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a b s t r a c t
This study is focused on the removal of dextropropoxyphene (DPP) and paracetamol (PAR) from 
aqueous solutions by sorption on a low-cost biosorbent such as Luffa cylindrica fibers, which was 
initially characterized using Fourier-transform infrared spectroscopy and scanning electron 
microscopy and X-ray diffraction techniques. Luffa cylindrica fibers specific surface area was deter-
mined using adsorption/desorption isotherms of the N2 gas method. The sorption study was real-
ized by the batch method with the effect of the biosorbent amount, initial concentration, medium 
pH, and batch temperature. The modeling of the sorption phenomenon was based on the math-
ematical approach of the modified equation of Redlich–Peterson isotherm proposed by Feng-
Chin-Wu, in which the dimensionless form of this isotherm, corresponding to the optimal curve, 
allows us to evaluate the α parameter. The same value of α was obtained for both pharmaceutical 
compounds, in which the bRPCe

α values are 2 for DPP and 10 for PAR. The linear regression of the 
Redlich–Peterson isotherm equation was also confirmed by analysis of variance. The obtained out-
comes show that the probability value (p-value) is less than 0.05, with correlation coefficients (R2

adj) 
0.9515 for DPP and 0.9283 for PAR. The kinetics modeling analysis indicates that the biosorption 
mechanism can confirm pseudo-second-order and intraparticle diffusion. The adsorption of DPP 
and PAR is characterized by spontaneous and exothermic characters, in which the molecules of the 
two pharmaceutical products have a random behavior on the Luffa cylindrica active sites.

Keywords:  Removal; Novel approach of Feng-Chin-Wu; Dimensionless form; Intraparticle diffusivity; 
Analysis of variance

1. Introduction

In the last decade, the removal of chemical, biochem-
ical, and biological pollutants (heavy metals, dyes, and 

pharmaceutical products) from natural aquatic mediums 
has become a necessary operation to save the environment. 
The great dispersal of these hazards is related directly 
to the fast growth of the manufacturing activities in our 
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cities [1,2]. Pharmaceutical pollution has become an inevi-
table environmental problem of emerging concern; some 
of these compounds are persistent and have incompletely 
degraded in sewage treatment stations [3–5] due to their 
resistance to biodegradation [6]. In addition, the presence 
of these products in aquatic media can produce serious 
damage to different microorganisms [7].

The consumption of pharmaceutical compounds is 
increasing each year in a dreadful way, which can pose 
a great menace to life on earth [8]. Humans and animals 
in different levels of digestive transformation emit these 
products [9]. Many of these pharmaceuticals undergo deg-
radation in nature and are transformed into by-products 
resulting from direct/indirect photolysis or hydrolysis 
[10]. In another way, the physicochemical parameters and 
the mechanisms that serve for the best natural degrada-
tion are not controlled. Fortunately, some of them can be 
removed by adsorption techniques under random environ-
mental conditions. However, many compounds persist in 
aqueous systems around the world [11]. The presence of 
these chemicals in surface water may be explained by the 
incomplete removal of these hazardous compounds during 
wastewater treatment processes [12]. Unfortunately, there 
is little research on the identification of by-products such 
as metabolites and products of transformation from phar-
maceutical elimination and degradation that persist in all 
types of water [13,14].

Dextropropoxyphene (DPP) and paracetamol (PAR) 
drugs are considered among the widely consumed pharma-
ceutical products. However, the occurrence of these drugs 
in water sources with high amounts may become danger-
ous for health. Recent studies revealed that DPP has been 
detected at important concentrations in surface waters 
[15]. In the estuary water, Roberts and Thomas [15] found 
that the DPP at concentrations varied between 0.008 and 
0.033 μg/L. In contrast, the measured data in the sediments 
are almost nonexistent, in particular, the studied molecule.

PAR is characterized by antipyretic and analgesic 
medicinal activities. In addition, it seems to inhibit cyclo-
oxygenase (Cox1–Cox2) in the nervous system [15]. It is fre-
quently found in wastewater at a concentration of 6 μg/L 
at the inlet of various treatment plants [15]. Although 
the maximum concentration of PAR in surface waters is 
approximately 0.11 μg/L [16], which is considered a highly 
degradable compound, its concentration in seawater is very 
high and can reach 250 μg/L [17].

The protection of aquatic ecosystems and different 
water sources against pharmaceuticals and their transfor-
mation products with undesirable and toxic effects has 
become the subject of several research works [7–9,11–13,18]. 
The chemical [19–23], biological [24], electrochemical [25], 
and bio-electrochemical [26] methods have proved their 
limitation towards the treatment of wastewater. In contrast, 
the adsorption method remains the most preferred tech-
nique in comparison with the other processes [19] due to 
the short-term investment of both cost and land, and it is 
considered a simple and very efficient process for the elim-
ination of toxic and harmful substances [27,28]. The most 
commonly used adsorbent for pharmaceutical removal is 
activated carbon, which can be found as granular or pow-
dery black material [29]. This material is characterized by 

high porosity, an important surface area, and it has a good 
capacity in the elimination of toxic pollutants in a short 
time, but it is too expensive [30]. The selection of a highly 
efficient adsorbent is primordial for a successful adsorption 
process, especially in pharmaceutical elimination. However, 
adsorption onto the surface of natural materials such as 
clays (kaolin, bentonite), fibers (sisal, jute, and luffa) and 
marine algae is among the most commonly used processes 
in pollutant elimination and is considered a reasonable, 
low-cost, and green method [31].

The aim of this work is to evaluate Luffa cylindrica 
(L. cylindrica) as a natural material for DPP and PAR adsorp-
tive removal from aqueous media at different values of tem-
perature and pH. The adsorption experiences were realized 
using. The modeling analysis of the batch adsorption sys-
tem is typically exhibited by a graphical representation of 
the solid-phase vs. its residual amount in aqueous solution 
[32]. This application is generally based on choosing an 
empirical relationship between experimental data and rele-
vant dimensionless parameters using regression techniques 
[33]. Linear regression has been widely employed with 
success to investigate the parameters of sorption isotherms 
[33]. Modeling of some adsorption systems by plotting the 
solid-phase amount against the concentration of residual 
liquid using the two and three parameters of Langmuir, 
Freundlich and Redlich–Peterson isotherms has shown 
some inaccuracies. The poor precision of these isotherms 
is due essentially to a poor linear fitting model. Thus, 
Feng-Chin-Wu proposed a novel linear exponential form 
of Redlich–Peterson by estimating the three parameters of 
the isotherms using the characteristic line obtained from 
the dimensionless form of the Redlich–Peterson equation [34].

In this work, we first studied the application of L. cylin-
drica for DPP and PAR removal from an aqueous medium 
in a batch system. Second, the correlation of our experi-
mental results using a mathematical approach, which is 
based on the linear form of the Redlich–Peterson isotherm 
equation proposed by Feng, was performed. The exponen-
tial form has shown great efficiency for fitting the Redlich–
Peterson isotherm to experimental data obtained from 
sorption processes compared with the logarithmic form. 
The latter is currently used by selecting a suitable range 
of α values, which was determined from the dimension-
less form plot of the Redlich–Peterson equation. Analysis 
of variance was also employed to investigate the adequacy 
of the fitted model by determining the adjusted correla-
tion coefficients (R2

adj) and the mean sum of squares (SS). 
Statistical significance is judged by the Fisher value and 
the probability value, which must be less than 0.05 [35].

Note that our group is the first to perform this kind 
of research study, which was dedicated to elucidate the 
adsorptive properties of L. cylindrica for the removal of 
pharmaceutical products from water.

2. Materials and methodology

2.1. Reagents

The biosorbent L. cylindrica was purchased from a local 
shop in Skikda, Algeria, in which only L. cylindrica fibers 
were used. The adsorption experiments were carried out 
with two pharmaceutical products, dextropropoxyphene 
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(Sigma-Aldrich, United States, 98.22%) and paracetamol 
(Merck, Germany, 99.6%), in which the chemical reagents 
were used with analytical grade and deionized and distilled 
water were used throughout this study. The main physico-
chemical properties of those products are collected in Table S1.

2.2. Adsorbent pre-treatment and characterization

100 g of luffa fibers were soaked in 1 L of hydrogen 
peroxide for 2 d to remove adhering dirt. Thereafter, the 
L. cylindrica fibers were rinsed for 3 h using distilled water 
and then dried at 80°C for 12 h. Then, they were dipped 
in NaOH (0.1N) solution for 1 h to increase their hydro-
philicity. The obtained alkalized fibers were finally cleaned 
with distilled water and dried again at 80°C for 12 h.

The Fourier-transform infrared spectroscopy (FTIR) 
spectrum of the treated fibers was obtained using a 
Shimadzu Spectrometer (FTIR 8700, Japan) with the KBr 
pellet method. The spectra were registered in a spectral 
range from 400 to 4,000 cm–1 with a resolution of 4 cm–1. The 
surface morphology of the treated fibers was also analyzed 
using scanning electron microscopy (SEM) (JEOL, JSM-
7600F, Japan). Additionally, the porosity of those fibers was 
studied using adsorption/desorption isotherms of nitrogen 
gas measured at 77 K using Cooltronic Micromeritics 2100E 
model surface area analyzer (China). The specific surface 
area of L. cylindrica was calculated using the Brunauer–
Emmett–Teller (BET) equation.

2.3. pH of zero point charge (pHpzc)

The determination of pHpzc was realized to establish the 
pH value in which the L. cylindrica surface net charges are 
zero. To do this, 100 mg of L. cylindrica fibers was added 
to 50 mL of aqueous solution, in which the initial pH was 
adjusted with HCl or NaOH solutions in the range of 2–12. 
The mixture was stirred at room temperature for 24 h, and 
then the pH was measured. The zero point charge is reached 
where the final pH does not change after contact with the 
L. cylindrica fibers.

2.4. Biosorption experiments

The adsorption of DPP and PAR on L. cylindrica fibers 
was performed on single component in batch system. DPP 
and PAR stock solutions of 200 mg/L were prepared sepa-
rately by dissolving of 50 mg of each pharmaceutical com-
pound in 250 mL of deionized water, which were further 
diluted to obtain the desired concentrations for the study 
(20–120 mg/L). The adsorption experiments were carried 
out at varying adsorbent dose, medium pH, adsorptive ini-
tial concentration, and temperature to determine an opti-
mum set of conditions for maximum adsorption. 100 mL 
of aqueous drug solution was placed in a glass cylindrical 
flask and it was mixed with 100 mg of L. cylindrica fibers, 
at a particular pH and constant temperature. After shaking 
for 60 min of contact, the suspension was filtered through 
the Whatman filter. The DPP and PAR residual concentra-
tions were determined using a Shimadzu UV-Vis spectro-
photometer at a maximum wavelength of 257 and 243 nm, 
respectively.

2.5. Effect of physicochemical factors on the adsorption processes

Optimization of the operating conditions was performed 
by varying one parameter and setting the other constants. 
Thus, for the pH effects at room temperature, a mixture 
containing 0.1 g of luffa fibers and 50 mg/L of a solution of 
each pharmaceutical is subject to a variation in pH between 
2 and 12. To study the temperature effects under the original 
value of solution pH, the same quantities of reagents were 
taken by varying the temperature in the range between 10°C 
and 50°C. Finally, for the optimal luffa mass, this parameter 
was obtained by changing the mass of luffa fibers from 
0.05 to 0.4 g under the following experimental conditions: 
50 mg/L of solution, original pH, and room temperature.

The removal efficiencies (R%) of DPP and PAR were 
determined under various experimental conditions 
according to the following equation:

R
C C
C

t% =
( )−0

0

100  (1)

where C0 and Ct are the concentration (mg/L) of adsorptive at 
the initial and t times, respectively. The adsorption amount 
(qe) of DPP and PAR was estimated within the following 
formula:

q
C C
W

Ve
e=

( )−0  (2)

where Ce is the DPP and PAR equilibrium concentration 
(mg/L) in aqueous media, W is the weight of the biosorbent 
(g) and V is the solution volume (L).

2.6. Adsorption isotherms

Previous studies indicate that the Redlich–Peterson 
(RP) isotherm model is more accurate than the Freundlich 
and Langmuir equations in describing adsorption sys-
tems [34,36]. The RP isotherm equation is mainly used 
to explain the formation of the monolayer with multi-
site interaction phenomena at the same time [37]. The 
three parameters of the Redlich–Peterson and Sips iso-
therm models are employed to study both homogeneous 
and heterogeneous adsorption systems [38]. In addition, 
the RP isotherm integrates the isotherms of Freundlich 
and Langmuir into a single equation [39]. The nonlinear 
Redlich–Peterson isotherm equation is given by:

q
q b
b C

Ce
e

e=
+
mon RP

RP1 α
 (3)

where bRP and qmon are the parameters of the Redlich–Peterson 
isotherm equation. The value of the exponent, α, is in the 
range from 0 to 1 because it has two limiting behaviours: 
Henry’s law form for α equal to 0 and Langmuir form for 
α equal to 1. At low concentrations, it is also compara-
ble to the Henry isotherm and performs the Freundlich 
equation for high concentrations [40]. The linear and 
non-logarithmic form of Eq. (3) is given by Eq. (4).
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The dimensionless form of the RP equation proposed by 
Feng-Chin-Wu is expressed as follows:
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Here, Cref is the highest equilibrium concentration of 
the adsorption system, and qref is the equilibrium adsorp-
tion quantity at Cref. α is a parameter attained by trial and 
error for bRPCα

ref = 2 and 10, respectively [34], in which its 
value must be less than 1. The plot of qe/qref vs. Ce/Cref of 
Eq. (5) gives an indication of the optimal line that corre-
sponds to the appropriate α value. The data obtained from 
the batch concentration studies were fit into the Redlich–
Peterson expression. The linear regression lines have been 
realized by plotting Ce/qe vs. the Ce

α of Eq. (4), using dif-
ferent values of α. The values of Ce

α were calculated for 
each α value in the first place, and then, the regression 
line associated with the specific value was plotted. The 
values of the other factors, such as bRP and qmon, have been 
estimated from the intercept and slope of the linear plot 
of Eq. (4). Analysis of variance was performed to con-
firm the validity of the mathematical model. This anal-
ysis is based on the presentation of the statistical results 
and the diagnostic checking test, which allows us to eval-
uate the mathematical model [41]. Thus, if the p-value is 
less than 0.05, the studied model is significant. The low 
mean square SS also indicates that the model is the best.

3. Results and discussion

3.1. Characterization of the biomaterial

The fibers of L. cylindrica are composed of 60% cellu-
lose, hemicelluloses 30% and 10% lignin, which makes it 
a flexible and durable biosorbent [42]. Analysis of L. cylin-
drica using SEM shows the presence of macropores in the 
structure of the L. cylindrica fiber (Fig. 1). From Fig. 1, 
we can notice the fibrous nature with some fissures and 
small holes of about 1 μm in diameter, which may facili-
tate the biosorption of DPP and PAR. The specific surface 
area (SBET) and porosity are considered important factors 
for evaluating the adsorptive capacity of solid materials. 
The SBET of L. cylindrica fibers was investigated using the 
N2 adsorption and desorption isotherm, as shown in Fig. 2. 
It can be seen that the N2 adsorption/desorption isotherm 
curves belong to the type (III) isotherm; in such cases, the 
adsorbent– adsorbate interaction is weak compared with 
the adsorbate–adsorbate interactions [43]. The adsorbed 
molecules are clustered around the most favourable sites 
on the surface of a nonporous or macroporous solid. The 
form of hysteresis was attributed to adsorption metastabil-
ity. In an open-ended pore (e.g., of cylindrical geometry), 
the metastability comes from the delayed condensation of 
the adsorbed multilayer. It follows that in an assembly of 
such pores, the adsorption branch of the hysteresis loop is 
not in thermodynamic equilibrium. Therefore, if the pores 
are filled with liquid-like particles, thermodynamic equil-
ibration is established on the desorption branch [44]. The 
dv/dD against pore size curve illustrates that the higher 
pore size is about 50 nm, which confirmed the macropo-
rous form of sorbent [43]. The surface area of L. cylindrica 
fibers was determined to be 123 m2/g.

The pHpzc of the L. cylindrica fibers and that of the 
modified L. cylindrica fibers is 5.59 and 8.60, respectively 

Fig. 1. Scanning electron microscopy of Luffa cylindrica fibers (cross-sectional image of macropores).
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(Fig. 3). This difference may be attributed to the effects of 
the alkaline treatment. Therefore, the surface of the modi-
fied L. cylindrica is predominantly positively charged if the 
pH is lower than 8.60 and negatively charged if it is higher 
than this value. As a consequence, the adsorption of pharma-
ceutical compounds may depend on the change in pH.

The FTIR spectrum of the alkalized L. cylindrica is illus-
trated in Fig. 4, together with the wavenumbers of signif-
icant bands associated with the functional groups of the 
alkalized L. cylindrica surface. The spectrum displays a 
strong band located at 3,445 cm–1, indicating the presence 
of O–H groups. The bands situated between 2,858 and 
2,920 cm–1 are attributed to the absorption of symmetrical 
vibration in the C−H bond. The peak appeared at about 
1,763 cm–1 is assigned to the C=O bond (pectin) [45]. The 
small band at 1,389 cm–1 corresponds to the C–H bond, 
and the shaper band at 1,404 cm–1 corresponds to CH2 and 
CH3 groups. The band located at 1,516 cm–1 is due to the 
stretching vibration of the C=C of the benzene ring (lignin) 
[30]. The peaks ranging between 1,000 and 1,300 cm–1 cor-
respond to the absorption of C=O (ketones), especially the 

clear peak close to 1,059 cm–1 representing C−O (cellulose) 
[45]. The peaks observed at 1,177 cm–1 may correspond to 
the C−O−C of cellulose and hemicelluloses [30]. Finally, the 
absorption of the C−C bond is attributed to the presence of 
the peaks located between 814 and 941 cm–1.

The determination of the crystal structure and atomic 
spacing of an adsorbent is considered an important param-
eter usually used to study sorption phenomena, which can 
be realized using the X-ray diffraction (XRD) technique 
[46–49]. Fig. 5 shows the XRD diffractogram of the used 
L. cylindrica fibers. We can clearly see that the L. cylin-
drica fibers have an amorphous structure, which can be 
explained by the presence of noncellulosic compounds in 
the L. cylindrica structure. Indeed, the broad peaks located 
at 16.8° and 22.9° are attributed to the indexed planes (100) 
and (200), respectively, corresponding to the presence of 
cellulose compounds (ICDD card N°. 00-003-0226) in the 
structure of the used L. cylindrica fibers [47–49].

3.2. Parameters affecting the DPP and PAR adsorption process

3.2.1. Effect of the medium pH

The adsorptive removal of organic and inorganic pol-
lutants can be significantly affected by the initial pH of the 
aqueous medium. Indeed, the concentration of hydroxyl 
and hydrogen ions affects the adsorption process through 
the dissociation of the functional groups on the adsorbent 
surface and/or the ionization of the adsorbed molecules 
[30]. The variations in DPP and PAR removal by L. cylindrica 
at various pH values (from 2.0 to 12.0) are depicted in Fig. 6a.

An analysis of Fig. 6a reveals that under all experimen-
tal pH values, except pH 10, the adsorption process is more 
efficient with PAR than DPP. Moreover, the percentage of 
removal seems to exhibit different behaviours. The structure 
of luffa indicates the presence of hydroxyl groups (–OH) 
and taking into account the presence of nitrogen N atoms 
in the structure of PAR, which has a non-bonding elec-
tron pair, the retention on the surface of L. cylindrica may 
be achieved mainly by hydrogen bonds (particular type 
of physical interactions). On the other hand, the presence Fig. 2.  N2 adsorption/desorption isotherms and pore size 

distribution analyses of Luffa cylindrica fibers.
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of the benzene ring in the adsorptive structure as well as 
the adsorbent may lead to the creation of other physical 
electrostatic interactions, such as van der Waals forces.

In the reaction of PAR with a strong acid, such as HCl, 
which has been used in this study, PAR reacts as a pro-
ton acceptor. According to the structure of PAR, there are 
two possibilities of site protonation: the OH group and 
the amide function. However, the addition of HCl does 
not react with the OH group because the oxygen loses its 
non-bonding electron pair by conjugation, and thereby 
it reacts only with the oxygen atom of the amide func-
tion that does not participate in the conjugated system of 
PAR. Therefore, in the pH range between 2 and 7, there is 
no effect. Protonation on the adsorption efficiency occurs 
because the OH group of PAR stays free and can partici-
pate by hydrogen bond interactions with luffa fibers.

The acidity of phenols is admittedly low but not 
negligible (pka = 9.5); therefore, the addition of a strong 
base such as NaOH will lead to the deprotonation of the 
hydroxyl group (phenolic OH). Deprotonation may be 
partial if the medium is weakly alkaline due to an insuffi-
cient amount of NaOH for deprotonation of PAR. In con-
trast, the deprotonation becomes increasingly pronounced 
with increasing pH, leading to the formation of a phenox-
ide anion. The amide function remains unchanged at low 
pH values (up to 10). A decrease in the sorption efficiency 
at lower pH was observed (Fig. 6a) indicates the possi-
bility of repulsion between the L. cylindrica fibers surface 
charged positively as well as the carbocation of PAR and 
the formation of PAR dimers in the solution. As adsorp-
tion efficiency decreases with decreasing solution pH, it 
can be confirmed that the donor-acceptor electron mecha-
nism is weakly active in this sorption [50]. It is the same for 
DPP. An increase in the solution pH enhances the adsorp-
tion and reaches a maximum at pH = 10.0 for both phar-
maceuticals (PAR and DPP). This can be attributed to the 
electrostatistic repulsion between adsorptive molecules and 
the L. cylindrica surface, which is created from the negative 
charge that each carries. At pH = 12, PAR (pKa = 9.5) and 
DPP (pKa = 6.3) were present in their dissociated anionic 
form, and the surface of alkaline L. cylindrica was negatively 
charged. Hence, repulsion phenomena are predominant and 

determine the observed reduction in adsorption efficiency 
(Fig. 6a). In conclusion, the obtained results in the present 
study determined that the adsorption efficiency is highest at 
pH = 10.0 for both compounds, at which R = 83.13% and 67.97% 
for PAR and DPP, respectively. At pH = 12.0, the adsorption 
efficiency decreased to 65% for PAR and 62.26% for DPP.

3.2.2. Effect of L. cylindrica mass

The effect of L. cylindrica mass on the removal of DPP and 
PAR from aqueous was carried out using adsorbents dose 
in the range of 0.05–0.4 g, while the other parameters such 
as contact time, medium pH, and temperature were kept 
constant. Fig. 6b shows that the use of 0.1 g of L. cylindrica 
was sufficient to eliminate 53.52% of DPP and 95.55% of PAR.

Therefore, this amount allows fixing the greater part 
of each pharmaceutical molecule on sorbent sites. From 
Fig. 6b, we can notice that the removal efficiency increases 
with increasing L. cylindrica fibers dose until a certain 
level, whereabouts all active sites for the sorption of phar-
maceutical compounds are available [51]. Thus, beyond 
a dose of 0.1 g, there is no considerable change in the 
adsorption amount [52]. Such a phenomenon is caused by 
a large amount of adsorbent that may reduce the instau-
ration of the adsorption sites and/or create particle aggre-
gation, leading to a reduction in the total surface area and 
an increase in diffusion path length, which contribute to a 
decrease in the adsorbed amount [51–53].

3.2.3. Effect of pharmaceutical initial concentration

Regarding the initial concentration for each pharma-
ceutical, the highest rate of DPP adsorption (54.29%) is 
attributed to a 50 mg/L concentration (Fig. 6c). The optimal 
initial concentration of PAR, corresponding to the highest 
elimination rate (R = 70.70%), is 20 mg/L. However, at ini-
tial concentrations of DPP and PAR higher than 20 and 
50 mg/L, respectively, the removal efficiencies were slightly 
decreased, which may be due to the saturation in adsorptive 
sites on the surface of L. cylindrica fibers and to the occupa-
tion of the less energetically favoured sites with increasing 
DPP and PAR concentrations in solution [51–53].

3.2.4. Effect of media temperature

The temperature is considered as an important param-
eter to study the adsorption of pharmaceutical com-
pounds; their effect is very useful in the determination of 
thermodynamic parameters allowing the characteriza-
tion of the adsorption processes. However, in the case of 
the adsorption of DPP and PAR onto L. cylindrica fibers, it 
seems that the temperature has an insignificant effect on 
the adsorption process, with a removal efficiency ranged 
between 46.74% and 56.31% in the case of DPP and between 
94.36% and 95.27% for PAR as shown in Fig. 6d.

3.3. Adsorption isotherms

The obtained results from the application of the new 
mathematical approach of RP isotherm equations are listed 
in Table 1 and illustrated in Fig. 7. Figs. 7a and c represent 

Fig. 5. X-ray diffractogram of the Luffa cylindrica fibers.
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the dimensionless RP form obtained by Eq. (5). These figures 
illustrate the presence of a single line that passes through 
the experimental points, in which α value is less than unity, 
verifying the main condition of the RP theorem. This line 
corresponds to an α value equal to 0.8 in the cases of DPP 
and PAR. Nevertheless, with the difference in the bRPCe

α 
value, in which bRPCα

ref is 2 for DPP and 10 for PAR, the data 
of DPP and PAR adsorption have been investigated accord-
ing to the linear form of the Langmuir isotherm of Eq. (3), in 
which α is equal to unity.

The obtained results are collected in Table 2, where bRP 
has become KL and qmon is taken as qm. These lines are lin-
ear over the majority of the experimental points on the 
studied concentration range for DPP and PAR, with an 
extremely high value of R2

adj for PAR (R2
adj = 0.9364). Tables 

1 and 2 show that the biosorption model constants of DPP 
onto L. cylindrica fibers are well defined by the RP equation 
since a higher adjusted linear regression correlation coeffi-
cient was obtained for this model (0.95). On the other hand, 
the constant of the PAR adsorption isotherm onto L. cylin-
drica was found to be equal to 0.93 for the Langmuir model, 
which was obtained using the linear equation RP when α 
was equal to 1 (Table 2). The high value of monolayer sorp-
tion capacity for PAR (qm = 97.0873 mg/g) indicates that 
L. cylindrica fibers have homogeneous surface energy [54].

Analysis of variance was performed to test the good-
ness of the studied model fit. Thus, the model data forms 
are significant if the SS or mean square are obtained with 
small values, in which the p-value should be less than 5% 
and the F-value will be higher than this value. From an anal-
ysis of data in Table S2, we can conclude that the regression 
explains well the studied phenomenon since the meaning 
of the model risk is less than 0.05 (p < 1.8411 × 10–5 for PAR 
and p < 5.7114 × 10–4 for DPP. For evaluation of the obtained 

model, the calculations of the F-value (99.1702 for DPP and 
104.6546 for PAR) confirm that this model is extremely sig-
nificant. Thus, the adequacy of the fitted model has been 
judged by the adjusted coefficient of correlation R2

adj that 
is the correlation between the experimental and adapted 
model, which measures the total variation proportion in the 
average response clarified by the regression. Furthermore, 
this coefficient is sufficient to give a concordance between 
the experimental results and the adapted model of the lin-
ear exponential form of the RP isotherm (Eq. (4)). Figs. 7b 
and d show the goodness of fitting the experimental results. 
Thus, the value of R2

adj (Table 1) indicates that only 4.85% and 
7.45% of the total variation of DPP and PAR, respectively, 
which not could be explained by the adapted model.

3.4. Adsorption kinetic modelling

The nature of the adsorption process depends essen-
tially on the physicochemical properties of the used adsor-
bent surface and the nature of the adsorbent. To study the 
mechanism and rate of DPP and PAR biosorption processes 
onto L. cylindrica fibers, the obtained kinetic outcomes of 
DPP and PAR adsorption were correlated using various 
conventional methods, namely, intraparticle diffusion, 
pseudo-first, and pseudo-second-order kinetic methods. 
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Fig. 6. Histogram of different parameters affecting dextropropoxyphene and paracetamol biosorption onto Luffa cylindrica fibers.

Table 1
Parameters of the Redlich–Peterson isotherm

α qmon (mg/g) bRP R2
adj

Dextropropoxyphene 0.8 33.8066 0.5898 0.9515
Paracetamol 0.8 38.2895 3.4355 0.9265
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Table 3 collects the principal experimental adsorption data 
obtained using DPP and PAR initial concentrations of 40 and 
60 mg/L, respectively, and 0.1 g of adsorbent in 100 mL of 
distilled water. Lagergren [55] proposed the kinetic model 
of pseudo-first-order using an empirical equation (Table 3), 
which plots ln(qe – qt) in terms of the contact time. Several 
previous studies indicated that this equation is a fruitful 
model in which it can provide a good linear relationship 
between k1 and qe, which may be confirmed from its slope 
and interception.

An analysis of the experimental qe values shows that, 
the distance of the interception is aptness and failed to 
describe the experimental outcomes. In addition, the 
adsorption rate does not obey this equation. On the other 
hand, the adsorption kinetics are explained using the 

pseudo-second-order kinetic model [56]. Thus, this last 
produces a straight line and high values of R2. The adsorp-
tion equilibrium capacity (qe) and k2 were extracted from 
the intercept and the slope curve and from the plot of t/qt 
vs. t, respectively. The predicted capacity of adsorption (qe), 
the correlation coefficient values (R2) and the experimental 
closeness values demonstrate that the second-order model 
successfully explains our experimental data (Table 3). 
The correlation coefficient (R2) values reached 0.9999 and 
a great similarity between the calculated values of adsorp-
tion equilibrium capacity (qe) and that of the experimental 
adsorption capacity was obtained under different exper-
imental conditions. Moreover, the process has also been 
studied using the intraparticle diffusion model [57]. This 
model is based on liquid film mass transfer diffusion, in 

 

 
Fig. 7. Dimensionless Redlich–Peterson form (a and c) and exponential linear form of Redlich–Peterson (b and d) of dextropropoxy-
phene and paracetamol.

Table 2
Parameters and analysis of variance for adsorption of dextropropoxyphene and paracetamol for α = 1 (Langmuir isotherm resulting 
from Redlich–Peterson model)

KL qm (mg/g) R2
adj Sum of squares F-value p-value

Dextropropoxyphene 4.4305 12.1951 0.8320 0.1499 20.8048 0.010
Paracetamol 7.7864 97.0873 0.9364 0.4246 104.0418 5.1727 × 10–5
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which the sorption rate is related to the square root (t1/2). 
The Kdif and C values were determined from the slope and 
intercept of the qt vs. t1/2 plot, respectively.

The values of C that are related to the boundary layer 
thickness and the rate constant intraparticle diffusion Kdif 
are collected in Table 3. Since the curve of the intraparticle 
diffusion model does not pass through the origin (Fig. 8), 
this indicative of some degree of boundary layer control 
and this further shows that the intraparticle diffusivity is 
not the only rate-controlling step; but also other processes 
may control the rate of adsorption [54,58].

3.5. Thermodynamic study

The values of the thermodynamic parameters of DPP 
and PAR sorption, namely, the relative Gibbs free energy 
(∆G°), relative enthalpy (∆H°) and relative entropy (∆S°), 
were calculated using the following equations:

∆G RT Kd° = − ln  (6)

lnK S
R

H
RTd =

°
−

°∆ ∆  (7)

where Kd is the thermodynamic equilibrium constant, R is 
the gas universal constant, and T is the absolute temperature 
(in Kelvin).

The obtained results of the thermodynamic study 
are collected in Table 4 and illustrated in Fig. S1. From 
Table 4, we can notice that all relative Gibbs free energy 
values have negative values, which account for a sponta-
neous and feasible process. In addition, the ∆G° values 
decreased with increases in temperature. On the other 
hand, the negative values of ∆H° indicate that the studied 
sorption process has an exothermic character, which may 
be attributed to a physical mechanism [59], characterizing 
the adsorption of DPP and PAR. At the same time, the neg-
ative values of ∆S° account for a decrease in the concentra-
tion of DPP and PAR in the solid–liquid interface, thereby 
indicating that there is an increase in the concentration of 
DPP and PAR on the surface of the solid phase.

4. Conclusion

In this work, we have performed an experimental study 
for the goal of removing DPP and paracetamol (PAR) from 
aqueous solutions by sorption on a low-cost biosorbent 
such as L. cylindrica fibers, as well as modeling the sorp-
tion phenomenon based on the mathematical approach 
of the modified equation of the Redlich–Peterson (RP) 

Table 3
Kinetic model rate parameters obtained using the linear equations

Model Equation Parameter Value of parameters

40 mg/L 60 mg/L

Dextropropoxyphene Paracetamol Dextropropoxyphene Paracetamol

First-order 
kinetic

ln lnq q q ke t e t−( ) = ( ) −
k1 0.1274 0.2477 0.1432 –
qe,cal 1.6538 0.7422 2.8352 –
R2 0.7622 0.8307 0.9687 –

Second-order- 
kinetic

t
q k q q

t
t e e

= + ( )1 1

2
2

k2 0.3329 2.1595 0.1743 2.2050
qe,cal 36.1402 39.2157 54.945 59.1366
R2 0.9999 0.9999 0.9999 0.9999

Intraparticle 
diffusion q K t Ct = +dif

1
2

Kdif 0.1584 0.8442 0.1403 0.8442
C 36.1879 37.2284 53.8869 57.2289
R2 0.9190 0.9251 0.8974 0.9251
qe,exp 36.0909 39.1414 54.7273 59.0995

 

 

Fig. 8. An intraparticle diffusion model for dextropropoxyphene 
and paracetamol adsorption on luffa fiber at different initial 
concentrations (40 and 60 mg/L).
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isotherm. The main conclusions extracted from the obtained 
outcomes are as follows:

• This study demonstrates the suitability and applicabil-
ity of the novel dimensionless and exponential linear 
forms of the RP isotherm proposed by Feng-Chin-Wu, 
which allowed us to easily determine the parameters of 
the RP model for DPP and PAR.

• The α value was equal to 0.8 for each studied pharma-
ceutical compound, corresponding to an optimum line 
that gives the other parameters, mainly bRP and qmon.

• The RP equation involving adsorption on homoge-
neous active sites is definitely the most suitable model-
ing tool to satisfactorily describe DPP biosorption. The 
Langmuir model showed great adequacy in describing 
the adsorption experimental data of PAR onto L. cylin-
drica by providing the highest adjusted squared correla-
tion coefficient R2 and the lowest p-value.

• The kinetics curves are characterized by the pseudo- 
second-order rate equation, in which the intraparticle 
diffusion was not the only rate-determining step.

• The thermodynamic study shows that the obtained 
parameters confirmed that the adsorption process is 
exothermic and spontaneous and that the molecules of 
the studied drugs have random behavior on the surface 
of the L. cylindrica fibers.
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Table S2
Analysis of variance for dextropropoxyphene and paracetamol sorption process

DF Sum of  
squares

Mean  
square

F-value p-value

Dextropropoxyphene Model 1 0.8588 0.8588 99.1702 5.7114 × 10–4

Error 4 0.0346 0.0087
Total 5 0.8934

Paracetamol Model 1 0.5573 0.5573 104.6546 1.8411 × 10–5

Error 7 0.0373 0.0053
Total 8 0.5946

Table S1
Physicochemical properties of dextropropoxyphene and paracetamol

Structure Mw (g/L) pKa Sw (g/L) logKow

Dextropropoxyphene, 
C22H29NO2, DPP

339.47 6.30 3.32 (25°C) 4.18

Paracetamol,  
C8H9NO2, PAR

OH

NH CH3

O
 

151.16 9.50 14 (22°C)
0.46–
0.5

Supplementary information

Fig. S1. Thermodynamic parameters for dextropropoxyphene 
and paracetamol adsorption on Luffa cylindrica at different 
temperatures.


