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Abstract

The adsorption of an acid dye from water onto pristine and HCl-activated montmorillonites in fixed beds was investigated. Experiments were
carried out as a function of liquid flow rate, initial dye concentration, and bed height. The adsorption capacity of acid dye onto pristine clay
could be largely improved when the clay was activated by HCI. A mass transfer model that involves only two paraif@®@&rsreakthrough
time) andk (adsorption rate constant), was proposed. This model could satisfactorily describe the measured breakthrough curves of acid dye
in fixed beds (standard deviation <6%). It was shown that the valualetreased with increasing liquid flow rate. The effect of the type of
clay (pristine, acid-activated) on the valueskpf, and adsorption capacity was discussed, and the application potential of acid-activated clay
for adsorption removal of acid dye from water was also demonstrated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have been mostwidely used as adsorbents in wastewater treat-
ment processd2—4], there is growing interest in using low
Water contamination resulted from dyeing and finishing cost, commercially available materials for the adsorption of
in textile industry is a major concern. Discharging large dyes. A wide variety of materials such as pggdt palm-fruit
amount of dyes in water resources accompanied with or-[6], silica fumeq7], natural zeolit¢8], montmorillonite, and
ganics, bleaches, and salts can affect the physicochemicakaolinite[9] are employed as low cost alternatives to activated
properties of freshwater. In addition to their unwanted col- carbons. Recently, clay materials have been increasingly paid
ors, some of these dyes may degrade to produce carcinogensttention because they are cheaper than activated carbons and
and toxic products. Hence, the treatment of such effluentstheir sheet-like structures also provide high specific surface

does not depend on biological degradation aldieln this area.

work, we focused on the acid dyes, which have wide appli- The Ca-type of montmorillonite, which is a 2:1 layered
cations in dyeing wool, polyamide fibers, and blends of both silicate, swells as it contacts by water. The inner layer is com-
these fibers. posed of an octahedral sheet of general form0OH)s (M

Adsorption is known to be a promising technique, which is typically Al), which is situated between two SjQetra-
produces good quality effluents with low levels of dissolved hedral sheet§10]. Replacement of At~ for Si*t in the
organic compounds such as dyes. Although activated carbongdetrahedral layer and Mg or Zr?* for AI®* in the octa-

hedral layer results in a net negative charge on the clay sur-
faces. The charge imbalance is offset by the exchangeable

* Corresponding author. Fax: +886 3 4666902 cations such as Naor C&* on the layer surface. In aqueous
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with pristine and acid-activated montmorillonites. A simpli-
Nomenclature fied, two-parameter mass transfer model was proposed to de-
scribe the breakthrough data.
a constant defined i&q. (6)(min—1/2)
C the outlet solute concentration (M)
Co the inlet solute concentration (M) 2. Materials and methods
F liquid flow rate (cn¥/min)
ki adsorption rate constant defined Ey. (2) 2.1. Clays and solutions
(m3/(mol min))
Qe adsorption capacity for a given bed (mol/g) Montmorillonite SAz-1 (Cheto, AZ, USA) having an ide-
Qo saturated adsorption capacity of the adsorbent ~ alized formula of ApO3-4Si0-nH20 was obtained from
(mol/g) the University of Missouri-Columbia, Source Clay Minerals
t breakthrough time (min) Repository. It's composition is 60.4% Si017.4% AbOsg,
W the weight of the clay (g) 1.42% FeO3z, 6.42% MgO, 0.063% N#, and 2.82% CaO
T the breakthrough time whe®Cq = 0.5 (min) [22]. The particle size was 0.03 mm and its cation-exchange
capacity was 1.2 mol/kg. The BET surface area and average
pore size were measured to be 738gnand 6.81nm, re-

spectively, from N adsorption isotherms with a sorptiometer

lar space of montmorillonite, leading to an expansion of the (Quantachrome, NOVA 2000). Analytical-grade disazo acid
clays. The dissolved organic compound can thus diffuse into dye, Amido black 10B (C.l. 20470), with a molar mass of
the interlamellar space of montnorillonite and intercalated. 616.5 (G2H14NgNaxOgS,) was supplied by Mercki-ig. 1
Clays are widely applied in many fields of adsorption tech- shows the structure of this dye. The clays were immersed and
nology including the removal of amingkl], metals (Ni, Zn, activated using 6 M HCI (Merck) for 2 weeks at G0.
Pb), phenol and ketond42,13], phosphate$14], chloro-
phyll [15], non-ionic contaminant§l6], and organic pig- 2.2. Experimental procedures
ments/dyeg17-21] The wide usefulness of clay materials
is essentially a result of their high specific surface area, high  The fixed bed tests were carried out in a water-jacketed
chemical and mechanical stabilities, and a variety of surface glass column with an inside diameter of 1.1 cm and a length
and structural properties. of 12.8 cm. A typical procedure was as follows. To one end of

In the past, the adsorption of dyes from aqueous solu- the column a small glass fiber inserted, aqueous slurry of the
tions onto pristine clays mostly focused on the equilibrium clays was then aspirated into the column to obtain the clay
and contact-time kinetic studies in batch mod#&s—21] bed. A second portion of glass fiber was plugged to another
In addition, the clays modified with surfactants (i.e., the embed the loaded clay in order to prevent the loss of the clay.
so-called organoclays) have been widely used to improve The agueous solution with a known dye concentration was
the adsorption performand&0,15,16] To our best knowl- fed to the top of the column at a desired flow rate driven by
edge, little attention was paid to examining the clays acti- a micro-metering pump (Cole-Parmer, Masterflex 7518-10,
vated with mineral acids. In this work, fixed bed tests were USA) until the breakthrough curve was completed. The tem-
conducted as a function of the flow rate (1.4-2.G&nin), perature was controlled at 26. The samples in the outlet
initial dye concentration (0.003-0.008 M), and bed height were taken at the preset time intervals and the concentra-
(2.5-3.5cm). Dynamic experiments were performed to ob- tions of dye were analyzed with an UV—vis spectrophotome-
tain breakthrough curves of dye through a fixed bed packedter (Shimadzu, UV-2550, Japan) at a wavelength of 500 nm.
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Fig. 1. Structure of the acid dye, Amido black 10B.
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Fig. 4. The measured and modeled breakthrough curves for adsorption of

Fig. 2. The measured and modeled breakthrough curves for adsorption of
g g P acid dye onto pristine montmorillonite at different bed heights.

acid dye onto pristine montmorillonite at different flow rates.

3. Results and discussion 1ok J X 1 A P ' ' o
3.1. Breakthrough curves using pristine and A‘ Co M)

. 0.8 : O 0.003 .
HCl-activated clays A A 0005
A A 0.008

The measured breakthrough curves of acid dye in the pris- = 96 A T P 7
tine clay bed at different flow rates, initial solute concentra- ¢’ f ——— 0.008

tions, and bed heights are showrFigs. 2—4 Basically, the O o4 £ .

curves have the same and relatively sharp shape, indicating
that the axial dispersion is insignificant. Moreover, the break 0.2
point (the position at whicl8/Cqy = 0.05) appears more slowly
with increasing liquid flow rate and initial dye concentration,
but faster with increasing the bed height.

The measured breakthrough curves in the HCl-activated
clay bed are shown iffigs. 5 and 6 Similarly, the break Time (min)
point appears more slowly with increasing the initial solute
concentration and decreasing bed height. Under comparablé:i‘%]' 5. The measured_ and modeled preal_dhrough curves for adsorption of

. . . acid dye onto HCl-activated montmorillonite at different feed dye concen-

conditions, the amount of dye adsorbed in HCl-activated clay ;.. one.
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Fig. 3. The measured and modeled breakthrough curves for adsorption offig. 6. The measured and modeled breakthrough curves for adsorption of
acid dye onto pristine montmorillonite at different feed dye concentrations. acid dye onto HCl-activated montmorillonite at different bed heights.
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bed is much larger than thatin pristine clay bed. The samere- 6 . . . . .
sults were reported earlier in the adsorption of anionic dyes on C, (M)
natural and acid-activated bentonites from batch experiments ® 0003
[23]. Compared to the BET surface area and average pore
size for the present pristine montmorillonite (73&gand
6.81 nm), the corresponding values of 974/grand 5.31 nm

for the HCl-activated clay can explain the significant increase
in the amount of adsorption.

Time (min)

3.2. Modeling of the breakthrough curves vy

Bed height3= 3.0 cm
Adsorption operation is a complex process and its L0 e fmin

performance is governed by many variables. The outletcon- . . . . .

centration from fixed bed is one of important performance 30 45 60 75 90 105 120

parameters of practical importance to the process designer In [C/(C,-C)]

Prediction of the outlet concentration is not easy. Usually

it involves solving a set of non-linear partial differential Fig. 7. Linear plots of time vs. Ii/(Co — C)].

equations governing the flow and mass transfer by sophisti-

cated numerical scheme with proper identification of many

system parameters. Alternatively, the breakthrough curves_

of the present beds are analyzed by the following equation yioge| parameters for the adsorption of acid dye using the pristine clay beds

that was originally developed by Bohart and Adams from Bed height F (cn®/min) Co(M) = (min) k(minl) Qo (molkg)

the microscopic modgR4] (cm)
Co—C k1QeW 25 2.0 0.005 354 0.13 0.14
In ( C ) =In [exp( e 1) 3.0 14 947 012 0.32
1.7 60.8 0.13 0.20
whereC is the outlet solute concentration (mofnCy is the 2.0 501 014 0.17
; X . . 0.003  90.5 0.12 0.22
inlet solute concentration (mol& ki is the adsorption rate 0008 380 0.17 013
constant (mM/(molmin)), Qe is the amount of equilibrium 35 0.005 815  0.14 0.23

adsorption for a given bed (mol/gf; is the flow rate
(m®/min), andW is the weight of adsorbent used (g).

The advantage of this model is its simplicity and rea-
sonable accuracy in breakthrough under various conditions
[25,26] Hutchins[27] has proposed a linear relationship be-
tween the service time and the weight of adsorbent. Becaus
the exponential term is usually much larger than unity, the
unity term in the brackets in the right-hand side&af. (1)is
often neglected, leaving

sust according tdeq. (3) Fig. 7shows the results, indicating

the validity of this methodTables 1 and #st the calculated
values ofr andk. Then, the breakthrough curves calculated
efrom Eqg. (2)are shown irFigs. 2—6 and are compared with

the measured ones. A close agreement is obtained (standard
deviation <6%) under the conditions studied.

¢ k1QeW .
n (C c) - <—1% ) + k1Cot ) 3.3. Comparison of model parameters
0 —

It is noticed thatEq. (2) is essentially the same as the
logistic function, which was originally formulated to describe
the phenomena of biological growth and def2]. Letk =
k1Co andt = QeW/F, we have

The derivation ofEq. (3)is based on the definition that
50% breakthrough occurs &t 7. Thus, the bed would be
completely saturated &t 2t. Due to the symmetrical nature
of the breakthrough curve, the amount of dye adsorbed by

C
In (C C) =k(t — 1) 3) Table 2
0~ Model parameters for the adsorption of acid dye using the HCl-activated
or clay beds
1 C/Co Bed height F (cm®/min) Co (M) 7 (min) k(min~1) Qe (mol/kg)
t=t4+-In|{——— 4) (cm)
k11-(C/Co)

o . _ 2.5 2.0 0.005 225  0.037 0.90
Itis evident fromEq. (4)thatz is the breakthroughtime when 3.0 0.003 617 0.024 1.23
CI/Co = 0.5. 0.005 270 0.043 0.90

The two model parametersandk, are normally obtained 0008 125  0.055 0.67
3.5 0.005 317 0.057 0.91

from the intercept and slope in the plot of@i[Cy — C)] ver-
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the clay bed is the half of the total dye entering the fixed bed changes of montmorillonite during acidification process.
within the 2r period. Hence, the following equation holds The acidification would lead to an apparent increase in
1 micropore volume/surface area than that of pristine clay,
QeW = 3CoF (27) = CoFr ®) which is supported by higher specific surface area, smaller
pore size, and larger adsorption capacity. Treatment of clays
with acid at room temperature simple replaces the resident
Ca and Na exchangeable ions with protons. However, the
treatment with hot acid for 30 min alters the octahedral

This equation permits an easy determinatio@efvhent is
known.

It is evident that botlQs and r values decrease with in-
creasing liquid flow rateK) (Table ). However, the flow . .
rate has little effect on thkvalue. In general, a higher flow composition of clay reducing MgO and #as contents

) ) 29,30} In contrast to pristine montmorillonite, the enhanced
rate does decrease the external (film) mass transfer resistanc . " ; . o
. “adsorption ability of acid-activated clay indicates that the
around the surface of adsorbents. At the same time, the resi- L . .
. . o . present easy-to-follow activation process is effective and
dence time of solution within the bed is decreased. Then, the L e
. . .~ promising for future applications.
solute molecules have less time to penetrate and diffuse into
the center of the adsorbe[&8]. According to the present
Qe andk data, the latter effect (residence time) should be 4. Conclusions

dominated, at least for the pristine clay bed.

As shown inTables 1 and Zhek value slightly increases Fixed-bed adsorption of an acid dye, Amido black 10B,
with increasingCo. This is because the driving force of mass  ¢gm aqueous solutions using pristine and HCl-activated
transfer in the liquid film is increased. On the other hand, both ontmorillonites was experimentally and theoretically stud-
Qe andr values decrease with increasi@g. It is likely that ied. The following results were obtained:
the dye can aggregate due to the van der Waals force between
dyes and/or by energy stabilization caused by delocalization1. A mass transfer modei(. (3) involving only two param-
of m-electrons in dye aggregates at higher dye concentration.  eters,r (50% breakthrough time) arki(adsorption rate
This leads to the result that the sites within the micropore of  constant), was successfully used to describe the break-
adsorbent could not be utilizgd1]. through curves of both beds. The parameters could be

Itis understood that thevalue increases with increasing graphically determined, and this model allowed calculat-
bed height for both clays. However, increasing bed height  ing the adsorption capacite for a given fixed bed.
does not affeck value for pristine clay bed, but causes an 2. BothQ. andt values decreased with increasing the flow
increase ok value for HCl-activated clay bed. This again rate. However, the flow rate had little effect on thalue,
confirms that the residence time effect is more dominant in  at least for the pristine clay bed. On the other hand, both
these fixed beds, as have been indicated above. On the other Q. andr values decreased with increasing the initial dye

hand, theQe values for pristine clay bed increases with in- concentration, whereas thevalue slightly increased.
creasing bed heightrable 1. Such findings are consistent 3. Under comparable conditions, ti@. value for HCI-
with the previous results in the adsorption of Acid blue 80,  activated montmorillonite was about five times larger than
Acid yellow 117, and Acid red 114 on activated carlj28]. that for pristine clay but thé value was two to three

Because the adsorption processes in their study are largely times smaller. This is likely due to a large increase in

diffusion controlled, a correlation between adsorption capac-  micropore volume/surface area for HCl-activated mont-

ity and a square root of time was proposed (i.e., modified  morillonite during acidification process. The application

BDST model), which has the following forf28] potential of acid-activated clays for adsorption removal of
acid dye from aqueous streams was highlighted.

Qe = Qo(1 — exp(—a/7)) (6)

wherea is a constant. Although the number of our experi-
mental data is too few to find the constanthe trend given

in Eq. (6)could reasonably explain the present observations. [1] N. Kannan, M. Sundaram, Kinetics and mechanism of removal of
However, it should be noted that this is not the case for the methylene blue by adsorption on various carbons. A comparative
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