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STUDYING THE SPECTRAL INTERFERENCE EFFECTS OF
ALUMINIUM EXPERIENCED IN THE COURSE OF ICP-AES ANAL YSIS
USING AN AXIALLY-VIEWED ICP SPECTROMETER

OLIVER BANHIDI®

Earlier we have reported the study of the interfeeeeffects of aluminium and nickel
on the ion and atom lines of alkaline earth metaments [1, 2]. According to our
investigations strong interferences can be expeerespecially on the Mg, Ca and Sr
lines. The concentration of the alkaline-earth inetaalyte tested ranged 0.25-0.75
mg/dn?, which is rather low, but there might be sampéesh as Sr in Al alloys, where this
concentration range may be interesting too. Orother hand, there are many cases, when
these elements are in a substantially higher cdratén, so the information concerning the
interferences of aluminium on the lines of the edats present in higher concentration also
may be interesting. In this paper we report thalstof the effect of aluminium matrix
present in a concentration range of 0-5000 mg/avhile the analyte concentration is in
the range of 1-15 mg/dm
Keywords: interference effects of aluminium, alkaline eartbtabs, ion and atom spectral
lines.

Introduction

In our previous papers we have investigated theceffof Al and Ni on the spectral
lines of alkaline earth metals, such as Be, Mg,aBGd Sr. Both atom and ion lines were
involved in the study. Ba was not among the analgramined, as it does not have a
sensitive atom line. In the course of the experisi@rturned out, that both Al and Ni have
larger interference effects on atom lines of theestigated elements than on those of ion
lines. The effect was just significant in case &, Band rather high impact could be
measured on the lines of Mg, Ca, Sr. The phenomenarbe measured on a rather wide
range of high-frequency power (900-1300 Ws). Astlierconcentration ranges, the matrix
was present from 0 up to 5000 mgAinwhile the analyte concentration was 0.25-0.5
mg/dn?, which is rather low, though there might be caseg, Sr in aluminium alloys —
when such low concentration — can also be intergstnd important. Nevertheless it is also
important to know, whether this effect works athgg analyte concentration, and if the
answer is yes, how strong it can be. Thereforesthdy of the interferences of Al at higher
analyte concentration was carried out. As one af gnals was to check whether the
differences among the matrix effects on atom and lines persist at higher analyte
concentration, therefore similarly to the previowsrk, both ion and atom lines were
involved in the study.

" University of Miskolc, Institute of Chemistry
3515 Miskolc-Egyetemvéros, Hungary
akmbo@uni-miskolc.hu



6 Olivér Banhidi

So that the present results could be comparedasetimeasured earlier, we used the
same procedure to evaluate the signals and torgriseeffects we experienced.

1. Experimental
1.1. The measuring instrument and the measuring conditions

The measurements were carried out with the help \6arian-make ICP spectrometer,
its type is 720 ES, the instrument we used earisrfor as the measuring conditions, there
is an important difference, in this study the measwents were performed only just at one
level of the radiofrequency power, 1050 W. The otparameters — integration time,
number of readings etc. — were the same.

1.2. Line selection and the analyte elements

Table 1
The spectral lines chosen for the study
Element First ionisation Type of the Wavelength Excitation
energy[eV] line [nm] energy[eV]
Mg Il 279.553 4.47
Mg 7.6 Mg Il 280.270 4.59
Mg | 285.213 4.38
Call 315.887 3.96
Call 317.933 3.93
ca 6.1 Call 393.366 3.8
Cal 422.673 2.96
Srll 216.596 5.78
Srll 407.771 3.07
St >-7 Srli 421.552 2.96
Sr . 460.733 2.71
Ba ll 233.527 5.35
Ba ll 455.403 2.74
Ba 5.2 Ba ll 493.408 2.53
Ba ll 614.171 2.04
Bal 705.994 1.77

Our aim was to measure possibly all the alkalingheanetals, so that the most
comprehensive information could be obtained abbeatinterference effects. On the other
hand, a higher and wider concentration range wagygo be applied regarding the analyte
elements. This fact made difficult to include Becsg the analytes studied, because its
available atom and ion lines are rather sensiieeit might have turned out that the CCD
detector measuring some of its lines would haveftoxen at higher concentration, so the
result could not have been evaluated. On the oktizerd, as a result of the higher
concentration range it was possible to include Bargg the elements investigated. It was
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because at higher concentration suitable signalbeaabtained even on the less sensitive
lines. The lines selected for the study can be se&able 1.

1.3. Concentration of the Al-matrix and those of analyte elements

As in the earlier studies the Al matrix was applegda concentration of 0, 200, 500,
1000, 2000 and 5000 mg/dmThe solutions were prepared using 20 ¢/dkh stock
solution made by dissolving high-purity aluminium.

The analyte elements, i.e. Mg, Ca, Sr, Ba, werdiegbpt a concentration of 0, 1.0, 2.5,
6.2, and 15 mg/din so the concentration range is a bit more thamderoof magnitude.
1000 mg/dm multielement certified reference material soluti@ertipure IV, made by
Merck GmbH) was used in the experiments.

2. Results
2.1. Processing the measured intensity values

The net intensities of the investigated alkalingfealements measured in the matrix
element-free solutions were used as referencetheenet intensities measured at different

matrix element concentrations were compared to dhabtained in matrix-free solutions,
and

Table 2
The net intensities and intensity ratios measumed ®g lines,
at an analyte concentration of 1 mgfim
3 Mg Il, 279.553 nm Mg Il, 280.270 nm Mg |, 285.218\n
Al [mg/dm’]
Inet [a.u.] Iratio Inet [a.u.] Ira\tio Inet [a.u.] Ira\tio
0 578052 - 158925 - 77613 -
200 610412 1.0511 162167 1.0161 68669 0.8808
500 605225 1.0376| 161792 1.0099 65831 0.8411
1000 600111 1.0329 1607p4 .0075 62900 0.8066
2000 559443 0.9269 148483 .8912 57094 0.7054
5000 565816 0.9611 149161 .92852 56069 0.7100

heir ratio (i.e.Imatrixlaqueou} Was investigated as the function of matrix andclye
concentration.

As the number of the measured lines were high,taofointensity data had to be
recorded.

The date were processed by a spreadsheet progrdmable 2 and Table the measured
net intensities as well as the calculated intensitios (hatrixlaqueou} Of 3 Mg lines at an
analyte concentration of 1.0 mg/8and that of 15 mg/dirare presented.
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Table 3
The net intensities and intensity ratios measumed &g lines,
at an analyte concentration of 15 mgfim
C(Ni) Mg Il, 279.553 nm Mg 11, 280.270 nm Mg I, 285.2181n
[mg/dnﬁ] Inet [a.u.] Iratio Inet [a.u.] Iratio Inet [a.u.] Iratio

0 7170830 2191330 - 1029450 —

200 7354630 1.0252 2160140 $698] 1006270 0.9272

500 7058910 0.9836 2119780 @896 970603 0.9423

1000 6883420 0.9595 2049830 935 922022 0.8954

2000 6674980 0.9276 1994580 (B90)7 867083 0.8400

5000 9513880 1.3254 2957340 16348 1293330 1.2555

Similar tables were created for each line of ahsnts measured.
2.2. The Figures based upon the intensity ratios of the tables

Using the data in the tables different figures wereated, where the intensity ratios
measured on different lines of an analyte studiedewpresented as the function of the
matrix concentration at a given concentration a¢ ohthe analytes investigated. In Figure
1, 2 the intensity ratios of Mg lines can be seertha lowest and the highest analyte
concentration, while in Figure 3 and 4 the san@ésented in case of Ca and the strontium
data can be seen in Figure 5 and 6.

2.3. Calculation the relative difference of the intensity ratios of atom and ion lines
Looking at these figures it can be seen that thenasity ratios of the atomic lines of the

elements studied are always lower than that ofdhdines in case of each elements. The
difference is usually higher at higher concentratié the interfering element.
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Figure 1. Intensity ratios measured on the Mg liretsan Mg concentration of 1 mg/dm
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Figure 2. Intensity ratios measured on the Mg liretsan Mg concentration of 15 mg/8m
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Table 4
The lines chosen for calculating the relative irsignreduction
of the atom lines of the element studied
Element Mg Ca Sr Ba
Atomic line [nm] 279.553 422.673 460.733 705.994
lon line [nm] 285.213 317.933 216.596 233.52

In Table 4 this reduction is presented for eachmel in form of relative %. The
calculation is based upon the following formula:

Difference [rel. %] = 100*(Irion — Iratom)/! Rion

Where Rion is the intensity ratio of the ion line angafomis the intensity ration of the
atom line. For the calculation the intensity raifane ion line and that of the atomic line of

each element were used. The lines used in theladtmuare indicated in Table 5.
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Figure 3. Intensity ratios measured on the Ca ljrsa Ca concentration of 1 mg/8m
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Figure 4. Intensity ratios measured on the Ca ljrgsa Ca concentration of 15 mg/8m
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Figure 5. Intensity ratios measured on the Sr ljregsa strontium concentration
of 1 mg/dm
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Table 5

The relative intensity ratio difference betweeratam and an ion line at low and high
concentration of the Al matrix, as a function of #inalyte concentration

Analyte concentration
Element 1 mg/dni 2.5 mg/dn 6.2 mg/dm 15 mg/dm
Al [mg/dm?] Al [mg/dm?] Al [mg/dm?] Al [mg/dm?]
200 5000 200 5000 200 500( 20( 5000
Mg 16.20 | 26.13| 10.35| 20.84 6.57 16.13 4.69 5.27
Ca 2757 | 59.54| 20.47 56.20 13.57 50.52 7.72 53.36
Sr 30.45 | 58.16| 20.41 5364 13.79 45.16 9.53 43|01
Ba 51.72 | 4850| 24.47  40.02 11.34 21.68 2.73 10/34

3. Discussion of the results

Axially viewed ICP spectrometers are said to predomre interferences than those of
radial viewed instruments, therefore care mustaken of the examination of possible
interferences in the course of method developm&sitit can be seen there may be strong
differences concerning the extent of the interfeesnon the different type of spectral lines.
In most cases the intensity of the spectral lines Wwer in the presence of aluminium,
than in the aluminium-free solution. Looking at theves in all the 6 Figures it is obvious
that in all cases the line intensity decreasedhépresence of matrix in greater extent on
atom lines than on ion lines. It also can be ndtitteat except for the Mg lines at high
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analyte concentration the difference increases imitheasing matrix concentration. If the
intensity ratios, i.e. the relative intensity reést to the signal measured in the aluminium-
free solution are examined as the function of thalyge concentration and that of the
matrix concentration, the relative difference bedwen ion and an atom line may also be
interesting. When looking at the data presented’able 5, it can be realized that the
difference between the behaviour of the ion andhdines studied depends not only on the
matrix concentration and that of the analyte cotre¢dion but also on the element
examined. While at low analyte concentration (1dng) there is a substantial difference
among the ratios in all elements both at low amggh Imhatrix concentration, the behaviour of
the lines changes at high analyte concentratiod, this change is different for each
element. At low analyte concentration a strong céida of the differences can be noticed
for all elements, but at high analyte level (15 dng}) the reduction in the difference
depends largely on the elements. In case of MgBmdhe reduction is high, while the
differences decrease only in a moderate extentsoarn@ Sr lines.

Conclusions

As for the analytical practice these results supfgur importance of matrix-matching
[3] and suggest that careful line selection andystof the possible interferences have key-
importance when atom-emission methods are develgpetthat correct analytical results
could be obtained when new type of matrix is t@balysed.
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INFLUENCE OF THE SHORT TIME GRINDING ON THE THERMAL
DECOMPOSITION PROCESSES
OF GIBBSITE PRODUCED BY THE BAYER PROCESS

VIKTOR ZSOLT BARANYAI'-FERENC KRISTALY-ISTVAN SZ(CS®

The thermal decomposition of aluminum hydroxiddtofes two courses depending on
the circumstances of the heat treatment (temperah@ating rate, pressure, etc.) and the
properties of the particles (particle size, shape).e The conversion of aluminum
hydroxides to aluminum oxides can occur via monobyide boehmitey — AIO(OH)], or
directly to oxides. In practice both courses exigith the dominant decomposition of
hydroxides directly to oxides.

We reduced the particle size of gibbsite-{ Al(OH);] produced by the Bayer process,
by grinding to reduce the thermal decompositionhdghmite. Our aim was to avoid the
conversion of the mineral composition of the alummnhydroxides during the grinding.
We examined the particle size, mineral compositianX-ray diffraction (XRD), and the
thermal decomposition processes via thermogravim€fiG) and differential thermal
analysis (DTA) of the samples.

Keywords: gibbsite, thermal decomposition, grinding.

Introduction

The end-product of the Bayer cycle, the gibbsjte-[AI(OH);] is calcined (thermally
treated) to alumina (aluminum oxide). During théciteation he wet gibbsite loses first its
adhesive moisture than the bonded water (34% nefeto the dry hydrate material) exits.
The only thermodynamically stable oxide phase is tlorundum ¢-Al,Oz). All of
decomposition pathways are closed by the formatfaorundum [1].

The pathway and degree of the decomposition of dhaninum-hydroxides are
influenced by many factors, these are: the phykientical properties of the initial raw
(untreated) material (particle size, shape, sulistgy elements etc.) and the circumstances
of the heat treatment (temperature, heating ratmposition of the atmosphere, pressure
etc.) [2].

Several researchers investigated profoundly thecgmses of the calcination of
aluminum-hydroxides. 0 schematically summarizes plahways of gibbsite thermal
decomposition. The following mechanisms are progoge normal atmospheric air

! University of Miskolc, Department of Combustion fieclogy and Thermal Energy
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pressure. Gibbsite decomposes to oxide above thpetature of 300 °C. Increasing the
temperature different transition alumina phaseseappfurther between 1150-1200 °C
corundum evolves. Over 200 °C gibbsite loses twdemavater transformed into oxi-
hydroxide boehmite. Boehmite decomposes into ttiansil alumina at 500 °C. The last
step of the pathway is the formation of corundurbGE0-1100 °C [1].

‘c] 100 200 300 400 500 600 700 800 900 1000 1100 1200 i

Gibbsite

AlIOH)

Chi Kappa Alpha
¥Rl w-Al Oy a=AlOy

Boshmbte Gamma Gamma® Dakta Thesta Alpha
AIOOH y-AlLO | y-ALO; | §ALO, [8-ALO, ca-AlL 0,

| Eta m=Aldsy [ﬁ. Theta Alphn
-4 CI-_., a=Al 0y

Figure 1. The decomposition pathways of gibbsite [3

The formation of boehmite is the result of the logdermal processes within the
particle. The conditions causing higher internadast pressure within the particle (big
particles, fast heating) favour the second pathWéyile the heating is slow, small particles
undergo direct decomposition into oxides [4].

Above statements are valid in case of calcintagibmormal atmospheric pressure, while
in case of vacuum or overpressure the decompogtiocesses are different [5]. According
to experience both of the pathways exist when gibliiom the industrial Bayer process is
calcined. Wittmann et al. argued that the mass dassg the gibbsite-boehmite and the
gibbsite-oxide conversion (up to 450 °C) is 28% levlduring the decomposition of the
formed boehmite is 6.5%. Therefore the water moddio of the material, consisting of
aluminum oxide and boehmite, became 0.57 after dgidosite has been completely
decomposed [6].

Long term grinding causes the transformation of dhabsite into amorphous phases;
the forming of gel-like hydroxides retains the iaitwater content of gibbsite. The
dehydration of gel-like hydroxides begins at lowemperature and comprises a broader
temperature interval compared to the dehydroxyhatid gibbsite. The products of the
dehydration of the gel-like hydroxides are amorghaxides. The amorphous oxides
transform at elevated temperatures into crystaltimasitional oxides and further into
corundum.

MacKenzie et al. argued that dehydration of gilehsif ground for 20 hours, is
endothermic and occurs in two steps. At the temipera 820 °C and 990 °C the
endothermic reactions of formation of the crystaliphases are perceptible [7]. Koga
reported that bayerite [ AI(OH)3], ground 30 hours, decomposes similarly. Grinding
transforms the material into amorphous state; fleental decomposition begins at lower
temperature and occurs in a wider temperature rargeformed oxides are converted into
crystalline form at 800 °C during exothermic react [8, 9].
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Genc investigated the thermal conversion of ulmastreated boehmite samples. The
decomposition of treated samples began at lowepé¢eature [10]. The research results of
thermal conversion of long term ground materiaks afilizable in the ceramic industry
[11]. The aim of our experiments was to find a sherm grinding method, while the
original mineral composition is kept unchanged, rehthe contribution of the pathway of
thermal decomposition via boehmite declines. Tinggus the possibility of avoiding the
intruder effect of gibbsite-boehmite transformatinicase of thermoanalytical investigation
of samples containing mixture of aluminum-oxideshtoxides and oxi-hydroxides.

1. Materials and experimental methods
1.1. Mechanical grinding

The particle size distribution of the sample ob¢difirom the bayer process is shown in
0. The aluminum hydroxide content of the samplabisve 99.5% while the loss of ignition
34.5% is corresponding to the stoichiometric valldse samples were ground at a rotation
speed of 500 rpm in an agate jar of 250 ml togethigh six agate balls of 18 mm in
diameter. We used a Fritsch Pulverisette 6 plapetdt for different durations of grinding.
The amounts of samples measured into the grindingnvere 24 or 6 g. The variable
conditions of grinding are shown in Table 1. Inesmsf grinding times above five minutes
we stopped the mill to scrape the material from lblaéls and the jar. The particle size
distributions are shown in 0 and 4. The investwabf particle size was carried out in the
presence of a sodium pyrophosphate solution andahwgples were treated with ultrasound
for one minute before the measurement.

10— B
90
50

Mass %o

0710 100 1000 400.0
Particle size, pun

Figure 2. Particle size distribution of the origireample
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Table 1
The masses and grinding times of the different mdaamples
Sample number 1 2 3 4 5
Ground sample mass, 24 2 24 6 6
Grinding time, min 1 5 10 10Q 15

The patrticle size of the sample that was groundfer minute doesn’t show significant
differences compared to the original unground samphereas in the case of samples 3 to
5 the particle size decreased by one order of madmi The duration of grinding is the
same in the case of samples 3 and 4, only the asponred into the grinding jar differ. It
is observable that the effect of the amount of gdomaterial on the formed particle size is
not significant. The finest sample is the aluminlydroxide ground 15 minutes long.

12
—Sample 1
10
= Sample 2
g 8
o = Sample 3
2 6
o Sampled
s 4
—_— les
5 ample
a T 1
0,01 0,1 1000 10000
Particle size, um
Figure 3. The particle size distribution of the gnal samples
100
Sample 1
80 P
—Sample 2
X 60
ﬁ —Sample 3
2 40
—Sample 4
20
——Sample 5
0
0,01 0,1 10 1000 10000

Particle size, um

Figure 4. The cumulative particle size distributiof the ground samples
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1.2. Heat treatment in furnace

Thermal behavior of gibbsite is known to displaffatences for natural and synthetic
materials. An endothermic reaction at ~260 °C @rabteristic for synthetic gibbsites [12].
One of our goals in our investigations was to olesdhe material which occurs during
endothermic reaction. Thus, combined X-ray diffiact heat treatment in furnace and
thermal analytical experiments were performed.

The material was investigated in raw and ball-rdilfer 15 min (sample 5) states. All
samples were spiked with zincite (ZnO) as intestahdard (16.6wt%) and homogenized
in an agate mortar, then heated in laboratory fiten@Nabertherm, with £5 °C thermal
inertia) at 260 °C for 30 minutes to simulate thaation observed by DTA.

1.3. Measurements

TA measurements were performed on a MOM Derivaggi@ PC controlled thermal
analysis system and Setaram Setsys 24 controlleddigoft 2000, by simultaneous
thermogravimetry (TG), derivative thermogravimetfp TG) and differential thermal
analysis (DTA). A reference material ofAl,O; was used, in similar volume as the
measured samples. Evaluation of the results olitdigghe MOM Derivatograph was done
with the MOM Winder software. The base-line coriattof DTA curves was done with
measured correction data and polynomial smoothiag applied to remove static noise
from the curves. The used heating rates were 10rk'f13-15].

XRD measurments were performed on a Bruker D8 Adeatiffractometer equipped
with a Cu-Ka source (40kV, 40mA), a primary Gobel-mirror wittb2 axial-Soller and
0.6mm exit slits and Grazing Incidence Soller wihint detector. Data processing was
carried out in DiffraPlus EVA, data was prepared for Searh/Match by,-Kubtraction
(Rachinger), Fourier-polynomial filtering and pobmial background subtraction.
Search/Match was run on ICDD PDF2(2005). Quantificaof results was made through
Rietveld-refinement in TOPAS3, using FPA (FundaraenParameters Approach)
convolution for instrumental contribution. Crystfucture information was retrieved from
Crystallography Open Database (COD), preferredntateon (PO) was corrected by the
March-Dollase method. Powder specimens were prdpareagate mortar by manual
grinding to avoid dehydration.

2. Experimental results and discussion
21. TG-DTA

The thermal decomposition of the aluminum hydrositkkes place in more steps. All
of them are endothermic reactions. The first steftié gibbsite-boehmite transformation in
the temperature range of 220-270 °C. The next ®tefhe decomposition of residual
gibbsite into oxides between 270 and 390 °C. Thel thtep is the decomposition of
boehmite above 480 °C. The final TG weight losetakom 220 °C to 1000 °C is 34.4%,
which corresponds to the stoichiometric values.

The TG-DTG and DTA curves of the unground and gdoaind not heat treated samples
are shown at the 0 and 6. It is visible, that grigddecreased the magnitude of the
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decomposition pathway via boehmite. The loss of smasove the temperature 450 °C
decreases increasing the grinding time: the massdbthe unground sample above 450 °C
is 5.88%, while in case of Sample 5 it is 4.40%e Tbrresponding molar ratio changes are
0.35 and 0.26 respectively.
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The heat treatment at 260 °C was carried out onutiground and 15 min ground
(Sample 5) samples. The thermal curves of the fneated samples are shown on the 0.
The presence of boehmite formed by the heat tredtrige more accentuated in the
unground sample. In spite the fact that heat treatrwas carried out at 260 °C, the weight
loss begins below 100 °C. The possible explanatwegiven in the following sections.

2.2. X-Ray powder diffraction

Rietveld-refinement on unheated and heated sanghedbled us to determine the
amorphous content by the internal standard methioadvever, PO severely affected the
refinement in the non milled sample, due to the-midrometric platy crystallites. Both
samples were found to contain some amorphous raktalihough TG showed that weight
loss almost equals the,@ content of the 100% crystalline gibbsite matefTable 2). The
results show that grinding increased the amorplamugent of the sample, whereas the
boehmite content after heat treatment is almostethimes reduced in the ground material
compared to the unground.
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of the samples heated and unheated

Table 2

The composition (Rietveld-refinement, XRD)

Unheated Heated at 260 °C
Ground Ground
Phases Unground for 15 min Unground for 15 min
Gibbsite 89,646 74,817
Boehmite 15,282 6,636
Amorphous 10,354 25,183 84,718 93,3p4

The role of heating was to observe whether intefatechydrous compounds develop
during this reaction or direct boehmite formatigngoing on. Weight losses of ~13% for
ground aluminum hydroxide and ~16% for the ungrosauhple were recorded. The second
XRD investigation revealed that gibbsite has deamsed from both samples and boehmite
together with an undetermined compound has formiée. undetermined compound is
observed as one single broad peak, resembling ithmsite 002 shifted to lower d(A)
value. This could indicate that a gibbsite pseugdrsite has formed, but without detailed
spectroscopic and crystallographic characterizatiois not possible to conclude on its
nature. In Rietveld-refinement this undetermineddpict was considered as part of the
amorphous contenFigure 8and 9).

However, TA analysis performed on material dehyatiait 260 °C taken in a few days
revealed that rehydration occurred, since the dmdotic peak associated with weight loss
starting at the beginning of the analysis cannoinberpreted by other processes. XRD
taken on heated materials after several days didem@mence any gibbsite or newly
crystallized hydrated compound. Thus, the phenomeiso explained by kD shell
formation around crystalline AIOH and amorphous AIOr Al,Os.

To find out what is the approximate compositiontb& amorphous component(s)
guantified by Rietveld-refinement, TA and heatingfurnace was completed also with the
drying experiment. Samples of unground and millesininum hydroxides were long-term
dried at 60 °C. After 3 hours, a weight loss of%.%r milled and 1.8% for unground
material was registered, and these values wereeqwexs during the 3 days drying at
constant temperature.
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Conclusions

Summarizing our results, we conclude that the palgaluminum-hydroxide material
contains at least two types of amorphous materld}®© as fluid inclusion in gibbsite
crystals and amorphous Al-compound with superfigiabund HO.

The Rietveld-refinement for unground material irdéd ~10% amorphous content,
while the dehydration based on TG indicated 95%bgte. By drying experiment, J@
content of ~2% was found to be evaporated <80 °€rgviiA is unreliable.

The grinding of the material increased the amorphgontent of the aluminum
hydroxide, whereas the significance of the thermmhversion pathway via boehmite
decreased.
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PURIFICATION OF WASTEWATERS CONTAINING ENDOCRINE
DISRUPTING COMPOUNDS BY COAGULATION

RENATA MESZAROS-SANDOR BARANY!

The paper represents a review of literature dateaiment of wastewaters containing endocrine
disrupting compounds (EDC), first of all estrogeharmones, which have been detected in influents
and effluents of sewage treatment plants (STPfastirand drinking waters in many countries. A
short description of typical representatives of ED@@isir composition and sources of origin is given.
The current data and results of EDC/PPCP (pharmaeéwtnd personal care products) removal
during conventional water treatment in surface wateatment plants (SWTP) are summarized.
Conventional SWTPs

typically treat water by coagulation using alurerric chloride, and/or synthetic polymers
followed by flocculation, sedimentation, filtratipmnd disinfection. Alternative SWTP designs or
modifications of conventional WTPs include addiabrwater treatment processes, e.g., use of
activated carbon, biofiltration, membranes, aemtithemical softening, ultraviolet light irradiatio
The efficiency of removal of EDCs and first of afltbeir most dangerous representatives bisphenol
A and nonyl-phenol using coagulation by aluminiumipbate and polyaluminium chloride is
considered in detail.

Keywords: endocrine disruptor; pharmaceutical; coagulaticstewtreatment; review.

Introduction

For over 70 years, scientists have reported théioesynthetic and natural compounds
could mimic natural hormones in the endocrine gystef animals. These substances are
now collectively known as endocrine-disrupting campds (EDCs), and have been linked
to a variety of adverse effects in both humansaitdlife. More recently, pharmaceuticals
and personal care products (PPCPs) have been discbin various surface and ground
waters, some of which have been linked to ecoldgiopacts at trace concentrations. The
majority of EDCs and PPCPs are more polar compquhds traditional contaminants and
several have acidic or basic functional groups. s€heroperties, coupled with the
occurrence at trace levels create unique challerigesboth removal processes and
analytical detection. Reports of EDCs and PPCRgaiter have raised substantial concern
among the public and regulatory agencies; howexay; little is known about the fate of
these compounds during drinking and wastewatetntreat [1].

Estrogenic hormones have been detected in inflmmdseffluents of sewage treatment
plants (STP) in many countries [2], surface watg]; ps well as drinking water [4].
Considering the widespread occurrence and poteittiplcts of EDCs, it is highly
important to remove them before discharge. Theeotirdata suggest that wastewater
treatment processes have variable performanceriavieg EDCs.

! University of Miskolc, Institute of Chemistry
3515 Miskolc-Egyetemvaros, Hungary
akmbsab@uni-miskolc.hu
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It is generally accepted that the three major elassf endocrine disruption endpoints
are estrogenic (compounds that mimic or block rétestrogen), androgenic (compounds
that mimic or block natural testosterone), and didal (compounds with direct or indirect
impacts to the thyroid) [5]. The majority of resefahas focused on estrogenic compounds.
The most frequently studied structures of EDCshmaseen on Figure 1.

17p-Estradiol 14@-Ethynyl Estradiol
Cl ¢! Cl
CHz
Ho—¢ N 7 N on )
= CHs “— ~0 SN o~
Bisphenol A (BPA) Methoxychlor
OH
Cl ¢ Cl

C l l Cl
DDT

Figure 1. Structures of the most frequently studistiogenic compounds

Octylphenol

Endocrine disruption also can be caused by nayuradicurring compounds. For
example, estrogens from plant sources, known asophtyogens, have been linked to
reproductive failures in animals since the 1930Qs [6

Some scientists have suggested that some drinkéigrwdisinfection byproducts may
act as EDCs.

Many of the thousands of anthropogenic chemicalgreatly released into the
environment are endocrine-disrupting compounds (D€ typical representative of them
is bisphenol-A (see Figure 1). It has become onghefmost dangerous pollutant in the
environment within the past 80 years because opriégsence in a multitude of products
including food and beverage packaging, flame retats] adhesives, building materials,
electronic components, and paper coatings [7].

There are a number of papers as well as reviewstel@vo problem of purification of
drinking and industrial wastewaters from endocrutisrupting compounds. The most
efficient methods are adsorption on activated aardwed oxidation by ozone and chlorine
[8]. At the same time coagulation by multivalentsaydrolysis products and/or adsorption
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on freshly precipitated hydrolysis products paetclcould serve as an alternative or
additional method of EDCs removal taking into acdothat coagulation is an obligatory
stage of water conditioning in the majority of waterks. Combination of coagulation with
adsorption can give good results in the processeeatment of waters containing EDCs and
PPCPs. Our paper gives a review of updated resuités area.

1. EDC/PPCP removal during conventional water treatmeh

Some of the most representative PPCPs found in @geWeeatment Plants (STP) are
antibiotics, lipid regulators, anti-inflammatory eags, tranquillizers, contrast media and
contraceptives with very different chemical struesu

Most of these compounds come either from domesti@age or from hospital as well as
industrial discharges and enter municipal STPs. &odSTPs can effectively accomplish
carbon and nitrogen removal, as well as microbiiugon control [9].

Recent studies have shown that the eliminationREPs in municipal STPs is often
incomplete [10], with efficiencies ranging betwe@d% and 90% for a variety of polar
compounds. Their removal can be attributed not dolybiodegradation, but also to
adsorption onto solid surfaces [11, 12]. As a cqoseace, significant fractions of PPCPs
are discharged with the final effluent of the STHRithe aquatic environment. A major
factor influencing the efficiency of pollutants rewal from water is their ability to interact
with solid particles, both natural (clay, sedimentsicroorganisms) and added to the
medium (active carbon, coagulants), because tlutitfdes their removal by physical-
chemical (settling, flotation) or biological proses (biodegradation). However,
compounds with low adsorption coefficients tendrémain in the aqueous phase, which
favors their mobility through the STP and the retgj environment [13]. In this way,
many PPCPs remain in the aqueous phase, such aanthmflammatories and the
antibiotics, whereas some of them are adsorbduetsltidge, such as the estrogens [14].

The overall removal rates published in literatuagyvstrongly. In Germany, the reported
efficiencies range from 10% to 90% depending onrhture of the compound [10]. In
Brazil, the removal efficiencies for pharmaceutigalar compounds vary from 12% to
90%, where the efficiencies obtained in activatedge processes were higher than those
of obtained in biofilters [15]. Another study, dad out in the USA concluded that many
PPCPs (around 80%) were removed [16]. In all thesses, the removal includes both
degradation and adsorption and the difference btwie two mechanisms has not been
assessed yet. In the case of polar compounds, auatarboxylic acids, for which the
adsorption effects are expected to be very low, rtten mechanism of elimination is
attributed to biodegradation.

Conventional surface water treatment plants (SWTBgjcally treat water via
coagulation using alum, ferric chloride, and/orthgtic polymers followed by flocculation,
sedimentation, filtration, and disinfection. Contienal SWTPs achieve high removals of
pathogens and other biological particles, and ntodasoval of dissolved organic carbon
(DOC, 1 to 10 mg/L). In the United States, chlorara chloramines are typically used for
disinfection, while ozonation is more commonly pieed in European countries.
Alternative SWTP designs or modifications to corti@mmal WTPs sometimes include
additional water treatment processes (e.g., adsarmn activated carbon, biofiltration,
membranes, aeration, chemical softening, and udtietight irradiation).
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By comparing the influent and effluent estrogenaetrations, authors [2] concluded
that the removal efficiency for estrone (E1l) and-g8tradiol (E2) were 87 and 61%,
respectively. In a study of 20 STP in Sweden, terage removal efficiency was 81% by
activated sludge treatment and only 28% by soljghsued bacterial treatment. Therefore
it is essential to install additional treatmentqasses after the secondary treatment step, to
ensure a more complete removal of such compounds.

The attenuation of PPCPs in receiving waters andriimking water treatment plants
also has been demonstrated in several studies asdden reviewed recently [17]. For
example, the attenuation of several PPCPs wasaibars secondary wastewater effluent
was infiltrated into groundwater [18] and duringeni bank filtration [17]. In contrast to the
efficient removal of many PPCPs observed in satdreand unsaturated groundwater,
conventional drinking water treatment plants do appear to remove PPCPs well. For
example, clofibric acid has been detected at canaions as high as 270 ng/L in drinking
water from Berlin [19]. Of 47 wastewater tracersl &DCs analyzed, 15 were detected in
raw drinking water (river water) samples, and 14imished drinking water samples from
Atlanta [20].

2. Chemical precipitation processes

Metal salts (aluminum sulfate, ferric chloride) aswitening chemicals (calcium oxide,
sodium carbonate) are commonly added to destahilaticles present in water or to
precipitate new particles (coagulation), aggregaagticles (flocculation), and improve
settling characteristics of particles (clarificatjo Sand filtration is commonly used after
clarification for additional particle removal. Na#ih organic matter and EDCs or PPCPs
may adsorb to particles in water and metal hydmxdrticles formed during coagulation.
Furthermore, chemical precipitation can remove matgdy hydrophobic organic
contaminants that have a strong affinity for adedrbatural organic matter [1].

However, very little is known about the associat@mhEDCs or PPCPs to particles
present in water treatment systems. Therefores difficult to make a priori predictions
about the removal of EDCs or PPCPs during cherpielipitation processes.

An insight to the problem can be obtained by caeréid) the behavior of pesticides,
herbicides, and polycyclic aromatic hydrocarbonsrduchemical precipitation processes.
Partitioning of organic compounds onto particles cacur through several mechanisms.

Some of the more hydrophobic compounds are présevaistewater effluents, but may
not occur in raw drinking water supplies [20]. Sosogfactants include both polar and non-
polar moieties. The partitioning of octylphenolBmglish river sediments was the highest
to the clay and silt fraction of the sediments, gasiing a hydrophobic interaction with
organic carbon as well as surface area associdthdhe clay and silt particles [21]. As a
result, only a few compounds (e.g., bisphenol A, E2alpha ethinylestradiol, octylphenol,
polycyclic aromatic hydrocarbons) could be assedatith organic phases of particles in
drinking water treatment plants.

In addition to hydrophobic partitioning, organic ntaminants can be adsorbed to
particles by interactions of polar functional greupith charged particles and mineral
surfaces by complexation or ion exchange. For e¥anthe observed sorption of many
polar pharmaceuticals (e.g., tetracycline) to aoill sediment is considerably stronger than
predicted by hydrophobic interactions alone [22]cl$ interactions could be particularly
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important in drinking water treatment, where mithesaides provide a relatively high
density of surface functional groups that coulceiatt with polar pharmaceuticals. For
example, approximately 25% of the nonylphenols iaugdwater were removed during
coagulation with alum [23]. Therefore, it is podsithat some polar EDCs or PPCPs could
be removed during coagulation.

Despite the predictions, available data from pdot full-scale water treatment plants
indicate that removal will be modest at best. Na&itlime softening nor alum coagulation
(conventional or enhanced dosages ranging from @8tang/L) demonstrated atrazine
removal. Coagulation/flocculation/sedimentation hwialum and iron salts or excess
lime/soda ash softening did not result in significaremoval of antibiotics (i.e.
sulfachlorpyridazine, sulfadimethoxine, sulfamenazisulfamethazine, sulfathiazole, and
trimethoprim). In another study, ferric chlorideepipitation did not remove several
pharmaceuticals frequently detected in surface nwat@diclofenac, carbamazepine,
bezafibrate). Certain pesticides were poorly rerdoty coagulation and 50% of the
pyrene, fluoranthene, and anthracene were remdwedgh hydrophobic interactions. On
the basis of predictions of hydrophobic interactiamd results of full-scale measurements,
it was concluded that EDCs and PPCPs not assochatiedolloidal or particulate material
will most likely be poorly removed during coagutati[1].

Park [24] studied the effects of aluminum chloradeactivated sludge performance and
removal of 17-alpha ethinylestradiol, four 10 Lieated sludge reactors that only varied in
influent aluminum concentrations were operatednfihum was added in 0.1, 0.5, 1.5, and
2.5 mg/L concentration to the influent wastewater.

The laboratory reactor study has shown that alwminin influent wastewater exhibits
significant positive impact on the bioflocculatiohactivated sludge. A correlation between
effluent suspended solids, particulate-colloidapilymers, and 17-alpha ethinylestradiol
concentrations were established. The following tgions are drawn from this study:

» Higher Al-fed activated sludge led to better biomattling and dewatering
properties.

» Higher Al-fed systems resulted in lower effluetal suspended solids (TSS) and
lower particulate-colloidal biopolymers in the etint.

« Higher Al-fed activated sludge resulted in betteemoval of 17-alpha
ethinylestradiol.

* Alum plays very important role in activated sludgieflocculation and it also
enhances the removal of EDCs in wastewater tredtgsystems [24].

Xiaoying discussed [25] the coagulation charadiess of bisphenol-A with
polyaluminum chloride (PACI-Ak) as coagulant, examined the impact of coagulaiidn
PACI-Al;; dosage, total organic carbon and turbidity on tiésml-A removal, and analyzed
the possible dominant mechanisms in water coagulgtiocess.

Formation and performance of flocs during coagotaprocesses were monitored using
photometric dispersion analyzer. When the concgotraof humic acid matters and
turbidity was low in the solution, the experimentakults showed that the removal of
bisphenol-A increases and subsequently decreadbstive PACI-Al; dosage increasing.
The optimal PACI-Al; dosage was found at bisphenol-A/PACI-AE 1:2.6(M/M) in the
experimental conditions. Results show that the maxri bisphenol-A removal efficiency
occurred at pH 9.0 due to the adsorption of bisphéronto Al;; aggregates rather than the
charge neutralization mechanism by polynuclear aloos salts in the solution. The humic
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acid matters and kaolin in the solution have sigaift effect on bisphenol-A removal with
PACI-Aly; in the coagulation. The bisphenol-A removal wi#l Wweakened at high contents
of humic matters. The removal rate of bisphenohéréased and subsequently decreased
with the turbidity increasing.

To characterize the relationship between coaguliasage and settling performance
(turbidity/TOC removal) the floc formation rates eemeasured using PDA. The content of
bisphenol-A in the tested water was 5.0 mg/L. Tece of coagulant dosage on the
bisphenol-A removal was examined at 5, 7, 9, 10,181 15, 17.5 and 3.37 mg/L of total
organic carbon, and pH 7.0 [25].

As shown in Figure 2, an increase in PAClxAlose from 1 to 13 mg/L, improved the
bisphenol-A removal in the settling process. Th&imam bisphenol-A removal efficiency
was 26.8%, and it was reached at zeta potentiakdio the isoelectric point of hydrolysis
product particles. The results indicate that thenidant removal mechanism at pH 7.0 is
the charge neutralization of large negatively chdrgatural colloids by positively charged
hydrolysis product particles of hydrolyzing saltShis promotes agglomeration of
destabilized colloids [25]. The mechanisms of iattion of aluminium salts hydrolysis
product particles with different contaminants anfficency of water treatment by
hydrolysing salts are discussed in detail in oureng [30].

At higher PACI-Al; dosage, the interaction between voluminous aluminiydroxide
precipitates and natural colloids is known as sweeagulation. The particles are
destabilized by adsorption on aluminium hydroxidelssand are enmeshed in sol
aggregates, promoting the formation of relativelyggé, quickly sedimenting flocs. Thus,
Bisphenol-A, which is not adsorbed initially, cae temoved by enmeshment in the flocs
[25].
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Amirtharaja and Tambo [26] reported that the zetéeptial of properly destabilized
particles usually ranges between —4 mV to +3 mV.these reasons it can be supposed that
the optimum PACI-Al; dosage will correspond to that at which zeta p@knf particles
will be approximately zero. As shown in Figure 2 bisphenol-A removal increased with
the increase of coagulant dosages before reachingtimal dosage, which was found at
bisphenol-A/PACI-Al; = 1:2.6(M/M) In these conditions zeta potentiaheened negative
but gradually approached zero. When zeta potewtal reversed, the bisphenol-A removal
decreased due to the re-stabilization of parti@és

It has been shown that the flocs size vs. timeem®ed as the PACI-Al dosage
increased from 5 to 13 mg/L (Figure 3). Higher dmsaid not significantly increase the
rate of floc formation. The floc growth follows treassical pattern composed of a short
induction period followed by a rapid growth phastilithe steady state floc size is reached.
These data correlate with the results presenteétignre 2, which indicates that the
mechanism might be re-stabilization of colloidattimdes when over dose of coagulant was
added [25].

3. Removal of low level contaminants by coagulation

Paper [27] describes the removal efficiency of b&smwl| A and nonylphenol present in
waters at low level, by conventional water treattneethods — coagulation/flocculation/
sedimentation, oxidation-chlorination and ozonatowl adsorption on powdered activated
carbon (PAC) and granular activated carbon. Coagmiested were alum, poly-aluminum
hydroxychloride (PACI), poly-aluminum silicate saté (PASS), poly-aluminum chloride
silicate (PACS), and B0 ,)s. Results are presented in Table 1.

—— smpl! —— Tmel! —v— 9mpL' —— 10mgL"

—=— |ImgL"0— 13mpgL'—e— 15mgLl'—o— 175mgL!

Flocculation Index
e

0.0

0 200 400 600 SO0 1000 1200 1400 1600
Time after PAC-Al ; addition (sec)

Figure 3. Flocculation index vs time for eight PAG; dosages [25]
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Table 1
Remowal of bisphenol-A and nonylphenol by coagadati
flocculation and sedimentation [27]

Chemical Initial | alum 50 | PACI 45 | PASS 45] PACS 30| Fe(SOy); 45
conc. | (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Bisphenol-A 1 0.93 0.96 0.94 0.96 0.94
(ug/L)

Turbidity (NTU) | 5.1 0.76 0.64 0.74 0.6 0.69
DOC (mg/L) 2.16 1.53 1.64 1.59 1.62 1.67
Nonylphenol 45 456 435 4.43 45 4.4
(ug/L)

Turbidity (NTU) | 9.4 0.82 0.7 0.76 0.63 0.77
DOC (mg/L) 2.25 1.62 15 1.58 16 1.57

It can be seen that the turbidity index droppedmfr®d.1-9.4 to 0.60-0.82
nephelometric turbidity units (NTU) and dissolverdyanic carbon (DOC) concentrations
decreased from 2.16-2.25 to 1.5-1.67 mg/L. Degspéefact that DOC decreased by 26—
30%, removal efficiencies of nonylphenol and bispilewere only 4-7% and 0-3%,
respectively.

Spiked EDCs did not appear to be adsorbed ontoralatuganic matter completely
during 30 minutes of coagulation/flocculation/sedntation. The type of coagulant used
did not affect the EDC removal efficiency signifitly. Chemical precipitation using iron
and aluminum salts was found to be ineffective Bmaeving estrogen [28] and
pharmaceuticals [29].

Conclusions

1. Endocrine disrupting compounds (EDC) have beerctiden influents and effluents of
sewage treatment plants (STP), surface and drinkatgrs in many countries.

2. The most efficient methods of removal of EDCs fraaters are adsorption on activated
carbon and oxidation by ozone and chlorine. At Bsmme time coagulation by
multivalent salts hydrolysis products and/or adgormp on freshly precipitated
hydrolysis products particles could serve as arrdtive or additional method of EDCs
removal taking into account that coagulation is abligatory stage of water
conditioning in the majority of waterworks. Combiiiea of coagulation with adsorption
can give good results in the process of treatméntwaters containing these
contaminants.

3. Elimination of Pharmaceutical and Personal caredpects (PPCPs) in municipal
Sewage Treatment Plants (STPs) can reach 60%—9péndieg on the polarity of the
compounds to be removed. Their removal can bebateil to biodegradation, and also
to adsorption onto solid surfaces.

4. The removal efficiency of bisphenol A and nonylpbenas the most dangerous
representatives of EDCs, by coagulation using alumi sulphate and poly-aluminum
chlorides has been studied in a number of works.e Thonventional



Purification of Wastewaters Containing Endocrine Dfging... 37

coagulation/flocculation water treatment process very low removal efficiencies for
bisphenol A (0—3%) and nonylphenol (4—7%).

The degree of EDCs removal from waters with reddyi high contents of pollutant in
the presence of big doses of poly-aluminum-chlgrid®an reach 26-28%. The
mechanism of removal is “sweep” coagulation, irgragpment of contaminants between
the freshly precipitating hydrolysis product pdeg [AI(OH)s], i.e. by their
enmeshment in the forming flocs.
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INVESTIGATION OF THE HYDRODYNAMIC PROPERTIES OF
MAGNETICALLY STIRRED MOLTEN GALLIUM-INDIUM ALLOY
BY NUMERICAL SIMULATION

CSABA NAGY'-LASZLO GY’ULAIZ—’
ARNOLD RONAFOLDI~ANDRAS ROOSZ

An experimental crystallizer — equipped with magrleydrodynamic (MHD) stirrer — was built
by the MTA-ME Materials Science Research Group, mwestigate the factors influencing
crystallization. Several quests were done to getrimation about the hydrodynamic behavior of the
molten metal in the crystallizer during stirrinché experiments were done with Ga-In alloy, which is
molten on room temperature. To get additional imiation, which is not possible to measure, a
numerical model was made with ANSYS FLUENT numdrgmulation program. The Lorentz-force
field, which makes the Ga-In alloy rotate, was gatesl with aUser Defined Function (UDF) to
completely reproduce the MHD stirrer’s effects ba melt.

Keywords: numerical, simulation, gallium, indium, stirring, agnetic, magneto-hydrodynamic,
MHD

Introduction

Understanding crystallization in the industry isvery difficult task. In the case of
continuous casting the ingot is not completelydsaliter it rolled out from the crystallizer.
There are several complex flows inside, which hawtrong effect on the structure and by
this, on the mechanical, thermal, electrical, ptoperties. An experimental crystallizer —
equipped withmagneto-hydrodynamic stirrer — was built at the MTA-ME Matls
Science Research group to understand these eff@tiiscontrolled crystallizing. The
magnetically stirred molten metal is lowered intater to be solidified. Several new
structures can be made by this method. Becausheosttucture of the crystallizer, the
hydrodynamic properties can’t be examined well wifhssical methods. There were
measurements on the free surface’s sedimentatidrthenaverage angular velocity of the
melt. These experiments were done with 74.5% G&%53n by A. Rénafoldi [1]. To get
more information about what is happening in thetraehumerical model was made with
ANSYS FLUENT 13.0. The induced Lorenz-force fieldwat's making the molten metal
rotate — was made withlserDefinedFunction (UDF). The work is discussed in the paper
in details.
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1. The MHD system

The mentioned crystallizer’s stirrer works by thevs of Maxwell equations [1]. If the
molten Ga-In alloy lfer einafter referred to as “gallium”) is put into the rotatingagnetic
field, an eddy current will be induced in it. Byetlaw of Lenz the melt will try to weaken
the inducing effect, so it will start rotating (anthking a potential vortex). Figure 1 shows
a schematic setup of the system.

z B

MN—_
f

)

L

Z

Figure 1. The force system in the inductor
The equation of the induced Lorenz force is:
1 .2
f ZEO'B r(wy — ) 1)

Where:q is the electric conductivity of the melt (S/mB),is the magnetic induction (T),
r is the actuatradius (m), g is the synchronous angular velocity of the indu¢tad/sec),
w is the actual angular velocity of the melt (rad)se

By the effect of the force field the melt startsating and reaches a maximum angular
velocity — an “equilibrium angular velocity”. The alt can't reach the inductors
synchronous angular velocity because of two maasars. The first is visible in equation
(1). As the melt accelerates, it stultifies theucithg force field. The second reason is the
wall friction, which can extremely slow down the melts flow [k can be seen on Figure
2, the melt’s accelerating quickly first, but thexaches the maximum, which depends on
the induction, the crucible’s diameter etc.

8 8 3

Average angular velocity
(rad/sec)

1
Time (s)

Figure 2. Radial average angular velocity as a fiimt of time — the settling of the flow
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2. Setup of the FLUENT model

The aim was to reproduce the gallium’s flow witke tmeasured parameters of A.
Roénaféldi [1]. The data from the experiments with hm, 25 mm and 35 mm diameter
crucibles were chosen to be used in the FLUENT. I®enm is close to the crucible,
which is used at the crystallization — with diameté8mm — the two other were used for
checking the model's parameters.

Basically a 2D axisymmetric swirl solver was useithwolume of Fluid (VOF)
multiphase model for 2 phases — the gallium and For the second, default material
properties were used. The density of the melt was06kg/nt and the viscosity was
0.00217 Pas. The turbulence was computed with diZzabke ke turbulence model
(+ Enhanced Wall Treatment). Only the crucible wagsded, so the simplified geometry
was a simple rectangle — half cut of the cylindrimaucible’s longitudinal slice — meshed
with 45 000-75 000 hexa cells depending on thedizlee crucible.

The Lorenz force field was programmed byser Defined Function (UDF). It's a C
programming interface which contains eq. (1) witrofthe time and coordinate dependent
variables. These variables are the radiligfd the gallium’s current angular velocity)(
The magnetic field has an effect, which cannot bglaetted — it's the skin depth. The
penetration depends on difference in the synchremmgular velocity of the inductor and
the melt's angular velocityefy — @), the magnetic permeability) and the electrical
conductivity of the metala). The equation is:

5= |— 2 )
\/ HO(0y — W)

The inductivity of the magnetic field decreasesangntially by the skin depth:

_d
B=BODe£ )

WhereBy is the maximal inductivity of the field ardlis the distance from the wall of
the crucible. This equation was also used in the=U® determine the magnitude Bf
correctly in every cell. The force filed was setaatangential momentum. An example for
the stirred gallium is shown on Figure 3 [1].

Figure 3. Magnetically stirred liquid Ga-In alloniD = 14 mm crucible
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3. Getting infor mation from the model

The research group measured the average angutanityedf the melt. This data can be
measured by two methods in the FLUENT.

First method is an average of the ratio of the eatigl velocity ;) and the current
radius ¢) on a line (from the axle of the crucible to thalljv— equation (4).

Wine = (4)

- |<

Second is measured from the metallostatic presgtadient. The gallium makes a
potential vortex, and by this the pressure in thddie of the melt and at the wall is
different. The liquid metal climbs up on the wahdathe middle lowers. The average
angular velocity can be computed from the distaofcéhe lowest and the highest point of
the melt according to equation (5) which has beerivdd from the general Bernoulli
equation [1]. Figure 4 shows the empirical sketwhdomputing the angular velocity with
eg. (5) from the distance between the high anddoints @x).

Figure 4. Sketch for computing the angular velocity

_ [202x Ug
wpress_ T ®)

In Figure 4 the distance from the resting surfateight f) is the same upwards and
downwards. Proved experimentally [2] and with themerical simulations that, by the
effect of wall friction, surface tension, surfacetting and others, the upper distance will be
smaller and there’ll be a peak at the wall on thee fsurface, but the average angular
velocity will also be smaller by this reason — adse Figure 3.

“2Xx" is easily accessible from coordinates of theeiface between the gallium and the
air. The anterior parameters were used to checknibdel's validity. The real measured
data from [1] and the computed FLUENT data were mamed. The exact errors will be
discussed later.
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4. Results
4.1. Angular velocity — line method

The model’s running was checked by the plottinghaf average angular velocity as a
function of time on a line (from the axle of thesym to the wall of the crucible). The
plotted data is shown on Figure 5. “D10 B37” meafsmm diameter crucible and 37 mT
induction.

Average settling time of the flow

—D10B37
el D10B57
D10B89

---D25B31
100] D25B58
D25B89
D35B37
D35B60
D35B89

Angular velocity (rad/s)

o 05 1 15 25
Time (s)

Figure 5. Angular velocities as a function of tifnem O seconds

The average settling times of the flows are at afidliseconds. According to Figure 5,
if the induction is the same, the values of therage angular velocity don't differ too much
in higher diameters. An oscillating effect also cha seen on the curves. For the
investigation of this effect see Figure 6, whiclowh the angular velocity measured from
the axle to the wall of the crucible at 1.3, 1.4 and 1.6 s of flow time. A difference can
be found in the values nearby the wall, nevertiseties melt is faster near the axle.
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—1.4sec

30 —1.3sec

20 -

Angular velocity (rad/sec)

10

0
0 1 2 3 4 5

Axle Distance from the axle (mm) wal

Figure 6. Angular velocity plotted from the axlethe wall, D = 10 mm, B = 37 mT

The form of the curve is similar in the 25 and 3% wiameter, but the fastest point is at
about the half of the radius — Figure 7. The reagonthe slowing effects and the peak on
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the higher diameters experiment’s curve lie ingbeondary flow of the melt. 210 mm and
35 mm diameters will be investigated. 25 and 35e¢ases show similar results.

160

Angular velocity (rad/s)
s o w B B %8
o o o o o o
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S}

o

0,00 5,00 10,00 15,00

G Distance from the axle (mm) Ll

Figure 7. Angular velocity plotted from the axlethe wall, D = 35 mm, B =37 mT
4.2. Free surface, angular velocity — pressure gradienethod
The angular velocity data were also determined wihbation (5). The lowest and the

highest points of the free surface were measurethéo calculations. Figure 8, shows the
gallium’s free surface at different inductions i rhm (a—c) and 35 mm (d—f) crucible.

10 mm I f35 mm
]
L T T

E
E £
o @
o m
-

a b C d = f

Figure 8. Contours of Ga (dark phase), (a—c) D =riufh, (d—f) D = 35 mm
(@, d)B=37mT, (b,e)B=57mT, (c,)B=89m

In the first approximation, the influence of theucible’s diameter is visible. As the
diameter is getting higher, the depression on tee $urface is getting stronger [1]. The
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case of figure 11f is not capable for pressureediffice method, because the melt moved
out to the wall and started rotating as a pipe.

4.3. Secondary flows

As mentioned before, the angular velocity’s is omtstant in the whole volume of the
gallium. In an empirical forced vortex, the angwalocity is constant all over the flow.
According to figure 6, the angular velocity sigoéntly reduces near to the wall. The
depression in the value is caused by “near-wabot$f. Figure 9a shows the secondary
flows in the volume of the melt in the 10 mm crueib92% of the volume is making
turbulent secondary flows and slowing down the tmeltation at the wall. The other 8
VIV% of the gallium makes an updraft [3, 4], whidtas a significant role in the
crystallization of other alloys — like Al-Si-Mg teary — transporting the alloying particles
thru the melt. Without stirring the particles’ dibution is uniform [5].

Figure 9. a) Figure 9. b)
Pathlines of the secondary flow Pathlines of¢beondary flow
D =10 mm D =35 mm

If the diameter of the crucible is bigger, the “neall effect” takes less action on the
flow and less ratio — 46.5 V/V% — gets turbulenheTupdraft is still visible, but in the
middle of the “melt-cylinder” a downdraft appeaf$is movement feeds the updraft — see
figure 9b. With 10 mm diameter there’s not enowyhihar zone to produce the downdratft.
On account of the pressure difference between tidellenand the edge of the melt, the
updraft uses the whole laminar zone and the dovitndréorced out into the turbulent zone.

Figure 10. a)-10. d) show in order the galliumhia 0 mm crucible [scale bar shows
the volume fraction of gallium, 10. a)], the con®wf axial, radial and the tangential
velocity [scale bar is in m/s, 10. b)-10.d)]. Thebulence is visible on all of the 3 velocity
patterns and the contours of the tangential veld€itgure 10. d)] proofs that the angular
velocity decreases near the wall — see equatiarN@gligible amount of radial velocity’s
visible.
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Contours 0f:10.8 volume fraction of galliuml0. b axial velocity magnitude,
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The rate of the axial velocity in the updraft i8D-0.02 m/s. Compared to the tangential
velocity — which’s maximum is at about 0.22 m/de tipdraft is quite slow in the laminar
zone, but can take enough action on the crystttizg4, 5].

Compared to the 35 mm diameter case [Figure 111a)h)], the axial velocity values
change between 0.03-0.07 m/s. Negative value nmizamsdraft and it seems to be double
stronger than the updraft. The reason of the fdkiar might be the smaller “flow cross-
section” in the middle or that the turbulences daifect the flow. The gravity can also
cause difference. If the gravity is turned off lire tmodel, the melt can “climb out” from the
crucible. The velocity contours would be differéo.
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Radial and tangential velocity distributions amnigr to the 10 mm diameter one, but
with different values and smaller area of turbukenthe tangential velocity's maximum is
1.5 m/s — see figure 10. b)—d) It's 625% of thegtamtial velocity maximum in the 10 mm
crucible. The peak on the curve of figure 7 is eauby the effect of the axial velocity
distribution. The fastest updraft and the peak appethe half of the radius. The same peak
appears in case of 10 mm, and also at the same plaere the updraft is — in the middle of
the melt. Less weakening is affected on the prinflary by these laminar zones and higher
angular velocities can be reached.

Spiral flow lines can be found on the surface & gallium on Figure 3 [1]. Those
spirals are caused by the amount of the primatiootal flow and the (secondary) updraft
(or any axial flow), which is occurred by the prassdifference in the melt.

5. Errorsof the model

The measured data of Rénaftldi [1] for the angukdocity was used for validation of
the model. The relative errors of the average argedlocity (from both line and pressure
difference methods) are shown on Figure 13. a).érhars of the sedimentation are shown
on figure 12. With line method, the angular velgsiterror is average of 8% in 10 mm and
19.8% in 35 mm. With pressure method, this dafati4% in 10mm and 46.6% in 35 mm.
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Figure 12. Relative error on the angular velocitgasured with both methods
as a function of the induction
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Conclusions

A model for investigating the hydrodynamic propestof a Ga-In alloy during magnetic
stirring was made. The Lorenz force field, whichdtating the melt, was programmed with
User Defined Functions.

Two methods for measuring the angular velocity ie tnelt were used. The “line
method” is appropriate to check the model duringning and to measure the distribution
of the angular velocity across the radius. The Spuee gradient method” is a faster
technique for gathering averaged values and aledyhto measure in any moment of the
flow time — the oscillating effect in the “line nietd” (see Figure 5) can be eliminated.
With line method, it’s difficult to decide the tine measurement.

In the future a more detailed flow inspection cohkl useful and the turbulent model
can be a good base for solidification modeling.
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INVESTIGATION OF THE PORE DISTRIBUTION PARTS OF
THICK-WALL CASTINGS BY COMPUTER IMAGE ANALYSIS

MONIKA TOKAR-JEN) DUL-TAMAS MENDE®

Nowadays, one of the most up to date and dinargicdéveloping measuring/evaluation
possibility is the computer image analysis. We dsiieed the pore distribution on microscope photos
by using image analysing to study the failureshefthick-wall high pressure die castings.

Keywords: high pressure die casting, image analysis, inhomeges.

Introduction

In case of not suitable casting geometry and teahmarameters the thick-wall parts
include an inhomogeneous inside zone and a faél-safside skin (Figure 1). In the interest
of availability we can refine just the outside skimecause just this layer has good
mechanical properties. In our work we produced amdhlysed different thickness
experimental casting and analysed a real industaisting. After sample polishing we made
a series of microscopy pictures from the one sidéhé other side in the function of the
wall-thickness. We measured the pore size in ey@cyure and measured the pore
distribution in the function of the wall-thickne®y using a computer image analysing
method. We compared the inside and the other sids.p

In case of expressly thick-wall high pressure distings, the not perfectly elected
castings geometry and technological parametersecfumation of two layers during the
solidification. The outside quickly-solidifying lay is pore-free, but the inside
inhomogeneous part includes a lot of — variousssizpores. This inhomogeneous structure
causes errors at mechanical machining procesgftiierthe machining depth can not be
deeper than the outside pore-free layer. For thaimed mechanical properties, it is very
important that this external pore-free layer shoo@l be removed. In the factories the
internal inhomogeneous structure is examined bipwuarmetallographical methods, so our
purpose was defining a pore distribution in thection of the wall-thickness. A lot of large
pores in the internal part cause often too muchtevds our work we produced and
analysed different thickness experimental castengd analysed a real industrial casting.
We cut samples from predetermined parts of therggstand after sample polishing we
made a series of microscopy pictures from the daee to the other side in the function of
the wall-thickness. The wall-thicknesses of thetings were the followings: experimental
casting: 4 mm, 8 mm, 12 mm,; industrial casting: i8.. We compared the pore-free

! University of Miskolc, Metallurgical and Foundnngineering Institute
3515 Miskolc-Egyetemvaros, Hungary
monika.tokar@uni-miskolc.hu

2 University of Miskolc, Metallurgical and Foundrygineering Institute
3515 Miskolc-Egyetemvaros, Hungary

3 Hungarian Academy of Science, Materials Science&el Group
3515 Miskolc-Egyetemvéros, Hungary



52 Moénika Tokar—Jefi DUl-Tamas Mende

external and the pore-rich internal zone, and walyaed the transitional zone between
them. The microscopy picture series were evalubjedomputer image analysing method
in function of the wall-thickness. We investigatpdrticularly the amount of the pores
(largest pore diameter of every pore), the statésnemre taken by right of pore-criteria),
and we made pore distribution diagrams in functibwall-thickness.

Figure 1. Inhomogeneity in internal zone (brokerfate and polished surface)

1. Metallographical analysing of pore distributionin high pressure die casting
1.1. Measuring of pore volume by computer image analysing

We photographed the structure of sample in evexd fbf view from one side to other
side of the casting in function of wall-thickne3$e current wall-thickness (4, 8, 12, 13
mm) can be covered by 7, 14, 19, 25 fields of vew200x magnification. We used a
qualified microscope to take these picture series.

This microscope (according to applied computervgafe) prepares the picture series
automatically (from the left side to the right sidiethe sample — Figure 2). Before picture
taking, you can set optional focus points on thdase of the sample in order to high
quality and well focused pictures in every field iéw. The computer generates a net
which can help you to do this step of setting. Aftee settings, you can start the program of
the microscope. The pieces of picture series weesduated by using image analysing
software, analysing the pictures one by one. Tled t€prob” image analyser software was
developed by Péter Barkéczy (University of MiskdWaterials Science Institute).
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Casting wall-thickness
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AP )

1.pictlire serigs

1 field of view\.
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—

Direction of picture
series taking

Figure 2. The steps and directions of picture setaking
The evaluating steps of the analyser software (Eigu4):

1. Image acquisition —» 2. Digitising the gseimage —» 3. Digital processing of
grey images —» 4. Segmentation (detectiony» 5. Transformation of binary
images —p 6. Measurement, obtaining the emsurement results —p»

7. Interpretation of measurement resultq1.]

1. Image acquisition: Taking the images in electronic form by a suitabirument, which
can be a video camera mounted on a light microsempslectron microscope.

2. Digitising the grey image:Adaptation of the different grey level to each leé intensity
values of image colours.

3. Digital processing of grey images:Emphasising the features or objects to be
investigated, i.e. separating the essential arsldssential information.

4. Segmentation (detection)The complete separation of objects and backgramthe
basis of one of their properties (e.g. their greyel, shape or orientation) as a result of
which a binary image develops.

5. Transformation of binary images: Performing of binary transformations, i.e. the
transformation of objects such a way, that they approximate their ideal shape in the
most optimal way (e.g. separation of grains whiebns to be coalesced in the image but
they are separated in the reality), preparatiomedsurement.

6. Measurement, obtaining the measurement results.

7. Interpretation of measurement results: In the materials science the results are
interpreted on the basis of different microstruetumodels by using the stereological
knowledge.
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Figure 3. Original microscopical picture Figure 4. Modified binary picture

On Figure 5. and Figure 6. you can see two examplethe prepared microscopy
pictures, one from the internal (pore rich) layard one from the external (pore free) layer
of casting.

Figure 5. Microscopical picture from Figure 6. Microscopical picture from
the internal layer the external layer

The stated pore-requirements in front of the cgstiare determined by the hard
specifications of the customers. We have to deforae criteria to decide that the casting is
adequate or not. Customers categorize the maximepsable diameter of pores, the
minimal distance between two pores, and the nddéigiiameter of pores (Table 1) [2]. We
made our metallographical measurements by usingetl#andardswe compared our
results with these values in case of every wadkiness. We grouped our values as (1)
smaller than the margin of error, and (2) largemtithe margin of error, it can be shown
well on chart in the function of wall-thickness.
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Table 1
The applied pore-criteria
Pore-/ Pore?/Shrinkage— Ppre—/ Below the mgrgin of error
) diameter/ Shrinkage Pore/Shrinkage —
Shrinkage . i
category max. range dls_tance diameter @
d (mm) a min. (mm) d(mm)
P1 0,1<d<0,15 3 <0,1
P2 0,15<d=<0,25 4 <0,15
P3 0,2<d=<0,5 4 <0,2
P4 0,4<d<1,0 2 <04
PS 0,6sd<?2 3 <0,6

1.2. Pore volume measuring by computer image analysing method

We used terraced-shaped experimental casting, theme 3 different wall-thicknesses,
4 mm, 8 mm and 12 mm, the surface of these parte Ww80x200 mm. Our aim was
determining the pore volume distribution in the dtion of wall-thickness, and
investigating how thickness causes the appearantte anternal inhomogeneous zone. In
case of high pressure die casting, the 4 mm wadkittess is a normal/thin thickness, the 8
mm wall-thickness is a normal ordinary size, bet 12 mm is already thick. We have taken
microscopical picture series from every sample, ancbws of the picture series were
evalueted by image analyser software. (We madellplaraeasurings in order to high
quality results.)
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Figure 7. a) The summarized area of pores in fumctif wall thickness per field of view —
smaller pores than the margin of error
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Figure 7. b). The summarized area of pores in fionodf wall thickness per field of view —
larger pores than the margin of error

In Figure 7. a)-b) we differentiated our resultyHssmaller pores than the margin of
error (<0.1 mm), and (2) larger pores than the mao§error (>0.1 mm). In case of the 4
mm thickness (7 fields of view) it can be seen thate is no pore above the margin of
error. In case of the 8mm thickness (14 fieldsiefw there are already some pores above
the margin of error, especially in the internal @omhe results of the 12 mm thickness (19
fields of view) show well that larger pores (whiate above the margin of error) are located
only in the internal zone, the external layer eeffrom larger pore. The summarized area
of pores shows that the pores which are below tlaegim of error may have larger
summarized area than all pores above the margrrof.

It can be see well in Figure 8 (picture from 4 muillwhickness sample) that the pores
are mainly pores between the dendrite arms or emall inclusions.

Figure 8. Microscopical picture from the surface
of the 4 mm wall-thickness sample
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In Figure 9, larger pores are appearing by incngaghe wall thickness (8 mm),
characteristically in the internal parts of #pgecimen.

Figure 9. Microscopical picture from the surfacetioé 8mm wall-thickness sample

In Figure 10, there are too large pores in 12 mri-thickness sample, mainly in the
internal layer.

Figure 10. Microscopical picture from the surface
of the 12 mm wall-thickness sample

1.3. Results of the real industrial high pressureasting

We cut samples from an automotive casting thick-{@8 mm) part, the samples were
polished and prepared to the measurements. We anaeees of microscopical pictures (in
the same way as the previous part of our work), in8 rows were evaluated by image
analyser software. We differentiated 3 differentysp because this part of the casting has
two boreholes, which can cause formation of hegtegation zone. The “row no. 1” and
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the “row no. 3" mean the rows near the boreholé, tae “row no. 2" means the row away
from the borehole. Our aim was determining the pamieme distribution in function of the
wall-thickness.
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Figure 11. a) The summarized area of pores in fonabf wall thickness per fields of view
— smaller pores than the margin of error
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11.b Figure 11. b) The summarized area of pordariction of wall thickness per fields of
view — larger pores than the margin of error

As you can see, in Figure 11. a)-b) we differeatlathe pores as smaller than the
margin of error (<0.1 mm), and larger than the rmamgf error (>0.1 mm). It can be
established that the industrial casting has ledgréathan the experimental casting. The
casting with adequate casting technology causee thetter results. It should be noted, that
the places of occurrence of pores in this examinéddstrial casting are not so obvious like
in case of the previous examined experimantal rgsti

We show the different types of pores in internal anexternal layers of the casting in
Figure 12-13.
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Figure 12. Microscopical picture from Figul3. Microscopical picture from
internal part external part

Conclusion

After the image analysing it can be establisheat, ith case of 4 mm (normal/thin) wall-
thickness there are no pores typically above thegimaf error. Larger pores appear in case
of 8 mm and 12 mm (normal or thick wall-thicknegsk pores above the margin of error
are mainly in the internal zone. The investigatadrthe industrial casting (13 mm wall-
thickness) shows that there are less large poegsithcase of the experimental casting. It
means, that you can handle the thicker casting waitbquate casting technology and
adequate shape of casting. If the parameters afabing is not enough precise, the pores
will appear by the way of a determinable distribatin function of the wall-thickness.

We established the computer image analysing medihddhe application of the shown
pore distribution analysing are suitable for quedifion of experimental and industrial
castings by right of pore content. Using the pasgridbuiton charts it can be seen which
part of the casting has too much and too largegpdrBese parts which includes the pores
above the margin of error should be handled by gingnof the casting parameters or — in
case of serious cases — changing of the castingeten
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EXPERIMENTAL INVESTIGATION OF ZINC PRECIPITATION FROM
EAF DUST LEACHING SOLUTIONS

TEREZIA VARGAL-TAMAS I. TOROK?

Steel scrap recycling in electric arc furnaces (EBFaccompanied with relatively great amounts
of dust generated which contains high percentageso oxides and iron oxides together with sev-
eral other chemical compounds. In principle, extoscof zinc from such dusts could be envisaged by
several hydrometallurgical routes with using diietr selective leaching, then precipitating agdnts.
this preliminary laboratory experimental work thajor conditions of zinc precipitation from zinc
containing agueous ammonia ammonium carbonatei@odutvere examined. Real leached liquors
obtained from the industrial EAF dust (Bous, GermaREDILP leach-grinding experiments as well
as aqueous ammoniacal zinc solutions prepared fime chemicals (so-called model system) were
tested in stirred laboratory precipitation reactegsiipped with dosing inlets to supply and dissolve
gaseous C@as a precipitation agent. The higher temperatreeiptation technique of water steam
distillation was also examined in some additiodldratory experiments and its feasibility was also
proved for removing the rest of dissolved zinc fremeh solutions.

Keywords: leach-grinding, zinc, precipitation, ammonia-amnuonicarbonate.

Introduction

Secondary steelmaking in mini-mills is one of thaimprocesses developed for steel
scrap recycling where the scrap is usually meltedn electric arc furnace (EAF). During
the melting process relatively high amounts of EAISt is generated, which contains sig-
nificant amounts of zinc, iron, lead, calcium etiug to among others the prior anticorro-
sive treatments of many steel products [1]. Thespl@mposition of the EAF dust is also
rather complex: along with several simple metatlezithere is a significant amount of poly
metallic oxides, the so called ferrites (spinel$lich are thermodynamically rather stable.
This complex composition is the main reason why E#Bts are difficult-to-treat wastes.
Nevertheless, the high metallic content of sucht@gpredestines their recycling instead of
land-filling.

Within the framework of the “REDILP” EU6 project éRycling of Electric Arc Fur-
nace (EAF) Dust by Integrated Leach-grinding Prepesid a MOB-DAAD bilateral pro-
ject, it was aiming at developing the technologiftasiddamentals of an environmentally
sound, economical and waste free process for tige&AF in order to be able to recover
the heavy metals by a closed-loop, mechanicallivatetd leaching process [2]; and to
optimize the recovery and improve the productsityuat much as possible.
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As a small part of the above mentioned internatifmat REDILP project [3], the pre-
sent paper deals with the experimental investigaiothe recovery of zinc from EAF dust
by means of precipitation and steam distillatioonfr ammonia-ammonium carbonate
leaching solutions.

1. Recovery of zinc from solutions

Production of zinc oxide from residues of scrapycéng operations by means of the
ammonia-ammonium carbonate system has been prévimwewed [3—7]. In principle,
this selective leaching technique could be appiedifferent zinc containing metallurgical
wastes like drosses, ashes, bag dusts and sluoigezfnc galvanizers and various other
operations. Although there are several other legchgents as well for zinc, but the aque-
ous solutions of ammonia and ammonium carbonatmsée possess the most desirable
combination of properties. They are relatively ghead easily recoverable, and the dis-
solved zinc can be precipitated in the form of demgmpounds from which, if necessary,
even metallic zinc can be easily obtained by etitraanetallurgical reductive techniques
like agueous electrowinning.

Working with agueous ammonia-ammonium carbonatehieg solutions, the dissolved
zinc can then be precipitated in several low sdilygproducts as for example zinc hydrox-
ide, carbonate or basic zinc carbonate. Howevergthre several technological parameters
which must be properly set and controlled duringcjpitation from such Zn containing
liqours. Hence, in the course of our laboratoryestigations the following main targets
were aiming at:

» Determining the limiting parameters of the hydroafletgical zinc recycling

process using ammonia-ammonium carbonate leachingan to recover zinc;

» Setting up the framework of further research toedlgy an optimized flow sheet

for the economical hydrometallurgical treatmenEZofcontaining EAF dusts.

2. Experimentson the zinc precipitation from thereal EAF dust leaching solutions

The precipitation experiments were carried ouhmlaboratories of the project-partners
both at Otto von Guericke University Magdeburg, 8any and at University of Miskolc,
Hungary. The Zn containing leached solutions weadpced in a laboratory reactor by
using the REDILP leach-grinding technique [8] omlrandustrial EAF dust samples re-
ceived from the Bous Steel Mill in Germany, the ghaomposition of which is presented
in Table 1.

Table 1
Major phases / components of the tested EAF dusiiss percentages

EAF dust from Bous (steel works, Ger many)

Franklinite/ZnFgO, spinel/ 495 % Hematite /§8y/ 7 %
Magnetite /FgD,/ 105 % | Rest (mostly othe ~4 %
Zincite /ZnO/ 29 % | oxides)
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Primary aim of the laboratory experiments was tieiaine the parameters at which the
zinc recovery rate from the leached solution ishighest. For the precipitation of zinc the
properly filtered solution was fed to the precipda apparatus shown in Figure 1.

Figure 1. Photograph of the precipitation apparatcuipped with
a mechanical stirrer, a C&gas supply unit,
and sensors to measure the solution conductivityapd temperature

While supplying and dissolving GGn the zinc containing ammonia-ammonium carbonate
leached solutions, in principle, the following ppeation reaction should take place with
the formation of solid precipitates of zinc hydmdeiand zinc carbonate:

2[Zn(NH,),]*" +4H,0 + CO,”  Zn(OH), [ZnCO, + 4NH " + 20H ~ 1)

During the first six experiments the precipitati@actor was set to work at room tempera-
ture, that is without controlling its temperaturteaay pre-set value, and only the stirring
speed and the volume flow rate of C®ere chosen as varying parameters (Figure 2). In
Figure 2 it is seen that there were relatively Higant increases of the solu-
tions/suspensions temperatures in the course ofpitaions partially due also to the exo-
thermic nature of the formation of solid zinc canbte:

Zn** (aq) +CO,” (ag) - ZnCQ(s) )
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Figure 2. Changing of temperature in the first giecipitation experiments with GO
addition to the leached liquors at different volufioev rates and stirring speeds
(expl.:CQ 5L/min, 700rpm, exp.2.: GBL/min, 1000rpm, exp.3.: GBL/min, 1400rpm,
exp.4.:CQ1L/min, 700rpm, exp.5.: G L/min, 700rpm, exp.6: GAO0L/min, 700rpm)

The small open circles in Figure 2 indicate thgzgraximate residence times when the
first observable signs (in turbidity) appearedoPto that there is the aqueous dissolution
of CO, followed by the nucleation of the precipitatesnfrthe (over)saturated liquors. This
initial period was the longest (62 min) when the,&0pply was the slowest at a stirring
rate of 700 rpm (exp. 4.). Otherwise, in all thhestcases the first deposits appeared after
about 20 to 35 minutes. After each experiment tteipitates were removed by vacuum
filtration and sent to chemical analysis in orderdetermine the recoveries of the metals
(Zn and the co-precipitated other ones (Fe andrPihie solid products.

In Figure 3the changing of pH in the liquid phase is showthifunction of time with
constant volume flow rates of GBupply. It can be seen Figure 3that the pH values
were decreasing in all the cases (exps. 2, 4, adeépicted here, because of the hydroly-
sis reaction of C@®gas with the formation of the weak acid ofC; in the solution to-

gether with its dissociation productsiCO; and CO3 ) which, at least partially, are ca-

pable to replace the complexing molecules ofsN#¢ing coordinated around the Zn
cations, and so enforce the formation of the indelprecipitates of zinc carbonates. Liber-
ating out from the coordination spheres OF?nations, the so disengaged molecules of
ammonia in solution can then get combined with diesolved molecules of GQin an
aqueous neutralization reaction), hence in thessof the pH curve there appears an in-
flexion point after which the pH approaches constatues at around 8.2 to 8.5 depending
also on some other conditions of the experiments.
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Figure 3. Changing of pH during precipitation wi@0, addition
(exp.2.: CQ5L/min, 1000rpm;
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Figure 4. Changing of solution conductivity duripgecipitation with CQ addition
(exp.2.: CQ 5L/min, 1000rpm, exp.4.:GQAL/min, 700rpm, exp.5.: GO'L/min, 700rpm,
exp.7.:CQ 5L/min, 700rpm)
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During the precipitation experiments the electribahductivities of the zinc containing
liquors were also recorded and their increasingeanies are clearly seenhigure 4 for
all the systems illustrated here. In the initiatipds it can be explained with the increasing
number of free ionic species due to the dissolutib@0,, and the inflexion points can then
be associated with the appearance of new phases.

Ozn (%]
HEPb [%]
OFe [%]

Exp.2 Exp.4 Exp.5 Exp.7

5 L/min 1 L/min 7 L/min 5 L/min
1000 rpm 700 rpm 700 rpm 700 rpm
19,4 C 18,8 C 22 C 10 «C

Figure 5. Recovery rates (in wt.%) of the threeanajetallic constituents
(Zn, Pb, Fe) of the precipitates obtained by,@@adition to the leached liquors

In Figure 5 the recovery rates of zinc and two other major aminating co-
precipitated metals (lead and iron) are also shtmgether with the principal experimental
conditions. And, it should be noted here, that giothe ammonia-ammonium carbonate
leach-grinding digestion procedure was found rehighly selective for the solubilization
of zinc, but still some varying amounts of othertahe (<2% of Fe and 2 to 50% of Pb etc.)
went also into the leached liquors. Moreover, asrdtovery rates of zinc with GQre-
cipitation was also found not high enough (betw@émnd 58%), hereinafter, we have tried
to reveal the reason by designing and performimthén laboratory experiments based on
so-called model aqueous solutions prepared frora pemical compounds of the leaching
agents and that of zinc.

3. Zinc precipitation experiments from model solutions

From the several metals present in the EAF dusisvore or less soluble in ammonia-
ammonium carbonate leaching solutions, only the mas selected for the preparation of
the model solutions, which were prepared in siniamcentration ranges to the ‘real’ ones
described above. It was also aiming at here toraéte the highest achievable metal re-
covery values in the precipitates for zinc.

Therefore, another set of precipitation experimevdas designed with model solutions
and carried out using another apparatus which wastricted at the Department of Non-
Ferrous Metallurgy, University of Miskolc, based the installation used in Magdeburg
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(Figurel). The model solutions had the followingtiah concentration: ¢/NEDH/ ~ 3,9
mol/dn?; ¢/(NH,),COy/ ~ 2,7 mol/dni; ¢/ZnO/~= 0,9 mol/dri. The CQ set flow value was
4 L/min, the stirring rate was 400rpm and the terapge was varied (12, 20 and 40 °C).
Temperatures and pH values inside the reactor vemerded by an NI DAQ-6008 USB
data collector module. After about 2.5 hours ofakpenting (residence time for precipita-
tion) the solid phases were separated from thedigy vacuum filtration, then the liquid
portions were chemically analyzed by atomic absonmpectrometry.

Figure 6. The home-made precipitation reactor asderh
at the Department of Non-Ferrous Metallurgy at Usrsity of Miskolc

Again, quite many sets of experiments were donelath only the results of the most
representative ones are illustrated here and cadpaith those obtained during the pre-
cipitation experiments with the real EAF dust ldaghsolutions. In the case of the model
solutions the pH values of precipitation was meegun between 8.4-9, which range is
very close to the 8.2-8.6 found for the real sohgi Here as well the curves depicting the
values of pHvs time (Figure 7) showed some kind of inflexionmisiwhich are also asso-
ciated with the appearance of a new phase in tllehsystems.

Working with the model solutions, the percentagkies of zinc recovery were as low
as 20...38%, while the same recovery values werendr8i...58% in the case of the real
solutions. This latter higher recovery rates caeXmained by the differences in the design
and construction of the two laboratory precipitati@actors as for example the supply of
CO, gas could not be so well and homogenously disgensth the home-made Miskolc
apparatus as with the more professional one usadagusly in Magdeburg. Another prob-
able reason of the somewhat higher zinc recovéoi@sd in cases working with real solu-
tions might be the co-precipitation reactions af tther metals present in the real liquors
obtained after leach-grinding of the industrial Eést samples.
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Figure 7. Changing pH values during the courseretpitation both with model solutions
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Figure 8.Zinc metal recovery rates (in wt.%) obtained witQ,C
precipitation from model solutions prepared frontgpahemicals
of zinc ammonia and ammonium carbonate in water
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In the course of the successive precipitation érpErts on model solutions we were
able to improve the technique of g8upply, hence its dispersion efficiency as weil] &
must have been the main reason of the increasmtgiey of Zn recoveries observed in the
subsequent experiments (shown from Exp. 4-5 to BxP. in Figure 8). Assuming that
most of the precipitate should contain the thernmadtyically most stable solid compounds
of zinc in such systems, the temperature dependehdtlee equilibrium constant of the
following precipitation reaction was also examirf@f

5[Zn(NH;)4|COs(aq) + 17CQ(9) + 23H,0 = Zns(OH)s(COs)z(s) + 20NHHCO5(aq)
3)

and it was found that it slightly decreases witbréasing temperature, hence higher Zn
recoveries are expected to occur at lower tempergtuvhich was indeed the case at the
lowest temperature (12 °C) studied experimentaiyvall.

4, Experimentson steam distillation

The aim of the third part of our experimental irtigestions was to study the recovery of
zinc from those zinc-laden residual solutions which left behind after the precipitation
procedure by C®addition. For this the technique of the so-caliéem distillation was
chosen and tested. Here, in principle, the decoitipoof the zinc ammonia complex can
be described by the following reaction:

5Zn(NH,), CO;+3H,0- 2ZnCQIB Zif OH,+ 20 NH+ 3 C¢ 4

While feeding hot steam into the zinc containinfuson, the zinc ammonia complexes, as
well as ammonia (NFOH) and the dissolved ammonium carbonate and hgdoooate
components would all degrade. As a result, the anien@NHz) and carbon dioxide (C
gaseous degradation products will leave the systgether with the purging water steam.

Here again, for this purpose as well a new homeensamiple laboratory apparatus was
assembled and the feasibility of steam distillafionthe given model solutions were stud-
ied in some more experimental trials.

During warming up the solution up to about 90 °@wubbling through the hot water
steam, there was not any noticeable amount of gpoéidipitates, but as the temperature of
the solution reached that value (in about 38 mgjutke solution became opalescent and
after about 55 minutes, when also the first samplee taken for chemical analysis, the
rate of the zinc precipitation became quite spedtass. FinallyFigure 9also clearly shows
that the rest of the solution zinc-content remaidisgolved after the previous precipitation
step (by bubbling C&through the solution) could be fully recoveredaimout 70 minutes
by steam distillation. Of course, the ammonia ar@, @riven out together with the hot
water steam should concurrently be properly catiéctfter which the reclaimed and re-
generated aqueous ammonia ammonium carbonate caenbdack and utilized again in
the primary leaching step in a closed system.
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Figure 9. Progress of zinc precipitation of solidzcompounds during steam distillation
from ammonia ammonium carbonate solutions bareh sdtuble zinc complexes
[the values in g/L concentration show the analyZaetontent in the liquid phase]

Conclusions

In the course of the three different sets of obotatory experimental work the major
conditions of zinc precipitation from zinc contaigiagueous ammonia-ammonium carbon-
ate solutions were examined using zinc baring ligabrs obtained by the leach-grinding
REDILP-type digestion of some industrial EAF duatnples as well as by testing some
model solutions of similar initial composition bwithout any other slightly soluble con-
taminating compounds like iron and lead.

At first, the solutions prepared from pure chensdab-called model system), as well as
the leached liquors obtained from the EAF dust @oREDILP leach-grinding experi-
ments were tested in stirred laboratory precigitateactors equipped with dosing inlets to
supply and dissolve gaseous £43 a precipitation agewts the recovery rates were insuf-
ficiently low in both sets of precipitation expeents with carbon-dioxide, the hot water
steam distillation technique was also tested t@rdgne its feasibility and efficiency in
recovering zinc from such solutions.

In this respect it was proved experimentally thaam distillation is indeed a very effi-
cient technique to induce decomposition of the lellammonia complexes of zinc and
trigger its precipitation in the form of its mostabBle insoluble solid zinc carbon-
ate/hydrocarbonate compounds from such aqueousmnsysin the same time the water
steam drives out part of the dissolved ammonia@®gtoo, which must be recovered in a
closed system then can be send back for leaching.
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Even though the leaching selectivity of ammonia-amimm carbonate system is rela-
tively high for dissolving at least part of the zinontent (mostly zincite) from the EAF
dust, but our experimental study also revealedctimaplexity of this approach. However
based on the experimental results the presentedodaid help to design a viable flow-
sheet of a feasible process to recover zinc, hatdssential that it should be a proper com-
bination of several techniques.
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