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Abstract

A method was used to investigate the potential for using water clarifier sludge to remove copper in a fluidized-bed reactor (FBR). This study
was conducted to evaluate the removal of copper in an aquatic system without prior treatment. Chemical analyses of water clarifier sludge throug
inductively coupled plasma-atomic emission spectrophotometry indicated that silicon, aluminum and iron oxides made up more than 84% of this
average composition, similar to the composition of clay. The experimental results indicated that the copper removal efficiency was highly depender
on the pH. pH values also influence the character of the water clarifier sludge. After the copper was adsorbed by the water clarifier sludge, the p
of the solution was slightly increased. In the FBR, the copper removal efficiency reached 90% when the initial copper concentration was 20 mg/L
the pH was 4 and the operating time was 60 min. In addition, copper precipitation occured on the surface of clarifier sludge when the initial coppe
concentration was 20 mg/L and the pH was 7.0. The kinetics of copper ion adsorption at pH 5 showed that 94% copper ion was removed in 60 mi
and the adsorption equilibrium was attained in 5 h. The mechanisms of adsorption of copper ions on water clarifier sludge including the formatior
of surface complexation and surface precipitate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Conventional methods for treating metal-bearing water that
contains copper ions employ the alkaline precipitation process.
In the process of water treatment, huge amounts of sludgé&his process can only reduce the dissolved metal concentra-
are formed. The proper disposal, regeneration, or reuse of watéon to the solubility product level, which often cannot meet the
clarifier sludge has become significant environmental issues afischarge permit standard, thus necessitating further polishing
concernto the public. Generally speaking, landfilling is the mairstages. Cost-effective alternative techniques or materials for the
disposal method for water clarifier sludge, but with the landremoval of copperions from low-contaminated water and waster
space being limited and treatment costs rising, alternative mettare, hence, needed.
ods of disposal or recycling are being investigdtea]. Adsorption processes for the treatment of metal-bearing
The primary sources of copper discharge from industrieslrinking water or wastewater are becoming attractive. In recent
including printed circuit board production, metal finishing pro- years, research interested in finding different adsorbents that are
cesses, tannery operations, chemical manufacturing, and minitgw in cost and locally available has been increasing. Indus-
drainage. Copper may cause stomach and intestinal distress, liteial waste is one of the available low-cost adsorbents for heavy
and kidney damage, and anerf8§ As copper is a highly toxic metal removal, and adsorption using the industrial waste has
element, removing copper ions from water bodies is an imporbeen studied extensive]$—13].
tant process. Generally, most adsorbents are available only as fine pow-
ders or are generated in aqueous suspension as hydroxide floc
or gel. In such forms, these adsorbents retain adsorptive prop-
erties for heavy metals, but a sedimentation basin or filtration
* Corresponding author. Tel.: +886 937162892; fax: +886 2 23626373,  Unit is needed for solid/liquid separation. In order to solve the
E-mail address: d91541004@ntu.edu.tw (C.-I. Lee). solid/liquid separation problem and apply the above adsorption
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technology in practice, a cheap adsorbent of water clarifieldSA), and the temperature kept at room temperature, that is,
sludge and the fluidized-bed reactor (FBR) are used. Comparexbout 25 C. For measurement of the copper concentration, sam-
to the batch adsorption process, the treated water can separales were taken from the influent and effluent of the FBR. After
with the adsorbent directly in the FBR and the adsorption sites of specified period of time, the effluent solution was taken.
absorbent could be used efficiently by the FBR is demonstrated The adsorption isotherms of water clarifier sludge for copper
[14]. Moreover, compared to the fixed-bed adsorption processemoval were carried out in 250 mL high-density polyethylene
using an FBR can increase the adsorption rate. The flow velodottles. One hundred milliliters of the solution containing a cop-
ity has been found to be less than 3m/h in a fixed{d&di16], per concentration of 100 mg/L was introduced into each bottle,
which is low. Using an FBR has been studied to adsorb heavgnd a fixed amount of water clarifier sludge was added. In order
metals from wastewatgf4,17,18]and found that the velocity to preventthe precipitation of hydroxides, pH values of solutions
was 6—30 m/h. The flow rate in an FBR is higher than that in avere adjusted to 5.0 with HN§ and NaOH. The bottles were
fixed bed, and the adsorption time is reduced. shaken (DENG YNG, Taiwan, Model DKW- 40 L) at 26 and

Due to the composition of water clarifier sludge, whichis richimmersed in a water bath for 24 h to attain an equilibrium state.
with silicon and aluminum oxides, we propose employing watefThe oscillatory velocity was 100 rpm.
clarifier sludge as adsorption material for copper removal from The pH of the solutions at the beginning and end of the exper-
wastewater. In this study, we aimed to investigate the feasibiliments was measured. The pH measurements were performed
ity of reusing water clarifier sludge as an adsorbent to removeith HTC-201U, HOTEC, and a combination electrode. The
copperions from industrial wastewater in an FBR. During operameter was standardized using buffer solutions with the follow-
tion, the copper containing wastewater was only subjected to plhg pH values: 4.0, 7.0, and 10.0.
value adjustment and was pumped vertically upward throughthe The taken solution was filtered through Whatman 42 filter
water clarifier sludge bed. The adsorption sites of water clarifiepaper (the pore size is 2.5n), and the filtrates were acid-
sludge could be used efficiently in the fluidized reactor. Coppeified using HNQ and stored in a refrigerator at°€. The
ions were removed by means of adsorption and precipitationopper concentration in each filtrate was analyzed using a flame-
on the surface of water clarifier sludge in the FBR. When thdess atomic absorption spectrometry spectrophotometer (Perkin-
adsorptive capacity was saturated, the adsorbent could be witBlmer AAnalyst 800). The amount of copper removed was
drawn via a side-tube near the reactor bottom and replaced frooalculated indirectly based on the difference between the influ-

the top of the reactor. ent and effluent concentrations of the solutions.
2. Materials and methods 2.3. Analysis of the characteristics of water clarifier sludge
2.1. Materials The water clarifier sludge samples were analyzed to deter-

mine their chemical compositions using inductively coupled

The water clarifier sludge samples used in this study wer@lasma-atomic emission spectrometry (ICP-AES). Powderized
collected from Ban-Xin Water Treatment Plant, Taipei County,samples were analyzed as X-ray diffractometry (XRD) diagrams
Taiwan. The Ban-Xin Plant performs coagulation, sedimentawith a diffractometer (XRD, PHILIPS) in theiZ2ange of 20-80
tion, filtration and disinfection. The sludge is treated using ausing Ni filtered Cu K radiation (40 KV, 20 mA). The specific
gravity thickener and belt filter press. The water treatment plansurface area was tested using the nitrogen adsorption method,
use polyaluminum chloride (PAC, AIOH),Cls_,) as coagu- and the BET adsorption model was used in the calculation.
lant. Inthis study, the sampled dewater sludge cake was shredd&tie cation exchange capacity (CEC) of water clarifier sludge
and screened using a 0.5 mm sieve. Some of the screened sanas determined by following the standard method released by
ples were further dried at 30C. Environmental Protection Agency, Republic of China (cation-

The screened samples were used as a carrier material (exchange capacity of soils (sodium acetaf2d). The surface
absorbent), and placed in the reactor. Synthetic wastewater wahape was analyzed using a scanning electron microscope (SEM,

prepared by dissolving CugPH,0 in deionized water. PHILIPS). The pH value of water clarifier sludge was measured
by adding 5g samples to a beaker and diluting with distilled
2.2. Methods water to obtain a final volume of 100 mL.

The experimental set-up is shownhilg. L The FBR had 3. Results and discussion
an inner diameter of 3cm and a height of 120 cm with a cross-
sectional area of weir, and it was filled with a fixed amount of3.1. The characteristics of water clarifier sludge
water clarifier sludge. The experiment was begun with 5L of
a solution containing a fixed concentration of copper, and the The water clarifier sludge samples had common features,
solution pH was adjusted to a desired value of 0.1N NaOH oimcluding silica sand and a brown color. The water content
0.1IN HNG:. of dried and un-dried water clarifier sludge was 0 and 21.7%.
The copper solution was pumped into the reactor verticallyThe specific surface areas were 61 and &/mrespectively,
and fluidized the water clarifier sludge bed at a flow velocityobtained using the nitrogen adsorption method and the BET
of 10m/h by a peristaltic pump (Cole-Parmer Instrument Co.adsorption model. The CEC of the water clarifier sludge was
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Fig. 1. Schematic drawing of the fluidized-bed reactor. (1) Copper containing storage tank; (2) influent pump; (3) water clarifier sludge; (4pédidesedor;
(5) Weir.

48.2 meq/100 g, greater than 16.2 meq/100 g of lllite and loweface, which is a porous and irregular surface with aggregated
than 81 meq/100 g of Montmorillonif@0]. The SEM images of  particles. Furthermore, the dried sludge was more powdery than
these two water clarifier sludge are showirig. 2 This figure  the un-dried samples.

reveals the common features of the water clarifier sludge sur- XRD showed a small signal for quartz in the sampleag (3).

The chemical analysis for the water clarifier sludge indicates
that the predominant chemical elements included silicon oxide
(56.35%), aluminum oxide (21.53%), and iron oxide (6.63%).
The chemical composition of the water clarifier sludge was sim-
ilar to the average composition of clggA1]. In this case, silicon,
aluminum and iron oxides made up more than 84% of the aver-
age composition.

3.2. Adsorption equilibrium of water clarifier sludge

This test of the adsorption equilibrium for water clarifier
sludge included an experiment on the adsorption rate of the
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Fig. 2. SEM images of dried (a) and un-dried (b) water clarifier sludge. Fig. 3. XRD diagram of water clarifier sludge.
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Fig. 4. Thg adsorption kinetic of copper in the FBR (ph{b=21 mg/L, sludge Fig. 5. Freundlich adsorption isotherms of copper on water clarifier sludge (pH
concentration =20 g/L). 5, Co=100mgL)

water clarifier sludge in the FBR and an adsorption isothergyely. The results reveal that copper ions adsorption on water
test performed using a thermo-stated shaker. clarifier sludge is consistent with the Freundlich isotherms. The

Fig. 4 shows the adsorption kinetic of copper ions in the reyndiich isotherms obtained at pH 5 is showiFig. 5.
FBR under a water clarifier sludge concentration of 20 g/L. The

copper adsorption efficiency increased rapidly from 62 to 94%; 5 Effect of pH on copper removal
with an increase in the effluent time from 20 to 60 min. When

the effluent time reached 250 min, the copper removal efficiency Fig. 6 shows the removal of copper onto dried and un-dried

reached 99%. sludge over a pH range of 2.0-8.0 in the FBR. The adsorp-

The amo_u_nt _Of copper adso_rbed by Water_clarifier sludge vetzon amount of copper increased as the pH value increased from
sus the equilibrium concentration of copper ions was calculatefy o_4 and at pH 4, the percentages of adsorbed copper on
based on the Langmuir and Freundlich adsorption models. Bot ' ’

the Langmuir and Freundlich adsorption isotherms were deter-

mined when the equilibrium state was reached. 1004 (@ o
The Langmuir model is expressed as
o QObCe (1) ° 80
T 1+bCe 3
© 60
wherege is the amount of copper ions adsorbed per unit weight  § . g e
e g . A ri sludge
of the water clarifier sludge (mg/gJe the equilibrium concen- 5 4. O unied shuige
tration of copper ions (mg/L), an@® andb are the Langmuir §
constants. © 2
The Freundlich adsorption isotherm was determined as fol- -
lows: 1.2
(b)
de = kCga (2) ?g 1.04
. T
wherek andn are the Freundlich constants. 7 os
The constant values and the correlation coefficieR®) ( g ]
obtained for the Freundlich and Langmuir isotherms are shown £ 0.6
in Table 1 The R? values of dried sludge and un-dried water 3 7
clarifier sludge for the Langmuir isotherm were 0.91 and 0.81 g | O i sige
and for the Freundlich isotherm were 0.97 and 0.99, respec- S
£ o2
Table 1 ©
Fitting constants and coefficients of the Langmuir and Freundlich isotherms 0.0 r r r r ; : r
1 2 3 4 5 6 7 8 9
Water clarifier sludge  Langmuir Freundlich pH
0 2 2
0°(mg/g) b R k n R Fig. 6. Variation of the copper adsorption under different pH values
Dried (300°C) 3.94 066 091 156 025 097 (Co=20mg/L, sludge conc_entration:ZO g/L): (a) copper removed percent_ at
Un-dried 3.94 111 081 1.82 022 099 PH20-8.0 (b)The adsorption of copper on water clarifier sludge as a function

of the pH value.
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Fig. 7. The pHvalues before and after the adsorption process for an initial copp&pd: 8- Variation of the equilibrium pH with the water clarifier sludge concen-
concentration of 20 mg/L. tration.

3.4. Mechanisms of adsorption of copper ions on water
dried and un-dried sludge were both about 90%. When thelarifier sludge
pH was greater than 4, the copper removal efficiency stayed
at a nearly constant value. At pH 4, the copper adsorptiv- The experimental results obtained from the FBR and the ther-
ity of dried and un-dried sludge were 0.82 and 0.85mg/gmostat shaker were important and were directly associated with
respectively. the mechanism of copper ion removal by means of water clar-
The results reveal that pH had a significant impact on copifier sludge. The mechanisms of copper ion removal by means
per removal by water clarifier sludge because it could influ-of water clarifier sludge are described in the following.
ence both the character of the copper ions and the character of
the water clarifier sludge. Chemically, the pH of the solution3.4.1. Surface complexation adsorption
influenced copper speciation. At high pH, copper precipitation The correlation coefficients obtained for the Freundlich and
could occur, or the copper ions could form complexes withLangmuir isotherms are 0.99 and 0.81, respectively. Chen et al.
OH". [22] studied the fixation of peat and found that correlation coef-
Theoretical calculation shows that under an initial cop-ficient of 0.98-0.99 when the Langmuir isotherm was used to
per concentration of 20 mg/L, free ions of Cu are the domi-simulate the ion-exchange reactions and the Freundlichisotherm
nant species when pH<6.1. On the other hand, the precipivas used to simulate the adsorption complexation reactions.
tate Cu(OH) forms when pH>6.1. According to the results The results indicate that the surface complexes reaction is more
for copper removal, at pH 7, when the initial copper concenimportant than ion-exchange by which copper ions be bound
tration was 20mg/L and after 60 min, the total copper con+o the water clarifier sludge. Similar results were also reported
centration in the residual solution was 0.95mg/L. The resuliat the lllite [23] and activated carboj24,25] surfaces. Surface
indicated that at pH 7, 95% of copper ions took the form ofcomplexation adsorption is a surface reaction, where a positively
Cu(OH), and precipitated onto the surface of the water clarifiercharged ion is attracted to a negatively charged surface without
sludge. the exchange of ions or electrons. Since the weight percentage
Moreover, the surface character of the water clarifier sludgef Si in the water clarifier sludge was 56%, the silica surface
was influenced by the ambient pH, which was not equal to thaites on the surface of the water clarifier sludge should have
external solution valugrig. 7 shows the pH values of the solu- predominated.
tion before and after the adsorption process. The final pH value The mononuclear and multinuclear surface complex reac-
meant the pH value of the residual solution after an operatiottions of copper with hydrous silica oxide may be written as
time of 1 h. It can be seen from this table that the initial pH of thefollows:
aqueous solutions increased remarkably after adsorption. This_ b et 2y 4
increase can be attributed to the property of the alkaline watérorOH + CU* & =Si-O0"Cu*" +H*, (3)
clarifier sludge (pH 7.14). Note also frofig. 8that the extent _g;_oH + CU?* 4+ 2H,0 <> =Si-OCUOH + 2H*, (4)
and nature of the pH drift over the course of the experiment
was a function of the water clarifier sludge concentration. ThesSi—OH + 2CU¢" + 2H,0 < =Si-OCWp(OH), ™ + 3HT,(5)
equilibrium pH of the solution increased with the water clar-
ifier sludge concentration increased. When the initial pH was3.4.2. Precipitation on the surface of water clarifier sludge
5, the equilibrium pH was 5.0 and 6.4 while the water clari- Under our experimental conditions, when the initial copper
fier sludge concentration was 5 and 60 g/L, respectively. Whegoncentration was 20 mg/L and the pH greater than 6.1, precip-
the concentration was over 60 g/L, the equilibrium pH remainedtation occurred. In this case, the total copper concentration in
constant. the effluent of the FBR was low, which showed that the copper
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precipitate, which was coated onto the water clarifier sludge wag3] J.L. Gardea-Torresdey, L. Tang, J.M. Salvador, Copper adsorption by

more predominate than it was in the water phase_ esterified and unesterified fractions of Sphagnum peat moss and its dif-
The formation of surface precipitate is expressed as follow__ ferent humic substances, J. Hazard. Mater. 48 (1996) 191-206.
[23]: [4] S.E. Bailey, T.J. Olin, R.M. Bricka, D.D. Adrian, A review of potentially

low-cost sorbents for heavy metals, Water Res. 33 (1999) 2469-2479.
—c + —c + [5] P.A. Brown, S.A. Gill, S.J. Allen, Metal removal from wastewater using
=Si-OH + 2C1#" + 3Hz0 <> =Si-OCLp(OH); +4H".  (6) peat, Water Res. 34 (2000) 3907-3916.

. [6] S.V. Dimitrova, D.R. Mehanjiev, Interaction of blast-furnace slag with
4. Conclusions heavy metal ions in water solutions, Water Res. 34 (2000) 1957-1961.
[7] B. Yu, Y. Zhang, A. Shukla, S.S. Shukla, K.L. Dorris, The removal of

The study of utilization of water clarifier sludge for copper heavy metal from aqueous solutions by sawdust adsorption-removal of

. P P . copper, J. Hazard. Mater. 80 (2000) 33—-42.
removalin aliquid fluidized-bed reactor leads us to the following (8] B.pAprican CF. Gokcay, U, Yétis l\%echanistics of nickel sorption by

conclusions: activated sludge, Process Biochem. 37 (2002) 1307-1315.
[9] S. Babel, T.A. Kurniawan, Low-cost adsorbents for heavy metals uptake
1. From the chemical composition analysis results, water clari-  from contaminated water: a review, J. Hazard. Mater. 97 (2003) 219-243.
fier sludge is similar to clay and can be reused as an effectiid0] N- Calace, E. Nardi, B.M. Petronio, M. Pietroletti, G. Tosti, Metal ion

. _ removal from water by sorption on paper mill sludge, Chemosphere 51
and economic adsorbent for copper removal from wastewa (2003) 797803,

ter. [11] F.A. Lopez, M.l. Mart'in, C. P’erez, A. L'opez-Delgado, F.J. Alguacil,

2. Although the different water content between dried and un- ~ Removal of copper ions from aqueous solutions by a steel-making by-
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efficiency for dried and un-dried sludge was very similar, [12] S-C. Pan, C-C. Lin, D-H. Tseng, Reusing sewage sludge ash as adsorbent

but the effluent was turbid in the case of dried sludge. The ;og_(;oopper removal from wastewater, Resour. Conserv. Recycl. 39 (2003)

results showed that the water clarifier sl_udge did not requir?m] Y-H. Wang, S-H. Lin, R-S. Juang, Removal of heavy metal ions from
pretreatment during the copper adsorption process. aqueous solutions using various low-cost adsorbents, J. Hazard. Mater.
3. The experimental results showed that with FBR used as the 102 (2003) 291-302.

reactor, most of copper adsorption took place in the first 1 h(14] C.I. Lee, W.F. Yang, C.I. Hsieh, Removal of copper(ll) by manganese-
followed a slower process coated sand in a liquid fluidized-bed reactor, J. Hazard. Mater. B114

S . (2004) 45-51.
4. Fromthe adsorption isotherm test on copper in the water Cla[’15] S.V. Dimitrova, Use of granular slag columns for lead removal, Water

ifier sludge, the results indicated that adsorption is consistent = Res. 36 (2002) 4001-4008.

with the Freundlich isotherm confirms the mechanisms 0f16] J.P. Chen, L. Wang, Characterization of metal adsorption kinetic proper-

surface complexation of copper ions on water clarifier sludge, __fies in batch and fixed-bed reactors, Chemosphere 54 (2004) 397-404.
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tion of surface complexes=Gi-OCu*, =Si-OCuOH, heavy metals from FGD wastewater in a fluidized bed without sludge
=Si-Cp(OH),"), followed by the formation of surface pre- generation, Water Sci. Technol. 36 (1997) 391-397.
cipitate FSi—OCUZ(OHk(sp))- [19] NIEA S202, 60A, Cation-exchange capacity of soils (sodium acetate),

test methods for evaluating solid waste, Environmental Protection
Agency, Republic of China, 1994.
Acknowledgement [20] W.  Stumm, J.J. Morgan, Aquatic Chemistry, third ed., Wiley-
. ] o Interscience, John Wiley, New York, 1996.
The authors express their gratitude to the Ministry of Eco{21] 0. Altin, H. OnderOzbelge, T. Dgu, Use of general purpose adsorption

nomic Affairs of the Republic of China (Contract No. 91-EC- isotherms for heavy metal-clay mineral interactions, J. Colloid Interface

17-A-10-S1-0007) for providing research funds for this project, _ SCl- 198 (1998) 130-140. o
[22] X.H. Chen, T. Gosset, D.R. Thevenot, Batch copper ion binding and

exchange properties of peat, Water Res. 24 (1990) 1463-1471.
References [23] Q. Du, Z. Sun, W. Forsling, H. Tang, Adsorption of copper at aqueous
illite surfaces, J. Colloid Interface Sci. 187 (1997) 232-242.
[1] W. Chu, Lead metal removal by recycled alum sludge, Water Res. 3324] J.P. Chen, M. Lin, Equilibrium and kinetics of metal ion adsorption
(1999) 3019-3025. onto a commercial H-type granular activated carbon: experimental and
[2] D. Petruzzelli, A. Volpe, N. Limoni, R. Passino, Coagulants removal modeling studies, Water Res. 35 (2001) 2385-2394.
and recovery from water clarifier sludge, Water Res. 34 (2000) 2177425] M.O. Corapcioglu, C.P. Huang, The adsorption of heavy metals onto
2182. hydrous activated carbon, Water Res. 21 (1987) 1031-1044.



	Utilization of water clarifier sludge for copper removal in a liquid fluidized-bed reactor
	Introduction
	Materials and methods
	Materials
	Methods
	Analysis of the characteristics of water clarifier sludge

	Results and discussion
	The characteristics of water clarifier sludge
	Adsorption equilibrium of water clarifier sludge
	Effect of pH on copper removal
	Mechanisms of adsorption of copper ions on water clarifier sludge
	Surface complexation adsorption
	Precipitation on the surface of water clarifier sludge


	Conclusions
	Acknowledgement
	References


