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Abstract

We characterized carbide lime, a by-product of acetylene manufacturing, and compared it to commercial calcium oxide (CaO),
which is typically used to treat AMD. Chemical and X-ray diffraction data revealed that the carbide lime was a calcium-rich
lime. Morphological analysis indicated that it differed from commercial CaO in its morphology, having a layered structure.
The presence of functional groups among the samples was confirmed by a Fourier transform infrared spectral study. Physi-
cal characterization, including nitrogen adsorption—desorption isotherm and particle size distribution demonstrated that the
carbide lime had greater surface area and finer particle size than the commercial CaO. Jar tests were used to evaluate the
effect of the carbide lime and CaO loading on actual AMD. The optimum quantity of carbide lime for treating the AMD was
0.4 g/1, which increased the pH and reduced the metal and sulphate concentrations to acceptable levels. The carbide lime
showed superior acid-neutralizing and contaminant diminution at all studied loadings. Additionally, an Imhoff cone test
confirmed that the sludge produced using carbide lime settled better that that produced using CaO powder.
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Introduction

Common treatment techniques for acid mine drainage
(AMD) are classified as active and passive processes. The
active treatment approaches use chemicals like hydrated
lime, caustic soda, limestone, anhydrous ammonia, while
passive treatments include biological systems such as con-
structed wetlands and sulphate-reducing bioreactors, and
chemical treatment with limestone (Agrawal and Sahu 2009;
Gaikwad and Gupta 2008; Kefeni et al. 2015, 2017; Ochieng
et al. 2010; Qureshi et al. 2015; Shabalala et al. 2017; Sim-
mons et al. 2002). Recently, the use of industrial by-products
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has garnered significant attention since they can be poten-
tially used as alkaline chemicals (Ayeche and Hamdaoui
2012; Cardoso et al. 2009; Kaur et al. 2018). Re-use of such
wastes are both economical and ecological.

Carbide lime or lime sludges are by-products of the reac-
tion between calcium carbide in water that are produced dur-
ing the fabrication of acetylene gas for welding (Cardoso
et al. 2009; Chukwudebelu et al. 2013). Based on the statis-
tics of the calcium carbide industry, the global production
of calcium carbide was estimated to be 1370 million tons
annually (Liu et al. 2011; Zhang et al. 2012). Carbide lime
has a pH > 12 and is comprised of 85-95% calcium hydrox-
ide, 10% calcium carbonate, and 1-3% unreacted carbon
and silicates (Cardoso et al. 2009; Scott and Wood 2002).
They have been identified as non-hazardous but require suit-
able management prior to disposal. Utilization of the carbide
lime as a substitute for lime in construction, agricultural,
and other industrial processes have been documented (Hol-
ogado et al. 1992; Hower et al. 1998; Scott and Wood 2002).
Moreover, they also can be used as alkaline chemicals for
dairy farm (Ayeche 2012) and municipal sewage treatment
(Ayeche and Hamdaoui 2012), in which they significantly
reduced organic matter, suspended solids, nitrogenous, and
phosphate compounds.
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In the present work, calcium carbide lime produced as
a by-product of acetylene gas production was evaluated
for the treatment of AMD and compared with commercial
calcium oxide (CaO). Characterization of the calcium car-
bide lime was carried out using X-ray fluorescence (XRF),
X-ray diffraction (XRD), field emission scanning electron
microscope (FESEM), Fourier transform infrared (FTIR)
spectroscopy, nitrogen adsorption—desorption, and particle
size distribution analyses. Jar tests were used to evaluate
the impact of the carbide lime and CaO powder loadings
on pH, electrical conductivity (EC), oxidation-reduction
potential (ORP), and concentrations of Al, As, Cu, Fe,
Mn, Ni, Zn, and sulphate in the AMD. The settling capaci-
ties of both AMD sludges were assessed and the particle
characteristics was confirmed via FESEM and energy dis-
persive X-ray (EDX) analyses.

Experimental
Materials

All of the chemical reagents received in this study were ana-
lytical grade and used without further purification. Com-
mercially available calcium oxide (CaO) (purity 99%) was
purchased from Bendosen Chemical. The carbide lime waste
samples were obtained from an acetylene gas plant in Perak,
Malaysia (supplemental Fig. S1). Grab sampling was used to
obtain the lime waste samples from the plant. The samples
were dried in a tray under the sun and then ground with an
agate mortar. Subsequently, the particles were segregated
using sieves ranging from 45 to 70 mm in the laboratory.
The samples were then kept in a desiccator before their use
in experiments. The commercial CaO was also segregated
using similar sieve sizes prior to the experimental testing.

Acid Mine Water

AMD was obtained from an active tailings pond located in
Perak (supplemental Fig. S1). The AMD was analysed using
a Perkin Elmer Optima 7000 inductively coupled plasma
optical emission spectrometer (ICP—OES) (Table 1). The
AMD had a pH of 4.0, which was far below the recom-
mended pH values of 6.0-9.0 and 5.5-9.0 for Malaysia’s
Environmental Quality Standards A and B, respectively
(Environmental Quality Act 1974 (Act 127) & Subsidiary
Legislations 1998). In addition, contaminants such as Cu,
Fe, Al, As, and Mn were all present at levels that exceeded
the maximum acceptable levels permitted by the Environ-
mental Quality Act 1974 (Act 127) & Subsidiary Legisla-
tions (1998) and World Health Organization (WHO) (2011).
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Table 1 Major chemical content of raw AMD sample collected from
Perak, Malaysia

Parameter Value Standard A Standard B Drinking
guideline
value

pH 4.0 6.0-9.0 5.5-9.0 6.5-8.5"

As (mg/l) 0.8 0.05 0.10 0.01*

Cu (mg/l) 16.0 0.20 1.0 2.0°

Fe (mg/l) 1.1 1.0 5.0 0.3°

Al (mg/l) 20.5 10 15 0.2°

Mn (mg/l) 61.8 0.2 1.0 0.1°

Ni (mg/l) 10.2 0.2 1.0 0.07%

Zn (mg/l) 5.0 2.0 2.0 -

“World Health Organisation (WHO)
bDepartment of Water Affairs (DWA), South Africa

Characterization of Carbide Lime

The crystal phase of the samples was tested by X-ray dif-
fraction (XRD) using a Philips PW 1820 diffractometer
with Cu Ko radiation at a scanning rate of 2° min~! in the
range of 20°-70°. The morphology of the samples was
monitored by a Quanta FEG 450 field emission-scanning
electron microscope (FESEM) with an energy dispersive
X-ray (EDX) spectrometer. Prior to this analysis, the sam-
ple was prepared on a carbon tape and an auto fine coater
was used to coat the samples with thin layer of platinum.
The infrared spectrum was completed with a Thermo sci-
entific Nicolet IS10 Fourier Transform Infrared (FTIR)
spectrometer at a scanning range from 400 to 4000 cm™".
The specific Brunauer—-Emmett-Teller (BET) surface
area and pore volume of the samples were assessed by a
Micromeritics ASAP 2020 nitrogen adsorption—desorption
apparatus. A Shimadzu X-ray fluorescence (XRF-1700)
was used to determine the chemical composition of the
samples. The particle size distributions were measured by
a Malvern Mastersizer 2000 analyser.

Experimental Procedures

Experiments were performed using a VELP Scientifica
programmable jar testing apparatus in which 500 ml of
AMD was poured into each jar. A proper amount of the
solid (0.1-1.6 g/1) with 30-80 pm particles was placed
into the AMD. The solution was then mixed at 150 rpm
for 1 min, followed by slow mixing at 50 rpm for 5 min
and then left to settle for 30 min. After settling, water qual-
ity parameters such as pH, EC, and ORP were measured
using a Cyberscan PCD650 portable water quality meter.
The metal ion analysis of the water samples was tested
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Table 2 Chemical composition of commercial CaO and carbide lime
measured by XRF analysis

% Commercial CaO Carbide lime
CaO 87.69 92.39

Sio, 3.75 4.30

ALO, 0.96 1.46

Fe,0, 0.13 0.69

MgO 5.68 0.29

SO, 0.12 0.23

C 1.67 0.64

Total 100 100

using an ICP-OES analyser. The sulphate ion analysis
was evaluated using an ion chromatography Metrohm 792
Basic IC analyser. For comparison, commercial CaO pow-
der (30-80 pum) was also tested under similar conditions.
The settling capacities of sludge volumes after 30 min of
sedimentation were assessed using Imhoff cones. Finally,
the samples were filtered using vacuum filtration and air

X5,000 WD 6.0mm 1um

X5,000 WD 59mm 1um

dried prior to FESEM and EDX analysis. Each experiment
was duplicated and the mean value was reported.

Results and Discussion
Characterization

The main Ca component and other contents such as SiO,,
Fe,0;, Al,0O5, and SO; were higher in the carbide lime than
in the commercial CaO (Table 2), while the commercial CaO
contained more MgO and C than the carbide lime. Thus, the
carbide lime can be classified as a Ca-rich lime with low
MgO contents. The results agreed well with those reported
by Ayeche and Hamdaoui (2012) and Cardoso et al. (2009).

The XRD patterns of commercial CaO and carbide lime
are depicted in supplemental Fig. S2. In both cases, major
crystalline phases were composed of CaO and Ca(OH),. A
typical peak corresponding to MgO can also be identified in
the spectrum for the commercial CaO. The presence of MgO
could be mainly due to the nature of the limestones; similar
observations were found in the literature (Ontiveros-Ortega

SEI 4.0kV

X20,000 WD59mm 1um

Fig. 1 FESEM images of commercial CaO (a, b) and carbide lime (¢, d) at different magnifications
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100 FESEM images of the powder samples at different mag-
nifications are shown in Fig. 1. Figure la shows that the
o 80 (a) commercial CaO particles were granules derived from
'E — (b) aggregation of CaO and Ca(OH), crystals. The formation
S 60 - of aggregates might be due to the heterogeneous nucleation
}: of these crystals during the sintering process. The magnified
2 0 | image (Fig. 1b) shows that the surface of the aggregates was
= irregular. These cluster structures were also marked by con-
E siderable voids and gaps. From Fig. 1c, d, it is clear that the
5 20 1 carbide lime had visibly different microstructures. The car-
~ bide lime wastes were also mainly comprised of aggregates,
L e = — s S ERETEE = < ool but these were aggregates derived from submicron-sized to

0 0.2 0.4 0.6 0.8 1

Relative Pressure (P/P,)

Fig.2 N, adsorption—desorption isotherm of a commercial CaO and
b carbide lime

Table 3 Textural properties of commercial CaO and carbide lime

Material Surface area (m”/ 2) Pore
volume
(cm¥/g)

Commercial CaO 4.14 0.0405

Carbide lime 14.82 0.1398

et al. 2017; Rosell et al. 2014). This MgO content could
assist in dissolution and its ion exchange during the AMD
treatment process. Moreover, the strong and sharp XRD
peaks indicated that the both samples were highly crystal-
line. These properties were well matched with the morpho-
logical and textural properties of the samples, as recorded
below.

Volume (%)
n

1 11 21 31 41 51 61 71 81 91 101
Particle size (um)

Fig. 3 Particle size distribution of a commercial CaO and b carbide lime
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micrometer-sized CaO and Ca(OH), crystals. These parti-
cles were randomly arranged, creating some porous regions
and layered textures (Fig. 1d).

The morphological differences between the CaO and
Ca(OH), clusters were due to their synthesis techniques. The
commercial CaO was fabricated by thermal decomposition
of calcium carbonate at 800-900 °C to liberate CO,, leav-
ing fine powder (Ontiveros-Ortega et al. 2017). The CO,
release that took place produced numerous voids and gaps.
In contrast, the carbide lime were produced in an aqueous
slurry, followed by filter pressing, and in the current study,
also drying and grinding). These reactions produced layered
textures with some porosities, which may be beneficial to the
solid-liquid interaction during AMD treatment.

FTIR spectra of commercial CaO and carbide lime are
depicted in supplemental Fig. S3. The absorption band
at 3448 cm™! corresponded to -OH stretching vibration,
indicating H,O bound to the surface of the solid samples.
Moreover, the band at 1640 cm™! indicates the adsorption
of water on the sample surfaces (Li et al. 2015). The major
band at 1459 cm™! is characteristic of Ca—O (Fang et al.
2018). This intense band was observed for the carbide lime,

Volume (%)
7]

1 11 21 31 41 51 61 71 81 91 101
Particle size (um)
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Fig.4 Solution pH for AMD treated at different loadings of a commercial CaO, b carbide lime, oxidation reduction potential for AMD treated at

varied loadings of ¢ commercial CaO and d carbide lime
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Fig.5 Sulphate ion analysis for AMD treated using various loadings
of commercial CaO and carbide lime

indicating that the sample has the potential to release Ca®*
and OH™ ions. In addition, an absorption peak attributed to
the Ca—C bond was found at 873 cm™!. The obtained FTIR
results were similar to those in the literature (Li et al. 2015;
Trubyanov et al. 2018).

The N, adsorption—desorption isotherms of the commer-
cial CaO and carbide lime are displayed in Fig. 2. Both sam-
ples exhibited type IV isotherms with H3 hysteresis loops.
The distinct hysteresis loops were found in the range of
0.6-1.0 P/P, which suggested the presence of mesoporous
materials. Table 3 summarizes the textural properties estab-
lished by N, physisorption data. The surface area and pore
volume of lime wastes were higher than that of the commer-
cial CaO. Surface area can be associated with the morphol-
ogy, texture, and porosity of particles and to some extent,
to their size distributions (Rodriguez-Navarro et al. 2005;
Rosell et al. 2014). The much larger specific surface area of
the lime wastes could be due to the filter pressing followed
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Fig.6 Electrical conductivity of AMD treated by a commercial CaO, b carbide lime, Ca concentration treated by ¢ commercial CaO and d car-
bide lime

i)
=

1

<
~3
=S

——Al —— Al
60 - As 60 | s
= =) —4—Cu
SER Tcu = 50 -
E —o0—Fe £ —o—Fe
N’ i - ] M
g4 Mn 40 n
E b Ni
< Ni <
E 301 E 301 Zn
3 Zn 3
S 20 3 £ 50 4
(3 20 \ (S
10 I\A- 10
R = & - - - : o 0 . ; y .
0 02 04 06 08 1 12 14 16 18 0 02 04 06 08 1 12 14 16 18
Commercial CaO (g/L) Carbide lime (g/L)

Fig.7 Metal and metalloid removal at varied loadings of a commercial CaO and b carbide lime
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Fig.8 Assessment in the Imhoff
cones a commercial CaO and b
carbide lime

by drying and crushing, creating particle packing and more
available surfaces.

Figure 3 depicts the particle size distribution of the com-
mercial CaO and carbide lime. The commercial CaO dem-
onstrated coarse particle with > 10% of large particle size
over 75 pm; its median particle size was 65 pm (Fig. 3a).
The lime wastes had smaller granulometry. Figure 3b shows
that the lime waste particles also had > 10% large particles
but its median particle size was 55 pm. The carbide lime
used was appropriate to treat AMD effectively due to its
fine particle size.

pH and Oxidation—Reduction Potential (ORP)

The chemical form of an element in sulphate-bearing mining
waste was significantly affected by physico-chemical bound-
ary conditions, especially with respect to pH and ORP. Fig-
ure 4a, b displays the pH of the treated AMD using different
loadings of commercial CaO and carbide lime. Both sam-
ples showed the same patterns, in that the pH of the treated
AMD increased slightly when <0.2 g/l was applied. Further
increasing the sample loadings from 0.4 to 1.6 g/l caused a
rapid pH increase. The loading that best met the objective
was 0.4 g/l, which complied with both Standard A and B in
the Environmental Quality Act 1974. Moreover, the carbide
lime powder exhibited better acid neutralization than the
commercial CaO at all studied loadings.

Our XRF results indicated a higher CaO content for car-
bide lime than commercial CaO. Furthermore, when com-
paring the AMD treatment at different sample loadings, the

results suggest that the CaO content of the samples corre-
lated with their pH neutralizing capacities.

The ORP of the AMD at different loadings of commercial
CaO and carbide lime was also measured (Fig. 4c, d, respec-
tively). The ORP values changed from oxidizing (positive)
to reducing (negative) after treatment, indicating that both
samples were able to reduce the ionic chemical species in
the AMD. Figure 5 displays the sulphate ion analysis for
the treated AMD and indicates that both the commercial
CaO and carbide lime were able to lower the sulphate ion
concentrations by about 60%.

Metal Concentration and Electrical Conductivity

EC and ICP analyses showed a good relationship between
EC and metal concentrations in the AMD. Figure 6a, b
shows that the EC increased with greater commercial CaO
or carbide lime loading, respectively. Figure 6¢, d shows that
the Ca concentration in the AMD treated by both samples
was obviously higher than that of the untreated AMD. This
suggests that dissolution of Ca-bearing alkaline materials
was mainly responsible for the EC increase. Furthermore,
the higher Ca concentration in the AMD treated with lime
wastes led to a larger EC increase, compared to that of com-
mercial CaO. Others have also reported on the increased
levels of alkaline components such as Ca and Mg due to dis-
solution of neutralizing agents in water (Lottermoser 2010;
Wang et al. 2008).

Other metal ion concentrations of AMD treated using
different loadings of commercial CaO and carbide lime

@ Springer



764

Mine Water and the Environment (2019) 38:757-766

Pie

SEI 40kY  X30,000 WD 59mm

0
[Full Scale 12094 cts Cursor: 0.000

b g
100nm

FEE VR BN : & ]
SEI 20KV X30,000 WD6Omm 100nm

Spectrum 1

keV

Fig.9 FESEM images of sludge after completion of the carbide lime with a deionized water, b AMD and ¢ EDX spectrum of treated carbide

lime with AMD

are shown in Fig. 7. Both samples showed profound effects
in decreasing Al, Cu, Fe, Mn, Ni, and Zn concentrations
in AMD when using loadings of 0.4 g/l and above. They
reduced these metal ion concentrations in AMD by over
93% and their aqueous concentrations were in compliant
with the Environmental Quality Act 1974. Moreover, the
samples also reduced As concentrations by 98% and 96%,
respectively. The high diminution of the metal and metal-
loid concentrations was presumably due to precipitation, co-
precipitation, and adsorption (because adsorption sites are
created as metal hydroxides precipitate).

@ Springer

Settling Efficiency of Sludge

Settling capacities of the sludge produced with commercial
CaO and carbide lime in the AMD treatment were compared
(Fig. 8). In 30 min of sedimentation, the sludge volume in
the carbide lime samples (~28 ml/l) was very similar to
the commercial CaO (~25 ml/l). Additionally, the settling
capacities of the carbide lime sludge were superior, in that a
clear solution was visibly observed for lime wastes.
Microscopic analysis on the produced sludges from car-
bide lime was conducted using deionized water and AMD
solution after the jar test (Fig. 9). The sludge derived from
carbide lime with AMD had many abundant clusters of
spherical-like precipitates on the surface of lime waste
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particles compared to that of the sludge derived from deion-
ized water. This confirmed the precipitation of AMD con-
stituents onto the lime waste particles. EDX analysis of the
sludge generated by carbide lime treatment of the AMD
indicated the presence of various metals including Fe, Mn,
Mg, Ca, Cu, and several non-metals such as C, Si, and S.
Hence, carbide lime could be an efficient and cost-saving
alternative to commercial CaO for AMD remediation.

Conclusion

This work evaluated whether by-products from acetylene
production could be used as an alternative to commercial
CaO for AMD neutralization. Carbide lime waste was shown
to be a Ca-rich lime composed mostly of CaO and Ca(OH),;
a minor quantity of MgO was also identified in the com-
mercial CaO. The carbide lime wastes showed clusters
with more open porosities and layered textures than that of
commercial CaO, leading to a larger surface area. This was
aided by the industry filter-pressing and laboratory prepara-
tion methods used for the carbide lime waste samples, which
produced a finer particle size distribution than that of com-
mercial CaO. Jar tests were conducted to evaluate the effect
of carbide lime and CaO loading on the pH, EC, ORP, and
concentrations of Al, As, Cu, Fe, Mn, Ni, Zn, and sulphate
anion in the AMD. The optimum application rate of the car-
bide lime for AMD was 0.4 g/1, which brought the pH and
contaminant contaminants into compliance with Standards
A and B of the Environmental Act of 1974. The carbide lime
also showed superior acid-neutralization and diminution of
metals and arsenic than the commercial CaO at all studied
loadings. Additionally, sedimentation test in Imhoff cones
confirmed that the sludge produced using carbide lime had
better settling capacities than that produced using CaO pow-
ders for AMD remediation. Hence, carbide lime could be an
efficient and cost-saving alternative to commercial CaO for
AMD remediation. Long-term tests are currently going on
to further understand the stability properties of the solids.
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