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ABSTRACT

The effect of partially replacing amberlite XA4 in fixed adsorbent beds by inert materials (glass
beads) in an adsorption process of methylene blue onto amberlite XAD4 was investigated. Experi-
ments were carried out to study the effect of various amberlite XAD4-glass beads weight ratios,
influent methylene blue concentrations, flow rate and bed depth on the performance of fixed bed.
The equilibrium data were fitted with theoretical models using interparticle diffusion coefficients
obtained from separate batch adsorber experiments. Results suggest that replacing 5% by weight
amberlite XAD4 by glass beads increasing the breakthrough time of the adsorbent bed by 80%. While
adding 7% glass beads reduce the weight of amberlite XAD4 by 7% and increase the breakthrough
time by 20%. However, replacing 10% of amberlite XAD4 makes the adsorption process inefficient
compared with 0% glass beads. A mathematical model was formulated to describe the mass transfer
kinetics in the fixed bed adsorber. The results show that the mathematical model includes external
mass transfer and pore diffusion using nonlinear isotherms, provides a good description of the
adsorption process for methylene blue onto fixed bed adsorber.
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1. Introduction

Methylene blue (MB), a cationic dye, is not regarded
as astutely toxic, but it has various harmful effects. On
inhalation, it can give rise to short periods of rapid or
difficult breathing, while ingestion through the mouth
produces a burning sensation and may cause nausea,
vomiting and gastritis problems [1,2].

MB is slightly hazardous in the case of skin contact
(irritant), of eye contact (irritant), and of ingestion and
inhalation, mutagenic for mammalian somatic cells and
bacteria and/or yeast. Repeated or prolonged exposure is
not known to aggravate medical condition [3].

* Corresponding author.

The polymer XAD4 is rigid, non-ionic, crosslinked
macrorecticular copolymer of styrene and divinylben-
zene, with high surface area and, aromatic nature of its
surface and supplied as white insoluble beads. Amberlite
XAD#4 is a polymeric adsorbent with excellent physical,
chemical, and thermal stability and it is also stable at all
pH range in aqueous solution, its characteristic pore size
distribution make this Amberlite an excellent adsorbent
of organic substances [4].

Amberlite XAD4 polymeric adsorbent can be used
through repeated cycles, in column or batch modes, to
adsorb hydrophobic molecules from polar solvents or
volatile organic compounds from vapor streams. Its char-
acteristic pore size distribution makes Amberlite XAD4 an
excellent choice for the adsorption of organic substances
of relatively low molecular weight [5,6].
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To design and operate a fixed bed adsorption process
successfully, the column dynamics must be understood;
that is the breakthrough curves under specific operating
conditions must be predictable. A mathematical model
of fixed bed adsorber is very useful for the proper design
and the determination of the optimal operating condi-
tions. Different models for the adsorption process on fixed
beds were proposed in the literature [7] and various nu-
merical techniques have been developed for the solution
of these models. The differences between these models
arise from the different representation of the equilibrium
behavior, the different expressions of the mass transfer
inside and outside the adsorbent particle and from how
the axial dispersion is taken into account in the material
balance for the adsorbate in the fixed bed column.

Several rate models have been developed that take into
account an external film transfer rate step, unsteady state
transport in the solid phase and nonlinear equilibrium
isotherm to predict adsorption rates in batch reactor and
fixed bed [8].

Under a wide range of operating conditions, the
key process parameters in adsorption such as isotherm
constants and mass transfer coefficients are obtained
by conducting batch studies of adsorption. Langmuir,
Freundlich, Radke-Prausnitz, Reddlich-Peterson and
combination of Langmuir-Freundlich isotherms have
been applied to describe the equilibrium between lig-
uid-solid phases. The parameters that are responsible
for mass transfer operation are the external mass transfer
coefficient and interparticle diffusivity or surface diffu-
sion coefficient.

The liquid hold-up is an important characteristic of
packing owing to its relation to the wetted area. There
are two types of hold-up; static and dynamic (operat-
ing) hold-up. The static hold-up was measured as the
weight of liquid retained when the column has drained
to a constant weight; this was deducted from the total
hold-up to obtain the operating hold-up [9]. Investigators
measured the hold-up for different aqueous solutions and
they found that the static hold-up for carbon is greater
than that for porcelain, which may be due to porosity of
carbon material [9]. Experimental work showed that for
water flowing over vertical column of spheres, the total
hold-up was equal (0.4 + 0.596 I'®) g per sphere, where
[ is the flow rate, cm®/s [10]. The first term is the static
hold-up due to the meniscus at the junction of the spheres
and the second term is the dynamic hold-up in the liquid
film. Other investigators found that the dynamic hold-up
on random packing varied as a power of the liquid rate
between 0.54 and 0.74 [11,12]; this difference between this
power and the theoretical value of 0.33 can be attributed
to changes in the wetted area of the packing.

The objective of this study is to investigate the effect of
partially replacing Amberlite XAD4 with inert material,
such as glass beads on the removal of methylene blue by
adsorption using Amberlite XAD4. The ultimate aim is

to prove that the system can be made more efficient and
/or economical by increasing the adsorption surface area
of the adsorbent through the reduction of dead zones
between the particles in a fixed bed. To achieve this ob-
jective an experimental programme was designed and
performed using different Amberlite XAD4-glass beads
ratios, methylene blue concentrations, flow rate and bed
depth. The experimental results were compared with
that obtained by theoretical formulation of the general
rate model which includes axial dispersion, film mass
transfer, pore diffusion resistance and nonlinear isotherm.

2. Theory
2.1. Fixed bed

Fixed bed dynamics are described by the convection-
diffusion equations, coupled with source term due to
adsorption and diffusion inside adsorbent particles. The
solution of these equations will give rise to the prediction
of the needed breakthrough curves [13].

General rate model refer to models containing a rate
expression, or rate equation, which describe the interfacial
mass transfer between the mobile phase and the station-
ary phase. A general rate model usually consists of two
sets of differential equations, one for the bulk phase, and
the other for the particle phase [14].

The rate model considers the following; axial disper-
sion, external mass transfer, interparticle diffusion and
nonlinear isotherm [15,16].

For modeling of fixed bed adsorption the column is
divided into the bulk-fluid phase and the particle phase.
The model equations are based on the hypothesis of an
interparticle mass transfer controlled by diffusion into
macropores (pore diffusion model), and this approach
considers three phases; they are: the mobile phase in the
space between particles, the stagnant film of mobile phase
immobilized in the macropores and the stationary phase
where adsorption occurs [17,18].

The following basic assumptions are made in order
to formulate the model [13]:

e Adsorption process is isothermal.

¢ The packing material is porous, spherical, particles
of uniform size.

* The concentration gradient in the radial direction of
the bed is negligible.

* Local equilibrium exists for the component between
the pore surface and the stagnant  fluid phase in
the pores.

¢ The film mass transfer mechanism can be used to
describe the interfacial mass transfer between the
bulk-fluid and particle phase.

¢ The dispersion coefficient is constant.

¢ Surface diffusion can be ignored.

Continuity equation of the mobile phase is:
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Using C, the concentration in the stagnant mobile
phase and writing the expression of the interfacial flux
leads to [14]:
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Substituting Eq. (2) in Eq. (1) gives:
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The particle phase continuity equation in spherical
coordinates is:
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Defining the following dimensionless formula [14]:
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The model equations can be transformed into the fol-
lowing dimensionless equations:
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The concentration c; in Eq. (6) is the dimensionless
concentration in the solid phase of the particles. It is
directly linked to the isotherm, which is the extended
Langmuir model:

_q,bp,C, o
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The concentration c; in dimensionless form:
b
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Finite element method is used for discretization of
the bulk-fluid phase partial differential equation and
the orthogonal collocation method for the particle phase
equation, an ordinary differential equation system is
produced. The ordinary differential equation system
with initial values can be readily solved using an ordi-
nary differential equation solver such as the subroutine

“ODE15S” of MATLAP which is a variable order solver
based on the numerical differentiation formulas (NDFs).
Optionally it uses the backward differentiation formulas
(BDFs), which is also known as Gear’s method.

2.2. Batch adsorber

The batch model is the following:
* Mass balance in the bulk-fluid phase
ac, 3W (
Car

Cprory ) =0 )

where V| = volume of fluid in the batch adsorber; W, =
mass of activated carbon in the batch adsorber.

* Mass balance inside the particle
The solute diffusion inside a spherical particle is de-
scribed by the following equation:
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The solute concentration in the pores is in local equi-
librium with the concentration of solute adsorbed on the
pore walls.
For Langmuir isotherm model:
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(11)

The external mass transfer coefficient for the solute
adsorbed at certain particle size and optimum speed, can
be obtained by the analytical solution (19,20).
kg :—Mln[&) (12)

3W,t C,
where R and p_ are the particle radius and density re-
spectlvelpy and C_and C, are the solute concentration at
time zero and time ¢, respectively.

Experimental concentration-time data are compared
to predicted concentration-time profile for the above
batch absorber model and the best statistical descrip-
tion used to determine the interparticle pore diffusion
coefficient.

3. Experimental work

3.1. Materials

Adsorbate: methylene blue dye was used as pollutant;
it was supplied by Sigma-Aldrich Company Ltd., UK.

Adsorbent: Amberlite XAD4 was used as an adsor-
bent; it was supplied by Sigma-Aldrich Company Ltd.,
UK.

Inert materials: glass beads were supplied by Sigma-
Aldrich Company Ltd., UK.
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3.2. Methods

The Amberlite was sieved on 28/32 mesh with geo-
metric mean diameter of 0.5 mm. For pre-treatment, the
resin was washed with distilled water then cleaned by
extraction using methanol as a solvent, for the removal
of residual monomer, after that all particles were washed
with distilled water then dried at 100°C for 24 h before
being used as adsorbent. The aqueous solution of methy-
lene blue was prepared using reagent grades. The glass
beads were sieved on 28/32 mesh with geometric mean
diameter of 0.5 mm. The glass beads were washed and
dried at 100°C for 24 h.

The fixed bed experiments were carried out in acrylic
column of 30 cm height, 7.5 cm internal diameter. The Am-
berlite bed was supported in the column by a fine porous
stone; the influent solution was introduced to the column
through a perforated plate, fixed at the top of the column.
Feed solution was prepared in polyethylene square tank.
A schematic diagram of the apparatus is shown in Fig. 1.
The system temperature was 20°C.

For the determination of adsorption isotherms, 250
ml flasks were filled with known concentration of solute
and a known weight of Amberlite XAD4. The flasks were
then placed on a shaker and agitated continuously for
5 days at 20°C. The concentration of methylene blue in
the solution was determined by GC device (type Perkin
Elmer Clarus MS500).

The adsorbed amount is calculated by the following
equation:
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The interparticle diffusion coefficient was estimated
using the following steps:

e Estimating the optimum agitating speed for batch
adsorber to reach the needed equilibrium concentra-
tion of MB.

¢ Estimating the mass transfer coefficient in batch pro-
cess at optimum agitation speed.

* Apply numerical solution of batch adsorber model to
obtain the interparticle diffusion coefficient. This was
done by using the pore diffusion model to best fit the
experimental results.

.= (13)

The interparticle diffusion coefficient for methylene
blue was obtained by using 2 L Pyrex beaker fitted with
a variable speed mixer. The beaker was filled with 1 L of
known concentration solution and agitation started before
adding the Amberlite XAD4. At time zero, the accurate
weight of Amberlite XAD4 was added. Samples were
taken every 15 min.

Different agitation speeds of 700, 800, 900, 1000 and
1100 were carried out to achieve C/C, = 0.05.

The interparticle pore diffusion coefficient was de-
rived from the typical concentration decay curve for
the solute at optimum agitation speed and dosage of
Amberlite by an iterative search technique predicted on
the minimization of the difference between experimental
and predicted data from pore diffusion model.

valve valve
Feed
distributor
Rotameter X Column
Adsorber
valve La'A
X Fine control
valve
X valve
—><—>
4_} ¢ Sampling point
Centrifugal Feed tank ) ) Efflueknt
pump Sampling point tan

Fig. 1. Schematic representation of experimental equipment.

To drain
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The necessary dosage of Amberlite XAD4, to reach
equilibrium related concentration of Ce/ C, equal 0.05,
were calculated from isotherms model and mass balance
equation.

Bed porosity measurements for different glass beads-
Amberlite weight ratios were done by using a volumetric
container. Different mixtures were prepared; the con-
tainer was filled with different mixture at a time and
weighted. Distilled water was added to the edge of the
mixture and weighted; the bed porosity was calculated by
dividing the void volume by the volume of the container.

4. Results and discussion
4.1. Adsorption isotherm

The adsorption isotherms display a nonlinear depen-
dence on the equilibrium concentration. The adsorption
data for the system was fitted by Langmuir [21], Freun-
dlich [22], Radke-Prausnitz [23], Reddlich-Peterson [24]
and combination of Langmuir-Freundlich isotherm [25]
isotherm models. The determination coefficients are
shown in Table 1. Table 1 indicates that the Langmuir
model provides the best fit as judged by its correlation
coefficient. The Langmuir model was therefore selected
to be introduced in the fixed bed model:

Table 1
Parameters of isotherm for MB and correlation coefficient for
various models

Model Parameters Methylene
Blue
Langmuir q,, 8.0
q,bC, b, 1/mg 4.3
.= m Correlation coefficient 0.9898
Freundlich K 8.1419
g, = KCY" n, 1.2163
‘ ‘ Correlation coefficient 0.9514
Radke-Prausnitz Kypr 7.0905
K,»C, Fep 8.0988
q. :K— i -0.7726
1+ {FRPJ C;’N & Correlation coefficient ~ 0.9711
RP
Reddlich—Peterson A, 1.1027
A,C, B,, 0.0793
q= m 1.0995
1+ B,C™ R
Pt Correlation coefficient 0.5689
Combination of q,, 9.5871
Langmuir-Freundlich b, 4.8389
ba C v n, 46.4876
q, = q’"—‘y Correlation coefficient 0.9855
1+bC/m
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The equilibrium isotherms for methylene blue onto
Amberlite XAD4 is presented in Fig. 2.

4.2. Interparticle diffusion coefficient

The amounts of Amberlite XAD4 used for adsorption
methylene blue was calculated for final equilibrium re-
lated concentration of C /C, = 0.05. The Langmuir model
constants were used with the mass balance in 1 L of solu-
tion. The initial concentrations were 0.2 kg/m® with the
doses of Amberlite XAD4 of 24x107° kg.

The typical concentration decay curves of solute in
batch experiments were carried out for methylene blue
at different agitation speeds as shown in Fig. 3. The
optimum agitation speed needed to achieve C/C =0.05
was found to be 1000 rpm. It is clear that if the speed is
above 1000 rpm, the equilibrium relative concentration
is less than 0.05; this is due to pulverization of Amberlite
XAD#4 at high speed agitation.

0.01
MB Isotherm Co0=0.2 kg/m?

0.008

0.006
2
3,0.004
=
c’ -

0.002 + experimental

——theoretical
0 0.05 0.1 0.15 0.2

c.(kg/m?)

Fig. 2. Adsorption isotherm for MB onto Amberlite XAD4 at
293K.
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=t 1100 rpm
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0
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Fig. 3. Concentration-time decay curves for MB adsorption
onto Amberlite XAD4 at different agitation speeds.
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1.2
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0.2
0
0 1000 2000 3000
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Fig. 4. Comparison of the measured concentration-time data
with that predicted by pore diffusion model in batch adsorber
for MB system.

The pulverization of Amberlite appeared on the filter
paper when the slurry of Amberlite was filtered after agi-
tation above 1000 rpm. Drying and sieving the pulverized
particles were done and the particles size was reduced.

There was a good matching between batch experimen-
tal results and predicted data using the pore diffusion
model for batch operation as shown in Fig. 4.

The pore diffusion coefficient for the system is evalu-
ated from the batch experiment to be D = 2.6x1071° m?/s.

The external mass transfer coefficients in packed bed
model for the system were evaluated by using the cor-
relation of Wilson and Geankoplis [26].

Sh = 109 Sc% Re”?
&

where Sh=Kd /D , Sc=p /p D, and Re =p ud/u , in

which the molecular diffusion coefficient D, of methylene

blue in aqueous solution is 3.6x10"° m*/s [27]. These val-

ues are substituted in Eq. (15) to evaluate Kf at different

interstitial velocities in the mathematical model.

The axial dispersion coefficient calculated from Chung
and Wen [28] equation:

Dbpw _ Re
b, 02+0.011Re"®

for Re = 0.0915-55 (15)

(16)

4.3. Breakthrough curves

Figs. 5-8 show the experimental and predicted break-
through curves for the methylene blue system onto Am-
berlite XAD4 at different adsorbent-glass beads weight
ratios, flow rate, bed depth and initial concentration of
adsorbate at constant temperature of 20°C. It is clear from
these figures that
* Adding 5% glass beads weight ratio to the Amberlite

XAD4 bed reduces its weight by 5% and increases the

breakthrough time by 80%.

1.2
MB adsorption,Co=0.1kg/m?, Q=3.33*10-m¥s, L=0.1m
1
0.8
=]
O 06
Ly m  Experimental pure amberlite
04 4 Experimental 5% glass beads
® Experimental 7%aglass beads
0.2 + Experimental(10%)
! Theoretical
0 [«
0 50 Time (h) 100 150

Fig. 5. Experimental and predicted breakthrough curves for
MB adsorption onto Amberlite XAD4 at different glass beads
weight ratios.

1.2
MB adsorption, Q=3.33"10-m?s, L=0.1m
1
0.8
=]
O 06
o
04 + Experimental, Co = 0.05 kg/m?
s Experimental, Co = 0.1 kg/m?
0.2 e Experimental, Co =0.15 kg/m?
Theoretical
0
0 50 Time (h) 100 150

Fig. 6. Experimental and predicted breakthrough curves
for MB adsorption onto Amberlite XAD4 at different initial
concentrations.

1.2

MB adsorption,Co=0.1 kg/m?*,Q=3.33*10¢m?s:

Experimental L=0.05m

Experimental L=0.1m

0.2 Experimental L=0.15m
Theoretical
0
0 50 100 150
Time (h)

Fig. 7. Experimental and predicted breakthrough curves for
MB adsorption onto Amberlite XAD4 at different bed depths.
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Fig. 8. Experimental and predicted breakthrough curves for
MB adsorption onto Amberlite XAD4 at different flow rates.

* Adding 7% glass beads weight ratio to the Amberlite
XAD#4 bed reduces the weight of Amberlite by 7% and
increases the breakthrough time by 20%.

¢ Increasing the glass beads ratios to 10% weight make
the adsorption process is inefficient compared with
0% weight of glass beads. This may be attributed
to the nature of Amberlite XAD4 particles, where it
is entirely different from the glass beads regarding
the roughness of the surface and the porosity of the
material.

Consequently, changing the characteristics of the bed
the glass beads have more or less smooth surface, while
the Amberlite XAD4 particles have nearly rough surface
(Fig. 9). Both pictures were taken by optical microscope
of type Reichert-Jung, POLY VAR MET.

The liquid hold-up in a packed column is important
for many reasons. It reduces the porosity of the packed
bed [29]. Considering one Amberlite particle surrounded
by many Amberlite particles in the bed, the contact
surface which is covered by the static liquid hold up is
large; probably cover the entire particle. Therefore, the
presences of this particle will not be affected to the ad-

sorption and can be ignored or replaced by inert material.
This phenomenon can be occurred for many Amberlite
particles in the bed. Since the static liquid hold up is stag-
nant and there is no mixing will occur with the operating
liquid hold up. This will lead to increases the resistance
to mass transfer and minimizing the surface of the Am-
berlite particles available for adsorption. Therefore, it is
very essential to find the optimum amount of Amberlite
particle which can be replaced by glass particles experi-
mentally. From the above and from the principle of lig-
uid hold-up, it can be concluded that static hold-up for
adsorbent-adsorbent particles > adsorbent-glass beads >
glass-glass beads.

This leads to the losses in surface area for adsorption
as follows: Area losses in adsorbent-adsorbent particles
> adsorbent—glass beads.

The dynamic liquid hold-up will have the same behav-
ior as mentioned above; this is related to the differences
in the nature of Amberlite XAD4 and the glass beads.
Due to the roughness of the Amberlite XAD4 surfaces,
the operating liquid film thickness will be higher for the
adsorbent compared with glass beads for a given particle
diameter, flow rate, pollutant concentration and tempera-
ture. Therefore the phenomena will lead to high resident
time for the liquid on the adsorbents particles compared
with glass particles, and consequently increases the
breakthrough time for the adsorption process. The bed
porosity increases for different adsorbent-glass beads
weight ratios. The porosity is 0.36, 0.37, 0.38, and 0.4 for
glass beads ratios 0, 5, 7, and 10% weight respectively.

* Anincrease in the initial concentration of methylene
blue makes the breakthrough curves much steeper,
which would be anticipated with the basis of increases
driving force for mass transfer with the increase of
concentration of adsorbate in the solution [30].

* Anincrease in the bed depth of Amberlite XAD4 will
increase the breakthrough time and the residences
time of the adsorbate in the column. An increase in the
bed depth will increase Pe number with constant Bi
number, where Pe number is the ratio of axial convec-
tion rate to axial dispersion rate. When Pe number is
small (the effect of axial dispersion is not negligible)

9:‘ ‘ﬁ

A
P A

Fig. 9. Optical microscopic picture of Amberlite XAD-4 (left) and glass beads (right).
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the breakpoint (the point at which breakthrough oc-
curs) appears early and the breakpoint increases with
increasing Pe number

* An increase in the adsorbate flow rate decreases the
breakthrough time due to the decrease in the contact
time between the adsorbate and the adsorbent along
the adsorption bed. Increasing the flow rate may be
expected to make reduction of the surface film. There-
fore, this will decrease the resistance to mass transfer
and increase the mass transfer rate. Also, because the
reduction in the surface film is due to the disturbance
created when the flow of the feed increased resulting
of easy passage of the adsorbate molecules through
the particles and entering easily to the pores. This will
decrease contact time between the adsorbate and the
adsorbent. An increase in the flow rate will increase
Bi number and with slight increase Pe number. Bi
number is the ratio of external mass transfer rate to the
interparticle mass transfer rate (that is, the interpar-
ticle mass transfer is the control step) the breakpoint
will appear early.

e The breakpoint was related to the flow rate, bed depth
and initial concentration, i.e. the time required to reach
breakpoint decreases with the increases of flow rate,
decreases of bed depth, and increases of solute initial
concentration.

5. Conclusions

The adsorption process can be made more efficient
and/or economical by increasing breakthrough time via
adding an inert material (glass beads) to Amberlite XAD4
bed in different weight ratios. The equilibrium isotherm
data were correlated with five models, Langmuir model
give the best fit for the experimental data. The batch ex-
periments were helpful in estimating the isotherm model
constants such as isotherm model constants, external
mass transfer coefficient, and interparticle diffusion
coefficient. There was a good matching between experi-
mental and predicted data in batch experiment by using
pore diffusion method. Hence the transfer of MB within
the Amberlite XAD4 is controlled by pore diffusion. A
general rate model which includes axial dispersion, film
mass transfer, pore diffusion resistance and non-linear
isotherms provides a good description of the adsorption
process. An increase in the initial concentration of MB
makes the breakthrough curves much steeper, which
would be anticipated with the basis of increases driving
force for mass transfer with the increase of MB concen-
tration. The increase in the bed depth of Amberlite will
increase the breakthrough time and the residence time of
the MB in the column. While increasing the solute flow
rate decreases the breakthrough time due to the decrease
in the contact time between the adsorbate and the adsor-
bent along the adsorption bed.
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Reddlich—Peterson model parameter

— Langmuir constant, I/mg

Biot number (k/,R / e,D)

— Reddlich-Peterson model parameter

— Concentration in fluid, kg/m?

Initial concentration, kg/m?

— Concentration of solute at equilibrium, kg/m?
— Axial dispersion coefficient, m?/s

Molecular diffusion coefficient, m?/s

— Pore diffusion coefficient, m?%/s

— DParticle diameter, m

— Radke-Prausnitz model parameter
Freundlich empirical constant

— Fluid to particle mass transfer coefficient, m/s
— Radke-Prausnitz model parameter

— Length of bed, m

— Reddlich-Peterson model parameter

— Radke-Prausnitz model parameter

— Freundlich empirical constant

— Peclet number (vL/D,)

— Fluid flow rate, m*/s

— The amount of adsorbate per unit weight of
carbon at equilibrium, kg/kg

Adsorption equilibrium constant defined by
Langmuir equation, mg/g

Reynolds number (pwvdp/ w,)

— Radius of particle, m

Schmidt number (u /p D, )

Sherwood number (kfd /Dm)

— Time, s

Interstitial velocity (Q/Ag,), m/s

— Superficial velocity (Q/A), m/s

— Volume of solution, m?3

Mass of activated carbon, kg

Axial distance, m
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Bed porosity

Porosity of adsorbent

Viscosity of water

— Density of water, kg/m?

— Bulk density of amberlite, kg/m?
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