substrates. The preference for the formation of Diels-
Alder adduct is based on the curvature in the polyaromatic plane. Curvature introduces sp?
character on the carbon atoms that favors addition on the surface instead of the edges [21].
Presumably, activated carbon has a disordered structure with curved fragments that lack long
range order. Therefore, it is difficult to predict the site for Diels-Alder reaction.

To determine the location of adduct, we performed Raman spectroscopy of the samples. The
Raman spectra showed G band (graphitic carbon) arising from in-plane bond stretching of sp?
carbon pairs at 1592 cm™ for AC (Figure 4). The D band (defect) arising from the presence of
defects and functional groups was located at 1344 cm™ [34-36]. The intensity ratio of D band

and G band (Io/lg) was 0.96 for untreated AC. After MA addition, the Ip/lg ratio decreased to
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0.90, suggesting a slight increase in the graphitic order. This result is in contrast with the
functionalization of carbon nanotubes where addition reaction on the cylindrical wall of
nanotubes increased the Ip/lg ratio [37]. Therefore, it is likely that the addition of maleic

anhydride occurred at the edge instead of the polyaromatic plane.
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Figure 4: Raman spectra of carbon materials along with the corresponding Io/lg ratio.

We also studied the formation of Diels-Alder adduct using DFT calculations. The reaction sites
were classified into four types: internal part of surface graphene sheet, concave position in
armchair edge, convex position in armchair edge and zigzag edge (Figure 5a-d). First, the Diels-
Alder reaction at the internal site (Figure 5a), modelled by coronene, gave a reaction energy
including electronic and zero-point vibration (AE) of +233 kJ mol~* (Table 2). A large structural
distortion due to the formation of sp® carbon atoms inside the flat graphene sheet disfavors this

reaction. Second, 1,12-benzoperylene was used as a model of concave sites in armchair edges of
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carbon materials (Figure 5b). For this compound the formation of exo-type product was
energetically favorable (AE = —24 kJ mol?). Endo-type product was less stable than the exo-
product due to the steric repulsion commonly found in Diels-Alder reactions (AE = —17 kJ mol,
Figure 5e). We employed a bilayer of 1,12-benzoperylene to include the stacking effect of
graphene layers, which resulted in a similar reaction energy for the production of exo-type
compound (=30 kJ mol-1). In contrast to concave sites, the calculation for coronene has indicated
that a convex site does not undergo the Dies-Alder reaction (+112 kJ mol-*, Figure 5c). For a
zigzag edge, the Dies-Alder reaction may not occur as diene structure is only available inside of
the graphene sheet (Figure 5d). Instead, we calculated an addition reaction using peri-
naphthacenonaphthacene and maleic anhydride, which was unstable (+29 kJ mol). Accordingly,

the concave position of armchair edge is the most probable site for the Diels-Alder reaction.
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Figure 5: (a-d) Possible sites for Diels-Alder addition of maleic anhydride on model

compounds. (e) Steric repulsion in formation of endo-product in comparison to exo-product.

Table 2: Energy of Diels-Alder reaction with maleic anhydride determined by DFT calculations
at the M06-2X/6-31+G(d,p) level.

Reaction site Model substrate? Product AE? /kJ mol
conformation

Internal part of

graphene sheet B +233

Coronene

15



Concave site of
armchair edge

Concave site of
armchair edge

Concave site of
armchair edge

Bilayer of 1,12-
benzoperylene

Convex site of
armchair edge

Zigzag edge

Peri-naphthacenonaphthacene

Exo

Endo

Exo

Exo

ExoP

=17

+112

+29

®Total energy change in the reaction including electronic and zero-point vibration energy.

bAddition reaction; spin state of the product is triplet.
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The catalytic activity of AC-MA was tested for aqueous phase hydrolysis of cellobiose at 140
°C and substrate to catalyst ratio (S/C) of 6.5. In the absence of catalyst cellobiose conversion
was 21 % with a glucose yield of 12 % (Table 3). AC and AC-Air showed similar activity with
glucose yield of 28 % and 27 %, respectively. In the presence of AC-MA the cellobiose
conversion increased to 50 % and glucose yield was 41 %. By-products such as sugar isomers
(1.0 %), levoglucosan (0.5 %), 5-HMF (0.4 %) and furfural (0.3 %) were also detected. The high
density of carboxyl groups in AC-MA and their vicinal location could be attributed to the
increased activity of catalyst for cellobiose hydrolysis. Upon extending the reaction time
maximum glucose yield of 75 % was obtained with 94 % conversion of cellobiose. Further
increase in glucose yield was not possible due to formation of unknown by-products. These
results are comparable to the previous reports for cellulose hydrolysis using oxygenated carbon
catalysts. Activated carbon oxidized in the presence of nitric acid showed 94 % conversion of
cellobiose with 77 % selectivity for glucose after 24 h reaction at 120 °C and a low S/C =1 [38].
In another study, graphene oxide showed 79 % cellobiose conversion and 66 % glucose yield
after 24 h reaction at 150 °C with an S/C = 6.75 [39]. Therefore, we conclude carbon catalyst

containing vicinal functional groups show high activity for cellobiose hydrolysis.

Table 3: Yield of products after hydrolysis of cellobiose in the presence of carbon catalysts®.

Entry Catalyst Time Conversion Product Yield (%)

(hy (%)
Glucose Isomers® Levoglucosan 5-HMF  Furfural
1 None 6 21 12 0.6 0.2 1.8 0.1
2 AC 6 34 28 0.7 0.2 0.1 0.0

17



3 AC-Air 6 33 27 1.5 0.3 0.8 0.4

4 AC-MA 6 50 41 1.0 0.5 0.4 0.3
5 AC-MA 12 85 70 3.8 1.3 1.2 0.2
6 AC-MA 16 94 75 4.1 14 1.5 0.3
7 AC-MA 24 96 61 3.6 14 3.8 0.6

4Reaction conditions: Cellobiose 40 mg, catalyst 6.2 mg, H>O 5 mL, temperature 140 °C.

PCombined yield of fructose and mannose.

4. Conclusions

We aimed to introduce a large number of vicinal carboxyl groups on activated carbon by
Diels-Alder reaction of maleic anhydride and evaluated its catalytic activity. After 7 days of
reaction at 120 °C the catalyst showed incorporation of a large number of carboxyl groups,
which was evidenced by titration and TPD experiment. The presence of carboxyl groups was
confirmed by FTIR, C CP/MAS NMR and other analytical methods. DFT calculations
suggested that the concave part of armchair edge was the most favorable site for formation of
Diels-Alder adduct in exo conformation. Owing to the high density of carboxyl groups and their
vicinal arrangement the catalyst showed higher activity for cellobiose hydrolysis in comparison

to catalyst prepared by air-oxidation of activated carbon.
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