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ABSTRACT: In this study, the experiments and computational fluid dynamics simulations were
carried out to determine the removal efficiency of the indigo carmine dye from wastewater via graphene
nanoadsorbent. The adsorption process was done in a packed bed column. The synthesized nanoporous
graphene via chemical vapor deposition method was characterized by Brunauer-Emmett-Teller,
scanning microscopy and X-ray Diffraction techniques. Batch adsorption experiments were conducted,
and Langmuir isotherm was best fitted to the experimental data. A parallel series of fixed bed column
adsorption and desorption tests was done. The breakthrough curves were investigated by varying indigo
carmine dye solution flow rate (1–10 ml/min), indigo carmine dye solution concentration (10–100 ppm)
and adsorbent bed depth (10–28 cm). The reusability of adsorbent was studied. The computational
fluid dynamics simulation was used for the three-dimensionally simulation of flow patterns and dye
concentration changes in the packed bed column throughout the adsorption. High bed depth, low flow
rate and high initial dye concentration were recommended to be the potential parameters for the high
adsorption capacity. The conformity of the experimental test with the computational fluid dynamic
calculations was a suitable methodology method to prove the reliability of the dye adsorption process.
The removal efficiency of indigo carmine dye was achieved to be 67% as flow rate, bed depth, and
concentration of 1 ml/min, 28 cm and 10 ppm, respectively.

1. INTRODUCTION
The effluent release of different industries, such as paper,
textile, carpet, plastics, dying, leather, pharmaceutical, and
food industries into streams causes threats to the environment
and human communicates. As a result, these industries
generate a considerable quantity of dye [1-3]. The reports
indicate that over 100000 commercially available dyes exist
and additionally above 7 × 105 ton are produced annually
in all over the world [4,5]. Most of the dye compounds are
resistant to biodegrading. The presence of a very small
quantity of dyes in water (about 1 ppm) can be easily visible
and is unattractive [5]. Indigo Carmine (IC) is deliberated as
one of the highest toxic pigment. It is used as a pH effector in
analytical chemistry as a dye for different industries [6].
The different methods are known for wastewater
treatment. The main dye treatment methods include: chemical
oxidation [7], coagulation [8], membrane separation process
[9], exchange of ions [10], electrochemical [11] and aerobic
and anaerobic microbial degradation [12], adsorption
process [13]. One of the most favorable methods of dye
removal is the adsorption process. The simplicity, ambient
temperature and pressure, low cost process and high removal
efficiency make the adsorption process one of the effective
dye removal methods [14]. There are different adsorbents
*Corresponding author’s email: s.meshkat@che.uut.ac.ir

Review History:
Received: 2019-08-15
Revised: 2019-11-10
Accepted: 2019-12-09
Available Online: 2019-12-26
Keywords:
Indigo carmine dye
Adsorption
Fixed bed column
Computational fluid dynamics
Graphene

for the remediation of several impurities such as dyes from
wastewater [15,16]. Carbon based materials are the most
common adsorbent due to their high capacity in adsorption
process and higher surface area for the adsorption and lowcost synthesis method [17]. Because of increasing demand
in wastewater treatment industry, high reusable and ecoenvironment adsorbent with low cost is motivating researchers
into the synthesis of carbon based adsorbents from alternative
precursors, such as agricultural solid wastes and by- products
[18]. There has been much effort in recent years to explore the
use of agricultural filtrates and unavoidable by-products.
The equilibrium data and adsorbent capacity are calculated
in batch experiments. The batch experiments are not capable
of covering the continuous process. In continuous adsorption
process, the contact time is sufficient enough to remove
the organic pollutants such as IC dye. Because of the high
solubility of dyes in water, the usual dye removal methods are
inefficient. For wastewater treatment, the continuous fixed
bed adsorption systems are generally used. In continuous
systems, a single column is loaded with the utilization of
synthesized adsorbent. The removal of indigo carmine dye
from wastewater effluents in continuous fixed bed columns is
reported [17,18]. Singh and Pant [19] evaluated the adsorptive
removal of as ions in a fixed bed column utilization of activated
alumina, iron oxide impregnated activated alumina. Results
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proved that the adsorbent is suitable for the adsorption of As
ions. Banejree et al. [20] researched the use of pistachio shell
in a continuous system for the adsorption of IC dye. They
evaluated the effect of IC dye initial concentration on the
breakthrough curve. In this research, due to the large specific
surface area, honey ball structure and aromatic cycles in
configuration of the graphene. The graphene was synthesized
and selected as an adsorbent in the continuous system [21].
The removal efficiency of the synthesized adsorbent is the
highest in the comparison of literature review. Because of the
high capacity of the adsorbent, the synthesized adsorbent got
saturated in the long period of time in comparison with the
previous synthesized adsorbents. Different functional groups
such as carboxyl in chemical structure of graphene create
this carbon based material an effective adsorbent [22]. To
the best of our knowledge, the application of graphene as the
adsorbent for the removal of indigo carmine dye in fixed bed
columns has not been studied yet.
Therefore, we synthesized graphene and used it as the
adsorbent to investigate the removal of indigo carmine dye
from aqueous solutions in dynamic process. The effect of inlet
dye concentration, bed depth and flow rate of the adsorbate
solution which are known as the design process parameters
were investigated with the utilization of a laboratory fixed
bed column. The regeneration of the saturated adsorbent
was studied by desorption experiments. The results of the
regeneration process make the graphene more suitable for
the IC dye removal. The simulation of the adsorptive IC dye
removal in the fixed bed column was done by Computational
Fluid Dynamic (CFD) technique. The effect of inlet
concentration of dye solution, inlet flow rate, and column bed
height was investigated using Comsol Multiphysics software
5.3a.

using the standard powder diffraction procedure done with a
Philips diffractometer (PW- 1730) (Lump 3ukα, λ = 1.54 Å).
Elemental analysis (CHN) was performed by Costech device,
ECS4010 model in which the sample was burned at 1100
0
C. The Brunauere–Emmett–Teller (BET) method was used
to determine the BET surface area. Calculating the surface
area, pore volume, and pore size distribution were done by
adsorption/desorption under the nitrogen atmosphere at 77 K
utilization of ASAP-2010 porosimeter from the Micromeritics
Corporation GA. The pH point of zero charge (pHpzc) was
decided by the solid addition method [24].
2.3. Preparation of dye solution
Indigo Carmine (C16H8N2Na2O8S2 >99.9%) was purchased
from Merck company. The concentration of IC dye obtained
via UV-Visible spectrophotometric detector (Shimadzu,
Kyoto, Japan) which was set at 215 nm defined the equilibrium
concentration of the solution after adsorption process [25].
The indigo carmine dye concentration in each solution was
determined by a UV-Visible spectrophotometric detector,
which presented an uncertainty of less than ±3%.
2.4. Batch experiments
For calculating the capacity of the adsorbent and
evaluation the isotherm models, batch adsorption process was
performed by meeting 10 ml of IC dye solution in a separate
flask containing 0.1 g nanoporous graphene as an adsorbent
at ambient temperature. The flask was transferred to magnet
stirrer shaken for 3 h to attain the equilibrium point. The
adsorption time and dye initial concentration were varied
from 0 to 150 min and 10 to 1000 ppm, respectively. The IC
dye concentration in the solution after adsorption process was
calculated by using UV-Visible spectrophotometer (model
LAMBDA 750, Perkin Elmer) at the maximum absorption
wavelength (λmax) of 520 nm. The amount of IC dye retained
in the adsorbent (q) was calculated by:

2. MATERIAL AND METHODS
2.1. Synthesis of graphene
Synthesis of the graphene nanostructure was performed
through Chemical Vapor Deposition (CVD) method. In this
C0 - Ce
∗V
qe
protocol, carbon source which is provided by methane gas =
m
(99.9%) was introduced into an electrical furnace containing
where, C0 and Ce present for the initial and the equilibrium
a quartz tube reactor. The nanostructured graphene with an
concentration of IC dye, V is the volume of the solution (l)
average diameter of 50 nm and length of 120 mm was formed
and m is the adsorbent mass (g).
on the surface of metal oxide nano catalysts in the quartz tube
reactor. In addition, a carrier gas such as hydrogen was entered
2.5. Fixed bed adsorption experiment
to the reactor with the methane to hydrogen ratio of 4:1. The
The continuous experiments of the adsorptive IC dye
gas mixture was distributed through the reactor for 10 min,
removal
were done by glass column with 10-28 cm length
and the temperature of the furnace hot zone was 900-1100
0
and
Inner
Diameter (ID) of 3 cm. The inlet flow rate of the
C. Then, the purification of the synthesized graphene was
solution
was
set 1 to 10 ml/min with the usage of peristaltic
done. The synthesized graphene was stirred in HCl solution
pump.
The
graphene
nanoadsrobent was filled in the column
for about 16 h then it was rinsed with distilled water several
and
the
solution
was
pumped
upward through the column at a
times to achieve the neutral pH [23].
various flow rates (1, 5, 10 ml/min) at pH 9 using a peristaltic
pump (Prominent, Heidelberg, Germany). The column
2.2. Characterization techniques
bottom was fixed by a stainless steel sieve following by a layer
The morphology and structure of nanostructured graphene
of glass wool. The initial concentration of IC dye was studied
was determined by Scanning Electron Microscopy (SEM).
in continuous removal system by fixed bed process varied
The SEM images were collected by employing a Tescan Mira
from 10 to 100 ppm. The height of the adsorption column
device. X-Ray Diffraction (XRD) patterns were accomplished
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was changed from 10 cm to 28 cm. In order to investigate the
breakthrough curves of the adsorption process, the outlet dye
concentration of the effluent (Ct) was calculated by UV-Visible
spectra photometer. All the experiments were done at room
temperature. The continuous fixed bed column schematic is
clarified in Fig. 1.
The results of IC dye adsorption onto graphene in a
continuous column were studied in the form of breakthrough
curves which presented the behavior of the IC dye loaded to
the adsorbent from the solution. The breakthrough curve was
stated in terms of normalized concentration (the ratio of the
outlet IC dye concentration to the inlet IC dye concentration)
versus time (Ct/Co vs. t). Effluent volume (Veff) is achieved
from Eq. (1).

Veff = Q, ttotal 

(1)

where, ttotal and Q are the total time of the continuous
adsorption (min) and flow rate of the influent (ml/min),
respectively. The treated water after adsorption was collected
in a beaker. The dye concentration in the treated water (Cwt)
can be calculated by the Eq. (2).
t

Cwt

∫ C dt
=
0



t

t

(2)

The capability of the adsorbent was measured by adsorbent
capacity (q). The adsorbent capacity was calculated from Eq.
(3).
q

ρ f Veff
1000, mads

t

∫ ( C − C( ) )dt
i

0

t



(3)

where, q is adsorbent capacity (mg/g adsorbent), ρ f is the
density of dye solution (g/ml), Veff is the dye solution flow rate
(ml/min), mads is the mass of packed adsorbent (g), and Ci is

the initial concentration of dye solution (ppm) [26].
In order to approve the repeatability of experiments, all
the test was repeated and run twice.
2.6. Reusability and desorption studies
Regeneration process was performed to refresh the used
adsorbents. The continuous desorption process was done by
chemical washing. For this aim, HCl (0.1 M) as the desorbing
solvent was pumped into the fixed-bed column packed with
adsorbent saturated with the adsorbed dyes until the effluent
concentration of dye was decreased near zero. The removal
efficiency of the adsorbent was investigated after each
regeneration cycle.
3. MATHEMATICAL MODELING
The assumptions of the fluid velocity and distribution of
the solution concentration in the fixed bed column in the
presence of adsorption under various process parameters
investigation are as follow:
1. The neglect of the viscous force around the adsorbent in
packed bed column flows is often acceptable.
2. The adsorbent in solid phase is determined to be a
homogeneous and is packed uniformly through the column.
3. The equilibrium state between the solid phase (adsorbent)
and liquid phase (the solution) assumes instantaneously.
These assumptions make the simulation simple and allow
having a combined comprising equation for the solid and
liquid phase.
3.1. Fluid dynamics
The fixed bed adsorption column performance of the fluid
dynamics was simulated under the governing equation such
as: Continuity and Navier–Stokes equations, which pose the
Brinkman equations in porous medium. (Eqs. (4) and (5)):

∂
(ερ ) + ∇ ρU = 0 
∂t

( )



(4)



ρ  ∂U  U 
+ U ,∇  =

ε  ∂t
ε

(

)

(



1 
−∇P + ∇,   µ ∇U + ∇U
ε
 



( )

T

)


2
− µ ∇, U
3

(



) − (κ µ )U + F
−1

(5)

In these equations [27], ε is the porosity of porous
medium, ρ kg/m3 and µ [kg/m.s] are the density and the
dynamic viscosity of the fluid, respectively. Parameter, P is
the pressure, U indicates the velocity vector, and F stands
for the volume force of the regions. The term κ [m2] is the
permeability tensor of the porous medium that can be gained
from Ergun’s equation [28]:
κ=

Fig. 1. The continuous fixed bed column system

d p 2ε 2

150 (1 − ε )



(6)

where, ε and d p show the porosity and particle diameters,
respectively.

Fig. 1. The continuous fixed bed column system
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In computational fluid dynamics simulation process the
IC concentration can be calculated at any time vs. place in
the system during the whole adsorption process. This clearly
depicts the limits of the analytical approach, which can be
only explained for steady-state conditions.
3.2. Mass transfer
A convection–diffusion-adsorption-dispersion model is
applied to compute the species concentration and transport
in saturated porous media [28]:
∂
(ε pCi ) + ∂∂t ( ρbC p,i ) + u, ∇Ci =∇, ( DD,i + De,i ) ∇Ci  + Ri + Si
∂t

(7)

ρb= (1 − ε p ) ρ 

(8)

First two terms on the left side correspond to the
accumulation of species within the liquid phase and solid
phase, while the last term describes the convection because
of the velocity field. In these equations, Ci denotes the

concentration of species

i in the liquid [mol/m3], ε p is the

porosity, ρb [kg/m], ρ [kg/m] are the bulk density and
solid phase density, respectively. De.i [m2/s] is fluid diffusion
coefficient which is the expression for each species in fluid.
The term DD.i [m] is the dispersion coefficient, u [m/s] stands
for velocity field. The two last terms on the right-hand side
describe production or consumption of the species i with Ri
being the reaction rate and Si the arbitrary source term that
were neglected in this study. C p.i is the adsorbed amount of
species on the solid phase. The Langmuir isotherm model was
illustrated the dye equilibrium data in the solution and the
solid phases and can be shown as [29]:
∂C p ,i
∂Ci

=

K L × CP max

(1 + K )
L ,C

2

(9)



where, K L [mol/kg] is the Langmuir constant and CPmax

Fig. 2. (a) schematic drawing of packed bed column. (b) illustration of the mesh refining used in CFD simulations

Fig. 2. (a) schematic drawing of packed bed column. (b) illustration of the mesh refining used in
Table 1. Grid independence verification

Table 1. Grid
independence
verification
CFD
simulations
Average concentration at outlet per initial concentration

Number of elements in mesh

0.99

100496

0.985

84700

0.998

80470

0.952

73037

0.932

70050

0.89

67520
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4. VALIDATION
Comparing the results with the experimental data was
called the validation of the simulation. Brinkman equations
in porous medium model were used to simulate the steadystate laminar flow profile at 1 ml/min for the packed bed, as
shown in Fig. 3. In order to compare the local differences, the
velocity was set manually in the range of 0–0.006 m/s.
Fig. 4 depicts a comparison of the simulation outcomes
with experimental data for the breakthrough curve at 1
ml/min, concentration of 10 ppm and a bed height of 24
cm. It is concluded from validation test that the modeling
methodology is quite consistent, concluded that the coupling
between complex physics, and the achieved parameters can
be prepared to predict the breakthrough curve under different
conditions.

[mol/kg] represents the maximum adsorption.
3.3. Numerical solution
In this research, the adsorption packed bed column was
simulated three-dimensionally by COMSOL Multiphysics
version 5.3a. The complete packed bed column was built in
the CFD geometry (Figs. 2(a) and 2(b)). Due to symmetry, for
the analysis only half of the geometry was deliberated. Thus,
only half of the geometry was meshed in order to reduce
computational time and the run time. An impression of the
computational grid is depicted in Fig. 2(b). In order to get
grid independent results, six grids having different meshes of
67520- 100496 were examined. The number of elements size
was listed in Table 1. Triangular cells were used for refining
at the boundaries, inlet, and outlet of the column. As a result,
the mesh numbers of 80407 grids were used for generating the
results. The physical properties of the fluid, porous medium
and parameters are summarized in Table 2 [30]. The used
boundary conditions set for solving the model equations are
summarized in Table 3. However, dispersion coefficient values
were estimated at the desired flow rate. Permeability was
obtained from Ergun’s equation [31]. Effective mass diffusion
coefficient can be obtained from Millington and Quirk model
[32]. The constant parameters of Langmuir isotherm model
were calculated from batch experimental adsorption process.
Additionally, the governing equations of steady-state flow
coupled with the time-dependent transport equation in order
to calculate the advection, diffusion, and adsorption capacity
of synthesized adsorbent through the fixed bed column.
The tolerance (relative) 0.001 in time-dependent solver was
satisfied as a convergence criterion.

5. RESULT AND DISCUSSION
5.1. Characterization of synthesized adsorbent
The XRD pattern of the prepared nanoadsorbent is
obtainable in Fig. 5. Because of the intrinsic nature of
graphene, the pattern of the synthesized graphene is similar
to graphite . It is clear in Fig. 5, that the strong peaks at 2θ of
26.80° and 27.10° are the characteristic peaks of synthesized
graphene [33]. The XRD pattern results indicate that the
nanostructure graphene synthesized via CVD method has a
single layer [34].
SEM image of the synthesized sample is displayed in Fig. 6.
As can be seen, graphene has been formed uniformly through
the synthesis process. A highly porous media with small pore
size is exhibited in the Figure.
Fig. 7(a) displays the nitrogen adsorption/desorption

Table 2. Physical parameters of fluid and porous medium used in the CFD simulations

Table 2. Physical parameters of fluid and porous medium used in the CFD simulations
Parameter

Value

𝜌𝜌𝜌𝜌𝑏𝑏𝑏𝑏

700 [kg/m3]

The density of fluid

𝜌𝜌𝜌𝜌

400 [kg/m3]

Solid phase density

𝜇𝜇𝜇𝜇

0.003 [Pa.s]

The fluid dynamic viscosity

𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝

0.3

The porosity of porous medium

κ

1.3 × 10 [m ]

Permeability

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝

25 [µm]

Particle diameter

-6

2

Table
3. Boundary conditions
conditions ininfluid
phase.
Table
3. Boundary
fluid
phase.
Boundary condition
Position

Flow modeling

Mass modeling

inlet

Fully developed laminar flow

Constant dye concentration

Outlet

Pressure outlet

convection and adsorption

Wall

No- slip condition

Zero mass flux

Initial condition
t=0

C0=0
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Fig. 3. (a) Velocity magnitude field (m/s) for the packed bed
column of the adsorption process. (b) Contours of velocity
magnitude on longitudinal and transverse planes for steady-state
flow (effluent flow rate 1 ml/min).

Fig. 4. Comparison of the simulation results with experimental
data for breakthrough curve

3. (a) Velocity magnitude field (m/s) for the packed bed column of the adsorption
Fig.process.
4. Comparison of the simulation results with experimen

Contours of velocity magnitude on longitudinal and transverse planes for steady-state flow
(effluent flow rate 1 ml/min).

2θ
Fig. 5. XRD pattern of the synthesized nanostructure graphene

Fig. 5. XRD pattern of the synthesized
nanostructure graphene
5.2. Isotherm modeling

isotherm. It is evident that the behavior of synthesized
graphene corresponds to type 4 which designate the
formation of mesoporous structure with pore diameter
from 2 to 50 nm range. As Fig. 7(b) shows, the main pore
size corresponded to mesoporous materials and proved
that the synthesized graphene is in the nanoporous group
[35]. In addition, the total pore volume of the synthesized
graphene is 2.01 cm3/g at relative pressure (P/P0) of 0.98. The
considered BET surface area, pore size, and pore volume of
graphene are defined in Table 4. Due to the high surface
area and high pore volume which is concluded from the
results the synthesized graphene has a good capability for
the adsorption process.
Also the main elements in the structure of graphene are
detected by elemental analysis (CHN) which the results are
reported in Table 5.

320

The effect of IC dye initial concentration was evaluated
in various amounts from 10 to 100 ppm in a batch series
experiments. The adsorption capacity is increased, because of
the low driving force at low liquid concentrations. Principally
this can be clarified by obtainable active sites. At low adsorbate
concentration, the ratio of surface active sites to IC dye
molecules is high. The Langmuir and Frendiulich isotherm
models were used to consider the adsorptive capacity and
similarity of adsorbent . The parameters of the isotherm
models are summarized in Table 6. The regression coefficient
values (R2) demonstrate that Langmuir model is more suiTable
to fit the equilibrium data. The assumption of Langmuir
model describes that each physical and chemical adsorption
equilibrium at the irregular homogenous adsorption sites on
the solid surface [36,37].
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Fig. 6. The SEM image of the synthesized graphene

dV/dbg D (cm3/g)

Quantity Adsorbed (cm3/g)

Fig. 6. The SEM image of the synthesized graphene

Fig. 7. (a) The N2 adsorption isotherm at 77 K on nanoporous graphene, (b) The pore size distribution of high surface area nanoporous
graphene.
Fig. 7. (a) The N2 adsorption isotherm at 77
K on nanoporous graphene, (b) The pore size

distribution of high surface area nanoporous graphene.

5.3 Kinetic modeling
The adsorption process procedure is understood
from kinetic modeling data. The adsorption process ratecontrolling step and the uptake rate of dye were studied the
utilization of various kinetics models (i.e., first-order, pseudosecond-order, and intraparticle models). The adsorption
data was demonstrated that adsorption rate was followed
by the second-order model. According to Table 7, from the
regression coefficient (R2) became 1.0, it can be concluded
that the kinetic data were fitted by pseudo-second-order
adsorption model better than the pseudo-first-order model.
It is obvious from Table 7; the calculated values of qe were in
good agreement with the values obtained from experiments.
Also the rate-limiting step of the IC dye adsorption is checked
by an intraparticle model. The second section with light
slope refers to the intraparticle diffusion which controls the

adsorption process [38,39].
5.4. Effect of the solution flow rate
The effect of adsorbent performance in the continuous
adsorption column was studied by considering the effect
of solution flow rate on the adsorption. To confirm the
convection–diffusion-adsorption-dispersion model the
results of the simulation section were compared with the
experimental BreakThrough Curves (BTC) data.
Three different flow rates were studied with a constant bed
height of 24 cm and inlet IC dye adsorbate concentration of 10
ppm, as shown by the experimental breakthrough curves and
CFD model results in Fig. 8. The comparison of breakthrough
curves at different flow rates indicates that the maximum
capacity of IC dye adsorption on the graphene occurs at the
lower flow rate. The removal efficiency of the IC dye was
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Table 4. N2 adsorption data of synthesized nanostructure graphene
Table 4. N2 adsorption
data of synthesized nanostructure graphene
Sample

BET surface area
(m2/g)

Total pore volume
(cm3/g)

Pore size
(A0)

Graphene

971

2.01

90.1

Table 5. Elemental Analysis of the synthesized graphene

Table 5. Elemental Analysis of the synthesized graphene

Sample
Graphene

Carbon
(wt %)
99.2

Hydrogen
(wt %)
0.8

Table 6. The equilibrium constants of adsorption isotherms
Table 6. The equilibrium constants of adsorption isotherms
Isotherm model
Langmuir
Freundlich

Q0

kl

538.9

4.21 × 10-2

n

kF

2.34

72.97

R2
0.989
0.839

Table 7. Kinetic model parameters for the adsorption of IC dye onto graphene
Table 7. Kinetic model parameters for the adsorption of IC dye onto graphene

Kinetic model
Pseudo first order
Pseudo second order
Intra particle Diffusion
Step 1
Step 2

parameters
qe (mg/g)
40.1
82.1
KI

6.01 × 10-1
5.08 × 10-2

K1 (mg/g.min)
3.1 × 10-2
4.1 × 10-3
C
59.8
66.9

qexperimental
qexp (mg/g)
81.4
81.4

Regression Coefficient
R2
0.74
1.0

---

0.98

--

0.99

Fig. 8. Breakthrough curves at different flow rate of IC dye onto graphene nanoadsorbent.

Fig. 8. Breakthrough curves at different flow rate of IC dye onto graphene nanoadsorbent.
322

Z. Hosseini Dastgerdi et al., AUT J. Mech Eng., 4(3) (2020) 315-330, DOI: 10.22060/ajme.2019.16920.5841

Fig.
CFD
Fig. 9. CFD simulated IC concentration profile throughout the packed bed adsorption column vs. Experimental breakthrough curves
Fig.
9. CFD
simulated
IC concentration
profile
throughout
the bed
packed
adsorption
column vs.
(conditions:
initial
dye concentration
10 ppm at last time,
IC dye flow
rate = 1 ml/min,
height bed
= 28 cm,
time =250 min).
Experimental breakthrough curves (conditions: initial dye concentration 10 ppm at last time, IC
dye flow rate = 1 ml/min, bed height = 28 cm, time =250 min).

Fig. 10. Simulated contours of mass transfer rate obtained as a function of the adsorption (conditions: IC dye concentration 10 ppm at
last time, bed height = 28 cm) a) IC dye flow rate = 5 ml/min, b) IC dye flow rate = 10 ml/min.

molecules do not have enough time to penetrate in to the
increased from 51% to 67% as flow rate decreased from 10
adsorbent
pores
the concentration
of IC dye at the front
ml/min to 1 ml/min.
The
experimental
data
are
summarized
Fig. 10. Simulated contours of mass transfer rate
obtained
as aand
function
of the adsorption
of the mass transfer zone have not sufficient time to reach the
in Table 8 which proves that with increasing the flow rate, the
(conditions:
IC dye
10 ppm
bed height
= 28 cm) a)
flowsolution
rate = leaves the
equilibrium
concentration,
so IC
thedye
effluent
removal efficiency
decreases.
Due concentration
to the insufficient
time at
of last time,
column
diffusion [41].
IC dye mass transfer, the removal efficiency
decreases
with
5 ml/min,
b) IC
dye flow
rate =without
10 ml/min.
In
Fig.
9
the
adsorptive
removal of the IC dye solution was
increasing flow rate. At high flow rate experiments (short
shown via CFD simulation. With the aid of CFD simulation,
breakthrough time), the durability of the dye solution is short
the dye concentration at adsorbent and adsorbate can be
and the adsorbate molecules do not have enough time to
obtained at any given time, at any given location in the system
diffuse into the pores of the adsorbents [40]. By increasing
throughout the entire dye removal adsorptive process. This
the flow rate, the break time declines and the breakthrough
descripts the limits of the analytical solution, which can only
curve gets sharper. In the higher flow rates, the IC dye
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Table
8. The experimental
the adsorption
columnwith
withdifferent
different flow
Table 8. The
experimental
data ofdata
theofadsorption
column
flowrate
rate
Flow rate
(ml/min)

Bed height
(cm)

Concentration
(ppm)

Breakthrough time
(min)

Adsorption capacity
(mg/g)

1
5
10

28
28
28

10
10
10

223
156
87

167
208
349

Fig. 11. Breakthrough curves at different initial concentration of IC dye onto graphene nanoadsorbent

account for steady state situations. Therefore, the flow rate of
1 ml/min (in the conditions under study), which was chosen
as the optimized operating parameter, was used to study the
Fig.on11.
Breakthrough curves
influence of initial concentration
BTC.
The data in Table 8 demonstrate that the increase of the
flow rate causes the reduction of the dye removal efficiency.
The breakthrough times increase from 87 min to 223 min as
the flow rates increase from 1 to 10 ml/min (Table 8). The
mass transfer fundamentals can describe the variation of the
breakthrough curve slope and adsorption capacity [42].
Fig. 10 shows that The IC concentration profile throughout
the column as a function of time and influence the break-point
and saturation time. Modeling showed that breakthrough
curves was influenced by the properties of the compound, the
porosity of porous medium, particle diameter of adsorbent. It
can be concluded from the experiments that, the adsorption
capacity of the adsorbent in the fixed bed column appearance
decreased, subsequent in lower local mass transfer rates.
5.5. Effect of initial dye concentration
To study the dye concentration effect on the adsorption
process parameters column, the concentration was changed
from 10 to 100 ppm. The experiment is performed at bed
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height of 28 cm and flow rate of 1 ml/min. The initial IC dye
concentration changes influence the breakthrough curve. The
effect of the inlet IC dye concentration on the experimental
atBTC
different
initial
concentration
IC dye onto
graphene
and CFD
simulated
values are of
investigated
which
are
shownnanoadsorbent
in Fig. 11. The breakthrough curves determine that
as the initial dye concentration rises breakthrough time and
saturation time decrease. The increase of initial concentration
of IC dye augmented the concentration gradients and caused
the higher mass transfer rates. In addition, it is resulted from
Fig. 11 that the adsorption process up to the break point
(about 233 min) was controlled via fluid phase convection
and the diffusion inside the particles pores.
The removal efficiency of dye adsorption is lower than
batch experiments range, because the dye molecules do not
have enough time to contact with the adsorbent site so some
molecules left the adsorption column unabsorbed [43,44].
Fig. 12 show IC concentrations profile throughout the
packed bed adsorption column as a function of time. As
earlier discussed, the adsorption rate was relative to the inlet
IC dye concentration. As Fig. 12 depicts, the bed saturation
occurred gradually as the mass transfer zone proceeded
through the bed [45]. The results of the experimental data are
shown in Table 9. It is evident from Table 9 that the capacity
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Fig. 12. Simulated contours of the adsorption conditions such as mass transfer rate: IC dye flow rate = 1 ml/min, bed height = 28 cm a)
initial dye concentration 10 ppm, b) initial dye concentration 100 ppm.

Fig. 12. Simulated contours of the adsorption conditions such as mass transfer rate: IC dye flow
Table 9. The
experimental
data ofinitial
the adsorption
column with different
dye concentration
rate = 1Table
ml/min,
height
=
28ofcm
concentration
10concentration
ppm,
b) initial dye
9. Thebed
experimental
data
the a)
adsorption dye
column
with different dye
concentration 100 ppm.
Flow rate
(ml/min)

Bed height
(cm)

Concentration
(ppm)

Breakthrough time
(min)

Adsorption capacity
(mg/g)

1

28

10

223

167

1

28

50

191

195

1

28

100

43

286.3

of the adsorption process increases with increasing the dye
concentration from 10 to 100 ppm.
Due to a decreased diffusion coefficient or decreased
mass transfer coefficient the lower concentration gradient
caused a slower flux of the mass transfer [46]. The initial dye
concentration is varied from 10 ppm to 100 ppm therefore
the adsorption capacity of graphene augmented from 167
mg/g to 286.3 mg/g. The driving force of the adsorptive IC
dye removal is enhanced by the increasing of the initial dye
concentration. These conclusions are affirmed the results of
the literature reviews [47].
5.6. Effect of adsorbent bed height
The effect of bed height on IC adsorptive removal was
evaluated at different heights of 10 to 28 cm with a constant
initial concentration of 10 ppm and flow rate of 1 ml/min.
In order to inaugurate the optimum performance of the
continuous fixed-bed system, the bed depth effect on the
breakthrough time is evaluated. Fig. 13 demonstrate the
performance of breakthrough curves and CFD model result
at bed heights of 10, 15, 28 cm. The IC concentration profile
throughout the fixed bed column is shown in Fig. 14 as a
function of time until the saturation time. The bed height

evaluation results of IC dye removal are summarized in Table
10. As results emphasize, with the increase of bed depth, the
breakthrough time is increased from 78 to 591 min. This
comparison is explained by the fact that the increase of the
bed height causes the enhancement of the contact time and
the IC dye molecules have sufficient time to diffuse into the
adsorbent sites.
The resistance time of the adsorbate in the continuous
column is enhanced by growing the bed height. The
breakthrough time plays an important role in determining the
parameters of the adsorption process. According to the batch
experimental results by increasing the breakthrough time
the intraparticle diffusion mass transfer mechanism become
important therefore, high breakthrough time causes higher
adsorption capacity in continuous system [48-50]. Due to the
resistance time increase of IC dye solution, the adsorption
capacity of the graphene increased from 129.2 to 357.1 mg/g
by increasing the bed height of the adsorption column from
10 to 28 cm. This can be attributed to the fact that more
binding site is available in the highest bed depth [51].
6. REUSABILITY AND DESORPTION STUDIES
Regeneration process was performed to refresh the used
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Fig. 13. Breakthrough curves at different bed height

Fig. 13. Breakthrough curves at different bed height

Fig. 14. Simulated contours of mass transfer rate obtained as a function of the adsorption (conditions: IC dye concentration 10 ppm at
last time, IC dye flow rate =1 ml/min) a) bed height = 10 cm, b) bed height = 15 cm

Fig. 14. Simulated contours
of The
mass
transfer rate
obtained
as a function
of the
adsorption
10.
experimental
of the adsorption
column
with
different
Table 10.Table
The experimental
data of thedata
adsorption
column with
different
bed
height bed height
(conditions: IC dye concentration 10 ppm at last time, IC dye flow rate =1 ml/min) a) bed height
b) bed height = 15
cm
Flow rate
Bed height = 10 cm,
Concentration
Breakthrough
time
Adsorption capacity
(ml/min)

(cm)

(ppm)

(min)

(mg/g)

1

10

10

78

129.2

1

15

10

298

201.8

1

28

10

591

357.1

adsorbents. The continuous desorption process was done by
chemical washing method. For this aim, the HCl (0.1 M) as a
desorbing solvent was drained into the packed column with
adsorbed dyes until the effluent concentration of dye was
gained nearly zero. The removal efficiency of the adsorbent
was investigated after each regeneration cycle [52,53]. The
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removal efficiency vs. regeneration recycles is plotted in Fig.
15. It is obvious from Fig. 14 that after six cycles, removal
efficiency of the regenerated adsorbent was decreased about
20%. This study shows that graphene is a potential adsorbent
for water purification.
The improving of the dye sorption process was resulted
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Fig. 15. Comparison of regeneration cycles and removal efficiency

Fig. 15. Comparison of regeneration cycles and removal efficiency
11. Comparison
sorptioncapacity
capacity and
and removal
of of
dyedye
by different
adsorbents
TableTable
11. Comparison
of of
sorption
removalefficiency
efficiency
by different
adsorbents
Adsorbent

Adsorbent
capacity (mg/g)

Activated carbon

65

Removal
efficiency
(%)
63

References

Poly (acrylic acid)/MnFe2O4

53

57

[50]

[49]

Raw kaolin

26

43

[51]

Chitosan/zeolite

24

42

[52]

Sodium montmorillonite

42

53

[53]

Nano porous graphene

82

78

This work

that the maximum adsorption capacities of IC dye on the
synthesized adsorbent was gained 82 mg/g, respectively, which
was higher than the literature review in Table 11. Due to the
nanostructure, porosity and large surface area of the adsorbent
as previously shown in Fig. 6 the huge dye adsorption capacity
of the synthesized adsorbent was concluded.
7. CONCLUSION
The CFD simulation data proved to be accurate and
indicated that CFD is potential software to fit and evaluate
all relevant IC dye adsorption results onto the nanoporous
graphene. Results indicated that CFD can represent the
adsorption data of IC dye onto graphene as a function of time
and location, both in the bulk and on the surface. In order to
confirm the experimental data, the results of the simulation
were compared with experimented breakthrough curves
achieved for various adsorption process conditions (flow rate,
initial dye concentration and bed depth). The breakthrough
curves experiments were studied at different flow rates, initial
dye concentrations and bed height at 25 0C. According to

the experimental results, the optimized process parameters
were determined as follows: a flow rate of 1 ml/min, a packed
bed length of 28 cm and an IC dye initial concentration of
10 ppm. The IC dye removal efficiency of the fixed bed
column onto the nanoporous graphene as the adsorbent was
about 67% at optimized condition of the adsorption process.
The decrease of the total dye removal uptake adsorption
capacity is determined by increasing the inlet flow rate.
The decrease of the bed depth persuaded the breakthrough
curves sharper. The CFD results were fitted to experimental
continuous results which for different inlet flow rates, IC dye
concentrations, and packed bed depth in order to confirm the
model. The convection of the fluid phase and the diffusion
within the adsorbent pores were the controlling mechanism
of the adsorption process until the system attained the break
point. The regeneration tests confirmed that nanoporous
graphene adsorption capacity decreased about 20% after six
cycle regeneration.
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