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Abstract: More than 70% of the beryl ore processed by the Beryllium Metal Plant at the BARC Vashi
Complex ends up as redmud waste. The presence of significant quantities (0.4 to 0.8%) of beryllium in the
redmud qualifies it as hazardous under the Hazardous Waste (Management and Handling) Rules 1989 and
the Amendments thereof by the Government of India, Ministry of Environment and Forests requiring safe
handling, storage and disposal. The waste also contains 0.09% of water soluble fluoride. Since the teachability
characteristics forms the key to the Hazardous Waste Management a study was undertaken by Environmental
Assessment Division to understand the same with reference to redmud waste. The various standard protocol
of procedures like Dynamic Leach Test(DLT), Sequential Leach Test etc., were employed to estimate the
leachability of beryllium from redmud for both short term and long term periods. The Toxicity Characteristic
Leaching Procedure (TCLP) proposed by the United States Environmental Protection Agency (USEPA) which
is now widely accepted as the regulatory method for classifying any waste as hazardous has been used in our
studies with redmud. Nearly 50% of beryllium present in redmud is leachable in water. Several methods are
being adopted for stabilization of hazardous waste for safe storage in disposal areas. We have tried the
stabilization of redmud using portland cement. The proportion of redmud to cement was in the ratio of 1:1,
1:2 and 1:4. The blocks were cast, cured and used in the leachability experiments using standard protocols as
above. The results of the TCLP test gave the levels of beryllium well below the standard limits in the TCLP
extract of cement stabilized waste indicating the suitability of stabilization of redmud with cement whereas
that of raw waste (redmud) are much higher than the prescribed limits. The total leach percent of beryllium
in 1:2 block is 0.05% over a period of 164 days whereas 1:1 and 1:4 gave a leach percent of 0.26 and- 0.15%
respectively. The DLT results indicate, diffusion controlled release of beryllium from the cement stabilized
redmud blocks. The effective diffusion coefficient of beryllium obtained from the modelling study is 10 orders
of magnitude less than the molecular diffusion coefficient of beryllium indicating the effectiveness of cement
stabilization. Prom the detailed experiments performed, it is felt that 1:2 proportion of redmud and cement
will be the best suited option for stabilization of redmud waste. The 1:1 proportion of redmud to cement
mixture which could not be cast into compact cement blocks also exhibited very low leachability
characteristics similar to 1:2 and 1:4 and can be favourably considered for stabilization in case of space
constraints at storage sites. The study will be extended to blocks of larger dimension with higher surface
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LEACHABILJTY CHARACTERISTICS OF BERYLLIUM IN
REbMUb WASTE AND ITS STABILIZATION IN CEMENT
I.V. Saradhi, T.N. Mahadevan, and T.M. Krishnamoorthy
Environmental Assessment Division, Bhabha Atomic Research Centre,
MUMBAI - 400 085
ABSTRACT

More than 70 % of the beryl ore processed by the Beryllium Metal Plant at the
BARC Vashi Complex ends up as redmud waste. The presence of significant quantities
(0.4 to 0.8 %) of beryllium in the redmud qualifies it as hazardous under the Hazardous
Waste (Management and Handling) Rules 1989 and the Amendments thereof by the
Government of India, Ministry of Environment and Forests requiring safe handling,
storage and disposal. The waste also contains 0.09 % of water soluble fluoride. Since the
teachability characteristics forms the key to the Hazardous Waste Management a study
was undertaken by Environmental Assessment Division to understand the same with
reference to redmud waste. The various standard protocol of procedures like Dynamic
Leach Test (DLT), Sequential Leach Test etc., were employed to estimate the leachability
of beryllium from redmud for both short term and long term periods. The Toxicity
Characteristic Leaching Procedure (TCLP) proposed by the United States Environmental
Protection Agency (USEPA) which is now widely accepted as the regulatory method for
classifying any waste as hazardous has been used in our studies with redmud. Nearly 50
% of beryllium present in redmud is leachable in water. Several methods are being
adopted for stabilization of hazardous waste for safe storage in disposal areas. We have
tried the stabilization of redmud using portland cement. The proportion of redmud to
cement was in the ratio of 1:1, 1:2 and 1:4. The blocks were cast, cured and used in the
leachability experiments using standard protocols as above.

The results of the TCLP test gave the levels of beryllium well below the standard
limits in the TCLP extract of cement stabilized waste indicating the suitability of

stabilization of redmud with cement whereas that of raw waste (redmud) are much higher than
the prescribed limits. The total leach percent of beryllium in 1:2 block is 0.05 % over a period of
164 days whereas 1:1 and 1:4 gave a leach percent of 0.26 and 0.15 % respectively. The DLT
results indicate, diffusion controlled release of beryllium from the cement stabilized redmud
blocks. The effective diffusion coefficient of beryllium obtained form the modelling study is 10
orders of magnitude less than the molecular diffusion coefficient of beryllium indicating the
effectiveness of cement stabilization. From the detailed experiments performed, it is felt that 1:2
proportion of redmud and cement will be the best suited option for stabilization of redmud waste.
The 1:1 proportion of redmud to cement mixture which could not be cast into compact cement
blocks also exhibited very low leachability characteristics similar to 1:2 and 1:4 and can be
favourably considered for stabilization in case of space constraints at storage sites. The study
will be extended to blocks of larger dimension with higher surface areas.

1. INTRODUCTION
1.1 Beryllium Metal - Applications and Environmental Concern :

Beryllium metal by virtue of its unique combination of physical, mechanical and nuclear
properties is an attractive choice for specific functions in selected areas of modem engineering.
Beryllium due to its low absorption cross section and high scattering cross section has varied
applications in nuclear industry and due to its high melting point and high modulus of elasticity
it is used in aerospace engineering.
The major deterrent factor in the usage of beryllium is its high toxicity potential. High
concentrations of beryllium is present in wastes generated from beryllium processing plants and
is also observed in fly ash from Coal power plants to a lesser extent. Diesel and heavy fuel oil
contain low concentrations of beryllium and gets airborne as their combustion products.
Beryllium is a cumulative poison. It gets fixed to proteins and bones and inhibits the action
of number of essential metabolic enzymes causing berylliosis and dermatitis. Major pathway
of beryllium exposure is by inhalation1. Alveolar deposition has been reported depending on its
particls size.

Beryllium is listed as a Toxic Environmental Pollutant and also classified as an hazardous
air pollutant by the US EPA .

1.2 Environmental Quality Standards for Beryllium:

Precautionary measures for safe handling of beryllium recommended by U.S. Atomic
Energy Commission and American Conference of Governmental Industrial Hygienists
(ACGIH) are:
1. In plant air concentration of beryllium should not exceed the threshold limit value of
2 ug/m3 throughout the 8 hour working day.
2. No personnel should be occupationally exposed to air concentration greater than or
equal to 25 ug/m3 for any period of time however short.
3. In the neighborhood of the plant handling beryllium compounds, the

average

3

monthly ambient air concentration should not be greater then 0.01 ug/m .
4. The drinking water standards recommended by US EPA is 0.004 mg/1.

The occupational and environmental quality standards stated above have been
adopted in the Beryllium Processing facility situated at the BARC, Vashi complex, Navi
Mumbai. The liquid effluent discharge standards and the gaseous emission standards
followed by the plant are 0.1 mg/1 and 0.3 ug/m3 (This limit is derived for the Vashi plant
assuming that the ground level concentration does not exceed the Ambient Air Quality
Standards of 0.01 |j.g/m3) respectively. In India all issues concerned with hazardous waste
are governed by Hazardous Waste (Management and Handling) rules and the amendment
thereof under the EP Act 1986 by the Ministry of Environment and Forests. Under this
rule The Government of India, MOEF have recently circulated a draft document
suggesting concentration based standards for hazardous waste which set a concentration
limit of 50 mg/kg waste for beryllium5 requiring proper management during storage and
disposal operations.

13 Waste generation from Beryl ore processing :

Beryllium metal is produced on large scale from beryl ore. The Atomic Mineral
Division (AMD) located at Hyderabad subjects the Beryl ore to physical processing and
pulverization and sends to the BARC unit at Vashi for chemical processing. The process
flow sheet followed in the Vashi plant is given in Fig. 1. From the flowsheet it can be
seen that the process generates different types

of

wastes at

different stages of

separation.

Nearly 60

to 70 % of the original ore is generated as solid waste till the

preparation of BeF2 stage. This waste is termed as redmud and classified as highly toxic
requiring special care for handling, storage and disposal. Liquid effluents are chemically
treated to the recommended standards before discharging into public drainage at the
Vashi plant. Air concentrations are kept well below the emission limits of 0.3 ug/m3
using scrubbers and High Efficiency Particulate Air (HEPA) filters. Redmud generated
contains both leachable and non leachable beryllium along with unreacted beryl, silica,
alumina and ferric oxide. A typical metallurgical process involving 110 kg of beryl
6

generates 66 kg of redmud . In the industry under study, presently the generated redmud
is contained in mild steel drums, and lowered in concrete containers on thick R.C.C. slab
in the backyard of the plant. This method of containment not only demands large area
for storage but also involves the risk of leaching of beryllium into ground water through
soil percolation during contact with rain water over extended periods of time. Natural
calamities such as earthquake also needs to be considered while evaluating the possible
environmental impacts from the storage site.
1.4 Leachability and Stabilization of Hazardous Waste:

Leachability characteristics of hazardous wastes are studied to determine the
concentration of contaminant in the leachate and the rate of contaminant migration into
the environment if disposed in the existing form. Land disposal of solid wastes can lead
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to environmental harm due to possibility of leaching of the contaminants in the waste
towards surrounding ground water7. In this regard stabilization or solidification of
wastes with suitable additives have found extensive applications and commonly used as
final treatment before disposal. Stabilization/solidification with cementitious materiel is
widely accepted and economically attractive waste management option for disposal of
metals and radionuclides8. The preferred option for the disposal of solid hazardous wastes
involves stabilization of the waste followed with burial in near surface facilities having
provisions of monitoring the leachates arising from infiltrating water. The assessment of
the effectiveness of stabilization requires the measurement of physical, engineering and
chemical properties of the stabilized material9. Large number of laboratory tests are
utilized to evaluate the effectiveness of stabilization and the selection of appropriate tests
and the interpretation of test results depend upon the objectives of the stabilization
program.

Some of the teachability protocols used for stabilized wastes have been

presented here.
1.4.1 Leachability Protocols for Stabilized Waste:

Vander Shoot

10

et. al, carried out leaching tests on a wide variety of materials

such as wastes, stabilized wastes, construction materials and soils for regulatory purposes
and waste management. The various leaching tests conducted includes pH static test,
column test, Dynamic leach test, Extraction Procedure Toxicity (EPTOX), Toxicity
Characteristic Leaching Procedure (TCLP) and Sequential chemical extraction procedure
tests.

From the tests carried out they have identified an unified approach for

standardization of leaching method for regulatory purposes which should include:
a) Tests representing total concentration available for leaching by availability test.
b) Methods assessing time dependence leaching by column test.
c) Tests allowing for assessment of element speciation and solubility control by pH static
method test.
Ibanez, E 7. etal., carried out leachability studies on fly ash and bottom ash and
flue gas desulfurization sludges by stabilizing waste using cement.

Leachability

characteristics of the waste forms are studied by standard leachability protocols such as

Toxicity Characteristic Leaching Procedure (TCLP) and Dynamic Leach Test (DLT).
The data obtained is incorporated in the semi empirical model to predict the long term
behavior of stabilized matrices.

In view of the limited work carried out at the BARC plant it was decided to
undertake a detailed study on leachability characteristics both on redmud and cement
stabilized redmud using the available protocols as given in chapter II.

1.4.2 Studies on Leachability and Stabilization of Redmud:

Bhat and Pillai

have reported a total concentration level of 4.2 mg of

beryllium/gm of redmud (0.42 %). The total cold water leaching of beryllium from
redmud is found to be 2.6 mg/gm (62%) of which nearly 14 % was observed over 24 hour
period and 58 % over 12 days. They have also attempted to stabilize the waste in cement
and sand in the form of rectangular blocks of 5 cm x 7.5 cm x 3.5 cm with varying
quantities of redmud keeping the cement and sand proportions at 1:1 ratio which gives
redmud proportion of 1:2, 1:3 and 1:6 in the stabilized block. They performed the
leachability test on stabilized waste over a period of 900 days. The cumulative leach
percent reported by them is 0.11 % of the beryllium in redmud. Leachability of blocks
following thermalization at 500°C have also been reported.

1.5 Scope of the Present Study :
Generally the stabilized waste forms are stored in cylindrical mild steel canisters
before disposing them off to the near surface landfill or burial facilities. Thus it was
thought appropriate to stabilize the redmud in cylindrical forms. The scope of the present
study includes:
(i) Study on the leachability characteristics of redmud with both cold water and water
under boiling conditions. This phase is aimed to study the improvement that could be
achieved for the initial extraction of soluble NaBeF3 from the sintered beryl ore.

(ii) Stabilization of redmud with various proportions of cement taking the advantage of
the 75 % silica in redmud. Increasing the quantity of cement to enable the precipitation
of beryllium as its insoluble hydroxide.
(iii) Studying the leachability characteristics of the stabilized waste using standard
leachability protocols.
(iv) Study on the behavior of leaching characteristics of stabilized waste by increasing
surface area to volume ratio using different dimensions of cylindrical blocks.

2. HAZARDOUS WASTE IDENTIFICATION AND STABILIZATION OPTIONS

2.1 Definition of Hazardous Waste :
Solid waste normally includes garbage, refuse, sludge from waste treatment
plants, water supply treatment plants, air pollution control facilities and other discarded
material including solid, liquid, semi-solid or contained gaseous material resulting from
industrial, commercial, mining and agricultural operations and from community
activities. However hazardous waste has been defined in terms of its deleterious effects
on the environment.
9

Hazardous waste as defined by Resource Conservation and Recovery Act (RCRA), US
EPA, is a solid waste or combination of solid wastes, which because of its quantity,
concentration, physical, chemical or infectious characteristics may—
(i) Cause or significantly contribute to an increase in mortality or an increase in serious
irreversible or incapacitating reversible illness; or
(ii) Pose a substantial threat or potentially hazardous to human health or the environment
when improperly treated, stored, transported or disposed off or otherwise managed

For regulatory purposes EPA selected four characteristics of ignitability, corrosivity, reactivity
and toxicity on the basis of the tests that met the intent of RCRA law, were reproducible and
were relatively easy to perform9
•

Ignitable wastes : Ignitable wastes are liquid with flashpoint below 60°C, or solids capable
of causing fire under standard temperature and pressure. Ignitable wastes were assigned
EPA Hazardous Waste No. D001.

•

Corrosivity : Corrosive wastes are aqueous wastes with a pH below 2 or above 12.5, or
which corrode steel at a rate in excess of 0.25 inches per year.

Corrosive wastes are

classified D002
•

Reactivity : Reactive wastes are normally unstable, react violently with air or water or form
potentially explosive mixtures with water. This category also includes wastes that emit toxic
fumes when mixed with water and materials capable of detonation. Reactive wastes are
classified D003

•

Toxicity : The characteristic of toxicity is more difficult to define. The objective of this
parameter is to determine whether toxic constituents in a solid waste sample will leach into
ground water if the waste is placed in a municipal solid waste landfill. If this is the case the
waste will be declared hazardous. For this purpose EPA developed a test called Toxicity
Characteristic Leaching Procedure (TCLP) and the results of the test are compared with the
published standards to decide whether the waste is hazardous or not.

2.2 Stabilization :

Stabilization is a process in which additives are mixed with waste to reduce the rate of
contaminant migration into the environment to a geologically slow rate or at an acceptable rate
from the waste and to reduce the toxicity of the waste. It may be described as a process by
which contaminants are fully or partially bound by addition of supporting media, binders or other
modifiers. The transfer of contaminant from the waste to the infiltrating liquid medium is called
leaching.

The major areas of application of stabilization technologies are

•

Land disposal (Stabilization of wastes prior to secure landfilling)

•

Site remediation (The remediation of contaminated sites)

•

Solidification of industrial wastes

The physical and chemical mechanisms that controls the effectiveness of
stabilization are
a) Macro encapsulation

d) Adsorption

b) Micro encapsulation

e) Precipitation

c) Absorption

f) Detoxification

The effectiveness of stabilization depends on the reagents that are used to stabilize
the waste. Various additives used in the stabilization process are :

(i) Cement: Stabilization of hazardous waste frequently employs cement as the
principal substance. For cement based stabilization, waste materials are mixed with
cement followed by addition of water for hydration. Cement based stabilization is best
suited for inorganic wastes especially those containing heavy metals. As a result of high
pH (alkaline) of the cement, the metals are retained in the form of insoluble hydroxide or
carbonate salts within the hardened structure. These components are bound in matrix by
chemical fixation, forming insoluble compounds.

Stabilization with cement has shown considerable promise and utilization for the
fixation of inorganic wastes such as metal hydroxide sludges from plating industry.
Technology of cement is well known including handling, mixing, setting and hardening.
Extensive dewatering of sludges is not typically necessary as water is required for cement
of hydration. Alkalinity of cement can neutralize acidic wastes. Sensitivity of cement to
presence of certain contaminants that could retard setting and hardening materials is the
principal disadvantage.

(ii) Pozzolans : A pozzolan is a alumina silicious material that react with lime in
the presence of water to produce a cementitious material. Fly ash is used as a very good
pozzolonic material in combination with portland cement for various applications. Like
cement,

pozzolans

are used for stabilizing inorganic materials.

10

The high pH

environment is well suited for waste contaminated with heavy metals.

Although

stabilized material had soil like consistency, the process significantly slows down
leaching of inorganic metals.

(iii) Lime : Stabilization of sludges is frequently accomplished through addition
of calcium hydroxide or lime which results in formation of hydrates of calcium silicate.
Lime based stabilization is typically best suited for inorganic contaminants and has been
widely employed for metal sludges.

(iv) Organically Modified Clays : Organically modified clays are mostly used in
conjuncton with other stabilization reagents in order to entrap the organic portion of the
waste to be stabilized. These are produced when natural clays are organically modified to
become organophillic.

This is accomplished through the replacement of inorganic

cations within the clay structure with organic cations. After this replacement, organic
molecules are adsorbed within the crystalline structure of clay. The effectiveness of
organically modified clays in stabilization is due to adsorption of organic contaminants to
the clay which in turn encapsulated by cement or other binders.

(v) Vitrification : Vitrification is the process of glass formation involving melting
and fusion of waste components at high temperatures normally greater then 1600°C
followed by rapid cooling into non crystalline, amorphous glass form. The application of
vitrification to management of hazardous wastes can be carried out both in insitu as well
as inplant technique. This technique is used more in handling of high level wastes in
nuclear waste management. It renders waste more structurally stable with a reduced
potential for contaminant migration into the environment. All gases emitted should be
treated to ensure air emission standards are met. There is a net volume reduction in
vitrification process where as in other processes of stabilization the volume of waste to be
disposed off increases. However it should be noted that the philosophy in hazardous
waste management is totally related to containment rather than its re-entry into the
environment.

ll

2.3 Procedures for Toxicity Test Evaluation and their Applications:

The assessment of the effectiveness of stabilization requires the physical,
engineering and chemical properties of the stabilized material. Each test yields different
measures of same property which depends on measurement technique. When properly
interpreted each test gives partial insight into the effectiveness of stabilization technique
used .
2.3.1 Extraction Procedure Toxicity Test (EPTOX) 9 :
In this test the solidified monolithic block is crushed to pass through 9.5 mm
sieve. 0.04 M acetic acid leaching solution is used at a solid to liquid ratio of 1 : 16. The
extraction takes place over a period of 24 hours with agitation. The liquid extract is
analyzed for specific chemical constituents. The waste is considered EP toxic if it's
extract has concentration greater then standards specified which is usually 100 times the
drinking water standards (i.e 0.4 mg/1 for Be). Factor hundred is to account for dilution in
the environment.

2.3.1.1 Applications:

This test is a regulatory test extensively used to classify materials as hazardous or
non-hazardous. The results of this test cannot be applied to any sort of transport of
leachate or to risk analysis. This test is not suitable for evaluating wastes with significant
volatile organic components.
2.3.2 Toxicity Characteristic Leaching Procedure (TCLP) 9 :

This test is used to determine whether a particular waste meets the applicable
technology based treatment standards to be land disposed. The test is designed to
determine the mobility of both organic and inorganic contaminants present in liquid, solid
and multiphase wastes. In this method stabilized material is crushed to a particle size
smaller then 9.5 mm. Then the crushed material is mixed with a weak acetic acid

12

extraction liquid in a solid to liquid ratio of 1:20, and agitated in a rotary extractor for a period
of 18 hours at 30 RPM and 22°C and is filtered. The filtrate is called TCLP extract and it is
analyzed for various constituents in sample.

2.3.2.1 Applications:

TCLP is a regulatory test and is also useful for comparing effectiveness of one treatment
technology with another or one stabilization mix process with another. TCLP test do not yield
data on the time rate at which contaminants will be leached into the environment.
2.3.3 American Nuclear Society Leach Test (ANS 16.1) 9 :

The ANS 16.1 leach test also called Uniform Leach Test was developed to determine the
teachability of solidified radioactive wastes. In this test solidified test specimen is rinsed in a
leaching medium of aerated water and following 30 second rinse specimen is left unagitated in a
non-reactive container for specific time intervals. The leaching medium is removed and replaced
at various times intervals throughout the 14 day test period.

2.3.3.1 Applications :

This test requires accurate calculation of surface area so that diffusivity

can be

determined and then the rate of loss of contaminants for larger amounts of the waste can be
predicted. The values of diffusivity obtained from the test can be used for transport analysis
taking into account the amount of disposed waste, the annual net infiltration of water or
movement of ground water through the landfill, the factors effecting leachate of the waste. This
test is designed for solid block of material and may not be applicable for soil like products.
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2.3.4 Dynamic Leach Test 9 :
Dynamic leach test adapted from ANS 16.1 test where, a monolithic solidified specimen
is immersed in distilled water at specific surface area to volume ratio normally in the range of
0.1 to 0.15. The leachant (distilled water) is renewed regularly at preset liquid - solid contact
times based on block characteristics for short term and long term studies. The leachate samples
are analyzed for both organic and/or inorganic contaminants. The pH of the leachant is also
measured after each transfer.

2.3.4.1 Applications :

Dynamic leach test is used to determine the mobility of contaminants through a material
matrix, by measuring the rate of leachability. The amount leached in each interval, relative to
the total amount of contaminant initially present is determined and an apparent diffusion
coefficient is calculated. With this type of data available, time related behavior, or diffusive
transport can be evaluated and used for the long term prediction of leaching rate.
2.3.5 Sequential Leach Test9

This test attempts to evaluate the leachability of metals from a solid material. Five
successive chemical extractions of increasing aggressiveness (pH varying from neutral to very
acidic) are performed to separate the contaminants into five fractions : The ion exchangeable
fraction, the surface oxide and carbonate bound metal ions, the metal ions bound to iron and
manganese oxides, the metals ions bound to organic matter and sulfides and the residual metal
ions. In this test 0.5 g of sample is placed in a polypropylene centrifuge tube and subjected to a
series of five successive extraction procedures, each suitable for extracting the specific fraction
of the metals. In each extraction, after adding specific extraction fluid the mixture is agitated
and/or heated for a specific time period before being centrifuged to separate the solid and liquid
portions and chemical analysis performed in the liquid fraction.
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2.3.5.1 Applications :

This test is suitable for simulating various conditions existing in landfill. Particularly in
municipal solid waste landfills where due to bio degradation of solid waste the pH value
changes from neutral to acidic with time there by increasing the teachability of the waste
disposed.

TCLP method is the revised version of the EPTOX method described above and hence
used in our study.

The Dynamic Leach Test has been employed as this test method is

extensively used in studies relating to non radioactive hazardous wastes. The various test
procedures as discussed above have been employed in the leachability studies for beryllium in
redmud and results are presented in chapter IV.
3. EXPERIMENTAL STUDIES WITH REDMUD

3.1 Total Concentration of Beryllium in Redmud:
In order to measure the total concentration of beryllium in redmud, the samples are
digested in different acid mixtures. 20 ml of HC1 + 5 ml of HNO3 and 20 ml of HNO3 + 5 ml
of H2SO4 are added to 2 gm samples of redmud and digested in soxhlet extractors for 8 hours,
diluted with distilled water centrifuged and the supernatant is made upto 100 ml. This treatment
does not decompose the silicate bound beryllium.
For total beryllium estimation 2.0 gm Redmud is treated with a mixture of 10 ml HF + 2
ml HNO3 in poly propylene / teflon beakers covered suitable and heated to 70°C in a water bath
for 2 to 3 hours. The excess of HF is then evaporated off. The residue is treated with 2.0 ml of
concentrated HNO3, diluted with distilled water, centrifuged and the acid extract is made upto
100 ml.
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3.2 Water Leachable Component of Beryllium :

3.2.1 Leaching Under Boiling Conditions :

To determine the maximum concentration of beryllium in redmud that can be leached
into water, extraction is carried

out under boiling water conditions in soxhlet extractor

containing 2 gm of redmud and 25 ml of water for 8 hours. Extract is centrifuged and the
supernatant is made upto 100 ml with distilled water. pH of sample is measured after extraction.
The residue after separation of water extract is again digested in mixture of 20 ml HCl and 5 ml
HNO3 in the extractor (Plate -1) to estimate the residual beryllium that can be leached into acid
medium.

3.2.2 Leaching Under Cold Conditions :
Sequential leaching tests were conducted to find out the total concentration of beryllium
that can be leached into different leaching agents under cold conditions which simulates the
different pH conditions in the landfill sites. 5 gm of dry redmud is leached in 100 ml distilled
water with a solid to liquid ratio of 1 : 20. The contents are vigorously shaken for 8 hours during
the total contact time of 24 hours. pH of the mixture is measured after 24 hours and the
supernatant is centrifuged for further analysis. The procedure is repeated

successively by

adding fresh leaching agents to the residue from the earlier stage. The successive leaching
agents after distilled water are 1 N ammonium acetate, 0.1 N ammonium acetate + acetic acid,
0.05 N hydrochloric acid and 0.1 N hydrochloric acid + 30 % hydrogen peroxide. This test
attempts to evaluate the leachability of metals from any solid waste material. Five successive
chemical extractions of increasing aggressiveness (pH varying from neutral to acidic) are
preferred as given above. Distilled water gives information about the ion exchangeable fraction
of redmud. Ammonium acetate yields information of surface oxide and carbonate bound metal
ions. The metal ions bound to iron and magnesium oxides is revealed by ammonium acetate and
acetic acid mixture. Hydrochloric acid gives information about metal ions bound to organic
matter and sulfides. Residual metal ions is given by hydrochloric acid and hydrogen peroxide
mixture9.
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3.3 Stabilization of Redmud with Cement:

Leachability studies of beryllium are carried out on cement stabilized redmud blocks.
Construction grade ordinary portland cement is used for stabilization. Cement is uniformly
mixed with dry redmud in different proportions to determine the relative effectiveness of
stabilization. Water is added to the mixture in sufficient quantity so that it becomes workable.
The cement paste is then transferred to plastic vials of 1.8 cm inner diameter and is compacted
using glass rod to obtain dense solid blocks. Casting of cement block is carried in fume hood
to prevent the exposure of personnel to fine redmud powder. The plastic vials containing cement
and redmud paste is kept undisturbed and matrix is allowed to set for 2 days. Water is added at
top to prevent cracking due to thermal variations. Plastic vials are broken after 2 days and the
blocks are kept in saturated humid environment for curing. The deposition of moisture on blocks
indicates sufficient curing has taken place. Approximately 4 cm height and 1.8 cm diameter
blocks are casted in 1:4, 1:2 and 1:1 proportions of redmud and cement (Plate - II) as described
above.

3.4 Leaching Studies on Stabilized waste :

In TCLP test, blocks are powdered to size lesser then 9.5 mm. Acetic acid (0.04 M) is
added using a solid to liquid ratio of 1:20. The mixture is then

agitated for 18

hours

intermittently in an orbit shaker. pH of sample is measured at the end of the test. The contents
are then centrifuged and the separated supernatant is then acidified with concentrated nitric
acid to pH 1.5 to avoid adsorption of beryllium on the container surface during storage. The
samples are then analyzed for beryllium. Dynamic leach test is carried out by immersing solid
blocks in 200 ml of distilled water. Water is changed at time intervals ranging from 24 h to 30
days and the extracts are analyzed for beryllium after acidification with nitric acid.
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3.5 Analysis of Samples :
All the sample extracts were analyzed for beryllium concentration by Atomic Absorption
Spectrometry both in flame mode as well as graphite mode depending on the concentrations
encountered. The minimum detection limit was around 0.1 ppm by flame AAS and 0.3 ppb by
Graphite AAS. The acid extract is also analyzed for other heavy metals like Fe, Ni, Cr, Co, Zn,
Cu and Mn to understand the possible impacts of these elements in the local environment.
4. RESULTS AND DISCUSSIONS
4.1 Total Beryllium in Redmud :
The concentration levels of beryllium in redmud as derived from the acid digestion
procedures using various acid mixtures are given in Table 4.1. Beryllium in redmud extracted
with HF gave the maximum value of 8.0 mg/g (0.8 %). The average values for HC1 +
HNO3 digestion is 4.8 mg/g (0.48 %) and HNO3 + H2SO4 is 2.9 mg/g (0.29 %). It can also be
seen from Table 4.1 that the strong acid extractable beryllium levels are around 60-70 % of the
total beryllium present in redmud. The wide variation in the sulfuric acid extracts may probably
be due to tendency for co-precipitation of beryllium along with insoluble sulfates of other
elements. This concentration of beryllium in redmud classifies the waste as hazardous under the
MOEF5 Notification as it exceeds the limit of 50 mg Be / kg of waste. The presence of
appreciable quantity of fluoride in redmud could be noticed during soxhlet extraction with strong
acids by the visual attack on the glassware.

The preliminary estimate indicate fluoride

concentration in redmud to be around 0.09%.

The total concentration of beryllium in redmud as reported by Bhat and Pillai" is about
0.42 % which is nearly half of the value observed in our study. This may be due to the batch
variation in the concentration of beryllium in redmud during the processing of the beryl
ore.
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Table 4.1 : Concentration of Beryllium in Redmud
by Acid Digestion

Acid Medium used
for digestion
HC1 + HNO3
HNO3 + H2SO4
HF + HNO3

No. of Samples
2
3
3

Be. Concentration in
mg/g of redmud
4.812 + 0.831
2.940 ± 0.859
7.944 ± 0.098

Note : 1. Samples are digested with 25 ml of acid mixtures in soxhlet
extractor for 8 h for HC1 + HNO3 and HNO3 + H2SO4 digestion
2. HF digestion is carried out in polypropylene / teflon beakers
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While Bhat and Pillai11 used NaF fusion followed with 5 % H2SO4 extract the present method
has employed HF digestion in a water bath for keeping the reagent blank low.

Concentration levels of other trace metals of importance are also determined in the acid
extract (HC1 + HNO3) of redmud using flame AAS method which shows significant quantities of
Cr and Ni, as given in Table 4.2. More detailed study may have to be initiated to understand the
leachability characteristics of these elements, particularly if the leachates were to enter the
ground water aquifers.

4.2 Leachability Studies of Beryllium in Redmud :
4.2.1 Water and Acid Soluble Fractions :

Since the extraction of beryllium is by sequential leaching of NaBeF3 with water,
possibility of water soluble beryllium within the redmud cannot be ruled out. Table 4.3 gives the
concentration levels of beryllium in the water, extract under boiling conditions in a soxhlet
extractor. The extraction was repeated thrice in order to ensure the quantitative leaching by hot
water. The hot water leachates accounted for 50 % of the beryllium originally present in
redmud. Nearly 90 % of this is leached in the first extract.

To understand the water insoluble fraction of beryllium in redmud, the residue was
sequentially digested with HC1 + HNO3 and HF mixtures. These results are also presented in
Table 4.3. Nearly 30 % of beryllium is present as silicates as suggested by HF digestion. The
difference in the sequential test results and direct digestion with HF (Table 4.1) may be due to
statistical uncertainty (<8 %) in the measurements. The cold water leachability studies are
presented in the next section.

4.2.2 : Long Term Water Leachability Characteristics of Redmud

Since leachability of beryllium

from

redmud

under

be expected more relevant under cold conditions, long-term

storage

conditions

studies were

can

carried out

in distilled water over a 32 day period with a solid to liquid ratio of 1:20. The samples
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Table 4.2 : Concentration of Beryllium and Other
Trace Metals in Redmud
Sample
No.

Concentration of Be. and other trace metals
mg/g of redmud
Mn
Cu
Zn
Ni
Cr
Be
Fe
1
4.225
114.95 0.5790 0.0397 0.0995 0.0669 0.2090
2.496
62.77 0.3193 0.0475 0.0687
0.0386 0.1459
2
3.931
118.44 0.5487 0.0422 0.0987
0.0692 0.2775
3
2.395
93.23 0.4106 0.0342 0.0787 0.0463 0.1973
4
Mean
3.262
93.35 0.4644 0.0409 0.0864 0.0552 0.2070
0.951
22.17 0.1051 0.0047 0.0131
0.0151 0.0469
S.D
Note : 1. Pb and Cd are O.003 mg/g of redmud and O.005 mg/g of redmud respectively

Table 4.3 : Sequential Extraction of Beryllium in Redmud
with Aqueous and Acid Media
Beryllium Concentration in mg/g of redmud
Sample Hot Water Extracts
HC1 + Total HF +
Total
No.
HNO
HNO3
3
I
II
III
(A)
(A+B)
(A+B+C)
(C)
(B)
3.900
1.837
5.737
1
3.600
1.870
5.470
2
3
3.500
1.850
5.350
4*
3.378 0.302 0.102
1.185
4.967 2.376
7.343
3.335
0.309
0.115
1.290
5.049
2.406
7.455
5'

* Sequential Extraction under boiling water conditions
- Not determined
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were shaken for 8 h each day. The leachate is collected every 24 h

upto 8 days and

leaching period is suitably increased as given in Table 4.4. Nearly 45 - 48 % of the total
beryllium in redmud is leached during the 32 day period. Of this 67 % is leached during the first
day and 94 % in four days. The same leach status is attained in one day with water under boiling
conditions (Table 4.3). Table 4.4 also gives the percent leachability of beryllium for the said
leaching periods. The sample to sample variation in leachability is around ± 2%. The cumulative
leachability curve given in Fig. 4.1 indicates a two component leach system. While the fast
component is observed in 4 days, the steady state slow component is observed beyond this
period. The study suggests that extraction of beryllium as NaBeF6 at the process stage with
boiling water increases the yield of beryllium in the extract and interalia can help to reduce the
beryllium concentration in the redmud waste.

4.2.3 Sequential Leaching of Beryllium From Redmud :

The results of the Sequential leach test of redmud with various reagents simulating the
conditions in the landfill site are given in Table 4.5.

Water

exchangeable fraction) is 25 % of the total beryllium in redmud ;

soluble beryllium

(ion

ammonium acetate leachate

( portion of beryllium associated with carbonates and surface oxides) is 8.5 % ; ammonium
acetate and acetic acid leachate ( beryllium ions bound to iron and manganese)is about 3.8 %;
the HCI leachate concentration ( Be metal ions bound to organic matter arid sulfides) is 7.9 %
and HCI + H2O2 (fraction of residual beryllium metal ions ) is 4.1 %. The entire sequential test
procedure accounted for 50^> of the total beryllium present in redmud and the rest is accounted
as oxides soluble in strong acids (20 %) and as silicates (30%).

4.2.4 TCLP Studies for Beryllium in Redmud :

The leachability of beryllium from redmud was also tested by the internationally
accepted TCLP test procedure (Section 2.3.2). For this test 10 g of redmud was treated
with

200 ml of

0.04N acetic acid

and

shaken

for

18 h

which

gave

the

concentration of 174.5 and 200.4 mg/L in the two sample extracts (Table 4.9). A second
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Table 4.4 Beryllium Concentration in Water Leachates of
Redmud as a Function of Time
Leaching
Period
(days)
0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-14

14-18
18-24
24-29
29-32
Total

Leachability of Be in water for the indicated period
(Hg/g of redmud)
Sample No. 1
Sample No. 2
Concentration
% leached
Concentration
% leached
2769.80
34.60
2361.74
29.52
540.65
6.75
535.4
6.69
250.36
3.13
286.25
3.58
80.50
1.01
95.15
1.20
40.00
0.50
55.52
0.69
19092
0.26
24.78
0.32
54.81
0.68
61.74
0.78
11.35
0.15
8.20
0.10
9.96
0.12
9.26
0.11
16.86
0.22
17.50
0.23
25.70
0.32
56.14
0.69
11.25
0.15
17.41
0.22
13.67
0.17
7.24
0.09
3844.80
48.06
3536.33
44.20

Quantity of Redmud used = 5 g
Concentration of Be in redmud = 8000 |ag/g
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Fig 4.1: Long Term Leachability Trends Of Beryllium
In Redmud With Cold Water
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Table 4.5 : Sequential Leach Test for Beryllium in Redmud

Leachant

Beryllium Cone, in
mg/g of Redmud
Sample 1 Sample 2
1.840
2.122
0.690
0.667
0.256
0.367

Strength

Distilled Water
Ammonium Acetate
IN
Ammonium Acetate +
0.1 N +
Acetic Acid
0.1 N
Hydrochloric Acid
0.05 N
0.446
Hydrochloric Acid +
0.1N +
0.310
3%
Hydrogen Peroxide
Total
3.542
Note : 1. Solid to Liquid ratio 1:20
2. 8 h shaking during 24 h contact time
*. Remainder percent is associated with insoluble oxides and
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Percent
Leached
24.7
8.4
4.0

0.832
0.340

7.9
4.1

4.320

49.1"

silicates

18 h leach period was also considered to evaluate the residual leach concentration which was
18.4 and 16.7 mg/L. The pH of the leachate solution was acidic. The results indicate nearly 46
% of the total beryllium present in redmud is leached by TCLP procedure and is similar to the
concentration in water extract. (Section 4.2.2). As per the USEPA guidelines any waste can be
declared as hazardous if the concentration in the TCLP extract exceeds 100 times the drinking
water standards for that parameter9.

This concept is specifically accepted for metal ion

concentrations12. Since observed values in the TCLP extract for beryllium in redmud far exceeds
the limiting concentration of 0.4 mg/L [0.004 mg/L (DWS)4 x 100 = 0.4 mg/L], redmud waste is
considered hazardous.

Based on the above study it can be concluded that redmud containing high percentage of
water leachable beryllium would definitely attract the risk of leaching into environment if stored
in the present form. The incorporation of acid components in rain water may further aggravate
the situation.

4.3 Leacbability Studies on Cement Stabilized Redmud Waste :

4.3.1 Short Term Leachability Studies:

To understand the mobility of contaminant through the cement stabilized blocks of
redmud and to determine the leachability rates Dynamic leach test as detailed in section 2.3.4
was performed. For this the cement stabilized blocks of various proportions were immersed in
200 ml of distilled water in acid washed polyethylene containers. The leachant was renewed
every 24 h over a 14 day period. Table 4.6 gives the concentration levels of beryllium in the
leachate solution for the indicated period. The 5th and 11th day values correspond to cumulative
72 h period instead of 24h period.The percentage beryllium leached during this period are 0.0082
%, 0.0102% and 0.2047% for 1:4, 1:2 and 1:1 proportions of redmud to cement respectively.
These values are based on the average of four sample blocks for each proportion of redmud to
cement considered. Higher leachability observed during this period in 1:1 blocks compared to
1:2 and 1:4 proportions may be due to non formation of compact cement blocks giving higher
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Table 4.6 : Concentration Levels of Beryllium in Leachates of Cement
Stabilized Redmud Blocks : Dynamic Leach Test
Redmud to cement ratio
1:2'

1:1'
Sample
No.
Period
Dayl
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Day 8
Day 9
Day 10
Day 11
Day 12
Day 13
Day 14
Total
Avg ± SD
Avg. % Be
Leached

1
3.0651
1.7880
1.7880
1.9157
1.7259
2.0485
0.7663
0.7305
0.6520
0.1711
14.6511

2

3

1.9526
1.7506
3.0391
1.9451
2.3560
1.6636
1.7248
1.2792
1.5350
1.1420
1.1862
0.9428
2.0854
3.0023
1.1862
1.3730
1.0509
1.2975
0.6880
0.4577
16.8042
14.8538
16.040211.3418
0.200 ±0.166

1
4
2
3
Beryllium concentration in ng/g of redmud
0.1774
0.2191
2.3725
0.1286
0.1845
3.3357
0.1929
0.0881
0.0797
0.0673
2.5148
0.0772
0.0556
0.0958
0.0751
1.9334
0.0611
0.0663
0.0824
0.0873
1.7260
0.0407
0.0442
0.0549
0.0582
0.9775
0.0450
0.0770
0.0690
0.0996
2.8043
0.1158
0.0703
0.0843
0.1275
0.9775
0.0514
0.0966
0.0651
0.0677
0.8304
0.0514
0.0461
0.0421
0.0876
0.3796
0.0836
0.0556
0.0766
0.0876
17.8517
0.8477
0.8357
0.9894
0.7635
0.8590 ±0.0818
0.010 ±0.001
4

•

Note : * - Samples are analyzed in quadruplicates
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1:4'

i
0.2024
0.0486
0.0769
0.0627
0.0418
0.0486
0.0891
0.0243
0.0567
0.0648
0.7159

2

3

0.1453
0.1441
0.0415
0.0568
0.1223
0.0581
0.0539
0.1004
0.0400
0.0669
0.0498
0.0786
0.0747
0.0873
0.0415
0.0668
0.0581
0.0699
0.0498
0.0699
0.6127
0.8530
0.7101 ±0.0901
0.008 ±0.001

4
0.0645
0.0415
0.06W
0.0566
0.0377
0.0442
0.1198
0.0599
0.0737
0.0922
0.6591

surface area. The results clearly indicate that stabilization of redmud with cement, reduces
leachability of beryllium significantly.
The trends in the leachability of beryllium (|ag/g of redmud) from the individual
stabilized blocks for 1:4, 1:2 and 1:1 proportions are indicated in Fig. 4.2a, 4.2c and 4.2e
respectively the corresponding average leachate concentration are given in Fig. 4.2b, 4.2d and
4.2f respectively with their standard deviations. The trends in the daily leach rate is higher for
1:1 proportions compared to 1:2 and 1:4 composite blocks. As shown the Figs. 4.2 the higher
leachability 0.1390 ^g/g (1:4), 0.1774 |ag/g (1:2) and 2.5269 jig/g (1:1) observed in first two
days may be due to surface washout of particles during equilibration with aqueous phase.
Though there is an apparent decreasing trend in the leachability values some fluctuations can
also be observed. Even with these variations the short term leach study has revealed the
effectiveness of cement stabilization procedure for redmud waste.
The water extracts of all stabilized blocks were alkaline in the pH range of 10.5 to 12.0
depending on the cement proportion. The possible conversion of beryllium into its insoluble
hydroxide or basic carbonate form may be the reason for the observed low leachabilities.
4.3.2 Long Term Leachability Studies :

Following the short term leachability experiments discussed in section 4.3.1 the
blocks were subjected to long term leaching experiments upto 164 days to understand the
long term leachability characteristics. The leaching interval varied from 10 to 30 days
during this period. The concentration status of Be leached from the stabilized blocks are
given in

Table 4.7 along with the percentage leach values for 14 and 164 day period. In

terms of absolute values the results indicate an incremental

leach

percent

of

0.072 %

[0.2 - 0.272%] and 0.045 %[0.01-0.055%] for 1:1 and 1:2 blocks and 0.156% [0.0080.164%] for 1:4 blocks from 14 to 164 days. The trends in the leachability characteristics
can be more clearly seen from Figure 4.3. The increase in the leach percent for 1:4
blocks during long term exposure is not very clear at present. One possible reason could
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Table 4.7 : Concentration Levels of Beryllium Leached from Cement
Stabilized Redmud Blocks by Dynamic Leach Test

Leaching
Period
(days)

Leached Beryllium Concentration (as |ig/g of Redmud)
Redmud : Cement = 1:4 Redmud : Cement = 1:2
Block 1
Block 2
Block 1
Block 2
0.7159
0.6127
0.8477
0.7635
2.4291
0.1370
0.1479
0.2489
1.6316
4.9273
0.4019
0.1756
3.9595
1.7559
0.6688
0.1962
0.4048
0.3113
0.5144
0.2870
2.1012
1.7559
0.2604
0.6530
0.8097
0.2698
0.3086
0.2635
1.6194
1.0668
1.1479
0.2928
0.7854
0.8427
0.8923
0.7145
0.0485
0.0332
0.0321
0.0528
14.5051
11.7126
5.2220
3.6478

Redmud: Cement =1:1
Blockl
Block2
14.6511
16.8042
1.3282
1.0035
0.1430
0.9561
0.1532
1.2313
1.8620
1.2313
1.1775
0.2325
0.2247
0.5243
0.4010
0.6263
0.7151
0.2894
0.0204
0.0510
20.6762
22.9499

0-14
15-24
25-33
34-44
45-52
53-65
66-75
76-88
88-125
125 -164
Total Be
lchd.(164days)
Redmud
4.940
4.818
6.220
6.830
7.830
8.430
Quantity (g)
%Be leached
0.1812
0.1464
0.0652
0.0455
0.2580
0.2870
(164 days)
%Be leached
0.008
0.007
0.010
0.009
0.183
0.210
(14 days)
* In Dynamic Leach Test method, block is immersed in 200 ml of water for each specified
period and then analyzed
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Redmud: C«ment -1:4
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1

Fig. 4.3: Trends in the Leachabiiity Characteristics of Berytiium
from Cement Stabilized Redmud Blocks with Time: Long Term Study

be improper mixing and compaction during casting of the block which may be altering the
porosity of the block resulting in the higher teachability. Since the leachates from all the three
block types indicate extremely alkaline conditions (pH 10.0 - 11.5) even after 164 days leach
period, any acid ion effect in the medium is ruled out. The experiments however strongly favors
1:2 cement stabilization for beryllium. It is pertinent to note that 1:1 blocks could not be casted
as a solid block like 1:2 and 1:4 blocks, resulting in both granular and powdered state giving a
very large surface area during the leaching experiments. This can be expected to give higher
leachate concentration for 1:1 blocks. Surprisingly such a trend was not observed after 14 days
for the blocks studied as shown in Fig. 4.3. Hence 1:1 proportion can also be considered in case
of any storage space constraints in the secured landfill area since a steady state teachability
condition is reached after an initial high leach characteristics. Precaution should however be
taken in actual field conditions during the period of high leachability in case of 1:1 stabilization
to avoid intrusion into ground water system.

4.3.3 Average and Cumulative Leachabilities :

The average daily leach rate values of beryllium upto 164 days are given in Table 4.8.
Relatively higher leachability status can be seen during the first fortnight for 1:1 and 1:2 blocks
as compared with 1:4 blocks. However the long term leachability trends for 1:4 blocks has
considerably increased compared to 1:2 blocks. This behavior needs further investigation. The
daily leachability trends are presented in Fig. 4.4 which clearly indicates the establishment of the
steady state leach rates for beryllium for all the three blocks. The average daily leach rate is
observed to be more or less same for blocks of all proportions between 125 -164 days. The study
indicates even 1:1 stabilization is suitable considering the long term leachability status.

The cumulative leachability trends of beryllium for 1:4,1:2 and 1:1 stabilized blocks are
given in Fig. 4.5 which indicates a steady state leachability status being reached in the later part
of the study for all the three blocks. For 1:1 proportion due to non formation of compact cement
block high leachability is observed in first 14 days.
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Table 4.8 : Variation of Average Daily Leach rate of Beryllium From
Cement Stabilized Redmud Blocks (j-ig/g of redmud/day)

Leach Period

Day

1
2
• 5
6
7
8
9
12
13
14
24
33
44
52
65
75
88
125
164

Proportion of Redmud : Cement
1:4
1:2
1:1
Block 1 Block 2 Block 1
Block 2
Block 1
Block 2
0.2024
0.1450
0.1286
0.1840
3.065
1.952
0.0486
0.0410
0.1929
0.0670
1.788
3.039
0.0769
0.0580
0.0772
0.0550
1.788
2.356
0.0640 0.0540
0.0611
0.0660
1.915
1.725
0.0428
0.0410
0.0407
0.0440
1.726
1.535
0.0486
0.0500
0.0450
0.0770
2.048
1.186
0.0891
0.0740
0.1158
0.0700
0.766
2.085
0.0243
0.0410
0.0966
0.0960
0.730
1.186
0.0567
0.0580
0.0461
0.0460
0.652 L 1.051
0.0648
0.0500
0.0836
0.0550
0.171
0.688
0.2428
0.0130
0.0150
0.0250
0.132
0.100
0.1800
0.5470
0.0430
0.0190
0.022
0.106
0.3580
0.1590
0.0600
0.0170
0.014
0.111
0.0500
0.0380
0.0640
0.0360
0.233
0.153
0.1610
0.1350
0.0200
0.0500
0.090
0.017
0.0810
0.0270
0.0300
0.0260
0.022
0.052
0.1250
0.0820
0.0880
0.0220
0.030
0.048
0.0212
0.0227
0.0241
0.0193
0.0193
0.0078
0.0012
0.0009
0.0008
0.0014
0.0005
0.0013
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4.3.4 TCLP Studies for Beryllium in Cement Stabilized Red mud :

As suggested in section 2.3.2 cement stabilized redmud blocks were subjected to TCLP
leach test protocol keeping the solid to liquid ratio of 1:20. The blocks were broken into a small
chips of size less than 9.5 mm and 5 g of this pqwder was taken for each experiment. The
cement stabilized redmud being alkaline the pH of the leachate for both first 24 h and second 24
h leach period was in the range of 10.0 to 11.9. The concentration of beryllium in the TCLP
extracts for 1:1, 1:2 and 1:4 proportions are given in Table 4.9. The average percent leachate
concentration for various blocks varied from 0.03 to 0.07 %. For comparison the TCLP extract
concentration for redmud is also given in Table 4.9 which indicates that the beryllium leachate
from the stabilized blocks is four orders of magnitude lower compared to redmud. The observed
concentration of beryllium in the TCLP extracts of cement stabilized blocks are well below the
limits indicating the suitability of cement stabilization of redmud for disposal in secured landfill
areas.

TCLP test is subjected to criticism particularly in the evaluation of stabilized waste
matrix by this test. Crushing the stabilized matrix into powder reduces the beneficial effects
relating to microencapsulation and macroencapsualtion9. Also the acid neutralizing capacity of
cemented waste can neutralize the acidity of leachant making it difficult to assess the true
leaching potential13. Despite these drawbacks TCLP has been accepted as a regulatory protocol
for comparing effectiveness of various treatment technologies so as to decide whether a waste is
hazardous or not.

4.3.5 Model Estimation of Diffusion Coefficients for Be in Cement Stabilized Redmud
Blocks - Semi Empirical Model:

The leaching mechanisms responsible for mobility of contaminant are very complex.
The rate of leaching of contaminant from the waste is controlled by diffusion - convective
processes in the waste matrix as well as the surface phenomena leading to surface washout in the
aqueous solution.Under mild leaching conditions.diffusion model is used to predict the long term
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Table 4.9 : Cone, of Beryllium of TCLP Extracts for Redmud
and Cement Stabilized Redmud

Redmud:
Cement

Day 2

Dayl

Cone. (mg/L)
Cone. (mg/L)
pH
0.075
11.87
0.018
1:4
0.073
11.92
0.009
1:4
0.041
11.45
0.007
1:2
0.037
11.64
0.006
1:2
0.076
11.02
0.004
1:1
0.089
11.20
0.004
1:1
Redmud
174.50
4.26
18.44
Redmud
200.50
3.93
16.70
* Drinking Water Standard for Beryllium is 4 ppb (0.004 ppm)
Limiting Standard for TCLP extract = 0.004 x 100 = 0.4 ppm
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pH
11.55
11.51
10.50
10.71
10.15
9.85
3.70
3.60

teachability of contaminant. A semi empirical expression to describe the cumulative amount
leached (CAL) of a contaminant expressed in ug is given below14

CAL(t) = k, [l-exp(k21)] + k3 tm + M

—(1)

Where t is the leaching period and ki, k2, k3 and k4 are constants. The first term k] [1exp(k2t)] is based on the kinetics of exchanges of species between the surface of the waste form
and the aqueous solution. In case where the initial surface exchange is fast relative to the time
span of the data being analyzed, this term reduces to ki . A positive value of ki corresponds to
initial wash off and a negative value was assumed to represent delay or a resistance to leaching.
The second term k3tl/2 represents the diffusion controlled mechanism for migration of
contaminants and this can be represented in general form by Eqn.

= 2S/V(D e t/n) 1/2

~-(2)

Where F(t) = Cumulative fraction leached in time t
S = Surface area of the block cm2
V = Volume of the stabilized block cm3
D e = Effective diffusion coefficient cm2 /sec
t = Leaching period sec

The third term ltjt represents leaching due to a slow mobilizing chemical reaction and/or
corrosion or structural breakdown of the waste matrix.

The following assumptions are incorporated while developing Eq. 1 : Mobility of
contaminants is limited by diffusion; leaching of contaminant should be a function of square
root of time; zero surface concentration to provide maximum driving force. The maximum
driving force becomes zero when the equilibrium concentration of the contaminant is reached,
and hence the leaching period should be in such a way that the equilibrium concentration is not
reached, however the concentration in the leachant should be above the minimum detectable
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limit. In addition the derivation is based on semi-infinite boundary conditions and can be applied
to finite geometry specimens if the cumulative fraction of any contaminant leached is less than
20 %.

The total cumulative mass concentration levels of beryllium in micro gram leached from
the 1:2 and 1:4 cement stabilized blocks over the 164 day study period are plotted in Fig. 4.6 as a
function of time. The best fit curves based on the regression analysis (of the form given by Eqn.
1) performed with the observed values are also given in Fig. 4.6. The nature of the regression
lines is clearly indicative of the steady state leach conditions over longer leach period. The
parametric values presented in Table 4.10 helps to understand the process of leaching within the
stabilized blocks as per the limitations and assumptions made in Eqn. 1. The parametric value
0t3) obtained from Table 4.10 appropriately used in eq. 2 gives the average diffusion coefficient
values of 1.607 x 10"15 cm2/s and 3.972 x 10'17 cm2/s for 1:4 and 1:2 blocks which are atleast 10
orders of magnitude lower than the molecular diffusion coefficient value of 6.0 x 10'6 cmVs for
beryllium15. The process of leaching is predominantly diffusion controlled is reflected by the
very low diffusion coefficient values. This is also confirmed by the linear relationship between
cumulative beryllium leached and square root of time given by the term k311/2 in eq. 1. The term
k4 is not significant in the study period considered as it accounts for kinetically controlled
chemical dissolution and corrosion or structural breakdown of matrix, possible over longer time
scale during storage.

Higher leachability observed in 1:2 compositions during the initial leach period is
attributed to surface washout phenomena as reflected by the + ve value of ki . However observed
lower leachabilities in case of 1:4 blocks during the initial period is due to delay/resistance to
mobility of aqueous phase within the block matrix giving a -ve value for kt .
The experiments as validated by the model approach clearly indicates that only
a very insignificant fraction of beryllium in the waste is present in its mobile form
after stabilization confirming the effectiveness of cement stabilization of redmud containing

41

|

«

1:4 Block 1 j

I

M

90

100

60

TlfT»(day«)

«

1:4 Stock 2 I

100

Tim* (day*)

Redmud: Cement = 1:4

SO

100

90

Tinw(dayc)

100

Time (days)

Redmud: Cement»1:2

Rg. 4.6: Regression Lines of Beryllium for
1:4 and 1:2 Cement Stabilized Redmud &ock»
42

190

300

Table 4.10 : Coefficients Of Regression Analysis Of Cumulative Amount Of
Beryllium Leached From Cement Stabilized Blocks
Redmud:

Initial Be.

Cone, of

Cumulative

S/V

Cement

Cone, in

Be

Leach

(cm2/

Proportion

Blocks(ng)

Leached

Fraction

cm3)

1:4
1:2

K,

K,

D,ff
(cmVs)

R2

(»g)

[F(t)l

Block 1

J

39.52xlO

71.64

1.812x10"

2.71

-5.7299

1.1766

1372x10"

-0.0044

0.982

Block 2

38.54xlOJ

56.44

1.464x10"

2.72

-4.7963

0.9621

7.630x10'"

-0.0036

0.965

J

2.87

0.4261

03359

5.020x10"

-0.0008

0.985

2.81

0.8775

0.2756

2.925x10"

-0.0008

0.988

Block 1

49.76x10*

32.44

6.519xlO

Block 2

54.64x10'

22.91

4.190xl0"J

F(t) = Cumulative fraction leached in 164 days
S/V = Surface Area (cm2) / Volume of the block (cm3)
kj = Surface phenomena
k3 = Diffusion Controlled constant
k4 = Long term kinetic dissolution constant
Deff = Calculated Effective diffusion coefficient (cm2/s) from
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to non formation of stabilized blocks without well defined surface area. However judging from
the low leachability values over the 164 day experimental period observed in our study, even 1:1
composition can be favourably considered for cement stabilization can be considered in case of
space constraints.
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5. CONCLUSIONS
1. The concentration level of beryllium present in redmud is around 0.8 % of which nearly 50 %
is water soluble.
2. Extraction efficiency of beryllium from sodium beryllium fluoride (NaBeF3) can be
significantly increased using hot water sequentially for leaching. This will also reduce the
residual beryllium in redmud waste.
3. Around 30 % of beryllium in redmud is present as insoluble silicates as estimated by HF
digestion.
4. The water soluble fluoride ion concentration in redmud is 0.09 %, and the issues relating to
beryllium teachability will be compounded by fluoride.
5. The concentration based standards as for MOEF notification and the leachate concentration
following TCLP protocol classifies the redmud waste as hazardous. Adequate precautions
therefore needs to be taken if redmud waste is stored/disposed in its present form.
6. Cement stabilization of redmud has been found to be effectively countering the beryllium
leached into water. The concentration of the TCLP extract of the stabilized blocks confirms the
above.
7. The teachability of beryllium from stabilized blocks over 14 day period is 0.20 %,0.01 % and
0.008 % for 1:1, 1:2 and 1:4 proportions of redmud to cement respectively. The values for 164
day leach period is 0.272 % for 1:1 blocks; 0.055 % for 1:2 blocks and 0.164 % for 1:4 blocks.
8. Leachates of stabilized blocks following a 164 day extraction period continued to be alkaline
with a pH values of 10 to 11.
9. The stabilized blocks of 1:4 proportion have shown slightly higher leachability over longer
period in comparison with 1:2 proportion inspite of containing higher proportion of cement
which aids better stabilization. This effect needs to be investigated further.
10. The average daily leach rate is observed to reach a steady state condition for all the three
proportions of stabilized blocks although the initial leach rate for l:lblocks is significantly high.
11. The average effective diffusion coefficfent values of beryllium for 1:4 and 1:2 proportions
calculated from the semi empirical model are 1.607 x 10'15 cm2/s and 3.972 x 10'17 cm2/s
respectively ascompared to the molecular diffusion coefficient value of 6.0 x 10"6 cm2/s for
beryllium. These low values further confirm the effectiveness of cement stabilization of redmud.
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12. In additions to beryllium it would be interesting to study the leachability of nickel and
chromium present in significant quantities in redmud waste.
13. Based on our study 1:2 proportion of redmud to cement is recommended for safe
stabilization of redmud in storage.
14. Even 1:1 proportion can be considered for stabilization owing to its low leachability
(0.272 % in 164 days) particularly where the space available for disposal is limited.
FUTURE SCOPE OF STUDY

1. Leachability studies with blocks of larger surface areas are to be carried out.
2. Assessment of distribution coefficient, K<| for beryllium in soil media at storage sites and for
geotextile materials in ground water media need to be studied for understanding the retardation
behavior of these matrices for beryllium.
3. Use of Leach rate coefficient in the model to predict the concentration in ground water.
4. Similar efforts are to be carried out for other toxic metal of significance in redmud.
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