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a b s t r a c t
Removal behavior of sulfamethoxazole (SMX) by two carbonaceous materials was studied. 
The adsorbents were obtained by pyrolysis (550°C, 1 h under nitrogen flow), followed by acid wash-
ing of residuals consisting of a biological secondary sludge (SSCM) and a local herbaceous plant 
(Phragmites communis, RCM). The morphology, elemental composition and chemical properties of 
the obtained carbonaceous materials were fully characterized. The equilibrium and kinetics of SMX 
adsorption were studied and modelled, together with the pH and temperature effects. Additional 
heating of the materials under limited aerobic conditions (800°C, 1 h) improved their adsorption 
capacity, compared with simple pyrolysis at 550°C only. The uptake rates followed a second- 
order model, while the adsorption capacities (up to 30.4 and 21.5 mg g–1) were predictable with 
Freundlich and Langmuir isotherms (heterogeneous vs. homogeneous adsorption, on SSCM and 
RCM, respectively). Removal of sulfamethoxazole was most effective at acidic pH in both materials. 
The thermodynamic parameters (ΔG°, ΔH°, ΔS°) indicated that SMX adsorption was spontaneous, 
favorable, exothermic and reversible. The residuals were turned into promising low-cost sorbents for 
removal of sulfamethoxazole from water.
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1. Introduction

Recent research has focused on the elimination of a 
group of so-called emerging pollutants; because their pres-
ence has been documented inclusive in both wastewater 
and treated water [1,2]. Within this group are drugs such 
as antibiotics. Antibiotics are used worldwide in great 
amounts. The annual consumption was estimated between 
100,000 and 200,000 tons [3]. Antibiotics are classified as 
bio-accumulative compounds and are thus regarded as 
hazardous chemicals that contaminate the aquatic and 
terrestrial ecosystems [4].

The sulfamethoxazole (SMX) is a sulfa drug, which 
belongs to the sulfonamide group and contains a 4-amino 
phenylsulfonylamide core structure. The sulfamethoxazole 
(4-amino-N-5-methylisoxazol-3-yl-benzenesulfonamide) is 
widely used for the control of human infections (urinary, 
respiratory and gastrointestinal) [5]. Part of the ingested 
mass is excreted as primary or secondary metabolites. 10% 
to 30% of the ingested SMX dose is excreted via urine in 
its original form [6]. In fact, SMX has been detected in the 
range of ng L–1 to mg L–1 in surface waters [7]. Hence the 
importance of their elimination from the water bodies, 
since the chronic exposure can lead to the development 
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of antibiotic resistance; therefore, improving the removal 
technologies is a priority [8].

Unfortunately, many pharmaceutical compounds are 
not completely removed by wastewater treatment plants 
(WWTPs) and consequently they have been detected around 
the world in WWTPs effluents, surface waters and, less fre-
quently, in ground and drinking waters [4]. The elimination 
efficiency of antibiotics by wastewater treatment facilities 
varies greatly between 20% and 90%, depending on the pro-
cesses employed [9]. For SMX, the removal efficiencies at 
the WWTPs are reported to be between 24% and 36% [8].

Several methods have been investigated to remove 
pharmaceuticals from contaminated water, such as by 
biodegradation, photocatalysis, ozonation, Fenton process, 
advanced oxidation processes (AOPs) and adsorption [4,10]. 
AOPs are efficient treatments to degrade pharmaceuticals, 
however various intermediates can be generated due to 
partial oxidation of the complex compounds, leading to 
toxicity that can be even higher than for the original con-
taminants [4]. In addition, AOPs are very expensive and 
operationally complex for complete degradation of recalci-
trant compounds [11]. In contrast, adsorption is one of the 
most promising processes, since it is efficient, simple to 
design, relatively inexpensive and is not affected by toxicity 
[4,5,10]. Activated carbon (AC) has been used as an effec-
tive sorbent to remove pharmaceuticals from contaminated 
water [12]. The efficiency of AC for removal of various 
pollutants is related to its high surface area, porosity and 
versatility [11]. More recently, there is an increasing demand 
for novel, renewable, locally available and more efficient 
low-cost materials, for AC production [13]. Coal and lig-
nocellulosic biomass are major sources for the production 
of commercial activated carbon [14]. The abundance and 
availability of agricultural by-products make them excellent 
sources of raw materials for AC production. Some examples 
of agricultural by-products that have been successfully used 
in the preparation of AC are coconut shells, wood chips, 
saw dust, corn cobs, coffee husks, among others [14].

The first aim of this study was to produce two carbo-
naceous materials from biological secondary sludge and 
reed weed residues (Phragmites communis), and evaluate 
their characteristics. The second aim was to determine 
their sorption behavior (kinetics and equilibrium) in batch 
at different temperatures and pH for SMX removal from 
aqueous solutions. The pH effects and the thermodynamic 

parameters of the systems were discussed in relation with 
sorption mechanisms of SMX on the materials.

2. Material and methods

2.1. Sorbate

Sulfamethoxazole (SMX) of industrial grade was used 
as such, without any further purification. SMX stock solutions 
(200 mg L–1) were prepared using methanol as co-solvent 
because the solubility of SMX was relatively low in pure 
distilled water. These solutions were prepared at room 
temperature, in the dark, 24 h before their use [15]. Some 
physicochemical properties of the antibiotic are presented 
in Table 1.

The concentrations of SMX in water were measured 
with a UV–Visible spectrometer (Genesys 10S, USA). The 
wavelength of measurement was set at 270 nm [16], where 
the SMX compound exhibits its maximum UV–Vis absorp-
tion. The analytical calibration curve built revealed a good 
linearity (r2 > 0.99) in the range from 0.025 to 10 mg L–1 
SMX, in distilled water.

2.2. Preparation of the sorbents

The raw materials were a residual sludge from an 
industrial wastewater treatment plant (Lerma WWTP, 
Mexico), and an herbaceous earthy plant (Phragmites 
communis, from Tenancingo, Mexico). The Lerma WWTP uses 
a biological activated sludge process and provides treatment to 
effluents from food industries mainly. The biological sludge 
and the herbaceous residues were dried at room temperature 
and then pyrolyzed in a muffle furnace at 550°C for 1 h under 
nitrogen flow rate of 250 mL min–1. The pyrolyzed solids 
were milled and sieved. The 0.42–0.84 mm particles fraction 
was retained and sucked in an acid solution (18% HCl) for 
24 h, to remove the ashes, followed by thorough washing 
with distilled water until reaching a final constant pH. A low 
sorption capacity resulted from the above- mentioned prepa-
ration technique. Consequently, it was modified in a second 
step. The washed materials were subjected to an additional 
thermal treatment; this consisted in heating the samples at 
800°C, for 1 h more, in a horizontal tubular furnace (Prendo 
HT3-1100), which improved the sorption capacity. During 
the 800°C treatment, the environment was not airtight; 
however, due to limitations on the quantity of air present, 

Table 1
Physicochemical properties of sulfamethoxazole (SMX)
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aSource: From the study by Chen et al. [41].
bSource: From the study by Tonucci et al. [16].
cKa: acidity constant [41].
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only a little part of the carbon was potentially affected by 
the oxidation reactions. Finally, the produced carbonaceous 
materials were dried at 100°C for 24 h, and preserved at 
room temperature in glass containers for later use. The sor-
bents were identified as SSCM and RCM (secondary sludge 
carbonaceous material and reed carbonaceous material).

2.3. Sorbent characterization

The SSCM and RCM materials were submitted to the 
following characterization procedures.

2.3.1. Scanning electron microscopy 

Before the SMX sorption tests, the materials were 
mounted directly on holders and then observed at 10 kV 
with a scanning electron microscope (JEOL JSM-5900-LD, 
Japan). Concurrently, microanalysis of the elemental compo-
nents was carried out by energy X-ray dispersive spectros-
copy (EDS probe), at different areas of the samples, at 500X 
for each material.

2.3.2. Thermogravimetric analysis

A sample in the range of 1–100 mg was placed in the 
balance of the thermogravimetric analyzer (TGA 51, TA 
Instrument, New Castle, USA). The TGA was operated in a 
nitrogen atmosphere with a heating program from 20°C to 
800°C at a rate of 10°C min–1.

2.3.3. Point of zero charge (pHPZC), concentrations of the 
acid–base groups and pH of the carbonaceous materials

At the pHPZC point, there is no charge at the surface of 
the materials; that is, the total positive charge is equal to 
the total negative charge [17]. To determine this parameter, 
a sample of sorbents (10 mg) were placed in opaque vials 
with a 0.01 M NaCl solution. The NaCl solution was pre-
viously adjusted at different pH between 1 and 12 (1 unit 
interval) with 0.1 M HCl or NaOH solutions. After 24 h of 
contact, the samples were centrifuged and decanted, and pH 
was determined in the liquid phases with a potentiometer 
(HI 2550, HANNA, Mexico).

The determination of acid–base groups was performed 
as follows. 0.2 g of each biomaterial and 25 mL of 0.025 M 
NaOH or HCl were shaken during 48 h at room temperature. 
After that the samples were decanted and the excess acid 
was titrated with 0.1 M NaOH in the presence of phenol-
phthalein. The superficial acidity was obtained by a similar 
procedure using 0.1 M HCl as titrant. The experiments were 
done in duplicate.

Moreover, the pH1:2 of the materials was determined 
(2 mL of distilled water for 1 g of biomaterial). The test 
tubes were shaken for 24 h, after which, the samples were 
centrifuged and decanted before measuring the pH1:2 of the 
liquid phase. The experiments were done in duplicate.

2.3.4. Specific surface area and pore size

The BET (Brunauer–Emmett–Teller) surface area was 
determined by standard multipoint techniques of nitrogen 

sorption using a BELSORP instrument (Japan). Samples of 
each biomaterial (19 mg) were heated at 373 K for 2 h before 
the specific surface area was measured.

2.3.5. Fourier transform infrared spectroscopy

Before and after sorption of SMX, the IR spectra of the 
sorbents were obtained at room temperature in the wave-
length range from 4,000 to 400 cm−1

, using a Fourier transform 
infrared spectrometer (Tensor 27 model, Bruker, MA, USA).

2.4. Sorption studies

2.4.1. Kinetic studies

The kinetics of removal of SMX by the SSCM and 
RCM was studied as follows. 0.01 g of biomaterial and 
10 mL aliquot of a SMX solution (10 mg L–1, pH 7) were 
placed in centrifuge tubes and shaken at 120 rpm, for dif-
ferent times (5, 15, and 30 min, 1, 3, 5, 7, 12, 18, 24, 48, 
and 72 h). At the end, the samples were centrifuged and 
decanted. The experiments were done in triplicate. The 
SMX concentrations were determined in the liquid phases 
as described above.

The experimental data were fitted to different kinetic 
models, by non-linear regressions (Origin Pro software 8.1). 
The evaluated models (Eqs. (1)–(4)) were pseudo-first- order 
(Lagergren), pseudo-second-order (Ho and McKay), second- 
order (Elovich) and intra-particle diffusion models [6,18,19]:
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where qt and qe (mg g–1) are the adsorbed amount at time t and 
at equilibrium, respectively; KL (h–1) is the kinetic constant 
of Lagergren; a, is the initial sorption rate (mg g–1 h–1) and 
b is the desorption constant of the Elovich equation (g mg–1); 
kt is the pseudo-second-order rate constant (g mg–1 h–1) 
and kid (mg g−1 h−1/2) is the intra-particle diffusion rate 
coefficient and C is a constant related to the thickness of the 
boundary layer.

2.4.2. Sorption isotherms

The equilibrium of the sorption was studied by putting 
in contact 0.01 g of biomaterial with 10 mL of SMX solutions 
at different initial concentrations (1–200 mg L–1). The contact-
ing vials were shaken by tumbling, at 120 rpm for 72 h at 
the end of which the samples were centrifuged and decanted. 
Then, the equilibrium SMX concentration (Ce, mg L–1) was 
measured in the liquid phase of each vial and the corre-
sponding sorption capacity (qe, mg g–1) was determined by 
mass balance (Eq. (5)).
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C0 (mg L–1) is the initial liquid phase SMX concentration, V (L) 
is the volume of the liquid and w (g) is the mass of sorbent.

The experimental data were fit with Langmuir, 
Freundlich and Langmuir–Freundlich isotherm models 
(Eqs. (6)–(8)) [19–21].
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where Qmax (mg g−1) is the maximum sorption capacity 
of SMX per unit weight of sorbent, and KL (L mg−1) is 
the Langmuir constant related to the energy of sorption; 
KF (mg g−1) (L mg−1)1/n is the Freundlich constant and 1/n 
(dimensionless) is the exponent, which is indicative of the 
heterogeneity of the surface of the sorbent; and K and b are 
empirical constants in Eq. (8).

The separation factor, RL (Eq. (9)) (dimensionless), was 
calculated from KL and used to evaluate if the sorption 
was favorable (0 < RL < 1), unfavorable (RL > 1), linear (RL = 1) 
or irreversible (RL = 0) [22].

R
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1

1 0
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2.4.3. Effect of temperature

The thermodynamic parameters are important since 
they provide relevant information about the sorption 
processes of the system. The parameters allow knowing 
the spontaneity of the phenomenon, whether it needs or 
releases energy and whether the process is reversible or 
not. Such information can be known from thermodynamic 

parameters, namely the Gibb’s free energy (ΔG°, kJ mol–1), 
enthalpy change (ΔH°, kJ mol–1) and entropy change 
(ΔS°, kJ mol–1 K–1), which can be determined from Eqs. (10) 
and (11) [11]:
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where R is the universal gas constant (8.3145 J mol–1 K–1) 
and T is the temperature in K.

Eq. (10) was applied on the initial concentration range 
from 1 to 70 mg L–1 and 1 to 100 mg L–1, for SSCM–SMX and 
RCM–SMX, respectively. Additional sorption equilibrium 
tests were carried at 303, 313 and 323 K, adding to, and as in 
the previous isotherm tests (293 K).

2.4.4. Effect of pH

Batch equilibrium tests were carried out by putting in 
contact 0.01 g of biomaterial with 10 mL aliquots of 10 mg L–1 
SMX solution. The pH values of the solutions were adjusted 
at different levels from 2 to 12. The solutions were shaken for 
72 h. At the end, the samples were centrifuged and decanted. 
Then, the pH and SMX equilibrium concentration was 
measured in the liquid phase. Experiments were performed 
in triplicate.

3. Results and discussion

3.1. Scanning electron microscopy

The scanning electron microscopy (SEM) micrographs of 
the materials (SSCM and RCM), before sorption, are shown 
in Fig. 1. The SSCM carbon had irregular flake-shaped 
aggregates of 10–100 µm diameters. Similar observations 
have been reported elsewhere [18]. Meanwhile, the image 
of the RCM solids showed a carbonized cellular structure 
composed by a subset of tubes, which were the channels 
through which nutrients were transported to the rest of 
the plant [23]. The thermic and acid treatment favored 
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Fig. 1. Scanning electron microscopy (SEM) images of (a) SSCM and (b) RCM before sulfamethoxazole sorption.
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the decomposition of the organic matter in the carbons, 
resulting in fluffy materials with high porosity. In this 
study, acid-wash treatment was able to remove most of the 
inorganic fractions from the carbonaceous materials.

Table 2 shows the elemental composition of both mate-
rials before the SMX sorption, after each of the treatments 
steps (pyrolysis at 500°C, acid wash, additional heating at 
800°C). Basic elements found for SSCM were C, O, Si, Al 
and Ca. Other authors have detected the same components 
for their carbonaceous material derived from biological 
secondary sludge also [18,24]. The presence of Al, K, Fe, Na, 
Ti and Mo is attributed to the composition of the raw mate-
rial (waste activated sludge from industrial wastewater). 
The C content of the sorbents was relatively stable across 
the increasing pyrolytic temperatures and with the thermic 
and the acid treatments, whereas the O content increased, 
and the N content decreased.

Acidic modification of materials can introduce major 
changes into their physico-chemical properties. For exam-
ple, the O/C ratio increased by using pyrolysis, thermic, and 
then acid treatment, compared with only pyrolysis, which 
indicates that the surface polar functional groups could be 
increased.

The acid treatment generally decreased the Ca, K, 
Mg and Fe contents of the SSCM material. The final RCM 
sorbent had only three elements, C, O, and a little amount 
of Si. The C content of the RCM was up to 87%, as expected 
for cellulosic materials [19] while Si was probably from the 
nutrients taken up by plants from the soil [23]. The O/C ratio 
also increased using pyrolysis, thermic and then an acid 
treatment, which indicates that the materials had a more 
oxidized surface, which influences the π–π electron–donor/
acceptor interactions. This behavior is opposite in other 
studies, where the O/C atomic ratios were decreasing with 
increasing pyrolytic temperatures [25,26].

Nitrogen was present in the pyrolyzed and acid-washed 
carbons, but completely disappeared after the final thermic 
treatment (800°C). The loss of nitrogen in both materials was 
attributed to its volatilization during the pyrolysis [25] and 
thermic treatment (800°C).

3.2. Physicochemical properties of the sorbents

Table 3 shows the main physicochemical characteristics 
of the materials such as pH1:2, pHPZC, and acid and base 
group concentrations, SBET, total pore volume and pore size. 
The pH1:2 values of the materials SSCM and RCM were 6.6 and 
7.0, respectively, indicating that both materials nearly had a 
neutral character. The initial pH of the solutions of SMX was 
6.0 and the pH of SMX equilibrium concentration, 7.0 and 7.2, 
for SSCM and for RCM, respectively.

The pHPZC values for SSCM and RCM were 7.1 and 7.3, 
respectively, which indicate that both materials will have 
a positive net surface charge up to pHPZC. Therefore at pH 
values lower than the zero point charge of the sorbents, the 
SMX– may be attracted, while it will be repelled at higher 
pH values.

Concerning the acid and base group concentrations 
(H+ and OH– on Table 3), the former were slightly higher 
than the latter on the surface of the sorbents, which provides 
a net positive charge depending on the pH of the solutions, 
compared with pHPZC. In surface of reed biochar, charges 
were negative at pH 7, caused by deprotonation of the 
oxygen-containing functional groups such as carboxyl and 
hydroxyl groups [27].

The specific surfaces were fairly high (SBET of 266 and 
631 m2 g–1 for SSCM and RCM, respectively). Based on the 
mean pore size, it was determined that SSCM and RCM 
were meso- and microporous, respectively. The RCM pore 
size was smaller, but its overall volume was higher, compared 

Table 2
EDS analysis of SSCM and RCM before sulfamethoxazole sorption

Element SSCM  
500°C

SSCM 
500°C + HCl

SSCM 
500°C + HCl + 800°C

RCM  
500°C

RCM 
500°C + HCl

RCM 
500°C + HCl + 800°C

Percentages weight (%)

C 77.1 ± 0.5 70.4 ± 8.7 72.3 ± 1.3 83.7 ± 7.4 84.1 ± 12.8 87.2 ± 8.2
N 11.5 ± 0.9 ND ND 13.2 16.7 ± 0.8 ND
O 9.6 + 5.1 12.7 ± 5.4 20.0 ± 1.2 6.5 ± 0.76 5.7 ± 0.2 12.0 ± 7.3
Si 2.1 + 0.3 11.7 ± 2.5 5.9 ± 0.4 ND 0.24 0.9 ± 0.8
Ca ND 0.6 ± 0.1 0.4 ± 0.1 ND ND 0.4
S ND 2.0 ± 0.4 ND 0.3 ± 0.1 0.14 ND
Cl ND 0.7 ± 0.2 ND 0.8 ± 0.1 0.4 ± 0.09 ND
Al ND 0.8 ± 0.2 0.7 ± 0.2 ND ND ND
Mg 0.11 ND ND 0.17 ND ND
K ND 0.3 ± 0.03 0.12 4.2 ± 0.4 ND ND
Fe ND 0.5 ± 0.1 0.2 ND ND ND
Na ND ND 0.3 ND ND ND
Ti ND 0.4 ± 0.007 0.2 ± 0.1 ND ND ND
Mo ND ND 0.2 ± 0.1 ND ND ND

ND: Not detected.
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with SSCM. Comparable results were observed between two 
sorbents which were derived from sewage and waste oil 
sludges [2]. The study of three pine-wood biochars prepared 
under different thermochemical conditions, such as pyrol-
ysis at 400°C and 500°C and pyrolysis carried out at 500°C 
followed by hydrogenation, showed that the surface area 
and pore volume increased significantly with the pyrolytic 
temperature [15]. This indicates that the pyrolysis conditions 
might play a role in the sorption capacities. Also, according 
to Tables 1 and 3, the molecular size of SMX is favorable for 
its sorption in the pores of both materials.

3.3. Thermogravimetric analysis

Pyrolytic characteristics of the materials were examined 
by the TGA technique. Three stages of mass loss were 
observed (figure not shown). In the first stage, the mass loss  
of RCM was less significant than for SSCM. The weight 
loss of the materials mainly occurs in the range of ~30°C to 
100°C, corresponding to 5.2% and 1.3% of the initial masses 
of SSCM and RCM, respectively, which was attributed to the 
dehydration process. In the second stage, the weight loss 
occurs between 100°C and 800°C (1.6% and 0.9%, for SSCM 
and RCM, respectively), corresponding to degradation of 
hemicellulose, organic and/or aqueous extractives, cellulose 
and lignin, according to the study by Suárez-Garcı́a et al. 
[28]. In the third stage, weight lost above 800°C was 10% and 

5%, for SSCM and RCM. The data confirm the high thermal 
stability of both materials in the range of 100°C–800°C.

3.4. Fourier transform infrared spectroscopy

The surface functional groups of the materials before 
and after SMX sorption were characterized using Fourier 
transform infrared spectroscopy (FT-IR) analysis. The corre-
sponding results are presented in Fig. 2. The spectra show 
differences in chemical composition due to the nature and 
origin of the materials. All bands assignments from the FT-IR 
spectra indicated that both materials contained the follow-
ing groups on its surface: –OH, –COOH and C=C. Therefore, 
π–π and H-bonding interactions should be considered to 
evaluate the sorption of SMX from aqueous solution by 
materials.

Before SMX sorption (Fig. 2a, black line), the SSCM 
spectra showed the following bands: at 2,944 and 2,900 cm–1, 
which are associated with the C–H stretching vibration; at 
2,677 cm–1, corresponding to the C–H stretching vibration of 
the aromatic groups; at 1,571 and 1,541 cm–1 due to the C=C 
groups; at 1,106 and 468 cm–1, for the C=O and C–C=O groups 
[29,30]. After SMX sorption on the SSCM material (red line), 
the intensities of the bands at 2,617, 2,081, 1,106 and 468 cm–1 
were reduced, which confirm that the SMX molecules were 
present in the surface of the material.

The bands of the RCM spectra, before SMX sorption 
(Fig. 2b, black line), were at 3,014, 2,699 and 1,096 cm–1 cor-
responding to OH stretching vibration, aromatic groups and 
C–O stretching vibration associated to cellulose chains [23]. 
More bands were at 792 and 466 cm–1, which correspond to 
the vibrations of the C=C and C–C=O groups [29,30]. The 
RCM spectra after SMX sorption (red line) showed a decrease 
of the intensity of the bands at 1,096 and 466 cm–1 and the 
apparition of some new bands at around 3,043, 3,014 and 
2,875 cm–1, corresponding to the vibration of C–H groups 
in the aromatic compound (SMX). The bands at 2,113 cm–1 
correspond to the NH groups.

The surface functional groups of the materials contain-
ing oxygen participate in the SMX sorption. Another study 
found that acid treatments for 24 and 48 h greatly affect the 

Table 3
Physicochemical properties of the sorbents

Material SSCM RCM

pH1:2 6.6 7.0
pHPZC 7.1 7.3
H+ meq g–1 172 153
OH– meq g–1 130 135
SBET (m2 g–1) 266.18 631.76
Total pore volume (cm3 g–1) 0.2976 0.3518
Mean pore size (Å) 44.7 22.3
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Fig. 2. FT-IR spectrum of SSCM (a) and RCM (b), before (black line) and after (red line) sulfamethoxazole sorption.
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sorption capacity of activated carbon. FT-IR spectra have 
revealed that longer exposure time did not produce more 
oxygen containing functional groups at the surface of the 
sorbent; it rather cut the functionalization due to water clus-
ter formation effect. These acidic groups block the reactive 
sorption sites and ultimately reduce the sorption capacity 
[31]. On the other hand, moderate exposure time encouraged 
the oxygen-containing functional groups to attach on the 
surface of activated carbon and improved the surface chem-
istry of modified activated carbon. Other authors explain 
that the acid treatment breaks the pore wall and expands 
microspores into meso- or macropores [32].

3.5. Sorption experiments

3.5.1. Kinetic studies

Kinetic studies were used to determine the equilibrium 
time for the sorption process and to understand the removal 
mechanism involved in the sorption of SMX by the mate-
rials. The removal mechanisms are often governed by the 
interactions of organic pollutants with various attributes of 
the biochar, primarily via chemisorption (electrophilic inter-
action) and physisorption through COOH, OH and R–OH 
functional groups [33].

Fig. 3 shows the relationship between contact time 
and sorption capacities of the materials. The parameters 
of the kinetic models are given in Table 4, for the pseu-
do-first-order, second-order, and pseudo-second-order 
models. According to Fig. 3, the adsorbed amounts 
increased quickly in the first 5 h and then slowly in the 
rest of time. This kind of behavior is common to sorp-
tion of great organic molecules [34]. In both cases (SSCM 
and RCM), a perfectly defined plateau was not observed. 
However, for practical proposes, it was considered that 
the sorption process reached a pseudo-equilibrium state 
at 72 h, because after this time the sorption capacity does 
not show a considerable increase. According to the correla-
tion coefficients (R2), the kinetic data were best fitted by the 
second- order equation (Elovich model), for both materials 

(Table 4). This suggests that chemisorption could be one of 
the probable mechanisms of SMX sorption on the surface of 
the materials. Moreover, it was observed that the adsorp-
tion and desorption rates parameters (a and b) were sim-
ilar for SSCM and RCM. Ahmed et al. [35] also reported 
that the pseudo-second-order kinetic model was the most 
suitable rate law for describing the sorption of a mixture 
of sulfonamides (sulfamethazine, sulfamethoxazole and 
sulfathiazole) and chloramphenicol onto functionalized 
biochar. During the sorption of sulfamethazine on straw 
biochars pyrolyzed at 300°C and 600°C; the physisorp-
tion (partition) and weak chemical binding (π–π EDA 
interaction) could be the dominating sorption processes, 
respectively [36].

As shown in Table 4, using the intra-particle diffusion 
model in its original form (Eq. (4)) did not allow to fit the 
data (low R2). However, when this model was modified by 
considering that the intra-particle diffusion (Fig. 4, qt as a 
function of t1/2) occurs in two or three steps at different rates 
(K1, K2 and K3), the quality of the fit improved, yielding ade-
quate R2 values, at least for the first two steps (Table 4). This 
means that, apparently, intra-particle diffusion could be one 
of the significant mechanisms that were limiting the rate of 
the SMX sorption onto both SSCM and RCM. Moreover, it 
can be observed in Fig. 4 that lines for the first intra-parti-
cle diffusion steps do not pass at the origin; the C1 constants 
(Eq. (4)) were above zero, which indicates the coexistence 
of other limiting mechanisms such as external film diffu-
sion, together with intra-particle diffusion. The C1 constant 
was found to vary proportionally to the boundary layer 
thickness [19].

Overall, the multi-steps intra-particle diffusion model 
can be interpreted as it follows. At the beginning, after 
passing the surrounding liquid boundary layer, the sorbate 
becomes attached at the outer surface of the particles, at a 
very fast rate. When sorption at the external surface reached 
saturation, the sorbate entered into the pores of the sorbent 
particle, which increased the resistance of the diffusion 
process and decreased the diffusion rates [37].

0 20 40 60 80 100
0

1

2

3

4

5

6

7

 SSCM-SMX data
 Second order model

q t(m
g 

g-1
)

Time (h)
0 20 40 60 80 100

0

1

2

3

4

5

6

7

 RCM-SMX data
 Second order model

q t (
m

g 
g-1

)

Time (h)

 
 (a) (b)

Fig. 3. Sorption kinetics of SMX by SSCM (a) and RCM (b), with adjustment to second-order model.
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3.5.2. Sorption isotherms

The sorption isotherms of SMX onto the materials at 
room temperature are shown in Fig. 5. In this figure, it can 
be seen that the sorption of SMX is higher for SSCM than 
for RCM in the same experimental conditions. The isotherm 
shape (concavity) provides important information about 
how favorable the sorption process is [16]. In this case, both 
systems exhibited downward concavity.

The sorption equilibrium data were fitted with Langmuir, 
Freundlich and Langmuir–Freundlich isotherm models. The 
parameters obtained from the Langmuir model (Table 5) 
show that the maximum sorption capacities were 30.4 and 
21.5 mg g–1 for SSCM and RCM, respectively. For the SSCM 
material, the Freundlich model fitted very well the isotherm 
data, better than the Langmuir and Langmuir–Freundlich 
models. The Freundlich model indicates the heterogeneity 
of the sorbent surface and considers a multilayer sorption 

Table 4
Kinetic parameters of SMX sorption by SSCM and RCM

Model Parameters Material

SSCM RCM
Pseudo-first-order qe (mg g–1) 5.53 4.85

KL (h–1) 0.20 0.54
R2 0.659 0.784

Pseudo-second-order qe (mg g–1) 5.83 5.25
k (g mg–1 h–1) 0.06 0.14
R2 0.757 0.870

Second-order a (mg g–1 h–1) 16.84 19.94
b (g mg–1) 1.23 1.32
R2 0.907 0.945

Intra-particle diffusion  
(One step)

K (mg g–1 h1/2) 0.53 0.65
C (mg g–1) 1.90 1.70
R2 0.9174 0.8194

(Multi-steps)
Stage 1

K1 (mg g–1 h1/2) 1.00 (R2 = 0.9896) 2.23 (R2 = 0.9457)
C1 (mg g–1) 1.35 0.37

Stage 2 K2 (mg g–1 h1/2) 0.46 (R2 = 0.8628) 0.84 (R2 = 0.7206)
C2 (mg g–1) 2.37 1.74

Stage 3 K3 (mg g–1 h1/2) – 0.11 (R2 = 0.5875)
C3 (mg g–1) – 4.35
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Fig. 4. Multi-steps intra-particle diffusion model for (a) SSCM–SMX and (b) RCM–SMX.
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phenomenon [22]. The values of 1/n in the Freundlich model 
of SSCM and RCM were 0.40 and 0.37, respectively, 
suggesting that the surface of the sorbents is very heteroge-
neous [24]. This is in agreement with another study on SMX 
sorption with biochars derived from anaerobically digested 
bagasse [10]. Furthermore, in a study of various graphene-
based materials and multi-walled carbon nanotubes for 
sulfamethoxazole sorption, the Freundlich model appeared 
to be slightly better than the Langmuir model [38].

For the RCM, the best fit isotherm model was the 
Langmuir model, compared with the Freundlich and 
Langmuir–Freundlich models. The Langmuir isotherm 
assumes that the adsorption is limited to a monolayer on 
the homogeneous surface of the sorbent, where the bind-
ing sites possess the same capacity without any interaction 
between them [24]. The parameter KL was of the same order 
of magnitude for both materials. Other authors studied SMX 
sorption on carbonaceous materials, and also observed that 
the Langmuir and Langmuir–Freundlich models were most 

appropriate. Furthermore, in the present study, the parame-
ter RL (using C0 from 1 to 200 mg L–1) was calculated for the 
SMX, being the values between 0.958 and 0.093 and 0.960 to 
0.097, for SSCM and RCM, respectively, indicating that the 
sorption process was favorable [8,16].

Table 6 shows the sorption capacities of sulfamethoxazole 
by different waste-derived carbonaceous materials (single- 
compound aqueous solutions). For instance, [8] studied SMX 
sorption on various carbonaceous materials from waste. 
Their sorption capacity values were between 4 and 7 mg g–1, 
which are well below those reported in this work. In con-
trast, Tonucci et al. [16] studied several activated carbons 
(from pine, coconut shell and mineral carbon), reaching the 
maximum sorption capacities of 58–130 mg g–1, which were 
higher than the values found in the present study.

3.5.3. Temperature effects on adsorption equilibrium

The influence of temperature (T) was studied at 303, 313 
and 323 K, at different concentrations (Fig. 6). ΔH° and ΔS° 
were obtained from Eq. (10), from the slope and intercept, 
respectively, of the linear plot of ln (qe/Ce) vs. 1/T. ΔG° was 
then calculated with Eq. (11). The thermodynamic parameters 
obtained are summarized in Table 7.

For both materials (SSCM and RCM), the ΔG° values 
were negative, which indicates that the SMX removal process 
is spontaneous and favorable. The magnitude of the abso-
lute values increased with T, which indicates that at 323 K, 
the spontaneity of the removal process increases, since the 
driving force of the adsorption process is higher in both 
carbonaceous materials [12,21]. By considering the previous 
criterion to compare the materials, the RCM system presents 
a greater motive power than SSCM (Table 7). In the literature, 
the magnitude of the ΔG° value is often used to differentiate 
between physical and chemical sorption. Lian et al. [21] 
consider the range from –20 to 0 kJ mol–1 as physisorption, 
compared with –400 to –800 kJ mol–1 for chemisorption. 
Based on the aforementioned criterion, the dominant mech-
anism was physisorption for both systems in this study 
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Fig. 5. Sorption isotherms of SMX by SSCM (a) and RCM (b) (72 h contact time at pH 6.0 and room temperature).

Table 5
Isotherm parameters for SMX sorption by SSCM and RCM

Model Parameters Material

SSCM RCM

Langmuir Qmax (mg g–1) 30.43 21.53
KL (L mg–1) 0.04 0.04
R2 0.856 0.942

Freundlich KF (mg g–1) (L mg–1)1/n 3.86 2.98
1/n 0.40 0.37
R2 0.888 0.905

Langmuir–Freundlich K 3.81 1.12
1/n 0.41 0.95
B 0.09 0.05
R2 0.872 0.934
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(SSCM–SMX and RCM–SMX). However, by considering 
the AG data as the barrier between the two mechanisms, 
the adsorption in the RCM system could also be chemically 
driven.

Concerning the ΔH parameter, for both materials the 
values were also negative, indicating that the sorption process 
was exothermic. For the enthalpy parameter, Ҫalişkan and 
Göktürk [12] suggest the following limits to differenti-
ate between physisorption (absolute ΔH value less than 
84 kJ mol–1) and chemisorption (ΔH from 84 to 420 kJ mol–1). 
Based on this criterion, both sorption systems were phys-
ically driven. In addition, the magnitude of the enthalpy 
values obtained for the materials (Table 7) are typical to the 
hydrogen bond sorption strength (2–40 kJ mol–1) [39]; this 
suggest that hydrogen bonding interaction has a dominant 
role in the SMX sorption process.

Finally, for the entropy (ΔS°), positive values were 
obtained, which indicates that the removal of the adsorbed 

SMX can be reversible [11,39]. By comparing the ΔS° param-
eters (0.03 kJ mol–1 K–1 for SSCM vs. 0.07 kJ mol–1 K–1 for 
RCM), it is evident that the value of the RCM is higher, which 
indicates a more ordered arrangement of the SMX molecules 
on the RCM surface [12].

3.5.4. Mechanisms of the pH effects on the sorption

The pH of the solution is an important parameter that 
may control the sorption capacity of organic compounds 
onto sorbents; it affects not only the surface charge of the 
materials but also the degree of ionization and speciation 
of the SMX molecules [7]. Fig. 7 reports the variation of 
the SMX sorption capacities (at C0 = 10 mg L–1) as a func-
tion of pH (2–12) of the solution, for the SSCM and RCM. 
It is evident that the amount of SMX adsorbed by the car-
bons depends on the pH. Both materials showed a higher 
removal capacity in acidic conditions and a significantly 
lower sorption capacity with increasing pH. In general, 
the increased pH results in increased ionization, solubility 
and hydrophilicity of the ionizable organic chemicals, and 
consequently, in a decrease of the sorption. At pH 2, the 
SMX solution is dominated by both protonated and neutral 

Table 6
Comparison of sorption capacities for SMX by some sorbents

Sorbent Qmax (mg g–1) Reference

Fish waste 1.31 [8]
Sewage sludge 7.01 [8]
Carbon nanotubes 30.58 [16]
Mineral carbon 58.35 [16]
Powered activated carbon  
 (Pinus tree)

130.73 [16]

Functionalized biochar 34.01 [32]
Graphene oxide 12.00 [20]
Biochar derived from rice straw 1.82 [42]
Wakefield biochar 21.7 [43]
Reduced graphene oxide (rGO) 11.76 [44]
SSCM 30.43 This work
RCM 21.53 This work

 

 

 

 

 

   

0 10 20 30 40 50
0

5

10

15

20

303 K
313 K
323 K

q e (
m

g 
g-1

)

Ce (mg L-1)
0 10 20 30 40 50 60 70 80 90

0

5

10

15

20

 313 K
 313 K
 323 K

q e (
m

g 
g-1

)

Ce (mg L-1)

(a) (b)

Fig. 6. Sorption isotherms of sulfamethoxazole by SSCM (a) and RCM (b) at different temperatures, where T = () 303 K; 
(●) 313 K; (▲) 323 K.

Table 7
Thermodynamic parameters of the SSCM–SMX and RCM–SMX 
systems

Thermodynamic parameters

Biomaterial T (K) ΔG° 
(kJ mol–1)

ΔH° 
(kJ mol–1)

ΔS° 
(kJ mol–1 K–1)

SSCM 303 –19.03
–8.42 0.03313 –19.38

323 –19.73

RCM 303 –46.78
–26.10 0.07313 –47.46

323 –48.14
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species [40], and the surface becomes positively charged as a 
result, which is the state in which these materials reach their 
highest sorption capacity. The protonated species is an even 
stronger π-electron acceptor than the neutral species due to 
the electron-withdrawing ability of the positively charged 
amino group [15].

At pH 2–4, the predominant species are the neutral SMX, 
with which the protonation could facilitate a strong π–π 
electron donor–acceptor interaction, between the SMX and 
the materials. At pH 5.6, the SMX solution is dominated by 
both neutral and negatively charged species (50:50); the π–π 
EDA interactions are still available between neutral SMX and 
the carbonaceous surfaces. Since neutral SMX could be the 
only species present in the solution, SMX sorption slightly 
decreased.

At pH above 7, stronger Lewis acid base interactions 
can occur between the basic groups of sulfonamides and the 
aromatic carboxyl and hydroxyl groups of the carbonaceous 
surface [35].

At pH 7.3, the net charge at the surface of the materials 
is zero; both the positive and negative charges are present 
in same quantities (50% at equilibrium). Furthermore, the 
negative SMX is the predominant species, so SMX sorption 
slightly decreases. At higher pH, all the SMX molecules as 
well as the surface of the materials are negatively charged, 
generating a strong electrostatic repulsion [20]; therefore, the 
sorption of the SMX is reduced. A similar trend of the pH 
effects was observed for the removal of sulfamethoxazole 
and sulfapyridine by different biochars [10] and of sulfon-
amides by pine wood biochars prepared under different 
thermochemical conditions [15].

Another possible mechanism of sorption of SMX by the 
materials could be through hydrogen bonding between the 
–COOH groups of the sorbent surface and the –NH2, –NO2 
or hydrogen groups present in sulfonamides, [35]. The latter 
mechanism can be demonstrated through the FT-IR/ATR 
technique (shifted areas of the functional groups of the  
SMX–sorbent surface).

4. Conclusions

In this work, two carbonaceous materials obtained by 
pyrolysis from biological secondary sludge (SSCM) and 
reed terrestrial weed (RCM) were tested for sulfamethox-
azole (SMX) sorption from aqueous solution. The chem-
ical treatment of the materials affected the SMX removal 
behavior. Both materials exhibited an acidic character with 
an almost neutral pHPZC. The specific surface was higher for 
RCM (SBET of 631 m2 g–1) than for SSCM (266 m2 g–1). The 
mechanisms responsible for SMX sorption by the activated 
carbons were comprehensively discussed. Based on the 
intra-particle diffusion model, it was shown that SMX sorp-
tion occurs in several stages (two for SSCM and three for 
RCM). Concerning the isotherms, the maximum sorption 
capacities were 30 and 21 mg g–1, for the SSCM and RCM, 
respectively. According to the thermodynamic parameters, 
the SMX sorption was spontaneous, favorable, exothermic 
and reversible. Overall, based on the uptake capacity of the 
materials produced and the knowledge of their character-
istics and their adsorption mechanisms, the waste-derived 
activated carbons are potentially useful for SMX removal 
from water.
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