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 25 

Abstract 26 

In this study, the successful preparation of activated carbons from Corn Stigmata, either 27 

through direct pyrolysis and activation or through a preliminary additional hydrothermal 28 

carbonisation (HTC) step, was reported. It was shown that the latter allowed producing higher 29 

carbon yield, higher carbon content and higher BET area (ABET) after 2h of activation with 30 

CO2 than what was observed for activated carbons (ACs) prepared in the same conditions but 31 

without HTC. The AC having the most developed porous texture, ABET = 1111 m
2
/g, was 32 

further investigated by FTIR, SEM and potentiometric titration, and its pH at point of zero 33 

charge was determined. Its performances in terms of methylene blue (MB) adsorption were 34 

studied and discussed in relation to its textural and chemical characteristics. Due to its very 35 

heterogeneous surface, the fractal Brouers–Sotolongo model was the most relevant for 36 

describing both kinetic and equilibrium adsorption data. The calculated thermodynamic 37 

parameters also showed that MB adsorption was spontaneous on this material. The high MB 38 

uptake at room temperature, compared to many other results published in the literature, 39 

further confirmed the interest of Corn Stigmata-derived hydrochars as precursors of activated 40 

carbons. 41 

 42 

 43 

 44 

 45 
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1. Introduction 49 

Textile and leather industries generate wastewaters containing significant dye contents. Due 50 

to the high toxicity and carcinogenic potential of the latter (Georgin et al., 2016), such 51 

effluents need to be treated before discharging to natural watercourses. Dye removal can be 52 

carried out by various physical and/or chemical methods such as, amongst others, oxidation, 53 

electrocoagulation and flocculation, reverse osmosis, chemical precipitation, ultra-filtration, 54 

ion exchange and biological processes (Métivier-Pignon et al., 2003; Olad et al., 2010). 55 

Adsorption is also considered as an attractive alternative for dye removal, and activated 56 

carbons (ACs), due to their highly developed surface area and easy-tuned surface chemistry, 57 

are among the most commonly used materials for that purpose (Danish et al., 2018a). Indeed, 58 

they can efficiently remove organic and inorganic pollutants (Acosta et al., 2018; Ghouma et 59 

al., 2015; Podder and Majumder, 2016; Selmi et al., 2018a). 60 

ACs can be synthesised through two well-known processes: physical and chemical 61 

activation. Moreover, many studies have been published, reporting the production of activated 62 

carbon by physical activation of biomass (Altenor et al., 2012; Enaime et al., 2017; Gaspard et 63 

al., 2006; Selmi et al., 2018a). 64 

Hydrothermal carbonisation (HTC) involves the treatment of an organic precursor in 65 

aqueous solution at moderate self-generated pressure (less than 20 bars) and mild temperature 66 

(less than 250°C), which are fundamental for the occurrence of several reactions such as 67 

hydrolysis, dehydration, condensation, aromatisation and polymerisation (Sevilla and Fuertes, 68 

2009). An insoluble, black carbonaceous solid called hydrochar, which contains higher carbon 69 

content than the original material, is thus obtained. Carbon materials are obtained after 70 

applying a subsequent pyrolysis step, for increasing the carbon content and improving the 71 

textural properties of the final materials. 72 
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HTC is attracting growing attention because it also allows stabilising the macrocellular 73 

structure of biomass before pyrolysis, and also because the resultant carbons usually have a 74 

higher mesoporosity (Selmi et al., 2018a). The final morphology of those materials pre-treated 75 

by HTC indeed shows a mixed structure in which the lignin backbone has been preserved and 76 

where cellulose produced microspheres. HTC of biomass is also interesting for producing 77 

ACs. Some publications have reported the production of activated carbons using the HTC 78 

process before pyrolysis as a route to improve the porosity of these materials, preserving at 79 

the same time the spherical morphology of the particles. 80 

For instance, Laginhas et al. (2015) prepared activated carbons from chitosan with a 81 

procedure combining different activation methods. The optimal carbonisation conditions were 82 

200ºC for 24h using a water/precursor ratio of 1/6. Tran et al. (2017) have synthesised an 83 

activated carbon from golden shower via hydrothermal carbonisation in the presence of 84 

acrylic acid, which was used to enhance the density of oxygen groups on the AC surface 85 

without significantly affecting the textural properties. Falco et al. (2013) reported that carbon 86 

derived from rye straw hydrochar resulted in a BET area up to 2200 m
2
/g and in a CO2 uptake 87 

of 20 mmol/g at 25°C and 40 bar. Selmi et al. (2018) used HTC of Agave Americana fibres 88 

mixed with Mimosa tannin to produce ACs with ABET as high as 1200 m
2
/g, and with much 89 

more functional groups on their surface. 90 

Corn is extensively used for the production of oil, and thus Corn Stigmata (CS) is a 91 

renewable and relatively abundant agricultural by-product that has been already used as 92 

biosorbent for removing dyes such as indigo carmine and methylene blue from water (Mbarki 93 

et al., 2018). In the present study, CS was used as potential AC precursor for the first time in 94 

an attempt to valorise such renewable, low-cost and highly abundant biomass. HTC pre-95 

treatment effect on the activation process and final AC texture was analysed and compared to 96 
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materials directly obtained from pyrolysed CS. Finally, the corresponding performances in 97 

terms of methylene blue removal from water were investigated. 98 

 99 

2. Materials and methods 100 

2.1. Raw materials 101 

Corn Stigmata (CS) were collected in the central Tunisian region of Kairouan in July. They 102 

were thoroughly washed, dried and ground as detailed elsewhere (Mbarki et al., 2018) to 103 

obtain particles in the range of size 2 – 5 mm. The ash content in CS was determined 104 

according to the ASTM E1755 standard; briefly, 1.000g of CS was placed in a crucible and 105 

introduced into a muffle furnace at 600°C for 3 h in air atmosphere. Then, the crucible was 106 

removed and placed in a desiccator for cooling before being weighed. The ash content in dry 107 

basis was calculated as the ratio between the final (ashes) and initial (CS) masses in the 108 

crucible, both dry. Ash determination was repeated 3 times and the reported value is the 109 

average of the three very similar measurements, with an error of less than 2% in the 110 

determined value. 111 

Methylene blue (MB) was provided by Sigma Aldrich (purity > 85%). MB solutions with 112 

the required concentrations were prepared by diluting a 1 g/L (1000 ppm) stock solution in 113 

distilled water. 114 

 115 

2.2. Activated carbon synthesis 116 

Two series of ACs were obtained from CS by two processes. On the one hand, 1 g of CS 117 

fibres was placed in a quartz boat, placed itself in the quartz tube of a horizontal furnace 118 

(Carbolite CTF) continuously flushed with nitrogen flowing at 100 mL/min. The furnace was 119 

slowly heated at 1°C/min up to 900°C to obtain a carbon material with a well-developed 120 

porous texture, and the final temperature was held for 1h. Then, the furnace was allowed to 121 
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cool down to room temperature under nitrogen flow. The resultant carbon was labelled CCS, 122 

wherein the first “C” means “carbon”. 123 

On the other hand, a second carbon material was prepared by submitting CS to HTC before 124 

pyrolysis at 900°C. Approximately 4 g of dried CS were introduced in 40 g of distilled water 125 

in a 200 mL Teflon-lined autoclave (Anton Paar). The autoclave was then introduced for 6 h 126 

in a ventilated oven pre-heated at 180°C. The choice of HTC conditions ensured total HTC 127 

conversion (Braghiroli et al., 2014). After HTC and drying at 105°C, the material was labelled 128 

HCS, where “H” means “hydrochar”. The HCS sample was then submitted to pyrolysis as 129 

described above, and the resultant carbon was labelled CHCS. 130 

Physical activation by action of CO2 at 900°C was then carried out in the same tubular 131 

furnace as the one used for pyrolysis. For that purpose, 1 g of carbon sample, either CCS or 132 

CHCS, was heated at 5°C/min up to 900°C under nitrogen flowing at 100 mL/min. Once the 133 

final temperature was reached, nitrogen was replaced by carbon dioxide at a flow rate of 60 134 

mL/min during 0.5, 1, 2 or 3h. Next, the furnace was allowed to cool under nitrogen, flowing 135 

again at 100 mL/min. The resultant ACs were labelled either ACt_CHCS or ACt_CCS, 136 

depending on the precursor, where “AC” refers to “activation” and “t” stands for the 137 

activation time (h). 138 

The total yield of the process, YT (%), comprising HTC or not, was calculated as follows:  139 

          (1) 140 

where mAC is the mass of AC (g), and mCS is the mass of initial CS (g). 141 

 142 

2.3. Carbon materials characterisation 143 

Elemental compositions in terms of C, H, N and S contents were determined with a Vario El 144 

Cube analyser (Elementar). Oxygen content was determined with the same device in a second 145 

step, using a specific protocol. Fourier-transform infrared spectroscopy (PerkinElmer Spectrum 146 
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Two) was performed to analyse the functional groups on the carbon surface. Experiments were 147 

carried out based on samples diluted in KBr pellets according to a 1:100 weight ratio of carbon 148 

to KBr. 149 

The point of zero charge, pHPZC, and the potentiometric titration experiments were 150 

performed with an automatic titrator (905 Titrando, Metrohm, monitored by tiamo software 151 

V2.2) as described elsewhere (Selmi et al., 2018a). It is assumed that the carbon materials 152 

have acidic sites characterised by their acidity constants, Ka, and that the population of sites 153 

can be described by a continuous pKa distribution function, f(pKa) (Bandosz et al., 1993; 154 

Jagiello et al., 1995). The experimental titration data were converted into a proton-binding 155 

curve, from which the distribution of acidity constants was obtained by using the numerical 156 

SAIEUS procedure (Jagiello, 1994).  157 

The textural characterisation was performed by investigating adsorption-desorption of N2 158 

at -196°C and of CO2 at 0ºC, using Micromeritics ASAP 2020 and ASAP 2420 automatic 159 

devices, respectively. Adsorption data were treated by the Microactive software as described 160 

elsewhere (Selmi et al., 2018a). In short, we determined the BET area, ABET (m
2
/g), the 161 

Gurvitch volume, V0.97 (cm
3
 g

-1
), and the Dubinin-Raduskevich (DR) volumes (Dubinin, 162 

1989) from nitrogen and carbon dioxide adsorption, VDR,N2 (cm
3
/g) and VDR,CO2 (cm

3
/g), 163 

respectively. The enhanced 2D-NLDFT model (Jagiello et al., 2019) was applied to both the 164 

N2 and CO2 adsorption isotherms to calculate the pore size distributions (PSDs). The 165 

following parameters were also determined: surface area, SNLDFT (m
2
/g), micropore volume 166 

(pore width,  < 2 nm), Vmic, NLDFT (cm
3
/g), total pore volume, VT, NLDFT (cm

3
/g), and 167 

mesopore volume (2 <  < 50 nm), Vmeso, NLDFT (cm
3
/g), calculated as the difference VT, NLDFT 168 

- Vmic, NLDFT. 169 

The surface morphology of the carbons was investigated with a JEOL JSM 5400 scanning 170 

electron microscope. 171 
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 172 

2.4. Methylene blue (MB) adsorption 173 

The study of MB adsorption was carried out with the AC having the most developed porous 174 

texture of the series, taking into account the total surface area ATot, introduced elsewhere 175 

(Fierro et al., 2010; Selmi et al., 2018a) and calculated according to: 176 

         (2) 177 

MB adsorption capacity of the ACs was determined in batch experiments by adding 50 mg 178 

of AC in 50 mL of MB solutions of different known concentrations at pH 10. MB 179 

concentrations in the solutions before and after adsorption were determined using a UV-Vis 180 

spectrophotometer analysis (Camspec M550) at a wavelength λmax = 663 nm. Adsorption 181 

thermodynamic parameters were determined by carrying out MB adsorption at three different 182 

temperatures: 20, 30 and 40°C. 183 

To calculate the MB adsorption capacity, Qt (mg/g), and the MB removal, R (%), the 184 

following equations were used: 185 

          (3) 186 

         (4) 187 

where Ci, Cf and Ct (mg/L) are the initial concentration, the final concentration, and the 188 

concentration at time t, respectively. V (L) is the volume of solution and m (g) is the mass of 189 

AC. 190 

 191 

2.4.1. Determination of thermodynamic parameters 192 

Thermodynamic parameters such as Gibbs free energy change (∆G°, J/mol), enthalpy change 193 

(∆H°, J/mol) and entropy change (∆S°, J/mol/K) were estimated using the following 194 

equations: 195 

           (5) 196 
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           (6) 197 

where Kc is the equilibrium constant calculated as the ratio of amount of adsorbed MB to 198 

amount of MB in solution at equilibrium, T (K) is the temperature, and R is the universal gas 199 

constant (8.314 J/mol/K). 200 

 201 

2.4.2. Determination of kinetic parameters 202 

Three non-linear models (pseudo-first order, pseudo-second order and the fractal model of 203 

Brouers– Sotolongo) were used to evaluate the adsorption rates and to interpret the 204 

experimental data obtained. 205 

The equation of the pseudo-first order (PFO) (Lagergren, 1898) reads: 206 

         (7) 207 

where Qe1 (mg/g) and Qt (mg/g) are the amounts of dye adsorbed at equilibrium and at time t 208 

(min), respectively, and k1 (min
−1

) is the rate constant of pseudo-first-order sorption. 209 

The equation of the pseudo-second order (PSO) (Ho and McKay, 1998, 1999) reads : 210 

         (8) 211 

where k2 (g/(mg min)) is the rate constant of the pseudo-second-order equation. 212 

The fractal model of Brouers– Sotolongo (BSf) (Brouers and Sotolongo-Costa, 2006) 213 

reads : 214 

       (9) 215 

In Equation 9, n is the non-integer reaction order and α is a fractional time exponent related to 216 

the fractality of the AC surface. Such fractal character is due to physical and chemical 217 

heterogeneities of the surface, and α is a measure of the average energy and width of the 218 

adsorption energy distribution ED according to . τc (min) is the necessary time to 219 
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reach equilibrium (Selmi et al., 2018c; Selmi et al., 2018d), and Qe (mg/g) is the equilibrium 220 

adsorption capacity. 221 

 222 

2.4.3. Adsorption isotherms at equilibrium 223 

The adsorption data obtained at equilibrium at 25°C were fitted using four isotherm models: 224 

Langmuir, Freundlich, Sips and Brouers-Sotolongo. 225 

The equation of Langmuir model (Langmuir, 1918) reads: 226 

           (10) 227 

where KL (L/mg) is the Langmuir equilibrium constant and Qm (mg/g) is the maximum 228 

sorption capacity. 229 

The equation of Freundlich model (Freundlich, 1906) reads: 230 

           (11) 231 

where KF (mg/g) (L/mg)
1/n

 is the Freundlich constant indicating the adsorption capacity and n 232 

(dimensionless) is a parameter indicating the adsorption affinity and capacity of the 233 

adsorbate/adsorbent system. 234 

The equation of Sips model (Sips, 1948) reads: 235 

          (12) 236 

where KS (L/mg)
1/m

 is the Sips constant, related to energy of adsorption, and m is a 237 

dimensionless parameter characterising the system heterogeneity. 238 

The equation of Brouers-Sotolongo model (Brouers et al., 2005) reads: 239 

        (13) 240 

where Kw (L/mg) is the Brouers constant and a (dimensionless) gives an indication of the 241 

adsorption energy heterogeneity of the surface. 242 
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The parameters of kinetic and isotherm models were determined by non-linear fitting using 243 

the Levenberg-Marquardt iteration algorithm supplied with the OriginPro® 2018 software. 244 

 245 

3. Results and discussion 246 

3.1. Elemental analysis and yields 247 

Table 1 summarises the elemental analysis of all the materials studied here: raw Corn 248 

Stigmata (CS), hydrochar (HCS), carbon obtained by direct pyrolysis (CCS), carbonised 249 

hydrochar (CHCS), and ACs produced at different activation times of 0.5, 1, 2 and 3 h.  250 

 251 

Table 1: Elemental composition (wt. %) and total yield of the materials. 252 

 
C H N S O YT  

Samples (wt. %) (%) 

Raw CS 48.06 6.31 3.07 0.27 41.53 - 

Direct pyrolysis series 

CCS 82.56 0.77 3.42 0.16 7.86 25 

AC0.5_CCS 76.65 1.77 2.95 0.24 13.84 14.55 

AC1_CCS 72.93 2.11 3.14 0.31 15.69 6.83 

AC2_CCS 3.89
*
 0.13 0.11 1.24 10.69 2.29 

HTC series 

HCS 56.27 6.07 2.59 0.15 33.22 57 

CHCS 88.64 0.61 2.57 0.12 4.88 30 

AC1_CHCS 84.84 0.67 2.91 0.19 5.62 12.14 

AC2_CHCS 82.71 0.63 2.83 0.34 5.83 7.35 

AC3_CHCS 82.53 1.63 2.73 0.53 12.03 6.49 

*
 The very low C content is due to a too long activation, which turned the major part of the sample into ashes 253 

(see Fig 1b). 254 

 255 
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The total of C, H, O, N and S contents was always lower than 100% due to the presence of 256 

ashes. The elemental compositions of these materials were in the range of those found in the 257 

literature (Selmi et al., 2018a). Raw CS has a carbon content of 48.1 wt. %, and a very high 258 

oxygen content, 41.5 wt. %, typical of biomasses with a low lignin content. The ash content of 259 

CS, determined by ASTM E1755, was 0.9 %. The latter is in excellent agreement with what 260 

can be deduced by adding the C, H, O, N and S contents listed in the first row of Table 1: the 261 

difference to 100% corresponds exactly to the measured ash content. This further supports our 262 

claim that the sum of element contents is never equal to 100% due to the presence of ashes. 263 

HTC of CS produced a slight enrichment in C with respect to CS, from 48.1 to 56.3 wt. %, 264 

and a corresponding decrease of O content, from 41.5 to 33.2 wt. %. The pyrolysis increased 265 

the C content of the final materials but still CHCS was richer in C than CCS, 88.64 against 266 

82.56 wt. %, respectively. Indeed, CHCS presented lower contents of H, N, S, O and ashes 267 

than CCS. After activation, the higher C content of CHCS was maintained when compared to 268 

ACs derived from CCS. Increasing the activation time from 0.5 to 3h produced a decrease of 269 

C content in both ACs series, and a corresponding increase of O and H contents. 270 

Figure 1a shows the effect of activation time on the total carbon yield, YT, for both series of 271 

materials (ACt_CHCS and ACt_CCS). Increasing the activation time produced the decrease 272 

of YT because of the partial gasification of the precursor. The yield of the series submitted to 273 

HTC, ACt_CHCS, remained always higher than that of non-pre-treated materials at the same 274 

activation time. For example, the YT values of AC1_CHCS and AC1_CCS were 12.1 and 6.8 275 

%, respectively. At 2 hours of activation, YT of AC2_CHCS was 3 times higher than that of 276 

AC2_CCS, 7.4 and 2.3 %, respectively. In fact, AC2_CCS can no more be called an activated 277 

carbon since mostly ashes were recovered (around 84 wt. %, according to Table 1), as 278 

evidenced by the whitish colour of the as-obtained material (see Figure 1b) and by the very 279 

low C content presented in Table 1, 3.9 wt. %. This fact clearly shows the importance of the 280 
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HTC step for the stabilisation of the structure since the materials from the HTC series are 281 

much more resistant to activation, probably due to the higher aromatisation of CHCS with 282 

respect to CCS. Consequently, activation of HTC-treated materials is slower and can be better 283 

controlled. 284 

 285 

Figure 1: (a) Effect of activation time on the total yield YT; and (b) photo of AC2_CCS. 286 

 287 

 288 

3.2. Textural properties 289 

The adsorption-desorption isotherms of N2 at -196°C and of CO2 at 0°C for CCS, CHCS and 290 

their derived ACs are shown in Figure 2, as well as their corresponding pore size distributions 291 

(PSDs). For all the materials, the nitrogen uptake (see Figure 2a and 2b) increased with the 292 

relative pressure dramatically faster below P/P0 = 0.05 than above, indicating the essentially 293 

microporous nature of these carbon materials. As the activation time increased, the elbow of 294 

the isotherm widened, demonstrating a broadening of the PSD in the microporous range. At 295 

P/P0 > 0.1, a pseudo-plateau was attained for CCS and CHCS materials, while a slightly 296 

higher slope was observed for ACs, suggesting a multilayer adsorption due to the presence of 297 

mesopores. 298 

CCS exhibited a type Ia isotherm according to the IUPAC classification (IUPAC, 2015), 299 

typical of ultramicroporous materials with adsorption occurring by primary filling of 300 

micropores at very low relative pressure. The N2 isotherms of AC0.5_CCS and AC1_CCS 301 

materials were type IIb, with high uptake at low P/P0, and a well-developed, type H4 302 

hysteresis loop, indicating the simultaneous presence of wide micropores and mesopores. The 303 

increase of activation time of CCS series significantly increased the porosity of the samples, 304 

except for AC2_CCS, which was almost completely converted into ashes. 305 
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CHCS and ACt_CHCS exhibited N2 adsorption isotherms of type Ib, showing the 306 

existence of supermicroporosity (pores in the width range 0.7 – 2 nm), again with hysteresis 307 

loop type H4 (Thommes et al., 2015) due to coexisting micro- and mesopores. Similar results 308 

were found for ACs prepared from Agave Americana by HTC followed by physical activation 309 

(Selmi et al., 2018a). While CCS and CHCS were essentially ultramicroporous (pore widths < 310 

0.5 nm), their derived ACs presented an important fraction of supermicropores. 311 

Figure 2c and Figure 2d show CO2 adsorption at 0°C for CCS- and CHCS-derived carbons, 312 

respectively. As CO2 adsorption gives information on the narrow porosity, namely of width 313 

less than 1.1 nm, these figures show that CCS has a more developed narrow porosity than 314 

CHCS. It also shows that the activation was more effective for the materials derived from 315 

CHCS, as the porosity that they developed was always higher than that of activated CCS 316 

materials. Little differences of CO2 adsorption were observed among ACt-CHCS materials, 317 

indicating that the different activation times primarily affected the development of wide 318 

micropores (wider than 1.1 nm) and mesopores. 319 

Figure 2e and Figure 2f show the pore size distribution (PSD), in the micropore range, 320 

calculated by application of the 2D-NLDFT model to both N2 and CO2 isotherms. These 321 

results confirm that CCS was essentially ultramicroporous while CHCS possessed also 322 

supermicropores. Increasing the activation time produced a broadening of the pores, except 323 

for AC2_CCS, which presented only ultramicropores because the carbon content almost 324 

totally vanished. In this particular case, it would have been probably better to use the 2D-325 

NLDFT model developed for cylindrical pores, instead of the one developed for slit-shaped 326 

pores and which is more relevant to carbon materials. However, considering the very low 327 

porosity of the resultant material, the difference between the results is expected to be 328 

negligible. 329 

 330 
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Figure 2: (a,b) N2 adsorption-desorption isotherms at -196°C; and (c,d) CO2 adsorption-331 

desorption isotherms at 0°C for CCS, CHCS and their derived ACs; and (e,f) their 332 

corresponding PSDs. 333 

 334 

Figure 3 shows the changes of BET and NLDFT surface areas (ABET and SNLDFT, 335 

respectively), and micro-, meso- and total pore volumes (Vmicro, Vmeso and VT, NLDFT, 336 

respectively) as a function of 1 – YT. The latter quantity would indeed correspond to what is 337 

known as “burn-off” if only an activation process had been applied. Here, 1 – YT has a more 338 

general meaning, since it also takes into account the carbon that has been lost during the 339 

former steps of pyrolysis and HTC pre-treatment, if any. In all figures, an optimum was 340 

observed for both series of materials, i.e., with or without HTC pre-treatment. This indicates 341 

that the porosity primarily develops rather by broadening of pre-existing pores than by the 342 

creation of new ones. As a result, micropores grow and progressively become mesopores at 343 

higher activation time. 344 

Figure 3d shows how the fraction of mesopores changes with 1 – YT. CCS and CHCS 345 

series followed opposite trends. For similar values of 1 – YT, CHCS-derived ACs always 346 

presented the highest fractions of mesoporosity and the highest mesopore volumes (except the 347 

too much activated A2_CCS, which is not representative of a normal AC), see Table 2. This 348 

finding is due to the hydrothermal treatment that essentially decomposes celluloses and 349 

hemicelluloses and preserves the lignin backbone as explained in the introduction, thus HTC 350 

leads to broader pores after pyrolysis. CHCS had also a much higher micropore volume, 0.12 351 

cm
3
/g, than CCS, 0.09 cm

3
/g (Borrero-López et al., 2018; Jain et al., 2016). 352 

The textural characteristics are summarised in Table 2. AC2_CHCS had higher ABET and 353 

SNLDFT than AC3_CHCS due to the broadening of micropores and the conversion of part of 354 

them into mesopores at 3 h of activation, as seen by the increase of mesopore fraction from 26 355 
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to 29 %. Thus, AC2_CHCS had the highest specific surface area out of all present ACs, as 356 

also clearly seen in Figure 3a and Figure 3b. 357 

From practical and economical points of view, as important as ABET is the material yield, 358 

YT (%). Table 2 gives also the values of ATot defined in Equation 2, taking into account both 359 

ABET and YT. ACs prepared from CHCS had always higher ATot than those prepared from 360 

CCS. We chose AC2_CHCS because it presents the highest ATot, 81.7 m
2
/g. 361 

 362 

Figure 3: Surface areas: (a) ABET, and (b) SNLDFT; (c) total volume (full symbols) and 363 

micropore volume (empty symbols) and (d) fraction of mesoporosity as a function of (1 – 364 

YT) for CCS and CHCS series. The lines are just guides for the eye. 365 

 366 

Table 2 also shows VDR,N2 and VDR,CO2, which give an estimation of the total micropore 367 

volume and narrow micropore volume (pores narrower than 1.1 nm), respectively, determined 368 

by the Dubinin-Raduskevich (DR) method (Dubinin, 1989). These parameters are given not 369 

only for literature comparison purposes, but also because they give some insight about the 370 

pores accessibility. Indeed, VDR,N2 < VDR,CO2 indicates that narrow porosity, under 0.5 nm, 371 

exists. This very narrow porosity is not accessible to nitrogen at -196°C, at the used 372 

equilibrium times, but it is accessible to CO2 at 0°C. CO2 has a slightly higher cross-section 373 

area (0.195 nm
2
) than N2 (0.162 nm

2
), but the former diffuses in the narrowest pores due to 374 

the higher temperature used. On the contrary, finding VDR,N2 > VDR,CO2 indicates that the pore 375 

texture is well developed and that the porous surface is more accessible to pollutants during 376 

adsorption processes, as in the cases of A1_CCS, A2_CHCS and A3_CHCS. We consider 377 

that Vmic, NLDFT gives a more accurate estimation of the micropore volume, given that the DR 378 

method generally overestimates micropore volumes for well-developed pore textures. 379 
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Table 2 also reports the values of V0.97 and VT, NLDFT. Usually, V0.97 is lower than VT, NLDFT 380 

because the former only considers nitrogen adsorption while the latter considers also CO2 381 

adsorption. V0.97 is given herein for literature comparison purposes. 382 

 383 

Table 2: Textural properties of activated carbons. 384 

 ABET 

(m
2
/g) 

SNLDFT 

(m
2
/g) 

ATot 

(m
2
/g) 

VDR,N2 

(cm
3
/g) 

VDR,CO2 

(cm
3
/g) 

V0.97 

(cm
3
/g) 

Vmic, NLDFT 

(cm
3
/g) 

Vmeso, NLDFT 

(cm
3
/g) 

VT, NLDFT 

(cm
3
/g) 

CCS 47 498 11.8 0.02 0.14 0.03 0.09 0.01 (13%) 0.11 

AC0.5_CCS 555 862 80.8 0.21 0.22 0.29 0.24 0.08 (24%) 0.31 

AC1_CCS 838 940 57.2 0.31 0.24 0.33 0.25 0.08 (23%) 0.33 

AC2_CCS 43 67 1.0 0.01 0.06 0.05 0.01 0.06 (83%) 0.07 

CHCS 188 514 56.4 0.08 0.13 0.13 0.12 0.07 (38%) 0.19 

AC1_CHCS 660 1046 80.1 0.25 0.30 0.36 0.28 0.12 (29%) 0.39 

AC2_CHCS 1111 1273 81.7 0.42 0.06 0.56 0.42 0.14 (26%) 0.56 

AC3_CHCS 1000 1183 64.9 0.38 0.32 0.52 0.38 0.15 (29%) 0.53 

 385 

Scanning electron microscopy studies were carried out to show the development of 386 

porosity and the characteristics of the surface of AC2_CHCS in comparison to those of CHCS 387 

and CS, see Figure 4. The surface morphology of raw CS presented an uneven and apparently 388 

non–porous surface at such magnification. The hydrothermally treated material was visibly 389 

much more porous, with a rather rough surface. This observation corroborates its low ABET of 390 

188 m
2
/g. It can also be seen that the fibrous nature of the precursor was preserved in CS and 391 

CHCS, see Figure 4a and Figure 4b, respectively. 392 

Figure 4c shows a zone of AC2_CHCS with several microspheres that are characteristic of 393 

hydrothermally treated cellulose. This observation is in agreement with what was already 394 

reported when different vegetal biomasses were submitted to HTC and/or HTC and pyrolysis 395 

(Laginhas et al., 2016; Selmi et al., 2018a; Sevilla et al., 2011; Tran et al., 2017). Obviously, 396 
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the effect of activation could not be observed when comparing Figure 4b and 4c because the 397 

size of the pores that were produced is out of the range of what can be seen by SEM. 398 

 399 

Figure 4: SEM images of: (a) CS; (b) CHCS; and (c) AC2_CHCS. 400 

 401 

3.3. Surface characterisation of AC2_CHCS 402 

Given that AC2_CHCS had the highest SNLDFT, this material was chosen for subsequent 403 

MB adsorption tests. A deeper characterisation of the functional groups of the latter material 404 

was carried out to better explain and discuss its MB adsorption performances. 405 

Figure 5a shows that the pHPZC of AC2_CHCS was equal to 8.6. Therefore, at pH > 8.6, 406 

the AC surface is negatively charged and the adsorption of the MB, which is a cationic dye, is 407 

expected to be favourable. Figure 5b shows the results of the potentiometric titration of 408 

AC2_CHCS. Five peaks were found at pKa equal to 3.24, 5.06, 6.57, 7.33 and 9.75. The total 409 

amounts of acidic and basic groups were 0.550 mmol/g and 0.743 mmol/g, respectively. 410 

AC2_CHCS is thus characterised by a basic surface in agreement with its pHPZC equal to 8.6. 411 

Following the classification proposed elsewhere, the groups with pKa < 8 are assumed to be 412 

carboxyls, and those with pKa > 8 are classified as phenols and quinones (Bandosz et al., 413 

1993). 414 

 415 

Figure 5: (a) Point of zero charge; and (b) pKa and amounts of surface groups 416 

determined by potentiometric titration of AC2_CHCS. 417 

 418 

Figure 6a shows the Fourier-transform infrared (FTIR) spectra of CS and CHCS. The 419 

surface chemistry of CS is relatively similar to that of other types of lignocellulosic materials, 420 

which are essentially composed of cellulose, hemicellulose and lignin (Xu et al., 2013). The 421 
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CHCS spectrum had a general shape similar to that of CS, with a slight shift of the 3421 cm
-1

 422 

band characteristic of O-H stretching of lignin to 3364 cm
-1

, respectively. Bands at 2916 and 423 

2849 cm
-1

 are characteristic of C-H stretching and were obviously present in both materials 424 

(Mahmoudi et al., 2012). Figure 6b shows FTIR spectra of AC2_CHCS before and after MB 425 

adsorption. Overall, the ACs showed a dramatic decrease in the intensity of all bands with 426 

respect to their carbonaceous precursors shown in Figure 6a, suggesting an increase of 427 

aromaticity due to the carbonisation at 900°C (Bouchelta et al., 2008), and hence a 428 

corresponding loss of surface functions. After MB adsorption, IR bands exhibited slight 429 

changes, suggesting the involvement of several moieties. Especially, the decrease of the band 430 

at 1551 cm
-1

 and the appearance of that at 1383 cm
-1

 suggest p - p interaction between the 431 

carbon surface and MB, and the presence of aromatic amines after adsorption due to the 432 

presence of MB, respectively. 433 

 434 

Figure 6: FTIR spectra of: (a) CS and CHCS; and (b) activated carbon (AC2_CHCS) 435 

before and after MB adsorption. 436 

 437 

3.4. MB adsorption 438 

3.4.1. Effect of pH and temperature, and thermodynamic studies 439 

Selected isotherms were repeated three times, based on which a relative error of less than 5% 440 

was observed. Figure 7 illustrates the effect of pH and temperature on the MB adsorption 441 

capacity of AC2_CHCS. Figure 7a shows that the MB adsorption capacity of AC2_CHCS 442 

increased considerably when the solution pH increased from 2 to 6. The maximum MB uptake 443 

was obtained at pH 7, and remained approximately constant between 7 and 10, indicating that 444 

MB adsorption in basic medium was not significantly influenced by the pH. Such results are 445 

logical considering that, at pH equal to 2 or 4, the material surface is positively charged so 446 



20 

 

that the cationic dye MB is not favourably adsorbed. However, p - p interactions were likely 447 

to occur, as suggested by the fact that the uptake was still high at pH slightly below the pHPZC. 448 

Indeed, when the pH increased to 7, the surface charge was still somewhat globally positively 449 

charged since the pHPZC is 8.3. At even higher pH, the number of negatively charged sites on 450 

the AC surface was the highest, thus favouring the electrostatic attraction between the AC 451 

surface and MB. 452 

In order to understand the thermodynamic behaviour of MB adsorption onto AC2_CHCS, 453 

the effect of temperature on MB adsorption was investigated in the range of 20 to 40°C, at 454 

initial MB concentrations of 10, 40 and 100 mg/L. Figure 7b shows that MB adsorption 455 

capacity increased with temperature and initial concentration. The values of the 456 

thermodynamic parameters for MB adsorption onto AC2_CHCS are summarised in Table 3. 457 

 458 

Figure 7: Effect on the MB adsorption capacity of AC2_CHCS of: (a) pH (at 25°C and 459 

C0 = 10 mg/L); and (b) C0 and temperature (at pH 10). 460 

 461 

Table 3: Thermodynamic parameters for the adsorption of MB onto AC2_CHCS at different 462 

temperatures and three initial MB concentrations. 463 

 464 

∆G° values were all negative, at the three initial concentrations and for the three selected 465 

temperatures, confirming the spontaneous nature of MB adsorption onto AC2_CHCS. 466 

Although ∆H° values were positive, in agreement with previous studies (Enaime et al., 2017), 467 

adsorption was possible due to the positive values of ΔS°, indicating an increased randomness 468 

Concentration 

(mg/L) 
∆H° 

(kJ/mol) 

∆S° 

(J /mol/K) 

 ∆G° (kJ/mol) 

20°C 30°C 40°C 

10 49.23 178.16 -3.03 -4.62 -6.60 

40 70.31 225.32 -4.67 -6.67 -9.80 

100 84.73 305.53 -4.90 -7.61 -11.03 
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at the solid-solution interface during MB adsorption (Selmi et al., 2018d). ∆H° and ∆S° both 469 

increased when increasing the MB concentration from 10 to 100 mg/L. Furthermore, the 470 

increase with temperature of the absolute values of ∆G° supported the better adsorption at 471 

higher temperatures, in agreement with previous studies (Moyo et al., 2013). 472 

 473 

3.4.2. Kinetic studies 474 

The fits to the PFO, PSO, and BSf models were evaluated based on the values of 475 

determination coefficient (R
2
) and of non-linear chi-square (χ

2
) parameter. Statistical data at 476 

three different initial concentrations (10, 20 and 100 mg/L) of MB at 25°C are presented in 477 

Table 4. 478 

The application of the BSf model led to the highest and lowest values of R
2
 and χ

2
, 479 

respectively. The maximum adsorption values for all concentrations determined by the BSf 480 

model, QeBS, (10.6, 20.1 and 96.6 mg/g) were those approaching most the experimental ones, 481 

Qe (10.5; 20.08 and 97.01 mg/g). Therefore, the BSf model is the most suitable model for 482 

describing the kinetic adsorption of MB on AC2_CHCS, suggesting that this process is fractal 483 

because of the surface and interface heterogeneity that can be of chemical and/or topological 484 

origin. Chemical heterogeneity is due to the existence of various surface functions, as proved 485 

by potentiometric titration, while topological heterogeneity, consisting in different pore 486 

diameters, was evidenced by nitrogen and carbon dioxide adsorption that allowed the 487 

calculation of the PSDs. Moreover, the fractal character of MB adsorption on AC2_CHCS 488 

was also confirmed by the values of the “fractional times” α, which were always lower than 1, 489 

in agreement with previous results (Kesraoui et al., 2017; Selmi et al., 2018c). When the 490 

concentration increased from 10 to 100 mg/L, the fractality increased as well, as suggested by 491 

the decrease of the values of α from 0.614 to 0.49, again in agreement with former studies 492 

(Selmi et al., 2018b). The n parameter of BSf, which is the non-integer reaction order, was 493 
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always lower than 1 (between 0.517 and 0.797 for 10 and 100 mg/L, respectively), also in 494 

agreement with previous works (Selmi et al., 2018c; Selmi et al., 2018d). The increase of n 495 

with the concentration is related to diffusion phenomena, indicating that MB adsorption 496 

became faster when the initial MB concentration was increased. This finding is supported by 497 

the characteristic time, τc, which decreased when the MB concentration increased. 498 

 499 

Table 4: Kinetic parameters derived from the nonlinear fits of three of the selected kinetic 500 

models to the experimental data. 501 

Parameters 
Initial MB concentration (mg/L) 

10 20 100 

Experimental Qe (mg/g) 10.50 20.08 97.01 

Pseudo-first-order (PSO) 

Qe1 (mg/g) 10.71 19.87 95.37 

k1 (1/min) 0.153 0.277 0.328 

R
2
 0.994 0.998 0.997 

χ
2
 0.094 0.148 3.065 

Pseudo-second-order (PSO) 

Qe2 (mg/g) 12.88 21.92 100.46 

k2 (mg/g/min) 0.013 0.021 0.007 

R
2
 0.996 0.999 0.999 

χ
2
 0.056 0.074 0.996 

Brouers-Sotolongo fractal (BSf) 

Qe,BS (mg/g) 10.683 20.142 96.608 

n 0.517 0.634 0.797 

α 0.614 0.508 0.493 

τc (min) 9.204 4.164 2.492 

R
2
 0.998 0.999 0.999 

χ
2
 0.043 0.021 0.395 

 502 

 503 
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3.4.3. Isotherms studies 504 

Figure 8 shows the experimental adsorption data fitted by the four isotherm models: 505 

Langmuir, Freundlich, Sips and BS. The corresponding adsorption parameters are presented 506 

in Table 5. 507 

 508 

Figure 8: Nonlinear fit of MB isotherm adsorption of AC2_CHCS at pH 10 and 25°C. 509 

 510 

Table 5: Adsorption isotherm constants for MB adsorption onto AC2_CHCS. 511 

Isotherm model MB Parameters  

Experimental Qm (mg/g) 561.5 

Langmuir 

Qm (mg/g) 871.3 

KL 0.074 

R
2
 0.9988 

χ  50.150 

Freundlich 

KF 82.148 

n 1.626 

R
2
 0.9799 

 887.032 

Sips 

Qm (mg/g) 805.3 

KS ((L/mg)
1/m

) 0.116 

m 1.214 

R
2
 0.9998 

χ  9.728 

Brouers-Sotolongo (BS) 

Qm (mg/g) 607.2 

Kw (L/mg) 0.094 

a 1.024 

R
2
 0.9999 

χ  3.022 

 512 

Based on the determination coefficients found for each model, the BS and Sips models 513 

appeared as the most appropriate ones to fit the experimental data, with R
2
 values as high as 514 
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0.9999 and 0.9998, respectively. Moreover, the very high values of χ
2
 found for both 515 

Langmuir and Freundlich models indicated their irrelevance for describing correctly the 516 

equilibrium data. Langmuir and Sips models also led to calculated Qe values (871.3 and 805.2 517 

mg/g, respectively) in poor agreement with the experimental Qe one (561.5 mg/g). 518 

In contrast, the Qm value obtained from Brouers-Sotolongo isotherm, 607.2 mg/g, was the 519 

closest to the experimental one, in complete agreement with the lowest value of χ
2
 observed 520 

for the fit. Therefore, the BS isotherm was the most adequate for describing the adsorption of 521 

MB onto AC2_CHCS, compared to Freundlich, Langmuir and Sips isotherms. BS model 522 

assumes strong interactions between MB and the AC, due to the high heterogeneity of the 523 

surface groups, namely carbonyls, phenols and lactones, confirmed by the value of the a 524 

parameter, which is higher than 1. Similar results were found in previous studies (Selmi et al., 525 

2018a; Selmi et al., 2018c; Selmi et al., 2018d). 526 

 527 

3.4.4. Comparison with literature data 528 

Table 6 shows the maximum MB adsorption capacities obtained by ACs prepared from 529 

various biomasses by HTC and subsequent pyrolysis. In the present work, the maximum MB 530 

adsorption, Qe, was 561.5 mg/g, higher than that of several activated carbons reported in the 531 

literature (Islam et al., 2017; Sanja et al., 2018; Tong et al., 2018). An almost linear 532 

relationship between Qe and ABET was observed (not shown). Thus, the highest Qe was found 533 

with cluster stalks-derived AC (Alcaraz et al., 2018) with ABET equal to 2662 m
2
/g and 534 

produced by KOH activation. Although the area was very high, it is necessary to take into 535 

account the time and the high amount of water used for washing samples prepared by 536 

chemical activation, and that KOH is highly corrosive and even potentially harmful for 537 

equipment and operators. Unexpectedly low MB adsorption was obtained when using 538 

glucose-derived AC, with a value of Qe of only 61.0 mg/g, although this material had an ABET 539 
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of 1357 m
2
/g, i.e., slightly higher than that of AC2_CHCS, which cannot be easily explained 540 

without more information about this material. 541 

 542 

Table 6: MB removal efficiencies of ACs produced from different biomasses. 543 

 544 

  545 

AC precursor ABET  

(m
2
/g) 

C0 

(mg/L) 

Adsorbent 

dose (g/L) 

T 

(°C) 

pH Qe 

(mg/g) 

Reference 

cluster stalks 2662 50 0.2 30 7 925.9 
(Alcaraz et al., 2018) 

bagasse 1861 50 0.2 30 7 714.3 

walnut shells 1800 2000 4 25 - 315 (Yang and Qiu, 2010) 

Mangosteen 

peel waste 

1621 500 0.3 25 9 1193 (Nasrullah et al., 2019) 

sucrose 1534 900 0.8 25 5.5 704.2 (Bedin et al., 2016) 

glucose 1357 200 1 25 6.6 61.0 
(Sanja et al., 2018) 

fructose 701 200 1 25 6.6 197.0 

Acacia 

mangium wood 

1161 329 2 27 - 159.89 (Danish et al., 2018a) 

banana trunk 

waste 

1173 250 1.5 25 - 166.51 (Danish et al., 2018b) 

coconut shells 876 250 1 30 7 200.01 (Islam et al., 2017) 

cellulose/mont

morillonite 

42 160 1 25 8 138.1 (Tong et al., 2018) 

Corn stigmata 1111 650 1 25 10 561.5 This study 
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 546 

4. Conclusion 547 

The objective of the present study was to show, for the first time, the effect of a preliminary 548 

hydrothermal carbonisation (HTC) step in the preparation of CO2-activated carbons (ACs) 549 

from Corn Stigmata (CS) fibres. It was found that the preliminary HTC step allowed 550 

recovering activated carbons with higher yields, higher carbon contents, and more developed 551 

porous textures. The activation was also slower, thus allowing a better control of the process. 552 

The material having the highest surface area, 1111 m
2
/g, was then investigated in detail. Its 553 

pH at point of zero charge was found to be 8.6, and its surface was found to be mainly basic, 554 

with a total amount of basic groups of 0.743 mmol/g against 0.550 mmol/g for acidic groups. 555 

These characteristics were quite favourable for adsorbing MB, which is a cationic dye. In 556 

the temperature range from 20 to 40°C, MB adsorption was shown to be spontaneous and 557 

endothermic, as proved by the corresponding calculated thermodynamic parameters (∆G°= - 558 

4.90 kJ/mol and ∆H° = 84.73 kJ/mol at 20°C). The uptake increased with the pH, as expected, 559 

and was the highest and almost constant above pH 7. Both the isotherms at equilibrium and 560 

the kinetic data were best fitted by the Brouers-Sotolongo model, suggesting the fractal 561 

character of MB adsorption on such very heterogeneous surfaces. MB uptakes as high as 562 

561.5 mg/g were measured at 25°C, indicating the excellent adsorption properties of such 563 

materials for retaining toxic dyes. Overall, the hydrochars produced from CS were thus 564 

proved effective precursors of ACs for water remediation. 565 
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Figure 1: (a) Effect of activation time on the total yield YT; and (b) photo of AC2_CCS. Lines 779 

in (a) are just guides for the eye. 780 
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Figure 2: (a,b) N2 adsorption-desorption isotherms at -196°C; and (c,d) CO2 adsorption-786 

desorption isotherms at 0°C for CCS, CHCS and their derived ACs; and (e,f) their 787 

corresponding PSDs. 788 
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Figure 3: Surface areas: (a) ABET, and (b) SNLDFT; (c) total volume (full symbols) and 792 

micropore volume (empty symbols) and (d) fraction of mesoporosity as a function of (1 – YT) 793 

for CCS and CHCS series. The lines are just guides for the eye. 794 
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 796 

Figure 4: SEM images of: (a) CS; (b) CHCS; and (c) AC2_CHCS. 797 
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Figure 5: (a) Point of zero charge; and (b) pKa and amounts of surface groups determined by 804 

potentiometric titration of AC2_CHCS. 805 
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Figure 6: FTIR spectra of: (a) CS and CHCS; and (b) activated carbon (AC2_CHCS) before 808 

and after MB adsorption. 809 
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Figure 7: Effect on the MB adsorption capacity of AC2_CHCS of: (a) pH (at 25°C and C0 = 816 

10 mg/L); and (b) C0 and temperature (at pH 10). The line in (a) is just a guide for the eye. 817 
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Figure 8 : Nonlinear fit of MB isotherm adsorption of AC2_CHCS at pH 10 and 25°C. 820 
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