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a b s t r a c t
Acacia nilotica (AN) was found to be an effective adsorbent for removing Bismarck Brown Y (BBY) 
and Reactive Black 5 (RB5) dyes from aqueous solutions in a batch reactor. Scanning electron 
microscopy and energy dispersive X-ray analysis of the AN adsorbent were performed to study its 
morphology and elemental composition, respectively. The maximum adsorption capacity of the AN 
adsorbent for the RB5 and BBY dyes was determined to be 38.38 and 39.31 mg/g in 120 and 30 min, 
respectively. The adsorption capacity of the AN adsorbent increased from 7.37 to 104.79 mg/g for 
the RB5 dye and from 19.65 to 113.48 mg/g for the BBY dye as the dye concentration in the solution 
increased from 25 to 180  mg/L. The maximum adsorption capacities of the AN adsorbent for the 
RB5 and BBY dyes at a pH of 2 were 19 and 40.07  mg/g, respectively. Pseudo-first-order kinetic 
model fitted the adsorption data for initial 30 min of contact time and pseudo-second-order kinetics 
fitted the adsorption data well (coefficient of determination  =  0.94–0.96) expressing the chemical 
adsorption. Langmuir isotherm model adequately fitted the adsorption data of both dyes suggesting 
the predominant monolayer adsorption.
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1. Introduction

The concept of sustainable development has made it 
obligatory for solid waste management plants to either 
convert waste into useful products or undertake seques-
tration of hazardous pollutants from aqueous solutions [1]. 
This integrated management strategy is beneficial because 
of the procurement of potentially useful products from 
waste and the restoration of the quality of water streams 
[2]. The continuous depletion of natural resources in terms 
of quality and quantity has necessitated the development 
of sustainable technologies [3] and an urgent search for 

suitable methods to treat industrial effluents released by 
complex textile units. These steps can assure the restoration 
of water quality and render water bodies, which receive 
the untreated wastewater discharge of textile industries, 
reusable [4].

The toxicity, mutagenicity, and carcinogenicity of reac-
tive dyes are primarily because of the presence of the azo 
(–N=N–) group [5–7]. Moreover, dye colors in water bodies 
reduce the penetration of light and interrupt the process of 
photosynthesis, adversely affecting the aquatic ecosystem 
[8]. These toxic dyes may result in dermatitis, skin irrita-
tion, allergy, bladder cancer, genotoxicity, and mutations 
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when they come in contact with human bodies [9,10]. 
In view of these hazards, it is necessary to seek economi-
cal alternatives to remove hazardous pollutants from textile 
effluents prior to their discharge into freshwater bodies.

Most traditional methods of decolorization, including 
coagulation and flocculation [11,12], electrochemical meth-
ods [13], removal by activated carbon [14], use of polymeric 
adsorbents [14], mineral bentonite clays [15], membrane fil-
tration [16], nanofiltration [17], chemical oxidation [18], ion 
exchange [19], and degradation [20], can separate reactive 
dye pollutants from aqueous solutions and/or wastewater 
to a certain extent. However, most of these methods are 
incapable of removing reactive dyes owing to the complex 
polyaromatic structures and recalcitrance of reactive dye-
stuffs [21]. Moreover, the application and effectiveness of 
these particular methods may be restricted as a result of the 
complex composition of textile wastewater, especially when 
it is loaded with various types of dyes, salts, and metals 
in variable concentrations [22].

Timber waste has recently attracted the attention of the 
scientific community for the sorption of dyes owing to its 
low cost and applicability for the removal of various types 
of dyes. To date, numerous studies have been reported in 
the literature on the methods available with various removal 
potentials for the sorption of different types of dyes. For 
instance, boron industry waste and Melia azedarach sawdust 
were utilized for the removal of anionic dyes [23]. Rosewood 
sawdust and industrial wastes were used for the sequestra-
tion of basic dyes [24,25]. Agricultural wastes were utilized 
for cationic and anionic dyes [26]. Activated carbon from 
sugarcane bagasse and agricultural wastes were used in 
the treatment of reactive dyes [27,28]. Eucalyptus bark and 
sugarcane bagasse were employed for direct dye treatment 
[29]. In the present study, the potential of the Acacia nilotica 
(AN) was investigated as an adsorbent for the treatment 
of Reactive Black 5 (RB5) and Bismarck Brown Y (BBY) 
dyes in a batch reactor. Furthermore, the various parame-
ters influencing dye adsorption were optimized, and the 
adsorption mechanism of the AN adsorbent was explained 
using isotherms and fit of kinetics models.

2. Experimental

Analytical (Merck, Germany) grade RB5 (C26H21N5Na4O19S6, 
molecular weight: 991.82 g/mol) and BBY (C18H18N8, molec-
ular weight: 419.31 g/mol) (Fig. 1) dyes were chosen as the 

model contaminants in this study. Their respective molec-
ular weights are 991.82 and 419.31 g/mol. Their stock solu-
tions in concentrations of 1,000  mg/L (1,000  ppm) were 
prepared using distilled water and the working solutions 
were prepared by diluting the stock solutions.

2.1. Collection and preparation of timber waste

AN was selected as the source of timber waste biomass. 
The AN waste biomass was collected from the local wood 
industry in the Kingdom of Saudi Arabia. The adsorbent 
was washed with distilled water, dried, chopped into small 
pieces, and ground. The waste biomass was then sieved and 
the required mesh size (40 mesh, 400 µm) was chosen for the 
batch reactor studies.

2.2. Surface characterization

Scanning electron microscopy (SEM, HITACHI 
S-3000N, JAPAN) was conducted to study the surface mor-
phology and texture of the AN waste biomass before the 
loading of the RB5 and BBY dyes. The SEM micrographs 
were obtained at magnifications of ×250, ×500, and ×2,000 
before the treatment of the RB5 and BBY dyes from their 
aqueous solutions, and the visibly porous nature of the 
AN surface was analyzed. An acceleration voltage of 5 kV 
and a working distance of 25 mm were maintained for the 
measurements. Dry powder samples were fixed on a spec-
ified SEM steel stab holder with the help of double edge 
carbon tape. Afterward, stabs along with powder samples 
were coated with a thin layer of platinum (platinum coater 
device under vacuum condition) to avoid electrostatic 
charging of the samples. After platinum coating, steel stab 
holders were inserted to the SEM sample chamber to take 
the images under a high vacuum. Energy dispersive X-ray 
(EDX) analysis was additionally performed to determine 
the elemental composition of the AN waste adsorbent. 
Fourier transform infrared (FTIR) spectroscopy was per-
formed using the Vertex-70 instrument (Bruker, USA) to 
analyze the functional groups present on the adsorbent sur-
face before and after the removal of the dyes. Attenuated 
total reflectance method was used in FTIR spectroscopy to 
determine surface properties of solid material with a res-
olution of 4 cm–1, the spectral range of 600–4,000 cm–1 and 
16 number of sample scans.

(a) (b)

Fig. 1. Chemical structures of RB5 dye (a) and BBY dye (b).
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2.3. Batch reactor studies

Batch adsorption studies were conducted in 100  mL 
Erlenmeyer flasks. Fixed amounts of the AN waste adsor-
bent (0.05  g) and the BBY and RB5 dyes, that is, 50  mg/L 
(50  mL solution volume), were added separately. The par-
ticle size of AN was approximately 420 μ m (in the range 
20–40 mesh, i.e., 420–841 μm), and this was maintained con-
stant. Moreover, a mesh size of 40 (420 μm) was chosen for 
the batch experiments. The flasks were placed in a tempera-
ture-controlled shaking incubator and agitated at 220  rpm 
and 30°C. The samples were withdrawn from the flasks and 
the residual concentrations of RB5 and BBY in the filtrate 
were measured at 698 and 457 nm, respectively, using a dou-
ble beam ultraviolet/visible light (UV/Vis) spectrophotom-
eter (T80+, PG Instruments, UK). The adsorption capacities 
of the AN waste adsorbent (q, mg/g) at time t and equilib-
rium (qe, mg/g) were calculated using Eqs. (1) and (2), respec-
tively. The removal efficiencies (sorption percentages) of the 
dyes from the solution phase were calculated using Eq. (3).
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Here C0, Ct, and Ce (mg/L) refer to the solution-phase dye 
concentrations at the initial time, time t, and equilibrium, 
respectively. V is the volume of the solution (L) and m is the 
mass of the AN waste adsorbent (g).

2.4. Mechanisms of RB5 and BBY adsorption using isotherms and 
fit of kinetics models

The mechanisms of the adsorption of RB5 and BBY 
on the AN waste adsorbent were explored by analyzing 
the different isotherms and fit of the kinetics models to 
the equilibrium adsorption data. The experimental data 
were collected at initial dye concentrations in the range of 
10–500 mg/L. The conditions of the batch reactor were set as 
follows: solution pH 5.0; temperature, 30°C; adsorbent dose, 
1.0 g; agitation speed, 220 rpm; and equilibrium times of the 
two dyes studied. The Langmuir, Freundlich, and Dubinin–
Radushkevich (D–R) isotherm models were applied. The 
corresponding correlations and constants of the model plots 
were calculated. The AN adsorption data for both the dyes 
were collected at initial dye concentrations of 50 mg/L at dif-
ferent time intervals, while the remaining aforementioned 
process conditions were maintained constant. All batch 
experiments were performed thrice or at least in duplicate 
and their average values are presented in Figs. 4–6 for cor-
responding samples. Additional analyses were conducted 
whenever two measurements differed by more than 5%. 
The one-way analysis of variance (ANOVA) was performed 
with the least significant difference of means at p = 0.01.

3. Results and discussion

3.1. Surface morphology and elemental analyses of AN adsorbent

The SEM micrographs of the AN adsorbent were cap-
tured at magnifications of ×250, ×500, and ×1,000 (Figs. 2a–c). 
These revealed a porous surface morphology, which renders 
AN a suitable choice for the adsorption of RB5 and BBY dyes. 
Energy-dispersive X-ray analysis was conducted to analyze 
the elemental composition of the AN adsorbent (Fig. 2d). 
The results, on a weight basis, demonstrated that AN was 
mainly composed of carbon (56.26%) and oxygen (43.45%), 
followed by potassium (0.15%), and calcium (0.14%).

3.2. Surface chemistry of AN adsorbent

The FTIR analysis of the AN adsorbent prior to the 
adsorption of the RB5 and BBY dyes revealed the presence 
of spectral peaks at 931, 1,060; 1,159; 1,593; and 3,383 cm–1, 
which corresponded to the N–H (amines), C–N stretch 
(aliphatic amines), C–N stretch (aromatics), N–H (amides), 
and O–H stretch (alcohols and phenols), respectively. The 
presence of these functional groups on the surface of the 
AN adsorbent has been reported previously [30]. The sur-
face chemistry of the AN adsorbent after the loading of RB5 
was not analyzed because mass transfer gradient and intra-
particle diffusion were observed as the main driving forces 
of the transfer of RB5 from the liquid phase (aqueous solu-
tion) to the solid phase of the AN adsorbent. In the case of 
BBY, the mechanism of dye adsorption on the surface of the 
AN adsorbent was characterized by a monolayer adsorp-
tion, high mean free energy (D–R model), and chemisorp-
tion. Therefore, the AN adsorbent was analyzed for changes 
in the surface functional groups after the loading of BBY 
(Fig. 3). The FTIR spectra revealed peaks at 1,028; 1,210; 
1,608; 1,710; 2,980; and 3,306 cm–1, which were assigned to 
the C–N stretch (aliphatic amines), C–O stretch (carbonyls), 
N–H bending (amides), C=O stretch (aldehydes), C–H 
stretch (alkanes), and O–H stretch (alcohols), respectively. 
The appearance of IR peaks corresponding to the carbonyl, 
aldehyde, and alkane groups after the adsorption of BBY 
confirmed the chemical interference between the dye mole-
cules and adsorbent surface.

3.3. Influences of process variables on batch reactor adsorption 
of RB5 and BBY dyes

3.3.1. Contact time

The influence of contact time on the adsorption capac-
ities (qt, mg/g) of the AN adsorbent for the RB5 and BBY 
dyes is shown in Fig. 4. The results clearly reflect the vari-
ation in qt of the AN adsorbent for the dyes studied. In the 
case of RB5, qt increased sharply during 10–120 min mainly 
owing to the abundant presence of unused active sites on 
the adsorbent surface. Thereafter, there was no increase in 
the adsorption of the dye, even when the contact time was 
increased to 160  min owing to the decreased number of 
active sites available for adsorption on the adsorbent surface.

The maximum adsorption capacity of the AN adsor-
bent for the RB5 dye was determined to be 38.38  mg/g in 
120 min. This value is 71% higher than that reported for the 
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treatment of the same dye using mandarin peels [31], and 
further compared with previous studies (Table 1). Similarly, 
for the BBY dye, the AN adsorbent showed a high adsorp-
tion capacity of 39.31 mg/g in 30 min, which almost remained 
constant or increased very insignificantly (p = 0.01) with time 
(Fig. 5). Therefore, this adsorbent can be deemed a potential 
choice for the large-scale application of the sequestration of 
dyes because of its good adsorption capacity and economic 
viability. The contact time durations of 120 and 30 min were 
marked as the equilibrium times for the adsorption of the RB5 
and BBY dyes, respectively, by the AN adsorbent. Therefore, 

the remainder of the batch experiments for RB5 and BBY 
were conducted at 120 and 30 min, respectively.

3.3.2. Initial dye concentration

The initial solution concentrations of the RB5 and BBY 
dyes significantly influence the assessment of the batch 
reactor performance for their removal by the AN adsorbent 
(Fig. 5). The reactor performance was investigated at initial 
dye concentrations in the range 25–180  mg/L. The adsorp-
tion capacity of the AN adsorbent increased from 7.37 to 

Fig. 2. SEM micrographs at various magnifications (a–c) and EDX analysis (d).

1210
1608

171029803306

1028

Wavenumber (cm-1)

Tr
an

sm
itt

an
ce

 (%
)

86
88

90
92

94
   

  9
6

98
10

0

4000 3500 3000 2500 2000 1500 1000

Fig. 3. FTIR spectra of AN adsorbent after adsorption of BBY.
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104.79 mg/g for the RB5 dye and from 19.65 to 113.48 mg/g 
for the BBY dye as the dye concentration in the solution 
increased. This result suggested that the effective mass 
transfers of the RB5 and BBY dyes from the solution phase 
to the adsorbent surface were controlled by their respective 
concentration gradients. Moreover, the higher adsorption of 
BBY by the AN adsorbent, i.e., 19.65 mg/g, compared with 
that of RB5, that is, 7.37  mg/g, at an initial dye concentra-
tion of 25  mg/L in both cases, revealed that electrostatic 
interactions were operative.

3.3.3. pH

The adsorbent surface, dye solubility, and adsorption 
capacity are influenced significantly by variations in the 
solution pH. The influence of solution pH in the range 2–10 
on the adsorption processes of the RB5 and BBY dyes was 
investigated and the results are shown in Fig. 6. Constant 

values of the dose of AN adsorbent (1.0 g), initial dye con-
centrations (50 mg/L), and contact time (120 min) were used 
for the batch experiments to optimize the solution pH. The 
maximum adsorption capacities of the AN adsorbent for 
the RB5 and BBY dyes at a pH of 2 were 19 and 40.07 mg/g, 
respectively. The behavior of the AN adsorbent under 
only acidic solution condition was studied by determin-
ing the pH at point of zero charge (pHpzc). Titration with 
0.1 M KNO3 solution was performed with initial pH range 
of 2–7 and the pHpzc was found to be nearly 2.5.

The low pH may have influenced the adsorbent sur-
face by creating more positive sites, which can attract the 
negatively charged dye molecules. This reflects the dif-
ferent chemical interferences of the RB5 and BBY dyes 
under similar reaction conditions at the solid–liquid inter-
face. Contrary to this, the adsorption capacity of the AN 
adsorbent for RB5 decreased to 11.25  mg/g at a pH of 5 
and above, while that for BBY decreased to 0.4  mg/g at a 
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Fig. 4. Influence of contact time on adsorption performance of batch reactor for RB5 and BBY dyes.

Table 1
Comparison of the AN adsorbent with other adsorbents for maximum adsorption capacities

Adsorbent Dyes Experimental conditions Adsorption 
capacity, mg/g

Reference

Modified pea peels Bismarck Brown-R pH-10, temperature-35°C, contact time-60 min 5.37 [32]
Peanut hull Reactive Black-5 pH-0.5, temperature-60°C, contact time-420 min 55.5 [33]
Banana peel powder Reactive Black-5 pH-3, temperature-45°C, contact time-180 min 49.2 [34]
Walnut wood AC Reactive Black-5 pH- 5, temperature-24°C, contact time-405 min 9.85 [35]
Pumice rock Reactive Black-5 pH-5, temperature-24°C, contact time-120 min 4.65 [35]
Non-catalytically 
pine waste biochar

Reactive Black-5 pH-9.6, contact time-40 min 4.37 [36]

MWCNT Bismarck Brown R pH-5, temperature-25°C, contact time-10 min 30.6 [37]
AN timber waste Reactive Black-5 pH-2, temperature-30°C, contact time-120 min 38.38 This study
AN timber waste Bismarck Brown-Y pH 2, temperature-30°C, contact time-30 min 39.31 This study
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pH of 8. These results illustrate the variable behaviors of 
the AN adsorbent and the two dyes. The decreased adsorp-
tion capacities of the AN adsorbent for both the dyes can 
be attributed to the competition between the hydroxyl ions 
and negatively charged dye ions for the active adsorption 
sites on the adsorbent surface.

3.4. Kinetics modeling

Kinetics models such as pseudo-first-order, pseudo-
second-order and intra-particle diffusion models were 
applied to analyze the rates of RB5 and BBY uptake by the 
AN adsorbent. The corresponding coefficients of correlations 
and rate constants of these models were determined.

3.4.1. Pseudo-first-order and pseudo-second-order models

The equations of pseudo-first-order and pseudo-second-
order kinetics models [38–41] are given as Eqs. (4) and (5), 
respectively. 

q q k tt e= − − ⋅( )( )1 1exp 	 (4)

q
q k t

q k tt
e

e

=
⋅( )

⋅ +( )
2

2

2 1
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Here qt is the amount of dye adsorbed at time t (min). 
k1 (1/min) and k2 (g/mg/min) are the pseudo-first-order 
and pseudo-second-order rate constants, respectively, cal-
culated from the respective nonlinear plots. The adsorp-
tion of BBY on the AN adsorbent was best described by 
the pseudo-second-order model with an R2 value of 0.94 
and 0.96 for BBY and RB5, respectively, which confirmed 
that chemisorption of the dye on the adsorbent surface as 
the rate-limiting step (Fig. 7, Table 2). This result is similar 
to the previous kinetic results obtained for various adsor-
bent–adsorbate systems [42–44]. Chemisorption involves 
the exchange or sharing of electrons between the adsorbent 
and adsorbate. However, the adsorption of both dyes on the 
AN adsorbent revealed a poor fit to the pseudo-first-order 
kinetics model (except for the initial contact time of about 
30  min), which suggested the involvement of some other 
physical force enabling a fit to the Freundlich isotherm 
model. Moreover, a higher initial adsorption rate (h) of the 
AN adsorbent was observed for BBY (5.12 mg/g/min) than 
that for the RB5 dye (0.628  mg/g/min). The higher value 
of h indicated the preference of the AN adsorbent for the 
BBY dye than for RB5.

3.4.2. Intra-particle diffusion kinetics

This model can be used to explore the contaminant 
adsorption pathway and the driving force of adsorption 
[45–48]. During the adsorption of dyes on the AN adsor-
bent, qt should change linearly with the square root of time 
(Eq. (6)).

q K t Ct i= +ip

1
2 	 (6)

Here qt (mg/g) is the adsorption capacity at time t, Ci is 
the boundary-layer thickness, and Kip (mg/g/min0.5) is the  
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intra-particle diffusion rate constant. Kip and Ci were cal-
culated from the nonlinear fitting of the curve (qt vs. t), as 
shown in Fig. 8.

Fig. 8 shows that the plot for BBY adsorption is non-linear 
over the entire time range with R2 = 0.659. The fitted curve 
of the plot did not pass through the origin, which could be 
attributed to the variation in mass transfer in the initial and 
final stages of the adsorption of BBY on AN. This revealed 
that intra-particle diffusion was not the sole rate-controlling 
step during the process of adsorption and that, initially, sur-
face adsorption (chemisorption) occurred for this particular 
dye. In this manner, BBY moved rapidly from the concen-
trated solution to the primary pores of the AN adsorbent, 
as shown in the SEM photographs. Chemical interactions 
occurred between the dye molecules and the functional 
groups present on the adsorbent surface. However, in the 
case of RB5 adsorption, the fit of this model was found to 
be adequate with R2  =  0.94 and the curve passed through 
the origin (Fig. 8, Table 2). This result confirmed that intra-
particle diffusion and mass transfer gradient were the forces 
driving the adsorption of RB5 dye on the AN adsorbent.

3.5. Mechanisms of RB5 and BBY adsorption on surface of AN 
adsorbent

Several operating parameters can affect the rate and 
adsorption of dye molecules on the surface of the adsor-
bent. Therefore, multiple mathematical isotherms need to 
be applied to understand the unabridged phenomenon and 
driving forces of adsorption. In this study, the Langmuir, 
Freundlich, and D–R isotherm models were applied to elu-
cidate the mechanisms of adsorption of RB5 and BBY on the 
surface of the AN adsorbent.

3.5.1. Langmuir isotherm

The Langmuir model assumes monolayer adsorption 
and energetically homogeneous active sites with no lateral 
interaction between the adsorbed species [49–52]. The RB5 
and BBY adsorption data of the AN adsorbent were ana-
lyzed using the nonlinear mathematical expression of the 
Langmuir isotherm (Eq. (7)).

q
q K C
K Ce
L e

L e

=
( )
+( )
max

1
	 (7)

Here Ce is the equilibrium concentration (mg/L), qe is the 
amount of dye adsorbed at equilibrium, qmax is the maximum 
adsorption capacity (mg/g), and KL (L/mg) is the Langmuir 
constant. The constant for each dye was calculated from 
the nonlinear fitting of the curve, as shown in Fig. 9a. This 
model adequately described the adsorption of BBY on the 
AN adsorbent with a coefficient of determination R2 = 0.99 
compared with the adsorption of RB5 with an R2 value of 
0.97 (Fig. 9a). The value of KL characterizes the adsorption 
affinity between the adsorbate and adsorbent. The value of 
KL was found to be 0.02  L/mg for both the dyes (Table 3), 
which revealed the strong attraction of BBY and RB5 toward 
the AN adsorbent. On the basis of the R2 values, the good-
ness-of-fit of the data reflected the monolayer adsorption of 

Table 2
Constants in pseudo-first-order, pseudo-second-order, and 
intra-particle diffusion models at 50 mg/L of both dyes

Kinetic model Parameter BBY RB5

qe,exp (mg/g) 39.3 35.02

Pseudo-first-order
qe,cal (mg/g) 40.35 45.3
k1 (1/min) 0.08 0.01
R2 0.98 0.97

Pseudo-second-order

qe,cal (mg/g) 44.37 66.98
k2 (g/mg/min) 0.0026 0.00014
h (mg/g/min) 5.12 0.628
R2 0.94 0.96

Intra-particle diffusion
Kip (mg/g/min0.5) 1.99 3.85
C (mg/g) 19.3 –7.6
R2 0.659 0.94
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Fig. 8. Intra-particle diffusion model fit to adsorption of BBY and 
RB5 on AN.

Table 3
Calculated parameters of Langmuir, Freundlich, and D–R iso-
therm models at 180 mg/L of both dyes

Isotherm model Parameters BBY RB5

qe,exp (mg/g) 113.48 104.78

Langmuir

qmax (mg/g) 210 137.92
KL (L/mg) 0.016 0.0234
RL 0.26 0.19
R2 0.99 0.97

Freundlich

qm (mg/g) 148.9 105.2
KF ((mg/g)(L/mg)1/n) 15.39 17.1
1/n 0.437 0.35
R2 0.97 0.90

Dubinin–Radushkevich

qm (mol/g) 164 111
β (mol/kJ)2) 0.0024 0.002
E (kJ/mol) 14.43 15.81
R2 0.80 0.86
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the BBY dye on the surface of the AN adsorbent. In the liter-
ature, similar isotherm model-fitting has been obtained for 
the adsorption isotherms of various dyes [53–55].

The separation factor/dimensionless constant (RL  =  1/
(1 + KLC0)) indicates if the process is linear (RL = 1), unfavor-
able (RL > 1), irreversible (RL = 0), and or favorable (0 < RL < 1). 
The values of RL for the adsorption of RB5 and BBY on the AN 
adsorbent were 0.19 and 0.26 (Table 3), respectively, which 
indicated that this process was favored.

3.5.2. Freundlich isotherm

The Freundlich model (Eq. (8)) provides physical insights 
into the adsorption phenomenon [56–58].

q K Ce F e
n=

1
	 (8)

Here KF ((mg/g)(L/mg)1/n) and 1/n are the Freundlich 
constants, which indicate the adsorption capacity and 
adsorption intensity, respectively, and can be calculated 
from the plot of qe vs. ce. This model exhibited a better fit 
to the BBY adsorption data with R2 value of 0.97 (Fig. 9b) 
than to the RB5 adsorption data with R2 value of 0.90. This 
shows that the adsorption of BBY is primarily controlled 
by physical forces and that the adsorbed molecules form a 
multilayer on the surface of the AN adsorbent. The magni-
tude of 1/n reveals the favorability/non-favorability of the 
studied AN adsorbent for toward the adsorption of the RB5 
and BBY dyes. The values of 1/n for RB5 and BBY were 0.35 
and 0.437, respectively, which are less than 1.0 (Table 3), and 
imply the favorability of the adsorption of these dyes on 
the AN adsorbent.

3.5.3. Dubinin–Radushkevich isotherm

The D–R model (Eq. (9)) assumes that adsorption takes 
place on a non-homogenous surface with Gaussian energy 
distribution and in the micropores following in accordance 
with a pore-filling mechanism [59,60]. This model can dis-
criminate between the physical and chemical natures of the 
adsorption process. The D–R isotherm can be expressed as:

q qe = −( )DR exp βε2 	 (9)

The D–R isotherm showed a comparatively poorer 
fit to the adsorption data of BBY than to those of the RB5 
adsorption data, with R2 values of 0.80 and 0.86, respectively 
(Fig. 10). The Polanyi potential is presented by Eq. (10).

ε = +








RT

Ce
ln 1 1 	 (10)

Here R is the universal gas constant (8.314 J/mol/K) and 
T is the temperature (K). The free energy per molecule (E) 
of RB5 in the sorption space for movement to infinity can be 
determined from Eq. (11).

E =
1
2β

	 (11)

A high value of E (>8  kJ/mol) is typically associated 
with chemisorption. In this study, the E values for the 
adsorption of RB5 and BBY dyes on the surface of the AN 
adsorbent were found to be 15.81 and 14.43 kJ/mol, respec-
tively (Table 3). This result suggests that the chemisorption 
of RB5 on the AN adsorbent is stronger than that of BBY 
and this additionally indicates the involvement of the ion 
exchange mechanism between the adsorbate and the func-
tional groups present on the adsorbent surface of the AN 
adsorbent.

The experimental data of the adsorption of BBY on 
the AN adsorbent best fits the isotherm models in the fol-
lowing order: Langmuir (0.99)  >  Freundlich (0.97)  >  D–R 
(0.80). Similarly, the adsorption of RB5 followed a simi-
lar order to fit the isotherm models with slight variation in 
the corresponding R2 values, as shown in Table 3.

3.6. Regeneration of AN adsorbent

Desorption experiments were conducted in batch mode 
to check the uptake adsorption capacity and the possibility 
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of reusability and regeneration of the AN adsorbent. RB5 
and BBY dyes were strongly bonded to AN surface there-
fore, 0.1  M HCl was used as eluent along with some heat 
treatment for 24 h. It was noticed that after every desorption 
cycle, the uptake adsorption capacity of both RB5 and BBY 
dyes onto AN adsorbent decreased slowly and adsorbent 
exhausted after three desorption cycles.

4. Conclusions

In this work, the batch adsorption conditions of RB5 
and BBY dyes on AN adsorbent were optimized. The 
maximum adsorption capacities of the AN adsorbent for 
RB5 and BBY were observed at contact times of 120 and 
30 min, respectively, pH of 2, and initial dye concentration 
of 180  mg/L. The equilibria between the dyes in the solu-
tion phase and on the surface of the AN adsorbent were 
attained at 120 and 30  min for RB5 and BBY, respectively. 
The adsorption of both the dyes decreased with an increase 
in pH. The AN adsorbent exhibited a dual behavior for 
the adsorption of the two different dyes. The adsorption 
of BBY was best described by the Langmuir isotherm and 
pseudo-second-order kinetic models. The isotherm model 
fit displayed single-layer adsorption of BBY on the adsor-
bent surface and chemisorption was the dominant operative 
force with an E value (D–R model) of 14.43 kJ/mol. This was 
verified by the appearance of spectral peaks correspond-
ing to the carbonyl, aldehyde, and alkane groups after the 
adsorption of BBY on the adsorbent. On the other hand, 
intra-particle diffusion driven by a mass transfer gradient 
was primarily responsible for the adsorption of RB5 on the 
surface of the AN adsorbent.
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