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ABSTRACT

This present study evaluates the adsorptive effectiveness of mixed pine cone biomass and kaolin
clay adsorbents in removing methylene blue (MB) dye from its aqueous solution using a packed-
bed column adsorption experiment. A series of column experiments were performed to determine
the breakthrough curves (BTCs) by varying bed height, inlet feed flow rate and initial MB dye inlet
concentration and various characteristic parameters such as % removal of dye, initial breakthrough
time, used bed length and unused bed length, mass transfer zone (MTZ) and dye adsorption density
(4,,..,) were determined here. The adsorption of MB dye was found most favourable under low feed
flow rate, high adsorbent bed height and high initial MB dye concentrations. Four kinetic column
models, namely Thomas, Yoon-Nelson, Clarkand Bed Depth Service Time (BDST) were fitted against
the experimental data to predict the column breakthrough curves (BTC) behaviour under different
operational conditions. All models were found suitable in describing the dynamic behaviour of the
column. The various adsorptive kinetic parameters such as rate constant, the adsorption capacity for
Thomas model, the time for 50% breakthrough in Yoon-Nelson model, Clark constants, the service
time for BDST model and unused bed are determined and critically analysed which are useful for
designing the large-scale column operation. This continuous column study revealed the strong abil-
ity of mixed pine cone biomass and kaolin clay packed bed adsorbents to remove the dye and other
pollutants and may be recognised as an alternative sustainable solution for dye-bearing wastewater

treatment in industrial scale.
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1. Introduction

Water is an essential aspect in maintaining the life of
people, plants and animals. The quality of water is deteri-
orating day by day due to urbanization, industrialization,
population growth and human activities. Water pollution
due to presence of toxic inorganics and organics is one of
the important present day issue causing serious problems
to living beings. One of the major source of water pollution
is industrial effluents and industries such as paper, food,
plastic and textile are among those industries which gen-

*Corresponding author.

erated large volume of dye bearing effluents [1-3]. It has
been reported that more than 100,000 commercial dyes are
known with an annual production of 7 x 10° ton/y. The total
consumption of dyes in textile industries worldwide is more
than 10,000 ton/y and approximately 100 ton/y of dyes
are discharged into the water body [4-6]. Basically 10-25%
materials are lost during the dying process due to technical
inefficiencies and roughly 2-20% of it is directly discharged
as effluents to the environment [7]. Dyes are considered as
potential pollutants because they are toxic in nature [8].
Dyes have the ability to reduce penetration of sunlight,
increases the occurrence of eutrophication and interference
with receiving water ecology. In addition, it also decreases
the photosynthesis of aquatic plants [9-11]. Methylene

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.



68 A. Shak et al. / Desalination and Water Treatment 82 (2017) 67-80

blue is the most common substance used for dying cotton,
wood and silk. Even though methylene blue is known to
be not strongly hazardous, it can still cause some harmful
effects under acute exposure. Methylene blue may cause an
increased in heart rate, vomiting, shock, cyanosis, jaundice,
and quadriplegia and tissue necrosis in humans [12].

Various dye bearing effluents treatment methods like
membrane process, adsorption, ozonation [13], oxida-
tion [14], photocatalytic reduction [15] and coagulation/
flocculation [16] have been reported with varying degree
of success [3-5,8,17]. Among these adsorption is the most
favoured separation technique for inorganic and organic
bearing effluents, because of its simple in operation, low-
cost, availability, efficiency and effectiveness [18-21].
Commercial activated carbon (CAC) is the most effective
adsorbents in the removal of inorganics and organics but
its high cost, regeneration difficulties and disposal prob-
lems makes restricted in wastewater treatment application
[3,6,19]. Therefore, today researchers are trying to find alter-
native low cost adsorbents from agricultural and indus-
trial solid waste. It has two-fold benefits, one utilization of
cost-effective alternative adsorbents and secondly, efficient
management of large solid waste disposal problem.

In recent years there are large number of reported
results on low cost alternative adsorbents such as pine
cone [21], Eucalyptus wood [22], Eucalyptus bark [23], pine
cone based activated carbon [18], Eucalyptus bark based
bio-char [5], tea waste carbon [24], montmorillonite [25],
zeolite [26,27], kaolin [27-31], bentonite [32,33], chitosan
[34,35] and their ability to remove dye and metal ions from
water and wastewater. The main components of biomass
waste materials are hemicelluloses, lignin, lipids, proteins,
water, hydrocarbons and starch which are responsible for
good capacity adsorbent. Sea by-product such as chitosan
consists mainly of lignin and cellulose. Lignin has polar
functional groups that can be involved in chemical bonding
thus it can be used effectively in the removal of a variety of
pollutants [3]. Readers are encouraged to go through couple
of recently published review articles on compilation of low-
cost sorbents for metal and dye bearing wastewater treat-
ment [3,19,36,37,2,21]. Clay minerals have both negative and
positive charges on the surface thus enhance the adsorption
process for cationic and anionic dyes [6]. However, most of
these investigations were restricted to the batch equilibrium
studies and limited to single adsorbent system. In this pres-
ent study, the effectiveness of mixture of pine cone biomass
and kaolin clay minerals in the removal of methylene blue
(MB) dye from its aqueous phase has been tested through
fixed bed adsorption column operation. To become more
feasible option for large scale adsorption process for dye
bearing effluent treatment, we have selected the mixture of
clay minerals and biomass based mixed adsorbents through
column operation mode. Batch equilibrium experiment pro-
vides useful information on the effectiveness of adsorbents
under different physio-chemical process conditions. Besides
that, it also provides the information on the dye adsorption
mechanism and kinetic parameters needed to optimise
an adsorption process [38]. However the data may not be
applicable to most of the actual treatment system (such as
continuous column operation) where contact time is not
sufficient for the attainment of equilibrium and existence of
many undesirable mass transfer phenomena. Thus, it is not

easy to apply batch experimental data directly to a fixed-
bed column performance because isotherms are incapable
of providing accurate data for scale up purposes. Hence,
there is an urge to determine the adsorption capacity for an
adsorbent mixture of more than one adsorbent under con-
tinuous column operation. To the best of our knowledge,
no other research group has done any work with a mixed
adsorbent filled packed column to remove MB dye from
wastewater. Therefore the aim of this study is also to inves-
tigate the effects of process parameters such as inlet flow
rate, bed depth and initial methylene blue concentration
on adsorption capacity of mixed adsorbent in a dynamic
packed-bed column operation. Finally, the breakthrough
curves have been analysed using Thomas, Yoon-Nelson and
Bed Depth Service Time (BDST) and Clark kinetic models
for the column performance.

2. Materials and methods
2.1. Packed bed mixed adsorbents

Pine cone biomass and kaolin clay minerals both are
used in this present study. Pine cones biomass were col-
lected locally between May to June from Curtin Univer-
sity Bentley Campus, Perth, Western Australia, Australia.
Initially raw biomass was washed several times using
distilled water to remove any impurities, followed by
drying in an oven at 75°C for 24 h. The dried pine cones
were smashed using a grinder and screened using a 106
pm British Standard Sieve. Particles larger than 106 pum
were further crushed in the grinder until all particles have
passed through the sieve mesh. Particles were collected in
plastic containers and labelled accordingly. The pine cone
particles were rewashed with deionized water at 30°C
and stirred for 30 min with a magnetic stirrer to remove
its natural dye content. Washing of the pine cone parti-
cles were repeated until the most of the inherent natural
dye from pine cones were removed. Meanwhile, Kaolin
was obtained from Ajax Finecham Pty. Ltd. Australia
and dried in an oven at 70°C for 24 h before use. Then
the packed bed mixed adsorbent materials were prepared
by mixing with dried pine cone particles and kaolin clay
minerals at an optimum mixing ratio. The most suitable
mixture ratio of pine cone to kaolin was determined from
batch adsorption experiments at different mass ratios. The
functional groups present in the adsorbent mixture before
and after adsorption were identified using a spectrum 100
FTIR spectrophotometer. The particle sizes of pine cone
and kaolin adsorbent mixture was measured using the
Malvern Hydro 2000s Master Sizer (Malvern Instruments
Ltd., UK).

2.2. Adsorbate and concentration measurement

Cationic dye MB was selected as an adsorbate for this
study. The molecular formula of methylene blue is C, H, N,
SCI with a molecular weight of 319.65 g/gmol and its chem-
ical structure as shown in Fig. 1 [39].

MB of analytical grade supplied by Sigma-Aldrich Pty.
Ltd. was used in this study. MB stock solution of 1000 mg/L

was prepared by dissolving appropriate amount of dye
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Fig. 1. Molecular Structure of Methylene Blue [40].

into deionised water of a 1 L volumetric flask. The various
experimental solution were prepared by diluting the stock
solution with deionised water to give the desired concen-
tration. The concentration of MB solution was measured
by SP-8001 UV /visible spectrophotometer (Perkin Elmer,
USA). The calibration curve for methylene blue dye solu-
tion was plotted based on measured MB dye concentrations
using UV Spectrophotometer at a maximum wavelength
of 668 nm. This calibration curve was used as reference in
determining the unknown concentration of each MB dye
during column adsorption operation

2.3. A continuous adsorption study in a packed-bed column

The continuous flow packed-bed column adsorption
experiments were conducted in a vertical perspex glass col-
umn with an internal diameter of 2.5 cm and height of 30
cm which is shown in Fig. 2. The column was packed with
the adsorbent mixture of known quantity to the desired
height of 3, 5 and 7 cm in between two supporting layers
of pre-equilibrated glass wool to ensure a securely packed
arrangement as shown in Fig. 2. Circular threaded caps
were used to enclose both ends of the column. A variable
speed peristaltic pump (supplied by ProMinent Fluid Con-
trols, NSW, and Australia) was placed at the bottom of the
packed bed column to inject influent MB dye solution into
the column at a constant discharge rate. The column experi-
ments were conducted at room temperature without any pH
adjustments. The effect of mixed adsorbent bed height (3, 5
and 7 cm), feed flow rate (13, 15 and 17 mL/min) and initial
MB concentration (50, 100 and 150 ppm) on break-through-
curves (BTCs) were investigated. The adsorption of MB
was conducted at neutral pH as it is proven to have the best
removal status in this condition [39]. Effluent samples were
collected at specific time intervals and the concentration of
MB were measured using the UV Spectrophotometer. The
BTCs obtained under various process conditions were fitted
against different column kinetic and mass transfer models
and the respective model parameters were calculated. All
the experimental measurements are in general reproducible
within + 10% accuracy.

2.4. Modelling and adsorption column data analysis

2.4.1. Theory of breakthrough curve (BTC) and mass
transfer zone (MTZ)

The theory of Breakthrough Curve (BTC) was used in
analysing the adsorption performance of a packed-bed
column. The shape of a BTC and its breakthrough time
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Fig. 2. Schematic diagram of packed bed column.

are important characteristics in evaluating the dynamic
behaviour of an adsorption column [41]. Thus, the pre-
diction of a concentration-time profile based on the col-
umn effluent from BTC is required in designing a suitable
adsorption column. Adsorption performance is dependent
on the feed flow rates, initial dye concentration and bed
depth. A typical BTC is usually expressed by a C, ,, (C)/
Cinﬂm (C,) versus volume of effluent or service time plot for
a given bed height as shown in Fig. 3 [8].

The following parameters are calculated for column
data analysis The time equivalent to total or stoichiometric
capacity is calculated using the following equation [38]

t=e C
t = LO [I—C—’]dt =A+A4, (1)

Time equivalent to usable capacity is determined using
Eq. (2) [38].

ty

S P 0

t=0

The usable capacity of bed up to the breakthrough time
point t, and A, area calculation the height of unused bed.

Area under the curve as per Eq. (1) gives the total time
value, while the area under the curve as per Eq. (2) gives
usable capacity time. The area under the curve can be deter-
mined using graphical method or by numerical integration.
The fraction of the total bed capacity or length utilized up
to the break point is expressed as t /t,. The height of the
unused bed (HUNB) or Mass Transfer Zone (MTZ) is calcu-
lated using Egs. (3) and (4) [38].
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where H, = total bed height (cm)
The used bed length up to the break point H, is calcu-
lated using Eq. (5) [38].

Hy,= [i—”]HT ©)

The total effluent volume V@ﬁ is estimated using Eq. (6) [38].

eff Q ttoml (6)
where Q = volumetric glow rate (mL/min) and ¢,, = total
flow time (min).

The BTC plot can be used to find the total quantity of
methylene blue adsorbed. The total amount of methylene
blue adsorbed in milligrams for a given inlet concentration
is determined using Eq. (7) [38].

total

QA _ (%)J’f:%ml &dt (7)

Bt = 7000 ~ (1000 C.,

The total amount of methylene blue pumped into the

column m,,  is calculated using Eq. (8) [40].
CoQt.‘otul
m = o= 8
total 1 000 ( )

The percentage removal of methylene blue dye is cal-
culated from the ratio of total quantity of methylene blue

adsorbed g, , , to the total amount pumped into the column

m,,, as shown in Eq. (9) [40].

%Removal = [ Frota Jx 100 )
mfotal

2.4.2. Dynamic modelling of packed-bed column
breakthrough

Kinetic modelling is required to predict the dynamic
behaviour of the column. Thomas model, Yoon-Nelson
model, Bed Depth Service Time (BDST) and Clark model
are four commonly used models to analyse the column
performance under various process conditions. These mod-
els are used to determine breakthrough performance and
to calculate the column kinetic parameters as well as the
adsorption capacity of the fixed bed column.

2.4.2.1. Thomas model

Thomas model is simple and widely used by several
investigators. The Thomas model was derived based on the
equation for conservation of mass in a flow system. Further,
it assumes the rate driving force in adsorption follows the
second-order reversible kinetics and the adsorption equilib-
rium follows the Langmuir isotherm with no axial disper-
sion [42,43]. In addition, it also assumes that the constant
separation factor is valid for both favourable or non-favour-
able isotherm [38]. However, it is only applicable when the
external and internal diffusion resistances are extremely
small in the adsorption process [43,44]. The adsorption rate
constant in a continuous column adsorption process and
the maximum solid solute concentration on the sorbent was
developed based on the expression of Thomas Model as
shown in Eq. (10) [45]. The linearized form of the model is
expressed in Eq. (11).

C 1

- x (am=CV H
+ exp{ [Q

where K, = Thomas rate constant (mL/mg min), g = Equi-
librium adsorbate uptake (mg/g), m = Amount of adsor-
bent in column (g), C, = Inlet methylene blue concentration
(mg/L), C= Effluent rnethylene blue concentration (mg/L),
V = Effluent Volume (mL) and Q = Flow rate (ml/min)

oo
c Q Q

The values for kinetic coefficient K, and the adsorption

(10)

(11)

capacity g, is determined based on a linear plot of ln(& - 1)
against f at a given flow rate. ¢

2.4.2.2. Yoon-Nelson model

The Yoon and Nelson model does not require any
detailed data on the characteristics of adsorbate, the phys-
ical properties of the adsorbent and the type of adsorbent
used, therefore it is less complicated compared to the other
models [46]. The Yoon and Nelson model assumes that
the rate of decrease in the probability of adsorption for
each adsorbate molecule is proportional to the probability
of adsorbate adsorption and the probability of adsorbate
breakthrough on the adsorbent. The experimental data is
modelled using the Yoon and Nelson equation for a single
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component as shown in Eq. (12) [46]. The linearized form of
the model is expressed in Eq. (13).

C_ 1
C, - 1+exp[KYN(‘c—t)}

(12)

where K, = Yoon and Nelson rate constant (min™), C, =
inlet methylene blue concentration (mg/L), C = effluent
methylene blue concentration (mg/L), t = breakthrough
time (min) and t = time required for 50% adsorbate break-
through (min)

C
In
C,-C

The values for K, and Kt is obtained respectively

j =Kyt — KT (13)

J vs. t linear plot.

C
from the slope and interceptin a ln[ C_C

2.4.2.3. BDST model

The BDST model is widely used in comparing the
adsorption capacity in adsorption columns under different
experimental conditions [41]. BDST model gives the effi-
ciency of the column under constant operating conditions
for achieving a desired breakthrough level [47]. It models a
linear relationship between the column bed depth and the
service time in terms of process concentration and adsorp-
tion parameters. Service time is the time required for an
adsorbent to adsorb a specific amount of adsorbate from
a solution before regeneration is needed [38]. The BDST
model physically measures the capacity of the bed at dif-
ferent breakthrough values. BDST model provides useful
modelling equations for the changes of system parameters
[48]. The experimental data is modelled by BDST based on
the Bohart and Adams equation shown in Eq. (14) [47].

o NoHr | [ (G
cu ) \KC,) \c

where C = inlet solute concentration (mg/L), C, = efflu-
ent concentration of solute in the liquid phase (mg/L), u =
influent linear velocity (cm/min), N, = adsorption capacity
(mg/L), K, = rate constant (L/mg min), t = time (min) and
H, = bed height of column (cm). The value of N, and K| is
determined respectively from the slope and intercept in a ¢
against bed height H, plot. The BDST model can be further
simplified into Eq. (15).

(14)

t=az-b (15)
N

where a=|—=| = Slope and b= ! In G 1| =
Cvu KOCO Ct

Intercept.

2.4.2.4. Clark model

Clark model was developed by Clark in 1987 [49]. This
model is based on the use of a mass-transfer concept in
combination with the Freundlich isotherm. Clark model

assumes that the shape of the mass transfer zone is constant
and all the adsorbates are removed at the end of the column
[50]. Clark model is expressed as per Eq. (16):

n-1
(&] -1=A¢™"
G

where C, is the initial MB dye concentration (mg/L), C, is
the MB concentration at time ‘t’, 1 is the Freundlich constant
parameter, A and r (min™) are Clark constants. The linear-
ized form of Eq. (16) can be expressed as shown below:

n-1
nl(&J —11: -rt+InA
G

The kinetic model parameters are obtained from the

n-1
plot of In K%) —1} vs. L.
t

3. Results and discussion

(16)

17)

3.1. Characterization of adsorbent
3.1.1. FTIR analysis of mixed packed bed materials

The FT-IR spectrum of pine cone-kaolin mixture before
and after MB dye adsorption are shown in Figs. 4 and 5
respectively.

The obtained FTIR results shown in Fig. 4 for pine cone
and kaolin mixture before adsorption shows the various
functional groups that are responsible for the binding of
MB cationic dye to the packed bed adsorbent mixture. The
peaks at 3688.5 cm™ and 3619.7 cm™ represent strong O-H
stretching free vibrations while the spectra bands observed
at 3353.6 cm™ and 2926.2 cm™ are due to O-H stretching
Hydrogen-bonded vibrations. The peak at 1610.5 cm™
indicates medium N-H bend with amides while the peak
at 1510.4 cm™ represents bending of N-H with amines.
Peak at 1446.3 cm™ represents medium C-C=C asymmetric
stretch vibrations with aromatic rings. The peaks at 1262.4
cm™, 1114.2 cm™, 1028.0 cm™, 1006.1 cm™correspond to C-O
stretching vibrations to alcohol, esters and ethers. Strong

FTIR Spectra of Pine Cone and Kaolin Mixutre Before Adsorption
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Fig. 4. FTIR Spectra of pine cone and kaolin mixture before
adsorption.
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FTIR Spectra of Pine Cone and Kaolin Mixutre After Adsorption
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Fig. 5. FTIR spectra of pine cone and kaolin mixture after ad-
sorption.

alkene =C-H bends are assigned to range of 665 cm™ to 990
cm™at peaks 938.3 cm™, 912 cm™, 788.2 cm™ and 751.2 cm™.

Whereas FTIR results obtained for pine cone and kaolin
mixture after adsorption shown in Fig. 5. It was found
from Fig. 5 that the various functional groups present in
the adsorbent after binding with MB dye molecules. Strong
O-H stretching bonds are observed at peaks 3691.3 cm™ and
3619.7 cm™. Peaks at 3331.7 cm™ and 2924.6 cm™ indicate
O-H stretching Hydrogen-bonded vibrations. The peak at
1734.1 is due to strong C=0 stretching vibrations while the
peaks at 1597.8 cm™ and 1580.2 cm™ represents bending of
N-H with amines. Peak at 1446.3 cm™ represents medium
C—C=C asymmetric stretch vibrations with aromatic rings.
Two strong stretching N-O bands are observed at peaks
1384.9 cm™ and 1330.9 cm™. The peaks at 1247.9 cm™,
1029.0cm™ and 1007.8 cm™ correspond to C-O stretching
vibrations to alcohol, esters and ethers. Strong alkene =C-H
bends are assigned to range of 665 cm™ to 990 cm™ at peaks
940.0 cm™, 913.1 cm™, 751.2 cm™ and 695.7 cm™. The main
difference between the FTIR results for adsorbent mixture
before and after adsorption is the percentage of transmit-
tance. For example, the peak at 1028 cm™ has increased from
71.95% to 84.15% after adsorption. This indicates that the
sample has now adsorbed less radiation from FTIR com-
pared to before. In addition, the appearance of peak 1734.1
cm™ is observed after adsorption, indicating strong C=0O
stretching vibrations.

3.1.2. Particle sizing and surface area of Pine cone and Kaolin

The surface area of an adsorbent is important because
it provides contact area for the binding of adsorbates. It
is desirable for an adsorbent to have large surface area
because it will lead to a larger area exposed for the binding
of adsorbates, and consequently lead to higher adsorption
performances [51]. In order to have a large surface area,
the particle sizes must be small. Fig. 6 shows the particle
size distribution of pine cone and it was found that most
of the particles are within the range of 80-100 pm. From
Malvern particle sizer, the specific surface area for pine bio-
mass and kaolin were calculated as 0.15m?*/g and 1.77 m?/g
respectively. The surface weighted mean sizes of pine cone

7
6
e 5
) 4
5
S 3
2
1
8.01 0.1 1 10 100 1000 3000

Particle Size (um)

Fig. 6. Particle size distribution of pine cone.

Table 1
Batch adsorption results for different adsorbent mixture
proportions

Adsorbent mixture Amount of dye Dye
adsorbed g, (mg/g) removal%

4 kaolin : 0 pine cone 9.70 19.40

3 kaolin : 1 pine cone 16.35 32.69

2 kaolin : 2 pine cone 25.07 50.14

1 kaolin : 3 pine cone 33.00 66.00

0 kaolin : 4 pine cone 31.79 63.57

and kaolin particles was found to be 19.65 pm and 3.51 pm
respectively.

3.2. Determination of optimum mixing ratio of mixed packed
bed adsorbents by MB batch adsorption studies

Batch MB dye adsorption experiments were carried out
at different adsorbents mixing ratio as presented in Table 1.
Also, from Table 1 it is observed that pine cone biomass has
higher MB dye removal capacity compared to pure kaolin
with the maximum adsorption capacity of 31.79 mg/g and
9.7 mg/g respectively. Similar trend was observed in the
removal of MB dye by previous researchers where pine bio-
mass had g, of 109.9 mg/g [52] while kaolin had g, of 75.8
mg /g [53]. It was observed that the adsorbent mixture weight
ratio of 3 pine cones: 1 kaolin gives highest amount of MB
dye adsorbed qt of 33.0 mg/g and percentage dye removal of
66.0% as shown in Table 1. However, increasing the weight
ratio of kaolin from 25% to 75% decreases the adsorption
capacity, g, from 33.0 mg/g to 16.35 mg/g. Pine cone biomass
has higher adsorption capacity due to its structural proper-
ties [54] while kaolin clay has high cations exchange capac-
ity, chemical and mechanical stability and layered structure
[55]. Pine cone biomass contains organic compounds (lig-
nin, cellulose and hemicellulose) with polyphenolic groups
that might be strong binding sites for MB adsorption [52],
whereas adsorption of MB on clay minerals kaolin is mainly
dominated by ion-exchange process i.e. it is highly depen-
dent on solution pH. Therefore in mild acidic solution uptake
of MB by kaolin will be less compared to biomass. More-
over, the use of pine cone biomass is feasible because of its
abundance in nature, making it relatively cheaper compared
to commercially bought kaolin and most importantly sus-
tainable utilization of agricultural solid waste Therefore, the
optimum adsorbent weight ratio of 1 kaolin and 3 pine cone
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Table 2

Breakthrough curve parameters for the adsorption of MB at different bed heights

h tb tmml ‘/aff qmml

m % MTZ or H

total B
(cm) (min) (min) (mL) (mg) (mg) Removal H_ s (cm) (cm)
3 59 112 1678.08 102.19 167.81 60.9 142 1.58
5 78 130 1954.92 134.51 195.49 68.8 2.01 2.99
7 98 148 2223.65 153.64 222.36 69.4 2.36 4.64
biomass was chosen in this column study. All experimental 12
measurements are within 10 % accuracy.
10 . . 'Y : . : : ¢ g "
08 * . o N
3.3. Packed bed column performance at various operating g . T
conditions o o, " t
° . ®3cm
3.3.1. Effect of mixed adsorbent bed height on BTC o . = o5en
The adsorbent packed bed height has a strong influ- o2 . ' ° o7
ence on the steepness of the BTC as the column adsorption tresesess o 8 8 N L "

performance is dependent on the amount of packed adsor-
bent in the column. To study the effect of bed height on the
adsorption of MB, the mixed adsorbent bed height was var-
ied at 3, 5 and 7 cm while the initial MB concentration and
flow rate were kept constant. The obtained breakthrough
curves for the different bed height are shown in Fig. 7. The
breakthrough curve parameters were calculated and then
tabulated in Table 2.

It was found from Fig. 7 and Table 2 that the break-
through time (f,) increased with an increase in bed height
and it was varied from 59 min to 98 min when bed height
was increased from 3 to 7 cm. It was also found from
Table 2 that the adsorption capacity of mixed bed column
was increased from 102.19 to 153.64 mg with the increase
of bed height and therefore percentage dye removal was
also increased. This is because, as the bed height increases,
MB had more contact time with the adsorbent bed, which
resulted in a higher removal efficiency of MB molecules
in the column. The steepness of the breakthrough curve
decreased with increasing bed height due to a higher mass
transferring zone [56]. In addition, smaller bed height led to
less adsorption site for the binding for MB molecules [57]. It
was found that axial dispersion mechanism predominates
in the mass transfer for smaller bed heights hence reduced
the diffusion of molecules, leading to less time for MB to
fully diffuse into the whole adsorbent mass [58]. Higher bed
adsorption capacity and better the intra-particulate phe-
nomena is observed at larger bed height.

The results also shows that the breakthrough time
increased with increasing bed height. The percentage of MB
removal has been increased from 60.9% to 69.4% with the
increase of bed height from 3 cm to 5 cm respectively. Higher
break through time enables more intra-particle diffusion
phenomena, leading to a higher adsorption capacity of the
column [47], which is further supported by increase of total
quantity of MB adsorbed from 102.19 mg to 153.64 mg which
is shown in Table 2. In addition, the length of used bed, H,,
has also increased from 1.58 cm to 4.64 cm, showing higher
adsorption capacity of the column. Lastly, larger volume of
effluent is treated at higher bed height, which is favourable
for industrial scale column adsorption operation. To get the

Time (min)

Fig. 7. Breakthrough curves (BTC) for MB adsorption onto pine
cone and kaolin mixture for different bed heights (MB flow rate
= 15 mL/min, MB dye concentration = 100 ppm and tempera-
ture 25+1°C).

120

.’00
s’
*

0.80 . ®
° P
< 0.60 P
° L 4 13mL/min
*
0.40 : ® 15mL/min
.
. 17mL/min
.
0.20 e
L ‘
000 $858PEH %o

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (min)

Fig. 8. Breakthrough curves for MB adsorption onto pine cone
and kaolin mixture for different flow rates (MB dye concentra-
tion = 100 ppm, bed height = 5 cm and temperature 25+1°C).

better performance of mixed packed bed column higher
removal percentage of MB dye and handling of higher vol-
umes of discharge liquid effluents, the height of bed depth
should be increased. Similar results were also reported from
studies conducted by other researchers [8,38,56,59,60].

3.3.2. Effect of inlet flow rate on BTC

At industrial scaled operations, flow rate is a crucial
parameter in assessing the efficiency of adsorbents in a con-
tinuous adsorption process. Fig. 8 shows the effect of differ-
ent flow rates on the breakthrough curves of MB adsorption
onto pine cone biomass and kaolin mixture under a packed
bed height of 5 cm and an initial MB concentration of 100
ppm. At higher flow rates, the volume of MB sent to the
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column was larger, causing more MB molecules to come
in contact with the adsorbent bed and leading to a shorter
breakthrough time [57]. It is also due to increase of turbu-
lence at higher flow rate decreases the external bulk phase
mass transfer resistance to the surface of solid adsorbent
and hence the rate of movement of bulk phase MB dye mol-
ecules to the surface will be high. This leads to quick sat-
uration and earlier breakthrough time at higher flow rate.
Further, the initial phase of adsorption process is fast for
all three flow rates, indicating the availability of adsorption
sites for the binding of dye molecules around or inside the
adsorbent materials. The breakthrough curve is shown to be
steeper with increasing flow rate because of the shorter con-
tact time of MB molecules with the mixed-adsorbent bed,
which resulted in lower effective adsorption capacity. Thus,
higher adsorption was observed at lower flow rates, which
resulted in longer breakthrough and exhaustion time.

The breakthrough curve parameters were calculated
and then tabulated in Table 3. The results shows that the
breakthrough time decreased from 88 min to 59 min for
flow rates from 13 mL/min to 17 mL/min. Aside from that,
the amount of MB adsorbed decreased with increasing flow
rate. This is due to insufficient contact time with the adsor-
bent bed for intra-particle diffusion, causing MB molecules
to leave the adsorption column before achieving equilib-
rium at higher flow rate [40]. The insufficient residence
time of MB molecules in the column has led to an increase
in the length of unused bed or mass transferring zone. The
length of unused bed has increased from 1.83 cm to 2.55 cm
for increasing flow rate. This is further supported by the
reduction in the percentage of MB removal from 72.8% to
66.3%. However, the volume of effluent has increased from
1805.20 mL to 2044.37 mL with increasing flow rate of 13
mL/min to 17 mL/min, leading to more MB molecules
coming in contact with the adsorbent bed and leading to a
faster breakthrough time. These results are agreeable with
many earlier reported results [8,38,56,57,59,60]. This results
indicated that the lower flow rate is suitable for better per-
formance of packed bed adsorption column but with unde-
sirable overall long processing time for large volume of dye
bearing wastewater effluents.

3.3.3. Effect of initial M B dye concentration on BTC

Fig. 9 shows the effect of different initial MB concentra-
tion on the breakthrough curves (BTC)of MB adsorption onto
mixed adsorbents under a packed bed height of 5 cm and a
constant flow rate of 15 mL/min. The breakthrough curves are
shown to be slower with lower initial MB concentration due to
lower dye removal efficiencies, larger mass transferring zone
and film controlled process. The breakthrough curves become

Table 3

steeper with increasing initial MB concentration, indicating
that the change of concentration affects the breakthrough and
exhaustion time. It is obvious that the difference in MB concen-
tration between the surface of the adsorbent and the solution is
the driving force for adsorption. The amount of MB molecules
passing through the column increases at higher initial MB con-
centration under a fixed time interval, leading to more adsorp-
tion sites being occupied and a rise in adsorption capacity [40].
Thus, the lower influent MB concentration resulted in a slower
transport due to a smaller concentration gradient leading to
smaller reduced mass transfer and diffusion coefficient [48].
However, lower initial MB concentration showed a longer
breakthrough time indicating that higher volume of solution
could be treated [60].

The breakthrough curve parameters were calculated
and tabulated in Table 4. The results show that the break-
through time decreased from 108 to 59 min with increas-
ing MB concentration of 50 ppm to 150 ppm, whereas the
exhaustion time decreased from 163 to 103 min. The MB
removal efficiency has increased from 59.4% to 74.0% due
to the higher driving force at higher MB concentration [39].
However, the total volume effluent is shown to be higher
at lower initial MB concentration, with a total of 2446.61
mL at 50 ppm indicating that more solution could poten-
tially be treated. At higher initial MB concentration, the
breakthrough curves are shown to be steeper, illustrating a
smaller mass transferring zone and intra-particle diffusion
controlled process. This is further supported by the increase
in length of used bed (H,) at higher initial MB concentra-
tion. Therefore, it is proven that the diffusion process is
dependent on concentration. The column study for 50 ppm
initial MB concentration has a percentage removal of 59.4%,
which is lower compared to the previous batch study for
the same initial dye concentration with 66% of MB removal
as shown in Table 1. This could be due to insufficient con-
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Fig. 9. Breakthrough curves for MB adsorption onto pine cone
and kaolin mixture for different initial MB concentrations(flow
rate = 15mL/min, bed height = 5 cm and temperature 25+1°C).

Breakthrough curve parameters for the adsorption of MB under different flow rates

Q t, L Ve/jf Tiotar o101 % MTZ or H,

(mL/min) (min) (min) (mL) (mg) (mg) MB removal H\; (cm) (cm)
13 88 139 1805.20 13148 180.52 72.8 1.83 3.17
15 78 130 1954.92 134.51 195.49 68.8 2.01 2.99
17 59 120 2044.37 135.56 204.44 66.3 2.55 2.45
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Table 4

Breakthrough curve parameters for the adsorption of MB under different initial MB concentrations

Co , . oral Veff Tiotal
(mg/L) (min) (min) (mL) (mg)

% MTZ or H

m total B

(mg) MB Removal H, ., (cm) (cm)

50 108 163 2446.61 72.67
100 78 130 1954.92 134.51
150 59 103 1551.80 172.23

UNB
122.33 594 1.69 3.31
195.49 68.8 2.99

2.01
232.77 74.0 2.16 2.84

tact time between the adsorbent bed and the MB adsorbate.
Similar trends were also obtained for the removal of phe-
nol using palm shells [57], the adsorption of MB onto rice
husk [48], oil palm shells [60], phoenix tree leaf powder [56],
eucalyptus bark [8] and pine cone [38]. It can be concluded
from this study that higher MB concentration is favourable
for better performance of packed bed adsorption column.

3.4. Dynamic modelling of pine cone-kaolin packed bed column
3.4.1. Application of Thomas model

The column experimental data from breakthrough curve
were fitted against the Thomas model to calculate its max-
imum solid-phase MB concentration (g,) and the Thomas
kinetic rate constant (K,,) The model parameters and linear
correlation coefficient (R*) were determined using the linear
regression analysis based on Eq. (10). The predicted linear
plots of In[(C - C)) — 1] against time (t) under different bed
heights (3, 5 and 7 cm), MB flow rates (13, 15 and 17 mL/
min) and initial MB concentrations (50, 100 and 150 ppm)
according to the Thomas model are shown in Fig. 10a, b and
c respectively. The values of K, and g, are determined based
on the slope and intercept of the plots respectively.

The calculated model parameters and correlation coef-
ficients are tabulated in Table 5. Higher linear regression
coefficient (R?) value indicates the applicability of Thomas
model (Table 5) and adsorption follows Langmuir iso-
therm model which indicates the formation of monolayer
on adsorbent surface. It was found from Table 5 that with
the increasing bed heights from 3 cm to 7 cm, the K, val-
ues decreased from 0.562 mL/min-mg to 0.425 mL/min-mg
and the g values increased from 20.19 mg/g to 35.96 mg/g.
This is due to the wider spread of MB dye adsorbed onto
the adsorbent bed, ensuring that most MB will diffuse into
the adsorbent bed before leaving the column. Under vary-
ing flow rate from 13 mL/min to 17 mL/min, the value of
K,, is shown to increase from 0.425 mL/min-mg to 0.430
mL/min-mg while the maximum solid-phase concentra-
tion decreased from 26.50 mg/g to 22.98 mg/g due to the
higher amount of MB dyes being pumped through the same
amount of adsorbent bed at higher flow rate. The increase
in K,, values at higher flow rates are due to the faster mass
transfer [61]. Faster mass transfer might be due to the macro
pores of the adsorbent [62]. Besides that, higher flow rate
has led to a lower adsorption capacity due to the insuffi-
cient residence time of the MB molecules in the column
and diffusion into the pores of the adsorbent. Thus, the MB
molecules left the column before achieving equilibrium
[63]. At higher initial MB concentration, the K, values are
shown to be decreasing while g, values are increasing. This
is because, the MB concentration gradient between the sur-
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Fig. 10. Thomas kinetic plot for adsorption of MB onto pine cone
and kaolin mixture: (a) effect of bed height (flowrate = 15 mL/min,
inlet MB concentration = 100 ppm and temperature 25+1°), (b) ef-
fect of flow rate (bed height = 5 cm, inlet MB concentration = 100
ppm and temperature 25+1°), (c) effect of initial MB concentration
(flow rate = 15 mL/min, bed height = 5 cm and temperature 25+1°).

face of the adsorbent and the solution is the driving force
for adsorption [39]. The external and internal diffusion will
not be the limiting step because the experimental data fit-
ted well with the Thomas model [41]. Hence, the column
performance was found better at higher MB initial concen-
tration due to the higher adsorption driving force. In short,
higher adsorbent bed height, lower MB solution flow rate
and higher MB initial concentration would lead to better
performance of pine cone-kaolin mixed packed bed column
in the removal of methylene blue (MB) dye. Similar results
for different systems were also obtained [40,57,64,65].



76

Table 5

A. Shak et al. / Desalination and Water Treatment 82 (2017) 67-80

Kinetic parameters of Thomas model under various experimental conditions

Bed height (cm)

Flow

rate (mL/min)

Initial MB concentration (mg/L)

Thomas model

K, (mL/minmg)

q, (mg/g)
RZ

3

0.562
20.19
0.995

5

0427
2512
0.994

0.425
35.96
0.990

13

0.425
26.50
0.996

15

0.427
2512
0.994

17

0.428
2298
0.995

50

0.848
15.77
0.996

100

0427
2512
0.994

150

0.360
29.97
0.992

3.6.2. Application of Yoon-Nelson model

The experimental data were also fitted against a simple
theoretical model developed by Yoon-Nelson in studying
the breakthrough behaviour of MB dye onto mixture of pine
cone biomass and kaolin. The parameters for Yoon-Nelson
constant (K,,) and t (the time required for 50% sorbate
breakthrough) were determined from linear regression with
a linear plot In[C, /(C, - C))] of against time under various
experimental conditions (different adsorbent bed heights,
different MB flow rates and different initial MB concentra-
tions) according to Eq. (13). The values of K, and t are cal-
culated based on the slop and intercept of the straight line
plots shown in Fig. 11a, b and c respectively. The calculated
model fitted kinetic parameters for Yoon-Nelson model are
presented in Table 6. With increasing bed height, the 50%
breakthrough time 1 is shown to be increased and the K,
values decreased. The Yoon-Nelson constant K, was found
to increase while the 50% breakthrough time decreased at
higher initial MB concentration and flow rate. K, value
increased from 0.0426 min™ to 0.0540 min™ while t decreased
from 163.9 min to 104 min at MB concentration of 50 ppm to
150 ppm. Infact increase in MB concentration causes adsor-
bate molecules to compete for available adsorption sites,
leading to an increase in uptake rate [56,66]. The obtained
high value of linear regression coefficients (R?) indicates the
applicability of this model. In addition, the time required
for 50% adsorbate breakthroughs t from Yoon-Nelson
model were agreeable with the obtained experimental
data. Similar trends of results were also reported by other
researchers [40,41,61,67].

3.6.3. Application of BDST model

BDST model was also applied to the column data
obtained from MB adsorption by pine cone biomass and
kaolin mixture under different bed heights to determine its
adsorption capacity and kinetic constant. A linear plot of
total column service time against the bed height according
to the BDST model is shown in Fig. 12. Column service time,
also known as the exhaustion time is the time taken for all
the active binding site of an adsorbent to become fully occu-
pied by adsorbate molecules until regeneration is required.

Thus, the exhaustion times for of the column adsorp-
tion at bed heights 3, 5 and 7 ¢cm, at a constant flow rate
of 15 mL/min and 100 ppm initial MB concentration were
recorded. Based on Fig. 12, it can be seen that the exper-
imental data fitted well with BDST model, having a high
correlation coefficient R* of 0.993. The model parameters of
N, and K are listed in Table 7 which are calculated based on
the slope and the intercept of the plot respectively. N is cal-
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Fig. 11. Yoon-Nelson kinetic plot for adsorption of MB onto pine
cone and kaolin mixture (a)effect of bed height (flow rate = 15mL/
min, inlet MB concentration = 100 ppm and temperature 25+1°), (b)
effect of flow rate (bed height = 5 cm, inlet MB concentration = 100
ppm and temperature 25+1°), (c) effect of initial MB concentration
(flow rate = 15 mL/min, bed height = 5 cm and temperature 25+1°).

culated by assuming constant initial MB concentration (C)
and linear velocity (v) of MB flowing through the column
due to the uniform column diameter and constant MB vol-
umetric flow rate. The calculated model rate constant (K)
represents the rate of solute transfer from the fluid to the
solid phase [68]. The values for N, and K are 5347.61 mg/L
and 0.505L/mg-min respectively. The breakthrough time is
found to be dependent on the K value. In general, a short
adsorbent bed is sufficient enough to prolong breakthrough
atlarge K value, whereas small K value will require longer
adsorbent bed to avoid breakthrough [68]. The BDST model
can be used to predict slope for any unknown flow rate with
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Table 6

77

Kinetic parameters of Yoon-Nelson model under various experimental conditions

Bed height (cm) Flow rate (mL/min) Initial MB concentration (mg/L)
Yoon- Nelson model 3 5 7 13 15 17 50 100 150
K, x 10*(min™) 5.64 4.27 4.25 4.25 4.27 4.30 4.26 4.27 5.40
T (min) 112.1 130.7 147.0 138.0 130.7 1214 163.9 130.7 104.0
Tooexp (min) 1029 1179 136.0 1274 1179 108.6 149.7 1179 93.2
R? 0.995 0.994 0.990 0.996 0.994 0.995 0.996 0.994 0.992
o y=17.5¢+129.17 Table 7
250 R?=0.9932 BDST-model parameters for adsorption of MB onto mixture of
pine cone biomass and kaolin clay
200
£ 150 Adsorbent N, K, R?
é (mg/L) (L/mgmin)
100 3 pine cone: 1 kaolin ~ 5347.61 0.505 0.993
0 mixture
0
) 1 2 3 a4 5 6 7 8

Bed Height (cm)

Fig. 12. Bed depth service time (BDST) kinetic plot for adsorp-
tion of MB onto pine cone and kaolin mixture at different bed
heights (flow rate = 15 mL/min, inlet MB concentration = 100
ppm and temperature 25+1°).

a known slope at a given flow rate. Therefore, it is useful
in scaling up the process for other flow rates and concen-
trations without the need of further experimental runs [48].

3.6.4. Application of Clark model

The column experimental data from breakthrough
curve were fitted against the Clark model where the figures
are not presented here. Clark model uses Freundlich con-
stant to simulate the modelling of the breakthrough curves
in fixed bed adsorption. However, Freundlich constant, ‘n’
was determined from our earlier MB batch isotherm experi-
ments on pine cone and kaolin adsorbents and it was found
to be above unity which indicates favourable adsorption
for both the systems [52,53]. Therefore the value of ‘n” was
taken as 1.5 in Clark model parameters calculation. The
experimental data from breakthrough curve (BTC) were
applied to Eq. (17) and the values of A and r (min™) in the
Clark model were determined as shown in Table 8. It was
found that r (min') was decreasing from 0.036 to 0.029 with
the increases of bed height from 3 to 7 cm and increasing
from 0.026 to 0.039 with the increases of initial MB dye
concentration from 50 to 150 mg/L. However, the » (min™)
was constant (0.031) across various MB dye flow rates. The
constant A was shown to increase from 19.61 to 24.94 with
the increases of bed height and decrease in the increases of
flow rate and initial dye concentration. Furthermore, the
linear regression coefficient (R?) were found to be above
0.91 under various operation parameters which indicates
the applicability of Clark model as shown in Table 8.

3.6.5. Summary of calculated kinetic parameters for
Thomas, Yoon-Nelson, BDST and Clark models

4. Conclusion

In conclusion, this study confirmed the suitability of pine
cone biomass and kaolin clay mixture as alternative adsor-
bents for the continuous adsorption of MB dye from aque-
ous solution in a packed bed column. The use of two low
cost adsorbents in a continuous adsorption column oper-
ation gives the process more commercially viable option.
The optimum adsorbents mixing ratio was determined by
batch adsorption method. Therefore, all column adsorption
experiments were conducted with the obtained optimum
mixed adsorbents packed bed materials. The BTCs for MB
removal were analysed under varying bed height, flow rate
and initial MB concentration. The adsorbent bed height, the
feed flow rate and the initial MB dye concentration have
shown strong influence on the adsorption of MB in a con-
tinuous operation. Column performances were enhanced at
higher bed height, higher initial Mb dye concentration and at
lower inlet flow rate. Based on the column results obtained,
it shows that higher adsorbent bed height led to a higher MB
adsorption and a longer breakthrough time. This is because
of higher adsorbent bed height enables more intra-particle
diffusion phenomena, leading to a higher adsorption capac-
ity of the column. Whereas, higher flow rates led to a lower
MB adsorption and faster breakthrough time. This is due to
the insufficient contact time of the MB molecules with the
adsorbent bed for intra-particle diffusion, causing MB mole-
cules to leave the adsorption column before achieving equi-
librium. The removal of MB increased with increasing initial
MB concentration. The highest MB removal was obtained at
the highest initial MB concentration due to the high adsorp-
tion driving force. It is found that higher initial methylene
blue concentration with lower flow rate and higher bed
depth gives better column adsorption performance. This is
because at lower flow rate and higher bed depth, the con-
tact time is longer while at higher initial MB concentration,
the driving force for adsorption is higher. In general, the
interaction between MB molecules and the adsorbent mix-
ture is the main influence for the adsorption performance in
the column. The experimental data were then fitted against
Thomas, Yoon-Nelson, BDST and Clark models to anal-



78

Table 8
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Clark model parameters for adsorption of MB onto mixture of pine cone biomass and kaolin

Bed height (cm) Flow rate (mL/min) Initial MB concentration (mg/L)
Clark model 3 5 7 13 15 17 50 100 150
r (min™) 0.036 0.031 0.029 0.031 0.031 0.031 0.026 0.031 0.039
A 19.61 19.81 2494 24.76 19.81 15.85 24.04 19.81 20.23
R? 0.945 0.967 0.929 0.948 0.967 0971 0913 0.967 0.964

yse the column performance in the removal of methylene
blue dye. Results from the Thomas model revealed that the
value of maximum solid phase concentration (g,) increased
with increasing bed height and initial MB concentration but
decreased with flow rate. The value of Thomas rate constant
(K,,) increased with increasing flow rate but decreased as
the bed height and initial MB concentration increased. The
application of Yoon-Nelson model showed that the time
required for 50% adsorbate breakthrough (t) were compat-
ible with the experimental data (rso%’exp). Besides that, the
value of Yoon-Nelson rate constant decreased as the bed
height increased but increased with both increasing flow rate
and initial MB concentration. The bed sorption capacity (N)
was found to be 5347.6 mg/L for the adsorption of MB onto
pine cone and kaolin mixture according to the BDST model.
The high value of linear regression coefficient (R?) of Clark
model fitting with experimental BTC indicates the applica-
bility of this model. Therefore, all four kinetic models were
shown successful in predicting the BTC with high correlation
coefficients. It is obvious that the characteristic parameters
of these models are different but they predict essentially the
same uptake capacity and values for a given experimental
data set. However, the unique and prominent characteristic
feature of each models such as the adsorption capacity for
Thomas model, the time for 50% breakthrough in Yoon-Nel-
son model and the service time for BDST model enables fur-
ther comparison. Therefore, the characteristic of each model
were calculated based on the model’s predicted equations in
this present study. This study indicates that the mixture of
pine cone biomass and kaolin clay has a strong adsorption
capacity and can be recognised as an alternative sustainable
solution for dye-bearing wastewater treatment.
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