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Abstract

Sulphurs are present in different rocks. Duringingractivities and the sulphur removal processes Mine Drainage (AMD) may be
produced, by sulphate ions ($Q in solution. AMDs are the main source of pollatiftom mining operations and in Colombia their
discharge into natural bodies of water must comybh national environmental regulations (pH betwé&eand 9). Cement Kiln Dust
(CKD), with calcium carbonate as its main componémm a Cementos Argos S.A. plant was used torakze an AMD generated
through a coal bio-desulphurization process. Ném&é AMDs had pH values between 7.72 — 8.05 amdsthiphates removal ranged
from 67% to 70%. Precipitated sludge was dried andlyzed in order to determine its chemical andenalogical composition.
Moisture content was between 69% and 81%; thisipitated material was composed of gypsum with axiprately 50% purity, as
well as calcium carbonate. This composition maksaitable for use in cement production.

Keywords Acid Mine Drainage; Sulphate Removal; Cement Kist; Synthetic Gypsum.

Tratamiento de drenaje acido de mineria de carbando polvo de
horno de cemento

Resumen

Los sulfuros estan presentes en distintas rocasniulas actividades mineras y el proceso de riémae sulfuros se pueden producir
Drenajes Acidos de Mineria (DAM), con iones deatol{SQ?). Los DAMSs son fuente de polucién en las activegachineras y en Colombia
su descarga en los cuerpos de agua debe cumpéiglalaciones nacionales (pH entre 5y 9). Polviaadro cementero (CKD), con carbonato
de calcio principalmente, de una planta de Cemehtpss S.A. fue usado para neutralizar un DAM gaderen la biodesulfurizacién de
carbdn. Los DAMs neutralizados tuvieron pHs enff@ ¥ 8,05 y la eliminacion de sulfatos entre 6790%. El precipitado se secé y analizd
para determinar su composicion quimica y minereddgiSe encontr6 humedad entre 69% y 81%; yeso 0oB0& de pureza
aproximadamente y carbonato de calcio. Esta cogipndo hace adecuado para uso en la producciéardento.

Palabras claveDrenaje Acido de Mineria; Remocién de Sulfatady® de Horno de Cemento; Yeso Sintético.

1. Introduction High sulphur content in coal and limestone can lead
undesirable issues in the cement production prosesh as

Acid Mine Drainage (AMD) generated during coalhe formation of rings inside the clinker kiln [SMoreover
mining operations is normally the result of thedation of after combustion it may be transformed into sulpdioxide
metallic sulphur compounds, such as pyrite, which aSQ), which is itself an acid rain precursor gas [6].
present as impurities in coal [1]. This process roagur In a research project conducted by Cementos Arghs S
naturally when coal comes into contact with wated a(in cooperation with Universidad Nacional de Coldmb
oxygen or through anthropogenic processes, i®ede Medellin and Servicio Nacional de AprendizajeNA)
desulphurization [2, 3], and can affect differemirties as which aimed to bio-desulphurize coal with high $uwip
stated by Rahmatian [4] such as: life in water sesirthe content, it was discovered that the leachates where
possibility of using water for human and animaenerated had high sulphate content and low pHesaknd
consumption or irrigation, recreation, and the dodustry will require treatment before being discharged iy body
itself to be increased taxes to pay. of water.
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The search for adequate AMD treatment methodsdes bmaterial and the CKD, such as X-Ray Diffraction (YR
the subject of various research initiatives. Traulte of this which was carried out using a PANalytical X'Pert ®R
research demonstrated that limestone and/or quiektian be equipment, in a®interval between 4° and 70° with a step of
used to neutralize the AMD, while removing sulpkatéed 0.02 ° and an accumulation time of 30 s to roonptature,
precipitating synthetic gypsum (CasQH:0) [7-9] at a low with copper lamp. Fourier Transform Infra-Red Sppstdopy
cost. Most recently, some researchers have startgny was carried out using a Shimadzu 8400S. X-Ray E&mance
microorganisms to treat AMD, alkaline by-productsnf coal was carried out using a Philips XCEM 1660. Scanning
combustion [10-11] and natural zeolites [12]. Yetcglime Electronic Microscopy with Energy Dispersive X-Ray
still remains as the most popular neutralizer, hawéts use Spectroscopy was carried out using a JEOL JSM 5@16L
comes at a high environmental cost ag @0Jeleased during 15kV, and Thermo Gravimetric Analysis (TGA) that sva
the production process. carried out using a Hi-Res TGA 2950 Netchz equifdmen

Cement kiln dust (CKD) is a powder collected imsing an alumina crucible, N2 atmosphere and angegdte
electrostatic precipitators after the clinkerizatiprocess. In of 20 °C/min up to 950 °C.
many cement plants it is considered to be a waaterial, as The ASTM standard ASTM C 150 / C150M — 12 [15]
its reintroduction to the kiln can increase theaklkontent of was followed in order to compare cement samplesitad
cement. Furthermore such re-introduction can lead keen prepared at the laboratory level, using teeipitated
rheological changes inside the kiln, which can hevadverse material to assess the behavior of the cement.
effect on the clinker burning process [5]. Due tese
limitations the CKD is often disposed of in abaretbmines, 2.3. Bench-scale experiments
open pits or landfills. The large volumes produaiell as
its fine particle size, make it difficult to handf@ver the years  Tests to neutralize the AMD with CKD were conducted
different methods have been proposed for the usiKaf, the based on an experimental design (two level fraatitactorial
most common of which include soil stabilizatios, ifse as an design 2* with a central point) [16] that included four fact
additive for blended cement and as fertilizer, the two levels each: rapid mix (800-1000 rpm), simix at 40
solidification/stabilization of hazardous wastes! anunicipal rpm (10-20 min), temperature (25-35 °C), and amaaft
bio-solids and, as a raw material used in the mtimu of CKD (20-55 g). The experimental plan was compodetne
calcium hydroxide (Ca(OH) slurries to be used as neutralizetests to assess the sulphates’ concentration ilNtg, which
in the treatment of acidic wastewater [13]. In mafiythese had been treated with CKD (Table 1).
applications, it has been found that sulphate camained in Initially AMD samples were homogenized in the mdgne
the CKD have the potential to negatively affecpisformance stirrer, followed by measurements of pH values suighate
by reacting with the calcium contained within #]1 content to establish the baseline parameters. Gubsty,

The current research focuses primarily on solvimg t 500 mL of the sample were placed in each of nirekdrs
environmental problems: neutralizing AMDs and megsi before neutralization. Every beaker was then plamedhe
CKDs. In addition, potential ways of utilizing gypa magnetic stirrer for one minute on rapid mix cy@60-1000
precipitated during the neutralization process weitso rpm) to mix the CKD according to the experimentsign. A

explored. slow mix at 40 rpm was then held for 10 or 20 mesut
depending on each test, in order to allow the nahtesulting
2. Materials and methods from the neutralization process to precipitate. Teakers
were covered with a plastic film to prevent dushirentering
2.1. Materials used and pH was measured twice during the test: ontteeand of
the slow mixing cycle and once again after 192 siour
Several samples of a clear, unfiltered AMD wereaintetd At this point two phases were clearly identifialsieeach

from the coal bio-desulphurization process. A CKinple beaker: precipitated and clarified. Sulphates afdntere

from an Argos Cement plant located in the northttef measured in the clarified water after being draiffiean

Colombia was also obtained. A clinker sample frobmsame each beaker, and the excess water from the praigit
cement plant, gypsum mined in the Dominican Republi

(YD), water and normalized Ottawa sand were algolus Table 1.
Experimental design

2.2. Analytical methods Rapid mix Slow mix 40  Temperature ~ CKD

Test

(rpm) rpm (min) (°C) @)

A pH meter was employed to determine the pH of the1 1000 10 35 20
AMD and the neutralized samples (Schott Handylablfd 2 800 20 25 55
Neutralization tests were conducted using a magsétrer 3 800 10 35 55
with heating elements and thermocouple temperaioingrol 4 1000 10 25 55
(Corning PC-420D). A spectrophotometer (Thermo Gisne 5 1000 20 25 20
10 UV) was used to measure the sulphates’ condentriz 6 900 15 30 37.5
AMD before and after the treatment. An analyticalabce 7 1000 20 35 55
(Lexus Mix-H) was used to measure the weight of the$8 800 20 35 20
samples. Different techniques were used to detertte _ ° 800 10 25 20

chemical and mineralogical composition of the ppitaied Source: The authors
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sludge was evaporated at a temperature of 45 °@s g0
avoid mineralogical changes in the precipitated emait
[17-18], until its weight remained constant (lekart 0.1%
weight variation), in order to determine the maistof the
precipitated material. This material was then dttarzed
following the methods mentioned in section 2.2.aln two
types of cement were prepared in the laboratorg (aith the
precipitate and the other using Dominican gypsumorder to
compare them and to preliminarily assess theiropmidnce
based on the ASTM standards mentioned before.

3. Results and discussion

3.1. CKD composition

6), pp. 87-93. August, 2014.

CKD |

Figure 1

75
%T

60

45

30

co3
15

0 |
co3 |
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600110'#00

Figure 1. Infrared spectrum of the CKD (Transmittn

The chemical characterization of CKD by XRF showegpurce: The authors

that the highest weight percentage in the samptefawand in
calcium oxide (CaO), which falls within the rangported by
Mackieet al.[14]. Loss on ignition (LOI) is related to the €0
that is released and, taking into account that @¥3 dry, it
may be deduced that this material still containsearcted
limestone (CaCg) after leaving the clinker kiln, which in turn
indicates that this material has neutralizing piié(rable 2).
The FTIR analysis of the CKD is shown in Fig.1. Th
most representative bands correspond to carbor
vibrations (labeled as CO3). The strongest of thesels is
over 1400 cm, and there is also a narrow band around
873 cm?, as well as a weak band with two peaks betwe
2875 cmt and 2990 cm. These values are similar to thos
reported by different authors [19-21]. A small ambwof
sulphur, represented by sulphate bands (label&Dd3 and
a minor quantity of quartz (labeled as Qz) were &sind.
The semi-qualitative XRD result, based on
comparative analysis with X'Pert HighScBréatabase (Fig.
2),
component of the CKD (shown as calcite). Two sme
quartz peaks are also visible in the XRD patteowéver,
there were no peaks detected for minerals contin
sulphates, which may have been masked by the mz
peaks, especially, if they are at low percentagdas 8%).
The TG-DTG curves are shown in Fig. 3. In the T
curve a mass loss between 600 °C and 800 °C can
observed, whereas in the DTG curve a peak repiageat
maximum of 771.86 °C can be seen. It is approximadél
this temperature that carbon dioxide is volatiliZemm the
calcium carbonate sample [18]. Therefore, usings lc
percentages, calcium carbonate content was catdjla
confirming that it is a main component of the CKD.

Table 2.
Chemical characterization of CKD by XRF.
Oxide Content (%)
SiOz 7.8
Al203 3.2
FeOs 2.8
CaO 48.2
MgO 0.4
SG; 0.4
K20 0.2
NaO 0.0
LOI 36.5

Source: The authors
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Figure 3. TG-DTG Curves of the CKD.
Source: The authors

3.2. AMD neutralization

After the mixing stage, and before the additiorC#iD,
sulphate concentrations were measured in the liditi4D
samples. The concentration obtained in each beafasr
used to calculate the removal of sulphates (Tapl@ldng
with the corresponding pH values, which were mesur
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before and after neutralization.

After 192 hours the pH remained within the perrbigsi
range (5 - 9 units), as dictated by Colombian emvirental
regulations. There was sulphate removal of over @7%il
samples. Samples 3 and 5 had higher removal (72b)
sample 5 was closer than sample 3 to the neutralghlies.
Sample 5 was chosen to be characterized along tiwith
original AMD in an external laboratory in orderdetermine
additional environmental parameters, such as caoniyc
acidity, solid content and the presence of iromgaaese and
zinc (Table 4).

Conductivity decreased after neutralization, wiohld
be related to the removal of solids and metals fitbmm
AMD. As can be seen in Table 3, the biggest fractibthe
Total Solids corresponded to Dissolved Solids, heefand
after neutralization. There was more than 93% pittion
in manganese, zinc and iron, which is similar ®fihdings
of Mackie and Walsh [22].

3.3. Precipitate composition

The hypothesis of this research aimed to demoastnat
precipitated material could be considered synthggiosum,
since the reaction occurred in an aqueous solufibas the
analyses of properties such as Moisture conten) XRG,
FTIR, XRF and SEM were conducted to verify thisrala

Table 3.
Removal of sulphates and change in pH after nézat®in of AMD with
CKD.

Test AMD Clarified Sulphate AMD  Clarified
Sulphates Water Removal  pH Water
Concentration  Sulphates (%) pH
(mg/L) Concentration (after
(mg/L) 192
hours)
1 30204.62 10092.41 67 1.75 8.03
2 30204.62 9075.91 70 1.75 7.93
3 30204.62 8495.05 72 1.75 8.05
4 30204.62 8930.69 70 1.75 7.86
5 30204.62 8495.05 72 1.75 7.77
6 30204.62 8858.09 71 1.75 7.84
7 30204.62 8930.69 70 1.75 8.00
8 30204.62 9366.34 69 1.75 7.89
9 30204.62 8640.26 71 1.75 7.72

Source: The authors

Table 4.
Characterization of sample 5 before and after aénation.

Parameter (units) AMD Neutralized Removal
AMD (%)
Conductivity (1S/cm) 25250 10230 59.49
Total Acidity (mg CaC@L) 11850 34 99.71
Total Iron (mg Fe/L) 2530 <0.050 100.00
Total Manganese (mg Mn/L) 14.30 0.868 93.93
Total Zinc (mg Zn/L) 3.93 0.015 99.62
Total Dissolved Solids (mg/L) 27422 12548 54.24
Total Solids (mg/L) 27510 12602 54.19

Source: The authors
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Figure 4. XRD patterns for precipitated sludge,BCEnd YD. (Y axis
scale is variable. Gy: di-hydrated gypsum tag,caécium carbonate tag).
Source: The authors

3.3.1. Moisture content

After dehydration at 45°C the moisture content of
precipitated sludge ranged between 69% and 81%.
According to Aubé’s findings [7] these percentageay
vary between approximately 70% and 99%, which is
consistent with the findings of this research.

3.3.2. X Ray Diffraction (XRD)

Fig. 4 shows diffraction patterns (XRD) for the @in
samples, previously sieved between -200 and +3Zhese
CKD and Dominican gypsum (YD) patterns were also
included in order to compare the representativékpehithe
gypsum and calcium with the peaks of the precipitat

Dominican gypsum (YD) showed four main peaks on
the D axis. The position of these peaks was similar to
those reported in the X'Pert HighScore® software
database for di-hydrated gypsum. Diffraction paisefor
the nine samples matched the positions of the drdted
gypsum, and calcium carbonate peaks were also feand
match the positions reported in the literature [ZBhe
precipitated samples showed two double peaks at the
gypsum and calcium carbonate positions, one smaller
between 23° and 24° 062 positions and the more
representative pair between 29° and 3@pasitions. This
demonstrates that gypsum was produced but thessllis
some unreacted calcium carbonate. From Fig. 4nthm
deduced that the highest peaks of gypsum are cetate
the lowest peaks of calcite in the precipitated aeriat
(samples 1, 5, 8 and 9). After comparing each sampl
against the X'Pert HighScore® database, it was
discovered that samples 5 and 9 had the highest
percentage of gypsum, however the difference baiwee
them was the absence of quartz in sample 5.

3.3.3. X Ray Fluorescence (XRF)

Results obtained by XRF showed that samples 1, 5, 8
and 9 had the higher sulphur percentages, showabte 5
as S@, which confirms the information obtained through
XRD analysis. Compared to CKD the precipitated damp
showed an increase in $@ercentage and a decrease in



Martinez et al DYNA 81 (186), pp. 87-93. August, 2014.

CaO, which could indicate that sulphur reacted wéltium there is an initial mass loss of 15% close to 160There is
and in turn precipitated as gypsum. There was ere@se in then a mass loss of 5% in the dehydration of theithelrate at
iron and magnesium oxide content in the precipitataround 200° C [24]. Dominican gypsum showed a rosssof
material after the neutralization process, affignthat the 15.68% around 150° C and precipitated samples 8 abd 9

metals were removed with the addition of CKD.

3.3.4 Thermo Gravimetric Analysis (TG)

presented close to a 10% mass loss at that temgerahe
other samples exhibited a loss in mass of less @anAt
around 750° C there was further loss of mass wiagbon
dioxide is released through volatilization, thusifeeing the

This method was used to determine the percentagep@isence of Calcium Carbonate after neutralizaiiorthe

gypsum in the precipitated material. Previous studiave
demonstrated that when gypsum is dehydrated tohlyeinaite

precipitated material (Table 6).

Table 5.
XRF analysis of samples.
Sample Oxide Content (%)
SiO. Al2Os FeOs Cao MgO S K20 Na&O LOI
YD 4.29 0.96 0.68 29.81 2.06 41.41 0.14 0.04 20.61
CKD 7.88 3.21 2.80 48.23 0.49 0.44 0.20 0.00 36.53
Sample 1 5.57 3.25 6.56 32.22 1.36 24.05 0.24 0.12 26.63
Sample 2 7.05 3.17 4.05 40.09 1.16 12.99 0.25 0.10 31.15
Sample 3 6.95 3.15 3.82 39.83 154 13.63 0.27 0.16 30.65
Sample 4 7.20 3.23 3.91 40.78 1.27 12.25 0.25 0.10 31.01
Sample 5 5.98 3.39 6.36 33.55 1.28 22.49 0.24 0.13 26.59
Sample 6 6.62 3.24 4.80 38.02 1.28 16.42 0.25 0.12 29.25
Sample 7 7.13 3.15 3.90 40.58 1.35 12.35 0.26 0.11 31.18
Sample 8 5.58 3.22 6.50 32.71 1.27 23.88 0.24 0.13 26.48
Sample 9 5.59 3.28 6.49 32.84 1.27 23.59 0.24 0.11  26.59

Source: Source: The authors

Table 6.
Gypsum and calcium carbonate content in the samples

that could match the description of crystal twirgn{simple

o Figure5

Sample Gypsum content (%) Calcium carbonate sos SYNTHETIC GYPSUM 5
content (%) do=
YD 75 13 3 (o}
CKD 0 76
1 50 28 ©
2 30 68
3 25 56 “
4 25 56 A
5 48 32 B L
6 32 48 »
7 25 56
8 50 29
9 51 29

Source: The authors

3.3.5. Fourier Transform Infrared Spectrometryl@&T

This technique was used to qualitatively complentkat
XRD, XRF and TG analyses. Precipitated samples&8ahd 9
showed representative bands in the vibration spacin the
normal positions for carbonates, sulphates andtzjugnese
bands were labeled as follows: calcium carbondiations as
CO3 di-hydrated gypsum vibrations &€804 di-hydrated
gypsum water molecule vibrations @420 and quartz

vibrations asQz Fig. 5 shows the spectrum obtained fo

precipitated sample 5.
3.3.6. Scanning Electron Microscopy (SEM)

As can be seen in Fig. 6, precipitated samples atho
mainly crystals with a tabular habit, and theral&® a crystal
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Figure 5. FTIR spectrum precipitated sample 5.
Source: The authors
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twin), as described by Nesse [17]. One can obsentbe

enlarged image how gypsum accumulates on the sgysialc
to increase its size. With regards to size, syiathgtpsum

crystals were smaller than those in mined gypsuniciwmay

be related to their origin.

%.3.7. Clinker blended with synthetic gypsum

Table 7 shows the time of setting for the two cemngres
prepared in the laboratory, the first using clinkend
Dominican gypsum (control cement) and the secoridgus
clinker and synthetic gypsum. These results cowmhpligth

VASTM C 150/C 150M-12 minimum and maximum time of

setting standards for Type | cement.
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Figure 6
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quantities are not a definitive recipe, as theyeaspond to the
specific conditions of this research. It is possiblat CKD can
also be used to treat acid effluents from othewustihl
processes in an economically efficient way.

Although acidity removal and pH increase to neutral
values proved to be effective, it is recommendeat th
combination of CKD and lime could be tested in fatu
researches, and which could potentially improve AMD
neutralization.

Results showed that synthetic gypsum obtained under
these research conditions can be used to prodatenteand
the values found for time of setting and compressivength
complied with ASTM standard specifications.

Table 7. . ] .
Time of setting. As a general conclusion to this research, it castated
Cement type Initial time of  Final time of  that there are many possibilities to prevent emvirental
setting (min) _ setting (min) ~ pollution through the manipulation and optimizatiaf
Control cement 128 170 industrial processes, in order to find new usestfier by-
Synthetic gypsum cement 139 200 products and residues from the intermediate andges.
ASTM C-150/C 150M-12 45 375
(type | cement) Acknowledgements
Source: The authors
The authors would like to thank Cementos Argos S.A.
for funding this project.
Table 8.
Compressive strength. References
Curing Control Synthetic ASTM C-150/C
time cement gypsum 150M-11 (type | . .
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SourC(Ze'SThe authors35.0 28.7 — [2] Cara, J., The biodesulphurization of a semiantteacpal in a

(3]

Table 8 shows the compressive strength found in
mortars that were prepared with the two cementdie T
standards are the minimum permitted values. [4]

Synthetic gypsum caused a slight delay in both giwfe
setting and developed very similar values for caagive
strength. This could be related to its reactivitd also to [5]
the effect of contaminants that precipitated with Tihe
delay could also allow a time increase for workgbilWe (g
can therefore say that the synthetic gypsum oldaiimehis
process can be used in the manufacture of Pordamént, 7
replacing gypsum obtained through mining activities

4. Conclusions

Characterization by XRF, FTIR, XRD, and TG—DTC£8]
showed that CaO and CaCO3 were the main compoiments
CKD, which indicates that this material has neiiraj
potential and can be used to treat AMD. This cordiearlier
studies in which this material is proposed for tileatment of
acidic waste water, including metals such as IrahZnc.

It was confirmed that higher turbulence improves th
neutralization reaction between AMD and CKD and
consequently, the precipitation of synthetic gypsiam occur. [i1]

Under the conditions of this project, approximatelg g
of CKD were required to react with 1.0 g of sul@sain an
AMD sample, producing synthetic gypsum that can !
exploited industrially. It is important to highlighhat these
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