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Abstract: India produces an enormous number of biomasses in the form of agricultural and forestry
residues. To handle their disposal, they need to be explored as adsorbents, as one of the alternatives
for their utilizations. Biomasses, having a high content of carbon, can be used as low-cost adsorptive
materials for the removal of phenol from aqueous streams. Ten biomasses, abundantly available in
the Sangrur area of Punjab (India), were characterized. Based on their determined characteristics
and availability, Acacia nilotica branches (ANB), Lantana camera (LC), and rice husk (RH) were
selected for the study. As these biomasses removed low percentages of phenol, they were activated
using thermochemical treatment. Their properties as adsorbents improved significantly. When they
were subjected to phenol sequestration, the percentage removal of adsorbate was at 97%, 90%, and
83% by activated ANB (ANBC), activated LC (LCC), and activated RH (RHC), respectively. The
equilibrium and kinetics of the process of adsorption on these activated biomasses were analyzed
mathematically. It was possible to regenerate the spent ANBC, LCC, and RHC in a single step, with
1 M NaOH solution.

Keywords: Acacia nilotica branches; adsorption; biomass; circular economy; lantana camera; phenol;
reuse; rice-husk; waste management

1. Introduction

India generates more than 565 million tons of agricultural and forestry residues annually [1,2].
It has been noticed that in the absence of any available robust technologies, farmers/owners of farms
try to burn them as a solution to clearing the fields for the next crop. The burning of these solid wastes
generates greenhouse gases. The technologies available may not be applicable for the utilization of
biomasses from a location, because their properties vary with sites [3]. So, there is a great need to
investigate various possible ways in which they may be utilized as valuable products. It has been
reported that agricultural wastes and forestry residues suffer from two drawbacks: (i) They have a
high moisture content and (ii) low bulk density [3]. As a result of these constraints, it is desired that
they may be utilized at the site of their availability.

Investigators have reported the applications of biomasses as low-cost adsorbents for various
pollutants, namely phenol, dyes, acids, and heavy metals in industrial effluents [4-8]. The present
work focuses on the removal of phenol using biomasses in the forms of agricultural wastes and
forestry residues as sources of adsorbents. Phenol is colorless and soluble in water and is
characterized by its unique odor. If it comes into contact with the skin, it causes irritation and necrosis.
If ingested, even a small amount damages kidneys, liver, and muscles [9]. Effluents with an
appreciable amount of phenol, when discharged in water bodies, are highly toxic to all types of
aquatic life. The significant sources of phenol in the aquatic environment are wastewaters from paint,
pesticide, coal conversion, polymeric resin, petroleum, and petrochemicals industries [10]. Phenols
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are listed in the United States Environment Protection Agency (USEPA) and the European Union
(EU) as pollutants of priority concern [11].

Many findings are reported related to the removal of phenol from aqueous solutions using
agricultural wastes and forestry residues. Ahmaruzzaman and Sharma reported rice husk and rice-
husk char as adsorbents with adsorption capacities of 4.7 and 7.9 mg/g [12]. Mohd Din et al. have
reported the adsorption capacity of coconut shell as 205.8 mg/g. The adsorption isotherms fit
Langmuir and Freundlich equations. The kinetics of adsorption is followed by the pseudo-second-
order equation [13]. Stasinakis et al. studied olive pomace. Different forms of adsorbents have been
obtained by physical and chemical treatment. The removal efficiency is also improved by decreasing
the particle size [14]. Alhamed studied the use of date stones as carbonaceous adsorbent and its use
for the removal of phenol from wastewaters. He used different particle sizes for packed bed studies
and estimated the adsorption capacity of activated date stone as 90.4 mg/g [15]. Tseng and Tseng
reported corn cob as an adsorbent for phenol removal. Activation of the residue was done using KOH
[16]. Jadhav and Vanjara studied sawdust as a promising adsorbent [17]. Sarker and Fakhruddin
studied rice straw. They treated the residue, with a particle size less than 1 mm, by physical and
thermal methods, which could remove 84% of phenol from aqueous solutions [18].

In this work, 10 biomasses, namely Acacia nilotica branches (ANB), bagasse, corn cob, cotton stalk,
ground nutshell (GNS), Lantana camera (LC), rice husk (RH), rice straw, sawdust, and wheat straw, were
dried and ground. They were characterized in terms of proximate analysis (ash, fixed carbon (FC), and
volatile matter (VM)) and bulk density as per ASTM standards. Based on the characterization and
availability of biomasses, ANB, LC, and RH were selected for further studies as adsorbents for the removal
of phenol from aqueous streams. Figure 1 indicates the pictures of the selected biomasses.

The percentage removals of phenol from 1 g/L of aqueous solution on ANB, LC, and RH were
very low. The maximum removal of 35% was observed with the adsorbent ANB. The characterization
results of these adsorbents showed lower Brunauer Emmett Teller (BET) surface areas and FCs and
higher VM contents compared to that of commercial-grade carbons used for phenol adsorption. The
total surface area of any commercial-grade carbon ranges from 450 to 1500 m?/g. The actual surface
area available for adsorption is dependent on the nature of the adsorbate, which could be
considerably less than the total [19].

The methods available for activation are physical methods [20], steam activation [21], carbon
dioxide activation [22], air activation [23], and chemical activation [24,25]. There are reports of
thermo-chemical treatment (a combination of physical and chemical methods) of biomasses to make
the activated carbon comparable to that of commercial-grade carbon for appreciable removal of
phenol from aqueous solutions [26,27]. Therefore, the selected biomasses were treated thermo-
chemically for the desired changes in their characteristics. The treatment reduced VM and ash,
thereby increasing the FC percentages. These procedures also helped to increase the BET surface
areas and methylene blue adsorption values of the resulting adsorbents. The thermo-chemical treated
forms of ANB, LC, and RH were activated ANB (ANBC), activated LC (LCC), and activated RH
(RHC), respectively.

To optimize the operating parameters to generate adsorption isotherms for ANBC, LCC, and RHC,
the effects of dosage, pH, time of contact, initial phenol concentration, and agitation speed were studied,
individually on these adsorbents. At the optimized conditions, the generated adsorption curves were fit
into Langmuir, Freundlich, and Temkin isotherms. Based on the percentage removal of phenol with time,
the kinetic analysis was done using pseudo-first-order and pseudo-second-order kinetics. It was possible
to recover a high percentage of phenol in a single-step regeneration of these adsorbents.

This paper explains the conversion of ordinary biomasses, ANB, LC, and RH, to its activated
forms as ANBC, LCC, and RHC, respectively. They were comparable to commercial-grade carbons
in terms of their properties for the removal of phenol from aqueous streams. It was possible to study
the adsorption of phenol in the entire supernatant concentration range of 100 to 975 mg/L at
equilibrium, using all three activated biomasses.
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Figure 1. Selected biomasses for the adsorptive study: (a) ANB; (b) LC; and (c) RH.

2. Materials and Methods
2.1. Analysis of Biomass

2.1.1. Bulk Density

The bulk densities of 10 biomasses, including ANB, LC, and RH, were determined by standard
procedures for the storage and preparation of raw materials [19].

2.1.2. Proximate Analysis

The analysis determined the contents of moisture, VM, FC, and ash of 10 biomasses as per ASTM
standards: D3173-75.

2.2. Preparation of Adsorbents

2.2.1. Preparation of Powdered Adsorbent from Raw Biomasses

Washed and dried samples of ANB, LC, and RH were taken separately and ground in the
powder form. They were passed through a 300-microns screen. The samples were stored for study of
their physical characteristics, adsorption (equilibrium and kinetic) peculiarities, and regeneration
(desorption) studies.

2.2.2. Preparation of Activated Adsorbent Using Raw Biomasses

The powder forms of ANB, LC, and RH were subjected to activation. The sample of each of the
biomasses was soaked in 30% HsPOx for 3 h and stirred at a temperature of 37 °C. The resultant slurry
was filtered and washed thoroughly until a neutral pH of 7 was obtained. The residue collected was
oven-dried and kept for charring at 500 °C in the muffle furnace for 4 h. The resulting material was
digested with 12% NaOH solution for 5 h at 68 °C. The remaining solid particles were filtered out,
washed thoroughly, and dried. The samples thus obtained from all three biomasses were powdered
and stored for further studies.

2.3. Characterization of Adsorbents

The powder form of ANB, LC, RH, ANBC, LCC, and RHC, as adsorbents, were characterized based
on the phenol number (amount of phenol required by adsorbent for 90% phenol removal), pH of their
slurries in water, iodine number, and methylene blue number. The surface areas of the adsorbents were
determined by the nitrogen adsorption method (Quanta chrome BET surface area analyzer). The particle
size of the adsorbents was determined using a Laser Diffraction Particle Size Analyzer.

2.4. Batch Experiments

For the adsorption study, batch experiments were carried out in 100 mL of phenol solution (1
g/L), in conical flasks. The biomasses understudies as adsorbents are mentioned in Section 2.3. The
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temperature of the adsorption was fixed at 25 °C. The effects of dosage, pH, contact time, initial
phenol concentration, and agitation speed on the process of adsorption (onto ANBC, LCC, and RHC),
were studied. The phenol concentrations in aqueous solutions were determined using a double beam
spectrophotometer. To study the effects of dosage on adsorption, the activated adsorbents with
different amounts were equilibrated with phenol solution for 24 h at 200 rpm at 25 °C. Solutions of
phenol were adjusted to the entire range of pH, from 2.0 to 12.0, with the help of 0.1 NaOH and 0.1
H:50s and keeping the other parameters as constant. In each study, other than the effect of dosage,
fixed optimized amounts of adsorbents were equilibrated with phenol (adsorbate) solution of 1 g/L.
To study the effect of time on the percentage removal of phenol at 25 °C, the optimized dosage of
adsorbents, pH, initial phenol concentration, and rpm of shaker were taken with the solution of
phenol (1 g/L). The extent of adsorption was recorded for different periods, until constancy in the
phenol removal was observed. The amount of phenol adsorbed was calculated as per the following
equation:

ge = (Co— Ce) x V/m, 1)
where e (mg/g) is the amount of phenol adsorbed per unit mass of adsorbent, Co is the initial

concentration of phenol, Ce is the concentration of phenol at equilibrium, V is the volume of solution,
and m is the mass of the adsorbent added for each test.

2.5. Mathematical Models for Adsorption Isotherms

In a liquid-solid mass transfer operation, the adsorption equilibrium indicates the relationship
of the adsorbate in a liquid solution and that adsorbed onto the solid. The data obtained in the study
of adsorption isotherms are unique for a particular adsorbate-adsorbent system. In this work,
mathematical models for the adsorptions studied were Langmuir, Freundlich, and Temkin [28-30].
They are explained as follows:

2.5.1. Langmuir Isotherm Model
Based on the theory of Langmuir, the equation describing adsorption is given as:
ge=(Qub Ce)/(1 +Db Ce). ()
The equation mentioned in Equation (2) is simplified as:
1/qe=1/(Qob Ce) + 1/Qu, ®)

where qe is the amount of adsorbate adsorbed per unit mass of adsorbent, C. (mg/L) represents the
equilibrium concentrations of a supernatant solution, Qo is the monolayer capacity (mg/g) of
adsorbent, and b is the surface energy (L/mg) corresponding to the process of adsorption. The
Langmuir adsorption isotherm also defines a unique value of the separation factor, Ri, which is
expressed as:

Ru=1/(1+b Co), 4)

where the value of Rt is the indication of the process of adsorption [29] as explained in Table 1 and
Co is the initial phenol concentration.

Table 1. Values of the separation factor, Rr.

Ri Value Type of Process

RL=0 Irreversible
O0<RL<1 Favorable

Ru=1 Linear

Ru>1 Unfavorable

2.5.2. Freundlich Isotherm
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The Freundlich equilibrium isotherm is an empirical equation used for the description of
multilayer adsorption with the interaction between adsorbed molecules:
qe = k Cel/n, (5)

where k [(mg/g) (L/g)'n] is the Freundlich isotherm constant, and n represents the adsorption
intensity. The linear form of the Equation (5) is as follows:

Inge =Ink + 1/n InCe. (6)

2.5.3. Temkin Isotherm

The Temkin isotherm is based on the assumption that the decline of the heat of adsorption as a
function of temperature is linear rather than logarithmic, as implied in the Freundlich equation [31].
The following equation gives the model:

qe=B [In(A CJ)], @)

where A (L/mg) and B (RT/b1) are the Temkin’s constants. Also, R is the universal gas constant (8.314
J/mol K), T is the temperature (K), and bz is the constant related to the heat of adsorption (J/mol). The
simplified form of Equation (7) is:

qe=B1InA +BInCe. ®)

2.6. Mathematical Models for Adsorption Kinetics

The kinetics of any adsorption gives information about the progress of the process with time.
Adsorption’s kinetics were explained by pseudo-first-order and pseudo-second-order models [16,32]
as explained below.
2.6.1. Pseudo-First-Order Kinetic Model

The model, given by Langergren and Svenska, is defined as:

In(qe - qt) =Inqe — kat, 9)
where qge and gt (mg/g) are the amount of adsorbate, adsorbed at the equilibrium condition and at
any time, t (min.), respectively, and ki (min) is the adsorption rate constant.

2.6.2. Pseudo-Second-Order Kinetic Model
The pseudo-second-order equation based on equilibrium adsorption, is expressed as:

t/qe=1/(k2qe?) + t/qe, (10)

t/qe = 1/(h) + t/qe, (11)

where k2 (g/mg min) and h (mg/g. min) are constants of the second-order kinetics.

2.7. Regeneration of Adsorbents

All three adsorbents were subjected to the process of regeneration using 100 mL of 1 M NaOH
solution. For this process, 1.2, 1.0, and 1.1 g of ANBC, LCC, and RHC, respectively, were added to
the conical flasks separately at 25 °C and stirred with a rotation of 200 rpm. The pH of slurries with
NaOH was maintained at 6.5 for 5 h for ANBC, at 7.5 for 6 h for LCC, and, at 6.8 for 4.5 h for RHC.
After the completion of desorption, the amounts of phenol transferred from the adsorbents to the
solutions were determined by measuring the concentrations of supernatant solutions using a
spectrophotometer, as mentioned in Section 2.4. The regenerated adsorbents were filtered out,
washed thoroughly, dried, and stored.
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3. Results

3.1. Analysis of Biomasses

Ten biomasses were subjected to bulk density and proximate analysis, as mentioned in Sections
21.1and 2.1.2.

The bulk densities in g/cc of ANB, LC, and sawdust were above 200 (Table 2), which were reasonably
high so they can be transported with ease from one place to another for their utilization. The bulk density
of all other biomasses, which were lower than 200 g/cc, need briquetting to increase their density.
Briquetted biomasses are economical to transport from one location to another for their utilization.

ANB, LC, and RH indicated reasonably high percentages of FC, with values of 25, 23, and 20,
respectively (Table 2). FC content is the most desirable quality of any biomass to be selected as
adsorbents for the removal of phenol. These biomasses were abundantly available in the region of
Sangrur. Hence, they were considered for the adsorptive investigations for the removal of phenol
from aqueous solutions. It was also observed that these biomasses had reasonably high percentages
of VM and ash, making them all the more desirable for their consideration as adsorbents.

Table 2. Analysis of biomasses.

Biomass FC (%) Ash (%) VM (%) Bulk Density
ANB 25.00 2.50 72.50 210.0
Bagasse 15.10 4.90 80.00 65.0
Corn Cob 19.01 2.00 78.99 170.0
Cotton Stalk ~ 20.55 4.45 75.00 100.0
GNS 22,01 6.75 71.24 95.0
LC 23.50 12.30 64.20 250.0
RH 20.00 18.00 62.00 110.0
Rice Straw 15.33 20.66 64.01 60.0
Saw Dust 19.44 3.00 77.56 275.0
Wheat Straw  18.00 9.88 72.12 50.0

3.2. Characterization and Adsorption Study of Selected Biomasses as Adsorbents

The selected biomasses, ANB, LC, and RH, were ground, as explained in Section 2.2.1. The
resulting samples were subjected to determinations of ash, FC, VM, iodine number, surface area,
particle size, and methylene blue values. The results of the characterization indicated the reasonably
higher iodine number of 485 for ANB compared to that of LC and RH (Table 3). BET surface areas of
the selected biomasses were low, whereas the particle sizes of the biomasses were comparable to that
of commercial-grade carbons [26]. The methylene blue adsorption of ANB was the highest at 40 mg/g
whereas the same for LC and RH was 5.8 and 0.45, respectively.

Table 3. Characterization of selected biomasses as adsorbents.

Properties ANB LC RH
Ash Content on dry basis (%) 250 1230 18
Fixed Carbon on dry basis (%) 25.00 2350 20
Volatile Matter on dry basis (%) 7250 6420 62
Iodine Number 485 700 10.1
BET Surface Area (m2g™) 50 464 355
Particle Size (um) 300 180 300

Methylene Blue Adsorption (mg/g) 40 58 0.45

Therefore, based on the characterization, the selected biomasses had a shallow adsorption capacity.
A meagre percentage of removal of phenol was confirmed for ANB at 35%, LC at 17%, and RH at 1%
(Figure 2). Characterization of the selected biomasses, as shown in Table 3, suggested that there was a
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need to activate them to obtain adsorbents with better FC, BET surface area, iodine numbers, and
methylene blue adsorption.

% Removal of Phenol

40
35 e 6 o o6 o o o o o o
30

25

20 e ANB

15 o e 6 6 o o o o o o o o LC

10 [ ] RH

0 0.2 0.4 0.6 0.8 1 1.2 14

Dosage of adsorbents (g)

Figure 2. The percentage removal of phenol with the dosage of the selected biomasses.

3.3. Characterization of Selected Biomasses after Activation

The selected biomasses without activation had a feeble adsorption capacity for phenol, as
discussed in Section 3.2. As per the literature, commercial-grade carbon, an excellent adsorbent for
phenol, should have high contents of FC, BET surface area, iodine number, and methylene blue
adsorption and low values of ash and VM [33]. Consequently, it was considered worthwhile to
activate them to bring the above-stated values near to that of commercial-grade carbon. Therefore,
the treatment methods, as discussed in Section 2.2.2, were followed, and the results are shown in
Table 4. After a comparison based on the values of ash, FC, VM, phenol number, iodine number,
surface area, particle size, and methylene blue adsorption, ANBC proved to be the best-activated

adsorbent.

Table 4. Characterization of the selected biomasses after activation as adsorbents.

Properties ANBC LCC RHC
Ash Content on a dry basis (%) 1.0 5.0 4.80
Fixed Carbon on a dry basis (%) 87.0 85.0 84.20
Volatile Matter on a dry basis (%) 12.0 10.0 11.00
pH of slurry 6.5(1.2%) 7.5(1.0%) 6.8 (1.1%)
Phenol Number (g) 0.8 1.0 -
Iodine Number 870 325 750
BET Surface Area (m2g™) 450 151 301
Particle Size (um) 45 42.3 253
Methylene Blue Adsorption (mg/g) 155 50.1 55.5

3.4. Adsorption Studies on Activated Biomasses

The activated biomasses showed improved properties (Table 4) compared to that of the
biomasses without activation (Table 3). It was considered appropriate to consider ANBC, LCC, and
RHC for further studies as discussed in the following sub-sections.
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3.4.1. Effects of Operating Parameters on the Adsorption

To select one set of the best parameters for the adsorption of phenol on activated biomasses, the
author felt the need to study the effects of dosage, initial phenol concentration, agitation speed, contact
time, and pH of the adsorbate solution on the process of adsorption. They are explained as follows.

The effect of dosage on the adsorption of phenol on activated biomasses: The study was
conducted on ANBC, LCC, and RHC, as explained in Section 2.4. Figure 3 indicates that in all cases
of activated biomasses, the percentage removals of phenol increased with the increase in the amount
of dosage. The amount of ANBC required is constant at 97% removal of phenol with an adsorbent
dosage of 1.2 g for 100 mL of 1 g/L of phenol solution. For LCC, the amount of dosage requiredis1 g
for maximum removal of phenol at 90% with the same solution concentration of 100 mL. RHC
removed 83% of phenol with a maximum dosage of 1.1 g with the same strength of phenol solution
of 100 mL.

100 s . .
90 gtn ] E R
-—680 .’

g 70
=

R~ 60 ]
© 50
> 40
&30

He

%

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Dosage of adsorbents (g)
¢ ANBC mLCC RHC

Figure 3. The effect of the dosage on the adsorption of phenol on activated biomasses.

The effect of pH on the adsorption of phenol on activated biomasses: The effect of pH on the
removal of phenol by activated biomasses was investigated as explained in Section 2.4. The maximum
adsorption of phenol by ANBC, LCC, and RHC was at the pH of 6.5, 7.5, and 6.8, respectively.

The effect of the initial concentration on the adsorption of phenol on activated biomasses: The
effect of the initial concentration of adsorbate on the adsorption of phenol on activated biomasses
was studied as explained in Section 2.4. It was observed that the initial concentration of phenol did
not affect the process of adsorption. The maximum removals of phenols by ANBC, LCC, and RHC,
were at 97%, 90%, and 83%, respectively, irrespective of the initial adsorbate concentrations.

The effect of the agitation speed on the adsorption of phenol on activated biomasses: The effect
of the agitation on the adsorption was studied at 50, 100, 150, 200, 225, and 250 rpm for the activated
biomasses as explained in Section 2.4. When the contact time of 4 h was kept at a pH of 6.5, ANBC
could remove a maximum of 97% of phenol at an agitation speed of 200 rpm (Figure 4). LCC removed
a maximum of 90% of phenol when contacted for 5 h at a pH of 7.5 at the same agitation speed. RHC
indicated the removal of 83% of phenol at 200 rpm with an adsorbate-adsorbent contact time of 3.5
h with pH at 6.8. It was found that with an increase in the agitation speed, the percentage removal of
phenol increased and was maximum at 200 rpm and remained constant till 250 rpm for all systems
of phenol and activated biomasses.
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Figure 4. The effect of the agitation speed on the adsorption of phenol on selected biomasses.

The effect of time on adsorption: The effect of time on phenol removal by activated adsorbents
was observed, as explained in Section 2.4. The time taken for the maximum removal of phenol was
4,5, and 3.5 h by ANBC, LCC, and RCH, respectively (Figure 5). The experiment fixed the optimized
time for adsorption study for each of the adsorbate-adsorbent systems.

100
90 ° ° ° °
80 °
70 ] °
60 ] °
50
40
30
20
10

0

% Removal of Phenol
Y
°

0 50 100 150 200 250 300 350
Time (min.)

e ANBC e LCC o RHC

Figure 5. The effect of the contact time on the adsorption of phenol on activated biomasses.

3.4.2. Adsorption Isotherms of Phenol on Activated Biomasses

Based on the detailed study of the effect of various parameters on adsorption, optimized
conditions for adsorption study on activated biomasses were fixed. For ANBC, the adsorption study
was confirmed at a pH of 6.5 and a time of contact of 4 h. For LCC, the same was conducted at a pH
of 7.5 and a time of contact of 5 h. For RHC, the investigation was performed at a pH of 6.8 and the
time of contact was 3.5 h. In each case, the agitation speed of 200 rpm was fixed with the phenol
concentration at 1 g/L. The temperature and amount of phenol solution taken each time were at 25
°C and 100 mL, respectively. The adsorption curves were obtained, as shown in Figure 6.

The adsorption study for LCC is in the range of 100 to 400 mg/L of the supernatant concentration
(Ce). The maximum phenol adsorbed by LCC is 600 mg/g. Adsorption data for RHC could be
recorded in the concentration range of 170 to 800 mg/L of the phenol solution (Ce). The maximum
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phenol adsorbed by RHC was 132 mg/g. It was possible to get an adsorption isotherm for ANBC from
903 to 975 mg/L of the phenol solution (Ce). The maximum phenol adsorbed by ANBC was 500 mg/g

of the adsorbent.

700 -

600 -

500 A

400 A

qe (Mg/g)

300 A

200 A

100 -

[

100

200

300 400 500 600 700 800

Ce(mg/l)

=& ANBC ==& RHC

LCC

900

1000

Figure 6. Adsorption isotherms of phenol on activated biomasses at 25 °C.

4. Discussion

4.1. Mathematical Analysis of Adsorption Isotherms

The adsorption data were analyzed mathematically using Langmuir, Freundlich, and Temkin
models, as explained in Section 2.5.

The Langmuir isotherm is based on the assumption that the adsorption process takes place on a
homogeneous surface with a monolayer of adsorbent [34]. Table 5 indicates that LCC follows the
Langmuir isotherm for the entire concentration range of 100 to 400 mg/L. Equations (2)—-(4) enabled
the author to identify the various constants. The value of R? is 0.95, the monolayer adsorption
constant, Q, is 16.49 mg/g, and the separation factor, Ru, is 0.067, As per the conditions mentioned in
Table 1, the process of adsorption is favorable. The magnitude of b, an indication of surface energy,
is 13.98 L/mg and is a moderate value [35].

Table 5. Isotherm constants of activated biomasses as adsorbents for phenol.

Equilibrium Constants ANBC LCC RHC
Langmuir

Qo (mg/g) - 1649 135.13
b (L/mg) - 13.95 0.007
Ro 0.067 1.0 -
R2 - 095 0.88
Freundlich

k - 031 13.52
n - 0.84  3.06
R2 - 090 0.95
Temkin

A (L/g) 0.001 - 0.05
b 1(J mol) 0.82 - 76
R? 0.99 - 0.90

The Freundlich isotherm assumes that there is a possibility of multilayer adsorption. The
adsorption isotherm of RHC indicates it best fits into this adsorption model, for a concentration range
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of 170 to 800 mg/L with an R?value of 0.95. Constants, k and n, were calculated from Equations (5)
and (6). These values show that phenol has an excellent affinity towards RHC. The value of n is 3.06,
which satisfies the conditions of heterogeneity [30], i.e., 1<n<10aswellas0<1/n<1.

ANBC follows the Temkin isotherm in the concentration range of 903 to 945 mg/L. The Temkin
constants were determined using Equations (7) and (8). The least square fit value for the adsorbent is 0.99.

4.2. Mathematical Analysis of Adsorption Kinetics

Adsorption kinetics were applied to know the effectiveness of adsorption. The kinetic equations
followed for the adsorption of phenol on activated biomasses are Equations (9)-(11). Data from
Figure 5 were used to identify the kinetic constants from these equations. It is observed that the
kinetic data of all activated biomasses fit into first-order kinetics (Table 6). However, ANBC and LCC
follow second-order kinetics more closely, with R? values of 0.99 and 0.98, respectively (Table 6).

Table 6. Kinetic constants of activated biomasses as adsorbents for phenol.

Kinetic Constants ANBC LCC RHC
First order kinetics

qe (mg/g) 6893 8543 78.72
ki 0.015 0.012 0.009
R2 0.93 0.94 0.96
Second order kinetics

ge (mg/g) 90.91 103.09 -

h (mg/g min) 2.50 1.84 -
R2 0.98 0.99 -

4.3. Regeneration of Adsorbents

Activated biomasses as adsorbents were subjected to a regeneration test in a single step, as
mentioned in Section 2.7. It was possible to recover 90%, 87%, and 80% of phenol from the spent
ANBC, LCC, and RHC, respectively. The process helps to regenerate the adsorbents, to a great extent,
in a single step, thereby reducing its required amount [36]. The recovered phenol by ANBC, LCC,
and RHC can be separated from water using solvent extraction, distillation, freeze-drying, and
membrane-separation techniques [37]. However, the fate of the adsorbents after regeneration was not
considered in this work.

5. Conclusions

Based on the characterization and availability of biomasses, ANB, LC, and RH were selected for the
adsorption study of phenol. As the percentage removal of phenol from aqueous solutions was low, they
were thermochemically treated to obtain activated forms of adsorbents as ANBC, LCC, and RHC with
BET surface areas of 450, 151, and 301 m?/g, respectively. Adsorbents helped the removal of phenol by
97%, 90%, and 83%, from aqueous solutions. The adsorption conditions for phenol removal were
optimized. Based on the optimum condition selected, the adsorption isotherm of ANBC fit into the
Temkin model in the concentration range of 903 to 945 mg/L of the supernatant solution. The adsorption
process with LCC followed the Langmuir model in the concentration range of 100 to 400 mg/L. LCC had
a monolayer adsorption capacity (Qo) of 16.49 mg/g. The separation factor, R, was 0.067, indicating that
the adsorption of phenol on LCC was favorable. Kinetic data of ANBC and LCC fit into the second-order
model whereas RHC indicated its fit was first-order kinetics. Activated biomasses were subjected to
single-step regeneration using 1 M NaOH. It was possible to recover 90%, 87%, and 80% of phenol using
ANBC, LCC, and RHC, respectively. Thus, selected biomasses, Acacia nilotica branches, Lantana camera,
and rice husk, yielded value-added products in the forms of activated adsorbents with the appreciable
capacity of phenol removal from aqueous solutions. Biomasses, ANB, LC, and RH, causing threats to the
environment, can be used effectively for the removal and recycling of phenol from aqueous solutions
under the concept of a circular economy [38].
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In the future, ANB, LC, and RH should be considered as adsorbents for the removal of other

toxic chemicals in the form of dyes, organic acids, heavy metals, and oil spills from aqueous streams,
located in India and other parts of the world.
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