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Abstract

Adsorption is becoming a prominent method to remove heavy metal ions from
wastewater due to its ability to remove pollutant at extremely low concentration.
In batch experimental studies, activated alumina shows a good adsorption
capacity towards lead Pb(Il). Subsequently, this study was conducted to simulate
the performance of activated alumina in a packed bed column to remove Pb(ll)
presents in wastewaters, using Aspen Adsorption® based on data from batch
experiments. A plug flow mathematical model, with a linear driving force (LDF)
approximation was used for the simulation. A dynamic column performance was
evaluated systematically at various parameters. The simulated results show that
a decrease in the inlet flowrate and inlet concentration, and an increase in both
bed height and bed diameter enhance the Pb(ll) adsorption by the column by
delaying the breakthrough time. In addition, a real activated alumina industrial
packed bed column plant, namely Plant D was employed as a case study for a
scale-up analysis. A sensitivity analysis of three model parameters revealed that
the activated alumina column was very sensitive towards the changes in isotherm
model and bed porosity, and insignificant to the changes in LDF mass transfer
coefficient. The size of a packed bed column was taken to be 1.459 m and 0.6090
m, for height and diameter, respectively. The corresponding operation time was
28 days at inlet flowrate and inlet concentration of 6.31x10 m3/s and 0.1 mg/L,
respectively. These figures seem to be practical and manageable for industrial
wastewater treatment plant.

Keywords: Breakthrough curve, Dynamic simulation, Heavy metal, Mass transfer
coefficient, Scale-up.
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1. Introduction

Heavy metals in water bodies could be concentrated in the living tissues of organisms
[1-3] due to the increase in industrial activities such as battery manufacturing, mining,
smelting, refining and soldering [4-6], therefore intensified environmental pollution
[7]. Lead, for example, cause malfunctioning of human central nervous system,
immune system, excretory system and cardiovascular system [8]. Moreover, the
concentration of heavy metals in industrial effluent usually exceeds the threshold
limit set by governing bodies, thus need to be reduced within this limit before being
discharged. Several processes are being developed for this issue, such as membrane
filtration, chemical precipitation and ion-exchange [9-12].

Adsorption is an economic-process to separate heavy metal from aqueous
solution, since it is a simple, non-energy intensive and highly efficient operation
without toxic sludge generation [13-17]. Many adsorbents are being developed for
organic or inorganic environment, having comprehensive isotherm data [18-22]. A
study by Naiya et al. [22] shows that activated alumina has a good adsorption
capacity towards heavy metals (Pb and Cd) in aqueous solution in batch
experiments. Activated alumina has a highly porous surface area, good mechanical
strength and has both acidic and basic characters [22, 23], as well as a low toxicity
and less sludge involvement [3, 24] to make a metal ion adsorbent. However,
experimental approaches are costly and time-consuming. It limits the evaluation of
operating variables needed to design a packed bed column. In some cases, it is
difficult to hold certain variables constant [25]. From the isotherm data, a feasibility
study can be further investigated to prove their practicability over a larger scale for
application such as in wastewater treatment.

A packed bed adsorption column is a device filled with adsorbent, in which a
solution containing pollutants to be removed is passed through the adsorbent bed and
get attached onto the surface of the adsorbent [26, 27]. Continuous packed bed
adsorption column is preferred for an industrial wastewater treatment processes due
to its ability to handle large volumes [28, 29] and simple operation [30]. It also
provides information on breakthrough and exhaustion times, which are important to
evaluate the feasibility of adsorbents [29, 31]. A packed bed column operates until
the adsorbent bed is saturated with the pollutants and lose its adsorption capacity [32].

From the packed bed column experiment, breakthrough curve can be generated
which is then used to design adsorption column, and provide information on the
concentration of a dynamic response of a system with a function of time elapsed [33].
Numerous authors have investigated the adsorption of heavy metals in a small scale
continuous packed bed column via experimental works [34-37], but, few studies
reported on the attempt to model and simulate the system for future transition from
laboratory to industrial application [38, 39]. Thus, it is necessary to establish a
mathematical model of a small-scale packed bed column for future use in designing
for larger industrial scale application. A few mathematical models have been
developed for packed bed adsorption columns, both analytically and numerically.
Examples of analytical models that is widely adapted in the modelling adsorption
column are Thomas model, Yoon-Nelson model and Bohart-Adams model [40].
However, the analytical models have drawback of not being well correlated with
the experimental data [41], especially for asymmetrical breakthrough curves.
Numerical model, on the other hand, has the advantages over the analytical model,
for instance, it represents the system more general and accurate and is
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mathematically rigid, despite of its complicated numerical solutions and long
computational time [40, 41].

Therefore, in this present work, simulation of packed bed adsorption of Pb(l1) ion
onto activated alumina was carried out using Aspen Adsorption V7.3 simulator tool
to solve sets of equations of the model. Factors affecting the dynamic column
performance were investigated, including the effect of inlet flowrate, inlet
concentration, bed height and bed diameter. Then, the system was upscale with
reference to industrial scale to verify the feasibility of the adsorbent to be used for
treating Pb(l1)-containing wastewater in aspects of practicability and manageability.

2. Methodology

2.1. Data extraction

This study was based on the data by Naiya et al. [22] and used for a case study for
this simulation. The dynamic adsorption simulation was conducted by using Aspen
Adsorption® V7.3. The required data for the simulation on the adsorbent properties
and adsorption isotherm are presented in Tables 1 and 2, respectively.

Table 1. Characteristics of activated alumina [22].

Parameter Value
BET surface area, m?/g 126
Effective particle diameter, um 291.45
Bulk density, kg/m® 810

Table 2. Langmuir and Freundlich isotherm parameter [22].

Langmuir isotherm  Qmax (Mg/g) 83.33
KL (L/mg) 0.0515
R? 0.974
Freundlich isotherm  Ke ({mg/g}/{mg/L}") 3.82
1/n 1.44
R? 0.994

2.2. Mathematical model framework

2.2.1. Continuity equation around a packed bed column

Consider a control volume with a height 4z and a cross-sectional area of the column
A. A fluid stream containing component i to be adsorbed flows through the beds
with void e. Then, the volume of solid Vs is the control volume,

Vi =(1-¢6)A4Az 1)

By applying the mass balance of the component i in the fluid phase of the inlet
term, outlet, and accumulation of the component in the control volume

oCj oCj Qi oCj
(UoeCi); - (UeCi).+a: - (gDLi g)z + (SDLi g)zmz -pAz—t=eAz— @
where Dy is the axial dispersion coefficient of component i (m?/s), ps is the bed
column density (kg/m3), up is the interstitial velocity (m/s), z is the bed axial
position (M), t is the process time (s), Ci is the aqueous-phase concentration of
component i (mg/L) and Q; is the solid-phase loading of component i (mg/g).
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Dividing Eq. (2) by 44z and applying the limit 4z = 0, definition of derivatives
and negligible axial dispersion term assumption yields Eq. (3).
oC; oCi Q; _

Upe— +te— +p;— = (3)

2.2.2. Simplified kinetic models

The kinetic mass transfer coefficient was adequately assumed to follow LDF
approximation as popularized by Glueckauf [42], in which the mass transfer
driving force for a component i is a linear function of the solid phase loading [43].
The LDF approximation is often used in the analysis of adsorption process due to
its mathematically-view simple without jeopardizing the accuracy [44]. In this
work, two independent mass transfer diffusion were lumped by linear addition into
the LDF mass transfer coefficient [45].

Q _ *

— = MTC(Q," - Q) (4)
1 _ R R’

wie = % T o, ®)

where Q;" is solid-phase loading of component i at interface (mg/g) and MTC is the
LDF mass transfer coefficient (1/s). For the range of 0.001 < Re, < 5.8 found in this
work, the film mass transfer diffusion, ks (m/s) can be calculated by using Sherwood
(Sh) correlation as developed by [46].

2Rok;

1
Sh=—— =20+ 1.58Re%*Sc3 (6)

m

where Ry is particle radius (m), D is aqueous-phase diffusivity (m?/s), and Sh, Re
and Sc are Sherwood, Reynolds, and Schmidt dimensionless number, respectively.
The intraparticle surface diffusion, Ds (m?/s) is determined through empirical
correlation by [47].

D, = 8.6x10°R, /Dg—f(’ )

where Cy is the inlet heavy metal ion concentration in fluid phase (mg/L) and Qo is
the corresponding heavy metal ion concentration in solid phase (mg/g)

2.2.3. Adsorption isotherm model

The non-linear Langmuir and Freundlich model were expressed in Egs. (8) and
(9), respectively.

Langmuir model,

— QmaxKLCo
Q.= 1ok (8)
Fruendlich model,
1
Q. = KgCon ©))

The values of parameters Qmax and K. for Langmuir model and Kge and 1/n for
Freundlich model are stated in Section 2.1. The selection of isotherm models to be used
in the simulation is according to the value of the coefficient determination, R?. The
higher R? close to unity indicates the model best described the experimental data.
Therefore, for base-case simulation establishment, Fruendlich isotherm model is used.
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2.3.Parametric studies

Parametric studies are performed to determine the effect of changing packed bed
process parameters towards the adsorption performance, by evaluating the
breakthrough curve profile. Four effects were evaluated, including inlet
concentration, inlet flowrate, bed height and bed diameter. The parametric studies
were conducted by changing around the original base value, as shown in Table 3.

Table 3. Parametric studies on the effect of four
parameters, and the range of values used for this investigation.

Parameters Range values studied
Inlet concentration, Co (mg/L) 10
30
50
Inlet flowrate, F (x107 m%/s) 1.67
2.00
2.33
Bed height, H (cm) 20
30
40
Bed diameter, D (cm) 1.00
1.43
2.00

2.4.Upscale and sensitivity analysis
2.4.1. Industrial-scaled packed bed column

The Pb(ll) ion adsorption onto activated alumina was scaled-up according to size
of industrial wastewater application. A similar activated alumina column system of
industrial-scaled was taken as reference for scaling up purpose [48]. The
parameter's value of industrial-scaled bed column of the activated alumina system
is presented in Table 4.

Table 4. Model parameter of activated alumina Plant D [48, 49].

Parameter Value
Inlet flowrate, F (m%/s) 6.31x10*
Hydraulic loading rate, v (m/s)  2.16x107
Inlet concentration, Co (mg/L) 0.1
Bed diameter, D (m) 0.6096
Bed height, H (m) 0.973
Residence time, 7 (s) 450

The bed height was calculated using the residence time and hydraulic loading
rate information, by using the relationship as expressed in Eq. (10) [50].
=1 (10)

2.4.2. Sensitivity analysis

Sensitivity analysis was conducted on three parameters, namely the LDF mass transfer
coefficient, bed porosity and isotherm model selection. This aimed to investigate the
deviation they may cause if wrongly predicted or selected. Table 5 shows the range of
values used for sensitivity analysis studies for the three parameters.
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Table 5. The range used for sensitivity analysis investigation.

Parameter Range
LDF mass transfer coefficient (1/s) 4.00x10* (five-fold increase)
8.00x10°® (base value)
1.60x10 (five-fold decrease)
Bed porosity (m? void/m® bed) 0.32 (20% reduction)
0.40 (base value)
0.48 (20% increment)

Isotherm model Langmuir (R?=0.974)
Freundlich (R?= 0.994)

3. Results and Discussion

3.1. Base simulation breakthrough curve establishment

A base simulation for the adsorption of Pb(ll) onto activated alumina was
established as a reference point, prior to the studies on the affecting parameters.
The initial values specifications are presented in Table 6. The values in Table 6 will
remain the same throughout the study except for the manipulated variable.

Table 6. Model parameters value used for base case simulation.

Parameter Value
Inlet flowrate, F (m¥/s) 2x107
Inlet concentration, Co (mg/L) 30

Bed height, H (cm) 30

Bed diameter, D (cm) 1.43
Bed porosity, & (m? void/m? bed) 0.4
Bulk density, ps (kg/m?3) 810
External film mass transfer diffusion, ks (m/s) 4.32791x10°

Intraparticle (surface) mass transfer diffusion, Ds (m?/s)  2.7091x1073
Freundlich isotherm,

Ke ([mg/g]/[mg/L]¥m) 3.82

1/n 144

The plot of the base-case simulation breakthrough curve is shown in Fig. 1. The
plot indicates that the column achieves breakthrough time at about 2.08 days, under
the conditions stated in Table 6. The simulated breakthrough curve is consistent
with other researchers as the shape is similar to an “S” shaped curve [51-54].
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Fig. 1. Base simulation breakthrough curve.
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For a better understanding of the Pb(11) adsorption process on activated alumina
in a packed bed column, a concentration profile within the bed column is
demonstrated in Fig. 2. When the bed column adsorption was conducted at 5,000,
50,000, 100,000, 150,000 and 400,000 seconds, the Ph(ll) adsorbed into the bed
column length of 0.04, 0.12, 0.20, 0.27 and 0.30 m, respectively. Additionally, the
time to reach the saturation time at the packed bed column outlet was 2.88 days.
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Fig. 2. Concentration profile of Pb(I1) adsorption
along the packed bed column filled with activated alumina.

3.2. Factors affecting breakthrough curve performance

The effects of various operating parameters, such as inlet flowrates, inlet metal ion
concentrations, bed heights and bed diameters towards the dynamic packed bed
column adsorption of Pb(ll) onto activated alumina were studied and the
breakthrough curves of plots of C/C, versus time are presented in Figs. 3(a) to (d).

3.2.1. Effects of various inlet flowrates

The inlet Ph(ll) flowrates of 1.67, 2.00 and 2.33 x 10”7 m3/s were studied by fixing
the values of inlet concentration, bed height and bed diameter at 30 mg/L, 30 cm, and
1.43 cm, respectively. As the inlet flowrates were increased from 1.67 to 2.33x107
md/s, the breakthrough curve achieves earlier breakthrough, as shown in Fig. 3(a).
The break point time of the system decreases from 2.47 to 1.72 days.

This may due to an insufficient residence time between the Pb(ll) ion and
activated alumina, which led to a less physicochemical interactions between
Pb(ll) and activated alumina particles to achieve equilibrium at high flowrates
[51, 55]. Subsequently, the solution may leave the column before adsorption
equilibrium is achieved. A high flowrate also causes a chaotic turbulence
phenomenon effect to occur along the bed, thus reducing the external mass
transfer resistance [39].
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3.2.2. Effects of various inlet metal ion concentrations

The inlet Pb(Il) concentrations of 10, 30 and 50 mg/L were studied by fixing the
values of inlet flowrate, bed height and diameter at 2.00x10-7 m?/s, 30 cm, and
1.43 cm, respectively. It was observed that when the inlet Pb(Il) concentrations
were increased from 10 to 50 mg/L, the breakthrough time decreases, from 2.89 to
1.39 days as shown in Fig. 3(b).

A high Pb(Il) concentration in the inlet feed causes the system to achieve an
early breakthrough. This is because at a high Pb(ll) concentration, the adsorption
equilibrium may be attained faster due to an increase in the driving force of the
concentration. Thus, more adsorbate being adsorbed and subsequently, shorten the
breakthrough time and saturation time of the adsorbent [56].

It is also worth pointing out that by increasing the inlet concentration, the
breakthrough curve is steepen, that may be due to the readily accessible of adsorption
sites on the activated alumina to Pb(I1) ions, in which were occupied instantaneously
due to the diminished of mass transfer resistance at a higher inlet concentration [57].

3.2.3. Effect of various bed heights

The dynamic performance of the activated alumina in a packed bed column to remove
Pb(11) were studied at 20, 30 and 40 cm, bed heights. The inlet flowrate, inlet concentration
and bed diameter were fixed at 2x107 m¥s, 30 mg/L and 1.43 cm, respectively.

As the bed heights were increased from 20 to 40 cm, the breakthrough time of
the column was delayed, from 1.29 to 2.77 days as shown in Fig. 3(c). A longer
bed, provides a larger surface area for a larger mass of Pb(Il) [31, 55] to occupy
the volume of a column leading to an increase in the breakthrough time.

In addition, the Pb(Il) has more time to be in contact with the activated alumina
particles at a longer bed height, therefore, caused a deep transport of Pb(ll) molecules
into the activated alumina, thus, results in a higher adsorption of Pb(Il) ions [58].

3.2.4. Effect of various bed diameters

The effects of variation of the diameters of the bed towards the breakthrough curve
were studied at 1.00, 1.43 and 2.00 cm. The inlet flowrate, inlet concentration and
bed height were fixed at 2.00x107 m?/s, 30 mg/L, and 30 cm, respectively.

As the bed diameters were increased from 1.00 to 2.00 cm, the breakthrough
time increase from 0.90 to 4.16 days, as shown in Fig. 3(d). A column with a wider
diameter, provides a larger cross-sectional area of active sites for the activated
alumina adsorbent to occupy to promote sorption process [57].

In comparison, between bed height and bed diameter, varying the bed diameter
give more pronounced changes on the breakthrough curves as shown in Figs. 3(c)
and (d). This may be due to the increase of bed diameter, increases the cross-sectional
area of the column, while increasing bed height only change the axial distance of the
column. The data tabulated in Table 7 summarizes the discussion on the effect of
parameters towards the dynamic column performance, in terms of breakthrough time.
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Fig. 3. Effect of (a) inlet flow rate [C0=30 mg/L, H=30 cm, D=1.43 cm];
(b) inlet concentration [F=2x10-7 m%/s, H=30 cm, D=1.43 cm]; (c) bed
height [F=2x10-7 m®s, C0=30 mg/L, D=1.43 cm]; (d) bed diameter
[F=2x10-7 m%/s, C0=30 mg/L, H=30 cm] on the breakthrough curve.

Table 7. Summary of activated alumina
breakthrough time under various operating conditions.

Inlet Inlet Bed Bed
Run flowrate  concentration height diameter Breakthrough
no. (x107 (mg/L) (cm) (cm) time (days)
m?3/s)
1 1.67 30 30 1.43 2.47
2 2.00 30 30 1.43 2.03
3 2.33 30 30 1.43 1.72
4 2.00 10 30 1.43 2.89
5 2.00 50 30 1.43 1.39
6 2.00 30 20 1.43 1.29
7 2.00 30 40 1.43 2.77
8 2.00 30 30 1.00 0.90
9 2.00 30 30 2.00 4.16

Journal of Engineering Science and Technology April 2021, Vol. 16(2)



1222 M. H. V. Bahrun et al.

3.3.Upscale and sensitivity analysis

An industrial-scaled packed column of Plant D was employed for upscaling
purposes. The base case of the simulation in Section 3.1 was scaled-up according
to the design specification of Plant D as stated in Table 4. The scaled-up packed
system was able to achieve a breakthrough time of 17 days, based on the
breakthrough curve shown in Fig. 4.
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Fig. 4. Up-scaled breakthrough curve.

3.3.1. Influence of LDF mass transfer coefficient

The influence of variation of the overall mass transfer coefficient on the
breakthrough time of the system was investigated. It shows that the overall mass
transfer coefficient, combining both external film and intraparticle surface
diffusion improves the mass transfer at high MTC as shown in Fig. 5(a).

The breakthrough curve of the activated alumina system was not greatly
influenced by the changes in the overall mass transfer coefficient. It is obvious that
with the parameter values used, it is more notable at lower values of MTC.

The influence of reduction by five-folds from the base value of MTC = 8x10°
1/s is much more significant than that for a five-folds increase in the MTC. A slow
approach of C/Cq toward 1 was observed at lower MTC, which most probably due
to the slow intraparticle surface diffusion within the pores of activated alumina
particles [52]. Bono (1989) also reaches the similar finding [45]. The mass transfer
correlations from literature are usually subject to about 20% error [59]. This
analysis confirmed that for the system at hand, such LDF mass transfer uncertainty
is unlikely to influence the activated alumina dynamic column performance.

3.3.2. Influence of bed porosity

The influence of bed porosity on the breakthrough time was plotted as shown in
Fig. 5(b). The plot in Fig. 5(b) suggests that the influence of £20% of bed porosity
is significant to an activated alumina system.

Journal of Engineering Science and Technology April 2021, Vol. 16(2)



Assessment of Adsorbent for Removing Lead (Pb) lon in an Industrial- . . . . 1223

One possible reason for this phenomenon is that a lower bed porosity results in
higher residence time of the adsorbate in the bed column due to more tortuous path
of the adsorbate molecules [60]. Thus, the adsorption effects are significantly
diminished at higher porosity.

3.3.3. Influence of isotherm model

The influence of different isotherm models on the breakthrough curve of up-scaled
system was investigated. The plot of C/C, against time is shown in Fig. 5(c). The
parameter value of inlet flowrate, inlet concentration, bed height and bed diameter
are presented in Table 4.
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Fig. 5. Influence of (a) MTC; (b) bed porosity; (c) isotherm model
on breakthrough curve of Pb(l1) onto activated alumina.

Based on Fig. 5(c), the Freundlich isotherm model shows a latter breakthrough
time compared to the Langmuir isotherm model. This situation gives insight that
the wrong selection of isotherm model could greatly affect the results of
breakthrough curve performance of a system, with over 50% difference. Hence, the
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selection of a right isotherm model is crucial and need to be evaluated carefully to
give appropriate results.

3.3.4. Industrial application

The residence time of the bed column was increased one-half- and two-folds from
the original residence time of 450 s. Table 8 shows the specification for simulation
of three different residence time (or bed height).

The breakthrough time of the system at different residence time was plotted on
the same graph as shown in Fig. 6, to investigate the possible height of bed column
that was considered feasible for industrial application in terms of manageability
and personnel operability.

Table 8. Model parameters of several bed heights for industrial application.

Parameter Value

Inlet flowrate, F (m®/s) 6.31x10*
Hydraulic loading rate, v (m/s) 2.16x103
Inlet concentration, C, (mg/L) 0.1
Bed diameter, D (m) 0.6096
Bed height, H (m) 0.973, 1.459, 1.946
Residence time, 7 (S) 450, 675, 900
1.2
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Fig. 6. Packed bed column at different residence time (or bed height).

It is shown that the residence time of 450 to 900 secs seems to be a conservative
value of activated alumina plant design as at this residence time range, the bed
height of the column is considered manageable and easy for operation as well as
personnel operability for media replacement. When the residence time of the
column increases from 450 to 900 sec, the breakthrough time of the column
increased from about 17.36 to 37.04 days. Increase in residence time indicates that
the solute adsorbate has more time in the bed column, which means that when the
residence time is increased, the height of the bed column in also increased.
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Of three different residence time or bed height, the residence time of 675 secs
or the equivalent bed height of 1.459 m seems to be practical and manageable for
industrial used in wastewater treatment of industrial effluent as the breakthrough
time is 28 days.

The breakthrough time of industrial-sized activated alumina packed bed column
for the removal of Pb(ll) has been compared with other industrial-sized packed bed
column of other systems reported in the literature and the values have been
summarized in Table 9. The values and comparisons reported have only a relative
meaning because each study was conducted under different conditions such as inlet
flow rate, inlet concentration, bed height, bed diameter, as well as the type of
adsorbent materials that contributes to different adsorption capacity for each
adsorbate. The study of present investigation shows that activated alumina in packed
bed column of industrial sized exhibit a reasonable breakthrough time in removing
Pb(I1) from aqueous solutions.

Table 9. Comparison of results with literature.
Tetrachloro  Trichloro

Parameter Pb(ll) Pb(ll) ethene ethene Pb(ll)
Olive tree Olive tree Granular Granular Activated
Adsorbent pruning pruning activated activated -
! ! alumina
biosorbent  biosorbent carbon carbon
EEH U, 0.50 0.50 2.44 244 0.6096
D (m)
Bed height, 2.26 3.77 0.417 0.417 1.459
H (m)
Initial
concentration, 100 100 2.281 3.397 0.1
Co (mg/L)
El?r\;]vslrge’ 1.482x10°  2.469x103 6.483x10 6.483x10° 6.310x10*
Breakthrough
time, 0.14 0.21 451 122 28
tp (days)
Reference [39] [39] [61] [61] This study
4.Conclusion

In this study, the simulation of dynamic adsorption of lead (I1) ions onto activated
alumina in a packed bed column was investigated. With appropriate isotherm model
selection and reliable prediction of MTC, activated alumina packed bed column for
removing Pb(Il) can be modelled and solved by available simulation package. The
effect of inlet flowrate, inlet concentration, bed height and bed diameter towards the
performance of the system were examined by varying one parameter at a time, while
the others were kept constant. The sensitivity analysis was conducted to check
whether the presumed or predicted parameters could deviate much the results if
wrongly selected or predicted. A packed bed column of industrial-scaled dimensions
and operational settings were selected for evaluation of the lead (I1)-activated alumina
system for industrial application in wastewater treatment.

Based on this present study, some conclusions could be drawn. First, the inlet
flowrate and inlet concentration are inversely proportional to the breakthrough time
of the system. While the bed height and bed diameter are directly proportional to
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the breakthrough time of the system. Bed diameter effect on the system’s
performance is more significant than bed height as it involves the alteration of the
column cross-sectional area. In addition, the sensitivity analysis indicates that the
wrong selection of isotherm model in the simulation could deviate the results up to
50%, while the changes of the LDF mass transfer coefficient is not greatly influence
the system’ performance.

The industrial-scaled packed bed column with height of 1.459 m and diameter of
0.6096 m is chosen, with the column operation time of 28 days, to be an applicable
and manageable size for industrial application in wastewater treatment. However,
some further works need to be executed to establish and verify the applicability of
this simulation study for further design consideration, for instance continuous
multistage series adsorption.
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Nomenclatures

A Cross-sectional area of the column, m?

C Aqueous-phase concentration, mg/L

D Bed column diameter, m

Dy Axial dispersion coefficient, m?/s

Dn Molecular diffusivity, m?/s

Ds Intraparticle surface mass transfer diffusion, m?/s
F Inlet flowrate, m%/s

H Bed column height, m

i Component i

ks External film mass transfer diffusion, m/s
Kr Freundlich adsorption capacity, (mg/g)/(mg/L)
KL Langmuir adsorption affinity, L/mg

M Molecular weight of solute, kg/kmol
MTC LDF mass transfer coefficient, 1/s

1/n Freundlich adsorption affinity

0 Initial state

Q Solid-phase loading, mg/g

Qmax Maximum adsorption capacity, mg/g

Rp Particle radius, m

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

T Temperature, °C

Vs Volume of solid, m®

z Bed axial position, m

Greek Symbols

€ Bed porosity, m® void/m® bed

Ds Bulk solid density, kg/m?
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Uo

Residence time, s
Fluid interstitial velocity, m/s
Hydraulic loading rate, m/s
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