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ABSTRACT 29 

This work accounts for the first example of dry Kiwi Peels to remove emerging pollutants from 30 

water. Both the inner and outer sides of Kiwi Peels were characterized by using in synergy FTIR-31 

ATR, TG, and SEM analyses before and after its use and re-use, proposing it as long-lasting, 32 

recyclable adsorbent material. Among the tested 14 emerging pollutants, 6 of them were 33 

successfully removed by Kiwi Peels, also if present in mixtures, calculating the Kiwi Peels 34 

maximum adsorption capacities, occurring in the range of 1-4 mg/g. To infer information about the 35 

behavior of Kiwi Peels during water treatments, Ciprofloxacin, a well-known and largely used 36 

antibiotic, was selected as a dangerous model contaminant. The roles of ionic strength, pH values, 37 

adsorbent/pollutant amounts, and temperature values during the adsorption process were assessed, 38 

giving physical and chemical information about the whole adsorption process. The 39 

thermodynamics, the adsorption isotherms, and kinetics were studied. The Freundlich model, with a 40 

good correlation, well described the obtained results, indicating the heterogenous character of the 41 

Ciprofloxacin adsorption with the formation of a multilayer of pollutant molecules onto the 42 

adsorbent surface. If, on the one hand, in the range of temperatures 283-303K, the Ciprofloxacin 43 

adsorption was favored by increasing the temperature, on the other hand, the adsorption was 44 

hindered by further incrementing of temperature due to the pollutant desorption. Until the 45 

occurrence of desorption, the process occurred with ΔH° and ΔS° > 0 with a ΔG° < 0. Both the 46 

pseudo-first and pseudo-second-order kinetic equations seemed to describe the process with the 47 

applicability of the Weber-Morris model. The results suggested the main presence of electrostatic 48 

interaction between the pollutant and adsorbent by changing the pH values and ionic strength of 49 
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Ciprofloxacin solutions. As a whole, from the obtained results, the best condition to remove 50 

Ciprofloxacin is neutral pH in the absence of salt at 303K. The Kiwi Peels and Ciprofloxacin 51 

recycling was also investigated by performing desorption experiments using 0.1M MgCl2 solution, 52 

increasing the Kiwi Peels maximum adsorption capacity at least from 4 to 40 mg/g for 53 

Ciprofloxacin. At least 10 cycles of adsorption/desorption were performed, desorbing almost 75% 54 

of adsorbed pollutants during each run. Preliminary information about the possibility of inducing 55 

the solid-state pollutant photodegradation by using Advanced Oxidation Processes was also 56 

explored, giving a possible alternative for pollutant desorption and adsorbent recycling. 57 

 58 

 59 

KEYWORDS: Kiwi Peels; Emerging pollutants; Ciprofloxacin; Adsorption; Recycling; 60 
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1. INTRODUCTION 62 

Several components usually pollute wastewater and water matrices also as a mixture of various 63 

contaminants, such as heavy metals, inorganic salts, and textile dyes, with high toxicity (Obinna and 64 

Ebere, 2019). So, suitable strategies, especially devoted to adsorption techniques, to obtain clean 65 

water were carefully developed and well described in the recent and past literature (Iwuozor et al., 66 

2022; Rashed, 2013; Rigoletto et al., 2022; Rizzi et al., 2018, 2017).  67 

However, as a relatively rising and global problem, Emerging Pollutants (EPs) are increasingly 68 

present. These are not regulated substances that could affect human health and the whole 69 

environment, inducing severe problems as already reported in our previous works (Rizzi et al., 70 

2021, 2020b, 2020a, 2019a). Personal care products, pharmaceutical industry wastes, hospitals, and 71 

agricultural wastewater are examples of samples containing EPs that could affect water quality 72 

(Azizi, 2021). Different approaches were investigated to solve this problem(Liakos et al., 2021). 73 

However, due to the economic aspects and possible dangerous secondary by-products, most 74 

reported approaches are not easily applicable (Afolabi et al., 2020). On the other hand, due to the 75 

usually associated low costs and simplicity, the adsorption process was largely employed to treat 76 

water according to Green Chemistry and Sustainable Development principles (Rizzi et al., 2021). 77 

For example, to remove pharmaceutical compounds and textile dyes, natural biopolymers (i.e., 78 

chitosan, alginate) and agricultural wastes have gained great interest in the last years under the 79 

circular economy philosophy (Rizzi et al., 2020a, 2019a, 2017). The Bhatnagar et al.(Bhatnagar et 80 

al., 2015) review is very explicative by presenting Peels from fruits and vegetables employable as 81 

precursors to obtain activated carbon for water remediation. Although most of the Peels from fruits 82 

were largely investigated (Aman et al., 2008; Shuaibing and Qihua, 2013; Xu et al., 2014), Kiwi 83 

Peels present only few applications, suggesting that the Kiwi Fruit by-products could be furtherly 84 

valorized, giving these wastes the possibility to become a resource (Sanz et al., 2021).  85 

 86 
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Indeed, Chamorro et al. reported that in 2019, Kiwi cultivation occupied a surface of ~ 270 × 103 87 

ha worldwide, and Europe contributed with ~ 43 × 103 ha. Accordingly, the Kiwi waste production 88 

is high, and it accounts globally for ~ 4.5 × 106 tons, whereas Europe produces ~1 × 106 tons 89 

(Chamorro et al., 2022). Consequently, this implies a huge global production of Kiwi wastes with 90 

dangerous consequences for the environment, encouraging the use of circular economy approaches 91 

as the most pertinent. Therefore, the latter should be supported for more sustainable development.  92 

To our knowledge, in the available literature, the Kiwi’s cortex use was described to remove Cd2+, 93 

Cr3+ and Zn2+ ions (Al-Qahtani, 2016), nitrate (Mokif et al., 2018), and oil (Saleh Jafer and Hassan, 94 

2019), or to obtain activated carbon for the removal of Pb2+ (Rahimnejad et al., 2018). While it is 95 

worth noting that the use of Kiwi Peels to remove organic pollutants, such as EPs, from water is not 96 

discussed. 97 

On this ground, the present work aims to widen the Kiwi Peels’ applicability by proposing them as 98 

an adsorbent to remove EPs from water by adopting safe work conditions, reducing the 99 

environmental impact and the associated costs. Indeed, only a few washing cycles with water were 100 

used as Kiwi Peels’ pretreatment to remove the pulp and dirty present on them. Propoxur, Atenolol, 101 

Carbendazim, Furosemide, Ciprofloxacin (CIP), Paracetamol, Tetracycline (TC), 102 

Sulfamethoxazole, Carbamazepine, Diclofenac (DCF), Ketoprofen (Kp), Naproxen, Propranolol 103 

(PRO), and Hydrochlorothiazide (HCTZ) were tested as EPs. CIP, PRO, TC, DCF, Kp, and HCTZ 104 

were successfully removed, evidencing Kiwi Peels’ potential concerning other adsorbents that 105 

remove few pollutants. Among the various tested EPs, the attention was focused on the antibiotics 106 

class, largely used to treat different diseases, because it is well-known how their improper disposal 107 

worsens the water contamination problem (Nassar et al., 2019), becoming a worldwide concern for 108 

the last few decades (Afzal et al., 2018; Gothwal and Shashidhar, 2015; Ulyankina et al., 2021). In 109 

addition, among the most used antibiotics, the Ciprofloxacin was selected as a model pollutant due 110 

to its well-known negative environmental impact (Ashiq et al., 2019; Fan et al., 2020; Khan et al., 111 

2020; Ma et al., 2015; Tran et al., 2019; Yu et al., 2018). This choice was due to the current use of 112 
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fluoroquinolones antibiotics, including Ciprofloxacin, for treating patients affected by SARS-CoV-113 

2 associated pneumonia, whose massive use could increase water pollution, also considering that, 114 

unfortunately, about 80% of the CIP’s consumed amount is excreted unaltered into the effluents 115 

(Eze et al., 2021; Ji et al., 2021; Ulyankina et al., 2021). The importance and relevance to the CIP’s 116 

removal are evident by looking at the very high number of works available in the literature and 117 

reported in Table 1 (and references therein) (Afzal et al., 2018; Ashiq et al., 2019; Azizi, 2021; 118 

Balarak et al., 2021a, 2021b; Eze et al., 2021; Fu et al., 2021; Gao et al., 2021; Hao et al., 2021; Ji 119 

et al., 2021; Khan et al., 2020; Li et al., 2021, 2017; Lu et al., 2020; Ma et al., 2021; Mohammadi 120 

Nodeh et al., 2018; Peñafiel et al., 2021; Rizzi et al., 2021; Wang et al., 2020; Yu et al., 2018; 121 

Zhang et al., 2019; Zhao et al., 2017; Zheng et al., 2020).  122 

 123 

Table 1: Some of the recent articles for the removal of CIP from water 124 

Adsorbent  Maximum 

adsorption capacity 

Qmax mg/g 

Reference 

Azolla filiculoides activated 

carbon 

35.14 Balarak et al. 2021 (a) 

Synthesized NiO 84.72-87.9 Balarak et al. 2021 (b) 

 

Tannin foam immobilized with 

ferric ions 

91.8  

Hao et al. 2021 (Hao et 

al., 2021) 

Acid Enhanced Dialium 

guineense Seed Waste 

125 Eze et al. 2020 (Eze et al., 

2021) 
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Sugarcane bagasse from 

Ecuador 

13.6 Peñafiel et al. 2021 

(Peñafiel et al., 2021)  

Lignin-based adsorbents 0.2-0.4  Gao et al.2021 (Gao et al., 

2021) 

Titanate nanotubes 153.90 Ji et al.2021 (Ji et al., 

2021) 

 

Adsorbent from sludge 

pyrochar 

10.42  

Li et al. 2021 (Li et al., 

2021) 

 

Magnetic sludge biochar 

74.2  

Ma et al.2021 (Ma et al., 

2021) 

Cyclodextrin Nanosponges 2 Rizzi et al. 2021 (Rizzi et 

al., 2021b) 

Iron oxide/cellulose magnetic 

recyclable 

nanocomposite 

168.03 Azizi et al.2021 (Azizi, 

2021) 

Nanocomposite beads  9.21-10.87 Wang et al. 2020 (Wang 

et al., 2020) 

Graphene oxide-based 

adsorbent 

1826.64  Khan et al. 2020 (Khan et 

al., 2020) 

Diamine-functionalized MCM-

41 

139.25  Lu et al. 2020 (Lu et al., 

2020) 
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Magnetic biosorbents  527.93 Zheng et al. 2020 (Zheng 

et al., 2020) 

Municipal solid waste biochar-

montmorillonite composite  

167.36  Ashiq et al. 2019 (Ashiq 

et al., 2019) 

Sulfate-reducing bacteria 

sludge 

7.642 Zhang et al. 2019 (Zhang 

et al., 2019) 

Modified waste grapefruit peel 565 Fu et al.2019 (Fu et al., 

2021)  

Polyaniline-magnetic 

graphene oxide nanocomposite 

106.38  Nodeh et al. 2018 

(Mohammadi Nodeh et al., 

2018) 

Ethylene diaminetetraacetic 

acid– β -cyclodextrin  

448  Yu et al. 2018 (Yu et al., 

2018) 

Chitosan hydrogel beads 1.024 Afzal et al. 2018 (Afzal et 

al., 2018) 

Nanoporous carbon from 

Zeolitic imidazolate 

framework-8 

416.7  Li et al. 2017 (Li et al., 

2017) 

chitosan-EDTA-β-cyclodextrin 

polymer 

47  Zhao et al. 2017 (Zhao et 

al., 2017) 

Kiwi Peels 40 This work 

 125 
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The selected papers were chosen as examples for comparing with this paper, evidencing the very 126 

different nature of adopted approaches and the obtained different adsorption capacities that changes 127 

from a few to some thousands of mg/g. Among articles reported in Table 1, only some of them 128 

propose the adsorbent regeneration and thus the CIP desorption. Moreover, the adsorbent recycling 129 

was obtained through not safe and not environmentally friendly technologies, except for the work of 130 

Rizzi et al.(Rizzi et al., 2021). Particularly, by adopting Tannin foam immobilized with ferric ions, 131 

Hao et al. (Hao et al., 2021) proposed the adsorbent recycling, for 5 cycles, by using 0.1M HCl. 132 

However, regeneration into an iron solution was necessary after each cycle (Hao et al., 2021). 133 

Again, the use of HCl to desorb CIP was reported during the employment of Dialium guineense 134 

seed waste (Eze et al., 2021) and iron oxide/cellulose magnetic nanocomposites (Azizi, 2021). 135 

Additionally, magnetic bio sorbents (Zheng et al., 2020) and a graphene oxide-based material (Khan 136 

et al., 2020) desorbed CIP using HCl or a mixture of ethanol/HCl. Titanate nanotubes were 137 

regenerated in deionized water, obtaining a very low % of CIP desorption (Ji et al., 2021). An 138 

adsorbent from sludge pyrochar was recovered at a very high temperature, i.e., 450°C (Li et al., 139 

2021). The co-processing of ultrasound and ethanol was suggested as a suitable method to 140 

regenerate magnetic sludge biochar (Ma et al., 2021). Once again, using ultrasound, but in the 141 

presence of methanol (containing 10% ammonia), the zeolitic imidazolate framework-8 derived 142 

nanoporous carbon was recycled (Li et al., 2017). Diamine-functionalized MCM-41 was 143 

regenerated by using a very acidic solution (pH 3), and the same result was obtained with NaCl 144 

solution (3M) (Lu et al., 2020). Finally, methanol was adopted for the CIP desorption from 145 

nanocomposite of polyaniline and magnetic graphene oxide (Mohammadi Nodeh et al., 2018).  146 

Although these works reported high qmax values, the presented and investigated technologies 147 

generally don’t appear environmentally friendly. On the other hand, this work proposes the 148 

approach already adopted by Rizzi et al. (Rizzi et al., 2021), recycling the adsorbent by using 149 

“green” salts solutions. In this way, by performing at least 10 cycles of CIP’s adsorption and 150 
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desorption, potentially the Kiwi Peels’ low adsorption capacity increased by rising from 4 to 40 151 

mg/g, recycling both the pollutant and the adsorbent. 152 

According to the circular economy principles, the proposed green approach is crucial in extending 153 

the adsorbent lifetime, being the main challenge for researchers working in this field (Rizzi et al., 154 

2021, 2019a). Moreover, Kiwi Peels were also studied to remove other pollutants and mixtures 155 

(containing 2, 3, and 6 EPs), evidencing their good performances. So, novel horizons are opened in 156 

the field of EPs removal by adopting Kiwi Peels’ wastes, and this paper represents the starting point 157 

for studies in which the Peels could be adopted by changing the strategies of their use. Work is in 158 

progress in our laboratory for widening the Kiwi Peels applicability for removing textile dyes, 159 

mixtures of dyes and EPs, and heavy metals. The ultimate goal will be the use under real conditions. 160 

At the moment, preliminary in-flux experiments have been performed and presented in this paper 161 

for the next future large-scale application.  162 

Another aspect investigated in this work regards the possibility of using Advance Oxidation 163 

Processes (AOPs) to induce the CIP solid-state photodegradation as an alternative approach for 164 

adsorbent regeneration. 165 

 166 

 167 

2. MATERIALS AND METHODS 168 

2.1 Materials.  169 

The used fruits were received, as wastes, from local providers located in Bari, South of Italy.  170 

The following reagents were used and purchased form Sigma Aldrich, Milan, Italy: Ciprofloxacin 171 

(C17H18FN3O3, M.W. 331.35 g×mol-1), ≥ 98,0%, (HPLC) and other tested pollutants; NaCl 172 

anhydrous, Redi-DriTM, ACS Reagent, ≥ 99%; NaOH, reagent grade, ≥ 98%, pellets (anhydrous); 173 

NaBr, BioXtra, ≥ 99%; KCl, Bio Reagent, suitable for cell culture, suitable for insect cell culture, ≥ 174 

99%,; CaCl2 anhydrous, granular, ≤ 7.0 mm, ≥ 93.0%; LiCl, Pure Reagent, RPE-ACS; NaI, ACS 175 
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Reagent, ≥ 99,5%; NaClO4, ACS Reagent, ≥ 98.0%; MgCl2, BioXtra, ≥ 99%,; HCl, ACS reagent, 176 

37%. 177 

The aqueous CIP stock solution (20 mg/L) was diluted at the following concentrations: 15, 10, 5, 178 

and 2.5 mg/L.  179 

 180 

2.2 Adsorbent preparation. 181 

The fruit peels were immersed in hot water until the fruit pulp was almost all removed. Particularly, 182 

20 g of Peels were washed with 800 mL of hot water at 353 K and stirred for 15 minutes. 183 

Subsequently, the water was substituted, continuing the process until clean water was obtained (8 184 

washing cycles are necessary). Finally, the thus produced Peels were dried until constant weight, 185 

obtaining the used dry adsorbent (see Figure 3). ≈ 50 € is the supposed cost to prepare 1 Kg of 186 

adsorbent.  187 

 188 

2.3 UV-Visible measurements. A CARY 5 UV-Vis-NIR spectrophotometer (Varian Inc., now 189 

Agilent Technologies Inc., Santa Clara, CA, USA) was used to collect the UV-Vis absorption 190 

spectra in a range of 200–500 nm at a 1 nm/s scan rate. The Ciprofloxacin concentration was 191 

calculated by measuring the absorbance intensity at λ=335 nm, using the molar absorption 192 

coefficient (ε) of 14200 L×mol-1×cm-1 experimentally estimated by applying the Lambert-Beer law.  193 

 194 

2.4 FTIR-ATR spectroscopy measurements. FTIR-ATR spectra of inner and outer Kiwi Peels 195 

surfaces before and after the pollutant adsorption/desorption were recorded in a 500–4000 cm-1 196 

range by using a Fourier Transform Infrared spectrometer (FTIR Spectrum Two from Perkin Elmer, 197 

Waltham, MA, USA). The resolution was 4 cm-1, and 16 scans were performed and summed for 198 

each acquisition. 199 

 200 
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2.5 Scanning Electron Microscopy (SEM) analyses. The morphology of the samples was 201 

investigated using a Zeiss SUPRA™ 40 Field Emission Scanning Electron Microscope (FE-SEM). 202 

All samples were coated with a thin layer of chromium (20 nm) before SEM observation. SEM 203 

images were acquired at electron acceleration voltage of 3 kV using a conventional Everhart-204 

Thornley detector (working distance = 8-9 mm, magnification = 1-100 k×). 205 

 206 

2.6 Thermal gravimetric (TG) analyses. The thermal investigation was carried out using TG 207 

(Perkin Elmer Pyris 1) analyses under an inert atmosphere using nitrogen as a purge gas, with a 208 

constant flow rate of 50 mL/min. Each sample (4-5 mg) was heated from 50°C to 700°C at a heating 209 

rate of 20 °C/min. 210 

 211 

2.7 Gas-volumetric analysis. Nitrogen adsorption–desorption isotherms were measured at 77 K 212 

using a Micromeritics ASAP2010 volumetric sorption analyzer (Norcross, GA, USA). Before the 213 

adsorption measurements, the sample was outgassed at 80 °C under vacuum for 15 h to remove the 214 

adsorbates and residual moisture. The pore volumes and specific surface area, estimated using the 215 

BET equation, were inferred. 216 

 217 

2.8 In batch equilibrium experiments. The Kiwi Peels adsorption capacities, qt (mg×g-1), for all 218 

the adsorbed pollutants were calculated by using Equation 1 (Rizzi et al., 2021, 2020a): 219 

qt = C0−Ct
W

× V                                              (1) 220 

In the case of Ciprofloxacin, a systematic study was performed, and the values were also calculated 221 

at different contact times, t. V represents the pollutant solution volume (15 mL), W is the dried 222 

adsorbent mass (g), C0 and Ct (mg/L) are the pollutant amounts at t0 and t time, respectively.  223 

The % of adsorption (% of Ads) was calculated by using Equation 2: 224 
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% of Ads = A0−At
A0

× 100                                                   (2) 225 

A0 and At are the UV-Vis absorbance intensities at λ=335 nm of a Ciprofloxacin solution measured 226 

at t0 and t time. 227 

During this work, to assess the pollutant amount role in the adsorption process, 25 mg of Kiwi Peels 228 

were placed into 15 mL of a Ciprofloxacin solution having different initial concentrations (from 20 229 

mg/L to 2.5 mg/L) at pH 7.5. While the adsorbent amount role was investigated by changing the 230 

Kiwi Peels quantity from 12.5 to 80 mg in the presence of Ciprofloxacin at a constant concentration 231 

of 10 mg/L. The process was studied under continuous stirring. More information was gained by 232 

performing adsorption experiments in the presence of 25 mg of Kiwi Peels and 10 mg/L of 233 

Ciprofloxacin by changing the solution ionic strength with different salts at different concentrations. 234 

The pH (from 2 to 12) and temperature (from 283 to 323K) roles in the adsorption process were 235 

also investigated by holding the latter work conditions. 236 

 237 

2.9 Adsorption kinetics. The kinetic information was obtained by applying the pseudo-first-order 238 

(PFO) and pseudo-second-order (PSO) kinetics models. Equation 3 and Equation 4 were used for 239 

PFO and PSO models, respectively (Fu et al., 2021; Gao et al., 2021; Hao et al., 2021; Ji et al., 240 

2021; Li et al., 2021, 2017; Lu et al., 2020; Ma et al., 2021; Mohammadi Nodeh et al., 2018; 241 

Peñafiel et al., 2021; Rizzi et al., 2021, 2020a; Wang et al., 2020; Zhang et al., 2019; Zhao et al., 242 

2017; Zheng et al., 2020). 243 

ln(q𝑒𝑒 − q𝑡𝑡) = ln(q𝑒𝑒) − K1 ×  t                                          (3) 244 

t
qt

= 1
K2qe2

+ 1
qe

×  t                                                         (4) 245 

qe (mg/L) represents the Kiwi Peels adsorption capacities at equilibrium, and qt (mg/L) is the 246 

adsorption capacity at time t. k1 (min−1) and k2 (g/(mg×min)) are the rate constants of PFO and PSO 247 

models, respectively.  248 
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The well-known Equation 5 was also adopted to apply the intraparticle diffusion model described 249 

by the Weber-Morris equation (Rizzi et al., 2021). 250 

qt = kint × t1/2  + C                                                                                     (5) 251 

kint represents the kinetic constant expressed in mg/(g×min1/2), correlated to the intra-particle 252 

diffusion rate, and C is the thickness of the boundary layer. 253 

2.10 Thermodynamic studies. Free energy (ΔG°), entropy (ΔS°), and enthalpy (ΔH°) were 254 

evaluated for the Ciprofloxacin adsorption onto Kiwi Peels. For this purpose, different temperature 255 

values were adopted (ranging from 283 to 303K). Higher temperatures, although explored, did not 256 

favor the adsorption enabling the desorption instead (Rizzi et al., 2019a). 257 

Equation 6 was used to calculate the free energy (Hao et al., 2021; Ma et al., 2015; Peñafiel et al., 258 

2021): 259 

ΔG° = - RT ln Keq                                                    (6) 260 

R is the universal gas constant, 8.314 J×mol-1×K-1, T is the temperature (K), and Keq represents the 261 

equilibrium constant expressed as qe/Ce. The values of ΔH° and ΔS° were calculated by using Van’t 262 

Hoff’s equation (Equations 7):  263 

lnKeq = −∆H0

RT
+ ∆S0

R
                                                   (7) 264 

 265 

2.11 Adsorption Isotherms. Langmuir, Freundlich, Temkin and Dubinin–Radushkevich models 266 

were used (Hao et al., 2021; Ji et al., 2021; Rizzi et al., 2021). In particular, when the isotherms 267 

functions fit well the experimental data, they can provide detailed and interesting information about 268 

the adsorption process. In particular, the Langmuir model considers that all the adsorption sites are 269 

characterized by constant energy. Furthermore, according to the model, a pollutant monolayer is 270 

adsorbed on the surface of the adsorbent materials with the absence of interactions between its 271 

molecules. Equation 8 was used to represent the Langmuir model.  272 
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Ce
qe

= 1
KL Q0

+ Ce
Q0

                                                           (8) 273 

Here qe (mg/g) is the pollutant adsorbed amount at equilibrium, Ce is the correspondent equilibrium 274 

concentration in solution expressed in mg/L, KL represents the Langmuir equilibrium constant 275 

(L/mg), and Q0 is the adsorbent maximum adsorption capacity (mg/g) value.  276 

On the other hand, the Freundlich isotherm model describes the adsorption onto a heterogeneous 277 

surface with adsorption sites having different energies as a function of the surface pollutant 278 

coverage. The heat of adsorption decreases exponentially during the process. Equation 9 represents 279 

the Freundlich model.  280 

lo g(𝑞𝑞𝑒𝑒) = lo g(𝐾𝐾𝐹𝐹) + 1
𝑛𝑛

lo g(𝐶𝐶𝑒𝑒)                                           (9) 281 

KF ((mg/g)/(L/mg)1/n) is the Freundlich constant and n is the heterogeneity factor. In particular, the 282 

1/n value measures if the adsorption process is irreversible (1/n=0), favorable (0<1/n<1), or 283 

unfavorable (1/n>1).  284 

The Temkin model accounts for the influence of the adsorbate-adsorbent interactions on the 285 

adsorption energy. Compared with the Freundlich model, the Temkin isotherm indicates that, 286 

during the adsorption process, the heat of adsorption decreases linearly during the process due to 287 

adsorbent/adsorbate interactions. Equation 10 was used for the Temkin model. 288 

qe = B1ln(KT) + B1ln(Ce)                                               (10) 289 

KT (L/mol) represents the equilibrium binding constant, and B1 refers to the heat of adsorption.  290 

Finally, the model of Dubinin–Radushkevich isotherm (D-R) was also applied. The model describes 291 

the adsorption onto a heterogeneous surface using a Gaussian energy distribution. Equation 11 was 292 

applied to fit the experimental data.  293 

lnqe = ln(Q0)−KD−R × ε2                                               (11) 294 
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qe (mg/g) is the equilibrium adsorption capacity, Q0 (mg/g) is the theoretical maximum adsorption 295 

capacity, and KD-R (mol2/J2) is the Dubinin–Radushkevich isotherm constant. 𝜀𝜀 is the potential of 296 

Polanyi, and it is described by Equation 12.  297 

ε = RTln(1 + 1
Ce

)                                                         (12) 298 

with R = gas constant (8.314 J/mol K), T is the absolute temperature (K), and Ce represents the 299 

pollutant equilibrium concentration (mg/L).  300 

The model distinguishes between physical and chemical adsorption by inferring the value of energy, 301 

E, calculated by applying Equation 13.  302 

𝐸𝐸 = 1
�2𝐾𝐾𝐷𝐷−𝑅𝑅

                                                        (13) 303 

A value of E within the range 8-16 kJ/mol indicates that chemisorption is also present during the 304 

adsorption process. While for E < 8 kJ/mol, the physisorption should be mainly considered (Azizi, 305 

2021; Hao et al., 2021; Ji et al., 2021; Rizzi et al., 2021). 306 

 307 

2.12 In batch desorption experiments. Experiments of desorption were executed both in hot water 308 

and in the presence of different salt solutions at different concentrations. 0.1 M MgCl2 was selected 309 

to perform 10 cycles of adsorption and desorption. Once again, UV-Vis absorption spectroscopy 310 

was used to monitor the amount of desorbed Ciprofloxacin. It is worth mentioning that the 311 

adsorbent, after the pollutant removal, was washed with fresh water to eliminate the not adsorbed 312 

pollutant and then swollen again in the 15 mL of salt solution for release.  313 

 314 

2.13 Determination of zero-point charge of Kiwi Peels. The pH of zero-point charge (pHZPC) of 315 

Kiwi Peels was evaluated using the procedure adopted by Rizzi et al. (Rizzi et al., 2021). Briefly, 316 

30 mL of a 5.0 × 10-2 M NaCl solution were prepared by changing the pH values from 2 to 12 (pHi). 317 

HCl and NaOH were used for the purpose. Inside each solution, 35 mg of Peels were immersed and 318 
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left for 48h under continuous stirring. Then, the solution pH value of each sample was measured 319 

before (pHi) and after (pHF) the swelling of Kiwi Peels. A plot of “pHi versus pHi “ and “pHi versus 320 

pHF” was prepared to infer the pHZPC value. In this way, two lines are obtained: a straight line from 321 

the plot of “pHi versus pHi “ and a curve from “pHi versus pHF”; the intersection of these lines 322 

represents the pHZPC value.  323 

 324 

2.14 Photodegradation of CIP. After the removal from water, the solid-state photodegradation of 325 

adsorbed CIP was obtained by using UV, H2O2, and their synergistic combination also in the 326 

presence of TiO2 as photocatalyst.  Particularly, Kiwi Peels immersed in fresh water (15 mL) were 327 

irradiated with a UV lamp (UV fluorescent lamp, Spectroline, Model CNF 280C/FE, λ 254 nm, 328 

light flux 0.2 mW/cm2; USA) at different irradiation times. The CIP’s desorption was accomplished 329 

to infer the amount of photodegraded material. Indeed, the amount of photodegraded CIP was 330 

obtained by knowing the total adsorbed CIP and subtracting the desorbed amount. 331 

 332 

All the measurements reported in this paper were performed in triplicate, and error bars were 333 

reported as standard deviation.  334 

 335 

 336 

3. RESULTS AND DISCUSSION 337 

3.1 Physicochemical features of Kiwi Peels.  338 

The physical and chemical features of Kiwi Peels, before and after the CIP adsorption, were 339 

investigated. For this purpose, several techniques, i.e., SEM, FTIR-ATR, and TG analyses, were 340 

used in synergy, focusing on the inner and outer Kiwi Peels surfaces. More specifically, with the 341 

inner face, we referred to the surface in strict contact with the fruit pulp (preventively removed), 342 

while the outer face is related to the external surface of fruit Peels. 343 
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3.1.1 SEM and Gas Volumetric analyses. Morphological information on the Kiwi Peels samples 344 

was obtained through SEM analyses. Figure 1 reports the SEM images of both the inner and outer 345 

surfaces of the dried Kiwi Peels before use in CIP adsorption tests. The outer surface (Figure 1A), 346 

with respect to the inner one (Figure 1B), showed more irregular areas and cavities as well as 347 

regions dominated by fiber network structures. The difference between the inner and outer sides of 348 

the Peels can be better appreciated in Figures S1A, B, where images at higher magnification are 349 

reported. The findings were confirmed by gas-volumetric analysis evidencing the further presence 350 

of micropores 0.4 nm wide (average value). Additionally, a high surface area of 0.50 ± 0.05 m2/g, 351 

important feature for the adsorption of pollutants, was inferred. 352 

3.1.2 FTIR-ATR spectroscopy measurements. As reported in the literature (Gao et al., 2021; 353 

Rahimnejad et al., 2018; Rizzi et al., 2017; Saleh Jafer and Hassan, 2019), Kiwi Peels as 354 

lignocellulosic material expose surface polar functional groups such as alcohols, aldehydes, 355 

ketones, carboxylic, phenolic, and ether groups that should affect the adsorption process interacting 356 

with CIP. Figure 2 shows the FTIR-ATR spectrum of the adsorbent (black line). In detail, both the 357 

inner and outer surfaces were analyzed and reported in Figures 2A and 2B, respectively.  358 

Despite the important dissimilarities observed during the SEM investigation, in FTIR-ATR spectra, 359 

significative differences in signals referred to inner and outer surfaces are absent, appearing very 360 

similar to each other in terms of surface functional groups. In particular, according to other studies 361 

(Gao et al., 2021; Rahimnejad et al., 2018; Rizzi et al., 2017; Saleh Jafer and Hassan, 2019), the 362 

band at 3307 cm−1 indicated the O-H vibration from phenols, lignin, and polysaccharides (i.e., 363 

hemicellulose and cellulose). The bands at 2840 and 2911 cm-1 arose mainly from asymmetric and 364 

symmetric stretching of the C-H bonds of methyl and methylene groups present in the cellulose, 365 

hemicellulose, or lignin. These bands appeared more defined when studied on the inner Kiwi Peels 366 

surface (Figure 2A). The slight peak detected at 1727 cm-1 can be ascribed to C=O groups of 367 

hemicellulose ester or carbonyl ester of lignin. The vibration mode at 1614 cm-1 was due to the 368 

stretching and bending vibration of the surface hydroxyls of cellulose. Furthermore, the contribution 369 
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at around 1600 cm-1 could be attributed to C=O stretching vibration in conjugated carbonyl of 370 

lignin. The shoulder at around 1523 cm-1 is usually assigned to guaiacyl and syringyl units of lignin. 371 

The bands at 1037 cm-1 indicated -C-O-C- bond vibration due to the presence of cellulose and 372 

hemicellulose. Weak and not well-defined signals in the region 1100 and 1500 cm-1, due to CH3, -373 

CH2-, C-H moieties and polyphenolic aromatic ring C=C vibration, can still be ascribed to the 374 

presence of cellulose, hemicellulose, and lignin. The bending vibration of O-H bonds, typical of 375 

celluloses, can also be accounted for. Furthermore, in this region, the contribution of C-O vibrations 376 

of carboxylate groups and the stretching of esters, ethers, or phenol groups should be considered 377 

(Gao et al., 2021; Rahimnejad et al., 2018; Rizzi et al., 2017; Saleh Jafer and Hassan, 2019). So, the 378 

prominent presence of lignin, cellulose, and hemicellulose on Kiwi Peels was demonstrated, and the 379 

finding was further confirmed by comparing the FTIR-ATR spectrum of Kiwi Peels with the results 380 

arising from olive pomace (Figure 2A), another lignocellulosic agricultural waste, previously 381 

investigated for the removal of emerging pollutants from water (Rizzi et al., 2017). Indeed, olive 382 

pomace was fully characterized and showed the same features as the proposed lignocellulosic 383 

adsorbent (Rizzi et al., 2017). 384 

3.1.3 TG analyses. The presence of different components such as dietary fibers (hemicellulose, 385 

cellulose, and lignin), bioactive compounds, and other substances in Kiwi Peel samples rendered 386 

their thermal degradation a multi-stage process. This is evidenced by the TG curves and the relative 387 

derivative analysis, DTG, reported in Figures 2C and 2D, respectively. 388 

Starting from the TG analysis of Kiwi Peels before the CIP adsorption, the presence of a general 389 

weight loss of about 10-12%, which occurs up to 200°C, due to the evaporation of physically 390 

adsorbed and weakly bounded water, and due to the decomposition of less stable compounds, was 391 

observed (Rizzi et al., 2017). The first massive mass loss was noted in the range of 200-380°C, and 392 

it can be associated with the simultaneous degradation of hemicellulose, cellulose, and lignin (Rizzi 393 

et al., 2017). It follows a second and third mass loss, partially convoluted with the first one, 394 

evidenced by a different slope in the range of 380-600°C, which is likely associated, initially to the 395 
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end of the cellulose decomposition and then, to the main process of thermal decomposition of the 396 

lignin polymer structure (Rizzi et al., 2017). Indeed, lignin thermal decomposition occurs in a wide 397 

temperature range, but the process is very slow at the beginning. The residual mass at 690°C (25-398 

29%) evidenced that the Kiwi Peels thermal decomposition was incomplete even at a very high 399 

temperature. 400 

The related DTG curve shows better decomposition steps with the first maximum slope at a 401 

temperature of about 365°C, followed by other minor decomposition steps at higher temperatures, 402 

evidenced by the presence of shoulders (Figure 2D). 403 

3.2 The adsorption process onto Kiwi Peels. 404 

As the first step, with the aim to evidence the great performance of Kiwi Peels, the adsorption tests 405 

were performed in the presence of different EPs: Propoxur, Atenolol, Carbendazim, Furosemide, 406 

Ciprofloxacin, Paracetamol, Tetracycline, Sulfamethoxazole, Carbamazepine, Diclofenac, 407 

Ketoprofen, Naproxen, Propranolol, and Hydrochlorothiazide. The adopted amounts are reported in 408 

Table S1. Interestingly, Kiwi Peels were able to remove, at the same time and with great 409 

efficiencies, most of these pollutants: particularly, as highlighted in Table S1, the removal of 410 

Ciprofloxacin, Tetracycline, Diclofenac, Ketoprofen, Hydrochlorothiazide, and Propranolol was 411 

observed, inferring for each pollutant the Kiwi Peels maximum adsorption capacity by using 412 

Equation 1. It is worth noting that, even though the adsorption capacities are not high, the 413 

recyclability of Kiwi Peels, which will be discussed in the paper, should overpass this problem, 414 

resulting in a very performant adsorbent with a long lifetime. 415 

To better characterize this latter aspect and thus the adsorbent’s performance, CIP was selected as a 416 

model pollutant among all the examined EPs due to the massive employment of fluoroquinolones 417 

drugs to treat pneumonia associated with SARS-CoV-2 during the current pandemic situation. 418 

To quickly determine the parameters affecting the pollutant removal from water, the CIP’s UV-Vis 419 

absorption spectrum was monitored to infer its concentration in water before and after the contact 420 



21 
 

with Kiwi Peels. The inset of Figure 3 shows the UV-Vis spectra evolution of a 10.0 mg/L CIP 421 

solution, pH 7.5, in the presence of 80 mg of adsorbent at room temperature (r.t.). CIP’s spectrum 422 

showed three absorption maxima at λ = 270, 323, and 335 nm, respectively, attributed to π→π* 423 

transitions involving the aromatic rings (Rizzi et al., 2021). 424 

It is evident how the absorbance band intensities decreased at increasing the contact time and, 425 

particularly in the first 60 minutes, 60% of CIP was successfully removed. A qmax of 4 mg/g was 426 

obtained. After these results, preliminary in-flux measurements were carried out to evaluate the 427 

performance of the proposed adsorbent for a possible process scaling up that will be developed in 428 

the next future. A commercial syringe-like column (3.0×5.0 cm) was filled with Kiwi Peels and 429 

swelled with water. A solution of CIP (10 mg/L) was slowly flowed through the column by a piston 430 

(see the camera picture reported in Figure S2). The eluted solution was collected and measured by 431 

UV-Vis spectroscopy. After 15 minutes of elution, the % of CIP adsorption was calculated using 432 

Equation 2, resulting in about 80% removal. It is worth mentioning that important counter 433 

pressures are absent during the experiments, even if measurements were performed for a prolonged 434 

time. After these assessments, the effect of several operational parameters, such as the amount of 435 

Kiwi Peels and/or pollutant molecule, pH and temperature values, and presence of electrolytes, 436 

were investigated to infer more information about the adsorption process. 437 

3.2.1 Effect of CIP and Kiwi Peels amounts on the adsorption process. At first, the role of active 438 

sites to adsorb CIP onto Kiwi Peels was assessed. For this purpose, different weights of dry Peels 439 

were placed in contact with a 10 mg/L CIP solution at pH 7.5 and r.t. Then, by using Equations 1 440 

and 2, the adsorption % (Figure 4A) and the adsorption capacities (Figure 4B) were calculated.  441 

Increasing the Kiwi Peels amounts from 12.5 mg to 80 mg, the % of CIP removal increased. For 442 

example, by considering 60 minutes as reference contact time, it changed from 15% to 60% for the 443 

lowest and highest Kiwi Peels quantities, respectively. In agreement with previous works involving 444 

CIP and other adsorbents materials (Azizi, 2021; Peñafiel et al., 2021; Rizzi et al., 2021), the 445 

observed results highlighted the role of free sites on the adsorbent surface, more available when the 446 
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amount of Kiwi Peels increased due to the increased adsorbent surface. This result was further 447 

elucidated by calculating the corresponding qt values, reported in Figure 4B. As a whole, the 448 

adsorption capacities generally decreased when the adsorbent amount increased; however, by 449 

looking at the plateau region beginning, the condition in which the equilibrium was reached, it was 450 

observed later when the lowest Kiwi Peels weight was used (Rizzi et al., 2021). For example, the qt 451 

values level off after 20 and 50 minutes when the highest and lowest amount of Kiwi Peels were 452 

adopted, respectively. In the presence of a greater amount of adsorbent, the adsorption sites were 453 

not saturated, and the qt values appeared reduced although the removal was high. The finding 454 

confirmed that free sites on the Kiwi Peels’ surface favored the CIP’s adsorption, being more 455 

available, especially at the beginning of the process and when the Peels’ amount was high. On the 456 

other hand, by reducing the Kiwi Peels amount, the sites for hosting the pollutant decreased, 457 

lowering the CIP removal, and the plateau region was gained later (Li et al., 2021; Ma et al., 2021). 458 

Moreover, in the first time of adsorption, the observed fast CIP removal agreed with the presence of 459 

abundant functional groups interacting with CIP and weaker CIP diffusion resistance (Azizi, 2021; 460 

Ma et al., 2021). However, at longer contact times, the equilibrium condition achievement in the 461 

plateau region and the occupation of sites, along with the decrease in the CIP’s concentration 462 

gradient in the solution, slowed down the diffusion and adsorption of the molecules (Rizzi et al., 463 

2021). Furthermore, when the increase of qt values appeared slower, the presence of repulsive 464 

forces between free CIP in solution and those adsorbed onto Kiwi Peels should be considered 465 

(Azizi, 2021). To better characterize the process, the CIP concentration was changed by keeping 466 

constant the adsorbent amount at 25 mg, as reported in Figures 4C and 4D. The experimental data 467 

show as the % of the pollutant removal was not affected by the CIP concentration (Figure 4C), 468 

while the adsorption capacity increased by increasing the CIP amount (Figure 4D). This 469 

observation confirmed the role of the CIP concentration gradient: the larger the concentration 470 

gradient, the greater the driving force, which favored the pollutants transfer from the solution bulk 471 

to the adsorbent (Rizzi et al., 2021). Besides, the collisions between the pollutant, if present in a 472 
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high amount, and the active free sites of the adsorbent were favored enhancing the adsorption. 473 

Indeed, a reduction of the CIP adsorption % by increasing the pollutant concentration was not 474 

observed, indicating that, as expected, the excess of CIP molecules did not worsen the CIP 475 

competition for the limited number of binding sites onto the adsorbent surface (Azizi, 2021; Ji et al., 476 

2021; Li et al., 2021; Ma et al., 2021; Rizzi et al., 2021). In other words, the observed results 477 

suggested that both the CIP mass transfer and its adsorption onto the Kiwi Peels surface affected the 478 

kinetics of the process (Rizzi et al., 2021). 479 

3.2.2 Kinetic analysis. The PFO (Equation 3) and PSO (Equation 4) kinetic models, respectively, 480 

were applied for interpreting previous results (Hao et al., 2021; Ji et al., 2021; Li et al., 2021; 481 

Peñafiel et al., 2021; Rizzi et al., 2021). So, by adopting the qt values reported in Figures 4B and 482 

4D, the kinetic analysis was performed by evaluating the effects of both CIP concentration and 483 

adsorbent amount. Figure S3 shows the obtained results. In particular, Figures S3A and S3B report 484 

the PSO and PFO models applied to adsorption experiments performed by changing the adsorbent 485 

amounts. On the other hand, Figures S3C and 3D display the same models referred to experiments 486 

where the CIP amounts were changed. From the linear fitting, the corresponding kinetic parameters 487 

were calculated and reported in Tables S1 and S2. Usually, to select the more suitable kinetic 488 

model for describing the experimental process, the correlation coefficients R2, and the comparison 489 

between qe,exp (the experimental adsorption capacities at the equilibrium, contact time 60 minutes) 490 

and qe,calc (calculated adsorption capacities, obtained by applying the kinetic equations) are 491 

considered (Hao et al., 2021; Ji et al., 2021; Li et al., 2021; Peñafiel et al., 2021; Rizzi et al., 2021). 492 

Tables S1 and S2 show that both models’ R2 values were acceptable. However, the comparison 493 

between qe,exp, and qe,calc suggests that the PFO model appeared more suitable, even if also the PSO 494 

fitted well. The same was observed by changing the amount of Kiwi Peels. These findings can be 495 

interpreted by considering previous similar works (Azizi, 2021; Hao et al., 2021; Ji et al., 2021; Li 496 

et al., 2021; Ma et al., 2021; Peñafiel et al., 2021) discussing the kinetic relevance of chemisorption 497 

and physisorption onto the Kiwi surface. In particular, collisions between the CIP molecules and 498 
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available sites at the Peels surface and the mass transfer of CIP from solution to the adsorbent could 499 

be considered important processes (Ji et al., 2021; Li et al., 2021). However, the coordination 500 

between CIP and Kiwi Peels functional groups was also significant (Hao et al., 2021; Peñafiel et al., 501 

2021). As a whole, the analysis of the kinetic data suggested that both kinetic models could be 502 

applied for describing the CIP adsorption behavior: the CIP, at first, diffused on the Kiwi Peels 503 

surface, it adsorbed by generating a molecules layer, and subsequently, the adsorption was 504 

controlled by internal diffusion and physical/chemical interaction (Ma et al., 2021). The role of 505 

active sites and materials features became especially evident when the amount of adsorbent was 506 

high and at the end of the process during the PSO model application. On the other hand, the CIP 507 

diffusion was the rate-limiting step when the PFO model fitted the experimental data, and this 508 

scenario was observed when in excess of pollutant and at the beginning of the adsorption. 509 

Particularly, it is commonly reported that kinetics follows this model when adsorption occurs 510 

through diffusion through the interface (Azizi, 2021; Sahoo and Prelot, 2020). 511 

The Weber-Morris model was also adopted to clarify these aspects and to highlight the intraparticle 512 

diffusion role (Peñafiel et al., 2021; Rizzi et al., 2021, 2019b). This model is represented by 513 

Equation 5, and it reports that if the kinetic controlling step is the intraparticle diffusion, a straight 514 

line passing through the origin should be obtained by plotting qt values versus t1/2. Once again, 515 

different amounts of adsorbent (Figure S4A) at constant CIP concentration and different CIP 516 

concentrations were considered during the analysis by fixing the amount of the adsorbent (Figure 517 

S4B). Starting from Figure S4A, it appears that the model can be applicable, restituting a single 518 

straight line passing from the origin. So, the excess of adsorbent favored the adsorption, and the 519 

internal diffusion seemed to be the slower process (Peñafiel et al., 2021; Rizzi et al., 2021). In 520 

accordance with these results, intraparticle diffusion acquires kinetic relevance when CIP 521 

concentration is reduced at a constant adsorbent amount (Figure S4B). Indeed, the active sites onto 522 

the adsorbent surface were more available under this condition. On the other hand, multiple 523 

segments were necessary to describe the process for higher CIP amounts, evidencing as the 524 
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adsorption involved more kinetic relevant steps, besides the intra-particle diffusion. In particular, 525 

during the first step, at the beginning of the process (described by the first straight line), the CIP 526 

diffusion, from the solution to the external adsorbent surface, played a key role (external diffusion). 527 

Afterward, there was the second step, referred to intra-particles diffusion (internal diffusion) and 528 

adsorption (usually find as the third stage in which the equilibrium was achieved) described by the 529 

second straight line at prolonged contact time (Peñafiel et al., 2021). During the second step, since 530 

the CIP concentration in solution decreased and the qt increased, the adsorption process slowed 531 

down, hindering the CIP adsorption, and that step acquired a kinetic relevance.  532 

3.2.3 Thermodynamic analysis. The thermodynamic parameters related to the CIP adsorption onto 533 

Kiwi Peels were determined by evaluating the temperature role. For this purpose, different 534 

temperature values were studied, from 283 to 323K, in a solution containing 25 mg of adsorbent 535 

and 10 mg/L CIP at pH 7.5. The % of CIP removal and the corresponding qt by the temperature 536 

variation are reported in Figures 5A and 5B. From 283 to 303 K, the CIP adsorption increased (see 537 

the inset in Figure 5B, in which the % of CIP adsorption at 60 minutes is reported to evidence the 538 

temperature role) at increasing the temperature values evidencing the endothermic character of the 539 

process (Hao et al., 2021; Peñafiel et al., 2021; Rizzi et al., 2021, 2019a). The temperature effect 540 

was more pronounced at the beginning of the process due to the presence of more available sites to 541 

host CIP. However, a further temperature increase lowered the CIP removal percentage (see the 542 

inset in Figure 5B), with a clear deterioration to 323K. This effect suggests the endothermic 543 

character of the adsorption process, but, at the same time, it could indicate competition between 544 

adsorption and desorption processes after a certain value of temperature. With the temperature 545 

increase, the attractive interactions between the adsorbent surface and the pollutant weaken, 546 

worsening the sorption.  547 

So, considering the results obtained in the range of temperature 283-303K, the qt values and the 548 

amount of the not adsorbed CIP were used to calculate the Keq, at each temperature. Equation 6 549 

was then applied to obtain the ΔG° values reported in Table 2.  550 
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In general, the absolute value of the ∆G° for a physisorption process was smaller than that attributed 551 

to chemisorption. In particular, in the former case, it ranges from -20 to 0 kJ/mol, while, in the 552 

second case, it varies from -80 to -400 kJ/mol (Yu et al., 2001). So, the values of standard free 553 

energy calculated for CIP onto Kiwi Peels in the 283-305K temperature range agreed with a 554 

physisorption process, being between -20 and 0 kJ/mol. Moreover, it is also possible to say that 555 

since the |∆𝐺𝐺°| increments at increasing the temperature, the adsorption process was spontaneous 556 

and more favorable up to 305K.  557 

By using Equation 7, by plotting ln(Keq) versus 1/T (Figure 5C), the values of ΔH°298 and ΔS°298 558 

were also calculated and reported in Table 2. The positive value of ΔH°298 (+40 kJ/mol) confirmed 559 

the endothermic character of the process. While, in agreement with other investigations (Peñafiel et 560 

al., 2021), the low ΔH°298 value corroborated the involvement of physical interactions in the CIP 561 

adsorption as confirmed by the observed effects during the rise of temperature (Ma et al., 2021; 562 

Peñafiel et al., 2021; Rizzi et al., 2021, 2019a). The ΔS°298 > 0 (+200 J/mol×K) reflected, in turn, 563 

the affinity of CIP for Kiwi Peels and proposed the role of some structural changes in adsorbent and 564 

adsorbate in the increases the randomness at the adsorbent–adsorbate interface (Yao et al., 2010).  565 

3.2.4 Isotherms of adsorption. The linearized forms of Langmuir, Freundlich, Temkin, and 566 

Dubinin-Radushkevitch (D-R) isotherm models (Equations 8-13) were applied to experimental 567 

data (Rizzi et al., 2021).  568 

Figure 6 reports the obtained results. The R2 values (Table 3), evaluated from the linear fitting, 569 

suggested, as a whole, the applicability of all the models, except for the Langmuir one. However, 570 

the best correlation was obtained when the Freundlich model was used (R2=0.9902). Table 3 571 

reports the calculated isotherm parameters for each applied model. So, it can be possible to assess 572 

that the CIP adsorption was heterogeneous and the adsorbent–adsorbate interactions affected the 573 

surface coverage, inducing changes in the heat of adsorption during the process as postulated by the 574 

Freundlich model (Hao et al., 2021). This observation agreed with the heterogeneity shown by the 575 

inner and outer Kiwi Peels surfaces during the SEM analysis. 576 
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Furthermore, the value of the n parameter (see Table 3) from the Freundlich equation represents the 577 

adsorption strength, and values of 1/n ranging from 0 to 1, obtained during this work, confirmed 578 

that the physical CIP adsorption process was favored (Azizi, 2021; Li et al., 2021; Ma et al., 2021). 579 

Finally, when the D-R model was employed (usually used to illustrate the adsorption characteristics 580 

(Ma et al., 2021)), it fitted the experimental data with the parameters reported in Table 3. Although 581 

the R2 was not very good, the qmax experimentally obtained (4 mg/g) agreed with the Q0 value 582 

resulting from the fitting. An E value of 0.5 KJ/mol was calculated. So, since it was < 8 KJ/mol, it 583 

confirmed that the adsorption process involved mainly the physisorption. This hypothesis was 584 

consistent with the calculated values of ∆G°298 and ΔH°298 and is beneficial for the adsorbent 585 

regeneration due to the presence of weak interaction (Ma et al., 2021; Rizzi et al., 2021). 586 

3.2.5 Effect of pH. The nature of the interaction between CIP and Kiwi Peels was assessed by 587 

changing the pH values of solutions containing CIP during the adsorption. CIP solutions, 10.0 588 

mg/L, with pH values ranging from 2 to 12, were prepared and placed in contact with 25 mg of 589 

adsorbent. As reported in Figures 7A and 7B, the % of adsorbed CIP and the corresponding qt 590 

values were maxima in the range of pH 6-8 and decreased by lowering and increasing the pH values 591 

around this range (see also the inset in Figure 7B, in which the CIP % of adsorption, at 60 minutes, 592 

is reported at several pH values). If, on the one hand, when the pH was fixed at 2, the CIP 593 

adsorption was absent; on the other hand, it was slightly present at pH 9 and 12. This pH-dependent 594 

behavior has already been observed in other papers (Eze et al., 2021; Gao et al., 2021; Hao et al., 595 

2021; Ji et al., 2021; Li et al., 2021; Ma et al., 2021; Peñafiel et al., 2021). This suggested the 596 

prominent presence of an ion-exchange mechanism involving electrostatic interactions between CIP 597 

and the main functional groups present on the adsorbent surface. 598 

However, to better clarify this result, the pKa values of CIP and the PZC of Kiwi Peels were 599 

considered.  600 

As reported in Figure 7C, the drift method was applied to calculate the PZC of the adsorbent (Rizzi 601 

et al., 2021) that occurred positively and negatively charged at pH < 4 and >4, respectively. So, a 602 
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pHPZC value around pH 4 was proposed. As suggested by Gao et al.(Gao et al., 2021), during the 603 

study of lignin-based adsorbents, the large presence of carboxylic groups (as observed by the FTIR-604 

ATR analysis) could be responsible for this result. Since they are deprotonated up to pH 4, they 605 

confer a net negative charge to Kiwi Peels’ surface. At pH < 4, the protonation of some functional 606 

groups should be expected, giving the adsorbent a positive charge. 607 

Regarding CIP, the molecule presents two pKa values, pKa1≈6 and pKa2≈8, which refer to the 608 

carboxylic acid group and piperazine moiety deprotonation, respectively (Azizi, 2021; Eze et al., 609 

2021; Gao et al., 2021; Hao et al., 2021; Ji et al., 2021; Li et al., 2021; Ma et al., 2021; Peñafiel et 610 

al., 2021; Rizzi et al., 2021). On this basis, CIP was a cation (CIP+) at pH < pKa1, zwitterion (CIP±) 611 

in the range pKa1 < pH < pKa2, or anion (CIP-) at pH > pKa2. So, the different adsorption behavior 612 

could be rationalized by considering the different affinity of CIP species to Kiwi Peels that, at the 613 

same time, changed their surface charge according to the adopted pH (see Scheme 1A) (Eze et al., 614 

2021; Gao et al., 2021; Hao et al., 2021; Ji et al., 2021; Li et al., 2021; Ma et al., 2021; Peñafiel et 615 

al., 2021). At pH < 4, CIP and the adsorbent repelled each other, being both positively charged. As 616 

expected, the repulsion was more evident at pH 2, where the CIP+ was not adsorbed (Hao et al., 617 

2021). In addition, CIP is reported to be more soluble in an acid solution, making adsorption more 618 

difficult (Peñafiel et al., 2021). So, CIP was still present as a cation in the pH range between 4 and 619 

6, while the adsorbent was negatively charged. The contaminant removal was enhanced due to the 620 

attraction between CIP+ and the negative surface of Kiwi Peels, with an adsorption maximum at pH 621 

6. As a result, the clear and main presence of electrostatic interaction between the carboxylic 622 

moieties onto the adsorbent surface and CIP+ could be evidenced. In the range of pH between the 623 

two pKa (6 < pH < 8), CIP was a zwitterion, and two different charged groups of CIP should be 624 

taken into account, i.e., the negative carboxylic groups and the positively charged amino moiety (Ji 625 

et al., 2021). Since, in this pH range, electrostatic attraction and repulsion coexist, the CIP 626 

adsorption appeared slightly decreased, likely due to the prevalence of repulsion between CIP’s 627 

negatively charged carboxylic group and the adsorbent (Ji et al., 2021). 628 
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At pH > 8, the CIP was present mainly as an anion, and the adsorption collapsed due to the strong 629 

repulsion between the negative charges of CIP¯ and the adsorbent (Azizi, 2021; Eze et al., 2021; 630 

Gao et al., 2021; Ji et al., 2021; Li et al., 2021; Ma et al., 2021). As reported elsewhere (Gao et al., 631 

2021; Li et al., 2021; Ma et al., 2021; Peñafiel et al., 2021), the presence of less important 632 

interactions involving H-bonds, the C=O coordination of CIP, and hydrophobic interaction between 633 

CIP and the adsorbent cannot be completely excluded contributing towards the adsorption (Gao et 634 

al., 2021; Li et al., 2021; Ma et al., 2021; Peñafiel et al., 2021). 635 

Indeed, by looking at the results reported in Table S1, and thus the different nature of pollutants, 636 

the synergistic action of both electrostatic and hydrophobic interaction should be taken into account. 637 

An interesting example is the removal of Propranolol and the lack of adsorption of Atenolol 638 

observed during this work. These two molecules are very similar, differentiating for the presence of 639 

the anthracene moiety present only in the chemical structure of Propranolol. Moreover, Atenolol 640 

presents two amino functionalities that could be protonated, making the molecule according to the 641 

pH. As a result, by adopting this example, it arises that the electrostatic interaction should not work 642 

alone but work in synergy with other less intense interactions. According to Fu et al.(Fu et al., 643 

2021), it is possible to assess that carboxylates groups on the Kiwi Peels surface should play a key 644 

role during the process, being involved in electrostatic interaction and hydrophobic, π-π electron 645 

donor–acceptor interactions and hydrogen bonding with CIP. The fluorine atom present on CIP 646 

could allow it to act as a π-electron acceptor, while the phenolic hydroxyl groups on Kiwi Peels 647 

surface can act as π-electron donors, favoring π–π interactions enhancing the adsorption. 648 

Furthermore, the H-bond between OH moieties onto the Kiwi surfaces and the protonated amino 649 

groups of CIP could also be considered (Fu et al., 2021).  650 

3.2.6 Effect of salts in CIP solutions. Experiments of adsorption were performed by increasing the 651 

ionic strength of CIP solutions to confirm the presence of electrostatic interaction between Kiwi 652 

Peels and CIP (Fu et al., 2021; Gao et al., 2021; Ji et al., 2021; Rizzi et al., 2021). For this reason, in 653 

the beginning, different concentrations of NaCl were adopted to investigate CIP removal. Once 654 
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again, the qt values and % of CIP adsorption were calculated (Figures 8A and 8B). A CIP solution 655 

of 10 mg/L containing 25 mg of adsorbent at pH 7.5 was employed. In this condition, CIP was 656 

present as a zwitterion, and the adsorbent was negatively charged. 657 

The results showed that by increasing the salt concentrations from 0.01 M to 0.3 M, the CIP’s 658 

removal decreased, and the effect was more evident in the presence of NaCl 0.1 and 0.3 M, 659 

reducing the CIP removal % from 30 %, in the absence of salt, to 10 %, in the presence of NaCl, by 660 

fixing 60 minutes of contact time. This behavior was already observed in other works related to the 661 

CIP’s removal (Fu et al., 2021; Gao et al., 2021; Ji et al., 2021; Rizzi et al., 2021), confirming how 662 

the adsorption process mainly involved electrostatic interactions. The observed trend was attributed 663 

to possible shielding effects of cations/anions–mediated charges both referred to as CIP functional 664 

groups and the adsorbent surface. But also competition effects involving the pollutant and ions 665 

(cations, in this case) for the adsorbent’s negatively charged surface (see Scheme 1B) cannot be 666 

excluded (Fu et al., 2021; Gao et al., 2021; Ji et al., 2021; Rizzi et al., 2021). In particular, it should 667 

be supposed that Na+ shielded the negative surface of the adsorbent, hindering the adsorption, and, 668 

at the same time, Na+ can be regarded as a competitor for Kiwi Peels’ surface. Besides, the salt-669 

derived anions or cations could shield the CIP charges affecting the adsorption (Scheme 1B). In 670 

particular, the anions and cations could shield the protonated CIP amino moiety and the 671 

deprotonated carboxylic group, respectively. 672 

However, to infer more information about the latter hypotheses, the effect on the adsorption process 673 

was studied by changing the nature of both anions and cations (Rizzi et al., 2021). By choosing 0.1 674 

M as reference electrolyte concentration (when the NaCl effect was relatively strong), the salt type 675 

was changed by maintaining constant the anion (Cl-) and changing the nature of cation: Li+, Na+, 676 

K+, Mg2+, and Ca2+. For the sake of comparison, in Figure 8C, the % of CIP removal in the 677 

presence of salts was reported, selecting 60 minutes of contact time. The CIP’s removal percentage 678 

decreased from K+ to Li+, therefore by increasing the hydrated radius of cation (K+ = 2.32, Na+ = 679 

2.76 and Li+ = 3.4 Å) (Rizzi et al., 2020b). Furthermore, by changing the cation charge from 680 
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monovalent to divalent ions, this effect appeared more pronounced by adopting Ca2+ and Mg2+ (Fu 681 

et al., 2021; Gao et al., 2021; Ji et al., 2021; Rizzi et al., 2021). Indeed, the electrical double layer 682 

on the adsorbent surface should be further compressed by increasing the solution ionic strength with 683 

divalent ions. At the same time, the coordination of cations by the negatively charged carboxylic 684 

groups cannot be excluded due to the CIP features, as already observed by Rizzi et al.(Rizzi et al., 685 

2021). This effect would be expected greater for divalent cations, hindering the CIP adsorption and 686 

favoring the CIP coordination in solutions. Therefore, these observations clearly confirmed the 687 

presence of electrostatic interactions involving an ion-exchange mechanism between the CIP’s 688 

functional groups and Kiwi Peels, evidencing the cations’ shielding/competition effects during the 689 

adsorption (Fu et al., 2021; Gao et al., 2021; Ji et al., 2021; Rizzi et al., 2021).  690 

Finally, the nature of anions was also changed by selecting Na+ as a cation, and Figure 8D shows 691 

the obtained results. In this case, the % of CIP removal was compared by adopting, once again, 60 692 

minutes as contact time, but in the presence of NaCl, NaBr, NaI, and NaClO4. The lack of 693 

significant differences suggested that the shielding effect of anions on CIP was not important, 694 

confirming how the cations played the main role in highlighting the probable main presence of 695 

competitive effects for the adsorbent surface.  696 

3.2.7 Desorption of CIP and adsorbent recycling. According to the circular economy and green 697 

chemistry principles, desorption experiments were performed to assess Kiwi Peels and CIP 698 

recycling. As the first step, the role of temperature was investigated. Indeed, in Figure 3, it was 699 

shown that for T > 313 K, the CIP removal was reduced, stopping the adsorption at 323 K. For that 700 

reason, after the CIP’s adsorption cycle, the Kiwi Peels were placed, under continuous stirring, in 701 

contact with hot water at 313 and 323K. After 60 minutes of contact time, the measured % of 702 

desorbed CIP were 60 and 75%, respectively. This observation confirmed the hypothesis that the 703 

reduced adsorption capacity of Kiwi Peels observed at T > 300K (Inset of Figure 5B) was 704 

attributable to the desorption effect stimulated by high temperatures. Since it is an endothermic 705 
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process, it competes with adsorption, especially by incrementing the temperature at values higher 706 

than 300K.  707 

So, as an alternative approach to avoid hot water, the use of salts was subsequently investigated 708 

using the electrolytes that strongly affected the CIP adsorption. NaCl, MgCl2, and CaCl2 solutions 709 

were selected and compared by exploring different concentrations. Once again, the % of desorbed 710 

CIP was calculated (Figures 9A). In particular, after the CIP adsorption, as detailed during the 711 

desorption with hot water, Kiwi Peels were placed under continuous stirring in contact with the 712 

electrolytes’ solutions for 60 minutes. Regarding NaCl, by increasing its concentration from 0.1 to 1 713 

M, the % of the desorbed CIP increased from 50 % to 70 %. Instead, the CIP’s release was more 714 

pronounced by using MgCl2 and CaCl2: in this case, the release was favored already at lower 715 

concentrations, i.e., 0.1M, obtaining the 80% of contaminant’s desorption without concentration 716 

effects. The findings evidenced the behavior already observed during the study about the ionic 717 

strength role, confirming the great effect of divalent cations as competitors for the Kiwi Peels 718 

surface during the ion exchange process. Therefore, a 0.1 M MgCl2 solution was selected to study 719 

Kiwi Peels’ ability to work under continuous adsorption/desorption cycles. Figure 9B reports the % 720 

of the adsorbed/desorbed CIP by adopting a contact time of 60 minutes for each cycle. Interestingly, 721 

after the second cycle, the % of adsorbed CIP increased from 27% to about 50%, and after that 722 

remained constant. The % of desorbed CIP changed from 80%, for the first desorption, to the 723 

approximately constant value of 70%, for all the subsequent runs. So, the adsorption/desorption 724 

process remained still performant, ensuring the recycling of the adsorbent/pollutant according to the 725 

green chemistry and green economy principles. However, other experiments were performed to 726 

clarify the observed behavior to get insight into the process and thus explain the improved 727 

adsorption after the 2nd cycle.  728 

For this purpose, Kiwi Peels, before the adsorption, were placed for 60 minutes in (i) water, in (ii) a 729 

solution of 0.1M/0.5M MgCl2, and for the sake of comparison also in (iii) solutions of 0.1M CaCl2 730 

and NaCl. The qt values (Figure S5A) and the related % of CIP adsorption (Figure S5B) were 731 
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calculated. By comparing these results with those referred to dry Kiwi Peels, the treatment with 732 

CaCl2 and NaCl did not affect the CIP adsorption. Conversely, a slight improvement was observed 733 

for the sample placed previously in water and used as a wet adsorbent (wet Kiwi Peels). Moreover, 734 

the use of MgCl2 significantly improved both the adsorption capacities and the % of CIP’s removal, 735 

and the effect seemed to be MgCl2 dose-dependent indicating the important role of Mg2+ ions in the 736 

recycling. In agreement with these results, the % of Kiwi Peels’ swelling in water was calculated by 737 

using the following relation: �𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃−𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
� × 100. In particular, the 738 

adsorbent swelling, measured at equilibrium after 5 minutes of contact time, changed from 125%, 739 

for samples previously placed in water, to 300% for the adsorbent after the contact with 0.1M 740 

MgCl2 solution. On the other hand, the same 125 % swelling was also measured for the adsorbent in 741 

contact with 0.1M CaCl2 and NaCl solutions. Based on these data, the important role of Mg2+ 742 

occurred. Indeed, Mg2+ ions competed with CIP’s adsorption favoring its desorption, evidencing the 743 

affinity towards Kiwi Peels. Mg2+ ions were partially retained on the adsorbent surface due to their 744 

small sizes and their ability to coordinate the functional groups of Kiwi Peels during the ion 745 

exchange with CIP. So, the water migration from the bulk of solution towards the adsorbent was 746 

favored for an osmosis effect, as confirmed by the increased observed swelling values. Furthermore, 747 

the MgCl2 treatment, as will be discussed in the following section during the TG investigation of 748 

the adsorbent after the adsorption/desorption cycles, altered the H-bonds networks. The CIP 749 

removal was thus enhanced after the salt treatment restituting the result reported in Figure 9B.  750 

In conclusion, although the data shows a low qt value (4 mg/g) compared to works in Table 1, they 751 

also indicate that it is possible to adopt multiple adsorption/desorption cycles to increase qt. In other 752 

words, thanks to adsorption/desorption cycles that do not alter either the adsorbent or adsorbate 753 

properties, it is possible to increase lifetime with obvious qt increment at least from 4 to 40 mg/g. 754 

 755 
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3.2.8 Physicochemical features of Kiwi Peels after the CIP adsorption and desorption. For this 756 

purpose, the same techniques used to characterize the adsorbent before its use were adopted to 757 

investigate the Kiwi Peels’ morphologic properties after the CIP’s adsorption and desorption. First 758 

of all, as it can be appreciated from SEM images in Figures 1C-H, the morphological features of 759 

both the outer and inner surfaces of the Kiwi Peels samples were retained after CIP adsorption and 760 

desorption, even after 10 adsorption/desorption cycles. 761 

Interestingly, the FTIR-ATR analysis of Kiwi Peels after the CIP adsorption (Figures 2A and 2B), 762 

especially when the Kiwi Peels’ inner surface was considered (Figure 2A), evidenced slight 763 

changes. In detail, the band at 1614 cm-1 moved to 1621 cm-1 and appeared less defined, denoting 764 

the interaction of CIP with cellulose OH moieties (Fu et al., 2021; Gao et al., 2021; Rahimnejad et 765 

al., 2018; Rizzi et al., 2017; Saleh Jafer and Hassan, 2019). Accordingly, at 3307 cm-1, the OH 766 

signal decreased its relative intensity and slightly shifted, suggesting the possible formation of an 767 

H-bond with CIP (Fu et al., 2021; Rizzi et al., 2017). Moreover, the interaction between the C=O 768 

groups of lignin and CIP cannot be excluded. The bands in the region 1100-1500 cm-1, ascribed to 769 

aromatic rings vibration of lignin and/or CH3, -CH2-, C-H moieties vibration of cellulose and 770 

hemicellulose, and at 1037 cm-1 also occurred slightly modified, changing their relative intensities. 771 

As a whole, these observations confirmed (i) the formation of H-bonds, besides the main presence 772 

of electrostatic interaction, and (ii) the possible contributions of hydrophobic forces, between CIP 773 

and Kiwi Peels, during the adsorption. Finally, after the adsorbent recycling (Figures 2A and 2B), 774 

in agreement with SEM results, the lack of important changes in IR bands position, shape, and 775 

relative intensity were observed for both the Kiwi Peels surfaces. This suggested that the main 776 

adsorbent functional groups and features were not affected during the prolonged 777 

adsorption/desorption runs.  778 

As for the TG investigation, the following results were obtained: in line with the previous 779 

discussion, the TG profiles of the Kiwi Peels sample before and after the adsorption of CIP were 780 

practically superimposable (Figures 2C and 2D), as already observed with other adsorbent 781 
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materials (Rizzi et al., 2021), with a maximum rate at 360°C, corresponding to a mass loss of about 782 

40%. The two shoulders on the DTG curve (Figure 2D), at 413°C and 451°C, indicated the 783 

temperatures at which the secondary decomposition processes had the maximum rate and 784 

corresponded to mass residuals of 45 and 37%, respectively. 785 

Compared with the SEM and FTIR-ATR analyses, important thermal changes were observed when 786 

the desorption was induced with MgCl2 solution. After the first cycle of adsorption/desorption using 787 

an MgCl2 solution, a slight shift of the TG curve occurred at a lower temperature with a maximum 788 

decomposition rate at 355°C. After 10 adsorption/desorption cycles, this effect increased, and the 789 

maximum decomposition rate resulted at 310°C, that is a temperature lower than 50 degrees, and 790 

with a weight decrease of 30% (blue curve in Figure 2C) and not 40% as previously observed (red 791 

and green curves in Figure 2C). At higher temperatures, there was only a well-evident shoulder at 792 

413°C, probably due to the complete overlapping of consecutive degradation steps. These results 793 

agreed with Liu’s studies on the catalytic effect of MgCl2 on the pyrolysis of cellulose (Liu et al., 794 

2015): the presence of MgCl2 weakened the hydrogen bonding networks, producing strong cross-795 

linking reactions that enhanced the cellulose conversion in sugars and hence favored the 796 

decomposition. At the same time, Mg2+ could catalyze the re-polymerization reactions, which 797 

partially suppressed the formation of the volatile compounds justifying the lower mass reduction. 798 

So, the use of MgCl2 partially affected the thermal features of Kiwi Peels and their surface, 799 

justifying the results observed when the consecutive cycles of adsorption/desorption were 800 

performed, observing the enhanced removal of CIP (Figure 7). 801 

3.2.9 Removal of other pollutants and their mixtures. The Kiwi Peels’ great performances were 802 

further highlighted by showing its ability to remove different emerging pollutants. By considering 803 

the results reported in Table 1, the removal of CIP, PRO, TC, DCF, Kp, and HTCZ was studied 804 

using solutions containing two pollutants (CIP and PRO), three pollutants (CP, PRO, and TC), and 805 

six pollutants (CIP, PRO, TC, DCF, Kp, and HTCZ). The processes were studied by adopting the 806 

UV-Vis spectroscopy as discussed before for the CIP removal. It is worth mentioning that each 807 
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contaminant showed its typical UV-Vis absorption spectrum that contributes to the UV-Vis 808 

absorption spectrum of the mixture. As a result, an envelope of bands occurred due to the 809 

superimposition of spectra ascribed to each EC. Figures 10A, 10B, and 10C report the obtained 810 

results.  811 

The UV-Vis spectra were collected after 1h and 24h. As can be observed in Figure 10, although 812 

present in complex solutions, the pollutants were successfully eliminated from the water with high 813 

efficiencies of adsorption under the experimental conditions of work. These results are promising 814 

and could open novel horizons in wastewater treatment because the same low-cost and 815 

environmentally friendly adsorbent can adsorb many different pollutants without the important 816 

effects of competition. 817 

3.2.10 Preliminary information about the CIP photodegradation after the adsorption on Kiwi Peels. 818 

As an alternative to the desorption processes, the paper focuses on the possibility of inducing the 819 

solid-state photodegradation of the adsorbed CIP, offering another way for the adsorbent recycling. 820 

In particular, the attention was focalized on the synergistic use of UV light, H2O2, UV/TiO2, and 821 

UV/H2O2/TiO2.  822 

As well known, •OH is one of the most important radical species produced by the adopted AOPs 823 

(Rizzi et al., 2020b, 2020a, 2019a). It is highly reactive and non-selective and favors the fast 824 

degradation of organic substrates. The TiO2 and H2O2 co-presence together with UV-light should 825 

favor the formation of additional •OH, exploiting the photocatalytic activity of TiO2 and photolysis 826 

of the peroxidic bond in H2O2, respectively (Rizzi et al., 2020a, 2019a). In particular, to evaluate the 827 

% of photodegraded CIP, the difference between adsorbed and released CIP was calculated, 828 

measuring the amount of CIP released in MgCl2 (by choosing 1h as contact time with the MgCl2 829 

solution) after the AOPs treatment performed on CIP adsorbed onto Kiwi Peels (Rizzi et al., 2020a, 830 

2019a). 831 

As the first step, knowing that the CIP can be easily photodegraded in solution (Bobu et al., 2013; 832 

Shah et al., 2018), the photodegradation of CIP in solid-state after its adsorption onto Kiwi Peels 833 
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was investigated. Following the previously detailed experimental procedure, the adsorbent was 834 

placed in water and irradiated with a UV lamp at different irradiation times, i.e., 1, 2, and 4 h 835 

(Figure S6). As can be observed in Figure S6, the CIP photodegradation occurred, and it is 836 

influenced by the irradiation time. Indeed, by changing the irradiation time from 1 to 4h, the % of 837 

photodegraded CIP passed from 70 to 90%, indicating that the adopted approach worked well and 838 

could be suitable for the purpose. Subsequently, the use of UV-light in synergy with different 839 

concentrations of H2O2 was investigated by adopting 1h as the reference irradiation time. It is worth 840 

mentioning that the degradation in the presence of H2O2 without UV-light was not observed. 841 

Although an improved photodegradation was expected due to the UV-light and H2O2 joint action, 842 

the obtained results instead showed a clear reduction of the CIP photodegradation. In particular, the 843 

lowest amount of H2O2 (0.005M) did not affect the CIP degradation, while a slight improvement 844 

was observed by using H2O2 0.01M. A further increase of H2O2 concentration to 0.05M and 0.1M 845 

hindered the CIP degradation. The finding could be attributed to the fact that H2O2 was present in 846 

the solution surrounding Kiwi Peels, and the recombination of hydroxyl radicals, present in large 847 

amounts, quickly should occur according to the following processes: 848 

2HO• → H2O2  849 

H2O2 + HO• → H2O + HOO• 850 

with the peroxyl radical usually less reactive than HO•. These processes retarded or completely 851 

blocked the •OH migration towards the Kiwi Peels surface, preventing the CIP degradation. 852 

The same effect was observed in the presence of TiO2 (1 mg in 15 mL of water surrounding the 853 

adsorbent), where no improvement was detected compared to the results obtained using only UV-854 

light with 1h as irradiation time. The results worsened if H2O2 0.1 M was added to the system 855 

containing TiO2. Once again, these observations confirmed that the produced hydroxyl radicals 856 

were quickly self-quenched in solution hindering the CIP degradation. Moreover, since TiO2 was 857 

placed in the solution, it should partially screen the UV light.  858 
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So, these preliminary results show the possibility of also adopting this alternative strategy for 859 

adsorbent regeneration. Indeed, after the CIP photodegradation, the same Kiwi Peels were recycled 860 

and used again to adsorb other CIP from a solution 10 mg/L. As already observed in Figure 7B, the 861 

adsorption appeared high, unveiling the concrete possibility of performing several cycles of CIP 862 

adsorption and degradation. Once again, SEM, FTIR-ATR, and TG analyses were used in synergy 863 

to characterize the adsorbent after the CIP solid-state photodegradation. For the sake of comparison, 864 

only some of the explored conditions described in Figure S6 are reported: after UV-irradiation for 865 

4h, UV irradiation using H2O2 0.01 M and 0.05 M, UV irradiation using H2O2 (0.01M) and TiO2 866 

and after UV irradiation in the presence of TiO2. SEM analysis carried out on both the outer and 867 

inner surfaces of the Kiwi Peels samples confirmed the lack of significant morphological changes 868 

also after use in AOPs (Figures S7 and S8). In agreement with the SEM investigation, the FTIR-869 

ATR analysis showed that the outer Kiwi Peels surface, after the treatments with UV-light, H2O2, 870 

and TiO2, appeared unaffected (data not shown), exhibiting the same spectrum reported in Figure 871 

2B. Instead, the inner Peels surfaces resulted slightly modified according to the FTIR-ATR 872 

spectrum reported in Figure S9. Though the spectra were very similar to those recorded for Kiwi 873 

Peels before the treatments, some slight changes were noted, especially in the 1400-1800 cm-1 874 

wavenumber region. In particular, the ratio between the band at 1640 cm-1 and that at 1523 cm-1 875 

changed in favor of the latter (indicated with an asterisk in Figure S9), suggesting the slight and 876 

partial lignocellulosic material oxidation, confirmed by the TGA and DTG of some samples 877 

reported in Figures S10 and S11. The UV irradiation gives rise to structural modifications that 878 

make the adsorbent less stable with maximum decomposition rate temperatures between 325 and 879 

340°C and comparable mass loss, and the most pronounced effect was obtained in the presence of 880 

TiO2. 881 

Finally, the possibility of adsorbing the by-products of CIP photodegradation was investigated. For 882 

this purpose and as an example, a CIP solution was irradiated for 90 minutes with UV-light, and the 883 

UV-Vis spectra of this solution were collected over time (Figure S11A). The time evolution of the 884 
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absorption spectrum clearly evidenced the photodegradation of CIP suggested by the CIP 885 

absorbance intensity decreasing, with the presence of two isosbestic points at 306 and 345 nm, 886 

indicating a chemical reaction in progress. Interestingly, the UV light was turned off at the end of 887 

the experiments, and Kiwi Peels were swollen inside the irradiated solution. UV-Vis spectroscopy 888 

was used, once again, to monitor the adsorption process over time (Figure S11B). The absorbance 889 

intensity of the spectroscopic signals, attributed to CIP and its photoinduced by-products, 890 

decreased. This observation successfully evidenced the ability of Kiwi Peels to even adsorb the CIP 891 

by-products, proving to be a very effective adsorbent.  892 

 893 

CONCLUSIONS 894 

This work aimed to valorize the Kiwi Peels, an agricultural waste, presenting and proposing them as 895 

adsorbent material for removing emerging pollutants from water, in accordance with Circular 896 

Economy principles. 897 

Before performing adsorption experiments, the proposed material was carefully characterized 898 

before and after the adsorption process, thanks to the synergistic use of several techniques, namely 899 

FTIR-ATR, TG, and SEM, that allowed to acquire information about the inner and outer Kiwi Peels 900 

surfaces featured by a lignocellulosic nature. 901 

By adopting Ciprofloxacin as a model drug, the adsorption process was fully characterized. 902 

Particularly, the isotherm and the kinetic models were investigated, and, as a result, it was observed 903 

that the process was defined by the Freundlich equation. Both the pseudo-first and pseudo-second-904 

order kinetic models well described the Ciprofloxacin removal with the applicability of the Weber-905 

Morris equation. For recycling both the pollutant (the Ciprofloxacin) and the adsorbent material (the 906 

Kiwi Peels), since the presence of salt slowed down the process, the pollutant desorption was 907 

investigated after selecting 0.1M MgCl2, and 10 cycles of adsorption/desorption were successfully 908 

performed, evidencing an increase in the adsorbent lifetime, without any drop in performances and 909 

morphological features or microstructure. Alternatively, the solid-state photodegradation of the 910 
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pollutant after the adsorption onto Kiwi Peels was further proposed and explored by using the 911 

Advanced Oxidation Processes for giving the possibility of recycling the adsorbent that. The results 912 

appeared interesting; unfortunately, the adsorbent material was partially affected by the oxidation 913 

processes; thus, the desorption of Ciprofloxacin should be preferred, and its photodegradation 914 

should be performed subsequently in solution. The possibility of using Kiwi Peels as adsorbents for 915 

the UV-light photoinduced by-products was also explored and demonstrated. In conclusion, it can 916 

be stated the valorization of a waste, the Kiwi Peels, transforming them into a resource for water 917 

remediation applications. Work is in progress to avoid the disposal of washing water derived from 918 

the pretreatment step of the Kiwi Peels into the environment to further valorize this kind of waste, 919 

thus obtaining value-added by-products. 920 

So, the use of Kiwi Peels has the great potential to favor a new virtuous alliance between agriculture, 921 

enterprise, and research. So, the academic research will close the bioeconomic circle, giving rise to 922 

promising collaborations that will multiply the value of Kiwi fruits while improving the engineering 923 

of production processes with the development of new plant technologies to transform Kiwi wastes 924 

into value-added materials. In turn, this innovation will enhance the competitiveness of food 925 

producers and revitalize the territory. 926 
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 1139 

 1140 

FIGURE CAPTIONS 1141 

Figure 1: Representative SEM images of Kiwi Peels before CIP adsorption (A, B), after CIP 1142 

adsorption (C, D), after CIP desorption in 0.1 M MgCl2 solution (E, F), after 10 cycles of CIP 1143 

adsorption/desorption (G, H). Images of both the outer (A, C, E, G) and inner (B, D, F, H) side of 1144 

the peel samples are reported. 1145 

Figure 2: Comparison between FTIR-ATR spectra (wavenumbers range 500-4000 cm-1) referred to 1146 

the inner (A) or outer Kiwi Peels surface (B), and TG (C) with the related DTG (D) analyses 1147 

obtained for the adsorbent before and after the CIP adsorption/desorption. The Olive pomace FTIR-1148 

ATR spectrum is also reported.  1149 



50 
 

Figure 3: The pollutant’s chemical structure and the adsorbent’s camera pictures are reported 1150 

detailing the process to obtain dry Kiwi Peels. Inset: UV-Vis spectra of a CIP solution, 10 mg/L, pH 1151 

7.5 at r.t., in the presence of 80 mg of Kiwi Peels, collected at several contact times. 1152 

Figure 4: % of CIP adsorption onto Kiwi Peels, with the related adsorption capacities, by adopting 1153 

a CIP solution 10 mg/L, at pH 7.5 and r.t., and different adsorbent amounts (A, B) and by changing 1154 

the CIP concentrations, 2.5-20 mg/L by using 25 mg of Kiwi Peels (C, D). 1155 

Figure 5: Adsorption capacities (A) onto Kiwi Peels (25 mg) with the related % of CIP adsorption 1156 

(B) at several temperature values (from a CIP solution 10 mg/L, pH 7.5), the inset reports the % of 1157 

adsorption, calculated at 60 minutes, and several temperature values; Plot of ln(keq) vs. 1/T to obtain 1158 

ΔH° and ΔS° at 298 K (C). 1159 

Figure 6: Isotherms of adsorption: Langmuir (A), Freundlich (B), Temkin (C) and D-R (D). 1160 

Figure 7: Kiwi Peels adsorption capacities (A) with the related % of CIP adsorption (B) calculated 1161 

at several pH values (from a CIP solution 10.0 mg/L in the presence of 25 mg of adsorbent); the 1162 

inset reports the % of CIP adsorption calculated at 60 minutes and at several pH values; application 1163 

of the drift method to calculate the adsorbent PZC (C). 1164 

Figure 8: Kiwi Peels adsorption capacities (A) with the related % of CIP adsorption (B) obtained in 1165 

the presence of different NaCl concentrations; % of CIP adsorption, calculated at 60 minutes as 1166 

contact time, onto Kiwi Peels by changing the cation (C) and anion nature (D) (salt concentration: 1167 

0.1 M). All the experiments are related to a CIP solution 10 mg/L, pH 7.5, in the presence of 25 mg 1168 

of Peels. 1169 

Figure 9: % of CIP desorption from Kiwi Peels (calculated at 60 minutes as contact time of 1170 

desorption), in the presence of different concentrations of NaCl, MgCl2, and CaCl2. The related 1171 

adsorption was obtained from a solution 10 mg/L by adopting 60 minutes as adsorption contact time 1172 

and 25 mg of Peels (A); Consecutive cycles of CIP adsorption, from a solution 10 mg/L (the contact 1173 

time is 60 minutes, by adopting 25 mg of adsorbent) and desorption in 0.1M MgCl2 (the % of 1174 

desorption is calculated at 60 minutes adopted as contact time) (B). 1175 
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Figure 10: UV-Vis spectra of a mixture of CIP and PRO (A), CIP, PRO and TC (B), CIP, PRO, 1176 

TC, DCF, Kp, and HTCZ (C); each pollutant has a concentration of 5 mg/L, and the adsorption 1177 

process is investigated in the presence of 25 mg of Kiwi Peels.  1178 

Scheme 1: A schematic illustration depicting the interaction between Kiwi Peels and CIP at several 1179 

pH values (A) and in the presence of anions/cations from salts (B). 1180 
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Figure 2 1185 

 1186 

INNER SURFACE

 

100 200 300 400 500 600 700

20

40

60

80

100

 Kiwi Peels or Kiwi Peels + CIP
 Kiwi Peels after the desorption, 1st Cycle
 Kiwi Peels after the desorption, 10th Cycle

 

 

W
ei

gh
t l

os
s 

%

Temperature / °C

100 200 300 400 500 600 700
-0,8

-0,6

-0,4

-0,2

0,0

451 °C

360 °C

413 °C

310 °C

355 °C

 

 

DT
G

Temperature / °C

D



54 
 

 1187 

Figure 3 1188 
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Figure 7 1196 
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Figure 8 1198 
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Figure 9 1200 
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