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Abstract—Cationic polydectrolyte, PDDA (Poly(didlyldimethylammonium chloride)), was impregnated on meso-
porous silica SBA-15 (PDDA/SBA-15) and amorphous conventional silica (PDDA/CS) supports. Acid dye adsorp-
tion characterigtics, such as adsorption kinetics, adsorption isotherms, maximum adsorption capacity, and breakthrough
curves of the prepared PDDA/SBA-15 and PDDA/CS adsorbents, were examined by batch and column adsorption
techniques where the Acid Violet 17, Acid Red 44, and Acid Blue 45 were used as target adsorbates. PDDA/SBA-15
adsorbent showed fast adsorption kinetics of less than 10 min and much higher adsorption capacities compared to
PDDA/CS due to large pore sizes, ordered cylindrica pore structures, and high amount of impregnated PDDA. Results
from batch and column experiments showed that practical use of PDDA/SBA-15 adsorbent for effective remova of
acid dyes from agueous solution would be possible. Polyelectrolyte impregnation method was suggested as asimple
method for the development of adsorbent with large pore diameters and efficient adsorption characterigtics.
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INTRODUCTION

Textile indudtries, which are wel known as massive wastewater
producing indudtries, generdly condgt of a number of steps such
as desizing, scouring, bleaching, mercerizing, dyeing, and washing.
Weastewater discharged from textile industries has different charac-
teridtics from those of other indudries. Dyes discharged through
textile westewater give high colors that inhibit light penetration,
and many synthetic dyes do nat eesily decomposein biologicd treat-
ments due to their toxic effects on microorganiams [Forgecset d.,
2004]. Infact, activated dudge processes, which are widdy adopted
for treating organic wastewater, have shown limited color removal
on this kind of wastewater. Adsorptions using well-known acti-
vated carbons [Rgedwarisvag e d., 2001; Nekegawa et d., 2004],
or Fenton oxidation and advanced oxidation processes (AOP) for
the complete minerdization or organic contaminants to carbon diox-
ide and water are usd to effectivdy tredt textile wagtewater [Andre-
0zzi et d., 1999; Ardan and Baddoglu, 1999).

Activated carbons with large surface area have shown high ad-
sorption cgpacities for many adsorbates, but they are mainly com-
posed of micropores of less than 2nm and thus are nat effective
for large szed synthetic dyes. Furthermore, it requires rdatively
high cogtsfor the preparing and using [Forgacs & d., 2004; Rgjesh
waidvarg e d., 2001; Nakagawaet d., 2004]. To overcomethese
disadvantages, reaively chesp raw materias are used for produc-
ing activated carbons [Rajeshwarisvarg et d., 2001], and the by-
products or wastes from other indugtries are recyded as adsorbents
[Garg & d., 2004; Tsa et d., 2004; Acemioglu, 2004; Gulnaz e
d., 2004]. In addition, researches amed to develop nove adsor-
bents with large pores have been conducted to develop dternative
adsorbentsfor activated carbons
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To prepare mesoporous adsorbents having pore diameters of greet-
er than 2 nm, mesoporous dlica or dumina adsorbents and aso,
mesoporous carbons that were synthesized usng mesoporous Sil-
ica as templates, were used for dye adsorption [Jesonowski, 2003;
Andrzgewska e d., 2004; Han et d., 2000]. However, recyced
adsorbents showed much lower adsorption capacities due to their
amdl surface area and pore diameters as well asther irregular pore
gructures. Adsorbents prepared by surface modification through
dlane grafting on mesoporous slicas or mesoporous carbon adsor-
bents showed rdatively large adsorption cgpadities, but the fact thet
the preparation methods are too complex and thet it is very cogly
to prepare pose a dissdvantage.

SBA-15, one of the most widely applied mesoporous silicas, is
known to have high hydrotherma stability due to their relaively
thick wall thickness and many advantageous properties of adsor-
bents or catdys supports such as large surface area and low dif-
fuson resstance due to their highly ordered pore structures com-
posed of hexagond array of cylindricd pores with large diameter.
Metd supported catdysts or organic functiona group introduced
heavy metal ion adsorbents using SBA-15 showed enhanced cata:
Iytic activities and adsorption efficiencies [Park et d., 2003; Kang
et d., 2002; Kim et d., 2003], repectively. In our group, caionic
polydectrolytes, PDDA (Poly(didlyldimethylammonium chloride))
was impregnated on SBA-15 and thus prepared PDDA/SBA-15
adsorbent was used for the dye adsorption. PDDA/SBA-15 showed
high adsorption capacities for acid dyes from aqueous solutions,
and the ressons for this enhanced adsorption capacities for acid dyes
are thought to be due to the surface modification from anionic to
cationic by impregnation of PDDA [Park et d., 2004].

In this work, the acid dye adsorption characterigtics of PDDA/
BA-15 were invedigated by measuring adsorption rate, adsorp-
tion isotherm, maximum adsorption capacity, and breskthrough be-
havior. The results obtained in this work are essentid to ensure the
prectical use of developed PDDA/SBA-15 adsorbents.
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EXPERIMENTAL

PDDA/SBA-15 adsorbents were prepared through impregna
tion of 20wt% PDDA solution diluted by using 20 wt% PDDA
(Aldrich Co.) on SBA-15 support. SBA-15 mesoporous slica sup-
port was synthesized by typical template method as reported in the
literature [Park et d., 2003; Kang et d., 2002] and used after ca-
cination a 500 °C. The detailed impregnation procedure is described
here briefly. SBA-15 support, 1.0 g, was added to diluted PDDA
agueous olution (2.0 wit%o) and agitated a 200 rpm using magnetic
dirrer for 3hours. PDDA impregnated SBA-15 wes filtered and
washed three times with 100 ml of deionized water in order to re-
move excess PDDA in the pores of the support. In addition, con-
ventiond slica support (CS) with irregular pore ructures com-
pared to SBA-15 was ds0 used as a support for preparing PDDA/
CS adsorbents through the same procedures. Adsorption experiments
using both adsorbents were conducted after drying under ambient
conditions

It was wel known thet the PZC (Point of Zero Charge) of slicas
isbeow pH 2. Thus, SBA-15 and CS supports showed negtive zeta
potentias in pH range from 3 to 9. However, PDDA/SBA-15 and
PDDA/CS adsorbents showed positive zeta potentials after PDDA
impregnation in the same pH range according to our previous Sudy
[Park et d., 2004].

Acid dye adsorption characteridtics of the PDDA/SBA-15 and
PDDA/CS adsorbents were investigeted usng Adid Violet 17, Acid
Red 44, and Acid Blue 45 astarget adsorbates and molecular sruc-
ture of these acid dyes are shown in Fig. 1. Dye concentrationsin
agueous solution were measured using absorption in the UV/Vis
spectrophotometer (HP 8453, Hewlett Packard Co.) a characteris
tic waveength. The maximum absorbance (Ay.,) of each dye and
thelr badc properties are summarized in Table 1.

Batch adsorption experiments were conducted to messure adsorp-
tion rate and adsorption isotherm. Maximum adsorption capecity
was caculated from adsorption isotherm data using Langmuir ad-
sorption isotherm equition. Dye solutions of 50 ml with known con-
centrations were contacted with 0.1 g of adsorbents by girring. Dye
ooncentrations remaining after 30 min were meesured and the amount
of adsorbed dyes on each adsorbents was cdculated from the dif-
ference between initiad and fina concentrations.

Continuous column experiments were conducted to investigate
breskthrough behavior of the PDDA/SBA-15 adsorbents. Quartz
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(a) Acid Violet 17

Fig. 1. Chemical structure of dyes.

(b) Acid Red 44

Table 1. Typical characteristics of dyesused in thisstudy

Dves Molecular MW.  Aux C.l.
y formula (g/mol) (nm) number
AcidViolet17 C,H,gN;NaO,S, 76596 545 42650
AcidRed44  C,H;N,NaO,S, 50243 513 16250
AcidBlue45 C,HN,NaO,S, 47433 595 63010

column with an inner diameter of 10 mm and length of 50 mm wes
packed with 0.1 g of adsorbent and dye solution with known con-
centration was fed through the column a a fixed flow rate usng a
perigatic pump (7550-70, Cole Parmer). Dye concentrations a the
effluents were measured spectrophotometricaly.

These experiments were conducted without pH control. The pHs
of three dye solutions are known to be approximately 6 because
these solutions are wesk acids.

RESULTS AND DISCUSSIONS

1. Dye Characterigtics

Three different acid dyesthat were usad in this sudy exigt as sodi-
um st but ionize in aqueous solution. Acid Blue 45 has two -SO;,
two -OH, and two -NH, functiond groups and Acid Red 44 has
two -SO; and one -OH functiond groups. However, Acid Violet
17 has two -SO; functiond groups and a nitrogen atom carrying
podtive charge as shown in Hg. 1. Molecular Sze of Acid Violet
17 isknown as 8 A(radiug)x21 A (length) and that of Acid Blue 45
is known as 3.8 A(radius)x13 A(length) [Han e 4., 2000]. Add
Red 44 is assumed to be alittle bit larger than Acid Blue 45 con-
ddering their molecular sructures.
2. Dye Adsorption Kinetics of the PDDA/SBA-15

Activated carbons from wastes or recycled adsorbents reguire
from few hoursto days to reach the maximum equilibrium adsorp-
tion date [Nakagawa et d., 2004; Tsa et d., 2004]. For example,
activeted carbons from solid wagtes took 15 days for Reective Black
5 dye equilibrium adsorption [Nakagawa et d., 2004]. However,
PDDA/SBA-15 adsorbents showed much faster adsorption kinet-
icsof no longer than 10 min of contact when Acid Red 44 solution
was used. PDDA/SBA-15 adsorbent has alarge pore diameter with
sharp pore Sze digribution of around 5 nm, and PDDA/CS adsor-
bent has large pores with rather broad didtribution ranging from 5
to 20 nm with apesk a 15nm [Park e d., 2004]. In generd, ad-
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sorption mechanism, adsorbate molecules from agueous phase need
to diffuse through pores of adsorbent in order to be adsorbed on
adsorption dtes. Conddering this adsorption mechaniam, the rda
tively low diffusion resstance compared to fully microporous acti-
vaed carbons is the reason for the fagt adsorption kinetics of the
PDDA/SBA-15 adsorbents and aso for the PDDA/CS adsorbents.
Therefore, in this study, the batch adsorption isotherm experiments
were completed within 30 min of contact time.
3. Dye Adsorption 1sotherms and Maximum Adsorption Ca-
pacities

Adsorption isotherms of PDDA/SBA-15 and PDDA/CS adsor-
bents were measured by batch adsorption technique and maximum
adsorption capacities for each dye were cdculaied by using the Lang-
muir model. The Langmuir adsorption isotherm modd assumes
monolayer adsorption on surface of the adsorbents and isotherm
equation can belinearized asfollows.

C0=1(Quab) +Co/Qua @
InEq. (1), C, isthe amount of dye in agueous phase a equilibrium
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Fig. 2. Add Red 44 dye adsorption kinetics of the PDDA/SBA-15.
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Fig. 3. Adsorption isotherms of Acid Vidlet 17 on the PDDA/SBA-
15and PDDA/CS.
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Fig. 4. Adsorption isotherms of Acid Red 44 on the PDDA/SBA-
15 and PDDA/CS.
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Fig. 5. Adsorption isotherms of Acid Blue 45 on the PDDA/SBA-
15 and PDDA/CS.

(mg/L) and q. is the amount of dye adsorbed at equilibrium (mg/
0). Qua IS a condant reflecting the maximum adsorption capacity
(mg/g) and b is adirect measure for the intengity of the adsorption
process or related to the heat of adsorption (L/mg) [Tsal et d., 2004].
The lower vaue of b means the stronger adsorption between ad-
sorption Stes and adsorbates.

Experimentd results obtained for adsorption isotherms of the
PDDA/SBA-15 and PDDA/CS for Acid Violet 17 are shown in
Fg. 3, for Add Red 44 in FHg. 4 and for Acid Blue 45in Fg. 5, re-
spectively. Parameters caculated from the Langmuir equetion are
adso summarized in Table 2. Acid dye adsorptions on PDDA/SBA-
15 adsorbents were well fitted (R? values were over 0.998) by Lang-
muir modd and these results can be seen to coincide wdl with the
results reported in the literature on dectrodatic atraction mecha
nism for the adsorption of acid dye anions on cationic adsorbent
surfaces[Al-Ghouti et d., 2003]. In contragt, the same acid dye ad-
sorptions on PDDA/CS produced adightly lower R? vaues of which
might be explained by the difference in the pore sructure. Pore Sruc-
ture of the CS support is characterized as irregular and broad pore
sze didribution. Contractions or expandgons of pore diameters or
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Table 2. Langmuir-fit parameters and maximum adsorption ca-

pacities
QMax b 2
Adsorbents Dyes R
Y (mglg)  (Umg)
PDDA/SBA-15 AcidViolet17 398.4 6.46 0.99927
Acid Red 44 1536 -0.64 0.99929

Acid Blue 45 166.1 5.375 0.99863

PDDA/CS Acid Violet 17 62.3 -0.09 0.97605
Acid Red 44 486 -0.26 0.98884
Acid Blue 45 473 -030 0.99652

pore blockings are seen to randomly occur throughout the entire
supports and these characterigtics of the CS support add complex-
ity to the PDDA layer on the surface as wdl as the adsorbed acid
dye layers. However, anooth PDDA layer and monolayer adsorp-
tion of acid dye can be favored in the ordered pore surfaces of the
SBA-15 support.

PDDA/SBA-15 adsorbent showed much higher adsorption capac-
ities for dl of the tested three acid dyes compared to PDDA/CS,
and the differences were 6.4 timesfor Acid Violet 17, 3.2 timesfor
Add Red 44 and 3.5 timesfor Acid Blue 45. However, the surface
aeafor PDDA/SBA-15wesonly 1.3 timeslarger then thet of PDDA/
CS (349 /g for PDDA/SBA-15 compared to 270 /g for PDDA/
CS) and the pore diameters of the PDDA/CSwere larger then PDDA/
SBA-15 (15.0 nm for PDDA/CS compared to 6.4 nm for PDDA/
SBA-15 based on average vaues using BET equation). Congider-
ing these resuits, it was assumed that the large difference in adsorp-
tion capacities might have been caused by some other reasons and
not smply by the surface area or pore diameter of the adsorberts.

Elementd andyss resuits showed nitrogen contents of the PDDA/
SBA-15 and PDDA/CS as 2.843 wt% and 2.096 wt%, respectively,
which means that 1.4 times more PDDA molecules were impreg-
nated on SBA-15 mesoporous silica support. Thus, putting dl the
results obtained together, we can deduce thet the sufficiently large
pore diametersfor theimpregnetion and adsorption, regularly sheped
cylindrica pores with sharp pore sze digtributions, and larger num-
ber of adsorption Stes (impregnated PDDA molecules) are respon-
sblefor the much higher adsorption capacities of the PDDA/SBA-
15 adsorbents.

4. Column Breakthrough Behavior

Adsorbents are cgpable of effectively removing dyesin acontin-
uous column operation, thereby resulting in more practica wastewa
ter trestments. Column adsorption experiments were conducted by
using an adsorption column packed with PDDA/SBA-15 adsor-
bents, and dye concentration changesin the effluents with bed vol-
ume are shown in Fg. 6. For the column adsorption experiments,
200 ppm Acid Violet 17 solution was fed & 5 ml/min and 100 ppm
Acdid Blue 45 solution a 4 mi/min. It was found that the PDDA/
SBA-15 could suppress dye concentrations in the effluents below
10% of initid dye concentrations (breakthrough point) up to 161
bed volumes for 200 ppm Acid Violet 17 and 217 bed volumesfor
100 ppm Acid Blue 45. Adsorption columns were saturated rgp-
idly after brekthrough points for both experiments. These results
confirm the effectiveness of the PDDA/SBA-15 in continuous col-
umn operations and that acid dyes from aqueous solutions were f-
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Fig. 6. Column breakthrough behavior of the PDDA/SBA-15 ad-
sorbent for dyes (Acid Violet 17 and Acid Blue 45).

fectively removed by the PDDA/SBA-15 adsorbent developed in
this study.

CONCLUSIONS

Thecationic polyeectrolyte, PDDA, wasimpregnated on mesopo-
roussilicaSBA-15 (PDDA/SBA-15) and conventiond slica(PDDA/
C9) for the adsorption of acid dyes from agueous solution in this
study. Batch and column adsorption experiments were conducted,
and based on the results obtained from these experiments, we were
able to make the fallowing conclusions.

1. PDDA/SBA-15 adsorbent showed high adsorption cgpadities
for acid dyes compared to PDDA/CS dueto their superior pore char-
acteridics such as pore diameters that are large enough for impreg-
nation and adsorption, regularly shaped cylindrica pores with sharp
pore size digribution, and large surface area. In addition, a larger
amount of PDDA was impregnated on SBA-15 due to the above
pore structurd properties.

2. Adsorption mechanism between acid dye adsorbates and posi-
tively charged adsorption stes on the surface of PDDA/SBA-15
adsorbents was thought to be an dectroddic attractive interaction,
and this relatively strong interaction made it possible for fagter ad-
sorption kinetics within 20 min of contact time for the equilibrium
adsorption.

3. PDDA/SBA-15 could effectively remove add dyes from ague-
ous solution in a continuous column operation, which is an essen-
tid requirement in practica westewater trestments.
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