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Abstract 11 

In this study, regeneration of spent granular activated carbon (GAC) with reactive dye by hydroxyl and sulfate 12 

radical based advanced oxidation processes (Microwave (MW) +Persulfate (PS)), (Fe(II)+ PS), and (O3 + H2O2) 13 

were evaluated. The adsorption of the dye to the GAC surface was characterized by chemisorption and Langmuir 14 

isotherm. Regeneration processes have been optimized by the Response Surface Methodology to determine the 15 

operating conditions that will provide the highest adsorptive capacity. The optimum conditions of (MW + PS), 16 

(Fe (II) + PS), and (O3 + H2O2) processes were (process PS anion of 45.52 g/L, pH of 11.4, MW power of 126 17 

W, duration of 14.56 min), ( Fe (II) of 3.58 g/L, PS anion of 73.5 g/L, duration of 59.8 min, pH of 10.9) and 18 

(H2O2 of 2.8 mole/L, ozone dose of 98%, duration of 32.8 min, pH of 5.3), respectively. For (MW + PS), (Fe (II) 19 

+ PS), and (O3 + H2O2) processes, the adsorptive capacity under optimum conditions were found as 4.36, 8.89 20 

and 8.12 mg dye / g GAC respectively. For (Fe (II) + PS) and (O3 + H2O2) processes these values are 21 

approximately equal to the adsorptive capacity of raw GAC (8.01 mg dye / g GAC). The predicted values of the 22 

adsorption capacities by the obtained models were in good agreement with the actual experimental results. 23 

PROMETHEE approach was used in the preference of the appropriate regeneration process. The adsorptive 24 

capacity of regenerated GAC, operating cost of the regeneration process, change in the adsorptive capacity 25 

during the regeneration cycle and carbon mass loss criteria were taken into account. The order of preference of 26 

regeneration processes was determined as (Fe (II) + PS)> (MW + PS)> (O3 + H2O2) considering all criteria. 27 

Keywords: Regeneration, spent activated carbon, advanced oxidation processes, PROMETHEE approach, 28 

Response Surface Methodology 29 
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1 Introduction 43 

Reactive dyes are highly preferred due to their high photolytic stability, high resistance to microbial 44 

shrinkage and superior fastness to the applied fabric (Charnkeitkong and Phoophuangpairoj 2020). The 45 

wastewater generated in industries using reactive dyes is intensely colored due to the low fixation degree 46 

of these dyes to fabrics, their low adsorption capability and high water solubilities. and low adsorption 47 

capabilities (Vakili et al., 2020). Approximately 70% of reactive dyes have one or more chromophoric 48 

azo bridges which are categorized as xenobiotic compounds (Bakht Shokouhi et al. 2020). Different 49 

removal techniques have been developed to remove reactive dyes. Among these, adsorption processes 50 

have attracted great attention from researchers (Vakili et al. 2020). Adsorption has been found to be one 51 

of the most effective treatment processes for textile industry wastewater. Although many different 52 

adsorbents have been tried to remove dyes from wastewater, activated carbon is still the most widely 53 

used adsorbent for color removal (Lu et al. 2011). Activated carbon is designed for optimum adsorption 54 

of large, negatively charged or polar dye molecules. Reactive dye removal is generally moderate 55 

(Beulah and Muthukumaran 2020). In industries, when reactors containing granular activated carbon 56 

reach their breaking point, granular activated carbon needs to be regenerated or replaced to restore its 57 

adsorptive capacity. The regeneration option is normally less expensive than a replacement (Lu et al. 58 

2011). The feasibility of using the adsorption technique depends on the ability to reuse or regenerate the 59 

adsorbent material (Santos et al. 2020). Regeneration of spent GAC to be used for several adsorption 60 

and regeneration cycles is a more economical and environmentally friendly activated carbon 61 

management (McQuillan et al. 2018). 62 

GAC regeneration is highly dependent on the physical properties and pore structure of the carbons 63 

(Durán-Jiménez et al. 2019). The main purpose of regeneration is to restore the adsorption capacity of 64 

GAC by removing the adsorbed contaminants. This can be done in two different ways. The first case 65 

involves regeneration for desorption of compounds adsorbed without GAC reactions and only requires 66 

mass transportation from the GAC surface to the other. The second case is related to the possibility of 67 

mineralization of the pollutants adsorbed on the GAC (Zanella et al. 2014). 68 

There are many GAC regeneration techniques in the literature (Salvador et al. 2015a; Salvador et al. 69 

2015b; Zanella et al. 2014). Regenerative techniques have disadvantages such as high energy 70 

consumption, carbon erosion, pore plugging, and slow regeneration speed and therefore often require 71 

secondary processes (McQuillan et al. 2018). 72 
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Compared to other methods, chemical regeneration can be carried out relatively quickly in situ and 73 

without carbon erosion or pore structure degradation (Lu et al. 2011). Desorption efficiency mainly 74 

depends on the hydrophobicity and water solubility of the contaminants. The most commonly used 75 

regeneration agents for chemical regeneration can be categorized into two groups as organic solvents 76 

and inorganic chemicals. The effectiveness of chemical regeneration depends on the organic / inorganic 77 

regeneration agent used and the absorbed contaminants (Larasati et al. 2020). Solubilizing organic 78 

regenerating agents are more effective than oxidizing inorganic regenerating agents (Leng and Pinto 79 

1996). In regeneration with inorganic regeneration agents (acidic and basic solutions), the change in the 80 

pH of the solution can affect the surface charge of the adsorbent. Chemical reactions may occur between 81 

the adsorbate pollutants and the regenerant solution, which facilitates desorption. The change in the 82 

surface of the GAC can positively or negatively affect the adsorption of the pollutant after the 83 

regeneration process (Genç et al. 2021; Larasati et al. 2020).  84 

In thermal regeneration, traditional processes consume a lot of time and energy. Due to successive 85 

heating and cooling cycles, the pore structure will deteriorate and the adsorption capacity may decrease. 86 

Also, attrition, wash-out, and burn-off can occur during thermal regeneration. Microwave regeneration 87 

has been recognized as an alternative to traditional thermal regeneration. Delocalized π electrons in 88 

activated carbon improve high level of microwave absorption and rapid heating. Microwave (MW) 89 

regeneration is influenced by the properties of the adsorbent and the the species being adsorbed, the 90 

amount and location (Durán-Jiménez et al. 2019). The heating mechanism of MW preserved the carbon 91 

matrix (Ania et al. 2005). Microwave contributes to regeneration efficiency and the life cycle of the 92 

activated carbon source (Oladejo et al. 2020). 93 

Regeneration of GAC saturated with organic compounds by oxidation may decrease the adsorption 94 

capacity of GAC. There can be two situations that cause this. Regeneration can cause chemical and 95 

physical changes in the GAC and thus change its adsorption capacity. Or regeneration may result in 96 

incomplete decomposition of target pollutants, resulting in the accumulation of intermediate products 97 

occupying adsorption sites available for the adsorption of target compounds (Zanella et al. 2014). 98 

AOP-driven regeneration is an innovative technique in place. AOPs can oxidize organic compounds in 99 

solution, causing the formation of reactive radicals in aqueous solution (Cabrera-Codony et al. 2015). 100 

AOPs are promising low-energy in-situ alternatives for organic compound oxidation. The general 101 

purpose of regeneration is to restore the adsorptive capacity by concentrating and immobilizing 102 
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pollutants in the adsorbent, converting them into low affinity byproducts. Contaminants on the GAC are 103 

converted at or near the surface by reacting with OH• radicals (Cabrera-Codony et al. 2015). The 104 

catalytic production of radicals can be achieved by the GAC surface itself or by oxidizing agent. 105 

Although extensive research studies have indicated that processes based on sulphate radicals (SO4
-•) can 106 

effectively mineralize pollutants in water, these processes do not appear to perform well in spent GAC 107 

regeneration (Liu et al. 2020). A strong oxidizing agent has a high Eo value (Zanella et al. 2014). Both 108 

acidic (pH<3) and alkaline homogeneous conditions, acid and hydroxide catalysed persulfate reactions 109 

resulted in reduced SO4
-•

 formation relative to thermal activation (Huling et al. 2011). 110 

Persulfate regeneration has been studied for the regeneration of spent GAC (An et al. 2015; Durna et al. 111 

2020; Huling et al. 2011; Hutson et al. 2012; Jatta et al. 2019; Liang et al. 2009). Persulfate anion 112 

(S2O8
2-), can be activated in different ways to generate SO4

-•, a powerfull non-specific oxidant that 113 

exhibits rapid reaction rates and capable of degrading a wide range of contaminants. In this study, two 114 

procedures are investigated to generate SO4
-• from S2O8

2-, chemical persulfate activation via Fe (II) 115 

cations, and microwave irradiation. Generation reactions of SO4
-•are given in eqn (1) and (2). 116 𝑆2𝑂82− + 𝑀𝑊 ℎ𝑒𝑎𝑡 → 2𝑆𝑂4−•                             (1) 117 𝑆2𝑂82− + 𝐹𝑒 (𝐼𝐼) → 𝑆𝑂4−• + 𝐹𝑒(𝐼𝐼𝐼) + 𝑆𝑂42−                 (2) 118 

GACs containing high phenolic and carboxylic groups have a high polymerization rate (Cabrera-Codony 119 

et al. 2015). It has also been proposed that GAC containing oxygen functional groups can act as an 120 

activator of the electron transfer mediator. Mechanisms are shown in eqn (3) and (4) (Liang et al. 2009; 121 

Salvador et al. 2015b). 122 

 123 AC surface − OOH + 𝑆2𝑂82− → 𝑆𝑂4−• + AC surface − 𝑂𝑂• + 𝐻𝑆𝑂4−             (3) 124 

C surface − OH + 𝑆2𝑂82− → 𝑆𝑂4−• + AC surface − 𝑂• + 𝐻𝑆𝑂4−            (4) 125 

The use of ozone as an oxidant in the regeneration process is of increasing interest. Regeneration 126 

processes based on ozonation have been evaluated by researchers (Cabrera-Codony et al. 2015; He et al. 127 

2017; Alvárez’ et al. 2009; Álvarez et al. 2004). In ozone regeneration, ozone is absorbed chemically on 128 

the carbon surface and then reacts with adsorbates to become desorbed decomposition products. The 129 

degradation of pollutants can take place in two ways. (Salvador et al. 2015b): 130 

The first is direct oxidation with molecular O3, while in the second, O3 can catalytically decompose at 131 

the GAC surface and form OH• and O2
-•. 132 
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OH• reacts with GAC, known as the catalytic carboxone process, yielding more reactive oxygen species 133 

causing to longer GAC adsorption and OH• oxidation and mineralization. In the O3 regeneration, ozone 134 

decomposition and OH•  formation can occur heterogeneously on GAC surfaces and homogeneously in 135 

aqueous solution (He et al. 2017). 136 

There may be losses of adsorption capacity due to the inability of O3 to completely remove the 137 

adsorbates, partial destruction of the adsorption active areas, and the formation of oxidation products 138 

that can block porosity (Salvador et al. 2015b). Due to the low solubility and high decompositions rate 139 

of ozone in water, combinations such as peroxane, ozone photolysis and catalytic ozonation have been 140 

used to improve the efficiency of the ozonation process (Patel et al. 2019). The chemical composition of 141 

the surface of the GAC changes when exposed to oxidative processes such as O3, HNO3 or H2O2. Basic 142 

areas become acidic due to oxidation, and due to the addition of O3 to the double band of the GAC 143 

structure, new acid regions are formed. Besides, micropore volumes and the BET surface area decrease 144 

due to low micropore occlusion, the expansion of pores and the formation of surface oxygen groups at 145 

the entrance of the pores (Cabrera-Codony et al. 2015). GAC can enhance the H2O2 decomposition 146 

through OH• formation (Cabrera-Codony et al. 2015). 147 

GAC catalyzed ozonation can enhance the oxidation of organic compounds by initiating the role of GAC 148 

in the radical-type chain reactions of ozone decomposition / OH• formation. Besides, this technique 149 

allows for continuous reactions of oxidizing agents with compounds adsorbed on GAC. GAC has poor 150 

catalytic stability due to changes in surface chemistry and filling of active sites with degradation 151 

intermediates. In the O3 process, alkaline pH promotes the formation of OH (eqn (5-7)) (Bakht Shokouhi 152 

et al. 2020). 153 O3 + 𝑂𝐻− → 𝐻𝑂2− + 𝑂2                              (5) 154 

O3 + 𝐻𝑂2− → 𝑂𝐻2• + 𝑂3•                              (6) 155 

𝑂3• + 𝐻2𝑂2 → 𝑂𝐻• + 𝑂2 + 𝑂𝐻−                   (7) 156 

Advanced oxidation processes are promising technologies as they are very efficient in treatment of toxic 157 

and bio-refractory pollutants, low cost and easy to operate. The generated radicals mineralize the 158 

contaminants to CO2, water, and inorganic ions (Santos et al. 2020). 159 

The appropriate regeneration technique varies depends on the features of the adsorbate and adsorbent 160 

and the interaction between them. Studies on the application of different regeneration techniques to 161 
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spent GAC are limited in the literature. In this study, the performance of different regeneration methods 162 

with SO4-• and OH• radical based advanced oxidation processes in spent GAC regeneration were 163 

investigated. In this study, Sunfix red S3B (SR-S3B) reactive dye was used as the model adsorbate. The 164 

molecular structure of SR-S3B contains five sulfonic acid functional groups as a side chain and an azo 165 

group that gives the dye toxic properties. This azo bond in its structure makes it a significant threat to 166 

aquatic flora and fauna as well as human health (Bapat et al. 2021). 167 

In this study, advanced oxidation processes based on SO4-• radicals ((MW + PS), (Fe (II) + PS)) and 168 

OH• radicals (O3 + H2O2) were used as regeneration methods. Operating conditions of regeneration 169 

methods were optimized by Response Surface Methodology (RSM) for the maximum adsorptive 170 

capacity of regenerated GAC. The most suitable regeneration process was selected by the 171 

PROMETHEE method one of the multi criteria decision making methods.  In this process, regeneration 172 

processes were evaluated according to the adsorptive capacity of the regenerated GAC, the operating 173 

cost of the regeneration process, the change in the adsorptive capacity during the regeneration cycle, and 174 

the carbon mass loss criteria. 175 

2 Material and Methods 176 

2.1 Materials 177 

Commercial GAC (Tarkim carbon 204) used in this study was obtained from Tarkim-Carbon Turkey. 178 

Reactive anionic azo textile dye Sunfix red S3B (SR-S3B) used as a model pollutant, was obtained from 179 

a local textile company. The properties of the GAC and SR-S3B dye used in the study are given in Table 180 

1.  181 

Table 1 Properties of GAC and SR-S3B model dye used in the study 182 

Sunfix red S3B Coal based GAC 

Formula C₃₁H₁₉ClN₇Na₅O₁₉S₆ Iodine content 950 mg / g 

Molecular mass 1136.31 g/mol BET specific surface 980 m2/g 

 

Particle size 

Physical structure 

1.5 ± 0.2 mm 

Cylindrical 
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Sodium persulfate (Na2S2O8, 98%) and H2O2 used as the oxidizing agent, HCl, NaOH and H2SO4 used 183 

for pH adjustments and ferrous sulfate (FeSO4.7H2O) used as activator were purchased from Merck. The 184 

MW irradiation was used to activate the persulfate anion (PS) in the experiments. The MW furnace with 185 

a frequency of 2450 MHz and an irradiation power of up to 700 W was purchased from CLATRONIC 186 

(Model MWG 786). Ozone is produced using the OZ-3G ozone generator. Ozone gas was continuously 187 

fed into the GAC-water mixture with a porous diffuser at a flow rate of 6 L / min. The maximum (100%) 188 

Ozone content of the ozone generator is 3 g/h and the amount of ozone pumped into the reactor has been 189 

studied at certain levels as a percentage. The maximum (100%) ozone content of the ozone generator is 190 

3 g/h, and it has been used in different percentages according to the experimental design. 191 

2.2 Analysis 192 

Samples obtained from adsorption process were passed through coarse filter to remove GAC particles. 193 

All samples were analyzed for SR-S3B concentration. The residual concentration of SR-S3B in the 194 

solution was determined by measuring the absorbance at maximum wavelength with a 195 

spectrophotometer (Hach Lange DR-6000 UV–VIS Spectrophotometer). The wavelength of the 196 

maximum absorbance, 542 nm, was used as the wavelength of the detection. The calibration curve for 197 

SR-S3B was established with a R2 of 0.9997 by preparing solutions ranging from 2.5 mg/L to 30 mg/L. 198 

GAC adsorption capacity was calculated according to the following eqn (8). 199 𝑞 = (𝐶0 − 𝐶𝑡) × 𝑉/𝑀                (8) 200 

where q is adsorption capacity (mg/g), C0 and Ct (mg / L) are the SR-S3B concentrations at the initial and t, 201 

respectively. V is the volume of the solution (L) and M is the mass of the adsorbent (g).  202 

The carbon mass loss of adsorbents was determined by the difference between the mass of raw GAC and the 203 

mass of regenerated GAC after evaporating free water at 105 oC. 204 

2.3 Experimental Methodology 205 

2.3.1 Adsorption of SR-S3B 206 

The adsorption of SR-S3B was analyzed by means of the kinetic and isotherms. Adsorption isotherm was 207 

constructed from solution with an initial concentration ranging between 4-30 mg/L. The experiments were made 208 

by setting 0.5 g of raw GAC in contact with 150 ml solution of SR-S3B. 209 

2.3.2 Regeneration of Spent GAC 210 



 8 

SR-S3B saturation of raw GAC was performed with a concentrated stock SR-S3B solution. The 211 

saturation was continued until the GAC could no longer adsorb the SR-S3B. After the GAC was 212 

saturated with SR-S3B, the spent GAC was removed from the solution and dried at 100 oC for 24 hours. 213 

The spent GAC was mixed with the regenerating agent/co-solution (Fe (II)/H2O2/S2O8
2-/O3) and exposed 214 

to the regeneration. Regenerated adsorbents were used for the next adsorption experiment. The 215 

performance of the regeneration process was determined by monitoring the adsorptive capacity of 216 

regenerated activated carbon. In this study, used combinations in regeneration of SR-S3B spent GAC 217 

were (MW + PS), (Fe (II) + PS) and (O3 + H2O2). Suspensions consist of spent GAC, activator, oxidant, 218 

and deionized water was agitated at the experimental conditions. In each regeneration experiment, 0.5 g 219 

of spent GAC was used. After the regeneration process, the regenerated GAC was washed thoroughly 220 

with distilled water and the suspended GAC was filtered. After regeneration process, adsorption tests 221 

were carried out under SR-S3B concentration of 30 mg/L at duration of 20 h. Adsorptive capacity of 222 

regenerated GAC is defined as response parameter in modelling studies. 223 

2.3.3 Experimental Design and Optimization by Response Surface Methodology 224 

Response Surface Modelling (RSM) is a statistical and mathematical technique useful for improving, 225 

developing and optimizing processes in which the response in a process is affected by various variables. 226 

The goal is to optimize the response. RSM describes the effect of independent variables on processes, 227 

either alone or in combination. In addition to analyzing the effects of independent variables, it creates a 228 

mathematical model that can derive beneficial statistical relationships between all parameters in a 229 

process based on experimental design (Moyo et al. 2021). In RSM, a series of experimental data is 230 

analyzed in which its independent variables vary to investigate the effects on the output response. The 231 

Box-Behnken design (BBD) is a symmetrical second order experimental design so that the response 232 

surface methodology is rotatable (Rais et al. 2021). BBD requires fewer experimental runs with highly 233 

interactive effects between operating parameters providing complete information on optimization (Sahu 234 

et al. 2018)  235 

In this study, Box-Behnken experimental design within the scope of response surface methodology 236 

(RSM) was used to optimize the processes of GAC regeneration techniques spent on reactive SR-S3B. 237 

The four-factor and three-level Box Behnken Design (BBD) was implemented using the Design Expert 238 

11 software. The number of experiments required for optimization determined using eqn 9 (Srikanth et 239 

al. 2021). 240 
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𝑁 = 2𝑘(𝑘 − 1) + 𝐶𝑃                (9) 241 

N is the number of experiments, Cp represents the number of replicates for the central points, k represent the 242 

number of independent variables.  243 

An experimental design of 29 experiments with four independent parameters and five center points was 244 

created for all three regeneration processes ((MW + PS), (Fe (II) + PS) and (O3 + H2O2)). A quadratic 245 

model is preferred according to the regression coefficients. The quadratic model explains the 246 

interactions of variables better because it includes singular and interactive effects of the variables. The 247 

quadratic model is specified as in the eqn (10). 248 

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖2𝑘

𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 +𝑘
𝑖=1

𝑘−1
𝑖=1 𝜀                                                                                       (10) 249 

where y is the response the model predicted, β is regression coefficients and β0 is the intercept. βi, βii 250 

and βij are regression terms for linear, quadratic and interaction effects. i and j are linear and second 251 

order coefficients. Ɛ is the residual error and the number of factors is denoted by k (Barabadi et al. 252 

2019).  253 

The statistical significance of the model was measured with the F-value (p <0.05) at 95% confidence 254 

interval.  255 

Preliminary studies were taken into consideration in determining the levels of independent parameters 256 

for regeneration processes. The factors determined for the (MW + PS) process were PS dosage (25-75 g 257 

anion/L), pH (3-12), MW power (126-700 W), and regeneration duration (5-15 min). For the (Fe (II) + 258 

PS) process, Fe (II) dosage (0.8- 4 g/L), PS dosage (25-75 g anion/L), pH (3-12) and regeneration 259 

duration (10 -60 min) factors were determined. And for the (O3 + H2O2) process, H202 dosage (0.98-2.98 260 

mol/L), Ozone percentage (20-100%), pH (3-13) and regeneration duration (30-120 min) factors were 261 

determined. 262 

A wide variety of statistics and diagnostics can be obtained from RSM. In this study process parameters 263 

were evaluated using an analysis of variance (ANOVA). At the 95% confidence level, the significance 264 

of its parameters was determined using P values. P values less than 0.05 indicates that the model terms 265 

significant. 266 

2.3.4 Decision making study  267 
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Multi-criteria decision-making methods are suitable for scoring or ranking a certain number of 268 

alternatives when multiple criteria are taken into account. PROMETHEE (Preference Ranking 269 

Organization Method for Enrichment Assessment) is a multi-criteria decision making method developed 270 

by Brans et al (Brans et al. 1986). After optimization, three regeneration processes (MW + PS), (Fe (II) 271 

+ PS), and (O3 + H2O2) are ranked according to the PROMETHEE approach. Visual PROMETHEE 272 

Academic Edition software was used for the PROMETHEE approach. In this study, regeneration 273 

processes were evaluated according to the adsorptive capacity of the regenerated GAC, the operating 274 

cost of the regeneration process, the change in the adsorptive capacity during the regeneration cycle, and 275 

the carbon mass loss criteria. 276 

3 Result and Discussion 277 

3.1 Experimental studies of adsorption 278 

3.1.1 Effect of pH on adsorption capacity  279 

PH can significantly affect the surface properties of GAC. In strongly acidic solutions, the GAC surface 280 

is positively charged by protolysis of acid functional groups, which improves the desorption of neutral 281 

organic molecules (Leng and Pinto 1996). 282 

In order to observe the effect of solution pH on adsorption, adsorption was performed by changing the 283 

solution pH values in the range of 1.5-11 pH (Fig. 1). As seen in the pH profile, SR-S3B removal 284 

showed a decrease between solution pH 4-7 and reached a maximum value at pH 3.0 and 11.0. 285 

Considering the original pH (5.5-6) of the SR-S3B solution, since the consumption of chemicals 286 

required to adjust the pH of the solution to 3 was thought to be less than the consumption of chemicals 287 

required to raise the pH to 11, adsorption experiments were carried out at pH 3. 288 

 289 

>Fig. 1 Change of the adsorptive capacity versus pH of reactive dye (SR-S3B) solution< 290 

Around pH 3, with the appropriate amount of protons, protonation occurs on the GAC and the charge of 291 

the GAC surface changes. Since the initial dissociation acidity constant of sulfonic groups in reactive 292 

dyes in aqueous phase is very small (pKa ≈ 2)., the sulfonic groups in SR-S3B (-SO3H) are converted to 293 

their anionic forms. Therefore, higher dye uptake occurs with enhanced electrostatic interactions 294 

between GAC and anionic dye molecules eqn (11-13) (Vakili et al. 2020).  295 𝑑𝑦𝑒 − 𝑆𝑂3𝐻 + 𝐻2𝑂 → 𝑑𝑦𝑒 − 𝑆𝑂3− + 𝐻3𝑂+            (11) 296 

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 − 𝐶𝑂𝑂𝐻 + 𝑑𝑦𝑒 − 𝑆𝑂3− → 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 − 𝐶𝑂𝑂𝐻 − 𝑆𝑂3−— 𝑑𝑦𝑒           (12) 297 
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𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 − 𝑂𝐻 + 𝑑𝑦𝑒 − 𝑆𝑂3− → 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 − 𝑂𝐻 − 𝑆𝑂3− − 𝑑𝑦𝑒            (13) 298 

3.1.2 Evaluation of adsorption isotherms and kinetics 299 

Equilibrium data describe how the pollutant interacts with GAC and give a comprehensive 300 

understanding of the nature of interaction (Moradi et al. 2013). The Langmuir and Freundlich adsorption 301 

isotherms were used to evaluate the transfer of the adsorbate from solution to the adsorbent phase under 302 

equilibrium conditions. 303 

In order to investigate the mechanism of adsorption were used kinetic models. To study the mechanism 304 

of adsorption of SR-S3B onto GAC and to fit the kinetic data pseudo-first and pseudo-second order 305 

kinetic models were used. Kinetics and isotherms parameters were calculated using models listed in 306 

Table 2. The most suitable model was chosen according to the linear regression correlation coefficient 307 

values (R2). R2 value for the pseudo –first-order model is low; therefore, the adsorption kinetics are well 308 

represented by pseudo-second-order kinetic model. In the pseudo-second order model, the rate limiting 309 

step is assumed to be chemisorption, involving valence forces through the sharing or exchange of 310 

electrons between the adsorbent and the adsorbate (Zhang et al. 2011). A decrease in k2 was obtained 311 

with an increase in the initial SR-S3B concentration. 312 

Between the Langmuir and Freundlich isotherms, the Langmuir isotherm fits the experimental data 313 

better. The Langmuir isotherm can be represented as the dimensionless separation factor RL whose 314 

equation is given below (Senthil Kumar 2014). 315 

𝑅𝐿 = 11 + 𝐾𝐿𝐶0                                                                                                                                                                       (14) 316 

RL values were calculated to be between 0.02 and 0.0028 for the initial SR-S3B concentration of 4 to 30 317 

mg/L. The RL value shows the adsorption isotherm is linear (RL=1), favorable (0˂RL˂1), unfavorable 318 

(RL˃1), or irreversible (RL=0). Since the calculated RL values are between 1 and 0, this indicates 319 

favorable adsorption. The adsorption of SR-S3B dye is energetically encouraged.320 
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Table 2 Kinetics and isotherm models for SR-S3B adsorption on GAC 321 

Model Functional form Constants 
Pseudo first 

order 
ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 R2=0.087, Co=4 mg/L, k1=0.008 1/min, qe=0.15 mg/g  

R2=0.978, Co=8 mg/L, k1=0.264 1/min, qe=0.73 mg/g  
R2=0.894, Co=15 mg/L, k1=0.119 1/min, qe=1.01 mg/g 
R2=0.971, Co=30 mg/L, k1=0.069 1/min, qe=2.62 mg/g  

Pseudo 
second order   

𝑡𝑞𝑡 = 1𝑘2𝑞𝑒2 + 𝑡𝑞𝑒 
R2=0.955, Co=4 mg/L, k2=17.27 L/mg min, qe=0.15 mg/g 
R2=0.983, Co=8 mg/L, k2=0.297 L/mg min, qe=0.75 mg/g  
R2=0.988, Co=15 mg/L, k2=0.083 L/mg min, qe=1.62 mg/g 
R2=0.986, Co=30 mg/L, k2=0.029 L/mg min, qe=3.22 mg/g  

Freundlich 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝑓 + 1𝑛 𝑙𝑛𝐶𝑒 
R2=0.919, Kf=0.618 L/g, n=1,842 

Langmuir 1𝑞𝑒 = 1𝑞𝑚 + 1𝑞𝑚𝐾𝐿 ( 1𝐶𝑒) 
R2=0.951, qm=1.198 mg/g, KL=12.08 L / mg 

k2 is the second order rate constant (L/mg min), k1 is the first-order rate constant (1/min), qe is the amount of SR-S3B adsorbed per unit mass 322 

of GAC (mg/g), qm (mg/g) and KL (L/mg) are the Langmuir isotherm constants for adsorption capacity and rate of adsorption, respectively. 323 

Kf (L/g) and n are Freundlich isotherm constants. 324 

3.1.3 Optimization of Regeneration Processes 325 

Advanced oxidation processes based on SO4
-• and OH• radicals have been evaluated in the regeneration 326 

of reactive SR-S3B spent GAC. To distinguish the impact of H2O2, Fe (II) and MW in (O3+ H2O2), (Fe 327 

(II) + PS) and (MW + PS) regeneration processes, separate experiments were performed with 328 

ozonization without H2O2, PS oxidation without Fe (II) and MW. Persulfate is a weak oxidant, but it can 329 

be converted to SO4
-• radical by reacting with functional groups on the GAC surface. MW and Fe (II) 330 

activators accelerate this radical formation. When using PS alone in the regeneration of spent activated 331 

carbon, the adsorptive capacity obtained increased 2 and 2.6 times, respectively, when used together 332 

with Fe (II) and MW. It was determined that the adsorptive capacity obtained when using ozone alone as 333 

an oxidizing agent increased 2.7 times with the addition of H2O2 as the OH• radical source. These 334 

preliminary experiments have shown that the use of oxidants alone cannot sufficiently improve the 335 

adsorptive capacity of spent GAC, and higher adsorptive capacities are achieved with the combination of 336 

activators and oxidants. Considering these preliminary trials, (MW + PS), (Fe (II) + PS) and (O3 + H2O2) 337 

processes and their factors/levels were evaluated for the regeneration of GAC saturated with SR-S3B. In 338 

the optimization study, the adsorptive capacity (qe (mg dye / g GAC)) of regenerated GAC was 339 

considered as a response parameter. BBD was used for optimization of three regeneration processes. The 340 

experimental sets applied for each regeneration process, and the adsorptive capacity (qe) results obtained 341 

with the experimental results are given in the supplementary information Table S1, S2, S3. 342 

ANOVA was used to define the relationship between dependent and independent parameters The 343 

ANOVA results and model equations obtained for three regeneration processes are given in the Table 3. 344 

A P value greater than 0.10 indicates that the model terms are not significant, while P values less than 345 
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0.05 indicate the significance of the model (Singh et al. 2019) According to the P values obtained from 346 

the ANOVA, the models of all three regeneration processes were found to be significant (p <0.05). 347 

Similarly, for the models of (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, the F values obtained 348 

as 2.83, 3.39, and 4.57 respectively, emphasize that the models are significant. It has been observed that 349 

the individual effects of the parameters affecting the response in the (MW + PS) process are not 350 

important, but the interactive effects of the BD, CD, A2 and D2 parameters are important. The 351 

parameters affecting the response in the (Fe (II) + PS) process were D, AC, BC, BD an A2 and the 352 

parameters affecting the response in the (O3 + H2O2) process were C, AC, C2 and D2.  353 

Adeq Precision measures the signal-to-noise ratio and an Adeq Precision value of greater than 4 is 354 

desired. Adeq precision values obtained by (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes were 355 

found to be 6.78, 7.72, and 9.22, respectively, and indicate an adequate signal. The models obtained for 356 

all regeneration processes can be used to navigate the design area. 357 

For contour graphs, factors whose interactions were important (P<0.05) in the ANOVA, were taken into 358 

account. In contour graphs, the intersections of the variable on the x axis and the variable on the y axis 359 

give contour curves. Numerical values on contour curves express qe values. 360 

In the (MW + PS) regeneration process (Fig. 2 (a)), an average adsorptive capacity of 4.6 mg / g GAC is 361 

predicted at MW 126 W and duration of 10 to15 min. Similarly, an average adsorptive capacity of 4.7 362 

mg dye / g GAC is predicted at MW 700 W and duration of 5 to 9 min. In the process, the lowest value 363 

of the adsorptive capacity (1.9 mg dye / g GAC) was predicted at the highest conditions of MW power 364 

and duration. In the (Fe (II) + PS) regeneration process (Fig. 2 (b)), an average adsorptive capacity of 365 

6.5 mg / g GAC is predicted at Fe (II) of 4 to 6 g/L and duration of 40 to 60 min. The lowest adsorptive 366 

capacity value (3.4 mg dye/g GAC) was predicted at the highest Fe (II) concentration and the lowest 367 

duration. 368 

In the (O3 + H2O2) regeneration process (Fig. 2 (c)), an average adsorptive capacity of 7 mg / g GAC is 369 

predicted at H2O2 of 2.5 to 3 mole/L and duration of 30 to 40 min. The lowest adsorptive capacity value 370 

(3.3 mg dye / g GAC) was predicted at H2O2 of 2.5 to 3 mole/L concentration and duration of 90 to 120 371 

min. 372 

 373 

>Fig. 2 Contour graphs of binary interactions of important parameters in regeneration processes (a), (b) and (c) 374 

corresponds (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, respectively< 375 
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As shown in Fig. 3 for all regeneration processes, the predicted values of the adsorption capacities 376 

obtained from the models and the actual experimental results were in good agreement. 377 

 378 

>Fig. 3 Predicted versus actual plots of regeneration processes (a), (b) and (c) corresponds (MW + PS), (Fe (II) + 379 

PS) and (O3 + H2O2) processes, respectively < 380 

Optimum conditions and possible oxidation mechanisms of regeneration processes are given in Fig 4.  381 

 382 

>Fig. 4 Optimum conditions and possible oxidation mechanisms of regeneration processes < 383 

Optimum conditions obtained for the three regeneration processes are given in supplementary 384 

information (Fig. S1-S3). The adsorptive capacities predicted by the obtained models under optimum 385 

conditions were 5.40, 7.11 and 7.85 for (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, 386 

respectively. Validation experiments were carried out under optimum conditions for the three 387 

regeneration processes. Adsorptive capacities obtained under optimum conditions were found as 4.36, 388 

8.89 and 8.12 for (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, respectively. Accordingly, the 389 

confirmation experiments obtained are in 95% confidence interval. 390 
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Table 3 The F, P, R2, lack of fit, Adeq Precision values of model terms from ANOVA and model equations 391 

Source (MW+PS) Process Model Equation 
 F value P value 𝑞𝑒 (mg dye/g GAC) = −1.88919 + 0.097430 × A −0.063025 × B + 1.19767 × C + 0.562717 × D −0.002498 × (A × B) + +0.007030 × (A × C) + 0.001876 ×(A × D) + 0.047278 × (B ×  C) + 0.039144 × (B × D) −0.252950 × (C × D) − 0.001143 × A2 − 0.013786 × B2 +0.118958 × C2 − 0.025397 × D 2  

R2 : 0.739 
Adeq Precision: 6.780 

Model 2.83 0.0305 
A (PS) 0.12 0.7354 
B (pH) 4.07 0.0634 

C (MW power) 0.54 0.4740 
D (Duration) 2.45 0.1401 

AB 0.63 0.4392 
AC 0.25 0.6262 
AD 0.44 0.5172 
BC 0.36 0.5562 
BD 6.23 0.0257 
CD 12.84 0.0030 
A² 6.65 0.0219 
B² 1.01 0.3308 
C² 0.18 0.6743 
D² 5.25 0.0380 

Source (Fe (II) +PS) Process Model Equation 
 F value P value 𝑞𝑒 (mg dye/g GAC) = +7.65768 + 1.34870 × A −0.059705 × B − 0.089912 × C − 0.499566 × D −0.009250 × (A × B) + 0.019969 × (A × C) − 0.021007 ×(A × D) + 0.001189 × (B ×  C) + 0.004731 × (B × D) +0.004049 × (C × D) − 0.271126 × A2 + 0.000056 × B2 −0.000547 × C2 + 0.018996 × D 2  

 
R2 : 0.771 

Adeq Precision: 7.716 

Model 3.39 0.0147 
A (Fe (II)) 1.34 0.2661 

B (PS) 0.01 0.9072 
C (Duration) 1.88 0.1918 

D (pH) 8.53 0.0112 
AB 1.50 0.2403 
AC 7.01 0.0191 
AD 0.25 0.6241 
BC 6.07 0.0273 
BD 3.11 0.0995 
CD 2.30 0.1515 
A² 8.57 0.0110 
B² 0.02 0.8829 
C² 2.09 0.1699 
D² 2.63 0.1275 

Source (O3+H2O2) process Model Equation 
 F value P value 𝑞𝑒 (mg dye/g GAC) = +4.85109 + 3.32859 × A −0.042681 × B − 0.046500 × +0.026122 × D + 0.001722 ×(A × B) − 0.041780 × (A × C) − 0.062959 × (A × D) +0.000025 × (B ×  C) + 0.003511 × (B × D) + 0.003619 ×(C × D) + 0.016790 × A2 + 0.000110 × B2 + 0.000556 ×C2 − 0.028205 × D 2   

 
R2 : 0.820 

Adeq Precision: 9.222 

Model 4.57 0.0038 
A (H2O2) 0.36 0.5573 
B (Ozone) 0.46 0.5082 

C (Duration) 8.36 0.0118 
D (pH) 2.14 0.1658 

AB 0.02 0.8663 
AC 21.91 0.0004 
AD 0.61 0.4463 
BC 0.01 0.9111 
BD 3.18 0.0961 
CD 4.28 0.0576 
A² 0.002 0.9591 
B² 0.32 0.5779 
C² 13.25 0.0027 
D² 5.20 0.0387 

 392 

3.2 Preference of The Most Suitable Regeneration Process with PROMETHEE  393 

PROMETHEE, one of the multi-criteria decision-making methods, was used for the preference of the 394 

three regeneration processes examined in this study. In the preference of the most suitable regeneration 395 

process, the adsorptive capacity of the regenerated GAC, the operating cost of the regeneration process, 396 

the change in the adsorptive capacity during the regeneration cycle and the carbon mass loss were taken 397 
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into consideration as criteria. Optimum conditions of regeneration processes were used for the 398 

adsorptive capacity of the regenerated GAC and the operating cost of the regeneration process criteria. 399 

The 6th cycle of the regeneration cycle was considered for the adsorptive capacity change and carbon 400 

mass loss criteria. Energy (MW oven, ozone generator) and chemical matter consumption (PS, H2SO4, 401 

NaOH, FeSO4, H2O2) were used when calculating the operating cost for optimum conditions. The unit 402 

energy cost was accepted as 0.094 € /kWh according to the energy consumption cost for the home / 403 

residential of TEDAŞ (Turkey Electricity Distribution Company).  404 

GAC regeneration aims to restore the original adsorption capacity of GAC with the least possible 405 

damage to the carbon surface. Therefore, it is important that the regenerated GAC can be used for 406 

several regeneration cycles. In this study, the change in the adsorptive capacity of regenerated GAC was 407 

observed with sequential regeneration-adsorption cycles. Fig. 5 shows the change in the adsorptive 408 

capacity with the regeneration cycles of (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes. For SR-409 

S3B dye, the adsorptive capacity of raw activated carbon and the adsorptive capacity of spent GAC were 410 

found to be 8.01 mg dye / g GAC and 2.18 mg dye / g GAC, respectively. 411 

The efficiency of regeneration processes was evaluated by comparing the adsorptive capacities of 412 

regenerated and raw GAC. The adsorptive capacity of GAC regenerated by the (Fe (II) + PS) process 413 

(≈9.4 mg / g GAC) was obtained above the adsorptive capacity of raw GAC (8.01 mg / g GAC) during 414 

eight regeneration cycles. With the (O3 + H2O2) process, only the first regeneration cycle yielded higher 415 

adsorptive capacity than the raw GAC, and the decrease was observed with the regeneration cycle 416 

increase. In regeneration with (MW + PS) process, the adsorptive capacity of raw GAC could not be 417 

reached. 418 

The carbon mass loss calculated in the 6th regeneration cycle was calculated as 26%, 31.2% and 37% 419 

for (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, respectively. Table 4 shows the criterion 420 

values calculated for all three processes for PROMETHEE analysis. 421 

>Fig. 5 Adsorptive capacities corresponding to sequential regeneration cycles of regeneration processes< 422 

Table 4 Criteria values determined for the selection of regeneration processes 423 
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Process 
Adsorptive capacity 
qe (mg dye/g GAC) 

Operation cost 
(€) 

Adsorptive Capacity 
Change (%) 

Carbon 
mass loss 

(%) 
MW + PS 4.36 0.177 60.30 (reduce) 26 

Fe (II) + PS 8.89 0.306 17.23 (increase) 31.2 
O3 + H2O2 8.12 0.281 36.08 (reduce) 37 

While choosing the most suitable method with PROMETHEE, weights of all criteria were taken equal 424 

and V-shape was used among preference functions. PROMETHEE I is used for partial ranking and 425 

PROMETHEE II for net ranking. Positive and negative currents are calculated for alternatives. Positive 426 

current indicates preferability of one alternative over others, while negative current, on the contrary, 427 

indicates how much an alternative is suppressed by others. Therefore, high positive current and small 428 

negative current of an alternative increases its preferability. PROMETHEE II gives a net ranking as it 429 

expresses the difference between positive and negative currents. The GAIA plane is a visual and 430 

interactive representation of the PROMETHEE results. In the GAIA plane, the decision axis is indicated 431 

by a red vector and is near the most preferred alternative. Also, alternatives near the criteria indicate the 432 

particular preferred alternative for that criterion (Durna et al. 2020). PROMETHEE II net ranking and 433 

GAIA plane given in Fig. 6. As shown in Figure, the Fe (II) + PS process is more preferred in positive 434 

and negative currents and consequently in net current. PROMETHEE II ranking of regeneration 435 

processes was determined as (Fe (II) + PS)> (MW + PS)> (O3 + H2O2). In the GAIA plane, the decision 436 

axis was on the Fe (II) + PS process side. The MW + PS process is preferable when evaluated by the 437 

carbon mass loss criteria. With PROMETHEE Rainbow analysis (Supplementary information Fig S4) 438 

the positive and negative factors affecting the sequencing of the processes can be clearly seen in the 439 

form of bars. Positive (upward) slices correspond to good properties, negative (downward) slices to 440 

negative properties.40 While adsorptive capacity, adsorptive capacity change and carbon mass loss 441 

criteria positively affected the selection of Fe (II) + PS process, operation cost criterion affected 442 

negatively.  443 

>Fig. 6 PROMETHEE II net ranking (a) and GAIA plane (b) of regeneration processes< 444 

4 Conclusion 445 

This study was carried out in three stages. In the first stage, the adsorption of the SR-S3B on the GAC 446 

surface was characterized. In the second stage, regeneration of SR-S3B spent GAC by radical-based 447 

advanced oxidation processes was investigated. (O3 + H2O2) for OH• radical, (MW + PS) and (Fe (II) + 448 

PS) regeneration processes for SO4-• radical were investigated. At the last stage, the most suitable 449 

regeneration process was determined by the PROMETHEE approach by considering the criteria of the 450 
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adsorptive capacity of regenerated GAC, operating cost of the regeneration process, change in the 451 

adsorptive capacity during the regeneration cycle, and carbon mass loss. The results obtained are given 452 

below. 453 

- Chemical interactions are effective in the adsorption of the SR-S3B to the GAC surface. The 454 

adsorption process has been characterized by the Langmuir isotherm. 455 

- Regeneration processes were optimized by the RSM method to determine the experimental conditions 456 

that will give the maximum adsorptive capacity. Optimum experimental conditions for the (MW + PS) 457 

process were found as MW power of 126 W, PS of 45.52 g anion/L, pH of 11.4, , duration of 14.56 min. 458 

Optimum conditions for (Fe (II) + PS) process were found as Fe (II) 3.58 g / L, PS 73.5 g anion / L, time 459 

59.8 minutes, pH 10.9 and for the (O3 + H2O2) process optimum conditions found as H2O2 of 2.8 460 

mole/L, ozone doze of %98, duration of 32.8, pH of 5.3. Adsorptive capacities at optimum conditions 461 

were obtained as 4.36, 8.89 and 8.12 for (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, 462 

respectively. The adsorptive capacity of GAC regenerated by the (Fe (II) + PS) regeneration process was 463 

obtained above the raw GAC adsorptive capacity during approximately eight regeneration cycles. 464 

-A linear relationship was observed between the experimentally obtained data and the data predicted by 465 

the model. 466 

- ANOVA results revealed that binary interactions are more important in improving the adsorptive 467 

capacity in regeneration processes. The major operating parameter in these binary interactions has been 468 

the regeneration time. In addition, it was determined that the parameters of pH and regeneration time 469 

alone were effective in (Fe (II) + PS) and (O3 + H2O2) processes, respectively, in order to improve the 470 

adsorptive capacity. 471 

- The most suitable regeneration process has been determined with the PROMETHEE approach. The 472 

order of preference is determined as (Fe (II) + PS)> (MW + PS)> (O3 + H2O2). In this ranking, the 473 

adsorption capacity change criterion was very effective in determining the most suitable process. As a 474 

result, it has been seen that the (Fe (II) + PS) process is a promising alternative for regeneration of GAC 475 

spent with reactive dye. 476 
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Figures

Figure 1

Change of the adsorptive capacity versus pH of reactive dye (SR-S3B) solution



Figure 2

Contour graphs of binary interactions of important parameters in regeneration processes (a), (b) and (c)
corresponds (MW + PS), (Fe (II) + PS) and (O3 + H2O2) processes, respectively



Figure 3

Predicted versus actual plots of regeneration processes (a), (b) and (c) corresponds (MW + PS), (Fe (II) +
PS) and (O3 + H2O2) processes, respectively



Figure 4

Optimum conditions and possible oxidation mechanisms of regeneration processes



Figure 5

Adsorptive capacities corresponding to sequential regeneration cycles of regeneration processes



Figure 6

PROMETHEE II net ranking (a) and GAIA plane (b) of regeneration processes
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