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Abstract 28 

Persulfate (PS) activation by means of graphene-based materials is a subject of increasing 29 

interest due to its potential as a water purification technology. Research efforts in this 30 

field have been mainly focused on tailoring the surface chemistry of graphene oxide 31 

(GO). However, the mechanism governing PS activation as well as some technological 32 

aspects should be considered in the design of the GO-PS system. In this work, the 33 

fundamentals and applicability of this process were addressed by catalytic oxidation 34 

experiments employing phenol as a model pollutant. Distilled, bottled and surface water, 35 

as well as a secondary-treated urban wastewater, were tested as matrices. The high 36 

performance of a commercial GO material (oxygen content: 4 wt.%) in PS activation was 37 

demonstrated through both batch and continuous mode experiments, using GO powders 38 

and membranes, respectively. In particular, continuous flow assays were conducted with 39 

the catalyst supported on a PTFE membrane for a total operation period of 7 d. Significant 40 

catalyst deactivation was gradually observed after 2-3 d, although recovery of the 41 

catalytic activity was possible through a simple thermal treatment of this material. 42 

Oxidation tests employing GO treated at different temperatures (500, 850 and 1000 ºC) 43 

were also performed and, together with the information drawn from the characterization 44 

results, it was possible to conclude that a shift in the character of the surface chemistry 45 

from acidic to basic enhances the catalytic activity of this material. Moreover, scavenging 46 

tests allowed inferring that singlet oxygen (1O2) is the oxidant species governing the 47 

degradation of the organic pollutant in this system. The mechanism responsible for the 48 

generation of this species seems to involve the nucleophilic attack of PS to C=O in basic 49 

pyrone-like functionalities. 50 

 51 

Keywords: Water and wastewater treatment; graphene derivatives; surface chemistry; 52 

catalytic membranes; persulfate activation; singlet oxygen. 53 

 54 

 55 

1. Introduction 56 

 57 

Sulfate-based Advanced Oxidation Processes (AOPs) typically consist in the activation 58 

of persulfate (PS) or peroxymonosulfate (PMS) by means of agents such as ultraviolet 59 

light, heat, ultrasounds or catalysts, with subsequent yield of sulfate (SO4•
-) and hydroxyl 60 

(HO•) radicals [1,2]. The high reactivity and unselective character of these transient 61 
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species make these processes useful in the abatement of a wide variety of organic 62 

pollutants [1,3]. Catalytic materials may contain metals or not, although the latter are 63 

preferred since the metals used in this type of application may be rare, expensive or toxic, 64 

entailing sustainability issues [4,5]. Carbon materials, which are abundant and eco-65 

friendly, represent some of the most promising solutions to avoid the use of metals in 66 

catalytic, sulfate-based AOPs. Particularly, graphene oxide (GO) derivatives are of 67 

special interest due to their relatively easy synthesis compared to other related materials 68 

and the potential for tailoring their surface chemistry in order to maximize the catalytic 69 

performance [5,6]. 70 

 71 

In the last decade, several works have reported the use of metal-free GO derivatives for 72 

PS or PMS activation and subsequent removal of organic pollutants from aqueous 73 

matrices. Most of these studies focused on the doping of GO with heteroatoms, mainly 74 

nitrogen alone [7–16] or in combination with others such as sulfur [17–19], boron or 75 

phosphorus [20]. The modification of these materials resulted in improved catalytic 76 

activities attributed to the presence of the heteroatoms and related chemical groups 77 

introduced by the doping procedure. However, PS and PMS can also be activated by non-78 

doped GO: only a partial reduction in the oxygen content of the starting material appears 79 

to be required. Sun and coworkers reported the first evidences on the superior effectivity 80 

of a reduced GO in PMS activation when compared with other carbon materials [21]. 81 

After this first paper dealing with the use of a metal-free GO derivative to that purpose, 82 

subsequent publications confirmed its superiority also for PS activation [22–25]. Thus, 83 

reduced GO is considered a material of practical interest in terms of both PMS and PS 84 

activation, since simple thermal or hydrothermal reduction can be employed rather than 85 

complex heteroatom doping procedures. 86 

 87 

In addition to the simplicity and cost of catalysts preparation, other practical aspects of 88 

the heterogeneous oxidation processes should be kept in mind when proposing a new 89 

water treatment solution, since all together dictate the technological, environmental and 90 

economic sustainability of potential real-world applications. It is well known that one of 91 

the main drawbacks of heterogeneous catalytic oxidation is the need of an additional step 92 

to separate the catalyst from water after treatment. In this sense, the use of catalytic 93 

membranes could be of advantage. To the best of the authors’ knowledge, there are only 94 

four documents in the literature reporting the use of GO membranes for catalytic 95 
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activation of PS [26–29]. However, GO was doped with nitrogen in three of these 96 

previous works [26–28], and assembled with multi-walled carbon nanotubes in another 97 

study [29]. An additional critical aspect hampering the application of carbon materials as 98 

heterogeneous catalysts in oxidative treatments is the loss of catalyst activity. Catalyst 99 

deactivation and potential regeneration solutions have been barely addressed in the case 100 

of GO-based catalysts. 101 

 102 

Moreover, the chemistry behind the observed activity in the GO-PS/PMS system is still 103 

under investigation, as some aspects related to the catalytic sites and produced oxidant 104 

species should be clarified. Regarding the first issue, it has been suggested that electron 105 

rich sp2 carbon atoms located at the defective edges of the graphitic structure, as well as 106 

surface oxygen groups would be the principal activation sites for these oxidants 107 

[21,22,30,31]. Among different oxygen functionalities, the electron-rich ketonic/carbonyl 108 

group (C=O) appears to be the main reactive center based on experimental data and 109 

quantum chemical calculations [30,31]. At the same time, it has been observed that an 110 

excess in the oxygen content of the material is detrimental for the catalytic performance 111 

[21,22,31]. However, the optimal proportion of this atom and the contribution of the 112 

different oxygen functionalities on the PS/PMS activation performance have been seldom 113 

discussed. Concerning the oxidant species generated in the process, and although both 114 

radical (HO•, SO4•
-) and non-radical pathways appear to be possible, studies on reduced 115 

GO-PS/PMS oxidation mechanisms often report conflicting results. In some works, it is 116 

claimed that HO• is the main oxidizing species with some contribution by SO4•
- [22]. In  117 

others, SO4•
- is the dominant species and HO• contributes to a lower extent [23]. Finally, 118 

some documents state that a non-radical mechanism constitutes the prevailing pathway 119 

[25,32]. Some authors consider that the role of singlet oxygen (1O2) might be of 120 

importance in such cases [25]. Either way, it becomes clear that additional investigations 121 

are required to shed further light on these fundamental aspects.  122 

 123 

Thus, the GO-PS system was comprehensively studied in this work with the aim of getting 124 

further insights on the underlying chemistry and applicability of this process in water 125 

treatment. A commercial GO material was employed to activate PS, which was selected 126 

over PMS because of its higher chemical stability and lower cost [2,33]. The activity and 127 

main influencing factors in the GO-PS process were first tested in batch oxidation 128 

experiments using phenol (Ph) as model organic contaminant, followed by longer 129 
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experiments in continuous mode with GO supported on PTFE membranes. Bottled water 130 

(BW), surface water (SW) and secondary-treated urban wastewater (WW) were used in 131 

addition to studies with distilled water. Tests in the presence of selected scavengers were 132 

also conducted to elucidate the main reactive species involved in this oxidation system. 133 

Moreover, GO treated at different temperatures were tested as catalysts, correlating the 134 

observed activity to the amount and type of oxygen functionalities on the materials 135 

surface. 136 

 137 

2. Materials and methods  138 

 139 

2.1. Chemicals and reagents 140 

 141 

Phenol (Ph, 99%) and furfuryl alcohol (FA, 98%) were acquired from Sigma-Aldrich. 142 

Sodium persulfate (PS, 99%) was obtained from Riedel-de Häen. N,N-diethyl-p-143 

phenylenediamine (DPD, 99%), sodium hydrogen phosphate (99%), sodium dihydrogen 144 

phosphate (99%) and sulfuric acid (95%), all of them required in PS analyses, were 145 

purchased from Fluka. Methanol (MeOH, 99.9%) was supplied by Fisher Scientific. 146 

Ultrapure water, which was used in Ph and PS analyses, was produced by a Direct-Q 147 

Millipore system. Unless otherwise specified, distilled water was employed in the rest of 148 

the work. 149 

 150 

2.2. Water matrices 151 

 152 

Four different water matrices were employed in the catalytic experiments: distilled water 153 

(DW) produced by a purification system; bottled water (BW, pH: 6.9; Dissolved Organic 154 

Carbon (DOC): not detected; Inorganic Carbon (IC): 1.8 mg L-1; Cl-: 5.6 mg L-1) from 155 

the Portuguese commercial brand Fastio; surface water (SW, pH: 6.5; DOC: 1.8 mg L-1; 156 

IC: 3.4 mg L-1; Cl-: 17.5 mg L-1) collected from the Douro river in Porto (Portugal) and a 157 

treated wastewater (WW, pH: 7.0; DOC: 7.8 mg L-1; IC: 34.8 mg L-1; Cl-: 56.1 mg L-1) 158 

collected from the effluent of an urban WWTP located in Northern Portugal. The SW and 159 

WW samples were filtered through 0.45 µm cellulose filters and kept at 4 ºC until use.  160 

 161 

2.3. Graphene-based materials 162 

 163 
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Graphene oxide (GO) was the material employed as catalyst in this work. It was acquired 164 

from Sigma-Aldrich. To investigate the mechanism of PS activation, three other materials 165 

were prepared by thermal treatment of GO under N2 flow (100 mL min-1) in a ThermoLab 166 

vertical oven, at different temperatures. In a first treatment step, which was common to 167 

all prepared materials, GO was treated at 120 ºC during 60 min. This temperature was 168 

reached through a heating ramp of 2 ºC min-1. Then, a second treatment step was 169 

performed at different temperatures. A heating ramp of 2 ºC min-1 was set up to reach 170 

500, 850 and 1000 ºC. These conditions were kept for 30 min. The materials prepared in 171 

this way were designated as rGO-500, rGO-850 and rGO-1000, with “rGO” standing for 172 

“reduced graphene oxide”. 173 

 174 

2.4. Materials characterization 175 

 176 

Textural properties of GO and derived materials were determined from N2 adsorption-177 

desorption isotherms at -196 oC, in particular the specific surface area (SBET) as described 178 

in a previous publication [34]. Thermogravimetric analysis (TGA) was performed in a 179 

Netzsch STA 490 PC/4/H Luxx thermal analyser, in which the powder sample was heated 180 

in a gas flow from 50 to 1000 oC at 10 oC min-1. Both inert (N2) and oxidative (air) gas 181 

flows were employed.  182 

 183 

Temperature programmed desorption (TPD) was performed in a fully automated AMI-184 

300 Catalyst Characterization Instrument (Altamira Instruments), equipped with a 185 

quadrupole mass spectrometer (Dymaxion, Ametek), as described elsewhere [35]. The 186 

amount of CO2 and CO were obtained by integrating the area of the respective spectra. 187 

Deconvolution analysis of the CO2 and CO TPD spectra was performed using a well-188 

established procedure [35,36]. Accordingly, the peaks in the CO2 TPD spectra were 189 

assigned to different functional groups, namely: strongly acidic carboxylic acids (SA), 190 

less acidic carboxylic acids (LA), carboxylic anhydrides (CAn), and lactones (Lac). 191 

Likewise, the peaks in the CO TPD spectra were assigned to carboxylic anhydrides 192 

(CAn), phenols (Ph), carbonyls and quinones (CQ) and basic surface groups (Bas), such 193 

as pyrones and chromenes. In the CO2 spectra, the width at half-height (W) was taken the 194 

same for CAn and Lac; in the CO spectra, the same W was considered for Ph and CQ 195 

whenever peak shoulders were unclear. 196 

 197 
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2.5. Catalytic oxidation experiments 198 

 199 

Two different operation modes were used in GO-PS oxidation experiments: batch and 200 

continuous flow. In batch experiments, 5 mg L-1 or 30 mg L-1 phenol solutions containing 201 

0.25-1 mM of PS were prepared and placed in 8 mL amber glass bottles equipped with a 202 

stirring bar, which were employed as reactors. In some of these tests, tert-butanol 203 

(tBuOH), methanol (MeOH) or furfuryl alcohol (FFA) were also added in excess (100 204 

mM) to act as scavengers for oxidant species. In general, experiments started with the 205 

addition under vigorous stirring of GO (or derived materials) powder at varying dosages 206 

(0.25-1 g L-1). Samples were withdrawn at regular time intervals and filtered through 0.2 207 

µm PTFE syringe filters. All batch catalytic assays were conducted for 90 min. In 208 

continuous flow experiments, GO membranes (effective area: 2.1 cm2) were tested in 209 

dead-end mode. These were prepared by vacuum filtration of aqueous GO dispersions 210 

(0.2-0.5 g L-1) through 0.2 µm Omnipore PTFE membranes, resulting this in a supported 211 

amount of catalyst of 5-15 mg. Aqueous solutions of Ph (5 mg L-1) containing 1 mM of 212 

PS were placed in a stirred reservoir and continuously fed to a glass membrane cell at a 213 

flow-rate of 0.1-0.5 mL min-1, by means of an Ismatec 829 peristaltic pump (Cole-Parmer, 214 

USA). A detailed scheme of the setup employed in continuous mode experiments can be 215 

found elsewhere [28]. Samples were collected from the filtrate at regular time intervals. 216 

In this case, experiments were conducted for at least 24 h and up to 7 d. Regardless of the 217 

operation mode, all catalytic experiments were performed at room temperature (25 ºC) 218 

and the natural pH conditions of the water matrix (pH 7 in the case of experiments 219 

conducted with distilled water). Control experiments without the addition of PS were 220 

performed to evaluate the adsorption of Ph onto GO and derived materials. The stability 221 

of Ph in PS solutions (i.e., without the presence of GO) was also tested. In all cases, 222 

samples were frozen after withdrawal and kept at these conditions until approximately 1 223 

h before analysis.  224 

 225 

2.6. Analytical techniques 226 

 227 

Phenol concentration was determined by means of an Elite LaChrom HPLC equipped 228 

with an L-2450 Diode Array Detector (DAD), all supplied by Hitachi. The employed 229 

column was a Lichrocart Purospher Star RP-18 endcapped column (250 mm x 4.6 mm, 230 

particle size of 5 µm). The mobile phase consisted of 70:30 volumetric mixtures of water 231 
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and methanol. The flowrate and injection volume were set, respectively, at 0.5 mL min-1 232 

and 50 µL. Detection was performed at 270 nm. The concentration of persulfate was 233 

determined by the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method [28]. 234 

Dissolved Organic Carbon (DOC) content was determined with a Shimadzu TOC-L 235 

analyzer. 236 

 237 

3. Results and discussion 238 

 239 

3.1. Materials characterization 240 

 241 

GO is a commercial multilayer material with 15-20 stacked graphene sheets (as described 242 

by the supplier) and a low ash content (TGA residue of ca. 1 wt.%; determined under 243 

oxidative atmosphere, as shown in Fig. S1a). Both the pristine GO and derivatives of this 244 

material obtained by thermal treatment at different temperatures and employed later on 245 

in this work for the mechanistic study of the process (Section 3.3.1), were characterized. 246 

The N2 adsorption-desorption isotherms are given in Fig. S2, and the respective SBET 247 

values are summarized in Table 1. As observed, all the materials have SBET values in the 248 

range 262-281 m2 g-1. Therefore, it can be concluded that the textural properties of the 249 

resulting materials are negligibly affected upon thermal treatment of GO, regardless of 250 

the temperature employed. This is of utmost importance for this study, since maintaining 251 

textural properties unaltered is crucial to elucidating the influence of surface chemistry in 252 

the catalytic properties. 253 

 254 

The effect of the different thermal treatments on the surface chemistry properties of the 255 

graphene-based materials was investigated by TGA and TPD. The former allows 256 

determining the total volatile content, while the latter allows quantifying and identifying 257 

different oxygen containing surface groups, which are released as CO2 and CO upon 258 

heating [35,36].  The CO2 and CO TPD spectra of the graphene-based materials are given 259 

in Figs. 1a and b, respectively. The total amount of surface groups released as CO2 and 260 

CO (determined from the area under the TPD spectrum) and the corresponding oxygen 261 

content (calculated from the total amounts of CO2 and CO released from the surface of 262 

the carbon materials), are summarized in Table 1.  263 

 264 
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Table 1. Specific surface area (SBET), amount of volatiles (determined by TGA), amounts of CO2 and CO 265 

released by TPD, and corresponding percentage of oxygen (assuming that all the surface oxygen is released 266 

as CO2 and/or CO). 267 

Material 
SBET 

(m2 g-1) 

Volatiles 

(wt.%) 

[CO2] 

(μmol g-1) 

[CO] 

(μmol g-1) 

O 

(wt.%) 
CO/CO2 

GO 266 14.9 1044 408 4.0 0.4 

rGO-500 262 13.3 395 821 2.6 2.1 

rGO-850 276 5.6 0 360 0.6 n.a. 

rGO-1000 281 4.7 0 239 0.4 n.a. 

GOContinuous n.d. n.d. 1508 979 6.4 0.6 

GOBatch n.d. 15.2 824 1022 4.3 1.2 

GORegenerated n.d. 9.3 217 970 2.3 4.5 

n.a.: not applicable; n.d.: not determined. 268 

 269 

Graphene oxide is defined as a monolayer material, characterized by C/O atomic ratios 270 

less than 3 and typically close to 2 [37]. Therefore, the first conclusion to be withdrawn 271 

from the results given in Table 1 is that the commercial GO employed in this study can 272 

actually be described as a partially reduced GO, considering both its multilayer 273 

configuration (as mentioned above) and the relatively low surface oxygen content (4.0 274 

wt.%, as determined by TPD). Notwithstanding, the amount of oxygen containing surface 275 

groups decreases as the temperature of the thermal treatment increases. This trend 276 

becomes particularly clear when the oxygen content of the graphene-based materials is 277 

plotted against the temperature of the thermal treatment (Fig. 2a), a near linear correlation 278 

being obtained. This evolution is followed by the decrease of volatiles (Table 1). An 279 

illustrative example of the TGA performed for the determination of the volatile content 280 

of the materials is shown in Fig. S1b. 281 

 282 

 283 

Figure 1. TPD spectra of the graphene-based materials: (a) CO2 and (b) CO evolution with temperature. 284 
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 285 

 286 

Figure 2. (a) Oxygen content and (b) [Bas]/SBET as a function of the temperature employed in the thermal 287 

treatment (TTreatment) of GO. Points represent experimental data, while lines represent (a) linear and (b) 288 

exponential fittings. 289 
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temperature of the thermal treatment increases, as revealed when the concentration of Bas 312 

determined by TPD is normalized by the SBET of the graphene-based materials (i.e., 313 

([Bas]/SBET), and represented as a function of the temperature employed in the thermal 314 

treatment (Fig. 2b). It is noteworthy that carbonyls and quinones (CQ) are still detected 315 

by TPD after thermal treatment at both 850 oC and 1000 oC (Fig. S3a and Table S2). This 316 

is in agreement with a previous study revealing thermal resistance of these groups up to 317 

around 1230 oC when embedded to graphene-based materials []. 318 

 319 

 320 

Figure 3. Deconvolution results of (a) CO2 and (b) CO TPD spectra of GO. Dashed lines represent peaks 321 

assigned to strongly acidic carboxylic acids (SA), less acidic carboxylic acids (LA), carboxylic anhydrides 322 

(CAn), lactones (Lac), phenols (Ph), carbonyls and quinones (CQ) and basic surface groups (Bas), such as 323 

pyrones and chromenes. Red lines represent cumulative peak fitting. 324 
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oxidation experiments (Figs. 4b and c) showed that a great improvement in the removal 339 

process can be achieved upon addition of PS. This makes clear that GO is an excellent 340 

activator for PS, and confirms the observations made in previous related studies [22,23]. 341 

For instance, in experiments employing GO doses of 0.5 g L-1, all the initial Ph was 342 

removed in only 10 min. The contribution of adsorption mechanisms together with the 343 

excellent activating properties of GO might be responsible for the results obtained in these 344 

tests. It is also worth to mention that additional catalytic experiments conducted with 345 

complex water matrices (i.e., BW, SW and WW) also revealed excellent Ph removal 346 

performances (Fig. 4d). Only in the case of the assay conducted with the wastewater, a 347 

significant decrease in the abatement rate was observed. This can be attributed to the 348 

higher content of background inorganic and organic carbon species competing for the 349 

oxidants produced in the GO-PS system (Section 2.2). 350 

 351 
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 391 

 392 

Figure 4. Influence of catalyst (commercial graphene oxide, GO) and oxidant (persulfate, PS) dose for 393 

phenol abatement in distilled water and performance of the process in actual water matrices. a) Adsorption 394 

tests; b) Oxidation tests with 0.25 g L-1 GO; c) Oxidation tests with 0.50 g L-1 GO; d) Experiments in actual 395 

water matrices with 0.25 g L-1 GO and 0.25 mM PS. [Ph]0 = 5 mg L-1 in all cases. 396 
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contact between GO and PS achieved at lower flow velocities (Fig. S4b). In the case of 407 

experiments with 1 and 5 mg of supported GO, a transient state was firstly observed 408 

during the first hours of operation until the maximum oxidation efficiency was reached, 409 

followed by a gradual decrease of the process performance for the remaining of the 410 

experimental period. This progressive decrease in the observed activity was less 411 

pronounced in the case of membranes containing the highest load (i.e., 15 mg) of catalyst 412 

(Fig. S4a). In this case, in fact, an almost steady removal of Ph of about 90% was observed 413 

in the period between 2 and 24 hours. Thus, higher maximum removals of Ph were 414 

observed for membranes containing larger amounts of catalyst, as already observed in 415 

previous experiments using catalytic membranes prepared with N-doped GO [26].  416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 

Figure 5. Oxidation and adsorption experiments for phenol degradation using PTFE-supported GO 424 

membranes tested in continuous mode, in distilled water. a) 24 h-test; b) 168 h-test. [Ph]0 = 5 mg L-1  ̧[GO]0 425 

= 15 mg; [PS]0 = 1 mM; flow-rate = 0.1 mL min-1. 426 

 427 

The catalytic stability of the GO membrane was further tested through continuous 428 

operation experiments performed for a period of 1 week. A catalyst load of 15 mg and a 429 

flow-rate of 0.1 mL min-1 were applied in this case, as these were the best performing 430 

conditions according to the previous screening of influential factors. Simultaneously, a 431 
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period of time. Results are presented in Fig. 5b. Relatively high removal levels of Ph were 433 

initially observed in the adsorption control test (as high as 40%), followed by a period 434 
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saturation of the material was reached. Regarding the catalytic test, very high removals 437 

(i.e., > 90%) of the model compound were registered during the first 48 h, although a 438 

slow but gradual decrease in the oxidation efficiency was also observed. The period from 439 

48 to 72 h was characterized by a significant loss of the catalytic activity (from 90 to 60% 440 

Ph removal), followed by a dramatic drop in the next 24 h (from 60 to 0% removal). The 441 

evolution of PS in this experiment, represented in Fig. S5, is in agreement with the 442 

observed phenol abatement throughout the same operation period. From a time of 443 

approximately 96 h, and until the end of the operation period, consumption of this oxidant 444 

source was not observed. 445 

 446 

3.2.3. Catalyst deactivation and regeneration 447 

 448 

To shed some light on the causes behind the observed loss in the catalytic activity, GO 449 

recovered from the membrane employed during 1 week (designated as GOContinuous) was 450 

characterized by TPD. The corresponding CO and CO2 spectra, together with those of 451 

pristine GO, are shown in Fig. 6. The amount of oxygen-containing groups on GO surface 452 

significantly rose during the operation period, leading to an overall 60% increase in the 453 

oxygen content compared to the starting material (Table 1). This value is close to the ca. 454 

80% increase reported by Duan et al. in previous studies regarding catalyst stability in the 455 

GO-PS and GO-PMS systems [22,32]. A deeper look via TPD spectra deconvolution 456 

(Figs. S6a and b for spectra deconvolution and Tables S1 and S2 for detailed results) 457 

revealed that phenols, carboxylic anhydrides and less acidic carboxylic acids, with the 458 

amount increasing 400, 100 and 75%, respectively, constituted the oxygen-containing 459 

groups whose amount on GO surface rose in a more significant way. These changes are 460 

explained by the adsorption of the model pollutant (i.e., phenol) and transformation 461 

products (TPs) on the catalyst surface, which probably hindered the adsorption-activation 462 

of PS molecules [21–23]. A fraction of the new LA and CAn moieties, suspected of being 463 

poorly active sites [30], might alternatively have resulted from the oxidation of other 464 

oxygen functionalities contained in the pristine GO, such as CQ (45% decrease) or Ph 465 

[30,32]. 466 

 467 
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 468 

Figure 6. TPD spectra of GO prior and after the experiment performed in continuous mode during 1 week 469 

(GOContinuous): (a) CO2 and (b) CO evolution with temperature. 470 

 471 

A simple strategy to regenerate the deactivated catalyst may be based on thermal 472 

desorption of substances causing saturation. To test this approach, the catalyst used in a 473 

batch experiment (GOBatch) was recovered and thermally treated at 500 ºC under N2 flow 474 

(GORegenerated). Then, this material was employed as a catalyst in an additional batch 475 

oxidation test. A similarity in the Ph degradation profiles was observed in experiments 476 

with GO and GORegenerated (Fig. 7), indicating that the catalytic activity of the starting 477 

material can be successfully recovered through this procedure. This is in line with the 478 

findings of two previous works by Duan and coworkers, although the temperatures used 479 

for material regeneration in these studies were 350 and 400 ºC, resulting only in partial 480 

recoveries of the catalytic activity [22,32]. 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

Figure 7. Catalytic oxidation of Phenol in GO-PS experiments with pristine and thermally regenerated GO. 493 

[Ph]0 = 30 mg L-1, [GO]0 = 0.25 mg L-1, [PS]0 = 1 mM. 494 

 495 
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Based on TPD data (Tables 2, S1 and S2, as well as Figs. S6c-f), the oxygen content in 496 

GOBatch was only slightly higher than that of GO, even though very significant differences 497 

were observed in the amount of some oxygen groups such as Ph, LA or SA. The great 498 

increase in the Ph moieties amount (by 444%) can be ascribed to adsorption of the model 499 

pollutant and phenolic TPs, as already observed in the case of GOContinuous. Contrarily to 500 

what was found in that case, a significant reduction in the concentration of LA groups 501 

(68% decrease) compared to GO was observed in GOBatch, whereas the SA amount 502 

increased by 41%. A simple explanation to these apparently discrepant results can be 503 

related to operational differences in batch and continuous mode experiments, including 504 

the solid-liquid contacting system, the PS concentration and the GO operation time. Since 505 

adsorption and oxidation kinetics in these systems are mostly operationally defined, 506 

different experimental conditions might have resulted in distinct process efficiencies, this 507 

leading to different final distributions of TPs and oxygen functionalities on the surface of 508 

the catalyst. On its part, GORegenerated displayed a lack of SA and LA surface groups due 509 

to the temperature employed in the regeneration procedure, and a general reduction in 510 

CAn, Lac and Ph groups compared to GOBatch, which was also attributed to the effect of 511 

heat energy. On the other hand, CQ and Bas increased their relative amount by 78 and 512 

228%, respectively, compared to the same material. As observed in Section 3.1 for 513 

materials treated at different temperatures, transformations from less to more thermally 514 

resistant surface oxygen groups are apparently possible. Overall, changes produced in the 515 

surface chemistry during material regeneration resulted in a decrease in the oxygen 516 

content of about 45% compared to both GOBatch and GO.  517 

 518 

According to the above results, it can be inferred that the catalytic activity displayed by 519 

GORegenerated is very similar to that observed with pristine GO, which can be ascribed to a 520 

partial or even total removal of slight to moderately acidic compounds previously 521 

adsorbed (i.e., phenol and its corresponding TPs). Changes in the character of GO oxygen 522 

groups to less acidic functionalities might also have an influence on the catalytic 523 

performance, although both the relative importance of this deactivation mechanism and 524 

in general the contribution of oxygen groups on GO catalytic activity require further 525 

study. 526 

 527 

3.3. Mechanism of PS activation by GO 528 

 529 
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With the aim of understanding the mechanism behind the GO-PS oxidation system, two 530 

additional investigations were conducted. In first place, batch catalytic experiments were 531 

carried out with thermally modified GO in order to discern which surface oxygen groups 532 

are involved in PS activation. Then, scavenging tests were conducted to get further 533 

insights on the nature of the reactive species formed upon activation and subsequently 534 

acting as oxidants. An activation mechanism of PS by GO was then proposed based on 535 

the observed results and current related knowledge.  536 

 537 

3.3.1. Role of O-containing functionalities on activation mechanism 538 

 539 

GO derivatives prepared by thermal treatment at different temperatures (i.e., rGO-500, 540 

rGO-850 and rGO-1000) were tested as catalysts in additional batch experiments. The 541 

resulting Ph abatement curves are shown in Fig. 8a. As observed, the degradation of 542 

phenol was faster when employing GO derivatives prepared with increasing treatment 543 

temperatures. Considering the negative correlation between surface oxygen content and 544 

treatment temperature (Fig. 2a), these results confirm the inverse trend between catalytic 545 

activity and the oxygen percentage already suggested by the data obtained in previous 546 

studies on PS and PMS activation by GO [21,22,31,32]. 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 
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 559 

 560 

 561 

 562 

 563 
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 584 

Figure 8. Catalytic oxidation of phenol in GO-PS experiments with pristine and thermally treated GO at 585 

different temperatures. a) Degradation profiles; b) Dependence of pseudo first order rate constant for Ph 586 

degradation with the SBET-normalized concentration of oxygen basic surface groups ([Bas]/SBET). [Ph]0 = 587 

30 mg L-1  ̧[GO]0 = 0.25 mg L-1, [PS]0 = 1 mM. 588 

 589 

As discussed, reduction of the overall surface oxygen content in GO upon thermal 590 

treatment at increasing temperatures is accompanied by a progressive shift in the type of 591 

functionalities, from acidic to basic (Tables S1 and S2). Accordingly, the fact that 592 

decreasing the oxygen contents to very low percent values results in a significant 593 

improvement of the catalytic activity might be explained by two different phenomena, 594 

though partly related and in fact simultaneous. On one hand, acidic O functionalities, like 595 

SA and LA, may hinder PS activation by causing an electron-withdrawing effect at GO 596 

reactive centers. At the same time, a rise in the concentration of more basic, and electron 597 

donor, oxygen groups such as CQ and Bas would increase the possibility of electron-598 

transfer or nucleophilic reactions with PS, resulting in a faster activation of this molecule 599 
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and subsequent oxidation of the model compound. The positive influence of basic groups 600 

becomes particularly evident when plotting the pseudo first order rate constant of phenol 601 

degradation against [Bas]/SBET (Fig. 8b). The observed exponential correlation suggests 602 

a strong dependence of GO activity with the concentration of the most basic surface 603 

oxygen functionalities. Some of these, such as pyrone moieties, contain carbonyl 604 

functions (C=O) which are thought to be important catalytic sites amongst oxygen 605 

functionalities on GO surface [30,31]. The fact that rGO-1000 performed better as a 606 

catalyst than rGO-850 constitutes an additional evidence of this. As seen in Tables S1 and 607 

S2, only CQ and Bas surface functions were present, being the concentration of Bas 608 

groups 41% higher in the case of rGO-1000. The amount of CQ groups, on its part, was 609 

reduced by 77% from rGO-850 to rGO-1000. 610 

 611 

The results obtained in this work constitute additional insights on the nature of GO 612 

catalytic sites and support the role of carbonyl groups in PS activation. In addition, the 613 

basicity of the reactive centers appears to play a key role in the process and may trigger 614 

the study of other basic oxygen functions different from those containing ketone moieties 615 

(e.g., chromenes) as potential reactive centers. Furthermore, these results point out the 616 

possibilities of a simple yet powerful method (i.e., thermal treatment) for potential tuning 617 

of the GO surface chemistry. 618 

 619 

3.3.2. Scavenging tests and evidences of non-catalytic oxidation mechanism 620 

 621 

According to the previous literature, it can be assumed that the strong oxidants potentially 622 

generated in the GO-PS process may be HO•, SO4•
- and 1O2. Their relative contributions 623 

to organic pollutants oxidation can be elucidated if a selective removal of these species 624 

from the reaction medium is achieved. The study of the oxidants responsible for pollutants 625 

degradation in the GO-PS system was therefore conducted by means of batch catalytic 626 

experiments with addition of different scavengers, namely tert-butanol (tBuOH), 627 

methanol (MeOH) and furfuryl alcohol (FFA). Results are presented in Fig. 9. 628 

 629 

 630 

 631 

 632 

 633 
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 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

Figure 9. Catalytic oxidation of Ph via GO-PS process in the presence of various scavengers. [Ph]0 = 5 mg 644 

L-1  ̧[GO]0 = 0.25 mg L-1, [PS]0 = 0.25 mM, [tBuOH]0 = [MeOH]0 = [FFA]0 = 100 mM. 645 

 646 

Ph degradation profiles observed in experiments with tBuOH and MeOH addition were 647 

almost identical to that obtained in the assay performed in the absence of scavengers. The 648 

only exception was found in the experiment conducted with FFA, for which the abatement 649 

of the model compound was completely inhibited. tBuOH reacts fast with HO• (ktBuOH, 650 

HO• = 6·108 M-1 s-1 [38]), whereas it presents markedly slower kinetics with SO4•
- 651 

(ktBuOH,SO4•- = 9·105 M-1 s-1 [39]). On its part, SO4•
- was suppressed by adding MeOH 652 

(kMeOH,SO4•-= 2·107 M-1 s-1 [39]), which also reacts fast with HO• (kMeOH, HO• = 9.7·108 M-653 

1 s-1 [38]). Moreover, 1O2 reactions with tBuOH and MeOH are slow ([40], rate constant 654 

value not available).  Finally, FFA undergo fast reaction with 1O2 (kFFA,1O2 = 1.2·108 M-1 655 

s-1 [40]), although this alcohol also presents a high reactivity towards HO• (kFFA, HO• = 656 

1.5·1010 M-1 s-1 [38]) and most probably also with SO4•
- (kinetic data not found). 657 

According to this analysis and the results obtained, singlet oxygen arises as the dominant 658 

(if not the only one) oxidant in the GO-PS system. This is in contrast with conclusions 659 

drawn in some previous studies concerning the same process, in which organic 660 

compounds oxidation has been primarily attributed to SO4
•- [23] or HO• [22]. However, 661 

in addition to potential differences in the composition of the employed catalysts, none of 662 

the previous works assessed the potential contribution of non-radical oxidants (e.g., 1O2) 663 

in the overall degradation process, underestimating the role of the non-radical pathway.  664 

 665 

A pathway for 1O2 formation was finally proposed based on the results obtained in the 666 
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section and mechanistic considerations from previous literature. In addition, involvement 668 

of dissolved oxygen in 1O2 formation was discarded in batch experiments under N2 669 

bubbling (Fig. S7). The mechanism is depicted in Fig. 10 considering some of the most 670 

basic pyrone-like model moieties [41]. PS activation by GO could thus proceed via 671 

nucleophilic addition of this molecule to the carbonyl group of pyrone-like functions 672 

(reaction I), resulting in the formation of a dioxirane intermediate (reactions II and III). 673 

This species would then undergo nucleophilic attack by another persulfate molecule to 674 

yield 1O2 and recover the initial ketone group (reaction IV). The suggested mechanism is 675 

analogous to that described for 1O2 production through PMS reaction with ketone groups 676 

in benzoquinone [42]. In this case, though, the symmetrical charge distribution of the 677 

peroxide bond in PS makes this reaction less probable compared to PMS (which has an 678 

asymmetrical O-O bond), although still possible. This pathway has in fact been also 679 

proposed to explain singlet oxygen production via PS activation by carbon nanotubes 680 

[43]. 681 
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Figure 10. Proposed mechanisms for 1O2 production upon PS activation on GO basic surface oxygen 684 

groups, described for a pyrone-like model moiety. 685 

 686 

Conclusions 687 

 688 

The use of GO as catalyst for PS activation can be of advantage in applications aiming at 689 

the abatement of organic compounds from aqueous matrices. The per se high catalytic 690 

performance of commercially available materials with low oxygen contents (e.g. 4 wt.%) 691 

may be further improved by applying a simple thermal treatment. This rise in GO activity 692 
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is ascribed to a shift in the predominant surface oxygen groups from acidic to basic, which 693 

is gradually achieved with increasing treatment temperatures. The presence of basic 694 

functionalities appears to be particularly relevant for continuous production of 1O2 upon 695 

PS nucleophilic attack on C=O moieties. Regarding the viability of the process as a water 696 

treatment technology, the immobilization of GO on a polymeric membrane arises as a 697 

promising approach to solve one of the most common shortcomings of heterogeneous 698 

oxidation processes (i.e., the need of an additional step to separate the catalyst from the 699 

treated water). Catalyst deactivation issues, on their part, may be mitigated by a simple 700 

thermal regeneration procedure. Further research is encouraged concerning mechanistic 701 

aspects (e.g., reactions involving pyrone and chromene-like functionalities), the 702 

optimization of membrane design and operating conditions and the testing of this process 703 

in more realistic scenarios, including assays in water and wastewater matrices of different 704 

quality and considering the abatement of a broader range of organic pollutants at trace 705 

concentrations. 706 
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