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bstract

A framework for the evaluation of leaching behavior of inorganic constituents from stabilized/solidified refinery oily sludge and ash produced
rom incineration of oily sludge with cement was employed. Metal and anion release as a function of pH was investigated. The leaching test
onsisted of multiple parallel extractions at pH range from 2 to 12. Remarkably good immobilization >98% was observed for metals of solidified
sh at pH > 6 and >93% of solidified oily sludge at pH > 7. Sulfate leaching was high at pH range 2–12. The leaching behavior of metals and anions

as simulated by VMINTEQ. The calculations showed that leaching behavior of Zn, Ni and Cu was controlled by chemical equilibrium and surface

omplexation onto ferrihydrite, at the pH range 2–12. The dominant solid phases that controlled metal leachability were metal hydroxides. The
ominant mechanism that described sulfate leaching was found to be chemical equilibrium. Sulfate and also chromate leachability was controlled
y Ettringite and Cr(VI)Ettringite as the major minerals affecting their release.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many leaching tests have been developed, evaluated and
pplied to a variety of materials and waste for regulatory pur-
oses, waste management, environmental impact assessment
nd for scientific purposes [1,2]. Toxicity Characteristic Leach-
ng Procedure (TCLP) is a leaching test that has been used for

ost of these purposes. Although TCLP is one of the most
idely used leaching tests, it has come to unfavorable criti-

ism. There are limitations of using the TCLP for simulating
he leaching of contaminants in landfills. These limitations have
esulted in legal challenges concerning the failure of the US EPA
o provide adequate justification for specifying the TCLP for

he classification of several industrial wastes [3]. Recent studies
ave shown that the TCLP may not accurately measure the abil-
ty for arsenic to migrate from a landfill [4]. Poon and Lio [5]
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as reported TCLP limitations and the EPA Science Advisory
oard criticized the protocol on the basis of several techni-
al considerations, such as leaching kinetics, liquid to solid
atio, pH, potential of colloid formation, particle size reduction,
ging, volatile losses, and codisposal with other waste [6]. In
he present study, an alternative to TCLP framework was used
or the evaluation of leaching of inorganic constituents from
tabilized/solidified oily sludge and ash. This alternative was a
eaching test for alkalinity, solubility and release of metals and
nions as a function of pH [6].

A metal ion may be immobilized into the cement matrix.
t may either be bound in the alkaline cement matrix as an
xide or mixed oxide, be sorbed to surfaces, or be incorpo-
ated into cement minerals [7]. Recently, incorporation of Zn
o the interlayer or sorption to internal surface of Calcium Sili-
ate Hydrate (CSH; CaOSiO2·xH2O) which is a mineral formed
uring cement hydration, have been proved [8–10]. Surface
omplexation modeling, with a modified triple layer model, was

sed to describe Zn sorption onto ferrihydrite (Fe(OH)3(s)) [11].
hu has estimated surface precipitation constants for sorption
f divalent metals M2+ (e.g. Ni2+, Cu2+, Zn2+) onto ferrihydrite,
nd concluded that surface complexation dominates sorption at
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Measured amounts of R oily sludge samples were placed
into a stainless steel container, capable of resisting temperature
above 1200 ◦C, without being disintegrated. The temperature of

Table 1
Chemical composition of II-45 OPC and natural pozzolan contained in II-45
OPC, determined by XRF analysis

Component II-45 OPC (wt.%) Natural pozzolan of
II-45 OPC (wt.%)

SiO2 28.3 64
Al2O3 8.7 14
Fe2O3 3.6 5
CaO 50.8 7
MgO 2.2 1.5
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ow dissolved metal concentrations [12]. Ni uptake by blended
ement has been attributed to the formation of a 4:1 Ca:Ni
hase, which was thought to replace Ni(OH)2 as the solubility-
imiting phase in cement systems. However, X-ray diffraction of
i-doped cement pastes showed only the presence of a poorly

rystallized Ni(OH)2 gel [13]. Under highly alkaline condi-
ions, Ni–Al–oxyhydroxides were potential host phases for Ni in
ement, but, nevertheless, Ni(OH)2 was present to some extent
13]. The pH-dependent adsorption and coprecipitation of Cu
ith the hydrous oxides of Fe and Al were previously reported
y Karthikeyan et al. [14]. They also applied a generalized two-
ayer model on Cu adsorption onto ferrihydrite over a range of
H and surface loading conditions, and found that it was satisfac-
ory for low sorbate/sorbent ratios where metal oxide interaction
s adequately described as Cu2+ coordination to surface func-
ional groups [15].

Another mineral affecting metal immobilization in the
ement matrix is Ettringite (Ca6[Al(OH)6]2(SO4)3·26H2O),
ecause of its abundance and appropriate structure [7,16]. Sev-
ral publications [17–19] showed that Ettringite is one of those
inerals that can contain in its structure anions and oxyanions

s well as cations. Anion substitution in Ettringite can take place
ither by reacting with surface sites (ligand exchange) or by sub-
tituting inside the channels for sulfate (isomorphic substitution)
14,18]. Anionic substituted Ettringites have been reported and
ynthesized for AsO4

3−, B(OH)4
−, CO3

2−, CrO4
2−, NO3

−,
H−, SeO4

2−, SO3
2−, and VO4

3−. In cementitious material,
(OH)4

−, CrO4
2−, MoO4

2−, SeO4
2−, and SO3

2− also have
een shown to serve as interlayer anions [17]. In such cement-
atrices, because of their high alkaline environment, it is com-
on that chromium speciation is dominated by CrO4

2− above
H 8 [20]. Ettringite can also be found in cement-related materi-
ls, such as in cement-solidified waste. Contrary to substitution,
t extremely low concentrations, below the threshold for pre-
ipitation, contaminant availability tends to be controlled by
orption mechanisms [21].

In this study, the leaching behavior of metals and anions
eleased from solidified/stabilized refinery oily sludge and ash
roduced by incineration of refinery oily sludge, was examined
y means of the alkalinity, solubility and release as a function
f pH test. Refinery oily sludge and ash are classified as haz-
rdous wastes. Metals and anions, contained in such waste are
otential contaminants to groundwater and soil. Cement-based
tabilization/solidification is a low cost treatment process, which
as been widely applied to waste containing radioactive con-
aminants, heavy metals, and other hazardous substances. In
ome cases treatment technologies, such as incineration, are not
feasible option, either because of unavailable infrastructure or
f high cost. Thus, alternative treatment technologies must be
pplied. Stabilization/solidification aiming to landfill disposal is
ertainly one of them. Data about metal and anion leaching from
eal refinery oily sludge and incinerated refinery sludge, stabi-
ized/solidified with II-45 ordinary Portland cement (OPC) as a

unction of pH, are scarce or do not exist. Much work has been
one about leachability of metals using the TCLP protocol, but
ecause of its recent criticism, in this work a new leaching frame-
ork [6] was applied. The work focuses on the immobilization
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echanisms, which control the leaching behavior of metals and
nions. For this purpose, in addition to leaching experiments, the
omputer program Visual MINTEQ was employed. Metals were
ssumed to be mainly in the form of hydroxides and simulated
y chemical equilibrium and surface complexation using diffuse
ayer model (DLM). Sulfate leaching was simulated by chemical
quilibrium and chromate by chemical equilibrium and sur-
ace complexation. Cr(VI)Ettringite, Ettringite, ZnSO4(s), and
e2(SO4)3(s) were considered for sulfate leaching and CaCrO4(s)
or chromate leaching.

. Materials and methods

.1. Oily sludge and incinerated oily sludge

Sludge samples were obtained from a Greek refinery (R). The
samples originated from a centrifuge unit, which contained a
ixture of different kinds of oily sludge, such as API type grav-

ty separator sludge and dissolved air flotation (DAF) sludge.
he purpose of the centrifuge unit was to recover and reuse the
ydrocarbon fraction contained in the sludge. The incinerated
ily sludge (IR) (ash) was produced by incineration of the R
amples in a laboratory kiln.

.2. Binding materials

The ordinary Portland cement (OPC), II-45, was obtained
rom TITAN Cement Company SA. The II-45 OPC contains
ozzolanic material (natural pozzolan 7%, w/w). The chemi-
al composition of the cement and its pozzolanic component
as determined by XRF analysis (Table 1). For the stabiliza-

ion/solidification (S/S) process, ultra-pure water was used in
rder to minimize contamination of the solidified specimens by
onstituents contained in the water. Ultra-pure water (ASTM
ype I, ISO 3696) was prepared using the system USF-ELGA,
HQ II.

.3. Incineration procedure
2O 2.0 2.5
O3 3.2 –
ost on ignition 5

otal 98.8 99
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ncineration was set at 950 ◦C. The kiln was not pre-heated, to
void self-ignition of the waste. The samples were incinerated
or 2 h, then, they were let gradually cool and particle reduced.
fter mixing, the samples were incinerated for two additional
ours. The characterization of the incinerated oily sludge (ash)
howed that total solids were 99.9% (standard deviation; S.D.:
0.01) and 0.1% (S.D.: ±0.001) moisture (on wet weight basis).
he remainder of the parameters were: COD (chemical oxygen
emand) (mg O2/g): 0, VS (volatile solids): 0% and FS (fixed
olids): 100%, on dry weight basis. The analytical methods used
or determination of the above parameters were according to
tandard Methods [22].

.4. Stabilization and solidification

Measured amounts of OPC were added to known amount of
ncinerated sludge or oily sludge, followed by addition of ultra-
ure water at water to binder ratio of approximately 0.4. The
lurries were mixed manually, using a plastic bowl and a rub-
er spatula. After mixing, the slurries were poured into plastic
ylindrical molds. Air bubbles in the paste were removed by
apping the mold with approximately 40 hits (for about 1 min).
he molds then were exposed to ambient air. The samples were
ured at approximately 24 ◦C in the laboratory for 28 days. The
ured samples were demolded and ground to pass through a
00 �m sieve before used in the release as a function of pH
eaching test. The total weight of a solidified sample is given
y T = W + B + Wa, where T is the total weight (g) of the S/S
pecimen, W is the waste wet weight (g) which has been used
or every S/S specimen, B is the weight (g) of the binder addi-
ive and Wa is the added water (g). The value of B is given by
= [(B%)W]/100 and (B%) is the percentage of the binder added
ith respect to the sludge wet weight. The amount of OPC used

n all S/S experiments varied from 10% to 50% with respect to
he wet weight of sludge, as it is shown in Table 2.

.5. Alkalinity, solubility and release as a function of pH

eaching test

The alkalinity, solubility and release as a function of pH
eaching test consists of 11 parallel extractions of particle

s
w

able 2
etailed description of sample mixtures

ixture name Oily sludge (g) Incinerated oily
sludge (g)

100 –
R – 100
I-45 CSa – –

II-45 30%b 100 –
II-45 40% 100 –
II-45 50% 100 –

R II-45 30% – 100
R II-45 40% – 100
R II-45 50% – 100

a Cement sample.
b 30% = (30 g cement/100 g waste) × 100.
azardous Materials 141 (2007) 591–606 593

ize reduced material at a liquid to solid (L/S) ratio of
0 mL extractant/g dry sample. An acid or base addition sched-
le was formulated for 11 extracts with final solution pH values
etween 2 and 12 through addition of aliquots of 2 mol/L HNO3
r 1 mol/L KOH as needed [6]. The natural pH of the sample
as included in the titration schedule, as one of the parallel

xtractions. In some cases, where more detailed description of
he solubility was necessary, more than 11 parallel extractions
ere conducted.
A preliminary pH titration test was used in order to decide

he final titration schedule. A sample mass of 8 g dry sample was
dded in ultra-pure water at L/S ratio of 100 mL/g dry sample
t room temperature of 20 ± 2 ◦C. The natural pH of the sam-
le was measured after 25 min of stirring and 5 min of settling.
epending on the natural pH of the sample small aliquots of
00–500 �L acid (2 mol/L) or base (1 mol/L) were added, as
equired to formulate a titration curve. The titration curve cov-
red the range from pH 1.5 to 13 and showed the pH response as
function of the equivalents of acid or base added per dry gram
f sample.

Then, a known amount of sample was placed into borosil-
cate glass bottles, ultra-pure water was added at L/S ratio of
0 mL/g dry sample and acid or base was added according to
he pH target. The bottles were tumbled in an end-over-end
ashion at 28 ± 2 rpm for a period of 48 h. Afterwards, the bot-
les were allowed to settle for 1 h and a small fraction of the
upernatant leachate was transferred to a beaker for pH deter-
ination. The remainder of the leachate was separated from the

olid by vacuum filtration through 0.45 �m polypropylene filtra-
ion membranes. Analytical samples of leachates were collected
or metal determination.

The pH values of the stabilized/solidified samples and their
eachates were determined using a InoLab Level 2 WTW pH

eter and a SenTix 60 glass electrode calibrated with buffer
olutions at pH values 4, 7 and 10.

.6. Acid neutralizing capacity test
The oily sludge was ground to pass a 150 �m sieve. Oily
ludge was subdivided into 11 sub-samples, each of 3 g in
eight. Each sub-sample was placed in an Erlenmeyer flask

II-45 OPC addition (g) Actual % of cement
in the specimens

– –
– –

100 100
30 23.1
40 28.6
50 33.3
30 23.1
40 28.6
50 33.3
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Table 3
Concentrations of metals in the oily sludge and ash

Metal Dry weight oily
sludge (mg/kg)

Dry weight ash
(mg/kg)

Dry weight II-45
cement (mg/kg)

Fe 282,936 (3.5)a 288,445 (5.5)
Cu 719 (10.4) 1317 (4.3) 39
Co NDb ND 11
Cd ND ND 1
Cr 222 (8.2) 607 (8.5) 35
Pb 119 (7.8) 242 (21.6) 8
Ni 192 (6.1) 832 (8.3) 89
Zn 1000 (1.6) 1529 (2.5) 120
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a The numbers in parenthesis are %R.S.D. (n = 6).
b Not detected.

nd an increasing amount of nitric acid (2 mol/L) was added in
ach successive flask. The flasks then were tumbled strongly at
oom temperature for 48 h to reach equilibrium. At this point,
he pH was measured [5]. In order to maintain sample integrity,
rying of the oily sludge was deemed inappropriate. In such a
ase, volatile organic loss and altering the original structure of
he solid would have occurred.

.7. Determination of metal concentration

Prior to analysis, all samples were prepared according to
ethod 3050B USEPA [23]. Concentrations of Zn, Fe, Ni, Cu,

nd Cr were determined by flame atomic absorption spectropho-
ometry (Varian, SpectrAA 220). Where strong matrix effects
rose because of the nature of the incinerated or oily sludge,
etal concentrations were determined using the Standard Addi-

ion Method [24]. The determination of metals in oily sludge
nd ash is presented in Table 3. As expected, metal concentra-
ion was higher in ash than in sludge. The concentration of Fe
as very high in both wastes. The presence of Fe is important
ith respect to immobilization of metals, due to their sorption
nto iron oxides. Co and Cd were not detected.

.8. Determination of anion concentration

An ion chromatography method was developed to determine
he concentration of the following anions: F−, Cl−, NO2

−, Br−,
O4

3−, SO4
2−, SCN- and the oxyanions CrO4

2−, MoO4
2− and

eO4
2−. From these anions only SO4

2−, CrO4
2− and in some

ases F− and Cl− were detected in the extracts. The addition
f high concentration of nitric acid in these extracts prevented
he determination of NO3

− originally present in the leachate.
or anion determination an ion-suppressed chromatography was
mployed. The high pressure liquid chromatography (HPLC)
ystem consisted of an anion suppressor (DS-Plus Alltech), an
nion separation column (Allsep anion 7 �m, Alltech) and a
onductivity detector (550 conductivity detector, Alltech). The
luent was 0.85 mM NaHCO3/0.9 mM Na2CO3 at a flow rate of

.2 mL/min at 35 ◦C. The same temperature (35 ◦C) was used for
he detector. The injection volume was 20 �L. A four-point cal-
bration was used and calibration curves were developed with
2 = 0.993 for SO4

2− and r2 = 0.985 for CrO4
2−. Anion con-

a
p
t
m
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entration was determined according to USEPA and Standard
ethods [25,22]. The pH values of the stabilized/solidified sam-

les were determined using an InoLab Level 2 WTW pH meter
nd a SenTix 60 glass electrode calibrated with buffer solutions
t pH values 4, 7 and 10. Reference solution pH measurements
ere repeated routinely to check for any drift in pH.

. Modeling

Two models, the adsorption diffuse layer model (2-pK DLM)
nd the chemical equilibrium model, were employed to describe
he leachability of Zn, Ni, Cu, SO4

2− and CrO4
2− from untreated

nd S/S waste, in the pH range 2–12.
The DLM cannot distinguish between inner- and outer-sphere

omplexes [26] and it assumes that all surface complexes are
nner-sphere complexes. A diffuse layer of mobile point charges
djoins directly to the surface hydroxyls and complexes in o-
lane [27]. The diffuse layer initiates at the d-plane and extends
nto the solution phase. The model employs the infinite dilu-
ion reference state for the solution and a reference state of
ero charge and potential for the surface [28]. The relationship
etween the surface charge and the surface potential is defined by
lectric double-layer theory [28,29]. Ionic species adsorption is
onsidered to occur on two types of sites, high-affinity and low-
ffinity [28]. DLM in the computer program VMINTEQ treats
dsorption as a surface complexation reaction (that is, the reac-
ion is treated as analogous to a solution phase complexation
eaction governed by a mass action equation) and accounts for
he electrostatic potentials at the charged surface [26]. The chem-
cal equilibrium model formulates multiple-component chemi-
al equilibrium problems. The program solves simultaneously
he nonlinear mass action expressions and the linear mass bal-
nce relationships [30].

The computer program Visual MINTEQ (VMINTEQ ver.
.3) [26] was used to simulate adsorption, precipitation and
queous reactions. The Visual MINTEQ is based on the
INTEQA2 (US EPA ver. 4.0) program and it is very similar to

t. It utilizes thermodynamic databases, which are largely iden-
ical to MINTEQA2 (ver. 4.0), but some additions and changes
ave been made according to the most recent findings and con-
tants revisions (NIST 46, ver. 6.0 and 7.0). Surface parameters
nd equilibrium constants used in the DLM adsorption, pre-
ipitation and aqueous reactions were provided by the standard
atabases in the chemical equilibrium program Visual MINTEQ.

. Results

.1. Preliminary pH titration test

Useful information about the buffering capacity of the waste
nd its stabilized/solidified specimens was obtained based on the
H pre-test. The acid buffering capacity of the solidified sam-
les was in every case higher than this of the waste alone (Fig. 1)

nd lower than that of the cement-binding agent (Fig. 1B). The
H titration curve of untreated oily sludge was conducted using
he acid neutralizing capacity (ANC) test (Fig. 1A). The pH

easurement of the oily sludge was impossible with the pH
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ig. 1. Preliminary pH titration test of: (A) oily sludge (R) and its S/S specime
PC. The negative mequiv. HNO3 represents the addition of 1 N KOH.

re-test, because, due to its high content of petroleum hydro-
arbons, the sludge had the tendency to form clots after contact
ith the aqueous medium. As a result, equilibrium could not
e reached within the limited contact time (20 min) required by
he pH pre-test procedure. On the other hand, the ANC test pro-
ided a 48 h contact time with the waste, and equilibrium was
eached. The pH titration test showed that solidified oily sludge
nd ash with II-45 cement increased their buffering capacity
s the cement percentage in the specimens increased (Fig. 1).
owever, the solidified ash did not have the same behavior with

olidified sludge. Solidified samples with 40% cement addition
ad higher buffering capacity than samples with 50% cement
ddition (Fig. 1B). This behavior was confirmed by duplicate
xperiment, but no explanation is available.

.2. Leaching behavior of Zn, Ni and Cu from the oily
ludge, ash and their S/S specimens

The effect of II-45 OPC addition to the immobilization of Zn
n oily sludge and ash samples is depicted in Fig. 2. In general,
ily sludge and its S/S samples leached higher amounts of Zn
han the ash and its S/S specimens. Considering the lower initial
n concentration in oily sludge than in ash (Table 3), it was con-
luded that the metal was better immobilized in the solidified
sh than in the solidified oily sludge. Oily sludge leached the
aximum amount at pH 2 (93.2 mg/L in the leachate), whereas
he solidified samples leached 30% less Zn at the pH range
–3.5 (Fig. 2A). The leachability of Zn decreased as the solu-
ion became more alkaline. At pH > 7 the leachability of Zn
educed to concentrations less than 1 mg/L. This is indicative

i
t
o
a

) ash (IR) and its S/S specimens, with various amounts of II-45 OPC and II-45

f remarkably good Zn immobilization (99.7%) in the cement
atrix (Fig. 2C). Solidified samples immobilized Zn better, in

he pH range 2–7, than the untreated sludge. This was attributed
o the increased amount of ferric hydroxide in the specimen
Table 3). Ferric hydroxide adsorbs Zn on its surface adsorp-
ion sites and immobilization of Zn is achieved due to surface
omplexation. Nevertheless, as the cement addition increased
igher leachability of Zn was observed at pH < 6 (Fig. 2C). A
ossible reason for that was that the cement itself contributed
o Zn leaching (Fig. 2A). Maybe, the formation of new solid
hases during the hydration and hardening of the cement–waste
ixture, favored zinc leachability. The same phenomenon was

bserved for the solidified ash samples, but only for 50% cement
ddition (Fig. 2D). Ash and solidified ash with 30% and 40%
ement addition showed remarkably good immobilizing charac-
eristics (>90% immobilization of Zn for pH 2–6 and >98% for
H > 6), except for the 50% solidified sample, which, at the pH
ange 1.6–6.1, showed immobilization of Zn 55–94% (Fig. 2D).
he IR II-45 50% sample leached almost 70 mg/L at pH 1.6–4,
hereas the leached amount from the remainder of the samples
aried from 13.5 to 3.4 mg/L at pH 1.5–5.2 and<0.2 mg/L at
H > 5.2 (Fig. 2B).

On the basis of % immobilization data (Fig. 3), Ni was better
tabilized in solidified ash samples compared to solidified oily
ludge samples. The oily sludge and S/S sludge samples leached
ess Ni than ash and S/S ash samples, but the initial concentration

n the ash was fourfold the concentration in the sludge. Similarly
o Zn, leaching of Ni was higher at pH 2 (9.7 mg/L for solidified
ily sludge samples with 50% cement addition) and decreased
s the leachate became more basic (1.5 mg/L at pH ≈ 6.8 for all
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Fig. 2. Zn leaching (mg/L) as a function of pH. (A) From oily sludge and its S/S specimens. (B) From ash and its S/S specimens with II-45 OPC. % Immobilization
of Zn as a function of pH. (C) In oily sludge and its S/S specimens. (D) In ash and its S/S specimens.

Fig. 3. Ni leaching (mg/L) as a function of pH. (A) From oily sludge and its S/S specimens. (B) From ash and its S/S specimens with II-45 OPC. % Immobilization
of Ni as a function of pH. (C) In oily sludge and its S/S specimens. (D) In ash and its S/S specimens.
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olidified oily sludge samples) (Fig. 3A). At pH range 6.8–12.6
he release was <0.6 mg/L. On the other hand, Ni release from
he ash was very high (47 mg/L at pH 3.2—not shown), whereas
he release from solidified ash, at the same pH, was kept low
4–9 mg/L, depending on the amount of cement added) (Fig. 3B).
he difference in leaching behavior of Ni between solidified oily
ludge and solidified ash was mainly attributed to the buffering
apacity of these two types of materials. Solidified ash samples
ad higher resistance to acid attack, because of the Portlandite
oncentration into the pore water. Portlandite (Ca(OH)2) con-
rols the pore water pH [27,31]. Fig. 3C shows Ni immobilization
n solidified sludge samples. Extremely high immobilization was
bserved for solidified oily sludge samples with 30%, 40% and
0% cement addition at pH > 8 (>98%), but very low at pH 2.5
47%), regardless the amount of cement addition. On the con-
rary, solidified ash samples even at low pH (2–5.5) seemed to
mmobilize Ni by >80% (Fig. 3D). It was observed that at lower
mounts of cement addition the immobilization was more effi-
ient.

The pH titration test showed that copper was remarkably well
mmobilized in both solidified oily sludge and ash (Fig. 4A and
). This identical leaching behavior may indicate that the same

olid phase of Cu controls its leachability. Unlike Zn and Ni, Cu
as well stabilized at pH > 3. Above pH 4 immobilization of Cu
as 99.5% and 99.8% for solidified sludge and solidified ash,

espectively (Fig. 4C and D), regardless of the difference in the

nitial Cu concentration (Table 3). The maximum Cu leachability
as observed at extremely low pH (1.1–2.7), 14.7 mg/L from

olidified oily sludge with 50% cement addition and 33 mg/L for
olidified ash with 30% cement addition, as indicated in Fig. 4.

l
a
i
i

imens. (B) From ash and its S/S specimens with II-45 OPC. % Immobilization
S/S specimens.

.3. Leaching behavior of SO4
2− and CrO4

2− from the oily
ludge, ash and their S/S specimens

Sulfate is an abundant anion in the cement matrix. Many
inerals formed during the hydration process and hardening of

ement utilize sulfate as a major constituent for their structure.
leaching test with II-45 OPC showed that the cement alone

eleased remarkably high amount of sulfate (from 1500 mg/L at
H of 2 to 2000 mg/L at pH 10) (Fig. 5A and B). Solidification of
ily sludge with II-45 OPC showed that at highly alkaline envi-
onment (pH 12.4) sulfate was confined in the cement matrix and
eaching was reduced to less than 80 mg/L. As the pH decreased,
he leachability of sulfate increased dramatically. When the pH
eached 9.5 the amount of sulfate leached was at the same
evel as the II-45 OPC, about 1350 mg/L, for solidified oily
ludge with 50% cement addition and for solidified ash with
0% cement addition. At pH < 9.5 sulfate leaching exceeded
600 mg/L for both types of S/S waste. At pH 2.5–3.4 solidified
amples of oily sludge exhibited the maximum sulfate leach-
bility (2034–2310 mg/L for 50% and 30% cement addition,
espectively) (Fig. 5A).

An interesting observation was that solidified ash with any
ercent of cement addition leached less sulfate than the ash or
he cement alone, at the pH range from 3 to 11 (Fig. 5B). This

eans that the mixture of cement and waste created new solid
hases more stable and resistant to pH decrease, resulting in

ower sulfate release. Worth noticing is the fact that solidified
sh with 30% cement addition leached less sulfate than solid-
fied samples with higher percent of cement addition, imply-
ng that more additive did not necessarily entail better immo-
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Fig. 5. Sulfate leaching vs. pH from: (A) oily sludge, its S/S sp

ilization. These leaching facts were confirmed by multiple
xperiments.

However, in the case of chromate leaching, higher percent-
ge of cement resulted in better immobilization of chromate
n solidified oily sludge samples compared to those with lower
ercentage of cement (Fig. 6). It is interesting that no chromate
as detected in the leachates of the untreated oily sludge. Nev-

rtheless, chromate leaching behavior of solidified oily sludge
as similar to this of the untreated ash. In contrast to solidified

ily sludge, solidified ash showed a much better immobiliza-
ion for chromate compared to the leachability of the untreated
sh. In most pH targets, chromate was not detected for solid-
fied ash with 40% and 50% cement addition. Solidified oily

ig. 6. Chromate leaching (mg/L) from S/S oily sludge specimens, ash and their
/S with II-45 OPC specimens, vs. pH. Chromate leaching from cement was not
etected.
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ns and II-45 OPC. (B) Ash, its S/S specimens and II-45 OPC.

ludge samples with 30% cement addition leached more than
he other cement mixtures, resulting in chromate concentration
n the leachate from 12.4 to 0.18 mg/L at the pH range 1.6–12.7
Fig. 6).

.4. General considerations for modeling Zn, Ni, Cu,
O4

2− and CrO4
2− leaching

The cement matrix and the solid phases formed during stabi-
ization/solidification are very complex. In the modeling sim-
lation, ferrihydrite (Fe(OH)3) was assumed to be the only
dsorbent in the solidified waste. For simplicity reasons, it was
ssumed that Fe of the samples was in the form of ferrihydrite
nd calculations about concentration were conducted for each
aste separately. Thus, for the oily sludge and the S/S sludge

amples a solid concentration of 25.23 g Fe(OH)3(s)/L leachate
as calculated, based on the Fe concentration in the samples.
or the ash and the S/S ash samples a solid concentration of
8.92 g Fe(OH)3(s)/L leachate was calculated. The presence of
ron hydroxides was determined using EXAFS and SEM [32].
he Fe hydroxide is considered to consist of one surface face
ith two reactive surface site types: singly coordinated FeOH
roups which may form surface complexes with anions and/or
ationic species (metals), and triply coordinated Fe3O groups
hat do not from surface complexes but nevertheless develop
harge [29].

For Zn, Ni, Cu and CrO4
2− the DLM was applied on top
f chemical equilibrium, whereas for the SO4
2− chemical equi-

ibrium was adequate to simulate its leachability. Surface and
olution parameters considered for the DLM application are
isted in Table 4. Two different solid concentrations of ferri-
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Table 4
Surface and solution parameters, taken into consideration for the combined DLM
and chemical equilibrium application

Surface and solution parameters
for ash

Surface and solution parameters for oily
sludge

Adsorbent Fe(OH)3 = 28.92 g/L Adsorbent Fe(OH)3 = 25.23 g/L
Ionic strength = 0.9 M Ionic strength = 0.9 M
Specific surface area = 600 m2/g Specific surface area = 600 m2/g
Site density = 2.31 sites/nm2 Site density = 2.31 sites/nm2

Site concentration (low
affinity) = 1.58419

Site concentration (low affinity) = 1.3820

Site concentration (high
a

Site concentration (high affinity) = 1.4166
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Table 5
Chemical reactions used for simulation of Zn and Ni leachability, using chemical
equilibrium and DLM

Reactions log Ka

Surface complexation reactions
FehOH0 + Zn2+ = FehOZn+ + H+ (1) 0.99
FeOH0 + Zn2+ = FeOZn+ + H+ (2) −1.99
FehOH0 + Ni2+ = FehONi+ + H+ (3) 0.37
FeOH0 + Ni2+ = FeONi+ + H+ (4) −2.5
FehOH0 + H+ = FehOH2

+ (5) 7.29
FehOH0 = FehO− + H+ (6) −8.93
FeOH0 + H+ = FeOH2

+ (7) 7.29
FeOH0 = FeO− + H+ (8) −8.93

Aqueous reactions/species
Zn2+ + 2CO3

2− = Zn(CO3)2− (9) 7.3
Zn2+ + 2NO3

− = Zn(NO3)2(aq) (10) −0.3
Zn2+ + 3H2O = Zn(OH)3

− + 3H+ (11) −28.391
Zn2+ + 4H2O = Zn(OH)4

2− + 4H+ (12) −41.188
Zn2+ + 2SO4

2− = Zn(SO4)2
2− (13) 3.28

2Zn2+ + H2O = [Zn2(OH)]3+ + H+ (14) −8.997
Zn2+ + CO3

2− = Zn(CO3)(aq) (15) 4.76
Zn2+ + CO3

2− + H+ = [ZnHCO3]+ (16) 11.829
Zn2+ + NO3

− = [ZnNO3]+ (17) 0.4
Zn2+ + H2O = [ZnOH]+ + H+ (18) −8.997
Zn2+ + SO4

2− = ZnSO4(aq) (19) 2.34
Zn2+ + 2H2O = Zn(OH)2(aq) + H+ (20) −16.894
Ni2+ + 2H2O = Ni(OH)2(aq) + 2H+ (21) −18.994
Ni2+ + 3H2O = [Ni(OH)3]− + 3H+ (22) −29.991
Ni2+ + 2SO4

2− = [Ni(SO4)]2− (23) 0.82
Ni2+ + SO4

2− = NiSO4(aq) (24) 2.3
Ni2+ + CO3

2− = NiCO3(aq) (25) 4.57
Ni2+ + CO3

2− + H+ = [NiHCO3]+ (26) 12.42
Ni2+ + H2O = [NiOH]+ + H+ (27) −9.897
Ni2+ + NO3

− = [NiNO3]+ (28) 0.4

Precipitation reactions/minerals
Zn2+ + SO4

2− + 6H2O = Bianchite (29) −1.765
Zn2+ + SO4

2− + 7H2O = Goslarite (30) −2.0112
5Zn2+ + 2CO3

2− + 6H2O = Hydrozincite + 6H+ (31) 8.7
Zn2+ + + 2CO3

2− = Smithsonite (32) −10.9
Zn2+ + H2O = Zincite + 2H+ (33) 11.23
Zn2+ + SO4

2− = Zincosite (34) 3.9297
Zn2+ + 2NO3

− + 6H2O = Zn(NO3)2·6H2O(s) (35) 3.3153
Zn2+ + 2H2O = Zn(OH)2(am)(s) + 2H+ (36) 12.474
Zn2+ + 2H2O = Zn(OH)2(beta)(s) + 2H+ (37) 11.754
Zn2+ + 2H2O = Zn(OH)2(delta)(s) + 2H++ (38) 11.844
Zn2+ + 2H2O = Zn(OH)2(epsilon)(s) + 2H+ (39) 11.534
Zn2+ + 2H2O = Zn(OH)2(gamma)(s) + 2H+ (40) 11.734
2Zn2+ + SO4

2− + 2H2O = Zn2(OH)2SO4(s) + 2H+ (41) 7.5
3Zn2+ + 2SO4

2− + H2O = Zn3O(SO4)2(s) + 2H+ (42) 18.9135
4Zn2+ + 2SO4

2− + 6H2O = Zn4(OH)6SO4(s) + 6H+ (43) 28.4
Zn2+ + CO3

2− = ZnCO3(s) (44) −10.8
Zn2+ + CO3

2− + H2O = ZnCO3·H2O(s) (45) −10.26
Zn2+ + SO4

2− + H2O = ZnSO4·H2O(s) (46) −0.638
2Zn2+ + Al3+ + CO3

2− + 6H2O
= Zn–AlLDH + 6H+ (47)

19.83

Ni2+ + SO4
2− + H2O = Morenosite (48) −2.1449

Ni2+ + 2H2O = Ni(OH)2(am)(s) + 2H+ (49) 12.89
Ni2+ + 2H2O = Ni(OH)2(c)(s) + 2H+ (50) 10.79
4Ni2+ + SO4

2− + 6H2O = Ni4(OH)6SO4(s) + 6H+ (51) 32
Ni2+ + CO3

2− = NiCO3(s) (52) −11.2
ffinity) = 1.62382
emperature = 20 ◦C Temperature = 20 ◦C

ydrite for ash and oily sludge solidified samples, respectively,
ere taken into consideration regarding the iron content in each

ample. Site concentration of high and low affinity were cal-
ulated by VMINTEQ based on the concentration of adsorbent
ferrihydrite) in each sample. Specific surface parameters, such
s specific surface area, were taken from VMINTEQ database,
or the specific application of DLM model. The Davies equation
33] was used for activity corrections. Also, oversaturated solids
ere allowed to precipitate each time a mineral precipitated or
issolved. The temperature was set at 20 ◦C to better simulate
he experimental conditions.

For metals, solid phases such as metal hydroxides and car-
onates were mainly assumed, to control their leachability in
he increasingly acidic environment of the leaching test. A com-
ination of Cr(VI)Jarosite, Cr(VI)Ettringite, Ettringite, Port-
andite, Zincite, CaCrO4(s), Pb(OH)2(s), Zn(OH)2(s), Cu(OH)2(s),
i(OH)2(s) and Cu2SO4(s) was applied for the interpretation of

ationic and anionic species leachability. Ettringite and Port-
andite were identified using XRD and SEM [32]. The other
olid phases were inferred on the basis of Cr, Zn, Ni, Cu and
O4

2− chemistry. Surface complexation reactions describing Zn
inding to ferrihydrite surface are presented by Eqs. (1) and (2),
or Ni Eqs. (3) and (4), whereas Eqs. (5)–(8) present reactions
ithout adsorbed metals. Detailed description of the reactions

aken into consideration for modeling Zn leachability is shown
n Table 5. Most of the common anions found in the oily sludge
nd ash were included in the problem setup. Aqueous reactions
re presented by Eqs. (9)–(20) for Zn and Eqs. (21)–(28) for Ni.
inerals formed and precipitation reactions are depicted by Eqs.

29)–(47) for Zn, and Eqs. (48)–(53) for Ni. Also, high (marked
ith “h”) and low affinity sites (unmarked) were considered.
Accordingly, detailed description of the reactions taken into

onsideration for modeling Cu leachability is shown in Table 6.
he most important for the simulation are Cu(OH)2(s), CuSO4(s)
nd Cu2SO4(s).

For SO4
2− leaching from solidified oily sludge and ash

amples, chemical equilibrium was considered as the domi-
ant mechanism, which controlled sulfate leachability. Detailed

escription of the reactions taken into consideration for mod-
ling sulfate leachability is shown in Table 7. The most
mportant mineral phases for the simulation are Ettringite,
r(VI)Ettringite, ZnSO4(s) and Fe2(SO4)3(s). The presence of

Ni2+ + SO4
2− + 6H2O = Retgersite (53) −2.04

a log K were taken from VMINTEQ databases [26].



600 A.K. Karamalidis, E.A. Voudrias / Journal of Hazardous Materials 141 (2007) 591–606

Table 6
Chemical reactions used for simulation of Cu leachability, using chemical equi-
librium and DLM

Reactions log Ka

Surface complexation reactions
FehOH0 + Cu2+ = FehOCu+ + H+ (54) 2.89
FeOH0 + Cu2+ = FeOCu+ + H+ (55) 0.6
FehOH0 + H+ = FehOH2

+ (56) 7.29
FehOH0 = FehO− + H+ (57) −8.93
FeOH0 + H+ = FeOH2

+ (58) 7.29
FeOH0 = FeO− + H+ (59) −8.93

Aqueous reactions/species
Cu2+ + 2CO3

2− = [Cu(CO3)2]2− (60) 10.2
Cu2+ + 2NO3

− = Cu(NO3)2(aq) (61) −0.4
Cu2+ + 2H2O = Cu(OH)2(aq) + 2H+ (62) −16.23
Cu2+ + 3H2O = [Cu(OH)3]− + 3H+ (63) −26.64
Cu2+ + 4H2O = [Cu(OH)4]2− + 4H+ (64) −39.73
2Cu2+ + 2H2O = [Cu2(OH)2]2+ + 2H+ (65) −10.494
2Cu2+ + H2O = [Cu2(OH)]3+ + H+ (66) −6.71
3Cu2+ + 4H2O = [Cu3(OH)4]2+ + 4H+ (67) −20.788
Cu2+ + CO3

2− = CuCO3(aq) (68) 6.77
Cu2+ + CO3

2− + H+ = [CuHCO3]+ (69) 12.129
Cu2+ + SO4

2− + H+ = [CuHSO4]+ (70) 2.34
Cu2+ + SO4

2− = CuSO4(aq) (71) 2.36
Cu2+ + NO3

− = [CuNO3]+ (72) 0.5
Cu2+ + H2O = [CuOH]+ + H+ (73) −7.497

Precipitation reactions/minerals
3Cu2+ + SO4

2− + 4H2O = Antlerite + 4H+ (74) 8.788
4Cu2+ + SO4

2− + 6H2O = Brochantite + 6H+ (75) 15.222
Cu2+ + SO4

2− + 5H2O = Chalcanthite (76) −2.64
3Cu2+ + 2CO3

2− + 2H2O = Azurite + 2H+ (77) −17.4
Cu2+ + 2H2O = Cu(OH)2(s) + 2H+ (78) 9.29
2Cu2+ + SO4

2− = Cu2SO4(s) (79) −1.95
2Cu2+ + NO3

− + 3H2O = Cu2(OH)3NO3(s) + 3H+ (80) 9.251
Cu2+ + CO3

2− = CuCO3(s) (81) −11.5
Cu2+ + CrO4

2− = CuCrO4(s) (82) −5.44
2Cu2+ + SO4

2− + H2O = CuOCuSO4(s) + 2H+ (83) 10.3032
Cu2+ + Fe3+ + 4H2O = CupricFerrite + 8H+ (84) 5.9882
2Cu2+ + H2O = Cuprite + 2H+ (85) −1.406
Cu2+ + Fe3+ + 2H2O = CuprousFerrite + 4H+ (86) −8.9171
Cu2+ + SO4

2− = CuSO4(s) (87) 2.9395
4Cu2+ + SO4

2− + 7H2O = Langite + 6H+ (88) 17.4886
2Cu2+ + CO3

2− + 2H2O = Malachite + 2H+ (89) −5.469
Cu2+ + H2O = Tenorite(am) + 2H+ (90) 8.49
Cu2+ + H O = Tenorite + 2H+ (91) 7.64
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Table 7
Chemical reactions used for simulation of sulfate leachability, using chemical
equilibrium

Reactions log Ka

Aqueous reactions/species
Al3+ + 2SO4

2− = Al(SO4)2
− (92) 5.58

Al3+ + SO4
2− = Al(SO4)+ (93) 3.84

Ca2+ + SO4
2− = CaSO4(aq) (94) 2.36

2Cr(OH)2
+ + 2SO4

2− + 2H+

= Cr2(OH)2(SO4)2(aq) + 2H2O (95)
17.9288

2Cr(OH)2
+ + SO4

2− + 2H+

= Cr2(OH)2SO4
2+ + 2H2O (96)

16.155

CrO4
2− + SO4

2− + 2H+ = CrO3SO4
2− + H2O (97) 8.9937

Cr(OH)2
+ + SO4

2− + H+ = Cr(OH)SO4(aq) + H2O (98) 8.2871
Cr(OH)2

+ + SO4
2− + 2H+ = CrSO4

+ + 2H2O (99) 12.9371
Cu2+ + SO4

2− + H+ = CuHSO4
+ (100) 2.34

Cu2+ + SO4
2− = CuSO4(aq) (101) 2.36

Fe3+ + 2SO4
2− = Fe(SO4)− (102) 5.38

Fe3+ + SO4
2− = FeSO4

+ (103) 4.05
SO4

2− + H+ = HSO4
− (104) 1.99

Ni2+ + 2SO4
2− = Ni(SO4)2− (105) 0.82

Ni2+ + SO4
2− = NiSO4(aq) (106) 2.3

Zn2+ + 2SO4
2− = Zn(SO4)2

2− (107) 3.28
Zn2+ + SO4

2− = Zn(SO4)(aq) (108) 2.34

Precipitation reactions/minerals
4Al3+ + SO4

2− + 10H2O
= Al4(OH)10SO4(s) + 10H+ (109)

22.7

Al3+ + SO4
2− + H2O = Al(OH)SO4(s) + H+ (110) −3.23

Ca2+ + SO4
2− = Anhydrite (111) −4.36

Ca2+ + SO4
2− + 2H2O = Gypsum (112) −4.61

6Ca2+ + 2Al3+ + 3SO4
2− + 38H2O

= Ettringite + 12H+ (113)
56.85

3Cu2+ + SO4
2− + 4H2O = Antlerite + 4H+ (114) 8.788

4Cu2+ + SO4
2− + 6H2O = Brochantite + 6H+ (115) 15.222

Cu2+ + SO4
2− + 5H2O = Chalcanthite (116) −2.64

2Cu2+ + SO4
2− = Cu2SO4(s) (117) −1.95

2Cu2+ + SO4
2− + H2O = CuOCuSO4(s) + 2H+ (118) 10.3032

Cu2+ + SO4
2− = CuSO4(s) (119) 2.9395

4Cu2+ + SO4
2− + 7H2O = Langite + 6H+ (120) 17.4886

Zn2+ + SO4
2− + 6H2O = Bianchite (121) −1.765

Zn2+ + SO4
2− + 7H2O = Goslarite (122) −2.0112

Zn2+ + SO4
2− = Zincosite (123) 3.9297

Zn2+ + SO4
2− + H2O = ZnSO4·H2O(s) (124) −0.638

2Zn2+ + SO4
2− + 2H2O = Zn2(OH)2SO4(s) + 2H+ (125) 7.5

3Zn2+ + 2SO4
2− + H2O = Zn3O(SO4)2(s) + 2H+ (126) 18.9135

4Zn2+ + 2SO4
2− + 6H2O = Zn4(OH)6SO4(s) + 6H+ (127) 28.5

Ni2+ + SO4
2− + 7H2O = Morenosite (128) −2.1449

Ni2+ + SO4
2− + 6H2O = Retgersite (129) −2.04

4Ni2+ + SO4
2− + 6H2O = Ni4(OH)6SO4(s) + 6H+ (130) 32

2Fe2+ + 3SO4
2− = Fe2(SO4)3(s) (131) −3.7343

2Fe2+ + 2SO4
2− + 7H2O = H-Jarosite + 7H+ (132) −5.39

r
S
s
F

2 (c)

a log K was taken from VMINTEQ databases [26].

ttringite and possibly Fe2(SO4)3(s) was identified using XRD
32]. To achieve better data fits, a small amount of Fe2(SO4)3(s)
as added to the problem setup, on top of the calculated amount
f ferrihydrite. The additional amount of Fe which was consid-
red, for this purpose was only 2.6% of the sum of Fe measured
n the ash and II-45 cement.

For chromate leaching from solidified oily sludge and ash,
detailed description of the reactions and surface and solu-

ion parameters, which were included in the calculation setup

re shown in Table 8. For the interpretation of chromate leach-
ng behavior, chemical equilibrium together with diffuse layer

odel was employed. Aqueous reactions were considered in
he calculations as shown by Eqs. (139)–(146). Precipitation

s
t
P
s

a log K was taken from VMINTEQ databases [26].

eactions were also included in the model (Eqs. (147)–(154)).
urface parameters used for solidified oily sludge samples were
hown in Table 4. Consideration of other anions, such as Cl− and
− did not affect the simulation of chromate leaching from the

olidified specimens. The main minerals that were included in
he model were CaCrO4, Cr(VI)Ettringite, CrO3, CuCrO4 and
bCrO4. Wang and Vipulanandan [34] have proposed a pos-
ible reaction between Cr(VI) and cement, which leads to the
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Table 8
Chemical reactions used for simulation of the chromate leachability, using chem-
ical equilibrium and DLM

Reactions log Ka

Surface complexations reactions
FeOH0 + CrO4

2− + H+ = FeCrO4
− + H2O (133) −7.23

FeOH0 + CrO4
2− = FeOHCrO4

2− (134) −12.043
FehOH0 + CrO4

2− + H+ = FehCrO4
− + H2O (135) −7.22

FehOH0 + CrO4
2− = FehOHCrO4

2− (136) −12.033
SOH (137) −8.013
SOHh (138) −8.004

Aqueous reactions/species
CrO4

2− + Ca2+ = CaCrO4(aq) (139) 2.77
2CrO4

2− + 2H+ = Cr2O7
2− + H2O (140) 14.56

CrO4
2− + SO4

2− + H+ = CrO3SO4
2− + H2O (141) 8.9937

CrO4
2− + Fe3+ = FeCrO4

+ (142) 7.56
CrO4

2− + 2H+ = H2CrO4(aq) (143) 6.31
CrO4

2− + H+ = HCrO4
− (144) 6.51

2CrO4
2− + K+ + 2H+ = KCr2O7

− + H2O (145) 15.32
CrO4

2− + K+ = KCrO4
− (146) 0.57

Precipitation reactions/minerals
CrO4

2− + Ca2+ = CaCrO4(s) (147) −2.2657
3CrO4

2− + 6Ca2+ + 2Al3+ + 38H2O
= Cr(VI)Ettringite + 12H+ (148)

60.29

CrO4
2− + H+ = CrO3(s) + H2O (149) −3.2105

CrO4
2− + Cu2+ = CuCrO4(s) (150) −5.44

CrO4
2− + Pb2+ = PbCrO4(s) (151) −12.6

2CrO4
2− + K+ + 3Fe3+ + 6H2O

= Cr(VI)Jarosite + H+ (152)
−18.4

2CrO4
2− + 2K+ + 2H+ = K2Cr2O7(s) + H2O (153) −17.2424

CrO4
2− + 2K+ = K2CrO4(s) (154) −0.5134

a log K was taken from VMINTEQ databases [26].

f
s

4
s

s
s
P
Z
e
t
t
v
c
e
I
b

w
r
c
a
p
t
Z
m
s
w
i

Fig. 7. Comparison of VMINTEQ simulations and experimental data for leaching
cement. (B) S/S oily sludge with various amounts of II-45 Portland cement. Mix1 is
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ormation of CaCrO4. The goodness of fit of all VMINTEQ
imulations was based on residual analysis.

.4.1. Modeling of Zn, Ni and Cu leaching from S/S oily
ludge and S/S ash

The leachability of Zn, Ni and Cu (expressed as log C ver-
us pH) was simulated using VMINTEQ. A combination of the
olid phases, Mix1: Cr(VI)Jarosite, Cr(VI)Ettringite, Ettringite,
ortlandite (Ca(OH)2), Zincite (ZnO), CaCrO4(s), Pb(OH)2(s),
n(OH)2(s), Cu(OH)2(s), Ni(OH)2(s) and Cu2SO4(s) was consid-
red to control the total dissolved cationic and anionic species in
he leachate. Portlandite was used as a pH adjuster, i.e. to con-
rol the pore solution pH. Therefore it was used in all fittings at
arious concentrations (0.3–5 mM), according the cement per-
entage in the solidified samples. It was also assumed that the
xisting amount of Fe (as ferrihydrite) in the oily sludge, ash and
I-45 cement played an important role for metal immobilization,
y surface complexation onto ferrihydrite o-plane.

In the incinerated samples, it was assumed that Zn solubility
as controlled by ZnO(s) and/or Zn(OH)2(s). Line 1 (Fig. 7A)

epresents the total dissolved Zn, when ZnO(s) (Zincite) was the
ontrolling phase. The difference between experimental data
nd the data calculated by the program was 0.7 log units at
H range 2–5, and 1–1.2 log units at 5 < pH < 9. A much bet-
er simulation was produced, when zinc hydroxide (specifically
n(OH)2(epsilon)) (line 2, Fig. 7A) was considered as the major

ineral controlling the leachability of zinc. Other solid phases,

uch as ZnCO3(s), ZnO(s), Zn2(OH)3Cl(s) or ZnSO4·H2O(s),
ere also tested, but no combination of these minerals resulted

n better agreement with the experimental data. Zinc hydroxide

of Zn vs. pH. (A) S/S ash specimens with various amounts of II-45 Portland
described in the text.
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ig. 8. Comparison of VMINTEQ simulations and experimental data for leac
ement. (B) S/S oily sludge with various amounts of II-45 Portland cement. Mi

issolution described well the leachability of Zn at pH range
rom 2 to 10, but it was unable to simulate experimental data at
0 < pH < 12.2 (line 2).

Zinc released from solidified oily sludge was also simulated
y ZnO(s) and/or Zn(OH)2(s) (line 2, Fig. 7B). Line 2 (Fig. 7B),
hich mainly attributed to Zincite dissolution, described well the

eached zinc at 2 < pH < 6, but it did not fit the experimental data
t pH > 6. Nevertheless, the simulation curve qualitatively fit the
eaching trend of dissolved zinc at 2 < pH < 10. Model simulation
onsidering Zn(OH)2(s) alone as the controlling phase resulted in
ine 1 (Fig. 7B). Solids of Mix1 also contributed to line 1, without
ny other form of Zn (e.g. ZnO). Considering a combination
f Zn(OH)2(s) and ZnO(s) (Zincite) resulted in line 3 (Fig. 7B),
hich better simulates the experimental data. However, it did not
t the leached zinc at 9 < pH < 12.2. Zinc was expected according

o model calculations to dissolve at this pH range, but on the
ontrary, the experimental results showed that the metal was
ell immobilized into the cement matrix.
Ni leaching behavior was modeled by surface complexation

DLM 2-pK formalism) in chemical equilibrium state. The same
ombination of minerals was used as in the case of Zn (namely,
ix1: Cr(VI)Jarosite, Cr(VI)Ettringite, Ettringite, Portlandite,

incite (ZnO), CaCrO4(s), Pb(OH)2(s), Zn(OH)2(s), Cu(OH)2(s),
i(OH)2(s) and Cu2SO4(s)). In the incinerated samples, it was

ssumed that Ni solubility was controlled by Ni(OH)2(am)(s)
line 1, Fig. 8A). The model simulation resulted in remarkably

ood agreement with the experimental leaching results (line 1,
ig. 8A) at pH range from 1.5 to 11.5. However, at pH 12 the
odel fit was poor. Several other combinations of minerals were

ried, but none was able to simulate the Ni leaching behavior bet-

t
c
o
2

of Ni vs. pH. (A) S/S ash specimens with various amounts of II-45 Portland
described in the text.

er than line 1 (Fig. 8). An example given in Fig. 8A by line 2,
here NiCO3(s) was used in combination with nickel hydroxide,

howed that at pH 10.5 the calculated available Ni in solution was
ess, by 1.6 log units, compared to the experimental results. Line
(Fig. 8A) fitted well the leached Ni at pH 12. In line 2 simula-

ion higher amount of Portlandite, than in line 1 (Fig. 8A), was
onsidered. This action resulted in increased buffering capac-
ty of solid matrices which led in decreased total dissolved Ni
n the leachate. This lower solubility of Ni-related solid phases
escribed better the experimental data at 5 < pH < 8, but not at
< pH < 11.5.

Ni(OH)2(s) was also used as controlling phase to simulate Ni
eachability from solidified oily sludge (line 1, Fig. 8B). The
xperimental results were very close to the calculated dissolved
i. The similarity in behavior resulted by applying chemical

quilibrium and surface complexation using the same combina-
ion of solid phases, as in the case of dissolved Ni from solidified
sh samples. This was suggestive of similar mechanisms con-
rolling the nickel leaching in solidified specimens.

Copper was one of the most abundant metals found in the
ily sludge and, therefore, in the ash samples. A combination of
u(OH)2(s), CuSO4(s) and monovalent copper in Cu2SO4(s) was
onsidered to control Cu solubility. The result of VMINTEQ
alculations with chemical equilibrium controlling copper dis-
olution from solidified ash is described by line 1 (Fig. 9A)
nd demonstrated qualitative agreement with the experimen-

al data, but the fit at pH < 8 was poor. For that reason, DLM
onsidering Cu sorption onto ferrihydrite was applied on top
f chemical equilibrium. The new simulation resulted in Line
(Fig. 9A), which explained the Cu release reasonably well
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ig. 9. Comparison of VMINTEQ simulations and experimental data for leac
ement. (B) S/S oily sludge with various amounts of II-45 Portland cement. Mi

t the full pH range. The main solid phases that eventually
xplained Cu leaching behavior from solidified ash were mainly
ttributed to Cu(OH)2(s) and Cu2SO4(s). Other mineral species
sed were Mix1: Cr(VI)Jarosite, Cr(VI)Ettringite, Ettringite,
ortlandite, Zincite (ZnO), CaCrO4(s), Pb(OH)2(s), Zn(OH)2(s)
nd Ni(OH)2(s), the same as in the case of Zn and Ni leaching
imulation by VMINTEQ, and Mix2 solid phases, which were
he Mix1 solids without Cr(VI)Jarosite and Zn(OH)2(s).

Solidified oily sludge leaching tests resulted in significant
xperimental data scatter. Nevertheless, the same leaching trend
s the one observed in the case of copper leaching from solidified
sh was followed (Fig. 9B).

.4.2. Modeling of SO4
2− leaching from S/S oily sludge

nd S/S ash
Sulfate leachability from solidified oily sludge and ash

as simulated using chemical equilibrium as the dominant
echanism controlling sulfate leaching. As it is shown in
ig. 5, the amount of sulfate leaching was high (maxi-
um 2000–2400 mg/L at 2 < pH < 4 for solidified sludge, and

600–1900 mg/L at 1.8 < pH < 3 for solidified ash samples), so
he available sulfate in the solidified waste was sufficient to
articipate in the formation of various cement-related or not,
olid phases. A possible mineral formed during hydration of
ement or during weathering is Ettringite and Ettringite-related
olids (such as Cr(VI)Ettringite) [35,36]. Especially, in excess of
ulfate the Ettringite mineral persists and in other cases recrys-

alizes [37–39]. Also, the presence of organic compounds can
ontribute to the formation of this mineral. A probable mecha-
ism could include a step where the organic admixture would
e concentrated on to the aluminate component, which would

E
c
q

of Cu vs. pH. (A) S/S ash specimens with various amounts of II-45 Portland
are described in the text.

ncrease the reactivity and hence the formation of aluminate
roducts (e.g. Ettringite) [40]. The Ettringite chemistry is well
nown and it was found that can accommodate several anionic
nd cationic species into its structure [41,17,18]. Sulfate is an
ssential structural unit for Ettringite formation. For that reason
t was assumed that the major mineral, which controlled sulfate
eachability, was Ettringite. Ettringite was found in the solidi-
ed oily sludge and ash, among other minerals, using XRD and
EM techniques [32].

For the simulation of sulfate leached from solidified ash
amples, Ettringite was considered along with Cr(VI)Ettringite,
esulted in line 1 (Fig. 10A). The calculated curve was similar
o this of FeSO4(s), Cr(VI)Ettringite, Ettringite and Portlandite
line 2, Fig. 10A), but the experimental results showed a different
eaching behavior. The most successful VMINTEQ simulation
or leaching of sulfate from the solidified ash with II-45 cement,
ssumed chemical equilibrium and dominant phases of Ettrin-
ite, Portlandite, Zincosite (ZnSO4(s)), and Fe2(SO4)3(s) (line 3,
ig. 10A). Ettringite was still the dominant mineral, which con-

rolled sulfate release in the aqueous medium, because it had
igher concentration than others. ZnSO4(s), and Fe2(SO4)3(s)
ere more soluble at 10 < pH < 13, whereas Ettringite at the same
H range precipitated. So, at this pH range, sulfate release was
ontrolled by the dissolution of these two minerals, ZnSO4(s),
nd Fe2(SO4)3(s).

Several other minerals used to simulate sulfate leaching
esulted in poor fitting to the experimental data.
VMINTEQ calculations for total dissolved sulfate, with
ttringite as the major solid phase, along with Portlandite, and
hemical equilibrium as the key mechanism, showed impressive
ualitative agreement to experimental results (line 1, Fig. 10B)
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tion of dissolved CrO4 in the solution, was very similar to this
of the experimental results (line 1, Fig. 11). For 10 < pH < 12.5,
the difference from the experimental data was larger (0.4 log
units).
ig. 10. Comparison of VMINTEQ simulations and experimental data for leach
ement. (B) S/S oily sludge with various amounts of II-45 Portland cement.

f solidified oily sludge. Nevertheless, at 11 < pH < 13 the calcu-
ated by VMINTEQ sulfate dissolution curve differed from the
xperimental data by 1.7 log units. Trying to improve the fit, we
ssumed that substituted Ettringite was present along with com-
on Ettringite as well. The chromate analog was added to the

ombination of minerals controlling sulfate leachability from
olidified oily sludge (line 2, Fig. 10B), and was found to be
ualitative similar to line 1 (Fig. 10B). The difference between
ine 1 and 2 was 0.2 log units at 3.5 < pH < 10.5 and 0.6 log units
t 11.8 < pH < 13 (Fig. 10B). The same combination was used
o simulate sulfate release from solidified ash but still it did not
t the test results (line 1, Fig. 10A).

.4.3. Modeling of CrO4
2− leaching from S/S oily sludge

nd S/S ash
Chromate was not detected in the leachates of ash and

olidified ash samples. The chromate leaching behavior from
olidified oily sludge is depicted in Fig. 11. Chemical equilib-
ium with a surface complexation mechanism was employed
or the interpretation of chromate leachability from solidified
ily sludge with II-45 cement (Fig. 11). The model took into
onsideration the heterogeneity of the system by distinguishing
ow and high affinity sites. The reactions are described by Eqs.
133)–(138) of Table 8. The surface hydroxyl was exchanged by
hromate. This surface complex formation is also competitive,
ecause hydroxyl anion and other ligands (chromate) compete

or the Lewis acid of the central ion of the ferryhydrate. The
xtent of surface complex formation (adsorption), is strongly
ependent on pH. Since the adsorption of anions is coupled
ith a release of OH− ions, adsorption is favored by lower

F
i
I

f SO4
2− vs. pH. (A) S/S ash specimens with various amounts of II-45 Portland

H values [29]. CaCrO4(s), Cr(VI)Ettringite, Cr(VI)Jarosite and
ortlandite were the dominant species considered to control
hromate leaching from the solidified oily sludge. Dissolution
f CaCrO4(s) was first simulated in the absence of other species
onsidered to exist in the cement matrix. It was assumed [34]
o be the possible chromate product during the cement harden-
ng process. Calculations for CaCrO4(s) solubility, based on the
MINTEQ program, showed that at 3 < pH < 10 the concentra-

2−
ig. 11. Comparison of VMINTEQ simulations and experimental data for leach-
ng of CrO4

2− vs. pH, from S/S oily sludge specimens with various amounts of
I-45 Portland cement. Mix1 described in the text.
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It is common that chromium speciation is dominated by
rO4

2− above pH 8 [20]. The identical charge, similar structure,
nd comparable thermochemical radii of CrO4

2− and SO4
2−

uggest that CrO4
2− could readily substitute for SO4

2− in
he crystal structure of many SO4-minerals, including Ettrin-
ite [19], with formation of Cr(VI)Ettringite. The combina-
ion of CaCrO4(s) and Cr(VI)Ettringite using DLM, resulted
n line 2 (Fig. 11). Dissolution of Cr(VI)Jarosite was also
onsidered as the major mineral which provided the aque-
us solution with chromate. DLM was employed and resulted
n line 3 (Fig. 11). Reasonably good fitting was obtained
y chemical equilibrium of mineral combination containing
r(VI)Ettringite, Cr(VI)Jarosite, CaCrO4(s), Ettringite and Port-

andite, for 5 < pH < 12.5 (line 4, Fig. 11). Although many
ore simulations were conducted, lines 1–4 are the ones

hat best describe the experimental data. The assumption of
r(VI)Jarosite or CaCrO4(s) as the only solid phase controlling

he chromate leaching was not valid and it is not presented in
ig. 11. Chromate leachability was mainly attributed to the dis-
olution of Cr(VI)Ettringite, Ettringite and CaCrO4(s) modeled
y surface complexation (DLM 2-pK formalism) in chemical
quilibrium state.

. Conclusions

In this study, refinery oily sludge and ash produced by incin-
ration of the oily sludge were stabilized/solidified with various
dditions of II-45 OPC. The solidified waste was tested by
eans of alkalinity, solubility and release as a function of pH

eaching test. The results showed that in oily sludge contain-
ng high organic load, pH equilibrium was impossible to be
eached with addition of acid or base for the sort contact time
equired by this leaching test. For cement-matrices containing
igh organic loaded waste with high heterogeneity, methods,
uch ANC, which ensure longer contact time with the titrant
re more appropriate for the estimation of waste acid buffering
apacity. Stabilized/solidified waste was tested for metal and
nion leachability, at pH range from 2 to 12. The test revealed
hat Zn, Ni and Cu leaching was pH-depended. The experiments
howed high percent of immobilization (>98%), at pH > 4 for Cu,
t pH > 6 for Zn and pH > 8 for Ni, in both sludge and ash solid-
fied with cement. Stabilization/solidification process was more
ffective, with ash samples, against metal release, considering
he initial concentration of metals in each waste. Anion deter-

ination showed excessive sulfate leachability from both waste,
ily sludge and ash. Chromate was detected only in solidified
ily sludge samples.

VMINTEQ was employed to simulate the leaching behavior
f the above metals and anions from oily sludge and ash. It was
ound that the leachability of metals (Zn, Ni and Cu) was con-
rolled by the respective hydroxides and the mechanism which
ontributed most to metal immobilization was chemical equi-
ibrium and surface complexation, onto ferrihydrite using DLM

2-pK formalism). Zn leached from solidified ash was mainly
ontrolled by the dissolution of Zn(OH)2(epsilon)(s), whereas the
etal release from solidified oily sludge was controlled by the

ombination of Zn(OH)2(epsilon)(s) and ZnO(s), under chemical

[
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quilibrium and surface complexation. The same mechanism
imulated Ni leachability from both solidified ash and oily
ludge samples. Ni(OH)2(am)(s) was the solid phase which most
ontributed to Ni leaching behavior. In the case of Cu leaching
ehavior, chemical equilibrium along with surface complexation
DLM) was found to control the Cu release from Cu(OH)2(s) and
u2SO4(s) for solidified ash samples. Cu released from solidified
ily sludge was attributed to the dissolution of Cu(OH)2(s) using
hemical equilibrium along with surface complexation (DLM).
ttringite was the dominant mineral, which controlled sulfate

eachability from solidified oily sludge samples and the domi-
ant mechanism considered was chemical equilibrium. Ettrin-
ite, along with ZnSO4(s), and Fe2(SO4)3(s) played an important
ole in sulfate leaching from solidified ash samples. Chemical
quilibrium with DLM simulation was used to interpret leach-
ng data of chromate. The results showed that Cr(VI)Ettringite,
ttringite and CaCrO4(s), control chromate leachability at the

ull range of pH. Chemical equilibrium of these solid phases,
ithout surface complexation, was also tried and proved to
atch chromate leaching data to a certain extend.
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