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Abstract. A model-based application for pH regulation in a pilot unit of wastewater
treatment by carbon dioxide gas is presented. A reactor pH is an important factor to
enhance the gas absorption of carbon dioxide bubbles in an alkaline wastewater, and it
needs to operate within a tight pH range. Under a fed-batch operation mode, the reactor
behavior has unstable dynamics resulting in a difficulty to achieve the pH target by
manipulating the basic influent feed rate. To solve the problem, an input/output (I/O)
linearization is applied because it provides excellent the setpoint trackability with a few
numbers of tuning parameters required. The first principles approach is employed for
reactor modeling. The model is then used in the I/O feedback formulation. Control
performance is evaluated through a real-time implementation to track the desired pH
target in comparison with a two-degree-of-freedom control scheme used as a compared
case. The developed control system proficiently forces the output to the pH target and
also improves the control performances.
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1. Introduction

The rapid growth of process industries in past decades significantly induces plenty of carbon dioxide
released into the air. Utilization of carbon dioxide is an interesting technology for the industry to obtain
the benefit from such waste, and it effectively reduces the carbon dioxide emission as well. A wastewater
neutralization by a waste carbon dioxide is one of the attractive carbon dioxide utilization technologies that
receive much attention due to much safer, effective waste management and environment friendly in
comparison with the sulfuric acid [1, 2]. Wastewater from industries is usually contaminated by base
substances; for example, wastewaters from paper mill, cement and beverage industries. Their wastewater is
reported to have pH in a range from 7.5 to 12. The wastes require to be neutralized before releasing to an
environment [3].

A base wastewater treatment by carbon dioxide is in a gas-liquid reaction. A bubble column is a good
candidate of a reactor for taking the place of the gas-liquid reaction due to the ability of solid management
from upstream, high mass transfer coefficient and low operating cost [4]. The bubble column reactor could
run in both fed-batch [5] and continuous modes [6]. The reactor dynamics of a studied carbon dioxide-
hydroxide system ate inherently nonlinear due to complexities in the reactions and kinetics. The carbon
dioxide absorption rate into the liquid is affected by the operating pH. When the pH is too low, the kinetic
rate between carbon dioxide and hydroxide ion is slowed. A lower operating pH could lead to a less carbon
dioxide conversion while a higher operating pH could violate the maximum pH allowance of the effluent
wastewater. There are many control techniques reported for controlling a pH process. For instance,
advanced control techniques are a PID controller integrated with a sliding mode concept [7], a gain
scheduling/autotuning gain-scheduling PID controller [8-11] ot a modified PI controller with multi-model
switching of strong acid equivalent [12], an input/output feedback with an iterative parametric estimator
[13], a global linearizing controllers with the state-space model and ion neuralization balance [14, 15], and a
Weiner-based predictive control that the predicted trajectory is recursively linearized to guarantee the
solution [16, 17]. The studies mentioned above are the liquid pH control, but a study of pH adjustment in
a fed-batch, gas-liquid system is not found.

Therefore, the model-based design of pH control for a CO; based wastewater neutralization in the
bubble column is presented. The objective is to regulate the pH setpoint in between pH 7 to pH 9 by
adjusting an influent feed rate under a fed-batch mode. The fed-batch operation provides a high conversion
per unit volume, efficiency in product quality control, and low costs in both construction and operation. A
first principle, lumped model and a two-film theory are used for explaining dissolution of CO» gas into the
liquid and predicting reactor dynamics. In the proposed control structure, a pH feedback controller is
formulated by a concept of input/output linearization. The I/O lineatization provides an excellent control
performance to handle system nonlinearity with few tuning parameters required. To reject the output
offset by the process-model mismatch, A setpoint compensating integrator is added into the designed
control structure. A two degtee of freedom (2DOF) input/output feedback is used for comparing the
performances during the start-up and under setpoint tracking test.

2. Modeling of Carbon Dioxide-Based pH Treatment System

Experiments of the carbon dioxide-based pH treatment were studied in a bench-scale, fed-batch bubble
column reactor in the Model-based Control Laboratory at Kasetsart University. The equipment setup and
its schematic diagram are shown in Fig. 1 and Fig. 2. The bubble column dimensions have an 8-cm
diameter with 50-cm height, and the operating column volume is 2.5 L. The mixed gas feeds into the gas
line with 11 cm above the bottom column reactor. The carbon dioxide sensor is installed at the gas outlet
line of the top column. At the top column, a solution of 0.2 M sodium hydroxide (C,) assumed to be the

influent water is added. The reactor is initially filled up with 1.5 L of the influent feed. A 20 % CO2 mixed
gas is continuously fed through the submerged gas diffuser in the bubble reactor. At the bottom of the
reactor, the liquid from the reactor is circulated through a heat exchanger to maintain the temperature at
25-27 C. The pressure sensor, pH probe, ultrasonic sensor for level measurement and are installed at 5 cm,
20 cm and 20 cm above the column bottom, respectively. The reactor pH is controlled by adjusting the
influent feed rate.

To simplify and model the bench-scale pH reactor, these given assumptions are applied:

- The resistance to gas-phase mass transfer is neglected because of the gas bubble bound.
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- The concentration of the vapor phase is assumed to follow the ideal gas law.

- A film model is used for estimating the liquid-phase CO» mass transfer.

- The well-mixed bulk liquid is assumed. Therefore, the state variables are considered to change by
time only.

- The reactor has a small operating volume with the short vertical liquid distance. Thus, the gas
bubble diameter is assumed to be constant.

- Mass transfer of the carbon dioxide into the liquid bulk is driven by the differences in the gas
partial pressure and the interface concentration.

- The interface concentration of carbon dioxide in both phases is in equilibrium and estimated by
Henry’s law.

2.1. Overall Mass Balance of Liquid in the Reactor

dm
de = ‘F;p—"_ NﬂMIl/,COZ (1)
a1
% = P;p + NﬂMw CO.
/ ,CO,

where 72, is the mass of the reactor liquid; I} is the volume of the liquid; p is the influent density

assumed to be equal to the reactor liquid; F, is the influent volumetric rate; M, ., is the carbon dioxide

7

molecular weight equal to 44.01 g/mole. N, is the CO, molar mass transfer rate that is defined by Eq. (2)
that is formulated by a flux balance through the gas/liquid interfacial film at steady-state condition.

Pco
N, =k&kal’, ( 2 Ccoz ) @

co,

where Peo, is the CO; partial pressure in equilibrium with its bulk liquid concentration; &« is the

volumetric mass transfer coefficient of carbon dioxide absorption into the liquid bulk; E is an
enhancement factor; H, and C,, ate Henry’s law constant and CO; concentration, respectively. The
liquid density can express as a function of the high liquid (/) and the hydrostatic pressure of the liquid in
the column (P) as follows:

P
o _E ©)

The enhancement factor in this work is set to one because the operating pH is moderately high. The
enhancement of the film reaction is not dominant, and it can be neglected [7]. An empirical relation

equation of the volumetric mass transfer coefficient based on [18] fitting with our experiment is applied;
which the relation is presented as follows:

2300
In(4a) = 1143+ 07961n(0) +0.6341In(x, )~ == )

where #, is the gas velocity and o is the surface tension.
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Fig. 2. An experimental unit scheme of a basic wastewater neuralization by carbon dioxide.
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2.2. Component Balances in the Liquid Bulk

The absorption of carbon dioxide-sodium hydroxide aqueous occurs with the following reactions [6, 18-
22]:

CO, +OH —4— HCO; 5)

CO, + H,O—*2—>HCO; + H* (6)
FICO; +OH™ K—/é‘>co§* + 1,0 ©)
H"+O0OH" —><T€_ H,O ®

The reaction rate of Eq. (5) and the rate constant 4, (I./mol's) as a function of the ionic strength (I)
are described by Eqgs. (9a)-(9d):

= @COH Cco2 (%a)
log £ =log4, +0.20I —0.0182I" (9b)
2985
log & =13.635——— 9¢)
T
1 i
= E;CZ.ZZ,Z (9d)

where Z is the ionic charge number. The behavior of the reaction in Eq. (6) is first order with the rate of
reaction as shown in Eq. (10)

= ’ézcco2 (102)

1.7265x10"
log &, = 3.298 x10° —1.1054 x 10% log(T) - = 202X10_ (10b)

T

An equilibrium reaction in Eq. (7) has a rate constant referred to [17], which the relation is shown in

Egs. (11a) and (11b)

1.01 /
———=—+0.125C (11a)
14+1.27 /

logK, =logK; +

1568.94
logK, =4.134x107" —6.737x 107 T + (11b)
The kinetic rates in Eqs. (12) and (13) are given for the reactions in Eqgs. (7) and (8), respectively.
=5 (KCoyy Hm’ _CCQ%’) (12)
W 1( OH™ HFO; - Ku/) (1 3)
Thus, the component balances of each species in the liquid can be described as follows
The carbon dioxide in the liguid:

dac . N

— =t (14
@,
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The bicarbonate ion in the liguid:

aC
HCO:
=747 15
df 1 2 3 ( )
The hydroxide ion in the liquid :
dC,, _EC,
iZ#—ﬂ—%—G (16)
dr vV,
The proton ion in the liguid.
ac .
LA 17
PRI 17)
The carbonate ion in the liguid:
aC .
€03
I 18
P (18)
The Sodium ion in the liguid:
dCNf — EC/ (1 9)
dt %65

The kinetic correlations for the studied reactions in Egs. (7) and (8) are given in Table 1.

Table 1. Correlated kinetic parameters of the reactions in Eqs. (7) and (8)

Symbol  Quantity Value

ks Rate constant [23] 1.22x10° 57!

k,, Rate constant [24] 1.40%10" m> - mol ™
K Equilibrium constant of water 1x10™ mol®-m™°

w

2.3. The Energy Conservation Equation in the Bench-Scale Reactor

The energy conservation equation in the reactor can be derived as follows:

dr 1 -
T Z(F,pr (I,=T)+Ep,c, (1. -T)- ZAH'} IV = N, M, o e (T, - T)j (20)
p /=
where T, T,, T, and T, are the temperature of the influent feed, influent gas, the reactor liquid, and the

water coolant, respectively; AH, and 7, are the heat of the reaction and the rate of 7 reaction; and F is

the coolant flow rate. The liquid heat capacity (¢, ) is assumed equal to the heat capacity of water.
The overall energy balance of the water coolant is as follows:
dl 1

dt ZW(FCPL% (T_Tc)_ULCZ”r” (TC _T”X)) ey
clptT,

where U is the overall heat-transfer coefficient; L is the cooling tube length; 7, is the outside tube radius

of the cooling system; and T} is the cooling bath temperature.

3. Model-Based Control Strategy
A developed control diagram is illustrated by Fig. 3. It consists of an input/output feedback controller

combined with the model-error integrator to handle the process/model mismatch. More explanations of
the control system are provided in the following subsections.
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Fig. 3. A diagram of the developed control structure.
3.1. I/0 Linearizing Feedback

In this section, the concept of input/output linearization is concisely described. Consider a process that its
dynamics ate in a form:

dx
= ftnts) -
D =h(x(2))

where #€R” , x€R", and y€R” are the input vector, the state vector, and the output vector

>

respectively, and f, 4 are the smooth functions. The relative orders of the controlled outputs, y,,..., ¥,,,

with respect to the inputs, #,,..,#,, are denoted by #,...,7,, where 7; is the smallest integer that the

>

function 4" y, / dt” depends on the inputs. The following representation is applied:

I =h(x)
. 23)
‘;f_ﬂ _ (agx jf(m) =7 ()
% _ (ag: J Flen) = (o, )

Let prescribe the output responses of the system in Eq. (22) under closed-loop control in following
trajectories

(glp + 1)rl D1 =V

24

(ng + 1)r/” ]7}7 = I){p,m
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where D=d/dt , v,, & are the differential operator, the output setpoint and the response tuning

parameter for the output speed, respectively. With the definition in Eq. (23), the prescribed responses can
be presented as follows:

1

/71(X>+(ﬁ)‘91/711(x)+"'+(;’1]51ﬁ/7{1(X’”):”VM
1 7, ’
' (25)

7 1 7 _—
bm (X) + (1,”)8’”5’”(9() teeet 7‘”] 8”; b;:/ (X’ %) = y.fp,m

Va

The input/output linearizing feedback is achieved by solving Eq. (25) for the manipulated input (#),
and its compact form can be represented as follows:

=y (%) (26)
3.2. Control System

The 1/O feedback needs the state information to calculate the control action. The open-loop state
observer presented in Eq.(27) is used for estimating state values

AN @)
J=h(x)
The integrator in Eq. (28) is included in the control system to reject the output offset from the model

discrepancy.

(28)

set

x= f(x,u)

J= /?(X)A 29
v=y, ¢

u=y(x,v)

3.3. Controller System: Application to the Bench-Scale pH Treatment Unit

In the setup of the bench-scale unit, the pH of the reactor liquid (output mapping to hydroxide ion,
y=0H") is controlled by varying the influent feed (# = F;). The process output has a relative degree one.
Therefore, the controller system in Eq. (28) for the fed-batch pH treatment process is described as follows:
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14+ pH
COH’ =10

C. _ 10—14+pH5p

.1
e Z—Ie(z‘)dl (30)

C.

7
4. Results and Discussion

4.1. Setup of the Bench-Scale pH Treatment Unit

To implement the real-time control with the bench-scale reactor, the controller in Eq. (30) is coded by
LabVIEW software and then implemented into a controller device (NI myRIO-1900, National
Instruments). The NI myRIO contains the field programmable gate array (FPGA) that improves a data
acquisition speed. This embedded controller supports for accessing and operating from the internet.
Monitoring control response and adjusting tuning parameters can perform on the windows interface,
shown in Fig. 4.

For the sensor instruments and hardware, an ultrasonic sensor (a 0—10V analog signal representing a
level of span 0.2—0.8 m) is used to detect the solution level in the column while the pressure sensor (a 0—10
V representing 0-0.3 bar pressure signal) is detected a hydrostatic pressure of the solution. The liquid pH
is controlled by varying the influent feed (a pump range of 1-600 RPM corresponding to the feed flow rate
0-2.4 ml./sec).
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Fig. 4. Window interface displaying information of the bubble column reactor for a wastewater
neutralization by carbon dioxide; (a) a control interface and (b) monitoring interface.

4.2. Model Validation
Figure 5 illustrates a test of the model prediction quality where data from a real-time open loop experiment

are in comparison with the simulation data from the developed mathematical model. The developed model
shows good agreement to track the experimental results in real-time within the maximum error of 5 %.
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Fig. 5. Comparison of the model prediction and measured pH solution with 5% error bar from the
measurement.

4.3. Performance Test

To evaluate the effectiveness of the developed control strategy, two test cases which are the closed-loop
control during start-up and the setpoint tracking test are studied with the 2DOF I/O linearizing controller
in [25] as a compare method. In both tests, the process begins at the conditions: 4(0) = 17 cm, pH(0)=13;
Temperature of the reactor liquid and the water coolant are 27.9 °C and 3 °C, respectively. The flow rate of
the mixed carbon dioxide gas stream is 1 L/min with 20%v/v carbon dioxide concentration. The 1/O
feedback tuning parameter (&) is set to 15 s; which is an open-loop time constant of the process.

4.3.1. Closed-loop performance

The proposed controller has a real time testing with the pH treatment unit during the start-up period. The
bench-scale unit operates in the fed-batch mode. Figure 6 shows the results of the process responses under
the proposed and 2DOF methods. From the figure, the proposed method effectively catries out the
reactor pH to the desired setpoint (pH = 9) as well as the 2DOF controller. The proposed and the 2DOF
controllers are the observer-based controllers which their responses will not directly affect by the presence
of noise in the measured output signal. However, the pH output and the manipulated input under the
proposed controller has less oscillation than the 2DOF controller.

4.3.2. Performance of the set point tracking test

Figure 7 shows the process responses for the setpoint tracking under both controllers. The set point is
stepped from pH 9 to 9.1 at 1000 seconds. The pH responses under the proposed method effectively track
both desired pH set points with fewer oscillations in the output and control action compared with the
2DOF controller. Table 2 shows the performance indexes of the proposed and the 2DOF methods. The
integral squared error (ISE) index is 2.51 for the 2DOF method and 0.45 for the proposed one. The
percent overshoot of the 2DOF and proposed are 1.66 and 0.79 % respectively. The proposed method
provides better performances compared with the 2DOF controllers in overall.

5. Conclusion

The control methods with the integrator controller were proposed to handle the pH neutralization in the
fed-batch bubble column reactor by adjusting the influent flow rate. The input/ output linearization is used
in a formulation of the proposed control method. The proposed method was developed based on the
lumped parameter reactor model and the two-film theory. The input/output feedback to track the setpoint
target, the open observer to provide state information, and the error integrator to eliminate the output
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offset are integrated into the developed control structure. The developed method was tested and
investigated through real-time implementation by comparing with the two-degree-of-freedom, 1/O
linearizing controller. In real-time tests, it enforces the output to the target pH effectively. The
experimental results supported that the input/output feedback with the integrator can reduce accumulation
of error and it delivers better control efficiencies over the two-degree-of-freedom I/O linearizing controller
as illustrated in Table 2.
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Fig. 6. Profiles of (a) pH in the reactor and (b) influent flow rate under the closed-loop test during start-
up.
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Fig. 7. Profiles of (a) pH in the reactor and (b) influent flow rate under setpoint tracking test.
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Table 2. Closed-loop performance under setpoint tracking test.

Performance index

11
Controller Percent overshoot [%0] ISE
2DOF 1.65 2.51
Proposed 0.79 0.45
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