M. Kerolli — Mustafa et al., Environmental Hazard Assessment of Jarosite Waste..., Chem. Biochem. Eng. Q., 31 (4) 403415 (2017) 403

Environmental Hazard Assessment of Jarosite Waste
Using Batch Leaching Tests™ This work i fonsed wndor 2

Creative Commons Attribution 4.0
International License

M. Kerolli — Mustafa,> L. Curkovié,” M. Ujevi¢ Bo$njak,® and T. Rezi¢?

‘International Business College Mitrovica, Pajazit Boletini 22,

40000 Mitrovica, Kosovo

°Faculty of Mechanical Engineering and Naval Architecture,

University of Zagreb, Ivana Luci¢a 5, 10000 Zagreb, Croatia

*Croatian Institute of Public Health, Rockefellerova 7,

10000 Zagreb, Croatia

Faculty of Food Technology and Biotechnology,
University of Zagreb, Pierottijeva 6, 10000 Zagreb, Croatia

doi: 10.15255/CABEQ.2017.1120

Original scientific paper
Received: March 14, 2017
Accepted: November 5, 2017

Jarosite waste samples from Trepga Zinc Industry in Kosovo were subjected to two
batch leaching tests as an attempt to characterize the leaching behavior and mobility of
minor and major elements of jarosite waste. To achieve this, deionized water and synthet-
ic acidic rain leaching tests were employed. A two-step acidic treatment in microwave
digestion system were used to dissolve jarosite waste samples, followed by determination
of Al, Ag, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, P, Pb, S, Si, Sr, and Zn by inductively
coupled plasma optical emission spectrometry (ICP-OES). The validation of the proce-
dure was performed by the analysis of two geochemical reference materials, S JR-3 and
S Jsy-1. Two toxicity leaching tests revealed a high metal releasing of Cd, Cu, Ni, Mn,
Pb, Zn, and As, and the metal release risk for these elements is still very high due the low
pH and acid rain. The statistical analysis showed useful data information on the relation-
ship between elements in jarosite samples in two different extraction conditions (de-

ionized water and synthetic acid rain).
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Introduction

Industrial processes inevitably impact the envi-
ronment on varying scales. There are different ways
to measure pollutants when evaluating the environ-
mental threat from a solid material of different in-
dustrial processes. Detailed characterization and
leaching tests are required to assess the environ-
mental stability of waste before any treatment pos-
sibility. Standard leaching tests are used to estimate
the potential mobility of trace and major elements
from the deposited waste. These tests are also used
to assess the remediation options of contaminated
sites, their range of efficiency and source of envi-
ronmental risk characterization'. In general, leach-
ing is a method that is used to remove soluble com-
ponents from a solid matrix. In order to protect
human health and groundwater quality from con-
tamination by metals, over 100 leaching methods
have been developed over the last few decades to
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determine metal release and mobility in soils from
waste materials***3, These methods vary in mass of
the samples, type and volume of leachant solution,
method delivery, and time®. Leaching tests used in
the laboratory are usually conducted using Europe-
an Standard EN 12457-2:2005 (or German standard
DIN 38414-S4) in deionized water®. Further, the
Synthetic Precipitation Leaching Procedure (SPLP)°
test is currently used by several researchers to eval-
uate leaching of constituents from waste using di-
lute sulfuric/nitric acid solution*®%°. Leaching of
trace and major elements from jarosite waste is
strongly affected by pH, while the concentration of
trace and major elements in the solution is the fac-
tor that classifies the jarosite as hazardous or
non-hazardous waste. Researchers have suggested
that waste material should be tested under condi-
tions similar to their actual applications in re-use
scenarios in order to achieve reliable results'®. The
framework of this study includes the comparison of
two batch leaching methods using leachants of de-
ionized'" and synthetic acidic rain®. More specifical-
ly, the leaching tests for environmental hazard as-
sessment of jarosite tailing waste of Trepca Zinc
Industry, Kosovo were examined.
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Materials and methods

The jarosite waste used for testing was ob-
tained from the jarosite tailing damps located in Mi-
trovica City, Kosovo. This waste is produced from
the jarosite process that was used in Trepca Zinc
Industry. In order to assess the leaching test, three
jarosite samples in a depth of 0.20 m, 1 m, and 2 m
were taken. After sampling, the samples were air-
dried, sieved to a fraction less than 2 mm, and
stored in polypropylene containers until analyzed.

Batch leaching tests

The leaching potential of the elements present
in the jarosite waste samples was determined using
the batch leaching test in deionized water according
to HRN EN 12457-2", as well as the leaching test
in synthetic acid rain according to the modification
of Synthetic Precipitation Leaching Procedure
(SPLP) Method 1312:1994°.

Chemical analysis methodology

Total metal content of trace and major metals
was determined using microwave digestion method
(MARSX XPI1500 Microwave Digestion System,
CEM, SAD). Microwave digestion of jarosite waste
samples was carried out in two stages with the use
of reagents HCI, HNO,, HF and H,BO,'>". Certi-
fied reference materials, S JR-3 and S Jsy-1 (MBH
Analytical LTD), were analyzed in order to test the
accuracy of the applied method for determination of
total metal concentrations in the investigated ja-
rosite samples. The concentrations of constituents
(Al, Ag, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, P, Pb,
S, Si, Sr, and Zn) in the leachates were determined
by Thermo Inductive Coupled Plasma Optical
Emission Spectrometer (ICP-OES, IRIS Interpid II
XSP). The concentration of constituents in leach-
ates was compared with the leaching limit values of
the decision 2003/33/EC™". The electrical conduc-
tivity and pH were measured using conductivity
meter (MA 5964 Iskra, Croatia) and pH meter
(FE20, Mettler Toledo, Switzerland). Both these
pieces of equipment were calibrated using standard
solution before measurements. The measurements
for all parameters were conducted simultaneously
or different times of 1 day, 7 days, 14 days, and 21
days. Quality assurance of the leaching process was
achieved with the application of US EPA QA/QS
protocol” and the use of blank method for every
batch of samples.

Statistical analysis

The influence of the variables, such as concen-
tration, depth, and time of the extraction, were in-
vestigated using the mathematical and statistical

analysis method of Response Surface Methodology
(RSM). The statistical analyses were performed us-
ing Statistica (data analysis software system), ver-
sion 10 and software Excel 2010. Statistical signifi-
cance of the variables was determined at the 5 %
probability level (p<0.05). Statistical significance
was determined by Student’s #-test and polynomial
equations describing the responses of variations.
The three-dimensional surface was plotted for the
results of leaching tests in deionized water and syn-
thetic acid rain. The interaction and the effects
during the leaching process between concentration,
depth, and leaching time were analyzed using Paret-
to charts. Moreover, the mathematical models for
description of responsive variables of the depth and
time in the concentration of each leachant ratio
were established.

Results and discussions

Total metal content

The results of total metal content determined in
accordance with the described microwave digestion
method are presented in Table 1 for the samples of
depth 0.20 m (Sample 1), I m (Sample 2), and 2 m
(Sample 3). In samples 1, 2, and 3, respectively,
Fe in the form of Fe,O, had the highest content
(44.94 wt.%, 45.14 wt.% and 44.37 wt.%) among
all other elements. SiO, is also an important compo-
nent with 6.31 wt.%, 5.92 wt.% and 4.20 wt.%. Zn
had the highest content among all heavy metals
(10.91 wt.%, 5.24 wt.%, 1.33 wt.%), followed by
Pb (7.51 wt.%, 5.17 wt.%, 6.93 wt.%), where Pb in
sample 1 had the highest concentration, and Cu
(0.97 wt.%, 0.679 wt.%, 0.40 wt.%). The concentra-
tion of other metals ranged as follows: Ag (133.82—
151.87), Ba (370.62-578.90), Co (9.79-30.3), Cd
(418.25-2308.69), Cr (79.30-416.59), Mn (1905.07—
6391.71), Ni (6.13-93.50), Sr (156.20-200.36), and
As (200.36-5075.53) mg kg! jarosite waste. The
concentration of heavy metals varied from 0.20 m
to 2 m sample depths. In all cases, the difference
was higher than 40 % from 2 m up to 0.20 m depth,
indicating a high degree of concentration of avail-
able heavy metals in the surface of jarosite tailing
damp.

pH values and electrical conductivity (EC)
of leachates

Fig. 1 shows the changes in pH values during
contact time of jarosite waste with deionized water
and synthetic acid rain leaching tests. The initial pH
value in deionized water was 5.53, while the pH
values in the period of 1 day, 7 days, 14 days, and
21 days ranged from 3.96 to 3.66 for sample 1, 3.68
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Table 1 — Total metal content in jarosite waste samples
(n=3)
Sample 1 Sample 2 Sample 3
Element | (0.2 m depth) | (1 m depth) (2 m depth)
mean + ¢ mean + ¢ mean + ¢
ALO,, wt. % 1.42£0.02 1.09 +£0.01 0.62 £ 0.001
Fe,O, wt. % 44.94+0.05 4514+0.54 4437 +048
Si0,, wt. % 6.31+£0.7 5.92+0.6 420+0.2
Zn, wt. % 10.91 £ 0.02 524+02 1.33£0.01
Pb, wt. % 7.51 £0.13 5.17 £ 0.04 6.93 £ 0.04
Cu, wt. % 0.97 £0.01 0.679 +£0.01 0.40 + 0.00

Ag, mgkg' 133.82+11.82 139.77+6.29 151.87 + 1.38
Ba, mg kg 578.90 + 194.73 428.12+121.03 370.62 + 64.49
Co, mgkg' 3038+027 27.55+048  9.79+0.65
Cd, mg kg 2308.69 + 24.47 1359.03+ 9.48 418.25 + 2.59
Cr,mgkg' 41659+ 1435 96.71+0.80  79.30 + 1.29
Mn, mg kg 6391.71 + 84.06 3741.27 + 5843 1905.07 + 20.19
9350+ 1.10  53.00+0.45  6.13 +2.89
Sr,mgkg! 15620 +2.01 177.84+0.04 200.36 + 0.57

As, mg kg' 5075.53 +5.52 3014.85 + 0.00 2534.93 + 0.64

Ni, mg kg!

to 3.59 for sample 2, and 3.57 to 3.52 for sample 3.
The pH value of leachates ranged stably from 3.96
to 3.52, which indicated that the jarosite waste had
high acidic buffering capacity. The pH value in the
acid rain condition during the leaching process
changed negligibly. This complies with the conclu-
sion of Min et al.'*, that, under these conditions, the
leaching of heavy metals from waste was a long-
term process that accumulated in the environment.
Fig. 2 shows the changes in electrical conductivity
(EC) during time in contact of jarosite waste. Ac-
cording to the obtained results, the electrical con-
ductivity (EC) increases very fast in a short period
from the initial value for both leaching tests (in de-
ionized water and synthetic acid rain). Higher val-
ues of the electrical conductivity were obtained for
the leaching with the synthetic acid rain.

Leaching tests of jarosite samples
with deionized water and synthetic acid rain

The results of the leaching jarosite samples in
deionized water and synthetic acid rain are present-
ed in Tables 2 and 3. As may be seen, constituents
such as Zn, S, and Mn presented high mobility. As
many studies have shown, the release potential of
constituents from jarosite waste materials may vary
depending on various physicochemical factors, such
as pH, L/S (liquid/solid) ratio, the matrix of solid
waste and the leaching type's. According to the re-
sults shown in Table 2, the highest values of Al, Cd,
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Fig. 1 — pH values of leachates in deionized water and syn-
thetic acid rain in deionized water as leachant
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Fig. 2 — Electrical conductivity (EC) of leachates in deion-
ized water and synthetic acid rain

Cu, Fe, Pb, and Si were 212.11 mg kg™, 69.95 mg kg,
139.30 mg kg, 39.16 mg kg!, 168.21 mg kg!, and
194.09 mg kg, respectively. These elements
showed the highest value on the 21-day leaching
time, except Mn, which showed the highest value of
leaching after 1 day.
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Table 2 — Average concentration of major and minor elements in samples leached with deionized water

t, days
Element Sample ! U 14 21
mg kg mg kg mg kg! mg kg
mean + ¢ mean + ¢ mean + ¢ mean + ¢
1 0.11 £0.07 0.09 + 0.03 0.03 + 0.05 0.13 +0.01
Ag 2 0.36 £ 0.22 0.29 £0.10 0.11 = 0.04 0.63 +0.39
3 0.07 £ 0.04 0.06 + 0.02 0.10 £ 0.04 0.32 +£0.09
1 82.24 + 5.00 77.68 + 1.29 78.82 £ 0.97 97.82 + 3.67
Al 2 197.60 £ 6.02 191.32 £ 7.26 184.24 £ 1.29 212.11 +£5.32
3 181.95 £ 7.82 170.08 + 1.02 167.65 £ 0.71 194.27 £ 1.07
1 0.13 +0.11 0.03 £ 0.06 0.06 + 0.03 0.28 £ 0.06
Ba 2 0.77 £ 0.11 0.62 + 0.05 0.64 +0.04 0.76 £ 0.15
3 0.55 +0.05 0.36 + 0.03 0.46 + 0.03 0.70 + 0.09
1 51.67 +3.89 51.06 + 1.09 50.67 + 0.26 56.98 + 0.31
Cd 2 62.68 +1.17 63.21 +1.71 62.82 + 0.81 69.95 + 0.69
3 58.60 £ 2.15 59.51 = 0.61 59.17 £ 0.49 66.06 + 1.06
1 0.67 +0.02 0.71 £ 0.02 0.69 +0.02 0.92 +0.04
Co 2 1.26 +0.03 1.21 £0.07 1.22 +0.03 1.54 +0.02
3 1.28 +£0.09 1.30 £ 0.03 1.26 = 0.02 1.59 + 0.06
1 0.03 +0.04 - - —
Cr 2 0.13 £ 0.02 - - 0.08 +0.05
3 0.30 +0.07 0.06 + 0.03 0.07 = 0.07 0.18 £ 0.05
1 59.37 £ 3.51 62.52 £ 1.66 61.58 £ 1.06 7142 +1.47
Cu 2 116.89 + 6.60 115.23 +3.56 109.06 + 1.64 124.77 +£ 3.30
3 122.63 £ 6.00 32.38 £9.77 121.24 £ 0.54 139.30 £ 1.50
1 27.04 £9.97 22.55 +4.53 14.71 £ 10.68 10.14 £2.23
Fe 2 12.71 £ 5.87 3.69 +3.26 6.12 + 1.25 27.53 + 14.69
3 27.87 +£3.22 39.16 £ 2.10 32.51+£2.90 42.37+893
1 373.70 = 31.58 363.89 + 7.97 14.71 £ 10.68 10.14 £2.23
Mn 2 902.87 + 18.02 888.39 +21.88 6.12 £ 1.25 27.53 + 14.69
3 711.29 +25.79 32.38 £9.77 32.51 £2.90 42.37+893
1 2.71 £0.77 2.36 £ 0.05 2.66 + 0.28 3.97 +£0.52
Ni 2 332+0.24 2.61 £0.14 2.72 +£0.12 331+0.11
3 2.96 +0.75 2.42 +0.06 2.38 £0.06 2.81 +£0.07
1 1.13+0.36 1.33+0.72 0.66 + 0.70 0.28 +0.38
P 2 1.60 + 0.43 1.65 +0.07 1.00 +0.19 0.77 £ 0.55
3 0.98 +0.24 1.13+0.14 0.85 +0.68 0.47 £0.36
1 141.54 £5.79 158.52 £2.50 163.26 £ 2.53 168.21 + 8.35
Pb 2 99.20 + 6.47 119.15 £ 2.72 110.59 + 4.14 146.33 £22.32
3 111.64 = 10.5 132.69 + 8.88 126.69 = 7.92 139.30 + 7.41
1 9667.37 + 434 10159.97 + 209 9968.83 + 219 11956.19 + 68.6
S 2 7317.88 + 83 7761.42 + 346 7575.21 + 186 9199.62 + 41.52
3 10179.06 + 291 10466.74 + 247 7454.01 + 5567 12332.77 + 174
1 31.82 £ 0.67 118.76 + 1.57 153.95 £ 4.20 194.09 + 2.65
Si 2 21.35+0.52 78.91 £2.82 100.56 + 3.76 128.39 +£2.87
3 2220+ 1.25 77.96 + 0.98 407.40 £+ 526.15 129.51 + 6.64
1 10.61 £ 0.28 11.70 £ 0.13 12.53 + 0.19 14.49 + 0.38
Sr 2 20.33 £0.85 24.88 = 0.68 25.03 = 0.69 29.49 £0.21
3 17.78 £ 0.74 19.68 + 0.05 20.52 +0.47 24.11 £ 0.44
1 5601.21 £ 49 5617.90 + 38 4109.97 + 2684 3331.20 +£ 25.76
Zn 2 4886.89 + 87 4893.50 + 26 4883.12 + 61.08 2897.89 + 4.61
3 4694.21 + 148 4807.21 + 78 4684.80 + 38.98 2787.88 + 47.86
1 0.33 £ 0.07 0.67 + 0.00 2.04 +£0.00 2.84+£0.19
As 2 0.53 +0.00 0.10 + 0.00 0.23 +0.00 0.54 +0.23
3 0.10 + 0.00 0.08 +0.00 0.19 +0.00 0.28 +0.08
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Table 3 — Average concentration of major and minor elements in samples leached with synthetic acid rain leaching tests

t, days
Element | Sample ! l 14 21
mg kg! mg kg! mg kg! mg kg!
mean + ¢ mean £ G mean £ G mean £ 6

1 0.52 £0.42 0.19 £ 0.06 0.23 +£0.11 0.95 £ 0.69
Ag 2 0.38 £ 0.09 0.56 +£0.16 0.43 £ 0.07 1.00 £ 1.13

3 0.34 £ 0.07 0.47 £0.12 0.46 £ 0.21 0.59 +£0.03

1 129.17 £ 4.70 128.92 £ 5.09 130.52 £9.25 103.65 + 86.26
Al 2 217.85 £11.18 209.49 + 4.54 208.07 £ 15.99 167.50 + 142.18

3 198.17 + 10.29 192.03 + 6.74 190.04 £ 4.00 217.57 £4.30

1 0.10 £0.03 0.02 £ 0.01 0.07 £ 0.02 0.13+0.13
Ba 2 0.60 = 0.04 0.46 £0.03 0.59 £ 0.06 0.49 +0.43

3 0.57 £ 0.08 0.34 +£0.02 0.49 £ 0.01 0.75 £ 0.30

1 51.54 +£1.13 51.51 £ 1.60 52.44 + 3.38 39.04 +32.93
Cd 2 63.79 +2.82 62.11 £0.21 61.35+£3.18 47.82 +40.74

3 61.00 £ 1.53 60.50 = 1.35 59.19 £ 1.01 66.43 £ 0.88

1 0.72 £ 0.03 0.72 +£ 0.04 0.71 £ 0.06 0.63 +0.51
Co 2 1.25 £ 0.08 1.21 +£0.03 1.19 £ 0.08 1.01 = 0.85

3 1.33 £ 0.06 1.31 +£0.03 1.29 + 0.04 1.56 £0.03

1 0.25 £0.04 0.24 £0.03 0.26 £ 0.03 0.28 £0.20
Cr 2 0.36 +0.03 0.29 +0.02 0.30 + 0.04 0.31+0.24

3 0.47 £ 0.06 0.41 +£0.03 0.35+0.04 0.45 +0.04

1 78.93 +£3.77 84.59 £4.01 86.35 + 6.26 68.98 + 56.44
Cu 2 133.67 = 8.03 126.70 + 1.69 126.48 £ 9.83 99.33 + 83.37

3 154.62 £ 11.28 149.47 £ 3.81 146.35 £ 3.84 165.99 + 3.74

1 55.30 £ 13.28 49.31 + 6.62 31.65 £2.05 36.86 £ 28.40
Fe 2 40.06 + 3.77 37.82 £ 13.77 52.04 +20.31 34.04 £29.43

3 93.74 £ 5.33 71.25 +£3.04 85.54 £ 10.16 86.64 + 11.96

1 352.31 £9.26 354.76 + 11.62 357.13 £22.85 267.14 £ 218.72
Mn 2 812.10 £ 31.92 844.50 + 4.39 832.91 +47.79 639.67 + 544.45

3 711.74 £ 23.53 703.48 + 18.83 690.40 + 14.53 758.61 +£10.38

1 3.00 £ 0.58 2.38 +£0.03 2.52+0.19 1.95 + 1.66
Ni 2 3.02 +0.39 2.59+0.13 242 +0.11 241 +£2.15

3 3.19 £0.55 2.75+0.24 2.38 £0.03 2.96 £0.10

1 1.16 £ 0.09 0.61 £0.51 0.68 = 0.57 0.88 £0.17
P 2 1.34 +£0.75 0.95 £0.52 1.04 £ 0.26 098 £1.01

3 1.08 +0.75 1.16 £ 0.32 0.72 £ 0.80 1.68 +0.35

1 160.00 + 4.55 159.52 + 11.35 162.07 + 1.92 135.38 + 113.54
Pb 2 120.86 = 0.90 127.72 £ 5.65 134.31 £ 16.13 101.34 + 84.66

3 125.24 + 6.48 137.24 £ 1.44 137.97 £ 4.33 154.60 + 7.79

1 11249.93 + 322.45 11112.74 + 422.86 11189.72 + 736.41 12937.33 £ 121.76
S 2 8695.83 + 380.91 8351.59 + 128.96 8253.54 + 467.33 9951.62 +331.73

3 11651.58 + 545.22 11611.46 + 158.24 11083.29 + 328.05 13274.34 + 199.02

1 18.99 + 0.65 69.46 + 3.88 96.52 +7.08 123.16 £ 1.37
Si 2 17.79 £1.25 55.74 £ 0.84 78.18 +£5.01 107.03 £ 13.45

3 17.77 £ 1.14 61.08 £ 1.63 81.11 £ 1.71 101.75 + 1.84

1 8.91 £0.32 10.50 £0.12 11.65 + 0.37 9.38 +7.97
Sr 2 15.15+£0.36 17.12 £0.16 17.46 £ 0.82 72.35 £44.38

3 12.69 + 0.54 15.03 £0.21 15.64 £0.17 71.30 £ 46.20

1 5494.14 £ 16.14 5490.92 + 92.84 5619.06 + 223.09 3422.29 + 48.60
Zn 2 4901.83 £ 110.16 4756.44 + 26.53 4679.24 + 144.79 2933.39 + 133.04

3 4746.49 + 78.19 4747.84 + 95.63 4642.41 + 65.81 2834.81 +26.92

1 0.45 +0.00 0.86 £ 0.00 1.57 £0.34 2.79 +£2.43
As 2 0.12 £ 0.00 0.14 £ 0.00 0.30 = 0.00 0.38 £0.44

3 0.35+0.00 0.21 £ 0.00 0.06 + 0.00 0.43+0.12
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Fig. 3 — Changes in Cd, Cu, Mn, Ni, Pb, Zn, and As concentrations with time and depth during: (a) leaching test in deionized water,

and (b) leaching test in acid rain

Furthermore, small concentrations were record-
ed for the following elements in both procedures:
Ag, Ba, Co, Ni, P, Sr, As, and Cr. With regard to
quality control, the metal content for the blank
method were not detected above detection limits.
By comparing the two leaching tests, the results
showed a slight difference in the concentrations of
the analyzed elements.

The major difference was observed in the
amount of Fe, Si, and S, whereas Ba, P, and As vary
slightly. Fe and S are more leachable in the synthet-
ic acid rain leaching tests, while Si is more leach-
able with deionized water. The concentration of Cr

for days 7 and 14 was below the detection limits of
analysis, which means that Cr was not leachable af-
ter the first day. Therefore, the use of acid rain pro-
moted the release of minor and major elements due
to acidification. The concentrations of Zn, Cd, Cu,
and Pb were high in the beginning, but declined
with prolonged leaching. The results of long-term
leaching of heavy metals showed that contamina-
tion caused by the above elements was serious in
the first days, and the trend slowed down with pro-
longed leaching. Total concentrations of As and
heavy metals in jarosite waste were much higher
than those evaluated by leaching tests. These results
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were consistent with those reported by Lim ef al.'’
and Yang et al.'® Overall, according to the results,
the jarosite waste contained certain pollutants which
are a heavy burden on the environment. The ob-
tained values for Zn, Cd, Mn, Cu, Pb, and As ex-
ceed the European regulatory limit for heavy metals
in soil'*, The metal release risk for these metals is
still very high due to the low pH and acid rain. Re-
searchers have predicted that the increase in con-
centration in the leachate would affect the efficien-
cy of subsequent leachate treatment'>!”. Heavy
metals in jarosite waste will be leached out due to
weathering and acid rain, and this cumulative effect
of leaching will provide favorable conditions for
heavy metals to be leached out.

Statistical analysis

The quantities of Cd, Cu, Mn, Ni, Pb, Zn, and
As leached out in both tests are considerably higher
than in any previous tests®*®. Three-dimensional sur-
faces were plotted for the results of the deionized
water leaching test (Fig. 3a), and the synthetic acid
rain leaching test (Fig. 3b) for the elements with
highest impact on the environment.

When comparing the plot of the results of the
deionized water leaching test with that obtained for
the results of the synthetic acid rain leaching test, it
is possible to visualize that the region where the
leachates are maximized is not exactly the same in
both graphs for each analyzed element. The surfac-
es presented in Figs. 3, 4, and 5 describe the varia-
tions of the leachate amounts as a function of the
variations of leaching times and sample depths. In
order to visualize a function of two variables (the
amount of element leached in deionized water and
synthetic acid rain from three-dimensional data pre-
sented in Fig. 3, a contour plot for both (a) and (b)
graphs was created (Fig. 4). This contour plot shows
the level curves of a function of major and minor
elements variables from two of the three-dimen-
sional graphs as a function of time and depth. To
establish such plot, first the matrix that holds the
values of the function was created, and then the
contour plot of that matrix. The plotting of a func-
tion of two variables such as copper, zinc, lead,
manganese, nickel, cadmium, and arsenate are
shown in Fig. 4. The overlaying plot attained shows
an area where the imposed criteria are satisfied. A
point was assigned in this area as the optimization
point, which corresponds to the leachant concentra-
tion in deionized water and synthetic acid rain
leaching conditions. The optimum leaching condi-
tions were performed and the results obtained for
metal concentration and the deionized and synthetic
acid rain activity of the leachant revealed close
agreement with the result predicted by statistical
analysis. However, it is worthy emphasizing that,

although the two leaching conditions are the most
commonly used as leaching solvents, the toxic char-
acteristics of the metals in acid rain conditions rais-
es serious issues when the purpose of the elements
leached by these solvents is the application of the
material in industrial processes.

In order to verify the effects of each operation-
al variable in the responses, Pareto charts were plot-
ted as well (Fig. 5). In Fig. 5, bars extending to the
vertical line corresponded to the effects of 95 %
confidence level. As may be seen from Fig. 5, the
variable of depth almost exerted a significance level
of p<0.05 in all the evaluated responses with ele-
ment concentration in both deionized water and
synthetic acid rain. Depth showed to be the most
important variable affecting the leaching of major
and minor elements under water leaching condi-
tions (Fig. 5a), as well as leaching under acidic con-
ditions (Fig. 5b). All investigated samples (from all
depths) are mostly composed of approximately the
same phases, yet the concentration can differ based
on the Trepca working capacity (Table 1). Time was
also an important variable contributing to the leach-
ing of elements such as Zn and Ni under synthetic
acidic rain conditions. The variable of time exerted
a significance level of p<0.05 in the evaluated re-
sponses with all element concentration in deionized
water and for Zn and As in synthetic acid rain con-
ditions. In general, the Pareto charts allowed obser-
vation of both the magnitude and the importance of
an effect. These charts displayed the absolute value
of the effects, and drew a reference line on the
chart. Any effect that extends past this reference
line is potentially important. Analysis of the indi-
vidual factors on the Pareto chart showed that leach-
ing time and depth were statistically significant
since they overshot the critical value line (reference
line) for almost all analyzed elements, except Cd
and Cu (Fig. 5b). There was no significant interac-
tion (L1xL2) among the factors, because all the in-
teractions fell short of the critical value line. The
interactions for the majority of elements, except As
and Ni, do not differ much from both chart distribu-
tions. The Pareto charts for major elements Cd, Cu,
Ni, Mn, Pb, Zn, and As are presented in Fig. 5.

Mathematical models describing the response
variations (¢, days, and depths) as a function of vari-
ances in the major and minor element concentration
in deionized water and synthetic acid rain were es-
tablished (Table 4). All models were established
with statistically significant terms of p<0.05. All
mathematical models describing the response varia-
tions presented linear (L) and quadratic (Q) terms,
as shown in Fig. 4, where both variables of time
and depth presented a statistical significance at
p<0.05. The quadratic term for most of the element
concentrations presented the negative signal. This
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Fig. 5 — Pareto charts for the effects of the element concentration in different leaching time (t, days) and different depths (S, m), (a)
Cd, Cu, Mn, Ni, Pb, Zn, and As leaching in deionized water, and (b) Cd, Cu, Mn, Ni, Pb, Zn, and As leaching in synthetic

acid rain

means that the leaching results had not linearly in-
creased when the depth and time had changed, but
there was an optimal point after which the use of
deionized water and synthetic acid rain did not im-
prove the leaching results. Thus, behaviour was
well visualized through the three-dimensional plots
presented in Figs. 3a and 3b. However, according to
Pareto charts, the linear and quadratic term of time
and depth showed to be the most significant for the
leaching amount of major and minor elements in ja-
rosite waste. For example, the quadratic term was
significant for Cd, Ni, and Pb, which means that the

leaching results had not linearly increased when the
different time and depth was analyzed, while the
linear term showed to be significantly important for
the rest of the analyzed elements.

Conclusions

Toxicity leaching test revealed high risk from
the jarosite waste tailing damps in Mitrovica, Koso-
vo. The heavy metal concentration in the leachates
of jarosite samples was high, particularly that of Zn.



414 M. Kerolli — Mustafa et al., Environmental Hazard Assessment of Jarosite Waste..., Chem. Biochem. Eng. Q., 31 (4) 403-415 (2017)

Table 4 — Polynomial equations fitted to the results of major elements concentration leached in deionized water and synthetic acid

rain as leachant

Response Model equation?

Leachant: deionized water

Ni Z =2.8094+0.6527x-0.1071y-0.2085x?-0.0347x)+0.0073y*

Pb Z = 142.7983-65.2128x+1.7616y+24.8891x°-0.0645xy-0.01

Zn Z =15396.2202-1038.8739x+159.2697y+271.9854x?+7.0783xy—11.8033)2

As Z = 0.4536-0.988x+0.0655y+0.4901x?-0.0623x)+0.0021y?

Cu Z = 62.383+76.4699x—1.3803y-22.6077x*+0.1127xy+0.0807)*

Cr Z=-0.6714+10.5696x+16.3784y-12.3923x>-2.2132xy-0.5778)*

Mn Z =360.6329+922.6969x—7.5679y-371.5122x*+0.7026x)+0.3588)>
Leachant: synthetic acid rain

Ni Z =2.8094+0.6527x-0.1071y-0.2085x>-0.0347xy+0.0073y>

Pb Z =163.7002-74.532x+1.1687y+26.3478x+1.2269x)—0.1177)2

Zn Z =5350.1932-1063.7322x+137.1588y+322.5079x+1.9877xy—10.405)*

As Z = 0.5296-1.2421x+0.049y+0.6289x°—0.0577x)+0.0024y>

Cu Z = 86.6615+43.5113x-0.2468y—5.3633x?+0.4782x)—0.0335)?

Cr Z = 0.2807+0.0522x-0.01y+0.0226x>-0.0015xy+0.0005)>

Mn Z =349.8015+708.0983x+3.5212y-268.8345x>+2.9922xy—0.4471)>

The experimental results proved that the amount of
leached Zn, as well as other heavy metals, such as
Cd and As, confirms the hazardousness of jarosite
waste. This study revealed that the pH values of
these solutions are low. However, the applied leach-
ing tests showed that some of the elements in the
jarosite waste were easily released, such as Zn, Mn,
S and Cd. The low pH values and high EC values
favored the mobility of metal species. According to
the statistical analysis, heavy metal release is influ-
enced strongly by depth and time. The Pareto charts
showed that depth is the most important variable
affecting the leaching of major and minor elements
under deionized water and acid leaching conditions.
Time was also an important variable contributing to
the leaching of elements such as Zn and Ni under
synthetic acidic rain conditions. Mathematical mod-
els that were established with statistically signifi-
cant terms of p<0.05 for describing the variations
between major elements concentration, leaching
time, and depth showed that the quadratic term of
time and depth was the most significant model for
the leaching amount of major elements in jarosite
waste. The RSM described the variations of the re-
sponse as a function of the variations of the vari-
ables in the studied range of values. These varia-
tions and relationship were well visualized using
the three-dimensional surface plotted for the results
of element concentration in regard to time and
depth.
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