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Abstract
Activated carbon from banana stalk, an eco-friendly agricultural waste, was prepared and investigated for its absorptive potentials
in removing ciprofloxacin (CIP), an antibiotic from aqueous media. Orthophosphoric acid was used to modify the agricultural
waste. The textural characteristics and adsorptive properties of the activated banana stalk (BSAC) were investigated using SEM,
FTIR, Boehm titration (BT), and pHpzc analytical techniques respectively. Image from the SEM of BSAC showed well-
developed pores, supporting the trapping of CIP molecules to the surface, while the FTIR revealed notable bands associated
with specific functional groups responsible for enhanced and efficient uptake of CIP. The Boehm titration revealed the total acidic
group to be 0.699 mmol/g and the basic group to be 0.1582 mmol/g, suggesting the predominance of acidic groups, and this was
supported by the pHpzc value of 4.5. The most favorable interaction between the BSAC surface and the CIPmolecules were in the
in zwitterionic form of the CIP. The adsorptive uptake in this study was optimum at pH 8. Experimental data were studied using
five different models of adsorption isotherm, namely, the Langmuir, Freundlich, Temkin, D-R, and Sips. The Langmuir isotherm
(R2 = 0.9824) best described the experimental data with an optimum monolayer capacity for adsorption of 49.7 mg/g at 323 K.
The D-R isotherm showed that the mean free energy ranged from 1.29 to 3.54 kJ/mol, suggesting that the mechanism of
adsorption for the uptake was physisorption in nature. The adsorption process was best explained by the pseudo-second-order
kinetic model with R2 values between 0.9103 and 0.9995. Thermodynamic results obtained proved that the sorption of CIP
antibiotics onto BSAC was endothermic, spontaneous, and thermodynamically favored (ΔH = + 106.561 kJ/mol, ΔS = +
0.44797 kJ/mol, and ΔG = − 36.265 kJ/mol). BSAC prepared in this study is about six times cheaper than the commercially
available activated carbon indicating the cost-effectiveness of this work. This study, therefore, establishes that the modification of
banana stalk waste into activated carbon is efficient for the adsorptive uptake of ciprofloxacin antibiotics from aqueous media.
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Abbreviations
Co CIP initial concentration (mg l−1)
Ce CIP equilibrium concentration (mg l−1)
Ct CIP concentration at preset times (mg l−1)
V CIP solution volume (l)
W Mass of BSAC (g)
qe(exp) Amount of CIP removed by BSAC (mg g−1)

qe(cal) Calculated amount of CIP removed
by BSAC (mg g−1)

kdiff Constant of the intraparticle diffusion (mg/g h1/2)
RL Separation factor of the Langmuir Isotherm
Qm Maximum monolayer adsorption capacity (mg g−1)
n Adsorption affinity constant of the Freundlich model
BT Adsorption heat of the Temkin model
ΔGo Free energy change (J mol−1)
ΔHo Enthalpy change (J mol−1)
ΔSo Change in entropy (J mol−1 K−1)

1 Introduction

The presence of antibiotics in ground and surface water has
become ubiquitous in recent times. These groups of pollutants
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generally referred to as “emerging pollutants” have been
widely reported in aqueous environments. Antibiotics which
are largely used in veterinary and human medicines have en-
tered into water bodies through various anthropogenic activi-
ties. Unfortunately, receiving water bodies have been reported
to contain these antibiotics in their metabolized and un-
metabolized forms even at low concentrations. The ecological
health suffers a setback by the persistence of these undesirable
contaminants which accumulate in water bodies [1, 2]. The
trending ability of bacteria to be resistant to antibiotics has
become another growing threat to scientists as the presence
of these pharmaceutical products is increasing rapidly in the
environment [3–9].

Ciprofloxacin, a fluoroquinolone antibiotic, has been used in
therapeutic applications both in veterinary and humanmedicine
and has been reported to have concentrations reaching
31 mg l−1 or above in discharges from pharmaceutical produc-
tion plants [10–12]. Due to its solubility in water, bacteria-
inhibiting ability, and high molecular ring structural stability,
ciprofloxacin is not easily removed from water systems [13,
14]. Antibiotics removal from waste sources has reportedly
been achieved by various methods such as photodegradation,
biodegradation, advanced oxidation, and adsorption [15, 16].
Unlike other treatment technologies, the adsorption process has
proven better by its simple design, ease of operation, cost-ef-
fectiveness, and convenience in antibiotics removal from aque-
ous environments [17]. In this present study, the adsorption
process is employed as an efficient, simple, and economical
method for ciprofloxacin removal from contaminated water
[18–20]. The cost associated with commercially available acti-
vated carbon utilized in adsorption has brought about the need
to develop inexpensive adsorbent from agricultural waste ma-
terials usually of little or no economical values. Examples of
such adsorbents that have been used for adsorption include rice
and wheat husk [21], ground nutshell [22], waste biomass [23],
and banana stalk [24, 25]. Recent advances in the adsorption of
CIP have employed various adsorptive techniques such as the
use of activated sludge laced with biochar derived from apple
tree [26], surfactant-modified sepiolite [27], nanohybrid GO/O-
CNTs [28], TiO2 nanotube/graphene oxide hydrogel [29],
Fe3O4/graphene oxide nanocomposite [30], and biogenic palla-
dium nanoparticles [31] as sorbent materials. Other adsorbent
materials that have been employed for the removal of other
pollutants include starch/PVA composite films, ZnO–NR–
AC, slag, porous carbon, carbon nanotubes, fullerenes, tire-
derived carbons, multi-walled carbon nanotubes, ZnO/CuO
nanocomposite, Hg-doped ZnO nanorods, bagasse fly ash,
Fe@Au core–shell, ZnO/Ag nanocomposite, waste rubber tire,
and rice husk [32–66].

Ortho-phosphoric acid (PA), H3PO4 is a common activating
agent whose use has been extensively reported for preparing
activated carbons from agricultural products [67–70]. PA pro-
motes bond cleavage in the biopolymers and dehydration at low

temperatures, followed by extensive cross-linking that binds
volatile matter into the carbon products and thus increases the
carbon yield. Benaddi et al. [71] showed that the mechanism of
PA activation of biomass feedstock occurs through various
steps: cellulose de-polymerization, biopolymer dehydration,
formation of aromatic rings, and elimination of phosphate
groups. This produces activated carbon with good yields and
high surface areas. Activation conditions thus depend on the
nature of the precursor, i.e., on the relative amounts of cellulose,
hemicelluloses, lignin, and ashes. In the present study, authors
prepared activated carbon (AC) from a banana stalk (BS) by
activation with H3PO4; the optimum BS/PA weight/volume
ratio allowing complete activation of BS was evidenced when
25.0 ± 0.01 g BS impregnated with 500 cm3 of 0.3 mol/dm3

ortho-phosphoric acid (H3PO4). The best yield was obtained
using this weight/volume ratio. Alteration in the ratio of BS/
PA did not produce good yield during pyrolysis [72]. Hence,
this ratio was used for the acid activation.

Banana stalk, a lignocellulosic agricultural waste (which
constitutes a pollutant in itself if not well disposed of), has
been used in several studies as precursors in producing acti-
vated carbon [73, 74]. BSAC has been used as an efficient
adsorbent in removing various pollutants such as dyes, and
heavy metals in previously reported works, but the adsorption
of emerging contaminants such as CIP using BSAC has not
been explored. The use of carbon materials prepared from
banana stalk for the sorption of ciprofloxacin antibiotics from
aqueous solution, to the best of our knowledge, has not been
reported. The novelty of this work is in the remarkable adsorp-
tion capacity demonstrated by the prepared adsorbent from
banana stalk on ciprofloxacin (CIP) adsorption when com-
pared with other biomass. Similarly, banana stalk can cause
serious environmental threat if not properly managed; it can
produce greenhouse gas if dumped in wet conditions. Usually,
farmers threw the banana stalk waste in rivers and ponds
where it degraded slowly and formed methane, and other gas-
es, spreading foul smell thereby affecting the nearby ecosys-
tem and the natural balance of atmospheric gases. It is abun-
dantly available and has significant adsorption capacity
against water-soluble pollutants (CIP inclusive). Therefore,
the selection of banana stalk as an effective adsorbent material
is a smart choice for sustainable future. This work, therefore,
investigates the use of banana stalk as a cost-effective precur-
sor material for preparing functionalized adsorbent for the
uptake of ciprofloxacin antibiotic from aqueous solutions.

2 Materials and methods

2.1 Chemicals

Orthophosphoric acid (H3PO4), ciprofloxacin, NaOH,
NaHCO3, Na2CO3, and HCl are the analytical grade
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chemicals used for this investigation and were not needing
purification before use. The chemicals used were obtained
from Aldrich Chemicals, Germany, except for ciprofloxacin
(96%) which was obtained from Bond Chemicals, Aawe, Oyo
State, Nigeria (Fig. 1). All chemicals were used as purchased.

2.2 Sample collection and pretreatment

Banana stalk agricultural waste was obtained from a local
farm in Osun State, Oyan (a south-west town in Nigeria).
The stalks were washed thoroughly with water, and impurities
were further removed by rinsing with distilled water. To in-
crease sample surface area, it was ground with mortar and
pestle after the sample was sun-dried to constant weight.
Uniform particle size was achieved by sieving with a
106-μm mesh size sieve.

2.3 BSAC preparation

The modification was done by reacting to 1000 ml of 0.3 M
orthophosphoric acid with 50 g of banana stalk. The reaction
was carried out on an electric hotplate until a slur was formed.
After the slurry formation, it was carbonized at 250 °C for 3 h
until a char was formed. The char formed was then washed to
neutral pH with distilled water after which it is oven-dried to
fixed weight at 105 °C to eliminate the moisture content and
other adhering volatile materials [75]. An airtight container
was used to store the banana stalk–activated carbon (BSAC)
obtained for subsequent investigation.

2.4 Adsorbate preparation

Adsorbate solution stocks were prepared by the dissolution of
1.0 g CIP crystalline powder into 1000 ml of distilled water
from which desired working solutions were prepared using
serial dilution. Some physicochemical properties of CIP are
reported in Table 1.

2.5 BSAC characterization

2.5.1 Fourier transform infrared spectroscopy

The (FTIR) spectrometer (Perkin-Elmer FTIR-2000) was
employed to record the spectra of raw banana stalk. The mea-
surement of the spectra was obtained using a KBr disc be-
tween 4000 and 400 cm−1 wavelength. This analytical method
was used to elucidate the characteristic functional group(s)
available on the raw banana stalk sample surface.

2.5.2 Scanning electron microscopy

The morphological characteristics of the sample surface were
observed with the scanning electron microscope (SEM). This
electronic microscope produces enlarged images of samples
[76]. Interactions of the sample’s atomic constituents with the
shaft of electron result into the production of different signals.
Details of the sample’s constituents, scenery, and the surface
property were obtained from the signals generated by a scan-
ning electron microscope [77].

2.5.3 Boehm titration

Functional groups that contain oxygen on the adsorbent sur-
face (BSAC) were investigated using Boehm titration [78].
The workings of the Boehm titration are principled on the fact
that surface oxygen groups on activated carbon have varying
acidities and can be brought to neutrality using bases of dif-
ferent strengths [79].

2.5.4 pH point of zero charge (pHpzc)

The pH at which all charges on the adsorbent surface is zero is
the pHpzc [80]. It measures the adsorption efficiency of adsor-
bents in removing species from solution. The pHpzc is reached
when no changes occur with pH on interacting with the ad-
sorbent(s) [81, 82].

2.6 CIP adsorption studies

2.6.1 Batch adsorption studies

The effectiveness of BSAC in removing CIP from aqueous
solution was investigated at 303 K, 313 K, and 323 K using
the batch adsorption method. The effect of solution tempera-
ture, contact time, and initial concentration of CIP on the
adsorption process was investigated. Concentrations of 10–
50 mg/l were studied. A total of 0.1 g of BSAC was carefully
weighed into a 200-ml flask containing various CIP solutions
(100 ml in each flask). The samples were agitated for 7 h in a
water bath oscillator at a specific temperature until equilibri-
um was reached. Aliquots were drawn and residualFig. 1 Chemical structure of ciprofloxacin
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concentration measurements were taken using a spectropho-
tometer (UV-visible, Model 6715: JENWAY) at a preset
wavelength of 273 nm. Equation (1) was used to evaluate
the amount of CIP adsorbed onto BSAC.

qe ¼
Co−Ceð ÞV

W
ð1Þ

where the concentrations of ciprofloxacin at equilibrium and
initially are Ce and Co (mg·l−1) respectively at the liquid-
phase. The volume of solution and mass of BSAC used is
given as V (l) and W (g) respectively.

2.6.2 Adsorption kinetics

Aliquots were drawn at specific intervals for this study and
CIP measurements were taken. Eq. (2) was used to evaluate
the residual concentration of CIP removed at preset times.

qt ¼
Co−Ceð ÞV

W
ð2Þ

where the concentrations at liquid phase of ciprofloxacin ini-
tially and at preset times are Co and Ct (mg·l−1) respectively.
The volume of solution and mass of BSAC used is given as V
(l) and W (g) respectively. Error bars were incorporated into
different plots in this study to show the range of uncertainty or
the level of accuracy of the data. The error bar also shows the
range of data on the plot. The error bars in this study were
evaluated for the dependent variable using the standard error
obtained from the data.

3 Results and discussion

3.1 Effect of CIP initial concentration, solution
temperature, and agitation time

To investigate the influence of agitation time on the adsorp-
tion process as well as the initial CIP concentration absorbed,
100 ml of initial concentrations ranging from 10 to 50 ml of

the CIP solution were prepared into Erlenmeyer flasks
(200 ml). An even quantity of 0.1 g of BSAC was carefully
weighed into each flask, tightly closed with glass stoppers and
orderly put into an isothermal water bath shaker (Model
NE5.28D). The shaker was preset at 303 K and at 120 rpm
rotating speed until equilibrium was attained. This process
was repeated at higher temperatures (313 K and 323 K respec-
tively) to determine the effect of solution temperature on the
uptake of CIP. The amount of CIP removed increased as ag-
itation time increased at all initial CIP concentrations. Also, as
initial CIP concentration increased, the adsorbate uptake in-
creased. The first 50 min showed rapid sorption followed by a
slower sorption rate until equilibrium was reached (figure not
shown).

The speedy sorption rate at the initial phase can be
credited to the availability of unoccupied sites on the
BSAC surface. This resulted in forces strong enough to
drive the CIP molecules to overcome transfer resistance
between the solid and the aqueous phase. The consequent
decline in the adsorption rate must have been due to re-
pulsion or electrostatic hindrance that exists between the
adsorbent surface and CIP molecules which makes the
remaining site difficult or unavailable for adsorption [83,
84]. This phase must have necessitated the adsorption
process to reach equilibrium and also indicated the max-
imum adsorption capacity for each concentration [85].

It was observed that the different concentrations reached
equilibrium at different times with the lowest initial concen-
tration reaching equilibrium first. Experimental data shows
that time to equilibrate increased with increasing initial CIP
concentration. This affirms that the time to reach equilibrium
for the sorption process is largely influenced by the initial
antibiotic’s concentration. For the removal of CIP by BSAC,
the maximum adsorption removal was 9.81 mg/l at the initial
CIP concentration of 10 mg/l and 45.88 mg/l at 50 mg/l initial
CIP concentration. This shows also that at higher initial CIP
concentration, appreciably high amount of CIP molecules was
removed at equilibrium. The higher concentration gradient in
the higher CIP concentrations produced a better driving force
for the process [86, 87]. Cyril Dube et al. (2018) reported the

Table 1 Physicochemical
properties of ciprofloxacin Parameters Properties

Appearance Light yellow crystalline powder

Brand name Ciprobay; ciproxan; cipro

Density ~ 1.5 g/cm3

IUPAC name 1-Cyclopropyl-6-fluoro-4-oxo-7-(1-piperazinyl)-1,4-dihydro-3-quinolinecarboxylic acid

Melting point 255–257 °C

Molar mass 331.347 g/mol

Molecular formula C7H18FN3O3

Solubility Soluble in water
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same observation for CIP removal from aqueous solutions
[88].

3.2 Activation of adsorbent

The dehydration of agricultural waste materials at low tem-
peratures through the use of orthophosphoric acid in the acti-
vation of adsorbent enhances bond cleavage in the materials
[67–70]. This process of activation involves the dehydration
of biopolymers, re-polymerization of cellulose with the re-
moval of phosphate groups, and the formation of aromatic
rings which yield high carbon content and good surface area
activated carbon [71]. A carbon material yield generally is
dependent on the nature of precursor material. Activated car-
bon was prepared by activating 50.0 g of BS with 1000 cm3 of
orthophosphoric acid (0.3mol/ dm3) in this study. This weight
to volume ratio has been reported to produce the best yield
[72].

3.3 Adsorbent characterization

3.3.1 Surface chemistry of BSAC

The surface properties of the prepared banana stalk were
studied using FTIR. This essentially showed spectroscop-
ic characteristics of the sample including major peaks
assigned to functional groups that influence the adsorp-
tion process and suggest a possible mechanism of CIP
interactions with the BSAC surface. Notable bands asso-
ciated with specific functional groups that may have aided
the efficient uptake of CIP were observed at 3429.55 cm−1

(bonded O–H group), 1616.40 cm−1 (carbonyl group), and
3012.91–3257.88 cm−1 (the secondary amine group) from
the FTIR spectra of BSAC (Fig. 2). Previous studies have
also reported the influence of these functional groups on
adsorption processes [89–91]. Other observed bands on
the BSAC which may have participated in the interactions
include 1402 cm−1 (symmetric bending of CH3),
1114 .89 cm − 1 (−C=O=C s t r e t ch ing o f e the r ) ,
1242.20 cm−1 (–SO3 stretching), and 648.10 cm−1 (–CN
stretching). Ogunleye et al. (2014) reported a similar char-
acterization result of BSAC [74]. The FTIR spectra for
BSAC before and after adsorption clearly shows that the
BSAC surface interacted with the CIP molecules as cor-
responding disappearance and appearance of new bands
were observed. A slight shift in adsorption bands was also
observed, all indicating the changes in spectroscopic
properties of the BSAC surface having effectively
adsorbed the CIP molecules. Notable changes in spectra
bands after adsorption include the shift from 3429.55 to
3425 .69 cm− 1 (bonded O–H group) , 3012 .91–
2924.18 cm−1 (secondary amine group).

3.3.2 pH and pHpzc determinations

The pHpzc of BSAC was found at 4.5 (as shown in Fig. 3).
This shows that the BSAC surface is positively charged in the
solution up to pH 4.5, and above this becomes negatively
charged. The pHpzc influenced the uptake of CIP molecules
in the adsorption experiment. The pHpzc of BSAC shows that
cationic adsorbent uptake will be favored at pH values above
the pHpzc [92]. In aqueous solution, CIP molecules undergo
both protonation and deprotonation reactions which give them
the ability to produce three possible species of ions, which
includes cationic when the pH of the solution is less than
5.9, zwitterionic when the solution pH is within the range
5.9–8.9, and anionic when solution pH is greater than 8.9
[93]. When the pH of the solution is less than 5.9, more cat-
ionic species exist which reduces CIP uptake as a result of
electrostatic repulsion between the BSAC surface and the
molecules of CIP. Consequently, when the value of pH is
above 8.9, anions of CIP exist in solution which is favorable
for the adsorption of CIP due to electrostatic exchange be-
tween the BSAC surface and CIP molecules. Nevertheless,
at this pH region, there was a strong competition between
the OH− group and the CIP anionic specie for the BSAC
surface which led to decreased CIP adsorption.

However, the zwitterionic species of CIP exists when the
pH value is between 5.9 and 8.9 which play the most influen-
tial role in the solution as there is no repulsion or competition
between the BSAC surface and the CIP molecules. Therefore,
the positive BSAC surface and the zwitterionic CIP specie
electrostatic interactions contributed to the high adsorption
efficiency of the process. Cheng et al. (2018) and Aborode
(2020) reported a similar trend on the adsorption of CIP anti-
biotics using halloysite nanotubes and activated kaoline re-
spectively [94, 95]. Result from the pH studies taken in trip-
licates is depicted in Fig. 4 which shows that the maximum
adsorption took place between pH values between 5.9 and 8.9
and at an optimum value of 8.

3.3.3 Proximate and elemental analysis

Proximate and elemental analysis was performed using a ther-
mogravimetric analyzer (Perkin-Elmer TGA7, USA) and ele-
mental analyzer (Perkin-Elmer series 11, 2400, USA) respec-
tively. Proximate analysis results revealed that the percentages
of moisture, fixed carbon, volatile, and ash content for BS
were 14.36, 5.83, 73.91, and 5.90 respectively. On the other
hand, BSAC showed low moisture and volatile content with a
correspondingly high amount of fixed carbon and lower ash
content with percentages of 2.91, 18.64, 73.92, and 4.53 re-
spectively. The higher fixed carbon content value suggests
that the adsorbent is favorable for the uptake of CIP antibi-
otics. The elemental analysis for the raw banana stalk (RBS)
showed low carbon (9.32%), hydrogen (4.38%), sulfur
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(0.10%) content, and high nitrogen-oxygen content combined
(86.20%). The BSAC showed a very high amount of carbon
(75.28), with low hydrogen (1.44%), sulfur (0.05%), and
nitrogen-oxygen content combined (23.23%). This further re-
vealed the suitability of BSAC for the uptake of CIP mole-
cules from aqueous environments.

3.3.4 Surface morphology

Images from the SEM of BS and BSAC are respectively
shown in Figs. 5a and 5b. The pores of the activated sample
show that they were well-developed when compared with that
of the raw sample. The improved numerous pores observed
can be attributed to the influence of the acid activation in the

adsorbent preparation. The better performance of BSAC in
removing CIP from aqueous solution can also be attributed
to the prominent and well-developed pores which allow the
trapping of the CIP molecules to the surface of the BSAC.

3.3.5 Boehm’s titration

Oxygen-containing functional groups usually characterize acti-
vated carbons as they influence the properties of the surfaces of
carbons and their quality as adsorbents [96]. Surface acidity and
basicity of adsorbents are evaluated by the Boehm’s titration
which assumes that NaOH, Na2CO3, and NaHCO3 neutralize
acidic groups while HCl neutralizes groups that are basic. The
acid and basic groups are lactonic (0.2418 mmol/g), carboxylic

Fig. 2 a FTIR spectrum of acid-
modified banana stalk before
adsorption. b FTIR spectrum of
acid modified banana stalk after
adsorption of CIP
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(0.1832 mmol/g), and phenolic (0.2749 mmol/g). The total
acidic groups were 0.699 mmol/g and that of the basic groups
was 0.1582 mmol/g. These results clearly show that the BSAC
surface contains more acidic groups than basic groups. The
surface is therefore predominantly acidic as suggested by the
pHpzc (4.5) value obtained [73]. This complements that cationic
adsorbate will be favored in the adsorption process.

3.3.6 Adsorption kinetic studies

Four kinetic models were used in this study to investigate the
kinetics of adsorption of CIP antibiotics unto BSAC. They are
the pseudo-first-order (PFO), pseudo-second-order (PSO),
Elovich, and the intraparticle diffusion models. Table 2 shows
the adsorption kinetic data for the four models used. The PSO
model described adsorption data best with a good correlation
between qe(exp) and qe(cal) (Table 2), unlike the PFO model. A
similar report was given by Li et al. (2018) on CIP removal using
biochar obtained from used tea leaves [97]. Comparing the
values of R2 for the kinetic models used, the sorption of CIP onto
BSAC was in the sequence: pseudo-second-order > pseudo-

second-order > Elovich. The poor agreement of the qe(exp) and
qe(cal) in the PFOmodel and the resulting low values of R2 for the
Elovich model makes them unsuitable to satisfactorily explain
the uptake of CIP from aqueous media by adsorption.

The rate constant (kdiff) for the intraparticle diffusion model
increased with increasing initial CIP concentration as shown
in Table 2. The low R2 values obtained showed that the model
poorly fitted the adsorption data in addition to the value for the
boundary layer thickness, C (mg/g), obtained in Table 2.
These values showed a deviation of the linear plot from the
origin. A multistep adsorption process is proposed with a
gradual adsorption phase preceded by an instantaneous ad-
sorption phase. The intraparticle diffusion is suggested to be
the rate-determining step in the sorption process [98, 99].
These findings agree with studies on adsorption of CIP by rice
straw biochar [100].

3.3.7 Adsorption isotherms

Studies on adsorption isotherm were investigated by
fitting experimental data to five different models namely

Fig. 3 Zeta potential vs. pH curve
of BSAC

Fig. 4 Influence of pH on the
adsorption of CIP by BSAC at
303 K
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Fig. 5 SEM image of (a) raw BS
magnification: × 1000, (b) BSAC
magnification: × 1000

Table 2 Kinetic model
parameters of CIP adsorption
onto BSAC at 323 K

Model Initial CIP concentration (mg/l)

10 20 30 40 50

PFO

qe(exp)(mg/g) 9.88177 19.6078 29.698 39.6078 45.8824

qe(cal)(mg/g) 2.07716 6.62997 23.9723 36.3284 44.6476

k1(min
−1) 0.0028 0.0065 0.0085 0.0088 0.0091

R2 0.2751 0.6947 0.9118 0.8845 0.8986

SSE (%) 0.5203 0.5643 0.1971 0.1058 1.2505

PSO

qe(exp)(mg/g) 9.88177 19.6078 29.698 39.6078 45.8824

qe(cal)(mg/g) 10.0402 20.4082 32.4675 42.1941 50.0000

k2(gmg−1 min−1) 0.02238 0.00372 0.0006 0.00039 0.0003

R2 0.9995 0.9981 0.9548 0.9103 0.9212

SSE (%) 0.0106 0.0348 0.0955 0.0834 0.1328

Elovich

β 0.68639 0.34214 0.21081 0.16409 0.14275

α 8.18501 9.5821 0.8907 4.11618 0.8335

R2 0.8063 0.9484 3.59422 0.853 4.49789

Intraparticle diffusion

C 5.5231 8.5408 5.2488 5.9193 5.8649

kdiff 0.301 0.7009 1.3048 1.6887 2.0000

R2 0.4881 0.7734 0.9557 0.929 0.9634
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Langmuir, Temkin, Dubinin-Radushkevich, Freundlich,
(two-parameter isotherm models), and Sips isotherm
(three-isotherm model) respectively. The R2 values of
the different isotherms were compared to ascertain the
isotherm that best explained the adsorption process.
Results from the adsorption models used in this study
are presented in Table 3. Figure 6 a, b, c, and d also show
various plots from isotherm models. The Langmuir iso-
therm assumes the surface is covered as monolayer by
an adsorbate when maximum monolayer adsorption has
occurred. The best adsorption capacity that correlates with
monolayer coverage on the BSAC can be evaluated by
this adsorption isotherm. Qm for the Langmuir isotherm
was 49.75 mg/g at 323 K with an R2 value of 0.9824. This
indicates that the experimental data fitted well into the
isotherm model. The separation factor (RL) value ranged
between zero and unity which indicated the favorability of
the process and the good fitting of the data to the
Langmuir isotherm [101].

The value of n > 1 in the Freundlich model shows that the
sorption process was simple, favorable, and physical
[102–104]. Table 3 shows that the kf values increased with
increasing temperature which suggested a higher affinity of
the BSAC for CIP molecules at higher temperatures. The con-
stant BT of the Temkin model which relates to adsorption heat
has a positive value of 295.47 (R2 = 0.6669) suggesting an
endothermic process for the adsorption. The mean free energy
of the D-R model was within the range of 1.29–3.54 kJ/mol
which is lesser than 8 kJ/mol suggesting that the adsorption

mechanism is physical [105, 106]. The Qm of the D-R model
follows closely the Langmuir Qm and with a value of
47.89mg/g (R2 = 0.8137). The three-parameter isothermmod-
el, Sips, gave the leastQmax of 43.08 mg/g with an R2 value of
0.9043.

Judging from the R2 values vis-à-vis theirQmax, the adsorp-
tion of CIP unto BSAC followed this order of fitness of iso-
therm model to experimental data: Langmuir (0.9824) > Sips
(0.9043) > D-R (0.8137) > Temkin (0.6669) > Freundlich
(0.5864). This order implies that the Langmuir isotherm best
explains the experimental data. Table 4 shows the CIP adsorp-
tion capacities of different adsorbent materials. BSAC gave
the highest Qmax value compared with other adsorbents.

3.3.8 Adsorption thermodynamic studies

Thermodynamic parameters at three different temperatures
were investigated in this study using the equations below.

lnKL ¼ ΔS0

R
−
ΔH0

RT
ð3Þ

ΔG0 ¼ −RT ln 55:5 KLð Þ ð4Þ
Ea ¼ ΔH0 þ RT ð5Þ

Since KL is expressed in l.mol−1, then KL can be
recalculated as dimensionless by multiplying it by 55.5
(number of moles of water per liter of solution).
Accordingly, the correct ΔG0 value can be obtained from
Eq. (4). Here, ΔG0 is the standard Gibbs free energy
change (kJ mol−1), R is the universal gas constant
(8.314 J mol−1 K−1), T is the absolute temperature (K),
and Ea (KJ/mol) is the Arrhenius energy. ΔH0 and ΔS0

values of the adsorption process were calculated from the
Van’t Hoff Equation (Eq. 4). The values of ΔH° and ΔS°
values were calculated from the slope and intercept of the
plot of ln (KL) versus 1/T, they are listed in Table 5. The
results from standard free energy (ΔG0), entropy (ΔS0),
and enthalpy (ΔH0) changes were employed to report the
feasibility, spontaneity, and nature of the sorption process
as given by the Eqs. (3), (4), and (5). Table 5 shows the
thermodynamic values obtained. The negative ΔG0 values
suggest that the uptake of CIP by BSAC was spontaneous
and thermodynamically favored. ΔG0 values increased
with an increase in temperature which suggests that the
adsorption was more spontaneous at higher temperatures.
Positive ΔH0 value indicated the process is endothermic
and the increased randomness at the solid-liquid interface
in the course of the adsorption of CIP unto BSAC was
established by the positive value of ΔS0. Sharifpour et al.
reported a similar observation for removal of CIP using
activated carbon with multi-walled carbon nanotubes
[103, 119].

Table 3 Adsorption isotherm parameters for CIP removal using BSAC

Parameters 303 K 313 K 323 K

Langmuir qm (mg/g) 80.64516 30.8642 49.75124

KL (l/mg) 0.214905 2.892857 2.871429

RL 0.085141 0.006866 0.001355

R2 0.9692 0.9998 0.9824

Freundlich Kf (mg/g(l/mg))1/n 13.92515 19.1602 33.32729

n 1.406866 4.370629 2.768549

R2 0.9791 0.9518 0.5864

Temkin BT 157.7915 575.7771 295.4682

Kt 2.579441 110.3098 51.50082

R2 0.9784 0.9905 0.6669

D-R E (kJ/mol) 1.29 4.08 3.5435

Qm (mg/g) 37.70905 28.7288 47.89926

R2 0.9233 0.9163 0.8137

β (mol2.kJ−2) 0.0003 3.00E-05 4.00E-08

Sips Ks 0.2494 1.486 9.677

qm (mg/g) 70.97 37.02 43.08

n 0.9211 1.708 0.6139

R2 0.9984 0.9989 0.9043
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Fig. 6 Plot of Langmuir (a), Freundlich (b), Temkin (c), and D-R (d) isotherm at 313 K

Table 4 Maximum monolayer
adsorption capacities of CIP
adsorption on different adsorbents

Adsorbent Qmax

(mg/g)
pH Temp

(K)
Adsorbent
dose (g)

Time
(min)

Initial conc.
(mg/l)

Refs.

Aluminum hydrous
oxide

14.72 7.1 298 0.03 1440 – [107]

Iron hydrous oxide 25.76 7.1 298 0.03 1440 – 120

Kaolinite 6.99 3.5 – 1.0 480 [108]

Pomegranate Peel 2.353 8 298 0.05 150 50 [109]

MgO nanoparticles 3.46 6 – 1 60 10 [110]

Red mud 19.12 7 303 5 75 50 [111]

Apple tree–derived bio-
char

20.7 6.3 – 0.1 1440 250 26

KOH-modified biochar 23.36 8.6 308.15 0.01 720 16 [112]

Fe3O4 nanoparticles 24 8 298 2.5 360 100 [113]

Nanotube structured
hallo site

21.7 6 – 1.0 300 10 [114]

Potato stems and leaves 11.5 10 298 2.0 1440 10 [115]

Activated kaolin 17.9 4 298 0.2 120 120 [95]

Bamboo charcoal 36.02 5.5 298 0.1 720 25 [116]

Humic acid/cellulose
nanocomposite

10.87 – 318 0.1 1440 10 [117]

Graphene oxide/calcium
alginate

39.06 5.9 293 2.0 1440 60 [118]

BSAC 49.75 8 323 0.1 420 50 This work

Core findings of our investigation are presented in italics
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3.3.9 Adsorption mechanism

Consequent to results obtained from the pH studies, a likely
mechanism of adsorption was inferred. The basic functional
groups on both the surface of the BSAC and the CIP mole-
cules largely influences the mechanism of the adsorption as
the pH of solution was varied between 3 and 11. Maximum
adsorption was observed within pH 6.5 and 9.0. At this pH
range, electrostatic interaction between BSAC surface func-
tional groups and the CIP charged molecules occurred, i.e.,
between the negatively charged carbon-oxygen groups (car-
bonyl and hydroxyl groups) present on the BSAC surface and
the positively charged amine group in the zwitterionic specie
of the CIP (mechanism shown in Fig. 7 a and b). However, the
slight decrease in adsorption at pH between 9.0 and 11.0 was
attributed to repulsion between the negatively charged adsor-
bent surface and the carboxylate group on the CIP that is

negatively charged. The electrostatic repulsion is suspected
to have dominated the adsorption in this phase. At pH above
9.0, both the CIP and BSAC remains negatively charged in
solution. This led to a resultant decrease in the uptake of CIP
by the adsorbent. Summarily, a fairly good uptake is observed
at pH < 4.5 and pH > 8.5. Hence, a hydrogen bonding mech-
anism is proposed to have taken place particularly at pH > 8.5
where the adsorbent surface containing carbonyl groups could
form hydrogen bonding (and possibly a dimmer) with the
carbonyl groups on the CIP molecules (mechanism shown in
Fig. 7c). Therefore, hydrogen bonding and electrostatic inter-
actions are proposed mechanisms for the adsorption of CIP
onto BSAC surface. Wang et al. (2010), Punyapalakul and
Sitthisom (2010), and El-shafey et al. (2012) also reported a
similar mechanism in the adsorption of CIP unto montmoril-
lonite, modified silicates, and activated carbon prepared from
date palm leaflets respectively [120–122].

Table 5 Thermodynamic
parameters for the adsorption of
CIP unto BSAC

Temp (K) Ko (l/mol) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol) Ea (kJ/mol)

303 71,208 − 36.265 106.561 0.44797 0.10908

313 958,540 − 46.293 0.109163

323 951,439 − 47.752 0.109246

Fig. 7 Adsorption mechanism
showing (a and b) electrostatic
attraction between the negatively
charged carbon-oxygen groups
on BSAC surface and the posi-
tively charged amine group on the
CIP molecule, (c) hydrogen
bonding between carbonyl groups
on BSAC surface and carbonyl
groups on the CIP molecule
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3.3.10 Regeneration and reusability studies

Adsorbent reusability is an important parameter in determin-
ing their economic feasibility [123, 124]. For this to be ac-
complished, the adsorbent was regenerated first using differ-
ent solvents and re-used over several cycles to check whether
there is appreciable performance decline. Three different sol-
vents were used for regeneration; they are water (H2O), hy-
drochloric acid (HCl), and sodium hydroxide (NaOH). The
potential of the eluents used in regeneration follows the order
H2O (95.12%) > HCl (81.62%) > NaOH (55.47%). Since wa-
ter gave the highest desorption, it was used to desorb CIP
molecules from BSAC over several cycles. It was observed
that the percentage adsorption of CIP remained fairly constant
without significant change for 4 cycles (Fig. 8). For accuracy
purposes, 2% decrease in the values of percentage of CIP
adsorbed was observed between the 1st and 4th cycles (Fig.
8). Apparently, the results obtained proved that the BSAC
desorbed with water after each adsorption step has the ability
to work with high efficiency for CIP removal from aqueous
solution. The results obtained from this study proved that

BSAC has attractive features (e.g., recycling, cheap, flexibil-
ity, fast adsorption kinetics, handling, and large adsorption
capacity) that encourage their practical applications in waste-
water management.

3.4 Cost analysis

Table 6 shows the cost analysis of BSAC in comparison with
commercial activated carbon (CAC). Activated carbon pre-
pared in this study is approximately five and a half times
cheaper than the CAC saving cost up to USD 258 per kilo-
gram. The cost implication and the summary of all essential
expenses made in the preparation of BSAC are shown in
Table 6. The cost of orthophosphoric acid and distilled water
accounts for the greater percentage of the total cost in the
preparation.

4 Conclusion

This study shows the effectiveness of agricultural waste bio-
mass, banana stalk, when functionalized with orthophosphoric
acid in the adsorption of ciprofloxacin antibiotic from aqueous
media.Well-developed pores from the SEM, high carbon con-
tent from the proximate and elemental analysis, and the ob-
served functional groups from the FTIR demonstrated the
suitability of the adsorbent in removing CIP antibiotics from
aqueous solution. The Langmuir isotherm model best de-
scribes the adsorption data, thus establishing that the uptake
of CIP was of a monolayer approach on the BSAC surface.
Experimental data were best explained by the pseudo-second-
order kinetic model and adsorption mechanism was mainly
control led by the intrapar t ic le dif fus ion model .
Thermodynamic studies revealed that the free energy change
was negative, while the enthalpy and entropy values were
positive, indicating that the sorption process is endothermic

Fig. 8 The reusability of BSAC
for the removal of CIP for
4 cycles (each cycle stood for
50 min)

Table 6 Comparison of price between BSAC and CAC

Cost description Price (USD)

BSAC (1 kg) CAC (1 kg)

Distilled water 11.86

Orthophosphoric acid 17.56

Transportation 10.00 5.0

Electricity 4.00

Filter paper 3.22

Cost of purchase – 300

Total 46.64 305

Difference (CAC-BSAC) 258.36
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and spontaneous. This study reveals that banana stalk, an in-
expensive activated carbon precursor, can efficiently remove
CIP from aqueous solutions.
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