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a b s t r a c t

In this study, the ability of surfactant-modified zeolite (SMZ) to remove color from real textile wastewater
was investigated. Tests were performed in a fixed-bed column reactor and the surface of natural zeolite
was modified with a quaternary amine surfactant hexadecyltrimethylammonium bromide (HTAB). The
zeolite bed that was modified at 1 g L−1 HTAB concentration and HTAB flow rate of 0.015 L min−1 showed
good performance in removing color. Effects of wastewater color intensity, flow rates and bed heights
were also studied. Wastewater was diluted several times in the ratios of 25%, 50% and 75% in order to
assess the influence of wastewater strength. The breakthrough curves of the original and diluted wastew-
aters are dispersed due to the fact that breakthrough came late at lower color intensities and saturation
of the bed appeared faster at higher color intensities. The column had a 3-cm diameter and four different
bed heights of 12.5, 25, 37.5 and 50 cm, which treated 5.25, 19.50, 35.25 and 51 L original textile wastew-
ater, respectively, at the breakthrough time at a flow rate of 0.025 L min−1. The theoretical service times

evaluated from bed depth service time (BDST) approach for different column variables. The calculated and
theoretical values of the exchange zone height were found with a difference of 27%. The various design
parameters obtained from fixed-bed experimental studies showed good correlation with corresponding
theoretical values, under different bed heights. The regeneration of the SMZ was also evaluated using a
solution consisting of 30 g L−1 NaCl and 1.5 g L−1 NaOH at pH 12 and temperature 30 ◦C. Twice-regenerated
SMZ showed the best performance compared with the others while first- and thrice-regenerated perform

Z.
lower than the original SM

. Introduction

The textile industry wastewaters contain colorants originating
rom dyeing and finishing processes. Important pollutants in the
extile effluent are mainly recalcitrant organics, color, toxicants
nd inhibitory compounds, surfactants, chlorinated compounds
AOX), pH and salts. Dye is the most difficult constituent of the
extile wastewater to treat [1]. Azo-reactive dyes are presently
he most important compounds, constituting about 60–70% of the
otal dyes used industrially for coloring [2]. Besides, azo-reactive

yes hydrolyze easily, resulting in a high portion of unfixed (or
ydrolyzed) dyes, which have to be washed off during the dye-

ng and approximately 50% of the initial dye load is present in the
yeing wastewater [3,4].
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Physico-chemical methods are applied for the treatment of this
kind of wastewaters, achieving high dye removal efficiencies [5].
In the biological treatment systems, the recalcitrant nature of azo
dyes, together with their toxicity to microorganisms, makes aerobic
treatment difficult whereas, a wide range of azo dyes is decol-
orized anaerobically [6,7]. On the other hand, adsorption [8–10],
oxidation [11,12] and membrane [13] processes are major tech-
nologies that are used for wastewater treatment in the textile
industry.

Adsorption is advantageous to other techniques in respect of ini-
tial cost, flexibility and simplicity of design, ease of operation and
insensitivity to toxic pollutants [14]. In addition, adsorption is one
of the most important unit processes in a wastewater treatment
plant and the design of the adsorption column usually requires
information from pilot-plant experiments [15,16]. Most commer-

cial systems currently use activated carbons and organic resins
as adsorbents to remove the dye in wastewater because of their
excellent adsorption abilities [15,17]. Several investigators reported
studies on cost-effective adsorbents including sepiolite [18,19], zeo-
lites [9,20,21], waste materials [22,23] and biomass [24] etc.
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in Kayseri, Turkey. In the dye house, different reactive dyes namely
everzol, remazol, procion and evercion types of dyes and different
auxiliary chemicals (Table 1) were used in five different contain-
ers. Adsorption performance of the zeolite bed can be evaluated

Table 1
Reactive dyes and auxiliary chemicals used in dyeing process that produce textile
wastewater.

Chemicals Amount (kg)

Dyes
Everzol orange 3R 11
Everzol red F2B 15
Everzol black GR 166
Everzol black HC 77
Remazol gelb 3R5 8
Remazol rot 3B5 8
Remazol black N150 82
Procion yellow HEXL 3
Procion yellow HEGG 3
Procion red HEGXL 1
Procion crimson HEXL 1
Procion blue HERD 2
Procion navy HEXL 3
Evercion yellow HE4R 15
Evercion red HE7B 22
Evercion blau HEGN 6
Evercion navy HER 26
Evercion navy ESL 32

Auxiliary chemicals
Na2SO4 650
NaCl 850
Na2CO3 1500
NaOH 250
CH ·COOH 350
48 O. Ozdemir et al. / Journal of Haz

Natural zeolite (clinoptilolite) has a three-dimensional
rystal structure and its typical cell formula is given as
a6[(AlO2)6(SiO2)30]·24H2O [25]. The three-dimensional crys-

al structure of zeolite contains two-dimensional channels [26]
hich embody some ion exchangeable cations such as Na+, K+,
a2+ and Mg2+. These cations can be exchanged with organic
nd inorganic cations [27]. Zeolites have negative charges that
rise due to isomorphous substitution of Al3+ for Si4+, and this
egative charge is neutralized by exchangeable cations. The cation
xchange properties of natural zeolites have been used for various
nvironmental purposes such as ammonium removal [28,29] and
eavy metal treatment [30,31]. Several authors have reported that
eolites are not suitable for the treatment of anionic contaminants
nd reactive dyes. To enhance the adsorption capacity of zeolite,
he surface of natural mineral was modified using some cationic
urfactants in the literature [9,20,32,33].

This paper investigates color removal from real textile
astewater in a fixed-bed reactor using zeolite modified with hex-

decyltrimethylammonium bromide (HTAB). The effects of bed
odification and operation conditions on color removal were stud-

ed. The dynamics of color removal using bed depth service time
BDST) and design parameters of the fixed-bed system was mod-
led.

. Materials and methods

.1. Adsorbent specifications

The zeolite (clinoptilolite) sample, hereafter referred as zeolite,
sed in the experiments was received from Incal Mining com-
any in the Gördes region of Turkey with a sieve size of 0.5–1 mm
35–18 mesh). Chemical and physical properties of the sample were
upplied by the producer. Gördes zeolite has the following proper-
ies: 1.9–2.2 meq g−1 of cation exchange capacity, 0.4 nm of pore
iameter, 92–96% of purity, 40% of bed porosity, 2.15 g cm−3 of den-
ity, 1.30 g cm−3 of apparent density. The surface area of zeolite was
ound 11.8 m2 g−1 as measured by the BET method using nitrogen
as [20]. The chemical analysis of the clinoptilolite zeolite was given
lsewhere [34].

.2. Modification of natural zeolite

A quaternary amine, hexadecyltrimethylammonium bromide
HTAB, C19H42BrN) purchased from SIGMA and specified to be of
9% purity with a molecular weight of 346.46 g was used for modi-
ying the surface of the zeolite. The chemical structure of HTAB and
he procedure for preparing the modified zeolite in the batch sys-
em were given elsewhere [20]. In this study, surfactant-modified
eolite (SMZ) was prepared in a fixed-bed column using HTAB solu-
ion at different HTAB concentrations of 1–7.5 g L−1 and flow rates
f 0.015–0.075 L min−1, respectively.

.3. Column studies

The laboratory-scale experimental set-up consists of zeolite
xed-bed column, HTAB solution and real textile wastewater tanks,
eristaltic pump, flowmeter, valves and treated water tank (Fig. 1).
he cylindrical plexiglas column has a diameter of 3 cm and height
f 100 cm. Zeolite bed heights were chosen as 12.5, 25, 37.5 and
0 cm. Column studies were performed preparing SMZ using HTAB
olution and subsequent color removal from real textile wastewater.

he column was fed to have a down-flow stream with a particular
ow rate and the samples were collected at every 30 min and were
nalyzed for residual concentration in the effluents.

In the experiments, the column was fed with real textile wastew-
ter obtained from the dye bath effluent of a textile industry located
Fig. 1. Experimental set-up of fixed-bed column system.
3

H2O2 220
Na2·S2O4 45
Ion holder 90
Detergent 80
Wetting 125
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C (V − V )

(9)
ig. 2. UV–vis absorbance spectrum of textile wastewater sample used in the exper-
ments.

hile bed volumes (BV) at breakthrough point (corresponding
o Ceff/Cinf = 0.1) are maximum. The breakthrough curves were
onstructed by plotting the normalized color intensity (Ceff/Cinf)
ersus service time (t) and/or bed volumes which is defined as
ollows [21]:

V = VF

VR
= QFt

VR
(1)

here VF is the total water volume passing column during the
dsorption process (L), VR is the fixed-bed volume of zeolite (L), Cinf
s the influent color intensity (absorbance, m−1), Ceff is the effluent
olor intensity (absorbance, m−1), QF is the feed flow rate in the
xed-bed (L min−1) and t is the service time (min).

The column regeneration was carried out for SMZ bed using a
olution consisting of 30 g L−1 of NaCl and 1.5 g L−1 of NaOH, at pH
2 and at temperature 30 ◦C for the exhausted 25 cm height dye
dsorbed zeolite medium. The regeneration solution with a flow
ate of 0.025 L min−1 was fed to the top of bed.

.4. Analytical methods

The analysis for the cationic surfactant (HTAB) was performed
y a two-phase titration technique [35,36]. A detailed informa-
ion of this technique was given elsewhere [21]. Color removal
as measured using a UV–vis spectrophotometer (Aquamate) at
eak absorption wavelength of real textile wastewater (448 nm).
bsorbance spectrum gave a peak at 448 nm between 350 and
00 nm wavelength as shown in Fig. 2. Before analysis, samples
ere filtered through 0.45 mm filters to remove suspended matters

37]. The color intensity of the sample was expressed as a function
f absorption coefficient as follows [38]:

Color (absorbance, m−1)
= absorbance × dilution factor/path-length (m) (2)

Influent color intensity of the sample (Cinf) was measured as
bsorption coefficient in the range of 0.802–0.888 (Fig. 2).
s Materials 166 (2009) 647–654 649

2.5. Theoretical background

2.5.1. Bed depth service time (BDST) model
Data collected during lab- and pilot-scale tests serve as the basis

for the design of full-scale adsorption columns. A number of math-
ematical models have been developed for the use in design. The
bed depth service time model was proposed by Bohart and Adams
[39] and defined as a relationship between bed height, Z, and the
time taken for breakthrough to occur. Later, Hutchins [40] proposed
modification of the Bohart–Adams equation with a linear relation-
ship as follows:

t = N0Z

Cinf V
−

(
1

kadCinf

)
ln

(
Cinf

Cb − 1

)
(3)

where t is the service time (min), i.e. the time required for the efflu-
ent to reach the specific breakthrough concentration Cb (mg L−1),
Kad is the adsorption rate constant (L mg−1 min−1), Z is the height
of adsorbent (cm), V is the hydraulic loading rate (or) linear flow
velocity of wastewater passing through the adsorbent (cm min−1),
Cinf is the influent concentration of adsorbate in wastewater, N is
the residual adsorbing capacity per unit volume of bed (mg L−1). At
t = 0, N = N0 and at Z = 0, C = Cinf (influent dye concentration or color
intensity). Eq. (3) can be expressed as

t = mZ + n (4)

where m is the slope of BDST graph given by m = N0/CinfV, Z is the
bed depth (cm) and n is the ordinate intercept.

n = −
(

1
kadCinf

)
ln

(
Cinf

Cb − 1

)
(5)

2.5.2. Evaluation of adsorption column design parameters
The time required for the adsorption zone to move the length of

its own height up/down the column (tz) once it has become estab-
lished and the time required for the adsorption zone to become
established and move completely out of the bed (te) are given as
follows, respectively [16,41]:

tz = Vs

Q
(6a)

te = Ve

Q
(6b)

where Vs is the total volume of textile wastewater treated between
breakthrough and exhaustion (L), Ve is the total volume of textile
wastewater treated to the point of exhaustion (L) and Q is influent
flow rate (L min−1). The rate at which the adsorption zone is moving
up/down through the bed (Uz) is

Uz = hz

tz
= h

te − tf
(7)

The height of the adsorption (or exchange) zone (hz) is obtained
with rearranging Eq. (7) as follows:

hz = h tz

te − tf
(8)

where h is the total bed height (cm), and tf = (1–F)tz is the time
required for the adsorption zone to initially form (min). At break-
through, the fraction of SMZ (F) present in the adsorption zone still
possessing ability to treat the textile wastewater is given as

Sz
∫ Ve (Cinf − C)dV
max Vb
inf e b

where Vb is the total volume of wastewater treated to the break-
through point (L), Sz is the amount of solute that has been removed
by the adsorption zone from breakthrough to exhaustion; and Smax
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ig. 3. A schematic illustration of interaction of anionic dye molecule with quater-
ary amines onto zeolite surface.

s the amount of solute removed by the adsorption zone if com-
letely exhausted. Saturation of the SMZ column can be defined as
ollows:

saturation = h + (F − 1)hz

h
× 100 (10)

. Results and discussion

.1. Influence of modification conditions of SMZ bed for color
emoval

Batch adsorption tests were carried out using natural and
urfactant-modified zeolite in our previous study [20]. The adsorp-
ion results indicate that the natural zeolite has a limited adsorption
apacity for reactive azo dyes due to the exclusion of reactive dye
nions from the pores with a corresponding increase in water
dsorption within the pores. In order to increase the adsorp-
ion capacity, the surface of natural zeolite was modified with a
ationic surfactant (HTAB) which not only makes the zeolite sur-
ace more hydrophobic but also neutralizes the negative charges
20].

The mechanism of anionic dye adsorption onto modified zeolite
s schematically illustrated in Fig. 3. From the cross-sectional area
alculations, the surface of zeolite under the modification condi-
ions reveals coverage of about a bilayer; this indicates that the
egree of hydrophobicity plays an important role in the interac-
ion of oppositely charged groups. In addition, surface coverage as
bilayer rather than a monolayer has a strongly favorable influence
n the dye adsorption [20].

The effectiveness of the modification of zeolite’s surface was
ested by the ability of color removing of the SMZ bed using tex-
ile wastewater. The color removal capacities of the SMZ bed which
as modified with different HTAB concentrations between 1 and

.5 g L−1 were given in Fig. 4a. As seen in Fig. 4a, the breakthrough
imes (corresponding to Cb/Cinf = 0.1) for HTAB concentrations in
he range of 1–7.5 g L−1 exhibited a decrease from 780 to 330 min
nd the exhausting times (corresponding to Ceff/Cinf = 0.9) also
ecreased from 1380 to 600 min. Thus, the zeolite which was
odified at lower HTAB concentration (1 g L−1) showed better per-

ormance.
On the other hand, the color removal in the SMZ bed that were

−1
odified with HTAB flow rates between 0.015 and 0.075 L min
ere shown in Fig. 4b. The breakthrough times for HTAB flow

ates in the range of 0.015–0.075 L min−1 showed a decreas-
ng trend from 1020 to 240 min and the exhausting times also
ecreased from 1440 to 660 min. The SMZ which was modified
Fig. 4. Breakthrough curves of color removal from textile wastewater on surfactant-
modified zeolite (SMZ) bed for (a) HTAB concentrations 1–7.5 g/L and (b) HTAB flow
rates 15–75 mL/min at wastewater flow rate of 25 mL min−1 and bed height of 25 cm.

at HTAB flow rate of 0.015 L min−1 showed better color removal
than the SMZ modified at higher flow rates. Consequently, The SMZ
bed that was modified at 1 g L−1 HTAB concentration and HTAB
flow rate of 0.015 L min−1 showed good performance in removing
color.

3.2. Influence of operation conditions on color removal in SMZ bed

3.2.1. Effect of wastewater color intensity
To assess the influence of wastewater strength, the textile

wastewater was diluted several times in the ratios of 25%, 50% and
75%, thus, lower color intensities were obtained. The SMZ that was
modified at the optimum conditions of 1 g L−1 HTAB concentra-
tion and HTAB flow rate of 0.015 L min−1 was fed using original and
diluted textile wastewaters at flow rate of 0.025 L min−1. The effect
of dilution on color removal from the textile wastewater was shown
in Fig. 5.

The breakthrough points for original wastewater and diluted
wastewaters in the ratios of 25%, 50% and 75% were obtained at
780, 840, 1020 and 1320 min, respectively and the exhausting times
also were 1380, 1620, 1800 and 2140 min, respectively. From Eq. (1),
treated water volumes and bed volumes were found 19.43 L (111
BV), 21 L (120 BV), 25.55 L (146 BV), and 32.90 L (188 BV) at break-
through points and 34.48 L (197 BV), 40.43 L (231 BV), 44.98 L (257

BV) and 53.50 L (306 BV) at exhausting points for original wastew-
ater and diluted wastewaters in the ratios of 25%, 50% and 75%,
respectively. A decrease at breakthrough point as well as exhaustion
time at higher color intensity may be due to the rapid exhaustion
of the sorption sites. Although, the breakthrough curve is dispersed
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ig. 5. Effect of color intensity on breakthrough curves of color removal from textile
astewater on SMZ bed at flow rate of 25 mL min−1 and bed height of 25 cm.

nd breakthrough point came late at lower color intensities, satu-
ation of the bed appeared faster at higher color intensities. Thus,
igher color intensities resulted in quick exhaustion of sorption
ites, making the uptake less effective. Similar results were found
or ammonia removal from landfill leachate by zeolite fixed-bed
olumn [42] and As(III) removal in a fixed-bed system by modified
alcined bauxite (MCB) [43].

.2.2. Effect of feed flow rate
The effect of flow rate was studied at 0.025, 0.050 and

.075 L min−1 using the original textile wastewater in the SMZ reac-
or with a bed depth of 25 cm. The breakthrough curve of the lower
ow rate of 0.025 L min−1 tended to be more gradual, meaning that
he column was difficult to be completely exhausted. Besides, at
elatively higher flow rates (0.050 and 0.075 L min−1), the break-
hrough curves became steeper (Fig. 6a). The breakthrough times
nd the exhausting times for the flow rates of 0.025, 0.050 and
.075 L min−1 were obtained as 750, 210, and 90 min and 1440, 900
nd 570 min, respectively. Treated water volumes (Vb) and bed vol-
mes (BVb) at breakthrough time were found as 18.73 L (107 BV),
0.50 L (60 BV) and 6.83 L (39 BV) for the flow rates of 0.025, 0.050
nd 0.075 L min−1, respectively. Besides, treated water volumes (Ve)
nd bed volumes (BVe) at the exhausting time were 36.05 L (206
V), 44.98 L (257 BV), and 42.70 L (244 BV) for the flow rates of 0.025,
.050 and 0.075 L min−1, respectively. Increasing the flow rate in the
MZ bed resulted with a decrease in color removal efficiency. This is
ttributed to the fact that low contact time between the adsorbate
nd adsorbent reduces the adsorption efficiency in the SMZ bed.
n addition, at higher flow rates, the movement of adsorption zone
long the bed is faster reducing the time for adsorption of dye on

he SMZ bed [43].

.2.3. Effect of bed height
Fig. 6b shows the breakthrough curves of different bed heights

f 12.5, 25, 37.5 and 50 cm at a constant flow rate of 0.025 L min−1.

able 2
he quantity of water treated corresponding to different bed heights for an original textil

ed height, H (cm) Breakthrough
time tb, (min)

Exhaust time te, (min) Treated water volum
breakthrough Vb, (L)

2.5 210 780 5.25
5 780 1380 19.50
7.5 1410 2040 35.25
0 2040 2700 51.00
Fig. 6. Effect of (a) feed flow rates and (b) bed heights on breakthrough curves of
color removal from textile wastewater on SMZ bed.

As expected, the treated water volumes at the breakthrough times
and exhausting times increased with increasing bed height while
the shape and the gradient of the breakthrough curves were slightly
different for various bed heights. Decreasing the bed height caused
the breakthrough curves become steeper showing faster satura-
tion, which results in the early exhaustion of the bed (Fig. 6b). The
quantity of the water treated at breakthrough point and exhaust
point was given in Table 2. An increase in treated water vol-
ume per unit zeolite bed height at breakthrough time (Vb/H) was
observed with the increase of bed heights, whereas, this value
at the exhaust time (Ve/H) became nearly constant. Although an
increase in bed depth increased the breakthrough time and the
treated water volume, a very high bed depth is not practical for
a single column; instead multiple-beds should be designed [44].
On the other hand, the volumes of water treated corresponding to

different HTAB concentrations and flow rates, color intensities (as
to dilution ratio), feed flow rates and regeneration cycles were also
shown in Table 3.

e wastewater and at flow rate of 0.025 L min−1.

e before Treated water volume before
exhaust Ve, (L)

Vb/H, (L cm−1) Ve/H, (L cm−1)

19.50 0.42 1.56
34.50 0.78 1.38
51.00 0.94 1.36
67.50 1.02 1.35
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Table 3
The volumes of water treated for different HTAB concentrations and flow rates, color intensities (as to dilution ratio), feed flow rates and regeneration cycles.

Parameters Breakthrough time tb, (min) Exhaust time te, (min) Treated water volume before
breakthrough Vb, (L)

Treated water volume before
exhaust Ve, (L)

HTAB concentration (g L−1) (Qfeed = 0.025 L min−1, H = 25 cm)
1 780 1440 19.50 36.00
2 630 1140 15.75 28.50
3 450 1050 11.25 26.25
4 420 870 10.50 21.75
5 360 720 9.00 18.00
7.5 330 600 8.25 15.00

HTAB flow rate (L min−1) (Qfeed = 0.025 L min−1, H = 25 cm)
0.015 1020 1500 25.50 37.50
0.025 780 1170 19.50 29.25
0.050 420 990 10.50 24.75
0.075 240 690 6.00 17.25

Dilution ratio (Qfeed = 0.025 L min−1, H = 25 cm)
Original 780 1440 19.50 36.00
0.25 840 1620 21.00 40.50
0.50 1020 1860 25.50 46.50
0.75 1320 2140 33.00 53.50

Feed flow rate (L min−1) (H = 25 cm)
0.025 780 1500 19.50 37.50
0.050 210 900 5.25 22.50
0.075 90 570 2.25 14.25

Regeneration cycles (Qfeed = 0.025 L min−1, H = 25 cm)

3

e
b
a
c
r
A
f
h
7
v
w

t

t

Original 780 1500
1 600 1380
2 900 1680
3 720 1260

.3. Bed depth service time (BDST) analysis

The fixed-bed operations aim to reduce the concentration in the
ffluent so that a specific breakthrough concentration (Cb) will not
e exceeded. In this study, the dynamics of adsorption process was
lso modeled using BDST and design parameters of the fixed-bed
olumn. A technique has been presented by Hutchins [40] which
equires only three column tests to collect the necessary data [42].
s seen in Table 2, the corresponding breakthrough times were

ound to be 210, 780, 1410 and 2040 min for 12.5, 25, 37.5 and 50 bed
eights, respectively, and the corresponding exhaust times were
80, 1380, 2040 and 2700 min, respectively. Fig. 7 shows bed height
ersus service time for 10% and 90% saturation of the SMZ column,

here the relation can be expressed as follows:

= 48.96 Z − 420 for 10% saturation (11)

= 51.36 Z + 120 for 90% saturation (12)

Fig. 7. Bed height versus service time at 10% and 90% saturation of SMZ bed.
19.50 37.50
15.00 34.50
22.50 42.00
18.00 31.50

From the slopes of Eqs. (11) and (12), the lines in Fig. 7 were
nearly parallel and the horizontal distance between the lines
that is referred as “height of exchange zone” [16] was found
10.92 cm.

3.4. Design of SMZ adsorption column

Fixed-bed column studies were conducted using columns
packed with modified zeolite at different heights of 12.5, 25, 37.5
and 50 cm. Color removal from the textile wastewater in the SMZ
bed can be evaluated when the treated wastewater volume at break-
through point is maximum. Different parameters for column such
as, time required for the exchange zone to move its own height (tz),
height of exchange zone (hz), rate at which the exchange zone is
moving up (Uz), and % bed saturation were calculated using Eqs.
(6)–(10) and shown in Table 4.

The height of exchange zone of 10.92 cm (Fig. 7) was found less
than the lowest column height of 12.5 cm. However, its theoretical
value of 13.91 cm was calculated with a difference of 27% compared
to the literature [16,45], and approximate to the lowest column
height (Tables 2 and 4), thus, the breakthrough time for 12.5 cm

bed height would be zero. According to Maji et al. [45] this can be
due to fluctuation in flow rate and canalization in bed, therefore,
a lower breakthrough time was found as 210 min for 12.5 cm bed
height.

Table 4
Design parameters for surfactant-modified zeolite (SMZ) column.

Parameter Bed height Average
value

12.5 cm 25 cm 37.5 cm 50 cm

tz (min) 570 600 630 664 616
hz (cm) 11.48 14.45 14.55 15.17 13.91
Uz × 103 (cm min−1) 20.1 24 23.1 22.8 22.5
Bed saturation (%) 74.28 67.05 74.40 76.64
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.5. Effect of regeneration of SMZ on column performance

For the sorption process to be viable, efficient regeneration and
euse of the SMZ bed is necessary. When the normalized color
ntensity (Ceff/Cinf) reached the value of 0.9 at about the exhaust
ime, the SMZ bed was regenerated using a solution consisting
f 30 g L−1 of NaCl and 1.5 g L−1 of NaOH at the feed flow rate of
.025 L min−1. Fig. 8 shows the results of the desorption of textile
ye as a function of the Ceff/Cinf for multiple regeneration cycles.
he regeneration of the exhausted SMZ bed was found to have
chieved a significant unload of the Ceff/Cinf in the first 30 min at
bout Ceff/Cinf value of 5 and then showed a decrease. The point of
.1 Ceff/Cinf for 1st, 2nd and 3rd regeneration cycles obtained at 360,
30 and 300 (or 51, 46.7 and 42.5 BV), respectively.

Fig. 9 also shows the breakthrough curves of SMZ and regen-
rated SMZ. The breakthrough point obtained at about 780 min
110.5 BV) for SMZ and 720 (102), 900 (127.5) and 720 min (102
V) for regenerated SMZ in 1st, 2nd and 3rd cycles, respectively.

hus, twice-regenerated SMZ showed the best performance com-
ared with the others while once- and thrice-regenerated perform

ower than the original SMZ at about 8%. The result is fitted to the
nding of zeolite/ammonia removal by Turan and Celik [28]. The

Fig. 9. Color removal from textile wastewater by SMZ and regenerated SMZ.

[

s Materials 166 (2009) 647–654 653

regeneration of SMZ is expected to activate the SMZ by expanding
the size of micropores and thus enabling the penetration of dye ions
into pores. While 2nd regeneration may cause amenability of dye
ions to micropores with a concomitant increase in the surface area,
the 3rd regeneration causes a decrease in the specific surface area
and adsorption capacity due to the appearance of macropores [28].

4. Conclusions

Fixed-bed column study was conducted to find out the effec-
tiveness of SMZ bed for color removal from real textile wastewater.
Optimum modification conditions of natural zeolite were found
as lower values of surfactant concentration (1 g L−1) and flow
rate (0.015 L min−1) for higher color removal. In the breakthrough
curve, the breakthrough came late at lower color intensity (as
to diluted wastewater in between 25% and 75%), saturation
of the bed appeared faster at higher color intensity (original
wastewater). Increasing the wastewater flow rate in the range
of 0.025–0.075 L min−1 resulted in a decrease of color removal.
Decreasing the bed height made the breakthrough curves become
steeper showing faster saturation, which resulted in early exhaus-
tion of the bed. An increase in treated water volume per unit
zeolite bed height at breakthrough time (Vb/H) was observed
with increased bed heights. BDST model was used to evaluate
the column design parameters, which showed good agreement
with the experimental data. Design parameters for the SMZ col-
umn, like time required for adsorption (or exchange) zone to
move (tz), height of exchange zone (hz), and rate at which the
adsorption zone moves (Uz), were calculated as 616 min, 13.91 cm
and 22.5 × 10−3 cm min−1, respectively. Bed saturation also varied
between 67.5% and 76.64%. The SMZ was successfully regener-
ated twice, and after third regeneration the adsorption capacity
decreased about 8%.
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