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Abstract 

A batch process was used to evaluate the potential of regeneration of spent activated carbon 
(AC) by solvent extraction technique with synergetic to ultra-sonication. Experiments were 
undertaken as a function of the initial concentration of toluene. Freundlich and Langmuir 
models were used to study the adsorption isotherms and the data well fitted the Langmuir 
expression. The maximum adsorption capacities of toluene were found to be 0.108 µg/g 
activated carbon for Type-I Langmuir. Extraction of the used AC by both methanol solvent 
and ultrasonic radiation yielded up to 95% reactivation of the spent AC in the first run. 
Nearly up to 88 % recovery of activity could be achieved after further regeneration and 
reusing of the spent AC. The results indicate that the coupling of solvent extraction with 
ultrasonic waves in the AC treatment is comparable and perhaps superior to the conventional 
regeneration techniques in many cases. This is mainly due to the single step process applied 
which is less energy consuming; in addition to the nearly comprehensive recovery of the 
adsorptive capacity of spent AC.  

Keywords: Spent activated carbon, Regeneration, Solvent extraction, Ultra sonication, 
Treatment 

1. Introduction 

Volatile organic compounds (VOCs) are radiated as gasses from specific solids or fluids. 
VOCs in the urban environment for the most part emerge from the powers utilized as a part 
of engine vehicles. VOCs incorporate an assortment of chemicals, some of which may have 
short-and long haul antagonistic well-being impacts. VOCs are of worry as both indoor air 
toxins and as outdoor air contaminations. In ambient air, VOC is connected with discharges 
from a scope of sources, for example, engine vehicle debilitate, petroleum refineries, plastics 
and the utilization of solvents (Ye et al., 2014; US EPA, 2012, 2014). The sources and levels 
of the VOCs in indoor air shift contingent upon the kind of building. Ignition especially 
tobacco smoking, additionally laser imprinting on paper or photocopying firmly influence the 
indoor levels of VOCs (Wheeler et al., 2013). In any case, thinks about have found that levels 
of a few organics normal 2 to 5 times higher inside than outside (Weisel et al., 2008). In 
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addition, as a great many people invest the lion's share of energy inside, the indoor 
introduction assumes a critical part in the general individual presentation and along these 
lines in any well-being hazard evaluation. Activated carbon adsorption is the most effective 
technology for removing trace contaminants from both air and water (Mohamed et al., 2011, 
2015, 2016a). On one hand, the utilization of activated carbons as adsorbents is restricted by 
the issue related to their recovery. In this point of view, distinctive option recovery strategies 
are attractive to beat these sorts of issues (Mohamed et al., 2016b). In this context, solvent 
extraction regeneration appears as interest method to clean spent activated carbon, since their 
application could result in a cost-effective process for activated carbon recovery (Ma et al., 
2016). The present study aims to regenerate the used activated carbon via solvent extraction 
process using methanol under ultrasonic radiation, and also to investigate the efficiency of the 
regenerated activated carbon for Toluene gas removal. 

2. Experimental 

2.1 Materials 

Granular activated carbon (S23) from coconut shell was used (the same type of that used in 
charcoal tube air sampling  ). The particle size of the used ACs is in the range of 0.2-0.4 mm. 
The adsorbate used to challenge the adsorbents was toluene (Sigma-Aldrich, > 99% purity) as 
the representative VOC because it is one of the most common VOCs in the workplace and is 
one of the major and most often reported indoor organic vapors. It is often considered a 
representative for the VOC group in several studies involving the testing of AC materials. 
Other materials were also used as ethanol (C2H6O), hydrogen chloride (HCl), sodium 
hydrogen carbonate (NaHCO3), sodium carbonate (Na2CO3) and sodium hydroxide (NaOH). 

2.2. Physical and Chemical Properties of Carbons 

2.2.1 Specific Surface Area and Pore Volume 

The surface physical properties of the AC were characterized with a Micromeritics ASAP 
2020, using Nitrogen (N2) as a desorbate at 77 K. The specific surface area (SBET) was 
calculated from the adsorption branch of N2 isotherm using the Brunauer–Emmett–Teller 
(BET) method in a relative vapor pressure ranging from relative pressure of 0.01 to 0.2 
(Stephen et al., 1938). Pore size distribution was obtained from desorption branch of N2 
isotherm by the Barrett–Joyner–Halenda (BJH) method. The total porous volume was 
estimated from the adsorption. The Horvath–Kawazoe method was applied to analyze the 
pore size distribution, which was expected to be suitable for porous carbons with 
predominant microporous of width below 1 nm. 

2.2.2 Surface Group Determination 

a. The thermogravimetric analysis (TGA) 

The thermogravimetric analyses (TGA) give information about the weight change under heat 
treatment then the amount of the volatilized species. Samples (about 20 mg) were heated 
from 100 to 900ºC under nitrogen flow at a heating rate of 10 ºC/min in a Thermo balance, 
SDT Q 600, TA Instruments.  
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b. Boehm titration method 

The acid/base properties of AC were determined by the classical Boehm titration method 
(Boehm, 1994). One gram of carbon sample was placed in 50 ml of 0.05N of the following 
solutions: sodium hydroxide (NaOH), sodium carbonate (Na2CO3), sodium bicarbonate 
(NaHCO3), and hydrochloric acid (HCl). The vials were sealed and agitated for 24 hr and 
then filtered; 5 ml of the filtrate was pipetted, and the excess base or acid was titrated with 
HCl (0.1 N) or NaOH (0.1 N), respectively. The number of acidic sites was determined under 
the assumption that NaOH neutralizes carboxylic, lactonic, and phenolic groups; and Na2CO3 
neutralizes carboxylic and lactonic groups; and NaHCO3 neutralizes only carboxylic groups. 
The number of basic sites was calculated from the amount of hydrochloric acid that reacted 
with the carbon. 

2.2.3 Analysis SEM / EDX 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray analysis (EDX) were 
used to observe the structural morphology and composition of activated carbon. 

2.3 Adsorption Equilibrium Experiments. 

Batch adsorption isotherms were performed using the bottle point method, as described 
elsewhere (Brosillon et al., 2001). A schematic diagram of the experimental system used to 
determine the adsorption performance was represented in Figure 1. Activated carbon samples 
were introduced into the angled tube (0.5 g) of the batch glass contactor (1L). Then, a known 
volume of liquid toluene was injected through a septum into each adsorption chamber at 300 
K and 101 kPa, leading to a desired initial toluene concentration after its complete 
evaporation. The AC was put into contact with the air/ toluene mixture when all the liquid 
had evaporated. Adsorption chambers were stirred until equilibrium was reached. When air 
samples have been obtained by trapping on a solid sorbent, it is necessary to desorb them 
with a liquid solvent, suitable for injection into the HPLC using a C18 reverse phase column 
(ProntoSIL C18 AQ) and a Varian ProStar 310 UV/Vis detector (wavelength 257 nm). It is 
important to choose a solvent that will not interfere with detection of the analyte (s). The 
solvent must also be capable of stripping the analyte from the sorbent with a high degree of 
efficiency. When the adsorption test was completed, the activated carbon was disposed in 5 
ml vial contained 5 ml of methanol and then place in ultrasonic bath at 40 °C for 60 minutes 
to desorb VOC into methanol. The desorbed toluene analyzed by HPLC. The adsorption 
capacity (Q) was then calculated by equation 1. 

 

 

Where Q is activated carbon adsorption capacity (µg VOC/ g AC), M ads is adsorbed mass of 
VOCs (µg VOC), and MAC is the mass of activated carbon (g AC). 

Plotting the solid-phase concentration Q against the gas-phase concentration graphically 
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depicts the equilibrium adsorption isotherm. Another aspect that concerned us was the 
effectiveness of extraction method on the regeneration of the adsorption capacity of the GAC. 
Thus, the treated GAC was reused to adsorb toluene in the same manner. The GAC 
adsorption/solvent treatment process was repeated for two runs. 

 

Figure 1. Experimental device for adsorption isotherm determination: (1) valve for gas 
sampling, (2) liquid injection septum, (3) angled tube containing the adsorbent, (4) bottle 

contactor, (5) thermostatic bath and (6) stirring system. 

 

2.4 Calculation of Regeneration Efficiency 

The regeneration efficiency is based on recovery rate of the adsorption capacity of activated 
carbon. The regeneration efficiency is signed as RE % Eq. (2). The original adsorption 
capacity (Qv) of the AC for toluene adsorbed from air sample by per unit weight of AC at the 
end of contact. The adsorption capacity of regenerated AC (Qr) was considered to be the 
quantity of the same adsorbates adsorbed from air sample per unit weight of regenerated AC 
at the end of contact. 

 

 

  

2.5 Theoretical Background 

2.5.1. Langmuir Model 

The Langmuir model assumes uniform energies of adsorption onto the surface and no 
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transmigration of adsorbate in the plane of the surface. The Langmuir equation may be 
written as the following (Eq.3):  

 

 

Where qe is the amount of solute adsorbed per unit weight of adsorbent at equilibrium (mg. 
g−1), Ce is the equilibrium concentration of the solute in the bulk (mg.L−1), qm is the 
maximum adsorption capacity (mg.g−1), and b is the constant related to the free energy of 
adsorption (L. mg−1). Eq. (2) can be linearized to four different linear forms as shown in 
Table 1. 

2.5.2 Freundlich Model 

The Freundlich equation (Eq.4) can be written as: 

 

Where KF is a constant indicative of the relative adsorption capacity of the adsorbent (mg.g-1) 
and n is a constant indicative of the intensity of the adsorption.  

The Freundlich expression is an exponential equation and therefore, assumes that as the 
adsorbate concentration increases, the concentration of adsorbate on the adsorbent surface 
also increases. The linear form of the Freundlich isotherm is shown in Table 1. 

 

Table 1. Isotherm models and their linear forms 

Isotherm model Equation Linear form Plot 

Freundlich 

  
 

 

 

 

Langmuir-1  

 

 

  

Langmuir-2 
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Langmuir-3 

 
 

 

 

2.5.3 Model Validation 

In this research, Langmuir and Freundlich equations were used to model the adsorption 
isotherms for toluene. The experimental data were fitted to the model using a non-linear 
regression using Microsoft Office Excel 2007 solver. The coefficient of determination, R2, 
was calculated to give a measure the variability attributed to the models. In addition to R2, the 
mean absolute relative errors (MAREs) between the predicted and experimental values (Eq. 5) 
(Kaya & Kahyaoglu, 2005) and Fisher parameter (Eq. 6) were used to evaluate the good fit of 
each model. The best model selected for the experimental data is the one that gives the 
highest value of the Fisher parameter and minimum MARE criterion (Quiñones & Guiochon, 
1996). 

 

 

Where mqex is the mean value of the experimental data, qex,i, are the experimental data, l is 
the number of adjusted parameters of the model, and n is the number of data points. 

3. Results and discussion 

3.1 Nitrogen Adsorption and Desorption Isotherms 

The adsorption/desorption isotherms for nitrogen of AC S23 using an automatic 
physisorption analyzer at a temperature of 77 K are shown in Figure 2. According to the 
IUPAC classification, the curve shows a typical Type I isotherm with a well-shaped sharp 
slope at the low relative pressure which develop to an asymptote at elevated pressure values. 
The type I isotherm strongly suggests the presence of microporous adsorbents with small 
external surface at relatively low pressure of < 0.12. The textural characteristics of the 
activated carbon are reported in Table 2. The surface area of BET, external and microporous 
surface areas, micropores and total pore volume, and pore size diameter are collectively 
important due to their close link to the adsorptive capacities (Allwar et al., 2008). Figure 3 
shows the pore size distributions of activated carbon which reached a maximum level at < 2 
mm pore diameter indicating a microporous structure. The micropore diameters ranged from 
0.8 to 1 mm suggesting almost negligible mesoporosity of the activated carbon (S23). 
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Figure 2. The adsorption/desorption isotherms for nitrogen on the activated carbon at a 
temperature of 77 K. 

 

Table 2. The textural characteristics of the used activated carbon 

Activated carbon sample    

Origin  Coconut 

Specific surface m2.g-1 1230 

Microporous volume cm3.g-1 0.49 

Mesoporous volume cm3.g-1 0.04 

Pore size diameter Å 17 

Volume weight mean diameter: d43 

(Granulometric analysis) 

Apparent density 

µm 

 

kg.m-3 

447 

 

1013 
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Figure 3. Pore size distributions of the used activated carbon 

 

3.2 Surface Morphology of Activated Carbon 

The scanning electron macrographs of the external morphology of the AC in Figure 4 
conspicuously show the numerous cavities in its external surface. The elemental composition 
of the activated carbon was determined by the EDX analysis. Figure 5 shows the main peaks 
of oxygen and carbon in granular AC sample while its elemental composition percentages are 
given in Table 3.  

 

Figure 4. Structural morphology of activated carbon magnitude of 3000x 
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Figure 5. Energy dispersive X-ray microanalyses (EDX) analysis of the AC. 

 

Table 3. EDX elemental composition of the granular activated carbon 

Sample           Composition 

      C 

Wt%     At%

     O 

Wt%    *At%

  

Granular activated 
carbon 

95.20 96.35 4.80 3.65     

*At: atomic percentage.  

 

3.3 Thermogravimetric Analysis 

Thermogravimetric (TGA) analysis for AC is shown in Figure 6. TGA facilitates the thermal 
decomposition of the surface acidic groups on the activated. The TG curve of AC showed 
three decomposition stages at 100, 630 and 700 °C with a weight loss of 3.92%; 4.39% and 
12.74% which is potentially due to the thermally induced evolution of moisture, inter-layer 
water and OH groups, respectively. 
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Figure 6. Thermogravimetric analysis curves for activated carbon 

 

3.4 Boehm Titration Method 

The acid/base properties of AC are shown in Table 4. Activated carbons are basic in nature 
and normally contain high content of basic groups (c. 0.98 mmol g-1). Basic groups in AC 
noticeably increase the adsorption of aromatic compounds, in particular, through the 
formation of an electron acceptor and/or donor complexes (Haydara et al., 2003). Results 
showed that the total AC content of acidic groups is around 0.2 mmol g-1. 

 

Table 4. The acid/base groups (mmol g-1) of the activated carbon determined by Boehm 
titration 

 

3.5 Equilibrium Adsorption Isotherm 

The adsorption isotherm describes the distribution of the adsorbed molecules between gas 
and solid phases at equilibrium. The capacity of adsorption depends mainly on the properties 
of both the adsorbent and the adsorbate; therefore, adsorption isotherms are indispensable to 
correlate adsorption equilibrium data for the adsorbent materials characterization and for 
designing the industrial gas adsorption process. The adsorption isotherm of toluene is shown 
in Figure 7. The isotherm indicates the L-type which reflects a relatively high affinity 

Carboxylic group Lactonic group Phenolic group Total acidic sites Total basic sites 

- 0.09 0.21 0.30 0.98 
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between toluene and activated carbon. It is obvious from Figure 7 that there is a direct 
positive relationship between the adsorption capacity and the inlet concentration until it 
leveled off at higher concentrations. The maximum adsorption capacity was determined to be 
0.108 µg of toluene per gram of activated carbon. 

 

 

Figure 7. The adsorption isotherm of toluene vapor at 25°C onto granular activated carbon 

 

Fitting isotherm data to commonly employed models is essential to find a suitable expression 
that can be used for design purposes. Freundlich and Langmuir models are frequently applied 
to interpret the experimental data of adsorption isotherms. Langmuir isotherm equation can 
be expressed linearly in four forms (Table 1). A trend line was plotted between experimental 
and observed data as shown in Figure 8. It can be clearly observed from these figures that 
Langmuir isotherms well-fitted the adsorption of toluene on the AC indicating that monolayer 
surface coverage was achieved in the studied concentration intervals. The calculated 
parameters in Table 5 show that different Langmuir constants produced by different 
Langmuir equations. This was indicated by the variations in errors specific to each 
corresponding linearization mode. Table 5 also shows that Type-I linearized Langmuir 
equation exhibited higher correlation coefficient (R2 = 0.99) in comparison to other Langmuir 
equations which means Type 1 Langmuir model can be used to represents the experimental 
data. The adsorption capacity of toluene was 0.108µg/g AC for Type-I Langmuir. The 
Langmuir model describes monolayer adsorption of adsorbate onto a homogeneous adsorbent 
surface (Dabrowski, 2001). Freundlich model did not give a good coefficient of 
determination (Table 5) which indicates that Freundlich model are not able to describe 
equilibrium data and there was no multilayer formation of toluene on the activated carbon 
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surface. These results coincided with the textural characteristics of the activated carbon 
(Table 2) where, AC used has 0.49 cm3.g-1 microporous volume and only 0.04 cm3.g-1 

mesoporous volume.  

 

Table 5. Linearized parameters of toluene adsorption isotherm onto granular activated carbon 

Parameters            model 

                                    Langmuir (1) 

qmax 0.108 

K 165.65 

R2 0.995 

                                    Langmuir (2) 

qmax 0.124 

K 97.502 

R2 0.976 

                                   Langmuir (3) 

qmax 0.118 

K 112.359 

R2 0.881 

                             Freundlich 

K 0.252 

n 0.373 

R2 0.823 
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To examine the validity of the Langmuir model, the mean absolute relative errors (MAREs) 
between the predicted and experimental values and the Fisher parameter were calculated 
(Table 6). The MAREs for Type-I, Type-II and Type-III were less than 10 % which indicates 
the suitability of the models to describe equilibrium data with minimum error. On the 
contrary, the MAREs for the linearized Freundlich model was 21.23 % indicating that the 
Freundlich model is not the best choice to fit the equilibrium data; this was also supported by 
the lower correlation coefficient values further confirming the inability to use this type of 
linearization.  

 

Table 6. Comparison between the mean absolute relative errors (MAREs) and Fisher 
parameter between the predicted and experimental values of Langmuir models (Type-I, 
Type-II and Type- III) and Freundlich model 

Parameters            model 

                                    Langmuir (1) 

qmax 0.1084 

K 165.65 

Fcalc 9.11 

MARE 7.66 

                                   Langmuir (2) 

qmax 0.124 

K 97.502 

Fcalc 8.690 

MARE 5.586 

                                   Langmuir (3) 

qmax 0.118 

K 112.359 

Fcalc 11.587 
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MARE 6.025 

                                    Frendluish 

K 0.252 

g 0.373 

Fcalc 0.775 

MARE 21.225 

 

Several models have been used to describe the experimental data of adsorption isotherms. 
The Langmuir and Freundlich models are the most frequently employed. The analysis of the 
isotherm data by fitting them to different isotherm models is an important step to find a 
suitable model that can be used for design purposes. Langmuir isotherm equation can be 
linearized into four forms (Table 1). A plot was drawn between experimental and observed 
data as shown in Fig.8. It can be seen from these figures that Langmuir isotherms expressed 
relatively well the adsorption of toluene on the AC indicating that monolayer surface 
coverage is reached in the concentration intervals studied. The calculated parameters are 
shown in Table 5, it can be observed that, different linear Langmuir equations show different 
Langmuir constants, as indicated by variation in errors, specific to the corresponding mode of 
linearization.It was observed from table 5 that Type-I linearized Langmuir equation showed 
higher correlation coefficient (R2 = 0.995) than that of the other linearized Langmuir 
equations indicating that Type 1 linearized Langmuir isotherm represents the experimental 
data well. The adsorption capacity of toluene was found to be 0.108µg/g AC for Type-I 
Langmuir. The Langmuir adsorption model describes monolayer adsorption of adsorbate onto 
a homogeneous adsorbent surface. Freundlich model did not give a good coefficient of 
determination (Table 5) which indicates that Freundlich model are not able to describe 
equilibrium data and there was no multilayer formation of toluene on the activated carbon 
surface. These results coincided with the textural characteristics of the activated carbon 
(Table 2) where, AC used has 0.49 cm3.g-1 microporous volume and only 0.04 cm3.g-1 

mesoporous volume.  
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Figure 8. Langmuir and Freundlich linearized isotherm models for toluene adsorption onto 
granular activated carbon 

 

3.6 Regeneration Efficiency and Reused of the Activated Carbon 

The reused of the activated carbon after methanol/ultrasonic regeneration is shown in Figure 
9. Results illustrate that the coupling of methanol extraction and ultrasonic technology is a 
promising alternative option to recover the used AC. The synergetic coupling of methanol 
extraction and ultra-sonication yielded up to 95% reactivation of spent AC in the first run. 
About up to 88 % recuperation of activated carbon activity could be accomplished in the 
second recovery of spent AC. This result agrees with that finding of literature (Li et al., 2016) 
who reported 100% regeneration efficiency of AC after only one cycle, and 73% after a total 
of 50 cycles using n-octane as a regenerating solvent. Several authors (Eshtiaghi et al., 2012; 
Lv et al., 2012; Guilane & Hamdaoui, 2016) demonstrated the effectively of different solvent 
extraction in activated carbon regeneration. 
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Figure 9. Reused of activated carbon after using solvent extraction and ultrasonic 
regeneration for toluene adsorption 

 

4. Conclusions 

The present investigation focused on the adsorption properties of toluene gas onto activated 
carbon in batch process. Comparing the mean absolute relative errors (MAREs) and the 
Fisher parameter between the predicted and experimental values indicated a 10% difference 
between experimental and calculated values for Langmuir models (Type-I, Type-II and Type- 
III) and the MAREs was 21.23 % for Freundlich model. It was concluded that the Langmuir 
(Type-I) isotherm model fit better than the Freundlich isotherm model for toluene gas 
adsorption. The maximum adsorption capacities were found to be 0.108 µg of toluene per 
gram of activated carbon for Type-I Langmuir. Synergetic coupling of methanol extraction 
and ultrasonic waves leads to totally recover the activated carbon adsorption capacity. The 
regeneration of used AC yielded up to 95% reactivation of the spent AC in the first run and 
up to 88 % of activity recovered in the second run of the spent AC. The outcomes proposed 
that methanol extraction combined with ultrasonic treatment is potentially better than 
customary recovery technique because this treatment is less energy intensive; furthermore the 
adsorption capacity of spent AC was completely recovered. The reuse of exhausted activated 
carbon, which is difficult to manage, makes this waste economically valuable. The present 
study here indicates the feasibility to reuse the traditional charcoal tube air sampling   which 
utilized for volatile compounds collection, rather to toss the tubes after just a single use. 
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