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a b s t r a c t

The feasibility of real-time control of the oxic phase using the pH (mV)-time profile in a sequencing
batch reactor for swine wastewater treatment was evaluated, and the characteristics of the novel real-
time control strategies were analyzed in two different concentrated wastewaters. The nitrogen break
point (NBP) on the moving slope change (MSC) of the pH (mV) was designated as a real-time control
point, and a pilot-scale sequencing batch reactor (18 m3) was designed to fulfill the objectives of the
study. Successful real-time control using the developed control strategy was achieved despite the large
variations in the influent strength and the loading rate per cycle. Indeed, complete and consistent removal
of NH4-N (100% removal) was achieved. There was a strong positive correlation (r2 = 0.9789) between the
loading rate and soluble total organic carbon (TOCs) removal, and a loading rate of 100 g/m3/cycle was
oving slope change (MSC)

xidation–reduction potential (ORP)
H (mV)

found to be optimum for TOCs removal. Experimental data showed that the real-time control strategy
using the MSC of the pH (mV)-time profile could be utilized successfully for the removal of nitrogen from
swine wastewater. Furthermore, the pH (mV) was a more reliable real-time control parameter than the
oxidation–reduction potential (ORP) for the control of the oxic phase. However, the nitrate knee point
(NKP) appeared more consistently upon the completion of denitrification on the ORP-time profile than

file.
on the pH (mV)-time pro

. Introduction

Discovering an efficient way to treat swine wastewater is of great
oncern all over the world as the growth of the animal industry
as inevitably resulted in pollution problems due to animal wastes.
he main problems are malodor and water pollution. Animal wastes
ontain large amounts of nutrients, including nitrogen, phosphorus,
otassium and various other minerals, which can cause water pollu-
ion. At the same time, a number of gaseous substances that cause
erious environmental problems are contained in animal wastes.
mong these, ammonia, methyl-mercaptan and hydrogen sulfides
re the most notable [1].

Animal wastes can be converted into valuable fertilizer and envi-
onmentally friendly liquid fertilizer for crop production through
naerobic and aerobic digestion processes. As far as swine wastew-
ter treatment is concerned, anaerobic digestion is an important
lternative to land application because it reduces pollution and

ecovers methane [2]. Indeed, anaerobic digestion has been widely
pplied to piggery waste treatment [3–7], and anaerobic sludge
reatment of piggery wastewater has been successfully used to
arry out the denitrification process [8]. However, advanced treat-
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ment processes using biological, chemical and physical methods
should follow anaerobic digestion and further treat the liquor
before discharge. Wang et al. [9] treated wastewater using micro-
filtration and ultra-filtration methods. While these processes
produce acceptable results, they are expensive and have some
obvious disadvantages, such as the use of large areas of land, com-
plicated operations and sophisticated management requirements.
Therefore, it is important to develop efficient and economical treat-
ment processes that can completely remove the pollutants from
animal wastewater.

It is important to note that since the characteristics of the ani-
mal wastewaters discharged from farms are very variable, the fixed
hydraulic retention time (HRT) used in traditional treatment pro-
cesses frequently results in poor control over the quality of the
effluent and in extended treatment that is inefficient in terms of
energy consumption [10]. Therefore, a novel treatment technology
that can treat animal wastewaters efficiently in spite of the seri-
ous variation of influent and can optimize electrical energy usage
should be established.

Real-time control is believed to be useful in optimizing the

energy requirements of biological treatment processes, because
aeration and mixing are ceased as soon as the targeted compound is
treated [10]. During the last decade, many researchers have consid-
ered the oxidation–reduction potential (ORP), the pH, the dissolved
oxygen (DO) levels, and the oxygen uptake rate (OUR) for monitor-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:changsix@kangwon.ac.kr
dx.doi.org/10.1016/j.jhazmat.2009.06.133
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rected by remote control. A layout of the real-time control strategy
is shown in Fig. 2. After feeding the swine wastewater into the SBR,
the computerized program took readings from the reactor of the
ORP and pH (mV) values every second and calculated an average
Fig. 1. Schematic proces

ng and controlling the biological nutrient removal process. The ORP
nd DO levels can successfully indicate the oxidative and biological
tate of the wastewater, and pH is a good indicator of ongoing bio-
ogical reactions. Additionally, OUR signals can efficiently indicate
he end point of nitrification and denitrification reactions [1,11–17].
everal researchers [1,3,10,16,18,19] studied nutrient removal from
nimal wastewater using a sequencing batch reactor (SBR) and a
eal-time control strategy that included considerations of the ORP
nd pH. We have recommended that the mV value of pH be used
or the detection of control points, not the unit-pH values in 1998
1]. Since the unit-pH change at real-time control point is usu-
lly kept within a 0.2 unit value for over more than 1 h, the use of
he unit value can sometimes make it difficult to detect significant
lope change at the control point. However, the real-time control
oint on the pH profile can be identified readily by using the d(mV)
H/dt, since the mV-pH values have a large-scale slope change
t the control point. Usually, 1 unit pH change has approximately
0 mV-pH variation, depending upon the pH electrolyte. In this
tudy, we designed a pilot-scale SBR and evaluated the feasibility
f the developed real-time control strategy of the aerobic treatment
uration using pH (mV)-time profile in different concentrations of
wine wastewater. Furthermore, the operational characteristics of
he real-time control process were analyzed.

. Materials and methods

.1. System configuration and process operation

A schematic diagram of the SBR system is shown in Fig. 1. The
orking volumes of the influent storage tank, the SBR, and the

ffluent storage tank were 6, 18, and 6 m3, respectively, and the
otal volume of the SBR was 24.2 m3 (380 cm × 300 cm × 230 cm).

submersible aerator (KS, Inc.) and a mixer (KH, Inc.) were set at

he bottom of the reactor to ensure aeration and complete mix-
ng. To achieve real-time control and to monitor biological status,
RP and pH probes were inserted into the reactor and connected

o a custom-built amplifier for the accurate measurement of volt-
ge. Electrical signals obtained from the reactor were relayed into a
on-line control system.

computer through an electric cable ribbon, and the computer was
connected to the Internet. Swine wastewater was stored in the influ-
ent tank after solid/liquid separation using gravity. The SBR process
was operated with the sequence presented in Table 1. After the
swine wastewater was fed into the reactor, it was kept in anoxic
conditions for 12 h before the air was turned on. The duration of
the oxic phase was determined by the real-time control system.
Upon the detection of the nitrogen break point (NBP) on the pH
(mV)-time profile, aeration was stopped. The sludge was then set-
tled and the effluent was discharged. Two runs of real-time control
operations were performed using this system. The operational con-
ditions for Runs I and II were identical, except influent strength. To
test stability of the real-time control strategy under a variable load-
ing rate condition, much low strength influent relatively to Run I
was used in Run II. The volume of influent loaded into the sys-
tem was 1 m3/cycle and sludge wastage for SRT control was not
conducted during operation to test the feasibility of the designed
real-time control strategy under a variable biological status. Dur-
ing the operations, the levels of MLSS and MLVSS were in the range
of 4.44–8.64 mg/L (average 5.81 mg/L) and 4.34–6.66 mg/L (average
5.07 mg/L), respectively. Also, the air temperature recorded during
the experimental period was average 12 ◦C.

2.2. Real-time and remote control strategies

The process placed on animal farm was monitored and con-
trolled through the Internet from the university laboratory located
25 km from the farm. When trouble occurred, the process was cor-
Table 1
Operation modes for SBR.

Sequences Feeding Anoxic Aerobic Settle Discharge

Duration (h) 0.33 12 Real-time control 2 0.33
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Fig. 2. Control strategy of the

f 60 data points every minute. The average ORP and pH (mV) val-
es were logged for the monitoring of profiles and further signal
rocessing. The moving slope change (MSC) of the pH (mV) value
as calculated every minute, with a data sample size of five values.

he detailed calculations of the MSC (r = 5) are shown in Fig. 3. In
he figure, Nn is the block average value of the temporary storage
f the 60 data points inputted every second, while Xn is the MSC
alculated each minute (r = 5). For the calculation of the MSC, the
omputer program looked back at the five most recent block aver-

ge values (Nn) logged each minute, and the difference (Xn) between
he oldest and newest values was calculated every minute. When
he next value was recorded, the oldest point was dropped and the

SC was calculated again. The real-time control point (RTCP) was
etected by tracking the change pattern of the MSC and was pro-

ig. 3. Calculation procedure of moving slope change (MSC). Xn: MSC value calcu-
ated in every minute (r = 5). Nn: block average value (60 data point).
s using pH (mV)-time profile.

grammed to be triggered after the process was in anoxic conditions
for 12 h.

To prevent an erroneous process control, the control strategy
was programmed to recognize each feature in sequence (Fig. 4).
For the real-time control of the process, the NBP was detected in
sequence after recognizing the nitrification starting point (NSP).
With this strategy, real-time control of the oxic phase began at
the onset of the NBP on the MSC-time profile. More than +0.5 and
less than −0.3 of the MSC were used as the trigger value to recog-
nize the NSP and NBP, respectively. At the onset of the NBP on the
MSC- and pH (mV)-time profiles (Fig. 4b), aeration was terminated
and the whole procedure was reset for the next cycle, which began
after the sludge was settled, the effluent was discharged, and the
influent was fed into the reactor. The tracking of NH4-N and NOx-N
levels (Fig. 4a) shows that the designated NSP is the beginning of
nitrification, while the designated NBP is the completion point of
nitrification.

2.3. Analytical methods

Influent and effluent samples were collected and preserved at

4 ◦C until analysis. Solid analyses were performed immediately after
sampling and other chemical contents were measured within one
week. The parameters studied were soluble total organic carbon
(TOCs), ammonium nitrogen (NH4-N), nitrate and nitrite nitrogen
(NOx-N), orthophosphate (PO4

3−), total solids (TS), total volatile



64 C.H. Ga, C.S. Ra / Journal of Hazardous Materials 172 (2009) 61–67

s
(
m
c
w

3

a
(
w
d
n
t
a
o
c
s
O
F
i
m
t
v
t
i
i

i
O
o

Fig. 4. Profiles of ORP and pH mV (a) and MSC (b).

olids (TVS), suspended solids (SS) and volatile suspended solids
VSS). Analyses were performed in accordance with the standard

ethods [20]. The TOC was analyzed with a Shimadzu total organic
arbon analyzer (Model TOC-500), while NH4-N, NOx-N, and PO4

3−

ere analyzed with an auto analyzer (Quick Chem 8000, LACHAT).

. Results and discussion

Fig. 4 shows the changes of NH4-N and NOx-N with the ORP-
nd pH (mV)-time profiles under the provided operation condition
Fig. 4a), as well as patterns of MSC of parameters (Fig. 4b). There
as a decreasing trend in the pH (mV)-time profile as NOx-N levels
ecreased during the 12-h air-off condition, but the ORP profile had
o such tendency. The decrease in the pH (mV) profile is likely due
o the recovery of alkalinity by the denitrification of NOx-N in the
noxic phase. With respect to the ORP profile pattern, three types
f profile were generally observed in the anoxic condition: (1) no
hange in the ORP value (constant profile pattern), as in Fig. 4a. In
pite of denitrification during the anoxic phase, no changes in the
RP were observed; (2) A slight increase or decrease, as shown in
ig. 5a. During the denitrification of NOx-N, the ORP values slowly
ncreased or decreased. The features described in (1) and (2) may

ean that the ORP values are not directly related to NOx-N levels in
he reactor; (3) An abrupt drop. The ORP value suddenly dropped
ery low during the anoxic phase, as shown in Fig. 5b. In the figure,
his point was expressed as the nitrate knee point (NKP) and surely
ndicates the time when the denitrification of NOx-N was completed

n the reactor [10,21].

Upon beginning aeration, nitrification of NH4-N occurred and
ncreased the ORP and pH (mV)-time profiles. This increase in the
RP and pH (mV) values appears to correspond to the provision
f air and the nitrification of NH4-N, respectively (Fig. 4). During
Fig. 5. Operational mode and ORP/pH (mV)-time profile.

nitrification, alkalinity was consumed; this can be inferred by the
increase in pH (mV) values. Also, the achieved NH4-N decrease in
the reactor could be due to the occurrence of simultaneous nitri-
fication and denitrification (SND) and ammonia air-stripping. SND
can occur within microbial flocs as a result of DO gradients due to
air diffusion limitations. It is possible for some denitrifiers to con-
tinue denitrifying after increase in DO concentration [22], and it
is known that denitrification process is not significantly affected
with DO concentration up to 0.6 mg/L [23]. The aeration starting
point (ASP), or NSP can be easily detected by monitoring the MSCs
of the ORP and pH (mV) values (Fig. 4b). The MSCs of the ORP and
pH (mV) values spiked in the air-on condition and then began to
decrease during the oxic phase. This ASP (or NSP) on the MSC-pH
(mV) was consistently and stably recognized by designating +0.5 for
threshold value. As nitrification progressed, the ORP and pH (mV)
profile continued to increase. When nitrification was complete, the
pH (mV) profile started to decrease and this NBP was recognized by
monitoring the MSC-pH (mV)-time profile. The value of the MSC-
pH (mV) dropped into the negative range at the end of nitrification,
and this NBP was consistently recognized by designating −0.3. On
the other hand, such an NBP was not found on the ORP-time profile
in many cases (as shown in Figs. 4a and 5a), and the completion
point of nitrification could not be recognized by monitoring the
MSC of the ORP. The variation in the loading rate, which was due
to the influent strength fluctuation and the imbalance between the
aeration rate and the oxygen uptake rate (OUR), frequently resulted
in the appearance of a false NBP or the disappearance of the NBP on
the ORP-time profile. In ideal conditions, however, the ORP profile
abruptly increased at the end of nitrification, as is shown in Fig. 5b.
Fig. 5 also shows the ORP- and pH (mV)-time profiles monitored
during the operation. Real-time control of the aerobic duration was
possible using the programmed control algorism. As can be seen
in the graphs, aeration began after the 12-h anoxic phase and ter-
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Table 2
Characteristics of wastewater and removal efficiencies.

Parameter (mg/L) Run I Run II AVG

Influent
(mean ± SDa)

Effluent
(mean ± SD)

Removal (%) Influent
(mean ± SD)

Effluent
(mean ± SD)

Removal (%) Influent Effluent Removal (%)

TOCs 1453.9 ± 533.2 283.4 ± 50.0 80.5 643.3 ± 650.3 112.7 ± 32.8 82.5 1048.6 198.0 81.1
NH4-N 1414.6 ± 231.3 0.0 ± 0.0 100 480.7 ± 306.1 0.0 ± 0.0 100 947.7 0.0 100
NOx-N 0.2 ± 0.4 22.9 ± 10.9 – 0.4 ± 0.5 7.8 ± 8.4 – 0.3 15.5 –
PO4

3−-P 19.1 ± 8.2 24.2 ± 2.9 −26.6 18.4 ± 5.4 14.2 ± 2.3 22.6 18.7 19.2 −2.5
TS (g/L) 4.16 ± 0.69 3.19 ± 0.18 23.2 2.40 ± 1.68 1.86 ± 1.17 22.2 3.28 2.23 32.0
TVS (g/L) 1.93 ± 0.43 0.75 ± 0.09 61.3 1.22 ± 0.93 0.74 ± 0.86 38.8 1.58 0.75 52.5
SS (g/L) 0.40 ± 0.09 0.22 ± 0.06 44.4 0.59 ± 0.52 0.74 ± 1.43 −24.4 0.50 0.48 4
V 9 ± 0
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SS (g/L) 0.30 ± 0.08 0.12 ± 0.02 59 0. 4

a SD, standard deviation.

inated when the NBP occurred on the pH (mV)-time profile. This
eans that the duration of the oxic phase was flexible from cycle

o cycle, responding to the physical and biological conditions of the
eactor. Even in cases when the NBP did not occur on the ORP-time
rofile, the pH (mV)-time profile consistently revealed the NBP, and
uccessful real-time control was consequently achieved (Fig. 5a).
f the ORP-time profile was used for real-time control of the oxic
hase, failure of the process control would have resulted during
he operation.

In contrast with observations in Fig. 5a, a clear NBP was observed
n both the ORP and pH (mV)-time profiles in the aerobic condi-
ion in Fig. 5b. Additionally, the NKP, which indicates the completion
f the denitrification process, was observed on both the ORP- and
H (mV)-time profiles during the air-off condition. However, in
ost cases, the NKP was not clearly observed on the pH (mV)-

ime profile. The occurrences of the NBP and NKP during operation
eflect that ideal conditions were maintained and that the nitrifi-
ation and denitrification processes were completed, resulting in
nhanced nitrogen removal. Several researchers explain the chang-
ng patterns in the ORP and pH profiles when the nitrification and
enitrification processes are completed in the aerobic and anoxic
hases [1,3,10,21,24].

Dissolved oxygen (DO) level in the reactor was usually less than
.5 mg/L until the occurrence of NBP in oxic phase, but the level was
sed to jump up to over 4 mg/L at the time of NBP appearance.

Table 2 shows the influent and final effluent characteristics, as
ell as the treatment efficiencies. The average TOCs concentra-

ion and soluble inorganic nitrogen (NH4-N + NOx-N) in the influent
as 1048 and 948 mg/L, respectively, showing an average C/N ratio

TOC/soluble N) of 1.1. The relatively low C/N ratio might indicate
hat the concentration of organic matter was insufficient for biolog-
cal nitrogen removal. The strengths of C and N were approximately
ouble in Run I, but other pollutants and the C/N ratios in Runs I
nd II were similar.

The average removal efficiencies with regard to the TOCs and
H4-N were 81 and 100%, respectively. This indicates that com-
lete nitrification always occurred in the reactor and the real-time
ontrol strategy worked very efficiently during operations, despite
he considerable differences in the influent strengths between Runs
and II; the average concentrations of influent TOCs and NH4-N in
un I were 2 and 3 times higher than those in Run II, respectively.

Phosphate removal was inefficient and unstable in this study,
btaining negative and 23% in Runs I and II, respectively. This phos-
hate removal trait might be due to an insufficient source of readily
iodegradable carbon, incomplete denitrification during the anoxic

eaction, or solid removal trends. Since insufficient organic matter
xisted in the influent, and hence the denitrification of NOx-N was
ncomplete during the 12-h anoxic phase, phosphate release would
ot have occurred. This would result in a low P uptake in the subse-
uent cycle. An easily biodegradable carbon source is necessary for
.45 0.54 ± 1.04 −10.9 0.40 0.33 17.5

proper phosphorus removal during the P release stage in the reactor
[25], and the presence of NOx-N in the anaerobic condition reduces
the amount of phosphorus removed [1,26]. Phosphate removal was
also influenced by the C/N ratio of the influent wastewater. An aver-
age of 96% of the phosphate was removed when the C/N ratio was
4.47 [5]. Additionally, this solid removal trait should also affect P
removal. As shown in Table 2, there was a distinct variation in solid
removal efficiency between the two runs. In Run I, comparatively
higher levels of TVS, SS, and VSS were removed. On the other hand,
in Run II, SS and VSS removals were negative, and this was due to
the sludge wash-out during the final effluent decanting phase. Since
biological phosphorus removal is ultimately achieved by the wast-
ing of sludge, no P removal occurred in Run I. Because the sludge
washed out during the final effluent discharge and sludge wasting
for the control of the SRT did not conducted on this run, autoly-
sis of bacteria might have taken place in the reactor, resulting in
increased levels of PO4

3−in the effluent (negative treatment). On
the other hand, the sludge wash-out in Run II may have resulted in
the removal of phosphate. For reference, a post-treatment process
would be involved for the removal of solids and phosphorus from
the effluent before discharging into the environment.

Since the loading rate also affects the removal of organic com-
pounds from swine wastewater, the TOCs and nitrogen removal
patterns, along with the loading rate, are illustrated in Fig. 6. There
was a high positive correlation (r2 = 0.98) between the loading rate
and TOCs removal. As the loading rate increased, more TOCs were
removed. However, the percentage removal efficiency remained
constant at a loading rate of over 100 g/m3/cycle (Fig. 6a). Consider-
ing the removal efficiency and the level of TOCs in the final effluent,
a loading rate of 100 g/m3/cycle could be considered optimum for
TOCs removal.

Fig. 6 also shows the nitrogen removal observed during the oper-
ation. Despite of variations in the influent strength and the loading
rate, NH4-N was completely removed (Fig. 6b). This constant and
complete removal of NH4-N was surely due to the real-time control
of the oxic phase using the NBP, as the designated real-time control
point always occurred when complete nitrification was achieved.
Under real-time control, the bio-chemical reaction in the system
was artificially maintained until the system reached a target oxi-
dation status. For this reason, optimal conditions for microbes can
be maintained by switching the reaction phases when no external
nutrient exists in the solution [21].

The NOx-N concentration in the final effluent gradually
increased as the NH4-N loading rate increased. This is due to
insufficient organic matter in the influent; the average C/N ratio

(TOCs/soluble inorganic N) of the influent was 1.1 in this study. By
using the real-time control strategy, complete nitrification of NH4-
N always occurred, but incomplete denitrification was observed
during the 12-h anoxic phase because of the low C/N levels in the
influent. The average NOx-N concentrations in Runs I and II were 23
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Fig. 6. Removal characteristics of organic matter and nitrogen.

nd 8 mg/L, respectively. Indeed, the concentration in Run I is 2.9
imes higher than that in Run II (Table 2), and this was positively
orrelated to the NH4-N levels in the influent. Since the NH4-N level
n the influent was 2.9 times higher in Run I, the loading rate per
ycle should likewise be higher in Run I. Consequently, the above
ssertion results in proportionally higher NOx-N levels in Run I.
owever, if sufficient organics existed or an external carbon source
as supplemented during operations, the relationship between the
Ox-N level in the final effluent and the NH4-N loading rate would
ot be observed. A low C/N ratio in the influent can be a limit-

ng factor with regard to the removal of nitrogen from wastewater
ecause incomplete denitrification occurs in the reactor [19]. In the
ase of a low C/N ratio, a suitable carbon source should be added
or complete denitrification and to maintain ideal BNR (Biological
utrient Removal) conditions [3]. C/N is an important indicator of

he efficiency of nitrogen removal and proper biological phosphorus
emoval from wastewater.

. Conclusion

In this experiment, real-time control of the swine wastewater
reatment process using the pH (mV)-time profile was studied.
ased on the results of this study, the pertinent information can
e summarized as follows:

1. Upon the completion of nitrification in the oxic phase, the MSC
(r = 5) of the pH (mV) moved into the negative range, and we were
consistently made aware of this NBP by monitoring the MSC-pH

(mV). However, such an NBP was not found on the ORP-time
profile in many cases.

. Even when no NBP was observed on the ORP profile, real-time
control of the oxic phase using the MSC-pH (mV) was very suc-
cessful. We removed 100% of NH4-N and produced a similar

[

[

s Materials 172 (2009) 61–67

effluent quality despite great differences in influent concentra-
tions and loading rates.

3. NKPs were observed on both the ORP and pH (mV) profiles at the
time of complete denitrification in the anoxic phase. However,
the NKP on the pH (mV)-time was not obvious in many cases,
indicating that the ORP may be a more reliable real-time control
parameter for the anoxic phase than the pH (mV).

4. A very high positive correlation (r2 = 0.98) was found between
the loading rate and TOCs removal, and a loading rate of
100 g/m3/cycle was determined to be optimum for TOCs removal.
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