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Highlights 10 

• “Acid catalyst” functionalisation was applied to synthesise a P-ordered adsorbent. 11 

• An adsorption capacity of 5.6 mg/g was achieved using real wastewater effluent. 12 

• Adsorption mechanisms were governed by pore filling, EDA interactions and H-13 

bonding. 14 

• O- and P-containing functionalities were responsible for the adsorption interactions. 15 

• A treatment cost of ∼0.24 $/m3, indicated the economic viability of using the 16 

adsorbent. 17 

 18 

Abstract 19 

Diclofenac (DCF), naproxen (NPX) and ibuprofen (IBF) are three of the most commonly 20 

used non-steroidal anti-inflammatory drugs (NSAIDs) worldwide. They are widely 21 

detected in natural waters due to their persistence in wastewater treatment, and their 22 

removal is desirable in future wastewater management worldwide. In this study, “acid 23 

catalyst” functionalisation and subsequent carbonisation were adopted to synthesise a P-24 
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doped microporous carbonous adsorbent (CScPA) for NSAID removal. The CScPA was 25 

evaluated in depth for its adsorption performance (i.e., isotherms, kinetics and 26 

thermodynamics of adsorption at lab-scale). The CScPA had a large surface area (791.1 27 

m2/g) and good porosity (0.392 cm3/g), which facilitated a high maximum adsorption 28 

capacity of 62.02 mg/g for a NSAID mixture. Thermodynamic data indicated that the 29 

adsorption of these NSAIDs was an endothermic process determined by physisorption 30 

(low-energy interactions). XPS analysis revealed the specific interactions involved in the 31 

adsorption process, including π-π and n-π electron donor-acceptor (EDA) interactions and 32 

hydrogen (H-) bonding. The Freundlich isotherm and Elovich kinetic model provided the 33 

best fit to the experimental results, which indicated surface heterogeneity (of the CScPA) 34 

and cooperative adsorption mechanisms. The adsorption process was shown to have 35 

potential to be applied to real wastewater effluent containing NSAIDs at low 36 

environmentally relevant concentrations (removal reached > 90% at 10 µg/L). Analysis 37 

of different implementation and cost related factors suggested that the CScPA has the 38 

potential for use with “real-world” water matrices, offering a sustainable treatment 39 

process for pharmaceutical remediation in wastewater. 40 

Keywords:  41 

Tailored surface chemistry; XPS analysis; Economic viability; Wastewater treatment; 42 

Pharmaceutical removal 43 

1. Introduction 44 

The presence of pharmaceuticals (PhCs) in the environment and their potential adverse 45 

effects on non-target organisms has attracted global concern (Taggart et al., 2016). 46 

Pharmaceutical pollution, including the contamination of potable water sources, is 47 
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increasing, as is consumption/use by humans and within veterinary medicine. Human use 48 

PhCs can often persist within/through traditional sewage treatment processes - resulting 49 

in their now ubiquitous occurrence in the aquatic environment, which itself may exert 50 

ecotoxicological effects even at trace levels (ng/L) (de Franco et al., 2018). Among PhCs, 51 

non-steroidal anti-inflammatory drugs (NSAIDs) are one of the most widely 52 

used/prescribed drug classes, used to treat pain and inflammation, including joint pain, 53 

arthritis, endometriosis, gout, dental pain and to reduce fever and swelling (Mlunguza et 54 

al., 2019). Since NSAIDs are often sold safely without prescription, as ‘over-the-counter’ 55 

(OTC) medicines, their use may be widely underestimated (Sousa et al., 2018), while 56 

their ecotoxicity in certain scenarios can be highly significant (Richards et al., 2018). The 57 

physico-chemical properties of some of these compounds, such as their hydrophilicity 58 

and stability, often result in incomplete removal during traditional wastewater treatment. 59 

Many techniques can be used to remove NSAIDs during wastewater treatment, including 60 

advanced biological degradation, biofiltration, advanced oxidative processes (AOP), 61 

membrane filtration and adsorption (Ahmed, 2017). Among these, adsorption is 62 

considered a potentially effective and low-cost treatment process, with relatively low 63 

energy inputs needed (i.e., compared to AOP and/or membrane systems) (Varga et al., 64 

2019). However, the price of many commercial adsorbents (i.e., commercial activated 65 

carbons and ion-exchange resins) can still be very high (>3000 $/t), which may be 66 

partially overcome if waste materials and by-products (as precursors) are used for 67 

adsorbent synthesis (Stavropoulos and Zabaniotou, 2009). Likewise, to further maximise 68 

the removal of recalcitrant pollutants (including PhCs) using such materials, a variety of 69 

low-cost methods have been developed to modify (and thus improve) their textural 70 

properties and surface chemistry. One of the most commonly used modifications is to 71 
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tailor/generate certain functional groups and heteroatoms (of oxygen (O), nitrogen (N) 72 

and/or phosphorous (P)) on the surface of these adsorbents. This is commonly achieved 73 

by heating them in an inert or oxygen limited atmosphere and/or impregnating them with 74 

N- and P-containing compounds (e.g., phosphoric acid) (Wang et al., 2017). These 75 

relatively simple/low-cost modification methods can increase adsorbent quality 76 

significantly (i.e., surface area, surface chemistry, stability) and thus their adsorption 77 

capacity for pollutants present in wastewater. For emerging economies with limited or no 78 

wastewater treatment infrastructure, providing low-cost mediums to remove a broad 79 

range of emerging micropollutants would clearly be of benefit.  80 

Here, the adsorption of selected NSAIDs from wastewater by a P-functionalised 81 

microporous carbon (CScPA) is studied. This material has also been considered 82 

previously, for the removal of other PhCs (i.e., sulfamethoxazole-antibiotic, 83 

carbamazepine-antiepileptic) and for heavy metals (Pb2+, Cd2+ and Ni2+) (Pap et al., 2016; 84 

Turk Sekulic et al., 2019a). In subsequent work (Li et al., 2021; Niemi et al., 2020), it has 85 

been shown that even in remote and rural communities, with low population densities, 86 

wastewater can contain elevated PhCs, including certain priority NSAIDs. Consequently, 87 

the CScPA was applied to several high use NSAIDs (NPX-naproxen, DCF-diclofenac, 88 

and IBF-ibuprofen), and our objectives included: (I) to optimise the experimental 89 

parameters for the removal of NSAIDs in aqueous solution; (II) to study various isotherm, 90 

kinetic, thermodynamic models and interaction mechanisms, including through the use of 91 

XPS analysis; (III) to explore the selectivity of the CScPA towards NSAIDs present in 92 

real wastewater effluents; (IV) to evaluate the economic feasibility of using this material 93 

in future wastewater treatment. The novelty of this work lies in the fact that unlike many 94 

other studies, we do not focus on simply using single solute synthetic solutions with high 95 
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initial concentrations, but instead, seek to provide insights regarding adsorption efficiency 96 

using real wastewater effluents containing low environmentally relevant concentrations. 97 

2. Material and methods 98 

2.1. Preparation of carbonous material 99 

The analysis of the precursor waste used here and the carbonous adsorbent synthesis 100 

(CScPA) process, have both been described in our previous reports (Pap et al., 2016; Turk 101 

Sekulic et al., 2019a). Briefly, lignocellulosic waste biomass (cherry kernels) was washed 102 

and milled, and the homogenised biomass was impregnated using a 50 wt% H3PO4 103 

solution. Then, the impregnate was “acid catalyst” functionalised and subsequently 104 

carbonised in a furnace using a two-step process. The first step involved heating the raw 105 

material at a rate of 10 °C/min up to 180 °C, which was held for 45 minutes. For the 106 

second step the sample was carbonised at a higher temperature (heating rate of 10 °C/min 107 

up to 500°C – held for 60 min). Finally, the medium was washed repeatedly with Milli-108 

Q® water and dried at 110 °C for 2 h. 109 

2.2. Adsorbates and analytical methods 110 

The three NSAIDs studied are detailed in Table 1. Analytical grade NPX, DCF and IBF 111 

standards were obtained from Sigma-Aldrich (Germany). Ultrapure water was used 112 

throughout (EASYpure® II, Thermo Scientific and Milli-Q®, Merck). 113 

Table 1 114 

Structure, properties and concentration range in raw influent of the three model NSAIDs used 115 

Drug; CAS 

number; EC 

number; Formula 

Molecular structure 

Molecular 

weight 

(g/mol) 

pKa 

Solubility 

in water 

(mg/L) 

Log 

Kow 

Molecular 

diameter 

(nm) 

Concentration 

range in raw 

influent (ng/L) 
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Naproxen; 

22204-53-1; 245-

969-2; C14H14O3 

 

230.26 4.20 44 3.18 

Min. 0.8 

Max 1.2 

Asia: <MQL-7762 

North America: 

1700-25000 

Europe: <MQL-

611000 

Diclofenac; 

15307-86-5; 239-

348-5; 

C15H12Cl2N2O 
 

296.15 4.15 10 4.51 

Min. 0.7 

Max 0.9 

Asia: < 13-445 

North America: 

140-2450 

Europe: <MQL-

4869 

Ibuprofen; 

15687-27-1; 239-

784-6; C13H18O2 

 

206.29 4.91 58 3.97 

Min. 0.6 

Max. 1.1 

Asia: < 34.8-

55975 

North America: 

2500-45000 

Europe: <MQL-

83500 

Literature source for concentration ranges: (Li et al., 2021; Tran et al., 2018). 116 

MQL: method quantification limit. 117 

NPX, DCF and IBF residual concentrations in synthetic solutions were measured using a 118 

HPLC (High Performance Liquid Chromatography system; Agilent 1260 series) with a 119 

diode array detector. The method was described in detail elsewhere (Turk Sekulic et al., 120 

2019b). The concentration of NSAIDs in wastewater effluent was determined using 121 

HPLC-MS/MS (Agilent 1100 HPLC coupled to a Micromass® Quattro Ultima Platinum 122 

MS/MS detector) with electrospray ionisation (ESI), based on a previously reported 123 

method (Li et al., 2019). 124 

 125 
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2.3.Characterisation 126 

The morphology of the CScPA was observed using a scanning electron microscope – 127 

SEM (Topcon SM-300). FTIR (Fourier Transform-Infrared) spectra were recorded using 128 

a Nexus 670 (Thermo Nicolet, USA) spectrophotometer. To understand changes in the 129 

surface chemistry of the CScPA following adsorption, X-ray photoelectron spectroscopy 130 

(XPS) (Thermo Scientific, K-Alpha) was used. The adsorbent surface area, pore volume 131 

and distribution were measured using an N2 automatic surface analyser (Quantachrome, 132 

USA). The point of zero charge (pHpzc) ‘drift’ method proposed by Fiol and Villaescusa 133 

(2009) was used to qualify the surface functional groups. 134 

2.4. Batch adsorption experiments 135 

Batch trials using different experimental conditions were undertaken, including varying 136 

initial solution pH (2-9), adsorbent mass (2-200 mg), initial concentration (1-50 mg/L), 137 

temperature (22, 32 and 42 °C) and contact time (5-300 min). These were conducted using 138 

50 mL volume NSAID solutions in a series of Erlenmeyer flasks. The samples were 139 

agitated at 140 rpm on a mechanical shaker (Heidolph Unimax 1010; Germany). Initial 140 

pH of solution was manipulated with 0.1 mol/L NaOH or HCl. After the experiment, 141 

suspensions containing the NSAID-loaded adsorbents were passed through 0.2 µm PTFE 142 

syringe filter membranes (Merck Millipore, Ireland). Blanks without NSAIDs and 143 

triplicates were used in every experiment. 144 

In order to verify modelling accuracy, two error functions were employed, the sum of the 145 

squares of the residuals (SSE) and the nonlinear chi-square test (χ2): 146 

𝑆𝑆𝐸 = ∑(𝑞e
𝑒𝑥𝑝

− 𝑞e
cal)2                                                                                                            (1)

𝑁

i=1

 147 
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𝜒2 = ∑
(𝑞𝑒

𝑒𝑥𝑝
− 𝑞𝑒

𝑐𝑎𝑙)2

𝑞𝑒
𝑐𝑎𝑙

𝑁

𝑖=1

                                                                                                            (2) 148 

where 𝑞𝑒
𝑒𝑥𝑝

 (mg/g) is the adsorption capacity obtained experimentally, 𝑞𝑒
𝑐𝑎𝑙  (mg/g) is 149 

estimated by the model, and N is the number of observations. The smaller the SSE and χ2 150 

values, the better the curve fitting. 151 

To explore CScPA performance using real wastewater, a series of batch trials were 152 

conducted. Wastewater samples were obtained from Bo’ness Wastewater Treatment Plant 153 

(WWTP operated by Scottish Water) located near Edinburgh, Scotland (designed for 154 

20,500 PE/population equivalents). The wastewater effluent characteristics are 155 

summarised in Table S1. During each adsorption trial, 50 mL aliquots of effluent were 156 

used, initially spiked with three different concentrations of NPX, DCF and IBF (10 µg/L, 157 

100 µg/L and 1000 µg/L), with 0.2 g/L of CScPA added. The suspensions were agitated 158 

for 60 min on a flatbed shaker, then aliquots of 5 mL were removed, filtered through 0.2 159 

µm PTFE syringe filter membranes, and kept in a HPLC vial until analysis. 160 

3. Results  161 

3.1. Characterisation of the CScPA 162 

The surface of the CScPA used in this study was observed using SEM (shown in Fig. S1). 163 

The typical carbon structure synthesised from lignocellulosic material could be clearly 164 

seen (Tzvetkov et al., 2016). Fragments with an irregular form, with a honey-comb texture 165 

and a multitude of uniform macroporous openings (>50 nm) on the surface were 166 

observed. Macropore cavities led into the adsorbent mesopore and micropore regime.  167 

Details regarding textural characteristics are summarised in Table S2, while nitrogen 168 

isotherms can be seen on Fig. S2a. Given IUPAC classifications, the CScPA displayed a 169 

Type I isotherm, suggesting a microporous structure combined with some mesopores and 170 
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macropores – and a tree-like pore structure (Álvarez-Torrellas et al., 2016). An increase 171 

in the absorbed N2 gas volume noted at lower P/P0 indicated micropore filling, whereas 172 

an increase at higher P/P0 (>0.6-0.8), was associated with the mesopores. The BET 173 

surface area was 791.1 m2/g and the total pore volume of the CScPA was 0.392 cm3/g. 174 

The total pore volume of micropores were larger than the mesopores, and an average pore 175 

radius of 0.991 nm was indicative of its microporous character (Table S2). Wiśniewska 176 

et al. (2017) reported similar findings for activated carbon made from cherry stones by 177 

CO2 activation. 178 

The pHpzc data indicated the acid functionality on the surface of the CScPA (Fig. S2b). 179 

FTIR spectra (Fig. S2c) gave a preliminary idea of the functional groups present, and an 180 

indication of the possible interactions with the NSAIDs studied. For the FTIR, the peak 181 

observed at 3387 cm-1 is attributed to ‒OH hydroxylic groups (within carboxyl groups, 182 

phenol groups or absorbed water). Peaks at 2852 and 2921 cm-1 corresponded to ‒C‒H 183 

stretching vibration (alkane/alkene groups). The peaks around 1690 cm-1 were assigned 184 

to ‒C=O stretching vibration (in the carboxylic and lactonic groups) and ‒C=C 185 

asymmetric stretching indicating the presence of aromatic rings. ‒C‒O in plane 186 

deformation (in ethers or lactones), aromatic ring substitution or ‒P‒O stretching 187 

vibrations of PO4
3− ions (around 1060 cm-1) also appeared on the CScPA. The bands at 188 

~1160 cm−1 could be ascribed to the stretching mode of hydrogen-bonded ‒P=O derived 189 

from phosphoric acid activation. Phospho-carbonaceous esters and polyphosphate species 190 

(represented ~881 cm-1) suggest ‒P‒O‒C aliphatic bonds, which are condensed 191 

phosphates bound to the carbon lattice. Lastly, peaks in the range of 800-700 cm-1 suggest 192 

‒C‒O stretching in acids, phenols, ester groups, aromatic rings and ‒C‒H bending (Shi 193 

et al., 2019; Turk Sekulic et al., 2019a; Wang et al., 2018; Wu et al., 2018). 194 
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The XPS survey scan (Fig. 1a) disclosed the existence of five peaks: C 1s, O 1s, N 1s, Cl 195 

2p and P 2p in both pristine and saturated CScPA. The high-resolution C 1s (Fig. 1b) peak 196 

divided into three components, C–C bond (284.3 and 284.2 eV) of sp3, C–O bond for 197 

hydroxyl, phenolic, alcohol, or ether groups (288.6 eV), and O–C=O bond in carboxyl 198 

and/or ester groups (288.6 eV). The deconvolution of the XPS O 1s (Fig. 1c) peak 199 

revealed three components: C=O and P=O bonds of ketone, lactone, carbonyl, and 200 

quinone groups (530.9 eV), while the peak at 532.6 eV related to C–O and P–O bonds, 201 

either oxygen atoms in ester, phenol and anhydrides or in phosphoric acid complexes, and 202 

at 535.4 eV the peak is ascribed to water and chemisorbed oxygen. The N 1s high-203 

resolution spectra (Fig. 1d) decomposed into two peaks. Both peaks, shown at 398.5 and 204 

400.6 eV, are attributed to nitrogen from amine, imine, or amide groups (–NH2, C=N, -205 

C−N, N–C=O). The P 2p XPS spectrum (Fig. 1e) showed a peak at 133.7 eV in the form 206 

of pentavalent tetra co-ordinated phosphorus (PO4, i.e., C−O−PO3), as in phosphates 207 

and/or polyphosphates. The elemental composition of the CScPA and the CScPA-PhCs 208 

(Table 2) changed slightly after adsorption of the PhCs (Ahmed et al., 2018; Jaria et al., 209 

2019; Jing et al., 2014; Ouasfi et al., 2019). 210 
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211 

212 

 213 
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Fig. 1. XPS wide scan spectrums of CScPA and CScPA-PhCs (a); with (b), (c), (d) and 214 

(e) being XPS spectra of C 1s, O 1s, N 1s and P 2p of CScPA and CScPA-PhCs, 215 

respectively. 216 

Table 2 217 

Deconvolution results regarding XPS spectra of CScPA before and after PhC adsorption 218 

Region CScPA (before adsorption) CScPA-PhCs (after adsorption) Assignment 

B.E. (eV) Relative content 

(%) 

B.E. (eV) Relative content 

(%) 

C 1s 284.3 61.8 284.2 62.8 C−C 

285.8 17.2 285.8 19.9 C−O 

288.6 4.7 288.6 5.2 O−C=O 

O 1s 530.9 4.3 530.9 2.7 C=O and P=O 

532.6 7.7 532.6 6.4 C‒O and P‒O 

535.4 1.0 535.2 1.0 O1s 

N 1s 398.5 0.5 398.5 0.6 NH2 

400.6 0.7 400.6 0.6 ‒C‒N 

P 2p 133.7 2.2 133.2 0.8 Phosphates and pyrophosphates 

3.2.  Influence of experimental parameters on NSAID adsorption 219 

Experiments were performed to optimise the removal of the selected NSAIDs, varying 220 

the amount of adsorbent, contact time, initial adsorbate concentration, temperature and 221 

solution pH. Along with increased CScPA dosage, removal efficiency increased (dashed 222 

lines on Fig. S3a), while adsorption capacity decreased (solid lines on Fig. S3a). Uptakes 223 

were high using a lower adsorbent dose, i.e., ~40 mg/g for IBF, however, efficiency was 224 

below 20%. Beyond a 100 mg dose, removal efficiency plateaued (remained unaffected 225 

by any further increase) for NPX and DCF, hence this dose was chosen for further work.  226 
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Adsorption capacity versus contact time is shown in Fig. S3b. Uptake increased 227 

significantly within the first 60 mins, and thereafter, no significant change was observed 228 

for NPX and DCF, however, for IBF a steady rise occurred during the whole tested time 229 

range.  230 

The experimental curves shown on Fig. S3c indicate that there was an ongoing increase 231 

in adsorption capacity over the range of initial concentrations tested here. Fig. S3c showed 232 

no clear plateau, suggesting that the saturation concentration had not been reached at the 233 

tested initial NSAID concentrations used. In competitive mode, with all three NSAIDs, 234 

the maximum adsorption capacity reached was 62.02 mg/g (initial concentration of each 235 

compound was 50 mg/L). The effect of temperature on NSAID removal is presented in 236 

Fig. S3d. It was shown that with increased temperature, from 22 to 42°C, the removal 237 

percentage increased. 238 

Solution pH can have a significant influence on adsorption capacity as it can alter the 239 

functionality of the adsorbent and the properties of the NSAIDs. Fig. 2 confirmed this 240 

hypothesis, as with a pH change from acidic to basic conditions, NSAID adsorption 241 

capacity reduced in all cases. It should be noted that pH 6 was chosen for the remaining 242 

work, given the high adsorption capacity at this point and its general 243 

applicability/similarity to most real field conditions.  244 
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 245 

Fig. 2. Effect of initial solution pH on NSAID adsorption (a, c and e) and the speciation 246 

of NSAIDs vs pH (b, d and f) - (pH: 2-9; adsorbent dose: 100 mg; contact time: 60 min; 247 

initial concentration of NSAIDs: 10 mg/L; solution volume: 50 mL; agitation speed: 248 

140 rpm; temperature: 22 °C). 249 

3.3. Adsorption reaction and mass transfer kinetics 250 
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The experimental data from time influenced experiments has been fitted using nonlinear 251 

regression to pseudo-first order (PFO) (Lagergren, 1898), pseudo-second order (PSO) 252 

(Blanchard et al., 1984) and Elovich (Roginsky and Zeldovich, 1934) reaction models; 253 

and with the Weber-Morris (W-M) intraparticle diffusion model (Weber and Morris, 254 

1963) (Supplementary Materials).  255 

The kinetic curves and fitting parameters of these models are presented in Fig. 3a-d, and 256 

Table 3, respectively. The adsorption experimental data gave the best correlation with the 257 

Elovich model. This was proven with the high R2, and low SSE and χ2 values. This model 258 

assumes that the adsorbent surface is energetically heterogeneous and therefore exhibits 259 

different activation energies (Martins et al., 2015). The initial rate constant α of the 260 

Elovich model was much higher than β, which indicates that the CScPA exhibited a strong 261 

affinity to the NSAID molecules in the solution. 262 

Table 3 263 

Reaction kinetic and W-M intraparticle diffusion model parameters for the adsorption of several NSAIDs 264 

onto CScPA 265 

NSAID NPX DCF IBP 

qt,exp (mg/g) 4.88 4.86 4.54 

Pseudo-first order model qt,cal (mg/g) 4.67 4.66 4.08 

k1 (min-1) 0.35 0.38 0.20 

R2 0.98 0.98 0.92 

SSE 0.29 0.31 1.15 

χ2 0.04 0.04 0.16 

Pseudo-second order model qt,cal (mg/g) 4.79 4.77 4.31 

k2 (g/mg min) 0.16 0.18 0.07 

h (mg/g min) 3.63 4.18 1.26 

R2 0.99 0.99 0.97 
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SSE 0.07 0.12 0.47 

χ2 0.01 0.02 0.07 

Elovich model α (mg/g min) 1.11×106 6.24×106 78.68 

β (mg/g) 4.27 4.66 2.42 

R2 0.99 0.99 0.99 

SSE 0.03 0.04 0.14 

χ2 0.004 0.006 0.02 

W-M intraparticle diffusion 

model 

ki (mg/g min1/2) 0.06 0.05 0.10 

Ci (mg/g) 4.03 4.07 2.89 

R2 0.80 0.80 0.85 

 266 

 267 
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 268 

Fig. 3. Reaction kinetic models for NPX (a), DCF (b) and IBF (c); and W-M 269 

intraparticle diffusion plot (d) regarding NSAID adsorption onto CScPA (pH: 6; 270 

adsorbent dose: 100 mg; contact time: 5-300 min; initial concentration of NSAIDs: 271 

10 mg/L; solution volume: 50 mL; agitation speed: 140 rpm; temperature: 22 °C). 272 

The plot of qe versus t1/2 (Fig. 3d) reveals that the diffusion kinetics followed multi-273 

linearity, which indicates that the adsorption process was controlled by more than one 274 

mass transfer step. Also, from Table 3, the data fitting has low linearity (R2 ≤ 0.85) and 275 

the fit does not pass through the origin, therefore, intraparticle diffusion was not the only 276 

rate-limiting step. As can be seen from Fig. 3d, at least two-linear regions could be fitted 277 

with the experimental data. For example, the diffusion rate for NPX onto CScPA 278 

decreased from the first stage (ki1 = 0.09 mg/g min1/2) to the second stage (ki2 = 0.02 mg/g 279 

min1/2), which is likely to originate from an increase in boundary layer thickness with the 280 

first stage (Ci1 = 3.94 mg/g), which is less than at the second stage (Ci2 = 4.49 mg/g). 281 

Moreover, the rate constants show that both the ki1 and ki2 values for IBF are 282 

approximately 3.5 times greater than those for NPX and DCF, indicating a higher 283 

adsorption velocity (of IBF) into the CScPA pores.  284 
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3.4. Adsorption isotherms 285 

The experimental data was fitted to Langmuir (Langmuir, 1918), Freundlich (Freundlich, 286 

1907) and Dubinin-Radushkevich (Dubinin et al., 1947) models (Supplementary 287 

Materials). 288 

For the adsorption isotherms, a broad range of initial NSAID concentrations (1–50 mg/L, 289 

pH 6) were used, and isotherms are illustrated in Fig. 4a-c. The calculated parameters are 290 

shown in Table 4. According to the Giles classification, Fig. 4a-c showed L-type 291 

isotherms which correspond to favourable adsorption processes (Giles et al., 1960). From 292 

the Langmuir isotherm, the maximum adsorption capacities, qmax, were 20.25, 20.54 and 293 

21.23 mg/g for NPX, IBF and DCF at 22 °C, respectively. The correlation coefficients 294 

(R2) were higher and the error functions (SSE and χ2) lower for the Freundlich isotherms 295 

(vs Langmuir) for all NSAIDs. The high adsorption capacities (or adsorption strength) - 296 

KF at 22 °C from the Freundlich isotherms, were 9.84, 10.60 and 9.01 (mg/g)(mg/L)n for 297 

NPX, DCF and IBF, respectively, which reflects rapid adsorption of these NSAIDs. 298 

Furthermore, the adsorption system can be described well by the constant n (1/n), which 299 

indicates the intensity of the adsorption and surface heterogeneity. When n is >> 1 (and 300 

equally, 1/n is closer to 0), the interaction between the adsorbent and adsorbate occurs 301 

easily, indicating that the adsorbent has a high capacity to remove the target analytes. The 302 

R2 values obtained with the D-R model were lower compared to the other two models. 303 

The free energy of adsorbate transfer (E) ranged between 2.24-3.63 kJ/mol, thus the 304 

adsorption mechanism could be described as physical (E < 8 kJ/mol) (Smith, 1981). 305 



20 

 306 

 307 

Fig. 4. Non-linear Langmuir, Freundlich and D-R isotherms for NPX (a), DCF (b), IBF 308 

(c) and isosteric heat of adsorption (d) onto CScPA (pH: 6; adsorbent dose: 100 mg; 309 

contact time: 60 min; initial concentration of NSAIDs: 1-50 mg/L; solution volume: 50 310 

mL; agitation speed: 140 rpm; temperature: 22 °C). 311 

Table 4 312 

Langmuir and Freundlich isotherm constants for NSAIDs adsorbed onto CScPA 313 

NSAIDs NPX DCF IBP 

Temperature (°C) 22 32 42 22 32 42 22 32 42 
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qmax,exp (mg/g) 20.25 20.83 21.52 21.23 22.32 22.72 20.54 21.88 21.83 

Langmuir 

isotherm 

qmax (mg/g) 20.28 20.56 21.43 21.21 22.45 22.50 21.53 23.19 22.43 

KL (L/mg) 1.47 1.98 1.88 1.58 2.20 2.48 0.85 1.23 1.39 

R2 0.98 0.98 0.97 0.97 0.96 0.96 0.97 0.98 0.95 

SSE 5.92 8.00 9.92 10.84 15.10 18.74 10.57 8.08 19.41 

χ2 0.99 1.33 1.65 1.81 2.52 3.12 1.76 1.35 3.23 

Freundlich 

isotherm 

KF ((mg/g)/(mg/L)n) 9.84 10.98 11.37 10.60 13.36 13.80 9.01 11.20 11.83 

1/n 0.34 0.32 0.34 0.36 0.30 0.32 0.38 0.37 0.33 

R2 0.98 0.97 0.98 0.98 0.99 0.99 0.99 0.99 0.99 

SSE 8.19 9.44 6.96 6.63 5.72 2.31 1.55 3.90 0.67 

χ2 1.3 1.57 1.16 1.10 0.95 0.38 0.26 0.65 0.11 

D-R 

isotherm 

qDR (mg/g) 17.31 18.12 18.47 17.71 19.56 19.53 17.17 19.05 19.01 

KDR (mol2/kJ2) (×10-8) 6.83 5.59 5.03 5.33 5.01 3.80 9.92 7.92 8.06 

E (kJ/mol) 2.71 2.99 3.15 3.06 3.16 3.63 2.24 2.51 2.49 

R2 0.93 0.93 0.92 0.91 0.93 0.92 0.89 0.92 0.89 

SSE 25.50 25.10 30.21 33.40 30.52 33.54 39.82 32.89 44.14 

χ2 4.25 4.18 5.03 5.57 5.09 5.59 6.64 5.48 7.36 

3.5. Thermodynamics and isosteric heat of adsorption 314 

Thermodynamic parameters (of NSAID adsorption onto CScPA), including enthalpy ΔH 315 

(kJ/mol), entropy ΔS (J/mol K) and Gibbs free energy ΔG (kJ/mol) are presented in Table 316 

5, based on the following calculations (Lima et al., 2020; Marques et al., 2019; Tomul et 317 

al., 2020): 318 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾C                                                                                                                            (3) 319 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                                                           (4) 320 
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𝑙𝑛𝐾C = −
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
    (𝑙𝑖𝑛𝑒𝑎𝑟)                                                                                                 (5) 321 

𝐾C = 𝑒𝑥𝑝 (−
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
 )     (𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟)                                                                               (6) 322 

𝐾C = 𝑀PhC × 𝐶 × 1000 × 𝐾L                                                                                                    (7) 323 

Where MPhC (g/mol) is the molecular weight of each NSAID, C is the standard state (C = 324 

1 mol/L), the 1000 factor allows for conversion from gram to milligram, T (K) is 325 

temperature and R (0.008314 J/mol K) is the universal gas constant. The standard ΔG for 326 

all NSAIDs ranged from -29 to -35 kJ/mol, while a positive ΔH was observed with 327 

relatively high values of entropy (above 135 J/mol K) for every drug. The magnitude of 328 

ΔH and ΔS obtained from the nonlinear form was lower than that from the linear form. 329 

Although divergence in magnitude were detected, these were not remarkable. Lima et al. 330 

(2020) showed that although differences in the magnitude of thermodynamic parameters 331 

(ΔH and ΔS) calculated from linear and nonlinear forms of the van't Hoff equation were 332 

not notable (Table 5), such differences were significant according to statistical tests (i.e., 333 

paired t-test and non- parametric Wilcoxon signed-rank paired test). 334 

Table 5 335 

Thermodynamic parameters for adsorption of NSAIDs onto CScPA 336 

Pharmaceutical T (K) KC ΔH (kJ/mol) ΔS (J/mol K) ΔG (kJ/mol) 

NPX 

(linear) 

295 338481 9.65 139.02 -31.36 

305 455913 -32.75 

315 432887 -34.14 

NPX 

(nonlinear) 

295 338481 8.58 135.51 -31.40 

305 455913 -32.75 
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315 432887 -34.11 

DCF  

(linear) 

295 467914 17.50 168.13 -32.10 

305 651526 -33.78 

315 734447 -35.46 

DCF 

(nonlinear) 

295 467914 16.35 164.35 -32.13 

305 651526 -33.78 

315 734447 -35.42 

IBP 

(linear) 

295 175347 19.10 165.43 -29.71 

305 253737 -31.36 

315 286743 -33.01 

IBP 

(nonlinear) 

295 175347 13.62 148.05 -30.05 

305 253737 -31.54 

315 286743 -33.02 

Isosteric heat of adsorption ΔHX, (kJ/mol) is the heat of adsorption determined for a fixed 337 

amount of molecule adsorbed (Sircar et al., 1999). The isosteric heat of adsorption at 338 

constant surface coverage (qe = 1, 5, 10, 15 and 20 mg/g) was calculated using the 339 

Clausius–Clapeyron equation in Table S3 (presented in Supplementary Materials). 340 

When physical adsorption occurs, ΔHX is <80 kJ/mol; while a ΔHX >80 kJ/mol and <400 341 

kJ/mol refers to chemical adsorption (Chowdhury et al., 2011; Ocampo-Pérez et al., 2013; 342 

Polowczyk et al., 2016). Here, ΔHX was between 11.11 and 26.90 kJ/mol (Fig. 4d), clearly 343 

suggesting physisorption. 344 

3.6. Application with real water samples 345 

The application of this CScPA to NSAID removal in real WWTP effluent (at three 346 

different loading levels) was tested. The residual concentrations of NSAIDs after 347 

adsorption treatment were evaluated, as presented in Fig. 5a-b. The WWTP effluent had 348 



24 

a pH of 7.32 and a DOC of 4.64 mg/L. Several other wastewater effluent chemical 349 

characteristics are summarised in Table S1. From Fig.5a, it can be noted that > 90% 350 

removal was achieved for all three NSAIDs at spiked concentrations of 10 and 100 µg/L, 351 

with the highest removal (>99 %) observed for NPX at 10 µg/L spike loading. At an initial 352 

concentration of 1000 µg/L, the following tendency occurred (DCF> NPX>IBF removal), 353 

whilst the highest removal efficiency was obtained for DCF. Fig. 5b suggested a high 354 

adsorption capacity for NPX, while the adsorption capacity for IBF onto CScPA was 355 

much lower, which was most pronounced at high spike concentrations. A high overall 356 

(NPX+DCF+IBF) adsorption capacity of 5.6 mg/g (at 1000 µg/L) was obtained even at a 357 

low dosage (0.2 g/L) in complex wastewater matrices.  358 

 359 

Fig. 5. Removal efficiencies (a) and adsorption capacities (b) for 3 NSAIDs at three 360 

different spike concentrations in wastewater effluent (pH: no adjustment; adsorbent 361 

dose: 10 mg (0.2 g/L); contact time: 60 min; solution volume: 50 mL; agitation speed: 362 

140 rpm; temperature: 22 °C). 363 

4. Discussion  364 

4.1. Adsorption mechanisms 365 
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Various experimental parameters significantly affected the adsorption of these target 366 

NSAIDs. At lower CScPA dosage, available adsorption sites (versus adsorbate 367 

molecules) were limited, which resulted in a larger adsorption capacity (mg/g). When the 368 

adsorbent dosage was higher more active sites were introduced, which enhanced removal 369 

efficiency while overall adsorbate uptake was lower (due to lack of saturation) - indicating 370 

poorer adsorbent utilisation (Zhang et al., 2019). Halder et al. (2018), reported a similar 371 

trend when treating IBF contaminated solutions with biochar. In terms of contact time, 372 

the large number of active sites on the CScPA surface resulted in a fast adsorption rate 373 

initially (for these NSAIDs), which was mostly governed by diffusion (concentration 374 

gradient) from the bulk liquid to the surface. At equilibrium, part of the outer and inner 375 

adsorbent surface is deactivated or saturated. Therefore, mass transfer of these NSAIDs 376 

within the meso- and micropores was limited. Rapid adsorption of DCF was also reported 377 

by Tomul et al. (2019), where approximately 50–70 % of initial DCF was removed within 378 

5 min (using orange peel derived activated carbon). However, increasing initial NSAID 379 

concentration (from 1 to 50 mg/L) enhanced the probability of collision between the 380 

adsorbate and adsorbent, partially overcoming resistance during the mass transfer 381 

(Mondal et al., 2020). Malhotra et al. (2018) reported similar observations on activated 382 

carbon derived from tea waste for the adsorption of DCF. Many studies have suggested 383 

that temperature plays an important role in diffusion rate (Jaria et al., 2019). Moreover, 384 

temperature may change the viscosity of a solution, and hydrophilicity and 385 

hydrophobicity of an adsorbate. This may affect removal efficiency due to 386 

enhanced/decreased hydrophobic interactions between adsorbates and adsorbents 387 

(Malhotra et al., 2018). Particularly, the greater adsorption of NSAIDs at pH 6 and higher 388 

temperatures could be driven by π-π EDA and hydrophobic interactions because of the 389 
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non-charged NSAIDs and hydrophobic nature of CScPA. An increase in adsorption rate 390 

with temperature also suggested that the adsorption process is endothermic. Similar 391 

results have been reported in previous studies (Nam et al., 2014; Paunovic et al., 2019) 392 

for the adsorption of NSAIDs using carbon-based adsorbents. 393 

The three main documented adsorption interactions seen for NSAIDs with carbonous 394 

adsorbents tend to be electrostatic attraction (or repulsion) forces between the charged 395 

components, π−π and n−π EDA forces, hydrophobic interaction and H-bonding (Kah et 396 

al., 2017). Electrostatic interactions depend mainly on surface charge, which depends on 397 

the pH of the solution, pHpzc of the adsorbent and the pKa of the adsorbate. In terms of 398 

these NSAIDs and their physico-chemical properties, all three compounds have one acid 399 

dissociation step. Each consists of hydrophobic and hydrophilic parts (Table 1). 400 

Hydrophobic behaviour is due to the aromatic rings present, while their hydrophilic 401 

(acidic) nature is due to the H of the carboxylic group, which is ionisable at pH values > 402 

pKa. With increasing pH in solution, these NSAIDs undergo a resonance structure shift 403 

and systematically become negatively charged (Reynel-Avila et al., 2015). This made 404 

their adsorption onto CScPA unfavourable, as electrostatic repulsion is then expected to 405 

occur - meanwhile, other interactions (such as H-bonding, EDA and hydrophobic 406 

interactions) may still be involved. The results here are also in keeping with the report by 407 

Reynel-Avila et al. (2015), who analysed the removal of NPX using bone char. 408 

The tailored porous structure and rough surface present allowed for more active sites on 409 

the CScPA, which might be advantageous for the adsorption of NSAIDs (Fig. S1). In 410 

order to gain more insights into the adsorption mechanisms at play for these PhCs, XPS 411 

wide scan spectra (Fig. 1a) were obtained before and after NSAID adsorption. Compared 412 

to pre-adsorption CScPA, a decrease in O 1s and P 2p peaks and a simultaneous increase 413 
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in C 1s, N 1s and Cl 2p peaks after NSAID adsorption clearly indicated that these 414 

functional groups were involved in the adsorption process. The slight increase in N 1s 415 

and Cl 2p surface elemental content could be attributed to successful DCF bonding (Table 416 

1). With functionalisation, P and O are added onto the surface of the CScPA, and -OH 417 

groups may be introduced, which potentially enhances the formation of H-bonding. The 418 

mechanism of H-bonding can be explained since the –OH group has H-donor and also H-419 

acceptor capability. NPX has three acceptors for H-bonding, while IBF and DCF have 420 

two (at pH 6-7); hence the interaction mechanism can be explained by H-donation from 421 

CScPA (with –OH groups) and H-acceptance by the NSAIDs (through O atoms) (Song 422 

and Jhung, 2017). Fig 1b-c show C 1s and O 1s high resolution spectra of CScPA before 423 

and after adsorption. As observed, the positions of all decomposed C 1s and O 1s peaks 424 

shifted or changed in ratio indicating different surface functionalities post-NSAID 425 

adsorption. This was probably because oxygen-containing functional groups (such as 426 

−C(=O)OH, −OH, ‒P–O and ‒P=O) on the CScPA reacted with the hydroxyl and 427 

carboxyl groups of the PhCs through H-bonding. In addition, for the N 1s peaks of the 428 

CScPA after adsorption (Fig. 1d), the peak at 400.6 eV related to a change in ratio of the 429 

‒C‒N group. This could indicate that DCF was successfully adsorbed through H-bonding. 430 

Meanwhile, CScPA surface characterisation revealed the presence of electron-rich ‒C=O, 431 

‒P=O and C=C aromatic groups, and carboxyl groups (COO−) (as confirmed by FTIR 432 

and XPS). These groups may act as π-electron and n-electron donor sites for interactions. 433 

Common π-π EDA interactions could form between these π-electron donor sites and the 434 

NSAIDs, which act as π-electron acceptors (benzene ring) at the adsorbent/adsorbate 435 

interface. Also, both EDA interactions could form between the aromatic ring of the 436 

NSAIDs (electron acceptors) and the carbonyl oxygen ions on the CScPA surface, which 437 



28 

act as electron donors (Czech and Oleszczuk, 2016). Considering Fig. 1b and Table 2, 438 

after NSAID adsorption, the C-C/C=C (284.4 eV) peak showed a shift to 284.3 eV and a 439 

significant change in ratio, further confirming that π-π EDA interactions might be 440 

involved in NSAID removal. Fig. 1e showed the P 2p XPS spectra of the CScPA with 441 

and without NSAIDs. The significant decrease in peak intensity at 133.7 eV (on the 442 

saturated CScPA) suggested that the phosphate and pyrophosphate groups participated 443 

and played an important role in adsorption of these PhCs through H-bonding and n-π 444 

EDA interactions. Hydrophobic interactions are also expected between the aromatic rings 445 

on these NSAIDs and the CScPA surface. The log Kow of an adsorbate versus the 446 

adsorption capacity attained can highlight whether adsorption is partly controlled by 447 

hydrophobicity. Partition onto the CScPA surface might be important for the adsorption 448 

process, and in this context, DCF has the highest log Kow (Table 1), and similarly the 449 

highest adsorption capacity (Table 4). However, the adsorption capacities for all the 450 

NSAIDs are in a similar range (i.e., between 21 and 22 mg/g). This suggests that 451 

adsorption of these NSAIDs onto CScPA is not entirely determined by hydrophobic 452 

interactions, but that multiple adsorption mechanisms are responsible. The proposed 453 

competitive adsorption mechanisms are summarised here using Fig. 6. 454 
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 455 

Fig. 6. Proposed adsorption mechanisms for single and competitive NSAID adsorption 456 

onto this CScPA 457 

The diffusion mechanisms (for these NSAIDs transferring from the bulk solution to the 458 

functional groups of the CScPA’s outer and inner surface) were well described with the 459 

W-M intraparticle diffusion model. The first linear sections (whose extrapolations 460 

intersected with the y axis in closer proximity to the origin), suggested fast external and 461 

film diffusion. This step happens rapidly, having little influence on adsorption velocity. 462 

At this stage, adsorption of NSAIDs was governed by outer interactions with the active 463 

sites until these functional groups were depleted; afterwards, NSAIDs began to diffuse 464 

into the interior of the CScPA (Paunovic et al., 2019). Therefore, bulk and film diffusion 465 

were followed by a slower mass transfer stage, with intraparticle diffusion. This is when 466 
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intraparticle diffusion into the pore system becomes the rate-limiting step, and NSAID 467 

molecules are adsorbed onto the inner pore surfaces. For porous carbonous adsorbents, 468 

when pore filling contributes to the adsorption process, “pore blocking” will also naturally 469 

occur (Tran et al., 2017). It should be noted that porous materials with a “pore tree” 470 

structure (Fig. S2a), also have many intermediate channels and pores which link the inner 471 

and outer pores within the adsorbent bulk. Such intermediate pores (in particular those of 472 

micro nature) can hinder NSAID molecules from easily accessing the inner surfaces of 473 

material such as this CScPA, which can then extend the adsorption process (Sajjadi et al., 474 

2018). From Table 1, it can be noted that NSAID size (as a compound) may play an 475 

important role during pore-filling – i.e., the smaller DCF (0.7-0.9 nm) may be more able 476 

to enter the meso- and micropores of the CScPA (average pore size 0.99 nm), generating 477 

greater adsorption when compared to the larger NPX (0.8-1.2 nm) or IBP (0.6-1.1 nm). 478 

This may also relate to pore ‘blocking’, whereby NPX and IBP may block CScPA pores 479 

more effectively. Size exclusion of this type is considered inevitable during such 480 

adsorption processes, as reported in other studies (Schreiter et al., 2018; Xiao and 481 

Pignatello, 2015). In the work of Ocampo-Perez et al. (2019) a detailed 3D kinetic 482 

analysis was presented, explaining the multi-step nature of NSAID mass transfer onto 483 

chilli seed based biochar. 484 

Thermodynamic analysis can approximately determine the interaction strength (energy 485 

state) between the adsorbate and adsorbent. The divergence noted here in ΔHX data 486 

(increased) with increased surface loading suggests that the CScPA exhibited an 487 

energetically heterogeneous surface. For a homogeneous surface (such as an ion exchange 488 

resin), the isosteric heat data would be steady (Dotto et al., 2018). The Elovich model 489 

data also showed a good fit for the solid–liquid interface, which is characteristic for 490 
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heterogenous adsorbents. The values of ΔHX (> 0) for these NSAIDs are presented in Fig. 491 

4d, which confirmed that the adsorption process is endothermic. Similar variation and 492 

range in ΔHX has also been described elsewhere (Ocampo-Perez et al., 2019; Ocampo-493 

Pérez et al., 2013). The magnitude of the ΔHX data confirmed a physisorption process 494 

(<40 kJ/mol) with H-bonding, π–π and n–π EDA interactions (Kah et al., 2017). The 495 

increasingly negative ΔG data indicated that the adsorption process was spontaneous, 496 

while the positive ΔS data reflected the affinity of the CScPA for these NSAID molecules. 497 

It should be noted that interactions between these NSAIDs and this CScPA required a low 498 

binding energy, such as required to form H-bonds (reported energy range = 4-17 kJ/mol) 499 

(Kah et al., 2017). These values are in the line with the results reported by Fröhlich et al. 500 

(2019) when looking at ibuprofen and ketoprofen adsorption onto a NiFe2O4/activated 501 

carbon composite. 502 

4.2. Economic considerations 503 

The overall cost of an adsorption process is generally determined by various adsorption 504 

parameters (capacity, affinity, selectivity, etc.); the price of the adsorbent applied; and the 505 

capability of regenerating, reusing or disposing of the spent material (Suresh Kumar et 506 

al., 2019). 507 

The adsorption capacity (qe) for these NSAIDs is compared with other studies as shown 508 

in Table S4 (Supplementary Materials). It can be noted that CScPA is a competitive 509 

material when compared to other reported carbonous materials (as it has a relatively high 510 

adsorption capacity, at 62.6 mg/g in pure mixtures). It should also be noted that very high 511 

capacity values (≥500 mg/g) can be achieved under specific experimental conditions, 512 

such as in very strong acid environments or using extremely high initial adsorbate 513 

concentrations (up to1000 mg/L) (Quesada et al., 2019). However, this is unlikely to be 514 
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practical in real aquatic environments (i.e., more realistically pH 6-8 with loading levels 515 

down at ng/L levels). In fact, real water samples represent complex matrices that can 516 

contain many other organic and inorganic components, which may compete for or block 517 

active adsorption sites. To validate the potential application of this CScPA in “real” 518 

conditions, the adsorption of NSAIDs was evaluated using real wastewater effluent at 519 

three spiked adsorbate concentrations (10, 100 and 1000 µg/L). The high adsorption 520 

capability (total >5.6 mg/g) and the high removal efficiency observed for the CScPA, 521 

even at relatively low NSAID concentrations in wastewater, suggested it has significant 522 

application potential.  523 

At a rather low adsorbent dosage (just 0.2 g/L), >95% removal for all NSAIDs was 524 

observed at the 10µg/L spiking level (Fig. 5a) - indicating a high selectivity to the targeted 525 

compounds. Further work is now needed to scale up such adsorbent based processes to a 526 

large scale. A wide range of adsorbent options have now been demonstrated in laboratory-527 

scale studies (both in batch and dynamic column systems), however, it is far more 528 

challenging to adopt these at an industrial scale. This is leading to stagnation in the field 529 

and this ‘gap’ needs to be bridged. This can be achieved through more applied larger scale 530 

research, with more support for adsorbent commercialisation via collaboration with key 531 

water related industrial partners and companies (Reza et al., 2014). 532 

The cost of adsorbent production is also a key consideration. To increase the commercial 533 

competitiveness of a new adsorbent, low production costs, high product yields and high 534 

quality must be attained (Pap et al., 2020). Despite the high adsorption efficiency of many 535 

commercial activated carbons (CAC) and ion-exchange resins, cost largely limits their 536 

application (i.e., > 3000 $/t); hence, the need to produce low-cost materials remains. 537 

Kumar et al. (2019) classified adsorbents into three groups based on their price: low cost 538 
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< 1 $/kg, intermediate cost 3-6 $/kg and high cost > 6 $/kg. A comparison of production 539 

prices for waste biomass based adsorbents is presented in Table 6, where ~50% of the 540 

total cost is used for chemical modification (Chowdhury et al., 2019). 541 

Table 6 542 

Cost comparison for different carbonous adsorbents 543 

Raw material Preparation methodology Price ($/kg) Reference 

Sugarcane bagasse  Phosphoric acid (H3PO4) activation + 

carbonisation at 400 °C for 1 h 

3.72 (Chakraborty et al., 2018) 

Bamboo waste Microwave assisted ZnCl2 activation 

(regeneration and recovery of the solvents 

are included) 

27.38 (Reza et al., 2014) 

Magnetic ferrite Precipitation method with ferrous sulphate 0.48 (Liu et al., 2018) 

Cigarette soot Fe(NO3)3·9H2O magnetisation at 750 °C 

for 3 h 

258 (Sahu et al., 2017) 

Industrial paper 

sludge 

H3PO4 activation after carbonisation at 

700 °C for 30 min 

2.80 (Chowdhury et al., 2019) 

Locust bean pods H3PO4 activation at 300 °C for 30 min 42.52 (Bello et al., 2019) 

Non-metal powder H3PO4 activation at 450 °C for 1 h with 

copper oxide powder 

17.20 (Kan et al., 2018) 

Plum kernels H3PO4 activation at 500 °C for 1 h 1.22 This study 

(Turk Sekulic et al., 2019b) 

Previously, we showed that the cost for the adsorbent used here was 1.22 $/kg and that it 544 

could be recycled (after desorption in an acidic and alkali solution) at least three times 545 

(Pap et al., 2017). The typical cost for CAC is >3000 $/t (3 $/kg), therefore, future 546 

adsorbents should aim to be cheaper than this benchmark to be competitive. Using this 547 

production price, the mass of adsorbent required, the calculated adsorption capacity and 548 

the volume of effluent which could be treated, the estimated cost of treatment here would 549 
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be ∼0.24 $/m3 or ∼8410 $/kg NSAIDs for a low NSAID concentration effluent (i.e., low 550 

µg/L levels) (see Supplementary Materials).  551 

5. Conclusions 552 

On the basis of the above, the main conclusions here are: 553 

• The CScPA adsorbent was successfully applied for the adsorptive removal of 554 

NSAIDs. 555 

• Freundlich isotherms provided a better fit for the experimental data in single-556 

NSAID systems (R2>0.99), which assumes heterogeneous surfaces. The 557 

maximum adsorption capacity in a pure synthetic NSAID mixture was 62.6  mg/g 558 

and 5.6 mg/g in real wastewater effluent. 559 

• Adsorption occurred spontaneously (ΔG <0) and endothermically (ΔH >0). The 560 

variation in, magnitude of ΔHX (with increased surface loading) suggested that 561 

the CScPA has an energetically heterogeneous surface, with NSAIDs binding 562 

through a physisorption governed process (<40 kJ/mol). 563 

• The adsorption of NSAIDs onto CScPA is controlled by a multistep adsorption 564 

process, involving pore filling, H bonding, n-π and π-π EDA and hydrophobic 565 

interactions.  566 

• The CScPA production cost is estimated to be ~1.22 $/kg. Adsorption treatment 567 

cost would be ∼0.24 $/m3 or ∼8410 $/kg NSAIDs for effluent with low NSAID 568 

loading (i.e., at low µg/L levels). 569 

• The performance of the CScPA was evaluated using real wastewater effluent, with 570 

successful removal of target NSAIDs at relevantly low concentrations – 571 

supporting the application potential of such an adsorption process. 572 
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• Future studies should involve the application of this material to adsorb a wider 573 

range of PhCs from real wastewater, ideally at pilot-scale, which is the next step 574 

towards commercialisation. 575 

Considering its worldwide abundance and availability, lignocellulosic waste biomass 576 

(i.e., from fruit kernels) could act as a suitable precursor for porous carbons and biochars. 577 

This may provide future practical applications, using these eco-friendly, recyclable and 578 

low-cost adsorbent mediums. 579 
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