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Abstract: Increasing CO, gas emissions results in climate change by increasing air temperature and
worsening environmental problems. It is necessary to control CO, gas in the air to overcome this.
This research aims to optimize the absorption of CO; gas in the air with 0.1 M NaOH absorbent in
the column of the Raschig ring stuffing material using the response surface methodology (RSM). This
research was conducted using a continuous system of three independent variables by varying the
contact time (10-80 min), the flow rate of NaOH absorbent (2-5 L/min), and the flow rate of CO,
gas (1-5 L/min). The response variables in this study were the absorption rate (L/min) and mass
transfer coefficient, while the air flow rate was constant at 20 L/min. Air and CO; gas mix before
absorption occurs and flow into the Raschig ring packing column so that contact occurs with the
NaOH absorbent. Mass transfer of CO, gas occurs into the NaOH absorbent, resulting in absorption.
The results showed that the effect of contact time (min), the flow rate of NaOH absorbent (L/min),
and CO, gas flow rate individually and the interaction on CO, absorption rate and mass transfer
coefficient were very significant at a p-value of 0.05. Chemical absorption of CO, also occurred due
to the reaction between CO, and OH- to form CO32~ and HCO3~, so the pH decreased, and the
reaction was a function of pH. Optimization using Design Expert 13 RSM Box-Behnken Design (BBD)
yielded optimal conditions at an absorption time of 80 min, NaOH absorbent flow rate of 5 L/min,
CO; gas flow rate of 5 L/min, absorption rate of CO, gas of 3.97 L/min, and CO, gas mass transfer
coefficient of 1.443 mol/min m? atm, with the desirability of 0.999 (=100%).

Keywords: absorption; Box-Behnken design; carbon dioxide; response surface methodology;
optimization

1. Introduction

Air pollution and climate change have become major challenges for sustainable devel-
opment related to CO, emissions [1]. Environmental degradation caused by various human
activities, especially CO, emissions, is responsible for many disasters around the world,
such as prolonged droughts, fires, tsunamis, and floods [2]. Increased CO, emissions cause
severe environmental problems, such as climate change and melting glaciers [3,4], and are
predicted to continue to increase, reaching a peak in 2030 [5]. Various alternative ways of
CO, control proposed for the development include converting CO, into chemicals [6,7].
They comprehensively explored the factors that contribute to CO, uptake by nanofluids,
mainly addressing the role of base fluids and the reasons for their choice was reported by
(Aghel et al., 2022) [8]. Utilization of CO; is for catalytic conversion [9], electrocatalytic
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reduction [10], photocatalytic reduction [11], thermocatalysis, green hydrogen from renew-
able energy sources, and transformation of CO; into materials [12-14]. However, managing
air pollution and greenhouse emissions has not achieved the expected synergistic results.

Researchers call for coordinated efforts to improve air quality and combat climate
change [15]. The adverse effects of CO, emissions are felt by developed countries (G7) [16].
Indicators of climate change include heat waves, floods, droughts, and heavy rainfalls. To
prevent such a calamity, the United Nations Framework Convention on Climate Change
established an international environmental agreement to restrict the average global temper-
ature increase to <2 °C. Lowering CO, emissions is a response to climate change because
greenhouse gas buildup alters the atmosphere and captures solar energy at the earth’s
surface. CO; is released in various circumstances, including the combustion of oil, coal,
gas, petroleum, petrochemicals, and deforestation [17].

(Tollefson, 2017) [18], asserts that if greenhouse gases remain elevated, global tem-
peratures will rise by 5-6 °C by the end of the century. This warning was reiterated in
the results of the Glasgow Climate Pact (COP26), which stated that climate regulators will
need to achieve net-zero emissions by 2050 through significant decreases in emissions of
greenhouse gases. The gradual rise in climate-related dangers has spurred nations to shift
the modes of development of existing economies in a low-carbon direction [16,19] and
build tactics to lower carbon emissions and advance the Paris Agreement’s objectives [20].
As a result, 190 parties have ratified the Paris Agreement as of January 2021, pledging to
develop a low-carbon economy. However, in their pursuit of low-carbon development,
nations confront a paradox: energy is a crucial driver of economic development, but fos-
sil energy has a negative impact on the environment and contributes to greenhouse gas
emissions [21,22].

The environmental challenges faced are how to produce safer and less expensive
energy while reducing greenhouse gas emissions [23]. Solving this challenge requires
finding alternative energy sources and capturing CO, gas [24,25]. The primary sources of
global warming are greenhouse gases, with carbon dioxide having the most significant
impact [26,27]. The problems caused by global warming include an increase in natural
disasters, a rise in sea level, desertification, and biodiversity loss, all of which pose a grave
threat to human life and development [26,27]. A study by Sharma et al., 2023 reported on
the enhanced electron transfer and ion diffusion from the unique MgV and graphene oxide.
The MgV /reduced graphene oxide composite delivers excellent capability in the detection
of sulfadiazine in real samples of human blood serum [28]. More than one hundred
countries have signed the Kyoto Protocol, whose primary objective is to reduce carbon
emissions in order to safeguard humanity from the peril of global warming. The long-term
objective of the Paris Agreement of 2016 is to keep global average temperature increases
to less than 2 °C above pre-industrial levels and to work toward limiting temperature
increases to 1.5 °C above pre-industrial levels. To support the reduction of greenhouse gas
emissions as the primary cause and have the most significant impact, specifically regarding
CO, gas [26,27], this research concentrates on reducing CO, through the absorption process
in the packing column and optimization via RSM BBD.

The difference in the research that has been carried out lies in the materials, chemical
composition, operating conditions, desired target, capacity, tools used for the application,
and optimization. Several studies are listed in Tables 1 and 2.

Multi-purpose optimization methods are widely used to support decision-makers in
overcoming problems with different objectives, from one side wanting to obtain the maxi-
mum benefit and the other side preserving the environment and promoting sustainable
development. However, with increasingly stringent global CO, emission laws, we face
the challenge of balancing conflicting commercial and environmental objectives simultane-
ously [17,26,27]. This research optimizes CO; gas column filling materials using Raschig
ring and absorbent NaOH 0.1 M. The studied attributes are flooding, absorption rate, CO,
gas mass contraction coefficient, and optimal conditions.
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Table 1. Flue gas composition typical of a real coal-fired power plant and the intended industrial

incinerator unit.

Coal-Fired Power Plant

Target Industrial Incinerator

Unit

Temperature 160-180 °C 70°C

Pressure 1 atm 1 atm

H,O 20-23 (vol. % wet) 30 (vol. % wet)
CO, 10-11 (vol. % wet) 12.5-114.5 (vol. % dry) 5-11 (vol. % dry)
O, 4-5 (vol. % wet) 5.0-6.5 (vol. % dry) 8-12 (vol. % dry)
SO, 129-200 (wet ppm volume) 260-457 (dry mg/ md) 6.2 (dry mg/ m?)
NOy 150-250 (wet ppm volume) (~99%)  237-410 (dry mg/ m?) 1.399

NO. balance NO, and N,O

Table 2. Pilot for CO; capture from flue gas and using MEA-based technology.

Research Group Flue Gas Source CO; Production Columns Dimensions References
Institute of
Thermodynamics University of Absorption: H=4.2m;
and Thermal Stutteart. German Natural gas burner 10 kg CO,/h @ = 0.125 m Stripper: [29,30]
Process gart, y H=255m;@=0.125m
Engineering
. Absorption: H=4.3m;
SINTEE-NTNU NTNU, Trondheim, .o econstituted 10 kg CO,/h o= o.lfs m Stripper: [31,32]
Norway H=39m;0=0.1m
International Test University of Absorption: H=10 m;
Centre for CO2 Regina C);na da Natural gas burner 1 ton CO,/day @ = 0.33 m Stripper: [33,34]
Capture (ITC) gmha, H=10m; @ =0.33m
Projet SOLVit SINTEF, Absorption: H: 19 m;
(SINTEEF, NTNU, Trondheim, Not mentioned 1 ton CO,/day @ = 0.2 m Stripper: [35]
Aker clean carbon)  Norway H=13.6 m; @=0.162m
Luminant Carbon University of Texas Absorption: H=13.3 m;
Management at Austin. USA Gas reconstituted 4 ton CO,/day @ = 0.43 m Stripper: [36,37]
Program ’ H=133m; @ =043 m
gggléoop;lr?; MHI Osaka, Japan iﬁgil;zl 8as 2 ton CO, /day Not mentioned [38,39]
International Test . .
Centre for CO, Eoungary Dam, Cloalt-ﬁred power 4 ton CO, /day SAtb.sorpt%og._@O :1 8.46 m [33]
Captage (ITC) anada plan ripper: & = 0.40 m
. . . Absorption: H=17 m;
Pro) P H=10m;@=11m
IFPEN ENEL Brindisi, Italy Not mentioned 54 ton CO, /day Not mentioned [41]

2. Materials and Methods
2.1. Materials

NaOH (Merck), HCl (Merck), phenolphthalein indicator, methyl orange, distilled
water, and CO, gas in cylinders purchased by order from PT Aneka Gas in Medan City,
North Sumatra Province, Indonesia.

2.2. Experimental

The equipment used included a filling absorption column consisting of a glass column,
packing material (packing) Raschig ring type glass, absorbent pump, air compressor,
regulator, and flow meter for absorption. CO; gas cylinders were used, complete with
pressure regulators and supporting equipment, namely pH meters, Dosimat 632, beakers,
measuring cups, and pipettes. The working method was changing the pressure drop (P) in
dry and wet conditions; filling in flooded conditions; filling absorbed and non-absorbed
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gas in glass; and using chemical means by varying the flow rate of CO, gas and air, then
mixing them. Two gas variations in the flow rate of 0.1 M NaOH absorbent, height, and
diameter of the packing ring on a fixed column were used. The response variables were
the absorption rate and mass contraction coefficient. The experimental design tested the
effect of each variable, the effect of interaction, and optimization using Design Expert 13,
Response Surface Methodology, Box-Behnken Design (RSM-BBD), and subtype random. A
series of equipment using an absorption column was located in the Chemical Engineering
Laboratory, Faculty of Engineering, Syiah Kuala University. The schematic procedure of
the CO; gas absorption process using 0.1 M NaOH absorbent in the packing Raschig ring
column is shown in Figure 1.

co,
analyzer

L ||
f—| l NaOH

absorbent
B

Raschig ring
absorption

column

~ Flow meter
CO, gas
¥ |
Air compressor
Reservoir

Figure 1. Schematic procedure of the CO, absorption process using 0.1 M NaOH absorbent in the
Raschig ring packing column.

2.2.1. Calculation Principles Used

V2
Vi
Y, is the mole fraction of CO; gas that is not absorbed; for the ideal gas fraction

volume, it is the same as the mole fraction. From the incoming gas, the gas (air) flow rate
enters (F), and the CO, flow rate enters (F3) so that the mole fraction of gas entering [42]:

)

CO, volume fraction, Y, =

F3

= 2
Fr, +Fs @
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If the Fa of CO, gas is absorbed (L/s), then
[F2 +F3]Y; — [Fo + (Fo +Fa)]Yg = Fa 3)
From Equations (2) and (3), we obtain:
(Yi —Yo)(Fo+F3) _ (Yi—Yo)
F, = = F, +F 4
a 1—Y0 (1_YO)(2+ 3) ()
To convert the absorbed CO; flow rate, Fa(L/s) to Ga(gmol/s) [43—46]:
_ Fa [Py 273
= no; (760) (Tav+273) ©)

2.2.2. Determination of the Overall Mass Transfer Coefficient (kog) [42,43]

The overall mass transfer coefficient, which controls the rate at which reactants and
products are moved between the gas and liquid phases, is a crucial metric to compute in
the conversion of CO,. This parameter impacts the mass transit rate of CO, from the gas
phase to the liquid phase and the rate of CO, absorption into a liquid solvent in the context
of CO, conversion.

The general equation used for absorption is presented in Equation (6):

Yo
H= / Kog-a. A Y* Y) ©)

where:

Y" = the mole fraction of the gas in equilibrium with the liquid at some point in the column
Y = bulk mole fraction

A = column cross-sectional area

H = height of the infill material in the column

a = specific area of the stuffing material /unit volume of the stuffing material

The right-hand side is difficult to determine, so it can be determined more thoroughly
as follows:
N = kog (a.A.H) log average driving force pressure drop [46-50].

where:

N = absorption rate (gmol/s)

A = column cross-sectional area
H = column height

AH = column volume

a.A.H = mass transfer area

So that:

@)

where:

pi = partial pressure of incoming CO; gas
Po = partial pressure of outgoing CO, gas

2.2.3. Determination of Absorption of CO, Based on Chemical Reactions

The CO; is absorbed by the standard NaOH solution, and the normality of the solution
will be affected. A mixture of carbonates and bicarbonates can be determined by titration
with standard acid solutions using phenolphthalein and methyl orange indicators. The
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carbonate ion is usually titrated as a base with a strong acid, resulting in a reaction as shown
in Equations (8) and (9). In Table 3, ions formed at various temperatures are enumerated.

CO3%~ 4+ H30" +» HCO3~ + H,O (8)

HCO;™ + H30+ + H,CO3 + H,O 9)

Table 3. Ions formed at different temperatures.

Temperature (°C) w =101 log Kw
20 0.68 14.17
25 1.01 14.0

30 1.47 13.83
33 2.09 13.68

Kw =[H*] + [OH™|; pH = -log [H*]; [H*] = 10 —pH,; pOH = —log [OH™|; [OH"] =10 —POH, log Kw = pH + pOH,
and [OH~] = 10 (PH-logKw)_

Phenolphthalein has a pH range of 8.0 to 9.6, which is a suitable indicator for the first
endpoint, while methyl orange has a pH range of 3.1 to 4.4, which is suitable for the second
endpoint. Therefore, mixtures of carbonate and bicarbonate or carbonate and hydroxide
can be titrated with standard HCl to both endpoints. Table 4 depicts the correlation between
titration volume and carbonate titrations.

Table 4. Relationship of titration volume in carbonate titrations.

Relationship for

Substance Qualitative Identification Millimol Substance

NaOH Vp = 0 M x Vi

Na2CO3 V1 =V M x %1

NaOH + Na,COs3 Vi >vy NaOH: M (vq — vp)
Na2C03: M x A%

NaHCO3 + Na2C03 Vi<vy NaHCOS: M (V2 B Vl)

Na2CO3Z M x \%1

2.2.4. Experimental Design

Statistical design of experiments (DOE) is an effective method for devising experiments
that, after data analysis, yield valid and objective conclusions. Two main applications of
experimental setup were evaluated to identify the variables that affect the experiment
and its optimum conditions [51]. The regression and graphical analysis of the data were
performed using Design Expert 13.0.11.0 (Stat-Ease Inc., Minneapolis, MN, USA). The
Box-Behnken design (BBD) is the most common RSM design. To obtain optimal levels of
CO; gas absorption and mass transfer coefficient, RSM was used to analyze the response
patterns and determine the optimal combination of variables expected to produce optimal
conditions. This study involved three variables labeled X; (absorption time), X, (absorption
flow rate of 0.1 M NaOH), and X3 (absorption concentration) (CO, gas flow rate). This
experiment’s experimental design is outlined in Table 1. CO; is the absorption flow rate, and
CO, is the gas mass transfer coefficient, denoted by Y1 and Y3, respectively. The relationship
between classified and actual variables is expressed as Equation (10) for statistical analysis.

5 = (><1A—sz> (10)

where, x; represents the independent variable or its dimensionless value, X; is the inde-
pendent real value, X, is the independent real value at the center point, and AX is the
step change value. The elimination of lead is the dependent variable or the response. In
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addition, the behavior of the system is described by the following second-order polynomial

model, Equation (11).

k
k k k
Y - ﬁo"‘ Z lBOxi—l_Zi:lﬁoxiz_'_Zi:l jzl,Boxixj+€ (11)

i=1

where, Y is the predicted response; x;, Xj, ..., X are the input variables affecting the

Response Y; X2, x]»z, ..., x;2 are the square effects; x;x;, x;X, and x;x; are the interaction
effects; P, is the intercept term; fi (i=1, 2, ..., k) is the linear effect; fii (i=1,2,... ,k)is
the square effect; Bij(i=1,2,...,k;j=1,2,..., k) is the interaction effect; and ¢ is random
error. For this research, Equation (11) is written as Equation (12).

Yi= g+ PB1x1+ Pax2+ B3 X3+ P11 Xo1 + P22 X2 + B33 Xo3 + P12 X1 X2 + P13 X1 X3 + P23 X2 X3 (12)

The data from Table 5 were used for the ANOVA and multiple regression analyses in
the Box-Behnken design with polynomial model Equation (12).

Table 5. Design and analysis of experiments for absorption.

Factor 1 Factor 2 Factor 3 Response 1 Response 2
Run A: Xy B: Xp C: X3 Yq Y,
min L/min L/min L/min mol/min m? atm
1 10 2 3 1.574 1.2882
2 45 3.5 3 2.9651 1.3965
3 45 3.5 3 2.9651 1.3965
4 80 3.5 2 1.9716 1.2965
5 45 2 5 3.9418 1.399
6 80 2 3 2.5611 1.3483
7 45 5 2 1.9756 1.2813
8 45 3.5 3 2.9651 1.3965
9 10 3.5 5 2.9438 1.299
10 45 3.5 3 29611 1.3565
11 45 2 2 1.756 1.251
12 45 5 5 3.9418 1.4102
13 80 5 3 29611 1.3883
14 45 3.5 3 2.9671 1.3965
15 10 5 3 1.9692 1.295
16 10 3.5 2 1.7756 1.279
17 80 3.5 5 3.9438 1.4365

Information: A: X;—absorption time, B: X,—absorbent flow rate, C: X3—CO, flow rate, Y;—CO, absorption rate
(L/min), and Y,—CO, gas mass coefficient (mol/min. m? atm).

From the data in Table 5, it can be seen that there is an increase in CO, absorption rate
and CO, gas mass transfer coefficient with absorption time and CO, gas flow rate. Table 6
displays BBD and the response of various parameters to distinct absorption conditions.

Table 6. BBD and the response of different parameters at various absorption conditions.

A: X Af)1 i Fz f N R R N Re N I%; f The T IR\SI 1 f
Run : Tlil‘n e)f“;fiprfm“ B:X;(pH)  [OHI- €Oz~  HCO;~ 2HCO;~ €Oy~ HCO;~  \pitiberol eco‘;‘aAbs‘;r‘l‘;:‘g o
min mol/L mol/L mol/L mol/L mol/L mol/L mol/L L
1 0 13.217 243.781 27.8 0 244.64 0.859 0 0.859 0.7216
2 10 12.957 134 20.6 27.4 181.28 47.28 12.56 47.28 39.72
3 20 12.377 35.24 15.8 275 139.04 103.803 0 102.963 86.566
4 30 10.867 1.089 12.8 274 112.64 111.551 16.929 128.48 108.02
5 40 10.367 0.329 10.7 273 92.4 92.071 55.769 147.84 124.297
6 50 10.057 0.1687 8.7 27.3 76.56 76.3913 87.289 162.68 137.614
7 60 9.827 0.0993 7.1 27.8 62.48 62.381 119.779 182.16 153.15
8 60 9.827 0.0993 7.1 27.8 62.48 62.381 119.779 182.16 153.15
9 30 10.867 1.089 12.8 27.4 112.64 111.551 16.929 128.48 108.02
10 20 12.377 35.24 15.8 27.5 139.04 103.803 0 102.963 86.566
11 30 10.867 1.089 12.8 27.4 112.64 111.551 55.769 147.84 124.297
12 30 10.867 1.089 12.8 274 112.64 111.551 55.769 147.84 124.297
13 0 13.217 243.781 27.8 0 244.64 0.859 0 0.859 0.7216
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3. Results and Discussion
3.1. ANOVA in the Regression Model

The data in Table 5 was taken into account for ANOVA and multiple regression
analyses in the Box-Behnken design using polynomial model Equation (12). The results
are shown in Tables 7 and 8.

Table 7. Analysis of variance of CO, gas absorption flow rate (Y7, Fa).

Source Sum of Squares df Mean Square  F-Value p-Value Effect
Model 9.44 9 1.05 25.44 0.0002 s
A-X; 1.04 1 1.04 25.27 0.0015 s
B-X; 0.1475 1 0.1475 13.58 0.0506 s
C-X3 3.13 1 3.13 75.99 <0.0001 s
AB 5.76 x 107° 1 5.76 x 107° 0.0001 0.9909 ns
AC 0.1074 1 0.1074 2.61 0.1505 ns
BC 0.0236 1 0.0236 0.5719 0.4742 ns
A? 0.9369 1 0.9369 22.72 0.0020 s
B? 0.2162 1 0.2162 524 0.0558 ns
c? 0.0759 1 0.0759 1.84 0.2170 ns
Residual 0.2886 7 0.0412 - - -

Information: A: X;—absorption time, B: X,—absorbent flow rate, C: X3—CO, gas flow rate, s—significant, ns—not
significant.

Table 8. Analysis of variance of CO, gas mass transfer coefficient.

Source Sum of Squares df Mean Square  F-Value p-Value Effect
Model 0.0523 9 0.0058 12.86 0.0014 s
A-Xq 0.0087 1 0.0087 19.22 0.0032 s
B-Xp 0.0011 1 0.0011 20.35 0.0500 s
C-X3 0.0241 1 0.0241 53.31 0.0002 s
AB 0.0003 1 0.0003 0.6098 0.4604 ns
AC 0.0034 1 0.0034 7.58 0.0284 s
BC 0.0001 1 0.0001 0.2093 0.6612 ns
A? 0.0046 1 0.0046 10.20 0.0152 s
B2 0.0027 1 0.0027 6.04 0.0436 s
C? 0.0084 1 0.0084 18.52 0.0036 s
Residual 0.0032 7 0.0005 - - -

Information: A: X;—absorption time, B: X,—absorbent flow rate, C: X3—CO, gas flow rate, s—significant, ns—not
significant.

Table 7 shows the report contains a summary of the criteria and constraints used
to generate the optimal solution for the process; all the criteria were applied to find the
optimal setting. A solution is a search of all the solutions given to see which one best
meets the specified criteria. The CO, absorption design and optimization model in this
study is suitable for use as an alternative in the chemical industry or industries that emit a
lot of CO; gas into the air, such as the cement industry, exhaust gas sources, natural gas
burners, natural gas turbines, fuel-fired power plants, and coal, to absorb CO, gas before it
is discharged into the air by adjusting the amount as needed. For example, the CO, gas
produced is adjusted to the CO, absorption capacity and the scale ratio according to the
needs of the desired CO, absorption capacity. The research model can be used as a pilot
plant for CO, absorption before being discharged into the air as an alternative in the future
to reduce CO, emissions into the air, which can cause global warming [28—40].

3.2. Fitting the Model

Analysis of variance (ANOVA) and multiple regression analysis were employed to
evaluate the effects of individual and interaction factors using Design Expert 13. Box—
Behnken design is the most frequently used RSM design, and the model equation is applied
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to predict the optimum CO; gas absorption flow rate (Y1) and CO; gas mass transfer
coefficient (Y3).
The final equation in terms of coded factors is presented in Equation (13):

Y; =296+ 037 X3 + 0.14 X5 + 1.35 X3 + 0.0012 X4 X5 + 0213 X3 X3 — 0.1 Xp X3 — 047 X;2 — 023 X,2 — 028 X32  (13)

The final equation in terms of actual factors is presented in Equation (14):

Y1 = —2.44 +0.036 X; + 0.897 X, + 1.07 X3 + 0.000023 X1 X 5 + 0.00304 X; X3 — 0.033 X3 X 3 — 0.00039 X;2 — 0.1007 X,2 — 0.07 X352 (14)

The model equation was applied to predict the optimum CO, gas mass transfer
coefficient (Y2, kog)-
The final equation in terms of coded factors is shown in Equation (15):

Y, =139 + 0.034 X; +0.012 X + 0.119 X3 + 0.0083 X4 X 5 + 0.038 X; X 3 — 0.0063 X5 X 3 — 0.033 X;2 — 0.026 X2 — 0.092 X32 (15)
The final equation in terms of actual factors is shown in Equation (16):

Y, = 0.82 +0.00122 X; + 0.0863 X5 + 0.18 X3 + 0.00016 X; X 5 + 0.00543 X; X3 — 0.0021 X X 3 — 0.00003 X;% — 0.01132 X,> — 0.023 X35>  (16)

where Y is the predicted CO; gas absorption flow rate response, and Y; is the CO, gas mass
transfer coefficient. Meanwhile, X1, Xp, and X3 are independent variables for absorption
time, absorption flow rate, and CO; gas flow rate, respectively.

Based on the equation, it was shown that the influence of absorption times (Xj),
absorption flow rate (X;), and CO; gas flow rate affected the CO, absorption rate and
CO, gas mass transfer coefficient. These effects can be observed from the intercept and
coefficients of the three optimization equations.

Figure 2 illustrates the influence of interactive variables. Figure 2a displays the ex-
perimental and predicted data plot. The value predicted by the design response surface
equation has a high degree of accuracy (R? = 0.97) and has an intercept of 1.00663. The dis-
tribution point spread above the prediction line demonstrates this. To obtain a respectable
model, we must examine the normal probability value (%). As shown in Figure 2b, the
proposed equation model is appropriate for predicting the CO, gas absorption flow rate
(Y1) and CO; gas mass transfer coefficient (Y;) when using absorbent NaOH 0.1 M. The
value predicted by the design response surface equation is precise (R? = 0.94) and has an
intercept of 1.25048. The correlation of the variable effects on variable responses can be
seen in Figures 2-6.

i Predicted vs. Actual
(a) Predicted vs. Actual (b)
5+ 1.5 -
§ 1.45 |
- 4 o~
£ E
E -
= E 14
- =
°
x 3 E
3 )
o = 1.35-
3 2
o 2 2
3 1.3
[
1 1.25 -
T I T T T I T T T T T
1 2 3 4 5 1.25 1.3 1.35 1.4 1.45 1.5
Actual (Y1. Umin) Actual (Y2, mol/min m2 atm)

Figure 2. Correlation between actual and predicted results for CO, gas mass flow rate and CO; gas
mass damping coefficient: (a) R2 =0.97 and (b) R? = 0.94.



Inventions 2023, 8, 70

(a)

Y1 (Vmin)

Figure 3. (a) Effect of absorption time (X;, min) and absorbent flow rate (X;, L/min) on CO, gas
absorption flow rate (Y1, L/min). (b) Effect of absorption time (X;, min) and CO; gas flow rate
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Figure 4. (a) Effect of absorbent flow rate (X;, L/min) and CO, gas flow rate (X3, L/min) on CO,
absorption flow rate. (b) Effect of absorbent flow rate (X, L/min) and CO; gas flow rate (X3, L/min)
on the desirability.
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coefficient of CO; gas (mol/min m? atm). (b) Effect of absorption time (X;, min) and CO, gas flow
rate (X3, L/min) on mass transfer coefficient of CO, gas (mol/min m? atm).
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Figure 6. (a) Effect of the absorbent flow rate of 0.1 M NaOH (X, L/min) and CO; gas flow rate (X3,
L/min) on mass transfer coefficient of CO, gas. (b) Effect of the absorbent flow rate (X;, L/min) and
CO; flow rate (X, L/min) on the desirability.

In Figure 2, NaOH is wholly neutralized at the phenolphthalein endpoint, Na,CO3 is
half neutralized, and HCO3;~ has not responded. From the phenolphthalein endpoint to
the methyl symbol endpoint, the bicarbonate is neutralized. Therefore, only a few drops of
titrant will be required for the NaOH to change from pH 8 to 4, which will be corrected
with a blank indicator. As shown in Table 4, v; is the volume of acid in millimeters used
from the start of the titration to the phenolphthalein endpoint, and v; is the volume from
the phenolphthalein endpoint to methyl orange.

During the absorption of CO; gas, a reaction occurs between CO; and OH™ because
the pH value decreases, and the reaction proceeds according to the following criteria. If
pH =11.5, the reaction is:

20H™ +CO, — CO3* + H,O (17)

If pH = 10, the reaction is:
CO3%~ + CO, + H,O — 2 HCO; ™ (18)

If pH =11, the reaction is:
OH™ + CO; — HCO3™ (19)

After absorption of CO; gas, a mixture of OH™, CO3~, and HCO3 ™~ ions occurs in
the solution [25,34]. Sample titration using HCl whose molarity is known (HCl standard)
will obtain two equivalence points. In the first step, OH™ reacts as a whole, whereas
HCO; ™ reacts only in the second step, and CO3%~ splits in both. Therefore, direct cal-
culation of the concentration is not possible but can be calculated if the p-value and
m-value have been determined. The p-value (phenolphthalein price) is the volume of
titration used to titrate 1 mol/L HCI for 1000 mL so that the color of the phenolphthalein
indicator changes (or to a pH of 8.2 using a glass electrode). The M-value (methyl or-
ange value) is the volume used to titrate 1000 mL of HCI mol/L (1 M) sample until
the color of the methyl orange indicator changes (or at pH 4.3 by using a glass elec-
trode). The formulas used in this regard are as follows: p-value =V x M x 1000/aliquot,
where V = volume of titration (mL), M = molarity of HCI used, aliquots = volume of

sample titrated, C[OH™] = 10PH-138), C[cO"| = P - value ~ C[OH], and
C {HCO?} = M — value — 2 x P — value + C[OH].

CO; absorption is a function of pH; the reaction that occurs is a function of pH;
the increasing absorption of CO,, which continues to increase, is a function of pH, sol-
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ubility, thermal, and longitudinal diffusion; the mechanism of mass contraction is the
driving force in the form of differences in CO, concentrations and the partial pressure
of each component and total pressure; the formula used is pH dependent, as it is deter-
mined by pH [51,52], and the reaction is according to the following criteria. If the pH

value < 4.5, then C {CO%—} P — value — C[H™]. If the pH value is between 4.5-8.3, then

C[HCO;| = P —value. If the pH value is between 8.3-9.5, then C[HCO;| = M —
value — 2 x P — value. Suppose the pH value is >9.5. Then C[HCOj5 | is calculated from
Equation (2).

Figure 3a,b shows the 3-D optimization of the effect of absorption time (minutes), the
flow rate of 0.1 M NaOH absorbent (L /min), and the flow rate of CO, gas mixed with air
(L/min) on the absorption rate of CO; gas in the Raschig packing column ring.

Figure 3a shows the effect of absorption time (X;, min) and absorbent flow rate (Xp,
L/min) on CO; gas absorption flow rate (Y1, L/min). The effect of the two independent
variables on the response variable (CO, gas absorption) increased, and optimal conditions
were reached at 4.13 L/min. Figure 3b shows the desired optimization of the effect of
absorption time (minutes), the flow rate of 0.1 M NaOH absorbent (L /min), and air-mixed
CO; flow rate (L/min) on the absorption rate of CO, gas in the Raschig ring packing
column. The effects of absorption time (X;, min) and CO; gas flow rate (X;, L/min) on
CO; gas absorption rate (Y1, L/min) increased until it reached the optimum condition of
4.13 (L/min).

Figure 4a,b show the 3-D optimization of the effect of absorption time (minutes), the
flow rate of 0.1 M NaOH absorbent (L/min), and CO; gas flow rate (L/min) on the mass
transfer coefficient of CO, gas in the Raschig ring packing column. Figure 4a shows the
effect of absorbent flow rate (X;, L/min) and CO, gas flow rate (X3, L/min) on the CO,
absorption flow rate. The absorption rate of CO, gas increases until it reaches optimum
conditions, which are reached at a value of 4.1292. Figure 4b shows the effect of absorbent
flow rate (X, L/min) and CO; gas flow rate (X3, L/min) on desirability. Desirability can be
increased by choosing the proper criteria in planning the constraints to achieve the best
optimal conditions. The best condition is achieved at the desired value of 0.99999.

Figure 5a shows the effect of absorbent flow rate (X, L/min) and CO, gas flow rate
(X3, L/min) on the CO; absorption flow rate. The CO, absorption flow rate continues
to increase so that optimum conditions are reached at 4.13 L/min. Figure 5b shows the
desired optimization of the effects of absorption time (minutes), the flow rate of 0.1 M NaOH
absorbent (L/min), and the CO, gas flow rate (L/min) on the mass transfer coefficient of
CO;, gas in the column packing Raschig ring. Based on the analysis and optimization of
3-D plots, the optimum conditions for the CO, uptake rate are 1.44656 L /min, and the mass
transfer coefficient for CO; gas is 1.44656 mol/min m? atm.

Figure 6a shows the effect of the absorbent flow rate of 0.1 M NaOH (X;, L/min) and
CO, gas flow rate (X3, L/min) on the mass transfer coefficient of CO, gas. The greater
the flow rate of the absorbent and the flow rate of CO; gas, the higher the mass damping
value, and the faster the mass locking occurs due to the driving force difference in CO; gas
concentration in the absorbent and air. Optimal mass absorption conditions are achieved at
1.44656 mol/min m?2 or mol/min m? atm. Figure 6b is the effect of 0.1 M NaOH absorbent
flow rate (X, L/min) and CO, flow rate (X;, L/min) on optimal desirability based on
a design to determine constraints that produce the best-desired desire. The optimum
desirability value is 0.9999 (~1). Numerical optimization and desirability ramps are shown
in Figures 7 and 8, respectively.
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Desirability

AXA1, min 0.999994

B:X2 (Lmin) 1
C:X3 (Limin) 0.999999

Y1(Umin) 1

Y2 (mol/min m2 atm) 1
Combined 0.999999

| 1 I I 1
0.000 0.250 0.500 0.750 1.000

Solution 1 out of 38

Figure 7. Numerical optimization bar graph (Pareto graph), The bar graph is a graphical view of
each optimal solution. The optimal factor settings are shown: absorption time (X;), absobent flow
rate (Xy), CO; flow rate (X3), CO, absorption rate (Y1), and CO, gas mass coefficient (Y3).

| — T

10.00 80.00 2.00 5.00

A:Absorption Time (X1, min) = 80.00 B:Absorbent Flow Rate (X2, /min) = 5.00

1.00 5.00 1.6 39
C:CO2 Gas Flow Rate (X3, I/min) =5.00 CO2 Absorption Flow Rate (Y1, L/min) = 4.0

Desirability = 1.000
1.251 1.4365 Solution 1 out of 38

Mags Transf Coef CO2 (Y2, mol/min m2 atm) = 1.4425

Figure 8. Desirability ramp for numerical optimization of three goals, i.e., the absorption time (Xy,
min), absorbent flow rate (X, L/min), CO, gas flow rate (X3, L/min), on CO, absorption flow rate
(Y1, L/min), and mass transfer coefficient (Y, mol/min m? atm) as the response variable.

Figure 9 shows the 3-D optimization of the effect of absorption time (min) and pH on
the formation of HCO3;~ and CO32~ as a result of the reactions between 20H~ + CO, and
CO32~ + CO, + H,O, + HCO?~, conditions under which the optimum was achieved at
154.994 mol/L HCO;~ and 105.664 mol/L CO3%~. This shows that absorption also occurs
chemically, according to pH. This reaction occurs at a pH of 9.5-11, forming CO3%~ and
HCO3%~ due to the reaction of OH~ and CO,, whose products can be used to meet the
needs of cosmetics and food ingredients.
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HCO3- (molll)

A: )-(.i (Absorption Time), min B: X2 (pH)

Figure 9. (a) Effect of absorption time (X1, min) and absorbent pH (X;) on HCO3~ formed. (b) Effect
of absorption time (X1, min) and absorbent pH (X) on CO3%~ formed.

Figure 10 shows the numerical optimization bar graph (Pareto graph) for desirability.
The bar graph is a graphic display for each optimal solution. Optimal factor settings are
shown with red bars, and optimal response predicted values are shown in blue. Optimum
conditions for the desirability of each factor are, respectively, absorption time (X, min),
absorbent flow rate (Xp, L/min), and CO, gas flow rate mixed with air = 0.99, CO; ab-
sorption desire rate (Y1, L/min), and mass transfer coefficient CO, gas (Y, mol/min m?
atm) = 0.999 each; and combined desire = 0.99.

Desirability
AX1 (Absorption Time), min 0.74483

B:X2 (pH)

[OH]}- (moliL)

CO3( 2-) (MollL)

HCO3 (-) (mol/L)

2HCO3(-) mol/lL

[CO3] 2- mol/L

= T T T T S Y

[HCO3]- mol/L

number of moles of CO2 (mol/L)

0.999714

Total volume of CO2 absorbed (L) 1
Combined 0.906385
I T T 1 1
0.000 0.250 0.500 0.750 1.000

Solution 1 out of 3

Figure 10. Numerical optimization bar graph (Pareto graph). The bar graph is a graphical view
of each optimal solution. Optimal factors settings are shown: absorption time (X1), pH (X3), OH™
(mol/L), CO3%2~ (mol/L), HCO32~ (mol/L), 2HCO52~ (mol/L), CO3%2~ (mo/L), HCO32~ (mol/L),
number of moles of CO, (mol/L), and total volume of CO, absorbed (L).

Figure 11 is the desirability ramp for numerical optimization of the 3-D optimization of
the effect of absorption time (minutes) and pH on the formation of HCO3™~ and CO52~ asa
result of the reaction between 20H~ + CO, — CO32~ + H,O and
CO32~ +CO, + H,0 — 2HCO5 -, optimal conditions achieved, i.e., absorption time = 15.3097
(X1, min), pH = 11.52 (X3), CO32~ = 105.664 mol/L, HCO3%~ = 154.994 mol/L, a total of
CO; = 76.9359 L, and desirability = 0.91.
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@
T ] I R L
0 60 7 14 0.0993 243.781

A:X1 (Absorption Time), min = 15.3097 B:X2 (pH) =11.5192 [OH]- (mol/L) = 49.3279

| ° | S I © L

7.1 27.8 0 27.8 62.48 244.64
CO3(2-) (MollL) = 17.5415 HCO3 (-) (mol/L) = 27.7997 2HCO3(-) mol/L = 154.994
K
0.859 111.551 0 119.779 0.859 182.16
[CO3] 2- mol/L = 105.664 [HCO3]}- molL =9.30134 numpber of moles of CO2 (mol/L) =91.4836
76.9358

Desirability = 0.906
0.7216 153.15 Solution 1 cut of 4

Totgl volume of CO2 absorbed (L) = 76.9359

Figure 11. Desirability ramp for numerical optimization of the 3-D optimization of the effect of
absorption time (minutes) and pH on the formation of HCO3 ™~ and CO32~ as a result of the reaction
between 20H™ + CO,, desirability = 0.906.

Table 9 illustrates the numerical optimization. Constraints are designed according
to appropriate criteria to produce reliable validity and high accuracy by looking at the
influence and correlation between each independent variable and the response variable to
produce the correct constraints and high desirability.

1
D= (dy dp.....dn)= o= ([T, d0)™ (20)

where, n is the number of responses in the measure; if all the important values are the same,
the simultaneous objective function reduces to the normal form for desirability.

Table 9. Numerical optimization constraints.

Lower Upper

Name Goal Lower Limit =~ Upper Limit Weight Weight Importance
A:X1, min maximize 10 80 1 1 3
B:X5 (L/min) maximize 2 5 3
C:X3 (L/min) maximize 1 5 1 1 3
Y1(L/min) maximize 1.574 3.9438 1 1 3
Y, (mol/min m? atm) maximize 1.251 1.4365 1 1 3

Information: X;—Absorption Time, X,—Absorbent flow rate, X3—CO, gas flow rate, Y;—Absorption flow rate,
Y,—Mass transfer coefficient.

For the goal of maximum, the desirability will be defined by the following formulas:

di =0, Y; <Low;
- ) wt; .
di = [szgh%} » Low; <'Yj < High, @b
d; = 1, Y; > High,

For absorption time criteria, X; (10-80 min) maximum goals: optimum X; = 80 min
absorption flow rate; X, (2-5 L/min) maximum goals: optimum X; = 5 L/min, CO, gas
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flow rate, X3 (2-5 L/min): optimum X3 =5 L/min on absorption flow rate Y; = 3.967 L /min
and desirability = 0.999999 ~ 1. Desirability ramp for numerical optimization of three
goals, i.e., the absorption time, X; (10-80 min), absorbent flow rate, X, (2-5 L/min) CO,
gas flow rate, X3 (2-5 L/min), on mass transfer coefficient (Y, mol/min m? atm) as the
response variable. Optimum condition: X; =5 L/min, X, =5 L/min, X3 = 5 L/min,
Y, = 1.442 mol/min m? atm and desirability = 0.999999 ~ 1

Table 10 presents desirability function optimization. Analysis of variance (ANOVA)
for responses to CO, gas absorption flow rate (Y1) indicates that effects of individual factors
(absorption time, absorption flow rate, and CO, gas flow rate) are significant for degree of
confidence > 95% (p-value < 0.05). The RSM model selected is a quadratic model, R2 = 0.97,
CV =74, and the model is very significant.

Table 10. Optimization using the desirability function.

X1,

Xa X3 Y1

Number min (L/min)  (L/min)  (L/min) Y2 (mol/min m? atm) Desirability
1 80.000 5.000 5.000 3.967 1.442 1.000 Selected
2 79.999 5.000 5.000 3.967 1442 1.000
3 80.000 5.000 4984 3.960 1.443 0.999
4 79.999 4.988 4.999 3.970 1.443 0.999
5 79.668 5.000 5.000 3.971 1.442 0.999
6 80.000 5.000 4967 3.952 1.443 0.998
7 79.372 5.000 5.000 3.974 1.442 0.998
8 79.999 5.000 14961 3.950 1.443 0.998
9 80.000 4970 5.000 3.976 1.443 0.998
10 79.015 5.000 5.000 3.977 1.442 0.997
11 80.000 4945 5.000 3.982 1.444 0.996
12 80.000 4933 5.000 3.985 1.444 0.996
13 80.000 5.000 4.920 3.930 1.444 0.995
14 80.000 4912 5.000 3.991 1.445 0.994
15 77.458 5.000 5.000 3.991 1.441 0.993

Information: X;—Absorption time, X,—Absorbent flow rate, X3—CO, gas flow rate, Y;{—Absorption flow rate,
Y,—Mass transfer coefficient.

Analysis of variance (ANOVA) for the response variable CO, gas mass transfer coef-
ficient (Y,) showed the influence of individual factors and significant interaction for the
degree of confidence > 95% (p-value < 0.05), except for the interaction effect of X; X ; and
X; X 3, which was not significant. Therefore, the RSM model was chosen as a quadratic
model with R? = 0.94 and CV =4, and the model is significant.

4. Conclusions

This study investigated CO, gas absorption with NaOH absorbent continuous sys-
tem in Raschig ring packing column using Box-Behnken design. Based on the results
and discussion, the optimization conditions assumed a maximum point for desirability.
Experiments were performed based on absorption time, the absorption flow rate of 0.1 M
NaOH, and the CO, gas flow rate. The results showed that the absorption of CO, gas in
the air was optimized by using 0.1 M NaOH absorbent in the column of the Raschig ring
stuffing material using the response surface methodology (RSM), with an absorption rate of
4 L/min, a mass transfer coefficient of 1.4425 mol/min m?2 atm, and desirability 0.999 ~1.
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