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ABSTRACT

In this work, a rotating packed bed (RPB) contactor was applied to adsorb Direct Red 23
dye onto commercially available activated carbon. A RPB is a doughnut shaped contactor,
which rotates on a vertical axis and centrifugal force acts as the driving force for fluid-
particle contact in the contactor. This centrifugal force, which is several times higher than
the gravitational force, aids the adsorption process with enhanced mass transfer coefficient.
The commercially available activated carbon used in this work had moderate BET surface
area of 583 m” g ' and was mainly meso-porous with an average pore size of 22 A. The
adsorption characteristics of the activated carbon were studied in a shake flask and a RPB.
The dye removal in RPB was 93% compared to 55% in a shake flask in 5 h for the same
amount of activated carbon and dye solution. Rotor speed and feed rate were important
parameters for the removal of the dye in a RPB. It was found that rotor speed of 628 rpm
and feed rate of 40 L h™' yielded the best adsorption efficiency.

Keywords: Rotating packed bed; Process intensification; Adsorption; Activated carbon; Direct
Red 23

1. Introduction

often prove inadequate to meet

the discharge

Industries such as textile, cosmetics and paper and
pulp are known for producing large volumes of
coloured effluent, which are difficult to treat due to
the high chemical stability of dyes. Conventional
physicochemical and biological treatment processes

*Corresponding author.

standards of different countries. Some of the treatment
processes like membrane filtration, electrochemical,
photo oxidation and chemicals such as Fenton reagent
or hypochlorite have been used to treat wastewater
containing dye. However, all the processes have their
own demerits associated with cost and sludge disposal
[1-71.
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Direct Red 23 (DR 23) is an azo dye that is com-
monly used to dye cotton fabrics [8]. According to
Shore [9], it is highly toxic and carcinogenic in nature.
Also, DR23 is not easily biodegraded. There are
several studies on degradation of DR23 dye. Song
et al. [10] studied the photo-catalytic degradation of
DR23 in aqueous medium under UV irradiation using
SrTiO;/CeO, composite as the catalyst. Song et al. [11]
also studied the mechanism of decolourisation and
degradation of DR23 by ozonation combined with
sonolysis. Daneshvar et al. [12] experimented with
immobilised TiO, nano-powder on glass beads for the
photo-catalytic decolourisation of DR23. Sobana et al.
[13] studied the optimised photo-catalytic degradation
condition of DR23 using nano-Ag doped TiO,. Sohrabi
and Ghavami [14] studied the effect of parameters for
photo-catalytic degradation of DR23 dye using
UV/TiO,. There are few studies on removal of DR23
specifically by adsorption. Lucilha et al. [15] studied
adsorption of DR23 onto zinc oxide surface while
Konicki et al. [16] conducted experimental investiga-
tion on adsorption onto magnetic multi-walled carbon
nanotubes Fe3C nano-composite. Doulati Ardejani
et al. [17] used orange peel, a low cost adsorbent, to
remove the dye and also carried out numerical
modelling of the process.

Current research is focussed on rapid adsorption
of dye on commercially available activated carbon in a
rotating packed bed (RPB). In this context, a RPB
contactor can be used as an efficient adsorption sys-
tem due to lowering of mass transfer resistance caused
by high relative velocity between the solid and the
flowing liquid. A RPB contactor was first designed by
Ramshaw and Mallinson in the year 1981 to enhance
mass transfer rate between two fluid phases [18,19].
RPB was termed as Higee as the gravitational field
was replaced by the centrifugal force, which was
several times higher in value than the gravitational
force. A RPB contactor found applications in different
process, where mass transfer is crucial, such as
absorption, distillation, stripping, heat transfer, extrac-
tion and nanoparticles preparation [20-23]. Till now,
the RPB has been utilised mostly for solid-gas or
liquid—-gas mass transfer processes [24-26]. It has
hardly been used for adsorption of contaminants from
wastewater. Adsorption of Basic Yellow 2 on activated
carbon in centrifugal adsorption bed by Lin and Liu
[27] showed that centrifugal acceleration had signifi-
cant effect on the adsorption of the dyestuff. A
pseudo-first-order model would provide a reasonable
representation for the mechanism of adsorption of
basic yellow dye on activated carbon. The intraparticle
diffusion model could govern the rate-limiting step at
the initial stages of adsorption. They concluded that
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the centrifugal force would improve the overall mass
transfer rate in the adsorption process, as it was
evident that centrifugal force improved the rate con-
stants, the intraparticle diffusion rate parameters, and
the diffusion coefficients for the adsorption of basic
yellow dye on the activated carbon. Das et al. [28]
studied the mass transfer characteristics of continuous
biosorption of Cu(ll) ions on Catla catla fish scale
under centrifugal acceleration in a RPB contactor.
They reported enhancement in volumetric mass trans-
fer coefficient with increasing rotor speed. Panda et al.
[29] used crude tamarind (Tamarindus indica) fruit shell
to remove hexavalent chromium ions from an aqueous
solution in a RPB contactor by continuously recirculat-
ing a given volume of solution through the bed. In
this study, it was reported that the transport rate of
Cr(VD ions increases with rotational speed due to
reduced external phase mass transfer resistance.
According to the study, the removal rate of Cr(VI) by
TFS is influenced by diffusional resistances and can be
improved by employing high liquid flow rate,
rotational speed and reducing particle size.

The purpose of this study was to investigate the
adsorption of DR23 dye on activated carbon in a RPB.
This study investigated adsorption rates of the dye in
a RPB and compared the results with the shake flask
data for the same amount of activated carbon. Effect
of operational parameters such as activated carbon
loading, rotor speed and feed rate were studied to
understand the influence of these parameters on dye
adsorption.

2. Materials and methods
2.1. Adsorbent and adsorbate

Molecular formula for red dye 23 is CzsHas
N;Na,0;0S, with molecular weight of 813.72 g mol . Tt
has maximum absorption wavelength, Am.x = 505 nm.
Structure of DR23 is shown in Fig. 1. The dye was of
reagent grade from Sigma-Aldrich and used without
further purification. The activated carbon used in this
study as adsorbent was obtained from Sigma-Aldrich
and used without any modification. The particle size of
the activated carbon was between 250 micrometer and
500 micrometer.

2.2. Characteristics of activated carbon

The activated carbon was characterised by scan-
ning electron microscopy, Brunauer-Emmett-Teller
(BET) surface are and FTIR spectroscopy as described
by [30].
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Fig. 1. Chemical structure of DR23.

2.3. RPB system

A RPB reactor was a doughnut shaped contactor
that was rotated with the help of a motor as shown in
Fig. 2. The rotor was annular shaped and the activated
carbon was placed in the annular space at various
packing densities. The height of the bed was 1 cm.
The inner and outer radii of the rotor were 2 and
3.2 cm, respectively, having an annular space of
1.2 cm. The inner wall and outer walls were made up
of stainless steel mesh of size 50 mm. Liquid was
injected through a port on the inner wall of the rotor.
As the rotor was rotated at high speed, the liquid was
discharged from the outer wall. The liquid flow path
is indicated in Fig. 2. In this study, the packed bed
was rotated on a vertical axis. The rotor was driven
by a 0.5 hp motor at a speed ranging from 100 to
2,000 rpm, thereby generating 0.3-112 times the
gravitational force on the basis of the arithmetic mean
radius.

OH OH
I 1
NaO-S N™ N
H H
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Fig. 3. Schematic diagramme of the rotating bed and how
the carbon is fixed in the annular place.

2.4. Experimental procedures

DR23 dye was mixed thoroughly with distilled
water to prepare solutions having concentrations of

Liquid inlet

Stationary liguid injector
(Diameter 1.5 jcm, height 7 cm)
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Fig. 2. Diagram of RPB (inset the liquid profile inside the RPB, liquid flow path is marked in blue).
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50 and 100 mgL™'. The samples were marked as
SF 50 and 100, respectively, and used for shake flask
experiments. For each experiment, 200 mL of dye
sample was taken in an Erlenmeyer flask and 2 g acti-
vated carbon was added to the flask and agitated in a
shaker at 150 rpm. For analysis purpose, 4 mL sample
was collected from the shake flask and centrifuged at
2,000 rpm to separate the solids from the liquid. Dye
concentration was determined by the Perkin Elmer
Lambda 35 UV/VIS spectrophotometer at the required
wavelength. Dye solutions of 50 and 100 mg L™ con-
centration were prepared for this work shortly before
the experiment, which were marked as RPB50 and
RPB100, respectively. To study the effect of contact
time, per cent removal of DR23 dye was observed for
24 h. The experimental conditions were: rotor speed
1,140 rpm, feed rate 40 L h! and 10 g of activated car-
bon loading. The ratio of solid to liquid (10 g L™") was
maintained for both shake flask and RPB experiments.
Samples were collected at 10 minutes interval for the
first two hours and then at every one hour interval up
to five fours and then collected at 8th, 12th, 16th, and
24th h from the start. The samples were collected from
the reservoir by pipetting out 4 mL, required for spec-
trophotometric analysis. The sample containing both
liquid and solid fractions was returned to the reservoir
as soon as the measurement was over. In case of RPB,
there was no need for any separation of liquid from
the suspension, as all the solids remained inside the
rotor. The amount of adsorbed DR23 at time t,
q: (mg g~ ") was calculated by the following equation:

g = M 1)
m

where Cy (mg L") is the initial dye concentration, C,
(mg L") is the dye concentration at any time, f, V (L)
is the volume of solution and m (g) is the mass of the
adsorbent.

The data obtained was then analysed with
linearised form of pseudo-first-order kinetics and

pseudo-second-order kinetics as represented by
Egs. (2) and (3) [30].

In(ge — qt) = In qe — kqt 2)

where k; is the Lagergren rate constant of adsorption
(min ). The values of ge and k; were determined from
the plot of In (g. — g,) against ¢.

t 11 ¢t

t_1r.tr 3
g kagd  ge ®
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where k, is the pseudo-second-order rate constant
of adsorption (gmg 'min~'). The values of the
pseudo-second-order rate constants g. and k, were
calculated from the slopes and intercepts of straight
portion of the linear plots obtained by plotting
t/q; vs. t.

The ge, exp Was calculated from the experimental
value at the 24 h and the g, .o Was obtained from the
plots as mentioned above for Egs. (2) and (3).

In order to check the mechanism of the
adsorption process, the intra-particle diffusion model
suggested by Webber and Morris (1962) was exam-
ined. The initial rate of intra-particle diffusion was
obtained by linear form of the Webber and Morris
equation [31]:

gt = kit®? 4)

3. Result and discussion
3.1. Characterisation of the activated carbon

The SEM image in Fig. 4 shows that the surface
morphology of the activated carbon is quite rough
and porous. Nitrogen adsorption/desorption iso-
therms determined the specific surface area from the
BET equation. The BET surface area was found to be
583 m” g '. The nitrogen adsorption/desorption plot
shown in Fig. 5 suggests that the activated carbon can
be characterised as mesoporsous (monolayer adsorp-
tion only) with relatively small external surface area.
The average pore diameter of the activated carbon
was 22 A.

S
R N S
EHT=1.00kV Signal A= SE2

i B
Mag=2.00 KX 2um WD=4.5

Auriga-39-22 FIB Lock Mags = No

Fig. 4. SEM image of the activated carbon.
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Fig. 5. Nitrogen adsorption/desorption plot for the

activated carbon.

FTIR data shown in Fig. 6 indicate that the inten-
sity of the peak between 3,500 and 3,200 cm™!, which
is attributed to O-H stretching of alcohol group or
phenol group present in the activated carbon. Intensity
of the band of 3,000-2,850 cm™" corresponding to C-H
stretch of alkanes is very low, which suggests that
these groups are not present in the activated carbon.
The complex peaks around 1,580-1,650 cm™" could be
attributed to N-H bend of primary amines and C-C
stretch of aromatic ring. The C-O stretch for alcohol
group, carboxylic acid group and ester group corre-
sponding to the bands 1,300-1,000 cm™' are also
present in the activated carbon.

3.2. Comparative study of dye removal with contact time in

shake flask and in RPB

The effect of contact time on adsorption of dye
keeping the same effluent to adsorbent ratio was stud-
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Fig. 7. Comparison dye removal in RPB and Shake flask.

ied for both RPB and shake flask to understand the
effect of the centrifugal force on the adsorption of
DR23. The data obtained is shown in Fig. 7. It can be
observed clearly that removal percentage in RPB is
much higher than that in the shake flask experiment.
In five hours, per cent removal of dye reached 93% for
50 mg L' initial concentration in RPB, while 77% of
the dye was removed from 100 mgL™" solution in
RPB. A removal of 55% for initial concentration
50mg L™ and 46% for initial concentration of
100 mg L™" was observed for shake flask study, which
were considerably lower than that for RPB in 5 h. The
reason for higher removal in the RPB contactor is
mainly attributed to lowering of mass transfer resis-
tance caused by the centrifugal force generated due to
high rotational speed of the bed [28,29]. This relative
centrifugal force (RCF) can be several times higher
than the gravitational force depending upon the
rotating speed according to Eq. (5) [32]:

100
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Fig. 6. FT-IR image of the activated carbon.
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Fig. 8. (A) Pseudo-first-order kinetic model, (B) pseudo-second-order kinetic model and (C) intra-particle diffusion model
for adsorption of DR23 on AC in RPB.

3.3. Kinetic studies for the adsorption of the dye

0 \?
RCF = 11.18 x r x (1 000 ©) A linearised form of pseudo-first-order kinetic
’ equation, popularly known as the Lagergren equation,
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Table 1
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Pseudo-first-order, pseudo-second-order and intra-particle diffusion values

Pseudo-first-order

Pseudo-second-order  Intra-particle

kinetic model kinetic model diffusion
Initial concentration g, exp
Experiments (mg L™ (mg/g) Je, cal kq R? e, cal k> R? Kipa R?
Rotating packed bed 50 10.12 10.1 0.012 09617 11.59 0.008 0.9431 0.604 0.9903
100 14.73 16.63 0.008 0.9412 2494 0.003 0.4866 0.896 0.9435
Shake flask 50 5.47 5.34 0.010 0.9738 6.32 0.027 0.9125 0.324 0.9878
100 8.45 8.97 0.009 09728 11.17 0.011 0.757 0.517 0.9749

as well as a linearised form of pseudo-second-order
kinetic equations was used to validate the data
obtained in the kinetic studies. The results obtained
after regression analysis of the data collected for the
pseudo-first-order and pseudo-second-order kinetics
are shown in Fig. 8(A) and (B), respectively. Applica-
bility of any of the rate equation is decided based on
the value of regression coefficient R>. The R* value of
the pseudo-first-order equation, shown in Table 1,
having higher value suggests that this could describe
the adsorption of DR23 better than the pseudo-sec-
ond-order equation with lower R® values. This sug-
gests that the adsorption process is dependent upon
the concentration of the solute. The theoretical values
of g. that was calculated from the equation obtained
for pseudo-first-order model shows a reasonably good
agreement with experimental values of g.. On the
other hand, difference between calculated and experi-
mental values of g. for pseudo-second-order model
was quite large.

The above two models cannot explain the mecha-
nism of the adsorption process. Therefore, intra-
particle diffusion model was employed to understand
the mechanism of the adsorption. The higher values of
correlation coefficient R* listed in Table 1 suggest
intra-particle diffusion is responsible for the adsorp-
tion of the dye molecules. However, the fact that the
plot doesn’t pass through the origin as shown in
Fig. 8(C) implies that it is not the only controlling
factor for adsorption of DR23 dye.

3.4. Effect of rotor speed on dye removal in RPB

Effect of rotor speed on the adsorption of the dye
could be one of the most important factors as the
centrifugal force which enhances the mass transfer
rate in a RPB, varies with the speed at which the rotor
spins. Three different values of rotor speed, namely,
628, 855 and 1,140 rpm at a constant feed rate of
20 Lh™" and 5 g of activated carbon loading were used
in this work. The result shows almost similar per cent
removal of dye except at 855 rpm after 2 h. Per cent

removal slightly decreased at rotor speed 855 rpm and
it has the lowest adsorption capacity, 6.9 mg/g as evi-
dent from Fig. 9(A). Although per cent removal at 628
and 1,140 rpm are almost similar, they have different
adsorption capacities. The highest adsorption capacity
was observed at 628 rpm rotor speed and was calcu-
lated as 8.35 mg g ' of activated carbon loading. The
reason for the decrease in adsorption at 855 rpm may
be attributed to the fact that the solid mass of acti-
vated carbon shifts towards the outer wall of the rotor
with increasing rotor speed thereby decreasing the
path length of the liquid flow within activated carbon.
The liquid profile inside the rotor also takes an “egg
shell” like shape due to the centrifugal force [33]. This
also contributes to the decrease in path length. With
increasing rotational speed, the depth of the “egg
shell” increases and path length decreases further. In
this case, the increase in mass transfer coefficient due
to increasing centrifugal force [29] cannot compensate
for the effect of decrease in liquid flow path length.
However, when the rotor speed is increased further,
the adsorption again increases. In this case, the
increase in the mass transfer coefficient predominates
over the decrease in path length due to displacement
of the activated carbon and the water profile towards
outer wall of the rotor [28].

3.5. Effect of feed rate on dye removal in RPB

Feed rate is one of the parameters that can affect the
adsorption characteristics of DR23 in a RPB. Adsorp-
tion behaviour was observed for four different feed
rates namely; 10, 20, 30 and 40 Lh™! at the same rotor
speed, 855 rpm and 5 g of activated carbon loading.
The liquid was recirculated from a reservoir containing
1L of the dye solution. It can be seen in the Fig. 9(B),
82 and 80% of dye removal were obtained at feed rates
40 and 30 Lh™", respectively, and 67 and 63% of dye
removed at 20 and 10 Lh™', respectively. Adsorption
capacity did not vary for feed rates, 30 and 40 Lh™",
which was 9 mg/g. Adsorption data at feed rates 10
and 20 Lh™! were very close in the first hour but feed
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Fig. 9. (A) Effect of rotor speed, (B) effect of feed rate and
(C) effect of activated carbon loading on adsorption of DR23.

rate of 10 Lh™" showed higher adsorption in the
following hour. However, despite this anomaly, higher
feed rate generally increases the probability of contact
between the activated carbon and liquid, which in turn
increases the adsorption of the dye.

3.6. Effect of activated carbon loading on dye removal in
RPB

In order to investigate the effect of activated carbon
dose, experiments were carried out in three different
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loadings, 5, 10 and 15 g which correspond to 255, 510,
765 kg m >, respectively, at the same rotor speed and
feed rate. It can be observed from Fig. 9(C) that the
percent removal increased with higher activated
carbon loading because of the availability of more
adsorption sites. With increasing amount of activated
carbon loading, the packing is more compact and there
is less distortion of the pack due to high speed rota-
tion. This ensures that the path length travelled by the
liquid is higher than that for low compaction when less
quantity of activated carbon is used.

4. Conclusion

Adsorption of DR23 on activated carbon in a high
gravimetric RPB contactor was tested successfully. The
centrifugal force generated in the RPB enhanced the
removal of the dye due to reduced mass transfer resis-
tance. The adsorption was fast and within 5 h, almost
93% dye was removed compared to 54% in the tradi-
tional shake flask experiment during the same period
of time. Rotating speed of the rotor and liquid feed rate
had significant effect on the removal of the dye. The
process could be scaled up to suit industrial applica-
tions as this piece of equipment is already in use as a
gas-liquid contactor in industry. Thus, RPB also pro-
vides a suitable alternative to conventional treatment
methods for tertiary treatment of wastewater.
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