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Abstract: This work examines the adsorption in single- and multi-solute adsorption experiments
of antibiotic and non-steroidal anti-inflammatory drugs, i.e., ciprofloxacin (CPX), sulfamethoxazole
(SMX), ibuprofen (IBU), and diclofenac (DCF), onto sugarcane bagasse. The maximum experimental
adsorption capacities of single components CPX, DCF, IBU, and SMX, were 0.98, 0.77, 0.61, and
0.51 mg/g, respectively, with decreases between 5 and 28% in multi-solute mixtures, assuming
competitive adsorption. The experimental data of a single drug fitted a pseudo-second-order model,
while the experimental isotherms fit the Freundlich model. The presence of CPX did not interfere
with the adsorption of other solutes. The adsorption of SMX was lower in the presence of adsorption
competitors than SMX single solution. The adsorption of binary systems adequately fitted the
Sheindorf–Rebhun–Sheintuch model. The results showed that the competition process depends on
each adsorbate and that sugarcane bagasse can adsorb drugs in multi-component systems.

Keywords: competitive adsorption; diclofenac; ciprofloxacin; ibuprofen; sulfamethoxazole;
sugarcane bagasse

1. Introduction

Pharmaceuticals such as antibiotics, analgesics, anti-inflammatories, and others im-
prove life and reduce mortality caused by diseases. Thus, a wide variety of drugs enter the
wastewater and natural water because of their manufacture and use in medicine and vet-
erinary medicine. Their continuous administration has provoked a widespread occurrence
of pharmaceuticals in natural aquatic ecosystems, with antibiotics and anti-inflammatory
drugs being prevalent drugs [1–5].

The occurrence of drugs in water and their possible toxicity to human and environmen-
tal health has guided researchers to investigate effective treatments to eliminate them [6–8].
One of the most suitable methods for micropollutant removal from aqueous solution is
adsorption because it is effective at low concentrations and is cheap, but the nature of the
adsorbent has an influence, especially its abundance and low cost. Previous works by
our research group and other studies reported that some agro-industrial residues have
proven to be efficient in adsorbing single-solute pharmaceuticals [9–11]. However, as
stated by Silva et al. [8], most studies investigate the elimination of a single component
without considering the interaction of other drugs, which is why multi-component studies
are essential. Other researchers argue that the use of agricultural residues as adsorbents
can reduce the costs of the process, giving economic value to the waste and helping to
protect the environment. Therefore, the use of sugarcane bagasse residue would provide
an abundant and low-cost adsorbent [10].

Although Sharma et al. [12] warn of the risks to health and the environment derived
from exposure to mixtures of emerging pollutants, to our knowledge, there is a lack of
studies on the competitive adsorption process in the presence of other pharmaceuticals in
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multicomponent solutions. The influence of a component on the adsorption capacity of
another depends on the interactions between them; the interactions between antibiotics
and anti-inflammatory drugs have been less studied and are well worth greater exploration.
In addition, these few studies used manufactured materials such as activated carbon and
nanomaterials [13–16]. Our work proposes natural materials such as agricultural waste as
a promising way to find low-cost and easily used adsorbents.

In this work, the competitive adsorption of two anti-inflammatory drugs, diclofenac
(DFC) and ibuprofen (IBU), and two antibiotics, ciprofloxacin (CPX) and sulfamethoxazole
(SMX), on untreated sugarcane bagasse was investigated to determine the influence of
simultaneous adsorption.

Sulfamethoxazole (SMX) and ciprofloxacin (CPX) are the most frequently detected
antibiotics. CPX is the most prescribed human antibiotic, while SMX is largely used in
veterinary medicine [2,17]. These two antibiotics have demonstrated very high toxicity to
cyanobacteria and freshwater algae [17]. The propagation of antibiotics in the water and
environment is a world health problem due to microbial resistance and potential bioaccu-
mulation. Although the problem of microbial resistance is attributed to the abundance and
undue utilization of antibiotics, the contamination of surface water and drinking water
with these types of compounds can further aggravate this situation [18,19].

On the other hand, anti-inflammatories are widely prescribed and sold over the
counter. Anti-inflammatories such as IBU and DCF occur in wastewater and natural
waters; their toxicity has been reported due to bio-accumulation in the blood plasma of fish,
altering the functioning of the liver and kidneys and causing a significant deterioration in
health [20,21]. The antibiotic CPX and the anti-inflammatory DCF were selected because
they are on the watch list of the European Union (EU Decision, 2018/940 of 5 June 2018).

Consequently, the objectives of this work were to (i) compare the adsorption capacity of
SB to adsorb CPX, SMX, DCF, and IBU in single, binary, ternary, and quaternary mixtures;
(ii) investigate which drugs affect the adsorption capacity of the others and why; and
(iii) show that SB, an agricultural waste, has value as an adsorbent for emerging pollutants.

Theory

In a multi-component solution that has more than one adsorbable constituent, the
constituents will compete for available adsorption sites on the adsorbent surface. The
amount of single solute adsorbed to equilibrium (qe,i), of a component depends on its
concentration (Ce,i), and the concentrations of all other components. For a mixture of N
adsorbates, the following relationships hold [22].

qe,1 = f(Ce1, Ce2, Ce3, . . . . . . . . . , CeN)

qe,2 = f(Ce1, Ce2, Ce3, . . . . . . . . . , CeN)

qe,3 = f(Ce1, Ce2, Ce3, . . . . . . . . . , CeN)

qe,N = f(Ce1, Ce2, Ce3, . . . . . . . . . , CeN)

(1)

The isotherms of each component in multicomponent solutions can be determined in
the same way as that described for single solute adsorption. The adsorption capacity of
each component in an N-component system and the total amount of solute adsorbed on
the adsorbent follow the equations.

qe,i =
(Co,i − Ce,i)V

m
i = 1 . . . N (2)

qe,T =
N

∑
i=1

qe,i (3)

where qe,i and qe,T are the equilibrium adsorption capacity of each component and the
total adsorption capacity, respectively, (mg/g) Co,i and Ce,i are the initial and equilib-
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rium concentrations of drugs (mg/L) V is the volume of solution (L), and m is the mass
of bagasse (g).

Several models have been proposed for the study of competitive adsorption. Butler
and Ockrent (1930) developed the extended Langmuir equation. This model neglects the
interactions and assumes that the only effect for the decrease of the amount of component
A adsorbed is the reduction of the vacant active sites on the adsorbent surface due to the
adsorption of other components.

qi =
qm,iKiCe,1

1 + ∑N
j=1 KjCj

(4)

where qm,i the maximum adsorption capacity of each component (mg/g); Ki is the Lang-
muir constant. qm,i and Ki for each component are the same as for the single solute
isotherm equation.

DiGiano et al. [23] developed an isotherm for N components based on the Freundlich
model assuming that all components have the same value of the exponent, n, and differ
only in coefficients, KF,i.

qi =
K1/n

F,i Ce,i(
∑N

j=1 K
1
n
F,jCe;j

) (5)

Sheindorf–Rebhun–Sheintuch (SRS) proposed an extension of the Freundlich isotherm
for bicomponent adsorption based on the assumption that an exponential distribution of
adsorption energies exists for each component. In this model, each component individually
must obey the Freundlich isotherm KF,i [24].

qi = KF,i Ce,i

(
N

∑
j=1

αi,jCe,j

)ni−1

(6)

qi is the adsorption capacity of component i in the presence of component j (mg/g);
Ce,i and Ce,j are the equilibrium concentrations of component i and j, respectively (mg/L).
KF,i is the single-component Freundlich adsorption capacity parameter for component
i (L/g). ni is the Freundlich adsorption intensity parameter for component i. αi,j is the
competitive coefficient. These data are determined from experimental data of bicomponent
systems. The values for αij range from zero (complete lack of competition) to values greater
than zero (normally < 10) for a high degree of competition [25].

2. Materials and Methods
2.1. Adsorbent—Sugarcane Bagasse

Untreated sugarcane bagasse (Figure 1) was used as an adsorbent; it was only washed
with ultrapure water, dried in an oven (60 ◦C for 8 h), and ground. The triturate residue
has a size particle of less than 0.4 mm. The characterization of sugarcane bagasse used in
this work was presented in previous work [10].

2.2. Adsorbates—Drugs

Sulfamethoxazole (SMX), ciprofloxacin (CPX), ibuprofen (IBU), and diclofenac (DCF)
of analytical grade supplied by Sigma Aldrich (Product by St. Louis, MO, USA) were used.
The physical and chemical characteristics of the pharmaceuticals are described in Table 1.
Their molecular structure is shown in Figure 2. Peñafiel et al. [10] presented a method to
prepare single-component solutions. The multi-component solutions were prepared by
adding the necessary amount of each drug to ultrapure water.



Water 2023, 15, 2127 4 of 17Water 2023, 15, x FOR PEER REVIEW  4  of  18 
 

 

   
   

Figure 1. Untreated and ground sugarcane bagasse. 

2.2. Adsorbates—Drugs 

Sulfamethoxazole (SMX), ciprofloxacin (CPX), ibuprofen (IBU), and diclofenac (DCF) 

of analytical grade supplied by Sigma Aldrich (Product by St. Louis, MO, USA) were used. 

The physical and chemical characteristics of the pharmaceuticals are described in Table 1. 

Their molecular structure is shown in Figure 2. Peñafiel et al. [10] presented a method to 

prepare single-component solutions. The multi-component solutions were prepared by 

adding the necessary amount of each drug to ultrapure water. 

Table 1. Physical and chemical characteristics of the drugs. 

Drug  Class 
Molecular Weight 

(g·mol−1) 
Log Kow 

Dissociation Constant 

(pKa) 

Size 

(nm) 

Λmax 

(nm) 

IBU  Analgesic  206.28  3.97  4.5  1.39 × 0.73 [26]  222 

CPX  Antibiotic  331.34  0.28  6.0–8.7  0.825 [27]  271 

DCF  Analgesic  318.10  5.71  4.2  0.97 × 0.96  276 

SMX  Antibiotic  253.28  0.89  1.9–5.7  0.56 × 1.03  261 

Note: Λmax: wavelength. 

 

Figure 2. Molecular structure of the drugs. 

Figure 1. Untreated and ground sugarcane bagasse.

Table 1. Physical and chemical characteristics of the drugs.

Drug Class Molecular Weight
(g·mol−1) Log Kow Dissociation Constant (pKa) Size

(nm)
Λmax
(nm)

IBU Analgesic 206.28 3.97 4.5 1.39 × 0.73 [26] 222
CPX Antibiotic 331.34 0.28 6.0–8.7 0.825 [27] 271
DCF Analgesic 318.10 5.71 4.2 0.97 × 0.96 276
SMX Antibiotic 253.28 0.89 1.9–5.7 0.56 × 1.03 261

Note: Λmax: wavelength.
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2.3. Adsorption Experiments for Single- and Multi-Component Drug Solutions

Some tests were carried out to study the adsorption of single components and multi-
component mixtures. For this, 50 mL of a solution of single and multi-component drugs
was added to 1 g of sugarcane bagasse as adsorbent in a batch process in a Thermo
Scientific™ MaxQ™ 4000 (Waltham, MA, USA) orbital shaker, at 150 rpm, pH 6.5, and
20 ◦C. The kinetics and equilibrium of the adsorption process were studied.

For the kinetic experiments, solutions of 20 mg/L were shaken for 120 min to reach
adsorption equilibrium. The time to reach equilibrium was tested at intervals of 2, 5, 10,
20, 30, 40, 60, 100, and 120 min. The effect of the drug concentration was observed by
varying initial concentrations between 10 and 60 mg/L for 100 min. High-performance
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liquid chromatography determined the concentration of drugs. The High-Performance
Liquid Chromatography (HPLC) procedure is shown in the Supplementary Materials. The
amount of each drug adsorbed was calculated as

qe =
(Co − Ce)V

m
(7)

where Co and Ce, are the initial and equilibrium concentrations of drugs (mg/L), V is the
volume of the solution (L), and m is the mass of bagasse (g).

The kinetic and equilibrium models used to fit the experimental data of single-
component adsorption were the pseudo-first-order and pseudo-second-order models and
the Langmuir and Freundlich models, respectively. Linearized equations of all models
were used.

Pseudo-first-order ln
(
qe − qt

)
= lnqe − K1t (8)

Pseudo-second-order
t

qt
=

1
K2q2

e
+

t
qe

(9)

Langmuir
Ce

qe
=

Ce

qm
+

1
KLqm

(10)

Freundlich logqe = logkF −
1
n

logCe (11)

where Ce is the concentration of the solution (mg/L); qe is the equilibrium adsorption
capacity, and qt is the adsorption capacity at any time (mg/g); K1 and K2 represent the
pseudo-first-order and pseudo-second-order rate constants; qm is the maximum adsorption
capacity (mg/g); KL is the Langmuir constant (L/mg); KF is the Freundlich constant,

(mg/L) (mg/g)−
1
n ; n refers to the adsorption intensity (dimensionless).

2.4. Characterization of Adsorbents

The SB used in this competitive adsorption was characterized in previous work. The
specific surface area, pore size, surface morphology, functional groups on the surface, and
point of zero charges were determined. Each method is described in Peñafiel et al. [10]. The
molecular structure of SB, cellulose, lignin, and the hemicellulose content were determined
using TAPPI standards (Technical Association of the Pulp and Paper Industry, 1978).

2.5. Statistics Analysis

All tests were performed in triplicate, and standard deviations (SD) were calculated.
The best fit of the experimental data of an equation model was determined by the regression
correlation coefficient (R2). The error between the experimental and the predicted values of
the model was evaluated using Marquardt’s percent standard derivation (MPSD):

MPSD = 100

√√√√ 1
n − N

(
p

∑
i=1

[(
qexp − qcal

)
/qexp

]2
)

(12)

where p is the number of experimental data points and N is the parameter of the model
equation; qexp and qcal are the experimental and calculated capacity, respectively.

3. Results
3.1. Characterization of Sugarcane Bagasse

Table 2 shows the properties of SB. Figure 3 shows the SEM image. The surface of the
SB is very smooth with few large pores, which confirms its macroporosity [9].
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Table 2. Physical and chemical characteristics of SB [10].

Properties

SBET (m2 g −1) 2.5
Desorption average pore diameter (nm) 10.6

pHPZC 6.1
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The SB used in this work contains 44.5% cellulose, 32.9 hemicellulose, and 19.2% lignin.
These values are similar to those in other works, such as Varma and Mondal et al., and
Carrier et al. [28,29]. The chemical characteristics of SB can be seen in [10]. According to
several works, lignin presents adsorptive properties [29–31]. However, the relationship
between the adsorbent properties and the lignin content could not be determined.

3.2. Kinetic Studies for Single Components

The amount of SB to be used in the competitive multi-component adsorption was
determined by the dose of SB necessary to achieve the maximum elimination percentage
of a single drug. Each drug achieved its maximum removal percentage with different
amounts of SB. Adsorption percentages of 51 and 65% were reached with 20 mg/L of SB for
SMX and IBU, respectively. A dose of 5 g/L of SB removed 99% of CPX. The DCF reached
a maximal removal of 77% with 17 mg/L of SB. Consequently, 20 mg/L of SB was used for
multiple-component adsorption. The results are shown in Figure S1.

The adsorption proceeded rapidly, reaching around 70% of the total adsorbed solute
in the first 5 min, as can see in Figure 4. All drugs reached equilibrium at 60 min, showing
a significant difference with other adsorbents such as activated carbons that reached
equilibrium in longer periods.

The rapid adsorption was due to the mesoporosity and macroporosity of the bagasse.
The macroporosity of SB allows easy access to drugs with molecular lengths smaller than
the average diameter of the bagasse pores (SMX, 056 × 1.03 nm; CPX, 0.826 × 0.98 nm;
DCF, 0.97 × 0.95 nm; IBU 1.03 × 0.52 nm) [10,32].

Figure 4a–d show the experimental data fitted to the pseudo-first-order and pseudo-
second-order models for each single solute. The best fit for each drug was with the
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pseudo-second-order model, with R2 values of 0.99. The pseudo-first-order model fit was
unfavorable, as shown in Table 3.
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Figure 4. Fitted the data of the pseudo-first-order and pseudo-second-order models. (a) SMX,
(b) CPX, (c) DCF, and (d) IBU.

Table 3. Parameters of experimental data and pseudo-first-order and pseudo-second-order models.

Drug qe exp (mg·g−1)
Pseudo-First-Order Models

qe (SD) (mg·g−1) K1
(min−1) R2 MPSD

SMX 0.51 (±0.03) 0.50 (±0.02) 0.045 0.77 20.2
CPX 0.98 (±0.01) 0.95 (±0.01) 0.028 0.78 11.7
DCF 0.77 (±0.02) 0.55 (±0.02) 0.026 0.75 14.3
IBU 0.61 (±0.02) 0.64 (±0.03) 0.035 0.82 12.6

Drug

Pseudo-Second-Order Models

qe (SD) (mg·g−1) K2
(mg·g−1min−1) R2 MPSD

SMX 0.51 ± (0.02) 1.17 0.99 12.2
CPX 0.97 ± (0.01) 0.09 0.99 6.7
DCF 0.78 ± (0.02) 0.40 0.99 8.3
IBU 0.62 ± (0.03) 0.98 0.98 10.6

Note: SD = standard deviation; MPSD = Marquardt’s percent standard deviation.
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3.3. Equilibrium Adsorption Isotherm for Single Solutes

The equilibrium study was conducted for 100 min at 20 ◦C, and the solution concen-
tration was between 5 and 60 mg/L.

Figure 5a–d show that the isotherms of all drugs are similar. The isotherms correspond
to the Giles L3 type [33], indicating favorable adsorption with multilayer formation, which
had already been seen in previous works [9,10]. The steep slope of the initial part of the
isotherm evidences the affinity between drugs and residues. The decrease in the initial
slope is due to the difficulty of the solute to find active sites on the adsorbent when its
concentration increases, mainly due to the competition between the adsorbate and the
solvent [33,34]; the subsequent increase in the slope indicates the formation of a multilayer
since the adsorbed molecules facilitate the adsorption of new molecules by an adsorbate–
adsorbate relationship.
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Figure 5. Experimental isotherm and adjusted Langmuir and Freundlich models. (a) SMX, (b) CPX,
(c) DCF, and (d) IBU. (20 ◦C, pH 6.5).

The Langmuir and Freundlich models were applied to compare the monolayer ad-
sorption with the multilayer adsorption-based model. The coefficients of the experimental
data of the Langmuir and Freundlich models are shown in Table 4. The Freundlich model
better describes the behavior of drug adsorption on residues (Figure 5) since its correlation
coefficient (R2) is higher.
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Table 4. Parameters of the adsorption models for the Langmuir and Freundlich isotherms.

Drug
Langmuir Freundlich

qm (SD) KL

R2 MPSD
KF

n R2 MPSD
(mg·g−1) (L·mg−1) (mg/g)

(mg/L)−1/n

SMX 1.43 (±0.08) 0.05 0.90 18.5 0.12 1.53 0.98 8.5
CPX 2.61(±0.12) 0.22 0.94 7.5 1.47 1.78 0.98 5.6
DCF 1.81(±0.09) 0.24 0.96 12.5 0.34 2.78 0.98 10.2
IBU 1.62(±0.09) 0.12 0.93 23.2 0.24 2.22 0.98 13.2

Note: SD = standard deviation; MPSD = Marquardt’s percent standard deviation.

The Freundlich equation indicates that the surface of the adsorbent is heterogeneous,
and there are active sites of various affinities; firstly, the active sites with greater affinity
are filled, and the others are subsequently occupied. This model proposes physical and
chemical adsorption between the adsorbate and adsorbent.

The amount of drug adsorbed for a unit equilibrium concentration (KF) for ciprofloxacin
is higher than that for diclofenac, ibuprofen, and sulfamethoxazole, which are similar to
each other. For all adsorbed drugs, the value of n indicates favorable processes.

All adsorption capacities are summarized in Table 4. The experimental results of
single solutes indicate that CPX is better adsorbed than the other drugs, DCF, SMX, and
IBU. The amount of CPX adsorbed is higher than that of the other drugs as follows:
CPX > DCF > IBU > SMX. CPX, DCF, IBU, and SMX adsorption reaches a maximum
adsorption capacity of 2.61, 1.81, 1.62, and 1.43 mg/g. The results could be attributed to the
adsorption of drugs on SB due to the ability to form hydrogen bonds, which is the principal
mechanism of the physical adsorption of drugs on agricultural residues [9,10]. The low
adsorption of IBU may be due to the smaller molecular structure of IBU that reduces π-π
interactions; however, the adsorption capacity of IBU is smaller than that of SMX due to a
hydrophobic effect [14]. These results indicate (i) the SB is capable of adsorbing all of the
drugs studied, (ii) there are differences in the adsorption capacity that depend on the class
and nature of each drug, and (iii) the adsorption mechanisms depend on each drug.

3.4. Competitive Adsorption in Binary, Ternary, and Quaternary Systems

To investigate the involvement of competition in adsorption, binary, ternary, and
quaternary solutions with initial concentrations of 20 mg/L were prepared. Figure 6
exhibits the different amounts of drug adsorbed over time for the binary, ternary, and
quaternary systems.

The adsorption capacity of CPX remained almost constant in the binary, ternary, and
quaternary systems (Figure 6a) decreasing only 5% in ternary and quaternary mixtures. In
the presence of the other pharmaceuticals, the CPX adsorption was similar to the system of
CPX singly, i.e., 0.98 mg/g, indicating a high affinity for CPX [10]. The time required to
reach equilibrium did not vary with the presence of other solutes.

The variation of the SMX adsorption capacity in the presence of other pharmaceuticals
is shown in Figure 6b. In the binary system, the adsorption of SMX decreased by approxi-
mately 21%, while in the ternary and quaternary systems, the reduction was around 30%
and 43%, respectively.

The amount of SMX adsorbed at equilibrium decreased from 0.51 mg/g when it was
alone to 0.29 mg/g in quaternary systems. This result is consistent with that presented by
Li et al. [15], who affirmed a reduction in SMX adsorption in the presence of another solute.
The adsorption of SMX accelerated with the addition of other drugs. The time necessary to
reach SMX equilibrium was 45 min. The results show the low affinity of SMX with SB and
the difficulty in removing SMX from a multi-component solution.

The amount of single DCF adsorbed decreased to a lesser extent in the presence of
other solutes, as can be observed in Figure 6c. The capacity of SB to adsorb DCF decreased
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by approximately 10% in quaternary mixtures. Figure 6d shows the IBU adsorption in
the presence of other solutes. The adsorption amount of IBU decreased by 10 and 15% in
binary and ternary systems, respectively. In quaternary mixtures, the reduction was higher,
reaching 17 % at high concentrations (Figure 6d). For both IBU and DCF, the time necessary
to reach equilibrium remained the same as that for single components, i.e., 60 min.
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Figure 6. Percentage removal vs. time (pH 6.5; 20 ◦C). (a) CPX as a single component and in mixtures;
(b) SMX as a single component and in mixtures; (c) DCF as a single component and in mixtures; and
(d) IBU as a single component and in mixtures.

Figure 7a shows the isotherms of SMX in the presence of other drugs. A decrease in the
SMX adsorption in all studied simultaneous systems capacity can be observed. Figure 7b
shows the influence of CPX, DCF, and IBU on the adsorption of SMX. The amounts of
SMX adsorbed on SB in the binary system decreased as follows: SMX singly > SMX with
CPX > SMX with DCF > SMX with IBU. CPX had a lesser influence on the adsorption of
SMX. The adsorption capacity decreased from 0.51 to 0.49, which was due to the lower
amount of SB required for CPX adsorption, leaving free active sites for SMX. The presence
of DFC reduced the adsorption of SMX on SB by 21.5%, while the presence of IBU decreased
the adsorption by 23%. This result demonstrates the competition for the active sites for all
drugs and the similar affinity of IBU and DCF for bagasse. The decrease in SMX adsorption
was stronger at high concentrations. The capacity of adsorption was reduced by 33%,
especially in the presence of IBU. In any case, when increasing the concentration solution,
the adsorption of each drug increased due to its adsorption in multilayers.
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Figure 7. (a) SMX experimental isotherms in multi-component mixtures and (b) SMX experimental
isotherms in bi-component mixtures.

In ternary mixtures (DCF, SMX, and IBU), DCF adsorption decreased between 8.5 and
27.8%, as shown in Figure S2a. The presence of CPX did not decrease the adsorption of
DCF; therefore CPX did not influence its adsorption. As shown in Figure S2b, IBU had
more influence on the decrease in the adsorption amount of DCF. Both drugs, DCF and IBU,
had a similar affinity for bagasse; consequently, they competed for active sites. Compared
with adsorption for individual DCF, the capacity of adsorption decreased by 12.6 to 28.3%
with DCF and IBU and by 8.1 to 24.64% with DCF and SMX simultaneously.

Figure S3 shows the adsorption isotherms of IBU in combination with the other
drugs studied. The ternary and quaternary simultaneous systems showed a decrease
in comparison to the single component, while CPX did not have an influence on IBU
adsorption (Figure S3a). The interpretation is the same as that for DCF and SMX, as
discussed above. The adsorption amounts of IBU were IBU singly, IBU with CPX, IBU with
SMX, and SMX with DCF (Figure S3b). These results indicated greater competition between
DCF and IBU (Figure 5b), suggesting that the presence of DCF significantly decreased
IBU adsorption.

It is known that the adsorption potential increases with decreasing pore size [34]. SB
is macroporous; therefore, the quantity of active sites with high adsorption potential is low.
These sites are occupied by the drug with the highest affinity, in this case, CPX, leaving
fewer adsorption sites available for molecules with lower affinity (DCF > IBU > SMX) [35]
and causing competition between the drugs for the sites that become available.

The low specific surface area of SB makes competition for adsorption sites evident,
especially at high concentrations [32]. However, the adsorbed drugs could serve as new
active sites for adsorption.

At the experimental pH of 6.5, SB had a slight positive charge (pHZCP 5.9), while DCF,
SMX, and IBU had a negative charge, suggesting an electrostatic interaction between SB
and DCF and IBU. CPX was in the zwitterionic form; consequently, electrostatic interaction
was low.

In all cases, there were other interactions between SB and drugs. These mechanisms
can be as follows:

(1) Polar groups present in the drugs, such as F, Cl, N, and O, and those in SB form
hydrogen bonds and dipole attractions [10,36].

(2) Functional groups such as NH and OH occur in the drugs and behave as donors,
while benzene rings act as receptors for hydrogen bonds [37].

(3) π-π bonds [38].
(4) Dipole attraction [39–41].
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Lignin contains functional groups of hydrogen and oxygen that allow the formation
of hydrogen bonds with drugs (Figure 8). Electronegative atoms of drugs (F, O, or N) form
dipole–dipole bonds with the H of lignin and cellulose.
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These mechanisms are the same for the adsorption of CPX, SMX, DCF, and IBU,
resulting in competition between them due to the H of SB. The presence of the F in CPX
makes the unions of CPX and SB stronger.

The results show that the presence of the drugs SXM, DCF, and IBP does not influence
the adsorption of CPX; therefore, CPX adsorption can be estimated by its single component
isotherm. All other drugs have a greater or lesser impact on the adsorption of others [42].

3.5. Influence of the Amount of Each Drug

To determine the competition among individual solutes regarding the adsorption of
other drugs onto SB, the concentration of one adsorbate was varied while the amount of
the other was held constant. Therefore, for an SMX–DCF system, the initial concentrations
of DCF varied from 5 to 50 mg/L, while the initial concentration of SMX was always
20 mg/L.

Figure 9 shows the competitive adsorption at different concentrations between
SMX vs. CPX, DCF, and IBU (Figure 9a), DCF vs. SMX, CPX, and IBU (Figure 9b), and
IBU vs. DCF, CPX, and SMX (Figure 9c).

The competition of other drugs with DCF followed the order IBU > DCF > CPX. In this
system, as in other systems, the interaction strength between CPX and SB did not decrease
during competitive adsorption in the presence of other drugs. The amount adsorbed was
lower at higher concentrations of the competitive drug. This behavior was similar to that
of the other drugs.

For binary, ternary, and quaternary simultaneous systems, the total amount of drugs
adsorbed by SB was greater than the amount of drug adsorbed as a single solute. For
example, for a quaternary system (initial concentration of 20 mg/L), the total amount
adsorbed by SB of all drugs was 2.41 mg/g. This indicates that an interaction of the
drugs among themselves. For example, the adsorbed SMX molecules function as new
active sites to adsorb more SMX. It should also be considered that adsorption on bagasse



Water 2023, 15, 2127 13 of 17

occurs in a multilayer [10]. Binding between drugs forming complexes is also possible.
Therefore, in the adsorption of drugs on SB, the interactions between the solutes cannot
be neglected. That implies that the Langmuir extension equation proposed by Markham
and Benton for multi-solutes cannot be applied since it assumes that the only competitive
effect is due to the reduction of the number of active sites for adsorption [42]. In the study
carried out by Vijayaraghavan and Balasubramanian [43], the SRS equation showed a more
precise adjustment of data in binary adsorption onto crab shells. For that, the data of
bi-component solutions in this study were adjusted to the Sheindorf–Rebhun–Sheintuch
model. SRS proposes that the value of αi,j ranges from 0 to 10. A lower value indicates
lower competition. For the binary systems, i.e., SMX with CPX, DCF with CPX, and IBU
with CPX, the values of the competition factor α2,1 were 0.43, 0.35, and 0.41, confirming
that CPX does not have an effect on the adsorption of other drugs.
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Figure 9. Amount of drug adsorbed onto SB in binary mixtures at different concentrations. (a) SMX,
(b) DCF, and (c) IBU.

For bi-component experimental data SMX with DCF, the competition factor α1,2
was 1.32, while α2,1 was 0.75. As can see from the experimental data, there was greater
competition between SMX over DCF than between DCF over SMX adsorption [34,44]. For
the bi-component system, DCF − IBU α1,2 = 1.09 y α2,1 = 0.90, showing low competition
between them, as also observed in the experimental data.

Figure 10a illustrates the experimental and calculated isotherms of the bi-component
DCF–IBU system based on the SRS model with R2 = 0.94. The experimental and calculated
CPX–SMX adsorption isotherms are shown in Figure 10b, and a value of R2 = 0.97 was
obtained. Therefore, the SRS model was able to predict the studied bi-component adsorp-
tion of this work. The SRS model has been efficaciously used in fitting other bi-component
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systems such as caffeine–diclofenac [34]; 4-nitrophenol, and basic yellow 28 dye over
montmorillonite [45], and 4-nitrophenol and 2-nitrophenol on activated carbon [46].
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Figure 10. Adsorption isotherms, (a) DCF–IBU adsorption isotherm; (b) CPX–SMX adsorption isotherm.

3.6. Espectro FTIR

Based on the FTIR spectrum before and after the adsorption process was determined,
the functional groups present in the SB were as follows: O-H (3335 cm−1), C-H (2890 cm−1),
C=O (1726 cm−1), C=C (1603 cm−1), C-H (1425 cm−1), C–O (1370 cm−1), O-H (1319 cm−1),
C-O-C, C-O (1240 cm−1), C-O-C, C-OH (1160 cm−1), C-H (900–800 cm−1). After adsorption,
between 1500 and 1750 cm−1, new peaks were observed that corresponded to the union of
bagasse with CPX as shown in Figure S4.

4. Conclusions

Competitive adsorption studies show the viability of sugarcane bagasse to remove
CPX, DCF, SMX, and IBU from single-component and simultaneous
multi-component systems.

In the single-component adsorption, high removal of CPX was observed compared to
that reached with the other drugs (DCF, SMX, and IBU). The low SMX adsorption capacity
(0.51 m/g) showed it to be the least favorable solute for adsorption onto SB. In addition, the
amount of SMX adsorbed was low in the presence of other drugs, while the capacity of SB
to adsorb CPX did not decrease throughout competitive adsorption. CPX reached a capacity
of 0.98 mg/g and was almost constant, even in the presence of the other pharmaceuticals.

The other multi-component systems (without CPX) led to lower adsorption capacities
than those obtained with single components, demonstrating competition for the available
adsorption sites. The greatest competitive effect occurred between DCF and IBU since the
two have a similar affinity for SB.

All bi-component experimental data fit better to the SRS model, indicating that the
decrease in the adsorbed amounts was due to interaction between solutes and competition
for active sites. The competitive effect was high at higher concentrations due to the
saturation of the active sites, which were low in number due to the low specific surface
of the SB. However, despite its low adsorption capacity, SB can be used as an adsorbent
due to its low cost, high availability, and the possibility of environmentally compatible
final disposal.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w15112127/s1; HPLC procedure: The concentration and
absorptivity coefficients obtained were verified using high-efficiency liquid chromatography on the
YL Instrument 9300 HPLC System coupled with a diode UV–VIS, with a Zorbax SB-C18 column. The

https://www.mdpi.com/article/10.3390/w15112127/s1
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temperature of the column was set at 25 ◦C. The mobile phases were (A) water/ACN 66.6:33.3 v/v
acidified with ortho-phosphoric acid 85% to pH 2.7 and (B) pure ANC. The elution gradient was
programmed as starting from 20% B for 3 min to 65% B by 7 min; this concentration was maintained
until 10 min and then it was increased to 100% B in 2 min. It returned to initial conditions until 15 min.
The posting time was set at 3 min to allow column equilibrium to be reached. Figure S1. Percentage
removal of IBU, DCF, SMX, and CPX with 20 mg/L of SB. Figure S2. (a) DCF experimental isotherms
in multi-component mixtures and (b) DCF experimental isotherms in bi-component mixtures. Figure
S3. (a) IBU experimental isotherms in multi-component mixtures and (b) IBU experimental isotherms
in bi-component mixtures. Figure S4. FTRI spectrum.
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