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     Functionalized banana stalk (BSAC) was investigated as a potential adsorbent in removing a commonly used pharmaceutical 
antimalaria drug, Lumefantrine (LUMF). The raw banana stalk was chemically treated with orthophosphoric acid to enhance its adsorptive 
properties. The effect of LUMF initial concentration, temperature, solution pH and contact time on the adsorption process was studied 
using the batch equilibrium process. The surface characteristics of the prepared adsorbent were investigated using SEM, FTIR, proximate 
analysis and the Boehm titration techniques. The FTIR spectra showed notable peaks that are responsible for the adsorptive uptake of 
LUMF. The micrograph from the SEM showed well-developed pores which can be attributed to the effect of the acid treatment, and results 
from the proximate analysis showed 73.92% carbon content which is a remarkable percentage for a favorable uptake. The Sips isotherm 
model best fitted the experimental data with an R2 = 1, and a maximum adsorption capacity of 102.1 mg g-1. The closeness of the n values 
obtained from the Sips isotherm to 1 makes the model approach that of the Langmuir isotherm suggesting a monolayer coverage of LUMF 
on the BSAC surface. The pseudo-second-order kinetic model best explains the kinetics of adsorption of LUMF onto BSAC with R2 values 
ranging from 0.9845-0.9997. The optimum pH recorded for this study was found between 5-7, and the pHpzc for the BSAC was obtained at 
4.5. Parameters obtained from the thermodynamic studies suggest that LUMF uptake by BSAC is endothermic, spontaneous, and 
thermodynamically favored (ΔH° = +46.83 kJ mol-1, ΔS° = +0.242 kJ K-1 mol-1 and ΔG° = -41.66 kJ mol-1). BSAC was found to be 
effective in removing LUMF from aqueous solutions.  
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INTRODUCTION 
 
      Water remediation has become an indispensable step 
needed to be taken by both the developed and developing 
countries to restrict the incessant disruption of ecological 
safety caused by pollutants. The introduction of pollutants 
to water and water sources has posed a great threat to 
ecological system. One of the fast-increasing pollutants 
found in water bodies is the pharmaceuticals which are a 
sub-division of a group of pollutants referred to as 
Emerging Contaminants (E.C) [1,2]. The release of 
pharmaceutical effluent into water endangers the various 
life species in the ecology. Pharmaceuticals are readily bio- 
accumulated, persistent,  and have  low  bio-degradation [3]. 
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Due to the frequent use of these drugs both in humans and 
veterinary medicine, their presence in water bodies is 
becoming a serious concern as a result of the alarming 
consequences. 
      Two major sources account for the ubiquitous presence 
of these pollutants in portable water. The common usage of 
drugs in farm and urban wastewater is one source while the 
other is a result of pharmaceutical processes in the industry 
[4,5]. Commonly used pharmaceutical products are anti-
inflammatory drugs, analgesics, antibiotics, anti-malaria, 
fertility pills, and others [3] causing pollution of both 
ground and surface waters [6,7]. Due to the surge in the 
presence of the pharmaceutical products in aqueous 
environments, many researchers have reviewed the 
occurrence of these contaminants in receiving water bodies 
[8-19]. As it is  necessary  to  keep  the  ecological  health in  
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good shape and to make available portable and safe water, it 
is also important to develop methods to treat pharmaceutical 
contaminated waters before they are discharged into the 
environment [20,21]. Unfortunately, conventional methods 
have proven not sufficient for the treatment of wastewater; 
therefore, it is imperative to develop methods that will 
efficiently remove these pharmaceuticals from water 
sources. 
     Consequently, adsorption process provides an 
uncomplicated operational mode and design to completely 
remove pollutants, without generating unfriendly by-
products in its operation [4,22]. This treatment method is 
shown to be efficient for the removal of pharmaceuticals 
and their residues from wastewater effluents [23,24]. The 
most widely used adsorbent is activated carbon due to its 
effectiveness in removing pollutants. The commercially 
prepared activated carbon comes with a high cost. 
Therefore, it is imperative to prepare an alternative, cheap, 
and readily available activated carbon, particularly from 
agricultural waste materials. Other adsorbent materials 
reportedly used for the sequestration of pollutants include 
Rice Husk, waste rubber tire, ZnO/Ag nanocomposite, 
mesoporous carbon, copper oxide nanoparticles, 
polyhydroquinone/graphene nanocomposite, Fe@Au core-
shell, bagasse fly ash, Hg doped ZnO nanorods, ZnO/CuO 
nanocomposite, multi-walled carbon nanotubes, tire derived 
carbons, fullerenes, carbon nanotubes, porous carbon, slag, 
ZnO-NR-AC, and starch/PVA composite films [25-65]. In 
this study, banana stalk from agricultural waste was used to 
effectively remove Lumefantrine, an anti-malaria drug from 
polluted water. The cost-effectiveness associated with 
producing the improved activated carbon from banana stalk 
coupled with the high partition coefficient (PC) obtained in 
this study for the sequestration of LUMF could be novelty 
for this work. To the best of our knowledge, no studies have 
been conducted on the removal of Lumefantrine from 
contaminated waters, highlighting the novelty of the present 
study. 
 
MATERIALS AND METHOD 
 
Preparation of Lumefantrine Solution  
      Stock solutions were prepared by the dissolution of 1 g 
of   Lumefantrine   in  1 liter  of  acetone.  An   experimental  

 
 
working solution was prepared through serial dilutions. The 
use of acetone in the study was informed as a result of the 
complete solubility of the adsorbate in the organic solvent 
which was not obtained from most solvents. Some 
physiochemical properties of LUMF drug are listed in  
Table 1. 
 
Sample Collection and Acid Activation of 
Adsorbent 
      Raw banana stalk samples (RBS) were collected from a 
farm disposal unit in Osun state, Oyan (a south-west town in 
Nigeria). The stalks were washed thoroughly with water and 
further rinsed using distilled water to remove adhering 
impurities. Samples were dried to constant weight. The 
dried stalks were pulverized, and uniform particle size was 
achieved using a mesh sieve. Then, carefully weighed 50 g 
of the pulverized samples was chemically activated with 
1000 cm3 of ortho-phosphoric acid (0.3 mol dm-3). The 
mixture was heated and stirred continuously until a slurry 
was formed. The slurry formed was carbonized in an oven 
for 3 h at 250 °C till a char was formed. The produced char 
was washed with distilled water until a neutral pH was 
attained, after which it was oven-dried to a constant weight 
at 105 °C [66]. The resulting carbonized material (BSAC) 
was kept in an airtight container for further use. 
 
Adsorption Assay 
      The batch technique was used to study the removal          
of Lumefantrine (LUMF) at different temperatures (303-        
323 K). The influence of initial operating parameters, 
including solution temperature, BSAC dosage, agitation 
time and LUMF initial concentration were critically 
observed. The uptake process was studied between 20-         
100 mg l-1 initial concentration of LUMF and a fixed dose 
of 0.1 g BSAC was used all through the adsorption 
experiment. 100 ml of different LUMF concentrations was 
put into a 200 ml flask after the adsorbent had been 
carefully weighed into the flask. The mixture was then 
agitated in a water bath shaker at 120 rpm for180 min.             
The samples were withdrawn at pre-set times and the              
residual concentrations were measured using a UV-Vis 
spectrophotometer at a λmax of 237 nm. The amount and 
percentage of LUMF removed by the BSAC at equilibrium 
were calculated using Eqs. (1) and (2):  
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where qe (in milligram/gram) is the amount of LUMF 
removed by BSAC, Ce (in milligram/liter) is the 
concentration of LUMF at equilibrium, Co (in 
milligram/liter) is the initial LUMF concentration, V is the 
initial solution volume of LUMF (in dm3), and W is the 
mass of BSAC (in grams).  
      Five isotherm models were used to test the experimental 
data, including Freundlich, Langmuir, Temkin, Dubinin-
Radishkevich and Sips isotherm models. These models were 
employed in studying the adsorption process at equilibrium. 
Furthermore, the removal rate with respect to LUMF 
concentration in solution and details related to the 
adsorption mechanism were further studied using four 
kinetic models. Adsorption data of LUMF uptake onto the 
surface of BSAC was fitted into the Elovich, intraparticle 
diffusion (IPD), pseudo-second-order (PSO), and pseudo-
first order (PFO) models, respectively. Mathematical 
expressions for both kinetic and isotherm models of LUMF 
adsorption onto BSAC are shown in Table 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test of Kinetic Models 
      The fitness of kinetic models to adsorption data is 
usually described by the nearness of R2 value to 1. 
Conversely, the sum of error squares (SSE) also provides a 
means to verify the adaptability of the kinetic models to 
experimental data. The applicability of the kinetic models 
used for this study was determined by both the R2 values 
and SSE. The SSE equation is expressed in Eq. (16).  
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Adsorption Thermodynamic Studies  
      The nature of interactions, spontaneity, and randomness 
of an adsorption process can be evaluated by available 
parameters from the thermodynamic studies. Parameters for 
the adsorption of LUMF onto BSAC are: entropy (ΔS°), 
enthalpy (ΔH°), and the Gibbs free energy (ΔG°). The 
parameters are expressed in Eqs. (17)-(19). 
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              Table 1. Properties of Lumefantrine 
 

Parameters Properties 

Appearance Yellow powder 

Brand name Benflumetol 

Odor Odorless 

IUPAC name 
2-(Dibutylamino)-1-[(9Z)-2,7-dichloro-9[(4-

chlorophunyl)methylidene]fluoren-4-yl]ethanol 

Melting point 129-131 °C 

Molar mass 528.942 g mol-1 

Molecular formula C30H32Cl3NO 

Solubility Soluble in dichloromethane, acetone insoluble in water 
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where T (K) is the absolute temperature, KL (g l-1) is the 
constant from the Langmuir isotherm, and R (J mol-1 K-1) is 
the gas constant, Ea (kJ mol-1) is the Arrhenius energy and A 
is the Arrhenius factor. 
      The plot of lnKo vs. 1/T in the vant’ Hoff equation gives 
the values of ΔH° (kJ mol-1) and ΔS° (kJ mol-1 K-1). The 
negative values of ΔH° and ΔS° imply that the process is 
exothermic and orderly at the solid-solution interface, 
respectively, while the positive values of both parameters 
imply that the process is endothermic and random at the 
solid-liquid interface respectively. The ΔG° values  describe 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the spontaneity of the process at a specific temperature. 
      The nature of adsorption is depicted by Arrhenius 
expression. A sorption process is considered to be physical 
in nature if its Ea ranges between 5-40 kJ mol-1 and chemical 
in nature if Ea is in the range of 40-800 kJ mol-1.   
 
Effect of Solution pH  
      The effect of solution pH was studied by varying the 
initial pH from 3 to 11.01 M of HCl or NaOH solution was 
used in adjusting the pH of LUMF solution which was 
measured using a pH meter. Other operational parameters 
such as agitation speed, temperature, LUMF initial 
concentration, and BSAC dosage were kept constant.  

             Table 2. Adsorption Isotherms and Kinetic Equations 
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Adsorbent Characterization 
      Scanning electron microscopy (SEM). SEM provides 
morphological information on the surface of the samples           
by providing images that are produced as a result of 
material-electron interactions. The re-emitted particles from 
adsorbent surfaces after bombarding by a beam of electron 
give rise to the working principle of the imaging technique. 
These dimensional images arise from the surface being 
analyzed as a result of the analysis of the re-emitted 
particles by various detectors. The textural and 
morphological characteristics of the adsorbent prepared in 
this study were investigated via this technique. 
 
Fourier Transform Infrared (FTIR) 
      FTIR-2000 (Perkin Elmer) using a KBr disk was used  
to analyze the BSAC surface. The spectral characteristics 
related to the functional groups present on the adsorbent 
surface can be inferred by the spectral results obtained from 
the FTIR spectrophotometer. 
 
pH and pH Point of Zero Charge (pHpzc) 
      The pH of BSAC was determined by introducing 0.1 g 
of adsorbent sample into a 200 ml of 0.1 M NaCl solution 
(of known pH). The mixture in a closed container was then 
agitated in a shaker at 250 rpm for 4 h. The pH was 
measured after agitation and the difference in pH was 
plotted against the initial pH. The pHpzc is achieved when no 
charge occurs after contacting the adsorbent [78]. 
 
Boehm Titration   
      The Boehm titration technique was used to determine 
the oxygen-containing groups on the adsorbent surface [79]. 
4.0 g of the adsorbent was evenly distributed into four, and 
each was contacted with a 15 ml solution of 0.1 M NaOH, 
0.05 M Na2CO3, and 0.1 M NaHCO3 for acidic groups and 
0.1 M HCl for the basic groups. The mixture was left for      
48 h at room temperature. The resulting solution was back-
titrated with 0.1 M NaOH and HCl for basic and acidic 
groups, respectively. The nature and the type of acidic sites 
were calculated using previously used procedures [80]. 
 
RESULTS AND DISCUSSION 
 
Bsac Characterization 
      Scanning electron  micrograph  (SEM).  The  textural 

 
 
characteristics of the BSAC were studied using the scanning 
electron microscope. Micrographs of RBS and BSAC are 
shown in Figs. 1a and 1b. Figure 1a shows vividly that the 
pores are underdeveloped, whereas Fig. 1b shows a large 
porosity. The observed pores in the BSAC are primarily 
attributed to the effect of high temperature and acid 
activation of BSAC which resulted in breaking down the 
lignocellulosic content.  This is also assumed to be followed 
by the liberation of volatile materials in the adsorbent [78, 
81, 82]. The increase in surface area and developed pores is 
typical of adsorbents that will effectively trap pollutant 
molecules [83]. 
 
Fourier Transform Infra Red Spectroscopy  
      The surface characteristics of the modified banana stalk 
sample were studied using FTIR. Spectroscopic properties 
of BSAC including the assignment of prominent bands to 
functional groups that are responsible for the adsorption 
process were elucidated. A possible mechanism for 
adsorption of LUMF on the BSAC surface was also inferred 
from the spectral analysis. Obvious spectra connected        
with certain functional groups that may support the           
efficient adsorption of LUMF were observed at 3012.91-         
3257.88 cm-1 (the secondary amine group), 1616.40 cm-1 

(carbonyl group), and 3429.55 cm-1 (bonded O-H group) 
from the FTIR spectra of BSAC, as shown in Fig. 2. The 
influence of these prominent functional groups on the 
BSAC surface in removing pollutants has been reported in 
previous studies [84-86]. Other bands observed on the 
spectra which may contribute in the adsorbate uptake 
include 648.10 cm-1 (-CN stretching), 1242.20 cm-1             
(-SO3 stretching), 1114.89 cm-1 (-C=O=C stretching of 
ether) and 1402 cm-1 (symmetric bending of CH3). A similar 
characterization result on BSAC was reported by Ogunleye 
et al. (2014) [87].  
 
BOEHM TITRATION 
 
      Functional groups containing oxygen are oftentimes an 
important component of activated carbon as they influence 
the characteristic of carbon material surfaces [88]. Acidity 
and basicity of carbon material surfaces are examined by 
Boehm’s titration which assumes that NaHCO3, NaOH          
and Na2CO3 neutralize groups  as  the  acidic  groups,  while 
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Fig. 1. SEM image of (a) RBS with 1000x magnification, (b) BSAC with 1000x magnification. 
 

a 
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HCl neutralize groups as the basic groups.  The acidic and 
basic groups are: carboxylic (0.1832 mmol g-1), phenolic             
(0.2749 mmol g-1), and lactonic (0.2418 mmol g-1). The 
total basic group was 0.1582 mmol g-1 and that of the acidic 
groups was 0.699 mmol g-1. It can be inferred from the 
results that the BSAC has more acidic groups than basic 
groups available on its surface. The BSAC surface is 
predominantly acidic as suggested by the pHpzc (4.5) value 
obtained (Fig. 3) [89]. This indicates that the adsorption of 
cationic pollutants will be highly favored at this pH. 
 
Proximate Analysis 
      Proximate analysis was performed using a 
thermogravimetric analyzer (Perkin-Elmer TGA7, USA). 
Results of the analysis showed that moisture, fixed carbon, 
volatile, and ash content for RBS were in the percentages of 
14.36, 5.83, 73.91 and 5.90, respectively. Conversely, 
BSAC indicated low moisture and volatile contents with a 
high amount of fixed  carbon  and  lower  ash  content  with  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
percentages of 2.91, 18.64, 73.92 and 4.53, respectively. 
The raw banana stalk sample showed high amount of 
volatile and moisture contents. During the process of 
activation and carbonization, organic bonds and linkages are 
broken leaving the volatile compounds to evaporate as 
liquid and gaseous products. This left the carbon material 
with a high carbon content [90,91]. It can be observed that 
the activation process led to increased fixed carbon content 
and a consequent decrease in the presence of volatile 
materials in the adsorbent.   
 
Point of Zero Charge (pHpzc) 
      The results of the pHpzc of BSAC are shown in Fig. 2. 
The point at which the curve passes through the axis of the 
pHo in Fig. 2 is the pHpzc which is observed at 4.5. At pHs 
above the pHpzc, the adsorption of a cation is supported 
while at values below the pHpzc, anionic adsorption is 
enhanced [78,92-94] 

 

Fig. 2. FTIR spectrum of acidic modified banana stalk. 
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BATCH EQUILIBRIUM STUDIES 
 
Effects of Agitation Time, Solution Temperature, 
and Initial LUMF Concentration  
      The influence of agitation time and LUMF initial 
concentration is presented in Fig. 3. A rapid uptake was 
observed in the initial phase of 50 min contact time. Beyond 
this time, the adsorption rate became slower until 
equilibrium was attained at 120 min for all initial 
concentrations of LUMF, except for 20 and 40 mg l-1 initial 
concentrations in which the equilibrium was fulfilled at             
70 min contact time. The difference in the equilibrium            
time shows the influence of the various initial LUMF 
concentrations on the adsorption process at large. Evidently, 
the adsorption rate was highly dependent on the various 
initial concentrations. The amount absorbed was increased 
with increasing the initial LUMF concentrations. 
Conversely, the percentage removal of LUMF decreased as 
initial LUMF concentration increased.  
      At 120 min contact time, percentage removal increased 
from 78% to 95% as initial LUMF concentration varied 
from 20 to 100 mg l-1. This rapid uptake at the initial phase 
can be ascribed to the higher number of pores available on 
the BSAC surface which were occupied with adsorbate 
molecule, leading to a much slower adsorption rate towards 
equilibrium. The observed trend with the increased amount 
of LUMF adsorbed as initial concentrations increased, 
maybe due to the availability of unoccupied pores which 
can still accommodate more LUMF molecules. On the other 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
hand, the decreased percentage removal observed in the 
same vein can be attributed to competition among adsorbate 
molecules to diffuse into the internal pores of the BSAC           
as initial concentration increases. Boudrahem et al. and 
Malakootian et al. reported a similar observation in the 
sorption of pharmaceuticals using adsorbent prepared from 
olive stones and pumice [95-96]. Most adsorption processes 
are often influenced by temperature. The uptake of LUMF 
increased as temperature increased from 303-323K, 
showing the exothermic nature of the process. The 
percentage and amount of LUMF removed at equilibrium 
were increased from 78.57% (15.714 mg g-1) to 95.24% 
(19.048 mg g-1) at 20 mg l-1 initial concentration even as the 
temperature increased from 303-323 K (Fig. 4). This 
notable trend is majorly attributed to the increase in surface 
activity [91]. 
 
Influence of pH on LUMF Adsorption 
      The results of pH studies on LUMF uptake by BSAC is 
reported in Fig. 5. The removal percentage of LUMF 
increased with an increase in pH from 3 to 7 and decreased 
generally in the basic region. At pH 3, the percentage of 
LUMF removal was 54.17% while at pH 7, removal was 
100%. The optimum pH for this study is observed at pH 6. 
A 100% removal was observed at pH 5 and pH 7, but 
54.167% and 86.05% were obsereved at acidic region         
(pH 3) and at basic region (pH 11), respectively. At pH 
values below the pHpzc which is 4.5, the BSAC surfaces are 
positively charged and at higher values, it becomes  charged  

 
Fig. 3. Zeta potential vs. pH curve of BSAC. 
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Fig. 4. The influence of agitation time and LUMF initial concentration at 323 K. 
 
 
 

 
Fig. 5. Influence of temperature on the removal of LUMF by BSAC. 
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negatively [97]. Lumefantrine, a nitrogen-containing basic 
compound, showed an optimum adsorption between pH 5 
and 7. This may be due to electrostatic interactions and 
hydrogen bonding between the adsorbent surface and the 
Lumefantrine compound. The decline in the adsorptive 
uptake at higher pH can be attributed to likely competition 
and electrostatic repulsion between the negatively charged 
BSAC surface and the basic Lumefantrine compound.  
 
ADSORPTION ISOTHERM STUDIES 
 
      Five  different  isotherm  models  were  used  to  test the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
adsorption data, they are: four two-parameter and one three-
parameter isotherm models, respectively. The two-
parameter isotherm models used are the Langmuir, D-R, 
Freundlich, and Temkin models while the three-parameter 
isotherm model used is the Sips model (Table 3). In the 
present study, the suitability and fitness of isotherm models 
to experimental data was judged according to the R2 and qm 

values obtained. The plot of the isotherm models at all 
temperatures studied was employed to evaluate the R2 
values and other parameters of the adsorption isotherm as 
shown in Table 3. The closeness of the R2 values to unity 
was  used  to  identify   the  most  suitable  isotherm  model.         

                    Table 3. The Adsorption Isotherm Constants for the Removal of LUMF Using BSAC  
 

 Parameters 303 K 313 K 323 K 

Langmuir qm (mg g-1) 98.0392 58.1395 89.2857 

   KL (l mg-1) 0.0948 0.25943 0.29708 

   RL 0.09542 0.03712 0.03256 

   R2 0.9998 0.9977 0.9994 

Freundlich Kf (mg g-1 (l mg-1))1/n 12.0726 18.2684 22.9509 

   n 1.7934 2.92312 2.30097 

    R2 0.9801 0.9175 0.9316 

Temkin BT 50.5253 98.229 62.4226 

   Kt 1.03229 1.61357 1.64788 

   R2 0.9961 0.9598 0.9925 

D-R  E (kJ mol-1) 0.70711 0.79057 1.29099 

   Qm (mg g-1) 57.9569 48.1297 64.6249 

   R2 0.8814 0.9199 0.9174 

   Β (mol2 kJ-2) 1.00E-6 8.00E-07 3.00E-07 

Sips Ks 0.09506 0.2286 0.3089 

   qm (mg g-1) 102.1 59.6 84.14 

   n 1.044 0.9986 0.9026 

    R2 1.000 0.999 0.9998 
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Figures 6a-d shows the linearized isotherm plots for LUMF 
uptake at 303 K.  
      Maximum monolayer adsorption is commonly assumed 
to occur when there is monolayer coverage of the adsorbent 
surface by the adsorbate. The optimum monolayer 
adsorption capacity of BSAC can be deduced from the 
Langmuir isotherm. The qm from the Langmuir model at 
303 K was 98.039 mg g-1 with a corresponding R2 value of 
0.9998 which shows the suitability of the model in 
explaining the adsorption process. The separation factor 
(RL) values ranging from 0.09542-0.03256 were obtained at 
temperatures from 303323 K. The separation factor shows 
the favorability of the adsorption of LUMF by BSAC as the 
RL values were between 0 and 1. The n values of the 
Freundlich model were above 1, indicating that the process 
of adsorption was favorable. The adsorption energy                 
value from the D-R isotherm was between 0.707 and                   
1.291 kJ mol-1 at all temperatures studied, suggesting 
physical adsorption in the removal of LUMF by BSAC. The 
Temkin model which assumes that the binding energies are 
uniformly distributed on the adsorbent surface also closely 
fits the experimental data judging from  the  closeness of  its 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R2 value to unity (Fig. 7).  
      The Sips isotherm being a combination of the 
Freundlich and Langmuir models gave the best fit to 
experimental data. Similarly, it well explains the adsorption 
isotherm [91]. The closer the n values of the Sips isotherm 
to unity, the more it tends towards the Langmuir isotherm 
model, suggesting monolayer adsorbate coverage on the 
adsorbent surface. The Sips model (Fig. 8) gave the highest 
qm value of 102.1 mg g-1 and R2 of 1. The values of n in the 
Sips isotherm were close to unity describing the adsorption 
data with the best fitting to the Langmuir isotherm. The 
fitness of the five isotherms used based on values obtained 
from the R2 is in the order: Sips (1.000) > Langmuir 
(0.9998) > Temkin (0.9801) > D-R (0.8814).      
 
 ADSORPTION KINETIC STUDIES 
 
      To study the kinetics of the adsorption of LUMF, four 
different kinetic models were used. They are PSO, PFO, 
Elovich and IPD. Three parameters were used to ascertain 
the models that fit best in explaining the adsorption rate 
(Table 4).  The  parameters  are  the  correlation   coefficient  

 

Fig. 6. Influence of pH on the adsorption of CIP by BSAC at 303 K. 
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Fig. 7. Plot of Langmuir (a), Freundlich (b), Temkin (C) and D-R (d) isotherm at 303 K. 
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Fig. 7. Continued. 
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(R2), the closeness of q(cal) to q(exp), and the sum of error 
squares (SSE). The closer the R2 value to unity coupled with 
a lower SSE value describes the most suitable model for the 
kinetic studies. In this study, the PFO model showed R2 

value ranging from 0.5663-0.8261 and the difference in q(cal) 

and q(exp) ranging from 13.0311-57.8641. The SSE value 
ranged from 3.3646-13.275. The values obtained from the 
PFO model are not desirable unlike those obtained from the 
PSO model with R2 values between 0.9845-0.9997 and 
much lower SSE values between 0.4006 and 0.9286. The 
PSO model shows a good fitting of the adsorption data. The 
low R2 values obtained from the Elovich model make it 
unfit to describe the kinetics of adsorption of LUMF onto 
BSAC. The IPD model showed that at different initial 
LUMF concentrations, the plot of qt against t1/2 did not pass 
through the origin as justified by the intercept obtained 
(Table 4). Values obtained for the intercept from the plot 
implies that the IPD model is likely  to  be  the  rate-limiting  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
step but not the only mechanism responsible for the 
adsorption process. The Boundary layer diffusion is another 
possible mechanism that took place during the movement of 
LUMF molecules into the adsorbent. As the value of C 
increased (Table 4), the boundary layer effect increased as 
well. This provides very important details about the ability 
of the adsorbent to remove LUMF or be retained in solution. 
However, higher values of C (8.6305-41.508) imply a 
higher capacity for adsorption which was notably observed 
(Table 4) [98,99]. 

 
Adsorption Thermodynamics 

      The influence of temperature on LUMF uptake by 
BSAC is better understood by evaluating some necessary 
thermodynamic parameters such as the free energy, 
enthalpy, and entropy change. Thermodynamic parameters 
obtained are shown in Table 5. The endothermic nature of 
the adsorption of LUMF onto BSAC was noted as a positive  

 
Fig. 8. Non-linear plot of the Sips isotherm at 303 K. 
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                Table 4. Kinetic Model Parameters of LUMF Adsorption onto BSAC at 323 K 
 

Model 

Initial LUMF concentration 

(mg l-1) 

  20 40 60 80 100 

PFO       

qe(exp) (mg g-1) 19.0476 37.619 54.9524 68.0952  77.619 

qe(cal) (mg g-1) 6.01647 20.4442 32.0886 37.9221 19.7549 

k1 (min-1) 0.015 0.0208 0.0215 0.0212 0.0222 

R² 0.5663 0.896 0.9173 0.8842 0.8261 

SSE (%) 3.36463 3.94018 5.1125 8.08855 13.275 

PSO       

qe(exp) (mg g-1) 19.0476 37.619 54.9524 68.0952  77.619 

qe(cal) (mg g-1) 20.6186 41.6667 57.4713 69.9301 79.3651 

k2 (g mg-1 min-1) 0.00484 0.00146 0.00155 0.00018 0.00341 

R² 0.9929 0.9845 0.9908 0.993 0.9997 

SSE (%) 0.40561 0.92859 0.56324 0.41028 0.40057 

Elovich       

Β 0.24227 0.1289 0.11111 0.09866 0.0876 

Α 4.71237 8.31735 25.6022 60.253 116.657 

R² 0.8976 0.9381 0.9309 0.8667 0.5611 

Intraparticle-diffusion      

C 5.6305 9.4769 19.271 30.005 41.508 

kdiff 1.3422 2.6139 3.107 3.3765 3.5765 

R² 0.6866 0.7705 0.8027 0.6958 0.5611 
 
  
            Table 5. Adsorption Thermodynamic Parameters for LUMF Uptake onto BSAC 
 

T 

(K) 

KL 

(M-1) 

ΔG 

(kJ mol-1) 

ΔH 

(kJ mol-1) 

ΔS 

(kJ mol-1) 

Ea  

(kJ mol-1) 

303 31410.217 -36.2033 48.8344 0.29178 49.3536 

313 85960.308 -40.0179   49.4367 

323 98437.305 -41.6604   49.5198 
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ΔHo value (46.83 kJ mol-1). Increased disorderliness at       
the BSAC-LUMF interface, which suggests a favorable 
adsorption, was marked by a positive ΔS° value           
(0.242 kJ K-1 mol-1) obtained from the thermodynamic 
studies. Lastly, the spontaneity of the overall process of 
adsorption, noted as ΔG° value (-41.66 kJ mol-1), was 
negative. Similar reports were obtained by Tam et al. on the 
removal of diclofenac graphitic biochar [100]. 
 
Adsorption Mechanism 
      To understand the mode of adsorption of an adsorbate to 
the surface of a carbonaceous material, it is important to 
study its adsorption mechanism. The predictability of an 
adsorption mechanism can be achieved by studying the 
relative dependence of the process on its solution pH. The 
interactions between adsorbent surface and adsorbate 
molecules are usually influenced by the solution pH which 
in turn gives rise to variations in possible mechanism 
adoptable for various adsorption processes [101,102].           
Van der Waals interactions, π-π interactions, H-bond 
interactions, and electrostatic interactions have been 
reported in previous studies to be the possible mechanisms 
responsible for the uptake of several pharmaceutical 
contaminants onto the surface of porous adsorbents 
[103,104].  
      At regions below the pHpzc (4.5), the adsorbent surface 
is positively charged and the nitrogen group on the 
lumefantrine drug becomes protonated. Electrostatic 
repulsion at this region may have been induced, resulting in 
the decreased uptake observed at this pH environment. 
Beyond the pHpzc value, the BSAC surface becomes 
negatively charged and just above this pH, between pH 5 
and 7, the nitrogen group of lumefantrine molecules are still 
protonated bringing about a strong electrostatic attraction 
between the BSAC surface and the protonated Lumefantrine 
molecule (Fig. 9a). The maximum removal of the 
pharmaceutical at this pH range can be attributed to the 
strong attractive electrostatic interaction between the 
adsorbent and the Lumefantrine molecule. El-shafey et al. 
(2012) also reported a similar mechanism in the adsorption 
of CIP onto activated carbon prepared from date palm 
leaflets [105].  
      The sharp decrease in the adsorptive uptake between  
pH 7 and 9 is not unconnected with the deprotonation of the 

 
 
nitrogen group on the LUMF molecules, resulting in a 
strong electrostatic repulsion. The polar functional groups 
on the BSAC surface (carboxylic moieties) interacting by 
hydrogen bonding with electronegative species on LUMF 
molecules (O-atoms) may be responsible for the increased 
uptake at pH > 9 (Fig. 9b). This is also consistent with 
findings reported by Tam et al. (2019) on the removal of 
diclofenac from aqueous media by potassium ferrate- 
activated porous graphite [106]. Therefore, electrostatic 
interactions and hydrogen bonding are proposed as possible 
mechanisms for this study. 
      
Performance Metrics Evaluation  
      The performance metrics of adsorbent is a parameter 
that can be evaluated to further ascertain the effectiveness of 
an adsorbents used for the uptake of pollutants without 
much discrepancy in the performance evaluation of such 
adsorbent material. The performance metrics of most 
adsorbents reported in previous studies have been basically 
evaluated based on the measurement of their adsorption 
capacities which are not completely dependable as certain 
process controlling parameters are not considered. Factors 
such as variation in adsorbate equilibrium concentrations 
usually influence the adsorption capacity of the carbon 
material used. At higher adsorbate concentration, a higher 
uptake may be recorded by the adsorbent which reduces the 
reliability of adsorption capacity to effectively measure an 
adsorbent true performance [107]. The possibility of 
recording a lower adsorption capacity at ambient conditions 
for previously reported works which have evaluated and 
reported efficiency based on their qmax is likely to occur. 
Therefore, to assess the performance metrics of an 
adsorbent, the partition coefficient (PC) method may 
provide a better evaluation than the adsorption capacity 
measurement [108,109]. The partition coefficient is the ratio 
of the equilibrium adsorption capacity (qe) to the 
concentration at equilibrium in a solid-liquid adsorption 
process as shown in Eq. (20) [110],  
 
      

e

e

C
qtcoefficienPartition                                                (20) 

 
where qe is the equilibrium adsorption capacity and ce is the 
concentration at equilibrium. The performance metric of the  
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BSAC used in this study is therefore evaluated using the 
maximum adsorption capacity and the partition coefficient 
method. The highest percentage removal was recorded at 
323 K (at 20 mg l-1) and at this temperature the         
equilibrium adsorption capacity, was 19.04762 mg l-1 while 
the  concentration  at  equilibrium  was  0.95238 mg l-1.  The 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
partition coefficient in this study is 20 which suggested a 
better performance of the BSAC in removing LUMF from 
solution. The result obtained showed that BSAC performed 
better that many other adsorbents used in the removal of 
pharmaceuticals as shown in Table 6.  

                   

Fig. 9. Adsorption mechanism for the adsorption of LUMF unto BSAC. 
 
 

           Table 6. Partition Coefficient of Different Adsorbent Material for the Removal of Pharmaceuticals  
 

Pharmaceutical pollutant Adsorbent Qmax 

 (mg g-1) 

Partition coefficient 

(PC) 

Ref. 

Activated carbon Ciprofloxacin 231 12.2 [111] 

Carbon nanotubes Ciprofloxacin 135 5.6 [111] 

NPC-700 derived from ZIF-8 Ciprofloxacin 416.7 0.87 [112] 

Activated carbon Diclofenac 76 0.76 [113] 

18% SO3H-UiO-66 Diclofenac 263 3.57 [113] 

Carbon nanotubes Diclofenac 33.88 1.32 [114] 

PCDM-1000 Diclofenac 320 6.48 [115] 

BSAC Lumefantrine 102.1 20 This study 
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COST ANAYLSIS 
 
      The analysis of cost incurred in the course of preparing 
an adsorbent is important in evaluating the overall 
effectiveness and adoptability of the adsorbent. Comparing 
the prepared BSAC in this study to commercial activated 
carbon as described in Table 7, the BSAC is approximately 
five times more cost-effective than that of CAC. About 
USD 258 per Kg is estimated to be saved from the 
preparation of BSAC. A concise summary of cost incurred 
in the preparation of BSAC is shown in Table 7. 
 
CONCLUSIONS 
 
      In this study, Lumefantrine was successfully removed 
from the solution by BSAC. Optimum conditions for the 
adsorption process were recorded at 120 min contact time, 
pH = 6, 0.1 g adsorbent dose and temperature 323 K, 
respectively. The optimum adsorption capacity was            
102.1 mg g-1 with the process being thermodynamically 
favored. The adsorption data was best explained by the Sips 
isotherm and the PSO kinetic models with R2 values of 1 or 
close to unity with low SSE values compared with other 
isotherm and kinetic models studied. The mechanism of 
adsorption was controlled by both intraparticle diffusion and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
boundary layer effect. The results obtained from this study 
shows that BSAC is an efficient adsorbent in removing 
Lumefantrine, an antimalaria drug, from solutions. 
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