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ABSTRACT  

The ‘sulfonated carbons’ are a new class of metal free solid protonic acids characterized by their 

unique carbon structure and Brønsted acidity (-H0 = 8-11) on par to conc. H2SO4. These carbon 

materials covalently functionalized with SO3H groups via C-PhSO3H or C-SO3H linkages can act 

as versatile water tolerant solid acids. Due to their low production costs, unique surface chemistry, 

high chemical and thermal stability as well as tailorable pore structures they are regarded as 

potential substitutes to liquid H2SO4. Catalysis, in particular biomass and large molecule catalysis 
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is one of the important areas in which acidic carbons have demonstrated exceptional activity and 

selectivity, outperforming traditional solid acid catalysts (cation-exchange resins, sulfated oxides, 

and acidic zeolites). In this review we address developments in the different types SO3H and 

PhSO3H functionalized acidic carbon materials, their structure, active sites and surface properties, 

applications in catalysis, as well as activation and deactivation characteristics covering important 

literature since 2004. In particular, we aim to provide a systematic discussion on the specific merits 

and demerits of such materials obtained from different carbon precursors and functionalization 

methods which directly influence the structure-stability-acidic properties and catalytic 

performances.  

1. INTRODUCTION  

Acids are an important class of chemical species (pH<7) characterized by their unique 

ability to either donate H+ ions (Brønsted acid) or to form a covalent bond with an electron pair 

(Lewis acid). Mineral acids such as H2SO4, HNO3, HCl, H3PO4 etc. have diverse applications in 

numerous industrial and chemical processes including mineral processing, fertilizer production, 

detergent manufacturing, as catalysts, electrolytes and industrial cleaning agents. On the contrary, 

organic acids such as acetic acid, ascorbic acid, lactic acid and so forth are primarily used by food 

and pharmaceutical industries. With an annual production close to 290 million tonnes, H2SO4 

remains by far the most important industrial chemical produced. In fact, H2SO4 production 

capacity has been viewed as an indicator of a nation’s industrial strength by many economists.1-2 

The main consumers of H2SO4 are the chemical and fertilizer manufacturing industries followed 

by oil refineries, metal processing and fiber and pulping industries. Due to its low cost, H2SO4 has 

been widely used in chemical and metallurgic industries for various reactions and treatments (also 

as a catalyst) such as nitration, sulfonation, esterification and alkylation of organics as well as 

electrolysis, electroplating (H+ conductor) and acid pickling of metals. In short, H2SO4 has a direct 

or indirect role in the production of almost all manufacturing goods that we use today. As a result 

of such widespread industrial use, large volumes of waste H2SO4 are also generated annually (ca. 

15 million tonnes of H2SO4 are consumed annually as unrecyclable sulfates) which cause severe 

environmental hazards and disposal issues (neutralization generates large volumes of gypsums or 

highly concentrated ammonia wastewater). Although H2SO4 recovery is technically possible and 

even practiced at industrial scale, such processes tend to be extremely expensive due to use of 
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energy demanding distillation and regeneration processes and thus cannot be regarded as a solution 

in long term and in the spirit of green chemistry.1-4 Perhaps, the biggest drawback upon use of 

these liquid acids is that they are employed as catalysts or co-catalysts in chemical processes which 

complicates the downstream product recovery as additional steps for separation, purification and 

detoxification become necessary to remove the unreacted acids from the products (e.g. biomass 

pretreatment during ethanol production).5 Accordingly, these limitations have stimulated the study 

of recyclable strong solid acids as eco-friendly and ‘green’ replacement for unrecyclable ‘liquid 

acids’ such as H2SO4. Inorganic solid oxide hybrids such as zeolites6, tungstophosphoric acid 

(H3PW12O40.6H2O), heterogenized heteropolyacids,7,8, WO3 on metal oxides,9 sulfated metal 

oxides,10 as well as strongly acidic cation-exchangeable polymer resins (amberlite, amberlyst and 

dowex)11 and perfluorosulfonated ionomers (nafion)12 are some of the most extensively 

studied/used solid Brønsted acids and H+ conductors. However, with the exception of zeolites, the 

practical large scale application of such solid acids is limited by a number of issues including 

complex, expensive synthesis procedures, poor acid activity (typically much lower than that of 

sulfuric acid), operational stability and reusability. On the other hand, zeolites (e.g. H-ZSM-5) 

enjoy wide commercial success as catalysts in petroleum refining, gas conversion and related 

petrochemical industries.6  

Until recently, a major obstacle to the progress of research in the field of solid acid catalysis 

has been the lack of an affordable material whose acid activity (strength, acid site concentration, 

H+ conductivity etc.), stability and cost is on par to that of liquid H2SO4. An ideal solid substitute 

for the applications considered for H2SO4 should possess several strong protonic or Brønsted acid 

sites with Hammett strengths less than or equal to that of H2SO4 (H0≤-11) which are stable in H2O 

and organic solvents, at elevated temperatures and pressures. Nevertheless, the perfluorosulfonated 

ionomers and SO3H containing cation exchange polymer resins such as Amberlyst, Amberlite or 

Dowex exhibit acidic properties comparable to liquid H2SO4, albeit these materials tend to be 

expensive upon large scale use and suffer from issues related to thermal stability (Tmax 120-190 

oC) and chemical stability, active site leaching and regeneration.  

The SO3H functionalized acidic carbon materials or ‘sulfonated carbons’ are a relatively 

new addition to the family of solid protonic acids, characterized by their low production cost and 

high Brønsted acidity (H0≤-11) on par to conc. H2SO4. These materials have been recommended 

by many experts as ideal substitutes to liquid H2SO4 in applications including catalysis, 
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electrocatalysis, water treatment, CO2 capture and energy storage, owing to features such as high 

chemical, mechanical and thermal stability, tailorable pore structure as well as surface 

chemistry.13-23 Catalysis, in particular large-molecule and biomolecule catalysis is one of the most 

interesting areas in which sulfonated carbons have been demonstrated to outperform traditional 

homogeneous mineral acids and solid acid catalysts (zeolites, ion-exchange resins, sulfated metal 

oxides etc.).14-16  

The use of heterogeneous, metal-free carbocatalysts in organic transformations as well 

electrochemical processes has rapidly progressed over the last decade as a part of our continuous 

effort towards realization of green and sustainable chemical processes, and also, in part as a result 

of diminishing supplies of rare earth and novel metals commonly used as catalysts in industrial 

processes. Carbon materials including nanostructured carbons, activated carbons, glassy carbon, 

ordered carbon materials and doped carbon materials have been identified as potential low-cost 

catalysts and/or electrocatalysts for many industrial processes.13 Among the different metal free 

carbocatalysts ‘sulfonated carbons (or sulfated carbons)’ are the most comprehensively studied 

carbocatalysts.13-21 Since their introduction in 2004 as solid acids by Hara and co-workers14-16,22, 

these materials have gained considerable attention as alternative low-cost catalysts for various 

organic transformations.22 This can be recognized from the rapid growth in the number of articles 

and patents describing the preparation, characterization and applications of such SO3H containing 

acidic carbon materials since 2004. These metal free carbocatalysts are generally prepared via 

sulfonation of incompletely carbonized organic matter or via semi-carbonization of organic/carbon 

matter in strong sulfonating agents like conc. H2SO4.
14,15,22,23 A detailed discussion on the 

synthesis, structure and catalysis of sulfonated carbon materials are given in the sections below.  

Although numerous review articles, chapters and books addressing the synthesis, 

properties and application of the traditional inorganic solid acids, sulfonic acid resins and metal 

free carbocatalysts can be found in literature,13,24,25,26,27,28 to date, a comprehensive review 

addressing ‘sulfonated carbons’ encompassing aspects of their synthesis, structure, surface 

chemistry, active sites activation/deactivation and applications in catalysis is missing. In particular, 

a systematic evaluation of the merits and demerits of such materials obtained from different carbon 

precursors and preparation methods which play a critical role in the structural and acidic properties 

have not been addressed. The aim of this review is to give a comprehensive account on the 

structure, active sites and catalysis of SO3H functionalized carbon materials, highlighting the 
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influence of raw material and preparation routes on the surface, acidic characteristics, stability and 

activity of these materials. 

2. -SO3H CONTAINING FUNCTIONAL CARBON MATERIALS 

In general, these SO3H containing acidic carbons are obtained by sulfonating amorphous 

carbon materials. Depending on the surface properties of the carbon precursor, it is possible to 

obtain a wide range of materials with different textural properties and degrees of SO3H 

functionalization.14-16 Despite the fact that Hara and co-workers are credited to coin ? the term 

‘sulfonated carbons’, in reality the existence of these SO3H containing carbon materials can traced 

far back.29-31 In fact, the earliest account of such SO3H functionalized carbon materials can be 

found in several patents published between 1960-2000.29-34 These patents describe a number of 

different processes for modification of carbon blacks yielding a product called sulfonated carbon 

black, wherein large quantities of sulfonic acid groups have been covalently attached to a carbon 

surface, thus rendering unique surface and acidic properties (most importantly enhanced 

hydrophilicity). The surface modification was achieved either by ‘treating carbon black with 

(NH4)2SO4/(NH4)2SO3 and heating the resulting compound to a high temperature, sufficient to 

decompose the ammonium compounds’ or by ‘treating carbon blacks with gaseous SO3, oleum or 

fuming H2SO4 under ambient conditions’.29-31 Similarly, sulfated carbons were also obtained by 

either ‘reacting organic sulfite intermediates with carbon black and related carbonaceous 

materials’ or ‘by reacting carbon materials with diazonium salts containing SO3H groups’.32-34 

Due to their enhanced hydrophilicity these materials were traditionally suggested as components 

in ink formulations, fillers, pigments in paper and related cellulosic products as well as H+ 

exchange materials.29-34 

Nonetheless, Hara and co-workers were perhaps the first to identify these SO3H modified 

carbons as versatile solid Brønsted acid catalysts.22,23 Such functionalized acidic carbons have been 

obtained from a wide variety of inexpensive carbon sources including natural organic carbon 

matter such as sugars, carbohydrates, cellulosic materials, lignin,14,15,22,23,35-37 peat, agro-wastes 

(e.g. husk, straw, seed cover, cow manure, corn cob),38-44 industrial waste carbons (oil-pitch, 

polycyclic aromatic compounds, petroleum coke, glycerol, char etc.)22,44-47 and commercial 

polymer resins48,49. Similar acidic carbons have also been obtained by sulfonating more expensive 

carbon supports such as templated carbons (ordered mesoporous carbons, zeolite templated 
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carbons),50-54 commercial carbon supports (glassy carbon, active carbon, carbon foam and carbon 

fibers)22,53-55 as well as nanostructured carbons (graphene, graphene oxide, nanotubes and carbon 

dots)56-64. Sulfonation of carbon supports is typically achieved by reacting it with a sulfonating 

reagent such as concentrated H2SO4, fuming H2SO4, gaseous SO3, ClSO3H, p-toluenesulfonic acid 

or SO3H contain aryl diazoniums to name a few.14,15,22,23,29-65 Sulfonated carbons have also been 

prepared by semi/incomplete carbonization of SO3H acid containing macromolecules such as 

lignosulfonate and polystyrenesulfonic acid and polymer precursors like 4-

hydroxybenzenesulfonic acid, hydroxyethylsulfonic acid and alike.66-71 Lignosulfonate or 

lignosulfonate salts have also been converted to SO3H acidic resins by phenol-formaldehyde type 

condensation reactions72-74. Sulfonated carbons have been typically investigated as alternative 

solid acid catalysts for industrially important organic reactions such as esterification, 

transesterification, hydrolysis, saccharification, acetylation, acetalization, alkylation, dehydration 

and related reactions in batch and as well as continuous flow reactors.14,15,22,23,29-71 Selected studies 

have also been conducted towards elucidating the reaction kinetics, mechanisms, as well as 

activation and deactivation of SO3H sites.75-80 In addition, non-catalytic applications of these 

carbon materials have been demonstrated in the areas of water purification,17 CO2 capture,18 

reactive extraction,81 energy harvesting and storage19-21 and as components in ink formulations and 

composite materials.29-34   

Irrespective of the rapid advancements in the field sulfonic acid functionalized carbon 

materials during the last 14 years, a generalized definition or classification for these acidic carbon 

materials is not yet available. As a result, all the carbon and semi-carbonized materials 

incorporating SO3H sites are referred to as sulfonated carbons or sulfated carbons, irrespective of 

the differences in structure, textural and surface acidic properties. These differences can be usually 

traced to the variations in preparation methods and properties of carbon precursor (or support) used 

in the sulfonation step. The need of a separate classification system is also justified by the 

dissimilarities in the structure, surface chemistry and acidity of these materials with the traditional 

solid acids (Table 1).5-13,24-28,82-90  
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Table 1. Composition and acidic properties of different solid acids   

solid acid chemical 

composition 

acid sites Hammett 

acidity      

(–H0) 

strength 

(∆HoadsNH3/

kJ,mol-1) 

stability Ref. 

thermal 

(oC)b 

chemical 

alumina Al2O3 

 

4.4~5.7 50-130 
>2000 

 

limited 

hydrothermal 

stability and poor 

chemical stability 

at low pH 

82 

alumosilicates e.g. 

silica-alumina, 

MCM-41, MCM-

22, zeolites (H-Y, 

H-ZSM-5, H-beta 

etc.) 

SiO2-Al2O3  

 

4.4~5.7 ~72-184 
>1000 

 

limited 

hydrothermal and 

chemical stability 

82,89 

silicoaluminophosp

hate (e.g. SAPO-18, 

SAPO-34) 

SiO2-AlPO4 

 

4.4~5.7 113-136 
~400 

 

limited 

hydrothermal and 

chemical stability 

84 

tungstophosphoric 

acid 

H3[P(W3O10)4].

xH2O 
H3PO4 13.2 138-164 ~95 

hygroscopic, poor 

hydrothermal and 

chemical stability 

85 

 

sulfated metal 

oxides 

SO4
2-MO 

(MO=ZrO2, 

TiO2, SnO2, 

Al2O3 etc)  

16 100-155 ~400 

good hydrothermal 

and chemical 

stability 

10,87  
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WO3 on metal 

oxides 

WO3-MO 

(MO=ZrO2, 

TiO2, SnO2 etc) 
 

14.6 150 ~200 

good hydrothermal 

and chemical 

stability 

24,88 

 

sulfonated silica SiO2-SO3H 

 

 133-136 up to 250 

poor hydrothermal 

and chemical 

stability 

90 

nafion C7HF13O5S·C2F4 

 
11-13 158 250-300 

excellent  

hydrothermal and 

chemical stability 

90 

sulfonic resins 

(Amberlyst, 

Amberlite, Dowex) 

C18H18O3S 

 

11-13 110-150 100-170 

good hydrothermal 

and chemical 

stability 

57,97 

sulfonated carbon 
Variable 

(CaHbOcSd) 

 

8-11 50-220 up to 250 

excellent  

hydrothermal and 

chemical stability 

57 

bin inert (N2) atmosphere 
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Thus, one of the objectives of this review is to introduce a simplified classification system 

for these acidic carbon materials on the basis of their structure, textural properties and preparation 

method (sulfonation). Sulfonated carbons may be defined as a new class of carbon materials 

covalently functionalized with SO3H groups or sites, characterized by their distinct ‘hydrophilic-

oxyphilic’ properties and strong ‘Brønsted acidity’ which is on par to that of the sulfonic acid 

resins and liquid H2SO4. The basic structural unit of these materials can be approximated by a 

flexible amorphous carbon (or oxidized carbon) framework which has been covalently linked with 

several sulfonic (SO3H) acid groups (Figure 1). The sulfonic groups are usually introduced onto 

the carbon framework structure via chemical modification or functionalization techniques in a step 

commonly referred to as ‘sulfonation’, whereupon the sulfonic group density varies in the range 

of (0.05-7.3 mmol/g), depending on the sulfonation method used and framework structure of the 

parent carbon support.14-16,22,23,29-81,91-96 These Brønsted acidic sulfated carbons may be sub-

divided into several categories on the basis of their textural and surface properties as outlined in 

Table 2 below. In fact, the nature of carbon support and the method of SO3H functionalization 

have direct impact on the resulting material properties and cost.   
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Table 2. Overview of different types of SO3H functionalized acidic carbons obtained by sulfonating diffrent carbon supports   

acidic carbon 
carbon support 

(or precursor) 
comments 

properties 

application 
specific 

surface 

area (m2/g) 

average 

pore size 

(nm) 

acidity (mmol/g) thermal 

stability 

(oC)b 
SO3H totala 

non-porous 

sulfonated 

carbons 

(a) hydrochars, 

biochar and 

partially 

carbonized 

materials 

or 

(b) polyaromatic 

compounds, 

natural organic 

matter, and waste 

materials 

partially 

carbonized 

materials 

 low-cost precursors  

 readily available 

 low degree of 

polycondensation 

 highly hydrophilic  

 easily functionalized 

with H2SO4 by in-

situ or post grafting 

methods  

<2 n.r 

0.56-4.9 1.4-7.2 190-250 

 acid catalysis 

(hydrophilic 

reactants in 

both polar and 

apolar media) macroporous 

sulfonated 

carbons 

up to 120 >50 

mesoporous 

sulfonated 

carbons 

ordered 

mesoporous 

carbons 

(templated and 

non-templated) 

and mesoporous 

activated carbons 

 moderate to very 

high cost precursors  

 commercially 

available support 

 rigid and 

hydrophobic 

amorphous carbon 

framework with high 

degree 

polycondensation 

75-1191 3.1-28.1 0.14-1.88 1.74-8.2 ~250 

 acid catalysis 

(large 

hydrophilic or 

hydrophobic 

reactants in 

both polar and 

apolar media) 
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 very difficult to 

functionalize with 

H2SO4 

microporous 

sulfonated 

carbons 

activated carbons 

and templated 

microporous 

carbons 

 high cost precursors 

 commercially 

available  

 rigid and 

hydrophobic 

amorphous carbon 

framework with high 

degree 

polycondensation  

 very difficult to 

functionalize with 

H2SO4 

800-2000 <2 0.5-1.1 0.8-5.4 

nanostructured 

sulfonated 

carbons 

nanostructured 

carbon materials 

(nanotubes, 

graphene, 

graphene oxide 

and alike) 

 very high precursor 

cost  

 limited commercial 

availability 

  very rigid (sp2 like) 

carbon framework 

  often hydrophobic 

 difficult to 

functionalize with 

H2SO4 

215-500 n.r 0.68-2 0.67-2.85 ~250 

 acid catalysis  

 electrode 

fabrication  

 proton 

conductor  

 chemical 

sensing  

 water treatment 

a SO3H, carboxylic acid, lactone, phenol and carbonyl groups 
bin inert (N2) atmosphere 

n.r = not reported 
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These acidic (sulfonated) carbons retain the structure and textural properties of parent 

carbon/carbon support irrespective of the nature of sulfonation reagent or sulfonation reaction 

conditions which served as the foundation for the introduced classification system. Successful 

sulfonation of carbon materials is usually reflected in terms of changes in surface acidity, 

hydrophilicity and thermal properties. The sulfonated forms of carbon materials are typically 

characterized by an increased surface acidity, surface acidic strength and hydrophilicity resulting 

from the incorporation of additional sulfonic (SO3H) acid groups. At the same time, the onset 

decomposition temperature (Tonset) of sulfonated counterparts shows a decline at 245-250 oC, 

resulting from the limited thermal stability of C-S bonds, this effect is especially noticeable for 

acidic sulfonated carbons based on thermally stable nanostructured and graphite like (sp2) carbon 

supports.14-16,22,23,29-81,91-96 Nevertheless, the actual stability of sulfonic sites is also affected by the 

operational/process conditions (temperature, pressure, nature of reactants, presence of solvents and 

H2O).75-80 The individual types of sulfonated carbons and their surface chemistry are discussed in 

detail in the Sections below.  

2.1. STRUCTURE OF SULFONATED CARBONS  

 

Figure 1. Structure of sulfonated carbons in comparison to polystyrene-co-divinylbenzene 

sulfonic acid resins.   
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Sulfonated carbon materials present distinct structural, physical and surface properties 

which renders them ideal, alternative low-cost solid acids for industrial applications. Structurally 

and chemically these acidic carbons are very different from inorganic solid acids due to their 

unique carbon framework (Table 1).14-16,22,23,29-81,91-96  

Among the known solid acids, the cation exchangeable polystyrene-co-divinylbenzene 

sulfonic acid resins11,26,97 are perhaps the most close chemical analogues of sulfonated carbons14-

16,22,23,29-81,91-96 as both materials present an analogous chemical (elemental) composition and are 

made up of a flexible carbon based backbone that has been covalently linked to the strongly 

Brønsted acidic SO3H sites (Figure 1). Nevertheless, in spite of their compositional similarities, 

sulfonated carbons present several advantages over the sulfonic acid resins including improved 

stability and low-cost. Most importantly, unlike the commercial sulfonic resins, it is possible to 

fine-tune the textural, acidic and hydrophilic properties of sulfonated carbons by adjusting the 

synthetic conditions and carbon support. The differences in the physico-chemical properties of the 

two classes of materials originate mainly from the difference in their carbon framework structure 

and surface chemistry. In case of sulfonic resins, the flexible polystyrene-co-divinylbenzene 

backbone results in a material with a nonporous/macroporous structure with a limited chemical, 

thermal (120-190 oC) and mechanical stability. In contrast, the chemically resistant and thermally 

inert hydrophobic amorphous carbon (sp2 or sp2-sp3) core of sulfonated carbons gives rise to its 

superior material properties, such as higher thermal stability (up to 250 oC) and improved chemical 

and mechanical resistance. Furthermore, these acidic carbons retain the textural properties and 

surface defects of the parent carbon materials; therefore they incorporate large amounts of oxygen 

functionalities (OH, COOH and lactones) along with the SO3H groups giving rise to the improved 

hydrophilic/oxyphilic properties (Figure 1). These oxygen functionalities may also be created upon 

oxidation of a carbon support by the strongly oxidizing sulfonating agents such as conc. H2SO4, 

oleum and gaseous SO3.
22,36,42,52-55,94,98 Such defects have generally been  demonstrated to have a 

positive effect on the catalytic activity of these materials.14-16  

2.2. SURFACE CHEMISTRY AND BULK COMPOSITION OF SULFONATED 

CARBONS 

The structure, surface and textural properties of sulfonated carbons (or sulfated carbons) 

are influenced mainly by the chemical structure of the parent carbon support used in the sulfonation 
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step and the resulting acidic carbons typically retain all textural properties and defects of the 

support, irrespective of sulfonation reaction conditions.14-16,22,23,29-81,91-96,98-106 Most importantly, 

these SO3H containing functional carbon materials can be manufactured from all forms of carbon 

allotropes with sp2 (graphene, carbon nanotubes)56-64 and mixed sp2-sp3 hybridization 

(amorphous carbon, graphitic carbon)22,53-55 as well as nitrogen-doped carbons42,43, carbon 

nitride101-104 and incompletely carbonized materials14-16,22,23,66-75. As a result, it is possible to obtain 

hydrophilic as well as hydrophobic acidic carbons with a wide range of surface SO3H acidity (0.05-

5.7 mmol/g), porosity (specific surface area ranging from ≤1-2000 m2/g) and carbon framework 

structures.14-16,22,23,29-81,91-96,98-106 Figure 2 shows some of the plausible chemical structures 

(framework) for sulfonated carbons derived from the different types of carbon supports. These 

acidic carbon materials, particularly those obtained from incompletely carbonized and defective 

carbon materials (hydrochars, hydrothermal carbons, oxidized carbons and chemically activated 

carbon), can adsorb or retain large amounts of hydrophilic molecules, including water, into the 

carbon bulk due to the presence of a large amount of oxygen functional groups (COOH, OH), in 

addition to the SO3H groups bonded to the flexible carbon structure.42,66-73,74-80,91,93,96,107 Such 

incorporation enhances the adsorption and accessibility of hydrophilic reactants in solution to the 

active SO3H sites (large hydrophilic surface area), which in turn boosts the catalytic performance 

of these materials in various organic transformations.  

The catalytic activities of these carbon materials are reported to be equally dependent on 

the specific surface area and density of hydrophilic functional groups. In many instances, despite 

the lack of porosity (low specific surface area) in dry form and low concentration of active SO3H 

sites, these materials are able to outperform mineral acids and commercial sulfonic resins owing 

to their unique surface-textural properties (e.g. those solid acids derived from hydrochars, 

hydrothermal carbons and semi-carbonized organic matter).14-16,22,23,66-73,74-80,91,93,96,107 It is also 

important to note that the sulfonation step has a direct impact on the surface acidity (sulfonic 

density, hydrophilicity) and to a lesser extent on the porosity of these carbon framework-based 

solid acids. In case of incompletely carbonized sulfonated carbon materials, a strong correlation 

has also been observed between the carbon surface structure and SO3H density with the 

carbonization temperature before sulfonation.14-16,22,23,66-73,75-80 Also, different sulfonating agents 

possess different efficiencies (the efficiency is mainly affected by the chemical structure of the 

carbon precursor or support). For conventional, strong sulfonating agents such as conc. H2SO4, 
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oleum, gaseous SO3 or ClSO3H, it was observed that the non-rigid partially-carbonized materials 

(hydrochars, biochar and semi-carbonized organic matter) are much easier to be sulfonated in 

comparison to the more rigid and ordered graphite like sp2 carbons (nanostructured carbons, 

templated carbons and activated carbon obtained at high temperatures).14-16,22,23,65-73,75-80,91-94 On 

the other hand, the ordered graphitic carbons are more effectively sulfonated by a reductive 

alkylation/arylation of sulfonic acid containing arylradicals.42,48-56,63,95,96,98,99,105,106 A detailed 

discussion on the different carbon supports and sulfonating reagents and their effects on material 

properties are presented in section 3 and section 4 below.  

X-ray powder diffraction (XRD) and laser Raman microscopy conducted on different 

sulfonated carbons have confirmed that these materials exhibit a structure consistent with 

amorphous or disordered carbon materials.15,22,35-80 Irrespective of the method of production or 

carbon precursor used, the XRD patterns always exhibit two distinct diffraction peaks near 20° 

and 45° attributed to the graphitic (002) and (101) planes. Similarly, the Raman spectra of sulfated 

carbons always show the characteristic D (1350 cm−1, A1g D breathing mode) and G (1580 cm−1, 

E2g G mode) bands related to the aromatic carbon/graphene sheets in the carbon bulk. The small 

variations observed in the intensity of XRD peaks and ID/IG intensity ratios of Raman peaks are 

related to the structural order of the carbon material. Generally, sharper XRD peaks and low ID/IG 

ratios are observed for rigid or ordered carbon materials (active carbon, ordered carbons, graphene 

and related carbon materials obtained at high carbonization temperatures).15,22,35,82-110 

Organic elemental analysis, energy-dispersive X-ray spectroscopy (EDX) and Fourier-

transform infrared spectroscopy (FTIR) studies on different sulfonated carbons have confirmed 

the significant variations observed upon the composition and surface chemistry of these materials. 

Typically, the acidic carbons derived from semi-carbonized materials such as those derived from 

biochars, hydrochar and hydrothermal carbons exhibit a highly functionalized surface structure 

with large O/C, S/C and H/C ratios.65-73,75-80,91-94 In contrast, those materials derived from more 

rigid carbons such as nanostructured carbons, activated carbon and template carbons treated at 

elevated temperatures (≥700 oC), exhibit a less functionalized carbon surface structure 

characterized by low O/C, S/C and H/C ratios.42,48-56,63,95,96,98,99,105,106 

In the case of post-sulfonation materials, the presence of sulfonic groups are confirmed by 

the appearance of the characteristic S=O symmetric (1033 cm−1 and 1008 cm−1) and asymmetric 
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SO2 (1175 cm−1 and 1240 cm−1) stretching bands in FT-IR. However, such analysis do not give 

any information on the nature of linkage between support and SO3H groups.14-16,22,23,29-81,91-96,98-106 

Typially, further confirmation on the presence of covalently bonded SO3H and/or PhSO3H sites 

on sulfonated carbons are usually based on X-ray photoelectron spectroscopy (XPS) and solid-

state 13C CP/MAS-NMR studies. 13C CP/MAS-NMR particular is very useful analytical technique 

for characterizing the different C-SO3H or Ar-SO3H linkages with the carbon support. 14-16,67,76-78 

XPS conducted on these carbons have confirmed the presence of both acidic –SO3H groups (S2p 

photoelectron peak at 168.5 eV corresponding to oxidized S species) and low-valent S species 

such as -S-, -SH, C-S (S2p photoelectron peak at 164 eV). 14-16, 22,23,29-81 These low-valent S species 

are typically formed in small amounts during carbonization and/or sulfonation steps by the 

carbothermal reduction of SO3H sites (Ar-SO3H+C→Ar-SH+CO2).
42,66,67 Therefore, the oxidation 

state of S sites in acidic carbons should be carefully evaluated by XPS to confirm the presence of 

active SO3H sites. Analogously, solid-state 13C CP/MAS-NMR studies conducted on the acidic 

carbon materials have confirmed the presence of C-SO3H or C-PhSO3H, as well as phenolic C-

OH, and C-COOH bonds covalently linked to polycondensed amorphous carbon frameworks (the 

characteristic chemical shifts appear at 46, 140, 150 and 177 ppm), such studies also reveal a great 

deal of information regarding the degree of polycondensation as well as the presence of furanic 

residues in the carbon structure.15,22,71,67,91,92 The 13C CP/MAS-NMR is a very useful analytical 

tool for probing the stability and deactivation of SO3H sites in acidic carbons. To summarize, these 

analytical and spectroscopic characterizations give valuable information on the structure and active 

sites of acidic carbons which is vital to gain insights into mechanisms of surface catalysis occurring 

in these new carbon materials.   
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Figure 2. Plausible chemical structures (framework) for sulfonated carbons obtained from different 

carbon supports functionalized by SO3H or PhSO3H sites.       

Acidic properties of these multifunctional acidic carbons have been extensively studied 

using a wide range of analytical techniques such as acid-base neutralization (Boehm) titrations, 

Hammett indicators tests, temperature programmed desorption (TPD), NH3-temperature 

programmed desorption (NH3-TPD), NH3 chemisorption, NH3 adsorption calorimetry, pyridine 

probe FTIR and thermogravimetric analysis (TGA).14-16,22,23,29-81,91-96,98-106 These methods have 

been used to characterize SO3H functionalized carbon materials with sulfonic site densities ranging 

from 0.05-4.9 mmolg-1. The acidic strength of carbons have been experimentally confirmed to be 

comparable to H2SO4 in the Hammett H0 scale (-H0 8∼12).14-16,22,23,29-81,91-96,98-107 Acid-base back 

titrations and NH3-TPD studies have confirmed the presence of both weak and strong acid sites, 

whereupon the weak sites were attributed to COOH, phenolic OH and lactonic groups while the 

strong sites are characteristic for SO3H groups. Similarly, microcalorimetric NH3 adsorption 
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studies have revealed the presence of sites of different acid strength ( Hoads NH3~50-220, kJ.mol-

1) which were attributed to the presence of Brønsted acidic COOH and SO3H sites.57 Nevertheless, 

it is also important to point out that temperature programmed techniques should be carefully used 

upon estimation of surface acidity of such carbon materials (preferably in the presence of MS 

detector), as the use of temperature programmed techniques such as NH3-TPD and TGA for acidity 
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measurement easily lead to overestimation of acid site concentrations. The acidity values obtained 

by these methods are always higher than those based on NH3 microcalorimetry and neutralization 

titrations.40,42,46,94,108 Such overestimation is related to the presence of volatile gases such as CO, 

CO2, H2O and SOx which are released along with NH3 upon the decomposition of surface 

functional groups from acidic carbons at temperatures >250 oC during TPD and TGA 

measurements.22,94 The acidic sites of selected sulfonated carbons (sulfonated active carbon and 

sulfonated graphene oxide) have also been studied by pyridine  FTIR; interestingly, these studies 

have revealed the presence of both Brønsted (bands at 1633 cm−1 and 1531 cm−1) and Lewis sites 

(broad band at around 1460 cm−1). The origin of Lewis sites was explained in terms of electron 

inductive effect of S=O double bonds of SO3H sites similar to sulfated zirconia and sulfated silica 

materials.57,109 Nevertheless, this technique may be less practical for characterizing acidity of the 

highly functionalized hydrochars and semicarbonized material due to presence of overlapping 

background bands. Therefore it is our recommendation to use a combination of analytical or 

measurement techniques to accurately estimate the surface acidity and hydrophilicity of such 

sulfonated carbons.  

3. CARBON SUPPORTS OR PRECURSORS  

The development of heterogeneous, metal-free carbocatalysts for use in organic 

transformations and electrochemical processes has gained significant momentum in recent years, 

in part as a result of diminishing supplies of rare earth and noble metals commonly used as catalysts 

in industrial processes. Carbon materials including nanostructured carbons, activated carbons, 

glassy carbon, ordered carbons and doped carbon materials have been identified as potential low-

cost catalysts and/or electrocatalysts for many industrially important reactions. The catalytic 

activity of these carbon materials have been attributed to the structural defects (e.g. surface oxides, 

heteroatom doping) and unique electronic properties that give rise to characteristic acid, base or 

redox sites.13  

Acidic carbons containing SO3H groups or sulfated carbons have gained considerable 

attention as alternative metal-free solid Brønsted acid catalysts for various organic 

transformations. In particular, during the last five years, an extensive amount of research effort has 

been directed towards understanding the synthesis, structure and catalysis (active sites, activation 

and deactivation) of these acidic carbons. These metal free acidic carbocatalysts have been 
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obtained from a wide range of carbon precursors and carbon support sources including commercial 

carbons, activated carbons, templated carbons, nanostructured carbons as well as inexpensive 

semi-carbonized materials derived from natural organic matter (biochar and hydrochar). This 

section gives a comprehensive account on the various carbon precursors or supports and their 

impact on the properties of sulfonated carbons produced. Brief comments for each carbon support 

with respect to its cost, availability, pore characteristics and their impact on the properties of acidic 

carbons are presented in Table 2.    

3.1. SEMI-CARBONIZED MATERIALS 

     

Figure 3. Plausible mechanisms for carbonization for different precursors.  

Acidic carbons based on semi-carbonized materials are the most well-known and 

comprehensively studied class of sulfated carbon materials. Due to the ease of undergoing 

sulfonation and low material costs, semi-carbonized materials are regarded as the most promising 

precursors or supports for producing such materials. Furthermore, the acidic carbon materials 

obtained from such semi-carbonized carbon supports afford a high density of SO3H sites.14-16,22,23 
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Acidic carbons based on semi-carbonized materials are characterized by their distinct non-porous, 

highly functionalized amorphous or oxidized hydrophilic carbon structure (high O/C and H/C 

ratios) and low costs. These materials are typically obtained using inexpensive hydrochars (HC), 

biochars (BC) and related partially or semi-carbonized (PC) matter derived from natural, waste 

(lignocellulosic) or polymeric materials as the precursor (Figure 3).  

The hydrochar based sulfonated materials or sulfonated hydrothermal carbons (SHCs) have 

been successfully obtained by reacting hydrochars derived from glucose,62,77,78,79,110,111 

xylose,112,113 sucrose,114 cellulose,113,115 as well as natural organic matter such as  lignin,113,116,117 

wood meal,113 and macroalgae118 with a strong sulfonating agent (conc. H2SO4, fuming H2SO4 and 

chlorosulfonic acid). These SHCs have been demonstrated to exhibit SO3H densities ranging 

between 0.57-1.58 mmol/g. A variation of this method was used by Nakhate el at.62 to obtain 

sulfonated graphene oxide monoliths by addition of small amounts of graphene oxide as a structure 

directing agent during hydrothermal carbonization of glucose.62 Alternatively, SHCs are obtained 

via one-step hydrothermal carbonization of organic molecules in the presence of 

organosulfates.65,69,70,71 Organosulfonic acids such as p-toluenesulfonic acid,65,119,120,121 

hydroxyethylsulfonic acid,69,71,122,123, and sulfosalicylic acid124 are some of the most commonly 

used sulfonating reagents, while biomolecules such as glucose,65,69,71,119,122,124 resorcinol,119 

sucralose,121 citric acid,69 acrylic acid,71 furfural,l70,123 β-cyclodextrin,120,122 and lignin117 have been 

employed as the carbon source. These one-step SHCs also exhibit a non-porous surface structure 

but with enhanced SO3H densities 0.7-2.1 mmol/g. In fact, using a modification of the above 

procedure, Shen et al.125 produced a highly acidic carbon with SO3H density of 3.1 mmol/g; 

obtained by subjecting the acidic hydrochar/resin like material (SO3H density of 1.8 mmol/g) 

derived from hydrothermal reaction of glucose and 4-hydroxybenzenesulfonic acid to a 2nd round 

of sulfonation with at 98% H2SO4 at 170 oC.125 Another variation of this method has been adapted 

for obtaining amphiphilic SHCs (SO3H density of ~1.1 mmol/g). Starting from furfural and Na-

dodecylbenzene sulfonate mixtures, these materials have been shown to exhibit enhanced activity 

and water tolerance upon transformation of bulky organic acids.70 In spite of the lack of porosity 

resulting from a highly hydrogen bonded interconnected structure, these materials have 

demonstrated excellent catalytic activity and selectivity in various organic reactions; particularly 

upon biomass conversion (polysaccharide hydrolysis, fatty acid esterification, biodiesel 

production, sugar dehydrations and alike) and aqueous phase reactions. The unusually high activity 
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of SHCs were attributed to an enhanced adsorption of oxygenated reactants by hydrophilic surface 

functional groups and the unfolding of ultramicropores in polar reaction media (swelling).65-73,74-

80,91,93,96,107,110-125 On the downside, the biggest drawbacks of these SHC are (a) the poor thermal 

(<200 oC) and hydrothermal stability which limit their applicability in high-temperature 

applications and (b) the highly hydrophilic surface and presence of low-oxidation state S species  

that are likely to contribute to the poisoning of catalytic sites though strong chemisorption of water, 

oxygenated molecules and metal impurities present in reactant streams.69,71,113,125,126   

Preparation of acidic carbons from partially or semi-carbonized (PC) materials and 

biochars (BC) is based on a multistep approach identical to the sulfonation of HCs.14-16,23 In this 

method, the acidic carbons are obtained by sulfonating PC materials or BC materials (carbonized 

at ≤600 oC) obtained from an inexpensive natural organic matter such as sugars, carbohydrates, 

glycerin, oil pitch, lignocelluloses, lignin, humins, deoiled press cakes, rice husk and related agro-

wastes.14-16,23,35-37,39-44,47,91-94,127-132 Sulfonation is usually achieved by treating the carbon material 

with an excess of a strong sulfonating agent (usually conc. H2SO4 or fuming H2SO4), at elevated 

temperatures (150-200 oC), for extended periods of time (2-24 h) yielding acidic carbon materials 

with SO3H densities up to 1.2 mmol/g.16,22,23 Nevertheless, many variations of the aforementioned 

processes have been developed over the years and adapted for obtaining highly acidic non-porous 

sulfonated carbons from semi-carbonized materials (SPC)14-16,22,23,35-37,39-44,47,91-94,127-132 and 

commercial biochar (SBC) 46,94,133-138 derived from a natural organic matter and waste materials. 

Interestingly, the same method (partial carbonization-sulfonation) has been proven to be efficient 

even upon supporting sulfonated carbons on honeycomb monoliths (sulfonating semi-carbonized 

carbon coated monoliths obtained from a 65 wt.% sucrose solution via the dip-coating method). 

The monolithic carbocatalysts showed comparable catalytic performance with the powdered 

sulfated carbons and provided an interesting alternative to the conventional powdered acid 

catalysts.139 Nevertheless, when compared to SHC, the SPC and SBC exhibit a more rigid, 

hydrophobic and thermally stable (~250 oC) carbon framework structure with a lower density of 

SO3H (usually less than 1 mmol/g) and surface OH and COOH sites.  

Non-porous acidic carbons have also been obtained in one-step in a non-hydrothermal 

process via incomplete carbonization of polycyclic aromatic compounds, glycerol, oil pitch and 

natural organic matter like lignin, cellulose in the presence of conc. H2SO4.
22,45,140-142. While this 

process offers an advantage in obtaining carbon materials with a very high SO3H density (up to 
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4.9 mmol/g) similar to the SHCs, the release of large volumes of acid gases (SO2 and SO3) during 

carbonization gives rise to safety and environmental hazards which renders the process impractical 

for large scale production.22,35,42,140-142 Recently, a greener built-in approach based on mild-

carbonization of inexpensive water soluble sulfonated polymer salts (Na-lignosulfonate, Na-

polystyrene or their mixtures) as dual carbon and sulfur (SO3H) precursors was proposed. It was 

further demonstrated that by incorporating an ice-templating step before carbonization it was even 

possible to incorporate macro/mesoporosity into the acidic carbon structures.66,67 These materials 

presented highly stable SO3H sites (0.32-1.24 mmol/g) with specific surface areas up to 120 m2/g. 

Most importantly, these materials were demonstrated to be suitable for continuous flow 

applications.66,67  

Overall, in terms of catalysis the activity of SPC and SBC are comparable to their 

hydrothermal counterparts, exhibiting comparable activity in large molecule catalysis in polar 

media resulting from the presence of high density of surface oxygenates (large hydrophilic surface 

areas) and low degree of polycondensation in the carbon framework structures. Nevertheless, in-

spite of the drawbacks, these semi-carbonized sulfonated materials show high potential for 

industrial scale-up due to their low cost, ease of production and other cost benefits.  

3.2. ACTIVATED CARBONS 

Activated carbons are typically obtained from natural carbonaceous matter such as wood, 

bamboo or coal by physical activation or chemical activation. Mechanistically the process of 

obtaining activated carbons resembles pyrolysis/carbonization described above (Figure 3). Upon 

physical activation, the carbonized material is exposed to mild oxidants (CO2 or steam) at 

temperatures 600–1200 °C which induce pore enlargement (activation), whereas in chemical 

activation the raw material is directly impregnated with activating agents (H3PO4, NaOH, KOH, 

ZnCl2 and alike) and carbonized at rather high temperatures (450–900 °C) to induce simultaneous 

carbonization/activation. Chemically activated carbons are almost identical to the amorphous 

carbons obtained by high temperature carbonization/pyrolysis of different natural or chemical 

precursors presenting a rigid, graphite like amorphous carbon structure with high degree of 

polycondensation. The only difference being the existence of a large number of defects/pores in 

the bulk particles created during activation/mild oxidation step (Figure 4). Activated carbons (AC) 

are well-known supports for a wide range of catalytic materials including noble metals (Pt, Pd and 
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Ru) owing to their high microporosity, chemical and thermal stability and commercial availability. 

They are also used in large scale as adsorbents for gases and as water purification media.13 

 

Figure 4. Chemical structure of activated carbons.  

Due to their low cost, desirable textural properties and potential for undergoing sulfonation 

reactions, active carbons have been also studied as an alternative carbon support for obtaining 

sulfonated carbons by SO3H functionalization. The incorporation of micro and/or mesoporosity 

into the structure of sulfonated carbons has been demonstrated to have a positive impact on the 

performance of these materials. Several studies have confirmed the potential of active carbons to 

form SO3H functionalized porous carbocatalysts (specific surface area ~119-1560 m2/g) by 

chemical grafting and demonstrated the positive effect of incorporating high porosity on the 

catalytic activity and selectivity of sulfated carbons.42,55,94,95,105,106,115 However, due to the presence 

of a hydrophobic and aromatized, rigid, graphite like (sp2) core structures, sulfonation of these 

carbons materials by conventional conc. H2SO4 treatment is very difficult, particularly for 

graphitized active carbon and carbon materials obtained by high temperature CO2, steam and KOH 

activation.22,42,55,94,132,136, Successful sulfonation of ACs has been demonstrated only with strong 

sulfonating reagents such as fuming H2SO4, gaseous SO3 and ClSO3H/H2SO4 mixtures, affording 

highly porous sulfonated active carbons (SAC).42,46,54,55,94,132 For example, using the 

aforementioned strong sulfonating reagents, chemically activated ACs (H3PO4,
42 ZnCl2,

55 

KOH,46,115) as well as commercial mesoporous ACs obtained at low activation temperatures (<700 

oC) have been successfully functionalized with SO3H sites to yield SACs. In fact, both Ellis et al.46 

and Hara et al.55 individually observed a trend of decreasing SO3H density and specific surface 

area of SACs upon increasing activation temperature for KOH and ZnCl2 activated ACs derived 

from biochar (BC) and wood powder. This is in agreement with the reduced efficiency of strong 
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sulfonating agents towards aromatized, hydrophobic carbon structures. The use of stronger 

reagents and harsh sulfonation conditions also results in a partial collapse of the AC pore structure 

(particularly for carbons obtained at carbonization temperatures <700 oC) and reduced activity. 

Also, the SACs materials obtained from ACs carbonized at temperatures >700 oC are susceptible 

to deactivation due to leaching of loosely bonded –SO3H groups (in the absence of electron-

withdrawing COOH sites the C(sp3)–SO3H in bonds are significantly weakened).42,46,55, 94,134-136 

Most importantly, the SO3H densities of the SACs obtained by aforementioned routes are typically 

lower than those of SHCs, SBC and SPCs. Nevertheless, due to their large specific surface area 

(high porosity), SACs based on high-temperature AC (>700 oC) afford an improved catalytic 

activity (turnover frequency) and selectivity, particularly upon catalysis of large hydrophobic 

molecules (e.g. triglycerides and C16-C18 acids). The stability of the functionalized SO3H sites is 

influenced by the process conditions and active carbon structure.42,46,55  

Recently, it has been demonstrated that sulfonation of ordered sp2 like carbons is more 

efficient by chemical reduction with aryl diazoniumsulfonates (4-benzenediazoniumsulfonate) 

instead of conventional sulfonating agents.52,99  The method has several advantages including the 

use of mild, non-oxidative sulfonation conditions, low dosage of sulfonating agent, preservation 

of structure and textural properties of parent carbons and high stability of -PhSO3H sites (strongly 

bonded C(sp2)–SO3H sites). Although initially developed for sulfonating nanostructured carbons 

(graphene, nanotubes, graphene oxide)56,57,63,109,143,144 and hard templated carbons (OMC, CMK) 

obtained at high carbonization temperatures,52,96,99,106,107 sulfonation with aryl 

diazoniumsulfonates has proven to be equally efficient upon sulfonating of ACs.42,95,105,106,145,146 

The sulfonating agent, 4-benzenediazoniumsulfonate, is either freshly prepared by diazotization 

of sulfanilic acid or prepared in-situ by reaction of sulfanilic acid with isoamyl nitrate.42,56,160 The 

PhSO3H containing SACs obtained by such a method are reported to exhibit SO3H densities in the 

range of 0.64-1.42 mmmol/g, being much higher than those SACs obtained with the strong 

sulfonating reagents. Most importantly, some of these materials demonstrate catalytic activity and 

stability which is on par to that of SO3H functionalized ordered mesoporous carbons (OMC) 

resulting from the high PhSO3H density and improved inter-particle diffusion and external mass 

transfer.42,95,105,106,145,146 In fact, using mesoporous AC as a carbon precursor and 4-

benzenediazoniumsulfonate as a sulfonating agent, PhSO3H functionalized (0.7-0.9 mmol/g) 
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mesoporous SACs with specific surface areas as high as 352-556 m2/g and large pore diameters 

up to 3.6-4.9 nm have been obtained.42,145-148  

Structurally the SACs retain the textural properties of the framework structure of the parent 

ACs; they usually exhibit a high thermal stability close to ~250 oC (comparable to the thermal 

stability of C-SO3H or C-S bonds). The surface hydrophilicity and SO3H density of AC derived 

acidic carbons are mainly depending on the activation conditions. In general, chemically activated 

carbons produce more hydrophilic SACs, in comparison to those obtained by physical activation 

and as such they are much easier to be sulfonated with H2SO4.
22,42,55,145-148 In terms of catalysis, 

SACs are demonstrated as efficient catalysts upon converting large hydrophobic as well as 

hydrophilic molecules in liquid-phase reactions. Overall, these materials show potential for 

industrial scale-up, particularly within the biorefinery platform due to the commercial availability 

of ACs and noticeable cost-benefits in long-term operations.   

3.3. ORDERED MESOPOROUS CARBONS 

Ordered mesoporous carbons (OMCs) exhibiting highly desirable properties such as large 

specific surface areas, ordered mesopore structure and superior thermal and mechanical stability, 

have been extensively studied for applications in various fields including catalysis, 

electrocatalysis, energy storage, CO2 capture, water purification and adsorption.149-151 Typically, 

OMCs have been synthesized from hard-templating or soft-templating carbonization methods 

(Figure 5).  
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Figure 5. Schematic representation of the hard-template and soft-template approach for the 

synthesis of OMCs.   

Owing to their large specific surface areas (up to 1800 m2/g), large pore volumes (up to 2.5 

cm3/g), high thermal stability and potential for undergoing sulfonation reactions, OMCs have also 

been extensively investigated as supports to yield sulfonated ordered mesoporous carbon 

(SOMC).48-54,96,98,99,106-108,143,152-163 However, the preparation and removal of silica/inorganic 

templates upon the hard templating approach require multiple steps and inevitably bring severe 

environmental hazards from the use of HF. Soft-templated carbons have the advantage that herein 

one avoids the use of hazardous HF and achieves typically the same strength as in the case of hard-

templated OMCs. Similarly to SACs, SOMCs can be obtained by either sulfonating the OMCs 

with (a) strong reagents like conc. H2SO4, fuming H2SO4, gaseous SO3, ClSO3H and 

ClSO3H/H2SO4 or (b) by chemical reduction with aryl diazoniumsulfonates (4-

benzenediazoniumsulfonate) under mild conditions. Using the aforementioned process, a wide 

range OMCs were converted to SOMCs (sulfonated) including hard-templated OMCs (CMK-3, 

CMK-5, CKT, 3DOm and alike, see later),48-54,96,98,99,106-108,143,152-157,159, soft-templated 

OMCs,48,49,160,161 and template free mesoporous carbons like Starbon™ 300.54,162,163 The SO3H 

(active site) density of SOMCs was found to be greatly influenced by the sulfonating reagent and 

the framework structure of OMC similar to SACs. The presence of defective polycyclic aromatic 

rings (mixed sp2/sp3) and elevated reaction temperatures was found to be essential for obtaining 
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a highly SO3H functionalized SOMC when using strong sufonating reagents (conc. H2SO4, fuming 

H2SO4 and gaseous SO3).
22,48,49,51,53-55,96,98,152-155,162,163 In fact, several authors studied the influence 

of carbonization temperature (300-900 oC) on the functionalization of OMC materials with strong 

sufonating reagents and found a direct correlation between the content of defective polycyclic 

aromatic groups and SO3H density. When the carbonization temperature was raised beyond 400 

oC, the content of polycyclic aromatic carbons in OMCs decreased which resulted in reduced 

sulfonation efficiency and a corresponding decrease in the SO3H density; similar trends of SO3H 

density have also been reported for SACs and SBCs.46,49,55,98,152 In contrast, 4-

benzenediazoniumsulfonate and ClSO3H were more effective upon sulfonating of OMCs with 

aromatized sp2 like carbon framework structure obtained at carbonization temperatures >700 oC. 

Also, the PhSO3H density  in SOMCs increased with increasing carbonization 

temperatures.50,52,56,57,63,96,99,106-109,143,155-160  

Using the aforementioned grafting methods, highly stable (~250 oC), highly porous 

(specific surface areas 120-1175 m2/g and pore diameter 3.1-15 nm) and hydrophobic SOMCs 

with high SO3H densities (up to 1.93 mmol/g) have been obtained from various templated and 

non-templated OMCs. For example, a highly ordered SOMCs with thin pore walls (∼1.7 nm), 

large mesopores (3.77-9.77 nm), high PhSO3H density (1.16-1.88 mmol/g) and specific surface 

areas (636-1175 m2/g) could be obtained using γ-Al2O3 templated OMCs obtained using phenolic 

resoles as carbon precursors and 4-benzenediazoniumsulfonate as the functionalizing 

reagent.106,159 Mesoporous silicon carbide derived OMCs presenting specific surface areas in the 

range of ∼2800 m2/g, were also similarly sulfonated with 4-benzenediazoniumsulfonate or H2SO4 

to obtain SOMC with acid densities up to 1.6 mmol/g.155 In another work, three dimensionally 

ordered mesoporous (3DOm) carbon was obtained using larger zeolite particles with three-

dimensionally ordered mesoporous as a hard template and furfuryl alcohol as a carbon precursor 

for OMC. Grafting OMC carbonized at 900 oC with 4-benzenediazoniumsulfonate, a SOMC with 

a very high specific surface area (1191 m2/g) and extremely large mesopores (28.1 nm) could be 

obtained. The amount of PhSO3H was varied in the range of 0.14 to 1.31 mmol/g, depending on 

the mass ratio of sulfanilic acid (4-benzenediazoniumsulfonate) to OMC.107 In fact, using similar 

hard templating procedures with microporous zeolite, Hara and co-workers50,156 even demonstrated 

the synthesis of sulfonated ordered microporous carbons with very high specific surface areas 

(800-2000 m2/g) and SO3H densities (0.5-1.1 mmol/g) with ClSO3H as a sulfonating reagent.50,156  



30 
 

Soft templated OMC could be also similarly treated with different sulfonating reagents to 

produce SOMCs. For example, large pore (6.43-9.17 nm) SOMCs with high SO3H densities (0.5-

1.87 mmol/g) could be obtained by sulfonation of OMCs derived from carbonizing templated resol 

composites with conc. H2SO4 or 4-benzenediazoniumsulfonate. The composites were derived from 

cooperative self-assembly of phenolic resol in ethanolic solutions containing pluronic F127 as the 

soft template and resorcinol together with formaldehyde as the carbon precursors (Figure 5).48,49,160 

Recently, a self-templated OMC derived from carbonizing calcium citrate at 700 oC was similarly 

treated with 4-benzenediazoniumsulfonate to obtain SOMC with large mesopores (6.8 nm), 

specific surface area of 639 m2/g and a very high degree of PhSO3H functionalization (1.97 

mmol/g).108 Commercially available mesoporous carbon (e.g. Starbon 300) could also be 

identically treated with different sulfonating agents to yield sulfonated mesoporous carbons (4-15 

nm).54,163  

In terms of catalytic performance, the SOMCs and sulfonated mesoporous carbons are 

reported to outperform the commercial sulfonic resins (Amberlyst, Dowex, Amberlite etc), SHC, 

SBC, SPC and SACs in various acid catalyzed reactions involving hydrophobic reactants resulting 

from the superior ordered large pore structure, high specify surface areas and high SO3H/PhSO3H 

densities. These materials present negligible inter-particle diffusion and external mass transfer 

limitations which improve reaction kinetics and catalyst stability upon catalysis of large 

molecules.48-54,96,98,99,106-108,143,152-163 However, due to the high costs, multistep synthetic 

procedures and environmental hazards associated with the production OMCs, the potential of 

SOMCs in industrial scale-up is somewhat limited.   

 3.4. NANOSTRUCTURED CARBONS  

Due to their unique electronic and surface properties, nanostructured carbons have attracted 

a great deal of attention for application in areas such as microelectronics, energy harvesting and 

storage, bio-imaging and nanomedicine. Fabrication of carbon nanomaterials have been achieved 

via various top-down and bottom-up approaches (e.g. chemical vapor deposition, templated 

growth, physical and chemical exfoliation of graphite and so forth). An elaborate discussion on 

the different synthetic methodologies for the fabrication of carbon nanomaterials is beyond the 

scope of the current review. Nevertheless, due to their commercial availability and environmental 

acceptability, certain nanostructured carbon materials (nanofibers, nanotubes, nanodiamonds, 
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graphene and graphene oxide) have also attracted considerable attention as metal-free catalysts 

and/or catalyst supports in many catalytic and electro-catalytic processes.13,164,165 The reasons for 

the usually enhanced activities of nanostructured carbons are based on several characteristic of 

their carbon framework matrix including (a) defect-free sp2 structures enabling delocalization of 

free electrons, (b) availability of free bonds on edges of the graphitic layers for 

saturation/functionalization of the with heteroatoms such as O, N and S, giving rise to the 

acidic/basic functionalities and (c) the inability of chemical species or reactant molecules (e.g. H2, 

O2, H2O, alkanes and olefins) to form sub-surface species which limit complexity of the catalyzed 

reaction to two dimensions.164,165  

As such, nanostructured carbons such as nanofibers,19,20,61 nanotubes,58-60,64,100,143,144 

nanodiamonds,166,167,169 as well as graphene (and graphene oxide)17,21,57,56,62,63,109,168-170 have also 

been functionalized with SO3H or PhSO3H sites to induce hydrophilicity and strong acidity 

required in various applications including catalysis. During post-functionalization, the acidic 

carbon materials retain the nanostructure of support which further enhances the performance of 

these materials. Similar to the SACs and SOMCs, thermal stability of these nanostructured acidic 

carbons is limited only by the stability of C-S bonds (~250 oC). In addition to their application as 

solid acids, these nanostructured acidic carbons have also been extensively studied as adsorbents 

in water and gas purification,17,18 as proton exchange membranes,19,20 and as a hole-extraction layer 

in high-performance polymeric solar cells21. Ideally, the nanostructured carbons are functionalized 

by chemical reduction with aryl diazoniumsulfonates (4-benzenediazoniumsulfonate) or by 

treatment with ClSO3H under mild conditions producing highly stable carbocatalysts with a high 

density of covalently bonded SO3H/PhSO3H sites (up to 2 mmol/g).56,57,63,109,169,172  Concentrated  

and fuming H2SO4 are also demonstrated to be efficient sulfonating agents, but their use usually 

results in the formation of structurally deformed carbon materials with much lower density of 

SO3H sites (up to 1.2 mmol/g).58,170,171 These nanostructured sulfonated carbocatalysts, 

particularly the sulfonated graphene/graphene oxides (SG) functionalized with PhSO3H, are 

demonstrated to exhibit catalytic activity comparable to those of SACs and SOMCs, in various 

organic transformations including conversion of large biomolecules like carbohydrates, fatty acids 

and triglycerides.56,109,169 Recently, one-pot preparation of sulfonated graphene oxides with a SO3H 

density up to 1.6 mmol/g was demonstrated from graphite using a modified ‘Tours’ method 

(oxidation with H2SO4/H3PO4). Most importantly, the materials also demonstrated high catalytic 
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activity and stability as an acid catalyst for dehydration of C6 sugars (fructose and glucose) at 120 

oC.168  

Nevertheless, in spite of their promising materials properties and high catalytic activities, 

the application of nanostructured sulfonated carbons as acid catalysts in the industrial scale 

remains unlikely in near future as the material costs significantly outweigh their benefits.         

3.5. SILICA-CARBON NANOCOMPOSITES  

In addition to the conventional carbon supports described above, sulfonated carbons have 

been obtained from mesoporous silica-carbon composites/nanocomposites (MSiC).92,173-183 To 

obtain such hybrid support materials, carbon precursors (such as glucose, maltose, cellulose, 

chitosan, starch and 2,3-dihydroxynaphthalene) were initially loaded into the mesopores of the 

silica supports (SBA-15, K100, KIT-6 and mesocellular silica) and then subjected to partial 

carbonization.92,173-175 Alternatively, such materials are obtained by carbonizing a template-silica-

precursor composite obtained by the solvent-evaporation-induced tri-constituent co-assembly 

method (Figure 6).179,180,181   

Subsequent sulfonation of these carbon loaded silica composites with fuming or conc. 

H2SO4 yields the mesoporous sulfonated silica-carbon composites (SMSiC).92,173-175 The silica 

(SiO2) component of these composites introduces structural ordering as well as high mechanical 

and thermal stability while the mesostructure prevents aggregation of impregnated carbon 

precursors during carbonization resulting in materials with a uniform dispersion of acid sites. 

Typically, uniform carbon loadings between 15-44 wt% can be obtained (without loss of 

mesoporosity) which yield materials with SO3H loadings in the range of 0.38 to 0.71 mmol/g, 

much lower than the pure carbon supports discussed above. Even so, these hybrid materials 

demonstrate high catalytic activity in hydrophobic acid-catalyzed reactions, comparable to the 

more acidic counterparts discussed above.92,173-175 To achieve higher SO3H loadings, an alternative 

built-in approach can be applied using p-toluenesulfonic acid as a dual carbon and sulfur (SO3H) 

precursor for loading with silica supports (SBA-15, fumed silica and hollow silica). Subsequent 

carbonization of these p-toluenesulfonic acid-silica hybrids at 250 °C in the presence of H2SO4 as 

an activating agent, yields materials with SO3H densities in the range of 1-2.9 mmol/g.176-178  
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Figure 6. Schematic representations of hard-template and soft-template approaches for the 

synthesis of silica-carbon composites (MSiC). 

Alternatively, the MSiCs are obtained by carbonizing template-silica-precursor  

composites obtained via a solvent-evaporation-induced tri-constituent, co-assembly method 

(Figure 6); using tetraethyl orthosilicate (TEOS) as a silica precursor, organic molecules like 

sucrose as the carbon precursor and a triblock copolymer, structure-directing amphiphilic 

surfactant like Pluronic F127 as a soft-template.179-181 The process closely resembles the synthesis 

of soft-templated OMCs (Figure 5). In a variation of this method, MSiCs were obtained by a 

template carbonization strategy in which the organic template itself served as a sacrificial carbon 

source.181 In the synthetic protocol, TEOS was used a as silica precursor and amphiphilic 

poly(ethylene oxide)-b-polystyrene (PEO-b-PS) both as a structure-directing amphiphilic 

surfactant and a carbon source during solvent-evaporation-induced aggregating assembly.181 This 

alternative strategy has the advantage that it enables the synthesis of composites with more uniform 

mesopores and higher carbon loadings (up to 66 wt%) which upon sulfonation produce SMSiC 

material with enhanced SO3H loadings. In fact, according to the literature data, a linear relationship 
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exists between the density of SO3H site and carbon content of various SMSiCs.92,174-180 In addition 

to the aforementioned procedures, SMSiCs with high specific surface area (779 m2/g) and uniform 

mesopores of 2.6 nm have also been synthesized in an integrated approach by carbonizing a 

mixture of glucose (as the carbon source as well as a non-surfactant templating precursor), TEOS 

as a silica precursor, and H2SO4 as the sulfur (SO3H) precursor.182 Most importantly, the sulfonated 

silica carbon nanocomposites demonstrated good catalytic activity upon tertiary butylation of 

phenol during multiple reaction cycles. In a recent work, similar sulfonated carbon/nano-metal 

oxide composites have also been obtained by replacing MSiC with nano-TiO2, nano-CeO2 and 

nano-ZrO2 during the starch impregnation step. Subsequent carbonization at 400 oC and 

sulfonation of these starch impregnated nano-metal oxides with H2SO4 at 160 oC, yield SO3H 

functionalized active carbocatalysts (0.18-0.32 mmol/g).183 In fact, using the generalized 

impregnation-carbonization-sulfonation route,several magnetically separable sulfonated carbons 

(Fe3O4@CSO3H) were prepared, using Fe3O4 nanoparticles as an oxide support, glucose a carbon 

source and ClSO3H/H2SO4 as a sulfonating reagent.148,184,185 Similarly, magnetic sulfonated 

carbons have also been obtained by sulfonating magnetic char derived from FeCl3 soaked sawdust 

with conc. H2SO4.
186 The magnetically separable sulfonated carbons were reported to exhibit a 

good catalytic activity upon transformation of biomass components such as carbohydrates, 

triglycerides and fatty acids.148,184-186 Sulfonated carbons have also been similarly loaded onto 

ceramic monoliths using the impregnation-carbonization-sulfonation route. Such honeycomb 

structured sulfonated carbon catalysts are of significant interest in industry as they can overcome 

the limitations of powdered carbon catalysts such as agglomeration and difficulty of filtration, due 

to the formation of fines upon slurry phase operations and the high pressure drops observed upon 

gas-phase operations.139   

Overall, these inorganic-organic hybrid materials demonstrate good catalytic performance 

as acid catalysts; they present advantages over conventional acidic carbons in terms of structural 

rigidity as well as mechanical and thermal stability. As such, the use of silica-carbon composites 

may be beneficial in terms of gas-phase operations in a fixed bed reactor. Nevertheless, the 

hydrothermal stability of sulfonated silica-carbon composites needs further investigation, as many 

of the reactions of interest are performed under harsh hydrothermal environments. Similarly, in 

case of magnetic sulfonated carbons, it is very difficult to ensure uniform carbon coatings over 

Fe3O4 particles and, as these oxides are known to demonstrate poor stability in acidic conditions, 
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Fe leaching may be unavoidable upon long term operations. Further studies are needed with regard 

to the operational stability in context of large scale applications.           

3.6. N-DOPED CARBONS AND CARBON NITRIDE 

Although N-doped carbons and carbon nitrides have been extensively studied as supports 

for transition and noble metal catalysts,13 only a handful of studies have been conducted 

investigating N-doped carbons and graphitic carbon nitrides as supports for the fabrication of 

SO3H functionalized carbocatalysts.42,43,101-104 Generally, two primary strategies exist for the 

fabrication of N-doped carbons, which are post-treatment of carbons with nitrogen-donors and in-

situ synthetic methods using nitrogen containing precursors (Figure 7).187 Graphitic carbon nitrides 

are obtained similarly by thermal polymerization of highly nitrogen rich precursors like melamine, 

urea and dicyandiamide.101-104  

The sulfonated N-doped carbons reported so far have been based on the functionalization 

of N-doped amorphous carbons obtained upon incomplete carbonization of nitrogen-rich 

biomass/agro wastes such as de-oiled waste cakes,42,145-148,188 palm kernel shells189 and cow 

manure.190 The studies have shown that similar to the conventional carbon supports; N-doped 

carbons can be functionalized with both SO3H and PhSO3H groups (up to 0.9 mmol/g) by treating 

them either with strong sulfonating agents (conc. H2SO4 or fuming H2SO4)
42,188,189 or by chemical 

reduction with aryl 4-benzenediazoniumsulfonate.42,145-148 Interestingly, in a recent work it was 

demonstrated that it is even possible to obtain sulfonated carbons in the form of Brønsted acidic 

ionic liquid functionalized N-doped microporous carbons by quaternary ammonization of the 

heterocyclic nitrogen sites on the doped carbon surface with 1,4-butane sultone, followed by an 

anion exchange with strong acids of H2SO4 or HSO3CF3.
190 The obtained hydrophobic carbon 

functionalized ionic liquids (NPC-[C4N][SO3CF3] and NPC-[C4N][SO3H]) exhibited high 

concentration of acid sites (1.21-1-25 mmol/g) and microporosity (701-726 m2/g). Most 

importantly, the carbon supported ionic liquid, NPC-[C4N][SO3CF3], gave rise to a catalytic 

activity comparable to its homogeneous counterpart upon fatty acid esterification, triglyceride 

transesterification and levulinic acid production from microcrystalline cellulose. Similarly, the 

PhSO3H functionalized mesoporous N-doped carbons are also active catalysts upon transformation 

of biomolecules like fatty acid esterification, triglyceride transesterification and microcrystalline 

cellulose acetylation, owing to their favorable pore structure and PhSO3H densities (0.7-0.9 
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mmol/g). N-doped sulfonated carbon nanotubes have also been obtained by boiling N-doped 

carbon nanotubes with 50% H2SO4.
43  

 

Figure 7. Schematic representation of the different approaches for obtaining nitrogen containing 

functional carbon materials (N-doped carbons).  

The use of graphitic carbon nitride (g-CN) upon fabrication of SO3H functionalized 

sulfonated carbon nitride was originally demonstrated by Varma and co-workers using ClSO3H as 

the sulfonating reagent, at room temperature. Based on sulfur content of the ClSO3H treated 

materials, the concentration of surface SO3H sites was estimated to be ~5.47 mmol/g, amongst the 

highest values reported for sulfonated heterogeneous acid catalysts (including sulfonated carbons, 

sulfonated oxides and commercial sulfonic resins). Successful functionalization was clearly 

evident from the characteristic FTIR (1190, 1170, 1020 and 1040 cm−1) as well as 13C NMR (140 

ppm) and XPS signals (~168 eV).102-104 Recently, using a modification of the above synthetic 

procedure, a highly ordered mesoporous sulfonated graphitic carbon nitride was also obtained 

(SBA-15 was used as a hard temple).101 In terms of performance, these materials exhibited 
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remarkable activity as solid acids, outperforming the sulfated carbons discussed above. 

Unprecedented activity was demonstrated upon oleic acid esterification, at room temperature, and 

upon conversion of carbohydrates (xylose, fructose) into furanics (furfural, 5-

hydroxymethylfurfural) and related value-added products (benzimidazoles, 2,5-diformylfuran, 

Levulinic acid, etc) under relatively mild conditions (100-150 oC).101-104 The materials also 

demonstrated high catalytic activity upon synthesis of dihydropyrimidinone derivatives under mild 

and environmentally benign conditions (Biginelli reaction).101 

 N-doped carbons and carbon nitride based acidic carbons have demonstrated excellent 

catalytic activities as solid acids on par to that of the most active acidic carbons. Structural 

properties and thermal stability of such materials are mainly affected by the 

carbonization/activation conditions similar to the conventional (non-doped) acidic carbons. 

Moreover, such carbon supports can be easily fabricated from inexpensive natural or commercially 

available precursors using existing activation/carbonization strategies. The presence of N-doping 

in the carbon framework renders such materials particularly suitable for the synthesis of 

bifunctional metal catalysts via selective deposition of metal/metal precursors over these nitrogen 

sites.   

4. SULFONATION METHODS  

Sulfonation is the key step in the fabrication of sulfonated carbon materials as this step is directly 

responsible for covalent functionalization or grafting of SO3H groups on the carbon framework of 

the supports/carbon precursors. Over the years a number of different functionalization techniques 

have been developed and optimized to attach SO3H sites through C- S or C-C bonds. Nevertheless, 

the different sulfonation methods can be broadly divided into two groups’ viz. (a) in-situ 

functionalization and (b) post-grafting functionalization approach as summarized in Figure 8. This 

step has a direct impact on the structure, surface chemistry, stability as well as cost of sulfonated 

carbon materials. With respect to the amount of starting carbon support, the yield (w/w) of 

sulfonated material is usually close to 100% for all ex-situ sulfonation routes and, less than 100% 

for in-situ functionalization methods. Brief comments for each sulfonation approach with respect 

to cost, environmental hazards, SO3H density and stability reviewed in this section are presented 

in Table 3.  
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Table 3. Brief comments for each sulfonation approach with respect to cost, hazards, thermal and chemical stability of SO3H sites   
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4.1. IN-SITU FUNCTIONALIZATION APPROACH 

In-situ sulfonation routes are based on a built-in approach in which both carbonization and 

sulfonation steps occur simultaneously. This approach offers several advantages over the post-

grafting approach including reduced costs, reduced environmental hazards (in most cases), low 

energy requirements and a high degree of SO3H functionalization. The different variations of in-

situ sulfonation are discussed elaborately in the sub-sections below.      

 

Figure 8. Summary of different methods for functionalizing carbon materials with SO3H sites.   

4.1.1. SIMULTANEOUS SULFONATION AND CARBONIZATION WITH H2SO4 
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Scheme 1. Schematic representation of the generalized approach for obtaining sulfonated carbons 

by simultaneous sulfonation and carbonization with H2SO4. 

 

The direct treatment of carbonaceous matter with conc. H2SO4 (excess 10-20 fold by mass) 

at elevated temperatures, is a very effective technique to obtain SO3H functionalized 

carbocatalysts.22,45,140-142 Hara and co-workers originally demonstrated the fabrication of sulfated 

carbons with SO3H densities up to 4.9 mmol/g by directly heating polyaromatic compounds like 

naphthalene, perylene and coronene in the presence of conc. H2SO4, at 250 oC for 15 h.22 Using 

the same synthetic procedures, Mahdavi et al.141 obtained a  carbon material with SO3H densities 

up to 7.3 mmol/g from sucrose (heated with conc. H2SO4 at 250 oC) and a similar material with 

lower density of SO3H groups (1.9 mmol/g) was also obtained treating glycerol pitch in a similar 

manner.45,191 While this route has proven to be advantageous when aiming at carbon materials with 

an extremely high SO3H density (4.9-7.3 mmol/g), the environmental hazards and safety issues 

caused by the use of a large excess of H2SO4 (~10-20 times in excess of carbon source), release of 

large volumes of acid gases (SO2 and SO3) and neutralization wastes generated during 

carbonization and washing step renders the process impractical in large scale production.22,42 

Nevertheless, it was demonstrated by Zhang et al.192, Mao et al.142 and Malina et al.193 with 

carbohydrate precursors (starch, cotton and bamboo powder) that charring/carbonization and 

sulfonation could be induced under much milder conditions (80-180 oC) by heating with 80%-98% 

H2SO4, to yield SO3H functionalized acidic carbocatalysts. Moreover, by subsequent sulfonation 

of the obtained materials with conc. H2SO4, high degree of SO3H functionalization (1.13-1.87 

mmol/g) could be achieved.142,192 Similarly, it was demonstrated in separate studies by Lee,35 

Liang et al.140 and Chen et al.194 that commercial lignosulfonate could also be effectively converted 

into SO3H functionalized carbonaceous catalysts by heating with excess conc. H2SO4 under much 

milder conditions (120, 150 and 150-175 oC for 1 to 6 h). These materials also afforded reasonable 
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SO3H densities of 0.92-1.4 mmol/g. Black liquor was also similarly treated at 200 oC for 12 h to 

produce an acidic carbon material with 0.74 mmol/g to 0.78 mmol/g of SO3H sites.117 

Mechanistically, it has been proposed that the reaction proceeds via an initial formation of 

sulfoaromatic hydrocarbons followed by incomplete carbonization (Scheme 1).22  The direct 

treatment of organic matter (e.g. glucose, de-oiled press cakes) with conc. H2SO4 under 

hydrothermal conditions (180 oC, 24 h) has also been reported to afford similar materials with high 

SO3H densities.42,65  

Although simultaneous sulfonation and carbonization with H2SO4 is an efficient and 

simple route to obtain acidic carbocatalysts with a high degree of SO3H functionalization, these 

materials pose negligible porosity, high density of oxygen functional sites (1-7.3 mmol/g) and a 

poor thermal stability thus rendering them less efficient in case of applications in hydrophobic 

media and at high temperatures. Also, these carbons have a soft (less rigid) structure with low 

degree of polycondensation due to which some of the SO3H functionalized aromatic fragments are 

easily leached out to the reaction media during liquid-phase reactions, particularly above 100 oC 

under solvothermal/hydrothermal conditions as well as when using hydrophobic organic reactants 

such as higher fatty acids and triglycerides.22,23 

4.1.2. SIMULTANEOUS SULFONATION AND CARBONIZATION WITH 

ORGANOSULFONIC ACIDS 

Simultaneous sulfonation and carbonization of organic matter in the presence of 

organosulfates is another in-situ approach that also affords highly acidic SO3H functionalized 

sulfonated carbons. However, unlike H2SO4, the use of organosulfate reagents requires 

hydrothermal reaction conditions in order to induce carbonization and prevent the evaporative 

escape of low-boiling organosulfates. In a typical synthetic procedure, the carbon precursor, 

organosulfate reagents and water are uniformly mixed and subjected to hydrothermal 

carbonization at 180 oC (4-24 h). The resulting carbon materials typically exhibit a hydrochar like 

carbon structure with a high degree of SO3H functionalization (up to ~2.4 mmol/g). 

Organosulfonic acids such as p-toluenesulfonic acid65,119-121,196 and hydroxyethylsulfonic 

acid,69,71,122,123 have been the sulfonating reagents of choice in most studies, while in terms of 

carbon precursor, glucose has been the preferred choice due to its high solubility in water. 

Recently, a less hazardous non-volatile organic compound, sulfosalicylic acid was also identified 
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as an efficient sulfonating agent. It was demonstrated by Qi et al.124 that carbon microspheres 

functionalized with SO3H groups could be easily obtained by a simple hydrothermal treatment of 

a 2:1 (w/w) mixture of glucose and sulfosalicylic acid.124 Analogously, sulfonated carbon 

microspheres with a specific surface area of ~138 m2/g were also obtained by the hydrothermal 

treatment of a mixture of glucose, citric acid and hydroxyethylsulfonic acid (10:5:1 w/w ratio), at 

180 oC in 4 h. Meanwhile, Maneechakr et al.122 obtained sulfonated carbon microspheres with a 

specific surface area up to 162 m2/g and a high degree of SO3H functionalization (1.82 mmol/g) 

by hydrothermally treating a 6:1 (w/w) mixture of hydroxyethylsulfonic and β-cyclodextrin at 180 

oC in 4h. In addition, sulfonated carbons materials were also obtained upon treating 2:1 (w/w) 

furfural-hydroxyethylsulfonic acid and furfural-p-toluenesulfonic acid mixtures in an analogous 

manner.123 Nevertheless, although no mechanism has been proposed to date, the reaction most 

likely proceeds by simultaneous formation of sulfoaromatic compounds and their hydrothermal 

carbonization with the carbon precursors (Scheme 2). It is also worth mentioning here that the 

microsphere sulfonated carbon carbons typically present larger specific surface areas (>128 m2/g) 

than the materials obtained by carbonizing in H2SO4 (Section 4.1.1).  

Scheme 2. Schematic representation of the direct hydrothermal approach for obtaining sulfonated 

carbons by simultaneous sulfonation and carbonization with organosulfonic acids. 

 

In an alternative approach, the carbon precursor is first uniformly mixed with the p-

toluenesulfonic acid in the ratio 1:1-1:4 w/w, and directly heated in a sealed Teflon lined vessel at 

180 oC. Using this approach, SO3H functionalized acidic carbon has been obtained from glucose 

and β-cyclodextrin.65,120,121 A variation of this method was proposed by Wang et al.70 who 

produced SO3H functionalized amphiphilic carbons, by treating a mixture of Na-

dodecylbenzenesulfonate/H2SO4 and furfural at 180 oC for 24 h.70 It likely that even in the absence 

of water, the reaction follows a mechanism similar to the hydrothermal carbonization/sulfonation 
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as an adequate amount of H2O is produced as a by-product from the dehydration of the carbon 

precursors.65,120,121 Nevertheless, the key difference of these materials produced in the absence of 

water with those obtained under hydrothermal conditions is their reduced porosity (specific surface 

area <40 m2/g).  

Overall, simultaneous sulfonation and carbonization with organosulfonic acids offer 

several advantages in terms of environmental safety (no release of acid gases, lower dosage of 

sulfonating agents and milder conditions) and energy input. Even so, these carbon materials have 

drawbacks in terms of the high hydrophilicity resulting from the presence of a high density of 

oxygen functional sites (up to ~4 mmol/g) and poor thermal and operational stability (low degree 

of polycondensation in carbon framework) that make them less attractive when hydrophobic media 

and high temperatures are involved. 

4.1.3. OTHER IN-SITU SULFONATION METHODS  

Non-conventional, in-situ sulfonation techniques have also been developed, some of which 

are discussed below. For example, Konwar et al.66,67 obtained SO3H functionalized (0.32-1.24 

mmol/g) meso-macroporous acidic carbons via mild pyrolysis (350–450 °C) and ion/H+ 

exchanging ice-templated, water-soluble polyelectrolyte polymers i.e. Na-lignosulfonate/Na-

polystyrene sulfonate (or their mixtures).66,67 In a related work, Duyckaerts and co-workers197 

produced mesoporous sulfonated carbons materials by one-step spray pyrolysis of an aqueous 

solution of sucrose as a carbon source, sulfuric acid as a sulfur source and Li2SO4/Na2SO4 as a 

structure directing agent, at 400-800 oC. 197
 In their work, carbon materials with a specific surface 

area of 506 m2/g and mesopore size distribution between 2 and 8 nm were produced using Li2SO4 

as the structure directing agent.197
  

Mesoporous SMSiCs have also been synthesized in an in-situ approach using inexpensive 

glucose as the carbon source as well as a non-surfactant templating precursor, TEOS, as the silica 

precursor as well as H2SO4 as the sulfur (SO3H) precursor.182 Direct carbonization of a mixture 

containing TEOS, glucose, H2O and H2SO4 (in the mole ratio of ~1:0.385:4.8:0.88), in N2 

atmosphere at 300 oC also facilitated the direct transformation of the glucose moieties into 

hydrophobic carbon sheets bearing sulfonyl groups that are trapped in the stabilizing hydrophilic 

silica matrix, yielding the SMSiCs.182 Similarly, a bifunctional mesoporous SMSiCs 
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functionalized with  SO3H and Cl sites were synthesized by a modified solvent-evaporation-

induced tri-constituent co-assembly with the addition of (3-mercaptopropyl)-trimethoxysilane as 

a sulfur precursor and sucralose as the Cl precursor during the composite synthesis. In order to 

obtain SO3H sites, the cured MSiCs (200 oC, 15 h in N2) composite was simply oxidized with 

H2O2.
161 In other related works various SMSiCs with a high degree of SO3H functionalization (1-

2.9 mmol/g) were obtained by carbonizing p-toluenesulfonic acid impregnated with mesoporous 

silica materials (SBA-15, fumed silica and hollow silica) at 250 oC, in the presence of H2SO4 as 

the activating agent.176-178 

Some of the non-conventional, in-situ sulfonation approaches discussed above (direct 

pyrolysis of lignosulfonate and spray pyrolysis) show potential for large production of acidic 

carbons as they address several issues related to the conventional methods (eliminating use of 

conc. H2SO4, acid waste generation and release of  large volumes of acid gases) without 

compromising the properties of the resulting materials. In fact, these materials are superior in terms 

of textural properties (pore size, surface area, etc.) and surface SO3H acidity.66,67,197   

4.2. POST-GRAFTING FUNCTIONALIZATION APPROACH 

Post-grafting approaches of functionalization are based on the treatment of carbonized 

materials (or carbon supports) with different sulfonating reagents to create covalently bonded 

SO3H sites (Figure 8). The biggest advantage of the post-grafting approach is the preservation of 

the original mesostructure/nanostructure of carbon that makes it possible to obtain a wide range of 

materials with different (and tunable) textural properties, surface chemistry 

(hydrophobicity/hydrophilicity) and degree of SO3H functionalizations. It is also important to 

highlight that in the in-situ approach, the oxidation state of sulfur species is significantly affected 

by the synthesis conditions as the SO3H sites are susceptible to reduction. In many instances, both 

the SO3H and low-valent S sites are found on the surface of carbon materials obtained via the in-

situ functionalization approach.66-69 In fact, it was clearly shown that upon increase of 

carbonization/sulfonation temperature from 300 to 450 oC, almost 40% of the SO3H sites were 

reduced to low-valent S species due to carbothermal reduction.66-68 The different variations in post-

grafting sulfonation are discussed elaborately in the sub-sections below.     

4.2.1. CONCENTRATED H2SO4 AND FUMING H2SO4  
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Sulfonation of carbon/carbonized materials with H2SO4 at elevated temperatures (~80-150 

oC) is a well-known functionalization technique for creating covalently bonded SO3H sites on 

carbon materials. Originally proposed by Hara and co-workers,23,14-16 several variations of the 

method have been developed over the past decade and comprehensively studied. Further, the 

synthesis routes were optimized for different types of carbon supports, including partially-

carbonized materials, hydrochars/hydrothermal carbons, activated carbons, ordered carbon and 

carbon nanomaterials (Scheme 3).14-16,23,35-37,39-44,47,55,58,75-81,91-94,110-116,127-132, 94,133-138,188,189, 170-175  

The extent of sulfonation (expressed in terms of SO3H density of the obtained product) is 

influenced by (a) strength of H2SO4, (b) temperature, (c) duration and (d) framework structure of 

the carbon support. In the original work by Hara et al., SO3H functionalized acidic carbocatalysts 

were obtained by sulfonating semi-carbonized (400 oC) natural sugars like glucose and sucrose at 

150 oC for 15 h in N2.
23 Their results indicated that the sulfonated carbon produced with fuming 

H2SO4 (15 wt% SO3) acid resulted in the formation of a higher acid site density (2.5 mmol/g total 

and 1.2 mmol/g SO3H density) than the material obtained with conc. H2SO4 (2.5 mmol/g total and 

1.2 mmol/g SO3H density). The usefulness of stronger fuming H2SO4 as a more efficient 

sulfonating agent was also documented in many other studies.16,46,55,93,98 The influence of the 

carbon precursor on the SO3H density as such was studied by Lou et al.131 using four different 

carbohydrate precursors, namely D-glucose, cellulose, sucrose and starch upon catalyst 

preparation via the carbonization-sulfonation route. The authors observed that the SO3H density 

decreased in the following order: starch-derived catalyst (1.83 mmol/g) > cellulose-derived 

catalyst (1.68 mmol/g) > sucrose-derived catalyst (1.59 mmol/g) > D-glucose-derived catalyst 

(1.48 mmol/g). In another study, a sulfonated carbon composite solid acid (P–C–SO3H) with a 

three-fold higher SO3H density than the sulfonated-carbons (2.42 mmol/g vs 0.82 mmol/g) was 

produced from glucose impregnated Amberlite XAD1180. The obtained composite material, a 

glucose impregnated polymer matrix (Amberlite XAD1180), was pyrolyzed (at 300 oC) followed 

by its sulfonation with conc. H2SO4, similar to the synthesis route of glucose based sulfonated 

carbon.200  

Sulfonation of sugar (glucose, xylose) derived hydrochars with conc. H2SO4 has been 

reported to yield similar materials with identical SO3H densities in the range of 0.56-0.95 

mmol/g.76-80,110-115 However, heating with H2SO4 simultaneously causes oxidation of hydrochar 

surface and creates additional carboxyl sites which significantly increased the density of oxygen 
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functional groups (by almost ~1.2-1.3 fold). Typically such materials present very high COOH 

densities 4.43-4.84 mmol/g a value almost ~4 times higher than in case of the catalysts obtained 

from pyrolyzed or semi-carbonized materials.22,76-80 In another work, sulfonation of 

hydrothermally treated (240 oC, 10 h) alkali lignin with conc. H2SO4 (at 180 oC for 12 h) afforded 

materials with higher SO3H densities (1.2 mmol/g). The same authors also showed that by addition 

of 50% acrylic acid during the hydrothermal treatment, materials with two-fold enhanced COOH 

(2.88 mmol/g) and 1.2 fold enhanced SO3H densities (1.53 mmol/g) were produced.116 Similarly, 

sulfonation of hydrothermally treated macroalgae produced sulfonated hydrochars with the 

concentration of SO3H sites being around 0.953-1.62 mmol/g.118 The higher degree of SO3H 

functionalization achieved over lignin and lignocellulose based hydrochars is most likely due to 

the presence of more aromatized carbon framework structure in comparison to the sugar based 

hydrochars.   

Scheme 3. Schematic representations of the generalized (post-grafting) H2SO4 sulfonation 

approach for obtaining sulfonated carbon materials.   
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Irrespective of the carbon structure, for both reagents (fuming or conc. H2SO4), sulfonation 

is believed to proceed via an electrophilic substitution mechanism (Ar-H+H2SO4→Ar-

SO3H+H2O) (Scheme 3). Nevertheless, the actual functionalization process is accompanied by 

many side reactions such as oxidation, dehydration, condensation and cross-linking, etc. which 

significantly alters the structure and surface chemistry of carbon material/support.22,42,48,49,51,53-

55,96,98,152-155,162,163 In fact, the graphene carboxylate groups formed on the carbon surface by the 

oxidation of the aromatic rings during sulfonation are responsible for stabilizing the C-S bonds of 

SO3H sites on amorphous carbon bearing SO3H groups.23,80  
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Figure 9. Effect of (a) sulfonation temperature (Compiled from Ref. 53,98) and (b) 

carbonization/pyrolysis temperature (Compiled from Ref.16,46,55,93,98) on density of SO3H 

sites.   

Studies on the influence of sulfonation time have shown ~15 h to be optimal to archive 

complete functionalization.22,48,49,51,53-55,110 In another study, Zhang et al.53 found that by elevating 

the sulfonation temperature from 150 oC to 250 oC, it was possible to enhance the SO3H density 

of the active carbon based acidic carbocatalysts by ~3 fold (keeping the pore structure intact), 

albeit a further increase in the sulfonation temperature resulted in a reduction of SO3H density and 

collapse of the active carbon pore structure.53  The reduced SO3H densities and collapsed structure 

at higher sulfonation temperatures (higher than 250 oC), are attributed to thermal decomposition 

of the C-SO3H moiety and carbon surface oxidation.53,98 Pre-oxidation of active carbon with HNO3 

was also found to be favorable in terms of enhancing the SO3H densities.53 Nevertheless, the 

optimal sulfonation temperature can vary significantly for different carbon supports; for example, 

150 °C for semi-carbonized materials, 180 °C for ordered mesoporous carbon and 250 °C for 
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activated carbon and CMK-3, respectively.23,14-16,53,198 Figure 9(a) summarizes the trends in SO3H 

density vs. sulfonation temperature for different carbon supports.  

Alternatively, sulfonation can be carried out in a Teflon-sealed autoclave under 

hydrothermal conditions, which offers a safer and easier approach than the conventional 

approach.49,153,154,179 The presence of defective polycyclic aromatic rings (mixed sp2/sp3) within 

the carbon support and elevated reaction temperatures are necessary (150 oC or higher) to induce 

SO3H functionalization (sulfonation) by H2SO4 (fuming and concentrated).22,48,49,51,53-55,96,98,152-

155,162,163 In fact, independent studies conducted on the influence of the carbonization (or 

activation) temperature on sulfonation, for both concentrated and fuming H2SO4, revealed a trend 

of decreasing SO3H density with increasing carbonization temperatures. This is consistent with the 

increased structural ordering and hydrophobicity of the materials obtained at elevated 

temperatures. In other words, increased carbonization temperatures reduce the amount of defective 

polycyclic aromatic rings and increase the sp2 cross-linking of the carbon support (Figure 

9(b)).16,46,55,93,98 A comparative study on sulfonation of hydrothermally treated cellulose and KOH 

activated hydrothermally treated cellulose with H2SO4 also produced identical results: the 

hydrochar derived materials exhibited ca. 5.5 times higher SO3H density (0.953 mmol/g) than the 

KOH activated char (0.172 mmol/g).115 

However, it also important to highlight that such sulfonation is also accompanied by a 

signification loss in specific surface areas (up to ~709 m2/g) and, in case of porous carbon supports 

obtained at low activation/carbonization temperatures, even complete loss of porosity could be 

observed as a result of the oxidative effects of H2SO4 causing a collapse of the pore structure 

(Figure 10)55. In some cases (for biochars), H2SO4 even acted as an activating agent creating 

porosity.94 It is also important to note that the liquid phase sulfonation of mesoporous carbon 

supports with conc. H2SO4 or fuming H2SO4 will lead to a deterioration or even a severe collapse 

of the pore structure, while in some cases it was demonstrated to create porosity by 

activation/oxidation of the carbon precursor.16,46,55,93,98,94,136 Gas-phase sulfonation with 50% SO3 

in H2SO4 (60 oC for 48 h)98 as well as SO3 (room temperature for 6 days)94,136  were also 

investigated as alternative routes for functionalization. Nevertheless, the methods were found to 

be powerful in terms of obtaining a higher degree of SO3H functionalization (~2-3 folds higher 

than concentrated H2SO4) and in terms of preserving the carbon pore-structures. Importantly, the 
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use of volatile and highly toxic acid gases makes gas-phase sulfonation ‘eco-unfriendly’ and 

impractical in large scale material fabrication.  

As a summary, concentrated H2SO4 and fuming H2SO4 are the most versatile and 

inexpensive sulfonating reagents for efficient grafting of carbon surfaces with SO3H sites. 

Moreover, their applicability is only limited by the reduced tendency to yield ordered 

(hydrophobic) carbon materials and harsh temperature requirements. It is also important to point 

out here that some of the sulfonated carbons obtained by liquid-phase H2SO4 (in particular those 

based on semi-carbonized materials presenting a low degree of polycondensation) are susceptible 

to deactivation by H2O adsorption as well as leaching of SO3H sites.22,42,46,55,75,94,134,136,200      
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Figure 10. SO3H density as a function of oxygen functional groups and specific surface areas 

before and after sulfonation with fuming H2SO4 (Compiled from Ref. 55).   

4.2.2. SULFONATION WITH ClSO3H  

ClSO3H is a much stronger sulfonating agent than fuming or conc. H2SO4. Therefore, 

sulfonations with ClSO3H are normally carried out at room temperature. Due to its aggressive 

nature, it has been the reagent of choice upon sulfonation of rigid carbon materials with high degree 

of polycondensation such as carbon nanomaterials, templated carbons, commercial carbon 

supports (starbon 300) and carbon nitrides. 63,101-104,199  
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In a typical synthetic procedure, the carbon support is dispersed in an excess of 

dichloromethane (dry) and stirred. In the next step, ClSO3H is slowly added to the reaction mixture 

by a drop-wise addition and stirred for 12 h. The mass ratio between ClSO3H to the carbon support 

varies in the range of ca. 1-18.101-104,199 Using ClSO3H as the sulfonating reagent, Varma et al. 

obtained sulfonated carbon nitrides with ~5.47 mmol/g SO3H sites, at room temperature.101-104 

Graphene,63,172 templated microporous carbons50,159 were also similarly functionalized with SO3H 

groups by a ClSO3H treatment. Even, hydrothermally obtained graphene oxide monoliths were 

also easily sulfonated with ClSO3H, at room temperature (in 2 h), yielding sulfonated materials 

with a high density of SO3H sites (1.96 mmol/g).62 The procedure was also efficient when 

sulfonating the hydrothermally coated carbon layers of Fe3O4 nanoparticles to afford magnetically 

separable SO3H-C@Fe3O4 composites with a very high density of SO3H groups (1.4 mmol/g).185 

Interestingly, ClSO3H-H2SO4 mixtures (2:10 and 3:10 v/v) were shown to be a powerful 

sulfonating reagent mix under reflux conditions, producing a high degree of SO3H 

functionalization over Starbons-300 (densities up to 2.3 mmol/g which is almost 2.1 times higher 

than the materials obtained with conc. H2SO4 under identical conditions). However, its use causes 

aggressive oxidation and collapse of the carbon structure, as evident from the ~2.5 fold increase 

in total acidity and ~50% reduction in porosity (specific surface area) observed for sulfonated 

Starbons-300.54  

Nevertheless, the low temperature liquid phase sulfonation with ClSO3H offers a very 

attractive way to graft SO3H through C-S bonds without affecting the textural and surface 

properties of carbon supports. ClSO3H offers advantages in terms of its efficiency for a wide range 

of carbon supports (from highly ordered graphitic carbons to functionalized hydrothermal 

carbons): high degrees of sulfonation are achieved under mild process conditions and with lower 

reagent dosages. Although small quantities of HCl gas are released as a byproduct, it can be easily 

neutralized with alkali scrubbers. In terms of drawbacks, the use of ClSO3H is limited by its 

sensitivity to moisture, the use of non-eco-friendly chlorinated solvents and reproducibility 

issues.63   

4.2.3. ARYLDIAZONIUM SULFONATES (4-BENZENE-DIAZONIUMSULFONATE) 

Grafting/functionalization of carbon surfaces through electrochemical or chemical 

reduction of aryl diazoniums (Billups reaction) and alkyl halides (Billups-Birch reactions) is 
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regarded as the one of most efficient routes to produce functional carbon materials.201-204 These 

routes have been extensively studied upon functionalization of nanostructured carbons and carbon 

electrodes with different functional groups including NH2, COOH, OH, CH3, OCH3, Cl, Br, SO3H 

and so forth.201-204 The reaction takes place in liquid phase under relatively mild conditions (0-4 

oC or 80 oC), in both aprotic and in (dilute) aqueous acidic solutions and, therefore, the method is 

non-destructive in terms of textual properties of carbon precursors.  

Billups reaction (grafting by chemical reduction of aryl diazoniums) has also been 

extensively used in the preparation of sulfonated carbons by reductive alkylation/arylation of aryl 

diazoniumsulfonates (4-benzenediazoniumsulfonate) with rigid/graphite like carbon supports 

(nanotubes, graphene, ordered mesoporous carbon and activated carbons) (Scheme 4). The 

sulfonating agent, 4-benzenediazoniumsulfonate, is either freshly prepared by diazotization of 

sulfanilic acid or prepared in-situ by reaction of sulfanilic acid with isoamyl nitrate or 

NaNO2.
42,52,56,57,61,63,95,96,99,105-109,143-148,157-160,203,205 This functionalization route has several 

advantages, including the use of non-oxidizing mild sulfonation conditions in liquid phase, low 

dosage of the sulfonating agent, preservation of the structure and textural properties of the parent 

carbons and high stability of the resulting -PhSO3H sites (strongly bonded C(sp2)–SO3H sites). In 

addition, the covalently attached benzenesulfonic acid groups are expected to provide an enhanced 

proton release ability due to the electron-withdrawal capability of aryl groups.108,205 As a 

consequence of the stronger acidity and higher degree of SO3H functionalization is achieved and 

the high porosity of these materials results in higher catalytic activity than in the case of carbon-

based acids sulfonated by conc. H2SO4.  

Synthesis of highly ordered sulfonated mesoporous carbon catalysts with a high degree of 

PhSO3H functionalization (1.7-1.95 mmol/g) and large specific surface areas (689-741 m2/g) has 

been reported by Feng et al.54,99. The synthetic reaction procedures proceeds through sulfonation 

of SBA-15 templated ordered mesoporous carbons (obtained from furfuryl alcohol and carbonized 

at 900 oC) with 4-benzenediazoniumsulfonate in the presence of H3PO2 (Billups reaction).54,99 

Using identical sulfonation procedures, CMK-5 and alumina templated carbons (C-AI-900, C-AII-

900 and C-AIII-900) were also functionalization with high densities of PhSO3H groups.106,158,159 

Highly acidic sulfonated graphene materials were also produced using identical grafting 

procedures from both hydrazine hydrate and sodium borohydride reduced graphene oxides 

whereupon the PhSO3H densities of the sulfonated materials were ~2 and 2.57 mmol/g, 
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respectively. The graphene oxide precursor was obtained by oxidative exfoliation of graphite by 

the ‘Hummers method’.17,56 Also in related studies, a mixture of sulfanilic acid and isoamyl nitrate 

(at 80 oC) was used as the sulfonating reagent (in-situ generation of 4-benzenediazoniumsulfonate 

radicals) to obtain PhSO3H containing carbon nanofibers,61 carbon nanocages (CKT),157 soft 

templated carbons,160 hollow mesoporous carbons205 or carbon nanotubes61,144. In another variation 

of the in-situ approach, PhSO3H functionalized activated carbons were directly obtained by heating 

a mixture consisting of activated carbon, sulfanilic acid and NaOH (1:1-14:1 w/w in 150 ml water 

at 5-80 oC for 12 h) and the highest PhSO3H density (0.72 mmol/g) was obtained when using 

sulfanilic acid to activated carbon ratio of 7:1 at 80 oC.95 Commercial activated 

carbons,95,99,105,106,158 soft templated mesoporous carbon108 and H3PO4 activated carbons42,145-148 

were also similarly functionalized with 4-benzenediazoniumsulfonate to afford PhSO3H 

functionalized activated carbons. In fact, Zhang et al.108 obtained PhSO3H densities up to 1.97 

mmol/g for a self-templated, ordered mesoporous carbon material (carbonized at 700oC, pore 

diameter 11.5 nm) using the optimized sulfonation conditions described by Murnieks et al.95. Use 

of higher sulfonation temperatures are reported to reduce functionalization efficiency due to 

evaporation/degradation of isoamyl nitrite and side reactions of aryl radicals.63,160,201-203  

Scheme 4. Schematic representation of the post-grafting sulfonation approach for obtaining 

sulfonated carbon materials through electrochemical or chemical reduction of aryl 

diazoniumsulfonates. 

 

Irrespective of the carbon precursor, the presence of defect-free polycyclic aromatic rings (sp2 

like) within the carbon support, a low degree of sp2 cross-linking (structural ordering), H3PO2 and 
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mild temperatures are necessary (80 oC or 0-4 oC) to induce a high degree of PhSO3H 

functionalizations by the Billups reaction. Unlike conventional sulfonating reagents (H2SO4, 

ClSO3H and SO3), grafting of 4-benzenediazoniumsulfonate likely occurs through a free-radical 

process via a homolytic cleavage of the C-N bond, which is also dependent the reduction potential 

and conductivity of carbon support.63,201-203 In fact, a positive effect of carbonization/activation 

temperatures in terms of the PhSO3H density was observed for alumina templated carbon159 and 

H3PO4 activated mesoporous carbons146; these observations are in agreement with the trend of 

increasing sp2 character of the resulting carbon materials with increasing carbonization 

temperature (increasing content of sp2 like polycyclic aromatic rings, Figure 11(a)).146,159  

Similar results were also obtained upon sulfonation of graphene oxide, graphene/reduced 

graphene oxide (mildly and aggressively reduced) as well as graphite with 4-

benzenediazoniumsulfonate by Oger et al.63 The authors observed ~2-2.5 fold higher PhSO3H 

loadings for hydrazine reduced graphene oxide samples (1.21 and 1.79 mmol/g) in comparison to 

the non-reduced graphene oxides (0.55 and 0.7 mmol/g) which is consistent with the negative 

impact associated with the presence of surface oxygenated functional groups such as phenols, 

epoxides, carboxylic acids and ketones upon grafting with 4-benzenediazoniumsulfonate. The 

authors also observed that upon a more aggressive two-step reduction of graphene oxides, a 

sequential use of NaBH4 and hydrazine resulted in almost defect-free, extensively restacked 

graphene sheets that were very difficult to sulfonate, similar to the case of native graphite (Figure 

11(b)).63 Interestingly, when H3PO2 was added as a reducing agent to accelerate the formation of 

aryl radicals, the reachable PhSO3H loadings dropped to around 50% (0.80 mmol/g), suggesting 

that a high concentration of aryl radicals favors undesired pathways like aryl-aryl dimerization.63 

These results are in striking contrast to the results reported for activated carbon, whereupon 50% 

lower PhSO3H loadings were obtained in the absence of H3PO2 as a reductant.145 It is also 

interesting to note that the PhSO3H groups attached to carbon are also susceptible to reduction 

upon extended exposure to strong reducing agents like H3PO2.
42

  Therefore, particular care must 

be taken to carefully control the reaction conditions and minimize side reactions upon such 

sulfonation in the presence of H3PO2.  

Nevertheless, 4-benzenediazoniumsulfonate is effective non-oxidizing sulfonating reagent 

for controlled covalent grafting of carbon surfaces with PhSO3H sites under mild conditions via 

the Billups reaction. This approach preserves the mesoporous channels of the parent material and 
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offers excellent control of the material properties (PhSO3H density and surface area) by simple 

adjustment of the 4-benzenediazoniumsulfonate/carbon mass-ratio and the reaction temperature. 

This method addresses all major drawbacks and environmental hazards related to the use of 

conventional sulfonating reagents such as H2SO4, ClSO3H and SO3 (no release of acid gases SO2, 

SO3 and HCl as well as reduced wastewater generation). The only limitations of this sulfonation 

route are the higher cost of sulfanilic acid and bulky size of PhSO3H moieties that significantly 

decreases the specific surface area (~400-550 m2/g) and pore volume (~30-35%) of the 

material.42,45,106,158,159  As such, 4-benzenediazoniumsulfonate is not the reagent of choice for 

functionalizing/sulfonating microporous carbons as grafting of bulky PhSO3H moieties may result 

in the blockage of micropore channels.106
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Figure 11. Influence of (a) carbonization/pyrolysis temperature (Compiled from Ref. 146,159) and 

(b) graphene structure (Compiled from Ref. 63) on the density of PhSO3H sites.    

4.2.4. OTHER SULFONATING REAGENTS   

In addition to the post-grafting approaches described above (Sections 4.2.1-4.2.3), also 

several other non-conventional approaches have been developed in recent years that will be 

discussed below.  

For example, poly(p-styrenesulfonic acid) was demonstrated as a powerful non-oxidizing 

sulfonating reagent when grafting SO3H onto surfaces of carbon nanofibres and carbon nanotubes. 

Using this approach, very high SO3H densities of ca. 4.26-5.67 mmol/g was obtained without 

destroying the delicate surface structure via the free radical polymerization mechanism.143 Ionic 

liquid-functionalization is another alternative grafting approach, in which the SO3H sites are 
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functionalized as Brønsted acidic ionic liquids on the surface of N-doped carbons. Noshadi et al.190 

showed that by quaternary ammonization of the heterocyclic nitrogen sites (on the doped carbon 

surface with 1,4-butane sultone, followed by an anion exchange with strong acids of H2SO4 or 

HSO3CF3), it is possible to obtain highly hydrophobic ionic liquids functionalized carbons (NPC-

[C4N][SO3CF3] and NPC-[C4N][SO3H]) (Scheme 5).190 Similarly, ionic liquids containing 

bifunctionality have also been obtained by reacting 1-(trimethoxypropyl silane)-3-methyl 

imidazoliumchloride, Na-exchanged sulfonated biochars followed by acidification with HCl,206 or 

by the simple wet-impregnation of ionic liquids on sulfonated carbons.207 In another study, Chang 

et al.208 created SO3H sites on oxidized active carbon surface by amidation of 1-amino-2-naphthol-

4-sulfonate with surface COOH groups; the material was applied as a selective solid-phase sorbent 

upon extraction of gold(III).208  

Scheme 5. Schematic representation of the (post-grafting) sulfonation approach for obtaining 

Brønsted acidic ionic liquids functionalized carbon (adapted from Ref. 190).  

 

In another recent work, a novel plasma-sulfonation process was introduced by Ishizaki and 

co-workers.209 Unlike conventional sulfonation, the plasma process induced a rapid (in minute 

scale), high degree of SO3H functionalization from dilute H2SO4 in carbon black. The material 

SO3H density was mainly influenced by the concentration of H2SO4 and the SO3H density 

increased from 0.5 mmol/g to 2.2 mmol/g upon increasing the H2SO4 strength from 0.1 M to 1 M. 

A parallel increase in the density of oxygen functionality was also observed resulting from the 
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oxidation of carbon black. On the basis of active radicals produced during plasma discharge, the 

authors proposed a radical type reaction mechanism which was initiated by the following reactions: 

(1) generation of active SO3 when H radicals reacted with H2SO4, and (2) successive attack of 

active SO3 groups aggressively on the surface of carbon black and formation of -HSO3 on the 

surface. Furthermore, it was stated that the formation of -COOH and phenolic –OH can also occur 

simultaneously due to the presence of O and OH radicals.209  

5. CATALYTIC APPLICATIONS  

The SO3H/PhSO3H-functionalized acidic carbons have demonstrated to have promising 

behaviors as alternative solid acids catalysts in various organic transformations including 

esterification, ester-exchange (transesterification), Beckmann rearrangement, acetalization, 

etherification, hydrolysis, dehydration and various C-C, C-N and C-O bond forming reactions such 

as alkylation, alkylation/hydroxylalkylation, cross-aldol condensation, Michael condensation, 

Knoevenagel condensation, amidation, reductive amination, oxidation and multicomponent 

organic reactions like the Biginelli reaction. Most importantly, due to their favorable surface-

textural properties and strong Brønsted acidity, the resulting materials were useful upon liquid 

phase catalytic transformation of industrially important biomass and biomass-components into 

high value products such as fuels, additives and chemicals. For example, such solid acids have 

been applied upon esterification of fatty acids, trans-esterification of triglycerides, acetalization 

and etherification of glycerol, hydrolysis of polysaccharides (cellulose, hemicelluloses, inulin and 

starch), dehydration of monosaccharides and condensation/cross-condensation of renewable 

furanics. The catalytic performance and stability of sulfonated carbons are dependent on both the 

process conditions and the surface-textural properties of carbon used and, therefore, these 

properties were strongly influenced by the sulfonation route and carbon precursors.        

5.1. ESTERIFICATION REACTIONS 

Sulfonated carbons have been extensively studied as esterification catalysts (Scheme 6)14-

16,22,23,35,36,40,42,43,45,51,54,55,57,58,60,62,65,69,70,75,77-79,93-

95,99,102,105,106,110,112,117,118,129,133,139,140,145,153,154,155,159,160,170,171,174,178,186,212,213,205 and acetic acid 

esterification was, in fact, one of the earliest model reactions used to probe the acid activity of 

these versatile acidic carbons16,22,55,58,75,93,105,123,171,212,213,205.  
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Figure 12. (a) Influence of SO3H density on acetic acid esterification (rate of ethyl acetate 

formation) (Ref. 16,55,58,93) and (b) The concentration of additional oxygen-containing 

functional groups influences the rate (TOF) of levulinic acid esterification with ethanol. Reprinted 

with permission from Ref. 213. Copyright 2018 Elsevier.    

From the different studies conducted upon acetic acid esterification with monohydric 

alcohols, we can draw certain conclusion based on the SO3H densities in sulfonated carbon 

structures (semi carbonized materials, active carbon and nanotubes): It is clearly evident that the 

catalytic activity upon acetic acid esterification is dependent only on the acid concentration and 

independent of the specific surface area (pore-characteristics) and carbon structure (Figure 12). In 

other words, during the liquid phase esterification of acetic acid, these catalysts gave rise to an 

identical activity per site (turnover frequencies, TOF).16,55,57,58,93,105 The observed trends were 

explained in terms of (a) enhanced adsorption of hydrophilic acetic acid molecules onto the 

materials with a higher density of SO3H sites and (b) the negligible mass-transfer limitations of 

small reactant molecules. The catalytic activity of acidic carbons (TOF) were identical to 

commercial sulfonic resins like Amberlyst-15.22,55,58,75,93,212,231 Esterification of acetic acid with 

glycerol also showed similar trends in terms of the reaction kinetics (initial rate) for sulfonated 

carbons, but to achieve high selectivities of the desired tri-esters, either a stoichiometric excess of 

acetic acid or continuous removal of H2O was required.39,44, Alternatively, a 100% tri-ester 

selectivity has been achieved with acetic anhydride as the esterification/acetylation reagent.146 

Lactic acid esterification in liquid-phase also produced identical results where the initial rate of 

ethyl lactate formation increased linearly with the increasing density of surface acid sites, 

 (b) 
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irrespective of the catalyst structure or textural properties.57 The unfolding (swelling) of carbon 

catalysts in polar liquid media also plays a crucial role in terms of their catalytic performance.75 

This is supported by the fact that during gas-phase operations, a significant drop in the 

esterification rate and longer induction periods were demanded for the sulfonated carbon in 

comparison to Nafion. On the contrary, upon liquid phase operations, the activity trend was 

reversed being consistent with the poor swelling of carbon materials in the gas phase.75 Overall, 

these acidic carbocatalysts exhibited high activity and stability in both liquid and gas phase 

esterification of small C2-C3 organic acids.57,75  

Scheme 6. Reaction scheme upon esterification of carboxylic acids with alcohols.  

 

Esterification of bulkier levulinic acid with sulfonated carbons gave rise to very different 

activity trends that were consistent with the collective impact of porosity, surface oxygen 

functional groups, (COOH and OH) and SO3H density.35,205,213,214  For example, Ogino et al.213 

found a direct correlation between the total amount of surface -OH and COOH sites (non-catalytic) 

and TOF for sulfonated carbons, this being indicative of the promotional effects of surface 

oxygenates on the catalytic activity (Figure 12).213 The observed trend was explained in terms of 

the enhanced adsorption of levulinic acid on the catalyst surface by strong hydrogen bonding 

interactions between the γ-keto group of levulinic acid and the presence of surface OH or COOH 

groups of carbon. In an another work, PhSO3H functionalized hollow mesoporous carbon spheres 

were demonstrated to be more active than the non-porous sulfonated carbons derived from semi-

carbonized glucose and cellulose, as well as Amberlyst-15 and H2SO4. However, one should 

emphasize that the observed activity trend was based on the specific activities (TOF) calculated 

with respect to the total amount of acid sites as no information was given on the actual SO3H or 

COOH and OH densities.205 Similar trends in terms of the total surface acidity dependent catalytic 

activity were also observed upon levulinic acid esterification with ethanol over sulfonated carbon 

nanotubes.60 Thus, the catalytic performance of solid acids in the esterification reaction is not only 

related to the strength and amount of acid sites but also to the ability of solid acids to adsorb 
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different reactants (hydrophobicity and hydrophilicity).70,213,214 The influence of catalyst surface 

chemistry and diffusion limitations become more noticeable in case of esterification of bulky-

hydrophobic reactants like hexanoic acid, caprylic acid, decanoic acid and long chain fatty acids 

(oleic, stearic and palmitic, see below).55,77-79,105,110,112,117,140,170 In fact, Wang and co-workers 

observed that a highly hydrophilic sulfonated hydrochar (Section 4.1.1) is less prone to esterify 

hydrophobic molecules (pivalic and phenylacetic acid), in comparison to an amphiphilic carbon 

catalyst bearing dodecyl benzene sulfonate sites. The authors attributed the superior activity of 

amphiphilic catalyst to its enhanced ability to selectively adsorb hydrophobic pivalic acid and 

phenylacetic acid.70 

A large number of studies were conducted upon esterification of long chain (C16-C18) 

fatty acids (oleic, stearic and palmitic acid) with methanol or ethanol, in order to highlight the 

catalytic potential of such acidic carbons in biofuel (biodiesel) production. Table 4 summarizes 

some of the important results on the esterification of fatty acids using the different acidic carbons 

including sulfonated hydrochars,77-79,110,112,117,140 semi-carbonized sulfonated 

carbons,23,36,43,45,94,99,129,139,186   sulfonated active carbons,42,94,95,105,133,145 sulfonated carbon 

nitride,102 sulfonated silica carbon composites178,174 and sulfonated, ordered mesoporous 

carbons51,54,106,153-155,159,160,174,178.  
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Table 4. Catalytic activity of sulfonated carbons upon esterification of C16-C18 fatty acids 

catalyst description 
pore size 

(nm) 

specific 

surface 

area 

(m2/g) 

acidity (mmol/g) 
T 

(C) 

MeOH/ 

acid 

(mol/mol) 

TOF 

(h-1) 

stability/ no. of 

recycle 
Ref. 

SO3H totala 

sulfonated 

semi-

carbonized 

materials 

SO3H  

functionalized  

hydrochar 

n.r <1 1.30 4.2 64 20 29.2 unstabled/3 42 

n.r 4 0.59 5.43 85 10 127.2 unstabled/3 79 

n.r 2.2 0.57 7.2 55  15.48c n.r/n.r 110 

SO3H  

functionalized  

sulfonated semi-

carbonized 

glucose 

n.r 2 0.7 1.4 80 10b 220c n.r/n.r 23 

n.r 1 1.2 2.5 80 10b 215c n.r/n.r 23 

n.r 4.13 1.5 - 80 10 191.4c n.r/n.r 36 

n.r <5 3.4 - 80 10 101 n.r/n.r 153 

SO3H  

functionalized  

sulfonated 

biochar 

1.06 338 
0.45±0.0

3 
5.87 57 20 2.4c stable with  heptane 

washing and 

drying/6-12 

94 

1.05 242 
0.61±0.0

3 
5.57 57 20 9c 94 

n.r n.r 1.06 3.69 80 10 36.89c 

stable with hexane 

washing and 

drying/8 

129 

sulfonated 

active 

carbon 

PhSO3H  

functionalized  

mesoporous 

active carbon 

0.24 318 1.42 1.74 65 57 44 n.r/n.r 106 

3.9 96 0.70 3.96 64 20 70.81 

stable with drying/3-

5 

42 

4.8 483 0.84 3.62 64 20 104 42 

4 468 0.75 3.01 64 20 102.3 42 

n.r 556 0.73 2.426 80 21 51.5 42 
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SO3H  

functionalized  

mesoporous 

active carbon 

4.1 690 0.30 2.01 64 20 26 unstablee/3 42 

SO3H  

functionalized  

microporous 

activated carbon 

1.10 1391 0.2±0.01 2.59 57 20 10.8c 

unstablee/6 

94 

0.71 967 
0.1± 

0.002 
0.641 60 20 33.6c 94 

1.11 1137 
0.81±0.0

1 
2.23 60 20 10.8c 94 

sulfonated 

ordered 

mesoporous 

carbons 

PhSO3H  

functionalized 

ordered 

mesoporous 

carbons 

14.7 75 1.80 8.2 80 10 244c 
unstablee/2 

 
54 

9.42 741 1.7±0.07 1.7±0.07 80 x10 105.8c 

stable with H2O 

washing and 

drying/5 

99 

2.83 354 1.49 2.55 65 57 109 n.r 106 

8.16 1118 1.86 n.r 65 57 128 

stable with MeOH 

washing and 

drying/6 

159 

SO3H  

functionalized 

mesoporous 

carbon 

3.9 807.8 2.3 n.r 80 10 144.15 

stable with acetone  

washing and 

drying/5 

153 

sulfonated 

silica-carbon 

composites 

SO3H  

functionalized 

silica-carbon 

composites 

10.5 530 0.39 2.9 n.r n.r 31 
stable with acetone  

washing and 

drying/4 

174 

10.2 590 0.38 3 n.r n.r 26 174 

28.8 520 0.35 3.9 n.r n.r 31 174 

sulfonated 

silica 

benzenesulfonic 

acid 
10.0 610 

1.17±0.0

9 

1.17±0.0

9 
80 x10 52.4c unstablee/5 99 
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functionalized 

SBA-15 

commercial 

sulfonic 

resin 

amberlyst-15 0.31 43 5.03 5.03 65 57 15 unstablee/n.r 159 

nafion (NR50) n.r n.r n.r n.r 80 x10 14.6c n.r/n.r 99 

aSO3H, carboxylic acid, lactone, phenol and carbonyl groups 
bethanol 
c TOF values were re-calculated in (h-1) from the kinetic data in the articles in corresponding Ref. 
dderivatization  and leaching of acid (SO3H and COOH) sites 

eleaching of SO3H sites 

n.r = not reported 
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The observed activity trend, sulfonated semi-carbonized > sulfonated ordered mesoporous carbons 

≥ sulfonated hydrochars > sulfonated mesoporous active carbon > sulfonated biochar = sulfonated 

wood activated carbon (microporous) = sulfonated silica-carbon composites > sulfonic resin, 

clearly shows that the catalytic activity upon C16-C18 fatty acid esterification is dependent on 

three main factors: (a) SO3H density, (b) density of surface oxygenates (total acid density) and (c) 

porosity (specific surface area and pore size). The superior turnover frequencies (TOF) observed 

for non-porous sulfonated hydrothermal carbons and sulfonated, ordered mesoporous carbons 

further suggest that the total acid density (or density of surface oxygenates) has a more significant 

impact on the catalytic performance, in comparison to the porosity (Table 4). This unusual activity 

of the non-rigid sulfonated hydrochars (section 4.1.1 and section 4.1.2) as well as semi-carbonized 

sulfonated carbons (section 4.2.3) has been attributed to the swelling or unfolding of 

ultramicropores in highly polar reaction media like methanol or ethanol. The swelling/pore 

enlargement further enhances the adsorption of bulky hydrophilic fatty acid substrates onto the 

various hydrophilic surface sites (SO3H, OH or COOH sites, Figure 13(a). In fact, it has been 

experimentally demonstrated on the basis of H2O adsorption (or H2O adsorption-desorption) 

experiments that the hydrophilic surface areas of these materials are in the range of 220-535 m2/g 

and significantly higher than the dry form specific surface areas (<50 m2/g) obtained from N2 

adsorption-desorption isotherms. Moreover, the hydrophilic surface areas display a decreasing 

trend with respect to increasing carbonization temperature and in agreement with the hypothesis 

of removal of surface oxygenates at higher carbonization temperatures, Figure 13(b).77-79,216  

    

Figure 13. (a) Mechanism depicting the unfolding of ultramicropores of sulfonated semi-

carbonized materials in a polar media that facilitate adsorption of bulky oxygenates. Reprinted 

with permission from Ref. 77. Copyright 2014 Elsevier and (b) of H2O adsorption isotherms for 

(a) (b) 
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carbon based sulfonated solid acids prepared from D-glucose at different carbonization 

temperatures. Reprinted with permission from Ref. 216. Copyright 2007 John Wiley and Sons.  

The adsorption-enhanced catalysis also accounts for the unusually high TOFs observed for 

chemically activated sulfonated carbons and sulfonated starbons-300A2 with lower specific 

surface areas but very high densities of surface oxygenates (higher total acidities) (Table 4).42,54  

On the other hand, in terms of long term stability and reusability, the catalytic materials presenting 

larger mesopores and a hydrophobic, rigid carbon backbone, are advantageous as they are less 

susceptible to leaching of the sulfonated aromatic fragments (1 to 1.3 nm) and poisoning though 

chemisorptions of water and oxygenated molecules.14,15,51,54,75,106 Overall, large pore amorphous 

carbon catalysts demonstrating a good balance of SO3H as well as surface COOH and OH sites 

are essential when aiming at performance (in terms of activity, selectivity and long term stability) 

upon esterification of large fatty acids.42,54,99,106,153,159   

Similarly, glycerol esterification with lauric and oleic acids using sulfonated mesoporous 

carbon and sulfonated hydrochar afforded improved activities and selectivities towards mono-

glycerides; 70–80 % selectivities were reached at fatty acid conversion levels of 80–95%. In 

contrast, over acidic zeolites, mono-glyceride selectivities were in the range of 60-67% even at 

lower (~50%) conversion levels. The improved activity and selectivity were attributed to the 

unique combination of oxyphilic and surface sulfonic sites simultaneously promoting selective 

adsorption of glycerol and preventing adsorption of higher mono-glyceride and di-glycerides.210 

The sulfonated carbons were even shown to be good catalysts upon solid-phase esterification 

reactions, as confirmed by the high yield of cellulose acetate (77%) observed during solid-phase 

acetylation of cellulose with acetic anhydride (80 °C, acetic anhydride-to- anhydroglucose unit 

(AGU) mole ratio of 4.5–9). It was possible to control the yield and degree of substitution of 

esterified products by a simple adjustment of reaction conditions. Most importantly, after the 

reaction, it was possible to separate the esters soluble in acetone or dimethyl sulfoxide from the 

catalytic materials thus proving the recyclability of the catalyst.148  

To summarize, sulfonated carbons show excellent potential as alternative acid catalysts in 

esterification reactions for a wide range of substrates outperforming conventional solid acids and 

even H2SO4 (selected examples, depends on the reactant and catalyst properties). Most 

importantly, due to the combination of unique SO3H acidity and surface oxophilicity, sulfonated 
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carbons are particularly suitable in converting industrially relevant organic acids like levulinic acid 

and C16-C8 fatty acids into the corresponding esters. Among different acidic carbons, the 

materials with a flexible hydrophilic structure and a high density of oxygen functional groups 

present the best initial activity. However, they are more susceptible to deactivation in comparison 

to the rigid carbons with a moderate density of acid sites. An elaborated discussion on the effects 

of carbon structure on activation and deactivation is given below in section 6.   

5.2. ACETALIZATION AND ETHERIFICATION REACTIONS  

Acetalization, oxathioketalization and etherification are related C-O bond forming 

condensation reactions in which the acidic carbons have shown promising catalytic ability 

(Scheme 7).66,69,123, 125,175,181,119,199,211  

Scheme 7. Reaction scheme for (a) acetalization, (b) oxathioketalization and (c) etherification. 
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Acidic carbons catalyze the transformation of a wide range of aldehydes and ketones such 

as acetone, cyclohexanone, benzaldehyde, furfural and methyl levulinate giving rise to high yields 

(up to 100%) of desired ketals and acetals. In particular, the production of five membered cyclic 

ketals and acetals obtained from the condensation of glycerol with acetone, furfural or methyl 

levulinate, hold significant industrial importance as multi-component fuel additives.66 It was 

further demonstrated that the meso/macroporous lignosulfonate derived acidic carbons 

outperformed the commercial acid catalysts Amberlite-IR120 and Amberlyst-70 upon 

acetalization of glycerol. Herein the acidic carbocatalysts demonstrated exceptional operational 

stability and could be operated in a fixed-bed reactor for continuous solketal production without 

any signs of deactivation during 90 h of operation (conversion >91%).66 In another study by Wang 

et al.199, solketal yields up to ~78% were obtained from stoichiometric mixtures of glycerol and 

acetone over a sulfonated hollow sphere carbon catalyst. The catalyst activity was comparable to 

liquid H2SO4 and ~1.2 times higher than what was achieved with the most active commercial solid 

acid catalyst Amberlyst-15 (limited by diffusion). The carbocatalyst also presented exceptional 

operational stability (constant solketal yield during 4 successive operations). Meanwhile, Wang et 

al.119 demonstrated the high catalytic activity of p-toluenesulfonic acid derived hydrothermal 

carbons in the acetalization of benzaldehyde with methanol.119 Ordered sulfonated silica carbon 

nanocomposites were also found as catalytically active in the acetalization of large molecules such 

as benzaldehyde, iso‐valeraldehyde, iso‐butyraldehyde, benzaldehyde and cyclohexanone, with 

either ethylene glycol or hexaethylene glycol. When ethylene glycol was applied as the reactant, 

acetal/ketal yields were >90% for all carbonyl compounds. Meanwhile, for 1,4‐butanediol, the 

yields were reduced by ca. 5%.175,181 Similarly, upon oxathioketalization of cyclohexanone with 

mercaptoethanol sulfonated hydrochar catalysts (derived from furaldehyde-hydroxyethylsulfonic 

or glucose-citric acid-hydroxyethylsulfonic acid mixtures), ketal yields up to 85% were obtained, 

identical to the yields observed when liquid H2SO4 catalyst was applied.69,123  

Sulfonated carbons were also demonstrated to be efficient etherification catalysts suitable 

in the production of high value gasoline additives like tert-amyl methyl ether and glycerol tert-

butyl ether. Upon etherification of isopentene with methanol and in the presence of an acidic 

carbocatalyst with a large amount of SO3H sites (ca. 3.1 mmol/g), a high isopentene conversion of 

55.2% could be reached in 20 h at 80 oC. Furthermore, with respect to TOF, the carbocatalyst 

outperformed both sulfonic resins (254 vs 150 h-1) and H2SO4 (254 vs 44 h-1).125 In another study, 
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a peanut shell derived sulfonated carbon was performing well in the etherification of isobutylene 

with glycerol. The reaction was producing a mixture of di-tert-butylglycerols and tri-tert-

butylglycerol in 92.1% selectivity, at complete glycerol conversion, under optimized reaction 

conditions (isobutylene to glycerol mole ratio of 4:1, 2 h and 70 oC) over multiple reaction 

cycles.211  

Overall, the acidic carbons show excellent potential as alternative acetalization and 

etherification catalysts demonstrating high TOFs and operational stability in comparison to the 

conventional solid acids. The unusual and improved activity of sulfonated carbons upon 

acetalization of aldehydes and ketones with alcohols is also related to their unique oxyphilic 

properties that promote improved adsorption the oxygenated reactants and presence of stable 

covalently stable stong SO3H sites .66,69,123 

5.3. TRANSESTERIFICATION REACTIONS 

The usefulness of sulfated carbons were also evaluated in ester production by 

transesterification or ester-exchange reactions. This is an industrially important reaction used in 

the manufacturing of plasticizers, biofuels and plastic recycling.14,41,47,59,61,75,129,130-

134,145,147,156,172,184,188,190,215,216 As expected, the transesterification activity of acidic carbons was 

significantly lower in comparison to the esterification activities, as observed in case of liquid acid 

catalysts and in agreement with the slower acid catalyzed alcoholysis mechanism (Scheme 8).165  

Scheme 8. Reaction scheme for transesterification of alcohols.  

 

For transesterification of small-alcohol soluble esters like ethyl acetate and triacetin, the 

reaction rate was independent on the specific surface area and surface chemistry. Product yields 

and reaction kinetics were only influenced by the density of active SO3H sites, analogous to the 

esterification of C2-C3 organic acids.75,172,215 However, in case of transesterification of bulkier 

esters like tricaprin and those present in natural triglycerides (soybean, rapeseed and alike), the 

catalytic activity was typically reduced by ~8-9 fold. The reduced catalyst activity was mainly 
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attributed to reduced mass-transfer arising from the immiscibility of larger, hydrophobic 

triglycerides with alcohol (methanol) and also intraparticle diffusion resistances of large tricaprin 

and soybean oil molecules.75 Nevertheless, it is possible to improve the trans-esterification 

activities of sulfonated carbons for large triglycerides by improving the mass-transfer: this can be 

accomplished through use of higher reaction temperatures (≥130 oC), pressure and stoichiometric 

excess of methanol (~10-55:1 methanol to triglyceride mole ratio).14,46,59,61,156 For example, upon 

triolein trans-esterification, Hara demonstrated the superior catalytic activity of an inexpensive 

sulfonated carbon (obtained by in-situ carbonization of sulfopolycyclic aromatic compounds in 

concentrated H2SO4, Section 4.1.1), in comparison to conventional solid acids like Amberlyst-15, 

sulfated zirconia and Nafion. Interestingly, the catalytic material produced methyl oleate 

(biodiesel) in high yields (~94-99%) over 5 recycles when operating at 130 oC for 5 h. Even though 

the catalyst gave rise to a high activity (even in the presence of 0.02-2.5 g of water) during multiple 

recycles, leaching of SO3H groups was reported (5-10%) at the early stage of the reaction which 

can have a detrimental effect on the fuel quality.14,22 A similar catalyst obtained by sulfonating 

carbonized glucose in fuming H2SO4 (Section 4.2.1), also showed high transesterification activity 

(ca. 24% ethyl and methyl oleate from triolein at 80 oC).132,216 Nevertheless, in the case of glucose 

derived, amorphous, acidic carbon, significant leaching of acid sites were observed at high 

temperature and pressure conditions (150 oC, 17 bar). Regardless, a high activity in soybean oil 

transesterification was reported upon the first cycle (methyl ester yields up to 90%).130 In an 

another work, Bitter et al.61 used PhSO3H grafted carbon nanofibres (Section 4.2.3) as catalysts in 

the transesterification of triolein (120 oC, 10 mole excess methanol). The highest methanol yield 

obtained was 73% in 4 h over the most active nanofibre catalyst. This was comparable to the 72% 

yield recorded over sulfonated, carbonized cellulose catalyst (Section 4.2.1). In terms of the 

specific activity, the TOF for the nanofibre catalyst was ~24% of H2SO4 (0.32 vs 1.36 min-1), but 

almost 1.7 times higher than a non-porous cellulose based sulfonated catalyst (0.32 vs 0.19 min-1) 

obtained according to the procedures described in Section 4.2.1. Most importantly, the nanofibre 

catalyst obtained by radical grafting demonstrated superior reusability due to the presence of 

highly stable PhSO3H which did not leach during four successive reaction cycles (0.62 to 0.61 

mmol/g). Meanwhile, the amorphous carbon catalyst obtained via H2SO4 treatment showed 

significant leaching of SO3H sites (1.92 to 1.25 mmol/g) that was accompanied by a parallel loss 

of activity.61 Furthermore, also biochars (KOH activated) sulfonated with fuming H2SO4 were 
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introduced as efficient catalysts upon canola oil trans-esterification with methanol, producing 

methyl ester yields up to 44.2 %. However, the catalysts deactivated rapidly due to the leaching of 

SO3H sites.46 In another work, carbon nanotubes sulfonated with H2SO4 were demonstrated as 

good catalysts in the trans-esterification of trilaurin with ethanol, producing up to 70% ethyl esters 

in 1 h at 130 oC. The reaction activation energy was estimated to be 72 ± 4 kJ/mol assuming 

pseudo-first-order kinetics, while no data was presented in terms of material stability or 

reusability.59  

Triolein transesterification proceeded more smoothly over a hydrophobic, microporous 

sulfonated carbon (obtained by treating zeolite templated carbons with ClSO3H, section 4.2.1). 

More than  ≥99% methyl oleate yield was achieved in 1 h under milder process conditions (80 

oC).156 In terms of TOF, the microporous catalyst (24 h-1) surpassed commercial Amberlyst-15 

(0.19 h-1), Nafion-NR50 (0.33 h-1), hydrophilic-non porous sulfonated carbons (1.1 h-1)14,22  and 

even H2SO4 (7.7 h-1). The enhanced activity of the catalyst was attributed to its high specific 

surface area and hydrophobic carbon surface, thus enhancing the adsorption of bulky reactant 

molecules on active sites (a similar non-porous hydrophobic catalyst presented no activity).156 This 

observation is in stark contrast to adsorption-enhanced catalysis observed upon esterification of 

fatty acids (Section 5.1). Most importantly, the catalyst presented good compatibility with H2O 

and exceptional reusability was demonstrated with no detectable SO3H leaching. Assuming pseudo 

1st order kinetics, the reaction activation energy was estimated to 61, 43 and 41 kJ/mol for the 

microporous acidic carbon, hydrophilic-non porous acidic carbon and H2SO4, respectively.156 

Table 5 gives a summary of the activity of acidic carbons upon trans-esterification of large 

triglycerides.   

Unique acidic, surface properties and water tolerance of acidic carbons facilitated their use 

as bi-functional catalysts in simultaneous esterification and trans-esterification of low-grade 

triglyceride feeds or acids oils (e.g. waste cooking oil, crude vegetable oils).41,47,130-

134,145,147,156,188,190,216,216 Hara and co-workers obtained superior or identical catalytic performance 

of acidic carbons upon direct conversion of simulated feeds containing triolein-oleic acid and 

triolein-stearic acid mixtures. Other authors also reported similar results upon transesterification-

esterification of triglyceride-fatty acid mixtures.47,130,131,184  In fact, the presence of free fatty acids 

in the mix-triglyceride feeds were found to be beneficial in terms of improving the mass-transfer 
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by solubilization of the triglyceride component in the methanol/alcohol phase thus giving rise to 

improved trans-esterification and esterification yields under relatively mild conditions (overall 

FAME yield up to 71% at 80 oC and 91% at 120 oC).145,147  On the basis of kinetic experiments 

conducted with three mix-triglyceride feedstocks containing varying amounts of free fatty acids 

(21–41 wt%), a direct correlation was demonstrated between the obtained reaction kinetic 

parameters and initial free fatty acid levels. Konwar et al.147 observed significant variations in the 

reaction rates, equilibrium constants and activation energies upon trans-esterification-

esterification of mixed triglyceride feedstock’s over a mesoporous PhSO3H functionalized active 

carbon (Section 4.2.3). A higher initial free fatty acid level favors faster kinetics upon trans-

esterification due to improved mass-transfer but gives rise to lower biodiesel yields by shifting the 

trans-esterification equilibrium in backward direction. For example, when the initial acid content 

in the feedstock increased from 21 to 41 wt%, the esterification rates were almost unaffected while 

the trans-esterification rates (triglyceride to diglyceride) were enhanced. Also, the equilibrium 

constants Keq1 (fatty acid to ester) and Keq4 (monoglyceride to glycerol) were reduced which is 

consistent with the shifting of reaction equilibrium towards the reactant side. At the same time, 

activation energies (Ea1, Ea4, Ea3 and Ea4) were reduced as the reaction mixture changed from a 

biphasic to a monophasic system due to the surfactant effect caused by increased free fatty acid 

and monoglyceride concentration.147  

As a conclusion, it can be stated that sulfonated carbons are excellent catalysts in trans-

esterification or ester-exchange reactions. These materials were found to be particularly suitable 

as bifunctional catalysts upon biofuel (biodiesel) production, using low-grade triglyceride 

feedstocks. However, this is in contrast to the observations obtained upon adsorption-enhanced 

catalysis of oxygenated molecules like fatty acids, alcohols and related aldehydes and ketones. The 

presence of hydrophobicity, large pores and a rigid carbon framework structure with stable SO3H 

sites are essential to achieve superior activity and stability in trans-esterification of triglycerides. 

As such, the rigid acidic carbons with low density of acidic sites obtained by sulfonation with 4-

benzenediazoniumsulfonate represent the most ideal carbocatalysts for alcoholysis reactions.  
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Table 5. Comparison of  transesterification activity sulfonated carbons upon of large triglycerides 

catalyst description 

acidity 

(mmol/g) 
pore 

size 

(nm) 

specific 

surface 

area 

(m2/g) 

T 

(C) 

MeOH/ 

triglyceride 

(mol/mol) 

time 

(h) 

yield 

(%) 

stability/ no. 

of recycle 
Ref. 

SO3H totala 

sulfonated  

semicarbonized  

materials 

SO3H functionalized 

semi-carbonized  

polyaromatics 

1.9 4.3 
n.r 

n.r 
2 

80 10 24 36 

stable with 

H2O washing 

and drying/5 

14,216 

130b 55 5 98.1 

unstable (5–

10% SO3H 

leaching)/5 

14 

SO3H functionalized 

semi-carbonized  

glucose 

1.3 n.r n.r 2-5 80 10d n.r ~24 

stable with 

H2O washing 

and drying/5 

216 

2.73 n.r n.r 0.31 150c 30 2 90 

unstable 

(57% SO3H 

leaching)/n.r 

130 

SO3H functionalized 

semi-carbonized  

cellulose 

1.9 4.3 n.r 2 80 10 6 24.1 n.r/n.r 132 

1.9 4.3 n.r 2 130b 55 5 98.1 

stable with 

H2O washing 

and drying/5 

132 

1.08 1.9 n.r n.r 120b 10 4 73 

unstable 

(35% acid 

site 

leaching)/n.r 

61 

sulfonated 

carbon 

nanofibre 

PhSO3H  

functionalized 

graphitic carbon 

fiber 

0.62 0.63 n.r n.r 120b 10 4 72 

stable with 

water-

ethanol 

61 
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washing and 

drying/4 

sulfonated 

biochar 

SO3H functionalized 

activated biochar 
n.r 

1.2 

±0.1 
n.r 640 150c 30 3 

44.2±1

.9 

unstable 

(87% SO3H 

leaching)/2 

46 

sulfonated 

nanotubes 

SO3H functionalized 

carbon nanotubes 
1.62* n.r 5–35 198.9 150 121d 1 97.8 n.r/n.r 59 

sulfonic resin Amberlyst-15 4.7 4.7 n.r n.r 120b 10 4 22 n.r/n.r 61 
* atomic percentage of sulfur 
aSO3H, carboxylic acid, lactone, phenol and carbonyl groups 
bautogenous pressure 
c17 bar 
dethanol 

n.r = not reported 
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5.4. HYDROLYSIS AND HYDRATION 

 Sulfonated carbons were also shown to exhibit activity as alternative solid acid catalysts 

upon hydrolysis and hydration reactions of different refinery and renewable streams. Hydrolysis 

and hydration are important reactions of industrial significance used in the commercial production 

acids, alcohols, aldehydes and ketones from petroleum streams (olefin and acetylene). Hydrolysis is 

also another important reaction of potential commercial significance for the production of C5 and C6 

sugars platforms within the existing and future biorefinery platforms.220-225  

5.4.1. HYDROLYSIS OF POLYSACCHARIDES  

Polysaccharide hydrolysis is an industrially important reaction where sulfonated carbons 

have been extensively studied. Hydrolysis or saccharification involves breaking of α-1,6-

glycosidic bond, α-1,4-glycosidic bonds or  β-1,4-glycosidic bonds of the large polysaccharide 

units with H2O, and produces the building C5 or C6 monosaccharide units (glucose, xylose) 

(Scheme 9). Within the lignocellulosic biorefinery, glucose and xylose are the key precursors in 

the production of bio-based platform chemicals (furfural, 5-hydroxymethylfurfural, levulinic acid, 

lactic acid, formic acid, γ-valerolactone, isosorbide, sorbitol and so-forth) and biofuels 

(ethanol).14,15,220-225  

Scheme 9. Reaction scheme for hydrolysis of starch, cellulose and hemicelluloses (4-72 h).   

 

Sulfonated carbons are good catalysts upon saccharification of 

cellulose,14,15,42,50,53,76,80,91,93,107,111,114,121,124, 127,128,135,179,189,190,206,209,216,218,220,221,222 

hemicellulose136,219,223  and starch71,207,218 and operate under mild hydrothermal conditions. In fact, 
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these acidic carbons are the most active, selective and stable non-enzymatic catalyst known to 

hydrolyze the β-glycosidic bonds.14,15,53,91,92,206,216,218,222  This is evident from the excellent activity 

and stability of sulfonated semi-carbonized cellulose (Section 4.2.1) observed upon continuous 

hydrolysis of cellobiose in a fixed-bed reactor during operations up to ~200 h (Figure 14).15,80,221 

 

Figure 14. Hydrolysis of cellobiose by cellulose-derived sulfonated carbon catalyst in a fixed-bed 

reactor (Reaction conditions: temperature: 100 oC, reactor volume: 11 ml, catalyst: 5.3 g, feed: 0.1 

ml/min 0.5 wt % cellobiose aqueous solution). Reprinted with permission from Ref. 15. Copyright 

2012 American Chemical Society.  

In the case of such acidic carbocatalysts, hydrolysis has been proposed to take place via an 

adsorption promoted mechanism similar to the reactions discussed in section 5.1 and section 5.3. 

The reaction steps involve the initial binding (or adsorption) of amorphous cellulose or soluble 

oligomeric fragments (glucans) onto the catalyst surface through hydrogen bonding with 

oxygenated functional groups and subsequent hydrolysis of the glycosidic bonds by the catalytic 

action of strongly acidic SO3H sites (Figure 15).14,15,53,91,218   
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Figure 15. Schematic representation of reaction mechanism for the hydrolysis of β-1,4-glucan by 

amorphous carbon bearing SO3H, COOH and phenolic OH groups. Reprinted with permission 

from Ref. 91. Copyright 2008 American Chemical Society. 

As a matter of fact, for solid acid catalysts, a positive correlation has been observed between the 

amount of surface oxygen functional groups with the adsorption and hydrolysis of water soluble 

β-1,4 glucans (e.g. cellohexaose, cellobiose).14,15,50,53,91,92,107,206,216,218,220-222 Incorporation of Cl 

sites onto carbon surface was also demonstrated to yield a positive effect on the adsorption of 

glucans.161,220,226 In contrast, over commercial acid resins bearing only SO3H sites (e.g. Amberlyst-

15, Nafion) such adsorption could not be observed. This is in agreement with the inability of SO3H 

groups to function as binding sites for glucans and hence, the poor activity and selectivity.14,15,107 

Among the different oxygen groups, the phenolic OH groups were identified as the dominant sites 

responsible for hydrogen bonding with β-1,4-glucans, as is evident from the poor absorptive 

capacity of Amberlite-IRC 76 containing COOH sites.14,15 The adsorption of cellulose on carbon 

surfaces have also been explained in terms of CH−π interaction between the CH groups of cellulose 

with the π electrons on the polyaromatic surface of carbon materials.220 The high glucose 

(monosaccharide) selectivity observed upon hydrolysis of β-glucans have been attributed to the 

ability of carbons to selectively adsorb larger polysaccharides and reduced tendency to bind with 

monosaccharides, resulting from weaker CH−π and hydrophobic interactions.15,107,220 Table 6 

gives a summary of the catalytic activity of different acidic carbons upon saccharification of 

different cellulosic feedstock’s.   
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Table 6. Saccharification activity of sulfonated carbons upon conversion of cellulosic feedstock’s 

catalyst description 

pore 

size 

(nm) 

specific 

surface 

area 

(m2/g) 

acidity 

(mmol/g) T 

(C) 

time 

(h) 

conv. 

(%) 

sugar 

yield 

(%) 

stability/ no. 

of recycle 

 

Ref. 

 
SO3H totala 

sulfonated  

semi-

carbonized  

materials 

SO3H functionalized semi-

carbonized  materials 

n.r 2 1.9 4.3 100 3 ~65b 4 

stable/25 

(200 h in 

fixed bedd) 

15,91 

n.r 6 2.01 3.96 150 24 ~45 ~35 n.r/n.r 53 

SO3H functionalized 

hydrochar 

n.r n.r 0.12 4.22 130 ~1.5 n.r ~60c n.r/n.r 124 

n.r <1 1.3 4.2 150 24 43 27 n.r/n.r 42 

sulfonated 

active carbons 

SO3H functionalized 

activated carbons 

n.r 806 0.44 1.63 150 24 ~40 ~45 n.r/n.r 218 

n.r 728 0.24 1.03 150 24 43.4 17.9 n.r/n.r 53 

n.r 462 0.23 2.03 150 24 66.6 56 n.r/n.r 53 

n.r 762 0.44 2.23 150 24 74.3 62.6 n.r/n.r 53 

SO3H functionalized 

microporous carbons 

n.r 981 0.33 1.10 150 24 ~60 ~45 n.r/n.r 53 

n.r 834 0.28 2.08 150 24 ~65 ~55 n.r/n.r 53 

sulfonated 

mesoporus 

carbons 

SO3H functionalized 

CMK-3 
n.r 412 0.63 2.39 150 24 94.4 74.5 n.r/n.r 53 

PhSO3H functionalized 

mesoporous carbon 

3.9 93 0.7 3.96 150 24 61 53 n.r/n.r 42 

4.8 483 0.84 3.62 150 24 60 46 n.r/n.r 42 

sulfonated 

carbon  

nanomaterials 

SO3H functionalized 

nanotubes 
n.r 96 0.02 0.26 150 24 45 28 n.r/n.r 53 

sulfonated 

carbon 

composites 

SO3H functionalized 

Silica-Carbon 

nanocomposites 

6.7 332 n.r 0.37 150 24 60.7 50.4 
unstable  

(SO3H 

leaching)/4 

179 
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sulfonic resins Amberlyst 15 n.r n.r 1.7 1.7 150 24 33.7 25.5 n.r/n.r 218 

aSO3H, carboxylic acid, lactone, phenol and carbonyl groups 

Reaction conditions: cellulose: catalyst (w/w ratio) = ~1, ca. 1 wt % amorphous cellulose (ball milled or ionic liquid treated) in H2O 
bcrystalline cellulose 
cin  ionic liquids 
dcellobiose 

n.r = not reported 
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Comparison of the activity trends presented in Table 6 reveal that saccharification activity 

of sulfated carbons are influenced by several factors including, (a) textural properties (specific 

surface area, pore size, pore volume) of catalyst, (b) density of SO3H sites, (c) density of surface 

oxygenates (COOH and phenolic OH groups) and (d) crystallinity and the nature of glycosidic 

linkages in the feedstock. In the case of cellulosic feedstock, typically a pre-treatment step such as 

ball-milling or an ionic-liquid treatment is beneficial to accelerate the hydrolysis and achieve 

practical glucose yields.42,53,76,107,218 Upon hydrolysis of microcrystalline cellulose, a very low 

glucose yield of ~4% was reached over sulfonated semi-carbonized cellulose (section 4.2.1), at 

100 oC in 3 h.91 However, the glucose yields increased up to ~40% when ball-milled cellulose was 

used as the substrate and a high surface area sulfonated active carbon as a catalyst (section 

4.2.1).218 Furthermore, the advantage of a mesoporous catalyst structure upon saccharification of 

large polysaccharides is also evident from the 74.5% glucose yield from ball-milled cellulose 

observed in case of sulfonated CMK-3 catalyst, in-contrast glucose yields were only ~35% and 

~53% when a non-porous sulfonated carbon and a microporous sulfonated active carbon were 

applied as catalyst under identical reaction conditions (24 h, 150 oC).53 The synergistic effect of 

incorporating a high number of surface oxygenates along with a large amount of SO3H sites was 

also evident. Hereupon the glucose yield could be increased from ~18% to ~62% by 

simultaneously increasing the density of SO3H groups and surface oxygenates (total acidity) from 

0.24 to 0.44 mmol/g and 1.03 to 2.23 mmol/g, respectively.53 Identical trends were also observed 

upon saccharification of 1-butyl-3-methylimidazolium chloride treated cellulose, with highest 

glucose yield of ~53% observed over a sulfonated mesoporous active carbon with the highest 

density of surface oxygenates (total acidity).42 The saccharification efficiency and glucose yield 

depends also on the amount of catalyst, the amount of water and the reaction temperature. For 

acidic carbons, the saccharification rate and glucose selectivity/yield increased up to 150-160 oC. 

Thereafter it decreased as subsequent degradation of glucose to 5-hydroxymethylfurfural and 

levulinic acid became prominent at higher reaction temperatures.42,218  

Alternatively, hydrolysis of crystalline cellulose can be directly performed over sulfonated 

carbocatalysts using ionic liquids (1-butyl-3-methylimidazolium chloride) or aqueous ionic liquids 

as the reaction media.111,114,116,222 Such bi-functional systems have been demonstrated to be more 

efficient (reaction temperature <150 oC) than pure aqueous systems in terms of hydrolysis rates 

and monosaccharide yields (glucose yields >50%). The enhanced performance of acidic carbons 
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in ionic liquids has been attributed to the efficient non-derivatizing dissolution of cellulose in ionic 

liquid media under reaction conditions which enhances the cellulose adsorption rates onto the 

catalyst surface.111,114,116,222 Similarly, an ionic liquid functionalized sulfonated carbon (biochar) 

was also demonstrated as a good bi-functional catalysts in direct hydrolysis of cellulose, under 

microwave irradiation at 90 oC, producing up to 33% glucose in 120 min.206  

Hemicelluloses, on the other hand, are much easier to be hydrolyzed with acidic carbons 

owning to their random, amorphous non-crystalline structure.136,219,223,224 Typically, xylan 

conversions ≥85% were observed over sulfonated carbons under relatively mild conditions (<150 

oC). These materials have been demonstrated to outperform the commercial sulfonic resins 

(Amberlyst-15), due to their unique surface structure promoting adsorption of soluble xylan 

oligomers. Using such catalysts, xylose yields of up to 84.2% have been obtained from corncob.219 

Similarly, these catalysts also demonstrated high activity, selectivity and reusability upon starch 

hydrolysis, resulting from the presence of easily hydrolyzable α-glycosidic bonds and enhanced 

solubility.71,207,218 Inulin hydrolysis with acidic carbons also produced identical results, whereupon 

a mesoporous sulfonated carbon produced by spray pyrolysis outperformed commercial 

Amberslyst-70.197  

5.4.2. HYDROLYSIS OF CARBOXYLIC ACID ESTERS  

Scheme 10. Reaction scheme for hydrolysis of carboxylic acid esters.  

 

Besides of promoting hydrolysis of glycosidic bonds, these acidic carbons have been 

shown as active in hydrolyzing carboxylic acid esters (Scheme 10), outperforming sulfonic resins 

(Nafion, Amberlyst-15) and even H2SO4.
22,56,227 Similar to the esterification reactions, for small 

C2-C3 carboxylic esters, the hydrolysis rates were independent of the textural properties of the 

catalyst and only dependent on the acid site concentration. Also, hydrolysis rates decreased with 

increasing carbon chain length of carboxylic acid esters resulting from the increased 

hydrophobicity of the reactants.227   
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5.4.3. HYDRATION 

Scheme 11. Reaction scheme for hydration olefins, acetylene and epoxides.  

 

Hydration is a versatile reaction industrially employed for the production of alcohols, aldehydes 

and ketones from olefin and acetylene streams. Acidic carbons have been demonstrated to be effective 

catalysts hydration olefins, acetylene and epoxides (Scheme 11).16,22,171,228 

For liquid phase hydration of small olefins like 2,3-dimethyl-2-butene presenting negligible 

mass transfer limitations activity was dependent only on the concentration SO3H sites, i.e. the 

carbocatalyst presenting the highest amount of acid sites afforded highest yields of desired product, 2,3-

dimethyl-2-butanol.16,22 Upon hydration of phenylacetylene to acetophenone a similar trend was also 

observed, the positive dependence of S and O contents on conversion was consistent with increased rate 

of hydration for more acidic catalysts (higher SO3H density) in agreement with a reaction free from 

diffusional limitations. Acetophenone selectivity >99% for all carbocatalysts and the highest 

acetophenone yield of ca. 21% was observed for the most acidic carbocatalyst (sulfonated carbonized 

glucose).228 In contrast for hydration propylene oxide a combined effect of acidity and surface properties 

could be observed whereupon the superior activity of sulfonated graphene over a sulfonated ordered 

mesoporous carbon (SOMC), sulfonated SBA-15 and Amberlyst-15 was attributed to its superior mass 

transfer and ability to adsorb propylene oxide.171 
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As a conclusion, sulfonated carbons are versatile reusable acid catalysts for hydrolysis and 

hydration of different petroleum and renewable streams. In particular, they have been identified as 

the most active non-enzymatic saccharification catalysts for the production of reducing sugars 

from cellulosic feedstock. The high activity and selectivity of such carbocatalysts are attributed to 

their unique surface properties promoting adsorption and catalysis of glucans oligomers (in 

particular β- glucans) and desorption of monosaccharides. The marginal loss (ca. 5-10%) in 

catalyst performance reported upon reuse at temperature ≥130 oC has been mainly attributed to the 

blockage of active acid sites by deposition of humins.111,114,116,222 Most importantly, these materials 

have outperformed commercial acid resins and show high stability under hydrothermal 

environments in fixed-bed reactors which render them potential candidates in large scale 

applications. Nevertheless, further studies and improvements are needed to understand the stability 

of such catalysts in large scale batch as well as continuous operations with actual biomass 

feedstocks (lignocellulose or starch-based feedstocks). Further studies should also be undertaken 

to evaluate the techno-economic feasibility of such catalysts to replace the existing industrial 

catalysts.  

5.5. DEHYDRATION AND RING OPENING OF MONOSACCHARIDES 

Scheme 12. Reaction scheme for dehydration of monosaccharides. 

 

Dehydration of C5 (xylose) and C6 (fructose and glucose) monosaccharides in the presence 

of a Brønsted acid catalyst produces furfural and 5-hydroxymethylfurfural (Scheme 12). Furfural 

and 5-hydroxymethylfurfural are the most important chemical intermediates that can be produced 

within a modern lignocellulosic chemical biorefinery. These chemical building blocks can be 

converted into a range of high value chemical products including levulinic acid, α-angelica lactone, 
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levulinate esters, γ-valerolactone, 2-methyltetrahydrofuran, 2-methylfuran, 1,4-pentanediol, 2,5-

furandicarboxylic acid, succinic acid, bisphenols and others. To achieve high furfural and 5-

hydroxymethylfurfural yields, the dehydration step is usually performed in an organic solvent 

(dimethyl sulfoxide, γ-valerolactone, chloroform, methyl isobutyl ketone, etc) or in biphasic 

organic-water mixtures to prevent subsequent decomposition of the desired products into humins 

and polymeric byproducts.155,225-233 Moreover, many of the sugar-derived intermediates such as 2-

methylfuran, levulinic acid, angelica lactone and γ-valerolactone can be converted into 

hydrocarbon building blocks.224,225   

Acidic carbons have also been identified as alternative solid catalysts upon dehydration of 

C5-C6 sugars (fructose, glucose, xylose),96,103,109,113,115,137,143,168,186,194,197,230 and sugar alcohols108. 

For example, fructose was selectively converted to 5-hydroxymethylfurfural in high yields (~83-

94%) over sulfonated hydrochars,113,115,194 sulfonated graphene,109,168 sulfonated nanotubes,143 

sulfonated mesoporous carbons,96,143,197,230 and sulfonated carbon nitrides103 under mild conditions 

(100-140 oC, 0.5-2 h) (Scheme 12). Table 7 summarizes the important results obtained upon 

dehydration of monosaccharides using the acidic carbons. It has been observed that with respect to 

5-hydroxymethylfurfural selectivity (or yield), dehydration proceeds best in non-aqueous organic 

solvents like dimethyl sulfoxide or biphasic solvents comprising dimethyl sulfoxide. In contrast, 

fructose dehydration in water or aqueous (monophasic) systems produces large quantities of levulinic 

acid and humins as byproducts. Humins are formed by acid catalyzed resinification of furanic 

aldehydes while levulinic acid is formed upon rehydration of 5-hydroxymethylfurfural at elevated 

temperatures.96,106,109,168,194 Fructose dehydration was also demonstrated in ethanol solvent 

producing ca. 57% and 68% 5-ethoxymethylfurfural over a sulfonated hydrochar and magnetic 

sulfonated carbon catalyst at 110 and 140 oC, respectively.185,194 Isopropanol was also recently 

identified as a very good low boiling solvent upon selective dehydration of fructose to 5-

hydroxymethylfurfural (yields up to ~91%). In the presence of mesoporous acidic carbons as 

catalysts, the commonly used bi-phasic systems based on dimethyl sulfoxide or methyl isobutyl 

ketone (5-hydroxymethylfurfural yields up to ~24-84%) were outperformed by isopropanol under 

identical conditions (140 oC, 0.5 h).96 High 5-hydroxymethylfurfural yields (up to ~83 %) have 

also been obtained using an ionic liquid 1‐butyl‐3‐methylimidazoliumchloride as a solvent and 

sulfonated hydrochars as the catalysts.113,115 
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Table 7.    Catalytic activity of  sulfonated carbons upon dehydration of monosaccharides/polysaccharides to 5-hydroxymethylfurfural/ 

furfural  

catalyst description 

pore 

size 

(nm) 

surface 

area 

(m2/g) 

acidity 

(mmol/g) 
T 

(C) 

time 

(h) 

conv. 

(%) 

yield 

(%) 

feedstock, reaction 

system, stability/ no. of 

recycle 

Ref. 

 
SO3H totalc 

sulfonated  

semi-

carbonized  

materials 

SO3H 

functionalized 

semi-carbonized  

materials 

n.r 317 0.92a n.r 190d 1 ~95 ~60 

xylose, biphasic water-

cyclopentylmethyl ether 

(3:1) (w/w) system, 

stable (only 1.2%  sulfur 

laching), no washing /10 

137 

SO3H 

functionalized 

hydrochar 

n.r <2 0.62 1.25 120 2 n.r 61 

inulin,1-Allyl-3-

methylimidazolium 

chloride (IL)-water 

system, stable/5 

113 

n.r <0.5 0.953 n.r 80 0.33 n.r 74 

fructose, 1-butyl-3-

methylimidazolium 

chloride system, stable/5 

115 

n.r 2 1.33 5.51 110 15 99.4 53.4 

fructose, ethanol media, 

unstable 38% SO3H 

leaching/4 

194 

sulfonated 

active carbons 

SO3H 

functionalized 

activated carbons 

n.r 514 0.172 n.r 80 0.33 n.r ~60 

fructose, 1-butyl-3-

methylimidazolium 

chloride, n.r/n.r 

115 

n.r 753 2.5 3.8 200 2 47 4.2e 
glucose, H2O system, 

n.r/n.r 
109 

PhSO3H 

functionalized 
n.r n.r 2.89b 1.84 120 0.5 >99 76 

fructose, DMSO  solvent 

system, n.r/n.r 
143 
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sulfonated 

mesoporus 

carbons 

mesoporous 

carbon 120 24 >99 60e 
fructose, ethanol  solvent 

system, n.r/n.r 
143 

2.2 636 1.1 0.9 140 0.5 

99 87 

fructose, 2-propanol 

solvent system , unstable 

( humin uptake and ca. 

30% SO3H leaching), 

washing with H2O-2-

propanol  and drying/4 

96 

65 24 

H2O/DMSO:2-

butanol/MIBK system, 

n.r/n.r 

96 

4.7 665 0.7 0.4 140 0.5 

99 91 

fructose, 2-propanol 

solvent system, unstable 

(H2O, humin uptake and 

30% SO3H loss), 

washing with H2O-2-

propanol  and drying/4 

96 

73 42 

H2O/DMSO:2-

butanol/MIBK system, 

n.r/n.r 

96 

4.2 530 0.86 n.r 170 0.25 100 80 

xylose,  γ-Valerolactone 

solvent system, unstable 

(~45% SO3H laching), no 

washing /5 

230 

SO3H 

functionalized 
n.r 400 0.59 0.49 120 1.25 >95 n.r 

fructose, H2O system, 

n.r/n.r 
197 
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mesoporous 

carbon 

sulfonated 

carbon  

nanomaterials 

SO3H 

functionalized 

graphene oxide 

n.r 217 1.2 2.7 200 2 

89 78e 

glucose, H2O system, 

unstable (humin 

deposition and ca. 10% 

SO3H loss per cycle)/5 

109 

91 74e 
fructose, H2O system, 

n.r/n.r 
109 

poly(p-

styrenesulfonic 

acid)- 

grafted 

functionalized 

carbon nanotubes 

n.r n.r 5.67b 2.92 

120 0.5 

>99 89 
fructose, DMSO  solvent 

system, n.r/n.r 
143 

>99 87 
inulin, DMSO  solvent 

system, n.r/n.r 
143 

>99 75 
sucrose, DMSO  solvent 

system, n.r/n.r 
143 

>99 57 
glucose, DMSO  solvent 

system, n.r/n.r 
143 

120 24 >99 84e 

fructose, ethanol  solvent 

system, unstable (20% 

SO3H leaching)/5 

143 

PhSO3H 

functionalized 

carbon nanotubes 

n.r n.r 1.75b 1.21 120 

0.5 >99 69 
fructose, DMSO  solvent 

system, n.r/n.r 
143 

24 >99 45e 
fructose, ethanol  solvent 

system, n.r/n.r 
143 

poly(p-

styrenesulfonic 

acid)- 

n.r n.r 4.62b 2.31 120 0.5 

>99 80 
fructose, DMSO  solvent 

system, n.r/n.r 
143 

>99 74 
inulin, DMSO  solvent 

system, n.r/n.r 
143 
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grafted carbon 

nanofibers 
>99 68 

sucrose, DMSO  solvent 

system, n.r/n.r 
143 

>99 46 
glucose, DMSO  solvent 

system, n.r/n.r 
143 

24 >99 69 
fructose, ethanol  solvent 

system, n.r/n.r 
143 

sulfonated 

carbon nitrides 

SO3H 

functionalized 

carbon nitride 

n.r 10.04 5.47 n.r 
100 0.5 

n.r 95 
xylose, DMSO solvent 

system, n.r/n.r 
103 

n.r 95 xylose, H2O, n.r/n.r 103 

n.r 96 fructose,  H2O, n.r/n.r 103 

150 8 n.r 41 glucose,  H2O, n.r/n.r 103 

commercial 

sulfonic resin 

Amberlyst-36 n.r 33 4.5 4.5 200 2 7 0 
glucose, H2O system, 

n.r/n.r 
109 

Amberlyst-70 n.r n.r n.r n.r 120 1.25 >95 n.r 
fructose, H2O system, 

n.r/n.r 
197 

Amberlyst-15 n.r n.r n.r n.r 

120 0.5 89 70 
fructose, DMSO  solvent 

system,n.r/n.r 
143 

120 24 >99 73 
fructose, ethanol  solvent 

system, n.r/n.r 
143 

abased on  sulfur elemental analysis 
ddetermined by ion chromatography 
cSO3H, carboxylic acid, lactone, phenol and carbonyl groups 
dmicro-wave heating 
ealkyl levulinate/ levulinic acid 

n.r = not reported 
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The rehydration products of 5-hydroxymethylfurfural, levulinic acid and formic acid 

obtained by ring opening are also versatile platform molecules, especially upon the production of 

synthetic fuels and hydrocarbon precursors.224,225 In fact, acidic carbons were also demonstrated 

to be equally effective upon direct production of levulinic acid and/or alkyl levulinates from 

fructose in high yields (71-89%, >150 oC).103,109,143  Glucose was also similarly converted to 

levulinic acid and alkyl levulinates over acidic carbons but due to the lack of glucose-to-fructose 

isomerization ability and resinification of 5-hydroxymethylfurfural the yields of desired products 

were much lower.180,194 Nevertheless by incorporating cation polarization effects or by 

incorporating Cl sites onto the sulfonated carbons the levulinate yields could be increased up to 51 

to 66%.161,228    

Liu and co-workers143 studied the effect of catalyst SO3H density in fructose dehydration an 

observed a linear correlation between the catalyst TOF and SO3H density.143 Hou et al.168 also 

observed a positive effect upon increasing the number of SO3H sites on graphene with 5-

hydroxymethylfurfural yields.168 Identical to the acid catalyzed reactions discussed in Sections 

5.1-5.4 the activity (yield of 5-hydroxymethylfurfural) was also influenced by the 

hydrophobicity/hydrophilicity of carbocatalyst. The positive effect of hydrophilicity (expressed as 

H index=amount of adsorbed water/amount of N2 adsorbed at P/P0≈0.92) in terms of fructose 

conversion and 5-hydroxymethylfurfural yields were observed in both bi-phasic and isopropanol 

solvent systems. The phenomenon was most likely linked to the enhanced adsorption of fructose 

on the surface of hydrophilic catalyst.96 These carbocatalysts typically demonstrated very good 

stability, particularly in non-aqueous solvents like dimethyl sulfoxide.96,103,143,168 Fructose 

dehydration was also studied over PhSO3H and naphthalene-SO3H functionalized sulfonated 

ordered mesoporous carbon catalysts in a fixed-bed bi-phasic (4:1= tetrahydrofuran:water) 

continuous flow reactor. The 5-hydroxymethylfurfural selectivities of 71-74 % at ca. 60% 

conversion were comparable to the SO3H functionalized SBA-15 catalyst, however in terms of 

stability the acidic carbons demonstrated 60 times slower deactivation rates than the SBA-15 

catalyst, confirming the superior stability of sulfonated carbons during hydrothermal operations.231   

Xylose (C5 monosaccharide) dehydration of with acidic carbons produces 

furfural,103,137,223,186,232 a well-known intermediate for the production of a wide variety of products 

including bulk chemicals (dimethyl furan, tetrahydrofuran, furfuryl alcohol, 2-methyl furan, 
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etc.).224 As in the case of fructose, xylose conversion also proceeded best in non-aqueous solvents 

like dimethyl sulfoxide reaching with furfural yields reaching up to 95%.103,186 On the other hand, 

furfural yields were reduced to ca. 60% in a bi-phasic mixture of cyclopentylmethyl ether and 

water (3:1) over a sulfonated biochar catalyst.137 However, it is interesting to note that a sulfonated 

carbon nitride catalyst obtained by treating graphitic carbon nitride with ClSO3H, demonstrated 

unique activity and selectivity behavior, converting xylose to furfural under much milder 

conditions (50-100 oC), in both dimethyl sulfoxide as well as neat water.103 As in the case of 

fructose, a positive correlation was observed between the SO3H site density and furfural yield upon 

dehydration of xylose.223 

In addition to the dehydration of fructose, glucose and xylose, direct dehydration of inulin, 

sucrose, cellulose and hemicelluloses have also been demonstrated over the acidic 

carbocatalysts.161,185,194,229,230,232 For example, direct conversion of amorphous cellulose with a 

cellulase-mimetic, mesoporous sulfonated carbon bearing Cl and SO3H sites, gave rise to up to 

~51% of levulinic acid.161 The lower yields (<60%) of levulinic acids and 5-hydroxymethylfurfural 

observed in case of glucose based carbohydrate feedstock are due to the poor activity of sulfonated 

carbons in the glucose-to-fructose isomerization step.161,180,185,194 In contrast to xylose and fructose 

rich feedstock’s (inulin and hemicelluloses), the yields/selectivities towards the desired 

dehydration products (furfural, levulinic acids and 5-hydroxymethylfurfural or their alkylated 

counterparts) were comparatively high (>60%).180,185,194,229,230,232 Nevertheless, it was possible to 

enhance the levulinic acid yields from microcrystalline cellulose up to 66% over a sulfonated 

humin-derived catalyst by incorporating cation polarization effects in sulfolane-water solutions.229 

Acidic carbons have also demonstrated catalytic activity for dehydration of sugar alcohols, 

as indicated by the high yields of isosorbide obtained from sorbitol over various SO3H and PhSO3H 

functionalized carbons. Among the tested carbocatalyst a mesoporous acidic carbon with 1.97 

mmol/g PhSO3H groups afforded the highest yield (~83%) of dehydration product isosorbide 

under solvent-free conditions at 160 oC in 1.5 h, outperforming H2SO4 and sulfated zirconia. Also, 

a positive correlation was observed between catalyst SO3H density and isosorbide yield in 

agreement with catalytic effect of strong SO3H sites.108       

As a summary, sulfonated carbons are efficient, reusable solid acid catalysts upon 

dehydration of carbohydrate feedstock’s (fructose, glucose, xylose, inulin, sucrose, cellulose, 
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hemicelluloses and alike). These are key steps in the production of versatile chemical building 

blocks like furfural, 5-hydroxymethylfurfural, levulinic acid or alkyl levulinates within sugar-

platform of biorefineries. The high activity, selectivity and stability of such carbocatalysts are 

attributed to their unique surface properties, hydrothermal stability and stability of covalently 

bonded SO3H or PhSO3H sites. Due to their low-cost, unique water tolerance and compatibility 

with continuous flow operations, the acidic carbon materials demonstrate potential for large scale 

applications within the sugar-platform of biorefineries upon production of bio-based products. 

Nevertheless, further studies and improvements are needed to understand the stability of such 

carbocatalysts with actual biomass feedstocks (lignocellulose or starch-based feedstocks) in large 

scale batch as well as continuous operations. Studies should also be undertaken to evaluate the 

techno-economic feasibility of such catalysts to replace the existing industrial catalysts like H2SO4.  

5.6. C-C BOND FORMING REACTIONS  

  Acidic carbons have also demonstrated high activity as an alternative solid catalysts for C-

C bond forming reactions, including alkylation/benzylation,52,55,198 olefin dimerization,92 

alkylation/hydroxylalkylation of sylvan,67,212,233,234 aldol condensation,192 cross-aldol 

condensation,157 Knoevenagel condensation207 and Michael addition207 (Scheme 13).  

 The activity and selectivity of acidic carbons in such reactions are determined by both the 

textural and surface properties of carbocatalysts as well as the steric and electrophilic effects of 

reacting molecules.50,52,55,67,92,157,198,212,233,234 For conversion of large hydrophobic molecules such 

as cyclohexanone, α-mesitylene, toluene, benzylchloride and benzaldehyde a catalyst with large 

pores, large specific surface area and a high density of SO3H sites is found to be 

beneficial.52,55,92,157,198 For example, upon liquid phase benzylation of toluene with benzyl chloride 

over sulfonated activated carbons, Hara and co-workers55 observed a positive correlation between 

the specific surface area and the rate of benzyl toluene formation over acidic carbons bearing 

identical amount of SO3H sites, Figure 16(a).55 Similarly, it was observed that upon 

oligomerization of α-methylstyrene a SO3H functionalized mesoporous silica carbon composite 

(SMSiC) catalyst demonstrated almost two-fold higher activity and selectivity towards the 

dimerization product when compared to the nonporous sulfonic resins (Amberlyst-15, Nafion 

NR50 and Nafion SAC13).92 Identical trends were also observed upon liquid phase 

hydroxyalkylation of phenol with acetone (70-85 oC) whereupon acidic carbons obtained from soft 
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and hard templated ordered mesoporous carbons outperformed the commercial sulfonic resins and 

a sulfonated semi-carbonized material exhibiting nonporous structure with respect to bisphenol 

productivity.52,198 

Scheme 13. Reaction scheme for selected C-C bond forming reactions catalyzed by sulfonated 

carbons.  
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Figure 16. (a) Influence of specific surface area on benzylation of toluene (rate of benzyl toluene 

formation) over sulfonated active carbon catalysts (compiled from Ref. 55, SO3H density was fixed 

at ca. 1.3 mmol/g) and (b) influence of surface acidity on TOF for sylvan condensation with 

furfural. Reprinted with permission from Ref. 67. Copyright 2018 The Royal Society of Chemistry.   

 However, condensation of hydrophilic oxygenated molecules however shows very 

different trends in terms of activity and selectivity, whereupon a strong correlation could be 

observed between the hydrophobicity/hydrophilicity of the reacting molecules with the surface 

chemistry of the carbocatalyst.67,212,232,234,235 For example, upon liquid phase condensation of 

sylvan with oxygenated molecules (50-70 oC) such as furfural, 5-hydroxymethylfurfural, acetone, 

butanal, cyclohexanone, levulinic acid and α-angelica lactone, even the non-porous sulfonic resins 

and amorphous sulfonated carbons performed well giving a high activity and selectivity towards 

the production of bisfurylalkanes.67,72,212,233 The C-C coupling products (bisfurylalkanes) of low-

carbon furanics have been identified as promising hydrocarbon building blocks for the production 

of synthetic paraffins and isoparaffins via hydrodeoxygenation reaction.67,212,224,225 In fact, Konwar 

et al.67 observed a positive correlation between the amount of SO3H groups and total surface 

acidity with TOF upon sylvan condensation of furfural over meso/macroporous acidic carbons 

(Figure 16(b)), similar to the trends of carboxylic acid esterification (Figure 12).67 However, in 

another study for a series of sulfonated mesoporous carbocatalysts, bisfurylalkanes 

yield/selectivity were higher in case of catalysts presenting higher hydrophobicity and larger 

mesopore volumes; interestingly, these mesoporous carbocatalysts also showed high activity, 

selectivity and stability upon continuous flow operations producing bisfurylalkanes in yields up to 

~23% during 24 h operation at 45 oC.212 The high activity which was observed upon sylvan 
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condensation of oxygenates over acidic carbons was attributed to the stabilization of furanic 

oxygenates on hydrophilic oxygen functionalities of carbon surfaces through non-covalent 

(dipolar) interactions. Such stabilizations promoted an adsorption enhanced surface catalysis 

mechanism similar to C-O bond-forming and C-O bond-breaking reactions of hydrophilic 

molecules (Section 5.1-Section 5.5).67,235  

Overall, acidic carbons have demonstrated high activities, selectivities and stability as 

alternative catalysts upon C-C and C-O coupling reactions in liquid-phase. These materials were 

found to be particularly suitable in upgrading low-carbon bio-based furanics (2-methylfuran, 

furfural, 5-hydroxymethylfurfural) and carbonyls (acetone, butanal, cyclohexanone, levulinic acid 

and α-angelica lactone) into synthetic hydrocarbon precursors. The presence of large pores, 

hydrophobicity and stable SO3H sites are essential to achieve superior activity, selectivity and 

stability in such reactions.      

5.7. OTHER INDUSTRIALLY RELEVANT REACTIONS 

In addition to the conventional C-O, C-C bond-forming and C-O bond-breaking reactions 

discussed above (Section 5.1-Section 5.6), the SO3H functionalized acidic carbons have also 

shown promise as versatile acid catalysts in Beckmann rearrangement,50,98 reductive amination of 

aldehydes and ketones,64,207 amidation169, Peckmann condensation,171 oxidation103,122 and various 

multi-component organic reactions (e.g. Biginelli reaction)101,207,236,237,238 (Scheme 14). 

Beckmann rearrangement is an industrially important acid-catalyzed reaction for the production 

of caprolactam from cyclohexanone oxime, which is a starting material for nylon 6,6. Liquid-phase 

Beckmann rearrangement of cyclohexanone oxime involves catalysis of a large hydrophobic molecule 

in hydrophobic solvents like benzonitrile.50 As such only hydrophobic acidic carbons with a meso or 

microporous structure are able to catalyze this reaction as the hydrophobic reactant and solvents cannot 

be incorporated into the carbon bulk of non-porous hydrophilic amorphous carbons (semi-carbonized 

sulfonated carbons).50,98 The meso or microporous sulfonated carbons characterized by their high 

hydrophobicity and stability also outperformed sulfonic resins (Dowex 50) and Y-zeolite catalysts upon 

Liquid-phase Beckmann rearrangement of cyclohexanone oxime.50,98 

Scheme 14.  Reaction schemes for some of the other industrially important reactions catalyzed by 

sulfonated carbons. 
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A PhSO3H grafted sulfonated graphene was also shown to be active in the amidation of 

carboxylic acids under ultrasonic irradiation.169 The carbocatalysts presented high activity and 

amide selectivity upon conversion of a range of aromatic and aliphatic acids and amines; starting 

from stoichiometric amounts of reagents, high amide yields (56–95%) could be obtained at room 

temperature upon multiple reaction cycles.169 In another work, a sulfonated carbon nitride catalyst 

was demonstrated as an efficient catalyst producing benzimidazole from the reaction of furfural 

with 1,2-phenylenediamine.103 Similarly, sulfonated nanotubes64 and ionic liquid coated 

sulfonated carbons207 were shown to be efficient, reusable carbocatalysts upon production of 

amines by reductive amination of aldehydes and ketones.64,207 

Interestingly, sulfonated carbons were also shown to exhibit high activity as an oxidation 

catalyst upon oxidative transformation of furanic aldehydes (furfural and 5-

hydroxymethylfurfural) into important oxidation products like succinic acid, 2,5-diformylfuran 
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and 5-methylsulfanylmethyl-furan-2-carbaldehyde.103,122 The oxidation of furfural into succinic 

acid was afforded with a sulfonated hydrochar in the presence of H2O2 as an oxidant.122 In contrast, 

the use of KBr as an oxidant upon conversion of 5-hydroxymethylfurfural (as well as fructose) 

over a sulfonated carbon nitride catalyst yielded 94% 2,5-diformylfuran and 97% 5-

methylsulfanylmethyl-furan-2-carbaldehyde in H2O and DMSO, respectively.103  

The Biginelli reaction is perhaps the most important multiple-component organic reaction 

shown to be catalyzed by the acidic carbons. The products from Biginelli reaction 

(dihydropyrimidinones) are in extensive use in the pharmaceutical industry due to their promising 

pharmacological and biological activities as antiviral, antitumor, antibacterial, anti-HIV agents and 

anti-inflammatory as well as calcium channel modulators.101,237,238 For example, the use of a 

mesoporous sulfonated graphitic carbon nitride catalyst facilitated the formation of 

dihydropyrimidinones in yields up to 98% yield in ethanol under reflux conditions.101 In another work, 

dihydropyrimidinone yields between 82-92% were obtained over a sulfonated naphthalene catalyst 

under solvent-free conditions, at 140 oC, while a sulfonated graphene catalyst afforded up to 94% in 

ethanol under reflux.237,238 Most importantly, the sulfonated carbocatalysts demonstrated good 

operational stability and reusability. 101,237,238    

6. ACTIVATION AND DEACTIVATION   

An extensive amount of research effort has been made in the last decade towards exploring 

new catalytic applications of these acidic carbons functionalized with SO3H or PhSO3H groups 

(Sections 5). It is also evident from the numerous examples discussed in section 5, that during acid 

catalyzed transformations, such carbocatalysts are activated by an adsorption promoted 

mechanism irrespective of the carbon structure and nature of reacting molecules. As illustrated in 

scheme 15, all reactions begin the with absorption organic reactants and solvent molecules onto 

the catalyst bulk, in the next step the adsorbed reactants are protonated by the Brønsted acidic 

SO3H groups to form the activated catalyst (or activated catalyst-substrate complex) that undergo 

subsequent transformations to yield the product molecule and protonated catalyst. In case of non-

porous acidic carbons (sulfonated hydrochars and sulfonated semi-carbonized materials) catalyst 

swelling is also critical for high catalytic activity (Figure 13(a), section 5.1), similar to sulfonic 

resins.  
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Scheme 15. Schematic illustration of the generalized activation mechanism of sulfonated carbons 

for acid catalyzed reactions. 
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On the other hand, only a handful number of studies have been conducted towards understanding 

the deactivation and stability of sulfonated carbons particularly in hydrothermal and alcoholic 

reaction environments 75-80,147,239,240 Even though such acidic carbons present a high thermal 

stability close to ~250 oC, the actual stability of material and particularly the stability of the active 

(SO3H) sites in these materials are affected by the operational or process conditions. Reaction 

parameters such as temperature, pressure, nature of reactants, pH, presence of solvents and H2O 

have a direct impact on the stability of such catalysts.14,75-80,147,239,240 The operational stability of 

SO3H sites/groups is also influenced by the method of sulfonation and carbon framework structure 

of the support.14,22,46,61,223 To ascertain stability of such carbocatalysts the spent catalytic materials 

or the carbon materials treated under simulated reaction conditions (e.g. hydrothermal or 

solvothermal treatment) are comprehensively characterized by various analytical and 

spectroscopic tools discussed in section 2. Subsequent, comparison of the acidic-textural features, 

compositional and structural properties of these treated materials with the parent acidic carbons 

gives vital insights into the material stability under process conditions. In particular, solid-state 

13C NMR XPS and FT-IR can give key insights into catalyst deactivation by SO3H leaching, active 

site derivatization as well as catalyst poisoning by adsorption of H2O and oxygenated impurities. 

The leaching of SO3H sites can also be confirmed from analysis of reaction products by 1H NMR 

on the basis aromatic leaching and/or from S analysis by inductively coupled plasma optical 

emission spectroscopy.14,75-80 Table 8 gives a summary of the operational/process stability 

(deactivation modes) of different types of acidic carbons upon selected industrially important 

reactions.    
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Table 8. Summary of stability of different types of acidic carbons upon select industrially important reactions. 

carbocatalyst reaction 
cause of deactivation 

regeneration 
leaching derivatizationb H+ exchange adsorption 

SO3H, OH and 

COOH 

functionalized 

semi-carbonized 

materials 

esterification yes yes no yes yes 

transesterification yesa yes no yes yes 

hydrolysis yes no yesc yes yes (partial)d 

dehydration yes no no yes yes (partial)d 

C-C and C-O coupling reactions  no no no yes yes 

SO3H, OH and 

COOH 

functionalized 

rigid-carbon 

materials 

esterification yes no no yes yes 

transesterification yesa no no yes yes (partial)d 

hydrolysis yes no yesc yes yes (partial)d 

dehydration yes no no yes yes (partial)d 

C-C and C-O coupling reactions  no no no yes yes 

PhSO3H, OH and 

COOH 

functionalized 

rigid-carbon 

materials 

esterification no no no yes yes 

transesterification no no no yes yes 

hydrolysis yes no yesc yes yes (partial)d 

dehydration yes no no yes yes (partial)d 

C-C and C-O coupling reactions  no no no yes yes 

a at elevated temperature (>100 oC) and pressure (>5 bar) 
bchemical derivatization of acid/active sites (formation of sulfonyl esters or thiols) 
cH+ sites in COOH and SO3H are exchanged in the presence of Na+, K+ or Ca2+ ions in the aqueous feed solution 
dpartial regeneration of SO3H sites by re-sulfonation (treatment with H2SO4, SO3,ClSO3H or 4-benzenediazonium sulfonate)and/or H2O2 

oxidation of humins  
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6.1. DEACTIVATION AND REGENERATION IN ALCOHOLIC MEDIA 

Scheme 16. Plausible mechanisms for the deactivation of SO3H functionalized acidic carbons 

upon reactions in alcoholic media. The inserts in the scheme are reprinted with permission from 

Ref 77. and Ref. 75 Copyright 2014 Elsevier and 2008 Elsevier.  
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Upon reactions in alcoholic media such as esterification (Section 5.1), transesterification 

(Section 5.3) and solvolysis (Section 5.5), the deactivation of SO3H containing acidic carbons has 

been attributed mainly to (a) the formation of sulfonate esters (chemical derivatization), (b) the 

leaching of soluble polyaromatic moieties or species containing SO3H groups to the reaction 

media/solvent and (c) pore blockage by adsorption of an alcohol and related oxygenated molecules 

in reaction media by hydrogen bonds (Scheme 16).14,22,75,77-79 An analogous deactivation behavior 

is also observed for related sulfonic solids such as sulfonic acid functionalized silica materials 

(propylsulfonic silica and Nafion–silica composite) and commercial sulfonic acid resin (e.g. 

Dowex 50, Amberlyst 15).79 For example, upon esterification of long chain fatty acids (palmitic 

acid) with methanol over a sulfonated hydrochar (glucose derived) catalyst Fraile and co-workers 

identified the formation of sulfonate esters to be the dominant deactivation pathway on the basis 

of solid-state NMR studies (Scheme 16).77-79,240 Similarly, Hara and co-workers also reported the 

formation of sulfonate esters upon alcoholysis/esterification reactions as one of the main causes 

for active site deactivation of sulfonated carbocatalysts obtained by in-situ carbonization of 

sulfopolycyclic aromatic compounds in concentrated H2SO4 (Section 4.1.1) and by the H2SO4 

treatment of semi-carbonized sugars (Section 4.2.1).14,132,216  

 

Figure 17. (1) classical esterification mechanism and (2 and 3) proposed analogous mechanisms 

for the esterification of surface acid groups on solid acids. Reprinted with permission from Ref. 

79. Copyright 2015 Elsevier.  
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Scheme 17. Reaction scheme for the regeneration of surface acid sites of sulfonated carbons 

deactivated in alcoholic media. 

 

Interestingly, the deactivation behavior of solid sulfonic acids by chemical derivatization 

of surface acid sites is also strongly dependent on the framework structures and surface acid site 

density. García-Bordejé and co-workers observed that during esterification reactions with 

monohydric alcohols, catalyst deactivation occurs by esterification of surface SO3H and COOH 

sites for the highly acidic flexible acidic carbons obtained at carbonization temperatures below 

500 oC and by pore blocking (adsorption) for rigid low acidic carbon materials obtained above 500 

oC.79,240  A similar trend was also observed for sulfonated polystyrenes whereupon formation of 

surface sulfonate esters were observed for the low cross-linked Dowex 50 but not for the highly 

cross-linked and rigid Amberlyst 15.79 The authors explained these findings on the basis of a proton  

transfer mechanism similar to the classical esterification requiring two adjacent surface Brønsted 
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acid (SO3H and/or COOH) groups, whereupon one of the Brønsted acid groups catalyze the 

formation of surface esters on the acid site adjacent to it (one site act as catalyst and the other site 

as reactant) (Figure 17).79 Consequently, solid acids with a rigid carbon framework structure and 

low Brønsted acid (SO3H density and/or COOH) density (<1 mmol/g) do not undergo deactivation 

by surface esterification of acid sites (lack of adjacent acid sites). Nevertheless, the sulfonate ester 

(as well as carboxyl ester/ether) formation is a fully reversible deactivation process, whereupon 

the acid sites are easily regenerated by the hydrolysis of ester bonds with H2O or by treatment with 

dilute acids (Scheme 17).77-79,240 In fact, it is possible to suppress formation of surface sulfonyl and 

carboxyl by addition of small amounts of water (water/fatty acid molar ratio ~ 0.6) to the 

esterification reaction mixture.79 A similar trend was also observed by Hara and co-workers upon 

alcoholysis (or transesterification) of triglycerides, where pre-addition of small quantities of water 

(~0.02 g) completely eliminated deactivation of sulfonated semi-carbonized materials caused by 

surface ester formation as the presence of abundant H2O molecules and high reaction temperature 

100-120 oC facilitated rapid in-situ hydrolysis surface esters.14,216  

Leaching of SO3H sites and/or SO3H containing polyaromatic moieties, on the other hand, 

is an irreversible deactivation process that can potentially pollute the high-value product streams 

with sulfur impurities. Leaching of such sulfur species has been experimentally confirmed on the 

basis of 1H NMR spectrum of reaction mixtures recovered after the first reaction cycle of 

esterification and alcoholysis conducted over sulfonated carbocatalysts (Scheme 16).14,75 

Deactivation by SO3H leaching is dependent mainly on the carbon framework structure and the 

method of sulfonation, and such deactivation is typically observed for the partially-carbonized 

materials (e.g. hydrochars, biochar or incompletely pyrolyzed organic matter) sulfonated with 

conc. H2SO4 (Section 4.1.1 and Section 4.2.1) presenting a low degree of 

polycondensation.14,22,40,41,75,240 Such leaching is further enhanced at elevated reaction 

temperatures and pressures which favor irreversible fragmentation of the aromatic carbon 

structures.14,130,240  As such, utmost care must be taken for optimization of reaction parameters at 

a particular temperature and pressure to prevent permanent catalyst deactivation. Nevertheless, the 

SO3H acidity loss upon leaching can be partially recovered by re-sulfonation (Scheme 17). In 

contrast, the rigid carbon materials functionalized by strong sulfonating reagents like ClSO3H and 

by the chemical reduction of 4-benzenediazoniumsulfonate, demonstrated no detectable leaching 

of SO3H containing polyaromatic moieties under identical reaction conditions, owing to the 
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presence of a chemically stable, aromatic graphite like framework structures covalently bonded to 

the SO3H or PhSO3H sites.42,61,156 The nominal deactivation observed for such types of rigid carbon 

materials are typically attributed to the reversible formation of sulfonate esters and pore blocking 

caused by strong chemisorption of organic species (Scheme 16).42,147 Deactivation by adsorption 

of an alcohol and oxygenated molecules is also easily reversed upon solvent washing, drying (or 

vacuum drying) and/or combination of both processes (Scheme 17). 77-79,240 Typically, the porous, 

high surface area, rigid acidic carbons with a low density of surface SO3H and oxygen groups are 

deactivated by such adsorptions processes.79 Such adsorptions are also the main cause of 

deactivation in majority of the C-C and C-O bond forming reactions (alkylation, benzylation, 

acetalization, etc) catalyzed by such acidic carbocatalysts. Even so, further activation-deactivation 

studies are needed with sulfonated active carbons, sulfonated ordered carbons, sulfonated N-doped 

carbons and sulfonated carbon composites to gain more insights into the effect of carbon structure, 

doping and functional groups on their stability. Particularly studies in fixed-bed operation and in-

situ spectroscopic techniques (such as NMR, FT-IR or mass spectroscopy) may provide vital 

insights into the mechanism of deactivation/leaching of such materials.  

6.2. DEACTIVATION AND REGENERATION IN HYDROTHERMAL AND 

SOLVOTHERMAL ENVIRONMENTS 

Upon reactions involving hydrothermal environments such as hydrolysis, saccharification 

(Section 5.4) and dehydration (Section 5.5), acidic carbons are deactivated mainly through (a) 

leaching of SO3H groups (b) ion-exchange protons of SO3H sites with the cations contained in the 

aqueous feeds and (c) active site blocking by pore blockage (adsorption of oxygenated molecules) 

(Scheme 18).76,80,239,240 Anderson and co-workers observed that the sulfur-containing functional 

groups of acidic carbons sulfonated by fuming H2SO4 could not withstand extended exposure (24 

h) to condensed-phase water at 160 °C, irrespective of the carbonization conditions (hydrothermal 

or dry-pyrolysis at moderate temperatures 300-600 oC).240 Generally, the carbon catalysts treated 

at lower temperatures were observed to present the best stability in terms of SO3H leaching (lowest 

leaching). Structural models generated from solid-state NMR showed that such catalysts contained 

a significant fraction of furan rings and only a small amounts of polycondensed aromatic rings.240 

Similarly, also Vogel et al.80 observed analogous trends of SO3H leaching (40-68%), at 180 oC, 

during continuous hydrothermal treatment of sulfonated carbonized cellulose obtained by fuming 
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H2SO4 treatment (Section 4.1.2). For example, in the case of the most active sulfonated carbon 

derived from cellulose carbonization at 350 oC, 42% of its initial sulfur content leached within 4 h 

TOS, followed by a more gradual loss (up to 49%) within the next 20 h. On the contrary, materials 

carbonized at <450 °C contained sulfur/SO3H sites that were stable during the continuous 

hydrothermal treatment. The observed trends were explained by the presence of adjacent electron-

donating or withdrawing substituents increasing or decreasing the electron density and stability of 

C-S bonds.80 The same authors also observed that the presence of cations i.e. Na+, K+ or Ca2+ in 

the aqueous feed solutions can also induce accelerated deactivation of acidic carbons by 

exchanging with the acidic protons of SO3H and COOH sites. Although reversible by treatment 

with aqueous acids (e.g. 0.2 M CF3SO3H) (Scheme 19), such deactivation may be unavoidable 

when dealing with real bio-based aqueous feeds. Vogel et al. also demonstrated that by adding 

complexation agents like crown ethers and ethylenediaminetetraacetic acid in the feed mixtures, 

the ability of cations to exchange with protons of SO3H groups could be suppressed without 

compromising the catalyst activity and stability.80 In another work, a sulfonated glucose catalyst 

G-TsOH (obtained by hydrothermal treatment of glucose with p-toluenesulfonic acid, Section 

4.1.2) was reported to show SO3H leaching and deactivation problems similar to the acidic carbons 

reported by Anderson et al.240 and Vogel et al.80 under hydrothermal environments. In fact, it was 

concluded that such deactivation is independent of carbon precursor, synthesis methods and 

textural properties.76 Further, a careful analysis of filtrates from hydrothermally treated catalysts 

by NMR and laser scanning revealed the presence of the characteristic peaks of p-toluene sulfonic 

acid, the intensity of which increased with increasing treatment temperature. The authors proposed 

that such groups are most likely forming upon exfoliation of SO3H bearing colloidal carbon 

particles followed by subsequent decomposition into carbon moieties and soluble p-

toluenesulfonic acid like moieties (Scheme 18).76 Active site blockage by the deposition of 

oligomeric humins is another well documented mechanism of deactivation for acidic carbons. 

Humins are formed via oligomerization and polymerization of reactive furanic intermediates in a 

similar way to the reactions in a hydrothermal carbonization process.76,80,239,240   

Scheme 18. Plausible mechanisms for the deactivation of SO3H functionalized acidic carbons 

upon reactions under hydrothermal environments.  
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Scheme 19. Reaction scheme for the regeneration of surface acid sites of sulfonated carbons 

deactivated in hydrothermal environments.  
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The deactivation of acidic carbons is also influenced by the nature of reactants and solvents 

used in the reaction, as observed upon solvolysis and dehydration of carbohydrates at elevated 

temperatures (100-200 oC) (Section 5.5) and the different C-O and C-C bond forming condensation 

reactions (Section 5.2 and Section 5.6). When such reactions are performed in a non-aqueous 

organic solvents such as dimethyl sulfoxide and methyl isobutyl ketone, no or almost negligible 

deactivation is observed for acidic carbons, while a rapid deactivation and immediate loss of 

catalytic activity is observed upon water or aqueous solvent systems. The rapid deactivation in 

aqueous solvents is mainly attributed to the resinification or polymerization of dehydration products 

(5-hydroxymethylfurfural and furfural) on catalyst surface, leading to the deposition of humins on 

the catalyst pores that block the active sites.96,106,109,168,194 In contrast, in biphasic or organic solvent 

systems the dehydration products 5-hydroxymethylfurfural and furfural are stabilized and readily 

desorbed from the catalyst surface acid sites. As a matter of fact, minimizing the formation of 

polymeric humins is identified as one of the key challenges upon optimizing the yield of the 
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targeted dehydration products (5-hydroxymethylfurfural, furfural and levulinic acid) from 

carbohydrates with acid catalysts. The addition of salt (e.g. NaCl or KCl) is a possible way to improve 

5-hydroxymethylfurfural yield and inhibit humin formation; however, use of salts may promote 

catalyst poisoning by ion-exchange. Sulfur leaching may also contribute to the activity loss; especially 

in case of hydrophilic acidic carbons with a defective/flexible framework obtained by H2SO4 treatment 

(e.g. sulfated hydrochars and semi-carbonized materials). Due to their surface properties, such 

hydrophilic carbons with low degree of crosslinking are also more likely to promote poisoning by 

humin deposition as compared to the acidic carbons based on hydrophobic supports (ordered 

mesoporous carbon, carbon nanotubes, etc.). Nevertheless, PhSO3H and naphthalene-SO3H 

functionalized sulfonated ordered mesoporous carbon catalysts presented ca. 60 times slower 

deactivation rates than that of a SO3H functionalized SBA-15 catalyst upon dehydration of fructose 

to 5-hydroxymethylfurfural in a fixed-bed, bi-phasic, continuous flow operations confirming the 

superiority of acidic carbons for carbohydrate dehydration. This behavior was attributed to the 

superior hydrothermal stability of the covalently bonded PhSO3H (or naphthalene-SO3H) sites and 

rigid hydrophobic carbon framework of ordered mesoporous carbons.227  

In contrast, upon C-O and C-C bond forming condensation reactions performed in less 

aggressive solvents and less detrimental reactants (non-reactive to carbon surface sites) such as 

acetalization of carbonyls and hydroxyalkylation/alkylation of 2-methylfuran, acidic carbons 

deactivate neither via leaching nor via derivatizations (esterification). The nominal loss of catalyst 

activity observed upon performing such reactions is attributed only to the blockage of active sites 

caused by chemisorption of reactants or product molecules on surface oxygenates by hydrogen 

bonding like interactions (section 5.2 and section 5.6).  Such deactivations are also most common 

in case of hydrophilic carbocatalysts with a high density surface oxygenates and SO3H sites. 

Nevertheless, this type of deactivation (due to pore blockage or active site blocking) is a reversible 

deactivation process whereupon the adsorbed impurities or poisons are easily removed upon 

washing with water or organic solvents (e.g. methanol, acetone, 2-propanol) (Scheme 19) followed 

by drying.66,67 In fact, it has been suggested that it is even possible to remove polymeric humins 

impurities deposited on solid catalyst surfaces using oxidizing H2O2 solutions that also regenerate 

the active sites (Scheme 19).161,241,242 The SO3H acidity loss upon leaching in hydrothermal 

environments can also be partially recovered by re-sulfonation similar to the materials described 

in section 6.3  (Scheme 19). Nevertheless, further experiments with additional carbocatalysts (e.g. 
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sulfonated ordered carbons, sulfonated N-doped carbons and sulfonated carbon composites), 

fixed-bed studies and in-situ spectroscopic monitoring (e.g. NMR, FT-IR and mass spectrometry) 

are needed to gain mechanistic insights into the exact mechanism of active site leaching and humin 

deposition on the surface of such acidic carbocatalysts.  

6.3. OTHER MODES OF DEACTIVATION AND REGENERATION 

In addition to the standard modes of acidic carbon deactivation via active site (SO3H group) 

leaching, derivatizations (esterification) and pore blocking caused by strong chemisorption of 

organic species; the SO3H sites of functionalized carbons are also susceptible to deactivation by 

reduction into low oxidation state S species. This is evident from the reduction of active sites as 

evident from the reduction of PhSO3H to SH upon extended exposure to strong reducing agents 

like H3PO2 as well as the carbothermal reduction of SO3H sites bonded to polycondensed aromatics 

to low-valent S species (Scheme 20).42,66,67 The surface reduction of SO3H to SH sites was also 

observed under hydrogenation conditions, as observed in the case of bi-functional mesoporous 

carbocatalysts containing Ru as an active metal sites and SO3H as acid sites. In case of 1 wt % Ru 

containing sulfonated carbocatalysts, XPS analysis of the catalytic materials after pretreatment 

(reduction) and catalytic hydrogenation of levulinic acid showed a clear increase in the 

concentration of reduced sulfide (deactivated) species (Figure 18).243 Such deactivation of SO3H 

sites under hydrogenation or reducing conditions significantly limits the potential applications of 

sulfonated carbons. For the same reason the use of acidic sulfonated carbons (as a support) for 

fabrication of bifunctional hydrogenation, hydrodeoxygenation catalysts is very limited as the 

reduction of SO3H sites to sulfide species (SH or related low-valent S sites) are likely to contribute 

to deactivation of metal sites by sulfur-poisoning. This limits the application of such materials to 

acid catalyzed reactions; even so, such metal loaded (e.g. Pd) bifunctional sulfonated carbons may 

be useful in e.g. direct synthesis of hydrogen peroxide, or selective hydrogenation.   

Scheme 20. Plausible mechanisms for the (a) deactivation of SO3H functionalized acidic carbons 

upon reactions under reducing environments and (b) reaction scheme for the regeneration of 

surface SO3H sites.  
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Figure 18. XPS data collected for a sulfonated ordered mesoporous carbon (SOMC), fresh 1 wt% 

Ru/ SOMC and 1% Ru/ SOMC recovered after levulinic acid hydrogenation. Reprinted with 

permission from Ref. 243. Copyright 2015 John Wiley and Sons. 

7. CONCLUSIONS AND FUTURE OUTLOOK  

Carbon materials covalently functionalized with SO3H groups via C-PhSO3H or C-SO3H 

linkages can act as versatile water-tolerant solid Brønsted acids. The SO3H functionalized acidic 

carbon materials or ‘sulfonated carbons’ characterized by their unique carbon structure and 

Brønsted acidity (H0≤-11) on par to conc. H2SO4 are a new addition to the family of solid protonic 

acids and metal-free carbocatalysts. Due to their unique surface chemistry, tailorable pore 

structures and chemical, mechanical and thermal stability, they are regarded as potential substitutes 

to liquid H2SO4 in applications including catalysis, electrocatalysis, water treatment and alike. 
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Catalysis is one of the important areas in which sulfonated carbons have shown exceptional 

promise. These carbons demonstrate high activity as a reusable Brønsted acid catalyst upon 

industrially relevant organic transformations of different bio-renewable and refinery streams 

where they are often outperforming the alternative solid acids presenting similar acidic strengths 

(commercial sulfonic resins, Nafion, sulfated metal oxide and acidic zeolites). Liquid phase 

esterification, ester-exchange (trans-esterification), acetalization, etherification, hydrolysis, 

dehydration and C-C bond forming alkylation, alkylation/hydroxylalkylation, cross-aldol 

condensation, Beckmann rearrangement, Knoevenagel condensation, reductive amination, 

amidation, oxidation and multicomponent organic reactions like the Biginelli reaction are some of 

the important organic reactions catalyzed by the acidic carbons. The superior activity of sulfonated 

carbons has mainly been attributed to their unique surface properties that create synergistic effects 

of active sites (SO3H or PhSO3H groups) and surface oxygenates bonded to the network of carbon 

sheets, thus promoting selective adsorption and catalysis of various reactant molecules. Although, 

the mechanism of adsorption may differ for different reactants and carbon supports, in most cases 

such adsorption phenomena take place through non-covalent hydrogen bonding or CH−π and 

hydrophobic interactions. For non-porous hydrophilic sulfonated carbons (e.g. sulfonated 

hydrochars and sulfonated semi-carbonized materials), catalyst swelling also plays an important 

role in case of reactions in polar-media and catalysis of large hydrophilic molecules whereupon 

unfolding of ultramicropores facilities adsorption of reactants onto the carbon bulk of catalyst. 

Both carbon support (or/and carbonization condition) and sulfonation step affect the structure and 

acidity of the carbon material which in turn influences the summarized catalytic activity, 

selectivity and stability.          

Such metal-free carbocatalysts have been obtained from a wide range of carbon 

precursors/carbon supports including commercial carbons, activated carbons, N-doped carbons, 

carbon nitrides, templated carbons, nanostructured carbons as well as inexpensive semi-carbonized 

materials (biochars and hydrochars) derived from natural organic matter. Nevertheless, the 

feasibility of using carbon nanomaterials and templated carbons in large-scale fabrication of acidic 

carbons is limited due to their heavy environmental impact (multistep synthesis, use of hazardous 

reagents like hydrofluoric acid) and limited availability. A number of approaches has also been 

developed for the functionalization or grafting SO3H groups. Simultaneous sulfonation and 

carbonization with H2SO4 is an efficient and simple route to obtain acidic carbocatalysts with a 
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high degree of SO3H functionalization, albeit these materials pose negligible porosity, high density 

of oxygen functional sites and a poor thermal stability (<200 oC). Further, simultaneous sulfonation 

and carbonization of organic matter in the presence of organosulfates offers several advantages in 

terms of environmental safety and energy input but results in almost similar carbon materials with 

high hydrophilicity and poor thermal stability. On the other hand, in the post-grafting 

functionalization approaches based on the treatment of carbonized materials with various 

sulfonating reagents to create covalently bonded SO3H sites, the biggest advantage is the 

preservation of the original mesostructure/nanostructure of carbon. Thus, a wide range of materials 

with different surface chemistry (hydrophobicity/hydrophilicity), textural properties and degree of 

SO3H functionalization can be obtained using concentrated and fuming H2SO4 as the most versatile 

and inexpensive sulfonating reagents to be used upon efficient grafting of carbon surfaces with 

SO3H sites. Nevertheless, the use of such aggressive, oxidizing reagents for sulfonation poses 

significant challenges in terms of environmental hazards, safety and process upscaling. Also, such 

reagents are less efficient upon sulfonating graphite like carbons (i.e. templated carbons and 

activated carbons obtained at >700 oC). In other words, such reagents have limited utility in terms 

of obtaining carbon catalysts simultaneously possessing high porosity (large pore size, pore-

volume, specific surface area), rigid poly condensed structure and a high density of stable SO3H 

sites, both of which are vital features when considering applications in large molecule catalysis. 

 The functionalization of carbon surfaces through electrochemical or chemical reduction is 

regarded as one of the most efficient routes to produce functional carbon materials with moderate 

to very high density of PhSO3H sites. This approach preserves the mesoporous channels and 

surface properties of the parent material and offers excellent control over the material (acidic 

carbon) properties. This method addresses all major drawbacks and environmental hazards 

related to the use of conventional sulfonating reagents such as H2SO4, ClSO3H and SO3. 

Drawbacks are the higher cost of reagents (sulfanilic acid, isoamyl nitrate or NaNO2) and bulky 

size of PhSO3H moieties that significantly decreases the specific surface area and pore volume of 

the resulting functionalized material. Besides, the covalently attached PhSO3H groups are expected 

to provide stronger proton release ability due to electron-withdrawal effect of aryl groups, so the 

stronger acidity and higher catalytic ability of as-prepared catalysts will be expected when 

compared with the carbon-based acids presenting SO3H sites. Also, several other non-conventional 

approaches have been developed in recent years and among them, the direct pyrolysis of 
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lignosulfonates and spray pyrolysis with dil. H2SO4 show potential in large-scale production of 

acidic carbons as they address several issues related to the conventional methods (eliminating use 

of conc. H2SO4, acid waste generation and release of acid gases) without compromising the 

properties of the resulting materials. As a summary, with a judicious combination of carbon 

precursor and sulfonation method, it is possible to fine-tune the properties of sulfonated carbons 

and, therefore, also enable the development of “designer” acid catalysts for specific applications. 

Sulfonated carbons retain the structure and textural properties of parent carbon support, 

irrespective of the sulfonation reaction conditions. Successful sulfonation of carbon materials is 

usually reflected in terms of decreased thermal stability (hydrochars are an exception) and the 

positive changes in surface acidity and hydrophilicity. However, the acidity values obtained by 

different analytical methods differ and, as such, it is recommended to use a combination of 

measurement techniques to estimate the surface acidity and hydrophilicity of sulfonated carbons. 

Overall, in terms of catalysis, the activities of non-porous semi-carbonized sulfonated materials 

are generally comparable to their large pore counterparts, exhibiting comparable activity in large 

molecule catalysis in polar media. As such, these semi-carbonized acidic carbons show high 

potential for industrial scale-up due to their low cost, ease of production and other cost benefits. 

The sulfonated carbons presenting large specific surface areas and low-costs i.e. waste-derived 

sulfonated activated carbons are promising catalysts within the sugar platform and triglyceride 

biorefineries, due to their unique ability to adsorb and catalyze the transformation of large 

hydrophilic as well hydrophobic molecules, water tolerance and compatibility in hydrothermal 

reaction environments. In fact, these acidic carbons are the most active, selective and stable non-

enzymatic catalysts known to hydrolyze the β-glycosidic bonds of carbohydrate feedstocks. These 

carbon-based solid acids bearing SO3H, COOH and PhOH groups have strong affinity for 

polysaccharide chains that render them highly effective as saccharification/solvolysis catalysts. 

Besides, the integration of waste/side streams of existing biorefineries for the production of carbon 

catalysts would not only resolve a major waste disposal issue but also contribute to higher carbon 

efficiencies through better utilization of starting biomass.  

The catalytic performance and stability of sulfonated carbons are dependent on many 

parameters including process conditions (temperature, pressure, pH and reaction media), carbon 

structure (nature of functional group, doping and structural ordering) and the surface-textural 
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properties of carbon used and, therefore, are strongly influenced by the sulfonation route and 

carbon precursors. The activation and deactivation studies conducted on such materials have 

revealed the existence of several mechanism or pathways for active site deactivation of such 

materials, including (a) reversible deactivation by ion-exchanging, active site derivatization 

(surface esterification) and pore-blocking/adsorption as well as (b) irreversible deactivation by 

leaching SO3H sites and/or solubilization of SO3H containing polyaromatic species. It has been 

generally observed that the carbon materials presenting a low degree of polycondensation 

(hydrochars, biochars and partially carbonized materials) and functionalized by H2SO4 treatment 

are susceptible to rapid irreversible deactivation under strong hydrothermal environments. The 

same materials are also deactivated in alcoholic media due to formation of sulfonate esters as well 

as solubilization of SO3H containing polyaromatic fragments, particularly under high pressures. 

In contrast, the graphitic carbon materials presenting a high degree of polycondensation (i.e. 

templated carbons and activated carbons obtained at >700 oC) do not undergo similar deactivation 

by leaching or derivatization; In fact, the activity loss of such catalysts is typically associated with 

reversible deactivation by ion-exchanging and pore blocking caused by adsorption of impurities. 

Nevertheless, the exact mechanisms of activation and deactivation of such acidic carbons are still 

not well understood. Further experimental studies by in-situ spectroscopic techniques (such as 

NMR, FT-IR and mass spectroscopy), reaction kinetics and molecular modeling techniques may 

provide useful insights into the active sites activation, deactivation and stability under different 

process conditions. Mathematical modeling of the reaction kinetics is considered one of the most 

crucial steps in the chemical process development for industrial applications. Molecular modeling 

and density functional theory (DFT) studies may also provide fundamental insights into 

understanding the adsorption-desorption of reactants, products and impurities (such as humins, 

H2O) onto active sites of these carbocatalysts. Such studies can give vital insights to the activity, 

selectivity and activation-deactivation of sulfonated carbons. In particular, additional studies 

should be undertaken in continuous flow fixed-bed reactors to evaluate the catalyst stability under 

industrially relevant conditions. Studies are also needed to evaluate the stability of SO3H sites in 

the presence of hydrogen/reducing and oxidizing environments, as these materials have also 

demonstrated potential for fabrication of bifunctional metal catalysts via selective deposition of 

metal/metal precursors on to the surface oxygenates.  
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Overall, numerous industrial reactions have been tested in terms of practical applications 

of these acidic carbons and their fabrication has even been demonstrated in a medium-scale plant 

from waste materials.15 Even so, these carbocatalysts are far from being an “ideal replacement 

catalyst” for homogeneous H2SO4. One of the key points to be considered to establish the industrial 

competence and environmental benignity of such materials is to prove their long term stability and 

cost-effective regeneration, as fabrication of such materials is also associated with enormous 

volumes of liquid (H2SO4 or dil acid waste) and gaseous acid waste (SO2, SO3) generation. If such 

materials are susceptible to leaching or rapid deactivation in a chemical process the direct use of 

small (catalytic) quantities of mineral acids would still be more cost-effective and environmentally 

benign. Nevertheless, with the available data/literature, it is very difficult to comment on the 

industrial scale feasibility of these acidic carbocatalysts. To reach industrial targets there are 

several major bottlenecks to be addressed which include: (a) large/pilot scale techno-economic 

studies in comparison with existing industrial acid catalysts taking into account stability, 

activation-deactivation behavior and catalyst regeneration in industrially relevant conditions 

(batch or continuous flow), (b) experiments with real-world feedstocks e.g. lignocellulose, waste 

oils, untreated starch feedstocks (majority of existing catalytic studies applies semi-empirical 

approach, either using pure compounds or impurity-free simulated feeds) and (c) reaction kinetics 

and molecular modeling to understand reaction pathways and develop advanced kinetic models. 

Overall, from the viewpoint of catalytic performance, mechanistic understanding, active site 

stability (under process conditions), mechanical strength and processing, significant improvements 

are still needed before such materials can replace H2SO4. 
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