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ABSTRACT

The use of low-cost unconventional sorbents for the removal of heavy metals from aqueous
solution has been extensively studied by the analytical chemistry research group of Istanbul
University. The selectivity order of metal ion uptake was highest for Cu, medium for Pb and
lowest for Cd, in accord with the order of insolubility of their corresponding metal hydrox-
ides. The metal-loaded red muds and fly ashes were successfully solidified by adding
cement, sand and water, producing both physically and chemically resistant durable concrete
blocks as confirmed by chemical leaching and compressive strength tests. The metals were
essentially held irreversibly, and would not leach out into carbonic acid or bicarbonate buffer
and humic acid solutions. The metal-loaded solid wastes were solidified into an environmen-
tally safe form by adding stabilization-solidification agents, thereby serving the doublefold
aim of water treatment and solid waste disposal. Since lead (II) caused the major hardening
and strengthening problems in the solidification-stabilization process, sodium aluminate or

triethanolamine was added as a stabilization/promotion agent.
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1. Introduction

Environmental pollution, especially water pollution,
has become a serious problem threatening our future.
Cadmium (II), lead (II) and copper (II) are well-known
toxic heavy metals which pose a serious threat to the
fauna and flora of receiving water bodies when dis-
charged into industrial wastewater. Various treatment
technologies have been developed for the removal of
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these metals from water. Although processes such as
ion exchange, electrodialysis, reverse osmosis, mem-
brane filtration, sludge leaching, coagulation—floccula-
tion and adsorption have frequently been used in
wastewater treatment [1], adsorption is potentially the
most applicable and lowest cost method [2]. Industrial
wastes are the principal sources of heavy metal pollu-
tion mainly originating from electroplating and metal
finishing operations, electronic circuit and battery
production and steel and aluminium processes. Heavy
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metals accumulate in the organisms existing in soil,
surface water, air and marine water; they are drifted
everywhere with circulation and join the food chain [3].

A number of solid wastes such as bauxite waste
red muds from aluminium production and fly ashes
from coal-fired thermal power plants have been
screened in this regard to serve as versatile and cost-
effective sorbents for heavy metals [4,5] and radionuc-
lides [6,7]. Red mud and fly ash have been widely
used in heavy metal immobilization [8-10]. Fly ash
can totally replace manufactured cement and make a
concrete-like material. Fly ash-based geopolymer has
been shown to be more durable than ordinary Port-
land cement when exposed to an aggressive environ-
ment. Both red mud and fly ash are known to have a
high capacity for neutralizing acidic effluents. Both
solid wastes are abundant in Turkey and show a high
affinity for heavy metals, explaining why they were
selected as metal sorbent in this study.

Solid contaminant barriers can provide efficient and
relatively inexpensive means of containing mine wastes.
Chemical-based barrier materials may provide perfor-
mance improvements (such as lower hydraulic conduc-
tivity, improved resistance to degradation by
contaminants, minimized diffusive transport of contami-
nants, etc.) over soil-based and cement-based materials,
and include sodium silicate, colloidal silica and iron oxy-
hydroxides as the suitable inorganic additives [11].
Owing to its pozzolanic and highly alkaline properties,
fly ash from coal-fired power-generating stations has the
potential to serve as a hydraulic and contaminant barrier
[12]. Red mud has also been used for the same purpose
[13]. Thus, this work involves a laboratory-scale investi-
gation for the potential use of solid wastes as barrier
materials to adsorb toxic heavy metals and radionuc-
lides from water (a fixation or stabilization process) fol-
lowed by solidification of the metal-loaded mass in a
cement-based block totally resistant to atmospheric
weathering and leaching conditions.

Minocha et al. [14], performed solidification stud-
ies using Portland cement, cement-fly ash, lime-fly ash
and metal sludge containing Cr(III), Ni(II), Cd{I), Hg
(I) nitrates. They investigated the effect of additive
organic substances on compressive strength of the
blocks, but leachability of heavy metal cations was not
monitored. In another study, immobilization of As,
Cd, Pb, Ni, Cr and Zn cations was provided by a
cement-based  solidification/stabilization =~ process.
Leaching behaviour tests were applied to mortar pow-
der with respect to NEN 7,341 method and performed
for 160days. It was observed that Cr(IlI) and Ni(II)
concentrations in leachate were rather low, and also,
cement-based S/S process was more effective in
immobilizing especially Cr and Ni cations. Other
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metal cations (As(III), Cd(II), PbdI) and Zn(II)) were
fixed in cement rotary kiln because of calcination and
subsequent hydration during cement application [15].
Dermatas and Meng [16] immobilized Pb(I), Cr(III)
and Cr(VI) by using {fly ash + quicklime} solidification
method. The authors showed that in the presence of
fly ash, the pH interval of immobilization of heavy
metals was broadened, and reported that Pb(Il) immo-
bilization was also dramatically low at higher pH,
because Pb(Il) adsorption mechanism was dominant.
It was mentioned that fly ash was a good S/S reagent
provided that the minimum cement percentage was
40, using minimum 30% fly ash in cement [17,18].
Studies showed that, in cases where Ca materials
(such as marble powder or lime) are used in mortar
mixture, heavy metal immobilization increased and
this manner is attributed to calcination of metals
[19,20]. Gollmann et al.[21] worked on leaching behav-
iour of Pb (used as PbO,) for different pHs and
observed that Pb(II) immobilization was better at pH
8. The leached concentration of Pb was lower in solid
mass having long curing time (28 days), because sta-
bilization took place as a consequence of isomorphic
substitution between the metal and some elements in
cement matrix.

When adsorption is employed, there is an increas-
ing trend toward substitution of pure adsorbents (e.g.
activated carbon, alumina, and other hydrated oxides)
with natural by-products, soil minerals or stabilized
solid waste materials (e.g. bauxite waste red muds and
fly ashes). These substances also serve as barrier mate-
rial for passive wall technologies utilized around a
heavy metal spill site or shallow-land burial facility of
low-level radioactive wastes. Once these contaminants
are stabilized within barrier walls, it is also desirable
to fix them in an environmentally safe form by per-
forming in situ stabilization/solidification by way of
adding cement, and pozzolans if necessary, to obtain a
durable concrete mass. The host matrix for metals and
radionuclides, i.e. red muds, fly ashes and clay miner-
als may serve as inexpensive pozzolanic binders to be
used along with cement for solidification.

The aim of this work is to design an integrated
adsorption-solidification/stabilization process for fixing
and immobilizing the three toxic heavy metals (Pb, Cd
and Cu) and to develop unconventional cost-effective
sorbents for irreversible fixation of these toxic heavy
metal cations; the selected sorbents showed high capaci-
ties and fast retention kinetics for the so-called contami-
nants. The determination of conditions affecting
stabilization/solidification of the loaded sorbents by
adding pozzolans and cement was also aimed. Setting
aids and promoters were added to mortars in order to
improve the setting and hardening characteristics of the
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prepared paste formulations. Since cement-based solidi-
fied/stabilized wastes are vulnerable to physical and
chemical degradation processes [22], durability and
leachability of the final concrete blocks were tested.
Finally, a reasonable unification of in situ physical/
chemical treatment technologies, named as “integrated
adsorption-solidification” technology, applicable to a
spill/leakage site is proposed.

2. Materials and methods
2.1. Instrumentation

A cement mortar-mixing mechanical apparatus
(capacity: 4.7L, stainless steel, Kitchen Aid Inc), a
tamping-vibrating apparatus for tightening the mortar
pastes before solidification (providing 60 free falls from
a height of 15mm at a vibration rate of 1 cps, Nejat Cos-
kuner Lab. & Med. Devices, Inc.), steel specimen
moulds (of 400 vickers hardness, dimensions:
4x4x16cm?, three-compartment), ASTM Vicat needle
apparatus (upper and lower diameters: 65 and 75 mm,
respectively; metallic Vicat ring height: 4 cm; Nejat Cos-
kuner Lab. & Med. Devices, Inc.) for measuring the
time taken for a cement to stiffen to a standard value
after addition of water (i.e. commonly known as the set
time) and compressive strength measurement appara-
tus (Akgansa Lab., Inc.) were used as appropriate for
cement mortar testing. Measurement of pH was made
with an E 512 pH-metre equipped with a glass elec-
trode. Leach tests were conducted in sealed polyethyl-
ene containers of suitable size so as to contain the
mortar moulds. Heavy metal ions in the leachates were
quantitatively determined with the use of a Varian FS-
220 model atomic absorption spectrometer (AAS).

2.2. Chemicals and Materials

Of the solid wastes used as heavy metal sorbents,
the “red muds” were supplied from Etibank Sey-
disehir Aluminium Plant, emerging as the alkaline
leaching wastes of bauxite in the Bayer process of alu-
mina manufacture, and had the following chemical
composition by weight: SiOy: 16.9%, AlLOs: 17.6%,
Fe;Os: 37.3%, TiO,: 5.6%, Na,O: 8.3%, CaO: 4.4%, loss
on ignition: 7.2%. Red muds, being multicomponent
systems, are composed of sodium aluminosilicates,
kaolinite, chamosite, iron oxides (haematite) and
hydroxides. Basically, Fe is in the form of haematite,
Ti is in the form of Fe/Ti oxides and Al is in the form
of aluminosilicates.

The second solid waste sorbent used in experiments
“fly ash”, recovered from the cyclones and electrostatic
precipitators of Afsin-Elbistan Thermal Power Plant,
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had the following composition: SiO,: 21.9%, AlOs:
11.6%, Fe;O3: 2.4%, CaO: 42.5%, MgO: 1.3%, NayO:
1.0%, K;0: 1.1%, SO3: 13.6%, loss on ignition: 4.4%. Cal-
cite, anhydrite, quartz, gibbs and haematite could be
identified in the crystalline phase of water-washed fly
ash by evaluating its X-ray diffractogram. Both sorbents
were thoroughly washed with at least 10-fold mass of
water until the washing pH was 7.5, dried, and used as
such for heavy metal loading. The specific BET surface
areas of water-washed red mud and fly ash were 14.2
and 10.2m>g', respectively [23]. The characteristic
particle size distribution (as particle diameters) X;o, Xso
and Xgg of red mud were 0.37, 1.57 and 56.88 um, and
of fly ash, 1.28, 37.7 and 158 um, respectively [24].

The Portland cement supplied by Akcansa A.S.
(PC-32.5) (S5i05: 20.9%, AlOs: 5.2%, Fe,Os: 3.3%, CaO:
63.5%, MgO: 1.2%, SOs5: 2.6%, loss on ignition: 2.2%)
and TS EN 196 Rilem-Cembureau standard sand
donated by Pinarhisar Set Cimento A.S. were used in
the preparation of cement mortars.

The setting/hardening promoter or metal stabilizer
compounds added to cement pastes were sodium alu-
minate, of technical purity, triethanol amine (TEA),
calcium tert-phosphate and calcium chloride (all ana-
lytical reagent grade, from E. Merck). In the prepara-
tion of leach solutions, HNQOj;, sodium bicarbonate
(E. Merck), sodium humate(Aldrich) and distilled
water were used.

2.3. Metal Loading and Adsorption Capacity Measurement

Batch sorption tests were carried out by agitating a
suspension of 1g sorbent in 50 mL metal nitrate solu-
tion for 8h (equilibration period) at room temperature
(25+£0.1°C) in stoppered flasks placed on a thermo-
static water-bath/shaker. After centrifugation, the
remaining metal concentration in the filtrate was
determined by flame AAS and the equilibrium pH
was measured by a pH-metre. The metal ion
concentration retained in the sorbent phase (7., mg/g)
was calculated by Eq. (1):

o= (Co—Co )

where C, and C, are the initial and final (equilibrium)
concentrations of the metal ion in solution (mg/L), V
is the solution volume (L) and m is the mass of sor-
bent (g) [23]. For heavy metal loading to red mud and
fly ash, C, was chosen as 100 mmol/L (0.1M). Batch
sorption tests were carried out in accordance with the
procedure explained by Apak et al. [23]. The equilib-
rium pHs of suspension including red mud-metal ion
and fly ash-metal ion systems varied between 5.8 and
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6.7. The metal-loaded sorbents were washed with
water and dried before solidification experiments.

2.4. Initiation and Completion of Setting (Penetration
Tests)

Blank (reference) or chemical aid-added cement
(300 g) was mixed with 27% (by mass) of water (~81g
H,0) for 3min under continuous stirring until a plas-
tic paste was obtained. The normal proportion of
water for consistency was determined by placing the
paste to the Vicat ring within 1min at most and flat-
tening its surface with a spatula. The setting times of
the prepared mortars were measured by the Vicat
needle penetration test in accordance with TS EN 196
standard. The display of the device was zeroed when
the needle touched the glass plate. The time for initia-
tion of setting was determined by letting the paste-
immersed needle to stay at a distance of 3-5mm to
the glass plate. In order to find the time for comple-
tion of setting, the Vicat needle was immersed into
the paste at different points every 15min, and the
required time was determined when the needle
penetration depth was 1 mm at most.

2.5. Preparation of Samples for Mechanical Strength Tests

The mortars were prepared (as described below)
so as to fit in the moulds.

(1) In parallel to the solid waste-added test mor-
tars, a standard mortar paste in compliance
with Turkish Standard (TS EN 196) was cast
without any additives. The blank mortar formu-
lation required the use of 1 part (450g) cement,
3 parts (1,350g) Rilem—Cembureau standard
sand and % part (225 g) water;

(2) 1 part metal-loaded solid waste bearing or
unloaded (free of solid waste) cement (450 g) +3
parts  Rilem—-Cembureau  standard sand
(1,350 g) + 250 g water;

(3) 1 part metal-loaded solid waste bearing,
setting-aid or promoter (sodium aluminate,
calcium tert-phosphate, calcium chloride, or tri-
ethanolamine (TEA))—added cement (450 g)+3
parts Rilem—Cembureau standard sand (1,350 g)
+250 g water.

The ingredients of the above mixtures (i.e. 225g (or
250 g) H,O +450 g cement (pertaining to blank or addi-
tive-bearing cement formulations) were transferred to
a blender, operated for 30s, and stepwise addition of
standard sand (1,350 g) was made within 1min while
stirring. The blender was operated for an additional
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time of 15s at high speed, stopped, paste resected by
hand and kneaded within 15s, and the blender was
reoperated for one more min at high speed. Thus,
within a total time of 3min, the mortar was made
ready for moulding. The steel moulds were lubricated
from the interior with a thin grease, and placed into
the tamping-vibrating apparatus for tightening the
mortars. Initially, the first halves of the mould com-
partments were filled with the mortars, and 60 vibra-
tions were made in a period of 60s; after stopping of
the apparatus, the second halves were added, and fur-
ther 60 vibrations were made. The excess of the mortar
pastes was removed with a trowel from the top of the
moulds for flattening, and covered with glass plates
(of which the interiors were lubricated). The moulds
were left to stand in a room at 20°C temperature and
90% relative humidity. After 24h of standing under
the described conditions, formwork removal (demoul-
ding) was accomplished. The 7-28-day hardened (in
some cases, 56-day hardened) concrete blocks kept in
distilled water at 20+ 1°C were subjected to mechani-
cal strength tests.

2.6. Optimization of the Ratio of Solid Waste or of Heavy
Metal Load Added to Mortars

For solid waste-added formulations, partially
substituting the cement mass, the waste percentage is
given on the basis of cement weight. Solid wastes (red
mud and fly ash) were added to cement at percentages
(of cement weight): 10, 20, 30, 40, 50 and 60% (i.e. 45,
90, 135, 180, 225, 370 g), and the prepared mortars were
subjected to mechanical strength tests to optimize the
ratio of solid waste that can be added to cement to
produce a stable and durable concrete mass. Once the
reasonable solid waste ratio was determined, optimiza-
tion of the ratio of heavy metal load to these solid
wastes was made using mortars that contained 5, 10,
15, 20 and 30% red mud or fly ash, as confirmed by
compressive strength tests of the final concrete blocks.

2.7. Determination of the Type and Quantity of Setting
Aids and Promoters

Since the compressive strengths of Pb-loaded fly
ash containing concrete samples were particularly low
and their setting times were long, the addition of
various chemical additives (NaAlO,, calcium tert-phos-
phate, CaCl,, and triethanolamine) to improve these
properties was tested qualitatively and quantitatively.
Sodium aluminate and TEA were added to 20% solid
waste-added mortars (containing heavy metal load) at
mass ratios of 0.5 and 0.05%, respectively, so as to
improve their physical characteristics.
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2.8. Leach Tests

For testing the heavy metal leachability from the
concrete blocks originating from heavy metal-loaded
solid waste-containing mortars, one acidic leachant
(H,COj; solution at pH=4.1 or 10~3M HNO; solution
at pH=3) and two alkaline leachants (4.2x 107> M
NaHCO; solution at pH=8.3 and 0.5% humic acid
(HL) solution at pH=10.15) were used. The simula-
tion of CO,-injected groundwater conditions for imi-
tating real contamination cases in the natural
environment (i.e. soil and groundwater) was achieved
by using carbonic acid and bicarbonate solutions as
leachants. For this purpose, the 28-day (kept in dis-
tilled water) hardened blocks were contained in
400mL leach solutions in covered glass tanks. The
leach solutions were regenerated every 3 weeks, and
pH as well as AAS-determined heavy metal ion con-
tents of the leachates were periodically monitored.

All mortar of concrete block samples used in the
leach tests contained 1,350g standard sand+250mL
water. The two processing blanks run for samples
were: (i) without solid waste, containing 450 g cement
and (ii) with solid waste, containing 360g cement
+20% (of cement weight) waste sorbent (90g). Metal-
loaded solid waste-containing samples either had
0.5% promoter (e.g. 360g cement+81g metal-loaded
waste sorbent+9g NaAlO,) or 0.05% promoter (e.g.
360g cement+89g metal-loaded waste sorbent+1g
triethanolamine).

3. Results and discussion

3.1. Adsorption Capacities and Experimental Metal Loads
of Solid Waste Sorbents

Actual metal loads (under experimental condi-
tions) and saturation capacities (Apak et al. 1998[23])
of solid waste sorbents added to mortars are given in
Table 1. Linear equations for calculating the limiting
pH (pH") of metal ion precipitation (as hydroxides)

Table 1
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were used to distinguish bulk/surface precipitation
from chemical adsorption [25,26]. The equilibrium
pHs of metal ion suspensions containing red mud and
fly ash particles, the limiting pHs of metal ion solubil-
ity at the precipitation edge (pH") for the working ini-
tial concentrations (pM;) and the associated linear
equations correlating pM; to pH™ are listed in Table 1.
Comparing the working pH values with pH" in
Table 1, it can be deduced that chemical adsorption
and bulk/surface precipitation of the tested metal ions
occurred simultaneously except of Cd(II) for which
the prevalent mechanism seemed to be adsorption (as
pH<pH") for both red mud and fly ash suspensions.
Generally, a metal hydroxide may precipitate and
form at the surface of a hydrous oxide sorbent prior
to its formation in bulk solution and thus contribute
to the total apparent sorption. Comparison of the
batch adsorption capacities calculated from Langmuir
equation (Table 1) with the actual metal loads con-
firms that the sorbents were loaded with metals below
their saturation capacities under the working condi-
tions. The order of hydrolyzable metal cation retention
(on a molar basis) by the selected solid waste sorbents
were: Cu>Pb>Cd for fly ashes and Cu>Cd>Pb for
red muds. Because of the high alkalinity and sulphate
content of fly ash suspensions, the order of adsorption
affinity changed (i.e. lead was adsorbed more than
cadmium) probably due to surface precipitation of
PbSO, on fly ash. The degree of insolubility of the
metal hydroxides approximately followed the same
order. In general, very high capacities have been
achieved for metal sorption onto the selected uncon-
ventional solid waste sorbents, potentiating their util-
ity in heavy metal removal from contaminated water.

3.2. Penetration Test Results

The effect of setting aids/promoters on setting
time and water quantity to achieve normal thickness
(consistency) of mortars is observed in Table 2. Red

Metal loads and saturation capacities of solid waste sorbents (Qr and Qf are adsorbate concentrations on red mud and
fly ash, respectively; M; represents total molar concentration of dissolved metal species at the precipitation edge and pH*

the critical pH of bulk metal ion precipitation as hydroxide)

Metal ion Qr (mg/g) Qr (mg/g) Worked pH pH* pM;=bxpH"+a

Red mud Fly ash
Pb(II) 103 (166)* 103 (445)* 6.0 5.8 4.65 pM;=2.00 pH" — 8.30
Cdan 29 (66.8)% 81 (198)° 6.0 6.7 6.87 pM,;=2.84 pH" — 18.50
Cu(Il) 16 (75.2) 35 (207)° 6.0 6.0 4.57 pM,;=2.00 pH* — 8.15

Second values in parantheses are saturation capacities (calculated in accordance with Langmuir adsorption modelling).
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muds and fly ashes up to 20% of cement weight did
not significantly affect the setting times of mortars
compared to those without waste sorbents (prepared
with respect to TS EN 196); however, both aluminate
and TEA as setting aids strongly shortened the setting
times (i.e. both the times for initiation and completion
of setting). The presence of metal loads in the solid
waste components of mortars prolonged both initia-
tion and completion of setting, the strongest adverse
influence being observed for lead(Il) (Table 2). The
tested setting aids/promoters were both effective in
significantly reducing these setting times, TEA at a 10-
fold lower concentration (by mass per volume) than
aluminate. The positive effect of aluminate may be
attributed to the formation of matrix-compatible Pb
(OH); instead of the matrix-disrupting PbSO, existing
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in fly ash [27]. It has been reported that TEA acceler-
ates the hydration of 3CaO. ALLO; and 3CaO.AL,O;-
CaSO,. 2H,0 systems in cement, and possibly forms a
complex with the hydrating silicate phase [28].

3.3. Optimizing Solid Waste Sorbent Ratio and the
Resulting Mechanical Strength of Concrete Blocks

The compressive strength of concrete blocks as a
function of solid waste ratio is seen in Fig. 1(a), show-
ing that red muds and fly ashes can be incorporated in
cement mortars up to 30% of the cement weight, and
acceptable compressive strengths (close to that of the
blank sample) can be achieved by 28-day hardening.
The mechanical test results were generally satisfactory
(i.e. compressive strengths of tested blocks above 80%

Table 2
The effect of setting aids/promoters on setting time and water quantity to achieve normal thickness (consistency) of
mortars
Sample Initial set Final set Required water for
(min) (min) paste thickness (g)
Cement without additive (blank) 120 300 20
Cement+0.05% TEA 53 105 90
Cement +0.5% aluminate 50 90 104
Cement containing 20% red mud 75 180 110
Cement containing 20% fly ash 125 215 102
Cement containing 20% red mud +0.5% aluminate 41 70 114
Cement containing 20% red mud +0.05% TEA 24 54 100
Cement containing 20% fly ash +0.5% aluminate 110 260 130
Cement containing 20% fly ash +0.05% TEA 50 200 101.5
Pb(1I)-loaded sorbent containing mortars
Pb-loaded red mud 108 400 102
Pb-loaded Red mud +0.5% aluminate 10 17 102
Pb-loaded red mud +0.05% TEA 6 13 100
Pb-loaded fly ash 235 480 110
Pb-loaded fly ash +0.5% aluminate 10 22 110
Pb-loaded fly ash+0.05% TEA 7 19 103
Cu(Il)-loaded sorbent containing mortars
Cu-loaded red mud 100 232 100
Cu-loaded red mud +0.5% aluminate 12 65 119
Cu-loaded red mud +0.05% TEA 10 23 107
Cu-loaded fly ash 50 293 111
Cu-loaded fly ash+0.5% aluminate 30 80 123
Cu-loaded fly ash+0.05% TEA 26 55 112
Cd(1I)-loaded sorbent containing mortars
Cd-loaded red mud 120 265 90
Cd-loaded red mud +0.5% aluminate 12 27 93
Cd-loaded red mud +0.05% TEA 8 15 90
Cd-loaded fly ash 40 145 100
Cd-loaded fly ash+0.5% aluminate 17 50 102
Cd-loaded fly ash+0.05% TEA 11 45 101




J. Hizal et al. | Desalination and Water Treatment 51 (2013) 7181-7193

of that of the blank) for cadmium-loaded sorbents up
to 20% solid waste-added specimens. However, when
heavy metal (Pb, Cu and Cd) cations were loaded to
these waste sorbents, the acceptable ratio of solid
waste incorporated in the mortar drops to 20% of
cement weight, as 30% solid waste-bearing formula-
tions could only reach ~3-5N/mm2 compressive
resistance, unacceptable in CFS (chemical fixation and
solidification) technology (Fig. 1(b)). Another notice-
able observation was that a 28-day hardening period
(in water) was insufficient for Cu-loaded formulations;
however, after 56-day standing, these blocks
approached the mechanical strength of the other
metal-loaded solid waste formulations. Although there
was no problem with Pb-loaded red mud, the curve
for Pb-loaded fly ash was not included in Fig. 1(b),
because in spite of the usage of various additives like
CaCl,, CaCOj; and Ca(OH),, the setting times for Pb-
loaded formulations (in 20% solid waste-incorporated
mortars) could extend up to 10days, remaining out-
side concrete standards. Possibly due to the matrix-dis-
rupting effect of PbSO, forming with fly ash [27],
mechanical strength criteria of Pb-loaded formulations
enabled the incorporation of maximal 5% Pb-bearing
solid waste in the mortars. Lead is known to cause
problems in stabilization/solification of metal-bearing
wastes [29], but Cd-containing or Cu-containing for-
mulations produced mortars solidifying within 48h to
reach acceptable compressive strengths. Bishop
claimed that Pb essentially (75%) remained in the sili-
cate matrix due to the precipitation of lead hydroxide
as silicate [30], and this event was interpreted by
Bhatty by the chemical fixation of lead in the form of a
double salt of calcium silicate hydrate [31]. Other
investigators assumed that simple lead hydroxide
could make isomorphic substitution in the silicate
matrix without disrupting the basic structure.

(a)100 A

90 2 oRed mud, 7 days
€ 80 . ° ®Red mud, 28 days
£ 70 - * o AFY ash, 7 days
S 60 A 2 AFl ash, 28 days
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50 4 o
8§
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S 201 A

10 A
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(] 20 40 60 80
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3.4. The Effect of Type and Quantity of Setting Aid/
Promoter

NaAlO,, previously shown to be an effective pro-
moter [27] for lead-bearing wastes, and TEA accelerat-
ing the hydration of cement calcium aluminates were
separately added to the tested formulations in order
to refine physical/chemical characteristics of metal-
loaded mortars and hardened concrete blocks
(Table 2). As a result of setting experiments, the
amount of water required for normal thickness was
chosen as either 225 or 250 mL, and 0.5% aluminate or
0.05% TEA was used as promoters to achieve the
compressive strengths shown in Fig. 2 for 28-day
hardened concrete blocks. With the exception of Pb-
loaded red mud, all red mud-added mortars showed
a decreasing trend for compressive strength with
increasing amount of water, while the reverse (i.e.
increasing strength with increasing water content) was
true for fly ash-added mortars (Table 3, together with
unreported preliminary experiments). An optimal
combination of (3% Caz(POy,+1% CaCl,) was previ-
ously shown to be effective for Pb-stabilization [27] in
20% Pb-loaded fly ash-incorporated mortars to reach
the required mechanical strenghts, based on Pb-stabi-
lizing effect of phosphates easily found in soils [32].
Data tabulated in Table 2 show that for 20% red mud-
incorporated formulations without metal loading, the
addition of promoters caused positive effects such as
61% and 70% reduction in the time of completion of
setting (final set) with 0.5% NaAlO, and 0.05% TEA,
respectively, whereas for fly ash-bearing formulations
without metal loading, only the initiation of setting
(initial set) could be accelerated to a limited extent.
The real performance of the tested promoters was
visible in improving the physical characteristics of
metal-loaded solid waste-bearing mortars. Aluminate
and TEA were the most effective set accelerators in

(b)100 N < Culllloaded Fed mud
- %0 A A a © Qu(l loaded ty ash
£ g0 - A A A
80 . 20 loaded red mud
£ < o
S 70 & sOHioadedtyash
2 601 A 4Poloated md mug
o 50 .
3 * .
v w -
4 a]
& 30 A
5
S 20 a o 5
10
] T T T T T %
0 5 10 15 20 25 30 35

Solid waste({ loaded adsorbent) percentage (%)

Fig. 1. (a) The compressive strengths of 7-day and 28-day hydrated /hardened concrete blocks as a function of unloaded
solid waste content. (b) The compressive strengths of 28-day hydrated/hardened concrete blocks as a function of metal

loaded solid waste content.
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005 % NaAlO2 + 250 mL water
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Fig. 2. The compressive strengths of 28-day hydrated/hardened concrete blocks containing 20% solid waste, either
unloaded or loaded metal cations; the quantity of water added was either 225 or 250 mL.

Pb-loaded solid waste (at 20%)-bearing mortars: the
addition of 0.5% NaAlO, or 0.05% TEA reduced the
final set time of red mud-bearing mortars by 96% and
97%, respectively, while the corresponding reductions
in fly ash-bearing mortars were 95% and 96%,
respectively. Likewise, setting was accelerated in Cu
(IN-loaded red mud and fly ash formulations at a
percentage of 72-73% with aluminate and at 90-81%
with TEA. In Cd-loaded formulations, the acceleration
rates (%) using aluminate and TEA for final set were
90-94% for red mud- and 66-69% for fly ash-incorpo-
rated mortars (Table 2).

The compressive strengths of 28-day hardened
concrete blocks prepared from metal-loaded solid
waste-bearing mortars (recorded as arithmetic mean
of four determinations for each sample) varied in a
wide spectrum, generally remaining below blank (ref-
erence concrete block strength) values, but 0.5%
NaAlO,-added formulations showed significant
improvements, and 0.05% TEA-added formulations
even reached 90-120% of the blank strengths (Table 3).
These results demonstrate that heavy metal-loaded
solid wastes can be stabilized/solidified into environ-
mentally disposable forms (i.e. concrete blocks) having
sufficient mechanical resistance with the use of set-
ting/hardening promoters at very low ratios.

3.5. Leach Test Results

Mortars with acceptable setting times were hard-
ened into concrete blocks, and those found eligible in
mechanical strength tests were subjected to chemical
leaching tests using acidic and alkaline leachants.
In all mortar formulations, the quantity of water was

fixed at 250 mL, and the effect of promoters on metal
leaching from final blocks was tested. The results
obtained from the leaching test are depicted in Table 3.
A background correction was made for metal ion con-
centrations of the leachates obtained from metal-
loaded concretes by subtracting the values leached
from solid waste formulations without added metal.
The heavy metal concentrations leached into solution
in the approximately 200-day follow-up period were
generally very low, with the only exception of humic
acid (HL) leach solutions (at alkaline pH) which
showed slightly higher metal contents; Cu(Il) was the
most leached metal ion among others (Fig. 3). The
higher leachability of copper(Il) may be due to its
strongest complex-forming ability (especially with
phenolic -OH and -COOH groups of HL leachant)
among the first-row transition metal ions of the peri-
odic table, as described in Irwing-Williams order of
complex formation. When the leachant was distilled
water and not regenerated for concrete blocks
prepared without promoters, only Cu(ll) could be
appreciably leached, and reached its maximal concen-
trations between the second and third months.
Confirming the reports of Brunner & Baccini point-
ing out to the pH-dependence of lead leachability and
especially to the increased rate of Pb-leaching at
pH<8 [33], Pb concentrations passing into distilled
water were found to be relatively low in this work, in
accordance with the findings of other researchers [34].
Cartledge attributed the relatively high leachability of
Pb to the precipitation of sparingly soluble Pb(I)-salts
onto the surface of cement minerals and their redisso-
lution into bulk solution [35]. It should be considered
that pH is a major variable in investigating Pb
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leachability from concrete matrices in applications of
CFS technology. For leachants not regenerated, all
samples but the Pb-loaded fly ash sample caused a
slight increase in solution pH (amounting to 0.5-1.0
pH unit) compared to that of the blank. In the first
four weeks, metal (Pb, Cd and Cu) concentrations of
the leachates remained below quantifiable levels
(0.08 ppm), confirming metal stabilization in the tested
matrices. Since lead immobilization in cement is
hypothesized to arise from Pb-inclusion by an addi-
tion reaction in calcium silicate hydrates [31], PbSO,
formation is detrimental to the stabilized/solidified
matrix and hence to Pb stabilization applications of
CFS technology. Possibly due to the formation of
PbSO,, the presence of fly ash was reported to be
unfavourable toward lead fixation and to retard
cement hydration [36], and this fact was confirmed
with the findings of this work.

In experiments where the leachant solutions were
regenerated every three weeks, higher concentrations
of metals were observed to leach out from the tested
matrices compared to cases of unregenerated lea-
chants, possibly due to undersaturation of sparingly
soluble matrix components in these pH-maintaining
solutions enabling the continuation of the leaching
process (thereby, shifting the solubility equilibria in
favour of dissolution). The leachants reached their
maximal metal-extracting power between the sixth
and ninth weeks. The noticeable enhancement of
metal (Pb, Cd and Cu) desorption/leaching from solid
waste-bearing concretes in HL solutions may be attrib-
uted to metal-humate complexation with the aid of
chelating phenolic -OH and -COOH functional groups
of HL. On the other hand, metal leaching was negligi-
ble to H,O, H,CO3;, NaHCO; and 1mM HNO; lea-
chant solutions from 20% waste sorben-—bearing
matrices without promoters, verifying the effectivity
of metal fixation/stabilization (Fig. 3).

When Fig. 3 and Fig. 4 were compared as two
groups, it was observed that metal leaching to pH 3.0
and pH 8.3 solutions slightly increased but still
remained at a hundred thousandth (107°) level with
the use of aluminate as promoter. Cu(ll) leaching in
presence of promoters was reduced to approximately
1/10 of that in their absence. Generally, all the tested
metal ions leached out at a lower percentage from
both red mud-bearing and fly ash-bearing masses into
HL solutions, compared to the leachates of masses
prepared without aluminate as promoter (Fig. 4). On
the other hand, TEA as promoter was capable of pro-
tecting Cd but not Cu against leaching; (Cd(II) + TEA)
combination produced about half of the metal leach-
ing from the concrete mass prepared without TEA
(Fig. 5), as opposed to the increased leaching of Cu
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with TEA for all leachants. (Pb(II) + TEA) combination
produced about the same metal leaching into HL solu-
tion, but significantly lower leaching into the other
leachants compared to those mortars prepared
without TEA (Table 3).

To summarize the effect of promoters, TEA pro-
tects Cd while NaAlO, protects Pb and Cu against
humate leaching. For mortars prepared with the use
of promoters, H;CO; was able to partly leach out Cd
from all formulations and Pb from NaAlO,-added for-
mulations. Since Cd(II) and Pb(II) have amphoteric
hydroxides [37] and their carbonates have solubility
products close to those of the corresponding hydrox-
ides, Cd and Pb could pass into the weakly acidic
H,CO; (or dilute HNOs3) leachate. On the other hand,
Cu(D)—Dbeing the metal ion having the least soluble
hydroxide—essentially did not pass to the weakly
acidic leachate but passed to the leachates obtained
from TEA-added mortars, in accordance with the Irw-
ing-Williams order of complex formation (e.g. with
the amine functional group of TEA having a known
affinity toward copper). The Pb-protective effect of
Na-aluminate was not seen with TEA in HL-leaching
experiments, possibly because aluminate but not TEA
was capable of forming the matrix-stabilizing double
salts of calcium/aluminium and lead silicates and
hydroxides, the definite compositions of which are
currently unknown [22]. TEA is essentially a setting
accelerator due to its positive effect on tricalcium alu-
minate hydration and to possible complex formation
with the hydrating silicate phase [28], but its matrix-
stabilizing effect against metal leaching has not been
reported in the literature, and requires further investi-
gations for full interpretation.

In cases when the leachants were not regenerated,
the leachate pH was equilibrated between pH 8.0 and
9.5 within three weeks, and this had a stabilizing effect
on Cd(I) and Pb(Il) in the solified mass having mini-
mal solubility of their hydroxides in the pH range of
7.5-10 [37]. The equilibrium pHs of the leachates irre-
spective of initial pH values were between 9.8 and
11.5 in this study due to long-term solid-liquid equi-
libria attained with alkaline constituents of the used
solid wastes (Table 3). As opposed to theoretical
expectations that amphoteric hydroxide-forming metal
ions would leach out more at an alkaline equilibrium
pH, hydroxide stabilization may have had a positive
influence in our study on the long-term non-leachabil-
ity of cadmium and lead. The overall results of leach-
ing tests were favourable for metal ion fixation, in
that during the 160-day follow-up period, the maxi-
mal leaching efficiencies of the tested metal ions (from
masses without promoters) into pH 3, pH 8.3 and HL
leachants were about 0.008%, whereas this value
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Fig. 3. The metal leach percentages of Cd (II)-loaded solid
waste at 20% of cement weight bearing concrete blocks
into H,O, H,CO3;, NaHCO;3; and HL leachants as a function
of leaching time (without promoters).

dropped to 0.004% from aluminate-incorporating
masses, and to a few tens of ppm (107°) levels from
Pb-containing and Cd-containing masses incorporating
TEA. Turkish “Water Pollution Control Directory”
states that the permissible lower limits of concentra-
tion ranges are given for the studied heavy metal ions
as Cd(II): 3-10ppb, Pb(I): 10-50 ppb and Cu(l): 20—
200 ppb[38]. Inspection of data depicted in Table 3
reveals that all values were within the permissible
ranges, rendering the proposed waste treatment tech-
nology as environmentally safe. As reflected in Fig. 2
and Table 3, the highest mechanical strength of the
solidified blocks (especially in fly ash formulations)
came from 0.05% TEA-incorporating pastes. These
observations demonstrate that the proposed CFS
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Fig. 4. The metal leach percentages of Cd (II)-loaded solid
waste at 20% of cement weight bearing concrete blocks
into H,O, H,CO3;, NaHCO; and HL leachants as a function
of leaching time (with 0.5% NaAlO,).
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Fig. 5. The metal leach percentages of Cd (II)-loaded solid
waste at 20% of cement weight bearing concrete blocks
into H,O, H,CO3, NaHCOj3; and HL leachants as a function
of leaching time (with 0.05% TEA).

technology is capable of stabilizing two distinct
groups of wastes (i.e. heavy metals in contaminated
water and solid waste materials) in a single solidified
concrete mass having both chemical and mechanical
resistance, safely disposable to natural environment.

4. Conclusions

In investigating the possibility of usage of solid
wastes as cost-effective sorbents in toxic heavy metal
(Pb, Cd, and Cu) removal from contaminated water,
red muds and especially fly ashes have been shown to
exhibit a high capacity. The metal-loaded heteroge-
neous solid wastes comprising iron- and aluminium-
oxides and silicates were successfully solidified by
adding cement, sand and water, producing both phys-
ically and chemically resistant, durable concrete
blocks. The setting and mechanical properties of con-
crete specimens obtained by optimal dosage of waste
addition were satisfactory. The fixed heavy metals did
not leach out appreciably into water over extended
periods. The problem caused by the cumbersome
metal, Pb, was solved with aluminate or TEA addition
so as to improve the setting, hardening and mechani-
cal strength of lead-bearing specimens. The tested
solid wastes, red muds and fly ashes show the poten-
tial of being used as barrier material in the form of
cost-effective grout for the prevention of expansion of
a heavy metal contaminant plume. The presumed pro-
cess is planned to be finished with in situ stabiliza-
tion/solidification. However, an onsite demonstration
has not been realized. Since the metal-loaded solid
wastes could be solidified into an environmentally
resistant form by adding stabilization-solidification
agents and promoters, thereby serving the doublefold
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aim of water treatment and solid waste disposal, the
finally emerging concrete blocks can be safely dis-
posed of in the environment as possible landfill mate-
rials. This proposed process for metal-contaminated
water treatment and solid waste disposal was, there-
fore, named as “integrated adsorption-solidification”.
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