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Abstract. The health risks impact of heavy metal contamination in the environment has prompted
researchers to study its mitigation in an efficient and cost-friendly approach. Recently, simulated
continuous biosorption using agricultural wastes is gaining popularity because it offers cheaper
and faster alternative study methods using efficient large-scale removal of lead, which is known to
cause adverse effects even at low concentrations. Bamboo shoots (Bambusa spp.), a delicacy known
in Southeast Asia, are recognized worldwide, but the inedible sheath husks are thrown. This study
evaluated the continuous Pb?* biosorption performance of Bambusa spp. using Aspen Adsorption
V8.4 by varying bed height, influent concentration, and volumetric flow rate. Linear driving force
model was used to simplify, according to a separate batch biosorption study, ion exchange
mechanism and Langmuir isotherm for equilibrium conditions. The backward differencing method
was used to solve the resulting differential equation. Results showed that increasing the volumetric
flowrate from 4.00x10 to 8.00x10° m?/s, the bed height from 0.2 to 1.0 m, and influent
concentration from 80 to 120 ppm resulted in changes in the breakthrough time by a factor of 0,5,
4.0, and 0.67 respectively. Analysis of the breakthrough curves showed that increasing volumetric
flow rate shortens breakthrough time due to reduced contact time, and increasing Pb®*
concentration facilitated ion exchange by increasing concentration difference. Bed height provides
more binding sites available hence, higher Pb®* removal.

Keywords: Aspen Adsorption, Bamboo Shoots, Biosorption, Breakthrough Curve, Lead

INTRODUCTION

Lead (ll) is widely recognized as a potent
neurotoxicant (Le, brain damage and
nervous and renal breakdown), exhibiting

adverse effects on the human body even at
concentrations as low as 0.01-5 ppm, and
also affects the bones, kidneys, and the
cardiovascular, immune, and reproductive
systems (White et al., 2007; Cecil et al., 2008;
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Mehdipour, 2015). Lead (Il) unavoidably
transfers to humans through the food chain
from aquatic life, exposed to effluents from
anthropogenic activities (e.g., battery, metal
plating, oil refining, and pigment and paint
industries), due to bioaccumulation and
biomagnification (De Luna, et al.,, 2023). The
risks involved cause major industrial and
environmental concerns for the removal of
lead; the Department of Environment and
National Resources (DENR) Administrative
Order No. 35 Series of 1990 set the effluent
standard for lead (ll) for protected waters for
old and existing industries that the maximum
limit is 02 ppm (mg/L) and DENR
Administrative Order No. 26-A Series 1994
states that the maximum lead content for
drinking water is 0.01 ppm. Biosorption is
suggested as an alternative potential for
conventional lead removal techniques (e.g.,
chemical precipitation, solvent extraction,
reverse osmosis, and membrane filtration)
because it is simpler, cheaper due to its
utilization of locally available biomass such as
agricultural wastes, high selectivity, and
effectiveness even at low concentrations, and
involves less usage of chemicals and absence
of hazardous sludge by-product (Hasan et al,,
2009).

Recently, biosorption has been proven as
one of the most effective physicochemical
methods for heavy metals removal like lead
and involves passive transportation of lead
(sorbate) in the liquid phase onto the solid
phase (biosorbent) where it depends on the
system’s entropy rather than providing
chemical energy that can be operated in
either batch or continuous process (Papirio,
et al, 2017). Batch studies are usually
conducted to determine the biosorbent's
effectiveness (Yildez, 2017), the mechanism
involved (e.g., ion-exchange), and its kinetics

under  certain  conditions (ie, pH,

temperature, selectivity for multi-metal
system, etc.), and the biosorbent’s physical
and chemical characteristics (e.g., intra and
inter-particle porosity, particle diameter, and
density, functional groups present) (Diniz et
al, 2007; Hasan et al., 2009). However, the
data obtained in batch systems do not apply
to the industrial scale due to insufficient
contact time to attain equilibrium, limiting
biosorption to a small amount of wastewater.
This problem can be solved by continuous
biosorption study using a packed bed column
which provides a practical approach due to its
simple operation and making better use of a
concentration gradient that utilizes more of
the biosorbent’s capacity, using the data
gathered from the batch study as a basis to
the continuous biosorption study and on the
observed  column  performance. The
fundamental part of continuous biosorption
studies is the breakthrough curve, which is
the plot of effluent concentration versus time
because it provides information for the
design of the column adsorption system and
can be determined by direct experimentation
or simulation. Direct experimentation
provides a concise breakthrough curve of a
given system, but is time-consuming due to
long residence time and economically
undesirable process. Hence simulating
process parameters in the industrial context
is utmost importance to ensure the reliability
of data gathering. Using simulation softwares
such as Aspen Adsorption provides faster and
cheaper continuous biosorption studies and
a new area for biosorption studies (Xu et al,
2013).

There is not yet a biosorption study using
the agricultural waste bamboo shoot husks
even though, according to Philippine Council
for Agriculture, Aquatic and Natural
Resources Research and Development
(PCAARD), it has increasing popularity in the
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global market, previously known only to
Asian countries particularly to the Philippines
as a traditional food where its sheaths are
usually discarded. Additionally, simulated
continuous biosorption studies are still
gaining popularity. Simulated continuous
biosorption study using bamboo shoots will
solve the issues presented.

The simulation study performed the
column biosorption of lead (Il) ions in
bamboo shoot husks (Bambusa spp.) using
biosorption parameters from a separate
batch study based on the column
breakthrough using Aspen Adsorption. The
simulation study also determined the varying
effects of influent flow rate and bed height on
the column breakthrough at different influent
concentrations. The results  provided
information on the column performance of
bamboo shoot husks and provided insights
on how simulated continuous biosorption
using Aspen Adsorption works.

This study used the experimental batch
mode biosorption performance of husks or
sheath leaves of Bambusa spp. bamboo
shoots from a batch study for user-defined
data in simulation using Aspen Adsorption
under the assumptions suggested and set by
Aspen  Adsorption Version 84. The
assumptions, in addition to those set by
Aspen Adsorption, are: isothermal process,
overall and component material balances
apply for the liquid phase, constant liquid
stream pressure, volumetric flow rate, total

exchange capacity of bed and velocity, ideal
mixing occurs in the aqueous phase, linear
solid lumped film resistance is present, and
liquid stream contains only water and the
heavy metal ion/s.

METHODOLOGY

The biosorption study involved two major
steps- Batch Biosorption Analysis and
Continuous Biosorption Simulation Study,
using the conceptual framework shown in
Figure 1. The batch biosorption analysis part
of this work provided data needed for the
column biosorption simulation study.

Batch Biosorption Analysis

This section of the work discussed the
analysis of batch biosorption of lead (ll) ions
using bamboo shoots which consists of
determining isotherm parameters and
characterizing systems involved. The details
are discussed in the succeeding sub-sections.

Determination of Isotherm Parameters

Using the batch biosorption results of Nieva
(2015) for a similar system, the adsorption
characteristic behavior of the adsorbent
(bamboo shoots) was determined. Important
parameters, including the  maximum
adsorption  capacity (qmax) and the

equilibrium constant (b) were evaluated from
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Fig. 1: Conceptual framework for the present work.
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the obtained experimental data of Nieva
(2015). The most suitable model to represent
the data of Nieva (2015) is the Langmuir
model, which was given in Eqn. (1), with
values of g4 = 5.0356 mg/g and b = 1.6237
L/mg.

Coq 1 1
—ed _ Coo + 1
e meax ( )

Qeq  Gmax

Characterization of systems involved

Data needed for the simulation section of this
study for all the systems involved were
obtained from various available literature
whenever possible. These data are those
parameters that Aspen Adsorption was not
able to provide. The summary of the required
parameters is shown in Table 1. The
interparticle voidage (Ei), the particle
porosity (Ep), and the total resin capacity (Q)
were determined using Eqgns. (2) to (4).

Ei = (pp)(Vpore) (2)
Ep = (ppart)(Vpore) (3)
Q = (pb)(qmax)(l - EP) (CPb) (4)

Where pp, Vore, and ppare is the bulk density,
the pore volume, and the particle density of
the biosorbent, respectively, and Cp, is the
concentration of Pb(NOs)2 in equivalence per
mole.

The bamboo shoots elemental analysis
(Nieva, 2015) shown in Table 2 was also taken
to analyze the biosorption process of lead (Il)
ions, considering that it has two counter-ions.

Continuous Biosorption Simulation Study

The continuous study involved the column
biosorption of lead (ll) ions using Aspen
Adsorption Version 8.4 and breakthrough
modeling. The column simulation required
three general steps: (1) feed initialization; (2)

bed configuration; and (3) running the
simulation.

Table 1. Summary of data obtained from
literature needed for column simulation
study

Parameter Value

Lead (ll) ions and Water Properties (CRC Handbook
of Chemistry and Physics, 2009)

Das (M?/s) of Lead (ll) ions in 1.4422x107°
Biosorbent

Water Viscosity (kg/m/s) at 25 °C 8.9642x10*

Water Density (kg/m?3) at 25 °C 996.08625

Biosorbent (Bamboo shoots) Properties (Nieva,
2015)

Bulk Density (g/m?) 4.53x10°
Pore Volume (m?3) 1.97x107
Interparticle Voidage (m3/m3) 8.9241x103
Particle Density (g/m?) 1.27x107
Particle Porosity (m3/m?) 2.5019x107?
Particle Radius (m) 1.535x10°8
Surface Area (cm?/g) 2.57x10*
Total Resin Capacity (eq/m?) 1.3430x10?

Table 2. Elemental analysis of bamboo
shoots (Nieva, 2015)

Element % wt
C 51.68
) 33.84
cl 0.88
K 6.81
Zr 6.34
S 0.45

Feed Initialization

Lead nitrate was used as the source of lead
(Il) ions. The properties of lead nitrate and
water were taken from Aspen Properties
Version 8.6, assuming only a dissociation
reaction was present. Only lead (Il) ion and its
counter-ion were considered in the column
adsorption simulation. The flow rate varied
from 2x10* to 2x10° m3/s at influent
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concentrations from 20 to 200 ppm. The bed
height is a function of biosorbent mass and is
solved using the given Equation (5).

1
my = ZT[Dszb (5)

where m, is the biosorbent mass, D is the
bed diameter, H is the bed height, and p,, is
the bulk density. The bed heights used were
0.2, 0.5, and 1.0 m, corresponding to 0.41,
1.02, and 2.05 kg of biosorbent, respectively.

Bed Configuration

Aspen Adsorption software has four main
tabs in bed configuration: General,
Material/Momentum Balance, Kinetic Model,
and Isotherm tab. The Upwind Differencing
Scheme 1 (UDST1) at 20 nodes was used for
the General tab; Convection with Estimated
Dispersion was used for the
Material/Momentum Balance tab; Film Model
with Lumped Resistance was used for the
Kinetic Model tab, and Langmuir isotherm
was used for the Isotherm tab (data were
taken from the batch biosorption analysis).
The Internal Diameter of the adsorbent layer
was based on the bed diameter used from the
batch biosorption study by Nieva (2015). The
constant mass transfer coefficients of lead (ll)
ion was solved using the following equations,
taken from Perry and Southard (2019) and
CRC Handbook of Chemistry and Physics
(2009).
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where Sh is the Sherwood number, Re is the
Reynolds number, Sc is the Schimdt number,
u is the fluid velocity, p is the fluid density, u
is the fluid viscosity, € is the bed voidage, v is
the fluid kinematic viscosity, k; is the external
mass transfer coefficient, dp is the particle
diameter, D4z is the ionic diffusion in water, z,
and z_ is the cation's and anion’s charge
respectively, and D, and D_ is the cation’s and
anion’s diffusion in water.

Running the Simulation

The flowsheet diagram was created upon
completing the data needed for the
simulation. This work used the ion-exchange
adsorption bed to simulate the continuous
adsorption of lead (ll) ions using bamboo
shoots as biosorbent. Figure 2 shows the
flowsheet diagram used in this work. The data
necessary for the simulation were then input
into the flowsheet, and the continuous
biosorption study was performed.
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Fig. 2: Flowsheet diagram of the ion-
exchange adsorption bed used in this work.
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RESULTS AND DISCUSSION

Effect of Flowrate

To illustrate the effect of flowrate on the
systems the breakthrough
curves at different influent flow rates are

performance,

representatively shown in Figure 3, and its
calculated breakthrough parameters are
shown in Table 3, where H is the bed height,
Q is the volumetric flow rate, tv is the
breakthrough time, Co is the initial
concentration, and Cp is the breakpoint
concentration. Based on the results, the time
to achieve the breakthrough time of lead ()
ions in bamboo shoots would be faster as the
influent flow rate increases. The maximum
biosorption capacity of the biosorbent
achieved faster when the volumetric flow rate
also increases. Based also on the result, the
curve's steepness increases as the influent

flow rate increases.

Table 3. Calculated parameters of
breakthrough curves at H = 0.5 m and
Co = 100 ppm/0.9653 eq/m3

Q (m%/s) to (s) Cb (eq/m?)
4.00x10° 781 0.484
6.00x10°5 521 0.483
8.00x10°5 391 0.484

The influent flow rates used ranged from
2.00x107° to 1.00x102 m3/s. It is noteworthy
to mention that values above 1.00x10°3 m3/s
resulted in calculation errors due to very
small breakthrough time, and values below
2.00x10> m3/s would not be practical due to
the much longer time that it needs to achieve
the maximum adsorption of the metal ions.

Lower flow rate provides more time for a
mass transfer process, allowing the metal ions
to access more binding sites of the
biosorbent (Cruz-Olivares et al,, 2013). It is
also impossible to achieve the maximum

CelCo, eq/m?

adsorption of metal ions at a lesser time by
continuously increasing the influent flow rate
of the system. Increasing the value of the
influent flow rate also reduces the required
contact time for biosorption equilibrium to
reach the metal ions. The metal solution
already left the column before equilibrium is
achieved, reducing the metal uptake (Simate
& Ndlovu, 2014).
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Fig. 3: Plot of the effect of flow rate on
breakthrough curve (H = 0.5 m,
Co = 100 ppm/0.9653 eq/m3).

From one of the governing equations used
in the simulation as in Egn. (12), the axial
dispersion coefficient for convection with
estimated dispersion is directly affected by
the volumetric flow rate of the system. One of
the essential parameters of Eqn. (12) is the
Reynolds number (Re) which is dependent on
the volumetric flow rate of the system. The
higher value of Re indicates that the
volumetric flow rate is also high and would
have a turbulent flow regime, while the lower
Re value indicates lower volumetric flow rate
(Geankoplis, 2004). As shown in the relation,
as the volumetric flowrate increases, the
Reynolds number increases but the axial
dispersion coefficient decreases and vice
versa. This shows that as the volumetric flow
rate increases, the metal uptake of the
biosorbent decreases due to less dispersion
of the metal ions to the binding sites of the
biosorbent.

900
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Effect of Bed Height
The effect of bed height was

representatively shown by plotting the
breakthrough curves at different bed heights,
as shown in Figure 4, and its calculated
breakthrough parameters are shown in Table
4. From the results, as the bed height
increases, the time to achieve the maximum
biosorption capacity of lead (Il) ions in
bamboo shoots also increases. Increasing the
bed height also increases the time to achieve
the breakthrough time. The steepness of the
curve also increases as the bed height
decreases. It can be observed from Figure 4
that the high steep curve indicates that the
breakthrough time is achieved for only a
short period time and the biosorbent would
be easily saturated. In contrast, less steep
curve indicates that the breakthrough time is
achieved gradually or takes a period time
before the biosorbent in the column would
be saturated.

Table 4. Calculated parameters of
breakthrough curves at Q = 6.00x10> m3/s
and Co = 100 ppm/0.9653 eq/m?

H (m) to (s) Cb (eq/m3)
0.2 209 0.484
0.5 521 0.483
1.0 1040 0.484

The maximum biosorption capacity would
increase as the bed height increases due to
the longer contact time of the Pb (Il) ions to
the surface of the biosorbent. The increase in
breakthrough time means that there would
be more volume treated. Decreasing the bed
height would have an axial dispersion
phenomenon that predominates the mass

Ce/Co, eq/m?

transfer and reduce the diffusion of metallic
ions, resulting in insufficient time to diffuse
into the whole biosorbent (Taty-Costodes et
al., 2005). As mentioned in that study, the
breakthrough time is the determining
parameter of column adsorption; the larger
the bed height of the column, the better the
intra-particulate bed

biosorption capacity, which can be observed

phenomena and

in the present simulation result.
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Fig. 4: Plot of the effect of bed height on
breakthrough curve (Q = 6.00x10™ m?3/s,
Co = 100 ppm/0.9653 eq/m3).

From the relation presented in Egn. (12),
the bed height is directly
proportional to the mass of the biosorbent,

column

i.e., as the column bed height increases, the
biosorbent mass also increases and vice
versa. This could be accounted to the fact that
increasing the column height also increases
the metal uptake of the biosorbent due to
longer contact time between the metal ions
to the binding sites of the biosorbent.

Effect of Influent Concentration

The effect of influent concentration was
representatively shown using the plot of the
breakthrough curves at different influent
concentrations, as shown in Figure 5, and its
breakthrough parameters are presented in
Table 5. Based on the result, as the influent
concentration increases, the time to achieve
the maximum biosorption capacity or the

1300
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breakthrough time of the lead (ll) ions in
bamboo shoots would be faster. The
steepness of the curve increases as the

influent concentration increases.
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Fig. 5: Plot of the effect of influent
concentration on breakthrough curve

(Q = 6.0010° m3/s and H = 0.5 m).
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Table 5. Calculated parameters of
breakthrough curves at Q = 6.00x10> m3/s

and H=05m
Co Co to (s) Cob
(ppm)  (eq/m’) (eq/m?)
80 0.7722 651 0.387
100 0.9653 521 0.483
120 1.1583 434 0.579

From the present result, as the influent
concentration increases, the breakthrough
time would be short which could be due to
the early saturation of the adsorbent. As
mentioned by Cruz-Olivarez et al. (2013), the
high steepness of the breakthrough curve
indicates that the bed saturates rapidly at a
much higher influent concentration which
would decrease the volume treated. This low
inlet concentration causes slow transport of
lead ions from the film layer to the surface
due to lower concentration, which implies
decreased mass transfer driving force and
diffusion coefficient (Cruz-Olivarez et al,
2013).

From one of the governing equations used
in the simulation as in Eqgn. (13), the influent
concentration is an essential factor in the rate
of metal uptake of the biosorbent. The
difference in the concentration also pertains
to the driving force of the solution. As shown
in the relation, as the difference between the
equilibrium ion concentration in the liquid
phase and the ion concentration in the resin
increases, the uptake rate of the biosorbent
also increases and vice versa. It shows that the
biosorbent would be easily saturated and
achieve its breakthrough time if the influent
concentration is high.

63147k N
ot = MTCo (Wi — wy)

(13)

where MTC,, is the solid film mass transfer
coefficient, wy is the ion loading in

equilibrium  with  liquid phase ion

concentration, and wyis the ion loading.

lon-Exchange Mechanism

Based on the description given by Aspen
Adsorption software, in an ion exchange
process, the aqueous solution containing
cations and anions is contacted with an ion-
exchange resin which is typically inside a
packed bed adsorption column. The bamboo
shoots are composed primarily of functional
groups, which are carboxylic acid and
hydroxyl (Asberry et al, 2014; Wang et al.,
2012a and Zhang et al.,, 2012). The functional
groups present carry positive and negative
charges accompanied by displaceable ions of
opposite charge (counterions) which have the
same charge as the ions of interest in the fluid
phase, in which the metal ions primarily
reside. Since the ions in the fluid phase have
a greater affinity to the functional groups
present, the counterions present would be
displaced (Sheng et al., 2004). The diagram of
the ion exchange mechanism can be
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observed from Figure 6, as shown below.

/@@ BO Be
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Fig. 6: Schematic diagram of ion exchange
mechanism by Aspen Adsorption V8.4.

As shown in Figure 6, R would be
represented as the bound group. At the same
time, B is the counterion of the ion-exchanger
surface, and A refers to the ionic component
of the solution, in this case, the metal ion. It
can be observed from the diagram that the
resin has a fixed total capacity, so one ionic
solute is exchanged for another while
maintaining charge neutrality. Here, the ion
exchange mechanism is reversible in the
same way as adsorption. Hence the
adsorbent is regenerative (Sheng et al., 2004).

The adsorbent (bamboo shoot) contains
two counterions which are K* and Zr**, which
indicates that the biosorption mechanism
involved in lead (Il) removal is an ion-
exchange mechanism (Nieva, 2015). The
counterions are metal ions that are attached
to the sites of the biosorbent and heavy metal
ions are replacing them, in this case is the
Pb®* ions. Several properties of the
counterions and the heavy metal ion were
evaluated, such as their ionic radius, hydrated
ionic radius, and Pauling’s electronegativity r
to know which of the site between the two
counterions the heavy metal ion would likely
attach.

As presented in Table 6, the ionic radius of
K* counterion is larger compared to the Zr**
counterion. Still, the valence electron plays a
vital role in adsorption, and the Zr**
counterion has a greater valence electron
than K* counterion. The greater the valence

electron, the greater also the adsorption of
ions. (Arshadi et al., 2014).

Table 6. Properties of selected metal ions
(CRC Handbook of Chemistry and Physics,
2009)

Metal lonic Hydrated
lon Radius lonic

Pauling’s
Electronegativity

A Radius
(A)
Pb>*  1.19 4.01 2.33
Zr** 0720 479 1.33
K* 1.38 3.31 0.82

Hydrated radius is the size of the water
molecule compared to normally stabilizing
cations that causes physical expansions of the
biosorbent which causes reduced
permeability. The enlargement of the
biosorbent can also affect the discharge of
other embedded materials to the pore walls,
thus, allowing additional linking or blocking
in the pore walls (Nieva, 2015). From Table
2.3, the hydrated radius of Zr** is greater than
the hydrated radius of the K*. The hydrated
radius of Zr** is also larger than the hydrated
radius of the heavy metal ion Pb®*, and it
allows the heavy metal ion to easily exchange
with the Zr** counterion. When the ion's
hydration is smaller than the counterion, ion
exchange is easier, and adsorption is greater
(Arshadi et al., 2014).

Lastly, the electronegativity of Zr*
counterion is larger compared to that of the
electronegativity of K* counterion. The
greater the value of the electronegativity of
an ion, the greater it would attract other ions
(Whitten et al, 2010). In this case, the Pb?*
ion would most likely attract to the Zr**
counterion because the Zr** ions have a
higher electronegativity than K* ions, thus
having more electronegative force for the
Pb®* ion to be attracted.
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CONCLUSION

The adsorption of lead (Il) ions using
bamboo shoots (bambusa spp.) was
significantly affected by volumetric flow rate,
column bed height, and initial sorbate
concentration. A good indication of a good
adsorption capacity is the ability to have a
longer breakthrough time. This implies that
the bamboo shoots can be used for a long
period time until the Pb (ll) metal ions
saturate the biosorbent and are subjected to
replacement or  regeneration. The
breakthrough time depends on several
factors such as volumetric flow rate, initial
sorbate concentration, bed height, particle
size of the biosorbent and sorbate, the pH of
the solution, temperature, and the properties
of the biosorbent material used.

Based on the results, increasing the
volumetric flow rate and the initial sorbate
concentration achieve the breakthrough time
faster, and the maximum biosorption capacity
of the Pb (Il) ions on the biosorbent increases.
The biosorbent saturates faster due to
decreased contact time between the
biosorbent and the sorbate. There are also
lower removal capacities observed as the
volumetric flow rate and the initial sorbate
concentration increases, probably due to the
insufficient contact times between the metal
ions and the biosorbent for the adsorption
equilibrium to be fully developed. Increasing
the bed height of the column, the longer the
time to achieve the maximum adsorption
capacity of sorbate on the biosorbent. It is due
to more available binding sites for removing
the sorbate and having a longer time for the
biosorbent to the saturated. The slowest
breakthrough time in the study was 3120 s
with a volumetric flow rate of 2.00 x 10> m?/s,
initial sorbate concentration of 20 ppm and a
column bed height of 1.0 m. The fastest

breakthrough time in the study was 16.1 s with
a volumetric flow rate of 2.00 x 10 m3/s, initial
sorbate concentration of 200 ppm, and a
column bed height of 0.2 m.

The simulation study presented in this
paper, particularly the continuous biosorption
of heavy metals like lead, can be an important
tool in the actual implementation of
wastewater treatment and will open
opportunities for enhancing the design
parameters of separation process equipment.

NOMENCLATURE
Ceq : equilibrium concentration
Geq : equilibrium adsorption capacity

max : mMaximum adsorption capacity
b : equilibrium constant of Egn. (1)
Pp  : bulk density of the biosorbent
Voore : pore volume of the biosorbent
Ppart . particle density of the biosorbent

Ei . interparticle voidage
Ep . particle porosity
Q@ : total resin capacity
Cpp : concentration of Pb(NOs3): in
equivalence per mole
mp  :  biosorbent mass
D . bed diameter
H . bed height
Sh . Sherwood number
Re . Reynolds number
Sc:  Schimdt number
u fluid velocity
P fluid density
u  : fluid velocity
U fluid viscosity
€ bed voidage
v fluid kinematic viscosity
ks . external mass transfer coefficient
dp : particle diameter
Dpp : ionic diffusion in water
zZy @ cation's charge

Z_ : anion's charge
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D, . cation’s individual diffusion in
water
D_ . anion’s individual diffusion in
water
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