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EXECUTIVE SUMMARY

Ferrochrome metal. used mainly in the manufacture of stainless steel 15 produced
from chromite ore carbonaceous reducing agents (char coke and coal) and fluxes
(quartz. dolomite and limestone). The ferrochrome industry plays an important role in
the South African economy by earning 4 5% of the country's foreign exchange and
by employing about 28 000 people. It also generates solid wastes, ferrochrome slag
and bag filter dust (BFD) during the production of ferrochrome metal. BFD contains
toxic, carcinogenic Cr(V1) and thus poses a risk to health and the environment unless
properly treated. It is estimated that the 10 local ferrochrome producers generate
about 100 000 t of BFD per annum

The high solubility of toxic Cr(VI), renders it very mobile, thus increasing the risk of
potential contamination of natural water resources Therefore proper treatment of the
waste prior to its disposal is necessary. In view of the fact that South Africa's
ferrochrome industry has the potential to contaminate water on a large scale there
existed a need for a more systematic study regarding the nature of Cr(V!) contained
in BFD and how it could be treated to minimize the threat this waste poses to health
and the environment. In this study, the immobilization of BFD into cement-based and
fired clay bnck solid stabilized systems was extensively investigated Further, the
disposal of these products was evaluatled by vanous leaching tests carmed out
according to the latest Department of Water Affairs and Forestry (DWAF) Guidelines
in order to assess the extent o which the treated BFD poses a threat to the
environment. This study also investigated the utilzation of these solid stabiized
products for potential commercial applications such as building materials. Estimates
of production costs of these solid stabilized products. based on the findings of this
study, were also made

In view of the toxicity of chromate, the DWAF Guidelines require that the
concentration thereof in leachates be measured accurately down to the parts per
billion (ppb) level. In this study a spectrophotometnc method using a 10 cm cell was
used to measure the Cr(VI) concentration in solution accurately to 30 ppb However
to conduct similar measurements of Cr(VI) concentrations below this level, the above
method required improvement. it is suggested that utilzing a pre-concentration step
involving the adsorption of chromate on activated alumina from very dilute solutions
in an acid medium and then eluting a more concentrated solution in alkaline medium

should be investigated The Cr(VI) in this more concentrated solution could then be
measured accurately by the conventional spectrophotometric method




Water leaching studies on BFD indicated that the elution of Cr(Vl1) continues for a
long time and is probably diffusion controlied. The formation of Cr(VI) in BFD arises
from the oxidation by air of chromite fine dust particles in the bag filter in the
presence of alkali. Condensation of volatile Si and Mg on the oxidized dust particles
are thought to be responsible for the entrapment of Cr(VI) and the cause of the slow
leaching thereof In view of its formation by the above proposed mechanism, the
leaching of Cr(V1) from BFD is always associated with salts reporting to the leachate
It was demonstrated that a once-off treatment of a BFD water slurry with ferrous
sulphate or chioride reduces the bulk of chromium from the toxic hexavalent form to
the trivalent form with the formation of a stable Cr,Fe, ,(OH), precipitate (where x <1)
This treatment is however, not a suitable method to achieve complete removal of
Cr(VI) from BFD as it continues to leach in small quantities and therefore does not
allow for the safe disposal of the treated waste Other safer treatment options for
BFD prior to disposal were therefore investigated.

One treatment option that was investigated was the production of cement-based solid
stabilized products by mixing 9 per cent ordinary Portland cement (OPC), with water
or brine, ferrochrome slag and electric arc furmace (EAF) slag. FeCl; and up to 15 per
cent BFD. (The purpose of the addition of FeCl; and EAF slag to these mixes was 1o
ensure the reduction of Cr(V1) contained in the BFD) These mixes were then poured
in blocks and allowed to cure for different periods Water leaching tests were
conducted on whole and crushed, cured cement blocks. The percentage stabilization
of Cr(VIl) and salt were calculated based on the analyses of the water leachate and
compared to those recorded for the individual components used to prepare the
cement blocks. Complete Cr(V1) immobilization was observed in whole blocks and up
to 99.7 per cent in crushed blocks. The mechanism of Cr(VI) immobilization in cured
cement blocks was elucidated by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). No Cr(Vl1) containing mineral phase could be identified in the
cured blocks. However, SEM studies did indicate that a Ca-Mg-Al-silicate phase
incorporates the Fe-Cr hydroxide formed as a result of the interaction between BFD
FeCl; and EAF slag. The presence of the latter two are deemed essential to ensure
effective Cr(V1) immobilization in these systems.

It was also found that up to half of the salt, added to the cement blocks via BFD was
immobilized, as judged from the water leaching tests of crushed blocks XRD
indicated the presence of ettringite in these systems. This mineral phase is believed
to be responsible for the sulphate immobilization. There was no evidence from the




corresponding energy dispersive spectrum (EDS) of this mineral phase that chromate
was contained in the ettnngite

The observed compression strengths of these cured cement blocks make their use
as building matenals acceptable. according to the SABS specifications The cost of
cement and FeCl, needed 1o produce a 1000 standard size cement bricks amounted
to R146.70, or R235/1 of BFD treated in this manner. Due to the higher density of
slag used in their manufacture, these cement bricks are heavier than ordinary ash
bricks and may be more suitable as paving than building bricks.

The potential toxicity of cement blocks was evaluated according to the DWAF
Guidelines, assuming a dumping rate of 2.7 x 10° kg/ha/month. This figure was
based on the amount of BFD produced, the amount of BFD incorporated into the
cement blocks and assuming each of the ten local ferrochrome producers has
available a 30 ha dumping site. On the basis of the waler leaching tests, only whole
cement blocks are below the acceptable nsk level (ARL) stipulated by DWAF for
Cr(Vl). However, on the same basis it was concluded that crushed cement blocks
exceed the stipulated levels. Acid Rain and US EPA TCLP leaching tests on the
crushed cement blocks indicate that no other potentially toxic components leach from
these products However, this depends on the final pH value of the leachate. At pH
values less than 5 Mn, Zn and Pb levels in the leachate for crushed cement blocks
do exceed the stipulated values according to the DWAF Guidelines

The other BFD treatment option investigated was the production of clay bricks
containing 50 per cent BFD, by firing at 1200 °C for 6 hours. Water leaching tests
conducted on crushed fired clay bricks indicated that greater than 99 per cent of
Cr(VI) and 90 per cent of salt were immobilized in these systems. Microprobe studies
of fired clay bricks indicated that both chromate and salt are contained in a glassy
Mg-Al-Fe-Si phase. Minimum firing temperatures of 750 and 1200 “C were required
to achieve the abovementioned Cr(Vl) and salt stabilization respectively Leaching
tests conducted on crushed. fired clay bricks indicate that Cr(VI) and other elements
are below the ARL values stipulated by the DWAF Guidelines This 1s an
improvement cver the corresponding values obtained for crushed cement blocks
Leaching tests conducted on these systems as a function of pH confirmed that fired
clay bricks are more effective in immobilizing Cr(V1) and other undesirable elements
contained in BFD than cement blocks. It is also possible to incorporate a greater
amount of BFD in fired clay bricks than in cured cement blocks The cost per ton BFD
treated in this manner was estimated at R190t This is cheaper than the




corresponding cost for cement blocks Therefore the production of clay bricks
appears 10 be the preferred route for treatment of BFD because of their minimal
impact on health and the environment and their cost.

The local ferrochrome industry has lately been more inclined to recycle than dump
the BFD. This i1s achieved by mixing BFD with fine chromite ore in the form of
sintered briquettes heated at 1300 °C  or other related in-house developed
technologies. The findings of this study confims that this is the best available
technology to immobilize the Cr(Vl) contained in BFD and also the most cost
effective treatment option. It would be necessary in the future to monitor the ground
water in the vicinity of ferrochrome producers in order to confirm that in the long term,
no Cr(Vl) contamination occurs and this treatment option remains effective. For this
reason it is recommended that an analytical method involving a pre-concentration
step be developed for the accurate measurement of Cr(VI) concentration at a ppb
level and be applied to the proposed ground water monitonng programme

The solid stabilized products show potential for use as buillding matenals. although
the negative factors associated with using building matenals made from toxic waste
might limit their general use. Nevertheless. the technology developed would allow for
the safe disposal of BFD in this form as landfill, an aspect that was not possible
before. The technology developed in this study has indicated that toxic chromate,
originating from BFD, can effectively be immobilized into cement blocks and fired
clay bricks. The work has, therefore, made a contribution towards the development of
waste minimization strategies needed for the disposal of this hazardous waste

Further improvement of the immobilization of chromate in cement blocks may be
achieved by increasing ferrous ion concentrations in mixes. It is recommended that
this possibilty be further investigated if the need arises in cases of chromate-
containing wastes that cannot be easily recycled, e g electroplating sludges waste
paint and leather tanning wastes
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1. INTRODUCTION

The South African Ferrochromium industry supplies nearly half of the worlds
requirement of chromium in the form of chromite ore and ferrochromium metal that 1s
used mainly in the manufacture of stainless steel, chromium metal and chemicals It
was estimated that in 1996 this industry. situated mainly in the Northwest,
Mpumalanga and Northern Provinces, employed about 28 000 people and
contnbuted R5 2 billion (4.5%) to the South African foreign exchange earnings
(Woods, 1996) This industry is expected to double every 14 years.

Ferrochromium metal is produced mostly in submerged arc, open top or closed
furnaces where chromite ore, carbonaceous reducing agents (coal, char and coke)
and fluxes (quartz, dolomite and limestone) are added The products produced are
ferrochromium metal. slag and dust. For open-top furnaces the dust 1s collected in a
bag filter whereas for the closed furnaces. the dust i1s scrubbed with water in a venturi
system which produces a sludge or slurry. According to Gericke (1995), the greatest
nsk to health and the environment from ferrochrome production lies in the toxic.
carcinogenic Cr(Vl), contained in the dust collected in the bag filter or in the sludge
obtained from the gas cleaning system This is particularly applicable to open top
furnaces where Cr is oxidized to Cr(VI) or chromate in the off-gases The sludge
produced from closed furnaces also contains Cr(V1) but to a much lesser extent

Due to the central role that the Cr(VIl) or chromate containing wastes. bag filter dust
(BFD) and sludge will play in this study further details on the extent of local
ferrochrome production and generation of BFD and other Cr(Vl) containing waste
were supplied by the local industry (Gericke, 1998) and are summarized in Appendix
A_This indicates that there are currently 10 local ferrochrome producers. generating
a total of 2.7 Mtpa ferrochrome, with 68 ktpa BFD and 28 ktpa of Cr(VI) containing
sludge Thus, the local ferrochrome industry generates about 100 ktpa of Cr(V1)
containing wastes that need treatment or have to be stored in lined dams to prevent
contamination of the environment

In order to minimize the immediate impact of toxic BFD on the environment, it s
added to water, treated with ferrous sulphate or chleride and pumped to lined dams
for temporary storage This treatment reduces the Cr(VI) to Cr(lll) a non-toxic,
essential micro-nutrient (Anderson, 1999) However, the addtion of this reagent

increases the salt load in the system. The lowering of pH as a result of this treatment
1




IS remedied by the addition of ime that may remove some of the salts as gypsum
After settiing, the clear water i1s recycled

In view of the longer term threat that these soluble components (salts and chromate)
in BFD, sludge and treated products may pose to the environment, there existed a
need for a more systematic study and an evaluation of the vanous processing
options available for the treatment thereof This study was undertaken to address this
need and the objectives of this investigation were as follows

. To study the nature of Cr(VIl) contained in BFD. how it is formed, leaches with
water and the efficiency of the current treatment options

. Optimization of the manufacture of solid stabilized products using BFD and
other wastes generated in the production of ferrochromium to seek more long-
term, permanent treatment options. This would involve using wastes available
on site, 1.e., slag, clay and recycle water to produce cement blocks and fired
clay bricks.

. Evaluation of the leachability of soluble salts and toxic components, Cr(V1) and
other heavy metals, from the manufactured blocks and bricks by internationally
accepted test procedures to assess their impact on the environment in the
disposal thereof

. Assessment of the solid stabilized products as potential matenals of
construction. Evaluation of the economics for the manufacture of these
products

It is likely that similar efforts may have partially been undertaken by the local industry
Gericke (1995) mentioned that efforts are underway by some of the local industry to
recycle these ferrochrome wastes. However, it is unlikely that the results of these
findings would be made available to the industry as a whole Due to the importance
of the ferrochrome industry to the local economy and bearing in mind that South
Africa contains about three quarters of the world's reserves of Cr. the more
systematic study outlined above was considered to be in the national interest
Results of the study would provide the means to minimize the threat these Cr(VI)
containing wastes pose to the environment and natural water resources




2. LITERATURE SURVEY

2.1 Health, Safety and Environmental Aspects of Chromium

Extensive documentation exists on chromium and the environment. Two excellent
books have been published on this subject (Nnagu, ef a/.. 1988 and Langard, 1982).
Both cover a wide range of topics, starting from the geochemistry, production and
use of chromium containing products to their role in biology and impact on human
health. animal Iife. atmosphere. and natural waters In view of the toxicity and
carcinogenic effects of Cr(Vl) or chromates it is understandable that books have
been published that deal specifically with this aspect (Fairhurst, ef a/, 1989 and
Cross, ef al., 1997). In this regard it should alsc be noted that a more practical guide
that provides an overview of the current legisiation in the vanous countries and of the
health, safety and environmental effects of chromium and s compounds has
recently been published by Gericke, ef a/ (1998)

Table 1. Chromium Water quality standards (Gericke. et al. 1998)

‘van der Merwe, 1896

Country Type of water Concentration, mgn |
or effluent Cr(Vl) Total Cr
France General 01 05
Cr processing 15
| I Metal finish 01 30
Germany Leather 0.05 1
Metal/Chemical 01 05
Japan Waler 005
Plant public system 05 20 |
South Africa Drinking 0.05° 0.1
Max permissible limit 02 |
Cnsis limit 04 |
Effluent discharge | 0.5
United Kingdom Drinking | 005
United States Fresh 0.01 1 018 |
—sat 005 |

In view of the fact that this study deals primarily with the potential threat that soluble
components in Cr-containing metallurgical waste may pose to the local water
resources the water quality standards for Cr applicable n different countries are
shown in Table 1

In order to achieve and maintain the required low Cr concentrations in natural water
resources the essential features of Cr chemistry pertaining to the environment have




to be understood Excellent reviews are available that deal with this subject (Rai, et
al . 1989 and Richard. ef a/ . 1991) The important chemical processes that control Cr
concentrations in the aqueous environment are  redox-transformations, precipitation-
dissolution and adsorption-desorption reactions. Commonly occurring reductants,
ferrous and organic matter, can easily transform the toxic, soluble Cr(VI) to the non-
toxic Cr(lIl) form. The reverse reaction is not common in the environment. Only in the
presence of manganese oxides is the reverse redox reaction possible under
conditions expected in the environment. In the pH range of environmental interest,
the trivalent form of Cr(lll) generally forms insoluble Cr(OH), or (Cr.Fe)(OH),
precipitates that aliow for low Cr concentrations in water Organic substances may
interfere with the formation of these insoluble precipitates enhancing the mobility of
Cr in water. The soluble chromates may be precipitated in the presence of Ba
forming insoluble Ba(S.Cr)O, solid solutions Iron oxides are the most important
adsorbents for chromate in the environment. On the basis of these reactions Bartlett
(1991) has proposed a series of tests that can be used to monitor Cr in the aqueous
environment and these will be applied in this study.

2.2 The Nature of Metallurgical Wastes Containing Chromium

As has already been mentioned, Gericke (1995) maintained that ferrochrome BFD
poses the biggest threat to the environment due to the leachability of soluble
chromate contained in these wastes. However. very little is known about the
properties of these potentially harmful substances. As far as could be established the
only study on the properties of ferrochrome BFD that appeared in the literature is by
Cox, et al. (1985). They showed that 40 % of Cr contained in BFD s soluble and
exists mainly as chromate and dichromate and 1s found predominantly in the sub-
micron particles of the dust. They also found that the remainder of the chromium in
the BFD is found in the larger particles as insoluble Cr;0, in the form of chromite It is
the intention of this study to further elucidate the nature of ferrochrome BFD,
particularly how it was formed, leaches with water and how it may be effectively
treated

Ferrochrome slag is the other solid waste generated by the local industry containing
chromium. This waste does not leach soluble Cr and is not regarded as a threat 10
the environment (Gericke, 1995 and Coetzer, ef a/. 1997) The acidity/basicity ratio
of slags is defined as the ratio of the sum of the concentrations (weight percent) of

CaO + MgO to those of SiO; + AlLO, Kilau ef al. (1984) have demonstrated that
4




chromium-containing slags with Ca0:SiO; greater than 2 (basic) are more likely to
leach Cr. Most of the slag produced by the local industry is acidic in nature. However,
it should be noted that Kornelius (1995) has indicated that other dusts collected from
the local metallurgical industry (stainless steel steel ferro-silicon and ferro-
manganese) also releases soluble Cr(Vl) and other toxic components that would
require treatment to prevent the contamination of the environment

2.3  Treatment Options for Wastes Containing Chromates

Addition of ferrous ions is the most common treatment option to remove Cr(VI) from
aqueous solutions. Eary and Rai (1988) have reviewed various aspects of this
method. A more recent study on the kinetics of the reduction of Cr(VI) with Fe(ll) has
been undertaken by Pettine, ef al (1998). This reaction takes place over a wide pH
range, from 6 to 11, and converts the soluble chromate to an insoluble (Fe. Cr)(OH),
precipitate. According to Gericke (1995). the local industry also adds ferrous sulphate
or chloride, depending on the availability thereof to a BFD-water slurry as a
treatment option to minimize the leachability of Cr(V1) from this source What needs
to be established is how effective this treatment of BFD remains over the longer term

In this regard it may aiso be of interest to point out that the treatment of Cr-containing
solid waste has recently received considerable attention in the Iterature. Raghu. ef
al (1989), Crosbie, ef al (1983) and Weng, el al. (1984). This is probably due to the
general, greater awareness of environmental issues but also as a result of disposal
problems encountered with a chromium ore residue. particularly in the states of New
Jersey and Pennsylvania of the USA These residues containing calcium chromates
and associated products, originated from previous (1890-1964) chromium-mining
operations where the ores were subjected to an alkaline roast to extract the soluble
chromates Although the residues are different from local Cr-containing BFD it may
be useful to observe how the problem is addressed and to apply some of the deas
generated by these studies in the USA to local conditions. Of particular interest would
be the design, evaluation and costing of different long-term. effective treatment
options of these residues that ensure no further impact from them on the

environment

The possibility of incorporating waste containing soluble Cr(Vl) in cement-based solid
stabilized structures to ensure long-term immobilization of these toxic substances
has been the subject of numerous studies. Since it is the intention in this
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investigation to treat BFD in a similar manner, it is worthwhile to summarize some of
the important findings of these studies.

Kindness, et al (1994) and later Allan, et al (1995) have found that chromium-
contaminated soil can be immobilized in solid stabilized structures using Portland and
blended cements containing blast furnace slag. Similar results have been found for
chromium-containing electroplating sludges (Csetenyi, ef a/, 1997). Based on the
analyses of pore fluids, water-, citric- and acetic acid leaches it was found that the
efficiency of Cr(Vl) immobilization improves with increasing blast furnace slag content
in the mixes. Macias, ef al. (1897) have also shown that exposure of these structures
to extensive carbonation further improves the immobilization of Cr. In some instances
based on the leaching tests results t was possible to achieve a concentration of
Cr(V1) in the leachates less than 0.05 mg/l, signifying nearly complete immaobilization
of chromate in these cement-based structures.

A number of studies have also been undertaken to elucidate the mechanism of Cr
immobilization in cement-based structures. The effective stabilization of Cr in
structures made with blended cement containing blast furnace slag is mainly
ascribed to the ability of the ferrous ions in the blast furnace slag to reduce Cr(Vi) to
insoluble Cr(lll). For a similar reason, Zhang. ef al (1997) have found that the
addition of ferrous sulphate to the cement-waste mix also contributes significantly to
the immobilization of Cr in these solid stabilized products However, an excess of
ferrous ions results in a substantial retardation of cement hydration at early cure
times. The possibility of chromate being incorporated into ettnngite formed during the
hydration of caicium aluminate phases in Portland cements could also be a means of
decreasing the leachability of Cr(VI) from these structures (Auer. 1992). In this regard
it may also be of interest to mention that Goske (1997) has been able to immobilize
chromate into calcium aluminate cement-BFD mixes. He has demonstrated that the
tricalcium aluminate hydrates formed, incorporate chromates and so decrease the
leachability of Cr(VI) from these solid stabilized products

Calcium silicate hydrate (C-S-H) is the main hydration product of ordinary Portland
cement (OPC). It is therefore understandable that the interactions between C-S-H
and chromium have been studied in some detail Omotoso. ef a/ (1985 1988a and
1998b) and also Lin, ef al, (1996) have used X-ray diffraction (XRD), scanning
electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS), infra

red (IR) and “*Si nuclear magnetic resonance (NMR) to study these systems For
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effective detection of Cr in these systems, a 1M Cr(VIl) solution was mixed with
freshly prepared OPC.  Under these circumstances CaCrO, 2H,0 was formed in a
few minutes when the Cr/Ca ratio was greater than unity Increasing the Ca
concentration transforms this product to the partially soluble Ca,CrO, 34,0 Cr(VI)
was also found to increase the condensation of C-S-H and the porosity thereof
Based on these observations there appears to be no prominent reaction or
mechanism to suggest that a significant Cr(VI) immobilization can be expected in C-
S-H systems Whether the above reactions prevail under lower Cr(VI) concentrations
as would be encountered in BFD-cement mixtures remains to be seen On the other
hand, for Cr(lll)-doped C-S-H systems there is an indication that Cr is associated with
silicate polyhedra as calcium-chromium(lil)-hydroxide complexes (Omotoso, et al,
1996). This may be a possible mechanism for its immobilization All these
observations indicate that the most effective immobilization of Cr in cement-based
systems are associated with a reduction of Cr(VI) to Cr(lil) and then an incorporation
of the latter into C-S-H

The formation of vitrified products from Cr(VI) contaminated soil as highway
construction aggregates were investigated by Meegoda ef al (1997) Sand and
carbon were added to the contaminated soil and fired to 1100 - 1400 °C to ensure
reduction and vitrification. Leaching tests confimed the effectiveness and
immobilization of Cr(VI) in this treatment technology It was demonstrated that the
vitrification process resulted in the formation of a FeO or MgO chromium-containing
spinel mixture that was embedded in a silicate network. In this regard it may also be
of interest to note that Boucher, ef al. (1987 1995) registered two local patents
where it was demonstrated that bricks of acceptable quality were produced when a
mixture of ferrosilicon BFD (40% by mass), ferrochrome acid slag (30% by mass)
and clay, was fired to 900 - 1250 °C for 5 hours. No leaching lests were conducted to
determine whether any Cr contained in the slag would leach from the bricks It is
therefore the intention 1o subject ferrochrome BFD to similar tests to determine
whether vitrification is a viable option for treatment and immobilization of the Cr(\VI)

contamned in this waste

Vanous leaching tests have been designed 0 assess whether the treated waste can
safely be recycled and used as matenals of construction or for other purposes A
review and assessment of the various leaching tests used for these purposes have
been given by van der Sloot (1996). The South African Department of Water Affairs

and Forestry (DWAF  1998) has recommended that the US EPA (1890) Toxicity
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Charactenistics Leaching Procedure (TCLP) and Acid Rain test be used to evaluate
potentially hazardous wastes with regard to their disposal. The TCLP leaching test is
recommended where hazardous wastes are co-disposed with organic waste in a
general waste dump The Acid Rain test. on the other hand, is preferred where
potentially hazardous wastes are mono-disposed in “dedicated” landfill sites. / &., only
that waste is disposed of For the local ferrochrome producers concerned with the
disposal of BFD the latter option will probably apply. Further, it could be argued that
in the case where it is the intention 1o use solid stabilized products made from
hazardous wastes for specific applications, evaluation by the Acid Rain test would be
more appropriate than the TCLP test Whatever the case. the solid stabilized
products containing BFD produced in this study will be evaluated by both test
procedures. In order to gain a better understanding of the efficiency of the Cr
immobilization process in these solid stabilized structures the specified tests could be
extended over a wider pH range. In some instances it may also be appropriate to use
more simple leaching tests. /e, the German DIN 38414 (1984) leaching test as a
preliminary evaluation

The information given in this Iterature review was used 1o plan the experimental
programme to address the vanous objectives of this investigation In view of the fact
that some of the aims of this study were significantly different, it was decided for the
sake of clanty, to present in this report the results and associated discussion of each
objective in separate chapters It was further decided to dispense with a separate
chapter on experimental techniques and methods. Expenmental detail will be
introduced in the text when techniques are encountered for the first time It is
thereafter assumed that the reader is familiar with the expenmental detail when it is
again used on a later occasion. The last chapter of the report contains the overall
summary and the main findings of the study and recommendations for future studies

3. ANALYSES OF CHROMATE IN AQUEOUS MEDIA

The determination of Cr(VI) or chromate in agueous media plays a crucial role in this
investigation. Therefore this chapter is devoted to the assessment of the accuracy of

this determination.

The Cr(VI) content in solution was determined by spectrophotometry with a Hewlett
Packard 8452A Diode Array Spectrophotometer using 10 cm optical cells after

addition of s-diphenyl carbazide in an acidic phosphate medium as recommended by
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Bartlett (1991) The analytical wavelength of 542 nm was chosen for these
measurements.

A solution containing 47.3186 mg/l Cr(Vl) was prepared by dissolving 66.93 mg
analytical grade K.,Cr,O; into a 500 ml volumetric flask. This solution was diluted to
prepare 14 standards of different concentrations ranging from 0 00946 to 0.23659
mg/l Cr(Vl) These solutions were measured to construct a linear calibration graph
with correlation coefficent of 099946 and uncertainty of 1 49 per cent Another
solution containing 616280 mg/l Cr(VI) was prepared by dissolving 87.17 mg
K,Cr;0; in 500 ml water. This solution was diluted to prepare six solutions (labeled A
to F) of different known Cr(Vl) concentrations tc assess the accuracy of the
spectrophotometric measurement. For each solution 8 determinations of the
concentration were made using different dilutions and these results are shown in
Table 2.

It should be noted that for the more dilute solutions, A to D, larger varations were
observed in the measured concentrations, particularly at higher dilutions. For
dilutions smaller than 25 into 50 better agreement between the measured
concentration values were observed A statistical analysis of the measured
concentrations was conducted for each solution, calculating the mean. standard
deviation which is expressed both in real and percentage terms These values are
also shown in Table 2 A large standard deviation of 65 per cent was observed for
the measurement of the concentration of solution A This was primarily due to the
large vanations of measured concentrations recorded in this solution for dilutions
larger than 25 into 50 For Cr(VI) concentrations larger than 0.03 mg/l the observed
standard deviations were less than 6 per cent indicating that the measurement
thereof was accurate and reliable From these results it can be concluded that Cr(V1)
concentrations can confidently be measured by this spectrophotometric procedure
down to values of 003 mg/l although as a precautionary measure dilutions larger
than 2 were generally avoided in the preparation of solutions for measurement by the
spectrophotometric method in this report. This will be necessary only at very low
concentrations (solutions A and B) The relable measurement of Cr(VI) by the
spectrophotometric method below 0.03 mg/l would require a preconcentration step as
described by Pannain, et al., (19985)




Table 2. Analyses of solutions of known Cr(VI) concentration

Sowton | A | B8 | € | O | E | F

Dilution Measured Cr(V1) concentration, mg/

S into 50 0 05245 003189 0 05622 0.08370 0.15309 0 19520 |

10 into 50 002206 0.03733 005744 0.08776 0 15632 0.16578

15 into 50 0.01760 0 03697 0 05445 008315 0.15951 019838

20 into 50 0.01660 003423 0.05454 008718 0 15780 0.19927

25 into 50 001438 003707 005246 0.08198 0.15814 0.19747

30 into 50 001421 003634 0.05384 008427 0.15705 0 19594

40 into 50 001336 0 03461 0.05152 0 08427 0.15705 019585

45 into 50 0.01275 003346 005142 0.08370 0 15270 019518

Mean 002043 003524 0 05399 008715 0 15615 0 19677

Std Dev 001328 0.00198 0.00216 000430 | 000246 000173
65% 6% 4% 5% | 2% 1%

Expected 001233 0.03081 0.04622 007704 | 015407 021570
Difference 66% -14% -17% 13% | 1% +9%

The mean value of the measured concentration was also compared in Table 2 with
the expected concentration and expressed as percentage difference, calculated
according to the formula:

(Expected) - (Observed) X 100
(Expected)

The largest difference is shown for the most dilute solution A and smaller differences
are observed for the more concentrated solutions The latter is ascribed 1o errors in
weighing small masses of K,Cr;O, whilst the larger difference observed for solution A
is ascribed to the inaccuracy in measurement of concentration at lower
concentrations already mentioned above

4. PROPERTIES AND TREATMENT OF FERROCHROME BAG FILTER DUST

In order to devise effective treatment options for BFD it was deemed necessary to
first undertake a study of the nature of Cr(Vl) in BFD. This was achieved by
conducting water leaching tests. mineralogical investigations and chemical analyses
on a variety of BFD samples collected in the local ferrochrome industry The
efficiency of the widely used treatment of BFD with ferrous ions was also critically

examined. All this information was then used to design a more effective and
environmentally acceptable treatment option




41  Collection of Samples

BFD from vanous local ferrochrome producers were collected:

. Two samples were obtained in August and October, 1998 from a ferrochrome
producer in the Northwest Province using a semi-closed furnace These
samples will be referred to as A and B in the text below.

. Three samples were obtained from another ferrochrome producer In the
Northwest Province in August 1995 December 1995 and May 1997 These
samples will be referred to as C, D, and E, respectively. in the text below All
these samples were produced from a semi-closed furnace

. Sample F was obtained from a ferrochrome producer in Mpumalanga Province
in November, 1994, using a semi-closed furnace.

. Two samples were also obtained in June, 1996 from another ferrochrome
producer in Mpumalanga Province Closed furnaces were used in this
operation and will be referred to as samples G and H in the text below

As ores from different locations were processed, often by different means. it was
considered that the BFD dust samples collected would also represent the wide
variety of samples that are generated by the local ferrochrome industry

4.2 Properties of Untreated Ferrochrome Bag Filter Dusts

4.2.1 Physical Properties

Ferrochrome BFD are fine. light powders As an example some of the physical
properties of BFD samples B and E have been measured The particle size of these
solids was measured by laser diffraction using a Sympatec Helos particle size
analyzer. The solids were dispersed in water and subjected 1o ultrasonics prior to
measurement. A bimodal distnbution of particle size was cbserved for both BFD
samples with D,,. Dy and Dy, values of 0.08, 0.71 and 3.65um for sample B and
2.51, 13.23 and 15.21um for sample E, respectively. The surface area of samples B




and E were 5.31 and 13.2 m/g, respectively, as measured by a Micromeritics ASAP
surface analyzer with nitrogen gas at 77° K.

Table 3. Water Leaching of Untreated BFD (sample A)

Leaching | Volume pH Time Concentration, mg/l Cr{VI) leaching '
Stage mi hours | Cr(Vl) T0S rate, mg.min ' 10°
1 314 90 30 15992 4584 278.97 ﬁ
2 340 10.3 30 28 98 870 54 74 ]
3 325 105 20 1108 410 30.01
4 380 mns 30 646 340 1364
5 360 102 | 20 249 160 747 o ﬂ
6 405 110 155 174 170 076
7 365 106 30 076 100 154
8 400 106 155 086 130 037
9 400 106 6.0 064 120 0.71
10 430 108 240 1.17 | 035

4.2.2 Water Leaching Studies

Twenty grams of untreated BFD (sample A) were contacted with water at a
solid liquid ratio of 1:20 and agitated at room temperature with a magnetic stirrer for a
fixed period Thereafter the slurry was filtered and the pH, Cr(VI) concentration and
total dissolved solids (TDS) of the filtrate were measured. (The pH of solution was
measured with an ORION model 702A pH meter. The TDS was determined by
gravimetry and the Cr(Vl) concentration by spectrophotometry as descrnibed in
chapter 3). This process was repeated 10 times, dispersing the filtered solids in fresh
water at the same solid to liquid ratic but varying the contact time. The results of
these measurements are shown in Table 3. These results indicate that initially, Cr(V!)
and salts leach readily from BFD and that the amounts leached tailed off with
increasing leaching stages. In stages 6, 8 and 10, the leaching was conducted for
relatively longer periods and in these instances, relatively higher Cr(Vl) and TDS
concentrations were found. The leaching of Cr(Vl) from BFD was also expressed as
a rate in Table 3. These results indicate that a constant rate of Cr(V1) leaching may
be approached in the later stages, suggesting that leaching is probably diffusion
controlled. Complete removal of soluble components would require that consecutive
leaching stages should increase in time with the square of the previous stage
(Balzamo, st a/ , 1998)




The accumulated amount of CriV1) and TDS leached from BFD (sample A) can be
calculated from the data presented in Table 3 and these values are plotted in Figure
1 as a function of the accumulated time. The Cr(VI) and TDS values approach a
constant value after an extensive leaching time (> 50 hours) and a number of stages

A similar approach was used {0 calculate the accumulated amounts of Cr(V!) and
TDS that can be leached from other BFD and these values are shown in Table 4
Substantial variation of accumulated amounts of Cr(VI) leached from different BFDs
was observed Samples A and B yielded relatively higher levels of Cr(VIl) leached in
comparison with C. D, E and F. Samples G and H contained very Iittle soluble Cr(V1)
that could be leached with water
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‘ Figure 1. Accumulative Leaching of BFD (sample A) as
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Figure 1 Accumulative Leaching of BFD (sample A) as Function of Time

It is to be expected that the magnitude of the amount of Cr(Vl) leached depends
primarily on the origin of the BFD and this may be directly relaled lo the operating
conditions and raw materials used in each operation Furthermore it should be noted
that for samples collected from the same operation, /e C, D, and E cdifferent
leachable amount of Cr(Vl) and TDS were observed As these samples were
collected at different times. differences in the type and amount of raw matenals
added to the furnace or air passing through the bag filter plant could all have played
a role in causing these differences. Unfortunately this information was not available

when the samples were collected. It was no! always possible 1o determine the
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associated amounts of leachable salts available in BFD In these instances blank
spaces appeared in Table 4 However, in the instances shown, there exists a
correlation between the amounts of leachable salts with soluble Cr(V1) present in
BFD. It should be pointed out that alkali roasting of chromite is a well established
industrial practice to produce sodium chromate (Thompson, ef al, 1984) which
depends on the amount of alkal. oxygen and temperature present during the
process. The potential influence of the variability of these parameters on Cr(Vl)
formation in the bag filter during ferrochromium production will be investigated in the
next section.

Table 4. Accumulated, ieachable Cr{Vl) and TDS from various BFD

BFD Mass Stages Accumulated Acc. Conc., g/kg
Sample g Time, h us Cr{Vl) TDS
A 20 10 77 183 3455 118.58
B 40 9 100 88 5 502
C 20 6 23 106 0.196 538
D 1000 10 20 67 0.119 334
E 50 5 S 200 0672 81.10
F 30 1 3 3 0.028
| G 10 1 1 20 nd
L__H 10 1 16 20 0.001 — |
n.d. not detected

More detailed chemical analyses of the leachates obtained when BFD samples. A E
and F were contacted with water are shown in Table 5 (The analyses of these
solutions were conducted in the Analytical Science Division of Mintek Na and K
concentrations were determined by Atomic Absorption. Mg Ca, Zn. Mn, Cd, B and Si
concentrations were measured by Emission Spectroscopy. PO, Cl and SO,
concentrations were determined by UV-VIS spectrometry. potentiometry and
turbidimetry, respectively). Leachate A was obtained by combining 5 consecutive 1
hour water leaches of BFD sample A, each at a solid to liquid ratio of 40 Leachate E
was obtained by combining the first two consecutive 12 hour water leaches at a solid
to liquid ratios of 40 of BFD sample E. Leachate F was obtained by leaching sample
F at a liquid to solid ratio of 20 for 2 hours. Also in this table are included the
chemical analyses of return water (brine) collected from a ferrochrome producer in
Northwest Province in May, 1997 The analyses of all the leachates except the
return water that has been treated with FeSO,, contain toxic Cr(Vl) above the
permitted levels and clearly indicates that BFD would have to be stored in lined dams
and could not be discharged into the natural water courses
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The results in Table 5 also indicate that thetreatment of BFD with FeSO, results in a
higher salt load that is predominantly Na and K sulphate Other components in the
leachates are Ca. Mg and CI. The components analyzed for comprise about 90%, or
more, of the observed TDS (It can be expected that in those instances where FeCl,
is used in the treatment of BFD leachates. the chioride content of the return water
would increase at the expense of the sulphate concentrations).

It can therefore be concluded from these water leaching studies on BFD that the
leachable Cr(V1) is associated with alkali salts. A large proportion thereof is removed
very rapidly when BFD 1s in contact with water but there is a smaller fraction of the
soluble component that leaches very slowly at a rate that 1s probably diffusion
controlled Further these results suggest that an effective treatment of the water
leachable components in ferrochrome BFD should not only be concerned with the
toxic chromate but should also consider the salts contained in these wastes.

Table 5 Chemical Analyses of BFD Water Leachates and Return Water

Component Concentration, mg/l
BFD Leachate o  Retun
A E F Water
Cr(Vi) 13 79 71 <1
Cr total 13 nd 75 <08
Na 84 208 208 973
K 70 745 | 290 1190
SO, 245 806 502 7720
Mg 18 nd 33 1220
Ca 47 37.7 28 265
Zn 01 nd <0.05 16
Cl - ] 200 68 630
Mn g <0 01 nd <0.01 98
Ca 1 <005 nd <005 <0.05
a <1 nd ! <0 1 12
_Si 53 nd |  nd ] 18
PO, | 06 nd nd | 0.3
Total | 470 7 13321 1093 1 12043
TDS | 532 1570 1180 . 13267
n d. not determined
Table 6. Chemical Analyses of BFD Samples
Sample Chemical composition, percentage | Criv) |
Cr,0, | Si0, | Al,O, FeO MgO | C |ZnO Na,0 | KO MnO glkg
A 300 | 390 | 648 | 213 | 248 | 168|541 435 [457 | 048 | 345
AL 253 | 394 | 696 | 204 | 261 | 174|529 | 131 [ 218 | 050
[ 1825 | 2758 [ 1293 | 556 [ 2243|214 [ 302 | 191 | 441 033 | 020
D 3388 | 16311596 | 1051 [ 1003 | 381 [ 370 182 [274 ]| 024 | 0.12
DL 3535 [ 1706|1588 [ 1065 | 920 [ 374 /364 090 | 216 | 024
- 17.25 | 2289 | 778 | 977 | 1476 | 6.02 | 1.82 | | | 023 | 0.03
H 247 | 189 | 172 | 148 | 624 [ 105]186 | 034 [ 047 013 | 0.00
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4.23 Chemical Analyses of Untreated Bag Filter Dust Samples

In order to elucidate the origin of Cr(V1) in BFD, the chemical analyses of samples A,
C. D. F and H (see Table 6) were compared with their corresponding accumulated
Cr(Vl1) concentrations listed in Table 4. Included in Table 6 are also the chemical
analyses of dry, water leached samples A and D designated as AL and DL,
respectively, to illustrate the influence of water leaching on the chemical composition
thereof. (The chemical analyses of solids were conducted in the Analytical Science
Division of Mintek. Methods similar to those described in the previous section were
used. In addition. the C content in the solids was determined by the Leco combustion
technique)

According to the results shown in Tables 4. the Cr(Vl) content of these BFD samples,
as indicated by water leaching studies, follow the sequence: A>C ~ D>F>H It
was postulated in the previous section that the Cr(VI) content in BFD could be
associated with the alkali content and oxidizing conditions in the dust extraction plant
resulting in the formation of NaCrO,. If it is assumed that a relatively higher C content
in BFD is associated with low oxidizing conditions prevailing in the bag filter, then the
results shown in Table 6 confirm this postulate. The low C and higher alkali content in
BFD sample A should therefore promote high Cr(VI) levels in BFD This trend was in
fact observed in the chemical composition of the other BFD samples shown in Table
6. For sample H, the high C content and low alkali content should result in low Cr(Vl)
values, as is evident from the results shown in Table 4 Also the chemical
composition of BFD samples AL and DL indicate that water leaching of these BFD
samples decreases the alkali content contributing to the high salt content in the water
leachates that are usually associated with Cr(VI) in these solutions Further it should
also be noted that the results shown in Table 6 indicate that the amount of Cr(VI)
leached with water from BFD is not dependent on the amount Cr,O, it contains. A
large proportion of Cr in BFD is in the trivalent, non-toxic form

4.2.4 The Mineralogy of Ferrochrome Bag Filter Dust

In a previous study, Coetzer (1996) reported the results of XRD and SEM analyses of
BFD samples C. D and DL. The mineral phases that were identified in these BFD
samples were. magnesiochromite (Mg Fe)(Cr Al),O,, forsterite (Mg,SiO,). periclase
(MgO). quartz (SiO;) and cristobalite (SiO;). The composition of magnesiochromite

and forsterite phases were further elucidated by EDS and SEM The greater
16




sensitivity of EDS over XRD identified the presence of small amounts of magnesium
aluminium silicate (Mg»Al,Si,0,;) and aluminium silicate (Al,SiO.) phases in the BFD
samples

An electron micrograph of BFD (sample D) indicated the presence of agglomerated
composites of coarse and fine sold particles EDS analyses of these partcles
showed that Cr, Fe, Mg, and Si are found in all the phases identified. The highest
Cr;0; concentration (46-48 per cent) was found in magnesiochromite, in all other
phases, Cr,O, concentrations of about 1 per cent were found In no instance was
there evidence of a decrease in Cr concentration upon water leaching the BFD
sample (sample DL). Chromate appears therefore not to be associated with any
particular mineral phase

This mineralogical examination of BFD agrees with the overall chemical analyses
reported in Table 6 The relatively high Mg and Si concentrations in BFD can be
associated with the volatility of these elements during the smelting operation. These
elements then more than likely condense on the dust particles as they cool in the bag
fiter used primarily for open-top or semi-closed furnaces As further postulated in
section 4.2 2, under these circumstances it is very likely that some of the Cr(lll) in
chromite dust is oxidized by air in the presence of alkali to Cr(VI). This occurs
indiscriminately and is not associated with any particular mineral phase The soluble
Cr(V1) formed on the surface of the dust particles is easily removed by water when
BFD is placed in contact with water However, it is also possible that the Cr(VI)
initially formed on the dust particles may be later coated by condensing Mg and Si in
the cooler regions of the bag filter It is expected that chromate trapped in this
manner would be more difficult to leach when BFD s placed in contact with water

The results shown in Tables 3 and 4 indicate that complete removal of Cr(VI) from
some BFD by water leaching required long leaching periods (> 100 hours) and large
liquid to solids ratios (>200) confirming this state of affairs. These conclusions differ
to those given by Gericke (1985) who maintained that 24 hour leaching, at a liquid 1o
solid ratio of 20 at a pH value of 2-6 are sufficient for complete removal of Cr(V!) from
BFD dunng water leaching. These differences may be due to the type of BFD
studied. Nevertheless, it is evident from the results presented in this report thus far
that the removal of Cr(VI) from BFD by water leaching 1s a complex process and that
this treatment option may not be the most effective and satisfactory long-term
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solution. For this reason a number of alternative treatment options were investigated
in this study and are discussed in sections which follow.

4.3 Bag Filter Dust Treated with Ferrous lons

The most widely used treatment for the removal of Cr(V1) from aqueous medium is by
the addition of ferrous ions (Eary, ef a/, 1988) This practice is also widely used by
the local ferrochrome industry for the treatment of BFD. This section examines, in
more detail, the efficiency of this BFD treatment option Of particular interest is the
question of how effective the treatment is to inhibit the leaching of Cr(VI) from BFD
in the longer term

Thus water leaching studies were conducted on BFD (sample C) that was pre-treated
with FeSO, at a Fe/Cr molar ratio of 30. The results for 7 consecutive water leaching
stages of this treated BFD are shown in Table 7. In this pre-treatment a ten-fold
excess of the required FeSO, was intially added and this caused the Cr(Vl)
concentration to be very low in the first five, short (1 hour) leaching stages For
longer leaching stages (6 and 7) Cr(Vl) concentrations greater than 0 05 mg/l were
observed. Only in stage 1 was an excess of Fe present in solution, measuring 212
mg/l (as measured by Atomic Absorption). Dunng all the other stages no Fe was
detected in solution For the longer penods of leaching, the pH and salt content of the
leachate increased. The treatment with FeSO, also resulted in a decrease of the pH
values of the solution when compared to those shown in Table 3. The results shown
in Table 7 clearly indicate that although the treatment of BFD with FeSO, i1s effective
in the short term to prevent the leaching of Cr(VI), it is not effective in the longer term

Table 7. Water leaching of a treated BFD (sample C) (Fe/Cr = 30)

Stage Volume | pH | Time Crivi) T0§ |
Number mi hours _mgh | mgh
1 375 665 | 1 0.00 3545

2 360 640 | 1 0.05 400
3 347 6.20 1 0.00 120
4 342 6.40 1 003 40
5 360 6.30 1 0.02 20
6 343 870 16 0.15 80
7 390 9.45 19 024 80 |




A precipitate of Cr,Fe. . (OH), (Eary. et al. 1988) where x < 1 is expected to be
formed when a BFD slurry is treated with FeSO, It was necessary to establish
whether the release of Cr(Vl) observed in Table 7 for stages 6 and 7, over longer
periods, originated from the Cr-Fe hydroxide precipitate that was formed or from the
BFD. For this purpose a Cr-Fe hydroxide precipitate was formed by adding (at room
temperature) 105ml of a 4566 mg/l Cr(VI) solution to 25g FeSO, 7TH,0 dissolved in
300ml water. The precipitate formed was allowed to settle and washed with water by
agitation with a magnetic stirrer for different periods. After each washing stage the
solids were filtered and the filtrate analyzed for Cr(Vl) and Fe content The results of
6 consecutive water leaching stages of this precipitate for an accumulated time of 44
hours and a LS ratio of 844 is shown in Table 8 These results indicate that in no
water leaching stage was Cr(VI) leached from the Cr-Fe hydroxide precipitate. The
results shown in Table 8 also indicate that the Fe concentration in the leachate
decreases with increasing washing as the intial excess Fe is diluted. In the final
washing stage, NaOH was added to increase the pH to a value of 6, however, even
under these more alkaline conditions, there was no evidence that Cr(VI) was leached
from the Cr-Fe hydroxide precipitate.

Table 8 Leaching of Cr-Fe hydroxide precipitate with waler

- —

Stage Time Volume Concentration, mg/l
hours ml pH crvi) Fe
1 10 375 23 000 5818
2 1.83 376 26 003 566
3 408 343 25 0.00 65
4 167 350 30 000 1 ]
5 15.92 410 3.2 0.00 1 ‘
s 19.25 365 6.0 000 0 |

The results shown in Table 8 suggest that the reduction of Cr(Vl) with FeSO, is
ireversible and is an effective treatment for removing Cr(VI) from solution although it
contributes to the increase in the salt concentration of the treated water. Therefore
the slow release of Cr(V!) observed in Table 7 from BFD treated with FeSO, more
than likely originates from the BFD. A once-off treatment of BFD with FeSO, is not
sufficient to reduce and immobilize the Cr(VI) that is slowly released from BFD over
the longer term. In order to ensure that Cr(Vl) is continually removed by this
treatment ferrous ions would always have to be availlable in excess For that reason
BFD treated with FeSO, can not be disposed of and has to be retained in lined dams
It is therefore advisable that an alternative treatment for BFD would be required to
address the longer term leaching of Cr(Vl) and salt from BFD An alternative
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treatment option that could ensure the continual removal of Cr(V!) over a longer term
will be discussed in the next section

It should be pointed out that FeSO, is no more readily available locally and
ferrochrome producers have used FeCl, instead This reagent is as effective as
FeSO, to remove Cr(V]) but more corrosive due to the presence of chlonde The use
of alternative reducing agents (sulphite) to ferrous for removal of Cr(Vl) was
investigated by Beukes, ef al (1999) They found that in the acid pH range (< 6)
sulphite reduction of Cr(Vl) is comparable to Fe(ll), however, the latter is effective
over a significantly wider pH range. up to a pH value of 11 and therefore remains the
preferred reagent.

4.4 Bag Filter Dust Treated with Reducing Slags

An improvement in the efficiency of FeSO, treatment of BFD would be achieved if
ferrous ions were continuously available to chemically reduce the released Cr(VIl) to
Cr(lll). This is possible if solids (iron. pynte. magnetite) with Fe(ll)-containing
surfaces remain in contact with BFD Blowes. et a/, (1997) and Petersen. ot al
(1997) have demonstrated that these mineral surfaces remove Cr(Vl) from solution
by an adsorption-reduction mechanism. Hence the treatment of BFD with iron-
containing reducing slag was investigated A further attractive feature of this option
would be that these solid wastes, generated in the local metallurgical industry, are
available at low or negative cost.

Table 9. Removal of Cr(VI) from solution in contact with ground EAF slag

Time Percentage removals
Mass of s 19 29 | 3g | 4

1 hour 7.7 357 | 90.3 | 1000
2 hours 65 387 | 855

3hours | 66 546 | 887

Ehours | 18.0 589 | 886 ]
23 hours 18 2 764 | 90.2

30 hours 237 725 | 878

The percentage of Cr(Vl) removed from 100ml of a 50 mg/ synthetic solution
agitated in the presence of ground (2 minutes) EAF slag (ex Iscor, van der Bijl) are
shown in Table 9 as a function of ime and mass of matenal In the presence of 1 and
29 of ground slag there is a gradual removal of Cr(V1) from solution over a period of
30 hours. In the presence of 3g of ground slag 0% Cr(V1) 1s removed within an hour
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and this value remains practically constant for up to 30 hours of contacting
Contacting 4g of EAF slag with the synthetic solution removed all the Cr(VI) within 1
hour

Based on these observations it can be estimated that about 1.25 mg Cr(VI) can be
removed per gram of EAF slag. The mechanism of the Cr(VI) removal under these
circumstances is presumed to be associated with the presence of wuestite (FeQ) in
the EAF slag as will be verfied by mineralogical examination mentioned in the next
chapter. The important feature of these experiments indicates that it may be
beneficial to mix BFD with EAF slags to bring about the reduction of Cr(VI). This
aspect will be investigated in the next chapter of the report where ferrochrome
wastes (BFD and FeCr slag) are mixed with cement, FeCl, and EAF slag to produce
solid stabilized products to immobilize the toxic soluble chromate contained in BFD

5. FERROCHROME WASTE CEMENT-BASED SOLID STABILIZED
PRODUCTS

One of the objectives of this study was to investigate the potential for immobilization
of Cr(V1) contained in BFD by its incorporation into cement-based solid stabilized
products. This 1s dealt with in detail in this chapter, and includes characterization of
raw matenals, manufacture and evaluation in terms of compressive strength,
leachability and potential toxicity.

5.1  Materials

Ferrochrome BFD, slag. and brine were collected from a ferrochrome producer in the
Northwest Province in June and December, 1968 EAF slag was obtained from Iscor
van der Bijl Park and ordinary Portland cement (OPC) was obtained from Lafarge
Cement. Industna and Pretoria Portland Cement, Germiston

5.2 Characterization of Solid Wastes
521 Chemical Compasition of Solids
The sohds used as starting materials in this study were charactenzed by chemical

analysis conducted in the Analytical Science Division of Mintek using X-ray
fluorescence, emission and atomic absorption spectroscopy The EAF slag and sold
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stabilized solids produced in this study were characterized by X-ray diffraction (XRD)
with a Philips PW1140 Diffractometer using Co Ku radiation. Solid stabilized products
were aiso studied by scanning electron microscopy (SEM) using a LEOS440
Scanning Electron Microscope to obtain backscatter and secondary electron images
The particle size of solids in the range 0.1-875 um was measured with a Sympatec
particle size analyzer using laser diffraction Solids with coarser particle size were
measured by sieve analysis

Table 10. Chemical Analyses of Solids (major components, > 0.1%)

Component Composition, Percentage
FeCr slag EAF slag BFD Cement1 Cement2

Na; O <27 <27 <27 128 ppm 01
MO 7.5 33 232 248 33
ALLO, 127 34 45 447 33
SI0; 535 154 471 21.2 229
P;04 <0.1 09 <0 1 nd

SO, 0.2 05 57 nd 0.2
K;O 0.2 <01 12 015 06
Ca0 21 434 05 604 65.0
TiO; 0.7 05 02 nd
Cr;0; 126 03 8.0 <02
Mn,; O, 03 43 05 027 04
Fe,O, 94 272 43 261 38

Cl <01 <0.1 10 nd

ZnO <0.1 <0.1 1.7 nd.

Ga <0 1 <01 0.1 nd

Total 992 99.2 980 916 1005

nd. = not determined

The chemical composition of FeCr and EAF slag, BFD and cement are shown in
Tables 10 and 11 The major components (>0 1%) identified in the semi-quantitative
scan are shown in Table 10 and the minor components are shown in Table 11 In all,
40 different components were identified. The sum of 14 major components (see
Table 10) analyzed for and expressed in the oxide form, amount to >80%. The
analysis of a local OPC (Cement1) together with the analysis of Cement2 which
corresponds to a typical analysis of a South African OPC (Mantel, 1992) are
included in Table 10. The similarties between the analyses of the two cements are
evident. It is therefore assumed that the components not analyzed for in Cement1
are similar or of the same order of magnitude as for Cement2.

The analyses of FeCr slag (see Table 10) indicate that the major components are
Si0;, Al,O,, Cr;0, Fe;O, and MgO. The EAF slag consists mainly of CaO, Fe,0,
and SiO;. This is in agreement with the XRD analysis of EAF slag The presence of
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larnite (Ca,S10,) and wuestite (FeO) as major, and calcium silicate (Ca,SiO,) and
Ca,Fe.O, as minor phases have been identified by this measurement This indicates
that most of the Fe in EAF slag is in the Fe(ll) oxidation state The major components
in BFD are Si0;, MgO and Cr;0;. The relatively high Mg and Si found in BFD can be
associated with the volatility of these elements during the smelting operation which
then condense on the dust particles as mentioned above in section4.2 4.

Table 11. Semi-quantitative scan of solids (minor components, <0 1%)

Component Concentration, ppm
FeCrslag EAF slag BFD
Co <1000 <1000 <1000
Cl 773 320 10 000
v 644 518 282
Ni 272 11 617
Cu 27 26 117
Zn 250 709 14 000
Ga 23 <10 1100
Ge <10 <10 41
Se <10 <10 13
Br <10 <10 64
Rb <10 <10 136
Sr 63 301 76
Y 13 26 87
Zr 170 71 317
Nb <10 60 <10
Sn <10 <10 16
Sb <10 <10 20
Ba 66 379 23
La <10 16 <10
Ce 13 42 <10
Pr <10 <10 14
Ta <10 <10 37
W <10 35 90
Hg <10 11 1 40 |
Tl <10 <10 11
Pb 1 79 358
Bi <10 l <10 1 29
Th <10 s I | ——
I <10 | 16 14 J

Analyses of the minor components (see Table 11) present in the solids were
undertaken with the specific purpose of identifying potentially toxic and heavy metal
components that could pose a threat to the environment. All solids contain trace
amounts (> 250 ppm) of V and Zn. FeCr slag and BFD contain trace amounts of Ni
but no significant amounts thereof are found in EAF slag On the other hand, EAF
slag contains trace amounts of Ba but this is not found in the other two solids. It
should be noted that BFD contains trace amounts of Pb.




Table 12 Particle size distnbution of solids

Size fraction Mass per cent
Diameter, um FeCr slag EAF slag BFD
<1 0 0 21
<25 3 26 99
< 50 11 37 100
<75 22 45 100
<100 N 52 100 |
< 250 50 75 100 |
< 500 65 95 100 |
< 750 68 95 100
< 1000 T4 98 100
< 10 000 100 100 100

5.2.2 Physical Characterization of Solids

The particle size distributions of some of the solids used in this study are shown In
Table 12 These results indicate that BFD is very fine and all the particles are less
than 36 um in diameter. EAF slag is coarser and the coarsest sohds were those of
FeCr slag, however, all solids are less than 10 mm in diameter.

5.2.3 Water Leaching Tests

In view of the high solubility of Cr(VI) and salts, water leaching tests were used as a
measure to evaluate the degree of immobilization thereof in the solid stabilized
products made in this study For purposes of comparison, it was therefore also
necessary to conduct similar tests on the materials used for thewr manufacture
Hence, these materials were leached with water for various periods to determine the
amount of soluble salts (TDS) and chromate contained therein These tests were
conducted at room temperature, agitating 100g of crushed solids with 1000m! of
water on a horizontal laboratory shaker. (A similar procedure is recommended by the
German DIN 38414 leaching test) The results of these leaching tests are contained
in Table 13. The total amount leached, expressed as the amount leachable per unit
mass of solid, indicate that the leachability of soluble salts from these solids follows
the order BFD > EAF slag > FeCr slag > OPC. Cr(VI) is only leached with water from
BFD to a concentration of 1218 2 mg/kg. It should also be noted that all the leachates
are strongly alkaline




Table 13. Water soluble components in sohds

Solid OoPC __FeCrslag BFD N EAF slag

Time pH TDS  pH TDS pH Cr(Vl) = TDS pH TDS
mgh mgh _mgh | mgh
24h 1188 | 2400 981 275 S 06 9608 | 6555 | 1228 | 1555

48h 1206 | 2300 @ 976 155 1028 | 1034 | 1245 | 1217 595

72h L 968 85 1105 | 4862 710 | 1209 | 520

7d | B34 170 | 1052 | 1078 | 745 | 1197 | 785
Total 470 I 6.65 122 | 9255 34.55
L 2%9

Results of the analyses of the major components in the water leachates are shown Iin
Table 14. The leachates are designated by the solid leached and the duration of the
leaching period, 24 or 48 hours. For longer leaching penods, 72 hours, 7 and 14
days. the leachates were combined for purposes of analyses and are designated by
the solids name and “mix”. In instances where the individual components of separate
leachates rather than the combined leachates were analyzed, the mean values were
calculated and the mean values are designated by * in Table 14 The OH
concentrations in the leachates were calculated from the pH values shown in Table
13

The sums of the components analyzed for were compared in Table 14 with the
measured TDS values. In all instances, the sums of the components analyzed were
less in the leachates than the observed TDS values Efforts were made to dentify
these missing components, based on the chemical analyses of the solids shown in
Tables 10 and 11. Hence the water leaching of EAF slag was repeated and the
solutions re-analyzed for components. Al, Mg, Pb, Si, Zn, Ba and Sr. Only the latter
two were present in significant quantities and are included in Table 14, These two
components were also found in the leachates obtained from OPC. It may be possible
that the missing components in the leachates could be CO, and HCO, or organic
components, all of which were not analyzed for. Due to the high alkalinity of the
leachates (see Table 13) and the long duration of leaching, it may be possible that
CO; from the air was absorbed contributing to the presence of some of these
components. This contention may be supported by analysis of the brnine, the plant-
recycle water obtained from the treatment of BFD with FeCl; These results indicate a
satisfactory agreement between the sum of components analyzed for and the
observed TDS value Due to the relatively low pH value (7) of the brine the
absorption of CO, should be less prevalent. The results shown in Table 14 indicate
that the brine consists essentially of Na, K, Cl and SO,
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Table 14. Composition of water leachates of solids

Leachate Concentration
Ca K Na Cl SO, OH Ba Sr Cr(Vl) | Sum TDS
BFD24 503 490 1455 522 3268 02 nd nd 96.1 5882 6555 |
BFD48 51 596 154 33 258 32 nd ng 103 523 1245
BFD mix 1.7 44 7 129 25 63 10.1* | nad ng 87 260 | 733"
EAF24 481 | 318 | 108 | 185 - 324 | nd | nd 017 871 1555
EAF mix 193 <10 <1.0 3 3 195* | nd nd 0 304 671'__1
EAF24 804 110 408 3 <2 129 29 056 0 1018 1700
4
EAF48 505 | 124 | 34 <2 <2 135 | 19 | 018 0 664 1100
2
FeCr24 156 527 Q972 12 18 1.1 nd nd 0 682 275
FeCr mix 626 64 10 <1 3 0.5° nd nd 0 11 209°
OPC24 1060 | 522 | 265 <2 <2 129 | 48. | 795 0 1324 2400
0
OPC48 1050 147 98 <2 <2 195 42 210 0 1314 2300
2
Brine 378 1600 3805 5885 | 7111 0 nd nd | 0 18779 | 20453
nd not determined *Sum of the components

5.3 Manufacture of Cement Blocks

The masses of components used in the preparation of 16 different batches (A-P) of
cement-mixes are shown in Table 15 In all mixes 620g of OPC was used, with
variations in the masses of FeCr slag, BFD and EAF slag. The total mass of solids in
each mix was 7 kg. The amounts of FeCl,, brine or water used for each mix are also
shown in Table 15. The compositions of additional 10 different mixes (Q-Z) are
shown in Table 16. As before, the total mass of sohds used In each mix amounted to
7 kg but in this instance the loading of BFD, EAF slag and FeCl; was increased The
role of Ba in the Cr(VI) stabilization was investigated by adding soluble BaCl; 1o two
mixes (Y and Z) Only Rand Water Board water (no brine) was used to prepare the
mixes shown in Table 16

The various batches were mixed manually and then poured into plastic botties and
allowed to cure at room temperature, forming cylindnical blocks, S30mm in diameter
and of equal height with an average volume of 570ml and 1.3kg cured, dry mass
Some of the mixes were also cast in 50mm x S50mm x 50mm cubic blocks and
standard building bricks for compression strength tests After curing for 7, 14 28 56
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and 120 days, the blocks were dried for 2 hours at 120 °C to stop the curing process
and then crushed to <10mm diameter and subjected to leaching tests.

Table 15. Compaosition of cement mixes

Mix Mass, g
No Cement FeCr BFD EAF FeCl, Brine Water
i~ 620 6170 210 1050
B 520 6170 210 1050
c 620 5860 210 210 8 1050
D 620 5960 210 210 8 1050
i - 620 5960 210 210 1050
F 620 5960 210 210 1050
G 620 5750 210 420 1050
H 620 5540 210 630 1050
| 520 5860 420 1050
J 620 5960 420 1050
K 620 5540 420 420 16 1050
L 5§20 5540 420 420 16 1050
N 620 5540 420 420 1050
N 620 5540 420 420 1050
0o 520 5120 420 840 1050
P 620 4700 420 1260 1050
Table 16. Composition of additional cement block mixes
Mix Mass, g
No Cement BFD EAF FeCr FeCl; BaCl;
Q 620 630 630 5093 27
R 620 630 630 5066 54
S 620 630 630 5039 81
T 620 840 840 4665 35
u 620 840 1680 3790 70
v 620 1050 1050 4236 44
W 620 1050 2100 3142 ag
x 620 1050 2730 2512 88
Y 820 630 630 5020 100
Z 620 | 1050 5230 | 100

Smaller (4x100g) cement blocks mixing 200g each of BFD and cement with water
were also prepared. This was undertaken to enhance the X-ray diffraction (XRD)
detection of significant mineralogical phases that may play a role in the Cr(Vl) and
salt stabilization process during curing. By increasing the addtion of Na,Cr,O, 2H,0
to the mixes, blocks were produced that contain 0. 1, § and 9 per cent Cr(V1) These
blocks were cured for 3. 7, 14 and 28 days at room temperature and then subjected
to mineralogical examination using XRD and scanning electron microscopy (SEM)




Table 17. Compressive strength of cement blocks cured for 56 days

Mix Compressive Area of Blocks Compressive
Type Force, N mm* Strength, Mpa
A 8107 2500 3.2
B 192486 2500 77
C 22127 2500 88
D 17591 2500 70
f 17049 2500 68
B 16052 2500 €4
G 19515 2500 78
H 20184 2500 8.1
| 13041 2500 5.2
J 11231 2500 45
K 105612 2500 42
L 14571 2500 58
M 19928 2500 80
N 23431 2500 94
[e] 20156 2500 8.1
P 29568 2500 118
N 426087 23100 184
@) 419984 23100 182
P 270176 23100 17

5.4 Compressive Strength of Cement Blocks

The compressive strengths of different cement blocks cured for 56 days were
measured with a Tinius Olsen Press and are shown in Table 17 (These
measurements serve as an important indicator of the extent to which the cement
hydration reactions have taken place during curing of the solid stabilized products
and whether they could potentially be used as building materials). Considerable
variation in values of compressive strength was observed This was probably due to
the fact that it was only possible to produce one block of each mix type. allowing for
only one measurement of the compressive strength. It should be peinted out that
extensive studies regarding the compressive strength of cement bricks made from
ferrochrome BFD, slag and various types of cement have already been reported on
by Smit, et al (1968) That study indicated that most of the bricks obtained the
required compressive strength of 7 Mpa after 14 days curning and comply with the
standards set by the South African Bureau of Standards (1984) Since it is evident
that the required compressive strength can be achieved without any difficulty, these
products could, in principle, be used as building materials Because the present work
concentrated more on immobilization of Cr(Vl) and salts in these systems. smaller
blocks were prepared using less matenal Nevertheless, it should be noted that the
observed compressive strengths of the larger bricks made from mixes N, O and P
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(see Table 17) were of the same order of magnitude as those found by Smit, et al
(1998) in the previous study for similar matenals

5.5 Water Leaching of Cement Blocks

Water leaching of crushed cement blocks were used in this study as an indication of
the degree of immobilization of soluble Cr(Vl) and salt in these solid stabilized
systems as a function of curing time. This approach was also used to study the
immobilization of individual components of the salt in these systems. Further. whole
cement blocks were also partially immersed in water to establish the effect on
leaching of not crushing the materials

551 Crushed Cement Blocks

The results of the water leaching tests conducted on crushed (<10 mm) cement
blocks as a function of curing time (7-58 days) and for different leaching periods are
shown in Table 18 (for mixes A and C) and Table 19 (for mixes H, K and P). The
results of similar water leaching tests conducted on blocks obtained from the other 11
mixes, listed in Table 15 are shown in Appendix B In all these tests, 100g of
crushed cement blocks (< 10mm) were shaken for 24 hours with 1 liter of water on a
horizontal laboratory shaker After filtration. the wet residue was added to another
liter of fresh water and subsequent cycles of leaching were carried out for 48 hours
and again for 5 days. The results of these leaching tests indicate that there is
generally a decrease in TDS in the leachates with increasing curing time of the
blocks. Variations from this trend could be ascribed to inhomogeneous mixing of
components during preparation of the mix and sampling of cured solids for the
leaching tests. The differences in salt concentrations in the leachates between 7 and
14 days cunng are not significant. Hence, leaching after 7 days cunng was not
regarded as significant and was discontinued
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Table 18. Water leaching of crushed cement blocks (Mixes A and C)

Mix Curing Leaching Leachate
No Time Period pH Concentration. mg/l
Cr(Vi) TDS
A 7 days 24 hours 12 24 0.000 1105
5 cays 12.16 0.000 585 |
14 days 24 hours 12 38 0 002 1110 |
48 hours 1189 0.000 375
28 days 24 hours 11 .88 0 000 1040
48 hours 11.18 0.000 570
56 days 24 hours 11.98 0016 936
48 hours 1143 0 046 421
C 7 days 24 hours 12 10 0.153 1041
5 days 12.06 0.117 550
14 days 24 hours 12.17 0181 870
48 hours 11.80 0102 365
28 days 24 hours 1182 0.048 940 |
48 hours 1124 0.052 550 |
56 days 24 hours 1173 0 092 822
48 hours 11.21 0.072 361

A similar trend can be observed for the Cr(Vl) concentration in the leachates
obtained from cement blocks cured for longer periods Greater vanations of Cr(VI)
concentrations in the leachates as a function of curing time are observed in the
leachates. The reasons for this are probably the same as those mentioned above for
the observed variations in TDS values and are further accentuated by the greater
sensitivity of the Cr(Vl) concentration determination than the TDS values (The
results shown in Table 18 indicate that for Mix No A no Cr(VI) was found in the water
leachates. This was expected as this mix contained no BFD, the source of Cr(Vl)
The low Cr(V1) concentrations observed after 56 days curing for Mix No A is probably
due to contamination or small amount of Cr(VI) leaching from EAF slag as indicated
in Table 14).

All the leachates were strongly alkaline as expected for cement based solids and the
second leach was always lower in pH, Cr(Vl) and TDS concentration than the first
No significant differences were observed in Table 18 between the 5 day and 48 hour
leachates after 7 and 14 days curing. Hence the results in Table 18 contain only
results for 24 and 48 hour leaching periods




Table 19 Water leaching of crushed cement biocks (Mixes H, K and P)

Mix Curing | Leaching Leachate

No Time ~ Period pH Concentration, mg/l
| Cr(Vl) TDS

H 14days | 24 hours 1229 0239 875
| 48 hours 12.00 0134 370

28days | 24 hours 11.70 0266 965

. 48 hours 11.24 0104 384

56 days 24 hours 11.66 0374 809

48 hours 11.18 0120 328

K 14 days 24 hours 1185 0307 935
48 hours 11.78 0119 550

28 days 24 hours 11.41 0.182 902

48 hours 11.13 0.070 385

56 days 24 hours 1143 0159 776

48 hours 10.99 0.052 322
P 14 days 24 hours 12.22 0542 1050
48 hours 11.56 0.291 440

28 days 24 hours 11 8% 0672 973

48 hours 11.57 0236 389

56 days 24 hours 1124 0182 831

B 48 hours 11.56 0.125 a3 ]

The sum of the Cr(Vl) and salts leached from a crushed cement block, cured for a
specific period. was expressed in mg/kg and g/kg for Cr(Vl) and TDS. respectively
These values were compared to the amounts of Cr(Vl) and salt added for each mix
and the percentage stabilization in the cured cement blocks was calculated These
results are shown in Tables 20 and 21 for cement blocks cured for 28 and 56 days,
respectively. (The amounts of components added to each mix were determined from
the mass of solids used to produce the mix, see Table 15 and the amounts that
could be leached therefrom when these solids were leached with water, Table 13)

For cement blocks cured for 28 days the most effective Cr(VI) stabilization was
observed with blocks made from mixes C, D, K and L (see Table 20) It is interesting
to note that according to Table 15. in all these mixes FeCl; was added to promote the
chemical reduction of Cr(V1). Ferrous ion was added in soluble form that allowed for
extensive Cr(VI) reduction prior 1o cement hydration In the absence of FeCl,, Cr(Vl)
stabilization is also promoted with increasing EAF slag content in the mix This 18
evident from the results shown in Table 20 for mixes F. G and H or N. O and P where
the EAF slag to BFD mass ratio increases from 1 to 3 On the other hand the
poorest Cr(VI) stabilization was observed for blocks made from mixes B and J where
no EAF slag or FeCl, was added.
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Table 20. Cr(V!) and salt stabilization in cement blocks cured for 28 days

Mix Crivi), T0S,

No | Added | Leached % Stabllized | Added | Leached | % Stabilized
A 0.00 0.0 00 1106 | 1610 456
B 3655 7.75 788 1280 | 1465 144
C 36 55 100 973 17.82 14.90 16.4
D 36.55 1.53 958 14.75 15.15 -2.7
¢ 36 65 460 874 16.71 915 452
F 3655 851 822 1364 | 1245 87
G 36 55 380 896 1448 | 1278 1.7
“ 36 55 370 899 1531 1349 19
| 0.00 0.00 0.00 11.90 | 1654 383
J 73.09 24 15 67.0 1845 | 1294 298
K 73.08 252 96 6 2235 | 1287 424
L 73.09 314 957 1928 | 1091 434
M 73.09 2205 698 2012 | 1402 303
N 7309 1961 728 1705 | 1288 178
0 73.09 14 63 80.0 1873 | 1215 351
P 7309 508 876 2040 | 1362 332

The salt stabilization in crushed cement blocks, cured for 28 days are also included
in Table 20. The poorest salt stabilization was observed for blocks made from mixes
A and | where the least salt was added and no BFD was used Increasing the salt
content in the mixes improved its stabilization as 1s evident for cement blocks made
from mixes E, Kand L.

The Cr(Vl) and salt stabilization in crushed cement blocks cured for 56 days are
shown in Table 21. It should be noted that in general the Cr(VIl) stabilization improved
with curing from 28 to 56 days. Comparing the results for Cr(VIl) stabilization in
Tables 20 and 21, it can be noted that only for mixes C. G, H, and L was a decrease
observed. This observation i different from the previous study (Smit, ef a/, 1998)
where a general decrease in Cr(VI) stabilization was observed with increasing curing
time. This is probably due to the production of a less porous block in this study by
using finer solids and the presence of EAF slag in the mix




Table 21 Cr(VI) and salt stabilization in cement blocks cured for 56 days

Mix Cr{Vi), mg/kg __TDS, ghkg
No Added = Leached % Stabilized Added  Leached % Stabilized
A 0.00 00 00 11.06 1357 227
B 36.55 745 786 12.80 10 35 19.1
C 36 .55 164 955 17.82 1183 336
i) 36 5% 115 969 14.75 1068 276
E 36 55 132 95 4 16.71 10 20 389
F 36.55 2.55 93.0 1364 9.77 284
G 36 55 7.20 80.3 14 48 1049 275
H 36 55 4 94 865 15.31 1137 257
I 0.00 0.00 0.00 11.90 13.11 -10.2
J 73.08 16.73 7856 1845 10.65 423
K 73.09 211 87.1 22 35 10.98 509
L 73.08 847 87.0 1928 10.83 438
M 7309 §.07 931 20.12 1294 387
N 73.08 4.38 840 17.05 795 533
o) 7308 4 80 934 1873 12.52 331
P 73.08 3.07 95.8 2040 12 44 39.0

The stabilization of salt in crushed blocks cured for 56 days are also shown in Table
21. Again an improvement in salt stabilization was observed with increasing curing
time. Only for mixes E and O was a small decrease in salt stabilization observed
when comparing the results in Tables 20 and 21 The mechanism of salt stabilization
and why it 1s so poor in blocks made from mixes A and | may be found In
mineralogical examinations of the cured cement blocks and will be discussed to
some extent later in the report.

5.5.1.1 Solid stabilization of individual Salt Components

The combined water leachates obtained from selected, crushed, cement blocks after
56 days curing, were analyzed for SO,, Cl. Na, K and Ca These results are shown
in Table 22 together with the OH and TDS concentrations obtained from Tables 18
and 19 OH concentrations were caiculated form the corresponding pH values. For
each of the leachates the sum of the individual concentrations does not amount to
the observed TDS value indicating that there s another component that contributes
significantly to the TDS. Presumably the omitted component is carbonate which
unfortunately was not analyzed




Table 22. Leaching of soluble components from crushed cement blocks cured for 56
days

—

Mix Concentration, mg/l

No SO, Cl Na K Ca OH TDS
A 15 2 9 7 317 104 679
C 69 53 67 31 165 47 582
H 24 9 47 18 245 52 568
K 115 68 95 41 124 31 549
P 54 13 71 31 167 45 622

Based on the analyses of leachates and the principles developed in the previous
section, the amount of each component leached from the crushed cement block was
compared to the estimated amount added to the orginal mix (see Tables 14 and 15).
The percentage stabilization of each component was then calculated. These values
are shown in Table 23 for SO,, Cl and Na and in Table 24 for K and Ca. The results
suggest that the anions SO, and Cl are more effectively stabilized in cement blocks
than the cations Na, K and Ca. An explanation for these observations is given later in
the report after the results of the mineralogical examination of the crushed cement
blocks have been mentioned.

Table 23 SO, Cl and Na stabilization in crushed cement blocks cured for 56 days

Mix SO Cl, g/kg Na, g/kg
No | Added | Leached % Added | Leached % | Added | Leache %
Stab Stab d Stab
A 027 0.30 -11.1 0.12 004 652 | 012 018 -44 0
C 244 1.38 435 1.56 1.06 321 1.30 1.34 -3.3
H 1.37 0 48 64 9 0.29 018 381 072 093 296 |
K 354 2.30 351 2.13 1.36 361 1.88 1.80 11
o 246 1.08 56 1 047 0.26 450 1.31 1.41 -7 4
Table 24. K and Ca stabilization in crushed cement blocks cured for 56 days
Mix K, g/kg Ca, g/kg |
No Added Leached % Stab Added Leached % Stab
A 017 0.14 209 260 634 | 1436
C 0.61 0.62 -0.6 267 3.30 238
H 0.39 0.36 59 334 490 469 |
K 0.82 0.81 0.5 304 248 183 |
P 060 0.61 -1.3 443 334 247 |

5.5 1.2 Cement blocks cured for 120 days

Some of the above cement blocks, after being cured for 120 days. were crushed and
subjected to two successive 24 hours water leaching tests The pH, Cr(Vl) and TDS
concentrations of the filtered leachates are shown in Appendix C. In all instances the
pH and concentrations were lower for the second (48 hour) leaching stage From
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these results the mass of Cr(Vl) and salts leached from sold stabilized product were
caiculated anc compared to those onginally added to the mix (see Table 15). This
allowed for the calculation of the percentage Cr(VI) and TDS stabilization in the
crushed cement blocks after 120 days curing. The results are shown in Table 25 and
should be compared to corresponding values observed for the same blocks after 28
and 56 days curing that were given in Tables 20 and 21, respectively. In all
instances, except for block N, it can be concluded that Cr(VI) stabilization improved
even further on curing for 120 days when compared to those values observed for 56
days curing. The highest Cr(V1) stabilization of 99.1 per cent after 120 days curing.
was observed for blocks K and L In these instances the more effective Cr(VI)
stabilization is probably associated with the FeCl, added to the onginal mix (see
Table 15) On the other hand it should be noted that improved salt stabilization was
only observed for blocks G an H after 120 days curng.

Table 25. Cr(VI) and salt stabiization in cement blocks cured for 120 days

Mix Cr(Vl), mglkg TDS, g/kg
No  Added Leached | % Stabilized | Added ' Leached | % Stabilized
8 36 55 248 932 12 80 1061 171 1
D 36.55 092 978 14.75 1169 208 |
| E 36.55 131 96 4 16.71 13 96 16 4 |
. 36.55 157 957 13 64 11.06 189 |
G 36.55 073 980 14 48 988 320 ]
H 36.55 080 97 8 15.31 11.53 247
I 0.00 0.00 0.0 11 90 14.12 -18.7
J 7308 428 941 18.45 12 82 305 |
K 7309 069 99 1 2238 1311 413 |
L 73.09 0 64 961 19 28 10 94 433 |
M 73.09 4 55 938 20.12 10 64 47 1 ]
N 7308 | a9 86 4 17.05 870 431
0 7308 | 341 953 18.73 1254 | 33.0
P 7309 | 332 955 2040 | 1412 308

5 5.1.3 Additional cement blocks

Additional cement blocks made with higher Cr(VI) and BFD loading than before were
subjected to water leaching tests by the same method after 28 and 56 days curing
The results for these tests are shown in Appendix D and were used to calculate the
Cr(V1) and salt stabilization values shown in Table 26 In spite of the fact that these
blocks contained a higher Cr(Vl) ang BFD loading than before. excellent or even
better stabilzation was observed. It should be noted that for block U after 56 days
curing (see Table 26) a 95.7 per cent Cr(V1) stablization was observed for a Cr(Vl)
loading of 146 18 mg/kg The highest Cr(VI) stabilization of 991 per cent in
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previously prepared cement blocks was observed for blocks K and L (see Table 25)
where the loading was half at 73.09 mg/kg This suggests that even higher Cr(VI)
loading could be considered without expecting a decrease in Cr(VI) stabilization
Therefore, the optimum Cr(VI) loading and stabilization in these types of cement
blocks has apparently not yet been achieved

Table 26. Cr(VI) and salt stabilization in additional cement biocks cured for 28 and 56

days -
Mix Curing Cr(Vi), TDS,
No Period, d Added Leached @ % Stab Added @ Leached | % Stab
Q 28 108 64 0.93 99 2 2430 1588 347
56 573 94 8 14 81 391
R 28 108 64 1.00 99 1 2813 16 81 38 9
56 583 947 14 22 49 4
S 28 106 64 0.71 99 4 3196 14 86 53.5
56 448 959 14 88 534
T 28 146 18 148 990 28 85 16 72 420
56 1.17 99 2 1509 477
U 28 146 18 0.98 993 3716 16.53 55.5
56 0.42 99 7 18.37 506
\'} 28 182.73 10.65 94 2 3354 2142 361
L o6 7.81 957 17 80 46.9
w 28 18273 547 97 0 43 97 2138 514
56 1027 94 4 19 94 547
X 28 18273 475 97 4 46 48 2343 49 6
56 3.50 981 21.04 54.7
Y 28 109 64 8 58 922 34 68 18.78 516
56 910 91.7 13.86 50.0
Z 28 18273 | 337N 815 | 3730 16.45 559
56 18 83 89.7 13.75 631 |

The poorest Cr(VI) stabilization shown in Table 26 was observed for blocks made
from mix types Y and Z where BaCl, instead of FeCl, was used. Clearly the former is
not as effective as the latter to promote Cr(VI) stabilization. These observations do
not give credence to the postulate (Kersten, el al, 1998) where a Cr(Vl)
coprecipitated solid solution with BaSO, could be invoked to explan its
immobilization. On the other hand it should be noted that for the instances where
BaCl, was added to the mix, the salt stabilization in the crushed cement blocks was
the highest, larger than 80 per cent after 56 days cunng (see Table 26). This would
suggest that additional sulphate immobilization most probably occurred via BaSO,

formation and was responsible for the higher values for TDS stabilization. Clearly
further work would be needed to elucidate the mechanism of Cr(VI) immobilization in
these systems and also to determine whether the optimum FeCl; addition has been
achieved.




552 Whole Cement Blocks

Selected whole cement blocks that were cured for 56 days were partially mmersed in
1 liter of water without any further agitation After 7 days the water was replaced with
fresh water and the blocks left partially immersed for a further 7 or 14 days The
results of measurements on the leachate after contact for 7. 14 and 21 days are
shown in Table 27. The volumes of leachate decreased due to evaporation Both the
Cr(Vl) and TOS concentrations of the leachate decreased with the time of immersion
suggesting that no continual leaching took place and the Cr(VI) and salt were
effectively retained in the solid stabilized product

Table 27. Water leaching of cured whole cement blocks

Mix Mass of | Immersion Leachate
Type Block, Time Volume pH Concentration, mg/il
Kg Days M Cr(Vl) TDS
A 1.361 7 660 g.52 0.000 216
14 740 | 919 0 000 83
c 1240 7 720 9.25 0.000 370
14 790 891 0.000 69
H 1.366 7 730 801 0.024 274
14 810 | 892 0000 79
K 1.360 7 720 830 0 064 349
14 800 801 0000 120
P 1351 7 €90 9.23 0.199 328
14 800 0011 109
S 1353 | 7 585 .10 0.024 598
14 730 8.25 0.008 159
21 730 860 0.012 172
U 1.315 7 540 9.46 0.038 784
| 14 | 740 | 893 | 0010 | 309
21 780 9.09 0.010 358
W 1232 | 7 650 989 0.024 ~ 685
14 765 819 0.011 385
21| 815 927 | 0014 | 216 |
X | 1247 | __7 | 630 | o8s 0011__| 715 |
| |14 760 | 08 | 0008 | 232
- [ | 21 800 | 915 | 0007 | 198 |

Using these data, the mass of Cr(VI) and TDS leached from the blocks over 14 days
was calculated and expressed as mass of component leached per kg of block. These
values were compared to those of Cr(Vl) and TDS added and the percentage
stabilization of Cr(Vl) and salt was calculated Results are shown in Table 28 and
indicate that all the Cr(VI) and nearly 98% of the salts added were retained in the
blocks though Cr(Vl) and salt loads were increased by factors of 3 and 6
respectively These Cr(Vl) and salt stabilization values for whole blocks are




significantly larger than the corresponding data shown in Table 21 after 56 days
curing for the crushed blocks. The significant improvement in salt stabilization
observed for whole blocks is attnbutable to slower diffusion of salts from the larger
blocks than the smaller(<10 mm) crushed matenal. Hence it is possible that whole
blocks will effectively retain the undesirable components

Table 28 Cr(VI) and salt stabilization in whole cement blocks

Mix Cr{Vi) TDS ]
Type Added | Leached | % Stab | Added | Leached | % Stab
A 0 0 0 11.061 0151 98 6
c 36.55 0 100.0 17.820 0259 980
H 36.55 0.01 100.0 15.312 0193 98.7
K 73.08 003 100.0 22 348 0347 S84
- 7309 011 999 20 400 0232 8.9
s 108 64 0.015 100.0 3196 0344 989
U 146.18 0.021 100.0 37.16 0 496 98.7
W 18273 0019 100.0 4387 0 600 986
X 18273 0.010 100.0 46 48 0.503 989

56 Mineralogy of Cement Biocks

The objective of a mineralogical study of cured cement blocks was to identify the
mineral phases responsible for the Cr(VI) and salt stabilization that was observed for
these systems. Unfortunately a conventional XRD analysis of crushed, cured cement
blocks was not successful in identifying the mineral phase responsible for the
immobilization. This was primarily due to the fact that the observed XRD spectrum
was dominated by solid crystalline phases present mainly in FeCr and EAF slag that
was used in the manufacture of the cement block It was impossible to identify the
lesser mineral phases (< 4 mass percent) that could act as binder in the
cementitious, immobilization reactions. For this reason 1.1 BFD to cement mixtures
and also others doped with sodium chromate were prepared in order 10 enhance the
presence of mineral phases that may be responsible for Cr(Vl) and salt
immobilization and allow for their detection by XRD and SEM

The following mineral phases were identified by XRD (see Figure 2) in 1.1 cement

BFD mixtures cured for 7 and 56 days. Those phases originating form the BFD are.
altered magnesiochromite (Mg Fe)(CrAl);O,. forsterte Mg,SiO, and secondary
chromite Mg(Al. :Cr;¢)O.. The phases identified that orginate from the cement
hydration reactions are: Ca-silicates, portlandite Ca(OH), and ettringite
CagAlx(SO.)s(OH);. 26H,0 The other amorphous phases that may form during the
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cement hydration curing reactions can unfortunately not be determined by XRD
Therefore the complete mechanism of Cr(Vl) and salt immobilization in these
structures can not be completely elucidated by XRD methods Nevertheless, the
observed phases can be used to elucidate some of the possible immobilization
mechanisms

In order to further identify the ongin of Cr(Vl) immobilization in cement blocks. 1.1
cement | BFD samples doped with Na,Cr,O, were prepared and examined by XRD.
The X-ray diffractogram of such a cement block containing 5% Cr(V1) is shown in
Figure 3 The only addtional Cr(Vl) containing phase identified was calcium
chromate (chromatite). The solubility of CaCrO, is of the same order of magnitude as
CaSO, (Kersten, et al. 1988) and is not expected to contribute significantly to Cr(V1)
immobilization. These observations are similar to those recently reported by Omotso.
et al. (1998a and b). Further information regarding the mineral phases responsible for
effective Cr(VI) and salt immobilization that was observed in this report for the
cement based systems were sought by SEM studies.

A SEM study of block L, cured for ~300 days, revealed an unique cluster of needle-
like crystals assumed to be ettringite. A portion of the cluster of the crystals found in
the electron back-scatter images is shown in Figure 4 Eight points on this image
were selected for EDS-analyses that are contained in Table 29 Points 1. 2, S and 6
were selected as background whilst points 3, 4, 7. and 8 were within the needle-like
crystals and show significant differences. There is relatively more SiO,, MnO and
FeO found for points 1, 2. 5 and 6 (background) The observed values suggest that
these points are probably taken in the wvicinty of EAF slag that contains
predominantly more of MnO and FeO (see Table 10) than the other components
used to produce block L. On the other hand, points 3, 4, 7 and 8 contains significantly
more SO, and Ca0O. The presence of Al,O, associated with Ca0 and SO, for these
points strongly suggests that the crystals are more than likely ettringite However, it
should be noted that the analyses for points 3. 4, 7 and 8 shown in Table 29 for the
crystals contain more Ca0O. Al,O, and SO, than expected for ettringite (Theoretical
values expected for ettnngite: Ca0 = 26 8%, AlLO, = B.1% and SO, = 18.1%)
Uncertainty associated with standardless EDS analyses and the fact that the
analyses were done on unpolished surfaces are probably responsible for the
discrepancies




Although the crystals shown in Figure 4 were unique and did not appear everywhere
in block L, it is worth noting that the data shown in Table 28 indicate that no Cr;0,
was detected in association with any points, crystals or background (EDS analyses
can not distinguish between the different oxidation states of Cr). This would suggest
that in this example Cr is not associated with ettringte and incorporation of Cr(V1)
into ettringite may not be a mechanism of immobilization in these cement-based
systems using OPC

Optical microscopy of cured, cement blocks indicated the presence of a transparent
film or varnish-like coating covenng the surfaces of most of the particles. A
secondary electron image of this amorphous. solid, gel-like substance together with
rod-shaped crystals that developed during ageing (~300 days curing) for block L are
shown in Figure 5 According to the EDS spectrum of this substance, also shown in
Figure 5, the major elements contained by the gel-like substance are Ca, Mg, Al and
Si, suggesting that it may be a Ca-Mg-Al-silicate. Significant to note is that Cr was
also found in this gel-like substance and was always associated with Fe. Hence, it
probably presents a Cr-Fe hydroxide, the reaction product when Cr(Vl) is reduced
with ferrous ions as described previously in section 4 3 It should also be noted that
for mix L, FeCl, was added to remove Cr(VI) from BFD and that the resulting reaction
product appears to be incorporated in the Ca-Mg-Al-silicate gel formed during curing
of the cement block to bring about Cr(VI) immobilization.

56.1 Mechanism of Cr{VI) Immobilization in Cement Blocks

The mineralogical examination of cured cement blocks presented ewvidence
suggesting that a mechanism for Cr(Vl) immobilization in these systems is via the
reduction of Cr(V1) with Fe(ll). This is further confirmed by the fact that the highest
percentage Cr(VI) stabilization observed in this study was reported for instances
where FeCl, was directly added to the cement mixes (see results for blocks C. D, K
L, Q to X shown in Tables 20, 21, 25 and 26) pnior to curing. In these instances the
reduction of chromate by ferrous ions probably took place prior to the hydration of
cement and its associated cementitious reactions. Under these circumstances it is
possible that the added, acidic FeCl; may have induced lower localized pH values
than those of 12 that were measured in these systems_ It is therefore likely that the
chemical reduction of chromate took place within the effective pH range quoled by
Eary. ef al. (1988) and Pettine, ef al. (1998), The Cr-Fe hydroxide precipitate formed

as a result of this reaction does not leach any Cr(Vl), as demonstrated by the results
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shown in Table 8. and when subseguently being incorporated into the Ca-Mg-Al-

silicate gel presents an effective means of Cr(V1) immobilization in these systems

Figure 2 X-ray aftractograms of phases identified n BED-cament blends aker
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The addition of crushed EAF slag to the cement mixes also makes a contribution to
the observed Cr(VI) mmobilization in cured cement blocks In cases where it was not
added (mixes B and J) the poorest Cr(VI) stabilization was observed. see results in
Tables 20 and 21 for 28 and 56 days curing respectively Conversely, where it was
added and blocks were cured for 120 days. the highest Cr(VI) stabilization result was
obtained The observed removal of Cr(Vl) by EAF slag (see results shown in Table 9)
is likely due to the presence of the mineral wuestite (FeO) participating in a chromate
adsorption-reduction mechanism as was observed for magnetite (Peterson et al
1997).

It i1s postulated that particularly the chromate in BFD that leaches slowly and may not
have been reduced with FeCl, could be immobilized by the wuestite contained in
EAF slag. What is not certain is the extent to which the wuestite surface may become
oxidized and passivated under the alkaline conditions prevailing in the cement block
as was observed for magnetite. Results observed in this study suggest that this may
not be too serious a limiting factor in the chromate reducing capacities of EAF slag.
This aspect is examined further in this study in acid leaching experiments on the solid
stabilized products

The data presented in this report suggests that another proposed mechanism for
chromate immobilization, by the formation of a Ba(S,Cr)O, solid solution seems less
likely in these systems. The Cr(VI) stabilization observed for mixes Y and Z (see
Table 26) where BaCl, was added deliberately was relatively poor. Neither were
there ever any Ba-Cr combinations observed in the cured cement blocks studied by
electron microprobe methods

56.2 Mechanism of Salt Immobilization in Cement Blocks

The mineral ettringite. CaAlL(SO,):(0OH),; 26H,0 was observed by SEM (see Figure
4) in cement block L and also by XRD (see Figure 2) in cement-BFD mixtures The
presence of this mineral in the cured cement blocks prepared in this study suggests
that this could be a mechanism by which sulphate ions are immobilized n these
systems. This may be the reason for the observed SO, stabilization shown in Table
23. The improved salt stabilization observed in Table 26 for mixes Y and Z where
BaCl; was added suggests that BaSO, formation in this instance may contribute to
the SO, immobilization. However, this means of salt stabilization is probably only
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applicable to cases where BaCl; is added The Ba present in EAF slag (see Table
11) was probably not sufficient to have significantly contributed in other cases

As calcium aluminate minerals were formed in the systems studied in this report it is
possible that Cl analogues of ettringite. Friedel's salt. Ca Al(OH)sCI.2H;0 (Taylor
1997) could have been formed If this were the case then this mineral could be
responsible for the immobilization of Cl shown in Table 23 However, it should be
noted that no evidence of Friedel's salt was found by XRD nor was there any CI
detected in the EDS spectrum (see Table 29) of ettringite shown in Figure 4.

The results shown in Tables 21 and 25 indicate an overall salt stabilization of 50 per
cent or less in the systems studied. The reason for this relatively poor performance in
companson to Cr(Vl) stabilization may be that these cement systems have no
effective means of stabilizing Na and K as the results in Tables 23 and 24 clearly
indicate. To improve overall salt stabilization, additives may be required that will
immobilize these elements similar to the way that FeCl; immobilizes chromate.
Alternatively, other systems may be sought as will be discussed later in this report

5.7 Acid Leaching Tests on Crushed Cement Blocks

The success of the exercise 10 produce cement-based solid stabilization with
chromate containing BFD is ultimately judged on the extent to which these products
can safely be disposed of without posing a threat to health and the environment. For
this purpose acid leaching tests were conducted on the crushed cement blocks
employing techniques recommended in the recently published DWAF (1998)
Guidelines. TCLP and Acid Rain leaching tests were used

5.7.1 TCLP Leaching Tests

These tests were conducted according to the DWAF (1998) stipulated procedures
The analyses of leachates (determined by ICP-MS in the Analytical Science Division
of Mintek) obtained from TCLP tests of different cement blocks are shown in Table
30. The final pH values of the leachates after 18 hours of agitation are also included

in Table 30 as well as the maximum allowed concentrations of components stipulated
by the US EPA for the TCLP test None of the concentrations of the components in
the leachates exceeded these stipulated values. No explanation can be offered why

the final pH values of leachates of crushed blocks made from mixes N and P are
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more acid than the others. Blocks made from mix P in particular (see Table 15) would
be expected to produce a more alkaline leachate because they contain more EAF
slag and a high concentration of free Ca. On the other hand it should be noted that
the EAF slag is the waste with the highest Mn content (see Table 10) Hence the
relatively larger amount of this component in the mixes N and P, coupled with the
lower final pH values observed for these |eachates, resulted in higher Mn
concentrations being recorded in these instances (see Table 30). The same reason
can be given for higher Ba concentrations observed in Table 30 for leachates from
crushed blocks made from mixes N and P. EAF slag also contains the highest Ba
content of all the wastes used to produce cement blocks

Table 30. TCLP test resulls on crushed cement blocks after 56 days curing

Mix | Final Concentration, mg/l
Cd

No pH v Cr Mn As Se

Ba Hg Pb

Ag
1112 | <01 | <0.1 | <0.1 | <05 | <10 | 067 | <005 | 026 | <005 | <0.05

1039 | <01 | <0.1 | <01 | <05 | <10 | <01 | <005 | 023 | <005 | 0.34

1043 | <0.1 | <0.1 | <0.1 | <05 | <10 | <01 | <005 | 023 | <005 | <0.05

642 | <01 | <01 | 165 | <01 | <10 | <01 <01 | 088 <01 <0 05

b ———

A

C ;
H |1100] <01 ]| 026 [ <01 | <05 | <10 | <01 | <005 | 024 | <005 | 015
K

N

P

717 | <01 | <0.1 23 <01 | <10 | <01 <01 0.86 <0.1 XA

TCLP 5 5 1 S 1 | 100 02 5

5.7.2 Acid Rain Leaching Tests

The pH values and the analyses of the leachates obtained from Acid Rain leaching
tests after 20 hours agitation are shown in Table 31 Cr was the only component that
was detected in the leachates above the analytical detection limit This was observed
for leachates obtained from crushed cement blocks made from mixes H, K, N and P
Generally, lower metal concentrations were observed in the leachates obtained from
crushed cement blocks for Acid Rain (see Table 31) than for TCLP (see Table 30)
leaching tests. This observation demonstrates the fact that the leachability of metal
components from solid stabilized products depends not only on the final pH value of
the leachate but also possibly on the medium of extraction. This aspect will be
investigated in more detail in the following section in both nitric and acetic acid
media. These leaching conditions are more severe than in the TCLP and Acid Rain
tests. However. this would allow for a more stringent evaluation of the potential
environmental impact of the solid stabilzed product and hopefully would also give a
clearer distinction between the efficency of immobilization of undesirable wastes for
different solid stabilized systems
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Table 31 Acid rain test results on crushed cement blocks after 56 days curing

pH v Cr Mn As Se Cd Ba Hg Pb
633 | <01 <01 <0.1 <05 | <10 | <01 | <005 | <0.05 | <0.05 | <0.05
582 <01 <01 <01 <085 | <10 | <01 | <005 ]| <005 | <005 | 008
619 | <01 0.12 <0.1 <05 | <10 | <01 | <005 | <0.05 | <0.05 | <0 05
584 <0 1 0.12 <01 <085 | <10 | <01 | <005 | <0.05 | <0.05 | <0.05
602 | <01 0.21 <0.1 <01 | <10 | <01 <01 | <005]| <0.1 | <005
504 | <01 | 014 | <01 | <01 | <10 | <01 | <01 | <005] <01 | <005

vzxzn>§g

5.7 3 Nitric and Acetic Acid Leaching Tests

The concentrations of V, Cr, Mn, Zn, Pb and Cd in the leachates as a function of pH
in nitric acid medium for cured, crushed cement blocks made from mixes D, J and O
are shown in Table 32. Results of similar tests and those using acetic acid medium
are shown in Table 33 for cured, crushed cement blocks made from mix M. For Cr,
both the total Cr and Cr(Vl) concentrations are reported The difference between
these values is ascribed to the concentration of the non-toxic Cr(lll). The results
shown in Tables 32 and 33 indicate that the concentrations of Cr tot. Mn, Zn and Pb
increase with decreasing pH value of the leachates. On the other hand, no significant
changes in V. Cr(Vl) and Cd concentrations were cbserved in the |leachates as a
function of pH '

Table 32 Nitric acid leaching test resulls on crushed cement blocks D, J and O

Mix | Final | Mequiv Concentration, mg/l_
No | pH Ig V_[Crtot [ Crvi) [ Win Zn Pb cd
D | 1149 | 000 | 002 | 012 | 000 | 001 | <001 | <001 | <001

395 113 <001 | 003 24 29 <0.01 | <0.01

2.16 225 <001 25 13 11 0.10 <0.01 |
1.96 3.38 <0.01 40 12 13 024 <0.01 |
1.46 473 <0.01 49 0.01 16 13 0.40 <001 |

J 1134 0 00 004 0.41 0.35 0.05 002 | <0.01 | <0.01
767 1.13 003 0.38 060 03 004 | <001 | <001 |
343 2.25 003 14 001 | 49 | 19 008 | <001
277 338 <001 48 001 | 62 22 040 | <001 |
145 473 015 | 69 012 | 80 | 26 06 | <0.01

O | 1098 | 000 | <01 | 020 | 011 | <01 | 015 | <005 | <0.02
| 562 | 113 <0.1 <0 1 0.02 48 76 | <005 | <002
| 346 | 225 <0.1 21 0.01 19 40 | 009 | <0.02

201 338 <01 60 0.05 27 44 | 024 | 002
238 4.50 <01 98 0.07 41 50 0.38 | <0.02

In an attempt to establish the ongin of the observed metal in the leachates their
concentrations were correlated with the guantities (see Table 15) of wastes used 1o
prepare the mixes and their analyses (see Tables 10 and 11) For the observed Mn
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concentration in the leachates shown in Tables 32 and 33 in the nitric acid medium
such a correlation was possible The Mn concentration in the leachates at the lowest
pH value follows the order O>M>D>J and this is also the order of the amount of EAF
slag added to the mixes. Since the EAF slag contains the most Mn in the wastes
used to compose the mixes, it is more than likely that the increasing Mn
concentration measured in the leachates at lower pH values originates from this
source

Table 33. Nitric and acetic acid leaching test results on crushed cement block M

Acid | Final Mequiv Concentration, mg/l
pH 19 v Crtot | CriVl) | Mn Zn Pb Cd
HNO; | 10.71 0.00 <01 | 051 0.1 021 | 067 | <0.05 | <002

860 | 0113 | <01 | <01 | 000 | 027 | <01 | <005 | <002

422 0.225 <01 0.12 0.07 10 25 <0.05 | <002

368 0.338 <01 38 0.12 24 59 014 <0.02

249 0.45 <01 11 0.08 33 68 038 002

Acetic | 11.38 0.00 <002 | 025 0.18 <0.1 <0.1 <002 | <002

660 1075 | <002 | <01 0.00 37 3.6 003 <0.02

545 2149 | <002 | 037 0.00 12 17 <002 | <0.02

493 3224 0.03 13 0.00 15 22 <002 | <002

468 4298 0.03 24 0.00 17 23 0.40 <0.02

437 | 6447 | 011 | 36 | 000 | 21 | 27 | 007 | <002

A similar correlation to establish the origin of the observed increase in Cr tot
concentration in nitric acid medium in the leachates with decreasing pH values i1s not
so obvious. The Cr tot concentration in the leachates at the lowest pH values follows
the sequence: M>0>J>D The wastes with the highest Cr content used to prepare
the mixes was FeCr slag and BFD The amount of FeCr slag used in the mixes
follows the order. J=D>M>0 and for the BFD used the order was M=0=J>D, neither
fully conforming to the observed decrease in Cr tot concentration. Unfortunately the
Fe concentration in the leachate was not measured in these tests It should be
pointed out that only for mix D was FeCl, added to immobilize the Cr(VI) It is not
certain whether this addition of ferrous chloride for mix D ie responsgible for the low Cr
tot measured in the corresponding leachate. On the other hand it is interesting that
the observed Cr(VI) concentration in the leachates remains constant and s not
affected by the pH value thereof Therefore, it can be concluded that the ncreased
leaching of Cr from cement stabilized solids at lower pH values arises from the
extraction of the non-toxic Cr(lll) and not from the Cr(VI) that was immobiized
Hence the original objective of cement-based solid stabilization to immobilize Cr(VI)
has been achieved even with leachates of lower pH values. However, under these
conditions other undesirable components in the wastes now start to appear in the
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leachates, indicating that the other wastes used to achieve this objective have to be
subjected to further scrutiny

The observed increase in Zn concentration towards lower pH values, shown in
Tables 32 and 33, for the leachates in nitric acid medium follows the order
M=>0>J>D. The waste with the highest Zn content used to prepare the cement blocks
was BFD The quantities used follow the order. M=J=0>D which unfortunately does
not fully conform to the observed sequence of observed Zn concentrations So it
must be concluded that Zn from other sources than the BFD contributed to the
observed concentrations in the leachates towards lower pH values. Similar
conclusions can be made for the origins of Pb concentrations observed in Tables 32
and 33 for nitric acid leachates towards lower pH values. The Pb more than likely
originates from the BFD, the waste containing the most Pb, however, to account for
the observed Pb concentrations, contributions from other Pb-containing wastes may
also have to be considered

Since an acetic acid medium was used in the TCLP test the leaching of cement
blocks M with both nitric and acetic acids was undertaken and resulls are shown in
Table 33 as a function of pH. Due to the buffering action of acetic acid it is not
possible to conduct leaching tests in this medium to the same low pH values as for
nitric acid. Comparing the metal concentrations, shown in Table 33 in different media
for the same pH values, indicates that similar amounts of Cr(V!), Zn and Pb report to
the leachates, However, the results in Table 33 indicate that more V and Cr tot tend
to leach in the acetic- than the nitric acid medium

§.8  Potential Toxicity of Cement Blocks

The results of the above leaching tests were used to evaluate the potential toxicity of
the cement blocks in accordance with the recently published DWAF (1998)
Guidelines. According to these Guidelines the acceptabilty of disposal of hazardous
wastes is based on the relationship between the acute ecotoxicity of a substance
expressed as LCy, (mg/l) and the Estimated Environmental Concentration (EEC)
expressed in ppb. LCy = median lethal dose, is a statistical estimate of the amount of
chemical which kills 50 per cent of a given population of aquatic organisms under
standard conditions. EEC represents the exposure as a result of a hazardous
substance in the treated waste should it enter into the environment. EEC (ppb) =

dose (g/ha/month) x 0.66. The results of the leaching tests are used to calculate the
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EEC if information about the area of the dumping site and the rate of delivery of
waste thereto is available It i1s assumed that if the EEC is a tenth of LC.. the waste
has a limited effect on the environment and this is regarded as the Acceptable Risk
Level (ARL). Listed in Table 34 are according to the DWAF Guidelines, the values
for the Hazard Rating. ARL and Allowed Disposal Rate for the elements/components,
shown by the TCLP and Acid Rain tests in the previous sections, that may leach from
crushed cement blocks.

Table 34. Hazardous Waste Classification of Certain Elements (DWAF, 1998)

" Element/ | Hazard ARL Aliowed Disposal
Compound Rating mgl Rate (g/ha/month)
As 2 043 651
Ba 3 7.8 11818
Cd 1 0.031 47
Cr(ill) 3 a7 7121
Cnvi) 1 0.02 30
Na dichromate 2/3 15 2272
Pb 2 0.1 151
Mn 2 03 454
3 1 0022 | 24
Ag 3 2 [ 3030
Se 2 : I -
v 3 1.3 1670
Zn 2 07 1061

The Hazard Rating assigned to a substance depends on the LCy value For values <
1 a Hazard Rating of 1 is given; for LCy < 10 a Hazard Rating of 2 is a assigned and
further for every increase by a factor of 10 in LCy values, the Hazard Rating
increases by one unit. From the leaching tests conducted, Cr(Vl) is the most
hazardous substances found in the cement-based stabilized products made in this
study. The other elements with Hazard Rating of 1, Cd and Hg. do not feature in the
TCLP and Acid Rain leaching tests (see Tables 30 and 31) It i1s therefore obvious
that the toxicity of the prepared cement-based solid stabilized products would firstly
be judged on the extent by which the Cr(V1) has been mmobilized in these systems
It should also be noted that according to the DWAF Guidelines (see Table 34)
sodium dichromate has a higher Hazard Rating than Cr(VI). The results presented in
chapter 4 indicated that the Cr(Vl) contained in ferrochrome BFD i in a sodium
chromate form so it may be argued that the higher Hazard Rating and ARL
concentrations should apply to this study rather than the more stringent Cr(V!) data
listed in Table 34. Nevertheless, both critena would be used in the evaluation of the
cement-based solid stabilized products prepared in this study
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Table 35 Chromate Toxicity of Cement-Based Products

Mix | Curing | Block | Leachin | Mass ) | Volume r Cr(V1) EEC
El
No time type time kg conc ml leached ppb_
days days mgn mgikg " Crivi) | Na:Cr;0,
H 56 whole 7 1366 | 0024 | 730 00128 | 227 605
K 56 whole 7 1350 | 0.054 720 0033 ' 600 17.21
V) 56 whole 7 1.315 | 0.038 540 0.0156 276 792
X 56 whole 7 1.247 | 0.011 630 0.0056 0.99 2 B4
K 56 crushed 1 0100 | 0159 | 1000 15900 | 2817 807 3
K 120 crushed 1 0.100 | 0.069 1000 0.6900 1222 350.3
Y 56 crushed 1 0.100 | 0.028 1000 0.2800 496 142 2
X 56 crushed 1 0.100 | 0.20 1000 20000 & 3543 10154
Cr(vil) 0.100 | 0.017 | 1000 0.1690 20°
Nodichromate 0100 | 0448 | 1000 4 448 1500*

* DWAF ARL limits

The chromate toxicity of some whole and crushed cement blocks were evaluated as
shown in Table 35 This was based on the water leaching data for whole (see Table
27) and crushed (see Appendices C and D) cement blocks These values were used
to calculate the amount of Cr(VIl) leached per kg of block, crushed or whole. (The
spectrophotometric method used to measure the Cr (VI) in water leaching is specific
for Cr(V1). The acid leaching tests conducted on these materials, see Tables 32 and
33, indicated that the Cr(V1) concentration in the leachate is independent of the pH
Hence the water leaching test results on these materials may be regarded as an
adequate and sensitive test for assessing the influence of Cr(Vl) on the
environment). To convert the water leaching test results to the corresponding EEC
values, the data on the dosage of waste {0 the dumpsite, expressed in g/m/ha, would
be required. To obtain a realistic figure the following assumptions were made: The
estimated total annual production of Cr(VI) containing BFD and sludge was shown in
Appendix A estimated to be 96624 tpa There are 10 local ferrochrome producers
and assuming each has at their disposal a 30 ha dumpsite where slag and cement-
based BFD products could be dumped The cement-based products made in this
study contain 6 to 15 per cent BFD, an average of 10 percent is assumed. Using this
information it seems reasonable to assume a dumping rate of 2684 X 10°
kg/ha/month for cement-based products made from ferrochrome BFD and slag With
this assumption the EEC values (ppb) for Cr(Vl) were calculated from the water
leaching data and are shown in Table 35. For cement-based products to pose no risk
to health and the environment the calculated EEC must be less than the ARL value
both expressed in ppb units.




For all the whole cement blocks, the EEC values for Cr(VI) are less than the 20 ppb
stated in Table 34 for the ARL value Therefore, based on the assumptions made,
whole cement blocks pose no risk. This suggests that whole blocks could safely be
dumped or be used as landfill. On the other hand for the crushed cement blocks. the
Cr(Vl) EEC values calculated from the leaching data are all larger than the ARL value
and therefore the product still poses a nsk and cannot be dumped Hence cement
blocks should be strong to imit the extent of their crushing dunng dumping

Since sodium dichromate contains 34 89 per cent chromate, the Cr(VI) EEC values
for whole and crushed cement blocks were converted to the corresponding Na.Cr,O,
values. These EEC values are also shown in Table 35. The highest calculated
sodium dichromate EEC value, 1015 ppb. was reported for crushed cement blocks
made from mix X. This is below the ARL value (1500 ppb) quoted in Table 34 for
Na,Cr;O,; Therefore, all the calculated EEC sodium dichromate values are less than
the acceptable ARL value as stipulated by the DWAF Guidelines Based on this
assessment, both the whole and crushed cement-based sohd stabilized products
containing BFD pose no risk to health and the environment. This is in contrast to the
conclusions reached on the evaluation based on the Cr(V!) EEC values where only
the whole cement blocks were acceptable.

The results in Table 35 also contain theoretical chromate concentration limits for the
leachate beyond which under the stipulated expenmental leaching conditions, the
product would pose a risk to the environment. For Cr(VI) this was 0.017 mg/l and for
sodium dichromate 0.448 mg/l. The Cr(V!) concentrations in the leachates shown in
Tables 18 and 19, Appendices B, C and D mostly fall within these limits, particularly
for those blocks cured for more than 28 days. The majority of blocks cured for a
shorter period, produced leachates containing Cr(Vl) outside these limits, thus
indicating that curing time is important to achieve the desired Cr(VI) immobilization in

these systems

The TCLP and Acid Rain tests for cement-based solid stabilized BFD (see Tables 30
and 31) under sufficently alkaline condtions (pH >10) produced noc metal

concentrations except Cr higher than the ARL values given in Table 35 However if
leaching was conducted under more acidic conditions, Cr(lil), Mn, Zn and Pb
concentrations are observed in the leachate that exceed the ARL values listed in
Table 34 Mn and Zn showed the largest deviations. This emphasizes that that the

above cement-based treatment of BFD is only effective under alkaline conditions. On
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the other hand, conducting leaching tests under more acidic leaching conditions
outside the normal scope of the testing procedure, is useful to compare the efficiency
of immobilization of different solid stabilized systems as will be discussed later in the
repor.

It can therefore be concluded that by producing cement-based products incorporating
BFD. a plausible disposal option has been found for the local ferrochrome industry
for handling this toxic waste However, in view of some of the assumptions made in
this evaluation, particularly with regards to actual disposal rates of these cement-
based solid stabilized systems. this conclusion should be re-examined for each
individual application. The potential toxicity analysis of these products also suggested
that it would be necessary to produce strong cement blocks to minimize crushing
during disposal and ensure sufficient alkalinity therein to prevent leaching of other
toxic constituents in the waste.

59 Potential for Commercialization and Utilization

The compressive strength of cement blocks made with BFD, EAF and FeCr slag (see
Table 17) complied with the SABS specifications. Standard stock bricks of dimension
223 x 10.8 x 7.6 cm’ could therefore be made using the mixes shown in Tables 15
and 16 and used for various building applications. Based on the masses of matenals
used in mix W or X assuming that the cost of production is only that of cement
(R200/t) and of FeCl, (R1400/), the cost to produce 1000 bricks of this type would be
R146.70. This price compares favourably with that currently paid in the industry of
R150-200 per 1000. The bricks are relatively heavier than normal building bricks,
density 2.27 g/em® and are probably more suitable for use as paving bricks
Transport costs would also have a bearing on the feasibility of a commercial venture
of this nature. The negative stigma associated with utlizing a treated toxic waste as a
building material would have to be overcome. Whether this can be achieved remains
to be seen and more work would be required to adequately demonstrate that these
cement blocks pose no threat to the environment or health in the short or longer
term. Special precautions would also have to be taken to ensure the safety of
workers during brick making, wearing the appropriate safety equipment to eliminate
their exposure to BFD before 1t is safely immobilized

The economics of the waste treatment process can be evaluated in another way if

the cement blocks were 10 be manufactured solely for disposal of BFD. Using the
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composition of mixes W and X and the same costs of cement and FeCl, mentioned
above, it would cost R235/ of BFD treated in this manner. This cost is comparable to
the current R250/ disposal cost for hazardous waste charged by Enviroserve, a local
industrial waste management company. If so desired, the whole cement blocks would
not pose a threat to the environment and could be safely used as landfil. Thus as a
result of this study. a process has been developed that provides a safer disposal
option for ferrochrome BFD

6. FERROCHROME WASTE FIRED CLAY BRICKS

The immobilization of Cr(VI) containing BFD into fired clay bricks was another solid
stabilization option considered in this study. The results of this investigation are
reported in this chapter along similar lines to those of the previous chapter dealing
with cement-based systems.

6.1  Materials

Clay used in the manufacture of fired clay bncks was obtained from a brick
manufacturer in the vicinity of a ferrochrome producer situated in the North West
Province The chemical compesition of the clay is given in Table 36 Mineralogical
analysis of the clay by XRD indicated the presence of minerals: illite (K-Al-Silicate)
found in the clay fraction, quartz in the non-magnetic fraction and in the small
magnetic fraction, iron oxides, iimenite and chromite were found

Table 36 Chemical Composition of Clay

F_ ) o Percentage Composition 1
' Compo- | CaO | Si0; | ARO; | MgO Na; 0 I K0 | CrO ' MnO | Fe 0, |
| _sition [T071 | 647 | 134 | 147 | 043 | 142 | <02 | 015 | 808

6.2 Manufacture of Fired Clay Bricks

Different masses of clay. BFD salts and coal (see Table 37) were mixed in a
mechanical mixer with a minimum amount of water (20 % by mass of total solids)
The compositions of 11 different batches are shown in Table 37 The mix was then
pressed into a compact brick with dmensions 42mm x 78mm x 115mm using a
Tinius Olsen Press at 25 kN. Thereafter the bricks were allowed 1o dry at room
temperature for a week befocre heating in a kin, where the temperature was

increased from 25 to 1200 °C over 48 hours. kept at constant temperature for 6
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hours, and then cooled to room temperature for 48 hours. The influence of
temperature on effective stabilization of Cr(VI) and salts was investigated on 12 clay
bricks produced with composition corresponding 1o mix number 11 In this instance
two bricks were heated at a time to various temperatures. ranging from 550 to 1050
°C for 6 hours in a Labcon furnace.

Table 37. Composition of Mixes Used in the Manufacture of Fired Clay Bricks

Mix - Mass, grams
Number Clay @ BFD Coal | K,Cr,O, NaCl Na,SO, Dry Brick

1 400 = 400 0 0 0 0 800

2 400 400 0 1 0 0 801

3 400 400 0 2 0 0 802

4 400 400 0 4 0 0 804

5 400 400 0 0 10 10 820

6 400 400 0 0 20 20 540

7 400 400 0 0 . 40 40 880

8 800 0 0 0 10 10 820

Bl 800 0 0 0 20 20 B840

10 800 0 0 0 40 40 880

11 400 400 24 824 |

6.3 Water Leaching Tests of Crushed, Fired Clay Bricks

As discussed in the previous chapter, the degree of Cr(VIl) and salt immobilization in
the solid stabilized systems can be effectively measured by conducting water
leaching tests on the crushed matenals Resulls of expeniments conducted on
different clay bricks fired at 1200 °C and then on bricks fired at different temperatures
are discussed.

6.3 1 Clay Bricks Fired at 1200 °C

Clay bricks that were fired at 1200 “C were crushed and leached with water for
various periods. (Compositions of the different mixes that were used in the
manufacture of the bricks were given in Tabile 37). The pH values, and Cr(VIl) and
TODS concentrations that were measured for the leachates after 1 and 4 days of
continuous agitation are shown in Table 38 The Cr(VI) and salt concentrations in the
water leachates obtained from crushed, fired clay bricks are significantly lower than
those observed for crushed, cured cement blocks (see Tables 18 19 and
Appendices B, C and D). In this regard, it should also be noted that fired clay bricks
contained 50 per cent BFD whilst cured cement blocks contain only a maximum of 15
per cent BFD. Furthermore in some mixes additional Cr(VIl) as (K,Cr;0;) and salts
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were added dunng the manufacture of the clay bncks (see Table 37) to further
increase the chromate and salt load. Notwithstanding the higher Cr(VI) and salt load
in fired clay bricks these components appear to be more effectively immobilized in
this method than in cured cement blocks.

Table 38 Water Leaching of Clay Bricks Fired at 1200 °C

Mix Type Leaching Leachate
No Period, days pH Concentration, mg/l
Cr(VI) TDS
1 1 923 0031 63
a 942 0015 85
2 1 918 0.132 75
4 2 60 0077 38
3 1 957 0.148 75
4 3 86 0 004 s
4 1 877 0.208 83
4 9 35 0025 30
5 1 924 0.235 58
4 9 53 0070 33
6 1 9.34 0.247 325
4 928 0.001 140
7 1 9 35 0117 380
4 939 0.000 150
8 1 878 0.001 450
4 854 0.000 100
9 1 834 0002 205
2 873 0.000 95
10 1 7 83 0007 515
4 834 0.000 70

On the basis of the water leaching tests on fired clay bricks, (Table 38) the
percentage Cr(V1) and TDS stabilization was calculated using the same procedure as
for the cured cement blocks. These values are shown in Table 39 for the 10 different
types of clay bricks that were fired at 1200 “C. High Cr(VI) stabilization (>99 5%) was
observed even with a four fold increase in Cr(VI) addition to the mix Good salt
stabilization values (>90%) were also observed except for mix number 8 where no
BFD and the least amount of salt was added. By contrast. for mix number 7 with a
more than 3-fold increase of salt addition. @ salt stabilization of 96% was achieved
The remarkable results shown in Table 39 justifies that further work be conducted on
the mechanism of salt and Cr(VI) stabilization in these systems One aspect that was
investigated further was the influence of firing temperature on the extent of Cr(V1)
and salt stabilzation.
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Table 39 Stabilization of Cr(VI) and Salt in Crushed Clay Bricks Fired at 1200 °C

- Mix Cr(vi), TDS,

1 No Added Leached % Stab Added Leached % Stab
1 509 0.58 99 9 46 275 1675 96 4
2 1050 219 99 8 47 466 1.375 97 1
3 1489 152 99 9 48 653 1.300 97 3

| 4 2385 2 42 99 9 51020 1275 875

| 5 594 315 99 5 69 537 1.000 98 €
- 580 2 48 996 91 690 4 650 946 |
7 554 117 90 8 132 977 5 300 96 0
- 00 0.01 0 24 390 5 500 774
B 00 002 0 47 619 3.000 937
10 00 0.07 0 90 909 5850 936

6 3.2 Clay Bricks Fired at Vanous Temperatures

Clay bricks (mix 11, Table 37) were fired at vanous temperatures and after cooling to
room temperature were leached with water. The pH, Cr(Vl) and TDS concentrations
in the leachates obtained from these tests (for 24 and 48 hour periods) are shown in
Table 40 for bricks fired at 550 to 1050 “C. The resuits indicate that the Cr(VI) and
salt concentrations in the leachate decreases for bricks fired at temperatures greater
than 750 °C. The results for the bricks fired at 950 °C need to be reinvestigated as
unexpected increases in Cr(VI) and salt concentrations were observed in this
leachate and in this instance there was also no significant decrease in the
subseguent leachate, for 48 hours, as was observed for the other cases.

The sum of the masses of components leached were calculated and compared to the
amount of components added. These values were then used to determine the
percentage Cr(Vl) and salt stabilization in the clay bricks fired at different
temperatures. Results shown in Table 41 indicate that the salt rather than the Cr(Vl)
stabilization is more sensitive to the clay brick firing temperature. At a 550 “C firing
temperature, 96% of Cr(Vl1) but only 31% of the salts are stabilized. Above 750 “C
greater than 99% of Cr(V1) is stabilized in the clay bricks. Even the bricks fired at 950
°C, for which results are presumed suspect, a Cr(VI) stabilization greater than 89%
was observed. The results in Table 41 indicate that if salt stabilization values
comparable to those shown in Table 39 were desired, a firing temperature close to
1200 °C would be required. This study has not investigated the optimum firing time
required to achieve satisfactory salt stabilization
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Table 40. Water Leaching of Clay Bricks Fired at Different Temperatures

Firing Leaching Leachate
Temperature Period pH Concentration, mg/l
°C Hours Cr(v1) T0S
550 24 ©.02 2433 2853
48 983 0062 238
650 24 8.61 2.027 1908
48 G 48 0093 119 1
750 24 8.08 0.182 2003
48 937 000 180
850 24 7.75 0145 1648
48 9.39 0.00 123 1
8950 24 8.91 0272 949 |
48 8.80 0.224 901
1050 24 9.22 0.060 628
48 9.66 0.031 67

Table 41. Cr(VI) and Salt Stabilization in Clay Bricks Fired at Different Temperatures

Temp Cr(vi), TDS, gikg

°‘c Added Leached % Stab Added Leached % Stab
550 5914 4295 958 44 93 30 91 31.2
650 501.4 21.20 96 4 44 93 2027 549

750 5914 1.82 997 44 93 2183 514
850 591.4 145 99 8 44 93 17 71 606
950 5014 4 96 992 44 93 185 58 8
1050 5914 0.61 99 8 44 93 695 845 |

6.4 Mineralogy of Fired Clay Bricks

As for the case of cement-based systems, the mineralogy of fired clay bricks was
investigated to establish the mechanism of Cr(Vl) and salt stabilzation observed in
these maternials An electron microprobe (EMP) analysis was conducted on BFD and
fired clay bricks using a JEOL 733 superprobe (batch 4) The results of this
investigation are given in Appendix E for both BFD and fired clay bricks. For BFD
two high chromium-bearing phases, a spinel and a chromium glass, both with varying
composition were identified The other minor mineralogical phases mentioned by
Coetzer (1998) were also found in this study In the fired clay bnck. chromium was
found in large spinel particles. small Cr-spinel and Cr-glass particles and in a sohd
solution phase It is proposed that the latter amorphous glassy Mg-Al-Fe-Si phase
incorporating Cr;O, (0.8 to 2.1%), MnO (0.2 to 0.5%). ZnO (3 6 to 50%). Na,O (62
to 7.8%), SO, (up to 2.1%) and K;O (1.7 to 2.8%) is responsible for the observed
immobilization of Cr in the fired clay bricks. The presence of sulphur in this glassy
phase could be an indication that the chromate, accompanied by its reduction, was
incorporated into this phase. Similarly. this phase is also responsible for the effective
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salt immobilization observed in fired clay bricks as indicated by the results shown in
Table 39

6.5 Acid Leaching Tests on Crushed, Fired Clay Bricks

These tests were conducted in order to evaluate the impact these materials may
have on health and the environment according to the DWAF Guidelines (1988)

6.5.1 TCLP Leaching Tests

Crushed, fired clay bricks obtained from mixes 1. 4, 7 and 10 (see Table 37) were
subjected to the TCLP leaching procedure (US EPA 1990). The solids were agitated
for 19 hours in extraction fluid no. 1 with an initial pH value of 4 88 The final pH
value of the fluid after agitation was not recorded. The TCLP leachate was analyzed
for the eight US EPA stipulated elements together with Mn and V. The results of the
analyses of the leachates are shown in Table 42 together with the maximum allowed
values stipulated for the US EPA TCLP test and the ARL values stipulated by DWAF
The concentrations of the elements in the leachates were significantly less than
stipulated by the US EPA However, the concentrations in Table 42 for Cr. Mn and
Pb for some mixes exceed the DWAF recommended ARL values.

Table 42. TCLP leaching tes! resulls on fired clay bricks

Mix Concentration, ,
No v Cr__ Mn As Se Ag Cd Ba Hg | Pb

1 <0.05 | <01 | 013 | <0.027 <1 | <005 | <002 | 011 | <001 | 014

A <0.05 | 0.14 | 1.7 <0.027 <1 <005 | <002 | 025 | <0.01 | <0.08

7 1 <005 | 017 1017 | <0027 | <1 | <005 | <002 | 013 | <001 | <0.05

10 <0.05 | <0.1 | 099 | <0.027 <1 <005 | <002 | 013 | <001 | <005

TCLP 5 S 1.0 S 1.0 100 02 S
2

ARL 13 ] 002 ] 03 043 026 0.031 78 0022 | 01

6.5.2 Acid Rain Leaching Tests

Acid Rain leaching tests were conducted on selected crushed clay fired bricks. The
results of the chemical analyses of 10 different metal concentrations in the leachates
of these tests are shown in Table 43. The leachates contain only V, Cr, Mn and Ba in
detectable quantities. In all instances the concentrations of V and Ba are below the
DWAF recommended ARL values (see Table 34) This also applies for Mn except for
fired clay bricks made from mix no 10. This result requires further investigation as the
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components used in this mix (see Table 37) contained no BFD suggesting that the
Mn originated only from the clay However, no detectable Mn was observed in the
other leachates from the fired clay bricks Low Cr concentrations, fractionally higher
than the DWAF recommended ARL values were found in the leachates. These Cr
concentrations were also lower than the corresponding values observed in similar
tests conducted on cured cement blocks (see Table 31) These observations confirm
the previous findings that fired clay bricks are superior to cured cement blocks in their
ability to immobilize chromate. The next section investigates this further

Table 43 Acid Rain leaching tests on selected crushed clay bricks

Mix ‘Concentration, mg/l
No V_ [ C | ™n As Se Ag | Cd | Ba Hg | Pb |

1 001 | <0003 | 0016 | 0005 | <002 | <004 | <0004 | 0011 <002 | <002

< 0123 | 0039 | 0023 | <0.004 | <002 | <004 | <0004 | 0013 | <002 | <002
7 0012 | 0043 | 0019 | <0004 | <002 | <004 | <0004 | 0019 | <002 | <002

10 | <0.002 | <0.003 | 0535 | <0004 | <002 | <004 | <0004 | 0017 | <002 | <D.02

6 5.3 Nitric Acid Leaching Tests

These results are shown in Table 44 for fired clay brick batches 4 and 10 For
crushed fired clay bricks made in batch 4, containing 50% BFD, the V. Cr. Mn_ Zn
and Pb concentration in the leachate increases with decreasing pH However the
concentrations of the ions measured in these leachates are considerably lower than
for the corresponding tests for cement blocks shown in Tables 32 and 33 This
confirms the previous observations that fired clay bricks are fired more effective in
immobilizing these ions. The leaching tests for fired clay brick batch no 10, that
contains no BFD, indicate no Cr and Pb and smaller amounts of V and Zn reporting
to the leachates than for batch no 4. The same amount of Mn is found In the
leachates for both batches 4 and 10. This suggests that the Mn observed in the
leachate originates form the clay and not from the BFD On the other hand, all the Cr
and Pb observed in the leachate from baich 4 and a large proportion of the Zn and V
originated from the BFD used to produce the fired clay brick
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Table 44 - Nitric acid leaching test rasults of clay fired bncks

" Batch | Final | Mequiv Concentration ]
No pH 'R v Cr Mn Zn Pb Cd
4 828 0.00 044 01 <0 1 <0 1 <002 | <002
484 0.041 0.13 <0 1 0.24 083 <0.02 | <002
425 0102 <01 <0.1 066 @ 063 0.08 <0 02
423 0143 <0.1 0.1 084 | 087 0.02 <002 |
366 0.204 <01 016 12 13 0.08 <0.02
337 0 306 016 0.26 15 20 0.07 <0 02
2.34 0.407 0.29 0.25 17 15 0.09 <0.02
10 603 000 <0 1 <0 1 050 <0 1 <002 | <002
428 0204 <01 <0 1 11 0.25 <002 | <002
204 0.407 01 <0 1 22 017 <002 | <002

6.6 Potential Toxicity of Fired Clay Bricks

The results from water. TCLP and Acid Rain leaching tests on crushed. fired clay
bricks were used to evaluate the potential toxicity of fired clay bricks. The evaluation
was based on the DWAF (1998) Guidelines and followed the same approach that
was used previously in this investigation to evaluate cured cement blocks (see
section 5.8). For fired clay bricks made with BFD the dumping rate was estimated to
be 5368 x 10* kg/ha/month, a fifth of that assumed to be applicable to cement
blocks. This was due to the fact that the fired clay bricks incorporated 50 per cent
BFD whereas the corresponding figure for cement blocks was only 10 per cent.
Based on these assumptions, the amount of toxic component leached per kg of
crushed fired clay brick was calculated from the leaching test Results are shown in
Table 45 for selected cases together with the corresponding EEC (ppb) values

Table 45. Toxicity evaluation of crushed, fired clay bricks

Element | Mix Leaching Mass | Conc | Vol | Amount | EEC
No Time medium Kg mg/l ml | leached ppb
hours mg/kg
Cr 1 24 water 0.100 | 0.031 | 1000 0.31 11
5 24 water 0.100 | 0.235 | 1000 2.35 83
7 24 water 0.100 | 0.117 | 1000 | 1.17 41
7 19 TCLP 0.100 | 0.17 | 2000 34 120
4 20 Acid Rain | 0.100 | 0.039 | 2000 0.78 28
Mn 4 20 Acid Rain | 0.100 | 0023 | 2000 0.46 16
4 19 TCLP 0.100 | 1.70 | 2000 340 1205
7 19 TCLP 0100 | 011 | 2000 220 | 78
10 20 Acid Rain | 0100 | 0535 | 2000 10.7 379
Pb 1 19 TCLP 0.100 | 0.14 | 2000 28 | 98
Vv & 20 Acid Rain | 0100 | 0123 | 2000 2 46 87
Ba 4 19 TCLP 0.100 | 0.25 | 2000 50 | 177
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For evaluation of Cr(VIl) toxicity in crushed, fired clay bricks, the results for water
leaching (see Table 38) Acid Rain (see Table 43) and TCLP (see Table 42) tests
were used to calculate the EEC values. All these values were larger than the DWAF
Guidelines permitted value of 20 ppb except for those calculated from a water
leaching test on mix no 1. On the other hand, the EEC values. estimated for crushed,
fired clay brnicks are generally lower than those obtained for crushed cured cement
blocks shown in Table 35 Thus although water leaching tests on whole, fired clay
bricks were not conducted. Cr(VI) toxicity of fired clay bricks is expected to be less
than that for cured cement blocks. The chromate immobilization originating from BFD
in fired clay bricks would therefore be more effective than in cured cement-based
systems and would be the preferred route for disposal of BFD. Further, the improved
associated salt stabilization and the ability to incorporate more BFD in the fired clay
bricks are additional reasons why this system would be preferred over the cement-
based system. The costs of these options are compared in the next section,

Other toxic components in fired clay bricks were evaluated and these results are also
shown in Table 45. In one instance, Pb was detected in the TCLP leachate (see mix
no 1, Table 42). The corresponding EEC value was calculated to be 99 ppb, just
below the permitted value of 100 ppb according to the DWAF Guidelines. For Mn,
conflicting data were found in Table 45 Of the four cases presented, two EEC values
were below and two above the permitted value of 300 ppb. It i1s not possible to
conclude from these data the reasons for these discrepancies This matter would
have to be investigated further at a later stage. Instances where V and Ba were
detected in the leachate yielded EEC values of 87 ppb and 18 ppb, respectively.
These were considerably lower than the permitted values of 130 ppb and 7800 ppb
for V and Ba, respectively, permitted by the DWAF Guidelines. The toxicity
evaluation of crushed fired clay bricks shown in Table 45 confirms that disposal of
BFD by this system is promising and can at the moment, be regarded as the best
technology available for mmobilization of the toxic components contained therein

8.7 Potential for Commercialization and Utilization

The major cost in the production of fired clay bricks is the energy (coal) required to
fire them to 1200 °C for 6 hours According to Gilbert (1988) 380 kWh are required 1o
heat 1 ton of clay from 25 to 1200 °C. Assuming a 10 per cent thermal efficiency this
would cost RS570/ if electricity at 15¢/kWh is used If on the other hand coal i1s used
to fire the clay bricks, the fuel cost would amount to R85! of bricks produced. These
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figures can be compared with the cost of clay bricks used as building material,
quoted at up to R500 per 1000 bricks depending on transport costs Expressed per
ton of BFD treated, the energy costs to produce fired clay bricks would amount to
R190 as half of the bnicks consist of BFD. This cost compares favourably to the
R235/ quoted previously to treat BFD via the manufacture of cement blocks and the
cost of R250/t charged by a local industrial waste management company for disposal
of the hazardous waste Therefore, both economic and performance evaluations
indicate that the disposal of BFD via fired clay bricks i1s the preferred treatment
option.

7. CONCLUSIONS AND RECOMMENDATIONS

The overall objectives of this study have been met and various options for the
treatment of toxic chromate containing BFD have been devised and evaluated in
terms of cost and potential environmental impact. The nature of ferrochrome BFD
has been elucidated by leaching and mineralogical studies and has indicated that
Cr(Vl) continues to leach from BFD when in contact with water. Evidence was
presented to suggest that the formation of chromate in BFD is associated with alkali
and oxidizing conditions prevailing in the dust extraction system used in the
production of ferrochrome. The treatment of an aqueous slurry of BFD with ferrous
sulphate or chloride has been shown to be effective in the short term to remove
Cr(V1) by the formation of an insoluble, stable (Cr Fe)(OH), precipitate. However, this
treatment increases the salt content in the water which introduces an additional
threat of contamination. In view of the continual leaching of chromate from BFD, a
once-off treatment thereof with ferrous ions is not sufficient and slimes dams
continue to pose a threat to health and the environment, particularly to the natural
water resources. For this reason two alternative treatment options for BFD were
investigated

It was demonstrated that the incorporation of up t¢ 15 % BFD into cement blocks
made with ferrochrome and EAF slag was an effective treatment to immobilize
soluble chromate as judged by water, TCLP and Acid Rain leaching tests The
addition of FeCl; during the manufacture of the cement blocks proved to be very
effective to ensure up to 997 % chromate immobilization as judged by water
leaching tests on crushed cement blocks. In the same tests it was found that about
half the salt, contained in the BFD, could also be immobilized in this manner. Partial

immersion of whole cement blocks in water indicated that all the Cr(VI) and >98 % of
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the salt was retained therein. The results of leaching tests were used to calculate,
according to the DWAF Guidelines, the EEC values for chromate leaching from
cement blocks It was found that whole blocks produced leachates that were within
the prescnbed values but the leachates of crushed blocks exceeded these values.
Disposal of whole cement blocks containing BFD would therefore pose no threat to
the environment. The cost of producing cement blocks in this manner was estimated
to be R235/4 of BFD

More effective chromate immobilization was observed in fired clay bricks containing
50 per cent BFD A minimum firing temperature of 1200 °C is required to effectively
immobilize the Cr(V1) and salt in the clay bricks. Leaching tests on the crushed, fired
clay bricks were used to calculate the EEC values in accordance with the DWAF
Guidelines. These results indicate that the chromate and salt are effectively
immobilized in a glassy phase and do not pose a threat to the environment. The cost
of production of the coal fired clay bricks treated in this manner was estimated to be
R190% of BFD.

The authors are not aware of local ferrochrome producers that uses any of the above
options to dispose of BFD for building or other matenals of construction. The current
tendency in the local ferrochrome industry is to recycle the BFD by mixing it with fine
chromite ore. This is achieved either via agglomeration of these fines with bentonite
and calcining at 1300 °C (Otokumpu Process), or related technologies developed in-
house, or via producing blocks using cement as a binder  Excess energy available
from closed ferrochrome furnaces in the form of CO gas can also be used for the
calcination option. Whatever the treatment option preferred, the local ferrochrome
industry has minimized the environmental threat posed by BFD These recycle
options have only been installed recently and the long-term build-up of salt and metal
ions in the furnace and the corrosion and production problems posed by this option
have as yet not been fully evaluated

If recycle of BFD is a successful option for utilizing and disposing BFD in the local
ferrochrome industry then it is only necessary to monitor the ground water in the
vicinity of these operations tc ensure that there is no evidence of further Cr(Vl)
contamination. For this purpose a more reliable and accurate analytical method for
measurement of very dilute chromate concentrations in agueous media would have
to be developed using a preconcentration step
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It 1s recommended that efforts be made 10 implement the technologies developed in
this report in other Cr(VI) containing metallurgical wastes and related operations
where it is not possible o recycle, 1.e., waste paint producers, leather tanning and
electroplating sludges, etc. Opportunities to further optimize the developed
technologies should be explored. Particularly for the production of cement blocks, the
addition of more FeCl. could allow for further Cr(VI) immobilization. Further it i1s aiso
suggested that the approach developed in this study, to produce cement blocks and
Clay bnicks from metallurgical wastes, be applied to other wastes onginating from the
ocal metallurgical industry that have been identified as toxic (Komelius, 1995)
Hopefully these efforts, and any future endeavours in this regard, indicate that
mplementation of waste recycling and minimization technologies would help to
preserve the environment and valuable natural water resources and allow for

sustainable growth of these industries in the future

6OH0H
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9. APPENDICES

91 Appendix A
SA installed capacity by 1998 | Cr Ferroalloys
Production Unit MVA | ChCr Capacity, | Dust Pro- Production Unit MVA ChCr Dust
Rating tpa duced, Rating  Capacity, | Produced,
tpa(l) = . tpa Tpa(1)
cmi 204 430 000 12960 Chromecorp (by 1998) 288 | 605000 | 20520
L ydentnwg 138 310 000 10 080 (s) Rustenburg (MRP production mcluded) 132 | 285000 9 288
Closed (Tanabe) SAF (A) 33 - 1800 | Semi-closed SAF (1) 30 60000 | 2160
Closed (Tanabe) SAF (B) 33 1800 | Semi-closed SAF (2) 30 | 60000 | 2160
Closed (Tanabe) SAF (C) 3 1800 Semi-closed SAF (3) 33 60 000 2376
Semi-closed (Pyromet) SAF (D) 39 2 808 Semi-closed SAF (4) 39 80 000 2592
2 x SRC Kilns (>40% Cr Met ) PC-fired - 10 080 (s) 1 x Pelletizing Plant 200 000*
3 x SDK Granulation Units (CMI modified) 300 000* Wonderkop (MRP production included-wet ygs) | 156 | 320000 | 11232
Marketing JV with Misui (12 5%) Semi-closed SAF (1) 39 B0 000 2 808
Rustenburg’ 66 120 000 4752 Semi-closed SAF (2) Kt 80000 | 2808
Semi-closed (Tanabe) SAF (1) 33 60 000 21376 Semi-closed SAF (3) (end 1997) 39 80000 | 2808
Semi-closed (Tanabe) SAF (2) 33 60 000 2376 Semi-closed SAF (4) (end 1997) 39 80000 | 2808
2 x Pelletizing Plants 400 000 |
Feralloys 72 180 000 7128 1
Machadodop Hemic Ferrochrome 124 | 260 000 8928
Opean SAF (2) 24 45 000 2376 Brits
Open SAF (3) 24 45 000 2376 Semi-closed SAF (Pyromet) 37 65 000 2 664
Open SAF (4) 24 40 000 2376 Semi-closed SAF (Pyromet) 37 65 000 , 2 664
MRRP Jigs 50 000*** Semi-closed SAF (Pyromel) 50 130 000_* 3 600
Bathlako Ferrochrome (Boshoek) 125 | 25000 | 720
Open SAF (mothballed) 125 | 25000 | 720
Notes * Pellets (UG2 + LGS concentrate + Na,SiO, binder —» low temp. sinter?)

RP ChCr product (sustainability dependent on slag dumps)

IC3 product
Alloy granulator capacties (not new alloy)
Assumed 360 working days per annum

Sludge




9.2 Appendix B

WATER LEACHING OF CRUSHED CEMENT BLOCKS
Mix Cunng Leaching Leachate
NO Time 2enod pH Concentration mg
Days orivi TDS
| . 4 ) | - $ — : —_———
8 24 hours 210 0 040
5 days 12 11 0 705
4 24 hours 218 0 650
48 hours 1175 330
28 24 hours 11.86 0 900
' 48 hours 11.18 0 565
' - — - — » - -
' 56 24 hours 1180 0 31
| — : ] = e 4
48 hours 11.26 0 304
D 24 hours 12 06 0 92C
5 days 12.03 . 540
14 24 hours 12 46 110
48 hours 11.80 0 215
» - - ——— - — - >
20 24 hours 11 89
| » : . L ‘
w | 48 hours 1130
‘ | " LIS L - d '\
‘ 56 24 hours T 1178
[ - - ~ 4
48 hours 11.14
+ + - + - + - -+ -
£ 7 24 hours 12 01
» ) * +
5 days 12 .00
, + 4d__ + - - ' $
14 24 hours | 12 04 15
(- e t m— + 1 p——
48 hours | 11.82 225
+ — -+ — * +
28 24 hours | 11.41 £GE
-_— AL 4 — 1 .
48 hours 1108 0 088 320
56 24 hours 1160 0104 713
48 hours ‘ 10 54 0028 307
} ' ! ! | !
F 14 24 hours | 12 24 : 495
48 hours 203 37
28 24 hours 11.66 ‘ 30
48 hours 16 ) 189 245
56 24 hours 1168 184 53
48 hours 0 80 071 41
G 14 24 hours 12.29 489 05
48 hours 1.98 261 405
28 24 hours 11.67 2f C
48 hours 18 13 198
24 hours 1.99 i 92
8 hours | 108 l | 57
| 4 4 hours 2.43 001 3
~ 4 4
B hours ) 14 O
i . v o ! | .
Q A hALIre 1 RO i
S NI ve
'
B hours 41 000 .
‘ 4 hours 1 38 0
R hours ) A =




9.2 Appendix B (cont.)

WATER LEACHING OF CRUSHED CEMENT BLOCKS (cont )

Mix Curing Leaching Leachate
No Time Penod pH Concentration. mgA
Days Cr(v) TDS
J 14 24 12.22 2314 07%
48 11 86 0 821 350
28 24 1132 1979 957
48 11.13 0436 319
56 24 1164 1313 818
48 10.93 026 247
L 14 24 12.10 0.397 855
48 1183 0160 515
28 24 1134 0243 726
48 11.11 0.071 385
56 24 11.51 0.743 704
48 0204 379
" 14 24 12.18 1468 1070
48 11.15 0.553 315
28 24 1163 1.782 1055
48 11.38 0423 347
56 24 1162 0372 975
48 11.46 0.135 319
N 14 24 12.20 1.108 1065
48 1134 0672 380
28 24 11.62 1 448 875
48 11.48 0543 413
56 24 1160 0438 6594
) 48 1143 0.000 101
¢} 14 24 1222 0795 1000 |
48 1153 0390 320
28 24 11.68 1.065 854
48 11.50 0 398 361
56 24 11.63 03N 790
48 11.44 0.109 462
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9.3 Appendix C

WATER LEACHING OF CRUSHED CEMENT BLOCKS AFTER 120 DAY URIN
Mux Leaching ) Leachate - |
No Penod pH Concentratior g/
Hours Cr(Vi TDS
B _ 24 1172 0.248 843
48 1074 0.000 218
D 24 | 11.91 | 0.092 789
48 1169 | 0.000 380
P 24 11.76 0.131 823
48 | 11 54 0 000 573
4 >
F | 24 | 11.69 | 0.157 'S2
| 48 1166 ! 0.000 | 354
G 1 24 11 80 0 044 732
_— 4+ — + - — + =
48 11.38 | 0.029 253
H 24 11.81 2 056 G4
4B | 1162 0.024 | 388 |
| 24 12.11 ) 00( | g14
[ Ty T 1 Y ¥
‘ 48 | 1168 | J.00C 458
[ J 1 24 , 11.73 0336 g2
+ - — ' -
B 48 A 1132 0.092 353 '
K 24 11.51 0 068 9582
! * ‘ * —d
| 48 ~11.08 | 0.000 318 |
L 24 11.61 D 064 818
__48 1136 | 0000 276
M 2 11.57 D 365 737
| ! 48 121 | 0000 | 327
\ N 24 11.54 0 746 639
B 48 | 1128 0.245 331
0 24 11 78 0276 853
| 48 1154 0.065 201
‘ P 24 11.80 0.263 978
48 147 59 434
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Mix Curnng Leaching Leachate
No Time Period pH Concentraton, mgA
Days Hours Cr{Vl) TDS
Q 28 24 1168 0060 1212
48 11.50 0033 376
55 24 1237 0459 1113
- 48 11.80 0114 368
R 28 24 1164 0071 1234
48 11.75 0029 457
56 24 12.32 0473 1016
_ 48 1177 0110 406
s 28 24 1189 0 046 1118
48 11.83 0025 368
56 24 12.13 0362 1057
N 48 178 D 088 431
| 1 28 24 11.89 0111 1244
48 11.44 0037 428
56 24 1220 0.083 1135
48 1201 0034 374
v 28 24 11.70 0064 1283
48 11.50 0034 370
56 24 1226 0.028 1360
48 12 06 0014 468
v 28 24 1163 0 844 1697
48 1142 0.221 445
56 24 12 14 0615 1374
48 1190 0 166 406
w 28 24 1178 0422 1529
48 11.64 0125 609
56 24 1243 0518 1479
48 1218 0.509 515
X 28 24 11.89 0.327 1783
48 11.60 0.148 560
56 24 12 48 0.200 1580
48 12.22 0.150 524
Y 28 24 11.81 0543 1253
48 11.48 0.215 425
56 24 12.38 0 696 1034
- 48 12189 0214 352
Z 28 24 11.52 2740 1280
48 11.31 0.621 365 |
56 24 1217 1.342 1027 |
48 1182 0 541 348




9.5 Appendix E
9.5.1 Distribution of chromium in a clay brick

1 RESULTS

The distribution of chromium was determined in fragments of a fired clay brick and in

the raw materials (clay and bag filter dust) from which the brick was manufactured

11 Crin the clay

A sample of the clay was separated into three fractions by means of elutriation and
magnetic separation

. The clay fraction contained mainly the clay mineral illite

. The non-magnetic fraction contained mainly quartz

. The magnetic fraction contained mainly iron oxides, iimenite and chromite

Only a few chromite particles were present with a composition of approximately

A1;0; 14.3% ™
FeO 29 4% ™
MgO 7.1% ™
TiO; 1.4% ™
Cr:0, 47.9% ™

1.2 CR in the bag filter dust

The EMP investigation of the BFD shows that the same host of phases as reported
on in Technical memorandum 14631’ were encountered. The presence of chromium
in all of them was confirmed. These include two high chromium bearing phases (a
spinel and a Cr-glass) olivine - ~ (Fo,«-Fay), @ Mg, Al-silicate, an Al silicante and a K
Al-silicate

-

labie 1 ney

The compositions of the two high Cr beanng phases are reported in
both have a considerable variation in composition

The spinel particles are angular in shape with an average size of 10m. The Cr-glass

particles seldom exceed Sm in diameter and are usually rounded (globular) in shape
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1.32 Small CR-spinel and Cr-glass particiues

These angular spinel particies (10m average size) and Cr-glass particles (<3m) are
present in the glassy matrix of the brick and are marked by a high Zn content as
shown in Table 3

Table 3 Composition of the small Cr-spiSnel and Cr-glass particles in the brick

% Cr-spinel Cr-glass
A0 13.30 to 14.92 983101783
FeO 8.79 10 10.36 10.92 to 10.36
1266 to 12 88 15.74 to 18.49
TiO, 0.49 to 0.67 0.31t0 094
MnO 0.56 to 0.63 0951t 108
Cry04 46 09 to 48 42 216210 30.43
Ca0 02410026
Zn0O 119510 13.15 7.72 10 8.80
KO 07110 0.75
Na,0 nd
S0, 10/83 to 19.75

1.3.3 Crin solid solution

Nd — not detected

Chromium is present in solid solution in |

The original BFD constituents still present as such in the clay brick
A glassy matrix (Figure 3) containing varying amounts of Cr,O, The composition of
the matrix matenal is reported in Table 4

Reaction zones between the matrix and the constituents of the onginal raw matenal

(BFD) are frequently encountered
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2. DISCUSSION AND CONCLUSION

The matrix of the brick is a glass. a melted product of the clay material after being
fired at 1180°C. The original constituents of the BFD reacted to a certain extent with
the glass phase in the bnck

The Cr,O; content of the matrix vaned from 0.8%™" to 2.1%™™* and was possibly
dernved from

Reaction-melting of the Cr-beanng glass particles (also contnbuted to the Zn-content
of the matrix) and the BFD constituents containing Cr in the solid solution
Incorporating the Cr** -bearing glass particles into the glass matrix The presence of
sulphur at levels of p to 2.1 could be an indicator of such a reaction

From this investigation it can, therefore, be concluded that the soluble Cr** is most
probably incorporated into the glass matrix of the brick and thus immobilized

The CaO content of the glass is below 1.7%™*, which could be a bit low to generate
a glass that effectively incorporates Cr in sold solution and thus immobilize the Cr™*




Other related WRC reports available:

The extraction of nickel with the use of supported liquid membranes (SLM)

Smit JJ

The main aims of the project were the qualification of supported liquid membrane (SLM)

extraction with regard to the concentrations of the feed and strip solutions, their respective

acidities, the concentration of the extractant mix, and the effect of temperature vanations

on these processes.

The technical feasibility of SLM extraction was demonstrated on anions such as HPO,

and H.PO:, as well as lactates and acetates. Further positive results were also obtained

with Ca, Ni and Cr from a synthetic sulphate medium and extraction of Zn from industria i
effluent l
Capsulated membrane extraction (CME), where the extractant is confined in a capsule
placed in the feed solution, was shown to achieve extraction rates of an order of magnitude
higher than that achieved by SLM extraction.

It was therefore concluded that both SLM and CME are viable techniques for the extraction
and recovery of a variety of chemical species from dilute industrial effluents.
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