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Abstract

Cost-effective biochar was prepared from Raphia hookeri fruit epicarp following thermal and acid treatment. The potency
of the acid-treated biomass (RHP1) was established via physicochemical and spectrophotometric characterization. The acid-
treated biomass (RHP1) was subsequently applied for the removal of paracetamol active (PCML). The fixed carbon content
of raw Raphia hookeri fruit epicarp (63.81%) was enriched after acid treatment. The Brunauer-Emmet-Teller (BET) surface
area was also enhanced by acid treatment with 945.43 m?/g obtained for RHP1. The adsorption experimental data subjected
to kinetics and isotherm models showed a multilayer adsorption when adsorption data fitted best to the Freundlich isotherm
model. The maximum monolayer adsorption capacity (qy,,,) was 74.04 mg/g. Thermodynamics analysis of the adsorption data
showed randomness and endothermic occurrence within the PCML-RHP1 system with AH® and AS° values of 35.34 kJ/mol
and 125.71 J/mol/K respectively. The spontaneity of the adsorption system was validated by the negative values obtained for
AG°. The mechanism of interaction for RHP1 and PCML was proposed to proceed via hydrogen bonding. RHP1 is therefore

a potential tool for the effective treatment of PCML-containing pharmaceutical wastewater.
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1 Introduction

Environmental contamination is an issue that cannot be
ignored, as it can endanger human health and general qual-
ity of life. In recent times, a class of pollutants referred to
as emerging contaminants has become a concern to envi-
ronmentalists. These contaminants include insecticides, per-
sonal care products, industrial additives, plasticizers, flame
retardants, and pharmaceuticals [1]. Asides from preventing
and treating diseases, pharmaceuticals and medical therapies
have helped to alleviate chronic illness [2]. Some classes of
pharmaceuticals are antibiotics, anticonvulsants, sex hor-
mones, mood stabilizers, and analgesic drugs. Paracetamol
(PCML) is an analgesic drug that is highly consumed as it is
inexpensive with limited side effects [3, 4]. A major concern
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arising from the use of PCML is the ability to form a hepa-
totoxic metabolite (N-acetylimidoquinone). This metabolite
can cause DNA damage, coupled with its toxic, mutagenic,
and carcinogenic nature [5-7].

The high demand and usage of PCML results in easy
detection of the same in the environment in its unmetabo-
lized, metabolized, or expired forms. This can consequently
lead to environmental contamination and threat to human
health [8]. According to Environmental Health Divisions,
United States (2014), paracetamol may inhibit normal repro-
duction, growth, survival, and embryonic development of
fish [9]. Also, the release of wastewater containing phar-
maceutical residues can disrupt the aquatic environment by
altering the antioxidant mechanism and the metabolism of
the biota [3, 7, 8]. It is therefore pertinent to treat wastewa-
ter containing this chemical before the discharge into the
environment [9, 10]. As reported, several wastewater treat-
ment methodologies have been employed in treating PCML-
containing wastewaters. Some of these methods include
membrane filtration [11, 12], biological treatments [3, 13],
advance oxidation [14, 15], and adsorption [16—18]. These
technologies differ in terms of effectiveness, cost and envi-
ronmental impacts [11, 13]. The adsorption process presents
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better advantages in terms of cost effectiveness and simplic-
ity of the operation [4, 19, 20].

In recent years, porous activated carbon has been prepared
from various waste biomass in order to ameliorate the cost of
expensive commercial activated carbon. Agricultural wastes
have high carbon content which makes it good substitutes
for commercial activated carbons. Some of the agricultural
waste previously reported for use as adsorbents include potato
peels [21], coconut husk [22], orange peels [18], fenugreek
seed spent [23], plantain peels [24], dika nut wastes [25], and
Bilghia sapida seed pods [26] among others. Raphia hookeri
is a member of the Palmicea family containing high carbon
content and high cellulosic fibers, hence present good proper-
ties suitable for activated carbon (AC) preparation [27].

Our previous work treated Raphia hookeri fruit epicarp with
suphuric acid in a 1:1 mass to volume. Adsorbent obtained had
low surface area and was effective for the targeted adsorb-
ate [28]. Commercial activated carbon is characterized with
large surface area [29]; hence, we further search for alternative
adsorbent that will be a perfect replica in effectiveness and
characteristics. The characteristics of activated carbon pre-
pared from agrowastes depends greatly on activating agent,
thermal treatment, impregnation ratio, and preparation tech-
nique among others [30]. We therefore further explore this
neglected waste (Raphia hookeri) whose counterpart had
found use in commercial activated carbon preparation. In this
work, a novel treatment combining H;PO, impregnation with
pyrolysis was used to obtain a highly porous material from
Raphia hookeri biomass. The prepared carbon was for the first
time tested for its potential in PCML removal from aqueous
solution. Mechanism and feasibility of the adsorption process
were established via kinetics and isothermal treatment of data.
Surface interaction was used to justifty PCML uptake mecha-
nism. The desorption studies as well as the degree of revers-
ibility of the adsorption process were also evaluated.

2 Materials and methods
2.1 Materials

The paracetamol active ingredient with CAS num-
ber=103-90-2; molecular weight=161.16 g/mol; chemical
formular = CgHgNO, and pKa=9.38 was graciously gifted
by May and Baker Pharmaceuticals, Lagos, Nigeria. The
reagents that were utilized in this study were all of analytical
grade. Deionized water was used throughout the experiment.

2.2 Sample pre-preparation
Raphia hookeri epicarp was obtained from local farmers in Omu-

Aran, Kwara State, Nigeria. The acquired raw samples were
washed clean with deionized water to ascertain proper removal of
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dirt. The samples were then dried at 80 °C for 24 h in the oven. The
dried samples were first reduced in size, subsequently pulverized
and sieved through 150-215 pm mesh size. The resulting sample
was then washed with deionized water till the filtered water was
clean, and dried at 80 “C for 48 h in the oven. The samples were
properly packed in an air tight container and labeled as RHP.

2.3 Biowaste activation and carbonization

Concentrated orthophosphoric acid with CAS num-
ber=7664-38-2; molecular weight=97.99 g/mol; percentage
purity= 98%; and chemical formular=H,PO, was used in the
activation of Raphia hookeri epicarp. A total of 20.0 g of the raw
adsorbent sample was carefully weighed into a beaker contain-
ing 400 ml of the activating reagent. The content was mixed
evenly while being heated, till a uniform paste was achieved. The
resulting paste/mixture was then moved into an evaporating dish
and placed in a furnace for 2 h at 400 C. This was then cooled
down, washed thoroughly using deionized water to a neutral pH,
allowed to dry in the oven for 24 h at 100 °C. The product was
milled into powder and sieved to a uniform size using a mesh of
106 pm and stored away from moisture with label RHP1.

2.4 Characterization of RHP1

Using a micrometric porosity and surface area analyzer (Micro-
metric, ASAP 2010 BET), the Brunauer—Emmett-Teller (BET)
specific surface area was estimated. For the surface functional
group determination, the biochar was degassed in a vacuum for
12 h at 110 °C. The Fourier transformed infrared (FTIR) spec-
troscopy (NICOLET iS5) was utilized in analyzing the promi-
nent surface functional groups of the prepared biochar. These
functional groups are of great importance for the adsorption
of PCML onto the surface of RHP1. The surface morphology,
characteristic features, and the elemental composition of RHP1
were analyzed utilizing the scanning electron microscopy-elec-
tron dispersive X-ray (SEM-EDX) (JEOL JSM-7600F).

2.5 Paracetamol (PCML) adsorbate preparation

The properties of the paracetamol (PCML) used in this study is
presented in Table 1. A total of 200 mg/L of PCML stock solu-
tion was prepared by dissolving 0.2 g of PCML active ingredi-
ent in 1000 ml of deionized water. The PCML stock solution
was further used to make different concentrations of PCML (5,
10, 15, 25, and 50 mg/L), in separate standard flasks.

2.6 PCML-RHP1 batch adsorption studies

The influence of pH on the adsorption of PCML onto RHP1
was first investigated. A total of 0.1 g of the biochar was mixed
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Table 1 Properties of paracetamol

Properties Values
Suggested name Paracetamol
C.I number 391
C.I name Acetaminophen
Class Analgesic drug
Amax 244
Molecular CgHyoNO,
formula
Molecular 151.163 g/mol
weight
H CH

e /\\\\\ S~ \H// ’

Chemical i J
NP o

structure OH” N

with 100 mL solution of 2.5 mg/L initial concentration, within
the pH range of 2—11, the mixture was agitated for 4 h. The pH
of PCML in solution was varied by the addition of 0.1 M HCl or
0.1 M NaOH. The influence of different amounts (0.15-0.25 g)
of RHP1 dosage at initial concentration of 30 mg/L PCML
active, which was agitated for about 4 h, was established. Study-
ing the initial concentration, contact time, and temperature
effects, 0.1 g of RHPI was introduced to a predetermined con-
centration (5-25 mg/L) of the adsorbate solution in a 250 mL
conical flask which was agitated at different time interval in a
water-bath shaker with varying temperatures (298-318 K). The
amount adsorbed at a given time, t, was evaluated using Eq. 1 and
removal percentage was calculated using Eq. 2.

(G -CoxV

~ (M

(Ci-C)

i

%Removal = x 100 2

where C; is the initial concentration, C, is the concentration
of paracetamol at time, and C; is the final concentration of
paracetamol. V is the volume of paracetamol solution used
for the adsorption studies in liter and M is the weight of the
adsorbent in grams.

2.7 Kinetics and isothermal studies of RHP1-PCML
adsorption data

Understanding the modes and mechanisms of adsorbate uptake
onto the adsorbent is established by kinetics and equilibrium

adsorption data analysis using a variety of isothermal and
kinetics models. Isothermal models include the Langmuir
[31], Freundlich [32], Temkin, and Dubinin-Radushkevich
(D-R) [33].

Langmuir isotherm assumes a monolayer adsorption onto a
uniform surface with a limited number of identical sites. The
Langmuir linear form denotes Eq. (3):

C, 1 C

e

= +
Qe KL Qmax Qmax

The exponential distributions of active sites and their ener-
gies, as well as surface heterogeneity, are all expressed by the
Freundlich sorption isotherm. The Freundlich equation is pre-
sented in Eq. (4)

(©)

1
Logq, = LogKy + ;logCe “

Temkin adsorbent-adsorbate interactions are specifically
taken into consideration by Temkin isotherm factors. The
model implies that, as a result of this interaction, the heat of
adsorption for all molecules in the layer would fall linearly
with surface coverage. The linear form is provided in Eq. (5)

0, = IZ—TIHAT + Ili—?wlnce (5)

Dubinin-Radushkevich (DR) explains the adsorption
mechanism with a Gaussian energy distribution onto a het-
erogeneous surface. The results from the intermediate range
of concentrations and high solute activity have frequently been
well fit by the model. The given linear Eq. (6):

InQ, = LnQ, — Ap_ge€* (6)
The Polanyi potential (€) and the mean energy of adsorp-

tion E are described by Eqs. (7) and (8):

- RTln[l N CL] ™

e

[

Kinetics data were investigated using the pseudo-first-order
[34], pseudo-second-order [35], and intraparticle diffusion [36]
kinetic models. Their respective linear equations are repre-
sented in Eqgs. 9, 10, and 11 respectively.

_ Kt

Log (q, —¢q,) = log q, — 3303 ©
t 1 t

—= +— (10)
g9 kg2 gq,
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G, = Kigt? +C (n

2.8 Thermodynamics studies of RHP1-PCML
adsorption system

The impact of temperature variation on the removal of PCML
onto RHP1 was investigated. The embedded parameters clarify
the spontaneity, nature of interaction, and the feasibility of the
adsorption processes. The Gibb’s free energy (AG?), enthalpy
(AH"), and enthropy (AS°) were calculated usig Eqs. 12 and
13.

AS° AR’
InK, = -
nk, = =5 =T (12)
AG’ = —RTInK, (13)

2.9 Desorption studies of PCML uptake onto RHP1

The reusability and cost effectiveness of an adsorbent can be
determined via desorption studies [37, 38]. An already PCML-
loaded adsorbent was desorbed using de-ionized water, 0.1 M
sodium hydroxide, and 0.1 M hydrochloric acid. A total of
0.2 g of the loaded adsorbent was added to 50 mL of each
desorbing agent. The desorption efficiency and the degree of
reversibility (desorption index) were determined using Egs. 14
and 15:

\%4
=C, —
9des des w (14’)
. Cdev
% Desorption = - % 100 (15)
% Desorption efficiency = Qdes 1010 (16)

e

L % total PCML removed after adsorption
Desorption index =

% total PCML remained on the adsorbent after desorption

3 Results and discussion

3.1 Characterization of RHP1

3.1.1 Physicochemical characterization of RHP1

Thermal application to raw RHP may generate organic
components instability hence breaking their linkages [39].

Consequently, both moisture and the volatile matters are
liberated while the remnant is the carbon rich biochar. The
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results of the physicochemical characterization are presented
in Table 2. RHP1 presented a highly porous material with a
surface area of 945.43 m%/g which is within the range stated
for commercial activated carbon [40]. Previous work which
utilized Raphia hookeri in adsorbent preparation yielded
much lower surface area [28]. The large surface area herein
obtained suggests that Raphia hookeri with structured treat-
ment may serve as a good precursor for commercial acti-
vated carbon production. In addition, the high porosity of
RHP1 would enhance its adsorptive properties and increase
the chances of RHP1-PCML molecules interaction [37, 38].
Other properties such as the moisture content and pH were
found to fall within the acceptable range [41].

3.1.2 Comparing RHP and RHP1 surface functional group
spectral

The surface functional group analyses of RHP and RHP1
are presented in Fig. 1. The effects of PCM uptake on RHP1
have also been compared (Fig. 1). The bands observed at
3400 cm™' on RHP is a characteristic of -OH stretching
vibration. Cellulose, hemicellulose, lignin, and adventi-
tious water in the waste biomass usually facilitate this vibra-
tion. The —CH stretching vibration occurring at 2920 cm™"
in RHP disappeared in RHP1. The elimination of volatile
organic compounds via thermal and acid treatment may have
been responsible for the methylene group disappearance.
The band at 1620 cm™! in RHP is a characteristic of -C=0
stretching vibration. The —OH and -C =0 group bands also
occurred in RHP1 at 3440 and 1610 cm™! respectively, how-
ever, with weak signals. Variations observed in RHP and
RHP1 spectral are indication of an effective acid activation
[39, 40]. The broadening and band reduction in RHP1 vali-
dated the effectiveness of the activation process [42]. Shifts
in bands were observed for RHP1 after the uptake of PCML
(RHPP), the — OH, and -C =0 groups was observed at 3420,
2880, and 1610 cm™! respectively. The observed changes
are indication of the participation of these groups in the

Table 2 Physicochemical properties of RHP1

Property RHP1

pH 6.10+0.02
PH,c 4.98+0.02
BET surface area (m%/g) 945.43
Langmuir surface area (m%/g) 890.44
Todine surface area (mzlg) 772.48
Bulk density (g/cm?) 0.31

% Moisture content 324

% Volatile matter 7.45

% Ash content 10.67

% Fixed carbon 78.64
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Fig. 1 FTIR spectra of RHP,
RHP1, and RHPP

2.5
3450

—— RHPP (After adsorption) —— RHP (Before activation)

RHP1-PCML adsorption system. Also weak bands observed
in the range of 800 to 500 cm™! are attributed to phosphorus
containing compound or aromatic structures [43]. The FTIR
spectra of biochar after adsorption (RHPP) showed obvious
variation in the carboxylic, hydroxyl, and phosphate groups
signify the participation of these functional groups in the
RHP1-PCML adsorption process.

3.1.3 Surface morphology and elemental composition
spectral of RHP, RHP1, and RHPP

Surface appearances of RHP, RHP1, and RHPP are pre-
sented in Fig. 2c—e and a and b are elemental composi-
tion of RHP and RHP1. Irregular scanty pores appeared
on RHP while thermal and activation generated regular
and numerous pores on RHP1 surface. After the uptake of
PCML visible blockages of pores was observed, justifying
PCML uptake onto RHP1 (Fig. 2¢). The elemental analysis
depicts carbon content enrichment comparing RHP to RHP1
(Fig. 2a and b). However, oxygen content reduced. The oxy-
gen content reduction further corroborates the elimination
of volatile organic compounds as previously shown by the
FTIR analysis.

3.2 Effect of pH and adsorption mechanism of PCML
uptake onto RHP1

An imperative parameter that significantly influences the
efficiency of adsorption is the influence of pH. This study
helps to understand the adsorbate-adsorbent interaction.
Varying an adsorbate pH can concurrently influence the
adsorbent surface charge as well as the adsorbate nature in
solution [41, 44]. These changes explain the diverse forms
of adsorption mechanism [42-44]. Figure 3 presents graph

Transmittance
kY
Y
4—'_'_‘—/

2950 2450 1950 1450 950 450

wave number (cm™)

RHP1 (After activation)

of adsorption efficiencies at varying pH. Percentage removal
slightly varies as pH increased from 2 to 9 (73.86-78.07%).
The highest percentage removal occurred at pH 4. A dras-
tic drop in the removal efficiency was observed from pH
9 to 11 (74.74-40.75%). Paracetamol is a weak electrolyte
that can exist in both ionized and non-ionized forms, with
a pKa value of 9.38. At pH < 9.38, PCML predominates
in its protonated form while its occurrence in solution at
pH > 9.38 is predominantly in its deprotonated form. The
high removal efficiency observed between pH 2 and 9 can be
ascribed to the fact that PCML was adsorbed in its non-ionic
form. Hence, electrostatic attraction was not the predomi-
nant mechanism of adsorption. The great drop in adsorption
efficiency after pH of 9 may, however, be ascribed to elec-
trostatic repulsion between the adsorbent surface and depro-
tonated PCML. This is because both the PCML molecules
and the RHP1 surface are negatively charged. Similar obser-
vations have been previously reported [45-47]. Three pos-
sible mechanism which include formation of donor—accep-
tor complexes, hydrogen-bond formation, and z interaction
have been proposed for adsorption of contaminants [45]. In
the case of RHP1-PCM system, the FTIR before and after
adsorption was compared. The intensity of the -OH spectra
(3420 cm™!) increased after PCML adsorption and a small
peak appeared at 1370 cm™!, indicating the formation of
hydrogen bonds. There was a shift in the peak at 1230 cm™".
These changes suggested an interaction between the oxygen
group of RHP1 and hydrogen bonded to nitrogen group of
the PCML. Hence, hydrogen bonding may be the key mecha-
nism of interaction in the RHP1-PCML system (Fig. 4) [44,
48].
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Fig.2 EDX spectra of a RHP and b RHP1; SEM morphology of ¢ RHP, d RHP1, and e RHPP
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Fig.3 Effect of pH on PCML adsorption on to RHPI. (Experimen-
tal conditions: dosage=0.1 g; initial concentration=25 ppm; vol-
ume=0.1 L; contact time=4 h; temperature =298 K, error bars indi-
cating standard deviation of three replicates)

3.3 Effect of initial concentration and contact time
on the adsorption of PCML onto RHP1

Figure 5 depicts the adsorbate-adsorbent interactions as a
function of time and concentration (5-50 mgL.~") of PCML.
The adsorbed quantity of PCML increased rapidly as the
initial concentration increased. The quantities adsorbed at
equilibrium were 3.43, 10.09, 13.39, 20.29, and 26.77 mg/g
for initial concentrations of 5, 10, 15, 25, and 50 ppm. At
higher concentrations, there is a high driving force and
increased surface bombardment as the time proceeds. As
a result, there is an high uptake of PCML onto RHP1 [25].
Adsorption percentage also rises rapidly in the first 30 min
and subsequently a gradual removal until removal became
insignificant.

3.4 Kinetics studies of PCML uptake onto RHP1

The extent of adsorption process under certain conditions
can be analyzed using kinetic models. Hence, the kinetic
studies were executed to comprehend the dynamics of PCM-
RHPI1 adsorption. The pseudo-first order, pseudo-second

n — minteraction
CHy 3

——NM

° = \\

oM : : . v . \\\ _,«»»\\ -

‘W

Fig.4 Possible mechanism of PCML adsorption onto RHP1

1
I I I I \E i % ——5Sppm
~ _ _ _ ~#-10ppm
2 i = = N - 15ppm
v * h ¢ ¢ =¢25ppm
=#=50ppm

0 100 200 300 400 500 600
Time (min)

Fig.5 Effect of contact time and initial concentration on uptake of
PCML on to RHP1. (Experimental conditions: dosage=0.1 g; vol-
ume=0.1 L; pH=4; temperature=298 K, error bars indicating
standard deviation of three replicates; bars fall within symbols where
absent)

order, and intraparticle diffusion models were investigated.
The calculated parameters from the experimental plots are
shown in Table 3. The pseudo-second order model provided
the best fit with the R? value of 0.999 for all the concen-
trations considered. The experimental and the calculated
quantity adsorbed (Q.) for the pseudo second order kinetics
were observed to be very close. The intercept (C) of the
intraparticle diffusion plot did not pass the through the ori-
gin hence an indication of some degree of boundary layer
diffusion [49]. Also the values of the intercept of the liquid
film diffusion model was not zero, which indicated that the
adsorption mechanism is not solely driven by external or
surface diffusion [50]. However, the regression coefficients
of the intraparticle diffusion across all the concentrations
are higher than that of the liquid film diffusion. This is an
indication that internal diffusion dominated the adsorption
process [51].

3.5 Isothermal studies for PCML uptake onto RHP1

Isotherms are important tool that provides evidence on
the capacity of an adsorbent (RHP1) to remove a pollutant
(PCML). These models can help to understand adsorbate-
adsorbent interactions and their mechanisms. In this work,
the Langmuir, Freundlich, Temkin, and Dubinin-Radushk-
evich isotherms were used to give meaning to the equilib-
rium adsorption data and the results are presented in Table 4.
The maximum monolayer adsorption capacity was enhanced
as the temperature increased reaching up to 74.07 mg/g at
318 K. The Langmuir isotherm assumes a monolayer surface,
no interactions with neighboring sites, and uniform adsorption
energy, whereas the Freundlich isotherm predicted adsorp-
tion onto heterogenous sites with varying affinities. The
stronger binding sites are initially occupied, and the binding
strength decreases with increasing site occupance [52-54]. At
room temperature, the Freundlich model provided a better fit
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Table3 Comparison of adsorption kinetic model parameters for
PCML uptake onto RHP1

Constants 5 ppm 10 ppm 15 ppm 25 ppm
Pseudo-first order

Q.. exp (mg/g) 3.7600 9.850 13.4000  20.3000
Q.. cal (mg/g) 3.6168 1.6168 2.1256 103014
K, (min~") 0.01773 0.02579  0.0069 0.0283
R? 0.9460 0.8680 0.9030 0.9090
Pseudo-second order

Q. cal(mg/g) 3.8100 9.3600  14.0600  21.0600
K, (g/mg/min) 3.1326 4.0889 5.0309 7.6240
R? 0.9990 0.9990 0.9990 0.9990
Intraparticle diffusion

Kiq 0.0960 0.2610 0.0110 0.0390
C 0.3023 0.3080 0.3570 0.3040
R? 0.9990 0.9740 0.9990 0.9980
Liquid film diffusion

Kiq 0.0100 0.0100 0.0100 0.0100
Intercept 0.0879  —-0.0102 -0.5647 —0.7282
R? 0.9208 0.09430  0.9539 0.9601

(0.992) in comparison to the Langmuir model (0.986). This
is an indication that a multilayered adsorption predominates
the adsorption system. The values of K; lie between 1 and
10 (1.1456-2.8950), suggesting a favorable adsorption at
all temperatures. The high values of B for Temkin model
indicated a strong interaction between PCML and RHP1 sur-
face. The D-R energy of adsorption was obtained between 50
and 233.61 kJ/mol, which was greater the 8 kJ/mol across all
the investigated temperature, indicating a chemical adsorp-
tion [55]. The adsorption capacity for paracetamol adsorp-
tion was compared to other adsorbents in previous studies
(Table 5). The efficacy of RHP1 was justified by high percent-
age removal compared to previous literature reports.

Table 4 Isothermal studies of the adsorption of PCML onto RHP1

Isotherms  Constants 298 K 308 K 318 K
Langmuir g, (mg/g) 66.2200  68.9600  74.0700
R’ 0.9860 09730  0.9940
Freundlich K 1.6437  2.895 1.1456
1/n 0.7330  0.5830  0.7640
R’ 0.9920 09350  0.9850
Temkin A 1.0050  1.0110  1.0447
B 301.5180 331.9130 213.5580
b(kJ/mol) 82170  7.7150  12.3800
D-R Aoy 26.7800  23.6300  18.5900
E 50.0000 129.0900 223.6100
px107* (mmol’J™2)  4.0000  0.6000  0.2000
R’ 0.8996 08114  0.8748

3.6 Effects of temperature and thermodynamic
studies of PCML uptake onto RHP1

The quantity of PCML adsorbed increased from 71.37
to 85.99 mg/g as the temperature is raised from 298 to
318 K (Fig. 6). Although, RHP1 is highly effective at
ordinary room temperature, increased temperature may
have resulted to activation of more adsorption sites on
RHP1. The aforementioned coupled with increase in
PCML mobility at higher temperatures may account for
increased adsorption [56]. The thermodynamic data anal-
ysis returned standard enthalpy AH® and standard entropy
change AS° as positive (Table 6). This implies that the
adsorption process is random and endothermic in nature.
The Gibbs free energy AG® values were negative for the
temperature range in study, implying the spontaneity and
practicability of the adsorption process. Higher negative
value obtained at higher temperature further corroborates
the higher percentage removal as well as higher maximum
monolayer adsorption capacity obtained at higher tem-
perature. This implies that temperature up to 318 K could
not break the bonds formed between RHP1 and PCML;
hence, RHP1 will be stable while in use in the treatment
of hot wastewater.

4 Desorption studies of PCML-RHP1 system

Maximum percentage desorption efficiency of 22.52% was
obtained with 0.1 M NaOH (strong acid) eluent (Fig. 7).
Desorptions with strong acids and bases have been suggested
the participation of ion exchange mechanism [57]. Deion-
ized water eluent performed poorly; thus, the adsorption
of PCML onto RHP1 may be through hydrogen bonding
and electrostatic attraction. Since the dominant mechanism
of interaction is through internal diffusion. The PCML

Table 5 Comparison of various biosorbents for paracetamol adsorp-
tion

Adsorbent Adsorption capac- Reference
ity
Ozone treated-coconut shells 20.88 [59]
Spent tea leaves 59.20 [60]
Moringa oleifera seed husks 17.48 [61]
Corn cobs 0.47 [62]
Sugarcane bargasse 0.32 [62]
Spiky green horse-chestnut 1.091 [63]
Orange peels 28.09 [18]
Moringa oleifera seed pods 20.28 [64]
Quail egg shells 15.15 [65]
Rahia hookeri epicarp 66.22 This study
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76,81
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Temperature (K)

Fig. 6 Effect of temperature on PCML removal on to RHP1. (Experi-
mental conditions: dosage=0.1 g; initial concentration =25 ppm; vol-
ume=0.1 L; pH=4, error bars indicating standard deviation of three
replicates)

molecules could penetrate the pores of RHP1, leading to
difficult desorption [27]. The values of the desorption index
(DI) ranged between 0.91 and 1.19. An adsorption process is
completely reversible when the DI equals 1 and as the value
deviates from 1, the extent of irreversibility increases [51,
58]. The value of DI for NaOH eluent is 1.19, indicating a
slight degree of reversibility.

5 Conclusion

A low-cost biochar (RHP1) was successfully prepared
from Raphia hookeri waste. The prepared biochar has a
large surface area (945.43 m?/g) relative to expectations

for commercial activated carbon, hence, suggests Raphia
hookeri as a promising precursor for commercial activated
carbon preparation. The sorption studies of PCM onto
RHP1 revealed that adsorption process is more favora-
ble at pH of 4. Kinetics and equilibrium adsorption data
were best described by pseudo-second order kinetic and
Freundlich isotherm model. The mechanism of interac-
tion between the PCML molecules and RHP1 surface as
deduced from the FTIR spectra was proposed to be via
hydrogen bonding. The negative values evaluated from the
Gibb’s free energy confirmed the favorability, spontaneity,
and the feasibility of the adsorption processes. Feasibil-
ity was found to increase with increased temperature and
so RHP1 removal efficiency. The intraparticle diffusion
predicted that internal diffusion rather than external or
surface diffusion dominated the mechanism of interaction
between the PCML molecules and RHP1 surface. This
may be responsible for the relatively low desorption effi-
ciency (3.33 to 22.52%) obtained for the PCML-RHP1
system. The desorption efficiency, however, indicated
slight degree of reversibility of PCML-RHP1 adsorp-
tion system with NaOH eluent. The maximum monolayer
adsorption capacity (q,,,) wWas obtained to be 66.22 mg/g
at 298 K and 74.07 mg/g at 318 K, hence, a good PCML
removal efficiency even at low temperature systems. The
wide availability of Raphia hookeri biomass can fortify its
future applicability as cost friendly adsorbent for waste-
water treatment. The findings of this study would help in
keeping sustainable communities, as well as ensure clean
water and sanitation.

Table 6 Thermodynamic

Adsorbent Adsorbat AH°(kJ/mol AS°(J/mol/K AG°(kJ/mol
studies of PCML uptake onto sorben sorbare (I/mol) (Wmol/K) (/mol)
RHP1 298 K 308K 318K
RHP PCML 35.34 125.71 -2.26 -3.07 —-4.79
Fig. 7 Desorption studies of 25 -
PCML-RHP1 adsorption system 22.52
- Desorption Eluent | Desorption
é 20 - index
z NaOH 1.19
‘E 15 - HCI 0.91
é Deionized water 0.92
v
10
£ 7.42
g
& 51 3.33
0 . -
% HCl % NaOH % Deionized water

Desorption eluents
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