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Highlights 4 

 P doped adsorbent was demonstrated to achieve up to 99 % removal of PhCs 5 

from water 6 

 Significance of phosphocarbon esters and polyphosphate groups on the CScPA 7 

surface was showed 8 

 Adsorption mechanism mainly involve H-bonding, π-π and n-π EDA interaction 9 

 Thermodynamics of adsorption process was detail investigated 10 

 No significant influence during coadsorption of PhCs and heavy metals was 11 

detected 12 
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Abstract 1 

Pharmaceuticals (PhCs) are a specific group of emerging environmental contaminants, 2 

because there are designed to influence biochemical processes in non-target organisms 3 

even at low concentrations. In this study, phosphorised carbonaceous adsorbent 4 

(CScPA) was prepared from lignocellulosic biomass through thermochemical 5 

functionalisation. Phosphorus (P) doped microparticles were evaluated for the removal 6 

of emerging pharmaceutical contaminants such as sulfamethoxazole (SMX), 7 

carbamazepine (CBZ) and ketoprofen (KP) from aqueous solution. Characterisation of 8 

the adsorbent with the detailed mechanism study was carried out using pHpzc, SEM, 9 

BET, FTIR and XRD instruments. The influence of initial pH, adsorbent dose, contact 10 

time, initial pharmaceutical concentration and temperature on adsorption efficiency and 11 

capacity was evaluated in batch studies. CScPA exhibited excellent removal efficiency 12 

(≈99 %) for all tested pharmaceuticals. According to FTIR results, the P containing 13 

groups showed obvious positive effects on pharmaceutical removal. The Langmuir 14 

isotherm (with maximal adsorption capacity of 19.181, 21.895 and 19.675 mg/g for 15 

SMX, CBZ, and KP, respectively) and the pseudo second-order kinetic model were 16 

suitable for describing the adsorption process. Adsorption mechanisms were mainly 17 

governed by π-π and n- π EDA interactions and H-bonds. It was demonstrated that 18 

presence of metal ions did not significantly influence pharmaceutical removal. 19 

Keywords: Adsorption; Phosphorus doped carbonaceous adsorbent; Pharmaceutical; 20 

Waste biomass; Heavy metal; Mechanism 21 

1. Introduction 22 
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More than 100 000 tons of active pharmaceutical ingredients for human and veterinary 1 

application are produced every year. It is suspected that with the average human 2 

lifespan increasing that consumption of pharmaceuticals (PhCs) will continue to 3 

increase [1]. Although usage habits differ from region to region, it is predicted that 4 

almost half of the PhCs sold remain unused [2]. It is estimated that up to 95 % of the 5 

administered dose is excreted in an unchanged form [3]. Therefore, following the 6 

improvement of analytical techniques the occurrence of PhCs in the environment 7 

became a topical of research area, mostly conducted in developed countries in the North 8 

America and Western Europe [4,5]. Although pharmaceuticals are usually found far 9 

below their therapeutic dose (at µg/L or ng/L range), negative effects of permanent 10 

exposure to low levels of non-target aquatic organisms are a concern [6,7]. Important 11 

evidence of the negative effects of PhCs are altered reproductive behavior in fish and 12 

the increased incidence of antimicrobial resistance [8]. 13 

A large numbers of PhCs are persistent to conventional biological treatment processes 14 

with the removal rate of single PhCs ranging from less than 20% to more than 80% [9]. 15 

The potential negative effects of PhCs and their degradation products are not easy to 16 

predict due to the fact that they are usually present as a mixture with other compounds 17 

which could significantly alter the transformation and degradation reactions and 18 

decrease or impair their persistence in the aquatic environment. Therefore, in the last 19 

few years efforts have been made to develop efficient eco-friendly wastewater 20 

treatments for the removal of PhCs [10,11]. 21 

Biosorption and adsorption have many advantages compared to conventional separation 22 

techniques (chemical precipitation, ion exchange, coagulation and flocculation 23 

complexation and membrane processes) [12]. The main advantages of biosorption and 24 
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adsorption, among others, are the simplicity of the methods and low cost [13]. In order 1 

to better reuse waste from the food industry, powerful carbonaceous adsorbents, for the 2 

efficient removal of heavy metals and organic compounds, could be made from fruit 3 

industry by-products such as olive stones, cherry, plum and apricot kernels [14–17]. 4 

The major goal of this study was to investigate the efficiency of the phosphorised 5 

carbonaceous adsorbent (CScPA) for removal of emerging contaminants such as 6 

selected PhCs namely sulfamethoxazole, carbamazepine and ketoprofen (Table 1) from 7 

water solution. The PhCs were chosen based on their consumption rates and their 8 

frequency of the detection in the aquatic environment. The major novel piece of work 9 

described here is the process of phosphorisation of the adsorbent and demonstrating the 10 

importance of P and O containing functional groups which have a great affinity toward 11 

PhCs. Additionally, this is one the first report on the feasibility of the remediation of 12 

PhCs in the presence of heavy metal in aquatic environment using the phosphorised 13 

carbon adsorbent/organic-inorganic system. The work demonstrated the sustainable 14 

production of a useful and low-cost adsorbent from a common Serbian waste material to 15 

respond to the growing demand in the carbonous adsorbent market. The results obtained 16 

indicate that the product may provide safe and efficient solution for the removal of PhCs 17 

from water wastes with reduced cost. 18 

Table 1 19 

Structure and properties of the three pharmaceuticals studied here 20 

Drug/ CAS 

number/ EC 

number/Formula 

Molecular structure 

Molecular 

weight 

(g/mol) 

pKa 

Solubility 

in water 

(mg/L) 

Log 

Kow 

Molecular 

diameter 

(Å) 
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Sulfamethoxazole1/ 

723-46-6/ 211-

963-3/ 

C10H11N3O3S 
 

253.278 

1.7 

and 

5.6 

600 0.89 12.6 

Carbamazepine2/ 

298-46-4/ 206-

062-7/ C15H12N2O 

 

236.274 

2.3 

and 

13.9 

17.66 2.45 

Min. 4.3 

Max. 5.8 

Ketoprofen3/ 

22071-15-4/ 244-

759-8/ C16H14O3 

 

254.285 4.45 51 3.12 

Min. 6.2 

Max. 10.7  

1Antibiotic, [18,19]  1 

2Antiepileptic, [20]  2 

3NSAID, analgesic and antipyretic, [21] 3 

2. Material and methods 4 

2.1. Materials and reagents 5 

All chemicals used were of analytical grade. SMX was purchased from Fluka 6 

(Switzerland), while CBZ and KP were purchased from Sigma–Aldrich (Germany). 7 

Water used for all stock solutions and standards were ultrapure water (18.2 MΩ cm, 8 

EASYpure® II, Thermo Scientific). Individual stock standards of SMX, CBZ and KP 9 

and their mixture were prepared on a weight basis in mix of ultrapure water and 10 

acetonitrile (1:1 v/v) (HPLC grade, Sigma-Aldrich, Germany). Stock solutions of metals 11 
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(1000 mg/L) were prepared in ultrapure water using Pb (NO3)2, 3CdSO4·8H2O and Ni 1 

(NO3)2·6H2O. A few drops of concentrated HNO3 were added to prevent the 2 

precipitation of metal ions. The working solutions were prepared by dilution in 3 

ultrapure water and the pH was adjusted to desired values using 0.1 mol/L NH4OH or 4 

0.1 mol/L HCl. 5 

2.2. Analytical methods 6 

SMX, CBZ and KP residual concentrations were measured by Agilent HPLC system 7 

with a diode array detector (High Performance Liquid Chromatography, Agilent 1260 8 

series). The instrument was equipped with a XDB-C18 column (Zorbax Eclipse XDB-9 

C18, 4.6 mm x 150 mm, particle size 5 μm). The mobile phase used was 0.05% 10 

CH3COOH (in water) and 100% acetonitrile at a 55:45 ratio (isocratic elution). The 11 

other parameters were; flow rate 1 mL/min; column temperature 30 °C; injection 12 

volume 15 μL; run time 18 min; detection wavelengths 280, 220, 230 and 254 nm. To 13 

allow corrections for instrumental drift/sensitivity fluctuations, an external standard was 14 

injected between each series of samples (n = 10). The Pb2+, Cd2+ and Ni2+ 15 

concentrations were determined using an atomic absorption spectrophotometer (Thermo 16 

Scientific S Series) with an air-acetylene flame. Additionally, the pH of working 17 

solutions during the experiments were measured using a pH meter WTW SenTix® 41 18 

(WTW, Germany). 19 

2.3. Preparation and characteristics of the carbonaceous adsorbent 20 

The detailed analysis of raw material and the procedure for obtaining the carbonised 21 

adsorbent (CScPA) have been described in our previous report [18]. Briefly, 22 

lignocellulosic waste biomass was washed in ultrapure water and crushed in a 23 

mechanical mill. The milled biomass was then impregnated with 50 % H3PO4. The 24 
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resulting mixture was dried at 60 °C for 2 h and carbonized in the muffle furnace. 1 

During the first phase of carbonisation the samples were heated at a rate of 10 °C min-1 2 

to 180 °C. In the second phase, the functionalisation reaction was performed at 500 °C 3 

for 1 h with identical heating rate of 10 °C min-1. Finally, the adsorbent was dried at 110 4 

°C for 2 h and sieved. 5 

The surface morphology of the CScPA was imaged using scanning electron microscopy 6 

after sputtering with gold (JSM 6460LV, USA). Fourier transform infrared spectroscopy 7 

(FTIR) of CScPA was conducted by using a Nexus 670 (Thermo Nicolet, USA) within 8 

the wavenumber range 400–4000 cm-1. The Brunauer-Emmett-Teller (BET) specific 9 

surface area of CScPA was measured by using automatic surface analyser at 77 K 10 

(Quantachrome, USA). The point of zero charge (pHpzc) was also determined in 30 mL 11 

of 0.1 mol/L KNO3 electrolyte solution and it is depending on nature and amount of 12 

functional groups at the surface of CScPA. X-ray diffraction (XRD) analysis was 13 

carried out with an XRD diffractometer (Rigaku MiniFlex 600 instrument) in the 14 

angular range 2θ = 15–60° to confirm the crystal structure property of samples. 15 

2.4. Batch adsorption studies  16 

Adsorption was explored using batch and the effect of different parameters, including 17 

initial solution pH (2-9), adsorbent dose (0.04-4 g/L), contact time (5-300 min), initial 18 

concentration (1-50 mg/L), temperature (295, 305 and 315 K), coexistent cations (20 19 

mg/L of Pb2+, Cd2+ and Ni2+) and competitive effect of PhCs were considered. 20 

Adsorption tests were performed by stirring 50 mL solutions in conical flasks (150 mL) 21 

at 140 rpm for a fixed time using mechanical stirrer Heidolph Unimax 1010 (Heidolph, 22 

Germany) to achieve equilibrium. The suspensions were then filtered through Fioroni 23 

qualitative filter paper (Grade 115). The two equations used to calculate amount of 24 
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PhCs adsorbed on adsorbent qe (mg/g) and to determine percent of removal of PhCs 1 

from solution Re (%) were: 2 

 3 

 4 

Where C0 is the initial concentration of the PhCs (mg/L) and Ce is the PhCs 5 

concentration at equilibrium (mg/L), V is the volume of solution (L) and m is the mass 6 

of adsorbent (g). 7 

Adsorption process (adsorption rate limiting step, models, and information about 8 

adsorbent/PhCs interaction) was evaluated using the Langmuir and Freundlich 9 

isotherms; pseudo-first order and pseudo-second order equations, and the Weber-Morris 10 

intraparticle diffusion and Boyd kinetic models. Additionaly, the thermodynamic 11 

parameters were calculated. The theory behind each equation is given as Supplementary 12 

Information (SI). 13 

3. Results and discussion 14 

3.1. Adsorption properties of CScPA for the removal of PhCs 15 

3.1.1. Effect of pH 16 

Figs. 1a-c shows the effect of pH on the removal of PhCs by CScPA for different pH 17 

values. Generally, the adsorption of PhCs depends strongly on the pH of the solution, 18 

because it affects not only the surface charge of the adsorbent, but also the ionization of 19 

pharmaceutical compounds [19]. From the Figs. 1a-c, it may be concluded that the 20 

removal of SMX and KP onto CScPA is influenced by pH, with adsorption efficiency 21 
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decreasing above pH 6. In contrast the removal of CBZ is not effected by pH. The pKa 1 

of KP is 4.45, so when the pH is above the pKa acidic pharmaceutical acquire a negative 2 

charge while the surface of CScPA becomes more negatively charged (pHpzc = 3.14), 3 

leading to a strong electrostatic repulsion between them. At pH > pHpzc the adsorbent 4 

surface becomes negatively charged, favouring the bonding of cationic species. 5 

Contrary to this, bonding of anionic species will be favoured at values of pH < pHpzc 6 

[20]. At pH > 6, KP- species became dominant and the removal decreased dramatically 7 

due to the electrostatic repulsive force between PhCs and deprotonated functional 8 

groups - acids will become negatively charged while amines will become uncharged 9 

[21]. The influence of pH on the adsorption of acidic pharmaceuticals was evaluated in 10 

the work of Madikizela and Chimuka [22] and Farías et al. [23]. In both studies, the 11 

authors observed similar tendencies when changing the initial pH value of solutions. In 12 

contrast to KP, SMX and CBZ have dual pKa therefore electrostatic interaction must be 13 

considered carefully. Hence, based on the pKa values of SMX and CBZ, presented in 14 

Table 1, both compounds are present in their hydrophobic zwitterionic forms between 15 

2.3 (ketone group) to 13.9 (amine group - urea) for CBZ and between 1.7 (secondary 16 

amine group - aniline) and 5.6 (sulfonamide group) for SMX. Below those intervals, 17 

SMX and CBZ are mainly in their hydrophilic cationic form and above them, in their 18 

hydrophilic anionic form. Under the investigated pH range (2 to 9), CBZ molecules 19 

(neutral charged) and the adsorption capacity remained unchanged, hence, an 20 

electrostatic interaction could be neglected for the case of CBZ in favour of π-π EDA 21 

interactions and H bonding [24,25]. As for SMX, the highest removal capacities 22 

occurred between pH 3 and 5 where the molecules were in their zwitterionic forms. 23 

Such a tendency also confirms that electrostatic interaction was not the driving force of 24 
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adsorption mechanism. Similar findings were reported by Shan et al. [26] for the 1 

adsorption of tetracycline and CBZ onto ultrafine magnetic biochar and activated 2 

carbon. According to the above results, the pH 6 is determined as the optimum pH 3 

value, which is used in other parts of the study. 4 

3.1.2. Effect of adsorbent dosage 5 

Adsorption efficiency is strongly affected by the adsorbent dosage, due to availability of 6 

the surface area and large number of free adsorption sites. Fig. 1d presents results of the 7 

experiments with varying adsorbent dosage. With the increase of CScPA dose, from 2 8 

mg to 200 mg, (0.04 - 4 g/L), the amount of adsorbed SMX, CBZ, and KP decreases 9 

from 17.87 to 2.72 mg/g, 84.40 to 2.49 mg/g and 41.11 to 3.35 mg/g, respectively. This 10 

may be due to the amount of adsorbent is increased and the total surface area available 11 

for the adsorption of pharmaceuticals is reduced as a result of overlapping or 12 

aggregation of adsorption sites [27,28]. At doses greater than 100 mg there was no 13 

significant change in the removal efficiency. This dosage was adopted for further 14 

studies, as it would provide optimal removal efficiency while retaining minimal 15 

operating costs, for economic application for wastewater treatment plant. 16 

3.1.3. Effect of contact time 17 

The effect of contact time on the adsorption of SMX, CBZ and KP onto CScPA is 18 

presented in Fig. 1e. This shows that increasing contact time increases the removal of all 19 

three PhCs. In the first adsorption step over 85% of PhCs are bound in first 15 min. The 20 

second adsorption phase is considerably slower (from 15 to 180 min) and the 21 

equilibrium is attained within 180 min. This could due to more adsorption active sites 22 

being available at the beginning of contact time and the high PhC concentration 23 
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gradients at this stage. During the second phase the remaining vacant surface sites are 1 

more difficult to utilise due to repulsive forces between the PhCs molecules on CScPA 2 

and the bulk phase [29]. Therefore, as the process progresses over time, more and more 3 

adsorption sites are occupied, and the concentration gradients are reduced, therefore the 4 

adsorption rates decrease during the second stage. Moreover, CScPA contained many 5 

micropores with a micropore volume (Vmic) of 0.318 cm3/g. The steric effects of these 6 

pores can be a limit for PhC transport to internal pores. This effect is one of the factors 7 

that reduce the adsorption rate in the later stages of the process. The results showed that 8 

adsorption of PhCs onto CScPA is a time-dependent process, and after a detailed 9 

analysis, 60 min was chosen as the contact time for subsequent experiments. 10 

 11 

 12 
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 1 

Fig. 1. Influence of pH (a-c), adsorbent dose (d), contact time (e) and initial PhCs 2 

concentration (f) at 295 K on adsorption (pH: 6; adsorbent dose: 100 mg; contact time: 3 

60 min; initial concentration: 10 mg/L; agitation speed: 140 rpm; temperature: 295 K) 4 

3.1.4. Effect of initial adsorbate concentration 5 

From Fig. 1f it is evident that if the initial concentration is increased then the adsorption 6 

capacity at equilibrium also increases. The adsorption capacity increases from 0.499 to 7 

18.981 mg/g for SMX, from 0.500 to 21.497 mg/g for CBZ and from 0.505 to 19.729 8 

mg/g for KP when the initial concentration is increased from 1 mg/L to 50 mg/L. This 9 

phenomenon may be due to a larger mass transfer driving force and increased number of 10 

collision between PhCs molecules and CScPA [30]. In general, increasing the initial 11 

concentration of adsorbate increases the adsorption rate irrespective of the nature of 12 

adsorbent surface such as textural properties and surface functionalities. High 13 

concentrations increases the accessibility of mesopores for PhC molecules, as well as 14 

interactions at solid–liquid interface [10,31]. 15 

3.2. Equilibrium studies 16 
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The relationship between the adsorption capacity for PhCs and their concentration at 1 

equilibrium was investigated using two-parameter isotherm models (Langmuir and 2 

Freundlich). All parameters were obtained by the non-linear regression method using 3 

Analysis ToolPak in Excel. Additionally, R2, RMSE and ERRSQ were calculated to 4 

determine the accuracy of the data (Table 2). 5 

Figs. 2a-c show the adsorption isotherms of PhCs onto CScPA at 295, 305 and 315 K. 6 

All of them belong to the L-type of the classification proposed by Giles et al. [32]. 7 

Langmuir isotherms give a better fit (R2) than the Freundlich isotherms at 295 K for the 8 

all three PhCs, revealing that the adsorption was mainly monolayer. The RMSE and 9 

ERRSQ values obtained demonstrate that the Langmuir model has the best adjustment 10 

results in general terms. It should be emphasised that values of R2 for both isotherm 11 

model were similar on all temperature conditions, which is suggest that adsorbate 12 

monolayer is formed first, prior to forming heterogeneous multilayers on the surface. 13 

All this data suggests that the first monolayer is strongly formed, and subsequent layers 14 

are weaker and more easily desorbed from surface of the CScPA. High KL values from 15 

the Langmuir isotherm are indicative of the affinity of the PhCs towards the adsorbent. 16 

Thus, large values of KL from Table 2 points to the high affinity of PhCs towards the 17 

CScPA. The monolayer adsorption capacities, qmax, calculated from the Langmuir 18 

model were 19.181, 21.895 and 19.675 mg/g for SMX, CBZ, and KP, respectively. The 19 

results show that there is a small difference in the adsorption affinity of the CScPA 20 

toward the three PhCs. However, CBZ showed the highest maximum adsorption 21 

capacity. The isotherm at 295 K showed the highest amount of adsorbed SMX and CBZ 22 

whilst the isotherm at 315 K had the lowest value. This indicates that the adsorption 23 

capacity decreases at higher temperatures suggesting that the process is exothermic. The 24 
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opposite tendency can be observed in the case of KP, which suggest an endothermic 1 

adsorption process in this case. The dimensionless constant separation factors (RL) for 2 

SMX, CBZ and KP were, between 0.011 - 0.355, 0.010 – 0.288 and 0.013 – 0.341, 3 

respectively. The fact that the RL values were less than one indicates a favourable 4 

uptake of the PhCs. 5 

Table 2 6 

Langmuir and Freundlich isotherm constants for SMX, CBZ and KP onto CScPA 7 

Pharmaceutical SMX CBZ KP 

Temperature (K) 295 305 315 295 305 315 295 305 315 

qmax,exp (mg/g) 18.981 18.605 17.955 21.497 15.185 16.005 19.729 21.133 21.815 

Langmuir 

isotherm 

qmax (mg/g) 19.181 18.512 18.099 21.895 15.147 15.991 19.675 20.924 21.712 

KL (L/mg) 1.816 1.722 1.232 2.470 2.306 1.609 1.929 2.897 3.236 

R2 0.990 0.987 0.988 0.983 0.997 0.992 0.986 0.983 0.980 

RMSE 0.024 0.033 0.037 0.016 0.029 0.041 0.026 0.020 0.019 

ERRSQ 0.004 0.007 0.008 0.002 0.005 0.010 0.004 0.002 0.002 

Freundlich 

isotherm 

KF (mg/g)/(mg/L)n 8.147 7.752 6.473 10.893 6.656 6.501 8.584 10.779 11.754 

1/n 0.411 0.398 0.471 0.456 0.363 0.369 0.417 0.316 0.327 

R2 0.985 0.989 0.962 0.965 0.947 0.988 0.982 0.989 0.996 

RMSE 0.078 0.072 0.144 0.123 0.100 0.068 0.086 0.070 0.044 

ERRSQ 0.037 0.031 0.124 0.091 0.060 0.028 0.044 0.029 0.012 

For the Freundlich isotherm, the values of 1/n and KF were determined from the slopes 8 

of a linear plot of log Ce versus log qe. The favourability of PhC adsorption onto 9 

prepared adsorbent can be concluded from the values of 1/n (Table 2). The values of the 10 

constant 1/n were calculated to be 0.411, 0.456 and 0.417 for SMX, CBZ and KP, 11 

respectively. Values of 1/n (measure of adsorption intensity) less than 1 indicate 12 
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favourable adsorption [33]. KF values were similar at different temperatures, as is the 1 

case with the KL from Langmuir isotherm. 2 

Successful application of Langmuir and Freundlich models were also observed by [34] 3 

for experimental equilibrium data of SMX on pine tree and coconut shell based 4 

activated carbons. Chen et al. and Cuerda-Correa et al. [35,36] in their works also 5 

showed best fitting with Langmuir isotherm for CBZ, KP and naproxen onto activated 6 

biochar derived from pomelo peel and carbon black, respectively. 7 

The adsorption of SMX, CBZ and KP from aqueous solutions using different adsorbents 8 

has been the subject of several research studies. Table 3 shows some results reported in 9 

the literature in relation to adsorption of these pharmaceuticals by a range of adsorbents. 10 

Table 3 11 

Comparison of maximum adsorption capacities of PhCs by various carbonaceous adsorbent 12 

Pharmaceuticals Adsorbents qmax (mg/g) Reference 

SMX Multi-walled carbon nanotube (CNT) 28.88 [19] 

SMX CScPA 19.181 Present study 

SMX AC from paper mill sludge 1.39 [38] 

CBZ Biochar derived from pomelo peel 286.50 [36] 

CBZ CScPA 21.895 Present study 

CBZ Chemically activated biochar 0.42 [11] 

KP Commercial AC 362.00 [21] 

KP CScPA 19.675 Present study 

KP AC from olive-waste cake 24.70 [14] 

 13 
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3.3. Diffusion kinetic models 1 

A detailed understanding of the adsorption mass-transfer is necessary to optimise the 2 

design of adsorption conditions. For a solid/liquid adsorption process, the adsorbate 3 

transfer is usually characterised by either external and intraparticle diffusion [37]. 4 

Generally, four steps take place in the adsorption mass-transfer by a porous adsorbent 5 

[38]. Of the four steps, the first and fourth step are assumed to be very rapid and can be 6 

considered negligible. 7 

If the plot of t1/2 vs. qt is a straight line and passes through the origin, the intraparticle 8 

diffusion controls the adsorption process. Fig. 2d points to non-linear correlation over 9 

the whole time range. This implies that the adsorption mass-transfer of PhCs was 10 

occurred in multi-phase. The first phase (first 15 min) instantaneous or external surface 11 

adsorption occurres. Good mixing and a high concentration gradient could also improve 12 

the diffusion of the PhCs to the outer surface of the CScPA. The second phase 13 

represents the gradual mass-transfer stage where intraparticle diffusion is the major rate-14 

limiting step. In the third phase, the final equilibrium stage, intraparticle diffusion starts 15 

to slow down due to the decreasing concentration gradient, decreased pore availability 16 

and increased electrostatic repulsion [34]. In a well-agitated solid/liquid system, the first 17 

stage in transport (bulk diffusion) occurs instantaneously after the adsorbent is 18 

transferred into the liquid; hence, it does not control the adsorption mass-transfer. 19 

Table 4 20 

Kinetic parameters for the adsorption of SMX, CBZ and KP onto CScPA 21 

Pharmaceutical SMX CBZ KP 
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qt,exp (mg/g) 4.857 4.787 4.87 

Pseudo-first-order qt,cal (mg/g) 0.636 1.272 0.989 

k1 (min-1) 0.012 0.015 0.013 

R2 0.971 0.887 0.957 

RMSE 0.505 0.743 0.533 

ERRSQ 1.512 2.769 1.398 

Pseudo-second-order qt,cal (mg/g) 4.874 4.861 4.908 

k2 (g/mg min) 0.079 0.037 0.049 

t1/2 (min) 2.59 5.56 4.16 

R2 0.999 0.999 0.999 

RMSE 0.293 2.571 0.377 

ERRSQ 0.497 39.695 0.81 

Intraparticle diffusion model ki1 (mg/g min1/2) 1.808 1.021 1.646 

ki2 (mg/g min1/2) 0.067 0.032 0.094 

ki3 (mg/g min1/2) 0.024 0.022 0.027 

Ci1 (mg/g) 0.001 0.030 0.001 

Ci2 (mg/g) 4.081 3.56 3.722 

Ci3 (mg/g) 4.448 4.384 4.524 

(R1)2 0.999 0.999 0.999 

(R2)2 0.860 0.634 0.890 

(R3)2 0.997 0.754 0.855 

Boyd’s model  Di (µm2/s) 0.030 0.038 0.032 

R2 0.971 0.887 0.957 

Table 4 lists the corresponding model parameters. For all PhCs, ki1 was higher than ki2 1 

and ki3, and Ci3 was larger than Ci1 and Ci2. This indicates that the rate of PhCs removal 2 

was higher in the beginning of the process due to large surface area availability. Later 3 

when the molecules formed a thick layer (caused by molecular association), the capacity 4 
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of adsorptive material becomes exhausted and the removal ability will start to be 1 

controlled by diffusion rate e.g. with mass transfer from the exterior to the interior 2 

surface of the adsorbent [39]. 3 

Fig. S1 shows the Boyd’s plot for the adsorption of SMX, CBZ and KP onto CScPA. If 4 

the plots are linear and pass through origin, intraparticle diffusion is the rate limiting 5 

parameter in the adsorption process. If it does not, then film diffusion with surface 6 

interactions will be the controlling rate-limiting step [40]. The plot showed a non-linear 7 

trend (the points were all scattered) where the linear trendline for the PhCs did not pass 8 

through the origin. Thus, it can be concluded that external mass transport with surface 9 

interactions are the initial controlling processes until after 15 min when intraparticle 10 

diffusion gradually assumes this role. According to Michelsen et al. [41] diffusion 11 

coefficient (Di) values in the range of 100 to 1 µm2/s suggests that film diffusion is the 12 

rate-limiting step, while pore diffusion is rate limiting when Di values are in range of 13 

10-3 to 10-5 µm2/s. Findings from Boyd’s model also confirm the values of effective 14 

diffusion coefficient presented in Table 4. 15 
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Fig. 2. Langmuir and Freundlich isotherms SMX (a), CBZ (b) and KP (c) at 295, 305 3 

and 315 K and intraparticle diffusion plot (d) of SMX, CBZ and KP onto CScPA (pH: 4 

6; adsorbent dose: 2 g/L; contact time: 60 min; initial concentration: 1-50 mg/L; 5 

agitation speed: 140 rpm) 6 

3.4. Reaction kinetic models 7 

Fig. 3a-c shows the reaction kinetic models of SMX, CBZ and KP at 295 K on CScPA. 8 

The maximum adsorption capacity from two kinetic models was obtained after 5 h for 9 

all PhCs. The obtained constants, coefficients and error values by the two reaction 10 

models were listed in Table 4. 11 
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Reaction kinetic models were used to describe the rate of adsorption and probable 1 

mechanism of adsorption. As shown in Table 4, comparison between adsorption rate 2 

constants, the estimated qt, the correlation coefficients and the values of different errors 3 

(RMSE and ERRSQ), it is obvious that pseudo-second order kinetics best describe the 4 

adsorption of PhCs here. The calculated qt,cal values are very close to the experimental 5 

qt,exp for this model. Adsorption capacities decreased in the order KP > SMX > CBZ for 6 

CScPA. The correlation coefficients of pseudo-second order kinetic models was R2 = 7 

0.999 for SMX, CBZ and KP. The k2 constant is the time-scaling factor, i.e. when its 8 

value is high, the time required to reach an equilibrium state by the system is short [42]. 9 

Values of k2 are relatively high for all PhCs. The half-life (t1/2), which is the time to 10 

attain 50% of adsorption capacity at the equilibrium, was also calculated for each PhC. 11 

As can be seen from Table 4, SMX will approach equilibrium faster than the other two 12 

PhCs and t1/2 is < 5.6 min for all PhCs, therefore, the time for attaining the equilibrium 13 

was relatively quick. Mestre et al. [43] had similar t1/2 values for the adsorption of 14 

ibuprofen and paracetamol onto sisal waste adsorbent. It was concluded that the 15 

adsorption t1/2 of these PhCs are fast due to the high mesopore volume of the adsorbent 16 

and low solubility of PhCs which favors the adsorbate diffusion onto the porous 17 

structure. The fast adsorption rates in the initial step associated with models suggests 18 

surface physical sorption (π–π and n-π EDA interactions and H-bonding). The 19 

successful application of the pseudo-second order model were also observed by Zhuo et 20 

al. [44] for describing the experimental kinetic data of the removal of benzoic acid, 21 

ibuprofen and ketoprofen onto the two composite beads and two pristine beads. Also, 22 

similar kinetic findings have been reported in the literature, such as the removal of KP 23 

onto commercial powdered activated carbon [45]. 24 



22 

 

3.5. Adsorption thermodynamics 1 

Thermodynamic parameters for SMX, CBZ and KP have been analysed to better 2 

understand the effect of temperature on the equilibrium and the nature of the adsorption 3 

process (Fig. S2). Table 5 shows the thermodynamic values of SMX, CBZ and KP 4 

adsorption onto CScPA.  5 

Table 5 6 

Thermodynamic parameters for adsorption of SMX, CBZ and KP onto CScPA 7 

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

SMX 295 -14.879 91.778 -41.967 

305   -42.885 

315   -43.803 

CBZ 295 -16.444 88.469 -42.556 

305   -43.441 

315   -44.325 

KP 295 20.122 210.876 -42.119 

305   -44.227 

315   -46.336 

The negative values of ΔG at all investigated temperatures confirm the spontaneity of 8 

adsorption process and indicate that the process is thermodynamically favourable with 9 

minimal requirements of the adsorption and activation energies [33]. The positive value 10 

of ΔS shows the increasing randomness at the solid/liquid interface during the 11 

adsorption of PhCs (making the process more entropy than enthalpy driven). The 12 

increased system chaos suggests that the morphology of the CScPA changed [35]. This 13 

conclusion was in good agreement with the conclusions drawn from SEM analysis 14 
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described in Section 3.7. The positive value of ΔH for KP suggests that the adsorption is 1 

endothermic in nature and increasing temperature favours the adsorption process [46]. 2 

While the negative enthalpy values of ΔH < 0 kJ/mol for SMX and CBZ confirms that 3 

the adsorption is exothermic in nature [21]. Also, the low adsorption enthalpy (ΔH < 10 4 

kJ/mol) confirms that the adsorption process was mostly physical adsorption [47]. 5 

3.6. Coadsorption of PhCs and Pb2+, Cd2+ and Ni2+ onto CScPA - preliminary study 6 

Pb2+, Cd2+ and Ni2+ are ubiquitous metal cations which can significantly modify organic 7 

pollutant adsorption properties through competition or coordination complex formation. 8 

The simultaneous presence of Pb2+, Cd2+ and Ni2+ and PhCs in aquatic medium can 9 

modify the environmental fate of PhCs. Coadsorption of PhCs and heavy metal ions in 10 

aqueous solution was investigated at the optimal pH (6.0), with a CScPA dose of 0.1 g 11 

(2.0 g/L), a contact time 60 min and at a temperature of 295 K. The initial concentration 12 

of each pharmaceutical was 10 mg/L, while the initial concentration of metal ions was 13 

20 mg/L. Fig. 3d shows that the adsorption behaviour of PhCs were not significantly 14 

affected by the presence of Pb2+, Cd2+ and Ni2+ ions. This is most likely a consequence 15 

of different adsorption mechanisms of PhCs and metal ions and thus no serious 16 

competition was observed. For heavy metals, the possible adsorption mechanisms 17 

usually including strong electrostatic interaction, ion-exchange, physical adsorption 18 

(week London van der Waals forces), surface complexation and precipitation [48]. Only 19 

the efficiency of Ni2+ removal is lower than it is for the other pollutants due to small 20 

ionic radius [18]. The smaller the ionic radius, the greater is the hydrated ionic radius 21 

and smaller is the affinity of the heavy metal ions on the active sites of the adsorbent 22 

[49]. 23 
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Fig. 3. Reaction kinetic models (a-c) and competitive adsorption (d) of PhCs and heavy 3 

metal ions onto CScPA, respectively (pH: 6; adsorbent dose: 2 g/L; contact time: 60 4 

min; initial concentration: 10 mg/L for PhCs and 20 mg/L for metals; agitation speed: 5 

140 rpm; temperature: 295 K) 6 

3.7. Adsorption mechanisms 7 

The physico-chemical properties of carbonaceous adsorbents, such as surface area, 8 

charge of the surface and chemical functionality have an enormous impact on the 9 

adsorption of PhCs. Also, interaction of the adsorbent with PhCs is greatly dependent 10 

on the chemical and structural properties of the PhCs [50].  11 
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The surface morphology of CScPA is likely to play an important role in determining 1 

adsorption properties. SEM revealed that CScPA has a highly heterogeneous surface 2 

and porous structure (Figs. 4a-b). The roughness of the surface indicates high surface 3 

area for adhering adsorbate molecules, thus favouring adsorption of PhCs onto 4 

adsorbent surface. Figs. 4c-d indicate that the adsorption of SMX, CBZ and KP causes 5 

significant morphological changes to the surface which are reflected in the partial 6 

distortion of macro- and mesopores. Pores become more deformed, and less distinctive 7 

on the SEM micrographs compared with before the adsorption of PhCs [51]. 8 

The structural properties of CScPA assumed from N2 adsorption data are presented in 9 

Figs. 4e-f. The SBET of CScPA was evaluated to be 791.1 m2/g. The mesopore volume 10 

for CScPA was 0.076 cm3/g. The total pore volume and micropore volume were 11 

determined to be 0.392 cm3/g and 0.318 cm3/g, respectively. The pore distribution and 12 

dimension are extremely important parameters in the case of adsorption on porous 13 

materials (in terms of pore-filling, blocking and mass transfer mechanism) as it 14 

determines accessibility of the molecules to the pores. As Fig. 4e shows that both 15 

micropore and mesopore structures are present in the CScPA. The simultaneous 16 

decrease in the SBET, meso-, micropore and total pore volume of CScPA after the SMX, 17 

CBZ and KP adsorption (Fig. 4f) confirmed that pore-filling had minor contribution to 18 

the PhC adsorption mechanisms. Major decrease in micropore volume after the 19 

adsorption, from 0.318 to 0.011 cm3/g might be because of pore blocking phenomena. 20 

The large PhC molecules clog smaller pores on CScPA surface, which prevent N2 21 

molecules to entering into these pores [52,53]. 22 
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 3 

Fig. 4. SEM micrograph of CScPA surface before adsorption ((a) x1000 and (b) 4 

x10000), after adsorption ((c) x500 and (d) x20000) and N2 adsorption–desorption 5 

isotherms before (e) and after (f) adsorption of SMX, CBZ and KP in mixture 6 



27 

 

Fig. 5a shows the FTIR spectra of CScPA for pre- and post-adsorption of SMX, CBZ 1 

and KP. The absorption band at 3387.61 cm−1, is characteristic of an -OH, stretching 2 

vibration. The peak has become less intense and shifted to 3371.21 cm−1 after 3 

adsorption of PhCs. The shift in peak position and change in intensity clearly indicated 4 

the participation of -OH groups in the adsorption. It can be concluded that the alkane 5 

groups (asymmetric and symmetric stretching of aliphatic C-H sp3) plays significant 6 

role in adsorption as their peak positions at 2921.24 and 2851.88 cm−1 shifted and 7 

disappeared after adsorption, respectively. The shifting of the peak from 3387.61 to 8 

3371.21 cm-1 after the adsorption can suggests involvement of the H bonded -OH 9 

stretching in the adsorption of KP. The new peak position appearing at 1689.74 cm-1 10 

and 1441.03 cm-1 are due to C=O of carboxylic and N-H groups which also confirms 11 

adsorption of PhCs onto CScPA. The carboxylate stretching (1573.52 cm-1) shows 12 

significant decrease in intensity and shifting of peak position to 1567.34 cm-1, which 13 

reveals possible participation of this group in the adsorption of all PhCs. The peaks in 14 

the range from 1200 cm-1 to 850 cm-1 are characteristic functional groups typical of 15 

thermochemically engineered and phosphorised adsorbent [17,18]. Phosphate groups 16 

(phosphocarbonaceous esters and polyphosphate species) are linked to cellulose via 17 

P−O−C aliphatic bonds [54]. Functional groups, such as -OH, are present in the PhC 18 

molecules and can act as H acceptors and interact with -P containing groups of activated 19 

carbon, such as P–OH or (≡Р–О–Р≡)х–(ОН)у groups. Little information is available 20 

concerning the evolution of phosphorus- containing functional groups in carbon 21 

materials and about their contribution in PhCs adsorption. Recently, Rosas et al. [55] 22 

and Wang et al. [56] highlighted the importance of these functional groups. The weak 23 

bands at lower wavenumbers are usually assigned to the C–O stretching in acids, 24 
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alcohols, phenols, esters and/or esters groups, aromatic rings and C–H bending. All 1 

these bands were found to be significantly changed on the CScPA after the adsorption, 2 

thereby revealing their role in bonding of PhCs molecules. 3 

X-ray diffraction (XRD) analysis was conducted on CScPA to study the crystallinity of 4 

the adsorbent (Fig. 5b). The broad peak at 25° can be assigned to reflection plane C 5 

(002), which is characteristic of disordered aromatic carbon structure and indicates the 6 

presence of large amounts of amorphous carbon microparticles [57]. The peak at 43° to 7 

the reflection plane C (100/101) is characteristic of graphitic or organised carbon [58]. 8 

Diffraction peaks on Fig. 5b after PhCs adsorption, becomes weak and gets wider which 9 

indicate that surface adsorption taking place on the CScPA surface. Additionally, there 10 

was no shift in peak position on XRD pattern which indicates that no phase 11 

transformation occurred after PhC adsorption (mostly physical adsorption with π-π 12 

EDA interactions and H-bonds) [59]. 13 

 14 
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 1 

Fig. 5. FTIR spectras (a) and XDR patterns (b) of CScPA before and after of SMX, 2 

CBZ and KP adsorption in mixture 3 

It is well known that the nonpolar surface of activated carbons preferentially adsorbs 4 

hydrophobic compounds (hydrophobic interactions) with a high octanol/water partition 5 

coefficient (log Kow) and low water solubility (Sw). The log Kow may be regarded as an 6 

initial indicator of the adsorption onto carbonous adsorbent [60]. According to these 7 

findings, KP had a higher log Kow coefficient than the other two PhCs (Table 1) and the 8 

indeed higher adsorption capacity. It must be emphasised that the removal efficiency 9 

does not differ drastically which indicate that hydrophobic interactions (London van der 10 

Waals forces) is not the main adsorption mechanism. The summarised adsorption 11 

mechanisms of PhCs adsorption onto CScPA is shown on Fig. 6. 12 
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 1 

Fig. 6. Schematics of adsorption mechanisms of PhCs onto CScPA 2 

4. Conclusion 3 

Functionalised carbonaceous adsorbent (CScPA) derived from lignocellulosic biomass 4 

was suitable for removing PhCs. P containing groups showed obvious affinity toward 5 

pharmaceutical compounds. Maximum adsorption capacities of SMX, CBZ and KP 6 

were 19.2, 21.5 and 19.7 mg/g, respectively. Maximum adsorptive interactions occurred 7 

at pH 6–7 through π-π and n- π EDA interaction and H-bonds. Contribution of 8 

hydrophobic adsorption was negligible. Co-adsorption studies showed that the 9 

adsorption behaviours of PhCs were not modified significantly by the presence of Pb2+, 10 

Cd2+ and Ni2+ ions, since the consequence of different adsorption mechanisms. The 11 

results provide helpful guidance for developing new P doped adsorbents for the 12 

simultaneous removal of a range of pharmaceuticals and heavy metals from water. 13 
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S1. Adsorption isotherms, kinetic and thermodynamic analysis 

S1.1. Isotherm study 

Langmuir and Freundlich equations were tested to fit the experimental data. The linear 

form of Langmuir isotherm model [1]: 

 

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

capacity at equilibrium (mg/g), KL is the Langmuir equilibrium constant (L/mg), qmax is 

theoretical monolayer saturation capacity (mg/g). 

The essential features of the Langmuir isotherm may be expressed in terms of 

equilibrium parameter RL, which is a dimensionless constant referred to as separation 

factor or equilibrium parameter: 

 

Where Co is the initial concentration of adsorbate (mg/L). The RL value indicates the 

shape of isotherm. 

The linear form of Freundlich isotherm model [2]: 

 

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

exponent which serves to describe strength of adsorption. 

S1.2. Reaction kinetic models 

Lagergren proposed pseudo-first-order kinetic model is given by equation [3]: 
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(S4) 

Where qt is the adsorbed amount (mg/g) at time t (min), qe is the amount adsorbed 

(mg/g) at equilibrium, and k1 is the equilibrium rate constant of pseudo-first-order 

model (min-1). 

The pseudo-second-order kinetic model is expressed in linear form as [4,5]: 

 

Where k2 is the pseudo-second-order rate constant (g/mg min). The adsorption kinetic 

can be characterized by calculating the half-life of adsorption process t1/2 (min) [6]: 

 

S1.3. Diffusion kinetic models 

Weber-Morris intraparticle diffusion model was applied for the kinetic data [7]: 

 

Where ki is the intra-particle diffusion rate constant (mg/g min1/2) and Ci is a constant, 

which gives an idea about the thickness of the boundary layer (mg/g). 

Boyd’s model was used to determine the slowest step in the mass-transfer of PhCs. 

Boyd kinetic equation is represented as [8]: 
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Where F represents the fraction of adsorbate adsorbed at any time t, and Bt is a 

mathematical function of F. Eq. (9) can be rearranged by taking the natural logarithm to 

obtain the equation: 

 

S1.4. Thermodynamic parameters  

The thermodynamic parameters, including enthalpy ΔH, entropy ΔS and Gibbs free 

energy ΔG, could be calculated according to the following equations: 

 

 

 

 

Where Mw is the molecular weight of PhCs (g/mol), factor 55.5 is the number of moles 

of pure water per liter (1,000 g/L divided by 18 g/mol), T is temperature (K) and R is 

the gas constant (8.314 J/mol K) [9,10]. 

2.6 Data analysis 

The error bars on the figures, the correlation coefficients, root mean square error 

(RMSE) and sum of the squares of the errors (ERRSQ) were used to analyse the errors in 

experimental data, which can be described as [11]: 
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Where  is the observation from the experiment,  is calculated adsorption 

capacity and N is the number of the samples. 
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Fig. S1. Boyd model of SMX, CBZ and KP onto CScPA (pH: 6; adsorbent dose: 2 g/L; 

contact time: 60 min; initial concentration: 1-50 mg/L; agitation speed: 140 rpm) 

 

Fig. S2. Van’t Hoff’s plot of SMX, CBZ and KP onto CScPA (pH: 6; adsorbent dose: 2 

g/L; contact time: 60 min; initial concentration: 1-50 mg/L; agitation speed: 140 rpm) 
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