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Abstract 13 

Graphene has been applied as a catalyst in peroxymonosulfate (PMS) activation for 14 

the removal of pharmaceuticals in water. Firstly, a kinetic adsorption study of PMS was 15 

developed, fitting the results to the Elovich’s equation. Moreover, the influence of the 16 

main variables in the adsorptive process such as pH, initial PMS concentration, and 17 

graphene dose were assessed. Secondly, the degradation of diclofenac as a target 18 

compound was studied comparing PMS-catalytic versus adsorption processes. PMS-19 

catalytic process enhanced the removal of the micropollutant if compared to adsorption 20 

when using a low dose of graphene (less than 50 mg L-1) or after surface saturation. 21 

Studies using radical scavengers suggested the lack of radicals in the process, 22 

suggesting the non-radical activation of PMS. Thirdly, the adsorption versus PMS-23 

catalytic processes were also compared for the oxidation of a mixture of three 24 

antibiotics (norfloxacin, tetracycline and sulfamethoxazole) with different chemical 25 

structure. PMS-catalytic activation was more effective for the removal of those 26 
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compounds that presented less affinity towards adsorption onto the graphene surface. 27 

Finally, characterization of the fresh and PMS-treated material was performed. 28 

Graphene demonstrated to be stable after its use as catalysts in PMS activation, 29 

suffering only slight transformation of the surface oxidation groups. 30 

Keywords: graphene, peroxymonosulfate activation, adsorption, diclofenac, antibiotics, 31 

water treatment, pharmaceuticals 32 

1. INTRODUCTION 33 

Since graphene monolayer was first reported in 2004 [1], diverse applications based 34 

on graphene-derived materials have been launched. Graphene is defined as a single 35 

sheet of sp2 hybridized carbon, defining a 2D carbonaceous crystalline allotrope with 36 

regular hexagonal pattern. This bonding carbon lattice allows graphene to present 37 

excellent characteristics such as high thermal conductivity, high mechanical strength, 38 

electrical conductivity, high electronic capacity and excellent optical properties, among 39 

others [2]. Graphene’s properties enable it to be a promising material for many 40 

applications in the field of water treatment, such as its flexibility and hydrophobicity to 41 

build membranes of small pores for applications in filtration [3,4] and desalination 42 

[5,6]. Moreover, due to the mentioned properties, graphene is under research as nano-43 

adsorbent [7–9] and nano-catalyst [10–12]. 44 

Water treatment processes should address the new challenges and needs that current 45 

Society demands. For example, most wastewater treatment plants cannot completely 46 

remove trace organic chemicals, including Contaminants of Emerging Concern (CECs) 47 

[13]. The current implemented wastewater treatment processes, usually, biological-48 

based on activated sludge, do not degrade or only slightly oxidize these contaminants, in 49 

some cases to other recalcitrant intermediates, and thus a significant portion of these 50 

trace organic CECs are present in the effluent. Although the concentration of CECs in 51 
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the wastewater effluents is typically very low, they are frequently referred as 52 

micropollutants since are typically reported at µg L-1 or ng L-1 level, the consequences 53 

of their exposure in the environment in the long term are still largely unknown and 54 

further research to get more insights is underway [14,15]. From all the feasible 55 

treatment solutions proposed by the research community, Advanced Oxidation 56 

Processes (AOPs) based on either hydroxyl radicals [16] or sulfate radicals [17] are a 57 

promising option because of their effectiveness in the oxidation of a wide range of 58 

recalcitrant organic substances [18,19]. However, the main concern of the use of S 59 

containing oxidants is the release of sulfate anions after the treatment. This aspect could 60 

be considered acceptable depending on the oxidant dose added and the further 61 

application of the treated effluent.  62 

Sulfate radical-based AOPs are processes that rely on the production of sulfate 63 

radical as the main oxidation species by the breakage of the peroxy bond of 64 

peroxymonosulfate (PMS) or peroxydisulfate (PDS). The generation of sulfate radicals 65 

may be triggered by thermal [20], radiation [21], or catalytic activation [22,23], among 66 

other methods. Much research has been conducted regarding the catalytic activation of 67 

these species with metal-based substances, either as dissolved metals or as metals 68 

immobilized on supports. However, the main concerns regarding the use of metallic 69 

catalysts are related to toxicity concerns, if they are released to the treated effluent, and 70 

the high cost for applications with metal catalysts. In this sense, graphene has emerged 71 

as a promising material applicable to catalytic AOPs [20]. The activation of PMS or 72 

PDS through the use of carbonaceous catalysts (i.e. activated carbon, graphite, carbon 73 

nanotubes, nanodiamonds or graphene) [24–29] is attracting significant research interest 74 

since activated carbon is already established and economically feasible in many water 75 

treatment plants. The addition of oxidants enables the removal of adsorbed species as 76 
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the carbon material is used as a catalyst and not as an adsorbent that needs frequent 77 

regeneration. The carbocatalysis of PMS and PDS is still under research, and a non-78 

radical pathway is thought to take place via the formation of 1O2 species [24,30,31]. It is 79 

well known that the self-decomposition of PMS at alkaline conditions (pH>pKa) slowly 80 

generates singlet oxygen [32] 81 
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 (1) 82 

Similarly, singlet oxygen release has been described during the autodecomposition of 83 

PDS [33]. Recently, it was reported that the reaction of PMS and benzoquinone 84 

involves the generation of 1O2  through the formation of a dioxirane intermediate [32]. 85 

Diverse studies have shown uncertainties and different conclusions about the formation 86 

of radical, non-radical pathway, or combination of both. However, it has been suggested 87 

that the non-radical pathway is the main contribution in carbocatalysis. The low 88 

proportion of oxygenated groups and carbon edges (sp2-conjugation with unpaired 89 

electrons) are usually the active sites to interact with the peroxide bond of PMS [30].  90 

Few works have focused on the interaction of peroxymonosulfate and graphene [34], 91 

and those available do not report the kinetic study of PMS evolution during these 92 

processes. The chemisorption of PMS onto reduced graphene oxide has been recently 93 

studied from a thermodynamic point of view [26]. The research available related to 94 

PMS and graphene is focused on the evaluation of degradation of target compounds 95 

such as phenol [24,35–37], dyes [36] or Bisphenol A [38].  96 

This work presents the study of PMS interaction onto commercial graphene, focusing 97 

the interest on the kinetics of PMS adsorption, and how the main variables (pH, PMS 98 

dose and graphene dose) affect the process. The characterization of the material before 99 

and after the treatment was also performed. Diclofenac was chosen as the target CEC, 100 
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and the efficiency of adsorption versus catalysis on the pollutant’s removal processes 101 

was studied. The role of the main process parameters (pH, graphene dose, diclofenac 102 

and PMS initial concentrations, reusability of the solid, etc.) was investigated with 103 

respect to the kinetics of the process. Scavenging probe studies revealed the importance 104 

of the non-radical pathway. PMS was found to be the most efficient oxidant compared 105 

to other oxidants such as hydrogen peroxide (H2O2), persulfate, and peracetic acid. 106 

Finally, the process was evaluated for the degradation of different types of antibiotics. 107 

2. EXPERIMENTAL 108 

2.1. Chemicals 109 

Diclofenac sodium salt (DCF, C14H10Cl2NNaO2, CAS: 15307-79-6, Sigma-110 

Aldrich®), norfloxacin (C16H18FN3O3, CAS:70458-96-7, Alfa Aesar), tetracycline 111 

(C22H24N2O8, CAS: 60-54-8, Alfa Aesar) and sulfamethoxazole (C10H11N3O3S, CAS: 112 

723-46-6, TCI America) were of analytical grade and used as received. Oxone® 113 

(2KHSO5·KHSO4·K2SO4, CAS: 37222-66-5) from Sigma-Aldrich® was used as a 114 

source of peroxymonosulfate (PMS). Hydrogen peroxide and potassium peroxydisulfate 115 

(PDS) were acquired from Fisher®. Peracetic acid (PAA) was obtained from Sigma-116 

Aldrich®. Commercial graphene nanoplatelets aggregates (CAS: 7782-42-5, 500 m2 g-1, 117 

Alfa Aesar®) were used as received. All the chemicals used for analytical purposes 118 

were of analytical grade and purchased from Sigma-Aldrich®. Test and analytical 119 

solutions were prepared with ultrapure water from a BarnsteadTM E-PureTM device 120 

(resistivity >17.5 MΩ·cm). HPLC-grade acetonitrile from Fisher Chemicals® was used 121 

for HPLC analysis. 122 
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2.2. Experimental procedure 123 

All tests were carried out in glass cylindrical beakers in which 250 mL of aqueous 124 

solution was added. The desired amount of PMS, from a concentrated solution 125 

(generally 0.01 or 0.1 M), and graphene were added under magnetic stirring. For PMS 126 

adsorption study, initial PMS concentration was within 0.39-1.17 mM and graphene 127 

0.30-1.24 g L-1. Diclofenac (DCF) removal was evaluated under the following 128 

conditions: graphene dose, 10-250 mg L-1; initial PMS concentration, 0.1-1.0 mM; 129 

initial DCF concentration, 1-10 mg L-1; pH (buffered with H3PO4 mM when necessary), 130 

3-9.  131 

At different times, samples were extracted and filtered with 0.22 µm PVDF filters. 132 

Samples for HPLC analyses were quenched with sodium thiosulfate. Catalyst recovery, 133 

when required, was completed by filtration of the solution (0.45 µm filters) and drying 134 

overnight at 100ºC. In these reusing experiments, solution volume was proportionally 135 

decreased to balance the catalyst loss after each cycle and keep constant the graphene 136 

dose.  137 

2.3. Aqueous analyses 138 

The concentration of aqueous organic pollutants was determined by High-Pressure 139 

Liquid Chromatography coupled to Diode Array Detection (HPLC-DAD). The 140 

instrument used was an Agilent® 1100. The chromatographic separation took place in a 141 

Supelco discovery® HS C18 column (15 cm x 4.6 mm, 5µm), thermally kept at 25 ºC. 142 

For individual analysis of diclofenac, a mixture of 70% of acetonitrile and 30% of 143 

acidified water (0.1% v/v of formic acid) was pumped at a rate of 0.3 mL min-1 144 

followed by quantification at 221 nm. The mixture of three antibiotics (norfloxacin, 145 

tetracycline, and sulfamethoxazole) was analyzed by pumping 1 mL min-1 of 15:85 146 
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acetonitrile: acidified water (0.1% v/v formic acid), the quantification registered at 260 147 

nm (except for norfloxacin, 286 nm). Limit of detection (LOD) and quantification 148 

(LOQ) were obtained from calibration curves [39] (see Table S1). The concentration of 149 

peroxymonosulfate (PMS) was colorimetrically determined by DPD (N,N-Dimethyl-150 

1,4-phenylenediamine) oxidation at buffered media [40]. 151 

2.4. Solid characterization 152 

Surface area and porous properties were analyzed by nitrogen adsorption-desorption 153 

isotherm in a Micromeritics® Tristar 3000 apparatus (-196 ºC, specific surface area 154 

resolution 0.01 m2 g-1). The degasification of the samples (~120 g) was performed 155 

during 24 h at 120 ºC using N2 as purging gas. 156 

The Scanning Electron Microscopy used was a Thermo ScientificTM ApreoTM device 157 

equipped with an EDAX elemental analysis detector. The accelerating voltage was 158 

within 1-30 kV at the maximum amplification. 159 

Transmission Electron Microscopy analysis was carried out in an FEI-Philips CM-20 160 

TEM device equipped with LaB6 filament, EDX analysis, and Orius CCD camera. The 161 

maximum accelerating voltage was 200 kV, the image resolution was 0.27 nm, and 162 

maximum magnification was 750,000X. For analysis, graphene powder was dispersed 163 

in pure isopropyl alcohol under vortex agitation. After that, a drop of the supernatant 164 

was fixed on a copper grid and dried at room temperature until picturing. 165 

X-Ray Diffraction (XRD) was performed in a Panalytical (Expert) 2-theta 166 

diffractometer working with monochromatic CuKα radiation (wavelength, 1.54 Å) and 167 

angle range (2θ) within 2 and 90º. 168 

Fourier Transform InfraRed (FTIR) spectroscopy was carried out in an Agilent® 169 

Cary 600 series FTIR spectrometer, at wavenumber ranging from 650 to 4000 cm-1. 170 
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Surface oxidation states of oxygen were investigated by employing PHI VersaProbe 171 

III X-ray Photoelectron Spectroscopy (XPS) microprobe instrument with Kα Al 172 

monochromatic radiation (1486.68 eV). 173 

The pH of point zero charge (pHpzc) of graphene in aqueous solution was obtained by 174 

standard acidic-base titration [41]. Briefly, 120 mg of the solid was added to 40 mL of 175 

the water solution and kept under stirring. The initial desired pH (within 2 and 12) was 176 

adjusted by adding 0.1 M HNO3 and NaOH solutions. The pH drift-test was concluded 177 

until the final pH was recorded as stable. The pH value at which the experimental curve 178 

undergoes pHinitial=pHfinal was estimated as the pHpzc. 179 

3. RESULTS AND DISCUSSION 180 

3.1. Kinetics modeling of PMS adsorption onto graphene. Influence of variables 181 

Adsorption of peroxymonosulfate onto carbonaceous materials is thought to take 182 

place via chemisorption [26]. The presence of electrostatic interactions between PMS 183 

and π-π bonds of graphene plays an important role [42]. To study the kinetic of PMS 184 

adsorption onto graphene, a Design of Experiment (DOE) using Surface Response 185 

Methodology (RSM) was carried out selecting initial PMS concentration, graphene 186 

dose, and pH as the essential variables to study. Design Expert® software was used to 187 

build the Central Composite Design (CCD) with a bunch of 20 experiments (6 188 

repetitions of the central point). Fig. 1A depicts the conditions of the set of tests 189 

launched, the range for each variable being the following: CPMS,0 from 5·10-4 to 10-3 M; 190 

Cgraphene from 0.3 to 1.0 g L-1; and pH from 5 to 9. The PMS concentration decay in the 191 

presence of graphene was monitored and results showed a fast decrease which slowed 192 

down after the first minutes. Fig. 1B shows, as an example, the kinetic of PMS 193 

concentration evolution for the central point of the selected CCD. 194 
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Figure 1. CCD applied to peroxymonosulfate adsorption onto graphene. Figure 1A, the 196 

experimental conditions of the selected Central Composite Design (black, center point; 197 

red, embedded factorial points; blue, star points). Figure 1B, the evolution of aqueous 198 

PMS-concentration versus time for the central point, experimental conditions: 199 

CPMS,0=7.5 mM; Cgraphene=0.65 g L-1; pH=7; continuous line, kinetics fitting 200 

At first sight of the profiles observed for the PMS evolution, since a stable plateau 201 

seems to be reached, no predominance of catalytic decomposition should be assumed. 202 

The main mechanism for PMS disappearance takes place by adsorption. Therefore, the 203 

experimental data were fitted to adsorption kinetic models. From all the empirical 204 

models available in the literature to describe the process of adsorption, the Elovich’s 205 

model was selected, as it better fitted than pseudo-first or pseudo-second order models. 206 

This model was first applied to fitting gas chemisorption processes [43]. Nonetheless, it 207 

has also been widely used to describe the adsorption processes of aqueous organic 208 

pollutants [44]. According to Elovich’s equation, the kinetics of PMS adsorption can be 209 

described as follows: 210 

qPMS ae
dt

dq 
 (2) 211 
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where qPMS is the PMS adsorption capacity; a represents the initial adsorption rate, and 212 

α is the adsorption rate. To simplify Elovich equation, Chien-Clayton assumed that 213 

(aα)>>1 [45]. Taking the boundary conditions as qt=0 for t=0 and qt=qt at t=t, eq. (2) 214 

can be transformed into the following: 215 

 tln
1

alnqPMS 


 







 (3) 216 

As the PMS adsorption capacity is defined as: 217 

graphene

PMSPMS
PMS C

CC
q 0




 (4) 218 

eq. (3) can be expressed as: 219 
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α
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 (5) 220 

where k=α·Cgraphene. A representation of CPMS versus ln(t) gives a straight line, from the 221 

slope of which it is possible to obtain k. Eq. (5) was used to model the experimental 222 

data. A good correlation was found, with R2>0.97 in most cases. Fig. 1B depicts the 223 

evolution of normalized PMS concentration and the goodness of the proposed fitting for 224 

the results of the central point.  225 

The constant k was selected as the response for the Surface Response Methodology 226 

in the CCD, assessing the influence of the three variables chosen in the process. The 227 

results attained for each experimental series is accomplished in Table S2. From the 228 

analysis of Expert-Design® software, the best output with a reasonable agreement 229 

between experimental k and model was a linear plus interaction regression: 230 
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 (6) 231 

Table 1 summarizes the statistical characteristics of the adjustment, with a reasonable 232 

regression coefficient (adjusted R2=0.9416). Coded values for bi constant can serve to 233 

know the relative importance of each variable and their interactions. Hence, a 234 

decreasing impact following the order PMS initial concentration > graphene dose > pH 235 

was observed. From the ANOVA analysis, the p-values obtained reveal higher 236 

significance (p<0.05) of the first-order terms if compared to the second-order 237 

interactions. More detailed statistical description can be found in the supplementary 238 

material (Table S2 and Fig. S1). 239 

Table 1. Modeling of PMS adsorption onto graphene. Statistical results of the Central 240 

Composite Design after analysis with Design-Expert® 241 

Factor Coded value p-value ANOVA Value 

b0 8261.12 - R2 0.9693 
b1 -3146.79 < 0.0001 Adjusted R2 0.9416 
b2 -1968.35 < 0.0001 Predicted R2 0.8559 
b3 -1652.74 < 0.0001 Adequate precision* 22.0211 
b4 573.66 0.0918 F-value** 35.06 
b5 446.31 0.1775 p-value (model) < 0.0001 
b6 598.56 0.0804 Lack of fit Not significant 
b7 488.37 0.0590 Sum squares (regression) 2.390·108 
b8 387.03 0.1222 Sum squares (residuals) 7.574·106 
b9 378.27 0.1299 Lack of fit Not significant 

*Adequate precision measures the signal to noise ratio. A ratio greater than 4 is desirable.  242 
**The Model F-value of 35.06 implies the model is significant. 243 

The relative impact of the variables can be identified not only from the coded values 244 

(see Table 1) but also visually from the surface 3D responses depicted with the model. 245 

Fig. 2 shows the 3D graphs for the k constant, at three selected pH values. As inferred 246 

from the figure, the influence of PMS concentration is higher than those observed for 247 

graphene dose. All the variables exerted a positive effect on the range studied. The 248 

higher the values of pH, CPMS or Cgraphene were in the ranges studied, the better the 249 
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performance of PMS adsorption reached was. Interesting is the better performance as 250 

pH increases. At pH>pHpzc, the surface of the solid is expected to be negatively charged 251 

as well as HSO5
- molecule. Therefore, other mechanism different from electrostatic 252 

repulsions must apply.  253 
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 254 

Figure 2. RSM applied to the kinetics of peroxymonosulfate adsorption onto graphene. 255 

3D surfaces for the predicted k-values at three different pH values (9, 7, 3). 256 
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3.2. Diclofenac removal by peroxymonosulfate-graphene system 257 

3.2.1. Adsorption versus PMS catalysis. Kinetics 258 

The behavior of the combination of peroxymonosulfate and graphene as oxidative 259 

technology was assessed for the removal of diclofenac as a target aqueous pollutant. 260 

Hence, a series of experiments were conducted to evaluate the catalytic potential of 261 

graphene combined with PMS. Adsorption of DCF on diverse carbon materials has been 262 

studied in previous works. Diverse performances have been reported depending on the 263 

kind of material, surface area, particle size, presence of surface oxygenated groups, and 264 

other factors. Generally, the kinetics fit a pseudo-second order model and the isotherm 265 

can be explained by Langmuir equation. Table 2 summarizes the maximum capacity of 266 

adsorption, specific surface area, models used for kinetics and isotherms for some recent 267 

works on carbon-based adsorbents available in literature. 268 
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Table 2. Summary of studies with carbonaceous materials applied for DCF adsorption. 269 

Material 
Specific surface 

area (m2 g-1) 
Kinetic model 

Equilibrium model 

Ref. 
Model 

Maximum  

adsorption 

capacity (mg g-1) 

Oxidized AC1 704 Pseudo-second order Langmuir 487 [46] 
Commercial AC 1016 Pseudo-second order Langmuir 83 [46] 

GAC2 997 - Freundlich 297 [47] 
GAC 1156 Pseudo-second order Langmuir 385 [48] 

AC from olive Stone 83.7 Pseudo-second order Langmuir 11.0 [49] 

AC from agricultural byproducts 793 Pseudo-second order Langmuir 56.2 [50] 
AC from cocoa shell 619 Pseudo-second order Liu 63.4 [51] 

Carbon nanofibers 199 - Langmuir 29.9 [52] 
Multi-walled carbon nanotubes 162 - Langmuir 41.4 [52] 
Multi-walled carbon nanotubes 382 Pseudo-second order Freundlich 209 [53] 

Multi-walled carbon nanotubes 13 
Pseudo-second order 
Intraparticle diffusion 

Langmuir 7.26 [54] 

GO3 - - Langmuir 500 [55] 

rGO4 98 Pseudo-second order Liu 59.6 [56] 
rGO aeorgel 132 Pseudo-first order Langmuir 342 [57] 

1AC: Activated Carbon; 2GAC, Granular Activated Carbon; 3GO, Graphene Oxide; 4rGO, reduced Graphene Oxide. 270 
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Fig. 3A depicts the normalized DCF concentration evolution versus time, undergone 271 

for adsorption and PMS-aided catalysis. At first sight, graphene presented a high 272 

adsorption capacity of DCF, the kinetics is slightly improved in the presence of PMS 273 

when graphene dose was higher than 100 mg L-1. The initial rate of DCF disappearance 274 

was estimated to be 0.582 mg DCF min-1 for adsorption versus 0.850 mg DCF min-1 for 275 

PMS reaction when working with 100 mg L-1 of graphene, which means that the 276 

catalytic process accelerated the process initially circa 1.461 times. At graphene doses 277 

of 20 mg L-1 the initial rate constant was 1.535 times higher when PMS was added if 278 

compared to adsorption. Moreover, the presence of PMS improved the elimination of 279 

DCF especially at a low dose of graphene, achieving 84% after 2 hours of treatment if 280 

compared to 64% of the adsorption process. 281 
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Figure 3. (A) Adsorption versus PMS-catalysis of DCF onto graphene. Experimental 283 

conditions: V=250 mL; CDCF,0=5 mg L-1; CPMS,0=0.1 mM; Cgraphene=100 or 20 mg L-1; 284 

pHinitial=4.0-4.4 (unbuffered). (B) Adsorption isotherm of DCF onto graphene. 285 

Experimental conditions: V=50 mL; Cgraphene=100 mg L-1; CDCF,initial=100 to 10 mg L-1; 286 

pHequilibria=3.6-4.0. Dashed lines: modeled kinetics (A) and isotherm (B) 287 

From all the pseudo empirical approaches available to the adsorption kinetics 288 

followed during the DCF removal, the pseudo-second-order adsorption model seems to 289 
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best describe the results, as is also used in most of adsorption graphene-based materials 290 

[7]. This adsorption model identifies the adsorption process as second-order chemical 291 

reaction as follows: 292 

2
DCFDCF2

DCF )qq(k
dt

dq
e
  (7) 293 

where qDCF is the DCF adsorption capacity, qDCF,e is the DCF adsorption capacity at 294 

equilibrium, and k2 is the adsorption constant of the model. Eq. (7) can be transformed 295 

into DCF concentration, leading to: 296 

2
DCFDCF

graphene

2DCF )CC(
C

k

dt

dC
e

  (8) 297 

Differential Eq. (8) was numerically solved, i.e. Euler’s method, and adjusted to the 298 

experimental data by non-linear regression. 299 

To kinetically explain the decay of DCF in PMS-catalysis with graphene, a reaction 300 

term was tentatively added to Eq. (8): 301 

DCFobs
2

DCFDCF
graphene

2DCF Ck)CC(
C

k

dt

dC
e

  (9) 302 

where the rate constant kObs is a pseudo-first-order rate constant of the catalytic reaction 303 

launched by PMS. 304 

Eqs. (8) and (9) were successfully fitted to the experimental data in those cases in which 305 

the surface of graphene was completely saturated with DCF. The dashed lines presented 306 

in Fig. 3A depicts the modeling results of DCF decay, either in presence or absence of 307 

PMS, and the values attained for that simulating kinetics are available in Table 3. In the 308 

next section, in which the influence of the operational variables is presented, Eqs. (8) 309 

and (9) were also used as a tool to explain the observed kinetics. 310 

Table 3. Adsorption versus PMS-catalysis of DCF onto graphene at low concentration 311 

(20 mg L-1). Adjusted parameters to the pseudo-second-order model kinetics 312 
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Pseudo-second order parameters 
System 

Graphene Graphene+PMS 

k2, g graphene (mg DCF)-1 min-1 1.229 1.389 
CDCF,e, mg L-1 1.588 1.070 

kObs·103 (min-1) - 5.92 
R2 0.999 0.999 

The adsorption capacity of graphene-based materials is highly related to the structure 313 

of the molecule, and therefore, the interactions that may be taking place onto the surface 314 

of the material. These can mainly be summarized as electrostatic, hydrogen bonds if the 315 

surface is partially oxygenated, and π-π interactions between adsorbate and adsorbent 316 

[44]. The adsorption isotherm of DCF onto the commercial graphene was obtained and 317 

the experimental data were successfully fitted to the Langmuir model [7,58], which 318 

assumes equal possibility to the physical and chemical binding and homogeneous 319 

surface: 320 

eDCF,L

eDCF,LmaxDCF,
eDCF, Ck1

Ckq
q




 (10) 321 

where qDCF,e is the adsorption capacity of DCF at equilibrium; qDCF,max is the maximum 322 

monolayer capacity of DCF; CDCF,e is the DCF concentration reached equilibrium; and 323 

kL is the constant of the Langmuir model. Eq. (10) was solved by non-linear regression 324 

fitting, providing a satisfactory description (R2=0.98; see Fig. 3B) with the following 325 

values for the constants: qDCF,max=610.8 mg DCF (g graphene)-1; and kL=0.279 L (mg 326 

DCF)-1. The maximum capacity value obtained is in good agreement with the reported 327 

previously for graphene oxide (500 mg DCF per g of graphene) [59].  328 

The direct reaction between organic substances and PMS has been reported to be 329 

thermodynamically feasible for pollutants of emerging concern [60–63]. PMS is also a 330 

well-known soft oxidant agent used in organic synthesis of diverse substances such 331 

hydrocarbons, hydroxylated compounds, carbonyl organics, amines, nitrogen 332 

heterocycles, and organic containing sulfur, phosphorous and halogen atoms [64]. 333 



19 
 

However, no direct reaction between DCF and PMS was achieved under the conditions 334 

tested in Fig. 3A at a molar ratio of DCF: PMS~1:6. Nevertheless, moderate conversion 335 

of DCF after 2 hours of direct reaction with PMS was observed at higher molar ratios 336 

(39.1%, 60.2%, and 66.8% at DCF: PMS molar ratio of ~1:30, ~1:60, and ~1:600, 337 

respectively; results not shown).  338 

3.2.2. PMS catalysis with graphene. Influence of process variables 339 

The influence of the main process variables affecting the degradation of DCF by 340 

PMS+graphene catalytic system was assessed. Graphene dose, pH, PMS, and DCF 341 

initial concentration were selected as the most relevant. Fig. 4 depicts the results 342 

obtained. 343 

As shown in Fig. 4A, graphene dose was found to be one of the most important 344 

variables since the catalytic effect on DCF removal was quite influenced by the great 345 

adsorption capacity of graphene. A stable plateau of CDCF was observed during the 346 

adsorption process when graphene dose was within 10 and 50 mg L-1, due to the 347 

saturation of the surface. The addition of PMS under these conditions improved the 348 

initial DCF degradation with a slower linear stage. Notably, 50 mg L-1 of graphene was 349 

capable of completely removing DCF from the aqueous media in 60 min. The higher 350 

dose of graphene led to complete adsorption of DCF, and the addition of PMS slightly 351 

accelerated the process. 352 

pH exerts an important role since pKa of DCF and PMS, in conjunction with the pH 353 

of the point of zero charge (pHpzc) of graphene, determine the electrical interactions 354 

between the adsorbate and solid surface. pHpzc for fresh graphene was found to be 5.37 355 

(see Fig. S2). Aqueous pH<pHpzc means surface positively charged; therefore, high 356 

attraction potential for anions. DCF’s pKa is 4.15 while the second dissociation constant 357 
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for PMS into SO5
2- has a pKa=9.4 [65]. Adsorption of both species is expected to play 358 

the main role at pH lower than pHpzc. At pH below pHpzc, higher adsorption affinity of 359 

DCF (neutral) is expected if compared to pH>pHpzc. At basic pH, it is expected that the 360 

electrostatic repulsion between graphene surface and deprotonated DCF impedes the 361 

adsorption process. As can be observed from Fig. 4B, there is a negative influence of 362 

increasing pH from 3 to 9, during PMS catalytic process. A less positively, or 363 

negatively, charged graphene surface would disfavor adsorption of DCF. The 364 

enhancement of catalysis with respect to adsorption process is higher at acidic 365 

conditions. The raise of pH during adsorption of PMS, contrary to what expected 366 

according to the same reasoning carried out for DCF, exerted a positive effect. That 367 

indicates that another mechanism different from electrostatic repulsion might play an 368 

important role for PMS.  369 

The influence of the initial concentration of PMS is frequently evaluated in catalytic 370 

systems in order to assess the optimum dose. Some experiment at different initial PMS 371 

concentration (0.1-1.0 mM) where conducted. Although the pH was lower as the initial 372 

PMS concentration was increased (unbuffered tests), the effect of pH is expected to be 373 

minimal as the initial pH differs in only one unit.  PMS dose exerts a positive influence 374 

until reaching an optimum; after that, it starts to become negative. The higher the 375 

amount of oxidant, the better the performance registered in the targeted pollutant. 376 

However, as it is also observed in this system, after a certain dosage of PMS, a slightly 377 

negative effect is observed. In this particular case, CPMS,0>0.75 mM caused a partial 378 

inhibition (see Fig. 4C). It is well known that when PMS is in excess, it is auto 379 

consumed by radicals, triggering a scavenging effect in which the target pollutant and 380 

PMS compete for the generated oxidizing species [66]: 381 

  /HOHSOSO/SOHOHSO 2
4545  (10) 382 
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Nevertheless, carbocatalysis with inorganic peroxides like PMS is thought to take place 383 

by a non-radical pathway through singlet oxygen generation (1O2). Similarly, PMS in 384 

excess seems to compete with the organic (DCF) for non-radical oxidant species. An 385 

overdose of oxidant affects negatively after reaching an optimum value. 386 

An increase in the initial DCF is expected to impact positively the elimination rate of 387 

the organic, as proposed in Eq. 9. Since the effect of initial DCF concentration is hard to 388 

be analyzed from the temporal evolution of normalized concentration, the initial rate 389 

was estimated as a better tool to study this variable. Thus, as observed in Fig. 4 D1, an 390 

increase of initial DCF concentration enhanced the degradation rate of the 391 

micropollutant.  392 

393 
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Figure 4. Operational variables influence in the removal of DCF by PMS-catalysis. (A) 395 

Influence of graphene dose (symbols filled, PMS-catalysis; empty, adsorption), 396 

experimental conditions: CDCF,0=5 mg L-1; CPMS,0=0.1 mM (if necessary); pH=free. (B) 397 

Influence of pH, experimental conditions: CDCF,0= 1mg L-1; CPMS,0=0.1 mM; Cgraphene=20 398 

mg L-1; pH buffered (CH3PO4=5 mM). (C) Influence of initial PMS concentration, 399 

experimental conditions: CDCF,0=1 mg L-1; Cgraphene=20 mg L-1, pHinitial=3.4-4.4 400 

(unbuffered). (D) Influence of initial DCF concentration, experimental conditions: 401 

Cgraphene= 20 mg L-1; CPMS,0=0.1 mM; pH=unbuffered. 402 

3.2.3. Reusability of graphene in adsorption vs. reaction with PMS 403 

The loss of activity during the catalytic process was evaluated by reusing the catalyst 404 

after 2 hours of reaction. For that purpose, the solid was recovered by filtration and 405 

dried overnight. To balance the graphene dose, the volume of the reaction was 406 

readjusted according to the catalyst loss. Fig. 5 depicts the results of the evolution of the 407 

DCF normalized concentration versus time during four consecutive runs in the presence 408 
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of 100 mg L-1 of graphene. Adsorption results during recycling are also accomplished to 409 

compare both processes. 410 

As inferred in Fig. 5 the catalytic deactivation of graphene in the presence of PMS 411 

was minimal, and only after 3rd and 4th run ~5% of residual DCF is observed. That 412 

effect may be related to the adsorption of intermediates or final oxidation products with 413 

a better affinity towards graphene surface. Adsorption process became inefficient after 414 

the 3rd run as the active centers started to be blocked by adsorbed DCF molecules. No 415 

desorption of DCF was observed in the absence of PMS under the experimental 416 

condition tested. The use of PMS-catalysis with graphene proved to be more efficient 417 

than the adsorption process.  418 
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Figure 5. Graphene reusability test during adsorption (empty symbols) and PMS-420 

catalytic (filled symbols) tests. Experimental conditions: V=250 mL; CDCF,0=5 mg L-1; 421 

CPMS,0=0.1 mM; Cgraphene=100 mg L-1; pHinitial=4.0-4.4 (unbuffered). 422 

3.2.4. Study on oxidative pathways with quenchers and PMS effectiveness compared 423 

to other oxidants 424 

The oxidative pathway of the process that combines PMS and graphene was studied 425 

by adding scavengers that presumably suppress certain radicals or non-radical oxidative 426 

pathways. Although this technique might be controversial due to the lack of selectivity 427 
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of the available quenchers towards a specific radical; it is still useful since it allows to 428 

discern the preferential pathway. In PMS aqueous chemistry, the following main 429 

Reactive Oxidative Species (ROS) are expected to participate: HO•, SO4
•-, O2

•- and 1O2. 430 

Accordingly, different inhibitors of these oxidative pathways were tested. Results are 431 

depicted in Fig. 6. 432 

Linear alcohols (i.e. methanol, ethanol or iso-propanol) react moderately fast with 433 

both hydroxyl and sulfate radicals [42]. For example, the reported values for the second-434 

order rate constant of ethanol with hydroxyl and sulfate radicals are, respectively, in the 435 

order of 109 and 107 M-1 s-1 [21]. However, not all alcohols present similar reactivity 436 

towards superoxide anion. Methanol reacts fast with superoxide (order of 107 M-1 s-1) 437 

whereas ethanol and i-isopropanol are more selective (102 M-1 s-1 and <0.1 M-1 s-1, 438 

respectively) [67]. To distinguish the predominance of hydroxyl or sulfate radicals, tert-439 

butyl alcohol (TBA) is usually used, as it reacts slower with SO4
•- (in the order of 105 440 

M-1 s-1) than HO• (in the magnitude of 108 M-1 s-1) [42]. The testing assays in the 441 

presence of ethanol or tert-butyl alcohol did not inhibit the DCF decay during the 442 

process, which may be indicative of no predominance of HO•/SO4
•- species in the 443 

process.  444 

p-benzoquinone (pBZQ) is frequently used as superoxide radical quencher in PMS 445 

oxidation technologies [42]. Even so, pBZQ is also very reactive with HO• (rate 446 

constant, in the range of 109 M-1 s-1 [68]) and SO4
•- (in the magnitude of 108 M-1 s-1 447 

[69]). The direct reaction of pBZQ and PMS, under alkaline pH, has been recently 448 

reported as an effective technology to produce 1O2 due to the catalytic effect of HO- 449 

anions [32]. Since the pH of the reaction during the experiment was below 5, this latter 450 

reaction can be disregarded. From the results with EtOH and TBA, it can be accepted 451 

that if pBZQ affects the kinetics is due to the influence of superoxide radical. Fig. 6 452 
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reveals a slight influence of this species since the addition of pBZQ did not affect 453 

considerably the removal rate of DCF. 454 

Na3N has been widely applied for the inhibition of 1O2 contribution (rate constant, 455 

2·109 [65]); however, it also reacts with radical species (respective rate constant with 456 

HO• and SO4
•- in the order of 1010 [70] and 109 M-1 s-1 [71]). Moreover, the results 457 

adding Na3N must be cautiously analyzed due to the possibility of the reaction of the 458 

quencher with PMS molecules, as recently reported by Yang et al [62]. Furthermore, the 459 

kinetic reaction of NaN3 and O2
•- remains still unclear [30]. Since the addition of EtOH 460 

or TBA did not inhibit the process, the scavenging effect produced by NaN3 in this 461 

system could only be attributed to the reaction with PMS and/or 1O2. As can be inferred 462 

from Fig. 6, no conclusion about a unique contribution of 1O2 can be obtained. 463 

However, better results can be extracted when adding furfuryl alcohol (FFA). FFA is 464 

also commonly used for the study of 1O2 role (rate constant for the reaction 1.2·108 M-1 465 

s-1 [42,72]). FFA also scavenges HO• (1.5·1010 M-1 s-1 [42]), whose presence have been 466 

previously proved to be negligible. The same reasoning can be extrapolated to SO4
•-, 467 

although no available information about the kinetics with FFA is available. The addition 468 

of FFA in the PMS+graphene system led to complete inhibition of the reaction 469 

contribution. The DCF degradation obtained was quite similar to that obtained for the 470 

adsorption under the same experimental conditions.  471 

Summarizing, from the chemical scavenging tests conducted, the main contribution 472 

of a non-radical pathway can be envisaged. The presence of π electrons on the surface 473 

of graphene enhances the adsorption of the oxidant and organic adsorbates, promoting 474 

the oxidation without the presence of free radicals in the media. 475 
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Figure 6. Effect of scavengers on DCF removal during the PMS-catalysis with 477 

graphene. Experimental conditions: V=250 mL; CDCF,0=5 mg L-1; CPMS,0=0.1 mM 478 

(except for adsorption control); Cgraphene=20 mg L-1; pHinitial=4.0-4.4 (before scavenger 479 

adding, unbuffered). Concentration of quenchers (when applied), CEtOH=5 mM; CTBA=5 480 

mM; CBZQ=50 µM; CNaN3=10 mM; CFFA=10 mM. 481 

The efficiency of PMS was compared to other common oxidants used for the 482 

oxidation of organics, commonly activated by the radical pathway. A series of assays 483 

with peroxydisulfate (PDS), hydrogen peroxide (H2O2), and peracetic acid (PAA) were 484 

carried out (see Fig. 7) for the degradation of DCF by non-radical oxidation on the 485 

surface of graphene. Although non-activated direct reaction may take place for certain 486 

micropollutants [61,73,74], the direct reaction of DCF with PDS, H2O2, and PAA was 487 

negligible under the conditions tested. The combination of these oxidants and graphene 488 

led to an enhanced DCF depletion if compared to adsorption (54% DCF removal in 2h), 489 

the order of reactivity being PMS (87%)~PDS (86%)>PAA (79%)> H2O2 (62%). The 490 

activation of hydrogen peroxide in graphite [75] and activated carbon [75,76] has been 491 

reported to take place, mainly due to the presence of oxygenated surface groups [76]. 492 

Recently, PAA activation in carbon fibers has been postulated as more efficient than 493 
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H2O2 [77], which is a good agreement with the results obtained in this study. The best 494 

results of DCF removal were achieved when using PMS or PDS.    495 
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Figure 7. PMS versus other oxidants in the catalysis with graphene. Experimental 497 

conditions: V=250 mL; CDCF,0=5 mg L-1; Coxidant,0=0.1 mM (except for adsorption 498 

control); Cgraphene=20 mg L-1 (when necessary); pHinitial=4.0-4.4 (unbuffered). 499 

3.3. Peroxymonosulfate-graphene system applied to a mixture of antibiotics 500 

The study applied to diclofenac as target aqueous pollutant was extended to a 501 

mixture of three antibiotics, i.e. norfloxacin, tetracycline, and sulfamethoxazole, 502 

frequently reported as contaminants of emerging concern [13,78,79]. Thus, Fig. 8 503 

summarizes the results attained for the degradation during the direct oxidation with 504 

PMS, the adsorption onto graphene, and the combination of PMS and graphene.  505 

The direct reaction of PMS after 2 h resulted in 20%, 30%, and 85% degradation of 506 

norfloxacin, sulfamethoxazole, and tetracycline at initial contaminant: PMS molar ratio 507 

of 1:32, 1:25, and 1:44, respectively. Only tetracycline was significantly oxidized by 508 

direct reaction with PMS. This behavior has also been reported previously under high 509 
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tetracycline: PMS ratio [80]. Sulfamethoxazole and norfloxacin are also expected to 510 

undergo direct oxidation with PMS according to the literature [62,81].  511 

The extent of adsorption process depends on the hydrophobic interactions of organic 512 

adsorbates and π electrons of graphene as the main route of the adsorption process [9]. 513 

The octanol-water partition coefficient (KOW) values can be used as a tool to predict and 514 

compare the adsorption affinity of the different target organics. According to the 515 

decreasing values of KOW, the adsorption affinity should be sulfamethoxazole > 516 

norfloxacin > tetracycline [82]. Nevertheless, the observed order was norfloxacin > 517 

tetracycline > sulfamethoxazole. This suggests that not only the hydrophobicity is a 518 

determining factor, but also the molecular complexity, the number of aromatic rings, 519 

and their spatial distribution play a role, among other factors. All the amount of 520 

norfloxacin was completely adsorbed in ca. 30 min whereas almost 2 h were necessary 521 

for complete adsorption of tetracycline. Only 80% of sulfamethoxazole was absorbed in 522 

2 h, reaching the equilibrium conditions after 90 min. 523 

Considering the different reactivity towards direct oxidation with PMS and the 524 

affinity to graphene adsorption for the three antibiotics, the combination of PMS and 525 

graphene led to different results. In the case of norfloxacin, due to the high adsorption 526 

affinity, no significant improvement in the compound's kinetic removal was achieved 527 

when applying PMS and graphene. Tetracycline removal was significantly enhanced 528 

when adding PMS, leading to a faster and complete degradation in 15 min. For the case 529 

of sulfamethoxazole, the degradation kinetics was also improved. 530 
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 531 

Figure 8. Adsorption versus PMS-catalysis onto graphene of a mixture of antibiotics 532 

(norfloxacin, tetracycline, and sulfamethoxazole). Experimental conditions: V=250 mL; 533 

Ci,0=5 mg L-1 (each); CPMS,0=0.5 mM; Cgraphene=100 mg L-1; pHinitial=4.0-4.8 534 

(unbuffered).  535 
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3.4. Graphene characterization before and after oxidative treatment with PMS 536 

The surface properties of the commercial graphene nanoplatelets were studied by 537 

means of diverse techniques before and after being in contact with PMS in similar 538 

conditions to those developed during the oxidative treatment of pharmaceutical, i.e. 539 

ratio CPMS: Cgraphene = 0.1 mM: 100 mg L-1.  540 

The morphology of the nanoparticles was studied by SEM and TEM microscopy. No 541 

differences between the fresh commercial graphene and the PMS treated were observed. 542 

From SEM micrographs (Fig. 9), it can be observed that the nanoplatelets are 543 

aggregated forming a bigger conglomerate, in some cases over 1µm size. In TEM 544 

images (Fig. 9), it is possible to observe the presence of transparent sheets of different 545 

shapes and sizes. 546 

SEM

TEM

 547 

Figure 9. SEM (up) and TEM images (down) of fresh commercial graphene 548 

nanoplatelets  549 
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The specific surface area was determined by N2 adsorption-desorption isotherm for 550 

the fresh commercial graphene and the PMS treated sample. No significant differences 551 

before and after the use of PMS were obtained. As shown in Fig. S3, both isotherms 552 

describe a reversible II-type isotherm according to IUPAC classification [83]. This 553 

behavior of unrestricted multilayer physisorption is characteristic of non-porous 554 

materials. Moreover, from the results obtained with the BJH method for pore 555 

distribution, a sharp decay in the mesoporous range is observed. Similar results were 556 

obtained for the PMS-treated sample (results not shown). The BET specific surface 557 

areas obtained were 494±3 and 485±3 m2 g-1 for fresh and PMS-treated graphene, 558 

respectively. The initial value is in good agreement with that provided by the 559 

manufacturer (500 m2 g-1). It can be concluded that the material is practically stable and 560 

does not lose its N2 adsorption properties after the addition of PMS for catalytic 561 

activation (less than 1.8% of specific surface area loss). 562 

Graphene XRD diffractogram is characterized by the presence of broader peaks, low 563 

angle displacement, and reduced peaks if compared to the graphite XRD spectrum, 564 

which means a larger distance between planes [84]. In the commercial graphene, either 565 

before and after using PMS treatment, the main peak appears at ca. 26.4º, which is 566 

characteristic of the graphitic hexagonal structure [85]. No significant difference in the 567 

XRD spectrum after PMS-treatment was registered as shown in Fig. 10. Graphene oxide 568 

usually presents a peak around 10º, not observed in this material, attributed to the (001) 569 

plane, corresponding to a higher distance between planes if compared to reduced 570 

graphene in which this peak disappears leading to the (002) plane [86]. XRD spectrum 571 

suggests that the material is stable after being used in PMS catalysis with lack of 572 

oxygenated surface groups. 573 
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Figure 10. XRD spectra of commercial graphene nanoplatelets before and after PMS-575 

treatment 576 

No oxygenated functional groups were observed in FTIR spectra before or after the 577 

addition of PMS (see Fig. S4). The lack of significant peaks in FTIR is characteristic of 578 

graphitic carbon with a very low proportion of oxygenated groups [85]. Nevertheless, 579 

the presence of oxygen in the surface of graphene was further studied by XPS analysis. 580 

The high-resolution spectra of O1s region, available in Fig. 11, for the solid before and 581 

after the treatment with PMS, presented the contribution of four main oxygenated 582 

groups, e.g., carbonyl, hydroxyl, carboxylic and ester [87]. The amount of chemisorbed 583 

O2 was negligible, and the deconvoluted contribution for this chemical state has not 584 

been considered in Fig. 11. Table 4 summarizes the contribution percentages of each 585 

oxygenated species. As can be observed, after adding PMS, surface hydroxylated and 586 

carbonyl groups decreased. Nevertheless, the contribution of C-O and carboxylic groups 587 

increased after adding PMS. Recently, a thermodynamics study of the PMS-adsorption 588 
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into reduced graphene oxide has reported that PMS molecules present tendency to be 589 

adsorbed preferably onto C=O as a Lewis basic site [26]. It is thought that the 590 

nonbonding electron pair of oxygen in carbonyl group is more attractive to PMS 591 

molecule if compared to other oxygenated groups. Moreover, from the atomic total O in 592 

each sample, which is very similar, it is deduced that the oxygenation process proceeds 593 

through oxidation of hydroxyl to increase the percentage content of carboxylic and 594 

ketonic groups. 595 

Table 4. XPS percentages of oxygenated species of graphene nanoplatelets before and 596 

after PMS-treatment 597 

Oxygenated group 

(%) 

Fresh 

graphene 

PMS-treated 

graphene 

C=O 43.8 42.2 
C-OH 21.2 16.9 

O=C-OH 9.0 14.6 
C-O 22.9 26.1 

Total atomic O (%) 6.36 6.78 
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Figure 11. XPS high-resolution spectra of O1s region of commercial graphene 599 

nanoplatelets before and after PMS-treatment 600 

4. CONCLUSIONS 601 

The kinetics of the adsorption of PMS onto commercial graphene can be successfully 602 

fitted to the Elovich equation. An experimental design showed that initial PMS 603 

concentration was the variable that affected the most the rate constant for the process, 604 

followed by graphene dose and then slightly by pH. 605 
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Graphene displayed a high adsorption capacity of the target organic contaminant in 606 

water. During diclofenac removal, kinetically speaking, the presence of PMS influenced 607 

positively at low doses of graphene, while the effect was less significant at higher doses. 608 

This behavior was also observed during the treatment of a mixture of antibiotics 609 

(norfloxacin, tetracycline and sulfamethoxazole). Not only the concentration of 610 

graphene is crucial in the process, but also the initial pH of the solution that rules the 611 

electrical interactions between adsorbates, i.e. diclofenac and oxidant, and graphene. 612 

The mechanism of the process was tentatively assessed by quenchers study which 613 

revealed the lack of radicals present in the process. The effectiveness of PMS in the 614 

catalytic activation of graphene was also compared to peroxydisulfate (PDS), hydrogen 615 

peroxide, and peracetic acid (PAA). The reactivity order for diclofenac removal was 616 

PMS~PDS>PAA>H2O2. 617 

Solid characterization of the material revealed high stability towards PMS presence. 618 

The adsorption capacity was not compromised as the measured specific surface area 619 

after treatment was not altered (1.8% of surface area loss after PMS addition). The 620 

morphology and crystallinity did not suffer significant changes. XPS technique showed 621 

an increase in the proportion of carboxylic groups coming from the oxidation of surface 622 

carbonyl and hydroxylated groups. 623 

Further studies on the interaction of the PMS catalytic system with the 624 

transformation products and the final oxidation products are encouraged in future work. 625 

Also, limitations of this technology such as separation of the solid, its further 626 

regeneration, and suitable PMS dosage that does not compromise the release of sulfate 627 

need further consideration for real applications. 628 

629 
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