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ABSTRACT

An alternativeprocess for the neutralizationof inorganicwaste acidsis presented. The processuses the most reactive silicate mineralevailable, olivine, and essentiallyimitatesthe naturalprocessofacid neutralization(chemicalweathering).The procesais particularlyuseful for the neutralizationof fairly concentrated acids. Withconcentratedacids the reactionsustainsitself, as it is exothermic.Neutralizationof acids takesonly a coupleof hours, which makes theprocessa technologicallyinterestingoption. However,also with lessconcentrated acids the potentialneutralizing capacity of crushedolivine is remarkable, provided the factor time is of limitedimportance. Understanding of reactionkineticsof natural processeshas reacheda point at which reactionmechanismscan be quantitativelydescribed; this permits the predictionand solution of problemsassociatedwith acid mine drainage.

INTRODUCTION

The waste acid problem.

Many (mining)industriesuse large quantitiesof acids.Afterwardsthediluted and usually contaminatedwaete acids must be removed. At themoment three options exist to achieve this;dumping (eitherat land orin sea), acid recyclingand neutralization.Dumping is nowadaysconsidered to be an environmentallypoor alternativeand recyclingisusuallyvery expensive(high costs for energyand dumpingof solids).Neucralization may thereforebe a suitablealternativeprovided theend- or by-productsresultingfrom this type of processare of a rela-tivelyhigh purity and consequentlymay find an application. This isfor instance not the case when sulphuricacids are neutralized withcarbonate rock (lime); the gypsum reaultingfrom this reaction canhardlybe appliedin most industrializedcountries[1].

Alternative chem4calsfor acid-neutralizat1onare availpble, but inmost cases pricesare prohibitive; thereforethey only find limiteduse. At Utrecht University, the Netherlands, a process has beendeveloped, which uses crushed olivine, a widely availableand cheapreactive magnesium-silicatemineral. The process is particularlyuseful for the neutralizationof inorganic waste acids, typicallycontaining iron and other heavy metals. It is an alternative forneutralizationwith base or lime. The processis patented by the
University[2].Detailed descriptionof the procesahas been presentedelsewere[3,4,5).



Neutralisationof acids in nature - weatheringindex.

Production of acids is not confinedto industry. A numberof naturalprocessesalso producelarge quantitiesof acids. For instance, theyearlyproductionof sulphuric-acidby volcanoeshas been estimatedat15.3 * 106 tonnesper year [6]. In addition, volcanoesproducelargequantities of hydrochloric acid and CO2. Anothermajor source ofsulphuric acid is from oxidation of sulphides (pyrite) duringweathering. Taking into account average‘ratesof weatheringand meanconcentration of sulphurin rocks, a conservativeestimatefor thiscontributionis 20 * 106 tonnes per year. Acids producedin this wayare neutralized in the weathering cycle. Of course, chemicalweathering proceeds fastest in carbonate rocks. This processconstitutes, however, only an intermediate scep in a largergeoChemical cycle, as their calciumand magnesiumderive from theweathering of silicaterocks. Silicaterocks therefore provide theultimatebufferagainstacidification.

Geochemistahave classifiedmineralsaccordingto theirpersistenceatthe surfaceof the earth. One of the earliestmodernworkers in thisfield was Goldich [7], who noted the similaritybetweenthe mineralsequence in order of increasingsurfacestability and the mineralstability for crystallizationin a silicatemelt, prediccedby Bowen[8]. Since 1938, a number of similar classificationshas beenpresented in the literature [e.g. overview in 8]. Theseclassificationswere all based on differentmethods (for instancebondingschemes, linkageof silica tetrahedra),but chey all resultedin similarclassificationsequences [table1].
Efforts to truly quantifythe weathering indexes have only beencarried out recently, and suffer from the fact that many authorsareinvolved, making a normalisedproceduredifficult. One of the mostrecent efforts has been carried out by Lasaga [10]; he derived asequenceof minerals, ordered by a decreasingrate of silicarelease:nepheline > anorthite> diopside/enstatite> albite> K-feldspar >forsterite > muscovite > quartz. This sequence was, except forforsterite, in complete accord with the weathering sequence ofGoldich. Later, these data were corrected with new values forforsteriticolivine [fig. 1 and ref.11],and came into agreementwithfield observations. In fig.1 the reactionrates of a number ofmagnesiumsilicatesare compared.

THE OLIVINEPROCESS

The reaction.

Essentially, the process simulatesin a speededup way, the acid-neutralizationprocessin nature, and it is thereforeless likely todisturb naturalgeochemicalcycles. Olivineis a mineral, which iswidely availablein Western Rurope. Total yearlyprodUctionis about1.5 million tons, 60 % of which is producedby the world largestolivinemines, situatedin South Norway [12]. Most of the productionis exportedas a slag conditionerto the iron-en steelmakingindustryin Europe. The olivine used in the experiments has a chemicalcomposition as given in table 2. The mineralogical composition ofolivinerock (dunite)is also presentedin this table.



Table 1.
Persistenceorder of minerals,
in order of increasingweathe-
ring stability[adaptedfrom 9]

Forsterite(olivine)
Actinolite
Diopside
Sillimanite
Augite
Hornblende
Talc
K-feldspar
Magnetite
Ilmenite
Biotite
Muscovite
Quartz

Table 2.
Chemicaland mineralogicalcomposi-
tion of forsteriteand olivinerock..
The olivineoriginatesfrom Norway.
Maximumvalue (usually0.25 %).

Si02 41.00 %
Fe0 7.00
Mn0 0.11
Mg0 50.82
Ni0 0.60 *
Ca0 0.06

Total 99.59

Foraterite 92-95%
Talc/serpentine 1-3%
Pyroxene 1-2%
Oxides 0.3-1Z
Intergrownminerals 1-3%

At UtrechtUniversity, the processhas been developedon a largelabscale; the reactioncan be carriedout continuously. The process istested with waste acid from the titaniumpigment industry; kineticstudieshave been carriedout with clean sulphuric- and hydrochloricacids. A processflowsheetis presentedin fig. 2. The reactionofolivine with sulphuricacid is exothermic; the reactionenthalpy is351.3KJ mole-'.Activationenergy is 30 + 2 KJ mole-' [11].
In the process,the olivine rock is first crushedto a grainsize< 250micron [fig. 2 Aj. With the olivineused in the experiments andsulfuricacid the reactioncan be written as:

(Mg1.„Fe0.15).SiO4+ 41( + 28042- --->


1.85Mg2-+ 0.15Fe2-+ 260.2-+ HASiO4

In the processa series of continuouslystirredtanks are used for thereaction. Backmixing facilities are optionaland provide an evenbetter conversion [fig. 2 Bj. With a suitable choice of processparameters (temperature, olivine grainsize, acid strength),neutralizationtakes place within three to four hours; the pH reachedis about 1.5 to 2.5. Kinetic data of experimentscarried out withdifferent acid strengths, different temperatures nnd differentgrainsizesare presencedin fig. 3, 4 and 5. The reactionis carriedout with a 5% excess of olivine, because the commercially availableolivine-rockconsistsonly for 92-95 % of forsterite(table2).
If a more than stoichiometricamount of olivinereachedmay be higher (up to pH 3.5), providedthea limitedamountof iron. High amountsof ferricbuffer; in those cases it is necessaryto preventof strong complexing ligandsmay in some casesreactionrate.

is used, the pH
waste acid contains
iron may act as a
oxidation.Addition
also increase the



Filtration of the silica.

The silicic acid during the reaction rapidly polymerizes to an
amorphous silica (at concencrations 100 ppm Si) and is finally
filtered from solution.

H‘ Si O. - --) Si02 + 2H20

The total amount of silica formed in the reaction depends solely on
the acid strength. With relatively low acid staengths the reaccion
will only produce small amounts of silica which will not have to be
removed from solution. In terms of the required installation this
means that no capital investment for filtration units is needed; on
the other hand, the revenues from silica sales will also be absenc.

In more concentrated acids, the speed of filtration depends on the
particle size of the silica, which consists of aggregates of separate
particles, ranging in size between 20 and 80 nm and on the higher
viscosity of the magnesium-sulphate (or chloride) sofution. Plate 1
shows an EM photo of these silica particles and plate 2 of the larger
aggregates. Heat-aging of the silica results in a marked increase in
filtration speed, as is indicated in fig. 6. The heat-aging process is
schematically presented in fig.7; the aging process is extensively
treated by Iler [13]. High viscosities of the reaction mixture may be
avoided by diluting the mixture prior to filtration [fig.2C ; fig. 6].

Application of silica.

Non-purified silica is usable as an additive to concrete. Addition of
a small amount of ailica increases the strength and decreases the
permeability of the concrete [14]. At the moment, special interest is
put in the development of aIkali-silica-fly ash(PFA)-sand mixtures,
producing a cement-like material with high strengch and a good acid
resistance [15,16].
In a purified form the silica particles are potentially usable as a
high qualicy additive to rubber, plastics or paint. To obtain a
purified silica, it is essential to remove the residual non-reactive
minerals (table 2). For this reason a hydrocyclone is added to the
process [fig. 2 D]. The purified silica containa more than 99 % Si02,
making it an intereating and potentially valuable chemical. Other
comparable micro-silicas cost over $800,- /tonne [17].

Removal of heavy metals, iron and magnesium.

At the pH reached upon neutralization most metal-ions remain in
solution so the next step in the process may be a selective extraction
according to known methods. It is stressed here that each typical
waste stream needs an individual treatment, depending on its
composition. The example discussed here deals with waste acids from
the titanium pigment industry; these acids typically contain
aluminium, iron, chromium, vanadium and manganese. Total yearly
production in Western Europe is 1.2 million tonnes (expressed as 100 %
sulphuric acid I) which is dumped in or near sea. Removal of heavy
metals from chloride waste streams is usually more effective as most
elements form strong chloride-complexes (18].



The waste acids produced by the titanium pigment industry contain highamounts of, iron. In order to minimize the production of a largequantity of mixed hydroxides coprecipitacion of iron and heavy metalsshould preferably be avoided. The most effective way to accomplishthis is to prevent the iron to oxidize. Therefore the reaction shouldeither be carried out in an inert atmosphere (prevention technique) orthe iron should be reduced by using a more aggressive reductant[e.g.19]. Consequence that the iron precipitates only at a pH of 6instead of 2-3. This opens the possibility to precipitate and filtratea number of heavy metals at a pH of 4 [fig.2 G]. Precipitation of theheavy metals is accomplished by adding a base.
Next, the remaining iron is oxidized and precipitated as magnetite,using a method similar to the Japanese Ferrite process [20,21,221[fig.2 H1. An advantage of this method is that the iron formscrystelline magnetite particles, which is favourable in the solid-liquid separation process. The small amounts of nickel from theolivine coprecipitate with the magnetite [23]. The iron oxide is soldto the steelmaking industry.
It is stressed here that only the use of magnesium-basedneutralization compounds offers the possibility of separating heavymetals and iron, due to the very high solubility of magnesium-compounds compared to calcium-compounds.
The finally remaining magnesium salt solution may either be dumped atsea (seawater already contains 0.3 % magnesiumsulphate [241) or, iflarge quantities of acid have to be treated, converted to causticmagnesia.

APPLICATION AND PROCESS ECONOMICS.

Example from the titanium pigment industry.

As mentioned before, the process has been tested with waste acids fromthe titanium pigment industry. In cooperation with Dutch industries afeasibility study has been made to neutralize 30 M3/hour [4]; on anannual basis 70.000 tonnes of hydrosulphuric acid (recalculaced to100% acid) had to be neutralized, which required about 60.000 tonnesof olivine and produces 22.000 tonnes of micro-ailica, 3000 tonnes ofheavy-metals and 12.000 tonnes of iron-oxide.
Conclusion was that the procesa is technically feasable, requiring acapital investment of about 20-30 million dollar. At the moment ofstudy, it was still unsertain if a break-even could be achieved, dueto uncertainties over the marketing of the silica. Still, the processcompares favourably with respect to other alternatives. Main reason isthat only a limited amount of heavy metal residue is created, becauseiron is removed separately; as a consequence, the precipitatecontained an interesting high vanadium concentr.ation(10-15 % V205).Vanadium is an element of strategic importance. Some factors ofgeneral economic importance will now be discussed briefly. It will beclear that it is not possible to present a detailed economicdiscussion, as waste acids differ widely in composition.

General factors of process economics.

Availability of the oliVine is no problem; it is the cheapestneutralizing agent available. Size reduction of the olivine isnecessary, power requirements are abouc 20 1(1411/tonne.



With concentraced acid the reaccionsustainsitself, becauseic ishighlyexothermic A major capitalinvestmentis formedby the silicafiltration unit, but revenuesfor the dried silicawill be ratherhigh. If acids of a relatively low concentration have to beneutralized, the exothermicityof the.reactionwill be largely lost.In order to keep the reactionrate at an acceptablelevel in chosesituations,olivine shouldbe added in overdoseand additionalheatingmay be required. On the other hand, it will not be profitable toseparate the silica in those cases, which lowers the capitalinvestmentsneeded.
In some situationsit may be interestingto mix olivineand mining-tailings with a high acid potential, in order to achievean in-situneutralization. At the moment this is tested in the laboracorium.Equipment for the removalof heavy metals and iron will have to bedisigned separately, due to the largedifferences in waste acidcomposition. At the moment investigationsconcerned with theapplicationof the micro-silicaare running;prospectsso far indicateprices in the range of $300,-/ $600,-per tonne.
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Effect of temperature on reectIon.
Batch ezperiment, acid strength 3N.
A 90sC
8 70sC 11.80, 15 % excra olivine
C 70% 0.50.
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TEM image of silica
(1 cm * 6.26 * 10" M)
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Place 2.

SEM image of heac-aged ailica aggregates.

Figure 6.
Filtration characteristics of silica. Filter press 2 bar, filcration
surface 0.01 Ma, filtrate viscosicy 7 cPoise, cake chickness 15 mm• 6N
acid. A direct filtracion, dilution 30%

B direcc filtracion, dilution 100%
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Figure 7.
Steges in eging of a eillca-gel. A) gel as formed and dried, shrinks
on drying, giving small pore volume and smal1 pore diameter. B) vec
heac-aged - incaaaaad coalescence. Liccle shrinkage on drying. C)
furcher heat-aged or aucoclaved. Structure coarsened.
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FEDERATIONOF NORWEGIANINDUSTRIES
attn. Mr. Bjørn Sveen
Drammeneveien40
P.O. Box 2435 Solli
N-0202'0SLO2, NORWAY

Telecopy to: +47 2 55 01 08

16 may 1988

Mining conferenceRdros
"The olivine procesa- waste acid neutralizationby reactionwith s magnesiumeilicate".

Dear Mr. Sveen,

Rereading the paper / send to you last weekend (/ suppose youwill get it either todayor the 17"),I noticed one smallomiasion concerningfig. 6.
In the filtrationcurve preaentedthe formula

t-t = 	 armv ,* (V-V1)+ CL is used [1] in whichV-V, 2A (-6P)

t-t, = time of constantpreseurefiltration
V-V1 = correapondingvolume of filtrateobtainedr = specific reeistanceof the cake
= viscosityof the filtrate

v = volume of cake depositedby unit volume of filtrateA = total croasseccionalarea of filter cake
41Pflapplied pressUredifference
CL expressionfor flow a filtratethrough filter cloth.

(1) Coulson, J.M. and Richardaori,J.F. (1985) Chemicalenginoriug, vulumetwo, unic operacione, p32/ , Filtration,Pergamon Preas.

/ hope you will be able to put this erratum alao in the printedconference report.

Yours

S. Pietereen

dept. Geochemistry
Ucrecht Univereity
Budapestlaan4
3508 TA Utrecht

Tel: 030-535009
Telex: 40704 VMLEur
Fax: 030-521818
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