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Acid and its Catalytic Performance for Hydration of  
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An amphiphilic mesoporous carbon-based solid acid (LCx-SO3H) with high 
specific surface area was prepared from kraft lignin that was carbonized 
using a phosphoric acid treatment. It was found that the specific surface 
area, pore structure, and amphiphilic nature of the catalyst was effectively 
controlled through adjusting the phosphoric acid dosage during lignin 
carbonization. Under optimum preparation conditions, the specific surface 
area, pore volume, and average pore size of the catalyst were 282.2 m2/g, 
0.26 cm3/g, and 6.73 nm, respectively. The performance of this solid acid 
catalyst for the hydration of α-pinene was characterized via gas 
chromatography analysis. The conversion of α-pinene and the yield of α-
terpineol during hydration reaction were as high as 95.3% and 55.3%, 
respectively; these results were greater than the results from other 
hydration methods with sulfuric acid and commercially available solid acid 
catalysts (e.g., Amberlyst-15). After five recycles of the carbon-based solid 
acid without regeneration, conversion of α-pinene decreased from 95.3% 
to 92.6%, and the yield of α-terpineol decreased from 55.3% to 47.6%. 
These observations indicated that the solid acid catalyst derived from kraft 
lignin carbonization has high potential as a hydration agent for α-pinene. 
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INTRODUCTION 
 

 The monoterpenic and monocyclic alcohol α-terpineol is found in essential oils 

from nature and is extensively used in the perfume and pharmaceutical industries (Erman 

1985). It is unfeasible to separate and purify α-terpineol from essential oils at the industrial 

scale due to its low concentrations in natural plant oils. Currently, α-terpineol is 

synthesized via the hydration of α-pinene or turpentine using an aqueous mineral acid (such 

as sulfuric, hydrochloric, or phosphoric acid) or mixed mineral acids as a catalyst (Yuan et 

al. 2016; Prakoso et al. 2018). Although the activities of mineral acid catalysts are high, so 

are the energy requirements needed for catalyst separation, recycling, and the purification 

of the reaction products (Pakdel et al. 2001; Avila et al. 2008). Furthermore, equipment 

corrosion, wastewater treatment, operational hazards, and other factors are issues involved 

with the α-terpineol production processes (Hara et al. 2004; Shu et al. 2010; Hu et al. 

2015a). The production costs of α-terpineol have increased. In recent years, solid acid 

catalysts, such as heteropolyacids (Robles-Dutenhefner et al. 2001), ion exchange resins 

(Yang et al. 2011), and solid superacids (Liu et al. 2013), have been examined for the 
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production of α-terpineol. Such acid catalysts are easily recycled and have lower 

environmental impacts (Vital et al. 2000). Among all of the types of solid acid catalysts, 

the carbon-based ones are considered promising candidates due to their low cost, wide 

range of textural properties, and relatively high density of sulfonic acid groups (Okuhara 

2002). Moreover, more bioresources are being used as starting materials for their easy 

preparation and regeneration, and their excellent mechanical and thermal stabilities 

effectively increase their potential for practical application in acid catalytic reactions over 

other solid acid catalysts (Geng et al. 2011; Malins et al. 2015). Carbon-based solid acids 

can be classified as either supported or functionalized catalysts.  

Functionalized carbon-based solid acids can be prepared by direct sulfonation or 

indirect sulfonation via alkylation or arylation (Malins et al. 2015). Carbon-based solid 

acids can be produced by the direct sulfonation of cellulose, glucose, glycerol, starch, or 

polymers (Budarin et al. 2006; Fukuhara et al. 2011; Song et al. 2012; Zhao et al. 2016; 

Li and Zeng 2017; Zhang et al. 2017; Li et al. 2018). In recent years, biomass resources, 

such as corn cob, rice straw, bagasse, peanut husk, etc., have been used as the raw substrate 

for the preparation of carbon-based solid acid catalysts (Bedia et al. 2010; Ezebor et al. 

2014; Wang et al. 2014; Zeng et al. 2014; Haziratul Mardhiah et al. 2017; Wang et al. 

2017; Qi et al. 2018). To increase the specific surface area of the solid catalysts, activators 

often have been used during the preparations of the catalysts. Although catalysts with large 

specific surface area can be obtained through this method, the porosity of such catalysts is 

predominated by micropores, and the amphiphilicity of the surface of the catalysts was not 

investigated (Tang and Niu 2019). Such solid acid catalysts might not be suited for 

hydration reactions of alkenes, although they may have high catalytic activities for other 

types of reactions. 

 Lignin is the second most abundant organic polymer found in nature after cellulose 

(Liu et al. 2016). Technical lignins are produced at levels of around 70 million tons per 

year and are a renewable industrial byproduct from the chemical pulping of wood. 

However, this byproduct has not been used efficiently (Gosselink et al. 2004; Serrano-Ruiz 

et al. 2010). Technical lignin can be used in the preparation of carbon-based solid acid 

catalysts for its rich aromatic structure and oxygen-containing functional groups. In recent 

years, lignin has been studied as the carbon source for the preparation of carbon-based solid 

acids (Liang et al. 2013; Hu et al. 2015b; Li et al. 2018). However, the main problems 

encountered when using this substrate are the low specific surface area (12.07 m2/g) and 

low acid density (0.37 mmol sulfonic groups/g catalyst) (Hu et al. 2015b). Moreover, the 

pore structure cannot be controlled without the use of template agents, and the 

amphiphilicity on the surface of the catalysts is not tunable, although the use of activators 

such as ZnCl2, KOH, or K2CO3 can lead to a large specific surface area at a high 

temperature (600 to 900 °C) (Li et al. 2013; Hu et al. 2015b). It is known that mesoporous 

solid catalysts from carbon sources can be obtained via template methods, which use either 

hard SiO2 surfaces (Huang et al. 2016), soft F127 surfaces (Libbrecht et al. 2017), or other 

template surfaces. However, the costs of the templates are too high for utilization at the 

industrial scale. The present study was conducted to obtain carbon-based solid acid 

catalysts derived from kraft lignin with a tunable textural structure, an amphiphilic surface, 

and a high total acid density at a more convenient cost. 

 Amphiphilic mesoporous carbon-based solid acid catalysts were prepared through 

the incomplete carbonization of kraft lignin with phosphoric acid that was then sulfonated 

with concentrated H2SO4. The catalysts were characterized and their catalytic activity for 

the hydration of α-pinene was compared with commercial solid acid catalysts, such as 
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Amberlyst-15 and strong mineral acids (e.g., H2SO4). The catalysts obtained exhibited high 

catalytic activity due to the catalysts’ high specific surface areas, high mesopores content, 

high total acid and sulfonic acid group density, and high amphiphilic activity. The current 

research presents a simple and efficient route to obtain carbon-based solid acid catalysts 

with tunable properties on a large scale. Such results have not been previously reported for 

carbonized kraft lignin, and could be interesting from the viewpoint of controlling the 

textural structure through adjusting the phosphoric acid dosage during the catalyst 

synthesis. 

 

 

EXPERIMENTAL 
 

Materials 
Kraft lignin was isolated from the spent pulping liquor (i.e., black liquor) of pine 

wood, which was provided by the Phoenix Pulp and Paper Co., Ltd. (Nanning, China). The 

α-Pinene was obtained from Wuzhou Sun Shine Forestry and Chemicals Co., Ltd. 

(Nanning, China). The chemical standards used in the gas chromatography (GC) analyses 

were all of chromatographic grade. Other chemicals and solvents used in this study were 

standard laboratory grade and were commercially obtained. 

 

Methods 
Catalyst preparation 

Kraft lignin (10 g) was milled and sieved through a 100-mesh sieve to obtain a 

powder. Then, the sample was impregnated with a prescribed amount (10 g, 20 g, 30 g, or 

40 g) of 85% phosphoric acid (analytical grade) while stirring overnight at room 

temperature with a magnetic stirrer. The impregnated sample was oven-dried at 110 °C for 

12 h until a constant mass was achieved. The dried sample was transferred into a furnace 

with a nitrogen atmosphere where the temperature was increased from room temperature 

to 400 °C at a rate of 10 °C/min; the sample was maintained at 400 °C for 3 h under a 

nitrogen atmosphere. After activation and carbonization, the sample was washed with 

diluted hydrochloric acid and distilled water to remove impurities. After washing, the 

sample was oven-dried at 110 °C for 12 h to obtain the carbonized lignin (designated as 

LCx, where ‘x’ is the phosphoric acid-to-lignin mass ratio). The sample LC0 was 

synthesized under the same carbonization condition with no phosphoric acid impregnation.  

Sulfonation was completed with 5 g LCx immersed in 100 mL of 98% sulfuric acid 

and the mixture was stirred at 180 °C for 8 h. The sulfonated sample was washed with 

deionized water until the filtrate pH was 7.0, and the filtrate was tested with a barium 

chloride solution (0.10 mol/L) to ensure that free sulfuric acid was washed off absolutely. 

The washed sample was oven-dried under a vacuum at 60 °C for 12 h to obtain the carbon-

based solid acid (LCx-SO3H).  

 

Characterization of catalysts 

 Fourier transform infrared (FTIR) spectra of the samples were recorded using a 

Bruker Vector 33 spectrophotometer (Bruker Optics, Billerica, MA, USA) over the 

wavenumber range of 4,000 to 400 cm-1.  

 X-ray diffraction (XRD) of the powdered samples was obtained using a Pgeneral 

XD-3 diffractometer (PERSEE, Beijing, China) equipped with a built-in recorder. The 
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instrument used Cu-Kα radiation with a nickel filter, 30 Ma, and 40 kV. The scanning angle 

(2θ) that was used was between 5° and 65° with a scanning rate of 2°/min.  

 Raman spectra of the samples were recorded with an inVia Reflex spectrometer 

(Renishaw, Gloucestershire, UK) using a 532 nm wavelength.  

 Static contact angles of the samples were measured using water as the contact 

medium with a JY-82B contact angle meter (Beijing Harke Experimental Instruments, 

Beijing, China). The samples were pressed into sheets prior to the contact angle 

measurements. 

 The surface areas and porosities of the samples were characterized using the 

Brunauer-Emmitt-Teller (BET) isotherms that were performed at 77 K using a 

Micrometrics ASAP 2020 instrument (Micrometrics, Norcross, GA, USA) with nitrogen 

as the adsorbed gas. Prior to the BET isotherm measurements, all of the samples were 

degassed at 120 °C under a nitrogen atmosphere for 12 h. 

 Scanning electron microscope (SEM) images were taken using a Zeiss SUPRA 55 

instrument equipped with a field emission electron gun (FEG) (Carl Zeiss Microscopy 

GmbH, Jena, Germany) and an energy dispersive spectrometer (EDS) (X-MaxN51-

XMX1004; Oxford Instruments, Oxford, England). Samples were photographed after 

platinum spraying using an ion sputtering apparatus (GSL-1100X-SPC-16; Kejing Auto- 

Instrument Co., Ltd., Shenyang, China).  

 Thermogravimetric analysis (TGA) of the samples was performed using a TGA/SD 

T851e instrument (Mettler Toledo Ltd., Hong Kong, China). Analyses were conducted 

under a nitrogen atmosphere using a programmed heating rate of 10 °C /min from 0 °C to 

1100 °C. 

 The adsorption capacities of the various catalysts for α-pinene were measured. A 

mixture of 4.00 g of α-pinene, 4.00 g of water, 20.00 mL of isopropanol, and 0.40 g of 

LCx-SO3H was added to a 50-mL conical flask that was then sealed. Next, the flask was 

placed in a SHZ-88 thermostat water bath oscillator (Hinotek Instrument Co., Ltd., Ningbo, 

China), the bath was operated at 150 rpm at 25 °C. An approximate 0.50 mL sample was 

removed from the flask at 2 h intervals. The sample was filtered using a 0.22-μm organic 

filter head, and the filtrate was collected for GC analysis. The amount of adsorption was 

calculated based on the analyses. 

 The acid densities of the various catalysts were determined via the acid-base 

titration method. This method was similar to that described by Toda et al. (2005) and Wang 

et al. (2011).  

 

Catalytic testing 

 The activities of the synthesized solid acid catalysts for the hydration of α-pinene 

were measured. Briefly, a mixture of 20.00 mL isopropanol, 4.00 g α-pinene, 4.00 g 

distilled water, and 0.40 g LCx-SO3H catalyst was added to a 100-mL three-necked flask. 

The flask was placed in an oil bath, and the suspension was mixed with a magnetic stirrer 

(300 rpm) at 80 °C. A 0.50 mL sample was taken from the reaction mixture at specified 

time intervals. The aliquot was filtered through a 0.22-μm organic filter head to obtain a 

filtrate that was analyzed using GC. Catalytic experiments were also performed using 

commercially available Amberlyst-15 catalyst (53 m2/g specific surface area, 4.70 mmol 

sulfonic acid groups/g catalyst, and 30 nm average pore diameter) and sulfuric acid catalyst 

respectively under the same conditions as those using the LCx-SO3H catalysts. 
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RESULTS AND DISCUSSION 
 

Effect of Phosphoric Acid on Catalyst Preparation 
Effect of phosphoric acid on carbonized kraft lignin  

 Effects of phosphoric acid dosages on the carbon yield from kraft lignin are shown 

in Table 1. When there was no phosphoric acid added, the carbon yield of LC0 was only 

52.4%. The carbon yield of the samples increased as the phosphoric acid dosages increased 

due to the dehydrolysis of the kraft lignin by phosphoric acid (Qin et al. 2014; Li et al. 

2015). However, when a 4-to-1 phosphoric acid-to-lignin dosage was used, the carbon 

yield of LC4 was slightly lower than that of LC3. Higher phosphoric acid dosages not only 

increased the carbon yield from the kraft lignin, but they also affected the textural structure 

of the carbonized lignin. Phosphoric acid is a polar molecule and can penetrate into the 

lignin polymer to act as a plasticizer, to dehydrate at high temperatures, and to form melted 

microbeads. The following reactions are thought to occur with phosphoric acid (Li et al. 

2015):  

2H3PO4 → H4P2O7 + H2O      (1) 

3H3PO4 → H5P3O10 + 2H2O     (2) 

nH3PO4 → Hn + 2PnO3n + 1 + (n - 1)H2O     (3) 

As shown in Fig. 1, phosphoric acid reacted with lignin to form phosphate linkages, 

such as phosphate and polyphosphate esters (Jagtoyen and Derbyshire 1998; Li et al. 2015). 

After phosphoric acid carbonization, the phosphate lignin derivatives were dissolved 

during washing with dilute hydrochloric acid and deionized water. This resulted in a solid 

carbonized material with a complex pore structure. 
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Fig. 1a. Postulated phosphate ester formation by the phosphorylation of lignin 
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Fig. 1b. Postulated phosphate ester formation by the phosphorylation of lignin 
 

 The micropore volumes of LC2, LC3, and LC4 were similar to one another 

(approximately 0.12 cm3/g); however, the mesoporous volume (Vmeso) values of the 

samples were different (Table 1). Generally, as the phosphoric acid dosage increased, the 

Vmeso of the carbonized lignin increased. Conversely, with a further increase in phosphoric 

acid dosage, the interconnection between the mesopore with other mesopore led to the 

formation of invalid large holes, which led to a decreased mesoporous volume. The specific 

surface area (SBET), pore volume (Vp), and average pore diameter (Dp) of LC0 and LC1 were 

too small to be measured using the BET isotherm method. When the phosphoric acid 

dosage was three times that of lignin, the specific surface area, pore volume, and average 

pore diameter of the carbonized material increased to 844.02 m2/g, 0.87 cm3/g, and 6.57 

nm, respectively; likewise, the mesoporous ratio of LC3 increased to 86.2%. 

  

Table 1. Surface and Textural Characteristics of Carbonized Kraft Lignin 

Sample Carbon Yield 
(%) 

SBET 
a 

(m2/g) 
Vp 

b 
(cm3/g) 

Vmeso 
c 

(cm3/g) 
Dp 

d 
(nm) 

Mesoporous Ratio e 

(%) 

LC0 52.4 - - - - - 

LC1 55.3 - - - - - 

LC2 63.3 660.22 0.52 0.40 5.14 76.9 

LC3 65.7 844.02 0.87 0.75 6.57 86.2 

LC4 64.2 703.03 0.55 0.43 5.00 78.2 

a Specific surface area; b total pore volume; c mesoporous volume; d average pore diameter; and e 

mesoporous ratio = (mesoporous volume / total pore volume) • 100 
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Effect of phosphoric acid treatment on carbonized lignin acid catalysts 

 The surface and textural characteristics of catalysts are presented in Table 2. When 

no phosphoric acid was used as an activator, the specific surface area of LC0-SO3H was 

low (0.17 m2/g). As the amount of phosphoric acid increased, the specific surface area and 

pore volume of the catalysts increased. When the phosphoric acid-to-lignin ratio was 3-to-

1, the specific surface area and pore volume of the catalyst peaked at 282.2 m2/g and 0.26 

cm3/g, respectively. These observed trends with LCx-SO3H were basically consistent with 

those of the carbonized lignin (LCx). However, the specific surface area of LCx-SO3H was 

lower than the corresponding LCx, which was attributed to the sulfonation reaction (Ogino 

et al. 2015). It was noted that the specific surface area of LC0-SO3H and LC1-SO3H 

increased when compared to LC0 and LC1, respectively, which indicated that the 

sulfonation reaction created new pore structures in carbonized lignin that had little to no 

modification by the phosphoric acid. The specific surface area of LC4-SO3H was close to 

that of LC3-SO3H, but the average pore volumes and average pore diameters decreased; 

this observation implied that the mesoporous structure of LC4-SO3H was negatively altered, 

which drastically lowered the mesoporous ratio of LC4-SO3H.  

 

Table 2. Surface and Textural Characteristics of Carbonized Kraft Lignin 
Catalysts After Sulfonation When Compared to Amberlyst-15 

Sample SBET 
a 

(m2/g) 
Vp 

b 
(cm3/g) 

Vmeso 
c 

(cm3/g) 
Dp 

d 
(nm) 

Mr 
e 

(%) 
Ac 

f 
(mg/g) 

Acid Density g (mmol/g) 

-SO3H -COOH -OH Total 

LC0-SO3H 0.17 - - - - 120 0.38 1.68 1.18 3.24 

LC1-SO3H 88.42 0.09 0.07 7.17 77.8 179 0.48 2.11 1.65 4.24 

LC2-SO3H 129.16 0.12 0.09 6.69 75.0 439 0.55 2.23 1.86 4.64 

LC3-SO3H 282.20 0.26 0.19 6.73 73.1 663 0.57 2.35 1.91 4.83 

LC4-SO3H 257.72 0.16 0.08 3.74 50.0 589 0.48 2.27 1.77 4.52 

Amberlyst-15 53.00 - - 30.0 - 424 4.70 - - 4.70 
a Specific surface area; b total pore volume; c mesoporous volume; d average pore size;  
e mesoporous ratio = (mesoporous volume / total pore volume) • 100; f adsorption capacity of α-
pinene; and g based on acid-base titration 

 

 The acid density values for the various LCx-SO3H catalysts are also shown in Table 

2. As the phosphoric acid dosage during lignin carbonization increased, the densities of 

sulfonic (-SO3H), carboxylic (-COOH), phenolic (-OH), and total acid for the carbonized 

catalysts also increased. These acid density values reached their maximum value when the 

phosphoric acid-to-lignin ratio was 3-to-1 (i.e., LC3-SO3H). The acid density was related 

to the textural structure of the carbonized lignin. When the specific surface area was higher, 

there was more oxidation and sulfonation of the surfaces of the carbonized lignin. The 

phosphoric acid activator added during the carbonization might also promote the formation 

of carboxylic and phenolic groups (Lin et al. 2019). The sulfonic acid density of LC3-SO3H 

was also measured using energy dispersive X-ray spectroscopy (EDS) and the value 

obtained (0.53 mmol/g) was similar to the value obtained via the acid-base titration method 

(i.e., 0.57 mmol/g). 

 Images from the contact angle measurements are shown in Fig. 2. The contact 

angles (CA) of LC0-SO3H and LC3-SO3H were 121.0o and 14.3o, respectively. These 

observations indicated that LC0-SO3H had a hydrophobic surface, whereas LC3-SO3H had 
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a hydrophilic surface due to the presence of polar sulfonic, carboxylic, and phenolic groups. 

The α-pinene adsorption capacity (Ac) of the samples increased as the phosphoric acid 

activator dosage increased (Fig. 3). When the phosphoric acid-to-lignin dosage was greater 

than 2-to-1, the Ac of the resulting LCx-SO3H increased. Under the same conditions, the 

larger surface area of a catalyst has, the larger Ac of α-pinene has. Hence, LC3-SO3H had 

amphiphilic characteristics towards hydrophobic (e.g., α-pinene) and hydrophilic (e.g., 

water) molecules. Properties, such as amphiphilic nature, high specific surface area, high 

sulfonic acid group density, and high mesoporous ratio, should make LC3-SO3H an 

effective hydration catalyst for α-pinene. 

 

 
 

 
Fig. 2. Contact angles of LC0-SO3H (a), LC3-SO3H (b) 
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Fig. 3. α-Pinene adsorption capacity of LCx-SO3H   

 

 Pseudo-first-order and pseudo-second-order kinetic equations for the adsorption 

capacity of a-pinene on catalysts were fitted. Fitting results are shown in Fig. 4, and the 

adsorption kinetic rate constants and R2 of the catalysts are shown in Table 3. From Table 

3, it can be seen that the adsorption of α-pinene on the catalysts were well fitted with the 

pseudo-first-order kinetics. Furthermore, LC3-SO3H had the largest rate constant among 

all the catalysts. This is because LC3-SO3H had the largest specific surface area and 

mesoporous volume, which is conducive to the adsorption and mass transfer during the 

reaction. 

b 

CA = 14.3° CA = 121.0° 

a 
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Fig. 4. Pseudo-first-order kinetic fitting curves (a) and pseudo-second-order kinetic fitting curves 
(b) of α-pinene adsorption on catalysts  

 

Table 3. Fitting Results of Adsorption Kinetics for α-Pinene onto Catalysts 

Sample 
Pseudo-first-order-model Pseudo-second-order-model 

k1  (min-1) R2 k2  (g·mg-1·min-1) R2 

LC0-SO3H 0.0021 0.9466 0.0016 0.0237 

LC1-SO3H 0.0026 0.9654 0.0009 0.3720 

LC2-SO3H 0.0030 0.9650 0.0002 0.3457 

LC3-SO3H 0.0034 0.9645 0.0002 0.1255 

LC4-SO3H 0.0032 0.9687 0.0002 0.0808 

Amberlyst-15 0.0030 0.9377 0.0001 0.0230 
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Fig. 5. FTIR spectra: (a) lignin; (b) LC3; and (c) LC3-SO3H 

 

Characterization of Catalysts 
FTIR analysis 

 The FTIR spectra of lignin, LC3, and LC3-SO3H are shown in Fig. 5. The broad 

absorption band around 3420 cm-1 is ascribed to the hydroxyl stretching vibration. The 
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peaks at 1165 cm-1 and 1030 cm-1 were attributed to symmetric and asymmetric stretching 

vibrations of O=S=O. This observation indicated that sulfonic acid groups were 

successively incorporated onto the solid catalyst (Song et al. 2012; Konwara et al. 2018). 

The band at 1600 cm-1 was assigned to C=C stretching vibrations in aromatic carbons. The 

band at 1710 cm-1 was attributed to a C=O bending vibration (Shen et al. 2013), which 

indicated the presence of carboxylic acid groups on the LC3-SO3H catalyst.  
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Fig. 6. XRD spectra (a) of LC3 and LC3-SO3H; and Raman spectra (b) of LC3 and LC3-SO3H 

 

XRD and Raman spectroscopy analyses 

 Figure 6 illustrates the XRD and Raman spectra obtained from LC3 and LC3-SO3H. 

The XRD of LC3 and LC3-SO3H exhibited two broad diffraction peaks (2θ) at 10° to 30° 

and 30° to 50°, which corresponded to a carbon structure comprised of randomly-oriented 

sheets of polycyclic aromatic carbons (Qin et al. 2014). The Raman spectra collaborated 

the findings from the XRD analyses and Raman scattering peaks were observed at 1361 

cm-1 (D band) and 1593 cm-1 (G band), which indicated polycyclic aromatic carbon sheets 

were present (Song et al. 2015). The ratio of D-to-G bands (ID/IG) of LC3 and LC3-SO3H 

were 0.68 and 0.69, respectively. The ID/IG values were not high because of the relatively 

low temperature (400 °C) used during the lignin carbonization process. 

 

BET isotherm analyses 

 Figure 7(a) shows the BET isotherms of all samples were type IV with H3 

hysteresis loops. The curves at a relative pressure ratio of 0.30 to 0.90 can be classified as 

typical mesoporous materials, whereas a relative pressure ratio greater than 0.90 can be 

assigned to multilayer nitrogen adsorption by the macropores (Tian et al. 2017). The pore 

size distribution curves of the LCx-SO3H catalysts are shown in Fig. 7(b). The pore sizes 

of the LCx-SO3H catalysts were mainly mesoporous (2 to 50 nm). In contrast, the LC3-

SO3H catalyst had some macropores, whereas the LC4-SO3H catalyst had almost no 

macropores. The LC1-SO3H, LC2-SO3H, and LC3-SO3H had a uniform pore size 

distribution, whereas LC4-SO3H possessed a different distribution. Therefore, the 

application of an appropriate phosphoric acid dosage during lignin carbonization can 

effectively maximize the porosity of the solid acid catalyst to obtain higher mesopore 

volume and ratio values. 
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Fig. 7. BET adsorption isotherms (a) and pore size distribution curves (b) of LCx-SO3H 

 

SEM analysis 

 The morphologies of the carbonized lignins and the prepared catalysts are shown 

in Fig. 8.  

 

   

   

   

   
 

 

Fig. 8. SEM images of carbonized lignin samples: LC0 (a and b); LC1 (c and d); LC2 (e and f); LC3 
(g and h); LC4 (i and j); and LC3-SO3H (k and l) 
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The SEM images showed that the surfaces of LC0 and LC1 were flat and smooth. 

However, LC2, LC3, LC4, and LC3-SO3H had irregular surfaces with well-developed 

coralloid porous structures. These observations indicated that the samples without 

phosphoric acid activation (LC0) or little phosphoric acid activation (LC1) had no porous 

development during lignin carbonization. When LC3 was compared with LC3-SO3H, it was 

observed that the LC3-SO3H sample had lower porosity than the LC3 sample. This indicated 

that a portion of the pore structure was altered during the sulfonation of the carbonized 

lignin, but the morphological structure of the catalyst was almost the same as that of the 

original carbonized lignin. The phenomena shown in the SEM images were consistent with 

the experimental data obtained from the BET isotherms. 
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Fig. 9. TG and DTG curves of LC3-SO3H catalyst  

 

TG and DTG analyses 

 The thermal stability of LC3-SO3H was characterized by thermogravimetric (TG) 

and differential thermogravimetric (DTG) analyses (Fig. 9). The observed mass loss 

(approximately 5%) at temperatures below 120 °C is attributed to moisture losses. There 

were almost no mass losses at temperatures between 120 to 250 °C, which suggested that 

the LC3-SO3H catalyst possessed high thermal stability, and could be used at temperatures 

below 250 °C. Approximately 45% mass loss of the LC3-SO3H catalyst occurred between 

250 to 800 °C, which was attributed to the loss of volatiles and tar from the sample.  

 
Catalytic Activities 
Catalytic mechanism and performance 

 The postulated mechanism of the hydration of α-pinene via the carbon-based solid 

acid catalyst is shown in Fig. 10. The pinane carbocation intermediate was formed via the 

electrophilic addition of α-pinene with a proton from the sulfonic acid group on the catalyst 

surface. Then, the pinane carbocation intermediate underwent a ring opening reaction of 

its bicyclic structure to form another carbocation intermediate. Finally, the nucleophilic 

addition of water to the carbocation intermediate formed α-terpineol, along with the 

protonation of the sulfite group at the catalyst’s surface. For a heterogeneous catalysis 

system, the reaction takes place on the solid surface of the catalyst. Adequate specific 

surface areas for a catalyst with abundant active sites play an important role in catalytic 

reactions. It is also important that the reactant can be adsorbed onto the surface of a catalyst. 

In addition, diffusion and mass transfer phenomena are important factors with a 
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heterogeneous catalytic system. The synthesis of α-terpineol by the hydration of α-pinene, 

as described in this study, is an acid-catalyzed heterogeneous process. The performances 

of the different solid acid catalysts are compared in Table 4.  

 

 
 

Fig. 10. Postulated catalytic reaction mechanism for α-terpineol synthesis when using the solid 
acid catalyst derived from carbonized lignin after sulfonation 

 

Table 4. Performance of Solid Acid Catalysts in the Hydration of α-Pinene 

Sample Conversion a (%) Yield b (%) Selectivity c (%) 

LC0-SO3H 65.3 22.4 34.3 

LC1-SO3H 87.4 37.2 42.6 

LC2-SO3H 93.1 43.1 46.3 

LC3-SO3H 95.3 55.3 58.1 

LC4-SO3H 93.9 43.1 45.9 

Amberlyst-15 97.4 34.4 35.3 

H2SO4 d 85.5 36.7 42.9 

H2SO4 e 96.9 41.5 42.8 

H2SO4 f 97.3 39.8 40.9 
a Conversion of α-pinene; b yield of α-terpineol; c selectivity of α-terpineol; d The total acidity value 
of sulfuric acid is equal to the total acidity value of 0.20g LC3-SO3H; e The total acidity value of 
sulfuric acid is equal to the total acidity value of 0.40g LC3-SO3H; and f The total acidity value of 
sulfuric acid is equal to the total acidity value of 0.80g LC3-SO3H. 

 

The LC3-SO3H had a high surface area that possessed hydrophobic and hydrophilic 

regions that allowed the solid acid catalyst to adsorb high amounts of α-pinene and water 

onto its surfaces such that they could react with one another. Furthermore, the high acid 

density (-SO3H) of LC3-SO3H provided adequate active sites for the catalytic reactions to 
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occur. Additionally, the abundant mesoporous and macroporous structures of LC3-SO3H 

facilitated diffusion and mass transfer phenomena to occur. These particular properties of 

LC3-SO3H made it an effective acid catalyst for synthesizing α-terpineol. It was found that 

the catalytic performance of LC0-SO3H was poor due to its low specific surface area, low 

amphiphilicity, and low sulfonic acid density. Both LC2-SO3H and LC3-SO3H had almost 

the same conversion levels of α-pinene to α-terpineol, but the yields of α-terpineol were 

quite different for these two acid catalysts. The yield from LC3-SO3H was much higher 

than that from LC2-SO3H, which could have been due to LC3-SO3H having a higher 

specific surface area and higher pore volume than LC2-SO3H. Both LC3-SO3H and LC4-

SO3H had almost the same specific surface areas; however, the catalytic performance of 

LC3-SO3H was much higher than that of LC4-SO3H. Two possible reasons for this 

observation could have been related to the total acid density of LC3-SO3H being higher 

than that of LC4-SO3H, or to more abundant mesoporous and macroporous structures in 

LC3-SO3H than in LC4-SO3H (which affected diffusion and mass transfer phenomena). 

The LC2-SO3H had a higher sulfonic acid density, a larger average pore size, and a higher 

mesoporous ratio than LC4-SO3H, but had a lower specific surface area; however, both of 

these acid catalysts had similar performances. The α-pinene conversion was high when 

Amberlyst-15 was used as the acid catalyst, but the α-terpineol yield was not as high. 

Amberlyst-15 had a high sulfonic acid group density but did not have other polar functional 

groups, such as carboxylic and phenolic groups, which negatively affected the amphiphilic 

nature of the catalyst’s surface. This caused the Amberlyst-15 catalyst to form more 

isomerized reaction products from α-pinene. The above observations indicated that the 

performance of a solid acid catalyst was affected by several factors, such as acid density, 

specific surface area, porosity, amphiphilic nature, etc. Fortunately, the catalytic 

performance was controlled through adjusting the phosphoric acid dosage used during 

lignin carbonization. When LC3-SO3H was used as the solid acid catalyst, the α-pinene 

conversion and the α-terpineol yield were 95.26% and 55.32%, respectively. These results 

were much better than those obtained from sulfuric acid as a catalyst (Table 4). 

 

Optimization of the α-pinene hydration reaction 

 The effect of reaction conditions on the hydration of α-pinene using LC3-SO3H as 

the solid acid catalyst is shown in Fig. 11. The catalyst dosage had little effect on its 

catalytic performance. Under the same experimental conditions, when the catalyst dosage 

was higher than 0.40 g, the conversion value remained almost constant, but the α-terpineol 

yield slightly decreased (Fig. 11(a)). This discrepancy may have been caused by stirring, 

which affected the diffusion process. The reaction temperature had an appreciable 

influence on the catalytic performance (Fig. 11(b)). When the other reaction conditions 

were held constant, the yield of α-terpienol increased as the reaction temperature increased 

from 65 to 80 °C. The hydration reaction of α-pinene is a reversible exothermic reaction, 

but the molecular activation requires a certain amount of energy to occur. Therefore, 

increasing the reaction temperature was beneficial to the formation of α-terpineol. 

Moreover, it can be seen from Fig. 11(c) that the water loading also affected the hydration 

of α-pinene. When the other reaction conditions were held constant, adjusting the molar 

ratio of water-to-isopropanol (while the total volume was kept constant) marginally 

affected the conversion of α-pinene. Nonetheless, the α-terpineol yield initially increased 

and then appreciably decreased. This observation was explained by competitive 

isomerization reactions occurring, as well as the formation of undesirable byproducts, such 

as camphene, limonene, α-terpinolene and terpini hydras (Yang et al. 2011; Prakoso et al. 
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2018). The isomerization reactions were considerable when the water loading level was 

insufficient. However, excess water loading level can lead to non-uniform reactions that 

afford other undesired terpineol products. Both reaction condition extremes reduced the α-

terpineol yield.  
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Fig. 11. Performance of LC3-SO3H as catalyst: (a) effect of catalyst dosage at 80 °C and 4.00 g of 
water; effect of reaction temperature at 0.4 g of LC3-SO3H catalyst and 4.00 g of water; and (c) 
effect of water loading at 80 °C and 0.4 g of LC3-SO3H catalyst; other reaction conditions were 
held constant: 4.00 g of α-pinene, 20.00 mL of isopropanol as solvent, and 24 h reaction time. 
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Fig. 12. Performance of LC3-SO3H as a catalyst when recovered and recycled; reaction 
conditions were: 4.00 g of α-pinene and 4.00 g of water as raw materials; 20.00 mL of 
isopropanol as solvent; 0.40 g of LC3-SO3H as catalyst; reaction temperature of 80 °C; and 
reaction time of 24 h 
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Catalyst recycling 

 The recyclability of the solid acid catalyst, LC3-SO3H, was examined. The catalyst 

was separated from the hydration reaction products via filtration. Afterwards, the used 

catalyst was repeatedly rinsed with ethanol and deionized water. After washing, the catalyst 

was oven-dried overnight at 120 °C. The dry catalyst was then used under the same 

conditions as before, and its catalytic performance was re-evaluated (Fig. 12). The 

reusability of the catalyst was excellent. After 5 cycles without regeneration the conversion 

of α-pinene and the yield of α-terpineol slightly decreased from 95.3% to 92.6% and from 

55.3% to 47.6%, respectively. This observed result may have been caused by the loss of 

some acid reaction sites and by the blockage of some pores of the catalyst each time it was 

recycled. 

 
 
CONCLUSIONS 
 

1. A solid acid catalyst was prepared from carbonized kraft lignin that was activated by 

phosphoric acid. The resulting catalyst was amphiphilic, mesoporous, and carbon-

based. The pore structure and surface amphiphilicity of the catalyst can be adjusted by 

changing the phosphoric acid dosages to yield a solid with high specific surface area, 

high surface amphiphilicity, high mesoporous ratio, and high acid density. Moreover, 

the method used to produce the solid acid catalyst was low cost and simple. The acid 

density, specific surface area, porosity, and surface amphiphilicity affected the catalytic 

hydration reaction of α-pinene.  

2. The effects of different factors on the hydration reaction of α-pinene were studied. 

Under the optimum conditions, the performance of the carbonized lignin catalyst was 

better than sulfuric acid and Amberlyst-15. The conversion of α-pinene and the yield 

of α-terpineol were as high as 95.3% and 55.3%, respectively, when using the 

carbonized lignin catalyst. In addition, the carbonized lignin catalyst could be 

recovered and reused five times without appreciably decreasing its catalytic 

performance (i.e., 92.6% α-pinene conversion and 47.6% α-terpineol yield.)  
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