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a b s t r a c t 
Biochar (BC) obtained from cotton stalk was used to adsorb ofloxacin (OFL) from aqueous solution. 
The BC had a high surface area of 1196.24 m2/g and adsorbed a maximum of 769.2 mg/g of OFL, and 
the adsorption kinetics were best represented by a pseudo-second-order kinetic model (R2 > 0.998), 
suggesting chemisorption control. The equilibrium adsorption data were well described by the Fre-
undlich model (R2 > 0.996), indicating a multilayer adsorption process. Additionally, thermodynamic 
simulation indicated that the adsorption was exothermic. Finally, FTIR spectra of the BC revealed 
the presence of phosphorus-containing functional groups and C=O, C=C, C–O–C, P=O, P–O–C, and 
O–C bonds on the BC surface. Our findings indicate that BC from cotton stalk can be applied for the 
treatment of antibiotic-containing wastewater.
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1. Introduction 

Pharmaceuticals and personal care products (PPCPs) 
are a new pollutant commonly found in water [1]. PPCPs 
are widely used worldwide and are only partially absorbed; 
approximately 30–90% of drugs, especially antibiotics, are 
not directly excluded from metabolism and enter the urban 
sewage system. Ofloxacin (OFL) is a fluorinated quinolone 
antibiotic [1]. OFL can be used to cure human diseases as it is 
effective against gram-negative bacteria and some anaerobes 
[2]. In addition, a large amount of OFL has also been used as 
a feed additive to promote the growth of animals or admin-
istered for animal disease control [3]. However, 70–98% of 
OFL is excreted in human and animal feces 48 h after admin-

istration of the drug [4]. Some of the OFL can enter bodies 
of water through the application of fertilizer and runoff, and 
other parts can enter sewage treatment plants as wastewa-
ter and later enter bodies of water with the effluent from 
the sewage treatment plant. Currently, sewage treatment 
plants cannot completely remove antibiotics; therefore, a 
large number of antibiotics and their metabolites eventu-
ally enter water sources. The presence of OFL residues in 
the environment over a long period not only improves the 
bacteria resistance of genes but also interferes with microbial 
balance [5]. In addition, some resistant strains, although not 
pathogenic, can transfer drug-resistant genes to pathogenic 
bacteria, thereby increasing the risk of antibiotic residue 
being present in the environment and causing public health 
concerns. It is thus necessary to study the adsorption of OFL.

Many methods have been used for the removal or degra-
dation of OFL, including photocatalytic degradation [6], the 
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use of cork to remove OFL from aqueous solutions at differ-
ent pH [7], solar irradiation [8], ozonation treatment [9], and 
adsorption from aqueous solutions [10]. Of these methods, 
adsorption is considered one of the most environmentally 
friendly and low-cost methods and offers many advantages 
compared with other conventional treatment methods; the 
preparation method is simple, the access to raw materials is 
extensive, and no nutrients are required [11]. 

As a new type of environmentally friendly adsorbent 
material, biomass material has the advantages of abundant 
resources, low cost, and a high adsorption rate. With the 
development and utilization of renewable energy, many 
researchers have focused on the wide range of practical 
uses for biological materials. Biomaterial applications are 
an important component of renewable energy, and the effi-
cient exploitation and use of biomass materials will play 
a positive role in solving current energy and environmen-
tal issues. In China, the yield of cotton stalk is extraordi-
narily high (the total cotton output is 20 million tons) [12]. 
Although cotton stalk is widely used in various fields (e.g., 
the pulp and paper industry [13], animal feed [14], waste-de-
rived catalysts [15]), it is not fully utilized because of the 
large output. Additionally, underutilized cotton stalks are 
mainly incinerated, which not only leads to a waste of bio-
logical resources but also atmospheric pollution. Therefore, 
it is necessary to recycle the unused cotton stalk for resource 
utilization. Cotton stalk provides good conditions for the 
preparation of biochar (BC) because of its strong regener-
ative ability and high cellulose, hemicellulose, and lignin 
contents.

In addition, cotton stalk has received increasing atten-
tion as an adsorbent for water treatment. Currently, cotton 
stalk adsorbent is widely used to remove dyes [12], met-
als [16], heavy metal ions [17], inorganic pollutants, and 
organic pollutants [18]. The adsorption capacity can reach 
a maximum of 406 mg/g, and satisfactory results have 
also been achieved in the removal of these pollutants. To 
the best of our knowledge, although there are many appli-
cation materials for antibiotic removal (e.g., Albizia lebbeck 
seed pods [19], luffa sponge [11], reed straw [20]), antibiotic 
adsorption by adsorbent produced from cotton stalk has 
not yet been reported. Therefore, we were motivated to take 
advantage of cotton stalk agricultural waste to treat antibi-
otic-containing wastewater.

The objective of this study was to investigate the effi-
ciency of BC obtained from cotton stalk in adsorbing 
OFL from aqueous solution and to provide a basis for the 
application of cotton stalk adsorbent in treating antibiot-
ic-containing wastewater. The BC was characterized using 
scanning electron microscopy (SEM), Brunauer–Emmett–
Teller (BET) analysis, X-ray diffraction (XRD), and Fouri-
er-transform infrared (FTIR) spectroscopy. Additionally, 
the adsorption mechanism was investigated by applying 
adsorption kinetic models, adsorption isotherm models, 
and thermodynamic models.

2. Methods and materials 

2.1. Materials

Cotton stalk was collected from Jinan, Shandong Prov-
ince, China. First, the cotton stalk was washed with distilled 

water. After drying in an oven at 70°C (24 h), the cotton 
stalk was broken into lengths of 3–4 mm. The dried cotton 
stalk was then treated with phosphoric acid at a solid:liq-
uid ratio of 1:3.5 (v/v) (30 h, 25°C). To prepare the BC, the 
cotton stalk was then carbonized in a muffle furnace (2 h, 
400°C). The cotton stalk BC samples were then washed until 
a neutral pH was reached and then dried in an oven (48 
h, 70°C). Finally, the carbonized cotton stalk samples were 
ground into a 200-mesh powder.

2.2. BC characterization 

SEM (SUPRATM55, Zeiss Company, Germany) was 
used to investigate the specific surface structural and surface 
morphology characteristics of the BC. Surface area analysis 
of the BC was performed using N2 adsorption–desorption 
isotherms (Quantachrome, USA). BET analysis was used to 
visualize the porous properties (Quantachrome, USA). XRD 
was performed to examine the sample structures using a 
voltage of 40 kV, current of 40 mA, and DS1° slit in the 
range of 5°–80°. The surface chemical functional groups and 
elemental composition of the BC samples were also deter-
mined using FTIR spectroscopy (Thermo Scientific, USA).

2.3. Adsorption experiments

The OFL (C18H20FN3O4, MW = 361.37 g/mol) used in 
this study was obtained from Sangon Company (Shanghai, 
China). All the batch adsorption experiments were per-
formed in a temperature-controlled oscillator (25°C, 180 
rpm). The OFL solutions at different concentrations were 
obtained by diluting the stock solution. The OFL solution 
absorbances were determined using an ultraviolet spectro-
photometer at 294 nm. The OFL concentration was calcu-
lated from the OFL standard curve. In this study, each batch 
of experiments had three replicates and one blank. The OFL 
adsorbed by the adsorbent Qe (mg/g) is expressed as

Q
C C V

we
e=

−( )0   (1)

where C0 and Ce (mg/L) are the OFL concentrations initially 
and at equilibrium, respectively; V (L) is the solution vol-
ume; and W (g) is the mass of BC. The percentage removal 
Re (%) of OFL is expressed as

R
C C

Ce
e=

−
×0

0

100  (2)

2.4. BC isoelectric point test

The charge of the ampholyte varies with the pH value 
of the solution. When the values of positive and negative 
charges of the two electrolytes are equal, the pH value of 
the solution is called the isoelectric point of the substance. 
The isoelectric point of BC was used to determine the 
zeta potential at different pH = 1–12 at the same BC con-
centration using a zeta potentiometer. The zeta potential 
was determined by measuring the electrophoresis rate by 
measuring the Doppler displacement of the scattered laser. 
The isoelectric point of the BC was considered the point at 
which the electric potential was zero. 
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2.5. Adsorption kinetics 

The adsorption kinetics were investigated to determine 
the kinetic parameters and examine the adsorption mech-
anism. OFL adsorption onto the BC was examined using 
batch experiments. First, 40 mg of BC was introduced into 
50 mL of OFL solutions with initial concentrations of 50, 
100, and 200 mg/L for 10, 30, 60, 90, 120, 150, 180, 240, 300, 
and 360 min. The adsorption mechanism was investigated 
by fitting pseudo-first and pseudo-second order kinetic 
models and an intraparticle diffusion equation to the exper-
imental data. 

The pseudo-first-order kinetic model [21] is expressed as 

ln lnQ Q Q K te t e−( ) = 1  (3) 

where Qe (mg/g) and Qt (mg/g) are the amounts of OFL 
adsorbed at equilibrium and at time t (min), respectively, 
and k1 (1/min) is the rate constant. 

The pseudo-second-order equation [22] is expressed as 

t
Q K Q

t
Q V

t
Qt e e e

= + = +
1 1

2
2

0

 (4) 

where k2 (g/(mg min)) is the rate constant; Qe (mg/g) and 
Qt (mg/g) are the amount of OFL adsorbed at equilibrium 
and at time t (min), respectively; and V0 (mg·g−1 min−1) is the 
initial sorption rate. 

The intraparticle diffusion equation [23] is expressed as

Q K t Ct p= +1 2/  (5)

where kp [mg/(g min1/2)] is the rate constant.

2.6. Adsorption isotherms 

The performance of BC was evaluated by performing 
adsorption isotherm experiments. The isotherm of OFL 
adsorption on BC was obtained by performing adsorp-
tion tests. BC (40 mg) was added to 100-mL conical flasks 
containing 50 mL of OFL solutions at seven different ini-
tial concentrations (30–180 mg/L) at 298 K, 303 K, and 
313 K.

Three well-known isotherm equations, namely the 
Langmuir, Freundlich, and Dubinin–Radushkevich models, 
were applied to determine the adsorption mechanism. 

The Langmuir model [24] is generally expressed as

C
Q Q K

C
Q

e

e m L

e

m

= +
1  (6)

where Qe (mg/g) is the amount of OFL adsorbed and Ce 
(mg/L) is the OFL concentration at equilibrium, Qm (mg/g) 
is the maximum OFL adsorption capacity, and kL (L/mg) is 
the Langmuir constant. 

The Freundlich model [25] is generally expressed as

ln lnQ K
n

Ce F e= +
1

 (7)

where KF is the relative adsorption capacity of BC and 1/n 
is a constant associated with the adsorption intensity or sur-
face heterogeneity.

The Dubinin–Radushkevich model [26] is expressed as 

ln Qe = ln Qm − βε2  (8)

ε = RT ln (1 + 1/Ce) (9)

E = 1/(2β)1/2 (10)

where Qe (mg/g) is the amount of OFL adsorbed and Qm 
(mg/g) is the maximum adsorption capacity of BC at 
adsorption equilibrium; E (kJ/mol) is the average adsorp-
tion free energy; T (K) is the thermodynamic temperature; R 
is the ideal gas constant [8.314 J/(mol K)]; and β (kJ2/mol2) 
and ε are constants corresponding to the adsorption energy 
and Polanyi potential, respectively. 

2.7. Adsorption thermodynamics

The thermodynamic [27] behavior of OFL adsorption 
onto BC was evaluated by investigating the thermody-
namic parameters, including the change in the free energy 
(ΔG), enthalpy (ΔH), and entropy (ΔS): 

ln KL = ΔS/R − ΔH/RT   (11)

ΔG = −RT ln KL (12)

where R is the ideal gas constant [8.314 J/(mol K)], KL (L/
mol) is the Langmuir isotherm constant, T (K) is the ther-
modynamic temperature of the solution, ΔG is the standard 
Gibbs free energy change, ΔH is the enthalpy change, and 
ΔS is the entropy change.

3. Results and discussion

3.1. BC characterization

SEM is an effective analysis technique for evaluation 
of a sample surface. When the surface of the BC was mag-
nified 5000 times, some particles and pores were clearly 
observed, which reflected the change in BC prepared from 
cotton stalk before and after OFL adsorption (Fig. 1). The 
surface structure of BC before adsorption was coarse with 
a heterogeneous surface and abundant pores. Additionally, 
Fig. 1a reveals a large number of smaller pores in the inner 
walls of the pores, indicating that the porous nature of BC 
is advantageous for the adsorption of OFL molecules. In 
contrast, after adsorption, many pores were filled with OFL 
molecules (Fig. 1b), indicating that these pores of the BC 
surface are involved in the adsorption process of OFL and 
have a high adsorption capacity. 

The BC had a well-developed porous structure, as 
shown in Fig. 2a. The pore size of the BC was mainly dis-
tributed between 1 and 20 nm and mainly concentrated 
in the mesoporous range. In addition, the pore size was 
relatively concentrated at 1–7 nm, and the pore volume 
reached a maximum when the pore size was less than 2 
nm, indicating that the BC prepared from cotton stalk has 
a mesoporous mixed structure. The pore size distribution 
in the BC indicates that 80% of the pores were mesopores 
(diameters of 2–50 nm), with micropores (diameters < 2 
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nm) accounting for 20% and no macropores (diameters > 
50 nm) [28]. The N2 adsorption/desorption isotherms were 
characterized as a mixture of types I and IV, as shown in Fig. 
2b; in the low-pressure range, the amount of gas adsorbed 
rapidly increased with increasing pressure until reaching 
a limit [29]. Hysteresis loops appeared in the high-volt-
age range, and capillary condensation was observed in 
the adsorption. These findings indicate that the BC was a 
microporous and mesoporous composite structure [30]. The 
adsorption of bio-carbon on macromolecules thus has great 
advantages; therefore, the BC can effectively adsorb OFL 
molecules. Additionally, the BET surface area of BC was 
1196.224 m2/g, which is clearly higher than those of loofah 
sponge BC (842.3 m2/g) [31], rice husk BC(480 m2/g ) [32], 
and wood BC (273 m2/g) [33]. Therefore, BC prepared from 
cotton stalk is potentially a good OFL adsorbent.

3.2. FTIR analysis

FTIR spectroscopy can be used to determine the change 
in functional groups of BC before and after adsorption, and 
the function of the functional groups in the adsorption pro-

cess is shown in Fig. 3. The positions of BC before and after 
the adsorption of OFL were almost coincident; however, the 
vibration frequency of the peak after the adsorption was 
weakened, indicating that these functional groups were 
occulted by OFL molecules during the adsorption process. 
However, a new peak appeared at 3,700 cm−1 after adsorp-
tion, representing the stretching of O–H or dehydration of 
holocellulose [34]. In addition, in the range of 1300–900 cm−1, 
absorption peaks are often produced by phosphorus-con-
taining functional groups, such P=O and P–O–C, which 
indicated that after activation, functional groups appeared 
on the BC surface [35]. The peak at 1230 cm−1 is attributed 
to the telescopic vibration of C–O. The peak at 1600 cm−1 is 
attributed to benzene rings or C=C bond stretching vibra-
tions, and the absorption peaks in the 1500–1750 cm−1 range 
are attributed to C=O bond vibrations, indicating that the 
raw material has an aromatic structure. The broad absorp-
tion band in the range of 2500–3900 cm−1 is a characteristic 
of the vibration of hydroxyl or dehydration of the holo-
cellulose [36]. These results indicate that abundant phos-

(a)

(b)

Fig. 1. SEM images of BC before (a) and after (b) OFL adsorption.
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isotherms (b) of BC.
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phorus-containing groups and C–O, C=O, C=C, P=O, and 
P–O–C were detected on the BC surface.

3.3. XRD study

An XRD pattern of the BC prepared from cotton stalk 
is presented in Fig. 4. The peak at 15° (2θ) indicates that 
the BC contains a completely ordered region of cellulose, 
i.e., the crystal plane is retained in the XRD spectrum and 
the cellulose is still partly crystalline [37]. In addition, the 
peak at approximately 23° (2θ) corresponds to the dis-
persion of graphite bands, which indicates that the BC 
has a high ash content and is carbon-rich. During the car-
bonization process, the structure of BC gradually forms 
graphite-like crystalline microcrystals superimposed by 
several layers with more irregular aromatic pores [38]. 
The results indicate that the high graphitization degree of 
bio-carbon and the irregular aromatic pores are beneficial 
to the adsorption of OFL by bio-carbon. In addition, the 
graphitization degree of BC was high, and the irregular 
aromatic pores were favorable for the adsorption of OFL 
by BC.

3.2. Adsorption experiment

3.2.1. Effect of adsorbent dosage

The OFL removal rate initially increased from 37% to 
98% with increasing BC dosage from 0.2 to 1.2 g/L (Fig. 5). 
The gradual increase occurred because the number of avail-
able adsorption sites of BC for OFL adsorption increased 
with increasing adsorbent dosage. Thus, OFL molecules had 
more chances to adhere to the adsorption sites. Despite the 
increase in the removal rate, the OFL equilibrium adsorp-
tion amount decreased from 206 to 90 mg/g because fewer 
OFL molecules could be adsorbed by the adsorption sites 
and competition for adsorption of OFL was obvious with 
increasing excessive BC dosage [34]. When the amount of 
BC was 0.8 g/L, the removal efficiency of BC was close to 
100%. Therefore, 0.8 g/L was selected as the amount of BC 
added in the subsequent tests.

3.2.2. Effect of OFL initial concentration 

The OFL removal rate decreased from 99% to 86.4% 
with increasing initial OFL concentration from 20 to 120 
mg/L, whereas the adsorption capacity increased from 29 
to 145 mg/g (Fig. 6). The removal rate decreased because 
the BC dosage was kept constant; therefore, the number of 
vacant active sites was limited and saturated at low OFL 
concentrations. Correspondingly, as the initial concentra-
tion increased, the driving force for mass transfer increased, 
thereby promoting the motion of OFL molecules in the solu-
tion on the particle surface and resulting in an increase of the 
adsorption rate [38]. However, the equilibrium adsorption 
capacity increased because the higher initial concentration 
of OFL intensified the adsorption capacity initially [31,39]. 
The concentrations of antibiotics detected in domestic efflu-
ents and pharmaceutical manufacturing facility effluents 
can reach levels of nanograms per liter [40] and milligrams 
per liter [41], respectively. To better embody the adsorption 
effect of bio-carbon, the concentration of OFL in subsequent 
experiments was set at 100 mg/L.
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3.2.3. Effect of temperature

The removal rate decreased slightly from 98.7% to 95.3% 
and the adsorption capacity decreased from 88.44 to 86 
mg/g upon increasing the temperature from 293K to 313K 
(Fig. 7), indicating that the adsorption process of OFL by 
BC was exothermic adsorption. This finding suggests that 
the removal rate of OFL decreased with increasing tempera-
ture owing to the adsorptive major forces involved in mol-
ecule binding, which might be weakened with increasing 
temperature [42]. Similar adsorption behaviors have been 
previously reported for other adsorbents [43,44]. 

3.2.4. Effect of time

Increasing the contact time resulted in rapid increases 
of the removal rate from 68% to 92% and of the equilibrium 
adsorption capacity from 86 to 117 mg/g within the first 120 
min (Fig. 8). These rapid increases are attributed to the large 
number of unsaturated surface and adsorption sites avail-
able on the BC surface area and the OFL molecules being 
easily adsorbed by these sites. Nevertheless, from 120 to 240 
min, the removal rate increased slowly from 92% to 97% 
and the equilibrium adsorption capacity increased slowly 
from 117 to 124 mg/g. These slower increases were caused 
by more OFL molecules being adhered to the surface of 
BC during the adsorption process. The number of avail-
able adsorption sites therefore decreased [38]. After 240 
min, the adsorption rate and adsorption capacity remained 
almost constant, indicating that adsorption equilibrium 
was reached. Equilibrium was achieved because the surface 
adsorption sites of BC reached saturation at 240 min [45]. 
The results indicate that the optimal contact time should be 
a minimum of 240 min.

3.2.5. Effect of pH

The effect of pH on the removal rate and adsorption 
amount of OFL from BC is shown in Fig. 9. The removal rate 
and adsorption amount of BC on OFL gradually increased 
to 99% and 82.7 mg/g, respectively, before gradually 
decreasing upon continuing to increase the pH. Fig. 7 shows 

that the maximum removal rate and maximum adsorption 
amount of OFL were achieved at pH = 8. The optimal pH is 
also consistent with one of the dissociation constants of OFL 
(pK1 = 5.77, pK2 = 8.44), and similar adsorption behaviors 
have previously been reported [19]. When the solution pH 
is less than 5.77, OFL exists in the form of a cation; when 
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the solution pH is less than 8.44, OFL exists in the form of 
mixed anions and cations; and when the solution pH is 
greater than 8.44, OFL mainly exists in the form of anions. 
Therefore, OFL can have many different forms in aqueous 
solutions. The charge of the amphoteric ions varies with the 
pH of the solution, and when the numbers of positive and 
negative ions are equal, the pH value of the solution is the 
isoelectric point. The isoelectric point of the BC is shown in 
Fig. 10. The isoelectric point (pI) of BC prepared from cotton 
straw is approximately 2.3. The charges of the amphoteric 
ions varied with the pH of the solution. When the values of 
the positive and negative ions of the amphoteric ions were 
equal, the pH of the solution was at its isoelectric point. 
When the pH of the external solution was greater than the 
pI = 2.3 value of the amphoteric ions, the amphoteric ions 
released a negative charge. When the pH of the external 
solution was less than the pI = 2.3 value of the amphoteric 
ion, the amphoteric ion was positively charged. When the 
pH of the solution was in the range of 2.3 < pH < 8.44, the BC 
particles dispersed in the solution were negatively charged. 
The OFL was in the form of cationic and mixed ions, and the 
surface negative charge of BC could attract electrolyte ions 
with opposite charges. Therefore, when the solution pH 
was less than 8, the removal rate and adsorption amount of 
bio-carbon on OFL gradually increased. In addition, when 
the pH was greater than 8, OFL was present in the form of 
anions; therefore, the removal rate and adsorption amount 
gradually decreased. When the pH value of the solution 
was less than 8, the removal rate and adsorption amount of 
BC on OFL gradually increased. In addition, when the pH 

value was greater than 8, OFL existed in the form of anions; 
therefore, the removal rate and adsorption amount gradu-
ally decreased. The value of initial pH was thus adjusted to 
8 for subsequent experiments.

3.3. Kinetic models

The adsorption data of BC adsorption of OFL were pro-
cessed using kinetic models, and the results are summarized 
in Table 1. The comparisons with the pseudo-first-order 
kinetics and particle internal diffusion model curves were 
not consistent with the experimental data. However, the 
higher R2 (R2 > 0.99) and low Δq (%) values indicate that 
the pseudo-second-order kinetic model shows a fairly high 
degree of consistency. Therefore, the BC adsorption process 
of OFL can be described by a quasi-second-order kinetic 
model, and the Qe of this model is most consistent with 
the experimental data (Qexp). This finding indicates that the 
rate of adsorption is controlled by chemical adsorption of 
valence force through the exchange or sharing of electrons 
[46]. The pseudo-second-order kinetic model indicates that 
chemistry controls the adsorption removal rate and that the 
adsorption capacity is proportional to the number of active 
sites on the adsorbent.

3.4. Adsorption isotherm studies

The adsorption isotherm studies provided critical infor-
mation on the distribution of the OFL molecules between 
the aqueous solution and solid. The fitting of data with three 
different models described in section 2.6 was an important 
step for optimizing the performance of adsorbents as well 
as the adsorption capacity. The adsorption equilibrium 
isotherms of OFL on BC are summarized in Table 2. The 
Langmuir model and Dubinin–Radushkevich model could 
not explain the adsorption process of BC well because of 
the low R2 fitting. However, the R2 fitting degree of the Fre-
undlich model was significantly higher than those of the 
other two models. Therefore, biosorption of OFL onto BC 
can be described by the Freundlich model, which suggests 
that the adsorption process can be modeled by a multi-layer 
adsorption mechanism. Furthermore, this finding indicates 
that the adsorption occurs on heterogeneous surfaces. The 
main adsorption forces between BC particles and OFL mol-
ecules and the functional groups on the surface of BC lead 
to its heterogeneity, which is also consistent with the kinetic 
model for the chemical adsorption by BC [47]. The values of 
1/n were between 0 and 1, which indicates that the adsorp-
tion process of OFL is favorable. The maximum adsorption 
capacity decreased from 769 to 555 mg/g upon increasing 
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Fig. 10. Zeta potential under different pH.

Table 1
Parameters for three kinetic models of OFL adsorption

Pseudo-first-order kinetics Pseudo-second-order kinetics Particle diffusion model

Concentration 
(mg/l)

Exp-data 
Qe (mg/g)

k1 

(min−1)
Qe 

(mg/g)
R2 Δq 

(%)
k2  

(g mg−1 g−1)
Qe 

(mg/g)
R2 Δq  

(%)
Kp  

(mg g–1 min−1/2)
C 
(mg/g)

R2 Δq (%)

50 74.28 0.0025 13.46 0.950 2.10 0.1333 68.02 0.999 1.66 0.99 43.47 0.877 3.23
100 134.23 0.0126 81.00 0.963 3.83 0.0293 149.00 0.999 1.34 1.69 98.34 0.784 2.67
200 191.20 0.0199 232.16 0.948 1.95 0.0434 208.33 0.998 1.55 2.78 153.75 0.899 4.82
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the temperature from 298 K to 313 K, indicating that the 
adsorption process was an exothermic process [48]. Hence, 
the cotton stalk BC exhibited a high adsorption capacity.

3.5. Adsorption thermodynamics

The thermodynamic parameters for the adsorption of 
OFL are summarized in Table 3. The negative values of 
ΔG in the temperature range of 298–313 K indicate that the 
adsorption process of OFL has a degree of spontaneity and 
that adsorption is favorable. Moreover, the negative values 
of ΔH indicate that the adsorption was exothermic, which is 
consistent with the observations for the effect of tempera-
ture and the Langmuir isotherm model during the adsorp-
tion process. Finally, the negative values of ΔS indicate that 
randomness decreased during OFL adsorption [49].

4. Conclusion

This work demonstrates that BC prepared from cotton 
stalk shows good potential as an OFL adsorbent. SEM anal-
ysis revealed that the BC had a coarse surface and well-de-
veloped porous structure. The BC had a high surface area 
of 1196.224 m2/g. The OFL adsorption experimental data 
were best fitted with a pseudo-second-order kinetic model 
(R2 > 0.998) and the Freundlich isotherm model (R2 > 0.996). 
Additionally, the thermodynamic parameters suggested 
that the OFL adsorption was spontaneous. Finally, abun-
dant phosphorus-containing groups and C–O–C, C=O, 
C=C, P=O, P–O–C, and O–C moieties were detected on the 
BC surface.
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