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 “Acid catalyst” functionalised carbonous adsorbent for pharmaceutical removal is 4 

studied 5 

 Importance of phosphate and phosphonate surface groups on the adsorbent is 6 

highlighted 7 
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was found 10 

 Adsorption mechanisms can be explained by H-bonding, π-π and n-π electron 11 
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А highly effective adsorbent (PPhA) was designed using “acid catalyst” functionalisation 1 

and tested for six emerging PhCs (sulfamethoxazole (SMX), carbamazepine (CBZ), 2 

ketoprofen (KP), naproxen (NPX), diclofenac (DCF) and ibuprofen (IBF)) in a batch 3 

study. Characterisation results (BET, SEM, FTIR, XRD and pHzpc) showed that the 4 

functionalisation process generates a microporous material with a multitude of new 5 

functional groups (such as phosphate and phosphonate) present on the surface. 6 

Adsorption capacity reached near maximum within 10 min while equilibrium was 7 

obtained in 60 min. Findings suggest that the mass transfer was governed mainly by 8 

intraparticle diffusion processes through formation of H-bonds, π-π and n-π electron 9 

donor–acceptor interactions. A pH influence study showed that electrostatic interactions 10 

played a minor role in the overall removal mechanism. The magnitude of E was < 8 kJ 11 

mol-1 for all studied PhCs, indicating that adsorption is mainly due to physisorption. 12 

Equilibrium data were best represented by the Freundlich model and the theoretical 13 

monolayer adsorption capacities were 17.193, 17.685, 19.265, 17.657, 21.116 and 23.332 14 

mg g-1 for SMX, CBZ, KP, NPX, DCF and IBF, respectively. Based on these results, this 15 

PPhA is proposed as an excellent adsorbent for PhC removal. 16 

Keywords: water management; functionalisation; waste recycling; pharmaceuticals; 17 

adsorption mechanism; competitive adsorption 18 

1. Introduction 19 

Adsorption is one of the most widely used techniques to remove organic and inorganic 20 

contaminants from aqueous waste because of its relative simplicity, low cost and energy 21 

efficiency (Tan and Hameed, 2017). The importance of adsorption amongst wastewater 22 

remediation techniques is growing alongside concern regarding the presence of emerging 23 

substances, such as prescription and non-prescription human and veterinary 24 
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pharmaceuticals (PhCs) in wastewater. Low concentrations of these pollutants in the 1 

aquatic environment may be detrimental and they are often ineffectively removed by most 2 

conventional physico-chemical wastewater treatment methods. 3 

Additionally, relatively little is known about the environmental occurrence, fate, 4 

synergistic, and long-term effects (on biota) of PhCs and their metabolites following their 5 

use (Mestre et al., 2009; Nebot et al., 2015). Recently, a variety of novel and advanced 6 

methods such as photocatalytic degradation (Kumar et al., 2017; Teixeira et al., 2016), 7 

biodegradation (Schmidt et al., 2017), coagulation-flocculation and ozonation (Ashraf et 8 

al., 2016), biofiltration (Zhang et al., 2017), membrane filtration (Mamo et al., 2018), 9 

other combined separation processes (Sheng et al., 2016) and adsorption (Carrales-10 

Alvarado et al., 2014; Sharma et al., 2017) have been used to remove or degrade PhCs 11 

from water. Taking into account the cost of treating water, the cost of implementing 12 

adsorption technology can be reduced if the raw material (the adsorbent) is cheap to 13 

produce (Pap et al., 2016; Vukelic et al., 2018). The adsorption of PhCs has been studied 14 

(mainly) in batch operational conditions using different low cost adsorbents, such as 15 

activated carbon (Lladó et al., 2016), mesoporous nanocomposite (Qiang et al., 2013), 16 

biochars (Turk Sekulić et al., 2018), biosorbents (Liu et al., 2013) and clay minerals 17 

(Farías et al., 2011). Adsorbent properties including surface chemistry can be further 18 

improved through different modification technologies. Functionalisation of the 19 

adsorbents using different chemical agents such as phosphoric acid (Ahmed et al., 2017), 20 

urea phosphate (Guo et al., 2017), sulphuric acid (Pap et al., 2018), gemini pyridinium 21 

surfactants (Yang et al., 2016), and amine (Suriyanon et al., 2013) have been studied for 22 

decades, and the obtained materials showed excellent ability in removal of organic and 23 

inorganic pollutants. 24 
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In this study, phosphorised microporous carbonous material was designed by introducing 1 

phosphate groups to lignocellulosic structure through an improved “acid catalyst” 2 

activation method. This process generates a multitude of new functional groups (such as 3 

phosphate and phosphonate) on the external and internal surface of the carbonous 4 

material. The objectives of the present work were (1) to study the morphological, 5 

structural, and physicochemical properties of PPhA; (2) to investigate the equilibrium, 6 

adsorption capacity and mass transfer of six PhCs; (3) to explore the adsorptive 7 

mechanism of PPhA toward sulfamethoxazole (SMX), carbamazepine (CBZ), diclofenac 8 

(DCF), naproxen (NPX), ketoprofen (KP) and ibuprofen (IBP) belonging to 3 different 9 

therapeutic classes (Table S1); and (4) the competitive adsorption among PhCs were also 10 

considered. The role of phosphorous functional groups in the adsorption of PhCs has not 11 

yet been detailed investigated. This study therefore aims to bridge this gap in our 12 

knowledge so that the mechanism of single and competitive nature of six widely used 13 

PhCs using functionalised carbon is better understood. The research findings will 14 

contribute to improved understanding of the adsorption behaviour and mechanism of 15 

PhCs mixture. 16 

2. Methods 17 

2.1 Materials, equipment and detection methods 18 

Five PhCs (CBZ, DCF, NPX, KP and IBP) were purchased from Sigma–Aldrich (HPLC 19 

grade, Sigma-Aldrich, Germany) while SMX was purchased from Fluka (Buchs, 20 

Switzerland). Water used for all standards was Milli-Q prepared with an Easypure II 21 

system (Thermo Scientific). Stock solutions containing SMX, CBZ, DCF, NPX, KP and 22 

IBP were prepared using 50:50 water (Milli-Q) and acetonitrile (HPLC grade, Sigma-23 

Aldrich, Germany). 24 
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After adsorption experiments were complete, samples were filtered with Fioroni 1 

qualitative filter paper (Grade 115). Standard solutions and residual concentrations of 2 

pharmaceuticals were then determined by HPLC with diode array detector (High 3 

Performance Liquid Chromatography, Agilent 1260 series). Analyses of pharmaceuticals 4 

were conducted following separation with a XDB-C18 column (Zorbax Eclipse XDB-5 

C18, 4.6 mm x 150 mm, particle size 5 μm). The mobile phase used was 0.05% 6 

CH3COOH (in water) and 100% acetonitrile at a 55:45 ratio. The flow rate was 1 mL/min; 7 

column temperature 30 °C; injection volume 15 μL; run time = 18 min; detection 8 

wavelengths: 280, 220, 230 and 254 nm. To allow corrections for instrumental 9 

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

samples (n = 12). An eight-point calibration curve based on peak integrated area response 11 

versus concentration was used to evaluate linearity and derive experimental data. 12 

2.2. Preparation of functionalised adsorbent 13 

The phosphorous-doped microporous carbonous material (PPhA) was fabricated 14 

according to the method reported in Pap et al. (2017) (Fig. 1). Briefly, the waste 15 

lignocellulosic biomass (Prunus domestica L.) was washed gradually with a series of 16 

Milli-Q water washes and then dried at 105 °C overnight. Further, the raw material was 17 

impregnated after mixing 50:50 with 50% (w/v) H3PO4. After 24 hours, the impregnated 18 

material was dried at 60 °C for 2 h and then introduced into a muffle furnace. During the 19 

first phase of carbonization and functionalisation the material was heated at a rate of 10 20 

°C min-1 up to 180 °C and held at this temperature for 45 min. In the second phase, the 21 

functionalisation reaction was performed at 500 °C for 1 h with an identical heating rate 22 

of 10 °C min-1 from 180 up to 500 °C. After this, samples were cooled then washed with 23 

Milli-Q water to remove impurities. Finally, the carbonous material was dried at 110 °C 24 
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for at least 3 h and then sieved before the next phase of the study. The final adsorbent is 1 

referred to as PPhA. 2 

 3 

Fig. 1. Schematic diagram showing the process used to prepare phosphorous-doped 4 

microporous carbonous material (PPhA) from lignocellulosic biomass 5 

2.3. Characteristics of functionalised adsorbent 6 

The specific surface area (SBET) and pore size distribution were determined by nitrogen 7 

adsorption at 77 K on a gas adsorption analyser with an Autosorb iQ instrument 8 

(Quantachrome, USA) before and after the adsorption. X-ray diffraction (XRD) was 9 

carried out to confirm the crystal structure property of carbonous material using Rigaku 10 

MiniFlex 600 instrument, with CuKα radiation, and a step scan mode with 0.02° step and 11 

a dwell time of 2 s in the angular range 2θ = 15–60°. The pH at the point of zero charge 12 

(pHpzc) was also determined according to the pH drift procedure (Pap et al., 2017). pHpzc 13 

is important because it indicates the net surface charge of the adsorbent. Identification of 14 

surface functional groups on the adsorbent was conducted using Fourier-Transform 15 

Infrared (FTIR) Spectroscopy. The spectra were recorded using the transmission method 16 

(Nexus 670, Thermo Nicolet, USA) within the wavenumber range 400–4000 cm-1. The 17 
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morphological and structural properties of the carbonous material were observed with 1 

scanning electron microscopy (SEM). The produced samples were examined by using 2 

energy-dispersive X-ray spectroscopy to determine the elemental composition of biomass 3 

and functionalised adsorbent (SEM/EDX, Topcon SM-300). 4 

2.4. Adsorption experiments 5 

The adsorption of SMX, CBZ, DCF, NPX, KP and IBP on PPhA was examined by batch 6 

experiments. Time dependant adsorption was conducted with a 50 mL adsorbate solution, 7 

0.1 g (2.0 g L-1) of adsorbent and initial concentrations of PhCs of 10 mg L-1 at different 8 

contact times (1 – 120 min). For the equilibrium study, 50 mL of solution containing 9 

different known concentrations (1-50 mg L-1) of PhCs and 0.1 g (2.0 g/L) of adsorbent 10 

was introduced into a 100 mL Erlenmeyer flask; contact time was 60 min. All tests were 11 

performed by shaking the flasks at 140 rpm using a mechanical shaker (Heidolph Unimax 12 

1010; Germany) at room temperature (22 ± 1 °C) and optimal pH 6. The initial pH was 13 

adjusted using 0.1 mol L-1 HCl or 0.1 mol L-1 NH4OH solutions. The equilibrium 14 

adsorption capacity, qe, was estimated as per below: 15 

𝑞e =
(𝐶0 − 𝐶e)

𝑚
∙ 𝑉                                                                                                                        (1) 16 

Where C0 is the initial pharmaceutical concentration and Ce is the residual pharmaceutical 17 

concentration (mg L-1), V is the volume of the solution (L) and m is the mass of the 18 

adsorbent (g). 19 

Models used to simulate kinetic and isotherm are supplied in the Supporting information 20 

(SI). 21 

Furthermore, the Chi-square statistic (χ2) and the root mean square error (RMSE) tests 22 

were used to analyse the errors within the experimental data, which can be described as: 23 
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𝑅𝑀𝑆𝐸 = √
1

𝑁 − 2
∑(𝑞e

exp
− 𝑞e

cal)2

𝑁

𝑖=1

                                                                                      (2) 1 

𝜒2 = ∑
(𝑞e

exp
− 𝑞e

cal)2

𝑞e
cal

𝑁

𝑖=1

                                                                                                            (3) 2 

Where 𝑞e
exp

 is the observation from the adsorption experiment, 𝑞e
cal is the calculated PhC 3 

adsorption capacity using the kinetic and isotherm models and N is the number of 4 

samples. 5 

3. Results and discussion  6 

3.1. Characterization of PPhA and adsorption mechanisms 7 

3.1.1. Surface morphology and elemental analysis 8 

An energy dispersive X-ray spectrometer (EDX) was used to determine the bulk chemical 9 

composition of the carbonous adsorbent before and after phosphorisation, and results are 10 

shown in Fig. 2a and 2b, respectively. This clearly shows the presence of C and O peaks 11 

as main component elements of the non-functionalised material. Carbon had the 12 

maximum value (88.16 %); and in Fig. 2a, P is not present in the non-functionalised 13 

material. The EDX spectrum of the PPhA (Fig. 2b) indicated the presence of P (at 6.33 14 

%). After adsorbent functionalisation the wt% of O increased to 29.18, while C decreased 15 

to 64.50 %. The increase in oxygen on the surface suggests more oxygen-containing 16 

functional groups. This might be ascribed to the liberation of volatile compounds, 17 

pyrolytic decomposition of H3PO4, and the formation of phosphate and polyphosphate 18 

ester linkages with organic components in the raw material. Results suggested 19 

(additionally proved with FTIR below) that phosphor was introduced in the form of 20 

condensed phosphate bound to the carbon matrix by C-O-P linkage. PPhA was obtained 21 
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at 500 ºC, which will also promote C-P linkage. Along with phosphorous heteroatoms, P-1 

doped PPhA contained a significant amount of oxygen, implying the presence of not only 2 

phosphate-like, but also P-free, oxygen-containing surface groups. 3 

The scanning electron micrographs of PPhA (Fig. 3) show that the pores present on the 4 

adsorbent particles are highly heterogeneous. PPhA appears to have a large number of 5 

pores, and there is a high probability that the PhC molecules will become trapped and 6 

adsorbed into these pores. The macro- and mesopores are clearly visible, facilitating easy 7 

diffusion of a large number of PhC molecules into the pore structure. Fig. 4 shows that 8 

the adsorption of PhCs causes some important morphological changes on the surface, 9 

which are reflected in the partial distortion of pores and cavities. The PPhA surface after 10 

adsorption looks more undefined and the smooth surfaces are lost. The porous surface of 11 

PPhA is obscured, suggesting that PhCs are adsorbing on the surface via functional 12 

groups, until these functionalities are saturated; thereafter, PhCs diffuse deeper into the 13 

PPhA porous structure, adsorbing onto inner pore surfaces. 14 

 15 
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 1 

Fig. 2. EDX spectras of non-functionalised material (a) and PPhA (b) 2 

 3 

Fig. 3. SEM micrograph of PPhA surface before PhC adsorption x1000, x5000, x10000 4 

and x20000 magnifications 5 
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 1 

Fig. 4. SEM micrograph of PPhA surface after PhC adsorption x1000, x5000, x10000 2 

and x15000 magnifications 3 

3.1.2. Surface area and textural properties 4 

The textural results revealed that the PPhA had a well-developed porous structure and a 5 

high specific surface area (SBET) (Fig. 5a). The SBET was evaluated to be 1230.6 m2 g-1. 6 

The mesopore volume was 0.101 cm3 g-1. The total pore volume and micropore volume 7 

were determined to be 0.622 cm3 g-1 and 0.500 cm3 g-1, respectively. Pore dimensions are 8 

extremely important parameters when considering adsorption onto porous adsorbents. As 9 

Fig. 5a shows, both micropore (< 20 Å) and mesopore (20 – 500 Å) structures are present 10 

in the PPhA. When comparing the magnitude of the micropore volume with the total pore 11 

volume, this contributes about 80 % of the total pore volume – indicating the high 12 
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microporosity of the PPhA. The PhC adsorption onto microporous adsorbents by pore-1 

filling is a function of its total mesopore and micropore volume (Tran et al., 2018). The 2 

SBET, meso- and total pore volumes of the phosphorised carbonous material slightly 3 

decreased after PhC adsorption (Fig. 5a), suggesting that pore filling also contributed to 4 

the adsorption mechanism. Additionally, the large molecular size of the PhCs might 5 

sterically hinder entry into micropores, and the noticeable decrease in the PPhA 6 

micropore volume (from 0.500 cm3 g-1 to 0.475 cm3 g-1) after PhC adsorption was 7 

attributed to pore blocking; i.e., the large PhC molecules screened the rugged PPhA 8 

surface and clogged smaller pores (Tran et al., 2017a). This conclusion also in line with 9 

the discussions in the previous subchapter about the surface morphology changes after 10 

PhC adsorption. 11 

3.1.3. Surface chemistry of PPhA 12 

Here, FTIR spectra permitted the identification of surface functional groups, and the 13 

relevant peaks are showed on Fig. 5b. Results indicated characteristic peaks that 14 

corresponded to functional groups typical of phosphor-functionalised carbonous material. 15 

Different oxygen- and phosphor containing functional groups existed on the PPhA 16 

surface, which is consistent with our EDX analysis. Also, to investigate the molecular 17 

interaction of PhCs with PPhA, the FTIR spectra after PhC adsorption are shown in Fig. 18 

5b. Shifts in or appear of new FTIR peaks can indicate possible adsorption mechanisms - 19 

such as, electrostatic interaction, H-bonds (both dipole-dipole and Yoshida type) along 20 

with n-π and π-π electron donor–acceptor interactions (EDA) between the adsorbents and 21 

adsorbates (Tran et al., 2017c). The strong and broad peak at 3374.75 cm-1 corresponded 22 

to the stretching of -OH functional (hydroxyl) groups, while the peaks at 2920.72 and 23 

2851.44 cm−1 were due to the asymmetric and symmetric stretching of aliphatic (C-H sp3) 24 
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groups, respectively (Marzbali et al., 2016). After adsorption, the peak at 3374.75 cm-1 1 

became less intense and shifted to 3392.82 cm-1, which confirms the presence of dipole–2 

dipole H-bonding interactions between the -OH group on the PPhA surface and the 3 

nitrogen atoms of SMX, CBZ and DCF. Oxygen atoms on KP, NPX and IBP can act as 4 

H-acceptors with the H-donors being the hydroxyl groups of the PPhA. Additionally, 5 

changes in the FTIR peak in this region (from 3700 cm−1 to 3400 cm−1) also confirm 6 

Yoshida type H-bonding between the –COOH and –OH groups of the adsorbent and the 7 

aromatic rings of the PhCs. Moreover, it can be inferred that the alkane groups play a 8 

significant role in adsorption as their peak positions at 2920.72 and 2851.41 cm-1 changed 9 

after adsorption. The presence of aromatic rings can be confirmed by the band at 1558.98 10 

cm-1 and, ascribed to C=C double bonds in ring structure (Nazari et al., 2016). The peak 11 

at the wavenumber value 1469.01 cm-1 is associated with N-H bending (Pathak and 12 

Mandavgane, 2015). The carboxylate, carbonyl oxygen and amine peaks showed a 13 

significant decrease in intensity and shifting of peak position to 1560.65 and 1450.97 cm-14 

1, which reveals possible participation of these groups in adsorption. In one sense, shifts 15 

can be explained with n-π EDA interactions, due to carbonyl oxygen groups acting as 16 

electron donors for the aromatic rings of the PhCs (electron acceptors). Also, carboxylate 17 

groups (strong π-electron donors) on the PPhA surface may support π-π EDA interactions 18 

with the aromatic rings of the PhCs (π-electron acceptors). A broad band at 1300-920 cm-19 

1 is generally found with oxidised carbons, and has been assigned to C–O stretching in 20 

acids, alcohols, phenols, ethers and/or esters groups (Benstoem et al., 2018). Since the 21 

adsorbent material was synthetised in the presence of oxygen and phosphoric acid, 22 

lignocellulose derivative phosphocarbonaceous esters and polyphosphate species were 23 

also present on the surface of the PPhA. The peak at 882.05 cm-1 may be attributed to P-24 
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O-C aliphatic or aromatic stretching, P-O stretching in >P=OOH or P-OH bending or P-1 

O-P asymmetric stretching in polyphosphates. The peak at 1068.83 cm-1 could be due to 2 

a combination of the P+-O- bond in the acid phosphate esters and the symmetrical 3 

vibration of the polyphosphate chain P-O-P, while the band at 1160.01 cm-1 can be 4 

assigned to the stretching vibration of O-C in the P-O-C aromatic groups, or, hydrogen 5 

bonded P=O groups of phosphates or polyphosphates (Liu et al., 2012; Wang et al., 2017). 6 

Formation of phosphorous groups by oxidation of phenol groups could result from the 7 

reaction below (Boudrahem et al., 2017): 8 

-C-OH + H3PO4 → C-O-PO(OH)2 + H2O                                                                      (4) 9 

Shifting of peaks in this region were also identified, indicating H-bonding and n-π EDA 10 

interactions between the aromatic rings of the PhCs and phosphorous-containing 11 

functional groups on the PPhA surface (Arampatzidou and Deliyanni, 2016). At low 12 

wavenumbers, the small shoulder peak at 825.64 cm-1 is ascribable to C–H out-of-plane 13 

bending absorption in aromatic rings. Additionally, the decrease and shifting in the band 14 

around 825 cm-1 and the new peak position at 679.49 cm−1 (due to a C-C aromatic group) 15 

after adsorption, can be due to π-π EDA interactions of PhCs with the aromatic structures 16 

of the PPhA. It can be concluded that the O- and P-containing functionalities on the 17 

carbon surface play a significant role in adsorbing PhC molecules. Our results suggest 18 

that beside of π-π EDA, H-bonding and n-π EDA interactions might be the primary 19 

adsorption mechanisms because of the high number of O- and P-containing functional 20 

groups at the adsorbent material interface. 21 

3.1.4. Crystalline structure of PPhA 22 
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The XRD patterns of the PPhA before and after adsorption are shown in Fig. 5c. Patterns 1 

were studied in the 2θ range at 5–80°. It is possible to identify two distinct peaks in both 2 

cases. The broad peak at 25° can be assigned to reflection plane C (002), which is 3 

characteristic of disordered aromatic carbon structures and indicates the presence of large 4 

amounts of amorphous carbon microparticles (Pouretedal and Sadegh, 2014). A peak at 5 

43.5° can be assigned to reflection plane C (100/101) of the graphitic or organized carbon 6 

(Beltrame et al., 2018). The weak peak of this region could be attributed to the wide range 7 

of the pore size distribution for the PPhA. Additionally, the graphene layers of the PPhA 8 

can interact with the π-electrons of the aromatic rings of the PhCs, favouring the 9 

adsorption process. Thus, the phosphorised adsorbent had a completely amorphous 10 

structure typical of carbonaceous materials. Similar results have been obtained by other 11 

researchers working on carbonous adsorbents produced from lignocellulosic biomass 12 

(Reza and Ahmaruzzaman, 2016; Vunain, 2017). Fig. 5c also shows diffraction peaks 13 

after PhC adsorption - it can be seen that the peak intensity becomes weak and gets wider 14 

which may be due to surface adsorption of PhCs, however, no shift in peak position was 15 

observed which indicates that no phase transformation occurred after PhC adsorption (i.e., 16 

mostly physical adsorption with EDA interactions and H-bonds) (Banerjee et al., 2016). 17 

 18 



17 

 1 

Fig.5. N2 adsorption–desorption isotherms (a), FTIR spectras (b) and XRD (c) patterns 2 

of PPhA before and after PhC adsorption 3 

3.2. Adsorption kinetics of PhCs 4 

Adsorption is a time-dependent process – and in terms of the removal of PhCs from 5 

different wastewaters, it is necessary to evaluate the rate limiting step of the adsorption 6 

process (Tan and Hameed, 2017). For heavy metals, organic dyes and most pollutants the 7 

first and fourth steps are rapid in comparison to the second and third steps (Largitte and 8 

Pasquier, 2016). Our initial hypothesis would be that these assumptions also hold true for 9 

PhC compounds. 10 

In this study, Fig. 6a showed the time dependence of PhCs on PPhA. Clearly, the 11 

adsorption capacity reached almost the maximum within 10 min, and a slower adsorption 12 

until the adsorption equilibrium was obtained in approximately 60 min. The rapid 13 

adsorption in the beginning could be attributed to the surface adsorption which is provided 14 

by large amount of reaction sites at the surface and the accessible diffusion pathway in 15 

the mesoporous domains (Chen et al., 2017). When these surface-active sites were 16 

saturated, the adsorption process slowed down and the adsorption rates were limited by 17 
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the diffusion of PhCs molecules from liquid to the inner-pores of the PPhA due to the 1 

longer diffusion distance and the larger diffusion resistance. 2 

3.2.1. Diffusion kinetic models 3 

The film diffusion model was used in this study to calculate the external mass transfer 4 

coefficients (ke) of PhCs. A graphical display of the film diffusion model with our six 5 

PhCs is presented in Fig. 6b. At time zero, ln (Ct/C0) has the highest value and then starts 6 

to decrease with increasing contact time. The slope of these plots was calculated for the 7 

initial diffusion period (0–10 min), and the film diffusion rate constants ke for the tested 8 

pharmaceuticals (0.768 ≤ R2 ≤ 0.929) are listed in Table 1. The film diffusion rate ke 9 

depends on the driving force per unit surface, mixing velocity, molecular diameter, 10 

hydrophobicity (log Kow) and the concentration of the PhCs. Since every parameter in the 11 

system is constant, with increasing molecular size and decreasing log Kow of the PhCs the 12 

ke also decreases (Table 1). This confirms that SMX has the largest maximum diameter 13 

(12.6 Å), a lower log Kow value (0.89) and at the same time the lowest ke (0.109 min-1). 14 

However, the coefficient values are sufficiently large and indicate that film diffusion 15 

would not be the only rate limiting step here. In contrast, Ahmed and Theydan, (2013) 16 

determined a much lower ke for metronidazole (almost ten times lower) when using 17 

activated carbon made from Siris seed pods. Therein, they concluded that the main rate 18 

limiting step was indeed film diffusion. 19 

Table 1  20 

Parameters for the kinetic diffusion models of six PhCs 21 

Pharmaceutical SMX CBZ KP NPX DCF IBP 

Film diffusion model ke (min-1) 0.109 0.154 0.108 0.177 0.198 0.239 
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R2 0.768 0.929 0.808 0.783 0.822 0.868 

Intraparticle diffusion 

model 

ki1 (mg g-1 min-1/2) 1.790 1.778 2.033 2.077 2.051 1.942 

ki2 (mg g-1 min-1/2) 0.148 0.130 0.064 0.042 0.045 0.093 

ki3 (mg g-1 min-1/2) 0.013 0.019 0.003 0.005 0.003 0.010 

Ci1 (mg g-1) 0.307 0.236 0.322 0.382 0.534 0.557 

Ci2 (mg g-1) 3.747 3.847 4.487 4.638 4.605 4.275 

Ci3 (mg g-1) 4.457 4.405 4.898 4.835 4.831 4.696 

(R1)2 0.946 0.967 0.953 0.938 0.883 0.861 

(R2)2 0.836 0.718 0.916 0.943 0.930 0.920 

(R3)2 0.778 0.835 0.969 0.830 0.809 0.782 

The Weber–Morris kinetic model of intraparticle diffusion can be useful to identify and 1 

predict the rate-controlling step. The amount adsorbed qt compared with t1/2 for the 2 

intraparticle diffusion of PhCs onto PPhA is shown in Fig. 6c. These plots showed 3 

multilinearity (three steps occurred during the process), the straight-lines of whole plots 4 

do not pass through the origin, indicating that intraparticle diffusion is involved but not 5 

the only rate-limiting step. The first stage was quicker and probably related to PhC mass 6 

transfer to the external adsorbent surface (film diffusion), and the high ki1 indicates that 7 

the diffusion of PhCs from the boundary to the adsorbent surface is rapid. The high 8 

concentration difference could promote the diffusion of the PhCs molecules to the outer 9 

surface and accelerate the process of film diffusion. The second stage is the intraparticle 10 

diffusion, where PhCs is transported to the pores of adsorbent and adsorbed on the inner 11 

surface of the material. The smaller ki2 illustrates the slow process of intraparticle 12 

diffusion of the PhCs molecules within the adsorbent and indicates that this stage of 13 

diffusion limits the rate of the entire adsorption process and one of the rate-limiting for 14 

the adsorption of PhCs onto PPhA. The third portion corresponds to the adsorption 15 

equilibrium. The very small ki3 shows that the diffusion rate in this stage is extremely 16 
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slow, which can be attributed to the decreased porosity and reduced driving force 1 

(Baghdadi et al., 2016). This trend is comparable with Tonucci et al. (2015) and Liu et al. 2 

(2013), who reported that the adsorption of the SMX, IBP and clofibric acid (onto 3 

different adsorbents) follows a similar pattern. Table 1 lists the model parameters based 4 

on the Weber-Morris intraparticle diffusion model. For all PhCs, ki1 was higher than ki2 5 

and ki3, and Ci3 was larger than Ci2 and Ci3. This indicated that the rate of PhC removal 6 

was higher at the beginning due to the large surface area with lots of active sites. After 7 

the adsorbates formed a surface boundary layer (caused by physical attraction and 8 

molecular association), the capacity of the PPhA became limited and the adsorption rate 9 

was controlled by intraparticle diffusion (i.e., transport from the exterior to the interior 10 

active sites). 11 

3.2.2. Reaction kinetic models 12 

Two reaction kinetic models including a pseudo-first order (PFO) and pseudo-second 13 

order (PSO) were used to examine the PhC experimental data in order to determine which 14 

interaction mechanism was dominant. 15 

Table 2 16 

Reaction kinetic parameters for the adsorption of SMX, CBZ, KP, NPX, DCF and IBP onto PPhA 17 

Pharmaceutical SMX CBZ KP NPX DCF IBP 

qt,exp (mg g-1) 4.582 4.599 4.937 4.883 4.865 4.814 

Pseudo-first 

order 

qt,cal (mg g-1) 0.803 0.762 0.630 0.272 0.228 0.396 

k1 (min-1) 0.070 0.059 0.064 0.055 0.050 0.031 

R2 0.941 0.920 0.904 0.770 0.726 0.657 

χ2 1.607 1.935 1.502 1.462 1.288 1.074 

RMSE 0.257 0.254 0.306 0.437 0.450 0.332 
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Pseudo-second 

order 

qt,cal (mg g-1) 4.615 4.631 4.963 4.896 4.875 4.820 

k2 (g mg-1 min-1) 0.294 0.277 0.349 0.689 0.831 0.429 

R2 0.999 0.999 0.999 0.999 0.999 0.999 

χ2 0.004 0.003 0.004 0.011 0.003 0.003 

RMSE 0.041 0.029 0.035 0.023 0.014 0.049 

The calculated qt, k1 and k2 the corresponding linear regression coefficient R2 and various 1 

error function values are presented in Table 2. In general, the R2 values of the PSO were 2 

>0.999; hence, the model fitted the experimental data well for all PPCPs (Fig. 6a). The 3 

calculated qt,cal values were very close to the experimental qt,exp value. The reaction rate 4 

constant k2 depends (in large part) on the operating conditions. Also, k2 relates to how 5 

quickly equilibrium is reached, i.e., when it is relatively high, the time required to reach 6 

equilibrium is relatively short. k2 values increased in the order of CBZ < SMX < KP < 7 

IBP < NPX < DCF for PPhA. The better fit of the experimental data to the PSO implies 8 

that the rate of PhC adsorption (onto PPhA) was affected mainly by the availability of 9 

active adsorption sites at the beginning of the process (rather than the concentration of 10 

the adsorbate in the aquatic solution) (Acosta et al., 2016). The PSO model was also 11 

successfully applied by To et al. (To et al., 2017) to represent experimental kinetics data 12 

for atenolol, acebutolol and CBZ and adsorption onto palm kernel shell activated carbon. 13 

PFO model had a poorer fit here (Fig. 6a). This indicates that the adsorption system does 14 

not kinetically follow a PFO model (for the whole process) and that the PSO adsorption 15 

mechanism better describes the adsorption process. Similar findings have also been 16 

reported in the literature, i.e., for pharmaceutical with activated carbon (Calisto et al., 17 

2015), and NPX using activated carbon from waste apricot kernel (Önal et al., 2007). 18 
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Fig. 6. Kinetic models of PhCs adsorption onto PPhA: Adsorption kinetic data with 3 

PFO and PSO models (a), Film diffusion model (b) and Intraparticle diffusion model (c) 4 

(initial concentration: 20 mg L−1; pH: 6-7; agitation speed: 140 rpm; dose of PPhA: 5 

2 g L−1; temperature of solution: 22 ± 1 °C. 6 

3.3. Adsorption isotherms 7 

In order to explain the adsorption mechanism here, three adsorption isotherms (Langmuir, 8 

Freundlich and Dubinin–Radushkevich (D–R)) models were used. 9 

The isotherm fits to the experimental data and the fitted values of the model parameters 10 

are shown in Fig. S1 (a-d) and Table 3, respectively. Based on the lowest value of various 11 

error functions (RMSE and χ2) and from the linear regression (R2 value), the experimental 12 
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data correlated with isotherm models in the following order Freundlich > Langmuir > D–1 

R for all PPCPs. 2 

Table 3 3 

Langmuir, Freundlich and Dubinin–Radushkevich isotherm parameters for PPhA 4 

Pharmaceutical SMX CBZ KP NPX DCF IBP 

qmax,exp (mg g-1) 17.503 17.913 18.737 17.813 20.871 22.104 

Langmuir 

qmax (mg g-1) 17.193 17.685 19.265 17.657 21.116 23.332 

KL (L mg-1) 10.812 11.761 17.613 16.865 20.350 21.286 

R2 0.932 0.931 0.916 0.962 0.929 0.911 

χ2 0.277 0.273 0.199 0.184 0.101 0.068 

RMSE 0.099 0.091 0.073 0.066 0.044 0.032 

Freundlich 

KF (mg g-1)/(mg L-1)n 5.263 5.577 6.676 6.261 7.340 8.133 

1/n 0.414 0.410 0.466 0.403 0.500 0.562 

R2 0.997 0.993 0.942 0.972 0.964 0.968 

χ2 0.030 0.075 0.871 0.428 0.583 0.552 

RMSE 0.034 0.052 0.153 0.104 0.123 0.118 

Dubinin–

Radushkevich 

qDR (mg g-1) 8.782 9.207 12.122 10.765 11.406 11.960 

KDR (mol2 J-2) 1.723 10-8 1.677 10-8 2.557 10-8 1.811 10-8 2.350 10-8 2.721 10-8 

EDR (kJ mol-1) 5.387 5.460 4.422 5.254 4.613 4.287 

R2 0.831 0.850 0.928 0.918 0.865 0.868 

χ2 1.400 1.132 0.670 0.621 1.402 1.399 

RMSE 0.579 0.551 0.393 0.409 0.548 0.550 

The shape of the isotherm is one factor when considering the nature of the adsorption 5 

mechanism. In accordance with Giles et al. (1960), isotherms can be divided into four 6 

main groups: L, S, H and C. The isotherms here for all PhCs displayed an L-curve 7 

(Langmuir) isotherms, which are characterized by an initial concave region relative to the 8 
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concentration axis. Equilibrium adsorption isotherms for SMX, CBZ, KP, NPX, DCF and 1 

IBP onto PPhA are presented in Fig. S1a. 2 

The Langmuir isotherm is one of the most utilised adsorption models, and it supposes 3 

monolayer coverage of PhCs over a homogeneous adsorbent surface. The Langmuir 4 

theoretical monolayer adsorption capacity calculated here was 17.193, 17.685, 19.265, 5 

17.657, 21.116 and 23.332 mg g-1 for SMX, CBZ, KP, NPX, DCF and IBP, respectively 6 

(Table 3). These values are lower than those reported for activated carbon from olive-7 

waste cakes (793 m2 g-1) by Baccar et al. (2012), but, we must also note differences in 8 

sample volume, pH, rpm speed and contact time, which were (therein) 300 mL, 4.1, 200 9 

rpm and 26 h, respectively. The model parameters, linear regression and RMSE and χ2 10 

values reflect a good fit here of the experimental data to the Langmuir model, 0.911 - 11 

0.962, 0.032 - 0.099 and 0.111 - 0.277. 12 

The Freundlich isotherm is an empirical model which assumes the existence of 13 

heterogeneous adsorption sites on the surface of the adsorbent. Application of Freundlich 14 

model here gave a coefficient KF in the range of 5.263 to 8.133 (mg/g)/(mg/L)n for the 15 

tested PhCs. This coefficient is related to the affinity of the PhCs to the adsorbent. Thus, 16 

a high value for DCF and IBP suggests higher affinity toward PPhA (Table 3). 1/n is a 17 

rate related to adsorption intensity or surface heterogeneity (Tran et al., 2017b). In the 18 

present work, 1/n is around 0.500 and followed the order IBP > DCF > KP > SMX > CBZ 19 

> NPX. A similar value (0.54) was reported by Essandoh et al. (2015) for IBP using pine 20 

wood biochar, and 0.49 has been reported by Larous and Meniai, (2016) for DCF using 21 

activated carbon prepared from olive stones. The Freundlich model fitted the adsorption 22 

data very well, with R2 values > 0.942. 23 
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The Dubinin–Radushkevich (D-R) model can be used to describe the liquid-phase 1 

adsorption process onto a porous adsorbent with heterogeneous surface. The values of 2 

adsorption free energy EDR and maximum adsorption capacity qDR for the D–R isotherms 3 

were determined from the slopes and intercepts of the linear plots of ε2 versus ln qe. The 4 

relatively high correlation coefficients here (R2 = 0.831–0.928) and low error values 5 

indicate that the experimental data partially fits the D–R isotherm model. It is well known 6 

that EDR can give information regarding the adsorption nature. If EDR is between 8 and 16 7 

kJ mol-1, the adsorption process is likely proceeding via chemisorption, while values of 8 

E < 8 kJ mol-1 indicate that the adsorption process is physical in nature (Tran et al., 9 

2017b). The magnitudes of EDR here for all PhCs is between 4.287 and 5.460 kJ mol-1, 10 

indicating that adsorption is mainly physisorption (e.g. H-bonding energies in the range 11 

4-17 kJ/mol (Kah et al., 2017)). Available literature regarding EDR for SMX, CBZ, KP, 12 

NPX, DCF and IBP and other functionalised carbonous materials is limited. 13 

The adsorption efficiency of different PhCs from water by different carbonous adsorbents 14 

is the subject of several studies. Obtained qmax data for the six PhCs in this study are 15 

compared here with other adsorption studies published in relevant literature (Table 4). It 16 

should be emphasized that a direct comparison between adsorption capacities is only 17 

indicative because of the different experimental conditions used. For instance, high 18 

pharmaceutical loadings can also contribute to adsorption capacities. In study Mestre et 19 

al. (2009), the maximum uptake of IBF onto AC from cork powder was 112.4 mg∙g-1 20 

when the initial PhCs concentration was 120 mg L-1 at pH 4 (strong acid conditions), 21 

which is not applicable to a normal water environment. 22 

Table 4 23 
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Comparison of maximum adsorption capacities of PhCs by various carbonous adsorbents 1 

PhCs Adsorbents qmax (mg g-1) Operational conditions Reference 

SMX Coconut shells based 

AC 

227.95 pH: no pH control; adsorbent dose: 0.25 g L-1; time: 72 

h; C0: 100 mg L-1; rpm: 100; T: 30 ºC 

(Nielsen et 

al., 2014) 

SMX PPhA 17.19 pH: 6-7; adsorbent dose: 2.0 g L-1; time: 1 h; C0: 50 mg 

L-1; rpm: 140; T: 22 ± 1 ºC 

Present study 

SMX AC from paper mill 

sludge 

1.39 pH: no pH control; adsorbent dose: 4 g L-1; time: 1 h; 

C0: 5 mg L-1; rpm: 80; T: 25 ± 0.1 ºC 

(Calisto et al., 

2015) 

CBZ AC from peach stones 335.00 pH: no pH control; adsorbent dose: 2.4 g L-1; time: 3 h; 

C0: 100 mg L-1; rpm: 250; T: 30 ºC 

(Torrellas et 

al., 2015) 

CBZ PPhA 17.69 pH: 6-7; adsorbent dose: 2.0 g L-1; time: 1 h; C0: 50 mg 

L-1; rpm: 140; T: 22 ± 1 ºC 

Present study 

CBZ Chemically activated 

biochar 

0.42 pH: 7; adsorbent dose: 2.0 g L-1; time: 7 days; C0: 50 mg 

L-1; rpm: 500; T: 20 ºC 

(Jung et al., 

2013) 

KP Commercial AC 362.00 pH: no pH control; adsorbent dose: 0.2 g L-1; time: 2 h; 

C0: 500 mg L-1; rpm: 140; T: 25 ºC 

(Gao and 

Deshusses, 

2011) 

KP PPhA 19.27 pH: 6-7; adsorbent dose: 2.0 g L-1; time: 1 h; C0: 50 mg 

L-1; rpm: 140; T: 22 ± 1 ºC 

Present study 

KP AC from olive-waste 

cake 

24.70 pH: 4.1; adsorbent dose: 1.0 g L-1; time: 5 min; C0: 19.28 

mg L-1; rpm: 13 000; T: 25 ºC 

(Baccar et al., 

2012) 

NPX Commercial AC 81.00 pH: 4.0; adsorbent dose: 0.1 g L-1; time: 12 h; C0: 10.00 

mg L-1; rpm: no data; T: 25 ºC 

(Hasan et al., 

2012) 

NPX PPhA 17.66 pH: 6-7; adsorbent dose: 2.0 g L-1; time: 1 h; C0: 50 mg 

L-1; rpm: 140; T: 22 ± 1 ºC 

Present study 

NPX Bone char 4.28 pH: 5-7; adsorbent dose: 250.0 g L-1; time: 24 h; C0: 50 

mg L-1; rpm: no data; T: 20 ºC 

(Reynel-

Avila et al., 

2015) 
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DCF  AC from cocoa shell 63.00 pH: 7; adsorbent dose: 2.5 g L-1; time: 8 h; C0: 300 mg 

L-1; rpm: 150; T: 25 ºC 

(Saucier et al., 

2015) 

DCF PPhA 21.12 pH: 6-7; adsorbent dose: 2.0 g L-1; time: 1 h; C0: 50 mg 

L-1; rpm: 140; T: 22 ± 1 ºC 

Present study 

DCF AC from olive stones 11.00 pH: 4.2; adsorbent dose: 5.0 g L-1; time: 3 h; C0: 150 mg 

L-1; rpm: 500; T: 23 ± 2 ºC 

(Larous and 

Meniai, 2016) 

IBP AC from cork powder 112.40 pH: no data; adsorbent dose: 0.33 g L-1; time: 4 h; C0: 

120 mg L-1; rpm: 700; T: 30 ºC 

(Mestre et al., 

2009) 

IBP PPhA 23.33 pH: 6-7; adsorbent dose: 2.0 g L-1; time: 1 h; C0: 50 mg 

L-1; rpm: 140; T: 22 ± 1 ºC 

Present study 

IBP AC from olive-waste 

cake 

12.60 pH: 4.1; adsorbent dose: 1.0 g L-1; time: 5 min; C0: 10.04 

mg L-1; rpm: 13 000; T: 25 ºC 

(Baccar et al., 

2012) 

3.4. Influence of pH on PhC adsorption 1 

The influence of pH was studied and expressed in term of adsorption capacity for every 2 

compound (Fig. 7a-f). We observed that with increasing pH the adsorption capacity 3 

reduced except for CBZ (where it remained unchanged/slightly increased), and this effect 4 

was more obvious when the pH became alkaline. This trend is comparable to findings by 5 

Baccar et al. (2012) who reported that the adsorption of four drugs (DCF, NPX, KP and 6 

IBP) onto activated carbon (from olive-waste cakes) decreased as the pH increased from 7 

2.01 to 8.61. Reza et al. (2014) also reported that the adsorption of IBF and clofibric acid 8 

(onto activated carbon from bamboo waste) gradually decreased as the pH increased from 9 

2 to 12. H-bonds may form between functional groups (such as -COOH, -OH, P=OOH 10 

and P-OH) of the PPhA and aromatic rings of the PhCs (Yoshida H-bonding). With the 11 

increase in solution pH, the concentration of H+ ions is reduced, and the hydrogen bonding 12 

donor groups on the PPhA can interact with the H-bonding acceptors on the PhCs - 13 

therefore, adsorption efficiency is enhanced. Also, the lignocellulose derivative 14 
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phosphate and phosphonate species will promote H-bonding as these create a better 1 

adsorption structure, with many phosphate and polyphosphate bridges. The ionic/polar 2 

groups in the PhC molecules may strongly interact with the phosphate and phosphonate 3 

groups. Additionally, functional groups containing nitrogen and oxygen atoms are present 4 

in the PhC molecules and can act as H acceptors and interact with the -OH and 5 

phosphorous-containing groups of the carbonous material. However, when the solution 6 

was alkaline, the adsorption of SMX, KP, NPX, DCF and IBP onto PPhA decreased. 7 

Therefore, hydrogen bonds were important, but, not the only dominant factor in 8 

controlling adsorption onto PPhA in this study (Iovino et al., 2015; Simões dos Reis et 9 

al., 2016). Alternatively, n–π and π–π EDA interaction is specific and noncovalent, and 10 

exists between electron-rich and electron-poor compounds (Chen et al., 2017). PPhA is a 11 

strong π-donor because π-electron donor groups include aromatic benzene rings and 12 

electron-rich functional groups. SMX, CBZ, KP, NPX, DCF and IBP have different 13 

aromatic rings in their structures. For example, the aromatic ring of SMX is an effective 14 

π-electron acceptor. CBZ can also act as a π-electron acceptor due to the electron 15 

withdrawing capability of its amide group, whose N atom, along with the heterocyclic N 16 

ring, is in sp2 configurations with their lone pairs of electrons delocalized in bonds with 17 

the electron-withdrawing carbonyl and polyphosphate groups (Cai and Larese-Casanova, 18 

2014). Therefore, n–π interaction has been proposed to be one of the dominant mechanism 19 

for the adsorption of PhCs onto PPhA. Further support for this conclusion is discussed 20 

above in the FTIR section (Section 3.1.3). pH may also affect both the nature of the PhCs 21 

and the surface properties of the adsorbent - the surface of PPhA is neutral when pH = 22 

pHpzc, negatively charged for pH’s higher than the pHpzc and positively charged at pH’s 23 

below the pHpzc (Bushra et al., 2017). Concerning the PhCs, their charge will be based on 24 
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their pKa value (Table S1). In the case of KP, NPX, DCF and IBP, the PhC molecules 1 

exists as neutral species at pH < pKa, coexists as neutral and anionic species at pH ≈ pKa, 2 

and exists as anion species at pH > pKa (Baccar et al., 2012). When pH < pHpzc, the 3 

adsorbent is positively charged, while the PhCs are neutral (pH ≤ pKa); thus, adsorption 4 

most likely involves n-π and π-π EDA interactions and H-bonding. Similarly, when pH > 5 

pHpzc, the surface of the PPhA is negatively charged as is the PhC molecule and therefore 6 

electrostatic repulsion occurs. In contrast, based on the pKa values of SMX and CBZ, 7 

presented in Table S1, both compounds are present in their zwitterionic forms. Under the 8 

investigated pH range (2 to 9), CBZ molecules are neutral charged and remained 9 

unchanged, which exclude electrostatic attraction with the charged PPhA. Therefore, 10 

electrostatic interaction could be neglected for the case of CBZ in favour of π-π EDA 11 

interactions and H bonding (Sharma et al., 2018; To et al., 2017). As for SMX, the 12 

adsorption amount decreased greatly above pH 6. When the pH > 6, the anionic form of 13 

SMX is the dominant species in aqueous which leads to electrostatic repulsion as PPhA 14 

has an overall negative charge as evident from the pHpzc values.  15 

 16 
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Fig. 7. Effect of pH on adsorption (a-f) of PhCs onto PPhA (initial concentration: 3 

20 mg L−1; agitation time: 60 min; agitation speed: 140 rpm; dose of PPhA: 2 g L−1; 4 

temperature of solution: 22 ± 1 °C. 5 

3.5. Comparative adsorption of the six PhC compounds 6 

Coadsorption of PhCs was investigated at pH 6-7, a PPhA dose of 0.1 g (2.0 g L-1), a 7 

contact time of 120 min and a temperature of 22 ± 1 °C. The initial concentration of each 8 

pharmaceutical was 20 mg L-1. Fig. 8a shows that the adsorption behaviours of the PhCs 9 

in the multicomponent matrix. 10 
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Fig. 8. Competitive adsorption of six PhC molecules (a), schematic of PAC slurry 3 

adsorption process (adopted and modified from (Margot et al., 2013)) (b) and volume of 4 

effluent (V) treated against PAC mass (m) for 99 % PhCs removal (c) 5 

Differing removal efficiencies obtained result from the different adsorbate characteristics. 6 

The log Kow may be regarded as one initial indicator of likely adsorption onto PPhA 7 

(Lladó et al., 2015). DCF and IBP have a higher log Kow than the other PhCs (Table S1), 8 

and at the same time a higher adsorption capacity. This might be because for DCF and 9 

IBP hydrophobic interactions comes to the fore during the competitive adsorption. 10 

However, the log Kow is not always a determinant factor in adsorption. Size and 11 

configuration of PhC molecules can also have an effect on removal efficiency, because 12 

diffusion rates and interactions with surface are dependent on molecular sizes. In real 13 

systems, larger molecules diffuse slower than smaller ones. Our experimental results 14 
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support this because the IBP removal efficiency is largest and at the same time IBP is the 1 

smallest molecule among the six PhCs.  2 

The configuration/structure of these PhCs also exerts a significant effect on their 3 

interaction with PPhA. Whether a PhC is planar versus nonplanar in structure will affect 4 

adsorption (Wang et al., 2018). The heterogeneous external surface and the porous nature 5 

of the PPhA will tend to provide more favourable adsorption sites for planar molecules 6 

than for non-planar molecules, favouring π-π EDA interactions between the conjugated 7 

aromatic chromophore skeleton and the carbonous adsorbent. Non-planar molecules are 8 

kept away from the adsorbent due to spatial restrictions, resulting in low π-π EDA 9 

interactions with the carbonous adsorbent (Ersan et al., 2017; Konicki et al., 2017). Here, 10 

only SMX and IBF had non-planar configurations, which potentially influenced their 11 

removal efficiency (Fig. S2a-f). However, the small molecular size of the IBF still 12 

resulted in high adsorption and fast kinetic characteristics, which suggests that a 13 

combination of molecular size and molecule configuration will dictate adsorption 14 

efficiency. Indeed, Wang et al. (2018) reported that the bulky non-planar aliphatic 15 

hydrocarbon clarithromycin (CLA) would (due to these factors) display low levels of 16 

adsorption. Steric hindrance would also weaken H-bond and π-π EDA interaction due to 17 

the size and configuration of the CLA molecule. 18 

Finally, the proposed adsorption mechanisms of PhCs adsorption onto functionalised 19 

PPhA is shown on Fig. 9. 20 
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 1 

Fig. 9. Proposed adsorption mechanism for single and competitive PhCs adsorption on 2 

functionalised PPhA 3 

3.6. Large-scale applicability, reusability and economic aspect 4 

The best adsorption isotherm model can also be used to inform the design of single stage 5 

adsorption systems within WWTPs (Oguntimein, 2015). The schematic diagram for a 6 

one-stage slurry reactor is shown in Fig. 8b. The volume, V (L), is the total volume to be 7 

treated. The PhC concentration is reduced from C0 to C1 (mg L-1). The amount of PPhA 8 

added is mAC and the PhC concentration changes from q0 = 0 to qe1. The mass balance 9 

equates the PhCs removed from the liquid with the PhCs picked up by the powdered 10 

activated carbon (PAC). 11 
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𝑉(𝐶0 − 𝐶1) = 𝑚(𝑞e1 − 𝑞0) = 𝑚𝑞e1                                                                                        (5) 1 

The PAC loading, qe1 has to be substituted by the isotherm equation. As the Freundlich 2 

isotherm gives the best correlation to our experimental data - the following expression is 3 

obtained: 4 

𝑚

𝑉
=

(𝐶0 − 𝐶1)

𝑞e1
=

(C0 − C1)

𝐾F𝐶1
1/𝑛

                                                                                                     (6) 5 

The plot showing grams of PPhA required to reduce the initial PhC concentration of 0.1 6 

µg L-1 by 99 % at different wastewater flows 10–15 L s−1 (ca. 1700 PE) for a single stage 7 

slurry adsorption system is shown in Fig. 8c. For example, the installation could be 8 

composed of a well-mixed slurry reactor of 30 m3 wherein PAC slurry (3-5 g L−1) was 9 

added continuously in proportion to the wastewater flow to reach a final dosage of 6.0 10 

mg PAC L-1 (as calculated from the Freundlich isotherm constants). 11 

Previously, we show that the net cost for PPhA production is estimated to be $1.22 USD 12 

per kg and can be re-used after desorption (in acidic solution) at least in three cycle, which 13 

is cheap when compared to other activated carbons derived from waste biomass (Pap et 14 

al., 2017). Approximately 6.0 g of activated carbon is sufficient to treat 1 m3 of PhC 15 

contaminated water in a slurry reactor process. For the above conditions, the annual 16 

quantity and price of this treatment would be 2780 kg y-1 and $3400 USD y-1. 17 

Conclusion 18 

The phosphorised microporous adsorbents were successfully synthetised by an improved 19 

“acid catalyst” activation method and were applied for SMX, CBZ, KP, NPX, DCF and 20 

IBP adsorption. Results from batch adsorption studies and instrumental characterisations 21 

are consistent with the following conclusions: 22 
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- SEM and BET reveal that PPhA has a well-developed porous structure and high large 1 

specific surface area which would support pore filling mechanism. 2 

- FTIR and EDX shows that lignocellulose derivative phosphate and phosphonate 3 

species with other oxygen-containing functional groups are present on the PPhA 4 

surface. 5 

- The results showed that the adsorption behaviours of PhCs were fitted well by 6 

Freundlich and pseudo-second order kinetic models, and the adsorption was mainly 7 

physisorption and partly controlled by the intraparticle diffusion. Additionally, the 8 

magnitudes of E were < 8 kJ mol-1 for all studied PhCs, indicating that adsorption is 9 

mainly physisorption. 10 

- The maximum adsorption capacity (from the Langmuir model) was, for SMX, CBZ, 11 

KP, NPX, DCF and IBP - 17.193, 17.685, 19.265, 17.657, 21.116 and 23.332 mg g-1, 12 

respectively.  13 

- Competitive adsorption showed that adsorption was linked to the pKa, log Kow and 14 

molecular size of the PhCs. 15 

- H-bonding, n–π and π-π EDA electron donor–acceptor interaction has been proposed 16 

to be the primary mechanism for the adsorption of PhCs onto PPhA. 17 

Therefore, PPhA can server a promising and low-cost adsorbent for the highly effective 18 

removal of emerging PhCs from water environment. 19 
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A film diffusion model was used in this study to calculate the external mass transfer 

coefficients of PhCs, ke, on activated carbon (Tan and Hameed, 2017). The change in PhC 

concentration in the liquid phase at this stage (which is the initial rate of adsorption) is 

given by the following equation: 

𝑑𝐶t

𝑑𝑡
= −𝑘e(𝐶t − 𝐶s)                                                                                                                  (𝑆1) 

Where ke (min-1) is the film diffusion coefficient, Ct (mg L-1) is the liquid phase adsorbate 

concentration at time t and Cs (mg L-1) is the adsorbate concentration at the surface of the 

activated carbon. When t = 0; Cs = 0 and Ct = C0 so: 

𝑙𝑛 (
𝐶t

𝐶0
) = −𝑘e𝑡                                                                                                                          (𝑆2) 

The film diffusion coefficient can therefore be estimated from a plot of ln (Ct/C0) vs t. 

The Weber–Morris kinetic model of intraparticle diffusion can be useful to identify and 

predict the rate-controlling step (Tran et al., 2017). The equation is presented as follows 

(Weber and Morris, 1963): 

𝑞t = 𝑘i𝑡
1/2 + 𝐶i                                                                                                                         (𝑆3) 

Where qt (mg g-1) is adsorption capacity at any time (t), Ki (mg g–1 min–1/2) is the 

intraparticle diffusion rate constant and Ci (mg g-1) is a constant proportional to the 

thickness of the boundary layer. Plots of qt vs. t1/2 should converge and give a straight 

line. This line should pass through the origin if the adsorption process is controlled only 

by intraparticle diffusion. 

Mass transfer of adsorbate onto a porous adsorbent is mainly controlled by four 

consecutive steps (as originally proposed in reference (Weber Jr, 1984)): (I) Transport of 
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the adsorbate (in this case pharmaceuticals) from the bulk solution to the boundary layer 

of the adsorbent (bulk diffusion); (II) Adsorbate migration through the boundary layer 

(film diffusion); (III) Transfer of adsorbate from the surface to the intraparticle active 

sites (intraparticle diffusion) and into the interior pores of the adsorbent (pore and surface 

diffusion); (IV) Adsorption of pharmaceuticals on the surface by active sites. 

When adsorption follows diffusion through a boundary, kinetics most likely follows a 

pseudo-first order equation. The pseudo-first order kinetic model is generally expressed 

as follows (Lagergren, 1898): 

log(𝑞e − 𝑞t) = log 𝑞e − (
𝑘1

2.303
) 𝑡                                                                                        (𝑆4) 

Where k1 (min–1) is the equilibrium rate constant determined from the plot of log (qe − qt) 

as a function of t.  

A pseudo-second order kinetic model can be represented by (Blanchard et al., 1984; Ho 

and McKay, 1999): 

𝑡

𝑞t
=

1

𝑘2𝑞e
2

+
1

𝑞e
𝑡                                                                                                                        (𝑆5) 

Where k2 (g mg–1 min-1) is determined from the plot of t/qt as a function of t. 

The linear form of the Langmuir isotherm is represented by the equation (Langmuir, 

1918): 

𝐶e

𝑞e
=

1

𝑞max𝐾L
+

𝐶e

𝑞max
                                                                                                                (𝑆6) 

Where Ce is the equilibrium concentration of the adsorbate (mg L–1), qe is the adsorption 

capacity at equilibrium (mg g–1), KL is the Langmuir equilibrium constant (L mg-1), and 

qmax is the theoretical monolayer saturation capacity (mg g–1). 



S50 

 

The linear form of the Freundlich isotherm is represented by the equation (Freundlich, 

1907): 

log 𝑞e = log 𝐾F + 𝑛 log 𝐶e                                                                                                      (𝑆7) 

Where KF is the Freundlich isotherm constant (mg g-1)/(mg L-1)n), and n is the Freundlich 

exponent which serves to describe the strength of adsorption. Typically, 1/n values range 

between 0 and 1, and if closer to 0, the adsorption intensity is higher. 

For a more precise determination of the mechanism and the nature of the adsorption 

process, we also used the Dubinin–Radushkevich isotherm, which is given by the 

equation (Dubinin et al., 1947): 

ln 𝑞e = ln 𝑞DR − 𝐾DR𝜀2                                                                                                           (𝑆8) 

Where qe (mg g-1) is the adsorption capacity, qDR (mg g-1) is the maximum adsorption 

capacity and KDR (mol2 J-2) is the activity coefficient related to the mean adsorption free 

energy E (kJ mol-1) according to the equation: 

𝐸 =
1

√−2𝐾DR

                                                                                                                             (𝑆9) 

The parameter ε is the Polanyi potential, which is calculated from the equation: 

𝜀 = 𝑅𝑇𝑙𝑛 (1 +
1

𝐶e
)                                                                                                                 (𝑆10) 

Where R is the gas constant (8.314 J mol-1 K-1), T is the absolute temperature (K) and Ce 

is the equilibrium concentration of the adsorbate in the solution (mg L-1). 
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Table S1 

Structure and properties of the six 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)/ 

Configuration 

Sulfamethoxazole1/ 

723-46-6/ 211-963-3/ 

C10H11N3O3S 
 

253.278 1.7 and 5.6 600 0.89 

Approximately 

12.6 / non-planar 

Carbamazepine2/ 

298-46-4/ 206-062-7/ 

C15H12N2O  

236.274 

2.3 and 

13.9 

17.66 2.45 

Approximately 

6.0 / planar 

Ketoprofen3/ 22071-

15-4/ 244-759-8/ 

C16H14O3  

254.285 4.45 51 3.12 

Min. 6.2 

Max. 10.7 / planar 

Naproxen3/ 22204-

53-1/ 245-969-2/ 

C14H14O3 
 

230.263 4.2 1-3 3.18 

Min. 7.7 

Max 12.6 / planar 

Diclofenac3/ 15307-

86-5/ 239-348-5/ 

C15H12Cl2N2O 
 

296.147 4.15 2.37 4.51 

Min. 7.0 

Max 9.0 / planar 

Ibuprofen3/ 15687-

27-1/ 239-784-6/ 

C13H18O2  

206.285 4.91 21 3.97 

Approximately 

6.0 / non-planar 

1Antibiotic; (Çalişkan and Göktürk, 2010; Tonucci et al., 2015) 

2Antiepileptic; (To et al., 2017) 

3NSAID, analgesic and antipyretic;(Das, 2017; Gao and Deshusses, 2011) 
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Fig. S1. Adsorption equilibrium data (a), Langmuir (b), Freundlich (c) and Dubinin–

Radushkevich isotherm model (d) of PhCs onto PPhA (pH: 6-7; agitation time: 60 min; 

agitation speed: 140 rpm; dose of PPhA: 2 g L−1; temperature of solution: 22 ± 1 °C. 
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a)  

b)  

c)  
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d)  

e)  

f)  

Fig. S2. Configuration of PhC molecules in space: non-planar sulfamethoxazole (a), 

planar carbamazepine (b), planar ketoprofen (c), planar naproxen (d), planar diclofenac 

(e) and non-planar ibuprofen (f) 
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