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a b s t r a c t
An experimental investigation of azo dye removal using activated Prosopis juliflora root was car-
ried out using the batch adsorption technique. The P. juliflora roots were collected and synthesized 
using a chemical synthesis technique, and their pore size and surface area was analyzed using N2 
– adsorption and desorption process. The scanning electron microscopy/energy-dispersive X-ray 
spectroscopy analysis confirms the presence of targeted azo dyes on the surface of the prepared 
adsorbent material and the thermal stability of the adsorbent was analyzed using thermogravimet-
ric analysis and derivative thermogravimetry. The X-ray diffraction analysis shows the amorphous 
structure and the intensity of activated charcoal P. juliflora adsorbent. Batch adsorption studies were 
conducted to determine the optimal adsorption parameters such as pH, dosage level, concentrations, 
contact time, and temperature. Adsorption kinetic studies confirm the favorable adsorption process 
between the adsorbate and the adsorbent, and isotherm studies fitted well with the high regres-
sion values. Thermodynamic studies revealed the adsorption between the adsorbent and adsor-
bate to be endothermic, and the desorption studies confirmed the high recovery of spent adsorbent 
using concentrated sulphuric acid. As a result, the activated P. juliflora powder adsorbs 99.6% of 
Reactive Orange – RO-16, 94.43% of Reactive Red – RR-120, and 82.26% of Reactive Blue – RB-19 azo 
dyes from the prepared synthetic solutions in batch mode of adsorption process.

Keywords:  Prosopis juliflora roots adsorbent; Synthetic dye removal; Isothermal studies; 
Thermodynamic studies; Kinetic modelling

1. Introduction

From the environmental perspective, pollution from the 
industries has been increasingly creating severe problems 
for all living beings. Various pollutants have been iden-
tified from the industrial activities, amongst which, water 
pollution is of significant concern because of the need for 
water for all surviving organisms. Water gets polluted due 

to the increasing release of a number of toxic pollutants 
like heavy metals, dyes, inorganic compounds, suspended 
and dissolved solids, etc., [1]. Industries release effluents 
containing all these pollutants without any prior treatment 
because of the very high cost and maintenance entailed [2]. 
Textile industries is one of the many sources that create 
toxic effects on the environment because of the presence of 
inorganic pollutants. Compared to all industries, the textile 
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manufacturing units release excess wastewater into the 
water bodies [3]. The industries generate 45–60 L of waste-
water for 1 kg of material production [4]. These untreated 
textile industry effluents contain reactive/synthetic dyes 
which are highly visible as different colours [5]. These dyes 
were identified as the most toxic of materials, quickly react-
ing with the soluble functional groups in the water and 
creating water-borne diseases, nausea, skin ulceration, etc., 
[6]. Dyes may be classified as reactive and acid type, pri-
mary cationic type, and disperse non-ionic type. The basic 
dyes have very high visibility and intensity even at low 
concentrations, and these are identified as toxic and severe 
problem-creating compounds [7–11].

Conventional methods such as ion exchange, membrane 
filtration, adsorption, biological treatment, etc., reduce and 
remove the concentration and colour intensity from the 
aqueous solutions. The main problems with adopting these 
technologies are high investment and maintenance costs, 
generation of by-products, and dioxin formation [12]. Due 
to these kinds of issues, the industries failed to adopt these 
technologies and released the raw effluent into the water 
bodies [10]. However, the need of the hour is the use of 
suitable technology to control the water pollution because 
of dyes [13]. Hence it was decided to use the biosorption 
process to reduce the concentration and intensity of syn-
thetic dyes from the wastewater. The process of adsorption 
is nothing but the adhesion of pollutants from any medium 
onto the surface of the adsorbent material due to forces of 
attraction [14]. This method has several advantages like 
selective removal of materials, low investment, and high 
efficiency [15]. Nowadays, organic and inorganic materials 
such as date seeds, fly ash, neem leaves, grape peels, etc., 
are used as adsorbent materials using chemical activation 
process, which provides exceptionally high efficiency for the 
adsorption process [16]. Here, the Prosopis juliflora activated 
carbon was used to remove the reactive dyes from the pre-
pared synthetic solutions by batch adsorption study. Various 
activated carbons were used commercially to remove the 

pollutants from aqueous solutions [17]. P. juliflora is a small 
tree used as firewood introduced in 1877 in India [18]. 
The roots of even a small tree can penetrate to a depth of 
60 m and consume more groundwater. The distribution of 
P. juliflora trees in the world and India are seen in Fig. 1.

Excessive accumulation of these trees may consume more 
groundwater and create severe problems for the surround-
ing environment [19]. In Tamil Nadu, Ramanathapuram is 
a district with a significant accumulation of P. juliflora trees, 
reducing the groundwater table for entire rural and urban 
areas [20]. Hence, it was decided to use these trees as an 
adsorptive material to remove synthetic dyes from the 
aqueous solutions. In this research work, the P. juliflora tree 
was used as an adsorbent material for removing Reactive 
Orange – RO-16, Reactive Red – RR-120 and Reactive Blue 
– RB-19 dyes from the synthetic solutions. The chemical com-
position of azo dyes (RO-16, RR-120 and RB-19) is shown 
in Fig. 2. The batch mode of adsorption study was con-
ducted under various operating conditions, and the kinetic 
and thermodynamic studies were conducted to evaluate 
the process of adsorption. The biochar was obtained from 
the P. juliflora roots, and used as an adsorbent material for 
removing the various dyes from the aqueous solutions.

2. Materials and methods

2.1. Adsorbent preparation

The P. juliflora plants were collected from the 
Ramanathapuram district in Tamil Nadu, India, and the 
leaves and branches were completely removed/ The roots 
were sun-dried and washed several times to remove all 
impurities. The root samples were then cut into small pieces 
(2–3 cm in size) and ground into fine powder by a mechan-
ical synthesis process [21]. The finely ground powder was 
taken and placed in the muffle furnace and heated at 400°C 
to prepare the charcoal, powder for the experimental anal-
ysis. The samples were next taken from the furnace and 

Fig. 1. Availability of Prosopis juliflora trees in and around the world.
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washed with double distilled water to completely eliminate 
the impurities and toxins. The charcoal powder was then 
taken and soaked in the hydrogen peroxide (H2O2) solu-
tion for 24 h to attain the carbonization activation. Then the 
samples were dried and washed with the distilled water 
and used for the final stage of the batch adsorption study.

2.2. Stock preparation

The Reactive Orange (16), Reactive Red (120) and 
Reactive Blue (19), commonly called azo dyes, were bought 
from Precision Scientific Chemicals, Coimbatore. These are 
analytical-grade dyes for which no cleansing is required. 
The dyes mentioned above are widely used in all kinds of 
textile industries creating toxic effects on the environment. 
In this experimental work, the stock solution was prepared 
by adding the three dyes individually in 1,000 ppm of 
double distilled water.

2.3. Batch adsorption studies

The adsorption of dyes using activated P. juliflora roots 
was investigated using the batch adsorption mode by 
varying pH levels, adsorbent dosage, concentrations, time 
of contact with adsorbent, and temperature of the solu-
tions. In this experimental work, the characteristics of the 
adsorption process were adjusted accordingly: pH of the 
azo dye solution: 2–7, contact time: 10–120 min, adsor-
bent dose: 0.5–2.5 g·L–1, dye concentration: 25–150 mg·L–1, 
and temperature, 15°C–60°C. The prepared adsorbent was 
poured into the prepared synthetic solutions with known 

concentrations. The conical flask was kept in the rotary 
shaker for continuous shaking for 60 min to attain equi-
librium. The quantity of dyes adsorbed by the adsorbent 
was calculated using Eq. (1):

q
C C V
mt

t�
�� �0 mg/g  (1)

where qt is the amount of dye adsorbed by the juliflora 
root at a time ‘t’ and Ct represents the concentration of the 
dye in the solution at any time ‘t’.

The final suspension was taken from the rotary shaken 
after 5 min of centrifugal time. The amount of dye adsorbed 
after the complete adsorption process was found using 
UV-Visible Spectrophotometer. To get the concurrent 
value, each analysis was repeated two times, and the aver-
age value was considered. The number of dyes removed 
by P. juliflora root may be found with the help of data cal-
culated from the batch study. The mass balance system for 
this adsorption process can be expressed using Eq. (2):
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where Co represents the initial concentration of the dyes in 
solution (mg·L–1), Ce represents the equilibrium concentra-
tion of the dyes in solution (mg·L–1), V represents the total 
volume of the solution, and m represents the mass of the 
adsorbent.

(a)

(b)

(c)
Fig. 2. Chemical composition of (a) RO-16, (b) RR-120 and (c) RB-19 azo dyes.
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2.4. Scanning electron microscopy/energy-dispersive X-ray 
spectroscopy studies

The physical and elemental properties of activated juli-
flora roots during adsorption were evaluated by scanning 
electron microscopy-energy-dispersive X-ray spectroscopy 
(SEM-EDX) spectroscopy (JSM-6490V). The flaws and frac-
tions, pollutants, and other particles existing on the adsor-
bent surface were identified using SEM analysis with a 
working distance of 10 µm, and voltage level at 20 kV. 
Two different SEM images analyzed the activated juliflora 
root’s surface before and after receiving the azo dyes. To 
confirm the presence of selective azo dye on the surface of 
the adsorbent, EDX instrumental analyses were performed 
equipped with SEM.

2.5. Fourier-transform infrared spectroscopy analysis

The contribution of functional groups (carbonyl, 
hydroxyl, etc.) and their characterization was obtained 
using the Fourier-transform infrared spectroscopy (FTIR) 
techniques. It was also used to analyze the azo dyes and 
their chemical characteristics using the adsorbent material 
[22]. 0.5 g of juliflora root activated carbon powder was 
taken in the conical flask and mixed with 50 mg·L–1 of azo 
dye concentrated synthetic solution having a pH of 2.0. The 
final supernatant was taken for FTIR analysis after 4 h of 
agitation of the prepared solution, its speed at 200 rpm. 
For scanning, the range was fixed from 4,000 to 400 with 
4 cm–1 resolution, and 20 scans were taken to obtain the 
spectra. The FTIR process was done before and after dye 
uptake by juliflora root adsorbent to compare the func-
tional groups involved in the azo dye adsorption. The char-
acterization of functional groups was used to identify the 
binding ability of the adsorbent, which is essential for all 
experimental processes [23].

2.6. Brunauer–Emmett–Teller surface area analysis

The surface area of activated P. juliflora roots was eval-
uated using the process of nitrogen adsorption at –196°C 
temperature. The activated adsorbent was allowed to heat 
at 300°C for 5 h to remove the gas molecules, and Brunauer 
calculated the vacuum and the area of the surface–Emmett–
Teller (BET) was analysed.

2.7. Thermogravimetric analysis, derivative thermogravimetry 
and differential thermal analysis

The thermogravimetric and derivative thermogravi-
metric analyses were used to find out the mass and energy 
changes of the adsorbent at a high temperature. The ther-
mogravimetric analysis (TGA) analysis will evaluate the 
number of materials removed from the adsorbent with 
increased temperature [24]. The derivative thermogravime-
try (DTG) analysis will evaluate the removal rate of mate-
rials within the estimated time to find out the exothermic 
or endothermic adsorption process [25]. For the TGA and 
DTG analysis, 20 mg of P. juliflora root charcoal was taken 
and placed in the instrument to obtain the characteristics.

2.8. X-ray diffraction analysis

X-ray diffraction analysis was used to analyze the crys-
talline structure of the adsorbent material at the different 
peaks. The phases and sizes of crystalline structure were 
identified by operating the instrument with CuKα radia-
tion and the power of 40 kV working at 250 mA. The char-
acteristics of peaks were obtained from the analysis and 
compared in agreement with JCPDS standards using the 
reference code of 00-002-1035 [26].

2.9. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy (XPS) analy-
sis for the adsorbent material before and after taking azo 
dyes were performed using a thermos K-Alpha and XPS 
fitted with monochromated Al-kα X-ray source. With the 
high resolution of 40 eV scans the data were gathered by 
passing the energy of 2,150 eV. At a temperature of 20°C, 
the spectra were obtained under the pressure of 10–7 Torr. 
The obtained data was analyzed using CasaXPS and fitted 
with a Shirley background.

2.10. Isotherm studies

The adsorbent characteristics (size of the pore, volume, 
energy, etc.,) were assessed using the adsorption isotherm 
process. The curve plotted from the isothermal studies 
relates to the connection between azo dyes and P. juliflora 
root adsorbents and provides information of the specific 
desorption process [27]. To maximize the usage of P. juliflora 
root adsorbent, the isotherm studies were used to increase 
the connection between azo dyes and prepared adsorbent 
[28]. The adsorption mechanism was optimized based on 
the proper conclusions drawn from the equilibrium plots. 
The isotherm studies provide valuable data for a massive 
production system to examine the outputs [20]. It also sup-
ports the isotherm studies during the initial stages to obtain 
the optimum purity level of P. juliflora roots. This is espe-
cially crucial when the contaminants are present in one or 
more toxins [29]. The uptake level of materials (qe) during 
the equilibrium time has been enabled in these isotherm 
studies. This can be used to obtain the various forms of 
adsorbents as an output.

2.10.1. Langmuir isotherm studies

The adsorption of toxic contaminants by the specific 
adsorbent was analyzed by the standard isotherm model 
called the Langmuir isotherm study. This model assumes that 
the binding action between the adsorbent and adsorbate hap-
pens mostly through chemical process [30]. The monolayer 
adsorption process was followed and preference was given 
to all active sites of the adsorbate material [31]. Also, the 
entire process of adsorption was of a homogeneous nature. 
The one active site reacts with the adsorbate without interac-
tion, and the surface phase is a monolayer [32]. The expres-
sion for the Langmuir isotherm study is given by Eq. (3):

C
q Kq

C
q

e

e

e� �
1

max max

 (3)
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where Ce represents the equilibrium concentration of the 
dyes in solution (mg·L–1), qe – amount of adsorbate adsorbed 
per amount of adsorbent at equilibrium (mg·g–1), qmax – max-
imum monolayer adsorption capacity (mg·g–1), and K – con-
stants of Langmuir isotherm equation related to capacity 
and intensity of adsorption.

2.10.2. Freundlich isotherm studies

Freundlich isotherm study allows multiple layers of 
adsorption on the surface of adsorbent [33]. The expression 
for the Freundlich isotherm study is given by Eq. (4):

ln ln lnq k
n

Ce f e� �
1  (4)

where qe – adsorbed quantity of adsorbate per g, n – adsorp-
tion energy, kf – capacity of adsorption related to Freundlich 
constant, and Ce – represents the equilibrium concen-
tration of the dyes in solution (mg·L–1).

2.10.3. Redlich–Peterson isotherm

The elements were incorporated from both Langmuir 
and Freundlich isotherm models, and the Redlich–Peterson 
isotherm was derived in a three-parameter empirical model. 
The basic assumption of this model is that the mechanism 
of adsorption is unique, and it does not follow the char-
acteristics of monolayer adsorption [34]. The expression 
for this isotherm model is given in Eq. (5):

ln ln lnK
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�
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where KR – adsorption capacity constant of Redlich–Peterson 
(R-P) isotherm obtained from the linear plots, aR – R-P 
isotherm constant, and bR – exponent value (0–1).

2.10.4. Sips isotherm

The Sips isotherm was derived from the Langmuir and 
Freundlich isotherm and their limiting behaviour levels. 
For the prediction of adsorption in the heterogeneous sites, 
this model is very suitable, and the limitations increased 
by the concentration of adsorbate are completely avoided 
[35]. Therefore, when the adsorbate concentration is very 
high, the Sips model forecasts the monolayer adsorption, 
that is, the Langmuir model. The linear equation for the 
Sips model is given by Eq. (6):
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where Qmax and KS – adsorption capacity and equilibrium 
constant obtained from the slope and intercept in linear plots 
and n – factor of heterogeneity lies between 0 to 1.

2.10.5. Toth isotherm

To reduce the discrepancies between the experimental 
data obtained and the equilibrium predicted value of the 

Langmuir isotherm, the Toth isotherm was derived with 
some modifications. Even at low and very high concentra-
tions, this model will describe the adsorption system [36]. 
The linear equation for the model is given by Eq. (7):

ln ln ln
q

q q
n K n Ce

m e
L e�

� �  (7)

where KL and n is called Toth isotherm constant in mg·g–1 
and qe – quantity of materials adsorbed in equilibrium 
mg·L–1.

2.10.6. Fritz–Schlunder isotherm

The coefficients of the isotherms fall within a wide 
range, and the experimental data is very high; the four-pa-
rameter isotherm model (Fritz–Schlunder) was used, which 
is derived from the empirical equation [37]. The linear 
model isotherm equation is given by Eq. (8):

q
q K C
q Ce

mFS e

m e

�
�

FS
MFS1

 (8)

where qmFS is called maximum adsorption capacity in mg·g–1, 
KFS – equilibrium constant in mg·g–1, and MFS – model 
exponent.

2.11. Kinetic studies

Equilibrium time is critical for aqueous solutions in 
the batch adsorption process. It provided the needed data 
related to the efficiency of adsorption and the possibil-
ity of scale-up procedures. The following kinetic studies 
were performed in this entire research work.

2.11.1. Pseudo-first-order

Pseudo-first-order (or) Lagergren model was established 
for the liquid and solid systems adsorption from the aque-
ous medium depending upon the capacity of solid adsorp-
tion [38]. This model was based on the basic assumption 
that the driving force is directly proportional to the rate of 
adsorption [39]. The difference between initial concentra-
tion (qe) and equilibrium concentration (q) can be used to 
evaluate the process of adsorption.

The pseudo-first-order model is expressed as given by 
Eq. (9):

dq
dq

k q qe

t
e t� �� �  (9)

At the equilibrium, the total volume of azo dyes’ uptake 
by the adsorbent at a time (t) was obtained by calculat-
ing qe and qt. Using the boundary layer conditions, Eq. (9) 
can be rearranged as Eq. (10):

log log
.

q q q k te e�� � �
2 303

 (10)
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2.11.2. Pseudo-second-order

The second-order chemical adsorption process was used 
in this model, and it assumes that the number of squares 
of empty sites is directly proportional to the adsorption 
rate [40].

The pseudo-second-order model is expressed by Eq. (11):

d
d

k q qq

t
e� �� �2

 (11)

By applying boundary conditions (t = 0 to t > 0, and 
q = 0 to q > 0), the Eq. (6) can be rearranged as Eq. (12):

t
q h q

t
e

� �
1 1  (12)

where h = kqe
2 – initial adsorption rate and k – rate constant. 

The plot of t/qt vs. time at various adsorption limits pro-
vides a linear relationship, allowing the determination of 
qe, k and h.

3. Results and discussion

3.1. SEM analysis

Fig. 3a shows the SEM images of raw P. juliflora roots 
before the adsorption of dyes from synthetic solutions. The 
uneven pores on the surface of the adsorbent were used to 

receive the pollutants from the aqueous solutions. Fig. 3b 
shows the SEM images of charcoal-based adsorbent acti-
vated by hydrogen peroxide. The figure shows that the acti-
vated charcoal adsorbent has a very high surface area and 
volume compared to the raw adsorbent. The uneven pores 
were identified on the surface of the activated adsorbent 
and was found to be in higher range than the raw adsorbent 
[41]. Due to the hydrogen peroxide activation process, the 
adsorbent reacted with the activating agent and produced 
uneven pores [42]. These are very helpful in receiving/
attracting the various pollutants from the aqueous solutions. 
Compared to the raw adsorbent material, activated carbon 
charcoal-based adsorbent adsorbs a more significant num-
ber of pollutants from the aqueous medium [43]. From the 
figure, the cloud formation on the top side of the adsorbent 
material can be seen. Also, there are no vacant sites available 
on the surface of the adsorbent, which confirms that adsorp-
tion has taken place. Also, the synthetic dyes react with 
the charged sites and protonate, which has not destroyed 
the functional group existing in the adsorbent [44]. The 
targeted azo dyes Reactive Orange – RO-16, Reactive Red 
– RR-120 and Reactive Blue – RB-19 and their presence in 
the adsorption process was confirmed by the following  
EDX analysis.

3.2. EDX analysis

Energy-dispersive X-ray analysis was used to identify 
the components adsorbed by the prepared adsorbent. In this 

Fig. 3. SEM images of: (a) raw adsorbent before adsorption and (b) charcoal adsorbent after the adsorption of azo dyes.
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experimental work, the EDX analysis was performed indi-
vidually to confirm the adsorption of azo dyes. Fig. 4a shows 
the EDX image of raw P. juliflora root powder and 4b shows 
the charcoal juliflora activated adsorbent after the adsorp-
tion of pollutants from the aqueous solutions. Referring to 
Fig. 4a, the presence of carbon, oxygen, and calcium ele-
ments was observed. However, Fig. 4b shows the organic 
and inorganic functional groups after converting the raw 
adsorbent into charcoal by chemical and physical synthe-
sis. Further, the prepared charcoal adsorbent was activated 
using the hydrogen peroxide solution. The synthetic solu-
tion was passed into the activated adsorbent to adsorb the 
azo dyes and other toxic contaminants [45]. Fig. 4b shows 
the EDX image of adsorbent material after the passage of dye 
solution. Many organic and inorganic pollutants and their 
adsorption were observed in that picture, and it confirms 
the adsorption of the targeted dyes by activated juliflora  
adsorbent.

3.3. FTIR analysis

The FTIR spectrum of P. juliflora root powder is shown 
in Fig. 5a and b taken at two different stages (before and 
after adsorption of the pollutants). In these figures the high 
energy region was noticed in the band level of 3,420 and 
2,860 cm–1, confirming –OH and –CH2 groups [46]. The level 
between 1,000–1,800 cm–1, various functional groups may be 
categorized, that is, band 1,620 cm–1 shows the presence of 
water; band 1,460–1,600 cm–1 shows the aromatic vibrations, 
band 1,380–1,400 cm–1 shows the presence of bending vibra-
tions by the –CH2 functional group, and band 1,080 cm–1 
shows the vibrations by C–O functional groups [6]. The 
band goes below 1,000 cm–1, and C–H bending exists due 
to the aromatic vibrations. The lower frequencies indicate 
the –OH stretching due to the aromatic ring vibrations, and 
the stretching vibrations by –CH2 disappeared at 2,860 cm–1. 
Based on the FTIR studies, the presence of functional groups 

(a)

(b)

Fig. 4. EDX images of: (a) raw adsorbent and (b) activated charcoal adsorbent after the adsorption of azo dyes.
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confirms the ability of prepared P. juliflora adsorbent to 
receive the pollutants from the aqueous solutions during 
the adsorption process.

3.4. TGA, DTG and differential thermal analysis

The analysis of TG and DT of prepared P. juliflora char-
coal adsorbent is represented in Fig. 6a and b for raw and 
charcoal-based P. juliflora root adsorbent under various tem-
peratures. The presence of organic functional groups was 
observed on the surface of the adsorbent. By varying the 
heat up to 900°C at 10°C·min–1 rates of heating, the P. juliflora 
root charcoal was exposed for the analysis. Three stages of 
adsorbent decomposition were identified from the plot, rep-
resenting the material’s heat absorbance. The loss in weight 
was observed up to 600°C due to dehydration of the adsor-
bent material, and beyond that temperature, a constant rate 
was attained [32]. The maximum peak observed at the tem-
perature of 400°C may represent the endothermic nature 
of P. juliflora root charcoal [47]. The presence of functional 
groups in the charcoal adsorbent was identified when the 

process reached the saturation level at 900°C. Based on the 
above observations, the prepared P. juliflora root-activated 
carbon has very high stability in temperature.

3.5. BET surface area analysis

The process of adsorption and desorption in BET sur-
face area analysis is shown in Fig. 7, and its characteristics 
are good in contact with the process. Referring to Fig. 7, the 
curves show the isotherm follow up under type II, repre-
senting that P. juliflora root activated charcoal contains both 
micro and mesopores [48]. Due to the multilayer adsorption 
process, the first part in the isotherm part represents the 
micropores, and the second part represents the mesopores 
by relative pressure [49]. The P. juliflora activated charcoal 
root has a surface area of 57.747 m2·g–1, smaller than aver-
age carbons, with a pore volume of about 0.094 cm3·g–1 and 
pore radius of 14.881 Å. The characteristics of raw and char-
coal P. juliflora adsorbent is given in the Table 1 and com-
pared to raw adsorbent. The activated charcoal P. juliflora 
adsorbent has very high surface area and pore volume.

(a)

(b)

Fig. 5. FTIR spectra of: (a) raw adsorbent and (b) azo dyes adsorbed adsorbent.
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3.6. X-ray diffraction analysis

The X-ray diffraction (XRD) peaks of raw adsorbent 
and activated prosopis charcoal adsorbent is shown in 
Fig. 8a and b, respectively. Compared to the raw adsorbent, 
the charcoal adsorbent has very high intensity and amor-
phous structure. The activated P. juliflora root charcoal are 
in good agreement with the peaks of 160, 240, 280, 311, 395 
and 480 at 2θ matches with 80, 110, 60, 40, 35 and 20 hkl 

planes, respectively. Based on the diffraction points and 
their high pitching, the amorphous nature and intensity of 
the adsorbent material was confirmed [50].

3.7. XPS analysis

The XPS analysis of adsorbent material is shown in 
Fig. 9 under three stages. The natural adsorbent generated 
the peaks at 300 and 550 eV indicating the presence of various 
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Fig. 6. TGA, DTG and DTA plots for (a) raw adsorbent and (b) activated charcoal-based adsorbent.
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Fig. 7. Adsorption–desorption isotherm study of Prosopis juliflora 
root charcoal adsorbent.
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Fig. 8. XRD analysis of: (a) raw and (b) Prosopis juliflora roots activated charcoal.

Table 1
Pore characteristics of raw and activated charcoal Prosopis 
juliflora adsorbent

Parameter Raw 
adsorbent

Activated charcoal 
adsorbent

BET surface area, m2·g–1 41.352 57.747
Pore volume, cm3·g–1 0.072 0.094
Micropore volume, cm3·g–1 0.128 0.189
Mesopore volume, cm3·g–1 0.096 0.082
Micropore area, m2·g–1 413 392
Average pore radius, Å 17.284 14.881
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functional groups. Then the activated biochar adsorbent 
before taking the azo dyes was shown in the second line. It 
indicates the various functional elements at the band energy 
of 550 eV due to the high amount of carbon. After the azo 
dye uptake by the adsorbent material, many peaks were 
observed. The targeted azo dyes of RO-16 at 320 eV, RR-120 at 
980 eV and RB-19 1,300 eV band levels were observed. Also, 
a huge amount of carbon and its presence were obtained at 
the peak of 550 eV. Based on the XPS studies and the peak 
values, the adsorbent material has a very good ability to 
receive the pollutants from the aqueous medium.

3.8. Influence of pH in dye removal

The power of hydrogen (pH) of the synthetic solu-
tion has been adjusted from 2 to 7, and its influence on the 
adsorption of azo dyes was examined in this batch adsorp-
tion study. When the azo dye-containing solution’s pH was 
increased gradually, it was seen that a stable decrease in 
the percentage of dye adsorption in Fig. 10. The presence 
of positively charged adsorbents on the surface reduces the 
interface between azo dyes and the P. juliflora roots [51]. 
The adsorbent surface developed in a low positive charge 
during the pH of the solution is very low and simulated the 
faster removal of azo dyes [46]. The maximum amount of 
dye removal was obtained at the pH of 2.0, and a gradual 
decrement in the amount of adsorption was noticed when 
the pH of the solution was increased. Due to the hydrox-
ide’s precipitation and its attribution, a decrease in dye 
removal was noticed at higher pH levels [52]. The P. juliflora 
root activated carbon adsorbs 99.6% of Reactive Orange 
16, 94.43% of Reactive Red 120, and 82.26% of Reactive 
Blue -19 dyes at the optimum pH of 2.

3.9. Influence of adsorbent dose in dye removal

The adsorbent dose level plays a vital role in removing 
pollutants from the aqueous medium. The dose level for the 
dye removal was adjusted from 0.5 to 2.5 g·L–1 with 0.5 g·L–1 
of intervals, and the impact of dye adsorption was analyzed 
(Fig. 11). While increasing the adsorbent dose level, the 

availability of active sites gets increases, and the efficiency 
of azo dye removal also increases due to increases in active 
sites [29]. The maximum amount of dye removal, that is, 
RO – 93.45%, RR – 78.7%, and RB – 60.2%, was obtained at 
the optimum adsorbent dose level of 2 g·L–1 and a gradual 
decrement of the amount of adsorbent was noticed when 
the amount of adsorbent level goes above 2 g·L–1 due to 
the decrease in concentration gradient. This is because of 
free surface availability at the time of dye removal by the 
adsorbent [53].

3.10. Influence of contact time in dye adsorption

The influence of the concentration of the azo dyes was 
investigated by varying the contact time between the adsor-
bent and azo dyes from 10 to 120 min and adjusting the 
concentration of dyes from 25 to 150 mg·L–1. The azo dye 
uptake by the adsorbent is rapid during the earlier stages 
because of the availability of the vacant sites in the adsor-
bent. Also, the dyes get saturated levels in the mesopores 
of the adsorbent [54]. Referring to Fig. 12, it was noticed 

Fig. 9. XPS spectra of adsorbent material.
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Fig. 10. Adsorption of RO-16, RR-120 and RB-19 dyes by varying 
the pH using Prosopis juliflora roots activated charcoal.
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Fig. 11. Adsorption of RO-16, RR-120 and RB-19 dyes by varying 
the dose level using Prosopis juliflora roots activated charcoal.
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that after 50 min, there is no change in the amount of dye 
adsorption, and it attains the constant rate due to the repul-
sive force on the adsorbent molecule surfaces, that is, the 
mass transfer between the solid and liquid phases decreases 
with time [55]. Also, the azo dyes need a higher strength 
to travel into the pores on the adsorbent, which reduces 
the amount of adsorption in the final stages.

3.11. Influence of temperature in dye adsorption

The azo dye concentration was taken as 25 mg·L–1 with 
2 g·L–1 of P. juliflora adsorbent; the temperature influence 
was investigated under various conditions (15°C–45°C) in 
the batch adsorption study for 50 min. Referring to Fig. 13, 
initially, the amount of azo dye uptake was rapid up to a 
temperature of 30°C, and sudden decrement was observed 

beyond that optimum temperature. The drop in percent-
age adsorption at 30°C might be attributed to the desorp-
tion rate [54].

3.12. Influence of azo dye concentration in adsorption

The concentration of azo dyes in the solution was 
adjusted from 25 to 150 mg·L–1 in this batch study by fix-
ing the concentration of P. juliflora powder adsorbent as 
2 g·L–1 and other parameters fixed as constant. When the 
concentration of azo dyes is deficient, the availability of 
vacant sites is high, and rapid adsorption takes place at that 
particular time [56]. Furthermore, the concentration of azo 
dyes was gradually increased, and a sharp decrease in the 
amount of adsorption is identified in Fig. 14. The azo dyes 
adsorbed by the adsorbent get saturated in the mesopores 
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Fig. 12. Adsorption of RO-16 (a), RR-120 (b) and RB-19 (c) dyes by varying the contact time using Prosopis juliflora roots activated 
charcoal.
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[57]. The P. juliflora activated charcoal powder adsorbed 
98.36% of RO-16, 89.72% of RR-120, and 82.93% of RB-19 
azo dyes in low primary concentrations. The amount of 
azo dye uptake by the P. juliflora root powder was rapid 
in lower concentrations, indicating the adsorbent has not 
stretched the overload level [58].

3.13. Isotherm studies

3.13.1. Langmuir study

The isotherm plots (Ce/qe vs. Ce) are shown in Fig. 15, 
which indicates the linearity, and the constants of the 
Langmuir isotherm model (k, qmax) were attained from the 
plots. The coefficient of regression was calculated at 30°C 
represented in Table 2. For 25 mg·L–1 of azo dye concentra-
tion, separation parameters were 0.0033 for RO-16, 0.0160 
for RR-120, and 0.0295 for RB-19 azo dyes. The values are 
0 to 1, which indicates the excellent adsorption process  
[59].

3.13.2. Freundlich isotherm study

Freundlich isotherm constants (kf and n) was calculated 
from the linear plots (lnqe vs. lnCe) at 30°C (Fig. 16), and val-
ues are represented in Table 2. The calculated n values of 
3.420 for RO-16, 2.779 for RR-120, and 2.384 for RB-19 dyes 
between 1 to 10 indicate the physical adsorption of azo dyes 
and the adsorbent. Both Langmuir and Freundlich isotherm 
were analyzed using the same set of experimental data. 
Based on the regression values (R2) obtained from the plots, 
Langmuir and Freundlich isotherm model show strong 
evidence of the adsorption process [60].

10 20 30 40 50 60

70

75

80

85

90

noitprosdA 
%

Temperature

 RO 16
 RR 120
 RB 19

Fig. 13. Adsorption of RO-16, RR-120 and RB-19 dyes by vary-
ing the temperature using Prosopis juliflora roots activated 
charcoal.

Fig. 14. Adsorption of RO-16, RR-120 and RB-19 dyes by vary-
ing the concentration of azo dyes using Prosopis juliflora roots 
activated charcoal.
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Fig. 15. Langmuir isotherm plots for azo dye uptake using 
Prosopis juliflora roots activated charcoal.

Table 2
Adsorption isotherm constants for azo dye adsorption using 
Prosopis juliflora root charcoal adsorbent

Model Parameters RO-16 RR-120 RB-19

Langmuir
qmax 9.402 9.929 10.434
KL 0.343 0.174 0.109
R2 0.9721 0.9505 0.9473

Freundlich
kf 2.541 1.832 1.389
n 2.963 2.315 2.026
R2 0.9546 0.9602 0.9912

Redlich–Peterson

KR-P 11.325 6.28557 4.5350
αR-P 0.32684 0.13132 0.0744
βR-P 1.05217 1.14532 1.2139
R2 0.9571 0.9875 0.9868

Sips

KS 12.8689 6.13959 3.7113
βS 1.25346 1.54742 1.6536
aS 0.47347 0.24345 0.1544
R2 0.9182 0.9599 0.9991

Toth

Qmax 27.4598 25.4221 24.0547
bT 0.38393 0.22272 0.1699
nT 0.78414 0.58286 0.4973
R2 0.8287 0.8224 0.829

Fritz–Schlunder

qmFS 0.33127 0.00426 0.0744
KFS 34.3899 157.297 60.9892
NFS 1.05062 0.4444 1.2140
R2 0.9411 0.9614 0.9545
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3.13.3. Redlich–Peterson isotherm

The constants of this model (KR and aR) were obtained 
from the linear plot of this isotherm study by referring to 
Fig. 17, and the values are listed in Table 2. The R-P iso-
therm studies are more accurate than other isotherm stud-
ies because of three unknown parameters [61]. The bR values 
lie between 0 to 1, representing the model’s fitting, either 
Langmuir or Freundlich type. When the value of bR is equal 
to 1, it becomes the Langmuir isotherm fit, and bR equals 0, 
representing the Freundlich isotherm fitting method.

3.13.4. Sips isotherm

The constants of the Sips model Qmax and KS were 
obtained by taking slope and deflection values from the 
kinetic linear plots of this model (Fig. 18). The values of con-
stants and regression standards are represented in Table 2. 
The coefficient of regression (R2) value is more than 0.95, 
which indicates the fitting process of dye adsorption. Based 
on the heterogeneity factor (n) value, the model describes the 
nature of fitting, and the value of n lies between 0 to 1. If 
the n value reaches 1, this equation reduces to the Langmuir 
equation, and it infers the adsorption process in homo-
geneous nature [62].

3.13.5. Toth isotherm

The linear plot for the Toth isotherm model is shown 
in Fig. 19, and its constants values were obtained from the 
slope and deflection values from the plots and listed in 
Table 2. To identify the heterogeneous solid surfaces, the Toth 
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Fig. 16. Freundlich isotherm plots for azo dye uptake using 
Prosopis juliflora roots activated charcoal.
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Fig. 17. R-P isotherm plots for azo dye uptake using Prosopis 
juliflora roots activated charcoal.
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Fig. 18. Sips isotherm plots for azo dye uptake using Prosopis 
juliflora roots activated charcoal.
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Fig. 19. Toth isotherm plots for azo dye uptake using Prosopis 
juliflora roots activated charcoal.
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(a) (a) 

(b) (b) 

(c) (c) 
Fig. 21. Pseudo-first-order and pseudo-second-order kinetic plots for: (a) RO-16, (b) RR-120 and (c) RB-19 – azo dyes adsorption by 
Prosopis juliflora root charcoal.
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isotherm study was used. This model, also called the three-pa-
rameter model, analyzed the interaction effects between 
the surfaces adsorbed with the azo dyes [63]. Referring to 
the linear isotherm plots, the regression coefficient values 
were shallow (R2 < 1), which indicates the non-suitability of 
the adsorption process. The Toth isotherm plots were used 
to connect the equilibrium data if the Langmuir isotherm 
was not fitted properly with the adsorption process [64].

3.13.6. Fritz–Schlunder isotherm

This type of isotherm is usually called a four-param-
eter isotherm model to analyze the adsorption variation 
with pressure and temperature [65]. Fig. 20 shows the 
linear plots of this isotherm study, and the constants of 
the Fritz–Schlunder isotherm are represented in Table 2. 
The correlation coefficient (R2) values were obtained from 
the linear plots, which are lower than the other isotherm 

studies, indicating the non-applicability of the adsorption 
process [23]. Based on the above discussions, the follow-
ing isotherm models, Langmuir, Freundlich, R-P and Sips, 
were fitted well with the adsorption process, confirming the 
dye uptake by P. juliflora root charcoal indicates is homoge-
neous and monolayer adsorption. The other isotherm studies 
such as Toth, Fritz–Schlunder were more or less fitted very 
well with any one of the azo dye adsorptions by P. juliflora 
root charcoal adsorbent.

3.14. Kinetic studies

3.14.1. Pseudo-first-order kinetic study

This kinetic study may describe the kinetics of adsorp-
tion. The pseudo-first-order kinetic plots ((qe – q) and (t)) 
are shown in Fig. 21 for RO-16, RR-120 and RB-19 azo dyes, 
respectively. Adjusting the concentrations of dye solutions 
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Fig. 22. Impact of temperature in: (a) RO-16, (b) RR-120 and (c) RB-19 dye adsorption using activated Prosopis juliflora roots 
activated charcoal.
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from 25 to 150 mg·L–1, the kinetic constant (k) and regres-
sion values (R2) were obtained using the first-order kinetic 
plots and represented in Table 3. Referring to Table 3, the 
calculated R2 values are low. It indicates the non-applica-
bility of this kinetic study, which concludes that the process 
of adsorption has not attained the equilibrium level [66].

3.14.2. Pseudo-second-order kinetic study

The concentrations of the azo dyes in the synthetic 
solution have been adjusted from 25 to 150 mg·L–1, and 
the pseudo-second-order plots (t/q vs. t) were plotted and 
shown in Fig. 21. The second-order kinetic constants were 
obtained based on the slope and intercept of linear plots and 

represented in Table 4. The values obtained from the exper-
imental (qe) investigations are nearly similar to the calcu-
lated (qe) values, and the regression values R2 are more than 
0.95, which indicates the applicability of this kinetic model 
and the process of adsorption has reached the conditions 
of equilibrium [67].

3.15. Thermodynamic studies of adsorption process

The temperature was adjusted from 15°C to 45°C, exper-
imental investigations were done, and the impact of azo 
dye uptake by P. juliflora root powder was analyzed under 
different conditions, as shown in Fig. 22. Temperature is 
an essential parameter for adsorption studies that affect 
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Fig. 23. Thermodynamic plots for: (a) RO-16, (b) RR-120 and (c) RB-19 dye adsorption using Prosopis juliflora roots activated charcoal.
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the adsorption process. Referring to the temperature study 
plots (Fig. 22), the maximum amount of azo dye removal 
was attained at 20°C. When the temperature was increased 
gradually up to 60°C, the sudden decrement of azo dye 
uptake by the P. juliflora root powder was noticed. Because 

of the exothermic nature of the adsorption process, due to 
the decreases in the size of the adsorbent surface, the dyes 
received by the P. juliflora root powder were reduced [68]. 
Fig. 23 shows the adsorption process’s thermodynamic plots 
(logKc vs. 1/T) in various azo dye concentrations from 25 to 

Table 3
Pseudo-first-order kinetic constants for azo dyes uptake by the adsorbent

Type of azo dye Azo dye solution’s 
concentration in mg·L–1

Pseudo-first-order constants Regression 
values (R2)K (min–1) Calculated qe (mg·g–1)

RO-16

25 0.0668 11.492 0.918
50 0.0736 28.504 0.921
75 0.0760 46.559 0.927
100 0.0829 83.716 0.946
125 0.0714 84.139 0.936
150 0.0692 84.725 0.927

RR-120

25 0.0678 12.445 0.927
50 0.0714 29.040 0.911
75 0.0737 54.935 0.928
100 0.0875 84.121 0.924
125 0.0921 94.189 0.931
150 0.0985 132.573 0.943

RB-19

25 0.0645 11.561 0.916
50 0.0737 30.794 0.922
75 0.0898 69.343 0.935
100 0.0806 74.989 0.930
125 0.0875 92.336 0.935
150 0.0936 115.88 0.942

Table 4
Pseudo-second-order kinetic constants for azo dyes uptake by Prosopis juliflora roots activated charcoal

Type of azo 
dye

Azo dye solution’s 
concentration in mg·L–1

K (10–3) 
g·mg–1·min–1

Calculated 
qe (mg·g–1)

h  
(mg·g–1·min–1)

Expected 
qe (mg·g–1)

Regression 
values (R2)

RO-16

25 8.980 13.988 1.751 12.983 0.997
50 4.722 26.878 3.607 25.126 0.997
75 2.826 41.766 3.986 38.214 0.996
100 1.969 56.552 4.552 50.873 0.995
125 1.353 66.763 4.793 59.129 0.994
150 1.114 72.361 5.216 68.427 0.994

RR-120

25 7.763 13.968 1.522 12.840 0.997
50 3.600 26.513 2.778 24.450 0.997
75 2.870 38.642 3.623 36.892 0.979
100 1.530 51.235 4.617 48.711 0.969
125 0.949 62.458 4.655 59.122 0.994
150 0.782 72.357 4.925 68.458 0.994

RB-19

25 8.186 13.514 1.495 12.631 0.975
50 4.250 25.641 2.466 24.221 0.976
75 2.522 37.307 3.640 35.015 0.964
100 1.478 52.363 4.908 47,234 0.965
125 1.258 66.672 5.392 59.286 0.972
150 1.009 73.314 4.484 67.194 0.964
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150 mg·L–1. Referring to the thermodynamic plots, the slope 
and intercept values (ΔH° and ΔS°) were calculated and 
represented in Table 5. Due to the spontaneous nature of 
the prepared adsorbent material, the values of ΔG° become 
negative with positive ΔH° values, and it confirms the endo-
thermic nature of the adsorption process. The positive val-
ues of ΔS° confirm the uncertainty of the interface between 
solid and liquid and its increases during the adsorption 
process in the aqueous medium [61].

3.16. Desorption studies

The desorption process is directly proportional to the 
spent adsorbent and its ability to desorb the dyes from the 

aqueous medium. The desorption studies using concen-
trated sulfuric acid (0.1–0.4 N) for the recovery of azo dyes 
have been carried out in Table 6. It was identified that the 
maximum amount of azo dye recovery was achieved when 
the sulfuric acid concentration was very high. The recov-
ery of dyes gets increased by increasing the concentration 
of sulfuric acid up to 0.3 N, and after that, it attains a con-
stant rate [69]. No increase in dye recovery was found when 
the concentration of sulfuric acid was increased. Hence, 
the optimum level of dyes recovery using sulfuric acid 
is fixed at 0.3 N, and the spent adsorbent was recovered 
and used for further adsorption studies.

To confirm the method of adsorption using P. juliflora 
powder, the system needs to be benchmarked with the other 

Table 5
Thermodynamic constants for azo dyes uptake using Prosopis juliflora roots activated charcoal

RO-16 concentration 
(initial) in mg·L–1

Enthalpy (ΔH°) 
kJ·mol–1

Entropy (ΔS°) 
J·mol–1

Gibbs energy (ΔG°) kJ·mol–1

15°C 30°C 45°C 60°C

25 73.519 196.024 –13.106 –9.580 –8.362 –7.472
50 41.822 101.345 –9.856 –8.532 –7.649 –6.328
75 24.825 51.552 –7.362 –6.338 –6.037 –5.824
100 17.564 34.824 –6.125 –5.832 –5.015 –4.923
125 14.724 31.283 –5.724 –5.245 –4.992 –4.325
150 12.271 27.834 –4.762 –4.524 –4.327 –4.081

RR-120 concentration 
(initial) in mg·L–1

25 45.434 113.234 –11.298 –9.438 –8.834 –6.683
50 31.298 75.582 –9.462 –7.736 –7.336 –6.026
75 18.362 37.725 –8.642 –6.224 –5.906 –5.124
100 15.182 31.923 –6.766 –5.835 –5.215 –4.853
125 12.837 24.846 –5.833 –5.053 –4.723 –4.257
150 10.699 19.274 –5.032 –4.636 –4.224 –4.003

RB-19 concentration 
(initial) in mg·L–1

25 34.623 80.832 –9.102 –7.792 –7.068 –6.491
50 21.392 42.292 –8.432 –6.923 –6.226 –5.345
75 18.696 37.143 –6.692 –5.724 –5.162 –4.346
100 12.823 26.882 –6.078 –5.026 –4.622 –4.028
125 11.180 22.174 –5.121 –4.224 –4.098 –3.946
150 9.984 19.924 –4.446 –4.012 –3.925 –3.281

Table 6
Desorption of azo dyes from the spent Prosopis juliflora roots activated charcoal

Initial concentration (25 mg·L–1) Recovery of azo 
dyes (%)

Concentration of H2SO4

0.10 N 0.20 N 0.30 N 0.40 N

% Desorption of azo dyes

RO-16 98.25 89.26 93.57 93.82 91.31
RR-120 87.72 80.93 83.25 83.94 81.84
RB-19 81.18 71.73 74.58 75.23 73.83
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azo dye adsorption process or systems. Table 7 represents 
the comparison of adsorption of various dyes and metal ions 
with this adsorption process to evaluate the performance 
of prepared chemically activated P. juliflora root charcoal.

4. Conclusion

A batch adsorption study investigated the removal 
of azo dyes from the aqueous medium using activated 
P. juliflora root powder. The findings of this investigative 
work were concluded as follows:

• A high amount of azo dyes uptake from the prepared 
synthetic solutions was achieved at the pH of 2.0 within 
50 min of contact time, using 2 g·L–1 of P. juliflora root 
powder adsorbent and a dye concentration of 25 mg·L–1.

• The ideal temperature level for the entire batch study 
was found to be 30°C.

• The Langmuir, Freundlich and R-P isotherm studies 
fitted well with the adsorption process.

• Pseudo-first-order and pseudo-second-order kinetic 
studies confirmed the high regression fit with the 
adsorption process.

• The juliflora root powder activated carbon adsorbs 
99.6% of RO-16, 94.43% of RR-120, and 82.26% of RB-19 
azo dyes.

• The maximum recovery of azo dyes was achieved by 
adding 0.3 N of sulphuric acid to the spent adsorbent.
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