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Abstract 

Single and competitive sorption of ionisable sulphonamides sulfamethazine, 

sulfamethoxazole and sulfathiazole on functionalized biochar was highly pH dependent. The 

equilibrium data were well represented by both Langmuir and Freundlich models for single 

solutes, and by the Langmuir model for competitive solutes. Sorption capacity and 

distribution coefficient values decreased as sulfathiazole > sulfamethoxazole > 

sulfamethazine. The sorption capacity of each antibiotic in competitive mode is about three 

times lower than in single solute sorption. The kinetics data were best described by the pseudo 

second-order (PSO) model for single solutes, and by PSO and intra-particle diffusion models 

for competitive solutes. Adsorption mechanism was governed by pore filling through 

diffusion process. The findings from pH shift, FTIR spectra and Raman band shift showed 

that sorption of neutral sulfonamide species occurred mainly due to strong H-bonds followed 

by π+-π electron-donor-acceptor (EDA), and by Lewis acid-base interaction. Moreover, EDA 

was the main mechanism for the sorption of positive sulfonamides species. The sorption of 

negative species was mainly regulated by proton exchange with water forming negative 

charge assisted H-bond (CAHB), followed by the neutralization of -OH groups by H+ released 

from functionalized biochar surface; in addition π-π electron-acceptor-acceptor (EAA) 

interaction played an important role.  

 

Keywords: Sulfonamide antibiotics; Competitive sorption; Biochar; Functional groups: π-π 

electron 
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1. Introduction 

Antibiotics can selectively act on bacteria and pathogens without affecting human cells and 

tissues [1-3] Concerning the different classes of antibiotics, sulfonamide antibiotics such as 

sulfamethazine (SMT), sulfamethoxazole (SMX) and sulfathiazole (STZ) are commonly used 

in human therapy as well as veterinary medicine because they are endowed with broad 

activity spectrum against Gram bacteria to prevent and control infectious diseases [4, 5]. 

However, a large fraction of sulfonamides remains un-metabolised through the digestive 

system and is released continually to soil and water due to their high water solubility [2, 6]. 

They can potentially damage aquatic organisms and impact on human health through the food 

chain [7]. Therefore the adverse impact of such compounds has received extensive attention. 

Biochar has received increasing recognition as an important soil component, in carbon 

sequestrations and water remediation [8-13]. Owing to its high hydrophobicity and 

aromaticity, biochar is an excellent sorbent for hydrophobic organic contaminants e.g. 

aromatics [13, 14]. Biochar properties including surface functionality can be further improved 

through different modification technologies [15]. Studies on the adsorption of ionic organic 

compounds to biochar and functionalized biochar are limited compared to non-ionic 

hydrophobic organic contaminants [16-18]. Nonetheless, from the few studies that have used 

engineered carbon nanomaterials and biochars as adsorbents [17-19], it can be expected that 

biochar can significantly affect or even dominate the sorption of ionic organic contaminants 

such as sulfonamides in the environment. For example, it was observed that, under 

environmentally relevant conditions, distribution coefficient (Kd) values of two sulfonamides 

(SMX and sulfapyridine) to multi-walled carbon nanotubes and crop residue-derived biochar 

can be in the order of 104 L kg-1. These are several orders of magnitude higher than the 

reported Kd values to soils and clay minerals [18, 19].  Adsorption of sulfonamides to biochar 

is expected to be heavily influenced by solution conditions and antibiotic speciation e.g. 

neutral, cationic or anionic forms under different pH conditions (Figure 1). Different species 
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can interact with biochar through different mechanisms [16, 17] such as π-π EDA interaction, 

nucleophilic addition, electrostatic attraction, pore filling, partitioning into un-carbonized 

fraction and formation of CAHB with surface oxygen groups. This is particularly the case 

under alkaline conditions with multiple surface groups of sulphonamides, and with certain 

type of biomass materials and biochar preparatory conditions [3, 16, 20, 21]. 

To date, the majority of adsorption studies of different antibiotic residues have been 

conducted using single solutes, and studies are scarce on the competitive nature and 

mechanisms of antibiotic mixtures using different adsorbents. These include, for example, 

natural clay, activated carbon, ion exchange resins, graphene, carbon nano-tubes and biochar. 

This study therefore aims to bridge this gap in our knowledge so that the mechanism of single 

and competitive nature of three widely used sulfonamides antibiotics (sulfamethazine, 

sulfamethoxazole and sulfathiazole) using functionalized biochar is better understood. Their 

physicochemical properties are shown in the Supporting Information (Table A1). Laboratory 

experiments were conducted to elucidate and compare the single and comparative interactions 

of sulfonamides onto functionalized biochar. Experimental data were fitted to different 

isotherm models and the adsorption affinities were compared. The governing adsorption 

mechanisms were analysed. The effects of pH and temperature on the adsorption were 

examined to verify the proposed sorption mechanisms and adsorption properties. The research 

findings will contribute to improved understanding of the adsorption behaviour and 

mechanism of antibiotics mixture.  

 

2. Experimental section 

2.1.  Chemicals and reagents 

The antibiotic standards (purity > 99%) of SMT, SMX and STZ, HPLC-grade organic 

solvents such as methanol, acetonitrile and acetone, and analytical-grade aluminium chloride, 

potassium chloride and formic acid were purchased from Sigma-Aldrich, Australia.  
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2.2.  Preparation of biochar and functionalized biochar 

Biomass was selected for the preparation of biochar as reported in Ahmed et al. [14] 

(Appendix A). Brifely, 50 g of bamboo biomass material was cut into 0.6-2 mm size particles 

and placed into a fixed bed reactor. Biomass material was gradually pyrolyzed at 380 oC in a 

reactor inside the furnace at an average heating rate of 10-11.4 °C min-1 under continuous 

nitrogen supply at 2.5 psi for 2 h. When the temperature reached at 380 °C, nitrogen pressure 

was increased to 10 psi and maintained for 20 min. The reactor was cooled at room 

temperature and biochar was grinded and finally washed and dried. The prepared biochar 

coded as BBC380. 

Functionalization of BBC380 was carried out by soaking 15.3 g of BBC380 in 30 mL of 

50% ortho-phosphoric acid (H3PO4) for 3 h at 50 °C. H3PO4 was selected based on previous 

studies [15, 22]. The mixture was then heated at 600 °C for 2 h with the same heating rate as 

used before under continuous nitrogen supply at 2.5 psi, cooled at room temperature, and 

washed with distilled water 4 times while adjusting pH to 7, followed by drying overnight at 

120 °C, to obtain the functionalized biochar (M1bBBC600). Average functionalized biochar 

particles size ranged from 75-1000 µm. 

 

2.3.  Characterizations of biomass, biochar and functionalized biochar 

The physicochemical characteristics of raw biomass, biochar and functionalized biochar were 

extensively examined using Fourier transform infrared spectroscopy (FTIR), BET, Raman 

spectroscopy, thermo gravimetric analysis (TGA) and others (Appendix A, Tables A2 and 

A3, Figure A1). The produced samples were examined by using energy dispersive 

spectrometer (EDS) to determine the elemental composition of biochar and functionalized 

biochar (Zeiss Evo-SEM). EDS was measured on different parts of the biochars and average 

results are reported in Table A2. Structural analysis was conducted using FTIR (Miracle-10 

from Shimadzu). The spectra were obtained at 4 cm-1 resolution by measuring the absorbance 
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from 400 to 4000 cm-1 using a combined 40 scans. Raman shifts measurement was carried out 

using Renishaw in via Raman spectrometer (Gloucestershire, UK) equipped with a 17 mW 

Renishaw Helium-Neon Laser 633 nm and CCD array detector. Thermo-gravimetric analysis 

and differential scanning calorimetry (TGA-DSC) tests were done using SDT Q600. The 

specific surface area and porosity distributions were calculated using Brunauer-Emmett-Teller 

(BET) nitrogen adsorption-desorption isotherms and the Barrett-Joyner-Halenda (BJH) 

method, respectively, by utilizing a Micromeritics 3-FlexTM surface characterization analyzer 

at 77 K. Zeta potential values were measured using 50 mg of functionalized biochar in 100 

mL of 1-mM KCl solution at different pH. Samples were pre-equilibrated for 48 h. Zeta 

potential values were determined using a Nano-ZS Zeta-seizer (Malvern, Model: ZEN3600). 

Zeta potential was measured three times at each pH (50 scans each time) and the average and 

standard deviation was calculated.  

 

2.4.  Sorption experiments using functionalized biochar 

Stock solutions of SMX, SMT and STZ were prepared with DI water in 1% methanol 

(insignificant co-solvent effect) without adjusting the pH. The studies on pH effect were 

conducted at different pH values starting from 1.5 to 10 for 24 h at room temperature to 

determine sorption equilibrium time. The solution pH was adjusted using 0.1 M HCl and 0.1 

M NaOH solution before adding functionalized biochar. Batch single and competitive 

experiments were carried out at different temperatures (21±0.5, 25±0.5 and 30±0.5 oC) by 

mixing and shaking 100 mg L-1 of functionalized biochar in 100 ml solution on an orbital 

shaker at 120 rpm for 40 h at a pH of 3.25, 4.50, 3.50 and 3.50, respectively, for SMX, SMT, 

STZ and mixtures of three antibiotics. The control experiments without adsorbents were also 

executed. The kinetics studies for single and competitive antibiotics were done using the same 

pH and adsorbent dosage as carried out in isotherm studies for 24 h. After equilibrium, final 
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solution pH was measured and the supernatant concentration was measured with HPLC with 

aliquots from each reactor being taken and filtered through a 0.20 µm PTFE filter.  

 

2.5.  Analytical method 

The concentrations of antibiotics were measured by HPLC (Jasco) equipped with an auto-

sampler and UV detector at 285 nm, by 20 µL injection. A reverse phase Zorbax Bonus RP 

C18 column (5.0 µm, 2.1 �1.50 mm, Agilent Technologies) was used for the separation. 

Mobile phase A was composed of acetonitrile and formic acid (99.9: 0.1) while mobile phase 

B was composed of Milli-Q water and formic acid (99.9: 0.1). The elution used 40% of A and 

60% of B at a flow rate of 0.4 mL min-1, which was changed to 0.2 mL min-1 at 0.1 min. The 

method was run over 8 min. 

 

2.6. Distribution coefficient, kinetics and isotherm equations 

The adsorption data obtained in the experiments were fitted to two different isotherm models 

namely Langmuir and Freundlich isotherm models and three kinetic equations. The apparent 

sorption distribution coefficient (Kd, L kg-1) is defined by the ratio of adsorbate concentration 

on sorbent (Qe, mg kg-1) to the adsorbate concentration in solution (Ce, mg L-1): 

�� = ��
��

=		 ��	
����
� �

     (1) 

where Co is the initial adsorbate concentration (mg L-1), V is the solution volume (L), and M 

is the sorbent mass (kg). 

The kinetic equations such as pseudo first order (PFO), pseudo second order model (PSO) 

and intra-particle diffusion model (IDM) can be represented as follows: 

PFO: �� = 	��(1 − �
���)    (2) 

PSO: �� = ������
�������

      (3) 

IDM: �� = ���
�
� + �       (4) 
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where Ki is the apparent diffusion rate constant (mg g-1 min-1/2); K1 (min-1) and K2 (g mg-1 

min-1) are PFO and PSO kinetic rate constant, respectively; C is a constant (mg g-1) that 

provides the thickness of the boundary layer. These parameters were estimated by nonlinear 

regression weighted by the dependent variables. 

The Langmuir and Freundlich isotherm models are shown below: 

         Freundlich model: �� = 	�����/!     (5) 

    Langmuir model: �� = �"#$�%��
���%��

   (6) 

where Qmax is the maximum adsorption capacity (mg g-1), n is a dimensionless number related 

to surface heterogeneity, KF is the Freundlich affinity coefficient (mg1-n Ln g-1) and KL is the 

Langmuir fitting parameter (L mg-1). 

 

3. Results and discussions 

3.1.  Influences of pH on distribution coefficient 

Sulfonamides sorption on carbonaceous materials revealed pronounced pH dependence. The 

effect of pH on the sorption coefficients is shown in Figure 2a. Clearly, sulfonamides 

sorption was greatly governed by the electrostatic interactions between antibiotics and 

functionalized biochar surface. The distribution coefficient (Kd) values (equation 1) for the 

sorption of sulfonamides reached their first maxima at pH 3.50 for STZ, at pH 3.25 for SMX 

and at pH 4.5 for SMT. A further increase of pH up to 5 (for SMX and STZ) and up to 7 (for 

SMT) resulted in a decrease in Kd values. Maximum sorption was due to the adsorption of 

neutral species of sulfonamides. Selected sulfonamides behaved as positive species at solution 

pH < 2.5 for SMT and STZ and pH < 1.6 for SMX (Figure A2). Biochar surface also became 

positive because the surface zeta-potential was also positive below pH 2.5. Hence less 

adsorption is expected due to electrostatic repulsion of positively charged biochar surface and 

sulfonamide antibiotics. The adsorption of antibiotics at pH < 2.5 may be dominated by the 

interaction between the protonated aniline ring of sulfonamide antibiotics and the π-electron 
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rich functionalized biochar surface [16, 17]. The second sharp increase in Kd values for each 

single solute was observed from pH 5 to 6, 5 to 6.3, and 7 to 8, for SMX, STZ and SMT 

respectively; which coincided with the intersections of neutral and negative species of the 

three compounds. This was followed by a decreasing pattern up to pH 10. These trends may 

be due to the shifting of pH to neutral species region of sulfonamides as a result of proton 

release from functionalized biochar surface. The pH test showed that final solution pH 

became significantly lower and shift toward neutral region if the initial solution pH was 

maintained at above 7. A further increase of pH up to 10, the sorption of SMX-, STZ- and 

SMT- species declined due to negative surface zeta-potential value and the negative surface 

electrostatic repulsion. However, the negatively charged biochar surface was still able to sorb 

to negative species from solutions through the formation of CAHB [16, 23]. 

 

3.2. Sorption kinetics for single and competitive solutes 

The kinetics of sulfonamide antibiotics sorption by functionalized biochar at different times 

were fitted to pseudo-first-order (PFO), pseudo-second-order (PSO) and intra-particle 

diffusion model (IDM) as presented in equations 2-4. Based on the correlation coefficient (R2) 

and Qe,cal values, the kinetics of sorption for all single solutes closely followed the PSO 

chemisorption kinetic model rather than PFO and IDM [24] (Figures 2b and A3). Moreover, 

IDM may not be the best model to describe the rate controlling mechanism of single solutes 

as R2 value was significantly lower than PSO plot (Table A4). The values of PSO rate 

constant K2 and IDM rate constant Ki decreased as SMX > SMT > STZ and STZ > SMX > 

SMX, respectively, for single solutes. 

IDM showed higher R2 values than the PSO model (Table A4), suggesting the 

competitive sorption kinetics of sulfonamide antibiotics on functionalized biochar were 

controlled by a diffusion-dominated mechanism, which is consistent with a previous study 

[25], and can be explained by the PSO. Other processes such as the boundary layer diffusion 
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or external mass transfer may also regulate the sorption process. Qe,cal values were higher for 

PSO than those of PFO. The Ki values followed the order STZ > SMX > SMT for competitive 

solutes. Maximum sorption capacities for PSO followed the trend of STZ > SMX > SMT. 

 

3.3. Sorption affinity and temperatures effect 

Single and competitive sorption isotherm plots for the Langmuir and Freundlich isotherm 

models (equations 5 and 6) are presented in Figures 3, A4 and A5. The model parameters are 

summarized in Tables A5 and A6. The sorption data for single solute STZ and SMX were 

fitted by both the Freundlich and Langmuir isotherm models. However, the sorption data for 

SMT was fitted slightly better by the Freundlich model with higher R2 values. Maximum 

Langmuir adsorption capacity (Qmax) values were 237.71, 65.74 and 88.10 mg g-1, 

respectively, for STZ, SMT and SMX at 25 °C. Adsorption capacity was increased 

significantly for STZ (85%) and SMT (55%) and slightly for SMX (5%) when the 

temperature rose from 21 to 25 oC. A further increase in temperature from 25 to 30 oC 

decreased the adsorption capacity while the distribution coefficient indicated that adsorption 

was unfavorable through monolayer covering. This is likely due to the complex relation 

between chemical activation energy and exothermic reaction nature of adsorption. 

Specifically there is a need for temperature increase to overcome activation energy (from 21-

25 oC), but further increase above 25 oC caused a decrease in adsorption which releases heat. 

Sorption affinity could be ranked as follows: STZ > SMX > SMT. Conversely, the maximum 

Freundlich constant KF values with higher R2 values were found to be 22.12, 21.33 and 21.86 

mg1-n Ln g-1 for STZ, SMT and SMX respectively, at 25 oC. These results could happen due to 

specific surface area, microspore volume, and introduction of additional sites onto 

functionalized biochar [26, 27]. The Kd values for single solute ranged between 2.56�103 and 

8.57�104, 1.0�103 and 5.77�104, and 1.8�103 and 6.4�104 L kg-1, for STZ, SMT and 

SMX respectively (Figure 4b). The observed Kd values, Qmax and KF values for single solute 
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of STZ, SMX and SMT were higher than reported in other studies using different adsorbents 

e.g. carbon nanotubes (CNTs) supported nano-composite and graphene-oxide based 

adsorbents and carbonaceous nano-composites [13, 24, 26-33]. For example, biochar prepared 

at 700 oC from Burcucumber plants was found to show the maximum sorption capacities of 

20.56 and 37.73 mg g-1, respectively for biochar (700 oC) and steam modified biochar [27]. In 

addition, biochars prepared from Salvia miltiorrhiza Bunge biomass at 600 and 800 °C 

showed the maximum KF values of 0.0155 and 0.0257 mg1-n Ln g-1, respectively for the 

removal of sulfamethoxazole [13]. 

Competitive removal of sulfonamide antibiotics was found to be better fitted to the 

Langmuir isotherm model with higher R2 values and the maximum sorption capacities were 

obtained at 25 oC. The sorption affinity was the same as that for single solutes. Competitive 

Qmax values were found to be 40.11, 34.01 and 25.11 mg g-1, for STZ, SMX and SMT 

respectively, at 25 °C. The maximum KF values were 12.46, 10.46 and 11.06 mg1-n Ln g-1, 

respectively, for STZ, SMT and SMX at 21 oC. The Kd values for competitive solutes ranged 

from 2.0�103 and 2.5�104, 1.2�103 and 2.21�104, and 1.6�103 and 2.37�104 L kg-1, for 

STZ, SMT and SMX respectively (Figure 4a). Further increases in temperature from 25 to 30 

oC led to a decline in sorption affinity and Kd indicated that adsorption affinity was not strong 

enough to support homogeneous covering of the surface. Kinetics and isotherms data 

indicated that competitive sorption of sulfonamide solutes was better fitted by the Langmuir 

model. 

Total sorption capacities of the competitive solutes were calculated (equations A3 and 

A5) by adding individual contributions to the overall sorption for both Langmuir and 

Freundlich models. When comparing the single solute sorption capacities, each competitive 

solute was found to have nearly 2-fold less adsorption capacity for overall individual sorption 

capacities. Overall sorption capacities of competitive solutes are almost analogous to near 

about the maximum sorption capacities of individual solutes sorption capacities. Hence the 
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total sorption capacities of competitive solutes onto adsorbent surface were maintained at a 

similar level to single solute sorption. The results indicated that sorption on biochar was of 

monolayer coverage in nature. 

 

3.4. Diffusion of sorbate molecules 

Based on our kinetics study, the competitive adsorption mechanism for STZ, SMT and SMX 

can partly be postulated firstly as a monolayer process involving sorbate molecules 

transportation and diffusion. It is a process controlled by a combination of mass transfer steps 

relating to external, surface microlayer, pore diffusion and adsorption on biochar surface, thus 

supporting IDM mechanism (Figure 5). Secondly, both single and competitive solutes 

followed the PSO kinetic model with adsorption through chemisorption with the surface 

functional groups being indicated. Based on the isotherm study, this can be attributed, to the 

adsorption of STZ and SMX following the monolayer through diffusion and chemisorption 

reactions with surface functional groups in biochar. Adsorption of SMT followed the 

Freundlich isotherm which was related to the chemisorption mechanism. In comparison to 

biochar, the functionalized biochar had its surface area increased by 2.3 folds while its pore 

diameter reduced to half. In addition, its Langmuir surface area was increased by 68 times 

compared to that of biochar. Moreover, BJH and Dollimore Heal (D-H) adsorption 

cumulative surface area of functionalized biochar was increased by 6 folds compared to 

biochar. However, BJH and D-H pore diameters of biochar were 113 and 154 Å which 

decreased to 84 and 78 Å after functionalization (Table A3). Thus, higher adsorption 

affinities of functionalized biochar may be partly due to the increase in surface area and 

reduction in pore diameter, accompanied by active adsorption sites facilitating the adsorption 

of neutral sulfonamide molecules. This occurred through diffusion rather than sorption 

chemisorption. The IDM rate constant values Ki indicated that the diffusion of the 
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sulfonamide molecules (both single and competitive solutes) toward biochar surface followed 

the trend of STZ > SMX > SMT. 

 

3.5. Lewis acid-base interaction 

Based on the structural composition of the sulfonamides, they consist of sulfonamide group 

(para position at benzene ring) associated with thiazole group (in sulfathiazole), 4, 6-

dimethylpyrimidin-2-yl group (in sulfamethazine), and 5-methyl-1, 2-oxazol-3-yl group (in 

sulfamethoxazole) at N position of sulfonamide group and lone pair electron reach N-atom 

(amino group in arene ring and in heterocyclic ring). Thus, Lewis acid base electronic 

interaction can also contribute to the total sorption affinities of the sulfonamides due to extra 

interaction of sulfonamide molecules with the lone pair electrons and protons of –COOH and 

–OH functional groups on the biochar surface [24]. The interaction can be written as: 

R'NH − SO, − R − H,N:+H…BC = R'NH − SO, − R− H1N� …BC
			  (7) 

where Rn = R1/R2/R3. 

Thus the adsorption of sulfonamides (both positive and negative species) would be 

possible with the mechanism of Lewis acid-base interaction as noted in reaction (7). It is 

expected that the lone pair electrons in the amino group and in hetero-N participate in the 

resonance process with the arena unit of sulfonamides, turning it into: firstly a positive 

species at low pH; and secondly, a negative species at higher pH. In these cases, Lewis acid-

base interaction of sulfonamide antibiotics on the biochar surface may not be effective 

(Figure 5). However, this interaction might be possible at a pH where sulfonamides remain as 

a neutral species and thus, loan-pair electrons of amino groups in the arene unit may donate to 

form a complex with the protonated enriched surface functional groups. A few experiments 

with the addition of co-solutes (electron-acceptor groups such as 0.01 M AlCl3 and 0.025 M 

acetone in 10 mg L-1 SMT solution without adsorbent for 40 h) were conducted. It was 

observed that the pH change (∆pH) was found to be 0.25-0.30 in neutral species regions. This 
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implied that the loan-pair-electrons availability from amino group or hetero-ring system of 

sulfonamides to electrons-acceptor groups were not significant and may be a small contributor 

to the reaction mechanism governed by the Lewis acid-base interactions. Experiments using 

only adsorbent and co-solutes resulted in significant pH change. This could be due to the 

release of protons into the solutions (Table A7 and Figure A6). Similar effects were also 

observed for the competition of co-solutes, the adsorbent and adsorbate; changes in final pH 

were due to the release of protons. 

 

3.6. EDA and EAA (π-π) interactions 

EDA interaction can be considered one of the main mechanisms for the sorption of positive 

species of sulfonamides on biochar surface [16, 34]. Stronger EDA interaction might be 

possible when the π-electron depletes aromatic ring (s) (or regions) and π-electron a rich 

regions (or aromatic rings) interact together [34]. More specifically, there is stronger 

interaction between oppositely polarized quadruples of functionalized sorbent surfaces and 

sorbate molecules in a parallel planar fashion. Sulfonamide molecules have a strong π-

electron acceptor nature due to its amino functional groups (donates loan pair electrons to the 

benzene ring) and N and/or O-hetero-aromatic rings (contribution to electronic resonance). In 

contrast, the functionalized biochar surface was enriched with C=C, –OH, and –COOH 

functional groups based on our study using FTIR and Raman spectra (Figures 6 and 7) and 

other literatures [26, 35]. Hence, the surface functional groups of functionalized biochar can 

act as a strong π-electron-donor due its: firstly, hydroxyl groups being situated in the benzene 

rings (especially participating in resonance as a π-electron donor); and secondly, a strong π-

electron-acceptor due to its carboxyl functional groups on the benzene rings (especially, 

protonated carboxyl groups that taking part in electronic resonance as a π-electron acceptor). 

In addition, the surface of functional biochar at low pH likely contains few, if any, negatively 

charged sites because we found the zeta-potential is positive below pH 2.5. The pKa values 
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for carboxyl groups on aromatic ring systems are generally above 4.0 [16]. Subsequently, the 

surface of biochar may become positive due to protonation of unsaturated C atoms or 

heterocyclic N and/or S atoms. 

When π-electron-acceptor is positively charged and this charge lies within or resonates 

with an arene unit of sulfonamides (e.g. charge in aromatic or heterocyclic aromatic amine) 

then a stabilized overall interaction is designed as π+-π EDA [16, 36]. Resonance forms of 

positive species of sulfonamides are able to form π+-electron (acceptor site) and sorption 

affinities mostly governed by the mechanism of π+-π EDA. Teixidó et al. [16] presented clear 

support for π+-π EDA interactions of SMT+ in their study of solution pH and the effect of 

different cosolutes on cation exchange.  Our study agrees with the literature in that the biochar 

surface contains -OH functional groups (equation 8). Moreover, donor-donor and acceptor-

acceptor π-electron interaction might also be possible but not as strong as π-π EDA interaction 

(equation 9) [37].   

H2N- C6H4
δ+-SO2-NHRn + BCδ--OH � H2N- C6H4

 δ+-SO2-
 NHRn…..BCδ- -HO-  (8) 

H2N- C6H4
δ+-SO2-NHRn+ BCδ+-COOH �H2N- C6H4

δ+-SO2-
 NHRn… BCδ+-COOH (9)                    

where Rn are aromatic heterogeneous groups in SMT, SMX and STZ. 

It can also be hypothesized that the π-π EAA mechanism between the positive species of 

sulfonamides arene units and surface carboxyl groups, which may also partially contribute the 

overall sorption but may not stabilize by charge repulsion. However, this also is not possible 

at very low pH due to pKa values of surface carboxylic groups (more than 4) [38, 39]. The 

results on the effect of pH change showed very small change of pH both for single and 

competitive solutes (Table A7). Furthermore the release of proton in the solution from 

carboxylic groups might not occur which indicates that unfavorable to behave biochar surface 

to act as an electron acceptor at very low pH. Thus, the π-π EAA interaction (reaction 3) can 

be ruled out for positive species of sulfonamides (Figure 5). 
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However, the maximum sorption capacities and Kd were found for the adsorption of 

sulfonamides neutral molecules only.  

SMT0/SMX0/STZ0 + H2O + fBC = SMT+/SMX+/STZ+ …fBC + OH-         (10) 

SMT0/SMX0/STZ0 + fBC = SMT+/SMX+/STZ+….fBC-                             (11) 

SMT0/SMX0/STZ0 + fBC = SMT±/ STZ± / SMX± …. fBC (-H+)                (12) 

SMT0/SMX0/STZ0 + fBC = SMT±/SMX±/STZ±…..fBC+ H+                        (13) 

The reaction (equation 10) is unfavourable to exchange protons with water molecules by 

leaving the -OH group in the solution [31], thus solution pH should increase. We found, 

however, that pH shifted more to the acidic region after adsorption and this is backed up by 

the literature [16]. The proton transfer free energy∆345�$67�
8 = −9:	;<(�=�/�=>), where Kaw 

is the water dissociation constant for sulfonamides with values ranging from +66.14 to +70.73 

kJ mol-1 (Table 1) [16]. The reaction in equation 11 shows the proton transfer from biochar 

surface functional groups (mostly –COOH rather than –OH) to amino N in sulfonamides 

molecules (-NH+…..-O/-OOC-BC). Furthermore proton transfer is likely not favourable by at 

least 15 kJ mol-1 at 293 k at pH 5 [16], it is augmented by the strong H-bond that forms. The 

reaction in equation 12 involves tautomerisation of sulfonamides to the zwitterion in the 

adsorbed state while the reaction in equation 13 shows the tautomerisation by forming the 

zwitterion and releasing protons in the solution. Thus the observed pH decreased from the 

initial solution pH. The stabilization of reactions (equations 12 and 13) might be possible 

through the formation of a π+-π EDA bond, which is not as strong as the positive species, of 

the positively charged sulfonamide ring system with the biochar surface. Overall stabilization 

of the cationic form of sulfonamides can be gained by releasing of a proton from surface 

functional groups so that a negative site can be provided. The aim here is for it to interact 

electrostatically with the positive charge through a strong H-bond formation. The π-π EAA 

interaction is less effective as biochar surface became negative above pH 2.5 and as surface 

carboxylate group has pKa values of more than 4. 
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3.7. Hydrogen bonds formation and changing of pH 

All peak assignments from the FTIR spectra and Raman spectra indicated that functionalized 

biochar contains –OH, -COOH and C=C groups on the surface. In Raman spectra, two 

characteristic bands D-and-G can be assigned to carbon SP2 hybridization (Table A8) [26]. 

The D band relates to disordered SP2 hybridization of carbon atom containing vacancies, 

impurities or defects such as containing of oxygen containing functional groups. On the other 

hand, G band refers to the structural integrity of SP2 hybridization of carbon atoms. The 

intensity ratio of the D and G bands (ID/IG) indicates the degree of graphitization. If the ratio 

is < 1 then high degree of graphitization; if the ratio > 1 then high number of functional 

groups present on the surface. The ID/IG ratio for biochar was 0.850, which was increased to 

1.06 for functionalized biochar, indicating significantly increase in the number of functional 

groups on the functionalized biochar surface. Similar functional groups have been found in 

FTIR spectroscopy [15].  

At higher pH where sulfonamide negative species dominate in the solution and the 

biochar surface becomes negative (zeta potential = -45.9 mV), the anion exchange should be 

destabilized by charge repulsion. The adsorption of SMT- was explained clearly by Teixidó et 

al. [16] who also noted that the adsorption was due solely or partially to adsorption of 

negative molecules by the release of –OH to proton exchange with water (SMT- + H2O � 

SMTo + OH-), followed by interaction of the resulting natural molecules with surface –COOH 

and –OH functional groups (SMT0 + BC = SMT0…..BC). This is supported by a strongly 

negative CAHB. As a result pH increased as the SMT sorption increased. On the other hand, 

we found that the final pH reduced to several units for all single and competitive sorption of 

sulfonamides antibiotics. The reduction of pH in the bank solutions were significant 

compared to single and competitive solution of antibiotics (Table A7 and Figure A6). 

Moreover, EDS analysis (average values) showed that the biochar particle comprised of 

carbon (81.17%) and oxygen (18.83%) with O/C atomic ratio of 0.23. Due to the 
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functionalization of biochar with oH3PO4, the O/C ratio increased significantly to 0.76 

(51.96% C, 39.52% O and 8.16% P) (Table A.2). This indicates the functionalized biochar 

had a more oxidized surface [40]. Although HxPO4 may be present in the core structure of 

functionalized biochar during preparation and surface HxPO4 may undergo ligand exchange 

reactions with hydroxide and carboxyl groups, if any, in the solution (equation 14 and Figure 

5) [41]. One might assume that significant of pH may be due to the capacity of biochar to 

release PO4
3- ions [41]. However, our experiments observed no phosphate ion release during 

adsorption studies.  

HxPO4-BC + OH-  →  BC-HxPO4 ↔ HO-    (14) 

Thus the release of protons in the solution may be, solely, due to the presence of carboxyl 

groups on functionalized biochar. The carboxylate anion is stabilized by the resonance which 

delocalizes electronegativity between the two oxygen atoms. As a result carboxylates are 

ionized over a pH range. When electron-withdrawing groups such as =O or –Cl, are part of 

the same molecule, the pKa value tends to decrease, whereas the presence of electron-

donating alkyl groups tends to increase the pKa [41]. The standard free energy of proton 

exchange is given by	∆345�$67,
8 = −9:	;<(�=,/�=>) and pKa2 values of all sulfonamides 

ranged from 6.16 to 6.99. Furthermore the pKa values of surface carboxyl groups are above 4 

and those surface phenolic groups’ values 10 or below [38]. Thus, ∆pKa value between 

surface carboxyl group and sulfonamide group is around 2.2-3 (for the surface hydroxyl group 

≈ 5).  As this difference narrows the bond between them becomes stronger. In the case of 

hydrogen dicarboxylate conjugate pairs [RCO2….H….O2CR]-, where ∆pKa is nearly zero and 

form a strong (-) CAHB [39].  The free energy of formation ∆Go
(-)CAHB in water can be 

estimated from gas-phase reaction and the resulting ∆Go
(-)CAHB is: firstly,  about -56.2 kJ mol-1 

for the hydrogen dicarboxylic conjugate pair; and secondly, approximately -50.2 kJ mol-1 for 

the hydrogen carboxylate-phenolate pair [39]. The free energy of proton release was 

calculated the from –SO2-NH- as ranging from +38.38 to +46.43 kJ mol-1, which is 
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unfavorable for proton release in the solution (Table 1). Thus, –SO2-NH- can initially 

undergo for proton exchange with water molecule and release of –OH in solution (equation 

9). The additional driving force may derive initially by the neutralization of –OH ions through 

the formation of negative CAHB (equation 10). Moreover, biochar surface –COOH group 

releases more protons into the solution leading to the reduction of final solution pH toward 

the neutral species region. Thus, a secondary increase in the sorption was found while 

studying the effect of pH. Thus change in pH toward neutral region provided the same 

mechanisms as described in neutral species sorption. In addition, according to reaction 

(equation 9), π-π EAA interaction now may be partially effective as biochar surface was 

highly negative and sulfonamide molecules also behave as negative species. When the 

solution pH maintained above 9, significantly reduction of pH was observed when electron-

acceptor acetone cosolutes were present (Table A7). 

        (-SO2-(Rn)N
-  +H2O � (-SO2-(Rn)NH+ OH-     (15) 

 (-SO2-(Rn)NH  + HOOC….BC = (-SO2-(Rn)N
-..H+..-OOC-BC)-+ H+  (16) 

Moreover, based on Raman and FTIR spectra for sorption of sulfonamides, it can be also 

confirm about hydrogen bond formation mechanisms. After sorption the FTIR peaks shifted 

to near positions, other points remained almost same, which indicated that adsorption did 

enhance at those particular wave-numbers. In addition, Raman ID/IG values decreased after 

sorption of both single and competitive solutes and this further indicated that a few bonds 

might form with the biochar surface and the sulfonamide molecules. Finally, the ID/IG ratio 

was found to be close to 1 suggesting that surface functional groups interacted with antibiotic 

molecules through may be strong H-bond formation (Figure 7). These bonds formation may 

be due to the protons linkage between biochar surface –COOH groups and antibiotics 

molecules.  

 

4. Conclusions 
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The details mechanisms of sulfonamide antibiotics sorption in both single and mixture mode 

were studied. The maximum sorption capacity of sulfonamides decreased as STZ > SMX > 

SMT. The sorption of sulfonamides occurred through the formation of π+-π EDA for positive 

species, and through proton exchange with water molecules forming (-) CAHB and by π-π 

EAA interaction for negative species. The maximum sorption of sulfonamides was found for 

neutral species due to charge pairing through strong H-bond formation and stabilization of the 

zwitterion via π+-π EDA mechanism. The results suggest that interactions between 

functionalized biochar and sulfonamide antibiotics can play important roles in the removal of 

emerging contaminants from water. Thus, it is believed that competitive sorption of a mixture 

of micropollutants onto functionalized biochar surface is environmentally significant and 

should be further extended to wastewater application. 
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Figure 1. Molecular structures of sulfonamides antibiotics and their equilibrium species. 

  



  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a) Effect of pH on the distribution coefficient (Kd) with standard deviation (error 
bars) for removal of sulfonamide antibiotics; (b) single and competitive sorption kinetics data 

with PSO and IDM kinetics model fittings (initial concentration of sulfonamide antibiotics 
being 10 mg L-1 for single solute, and 3.33 mg L-1 for each competitive solute at room 

temperature using 100 mg L-1 functionalized biochar dosages). 
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Figure 3. STZ adsorption isotherm plots and model fits from single solute (initial 
concentration 0.5-50 mg L-1), and from mixtures (initial individual concentrations were 0.33-

16.67 mg L-1) at pH 3.5 and different temperatures. 
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Figure 4. Change of Kd values (with SD as error bars) against equilibrium concentrations for 
(a) competitive solutes with total initial solution concentrations (Co) at 1-50 mg L-1 and each 
solute concentration was 0.33-16.67 mg L-1(i.e. Co/3), and for (b) single solute (Co = 0.5-50 

mg L-1). 
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Figure 5. Proposed sorption mechanism for single and competitive antibiotics (R1 for SMT, 
R2for STZ, R3 for SMX) on functionalized biochar with possible resonance effects for π- π 

interactions. 
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Figure 6. FTIR spectra for raw bamboo biomass, biochar (BBC380), and functionalized 
biochar (1MbBBC600) for the sorption of single and competitive solutes (before and after 

adsorption). 
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Figure 7. Raman spectra with band ratio (ID/IG) for biochar (BBC380), and functionalized 
biochar (1MbBBC600) before and after sorption of single and competitive solutes. 
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Table 1.  ∆Go values calculated from water dissociation constant (Kaw) at different 
temperatures. 

                        
Compo

und 
Tem

p 
(K) 

pKa1 pKa

2 
Kaw RT Ln 

Kaw 
RT ln Kaw 

(in kJ 
mol-1) 

RT ln Ka1 

(in kJ mol-

1) 

RT ln 
Ka2 

(in kJ 
mol-1) 

∆345�$67�
8

(in kJ 
mol-1) 

∆345�$67,
8

(in kJ 
mol-1) 

SMX 294 1.97 6.1
6 

6.85�10
-15 

-
79720 

-79.72 -11.09 -34.67 68.63 45.05 

298 1.97 6.1
6 

6.85 
�10-15 

-
80805 

-80.81 -11.24 -35.14 69.57 45.66 

303 1.97 6.1
6 

6.85 � 
10-15 

-
82161 

-82.16 -11.43 -35.73 70.73 46.43 

STZ 293 2.04 6.9
3 

1.01 � 
10-14 

-
78508 

-78.51 -11.44 -38.87 67.07 39.64 

298 2.04 6.9
3 

1.01 � 
10-14 

-
79848 

-79.85 -11.64 -39.54 68.21 40.31 

303 2.04 6.9
3 

1.01 � 
10-14 

-
81188 

-81.2 -11.83 -40.20 69.36 40.99 

SMT 293 2.04 6.9
9 

1.47 � 
10-14 

-
77587 

-77.59 -11.44 -39.21 66.14 38.38 

298 2.04 6.9
9 

1.47 � 
10-14 

-
78911 

-78.91 -11.64 -39.88 67.27 39.04 

303 2.04 6.9
9 

1.47 � 
10-14 

-
80235 

-80.24 -11.83 -40.55 68.40 39.69 

• Kaw values were taken from http://www.chemguide.co.uk/physical/acidbaseeqia/kw.html  
• pKa1 and pKa2 were taken from  Table A1 and R =8.314 (J K-1 mol-1) and 	∆345�$67�/,

8 	=
	−9:	;<(�=�/=,/	�=>) 
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Highlights 

• Functionalized biochar can sorb antibiotics in both single and competitive mode 

• Sorption capacity for antibiotics was three times higher in single mode than in 

competitive mode 

• Sorption capacity decreases as sulfathiazole > sulfamethoxazole > sulfamethazine 

• Solution pH is a significant parameter for removing ionisable sulfonamides  

• Sorption is mostly governed by the H-bonds formation and π-π interactions 

 




