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Graphical abstract 

 

Abstract 

Functionalised biochar (WpOH) was prepared from wild plum kernels using 

simultaneous pyrolysis and microwave potassium hydroxide (KOH) functionalisation. 

This was then applied to the removal (from water) of an ionisable pharmaceutical - 

naproxen (NPX). Characterization of the WpOH was carried out using pHpzc, 

SEM/EDX, BET, FTIR, XRD, and the principle adsorption mechanisms were 

thoroughly studied. A pseudo-second order kinetic model best described the reaction 

kinetic behaviour, and the Langmuir isotherm provided the best fit to the results. The 

maximum adsorptive interaction (73.14 mg/g) occurred between pH 5 and 7 through 

electrostatic attraction (the main interaction mechanism) between the negatively 

charged NPX and the positively charged WpOH functional groups. In addition, 

hydrogen-bonding and electron-donor-acceptor (EDA) interactions were important. In a 
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competitive study, using NPX and carbamazepine (a basic/amphoteric drug), the 

different nature/structure of the two compounds resulted in slight competitive 

adsorption. The results demonstrate the potential for wild plum kernel biochar to be 

used in the efficient removal of emerging contaminants such as pharmaceuticals from 

water. 

Keywords: Microwave functionalised biochar; Emerging pharmaceutical compounds; 

Adsorption; Mechanisms; Competitive adsorption 

1. Introduction 

Water pollution and security remain critical Global Challenges and sustainable solutions 

are needed to protect water resources and remove pollutants. Among the many 

pollutants found in water, emerging contaminants (such as, pharmaceuticals, flame 

retardants, endocrine disrupting compounds, disinfection by-products, etc.) are a 

priority as they may cause a risk to wildlife and human health, and their environmental 

impacts are not yet fully understood. Potential negative effects of emerging 

contaminants (ECs) in the environment depend on factors such as lipophilicity, 

biodegradability, bioaccumulation potential, concentration and exposure time. Over the 

last fifteen to twenty years, bioactive pharmaceuticals (PhCs) have been receiving 

increasing attention as pollutants in aquatic environments. They are considered 

emerging pollutants as they largely remain unregulated, or, are currently going through 

regulatory assessment [1]. Once PhCs reach the environment, unintended effects may 

occur in wildlife (i.e., in non-target organisms), eliciting physiological change, which 

may then lead to negative population level effects [2]. Naproxen (NPX; (+)-2-(6-

metoxy-2-naphtyl) propionic acid) is a non-steroidal anti-inflammatory drug (NSAID) 

(Table S1). It possesses analgesic, antipyretic, and anti-inflammatory effects [3]. NPX 
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(as a contaminant) has been detected all over the world, at up to 2.3 µg/L in wastewater 

effluent, highlighting the fact that this (and many other PhCs) are often not effectively 

removed by conventional wastewater treatment [4]. NPX is also now on the Global 

Water Research Coalition (GWRC) priority list, and is a more common NSAID than 

diclofenac in Scotland (following significant increases in recent dispensing rates). 

Carbamazepine (CBZ) – also considered herein - is an antiepileptic drug and one of the 

most frequently detected PhCs in wastewater [5]. Treated effluents have been noted to 

contain high levels (up to 2.1 µg/L) (Table S1) [6]. 

Water treatments that can be used to remove PhCs from wastewater include: adsorption 

[7], advanced oxidation [8], ultrasonic treatment [9], carbon nanotube membranes [10], 

biological processes [11] and photocatalysis [12], as well as various combinations of 

these [13]. However, these may have disadvantages, i.e., high operational costs, toxic 

reaction by-product production, or, the application may be overly complex, thus 

reducing likely uptake/use [14]. 

Adsorption has certain advantages, and can be highly efficient as a method to remove 

many organic and inorganic pollutants. Further, no reaction by-products are generated 

with this process, and, it is normally a very simple method (i.e., readily applicable in 

very low cost/low maintenance systems). A common disadvantage can be the high cost 

of commercially available sorbent material. This problem could be solved by 

developing new low-cost sorbents, readily producible from various waste materials. 

Lignocellulosic biomasses are a good choice because of their physico-chemical 

properties and structure. To date, various raw waste materials have been used to create 

biochars and activated carbons: i.e., apricot kernels [15], plum kernels [16,17], olive 

[18], date and palm stones [19]. 
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Classically, activation of such material has been undertaken using conventional heating 

methods, at temperatures often up to 900-1000°C. One disadvantage of this (beyond the 

high energy costs involved) is that heat is applied to the surface of the particulate 

material involved - which does not then facilitate uniform heating of different size and 

shape particles. Also, this method often requires several hours of heating to achieve the 

desired effect [20,21]. Recently, microwave activation has been used as an alternative to 

conventional heating methods. Microwave activation results in materials receiving 

energy (which is converted to heat) at a molecular level through dipole rotation and 

ionic conduction [22]. This technique also takes less time, reducing energy 

consumption, and particles are heated more uniformly [23]. Further, chemical assisted 

microwave activation (using base impregnation agents, such as KOH), can help attain a 

more porous structure and add to the number of positively charged sorption surface sites 

on the biochar. Hence, this technique can be very applicable when negatively charged 

species are the target sorbate. 

To date, there has been no published research regarding the production of biochar from 

wild plum kernels (lat. Prunus cerasifera - Ehrh) using chemical microwave activation. 

Therefore, we consider the eventual use of this lignocellulosic material as a new 

precursor for the production of biochar, which may be applicable to the removal of 

certain pharmaceuticals from polluted water effluents. This low-cost adsorbent (from a 

common Serbian waste biomass material) would help address a growing demand in the 

biochar market. The key questions considered here are: Can wild plum kernels be used 

to produce a sustainable, high quality biochar; and, can this biochar be utilised to 

remove emerging pollutants (i.e., pharmaceuticals) from aqueous waste streams? The 

textural properties and surface chemistry of the WpOH were evaluated, before and after 
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NPX adsorption; and, adsorption mechanisms involved are discussed in detail. Finally, 

co-adsorption, using a second pharmaceutical (carbamazepine (CBZ)) was also 

assessed. 

2. Material and Methods 

2.1 Materials and chemicals 

Ammonium hydroxide (NH4OH), hydrochloric acid (HCl) and potassium hydroxide 

(KOH) were purchased from Fisher Scientific, US. NPX was purchased from Sigma–

Aldrich, Germany (HPLC grade). Water used for all work was Milli-Q grade Type I 

(EASYpure® II, Thermo Scientific). Stock solutions of NPX were prepared using 50:50 

water (Milli-Q) and acetonitrile (HPLC grade, Sigma-Aldrich, Germany) and the 

required working solutions were obtained from this. Wild plum kernels were collected 

from Zrenjanin city, Serbia. 

2.2. Biochar preparation 

The chemical microwave activation of the wild plum kernels was performed using 

KOH. The kernels were washed in water and then crushed in a mechanical mill. The 

milled material was placed in ceramic crucibles and then into an electric furnace, where 

pyrolysis was carried out. Pyrolysis was achieved in two phases. The first step of 

pyrolysis involves heating the raw material using the following conditions - rate of 10 

°C min-1 to 180 °C for 35 minutes. The next step heats the sample up to a higher 

temperature (rate of 10 °C min-1 to 500°C for 60 min). After pyrolysis, the raw biochar 

was crushed to <2 mm and then soaked in a KOH aqueous solution (50 % w/v). The 

impregnation ratio was 0.4 g KOH/g biochar. After 24 hours, soaked material was dried 

in an oven at 110 °C for 2 hours and then placed in ceramic crucibles and introduced 
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into a microwave where microwave functionalisation was performed for 12 minutes at 

700W. The product obtained was rinsed several times with an acidic solution (0.1 mol/L 

HCl) and then distilled water until the filtrate pH was 7. At the end, the prepared 

sorbent was dried in an oven at 110 °C for at least 3 h. The final biochar is referred to 

here as WpOH. 

2.3. Characterization of pristine material and WpOH 

Bulk elemental analysis was conducted using a Vario EL III C, H, N, S/O Elemental 

Analyzer (Elementar, Germany). Moisture content, total ash content, suspension pH of 

the biochar in water (pHsus) and iodide number were determined using American 

Standard Test Method (ASTM) D2867 - 04, ASTM D2866 - 94, ASTM D6851 - 02 and 

ASTM D4607 - 14, respectively. The pHpzc (point of zero charge) was also determined 

(which indicates the net surface charge of the WpOH). 

The WpOH yield (an indication of the activation process mass efficiency) was estimated 

with the equation below: 

 

Where w0 and wb (g) are simply the weights of waste biomass and WpOH, respectively. 

The apparent microstructure of the WpOH was observed using an SEM JSM 6460LV 

instrument (JEOL, USA), with a dispersive X-ray spectrometer (EDX). Textural 

properties WpOH were examined by N2 adsorption-desorption experiment, applying the 

Brunauer–Emmett–Teller (BET) method on instrument Autosorb iQ (Quantachrome, 

USA). Surface functionalities were investigated with FTIR spectroscopy on Nexus 670 

spectrophotometer (Thermo Nicolet, USA), at wave numbers from 400 to 4000 cm-1. X-
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ray diffraction (XRD) tests were carried out to confirm the crystal structure of the 

biochar using a Rigaku MiniFlex 600 instrument. 

2.4. Adsorption experiments 

The removal of NPX on synthesized WpOH was studied in batch experiments. During 

the experiments, a specified mass of WpOH was mixed with 50 mL of solution in a 

conical flask. Flasks were shaked on a mechanical stirrer (Heidolph Unimax 1010; 

Heidolph, Germany) at 140 rpm and 22 ± 1 °C. The effects of initial pH (2 - 11), WpOH 

dosage (2 - 200 mg), contact time (5 - 420 min), initial NPX concentration (3.1 - 125.3 

mg/L) and competitive effects with CBZ (10 mg/L) on percentage removal of NPX 

were studied. pH was adjusted using 0.1 mol/L HCl or 0.1 mol/L NH4OH and measured 

using a pH meter (WTW SenTix® 41; WTW, Germany). Suspensions were filtered 

through Fioroni qualitative filter paper (Grade 115). The removal efficiency, R (%), and 

the adsorption capacity of NPX, qe (mg/g), were calculated using equations: 

 

 

Where C0 is the initial NPX concentration and Ce is the residual NPX concentration 

(mg/L), V is the volume of solution (L) and m is the mass of the biochar (g). 

Additionally, isotherm and kinetic parameters were calculated and analysed for errors. 

In order to understand the NPX adsorption process, the time and concentration 

dependant data were fitted with kinetic models - a pseudo-first order (PFO), pseudo-

second order (PSO) and Weber-Morris intraparticle diffusion model. Moreover, three 

common isotherm models, Langmuir, Freundlich and Dubinin-Radushkevich (D-R) 
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were also applied. The theory behind each equation is given within the Supplementary 

Information (SI). 

2.5. Pharmaceutical analysis 

Naproxen concentrations in filtered solutions following sorption experiments were 

quantified by High Performance Liquid Chromatography (HPLC, Agilent 1200 series) 

coupled to a diode-array detector (DAD). Compound separation was achieved using a 

C18 column (Zorbax Eclipse XDB-C18, 4.6 mm × 150 mm, particle size 5 μm). The 

mobile phases used were 0.05% CH3COOH (in water) and 100% acetonitrile at a 55:45 

ratio (isocratic elution). The other parameters used were; flow rate of 1 mL/min; column 

temperature, 30 °C; injection volume, 15 μL; run time, 18 mins; detection wavelengths 

monitored were 280, 220, 230 and 254 nm. To allow correction for instrumental 

drift/sensitivity fluctuations, an external standard was injected between each series of 10 

samples. 

3. Results and discussion  

3.1. Characteristics of the WpOH 

3.1.1. Elemental analysis, yield, moisture and ash content 

Table S2 summarizes the physico-chemical properties of the pristine wild plum stones 

and the WpOH. The elemental composition of the kernels is altered during the 

microwave assisted KOH activation process. The relative elemental content (%) of C 

dramatically increases (from 52.44 to 88.40 %), while O and H content decreases from 

36.98 % to 10.15 % and from 7.63 % to 0.87 % (respectively), due to loss of non-

carbon elements and condensation of O-H at high temperatures [24]. Nitrogen also 

decreases from 2.58 % to 0.58 %. Additionally, all S is lost/volatilised. In terms of 

yield, a 23 % WpOH yield was achieved. Foo and Hameed (2012a) reported similar 
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yields for activated carbons prepared by microwave assisted KOH activation from rice 

husks. This WpOH also had a relatively low moisture and ash content, indicating the 

high quality of the synthetised biochar [26]. 

3.1.2. Morphological and textural characteristics 

SEM images (with an EDX spectrum) for the WpOH are shown in Fig. 1a-d. It can be 

seen that the microwave assisted KOH activated WpOH possessed a well-developed 

porous surface. The roughness and porosity of the WpOH facilitated the capture of NPX 

molecules within pores and upon surface deformations. The enhanced development of 

porosity due KOH microwave activation can be represented with the following reaction 

[27]: 

6KOH + 2C → 2K + 3H2 + 2K2CO3                                                                              (4) 

The diffusion of metallic potassium into the internal structures of the lignocellulosic 

material will have caused pore spreading and promoted the creation of new pores [25]. 

During the activation process high temperatures help to improve pore development by 

promoting the formation and diffusion of metallic potassium molecules into the pores 

[28]. Using XRD, Raymundo-Pinero et al. [29] determined that K2CO3 is formed from 

KOH at around 400 °C and KOH is consumed at about 600 °C. During microwave 

activation (>600 °C), and in the presence of a carbonous structure, formed K2CO3 may 

decompose into metallic potassium which is extremely unstable and can react 

explosively, expanding carbon lattices and creating pores. Consequently, micropore 

formation can occur more efficiently [30]. 

N2 adsorption/desorption isotherms at -196 ºC for WpOH (before/after NPX adsorption) 

are shown in Fig. 2a. Taking into to account IUPAC classification, a Type I isotherm 

was evident for the WpOH, which suggests that the WpOH predominantly contains 
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micropores [31]. Results (Fig. 2a) also showed that the WpOH had a specific surface 

area of 601.9 m2/g, a total pore volume of 0.26 cm3/g, and a micropore and mesopore 

volume of 0.23 cm3/g and 0.01 cm3/g, respectively. These results indicate that wild 

plum kernel is a good precursor for the production of a high micropore volume biochar 

(a micropore being defined by IUPAC as a pore smaller than 20 Å in diameter). 

 

Fig. 1. SEM/EDX micrographs for WpOH at different magnifications before (a-d) and 

after (e-f) adsorption 

3.1.3. XRD analysis 
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The XRD pattern for the produced WpOH (Fig. 2b) before and after adsorption did not 

differ significantly. Fig. 2b suggests the WpOH had an amorphous nature with a wide 

peak in the range of 20 – 30° (2θ = 22.5°) which could be attributed to reflection from 

(002) graphite planes. The wide hump in the range of 40 – 50° corresponded to 

(100/101) graphite planes. These peaks are characteristic of amorphous carbonous 

adsorbents with carbon rings stacked up in a disorderly manner [32]. Due to the 

presence of numerous micropores, increased background signal between 10 and 20° was 

detected. These micropores scatter the X-ray beam, causing elevated background signal 

[33]. This data is in good agreement with the N2 adsorption isotherm data, which 

showed a predominance of micropores. The XRD pattern after NPX adsorption showed 

slightly weaker and wider peaks - suggesting physical surface adsorption on the WpOH 

surface. Also, there was no change in peak position which further confirms the physical 

nature of the process [34]. 

3.1.4. pHpzc and surface functionality 

The surface charge of the WpOH was evaluated by pHpzc analysis, where the pHpzc for 

the WpOH was 7.20 (Table 1 and Fig. 2c), indicative of a near neutral, slightly basic 

character. The acidic functionality of the WpOH surface is linked with oxygen-

containing groups (e.g., carboxylic, anhydrides, lactones and phenols), while the surface 

basicity is related to the presence of oxygen-free Lewis-type sites and carbonyls, pyrone 

and chromene type structures [27]. Oxygen-containing functional groups are one of the 

most common groups formed on the surface of biochars during conventional heating. 

Microwave activation eliminates some of the acidic oxygen-containing functional 

groups and makes the WpOH surface more basic. A further shift of the WpOH’s pHpzc 
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towards the basic region (> pH 7) was also likely due to the decomposition of volatile 

matter during the microwave activation process [35,36]. 

The WpOH surface chemistry was also studied by FTIR (Fig. 3). Here, a broad peak (in 

region 3800–3200 cm-1) with maximum at 3741.23 cm-1 and minimum at 3443.05 cm-1 

can be assigned to O-H stretching of hydroxyl groups. Hydroxyl groups can increase the 

electron donor character of the WpOH. Other small peaks, at 2921.11 and 2853.50 cm−1 

corresponded to asymmetric and symmetric stretching vibrations of CH, CH2 and CH3 

groups in carboxylic acid. These functionalities are expected to be strong π-electron 

acceptors [37]. The band at 1624.84 cm-1 may relate to C=C stretching vibrations of 

olefinic groups [3], while the band at 1067.01 cm-1 could be ascribed to C-OH bending 

vibration [38]. Finally, new peaks at 566.66 and 498.63 cm−1 (on saturated WpOH 

samples) indicate mono-substitute aromatic structures [39]. This is direct evidence of π-

π EDA interactions on the WpOH aromatic rings.  
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Fig. 2. N2 adsorption–desorption isotherms (a); XRD patterns before and after 

adsorption; and (b), pHpzc of WpOH (c) 

 

Fig. 3. FTIR spectras of WpOH before and after NPX adsorption 

3.2. Single system adsorption studies 

3.2.1. pH influence on adsorption 
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The surface charge (pHpzc) of the WpOH and degree of ionization of NPX is driven by 

pH. The influence of pH on sorption was demonstrated as a function of adsorption 

capacity (in mg/g) with respect to solution pH (Fig. 4a). The highest adsorption capacity 

(≈25 mg/g) was achieved at pH 5 - 7. NPX is an acidic pharmaceutical - with a pKa of 

4.2; hence, at pH values > pKa, it is largely in its ionic form (anion) in solution (due to 

deprotonation). NPX consists of hydrophilic and hydrophobic features. Acidic and 

hydrophilic activity may occur due to the hydrogen within the carboxylic group, which 

is ionisable (to its anionic form) at pH’s > pKa; while hydrophobic properties are due to 

the aliphatic rings [40]. In this case, NPX principally exists as a neutral molecule at pH 

≤ 4.2, and as NPX- at pH’s > 4.2. Hence, adsorption is very limited at pH’s > 7 (since 

WpOH pHpzc = 7.2) because of the comparatively weaker interactions between the 

NPX- anions and the WpOH’s negatively charged surface (essentially electrostatic 

repulsion). A positively charged WpOH surface can be obtained at pH’s below the 

pHpzc, while a negatively charged WpOH surface can be obtained at pH levels above the 

pHpzc, (preferable for positively charged compound removal). These results are in good 

agreement with that of Reynel-Avila et al. (2015), who considered NPX removal using 

bone char – wherein the maximum adsorption capacity was also obtained at pH 7. 

3.2.2. Contact time influence and reaction kinetic models 

The data regarding contact time and adsorption are presented in Fig. 4b (WpOH dose 

0.4 g/L, pH 6). This shows that uptake of NPX was spontaneous and rapid within the 

first 5-10 minutes, but after this, adsorption slows and equilibrium is reached after ~300 

mins for all three initial concentrations. Results also suggest that the adsorption capacity 

qt (in mg/g) increases with higher initial concentration. This may be attributed to a 

higher collision chance between NPX and WpOH surface, higher concentration gradient 
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and decreased mass transfer resistance. The extended time required to establish 

equilibrium may indicate that the adsorption process is governed by diffusion and 

physical adsorption [42,43]. 

 

Fig. 4. Influence of pH (a), contact time (b) and initial adsorbate concentration (c) on 

NPX adsorption 

The kinetic model data obtained from the non-linear plots (Fig 5a) are shown in Table 

1. Experimental results were consistent with both model, namely pseudo-first order 

(PFO) and pseudo-second order (PSO) kinetic models (R2 > 0.92). However, 

considering the χ2 and RMSE parameters, the PSO values were lower (better) than for 

the PFO. In addition, qt, exp and qt,cal values determined from the PSO model were close. 



17 

 

The suitability of the PSO indicated that chemical interactions between the WpOH and 

NPX (electrostatic and EDA interactions) have a greater contribution in the adsorption 

process than pore filling [44]. Similar findings have also been reported previously 

regarding pharmaceutical removal with activated carbon [45]. 

Table 1 

Kinetic model data for NPX sorption onto WpOH 

Pharmaceutical NPX 

Initial concentration (mg/L) 10 20 50 

qt,exp (mg/g) 21.11 29.16 37.65 

Pseudo-first-order qt,cal (mg/g) 8.23 13.03 24.69 

k1 (min-1) 0.01 0.01 0.01 

R2 0.99 0.96 0.92 

χ2 4.24 0.95 1.54 

RMSE 2.98 0.51 0.62 

Pseudo-second-order qt,cal (mg/g) 21.33 28.98 38.77 

k2 (g/mg min) 0.003 0.002 0.001 

R2 0.99 0.99 0.98 

χ2 0.01 0.03 0.17 

RMSE 0.03 0.05 0.12 

Intraparticle diffusion model ki (mg/g min1/2) 0.47 0.74 1.26 

Ci (mg/g) 12.08 13.91 11.66 

R2 0.97 0.96 0.8 

χ2 0.19 0.33 0.66 

RMSE 0.55 0.84 1.20 

 

3.2.3. Initial adsorbate concentration influence and isotherm models 
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Adsorption of NPX onto WpOH was investigated at various initial concentrations, from 

3.1-125.3 mg/L (at pH 6, WpOH dose 0.4 g/L, reaction temperature 22 ± 1 °C and 

contact time 180 min). Experimental results are shown in Fig. 4c. It is evident that 

adsorption was highly dependent on initial NPX concentration. The percentage of NPX 

adsorption (line on Fig 4c) drops away with increasing initial NPX concentration from 

3.1 to 125.3 mg/L. This is due to the limited availability of active adsorption sites on the 

WpOH surface (given the fixed finite 0.4 g/L dose). 

Table 2 

Langmuir, Freundlich and Dubinin–Radushkevich isotherm constants for NPX sorption onto WpOH 

Langmuir 

qmax,exp 

(mg/g) 

qmax  

(mg/g) 

KL  

(L/mg) 

R2 χ2 RMSE 

73.02 73.14 0.13 0.96 0.26 0.11 

Freundlich 

KF  ((mg/g)/(mg/L)n) 1/n R2 χ2 RMSE 

18.39 0.28 0.94 0.04 0.10 

Dubinin–Radushkevich 

qDR  

(mg/g) 

KDR 

(mol2/J2) 

EDR  

(kJ/mol) 

R2 χ2 RMSE 

47.00 4.81 10-8 3.23 0.81 0.21 0.40 

 

Adsorption isotherms are important tools to help highlight the specific relationship 

between NPX molecules and the WpOH at the equilibrium stage. Graphical 
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representations of fitted non-linear isotherm data are shown in Fig. 5b. Additionally, 

isotherm constant data are presented in Table 2. The isotherms were L-type according to 

the Giles classification and corresponded to a favourable adsorption process [46]. The 

best-fit adsorption equilibrium models followed the order: Langmuir > Freundlich > 

Dubinin-Radushkevich. Isotherm modelling suggested monolayer adsorption of NPX 

molecules as the Langmuir model describes a homogeneous adsorbent surface with 

identical adsorption sites. Still, the lowest error values (χ2 and RMSE) were determined 

for the Freundlich model which assumes heterogeneous adsorptive energy on the 

adsorbent surface. The maximum monolayer adsorption capacity and the Langmuir 

constant were estimated as 73.14 mg/g and 0.18 L/mg (respectively). The Freundlich 

model for NPX adsorption gave a high KF coefficient (18.39 (mg/g)/(mg/L)n) which is 

related to the affinity of the NPX to the adsorbent. Fig 5c clearly shows the failure of 

the Dubinin–Radushkevich (D-R) isotherm to fit the experimental data. Regardless, EDR 

can provide some information regarding the adsorption nature. If the EDR is between 8 

and 16 kJ/mol, the adsorption process is likely proceeding via chemisorption, while 

values of E < 8 kJ/mol indicate that the adsorption process is physical in nature [47]. 

The magnitude of EDR here is 3.226 kJ/mol, indicating that adsorption is mainly via 

physisorption. However, the poor match of the experimental results with this model 

points to the limitation of the D-R model in this case. 
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Fig. 5. Adsorption reaction kinetics (a) and isotherms (b) for NPX onto WpOH 

In order to compare WpOH with other reported carbonous materials, the maximum 

adsorption capacity for NPX here was tabulated against that of other similar studies 

(Table 3). It should be emphasised that a direct comparison between adsorption 

capacities is very challenging and only indicative because of the different experimental 

conditions used. For instance, high PhC initial concentrations can also result in large 

differences in apparent adsorption capacities. For example, in a study by Sarici-Özdemir 

and Önal [48], the maximum uptake of NPX onto activated carbon from polymeric 

waste was 400.67 mg/g when the initial NPX concentration was 1000 mg/L, which is 

highly unrepresentative of any “normal” water environment. 

Table 3 

Comparison of adsorption capacity (qmax) of NPX with other carbonous adsorbents 

Adsorbents qmax 

(mg/g) 

Operational conditions Reference 

pH Adsorbent 

dose (g/L) 

Contact 

time (h) 

Concentration 

(mg/L) 

RPM Temperature 

(ºC) 

Bone char 4.28 5⁓7 250 24 50 n.a. 20  [40] 

Activated carbon 12.24  7 2 2 50 n.a 25 [48] 
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biocomposite 

Mesoporous 

carbon-tubules 

17.71 n.a. 35 5 50 150 30 ± 1 ºC [49] 

Silica and magnetic 

nanoparticle 

31.25 n.a. 100 (mg) 4 200 n.a. n.a. [50] 

Carbon-based 

magnetic adsorbent 

37.58 5 0.3 4 30 120 45 [51] 

WpOH 73.14 6 0.4 3 125.3 150 22 ± 1 Present 

study 

Commercial AC 81.00 4 0.1 12 10 n.a. 25 ºC [52] 

Activated carbon 

from waste apricot 

106.38 5.82 2 1 500 400 25 [53] 

Activated O-

biochar 

228 7 2 n.a. 20 (µM) 500 n.a. [54] 

 

3.3. Mechanism analysis for NPX sorption  

Various reaction and mass transfer mechanisms such as electrostatic (coulombic) 

interactions, H-bonding, π–π and n–π EDA interactions, hydrophobic sorption (London 

van der Waals forces), intraparticle diffusion and pore filling with pore blocking have 

been proposed to explain liquid-phase adsorption of organic pollutants from water onto 

different functionalized biochars [37,49]. Below, we consider the likely mechanisms 

involved in this study. 

3.3.1. Mass transfer mechanism and pore filling 

Plots of qt versus t1/2 (Weber-Morris intraparticle diffusion model) are shown in Fig. 6. 

These plots, for different initial concentrations, are linear and have a relatively high R2 

(0.961–0.976). Intraparticle diffusion is the only rate determining step if the plot of qt 
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versus t1/2 is linear and passes through the origin (Ci = 0). From Table 1, a high R2 value 

and low χ2 and RMSE obtained for all concentrations indicated that an intraparticle 

diffusion mechanism was involved in the adsorption process. However, the plot did not 

pass through the origin, which indicates that a boundary layer effect may be involved 

(i.e., intraparticle diffusion was not the only rate-determining step in the overall 

adsorption process). The nature of the plots indicates that two stages could be involved 

in NPX removal: surface adsorption, and then, adsorption onto the interior surface of 

the pores. Namely, adsorption of NPX started with surface interactions with functional 

groups, until these functionalities were saturated; thereafter, NPX diffused into the 

WpOH porous structure, adsorbing onto inner pore surfaces [44]. The diffusion rate 

parameters (Ki) are given in Table 1. The diffusion rate constants, Ki, increased from 

0.469 to 1.264  mg/g min1/2 (for initial concentrations from 10 to 50 mg/L); while C 

values decreased which indicates that diffusion was faster at higher concentrations. For 

porous carbonous materials in general, as pore filling takes place, “pore blocking” will 

also inevitably occur. Here, the decrease in specific surface area and total pore volume 

(of WpOH after NPX adsorption) indicated that pore filling certainly contributed to the 

NPX adsorption mechanism. However, reduced micropore volume was also observed – 

which suggests that adsorption of NPX resulted in some micropore blocking – as the 

large molecular size of NPX does not favour adsorption into the micropores of the 

WpOH. Thus, pore filling was unlikely to be the governing adsorption mechanism here, 

due to the dominant microporous nature (90% of total pore volume) of the WpOH. Tran 

et al. [50] came to similar conclusions when studying adsorption of methylene green 

onto commercial activated charcoal. 
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Fig. 6. Weber–Morris intraparticle diffusion plot for NPX onto WpOH 

3.3.2. Reaction based adsorption mechanisms 

Electrostatic interactions have been discussed as a critical adsorption reaction 

mechanism in the NPX removal (Sections 3.2.1) hence this interaction is not discussed 

further. 

There are two ways in which the WpOH can interact with the NPX via H-bonding: i.e., 

as an H-donor or H-acceptor. First, interactions may occur between the hydroxyl groups 

(H-donors) on the WpOH surface and H-acceptors (oxygen) on the deprotonated NPX 

molecules. Second, hydroxyl groups on the WpOH may interact with the aromatic rings 

of the NPX. On the FTIR spectra (Fig. 3), after adsorption, the peak at 3443.05 cm-1 

corresponded to O-H stretching of hydroxyl groups, and this became more intense and 

shifted (to 3438.62 cm-1), which confirmed the presence of H-bonding interactions 

(between the OH group (H-donor) on the WpOH surface and the deprotonated oxygen 
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on the NPX (H-acceptor)). Additionally, changes in the FTIR spectrum in this wider 

region (from 3700 cm−1 to 3400 cm−1) suggest another type of H-bonding between the –

COOH and –OH groups of the WpOH and the aromatic rings of the NPX. Similar 

results were reported by Song et al. (2017) regarding FTIR spectra for activated carbon, 

before and after adsorption of NPX. 

Biochars with delocalized electrons on their surface possess electron–donor properties. 

Therefore, electron-donor–acceptor (EDA) interactions likely participated in the 

adsorption of NPX onto WpOH. π–π EDA interactions occur between π-electrons on a 

WpOH and π-electrons in the aromatic ring of an adsorbate [52]. Here, graphene C=C 

bond peaks showed a significant increase in intensity (and shift in peak position from 

1624.84 to 1628.05 cm-1) following NPX sorption – which may indicate π–π EDA 

interactions between the NPX benzene rings and WpOH graphene planes (Fig. 3). Also, 

peak shifting of carboxylate groups (strong π-electron donors) on the WpOH surface 

indicated further π-π EDA interactions (with the aromatic rings of the NPX - as π-

electron acceptors (Fig. 3). Further, n-π EDA interactions take place when n-electron 

donors such as oxygen electron pairs of hydroxyl groups interact with electron-depleted 

sites (π-electron acceptors) on the WpOH. FTIR analysis (Fig. 3) showed a significant 

increase in the intensity of the C=O and C-O group peaks (1067.01 and 775.83 cm-1, 

respectively), and a shift in their wavenumber - which suggests the occurrence of n-π 

EDA interactions on the surface of the WpOH. 

A summary of the various proposed adsorption mechanisms at play here are shown on 

Fig. 7. 
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Fig. 7. Proposed key adsorption mechanisms of NPX onto WpOH 

3.4. Competitive NPX and CBZ sorption 

To begin to compare the effect of individual solute sorption (i.e., of NPX) versus that of 

sorption of two PhCs onto WpOH, competitive experiments using NPX and CBZ were 

undertaken (Fig. 8). Here, initial concentrations of NPX and CBZ were 10 mg/L, and 

the experimental pH was 6.  

Surprisingly, no obvious reduction of R (%) for NPX was observed when both 

pharmaceuticals coexisted. Only at lower WpOH doses (2 and 10 mg) do we observe 

decreased NPX removal as compared to data from the single solute system. This may be 

because, given the smaller molecular size of CBZ (Table S1), it is easier for CBZ to 

diffuse into pores when the WpOH concentration in the solution is low. At higher doses 

of WpOH (80 – 200 mg), almost no competitive adsorption occurred. Since the 
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structure and characteristics of NPX and CBZ (basic/amphoteric drug) are quite 

different, the two contaminants seemingly don’t compete. The adsorption mechanism in 

the mixed system may be explained as follows: CBZ (Table S1) under these conditions, 

exists in its hydrophobic zwitterionic form from pKa 2.3 (ketone group) to pKa 13.9 

(amine group - urea). Under the investigated pH (6), zwitterionic CBZ molecules 

existed in their uncharged form, which suggests there would be little opportunity for 

electrostatic attraction with the positively charged WpOH [53]. Consequently, the 

possibility of electrostatic interaction can be almost completely excluded for CBZ, in 

favour of EDA interactions and H-bonding.  

The configuration/structure of NPX and CBZ also exerts a significant effect on 

interactions with WpOH. Whether a PhC is planar versus nonplanar in structure will 

affect adsorption [54]. The heterogeneous external surface and the porous nature of the 

WpOH will tend to provide more favourable adsorption sites for planar molecules than 

for non-planar molecules, favouring π-π EDA interactions between the conjugated 

aromatic chromophore skeleton and the biochar. Non-planar molecules are kept away 

from the adsorbent due to spatial restrictions, resulting in low π-π EDA interactions 

with the carbonous adsorbent [55,56]. Here, both NPX and CBZ had planar 

configurations (Fig. S1), however, the more planar structure and smaller molecular size 

of the CBZ comes to the fore when low WpOH dosing is used, i.e., during the 

competitive study, which resulted in higher adsorption and faster kinetic characteristics 

(Fig. 8). Testing adsorption behaviour in mixture scenarios is a very important step 

when considering applying new adsorbents in large-scale/complex treatment systems. 
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Fig. 8. Competitive adsorption of NPX and CBZ onto WpOH 

4. Conclusion 

We investigated the adsorption of pharmaceutical compounds (specifically naproxen, 

and more briefly carbamazepine) onto novel functionalised biochar (WpOH) made from 

waste plum kernels. Additional WpOH porosity was created by diffusion of metallic 

potassium into the internal structure of the lignocellulosic material - through a 

potassium hydroxide assisted microwave activation method. WpOH characterisation 

showed that the material was dominated by micropores and a variety of surface 

functionalities (mainly oxygen-containing groups) were present. The removal efficiency 

of naproxen was strongly dependant on solution pH – with the highest adsorption 

capacity (73.14 mg/g) occurring at pH 6. Compared to other carbonous adsorbents 

previously reported [41,57–60] our WpOH had a high adsorption capacity. An 

adsorption study showed that electrostatic (coulombic) interactions between the WpOH 

and the naproxen molecules were favoured at optimal pH and within the pH region 5-7 
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(> the pKa of naproxen but < the pHpzc of WpOH). Additionally, FTIR data indicated 

that hydrogen bonding, π–π and n–π electron donor-acceptor interactions also 

contributed to naproxen removal. Due to fundamental differences between naproxen 

and carbamazepine (i.e., basic vs amphoteric drug), almost no competitive adsorption 

occurred when both compounds were used as sorbates together. Based on the data 

presented, it can be concluded that wild plum kernel can act as a sustainable precursor 

material, and, that potassium hydroxide microwave activation is an efficient preparation 

method to produce a high quality microporous biochar. This low cost waste material 

(plum kernel) is abundant in certain countries (i.e., Serbia) and can create a ‘green’ 

adsorbent material that has a high adsorption capacity with applicability toward priority 

pharmaceutical removal from wastewater. In future, this novel activated adsorbent 

material will be tested against a wider range of pharmaceuticals using real waste water 

samples – with a view to large scale applicability in scenarios involving pharmaceutical 

rich waste streams. 
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Adsorption models 

Pseudo-first order (PFO) kinetic model [1]: 

 

Pseudo-second order (PSO) kinetic model [2,3]: 

 

Weber–Morris intraparticle diffusion model [4]: 

 

Langmuir isotherm model [5]: 

 

Freundlich isotherm model [6]: 

 

Dubinin-Radushkevich (D-R) isotherm model [7]: 

 

Adsorption energy equation: 

 

Polanyi potential equation: 

 

Nonlinear chi-square test (χ2) and the root mean square error (RMSE) [8]: 
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k1 (min–1) - PFO rate constant; k2 (g/mg min) - PSO rate constant; ki (mg/g min1/2) - 

intraparticle diffusion rate constant; Ci (mg/g) - constant proportional to the boundary 

layer thickness; KL (L/mg) - Langmuir equilibrium constant; qmax and qDR (mg/g) - 

maximum monolayer saturation capacity; KF ((mg/g)/(mg/L)n) - Freundlich isotherm 

constant; n - Freundlich exponent; KDR (mol2/J2) - isotherm coefficient; E (kJ/mol) - 

mean free adsorption energy; ε - Polanyi potential, R (8.314 J/mol K) - universal gas 

constant, T (K) - absolute temperature;  - observation from the adsorption 

experiment,  - calculated PhC adsorption capacity; N -  number of the samples. 
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Table S1 

Structure and properties of the two pharmaceuticals studied here. 

Drug/ CAS 

number/ EC 

number/ Formula 

Molecular structure 

Molecular 

weight 

(g/mol) 

pKa 

Solubility 

in water 

(mg/L) 

Log 

Kow 

Molecular 

diameter 

(Å) 

Naproxen1/ 22204-

53-1/ 245-969-2/ 

C14H14O3 
 

230.263 4.2 1-3 3.18 

Min. 7.7 

Max 12.6 

Carbamazepine2/ 

298-46-4/ 206-

062-7/ C15H12N2O  

236.274 

2.3 

and 

13.9 

17.66 2.25 

Min. 6.5 

Max. 11.7 

1NSAID, analgesic and antipyretic;[9,10] 

2Antiepileptic; [11] 
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Table S2  

Characteristics of the raw material and the biochar 

Material Wild plum stones WpOH 

Elemental analysis 

(%) 

C 52.44 88.40 

Oa 36.98 10.15 

S 0.37 - 

N 2.58 0.58 

H 7.63 0.87 

Ash content (%) 3.4 4 

Moisture content (%) 6.1 5.51 

pHsus 7 8 

Iodide number - 400 

pHpzc - 7.2 

Yield (%) - 23 

aBy difference 
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a)  

b)  

Fig. S1. Configuration of PhC molecules in space: planar naproxen (a) and planar 

carbamazepine (b) 
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