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ABSTRACT 

 

Chemical transformations in natural waters, industrial effluents and biological fluids 

occur in mixtures containing dissolved salts, organic matter, metal ions, suspended 

particles and reactive intermediates. Following these changes in real time and without 

disturbing the sample is a major analytical challenge. This article examines how 

ultraviolet-visible absorption, infrared, Raman, nuclear magnetic resonance, 

fluorescence and mass spectrometric methods can be combined to investigate 

hydrolysis, photodegradation, redox reactions and metal complexation in complex 

aqueous systems. The strengths and limits of each technique are discussed in relation to 

water absorption, overlapping signals, low concentrations and matrix effects. 

Chemometric tools, including multivariate curve resolution and parallel factor analysis, 

are presented as essential means of separating overlapping spectra and extracting 

kinetic information. A representative case of dye degradation illustrates how spectral 

decay can be converted into rate constants and mechanistic insight. The numerical 

values shown are illustrative and serve to explain the analysis. The article concludes 

that integrated multi-technique spectroscopy, supported by careful data treatment, 

provides the most reliable route to understanding aqueous chemical change and 

supports better water quality monitoring and treatment design. 
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Introduction: 

Water is the medium in which 

most natural and many industrial 

chemical processes take place. Rivers, 

groundwater, wastewater from textile 

and leather industries, and biological 

fluids are all complex aqueous systems 

in which many species coexist and react. 

Pollutants degrade under sunlight, metals 

change oxidation state, organic 

molecules hydrolyse, and complexes 

form and dissociate, often within 

seconds or minutes. For a country such 

as Pakistan, where industrial effluents 

and agricultural runoff place heavy 

pressure on water resources, 

understanding these transformations is 

closely tied to public health and 

environmental protection. 

Spectroscopy is well suited to this 

task because it probes molecules directly 

in solution, usually with little or no 

sample preparation, and many methods 

allow continuous monitoring. Each 

technique responds to a different 
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molecular property. Electronic 

absorption and fluorescence report on 

chromophores, vibrational spectroscopy 

on bonds and functional groups, nuclear 

magnetic resonance on the local 

environment of nuclei, and mass 

spectrometry on molecular composition. 

However, water itself is a 

challenging solvent. It absorbs strongly 

in the infrared, scatters light when 

particles are present, and its hydrogen-

bond network influences every solute. 

Real samples add further complexity in 

the form of dissolved organic matter and 

a wide range of concentrations. This 

article reviews how the main 

spectroscopic techniques are applied to 

aqueous chemical change, how their data 

are interpreted, and how they can be 

combined, before presenting a case 

study, discussing limitations and 

indicating future directions. 

1. Nature of Complex Aqueous 

Systems 

A complex aqueous system is 

defined by the presence of many 

interacting components rather than by a 

single solute in pure water. Natural 

waters contain inorganic ions such as 

carbonate, chloride, sulphate and nitrate, 

dissolved organic matter made of humic 

and fulvic substances, trace metals and 

microorganisms. Industrial effluents add 

dyes, surfactants, heavy metals and 

organic solvents, often at extreme pH 

values and high ionic strength. 

The water structure itself responds 

to solutes. Ions and polar molecules 

reorganise the hydrogen-bond network, 

shifting vibrational bands and changing 

the dynamics of solvation shells. 

Because chemical reactivity depends on 

this environment, spectroscopic signals 

measured in water can differ 

significantly from those measured in 

organic solvents or the gas phase. 

Transformations in such systems 

include hydrolysis of esters and amides, 

photolysis by sunlight, oxidation by 

dissolved oxygen, chlorine or hydroxyl 

radicals, reduction of metals, and 

formation of complexes with organic 

ligands. These processes often happen in 

parallel and produce transient 

intermediates, so a useful method must 

be selective, sensitive and fast enough to 

follow them without altering the sample. 

2. Ultraviolet and Visible 

Absorption Spectroscopy for Reaction 

Monitoring 

Ultraviolet and visible absorption 

spectroscopy is the most widely used 

technique for monitoring reactions in 

water because instruments are 

inexpensive, robust and compatible with 

flow cells and fibre-optic probes. 

Absorbance is linked to concentration 

through the Beer-Lambert law, so decay 

of a reactant band or growth of a product 

band can be turned into a kinetic curve. 

In complex waters the technique 

provides more than simple 
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concentrations. Specific ultraviolet 

absorbance, the absorbance at 254 

nanometres normalised to organic 

carbon, indicates the aromaticity and 

reactivity of dissolved organic matter, 

while spectral slope ratios track 

molecular weight and the extent of 

photobleaching. Metal complexation 

often shifts or creates charge transfer 

bands, allowing stoichiometry and 

stability constants to be determined from 

titration series. 

The main limitation is spectral 

overlap. Many species absorb broadly in 

the ultraviolet region, and turbidity adds 

a sloping baseline from scattering. 

Derivative spectra, baseline correction, 

filtration and the use of full spectra 

rather than single wavelengths help, and 

diode array detectors allow entire spectra 

to be collected within milliseconds, 

which supports multivariate analysis. 

3. Infrared and Raman 

Vibrational Spectroscopy 

Vibrational spectroscopy identifies 

functional groups and follows bond 

changes directly, making it valuable for 

mechanistic studies. Infrared absorption 

by liquid water is extremely strong, 

especially near the bending mode at 

about 1640 reciprocal centimetres and 

the stretching region near 3400, so 

transmission cells need very short path 

lengths. Attenuated total reflectance 

accessories overcome this by probing 

only a thin layer next to a crystal and are 

now standard for aqueous infrared work. 

Raman spectroscopy is naturally 

well suited to water because water is a 

weak Raman scatterer. Bands from 

solutes such as carbonate, sulphate, 

nitrate and organic acids can be observed 

clearly, and fibre-optic probes permit in 

situ monitoring in reactors and pipelines. 

Weak signals and fluorescence 

background are the main difficulties, and 

these can be reduced by using near-

infrared excitation or enhanced by 

surface-enhanced Raman substrates, 

which detect trace pollutants at very low 

concentration. 

The two methods are 

complementary because they follow 

different selection rules. Polar bonds 

such as carbonyl and hydroxyl groups 

give strong infrared bands, while 

symmetric vibrations and carbon-carbon 

bonds are strong in Raman spectra. 

Together they provide a fuller picture of 

how functional groups form and 

disappear during hydrolysis, oxidation or 

polymerisation. Studies of the water 

band itself also reveal changes in 

hydrogen bonding that accompany ion 

hydration and temperature shifts. 

4. Nuclear Magnetic Resonance 

Studies of Solution Chemistry 

Nuclear magnetic resonance offers 

detailed structural information and is 

inherently quantitative, since signal area 

is proportional to the number of nuclei. 
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Proton, carbon, phosphorus and fluorine 

spectra can identify reactants, products 

and intermediates in a single experiment 

and can track their concentrations over 

time without calibration curves. 

The main practical difficulty in 

water is the huge solvent signal, which is 

suppressed using presaturation or 

selective pulse sequences, often with 

deuterated water added for field locking. 

Sensitivity is lower than for optical 

methods, so the technique suits 

millimolar rather than trace 

concentrations, though preconcentration 

or cryogenic probes can extend its reach. 

Paramagnetic metals broaden lines and 

complicate spectra, which can in turn be 

used to study metal binding. 

Advanced experiments extend the 

value of the method. Diffusion-ordered 

spectroscopy separates species by size, 

which helps to distinguish free and 

bound molecules in mixtures, and two-

dimensional correlation experiments 

resolve crowded spectra of natural 

organic matter. Rapid mixing and flow 

nuclear magnetic resonance setups allow 

reactions with half-lives of seconds to be 

followed in real time. 

5. Fluorescence and Time-

Resolved Techniques 

Fluorescence spectroscopy is 

highly sensitive, often reaching 

nanomolar concentrations, and is 

therefore ideal for dilute natural waters. 

Excitation-emission matrices, which 

record emission over a range of 

excitation wavelengths, give a 

fingerprint of fluorescent components 

and allow protein-like, humic-like and 

fulvic-like fractions of dissolved organic 

matter to be distinguished. 

Changes in the fluorescence 

landscape reveal transformations such as 

photobleaching, microbial processing 

and oxidation during water treatment. 

Quenching of fluorescence by metals or 

other solutes provides a route to binding 

constants, and shifts in emission 

wavelength report on the polarity of the 

local environment. Fluorescent probes 

designed for specific ions, pH or reactive 

oxygen species give selective sensing in 

complex matrices. 

Time-resolved methods add a 

temporal dimension. Fluorescence 

lifetimes distinguish static from dynamic 

quenching, and transient absorption 

spectroscopy, using ultrafast or 

nanosecond laser pulses, detects short-

lived intermediates such as excited 

states, radicals and solvated electrons 

that govern photochemical pathways. 

Inner filter effects at higher absorbance 

must be corrected to avoid distorted 

intensities. 

6. Mass Spectrometric and 

Complementary Methods 

Mass spectrometry is not strictly a 

spectroscopic method in the optical 

sense, but it is indispensable for 

identifying transformation products. 
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Electrospray ionisation allows polar and 

ionic species to be transferred from 

water into the gas phase with little 

fragmentation, and high-resolution 

instruments assign molecular formulae 

to hundreds or thousands of components 

in dissolved organic matter and 

degradation mixtures. 

Coupling liquid chromatography 

with mass spectrometry separates 

isomers and reduces matrix suppression, 

while tandem mass spectrometry 

provides fragmentation patterns that 

support structural assignment. Direct 

online sampling interfaces allow 

reactions to be tracked within seconds, 

linking optical changes to specific 

molecular events. 

Other complementary techniques 

include electron paramagnetic 

resonance, which detects radicals 

directly, X-ray absorption spectroscopy, 

which determines oxidation state and 

coordination of metals in solution, and 

electrochemical methods that follow 

redox transformations. The strongest 

studies combine at least two or three of 

these approaches so that each 

compensates for the weaknesses of the 

others. 

7. Data Analysis and Chemometric 

Treatment of Overlapping Spectra 

Complex aqueous spectra rarely 

contain isolated bands, so data analysis 

is as important as measurement. 

Preprocessing steps include smoothing 

with Savitzky-Golay filters, baseline 

correction, scatter correction, 

normalisation and subtraction of the 

water contribution, and each step must 

be applied consistently to avoid 

introducing artefacts. 

Multivariate methods then separate 

overlapping contributions. Principal 

component analysis reveals how many 

independent species contribute to a data 

set, and multivariate curve resolution 

with alternating least squares extracts 

pure spectra and concentration profiles 

using constraints such as non-negativity. 

For fluorescence matrices, parallel factor 

analysis decomposes the data into 

components that are chemically 

meaningful, provided the data have the 

right structure. 

Kinetic information is obtained by 

fitting concentration profiles to rate laws 

or by applying global analysis to the 

entire data set at once. Model selection 

must be justified, because several 

mechanisms may fit the same curve, and 

validation with independent 

measurements and replicate experiments 

gives confidence that the extracted 

parameters reflect real chemistry and not 

mathematical convenience. 

8. Case Study of Dye Degradation 

and Other Transformations 

Textile effluents provide a 

practical example. In a representative 

experiment, a coloured dye in water is 

exposed to ultraviolet light with and 
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without a semiconductor photocatalyst, 

and a diode array spectrometer records 

the visible band every few minutes. A 

dark control confirms that the dye is 

stable without light, and the decay of the 

main band under irradiation shows the 

photolysis rate. The figure below 

compares normalised concentration over 

time for the three conditions. 

With light alone the colour fades 

slowly, whereas with the photocatalyst it 

disappears much faster, and fitting the 

curves to a first-order law gives apparent 

rate constants that differ by roughly an 

order of magnitude in the illustrative 

data. Disappearance of colour, however, 

does not prove mineralisation. Infrared 

and Raman spectra show loss of the 

aromatic and azo bands and growth of 

carboxylate features, while liquid 

chromatography coupled with mass 

spectrometry identifies smaller aromatic 

and aliphatic intermediates. 

Fluorescence and absorbance of the 

organic residue reveal whether coloured 

by-products form and persist. 

Similar combined strategies apply 

to other transformations. Hydrolysis of 

pesticides is followed by nuclear 

magnetic resonance and mass 

spectrometry, reduction of chromium 

from the toxic hexavalent to the less 

toxic trivalent form by absorption of the 

diphenylcarbazide complex and X-ray 

absorption, and complexation of copper 

by humic substances by fluorescence 

quenching titration. In each case, no 

single method tells the whole story, and 

the integration of techniques is what 

gives a reliable mechanism. 

9. Challenges, Environmental 

Applications and Future Directions 

Several challenges remain. 

Detection limits of many techniques are 

above the concentrations of trace 

contaminants in natural waters, matrix 

effects complicate calibration, and the 

heterogeneity of dissolved organic 

matter makes assignment of components 

uncertain. Sampling and storage can also 

change the chemistry, which argues for 

in situ and online measurements 

wherever possible. 

The applications are broad. 

Spectroscopic sensors can monitor 

drinking water quality, track the progress 

of advanced oxidation and disinfection, 

detect leaks and illegal discharges in 

industrial effluents, and follow nutrient 

and carbon cycling in rivers and lakes. 

Low-cost portable spectrometers and 

smartphone-based readers offer 

particular promise for regions that lack 

extensive laboratory infrastructure. 

Future progress is likely to come 

from several directions: miniaturised and 

fibre-based sensors, ultrafast and two-

dimensional spectroscopies that reveal 

solvation dynamics, enhanced signals 

from nanostructured substrates, and 

machine learning tools that classify 

spectra and predict composition from 
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large data sets. Close integration of 

experiment, computation and 

standardised data treatment will make 

results more comparable between 

laboratories and more useful for 

regulators and water managers. 

 

Summary: 

This article reviewed the 

spectroscopic investigation of chemical 

transformations in complex aqueous 

systems. Ultraviolet-visible absorption 

offers accessible kinetic monitoring, 

vibrational methods reveal bond-level 

changes, nuclear magnetic resonance 

provides quantitative structural detail, 

fluorescence gives high sensitivity, and 

mass spectrometry identifies products. 

Water absorption, spectral overlap, low 

concentration and matrix effects are the 

main obstacles, and chemometric 

methods such as multivariate curve 

resolution and parallel factor analysis are 

essential to overcome them. A dye 

degradation example showed how 

kinetic curves from several conditions 

can be compared and how supporting 

techniques confirm the mechanism. 

Combining several spectroscopic 

methods with careful data treatment 

gives the most dependable understanding 

of aqueous chemical change and 

supports monitoring, treatment and 

protection of water resources. 
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