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A B S T R AC T

Fixed bed column study were carried out to investigate the performance of iron oxide-coated 
zeolite (IOCZ) in removal of methylene blue (MB) and methyl orange (MO) from aqueous solu-
tion in single dye system. The effects of various experimental conditions, such as the fl ow rate, 
initial metal concentration and bed depth were studied. The Thomas model, Modifi ed-dose–
response model (MDR) and the bed depth service time (BDST) model were used to fi t the exper-
imental data. The results were that MDR model was better for the description of breakthrough 
curves at all experimental conditions than Thomas model. BDST model was applied to predict 
the service times with various fl ow rate and initial concentration. IOCZ can be used to remove 
dyes from solution.
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1. Introduction

Wastewaters containing dye may be toxic and even 
carcinogenic, because most of which are diffi cult to be 
decolorized or degraded due to their complex structure 
and synthetic origin [1]. Industries such as textile, leather, 
paper, plastics, etc., are some of the sources for dye effl u-
ents. The effl uents of these industries are highly colored 
and disposal of these wastes into the environment can be 
extremely deleterious. Various traditional treatment tech-
nologies, such as chemical precipitation, fi ltration, ion 
exchange, adsorption on activated carbon and biological 
methods, are widely applied and have been developed 

[2,3]. These methods, however, display one or more limi-
tations, such as expensive, generation of secondary pol-
lution and narrow appliance range. To overcome these 

limitations, researchers have devoted to search for effec-
tive, economic and easily implemented materials [4–6].

It has been demonstrated that iron, aluminum and 
manganese oxide can removal heavy metal ions and dye 
from aqueous waste effectively, for their large surface area 
and high charge density [7,8]. However, the fi ne particle 
size of the metal oxides makes it very diffi cult to sepa-
rate from the water phase, which limits its application 
in wastewater treatment. But iron oxide coated-media 
surface can solve this problem and may be a promising 
composite for wastewater treatment [9−11]. Zeolite is an 
ideal natural adsorbent with certain sorption and ion-
exchange capability for its special frame structure and 
often used to remove pollutants and metals from solu-
tion [12−16]. Although it has many advantages such as 
low cost, simple operation and no secondary pollution, 
modifi cations are needed to improve its removal perfor-
mance in wastewater treatment. The zeolite coated with 
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a layer of iron oxide can not only overcome their respec-
tive shortcomings, but also enhance sorption capacity 
because of bigger surface area and stronger ion exchange 
capacity [17]. The batch adsorption of methylene blue 
and methyl orange were studied by the adsorbent and 
the capacity of adsorption from iron coated zeolite was 
larger than from zeolite [18,19]. But the dye adsorption 
by iron coated materials in column was not studied.

This study was designed to test the fi xed bed column 
performance of a medium, iron oxide-coated zeolite 
(IOCZ), as an adsorbent for the removal of methylene 
blue (MB, cation dye) and methyl orange (MO, anion 
dye) from single dye solution in a continuous fl ow sys-
tem. The effects of fl ow rate, infl uent concentration, and 
bed height on MB and MO adsorption onto IOCZ were 
investigated. The dynamic process of adsorption was 
modeled or analyzed by Thomas model, modifi ed-dose 
response and BDST model.

1.1. Thomas model

The expression of Thomas model for an adsorption 
column is given as follows [20]:
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where, Ct is the effl uent dye concentration (mg l–1) , C0 is 
the infl uent dye concentration (mg l–1), kTh is the Thomas 
rate constant (ml (min mg)–1), q0 is the equilibrium dye 
uptake per g of the adsorbent (mg g–1), m is the amount 
of adsorbent in the column (g), Q, the fl ow rate (ml min–1). 
The value of Ct/C0 is the ratio of effl uent and infl uent each 
dye concentrations. The value of t is breakthrough time 
(min, t = Veff /Q, Veff is the volume of effl uent solution).

The values of kTh and q0 can be determined from a 
plot of Ct/C0 against t using nonlinear regression analy-
sis as the values of Ct/C0 is within 0.05~0.95.

1.2. Modifi ed dose-response (MDR) model 

The modifi ed dose–response model (MDR) [21] is 
also used to describe column adsorption data. Yan and 
his coworkers observed that use of this model mini-
mizes the error resulting from the use of the Thomas 
model, especially at lower or higher time periods of the 
breakthrough curve. The expression is given as:
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where a and b are the constants of MDR model, Q is the 
fl ow rate.

From value of b, the value of q0 can be estimated 
using following equation [21]:
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where, X is the total dry weight of IOCZ in column (g).

1.3. The bed-depth/service time analysis (BDST) model

The BDST model describes a relation between the 
service time and the packed-bed depth of the column 
and is expressed as [22]:
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where F, the infl uent linear velocity (cm min–1), N0, the 
adsorption capacity (mg l–1), Ka the rate constant in BDST 
model (l (mg min)–1), t the time (min) and Z is the bed 
depth of column (cm).

A plot of t versus bed depth, Z, should yield a 
straight line where N0 and Ka, the adsorption capacity 
and rate constant, respectively, can be evaluated.

A simplifi ed form of the BDST model is:

t = aZ − b (5)
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The slope constant for a different fl ow rate can be 
directly calculated by Eq. (8) 

F Q
a a a

F Q
= =′

′ ′  
(8)

where, a and F are the old slope and infl uent linear 
velocity, respectively, and a’ and F’ are the new slope and 
infl uent linear velocity. As the column used in experi-
ment has the same diameter, the ratio of original (F) to 
the new infl uent linear velocity (F’) and original fl ow 
rate (Q) to the new fl ow rate (Q’) is equal. For other 
infl uent concentrations, the desired equation is given by 
a new slope, and a new intercept given by:
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2.3. Methods of column adsorption

Column adsorption was operated in 0.95 cm diam-
eter glass column (weighted mass of IOCZ packed in 
column) at 273 K. The dye solution was pumped from 
the container to the fi xed bed with a peristaltic pump 
at a specifi ed fl ow rate. The pH of MB and MO solu-
tion was adjusted to 7.0 ± 0.1 and 2.5 ± 0.1, respectively 
[19]. Samples were collected at regular intervals. The 
concentration of MB and MO in the effl uent was ana-
lyzed using a Uv/Vis-3000 spectrophotometer at 668 
nm and 508 nm, respectively. The mass of 2 cm depth 
of ICOZ is of 1 g.

3. Result and discussion

3.1. Infl uence of operating conditions on column sorption of 
MB and MO

3.1.1. Effect of fl ow rate 

The breakthrough curves at various fl ow rates of 
MB and MO were shown in Fig. 1, respectively. From 
the Fig. 1, it was seen that adsorption arrived saturation 
faster with increasing fl ow rate. This tendency accorded 
with other research [11,17]. At higher fl ow rate, the exter-
nal fi lm mass resistance at the surface of the adsorbent 
tends to decrease and the residence time of the effl uent 
inside the column decreases, hence the time required to 
reach saturation decrease, furthermore the removal effi -
ciency become lower.

3.1.2. Effect of initial concentration 

The change in the initial MB and MO concentration 
had a signifi cant effect on breakthrough curve (Fig. 2). 
The larger the initial feed concentration, the steeper 
is the slope of breakthrough curve and smaller is the 
breakthrough time. Higher initial infl uent concentration 
leads to higher mass transfer driving force, hence more 
quickly adsorbent saturated, which results in decreasing 
exhaust time.

3.1.3. Effect of bed depth 

The breakthrough curves at various bed depths were 
shown in Fig. 3. From Fig. 3, as the bed height (adsor-
bent mass) increased, dye had more time to contact with 
IOCZ and this resulted in higher removal effi ciency of 
dye molecules in column. So the higher bed column 
resulted in a decrease in the effl uent concentration at the 
same service time. This was due to an increase in the 
surface area of adsorbent, which provided more binding 
sites for adsorption.

0 0

00

ln( 1)
ln( 1)

C C
b b

CC

′ −=′
−′  

(10)

where b’, b are the new and old intercept, respectively, 
C’0 and C0 are the new and old infl uent concentration, 
respectively.

2. Materials and methods

2.1. Reagents

All chemicals and reagents used for the study were 
analytical grades, and all aqueous solutions were pre-
pared in distilled water. Stock solutions of 1,000 mg l–1 
MB and 1,000 mg l–1 MO were prepared, while working 
solutions were obtained by diluting the stock solution. 
The initial pH of the working solution was adjusted by 
addition of HNO3 or NaOH solution.

2.2. Preparation of adsorbent

The raw zeolite used in the study was obtained 
from Xinyang city in China (purchased from Xinyang’s 
Feedstuff Company). The zeolite was sieved to obtain 
average size particles about 20−40 mesh and it was 
immersed in distilled water for 24 h. Then the zeolite 
was washed by dissolved water and heated at 300°C in 
muffl e furnace for 1 h. After cooled, it was stored for sur-
face coating. The mineralogical composition of zeolite 
was comprised primarily of clinoptilolite (~68.50%) and 
additionally of feldspar, montmorillonite and quartz by 
means of XRD [17].

The process of ICOZ preparation was following: 50 g 
zeolite and 50 ml ferric chloride solution of 1 mol l–1 were 
mixed and stirred in two 400 ml glass beaker. The mix-
ture was kept at 80 °C using water bath and 50 ml sodium 
hydroxide solution (3 mol l–1) was slowly dropped into 
the mixture with slight stirring. Then the mixture was 
transferred to evaporating dish, placed in muffl e furnace 
and keeping at 500 °C for 4 h after reaction. The mixture 
was cooled to room temperature and washed to pH 
7.0 using distilled water. Last, the sample was dried at 
110 °C, and stored in polypropylene bottle for use.

Elemental identifi cations of surface features were 
performed by semi-quantitative EDAX analysis. The 
EDAX results are following: there are O (48.10%), Mg 
(0.52%), Al (6.21%), Si (40.21%), K (3.29%), Ca (0.20%), 
Fe (1.47%) in surface of zeolite by EDAX analysis, while 
O (22.56%), Cl (9.45%), Na (3.95%), Si (5.47%), K (3.29%), 
Ca (1.40%), Fe (47.17%) in surface of IOCZ. EDAX analy-
sis yielded direct evidence for iron oxide coated on the 
surface of zeolite [17].
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Fig. 1. Experimental and predicted breakthrough curves of dye adsorption at different fl ow rates: (a) MB (Z = 16 cm, C0 = 
40 mg l–1); and (b) MO (Z = 11 cm, C0 = 30 mg l–1).
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Fig. 2. Experimental and predicted breakthrough curves of dye adsorption at different initial concentrations: (a) MB (Z = 
16 cm, Q = 9 ml min–1); and (b) MO (Z = 11 cm, Q = 11 ml min–1).

3.2. Evaluation of breakthrough curves

3.2.1. Thomas model

The Thomas model was fi tted to investigate the 
breakthrough behavior of MB and MO onto IOCZ, 
respectively. The Thomas rate constant (kTh) and value 
of q0 were obtained using nonlinear regression analysis 
according Eq. (1) and the results were listed in Table 1. 
Analysis of the regression coeffi cients indicated that the 
regressed lines provided good fi t to the experimental 
data with R2 values ranging from 0.74 to 0.92, which 
were higher relative to more than 20 experimental 
points. As shown in Table 1, with the bed depth increas-
ing, the values of q0 increased while kTh decreased, 
whereas when the fl ow rate increased, the values of q0 

decreased and the kTh increased. Both of the two param-
eters changed irregularly with the increase of initial 
feed concentration. 

From Table 1, there were signifi cantly different about 
the value of q0 for MB and MO. The adsorption capacity 
of adsorbent was due to the surface properties of adsor-
bent, the structures of dyes and experimental conditions 
[23–25]. The iso-electric point (IEP) of ICOZ in solution is 
near pH 6.5 [19]. MO was existed as negative ion in solu-
tion while MB was positive ion. The surface of IOCZ is 
positive at pH of solution below IEP. But at pH of solu-
tion over IEP, it is negative. So the pH solution of pH 
in experiment was adjusted to 2.5 for MO while it was 
not adjusted for MB as the solution of MB is near 
pH 7.0. Furthermore, it can be implies that the resultant 
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determined coeffi cients (R2) ranging from 0.903 to 0.990 
and lower values of SSE (less than 0.003). The break-
through curves predicted by MDR model were also 
shown in Figs. 1–3.

At all conditions examined, the predicted break-
through curves from MDR model showed reasonably 
better agreement with the experimental points than 
those from Thomas model. It was also shown that the 
values of q0 in Table 2 were smaller than those in Table 1, 
respectively. The trend of values of q0 and b in Table 2 
was similar to values of q0 in Table 1 with the change 
of experimental condition. At the lower and high time 
of breakthrough curves, the fi tted curves of Thomas 
models were far from experimental points. So MDR 
model was better to predict the MB and MO column 

electrostatic forces mainly determine the adsorption 
because of pH effect.

Figs. 1–3 also showed the predicted curves using 
Thomas model at various conditions. It was clear from 
Fig. 1–3 that there was a good agreement between the 
experimental points and predicted normalized concen-
tration. Similar results were found by other researches 
[12,20,26,27].

3.2.2. MDR model

MDR model was fi tted to the experimental data 
of MB and MO at different conditions, respectively. 
The model constants (a and b) and values of q0 were 
given in Table 2. From Table 2, all were fi tted with higher 
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Fig. 3. Experimental and predicted breakthrough curves of dye adsorption at different bed depths: (a) MB (Q = 9 ml min–1, 
C0 = 40 mg l–1); and (b) MO (Q = 11 ml min–1, C0 = 30 mg l–1). 

Table 1
Thomas parameters at different conditions using nonlinear regression analysis

Dye C0 (mg l–1) Q (ml min–1) Z (cm) q0(cal) (mg g–1) kTh (ml (min mg)–1) R2 SSE

MB 40 9 10 5.98 ± 1.04 0.891 ± 0.177 0.880 0.01185
40 9 13 8.41 ± 1.52 0.381 ± 0.060 0.824 0.0152
40 9 16 8.83 ± 1.33 0.331 ± 0.059 0.826 0.0178
40 9 20 11.86 ± 1.53 0.172 ± 0.022 0.834 0.0148
40 6.5 16 12.52 ± 1.59 0.139 ± 0.017 0.853 0.0109
40 11.5 16 7.56 ± 1.62 0.401 ± 0.097 0.805 0.0181
30 9 16 12.50 ± 2.02 0.174 ± 0.028 0.754 0.01835
55 9 16 8.19 ± 0.95 0.372 ± 0.046 0.914 0.00844

MO 30 11 6 0.334 ± 0.062 1.36 ± 0.35 0.772 0.00785
30 11 11 1.86 ± 0.62 0.796 ± 0.087 0.786 0.01445
30 11 16 2.77 ± 0.85 0.391 ± 0.087 0.758 0.01682
30 8 11 2.16 ± 0.56 0.675 ± 0.156 0.804 0.01596
30 14 11 1.28 ± 0.44 1.42 ± 0.34 0.804 0.01184
15 11 11 1.78 ± 0.76 0.476 ± 0.097 0.738 0.0132

 45 11 11 1.56 ± 0.53 0.899 ± 0.210 0.807 0.01123
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the increased Ct/C0, the values of N0 increased while 
Ka decreased. The values of R2 indicated the validity of 
BDST model for present system. From Table 2, higher 
value of N0 for MB and MO also showed that the ability 
of MB adsorption on IOCZ was bigger than MO adsorp-
tion. According to BDST parameters listed in Table 3, the 
predicted time (tc) and experimental time (te) at other 
conditions were shown in Table 4. It was evident from 
the Table 4 that the calculated time and experimental 
time were well consistent with each other. So the BDST 
model can be used to predict adsorption performance 
at other operating conditions for adsorption of MB and 
MO onto IOCZ, respectively. Similar results are obtained 
by other studies [17,22,29,30].

The results also implied that ICOZ, as adsorbent like 
iron oxide, can effectively remove pollutants with posi-
tive charge from solution. For pollutants with negative 
charge, it may not be available.

4. Conclusions

On the basis of the experimental results of this inves-
tigation, the following conclusions can be drawn:

adsorption than Thomas model. Other researches have 
published similar results [12,21,27,28].

3.2.3 BDST model

The BDST model was used to evaluate the feasibil-
ity of the design of adsorption column for changed fl ow 
rate and initial concentration. According to Eqs. (5), (6), 
the value of related parameters of BDST at Ct/C0 0.2, 
0.4 and 0.6 were shown in Table 3, respectively. With 

Table 2
MDR parameters at different conditions using nonlinear regression analysis

Dye C0 (mg l–1) Q (ml min–1) Z (cm) a b (ml) q0(cal) (mg g–1) R2 SSE

MB 40 9 10 2.30 ± 0.25 741.2 ± 33.4 5.93 ± 0.27 0.948 0.00515
40 9 13 1.98 ± 0.16 1,266.4 ± 49.3 7.79 ± 0.30 0.941 0.00512
40 9 16 2.02 ± 0.19 1,620.5 ± 91.5 8.10 ± 0.46 0.927 0.00742
40 9 20 1.89 ± 0.15 2,555.7 ± 106.6 10.22 ± 0.42 0.941 0.00525
40 6.5 16 1.93 ± 0.13 2,227.3 ± 72.4 11.14 ± 0.36 0.955 0.00336
40 11.5 16 1.87 ±0.18 1,243.4 ± 66.9 6.22 ± 0.33 0.928 0.00666
30 9 16 1.70 ±0.17 2,892.3 ± 148.5 10.85 ± 0.56 0.903 0.00729
55 9 16 2.42 ±0.13 1,123.0 ± 25.6 7.72 ± 0.18 0.977 0.00227

MO 30 11 6 0.816 ± 0.039 65.2 ± 4.2 0.652 ± 0.042 0.983 0.00059
30 11 11 0.790 ± 0.032 203.9 ± 10.6 1.11 ± 0.06 0.989 0.00077
30 11 16 0.879 ± 0.045 460.6 ± 28.1 1.73 ± 0.11 0.978 0.00154
30 8 11 0.832 ± 0.030 234.9 ± 11.5 1.28 ± 0.06 0.990 0.00081
30 14 11 0.903 ± 0.042 169.7 ± 8.1 0.926 ± 0.044 0.985 0.00090
15 11 11 0.718 ± 0.026 404.0 ± 19.3 1.10 ± 0.05 0.987 0.00069

 45 11 11 0.932 ± 0.043 141.8 ± 6.7 1.16 ± 0.05 0.986 0.00082

Table 3
Calculated constants of BDST model for the adsorption of 
MB (C0 =40 mg l–1, Q = 9 ml min–1) and MO (C0 = 30 mg l–1, 
Q = 11 ml min–1)

Dye Ct/C0 A
(min cm–1)

B
(min)

Ka

(l (mg min)–1)
N0 
(mg l–1)

R

MB 0.2 8.90 41.2 0.000842 3,202 0.991
0.4 11.6 50.0 0.000203 4,173 0.989
0.6 19.9 110 9 × 10–5 7,182 0.997

MO 0.2 1.02 5.07 0.00911 337 0.953
0.4 2.09 9.75 0.001386 691 0.963

 0.6 4.64 21.1 0.00064 1,531 0.988

Table 4
Predicted breakthrough time based on the BDST constants for a new fl ow rate and a new infl uent concentration

Dye Ct/C0 Z (cm) V’ (ml min–1) tc (min) te (min) C.
0

’ (mg l–1) tc (min) te (min)

MB 0.20 16 11.5 65.6 65.3 55 71.0 74.2
0.40 16 11.5 89.1 78.7 55 95.3 97.0
0.60 16 11.5 129 107 55 144 139

MO 0.20 11 14 3.77 3.69 45 3.70 4.15
0.40 11 14 8.35 7.47 45 8.05 8.13

 0.60 11 14 19.0 16.3 45 18.2 18.9
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M.S. Tang, Adsorption of methylene blue by phoenix tree leaf 
powder in a fi xed-bed column: experiments and prediction of 
breakthrough curves, Desalination 245 (2009) 284–297.
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1. IOCZ was an effective adsorbent for removal of MB 
and MO from aqueous solution and had larger capac-
ity of MB adsorption.

2. The adsorption of dye was strongly dependent on 
the fl ow rate, the initial dye concentration and bed 
depth.

3. The working stage of breakthrough was described 
better by MDR model than by Thomas model.

4. BDST model adequately described the adsorption of 
MB and MO onto IOCZ in column mode.
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