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Abstract

This paper describes the solidification and stabilization of electroplating sludge treated with a high-performance binder made from portland
type-I cement, municipal solid waste incineration fly ash, and lighting phosphor powder (called as cement—fly ash—phosphor binder, CFP). The
highest 28-day unconfined compressive strength of the CFP-treated paste was 816 kg/cm? at a ratio of cement to fly ash to lighting phosphor powder
of 90:5:5; the strength of this composition also fulfilled the requirement of a high-strength concrete (>460 kg/cm? at 28 days). The CFP-stabilized
sludge paste samples passed the Taiwanese EPA toxicity characteristic leaching procedure test and, therefore, could be used either as a building
material or as a controlled low-strength material, depending on the sludge-to-CFP binder ratio.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A quantity of 25,893 tonnes of electroplating sludge was
produced in Taiwan in 2005, constituting 87.5% of the heavy
metal-containing industrial sludges [1]. Most of the electro-
plating plants generating this sludge utilize the so-called “job
shop” techniques. This electroplating sludge is usually treated
through cement solidification and stabilization [2—7] processes.
The binders that have been used for electroplating sludge include
portland type-I cement (OPC) [4,6,7], lime fly ash [2,5], and
high-temperature-treated sludge [3].

The Taiwanese EPA requires solidification/stabilization-
treated wastes for use as building materials to have a compressive
strength of >100 kg/cm?. The unconfined compressive strength
(UCS) of solidified sludge concrete is, however, usually much
less than this value when the sludge replacement ratio is higher
than 30% [5,6]. Therefore, our first goal in this study was to
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find a hard binder prepared from inorganic waste that would be
suitable for manufacturing a high-strength electroplating sludge
concrete. The UCS of solidified sludge concrete can reach higher
than 100 kg/cm? when the sludge replacement ratio is 30%. The
inorganic wastes that we selected were municipal solid waste
incineration fly ash and demercurated lighting phosphor; the
former requires stabilization with cement, but the behavior of
the latter has yet to be determined and, thus, it has not currently
subjected to recycling. Since 2002, the Taiwanese EPA has docu-
mented the recycling of waste lamps from municipal solid wastes
[8]; the number of waste lamps was estimated to be 96 million
pieces. The exciting species in these lamps is mostly mercury
vapor; the lighting phosphor comprises mainly calcium phos-
phate [Ca3(PO4)2] and CaClF. The total amounts of recycled
lighting phosphor and liquid mercury are ca. 490 tonnes/year and
12—-15 kg/year, respectively. The demercurated lighting phos-
phors have been stocked in four recycling plants for several
years, waiting for a suitable recycling method to be developed. In
a previous study [9], we found that demercurated lighting phos-
phor could be classified as a non-hazardous material because the
leached concentrations of heavy metals were very low. There-
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fore, our second goal for this study was to determine a method
for recycling the recovered lighting phosphor powder.

2. Materials and methods
2.1. Sampling

(1) Chromium-containing wastewater sludge was generated at
an electroplating plant in Tailain County. The Cr-containing
wastewater was treated using a selective reduction precipi-
tation process. NaHSO3; and 40% NaOH(aq) were used as
the reduction and alkali agents, respectively; polyaluminum
chloride was used as the flocculant. The water content of the
fresh sampled sludge was 66.9% (S.D.=3.6%). The fresh
sludge was oven-dried for 24 h and ground to pass through
a 0.579-pm standard mesh.

(2) MSWI fly ash was sampled from the manhole of the
baghouse of three incinerators in a large-scale MSW incin-
eration plant in southern Taiwan [10]. The sampling was
performed under normal operating conditions at least 2 h
after the firing stage of the incinerators. Equal weights of
the samples from the three incinerators were mixed together
at room temperature and stored in HDPE bottles at 4 °C and
relative humidity was <60%.

(3) demercurated lighting phosphor was sampled from the
recycling process in a lamp treatment plant. The dry
process developed by the Werec (Germany) and MRT (Swe-
den) companies was employed to treat the recycled lamps
[8]. A subsequent heating treatment process was applied
in the plant to remove any mercury from the phosphor
powder.

2.2. Toxicity characteristic leaching procedure (TCLP) and
unconfined compressive strength (UCS) tests

The TCLP test simulates the long-term leaching behavior
prior to the co-disposal of a hazardous waste with general solid
waste in a landfill. The TCLP test was performed following
the US EPA’s methods [11]. The ash sample was mixed with
the acetic acid extractant at pH 2.88. The solid-to-liquid ratio
was fixed at 1:20. The sample was then subjected to agitated
extraction at a rate of 30 rpm for 18 h. The lead concentration in
the final extracts was determined through flame atomic absorp-
tion spectrometry (Unicam Solar-969, USA) following the US
EPA’s methods. The concentrations of heavy metals in the TCLP
extract were 46.3, 0.39, and 5.30 mg/L for copper, lead, and total
chromium, respectively; all other ions (e.g., Ni, Cd, Zn, As, and
Hg) were below the detection limit. The unconfined compres-
sive strength (UCS) test was performed using the ASTM method
[12].

2.3. Operation procedures for sludge stabilization

The sludge was stabilized by adding the CFP binder or OPC,
and an appropriate amount of water; the solidified samples were
then cured at room temperature for 7, 14, and 28 days.

2.4. Fourier-transform infrared (FT-IR) spectroscopy and
X-ray diffraction (XRD) measurements

XRD analysis was performed using a Shimadzu XRD-6000
diffractometer with irradiation from the Cu Ka line. The sweep-
ing range was set from 5° to 75°, with a scanning rate of 2°/min,
at room temperature. The FT-IR spectra of the samples were
recorded using a Bruker Vector-22 FTIR spectrometer operated
over a scanning range from 4000 to 400 cm™! and a resolution
of 4cm™!. Prior to recording the FTIR spectra, the solidified fly
ash was mixed with a suitable amount of pre-dried KBr powder
and then formed into a thin disc film using a hand compressor.

3. Results and discussion
3.1. Preparation of a high-performance sludge binder

Recycled solidified solid wastes and industrial sludge for use
as construction materials (e.g., building materials or controlled
low-strength materials) must pass the TCLP test and possess
high strength. One of the key techniques for preparing such mate-
rials is to blend these wastes with high-performance binders. In
this study, we prepared a novel waste-based high-performance
binder from cement, MSWI fly ash, and demercurated phosphor
(we call this blend the “CFP binder”).

Table 1 lists the UCS values of the pure CFP paste solidi-
fied for 7, 14, and 28 days. The standard derivation of the UCS
test was estimated to be 5 kg/cm?. The data for the binary mix-
tures indicate that the highest value of the UCS (797 kg/cm?)
was that for the sample prepared at a cement-to-fly ash ratio
of 90:10 (i.e., without addition of the phosphor); the value was
325 kg/cm? at a cement-to-phosphor ratio of 80:20 (i.e., without
addition of the fly ash), and 5kg/cm? at a fly ash-to-phosphor
ratio of 80:20 (i.e., without the addition of the cement). For
the ternary mixtures, the CFP binder exhibited its highest UCS
value (816 kg/cm?) at a ratio of cement to fly ash to phosphor of

Table 1
Strength of CFP binder®

Cement:fly ash:phosphor UCSP (kg/cm?)

100:0:0 373
90:10:0 797
80:20:0 425
70:30:0 340
60:40:0 277
90:0:10 220
80:0:20 325
70:0:30 165
90:8:2 571
90:5:5 816
90:3:7 628
0:90:10 4
0:80:20 5
0:100:0 3
0:0:100 0
Standard Concrete 210

Standard derivation =5 kg.
2 CFP means binder made from cement, fly ash and phosphor.
b UCS means unconfined compressive strength.
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Table 2 Table 3
TCLP* data of studied wastes TCLP data of CFP—sludge waste forms
Wastes Cu Pb Total Cr  Cd Sludge:CFP Cu Pb Total Cr Cd
Original phosphor 1.2 0.32 0.89 N.D. 0:100 (solidified binder) N.D. 1.20 N.D. N.D.
Fly ash 2.87 12.83  N.D. 0.99 10:90 0.05 1.05 N.D. N.D.
Cement N.D. N.D. N.D. N.D. 20:80 0.38 0.92 N.D. N.D.
Original sludge 46.3 0.39 5.30 N.D. 30:70 0.15 0.85 N.D. N.D.
Unsolidified CFP binder® N.D. 1.33 1.02 N.D. 40:60 0.29 0.77 N.D. N.D.
Regulation level from Taiwanese EPA 15.0 5.0 2.5 1.0 50:50 0.30 0.72 0.21 N.D.
" 60:40 1.05 0.66 0.57 N.D.
Unit: me/ke. e each ) , 70:30 199 058 098 N.D.
. Toxicity charact.enstlc eaching procedure from Taiwanese EPA. 80:20 475 0.51 1.42 N.D.
CFP means a mixture of cement:fly ash:phosphor=90:5:5. 90:10 732 0.47 1.89 N.D.
100:0 46.3 0.39 5.30 N.D.
90:5:5. We used this optimized CFP composition in subsequent ~ Regulation level from Taiwanese EPA 150 5.0 2.5 L0
experiments for solidification of the Cr-containing sludge. The Unit: mg/kg.

optimized UCS value is equivalent to that of high-performance
concrete (>430 kg/cm? after 28 days); thus, we believe that our
CFP binder is suitable for use as a high-performance binder
for the solidification/stabilization of solid wastes and industrial
sludge [13,14].

The value of the UCS (816 kg/cm?) for the optimized CFP
binder is 3.9 times higher than that of standard concrete pre-
pared from cement and sand. The fine particles of the fly ash
and phosphor powders might play the same role as sand in the
CFP binder. X-ray diffraction and FT-IR spectroscopic studies
of the solidified CFP binder indicated that the intensities of the
peaks at 26 values of 9.0°, 17.8° and 48.2° and at wavenum-
bers of 1200 and 1500cm™! increased upon increasing the
values of the UCS (data not shown). We attribute the high
strength of the CFP binder to the growth of an ettrignite phase
[CagAl;(SO4)3(OH),-26H,0] in the solidified concrete [15,16].

3.2. TCLP data of used wastes

Table 2 lists the TCLP data of all of the wastes we employed in
this study. The fly ash had a higher leaching concentration of lead
and cadmium and the original electroplating sludge had a higher
leaching concentration of copper and chromium. Therefore, both
the fly ash and the sludge are classified as hazardous materi-
als. The CFP binder, recycled phosphor, and cement leached
very low concentrations of these ions; thus, they are classified
as non-hazardous materials. Espinosa and Tenorio [17] treated
electroplating sludge at 1250 °C and found that 99.6% of the
chromium remained in the slag. This result suggests that Crin the
sludge is fixed very strongly, because Cr has quite a low-boiling
point.

3.3. Properties of cement and CFP binder-stabilized
Cr-containing sludge

In the following discussion, we compare the properties of
the OPC and CFP binder-stabilized Cr-containing sludge sam-
ples. Tables 3 and 4 list the TCLP data of the CFP binder
and cement-stabilized sludge concrete samples, respectively. It
is clear that a decrease in the sludge-to-binder (or -cement)
ratio led to an increase in the leaching concentrations of the
four heavy metal ions that we monitored. The sludge con-

crete samples that formed were non-hazardous materials when
the sludge-to-CFP and sludge-to-cement ratios were 90:0 and
40:60, respectively. Thus, these concrete samples can be reused
as construction materials. The CFP binder exhibited a higher
efficiency at stabilizing the leaching of Cr from the solidified
sludge. This behavior might relate to the value of the UCS of
the resulting concrete material. Park [7] improved the stabi-
lization efficiency of Cr(OH)3 even further when using clinker
kiln dust-modified cement. Although the exact mechanism of
stabilization of Cr species in cement paste remains unknown
[7,18], our results indicate that a modified cement binder might
indeed be required for stabilizing Cr-containing sludge samples
[2,3,6].

Table 5 lists the values of UCS of the CFP binder- and cement-
stabilized sludge concrete samples. Increasing the aging time
increased the UCS of the concrete; in addition, an increase of
the aging temperature decreased the UCS of the aged concrete.
Stegemann and Burnfeld used neutral network analysis of liter-
ature data in an attempt to predict the values of UCS of cement
pastes containing pure metal compounds; they found that the
addition of Cr(IIT) can improve the value of the UCS of cement
paste [19]. Roy and Eaton [2] found that lime-to-fly ash and
sludge-to-binder ratios of 3:5 and 1:08, respectively, were opti-
mal for stabilization of electroplating sludge samples. Guo et

Table 4

TCLP data of OPC*—sludge waste forms

Sludge:OPC Cu Pb Total Cr  Cd
0:100 N.D. ND. ND. N.D.
10:90 N.D. ND. NbD. N.D.
20:80 0.6 N.D. 0.11 N.D.
30:70 1.98 N.D. 054 N.D.
40:60 1.26 N.D. 1.03 N.D.
50:50 0.11 N.D. 1.57 N.D.
60:40 3.43 N.D. 2.11 N.D.
70:30 4.23 N.D. 258 N.D.
80:20 5.17 ND. 3.02 N.D.
90:10 8.42 N.D. 353 N.D.
100:0 46.3 0.39 5.30 N.D.
Regulation level from Taiwanese EPA 15.0 5.0 2.5 1.0
Unit: mg/kg.

2 OPC means portland type-I cement.



W.-J. Huang et al. / Journal of Hazardous Materials 156 (2008) 118—122 121

Table 5
Compression strength of binder—sludge waste forms
Binder:sludge CFP OPC

7 days (RT?) 7 days (35°C) 14 days (RT?*) 7 days (RT?*) 14 (RT*)
0:100 0 - 0 0 0
10:90 0.62 - 0.35 1.53 34
20:80 1.86 - 1.27 3.17 8.5
30:70 2.48 - 4.81 371 7.8
40:60 15.0 - 4.39 12.69 23
50:50 39.78 - 8.98 25.44 32
60:40 79.28 - 229 41.08 35
70:30 109.85 50.1 559 57.86 53
80:20 220.4 168.5 163.9 113.0 77
90:10 376.0 208.3 365.9 173.68 195.0
100:0 816.0 484.8 605.0 373.0 339.7
Regulation level for landfill from Taiwanese EPA (kg/cm?) 10
Regulation level for controlled low-strength materials from Taiwanese EPA (kg/cm?) >10 and <100
Regulation level for building materials from Taiwanese EPA (kg/cm?) >100

Unit: kg/cm?.
2 RT means room temperature.

al. studied the potential marine applications of phosphogypsum
(PG) stabilized using C-class fly ash and portland type-1I cement
binder; they found that a composite of PG, fly ash, and cement
at a percentage ratio of 55:35:10 exhibited a condensed layer
structure [20]. Shehata and Thomas conformed that the addi-
tion of fly ash to concrete can reduce the percentage expansion
[21].

Once a sludge concrete sample passes the TCLP test, it can
be used as a construction material, e.g., a building material or
a controlled low-strength material. The regulated values for the
UCS of building materials and controlled low-strength materials
(CLSMs) are >100 kg/cm? and within the range 10-100 kg/cm?,
respectively. Therefore, our CFP binder-stabilized sludge con-
crete sample prepared at binder-to-sludge ratios of 70:30, 80:20,
and 90:10 can be used as building materials, while those pre-
pared at 40:60 and 50:50 can be used as CLSMs. In contrast, the
cement-stabilized sludge concrete samples prepared at binder-
to-sludge ratios of 40:60, 50:50, and 60:40 can be used only as
CLSMs.

4. Conclusions

In the past 8 years, the authors have paid much attention on
the solidification of industrial sludge and municipal solid waste
incineration fly ash. In this paper a high-performance binder
(CFP binder) prepared from portland type-I cement, municipal
solid waste incineration fly ash, and lighting phosphor powder
was applied to the solidification of electroplating sludge. The
highest 28-day unconfined compressive strength of the prepared
binder pastes was 816kg/cm?, consistent with the regulated
value for high-strength concrete (>460kg/cm? after 28 days).
The CFP-stabilized sludge paste samples passed the TCLP test
and, therefore, could be used either as building materials or
as controlled low-strength materials, depending on the ratio of
sludge to CFP binder. In contrast, the Portland cement-stabilized

sludge paste could be used only as a controlled low-strength
material.

References

[1] W.S. Chou, H.U. Shiao, L.S. Shieu, M.S. Tasi, Survey studies on generation
amount of electroplating sludge, in: Proceedings of the 3rd Conference on
Keynote Techniques of Waste Mining and Recycling of Heavy Metals’
Sludge, Taiwan, March 10, 2005, pp. A-1-A-6 (in Chinese).

[2] A.Roy, H.C.Eaton, Solidification/stabilization of a synthetic electroplating
waste in lime-fly ash binder, Cement Concrete Res. 22 (1992) 589-596.

[3] G.C.C. Yang, K.-L. Kao, Feasibility of using a mixture of an electroplating
sludge and a calcium carbonate sludge as a binder for sludge solidification,
J. Hazard. Mater. 36 (1994) 81-88.

[4] A. Roy, EK. Cartledge, Long-term behavior of a portland cement—
electroplating sludge waste form in presence of copper nitrate, J. Hazard.
Mater. 52 (1997) 265-286.

[5] N. Su, H.Y. Fang, C.-K. Su, Mechanical and chemical properties of concrete
having heavy metal containing incinerator fly ash and electroplating sludge
as ingredients, J. Chin. Inst. Civil Hydraul. Eng. 11 (1999) 735-745.

[6] U.C. Wen, T.H. Sha, S.L. Lo, Microwave assistant solidification of
copper-containing electroplating sludge, in: Proceedings of the 3rd
Conference on Keynote Techniques of Waste Mining and Recycling
of Heavy Metals’ Sludge, Taiwan, March 10, 2005, pp. A-61-A-73
(in Chinese).

[7] C.-K. Park, Hydration and solidification of hazardous wastes containing
heavy metals using modified cementitious materials, Cement Concrete Res.
30 (2000) 429-435.

[8] S.-C. Tasi, T.-S. Chung, M.-T. Lai, L.-Z. Cheng, Introduction to practice
techniques for recycling waste lamps, Protect. Ind. Pollut. 90 (2004) 59—
68.

[9] W.-J. Huang, C.-U. Lien, W.-C. Chen, TCLP study on the recycled demer-
curated lighting phosphor, in: Proceedings of Annual Meeting of Chinese
Chemical Society Located in Taipei, Taoyuan, 2003, Poster number AN-
PA-019, p. AN-05.

[10] W.-J. Huang, S.-C. Chu, Co-leaching behavior of lead of incinera-
tion ash wastes mixtures, Cement Concrete Res. 35 (2005) 1038-
1041.

[11] Unit State Environmental Protection Agency, Toxicity characteristic
leaching procedure test for solid wastes, Methods SW-86-1131 and SW-
846-7420.



122 W.-J. Huang et al. / Journal of Hazardous Materials 156 (2008) 118—122

[12] ASTM C109, Test Method for Compressive Strength of Hydraulic Cement
Mortars, 1996, National Institute of Standard Testing.

[13] Y. Zhang, W. Sun, L. Shang, Mechanical properties of high performance
concrete made with high calcium high sulfate fly ash, Cement Concrete
Res. 27 (1997) 1093-1098.

[14] C.S.Poon, L. Lam, Y.L. Wong, A study on high strength concrete prepared
with large volumes of low calcium fly ash, Cement Concrete Res. 30 (2000)
447-455.

[15] V. Albino, R. Ciffi, M. Marroccoli, L. Santoro, Potential application of
ettringite generating systems for hazardous waste stabilization, J. Hazard.
Mater. 51 (1996) 241-252.

[16] S.J.Barnett, D.E. Macphee, E.E. Lachowski, N.J. Crammond, XRD, EDX
and IR analysis of solid solutions between thaumasite and ettringite,
Cement Concrete Res. 32 (2002) 719-730.

[17] D.C.R. Espinosa, J.A.S. Tenorio, Thermal behavior of chromium electro-
plating sludge, Waste Manage. 21 (2001) 405-410.

[18] LF. Olmo, E. Chacon, A. Irabien, Leaching behavior of lead, chromium
(III), and zinc in cement/metal oxides systems, J. Environ. Eng. 129 (2003)
532-538.

[19] J.A. Stegemann, N.R. Burnfeld, Prediction of unconfined compressive
strength of cement paste with pure metal compound additions, Cement
Concrete Res. 32 (2002) 903-913.

[20] T. Guo, R.F. Malone, K.A. Rusch, Stabilized phosphogypsum (PG): C class
fly ash: portland type II cement composites for potential marine application,
Environ. Sci. Technol. 35 (2001) 3967-3973.

[21] M.H. Shehata, M.D.A. Thomas, Use of ternary blends containing silica
fume and fly ash to suppress expansion due to alkali-silica reaction in
concrete, Cement Concrete Res. 32 (2002) 341-349.



	Ternary blends containing demercurated lighting phosphor and MSWI fly ash as high-performance binders for stabilizing and recycling electroplating sludge
	Introduction
	Materials and methods
	Sampling
	Toxicity characteristic leaching procedure (TCLP) and unconfined compressive strength (UCS) tests
	Operation procedures for sludge stabilization
	Fourier-transform infrared (FT-IR) spectroscopy and X-ray diffraction (XRD) measurements

	Results and discussion
	Preparation of a high-performance sludge binder
	TCLP data of used wastes
	Properties of cement and CFP binder-stabilized Cr-containing sludge

	Conclusions
	References


