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N13EUITMAN effective diffusion coefficient (De) S OPC+10% Pb(OH),

VINANMNRUWUEVBILVLIINGY (Shinking Unreacted Gore Model) [37)

Mt = [(2DeCo’fmo It)¥p]"~ x t'°
[($1]1] Mt = contaminant release per unit surface (mglcmz)
De = effective diffusion coefficient (for acid species)(cmzls)
Co = solid contarminant concentration (mg/cmz)
fmo = leachable fraction (dimensioniess)
I(t) = acid exposure, acid concentration multiplied by the leaching time

= CHx x t (mol.day/l)

B = acid neutralization capacity (kmol eq/ rna)

.e I
INNTINUATHI T WM ARKINIIAITOUT LRSI
N1SAIWITMAN acid neutralization capacity (ANC)
ANC . ;=65 eqlkgm,, sohd)
ﬁwuinaugamaenmu:iﬁn = 60

AUNUILUUNDUNEDUDY = 1.8 g/cm”

fINU ANC ., ; VB3 OPC+10%Pb(OH ). = (6.5 €Q/KG ey soua; X(1 Mol-eq/ 60 g-eq)x 1.8 g/cm’)
= 0.195404 kmole-eg/m"

- .
AU HvBINDUAIBEWIUNTINITUaN

1NYNT 2r7Th + Z‘Rr: {cm™)

-
- -~ .

WU NOUNRDUDILDI OPC+10%Pb(OH )

at

WUARY = 2x1.368cmxTIx2.57cm + 2xTtx1.368 cm’
= 33.38 cm”

=41

U?U‘m‘maoﬁauﬁ’mei'ngJnsons':uan
2 3

MNFNT Tr h (cm )

AIUU NTDUNABUDIVDI OPC+10%Pb(OH),

150 ns = TTx1.368° cm x2 .57cm

= 15.10 r:.m3
Usumlasiidauuasasnu3uemn (Co)
INNITI T uTrTwueslansninluninncneufuaTsEnu e uutu S s u e
Pb = 369.41 Ma/Guy siage)
Cr = 228.41 M3/ ary siuage)
n'rmniufuﬁ'uﬁumaon:ﬁ":ﬁagluﬁauuéauiwaal.ﬁu
= (369.41 MQ/Q .y ,,um,)x(o.‘l)xt':ﬂnﬁ'nﬁ'auuﬂ'auia!lﬁu’m‘sﬁaunsiau'ﬁo
= (369.41 MQ/Giay srvageX(0.1)x27.249x15.10cm”

= 66.63 MG/CM mua
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USnr@asuDInTasBHnN Loy
v A da .~ - .
YIunTUBINIARONUNGIVDINDURIALINS = 20:1
sannlunisneaassniii navoslansninaaindaundoudsronguno it ununsaasSan
2 3
33.38 cm x20cm
3
676.63cm

Contaminant release per unit surface, Mt (mglcmz)
o do + : A P
Mt = ﬂ?:nmT.au:vmnﬂ1ﬂ'lﬂ"l.uu‘vn:(mgll)xﬂ?mmwmm'ﬁ:(cma)xm U1000cm3)lwu¢m1n‘:amacm2

@Iu Sumu Contaminant release per unit surface

=100mg/Ix676.63cm x(1/1000cm ¥33.38cm-
= 2.0 mgh::m2

Leachable fraction, fmo

. - . |
ieachable fraction = ﬂsu‘mm‘[aw:wmﬂnn'ﬁ:

SunlanswiniSuaulunauaiagng

A w o w alw by by 3
Tao PBumlanswinions: (mg) = YSualanzuninnialdluwirrs(ma/ixiSunssasuizscm’)

1000cm’
uazUSunndlansninisudulunoudieie = Co(mg/em we) x USanaTuoanoudatnaudu (cm3)
ﬁoﬁ‘:u leachable fraction
VDINBWRABUTI OPC+  10%Pb(OH),
=  100mg/Ix676.63cm
1000cm”

66.63 r'rnglcrn‘ﬁ’m‘,d x 15.10 cm3
0.067241

1

N19¥n@n acid exposure, I(t)

acid exposure = acetic acid concentrationxleaching time = CHxt (mol.day/i)
Faturounasusis OPC+10%Pb(OH), MszbziaaT 1 Ju N6 I(1day)
0.2Nx1day

0.2 mol.day”t

WNWAIEN %)

[ . . |5 . - o -~

fAIvuAeffective diffusion coefficient VaINDUWVRDUWDIVED OPC+1O%pb(OH)2 NSTUZLIRT 1 7w
3

= (2.000 mg/cm’ )} x 0.195404 kmok-eq/m

2X(66.63 M/CM sy ) X(0.067241)°x0.2 mol-eq/l x1dayx(86400second/1day)

2
1.13 exp 1043 cm /s
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#0819 ANC 1 pH 7 (6q/KGeuns) ANC # pH 7 (kmol-eq/m’)
OPC+10%Pb(OH), 6.5 0.195
OPC+20%Pb(OH), 6 0.182
OPC+30%Pb(OH), 5.4 0.164
OPC+10%Cr(OH), 7.3 0.219
OPC+20%Cr(OH), 7.1 0.191
OPC+30%Cr(OH), 6.1 0.168
OPC+ 5%CSF+10%Pb(OH), 12 0.357
OPC+10%CSF+10%Pb(OH), 10.4 0.303
OPC+20%CSF+10%Pb(OH), 10.4 0.318
OPC+ 5%CSF+10%Cr(OH), 12.7 0.401
OPC+10%CSF+10%Cr(OH); 12.3 0.368
OPC+20%CSF+10%Cr(OH); 10.3 0.326
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OPC+10%Pb(OH), 1.37 2.57 33.83 15.10 27.24
OPC+20%Pb{OH ), 1.37 2.54 33.74 15.04 27.40
OPC+30%Pb(OH), 1.37 2.58 34.05 15.25 27.33
OPC+10%Cr(OH), 1.37 2.56 33.98 15.20 27.34
OPC+20%Cr{OH), 1.39 2.6 34 .83 15.77 25.40
OPC+30%Cr(OH), 1.38 2.61 34.58 15.61 25.80
OPC+ 5%CSF+10%Pb(OH), 1.37 2.54 33.64 14.97 26.72
OPC+10%CSF+10%Pb(0OH)- 1.37 2.66 34.67 15.68 27.39
OPC+20%CSF+10%Pb(OH), 1.35 2.5 32.64 14.31 26.28
OPC+ 5%CSF+10%Cr(OH), 1.35 2.51 32.73 14.36 27.21
OPC+10%CSF+10%Cr(OH), 1.37 2.53 33.55 14.91 26.80
OPC+20%CSF+10%Cr(OH), 1.35 2.45 32.22 14.02 26.66
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S=UsLI@0 1 SN IRE (LN /0T W) |
(days) 10%Pb(OH). ‘ ZO%PD{OH);—I 30%Pb(OH)- L10%Cr(OH) } 20%CrOH), | 30%0(0»-‘;“

1 2.00 1 4.94 g.22 L 0.0z } 0.03 0.04 |

8 486 | 11.22 22.46 0.07 0.15 024 |

15 7.70 17.24 3646 | 011 0.23 0.44 {

29 10.28 23.24 | 5522 0.24 } 043 | 163

| 57 13.76 2876 |  70.96 0.41 | o086 |, 302 ‘
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TEUZLIAN
(days) 5%CSF 10%CSF 20%CSF 5%CSF 10%CSF 20%CSF
10%PDB{OH). 10%Pb(OH). | 10%PDOHIZ | 10%Cr(OH), | 10%Cr(OH), 10%Cr(OH),
1 2.09 3.14 3.82 0.02 0.02 0.02
8 5.61 5.86 6.67 0.08 0.08 C.11
15 7.82 B.42 9.53 0.14 0.15 0.18
29 11.14 11.27 11.78 0.24 0.25 0.28
57 12.20 11.68 13.84 0.38 0.37 0.42
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TTUTLIRY Leachable fraction (fmo)
(days) 10%PD(OH); 20%Pb(OH). | 30%Pb{OH). 10%Cr(OM), 20%CHOH). 30%Cr(OH).
1 0.068 0.082 0.104 0.0009 0.0009 0.0009
8 0.163 0.187 0.253 0.0039 0.0043 0.0046
15 0.259 0.288 0.410 0.0060 0.0070 0.0087
29 0.346 0.388 0.621 0.0129 0.0130 0.0319
57 0.463 0.479 0.798 0.0224 0.0287 0.0591
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rs:u:nm Leachable fraction (fmo)
(days) 5%CSF 10°%CSF 20%CSF 5%CSF 10%CSF 20°%CSF
10%Pb{OH). 10%PB{OH); 10%Pb(OH). 10%Cr{OH), 10%Cr{OH}, 10%Cr{OH),
1 0.071 0.107 0.129 0.0010 0.0009 0.0011
8 0.188 0.201 0.224 0.0042 0.0046 0.0060
15 0.270 0.288 0.320 0.0071 0.0084 0.0083
29 0.380 0.386 0.396 0.0127 0.0139 0.0147
57 0.416 0.400 0.465 0.0203 0.0200 0.0222
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P d

see of condensed silica fume (CSF) addition as cement replacement material on the properties of cement-based solidification
wvas investigated. Final semng, unconfined compressive strength, and leachability of the synthetic Jead and chromium hydroxides
ermined. CSF was used a1 0, 5. 10, and 20 wt.%. substtution for Portland cement A water-to-sclid ratio (w/s) of 0.45 was used for
a Experimental results showed that the severe retardation eflect on ordinary Portland cement (OPC) hydraton caused by lead
! a: has been minimized due to the pozzolanic effect and. as a result, the time o final setting has been significantly reduced. In
acompressive strength of the solidified wastes was increased to the highest with 10% cement replaczment but decreased to lower than
evithout CSF at 20% replacement Leaching of the amphotenic lead and chromium hvdroxides is pnmarily determined by leachate pH
iwefore lead was found in the leachales at higher concentration than chromium. € 2001 Elsevier Science Lwd. All rights reserved.

a: Stabilization/solidification; Condensed silica fume; Portland cement. Strength. Leachabilicy

roduction

Cment-based stabilization/solidification (S/S) processes
otential treatment for hazardous wastes particularly
¥ containing heavy metals. The technology aims to
ent the release of hazardous components from the
lified wastes after disposal in a landfill by limiting the
bility and mobility of the contaminants. The chemical
1ges that take place as a result of the interaction between
le components and Portland cement play an important
in controlling the qu:lity of cement-based solidified
te products [1-6).

‘he most important factor in determining whether 2
icular cement-based S/S process is effective in treating
ven waste is the reduction in the short- and long-term
hing of the waste. Leaching involves solubilization of
ies present in solid phases into the pore water and their
sport through the network of connected pores within the
dinto the bulk leachant by diffusion [7~9]. Porosity and

Corresponding author. Tel.: +66-2-470-8652; fax: +66-2-470-8660.
lemail address: suwimol.asa@kmutt.ac.th (S. Asavapisit).

-B246/01/8 — see front matter © 2001 Elsevier Science Lid. All sights reserved.
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pore size distribution have been reported to influence water
permeability of cement pastes. Low permeability is asso-
ciated with low porosity and pore size distributions that are
fine enough to minimize the transport of fluids and ions into
and from the material [10-13].

The chemistry of S/S waste also plays a key role in
controlling leaching. The presence of calcium hydroxide
maintains high pH conditions in the pore water and this
ensures that waste components such as heavy metals present
as hydroxides will remain insoluble {7]. The ingression of
acidic leachant into the pore water disturbs the chemical
equilibrium formed with the surrounding solids and this
results in solubilization of insoluble metals. Calcium hydro-
xide, which is the most readily available alkali matenal in
the solidified waste, is rapidly leached out [14]. This
dissolution of calcium hydroxide into the pore water results
in an increasing degree of capillary pore connectivity and
leads to further ingress and exposure of CSH gel, calcium
hydroxide, and encapsulated waste to the leachant.

The replacement of Portland cement by pozzolanic
materials such as silica fume, fly ash, and blast furnace slag
is known to result in the consumption of calcium hydroxide
and alkali during pozzolanic reactions. This contnbutes to

MASTERPROOF *"*
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i

p ligns (wt.%)

P CSF (g) Pb{OH) (&) CrOH):, () wis
1 0 0 0 0.45
i 5 0 0 0.45
) 10 0 0 0.45
} 20 o} o 0.45
)] o 10 0 0.45
§ 5 10 0 0.45
) 10 10 0 0.45
Yo 20 10 0 0.45
) 0 0 10 0.45
4 5 0 10 0.45
1 10 ] 10 0.45
. 20 0 10 0.45

1 poduction of secondary CSH gel to fill the void space
I cuses further reduction of capillary pores [15—18]}. It 1s
: eted that the addition of condensed silica fume (CSF)
-1odify the chemical composition of the solidified waste
duts by providing a neutral to mild alkaline environ-
1wor the encapsulated wastes. As a result, the concen-
ic gradient between the pore water in the solidified
stand the water quality of the surroundings is mini-
¢ and therefore leading to reduce leaching of the wastes
J.In this work, the effects of CSF on final setting,
ofined compressive strength, and leaching charactens-
¢ cement-based solidified wastes were investigated.

Ederimental procedure
. faterials

Clinary Portland cement (QOPC) Type 1 was supplied by
e.iam Cement Public and the CSF is from the Micro-
IV in Australia.

Lad and chromium hydroxides were prepared by pre-
sition from 1 M lead nitrate and chromium nitrate
luon by adding 10 M sodium hydroxide to control the
I.f the solution. The slurries of lead and chromium
dbxides were thoroughly mixed to achieve pH values
%%0.1 and 7.5+0.1. The slurry was vacuum filtered
fogh Whatman No. 1 filter paper and the filter cake was
ie overnight at 105°C before being ground to a particle
eof <500 pm.

Sample preparation

‘olidified waste samples were prepared by mixing 5, 10,
€20 w.% of CSF and 10 wt.% of synthetic lead and
Umium hydroxides with OPC. A water-to-solid ratio (w/
F0.45 was used to maintain good workability dunng
:sferring the sample into a cylindrical plastic mould. The
# designs are summarized in Table 1. The slurry was
ved following the standard test method ASTM C 305-94
ﬁhchievﬁ 2 uniform distribution of the solidification

binders and the metal waste before being transferred to
the plastic mould. The cement solidified metal wastes were
allowed to solidify in the sealed plastic moulds to avoid
carbonation prior to testing.

2.3. Time of setting of hydraulic cement by Vicat needle

The standard test method ASTM C 191-92 was modified
to determine the time of setting of the cement metal waste
mixes. The cement metal waste mixes were prepared at w/s
ratio of 0.45. The mixture was then transferred into the ring
and the excess mix was removed. The penetration of the
needle into the samples was determined every 15 min. The
final setting time was obtained when the needle did not sink
visibly into the mix.

2.4. Unconfined compressive strength

The unconfined compressive strength of the solidified
wastes was done following ASTM D 1633-96. A cylindrical
sample with diameter of 50 mm and height of 100 mm was
used. The compressive strength of the solidified waste
samples was determined afier cunng for 1, 3, §, 15, 29,
57, and 91 days. A set of five samples was used for
cornpression test at each cuning duration and the arithmetic
average was made from five observatons.

2.5 Dynamic leach test

Metal leaching f-om the solidified wastes was assessed
using a modified ANSI/ANS 16.1 leach test on the samples
cured for 28 days. Cylindrical samples (25 mm diameter
and 25 mm height) were suspended in a plastic netin 0.2 N
aceric acid solution, at a leachant volume-to-surface area
ratio of 20:1. The leachates were removed to determine the
pH and metal concentration was analyzed using atomic
absorption spectrophotometry. Leachant was replaced peri-
odicalty after intervals of static leaching. The leachants
were renewed at 1, 8, 15, 29, and 57 days, in order to
produce severe leaching conditions and allowing assess-
ment of leaching performance over long time periods.
Leach testing was done in duplicate to ensure the reprodu-
cibility of the data.

3. Results and discussion
3.1, Final setting of the solidified wastes

The effects of CSF on final setting of the cement metal
waste mixes are shown in Fig. 1. The time to final set of
control OPC was found to increase from 4 to 4.25 h when 5
wt.% of CSF was used, but it decreased to 4 and 3.75 h with
10 and 20 wt.%, respectively, substitution for Portland
cement. A similar effect of CSF on the final setting time
of OPC—Cr mixes was observed. It was noticed that the
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—&—CSF
—-—CSr + 10%Pb
—de—CSF + 10% Cr

S 10 15 26 25
Condensed Silica Fume (%)

.[ffect of CSF on final setting of cement-based solidified wastes.

not cause a significant effect on the final setting
the control OPC and OPC-Cr mix when compared
of the OPC-Pb mix.

,c;i hydroxide has been reported to cause severe hydra-
tardation of OPC [1,4]. For a 10-wt.% addition of
|l ydroxide to OPC, an increase in final setting time
'nd to 78 h has been observed. Lead, which is an
Jiteric metal, is extensively resolubilized in a highly
ahe environment of cement and is adsorbed onto the
iring surface of cement clinker particles and therefore
1 the availability of water for hydration reactions [1]. It
sibserved that the time to final set of OPC-Pb mixes
ased from 78 to 48, 40 and 30 h when the CSF was
#at 0, 5, 10, and 20 wt.% replacement for Portland
nt, respectively. The consumption of calcium hydro-
dand alkali by CSF during pozzolanic reactions reduced
clkalinity of the OPC-Pb system. It was possible that
teduction in alkalinity decreased the resolubilization of
ahydroxide and reduced the interfering effect on hydra-

oretardation.

- Unconfined compressive strength of solidified wastes

Fig. 2a—c show the effect of 0, 5, 10, and 20 w1.%
Alacement of CSF for Po-tland cement on the compressive
ength of the solidified wastes during the 1- to 91-day
fing periods. The results clearly show no significant effect
'CSF on compressive strength during the 1 to 3 days of
fing (Fig. 2a). The hardened cement incorporating 5- and
W% substitution during the 3 to 91 days of curing had
[Bher srength than that of the control. From this investiga-
o, the highest strength was obtained at the replacement
Vel of 10% with an increased strength of about 33%, 25%,
" 22% gained at the curing ages of 8, 29, and 91 days,
Spectively. This was considered to be the beneficial effects
flf‘tizzolanic reactions on strength, which occutred mostly
nng these curing durations [20].

In addition, a reduction in strength of the specimens
with 20% cement replacement by CSF was observed. It
was possible that the CSF, an extremecly fine particle,
acted as filler and occupied the pore space. The reduced
pore space in the OPC/CSF systems probably affected
both the OPC hydration and the pozzolanic reactions.
This is because hydration products can only grow and
occupy the space available to them, Hydration will cease

| —gp— 0% CSF —g@— $*%CSF

Compressive Strength
(MPa)

10 [ —— 10 % CSF —3¢— 20 % CSF
0 - -
0 20 40 60 80 100
Time(days)
60
| ®
50

30 4

20 |

[ —@— 10%Pb+ 0*%CSF
—@— 10%Pb+ S %CSF
—a— 10%Pb » 10 % CSF
| —%— 10%Pb + 20 % CSF

10 A

Compressive Strenpth
(MPs)

0 - —
[ 20 40 60 80 100
Time(days)
60
(c}
50 4

! —@— 10%Cr+ 0%CSF
—— 10%Cr+ 5 %CSF
—ty— 10%Cr + 10 % CSF

| e 10% Ce + 20 % CSF

Compressive Strength
{MPa)

0 20 40 60 80 100
Time(days)
Fig. 2. Swength development of the solidified waste at different CSF

content: (a) OPC/ACSF mixcs, (b) OPC/CSF/Pb mixes, and (¢) OPC/CSF/
Cr mixes.
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ypre space is filled [21). This effect probably 3 800

(aid to the lower degree of hydration and caused E 700 { ®

1eduction. 3 600 -

ir effects of CSF on strength were observed for E 500

BZ/CSF/Pb and OPC/CSF/Cr systems, as shown in 2 % 400 ]

und c. Compressive strengths of the specimens in the % E 300 J

i of Pb and Cr hydroxides were lower than those -.—-; 200 e CiFbT D nCSE
itvaste at all levels of cement replacement by CSF. S —®— 0%Pb+ 53 CSF
: . . . £ 100 —a— 0% Pb+ 0 %CSF
ix two possible explanations to this observation. The S —¥— 0%Pb~+20%CSF
i jat interfering effects caused by Pb and Cr hydro- © 0 NV
i adsorption onto the hydrating surface of cement ¢ 10 20 30 40 50 60
srbarticles incorporated into the CSH gels [1). As a Exposure Time(days)
tnese CSH gels are different from those obtained

snrmal cement hydration. Another explanation is that
qyation of clinkers in the presence of lead nitrate

:q an increase gel formation. This increased gel - 30
apn was associated with volume change in the speci- -E' 28 J (b)
' ,eading to microcracking and therefore a decrease in K
} sfssive strength [22]. = 20
25 1s |
' Inchability of metals from solidified wasies E E
N ¢ 10 -
! e,&iFhate pH of the solidified wastes after each interval of ::i, 5 | - Egéii gi%ﬁ
lre to 0.2 N acetic acid is shown in Table 2. The E -t PR AL
astive amount of lead and chromium leached from the & o - ¥ y
died wastes as a function of exposure duration is ¢ 10 20 30 40 50 60
| seted in Fig. 3a—b. Exposure Time(days)
.! I pH of leachants from the control OPC/Pb systems
nxd from an initial pH of 2.9 to approximately between Fig. 3. Cumulative amount of heavy metals leached from the solidified
ad 4.8 after each interval of static leaching (Table 2). wastes: (a) OPC/CSF/Pb and (b) OPC/CSF/Cr systems.
jerease of leachant pH was a result of dissolution of
cim hydroxide produced in large quantities during the the acid neutralization capacity of the systems with CSF was
diton reactions of OPC. Calcium hydroxide and the decreased. The development of secondary CSH during
gk?H of the pore water provided a buffering capacity to pozzolanic reactions between CSF and calcium hydroxide
¢slidified waste forms against acid attack [9]. resuited in an increased amount of i1solated pores and a shift
| ‘milar variations in leachate pH were observed for the to finer pores. This also affects acid ncun'a'lization capacity
PCSF/Pb and OPC/CSF/Cr systems except that leachate due to increased resistance to the diffusion of available
dwere lower than that without CSF. This is because alkalinity [23]. o
dum hydroxide, an OPC hydration product, was partly The cumulative arqounm of Pb leached from the solidi-
wiumed by CSF during pozzolanic reactions and therefore fied waste after leaching for 57 days were 678, 610, 584,

and 692 mg/l at 0%, 5%, 10%, and 20% cement replace-
ment, respectively (Fig. 3a). During leaching tests of the

k2 monolithic samples, the ingress of the acetic acid leachant
#hate pH of the solidified wastes at cach interval of exposure through the open and connected porosity led to a reduction
Leachate pH in the pH of the internal pore »lvater causing desorption and
it resolubilization of heavy metals.
:g;::;:;ﬂ inity_ Doy | Dwy§ Dey)s Doy Do Unlike lead hydroxide, the concentration of chromiur'n
. 29 a4 48 46 45 44 cumulated in leachates dumjng each mt_crval of static
9 41 4:6 4:5 44 4.4 leaching was much lower (Fig. 3b). This was because
29 an 4.6 4.4 4.4 4.4 lead and chromium hydroxides are amphoteric metals and
29 4.0 44 4.4 4.4 43 their solubilities are strongly dependent on leachate pH
ferc, [7,8]. Lead and chromium hydroxides have minimum
PCICr system 2o 4 » a3 solubility around pH 9.5 and 7.5, respectively, whereas
2.9 4:; ::g ::g a4 a4 the leachate pH of the solidified wastes were between 4.0
' 29 4.2 4.5 45 4.4 44 and 4.8. The pH difference between the minimum solubi-

29 4.2 4.4 4.4 4.3 43 lity of lead hydroxide and the leachates was large com-




5. Asavapisit er af. / Cement and Concrete Research 31 (2001) 1—6 .3

prtithat of chromium hydroxide. As a result, lead was
Ji5from the solidified waste products at a higher rate
{“Fomium.
| eabove data clearly indicated that there was no
jagnt effect of CSF on leaching characteristics of lead
dpmium when 5 and 10 wt% of CSF were used.
| elease was determined by chemical interactions
’njthc matenal and the leachant and by the micro-
properties of the material. The resistance of a
to acid attack depended on porosity, tortuos-
ility, and acid neutralization capacity of the matrix
jents. In pamcu]ar acid neutralization capacity was
md to have a major influence on the rate of contami-
i+ laching [7,23].

oclusions

|
T following conclusions can be drawn from this

:E'lcma] study:

SF had a significant effect on final seuing of the
C» samples. The final setting of OPC/Pb mixes
rsed with increasing level of cement replacement from
1J wt%. This is because the consumption of calcium
intide by CSF during pozzolanic reactions reduced the
ahity of the OPC/Pb systems. As a result, the interfenng
*¢ on hydration retardation caused by lead hydroxide
5 :duced.

-The highest compressive strength was obtained at the

“replacement of cement by CSF, but decreased at the

%cement replacement. It was possible that the excess

sfoccupied the pore spaces and reduced the available

at for the hydration products and therefore hmiting the

‘et of hydration.

Leaching of the amphoteric lead and chromium hydro-
ids was strongly influenced by leachate pH.

The replacement of cement by CSF resulted in
:dcing acid neutralization capacity of the solidified waste
tduct, There are two possible explanations to this
bervation. The reduced calcium hydroxide, which was
aly consumed by CSF during pozzolanic reactions,
eslted in decreasing acid neutralization capacity of the
yems with CSF. Another explanation is that the devel-
)pent of the secondary CSH duning pozzolanic reactions
talted in an increased amount of isolated pores and finer
ses in the solidified product This affects acid neutraliza-
i capacity due to increased resistance to the diffusion of
nilable alkalinity.

* Leachability of lead hydroxide was 30 times higher
tan that of chromium hydroxide, despite a similar variation
I leachate pH for both OPC/CSF/Pb and OPC/CSF/Cr
stems. This was because leachate pH of the OPC/CSF/
’Samplcs were much lower than the minimum solubility
1 of lead hydroxide itself and therefore lead hydroxide
ras likely to be resolubilized more into the leachates.
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iftects of Lead and Chromium Hydroxides
on Cement-Based Solidified Waste
Properties
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Abstract

Experiments were completed to investigate the effects of synthetic lead and chromium hvdroxides
t the properties of cement-based solidified wastes. Synthetic lead and chromium hvdroxides have
en mixed with Ordinary Portland Cement at 10. 20 and 30 % by weight and a waler-to-solid ratio of
(45 has been used throughout the experiments. The final semting, strength development and metal
tachabilir_v of the solidified wastes were determined using vicat needle. unconfined compressive
trength and a modified ANSI/ANS-16.] respectivels. It was found that the addition of lead and
hromium hydroxides interferes with the normal hydration reaction of OPC by prolonging the final
etting ume from 4 hours to 78 and 100 hours at 10 and 20% by wt. addition of lead hvdroxide and
etting was not obsered up to 130 hours when a 30 % by wi. was added. Chromium hydroxide atso
auses similar interference but the effect 15 significantly less than that of lead hyvdroxide. The
rvdration retardation caused by the addiion of lead and chromium hiydroside results in the
nicrostructural development of the solidified wastes 1o be different from that of normal cement
wdration and therefore the compressive strength of the sohdified wastes has been reduced. Leaching
>f lead and chromium from the solidified wastes is determined primarily by feachate pH. The
ingression of acidic leachant through connected porosin of the solidified wastes causes desorption and

resolubilization of lead and chromium.

Keyworks: Stabilization/Solidification. lead. chromium. Portland cement. semting. strength.
leachability

manufaciuring processes and increased reliance

‘1. Introduction on reuse and recycling

There has been increasing concemn in recent Stabilizauon/solidification {S/S) processes
years associated with the management and are potential treatments for the hazardous wastes
disposal of hazardous industrial wastes and the produced by a range of different industries.
control of their potential impact on both public Wastes suitable for this form of treatment
health and the environment. This has led to the include many tvpes of industrial sludges and
introduction of waste related laws and treatment residues which contain high levels of
regulations in many countries which have inorganic components but relatively low levels
controlled the disposal options available for of organics. The technology aims 1o prevent the
hazardous wastes and made waste producers and release of hazardous components from the
wasle management companies develop more solidified wastes after disposal in a landfill by
environmentally safe  disposal  methods. limiting the solubiliy and mobility of the
Consequently there will be significant emphasis contaminants. This  results from the
on the elimination of hazardous wastes from transformation of the waste into a monolithic

solid material and the chemical interactions
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t=veen the waste and the sohdification binders
‘radditives. The chemical changes that take
.L as a result of the interaction between waste
mponents and Portland cement play an
swortant role in controlling the quality of
i ent-based solidified waste products [1-6].

| Current solidification processing normally
mplves simply mixing wastes with binders, and
generally produces relatively poor materials.
fly are mechanically very weak in comparison
; structural concretes  and  their
ostructures normally contain high levels of
sity [7]. Slight wvariations in process
fonulation or waste compaosition could induce
unesirable effects and produce products with
ruced mechanical stability and increased
iechability [8].

| The leachability of waste consuituents from
sment-based S/S products after landfilling is
tf most important factor determining the
tiveness of the treatment process. Leaching
ontaminants may occur when cement-based

products are in contact with landfill
Ic!chate. Several leach testing procedures have
ben  developed to stmulate the landfill
evironment  and take inte account the
enolithic nature of $/S wastes [9]. These tesis
aess both the short and long-term
evironmental impact due to leaching of
hzardous constituents from S/S treated wastes.
lithis work, the interfering effects on sening
tnes, strength development and leachability of
cment-based solidified waste forms caused by
2 addition of lead and chromium hyvdroxide
vre investigated.

[ S

(74

iMaterials and methods

d Synthetic Lead and Chromium
Hydroxides
Lead and chromium hydroxides were

repared by precipitation from |M lead nitrate
1d chromium nitrate solution by adding 10M
’dium hydroxide to control the pH of the
dlition. The slurries of lead and chromium
ydroxides were thoroughly mixed to achieve a
Hof 95+0.1 and 7.5%0.1. The slurry was
acuumn filtered through Whatman No.1 filter
aper and the filter cake dried overnight at
05°C before being ground to a particle size of <
00um,

2.2 Sample Preparation

Solidified waste samples were prepared by
mixing synthetic lead and chromium hvdroxides
with OPC at 10, 20 and 30% by weight. A water
to solid ratio of 0.45 was used 10 maintain good
workability when transferring the sample into a
cylindrical plastic mould. The slurry was mixed
following the standard test method ASTM C
305-94 to achieve a uniform distribution of
metal waste before being transferred to the
plastic mould. The cement solidified metal
wastes were allowed to solidify in the sealed
plastic moulds 0 avoid carbonation prior to
testing.

2.3 Time of Setting of Hydraulic Cement by

Vicat Needle

The standard test method ASTM C 191-92
has been modified to determine the time of
serting of cement metal waste mixes. The
cement metal waste mixes were prepared at w/s
ranc of 0.45. The mix was then transferred into
the ring and the excess mix was removed. The
penetration of the needie was determined every
15 minutes for the control cement paste and
every 30 minutes for the cement metal waste
mix. The final setting nume 1s obtained when the
needle does not sink visibly into the mix.

2.4 Unconfined Compressive Strength

The unconfined compressive strength of the
solidified wastes was done following ASTM D
1633-96. The size of the cvhirdrical sample was
modified to a diameter of 30 mm. and height of
100 mm. The compressive swrength of the
solidified waste samples was determined after
curing for 1, 3, 8, 15,29. 57 and 91 days.

2.5 Dynamic Leach Test

Metal leaching from the solidified wastes
has been assessed using a modified ANSIVANS
16.1 leach 1est on the samples cured for 28 days.
Cylindrical samples (25 mm. diameter and 25
mm. height) were suspended tn a plastic net in
0.2N acelic acid solution, at a leachant volume
10 surface area ratio of 20:1. The leachates were
removed to determine the pH and metal
concentration and the leachant was replaced
periodically after intervals of static leaching.
The leachants were renewed at 1, 8, 15, 29 and
57 days. This produces severe |eaching
conditions and allows assessment of leaching
performance over Jonger time periods.
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Results and Discussion
Time of Setting of the Solidified Wastes
Time of setting of ordinary Poriland cement
IPC) in the presence of 10. 20 and 30% by
yight of swynthetic lead and chromium
wroxides are presented in Figure 1 and 2. The
jal setting time of mixes with 10 and 20% by
addinons of lead hydroxide were 78 and 100
rs compared to 4 hours for control OPC
Jereas those mixes with 10, 20 and 30% by wt.
ition of chromium hvdroxide were 5, 6.5 and
? hours respectively. It is noticed that the final
sting time of the lead doped OPC is much
ger than that of the chromium doped OPC
3d the final senting had not occurred up 1o 150
hurs of observation when a 30% by wit. of lead
kdroxide was added. This suggests that lead
kdroxide causes more interference on normal
Vdration of OPC than chromium hvdroxide.
Both lead and chromium hvdroxides are
nphoteric metals which were extensively
isolubilized under highly alkah environment of
tment and adsorbed onto the hvdraung surfaces
" cement clinker paruicles causing hvdration
tardation [1, 10]. It is possible that the
lsorption of hwvdroxy lead ion onto the
ydrating surfaces of cement clinker particles
:ads to the formation of less permeable coatings
‘hich cause more severe retardanon of normal
ement hvdration than that of chromium.

.2 Unconfined Compressive Strength of the
Solidified Wastes

Figure 3 and 4 show the compressive
: rength of the solidified wastes doped with 10,
0 and 30% by weight of lead and chromium
iydroxides as a function of curing time. The
nterfering effect of lead and chromium
tydroxides on OPC hydration results in a lower
ate of strength development of the solidified
~vaste forms compared to control hardened
tement. It was found that strength has not been
developed during the first day of curing when
lead hydroxide was added at 10 and 20% by
weight, and up to 3 days of curing with 30% by
weight addition.

It was also noticed that there is a decrease
in compressive strength of the solidified waste
forms with an increase in the concentration of
lead and chromium hydroxides addition. Jt is
possible that lead and chromium hydroxides
which were adsorbed onto the hydrating surface
of cement clinker particles were incoporated

into the CSH gels. It was reported that hydration
of clinkers in the presence of 16% by weight of
lead nitrate induced an increased gel formation
[11]. This increased gel formation is associated
with volume change in the solidified waste
forms which leads to micocraking and as a
result, a decrease in compressive strength was
observed.

3.2 Leachability of Metals from the Solidified

Wastes

l.eachate pH of the solidified wastes afier
each interval of exposure ts shown in Table 1.
The cumulative amount of lead and chromium
leached from the sohdified wastes as a function
of exposure duration is presented in Figure 5
and 6.

The pH of leachants from control QPC
samples changed from an imual pH of 2.9 10
approximately berween 4.2 and 4.7 at different
exposure duration. Similar variations in leachate
pH were observed for both lead and chromium
doped OPC samples. An increase of leachant pH
1s a result of dissolution of calcium hvdroxide
which ts produced in large quantities during the
hyvdration reactions of OPC. Calcium hydroxide
and the high pH of the pore water provide a
buffering capacity to the solidified waste forms
against acid attack [12].

The cumulative amounts of lead and
chromium leached from the sahidified wastes in
the presence of 10. 20 and 30% by weight of
lead and chromium hvdroxides after leaching for
37 davs were 688, 1,438, 3.548 and 21. 48 151
mg’/l  respectively, Metal hydroxides are
amphoteric metals and their solubilities are
strongly dependent on leachate pHs []13]. Lead
and chromium hydroxides have minimum
solubility around pH 9.5 and 7.5 whereas
leachate pHs of the solidified wastes were
berween 4.4 and 4.8. The difference between
minimum solubility of lead hvdroxide and
leachate pH is large compared to that of
chromium hydroxide. As a result, lead was
released from the salidified wastes at a higher
rate than chromium.

It is also possible that lead hydroxide causes
more severe hydration retardation  than
chromium hydroxide and this results in poor
microstructural development of the solidified
wastes which contain a high level of porosity.
During leaching tests of monalithic samples the
ingress of the acetic acid leachant through the
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and connecied porosity leads to a reduction

_“the pH of the internal pore water causing
i+iorption and resolubilisation of heavy metals.

Conclusions
The foliowing conclusions can be drawn
from this work:

>

Lead hydroxide causes more severe
hvdration retardation than chromium
hydroxide as is indicated by the longer
final serting time and lower rale of
strength development of the solidified
wastes.

The interfering effects caused by the
addition of lead and chromium
hydroxides increase with the increasing
addition of heavy metals.

Lead and chromium  hvdroxides
interfere  with the normal cement
hvdration by adsorption onto the
hydrating surface of cement clinker
particles and thus reducing the inward
diffusion of water to the cement grains.
Compressive strength of the solidified
wastes decreased with increasing waste
loading. Although strength requirements
for solidified wastes are not as imporiant
as those for structural concretes. failure
to obtain adequate strength 15 an
indicator of a poor microsturcture and
may be expected to lead to increase
leaching.

* leaching of the amphoteric lead and

e —

'Thai

chromium from the solidified wastes is
strongly dependent on leachate pH.
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i‘able 1 Leachate pHs of the solidified wastes at each interval of exposure.

Sample Leachate pHs
inual Dayv 1 Day 8 Day 15 Day 29 Day 57
OPC 2.9 4.2 4.7 4.6 4.6 4.6
| OPC + 10% P(OH), | 2.9 a3 4.7 46 a4 45
| OPC.+ 20% Pb(OH), 2.9 43 4.7 4.3 4.3 4.4
OPC + 30% Pb(OH), 29 43 4.6 4.2 4.3 4.3
OPC + 10% Cr(OH), 29 44 4.8 4.4 4.4 45
|
OPC + 20% Cr(OH), 2.9 4.4 4.8 4.5 4.5 45
OFC + 30% Cr(OH) 2.9 4.4 4.6 44 4.4 4.5
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Abstract

Durability of cement-based solidified wastes against different acid attack was investigated. The
cement-based solidified wastes containing svnthetic lead and chromium hvdroxides at 0. 10. 20 and 30
wt.% were exposed to 0.5N acetic, nitric and sulfuric acid solutions. The percentage weight change of the
cement-based solidified wastes after exposure to acids for different duration was determined and the
physical appearance was inspected. Experimental results showed that sample weight loss increased with
increasing exposure duration in acetic and nitric acids. but at a decreasing rate. An increasing weight loss
was also observed from samples with high concentration of lead and chromium hvdroxides Exposure 1o
sulfuric acid resulted in the deposition of insoluble gvpsum on the surface of the solidified wastes and as a
result 2 gain in weight was found. In addition. resistance of the cement-based solidified waste matnces
against acid attack was in the following order: sulfuric > acetic > nitnic acid.

Keyworks: Stabilization/Solidification. lead hydroxide, chromium hvdroxide. Portland cement. acid attack

1. Introduction controlling whether or not a waste has been
Landfill remains the major method used for successfully sohdified.
the disposal of hazardous industrial wastes in Cement solidified waste matenals are alkali in
Thailand. Despite continuing efforts to promote nature and therefore they are wvulnerable 1o acid
waste reduction, recvcling, reuse and clean attack. The alkali matenals in the pore water. and
manufacturing technologies, some wastes will especially calcium hvdroxide were consumed by
always remain which require safe disposal to  the acid and rapidly depleted. resulting in the
landfill. Pre-landfill treatment of hazardous  cement matrix being significantly decalcified [1-
industrial wastes is therefore likely to be required 2]. The dissolution of calcium hyvdroxide crystal
in order to ensure their long-term safe disposal. and the extensively decalcified calcium silicate
The relative simplicity of cement-based hydrate (CSH) gels results in increased porosity
solidification processes and the ability of ordinary and enlarged threshold capillary pores in the
Portland cement (OPC) and other pozzolanic leached lavers [3]). This causes self-acceleratng
materials to treat a wide vanety of wastes. and leaching and matnix detenoration to occur (4]
particularly those containing heavy metals. has Tl_lese changes would cause progressive
made this an attractive pre-landfill waste treatment mxcrostrucrurg.l breakdown and loss of mechanical
technology for selected wastes. Environmentally strength  which eventually leads to complete
acceptable  cement-based  sohdified  waste Fhsmtcgrauon of Fhe sohidified waste and greatly
materials must retain waste COmpODENts OVEr Very increased geometncal surface area for leaching.
long time periods. This relies on both chemical Durability of hardened cement paste. mortar
and physical immobilization  mechanisms and  concrete against  different  chemical
produced by the cementitious binder materials. degradation was studied by several researchers [5-
The long-term durability of the materials under the 12]. Although extensively studied. the durability
imposed disposal conditions is also a key factor of the solidified waste matenals is largely untested

and therefore the long-term performance of



ement-based solidified wastes must remain open
» question.
|
Materials and Methods
.1 Synthetic Lead and Chromium Hydroxides
Two synthetic waste sludges were prepared by
recipitating lead and chromium from IM Pb
NO;). and Cr(NOs); solutions by adding 10M
|':odium hydroxide to pH 95+0.1 and 7.5£0.1,
pectively. The sludges were vacuum filtered
!‘Etough Whatman No.] filter paper and the filter
a«zake dried overnight at 105°C before being ground
hto a particle size of < 500 4 m and stored in sealed

glass bottles.

.2 Sample Preparation

Solidified waste samples were prepared by

mixing svnthetic Pb(OH). and Cr(OH); with OPC
at 0. 10. 20 and 30 wt.%. A water to solid ratio of
045 was used to maintain good workability
duning transferring the sample into a cvlindncal
' iplastic mould (25 mm high and 25 mm diameter).

The slurrv was mixed following the standard test
'method ASTM C 305-94 to achieve a uniform
'distnbution of metal waste before being

transferred to the plastic mould The cement

solidified metal wastes were allowed to solidify in

the sealed plastic moulds for 28 davs to avoid

carbonation prior to testing,.

i 2.3 Corrosion Tests

: Three acids were used to study the corrosion

- of the solidified waste samples. Acetic acid is a
weak acid. which 1s generated dunng the
decomposition of organic matters under anaerobic
conditions. Nitric and sulfunic acid are strong
mineral acid, which were used to simulate acid
rain. Each acid was used at a concentration of
0.5N. The initial pH of acetic, nitric and sulfuric
acid solutions 1s 2.4, 0.5 and 0.8 respectively.

The weight and dimension of the cylindncal
samples were recorded prior to testing and a
constant volume of acid solution to sample surface
area of 20:1 was used to ensure that all surfaces of
the samples were contacted with solution. The
solidified samples were suspended in the
geometric center of the solution in a closed system
under static condition. Three sets of 5 samples
with the same composition were suspended in five

different bottles containing each acid solution.
Each set of samples was exposed to acetic. nitnc
and sulfuric acid solutions, respectively for 1. 8.
15, 29 and 57 days. One bottie from each set was
removed after each exposure time for analvsis,
The tests were completed in duplicate to confirm
the reproducibility of the test results.

3. Results and Discussions
3.1 Corrosion due to acetic acid

Weight change data of cement-based
solidified wastes exposed to 0.5 N acetic acid as a
function of time 1s shown in Figure la and b
Results showed that the percentage weight loss
from the samples graduallv increased with
increasing exposure duration. but at a decreasing
rate.

A cement-based solidified waste consists of
the hydration products of various constituents.
mainly CSH gel and calcium hvdroxide. waste
components. unreacted cement clinker phases and
the residue of the water-filled pores. These pores
present n the solidified wastes formed the
capillary porosity. The ingression of an aggressive
acetic acid leachant into the pore water disturbs
the chemical equilibnum formed with the
surrounding solhids and thts mav result 1n
solubilization of insoluble components. Ca(OH)-
1s the most readily available alkali matenal in the
solidified waste and is solubilized when the pH
drops below 12 [13]. The dissolution of Ca(OH)-
results in an increase degree of capillanv pore
connectivity and leads to further ingress of the
acid leachant. As a result. an extensivelv
dissolution of Ca{OH)- and decalcification of
CSH gels occurred. This leads to the formauon of
macropores and macrocracking present in the
corroded layer.

It is observed that weight loss from the
solidified wastes increased with increasing
concentration of Pb(OH). and Cr(OH); in the
mixes. The increase concentration of Pb(OH)- and
Cr(OH); resulted in a decrease cement content and
therefore the ability of the solidified waste
matrices to neutralize acid was reduced. In
addition, the interfening effects of Pb(OH); and Cr
{OH); on OPC hydration could induce a poor
microstructure development of the solidified



astes.[14] As a result, the resistance of a cement
jatrix to acid corrosion was reduced.

.2 Corrosion due to nitric acid
Similar effect on all cement-based solidified
rastes after exposure to 0.5 N nitric acid was
bserved, but at a greater rate of weight loss than
cetic acid (Figure 2a and b). Nitnic acid is a
trong muneral acid, which dissociates completely,
d form highly soluble calcium nitrate.
According to the higher solubility of calcium
nitrate (266.0 g/100g water at 0°C) compared to
xalcium acetate (43.6 g/100g water at 0°C),
calcium nitrate was likely to precipitate in the
orous corroded layer of the solidified wastes less
calcium acetate [1]. This resulted in a lower
diffusion resistance of the corroded layer and a
greater rate of corrosion caused by nitnc acid was
observed.

3.3 Corrosion due to sulfuric acid
Figure 3a and b show weight change data of

cement-based solidified wastes at different

exposure duration in 0.5 N sulfuric acid. A gain In
weight of cement-based solidified wastes after
exposure to sulfunc acid was observed. Similar
observation was reported by several researchers
that the weight gain was caused by the deposition
of gypsum on the surface and in the porous

corroded laver of the solidified wastes [5. 15, 16].

Gvpsum. which i1s formed by the reaction between

sulfate ion and calcium hvdroxide, has very low

solubility (022 g/100 g water. at 0°C) [I].

Formation of this insolubie gvpsum layer can

prevent the solidified waste matrices from further

deterioration upon contacted with sulfunc acid.

However, this gvpsum layver was loosely

connected with the solidified waste and spall off

spontaneously. This implies that the sohdified

waste was substantially deteriorated. although at a

much slower rate compared to acetic and nitric

acid.

3.4 The physical appearance of the solidified
wastes after exposure to different acids
There were cracks formed on the surface of

the cement-based solidified wastes after exposure

to acetic and nitric acids (Picture 1). The cracking
surface was soft, porous and lighter in weight than
the control. This cracking surface was reported to

- be composed mainly of silicon dioxide with only

small percentage of other oxides (2] After
dehvdrated the tested solidified waste in air for a
period of time. the cracking surface was easilyv
split into fragments. In the case of sulfuric acid
exposure, the solidified waste was swelling due to
the formation of a layer of gypsum on the surface.
In addition. the physical appearance i1s consistent
with the weight change results.

4. Conclusion

Cement-based stabiltization/solidification
processes have clear advantages as pre-landfill
waste treatment methods for certain tvpes of
hazardous industrial wastes. However. a lack of
knowledge concerning immobilization and
interfenng mechanisms, and doubts over long-
term performance have limiting the wider use and
acceptance of this waste treatment technology.
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Figure 1 Effect of 0.5 N acetic acid on weight change of the solidified wastes in the presence of:

(a) Pb(OH); and (b) Cr(OH)s
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Figure 2 Effect of 0.5 N nitric acid on weight change of the solidified wastes in the presence of:

(a) Pb(OH): and (b} Cr{OH);
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Picture 1 The physical appearance of the sohidinied wastes atter exposure to different acids for 8 days :

a) Control: by acetic acid: ¢y nitnic acd. and d) sultunc acid






