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Abstract: The physical-chemical parameters and dissolved Fe(IIl) ion distribution
[dFe(IIT)] were determined throughout the water column at Pulau Redang, Terengganu.
This study was carried out in March 2019 and October 2019 to evaluate the possible
effect of the northeast monsoon (NEM) on the pH, salinity, dissolved oxygen, turbidity,
conductivity, and dFe(IIl) ion concentration. The determination of dFe(IlI) ion was carried
out by using the optimised adsorptive-cathodic stripping voltammetry (AdCSV) method.
The results show a change in physical and chemical conditions between March 2019 and
October 2019 is due to the seasonal northeast monsoon phenomenon. However, the dFe(I1I)
ion concentrations did not differ significantly (» > 0.05) in March 2019 and October 2019.
This indicates that the NEM does change the physical-chemical condition of the water
column and has no effect on the distribution of Fe(IIl) ions in our study area.

Keywords: Bioavailability, coastal water, dissolved Fe(IIl) ion, physical-chemical

parameters, voltammetry.

Introduction

Northeast monsoon (NEM) is colloquially
called the “winter season in Malaysia”. It brings
north-easterly winds up to > 30 knots from early
November until the end of March (Mohamed
& Amil, 2015). During NEM, the eastern
part of Peninsular Malaysia (e.g., Kelantan,
Terengganu, Pahang, East of Johor, and some
parts of Sarawak) receive heavy rainfall (Suhaila
et al., 2010) and severe floods often occur.

Previous studies (Adiana et al., 2014,
Godon & Mohamed, 2016) state that NEM
encouraged the re-suspension of coastal
sediments due to increased rapid mixing or
coastal upwelling inside the water column. Sea
surface temperature (SST) satellite data has also
demonstrated the existence of coastal upwelling
during NEM (Zainol & Akhir, 2016). D’Croz &
O’Dea (2007) claim that the presence of cooler,
saltier water initiated the upwelling, driving
the nutrient-rich water onto the upper layer of
seawater. It was proposed that this phenomenon
would raise the trace metal concentration (both
in particulate and total dissolved phase) (Adiana
et al., 2014; Godon & Mohamed, 2016) and

enhance the phytoplankton growth in coastal
environments (Mohamed & Amil, 2015).

Another concern about NEM is its potential
to alter the physical-chemical characteristics of
seawater, especially dissolved oxygen (DO),
salinity, and pH (Godon & Mohamed, 2016).
This change was found to affect the trace metals’
speciation and influence their biogeochemical
cycle (Godon et al., 2018). During this study, we
are focusing on the dissolved Fe due to its main
function in promoting the growth of primary
phytoplankton and becoming a significant factor
in ocean productivity and the global carbon
cycle (Martin et al., 1991; Klunder ef al., 2011).

The existence of dissolved iron (dFe) in
two metal types is widely recognised, which are
Fe(Il) and Fe(IIl) (Liu & Millero, 2002). In a
coastal environment, Fe(II) is rapidly oxidised
to Fe(Ill) due to the natural seawater pH and
oxygenated conditions (Millero, 1998; Lis et
al., 2015). Fe(III) is thermodynamically stable;
however, insoluble in water due to the formation
of Fe oxy-hydroxide precipitate (Achterberg
et al., 2001). The solubility of Fe(Ill) can be
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increased by the chelation of organic ligands
produced by marine microbes (Hunter & Boyd,
2007) and/or by the sediment pore-water (Jones
et al., 2011). Thus, it was proposed that the
solubility of Fe(IIl) controlled the amount of Fe
available in coastal waters (Johnson et al., 1997;
Liu & Millero, 2002).

Ramjam and Mohamed (2022) found an
extremely low concentration of dFe(IIl) ion at
Pulau Redang, Terengganu in both dissolved
(0.45 pm) and small colloidal (0.20 um) Fe
form. This low concentration of dFe(Ill) ion
was expected due to increased Fe scavenging
during a sediment re-suspension (Jones-Lee
& Lee, 2005). This process was suggested to
enhance the formation of particulate Fe (Pan et
al., 2011). This study aims to assess the impact
of the northeast monsoon on the distribution of
dFe(Ill) and physical-chemical characteristics
because the study area was impacted by NEM
every year. The analysis was done in March
2019 and October 2019. To accomplish our goal,
we analysed the physical-chemical parameters
(pH, salinity, temperature, dissolved oxygen,
conductivity, and total dissolved solid) as well
as the dFe(III) ions throughout both times.

Materials and Methods

Sampling was conducted at Pulau Redang,
Terengganu, which is a gazetted marine park.
This study area was chosen due to it being
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affected by NEM annually (Roseli ef al., 2015).
The vertical seawater samples (upper, middle,
and bottom layer) were collected by using
a Niskin water sampler in March 2019 and
October 2019 at five selected stations at the
different transects of Pulau Redang, as shown in
Figure 1. St. 1 was at the mixing zone between
freshwater and seawater, St. 2 and St. 3 faced
the other marine parks (Pulau Bidong and Pulau
Tioman), and St. 4 and St. 5 faced the South
China Sea (SCS). The coordinate of each station
was measured using GPS MAP 78s Garmin.

The samples were collected at 3 or 4 different
depths based on their total depth (D), which was
previously measured by using a Hondex PS-7
portable depth sounder. The samples were then
poured into 1 L polytetrafluoroethylene (PTFE)
bottles and were kept for further analysis. A YSI
Professional Plus Multiparameter in conjunction
with multi-sensor probes for salinity, pH,
temperature, barometric pressure, DO, electrical
conductivity (EC), and total dissolved solids
(TDS) were used to measure in-situ parameters.

Sample filtration was done through a 0.20
um pore cellulose nitrate filter membrane
(Whatmann). The filtrates were stored in
250 mL of low-density polyethylene (LDPE)
bottles (Nalgene) and were immediately frozen
(without acidification) for dFe(IlI) ion analysis.
Every bottle sample used in this study was
cleaned in accordance with a standard procedure
(Achterberg et al., 2001).
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Figure 1: Sampling stations at Pulau Redang, Terengganu during March 2019 and October 2019
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Adsorptive-cathodic stripping voltammetry
(AdCSV) was used to determine the dFe(III) ion
using voltammetry (Metrohm Model 797 VA).
In this analysis, a platinum (Pt) wire was used as
the counter electrode, Ag/AgCl as the reference
electrode, and a hanging mercury drop electrode
(HMDE) as the working electrode. The chemicals
and reagents were prepared according to the
protocol set by Ramjam and Mohamed (2022). A
buffer solution of 0.1 M was prepared by mixing
4-(2-hydroxyethyl)- 1 -piperazineethanesulfonic
acid (HEPES), potassium bromates (Sigma
Aldrich), and NH,OH (MERCK). This
mixture buffer was equilibrated overnight with
manganese oxide (MERCK) in order to remove
a possible contamination of Fe ion. Methanol
was used to prepare a stock solution of 0.1
M 2,3-dihydroxynaphthalene (DHN, Sigma
Aldrich) which was diluted to prepare a number
of Fe standards (1000 ppm, Sigma Aldrich).

The frozen sample was defrosted at room
temperature and the organic content was
destroyed by 2 hours of UV irradiation over the
acidified sample (pH 2.0). A 10 mL of aliquot
was pipetted into the quart voltammetry cell and
the pH was brought back to the natural pH (8.00
to 8.10), along with the addition of 500 pL of
0.1 M HEPES/bromate (final concentration of 5
mM) buffer solution and 40 pL of 0.1 M DHN
(final concentration of 400 uM). Dry nitrogen
gas (purity = 99.9%) was used to purge the
sample of any dissolved oxygen in 300 seconds.
Deposition step was taken, where the Fe-DHN
was adsorbed onto the surface of HMDE within
60 seconds (applied potential = -0.1 V). An
equilibration step was allowed to occur at a
differential pulse of -0.9 V to -0.1 V. Finally, the
stripping current of Fe-DHN was generated at
-0.60 V (£ 0.05 V). The concentration of Fe(III)
in the sample was determined by standard
addition method.

Results and Discussion
In-situ Parameters

Table 1 shows the in-situ parameters in March
2019 and October 2019 at Pulau Redang,
Terengganu, respectively. The in-situ parameters
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consist of salinity, temperature, pH, dissolved
oxygen (DO), conductivity, and total dissolved
solids (TDS). Due to the difference in the
sample depth between both seasons, the in-situ
parameters were divided into two categories
which are the upper layer (< 15 m depth) and the
lower layer (> 15 m depth) to ease the discussion
between both seasons. The 15 m depth was
chosen as the transition point between the upper
and lower layers as the temperature changes
were recorded at that layer.

A comparison of the in-situ parameters
in March 2019 and October 2019 in our study
area is shown in Figures 2 and 3, respectively.
Salinity ranged from 31.6 to 32.0 psu in March
2019 and from 33.0 to 34.1 psu in October
2019, respectively (Table 1). High salinity was
recorded in October 2019 [Figure 3 (a)], probably
due to the low amount of precipitation and the
high rate of evaporation during that season
(Prabu et al., 2008; Saravanakumar et al., 2008).
This is because the water temperature is warmer
in October 2019 [Figure 3 (a)] compared with
March 2019 [Figure 2 (a)] with a range from
28.5 to 29.8°C and between 27.9 and 28.9°C,
respectively (Table 1). High temperatures
increased the rate of evaporation and caused an
increase in salt concentration, finally increasing
the total salinity (Manikannan et al., 2011). In
addition, there is a positive correlation between
salinity and temperature (Prabu et al., 2008).

Meanwhile, pH varied from 7.5 to 8.0 in
March 2019 (Table 3) and 7.0 to 8.1 in October
2019 (Table 4), respectively. Generally, pH
remained at natural seawater pH in all sampling
points. However, a low pH was recorded at St.
1 during both seasons [Figure 2(b) and Figure
3(b)]. The fluctuation of pH at St. 1 during
both seasons was suggested to be due to the
influence of freshwater influx (Prabu er al.,
2008). To date, the breakdown of organic matter
(OM), the decrease in temperature and salinity,
and the removal of carbon dioxide (CO,) via
photosynthesis through bicarbonate degradation
could potentially be the cause of the pH shift
(Prabu et al., 2008; Saravanakumar et al., 2008
Mohamed et al., 2019).
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Figure 2: Cross section of in-situ parameters of all sampling locations at Pulau Redang, Terengganu during

March 2019 which were (a) salinity, (b) pH, (d) dissolved oxygen, (d) temperature, (¢) conductivity and (f)

total dissolved solids. The dashed lines indicated the sampling stations based on their latitudes. The colour
presented the reading of each parameter throughout the vertical profile

Salinity [psu]

Depth [m]

5.65°N 5.7°N 5.75°N 5.8°N 5.85°N

5.65°N 5.7°N 5.75°N 5.8°N 5.85°N

Journal of Sustainability Science and Management Volume 20 Number 1, January 2025: 164-178



Nur Jannati Ramjam et al. 170

(c) DO [mg/L]

Depth [m]

5.65°N 5.7°N 5.75°N 5.8°N 5.85°N

@ , Temp [°C]

Depth [m]

5.65°N 5.7°N 5.75°N 5.8°N 5.85°N

Conductivity [mS/cm]
(e) o

Depth [m]

5.65°N 5.7°N 5.75°N 5.8°N 5.85°N
TDS [mg/L]
! 5 -
~~~~~ P ———————e .., - - g

<

-

Depth [m]

Figure 3: Cross section of in-situ parameters of all sampling locations at Pulau Redang, Terengganu during

October 2019 which were (a) salinity, (b) pH, (c) dissolved oxygen, (d) temperature (¢) conductivity and (f)

total dissolved solids. The dashed lines indicated the sampling stations based on their latitudes. The colour
presented the reading of each parameter throughout the vertical profile
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Besides that, a low value of dissolved
oxygen (DO) was recorded in October 2019
[Figure 3 (c)] compared with March 2019 [Figure
2 (c)] with a range of 4.7 to 5.6 mg/L and 6.7 to
7.6 mg/L, respectively (Table 1). DO plays an
important role in supporting the respiration of
aquatic organisms (Jack et al., 2009) and the
dissolution is influenced by temperature and
salinity (Vijayakumar et al., 2000). DO was
found to be inversely proportional to temperature
and salinity (Saravanakumar et al., 2008) and
the hypothesis was in line with our findings. The
high temperature in October 2019 [Figure 3 (d)]
caused an increase in molecular vibration and
reduced the amount of space available between
water molecules, consequently reducing the
DO (Wilson, 2010). Furthermore, the excessive
salinity decreased water’s ability to retain DO
because its ionic charges increased competition
for intermolecular space (Wilson, 2010).

The data show higher conductivity in
October 2019 [Figure 3 (e)] compared with the
March 2019 [Figure 2 (e)] range of 54.8 to 56.7
mS/cm and 41.7 to 52.9 mS/cm, respectively
(Table 1). The high conductivity during
October 2019 might have resulted from the
high temperature [Figure 3 (d)], as the higher
the temperature, the higher the conductivity
(Barron & Ashton, 2013). This is because an
increase in water temperature tends to decrease
its viscosity; hence, increasing the mobility of
ions in the solution (Mandal, 2014). In addition,
a number of ions that enter the water column
from point and/or non-point sources such as
alkalis, sulfides, chlorides, and carbonates
also contribute to the change in electrical
conductivity (Kumar et al., 2015).

Total Dissolved Solids (TDS) were
recorded at 32,890 to 33,832 mg/L (Table 1) in
October 2019 [Figure 3 (f)], which was higher
than in March 2019 [Figure 2 (f)] with 27,910
to 3,208 mg/L (Table 1). This could have been
due to the high temperature (28.5 to 29.8°C)
recorded in the October 2019 [Figure 3 (d)]
sampling. Ngabirano et al. (2016) suggested
that evaporation during the dry season could

171

increase the concentration of ions, leading to the
amount of TDS. Furthermore, TDS has a linear
correlation with conductivity, where the increase
in the concentration of dissolved ions and their
ionic strength will enhance the liquid capacity
to conduct an electrical charge (Shoukat et al.,
2020).

Identification of Water Mass

A temperature-salinity (T-S) relationships of the
waters of the ocean plotted on the T-S diagram
serve as the immediate subject of thermohaline
analysis. The analysis of the T-S relationships,
together with the field expressing the equation of
the state of seawater, allows taking into account
the most important factors that determine the
nature of the transformation and interaction of
different water masses. This (T-S) diagram was
used to determine how temperature, salinity,
and density change with depth and to identify
the wvertical structure of the water column,
including the water masses it contains. Plotting
temperature vs. salinity data on a T-S diagram
would result in a distinct and independent
point for each water mass. Since each major
water mass has its own characteristic range of
temperatures and salinities, a water sample that
falls into that range can presumably have come
from that water mass (Dippner & Loick-Wilde,
2011).

There was a change in the physicochemical
parameters of seawater in our study area in
October 2019 and March 2019 (Figure 4),
probably due to the effect of the Northeast
Monsoon (NEM). Generally, the source of
water mass in October 2019 was suggested to
be influenced by the freshwater input, while the
water mass in March 2019 was influenced by
the seawater (Figure 4). This is because the pH
of the water was slightly acidic (6.8 to 7.8) at
the first two stations (St. 1 and St. 2) in October
2019 (Table 1). However, the pH of those
stations was higher to alkaline (7.4 to 7.8) level
in March 2019 (Table 1). The higher pH value in
March 2019 was probably due to the seawater
influx from the South China Sea (SCS).
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Figure 4: Temperature-Salinity (T-S) diagram for Pulau Redang in March 2019 and October 2019 at Pulau
Redang, Terengganu

The temperature-salinity (T-S) diagram
appeared to have different water mass
characteristics between both seasons. The
water mass in March 2019 lies between the T
of 27.95 to 28.90°C (x = 28.52°C, n = 10) and
S of 31.68 to 32.09 ppt (x = 31.85 ppt, n = 10),
which were lower from October 2019 [T: 28.4 to
29.75°C (x=29.08°C, n=10); S: 33.20 to 34.15
ppt (X = 33.84 ppt, n = 10)]. Several studies
(Anawat et al., 2001; Dippner & Loick-Wilde,
2011; Roseli et al., 2015) have categorised the
water into several water masses based on their
T-S characteristics. However, the water masses
identified by Dippner and Loick-Wilde (2011)
in Vietnamese waters (Table 2) were matched to
the characteristics in our study area.

By comparing the T-S value (Table 2) to
our study area, the water mass in March 2019
was probably categorised as Mekong Gulf of
Thailand Water (MKGTW) which lies in T
=27 to 31°C and S = < 32.9 ppt. Meanwhile,
the water mass in October 2019 is categorised
as mixed water between OSW and MKGTW
(WM3) due to the starting of monsoon season
with T =26 to 31°C and S = 33.7 to 34.1 ppt.

The Concentration of DFe(11l)

The changing of water characteristics between
March 2019 (Figure 2) and October 2019 (Figure
3) probably caused changes in the distribution
of dFe(Ill) ions in our study area. According

Table 2: Water Mass characteristics as defined by (Dippner and Loick-Wilde, 2011) in Vietnamese water.
DW = Deep water, PTW = permanent thermocline water, MSW = maximum salinity water, OSW = open sea
water, MKGTW = Mekong water, WM1 = water mass 1: mixed water between MSW and PTW, WM2: mixed
water between MSW and OSW, WM3: mixed water between OSW and MKGTW, and WM4: mixed water
between OSW, MKGTW, and MSW

Water Mass Temperature (°C) Salinity (psu)
DW <2.5 >34.6
PTW 7.9 34.4-34.5
MSW 17-19 >343
OSW 26-31 33.7-34.1
MKGTW 27-31 <329
WMI1 9-17 34-35
WM2 19-28 34.1-34.6
WM3 26-31 32.9-33.7
WM4 22-26 33.3-34.1
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to a study by Lin et al. (2018), the water’s
pH, salinity, and temperature all affected how
soluble iron was. Hence, the data on dFe(III)

ions during both seasons are presented in
Table 3 and Figure 5.

Based on the Table 3, the concentration
determined was 4.51 to 26.03 pM in March
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2019 and 8.79 to 39.05 pM in October 2019,
respectively. Statistical Package for Social
Science (SPSS) software (IBM SPSS Statistics
22) was used to run an independent sample
t-test at 95% confidence level of difference.
The p-value was recorded as 0.876, which is
greater than 0.05. Hence, there is no significant

Table 3: Concentration of dFe(III) during March 2019 and October 2019 at Pulau Redang, Terengganu

Dissolved Fe(I1I) (pM)
Station Depth (m)
March 2019 October 2019
1 3 21.12+0.00 8.79 +1.47
6 26.03 +2.60 -
10 - 19.14 £3.29
15 15.63+1.24 -
20 - 1543 £1.26
2 3 4.51+£2.00 18.79 +£1.43
6 10.82 +£4.30 -
10 - 26.16 +1.29
15 20.00 + 4.00 -
20 - 30.91 +£2.42
30 5.54+0.52 -
40 - 11.18 £ 0.52
3 3 7.97+2.81 19.14 £ 1.69
6 8.20+5.11 -
15 23.89 +5.45 22.58 £5.96
30 17.35+2.47 21.20+4.85
4 3 8.11 +5.33 16.87£2.23
6 9.67+227 -
10 - 24.36 +2.06
15 13.35+3.00 -
20 - 39.05 +1.30
30 8.37+5.36 -
40 - 15.37+0.53
5 3 13.27£2.12 14.33 +£1.02
6 7.86+2.03 -
10 - 28.52+1.09
15 16.21 £3.04 -
20 - 22.08 +1.91
30 8.46 £ 2.46 -
40 - 18.44 £4.16
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difference between the concentration of dFe(III)
between March 2019 and October 2019 in
our study area. The data revealed was in
opposition to our current hypothesis according
to a few previous data. We hypothesised that
the NEM influences the distribution of nutrients
(specifically dFe(IIl)) in the coastal water. This
was supported by a strong wind (about 30 knots)
that was established during NEM that was
found to flush the surface sediment and bring
up nutrient-rich water into the surface layer and
enhance productivity (Mohamed & Amil, 2015;
Godon & Mohamed, 2016).

Besides that, NEM was reported to increase
the level of particulate trace metals (e.g.,
cadmium, chromium, lead, and manganese) in
southern Terengganu during monsoon seasons
(November 2007), resulting from the sediment
re-suspension (Adiana et al., 2014). The
suggestion was strengthened by Muhammad and
Mohamed (2019) that 95% of Zn existed as a
particulate phase during post-monsoon seasons
(March 2019).

However, this present study shows that
the NEM does not affect the concentration
of dFe(Ill) ions between both seasons in our
study area (Figure 5). This indicated that NEM
changes only physical-chemical parameters but
not the concentration of dissolved dFe(Ill) ions
throughout the water column. Furthermore,
a Fe(Ill) speciation study by Mohamed et al.

Distribution dFe(lll) in
March 2019
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(2021) reported a slightly similar distribution
of [natural organic Fe(Ill) binding ligands/
dissolved Fe(Ill)] ratio (FeL/dFe) and their
stability constant (Log K, ) value between
October 2015 and April 2016 at the coastal
water. They determined that the concentration
of dissolved organic ligand (L") always exceeded
the concentration of dFe(IIl) ions during both
periods, leading to the presence of high stability
of the natural organic ligand class (L ; Log K
~ 13). The present excess L’ has saturated most
of dFe(Ill) ions by forming a natural organic
Fe(Ill)-ligands (FeL) complex and stabilised
the distribution of Fe(IIl) ions in the dissolved
phase. Moreover, it enhances the dFe(IIl) ions
solubility and maintains the ions in the euphotic
zone for a longer period of time (Boye et al.,
2003; Fan, 2008). Without this strong FeL
complex, the concentration of dFe(Ill) ions
might decrease in the coastal environment
(Kuma et al., 1996; Mohamed et al., 2021). This
could explain the consistent concentration of
dissolved Fe(IIl) ions in our study area during
both periods.

According to Ramjam and Mohamed
(2022), approximately 2 hours were needed
to irradiate the samples collected in the area
by using UV light to digest all the organic
substances that bind to the Fe(IIl) ions in their
analysis. Compared to other studies by Zhu et
al. (2018), Abualhaija et al. (2015), and Boye et
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Figure 5: Concentration of dFe(III) in all stations during March 2019 and October 2019 at Redand Island
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al. (2006) needed only 30 minutes, 60 minutes,
and 90 minutes, respectively, to free the Fe(III)
ions from the organic complex in the coastal
seawater sample. Thus, this longer irradiation
period (Ramjam & Mohamed, 2022) supported
the strong organic ligand in our sample.

The potential inputs of these organic ligands
were suggested to be produced either by marine
microbes such as heterotrophic bacteria and
cyanobacteria (Hunter & Boyd, 2007) or by the
pore-water from sediments (Jones ef al., 2011).
For our study, we are inclined to suggest that the
source of organic ligands in our samples probably
comes from the sediment source due to the strong
current velocity and rapid mixing processes
that has been established during NEM (Godon
& Mohamed, 2016), resulting in sediment re-
suspension in the water column (Adiana et al.,
2014). Furthermore, the shallow nature of our
study area (= 54 m depth) gives the opportunity
for sediment inputs without the presence of NEM.
However, further study is needed to identify the
role of these organic ligands on other dissolved
metals’ biogeochemistry cycles in our coastal
waters.

Conclusions

NEM on the east coast of Peninsular Malaysia
was found to affect the physicochemical
parameters of seawater, especially salinity, DO,
conductivity, and TDS. However, these changes
do not affect the distribution of dissolved
Fe(IIl) ions probably due to the presence of
strong natural organic Fe(IIl) binding ligands
(FeL). This organic complex maintains the
concentration of dissolved Fe(Ill) ions in the
water column throughout the year in the area.
However, further study is needed to evaluate the
role of these natural organic ligands on other
dissolved metals.
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