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a b s t r a c t

In the present study, the batch technique was adopted under a variety of conditions, viz., amount of
adsorbent, contact time, concentration, temperature and pH. By using UV spectrophotometer, concen-
tration of dye was measured before and after adsorption. Dye removal data were fitted into the Langmuir
and Freundlich adsorption isotherm equations. The values of their corresponding constants were deter-
mined. Thermodynamic parameters like free energy (�G), enthalpy (�H) and entropy (�S) of the systems
eywords:
e-oiled mustard
ctivated carbon

were calculated by using Langmuir constant. The estimated values for (�G) were −8.027 × 103 and
−28.46 × 103 kJ mol−1 over activated carbon and activated de-oiled mustard at 303 K (30 ◦C), indicate
toward a spontaneous process. The adsorption process followed pseudo-first-order model. The values
of % removal and kad for dye systems were calculated at different temperatures ranging (303–323 K).
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. Introduction

Dyes have long been used in dyeing, paper and pulp, textiles,
lastics, leather, cosmetics and food industries [1]. Dyes usually
ave complex aromatic molecular structures which make them
ore stable and difficult to biodegrade [2]. Furthermore, many dyes

re toxic to some microorganisms and may cause direct destruction
r inhibition of their catalytic capabilities [3]. There are various con-
entional methods for removing dyes including coagulation and
occulation [4], oxidation or ozonation [5,6] and membrane sep-
ration [7]. However, these methods are not widely used due to
heir high cost and economic disadvantage. Chemical oxidations
re generally not feasible on large scale in industries. In contrast,
n adsorption technique is by far the most versatile and widely
sed. If the adsorption system is designed correctly it will produce
high-quality treated effluent. Most commercial systems currently
se activated carbon as sorbent to remove dyes in wastewater
ecause of its excellent adsorption ability. Apart from the high-
uality product obtained, the processes have proved economically
easible [8]. The most common adsorbent materials are: alumina,
ilica [9], metal hydroxides [10] and activated carbon [11]. Com-

ercially available activated carbon as an adsorbent has yielded

xcellent results. Possessing high specific surface area, activated
arbon frequently exhibits high removal efficiency for most dis-
olved compounds. However, the cost of activated carbon and

∗ Corresponding author. Tel.: +91 075124016766; fax: +91 07512346209.
E-mail address: rajeevjain54@yahoo.co.in (R. Jain).

1 Tel.: +91 07512442766; fax: +91 07512346209.

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.098
t elution by dilute NaOH through the fixed bed of the adsorbents columns
antitative recovery of Naphthol Yellow S can be achieved.

© 2010 Elsevier B.V. All rights reserved.

regeneration problems necessitated the search for other low cost
adsorbents [12–16]. Over the years, waste materials from agricul-
tural products, such as rice straw, coconut husk, peat moss, rice
husk [17] and gram husk [18], etc., have been exploited as possi-
ble alternatives to activated carbon to remove hazardous chemicals
[19]. Gupta et al. [20–22] and Jain et al. [23–26] have also utilized
various adsorbents for the removal of dyes from wastewater. The
aim of the present study is to determine the efficiency of removal
of Naphthol Yellow S using activated carbon (AC) and activated
de-oiled mustard (ADM).

2. Materials and methods

The dye under consideration is Naphthol Yellow S (A)
(C10H4N2Na2O8S; Mol. Wt. 358.20), which is highly water solu-
ble dye of nitro group was obtained from M/s Merck. The stock
solution (0.01 mol dm−3) and all other solutions of Naphthol Yel-
low S were prepared in double-distilled water, and the same
was used for the necessary dilution. All reagents used in the
present work were of analytical grade. The adsorbent de-oiled
mustard was collected from a local oil mill, while activated car-
bon (AC) was purchased from M/s Merck and used as received.

dx.doi.org/10.1016/j.jhazmat.2010.06.098
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rajeevjain54@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2010.06.098
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Measurements of pH of the solutions were carried out on a digi-
al pH meter DB 1011. Usual 2 h open reflux method was applied for
he COD determination and it was found that for the dye solutions
OD values are substantially reduced. COD digestion apparatus
Spectra-Lab-2015 S) was used for determining COD of the solu-
ions. A spectronic 20D+ thermospectronic spectrophotometer was
sed to measure the absorbance at 430 nm.

Scanning electron microscopy was performed using a Philips
CI quanta 400 instrument. The zero point charge of the activated
e-oiled mustard was determined by the potentiometric mass
itrations (PMT) [27]. The physical characteristics of the de-oiled

ustard prepared as adsorbent is 43% proteins, 2.05% oil, 1.22%
llylisothiocyanate (AIT) and 2.75% phytic acid [28].

.1. Adsorbent development

The adsorbent material, activated carbon was used as received.
he other material, de-oiled mustard, was cleaned, thoroughly
ashed with distilled water, and then dried in an oven. There-

fter, it was treated with hydrogen peroxide (30%) at 60 ◦C for
4 h to oxidize the adhering organic impurities and washed repeat-
dly with doubly distilled water. The amount of hydrogen peroxide
.5 mL g−1 of used in the oxidation of the adhering organic matter of
e-oiled mustard. The resulting material was washed with double-
istilled water and filtered and again dried to 100 ◦C for 1 h in the
acuum oven. The material was grounded and sieved to desired
article sizes such as <106, 106–125, 125–180, 180–212, 212–250,
50–300, >300 BSS mesh (British Standard Size). Finally, granules
f activated de-oiled mustard (ADM) thus obtained were stored in
eparate vacuum desiccators until required.

.2. Adsorption studies

Adsorption studies were performed by the batch technique at
0, 40 and 50 ◦C, temperatures. Adsorption isotherms recorded at
fixed pH range (2–9) over the concentration range 1.0 × 10−5

o 9.0 × 10−5 mol dm−3 of Naphthol Yellow S solutions, prepared
y diluting 0.01 mol dm−3 of stock solution in a series of 100 ml
raduated conical flask containing 30 ml of solution of each con-
entration. Adsorption was achieved by adding a known amount of
ach adsorbent of a specific sieve size into the dye solution of known
oncentration and pH, and the conical flask were agitated intermit-
ently. Once the equilibrium was established, supernatant liquid
as filtered off using Whatmann filter paper No. 42 and uptake of

he dye was determined spectrophotometrically.

.3. Sorption kinetics

The initial solution Naphthol Yellow S concentration was
× 10−5 mol dm−3 for all experiments, except for those carried out

o examine the effect of the initial concentration of Naphthol Yel-
ow S. For kinetic studies, the batch technique was used because
f its simplicity. For dye removal kinetic experiments 12 mg of AC
nd 120 mg of ADM were contacted with 30 ml of Naphthol Yellow
solutions in a beaker agitated vigorously by a mechanic stirrer

sing a water bath maintained at constant temperature at 30 ◦C.
he stirring speed was kept constant at 200 rpm for AC and 400 rpm
or ADM. At predetermined intervals of time, solutions were ana-
yzed for the final concentration of Naphthol Yellow S by using a
V–vis spectrophotometer set at wavelength of 430 nm, maximum
bsorbance. The dye uptake Q (mol g−1) was determined as follows:
= (Co − C)V
W

(1)

here Co and C are the initial and final dye concentrations (mol L−1),
espectively, V is the volume of solution (L), and W is the sorbent
eight (g).
aterials 182 (2010) 749–756

Calibration experiments were carried out to exclude the experi-
mental mistake raised from sorption of Naphthol Yellow S on wall of
the glass vessels. All the experiments were carried out in triplicate
and the mean values are presented.

2.4. Batch equilibrium studies

The procedures of equilibrium tests were basically identical to
those of kinetic experiments. The aqueous samples were taken at
preset time intervals, and the concentrations of dye were similarly
measured.

2.5. Desorption studies

Regeneration is the most significant aspect of the adsorption
study. Continuous emphasis was being placed on waste minimiza-
tion, recovery and reuse. Studies were carried out on column. The
column operations was carried by using corning glass column of
30 cm length and 1 cm internal diameter, after packing it with a
known amount, 300 mg AC of 125–180 BSS mesh and 400 mg of
ADM of 106–125 BSS mesh, on a glass wool support. The weighed
adsorbent was made in to slurry with water and kept overnight
and then fed slowly in to column, displacing the heel of water, to
avoid air entrapment. The slurry of the adsorbent was prepared in
water only and kept overnight before feeding. The column was then
loaded with a dye solution of appropriate concentration, which was
allowed to percolate downwards under gravitational force at a flow
rate of 0.5 mL per minute. Then the amount of dye desorbed was
estimated spectrophotometrically at �max 430 nm. After about 90%
of exhaustion column operations were shut down. Thus desorp-
tion studies help in the recycling and regeneration of the spent
adsorbent and the dye.

3. Results and discussion

3.1. Characterization of adsorbent

For morphological characteristics SEM of adsorbent AC and ADM
was carried out. The AC and ADM were analyzed by Scanning elec-
tron microscope (SEM) as shown in Fig. 1. SEM is widely used to
study the morphological features and surface characteristics of the
adsorbent materials. In the present study, SEM photographs of AC
and ADM reveals surface texture and porosity. The surface area
of AC and ADM as calculated by Brunauer–Emmett–Teller (BET)
method is 929.7 ± 2.1 and 326.5 ± 3.4 m2 g−1, respectively. Scan-
ning electron microscopy was performed using a Philips SCI quanta
400 instrument. The zero point charge of the activated de-oiled
mustard was found to be 8.2.

3.2. Adsorption studies

The effect of adsorbent dose on the removal of Naphthol Yellow
S was studied by varying the amount of AC from 0.1 to 0.6 and 1
to 6 g L−1 for ADM. Experiments were carried out at fixed pH 5.4,
concentration 9.0 × 10−5 mol dm−3 and at different temperatures.
It is apparent from Fig. 2(a) for AC and (b) for ADM that, initially
the rate of increase in the percentage of dye removal was found
to be rapid from 0.1 to 0.5 g L−1 which then slowed down as the
dose increased from 0.5 to 0.6 g L−1 for AC, while in case of ADM,
dye removal increased as the dose of adsorbent increases from 1 to
4 g L−1, which then constant as the dose increased from 4 to 6 g L−1.

The initial rise in adsorption with adsorbent dose is probably due
to a stronger driving force and larger surface area. The subsequent
slow rise in the curves is due to adsorption and intra-particle diffu-
sion taking place simultaneously with the dominance of adsorption
with a rise in adsorbent dose, there is a less commensurate increase
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(a) AC and (b) ADM adsorbents.
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Fig. 1. SEM micrographs of

n adsorption resulting from lower adsorptive capacity utilization
f adsorbent [29,30]. Hence all further studies were carried out
sing 0.5 g L−1 for AC and 4 g L−1 for ADM, respectively.

The experimental results of adsorptions at various concentra-
ions (from 1 × 10−5 to 10 × 10−5 mol dm−3) shown in Fig. 3 reveals
hat percent adsorption decreased with increases in initial dye con-
entration, but the actual amount of dye adsorbed per unit mass
f adsorbent increased with increases in dye concentration. This
eans that the adsorption is highly dependent on initial concen-

ration of dye. At lower concentration, the ratio of the initial number
f dye molecules to the available surface area is low. Subsequently,

he fractional adsorption becomes independent of initial concen-
ration. Equilibrium have established at 20 min for AC and 80 min
or ADM for all concentrations. However, at high concentration the
vailable sites of adsorption become fewer and hence the percent-
ge removal of dye is dependent upon initial concentration [31,32].

ig. 2. Effect of amount of adsorbent for the removal of Naphthol Yellow S
9 × 10−5 mol dm−3) by (a) AC-0.5 g L−1 and (b) ADM-4 g L−1 at pH 5.4 and different
emperatures.
Fig. 3. Effect of initial dye concentration for the removal of Naphthol Yellow S by
(a) AC-0.5 g L−1 and (b) ADM-4 g L−1 at 30 ◦C and pH 5.4.

It was observed that the percent removal of dye decreases from
94.41% to 82.60% for AC and 81.4% to 65.8% for ADM. Fig. 3 reveals
that the curves are single, smooth, and continuous, leading to satu-
ration, suggesting the possible monolayer coverage of the dyes on
the adsorbent surface.

The pH of the aqueous solution is an important controlling
parameter in the adsorption process [33]. For AC, it was observed
that the percentage of dye removal was not affected by pH variation
indicating AC is very efficient adsorbent in all media. This indicates
the strong force of interaction between the dye and adsorbent that
either H+ or OH− ions could not influence the adsorption capac-
ity. In other words, the adsorption of Naphthol Yellow S dye on AC
does not involve ion exchange mechanism. Whereas adsorption of
dye onto ADM is influenced by the pH of the solution and zero
point charge of the adsorbent (pHzpc). The zero charge of ADM for
(pHzpc) has been found to occur at pH 8.2. The adsorption of dye
was higher at solution pH < pHpzc. This could be due to more pos-
itive charges at the ADM surface. It was evident that the adsorbent
showed better adsorption capacity in the lower pH [34]. This may be
due to the higher adsorption of the dye anion by positively charged
surface of the adsorbent. It was observed from the experiment that
the maximum uptake of dye takes place at pH 2.5, 99.1% colour

removal in case of AC and for ADM at pH 2.5, 77.4% (Fig. 4) colour
removal. The pKa of hydroxyl group is found to be 15 and that of
sulfonate group is reported to be 3.0 which is in good agreement
with lower pH where best adsorption is obtained.
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ig. 4. Effect of pH for the removal of Naphthol Yellow S (9 × 10−5 mol dm−3) by (a)
C-0.5 g L−1 and (b) ADM-4 g L−1 at 30 ◦C.

For process in which adsorption on the exterior surface of the
dsorbent or transport through an external surface flow is the rate
imiting reaction, the rate is expected to vary as the reciprocal of the
urface diameter of the adsorbent particle for a given total weight
f adsorbent. Sorption studies were performed at different particle
izes, i.e. <106, 106–125, 125–180, 180–212, 212–250, 250–300,
300 BSS mesh were taken at a fixed dose 0.5 g L−1 for AC and 4 g L−1

or ADM and pH 5.4. Maximum adsorption that could be achieved
or AC was 90% and for ADM 67% at <106 BSS mesh size (Fig. 5).
igh rate of adsorption is due to the availability of more specific

urface area on the adsorbent as adsorption process is dependent
n the surface morphology. For larger particles, the diffusion resis-
ance to mass transport is higher and most of the internal surface
f the particle may not be utilized for adsorption and consequently,
he amount of dye adsorbed is small [35]. Whereas the breaking of
arge particle tends to open tiny cracks and channels on the particle
urface, providing added surface area (for small particles) removes
ore dye in the initial stages of the adsorption process than the

arge particles. Thus the increase in the rate of the Naphthol Yel-
ow S adsorption by both adsorbents is interpreted in terms of the
urface area [36].

The adsorption of the Naphthol Yellow S at the affixed concen-
ration on AC and ADM was studied as a function of the retention
ime in order to determine the equilibrium time. The adsorption

f Naphthol Yellow S dye was very fast initially for both the adsor-
ents and thereafter the rate leveled off gradually and then attained
more or less constant value (equilibrium) beyond which there was
o significant increase in colour removal (Fig. 6). The time required

ig. 5. Effect of particle size for the removal of Naphthol Yellow S by (a) AC-0.5 g L−1

nd (b) ADM-4 g L−1 at 30 ◦C and pH 5.4.
Fig. 6. Effect of agitation speed on the sorption kinetics of Naphthol Yellow S by (a)
AC-0.5 g L−1 and (b) ADM-4 g L−1 at 30 ◦C and pH 5.4.

to attain equilibrium was 20 min for AC and 80 min for ADM.
This is due to, for a particular experiment, the rate of adsorption
decreased with time, it gradually approached a maximum adsorp-
tion and owing to continuous decrease in the concentration driving
force and it also indicate that the adsorbent is saturated at this
level [37].

Taking into account that the sorption kinetics is influenced by
mass transfer parameters, such as agitation speed, five agitation
speeds were selected from 50 to 200 rpm for AC and 100 to 500 rpm
for ADM to study their effects on the sorption of Naphthol Yellow
S (Fig. 6). Increase in the speed of agitation enhances the rate of
adsorption. The amount of dye sorption increases with the increase
of the agitation speed from 50 to 250 rpm for AC and 100 to 500 rpm
for ADM. This may be explained that with low agitation speed a
greater contact time would be required for reaching equilibrium.
By increasing the speed of agitation, the randomness increases dur-
ing the adsorption process, resulting in better contact between
the adsorbate and adsorbent in the system and hence enhancing
the rate of adsorption [38]. It was observed that equilibrium was
attained faster at 200 rpm than at 50 rpm for AC and 400 rpm for
ADM. Thus it can be noticed that the sorption rate has a slight
increase with increasing the speed of agitation.

The temperature effect on decolourization rate is significant.
Adsorption studies were carried out at different temperatures, i.e.
30, 40 and 50 ◦C for AC and ADM. The rate of uptake of dye with
AC increased with increase in temperature as shown in Fig. 7(a)
for AC, thereby indicating process to be endothermic in nature.
It is apparent that the maximum adsorption for AC occurred at
50 ◦C and adsorption follows the order 30 ◦C < 40 ◦C < 50 ◦C. For
ADM the percentage removal of Naphthol Yellow S decreases with

rise in temperature from 30 to 50 ◦C as shown in Fig. 7(b) for ADM
indicating the process to be exothermic in nature [39]. This may
be due to the relative escaping tendency of dye molecules from
the solid phase to the bulk phase with increase in temperature
of the solution [40]. It was observed that the maximum adsorp-
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ig. 7. Effect of temperature for the removal of Naphthol Yellow S by (a) AC-0.5 g L−1

nd (b) ADM-4 g L−1 at pH 5.4.

ion for ADM occurred at 30 ◦C and adsorption follows the order
0 ◦C > 40 ◦C > 50 ◦C.

. Adsorption isotherms

The equilibrium adsorption isotherm is fundamental in describ-
ng the interaction behaviour between solutes and adsorbents, and
s important in the design of an adsorption system.

.1. Freundlich isotherm

The adsorption data of activated carbon and activated de-oiled
ustard are best fitted into the linear form of Freundlich equation:

og qe = log kf +
(

1
n

)
log Ce (2)

here qe is the amount adsorbed (mol g−1), Ce is the equilib-
ium concentration of adsorbate (mol L−1). The Freundlich isotherm
escribes equilibrium on a heterogeneous surface where energy
f the adsorption was not equivalent for all adsorption sites, thus

llowing multi-layer adsorption. The value of Kf can be used as an
lternative measure of adsorption capacity, while 1/n determines
he adsorption intensity. The more heterogeneous the surface will
ring the 1/n value closer to zero [41,42]. Values of Kf and n were
alculated from the slope and intercept of the Freundlich plots,

able 1
reundlich constants for the adsorption of Naphthol Yellow S Over AC and ADM at pH 5.4

Temperature Activated carbon

Kf n R2 %

30 ◦C 95.829 2.325 0.8835 0
40 ◦C 27.308 1.9212 0.9856 0
50 ◦C 7.7889 1.6244 0.9973 0

a Average of three replicate measurements.
aterials 182 (2010) 749–756 753

respectively (Table 1). The magnitude of the exponent ‘n’ gives an
indication of the favourability and kf the capacity of the adsor-
bent/adsorbate system. Result from this experiment shows the n
values ranging between 1 and 10, indicating beneficial adsorption.
Linear plot of log qe versus log Ce shows that the adsorption of Naph-
thol Yellow S dye from an aqueous solution on both adsorbents also
follows Freundlich isotherms. Similar observations were reported
for the adsorption of Direct Red 12B dye on biogas residual slurry
[43], and also for the adsorption of methylene blue on adsorbent
materials produced from sewage sludge [44].

4.2. The Langmuir isotherm

Langmuir adsorption isotherm has been successfully applied to
many other real sorption processes [45]. A basic assumption of
Langmuir theory is that sorption takes place at specific homoge-
neous sites within the adsorbent. It is assumed that once a dye
molecule occupies a site, no further adsorption can take place at
that site. Theoretically, therefore, a saturation value is reached
beyond which no further sorption can take place. A linear form of
this expression is:

1
qe

= 1
Q 0

+ 1
bQ 0

Ce (3)

where qe is the amount adsorbed (mol g−1), Ce is the equilibrium
concentration of the adsorbate (mol L−1), Q0 and b are Langmuir
constants related to maximum adsorption capacity and energy of
adsorption relatively. When 1/qe plotted against 1/Ce, a straight
line with slope 1/bQ0 is obtained which shows that the adsorp-
tion of Naphthol Yellow S follows Langmuir isotherm. Langmuir
constants are calculated and values of these constants at different
temperatures are given in Table 2. It must be pointed out that Q0

and b are empirical constants and are really secondary parameters
obtained graphically using Eq. (3). So a definite conclusion regard-
ing the trend cannot be obtained by comparing b and Q0 values
separately. In such cases the better alternative is to compare bQ0

value which shows the same trend as shown in Table 2.
The essential characteristics of the Langmuir isotherm can be

expressed in terms of the dimensionless constant separation factor
for equilibrium parameter, RL [46], defined as follows:

RL = 1
1 + bC0

(4)

where C0 is the initial concentration of dye and b is the Lang-
muir constant. The values of RL indicate the type of isotherm to
be irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfa-
vorable (RL > 1). Values of separation factor for both the adsorbents
are found to be less than unity, confirming thereby the favorable
adsorption process in both cases. The same method has already
been adopted [47] to confirm the favourability of a Langmuir type
of adsorption.
4.3. Thermodynamic parameters

The thermodynamic parameters for the adsorption of Naphthol
Yellow S by both adsorbents such as the enthalpy change (�H◦),

and different temperatures.

Activated de-oiled mustard

RSDa Kf n R2 %RSDa

.65 1.7466 1.0353 0.955 0.94

.82 1.2835 0.9823 0.9287 1.02

.91 2.7790 1.008 0.9116 1.11
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Table 2
Langmuir constants for the adsorption of Naphthol Yellow S over AC and ADM at pH 5.4 and different temperatures.

Temperature Activated carbon Activated de-oiled mustard

b (mol g−1) Q0 (L mol−1) bQ0 R2 % RSDa b (mol g−1) Q0 (L mol−1) bQ0 R2 %RSDa

30 ◦C 24.192 0.0311 0.750 0.8808 0.68 3.130 0.2827 0.88 0.9681 0.89
40 ◦C 32.45 0.0363 1.180 0.9072 0.98 0.985 0.6701 0.66 0.9394 1.02
50 ◦C 10.67 0.1062 1.133 0.900 0.93 2.927 0.1455 0.42 0.856 1.24

a Average of three replicate measurements.

Table 3
Thermodynamic parameters for the uptake of Naphthol Yellow S over AC and ADM at pH 5.4.

Adsorbent �G◦ (kJ mol−1) �H◦ (kJ mol−1) (30 ◦C) �S◦ (J K−1 mol−1) (30 ◦C)

50 ◦C

−8.5 × 103 9.345 × 103 57.33
−3.06 × 103 −91.52 × 103 −292
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30 ◦C 40 ◦C

Activated carbon −8.0 × 103 −8.3 × 103

Activated de-oiled mustard −2.8 × 103 −2.9 × 103

he Gibbs free energy change (�G◦) and the entropy change (�S◦)
an be calculated from the variation of Langmuir constant with
emperature (T) using the following thermodynamic relations [48]
Table 3):

G◦ = −RT ln b (5)

H◦ = −R(T2T1)
(T2 − T1)

ln
(

b2

b1

)
(6)

S◦ = �H◦ − �G◦

T
(7)

here b, b1, b2 are the equilibrium constants at different tem-
eratures and obtained from the slopes of adsorption isotherms
t different concentrations. Negative free energy values for both
he systems indicate the spontaneity of the adsorption process.
t was also seen that �G◦ values decreases with increasing tem-
eratures, which once again reveals higher adsorption at higher
emperatures. The positive value of �H◦ confirms the endother-

ic nature of adsorption of dye over AC, whereas in case of ADM
he increase in temperature affects the solubility and the chemi-
al potential of the adsorbate, the latter being a controlling factor
n adsorption. It has been reported earlier [49] that if the solubil-
ty of the adsorbate increases with an increase in temperature, the
hemical potential decreases and both the effects, i.e. solubility and
ormal temperature, work in same direction, causing a decrease

n adsorption. The amount of dye adsorbed decreased from 6.8
81.4%) to 5.7 (57.2%) mol g−1 for ADM with the rise in temper-
ture of dye solutions from 30 to 50 ◦C. This was confirmed by
he thermodynamic parameters like free energy (�G◦), enthalpy
�H◦) and entropy (�S◦) changes during the removal process. The
egative value of enthalpy change (�H◦) for the processes (ADM)
onfirmed their exothermic nature [50,51] while negative entropy
�S◦) reflects the affinity of ADM towards Naphthol Yellow S
50,52].

.4. Adsorption rate constant

The kinetic study of adsorption processes provides useful data
egarding the efficiency of the adsorption and the feasibility for
cale-up operations. The kinetic data of adsorption can be evaluated
sing different types of mathematical models [53] of which the one
ost widely used is Lagergren’s rate equation. The kinetics of the

dsorption process was analyzed using the first-order rate equation
54]:
og(qe − qt) = log qe − kad

(
t

2.303

)
(8)

here qe and qt signify the amount adsorbed at equilibrium and at
ny time t, respectively. For both the systems, the graphs (Fig. 8(a)
Fig. 8. Lagergren plots for Naphthol Yellow S adsorption over AC and ADM at pH
5.4 and different temperatures.

for AC and (b) for ADM) obtained for log(qe − qt) versus t exhibit
straight lines and confirm the adsorption process to follow first-
order rate kinetics in each case. The kad values evaluated, for
each system, from the respective Lagergren plot are presented in
Table 4.

5. Recovery of hazardous dye Naphthol Yellow S

To assess the practical utility of the adsorbents, bulk adsorption
were done by employing column operations. Adsorption column
chromatography method [55] is adopted. Recovery of the adsorbed
Amaranth and regeneration of column was made by eluting dilute
NaOH solution (Fig. 5). Three different concentration of NaOH,
i.e. 1.0, 0.1 and 0.01 mol dm−3 which was passed at a flow rate
of 5 mL min−1 and fractions collected after every 10 min, which
were analyzed spectrophotometrically. It has been observed from

Fig. 9(a) for AC and (b) for ADM that maximum dye 99% des-
orbed of from AC and about 90% of dye desorbed from ADM with
1.0 mol dm−3 NaOH. After complete recovery of the dye the column
was finally washed with the hot water.
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Table 4
Values of rate constant for the uptake of Naphthol Yellow S over AC and ADM at pH 5.4.

Temperature Activated carbon Activated de-oiled mustard

kad %RSDa kad %RSDa

30 ◦C 135.4 × 10−3 0.85 18.88 × 10−3 0.91
40 ◦C 140.94 × 10−3 0.93
50 ◦C 180.5 × 10−3 1.06

a Average of three replicate measurements.
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r
r
a
t

F

ig. 9. Desorption profile of Naphthol Yellow S of AC and ADM using different
oncentrations of NaOH.

. Chemical oxygen demand (COD)

The chemical oxygen demand test is widely used as an effective
echnique to measure the organic strength of wastewater. Com-
arison of the COD value of the initial dye solution with treated
dsorbed solution indicates that the COD value is substantially

educed from 1860 to 186 mg L−1 and 232 mg L−1 for AC and ADM,
espectively. The ADM seems to be fairly active adsorbent even
t higher initial concentrations. At lower initial concentrations,
he ratio of the initial number of moles available to the adsor-

ig. 10. Effect of initial COD concentration on % COD reduction by AC and ADM.
16.35 × 10−3 1.3
17.04 × 10−3 1.7

bent surface area is low and subsequently the fractional adsorption
becomes independent of initial concentration (Fig. 10). At higher
concentrations, the available sites of adsorption become fewer and
hence the % removal of COD depends upon the initial concentration.
The treated filtrate of AC and ADM with the percent COD removal
efficiency of 90.0% and 87.5% indicates the usefulness of adsorptive
treatment of wastewater.

7. Conclusion

The adsorption isotherm and kinetics of Naphthol Yellow S were
studied. The following results were obtained:

1. The present work is an attempt to develop a versatile, economic
and reliable method for the removal of hazardous dye Naphthol
Yellow S from wastewater. Preliminary batch studies indicate
that ADM can adsorb almost 81.4% to 65.8% for ADM of the Naph-
thol Yellow S from its aqueous solutions in the concentration
range (1.0–9.0) × 10−5 mol dm−3, at 30 ◦C.

2. The adsorption data also confirm the validity of Freundlich and
Langmuir adsorption isotherm.

3. The adsorption capacities were affected by the changes in tem-
perature. The uptake decreased with the increase in temperature
in case of ADM indicating exothermic nature of the process.

4. A pseudo-first-order kinetic model agreed well with the dynam-
ical behaviour for the adsorption of Naphthol Yellow S on AC and
ADM under different temperatures.

5. Desorption studies indicate that by eluting dilute NaOH through
the fixed bed of the adsorbents their columns can be regener-
ated and a quantitative recovery of Naphthol Yellow S can be
achieved. The percentage removal of dye was almost similar in
both cases.

6. In view of all these findings, it may be concluded that the devel-
oped adsorbent is very useful, economic, and reproducible for
the removal of Naphthol Yellow S. Thus it may be safely con-
cluded that de-oiled mustard is quite economic than available
commercially adsorbents for controlling the water pollution by
dyes.
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