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Abstract

 Trace metals are important compounds in aquatic environments. In low concentrations, 

they can be very beneficial to aquatic life. However, they can be toxic if present in moderate to 

high concentrations. A growing interest has occurred involving ligands. Trace metals like copper 

are most commonly found complexed with ligands in fresh and marine waters. Many organisms 

also produce compounds to help mitigate increases in dissolved copper and prevent toxic 

environments. However, very little is known on how these ligands behave and what causes them 

to complex with trace metals. This project aims to separate and characterize copper binding 

ligands from a local lake in Tallahassee, FL. The motivation is to improve understanding of this 

complex process and mitigate future environmental issues dealing with elevated issues of metals 

in aquatic environments.  UV/Vis spectrometry data did not yield any conclusive results since the 

peaks seen were very similar to what copper and the chelating agent used, EDTA, looked like. 

However, the data produced by the electrospray ionization mass spectrometer does indicate the 

presence of specific compounds which were affected by the pH of the solution. Although the data 

did not yield any characteristic data, we concluded that the IMAC process is capable of 

fractionating copper binding ligands.
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1) Introduction

 All natural waters contain dissolved organic matter (DOM) which is a complex mixture 

of primarily plant material at different stages of decomposition. DOM is generally yellow to 

black in color and has a high molecular weight (Drever, 1997). It also contains a refractory 

component (Drever, 1997). DOM consists of humic substances that are divided into three groups 

which are based on fractionation of solid humic material (Drever, 1997):

 1.Humin: fraction of humic substances that is insoluble in water at all pH values

 2.Humic acid: fraction that is insoluble in water at pH 2 but becomes soluble at higher pH

 3.Fulvic acid: fraction that is soluble under all pH conditions

Analysis will involve the last two groups. It has long been recognized that humic substances play  

a major role in the weathering processes, in diagenesis, in light attenuation and photochemical 

reactions, and for this study, the transport of trace metals (Aiken et al, 1985;Drever, 1997). Trace 

metals in minute quantities are beneficial for plants and animals, but copper (Cu), for example 

can be toxic at concentrations at the nanomolar to millimolar level depending on the organism 

(Gordon,1992). For example, it has been shown that elevated Cu(II) concentrations relative to 

the amount of ligands present have been linked to the elimination of sensitive phytoplankton 

species in marine Harbors (Moffett et al.,1997). Organic matter, present in the water, helps 

alleviate this problem by forming complexes with cationic metals, like Cu(II) and Fe(II), which 

thus reduces the free cation concentration and reduces bioavailability and toxicity. Currently, 

little information is available about the exact nature and structure of these ligands in fresh water 

environments. Since Cu is generally found complexed with organic compounds, improvement in 

knowledge of this phenomena is crucial (Gordon et al.,2003). It is also important to understand 

the mechanisms involved in production and destruction of copper complexing ligands so that 

detected fluctuations in aquatic environments can be better mitigated.

 Functional groups are the parts of an organic compound that are most reactive and play a 

role in metal binding. Functional groups are small groups of atoms attached to the carbon 

skeleton. They generally contain atoms other than carbon and have specific chemical properties 

that affect the properties of the molecule as a whole. Polarity is also very important in functional 

groups because polar molecules containing oxygen and nitrogen increase solubility and 
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hydrophilicity of high molecular weight DOM molecules. The most important for metal binding 

is the carboxylic acid group (-COOH). Its importance is due to its abundance in DOM and its 

ability to release a proton and replace a metal ion in its place. The carboxylic group is also 

important in determining the solubility of organic compounds in water. Complexation with this 

group is particularly strong when two adjacent functional groups on a single molecule can 

coordinate with a cation and form a chelate (Drever, 1997). 

 Although the carboxylic group is considered the most significant in this study, other 

functional groups like phenol, amine, sulfate, and polar functional groups also play an important  

role (Drevor, 1997). The phenol group is an -OH group attached to an aromatic ring and similar 

to the carboxylic group in that it can dissociate H+ . It also forms complexes with metal cations 

and can form salicylic acid when adjacent to carboxylic acid. It is an effective chelator, but it is a 

much weaker acid than the carboxylic acid group. The amine group, NH₂, is capable of accepting 

a proton and becoming -NH₃⁺. The behavior of the sulfate group and characterization is 

relatively unknown in DOM (Drevor,1997).
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The Bradford 

Brooks Chain of 

Lakes is in the Lake 

Munson Watershed 

Figure 5.3.1..3:

Figure 1: illustration of the 

location of Lake Bradford in 

Leon county



 Previous studies have concluded that organic ligands appear to control the speciation of 

many trace metals including copper in surface seawater (Rue and Bruland,1995; Van den Berg,

1996;Ross et al, 2003), but they were unable to characterize the ligands present in their samples 

and the bonding nature is still not understood. Ligands may also control bioavailability of trace 

metals, activity with suspended particles, and biogeochemical cycling in seawater. It is 

hypothesized that as a result of this study, ligands will be able to be identified and classified 

according to specific characterizations, which would allow us to mechanistically understand the 

chemical processes involved with these ligands. 

2) Background

Ligands are molecules or parts there of that complex with the metal. A complex is defined 

as a species formed from two or more simpler species, each of which can exist in aqueous 

solution (Drever, 1997). Ligands are divided into two sub-groups according to number of 

bonding sites (Drever, 1997):

 1.Unidentate: a ligand that has only one bonding site in which it can bond 

  to a metal.

 2.Multidentate: ligands that have functional groups arranged so that one 

  ligand molecule can occupy more than one coordination site on a metal 

  cation. Refers to the interaction between a ligand molecule and each metal 

  separately.

DOM in natural waters behave as multidentate ligands for transition metals. Complexes that 

involve multidentate ligands are called chelates (Drever, 1997). The concentration of organic 

matter varies greatly in waters from different environments. Lakes with low productivity have a 

concentration between 1 to 3 mg C/L, like Lake Vostok in Antarctica, whereas eutrophic lakes, 

like Lake Bradford, have concentrations ranging from 2 to 20 mg C/L (Drever, 1997;Studinger, 

2008). Organic matter has been known to interact significantly with trace metals, which is most 

probably due to the chelating complexes (Drever, 1997). For this reason, Lake Bradford has been 

selected as the study area. Lake Bradford (Figure 1) is part of the Bradford Brooks Chain of 

Lakes which is part of the Lake Munson Watershed and it is also one of the largest of the lakes in 

the system (McGlynn, 2006).
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3) Methods

 The following methods were used to assist in separation and characterization of the analyzed 

 samples:

1) Sample Collection

Samples were collected from Lake Bradford located in Tallahassee, FL using Nalgene 

 bottles and filtered through a 0.2 micron PTFE filter. The sample water and all elution 

 fractions were kept refrigerated and received minimal exposure to light in order to 

 prevent any photodegradation. Collection was followed with analysis using 

 Immobilized Metal Affinity Chromatography(IMAC).

2) Immobilized Metal Affinity Chromatography (IMAC)

Prior to beginning the IMAC analysis, A 10 mL Bio-Rad® column was cleaned using 

DI water and rinsed until assured that the contents of the prepacked column were 

completely out of the column. The column was then filled with ~3 mL of Chelex 100 

resin dissolved in DI water (Figure 2). Methods provided by Bio-Rad® were used to 

determine how much Copper was needed (Bio-Rad). An average equivalent weight was 

determined using the following formula:
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Figure 2: IMAC 

set-up 



After determining an average equivalent weight of 32 grams, an equivalence value 

was determined using the following equations:

An equivalence of .03 meq was derived and this value was used to determine the 

volume of Copper Sulfate (CuSO₄):

 

 It was determined that 3 mL of .01 M CuSO₄ was needed to reach saturation on the 

column and form the immobile phase. After filling the column with Chelex 100, 3 mL of .

01 M CuSO₄ was loaded onto each column. The eluent was collected and then disposed 

of. Sample water from Lake Bradford (pH=4.5) was then passed through the column in 

increments of 5mL without an active pumping system. Sample water was added four 

times for a total of 20 mL. After each 5 mL samples was passed through the column, the 

eluent was collected and disposed of. The fraction of DOM that binds to copper (Cu) 

should be retained on the column. EDTA was passed through the column in subsequent 

amounts of 5 mL until the blue tinge produced by the CuSO₄ had appeared to pass 

through the column for a total of 30 mL. EDTA was used because it competes with the 

DOM ligands for the Cu and allows the complexed copper to be dislodged and enter the 

eluent.

During the IMAC process, the pH was was also monitored in order to determine the 

effects of pH on the protonation of compounds in Lake Bradford water.

3) Solid Phase Extraction

The eluent that was collected after passing the EDTA through the column hopefully 

contained the Cu-DOM and EDTA. In order to separate these two components, a Sep-Pak 

was used. The eluents that were collected after loading the column with EDTA were 
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combined and then passed through the Sep-Pak with the aid of a metal tipped syringe. 

The use of a Sep-Pak has proven to be sufficient to extract Cu-DOM since peaks usually 

created due to the presence of EDTA were not seen in the past (Farst, 2011).  Two 

additional samples were passed through the column. One sample, labeled Sample #1, did 

not undergo the IMAC process and just passed through the Sep-Pak. Another sample, 

labeled Sample #2, was first acidified to a pH of 1.8 using hydrochloric acid and then 

passed through the Sep-Pak. Hypothetically, the water sample that underwent the full 

experimental process would contain only DOM-Cu. In Sample #1, all DOC that was 

already protonated would bind to the Sep-Pak present since it did not undergo the IMAC 

process. In Sample #2, the solution was acidic which would protonate those compounds 

that had available sites thus allowing them to attach to the Sep-Pak.

4) Evaluation

A) UV/Vis detection

Different organic compounds have different wavelengths, which 

allows them to be differentiated into groups. This method uses light in the 

visible and UV range and allows bulk differences between metal-binding 

ligands and the remainder of the DOM fraction to be determined (Figure 

4).  The instrument uses a glass cuvette to analyze the samples. Prior to 

loading the samples the cuvettes were rinsed with DI water 3 times. After 

running each sample, the cuvette was first rinsed with DI water and then 
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rinsed with the samples that were going to be analyzed to assure no cross 

contamination. After every 5 runs, the standard was analyzed for accuracy 

purposes.

B)  Mass spectrometry

Individual molecules will be identified by their mass to charge ratio by 

using mass spectrometry. The three main components of a mass 

spectrometer are (ESI-MS) (figure 5): The ion source, the mass analyzer, 

and the detector. The ion source is responsible for ionizing the sample by 

the introduction through a nebulizer and then ionized by electrospray 

ionization. The mass analyzer allows separation of ions based on mass by 

using magnetic mass separation. Ions are separated by mass as they are 

accelerated through a magnetic field, and time-of-flight mass 

spectrometry, where ions of difference mass will have different velocities 

when they are exposed to the same accelerating voltage. Finally, the 

detector measures the incoming ions as individual charge pulses. The mass 

spectrometer was run in the positive and negative ionization mode.
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5) Results

 The UV/Vis spec data exhibited one distinct peak (figure 8). However, the curve 

from Sample two was very concentrated and exceeded the detection limit of the 

spectrometer. Very little data is available concerning wavelength absorptions of DOC-Cu 

in freshwater. However, data from marine waters show that DOC is a significant 

contributor to absorbance wavelengths above 254 nm (Midorikawa et al.,1998). Although 

the data provided by the UV/Vis does not provide any specific information to ligands 

with affinity for copper, it does provide evidence that a molecule, presumptuously a 

ligand, is interacting with the Cu present in the sample water. However, you also see 

similarities in the curve of the existing sample and the curve on Figure 10 of the solution 

that is 5mL MeOH and 4 mL Cu. This may also suggest that the UV/Vis data for sample 

one is showing that what is present is CU-EDTA. 

 Data collected from the ESI-MS does showed more significant results. As 

previously mentioned, analysis was done in positive and negative Ionization mode. The 

purpose of this is because Positive Ionization mode allows for detection of functional 

groups, like amines, that readily accept a proton and negative ionization allows for 

detection of functional groups that readily lose a proton, like carboxylic acids. Figure 6 
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Positive m/z ratios found in Sample #1 and Sample #2

295.2

321.2

327.2

353.2

387.2

437.2

451.2

Negative m/z ratios found in Sample #1 and Sample #2

285.1

365.2

411.2

413.2

503.1

517.3

623.3

Figure 6: Positive m/z ratio values present in 
Sample #1 and Sample #2

Figure 7: Negative m/z ratio values present in 
Sample #1 and Sample #2



lists all the m/z ratios that are present both in the Positive Ionization mode of Sample #1

(Figure 11) and Sample #2(Figure 13).  Figure 7 lists all the m/z ratios that are present 

both in the negative ionization mode of Sample #1 (Figure 12) and Sample #2 (Figure 

14). 

6) Discussion

 Although it is difficult to determine with certainty what was present in the samples, the mass 

spectrometry data does yield some promising correlation. The original sample that underwent the 

full IMAC process had a pH of 5.1 before passing through the Sep-Pak. The pH of Sample #1 

before passing through the Sep-Pak was 4.6. The pKa value, log of the dissociation constant, for 

most compounds in the carboxylic acid group is ~ 4. Since the pH for the original sample and 

Sample #1 were above the pKa value of carboxylic acid, it is most likely that the carboxylic acid 

compounds were not protonated and passed through the column since they are more likely to 

give up a proton. This may suggest other organic compounds, like amines, may have remained 

on the Sep-Pak. Sample #2 was at a pH of 1.8. Since this pH value is below the pKa value for 

carboxylic acid compounds, we infer that these compound probably stuck to the Sep-Pak. This 

suggests that what may be seen in the mass spectrometry data are molecules from the carboxylic 

acid group. 

7) Future work

  Although this work yields very significant data, future work can aim to improve the 

procedures used. Although the IMAC method used is very efficient, loading the column from the 
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top caused the resin to be compacted thus limiting the amount of available spaces for 

complexation with the sample passing through the column. Also, larger quantities of sample 

water should be used to avoid small eluent collections which could limit UV/Vis and mass 

spectrometry analysis. Sample water was also collected ~6 months prior to the experiment which 

may have had an impact. Since pH plays a vital role in the experiment, samples should be 

analyzed at varying pHs to see the affect it has on the protonation of the compounds. Although 

the Sep-Pak was properly rinsed, remnants of previous experiments may have still remained 

which may have led to misleading results which would not be able to be determined since the 

contents that were left behind are not characterized. Future work can also aim to analyze other 

significant trace metals in freshwater environments including iron and zinc.

8) Conclusion

  Although we were unable to characterize the ligands that interact with Cu, we gained a 

better understanding of the process by being able to fractionate copper binding ligands from the 

sample water. Cu is a very important trace metal in aquatic environments. Depending on its 

concentration, it can be a nutrient or a toxin which is why improving our understanding of metal 

binding ligands is of utmost importance.
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16

figure 8: UV/ Vis spectrometry datat for the 
orginal sample, Sample #1, and Sample #2
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5ml EDTA/ 5ml Cu

figure 9: zoomed in section of spectra for EDTA-
Cu solutions

figure 10: EDTA-Cu 
solutions spectrometry data
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Figure 12: ESI-MS negative ionization mode for 
sample that underwent IMAC process.

Figure 11: ESI-MS positive ionization mode for 
sample that underwent IMAC process.
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Figure 14 : ESI-MS Negative Ionization mode for 
Sample #1

Figure 13: ESI-MS positive ionization mode for 
Sample #1
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Figure 16: ESI-MS positive ionization mode for 
Sample #2

Figure 15: ESI-MS positive ionization mode for 
Sample #2
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