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Abstract
The dynamic performances of various adsorbents in removing lead ion, Pb(II), from aqueous solution in an industrial-sized 
packed bed column were investigated through numerical simulation, by employing a linear driving force (LDF) approxima-
tion model in Aspen Adsorption simulation tool. The size of the real implemented packed bed column with dimensions 
of 0.9730 m height and 0.6096 m diameter, with a design flowrate of 631 mL/s and inlet concentration of 0.1 mg/L Pb(II) 
aqueous solution, was used to represent an industrial-sized packed bed column. Here, the dynamic performances of ten 
Langmuir-fitted adsorbents for removing Pb(II) from an aqueous solution were evaluated. Among the ten adsorbents, the 
apricot stone AC gave the highest dynamic adsorptive performance with the highest saturation time (203 days) and percent-
age removal (95.6%). This suggests a cheaper and environmental-friendly alternative of using biomass-activated adsorbent. 
Based on the simulation results of the ten adsorbents, a simple analysis method was formulated as a preliminary screening 
for comparing the adsorptive performance using information from the batch experiments related to separation factor and 
total adsorbent mass. The Langmuir separation factor, RL, can be used as a preliminary indicator to rank various adsorbents 
in removing Pb(II). In the case of available adsorbent density, the mtotal indicator is more reliable and gives a better indicator 
than RL. This present paper provides a preliminary screening in comparing various adsorbents’ performance operated in a 
packed bed column, especially the industrial-sized packed bed column.
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1  Introduction

Environmental pollution is one of the most serious 
problems faced by humanity and other life forms on our 
planet today. Urbanization, industrialization, economic 
development, and overpopulation have contributed to 
the increase in energy consumption and waste discharges 
[1, 2]. Improper management of waste discharges leads 
to various types of environmental pollution. Environ-
mental pollution can be defined as the contamination of 
the physical and biological components of the Earth or 
atmosphere system to such an extent that normal environ-
mental processes are adversely affected [3]. And, one of 
the major contaminations found is heavy metals.

Contaminations of hazardous metals into the aquatic 
environment are a worldwide concern because they 
have caused severe and persistent hazardous problems 
in different domains of the environment. For example, 
lead commonly exists in industrial and agricultural 
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wastewater, owing to its technological importance in 
industries such as textile, battery manufacturing, and 
paint [4, 5]. They are harmful to humans, leading to a 
wide range of health problems, such as malfunctioning 
of the human central nervous system, immune system, 
excretory system, and cardiovascular system [6, 7]. 
Because of the non-biodegradability of heavy metals 
(i.e., lead) in the environment and their harmfulness to 
living organisms, their removal becomes crucial in pro-
tecting the ecosystem and human health [8].

Developing sustainable advanced processes is 
required for wastewater-containing heavy metal treat-
ment to achieve environmental quality standards and 
protect water systems from potentially harmful con-
taminants. Adsorption is, by far, the most prominent 
alternative for removing Pb(II) from wastewater, owing 
to its most economical, efficient, and selective treat-
ment method [9, 10]. For industrial wastewater treat-
ment applications, a packed bed adsorption column 
is the most practical mode since it allows for large 
volume wastewater to be treated with a simple opera-
tion method [11–14]. Moreover, a packed bed adsorp-
tion column provides reliable information regarding 
the breakthrough curve (BTC) and mass transfer zone 
(MTZ), which is one of the critical aspects in evaluat-
ing the performance and feasibility of adsorbents for 
industrial applications [12, 15]. Surfing into literature 
found that adsorption processes in removing heavy 
metal ions were mainly conducted in batch experi-
ments. Some similar authors have extended their inves-
tigation to a continuous lab-scaled packed bed column 
for breakthrough curve determination. Unfortunately, 
most researchers have yet to investigate the adsorbents 
that they developed for their performance behavior in 
the continuous packed bed column. This creates a gap 
between the batch and continuous analysis; therefore, 
there is a necessity in transitioning the data obtained 
from the batch study for the analysis in the continuous 
investigation.

The design and optimization of an industrial-sized packed 
bed column require a mathematical model that predicts the 
dynamic performance (i.e., breakthrough curve) is very impor-
tant, thus significantly reducing the experimental efforts that 
are sometimes laborious and time-consuming. A simplified 
mathematical model is often employed to define the adsorption 
process in a continuous packed bed column. The establishment 
of such model serves as a foundation for developing a commer-
cial process simulator, such as AspenTech Aspen Adsorption. 
The availability of such simulator made it possible to simulate 
the adsorption process by significantly reducing the burden of 
the manual handling of many equations and their numerical 
solutions. The use of such simulator is not limited to merely 

solving some equations, but has expanded into the design and 
optimization of commercial processes [16].

Therefore, the objectives of this present paper are two-
fold: First, to evaluate the adsorptive performance in an 
industrial-sized packed bed column for removing divalent 
lead ion, Pb(II) from aqueous solution by transitioning batch 
adsorption data to a continuous industrial-sized packed bed 
column through numerical computer simulation. The method 
here utilizes a simulation tool, Aspen Adsorption, to predict 
the breakthrough curve using minimum experimental data, 
and does not require obtaining model parameters from the 
experiment. The industrial-sized packed bed column specifi-
cations were taken from the real implemented adsorber col-
umn in the industry. Ten Langmuir-fitted adsorbents were 
selected for the evaluation of dynamic performance in an 
industrial-sized packed bed column for removing Pb(II). 
Their performances were measured in terms of saturation 
time, length of mass transfer zone, percentage removal, and 
breakthrough curve plot. Second, to compare their dynamic 
adsorption performances and formulate a simple analysis 
method to compare the adsorption performances based on 
the batch experimental information related to separation fac-
tor and total adsorbent mass, the simple analysis method was 
formulated based on the simulation results obtained in the 
first objective of this paper.

2 � Theories and assumptions

2.1 � Packed bed adsorption column simulation

The Aspen Adsorption simulation tool is used for the aque-
ous phase simulation study in removing Pb(II) using various 
adsorbents. Several assumptions are considered in order to 
model the packed bed adsorption column [17–19]:

1.	 The upward difference scheme 1 (UDS1) is used as a 
spatial domain discretization method, with 200 nodes 
within the confined axial column length.

2.	 The fluid flow behavior across the bed column length is 
assumed to be axially dispersed flow, with an isothermal 
condition along the bed.

3.	 The velocity variation along the bed is negligible due to 
constant fluid moment assumption.

4.	 Bed column porosity is uniform throughout the bed.
5.	 A lumped mass transfer model is considered with solid-

film resistance. The lumped mass transfer consists of 
external film resistance and intraparticle resistance.

6.	 The adsorption equilibrium condition between the liquid 
and solid phases is described using the Langmuir iso-
therm.
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2.2 � Mathematical model framework

The formulation of the mathematical model for numerical 
simulation of the packed bed adsorption column is obtained 
through the differential mass balances for an elementary vol-
ume of Pb(II) in the fluid and solid phases. Considering a 
control volume with a height Δz and a cross-sectional area of 
the column A, a fluid stream containing Pb(II) to be adsorbed 
flows through the beds with void ɛ. Then, the volume of 
solid Vs being the control volume is expressed in Eq. 1.

Applying the mass balance of Pb(II) in the fluid phase of 
the inlet terms, outlet, and accumulation of the component 
in the control volume makes the following partial differen-
tial equations (PDEs) as depicted in Fig. 1 and expressed 
in Eq. 2.

where Ez is the axial dispersion coefficient (m2/s), ρs is the 
bed column density (kg/m3), u0 is interstitial velocity (m/s), 
z is the bed axial position (m), t is the process time (s), C is 
the aqueous phase concentration of Pb(II) (mg/L), and Q is 
the solid-phase loading of Pb(II) (mg/g). Applying the limit 
Δz → 0 and the definition of derivatives yield the overall 
mass balance as in Eq. 3.

2.3 � Adsorption rate using linear driving force (LDF) 
model

The kinetic mass transfer coefficient is adequately assumed 
to follow the LDF approximation as popularized by 
Glueckauf [20], in which the mass transfer driving force for 
Pb(II) is a linear function of the solid-phase loading [18]. 
The LDF model is often used in the analysis of the adsorp-
tion process due to its being mathematically simple without 
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jeopardizing its accuracy [21]. The adsorption rate dQ/dt, for 
the LDF model can be written as shown in Eq. 4.

where kLDF (1/s) is the LDF mass transfer coefficient. In 
this work, the kLDF is lumped by two mass transfer diffusion 
resistances: external film mass transfer diffusion, kf (m/s), 
and intraparticle surface mass transfer diffusion, ks (m2/s). 
The correlations for calculating the kLDF, kf, and ks are pre-
sented in Table 1.

2.4 � Adsorption equilibrium isotherm

The non-linear Langmuir isotherm as expressed in Eq. 5 [22]

assumes that adsorption occurs on a homogenous surface 
in one layer (monolayer) without interaction between the 
adsorbed molecules. Langmuir isotherm is a two-parameter 
equation, consisting of Qmax and KL. The Qmax (mg/g) is 
the Langmuir maximum adsorption capacity, while KL (L/
mg) is the Langmuir constant related to adsorption affinity. 
The variables Q* (mg/g) and C* (mg/L) are the solid-phase 
loading and liquid-phase concentration, respectively, both 
at the interphase. The Langmuir isotherm is one of the most 
frequently utilized isotherms in the literature, often provid-
ing good agreement with experimental data at very low con-
centration. This present work uses the isotherm parameters 
of Qmax and KL obtained from the published works as stated 
in Section 3.1.

2.5 � Numerical method

The Aspen Adsorption is used to solve the governing sets 
of partial differential equations (PDEs), ordinary differential 
equations (ODEs), and algebraic equations of the packed bed 
adsorption column model. Initially, the model equations of 
Eqs. 3–5 are spatially discretized into 200 nodes in the axial 
direction using the finite difference scheme, which is UDS1, 
as mentioned in Section 2.1, which turns the PDEs into sets 
of ODEs and algebraic equations. The first- and second-
order differential terms of UDS1 for converting the PDEs 
into DAEs are expressed in Eq. 6 and Eq. 7 [18].
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Δz2Fig. 1   Control volume for mass balance around adsorption packed 
bed column, as represented by Eq. 2
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where Γ and i represent the dependent variable and posi-
tion, respectively. Then, the resulting system of DAEs is 
solved simultaneously, with respect to both space and time. 
An implicit Euler method is used as an integrator for solv-
ing the ODEs, and the concentration profile of a packed bed 
adsorption column is obtained as a function of axial position 
and time (breakthrough curve profile).

2.6 � Correlations used for estimation of unknown 
transport properties

The use of available correlations for estimating unknown 
model parameters, which is the transport properties, such 
as mass transfer coefficient and axial dispersion coefficient, 
is important for solving the balance equations and predict 
the dynamics of a packed bed adsorption column. Thus, 
few correlations have been selected to range the operat-
ing conditions in this study. Equations 8 to 12 represent 
the correlations used for estimating the unknown transport 
properties in this simulation work, as listed in Table 1.

2.7 � Simulation procedure

The simulation starts with importing the feed component (in 
this case is Pb(NO3)2) from Aspen Properties database. Then, 
the calculation proceeds with the required input parameters 
fed into the main simulation tool, Aspen Adsorption, such as 
the physical properties of adsorbents, operational feed condi-
tions, packed bed column properties, transport properties, and 
isotherm parameters. The output generated is in the form of a 
breakthrough curve, calculated through numerical iterations of 
the set of governing equations, as described in Section 2.5, and 
the obtained data are analyzed to produce meaningful results. 
Figure 2 shows the simulation procedure used in this work.

3 � Materials and methodology

3.1 � Case studies

This study is based on the data extracted from several pub-
lished papers that are used as case studies in this current 
work. The dynamic adsorption simulations are conducted 
using Aspen Adsorption. The list of selected published 
papers is presented in Table 2. Each adsorbent is assigned 
with a case number to simplify the use of each adsorbent 
in the text.

3.2 � Extraction of required data for simulation

The required data for the simulation on the adsorbent prop-
erties and adsorption isotherm are presented in Table 3. 
This present work requires the determination of adsorp-
tion isotherm parameters and several adsorbent physical 
properties before the prediction of the breakthrough curves 
using the proposed method in this paper.

Most of the data in Table 3 will be generally avail-
able from the respective authors, since the adsorbent 
is characterized and isotherm should have been deter-
mined. Otherwise, some experiments should be carried 
out before applying the method proposed in this present 
work in order to predict the behavior of the packed bed 
column. To initialize the simulation, a bed voidage, ε, is 
required as described in Eq. 3. Bed voidage is a fraction 
of the total volume, which is free spaces available for 
the fluid flow. In a packed bed column, the bed voidage 
for solid materials is often in the range of 0.35–0.45 
for a larger bed column diameter-to-particle diameter, 
D/dp ratio [37–39]. Therefore, a median value of 0.4 is 
taken as the bed voidage for all the ten adsorbents used 
in this study.

Table 1   Correlations used for estimating unknown model parameters

Model parameters Condition Formulation Equation number

External film mass transfer diffusion, kf (m/s)
Ohashi correlation [23] 0.001 < Re < 5.8 Sh = 2.0 + 1.58Re0.4Sc

1

3
Equation 8

5.8 < Re < 500 Sh = 2.0 + 1.21Re0.5Sc
1

3
Equation 9

Intraparticle surface mass transfer diffusion, ks (m2/s)
Heese & Worch correlation [24] - ks = 8.6 × 10−5rp

√

DLC0

Q0

Equation 10

LDF mass transfer coefficient, kLDF (1/s)
Approximation by Glueckauf [20] - 1

kLDF
=

rp

3(1−�)kf
+

r2
p

15ks

Equation 11

Axial dispersion coefficient, Ez (m2/s)
Wakao and Funazkri correlation [25, 26] - Ez = 2urp

[

20

ReSc
+

1

2

]

Equation 12
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3.3 � Specifications of industrial‑sized packed bed 
column

The dynamic adsorption performances of Pb(II) removal in 
a packed bed column for ten adsorbents were tested indi-
vidually on an industrial-sized column. The industrial-sized 
packed bed column specifications for arsenic removal are 
taken from an actual packed bed column plant size as a case 
study to initialize the simulation. The design specifications 

of the industrial-sized packed bed column are summarized 
in Table 4 [40]. As a comparison, several specifications of 
other typical industrial adsorbers can be found in Table S1 
in the Supplementary Materials.

The concentration of Pb(II) in industrial effluent differs 
from one source point to another. Therefore, the concentra-
tion of Pb(II) used for this simulation work is taken from a 
real textile industrial effluent as investigated by [41]. The 
Pb(II) concentration is taken as 0.1 mg/L.

Fig. 2   Simulation procedure for 
generating breakthrough curves

Input Simulation Engine Output

Feed Properties
Concentration

Flowrate

Temperature

Pressure

Packed Bed Column
Height

Diameter

Bed porosity

Adsorbent Aspen Adsorption Results
Bulk density

Particle diameter
Breakthrough curve profile

Transport
Mass transfer coefficient

Axial dispersion

Equilibrium Isotherm Post-Processing

Langmuir isotherm

Saturation time

LMTZ

Percentage removal

Table 2   Ten selected published papers for the evaluation of Pb(II) removal by various adsorbents

Title of research paper(s) Adsorbent Case number Reference

Removal of lead in water using activated carbon 
prepared from Acacia catechu

Acacia catechu AC 1 Lakshmikandhan and Ramadevi (2019) 
[27]

Adsorption of Pb(II) from aqueous solutions using 
activated carbon developed from apricot stone

Apricot stone AC 2 Mouni et al. (2011) [28]

Removal of Pb(II) by adsorption onto Chinese 
walnut shell-activated carbon

Chinese walnut shell AC 3 Yi et al. (2015) [29]

Removal of lead(II) by adsorption using treated 
granular-activated carbon: batch and column 
studies

Coconut shell AC 4 Goel et al. (2005) [30]

Adsorption of Cd(II) and Pb(II) ions from aque-
ous solutions using mesoporous-activated carbon 
adsorbent: equilibrium, kinetics, and characterisa-
tion studies

Commercial mesoporous AC 5 Asuquo et al. (2017) [31]

Adsorption of Pb(II) ions from aqueous solutions by 
date bead carbon activated with ZnCl2

Date bead AC 6 Danish et al. (2011) [32]

Adsorption of lead(II) from aqueous solution by 
activated carbon prepared from Eichhornia

Eichhornia AC 7 Shekinah et al. (2002) [33]

Kinetic and equilibrium modeling of liquid-phase 
adsorption of lead and lead chelates on activated 
carbons

Saw dust AC 8 Krishnan, Sheela and Anirudhan (2003) 
[34]

Adsorption study of lead(II) onto xanthated date 
palm trunk: kinetics, isotherm and mechanism

Xanthated date palm kernel trunk 9 Yadav, Singh and Sinha (2013) [35]

Removal of lead(II) from waste water on zeolite-
NaX

Zeolite NaX 10 Pandey, Sharma and Sambi (2015) [36]
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3.4 � Dynamic adsorption performance analysis

The results from the converged simulation are presented in 
data tables and graphical presentations. Several indexes are 
used to describe the dynamic adsorption performance in a 
packed bed column, including breakthrough time (tb), satu-
ration time (ts), length of mass transfer zone (LMTZ), and 
percentage removal (R%). The breakthrough time, tb (day), 
is taken at a time when the C/C0 reached 0.05, while the 
saturation time, ts (day), is taken at a time when the C/C0 
reached 0.95. The LMTZ (m) is calculated following Eq. 13.

where H is the bed column height (m). The Pb(II) percent-
age removal (R%) is determined through the column maxi-
mum capacity calculation. At a given inlet adsorbate solu-
tion flowrate and concentration, the total amount of Pb(II) 
adsorbed in the column, Qtotal (kmol), can be calculated 
from the area under the breakthrough curve as expressed 
in Eq. 14.

where F is the inlet flowrate (m3/s) and Ct/C0 is the normal-
ized outlet concentration at time t. The amount of Pb(II) 
entering the bed column, Mtotal (kmol), is determined using 
Eq. 15.

(13)LMTZ = H

(

1 −
tb

ts

)

(14)Qtotal = F∫
t=ts

t=0

(

1 -
Ct

C0

)

dt

where C0 is the inlet concentration (kmol/m3). Finally, the 
percentage removal of Pb(II) (R%) is calculated by apply-
ing Eq. 16.

4 � Results and discussion

In the present work, the prediction of the dynamic perfor-
mance of a packed bed adsorption column using numerical 
simulation with minimum experimental data needed and 
other unknown model parameters calculated using well-
established correlations is key to this paper. Many batch 
adsorption systems can be extended to a continuous packed 
bed adsorption column system. The validity of the robust-
ness of the LDF model employed in this present work has 
been proven by several investigators that model the aque-
ous phase breakthrough curves for adsorption in a packed 
bed column [17, 42–44], in which the explanation of the 
verification methods was presented in Table S2 in the Sup-
plementary Materials.

4.1 � Analysis of the dynamic performance of various 
adsorbents for Pb(II) removal

The LDF mathematical model of the packed bed adsorption 
column is solved numerically using a simulation tool, Aspen 
Adsorption, following the assumptions considered in Sec-
tion 2.1. The converged simulation results are presented in 
data tables and graphical presentations. The performance of 
the packed bed adsorption column is evaluated by analyzing 
the saturation time (ts), length of mass transfer zone (LMTZ), 
and percentage removal (R%), and breakthrough curve for 
all ten adsorbents is presented in Table 5.

The shape and gradient of the breakthrough curves 
(BTC) were determined and controlled by the mass 

(15)Mtotal = FC0ts

(16)R% =
Q

total

Mtotal

× 100%

Table 3   Required data extracted from the published papers that are used in the simulation of Pb(II) removal by ten adsorbents

The source papers are listed in Table 2

Descriptions Case

1 2 3 4 5 6 7 8 9 10

Adsorbent bulk density, ρs (kg/m3) 766 810 575 500 690 1196 120 612 1,120 600
Adsorbent particle diameter, dp (µm) 575 188 1,023 1,611 425 125 153 96.0 75.0 1500
Isotherm parameters
Qmax or IP1 (mg/g) 80.0 21.4 82.0 21.9 20.3 76.9 16.6 149 53.5 14.2
KL or IP2 (L/mg) 0.256 5.69 0.151 3.51 0.110 0.209 1.00 0.00840 0.175 0.0976

Table 4   Some basic design specifications of the industrial-sized 
packed bed column

Taken from [40]

Specification Value

Feed flowrate, Q (m3/s) 6.31 × 10−4

Bed column height, H (m) 0.9730
Bed column diameter, D (m) 0.6096
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transfer diffusion of Pb(II) from the bulk solution to the 
adsorbent’s surfaces. Steeper BTC is formed when the 
mass transfer resistance is small, and vice versa. Negli-
gible mass transfer resistance forms the ideal step-size 
function BTC. However, the real BTC always deviates 
from the ideal BTC due to mass transfer resistance, as 
shown in Table 5. From the BTC, important informa-
tion regarding the operation time of the bed column can 
be obtained. Breakthrough time and saturation time are 
often extracted from the breakthrough curve as indicators 
to determine the dynamic performance of an adsorbent 
in a packed bed column. Here, the saturation time was 
taken as an indicator of the operational lifespan of the 
packed bed column before media regeneration or replace-
ment. Among the adsorbents studied here, apricot stone 
AC showed the longest saturation time in an industrial-
sized packed bed column for removing Pb(II), with a 
saturation time of 203 days, while the shortest satura-
tion time belongs to saw dust AC, with a saturation time 
of 3.10 days. Apricot stone AC, the organic adsorbent, 
seems superior in removing Pb(II) compared to inorganic 
adsorbents, such as zeolite NaX. When comparing among 
the organic adsorbents, some bio-activated carbons per-
form better in an industrial-sized packed bed column than 
commercial-activated carbon. This could bring alterna-
tives of cheaper adsorbents for removing Pb(II) from an 
aqueous solution. Thus, the prospect of finding economic- 
and environmental-friendly adsorbents could potentially 
become a reality to be implemented for industrial applica-
tion for removing Pb(II)-containing wastewater.

Another index measure in analyzing the dynamic 
performance of a packed bed column is the mass trans-
fer zone. The mass transfer zone develops from the inlet 
side in the column and progressively transverses towards 
the outlet side. In defining the dynamic performance of a 
packed bed column, mass transfer zone is often expressed 

as the LMTZ. It characterizes the wavefront of the packed 
bed column, and an ideal wavefront has zero LMTZ because 
it forms a step-size function due to the absence of mass 
transfer resistance. Thus, shorter LMTZ suggests an effi-
cient utilization of the adsorbent bed. The LMTZ can be 
graphically observed from the breakthrough curve (BTC), 
as depicted in Fig. 3, in which a steeper BTC has shorter 
LMTZ, and a broader BTC has longer LMTZ. Table 5 shows 
that the apricot stone AC has the shortest LMTZ and, corre-
spondingly, the steepest BTC, whereas, the Chinese walnut 
shell AC has the longest LMTZ, thus, has the broadest BTC. 
Also, in Table 5, it is demonstrated that the apricot stone 
AC has the highest percentage removal, R% (95.6%), and 
the Chinese walnut shell AC has the lowest percentage 
removal, R% (56.8%). It is worth pointing out that the 
LMTZ and R% can be described as being inversely propor-
tional to each other; the lower the LMTZ, the higher the R%. 
This is due to the fact that a shorter LMTZ represents only 
a small portion of the adsorbent zone that is not utilized 
for the adsorption process [45, 46].

4.2 � Discussion on isotherm data using Langmuir 
equation

The respective Langmuir isotherm parameters for all ten 
adsorbents studied here were used to re-plot the adsorption 
isotherm graph at the desired range of inlet Pb(II) concentra-
tion, C0. This is to understand the isotherm behavior of each 
adsorbent to support the simulation results in Section 4.1.

The Langmuir separation factor, RL, is one of the essen-
tial characteristics of a Langmuir isotherm, which can be 
expressed by Eq. 17 [47].

According to [47], the parameter RL indicates favorable 
isotherm type if the value is within 0 < RL < 1, and a very 
favorable isotherm is indicated by a value closer to zero. 
Linear isotherm type has the RL = 1. Referring to Fig. 4 and 
Table 6, the adsorbents having RL > 0.9 seem to have a linear 
curve, whereas two adsorbents, which are the apricot stone 
AC (red line) and the coconut shell AC (lime line), have 
convex curves. This indicated favorable adsorption by the 
apricot stone AC and the coconut shell AC at Pb(II) concen-
tration of 0.1 mg/L. Note that the favorability of the adsorp-
tion process varies with concentration. Depending on the 
concentration, an adsorbent may have a favorable isotherm 
at one concentration, whereas the isotherm might be linear 
at a different concentration.

The Langmuir separation factor, RL, always corresponds 
to the solid-phase loading fraction at inlet concentration 

(17)RL =
1

1 + KLC0

Table 5   Ranking of industrial-sized packed bed column perfor-
mance of ten adsorbents for removing heavy metal lead ion arranged 
in descending order w.r.t. the saturation time, ts (F = 631  mL/s, 
C0 = 0.1 mg/L, Hb = 0.973 m, D = 0.6096 m)

Adsorbents ts (days) LMTZ (m) R (%)

Apricot stone AC 203 0.0857 95.6
Coconut shell AC 111 0.435 76.5
Date bead AC 69.2 0.299 84.2
Acacia catechu AC 61.7 0.436 76.6
Xanthated date palm trunk 37.8 0.295 87.5
Chinese walnut shell AC 17.3 0.748 56.8
Zeolite NaX 8.07 0.645 60.5
Eichhornia AC 7.49 0.486 73.7
Commercial mesoporous AC 6.88 0.573 68.5
Saw dust AC 3.10 0.428 77.0
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(in this case is 0.1 mg/L), Q0/Qmax, but not always to the 
total amount adsorbed by the adsorbent mass, mtotal. This is 
because the calculation of mtotal includes the value of bulk 
solid density, which varies from one adsorbent to another. 
The mtotal implies a capacity or amount of the adsorbate 
(Pb(II)) that a specific amount of adsorbent can hold.

4.2.1 � Relation between RL, Q0/Qmax, and ts

Looking at Fig. 4, and information on RL and Q0/Qmax from 
Table 6, the ranking of dynamic performance of each adsor-
bent should be as follows: 2 > 4 > 7 > 1 > 6 > 9 > 3 > 5 > 10 
> 8. However, the actual ranking in terms of the saturation 

Fig. 3   The breakthrough curves 
of ten adsorbents for removing 
Pb(II) in an industrial-scaled 
packed bed column

Fig. 4   Langmuir adsorption 
isotherm plot for ten adsorbents 
at liquid concentration ranges 
from 0.0—0.5 mg/L. Note that 
the present study works on 
0.1 mg/L inlet concentration



11237Biomass Conversion and Biorefinery (2024) 14:11229–11242	

1 3

time from the simulation results is as follows: 2 > 4 > 6 > 
1 > 9 > 3 > 10 > 7 > 5 > 8. In general, the lower the RL, the 
longer the adsorbent reaches the breakthrough and satura-
tion points, due to favorable adsorption at lower RL [48]. 
Nevertheless, inconsistency was observed between the RL 
trend and saturation time. The fluctuations of RL towards 
the saturation time ranking were due to different adsorbent 
physical properties of each, such as bulk solid density that 
may affect the Reynolds number of the fluid flow inside the 
bed column, thereby affecting the amount adsorbed from the 
liquid to the solid phases. Nonetheless, the parameter RL is 
suitable to be used only as a preliminary relative comparison 
of adsorbent performance indicator from the fundamental 
information related to isotherm, without considering the 
adsorbent properties.

From Table 5 in Section 4.1, apricot stone AC shows the 
longest saturation time, and saw dust AC shows the short-
est saturation time. When comparing the physical proper-
ties, such as the BET surface area of each adsorbent, no 
relationship was observed that concurs with the ranking of 
the ts (see Table S3 in the Supplementary Materials). How-
ever, the outcome concurs with the values of RL, as stated 
in Table 6, in which the RL for apricot stone AC is close to 
zero, while saw dust AC reported the highest RL among the 
adsorbents studied here, with a value of 0.9992. Therefore, if 
one wishes to compare two or more adsorbents to be used in 
a packed bed column, the information on RL obtained from 
batch adsorption analysis can be used to make a preliminary 
guess about which adsorbent performs better in a packed 
bed column, without taking into consideration of adsorbent 
bulk solid density.

4.2.2 � Relation between mtotal and ts

The operation time of an adsorbent in a packed bed column 
can be related to the total amount of adsorbate adsorbed 

by the adsorbent mass, mtotal. The mtotal is a multiplication 
product between the total amounts of adsorbent mass in 
the column, mads (kg), and the solid-phase loading fraction, 
Q/Qmax. The higher the mtotal, the longer the operational 
time (or saturation time) of the adsorbent in the packed 
bed column. Figure 5 shows the trend and relation between 
the mtotal and saturation time, ts, for ten adsorbents. The ts 
obtained from the simulation results agree with the trend 
in the mtotal of the adsorbents. However, some inconsisten-
cies are observed, which showed fluctuations in the three 
pairs of adsorbents (indicated in the oval), as presented in 
Fig. 5. The most reasonable explanation for the inconsist-
encies is due to the dissimilarity in the adsorbent particle 
sizes of each adsorbent, as stated in Table 3. Since different 
adsorbent particle sizes cause different fluid flows across 
the adsorbent particles, thereby, affecting the mass trans-
fer diffusion during the adsorption process, the reason for 
the inconsistency for the three pairs of adsorbents will be 
confirmed in the following subsection. As opposed to RL, 
the parameter mtotal is a more reliable means of comparing 
adsorbent performance for the packed bed column, since 
it incorporates both information related to isotherm and 
adsorbent properties of bulk solid density.

The plot of the total amount adsorbed by the adsorbent 
mass, mtotal, versus the saturation time, ts, obtained from 
the breakthrough curves modeling and the calculation from 
isotherm parameters and bulk solid density are compared in 
Fig. 6. The trend in Fig. 6 shows general agreement in the 
relationship between mtotal and ts, though more adsorbents need 
to be included in the list for better quantitative agreement. It 
can be presumed that the relationship between the mtotal and ts 
shows a positive linear relationship with each other.

Also, as shown in the ranking of adsorbents in Fig. 6, 
the biomass-activated adsorbents are the most promising, 
as they outperform the commercial organic and inorganic 
adsorbents in terms of their dynamic performance, which is 

Table 6   The Langmuir isotherm characteristics of ten adsorbents, arranged in descending order w.r.t. the total amount adsorbed by the adsorbent 
mass, mtotal

Adsorbent Total amount adsorbed by the adsor-
bent mass, mtotal (kg)

Solid-phase loading fraction at 
0.1 mg/L, Q0/Qmax

Langmuir separation 
factor at 0.1 mg/L, RL

Apricot stone AC 33.4 0.363 0.637
Coconut shell AC 14.8 0.260 0.740
Date bead AC 2.78 0.0205 0.980
Xanthated date palm trunk 2.19 0.0172 0.983
Acacia catechu AC 2.17 0.0249 0.975
Eichhornia AC 1.24 0.0909 0.909
Chinese walnut shell AC 0.972 0.0149 0.985
Commercial mesoporous AC 0.853 0.0109 0.989
Zeolite NaX 0.659 0.00967 0.990
Saw dust AC 0.0595 0.000841 0.999



11238	 Biomass Conversion and Biorefinery (2024) 14:11229–11242

1 3

expressed as the saturation time. It is, however, important 
to consider not only the dynamic performance of the adsor-
bents when evaluating them in packed bed columns, but 
also the economic analysis of the adsorbents to determine 
whether the performance outweighs any potential drawbacks 
such as the cost, long-term stability, and difficulty of access-
ing and activating the raw materials.

4.3 � Sensitivity analysis of the breakthrough curves

Sensitivity analysis was performed to observe the influence 
of uncertainties in the model parameters (i.e., kLDF and Ez) 
on the dynamic performance of a packed bed column. It 
measures the impacts of fluctuations in the parameters on 
the outputs or performance of the system. Both the kLDF 
and Ez influence the column performance by altering the 
degree of the effectiveness of the transference of Pb(II) 
from the liquid to the solid adsorbent phases. The sensitiv-
ity analysis conducted here serves to ascertain the degree 
to which inaccuracies in their assumed values could lead to 
severe prediction errors and to confirm the inconsistencies 
observed in Section 4.2.2.

As the kLDF is the inverse of the mass transfer resistance, 
higher kLDF means lower resistance for the transference of Pb(II) 
molecules from the bulk solution to the adsorbent’s surfaces, 
subsequently faster transference. Lower mass transfer resistance 
can be deduced from the BTC graph of having a steeper curve, 
which shifting the saturation time to the left, hence decreasing 
the saturation time. Conversely, higher Ez tends to flatten the 

BTC, shifting the saturation time to the right, thus increasing 
the saturation time. This is probably due to turbulent occurrence 
as giving more effect when Ez increases.

The sensitivity analysis was conducted on three pairs 
of adsorbents (total of six adsorbents) that showed incon-
sistency in the saturation time with respect to mtotal. The 
three pairs are (1) xanthated date palm trunk and Acacia 
catechu AC, (2) Eichhornia AC and Chinese walnut shell 
AC, and (3) commercial mesoporous AC and zeolite NaX. 
The parameter sensitivity analysis was expressed in terms 
of the relative change of research objective (ts) versus the 
relative change of the variables under investigation (kLDF 
and Ez). The results of Δts/ts in Table 7 indicate that kLDF 
influences the breakthrough curves more than Ez. On the 
other hand, a significant deviation in Ez estimation (± 200%) 
does not significantly affect the overall breakthrough curve 
and the saturation time. Thus, the following paragraph will 
focus on the sensitivity of kLDF on the breakthrough curve, 
especially the saturation time, to support the inconsistency 
of the observed trend in Section 4.2.2.

Supposedly, xanthated date palm trunk should have a 
relatively longer saturation time than Acacia catechu AC 
because its mtotal value is higher (2.1881 kg > 2.1692 kg). 
However, simulation results showed that Acacia catechu 
AC has a longer saturation time than xanthated date palm 
trunk. The inconsistency in the ranking of saturation time 
between xanthated date palm trunk and Acacia catechu AC 
can be well-compensated by the LDF mass transfer coef-
ficient, kLDF estimated values. The values of mtotal of both 

Fig. 5   The total amount 
adsorbed by the adsorbent mass, 
mtotal at inlet concentration of 
0.1 mg/L and the correspond-
ing saturation time of each 
adsorbent. The adsorbents were 
arranged in descending order 
w.r.t. mtotal
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adsorbents were very close to each other. Consequently, their 
saturation time is also close to each other, as presented in 
Table 5. A change in the kLDF value can change the satura-
tion time because it affects the gradient of the breakthrough 

curve, hence the LMTZ. Referring to the LMTZ parameter of 
both xanthated date palm trunk and Acacia catechu AC from 
Table 5, Acacia catechu AC showed higher LMTZ than the 
xanthated date palm trunk. This means that the breakthrough 

Fig. 6   mtotal versus ts for Pb(II) 
removal on ten adsorbents

Table 7   The details of sensitivity analysis of kLDF and EZ on three pairs of adsorbents (six adsorbents) that show anomaly in the ranking of satu-
ration time

* Negative values of Δts/ts indicate that the change of kLDF and Ez from the original values steepened the breakthrough curve (lower LMTZ)

Sensitivity parameters LDF mass transfer coefficient, kLDF (1/s) Axial dispersion coefficient, Ez (m2/s)

 − 200%  − 20%  + 20%  + 200%  − 200%  − 20%  + 20%  + 200%

Xanthated date palm trunk ts 38.5 38.0 37.7 37.4 37.8 37.8 37.8 37.8
Δts/ts (%) 1.88 0.494  − 0.340  − 1.05  − 0.0262  − 0.0106 0.0106 0.0525
LMTZ (m) 0.324 0.302 0.290 0.279 0.295 0.295 0.295 0.296

Acacia catechu AC ts 66.6 63.0 60.8 58.7 61.7 61.7 61.7 61.8
Δts/ts (%) 7.28 2.10  − 1.55  − 5.14  − 0.0991  − 0.0394 0.0398 0.197
LMTZ (m) 0.532 0.464 0.415 0.366 0.435 0.435 0.437 0.439

Eichhornia AC ts 8.36 7.69 7.32 6.94 7.49 7.49 7.49 7.50
Δts/ts (%) 10.3 2.51  − 2.34  − 8.03  − 0.0186  − 0.00620 0.00710 0.0374
LMTZ (m) 0.616 0.521 0.459 0.386 0.489 0.489 0.489 0.490

Chinese walnut shell AC ts 20.5 18.1 16.6 15.1 17.2 17.2 17.3 17.3
Δts/ts (%) 15.8 4.95  − 3.92  − 14.1  − 0.0500  − 0.0200 0.0202 0.101
LMTZ (m) 0.871 0.789 0.714 0.623 0.747 0.748 0.748 0.749

Commercial mesoporous AC ts 7.73 7.12 6.71 6.33 6.88 6.88 6.88 6.89
Δts/ts (%) 11.0 3.32  − 2.54  − 8.77  − 0.0442  − 0.0175 0.0182 0.0889
LMTZ (m) 0.694 0.610 0.543 0.471 0.572 0.573 0.573 0.574

Zeolite NaX ts 9.96 8.59 7.70 6.86 8.07 8.07 8.08 8.08
Δts/ts (%) 18.9 6.06  − 4.85  − 17.7  − 0.0471  − 0.0184 0.0195 0.0947
LMTZ (m) 0.820 0.703 0.597 0.469 0.644 0.645 0.645 0.647
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curve of Acacia catechu AC was broader and spread out. 
Broadened and spread out breakthrough curve lengthen the 
saturation time, thus making Acacia catechu AC having a 
higher saturation time than xanthated date palm trunk. On 
the other hand, the breakthrough curve of xanthated date 
palm trunk was steeper, hence, shortening the saturation 
time, progressively towards its idealized breakthrough curve 
(imaginary step-size function).

The inconsistency in kLDF between the pairs of adsor-
bents was due to different adsorbent particle sizes, which 
may affect the Reynolds number of the fluid flow inside the 
bed column, thus affecting the amount adsorbed from the 
liquid to solid phases. This is because the estimation of kLDF 
involves the parameter of adsorbent particle size, as shown 
in the correlation in Table 1. Looking at the dissimilarities 
of adsorbent particle size of the xanthated date palm trunk 
and Acacia catechu AC from Table 3, the xanthated date 
palm trunk has a particle size of 75 µm. In comparison, the 
Acacia catechu AC has a particle size of 575 µm. The dif-
ference between both particle sizes is 500 µm, or in a ratio 
of over 7.6. A large variance in the adsorbent particle size 
between these two could lead to a significant deviation in 
the kLDF estimation value. Therefore, the sensitivity analysis 
tested on the kLDF estimated value took a range of ± 200%, 
to establish the foundation on the degree of kLDF deviation 
on the saturation time. Note that the sensitivity results in 
Table 7 may not reach the trend of mtotal with ts (Fig. 5), due 
to the limited range of sensitivity analysis study. Neverthe-
less, it serves as a basis for explaining the inconsistency that 
arose (see Table S4 in the Supplementary Materials). The 
same reason was applied for the pair of Eichhornia AC and 
Chinese walnut shell AC and commercial mesoporous AC 
and zeolite NaX.

5 � Conclusion

The present work was confined to a systematic evaluation 
of the performance of an adsorbent in an industrial-scaled 
packed bed column for removing lead heavy metal ion, by 
means of computer simulation. The dynamic performance 
of ten adsorbents in an industrial-sized packed bed column 
for lead ion removal was analyzed through graphical and 
tabulated data analysis. The dynamic performances of an 
industrial-sized packed bed column were analyzed using the 
information of saturation time (ts), length of mass transfer 
zone (LMTZ), and percentage removal (R%).

The relationship between LMTZ and R% was found to be 
inversely proportional to each other. The parameter Lang-
muir separation factor (RL) was related to the favorability 
of the adsorption process. The fluctuations of RL with the 
trend of ts were due to dissimilarity of adsorbent bulk solid 

density of each adsorbent. Meanwhile, the parameter mtotal 
was related to the amount of adsorbate that the total mass 
adsorbent can hold. The inconsistency of several adsorbents 
with the trend of ts was related to the dissimilarity of the 
adsorbent particle sizes of each adsorbent. The sensitivity 
analysis on the kLDF confirmed the inconsistency of mtotal 
trend with ts. The preliminary relative performance indicator 
of an adsorbent in a packed bed column can be well-repre-
sented by the mtotal value of each adsorbent. Nonetheless, 
in case of availability of only a fundamental information 
related to adsorption isotherm, the value of RL can be used as 
a substitute to mtotal, as a measure to the preliminary relative 
performance of an adsorbent.

To conclude, this study could give beneficial insights into 
how different adsorbents’ performance differs when con-
ducted in a continuous packed bed column, by measuring 
their respective RL and mtotal. This should serve as a step-
ping stone in comparing various adsorbents’ performance 
operated in an industrial-packed bed column. Furthermore, 
by using the proposed method from this work, a review of 
breakthrough curves of many adsorbents in a packed bed 
column in removing specific pollutants can be accomplished 
through numerical simulation with minimum experimental 
effort. This ultimately saves time and cost as the design of an 
industrial adsorption process requires the investigations of 
many parameters that are always related to high investment, 
and it can also take a significant period of time.
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