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CONTINUOUS ADSORPTION OF METHYLENE BLUE DYE ON THE MAIZE
STEM GROUND TISSUE
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Continuous adsorption of methylene blue from aqueous solutions onto maize stem
ground tissue in column mode was investigated. The study encompassed the effects of
important parameters such as flow rate, initial concentration of methylene blue, and bed
depth on methylene blue removal from model solutions. The maximum adsorption capa-
city of the maize stem was 45.9 mg/g at the initial methylene blue concentration of 20
mg/L, bed height of 6.5 cm and flow rate of 8 mL/min. It was found that the breakthrough
time for reaching saturation increased with a decrease in the flow rate, and also
occurred earlier for a higher influent concentration. The breakthrough times increased
with the bed depth, thus allowing a larger volume to be treated. The Adams-Bohart,
Yoon-Nelson, Clark and artificial neural network models were used to predict the
breakthrough curves. These models gave excellent approximations of the experimental
behavior.

KEY WORDS: biosorption, fixed-bed column, breakthrough curve, maize stem, model-
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INTRODUCTION

Many industries, such as paper making, plastics, food, cosmetics, textile, etc., use
dyes in order to color their products. The presence of these dyes in water, even at very
low concentrations, is highly visible and undesirable (1). Adsorption is one of the pro-
cesses that used for dye removal in wastewater treatment (2). Activated carbon is the
most widely used adsorbent because it has excellent adsorption efficiency for organic
compounds, but its use is usually limited due to high costs (3). This method will become
less expensive if the adsorbent is made from cheap and easily available materials.

Methylene blue (MB) was extensively used as the model adsorbate in the previous
studies (3-10). The MB is a thiazine (cationic) dye that is generally used for dyeing
cotton, coloring paper, wool, silk, hair, etc. Though MB is not strongly hazardous, it can
cause some harmful effects (7).

The search for a low cost and easily available adsorbent led to the investigation of
materials of agricultural and biological origin, along with industrial by-products, as ad-
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sorbents (11). In the recent years, many researchers have proved several low cost ma-
terials for the removal of MB from its aqueous solutions, such as wheat shells (12), chaff
(8), Indian Rosewood sawdust (3), phoenix tree leaf powder (9), rice husk (1, 7), Neem
leaf powder (13). The list of numerous adsorbents for MB removal were presented by
Ralatullah et al. (10). Bhatnagar et al. (14) reported a review of agro-industrial and mu-
nicipal waste materials as potential adsorbents for water treatment.

In the present study, maize stem ground tissue has been used as an adsorbent for the
removal of MB from its aqueous solutions. The material is extremely cheap, non-toxic,
chemically inert and easily available biodegradable waste. To our knowledge, this is the
first study about dye adsorption on this adsorbent in the column mode.

The aim of this work was to promote our previous study (15) on the development of a
convenient and economic method for MB removal on maize stem grand tissue as a low-
cost and easily available biodegradable adsorbent. The effect of adsorptive time, flow
rate, MB concentration, and bed depth on MB removal from aqueous solutions in the
column mode was investigated. The Adams-Bohart, Yoon-Nelson, Clark and artificial
neural network models were used to predict the breakthrough curves.

EXPERIMENTAL
Preparation of the adsorbent

Maize stems of Gold Cup maize hybrid were collected from ready-to-harvest maize
fields from Budisava, Serbia. The details on the preparation and characterization of the
adsorbent can be found in the our previous paper (15).

Preparation of the MB solutions

All of the MB solutions were prepared with distilled water. Three different concentra-
tions of the MB solutions were prepared and used in this work: 5 mg/L, 10 mg/L and 20
mg/L.

Experimental methods

A known adsorbent mass of 0.35, 0.45 and 0.65 g was packed into a plastic column of
1.2 cm internal diameter and 10 cm in height, to achieve a bed depth of 3.5, 4.5 and 6.5
cm, respectively. The column was operated in a downflow mode using gravity force.
Three different influent flow rates were used: 8 mL/min, 20 mL/min and 40 mL/min.
Flow rate was regulated by a valve located above the column.

Samples of the effluent (10 mL aliquot) were collected at regular intervals. Concen-
trations of MB in the samples were determined spectrophotometrically on a SECOMAM
Prim: Light and Advance spectrophotometer, in the visible range of the spectrum. Dis-
tillated water was used as the reference sample. The maximum absorbance vawelength
was 668 nm.
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Fixed bed column adsorption studies

The performance of the column was described through the concept of the break-
through curve. The breakthrough curve is expressed in terms of a normalized concentra-
tion defined as the ratio of the outlet to inlet MB concentration (C/Cy) as a function of
time or volume effluent.

The effluent volume (V.¢) was calculated as:

Veff: Qttotal [1 ]

where ti, and Q were the time of exhaustion (min) and volumetric flow rate (mL/min).
The total adsorbed MB quantity g, in mg, (maximum column capacity) was expres-
sed as:

_QA_ Q tiotal
qtotal_ 1000 1000 ft=0t t Caddt [2]

where C,4 was the concentration of MB removal in mg/L. gy, represents the area below
the breakthrough curve multiplied with the flow rate.

The amount of MB at equilibrium or biosorption capacity, q. (mg of sorbated MB/g
of biosorbent), was determined using the following equation,

q otal
=t [3]
where X is the mass of the biosorbent in g.
Various fixed bed models have been developed to predict the dynamic behavior of the
column (16).

The Adams-Bohart model for rectangular isotherms

In the column mode, the adsorption kinetics for the MB can be presented by the
Adams-Bohart model. It assumes a rectangular isotherm with a quasi-chemical rate ex-
pression. Axial dispersion and finite resistance to mass transfer are neglected in this
model. The Adams-Bohart model (Eq. 4) is one of the most general and widely used mo-
dels in the column performance theory. It is commonly, but mistakenly referred in the
environmental sorption and biosorption literature as the Thomas model (17). The Adams-
Bohart model in this paper was used, as follows:

== 1 [4]

- ks
Co Trexp()ayX-CoVer)

where kyy, is the rate constant (mL/min mg) and qo is the maximum solid-phase con-
centration of the solute (mg/g).
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The Yoon-Nelson model
This model is based on the assumption 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 (11). In this
work, the Yoon-Nelson model was used, as follows:

c
In( T )=kynt-tkyn [5]

where kyy is the rate constant (1/min), t the time required for 50% adsorbate break-
through (min) and t is breakthrough time (min).

Clark model

This model combines the Freundlich isotherm and the mass transfer concept. The
Clark model is presented in the following equations (18):

1

/f#'l\ e 6]
T
b

1

1 \nl_ C
<(1+Ae'”)) B Co [7]

n-1
A= (z—l)e 8]
b

Cy, t, and n are the outlet concentration at breakthrough, the time at breakthrough and the
Freundlich constant, respectively.

or

where:

Artificial neural network

Recently, traditional breakthrough curve models have been progressively replaced
with artificial neural network (ANN) models. Witek-Krowiak et al. (19) summarized the
studies that used ANN for modeling of batch and fixed bed biosorption process. The
ANN predicts the output on the basis of the input data without the need to explicitly
define the relationship between them, which is important in the complex process such as
biosorption (20).
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RESULTS AND DISCUSSION

Effect of the flow rate on the breakthrough curve

The effect of different flow rates on the shape of the breakthrough curves is shown in
Figure 1. As can be seen, the breakthrough curves became steeper as the flow rate in-
creased. The breakthrough time for reaching saturation increased with a decrease in the
flow rate. It was found that at the lower flow rate, higher uptake values were observed for
MB to maize stems. This phenomenon could be explained through a longer contact time
of the MB with the adsorbent. Hence lower flow rates are desirable for the effective
removal of MB.
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Figure 1. Comparison of the experimental and predicted curves obtained at different flow
rates for Cy=5 mg/L and Z = 6.5 cm

Effect of the influent MB concentration on the breakthrough curve
The adsorption performances of maize stems were tested at various initial concen-

tration of MB (Figure 2). The breakthrough time decreased with the increasing inlet
concentration as the binding sites became more quickly saturated in the system. Also, the
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increase in the influent concentration resulted in a sharper breakthrough. The slope of the
curve indicates high adsorption rates and shortened mass transfer zone.
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Figure 2. Comparison of the experimental and predicted curves obtained at different
initial concentration for Q = 8 mL/min and Z = 6.5 cm

The effect of the different bed depth on the breakthrough curve

The MB breakthrough curves, obtained from the experiments at different bed heights
are presented in Figure 3. The figure shows that the breakthrough curve became steeper
as the bed height decreased. The breakthrough times increased with the bed heights, thus
allowing a larger volume to be treated. With a higher bed depth column, the mass transfer
zone is extended and the MB had more time to be in contact with the adsorbent.
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Figure 3. Comparison of the experimental and predicted curves obtained at different bed
depth for Cy =5 mg/L and Q = 8 mL/min

Error analysis

To describe the column breakthrough curves obtained at the different flow rates, MB
inlet concentrations, and bed depths, three different models and ANN were used. The
breakthrough curves showed the superposition of the experimental results (points) and
the theoretically calculated points (lines). The coefficient of determination (R”) shows a
crude measure of how well a model describes the variation of the data. This is an
intuitive, but crude, method to compare the two models, especially nonlinear models. In
order to avoid this problem, an error analysis was performed according to the mean
squared error (MSE). All models used in our paper have two unknown parameters, so in
the discussion there is no need for complex error criteria that include the parameters of
the models. The relative mathematical formula of MSE is:

MSE= M [9]

where (C/Cy) . is the ratio of the effluent and influent MB concentrations obtained from
experiment and (C/Cy). is the ratio of the effluent and influent MB concentrations
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obtained from dynamic models, and n is the number of experimental data. Furthermore,
the residual analysis of the developed model was also performed. The skewness
parameters showed small deviations from a normal distribution, -1.37 to 2.34, while the
kurtosis parameter showed a difference in "peakedness" compared to normal distribution,
2.83 to 7.21. However, the developed models showed statistically insignificant deviations
from the experimental values of the model, which confirmed their suitability.

The Adams-Bohart model for the rectangular isotherm
The breakthrough curves (Figures 1-3) were described by the Adams-Bohart model
for various experimental conditions. The Quasi-Newton method was used to evaluate the

Adams-Bohart model parameters of krj, and qq (Table 1).

Table 1. Parameters predicted from the Adams-Bohart model

(mg(}L) (mL(/)min) (c%n) (mL/I::iTrlll mg™) (m(glog'l) R* | MSE (107) (qr:l(ge Xgl')l))
5 8 6.5 5.95 31.92 | 0.99 0.51 31.88
10 8 6.5 4.73 3923 | 0.9 1.62 39.33
20 8 6.5 2.85 45.57 | 0.99 0.56 45.93
5 20 6.5 11.61 30.07 | 0.99 1.02 30.45
5 40 6.5 43.94 28.04 | 0.99 0.87 28.22
5 8 4.5 5.7 28.19 | 0.9 2.07 28.65
5 8 35 8.84 2425 | 0.9 0.71 24.56

It can be concluded from Table 1 that the increase in the initial concentration resulted
in an increase in the value of qo and in a decrease in the value of kyy,. This is because the
driving force for adsorption, i.e. the difference in the concentration of MB on the maize
stems and in the solution, decreases with increasing initial concentration (21). The bed
capacity qo slightly decreased, and the coefficient kyy, increased with increasing flow rate.
Furthermore, with the increase in the bed volume, the value of o increased. The Adams-
Bohart model gave a bed capacity that was very close to the value determined in the
batch process (15).

The Yoon-Nelson model

The Yoon-Nelson model was applied to investigate the breakthrough behavior of MB
onto fixed bed of maize stems (Figures 1-3). The experimental breakthrough curves are
very similar to those predicted by the Yoon-Nelson model. The values of kyy and T were
determined using Quasi-Newton method and listed in Table 2. As is evident, the kyy
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increased and t decreased with increasing both, flow rate and MB influent concentration.
The increase in the bed volume caused an increase in t and a decrease in kyy.

Table 2. Parameters predicted from the Yoon-Nelson model

(mfgj(}L) (mL?min) (c%n) (nl:inl:") (mTin) R® | MSE (10%)
5 8 6.5 | 0018 | 47575099 ] 059
10 8 6.5 | 0015 | 23254099 | 042
20 8 6.5 | 0033 | 161.14 [ 099 | 085
5 20 6.5 | 0052 | 19548 [ 099 098
5 40 65 | 0099 | 7948 [ 099 082
5 8 45 | 0033 | 32251099 | 203
5 8 3.5 | 0044 | 15705099 | 044

The Clark model

The parameters of the Clark model and the determined coefficients for various
conditions were obtained by the Levenberg-Marquardt model. The Freundlich constant n,
obtained in our earlier batch equilibrium study, was used to calculate the remaining two
parameters in the Clark model (15). The calculated parameters are given in Table 3. It is
clear that if the flow rate and influent dye concentration increased, the value of r also
increased. The determined coefficients and Figures 1-3 show a good agreement of the
Clark model with the experimental data.

Table 3. Parameters predicted from the Clark model

CO Q Z R 2 -3
(mg /L) | (mL/min) | (cm) | ™® | (min?) | R | MSE107)
5 g 65 | 893 | 0021 |099| 048
10 g 65 | 72 | 003 099 039
20 g 65 | 668 | 005 | 099 026
5 20 65 | 677 | 0045 099 038
5 40 65 | 769 | 01 099 67
5 g 45 | 505 | 0022 | 099 122
5 8 35 | 286 | 0032 | 099 | 021
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Artificial neural network

The feed-forward back propagation ANN was used to predict the experimental values
for the breakthrough curve prediction. The Matlab neural network toolbox was used to
build the ANN (The Math Works Inc. License Number 1108951). The ranges of the ANN
inputs were: 0 <t < 687.5,5<Cy<20,8 <Q <40 and 3.5 <z<6.5. In order to prevent
the influence of the initial assumptions of weights and bias, the different topologies were
used, in which the number of hidden neurons were varied from 1 to 20, and the training
process of each network was run ten times with random initial values of weights and
biases. The numbers of neurons were 13 and 1 in the hidden and the output layer, respec-
tively (Figure 4). The network was trained using the Bayesian regulation back propaga-
tions algorithm. The others training algorithms (Levenberg-Marquardt, BFGS Quasi-
Newton, Scaled Conjugate Gradient, etc.) were tested too, but they did not give satisfac-
tory outputs. The transfer function was the linear transfer function (purelin) at the output
layer, and the tangent sigmoid transfer function (tansig) at the hidden layer. All 235 data
points were randomly used to train and develop the ANN; 70% of data points for training,
15% of data for validations, and 15% of data for testing the process. The optimum ANN
topology was determined based on the MSE. The error analysis is shown in Table 4 for
all experimental conditions.

Table 4. Error analysis for ANN

Gy Q V/ 2 4
(mg /L) | (mL/min) | (cm) R MSEQ07)
5 8 6.5 |0.99 1.69
10 8 6.5 |0.99 2.6
20 8 6.5 10.99 2.72
5 20 6.5 |0.99 0.89
5 40 6.5 |0.99 1.23
5 8 4.5 10.99 3.6
5 8 3.5 10.99 0.82
Hidden Output
Input Output

CIFA '/— |

13 1

o]
4

Figure 4. Topology of the ANN
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CONCLUSIONS

The present study showed that the maize stems of Gold Cup could be used efficiently
as a low cost and easily available biodegradable adsorbent for continuous removal of
methylene blue from aqueous solutions.

The breakthrough curves showed that the breakthrough time increased with the
increase in the bed height and with a decrease in the initial concentration and flow rate of
methylene blue.

Three models and the artificial neural network were applied to the experimental data
obtained from dynamic studies in order to predict the breakthrough curves and determine
the column kinetic parameters. According to the MSE, the ANN model was the best
fitting model compared to the Adams Bohart, Yoon-Nelson and Clark models.

Further work needs to be done to establish the optimal conditions of flow rates, bed
height, and initial methylene blue concentration to satisfy economic and technological
requirements.
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KOHTHUHYAJIHA AACOPIIINUJA BOJE METUJIEHCKO IIJTABO HA
IMAPEHXMMCKOM TKHUBY CTABJIA KYKYPY3A

Ilpeopae C. Kojuh® Becna B. Byuyposuh, Hamawa Jb. Jlykuh, Munuya JK. Kapayuh,
Csemaana C. Ilonosuh

Vuusepsurer y HoBom Cany, Texuonomxu daxynrer Hosu Can,
Bynesap napa Jlasapa 1, 21000 Hosu Can, Cp6uja

VY pazy je ucnuTaHa KOHTHHYaJIHA aJICOPIIIHja KaTjoHCKe 00je METHIICHCKO IIJIaBO Ha
MApeHXMMCKOM TKHBY CTadjla KyKypy3a y KOJIOHHW. VcruTaHu Cy OCHOBHHU Napamerpu
KOjJU YTHYy Ha YKJamamhe METHICHCKOT TUIaBOI' M3 BOAEGHUX MOJIEN PacTBOpa a TO Cy 3a-
MPEMUHCKH MPOTOK M TOYETHA KOHIICHTpaIMja ajcopbdara U BUCHHA CJI0ja aJcOpOCHTA.
MakcuMalTHH a[ICOPILUOHN KanauuTeT ox 45,9 mg/g je ocTBapeH Mmpu MOYeTHO] KOHLCH-
Tpanuju MeTuiIeHcKor iasor of 20 mg/L, BucuHu cioja aacopOenra ox 6,5 cm u mpo-
ToKy o1 8 mL/min. YcraHoBIbEHO je n1a ce BpeMe NOTpeOHO 3a aCOPIIMOHY PaBHOTEKY
noBehaBa ca CMambeHEM 3alPEMUHCKOT MPOTOKA M Ja Ce A0 PaBHOTEXE PaHUje HOJIa3H
ako ce moBeha moyeTHa KOHIEHTpaIHja ancopdara. [loBehame BucHHE cioja amcopbeHTa
oMmoryhmio je ykiamame 00je u3 Behe 3anpemune ancopbata. Monenmn Adams-Bohart-a,
Yoon-Nelson-a u Clark-a xao u BemTauka HeypoHCKa Mpeka Cy KOpHUIINEHH 3a Ipen-
Buhame agcopnuuoHnX KpuBHX. OBH MOJENH Cy MOKa3aJdH OMIMYHO Clarame ca eKclie-
PHMEHTAIHUM pe3yJITaTHMa.

Kibyune peun: 6uocopniyja; aJcopniroHa KpuBa; NapeHXMMCKO TKUBO cTadia KyKypy-
3a; MOJIEJIOBambE, HEYPOHCKE Mpexe
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