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ABSTRACT

Adsorption is found to be a feasible technique for the removal of even trace amounts
2,4-dinitrophenol (2,4-DNP) from aqueous phase using active carbon from rubber wood.
Prior to adsorption studies, surface and physical properties of active carbon were
determined using X-RD, FI-IR, and particle size analyzer. Batch adsorption experiments
were carried out to optimize various conditions, such as solution pH, contact time, initial
solute concentration, and adsorbent dose, for the effective removal of 2,4-DNP from
aqueous phase. The favorable pH range for the adsorption process was found to be
2.0-5.0. The maximum adsorption of 99.9% (24.98 mg/g), 98.2% (49.10mg/g) and 96.9%
(96.89mg/g) of 2,4-DNP onto active carbon was observed at pH 4.0 for different initial
concentrations of 50, 100, and 200mg/L, respectively. Kinetics and isotherm studies
showed that the adsorptive removal process follows pseudo-second-order kinetics and

Langmuir isotherm, respectively.
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1. Introduction

Among the phenolic compounds, nitrophenols are
highly toxic to living organisms and create an oxygen
demand in receiving waters. Most nitrophenols are
resistant to biological treatment process because of the
presence of nitro group in their structure providing
them a strong chemical stability and resistance to
microbial degradation. Nitrophenols and related com-
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pounds are released to the environment from pesticide
and automobile exhaust gas or as a result of the pho-
tochemical reaction of benzene with nitrogen monox-
ide in highly polluted air and hence are found as
contaminants in water, wastewaters and in the atmo-
sphere [1]. In the phenolic family, 2,4-dinitrophenol
(2,4-DNP) is considered to be the most toxic substance
with an LDs; of 30 mg/kg body weight in rats [2] and
is regulated as a priority pollutant by the Clean Water
Act [3] which signifies developing efficient and low-
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cost strategies for the removal of 2,4-DNP from
aqueous solution.

Many methods are reported for the removal of
phenol and its nitro derivatives from water and
wastewaters which include chemical oxidation [4,5],
precipitation [6], solvent extraction [7], and adsorption
[8,9]. Biological as well as chemical treatment of water
and wastewater polluted with nitrophenols, especially
24-DNP, is a difficult process. Many aerobic and
anaerobic experiments have been conducted to check
the possibility of biodegrading 2,4-DNP in aqueous
phase [10-13]. It was observed that 2,4-DNP is
exploited as a source for carbon and nitrogen by large
colonies of bacterial strains [14,15]. Apart from that,
the highly complex process of biodegradation poses
considerable challenge in the optimization and selec-
tion of favorable conditions. In the long run, the
process seemed to be very difficult to implement and
may also create excess sludge that requires disposal.

Adsorption process has proven to be efficient for
the removal of phenolic compounds, and their deriva-
tives from water and wastewaters using a plethora of
adsorbents like Lakhra coal [16], zeolite [17], sludge
[18], chitin [19], fly ash [20] and waste tires [21] and
activated carbons [22]. Among these adsorbents, the
high adsorption capabilities of activated carbons are
attributed to their high surface area, pore volume, and
porosity [23]. Adsorptive removal of 2,4-DNP from
water and wastewaters using surface modified smec-
tite clay [24] and molecular imprinted polymers [25]
were proven to be effective. However, there is a wide
scope of exploring the possibility of expanding the
adsorbent materials based on activated carbon from
saw dust which if accumulated may add harmful
leachates into local water bodies. Further, the adsorp-
tion capacities of saw dust based activated carbon
may vary with the source and such studies are very
meagre in the literature, especially for the removal of
2,4-DNP.

Considering the above aspects, we have set a goal
to provide viable adsorbent material from rubber
wood saw dust for treating phenol embedded waste-
waters, with a focus on 2,4-DNP removal, and to
study the kinetic and equilibrium features involved in
the process. The study involves the preparation of
activated carbon from rubber wood active carbon from
rubber wood (ACRW) and surface characterization of
the adsorbent employing X-RD, FT-IR, and particle
size analyzer. The effectiveness of ACRW as an adsor-
bent for the removal of 2,4-DNP will be studied by
the optimization of various experimental conditions,
such as solution pH, contact time, initial 2,4-DNP con-
centration, and adsorbent dose. The work also envis-
age to evaluate kinetic and equilibrium data using
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dynamic and isotherm models for assessing the order
of adsorption process and adsorption capacity of
carbon in removing 2,4-DNP from aqueous solutions,
respectively.

2. Experimental procedure
2.1. Materials

All reagents were obtained from E. Merck India
Ltd. Distilled water with a specific conductivity less
than 1pmho/cm was used throughout the study.
Stock solutions of the test reagents (1,000 mg/L) were
prepared by dissolving accurate amount of 2,4-DNP in
Millipore water. All the required experimental solu-
tions were prepared by diluting the stock solutions
with Millipore water. ACRW was prepared from the
rubber wood saw dust obtained from a local industry
situated at Kodangavila, Trivandrum, Kerala, India
was used as the adsorbent for the entire adsorption
studies. Initially, the saw dust of rubber wood (25g)
was washed wusing distilled water repeatedly (10
times) to remove dirt and adhered particles and suc-
cessively dried in natural sun light for over 10h con-
tinuously. Then, it was kept in a muffle furnace
maintained at 400°C at a heating rate of 5°C/min. The
charring process completed at around 200°C and the
temperature reached 400°C with in 75 min of time and
was further kept at the same temperature up to 3 h.
Fine droplets of distilled water (2mL/min with an
interval of 5min) was purged in to the muffle furnace
using specially made parallel inlet system (10 inlets in
a row) without affecting the heating rate. The purging
process was meant for increasing the porosity of the
carbon. After the 3h of heating process, the carbon
(ACRW) was taken out (after cooling) and kept in an
airtight polypropylene container and the same was
used for adsorption experiments without any further
process. Yield of the final product was 45.0% of the
original material. The commercial activated carbon
obtained from E. Merck India Ltd was used for
comparative studies.

2.2. Analytical tools

The estimation of 2,4-DNP in supernatant solution
was performed using UV-visible spectrophotometer
(Shimadzu, model 1800). The pH measurements were
made using a pH meter (Cyber pH-14 L) coupled with
a combined electrode. X-ray diffraction patterns of
active carbons (before and after adsorption) were
recorded on powder X-ray diffractometer (Philips
XPERT-PRO) with Cu Ka radiation (1.5406 A)
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employing X’celerator detector and monochromator at
the diffracted beam side at 25°C (scan type: continu-
ous, PSD mode: scanning, PSD length (°26): 2.12, ten-
sion: 40kV and current: 30 mA). FT-IR spectra of the
adsorbents were recorded between 4,000 and 400 cm ™
using the KBr method with a Perkin Elmer Spectrum
65 IR spectrophotometer. The surface area and particle
size distribution were determined wusing CILAS
particle size analyzer, France (model 1180, range:
0.04-2,500 m). Moisture content was also determined.
Tap and bulk density of active carbons were also
determined.

2.3. Adsorption experiments

The experimental solutions of different 2,4-DNP
concentrations were prepared from a stock solution of
1,000 mg/L. Batch adsorption experiments were car-
ried to study the extent of 2,4-DNP adsorption onto
AC under varying conditions. The batch adsorption
experiments were carried out by taking 50mL of
desired concentration of experimental solution
together with 100mg of the adsorbent followed by
constant shaking after adjusting to a particular solu-
tion pH. The pH of the experimental solutions was
adjusted using various concentrations of HCl and
NaOH solutions. After equilibration, the supernatant
liquids were filtered, and 2,4-DNP concentration was
determined using UV-visible spectrophotometer by
the following Eq. (1).

g =1[(Co—Ca)V]/m (1)

where g, the amount of 2,4-DNP adsorbed onto unit
amount of adsorbent (mg/g); Cyp and C,, initial and
equilibrium solution concentration (mg/L), respec-
tively; V, volume of aqueous phase (mL) and m, mass
of the adsorbent (g).

The optimum pH for the adsorption process was
confirmed by the following experiment. The effect of
solution pH on 2,4-DNP adsorption was studied using
their three initial concentrations (50, 100, and 200 mg/L)
with 100mg of ACRW. The pH of each sample was
adjusted between 2.0 and 10.0 using different standard
solutions (0.001, 0.01, 0.1, 0.5, 1.0, and 2.0 M) of HCI and
NaOH. The pH-adjusted solutions were shaken for a
contact time of 1 h at 25°C. The residual solute concentra-
tion of each sample was measured. Kinetic experiments
were performed using different initial concentrations of
2,4-DNP (200, 250, 350, and 500 mg/L). The pH of the
solution was adjusted to constant values. Supernatant
solution was filtered at predetermined time intervals,
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and residual solute concentration was determined using
spectrophotometer. From this, various kinetic parame-
ters can be calculated using kinetic equation.

Adsorption isotherm experiments were performed
using different initial concentrations of 2,4-DNP, rang-
ing from 50 to 1,000mg/L. The pH of the solution
was kept at optimum value. The sample bottles were
shaken continuously for 1h time. Adsorbent loadings
were calculated from the mass balance after initial and
residual concentrations had been determined. The
effect of adsorbent dose was determined by using dif-
ferent doses of ACRW (25, 50, 100, 150, and 200 mg)
for the removal of 2,4-DNP from an aqueous solution
of initial concentration 250 mg/L.

2.4. Column experiments

Continuous column adsorption studies were car-
ried out to determine the effect of flow rate, inflow 2-
DNP concentration, and adsorption capacity of
ACRW. Column studies are important because efflu-
ents from industries are dynamic systems, which are
flowing with respect to the gravitational force. The
studies are intended to determine the adsorption
behavior of 2,4-DNP onto ACRW from the break-
through curves. A specially made cylindrical polyacry-
lic transparent column having desired dimensions
(inner diameter/height=4.0cm/60cm) was used in
the column study. The column was uniformly packed
with dried ACRW, and inlet of the column was sup-
ported by inert wire gauze stacked on an adaptor to
prevent the loss of ACRW. The working solution of
2,4-DNP is taken in a double-walled polyacrylic tank
of capacity 100.0 L. The working volume of the col-
umn was measured as 12.0L/d. The column worked
continuously for 8d at 30°C and flushed out 96.0L of
aqueous solution containing 100mg/L of 2,4-DNP
species.

3. Results and discussion
3.1. Adsorbent characterization

The surface and physical properties of ACRW is
given in Table 1. The XRD pattern of ACRW (before
and after adsorption) is presented in Fig. 1(A) and (B).
The difference in diffraction pattern of ACRW (before
and after adsorption) may be the indication of 2,4-DNP
uptake by the adsorbent material. X-ray diffraction
pattern of the ACRW was characteristic by showing
d-spacing value of 3.33A for 100% peak, which
indicates the transformation of graphitic carbon with a
degree of graphitization of nearly 99.9%. The strong
peak at 20=20.99 also indicates the higher degree of
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Table 1

Surface characteristics of ACRW

No. Parameters

1 Specific surface area (m?/g) 2.15
2 Particle mean diameter (um) 35.35
3 Total acidic sites (meq/g) 3.04
4 C (%) 929
5 H (%) 0.75
6 N (%) 0.32
7 O (%) 5.89
8 Ash content (%) 5.21
9 Moisture content (%) 4.92
10 Pore density (g/mL) 0.97
11 Tap density (g/mL) 2.82
12 Carboxylic acid content (meq/g) 1.62

graphitization. The other XRD peaks at day values of
244, 1.81, 1.54, 1.37, and 1.28 A also confirm the pres-
ence of graphitic phase. But after the adsorption pro-
cess, the number of peaks in the XRD pattern was
decreased and the intensity is found to be slightly
increased in most of the strong peaks. Thus, it clearly
confirmed the feasibility of adsorption of 2,4-DNP onto
ACRW. But the intensity of peaks correspond to 26 =
36.67 and 50.36 of ACRW is considerably reduced after
the process of adsorption. Moreover, the strong peaks
at 20=68.32 and 73.69 are not found in the ACRW
after the adsorption process.

The FT-IR spectrum of ACRW before adsorption
(ACRW-BA) and after adsorption (ACRW-AA) is
shown in Figs. 2 and 3. In the case of ACRW-BA, the
absorption peaks at 3,702 and 3,406 cm™' corresponds
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Fig. 1. X-RD spectra of ACRW (A) before adsorption, (B)
after adsorption.

to exchangeable O-H group stretching vibration. The IR
spectrum shows bands at 2,926 and 2,853 cm ! indicat-
ing the presence of C=C-H stretching vibrations. The
absorption peak at 1,580 cm ™' corresponds to the C=O

Fig. 2. FT-IR spectra of ACRW (before adsorption).
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Fig. 3. FT-IR spectra of ACRW (after adsorption).
(A)
stretching of carbonyl group. The peak at 1,106 cm™' 120
may be due to the alcohol C-O stretching vibration. But
in the case of ACRW-AA, it is very clear from the spec- 100
tra that the band intensity of the carbonyl group has .
diminished and shifted as compared with ACRW-BA. s ¥
Moreover, the number of bands in the finger print § oo |® s0mer
region of ACRW-AA has decreased with respect to ? A 100 mg/L
those in ACRW-BA. In Fig. 3, bands at 3,727 cm ! arises k2 @ 200 mg/L
frorg hydroxyl.stretching vibration. The ban-ds a.t 1,584 < Equilibrium time: 1 h
cm  are assigned to the stretching vibration of Adsorbent dose: 2 g/L
carbonyl group. The peaks at 1,526 and 1,327 cm™' 20T Temperature: 30 °C
indicates the N=O asymmetric and symmetric vibra- . . . . . .
tions, respectively. These bands clearly confirmed the % 2 4 6 8 10 12 14
adsorption of 2,4-DNP onto the surface of ACRW. pH
(B)
3.2. Effect of solution pH 100 ././l—\-—-
The removal of 2,4-DNP from aqueous solution by —h——— s A
adsorption phenomenon is strongly dependent on the T
pH of the solution, which affects the surface charge of /_———0//’/4
the adsorbent and speciation of the adsorbate. The s w“ur
effect pH on the adsorption process was studied over E
a wide range of pH from 2.0 to 10.0. The influence of 2 9f
pH on the adsorption of 24-DNP is shown in s B 200 mg/L
Fig. 4(A). From the figure, it is clear that the adsorp- 2 ws | A 250 mg/L Adsorbent dose: 2 g/L
tive removal of 2,4-DNP favorably occurred over the # 350 mg/L T;mperamrei iOO“C
pH range 2.0-5.0. Above the pH range, minimum ® 500 me/L P o
amount of adsorption is taking place. The maximum i 20 40 60 80

adsorption of 99.9% (24.98 mg/g), 99.9% (49.10mg/g),
and 96.9% (96.89 mg/g) of 2,4-DNP onto ACRW was
observed at pH 4.0 for different initial concentrations
of 50, 100, and 200 mg/L, respectively. The mechanism

Contact time (min)

Fig. 4. Effect of (A) pH and (B) contact time on the adsorp-
tion of 2,4-DNP onto ACRW.
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behind the adsorption process can be explained as fol-
lows. At lower pH values, hydrogen ion concentration
is high and thereby the solid surface gets protonated.
At the same time, phenoxide ion is formed due to ion-
ization in aqueous phase. Therefore, the adsorption of
2,4-DNP onto ACRW at lower pH values taking place
by the interaction of positively charged solid surface
with the ionized form of phenolic group of 2,4-DNP.
The mechanism can be summarized as follows:
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initial concentration increased from 200 to 500 mg/L
at a contact time of 1h. At the same time, the percent-
age of adsorption decreased from 96.9 to 84.6% as the
initial concentration increased from 200 to 500 mg/L.

3.4. Adsorption kinetics

Adsorption kinetics and equilibria are the impor-
tant physicochemical studies for the evaluation of

NO, OH H + O NO,
NO, O,N
C—OH + H =——== ¢ —OH
C—on,’ +0 NO,<=C—0 NO, | H,0
O2N O2N

C indicates the adsorbent surface

3.3. Effect of initial concentration and contact time

Adsorptive removal of 2,4-DNP onto ACRW was
carried out over a wide range of initial concentrations
(200-500mg/L) and at predetermined contact time
varying from 0 to 1h (Fig. 4(B)). From the figure, it is
clear that the amount of adsorption increased with
increase in 2,4-DNP initial concentration; however, the
percentage adsorption is found to be decreased. At
higher initial concentrations, the ratio of the initial
number of moles of 2,4-DNP to the available adsorp-
tion sites is high; hence, the fractional adsorption
becomes dependent on initial concentration. But the
time required for attaining the equilibrium state is
highly independent on initial concentration. The quan-
tity of 2,4-DNP adsorbed onto ACRW increased with
the contact time increase and attained equilibrium at
1h. The amount of 2,4-DNP adsorption onto activated
carbon is increased from 96.89 to 211.50 mg/g as the

basic characteristics of a good adsorbent. Kinetic as
well as equilibrium data were used for assigning the
appropriate models for explaining the nature of
adsorption phenomenon. The amount of 2,4-DNP
adsorbed at different time intervals for different initial
concentrations varying from 200 to 500mg/L is
depicted in Fig. 4(B). From the figure, it is clear that 1
h time was presumed to represent the equilibrium
time for the adsorption of 2,4-DNP onto ACRW at
different initial concentrations. Two adsorption kinetic
models used in this study are pseudo-first-order and
pseudo-second-order equations developed by Lager-
gren [26] and Ho and McKay [27], respectively. The
Lagergren pseudo-first-order is given by the Eq. (2):

kit

2.303 @

log (9e — q1) = log ge —

where k; is the rate constant of pseudo-first-order
adsorption and g. and g; represents the amount of
24-DNP adsorption at equilibrium and at time ¢,
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respectively. The pseudo-second-order is given by the
Eq. 3):

t 1 t
P + Py ®3)
where g. and g; are the amount of 2,4-DNP adsorbed
(mg/g) at equilibrium and at time ¢, respectively. The
product kg2 is the initial sorption rate, represented as
h = kog?. Kinetic parameters of these models were cal-
culated from the slope and intercept of the linear plots
of log (ge—qy) vs. t Fig. 5(A) and t/q, vs. t Fig. 5(B).
The kinetic parameters are given in Table 2 The values
of k; and k, were found to be greater for an initial
concentration of 200 mg/L and decreases gradually as
the initial concentration increases to 500 mg/L for the
adsorption of 2,4-DNP onto ACRW. The values of rate
constant k; increase from 0.0051 to 0.0588 /min, as the
initial concentration increases from 200 to 500 mg/L
for the adsorption of 2,4-DNP onto ACRW. Similarly,
the values of k, were found to decrease from 0.0472 to
0.0154 g/mg min, as the initial concentration increases
from 200 to 500 mg/L. In pseudo-second-order kinetic
model, the values of h increase with increase in initial
concentration. The & values are depicted in Table 2.

To compare the validity of each model, a normal-
ized standard deviation, Ag (%) was calculated using
the following Eq. (4).

— ™) /a7
N-1

Ag (%) =100 x \/ Ll )

where ;" and g% are experimental and calculated
amount of 2,4-DNP adsorbed on ACRW at time ¢ and
N is the number of measurements made. Table 2 pre-
sents the values of Ag (%) and correlation coefficients
(r). The value of Agq (%) for pseudo-second-order
kinetic model is very low compared with that for
pseudo-first-order kinetic model. The values of corre-
lation coefficients for the adsorption of 2,4-DNP onto
ACRW from all the systems were found to be 0.99 for
pseudo-second-order kinetic model and 0.51-0.95 for

Table 2
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1.5
Adsorbent dose: 2 g/LL
1k Temperature: 30°C
® pH 4.0
_ O05F
7
7
= 0
B0
=
05F
A W 200 mg/L
'k a A 250 mg/L
@ 350 mg/L
@ 500 mg/L
-1.5
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Contact time (min)
(B)
0.8
Adsorbent dose: 2 g/LL
Temperature: 30°C
H :4.0
0
— W 200 mg/L
g A 250 mg/L
E) 04 &350 mgL
E “ [ ® 500 mg/L
S
02 |
00 A A A A A A
0 10 20 30 40 50 60 70

Contact time (min)

Fig. 5. (A) Pseudo-first-order, (B) pseudo-second-order
kinetic plots for the adsorption of 2,4-DNP onto ACRW.

pseudo-first-order kinetic model. Based on correlation
coefficients and Ag (%) values, it is evident that the
adsorption of ACRW can be best explained using the
pseudo-second-order kinetic model.

The adsorption mechanism could be controlled
either by reaction kinetics or by diffusion process (film
diffusion or pore diffusion). In the present study, due
to constant agitation, the shear on the particle surface is
high. Therefore, the thickness of the boundary layer
surrounding the particles should be minimal. In order

Kinetic parameters for the adsorption of 2,4-DNP onto ACRW

Pseudo-first-order

Pseudo-second-order

C, (mg/L) ki (min™") ? Ag (%) k, (g/mg min) h (mg/g min) r Ag (%)
200 0.0051 0.507 21.14 0.0588 588.24 0.997 2.92
250 0.0355 0.450 18.23 0.0420 625.00 0.998 2.17
350 0.0403 0.789 13.70 0.0249 714.29 0.996 3.71
500 0.0472 0.954 7.59 0.0154 833.33 0.997 2.46
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Table 3
Film and pore diffusion coefficients for the adsorption of
2,4-DNP onto ACRW

Co (mg/L) t1/2 (s) D¢ (em?/s) Dp (cm?/s)
200 120 1.47 x107° 5.76 x 1077
250 150 596 %1077 5.68 x107°
350 180 391x1077 5.34x107°
500 240 1.45%1077 2.89x107°

to assess the nature of the diffusion process responsible
for the adsorption of 2,4-DNP onto ACRW, attempts
were made to calculate coefficients of the process.
Assuming spherical geometry for the carbons, film dif-
fusion (Dg) and pore diffusion (D) coefficients were
calculated [28] using the following Egs. (5) and (6).

1’05 E

Dy =023 x — x =
e =0.23 x b X . (5)
,,2
D, = 0.03 x — 6)
f1)2

where 1 is the radius of the adsorbent particle (4.8 x
103cm), § is the film thickness (1x10"3cm) [29],
C/C is the equilibrium loading of the adsorbent and
t1,2 is the time required for half adsorption. Accord-
ing to previous report [30] for film diffusion to be
rate limiting, the values of Dy should be in the range
of 107°~107° cm?/s. For pore diffusion to be rate lim-
iting, the value of D, should be in the range of
107"'-107"* cm?/s. The kinetic data (g, vs. t) obtained
for different initial concentrations were used to
calculate diffusion coefficients for the adsorption of
24-DNP onto ACRW. The results are present in
Table 3. It is evident that the rate-limiting step
appears to be film diffusion process since the
coefficient values are in the order of 107°~107" cm?®/s.
The values of both D¢ and D, decreased with
increasing initial concentration of 2,4-DNP. A similar
variation in D¢ and D, with increasing concentration
was also observed for the removal of fluoride on
iron(Ill) / zirconium(IV) hybrid oxide [31].

3.5. Adsorption isotherms

Equilibrium isotherms relate to the amount of
solute adsorbed onto surface of solid to that of the con-
centration of solute in aqueous phase at equilibrium.
The study of isotherms is highly needed to find out the
effectiveness of the adsorbent material for the removal
of solutes from aqueous solutions. Moreover, it is
helpful in designing and optimizing an adsorption
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Fig. 6. Langmuir (A) and Freundlich (B) isotherm plots for
the adsorption of 2,4-DNP onto ACRW.

system for the removal process [32]. Equilibrium stud-
ies were performed for the adsorption of 2,4-DNP onto
ACRW at pH 4.0 for various initial concentrations of
24-DNP ranging from 50 to 1,000mg/L. From the
experimental results, it is obvious that as the initial
concentration increases the amount of adsorption also
increases. The equilibrium data obtained from adsorp-
tion studies were applied to Langmuir [33] and

Freundlich isotherm model [34] and can be

represented by the following Eqgs. (7) and (8).

C. 1  C

% = @ + @ (7)
1

log g. = log K¢ + Elog Ce ®

where g, is the amount of 2,4-DNP adsorbed per unit
weight of active carbon in mg/g, C. is the equilibrium
solution concentration in mg/L. Q° and b are the
Langmuir constants related to the adsorption capacity
(mg/g) and energy of adsorption (L/mg). Kg and 1/n
are Freundlich constants related to adsorption capacity
and energy of adsorption respectively. The isotherm
plots drew using the Eqs. (7) and (8) are depicted in
Fig. 6. From the plots, it is confirmed that the value of
7* for Langmuir isotherm is lower than that of Freund-
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Table 4

K. Anoop Krishnan et al. | Desalination and Water Treatment 54 (2015) 1850-1861

Langmuir and Freundlich isotherm constants for the adsorption of 2,4-DNP onto ACRW

Langmuir isotherm

Q" (mg/g)

b (L/mg) r

Freundlich isotherm

Kg (mg/g) 1/n (L/mg) r*

277.78 0.1186 0.997

83.50 0.2869 0.972

lich isotherm, and therefore, the later one is the best
fit model for explaining the adsorption of methylene
blue onto china clay. The values of Q°% b, Kg and 1/n
are presented in Table 4.

The applicability of the Langmuir isotherm can be
articulated by the equilibrium parameter, Ry, [35] and
can be represented by the following Eq. (9).

1
Ry = (1+bC,) )

where b and C, are same as in the Langmuir isotherm
model and represents the Langmuir constant and ini-
tial concentration of 2,4-DNP solution, respectively. Ry,
values indicate the feasibility of adsorption process.
The favorable adsorption process is indicated by the
values of Ry in the order 0 <Ry <1. From the experi-
mental data, the values of R; were found to be
between 0 and 1 for all initial concentrations of 2,4-
DNP varying from 50 to 1,000mg/L and there by
obeying the Langmuir isotherm model (Table 5).

The best suited isotherm model among Langmuir
and Freundlich isotherms was confirmed from the val-
ues of normalized standard deviation Ag (%), which
was calculated using the Eq. (4). The Ag (%) values are
presented in Table 4 along with correlation coefficients
(r*). The lowest values of Ag (%) for Langmuir iso-
therm model confirms its fitness in explaining the
equilibrium data for the adsorption of 2,4-DNP onto
ACRW. The correlation coefficient values for the
adsorption of 2,4-DNP onto ACRW from all the

Table 5

Ry values for the adsorption of 2,4-DNP onto ACRW
Initial concentration (mg/L) Ry value
50 0.0591
100 0.0304
150 0.0205
200 0.0155
250 0.0124
350 0.0089
500 0.0062
600 0.0052
800 0.0039
1,000 0.0031

experimental set up were found to be 0.99 for
Langmuir model and 0.95-0.98 for Freundlich model.
Based on correlation coefficients and Ag (%) values, it
is evident that the adsorption of 2,4-DNP can be best
described by Langmuir isotherm model. The theoreti-
cally calculated amount of 2,4-DNP adsorbed onto
ACRW using Langmuir and Freundlich isotherm
models for different initial concentrations (50-1,000
mg/L) was compared with the experimental
equilibrium data and shown in Fig. 7(A) and in turn
confirms the fitness of the former isotherm model in
explaining the adsorption of 2,4-DNP onto ACRW.
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Fig. 7. (A) Plots of g. vs. C. on the adsorption of 2,4-DNP
on to ACRW, (B) effect of ACRW dose on the removal of
2,4-DNP from aqueous solution.
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Thermodynamic parameters such as change in free
energy (AG”), enthalpy (AH®), and entropy (AS®) were
also calculated using the following equation.

AG = —RT K, (10)
AS"  AH

where Kj represents equilibrium constant. The values
of Ky were determined from the intercepts obtained by
plotting In g./Ce vs. g. (figure not shown) as sug-
gested by Khan and Singh [36] and extrapolating to
zero (. at various temperatures ranging from 30 to
60°C. The values of K, were found to be 6.49, 8.29,
8.90, and 8.98 for 30, 40, 50, and 60°C, respectively.
The plots of In K, vs. 1/T for 2,4-DNP adsorption onto
ACRW was found to be linear (figure not shown). The
values of AH® and AS° were obtained from the slope
and intercept of the plots and were 8.60 k] mol™' and
44.43]Jmol 'K, respectively. The positive value of
AH’ indicates that the adsorption of 2,4-DNP onto
ACRW is endothermic in nature. The values of AG®
were found to be —4.71, —5.50, —5.87, and —6.08 k]
mol ™' for the adsorption of 24-DNP from aqueous
solution at 30, 40, 50, and 60°C, respectively. The nega-
tive values of AG®° demonstrate the spontaneity of
adsorption process. The value of AG® decreases with
increasing temperature, showing an increase in the
adsorption feasibility at higher temperatures. The
positive value of AS® suggested some structural
changes in adsorbent and adsorbate and also reflects
the affinity of ACRW under consideration towards
2,4-DNP molecules.

3.6. Effect of adsorbent dose

The effect of adsorbent dose on 2,4-DNP adsorp-
tion is shown in Fig. 7(B). From the figure, it is clear
that the percentage removal increased with increasing
adsorbent concentration. This may be attributed to the
greater availability of adsorption sites or surface area
at higher concentrations of the adsorbent. The effect of
adsorbent dose (25-200mg/50mL) for the adsorptive
removal of 2,4-DNP from aqueous solutions of initial
concentrations 250 mg/L has been tested at pH 4.0.
For initial concentration 250 mg/L, a minimum of 150
mg/50mL of ACRW was required for the complete
removal of 2,4-DNP from aqueous solutions.

3.7. Continuous column studies

The experimental solution of 2,4-DNP having initial
concentration 100mg/L was introduced into the
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polyacrylic column (upward flow method) at a fixed
rate of 8.33 mL/min using peristaltic pump from the
polyacrylic tank. Retention time was found to be 1.4 h.
The effluent from the outlet of the column was
analyzed for 2,4-DNP concentration at regular intervals.
The adsorption column was operated for 8d, and
subsequently, a breakthrough curve was determined.
From the breakthrough curve (Fig. 8), the adsorption
capacity of ACRW was found to be 285.41 mg/g, which
is in good agreement with the adsorption capacity
calculated using batch adsorption experiment.

3.8. Desorption and regeneration studies

The regeneration of the spent ACRW for the
successive removal of 2,4-DNP from aqueous phase is
very important for evaluating the feasibility of the
adsorption process in real practices. This can be carried
out by desorbing the adsorbed 2,4-DNP from the spent
ACRW using extracting mediums such as dilute min-
eral acids or bases and also using dilute salt solutions.
Among the mediums used, 0.01 M NaOH was found to
be good enough for desorbing the adsorbed 2,4-DNP
from the spent adsorbent. The ACRW loaded with the
maximum amount of 2,4-DNP were placed into desorb-
ing medium containing 0.01 M NaOH and the amount
of 2,4-DNP desorbed was measured at 4h of contact
time. Table 6 shows the results of the adsorption and
desorption of 2,4-DNP onto ACRW for an initial con-
centration of 100 mg/L. It can be seen that bound 2,4-
DNP is quantitatively desorbed from the ACRW sur-
face to the suspending medium (>95%) in the first
cycle. The second, third, and fourth adsorption cycles
reveal that ACRW can be reused with very small loss

100
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20
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Fig. 8. Breakthrough curve for the adsorption of 2,4-DNP
onto ACRW.
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Table 6
Desorption and regeneration data for 2,4-DNP onto
ACRW?

Adsorption (mg/ Desorption at 0.01 M NaOH

Cycle g) (mg/g)
1 49.10 (98.2) 48.36
2 48.35 (96.7) 47.82
3 47.75 (95.5) 45.28
4 46.10 (92.2) 4421

“Values shown in the parenthesis are in percent.

in efficiency. Approximately, 88.7% of the initial
desorption capacity is obtained in the fourth cycle.

4. Conclusion

We have successfully employed ACRW for the
effective removal of 2,4-DNP using batch adsorption
technique. The adsorption of 2,4-DNP was found to be
strongly dependent on the pH of the solution, initial
2,4-DNP concentration, and contact time. The maxi-
mum adsorption was found to be in the pH range of
2.0-5.0 and maximum value obtained at pH 4.0. We
have put forth a mechanism for 2,4-DNP adsorption at
the solid/liquid interface. For an initial concentration
of 50mg/L at pH 4.0, a maximum of 99.9% (24.98
mg/g) of 2,4-DNP was adsorbed onto ACRW. Kinetic
data follow a pseudo-second-order equation, while
isotherm data follow Langmuir equation. The adsorp-
tion capacity was found to be 277.78 mg/g. Encour-
aged by the results, we are widening our studies to
evaluate the potential of sawdust-based activated car-
bon from different sources for the adsorptive removal
of nitrophenols, and the results will be summarily
published.
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