RESEARCH COMMUNICATIONS

Solidification and stabilization of
chromium laden wastes in
cementitious binders

A. Carmalin Sophia*, S. Sandhya and
K. Swaminathan

National Environmental Engineering Research Institute (NEERI),
CSIR Complex, Taramani, Chennai 600 113, India

Solidification/stabilization (S/S) technology was applied
to a simulated sludge containing chromium. Leaching
tests such as toxicity characteristic leaching procedure
(TCLP), ANS 16.1 and multiple TCLP tests conducted
on stabilized blocks showed that chromium was im-
mobilized by the binder studied. A linear relationship
was obtained between the cumulative fraction of
chromium leached and time'” in the stabilized sam-
ples proving that chromium is leached by diffusion.
The leachability indices obtained for the solidified
materials satisfy the guidance value as per US Nuclear
Regulatory Commission. Chromium concentrations in
the TCLP leachates were well within the regulatory
levels of the United States Environmental Protection
Agency. Microchemistry and morphology of the sta-
bilized samples were studied using Fourier transfor-
mation infrared (FTIR) technique and scanning
electron microscopy (SEM). FTIR confirms the pres-
ence of v, CO; band and O-H stretching of Ca(OH),
and SEM shows uniform dense crystalline morpholo-
gies in all the samples. X-ray diffraction indicates the
presence of bentorite, which proves that Cr replaces
Al in the ettringite.

Keywords: Bentorite, leachability index, sludge, solidi-
fication, stabilization, toxicity characteristic leaching
procedure.

Toxic heavy metal laden wastewater and solid/semisolid
waste are discharged from metal finishing, plating, tan-
ning, automotive, engineering, mining, battery and other
industries. Unscientific management and indiscriminate
disposal of solid wastes generated by these industries
often lead to serious environmental problems.

Among the technologies developed to render waste
non-toxic, solidification/stabilization (S/S) by cementi-
tious binders has been most promising and has been
designated as one of the best demonstrated available
technologies for a variety of wastes'. S/S is used as a pre-
landfill waste treatment technology that aims to make
hazardous industrial waste safe for disposal. This tech-
nology has been applied to many types of wastes and
industrial effluents mainly those containing heavy metals.
The technology is both cost-effective and safe, since the
metals are converted (or retained as) into highly insoluble

salts, which do not leach into groundwater at appreciable
rates. Several binder systems are currently available and
widely used for S/S of many types of wastes and indus-
trial effluents containing heavy metals' .

This technology has been reported to be cost-effective
and safe for sludges containing heavy metals™®. Assess-
ment of different leaching procedures™ and different sta-
bilization mechanisms have also been discussed™®. Palomo
and Palacios' studied the stabilization capacity of a
cementing matrix, prepared using alkali-activated fly ash,
in the presence of toxic elements chromium and lead and
reported that chromium affects the activation mechanism
of fly ash and, consequently, its hardening process due to
the formation of sodium chromate. Rossetti et al.'' sum-
marized the optimization of S/S system for Cr, Pb, Zn
and Li in aqueous solution. Halim er al.'* observed that
Pb and As were incorporated within the C—S—H matrix,
whereas a greater portion of Cd located in the cement
pores as discrete particles and Cr(VI) existed mostly as
free CrO3” ions.

Wang and Vipulandan'® studied the X-ray diffraction
(XRD) pattern of solidified hexavalent chromium and
observed that chromium inhibited cement hydration pro-
cess. Rossetti and Medici'* studied XRD of cement-
solidified Cd, Cr, Zn and Pb containing waste.

The present study aims to explore the mechanism of
fixation of Cr using XRD, scanning electron microscopy
(SEM), Fourier transformation infrared (FTIR) and to
evaluate the stability of S/S system using standard and
accelerated leaching tests.

Four different kinds of binder materials, Portland cement,
Portland cement—fly ash, Portland cement—lime and Port-
land cement—-gypsum were used for solidification of a
synthetic metal containing waste. The cement used was of
grade 43 and fly ash was obtained from a coal-based
thermal power plant. Lime (Ca(OH),) and gypsum hemi
hydrate (CaSO4 1/2H,0) were purchased from the local
market at Chennai, Tamil Nadu. The composition of the
Portland cement, fly ash, lime and gypsum used is pre-
sented in Table 1. Heavy metal concentrations were
found to be negligible in the binders.

Chromium chloride CrCls-6H,O (10.26%) was the
source of heavy metal. A water/solid (W/S) ratio of 0.36
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Table 1. Chemical composition of binder materials

Cement (%)  Fly ash (%) Lime (%) Gypsum (%)
Si0, 19.7 33.12 0.55 1.28
AlO5 7.1 17.3 0.4 0.30
Fe,O; 2.7 4.6 0.17 0.46
CaO 61.24 26.6 53.47 32.5
MgO 3.24 4.87 1.02 BDL
Na,O 0.19 2.65 0.02 0.03
K,O 0.68 0.65 0.01 0.05
SO; 1.8 2.32 BDL 46.2
BDL, Below detectable limit.
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was maintained throughout the experiment. The sample
preparation has been explained earlier'”. The mix ratios
prepared were: C (10.26% CrCl;-6H,0; 89.74% cement),
FC (10.26% CrCl;-6H,0; 10% fly ash; 79.74% cement),
LC (10.26% CrCl3-6H,0; 10% lime; 79.74% cement) and
GC (10.26% CrCl;-6H,0; 10% gypsum; 79.74% cement).
All the analyses were done in duplicate and the average
results are presented.

Toxicity characteristic leaching procedure (TCLP) of
unsolidified and solidified wastes was carried out by
extracting at a liquid to solid ratio of 20:1 using TCLP
leaching fluid as medium. The solidified samples after
crushing to size <9 um along with leaching fluid were
placed in a rotary shaker for 18 h. The samples were fil-
tered and analysed for metals. Other aggressive leaching
tests, viz. multiple TCLP (MTCLP) and ANS 16.1 test
were performed on two-month-old sample. Diffraction
coefficient (De, cm” s) and leachability index (LI) were
calculated from eqgs (1) and (2).

CFL = a,/dy = 2(S(D tm)", (D

LI=-log D, 2)

where a, 1s the total amount of substance released in all
leaching periods of time ¢, 4, the total amount of sub-
stance originally present, J7 the volume of waste, S the
surface area of the waste. The details of the tests have
been presented earlier'.

FTIR was carried out using a Bruker Vector 22 FTIR
instrument. Well cured samples (two months old) were
prepared for analysis by grinding a known mass of solid
with dried KBr. The resulting powder was then pressed to
produce a pellet for analysis. IR data were collected over
the wave number range 700-4000 cm ™.

SEM (Hitachi S-520) at an accelerating voltage of
10 kV with Hitachi HUS 5 GB vacuum evaporator for
gold coating was used to analyse the microstructure of 2-
and 9-month-old solidified samples.

Results of the TCLP test are presented in Table 2. The
pH of the leachate ranges from 4.5 to 5.0. It is clearly
seen that as the curing time increases the fixation of chro-
mium also increases. Chromium levels in all the mix
ratios on the 14th day of curing are less than the TCLP

Table 2. Concentration of chromium by TCLP
Curing time (days)
Sample 7 14 21 28
C 4.97 1.58 0.32 BDL
FC 5.05 1.59 0.31 BDL
LC 44 1.4 0.30 BDL
GC 9.98 2.88 1.68 0.15

BDL, Below detectable limit.
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regulatory value (5 mg ™), demonstrating that chromium
is well fixed in all the systems studied. The order of
metal retention is in the order cement-lime > cement =
cement—fly ash > cement—gypsum. The cement—gypsum
system has excess sulphate, which may be responsible for
the impedance in the fixation of chromium. Fly ash acts
both as a fine aggregate and as a cementitious component
enhancing the binding. Lime increases the pH of the
block and enables the formation of insoluble metal
hydroxides'”. Chang et al.'® reported that chromium level
in plating sludge (10.71 mgl™") was reduced to
<0.3782mg 1" after solidification using binders like
slag, fly ash, shell lime and cement. Park'® has reported
that a synthetic sludge of chromium, lead and cadmium
made from 2500 mg 1™ of the metal solutions leached out
<100 ug 1™ of chromium after solidification using
cement, clinker kiln dust and quick setting agent.

MTCLP test was carried out on all the systems and the
results are shown in Figure 1. The cumulative leaching of
chromium was found in the range 2.69-3.06 mgl™,
which is considerably lower than the TCLP regulatory
limits. Yang and Kao™ have reported that solidification
of electroplating sludge using cement and calcium car-
bonate sludge has reduced the cumulative leaching of
zinc from 2.83 to 0.034 wt% and cumulative leaching of
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Figure 1. Concentration of chromium by multiple toxicity character-

istic leaching procedure test.
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Figure 2. Cumulative fraction of chromium leached from stabilized
system as a function of square root of time.
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Figure 3. FTIR spectra of samples.

cadmium from 18.85 to 0.4 wt%. This indicates that even
after subjecting the S/S blocks to rigorous leaching con-
ditions, the stabilized systems exhibit good binding abil-
ity for chromium and can be considered chemically
durable.

Solidified samples were tested according to the Ameri-
can Nuclear Society leaching test procedure, and the
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results are presented in Figure 2. Cumulative fraction of
chromium leached (CFL) versus time'? over a selected
range of leaching data shows linearity which proved that
the transport mechanism of chromium from solidified
sample by the leaching liquid is controlled by diffusion.
The values of D, and LI derived are presented in Table 3.
The LI values obtained were > 15 for the systems studied,
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Figure 4.

SEM micrograph of the solidified samples. a, C 2 months cured sample. b, FC 2 months cured sample. ¢, LC 2 months cured sample. d,

GC 2 months cured sample. e, C 9 months cured sample. £, FC 9 months cured sample. g, LC 9 months cured sample. i, GC 9 months cured sample.

Table 3. Diffusion coefficient and leachability index of chromium by
ANS test
Diffusion coefficient Leachability

Sample (D.) (cm’/s) index (LI)

SC 1.13E-17 17.0

SFC 9.7E-18 17.0

SLC 4.93E-18 17.3

SGC 2.64E-17 16.6

indicating high chromium fixation by the binders investi-
gated. Andres er al’ reported that a value of D,=
10~ em?/s shows very high mobility or rapid diffusion
and D,=10" cm?s indicates immobility or very slow
diffusion. It could be seen from the table that the LI
values range from 16.6 to 17.0 for the mix formulation
studied, indicatinghigh chromium fixation. Shon et al.*!
have also reported that a LI value greater than 6 implies
low contaminant diffusion. Chan et al.” have reported LI
values for heavy metals, viz. Zn, Cr, Pb, Cu and Fe rang-
ing from 7.6 to 9.1 and from 8.3 to 9.5 in cement and
cement-activated carbon matrix respectively.

FTIR results (Figure 3) confirm the presence of v, CO;
bands (874 cm™) in the control and samples containing
chromium. CO; bands arise from the reaction between
atmospheric CO, and Ca(OH), from the cement. The pre-
sence of CO; bands has been reported by Mollah ez al.**
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and Rho et al.®. A sharp band was observed at 3642,
3645, 3644 and 3649 cm™, which is due to O-H stretch-
ing of Ca(OH),. For the cement, cement—fly ash, cement—
lime and cement—gypsum systems, it appears as a shoul-
der in the samples at 3642, 3645, 3644 and 3645 em™
respectively. The water-stretching region, as the bending
vibration band appears at 1638 cm™ in cement, cement—
fly ash, cement-lime control and samples, whereas in
cement—gypsum control and sample it remains at
1620 cm™. The silicate phase in dry clinker exhibits a
broad absorption band at 925 c¢m™ (v SiO;" stretching
band)®, which shifts to higher wave number (990—
1010 cm™) on hydration. It could be seen from Figure 3
that the magnitude of shift is indicative of the
degree of polymerization, which could be due to the for-
mation of polymeric C—S-H gel and/or due to the incor-
poration of chromium in the place of silica or aluminium.

Scanning electron photomicrographs of all solidified
samples show presence of ettringite in various forms
(Figure 4). The cement stabilized sludge cured for two
months showed presence of pseudocrystalline ettringite.
Samples cured for nine months showed rods of chromium
rich alite and chromium rich C—S-H. Belite (C,S) phases
were also seen in the sample.

The two-month-old cement—fly ash system showed
prismatic crystals of ettringite. The nine months cured

CURRENT SCIENCE, VOL. 99, NO. 3, 10 AUGUST 2010
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specimens showed dense crystalline morphologies. Uni-
form distribution of fly ash particles was observed in the
surface of the samples. Kula ef al.** reported similar SEM
micrograph for 5% tin ore sample solidified with 10% fly
ash and 85% cement.

The two-month-old cement-lime system showed hex-
agonal crystals of ettringite on the surface. The nine-
month cured sample showed dense morphology.

The SEM of cement—gypsum system was observed to
have dense clusters of ettringite in two-month cured sam-
ples. Gypsum is one of the materials added for the forma-
tion of ettringite®. The nine-month-old samples showed
dense morphologies. Albino er al.*> have reported needle-
like and plate-like ettringite for systems containing Cu,
Cr, Cd, Pb, Zn and Fe.

Four different kinds of binder materials, Portland
cement, fly ash, lime and gypsum were tried for solidifi-
cation of a synthetic metal containing waste. The stability
of the solidified blocks was tested using different leach-
ing tests such as TCLP, MTCLP and ANS 16.1. It was
observed that the chromium leaching out was below the
TCLP and US NRC limits. CFL versus time'”? over a
selected range of leaching data shows linearity, which
proved that the transport mechanism of chromium from
solidified sample by the leaching liquid is controlled by
diffusion. The surface morphology was studied using
SEM and the molecular studies were done using FTIR.
There was shift in frequency due to the formation of
polymeric C—S—H gel due to the incorporation of chro-
mium in the place of silica or aluminium. Solidification
can be effectively used for stabilization of chromium con-
taining waste sludges.
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