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Abstract: 

Activated charcoal Darco® KB-G, was functionalized with phenyl sulfonic groups (Ph-SO3H) 

by surface modification in acidic aqueous media under mild conditions (25 °C, Patm). The 

formation of new C-C covalent bonds was confirmed by both TGA and XPS. The 

functionalized amphiphilic solids were also characterized by nitrogen adsorption-desorption, 

SEM, IR and Raman spectroscopy. The reference solid Darco-0.50ASFL stabilized dodecyl 

aldehyde/ethylene glycol by Pickering emulsions and demonstrated both good activity and 

selectivity in a solvent-free biphasic acetalization. Kinetic studies of the formation of 

hemiacetal and acetal were investigated by monitoring the progress of the reaction by HPLC. 

Experimental kinetic profiles of dodecyl aldehyde, hemiacetal and acetal were compared to 

model kinetic profiles. The recycling of Darco-0.50ASFL was also studied by performing five 

consecutive catalytic runs without regeneration of the catalyst. 
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1. Introduction: 

Mineral acids, such as H2SO4, H3PO4 and HF can be used as homogenous acid catalysts for 

several applications. Nevertheless, these acids are generally corrosive and cannot be recycled 

at the end of the involved chemical process. Moreover, these homogeneous catalysts have to be 

neutralized, thereby making the process polluting. In consequence, the development of 

environmentally sustainable approaches to chemical processes have stimulated the replacement 

of these mineral acids by recyclable solid acids, limiting the environmental issues and reducing 

the production costs because of easier products separation [1]. 

Both silica and carbonaceous materials can be used for the synthesis of heterogeneous acid 

catalysts. Silica materials are easier to be functionalized because of their sufficient amounts of 

functionalities on the surface compared to carbonaceous materials. However, the Si-O bond is 

easier to be broken in basic or acidic media than the C-C bond. Mbaraka et al. demonstrated 

that silica based solid acids could be obtained by simultaneous hydrolysis and condensation of 

tetraethoxysilane (TEOS) with (3-mercaptopropyl)trimethoxysilane (MPTMS) in the presence 

of different surfactant templates, using in situ oxidation of thiol groups with H2O2 [2]. The 

hydrophilic lipophilic balance (HLB) of these solids could be modified by further incorporation 

of hydrophobic organic groups via postsynthesis grafting [3]. These silica based solid acids 

were evaluated in esterification of fatty acids with methanol to produce methyl esters. It was 

shown that these functionalized silica showed higher activity than commercial acid catalysts 

such as Amberlyst-15 and Nafion. However, the hydrophilic surface of silica favored the 

adsorption of water, a byproduct in esterification, and hence led to the deactivation of catalyst. 

The relative stability of carbon compared to silica indicates that the formation of new C-C 

covalent bonds on the surface of carbon is inherently difficult due to the high bond strength of 

carbon and the impossibility to have common pathways such as SN2 mechanisms at surfaces of 

solid materials [4]. However, carbon is not totally inert due to the presence of unsaturated 

valances at the edges and defects of the graphitic hexagonal crystallites [5]. During the past few 

years, the functionalization of carbonaceous materials has been widely developed because 

carbon is an inexpensive and extensively available material. The choice of carbonaceous 

materials can be activated charcoal [6–8], ordered mesoporous carbon [9,10], carbon black [11], 

carbon nanofibers [12] and graphene oxide [13]. It is also possible to generate carbon-based 

materials from lignocellulosic biomass either by hydrothermal carbonization technic (HTC) 

[14–19] or solvothermal carbonization technic [20]. The functionalization of carbonaceous 
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materials to solid acids is usually carried out by acid treatment with concentrated H2SO4 or 

fuming SO3 [6,14–17,20], and by chemical reduction of aryl diazonium salts [7–12]. 

For examples of acid treatment, Toda et al. reported a carbon-based solid acid catalytic system 

by sulfonating incompletely carbonized saccharides [14]. The catalyst synthesis was performed 

under harsh reaction conditions, including high temperature of pyrolysis (>300 °C) and 

sulfonation (150 °C). Indeed, the hydrothermal carbonization technic (HTC) is generally beset 

with several disadvantages such as high temperature and evolution of voluminous harmful gases 

during the pyrolysis step [20]. Due to this, Onda et al. avoided the synthesis of carbonaceous 

materials from pure carbohydrates and purchased activated charcoal powder to carry out the 

sulfonation [6]. Their sulfonated material based on activated charcoal showed both good 

activity and selectivity for the glucose production from cellulose. Compared to the corrosive 

acid treatment, chemical reduction of aryl diazonium salts seems to be more environmental-

friendly since the sulfur-containing reactant is sulfanilic acid which is less corrosive than H2SO4 

and ClSO3H. Furthermore, high temperature is not necessary during the process because the 

functionalization is generally carried out between a range from 0 [7,9,10,13] to 70 °C [8,12]. 

Wang et al. [9] reported that hypophosphorous acid (H3PO2) was used during the reduction 

process to convert diazonium salts to corresponding aryl radicals according to the reduction 

mechanism proposed by Kornblum et al.[21] whereas it was also suggested that the use of 

hypophosphorous acid (H3PO2) was not indispensable because carbon surface was reductive 

enough to reduce aryl diazonium salts by itself [22–28,11,29,30]. Although the formation of 

diazonium cations was clearly understood, the mechanism of diazonium reduction by reductive 

surface of carbonaceous materials is still under debate. Up to now, the Gomberg-Bachmann 

mechanism remains the most accepted, in which the reduction occurs via electron transfer from 

carbonaceous materials into diazonium species, releasing N2 and forming a reactive radical that 

reacts with carbonaceous materials to form arene bonds [31]. 

Pickering Interfacial Catalysis (PIC) is a very promising strategy to solve problems associated 

with the treatment of organic solvent. This ecological and efficient concept offers an elegant 

solution to overcome diffusion limitations in liquid/liquid reactions [32]. With the PIC technic, 

reactions can be carried out in a liquid/liquid biphasic system without organic solvent by means 

of both amphiphilic and catalytic nanoparticles. The search for these versatile nanoparticles to 

perform chemical reactions in an eco-compatible and ecological way remains at the heart of 

green chemistry. Recently, solids acting as both catalyst and emulsifier were functionalized 

from silica and carbonaceous materials. Zhou et al. [33] developed amphiphilic silica 

nanoparticles while Fang et al. [19] designed a carbonaceous solid acid through hydrothermal 
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carbonization of polysaccharides with Aquivion® perfluorosulfonic superacid at 180 °C. These 

two functionalized solids behaved as efficient acid heterogeneous catalysts in a solvent-free 

acetalization of immiscible long-chain aldehydes with ethylene glycol, leading to acetal 

productivity up to 2000 mmol (mmol H+)-1 for silica based solids or 900 mmol (mmol H+)-1 for 

carbon based solids, after 1 h of reaction at 60 °C and 45 °C, respectively. 

In the current progress to environment-friendly solid acids, it would be highly desirable to 

synthesize catalysts from costless starting materials by a simple procedure with few unitary 

operations avoiding the use of organic solvents. Herein, we report a total organic solvent-free 

procedure to synthesize a long chain acetal from the design of carbon based acid catalysts to 

the catalytic application using a simple and green synthetic method. 

 

2. Experimental part: 

2.1 Materials 

Activated charcoal Darco® KB-G was purchased from Sigma-Aldrich. Ethylene glycol 

(noted as EG, 99%), dodecyl aldehyde (noted as D, >98%), 2-methyltetrahydrofuran (noted as 

2-MTHF, >99%) and toluene anhydrous (99.8%), all supplied by Alfar Aesar, were used for 

carrying out the acetalization reaction. Finally, toluene anhydrous (99.8%) was used as internal 

standard in the HPLC analytical tests. p-toluenesulfonic acid monohydrate (PTSA, 98.5%, 

Sigma-Aldrich) was used as reference and the benchmark catalyst. Sulfanilic acid (noted as 

ASFL, 99%), sodium nitrite (NaNO2, 99%) and hydrochloric acid (HCl, 37%) were purchased 

from Sigma-Aldrich and used in the functionalization of Darco® KB-G. All the materials were 

used as received without further purification. 

2.2 Preparation of Darco-0.50ASFL 

0.5 g of sulfanilic acid (1 eq; 2.86 mmol) and 0.4 g of sodium nitrite (NaNO2, 2 eq; 5.72 

mmol) were dissolved in 100 mL of distilled water with vigorous stirring. 1 g of activated 

charcoal was then dispersed in the solution followed by the dropwise addition of hydrochloric 

acid (4 mL). The reaction mixture was stirred for 16 h at 25 °C and vacuum filtered on an EMD 

Millipore support with a nylon filtration membrane (0.22 µm, 47 mm, hydrophilic). The 

functionalized carbon powder was washed successively by distilled water. Finally the 

functionalized carbon was dried in an oven at 120 °C for 16h.  
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2.3 Catalyst characterization technics 

Sulfur content was carried out by elemental analysis. The sample was heated to 1020 °C using 

an apparatus NA2100 Protein Thermoquest. The different chemical elements were then 

separated by a filled chromatographic column before being detected by using a cathetometer. 

Catalytic sites of a functionalized solid expressed in mmol g-1 can be calculated from elemental 

analysis according to the following formula: 1000 x S% / M(S) where S% represents the sulfur 

weight content in a sample of 1000 mg and M (S) refers to the molar weight of sulfur equal to 

32.065 g mol-1. 

The strength and distribution of acid sites of the catalysts were measured by temperature-

programmed desorption (TPD) of ammonia (NH3). Prior to analysis, the sample were degassed 

by heating up to 200 °C for 1 h in a He flow of 100 mL·min−1. After this pretreatment, the 

catalyst was exposed to pure anhydrous NH3 gas at 100 °C for 10 min. Subsequently, the 

physisorbed ammonia on the catalyst surface was flushed with helium gas at the same 

temperature. Then, TPD analysis was carried out from room temperature to 800 °C with a 

heating rate of 10 °C·min−1 in a He flow. The desorbed NH3 was analyzed with a thermal 

conductivity detector (TCD). 

The textural properties were determined from N2 adsorption-desorption isotherms, which 

were measured using a TRISTAR 3000 gas adsorption system at -196 °C. Prior to N2 

adsorption, the samples were degassed overnight under secondary vacuum at 150 °C. The 

specific surface area (SBET in m2 g-1) was calculated using the Brunauer-Emmett-Teller (BET) 

method. The total pore volume was calculated at P/P0 equal to 0.99. The average pore size was 

calculated from the desorption isotherm branch using the Barret-Joyner-Halenda (BJH) method. 

Fourier transform infrared (FT-IR) spectra were recorded on powder using a Perkin Elmer 

One FT-IR spectrometer with a resolution of 4 cm-1 and operating in the range of 700 – 4000 

cm-1 with 16 scans per spectrum. 

Thermogravimetric analysis (TGA) was used to assess the thermal stability of samples. The 

measurements were carried out on a SDT Q600 TA Instruments apparatus from room 

temperature. The analysis were performed up to 700 °C (heating rate: 10 °C /min) under air 

(100 mL/min). 

The morphology of Darco and Darco-0.50ASFL was inspected by scanning electron 

microscopy (SEM) using a JSM 7900F microscope operating at 1 kV equipped with an EDS 

detector.  
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XPS measurements were performed with a Kratos Axis Ultra DLD spectrometer using 

monochromatic Aluminium Kα radiation at 150 W. The pass energy of the analyser was 20 eV 

and the energy step was 0.1 eV. The XPS results were correlated using the C 1s peak at 284.6 

eV. The background was corrected with the Shirley function and Wagner sensitivity factors 

were used in quantitative analysis. 

Raman shift measurements are performed with a HORIBA JOBIN YVON Labram 

HR800UV Raman Microscope with 532.4 nm green laser beam taking the average of 4 scans. 

The filters used are of type D2 or D3. The laser power to the sample is 0.15 mW or 0.02 mW. 

The spectral window is from 50 to 4000 cm-1. 

2.4 General acetalization procedure for conventional condition with solvent 

To a 25 mL round-bottom flask with a stir bar were added dodecanal (1 eq; 10 mmol; 2.27 

mL), ethylene glycol (2 eq; 20 mmol; 1.12 mL), toluene (10 mmol; 1.07 mL) as internal 

standard and 5 mL of 2-methyltetrahydrofuran (2-MTHF) as solvent. The given heterogeneous 

catalyst (0.5% weight of reactants, 15 mg) was then added to the flask. 4 parallel reactions were 

carried out in 4 different flaks for different reaction time (0.5 h, 1 h, 1.5 h, and 2 h) at 60 °C. 

Since the total liquid volume could change during the reaction, after the scheduled time, the 

reaction mixture was transferred to a 25 mL volumetric flask to have a constant final volume. 

After gauging the volumetric flask, 1 mL of the final suspension was recovered using a syringe 

and the solid catalyst was eliminated by a syringe filter. The limpid solution was then analyzed 

by a Hitachi Chromaster HPLC equipped with a column Touzard & Matignon Nucleosil C8 

(250 mm* 4.6mm) and using a methanol/water mixture (78:22) as eluent with a flow of 0.4 mL 

min-1.   

2.5 General acetalization procedure for the catalytic test in PIC condition 

To a 25 mL round-bottom flask with a stir bar were added dodecanal (1 eq; 10 mmol; 2.27 

mL) and ethylene glycol (2 eq; 20 mmol; 1.12 mL). The given heterogeneous catalyst (0.5% 

weight of reactants, 15 mg) was then added to the flask. The emulsion was created by an 

Ultraturax homogenizer for one minute (10 000 RPM). The reaction was carried out at 60 °C. 

Since emulsions have to be broken and only monophasic solution can be analyzed by HPLC, 4 

parallel reactions were carried out in 4 different flaks for different reaction time (0.5 h, 1 h, 1.5 

h, and 2 h). After the scheduled time, 5 mL of 2-methyltetrahydrofuran (2-MTHF) were added 

to form one sole phase. Then, the suspension was transferred to a 25 mL volumetric flask 
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combined with the addition of toluene as internal standard (10 mmol; 1.07 mL). The round-

bottom flask was rinsed by complementary 2-MTHF (5 mL, 3 times) and the liquid was 

collected in the volumetric flask. After gauging the volumetric flask, 1 mL of the final 

suspension was recovered using a syringe and the solid catalyst was eliminated by a syringe 

filter. The limpid solution was then analyzed by a Hitachi Chromaster HPLC equipped with a 

column Touzard & Matignon Nucleosil C8 (250 mm* 4.6mm) and using a methanol/water 

mixture (78:22) as eluent with a flow of 0.4 mL min-1. All compounds were detected by 

differential refractometer (See Fig.S1). Mass balances were accurate within 5% in all catalytic 

tests. A recycling study was carried out on Darco-0.5ASFL to assess its catalytic stability. After 

each catalytic run, the catalyst was filtrated and washed with 2-MTHF (30 mL, 4 times). After 

drying at 100 °C for 4 hours, the catalyst was reused for the next run. 

2.6 General acetalization procedure for homogeneous benchmark catalyst test 

462 mg of p-toluenesulfonic acid monohydrate (PTSA, 2.43 mmol) were dissolved in 5 mL 

of 2-methyltetrahydrofuran (2-MTHF) to have a solution of 0.49 M. 35 µL (1% compared to 

the total biphasic volume) of this PTSA solution were added to the reaction mixture. The 

remaining steps without the elimination of solid catalyst is the same as the general procedure 

for the PIC condition. 

 

3. Results and discussions 

3.1 Catalyst characterizations 

Activated charcoal Darco® KB-G (noted as Darco henceforth for simplification) was used as 

a carbonaceous support for the subsequent functionalization via diazonium chemistry because 

of its large specific surface area and mesoporous structure (SBET = 1345 m2 g-1 and Vp = 1.08 

cm3 g-1). The direct anchoring of phenyl sulfonic groups (Ph-SO3H) was carried out by coupling 

this activated charcoal with diazonium salts derived from sulfanilic acid. Firstly, catalytic 

hydronium ions (H3O
+) react with sodium nitrite (NaNO2) in water to generate nitrosonium 

ions. The latter once formed reacts with sulfanilic acid to obtain corresponding diazonium 

cations. After a chemical reduction process between the reductive carbon surface and 

diazonium salts, phenyl sulfonic groups are grafted onto the surface of Darco (Scheme 1). 

This functionalization method was exempted from using electric current and avoided the use 

of concentrated sulfuric acid (H2SO4) and organic solvent such as dimethylacetamide and 
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dioxane [12]. Furthermore, diazonium salts previously generated were spontaneously 

consumed by carbonaceous materials in one pot. Room temperature (25 °C) was privileged in 

the functionalization to avoid unnecessary energy consumption although Malins et al. 

demonstrated that a slight increase of acidity could be observed when the functionalization 

temperature increased from 20 °C (acidity = 0.54 mmol g-1) to 70 °C (acidity = 0.72 mmol g-1) 

[8]. 

The influence of weight ratio sulfanilic acid (ASFL) over carbonaceous support (Darco): 

ASFL/Darco was investigated to determine the optimal quantity of sulfanilic acid for the 

functionalization procedure. A series of Ph-SO3H containing solid acids were prepared with 

different ASFL/Darco weight ratios. The functionalized solids were denoted as Darco-nASFL, 

with n (from 0.10 to 1.00) indicating the ASFL/Darco weight ratio.  

In parallel, Darco was treated under N2 at 850 °C for 6 hours in order to remove oxygenated 

functions such as ester and carboxylic acid. Indeed, the oxygen content decreased from 12.6% 

to 7.3% after the thermal treatment. The hydrophile-lipophile balance (HLB) of the treated 

Darco was thus supposed to be different from Darco. The treated Darco was also used as 

carbonaceous support to carry out the grafting of Ph-SO3H groups.  

Typical N2 adsorption-desorption isotherms and pore size distributions of all solid samples 

are shown in Fig.S2 and Fig.S3, respectively. A type IV isotherm was observed for all solid 

samples with evident hysteresis loops in the P/P0 range from 0.44 to 0.99. The thermal treatment 

of Darco at 850 °C led to a decrease of both specific surface area and total porous volume 

(Table 1, entries 1 and 7). The functionalized solids based on Darco had mesoporous volumes 

between 0.61 and 0.98 cm3 g-1 and high specific surface area in the range from 747 to 1206 m2 

g-1 (Table 1). The average pore diameter determined by the BJH method was around 6 nm for 

all of them. On the other side, DarcoTreated-0.50ASFL obtained from the thermal treatment of 

Darco at 850 °C under N2 had not only a lower specific surface area but also a smaller total 

porous volume compared to Darco-0.50ASFL (Table 1, entries 4 and 8). It is important to 

notice that the functionalization by grafting Ph-SO3H groups onto either Darco or Darco treated 

at 850 °C led to a decrease of both specific surface area and total pore volume, which is in 

accordance with results reported in the literature [27]. Moreover, with the increase of 

ASFL/Darco weight ratio, the specific surface area and total pore volume of a functionalized 

solid decreased progressively. 

The experimental acidity of all solid samples measured by TPD-NH3 was reported in Table 

1 and each profile obtained was shown in Fig. S4. As expected, the presence of grafted species 

allowed to increase the acidity of the solid, the highest value was obtained with Darco-
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1.00AFSL sample (0.68 mmol g-1), which was the one synthesized with the highest quantity of 

sulfanilic acid used as grafting precursor. Except for Darco without phenylsulfonic groups, all 

solid samples exhibited a lower experimental acidity than the one expected from the sulfur 

content (Table 1). The presence of acid sites on Darco can be explained by the presence of 

carboxylic groups. The fact that the expected sulfur content were higher than the values 

determined by NH3 could be attributed to the formation of disulfur bridges between two 

neighbored phenyl sulfonic groups, as already proposed by Zhou et al. [33]. As shown in Fig 

S5, an increase of the ASFL / Darco weight ratio between 0 and 0.5 allowed an increase of both 

the sulfur content and the experimental acidity of the samples. For highest ratios (between 0.5 

and 1), an increase of the quantity of sulfanilic acid had practically no influence of these values 

(Fig. S5). From TPD-NH3 profiles, the acid sites strength of all solids can be divided into three 

groups: weak acid sites (maximum at about 190 °C), moderate acid sites (maximum at about 

220 °C) and strong acid sites (maximum at about 250°C). The proportion of each type of acid 

site was dependent on the catalyst, even if the weak acid sites always constituted the main acid 

sites (Table S1). 

It is judicious to choose an ASFL/Darco weight ratio equal to 0.5 for the chemical 

functionalization since further grafting would not lead to a significant gain of acidity but a loss 

of specific surface area. Compared to similar works where the reduction agent 

hypophosphorous acid (H3PO2) was not used in the functionalization procedure, our 

functionalized solid acids are well positioned among the results of previous study. Indeed, a 

previous study from Malins et al. showed that their optimal grafting procedure could 

functionalize 0.72 mmol g-1 of Ph-SO3H groups on a commercial activated charcoal (AC Mesh 

20-40) with a specific surface area equal to 605 m2 g-1 [8]. In addition, Stellwagen et al. 

demonstrated that an oxidized carbon nanofiber could also be functionalized and 0.77 mmol g-

1 of Ph-SO3H groups were incorporated on the carbonaceous support under their working 

conditions [12]. However, even if hypophosphorous acid (H3PO2) was not indispensable in the 

diazonium reduction with carbonaceous materials, its presence could still favor the 

functionalization process. For instance, Liu et al. functionalized Ph-SO3H groups on an ordered 

mesoporous carbon (OMC) with a high specific surface area equal to 1384 m2 g-1 in the presence 

of hypophosphorous acid (H3PO2) and found that the acidity could reach 1.95 mmol g-1 [10]. 

Elemental analysis indicated clearly an increase of sulfur content after grafting of Ph-SO3H 

groups. However, it was not certain whether the increased amount of sulfur came from sulfanilic 

acid adsorbed by Darco or from incorporated Ph-SO3H groups though new C-C covalent 

bonding if we only based on elemental analysis. To clarify the situation, a mechanical mixture 
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composed of sulfanilic acid and Darco was prepared for a thermogravimetric analysis (TGA) 

and the result was compared with Darco and Darco-0.50ASFL (Fig. S6). Firstly, all these 3 

samples showed two weight losses at 456-469 °C and 483-497 °C corresponding to the 

carbonaceous support combustion. The melting point of sulfanilic acid is 288 °C and this 

compound begins to decompose from 300 °C. The combustion of the sulfanilic acid was only 

observed on the mechanical mixture at 322 °C (Fig. S6-c) and another weight loss at 413 °C 

was only observed on Darco-0.50ASFL (Fig. S6-b). The weight loss at 413 °C can thus be 

attributed to the grafted species combustion. Assuming that the decomposed grafted species are 

phenyl sulfonic groups, the 20.95% weight lost corresponds to 1.33 mmol g-1, which is in fair 

good agreement with the calculated acidity of Darco-0.50ASFL (Table 1, entry 4). 

X-ray photoelectron spectroscopy (XPS) analysis were conducted for sulfanilic acid, Darco, 

and the series of Darco-xASFL (x = 0.1, 0.25, 0.5, 0.75 and 1.0). The full survey spectra of 

Darco and Darco-0.5ASFL were presented in Fig S7. Firstly, the peak at 399.8 eV 

corresponding to -NH2 was only observed in sulfanilic acid and it was absent in Darco-

0.50ASFL, which demonstrated clearly that the diazonium cations were successfully reduced 

by carbon surface and then converted to N2 (Fig.1-a). In addition, Fig. S8 didn’t show any 

significant changes in terms of peak position and shape irrespective the quantity of grafted 

acidic species in S 2p region. The same observation can be done in N 1s and C 1s regions. 

Consequently, there was no doubt that Ph-SO3H moieties were incorporated to carbon surface 

by new C-C covalent bonds instead of a physical adsorption by activated charcoal in all grafted 

catalysts. Indeed, the S 2p core level spectrum of all Darco-xASFL presented in Fig 1-b and 

Fig. S8 showed a peak at 168.5 eV which was attributed to phenyl sulfonic groups (Ph-SO3H) 

as confirmed by other authors [18,34,35]. Although the grafting of Ph-SO3H groups was 

confirmed by the absence the peak at 399.8 eV corresponding to -NH2, another small peak at 

405.8 eV corresponding to a nitro group (-NO2) was detected in the N 1s spectrum of Darco-

0.50ASFL (Fig. 1-a). By linking this result with another peak at 1071.9 eV corresponding to 

the Na 1s core-level (Fig. S9), the nitro group was supposed to be the residual NaNO2 which 

was not totally eliminated during the washing procedure especially because the nitrogen had 

the same atomic concentration as sodium (Fig. S7-b). 

The surface composition of Darco and the functionalized solid acid Darco-0.50ASFL was 

investigated by FT-IR spectroscopy and compared with the IR spectrum of p-toluenesulfonic 

acid (PTSA) as shown in Fig.2. Darco does not have any important IR signature compared to 

Darco-0.50ASFL.The characteristic bands attributed to -SO3H group stretching at 1004, 1031, 

1132 and 1163 cm-1 were observed on PTSA and Darco-0.50ASFL [15,18,19]. This result 
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indicated that -SO3H groups were successfully incorporated onto the carbonaceous support. A 

strong band at 1592 cm-1 could be assigned to the aromatic ring stretching (C=C), indicating 

the presence of aryl rings in Darco and Darco-0.50ASFL [36]. 

SEM images of Darco showed that its surface was heterogeneous because both smooth and 

rough surface could be observed (Fig. 3). The surface modification by grafting Ph-SO3H groups 

on the support did not change its morphology. The presence of sulfur detected by the ESD 

detector (Energy Dispersive X-ray Spectroscopy) was found in both smooth and rough side and 

this observation indicated that Ph-SO3H groups dispersed randomly on the whole surface of 

Darco without any preference (Fig. S10). Raman spectroscopy demonstrated that the ID/IG 

values did not show significant difference between Darco-0.50ASFL and Darco (Fig. S11). 

Consequently, the functionalization did not change the structure of Darco either.  

3.2 Catalytic properties 

The catalytic performance of Darco-0.50ASFL was assessed in the acetalization of dodecyl 

aldehyde with ethylene glycol at 60 °C for 2 hours towards hemiacetal and acetal with a loss of 

water as indicated in Scheme 2. Hemiacetal (H) and acetal (A) were successively formed in the 

presence of acid catalyst. All compounds in the reaction mixture were identified and showed in 

the HPLC chromatogram (Fig. S1). Acetal was isolated and characterized by both RMN 1H and 

13C, spectra being available in ESI (Fig. S12 and S13). 

In the absence of catalyst and in the presence of Darco, hemiacetal and acetal were never 

observed (Table 2, entries 1 and 2). Under PIC condition, it was possible to reach a conversion 

of dodecyl aldehyde around 75% for all functionalized solids after 2 hours (Table 2). Among 

the functionalized solids, Darco-0.10ASFL and DarcoTreated-0.50ASFL were less selective on 

fatty acetal (Table 2, entries 3 and 7), whereas the other solids could give a selectivity on fatty 

acetal over 90%. The catalytic property of our reference solid Darco-0.50ASFL in acetalization 

of dodecyl aldehyde with ethylene glycol was firstly investigated in the presence of 2-

methyltetrahydrofuran (2-MTHF) as solvent (conventional procedure described in the 

experimental part). The experimental kinetic profiles of each compound in the reaction mixture 

were illustrated in Fig.4. As usual for consecutive reactions, the yield of hemiacetal (H) reached 

a maximum and then decreased due to the formation of acetal (A). When the organic solvent 

was used, hemiacetal reached its maximum at 2.57 mmol after 1 h and gave a static evolution 

afterwards. The molar amount of acetal increased with reaction time to reach 4.31 mmol after 

2 h, corresponding to a yield equal to 43% and a selectivity equal to 65%. The efficiency of 
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Pickering Interfacial Catalysis (PIC) was highlighted by the use of Darco-0.50ASFL under bi-

phasic condition stabilized by Pickering emulsions as shown in Fig.4. Indeed, the conversion 

of dodecyl aldehyde equal to 80% obtained by PIC technic was about 15% higher than that 

obtained under the conventional condition with 2-MTHF (Table 2, entries 5 and 6). This 

increased activity by using PIC technic could be ascribed to the formation of stable dodecyl 

aldehyde / ethylene glycol emulsions favoring the contact between the reagents [32,33]. 

Besides, both rate constants (k1 and k2, see Scheme 1), determined by using a kinetic model, 

were nearly three times higher than those obtained in the conventional condition (Table 3, 

entries 3 and 4), which explained the better selectivity of fatty acetal under PIC condition. 

Moreover, the 80% of dodecyl aldehyde converted by 15 mg of Darco-0.10ASFL gave a 

Productivity (P) equal to 847 mmol (mmole H+)-1, which was good enough compared to the 

result previously obtained by Fang et al. using Aquivion®-guar as carbonaceous solid acid in 

the same model reaction (P = 950 mmol (mmole H+)-1) [19]; or by Zhou et al. [33] using 

phenylsulfonic groups grafted on silica (P = 2000 mmol (mmole H+)-1). It is noteworthy to 

highlight that our functionalization procedure via diazonium chemistry used in the present study 

was easier to carry out and less energy-consuming than the other experimental procedures used 

previously [19,33]. 

In parallel, the catalytic activity of DarcoTreated-0.50ASFL obtained by grafting Ph-SO3H 

groups onto thermally treated Darco was also investigated under PIC condition. It was found 

that this solid acid was less active than Darco-0.50ASFL despite the fact that their calculated 

acidity close to 1.10 mmol g-1 was very similar (Table 1, entries 4 and 8). Besides, the formation 

of acetal was less favored with DarcoTreated-0.50ASFL compared to Darco-0.50ASFL (Table 

2, entries 6 and 7) in accordance with the higher k2/k1 ratio of Darco-0.50ASFL (Table 3, entries 

4 and 5). This observation meant that the formation of acetal (k2) became slower in the presence 

of DarcoTreated-0.50ASFL as catalyst. Apparently, the modification of catalyst activity should 

be related to the change of the HLB parameter of Darco since it lost its oxygenated functions at 

850 °C and thus supposed to become less hydrophilic. Unfortunately, it was impossible to 

precisely characterize the HLB parameter of all functionalized solid acids by measuring contact 

angles because the deposited droplet of water, heptane and toluene was immediately absorbed 

by these solid samples.  

However, we managed to determine the solid with the most appropriate HLB among the 

functionalized solids by correlating respectively reactions constants k1 and k2 with the weight 

ratio sulfanilic acid (ASFL) over carbonaceous support (Darco). According to Fig. 5, the effect 

of the ASFL/Darco weight ratio was the same on both k1 and k2 values. Indeed, the reaction 
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rate constants increase between a weight ratio ranging from 0 to 0.25 while it follows a 

decreasing trend between a weight ratio ranging from 0.25 to 1.00. An optimum is therefore 

observed for Darco-0.25ASFL. It should be noted that the reaction constants (k1 and k2) 

obtained over DarcoTreated-0.50ASFL is much lower than that obtained over Darco-0.50ASFL 

despite the fact that the acidity deduced from the sulfur content for both solids is very close 

(Table 1). This result shows that prior thermal treatment on Darco before grafting process is to 

the detriment of the catalytic activity of the functionalized solid. Since the number of acid sites 

in Darco-0.25ASFL is close to that of Darco-0.50ASFL, Darco-0.75ASFL and Darco-

1.00ASFL, its hydrophilic lipophilic nature is probably the most suitable for achieving this 

reaction among the series of acid solids. Moreover, the decrease of both rate constants of the 

three last ones (Darco-0.50ASFL, Darco-0.75ASFL and Darco-1.00ASFL) can be explain in 

part with the decrease of specific surface area while their acidity remains constant (Table 1). 

Finally, the benchmark catalyst p-toluenesulfonic acid (PTSA) was tested in a solvent free 

condition to compare with the performance of Darco-0.50ASFL. This experiment was 

conducted at equal calculated acid sites (~17 µmol) as Darco-0.50ASFL. Apparently, there was 

no significant difference in dodecyl aldehyde conversion between PTSA and Darco-0.50ASFL 

(Table 2, entries 6 and 10). However, the formation of acetal was favored in the presence of 

Darco-0.50ASFL since its k2/k1 ratio was higher compared to PTSA (Table 3, entries 4 and 8). 

This result could be explained by the fact that PTSA was not a good phase-transfer agent as 

Darco-0.50ASFL for the bi-phasic acetalization and led to a rapid phase separation after 

stirring. The emulsions created by PTSA could not be stabilized while Darco-0.50ASFL as an 

amphiphilic solid adsorbed onto the interface between the two phases and made stable droplets. 

Five reaction cycles were carried out to further assess whether Darco-0.50ASFL was 

reusable. After each cycle, the heterogeneous catalyst was recovered by filtration and washed 

with large amounts of 2-MTHF then dried at 100 °C for 4 hours before the next catalytic run. 

The conversion of dodecyl aldehyde as well as the sulfur content after each recycling were 

shown in Fig.6. The gradual slight leaching of phenyl sulfonic groups (Ph-SO3H) from Darco 

after each reaction cycle was observed and the sulfur content decreased by nearly 10% from 

3.55% to 3.21% after the fifth reaction cycle. Moreover, the XPS S 2p spectra of the used 

catalyst is similar to the fresh catalyst one (Fig. S6). It can be concluded that most part of Ph-

SO3H groups grafted by diazonium chemistry remained attached to the carbonaceous support 

under our working conditions. However, as described in precedent studies, the leaching of 

sulfonic acid groups is the main problem of carbon-based solid [37,12,8]. Nevertheless, the 

moderate deactivation of Darco-0.50ASFL due to the leaching effect had slight influence on 
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the conversion of dodecyl aldehyde since these 5 catalytic runs allowed a very similar 

conversion of dodecyl aldehyde around 80%.  

 

Conclusion: 

A series of solid acids with large specific surface area was developed by grafting phenyl 

sulfonic groups (Ph-SO3H) onto Darco® KB-G in water under mild conditions (25 °C, 16h). 

The amphiphilic solid Darco-0.50ASFL efficiently carried out the solvent-free acetalization 

between immiscible dodecyl aldehyde and ethylene glycol at 60 °C. Compared to the 

conventional solvent condition, the genesis of Pickering emulsions allowed nearly 3 times 

higher reaction constants. Darco-0.50ASFL could be reused for 5 consecutive catalytic runs by 

simple filtration and washing procedure and it did not show significant loss of sulfur content 

after 5 catalytic runs.  
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Figure captions 

Fig.1 XPS N 1s spectra of Darco-0.50ASFL and sulfanilic acid (a) and XPS S 2p spectrum of 

Darco-0.50ASFL (b) 

Fig.2 FT-IR spectra of Darco and Darco-0.50ASFL compared with the FT-IR spectrum of 

PTSA 

Fig.3 SEM images of Darco and Darco-0.50ASFL: a) Darco-0.50ASFL with a magnification 

of 2000; b) Darco-0.50ASFL with a magnification of 5000; c) Darco with a magnification of 

2000; d) Darco with a magnification of 5000 

Fig.4 Experimental kinetic profiles in solvent free and conventional conditions: () 

experimental values obtained in solvent free condition, () experimental values obtained in 

conventional condition. Model kinetic profiles in solvent free and conventional conditions: (-) 

solid line for model molar quantity in solvent free condition, (...) dotted line for model molar 

quantity in conventional condition. All values related to dodecyl aldehyde highlighted in red, 

hemiacetal in green and acetal in blue. Reaction conditions: 60 °C, using 15 mg of Darco-

0.50ASFL. 

Fig.5 (a) Correlation between reaction constant k1 and ASFL/Darco weight ratio and (b) 

Correlation between reaction constant k2 and ASFL/Darco weight ratio 

Fig.6 Recycling study of Darco-0.50ASFL (60 °C, 2 h) and its sulfur content after each catalytic 

run 
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Table 1. Physico-chemical properties of Darco, Darco treated at 850 °C under N2 and all 

functionalized solid acids 

Entry Solid 

Sulfur 

content[a] 

(mmol g-1) 

Experimental 

acidity[b] 

(mmol g-1) 

SBET
[c]

 

(m2 g-1) 

Vp
[d]

 

(cm3 g-1) 

dp
[e]

 

(nm) 

1 Darco 0 0.14 1345 1.08 6.4 

2 Darco-0.10ASFL 0.59 0.21 1206 0.98 6.2 

3 Darco-0.25ASFL 0.86 0.56 1021 0.83 6.4 

4 Darco-0.50ASFL 1.10 0.62 935 0.76 6.2 

5 Darco-0.75ASFL 1.13 0.63 807 0.65 6.3 

6 Darco-1.00ASFL 1.17 0.68 747 0.61 6.3 

7 Treated Darco 0 0.10 1157 0.94 6.2 

8 
DarcoTreated-

0.50ASFL 
1.16 0.58 578 0.52 6.2 

[a] Sulfur content calculated from elemental analysis. [b] Experimental acidity measured from TPD 

of NH3. [c] Specific surface area determined by BET method. [d] Total porous volume calculated at 

P/P° = 0.99. [e] Average pore diameter calculated from the desorption isotherm branch using the Barret-

Joyner-Halenda (BJH) method. 

 

 



20 

 

Table 2. Acetalization of dodecyl aldehyde (10 mmol) with ethylene glycol (20 mmol) catalyzed by different catalysts and in 

different conditions (60 °C, 2 h, 15 mg of solid catalyst, 17 µmol for PTSA) 

Entry Solid Condition[a] 
Conversion[b] 

(%) 

Selectivity (Hemiacetal)[c] 

(%) 

Selectivity 

(Acetal)[c] 

(%) 

1 Blank (no catalyst) Solvent free 0 / / 

2 Darco Solvent free 0 / / 

3 Darco-0.10ASFL PIC 75 25 75 

4 Darco-0.25ASFL PIC 83 3 97 

5 Darco-0.50ASFL With Solvent 66 35 65 

6 Darco-0.50ASFL PIC 80 4 96 

7 DarcoTreated-0.50ASFL PIC 73 31 69 

8 Darco-0.75ASFL PIC 78 8 92 

9 Darco-1.00ASFL PIC 87 7 93 

10 PTSA Solvent free 74 19 81 

[a] Solvent free condition: the 2 non miscible phases were mixed by Ultraturax (10 000 RPM) for 1 minute without solid then stirred by a stirring bar for 

2 hours; With solvent condition: the 2 non miscible phases were diluted in 5 mL of 2-MTHF, forming a homogeneous phase and stirred by a stirring bar 

for 2 hours; PIC condition: the 2 non miscible phases were mixed by Ultraturax (10 000 RPM) for 1 minute in the presence of solid then stirred by a stirring 

bar for 2 hours [b] Conversion of dodecyl aldehyde after 2 hours calculated based on HPLC data. [c] Product selectivity after 2 hours calculated based on 

HPLC data. 
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Table 3. Reaction constants of the 2-step acetalization 

Entry Catalyst Condition 
k1

[a] 

(mmol-1 h-1) 

k2
[b] 

(h-1) 

1 Darco-0.10ASFL PIC 0.13 0.41 

2 Darco-0.25ASFL PIC 0.22 1.07 

3 Darco-0.50ASFL With solvent 0.06 0.23 

4 Darco-0.50ASFL PIC 0.15 0.75 

5 DarcoTreated-0.50ASFL PIC 0.10 0.34 

6 Darco-0.75ASFL PIC 0.17 0.69 

7 Darco-1.00ASFL PIC 0.12 0.55 

8 PTSA Solvent-free 0.13 0.50 

[a] Reaction constant of dodecyl aldehyde conversion. [b] Reaction constant of 

acetal formation. Reaction conditions: acetalization of dodecyl aldehyde (10 mmol) 

with ethylene glycol (20 mmol) catalyzed by different catalysts at 60 °C for 2 h, 

using 15 mg of solid catalyst, or 17 µmol for PTSA. 
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Fig.1 

XPS N 1s spectra of Darco-0.50ASFL and sulfanilic acid (a) and XPS S 2p spectrum of Darco-

0.50ASFL (b) 
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Fig.2  

FT-IR spectra of Darco and Darco-0.50ASFL compared with the FT-IR spectrum of PTSA 
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Fig. 3 

SEM images of Darco and Darco-0.50ASFL: a) Darco-0.50ASFL with a magnification of 2000;  

b) Darco-0.50ASFL with a magnification of 5000; c) Darco with a magnification of 2000; d) 

Darco with a magnification of 5000 
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Fig. 4 

Experimental kinetic profiles in solvent free and conventional conditions: () experimental 

values obtained in solvent free condition, () experimental values obtained in conventional 

condition. Model kinetic profiles in solvent free and conventional conditions: (-) solid line for 

model molar quantity in solvent free condition, (...) dotted line for model molar quantity in 

conventional condition. All values related to dodecyl aldehyde highlighted in red, hemiacetal 

in green and acetal in blue. Reaction conditions: 60 °C, using 15 mg of Darco-0.50ASFL. 
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Fig. 5  

Acetalization of dodecyl aldehyde (10 mmol) with ethylene glycol (20 mmol) catalyzed by 

different catalysts. Reaction conditions: 60 °C, 2 h, using 15 mg of solid catalyst. 

(a) Correlation between reaction constant k1 and ASFL/Darco weight ratio 

 

(b) Correlation between reaction constant k2 and ASFL/Darco weight ratio 
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Fig. 6 

Recycling study of Darco-0.50ASFL (60 °C, 2 h) and its sulfur content after each catalytic run. 

Reaction conditions: acetalization of dodecyl aldehyde (10 mmol) with ethylene glycol (20 

mmol) catalyzed by different catalysts at 60 °C, 2 h, using 15 mg of Darco-0.50ASFL. 
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Scheme 1:  

Schematic illustration of the synthesis of carbon-based solid acid 

 

 

 

Scheme 2:  

Acetalization of dodecyl aldehyde with ethylene glycol leading to Hemiacetal (1-(2-

hydroxyethoxy)dodecan-1-ol), Acetal (2-undecyl-1,3-dioxolane) and water 

 

 

 

 

 


