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ABSTRACT

The removal of rhodamine 6G dye from aqueous solution using carbon prepared from
cheaply available agro-product, Prosopis spicigera L. wood (PSLW), was investigated. This
work involves studies of physical and chemical properties of adsorbent, batch sorption
experiments, and continuous run in a packed column at laboratory scale. Optimum condi-
tion for rhodamine 6G dye adsorption on PSLW carbon was determined by varying pHs,
adsorbate concentrations, contact time, adsorbent dosage, and temperature. Lower solution
pH favored the adsorption of Rh 6G dye. Adsorption onto the surface, surface mass
transfer, and pore diffusion of dye molecules were the main process involved in the
removal of Rh 6G dye. The adsorption followed Langmuir isotherm and the maximum
adsorption capacity was found to be 8.86 mg/g for an initial concentration of 30 mg/L at
30˚C. Thermodynamic parameters indicated that the adsorption interaction was spontaneous
and exothermic in nature. The column study was explained using Thomas model.

Keywords: Adsorption; Kinetics; Prosopis spicigera L. wood (PSLW) carbon; Rhodamine 6G;
Thomas model

1. Introduction

Dyes are indispensable in the modern sophisti-
cated life to magnify the value of the product [1].
Colored effluents released into water bodies cause a
serious health hazard to human beings and signifi-
cantly affect photosynthetic activity in aquatic life
[2,3]. A small quantity of dye in water is greatly
noticeable and can be lethal to individuals in water.

Rhodamine 6G (Rh 6G) is one such type of highly
water-soluble cationic dyes. It belongs to xanthane
class and is used in biological, analytical, and optical
sciences [4]. It is used in textile, leather, and jute
industries for dyeing cotton, silk, leather, paper, wool,
and bamboo. But it makes toxic effect in the environ-
ment [5] and causes irritation to the skin, eyes, gastro-
intestinal tract, and respiratory tract. Therefore, the
removal of Rh 6G and other coloring dyes from water
is essential. Different treatment technologies such as
adsorption [6], precipitation [7], ion-exchange [8],
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electrochemical oxidation [9], and biological process
[10] are employed to eliminate dyes from colored
waters. Among these popular techniques, adsorption
on activated carbon is quite simple, household, ade-
quate, and classic for the withdrawal of organic con-
taminants from wastewater [11]. Because of its high
making cost, use of activated carbon is discouraging
[12]. At present, therefore, significant attention is paid
to identify low-cost activated carbon from economi-
cally and readily renewable existing materials of dif-
ferent sources [13–17]. They include banana peel [18],
bagasse [19], jute fiber [20], palm-tree cobs [21], rice
husks [22], nut shells [23], etc., as potential adsorbents
for dye containing waters. To make effective
adsorption, researches on new adsorbents are still
under progress.

In this study, PSLW carbon prepared from a dry
land plant material Prosopis spicigera L. wood (PSLW)
used as firewood by the poor people, which is avail-
able all over India especially in the dry lands and
deserts, is investigated for the removal of Rh 6G.
This PSLW carbon is cheap, cost-effective, and widely
available, but its adsorption behavior in particular
toward dyes is not much studied. Hence, in the pres-
ent work, we have chosen Rh 6G as a typical dye
(photo-stable and not easily degraded) and investi-
gate its adsorption on PSLW carbon. With many
active sites and pores, this PSLW carbon is expected
to have efficient adsorption. The results presented
herein not only confirm this point but also display
the interesting and typical adsorption behavior of the
material.

2. Materials and methods

2.1. Materials

PSLW plant material used in the present work was
collected from the dry land area of Tiruchendur in
Thoothukudi district, Tamil Nadu State, India. Acti-
vated carbon was prepared from the collected plant
material using the following procedure, which is
adopted by the common people to produce carbon.
The branches and roots of the tree were cut into pieces
and pilled up on a firing hearth. Before firing, the
heaped wood pieces were enclosed by fresh plantain
pith and the whole mass was covered and plastered
with layers of wet clay. This arrangement prevented
the direct entry of air into wood pieces and hence pro-
hibited burning of wood and of becoming ash. After
48 h of continuous firing and subsequent natural
cooling, the activated carbon was obtained. The
non-carbonaceous materials such as plantain pith and
clay-mud were removed, and then carbon was

isolated, crushed into fine powder, and sieved to
75-μm particles. The specific carbon material was
stored in bottles and used as such for adsorption
study after subjecting it to various physico-chemical
parameters determination.

2.2. Characterization of the adsorbent

The standard procedures [24,25] were adopted to
find the characteristics of activated carbon. BET
method involving Quantasorb Jr surface analyzer
(USA) was applied to determine the surface area and
pore volume of PSLW carbon. Morphological study
was carried out on Hitachi S 450 Japan, Scanning Elec-
tron Microscope (SEM). Potentiometric titration with
acid/alkali was made to determine the zero point
charge [26]. Fourier transform infra red (FT-IR) spec-
troscopy recording with Jasco FT-IR 410 spectropho-
tometer was performed to study the nature of the
surface functional groups. Boehm titration was
employed to identify the surface functional groups
such as carboxyl, lactone, phenol and carbonyl, and
basic and acidic sites [27,28].

2.3. Batch adsorption studies

The stock solution was prepared by dissolving one
gram of dye (Rh 6G) in distilled water (1,000 mg/L)
and suitably diluted to required concentrations of 20,
25, and 30 mg/L. An adsorbent dose of 2 g/L was
kept constant for all the adsorption experiments. A
portable digital pH meter with glass electrode model
LT-120 ELICO was utilized for the measurement of
pH values of the aqueous phase. The initial pH value
was adjusted using 0.1 mol L−1 NaOH and 0.1 mol L−1

HCl solutions. Batch adsorption equilibrium experi-
ments were performed using 0.1 g of PSLW carbon
(particle size 75 μm) in 50 mL of dye (Rh 6G) solution
and agitated in a thermostatic shaker for required
time. After completion of adsorption, the adsorbent
was separated by filtration and the filtrate (dye solu-
tion) was analyzed by measuring absorbance at λmax

of 524 nm with UV–visible spectrophotometer (ELICO
BL 220 Bio double beam). The batch mode of study
was performed to examine the effect of experimental
parameters such as pH (1–10), initial concentrations of
dye (20, 25, and 30 mg/L), contact time (5–120 min),
and temperature (30–45˚C). The amount of dye
adsorbed per unit mass of the adsorbent (q) was
calculated using Eq. (1):

q ¼ Ci�Cf

� �
V

� �
=W (1)
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where q stands for the amount of dye adsorbed (mg/g),
Ci , and Cf are the initial and free concentrations of dye
(mg/L), V is the volume of dye solution (mL), and W is
the weight of the adsorbent (g). The percent of
adsorption of dye (X) was calculated using Eq. (2):

Xð Þ ¼ Ci�Cf

� �
=Ci

� �� 100 (2)

2.4. Column study

In column study, 5 g of PSLW carbon (particle size
75 μm) was first washed with distilled water to
remove carbon fines and then packed evenly in a glass
column (1.5 cm diameter and 65 cm height) by tapping
to reduce air voids in the carbon bed for a bed height
of 7.5 cm. Synthetic (Rh 6G) dye solution of concentra-
tion 25 mg/L of 2.5 L was drawn into the column at a
rate of 1 mL/min from a separatory funnel fixed at a
height of 1 m. The column was operated continuously
with dye solution, and the height was maintained con-
stant throughout the operation to maintain the flow
accurately. Effluents were collected at regular intervals
of time and analyzed. The column flow was termi-
nated when the ratio of the effluent to influent dye
(Rh 6G) concentration reached a value of 0.8. After
column exhaustion, the adsorbed Rh 6G was eluted
with 500 mL of ethanol.

3. Results and discussion

3.1. Characterization of the adsorbent

The physico-chemical characteristics of PSLW are
given in Table 1. From the BET method, the surface
area and pore volume of PSLW carbon are found to

be 120.91 m2/g and 0.97 cm3, respectively. The pHpzc

value of PSLW carbon is 6.98. The scanning electron
micrograph of PSLW carbon (Fig. 1(a)) shows fibrous
surface morphology with a fully developed porous
structure. Cavities and irregular pores are traced on
the external surface of the activated carbon. The FT-IR
spectrum of free PSLW carbon (Fig. 2(a)) shows a
broad band at 3,317 cm−1 attributable to –OH stretch
from carboxylic groups (–COOH and –OH) [28], while
the weak band at 1,637 cm−1 may be related to –C=O
stretch from carboxylic group, and the peak at about
1,400 cm−1 may be due to stretching vibration of lac-
tone =C–O, –CH=, and –CH2 groups [29]. Boehm titra-
tion (acid/base neutralization experiments) gives the
quantitative estimation of surface functional groups
such as carboxyl, lactones, phenols, acidic, and basic
sites and their values are 3.44, 0.145, 0.915, 3.5, and
14.5 meq/g, respectively. The PSLW carbon has more
basic sites than acidic sites. This type of carbon mate-
rial has been reported in the literature [30].

3.2. Effect of pH

pH is one of the significant parameters which
influences the adsorption process. Fig. 3 shows the
effect of pH in the range of 1.0–10.0. From the figure,
it is noted that the maximum adsorption (i.e. 88%) of
Rh 6G dye is achieved at pH 4.0. It was believed that
at lower pH, more adsorption of dye is due to strong
electrostatic force of attraction between the basic sites
of PSLW carbon and cationic dye [31,32]. But electro-
static interaction is minimum, contradictory to the
expectation that at pH lower than pHpzc, the dye
adsorption is found to be maximum at pH 4.0. The
quiet unexpected observation is explicable as follows.
Although PSLW carbon has more basic sites, their
contribution through electrostatic interaction is mini-
mum. This conclusion is emerged from the observa-
tion of desorption study. With ethanol, maximum dye
desorption (60.5%) and with sodium hydroxide mini-
mum dye desorption (32.45%) have been observed.
The lowest desorption efficiency of sodium hydroxide
clearly suggests the less importance of electrostatic
interaction in dye adsorption. Therefore, other types
of interaction particularly hydrogen bonding of –NH
and ester group of dye with –OH, –COOH, and lac-
tone groups of PSLW carbon; hydrophobic interaction
between phenyl rings of dye and PSLW carbon phase
etc., also play major role in dye adsorption. This is
evident from the IR spectrum of Rh 6G-loaded PSLW
carbon (Fig. 2(b)). In IR spectrum of Rh 6G-loaded
PSLW carbon, the peak corresponding to hydroxyl
group remains unaffected and the peak intensity at
1,637 cm−1 is decreased. A strong evidence in favor of

Table 1
Characteristics of the adsorbent PSLW carbon (75 μm)

Parameter Value

Bulk density (g/cc) 0.222
Particle density (g/cc) 0.181
Moisture content % (w/w) 12.0
Pore space volume (mL) 5.50
pH 6.50
pHpzc 6.98
Surface area (m2/g) 120.9
Pore volume (cm3) 0.970
Carboxyl group (meq/g) 3.44
Lactones (meq/g) 0.145
Phenolic (meq/g) 0.915
Base (meq/g) 14.5
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hydrogen bonding from dye to carbon occurs in the
observation that the peak at about 1,400 cm−1 due to
lactone groups in free PSLW carbon (Fig. 2(b)) gets
shifted to higher wave number side (~1,450 cm−1). All
these IR changes on dye adsorption show the involve-
ment of surface functional groups’ (electrophilic,
hydrogen bonding, hydrophobic, etc.) interaction with
Rh 6G dye. In addition, a new peak in the region
600–800 cm−1 appears due to the C-Rh 6G stretching
vibration. Further SEM analysis after adsorption
(Fig. 1(b)) shows the presence of spherical particles on
the surface of Rh 6G-loaded PSLW carbon and this
indicates the adsorption of dye molecules on the
surface of PSLW carbon.

3.3. Effect of contact time, initial dye concentration, and
adsorbent dosage

The adsorption capacity of PSLW carbon for Rh 6G
dye was investigated as a function of contact time at
different initial concentrations of the dye (20, 25,
30 mg/L). From Fig. 4, it is found that the equilibrium
uptake of dye increases with increase in contact time
and the equilibrium is reached at 60 min. After reach-
ing the state of equilibrium, there is no significant
increase in the adsorbed amount. The maximum
adsorption capacity of Rh 6G dye at three different
initial dye concentrations of 20, 25, and 30 mg/L are
found to be 9.75, 10.87, and 11.97 mg/g, respectively.

Adsorbent dosage study (Fig. 5) shows that an
increase in adsorbent dose increases the removal per-
centage of dye. It means that increasing the adsorbent
dose increases the number of adsorption active sites
which in turn increases the removal of higher amount
of dye [33]. According to Fig. 5, the increase in the
adsorbent amount may lead to aggregate the adsorp-
tion sites, resulting in decrease in the total available
surface area of adsorbent; hence, the adsorption
amount decreases at higher adsorbent amount.

(a) (b)

Fig. 1. SEM images of (a) free and (b) Rh 6G-loaded PSLW carbon.

Fig. 2. FT-IR spectra of (a) free and (b) dye Rh 6G-loaded
PSLW carbon.
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Fig. 3. Effect of pH on adsorption of Rh 6G on PSLW
carbon.
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3.4. Effect of temperature

Temperature plays an important role in determin-
ing the adsorption capacity. The effects of the temper-
ature (30–45˚C) on adsorption are shown in Fig. 6. It
depicts that the adsorption capacity of PSLW carbon
decreases with the increase in temperature [34],
thereby indicating that the adsorption of dye onto
PSLW carbon is an exothermic process.

3.5. Thermodynamic behavior

The thermodynamic parameters determining the
nature of thermodynamic feasibility of the adsorption
process such as standard free energy (ΔG˚), standard

enthalpy (ΔH˚), and standard entropy (ΔSo) are deter-
mined using Eqs. (3)–(5):

DG� ¼ �RT ln K (3)

log K ¼ DS�=2:303RT � DH�=2:303RT (4)

DG� ¼ DH� � TDS� (5)

where R, T, and K represent the universal gas constant
(8.314 J/mo1/K), temperature in Kelvin, and the equi-
librium constant, respectively. The values of thermo-
dynamic parameters (Table 2) provide information for
understanding the nature of adsorption process. The
ΔG˚ values are found to be negative that indicate the
adsorption process is spontaneous in nature. The low
negative value of ΔH˚ denotes that the nature of
adsorption process is exothermic. This is also sup-
ported by the decrease in value of uptake capacity of
the adsorbent with the increase in temperature
(Fig. 6). The positive value of ΔS˚ suggests good affin-
ity of the dye toward adsorbent. Thus, thermodynamic
parameters indicate that the adsorption process is
spontaneous and exothermic in nature [34].

3.6. Isotherm analysis

The adsorption data are analyzed with two well-
known adsorption isotherm models namely Langmuir
[35] and Freundlich [36], which are expressed by Eqs.
(6) and (7), respectively.
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Cf=q ¼ 1=Qobþ Cf=Qo (6)

log q ¼ log Kf þ 1=n log Cf (7)

where q stands for amount of Rh 6G dye adsorbed
(mg/g), Cf is the concentration of the free adsorbate
(mg/L) at equilibrium, Qo is the Langmuir constant
representing the maximum monolayer adsorption
capacity, b is the Langmuir constant related to energy
of adsorption, and Kf and 1/n are Freundlich con-
stants related to adsorption capacity and adsorption
intensity, respectively. The experimental data fit well
to the Langmuir model but not to Freundlich model.
This is evident from the linear plots of Cf/q against Cf

in Langmuir model for the adsorption of Rh 6G dye
on PSLW carbon (Fig. 7) but for Freundlich model the
plots are not linear as per eqn. (7) (figure not shown).
Qo and b can be determined from the slope and inter-
cept of the linear plots in Fig. 7 and are given in
Table 3. All these facts prove that Rh 6G dye is
adsorbed as monolayer coverage on the surface of the
adsorbent. Further the dimensionless separation factor
(RL) is calculated [37] using Eq. (8):

RL ¼ 1=1þ bCo (8)

The observed RL values lie between zero and one
(Table 3), which establish the fact that the adsorption
process is favorable under the studied conditions.

3.7. Adsorption kinetics

Adsorption kinetics provides the knowledge on the
adsorption mechanism of adsorbate onto an adsorbent.
The kinetics of Rh 6G dye adsorption on PSLW carbon
was examined with pseudo-first-order [38,39] and
pseudo-second-order [40,41] models which are repre-
sented by Eqs. (9) and (10), respectively:

log qe � qð Þ ¼ log qe � K1t=2:303ð Þ (9)

t=qt ¼ 1=K2q
2
e þ t=qe (10)

where qe and qt are the amount of dye adsorbed
(mg/g) at equilibrium and at time “t” (min), respec-
tively. K1 (L/min) and K2 (g/mg/min) are the
adsorption rate constants. For the studied initial
concentrations and temperatures, the rate constants
(K1 and K2) and theoretical equilibrium adsorption
capacities, qe(cal), calculated from the slope and
intercept of the linear plots of the pseudo-first-order
and pseudo-second-order kinetic models (Fig. 8), and
the co-efficient of linear correlation (R2) are given in
Table 4.

An analysis of values in Table 4, particularly the
examination of agreement between qe (exp) and qe
(cal), and the closeness of R2 values toward unity at
different initial concentrations and temperatures for
both pseudo-first-order and pseudo-second-order
models clearly reveals that pseudo-second-order

Table 2
Thermodynamic parameters for the adsorption of Rh 6G on PSLW carbon

Temperature (˚C) −ΔG˚ (kJ/mol) −ΔH˚ (kJ/mol) −ΔS˚ (J/mol K)

30 7.06 35.91 0.166
35 15.13
40 16.65
45 16.84

0 1 2 3 4 5 6 7 8 9 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Rh6G
Concentration         1. 20 mg/l
                                2. 25 mg/l
                                3. 30 mg/l 

Adsorbent dose      2 g/l
pH                          4.0

32

1

C
e/q

 (g
/l)

Ce (mg/l)

Fig. 7. Langmuir isotherm for Rh 6G at different concentra-
tions.
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model fits better to the data. Therefore, it is inferable
that the adsorption of Rh 6G dye on PSLW carbon can
be well described by Lagergren second-order kinetics.

3.8. Intra-particle diffusion

Fig. 9 depicts the plots of amount of adsorption vs.
t½. They are parabolic yet linear for some contact
times at the initial stage, and moreover, they do not
pass through origin [42]. The intra-particle diffusion
constant, Ki given by the slope of the linear portion of
the plots is determined and reported in Table 4. This
pattern obviously indicates that the dye molecules
slowly enter into the interior of the PSLW carbon par-
ticles through the pores step on the surface and get
entrapped in the interior.

3.9. Mass transfer study

The external mass transfer was studied using the
mathematical mass transfer model proposed by
McKay et al. [43], which is expressed in Eq. (11):

ln Ct=Co�1=1þmkð Þ ¼ 1þmk=mkð ÞbLSs½ Þ�tþ ðmk=1þmkÞ
(11)

where Co (mg/L) is the initial adsorbate concentration;
Ct is the adsorbate concentration after time t; m (g/L)
is the mass of adsorbent per unit volume of particle
free adsorbate solution; k (L/g) is the Langmuir con-
stant obtained by multiplying adsorption capacity, Qo,

and adsorption energy, b; βL (cm/s) is the mass trans-
fer coefficient; and Ss (cm−1) is the outer surface area
of the adsorbent per unit volume of particle free
slurry. The values of “m” and Ss were calculated using
the relations (12) and (13):

m ¼ W=v (12)

Ss ¼ 6m = 1� ep
� �

dpqp (13)

where W (g) is the weight of absorbent; “v” (L) is the
volume of particle free adsorbate solution; dp is the
particle diameter (cm); ρp (g/cm3) is the density of
adsorbent; and εp is the porosity of adsorbent particle.
The ln[(Ct/Co− 1/1 + mk)] vs. time plots were made.
They exhibit a linear behavior indicating the rapid
transport of dye molecules from bulk to solid phase.
The values of mass transfer coefficients obtained from
the slope and intercept are entered in Table 5. The
mass transfer coefficients decrease with increase in
temperature.

3.10. Column study

Column adsorption process is vital to industrial
process for wastewater treatment. The observed data
fit to the linearized form of the Thomas model [44,45]
and are given in Eq. (14):

log Co=Ce � 1ð Þ ¼ KqoM=Q� KCoV=Q (14)

Table 3
Langmuir constants and equilibrium parameters

Concentration (mg/L) Qo (mg/g) b (L/mg) RL R2

20 8.27 8.608 0.006 0.999
25 7.46 0.796 0.048 0.999
30 8.86 0.639 0.050 0.999
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where Co and Ce are the influent and effluent Rh 6G
concentrations (mg/L), respectively. While K stands
for the Thomas rate constant (mL/min/mg), qo is the
maximum solid phase concentration of solute (mg/g),
M is the mass of the adsorbent (g), and V is the
throughput volume (mL/min). Fig. 10 clearly displays
the breakthrough curve of the adsorption of Rh 6G
dye on PSLW carbon (particle size 75 μm). Concentra-
tions of effluent dye are found to be zero for first 90
bed volumes, 90% of dyes is retained for next 20 bed
volumes, and 80% for another 10 bed volumes. After
120 bed volumes, the retention of Rh 6G dye by the

column gradually declines as the bed volume
increases. The values of K and qo are computed from
the slope and intercept of the linear plot of log
(Co/Ce− 1) vs. V, and they are found as 5.311 × 10−2

(mL/min/mg) and 9.11 (mg/g). When the PSLW
carbon was saturated with Rh 6G dye, the latter was
eluted with 500 mL of ethanol. The desorption study
shows the reusability of the adsorbent, and hence, it is
highly economical. Thus, column analysis using PSLW
carbon can be applied to the industrial process for the
removal of dyes from aqueous solution.

3.11. Desorption study

Desorption experiment was carried out by placing
0.1 g of Rh 6G-loaded PSLW carbon in 50 mL of
ethanol, 0.1 N HCl, chloroform, and 0.1 N NaOH at
30˚C. The percent desorption was 60.5, 46.5, 55.7, and
33.5, respectively, for ethanol, HCl, chloroform, and
NaOH.

Table 4
Comparison of pseudo-first order and pseudo-second order model parameters

Temperature
(˚C)

qe exp
(mg/g)

Pseudo first order Pseudo second order

Intra-particle diffusion constant
Ki (mg/g/min1/2)

K1× 102

(min−1)
qe cal
(mg/g) R2

K2× 102

(g/mg/min)
qe cal
(mg/g) R2

30 9.75 6.22 1.91 0.96 7.8 9.88 0.99 0.0999
35 6.80 1.27 1.50 0.89 4.18 6.77 0.99 0.1727
40 6.92 7.00 2.45 0.97 6.4 7.06 0.99 0.1837
45 6.9 3.70 1.92 0.97 4.8 6.70 0.99 0.1899
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Fig. 9. Plots of intra particle diffusion at different tempera-
tures.

Table 5
Mass transfer coefficients at different temperatures

Temperature (˚C) Mass transfer coefficient (cm/s) × 103

35 1.228
40 1.549
45 1.525
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Fig. 10. Breakthrough curves for adsorption of Rh 6G on
PSLW carbon.
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3.12. Comparison of PSLW carbon with different
adsorbents

The adsorption capacity of the prepared PSLW
activated carbon for Rh6G adsorption is compared
with the previously used adsorbents in the literature
and is given in Table 6. From the table, it is observed
that the PSLW carbon has a comparable adsorption
capacity with other adsorbents.

4. Conclusions

This study investigates the suitability of PSLW car-
bon as a potential adsorbent for the effective removal
of Rh 6G dye from aqueous solution using batch and
column methods. The maximum adsorption of Rh 6G
dye is achieved at pH 4.0. The maximum adsorption
capacity of Rh 6G dye is found to be 9.75, 10.87, and
11.97 mg/g, for initial concentrations of 20, 25, and
30 mg/L, respectively. Equilibrium adsorption data fit
well to the Langmuir isotherm model. From the ther-
modynamic studies, the adsorption of Rh 6G dye on
PSLW carbon is spontaneous, exothermic, and thermo-
dynamically favorable at low temperature. The kinetic
data fit well to the pseudo-second-order rate equations
with multi-step intra-particle diffusion. Column
adsorption data are effectively described by Thomas
model, and the maximum adsorption capacity of
PSLW activated carbon is found to be 9.11 mg/g in
column mode. Thus, the study concludes that the
PSLW carbon seems to be an efficient, cost-effective,
and unconventional adsorbent for the removal of Rh
6G dye from aqueous solutions.
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