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Removal of Acid orange 7 dye in continuous fixed-bed reactor by alkaline
treated eggshell: experimental and numerical modeling
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ABSTRACT

In this study, experimental and numerical simulations were conducted to examine Acid orange 7
(AO7) adsorption by sodium hydroxide treated eggshells (SHTES). The tests were carried out in a
continuous fixed-bed column of 10 cm. The Effects of initial dye concentration (30, 50 and 80 mg/L)
and flow rate (2, 4 and 6 ml/min) on the column performance were also investigated. A two-
dimensional (2D) axisymmetric mathematical model based on conservation equations of move-
ment and species was used to predict the breakthrough curves of the fixed-bed for AO7 adsorption.
The obtained experimental results were used to validate this model; a good compatibility has been
noted between the numerical and experimental results of the breakthrough curves.
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1. Introduction

The Complexity of dye effluents treatment is one of the
critical issues encountered during the manufacturing pro-
cess. The leather and textile industries contain a significant
variety of synthetic organic dyes, especially azo dyes [1].
Azo dyes are established in nature since their fixation rates
on leather and textiles remain below 70%. They are known
to be mutagenic [2], carcinogenic and toxic at low concen-
trations by resulting significant damages to both flora and
fauna especially without an appropriate wastewater treat-
ment processes. Therefore, the worldwide use is estimated of
more than one million tons of dyes annually [3], the removal
of synthetic dyes has a great concern from an environmental
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viewpoint. Acid orange 7 is considered as a synthetic azo
dye, which is resistant to biologic degradation under aerobic
conditions [4] and lacks sensitivity to light irradiation and
chemical oxidation. These properties are mainly responsi-
ble for the fact that existing methods are inefficient for the
removal of such dyes from wastewaters. Hence, it is import-
ant to have an appropriate and productive method to pre-
vent the dyes from being discharged to the environment.
Various techniques have been tested so far, for example, pho-
to-degradation [5], anaerobic treatment [6], membranes with
immobilized enzymes [7], coagulation [8], electrochemical
oxidation [9], and adsorption [10].

Adsorption is a simple and low-cost technique which is
very efficient to reduce toxic and harmful pollutants from
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liquid effluents. Among all the available adsorbents, acti-
vated carbon and silica are widely used for this purpose.
These materials have high surface area and high porosity
level; furthermore, they can be regenerated after several
uses. On the other hand, the regeneration and activation
processes increase the costs and the environmental impact
of the activated carbon production that have not been fully
assessed yet [11]. With the focus on the environment, new
abundant, inexpensive, eco-friendly and biodegradable
materials, such as wastes from food, agriculture and house-
holds gained attention of many researchers. Adsorption of
dyes on spent tea leaves [3], fruit and vegetable peels [12],
seed hulls [13], eggshells [14], and other materials have been
studied so far. Eggshell is porous material that is useful for
many environmental separation processes, including adsorp-
tion, due to its great surface area and large pore volumes.
However, many studies have been reported in the literature
about the effect of sodium hydroxide treatment on the prop-
erties of eggshells used in removal of azo dyes, which is the
main focus of this research.

Fixed-bed adsorption has been evolved into a commonly
used industrial application in wastewater treatment pro-
cesses. A large number of papers describe a batch set-up of
adsorption process [15], but continuous adsorption in fixed-
bed column is usually the preferred set-up in industrial con-
ditions. It is simple to manage and can be scaled-up from
laboratory or pilot-plant processes [16].

The packed bed columns efficiency can be explained
through breakthrough curve notion, which is the concentra-
tion profile of the adsorbate at the column outlet as a func-
tion of time. The time of breakthrough point and the shape of
the breakthrough curve are crucial features of the adsorbate-
adsorbent system. The first part of the breakthrough curve
can be significantly affected by the axial dispersion, whilst
the flux velocity can alter the shape of the second part of
the curve [17]. Pseudo-kinetic models for description of flu-
id-solid adsorption and fluid-solid reactions are simple to
use, however, Russo et al. [18] admit that the diffusive mod-
els describe better the realistic mechanisms of adsorption
since they allow considering involved physical phenomena.

In adsorption, the intrinsic kinetics is faster and the
adsorbate-adsorbent interaction can be considered instan-
taneous. So, the idea of rapid local equilibrium can be used
to model the process. Hatzikioseyian et al. [18] examined
such approach for mathematical modeling of adsorption
in a fixed-bed column. Although mass transfer limitations
exist in most sorption processes, the developed model by
Hatzikioseyian et al. [19], which mainly uses an apparent dis-
persion coefficient of the column which was able to predict
the breakthrough data.

The breakthrough curves and correlations between the
experimental data and the model were used to describe the
adsorption capacity of selenium on an adsorbent prepared
from inactive aquatic weeds [20]. This study confirmed the
linear dependence of the adsorption capacity on the inlet
concentrations and good correlation between the numer-
ical values obtained from theoretical 3D model and the
experimental data.

Different approaches can be used to characterize and opti-
mize the flow patterns inside a packed bed reactor. In fixed-
bed reactors with a small ratio of tube diameter to particle

diameter, models such as heterogeneous or pseudo-hetero-
geneous models, have some limitations because they do not
consider local flow effects and heat and mass transfers [21].

Numerical simulations by finite element method were
used to calculate dispersion coefficients in artificial porous
media and the solution of 2D advection—dispersion equa-
tion provided good agreement with the experiment [22].
Qian et al. [23] have used 2D model based on the convection-
diffusion equation and the Nernst-Planck law to simulate
the breakthrough curves of adenosine-3', 5'-cyclic monophos-
phate (cAMP) adsorption onto an ion-exchange resin from an
aqueous solution. The comparison of the obtained numerical
values from the mathematical model with the results from
column experiments indicated that the model described
well the breakthrough curves.

Vaiano et al. [24] investigated the fluid dynamic in a
structured bed photoreactor using an N-doped TiO, immobi-
lized on glass as catalyst with the aim to eliminate pollutants
from wastewaters. The simulations were performed with 2D
finite element model with axial symmetry. The experimen-
tal results of methylene blue degradation were compared
thoroughly with the theoretical numerical values obtained
from the solution of the mathematical model and the mod-
el was successfully validated. Xu and Yu [25] managed to
simulate numerically gas-solid flow in a fluidized bed. The
study involved understanding the fluid flow behavior in
packed bed systems by solving related governing equations.
A computational fluid dynamic study using the discrete
particle method was used to obtain the results, which were
validated with literature data and the solution of the steady-
state was investigated. Zheng et al. [26] used a 2D axisym-
metric geometry model to examine transport phenomena
during the pressure swing adsorption (PSA) process inside
an adsorber. The model reflected the compressibility of gas,
heat effects, radial porosity and dead volume and the pro-
posed geometry was a rectangular grid with approximately
11,730 quadrilateral cells. The model was compared with
experimentally measured adsorption isotherms for pure oxy-
gen and nitrogen on LiX zeolite adsorbent. The results con-
firmed that the model can be used to optimize the adsorber
arrangement.

The numerical models have become widely used in
adsorption dye treatment especially in fixed-bed reactors.
Marin et al. [27] tested three mathematical models to describe
the removal of reactive blue 5G dye removal by adsorption
with polymeric adsorbent Dowex Optipore SD-2 in fixed-
bed columns. The model that involved internal resistance
and a variable mass transfer coefficient was more accurate
than the other models, which took into account the exter-
nal mass resistance or the adsorption in the adsorbent sites.
Another model based on finite volume method discretiza-
tion was successfully applied for calculations of photocata-
lytic decolorization of textile dyes with immobilized titania
nanoparticles [28].

The primary aim of this paper is to investigate the
experimental and numerical adsorption results of Acid
orange 7 (AO7) on the sodium hydroxide treated eggshells
(SHTES). After the preparation and the characterization of
the treated adsorbent (SHTES), different experiments were
carried out on the continuous fixed-bed reactor in order to
optimize the working parameters, initial concentration and



S. Akazdam et al. / Desalination and Water Treatment 268 (2022) 89-98

flow rate. These results were compared with those of the
numerical model used in the frame of this work.

2. Materials and methods

2.1. Preparation of dye solution and determination of the
adsorption capacity

Inthisstudy, theused Acid orange 7 (4-(2-hydroxy-1-naph-
thylazo) benzene sulfonic acid sodium salt) was obtained
from Merck (China). A stock solution (AO7) of 500 mg/L
was prepared by dissolving the appropriate amount of dye
in distilled water and further diluted to three different con-
centrations (30, 50 and 80 mg/L) to measure the adsorption
capacity. The absorbance of AO7 solutions was measured
at 485 nm using UV-visible spectrophotometer Specord 250
Plus (Analytik Jena AG, Germany) and plotted vs. concentra-
tion. Adsorption capacity was determined using initial and
final dye concentrations.

2.2. Adsorbent preparation and characterization

Eggshells were collected from households and restau-
rants. To eliminate impurities and adhering dust, eggshells
were rinsed several times with tap water, and then emerged
in distilled water at 25°C for 2 h. The washed material was
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dried in the dry oven at 100°C for 24 h. The dried eggshells
were crushed in a food processor Model 276 (Moulinex,
France) and sieved using a laboratory mini sieve shaker
(Xinxiang Yongging, China) to recover the fraction contain-
ing particle of sizes between 0.250 and 0.711 mm. Finally, the
sieved material was activated with 2N sodium hydroxide
NaOH (analytical grade, Merck, China) for 2 h in a heated
flask with a reflux condenser. Then the sample was washed
until reached neutral pH and dried again in the oven at
100°C for 24 h. The resulted adsorbent is conserved in con-
tainer for further use and abbreviated as SHTES.

This type of waste has all the favorable characteristics
for a promising adsorbent of organic materials after phys-
ico-chemical treatment as a final result for this part. The
mineral composition of eggshells has a high yield of cal-
cium carbonate (95%) in calcite form, 3.5% organic matter
or organic matrix (proteins, polysaccharides and proteogly-
cans), the eggshells contain also water at 1.5% [29].

The analysis of the X-ray diffractograms (Fig. 1a) using
an X'Pert 1 X-Ray diffractometer (Philips, Netherlands) of
SHTES shows a sharp and defined peaks which confirms
the crystalline structure. The diffractogram of the eggshells
shows a main peak at 20 = 30 with several other small peaks
at 20 = 22.78°, 35.88°, 40.28°, 48°, 49°, 50.85°, 57.48°, 60.74°
and 62° which confirms the presence of calcite crystals [30].
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Fig. 1. (a) X-ray diffraction diffractograms of SHTES and (b) FTIR spectrum of SHTES.
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Analysis of FTIR Spectrum of SHTES adsorbent was
measured using a FTIR spectrometer SP-FTIR-1 (Sco-Tech,
Germany) to obtain information on functional groups exist-
ing at the adsorbent surface. The spectrum was recorded over
wavelengths from 400 to 4,000 cm™ in a sample prepared as
KBr pellets under high pressure. Samples were out-gassed
at 473 K under vacuum prior to use. SHTES were also char-
acterized by X-ray diffraction using an X'Pert 1 X-Ray dif-
fractometer (Philips, Netherlands).

The analysis of the Fourier-transform infrared spec-
troscopy (FTIR) spectrum of SHTES (Fig. 1b) shows the
stretching and bending vibrations of the functional groups
in SHTES relates to the adsorption of the AO7 molecules:
The band between 3,600 to 3,700 cm™ is attributed to the
binding of OH (water) due to the inter and intra molecular
hydrogen bond of NaOH and the polymeric compounds of
eggshells, this indication is well confirmed by another band
observed between 1,600-1,800 cm™. The bands between 1,450
and 1,650 cm™ are attributed to the vibrations of C=C bond
stretching. The 2,454 cm™ vibration band and the 661 cm™
deformation characterized, respectively, the C-O and CO,
bond of the atmosphere. The small band located at 1,752 cm™
corresponds to the stretching of the C=O bond, the peak at
2,820 cm™ is due to asymmetric stretching vibrations of C-H.
The bands which evolve remarkably in the regions which are
situated respectively around 1,400 and 1,500 cm™, indicat-
ing the presence of carbonate minerals within the eggshells
matrix [31].

As to evaluate the specific surface area of SHTES adsor-
bent, Brunauer-Emmett-Teller (BET) multipoint technique
is used to describe the multilayer molecular adsorption.
The specific surface area calculated using the BET method
is found to be 36.60 m?/g. As reported in previous papers
the specific surface area depend on the activation method
such as Co0,0,/SiO, (23.7 m*/g) used for methylene blue elim-
ination [32] and calcined eggshells (CES) (62.42 m?*g) for
basic yellow 28 dye removal [33].

2.3. Column experiments

Continuous-flow experiments for AO7 removal were car-
ried out in a glass fixed-bed column with an internal diam-
eter of 2 cm and a length of 10 cm. A layer of glass wool was
placed at the bottom of the column.

1 liter of distilled water was passed through the fixed-bed
column in order to remove impurities from the adsorbent
prior the use. The influence of different flow rates (2, 4 and
6 ml/min) and AO7 concentrations (30, 50 and 80 mg/L) was
investigated. The method of one-factor at-a time was used
in this study. The desired flow rate of AO7 solution through
the column was provided by a micro peristaltic pump
DC12.0V (Makeblock, France). The samples of 1 mL were
taken from the outlet of the column at regular time intervals,
the adsorbent was separated from the solutions using a car-
tridge filter and then the AO7 concentration was analyzed
as described in section 2.1. The experiments were conducted
at temperature of 301 K (28°C + 1°C) without any pH adjust-
ment (pH = 6.5). Fixed-bed studies were finished when the
column achieved exhaustion.

Good design of fixed-bed systems requires predict-
ing the shape of the breakthrough curve for the given

effluent, adsorbent and operation conditions. It is usually
expressed as a normalized concentration defined as the ratio
of outlet to inlet dye concentration (C/C)) as a function of
time.

3. Numerical modeling
3.1. Geometry and mesh

Owing to the symmetry of the problem, the geometry
was simplified to 2D axisymmetric system. Fig. 2 illustrates
the scheme of the computational domain with z and r rep-
resenting the vertical and horizontal spatial coordinates,
respectively. The diameter and the height of the column are
2 cm and 10 cm respectively.

3.2. Physico-mathematical model

The adsorption of an adsorbate onto an adsorbent in
a continuous column is managed by two modes of trans-
fer, the transfer of the momentum energy governed by the
Navier-Stokes equations in porous media [Eq. (2)], where
the Navier-Stokes equations in a non-porous fluid phase
are corrected by introducing the porosity of the medium
€ in addition to the permeability K, and an inertial loss
coefficient B, obtained from Ergun’s equation [34].
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Fig. 2. Computational domain.
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where p is the fluid density, (kg/m?); v, u are velocity vec-
tors, (m/s); p is the pressure, (Pa); I is identity matrix; p is the
fluid viscosity, Pa-s; € is the bed porosity and dp is the particle
diameter.

The transfer of solute in the column is governed by Eq. (5)
[35,36]. The first term from the left part of the equation rep-
resents the non-stationary term, the second term regroups
the dispersive and the diffusive term and the last term rep-
resents the convective term. Secondly, the dye adsorption
on SHTES is represented in the right part of Eq. (3) which is
governed by Langmuir law.
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where p, is the bulk density, p, is the particle density k, is
the Langmuir constant, g, is the maximum adsorption,
D, and D, are the dispersive and the diffusive coefficient,
respectively.

3.3. Initial and boundary conditions

Initial and boundary conditions of the model are set as
follows:

3.3.1. Equation of movement
Att=0,u=0andv=0

Atz=0,0v=07,
With:

U =
° Axe
Atz=L,P=P,_

3.3.2. Equation of species

Att=0,C=0
Atz=0,C=C,
Atz=L,VC=0

3.4. Resolution

After the definition of the geometry and the physical
model, a finite elements method was used to discretize a set
of partial differential Egs. (1), (2) and (5) into an algebraic
equation, with the implementation of a suitable initial and
boundary conditions, where the system is automatically
solved by an iterative method. The normalized concentra-
tion at the outlet of the column is deduced by the average
of concentrations at the outlet C divided by the initial con-
centration C. A uniform quadratic mesh is chosen and the
introduction of the simulation parameters is established and
the time step of the simulation is 10 s. The convergence is
established when the error of all the independent variables
is less than 107. Table 1 presents the simulation parameters.

The equilibrium parameters of Langmuir model for sin-
gle components and kinetic data used in simulation were
estimated from adsorption data of [37,38]. Table 1 illustrates
the kinetic data, pore diffusion coefficient and equilibrium
parameters for AO7 dye. Laminar flow is assumed, since the
Reynold’s [Eq. (9)] number is much less than 10 [39].

do
Re=- P

©)

The axial dispersion coefficient D, of the liquid flowing
through a fixed-bed was obtained from the correlation of
Chung and Wen [40].

Table 1
Simulation parameters

Parameter Symbol Value
Diffusion coefficient, m?/s D, 7.225 x 101
Dispersion coefficient, m%/s D, Eq. (10)
Bulk density, kg/m? P, 223

Liquid density, kg/m? p 1,000
Particle diameter, m d;1 0.007
Liquid viscosity, Pa-s u 0.001

Bed porosity € 0.2
Langmuir constant, L/mg k, 0.025
Maximal adsorption, mg/g q 85
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4. Results and discussion

A mesh convergence study was established before the
start of the simulations. The optimal number of grid nodes
is chosen on the basis of mesh independence of the solu-
tions. Table 2 represents the results of the study for two dif-
ferent times (50 and 100 min). Eq. (11) is used to calculate
the error in term of concentrations. According to the study, a
grid of 100x100 is chosen for all the simulations.

_ C- C]25><125 %100

mesh — C (11)

125x125

Eq. (12) was used to calculate the relative error between
experimental and modeling results:

tb,EXI’ B tb,NUM

x 100 (12)

tb

b,EXP

4.1. Effect of initial dye concentration

The effect of initial AO7 concentration (30, 50 and
80 mg/L) on the adsorption of AO7 by modified SHTES at
fixed-bed column was studied. Constant values of 10 cm and
4 ml/min were used for bed height and flow rate, respec-
tively. Fig. 3 presents the breakthrough curves for the three
initial concentrations, the evolution of concentration at
the outlet of the column C/C; in function of time, obtained
using the numerical and the experimental results for the
SHTES packed column. It was found that, the trend of the
fitted curve agrees well with the experimental breakthrough
data. Table 3 presents the breakthrough time ¢, considered
approximately at the time (C/C, = 0.01), exhaustion time ¢, (C/
C, = 0.99), relative error to the breakthrough time [Eq. (12)]
and the correlation coefficient between experimental and
numerical values. We can observe that the breakthrough time
and exhaustion time slightly decreased with increased initial
AO7 concentration from 30 to 80 mg/L for the experimental
and numerical results, the experimental breakthrough and
exhausting times for different dyes concentrations (30, 50 and
80 mg/L) were found as 860, 800, and 760 s for ¢, and 6,000,
5,600 and 4,300 s for ¢, respectively. This is due to the increase
of the effluent concentration which decreases the adsorption

Table 2

capacity. With the enhancement of the initial ion concentra-
tion, the breakthrough curves become much steeper and the
breakthrough volume decreased due to the lower driving
force in favor of mass-transfer system from the solution to
the adsorbent surface and also due to the saturation of the
pore distributed on the surface [41].

At lower inlet AO7 concentrations, breakthrough curves
were dispersed and became slower. As influent concentration
increased, sharper breakthrough curves were obtained.
This can be explained by the fact that a lower concentra-
tion gradient caused a slower transport due to a decrease
in mass transfer coefficient. The larger the inlet concen-
tration, the steeper is the slope of breakthrough curve and
the smaller is the breakthrough time and adsorption zone
length; this is due to the saturation of SHTES adsorbent at
higher initial concentrations [42,43].

The correlation factor (R?) between the experimental
data and the numerical results presented in Table 3 and the
error relative to the breakthrough time ¢, demonstrates that
the results of the numerical model were in good agreement
with the experience.

4.2. Effect of flow rate

One of the most important parameters during the eval-
uation of adsorbents performance in fixed-bed column is
the effect of the flow rate [44]. To evaluate this effect on the
column performance, experiments were done at three flow
rates (2, 4 and 6 ml/min) with initial AO7 concentration of
30 mg/L and bed height of 10 cm. The experimental and
numerical resulted breakthrough curves at different flow
rates are shown in Fig. 4. As can be seen from this figure,
the numerical model predicts accurately the breakthrough
curves except for small acceptable deviation due probably
to the experimental errors, especially in the case of flow
rate 2 ml/min. Nonetheless, prediction for the exhaustion
time was in agreement with the experimental data for the
studied flow rate. The correlation coefficient (R*) between
the experimental data and the numerical results presented
in Table 3 are 0.956, 0.986, and 0.989 for flow rates 2, 4, and
6 ml/min, respectively.

The breakthrough curves (Fig. 4) occurred faster at higher
flow rate of 6 ml/min. This is due to the lower residence time
to reach the adsorption equilibrium of the influent in the col-
umn, thus reducing the contact time between AO7 and the
SHTES; so the AO7 solution without occurrence of equilib-
rium leaves the column. In addition, at higher flow rates,
the movement of adsorption zone along the bed is faster
reducing the time for adsorption of the dye. The data pre-
sented in Table 2 confirmed the observation and indicate that

Grid validation C, =30 mg/L, bed height H =10 cm and flow rates Q = 4 ml/min

Mesh 10x 10 15x 15
C/C, (t =100 min) 0.400 0.424
Error (%) 24.740 20.094
C/C, (t =50 min) 0.038 0.041
Error (%) 31.130 25.765

25 x 25 40 x 40 100 x 100 125x125
0.472 0.508 0.530 0.531
11.187 4.397 0.290 0.000
0.046 0.051 0.054 0.055
15.565 6.556 1.264 0.000
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Fig. 3. Comparison of experimental and numerical breakthrough curves for AO7 column adsorption by SHTES. (a) 30 mg/L,

(b) 50 mg/L, and (c) 80 mg/L.

Table 3

Breakthrough time, exhaustion time, error and correlation coefficient for different initial concentration and flow rate

Parameter/study Experimental Numerical

Initial concentration (mg/L) t, (s) t (s) t, (s) t (s) E, Rr?

30 860 6,000 900 7,200 4.65 0.982
50 800 5,600 820 5,200 2.50 0.984
80 760 4,300 800 3,950 5.26 0.974
Flow rate (ml/min)

2 1,800 7,200 2,200 14,400 2222 0.956
4 830 5,900 900 7,200 8.43 0.986
6 440 4,600 500 4,900 13.63 0.989

breakthrough time ¢, decreased significantly for experimen-
tal (1,800 to 440 s) and numerical results (2,200 to 500 s) with
the increase of the flow rate from 2 to 6 ml/min and in the
same way for exhaustion time ¢, (7,200 to 4,600 s) and (14,400
to 4,900 s) also for the experimental and numerical results,
respectively. In addition, the breakthrough curve for the
lower flow rate of 2 ml/min tended to be more gradual which
means the column was difficult to be completely exhausted.

The breakthrough of SHTES adsorbent is influenced also
by pH which has been investigated in our previous research
paper [45] and also by Slimani et al. [46] (pH,,. = 10.2) in
the pH range of 2-11. pH,,,. showed that SHTES presented
a negative charge at pH,,. > 10.2 and a positive charge at
pH,,c < 10.2. Consequently, the higher uptake of AO7 on
acidic pH SHTES may be resulted from the electrostatic inter-
actions between species with the different charges, that is, the
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Fig. 4. Comparison of experimental and numerical breakthrough curves of the effect of flow rate on AO7 adsorption onto SHTES

column: (a) 6 ml/min, (b) 4 ml/min, and (c) 2 ml/min.

dye molecule and the surface of SHTES [47,48]. The surface of
the SHTES contains large number of reactive sites as it con-
firmed by the relatively high BET surface area (36.60 m?/g).
At lower pH, the surface of the SHTES gets positively
charged causing in enhancement in adsorption removal.
This can be allocated to the reason that SHTES composition
contains functional groups such as hydroxyl groups which
protonated in acidic media generating more electrostatic
interactions between protonated SHTES and AO?7 anionic
dye [49,50]. At higher pH, the surface of the SHTES gets neg-
atively charged, which increase the repulsion between AO7
as anionic dye and the surface of our adsorbent.

5. Conclusion

A continuous fixed-bed reactor for wastewater treatment
was designed and implemented. The removal of dyes from
an aqueous solution on treated eggshell was investigated
experimentally and numerically at dynamic conditions for
fixed packed columns of 10 cm. A 2D mathematical model
with axial symmetry was configured to represent the sys-
tem of the packed column. The comparison between the

experimental and numerical results indicate that the model
can be a useful tool to predict the optimum conditions for
the adsorption of AO7 dyes liquid on SHTES. Flow rate and
initial AO7 concentration effects on the performance of AO7
removal were investigated via the breakthrough curves. The
breakthrough and exhaust times were found to decrease with
increasing the initial concentration (30, 50 and 80 mg/L) and
the flow rate (2, 4 and 6 ml/min) for both experimental and
numerical results. The numerical model has demonstrated
its capability to predict a breakthrough curves comparable
to the experimental ones for AO7 adsorption on SHTES.

Symbols

A — Column section, m?

C — Dye concentration, mg/L

C, — Initial dye concentration, mg/L
D, — Diffusion coefficient, m?/s

D, — Dispersion coefficient, m?%/s

d — Particle diameter, m

Epmesh — Mesh error

E, — Breakthrough time error
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H — Bed height, m

k, — Langmuir constant, L/mg

K, — Permeability, m?

P — Pressure, Pa

Dy max — Maximal adsorption, mg/g

Q — Flow rate, ml/min

Re — Reynold’s number

r — Radial spatial coordinate, m
t, — Breakthrough time, s

t, — Exhaustion time, s

u,v — Velocity vector, m/s

z — Vertical spatial coordinate, m
Greek symbols

B, — Inertial loss coefficient, kg/m*
P, — Bed density, kg/m?

p — Liquid density, kg/m?

P, — Particle density, kg/m?

vl — Dynamic viscosity, Pa-s

€ — Bed porosity

Abbreviation

NUM — Numerical

EXP — Experimental

AO7 — Acid orange 7

SHTES — Sodium hydroxide treated eggshells
FTIR  — Fourier-transform infrared spectroscopy
pHzpc — Zero pH charge
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