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Abstract

Novel eco-friendly adsorbents were prepared through pyrolysis and acid activation of raw almond leaf (RAL) to form
almond leaf biochar (ALB) and chemically activated almond leaf biochar (CAL), respectively. The prepared adsorbents were
characterized using TGA, FTIR, SEM-EDX, BET and XRD techniques and their physicochemical properties investigated.
RAL, ALB and CAL were utilized for adsorption of BPB dye from aqueous solution using batch technique under optimum
conditions. The optimum dye adsorbed by RAL, ALB and CAL were 92.83, 93.21 and 94.89%, respectively at pH 3, dye
initial conc. (100 mg/L), adsorbent dose (0.04 g/25 mL), 60 min contact time and 301 K adsorption temperature. Although,
Langmuir maximum monolayer adsorption capacities were found to be 365.36, 535.62 and 730.46 mg/g for RAL, ALB and
CAL, respectively, but isotherm conformed to Freundlich model. Kinetic study confirmed suitability of pseudo-second-order
model with rate constant 9.33x 107, 9.91x 10 and 12.60x 10~* g mg™! min~! for RAL, ALB and CAL, respectively. Nega-
tive values of thermodynamic parameters (AG and AH) established sequestration process to be spontaneous and exothermic.
RAL, ALB and CAL were discovered to be highly efficient adsorbents that could be used in place of expensive commercial
adsorbents.
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1 Introduction

Massive industrialization witnessed after Second World War
resulted into environmental pollution, as industrial wastes
and effluents were discharged directly into environment
without pretreatment [1, 2]. Textile industry, which was in
front line of industrialization that employed thousands of
labors made use of different colors frequently (either from
dyes or pigments) for different purposes, ranging from beau-
tification, comfort, communication to worshiping to mention
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but a few [3]. These coloring materials are equally used by
leather, electronics, plastic, photography, cosmetic and pulp/
paper industry to enhance acceptability of their products [4,
5]. BPB is one of the triphenyl methane dyes used by textile
industry [6]. Contrarily to others that are generally classified
as basic dyes, BPB possesses properties of acid dye due to
the presence of sulfonic functional group in its chemical
structure [7]. More than twenty percent (20%) of these col-
oring materials end up into water body as waste during the
manufacturing processes and services of the finished prod-
ucts, there by polluting and endangering aqua-eco-system
[8-10]. BPB for instance, is carcinogenic in nature and when
it is found as pollutant in water it irritates skin, eye and gas-
trointestinal area of aquatic animals [11]. It inhibits penetra-
tion of oxygen and sunlight in water body, thereby disturbing
photosynthesis of phytoplankton that serves as prey for most
aquatic animals [12]. It can exist in water as pollutant for a
very long time, because of it stability to sunlight, oxidation
and non-biodegradable nature. Over long period of time, it
may degrade into compounds that have toxic, mutagenic and
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heterogenic effects on aquatic life and human beings that
use the affected water body for industrial and domestic pur-
poses [13] Therefore, it is highly essential to sequester dye
from industrial effluent before being discharged into water
body to evade deadly effect that may occur in water [14].
Deferent methods have been be used by many researchers to
remove coloring matters and emerging contaminants from
wastewater [15]. Among the methods used are biological
(aerobic, anaerobic, etc.) [12], coagulation/flocculation [16],
ion exchange, chemical oxidation [17], reverse osmosis [18],
electrophotocatalysis, photolysis, photocatalysis degradation
[19], ozonation, [20] and adsorption [8, 21]. Many of the
synthetic coloring materials are not removable by biological
methods, because they are not biodegradable [12]. Instead
of chemical methods to remove these pollutants, they delay
or increase their harmful effects in wastewater by forming
another kind of pollutants in aqueous medium [22]. There-
fore, it is only physical methods that can remove these pol-
lutants from water body completely without any challenge
[23]. Among the physical methods of wastewater treatment,
adsorption process was considered to be the most frequent,
dependable and functional technique due to its non-toxicity,
easy handling, design simplicity and high efficiency to men-
tion but a few [24, 25]. Incidentally, commercial activated
carbons were widely utilized in treatment of wastewater con-
taining coloring material [26]. On the other hand, its high
price has forced researchers to be looking for cheap, sus-
tainable and eco-friendly adsorbents from plant and animal
materials for sequestration of different kind of dyes, heavy
metals and emerging contaminants from wastewater [27].
Some of the plant-derived adsorbents used as replacement
for eliminating pollutants from wastewater are empty fruit
bunch fibre [8], elephant grass [28], moringa seed coat [29],
algae [28] and cashew shell [30], just to mention a few.
Almond (Terminalia catappa) leaf (AL)-derived adsor-
bents have not been reported in wastewater treatment to the
best of our knowledge. A mature Almond (7. catappa L)
tree is about 35 m tall and 2 m wide. It has green broad
leaves and flowers between 2 and 3 years of plantation
[31]. Almond tree is widely planted in South-western part
of Nigeria as umbrella (shade) as well as ornamental tree.
Almond tree reduces transpiration rate especially during
dry season by shedding off a lot of leaves daily and in turn
causing environmental challenge [32]. Value can be added
to this challenge, by converting fell down AL to adsorbents
for treatment of wastewater. This is a means of converting
waste to wealth and hereby creating indirect employment
for teaming unemployed youths. The consideration of adsor-
bents from AL was attributed to it unique properties, such
as abundance, renewable and efficient waste removal from
wastewater. The activation of carbon from AL can be done
through physical or/and chemical method [33]. The aim of
this research work was to prepare, characterize and apply
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novel eco-friendly adsorbents derived from AL as forthcom-
ing substitutes to expensive commercially available adsor-
bents for sequestering BPB from its solution.

2 Experimental
2.1 Materials

Almond leaf (AL) was obtained from fell down leaves of
Almond (T. catappa L) trees use as umbrella trees at School
of Sciences, Federal University of Technology, Akure
(FUTA) car parking lot and authenticated at Department of
Forestry and Wood Technology, FUTA. BPB dye and all
other reagents used were Analytical grade obtained from
Sigma-Aldrich Chemie, Steiaheim, Germany.

2.2 Preparation of adsorbents

Adsorbents were prepared according to Jabar and Odusote
[8] with little modification. AL (100 g) was cleaned thor-
oughly with water to get rid of dust and other related dirt.
It was dried in an oven at 110 °C for 1% h. AL (10 g) was
weighed from the cleaned sample, named as raw almond
leaf (RAL) and kept for further analyses. The remaining part
of AL (about 90 g) was carbonized at 650 °C under inert
atmosphere for 2% h at flow rate of 150 cm® min™' to form
biochar. Biochar was then divided into two equal parts: a
part was retained and named almond leaf biochar (ALB).
The remaining one part of pyrolyzed carbon was soaked in
conc. HNO; for 6 h at liquor ratio 1:10 to activate surface of
biochar by enhancing the available pores, through digestion
and leaching out of inorganic and related matters that might
be blocking the available pores on biochar. Activated AL
carbon was refluxed for 2% h in liquor ratio 1:25 using water
as solvent. Refluxed activated carbon was cooled to room
temperature, decanted and soaked in 0.01 M KOH for 18 h at
liquor ratio 1:10 to neutralize the acidic remnant in biochar.
Activated AL biochar was decanted and washed thoroughly
with water to neutral pH value; oven dried at 110 °C for 3 h
and named chemical activated almond leaf biochar (CAL).
RAL, ALB and CAL were then ground, sieved to mesh size
between 60 and 80 um and kept for use as adsorbents for
removal of BPB dye from solution.

2.3 Characterization of adsorbents

2.3.1 pH value and iodine number (IN) determination
RAL, ALB and CAL pH values were determined according
to ASTMD 3838-08, while their iodine numbers (IN) were

determined according to Jabar [34]. IN of each of the sam-
ples was calculated using the following equation:
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12.69(B — A)N
Iodine number (IN) = %, 1)
where B is blank titre value in Na,S,0;, A is sample titre
value in Na,S,0;, N is Na,S,0; normality and W is weight
of the sample.

2.3.2 Thermal analysis

Thermogravimetric analyzer (Perkin Elmer TGA 6) was
used to determine the moisture content (MC), fixed carbon
content (FC), ash content (AC), volatile matter (VM) and
thermal stability (TS) of RAL, ALB and CAL. Approxi-
mately 6 mg each of raw and biochar samples was placed
in platinum crucible of TGA analyzer operated between
temperature range 30-950 °C at a heating rate 10 °C/min
under inert atmosphere. Foremost, MC of each sample was
determined by raising TGA operating temperature from 30
to 115 °C and held until constant weight of the samples
obtained. VM content of each sample was determined from
change in weight observed when operating temperature
increased to 920 °C and held for 10 min in TGA analyzer.
FC was determined from change in weight observed when
temperature of each of the samples was cooled from 920
to 800 °C at cooling of 20 °C/min and switched inert envi-
ronment to oxygen at flow rate of 50 mL/min and held for
20 min. The leftover ash was obtained as AC that repre-
sented inorganic matter in each sample according to Idowu
and Fletcher [35]. These information were processed by the
attached computer system.

2.3.3 Fourier-transform infrared (FTIR) spectrometry

Perkin Elmer FTIR spectrometer was used to determine
functional groups in RAL, ALB and CAL as described in
earlier study [8].

2.3.4 Scanning electron microscopy-energy-dispersive
X-ray spectrometry (SEM-EDX)

SEM (XL 20 Philips) attached with Energy-dispersive X-ray
(SEM-EDX) was utilized to examine surface morphology
and elemental composition of RAL, ALB and CAL.

2.3.5 N, adsorption-desorption isotherms

Pore size distribution, volume and specific surface areas of
RAL, ALB and CAL were determined using programmed
gas adsorption analyzer (Quanta Chrome Instruments, USA)
with N, adsorption—desorption isotherms at — 196 °C.

2.3.6 X-ray diffractometry

X-ray diffraction analyzer (Rigaku Dmax 7000) was used
to investigate the structure of RAL, ALB and CAL. The
adsorbents were scanned at diffraction angle (26) operated
between 10° and 80° with scanning speed of 3°/min.

2.3.7 pH profile studies

Each of the adsorbents (40 mg) was weighed separately
into different conical flasks (100 mL each) containing
aliquot (25 mL of 100 mg/L) of prepared BPB dye solu-
tion. HCI1 (0.1 M) and NaOH (0.1 M) were used to adjust
pH value of the BPB dye solutions from pH 1-13. Each
of BPB dye solutions containing adsorbent was stirred for
60 min at 301 K and 100 rpm. Initial (before adsorption)
and final (after adsorption) pH values of the BPB dye were
noted and recorded as pH; and pHy, respectively. The dif-
ference between pH; and pH; was recorded as change in
pH (ApH) value. Point of intersection of the graph of ApH
against pH; at which pH values of BPB—-RAL, BPB-ALB
and BPB—CAL adsorption systems were zero indicated zero
point charge (pHp,) of the adsorbents’ surfaces.

2.3.8 Adsorption experiments

BPB dye sequestration from aqueous solutions was investi-
gated using RAL, ALB and CAL as adsorbents. The quantity
of BPB in solution before and after the adsorption process
was determined as described by Jabar and Odusote [8].
Optimum percentage BPB dye (Eq. 2) removed from aque-
ous solution was evaluated using constant adsorbent dose
(40 mg/25 mL), dye initial concentration (100 mg/L), con-
tact time (60 min), pH (3), volume (25 mL), temperature
(301 K) and agitation speed (100 rpm) of dye solution in
conical flask (100 mL).

R(%) = (Cb C“> x 100 )
Gy

Effects of BPB dye initial concentration and adsorbent
dose on batch adsorption were examined by varying initial
concentration from 25 to 125 mg/L and adsorbent dose from
0.01 to 0.05 g/25 mL, respectively. While effects of contact
time and temperature on BPB dye adsorption from aqueous
solution were carried out by varying time of adsorption from
15 to 75 min and temperature from 303 to 343 K, respec-
tively, keeping other parameters steady as used in optimum
BPB dye removal. BPB dye-uptake (mg/g) of each of the
adsorbents [28] was calculated as shown in the following
equation:
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where R (%) and g, (mg/g) are percentage removal and equi-
librium uptake respectively, of BPB dye from aqueous solu-
tion using RAL, ALC and CAL as adsorbents. C, (mg/L)
and C, (mg/L) are BPB dye concentrations before and after
adsorption process. W (g) is weight of each of the adsorbents
and volume of BPB dye solution is V (L).

After each of the batch adsorption processes, each of
the adsorbents was separated from BPB dye solutions, the
absorbance (at 580 nm) of the effluents and interpolated
concentrations were determined as described by Jabar and
Odusote [8].

2.3.9 Adsorption models

Information acquired from effects of adsorbent dose, contact
time and temperature on BPB dye removal from aqueous
solution were used to evaluate isotherm (Freundlich and
Langmuir), kinetic (pseudo-first and -second order) and
thermodynamic (van’t Hoff) models, respectively. Details
of adsorption models and their equations were described in
previous study [28].

3 Results and discussion

3.1 Physicochemical and thermal analysis
of the adsorbents

The results presented in Table 1 show that the pH and VM
(organic) decreased after carbonization and chemical acti-
vation of RAL and ALB, respectively. Decrease in value
of pH of RAL from = 9 to = 8 and = 7 after carbonization
and activation, respectively, was in agreement with Bello
et al. [36] and Ahmedna et al. [37]. Decrease in value of

Table 1 Properties of RAL, ALB and CAL

Properties RAL ALB CAL
Moisture content (%) 4.06 8.03 9.16
Volatile matters (%) 72.09 15.64 10.29
Fixed carbon (%) 19.02 66.05 73.31
Ash content (%) 4.83 10.28 7.24
Todine number 44.32 102.64 218.22
pH 9.03 7.97 6.92
SBET (cm¥g) 327 609 785
Dp (nm) 1.82 2.03 2.09
Vi (cm*/g) 0.46 0.52 0.58
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VM after processing might be as a result of evaporation of
part of organic matter during pyrolysis and leaching out of
part of inorganic matters during chemical activation [38].
In contrary, progressive increase in MC, IN and FC of the
sample was noticed as RAL was pyrolyzed and chemi-
cally activated. MC and IN are measured of adsorption
of moisture from atmosphere and iodine from solution,
respectively, by the adsorbents. Increase in MC and IN
might be as a result of thermal decomposition of RAL to
form porous carbonaceous material (ALB) with enhanced
adsorption capacity and CAL with more enhanced adsorp-
tion capacity due to discharge of inorganic matters from
the surface of adsorbent after acid activation. According to
Ekpete and Horsfall [39], IN value of ALB and CAL > 100
was associated with their mesoporous structure and that of
RAL < 100 was associated with its microporous structure
[40]. Therefore, it can be said that CAL might have the
best adsorption capacity, followed by ALB according to
Adowei et al. [40]. The higher FC of ALB and CAL was an
indication of better adsorption capacity of processed AL
adsorbents according to Bello et al. [36]. The increase in
AC of RAL after pyrolysis might be as a result of evapora-
tion and degradation of some volatile and organic compo-
nents, respectively, in the adsorbent and decrease in AC
of CAL after chemical activation of ALB might be due
to possibility of leached out of part of ALB’s inorganic
components during chemical activation [36].

The results of thermogravimetric analysis of RAL,
ALB and CAL are shown in Fig. 1a. The thermogravi-
metric profiles of the adsorbents were characterized by
four degradation stages. The first degradation stage was
between 30 and 125.3 °C indicating evaporation of water
with 4.06, 8.03 and 9.16% corresponding weight loss in
RAL, ALB and CAL, respectively, according to Ahmad
and Alrozi [41]. The second degradation stage could be
attributed to degradation of pectin and part of hemicellu-
lose; it occurred in the temperature range 125.3-193.2 °C
with the corresponding weight loss of 2.0% in RAL and no
weight loss in ALB and CAL. This indicated that ALB and
CAL contained neither pectin nor hemicellulose. Weight
loss in the third degradation stage could be associated to
degradation of light volatile matters [33]. These organic
matters decomposed at temperature range between 125.3
and 254.7 °C corresponding to 47.33, 9.82 and 7.20%
weight loss in RAL, ALB and CAL, respectively [42].
The last degradation stage witnessed weight loss 41.73,
71.73 and 83.46% in RAL, ALB and CAL at temperature
between 254.7 and 920 °C. This might be due to degrada-
tion of denser volatile matters [38, 42]. Above 920 °C,
the weight of residual matters remained constant and
regarded as weight of inorganic matters in the adsorbents
[23]. These observations are in accordance to the findings
of Ali et al. [38].
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Fig.1 a TGA thermograms, b—d FTIR spectra, e N, adsorption—desorption isotherms, f pore size distributions and g Zero potential charges
(pHpzc) of RAL, ALB and CAL adsorbents

3.2 Fourier transform infrared spectrometry water molecule and/or alcoholic —OH functional group in

RAL [33, 43]. The broad nature of this peak was enhanced
Figure 1b—d depicts effect of processing on functional  in ALB and CAL (Fig. 1c, d), probably due to increase in
group characteristics of RAL, ALB and CAL. Broad peak at ~ moisture absorptivity of the adsorbents. Stretching peaks
3350.2 cm™! in Fig. 1b is a characteristic feature of adsorbed ~ between 2918.5 and 2851.4 cm™! indicated presence of -CH
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bond, which was a saturated aliphatic moiety of hemicellu-
lose and cellulose in prepared adsorbents [44]. Shift in -CH
peak noticed in ALB and CAL might be as a result of release
of hydrogen molecules from RAL during carbonization and
acid activation. Peak due to -C=0 appeared at 1703.4 cm™!
indicating presence of carbonyl functional group of hemi-
cellulose and lignin in RAL [45]. There was a peak reduc-
tion in treated almond leaf samples (ALB and CAL). The
peak observed at 1613.9 cm™' corresponded to the second-
ary amine (-NH) group in RAL. This functional group
was equally noticed in ALB and CAL [8]. -CH; and -CH
were symmetric bending of organic compound observed
between 1438.8 and 1315.8 cm™! in the adsorbents [46].
The stretching vibrations at 1200.2 cm™! and 1032.5 cm™!
confirmed —OH functional group of adsorbed moisture and
C-O stretching of organic component, respectively, in RAL,
ALB and CAL [47].

3.3 Scanning electron microscopy-
energy-dispersive X-ray spectrometry (SEM-
EDX)

SEM-EDX results of RAL, ALB and CAL are presented in
Fig. Sla—f. The surface morphology of the prepared adsor-
bents was rough with irregular shapes and several pores.
These attributes predicted possibility of the prepared adsor-
bents to possess good adsorption capacities for removal of
pollutants (dye molecules, heavy metals, organic matters,
etc.) from wastewater according to Regti et al. [48]. Thermal
degradation of RAL (lignocellulose) during pyrolysis con-
verted it to ALB with well-developed surface area and active
sites (pores) (Fig. S1b). Acid activation of ALB enhanced
surface area and porosity of the adsorbent due to hydrolysis
of organic matters and leaching out of inorganic matters to
form CAL (Fig. S1c). EDX spectra of RAL, ALB and CAL
presented in Fig. S1d—f show characteristic lines which are
proportional to the corresponding elements in each of the
adsorbents. Carbon and oxygen were two major elements
detected in RAL, ALB and CAL. The adsorbents have high
amount of carbon and low amount of oxygen.

3.4 N, adsorption-desorption isotherms

Figure le, f shows N, adsorption—desorption curves and pore
size distributions of RAL, ALB and CAL at — 196 °C. The N,
adsorption—desorption curve of RAL displayed Type II adsorp-
tion isotherm, while those of ALB and CAL corresponded to
the Type IV adsorption isotherms. The surface areas of RAL,
ALB and CAL were high, estimated average pore diameter of
RAL was less than 2 and those of ALB and CAL were greater
than 2 (Table 1). According to Shi et al. [49], adsorbent diam-
eter was defined by IUPAC as mesopore if its within 2 and
50 nm, micropore if its <2 nm and macropore if its>50 nm.
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Based on these results, it can be said that pyrolysis and acid
activation of RAL widen pore diameter from micropore to
mesopore surface structure.

3.5 XRD analysis of RAL, ALB and CAL

XRD diffraction patterns of RAL, ALB and CAL are shown in
Fig. S2a—c. The diffractograms of the adsorbents show several
peaks with prominent peak of amorphous curve observed at
20 =20.9° in RAL [50]. Other diffraction patterns in RAL are
20=9.4°,29.2°,32.1°, 36.8°, 41.3°,45.2°, 49.1° and 51.5°.
After pyrolysis of RAL and chemical activation of ALB,
emergent of new diffraction peaks at 20=25.6° in ALB and
20=24.9° in CAL were an indication of amorphous carbon
according to Ali et al. [47]; Pang et al. [51]. Also, slight shift
in other diffraction peaks occurred after pyrolysis of RAL and
acid activation of ALB. These observations authenticated the
real images (photographs) of AL, RAL, ALB and CAL shown
in Fig. S2d-g.

3.6 Zero potential charges (pHpzc)

Points at which surfaces of RAL, ALB and CAL (prepared
adsorbents) have zero potential charges (pHpzc) are shown in
Fig. 1g. The surfaces of the adsorbents were predominantly
cationic charged at pH <3 and anionic charged at pH >3 in
BPB dye solution. These observations indicated possibility
of electrostatic attraction between cationic surfaces charged
adsorbents and anionic charged BPB dye at pH < pHpzc. In
contrary, there might be electrostatic repulsion between adsor-
bents and anionic charged BPB dye at pH > pHpzc, because
at any pH> 3, surfaces of all the adsorbents were negatively
charged. Therefore, sequestration of BPB dye from aqueous
solution might be better at pH <3 than pH> 3 due to elec-
trostatic effect. These observations agreed with Thue et al.
[30]. Although, electrostatic force might not be only force of
adsorption of BPB dye onto prepared adsorbents from aque-
ous solution, others might be mechanical, van der Waals and,
or/n-m interaction [52].

3.7 BPB dye adsorption mechanism onto prepared
adsorbents

pH is a key parameter for sequestration of BPB dye from con-
taminated water. In water, BPB dye ionizes to form BPB dye
anionic specie and cationic sodium (Scheme 1).

At pH below pHpzc of the prepared adsorbents,
they acquired positively charged surfaces (Scheme 2).

SOs3Na SO + Na*

BPP dye H,O , BPP dye

Scheme 1 Ionization of BPB dye in solution
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Adsorbent—OH  2H'  Adsorbent—H" + H>O

Scheme 2 Tonic charge on adsorbent surface at pH < pHpzc

Consequently, there exists strong electrostatic attraction of
negatively charged BPB dye molecule to positively charged
adsorbents (Scheme 3), resulting into optimum dye removal
[53].

Although, percentage BPB dye adsorbed from solution at
pH 1 is slightly lower than that of pH 3 (Fig. 2a). This might
be consequence of competition between positively charged
adsorbents surface sites and H* of strong acidic medium for
BPB dye in solution at pH 1 according to Zeroual et al. [54].

Contrarily, when pH of the dye solution increased above
pHpzc of the adsorbents, surfaces of the adsorbents became
negatively charged (Scheme 4) and quantity of BPB dye
uptake onto the adsorbents’ surfaces decreased (Fig. 2a). This
is an indication of electrostatic repulsion between negatively
charged adsorbents and BPB dye (Scheme 3) according to
Zhou et al. [55]. Dye-uptake followed the same trend (Fig. 2b).

3.8 Adsorption experiments

Percentage BPB dye adsorbed onto RAL, ALB and CAL
decreased slightly as dye initial concentration increased from
25 to 100 mg/L. A noticeable reduction in quantity of BPB
dye adsorbed was notice at initial concentration 125 mg/L
(Fig. 2c¢). This is an indication of possibility of saturation of
the adsorbents’ adsorption sites at initial dye concentration of
100 mg/L, which led to a noticeable reduction in percentage
adsorption at slight increase in initial concentration. Although,
increase in dye-uptake was noticed as initial concentration
increased from 25 to 125 mg/L (Fig. 2d) as a result of enhance-
ment in rate of collision between molecules of BPB dye in
solution and adsorbents. This observation agreed with previ-
ous study [8].

Quantity of BPB dye removed from solution improved as
adsorbent dose increased from 0.01 to 0.04 g/25 mL (Fig. 2e).
This observation was due to increase in dye adsorption sites
on the surfaces of adsorbents as adsorbent dose increased.
Inconsequential increase in percentage BPB dye removed
from solution noticed as adsorbent dose increased from 0.04
to 0.05 g/25 mL might be due to decrease in rate of diffusion
of BPB dye from solution onto the adsorbents [8]. Contra-
rily, dye-uptake reduced as adsorbent dose increased (Fig. 2f).
These observations are in line with Boulaiche et al. [56].

Scheme 3 Electrostatic effect
on adsorption of BPB dye onto
prepared adsorbent

BPB dye

SOs3 + Adsorbent —O -~ OH"
=== ——

electrostatic repulsion

The dye-uptake and percentage BPB dye adsorbed from
solution increased rapidly up to 60 min adsorption time,
indicating 60 min as equilibrium time of adsorption process.
Thereafter, there was an insignificant increase in dye-uptake
and percentage dye removed from aqueous solution (Fig. 2g,
h). Probability of adsorbents’ active sites exhaustion as contact
time increased up to 60 min might responsible for this observa-
tion according to Jabar et al. [29].

Temperature has a little influence on dye-uptake and per-
centage BPB dye adsorbed onto the prepared adsorbents as
shown in Fig. 2i, j. Although, there was a slight reduction in
dye-uptake and percentage dye removed as adsorption tem-
perature increased from 301 to 343 K.

3.9 Adsorption models

The commonly used models for optimizing design of adsorp-
tion system are isotherm, kinetic and thermodynamic model.
These models give adequate insight of affinity of dye for a
unit mass of adsorbent at a particular temperature within a
given time.

3.9.1 Adsorption isotherm

Maximum monolayer adsorption capacities of RAL, ALB and
CAL adsorbents for removing BPB dye from aqueous solution
were estimated using Langmuir model (Eq. 4) which assumes
monolayer coverage of dye onto adsorbent surface of similar
active sites and energy of adsorption [5].

de QmaxKL Ca Qmax
where Q,,, 1s maximum monolayer adsorption capacity

(mg/g), K; is Langmuir isotherm constant correlated to
energy of adsorption and affinity of the binding sites of
adsorbent for dye (L/mg).

O.nax and K of the adsorbents were acquired, respectively,
from intercept and slope of plot of qip againstcia (Fig. 3a). 0.«

of CAL was almost as double as that of RAL and Onax of ALB
was next to that of CAL. Contrarily, energy required for
adsorption of BPB dye onto RAL was virtually double that of
CAL (Table 2). This indicated that carbonaceous materials are
more active than lignocellulosic material for sequestering of
BPB dye from aqueous solution. R;, which is defined as
dimensionless separation faction that determines nature of
adsorption process of Langmuir isotherm was calculated from

electrostatic attraction

SO3™+ Adsorbent —H*

pH > pHpzc H+ BPB dye

pH < pHpzc
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Table 2 Isotherm parameters

Adsorption process  Langmuir Freundlich
for BPB-RAL, BPB-ALB and
BPB—-CAL adsorption process Onax (mg/g) K, (L/mg) R, R? Ky (mg/g 1 n R?
[L/mg]"™ "
BPB-RAL 365.36 0.023 0.30 09218 10.23 0.81 1.23 0.9462
BPB-ALB 535.62 0.016 0.38  0.9308 9.03 090 1.11  0.9553
BPB-CAL 730.46 0.013 043 09392 11.32 086 1.16 0.9751

Eq. 5 to be highest in CAL and lowest in RAL (Table 5). These

results authenticated those obtained for O, and K.
1
R = ——
T 1+ K. ®)

Adsorption of BPB dye onto RAL, ALB and CAL was
favorable since 0 < R; <1 according to Adetuyi and Jabar
[28].

Freundlich isotherm proposes that multilayer adsorption
of dye occurs onto the adsorbent (solid) heterogeneous sur-
face with non-uniform active sites [53]. The linear relation-
ship between dye concentration at equilibrium and adsorp-
tion capacity is given in Eq. 6.

lnqe=llnCu+anF 6)
n

where n and K (mg/g [L/mg]"") are adsorption intensity
and capacity, respectively, obtained from intercept and slope
of linear plot of Ing, against InC, (Fig. 3b). The values of
1 greater than zero and less than one (0 < o 1) indicated
%avorability of adsorption of BPB onto RALn, ALB and CAL
adsorbents (Table 2) [57].

Although, sequestration of BPB dye from solution onto
the prepared adsorbents was favorable for both Langmuir
and Freundlich isotherms, but isotherm was better fit with
Freundlich than Langmuir due to higher correlation coef-
ficient (R?) of Freundlich model (Table 2).

3.9.2 Adsorption kinetics

Investigation on rate of adsorption is a basic requirement
for designing a fast and functional model [46]. The suitable

order of rate constant for effective design of adsorption plant
can be determined from pseudo-first and -second-order
kinetic [53]. The expression of pseudo-first-order is given
in the following equation:

In(q, —q,) =Ing, — k(1) 7

Pseudo-second-order kinetic can be used to describe
adsorption capacity for all dye concentrations and forecast
nature of the adsorption process (either physisorption or
chemisorption) [57]. The linearized pseudo-second order
equation is expressed as in the following equation:

t 1 1

4% ka4, ® (®)
where g, and ¢, are dye-uptake (mg/g) at equilibrium and at
time t (min), respectively, k; (min~") and k, (g mg~! min~!)
are rate constants of pseudo-first and -second-order kinetic,
respectively. Pseudo-second-order initial rate of adsorption
h, (mg g~ min~!) is expressed as shown in the following
equation:

hy = kyq’ ©)

The values of k; and g, were determined from slope and
intercept of graph of In(g, — g,) versus 7 (Fig. 3c) in pseudo-
first-order kinetic, while values ¢, and k, of pseudo-second-
order kinetic were obtained from slope and intercept of plot of
qi, against ¢ (Fig. 3d). Table 3 shows adsorption kinetic param-

eters for adsorption of BPB dye onto RAL, ALB and CAL. It
was observed from Table 3 that rate constants of the kinetic
study increased from adsorption system of raw (BPB-RAL) to
pyrolyzed biochar (BPB-ALB) and to chemically activated
carbon (BPB-CAL), indicating adsorption process to be faster

Table 3 Kinetic parameters for BPB—-RAL, BPB-ALB and BPB-CAL adsorption process

Adsorption process Pseudo-first order

Ge(cay (ML) K, (min™')  R?

Experimented value Pseudo-second order
qe(exp) (mg/g)

Ge(cal) (mg/g) hz K2 x 10 -4 (rng R?

g~ ' min71)
BPB-RAL 354.29 0.13 0.7740 92.89 71.43 4.76 9.33 0.9928
BPB-ALB 471.07 0.15 0.8316 93.24 71.94 5.13 9.91 0.9951
BPB-CAL 547.30 0.16 0.8036 94.91 70.43 6.25 12.60 0.9964
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as the adsorbents are being processed. Significant difference
between pseudo-first order estimated values (g, c,;)) and exper-
imental values (g, xp)) showed that adsorption of BPB dye
onto RAL, ALB and CAL did not fit with pseudo-first-order
model. In contrary, estimated values (g, closer to experi-
mental values (g, ) pointed out that adsorption process was
better fit with pseudo-second order model. Higher correlation
coefficient (R?) of pseudo-second order model than pseudo-
first-order model in all the adsorption system (Table 3) con-
firmed suitability of pseudo-second order model to all adsorp-
tion system. These observations are in line with our previous
study [57].

3.9.3 Adsorption thermodynamics

Adsorption thermodynamic predicts relationship between
adsorption temperature and capacity. Enthalpy change (AH)
and entropy change (AS) were thermodynamic parameters of
adsorption of BPB dye onto RAL, ALB and CAL evaluated
from slopes and intercepts of van’t Hoff plot of InK . against 1
(Fig. 3e) obtained from thermodynamic equation (Eq. 10) and
presented in Table 4. The free energy change (AG) of adsorp-
tion system was obtained from Eqgs. 11 and 12.

AS AH /1
e
nk, R R \T 10)

AG = —RTInK, (11)

AG = AH — TAS (12)

The negative values of AH throughout the adsorption
processes showed the exothermic nature of the processes.
The negative values and decrease in magnitudes of AG as
adsorption temperature increased indicated that adsorption
process was spontaneous and less favorable as tempera-
ture increased [53]. Negative values of AS designated an
enhanced randomness at the BPB—adsorbent interface as
sequestration process progressed according to El-Gamal
et al. [6]; You et al. [58]. Reduction in values of AS from
BPB-RAL to BPB-CAL dye-adsorbent system pointed out
reduction in degree of mobility (randomness) of dye mol-
ecules off surfaces of BPB dye adsorbed adsorbents [58].

3.9.4 Comparison of adsorption capacities of RAL, ALB
and CAL with other adsorbents

Maximum monolayer adsorption capacities (Q,,,,) of RAL,
ALB, CAL and those of other adsorbents reported in the
literature for adsorption of dye from aqueous solution are
shown in Table 5. RAL, ALB and CAL’s Q,,,,, are more than
thirty, twenty and ten times higher than those of adsorbents
derived from polymer—clay composite [5], sorel’s cement
nanoparticles [6], mesoporous hybrid gel [58] and a-Chitin

Table 4 Thermodynamic

parameters for BPB_RAL, Adsorption process AH (kJ mol™!) AS; [ mol™' K™y  AG (kI mol™)
BPB-ALB and BPB-CAL 301K 313K 323K 333K 343K
adsorption process

BPB-RAL - 7.83 —14.73 -339 -322 -3.07 -292 -278

BPB-ALB -8.91 —21.36 -248 -223 -201 -180 -1.59

BPB-CAL —10.20 —26.12 -234 -202 -176 -150 -1.24
Table 5 Comparison of _

Adsorbent D 1 Refi
adsorption capacities of RAL, sorben e Ormn (mg £ ) clerences
ALB and CAL with other Polymer—clay composite BPB 10.78 [5]
adsorbents for dye removal from , .
aqueous solution Sorel’s cement nanoparticles BPB 16.39 [6]

Rhizopus stolonifer biomass BPB 769.00 [54]

Mesoporous hybrid gel BPB 27.50 [58]

a-Chitin nanoparticles BPB 22.72 [59]

CuS-Activated carbon nanoparticle BPB 106.40 [60]

Almond shell Eriochrome black T 123.92 [61]

Almond shell Malachite dye 126.90 [61]

Almond peel Brilliant green dye 30.00 [62]

Almond peel Brilliant green industrial 17.00 [62]

effluent

RAL BPB 365.36 This study

ALB BPB 535.62 This study

CAL BPB 730.46 This study
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nanoparticles [59], respectively. Equally, AL-derived adsor-
bents’ O, are more than three, five and twenty four times
higher than those of CuS-activated carbon nanoparticle
[60], almond shell [61] and almond peel [62], respectively.
Although, it was observed that CAL has virtually equal O,
as that of Rhizopus stolonifer biomass [54], but it can be
said that AL-derived adsorbents can compete favorably with
those adsorbents reported in the literature for removal of
BPB dye from aqueous solution.

4 Conclusion

The prepared biomaterials (RAL, ALB and CAL) were
successfully used as novel, low-cost and eco-friendly alter-
native adsorbents for sequestration of hazardous BPB dye
from aqueous solution with excellent adsorption potential for
removing more than 90% of BPB dye. Adsorption capaci-
ties of the prepared adsorbents were established to be sig-
nificantly better than others reported for removal dye from
aqueous solution.

The adsorption data showed good fit to Freundlich iso-
therm and pseudo-second order kinetic models, while ther-
modynamics study indicated adsorption process to be spon-
taneous and exothermic.

Therefore, these prepared adsorbents and adsorption
models used can be recommended for industrial scale treat-
ment of any wastewater polluted with dye of any class.
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