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Abstract
This research work investigates leaching behavior of heavy metals from the solidif ied zinc-

cyanide electroplating sludge using TCLP, DLT and leaching under controlled pH. OPC and OPC +
l0 wt.%o PFA are used as solidif ication binders. The plating sludge is loaded to the solidif ication
binder at 10 wLo/o and a water-to-solid ratio of 0.5 is used throughout this work. TCLP results show
that Cr concentrations in the leachates do not exceed the l imit specified by the US.EPA. Under DLT
leaching conditions, Zn,Fe and Cr are leached from the monolithic samples when in contact with 0.1N
acetic acid leachant (pH = 3) at a higher rate than deionized water and the pH 5 synthetic acid rain.
When leachate pHs are controlled at 4, the concentration of all three metals in the leachates are the
highest. Reduction in concentration of these three metals in the leachates is observed when leachate
pHs are increased to the alkali pH values.

Keywords: Leaching, OPC, PFA, TCLP, DLT, Controlled pH

Introduction
Cement-based stabi l izat ion/sol idif icat iorr

(S/S) processes are potential treatments for a
wide variety of wastes, and part icularly those
conta in ing  heavy  meta ls .  Cur ren t  so l id i f i ca t ion
process ing  normal ly  invo lves  s imp ly  mix ing
waste with ordinary Port land cement (OPC)

and/or other pozzolanic materials. The relat ive
simplici ty of cement-based sol idif icat ion
processes has made this an attract ive pre-landfi l l
waste treatment technology for selected wastes.

Immobil izat ion of waste consti tuents by the

cementit ious binders occurs due to both

chemical and physical effects, with the

effect iveness of the containment process

normally being assessed by completing
relat ively short-term leaching tests |  -2].

The leachabil i ty of waste consti tuents from
cement-based S/S products after landfi l l ing is
the most important factor determining the
effect iveness of the treatment process. Leaching
is a complex mechanism involving transporl of

contaminants, normally by diffusion, through
the interconnected pores of the solidif ied waste.
The release of contaminants may occur when
cement-based S/S products are in contact with
landfil l  leachate. Permeation of landfi l l  leachate
through the connected porosity into the
solidif ied waste may cause solubil ization of
waste components and particularly amphoteric
heavy metals, which can have highly pH
dependent solubil it ies [3].

Several factors were reported to have effect
on leachability of waste components from
cement-based solidified waste products. These
factors include the acid neutralization capacity
of the cement matrix, pH dependence of waste
constituents, the open porosity ofthe S/S waste,
leachant composition, and the surface of the
product-to-volume of the leachant ratio [4-10].
Consequently, more reliable leaching test
methods have been developed to evaluate the
release of inorganic constituents from the
cement-based solidif ied waste forms.



In this research work, leaching behaviors of

heavy rnetals f iom cement-based sol idif ied

p la t ing  \ \  as tes  were  assessed t ts i t tg  r  a r ious

leaching tests. The Toxicity Characterist ic

Leach ing  Procedure  (TCLP) ,  the  Dynarn ic

Leach Test (DLT) and leaching under control led

pHs were  used to  de le r ln ine  t l te  co t tce t t l ra t ions

of heavy metals in the leachates and leachate

pHS

Materials And Methods

Materials
OPC Type I used throughout this research

work was from The Siam Cement Public

Company Lirnited. The pulverized fuel ash

(PFA), a pozzolanic waste generated during the

combustion of coal, was brought from the

Electr ici ty Generating Authority of Thai land

(EGAT) in Lumpang Provitrce. PFA was then

ground to a part icle size of less than 45 1-tn

us ing  a  Los  Ar rge les  Abras ion  Mach ine .  The

data of oxide contents of OPC and PFA

was obtained by the suppliers alrd is slrown

i n  T a b l e  l .
Electroplat ing sludge was brought from a

rvastewater treatment plant of zinc-cyanide

process located in Bangkok, Thailand. The Cr

(VI) present in the wastewater was reduced to

Cr ( l l l )  before hydroxide precipitat ion. The

plat ing sludge was then oven dried and ground

to a parl icle size of less t l .ran 0.5 mm. The

ground sludge was digested usit lg concentrated

nitr ic acid and the concentrat ion of heavy metals

was ana lysed us ing  induc t ive ly  coup led  p lasma

atomic emission spectrometry (ICP-AES). Zn'

Fe and Cr are the major metals present in the

p la t ing  s ludge a t  concent ra t iou  o f256.  21  1  and

I 1.9 rng/kg dry slLrdge, respectively.

Santple preparation
PFA was used to substi tute for OPC at 0 and

l0 wt.ok and the plat ing sludge was added at 0

and l0 wt.%, respectively. A water to sol id rat io

of 0.5 was used for al l  mixes. The slurry was

mixed fol lowing the standard test r-nethod

ASTM C 305-94 to achieve a unifortn

distr ibution of the plat ing sludge before being

transferred to the cyl indrical plast ic rnould (25-

mm high and 25-mm diameter). The mixes were

al lowed to sol idify in the sealed plast ic moulds

to  avo id  carbona l ion  pr io r  to  tes l ing
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Toxicity Characteristic Leaching Procedure
(TCLP)

Meta ls  leach ing  f ro rn  the  so l id i f ied  p la t ing

wastes were assessed using the Toxicity

Characterist ic Leaching Procedure (TCLP) as

defined by the U.S. EPA on the samples cured

for 28 days. The sample specimen was crushed

to reduce the part icle size to less than 9.5 mm.

The crushed sample was extracted with an

amount of acetic acid solut ion (pH 2.88) equal

to 20 t imes the weight. of the sample. The

extraction vessels were rotated in an end-over-

end manner at 30 rpm for l8 hours. The

leaclrates were filtered through a 0.45 p m

membrane f i l ter to remove suspended sol ids,

and were then divided into two port ions. One

was used for pH measurement and the other for

the determination of metals present in the

leachates by ICP-AES. Each leachate was

analysed in tr ipl icate and the average values

were reported to ensure the reproducibi l i ty of

the data.

Dynamic Leach Test (DLT)

A modif ied American Nuclear Society test

l6 . l  (ANSVANS 16.1)  was used to  observe

metal leaching from the monoli thic samples.

Deionized water, 0.1N acetic acid solut ion and

synthetic acid rain were used as leachants. The

synthetic acid rain was prepared from 0.lN

sulfuric and nitr ic acid at the rat ion of 80:20 and

diluted with deionized water to a pH of 5.

Cyl indrical samples, cured for 28 days, were

suspended in a plast ic net in each acid solut ion,

at a leachant volume to surface area rat io of

2 0 : 1  .
The leachates were removed to determine

the pH and metal concentrat ion and the leachant

was replaced periodical ly after intervals of stat ic

leaching. Deionized water and synthetic acid

ra in  were  renewed a t  2 .7  hours ,  l ,  2 ,  3 ,  4 ,  5 ,  7  '
14,28, and 43 days, whereas acetic acid solut ion

was renewed after having contact with the

sample for 1, 3, l ,  14, 21, 28, 35 and 42 days'

This produces severe leaching condit ions and

allows assessment of leaching performance over

longer t ime periods.

Leaching under controlled PH
Three pH va lues ,  4 .0 ,  8 .0  and 11 .0 ,  were

selected to observe leaching behavior of metals

from the sol idif ied plat ing wastes. Leachants

were prepared from deionized water and



adjusted to the desired pH values with O.lN
nitr ic acid solut ion and sodium hydroxide
so lu t ion .  Both  c rushed and mono l i th ic  samples
curing for 28 days were extracted under
designated pH values. The amount of leachant
used was equal to 20 t imes the weight of the
sample for the crushed sample and was equal to
20 t irnes the surface area of the sarnple for the
mono l i th ic  sample .  Dur ing  ex t rac t ion ,  leachate
pHs were control led to the designated pH values
us ing  0 . lN  n i t r i c  ac id  so lu t ion  and sod iu rn
hydroxide solut ion. The sample and the leachant
were al lowed to contact in a shaker unti l
leachate pH was nearly constant for 24 hours.

Leachates were then f i l tered through a 0.45 trt  m

membrane f i l ter before ICP-AES analvsis for
metal concentrat ions.

Results and discussion
Leachability of metals under TCLP

Leachate pHs and metal concetrtrat ion in

TCLP leachates  are  shown in  Tab le  2 .

Experimental results showed that the pFl of

acetic acid leachants af ler having lrad contact
with the sol idif ied sarnples changed frorn an

in i t ia l  pH o f  2 .8  to  approx imate ly  12 .8-13  0  by

the  end o f the  tes ts .
I t  is known that the main hydratiotr products

o f  OPC are  ca lc iu tn  s i l i ca te  hydra te  (CSH)  ge l

and ca lc ium hydrox ide  (CH)  wh ich  are  h igh ly
a lka l ine .  CH has  re la t i ve ly  h igh  so lub i l i t y  u 'hen
the pFI of the pore water is below 13, whereas

the  so lub i l i t y  o f  CSH ge l  i s  low be low pHs o f
approx imate ly  l l .5  [11 ] .  CH is  there fore  the
first nhase to dissolve when acidic leachant
ingresses into the pore water of cement-based

solidif ied wastes. This resulted in an increase
Ieachate pH to i ts steady-state value while

hav ing  contac t  dur ing  the  tes t  sarnp le .
TCLP results showed that Cr corrcentrat iolts

in the leachates did not exceed the l i rnit

spec i f ied  by  the  US.EPA in  a l l  samples .

Although Zn and Fe were not specif ied by the

US.EPA. they were present in the leachates at

concent ra t ions  lower  than 1 ,8  and 0 .5  mg/L .

respec t ive ly .  I t  was  observed tha t  leachab i l i t y  o f
Zn, Fe and Cr from the sol idif ied waste forms
was much lower than from the urrtreated plat ing
sludge. I t  is bel ieved that the release of excess
alkal ine from the sol idif ied wastes increased the
leachate pHs to the optimum range fbr

immobil izat ion of some amphoteric metals. This

Thammasat Int.  J. Sc. Tech.. Vol.8. No.l .  Januarv-March 2003

was indirect ly responsible for the reduced
leachabil i ty of metals [3].

Leachability of metals under DLT
DLT leachate pHs are shown in Table 3 and

the curnulat ive metal concentrat ions in DLT
leachates as a function of exposure duration are
shown in Figures 1-3. I t  was observed that
leachate pHs for al l  samples leached in
deionized water increased frorn an init ial  pH of
6.0 to around 10 and I I  during the f irst 3 days
of contact. The low concentrat ion of H' ions
present in i leionized water was rapidly buffered
to an alkal i  leachate pH by the avai lable CH
from the sol idif ied wastes. At longer exposure
duration, the leachate pHs were increased, but at
a slower rate to a sl ightly alkal ine or near neutral
pH. Similar observations were found when a pH
5.0 synthetic acid rain was used as leachant.

A change in pH of0. lN acetic acid leachant
after each exposure duration from 2.8 to
between 4.2 and 4.9 was observed in al l  samples
(Table 3). The high concentrat ion of H- ions
present in acetic acid leachant was reduced
d u r i n g  p e n e t r a t i n g  i n t o  t h e  p o r e  w a l e r  d u e  t o
reaction rvith CH. However, the alkal inity
obtained from dissolut ion of CH or
decalcif icat ion of CSH gel was insuff icient to
neutral ize the acid leachant during the
designated contact t ime. As a result,  the pH of
al l  leachates which were in contact with the
sol idif ied wastes was lower than 5.0.

No dif ferences in leachabil i ty of Fe, Cr and
Zn from the sol idif ied wastes were observed
during leaching in both reduced water and
synthetic acid rain. A higher leaching rate of Fe

and Cr was found during the f irst 3 or 4 days
and the rate of leachirrg reduced with increasing
leach t ime (F ig .  1  and 2) .  l -h is  i s  because
leaching of the amphoteric rnetal hydroxides is
lr ighly pH dependent. During the f irst 3 or 4
days, leachate pHs of the sol idif ied wastes were
neutral ized and increased from 6.0 to between

10.2  and 11 .0  fo r  de ion ized water  and f rom 5 .0
to betr.veen 10.5 and I 1.0 for synthetic acid rain.
A t  these h igh ly  a lka l i  pHs,  Fe  and Cr  hydrox ides

started to resolubi l ize. But after these days,
leachate pHs of deionized water and synthetic
acid rain were increased to the range of 6.3 to
8.I and 6.6 to 7 .6, respectively where Fe and Cr
hydrox ides  are  less  so lub le .

Llowever, the curlulat ive amounts of Fe and

Cr in leachates after leachins for 42 davs were



lower than 4.0 and 0.5 mg/1, respectively in al l

sarnples. In addit ion, Zn was found in both

leachates at concentrat ion lower than the

detec t ion  l im i t  o f  ICP-AES.  S imi la r  leach ing

behavior of Cr and Zn were also observed by

other researchers I I  2- I  4].  They reported that the

amphoteric Zn(OH)z is insoluble in the pH range

between 7 and 13 whereas Cr(OH)r is most

inso lub le  be tween PH 5  and 13 .

Under  0 .1N acet ic  ac id ,  the  cumula t ive

concentrat iot. ts of Fe. Cr and Zn in the leachates

were high and gradually increased with contact

t ime (F ig .  3  a -c ) .  Cont inued ingress ion  o f  ac id ic

leachant into the pore water of the sol idif led

wastes disturbs the chemical equi l ibr ir-rrn of the

wastes and the cement matrices. This may

in i t ia te  d isso lu t ion  o f  inso lub le  spec ies

especial ly metal hydroxides. The soluble metals

are dif fused through interconnected pores ofthe

cement matrix into the bulk acid solut ion as a

result of concentrat ion gradient. I t  coLrld be

possible that the higher cumulative

concent ra t io l t  o f  Zn  i r l  the  leacha les  cornpared to

that of Fe and Cr was due to higher init ial

concentrat ion of Zn present in the plat ing

s ludge.

Leachability oJ metals under controlled pH

Table 4 shows concetrtrat iot ls of Fe. Cr and

Zn in  leachates  er l rac led  f ro tn  c r t rs l ted  a t td

mono l i th ic  samples  under  pH 4 .0 ,  8 .0  and 1  l  0 '

Experimerrtal results showed that concentrat lol ls

o f  Fe ,  Cr  and espec ia l l y  Zn  were  h ighes t  when

leachate pH was control led at 4 0. This is

because Fe and Cr  hydrox ides  have t r in in rum

solubi l i ty at pH around 7.5 whereas Zn

hydroxide is around 9.5. The dif ference between

minimum solubi l i ty pH of Zn hydroxide and the

leachate pH is large compared to that of Fe and

Cr hydroxides. As a result,  Zn was solubi l ized

and released from the sol idif ied wastes at higher

rate. Reduction in concentrat ion of t l rese three

rnetals was observed when leachate pH was

increased to the alkal i  pH value' In addit ion, the

concentrat ion of these three rnetals in the

leachates extracted from the crushed sarnples

was higher compared to that extracted frorn the

mono l i th ic  samples .  Th is  e f fec t  i s  due to  the

increase in surface area of contact. which can

accelerate the release of metals from the

sol idif ied wastes.
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Conclusions
pH is an important factor inf luencing

leaching of most heavy metals. Under TCLP

leach test ing, the pH of the leachant is al lowed

to rise to its steady-state value in contact with

the test sample. This simulates disposal

scenarios in which the ground water regime is

stat ic and a high pH environment wil l  develop

around cement-based sol idif ied wastes tested

under this condit ion. As a result,  leaching of

most amphoteric metal hydroxides was

relat ively low and had not exceeded the

regulatory l imit.
ln the DLT leaching test, the leachant is

renewed periodical ly to simulate ground water

f low. This produces more severe leaching

condit ions and al lows assessment of leaching

performance over longer t ime periods. Zn' Fe

and Cr were leached from the monoli thic

samples when in contact with the pH 3 acetic

acid leachant at a higher rate than deionized

water and the pH 5 synthetic acid rain. I t  was

noticed that the pH 3 acetic acid leachant

produces leaching data under highly aggressive

condit ion and is rarely found under normal

landfi l l  scenarios.
The concentrat ions of al l  three metals in the

control led pH 4 leachates were the highest. In

addit ion. the concentrat ion of these metals in the

leachates extracted from the crushed samples

was higher compared to that extracted frorn the

mono l i th ic  samples .
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Table I Oxide contents of OPC and PFA.

Component oPC (%) PFA (%)

sio2

A12ol

Fe2O3

CaO

Mgo

NazO

KzO

PzOs

Sor

2t.2

< t ' t

3.08

64.73

1.04

0.19

2.01

39.44

21.96

13.55

12.94

2.60

t .4 l

2.90

0 .16

1 .51
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Table 2 Leachate pHs and metal concentrations in TCLP leachates.

Sample ID Metal Concentrat ion (mg/L)

Regulatory level

pH

CrFeZn

Plating sludge (PS)

OPC

OPC+10%PS

OPC+10%PFA

OPC+10%PFA+

IO%PS

5.9

13.0

12.9

12.9

12.8

t077

0.33

1.74

0.16

0.87

2.83

0.16

0 .19

0 .15

0.44

2.92

0.24

0.51

0.24

0.54

*not specified by the US.EPA
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