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Abstract

Chemical oxygen demand (COD) and biochemical oxygen demand (BOD) with irreplaceable
significance are comprehensive indicators for evaluating water quality. Effective control of water
pollution depends on the rapid determination of these indicators. In the study, the rapid determination
of BOD was carried out by activated sludge aeration degradation method. The BOD quantification was
achieved by measuring the COD change before and after microbial degradation (BOD,,). Single-
factor experiment was employed to investigate the effect of operating parameters on the determination
of BOD. In addition, the interactions of main variables were evaluated by Box-Behnken Design, and
the results showed that the interaction term of reaction time and initial pH value had a significant
effect. The optimum conditions for determination of BOD were reaction time of 273.68 min, dosage of
activated sludge of 8.72 mL, and pH of 7.18. Under the optimal conditions, the correlation experiment
showed that BOD, .,
0-500 mg/L, and the correlation coefficient R? was 0.996. It indicated that the method realized not only

the rapid determination of BOD, but also the integrated determination of COD and BOD.

and BODj exhibited a good linear relationship in the concentration range of

Keywords: integrated determination, activated sludge, chemical oxygen demand, biochemical oxygen

demand, Box-Behnken Design

Introduction

Biochemical Oxygen Demand (BOD) was developed
in the 18th century by the U.K. Royal Commission on
River Pollution [1]. It is an important indicator to reflect
the degree of organic pollution in wastewater and widely
used in water quality monitoring, pollution control

*e-mail: hanyanhe@126.com

and water management. The higher the BOD value is,
the more serious the pollution is. At present, the main
determination method is the 5-day biochemical oxygen
demand (BOD;), which is estimated by determining the
amount of oxygen required for aerobic microorganisms
to degrade organic matter in wastewater at a constant
temperature of 20°C for 5 days. It was adopted as
standardized method by American Public Health
Association in 1936, and nowadays, has become an
internationally established analytical method. However,
the method shows some limitations: time-consuming
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[2], tedious procedures, more interference factors, and
not suitable for real-time online monitoring. As a result,
it is hardly to timely feedback the monitoring data of
water, and to detect, warn and effectively control the
pollution of the wastewater as early as possible.

Hence, as an alternative, several new methods for
BOD determination have been developed to circumvent
the disadvantages of standardized method. Manometric
method was reported by Caldwell and Langelier
in 1948 [3], which is based on the measurement of
pressure decrease due to the oxygen consumption
when microorganisms degrade the organic matters.
The changes in pressure are measured by a manometer
and converted to oxygen consumption by the device
to estimate the BOD value. Comparing with the
standardized method, the analytical procedure of this
method is more simplified. However, it still requires 5d
measurement time. To reduce the analysis time, the first
BOD biosensor was constructed by Karube in 1977 [4],
consisting of a synthetic membrane with immobilized
microorganisms as the biological recognition element
and dissolved oxygen electrode. The method technically
realizes the rapid determination of BOD (measurement
time varies from several minutes to several hours),
but it has some deficiencies in practical application,
mainly including low efficiency and high selectivity
due to single species of immobilized microorganisms,
and complex immobilization method.  Thus,
considerable effort has been devoted to developing
biofilm constructed with mixed microorganisms [5,
6] or activated sludge [7], and various immobilization
methods [8-10] to circumvent the limitations. It
has made great progress in these studies and many
optimized BOD biosensors have been structured.
However, present BOD biosensors basically adopt the
variable quantity of dissolved oxygen as quantitative
basis. And the consumption of dissolved oxygen tends
to make biodegradable organic matter difficult to
completely degrade, affecting the measurement results.
In addition, the dissolved oxygen electrode needs to be
periodically cleaned and replaced. To some extent, BOD
biosensor is limited in application.

To eliminate the oxygen limitation in the
biodegradation reaction, BOD biosensors based on
the microbial fuel cell (MFC) are studied. MFC
is a device that can directly convert the chemical
energy of biodegradable organic matters to electrical
energy through the catalytic activity of special
electrochemically active microorganisms [11]. The
electrical signal generated by microbial degradation
of organic matters has a good linear relationship with
the concentration of the organic matters, allowing the
BOD value to be estimated [12]. On this basis, several
types of MFC-based BOD sensors have been widely
employed. It can be divided into two-chamber MFC
and single-chamber MFC, according to the structure.
Recently, most of studies use two-chamber MFC
as sensor for BOD determination on account of its
high stability and high efficiency. Nevertheless, the

two-chamber MFC-type sensor has some weakness
such as the complicated structure, requiring aeration
to improve the efficiency of the cathode reaction,
and expensive proton exchange membrane. To solve
these issues, a single-chamber MFC-type sensor is
developed, that provides some advantages for instance
more compact and simple, neither aeration, nor proton
exchange membrane [13, 14]. However, single-chamber
MEFC- type sensor also has two challenges. One is that
its coulombic efficiency is much lower than that of
two-chamber MFC-type sensor owing to the
consumption of organic matters by oxygen diffused
to the anode [15]. The other is that oxygen may have
a negative impact on the activity of the anaerobic
microorganisms on the anode [16]. In addition, the
electrons generated in the anode chamber need to pass
through the membrane of electrochemically active
bacteria to reach the anode, indicating that the thickness
of the membrane directly affects the electron transfer
efficiency. When the organic matters are degraded,
the thickness of the membrane of electrochemically
active bacteria will increase owing to proliferation,
which limits the efficiency of electron transport.
Moreover, some microbial cells are electrochemically
inert. Consequently, mediators are added to facilitate
electron transfer from the microbial cells to the
electrode. Yet the mediators are generally toxic
to microorganisms [17], resulting in a short-term
stability, which is not conducive to the rapid detection
of BOD. More importantly, the microorganisms
involved in the oxidation reaction are mainly anaerobic
microorganisms, leading the degradation of some
oxygen-consuming pollutants cannot be completed.
It indicates that MFC-type sensor has some technical
defects. In summary, although the new methods have
made great progress, there are still some limitations
in practical application, and the determination of BOD
cannot completely replace the standardized method.

By contrast, Chemical Oxygen Demand (COD) can
overcome the shortcomings of BOD, that is defined as
the amount of oxygen consumed when organic matter
in water is degraded into small molecules by external
powerful oxidant under certain conditions [18]. The
standard method for determining COD is simple and
fast, and the analysis time is greatly short by only
2 hours, compared with BOD [19]. Furthermore,
some new approaches (e.g., ozone oxidation [20],
electrocatalytic oxidation [21], photo-catalytic oxidation
[22, 23] and photo-electrocatalytic oxidation [24-27]
methods based on advanced oxidation processes) have
been established with the innovative development
of technology. And they are less time-consuming,
environment friendly, and more reliable. However,
the concept of COD has certain limitations obviously,
such as not directly evaluating the biodegradable
performance of water, and secondary pollution may be
introduced during the determination process. Therefore,
both BOD and COD have irreplaceable significance
in the field of water quality monitoring [28]. In order
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Table 1. Characteristics of the simulated wastewater.
Compositions COD (mg/L) NH,"-N (mg/L) PO,*-P (mg/L) pH
Concentrations 250 12.5 2.5 ~7

to obtain accurate and comprehensive data in time,
the rapid detection method of multi-indicator integration
has become a research trend in the future. There have
some studies to develop a rapid detection method of
BOD, which obtains by the difference of COD before
and after microbial degradation [29, 30]. As is well-
known, the initial COD value represents the amount
of total organic matters including biodegradable and
non-biodegradable ones. For a given sample, the COD
value after biodegradation indicates only the amount
of the non-biodegradable organic matters. Therefore,
it is obvious that the difference of COD before and
after microbial degradation (BOD,_,,) equals to the
BOD value, because both represent the amount of
biodegradable organic matters. The determination of
BOD is transformed into the determination of COD
that is simpler and faster, which not only achieves the
purpose of rapid detection of BOD, but also realizes the
integrated detection of COD and BOD.

Based on the principle, the simultaneous
determination of COD and BOD was developed by
activated sludge aeration degradation method in
this study. The organic matters in wastewater were
degraded at a short time by the microorganisms in
activated sludge. The BOD values were quantified by
determining the BOD,  ~ with potassium dichromate
digestion method. Furthermore, the detection conditions
of the method were explored and optimized by using
single factor experiment and the response surface
methodology.

Experimental
Pretreatment of Activated Sludge
Firstly, a centrifuge tube containing a certain

amount of activated sludge was placed in the centrifuge
and kept on centrifuging at 4000 r/min for 3 min. The

Water bath

Water sample

7

]

Air pump

Fig. 1. Experimental device and process diagram.

activated sludge was taken from a garbage treatment
plant in Beijing. Then activated sludge was added
again after removing the supernatant until the sludge
was cleaned washed with deionized water. The cleaned
sludge was cultured in a beaker at room temperature
until formation of flocculent sludge was observed.
The parameters of cultivated activated sludge were as
follows: SV = 22%, MLSS = 2.3 g/L, SVI = 96 mL/g.
Of course, the characteristics of activated sludge need
to be maintained in a certain range (SV = 20~30%,
MLSS = 2~4 ¢/L SVI = 50~150 mL/g) to ensure a
strong biological activity.

The culturing completed sludge was washed
again according to the above steps. Furthermore,
the supernatant after centrifugation was scanned
at wavelengths of 200-800 nm by ultraviolet
spectrophotometer. When the absorption line of the last
two supernatants was approaching, it indicated that the
sludge had been cleaned.

Experimental Method

A 200 mL simulated wastewater (the compositions
are shown in Table 1) was degraded in BOD
degradation tank (Fig. 1) with the activated sludge
at certain conditions. Furthermore, 3 mL inorganic
nutrient solution which contained MgSO, (22.5 g/L),
FeCl,*3H,0 (0.25 g/L), CaCl,*2H,0 (27.5 g/L) was
added for the growth of microorganisms in the activated
sludge. During the reaction, the dissolved oxygen
concentration was maintained at 3-5 mg/L. After the
reaction, 3 mL of the filtered wastewater was taken
for the determination of COD. The obtained BOD,
caused by the biodegradation was used to quantify the
BOD value of the sample. To optimize the operation
conditions, a series of single factor experiments were
performed using different reaction times, dosage
of activated sludge, initial pH values, and reaction
temperature.
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K:Cr207
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Determination of COD and BOD5

The potassium dichromate digestion method
(standard method) was adopted for the determination
of COD. The experiment was described that 3.0 mL of
simulated wastewater was added to the digestion tube
firstly, followed by the appropriate amount of masking
agent, K Cr,O, digestion solution and catalyst, then
digested in the digestion device for 15 min. Finally,
the COD value of wastewater sample was obtained
according to the amount of (NH,),Fe(SO,), solution
titrated. BOD, was determined by conventional
manometric method. The OxiToPIS6 BOD measurement
system equipped with a pressure sensor was placed in a
biochemical incubator maintained at 20°C for 5 days in
the presence of simulated wastewater and nitrification
inhibitor. All chemicals used in this study were of
analytical reagent grade and all solutions were prepared
using high-purity deionized water.

Response Surface Experiment Design

A Box-Behnken Design in response surface
methodology was employed to analyze the interactive
effect of these parameters and obtain optimal
parameters, based on the results of single factor
experiments. The results were analyzed on a PC
running under Windows OS, using Design expert
statistical software. The main variables were reaction
time (X,), dosage of activated sludge (X)), and initial
pH value (X,). The dependent variables (response) were
the BOD, ., value. The experimental parameters and
levels were shown in Table 2.

Results and Discussion
Operational Conditions
Reaction Time

The effect of reaction time on the degradation
process of activated sludge was investigated while other
parameters remained fixed. Fig. 2 showed the changes
in BOD, . for simulated wastewater with glucose and
glutamic acid over time. It describes that the BOD, .
values for both simulated wastewaters generally have
an increasing tendency, and tend to be constant after

240 min. The BOD value increased significantly

ACOD

—_

S

(e
T

—=— Glucose
—¢— Glutamic acid

0 60 120 180 240 300
time (min)

Fig. 2. Effect of degradation time on the BOD, . value (dosage
of activated sludge 8 mL; initial pH 7; reaction temperature
20°C).

within the reaction time of 30 min. The reason may be
that the activated sludge with a large specific surface
area has good adsorption capacity for organic matters at
the initial stage of the reaction. It made the COD after
the reaction decrease rapidly, as a result, the increasing
trend of the BOD, ., value reached maximum. At the
reaction time of 60 min, the BOD,  — value slightly
decreased owing to the organic matters adsorbed
on surface of the activated sludge were decomposed
into small soluble molecular organic substances
that reintroduction into wastewater. Due to the easy
degradation of small molecular organic substances, the
BOD, ., value was significantly increased again within
60-180 min. After 180 min, the change of the BOD, .,
value tended to be stable, and basically achieved
constant at 240 min. At this moment, the degradation of
organic matters by activated sludge reached a relatively
stable state. In addition, it can be seen from the figure
that the two simulated wastewaters had different degrees
of degradation. The biodegradation of organic matters
is related to their molecular weight, spatial structure
and types and quantities of substituents. Generally,
the simpler the organic matters, the easier they are to
be degraded. Therefore, glucose and glutamic acid
with different physical characteristics and degree of
biodegradability that determine their removal potential
in a wastewater treatment system [31]. Therefore, to

Table 2. Level and code of experimental variables based on response surface methodology.

Code Factor Low levels Medium levels High levels
D (0) (+1)
X, Reaction time/(min) 120 240 360
X, Dosage of activated sludge/(mL) 6 8 10
X, pH 6 7 8
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Fig. 3. Effect of dosage of activated sludge on the BOD,
value (degradation time 240 min; initial pH 7; reaction
temperature 20°C).

ensure a high degradation of organic pollutants, the
reaction time was set to 240 min in further experiments.

Dosage of Activated Sludge

Fig. 3 depicted the varying for BOD,., at the
activated sludge dosage values of 2, 4, 6, 8, 10 mL. The
result revealed that the BOD, ., value increased with
the increasing of dosage of activated sludge, especially
when dosage of activated sludge was raised from 2 to 6
mL, the BOD, ., value increased almost linearly. The
trend can be attributed to the fact that the amount of
biodegradable organic matters in simulated wastewater
was much larger than that can be degraded by activated
sludge. At this stage, dosage of activated sludge was the
controlling factor of degradation reaction. When dosage
of sludge increased from 6 mL to 10 mL, the increasing
of the BOD, ., value gradually slowed down. The main
reason was that the amount of organic matters which
can be degraded by activated sludge was close to the
one of biodegradable organic matters in simulated
wastewater. Dosage of activated sludge was no longer
the main controlling factor of degradation reaction.
The removal rate will not increase any more, even if
the activated sludge was continued to add. Therefore,
dosage of activated sludge was set at 8 mL in the
subsequent experiments.

Initial pH Value

The activities of activated sludge are highly
dependent on the environments where microorganisms
are living, such as pH value [5]. Hence, experiments
based on various pH values (5.0-9.0) had been carried
out when other operation parameters were fixed. As
shown in Fig. 4, the highest BOD, ., value emerged at
pH 7. It indicated that the microorganisms of activated
sludge had the highest degradation at pH 7. Meanwhile,
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Fig. 4. Effect of initial pH value on the BOD value

ACOD
(degradation time 240 min; dosage of activated sludge 8 mL;

reaction temperature 20°C).

the BOD, ., value whether it occurred under acidic
or alkaline environments was lower than that at pH 7,
indicating that the activities of activated sludge were
inhibited. In conclusion, the pH was kept at 7 during
the following experiments.

Reaction Temperature

The effect of the reaction temperature was evaluated
on the degradation of activated sludge as shown in
Fig. 5. The BOD, ., value increased sharply when the
temperature was raised from 10 to 20°C and reached
the maximum in the temperature range of 20-30°C.
When the temperature was further increased to
30-50°C, the BOD,.,, value decreased gradually.
It is well known that microorganisms in activated

o)
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Fig. 5. Effect of reaction temperature on the BOD,  value

(degradation time 240 min; dosage of activated sludge 8 mL;
initial pH 7).
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sludge generally have an optimum temperature range
(15-35°C). It will affect the activity of microorganisms
whether in too high or too low temperature [32]. When
the temperature is too high, those temperature-sensitive
constituent materials such as proteins and nucleic acids
may suffer irreversible damage, resulting in a decrease
in the metabolic activity of the microorganisms and the
degradation ability. When the temperature is too low,
the growth rate of the microorganism and the rate of
the biochemical reaction are suppressed, although the
structure of the microorganisms can’t be destroyed.
Considering that high temperature will lead to high
energy consumption, 20°C was chosen as optimal
temperature under the conditions explored in this study.

Optimization Using Response
Surface Methodology

Model Establishment

The results obtained from single factor experiment
showed that reaction time, dosage of activated sludge
and initial pH value had an important influence on the
degradation of activated sludge. However, the single
factor experiment has certain limitations due to not
considering the possible interaction between parameters.
In order to overcome this problem, multivariate statistic
techniques especially response surface methodology

Table 3. The design and results of experiments by Box-Behnken
Design.

Number | X X, X, ;hceggfzrrfg/c f)
1 o | =1 | +1 138.40
5 a0 | 4 99.67
3 0 1 -1 86.24
. o | .1 | 1 116.87
s o | o | o 168.75
s | a1 11 o 131.92
] o | o | o 169.20
N o | o | o 168.10
9 FREEEE 136.07
10 0 | +1 | -1 102.13
0 2ol o 116.45
5 1| 4 0 98.34
5 11 o | o 100.68
2 1ol ol o 168.00
s o | o | o 163
6 | 1 1+l o 156.22
- 121 o0 [ 4 84.30

had been put forward [33]. Hence, the experiment was
further analyzed and optimized by Box-Behnken Design
for determining the optimal process parameters in this
study. The design and results of experiment carried out
by the Box-Behnken Design were given in Table 3.

The multiple regression analysis on the resulted
response led to the following second-order polynomial
equation which explained the relation and interactions

of response (the BOD, ., value) with significant factors:

Y =167.41 +15.51X, +9.98X, + 14.96X; + 1.55X, X, +
5.00X,X; + 1.41X,X;3—23.70X] — 17.97X3 — 38.53X3
0y

Analysis of Variance and Significance Test

In optimizing a response surface, it is important
to ensure the adequacy of the employed model which
was checked using the analysis of variances (ANOVA).
Table 4 gave the analysis of variance (ANOVA) of the
regression model. As it can be seen from the table,
the model P-value of <0.0001 indicated the model was
significant. There was only 0.01% chance that a model
F value could occur due to noise, which also confirmed
the high significance of model. The result obtained by
ANOVA implied that lack of fit was not significant
because the P-value of 0.0808 was lower than 0.05, and
regression was meaningful. The value of correlation
coefficient R2 of 0.9830, suggested that only 1.7% of
the total variation could not be explained by the model.
Goodness-of-fit for the model was also evaluated by
the adjusted regression coefficient obtained in the
present study, indicating a better correlation between
the observed and predicted values. Hence, the response
surface model proposed in this study was considered to
have satisfactory representation.

Values of “Probability>F” less than 0.0500 showed
that model terms were significant [34]. In this case, the
interaction between reaction time and initial pH value
was found.

Response Surface Interaction Analysis

The response surface and contour plots of the above
model as two factors varying within the experimental
ranges while the others were kept constant were shown
in Fig. 6. Usually the constant variable is chosen at
its middle level (zero point). Not only the independent
influence of factors but also the interaction between
factors can be displayed, through visual inspection of
the response surface and contour plots.

The effect of interaction of reaction time and dosage
of activated sludge on the BOD, .~ value was illustrated
in Fig. 6a). The contours were parallel to the two axes
suggesting that there was not a significant interaction
between the two parameters. Fig. 6b) showed a similar
trend between dosage of activated sludge and initial
pH value which indicated that the two parameters were
quite independent of each other.
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Table 4. ANOVA results for the response surface quadratic model.

Source Sum of squares DF Mean square F value p-Value
Model 15620.50 9 1735.61 103.76 <0.0001
X, 1925.41 1 1925.41 115.10 <0.0001
X, 796.60 1 796.60 47.62 0.0002
X, 790.41 1 1790.41 107.03 <0.0001
XX, 9.58 1 9.58 0.57 0.4739
XX, 100.20 1 100.20 5.99 0.0443
XX, 7.95 1 7.95 0.48 0.5127
X? 2365.76 1 2365.76 141.43 <0.0001
X2 1360.23 1 1360.23 81.32 <0.0001
X/ 6249.57 1 6249.57 373.60 <0.0001
Residual 117.09 7 16.73
Lack of Fit 91.82 3 30.61 4.84 0.0808
Pure error 25.27 4 6.32
Total 15737.60 16

To study the interaction effect of reaction time and
initial pH value on the BOD, . value, the experiments
were carried out with initial pH value varying from 6.0
to 8.0 and under different reaction times at constant
dosage of activated sludge of 8 mL. The result was
given in Fig. 6¢). It can be seen that the curved surface

was higher in the middle and lower in the periphery.
The BOD,,, value attained the largest meaning best
the degradation of activated sludge when reaction time
was 200-360 min and pH was 6.8-7.8. It was attributed
to the fact that the microorganisms in activated

sludge are more active in a neutral or weakly alkaline

60

8.00
X

7.50

5 .0
3 lmtia Ip, 1y > 6
ue

Fig. 6. Contour and response surface plots a) The interaction effect of reaction time and dosage of activated sludge on the BOD
b) the interaction effect of dosage of activated sludge and initial pH value on the BOD

time and initial pH value on the BOD, . value.

wcop Value;

«cop Value; and c) the interaction effect of reaction
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Fig. 7. Correlation between BOD, ., by the activated sludge
aeration degradation method and BOD, by the conventional
manometric method (degradation time 240 min; dosage of
activated sludge 8 mL; initial pH 7; reaction temperature 20°C).

environment. The activity of the microorganisms will
be inhibited at extreme conditions, whether acidic or
alkaline. The intermediate substances produced during
the degradation reaction may have an influence on the
pH of wastewater, thereby affecting the reaction. As
the development of reaction, the more complete the
degradation achieved, the higher the BOD, ., value
was.

The optimal parameters were obtained by using the
point prediction option in the software. It was found that
reaction time, dosage of activated sludge and initial pH
value were 273.68 min, 8.72 mL and 7.18, respectively.
For verifying the reliability of the model, repeated
confirmatory experiments were performed using the
optimized parameters. The result showed that the
average of the BOD, .., value was 160.54 mg/L, which
was within the 95% confidence interval for predicted
value. Hence, the Box-Behnken Design incorporate
with desirability functions could be effectively used
to optimize the design for experiments on the
degradation of activated sludge with high accuracy and
reliability.

Relationship between BOD and BOD,

ACOD

In order to investigate the feasibility of the
activated sludge aeration degradation method for
BOD determination, the BOD, ., = values of various
simulated wastewater (including Potassium hydrogen
phthalate, glucose, glutamic acid, isopropanol, glycerol,
and their mixed liquor) were determined under the
above optimized conditions, and compared with
the corresponding BODS5 value determined by the
conventional manometric method. The relationship
between BOD, ., and BOD, was given in Fig. 7 and
the regression equation was y = 1.55x-5.17. A highly
significant correlation (R = 0.996, n = 34) between the

two methods indicates that the two methods have a
good conformity. Furthermore, it can be seen that the
detection limit of the method can be at least 500 mg/L,
due to BOD, . and BOD; are linearly related in this
range.

Conclusions

In summary, we have proposed and experimentally
validated a novel BOD analytical system which is based
on the difference of COD before and after microbial
degradation. The reported system is not only capable
of rapidly determining BOD of wastewaters without the
need for dilution and ongoing calibration, but also able
to realize integrated detection of COD and BOD. In this
work, the optimal conditions for the BOD determination
were investigated by single factor experiment and
response surface methodology, obtaining reaction time
of 273.68 min, dosage of activated sludge of 8.72 mL
and initial pH value of 7.18.

The correlation experiment result showed that a
high significant correlation between the two methods
was obtained, and the linear range can reach 500 mg/L.
The method is promising for practical rapid BOD
monitoring applications because of short-time analysis,
little reagent consuming and minimal operational
maintenance. Meanwhile, it provides a research basis for
multi-index integrated detection technology. However,
the BOD value obtained in this work mainly includes
casily degradable, non-volatile and soluble BOD. The
applicability of the proposed method for wastewaters
containing complex and diversified biodegradable
organic matters, especially for real wastewater was not
studied. Hence, more in-depth researches still need to
be developed.
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