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Abstract

Molybdenum is an essential element to humans because of its role in several enzymes, and its occurrence in
natural waters is of significance from environmental and biochemical standpoints. Owing to the low
concentration of molybdenum in natural waters, pre-concentration is required prior to its determination with
atomic spectroscopic techniques. This paper reports on the pre-concentration and determination of molybdenum
in the Rouge River, Michigan, USA with graphite furnace atomic absorption spectrometry (GFAAS). Sample
preparation and pre-concentration were performed using ultra-trace analysis methodology in a class 100 clean
room laboratory. The molybdenum was pre-concentrated on a Bio-Rad Chelex® 100 resin, followed by elution
from the resin with ammonia solution. Subsequently, the single-point standard addition method was used, and
the absorbance owing to molybdenum was measured at 313.3 nm. An overall concentration factor of ten was
realized for the final pre-concentrated volume, and the results from several sampling locations on the four
branches of the Rouge River yielded molybdenum concentrations ranging from 1.98 to 4.21ug'L" with an
overall average of 2.94 ug L. The precision of the results, based on quintuplet determinations from each
sampling site, varied between 6.1 to 8.8 %relative standard deviation (%RSD). Although the concentration of
molybdenum in the Rouge River is in line with the lower reported molybdenum levels in the US and world rivers,
it is higher than the level that arises from natural sources only and therefore has anthropogenic causes.

Keywords: molybdenum, atomic absorption spectrometry, ultra-trace methodology, standard addition, chelating
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1. Introduction

Molybdenum is present predominantly in the VI oxidation state as MoO,” in seawater, tap water, and river water
(Du, Li, Yang, & Lu, 2003). Its occurrence in water is of importance from environmental and biochemical
viewpoints owing to its bio-essential nature (Sun, Yang, & Tzeng, 1999). Molybdenum is a micronutrient vital to
plant growth (Zimmer & Mendel, 1999), and animals (Hall, 2012).Additionally, it is considered an important
element for humans owing to its role in the function of three enzymes: aldehyde oxidase, xanthine oxidase, and
sulfite oxidase (Turnlund, Keyes, Peiffer, & Chiang, 1995; Goldhaber, 2003; Pyrzynska, 2007). The
recommended daily allowance for molybdenum is 34 pg-day” for adult men and women (Institute of Medicine
of the National Academies, 2012). The toxicity of molybdenum has been observed in humans, and USEPA has
set its reference dose (RfD) at 0.005 mg/kg-day (Goldhaber, 2003). Animal studies have linked high intakes of
dietary molybdenum with kidney failure (Goldhaber, 2003), weight loss, anorexia, reduced fertility, and
premature death (Smedley, Cooper, Lapworth, & Ander, 2008). Molybdenum is extensively used in many
industrial processes which can increase the amount of this element that is released into the environment
(Ghiasvand, Shadabi, Mohagheghzadeh, & Hashemi, 2005). Since molybdenum is an essential trace element for
plants, animals, and humans, the monitoring of molybdenum in environmental samples is desirable and highly
recommended (Pyrzynska, 2007).

The direct determination of molybdenum in natural water with flame atomic absorption spectrometry (FAAS),
graphite furnace atomic absorption spectrometry (GFAAS) and inductively coupled plasma optical emission
spectroscopy (ICP-OES) is difficult and challenging because of its low concentration and/or matrix interferences
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(Sabarudin, Oshima, Noguchi, & Motomizu, 2007; Ferreira, dos Santos, & Campos, 2003). Specifically, in the
determination of molybdenum in natural water with GFAAS, the reproducibility of the data declines as the
concentration of molybdenum reaches levels at or below 1 pg L™, Values of %relative standard deviation (%RSD)
of 25% and 58% have been reported at molybdenum concentrations of 1.2 pg L'and 0.6 pg L™, respectively
(Johannesson, Lyons, Graham, & Welch, 2000; Jones & McLain, 1997). Therefore, pre-concentration is essential
when analyzing natural water samples for molybdenum at very low concentrations. The use of chelating resins to
concentrate trace elements, including molybdenum, from natural water samples has been reported (Riley &
Taylor, 1968a;1968b; Wang & Saiiudo-Wilhelmy, 2008; Sung, Liu, & Huang, 1997; Huang, Lai, & Shih, 1995;
Greenberg & Kingston, 1983). In addition to chelating resins, several other approaches to pre-concentrate
molybdenum from water samples have been reported. The reported studies include the sorption of molybdate (VI)
thiocyanate complex onto polyurethane foam prior to its elution and determination by GFAAS (Ferreira, dos
Santos, & Campos, 2003), pre-concentration using microcrystalline triphenylmethane, maghemite nanoparticles
and ionic liquid-based dispersive liquid-liquid micro-extraction before spectrophotometric determination (Li,
Zhao, Guan, & Liu, 2006; Afkhami, & Norooz-Asi, 2009; Gharehbaghi & Shemirani, 2011) and biosorption on
immobilized yeasts ahead of ICP-OES quantification (Gil et al., 2007).

In all of the aforementioned studies, normal laboratory environment and ordinary equipment cleaning and
decontamination procedures have been employed. In this paper, we report on the pre-concentration of
molybdenum from the Rouge River, USA, with Chelex® 100 followed by its determination with GFAAS.
Molybdenum pre-concentration and preparation of samples for analysis were carried out using ultra-trace
analysis methodology in a class 100 clean room laboratory. All polyethylene laboratory ware used for sampling,
storing, and preparing the Rouge River water samples for analysis were cleaned and decontaminated using a
protocol for minimizing contamination in the analysis of trace metals in natural waters (Nriagu, Lawson, Wong,
& Azcue, 1993). The use of this decontamination protocol has also been reported in the determination and
speciation of copper in Saginaw Bay, Lake Huron (Bazzi et al., 2002) and in the analysis of biological samples
for trace metals (Bazzi, Nriagu, Inhorn, & Linder, 2005; Bazzi, Nriagu, & Linder, 2008)

The Rouge River is located in southeastern Michigan, USA, with a drainage basin that includes portions of
several counties in the Detroit Metropolitan area. The Rouge River is one of United States Environmental
Protection Agency (USEPA) areas of concern in the Great Lakes region. The Rouge River has four main
branches: Upper, Main, Middle, and Lower Rouge rivers totaling 125 miles of water ways that primarily flow
through Wayne and Oakland counties in the Detroit Metropolitan area, with some headwaters in Washtenaw
County (United States Environmental Protection Agency, USEPA, 2012). The four branches flow in a southeast
direction and link with the Detroit River south of the City of Detroit. Water samples taken from the four branch
sites of the Rouge River in 2007 and 2008 were pre-concentrated and analyzed for molybdenum with GFAAS.
The concentration of molybdenum in the Rouge River is compared with the molybdenum levels of world and
United States Rivers.

2. Experimental

2.1 Clean Room Laboratory

Sample filtration, pre-concentration, and treatment were carried out in a class 100 clean room.
2.2 Equipment Cleaning and Decontamination

Equipment used for sampling, storing, and preparing the Rouge River water samples for analysis were cleaned
and decontaminated using a protocol for ultra-trace analysis (Nriagu et al., 1993).

2.3 Instrumentation

Atomic Absorption Spectrometer Varian SpectrAA600 equipped with a graphite furnace tube analyzer (GTA100)
was used to measure the absorbance of molybdenum at the 313.3 nm resonance line. A pre-set graphite furnace
atomization program with a 2800 °C maximum atomization temperature was used.

2.4 Chemical Reagents and Solutions

Milli-Q water, high purity nitric acid (Optima-Fisher Scientific and Sigma-Aldrich), and 25% ammonia (99.99%,
Alfa Aesar) were used in the sample treatment and preparation. Ammonium molybdate, (99.98%, Aldrich) was
used to prepare the stock molybdenum solution. Bio-Rad Chelex® 100 (50-100 mesh) resin in the sodium form
was converted to the hydrogen form using 2.0 M high purity nitric acid solution and was used to pre-concentrate
molybdenum from the Rouge River water samples. The 2.0 M nitric acid 0.20 M nitric acid, and 4.0 M ammonia
solutions were prepared from the high purity concentrated reagents and Milli-Q water. The working standard
molybdenum solution (1.008 pg-mL™") was prepared by successive dilution from the molybdenum stock solution
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(1008 pg'mL™).
2.5 Sample Collection, Filtration and Processing

A custom made all-Teflon® sampling arm was used for sampling from the river bank. The Rouge River water
samples were collected in March, August, and September 2007 and July, August, and September 2008. The high
density polyethylene (HDPE) bottles used for sample collection were filled in the laboratory with 0.20 M high
purity nitric acid and triple bagged before transporting to the sampling location. Powder free polyethylene gloves
were worn while sampling. The HDPE bottles were rinsed on site with Milli-Q water and river water before
securing the water sample. After sample collection, the HDPE bottles containing the water samples were
triple-bagged at the site and placed in a cooler for transport to the clean room laboratory. The water samples were
vacuum filtered within 24 hours of sample collection using a Whatman 45 pm nylon membrane. Approximately
the first 100 mL of each filtered bottle was discarded. The filtered samples were stored at 4 °C until pH
adjustment and pre-concentration.

2.6 Resin Form Conversion and Column Preparation

Eight 3.00 g samples of Chelex® 100 resin (in the sodium form) were transferred into eight polyethylene labeled
beakers. Five of the Chelex® 100 resin samples were used to pre-concentrate the molybdenum from the Rouge
River samples, while the remaining three served to prepare blank trials. The Chelex® 100 resin was converted
into the hydrogen form by adding10 mL of 2.0 M high purity nitric acid to each resin sample and leaving the
acid in contact with the resin for 15 minutes. This was followed by pouring the slurry into a Bio-Rad
polypropylene column equipped with a stopcock and adjusting the flow rate to 2.0 mL per minute. To ensure
complete conversion of the Chelex® 100 resin to the hydrogen form, 20 mL of 2.0 M high purity nitric acid were
run through the polypropylene column containing the resin while maintaining the flow rate at 2.0 mL per minute.
Finally, the resin was washed with Milli-Q water until the pH of the effluent reached 5 to 5.2. During the
washing step, the rate may be increased to about 5.0 mL per minute.

2.7 Pre-Concentration and Elution of Molybdenum

Five 500 mLsamples of the filtered Rouge River water, after adjustment to pH = 5.0 with ultra-pure 0.20 M nitric
acid, were passed through their respective Bio-Rad polypropylene columns containing the Chelex® resin at a
flow rate of 5 mL per minute. Each Bio-Rad polypropylene column was equipped with a stopcock and a plastic
reservoir to accommodate the water sample. Subsequently, the column was rinsed three times with 5 mL aliquots
of Milli-Q water. The effluents from these two previous steps were discarded. Next, each resin was eluted with
20.00 mL of 4.0 M ammonia at a flow rate of 2.0 mL per minute to remove the retained molybdate. The effluent
was collected in a polyethylene beaker. Afterward, each column was rinsed twice with 5.00 mL aliquots of
Milli-Q water and the water was collected in each respective beaker. The content of each beaker was analytically
transferred to a 50 mL volumetric flask and diluted to the mark with Milli-Q water. Three 500 mL aliquots of
Milli-Q water, after adjustment to pH = 5.0, served as the blank trials and were treated as above.

2.8 Preparation of Single-Point Standard Addition Solutions

Five single-point standard addition solution sets corresponding to the five Rouge River pre-concentrated samples
were prepared. To prepare the standard addition solutions, aliquots of 20.00 mL from each of the eluted water
samples were transferred into two 25 mL volumetric flasks. This was followed by the addition of 0 and 1.00 mL
of the 1.008 pg Mo mL™" working standard molybdenum solution to the first and second flasks, respectively. In
addition, three aliquots of 20.00 mL of the eluted blank trials were transferred into three 25 mL flasks. All
solutions in the 25 mL flasks were diluted to the mark with Milli-Q water and inverted to mix. In total, five sets
of standard addition solutions and one set of three blank solutions were prepared for each sampling site.

2.9 Graphite Furnace Atomic Absorption Measurement

The blank and sample solutions were injected into the graphite tube and the atomization and measurement
followed a preset program with a maximum atomization temperature of 2800 °C. The injected sample size was
10.0 pL.

The general methodology followed for sample pre-concentration and measurements is presented in Figure 1.
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Figure 1. General methodology for the pre-concentration and determination of molybdenum in the Rouge River

3. Results and Discussion

with GFAAS

Although GFAAS is a highly sensitive atomic spectroscopic technique, pre-concentration is required in order to
determine molybdenum in the Rouge River with GFAAS with an acceptable level of confidence. The
reproduciblity of the data obtained when using GFAAS for the determination of molybdenum in natural waters
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has been shown to deteriorate drastically as the concentration of molybdenum approaches the 1 pg-L™" level and
lower (Johannesson et al., 2000; Jones et al., 1997). Owing to the low level of molybdenum in the Rouge River,
Chelex® 100 (50-100 mesh) resin was used to preconcentrate molybdenum. Since a major concern when
conducting trace-metal analysis in natural waters is the contamination associated with sampling and handling of
the water samples, a multistep sequence of decontamination and cleaning process for laboratory ware was
followed to avoid high blanks and improve the quality of the analytical results (Nriagu et al., 1993). Metal-free
conditions were maintained during the Rouge River water sampling by employing an all-Teflon® custom-made
sampling arm and HDPE bottles for sample collection and storage. Additionally, sample pre-concentration and
preparation of the Rouge River water samples for analysis were carried out in a class 100 clean room laboratory.
The pH adjustment to 5.0 prior to pre-concentration with Chelex®100 resin was necessary. This optimal pH
condition yielding 100% recovery was previously reported for the pre-concentration of molybdenum from sea
water (Riley et al., 1968a; 1968b) and was confirmed in our laboratory for the Rouge River analysis. An overall
concentration factor of ten was achieved in the 50 mL final volume as a result of the pre-concentration step. The
single-point standard addition method was used to analyze the pre-concentrated water samples with GFAAS.

The mean concentrations of molybdenum and the %RSDs from all sampling sites of the four branches of the
Rouge River are presented in Tables 1 and 2. The %RSDs of the analysis of the seven quintiplet sets ranged from
6.1% to 8.8%.

Table 1. Concentration pug Mo L™ in the Rouge River, 2007 samples

Middle

Branch/Tributary Main Rouge Main Rouge Lower Rouge Rouge

UM-Dearborn/Henry Ford UM-Dearborn/Henry Ford Ford Field

Sample Location Hines Drive

Estate Estate Park
Sampling Date March 2007 August 2007 Segtg(r)r;ber Segtg(r)r;ber

1 2.37 2.19 341 2.33

2 2.06 1.95 3.77 2.64

3 2.01 1.91 3.55 2.92

4 1.90 1.97 3.23 2.75

5 2.18 1.89 3.11 2.76
Average 2.10 1.98 341 2.68
Std. Dev. 0.18 0.12 0.26 0.22
%RSD 8.4 6.1 7.6 8.2

Table 2. Concentration, ug Mo L™, in the Rouge River, 2008 samples

Branch/Tributary Middle Rouge Lower Rouge Upper Rouge
Sample Location Hines Drive Ford Field Park Franklin and 14 mile
Sampling Date July 2008 August 2008 September 2008

1 4.21 3.48 2.66
2 4.06 3.14 2.68
3 4.69 3.81 3.02
4 4.09 3.20 2.48
5 3.98 3.75 2.53
Average 4.21 3.48 2.67
Std. Dev. 0.28 0.30 0.21
%RSD 6.7 8.8 7.9

The 2007 data given in Table 1 indicate that the lowest molybdenum concentration was found in the Main Rouge
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River branch (UM-D/Henry Ford Estate) and the highest was found in the Lower Rouge River branch (Ford
Field Park). Also, Table 1 demonstrates that there was no significant difference in the level of molybdenum in
the samples obtained from the Main Rouge River branch (UM-D/Henry Ford Estate) that were collected five
months apart. Table 2 shows that the lowest concentration obtained in 2008 was that from the Upper Rouge
branch. For the two locations that were sampled in 2007 and again in 2008 (Middle and Lower branches), the
level of molybdenum in the Middle Rouge branch increased dramatically from 2.68 to 4.21 pg Mo L™, whereas
the concentration of the Lower Rouge branch remained essentially unchanged. The highest values of
molybdenum concentration were found in samples from the Lower Rouge (Ford Field Park) and Middle Rouge
(Hines Park) sampling sites. Each of these sampling locations is downstream from a golf course located along
the banks of the Middle and the Lower Rouge, respectively. The overall average concentration of molybdenum
in the Rouge River from all sites over the two years was 2.94 ug Mo L. Representative GFAAS data are shown
in Table 3 for samples collected from the site located near the Henry Ford Estate on the University of
Michigan-Dearborn campus.

Table 3. Representative GFAAS data for samples collected from the site located near the Henry Ford Estate on
the University of Michigan-Dearborn campus. Lamp current = 7.0 mA, slit width = 0.5 nm, A =313.3 nm

Absorbance* of the Absorbance* of the

Sample unspiked aliquot spiked aliquot hg Mo L
1 0.089 0.294 2.19
2 0.079 0.283 1.95
3 0.076 0.277 1.91
4 0.080 0.285 1.97
5 0.077 0.282 1.89
Average 0.080 0.284 1.98
%RSD 6.4 2.2 6.1

* Each absorbance value is the average of the measured absorbancesof three 10.0 pL injections.

A comparison of the Rouge River molybdenum concentration with the published levels of molybdenum in other
United States and world rivers is provided in Table 4. Our mean concentration of 2.94 pg Mo L™ (n = 35) for the
Rouge River is lower than the reported concentrations for the other US Rivers and many of the world rivers,
some of which appear to be highly contaminated (Johannesson, Lyons, Graham, & Welch, 2000; Neal & Robson,
2000; Huang, Sillanpiaé, Duo, & Gjessing, 2008; Pizarro, Vergara, Rodriguez, & Valenzuela, 2010). Our average
concentration is in line with the mean reported levels for the Aliakmonas and Pinios (Karamanis, Stamoulis,
Ionndes, & Patiris, 2008), and the Thames and Great Ouse (Neal & Robson, 2000). However, our average
molybdenum concentration is about three times the value reported for the Seine and more than four times that of
the Marne (Elbaz-Poulichet, Seidel, Casiot, & Tusseau-Vuillemin, 2006), and Asahi and Zasu (Sabarudin,
Oshima, Noguchi, & Motomizu, 2007). The average molybdenum Rouge River concentration is more than three
times the values of the upper range of the Aare River (Neubert et al., 2011), and the lower range of the Chang
Jiang River (Neubert et al., 2011), and it is also six times the concentrations of the lower ranges of Aare river and
more than ten times the concentration of the upper range of the Kleine Emme rivers (Neubert et al., 2011). Even
though the molybdenum concentration in the Rouge River tends to be in line with the lower reported levels of
the US and world rivers, it is still higher than the concentration that arises from natural sources only and
therefore has anthropogenic causes. One major reason is that the oldest and most heavily industrialized and
populated area in southeast Michigan is located within the Rouge River Watershed (United States Environmental
Protection Agency, USEPA, 2012). The “pre-anthropogenic” riverine molybdenum level has been estimated at 5
nM Mo, corresponding to 0.48 pg Mo L™, (Neubert et al., 2011). Lakes and rivers from areas that are not heavily
affected by anthropogenic contaminations generally have less than 1 pg L™ of molybdenum (Hem, 2012). If we
assume as reported in the literature that the pre-anthropogenic concentration in riverine water is 0.48 pg L™, then
the %relative increase owing to anthropogenic sources in the Rouge is greater than 500%. An important
anthropogenic source of molybdenum to aquatic systems is the use of fertilizers containing molybdenum
(Canadian Water Quality Guidelines for the Protection of Aquatic Life-Molybdenum, 1999). This source might
also have contributed to the current level of molybdenum in the Rouge River through urban and agricultural
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runoffs.

Table 4. Comparison of the molybdenum concentration of 2.94 pg L™ in the Rouge River to molybdenum levels
in other United States and world rivers

River Country Mo, pg-L"! Reference
Kleine Emme Switzerland 0.19-0.28* Neubert et al., 2011
Aare Switzerland 0.52-0.88* Neubert et al., 2011
Marne France 0.68 Elbaz-Poulichet et al., 2006
Zasu Japan 0.84 Sabarudin et al., 2007
Asahi Japan 0.95 Sabarudin et al., 2007
Seine France 0.97 Elbaz-Poulichet et al., 2006
Chang Jiang China 0.86-1.25* Neubert et al.,2011
Aliakmonas Greece 2.5 Karamanis et al., 2008
Thames United Kingdom 2.85 Neal et al., 2000
Rouge United States 2.94 This study
Pinios Greece 33 Karamanis et al., 2008
Great Ouse United Kingdom 3.34 Neal et al., 2000
Trent United Kingdom 5.05 Neal et al., 2000
Aoos Greece 5.1 Karamanis et al., 2008
Indian United States 6.7 Trocine & Trefry, 1996
Mississippi United States 1.11-6.78* Shiller, 1997
Louros Greece 6.9 Karamanis et al., 2008
Rio Conchos Mexico 2.3-7.5 Gutiérrez & Borrego, 1999
San Joaquin United States 2.7-9.0 Leland & Scudder, 1990
Walker United States 1.23-9.70* Johannesson, et al., 2000
Tista India 4.13-13.3* Neubert et al., 2011
Mekong China 10.6-13.4 Huang et al., 2008
Yangtze China 5.09-13.9 Huang et al., 2008
Kalamas Greece 154 Karamanis et al., 2008
Yarlung Tsangpo China 5.15-17.2 Huang et al., 2008
Salween China 4.5-20.1 Huang et al., 2008
Aire United Kingdom 23.48 Neal et al., 2000
Truckee United States 1.10-57.6* Johannesson et al., 2000
Carson United States 5.20-30.5* Johannesson et al., 2000
Endorreicas Chile 60 Pizarro et al., 2010
Maipo Chile 463 Pizarro et al., 2010

* Reported values for molybdenum were given in nM. These were converted to ug Mo L™

4. Conclusion

Ultra-trace analysis methodology and a clean room laboratory environment were used in the pre-concentration
and determination of molybdenum in the Rouge River, Michigan, USA. GFAAS, in conjunction with the
single-point standard addition method, was employed in the determination step with the absorbance of
molybdenum measured at the 313.3 nm resonance line. A concentration factor of ten was realized as a result of
the pre-concentration step. The overall average molybdenum concentration in the Rouge River was found to be
2.94 pg-L" (n = 35) with %RSD of the data ranging between 6.1 and 8.8% for individual sites. The mean
concentration of molybdenum in the Rouge River is in line with the lower concentrations reported for world and
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US Rivers. However, the level of molybdenum in the Rouge River is higher than the concentration that arises
from natural sources only, and therefore has anthropogenic causes that are inherent to its location in a heavily
industrialized and highly populated area.
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