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Abstract Hydrogen sulfide (H2S) gas can be traced once the groundwater is
pumped out from a deep well which is located <10 km from the costal line. The
groundwater contains 5.1 ± 0.1 ppt of salinity which is classified as saline
groundwater. The initial color of the groundwater is green yellowish. After 40 s
exposed to the oxygen, its colour suddenly turned to black and become sludgy.
Afterwards, the black colour turns to partially cloudy after 8 h being exposed to the
oxygen, subsequently, the H2S gas vanishes along with the disappearance of the
black colour. Hence, from this reaction, this study aims to investigate the cause of
the black precipitate formation which comes from the oxidation of the deep well
saline groundwater. Based on the XRD and DSC results, the black precipitate is a
troilite mineral (FeS). The elements that contained in the groundwater mostly
originated from the seawater. The fast precipitation is caused by the Cl− content
which is increasing the oxidation rate. The increase of Fe2+ is caused by the
weathering process during the travel of the groundwater through the aquifer.
Meanwhile, SO2�

4 is decomposed by microorganism to produce S2− and this causes
the reaction of Fe2+ and S2− to form FeS despite in saline condition.
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1 Introduction

Deep well is defined as a depth of well greater than 30 m from the water table.
Pollution of deep well usually occurred from a long-term impact of local activities.
In general, the water quality of the deep well changes much slower than the shallow
well. This happens because the pollution of deep well is affected by the land use for
more than 10 years and influenced by weathering of rocks through the aquifer [23].
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In this case, the water will slowly move in the aquifer which can take many years
before it can reach above the 30 m depth; in between a foot to a mile per day based
on the type of soil and rock [3].

In the Engineering Campus of Universiti Sains Malaysia, a tube well with a
diameter of 6 in. and 60 m body length was dug for geomorphology and ground-
water study. According to the water table in this study area at the coordinate of 5°
08′50.25″ N, 100°29′36.23″ E, it is ±1.76 m from the surface area and the depth of
the tube well is 58.24 m [14]. Based on the bore hole data of the tube well and the
self-potential (SP) prospecting data before pumping at the study area taken by Nik
Adik [1], the final water table was around 1.62–1.86 m. Therefore, in this case, this
study will be focusing on the deep well where the pollutants may consist of various
minerals that dissolve in water and anaerobic living organisms. Based on Fig. 1,
coastline distance is about 8 km away from the site area. According to Tawnie et al.
[20] report, the saline intrusion can extend over 10 km from the coastal line even in
groundwater. This will affect the intrusion of salt into the river and the groundwater
[14]. Table 1 shows the classification of salinity status.

Fig. 1 Distance from the coastal line to the tube well in the Engineering Campus of Universiti
Sains Malaysia

Table 1 Classification of salinity status [14, 20]

Salinity
status

Salinity
(ppt)

Description

Fresh <0.5 Drinking and all irrigation

Marginal 0.5–1 Most irrigation and adverse effects on ecosystem become
apparent

Brackish 1–2 Irrigation certain crops only but useful for most stock

Saline 2–10 Useful for most livestock

Highly
saline

10–35 Very saline groundwater and limited use for certain livestock

Brine >35 Seawater and some industrial discharge
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Due to proximity to the sea, the occurrence of salinity is unavoidable in
groundwater or surface water due to the intrusion from the seawater. Salinity also
can be composed from the agriculture activities such as the usage of fertilizer for
plantation. Fertilizer that flows beneath the underground reacts with the free ion in
groundwater such as Mg2+ and hence, forms Epsom salt or in its chemical name
known as magnesium sulfate (MgSO4). Based on this research area, salinity is
formed from the natural process such as weathering of rocks and salt inflation in the
rainfall for thousands of years. Seawater moves into the aquifer and mixes with the
fresh groundwater [12].

H2S is exists more in groundwater compared to surface water due to sulfate
reducing bacteria (SRB) which is one of the biotic factors. With the presence of
SRB, it decomposes sulfate (SO2�

4 ) to S2− and arouses the nucleation of Fe2+ and
S2− to form FeS despite unexposed to the oxygen [17]. FeS is also named as troilite
mineral. It has been proved by Picard et al. [17] that the FeS formation was
accelerated by SRB whereby the experiment was conducted in an anaerobic vinyl
chamber and nanocrystalline. Furthermore, their data also unveiled about the
nucleation of FeS which occurred on the cell surface of the living SRB and dead
SRB and also on extracellular materials. Besides that, the presence of oxidants in
the groundwater such as chloride and fluoride also tend to oxidize SO2�

4 to S2− and
subsequently reacts with Fe2+ to form FeS. This factor is categorized as an abiotic
factor [8]. To consummate their studies, both biotic and abiotic factors play the role
to form FeS. However, with the cooperation of living microorganisms, the nucle-
ation can be accelerated and it could take one week to form FeS in anaerobic
condition [17].

In aerobic condition, a low temperature and low concentration of H2S also can
form FeS as shown in Eqs. (1) and (2) [18, 19]. According to Eq. (3), if the reaction
time is prolonged, the FeS may transform to greigite, Fe3S4 or also known as
ferrimagnetic where it is identical to magnetite, Fe3O4 [6, 17]. A further reaction
under hotter conditions and a higher concentration of H2S gas may trigger the
transformation of pyrite, FeS2 as shown in Eq. (4) [22].

The alteration of the composition above depends on the environmental condition
such as temperature, pH, pressure etc. An example of pyrite in Eq. (1), in weakly
acidic condition (pH = 4), FeS and FeS2 are formed [13, 16]. Meanwhile, in neutral
and alkaline mixtures (pH 6–9), only FeS and S are formed as shown in Eq. (2) [22].

2FeO OHð Þþ 3H2S ! FeSþ FeS2 þ 4H2O ð1Þ

2FeO OHð Þþ 3H2S ! 2FeSþ Sþ 4H2O ð2Þ

3FeSþ S ! Fe3S4 ð3Þ

FeSþ S ! FeS2 ð4Þ

A redox process at the aqueous-solid interface from the reaction of iron and
sulfur has been detailed out by Fan et al. [8] as shown in Fig. 2. The mechanism of
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iron and sulfur reaction based on pH and Eh variable has been illustrated in graphs
to see the changes of iron and sulfur species. The fixed-concentration species is (A:
[ST] = 10−6 M, B: [FeT] = 10−6 M) and the contours are total ions (A: [FeT], B:
[ST]) displayed in different colors which are yellow: 10−6 M, red: 10−4 M, and
blue: 10−5 M.

Based on Fig. 2 which sulfur is a source of an oxidizing agent for ferric, Fe3+ to
Fe2+ by electron transfer at pH of 5–6 and approximately around −0.6 to 0.1 volts.
Reaction of Fe2+ can form a goethite (FeO(OH)); non-magnetite, troilite (FeS); low
magnetite, pyrrhotite (Fe(1 − x)S) where x = 0–0.2, mackinawite (Fe(x + 1)S)
where x = 0–0.1; high magnetite, greigite (Fe3S4) or pyrite (FeS2) depending on the
environmental condition. There are three stable states that describe the transition
phase of the mineral which include the excited state (unstable), meta state
(metastable/partial stable) and ground state (stable). However, the graph only
illustrates the excited state and meta state.

In the graph, the interval between the Fe2+ and the area of blue color represents
the transition of aqueous-solid phase in which the minerals are in the excited state.
Excited phase is a phase with a high solubility and it often favors to form before the
meta state phase with lower solubility which is also known as mackinawite.
According to Bleam [4], FeS is highly soluble in acidic and less soluble in alkaline
condition as shown in Eq. (5). Based on the graph at Fig. 2a, it was found that
when S increased in FeS, it tends to rise its magnetic force such as greigite.
Mackinawite is divided into two magnetic properties which are magnetic and
non-magnetic, and caused by the amount of sulfur [4, 10, 15].

The other graph at Fig. 2b describes the same concept as the graph in Fig. 2a
with the same reaction of Fe and S but different amount of Fe. As stated in Taylor
et al.’s [21] article, by applying the temperature 160 °C to the aqueous hydrogen

Fig. 2 This is the Eh-pH diagram for the F–S–H2O system at room temperature, 25 °C drawn by
Fan et al. [8]
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sulfide that mixed with iron monosulfide powder, the reaction sequence of Fe2+ and
H2S is (troilite ! pyrrhotite ! pyrite). According to the properties and amount of
Fe and S, the blue colour could be an amorphous troilite which requires higher
temperature to stable and the red colour is pyrrhotite [4, 7, 13, 21].

FeS sð Þþ 2Hþ aqð Þ $ Fe2þ þH2S ð5Þ

H2S gas which is well known for its rotten egg smell can be traced once the
groundwater was pumped out of the tube well. H2S gas smell can as well become
stronger when it turns black. Based on Fig. 3, initial color of the groundwater in
Universiti Sains Malaysia was green yellowish. After 40 s exposed to the oxygen,
the color of the groundwater suddenly turned to black and this attends to the sludgy
appearance. Afterwards, the black colour was turned to red after 8 h being exposed
to the oxygen, subsequently the H2S gas disappeared along with the disappearance
of the black colour. Figure 4 shows the reaction of the groundwater after exposed to
the oxygen for 24 h.

Before After

Fig. 3 This is the reaction of
the groundwater after 40 s
exposed to the oxygen

0 h 24 h

Fig. 4 This is the reaction of
the groundwater after 24 h
exposed to the oxygen
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Since this groundwater shown to have relation to the FeS contamination which
affected by the surrounding condition such the seawater intrusion, it is beneficial to
do a deeper study of groundwater based on the condition of the surrounding that
affecting the source.

2 Methodology

2.1 Sampling

The groundwater was pumped for 3 h to surpass or equal to the volume of three
wells as shown in Eq. (6). The volume of the pumped groundwater was calculated
based on the flowrate of the pump as shown in Eq. (7). The flowrate was manually
measured via a measuring cylinder. Meanwhile, the well’s depth was measured
from the water table until the final depth of the well as displayed in Eq. (8). The
distance of the well’s depth will be justifying to the classification of the well either
it is a deep well or a shallow well. Besides, the volume of the well was calculated
using a formula of cylinder as exhibited in Eq. (9).

Vpg � 3Vwell ð6Þ

Vpg ¼ fp � t: ð7Þ

Dwell ¼ Lwell � dwt: ð8Þ

Vwell ¼ pr2 � Dwell � 1000
l
m3 : ð9Þ

where, Vpg = Volume of the pumped groundwater (l)

Vwell = Volume of the well (l)

fp = Flowrate of the pump (l/s)

t = Time taken of 1 L (s)

Dwell = Depth of the well (m)

Lwell = Length of the well (m)

dwt = Distance of the water table from the surface (m).
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2.2 Preservation of Sample

Sample was put into 50 ml centrifuge tube and 3% of nitric acid (NHO3) was added
to assure that the pH to be less than 2 and to avoid any changes occurred to the
sample. pH was measured using a pH meter. This sample was kept in the fridge at a
temperature of 4 °C. This preservation sample was prepared for NH3N, COD and
ICP-OES test. The time taken between the sampling and the transfer of the sample
to the fridge must be less than 2 h. These samples are then kept in the fridge not
over 28 days.

2.3 XRD

The solid sample was grinded using a mortar and a pestle. Then, the powder sample
was loaded into milled well on a sample holder as shown in Fig. 5. A glass slide
was used to compact the sample and slid on the surface of the compaction sample
area in order to remove the uneven surface. Then, the sample holder was cleaned
using a brush before placing it into a stage.

The XRD machine software was enabled in the “tool”. It was set to be in a
condition of 45 kV and 10 mA. The water chiller was checked and it set to be at a
temperature of <72 °C with a flow 4–6 m/h. After the sample preparation was ready
for scanning, the aluminum sample holder was placed onto a stage in the XRD
machine. The sample was scanned from 2 to 35° 2h.

Glass slideSample holder

Fig. 5 Preparation of XRD sample on the sample holder
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2.4 SEM-EDX

The size of the crushed marble must be less than 4 cm before being tested via SEM
test. The sample was coating for 20 min using the sputter coating to make the
sample visible in the SEM-EDX machine.

2.5 ICP-OES

The preserved groundwater samples were filtered using 0.45 lm nylon syringe filter
to remove suspended solid. A sample probe rinse solution of 1% ultrapure HNO3

was prepared to rinse the probe during reading the samples. 10 ppm of Scandium
(Sc) was put into the 1% ultrapure HNO3 for an internal standard solution.
23 multi-elements, chlorine and sulfur single-element standard were used for
identifying inorganic element in the groundwater samples. 1, 2, 3, 10, 25 and
50 ppm were chosen as a standard range. A good wavelength depends on the
calibration graph of each element. An accurate concentration was read according to
the calibration graph below 5% of (relative standard deviation) RSD and above the
detention limit value.

2.6 TGA-DSC

The nitrogen gas and the house air-line were turned on to trigger an oxidizing
environment. The water chiller is set to 20 °C. In the “Sample Info”, sample
information such as sample name and weight were written. At the zero box, it was
written 0.000 in order to continue the program. The sample pan was removed from
the crucible and added with 10–30 mg of sample. The sample weight was then
recorded and the pan was placed back into the crucible.

Before running the test, the temperature and rate were set up to 1300 °C as the
highest temperature and 5 °C/min for the temperature rate. The derivative of heat
flow was used to determine the accurate transition temperature data. Last but not
least, the line graph was thickened to display an unambiguous data.

3 Results and Discussion

3.1 Salinity

Based on ICP-OES result in Table 2, Na+ and Cl− have concentration in part per
thousand (ppt) value compared to the other elements which have concentration in
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part per million (ppm). Based on the data taken in dry and wet season as shown in
Table 3, the result shows 5.1 ± 0.1 ppt and it has been categorized as saline
groundwater. In view of the salinity of the groundwater, this has risen questions on
the elements that exist in the groundwater.

By looking at the SEM-EDX result in Table 4, the presence of chloride in the
groundwater has shown a higher weight percentage as compared to Na. Based on
the SEM scanned picture in Fig. 6, the sample shows a cubic shape that represents
the NaCl crystal salt shape. According to the XRD analysis in Fig. 8, the dried
groundwater sample has been found to have two salt compounds which are mag-
nesium dichloride (MgCl2) and sodium chloride (NaCl).

Table 2 Elementary analysis of groundwater using ICP-OES test

Element Min conc. (ppm) Max conc. (ppm) Mean conc. (ppm)

Al 0.21 0.24 0.23

B 1.53 2.06 1.67

Ba 0.16 0.17 0.16

Ca 77.65 85.63 81.60

Cl 2622 3763 3226

Fe 1.61 2.78 2.20

K 97.9 201.80 113.53

Mg 193.90 216.90 206.82

Mn 0.49 0.54 0.52

Na 1550 2367 1936

Sr 1.35 1.49 1.43

S 265.60 509.10 389.87

Table 3 Salinity result of groundwater during day and rainy season

Climate Dry Wet

Min conc.
(ppm)

Max conc.
(ppm)

Min conc.
(ppm)

Max conc.
(ppm)

Salinity
conc.

5.11 5.17 4.99 5.06

Table 4 Weight percentage
of the dried groundwater
sample

Element Weight (%) Atomic (%)

O 36.36 50.81

Fe 0.28 0.11

Na 9.61 9.34

Mg 1.45 1.05

Al 0.50 0.41

S 10.42 7.26

Cl 25.39 16.01
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This means that the melting point value is referring to NaCl’s melting point.
Thus, it can be concluded that the salinity of the groundwater is due to the presence
of NaCl which comes from the seawater. As illustrated in the Google map in Fig. 1
where the location is 8 km far from the coastline, it has been reported by Tawnie
et al. [20] that salinity intrusion can extend over 10 km distance from the coastal
line even in the groundwater.

According to the salinity results that were taken along the river to the estuary as
shown in Fig. 7, the salinity of the river that located close to the study area is not in
a high concentration compared to the salinity level of the groundwater as referred to
Table 5. However, the amount of salinity at the estuary at CP10 is almost near to
the amount of salinity in the groundwater located at the study area. Thus, it can be
concluded that the salinity intrusion has occurred from the estuary and it travels
through the aquifer starting from the estuary to the study area. Moreover, it also

Fig. 6 The red circle shows
the cubic shape of NaCl
crystal salt

Fig. 7 10 sampling points were pointed in this map for salinity study
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could justify that the nearby river from the study area does not influenced by the
increase of the salinity in the groundwater.

Based on the comparison between the concentration of the groundwater sample
to the standard concentration of seawater which the sources referred from
Keener-Chavis and Sautter [11], Anthoni [2] and Campbell [5] as shown in
Table 6, it was found that the elements that naturally exist in a high concentration in
the groundwater are quite similar to the elements that has a high concentration in
the seawater. Some of elements in the groundwater such as Ba, Fe and Mn have
higher concentration compared to the standard seawater concentration. These ele-
ments naturally occurred due to the weathering of rock or through the decompo-
sition process during the transportation in the aquifer. Sulfate (SO2�

4 ) in
groundwater can be reduced by sulfate reducing bacteria in an anaerobic envi-
ronment and subsequently produces sulfide (S2−).

Table 5 Salinity result of each sampling point at Sungai Kerian

Sampling point (SP) Min salinity (ppt) Max salinity (ppt) Mean salinity (ppt)

1 0.05 0.07 0.06

2 0.29 0.30 0.30

3 0.30 0.33 0.32

4 0.29 0.30 0.29

5 0.30 0.30 0.30

6 0.29 0.29 0.29

7 0.50 0.54 0.52

8 0.68 0.70 0.69

9 3.87 3.95 3.90

10 4.27 4.28 4.28

Table 6 Comparison of element concentration of groundwater with seawater

Element of groundwater Mean conc. (ppm) Element of seawater Mean conc. (ppm)

Al3+ 0.23 Al3+ 1.90

B3+ 1.67 B3+ 4.60

Ba2+ 0.16 Ba2+ 0.05

Ca2+ 81.60 Ca2+ 400

Cl− 3226 Cl− 19,400

Fe2+ 2.20 Fe2+ 0.02

K+ 113.53 K+ 380

Mg2+ 206.82 Mg2+ 1272

Mn2+ 0.52 Mn2+ 0.01

Na+ 1936 Na+ 10,800

Sr2+ 1.43 Sr2+ 13

S2− 389.87 SO2�
4 2700
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3.2 FeS

According to the odor and the color changes of the groundwater sample, this
reaction was quite similar to the previous study of FeS formation. The presence of
hydrogen sulfide gas and ferrous sulfide was formed due to high sulfur ion content.
The characteristic of FeS was reported by Liu et al. [13] that appear to be black or
brown just like the color of sludge.

Based on XRD data from a dried groundwater sample in Fig. 8, it has shown that
the groundwater contains FeS (Troilite). FeS (Troilite) which is also called as iron
rich endmember is an amorphous FeS whereby it is not a stable compound and
required other elements to stabilize it. It changes its colour from black to red in 8 h,
which is when the H2S will be produced. Then, after the 8 h, the smell finally
disappears along with the changes of the black colour to red. This means that S2−

ion in FeS (troilite) has detached from the Fe2+ ion and attaches with H+ that exists
in the groundwater to produces H2S gas. Apart from that, H+ ion can be increased
during evaporation of water.

3.3 Precipitation of Groundwater Using Strong Reducing
Agent

As discussed before, the color of the groundwater has rapidly turned to black in 40 s
due to the Cl content which is one of the strong reducing agents where it can be a
catalyst to accelerate the formation of FeS and destabilized in maintaining the FeS
form. Thus, to enable the strong reducing agent to be a great catalyst to precipitate the
groundwater sample, NH4OHwas used to investigate the reaction of the groundwater
via titration as shown in Fig. 9. It was found that the ratio of the titrant with the sample
was 1:1 to start a clear precipitate and 2:1 for a clear water as shown in Fig. 10. It is
important to note that Cl− is one of the major elements in the groundwater, hence the
greater the concentration of the Cl− the faster the precipitation of the groundwater.

Fig. 8 XRD result of groundwater sample
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By addition of NH4OH solution into the sample, the pH of the sample was
increased from 6.78 to 12.01, subsequently it changes its colour to become clear
water. According to the XRD result of the residual in Fig. 11, it was found that the
compound was mostly made of pyrrhotite. By comparing the DSC result in Fig. 11,
the top line of the graph has shown a transition temperature at 795 °C. According to
Frost [9], the melting point of pyrrhotite at composition of FeS0.96 is 795 °C. As
have been discussed before in introduction (Fig. 2), the increase of pH during
titration and the application of heat during evaporation process of the sample at
temperature of 100 °C had caused the FeS (troilite) to transformed into unstoi-
chiometric FeS (pyrrhotite). Due to this fact, the black colour precipitate actually
represents the FeS reaction.

Clear precipitate Clear water

Fig. 9 Titration of groundwater sample using NH4OH

Fig. 10 XRD result of the residual from the titrated groundwater sample
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4 Conclusions

As conclusion, the presence of FeS after the deep well groundwater exposed to the
oxygen is caused by the intrusion of seawater which increase the chlorine content,
the decomposition of sulfate in the seawater to sulfur by microorganism and the
high concentration of iron due to weathering of rock in the aquifer. The oxygen and
chlorine accelerate the reaction of Fe2+ and S2− to form FeS in 40 s.

Acknowledgements This research was fully funded by HICOE and short-term grant. My deepest
appreciation to Director of River Engineering and Urban Drainage Research Center (REDAC),
Civil Engineering School and Material and Mineral Resources Engineering School who were
giving opportunities to use their equipment without any objection.

Fig. 11 DSC result of the residual from the titrated groundwater sample
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