
38 English Edition No.43  May  2015

Feature Article
Application

Analysis of the Chromophoic Dissolved Organic Matter in Process Water by EEMs and PARAFACFeature Article 
Application

Analysis of the Chromophoic Dissolved Organic Matter 
in Process Water by EEMs and PARAFAC

Yoshihiko 
   KAWAGUCHI

Reiji KOJIMA

In sewage and industrial wastewater treatment facilities, monitoring the 

concentration of organic material is important for operation and maintenance. 

However, even if the Total Organic Carbon (TOC) in the wastewater is the same, 

it is known that there will be differences in the water quality after the process. 

For that reason, it is important to understand the component groups that make 

up the Dissolved Organic Matter (DOM), as well as their prevalence. In this 

study, we measured the Chromophoric Dissolved Organic Matter (CDOM) in 

each sample using three-dimensional Excitation-Emission Matrices (EEM) and 

the Parallel Factor Analysis Method (PARAFAC), and analyzed the behavior of 

each component group in wastewater treatment processes using a membrane 

bioreactor method. We then compared our results with Specific Ultraviolet 

Absorption (SUVA) and PARAFAC analysis results, which are used as relative 

indicators of recalcitrant organic matter.

Introduction

The behavior of Dissolved Organic Matter (DOM)  
in lakes, marshes, and basins is important for preventing 
water pollution in the environment. Regardless of the fact 
that the load of pollutants flowing from basins into lakes 
and marshes has been on a decreasing trend in recent 
years, a paper reported that the organic matter concentra­
tions in water in lakes and marshes are somewhat on an 
increasing trend.[1] In Japan, there are reports that recalci­
trant organic matter is increasing and accumulating in 
lakes, marshes, and closed inner bays. [2] In Japan, 
factories and offices are some of the sources of organic 
matter, and concentration regulations have been enacted 
and the total volume of pollutant load discharged into 
public water is being controlled based on the Water 
Pollution Control Law. Sewage and factory wastewater 
t reatment plants remove pollutants by coagulation 
sedimentation processes and biological treatments in 
order to meet the requirements in these regulations. It is 
important to monitor the organic matter concentration in 
each process in order to perform the process efficiently. 
Membrane Bioreactor (MBR) are also used for sewage 
and factory wastewater treatment plants, and it has been 
reported that MBRs can remove the Biological Oxygen 
Demand (BOD) and suspended solids more efficiently 

than the conventional method.[3] However, as operating 
time increases, the f iltration performance decreases 
markedly and causes membrane fouling, which is a 
serious problem. Membrane fouling is thought to be 
caused by natural organic matter represented by humic 
substances in the water and extracellular polymers 
secreted by microorganisms in activated sludge.

BOD5 (5-day BOD), COD (Chemical Oxygen Demand) 
and TOC (Total Organic Carbon) have been used as 
indicators of DOM. But BOD5 only detects materials that 
can be broken down by microorganisms, and takes 5 days 
for analysis. COD has a large margin of error by analysis 
workers, and also has other problems such as not 
quantitatively oxidizing organic matter in water.[4] It is 
possible to use carbon conversion to quantitatively 
express TOC as the total amount of DOM, and this has 
been used as  an i nd icator  for  organ ic  mat te r  i n 
enviromental water and in various types of wastewater.[5] 
Therefore, TOC is becoming a major water quality item 
in organic matter analysis. However, even though TOC 
can be used to find out the quantity of organic matter, it 
cannot be used to understand the quality. For example, 
different sets of wastewater that have the same TOC 
values show clear differences in processing performance. 
DOM information is very important for checking how 
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much recalcitrant COD components are included in the 
DOM in the process water, or to check the processing 
process to classify the substance groups and types of 
DOM. It is possible to obtain detailed information about 
DOM by analyzing the DOM using a chromatographic 
method, but it is not practical to change the processing for 
each dissolved substance. Understanding the groups of 
components that make up the DOM and their ratios, and 
clarifying the differences in processing capability by 
component group makes it possible to propose optimized 
solutions for treatment. DOM in sewage and industrial 
wastewater contains humic substances and proteins.

Components contained in the DOM that f luoresce by 
absorbing light in the ultraviolet and visible ranges are 
called CDOM (Chromophoric DOM). Three-dimensional 
excitation-emission fluorescence spectroscopy (excitation-
emission matrix: EEM) are used as techniques for simple 
analysis using the optical characteristics of CDOM from 
natural and man-made organic compounds. [6, 7] Fluo­
rescence spectra differ from the ultraviolet visible 
absorption spectra because f luorescence spectra have 
several emission peaks, and are advantageous because it 
is possible to obtain more information on DOM origins 
and composition. EEM can be measured quickly with a 
small amount of samples, and simple pre-treatment such 
as f iltration. We measured the water quality of each 
processing step in the wastewater treatment process using 
a three-dimensional f luorescence measurement device. 
(Aqualog; Figure 1) We applied the multivariate analysis 
method (Parallel Factor Analysis: PARAFAC) and 
evaluated the behavior of the component spectra. For 
information about Aqualog equipment calibration and 
PARAFAC details, please see the previous report.[8]

EEM and PARAFAC

The fluorescence spectroscopy method applies excitation 
light to the substance to be measured, and measures the 
fluorescence spectrum emitted. Fluorescence analysis has 
high sensitivity and can be done quickly with a small 
amount of samples and simple pre-treatment. It is known 

that can be obtained details, dynamics and structure of 
DOM from ultraviolet absorption spectra.[8] On the other 
hand, components that do not produce fluorescence when 
the excitation light is applied cannot be measured. EEM is 
a technique for continuously measuring the fluorescence 
waveleng ths emit ted for var ious excitat ion l ight 
wavelengths. EEM is an analytical method that can get 
detailed information about DOM from the intensity and 
peak position. Figure 2 is an EEM of river water that was 
collected at the confluence of the Kamo River and Katsura 
River in Kyoto.

Operation is simple. Put a liquid sample in a 1-cm-long 
cell for measuring f luorescence, anchor it in the sample 
room, and start taking measurements. In general when 
suspended solids are included, samples are analyzed after 
being filtered through a filter with a pore size of 0.45-0.70 
μm. (models such as GF/F made by Whatman and GB-140 
made by Advantec are often used). In addition, it is 
necessary to take care because sometimes f luorescence 
components in EEM change greatly before and after 
f ilt ration through a f ilter. EEM spectra need to be 
corrected to get an accurate f luorescence from CDOM. 
Some of these corrections are using Raman units or 
quinine sulfate unit, Rayleigh scat ter ing masking, 
removing Raman light scattering, Inner Filter Effects 
(IFE), and device spectra corrections on the obtained 
EEM analysis results.[9] Aqualog has functions for easily 
doing these operations. EEMs include much information, 
so it is difficult to obtain detailed information due to the 
overlap of the spectra. It is also difficult to quantify the 
information on the individual spectra. The CDOM 
components can be identified by applying PARAFAC for 
EEM and separating the individual peaks. One of the 
multivariate analysis methods, PARAFAC uses a number 
of EEM to statistically break down the overlapping peaks 
into fluorescence components that have the same behavior. 

Figure 1   Aqualog

Figure 2   ‌�EEM of a Point Where the Kamo River and Katsura River 
Intersect
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Specific Ultraviolet Absorption (SUVA)

The Aqualog simultaneously analyzes f luorescence and 
absorbance. It is known that the absorbance of the sample 
increases as the concentration of organic matter increases. 
In particular, the absorbance from humic substances 
increases exponentially as the wavelength becomes short. 
In particular, SUVA is defi ned using the DOC con cen tra­
tion in the sample and the absorbance at 254 nm. SUVA is 
calculated using the following equation.

SUVA = 100×A÷ (L×C)

A is the absorbance at 254 nm, L is the cell length [cm], 
and C is the DOC concentration in the sample [mg/L]. In 
environmental water analysis, the SUVA value indicates 
the relative ratios of aromatic compounds contained in the 
DOM. In particular, there have been reports that in cases 
where the SUVA value exceeds 0.02­0.04, the water 
contains high levels of biologically recalcitrant organic 
matter.[10] In this evaluation, we compared the SUVA 
values and water quality analysis items for each type of 
process water.

Analysis of Water in Industrial Wastewater 
Treatment Processes

As previously explained, f luorescence analysis methods 
are widely used for analyzing DOM in water in the 
environment. But there are few examples of applying the 
f luorescence analysis method to industrial wastewater 
treatment processes. Therefore, we collected samples 
from each wastewater treatment process at a chemical 
plant in Japan between September 2013 and January 2014 
and measured TOC, CODCr, and EEM. We found the 
EEM by scanning excitation wavelengths from 220 to 600 
nm and detecting emission wavelengths from 220 to 600 
nm. The integration time is 0.1 second. After taking 
measurements, we did blank cor rect ion, Rayleigh 
masking, and IFE correction. Figure 3 is an overview of 
the sampling points in the wastewater treatment processes 
used in this paper.

This process is consisted of a coagulating sedimentation 
process, biological treatments, and a Membrane Bio­
reactor (MBR) process. The process was divided into two 
different steps after the f low equalization tank. In this 
paper, these are called the fi rst system and second system. 
Each process has a different air diffuser installed in the 
aeration tank. Samples collected at Sampling Points A­G 
were stored in a plastic container at 10°C or below and 
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Figure 3   Schematic of Test Plant and Sampling Points (Samples A-G) (EEM of Each Sample)
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transported shielded from light. Figure 3 shows an EEM 
of the samples.

Based on the results in Figure 3, we found that the 
f luorescence peak (f luorescence excited 300 nm, and 
emitted 410 nm) intensity decreased significantly before 
and after the coagulation sedimentation tank (Samples A 
and B). There was no major change in the f luorescence 
peak position and intensity before and after the aeration 
tank (Samples B and C) in the first system. When we 
compared the EEM of aeration tank water (Sample C) and 
M BR t an k wate r  (Sample  D),  we fou nd that  t he 
f luorescence peak at Ex/Em=300/410 nm was almost 
quenched, and the f luorescence peak intensity at Ex/
Em=280/330 nm also decreased significantly. The area 
from the aeration tank to the MBR tank is a biological 
treatment, and we believe that the DOM was broken down 
as the process progressed. The f luorescence peak in the 
membrane f ilt rat ion water (Sample E) was almost 
quenched. There is reason to believe that DOM was 
trapped by the membrane.

On the other hand, when we compared the EEM for the 
water in each process MBR tank (Samples D and F),  
the f luorescence peak intensity was lower in second  
system. For the results of these measurements, we  
applied PAR AFAC. There were 159 samples. The 
PARAFAC analysis results showed that there are 5 types 
of component spectra included in EEM. (Figure 4) 
Comparing the separated component spectra with the 
earlier literature, [11-13] Component 1 is a tyrosine-like 
component, Component 2 is tryptophan-like component, 

and Components 4 and 5 are humic-substance-like 
components. The results of a separate study by the authors 
on Component 2 suggested that it has a phenylalanine-
like fluorescence peak.

Using PARAFAC to combine these component spectra 
makes it possible to numerically express the intensity of 
the component spectra included in each EEM obtained 
from the samples. We calculated the intensity of the 
component spectra of each EEM from the raw water tank 
to the MBR-treated water in first system. (Figure 5) As a 
result, tyrosine-like components increased gradually until 
the aeration tank water, and were quenched in the MBR 
tank water. Phenylalanine-like fluorescence components 
were g reat ly reduced bet ween the aerat ion t an k  
and the MBR tank. We consider that tyrosine-like and 
phenylalanine-like components were probably degraded 
by biological treatments. Tryptophan-like f luorescence 
components were greatly reduced before and after the 
coagulation sedimentation tank, but the residual com­
ponents could not be removed with biological treatment, 
and were completely quenched after membrane treatment. 
We consider that the components stuck to the membrane. 
Out of the humic acid and fulvic acid-type components, 
Component 4 was quenched in the MBR tank, and Com­
ponent 5 ended up with the inverse effect, increasing due 
to biological treatment.

Next, we found the SUVA value from the absorbance 
measured at the same time using the Aqualog and the 
TOC values of the samples. Figure 6 shows the semi-
logarithmic graph of CODCr and SUVA of each sample. 

Component-1 Component-5Component-2 Component-3 Component-4

Figure 4   Results of Parallel Factor Analysis
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Figure 5   ‌�Comparison of Contributing Rates at Each Process (First System)
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When the wastewater treatment progresses, the COD 
component decreases significantly, even though SUVA 
increases. (Figure 6) The PARAFAC results showed that 
the MBR tank water (Samples D and F) included 
tryptophan­like components and humic substances. The 
MBR treated water (Samples E and G) only included 
humic substances. It is known that proteins generally 
contribute to SUVA, so it is important to take care. 
However, it is believed that increased SUVA in membrane 
f iltration water with decreased protein components 
indicates that the ratio of the aromatic compounds in 
DOC increased in the membrane fi ltration water.

Conclusion

In this paper, we have examined the possibility of 
applying EEM to wastewater treatment processes. As a 
result, we were able to use EEM­PARAFAC to get an 
understanding of changes in the composition (quality) of 
the CDOM in each process step sample. Information 
about the quality of these samples cannot be obtained 
only with conventional TOC and CODCr values. In 
particular, using PARAFAC to separate the components 
in the samples and understand their behavior can be 
expected to improve the operating conditions of treatment 
processes. We believe that understanding the raw water 
quality and differences in processing characteristics for 
each type of wastewater in advance will be useful for 
optimizing the design of the processes and managing 
operation. Understanding the composition and behavior of 
CDOM to prevent membrane fouling, reduce chemicals 
used, and improve water quality makes it possible to 
achieve a bet ter operation level than control using 
conventional water quality items as indicators. EEM 
analysis is expected to play an important role in water 
analysis in academic research fi elds and monitoring water 
quality in national and public institutions. Ensuring water 
resource in Asia and a stable supply is an important issue. 
We hope to widely use this analytical method for future 
water treatment processes.
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