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Abstract A novel biodegradable adsorbent called pyrolysed empty fruit bunch fibres (PEF) was
prepared by chemo-physical activation of empty fruit bunch fibres (EFB) biochar for removal of
cibacron blue 3G-A (CB) dye from aqueous solution. PEF was characterized using FTIR, SEM-
EDX, XRD and BET techniques. The N, adsorption-desorption isotherms indicated PEF’s surface
area to be 362.84 m%g~! and XRD attributed amorphous nature to PEF. After adsorption process,
PEF has smoother surface morphology, increase in carbon by weight and shift in functional groups.
The established adsorption optimum conditions were pH 10, 45 min contact time and
0.10 g/100 mL adsorbent dosage with 99.05% CB dye removal capacity at 343 K and initial dye
concentration 100 mg/L. Desorption ratio >90% after seventh cycle of adsorption-desorption
experiments confirmed high reusability (regeneration) of PEF. Pseudo second order kinetic and Fre-
undlich were better fitted with kinetic and isotherm model respectively, while mechanism of adsorp-
tion was controlled by film diffusion (external mass transfer). Thermodynamic studied revealed AG,
AS and AH to be —3.12 MJ/mol K, 9.11 kJ/mol K, 6.83 kJ/mol respectively at 343 K. The negative
value of AG, positive values of AS and AH indicated spontaneity, feasibility and endothermic nat-
ure of CB dye adsorption from aqueous solution onto PEF.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ever increasing human population has led to geometric
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survival (Al-Shaalan et al., 2019a, 2019b; Azari et al., 2015;
Ali, 2012; Aksu, 2001). Many industries like textile, paper,
cosmetic, food, pharmaceutical etc use dyes in coloring their
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products (Chukki et al., 2018; Mirzaei et al., 2017). Effluent
from these industries (especially textile industry) contains more
than ten percent (> 10%) of dye used in their production pro-
cesses (Etim et al., 2016). Inadequate treatment of this effluent
before it is discharged into water body may obstruct penetra-
tion of sun light in water, disturb aquatic plants’ photosynthe-
sis and poison aquatic animals (Ali et al., 2015, 2017, 2018a;
Berizi et al., 2016; Lima et al., 2008). Resources from the
affected water body may cause damage to kidney, liver, lung
or may be mutagenic and carcinogenic (skin, brain and central
nervous system) to human beings that use them for industrial,
agricultural and/or domestic purpose(s) (Alharbi et al., 2018;
Basheer and Ali, 2018; Basheer, 2017; Daneshvar et al.,
2004). Based on effects of the effluent from textile and allied
industries on ecosystem, effective dye removal from wastewa-
ter is essential for our environment to be secured for living
(Baziar et al., 2017; Alpat et al., 2008). Biological, chemical
and physical methods of wastewater treatment are known to
water scientists for purification of domestic and industrial
wastewater (Al-Rashed and Al-Gaid, 2012; Calvete et al.,
2010; Ali et al., 2013; Dobaradaran et al., 2017; Karami
et al., 2017). Cibacron blue 3G-A (CB) dye belongs to syn-
thetic class of reactive dyes use by textile industry for coloring
cotton yarns/fabrics. It has high resistance to degradation by
biological method and not completely removed by chemical
method (Mirzaei et al., 2017). Chemical treatment method
may form sludge and/or other toxic matters as by-products
instead of complete removal of CB dye from wastewater
(Chukki et al., 2018). Adsorption process (a form of physical
method), using carbon-based adsorbent is considered to be
the best method for removal of this class of dye from wastew-
ater (Mesdaghinia et al., 2017). This is due to its simplicity,
effectiveness and ability to remove any class of dye from
wastewater (Somasekharareddy et al., 2012). Adsorption
capacity of carbon-based adsorbent can be enhanced through
physical or/and chemical activation process (Kalantary et al.,
2015). Good size distribution, large internal and external sur-
face areas are some of the properties that made activated car-
bon an outstanding adsorbent for treatment of dye
contaminated wastewater (Ali, 2018; Badi et al., 2018; Garg
et al., 2004). Commercial activated carbon (CAC) was widely
used for treatment of wastewater, due to its high dye removal
efficiency. High cost of CAC made researchers to investigate
dye removal ability of low cost agro-based wastes for treat-
ment of wastewater (Mesdaghinia et al., 2017; Soccol et al.,
2010). Several researchers have reported adsorption of dye
from wastewater using different carbonaceous materials and
found them to be efficient (Ali et al., 2018b, 2018c, 2018d,
2019a, 2019b; Garg et al., 2004). Some of these carbon-based
materials used by researchers are rice husk, pineapple stem,
sawdust, peanut shell, wheat shell, orange peels, coconut coir
dust, coconut husk, groundnut shell, moringa seed coat to
mention a few (Ali et al., 2019b, 2019¢c, 2019d; Al-Shaalan
et al., 2019a, 2019b; Chukki et al., 2018; Etim et al., 2016;
Ali et al., 2011; Hameed et al., 2009; Gupta et al., 2006; Ali
and Aboul-Enein, 2002).

Nigeria, being one of the largest producers of palm oil in
the whole world, records large quantity of empty fruit bunch
fiber (EFB) as post harvest agro-waste from her oil palm
industry annually (Muhamad et al., 2012). Bulk of these fibres
ends up constituting environment nuisance and little quantity
is used in the rural areas as source of domestic cooking fuel,

which burns to enhance global warming (El-Sayed, 2011).
Few researchers have used oil palm-based activated carbon
for treatment of wastewater (Tan et al., 2008; Ofomaja,
2007). Conversion of EFB to activated carbon for removal
of reactive dye (such as CB) from wastewater has not been
reported to best of our knowledge. The use of PEF for removal
of dye from wastewater will be an opportunity for Nigeria to
convert waste to wealth, make environment clean and indi-
rectly create job opportunity for unemployed youths
(Suramaniam and Ponnusamy, 2015). In comparison with
other agro-based adsorbents for treatment of wastewater,
availability (virtually at no cost), eco-friendly, better adsorp-
tion capacity and reusability are some of the additional merits
of PEF used in this study for removal of CB from aqueous
solution. Unfortunately, study on the use of PEF for treatment
of real life effluent from textile and allied industries may be a
little difficult in Nigeria. This is because of unwilling attitude
of textile and allied industries to allow researchers to take sam-
ple from their assumed effluent treatment plant for analysis,
probably due to the fear of being indicted. The aim of this
study was to investigate the efficiency of chemo-physically acti-
vated pyrolysed empty fruit bunch fibre (PEF) as adsorbent for
the removal of CB dye from aqueous solution. The effect of
pH, ionic strength, initial concentration, adsorbent dosage,
contact time and temperature on CB adsorption was studied.
Data obtained from the adsorption process were used to eval-
uate isotherm, kinetic and thermodynamic parameters of the
process.

2. Experimental

2.1. Materials

Empty fruit bunch fibers (EFB) were obtained from a farm set-
tlement at Itaoniyan, along old Akure-Ondo road, Akure
South Local Government, Akure, Ondo State, Nigeria. EFB
was authenticated at Department of Crop, Soil and Pest man-
agement, the Federal University of Technology, Akure, Nige-
ria. Cibacron blue 3G-A dye and all other chemical reagents
used are analytical grade obtained from Sigma Aldrich.

2.2. Preparation of adsorbent

EFB was pretreated according to Bayuo et al. (2019) with little
modification. EFB was boiled in 1% w/w detergent solution
(liquor ratio 1:100) for 60 min with continual shaking to
remove oil, dust and other related dirt. Detergent cleansed
EFB was then rinsed with water and oven dried at 105 °C
for 1 h. EFB was then carbonized at 400 °C under nitrogen
atmosphere for 2 h at flow rate of 150 cm®/ min to form
EFB biochar according to Jia et al. (2002). PEF was prepared
from EFB biochar according to Regti et al. (2017) with little
modification. EFB biochar was chemically activated by soak-
ing in 72% H,SO, for 5 h using liquor ratio 1:10. The chemi-
cally activated EFB biochar was refluxed for 2 h using water as
solvent at liquor ratio 1:25. The refluxed biochar was allowed
to cool to room temperature, filtered and soaked in 0.1 M
KOH for 24 h at liquor ratio 1:10. It was then severally washed
with water to pH 7.2. Chemically treated biochar was then
dried in an oven at 105 °C for 1 h and then thermally activated
at 600 °C under nitrogen atmosphere for 2 h to form
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chemo-physically activated pyrolysed empty fruit bunch fibre
(PEF). PEF was then ground and sieved to mesh size between
50 um and 90 pum. This was used as adsorbent in the adsorp-
tion experiment.

2.3. Characterization of adsorbent

Fourier transform infrared (FTIR) spectrometer (Perkin
Elmer) was used to determine chemical functional groups in
PEF before and after adsorption process by mixing the adsor-
bents with KBr in a ratio of 1:100 in a mortar pestle and placed
in sample holder of the machine operated at spectral range
between 4000 cm 'and 500 cm ™.

Scanning electron microscope (XL 20 Philips SEM) cou-
pled with energy dispersive X-ray (EDX) was used to investi-
gate PEF’s surface morphology and elemental composition.
Surface of PEF (before and after adsorption) was coated with
a 10 nm thick layer of gold and machine operated at 15.0 kV.
EDX gives detail of elements in PEF.

X-ray diffractometer (Rigaku Dmax 7000) with Cu-Ka
source radiation (X = 1.541), operated at 30 kV and 30 mA
was used to investigate PEF’s diffraction pattern. The adsor-
bent was examined at a maintained diffraction angle (20) range
between 10° and 80° and a scanning speed 2°/min.

PEF was analyzed wusing Brunauer-Emmett-Teller
(Micromeritics Autopore IV 9500, USA). Nitrogen (99.99%)
adsorption—desorption at 77 K was used to determine specific
surface area, pore volume and pore size distribution of the
PEF from plot of volume adsorbed (cm’/g STP) Vs relative
pressure (P/Po).

2.4. Preparation and standardization of adsorbate

The dye stock solution was prepared by dissolving 100 mg of
CB dye in little quantity of water in a liter standard flask
and made to a marked point with water. Absorption spectrum
of aliquot of dye stock solution was run in UV-visible spec-
trophotometer (Pharmacia LKB Biochrome 4060) and ZA;.x
was found to be 637 nm. The working solutions were obtained
through serial dilution of dye stock solution in accurate pro-
portions (20 mg/L to 100 mg/L) and absorbance plotted
against concentration to obtain a calibration curve (Fig. S1).

2.5. Adsorption studies

Batch equilibrium adsorption studies were carried out on CB
dye aqueous solution (100 mg/L) using PEF as adsorbent in
conical flask (250 mL).

Adsorption mechanism of CB dye onto PEF was deduced
from variation of pH of the solution from 2 to 12 (using
0.1 M NaOH/HCI) and saline ionic strength (NaCl concentra-
tion) from 0.2 g/L to 1.0 g/L. Optimum percentage CB dye
adsorbed (Eq. (1)) from aqueous solution was determined
using fixed contact time (45 min), adsorption dosage (0.1 g/
100 mL), temperature (301 K), agitation speed (100 rpm)
and volume (100 mL) of dye solution in conical flask (250 mL).

C, - C,
G

R(%) = x100% (1)

Optimum contact time (Eq. (2)) of CB dye removal from
aqueous solution was determined by varying adsorption con-
tact time from 15 min to 75 min at 15 min interval using fixed
adsorbent dosage (0.1 g/100 mL), temperature (301 K), pH 10,
agitation speed (100 rpm) and volume (100 mL) of dye solu-
tion in conical flask (250 mL).

Co_ce
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Effect of dye initial concentration on percentage CB dye
adsorbed from aqueous solution was determined by varying
CB dye concentration from 25 to 150 mg/L, using fixed adsor-
bent dosage (0.1 g/100 mL), temperature (301 K), pH 10, agi-
tation speed (100 rpm) contact time (45 min) and volume
(100 mL) of dye solution in conical flask (250 mL).

Optimum adsorption dosage (Eq. (3)) of PEF for removal
of CB dye from aqueous solution was determined by varying
adsorbent dosage from 0.025 to 0.125 g/100 mL at 0.025 g/
100 mL interval using fixed contact time (45 min), temperature
(301 K), pH 10, agitation speed (100 rpm) and volume
(100 mL) of dye solution in conical flask (250 mL).

C, — C.
Qe =—"—V 3)

w

Effect of heat on CB dye adsorbed (Eq. (3)) from aqueous
solution was determined by varying adsorption temperature
from 301 K to 343 K using fixed contact time (45 min), adsorp-
tion dosage (0.1 g/100 mL), pH 10, agitation speed (100 rpm)
and volume (100 mL) of dye solution in conical flask (250 mL).

Where C, is initial CB dye concentration, C, is CB dye
effluent concentration, v is volume of CB dye used, w is weight
of PEF (adsorbent), R(%) is percentage CB dye removed, q,
and q, are dye uptake of CB dye at time t and at equilibrium
respectively.

After each of the adsorption processes, PEF was separated
from supernatant CB dye solution by centrifugation at
4000 rpm for 10 min. Analyte was withdrawn with clinical syr-
inge (1 mL) and absorbance read at 637 nm using UV-visible
spectrophotometer. Absorbance of each of the effluents
obtained on UV-visible spectrophotometer was interpolated
from calibration curve to obtain corresponding concentration.

2.6. Adsorbent regeneration-reuse studies

Seven cycles of adsorption-desorption processes were carried
out to investigate reusability of PEF as adsorbent for treat-
ment of dye contaminated wastewater according to Ali et al.
(2015) with little modification. Adsorption experiment was car-
ried out using optimum parameters observed during adsorp-
tion process. CB adsorbed PEF (0.1 g/100 mL) was
dispersed in 100 mL desorption solvent (0.3 M HCI) and stir-
red for 4 h at 301 K for desorption study. The desorbed CB
dye was separated from PEF by centrifugation at 4000 rpm
for 10 min and aliquot withdrawn with clinical syringe
(1 mL) for UV-visible spectrophotometery analysis. PEF
was thoroughly washed with water, dried at 105 °C for 2 h
and reused for adsorption-desorption process. Ratio of des-
orbed CB concentration to adsorbed CB concentration was
noted as desorption ratio.
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3. Results and discussion

3.1. Characterization of adsorbent

The functional groups in PEF before and after adsorption pro-
cess are shown in Fig. 1(a) and (b) respectively. The spectrum
of PEF before adsorption process shows a number of absorp-
tion peaks ranging from broad band at 3394.83 cm™', which
indicated presence of hydroxyl (—OH) functional group to
peak at 2929.97 cm~' that confirmed alky vibration of
—CHj;. Others are absorption peaks at 1624.12 cm™',
1519.96 cm™', 1440.87 cm™', 1377.22 cm™', 1246.06 cm '
and 1062.81 cm™! showing presence of C—=0, —C—N, C—C
conjugate of aromatic, C—N, C—O carbonyl and C—O of pri-
mary alcohol respectively. After adsorption process, there was
formation of twin peaks at 3429.55 and 3342.75 cm™! indicat-
ing overlapping of C—N and —OH functional groups of 1°
amine in CB dye adsorbed onto PEF and cellulosic alcohol
on PEF respectively. Other peaks in PEF shifted after adsorp-
tion process. These observations confirmed involvement of
functional groups in adsorption of CB dye onto PEF. These
showed that adsorption process might be due to electrostatic
attraction between CB dye and PEF according to Ahmad
et al. (2009).

PEF surface morphology before and after adsorption pro-
cess was studied using SEM. Micrograph of PEF before
adsorption has rough surface (Fig. 2a) showing available pores
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Fig. 1

1750

or active sites for adsorption of CB dye onto PEF. After
adsorption process, PEF micrograph surface became smooth
(Fig. 2b) showing high reduction in active site and agglomera-
tion of CB dye molecules on PEF. This observation indicated
possibility of adsorption of CB dye onto PEF to be through
physiosorption in agreement with the findings of Al-Ghouti
et al. (2003).

Each of the EDX characteristic lines (Figs. S2 a—b) is pro-
portional to the corresponding element (Table SI a-b). The
three major elements detected in PEF before adsorption pro-
cess are carbon by weight (63.36%) and by atom (79.30%),
oxygen by weight (7.95%) and by atom (7.44%) and Calcium
by weight (13.85%) and by atom (5.21.30%) as shown in
Table S1 a. Carbon and oxygen content in PEF increased
slightly after adsorption. By weight and by atom, carbon incre-
ments are 3.71% and 1.78% respectively, while oxygen incre-
ments are 13.96% and 11.69% respectively. Calcium
reductions by weight and by atom are 22.82% and 24.18%
respectively. Nitrogen, among other elements in PEF increased
slightly after adsorption process by weight (8.16%) and by
atom (3.80%) as shown in Table S1 b. This observations estab-
lished adsorption of CB dye onto PEF (Bello et al., 2017).
Fig. S3 shows results of PEF N, adsorption—desorption iso-
therms obtained at 77 K. It displays type II isotherm with
increase in amount of N, as relative pressure increased. The
calculated surface area, pour volume and diameter are
362.84 m?/g, 48.22 cm®/g and 1.81 nm respectively. PEF high
surface area suggests possibility of having good adsorption

1319.35

1622.19

1500 1250 1000 750 500

1750 1500 1250 1000 750 500

PEF FTIR spectra before (a) and after (b) adsorption process.
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Fig. 2 PEF micrograph before (a) and after (b) adsorption process.

capacity for removal of CB dye from aqueous solution accord-
ing to Pang et al. (2018a).

Structural features of PEF before and after adsorption pro-
cess were studied using XRD diffraction patterns in Figs. S4 a
and b respectively. The peaks at 9.8°, 19.6° and 28.9° in
Fig. S3a were indexed to (0 0 2), (1 0 1) and (1 0 2) reflections
respectively, indicating that PEF is in amorphous state
(Kalantary et al., 2015). After adsorption process, there was
a slight shift in diffraction peaks with another two emerged
peaks at 32.4° and 52.8° which were characteristics of (1 0 5)
reflection, indicating that CB dye species were successfully
loaded on PEF as shown in Fig. S3b.

3.2. Adsorption mechanism

3.2.1. pH study

Removal of CB dye from aqueous solution is significantly pH
dependent. CB dye decomposed in water to form CB dye catio-
nic specie and chlorine anion (Scheme la). Effect of pH on
adsorption of CB dye onto PEF can be said to have three parts
according to Pang et al. (2018b). CB dye removal (%)
increased rapidly in part I (pH between 2 and 8) as shown in

Fig. 3a. This is because in the acidic medium, small amount
of CB dye molecules were adsorbed due to the electrostatic
repulsion between the protonated PEF surface and CB dye
cationic species (Scheme 1b). As the pH value increased, pro-
tonation relaxed and repulsive force between the protonated
PEF surface and CB dye cationic species reduced leading to
increase in quantity of CB dye adsorbed onto PEF (Pang
et al., 2019). Contrarily, in alkaline medium, there was electro-
static attraction between cationic CB dye species and PEF
hydroxyl, carboxylic and/or carbonyl anionic surface
(Scheme 1b), leading to increase in CB dye adsorbed onto
PEF as pH increased according to (Pang et al., 2018a). A little
increase in percentage CB dye removal was observed in part II
(pH between 8 and 10). This might be due to weak competition
between functional group(s) (—OH, C—O and/or C=0) on
PEF and —OH of mild alkaline medium for cationic CB dye
(Pang et al., 2018b). Increase in pH value from 10 to 12 led
to slight reduction in quantity of CB dye removed from aque-
ous solution (part III). This observation might be as a result of
strong competition between functional group(s) on PEF (lead-
ing to adsorption) and —OH of strong alkaline medium at
pH > 10 (leading to desorption) for cationic CB dye (Yu
et al., 2019). However, overwhelming concentration of PEF

I ji
N A N H,O N X N o
| ' | + Cl
— =
R N cl R N (a)
Dye
)\ I
N Ny NaOH )\
+ PEF—OH ——— N N
HCI |
Z PEF
R N C(P / e
R N O
(b)
Scheme 1  Decomposition of CB dye in water (a) and adsorption of CB dye onto PEF (b).
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Fig. 3 Effect of pH (a) and NaCl ionic strength (b) on
percentage CB dye removal.

compared to hydroxyl ion of strong alkaline medium at
pH > 10 made adsorption to predominate, leading to slight
reduction in CB dye adsorbed onto PEF between pH 10 and
12 according to Popoola (2015).

3.2.2. Salinity studies

Increase in NaCl ionic strength in CB dye aqueous solution led
to decrease in percentage CB dye removed (Fig. 3b). This
observation could be attributed to competition between Na *
and CB dye cationic species for being adsorbed onto limited
active sites in PEF (El-Sayed, 2011).

Generally, the adsorption mechanism could be regarded as
both inner-sphere (chemisorption) and outer-sphere (phys-
iosorption) surface coordination, since the adsorption process
is both pH and ionic strength dependent according to Pang
et al. (2018a) in macroscopic and microscopic investigation
of uranium elimination by Ca-Mg-Al-layered double hydrox-
ide supported nanoscale zero valent iron.

3.3. Contact time and kinetic studies

The quantity of CB dye removed using PEF as adsorbent is
time dependent as shown in Fig. 4. The percentage CB dye
removed from aqueous solution is above 70% within the
15 min of adsorption process. Indicating that quantity of CB
dye adsorbed on PEF increased rapidly as adsorption time
increased. This might be as a result of high diffusion rate of
CB dye molecules from aqueous solution onto available vacant
active sites on the adsorbent Nethaji et al., 2013. After adsorp-
tion period of 45 min, insignificant increment in percentage CB
dye removed from aqueous solution was noticed. This observa-
tion might probably due to reduction in active sites/pores on
PEF as time increases above 45 min. These findings are in good
agreement with Kannan and Sundaram (2001).

Data obtained from effect of contact time on percentage
CB dye removed from aqueous solution were used to investi-
gate kinetic model of adsorption using pseudo first (Eq. (4))

Fig. 4 Influence of contact time on percentage CB dye removal.

and second-order kinetic model (Eq. (5)). These data were
equally used in investigation of mechanism of adsorption of
CB dye onto PEF by fitting them into intraparticle diffusion
(Eq. (6)) and Boyd model (Eq. (7)).

In(q, — q,) = Inq, — kit (4)
t 1 1

IR g I 5
q h (qe) ©)
where hy = kyq,*

q; = kidto's + C (6)
B, = B(t) +K (7)

where k; is rate constant of pseudo first-order adsorption (mg/
g min), h, is initial adsorption rate (mg/g min), k» is rate con-
stant of pseudo second-order adsorption (g/mg min), kiq is the
initial rate of intraparticle diffusion (mg/g min), C is intercept
that gives information about thickness of the boundary layer,
B, is the mathematical function of F which is the ratio of dye-
uptake and B is time constant (min~') and K is external mass
transfer coefficient.

Pseudo first-order plot is a negative linear graph obtained
from plot of In(q, —q,) against t (Fig. 5). Although, this
model has good correlation coefficient, since R? value is
greater than 0.9 but the value of g, is by far greater than
Qe(exp) (Table 1). Therefore, this model does not fit with adsorp-
tion process according to Hamdaoui (2006). Pseudo second-
order plot (Fig. 6) has correlation coefficient R? value closer
to unity and (., approximately equal to value ofq, . These
observations showed that pseudo second-order kinetic is better
fitted with the kinetic model. This is not in conformity with the
findings made by Feng et al. (2011). Calculated dye-uptake,
rate constants and correlation coefficient are kinetic parame-
ters obtained from the two models studied (Table 1).

Diffusion mechanism of CB dye molecules onto PEF was
investigated using intraparticule diffusion model. Bifacial nat-
ure and ability of non linear graph of q,against time t'
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Fig. 5 Pseudo first-order kinetic of CB dye onto PEF.

Table 1 Adsorption kinetic parameters for CB dye removal
from aqueous solution.

Parameter

Pseudo first-order
kinetic

Pseudo second-order
kinetic

qe(exp) (mg gil)
qe(cal) (l’l’lg g_l)
R2

k; (mg/g min)

99.00
205.41
0.9652

1.30 x 107!

kzqe(cal) (mg gil) -

99.00
107.53
0.9965

1.57 x 1073

t/q, (min g/mg)
e N e o I o
s T T T I T

e
o

1
HH

o
=

30 40

Time (min)

50

60 70 80

Fig. 6 Pseudo second-order kinetic of CB dye onto PEF.

(Fig. 7) not passing through the origin indicated that intra-
particle diffusion is not controlling step of adsorption rate
and confirmed involvement of other mechanisms (Darwisha
et al., 2019).

The nature of other mechanisms involvement in adsorption
process was investigated with Boyd kinetic. Boyd plot of B,
against time t (Fig. 8) not passing through the origin confirmed
that adsorption mechanism is governed by film diffusion mech-
anism and not by pore diffusion mechanism. This confirmed
that internal transport of CB dye molecules is less than exter-
nal transport (Aravindhan et al., 2007). Adsorption mecha-
nism parameters for adsorption of CB dye onto PEF are
shown in Table 2.

3.4. Adsorption equilibrium and isotherm studies

Equilibrium experiments were done by varying adsorbent
dosage at 0.025 g/100 mL interval, while other parameters
were kept constant. It was observed that the percentage CB
dye removed from aqueous solution increased, whereas the
dye uptake reduced arithmetically as adsorbent dosage
increased (Fig. 9). This might be as a result of increase in quan-
tity and available PEF active pore sites for removal of CB dye
from aqueous solution as adsorbent dosage increased from
0.025 g/100 mL to 0.100 g/100 mL. Adsorbent dosage above
0.100 g/100 mL resulted into insignificant increase and
decrease in percentage dye removed and dye uptake respec-
tively. This could be as a result of great reduction in diffusion
rate of CB dye from aqueous solution onto PEF probably due
to reduction in the quantity of CB dye molecules left in aque-
ous solution (Boulaiche et al., 2019).

Increase in initial CB dye concentration from 25 mg/L to
150 mg/L led to decrease in percentage CB dye adsorbed onto
PEF. This might be as a result of adsorption sites of PEF get-
ting saturated as initial CB dye concentration increased. In
contrary, increase in initial CB dye concentration led to
increase in CB dye-uptake onto PEF. This might be attributed
to the increase in collision rate between CB dye molecule and
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Fig. 7 Intraparticule diffusion of CB dye molecules onto PEF.
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Fig. 8 Boyd plot of CB dye molecules onto PEF.

Table 2 Adsorption mechanism parameters for CB dye
removal from aqueous solution.

Parameter Intraparticule diffusion Boyd kinetic
kig (mg/g min) 5.29 -
C (mg g!) 57.95 _
R? 0.78 0.66
B (min™") = —4.60 x 107?
K = —2.18 x 107"
120 400
4 -350
o
% \ L300 55
o \
e 801 \ B
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g \ 1250 o
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Fig. 9 Effect of adsorbent dosage on percentage CB dye
removed (%) and dye uptake (mg/g) at equilibrium.

PEF (Fig. 10). These observations agreed with (Igberase and
Osifo, 2015).

T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160
Initial conc. (mg/L)

Fig. 10  Effect of dye initial concentration on percentage CB dye
removed (%) and dye uptake (mg/g) at equilibrium.

Affinity of CB dye molecule for PEF was investigated using
adsorption isotherm models. The models used in the investiga-
tion were Freudlinch and Langmuir models.

Freundlich isotherm relates CB dye uptake to concentra-
tion of adsorbate left after adsorption process. Linearized form
of Freundlich equation is shown in Eq. (8).

Ing, = InK; + élnCe (8)

Langmuir isotherm describes distribution of CB dye mole-
cules between particle (solid) phase and liquid phase. Lin-
earized form of Langmuir equation is shown in Eq. (9).

1 1 1 1
e Amax Ky Ct‘ Amax
Dimensionless separation factor Ry related toK; (Eq. (10))

describes favorability of Langmuir isotherm called separation
factor.

1
T 1+K.C,

where K; (mg/g) and n (L/g) are the adsorption capacity and
adsorption intensity respectively. While q,,,, (mg/g) is maxi-
mum adsorption capacity and K (Lg™') is a constant associ-
ated to adsorption energy. Conformity of Ry to this model
means for adsorption to be favorable 0 < Ry < 1, Ry > 1
means unfavorable adsorption, adsorption is linear when
R; = 1 and irreversible when R; = 0.

Plots of Inq, against InC.(Fig. 11) and qfle

R, (10)

against &
(Fig. 12) are linear graphs of Freundlich and Langmuir iso-
therm respectively. Where InKy and 1 are intercept and slope

of Freundlich graph and 3 ,lKL and 3 L are intercept and slope

of Langmuir graph respectively.

Table 3 shows correlation coefficient (R?) of both models to
be greater than 0.9. Langmuir dimensionless separation factor
R, greater than zero and less than one (0 < Ry < 1) is an indi-
cation of adsorption process’ feasibility. Equally, reciprocal of
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6.2 Freundlich adsorption intensity (ﬁ) greater than zero and less
6.0 than one (0 < %< 1) is an indication of adsorption process’
s } favorability (Table 3). These observations are indicating good
’ fit of the both models to adsorption of CB from aqueous solu-
5.6 1 tion. CB dye adsorption on PEF can be said to be better fitted
51 with Freundlich isotherm, because of R? value is greater than
that of Langmuir. This confirmed that the surface of PEF is
,"f 5.2 1 } heterogeneous, adsorption of PEF on CB dye was multilayer
= 50l and adsorption was through physical than chemical process.
% This observation disagreed with findings made by Jethave

4.8+ and Fegade, (2018).
46 Evaluation of the performance of PEF as adsorbent in
removal of CB dye from aqueous solution was done by com-
447 % paring its adsorption capacity with those of other agro-based
42 activated carbons used as adsorbents in other studies for
— T T T T removal of dyes from aqueous solution. The results presented

0.0 0.5 1.0 1.5 2.0 25 3.0

in Table 4 shows that PEF is a better adsorbent for removal of
InC, dye from aqueous solution due to possession of the highest
adsorption capacity. The higher adsorption capacity of PEF
i than those of other six activated carbons might be due to dif-
from aqueous solution. ference in its functional groups (O—H, —CN, —C=0, C—0)
and surface area if compared to others.

Fig. 11  Freundlich linearized graph for the removal of CB dye

14
3.5. Adsorption thermodynamics
12 The role of temperature in adsorption of CB on PEF was
investigated through variation of temperature from 301 K to
104 . 343 K, other parameters were kept constant. The quantity of
o0 CB dye removed from aqueous solution was noticed to
%D increase slightly as temperature increased from 301 K to
= 3 343 K (Fig. 13). Therefore, one can say that adsorption process
'2 ' is endothermic in nature according to Atun et al. (2003).
< Information obtained from effect of temperature on
Z 6 adsorption process was investigated using van’t Hoff equation
= ] (Eq. (11).
4- AS AH /1
InK,=——-—— (= 11
=B (T) (1)
[ |
24
L e B e L L
0 100 200 300 400 500 600 700 800 900
3 Table 4 Comparison of agro-based activated carbons’ max-
1/Ce X 10°(L/mg) imum adsorption capacities.
Fig. 12 Langmuir linearized graph the removal of CB dye from Adsorbent Dye Adsor.ption Reference
aqueous solution. capacity (mg/g)
Oil palm shell Basic dye 243.90 Tan et al.
(2008)
Oil palm fibre Basic dye 277.78 Tan et al.
. . (2007)
Table 3 Adsorption 1soth§rm constant values for CB dye Palm kernel Methylene ~ 217.95 & Yol
removal from aqueous solution. fibre blue (2007)
Parameter Langmuir isotherm Freundlich isotherm Sugar beet pulp Remazol 80.00 Dursun et al.
black B (2013)
e (mg/gzl 39232'67 a Sisial fibre Reactive 250.30 Senthilkumar
Ky (Leg) : a orange 4 et al. (2013)
R]2~ 0.04 N Tapioca peel Reactive 121.40 Parvathi et al.
R 0.95 0.98 brown C4R (2010)
Kp (mg g") - 76.18 Oil palm empty Cibacron 393.67 This study

n(L g™ - 1.70 fruit bunch blue 3G-A
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where, K. is a ratio function of concentration of CB dye
adsorbed on PEF C, (mg/L) to in solutionC.(mg/L), AS is
entropy change (kJ/mol K), AH is enthalpy change (kJ/mol),
T is the absolute temperature (K) and R the universal gas con-
stant (8.314 J/mol K).

Plot of InK. against % is a linear graph of van’t Hoff
(Fig. 14), where slope and intercept were used to evaluate
entropy and enthalpy and subsequently Gibb’s free energy.
The value of less than 40AH kJ/mol and positive indicated that
adsorption process was physiosorption and endothermic
(Travlou et al., 2013). The positive value of AS assessed to
be so large showed the increase of randomness state at the
PEF/CB interface during adsorption (collision rate), while neg-
ative value of AG indicated that adsorption process was feasi-

4.7+

4.6

InKc
&
—a—

}

%

T T T T T T T T T
2.9 3.0 3.1 32 33 34
Temp:? X 103(K™

Fig. 14 van’t Hoff plot on adsorption of CB dye onto PEF.

Table 5 van’t Hoff constant values for CB dye removal from
aqueous solution.

Temperature AH AS (kJ/mol K) AG (MJ/mol K)
(K) (kJ/mol)

301 6.83 9.11 —2.74

313 6.83 9.11 —2.85

323 6.83 9.11 —2.94

333 6.83 9.11 -3.03

343 6.83 9.11 —3.12

ble and spontaneous (Table 5). These observations were in line
with findings made by Darwisha et al. (2019).

3.6. Desorption and regeneration studies

Seven cycles of adsorption—desorption studies were carried out
to determine reusability of PEF as adsorbent for removing CB
dye from aqueous solution. A little decrease in CB dye removal
efficiency was observed from the first to the last regeneration
cycle (Fig. 15b). The high desorption ratio (99.05-92.27%)
(Fig. 15a) observed even after seventh cycle of adsorption—des-
orption process might be due to protonation of carbonyl and/
or hydroxyl group(s) at the surface of PEF in acidic medium.
The protonated PEF repelled CB dye cationic species and
released them from the PEF surface into desorption solution.
Regeneration of PEF from aqueous solution is economical
as it can easily be revived from CB dye loaded PEF in acidic
medium.

4. Conclusion

The adsorption experiments indicated that PEF was effective
in removing greater than 99% of CB dye from aqueous solu-
tion within 45 min with high desorption ratio of 92.27% after
seventh cycle of adsorption-desorption experiments. The
kinetic of adsorption conformed to pseudo-second-order

100

99—‘ l\ (a)

98

97

96

95

Desorption ratio (%)

94

Adsorption-desorption (%)

93

92 A

Circle

Fig. 15 Regeneration of PEF using 0.3 M HCI as desorption
solvent.
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model indicating chemisorption adsorption process. Isotherm
studies were well described by the Freundlich, confirming the
multilayer, heterogeneous and physisorption adsorption pro-
cess. External mass transfer was adsorption rate controlling
step and entire process was endothermic. The adsorption
mechanism could be regarded as both inner-sphere
(chemisorption) and outer-sphere (physiosorption) surface
coordination. Therefore, PEF is a low cost, eco-friendly and
potential alternative adsorbent to high cost commercial adsor-
bents for treatment of dye contaminated wastewater.
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