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ABSTRACT

Lack of information on the Biochemical Oxygen Demand (BOD) decay rates of river water under the tropical environment has triggered this
study with an aim to fill the gap. Raw sewage, treated sewage, river water and tap water were mixed in different proportions to represent
river water receiving varying amounts and types of wastewater and fed in a laboratory flume in batch mode. Water samples were recirculated
in the flume for 30 h and BOD and Carbonaceous BOD (CBOD) concentrations were measured at least six times. Decay rates were obtained
by fitting the measured data in the first order kinetic equation. After conducting 12 experiments, the range of BOD and CBOD decay rates
were found to be 0.191 to 0.92 per day and 0.107 to 0.875 per day, respectively. Median decay rates were 0.344 and 0.258 per day for BOD
and CBOD, respectively, which are slightly higher than the reported values in literatures. A relationship between CBOD decay rate and BOD
decay rate is proposed as kcgop = 0.8642kpop - 0.0349 where, kcpop is CBOD decay rate and kgop is BOD decay rate. The equation can be
useful to extrapolate either of the decay rates when any of the rates is unknown.
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1. Introduction quality modeling [8]. Many researchers have determined the typical
rates of water quality kinetics for various parameters in different
parts of the world by using laboratory and field methods. However,
typical surface water quality kinetic rates are available in the devel-
oped countries, whereas not much is known about the water quality
kinetic rates of the remaining part of the world, where the climate,
environment and nature of pollution is different. After calibration
and validation of a river water quality model, the kinetic rates
are usually compared with the typical values of that region, which
cannot be done in the case of tropical climatic areas due to lack
of study on river water quality kinetics in this region. In fact,
there is no detail study conducted to determine the pollutant decay
rates and kinetics for tropical climate. As such, the objective of
this study is to determine the decay rates of two important river
water quality parameters, e.g. Biochemical Oxygen Demand (BOD)
and Carbonaceous Biochemical Oxygen Demand (CBOD) for trop-
ical environment of Malaysia.

In most of the studies involving kinetic determination of BOD

River systems are increasingly degraded due to discharge of wastes
generated in municipal, industrial and agricultural areas into the
rivers and tributaries [1]. Water quality models are extensively
being used, these days, to deal with water quality management
issues [2, 3]. Modeling allows varying the existing input variables
to achieve future desired conditions. Thus different alternative
scenarios can be modeled through which cost and benefits of
each of the outcomes can be analyzed to choose the best option
to improve water quality [4, 5]. However, before simulating different
scenarios, the model needs to be calibrated and validated [6].
Comprehensive calibration and validation of a model is extremely
essential for reliable outcomes of the model [7]. One of the major
steps in calibrating and validating water quality models is to vary
water quality kinetic rates until the model predicted values come
into good agreement with the observed data. Therefore, determi-
nation of kinetic parameters is very important for reliable water

@ @ @ This is an Open Access article distributed under the terms Received April 14, 2017 Accepted September 5, 2017
s ©f the Creative Commons Attribution Non-Commercial License

(http:/creativecommons.org/licenses/by-n/3.0/) which per- " Corresponding author
mits unrestricted non-commercial use, distribution, and reproduction in any Email: mamun@iium.edu.my
medium, provided the original work is properly cited. Tel: +60-123650516

Copyright © 2018 Korean Society of Environmental Engineers

99



Md. Nuruzzaman et al.

or CBOD, bottle rate is used. However, the bottle kinetic rate does
not represent real river conditions, because the bottle water is
stagnant and tranquil, whereas real river water is flowing and have
turbulence [9, 10]. The field method of determining BOD or CBOD
kinetic rate has also some complexities as uniform cross-section
of river section, uniform flow, single point source are preconditions
for field investigation [11]. The novelty in the methodology of
this study is the use of laboratory flume, which simulates the
turbulent condition of a river. Another important aspect is that
this study aims at filling the gap of information regarding BOD
and CBOD kinetics in tropical climatic condition of Malaysia.

BOD is a very important river water quality parameter, which
affects Dissolved Oxygen (DO) concentration of water. Every river
has its own self-purification mechanism for every degradable pollu-
tant [12, 13], among which biological decay of pollutants is a
natural treatment for river water [14-16]. To model the DO concen-
tration of a river, it is essential to know BOD kinetics as BOD
is a sink for DO. Streeter-Phelps equation is used for DO mass
balance. Eq. (1) is the classic Streeter-Phelps DO mathematical
model and Eqg. (2) is the modified one [10, 17].
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where, for both Eq. (1) and Eq. (2), D is the oxygen deficit after
travel time ‘t’; D, is the initial oxygen deficit; k, is the reaeration
rate coefficient; t is the travel time. For Eq. (1), ks is the BOD

Table 1. Typical BOD Decay Rate

ks (20°C)
Treatment
Average Range
Untreated 0.35 0.20-0.50
Treated 0.20 0.10-0.30
Activated Sludge 0.075 0.05-0.10

Table 2. Reported BOD Decay Rates in Several Rivers
Location

Kaoping River (Taiwan) 0.24
Taihu Lake (China) 0.163-0.477
Honggi River (China) 0.1
Tan Sui River and its tributaries (Taiwan) 0.15-0.6

Bann River (UK) 2.4

Klamath River (USA) 0.11-0.29
Keelung River (Taiwan) 0.16
Six Lakes 0.044-0.14
San Joaquin River (California) 0.03-0.09
Molenbeek Brook River (Belgium) 0.5
Nakdong River (South Korea) 0.2-0.4
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BOD decay (per day) at 20°C

decay rate coefficient; L, is the ultimate BOD in the river. For
Eq. (2), kq is the CBOD decay rate coefficient, k, is the NBOD
or AN decay rate coefficient, k; is the CBOD removal rate coefficient,
L, is the ultimate CBOD in the river after mixing, Ly, is the ultimate
NBOD in the river after mixing.

The modified Streeter-Phelps equation is more accurate than
the classic equation, which considers CBOD and NBOD separately.
However, if CBOD and NBOD data are not available separately,
then the classic equation can be used to model DO of river water.
Knowing typical regional decay rates of these pollutants is essential
to compare the results of any water quality modeling studies.
Chapra [18] mentioned some typical values of BOD decay rates
(Table 1) based on the level of wastewater treatment. The data
in Table 1 indicates that intensely treated wastewater tends to
have lower decay rate compared to partially treated or raw sewage.

Table 2 presents BOD decay rates of some of the rivers across
the world. The methods involved to determine the rates were
calibration of computer models and laboratory study. The range
of BOD decay rate has been found to be varying between 0.1
and 2.4 per day.

CBOD decay rates determined by different methods reported
in different parts of the world are shown in Table 3. It can be
observed that the CBOD decay rate can be as low as 0.001 per
day and as high as 4.24 per day (Table 3). The methods of these
studies involved calibration of computer models, field study and
laboratory study.

Analysis of the decay rates found in the literatures has been
depicted in Fig. 1 by box and whisker plot. It is noticeable that
even if the range of decay rate is quite wide, the median value
falls in the lower zone of the box. For BOD, the median value
is 0.2 per day and for CBOD, it is 0.23 per day, whereas the
maximum values are 2.4 and 4.24 per day for BOD and CBOD,
respectively. The median value of BOD decay rate conforms with
the suggested values by Chapra [18]. Furthermore, from the box
plot, the third quartile is less than 0.4 per day and 1.2 per day
for BOD and CBOD, respectively. Therefore, it can be expected
that BOD and CBOD decay rate will remain below these values,
whereas exceptionally high values might also be obtained
occasionally.

Method of study Reference
Model calibration [25]
Laboratory study [27, 28]
QUAL2K model calibration [27]
Laboratory study [29]
HSPF model calibration [30]
Laboratory study [24]
QUAL2K model calibration [31]
Laboratory study [32]
Laboratory study [33]
MIKE-11 model calibration [34]
QUALZ2E model calibration [35]
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Table 3. Reported CBOD Decay Rates in Several Rivers
Location

CBOD decay (per day) at 20°C

Wuyjin River (China) 0.23
Gharbia drain (Egypt) 0.18-2.88
El-Qalaa drain 0.18-2.92
Gargar River (Iran) 0.3
Ravi River (Pakistan) 0.36
Chungju Lake (South Korea) 0.0082
Klamath River (USA) 0.15-0.22
WASP manual 0.001-4.24
Sieve and Ombrone River (Italy) 0.029-0.109
Bagmati River (Nepal) 3.8
QUAL2K manual 0.02-3.4
Skravad River (Denmark) 0.15
White River (USA) 0.004-0.66
Yamuna River (India) 1.4
Speed River (Canada) 1.0
Yampa River (USA) 0.4
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Fig. 1. Box plot of decay rates based on literature review.

2. Materials and Methods

The water samples used in the experiments of this study were
prepared by mixing treated sewage, raw sewage, river water and
tap water. Water from these sources was mixed in different pro-
portions to represent river water receiving different amount of
sewage. Treated sewage was collected from a Sewage Treatment
Plant (STP) effluent inside ITUM Gombak Campus. Raw sewage
was collected from café and residential hostel outlets. As the sources
of treated and raw sewage of this study were from residential
areas, hence it falls in domestic sewage category. Therefore, water
samples prepared using these sewages represent river water receiv-
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Method of study Reference
QUAL2K model calibration [36]
QUAL2K model calibration [37]
QUAL2Kw model calibration [38]
QUAL2K model calibration [39]
Laboratory study [40]
WASP model calibration [41]
Laboratory study [24]

- [26]
Model calibration [42]
QUAL2Kw model calibration [1]

- [43]
Field study [44]
Laboratory study [45]
Field study [46]
Field study [47]
Model calibration [48]
@River Water @ Treated Sewage BRaw Sewage OTap Water

5

6 7
Experiment ID
Fig. 2. Proportions of constituents of water samples used in the

experiments.

ing domestic sewage only. Therefore, the scope of this study is
rivers receiving domestic sewage only. However, there are four
experiments for which water samples were directly collected
from river and no tap water or sewage was added to that
sample.

Fig. 2 shows details of water samples used in the decay
rate experiments. For experiment 1, 5, 9 and 12, the water
sample represents a river water receiving primary treated sew-
age only. The water sample in experiment 2 corresponds to
a polluted river receiving primary treated sewage. The water
samples of experiment 3, 4, 10 and 11 are actual river water
from Pusu River, Batang Pusu, Anak Pusu and Gombak River,
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Table 4. Characteristics of Water Samples Used in the Experiments

Experiment No. Water type / Source pH TSS (mg/l) NH;-N (mg/L) NO;-N (mg/L) BOD (mg/L) CBOD (mg/L)
1 SW 7.96 87 2.50 0.2 47.3 41.0
2 SW 7.43 70 4.20 3.0 76.0 53.3
3 Pusu River 7.53 49 0.85 2.1 8.2 6.8
4 Batang Pusu 7.91 38 0.89 0.2 16.1 14.6
5 SW 7.51 42 2.24 0.2 266.2 246.0
6 SW 7.40 31 1.00 0.4 89.0 77.8
7 SW 7.65 52 2.15 0.3 106.4 72.4
8 SW 7.99 79 4.44 0.2 122.3 97.8
9 SW 8.08 111 8.45 0.7 90.9 65.4
10 Anak Pusu 7.80 36 0.68 0.0 3.7 2.8
11 Gombak River 7.60 58 1.08 0.2 6.0 4.9
12 SW 8.21 214 9.80 0.0 38.4 31.6

SW = Synthetic Wastewater

respectively. Water samples in experiment 6 and 8 represent
the water of a river receiving untreated sewage only. For experiment
7, the water sample reflects a river receiving both primary treated
sewage and raw sewage.

The use of different percentage of raw sewage or primary treated
sewage can be justified by investigating how much wastewater
a river receives in the real world. According to Haider [19], Ravi
River in Pakistan receives a wastewater flow of two times of its
actual flow, i.e. 67% of the total river water is wastewater in dry
weather. In the case of Pusu River in Malaysia, it receives about
35% of wastewater of the total flow of the river in dry season.
Anak Pusu, a tributary of Pusu River receives about 12% of
wastewater of the total flow in dry weather. The percentage
of wastewater was used within the above-mentioned range in
the experiments. However, the amount of wastewater discharged
into a river does not depend on climatic regions rather it depends
on the density of population living by the near vicinity of a
river.

Table 4 presents the characteristics of water samples used
in the experiments. It is noteworthy to mention that pH value
of all the experiments were mostly around 8, which implies
slightly alkaline water. As the sewage mixed in the sample water
were domestic sewage, which contains soap, detergents [20]
along with other ingredients, the sample waters were demon-
strating alkaline nature. Similar to the Pusu River, Batang
Pusu, Anak Pusu and Gombak River also receives domestic
sewage, pH of these waters were also greater than 7. TSS values
ranged between 31 mg/L to 214 mg/L, which is typical concen-
tration for a river during a non-rainy day. AN concentrations
were between 0.68 mg/L to 9.80 mg/L. For the four rivers,
AN and BOD concentrations were around 1 mg/L. and 10 mg/L,
respectively. In case of experiment number 5, BOD concen-
tration was unusually high even though treated sewage and
river water (in little amounts) were used along with tap water.
One of the probable reasons might be that the sewage was
not properly treated on that day.
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Schematic of the experimental procedure is shown in Fig.
3. A laboratory flume of 1.7 m in length and 0.15 m in width
was used to conduct the BOD and CBOD decay rate experiments.
Once the water was prepared or collected, it was fed to the
flume and recirculated by a submersible pump. The experiments
were carried out up to 30 h continuously. Samples were collected
at least 6 times during this period. However, at the end of the
day time, i.e. in the night time, even if no sampling was done
because of logistic limitations, the water was continuously re-
circulated and sampling was continued in the next day. Five
day BOD and CBOD tests were performed for each collected
sample.

Twelve experiments were conducted and for each batch of experi-
ment, at least six data points were obtained through sampling and
testing. The hydraulic condition of each experiment was kept con-
stant at a depth of 0.1 m and a velocity of 0.2 m/s. Once all

Feeding of channel with water sample in batch mode

Synthetic

River water
wastewater

Recirculation of water

Submersible pump

APHA method

A 4

First order kinetic equation

Fig. 3. Experimental procedure of determining kinetic rates.
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the test results were obtained, analysis of these data was per-
formed to obtain the decay rates of BOD and CBOD. According
to literature, the decay process of BOD and CBOD follow the
first order kinetic equation [21, 22]. Eq. (3) is the first order
kinetic equation.

C=CGe ™ (3)

where, C is the concentration of pollutant after a time ‘¥; Cy is
the initial concentration of pollutant; ¢ is the time in days; k is
the decay rate in day™

The data obtained through the experiments was fitted in this
equation by non-linear curve fitting method. The expression of
first order kinetic equation was used and the ‘K’ value was solved
for minimum Root Mean Square Error (RMSE). The decay rates
obtained from the curve fitting method were extrapolated to rates
at 20°C by using Eq. (4).

k=ky, 07" (4)

where, ky is the BOD or CBOD decay rate at 20°C; 6 is the temper-
ature correction factor; T is temperature; k is the BOD or CBOD
decay rate at T°C. 8 = 1.047 [21].

Testing of samples were performed according to American Public
Health Association (APHA) standard methods for the examination
of water and wastewater [23].

3. Results and Discussion

Fig. 4 depicts a typical example of data fitting into the first order
kinetic equation. The dots are the observed concentrations of BOD
or CBOD and the solid line represents the predicted concentrations
after solving the kinetic rates for minimum RMS error with respect
to the observed values. The observed data are the measured concen-
trations of BOD or CBOD of the collected samples. Predicted line
was calculated from Eq. (3) for minimum RMS error against the
observed data.

The data fitting errors of BOD are shown in Fig. 5; in terms
of RMS error and R% In the case of BOD, minimum RMS error
was found to be 0.08 mg/L for experiment 11, whereas initial
concentration was 6 mg/L. Experiment 5 produced maximum RMS
error, i.e. 12.6 mg/L, which also has the highest initial concentration,
i.e. 266 mg/L. The final concentrations of experiment 11 and 5
are 4.6 mg/L and 206.4 mg/L, respectively. Therefore, maximum
and minimum errors are insignificant compared to the initial and
final concentrations of BOD. The RMS errors of the remaining
experiments were also low compared to their corresponding initial
and final concentrations except experiment 2. Initial and final
BOD concentrations of experiment 2 were 76 mg/L and 24.7 mg/L,
respectively, whereas the RMS error was 9.24 mg/L. Though, RMS
error for experiment 2 is comparatively high in terms of correspond-
ing initial and final concentrations, it is still within fair margin
of acceptable limit. R* values ranged between 0.74 and 0.99 for
BOD, which is satisfactory.
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Fig. 4. Example of a BOD or CBOD decay curve.
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Fig. 5. Errors of BOD data fitting.

Fig. 6 illustrates the errors of CBOD data fitting. The lowest
initial and final concentrations of CBOD were 2.8 mg/L and 1
mg/L in experiment 10, whereas RMS error was 0.05 mg/L, which
is also the lowest amongst all the experiments. Though the highest
initial and final concentrations of CBOD were observed in experi-
ment 5, nevertheless, RMS error was only 2.61 mg/L, which is
not the highest value implying impressive agreement between
observed and predicted data. The highest RMS error was found
to be 6.84 mg/L in experiment 6, which indicates relatively less
accurate data set. However, initial and final CBOD concentrations
in experiment 6 were 77.8 mg/L and 56 mg/L, respectively, which
is acceptable. On the other hand, R? value was estimated to be
more than 0.8 except experiment 11 implying strong agreement
between observed and predicted data.

From literature review, BOD decay rates can be observed to
be varying between 0.11 to 2.4 per day [24, 25], whereas CBOD



Md. Nuruzzaman et al.

300

T+ 0.9
250 + _
: 1os
§ Blnitial Concentration (mg/L) 1 0.7
200 - =N ] ) ]
=2 =N BFinal Concentration (mg/L) ]
) - 706
£ §= B RMS Error (mg/L) ]
2 150 A E\ -e- R2 105 NM
] = 1
m E:
© 2\ T o4
100 N ]
EN 1 03
=N
N E ]
N B B 102
50 T N =R E ]
N = ]
- N B EN 101
\ N N a ]
0 N N B BN B = . Lo
1 2 3 4 5 6 7 8 9 10 11 12
Experiment ID
Fig. 6. Errors of CBOD data fitting.
1.0
09 £ oBOD @CBOD -
0.8
0.7
z _
= 0.6 |
B ]
P 0.5
&
- 04
<
3
a 03
0.2
0.1
0.0
1 2 3 4 5 6 7 8 9 10 11 12
Experiment ID

Fig. 7. Derived BOD and CBOD decay rates.

decay rate was found to be from 0.001 to 4.24 per day [26] for
different rivers and lakes. BOD decay rates obtained from the experi-
ments of this study have been shown in Fig. 7. Minimum BOD
decay rate was 0.191 per day and maximum was 0.920 per day.
CBOD decay rates in this study have been found to be within a
range of 0.107 to 0.875 per day. However, it is also notable that
BOD decay rates were mostly below 0.5 per day and CBOD decay
rates were less than 0.3 per day in most of the cases. It is compre-
hensive from the results that both BOD and CBOD decay rates
found in this study fall within the decay rates reported in literatures.
Now, the range of BOD and CBOD decay rates for tropical environ-
ment of Malaysia has been identified from the wide global range,
which is a contribution of knowledge for this region.
Another interesting thing, which is the relationship between
the CBOD and BOD decay rate has been found in this study.
Plotting CBOD decay rate (kcgop) and BOD decay rate (kgop) gives
a linear relationship. R* value for this plot was found to be 0.81.
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The equation of this relationship is given in Eg. (5). Observed
and predicted plot of the equation is shown in Fig. 8.
kepop = 0-8642k 5, —0.0349 )
It was observed that BOD decay rate was always higher than
that of CBOD decay rate, which is logical. The reason is that
in a CBOD test, nitrifying bacterium is suppressed by inhibitors.
Therefore, the availability of less number of oxygen consuming
bacterium slows down the process of DO depletion, yielding a
lower decay rate. However, the relationship between BOD decay
rate and CBOD decay rate should also vary depending upon the
ratio of carbonaceous bacteria and nitrogenous bacteria, which
is really difficult to measure. In this study, the detail investigation
is excluded and only the relationship is proposed.
However, this type of relationship between BOD decay rate
and CBOD decay rate has never been reported previously in the
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literature. Therefore, this relationship needs to be verified by ex-
tensive number of experiments. The equation can be very much
useful to estimate or verify CBOD decay rate when only BOD decay
rate is available and CBOD decay rate is not available or vice versa.

Comparison of decay rates of this study with literature review is
shown in Fig. 9. The median value of both BOD decay rate and CBOD
decay rate of this study was found to be higher than the values reported
in literature. The median value of BOD decay rate from literatures
is 0.2 per day, whereas in this study, it is 0.344 per day. For CBOD,
median value of decay rate from literature is 0.23 per day and from
this study, it is 0.258 per day, which is slightly higher.

If the range of decay rates for any of the parameters of this
study is compared with the literature, it is obvious that the range
of decay rate for tropical climate region is much shorter than
the global range, which is a significant contribution of knowledge
derived from this study. The range of BOD and CBOD decay rate
was from 0.075 to 2.4 per day and 0.001 to 4.24 per day, respectively.
On the other hand, this study revealed that the range for tropical
climate should be from 0.191 to 0.92 per day and 0.107 to 0.875
per day for BOD and CBOD, respectively. The implication of the
results is that water quality modelers in Malaysia and other tropical
region can choose value of decay rates reported in this study
to calibrate and validate river water quality models.

4. Conclusions

The results of the experiments yielded that BOD decay rate of
rivers under tropical environmental condition of Malaysia and
other places may vary between 0.191 to 0.920 per day and CBOD
decay rate can be within 0.107 to 0.875 per day. Median values
of BOD and CBOD decay rates were observed to be 0.344 per
day and 0.258 per day, respectively, which are slightly higher
than the reported median values of BOD and CBOD decay rates.
It can be also concluded that the range of BOD and CBOD decay
rates for Malaysian river water under the tropical environment
has been significantly shortened than the wide range of global
BOD and CBOD decay rates. Now, it would be easy for water
quality modelers to choose as well as compare BOD and CBOD
decay rates for Malaysian river water, with confidence. In addition
to the decay rates, a relationship between BOD decay rate and
CBOD decay rate has been proposed in this study. The relationship
is described by the equation, kcpop = 0.8642kgop - 0.0349. Such
relations will assist the water quality professionals to conduct
additional analysis and verifications related to BOD decay rates.
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Nomenclature

G
c

initial concentration of pollutant
concentration of pollutant after a time t’
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D, initial oxygen deficit

D oxygen deficit after travel time ‘t

k, reaeration rate coefficient

kcpon CBOD decay rate coefficient

kzop BOD decay rate coefficient

kq pollutant decay rate per day

Ky pollutant decay rate at 20°C

A ultimate BOD in the river

L, ultimate NBOD in the river after mixing
K, NBOD or AN decay rate

k, CBOD removal rate coefficient

3 travel time of stream

T temperature

0 temperature correction factor
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