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Abstract

The capacity of adsorbent recycled from microwave thermal treatment to remove a synthetic dye, Rhodamine 6G,
from a water bath, was examined. The acidified, dewatered sludge was microwave heated for 1-4 min. Batch
adsorption tests were conducted on this sludge at various pH values and solution temperatures. Equilibrium of dye
adsorption was obtained in 30 h. Three kinetic models—pseudo first-order, pseudo second-order and intra-patrticle
diffusion—were applied to elucidate the adsorption kinetic data. Experimental results indicate that higher adsorption
efficiency could be derived at higher gtémperature levels. Moreover, the sample treated for 1 min by microwaves
adsorbed more dye than did the sample so treated for 4 min. Sludge samples were also characterized to interpret the
experimental findings. Energy cost analysis demonstrated the feasibility of the present microwave process.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction Waste biological sludge is formed in vast quantities
in wastewater treatment by the conventional activated
Textile and tannery effluents are some of the most sludge process. Sludge treatmpisposal represents
polluting industrial wastes. Their treatment and disposal 50% of the capital and operational costs of a wastewater
involves significant practical difficulty. Conventional treatment plantVriens et al., 1989; Isaacs et al., 1995;
primary and secondary systems of wastewater treatmentJeyaseelan and Qing, 1994; Aksu and Yener, 1998
plants are not suited to treating these effluents as the Activated sludge is a biomass containing mainly bacteria
dyes are typically non-biodegradabl@ickay et al., and protozoa. The cell walls of the bacteria mainly
1981, 1982; Gurusamy and Elangovan, 1992; Annadurai consist of various organic compounds including chitin,
et al., 1999. Physical and chemical processes of color acidic polysaccharides, lipids, amino acids and other
removal have been investigatédiez et al., 1999; Singh cellular compounds that can adsorb both heavy metal
et al., 1984; Sunil et al., 1987; Panswed and Wang- ions and various organicéBrandt et al., 199¥ The
chaisuwan, 1986: Yoshida et al., 1993: Nassar and activated sludge can thus adsorb these compounds
Guendi’ 1991, Nawar and Doma, 1989|nclud|ng (Zumnye etal, 1999, BUX et al, 1999, Ulku et a.l,
coagulation, flocculation, biosorption, photo-decompo- 1999. Reusing waste activated sludge is appealing in
sition and ultrafiltration(Asfour et al., 1985; Gupta et ~ terms of resource utilization. However, the use of
al., 1989. However, pulp and paper or textile tannery original _sludge _suffers the dlsadvgnt_ages o_f continuous
industries have seldom applied the aforementioned pro- ¢hange in quality and of odor emission during storage.
cesses in treating their wastewater due to the relatively Martin et al. (1999 postulated that microwave-treated

high operational costs and the low removal ratibse sludge could be used qtilized as a dye adsorbent. The
et al., 1990; Mall and Upaphyay, 1995 authors noted that their treated sludge sample could
compete with commercial activated carbon adsorbent in
*Corresponding author. Tel+ 886-2-363-5230; fax:+ 886- terms of dye removal efficiency. Dry powdered adsor-
2-362-3040. bent usually provides much greater adsorption and is
E-mail address: djlee@ccms.ntu.edu.téD.J. Leso. more stable in storage than related liquid products.

1093-0191/03/$ - see front matt@r 2002 Elsevier Science Ltd. All rights reserved.
PIl: S1093-019102)00044-8



740 G. Annadurai et al. / Advances in Environmental Research 7 (2003) 739-744

This work adopts a procedure similar to that described g of treated sludge at solution pH from 4 to 8 and
by Martin et al. (1999, for preparing the microwave temperatures from 30 to 60C. The adsorbent was
treated sludge samples. Batch adsorption tests wereplaced in contact with 100 ml of aqueous dye-solution
conducted on a commercial dye, Rhodamine 6G, in in a 250-ml flask agitated in a shaker bafRirsiek
solutions with different pH values and at different model B603, Taiwahat 180 r.p.m. for 2 days, during
temperatures. Adsorption capacities of sludge treated atwhich period the solution was sampled every 4 h. The
various times were compared. An energy cost estimate solution containing the dye was centrifuged at 10 000
demonstrates the feasibility of applying this process to r.p.m., and the dye concentration was analyzed using

dye removal. Hitachi UV/Visible SpectrophotometéModel U-2000
at a suitable wavelength. Each experiment was dupli-
2. Experimental cated under identical conditions to confirm the data’s

reproducibility.

The sewage sludge samples were taken from the Thermally treated activated sludgé-min) that had
reflux stream of recycled activated sludge from the Min- adsorbed dye was fixed overnight with 2.06&/v)
Shen Sewage Treatment Plant, Taipei, which handles glutaraldehyde. The sample was dehydrated by sequen-
15 500 n#/day of wastewater and uses primary, second- tial immersion for 30 min by acetone at increasing
ary, and tertiary treatments. The raw sewage is screened,concentrations(20, 30, 60, 80, 90% w and twice
degritted, and settled in the primary clarifiers. Then, the anhydrous acetone The dehydrated thermal activated
treated sewage goes to the secondary treatment stagesludge was dried and covered with a thin layer of gold.
which involves the conventional activated sludge pro- The surface of the thermal activated sludge was
cess. Part of the waste activated sludge from the observed by scanning electron microscépiOL Japan,
secondary clarifier is recycled back into the aerated model JSM-5600 operated at 15 kV.
tanks. Finally, the treated sludge passes a tertiary treat-
ment process, which is comprised of filtration and 3, Results and discussion
disinfection stages. Three activated sludge samples were
obtained from the recycled stream in the secondary 3 ;. Baich adsorption test
treatment stage on various days. The sludge sediment
was used as testing samples, whose solid Weight fraction Fig. 1 summarizes the adsorption kinetic déjavs.
was measured at 0.27%/w. The zeta potential was #) at pH 7 and 30°C. The dye adsorption of the 1-min
measured via the zeta metéZeter-Meter System 3.0,  gamnje is faster than that of the 4-min sample. Moreover,
Zeter-Meter Inc, USA. The result was—19 mV. Par- o mayimum amount of adsorbed dye,) is also
ticle size distribution(PSD) was measured via patrticle higher for the former samplé16.2 mg/g) than for the

size analyze(Coulter LS 230, giving an estimate for 5401 (13.2 mg/g). The following three kinetic models
floc size of 95um. are considered to interpret the experimental déta.

The sludge was thermally treated according to the Pseudo first-order equatidiro and Mckay, 1998, 1999:
procedures of Martin, et a1999. The sludge was  \y, et al. 2001

centrifugally dewatered to a solid content of approxi-

mately 10% ww. Then, it was mixed with acetic acid L

(1:1 by weigh), according to the total sludge weight. |09(qe—qt)=|09qe——l§ (1)

Two 5-g samples of the agidludge mixture were heated 2.30

up in a microwave oven at 800 W, one for 1 min and

the other for 4 min. They were referred to as 1-min and wherek; is the first-order rate constant; EQ) is a
4-min samples, respectively. Nitrogen gas was purged pseudo second-order equati¢Ho and Mckay, 1998,
continuously through the oven to prevent any fire 2000,

hazard. The treated sludge was black and is fragile. The

BET specific surface area of the 1-min sample was 2.62 ¢ 1 t

m?/g, determined using a sorptiomet&@uanta Chrome ;qufi 2

Corporation NOVA, 200D. The thermally treated sludge '

sample was crushed and screened. Steam activa'[ionwherek2 is the second-order rate constant, and &)
could m‘"’!”‘ed'y increase the sgrface area of the SamIOIe’is the intra-particle diffusion modéWeber and Morriss,
but also increase the preparation costs as well. 1963

The synthetic wastewater was made by mixing the
dyes Rhodamine 6GC.I. 45160, basic, red, molecular
weight of 479 obtained from Sigma Co., with deionized ~ g.=k,t? (3
water. The initial dye concentration was maintained at
20 mg/l. Batch adsorption tests were undertaken on 1 wherek, is the intra-particle diffusion rate constant. All
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Fig. 1. Adsorption curves. pH 7.0, 3C.
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Fig. 3. Model fitting with Eq.(2).

three models can properly describe the adsorption kinet- ond-order kinetick or the intra-particle diffusion con-

ics. Figs. 2—4 reveal the fitting with Eq€1)—(3).

from O to 24 h of adsorption. The second-order model
fits the data from 8 to 36 h. The initial lag in Fig. 4

means that the intra-particle diffusion model fits best
from 4 to 32 h of testing. Whether the surface reaction
(single or two-step mechanisms for first-order or sec-
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Fig. 2. Model fitting with Eq.(2).

trols the process can not yet be determined. Linear
Notably, each model can describe only a part of the regression with Eqs(1)—(3) was used to estimate the

kinetics. The first-order model best describes the data kinetic parameters according to the data’s linear char-
acteristics, described in Table 1. As expected, the rate
constants for the 1-min sample exceed those for the 4-
min sample, corresponding to the observations of Fig.

1.
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. 4. Model fitting with Eq.(3).
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Kinetic parameters determined using kinetic models, using data sampled at 4-36 h

Sample ky R? ko R? k, R?
(1/h) (g/mg-h) (mg/g-h°®)

1-min 0.0933 0.981 1.6810 3 0.955 2.93 0.974

4-min 0.0755 0.969 3.6610°* 0.905 2.12 0.928

3.2. Equilibrium adsorption

Fig. 5 shows the removal fractions of dye at 3D,
taking the pH value as a parameter. The removal ratio
increases with pH value. The removal ratio of the 1-
min sample reached 80.5¢%H 7.0) with a pH above
5.0. However, the dye adsorption of the 4-min sample
was only 63.5%(pH 7.0, less than that of the 1-min
sludge. Restated, over-cooking the sludge vyields a less
efficient dye adsorbent. Such an observation is attrib-
utable to the surface areas being lower in the 4-min
than in the 1-min sampléshown late).

Fig. 6 presents the zeta potential against the pH value
for 1-min sludge powders before and after dye adsorp-
tion. The original powder possessed a negative surface
charge of =32 mV at pH 6.8. As pH falls, the zeta
potential becomes less negative, and is neutralized at an
approximate pH of 4.3. Following adsorption, the zeta
potential continues to rise as pH falls. However, the
corresponding zeta potential at a given pH is less
negative than that of the original powder. In the acidic
environment, the hydrogen ions compete with the dye
molecules to occupy the adsorption sites. Both factors
negatively affect dye adsorption since dye molecules
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Fig. 5. Dye removal at various pH values. 30.

are positively charged in the solution. Also, dye adsorp-
tion was seen to become increasingly efficient with
increasing temperature, which is consistent with the
literature(Lee et al., 1990; Mall and Upaphyay, 1995
High temperatures enhance the mobility of large dye
molecules on and within the sludge matrix, and produce
a swelled sludge sample interior structure that allows
easy penetration of large dye molecules through the
sludge matrix.

The maximum adsorption of Rhodamine 6G on
microwave treated sludge adsorbent is an order below
that for commercial activated carb¢Annadurai et al.,
2001). However, the reuse of waste activated sludge is
appealing in terms of resource utilization.

3.3. Particle surface morphology

Fig. 7 displays the SEM images of the 1-min sludge
before and after adsorption. The thermally treated sludge
particles(Fig. 79 have a porous structure, relating to
the potential to adsorb foreign ions from an aquatic
environment. However, following dye adsorption, the
particle surface becomes much smoother than that of
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Fig. 6. Zeta potentials for 1-min sludge. 30.
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Fig. 7. (a) SEM image for 1-min sludgébefore adsorption and(b) SEM image for 1-min sludgéafter adsorption

the original particles. Restated, the porous structure solid) while the total energy consumption is approxi-
deteriorates following dye adsorption. mately 80 MJkg-ds. Electricity accounts for most of
Fig. 8 presents the SEM images of the 4-min sludge the operational cost of microwave heating. The current
before and after adsorption. Notably, the thermally cost of electricity in Taiwan is USD 4.2 cents per kWh
treated sludge particled=ig. 83 still exhibit a porous (3.6 MJ). Consequently, using the present centrifugal
structure, but their surface roughness is not as significant dewatering device to yield a dewatered sludge cake of
as that of the 1-min sludge, due to the possible surface 10% w/w solid content, involves an energy cost of
melt down during over-cooking in the 4-min sludge. USD 0.042<80/3.6=0.95(USD/kg dry solids.
Restated, over-cooking yields a less porous particle that However, if the sludge could be dewatered to a higher

can adsorb fewer ions, as shown in Figs. 7 and 8. solid content, for example, 60% Aw, the cost of the
latent and sensible heat used in moisture removal could
3.4. Energy cost be reduced to 16.7 MEg dry solids. The total cost

becomes USD 0.8%g dry solids, 89% of that associ-

A 1-min sludge sample at 60C and pH 7-8 is the  ated with centrifuged sludge. Such an analysis reveals
most effective adsorbent for dye removal. The energy the importance of satisfactory sludge dewatering to the
input is estimated a¥800 Wx1 min)=48 kJ. The success of subsequent treatment processes.
sensible and latent heat consumed for sludge samples is
approximately [6 gx90%x(540+80) cal/g+6 4, Conclusions
gx10%x0.5 calg-K x500 K] x4.2 JYg=15 kJ, that
is, 31% of the total energy input. The rest of the input  This investigation examined the adsorption capacity
energy is dissipated for sludge carbonization and as heatof an adsorbent for synthetic dye, Rhodamine 6G,
lost to the surroundings. Restated, the energy of reaction derived from microwave treated activated sludge. Ther-
could be estimated at approximately 55 Mg-ds(dried mal treatments at 1 and 4 min were conducted. Batch

Fig. 8. (a) SEM image for 4-min sludgébefore adsorption and(b) SEM image for 4-min sludgéafter adsorption
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adsorption tests with 1- or 4-min treated samples were Isaacs, M., Heywood, N., Blacke, N., Alderman, N., 1995.

conducted to explore how solution pH and temperature
affect the dye removal fraction. Favorable adsorption is
achieved in a high pHemperature environment. The

1-min sample adsorbed more dye on its surface at a

higher rate than did the 4-min sample. The experimental

findings were interpreted based on sludge sample char-
acterization. Energy cost analysis demonstrated the feas-

ibility of applying the proposed microwave process.
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