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Abstract 33 

Activated carbons were produced from spent tyre pyrolysis char by steam or CO2 activation and 34 

evaluated for their performance in Rhodamine B (RhB) adsorption in aqueous solutions. The effect 35 

of RhB starting concentration (80 – 150 mg L-1), contact time (0 – 80 min), temperature (298 – 318 36 

K) and initial pH on the adsorption process was examined. Pseudo-first order and pseudo-second 37 

order models were carried out to fit the experimental data to derive RhB adsorption kinetics.  38 

Langmuir, Freundlich and Temkin isotherm models were applied to depict RhB adsorption behaviour 39 

of the prepared activated carbons. Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) were 40 

calculated. It has been found that the activated carbons can effectively adsorb RhB due to high 41 

mesoporosity and RhB equilibrium adsorption capacity (qe) increased almost linearly with increasing 42 

total mesopore volumes, regardless of the activation agents. When BET surface areas are similar, 43 

CO2-activated carbon obtained higher qe than steam due to higher mesoporosity of CO2-activated 44 

carbon. The results show that pseudo-second order well fitted the experimental data. RhB starting 45 

concentration increased from 80 to 150 mg L-1 causing qe increased from 158 to 251 mg g-1 but RhB 46 

removal decreased from 99.7 % to 84.5 %. The RhB adsorption process follows the Langmuir model 47 

and thermodynamic calculation, indicating RhB adsorption is an endothermic, spontaneous process, 48 

dominated by both chemisorption and physisorption.  49 

 50 

Keywords: Activated carbon; Kinetics; Spent tyre; RhB adsorption; Thermodynamic analysis   51 
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Nomenclature 52 

SBET  BET surface area (m2 g-1) 53 

VT  Total pore volume (cm3 g-1) 54 

Vmicro Micropore volume (cm3 g-1) 55 

Vmeso  Mesopore volume (cm3 g-1)  56 

D  Average pore diameter (nm) 57 

C0  RhB starting concentration (mg L-1) 58 

qt  Adsorption capacity at time t (mg g-1) 59 

qm  Maximum adsorption capacity (mg g-1) 60 

qe  Equilibrium adsorption capacity (mg g-1) 61 

k1  Pseudo-first order adsorption rate constant (min-1) 62 

k2 Pseudo-second order adsorption rate constant (g mg-1 min-1) 63 

kid1 Boundary layer diffusion rate constant (mg g-1 min-1/2) 64 

kid2 Intra-particle diffusion rate constant (mg g-1 min-1/2) 65 

R2  Correlation coefficient 66 

kL  Langmuir constant (L mg-1) 67 

kf  Freundlich constant ((mg g-1)(mg L-1)-1/n) 68 

n  Freundlich constant 69 

kt  Temkin equilibrium binding constant (L g-1) 70 

b  Temkin isotherm constant 71 

B  Temkin constant related to adsorption heat (J mol-1) 72 

ΔG   Gibbs free energy (KJ mol-1) 73 

ΔH Enthalpy (KJ mol-1) 74 

ΔS Entropy (J mol-1 K-1)  75 
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1. Introduction 76 

Aqueous dyes have been identified as serious pollutants in wastewaters discharged by the textile, 77 

dyeing and printing industries due to high solubility, non-biodegradability, and toxicity to aquatic life 78 

when chelating with metal ions (Ariyadejwanich et al. 2003, Daraei &Mittal 2017, Elgarahy et al. 79 

2020, Elwakeel et al. 2020b, Elwakeel et al. 2020c, Erol et al. 2015, Gupta et al. 2011, Mohd Shaid 80 

et al. 2019, Raval et al. 2016, Soltani et al. 2021, Tanthapanichakoon et al. 2005). Drinking water 81 

contaminated by dyes at even low concentrations (1.0 mg L-1) can negatively impact human health 82 

(Elgarahy et al. 2019a, Elwakeel et al. 2020a, Malik et al. 2007, Nasar &Mashkoor 2019). Rhodamine 83 

B (RhB), a red, cationic dye, is most broadly used as a colourant in textiles, paper and cosmetics (Gad 84 

&El-Sayed 2009, Li et al. 2010, Mohammadi et al. 2010). Several techniques have been used to 85 

eliminate wastewater contamination by dyes, including ion exchange, chemical oxidation, adsorption 86 

and biodegradation (Elgarahy et al. 2019b, Elwakeel et al. 2016a, Erol et al. 2020, Erol et al. 2021, 87 

Erol et al. 2019b, Hassan &Carr 2018, Katheresan et al. 2018, Kireç et al. 2021). Adsorption is 88 

considered as the most attractive method for remediating industrial effluents because of its simplicity, 89 

high efficiency and economy (Elwakeel et al. 2016b, Erol et al. 2019a, Erol 2016, 2017a, Erol 2017b, 90 

Erol &Uzun 2017, Erol et al. 2018, Maneerung et al. 2016, Mohammadi et al. 2010). Due to chemical 91 

functional groups, wide-ranging distribution of pore sizes and characteristically large surface areas, 92 

activated carbon has enjoyed broad use and effectivity as an adsorbent (Khan et al. 2009, Skouteris 93 

et al. 2015). However, high cost, complicated preparation procedures, and the use of non-renewable 94 

materials as feedstock, for instance coal and lignite, limit commercial activated carbon manufacturing 95 

(Djilani et al. 2015, Gad &El-Sayed 2009). Therefore, finding a suitable, cheap and sustainable way 96 

to produce activated carbon is becoming urgent. 97 

An estimated 3 billion tyres were produced worldwide by 2019, all of which will inevitably reach 98 

their end of usable life and require disposal (Ruwona et al. 2019). Spent tyres, which are by design 99 

non-degradable, can become breeding grounds for mosquitoes and pose potentially serious fire and 100 

pollution hazards when stockpiled. Current recycling options are typically limited, on a global scale, 101 
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accounting for only 50 % of waste tyres (Rowhani &Rainey 2016, Thai et al. 2020). However, 102 

research suggests that spent tyres could be recycled to a cheap and abundant feedstock for adsorbent 103 

materials, such as activated carbon, by utilising the pyrolysis process (Labaki &Jeguirim 2017, 104 

Williams 2013). The pyrolysis of spent tyres typically yields 40 – 60 wt% char, which can be utilised 105 

as a carbonaceous feedstock for activated carbon production (Fernandez et al. 2012, Martínez et al. 106 

2013, Parthasarathy et al. 2016). Spent tyre derived activated carbon may be a low-cost and 107 

environmentally friendly selectable adsorbent to present commercial activated carbons as it derived 108 

from a waste stream product. This study aims to develop a cheap and green activated carbon with 109 

large specific surface area and porosity from spent tyre pyrolysis char that can effectively adsorb RhB. 110 

So far, most researches on the activated carbon derived from the spent tyre are focus on the removal 111 

of phenol, methylene blue, black 5, red 31 and acid blue 113 (Ariyadejwanich et al. 2003, Daraei 112 

&Mittal 2017, Gupta et al. 2011, Mohd Shaid et al. 2019, Tanthapanichakoon et al. 2005), but limited 113 

research on the RhB adsorption. Moreover, most studies that have investigated RhB adsorption onto 114 

activated carbon are produced from the residue of agriculture and agro-industries (Gad &El-Sayed 115 

2009, Maneerung et al. 2016, Mohammadi et al. 2010). However, RhB adsorption onto activated 116 

carbon derived from spent tyre pyrolysis char, especially concerning the adsorption mechanism, is 117 

still relatively novel. The few studies that have explored spent tyre activated carbons have reported 118 

high RhB removal (Li et al. 2010, Saleh &Al-Saadi 2015), but mechanism of absorption process and 119 

effect of pore structure of activated carbons on the adsorption capacity are still relatively unexplored 120 

and lacking systematic investigations. If activated carbon from spent tyres is to be seriously 121 

considered as an absorbent for RhB in practical application, it is critical to systematically build the 122 

adsorption mechanism through kinetics, diffusion and thermodynamics. 123 

In this work, steam- and CO2-activated carbons with various BET surface areas and porosity were 124 

produced from a spent tyre pyrolysis char and used for the RhB adsorption using a batch reactor. The 125 

effect of RhB starting concentration, temperature, contact time and initial pH on the RhB adsorption 126 

capability was systematically researched. Furthermore, adsorption kinetics, isotherms and 127 
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thermodynamic were carried out under the test condition by fitting to the experimental data that could 128 

guide to possible adsorption mechanism and potential rate-limiting steps of RhB onto activated 129 

carbon.  130 

2. Experimental 131 

2.1 Materials 132 

The pyrolysis char used in subsequent experiments was prepared as part of a previous study (Zhang 133 

et al. 2020). Briefly, a pyrolysis char generated by an industrial retort operation was milled to ≤ 150 134 

µm, and homogenised prior to activation by further pyrolysis at 823 K. Spent tyre activated carbons 135 

were obtained by steam and CO2 activation under different agent concentrations (33.3, 50.0 and 66.7 136 

vol% CO2/steam), reaction times (1, 2, 3 and 6 h for CO2 activation; 1, 2, 3 and 4 h for steam activation) 137 

and temperatures (1123, 1223 and 1323 K) in a quartz fixed-bed reactor. For simplicity, activated 138 

carbon samples are referred to by activation agent (steam (ST) or CO2)-activation temperature (K)-139 

reaction time (h)-agent concentration (N2 to steam or CO2 vol. ratio), e.g. ST-1223-4h-1to2. The 140 

detailed activation experiment and the characteristics of the activated carbons used for this work had 141 

been reported in an earlier paper (Zhang et al. 2020) and are summarised in the supplementary 142 

material. Rhodamine B (RhB), an aqueous dye, was received from Sigma-Aldrich. 143 

2.2 Adsorption Experiment 144 

Table 1 Proximate analysis, ultimate analysis and textual properties of ST-1223-4h-1to2 145 

Proximate analysis (wt %) Ultimate analysisa (wt %) Textural parameters 

Moisture 4.3 C 83.9 SBET (m2 g-1) 667 

Volatile matter 4.8 H 0.3 Vtotal (cm3 g-1) 0.9 

Ash 22.3 N 0.4 Vmicro (cm3 g-1) 0.1 

Fixed carbonb 68.7 S 4.7 Vmeso (cm3 g-1) 0.7 

  Ob 10.6 D (nm) 3.9 

Note: a dry ash-free basis; b by difference146 

RhB adsorption was carried out using batch adsorption. In each set of the adsorption experiments, 147 

ca. 0.05 g activated carbon were added into 100 mL RhB solution in a 250 mL conical flask. 148 
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Temperature (298, 308, and 318 K) (uncertainty ± 3 K), starting concentration (80 – 150 mg L-1) 149 

(uncertainty ± 0.1 mg L-1), contact time (0 – 80 minutes) and initial pH (3 – 11) (uncertainty ± 0.01) 150 

were varied. The solution was continuously stirred at 200 rpm by an electromagnetic stirrer. After 151 

adsorption, the supernatant solution was collected through 0.45μm filter and the absorbance of RhB 152 

remaining was measured through UV-vis spectrophotometry.  153 

The proximate analysis and ultimate analysis of the activated carbon were carried out by a muffle 154 

furnace and a ThermoFisher Scientific FlashSmartTM CHNS/O elemental analyser, respectively  155 

(Zhang et al. 2020). Average pore diameter (D), pore size distribution, total pore volume (Vtotal), 156 

mesopore volume (Vmeso), micropore volume (Vmicro) and the Brunaner-Emmett-Teller surface area 157 

(SBET) were determined by N2-adsorption analysis at 77 K using 0.2 g of the activated carbon in a 158 

Micromeritics TriStar II (Nieto-Márquez et al. 2016). Samples were degassed at 473K overnight 159 

before BET analysis. Total pore volume was obtained using the volumetric analysis of a single 160 

nitrogen molecule. Barrett-Joyner-Halenda (BJH) and t-plot method were used to define the 161 

mesopore and micropore volume, respectively (Rasines et al. 2015). The properties of ST-1223-4h-162 

1to2 (which was used for the Kinetic and thermodynamic study) are shown in Table 1. Absorbance 163 

of residual RhB in solution was determined at a 554 nm wavelength by an Agilent 8453 UV-vis 164 

spectrophotometer fitted with an 80 μL flow cell. An absorbance calibration curve was defined by 165 

a series of known RhB concentration (0.1 – 5 mg L-1) standards. The experimental data presented 166 

in this work is the average of three repeat experiments. The RhB removal percentage (R, %), 167 

adsorption capacity at time t (qt, mg g-1), and at equilibrium (qe, mg g-1) were defined by the 168 

equations (1 – 3), respectively. 169 

𝑅 =
𝐶0−𝐶𝑡

𝐶0
× 100%  (1) 170 

𝑞𝑡 =
𝐶0−𝐶𝑡

𝑚
× 𝑉  (2) 171 

𝑞𝑒 =
𝐶0−𝐶𝑒

𝑚
× 𝑉  (3) 172 

where m (g) the dose mass of activated carbon, V (L) is the volume of RhB solution, and C0, Ct and 173 

Ce (mg L-1) are RhB concentration at start, time (t) and equilibrium, respectively. 174 
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2.3 Adsorption Kinetics 175 

The sample with the highest BET surface area (ST-1223-4h-1to2) was selected for the RhB 176 

adsorption kinetics investigation. To estimate the RhB adsorption kinetics onto ST-1223-4h-1to2, the 177 

absorbed RhB at different contact times, temperatures, and starting concentrations were fitted to the 178 

Weber and Morris intra-particle diffusion, pseudo-first order and pseudo-second order models. 179 

The pseudo-first order equation is defined as (Pathania et al. 2017): 180 

𝑞𝑡 = 𝑞𝑒(1 − exp(−𝑘1𝑡)) (4) 181 

where k1 (min-1) is the rate constant of the pseudo-first order adsorption.  182 

The pseudo-second order equation is given as (Gad &El-Sayed 2009):  183 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
 (5) 184 

where k2 (g mg-1 min-1) is the pseudo-second order rate constant.  185 

The values of k1, k2 were obtained from the function plots of the non-linear fits. 186 

In a typical adsorption process, RhB molecules diffuse from boundary layer to adsorbent surface. 187 

RhB molecules then move into the interior of the absorbent by internal particle diffusion, where 188 

surface adsorption on the adsorption sites quickly reaches equilibrium (Vasiliu et al. 2011, Wang et 189 

al. 2018). It is, therefore, necessary to establish if boundary layer diffusion or intra-particle diffusion 190 

is the rate-limiting step during RhB adsorption. The Weber and Morris (1964) intra-particle diffusion 191 

model examines the effects of intra-particle diffusion and boundary layer diffusion toward evaluating 192 

the rate-limiting step, and is expressed as equation (6) (Li et al. 2010, Weber &Morris 1964):  193 

𝑞𝑡 = 𝑘𝑖𝑑𝑡
1/2 + 𝐶 (6) 194 

where kid (mg g-1 min-1/2) is the rate constant that could be deduced from the slopes of qt plots as a 195 

function of t1/2. C describes boundary layer diffusion, which can be obtained from the intercept, where 196 

a higher C value indicates larger boundary layer diffusion effects (Kannan &Sundaram 2001). Larger 197 

kid value illustrates more opportunities for the diffusion of adsorbate molecule into the adsorbent. 198 

According to this model, if the data has a single linear trend and the intercept is 0 then the adsorption 199 
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rate was dominated only by intra-particle diffusion. If not, adsorption was dominated by multiple 200 

steps.  201 

2.4 Adsorption Isotherms 202 

To study the behaviour and mechanism of RhB adsorption onto ST-1223-4h-1to2, Langmuir isotherm, 203 

Freundlich isotherm and Temkin isotherm models were carried out to fit the experimental data. 204 

Langmuir isotherm model supposes that the adsorption appears as monolayers, homogenous 205 

distribution of active sites in the adsorbent and identical sorption energy for the available adsorption 206 

sites. Meanwhile, there should be no interaction among adsorbed molecules and negligible migration 207 

on the adsorption surface by the adsorbed molecules (Calace et al. 2002, Maneerung et al. 2016). 208 

Langmuir isotherm model is expressed as equation (7) (Langmuir 1918): 209 

𝑞𝑒 =
𝑞𝑚𝑘𝐿𝐶𝑒

1+𝑘𝐿𝐶𝑒
 (7) 210 

where qm (mg g-1) is the maximum adsorption capacity, Ce (mg L-1) the RhB equilibrium 211 

concentration, and kL (L mg-1) the Langmuir constant.  212 

The Freundlich isotherm model assumes multi-layer adsorption with interactions occurring between 213 

the adsorbed molecules, and heterogeneous sorption energy for active sites on the adsorbent surface 214 

(Calace et al. 2002, da Silva Lacerda et al. 2015).  Freundlich isotherm model is described by equation 215 

(8) (Cortes et al. 2019): 216 

𝑞𝑒 = 𝑘𝑓𝐶𝑒
1/𝑛 (8) 217 

where kf ((mg g-1)(mg L-1)-1/n) and n are the Freundlich constants (1/n is the heterogeneity factor). 218 

Temkin isotherm model is expressed as the equations (9) and (10) and assumes there are interactions 219 

between adsorbent and adsorbate. Moreover, adsorption heat reduces linearly as the coverage of 220 

adsorption increase (Shin &Kim 2016). 221 

𝑞𝑒 = 𝐵𝑙𝑛𝑘𝑡 + 𝐵𝑙𝑛𝐶𝑒 (9) 222 

𝐵 =
𝑅𝑇

𝑏
 (10) 223 

where B (J mol-1) is a constant related to adsorption heat, kt (L g-1) the equilibrium binding constant, 224 

R (8.314 J mol-1 K-1) the universal gas constant, T (K) the temperature, and b is isotherm constant.  225 
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2.5 Adsorption Thermodynamics 226 

To further study the nature and mechanism during RhB adsorption onto the activated carbon of ST-227 

1223-4h-1to2, thermodynamic calculations were carried out based on experimental data under 228 

different starting concentration and temperature. The Gibbs free energy (ΔG (kJ mol-1)), enthalpy (ΔH 229 

(kJ mol-1)) and entropy (ΔS (J mol-1 K-1)) were measured according to equations (11 – 13) (Cortes et 230 

al. 2019, Gad &El-Sayed 2009, Kumar &Kumaran 2005, Prola et al. 2013): 231 

∆𝐺 = −𝑅𝑇 𝑙𝑛(𝜌𝑘) (11) 232 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (12) 233 

𝑙𝑛(𝜌𝑘) =
−∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
 (13) 234 

where ρ (g L-1) is the solution density, which is close to 1000 g L-1 for the RhB concentration of 80 – 235 

150 mg L-1, k is equilibrium constant of the best fitting isotherm (kL, measured from the Langmuir 236 

isotherm, was used to calculate the thermodynamic parameters), ΔH and ΔS are obtained from slope 237 

and intercept of ln (ρk) plots versus 1/T.  238 

The parameters of kinetic and isotherm models were determined by non-linear fitting of the 239 

experimental data under different conditions. The coefficient determination (R2) and root mean square 240 

error (RMSE) were calculated to evaluate the fit quality. 241 

3. Results and Discussion 242 

The BET surface area and porosity of the adsorbent are significant for the understanding of adsorption 243 

(Lin &Wang 2017, Zhu et al. 2011). The RhB equilibrium adsorption capacity (qe) of activated 244 

carbons obtained under various conditions were measured and presented as a function of BET surface 245 

area and porosity (Fig. 1). The experiments were conducted at 150 mg L-1, 298 K and 80 min to 246 

ensure the adsorption reached equilibrium. There is a general increasing trend of qe of RhB showed 247 

with increasing BET surface area for both steam- and CO2-activated carbon, which is broadly 248 

supported by the literature (da Silva Lacerda et al. 2015, Maneerung et al. 2016). Between these two 249 

activation agents, steam-activated samples achieved that higher qe as a result of larger BET surface 250 

area and pore volume. Interestingly, qe for CO2-activated carbon (60 – 114 mg g-1) with a range of 251 
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BET surface area 260 – 434 m2 g-1 were higher than that for steam (33 – 88 mg g-1) despite similar 252 

BET surface area (238 – 461 m2 g-1), indicating BET surface area is not the only parameter dominating 253 

adsorption. When plotted against total pore volume, qe of all the activated carbons fall along the same 254 

line and increased linearly with increasing total pore volume (Fig. 1b), regardless of the activation 255 

agents (steam or CO2). There is a clear linear trend between mesopore volumes (Fig. 1c) and qe but 256 

not between qe and micropore volumes (Fig. 1d), regardless of activation agent. This implies that 257 

adsorption was controlled by the availability of mesopores rather than micropores, because of the 258 

relatively large size of the RhB molecule (0.5 × 1.2 × 1.5 nm (Li et al. 2010)) compared to the 259 

micropores (<2 nm). Higher qe in CO2-activated carbon than steam-activated carbon at similar BET 260 

surface area can be attributed to the differences in pore development between the two activation 261 

agents. CO2 activation has been shown to favour the development of mesopores, while the steam 262 

activation favours the development of micropores (Zhang et al. 2020). High mesoporosity has been 263 

shown to be desirable for RhB adsorption, given the size of RhB molecule is only slightly smaller 264 

than micropores (Li et al. 2010). Both the CO2 and steam-activated carbons show the comparable 265 

RhB adsorption capacities with the literature data as shown in Table 2. Therefore, the activated 266 

carbons prepared from low-cost spent tyre pyrolysis char could be used for the application of RhB 267 

adsorption.  268 

Table 2 Comparison of adsorption capacities of activated carbon from various resources 269 

Resource SBET (m2 g-1) T (K) C0 (mg L-1) qe (mg g-1) Reference 

Fly ash of artificial textile 40 313   20 0.62 (Khan et al. 2009) 

Spent tyre 480 295 48 21.5 (Saleh &Al-Saadi 2015) 

Lignocellulosic waste 431 298 80 33 (da Silva Lacerda et al. 2015) 

Wood biomass 1161 300 310 77 (Danish et al. 2018) 

Rice husk 1803 298 200 181 (Ding et al. 2014) 

Loofah sponge 842 313 120 191 (Qi et al. 2016) 

Bagasse pith 523 293 200 199 (Gad &El-Sayed 2009) 

Spent tyre  667 318 150 262 This work 

Spent tyre 720 298 100 280 (Li et al. 2010) 

Lotus leaves 2240 313 120 701 (Li et al. 2020) 
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 270 

Fig. 1 Effect of (a) BET surface area, (b) total pore volume, (c) mesopore volume and (d) micropore 271 

volume of activated carbon on the RhB equilibrium adsorption capacity (qe) (steam-activated 272 

carbon: solid symbol; CO2-activated carbon: open symbol) 273 

Fig. 2 (a b) shows the effects of contact time and starting RhB concentration on RhB adsorption by 274 

ST-1223-4h-1to2 were determined at 298 K. When the RhB starting concentration is less than 100 275 

mg L-1 the data show rapid RhB adsorption during the first 20 min. Adsorption took 40 min when 276 

RhB starting concentration was between 110 and 150 mg L-1 caused by the abundance of adsorption 277 

active sites on the surface of activated carbon. After 40 minutes, no further adsorption was observed 278 

as the system reached equilibrium. The change in adsorption behaviour of different RhB starting 279 

concentration may occur because available adsorption sites decrease as the reaction progresses and 280 

the RhB molecules must diffuse deeper into the activated carbon particle to access more pores. When 281 

RhB starting concentration was increased from 80 to 150 mg L-1, qe enhanced from 158 to 251 mg g-282 

1 and RhB removal decreased from 99.7 % to 84.5 %. Higher starting RhB concentrations provide 283 
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more effective contact between RhB molecules and the adsorbent, allowing the aqueous RhB phase 284 

to overcome the diffusional forces with the solid carbon phase. The effects of temperature on RhB 285 

adsorption under 100 and 150 mg L-1, respectively, were given in Fig. 2 (c d). A rapid increase in the 286 

adsorbed amount of RhB during the first 20 min with increasing temperature from 298 to 318 K, 287 

implying RhB adsorption is an endothermic process. RhB adsorption rate also became higher at 288 

increasing temperature due to both a higher boundary layer diffusion rate and a higher intra-particle 289 

diffusion rate, as discussed below. Note that the initial pH of the solution, being controlled by adding 290 

0.1 M HCl or 0.1M NaOH solutions, did not affect the adsorption equilibrium (qe) as shown in Fig. 291 

3. With the sample ST-1223-4h-1to2 and starting RhB concentration of 120 mg L-1, qe remained 292 

basically constant over the range of pH value from 3 to 11. 293 

 294 

Fig. 2 Effect of contact time, RhB starting concentration and temperature on the adsorption by ST-295 

1223-4h-1to2: Left (a, c) adsorbed amount of RhB; Right (b, d) percentage of RhB removal  296 
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Values of qe, k1, k2, R
2 and RMSE from non-linear fitting of kinetic models with experimental data 297 

are summarised in Table 3. All correlation coefficients (R2) calculated from the pseudo-second order 298 

model were close to 1 (>0.93) and generally fitted the experimental data better than those of pseudo-299 

first order (0.75 – 0.94). It was consistent with the results of RMSE, indicating RhB adsorption 300 

behaviour is in accordance with pseudo-second order model.  k2 values almost linearly increased as 301 

RhB solution temperature increased, further demonstrating the RhB adsorption is endothermic. The 302 

nonlinear fitting plots of qt/qe as a function of t based on pseudo-second order model were presented 303 

in Fig. 4, showing that the pseudo- second order model is adequate to represent the adsorption kinetics. 304 

 305 

Fig. 3 Effect of initial pH on the qe of RhB adsorption by ST-1223-4h-1to2 at starting RhB 306 

concentration of 120 mg L-1 307 

 308 

Fig. 4 Plots of pseudo-second order model fitting to describe the RhB adsorption process (a) effect 309 

of starting concentration, (b) effect of temperature    310 
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Table 3 Parameters of kinetics models and Weber and Morris intra-particle diffusion model 311 

C0 

(mg L-1) 

T 

(K) 

qe (mg g-

1) (exp.) 

Pseudo-first order model Pseudo-second order model Boundary layer diffusion Intra-particle diffusion 

k1 (min-1) R2 RMSE 
k2 ×10-3 (g  

mg-1 min-1) 
R2 RMSE 

kid1 (mg g-1 

min-1/2) 
C R2 RMSE 

kid2 (mg g-1 

min-1/2) 
R2 RMSE 

80 

298 

158 0.43 0.8894 0.0834 5.9 0.9821 0.0336 17.8 81 0.9362 5.3640 0.6 0.6170 1.2246 

90 178 0.37 0.8823 0.0877 4.6 0.9709 0.0436 19.7 88 0.9277 7.3624 0.5 0.5483 0.6511 

100 197 0.29 0.8305 0.1029 3.0 0.9672 0.0453 20.7 89 0.9582 5.8001 3.6 0.9341 1.3866 

110 218 0.26 0.8314 0.1039 2.4 0.9679 0.0453 23.9 91 0.9592 6.6297 3.5 0.9535 1.1290 

120 229 0.22 0.7934 0.1145 1.8 0.9541 0.0539 21.2 96 0.9570 7.8124 3.6 0.8396 1.6862 

130 239 0.22 0.7828 0.1161 1.7 0.9526 0.0542 21.1 103 0.9333 9.8053 6.8 0.8525 3.0666 

150 250 0.21 0.7528 0.1244 1.6 0.9317 0.0654 22.7 106 0.9795 5.7350 3.4 0.7406 2.1083 

100 

298 197 0.29 0.8305 0.1029 3.0 0.9672 0.0453 20.7 89 0.9582 5.8001 3.6 0.9341 1.3866 

308 198 0.45 0.9093 0.0752 5.0 0.9909 0.0239 26.4 95 0.9341 6.7436 1.9 0.6974 2.0518 

318 198 0.61 0.9358 0.0624 7.0 0.9957 0.0163 29.8 100 0.9419 5.8138 1.5 0.6655 1.9946 

150 

298 250 0.21 0.7528 0.1244 1.6 0.9317 0.0654 22.7 106 0.9795 5.7350 3.4 0.7406 2.1083 

308 253 0.27 0.8243 0.1047 2.1 0.9676 0.0450 29.3 104 0.9479 7.9107 7.2 0.9348 3.0179 

318 262 0.39 0.8774 0.0873 3.1 0.9829 0.0326 30.3 127 0.9459 8.3534 1.9 0.4784 2.8738 

312 



Table 4 Parameters of different isotherms model 313 

T  

(K) 

Langmuir isotherm model  Freundlich isotherm model  Temkin isotherm model  

qm 

(mg g-1) 

kL 

(L mg-1) 
R2 RMSE 

kf 

((mg g-1)(mg L-1)1/n) 

n R2 RMSE 
kt  

(L g-1) 
b  

B  

(J mol-1) 
R2 RMSE 

298 243 9.5 0.9862 10.2468 201 12.9 0.8479 14.3909 1.5×105 146 17.0 0.8666 13.4764 

308 244 28.5 0.9892 9.2716 215 14.0 0.9043 12.3329 8.0×105 155 16.0 0.9336 10.2746 

318 247 29.0 0.9867 10.2789 217 14.2 0.8753 14.2134 1.1×106 157 15.8 0.8981 12.8505 

 314 



 315 

Fig. 5 Plots of model fitting considering intra-particle diffusion for RhB adsorption onto ST-1223-316 

4h-1to2 (a) effect of starting concentration, (b) effect of temperature 317 

Based on the excellent fit between the experimental data and the pseudo-second order model, the RhB 318 

adsorption process has rate-limiting step that is second-order with respect to the accessible surface 319 

sites. However, it cannot provide a reliable indication of which mechanistic step accounts for the rate-320 

limiting process of adsorption. In order to further understand RhB adsorption mechanism, the 321 

adsorption process was assessed using the Weber and Morris intra-particle diffusion model. Generally, 322 

surface adsorption is a faster process than diffusion (Vasiliu et al. 2011, Wang et al. 2018), therefore, 323 

it is crucial to determine if intra-particle diffusion, boundary layer diffusion, or both dominate RhB 324 

adsorption process in an aqueous solution. The fitting plots of qt versus t1/2 for the intra-particle 325 

diffusion model in Fig. 5 showed two distinct linear trends, indicating the RhB adsorption onto the 326 

activated carbon must be controlled by at least two steps (Mohan &Karthikeyan 1997). The first linear 327 

trend could be caused by rapid boundary layer diffusion. The slower second stage may be as a result 328 

of intra-particle diffusion (Gad &El-Sayed 2009, Tang et al. 2014). The slopes of the first and second 329 

linear curves were used to calculate the boundary layer diffusion parameter kid1 and intra-particle 330 

diffusion parameter kid2, respectively. kid2 was much lower than kid1 (Table 3), indicating intra-particle 331 

diffusion during RhB adsorption was the rate-limiting step, consistent with other findings (Kannan 332 

&Sundaram 2001, Tang et al. 2014). The intercept (C) is a useful tool for determining the severity of 333 

the boundary diffusion effect, where a higher C indicates a thicker boundary and thus higher boundary 334 

diffusion effects. From Table 3, C values increased with increasing temperature and starting 335 
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concentration, suggesting the boundary diffusion effects became more significant with both 336 

increasing starting concentration and temperature. 337 

 338 

Fig. 6 Nonlinear fitting plots of Langmuir model for RhB adsorption onto ST-1223-4h-1to2 339 

Table 5 Thermodynamic parameters  340 

T (K) ΔG (kJ mol-1) ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

298 -22.68 

44.60 227.18 308 -26.26 

318 -27.17 

The Langmuir, Freundlich and Temkin isotherm models were fit to the experimentally derived RhB 341 

equilibrium concentration and capacity. R2, RMSE and the key parameters measured according to 342 

Langmuir, Freundlich and Temkin isotherm models are presented in Table 4. Based on the values of 343 

R2 and RMSE on the three models, only the Langmuir isotherm model shows the most excellent 344 

fitting at all temperatures (R2 >0.98). The results of the Langmuir model for RhB adsorption onto 345 

activated carbon of ST-1223-4h-1to2 under different starting concentration and temperature are 346 

shown in Fig. 6 which shows a typical Langmuir type adsorption (Elwakeel et al. 2021, Lima et al. 347 

2019). Therefore, RhB adsorption process onto the activated carbon favours the Langmuir isotherm 348 

model and occurs by monolayer and homogeneous adsorption. The Langmuir isotherm model 349 

calculated a qm and kL that varies from 243 to 247 mg g-1 and 9.5 to 29.0 L mg-1, respectively, from 350 

temperature of 298 to 318 K. Increasing capacity suggests that adsorption process was endothermic 351 
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and agrees with the results of pseudo-second order. Increasing kL indicates that RhB adsorption was 352 

more favourable at higher temperature. 353 

Table 5 shows the thermodynamic parameters of RhB adsorption onto the ST-1223-4h-1to2 at the 354 

equilibrium of different starting concentration. All ΔG values under the test conditions were negative, 355 

indicating that RhB adsorption onto activated carbon was spontaneous and thermodynamically 356 

favourable. ΔG absolute values increased as increasing adsorption temperature, demonstrating higher 357 

temperature contributes to adsorption of RhB. At higher temperature, the viscosity of RhB solution 358 

reduces and allows accelerated RhB molecule diffusion, migration and interaction with the active 359 

sites of the activated carbon (Ahmad et al. 2014). The values of ΔH are positive under the test 360 

conditions, suggesting RhB adsorption was an endothermic process. The magnitude of ΔH has been 361 

linked to the type of adsorption in other studies (Saha et al. 2010), where an absolute ΔH less than 21 362 

kJ mol-1 describes physisorption-only processes and ΔH between 80 and 200 kJ mol-1 describes 363 

chemisorption-only processes. In this study, RhB adsorption onto activated carbon had ΔH value 364 

(44.60 kJ mol-1) between 21 and 80 kJ mol-1, indicating both physisorption and chemisorption existed. 365 

The positive values of ΔS (227.18 J mol-1 K-1) suggested increasing randomness occurred at the solid 366 

and liquid interface. The results of the kinetic study, adsorption isotherms and thermodynamics show 367 

that, while both chemisorption and physisorption occurred, chemisorption was the dominant 368 

mechanism. 369 

4. Conclusions 370 

The activated carbons were prepared from spent tyre pyrolysis char by steam and CO2 activation, 371 

respectively, and evaluated as an adsorbent for RhB adsorption. The results show that the activated 372 

carbons from spent tyre pyrolysis char were effective in adsorbing RhB in aqueous solutions 373 

comparing with other activated carbon from literature. The RhB equilibrium adsorption capacity (qe) 374 

increased linearly with increasing mesopore volume. RhB adsorption likely takes place on the surface 375 

of mesopores, rather than micropores. As such, at similar BET surface areas, CO2-activated carbon 376 

samples were able to achieve higher qe due to higher mesopore volumes compared to steam-activated 377 
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carbon. The kinetics study indicated that the pseudo-second order model most excellent describes 378 

RhB adsorption behaviour, implying adsorption is greatly dependent on the availability of adsorption 379 

sites. Both boundary layer diffusion and intra-particle diffusion dominate adsorption process, with 380 

intra-particle diffusion being the dominant rate-limiting step. RhB adsorption follows Langmuir 381 

isotherm model, and demonstrates that adsorption was an endothermic and spontaneous process with 382 

both chemisorption and physisorption occurred. 383 
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