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It is investigated that the Global Warming and Air Pollution (GWAP) issues are highly prioritized around the world. There is a
high magnitude of contaminated hot heat (CHH) from hot fluids such as contaminated water, oils, and mixed oils; toxic oils
increase the GWAP ON emission. Such GWAP can be controlled by applying the methods-techniques for optimizing the
energy processes, evaluating the high energy absorption material among available materials and technological advancement in
energy flow devices, optimizing design of energy systems and low heat emission strategy, etc. It is observed that nowadays,
Thermal Energy Heat Exchanger Systems (TEHESs) are utilized in many industries for transferring the energy between two
mineral or contaminated liquids, separated by walls. It is found that TEHESs are constructed by tube materials, might be
contributed to control the GWAP if TEHESs are fabricated with composite material, and have a high absorbability index. The
evaluation of the Energy Absorbability Index (EAI) of TEHES composite tube materials provides the two innovative solutions
to TEHES designers such as choose the economic/cost TEHESs and initiate to green management (reducing minimizing the
GWAP). On literature survey, a few research documents are found by authors, which focused on mathematical modelling of
either O- (objective-) or S- (subjective-) dimensions of composite TEHES tube material evaluation models for computing EAI.
It is also probed that those models are simulated by single or nondynamic material evaluation methods. Therefore, it is
summarized that there are no still research document pertaining to integrated/mixed mathematical modelling of O-S-
(objective-subjective-) dimensions of composite TEHES tube materials with dominance theory for computing EAI of
composite TEHES tube materials. Said research gaps are respected as major research defies (help to minimize the GWAP or
green management). To fulfil the said research defies, the authors developed and proposed the TEHES-O-S-composite tube
material evaluation model by conducting literature and real industrial survey, consisting of seven TEHES-O and four TEHES-S
tube material dimensions. The O-dimensions are framed by available O-rating/data, while S-dimension is framed S-rating. The
TFNs (triangular fuzzy numbers) are used by a team of experts for assigning the appropriateness ratings vs. four TEHES-S
composite tube material dimension, and priority weights are assigned vs. entire TEHES-O-S tube material dimensions. After
data modelling of the TEHES-O-S-composite tube material evaluation model, defuzzification is carried out to normalize O-S-
data. Later, the authors’ implemented integrated optimization technique “crisp VIKOR combined FMF technique” to evaluate
the EAI of composite TEHES tube materials. As the reliability of results is an enormous concern, dominance theory is applied
by conducting the comparative analysis among evaluated results and delivering the accurate and reliable results. The evaluated
beast composite TEHES tube materials based on EAI linked to green management and economic concern of material. The
research can be used by TEHES designers to minimize the GWAP across the universe.
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1. Introduction and Literature Review

It is seen that Energy Management (EM) always contributed
to protect the universe from GWAP. Green management is
respected as EM or clean environmental initiative, which
focused on high energy resource utilization by many con-
duits such as energy loss projection by devices, high toxic
energy absorption, and eco-friendly technology applications
to save energy, reuse of energy, etc. Economic is dealing with
cost analysis. TEHESs are found as a sizzling device in the
context of EM. It is found that EM contributed to reduce
the GWAP around the universe. TEHESs are used to transfer
the heat from boiling fluid to gas (vapour), water, air, and
other fluids (toxic or nontoxic in nature). During heat trans-
fer in case of toxic hot fluids, the hot heat burns the environ-
mental toxic particles, consequently emphasizing the GWAP.
Therefore, to control or decrease GWAP, the TEHESs must
be fabricated of well suit composite material and should have
the strong EAI, so that heat transfer might occur without los-
ing of CHH towards environment. TEHESs must be framed
with the materials, which encompass the best, rich, and high
EAI, and can address the green management cum economic
aspects. Energy Absorbability (EA) is defined as a measure of
the degree to which materials are capable to absorb of heat/
energy. EA of TEHES is defined as a capability of alloys or
composites or proposed materials to absorb the heat/energy
without emission of contaminated or noncontaminated
CHH to environment during the circulation of fluids across
TEHESs. EAI is defined as a measurement of overall perfor-
mance of TEHESs against multiple energy protection, green
management imitative indicators/measures. It is probed by
scientists via empirical surveys as well as recent research doc-
uments that high EAI of TEHES materials extremely impact
the performance of TEHESs; therefore, said materials aid
TEHESs to produce the high energy transition between two
separated toxic fluids without losing CHH to environments,
indirectly helping to increase the green management and
minimize the future GWAP vice versa.

It is investigated that millions of industries are the user
of TEHESs. Every day millions of tons of toxic CHH emits
from TEHESs, which causes the GWAP. The existed CHH
is also mixed with earth, environmental nanoparticles, and
burns it to be released to the universe. Therefore, such as
daily phenomenon cannot be entirely controlled, however
can be minimized. As we universally know, the evaluation
of high EAI of composite materials for fabricating the
TEHESs plays the significant function in the area of EM.
The TEHES tube material evaluation against high EAI
requires the O-S (objective-subjective) dimension analysis
simultaneously to become the potential device for reducing
the GWAP. The dimensions that can be measured is called
a set of objective (O) dimensions. The dimensions that are
vague in nature and cannot be measured are called a set of
subjective (S) dimensions. In the recent research search,
the authors found that a few research documents existed,
which dealt with mathematical modelling of individual
O-ph (objective) or S-ph (subjective) dimension models.
Determined models are simulated by single or non-Morden
material evaluation methods. Therefore, the authors ascer-

tained that there are no still research document focused on
mixed mathematical modelling of O-S- (objective-subjec-
tive-) dimension model with an integrated approach with
dominance theory in the context of evaluating the EAI of
composite TEHES tube material to control and minimize
GWAP. To fulfil these research challenges, in the presented
research work, the authors focused on right evaluation and
selection of high EAI-TEHES tube material from available
range of material alternatives, which aids TEHESs to mini-
mize GWAP [1, 2].

In order to establish the O-S- (objective-subjective-)
dimension model for assessing EAI of composite TEHES
tube materials, the authors conducted the literature survey
are revealed here.

The appropriate evaluation of high-EAI TEHES tube
materials is a crucial task for the designers and operators
[3–5]. Today, it is necessary to measure the EAI of TEHESs,
which make TEHESs for attaining the nexus goal effectually
and effectively. For the same, it is necessary to be alerted
about various alternatives and criteria, satisfying the EAI of
TEHES tube materials so that the best material can be used
for fabricating the TEHESs. The criteria should analyze the
performance of diverse TEHES tube materials vs. EAI and
should evaluate fit TEHES tube material under EAI concerns
[3]. Today, a large quantity of TEHES tube materials for
designing TEHES with diverse properties is available, and
hence, it is significant to adopt appropriately among avail-
able [6, 7]. The TEHES tube material evaluation under EAI
issue is respected as a complicated and time-consuming task,
and their selection will grace the several benefits such as help
to attain the nexus goal [6, 8]. TEHES tube material evalua-
tion greatly interlinked the EA characteristics as said by [5,
9]. It is articulated that integration of potential technologies,
heat absorbability of materials, etc., implicated by the practi-
tioners into conventional working systems and the process
of TEHESs, which reinforced the efficacy of conventional
engineering systems and processes [8, 10]. Today, material
selection under EAI concern is becoming enormous
dilemmas entailing the economic, social, and commercial
aspects [7, 11].

Christian et al., [12] examined the mechanical, optical,
and physical properties of Thermally Modified Timber
(TMT) with its impact on high heat flow. Dang et al., [13]
constructed a regularized solution of the source energy data
prediction by using the interpolation and the truncated
Fourier series method. [14] investigated the different
effectiveness of heat and mass exchangers by using NTU
correlation numerical models. The authors found that the
effectiveness of heat and mass exchangers depends upon
the evaluation and selection of conductive materials.
Loganathan, A. and Ilangkumaran, M. [15] said that heat
sink extensive material evaluation criteria must be formed
for enhancing the reliability and life of modern heat devices.
Thermal management devices are audited to verify the mate-
rial evaluation model. Reeju P. [16] proposed new physical
mechanisms for accurate material property predictions of
materials to be used for heat generators. Uttamm and
Mrinmoy [17] articulated that the performance and reli-
ability of material’s parameters that provide the higher
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operational efficiency for heat exchangers are examined by
using the MCDM-NBO approach. Many physical dimen-
sions are examined under investigation. [18] conducted
the numerical analysis over the design evaluation of solar
tower receiver under different parameters. The authors
ascertained that material evaluation helps the solar tower
receiver generate the high energy. It is determined that
an appropriate selection of elevated TEHES tube materials
is important for gracing the nexus goal, i.e., Air Pollution
to Global Warming Zhengyi and Zheng [19]; Tripathi
et al., [20]; Wang and Liu [21]; Aroon [22]; Wang [23],
Girish et al., [24]. Systematic TEHES tube material selec-
tion processes require integration of optimization tech-
niques and evaluation of life cycle behaviour of materials
[11, 25]. Multidimension integral and decision-making
models encompass mathematical tools and can be utilized
to evaluate and compare distinguish alternatives for sup-
porting decision making under complex alternatives. After
conducting a literature review, the authors proposed the
TEHES material evaluation O-S dimension based model with
the defuzzification-based crisp VIKOR-FMF-dominance the-
ory approach to fulfil aforesaid research defies.

2. Fuzzy Set towards Mathematical Framing of
S-Dimensions of TEHES Tube Materials
Assessing EAI

The fuzzy set theory was introduced by Zadeh [26] to con-
tract with the problems linking to vagueness and imprecise
information. Triangular fuzzy numbers (TFNs) as presented
by [27] is used in the presented research work for grasping
ratings and weights of O-S dimensions of composite TEHES
tube materials. In the last decade, fuzzy logic has been suc-
cessfully implicated in numerous practical applications.
The fuzzy set theory works by way of engrossing numerical
entities in engineering applications. Fuzzy sets assist in data
handling and can be effectively engaged during system data
processing [28]. The decision support model or frameworks
are required to solve the issue of inserting fuzzy information
into a system. Fuzzy evidently reach towards an acceptable
range of solution after integrating series of extended opera-
tions. Fuzzy is considered as a mathematical modelling
language by the researchers to approximate situations
underlying conflicting criteria. The presented work utilized
the arithmetic operations of triangular fuzzy numbers based
on extension principle [29, 30].

Definition 1 (see Zadeh [26]). Fuzzy number. If a fuzzy set A
on the universe R of real numbers satisfies the following con-
ditions, we call it a fuzzy number.

(1) A is a convex fuzzy set

(2) There is only one x0 that satisfies f Aðx0Þ = 1
(3) f AðxÞ is continuous in an interval

Based on the extension principle, we can derive the
arithmetic of fuzzy numbers as shown in ([30], Kaufmann

and Gupta; 1991, [29]). Definition triangular fuzzy num-
ber: let ~B = ða, b, cÞ, a < b < c, be a fuzzy set on R = ð−∞,
∞Þ. It is called a triangular fuzzy number if its member-
ship function is

μ~B xð Þ =

x − a
b − a

, if a ≤ x ≤ b,
c − x
c − b

, if b ≤ x ≤ c,

0, otherwise:

8>>>><
>>>>:

ð1Þ

Obviously, we can treat the triangular fuzzy number
~B = ða, b, cÞ as the trapezoid (a, b, b, c).

~a ⊕ ~b = a1, a2, a3ð Þ ⊕ b1, b2, b3ð Þ = a1 + b1, a2 + b2, a3 + b3ð Þ,

~a − ~b = a1, a2, a3~ð Þ − b1, b2, b3ð Þ = a1 − b4, a2 − b3, a3 − b2ð Þ,

~a ⊗ ~b = a1, a2, a3ð Þ ⊗ b1, b2, b3ð Þ = ~a ⊗ ~b

= a1 × b1, a2 × b2, a3 × b3ð Þ,

~a
~b

a1, a2, a3ð Þ
b1, b2, b3ð Þ = a1

b3
, a2
b2

, a3
b1

� �
: ð2Þ

3. Dominance Theory towards Evaluation of
EAI of TEHES Tube Materials under O-S-
Dimensions

It is probed that each decision pertaining to reduce emission
of CHH and contaminated matters fruitfully participate in
controlling the GWAP and green management. The decision
must be reliable. In worrying about such as matter, (Sahu
et al., 2019) introduced the dominance theory. The motiva-
tion of authors to explore the dominance theory in the pre-
sented research work is to serve the defuzzification-based
robust simulation-integrated technique (VIKOR-FMF) in
solving the TEHES-O-S tube material evaluation model for
assessing EAI of composite TEHES tube materials. The
dominance theory instructed the authors to suggest the
results with conducting the comparative analysis as the reli-
ability of results is a concern.

Let E = fe1, e2,⋯, eqg be the set of decision-makers in
the group decision-making process. A = fA1, A2,⋯, Amg
be the set of alternatives, and C = fC1, C2,⋯, Cng be the
set of criteria attributes. Then, the TFN-aggregated fuzzy
rating of alternatives with respect to each criterion can
be defined as

e~xijk = aij, bij, cij
� �

, ð3Þ

where

aij =
1
K
〠
K

k=1
aijk, ð4Þ
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bij =
1
K
〠
K

k=1
bijk, ð5Þ

cij =
1
K
〠
K

k=1
cijk: ð6Þ

Then, the aggregated fuzzy weight of each criterion can
be defined as

w
≈
j = wj1,wj2,wj3

� �
, ð7Þ

where

wj1 =
1
K
〠
K

k=1
wkj1, ð8Þ

wj2 =
1
K
〠
K

k=1
wkj2, ð9Þ

wj3 =
1
K
〠
K

k=1
wkj3: ð10Þ

3.1. Defuzzification. The defuzzification is the technique,
which is employed to convert the TFN fuzzy elements into
the crisp value for evaluating and comparing the alterna-
tives. [31] described the three main approaches as the
max criteria, mean of maximum, and the centre of area.

The center of gravity method to convert the triangular
fuzzy set ðA, B ; CÞ into the measured or crisp value form [31]:

A + 4B + C
6 : ð11Þ

3.2. VIKOR-Technique-1.VIKOR stands for VIseKriterijumska
Optimizacija I Kompromisno Resenje. The technique ranks
the alternatives and determines the solution named compro-
mise that is the closest to the ideal. VIKOR as presented by
[27], is used in the presented research work for defining the
appropriate high EAI of composite TEHES tube material
alternatives, which can help for controlling the GWAP.
VIKOR considers the expert’s preference to review the
dimensions of composite TEHES tube materials [32]. The
VIKOR was recently developed as a one of multidimension
integral and decision making of the complex system, which

Table 1: Developed and proposed TEHES-O-S-composite tube material evaluation model for assessing EAI and controlling the GWAP.

Model Nature of characteristics Characteristics Symbols Units

Energy Absorbability
Index (EAI)

Objective
(O-dimensions)

Yield strength on contaminated hot heat transfer Yschht N/m2

Ultimate tensile strength on contaminated hot heat transfer Utschht N/m2

Tube material elongation on contaminated hot heat transfer % Eht %

Hardness tendency on contaminated hot heat transfer Htchht BHN

Cost C INR/kg

Corrosion rate reduction on contaminated hot heat transfer Crrchht %

Wear rate on contaminated hot heat transfer Wrchht m3/m

Subjective
(S-dimensions)

Tube material molecular excitement for heat absorbability Tmmeha Unit less

Contaminated hot heat reduction to environment Chhre Unit less

Contaminated hot heat transfer efficiency Chhte Unit less

Contaminated hot heat transfer effectiveness Chhtes Unit less

Table 2: TEHES-O-S-tube material dimensions.

Composite TEHES
tube material
evaluation

TEHES-O-S-ph tube material evaluation dimensions assessing HOI
O-ph-data S-ph-data

Yschht Utschht % Eht Htchht C Crrchht Wrchht Tmmeha Chhre Chhte Chhtes

J4 382 728 48 98 112 0.16 2.75 F-variable F-variable F-variable F-variable

JSLAUS 420 790 58 97 210 0.31 2.63 F-variable F-variable F-variable F-variable

J204Cu 415 795 55 96 120 0.05 2.5 F-variable F-variable F-variable F-variable

409 M 270 455 32 78 184 0.4 4 F-variable F-variable F-variable F-variable

J-304 256 610 60 86 89 0.01 2.59 F-variable F-variable F-variable F-variable

Table 3: The scale for assigning ratings for O-dimensions and
weights for O-S-ph-dimensions.

Linguistic Rating variables Weights variables Rating/weights

Very poor VP ML (0, 0, 3)

Poor P M (0, 3, 5)

Fair F MH (2, 5, 8)

Good G H (5, 7, 10)

Very good VG VH (7, 10, 10)
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determines the compromise ranking and the compromise
solution under initial weights [33]. The methodology formu-
lates decision-making problem followed by normalization of
decision-making information. The techniques construct
weighted decision-making matrix via determining of the pos-
itive ideal solution and the negative ideal solution of the eval-
uated stuffs. VIKOR utilized equations (12)–(18) for decision
rationalization and evaluation.

The operational rules of the trapezoidal fuzzy numbers ~a
and ~b are shown as follows Chen et al. (2005):

rij = xijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j=1x2ij
q , i = 1, 2, 3,:⋯⋯m, j = 1, 2, 3,:⋯⋯n:

ð12Þ

For beneficial attributes:

e~V
+
= e~v+

j

h i
1×n

, ð13Þ

e~V
−
= e~v−

j

h i
1×n

: ð14Þ

For nonbeneficial attributes:

e~V
+
= e~v−

j

h i
1×n

,

e~V
−
= e~v+

j

h i
1×n

,
ð15Þ

Si = 〠
n

j=1

d e~v+
j, e~vij

� �

d e~v+
j, e~vj

� � , ð16Þ

Ri =max
j

d e~v+
j, e~vij

� �

d e~v+
j, e~vj

� �
2
4

3
5, ð17Þ

Qi = ν
Si − S∗ð Þ
S− − S∗ð Þ + 1 − νð Þ Ri −R∗ð Þ

R− −R∗ð Þ , ð18Þ

where ν is introduced as weight of the strategy of the major-
ity of criteria or the maximum group utility. Rank the alter-
natives by sorting the values of in ascending order.

3.3. FMF-Technique-2. It is full multiplicative form of
MOORA [27]. It embodies the maximization as well as mini-
mization of multiplicative utility function, where overall util-
ity of ith alternative is expressed as dimensionless number,
and wi is considered as priority weights:

Ui′=
Ai

Bi
: ð19Þ

Here, denotes the product of ben Ai =
Qg

j=1xij ; i = 1, 2,
⋯,m eficial measures of the ith alternative to be maximized
with g = 1, 2,⋯, n being the number of measures to be max-
imized and Bi =

Qn
j=g+1xij ; i = 1, 2,⋯,m denotes the prod-

uct of nonbeneficial measures of the ith alternative to be
minimized with n − g being the number of measures to be
minimized.

4. Case Study

This is an empirical case study of a TEHES production com-
pany, located at the north part of India. The manager of said
company had received an order from one of the ECM (Elec-
trical Discharge Machine) workshop/lab to design TEHES
of such as material, which has high EAI. The material has
capability to absorb or extract the heat from exiting toxic
hot soap-linseed-kerosene water coolant after finishing each
ECM machining operation, so that after cooling, ECM fluid
(due to passing through TEHES) can be reused for machin-
ing of the next part. Therefore, the manager of the case
study company has instructed the designer for designing
TEHESs by mapping the EAI of composite TEHES tube
materials under O-S dimensions. The developed and pro-
posed TEHES-O-S-tube material evaluation model for
assessing an EAI of composite TEHES tube material is
shown in Table 1.

Table 5: Fuzzy weight vs. TEHES-O-S-tube material dimensions for assessing EAI.

O-S-dimensions Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Expert 7 Expert 8 Expert 9 Expert 10
Aggregated
fuzzy weight

Yschht ML M H MH VH M MH VH ML H (2.80, 5.00, 7.20)

Utschht H H MH H ML H H ML H MH (3.10, 5.10, 7.70)

% Eht VH H VH M VH H M VH VH VH (3.80, 6.00, 7.60)

Htchht M M H H H M H H M H (2.50, 4.70, 7.30)

C ML ML ML M M ML M M ML ML (1.40, 3.40, 5.70)

Crrchht H VH MH H MH VH H MH H MH (2.80, 5.20, 7.70

Wrchht M ML M M ML ML M ML M M (0.00, 1.80, 4.20)

Tmmeha ML ML M M ML M M ML ML ML (0.00, 1.50, 4.00)

Chhre VH MH H MH VH H MH H MH ML (4.20, 6.80, 9.20)

Chhte ML M M ML ML M ML M M ML (0.00, 1.80, 4.20)

Chhtes ML ML M M ML M M ML ML ML (0.00, 1.50, 4.00)
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4.1. The Further Steps Are Depicted Here. Step 1. 100 experts
pertaining to different cross-functional departments of said
case study company voluntarily participated in that context
and provided valuable insights. The Research and Develop-
ment RND body of company had introduced five alloy
composite materials such as J4, JSLAUS, J204Cu, 409 M,
and J-304 for assessment and evaluation of EAI under

O-S-dimensions depicted in Table 1. The cost and other
parameters/characteristics of J4, JSLAUS, J204Cu, 409 M,
and J-304 alloy composite material are presented corre-
sponding to alternative composite TEHES tube materials
in Table 2.

Step 2. After finalizing the set of TEHES composite tube
materials, two members from each depicting departments

Table 8: Computed values of linking TEHES-O-S-tube material dimensions for assessing EAI.

O-S-dimensions J4 JSLAUS J204Cu 409 M J-304

Yschht 0.232 0.000 0.031 0.915 1.000

Utschht 0.197 0.015 0.00Si0 1.000 0.544

% Eht 0.573 0.930 0.823 0.000 1.001

Htchht 0.000 0.051 0.101 1.000 0.601

C 0.190 1.000 0.256 0.785 0.000

Crrchht 0.384 0.769 0.102 1.000 0.000

Wrchht 0.168 0.088 0.000 1.001 0.061

Tmmeha 0.015 0.000 1.000 0.015 0.480

Chhre 0.930 0.823 0.000 0.930 0.333

Chhte 0.051 0.101 1.000 0.051 0.300

Chhtes 0.417 0.399 0.379 0.607 0.417

Table 6: Computed defuzzified crisp values of TEHES-O-S-tube material dimensions for assessing EAI.

O-S dimensions
Defuzzified priority

weights/weight crisp value
Defuzzified appropriateness ratings/rating crisp value

J4 JSLAUS J204Cu 409 M J-304

Yschht 5.0 0.00 0.00 0.00 0.00 0.00

Utschht 5.2 0.00 0.00 0.00 0.00 0.00

% Eht 5.9 0.00 0.00 0.00 0.00 0.00

Htchht 4.8 0.00 0.00 0.00 0.00 0.00

C 3.5 0.00 0.00 0.00 0.00 0.00

Crrchht 5.2 0.00 0.00 0.00 0.00 0.00

Wrchht 1.9 0.00 0.00 0.00 0.00 0.00

Tmmeha 1.7 3.2 3.9 5.5 0.5 3.2

Chhre 6.8 5.5 3.9 3.3 2.8 5.5

Chhte 1.9 3.2 5.0 5.0 5.0 3.2

Chhtes 1.7 4.1 6.6 7.2 7.2 4.1

Table 7: Computed normalized values of TEHES-O-S-tube material dimensions for assessing EAI.

O-S-dimensions J4 JSLAUS J204Cu 409 M J-304

Yschht 0.480 0.528 0.522 0.339 0.322

Utschht 0.473 0.514 0.517 0.296 0.397

% Eht 0.416 0.503 0.477 0.277 0.520

Htchht 0.480 0.475 0.470 0.382 0.421

C 0.333 0.625 0.357 0.548 0.265

Crrchht 0.300 0.581 0.094 0.750 0.019

Wrchht 0.417 0.399 0.379 0.607 0.393

Tmmeha 0.480 0.475 0.470 0.382 0.480

Chhre 0.333 0.625 0.357 0.548 0.333

Chhte 0.300 0.581 0.094 0.750 0.300

Chhtes 0.417 0.399 0.379 0.607 0.417
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such as environmental, heat analysis, design, safety, and pro-
duction of case study company were invited to choose a lin-
guistic variable scale for assigning rating against only S
dimensions of TEHES composite tube materials. The
expert’s panel elected a five-point TFN scale, shown in
Table 3 for modelling S-dimensions. The appropriateness
ratings or quotation against only O tube material dimen-
sions was proposed vs. five alternative composite TEHES
tube materials, i.e., J4, JSLAUS, J204Cu, 409 M, and J-304
by RND, and finally, data of O is mixed with S tube material
dimensions to formulate problem, shown in Table 2.

Step 3. Later, the appropriateness subjective ratings
against S-tube material dimensions and priority weights
against all O-S-ph tube material dimensions, assigned by
experts, are revealed in Tables 4 and 5.

Step 4. After evaluating TFN variables from the expert’s
panel, equations (5) and (9) were used to aggregate the fuzzy
set and formulate the TEHES composite tube material eval-
uation problem, revealed in Tables 4 and 5. Next, the fuzzy
data is transformed into crisp value or defuzzified by using
equation (11), revealed in Table 6.

Step 5. The normalization of dimensions of TEHES com-
posite tube materials is carried out by using equation (12);
the computed values are shown in Table 7. Next, the values
of Si linking decision measures are computed by using equa-
tions (14)–(16), revealed in Table 8, and Qi is determined by
using equations (17) and (18), revealed in Table 9.

Step 6. Next, the full multiplicative form, equation (19),
was applied on normalized values of Table 7 and multiplied

with weights to evaluate the preference orders of TEHES
composite tube materials. The results are shown in Table 10.

Step 7. It is discussed that reliability of results is a major
concern in the presented research forum. The J4 TEHES
composite tube material had the rich EAI under TEHES-
O-S-dimensions to control GWAP, which is computed by
application of dominance theory. The results are shown in
Table 10.

Table 10: Tabulated cumulative values EAI with rankings.

Energy Absorbability Index
(EAI) of alternatives

Si Ri
Performance index

ν = 0:5ð Þ Ranking Performance index Ranking Comparative analysis
Dominance theory

VIKOR-technique FMF-technique

J4 1.214 0.487 0.0511 1 0.0019 1 1

JSLAUS 1.820 0.791 0.5886 3 0.0013 3 3

J204Cu 0.958 0.700 0.2917 2 0.0015 2 2

409 M 3.465 0.795 0.9228 5 0.0010 5 5

J-304 2.325 0.852 0.7727 4 0.0012 4 4

1
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Figure 1: Crisp VIKOR application for evaluating EAI of
TEHES tube materials under TEHES-O-S-tube material evaluation
dimensions.

Table 9: Computed weight stabilize values of Si linking TEHES-O-S-tube material dimensions for assessing EAI.

O-S-dimensions J4 JSLAUS J204Cu 409 M J-304

Yschht 0.154 0.000 0.020 0.606 0.662

Utschht 0.132 0.010 0.000 0.668 0.364

% Eht 0.487 0.791 0.700 0.000 0.852

Htchht 0.000 0.036 0.071 0.701 0.422

C 0.063 0.333 0.085 0.262 0.000

Crrchht 0.306 0.612 0.081 0.795 0.000

Wrchht 0.073 0.038 0.000 0.434 0.027

Tmmeha 0.154 0.000 0.020 0.606 0.662

Chhre 0.132 0.010 0.000 0.668 0.364

Chhte 0.487 0.791 0.700 0.000 0.852

Chhtes 0.000 0.036 0.071 0.701 0.422
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5. Discussions and Result
Graphical Representations

The evaluation and selection of high EAI of composite
TEHES tube material under umbrella of O-S-tube material
dimensions (to reduce CHH loss) are ascertained as the
complex and difficult task. As it is investigated by TEHES
designers and researchers that preferable alternative selec-
tion is not a straightforward process as the acquired results
can be sensitive, it is critical and leads to system success or
failure. It is determined that unsuccessful elected composite
TEHES tube materials not only increase the emission of
CHH loss towards environment during toxic fluid circula-
tion across TEHESs but also increase the manufacturing cost
and unnecessarily maintenance costs and causes of GWAP.

Nowadays, companies are attempting to design their
TEHESs in such a way, where TEHESs can reduce the GWAP
by maximizing heat transfers between two toxic fluids with
zero CHH emission, rich efficiency (good output), etc. The
same can be achieved by engrossing and selecting the high
EAI composite TEHES tube material, technologies, means,
new products into existing manufacturing systems, said by
([1, 9, 10, 34]. The same is attempted in the presented research
work as discussed.

In the presented research work as we discussed, a mixed
mathematical modelling of the O-S (objective-subjective-)
dimension model with an integrated approach embedded
with dominance theory is proposed for evaluating the EAI
of composite TEHES tube material to control and minimiz-
ing GWAP and green management vice vera. As a part of
analysis, in the case study (Section 4), the designer was
requested to use J4 from available materials such as JSLAUS,
J204Cu, 409 M, and J-304 from green management and eco-
nomic perspectives to build TEHES for extracting the heat
from exiting toxic hot soap-linseed-kerosene water coolant
after finishing each ECM operation. The results are tabu-
lated in Table 10, the graphical representation (Figures 1
and 2) depicted the results, and however, dominance tech-
nique is applied additional for obtaining accurate results as
discussed.

6. Conclusion

The evaluation of high EAI-composite TEHES tube material
and then selection under O-S-tube material dimensions
(mixed modelling) is a crucial phase. The appropriate high
EAI-composite TEHES tube material evaluation and selec-
tion under both dimensions (mixed modelling) leads towards
the success of TEHES production companies. In the pre-
sented research work, the efforts are implicated to develop
and propose a TEHES-O-S-tube material evaluation model
for assessing EAI and economically electing efficient TEHES
tube material from available domains under O-S-ph dimen-
sions. In the presented research work, the same is targeted
by the authors by assessing the high EAI of TEHES compos-
ite TEHES tube material under TEHES-O-S-tube material
dimensions. As discussed, the proposed TEHES-O-S-tube
material evaluation model for assessing EAI consisted of five
grades of TEHES composite tube materials, i.e., J4, JSLAUS,
J204Cu, 409 M, and J-304. The RND department proposed
materials to TEHES designer to examine them and assess that
which is the best to fabricate TEHES under seven TEHES-O-
tube material evaluation dimensions, i.e., Yschht, Utschht, %
Eht, Htchht, C, Crrchht, and Wrchht in conjunctive with
four TEHES-S-tube material evaluation dimensions, i.e.,
Tmmeha, Chhre, Chhte, and Chhtes. The solution is found
by using integrated crisp-FMF-VIKOR techniques with
dominance theory, where Yschht, Utschht, Htchht, Tmmeha,
Chhre, Chhte, and Chhtes replicate beneficial dimension and
% Eht, C, Crrchht, and Wrchht replicate nonbeneficial
dimension. After the technical steps of integrated FMF-
VIKOR techniques, it is found that TEHES-tube material J4
is prioritized as the best alternative on the application of crisp
VIKOR and the next same alterative is also suggested on the
application of crisp FMF. To conformity, the dominance the-
ory is implicated to respond towards significant alternative
TEHES-tube material evaluation; therefore, dominance the-
ory also concluded same J4 alternative material. The case
study company is advised to choose J4 to fabricate TEHES,
has high EAI under mixed modelling (O-S) dimensions,
and shall be fine for extracting the heat from exiting toxic

0.0019

FMF-Technique
0.002

0.0018
0.0016
0.0014
0.0012

0.001
0.0008
0.0006
0.0004
0.0002

0
J4 JSLAUS J204Cu 409M J-304

0.0013

0.0015

0.001
0.0012

FMF-Technique

Figure 2: Crisp-FMF application for evaluating EAI of TEHES tube material under TEHES-O-S-tube material evaluation dimensions.
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hot soap-linseed-kerosene water coolant after finishing each
ECM operation. The research work provided the two innova-
tive solutions to TEHES designers such as choose the eco-
nomic/cost TEHESs and initiate to green management
(reducing minimizing the GWAP). From future perspective,
the forthcoming or advanced materials to be tested for fabri-
cating the TEHESs can be investigated under proposed
model (O-S) dimensions on replacement of O-S data.
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Coals are employed as fiery substance, and every day, millions of ton coal are consumed by coal users around the world. It is
investigated that the millions of coal’s transportation/logistic till the coal user plants via road route and also inside the coal
user plants (known as twice factors) not only enhance the air pollution but also cause the global warming. It is earlier known
that coals emit the toxic pollutants and offensive gases such as sulfur dioxide, SO2; nitrogen oxides, NOX; hydrogen chloride
arsenic; carbon monoxide, CO; methane; CH4; and CO2 on reacting with environmental O2 due to said twice factors, i.e.,
during the transportation from coal refinery spot to entry gate of coal user plants (another spot) and in process
logistic/movement inside the coal user plants (loading to conveyor to coal fire tubes “attached with coal crushers”). Therefore,
the coal refinery technique/process is found as the best practice to control air pollution under concerns of twice factors. The
reliable and trustworthy coal refining technology improves the quality of coal by eradicating or eliminating the coating or
layers of toxic particles from coal’s surface, which speedily crumble or decompose in reacting with environmental O2 under
twice factors. As results, coal refining technology adds the green supply chain value into proposed twice factors and also save
the world from breeding of ills and viruses. It is understood that the best coal refinery technique/process helps to overcome
and reduce air pollution by responding discussed twice factors (accepted as research challenge and motivation of research). In
the presented research work, the authors developed and proposed a dynamic multidimension Coal Refinery Process
Absorbability Index (CRPAI) structure (consisted of coal refinery core dimension and subdimensions correspond to CRPA
alternative techniques/processes) appended with Robust Optimization Algorithm (ROA) to be explored for opting the best
CRP from available options. But due to inherent ambiguity, vagueness, and inconsistency involve in both dimensions of
proposed structure, the assessment of expert’s panel is gathered in the terms of linguistic variable “appropriateness ratings”
against the subdimensions of CRPAI structure corresponding to preferred CRP options. Next, assigned appropriateness ratings
against the subdimensions are substituted by GIVFN. To arrive to core dimensions from subdimensions of CRPAI structure, a
GITFN-OWGO (Ordered Weighted Geometric Operator) is investigated and modified as a Ordered Weighted Geometric
Average Operator (OWGAO) to be applied for estimating the weights of subdimensions (core novelty of work). Finally, a ROA
(consisted of MULTI-MOORA with dominance theory) is applied on the output of OWGAO for opting the viable and best
CRP option. The positive effect of the dynamic multidimension CRPAI structure is that it helps the coal refinery companies to
assess measure and evaluate the best and feasible coal refinery process under concern of twice factors using expert information.
The research can be used to control the air pollution by responding aforesaid twice factors by single practice (the best coal
refinery process/technique assessment and evaluation).
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1. Introduction and State of Art

The CO2 is ascertained as the foremost carbon intensive,
which is accountable for more than 72% climate altering
phenomenon and major source of air pollution and global
warming vice versa. Today, coals are employed as burning
material across the global coal user plants. The coal is found
chemically intricate fuel as it librates flue gases, which might
contain such as sulfur dioxide, SO2; nitrogen oxides, NOX;
hydrogen chloride arsenic; carbon monoxide, CO; methane;
CH4; and carbon dioxide, CO2 [1–10]. Every day, millions of
ton coal are fired by coal user plants. It is noticed that coal
becomes extremely low contaminated/toxic gas emitter from
coal refinery location/spot to entry gate of coal user plants
and also throughout the logistic of coal inside the coal user
plants if coal refinery is carried with best practices and tech-
nique at inception. Therefore, coal refinery is searched as the
preeminent practice amongst many green practices to clean
the environment and control air pollution. The coal refinery
is respected as ecological balancer in the world, which func-
tion is to refine the coal to eliminate further air pollution ([6,
11–15]; CURC 2004; [1–5, 7–10, 16, 17]).

Refined coals are the burnable goods, which are pro-
duced by application of a coal-upgrading practices-technol-
ogy, which eliminate the moisture and certain pollutants
from surface of coal stone and add the calorific values. Coal
refining is precombustion treatments or processes, which
changes the characteristics of coal prior to move is to be
burned. In India nation, the coal refinery company use, such
as dynamic process, is exhibited here: crushing and break-
ing—crushing and breaking devices are feeder breakers,
rotary breakers, hammer mills, and roll crushers. Sizing the-
m—it is sizing the coal under 20 to 45mm diameters. Stor-
age and stockpiling—coal is stored in silos or stockpiled
before and after cleaning. Spherical, cylindrical, conical silos,
or stockpiled is used. Density separation—coal is cleaned by
separating the lower density organic material from the
higher density by falling it from high 7-10m height to earth.
Washing—washing is done by quenching algorithm and
passing through flowing water. Coal drying—thermal drying
is lastly carried out by using container, drying in open over-
cast by sun to reduce the moisture content.

In investigating the CRPAI research documents (RDs),
the authors found the many RDs in relation to analyzing
the coal supplier performance and materializing the coal
emission quantities around the coal user plants. So few
RDs are found, dealt with mapping CRPAI under core
dimension modeling by certain or quantitative data (except
core dimension modeling by uncertain or qualitative data).
In addition to that, few CRPA index documents are also
grasped, dealt with CRPAI, but constrained to consider the
core dimension (except both: core and subdimension simul-
taneously) [2–4, 7, 9, 16].

Furthermore, in investigating the RDs against ROAs, the
authors determined that most of the Absorbability Index
evaluation RDs dealt with the single optimization algorithm
(could tackle certain data vs. core dimension only). The
authors were not found still relevant research document,
especially dealt with dynamic multidimension CRPAI struc-

ture (consisted of coal refinery core dimension and subdi-
mensions correspond to CRPA alternative processes) with
ROAs (can tackle uncertain/qualitative data vs. both: core
and subdimension only) to be used for opting the best CRP
from available options. Therefore, the aforesaid research
gaps motivated the authors to develop and propose a
dynamic multidimension CRPAI structure (consisted of coal
refinery core dimension and subdimensions) with ROA to
opt the best CRP from available options under linguistic
information of expert’s panel.

To construct a dynamic multidimension CRPAI struc-
ture in addressing the qualitative modeling of core and sub-
dimension simultaneously (CRPAI structure) and finding
ROAs, the authors conduct a few literature surveys under
aforesaid concerns:

1.1. A Literature over Framing the Dynamic Multidimension
CRPAI Structure. [18–21], and [22] outlined the nature of
the wastes; waste generating industries; waste characteriza-
tion; health and environmental implications of waste man-
agement practices; steps towards planning; design and
development of models for effective hazardous waste man-
agement; and treatment, approaches, and regulations for dis-
posal of hazardous waste. Evaluation of the entire situation
with reference to Indian scenario has been attempted in
order that a better cost-effective strategy for waste manage-
ment be evolved in the future. [23] proposed a decision
model based on environmental performance indicators,
which supported decision-making in supply chains in pres-
ence of environmental considerations. [24] implemented
IVFN-TOPSIS (interval-valued fuzzy number-Technique
for Order Preference Similar to Ideal Solution) approach in
purpose to find out preference orders of manufacturing
alternative firms in context of green supply chain manage-
ment. [25] articulated an innovative, quantitative assessment
of pollution avoidance attributable to environmental regula-
tion enforced through integrated licensing, using Ireland’s
pharmaceutical-manufacturing sector as a case study. [16]
argued the current coal consumption in the UK united with
ecological impacts of coal mining, coal processing, and coal
utilization for power generation. [7] shown impact of coal
mining on land, water, health of workers, air, and social
impact on surrounding villages and cities have evaluated.
In addition to that, environment management plan of coal
mining has also enlarged. [9] carried out a coal mining pro-
ject in northwestern Bangladesh country in order to appraise
the impacts of coal mining on the surrounding environment
specifically on soil and water. The research of [26] was con-
ducted to seek the miscellaneous paths to preserve the envi-
ronmental and also put the environment out of fewer
emission of carbon dioxide. The countless several conducted
state of arts have been depicted as a citation in order that
readers could seek the other way to diminish the universal
warming issues in planet world ([1, 2, 8, 10, 17, 27–29]; Sahu
et al., 2012; Sahu et al., 2013; [7, 30]a, b; [9, 22]).

Kalibatas and Turskis 2008 and [26] have also formed
miscellaneous decision support system in context of
manufacturing realm. [31] thermally treated the petroleum
coke in the range of 1173–1673K. The changes of the
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composition and crystalline structure of petroleum coke
were investigated. ([11, 14, 15]; ; [1–10, 13, 16, 17, 24, 30]
a, b) worked to reduce air pollution by applying multivari-
able optimization methods. Venugopal et al. [32] stimulate
the need for developing native solutions against the indus-
trial challenges and revealed the importance of coal industry
and coal washing process. Dhawan et al. [33] conducted an
experiments for investigating the process parameters of cat-
alytic coke pretreatment processes parameters. Sitorus et al.
[34] applied a hybrid MCDM method to evaluate the coal
mining and mineral processing units and discussed the path-
ways and future research directions of the proposed MCDM
method. Pourabdollah et al. [35] studied the effect of ther-
mal operation parameters against the graphitization of
ethane-based catalytic coal. Dhawan et al. [36] investigated
the usage of the catalyst K2CO3 over raw coal and the use
of KCO3 over the raw coal as well as help to extract the
CO2 gas from raw coal. Shukla et al. [37] studied about the
emission level of CO2 in India from coal. Various advanced
methods for capturing CO2 are highlighted.

1.2. Literature over Framing the ROAs. [38] explored the
application of multiobjective optimization on the basis of
ratio analysis (MOORA) algorithm to solve different
decision-making problems as frequently encountered in the
real-time manufacturing environment. Six decision-making
problems have been solved to prove the applicability, poten-
tiality, and flexibility of this algorithm while solving various
complex decision-making problems in present day
manufacturing environment. [39] implemented the
MOORA algorithm for solving multiple criteria (objective)
optimization problem in milling process. Six decision-
making problems which include selection of suitable milling
process parameters in different milling processes are consid-
ered, and the obtained results almost match with those
derived by the previous researchers which prove the applica-
bility, potentiality, and flexibility of this algorithm in
manufacturing environment subsequently. Sahu et al. 2012,
Sahu et al. 2013, [30] a, b, [9, 22] have conducted research
in context of environmental subdimensions, which have
been viewed as a case study. Sahu et al. [24] applied a
weighted geometric aggregation operator on robot evalua-
tion model to score the industrial value of robots. Bu et al.
[40] proposed a GWmZd model consisted of green vendor
evaluation parameters and solved it by knowledge-based
grey-holistic technique with dominance theory for sustain-
able vendor evaluation. He et al. [41] proposed an advanced
manufacturing machine tool evaluation model under objec-
tive information and solved it by grey relational analysis
approach with dominance theory.

1.3. Summary of State of Art. As discussed, the authors only
highlighted so few relevant literatures with brief description
and cited more RDs to shorten research work. After litera-
ture survey, the authors consolidated the relevant CRPAI
core and subdissensions and framed a dynamic multidimen-
sion CRPAI structure (consisted of coal refinery core dimen-
sion and subdimensions). In addition to that, the authors
found a most significant ROA (MULTI-MOORA) and

enable same to opt the best CRP from available options
under linguistic information of expert’s panel. But searched
ROA was able for qualitative modeling of core dissensions.
By using concept of fuzzy average rule, the authors made
ROA able to tackle core and subdissensions simultaneously
by introducing modification in the OWG operator (in previ-
ous researches, operator was able to act for qualitative
modeling of only core level dimension). Moreover, on focus-
ing over the most recent research of Bu et al. [40] and He
et al. [41] for obtaining the reliable results, the authors
applied the dominance theory for the comparison amongst
the CRPAI preferences, provided by ROA.

2. Rationale to Conduct the Research

Coal pollutants mixed into the atmosphere, which disorder
the ecosystem, are shown in Figure 1 ([38, 39, 42–47]; Sahu
et al., 2012; Sahu et al., 2013; [30] a, b; [9, 22]).

As discussed, twice factors (transportation from coal
refinery spot to entry gate of coal user plants (another spot)
and in process logistic/movement inside the coal user plants
(loading to conveyor to coal fire tubes attached with coal
crushers)) push the attention of authors to conduct the
research work in the context of CRP. The authors found a
preresearch clue to overcome and control the air pollution
and global warming vice versa ([25, 48, 49]; Sahu et al.,
2012; Sahu et al., 2013; [30] a, b; [22]).

Later, the authors preaudited the RDs of CRPAI and
ascertained that there are still no RDs pertaining to CRPAI
structure, which can deal with the qualitative modeling of
both core and subdimensions. Up next, the authors found
that there are a few RDs related to evaluation of CRPAI by
executing single optimization algorithms (SOAs) with the
OWG operator (operator was able to act for qualitative
modeling of only core level dimension). The authors claimed
that there is no RD yet, which can tackle subdimensions of
CRPAI structure under qualitative modeling in application
of the OWG operator appended with ROAs ([30, 50–52]c,
e).

Therefore, the aforesaid rationale stimulated the authors
to develop and propose a dynamic multidimension CRPAI
structure (consisted of coal refinery core dimension and sub-
dimensions) with constructing ROAs (MULTI-MOORA
with modification of OWG operator by average fuzzy rule)
with application of dominance theory (Bu et al., [40] and
He et al., [41] for evaluation of the best CRP from available
options under the linguistic information of expert’s panel.
This proposed research work would assist the managers to
identify the best CRP practice and technique or to opt viable
CRPs amongst preferred CRPs.

3. Rationale to Implement Interval-Valued
Fuzzy Number Set (IVFNs) than Other Fuzzy
Number Set

In the present context, authors fruitfully implemented IVFN
except other fuzzy numbers, as IVFN deals with completely
unknown information. In IVFNs, fuzzy membership func-
tion values are intended in between 0 and 1, aligned over
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two boundaries (upper level ðUUÞ and lower level ðULÞ of
membership function. The considered boundaries also
undertake the space between ðUuÞ and ðULÞ and can tackle
the imprecise, haziness, and vagueness associated with infor-
mation of expert panel against defined core-subdimensions
([46, 50, 51, 53, 54]; Sahu et al., 2013; [30]), while other fuzzy
numbers only deal with the single boundary, which not at all
prove to engrave the imprecise, haziness, and vagueness
associated with information of expert panel. Consequently,
due to aforementioned rationale, IVFN is used for qualita-
tive modeling of defined both dimensions (expert panel’s
information) for making the verdict [52, 55–59].

4. Fuzzy Preliminaries

Fuzzy sets and fuzzy logic are powerful mathematical
tools, employed for modeling uncertain systems or qualita-
tive information. A fuzzy set is an extension of a crisp set.
A crisp set only allows full membership or nonmember-
ship, while fuzzy sets allow the partial membership. The
theoretical fundaments of fuzzy set theory are overviewed
by [52, 55, 57–61]. This section presents the generalized
interval-valued trapezoidal fuzzy numbers. In addition,
the arithmetic operations and aggregation of the general-
ized interval-valued trapezoidal fuzzy numbers are as
follows.

4.1. The Generalized Trapezoidal Fuzzy Numbers. A fuzzy set
~A in a universe of discourse X is characterized by a member-
ship function μ~AðxÞ which associates with each element x in
X a real number in the interval [0, 1]. The function value
μ~AðxÞ is termed the grade of membership of x in ~A. A trap-
ezoidal fuzzy number can be defined as ~A = ða1, a2, a3, a4 ;
w~AÞ as shown in Figure 2, and the membership function

μ~AðxÞ: R⟶ ½0, 1� is defined as follows:

μ~A xð Þ =

x − a1
a2 − a1

×w~A, x ∈ a1, a2ð Þ,

w~A, x ∈ a2, a3ð Þ,
x − a4
a3 − a4

×w~A, x ∈ a3, a4ð Þ,

0, x∈ −∞,a1ð Þ ∪ a4,∞ð Þ:

8>>>>>>>><>>>>>>>>:
ð1Þ

Here, a1 ≤ a2 ≤ a3 ≤ a4 and w~A ∈ ð0, 1Þ.
Suppose that ~a = ða1, a2, a3, a4 ;w~AÞ and ~b = ðb1, b2, b3,

b4 ;w~BÞ are two trapezoidal fuzzy numbers, then the opera-
tional rules of the trapezoidal fuzzy numbers ~a and ~b are
shown as follows:

~a ⊕ ~b = a1, a2, a3, a4 ;w~Að Þ ⊕ b1, b2, b3, b4 ;w~Bð Þ
= a1 + b1, a2 + b2, a3 + b3, a4 + b4 ; min w~A,w~Bð Þð Þ,

~a − ~b = a1, a2, a3, a4 ;w~Að Þ − b1, b2, b3, b4 ;w~Bð Þ
= a1 − b4, a2 − b3, a3 − b2, a4 − b1 ; min w~A,w~Bð Þð Þ,

~a ⊗ ~b = a1, a2, a3, a4 ;w~Að Þ ⊗ b1, b2, b3, b4 ;w~Bð Þ = ~a ⊗ ~b

= a1 × b1, a2 × b2, a3 × b3, a4 × b4 ; min w~A,w~Bð Þð Þ,

~a
~b
=

a1, a2, a3, a4 ;w~Að Þ
b1, b2, b3, b4 ;w~Bð Þ =

a1
b4

,
a2
b3

,
a3
b2

,
a4
b1

; min w~A,w~Bð Þ
� �

:

ð2Þ

[27] introduced the center of gravity (COG) measure for
generalized trapez4oidal fuzzy numbers. Let there be a gen-
eralized trapezoidal fuzzy number ~A = ða1, a2, a3, a4 ;w~AÞ.
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Figure 1: Disordering of ecosystem from coal under twice factors.
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Then, it has its COG point ðx~A, y~AÞ, where

y~A =
w~A

a3 − a2
a4 − a1

+ 2
� �

, a1 ≠ a4

w~A

2
, a1 = a4

8>><>>:
x~A =

y~A a2 + a3ð Þ + a1 + a4ð Þ + w~A − y~Að Þ
2w~A

:

8>>>>>>><>>>>>>>:
ð3Þ

4.2. The Generalized Interval-Valued Trapezoidal Fuzzy
Numbers. Some basic concepts of IVFNs and their arith-
metic operations are discussed below:

[57] defined IVFNs and presented their extended opera-

tional rules. The trapezoidal IVFN e~A has been represented
by ([46, 50, 51, 53, 55]; Sahu et al., 2013; [30]).

e~A = e~AL
, e~AU

� �
= aL1 , a

L
2 , a

L
3 , a

L
4 ;w

Le~A
� �

, aU1 , a
U
2 , a

U
3 , a

U
4 ;wUe~A

� �� �
,

ð4Þ

Here, aL1 ≤ aL2 ≤ aL3 ≤ aL4 ,aU1 ≤ aU2 ≤ aU3 ≤ aU4 ,
e~AL

denotes the

lower IVFN, e~AU
denotes the upper IVFN, and e~AL

⊂ e~AU
.

Assume that there are two IVFNs e~A and e~B, where
e~A = e~AL

, e~AU
� �

= aL1 , a
L
2 , a

L
3 , a

L
4 ;w

Le~A
� �

, aU1 , a
U
2 , a

U
3 , a

U
4 ;wUe~A

� �� �
,

e~B = e~BL
, e~BU

� �
= bL1 , b

L
2 , b

L
3 , b

L
4 ;w

Le~B
� �

, bU1 , b
U
2 , b

U
3 , b

U
4 ;wUe~B

� �� �
:

ð5Þ

0 ≤wLe~A ≤wUe~A ≤ 1, e~AL
⊂ e~AU

, 0 ≤wLe~B ≤wUe~B ≤ 1, and e~BL
⊂ e~BU

.

From Figure 3, it can be concluded that interval-valued

trapezoidal fuzzy number e~A consists of the lower values of

interval-valued trapezoidal fuzzy number e~AL
and the upper

values of interval-valued trapezoidal fuzzy number e~AU
. The

operation rules of interval-valued trapezoidal fuzzy numbers
as given by [57] have been reproduced below.

Suppose that

e~A = e~AL
, e~AU

� �
= aL1 , a

L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �
,

ð6Þ

and

e~B = e~BL
, e~BU

� �
= bL1 , b

L
2 , b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �
,

ð7Þ

are the two interval-valued trapezoidal fuzzy numbers,
where

0 ≤ aL1 ≤ aL2 ≤ aL3 ≤ aL4 ≤ 1,

0 ≤ aU1 ≤ aU2 ≤ aU3 ≤ aU4 ≤ 1,

0 ≤we~AL ≤we~AU ≤ 1, e~AL
⊂ e~AU

,

0 ≤ bL1 ≤ bL2 ≤ bL3 ≤ bL4 ≤ 1,

0 ≤ bU1 ≤ bU2 ≤ bU3 ≤ bU4 ≤ 1,

0 ≤we~BL ≤we~BU ≤ 1, e~BL
⊂ e~BU

:

ð8Þ

(i) The sum of two interval-valued trapezoidal fuzzy

numbers e~A ⊕ e~B

e~A ⊕ ~B = aL1 , a
L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �
⊕ bL1 , b

L
2 , b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �

=

aL1 + bL1 , a
L
2 + bL2 , a

L
3 + bL3 , a

L
4 + bL4 ; min we~AL ,we~BL

� �� �
,

aU1 + bU1 , a
U
2 + bU2 , a

U
3 + bU3 , a

U
4 + bU4 ; min we~AU ,we~BU

� �� �
266664

377775
ð9Þ

(ii) The difference of two interval-valued trapezoidal

fuzzy numbers e~A − e~B

a10 a2
x

a4

w~A

a3

𝜇~ (x)A

Figure 2: Trapezoidal fuzzy number ~A.
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e~A − e~B = aL1, a
L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �
− bL1 , b

L
2, b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �

=
aL1 − bL4 , a

L
2 − bL3 , a

L
3 − bL2 , a

L
4 − bL1 ; min we~AL ,we~BL

� �� �
,

aU1 − bU4 , a
U
2 − bU3 , a

U
3 − bU2 , a

U
4 − bU1 ; min we~AU ,we~BU

� �� �
266664

377775
ð10Þ

(iii) The product of two interval-valued trapezoidal

fuzzy numbers e~A ⊗ e~B
e~A ⊗ e~B = aL1, a

L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �
⊗ bL1 , b

L
2, b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �

=
aL1 × bL1 , a

L
2 × bL2 , a

L
3 × bL3 , a

L
4 × bL4 ; min we~AL ,we~BL

� �� �
,

aU1 × bU1 , a
U
2 × bU2 , a

U
3 × bU3 , a

U
4 × bU4 ; min we~AU ,we~BU

� �� �
266664

377775
ð11Þ

(iv) The product between an interval-valued trapezoidal

fuzzy number and a constant λe~A
λe~A = λ × aL1, a

L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �
= λaL1, λa

L
2 , λa

L
3 , λa

L
4 ;we~AL

� �
, λaU1 , λa

U
2 , λa

U
3 , λa

U
4 ;we~AU

� �� �
, λ > 0

ð12Þ

(v) The division between two interval-valued trapezoidal

fuzzy numbers e~A/e~B
e~Ae~B =

aL1 , aL2, aL3, aL4 ;we~AL

� �
, aU1 , aU2 , aU3 , aU4 ;we~AU

� �� �
bL1 , b

L
2 , b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �

=
min UL� �

, min
UL

xL

� �
, max

UL

yL

� �
, max UL� �

; min we~AL ,we~BL

� �� �
,

min UU� �
, min

UU

xU

� �
, max

UU

yU

� �
, max UU� �

; min we~AU ,we~BU

� �� �
266664

377775
ð13Þ

Here,

UL =
a1

L

b1
L ,

a2
L

b2
L ,

a3
L

b3
L ,

a4
L

b4
L

� 	
,

UL =
a1

U

b1
U ,

a2
U

b2
U ,

a3
U

b3
U ,

a4
U

b4
U

� 	
,

ð14Þ

xL =min UL� �
, xU =min UU� �

, yL =max UL� �
, yU max UU� �

,

ð15Þ
and the operator “/” denotes exclusion of a certain term

from sets UL andUU .

(vi) Rising to the power of a constant λ

e~Aλ
= aL1 , a

L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �λ
� aL1

� �λ, aL2
� �λ, aL3

� �λ, aL4
� �λ,we~AL

� �
, aU1
� �λ, aU2

� �λ, aU3
� �λ, aU4

� �λ,we~AU

� �� �
ð16Þ

By considering (Equation (3)), we can define the COG

point for an interval-valued trapezoidal fuzzy number e~A = ½
e~AL

, e~AU
� = ½ðaL1 , aL2 , aL3 , aL4 ;we~ALÞ, ðaU1 , aU2 , aU3 , aU4 ;we~AU Þ �.

Firstly, Equation (3) is employed to obtain the coordinates of

the COG points for the lower and upper values of e~A, viz., ð
xe~AL , ye~ALÞ and ðxe~AU , ye~AU Þ for e~AL

and e~AU
, respectively. Sec-

ondly, the COG of ðxe~A, ye~AÞ is found as follows:

xe~A =
xe~AL + xe~AU

� �
2

,

ye~A =
ye~AL + ye~AU

� �
2

:

8>>>>>>><>>>>>>>:
ð17Þ

Let there exist an interval-valued fuzzy number.

e~B = e~BL
, e~BU

� �
= bL1 , b

L
2 , b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �
:

ð18Þ

One can define the COG point ðxe~B, ye~BÞ in the spirit of

Equation (3). The distance de~A and de~B between the origin

point and two generalized interval-valued trapezoidal fuzzy

numbers e~A and e~B
e~A = e~AL

, e~AU
� �

= aL1 , a
L
2 , a

L
3 , a

L
4 ;we~AL

� �
, aU1 , a

U
2 , a

U
3 , a

U
4 ;we~AU

� �� �
,

ð19Þ
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and

e~B = e~BL
, e~BU

� �
= bL1 , b

L
2 , b

L
3 , b

L
4 ;we~BL

� �
, bU1 , b

U
2 , b

U
3 , b

U
4 ;we~BU

� �� �
,

ð20Þ

respectively, are calculated by virtue of the Euclidean dis-
tance:

de~A =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2e~A + y2e~A

r
, ð21Þ

de~B =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2e~B + y2e~B

r
: ð22Þ

Accordingly, if de~A > de~B, then e~A ≻ e~B.
The COG coordinates can also be employed when esti-

mating the distance between two interval-valued trapezoidal

fuzzy numbers say e~A and e~B [50, 53].

d e~A, e~B� �
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xe~AL − xe~BL

� �2
+ ye~AL − ye~BL

� �2
+ xe~AU − xe~BU

� �2
+ ye~AU − ye~BU

� �2� 	
4

:

vuuut
ð23Þ

Alternatively, one can employ the following technique
(Liu and Jin, 2012):

d e~A, e~B� �
=
1
8

we~ALa1
L −we~BLb1

L




 



 + we~ALa2

L −we~BLb2
L





 



 + we~ALa3
L −we~BLb3

L




 





+ we~ALa4
L −we~BLb4L





 



 + we~AU a1
U −we~BU b1

U




 



 + we~AU a2

U −we~BU b2
U





 



 +
we~AU a3

U −we~BU b3
U





 



 + we~AU a4
U −we~BU b4U





 





0BBBBBBBB@

1CCCCCCCCA
:

ð24Þ

4.3. The Generalized Interval-Valued Trapezoidal Fuzzy
Number Ordered Weighted Geometric Average Operator
(OWGAO). [52] proposed an interesting and well-
grounded approach, named the ordered weighted average
(OWA), which enabled to aggregate the variables in terms
of their order in the set. Such an approach enables to avoid
the subjectivity arising from group decision-making. [51]
and later [24] introduced the generalized interval-valued
trapezoidal fuzzy number ordered weighted geometric
(GIFN-OWG) operator, which was able to tackle fuzzy rat-
ings at 1st level. But in the presented research work, the
(GIFN-OWGA) is merged with average fuzzy rule and mod-
ified with renaming generalized interval-valued trapezoidal
fuzzy number ordered weighted geometric average (GIFN-
OWG) operator.

Let e~Aj be a set of generalized interval-valued trapezoidal
fuzzy
numbers,-e~Ajk = ½e~AL

jk,
e~AU

jk� = ½ðaL1jk, aL2jk, aL3jk, aL4jk ; e~wAL
jk
Þ, ðaU1jk, aU2jk, aU3jk,

aU4jk ; e~wAU
jk
Þ�, with jk = 1, 2, 3,⋯, n;Ω is the set of all general-

ized interval-valued trapezoidal fuzzy numbers; ðσð1Þ, σð2Þ
,⋯, σðnÞÞ is a permutation of ð1, 2, 3, ::, nÞ, such thate~Aσðjk−1Þ ≻

e~AσðjkÞ, ∀jk = 2, 3,⋯, n. Then, we have GITF-
NOWGA: Ωn ⟶Ω, which can be employed in the follow-
ing way:

GITFNOWGAw
e~A1,
e~A2,⋯, e~An

� �
=

Qn
jk=1

e~Aσ jkð Þ
� �Wjk

∑n
jkξjk

=
Yn
jk=1

aL1σ jkð Þ, a
L
2σ jkð Þ, a

L
3σ jkð Þ, a

L
4σ jkð Þ ;we~AL

σ jkð Þ

 !
,

"

� aU1σ jkð Þ, a
U
2σ jkð Þ, a

U
3σ jkð Þ, a

U
4σ jkð Þ ;we~AU

σ jkð Þ

 !#Wjk

:

ð25Þ

Here, wjk is a weight of subdimensions to the jkth largest
variable ðjk = 1, 2,⋯, nÞ. The vector of weights can be
obtained by virtue of the following equation [62]:

wjk+1 =
Ci
n−1

2n−1
,∀i = 0, 1, 2, 3⋯ , n − 1: ð26Þ

5. The Crisp MULTI-MOORA Algorithm

The Multiobjective Optimization by Ratio Analysis
(MOORA) algorithm was introduced by [43], Sahu et al.
[24], Bu et al. [40], and He et al. [41] and extended the algo-
rithm to make it more robust as MULTI-MOORA
(MOORA plus the full multiplicative form).

The MOORA algorithm begins with matrix X where its
elements xij denote ith alternative of jth objective ði = 1, 2,
⋯,m ; j = 1, 2,⋯, nÞ. The MOORA algorithm consists of
two parts: the ratio system and the reference point approach.
The MULTI-MOORA algorithm includes internal normali-
zation and treats originally all the objectives equally impor-
tant. In principle, all stakeholders interested in the issue
only could give more importance to an objective. Therefore,
they could either multiply the dimensionless number repre-
senting the response on an objective with a significance coef-
ficient or they could decide beforehand to split an objective
into different subobjectives.

5.1. The Ratio System of MOORA. Ratio system defines data
normalization by comparing alternative of an objective to all
values of the objective:

x∗ij =
xijffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

i=1x
2
ij

q : ð27Þ

Here, x∗ij denotes ith alternative of jth objective. Usually
these numbers belong to the interval [0, 1]. These indicators
are added (if desirable value of indicator is maximum) or
subtracted (if desirable value is minimum); thus, the
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summarizing index of each alternative is derived in this way:

y∗i = 〠
g

j=1
x∗ij − 〠

n

j=g+1
x∗ij: ð28Þ

Here, g = 1,⋯, n denotes number of objectives to be
maximized. Then, every ratio is given the rank: the higher
the index, the higher the rank.

In some cases, it is often observed that some attributes
are more important than the others. In order to give more
importance to an attribute, it could be multiplied with its
corresponding weight (significance coefficient) [38, 42, 62].
When these attribute weights are taken into consideration,
Equation (28) becomes as follows:

y∗i = 〠
g

j=1
wjx

∗
ij − 〠

n

j=g+1
wjx

∗
ij, j = 1, 2,⋯, n: ð29Þ

Here, wj is the weight of jth subdimensions.

5.2. The Reference Point of MOORA. Reference point
approach is based on the ratio system. The Maximal Objec-
tive Reference Point (vector) is found according to ratios
found by employing Eq. The jth coordinate of the reference
point can be described as (rj =max x∗ij) in the case of maxi-
mization. Every coordinate of this vector represents maxi-
mum or minimum of certain objective (indicator). Then,
every element of normalized response matrix is recalculated,
and the final rank is given according to deviation from the
reference point and the Min-Max Metric of Tchebycheff:

min
i

max rj − x∗ij



 



j

0@ 1A: ð30Þ

5.3. The Full Multiplicative Form and MULTI-MOORA. [43]
proposed MOORA to be updated by the full multiplicative

form algorithm embodying maximization as well as minimi-
zation of purely multiplicative utility function. Overall utility
of the ith alternative can be expressed as dimensionless num-
ber:

Ui′=
Ai

Bi
: ð31Þ

Here, Ai =
Qg

j=1xij ; i = 1, 2,⋯,m denotes the product of
objectives of the ith alternative to be maximized with g = 1,
2,⋯, n being the number of objectives to be maximized
and where Bi =

Qn
j=g+1xij ; i = 1, 2,⋯,m denotes the product

of objectives of the ith alternative to be minimized with n − g
being the number of objectives (indicators) to be minimized.
Thus, MULTI-MOORA summarizes MOORA (i.e., ratio
system and reference point) and the full multiplicative
form.

5.4. MULTI-MOORA Algorithm Based upon Interval-Valued
Trapezoidal Fuzzy Numbers. Let E = 1, 2,⋯, e denote the eth
expert involved in a decision-making process. Suppose that
the experts provide ratings for each ith alternative against
each jth criterion with i = 1, 2,⋯,m and j = 1, 2,⋯, n. The
set of criteria can be split into two subsets, namely, those
of cost criteria, C, and benefit criteria, B. Cost criteria are
to be minimized, whereas benefit criteria are to be maxi-
mized. Each criterion can be attributed with respective
weight Wj, such that Wj ≥ 0, and ∑jW j = 1.

Step 1. Each of decision-makers constructs his own decision

matrix: ðe~Ak
Þm×n with elements e~akij = ½ðaLijk1, aLijk2, aLijk3, aLijk4 ;

wL
ijkÞ, ðaUijk1, aUijk2, aUijk3, aUijk4 ;wU

ijkÞ� being responses of alterna-
tives on criteria.

0

U
A
~~

L
A
~~

wAU
~~

wAL
~~

a1
U a1L a2U a2L a3L a3U a4L a4U

~
𝜇A(X)~

Figure 3: Interval-valued trapezoidal fuzzy numbers.
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Step 2. Individual decision matrices are aggregated by
employing the GITFNOWGA operator.

GITFNOWGAw
e~a1ij, e~a2ij,⋯, e~aKij� �

=
YK
k=1

aσ kð Þ
ij

� �wk ,∀i, j:

ð32Þ

Here, wk is the weight of the kth largest response
obtained by Equation (26) and

e~aij = aLij1, a
L
ij2, a

L
ij3, a

L
ij4 ;w

L
ij

� �
, aUij1, a

U
ij2, a

U
ij3, a

U
ij4 ;w

U
ij

� �h i
:

ð33Þ

It must be noted that Equation (21) is employed to com-

pare the values of the generalized interval-valued trapezoidal
fuzzy numbers.

Step 3. In case some of criteria involve numeric data, the
normalization has to be carried out.

e~xij = aLij1
dj

,
aLij2
dj

,
aLij3
dj

,
aLij4
dj

;wL
ij

 !
,

aUij1
dj

,
aUij2
dj

,
aUij3
dj

,
aUij4
dj

;wU
ij

 !" #
= xLij1, x

L
ij2, x

L
ij3, x

L
ij4 ;w

L
ij

� �
, xUij1, x

U
ij2, x

U
ij3, x

U
ij4 ;w

U
ij

� �h i
, j = 1, 2,⋯, n ; i = 1, 2,⋯, n:

ð34Þ

Here, dj =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

i=1∑
4
p=1ðaLijpÞ2 +∑m

i=1∑
4
p=1ðaUijpÞ2

q
, p = f1, 2

, 3, 4g for ∀j = 1, 2,⋯, n.

Step 4. The ratio system:

Table 1: Dynamic multidimension Coal Refinery Process Absorbability Index (CRPAI) structure.

Coal refinery process, (C) Dimensions; ξj Subdimensions; ξjk

Coal Refinery Process Absorbability
Index evaluation

Absorbability index on crushing and breaking process, ξ1

Effective primary breaking with low gas
emission, ξ11

Effective final breaking with low gas
emission, ξ12

Absorbability index on sizing process, ξ2
Effective machining for sizing with low

gas emission, ξ21

Absorbability index on storage and stockpiling process
and density separation, ξ3

Toxic gas emission on the stockpiling of
coal, ξ31

Emission of toxic gases on density
separation, ξ32

Absorbability index on density separation and washing
process, ξ4

Emission of toxic gases on quenching
process, ξ41

Water prequenching treatment level,
ξ42

Water final-quenching treatment level,
ξ43

Absorbability index on drying process, ξ5

Moisture drying pretreatment level, ξ42,
ξ51

Moisture drying final treatment level,
ξ51

Table 2: Nine-member linguistic terms (rating scale) and their corresponding interval-valued fuzzy numbers.

Linguistic terms Interval-valued trapezoidal fuzzy numbers

Absolutely poor, AP [(0.0, 0.0, 0.0, 0.0; 0.5), (0.0, 0.0, 0.0, 0.0; 1.0)]

Very poor, VP [(0.0075, 0.0075, 0.015, 0.0525; 0.5), (0.0, 0.0, 0.02, 0.07; 1.0)]

Poor, P [(0.0875, 0.12, 0.16, 0.1825; 0.5), (0.04, 0.10, 0.18, 0.23; 1.0)]

Fairly poor, FP [(0.2325, 0.255, 0.325, 0.3575; 0.5), (0.17, 0.22, 0.36, 0.42; 1.0)]

Medium, M [(0.4025, 0.4525, 0.5375, 0.5676; 0.5), (0.32, 0.41, 0.58, 0.65; 1.0)]

Fairly satisfactory, FS [(0.65, 0.6725, 0.7575, 0.79; 0.5), (0.58, 0.63, 0.80, 0.86; 1.0)]

Satisfactory, S [(0.7825, 0.815, 0.885, 0.9075; 0.5), (0.72, 0.78, 0.92, 0.97; 1.0)]

Very impressive, VI [(0.9475, 0.985, 0.9925, 0.9925; 0.5), (0.93, 0.98, 1.0, 1.0; 1.0)]

Absolutely impressive, AI [(1.0, 1.0, 1.0, 1.0; 0.5), (1.0, 1.0, 1.0, 1.0; 1.0)]
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The normalized values are added up for the benefit cri-
teria and subtracted for the cost criteria:

RSi =〠
j∈B

e~xij −〠
j∈C

e~xij = RSLi1, RS
L
i2, RS

L
i3, RS

L
i4 ;w

L
RSi

� �
,

h
� RSUi1, RS

U
i2, RS

U
i3, RS

U
i4 ;w

U
RSi

� �i
:

ð35Þ

Here, RSi denotes the overall utility of the ith alternative
in terms of the ratio system. The alternatives are then ranked
by measuring their distances from the origin point in the
spirit of Equation (21). Specially, alternatives with higher
distances receive higher ranks.

Step 5. The reference point approach:
For the sake of convenience, one can employ the Maxi-

mal Utopian Reference Point (MURP), rather than the Max-
imal Objective Reference Point. In the case of the
generalized interval-valued trapezoidal fuzzy numbers,
MURP is defined as follows:

e~rj = 1, 1, 1, 1 ; 1ð Þ, ∀j ∈ B,

0, 0, 0, 0 ; 1ð Þ, ∀j ∈ C:

(
ð36Þ

Therefore, Equations (23) and (24) can be utilized to
identify the maximal deviation from the MURP for each
alternative:

max jd e~rj, e~xij� �
: ð37Þ

Then, the alternatives are ranked by minimizing the
maximal deviances found in Equation (36).

Step 6. The full multiplicative form:
The fuzzy utility of the ith alternative is obtained by

employing Equations (12) and (14).

e~Ui =
e~Aie~Bi

: ð38Þ

Here, e~Ai =
Q

j∈B
e~xij, i = 1, 2,⋯,m denotes the product of

objectives of the ith alternative to be maximized with B being

the set of objectives to be maximized and where e~Bi =
Q

j∈C
e~xij

denotes the product of objectives of the ith alternative to be
minimized with C being the set of objectives (indicators)
need to be minimized. The alternatives are ranked in

descending order of e~Ui by employing Equation (21).

Table 3: Appropriateness ratings (in linguistic scale) against
CRPAI subdimensions assigned by EP.

θi ξij E1 E2 E3 E4 E5

θ1
ξ11 S VI M FS AI

ξ12 VI S FS M AI

θ2
ξ11 FS S S S S

ξ12 S S FS S S

θ3
ξ11 S S S VI VI

ξ12 S S S VI VI

θ4
ξ11 M M M M M

ξ12 M M M M M

θ1 ξ21 FS S FS S FS

θ2 ξ21 FP M M M M

θ3 ξ21 FS S FS FS FS

θ4 ξ21 S S VI VI S

θ1
ξ31 AI AI AI VI VI

ξ32 AI AI AI VI VI

θ2
ξ31 S VI VI VI VI

ξ32 S VI VI VI VI

θ3
ξ31 FS S S S S

ξ32 FS S S S S

θ4
ξ31 S S S VI VI

ξ32 S S S VI VI

θ1

ξ41 M M S VI M

ξ42 M M S VI M

ξ41 M M S VI M

θ2

ξ41 FS S M M FS

ξ42 FS S M M FS

ξ43 FS S M M FS

θ3

ξ41 FP M S S M

ξ42 FP M S S M

ξ43 FP M S S M

θ4

ξ41 S FS M M FS

ξ42 FS S M M FS

ξ43 FS S M M FS

θ1
ξ51 AI AI AI VI VI

ξ52 VI AI AI AI VI

θ2
ξ51 S VI S VI VI

ξ52 S VI S VI VI

θ3
ξ51 FS S S FS S

ξ52 FS S S FS S

Table 3: Continued.

θi ξij E1 E2 E3 E4 E5

θ4
ξ51 S S S VI VI

ξ52 VI S S S VI
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Step 7. The dominance theory ([45], [40], [41]) is employed
to aggregate the ranks, provided by respective parts of
MULTI-MOORA.

6. Empirical Research

In the presented research forum, the authors developed a
standard dynamic multidimension Coal Refinery Process
Absorbability Index (CRPAI) structure by conducting the
real CRP audit and the prior state of arts and proposed the
same to CRP companies for finding the best CRP techni-
que/practice to control further air pollution-global warming
under discussed twice factors, shown in Table 1.

To simulate the CRPAI, the authors used modified
OWGA operator with application of the MULTI-MOORA
algorithm embedded with dominance theory. To validate
the CRPAI, the authors solved a problem of a CRP company,
existing north part of India. The CRP company wanted to

evaluate and finalize a reliable CRP alternative amongst
available (θ1, θ2, θ3, and θ4) for controlling further air pollu-
tion, occurs due to discussed twice factors. For data model-
ing of the subdimensions of CRPAI, a board of five highly
experience decision-makers E1, E2 ,E3 ,E4, and E5 are evalu-
ated from the inventory, production, and environmental
departments of CRP (case study) company. Next, the
expert’s panel is invited to sight, audit, and assess the

Table 4: Computed aggregated fuzzy ratings against CRPAI subdimensions ðξjÞ.

ξj θi Aggregated fuzzy ratings against CRPAI subdimensions; ξj

ξ1

θ1 [(0.764,0.796,0.856,0.877,0.500),(0.706,0.765,0.887,0.928,1.000)]

θ2 [(0.774,0.804,0.869,0.890,0.500),(0.716,0.772,0.901,0.947,1.000)]

θ3 [(0.830,0.864,0.917,0.933,0.500),(0.779,0.837,0.944,0.979,1.000)]

θ4 [(0.625,0.661,0.742,0.770,0.500),(0.550,0.621,0.781,0.840,1.000)]

ξ2

θ1 [(0.688,0.697,0.715,0.721,0.500),(0.671,0.688,0.724,0.736,1.000)]

θ2 [(0.389,0.437,0.522,0.552,0.500),(0.308,0.395,0.564,0.633,1.000)]

θ3 [(0.657,0.659,0.662,0.663,0.500),(0.654,0.657,0.664,0.666,1.000)]

θ4 [(0.830,0.864,0.917,0.933,0.500),(0.779,0.837,0.944,0.979,1.000)]

ξ3

θ1 [(0.983,0.995,0.998,0.998,0.500),(0.978,0.994,1.000,1.000,1.000)]

θ2 [(0.937,0.974,0.986,0.987,0.500),(0.916,0.967,0.995,0.998,1.000)]

θ3 [(0.718,0.743,0.795,0.812,0.500),(0.668,0.717,0.820,0.857,1.000)]

θ4 [(0.830,0.864,0.917,0.933,0.500),(0.779,0.837,0.944,0.979,1.000)]

ξ4

θ1 [(0.500,0.549,0.632,0.660,0.500),(0.418,0.507,0.673,0.737,1.000)]

θ2 [(0.567,0.589,0.624,0.636,0.500),(0.525,0.570,0.641,0.666,1.000)]

θ3 [(0.479,0.525,0.609,0.639,0.500),(0.396,0.482,0.650,0.717,1.000)]

θ4 [(0.830,0.864,0.917,0.933,0.500),(0.779,0.837,0.944,0.979,1.000)]

ξ5

θ1 [(0.983,0.995,0.998,0.998,0.500),(0.978,0.994,1.000,1.000,1.000)]

θ2 [(0.937,0.974,0.986,0.987,0.500),(0.916,0.967,0.995,0.998,1.000)]

θ3 [(0.718,0.743,0.795,0.812,0.500),(0.668,0.717,0.820,0.857,1.000)]

θ4 [(0.830,0.864,0.917,0.933,0.500),(0.779,0.837,0.944,0.979,1.000)]

Table 5: Preference orders computed by ratio system analysis algorithm.

θi RSi dA≈ Preference orders

θ1 [(3.920,4.033,4.199,4.253,5.00),(3.751,3.947,4.283,4.401,1.000)] 8.582 2

θ2 [(3.603,3.778,3.986,4.052,5.00),(3.380,3.669,4.095,4.242,1.000)] 8.406 4

θ3 [(3.402,3.535,3.778,3.858,5.00),(3.167,3.411,3.899,4.075,1.000)] 8.456 3

θ4 [(3.946,4.119,4.410,4.502,5.00),(3.668,3.970,4.558,4.757,1.000)] 8.730 1

Table 6: Preference orders computed by reference point algorithm.

θi Max j d βij, βjð Þf Preference orders

θ1 0.562 3

θ2 0.644 4

θ3 0.549 2

θ4 0.476 1
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capability of alternative CRPs such as θ1, θ2, θ3, and θ4 with
high concern about the discussed twice factors. After that,
decision-makers are assisted with linguistic variable scale,
expressed 1-9 IVFN scale as shown in Table 2, so that
decision-makers can assign appropriateness ratings against
individual subdimensions.

The procedural steps are summarized below:

Step 1. Gathering information from the expert group in rela-
tion to performance ratings of different evaluation dimen-
sions and subdimensions using linguistic terms:

In order to acquire appropriateness ratings against sub-
dimensions, evaluated board expert’s panel, e.g., E1, E2, E3,
E4, and E5, instructed to assign appropriateness ratings
(evaluation score) against subdimensions (associated in pro-
posed structure), which is further transformed into IV-fuzzy
number. The appropriateness ratings (in linguistic terms)
against evaluated subdimensions assigned by the expert
panel corresponding to preferred options, e.g., θ1, θ2, θ3,
and θ4, have depicted in Table 3.

Step 2. Approximation of the linguistic evaluation informa-
tion by IV trapezoidal fuzzy numbers:

The assigned appropriateness ratings acquired in the
form of IVFNs against subdimensions, shown in Table 3,
are shifted into 1st level (core dimensions) by using modified
GITFN-OWGAO (generalized interval-valued trapezoidal
fuzzy number ordered weighted geometric average opera-
tor); In Equations (25) and (26), consequently, the problem
appeared as structure modeling, revealed in Table 4.

      ξ1 ξ1 ξ3            ξj

A
≈
� �� �

=

θ1

θ2

θ3

ξ11 ξ12 ξ13 ⋯⋯⋯ ⋯ ⋯ ⋯   ξij

ξ21 ξ22 ξ23 ⋯⋯⋯ ⋯ ⋯ ⋯ ⋯ ξij

ξ31 ξ32 ξ33 ⋯⋯⋯ ⋯ ⋯ ⋯ ⋯ ξij

2664
3775
ð39Þ

Step 3. Normalization:
After forming structure matrix, the IV fuzzy set value

against core dimensions is found out in between [0, 1] and
core dimensions were beneficial in nature, Hence, structural
matrix was not normalized with exploration of Equation
(34).

Step 4. The ratio system:
In the ratio system (RS), the values of IVFNs against core

dimensions corresponding to CRP alternative or techniques

are added up for the benefit criteria and subtracted for the
cost criteria with exploration of Equation (35); the results
are shown in Table 5. The higher scores are prioritized cor-
responds to higher preference orders.

Step 5. Reference point approach:
We define the reference point (ascertained the core

dimensions are benefit in nature)

e~ri = 1, 1, 1, 1 ; 1ð Þ: ð40Þ

Thus, the preference order of preferred CRPs is decided
in accordance to their distances from fuzzy reference points
and is computed by using Equations (36) and (37). Smaller
distances of subdimensions from fuzzy reference points are
preferred first, shown in Table 6.

Step 6. The full multiplicative form:
Eventually, Equation (38) is utilized to obtain preference

orders of CRP options in accordance to full multiplicative
form of MOORA, and the results are shown in Table 7.

Step 7. Final ranking orders by exploring of dominance
theory:

By passing through respective computational algorithms
of MULTI-MOORA: ratio system analysis, reference point,
and full multiplicative form, finally the dominance theory
([45]; [40], [41]) is implemented to summarize the prefer-
ence orders provided by three respective parts of MULTI-
MOORA computational algorithms Bu et al. [40] and He
et al. [41]. Hence, the final preference orders of preferred
CRP options are presented in Table 8.

As results, the fourth CRP practice/technique/process ð
θ4Þ is found more viable amongst preferred CRP practices/-
techniques/processes as per the subjective report of expert
panel, whereas the first CRP practice/technique/process ðθ1
Þ and subsequently ðθ3Þ are found as a second and third best

Table 7: Preference orders computed by full multification form (MULTI-MOORA) algorithm.

θi yi dA≈ Preference orders

θ1 [(0.255,0.302,0.385,0.415,0.500),(0.189,0.263,0.432,0.503,1.000)] 1.930 2

θ2 [(0.150,0.196,0.275,0.304,0.500),(0.097,0.162,0.322,0.398,1.000)] 1.908 4

θ3 [(0.135,0.165,0.234,0.260,0.500),(0.090,0.136,0.274,0.343,1.000)] 1.919 3

θ4 [(0.297,0.369,0.524,0.583,0.500),(0.203,0.305,0.621,0.772,1.000)] 1.963 1

Table 8: CRPAI of CR process.

θi
Ratio
system

Reference
point

Full multification
form

Dominance
theory

θ1 2 3 2 2

θ2 4 4 4 4

θ3 3 2 3 3

θ4 1 1 1 1
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CRP practice/technique/process. At the other end of spec-
trum, second coal partner ðθ2Þ has regrettably found as a
worst CRP practice/technique/process, and final preference
orders are depicted as θ4 ≻ θ1 ≻ θ3 ≻ θ2.

It was visibly found that ðθ4Þ CRP technique/process
would be the best to diminish the air pollution, growing uni-
versal warming and preserving the ecological balance caused
by CRPs said by ([7, 19, 20, 22, 28, 48, 63]; Langergraber).

7. Novelties of Conducted Research

(i) The authors served a research clue in the front of
CRP researchers to overcome global warming issue
by addressing the discussed twice factors

(ii) The authors proposed and developed CRPAI struc-
ture (consisted of coal refinery core dimension and
subdimensions corresponding to CRP alternative)
to diminish the air pollution

(iii) This research dealt with comprehensive qualitative
modeling of dimension and subdimensions corre-
sponding to CRP alternative using expert
information

(iv) These authors adapted and applied the three quali-
tative data optimization algorithms concurrently to
robustly opt the viable CRP [40, 41]

(v) The authors modified the IVFN-OWGA (interval-
valued fuzzy number ordered weighted geometric
average) operator by introducing the average fuzzy
rule, depicted in Equations (25) and (26), and con-
sequently, ROAs were made able to tackle core and
subdissensions simultaneously by applying the
modified OWGA operator (operator was able to
act for qualitative modeling of only core level
dimensions)

(vi) The authors applied dominance theory to conduct
robust comparison amongst the CRPAI prefer-
ences, received by the three parts of the MUTI-
MOORA algorithm [40, 41].

(vii) The modified OWGA operator can be explored in
future to tackle the extended or advanced CRP
core-subdimensions

8. Conclusions

The coal is determined as a fossil fuel, which releases the sev-
eral offensive monoparticles and high magnitude of CO2 to
the atmosphere and also causes acid rain and high tempera-
ture ([6, 11–13]; CURC 2004; [1, 20]). It is well purported by
the ecological scholars that CRP contributes in controlling
the air pollution [2, 7, 18, 19, 22, 26, 28, 48, 63]. Therefore,
to control such as air pollution and global warming vice
versa, the presented research work enrolled a dynamic mul-
tidimension CRPAI structure accompanied with the ROA
(modification of OWGAO appended with MULTI-
MOORA with application of dominance theory) algorithm

to scrutinize and benchmark the best CRP from available
options under linguistic information of expert’s panel. This
proposed research work assisted the managers to identify
the best CRP practice and technique or to opt viable CRPs
amongst preferred CRPs that will reduce the air pollution,
consequently weaken the virus and ills, and make living peo-
ple happy.

For making decision, manager can use the proposed
dynamic multidimension CRPAI structure and invite the
evaluated team of expert of own and other industries to view
the preferred CRP alternatives one by one. Next, the expert
would ask to provide the ratings against subdimensions of
CRPAI structure by using proposed linguistic variable corre-
sponding to IVFN. Next, assigned rating would be
substituted by IVFN by using OWGOA. Later, the MUTI-
MOORA algorithm would deliver results for further com-
parison by dominance theory and making final decision.
This proposed research work assists the managers of CRP
to acquire the many coal supplying orders from coal user
plants (which strictly follow the green policies). The pro-
posed research dossier helps to finalize the best CRPAI tech-
nique or CRPs amongst available for winning the discussed
twice factors such as coal logistic from coal refinery location
to entry gate of coal user power plants and in process logis-
tic/movement inside the power plants, linked to diminish
the air pollution. The wok cannot shape other problems such
as liner programming and route algorithm.
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Based on the increasingly serious formaldehyde pollution, effective degradation of formaldehyde has become a practical problem
that humans urgently need to solve. Among many treatment methods, activated carbon has the advantages of large specific surface
area, high adsorption efficiency, and uniform pore size distribution. As a kind of clean photocatalytic material for formaldehyde
degradation, titanium dioxide supported by activated carbon has become a research hotspot to develop adsorption-catalytic
materials for formaldehyde degradation. In this paper, the research progress of activated carbon and its modification, the
photocatalytic principle and modification of titanium dioxide, and TiO2/AC materials are reviewed. The results show that the
pore size distribution gradient and acidic oxygen-containing functional groups of activated carbon play key roles in the
formaldehyde adsorption process. TiO2 doped with metal ions and nonmetal ions can significantly improve the photocatalytic
activity. The TiO2/AC material can greatly improve the photocatalytic rate and achieve the technical goal of efficient and clean
degradation for formaldehyde.

1. Introduction

Relevant research shows that, with the rapid development of
economic society, decoration materials are emerging one
after another, and most of these materials (such as man-
made panels and glue paint) contain pollutants such as
formaldehyde [1, 2] which is also known as ant aldehyde,
chemical formula HCHO, molecular weight 30.03,
formaldehyde gas relative density 1.067, liquid density
0.815 g/cm3 (-20°C), melting point -92°C, and boiling point
-19.5°C. In addition to decoration materials, the bedding
(such as bedclothes and pillowcases), wardrobes, carpets,
and air fresheners we use every day also contain more or less
[3] formaldehyde which has a long release period. Indoor air
pollution [4, 5] will occur when the cumulative amount of
release exceeds a certain threshold. People spend 80% of
their time indoors on average every day [6], so the emission
of indoor air pollutants (such as formaldehyde, benzene, and
radon) will seriously endanger people’s health [7].

Low concentrations of formaldehyde which is recog-
nized as allergen source [8] can cause diseases such as eye
redness, tracheitis, and asthma, and high concentrations

can induce cerebral palsy [9]. Formaldehyde has been classi-
fied as a Category 1 carcinogen by international organiza-
tions (Word Health Organization and American Red
Cross). In addition, formaldehyde can also cause varying
degrees of harm to the nervous system, respiratory system,
and immune system of children, the elderly, and pregnant
women [10]. Formaldehyde has an inhibitory effect on the
immune system and causes decreased neutrophil respiratory
burst activity. Formaldehyde inhalation can affect the elec-
tropsychological function of the heart, resulting in bradycar-
dia, abnormal or missing P waves, and changes in R-T
interval. Apart from health effects, formaldehyde can also
reduce people’s work efficiency [11].

James et al. and Amesj et al. [12, 13] measured that the
emission factors of formaldehyde in rapeseed oil, soybean
oil, and fried vegetables were 20.1mg/kg vegetables,
18.6mg/kg vegetables, and 12.4mg/kg vegetables, respec-
tively. In 2018, Zhao et al. [14] explored the emission rates
of formaldehyde in the kitchen in the actual cooking process
by using the mass balance equation of gaseous pollutants
with natural gas as fuel. The research results showed that
the emission rates of formaldehyde in the kitchen during
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the actual cooking process were 0:876 ± 0:055 ~ 2:738 ±
0:590mg/min. Hu et al. [15] studied the release parameters
of formaldehyde in synthetic rubber, and the results are
shown in Table 1. Formaldehyde release is also affected by
environmental factors such as temperature and humidity.
From the above hazards and emission characteristics, the
treatment of formaldehyde and other indoor environmental
pollutants has become research hotspot of domestic and for-
eign scholars.

In the table, Ci stands for formaldehyde concentration,
Csi stands for formaldehyde concentration in standard state,
and EF is calculated as follows:

EF =
Csi ×V × AC

S
: ð1Þ

In recent years, researchers have been working on new
ways to remove formaldehyde. The removal method of
formaldehyde pollution can be broadly divided into two
kinds, one is the source of governance that does not use dec-
oration materials or supplies which contain formaldehyde;
the method is more convenient and does not need to put a
specific material or process in indoor, but the technical
means for the production of decoration materials without
formaldehyde are limited, so it is not realistic to remove
formaldehyde from the source. The second is posttreatment,
such as ventilation method, plant absorption method,
plasma purification method, adsorbent adsorption method,
and photocatalyst degradation method. Due to the long
release cycle of formaldehyde and being easily affected by
the season, it is not applicable to take ventilation to remove
formaldehyde in some cold areas. Green plants such as cac-
tus, Chlorophytum, and aloe [16] can remove low concentra-
tion of formaldehyde; however, its normal growth will be
affected or even withered in high concentration of indoor,
so it has little effect on absorption of formaldehyde. The
low-temperature plasma method, which refers to the use of
ions to undergo a complex reaction with the molecular
structure of formaldehyde to catalyze the degradation of
formaldehyde, is an emerging method for removing formal-
dehyde. Studies [17] have shown that this method has the
advantages of fast and efficient and can completely degrade
formaldehyde into carbon dioxide and water, but it will pro-
duce O3 and CO and other substances, and the consumption
of technology and economy is large, waiting for be further
developed. The adsorption method uses the pore size distri-
bution and surface functional groups of activated carbon
fiber (ACF) [18], activated carbon (AC) [19], and other
porous adsorbents to deal with pollutants such as formalde-
hyde, which has the advantages of easy material availability
and convenient operation. Common adsorbents include alu-
mina and zeolite molecular sieves. Photocatalytic degrada-
tion technology uses light of a certain wavelength to
irradiate photocatalyst materials to produce active species,
which participate in the reaction to degrade formaldehyde
into carbon dioxide and water, and so produces the effect
of air purification [20].

In this paper, the adsorption mechanism and modifica-
tion of activated carbon, the structure of photocatalyst

TiO2, the principle of photocatalytic reaction, and the load
and modification treatment were reviewed, and the
adsorption and degradation properties of activated carbon
and TiO2/AC for formaldehyde were analyzed and com-
pared, providing scientific guidance for the degradation
of formaldehyde.

2. Activated Carbon and Its Modification

2.1. Adsorption of Formaldehyde over Activated Carbon.
Activated carbon has the characteristics of large specific sur-
face area, fast adsorption rate, and moderate pore size distri-
bution, which has significant advantages [18] in adsorption
and separation of formaldehyde pollutants. According to
different adsorption methods, activated carbon adsorption
is divided into physical adsorption and chemical adsorption.
In the physical adsorption process, the pore size gradient
distribution determines the adsorption capacity and rate.
The large and medium pores play the role of transporting
formaldehyde molecules, and the micropores have a huge
specific surface area, which can provide enough places for
pollutants to stay. The adsorption of formaldehyde over acti-
vated carbon is mainly realized by electrostatic force, cova-
lent bond dispersion force, induction force, π-electron
polarization attraction, and hydrogen bond [21]. Chemical
adsorption refers to the chemical reaction between the car-
boxyl group and phenolic hydroxyl group in the oxygen-
containing functional group of activated carbon and the
formaldehyde adsorbate molecule, and the adsorption is rel-
atively stable and irreversible [22]. It can be seen from the

Table 1: Summary of formaldehyde emission parameters for
synthetic rubbers [15].

No. Ai T (°C) Ci (mg·m-3) Csi (mg·m-3) EF (mgm-2 h-1)

1 0.02 60.4 0.004 0.005 NDb

2 0.557 59.3 0.269 0.320 0.801

3 0.058 60.8 0.023 0.027 0.068

4 0.019 60.7 0.003 0.004 ND

5 0.509 60.2 0.245 0.293 0.730

6 0.076 60.0 0.032 0.038 0.094

7 0.145 59.3 0.066 0.078 0.195

8 0.299 59.2 0.141 0.168 0.421

9 0.063 60.6 0.025 0.03 0.075

10 0.268 60.0 0.126 0.150 0.379

11 0.051 60.9 0.019 0.023 0.058

12 0.071 60.2 0.029 0.035 0.087

13 0.042 60.7 0.015 0.018 0.044

14 0.887 59.3 0.431 0.514 1.283

15 0.064 60.5 0.026 0.031 0.077

16 0.097 59.9 0.042 0.050 0.125

17 0.053 60.1 0.020 0.024 0.060

18 0.030 60.9 0.009 0.011 ND

19 0.826 60.8 0.401 0.480 1.199

20 0.077 60.3 0.032 0.038 0.096
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physical adsorption and chemical adsorption processes of
activated carbon that the pore size distribution and surface
functional groups of activated carbon play an extremely
important role in the adsorption process of adsorbates.
Therefore, scholars at home and abroad have conducted a
lot of research on the adsorption of formaldehyde on acti-
vated carbon.

Tang et al. [23] studied the influence of activated carbon
micropores and mesopores on the adsorption performance
of formaldehyde and found that the adsorption effect of
activated carbon is positively correlated with the proportion
of micropores; when the specific surface area of the meso-
pores increases, the time to reach adsorption equilibrium
is shortened. Song [24] studied the adsorption of organic
pollutants on activated carbon from the perspective of pore
size distribution. He proposed that a better pore gradient
distribution accelerated the internal diffusion of pollutants
in the pore size of activated carbon and improved the
adsorption capacity.

It can be seen from the research of Song that although
activated carbon micropores can provide a huge specific sur-
face area, transport pores such as macropores and meso-
pores are also required. The pore size gradient affects the
adsorption capacity and rate.

In addition to exploring the effect of pore size distribu-
tion of activated carbon on adsorption performance, Lin
et al. [25] studied the influence of surface functional groups
on adsorption performance of coconut shell and woody acti-
vated carbon through dynamic penetration experiment. The
experimental results showed that the coconut shell carbon
had the highest adsorption performance for formaldehyde,
and they believed that the coconut shell carbon had a higher
content of phenolic hydroxyl and nitrogenous functional
groups on its surface. Kowalczyk et al. [26] studied the reac-
tion mechanism between functional groups on the surface of
activated carbon and formaldehyde. Formaldehyde can not
only form hydrogen bonds with functional groups but also
oxidize with carboxyl and phenolic hydroxyl groups in pore
size.

It can be seen from the previous studies that the content
of functional groups on the surface of activated carbon
determines the degree of chemical adsorption and oxidation
reaction, the large specific surface area of micropores pro-
vides sufficient physical adsorption sites for pollutants, and
the pore size distribution affects the internal diffusion ability
of formaldehyde molecules. However, activated carbon is
mainly dominated by physical adsorption, which is unstable
and desorbs under certain pressure and temperature condi-
tions, causing secondary pollution. Through the redox
method, the number and type of chemical functional groups
on the surface of activated carbon are changed, and the
physical adsorption is transformed into physical-chemical
synergy adsorption, which can effectively improve the
adsorption of formaldehyde molecules on the surface of acti-
vated carbon.

2.2. Activated Carbon Modification. The increase of acid
oxygen-containing functional groups on the surface of acti-
vated carbon can provide more chemisorption sites for

formaldehyde which is polar molecule. The acidic functional
groups can attract the free π electrons on the surface of acti-
vated carbon. When the activated carbon is treated with
alkali, the number of oxygen-containing functional groups
increases the density of π electron cloud on the surface of
activated carbon, the π − π dispersion force between the
activated carbon and formaldehyde is strengthened, and
the adsorption property of activated carbon is improved.
Researchers at home and abroad have conducted a lot of
research on the modification of activated carbon functional
groups.

He et al. [27] studied the effect of activated carbon mod-
ified by KMnO4 on the adsorption of formaldehyde through
experiments. When the concentration of KMnO4 was 2%,
activated carbon had the best adsorption performance for
formaldehyde pollutants, and they believed that this phe-
nomenon was attributed to the increased content of C=O
and C-OH. In order to further explore the dual influence
of KMnO4 concentration and heat treatment temperature
on the modification of activated carbon, Jiang et al. [28]
treated activated carbon with different KMnO4 concentra-
tions and thermal temperatures, respectively, to explore the
influence of modification on the formaldehyde adsorption
performance of activated carbon samples. The study found
that when the heat treatment temperature is 65°C and
impregnation concentration is 0.08mol/L, the adsorption
capacity of formaldehyde molecule on modified activated
carbon is the highest. However, when the concentration of
KMnO4 is high, the pore size of activated carbon is blocked,
and the adsorption capacity decreases.

From the research of Jiang and others, it can be seen that
activated carbon is impregnated with higher concentration
of KMnO4, and the specific surface and adsorption capacity
are reduced to a certain extent, but after the reduction of
KMnO4, MnOx which could decompose the adsorbates in
pore channels into small molecules was generated.

The polar adsorbents can be stably adsorbed on the
surface of acidic modified activated carbon because of the
increase of functional group content. Liu et al. [29]
explored the formaldehyde adsorption performance of acti-
vated carbon modified by phosphoric acid and activated by
nitrogen. The experiment showed that the formaldehyde
adsorption capacity of modified activated carbon was
4.78mg/g when the phosphoric acid mass fraction was
40%, and the nitrogen activation temperature was 550°C.
Liu et al. [30] modified activated carbon with H2SO4, form-
aldehyde saturation adsorption capacity increased by nearly
50%, and desorption peak area and peak height increased
to a certain extent. It can be seen from Liu et al.’s experi-
ment that the formaldehyde adsorption capacity of the
acidified activated carbon increases, which may be attrib-
uted to the synergistic effect of physical adsorption and
chemical adsorption.

In addition to oxidation modification, surface physical
modification of activated carbon is mainly to increase spe-
cific surface area and adjust pore size, and its distribution
by physical and chemical means to achieve the purpose of
changing surface physical structure of activated carbon.
The surface physical modification of activated carbon is
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firstly modified by adding some activator in the preparation
process of activated carbon, and secondly, it can be physi-
cally modified by microwave radiation technology instead
of traditional heating technology, so as to improve its
adsorption and catalytic performance [31, 32]. Microwave
modification mainly uses microwave power, radiation time,
and radiation temperature to modalize the surface structure
and functional group content of activated carbon, which
usually interacts with N2 and O2 to change the surface func-
tional group content, so as to achieve the effect of improving
the adsorption and catalytic performance of activated car-
bon. Jones et al. [33] conducted microwave radiation on
activated carbon in O2 atmosphere and found that the sur-
face carboxyl of oxygen-containing functional groups
increased significantly, and the pore size increased signifi-
cantly at higher power. Plasma modification technology is
a kind of material surface modification technology devel-
oped rapidly in recent years. This technology which can pro-
duce large amounts of charged particles, excited state
particles, photons, free radicals, and so on plasma in the
gas medium (O2, N2, NH3, and CF4), using these high-
energy plasma impacts the material surface to make the
material surface physical and chemical properties change,
with little damage to the material surface characteristics
at the same time, so as to improve the specific surface area,
pore size, pore volume, surface functional groups, and
other related properties of the technology. Li et al. [34]
used low-pressure nitrogen plasma to modify the surface
of activated carbon, and the surface oxygen-containing
acidic groups decreased with the increase of plasma power,
while the nitrogen-containing basic functional groups
increased accordingly.

Although the surface modification technology of acti-
vated carbon has made progress in many aspects, low cost,
high performance, and simple environmental protection
process are still the development direction of activated car-
bon modification in the future. Through the modification
of activated carbon, its application has been involved in
many fields, but most of it is still applied to simple
adsorption process, lack of functional high-quality special
activated carbon, especially as a catalyst, and catalyst car-
rier activated carbon. Optimizing the preparation process
of activated carbon, developing activated carbon with high
specific surface area and large pore volume, exploring the
optimal adsorption conditions of activated carbon, reduc-
ing the consumption of resources, and improving the eco-
nomic feasibility are also important research directions in
the future.

2.2.1. Comment 6. Besides the activated carbon adsorption
method, the photocatalytic degradation for formaldehyde
by titanium dioxide is nontoxic and harmless, which has
aroused the research of scholars at home and abroad.

3. Mechanism of Photocatalytic Degradation

According to the formula [35]

ΔE =
ℏ2π2

2R2
1
me

+
1
mh

� �
−
1:8e2

εR
− 0:248ERy

∗, ð2Þ

where R represents the radius of the nanocrystal, me repre-
sents the effective mass of the electron, mh represents the
effective mass of the hole, ε represents the dielectric con-
stant, and ERy

∗ represents the effective Rydberg energy. It
can be seen from the formula that the particle radius and
absorption wavelength are invertically proportional to the
band gap width. In order to enable TiO2 to respond to visible
light and achieve spectral redshift, it is necessary to reduce
the band gap, and the particle radius increases when the
band gap decreases, which may affect the catalytic perfor-
mance of TiO2. It can be seen that this is a contradictory
relationship, so the smaller the gap width is not the better.
Table 2 lists the band gap widths of common semiconduc-
tors, most of semiconductor photocatalyst such as nano-
ZnO and SnO2 will undergo chemical corrosion, and the
noble metals have high cost, so they are not suitable for
indoor photocatalyst materials. The titanium dioxide
(TiO2) is regarded as the ideal photocatalytic degradation
of the material [36, 37] of the formaldehyde and enjoys the
advantage of nontoxic harmless, safe and green, and high
photocatalytic efficiency.

Nano-TiO2 is a semiconductor with a discontinuous
energy band structure [38] formed by the hybridization of
Ti3d and O2p orbitals, which is composed of valence band
(VB), condition band (CB), and energy gap (Eg).

German physicist Hertz discovered that photoelectrons
will escape from the material only when λin is greater than
a certain value; otherwise, no photoelectrons will be pro-
duced regardless of the intensity of the irradiation. This is
the well-known principle of photoelectric effect [39]. As
shown in Figure 1 [40], electrons (e−) preferentially fill the
valence band. According to the photoelectric effect, at this
time, electrons in the low-energy valence band are excited
to cross the forbidden band and enter the conduction band
[41]. Accordingly, holes (h+) are formed in the valence band,
and photogenerated electrons (e−) are generated in the con-
duction band. After the electrons in the valence band are
excited, there are two forms [42]:

(1) Some of part electrons were captured by the defect
site of titanium dioxide

(2) Some of the excited photoelectrons are captured by
the hole, and energy is released in the form of
heat, which reduces the separation efficiency of

Table 2: Common semiconductors and band gap widths.

Semiconductors SrTiO3 TiO2 Ta2O5 ZrO2 Nb2O5 SnO2 ZnO2 ZnS WO3 CdS

Band gap width (eV) 3.2 3.2 4.6 5.0 3.4 3.8 3.2 3.6 2.8 3.24
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electrons and holes, thus affecting the photocata-
lytic efficiency.

The photocatalytic degradation mechanism is shown in
Figure 2 [43]. Photogenerated carriers migrate to different
positions of the semiconductor under the action of electric
field force, combine with O2, H2O, or OH

- on the surface
of TiO2 and react as follows, producing two active species
-OH and -O2

-. These substances have strong oxidation
capacity, equivalent to the high temperature of 3600 K. Pol-
lutants such as formaldehyde can be catalyzed into carbon
dioxide, water, or other inorganic small molecules.

(I) The formation of electrons (e−) and holes (h+)

TiO2 + hv ⟶ TiO2 + h+ + e− ð3Þ

(II) The formation mechanism of -O2
-

O2 + e− ⟶ −O2
−,

Ti4+ + e− ⟶ Ti3+,

O2 + Ti3+ ⟶ −O2
− + Ti4+

ð4Þ

(III) The formation mechanism of -OH

(1) Adsorb water molecules in the air to form

H2O + h+ ⟶ −OH +H+ ð5Þ

(2) Formed with the aid of the intermediate H2O2:

The formation of H2O2 is as follows:

−O2
− +H+ ⟶ −HO2,

2 −HO2 ⟶H2O2 + O2,

−O2
−+−HO2 ⟶HO2

− + O2,

HO2
− +H+ ⟶H2O2

ð6Þ

The formation of -OH is as follows:

H2O2 + e− ⟶ −OH +OH−,

H2O2+−O2
− ⟶ −OH +OH− + O2,

H2O2 + hv ⟶ 2 –OH
ð7Þ

(3) Formed by reaction with OH-:

h+ + OH− ⟶ −OH ð8Þ

(IV) Hole-electron pair recombination:

h+ + e− ⟶ Thermal Energy: ð9Þ

Empty band

Forbidden band
Band gap Band gapReceive energy > Eg

VBVB

CB

Figure 1: Energy band theory schematic.
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Figure 2: Photocatalytic mechanism of TiO2.
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Yang [44] studied the intermediate species and reaction
mechanism in the oxidation process of formaldehyde by
physical methods such as TPD and ESR. He proposed that
the reaction process of formaldehyde being oxidized into
CO2 and H2O was as follows:

HCHO+−OH · CHO +H2O,

·CHO+−OH⟶HCOOH,

·CHO+−O2
− ⟶HCO3

− +H+ ⟶HCOOOH +HCHO⟶HCOOH,

HCOOH⟶HCOO−+−OH⟶H2O+−CO2
−,

或HCOO− + h+ ⟶H+ − CO2
−,

−CO2
− + h+ ⟶ CO2:

ð10Þ

In addition to exploring the photocatalytic reaction
mechanism of formaldehyde in experiments, Xie et al. [45]
studied the connection relationship between reactants on
the reaction potential energy plane and intermediate species
at the level of 6-311++G(2df,pd) by using the B3LYP
method and MP2 method of the density functional theory.
Simulation shows that the intermediate is the isomer form
of formic acid (HCOOH) (HOCOH).

According to the study of reaction mechanism by Yang
et al., e−, h+, and -OH are crucial in the oxidative degrada-
tion of formaldehyde. Ishibashi et al. [46], respectively, com-
pared the quantum yields of -OH, h+, and photocatalysis in
the reaction process, and the results showed that the yield of
holes and the quantum efficiency of photocatalysis were in
the same order of magnitude. In addition, the importance
of holes in the photocatalytic process can be seen from the
above series of reactions. Therefore, the recombination of
electron-hole pairs should be inhibited as much as possible
to allow more holes to participate in the reaction to form
active species.

Because e− in the valence band will recombine with h+,
be trapped by defect sites, or migrate to different positions
in the semiconductor to react, the life of electron and hole
is very short, only picoseconds. For example, Yang and
Tamai [47] found that the trapping time of electrons was
260 fs, while the trapping time of holes was shorter, only
50 fs. Tamaki et al. [48] found that the shallow capture time
of electrons is about 100 fs, the deep capture time is 150 fs,
and from the shallow capture time to the deep capture time
is 50 fs.

The charge transport capacity is also an important factor
affecting the photocatalytic efficiency [49]. Hoffmann et al.
[50] studied the UV excitation process of TiO2 particles
and other related issues. The photocatalytic reaction process
and its characteristic time are shown in Table 3. The charac-
teristic time of interfacial charge transfer is shorter than that
of carrier generation, capture, and recombination. The char-
acteristic time of interfacial charge transfer is shorter than
that of carrier generation, capture, and recombination.
Huang [51] believed that the recombination of photogener-
ated electrons and holes was much faster than charge trans-

fer, which greatly reduced the number of photogenerated
electrons and holes involved in the reaction. Therefore,
effectively reducing the recombination of electrons and holes
was also an important research content in the field of
photocatalysis.

4. Properties and Structure of TiO2

The three crystal structures of nano-TiO2 can be divided
into rutile phase, anatase and brookite. The similarity
between them is that they have the same basic components
which is the TiO6 octahedron structure [52]. However, the
crystal structure, arrangement, connection mode, distortion
degree, band gap, and defect types are different.

Anatase TiO2 is octahedral common edge connection,
while the rutile type is common edge and common fixed
point connection, as shown in Figures 3 and 4 [53]. Rutile
TiO2 is a stable crystal with fewer oxygen vacancies [54].
Anatase TiO2 has more dislocation and defects, so its distor-
tion degree is higher than that of rutile phase, so anatase
TiO2 has excellent catalytic performance [55]. The forbidden
width of anatase TiO2 is about 3.2 eV, and that of rutile TiO2
is about 3.0 eV [56]. The structural parameters of anatase,
titanite, and rutile TiO2 are shown in Table 4 [57], and it
can be seen that their space groups, crystal cell parameters,
and Ti-O bond lengths are different.

Under the calcination condition of about 600°C, anatase
transforms into rutile phase through continuous bond
breaking and atomic rearrangement, and the phase transi-
tion temperature is affected by the size of titanium dioxide
particles and ion doping, etc. [58]. The mixed phase of ana-
tase, plate titanium, or rutile has good catalytic performance.
For example, P25 (20%rutile + 80%anatase) can be used as a
standard material for photocatalytic testing because of its
good catalytic performance [59].

Table 3: Primary processes and characteristic time domains for
photocatalysis on TiO2 semiconductor.

Initial reaction step Characteristic time

Generation of photogenerated carriers

TiO2 + hv ⟶ e− + hvb
+ Fast (fs)

Capture of photogenerated carriers

hVB
+ + >TiIVOH⟶ >TiIV · OH

� �
Fast (10 ns)

eCB
− + >TiIVOH⟶ >TiIIIOH

� �
Mild capture (100 ps)

eCB
− + >TiIV⟶>TiIII Deep capture (10 ns)

Recombination of photogenerated carriers

eCB
− + >TiIVOH

� �
+⟶>TiIVOH Slow (100 ns)

hVB
+ + >TiIIIOH

� �
+⟶>TiIVOH Fast (10 ns)

Interface charge transfer

>TiIIIOH
� �+ + Red⟶ TiIVOH + Red Mild capture (100 ps)

etr
− +Ox ⟶ TiIVOH +Ox

− Very slow (ms)
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(a) (b)

Figure 3: Simulations of anatase and rutile nanosized titanium dioxide. (a) Anatase type. (b) Rutile type.
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Figure 4: A schematic diagram of nanosized titanium dioxide structure connection. (a) Coedge way. (b) Concurrent way.

Table 4: Crystallographic data of different TiO2 polymorphs.

Rutile Anatase Brookite

Crystal system Tetragonal system Tetragonal system Orthogonal

Space group
P42/mnm I41/amd Pcab

a = b = 4:5933 a = b = 3:7842 a = 9:1819

Crystal cell parameters
b = 4:4558

c = 2:9592 c = 9:5139 c = 5:1429

Ti coordination number

6 6 6

Ti-O1 1.988 1.946 1.87

Ti-O2 1.988 1.946 2.04

Ti-O band length

Ti-O3 1.944 1.937 1.99

Ti-O4 1.944 1.937 1.94

Ti-O5 1.944 1.937 1.92

Ti-O6 1.944 1.937 2.00

Connection method Common edge and common point connection Common edge connection
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5. Modification of TiO2

Zhu et al. [60] explored the influence of TiO2 irradiated with
different wavelengths of light on the degradation effect of
formaldehyde, and the study showed that the degradation
rate of formaldehyde was about 29% without UV irradiation.
Titanium dioxide which is a photocatalytic material has the
advantages of safety, high efficiency, energy saving, good
treatment effect, and no secondary pollution, so it can
degrade formaldehyde and other toxic gases or liquids.
However, titanium dioxide has the following disadvantages,
so it has not been applied on a large scale in industry.

The disadvantages of nanoscale titanium dioxide in the
field of photocatalysis are as follows [61]:

(1) The dispersion of nanosized titanium dioxide is
poor, which is prone to agglomeration. Therefore,
the specific surface area and the contact area with
formaldehyde molecules are reduced, affecting the
photocatalytic performance

(2) The lifetime of electrons and holes is short, and the
holes and electrons need to be continuously gener-
ated during the reaction process, so that they migrate
to different positions in the semiconductor and par-
ticipate in the reaction to produce active species

(3) TiO2 has a low utilization rate of light.

In summary, titanium dioxide has disadvantages of small
particle size, poor dispersion, high electron-hole pair recom-
bination rate, and low utilization rate of sunlight. In order to
improve its catalytic performance, researchers have con-
ducted a lot of exploration.

5.1. Deposition of Noble Metal. Zhu et al. [62] studied the
effect of Au/TiO2 photocatalytic removal for gaseous formal-
dehyde, and the results showed that when the relative
humidity and blue light intensity were 13% and
38.5MW/cm2, respectively, the degradation rate of formal-
dehyde under light reaction was 77%, much higher than
the conversion rate under dark reaction.

The principle of action on TiO2 modified by noble metal
[63] is as follows:

(1) Since the Fermi level of TiO2 is different from noble
metals, a noble metal-TiO2 heterojunction can be
generated when noble metals are deposited on
TiO2. After the photogenerated electrons are excited
by light, they will transfer from the surface of TiO2 to
the surface of noble metals. A space charge layer will
be formed when the Fermi level reaches the same
level. The unbalanced charge distribution causes
band bending to form the Schottky barrier, as shown
in Figure 5 [64]. The excited electrons in the valence
band can be captured by the Schottky barrier

(2) Lattice distortion is formed when noble metals are
doped into the TiO2 crystal lattices, which hinders
the recombination of electron-hole pairs to some

extent and improves the photocatalytic performance
of nano-TiO2.

When the noble metal is deposited on the surface of
TiO2, it has little shielding effect on TiO2 and does not affect
the specific surface area of TiO2. Studies have shown that
when 10% Pt is deposited on the surface of titanium dioxide,
the effect on nanosized titanium dioxide is only 6%. The
recombination rate of electron-hole pairs will be increased
if the noble metal is deposited in a large amount of titanium
dioxide. According to the study [65–68], the noble metals
deposited on the surface of TiO2 are mainly Pt and Ag.
Huang et al. [69] found that Pd/TiO2 with 0.1% load of Pd
could completely degrade formaldehyde into CO2 and H2O
at room temperature.

5.2. Surface Photosensitization. Surface photosensitization
[70] is a relatively simple method, and it is one of the effec-
tive ways to broaden the absorption spectrum of TiO2 to the
visible region. There are two kinds of dye sensitization and
compound sensitization.

Dye sensitization refers to the adsorption of organic dyes
with an excited state potential more negative than TiO2 on
the surface of TiO2 by physical or chemical means. After
light irradiation, photogenerated electrons are generated
and transferred to different positions and reacted with oxy-
gen on the surface of TiO2. The mechanism of action is
shown in Figure 6 [71]. Studies have shown that the photo-
catalytic activity of TiO2 modified by photosensitizer can be
improved, and the utilization efficiency of photons can be
improved by 30-80% [72]. Photosensitizers with certain sta-
bility include rosin, chlorophyll, eosin B, eosin thioneine,
nori, etc. [73].

Compound sensitization uses the combination of a semi-
conductor with a small forbidden band width and a titanium
dioxide material to form a heterojunction. According to the
working principle of the heterojunction, the electrons in the

E0

Ef Ef

Ex

CB

VB
TiO2

h+

The schottky barrier

Φb

Φs

Figure 5: The schematic Schottky barrier. In the figure, Ef
represents the Fermi level, VB represents valence band, CB stands
for conduction band, h+ denotes a hole. Φb is the height of the
Schottky barrier, and Φs is the work function of titanium dioxide;
Ex stands for built-in electric field; E0 represents the surface
potential energy of the precious metal.
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valence band of the TiO2 composite semiconductor are
excited and transported to the TiO2 conduction band, as
shown in Figure 7 [74]. Generally, a semiconductor with a
similar band structure and a narrow band gap is chosen to
composite with titanium dioxide. For example, CdS-TiO2,
SnO2-TiO2, Fe2O3-TiO2, WO3-TiO2, and other semiconduc-
tor composites have been applied. The synergistic effect
between the matched band structure of two components
can broaden the spectral response range of the composite
catalyst and improve the life of photocarriers to a certain
extent. The construction of heterojunction is a new research
direction in the field of photocatalysis [75–78]. The band
diagram of CdS-TiO2 composite system is shown in
Figure 8 [79]. The band gap of CdS is about 2.4 eV. CdS is
excited first under illumination, and the photogenerated
electrons are transported to the TiO2 conduction band to
achieve photogenerated carrier separation [80]. Studies have
shown [81] that CdS-TiO2 is usually used in experiments
due to its good composite effect.

5.3. Metal Ion Doping. The results [82] showed that the
absorption spectra of nano-TiO2 doped with Fe3+ and
Mn2+ could produce red shift and improve its photocatalytic
activity. This discovery quickly led to the study of metal ion
modification of pure titanium dioxide. Li [83] prepared Ag-
doped TiO2 to degrade formaldehyde and found that when
the dosage of Ag/TiO2 was 40 g, the degradation rate of
formaldehyde could reach more than 93%. Kubacka et al.
[84] studied the catalytic degradation of toluene by TiO2
modified by cations (such as V, Mo, and W) and found that
photocatalytic activity of TiO2 modified by V and W is
improved. Frindell et al. [85] studied the influence of doping
with rare earth elements on TiO2 and found that the spectral
response range of TiO2 was effectively broadened after mod-
ification by rare earth elements. Li et al. [86] found that TiO2
modified by Au/Au3+ has a good photocatalytic ability to
degrade methylene blue, because the doping of Au3+ can
broaden the spectral response range. Researchers [87–89]
found that some metal ions such as 19 kinds of Mo5+,
Fe3+, etc. can improve the photocatalytic activity of TiO2,
while some were on the contrary, such as CO3+ and Al3+,
which would accelerate the recombination of electrons and
holes to a certain extent and reduce its photocatalytic activ-
ity. Huang [90] studied the modification of titanium dioxide
by doping La and Ce, and the results showed that when the

doping amount of La and Ce was 1.5wt% and 0.5wt%,
respectively, the transformation of TiO2 from anatase to
rutile phase could be greatly inhibited. Liu [91] studied the
influence of doping amount of Fe3+ on formaldehyde degra-
dation performance of TiO2, and the results showed that
when doped with 0.5% Fe3+, formaldehyde degradation rate
was up to 92.5%.

The action principle of TiO2 doped by metal ion is as
follows [92]:

(1) The position of Ti4+ is replaced by metal ions, caus-
ing lattice distortion. TiO2 produces more defects to
capture free electrons, which improves the photocat-
alytic activity to a certain extent

(2) Metal ions are doped into TiO2, and they can be used
as free electron acceptors to capture them, which
hinders the recombination of carriers

(3) After doping with metal ions, TiO2 forms an impu-
rity level [93], which reduces the band gap width to
a certain extent and widens the spectral response
range.

The following conditions which can improve the photo-
catalytic activity of TiO2 doped by metal ion should be met:

(1) The shallow trapping potential wells for electrons
and holes are formed in TiO2 which is doped with
metal ions. For example, the energy level of Fe3+ is
close to the valence band and conduction band of
TiO2 [94], so TiO2 doped by Fe3+ forms a shallow
trapping potential well, effectively capturing elec-
trons and holes [95, 96]. In recent years, researchers
have achieved outstanding results by doping [97, 98]
titanium dioxide with rare earth elements. The rea-
son is that the 5d vacant orbit of rare earth elements
provides a place for electron migration

(2) Doping with metal ions similar to Ti4+ ion radii
(74.5 pm) (for example, Fe3+, Co3+, Ni3+, and Cr3+

ion radii are 69.0 pm, 68.5 pm, 70.7 pm, and
75.5 pm [99], respectively). Because metal ions with
similar ionic radius are more likely to replace Ti4+,
the band structure of TiO2 is changed, the shallow
trapping potential well is formed, and the photocat-
alytic activity is improved. There is a parabolic
relationship between the concentration of doped
metal ions and the photocatalytic performance
[100, 101], so the photocatalytic activity can be
improved only by doping metal ions with appropri-
ate concentration.

5.4. Nonmetallic Ion Doping. Studies [102, 103] have shown
that N-doped nano-TiO2 can broaden its spectral response
range, which has aroused the attention of scholars at home
and abroad to nonmetal ion doped TiO2. Li [104] believed
that the formaldehyde degradation rate of TiO2−xNx mate-
rial obtained at a solution pH of 5 and calcination tempera-
ture of 500°C could reach 70.18%, and the degradation

CB
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Visible light

Dye+Dye

O2

–O2
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Figure 6: Mechanism of dye-sensitized titanium dioxide
photocatalytic reaction.
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reaction complied with first-order kinetics. Liu et al. [105]
used the sol-gel method to prepare the nitrogen-doped
TiO2 film to degrade formaldehyde. The study showed that
the degradation rate of formaldehyde reached 90% within
24 h, and it had excellent stability and reusability. Wang
et al. [106] believe that TiO2 is doped with nitrogen, and
the N2p state near the valence band is the reason for
improving catalytic performance. Palgrave et al. [107] stud-
ied the band gap width of titanium dioxide after nitrogen
doping, and he believed that there was a correlation between
the diffusion path and chemical state of nitrogen atom
doping and TiO2 band gap. Tompsett et al. [108] modified
titanium dioxide by nitrogen atoms and found that nanotita-
nium dioxide had good photocatalytic degradation perfor-
mance under the light condition of 440 nm wavelength.
Zhang et al. [109] studied the photocatalytic performance
of the TiO2 product calcined in NH3 and then calcined in
H2. They found that the synergistic effect of oxygen vacan-
cies and N impurities can improve the efficiency of degrad-
ing pollutants.

The action principle of TiO2 doped by nonmetallic ion is
as follows:

(1) When the oxygen position of TiO2 is replaced by
nonmetallic anions, which can change the distortion
of the TiO2 structure and reduce the recombination
of electron-hole pairs to a certain extent, more elec-
trons and holes can participate in the reaction [110]

(2) The hybridization of O orbital with nonmetallic ions
(such as N3- and C4-) causes the conduction band of
TiO2 to shift down, which reduces the band gap
width of TiO2 and widens the spectral response
range

(3) Nonmetallic anions enter the titanium dioxide lattice
to replace the interstitial sites, forming a deep impu-
rity level. On the one hand, the spectral response
range is broadened; on the other hand, at the deep
impurity level, electrons and holes will recombine.
It has been proven that it is very important to solve
this competitive relationship for improving the pho-
tocatalytic activity. N3-, P3-, C4-, and S2- are common
nonmetallic anions which doped into titanium diox-
ide, among which N3- [111] has the best doping
effect.

In summary, the main methods to broaden the spectral
response range of nano-TiO2 and improve its photocatalytic
performance include noble metal deposition, surface photo-
sensitization, metal ion doping, nonmetal ion doping, etc.

6. TiO2 Loaded on Activated Carbon

Studies at home and abroad have found that nano-TiO2
supported on the carrier (such as silicon dioxide and acti-
vated carbon) to prepare TiO2/AC composite material can

CH3NH3PbI3–3.93

–4.0

–7.3
–5.43

–5.3 –5.1

AuCuSCN

TiO2
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Figure 7: Schematic energy level diagram of TiO2 and CH3NH3Pb I3.

CdS
e
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Figure 8: Energy band diagram of the CdS-TiO2 composite system.

Table 5: The relationship between TiO2/AC usage times and
formaldehyde degradation rate.

Usage times Formaldehyde degradation rate

1 96.54

2 96.06

3 96.74

4 94.82

5 93.85

6 92.72
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effectively solve the problem of difficult recovery of titanium
dioxide powder and increase the photocatalytic activity of
TiO2. Activated carbon can increase the local concentration
around the catalyst, increase the contact area between pol-
lutants and titanium dioxide, and completely degrade the
intermediate products [112].

Huang et al. [113] studied the layer-by-layer deposition
of photocatalyst TiO2 and activated carbon on electrospun
fibers by electrospray and obtained the NF-P/C multilayer
composite film. It was found that the reason why the com-
posite film has a larger contact area with air pollutants is
because the electrospun nanofibers with a large specific sur-
face area serve as the carrier of the photocatalyst. At the
same time, it is more convenient to access and prevent the
powder from scattering. Wu [114] prepared ACF/photocata-
lyst-free composite materials, which combined adsorption
and catalysis to accelerate the degradation of indoor pollut-
ants such as formaldehyde. Sun et al. [115] studied the deg-
radation effect of TiO2/ACF adsorption catalyst materials on
formaldehyde, and the results showed that the degradation
rate of synergistic materials to formaldehyde can reach
94.06%, and the adsorption capacity of activated carbon for
formaldehyde is 60mg/g, which is much higher than that
of the single activated carbon.

From the study on the degradation of formaldehyde by
the adsorption-catalytic synergistic material prepared by
Wu et al., it can be seen that the degradation rate of HCHO
can be greatly increased after the adsorption-mass transfer-
degradation process. While the supporting body provides a
reaction environment for the catalyst, the AC can be regen-
erated in situ.

Chen et al. [116] explored the effect of the pore structure
and specific surface area of activated carbon on the catalytic

performance of the adsorption-catalytic synergistic material,
and the results showed that the photocatalytic activity of the
synergistic material increased with the increase of the
average pore size and specific surface area of the activated
carbon. At the same time, Lu et al. [117] used the sol-gel
method to support activated carbon with different pore sizes
and specific surface areas on titanium dioxide to degrade tol-
uene, the degradation rate of titanium dioxide supported by
activated carbon with large specific surface area could reach
97%, and the deactivation time of catalyst was significantly
delayed.

It can be seen from the research of Chen and others that
the specific surface area and pore size of activated carbon
have a significant impact on the catalytic degradation perfor-
mance of the adsorption-catalytic synergistic material. Acti-
vated carbon with mesopores and macropores supported
titanium dioxide can significantly improve the photocata-
lytic performance.

Luo et al. [118] studied the dispersibility of TiO2 in syn-
ergistic materials, and they found that titanium dioxide has
excellent dispersibility, with an average particle size of about
40 nm, and the catalyst active sites are evenly distributed, so
the synergistic performance is significantly improved. Wang
[119] studied the dispersibility of titanium dioxide on the
surface of TiO2/AC materials through an electron micros-
copy. They found that titanium dioxide is more uniformly
supported on the surface of activated carbon, but there are
also a small part of titanium dioxide agglomerated particles,
which they believe the particles can reduce the free energy of
the system through agglomeration to improve the load
stability. Xing et al. [120] effectively controlled the agglom-
eration of catalyst particles by controlling the times of sup-
porting TiO2 on the surface of activated carbon.

Table 6: Some previous studies on adsorption and photocatalysis.

Type Researchers Degradation effect of formaldehyde Experimental inquiry factor

Adsorption

Lin et al. [25]
Coconut shell carbon has the highest

adsorption performance for formaldehyde.
Explore the effect of activated carbon pore size

distribution on adsorption performance.

Liu et al. [60]
The adsorption capacity of modified
activated carbon to formaldehyde

is 4.78mg/g.

The adsorption performance of formaldehyde
on phosphoric acid modified and nitrogen

activated carbon was studied.

Liu et al. [62]
The saturated adsorption capacity of

formaldehyde increased by nearly 50%.
H2SO4 modified activated carbon was investigated.

Photocatalytic

Zhu et al. [60]
The degradation rate of formaldehyde
is about 29% without UV irradiation.

Explore the influence of different wavelengths
of light irradiation TiO2 on formaldehyde

degradation.

Zhu et al. [62]
When the relative humidity and blue

light intensity were 13% and 38.5mW/cm2,
the degradation rate of formaldehyde was 77%.

The effect of Au/TiO2 photocatalytic removal
of formaldehyde in gas phase was studied.

Liu et al. [105]
Formaldehyde degradation rate reached

90% within 24 h and has excellent stability.
TiO2 thin films doped with nitrogen were

prepared by the sol-gel method.

Sun et al. [115]
The adsorption capacity of TiO2/ACF
is 60mg/g, which is much higher than

that of activated carbon alone.

The degradation effect of TiO2/ACF adsorptive
catalyst on formaldehyde was studied.

Li et al. [122]
When the TiO2/AC material was used

for six times continuously, the formaldehyde
degradation rate still reached 92%.

The reusability of the adsorption-catalyzed
comaterial was studied.
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Ma and Li [121] explored the influence of nano-TiO2
loading amount on the degradation of formaldehyde by
wood-based activated carbon/TiO2 composite materials.
The study showed that the degradation rate of formaldehyde
first increased and then decreased with the increase of nano-
TiO2 loading amount. Li et al. [122] found that when the
titanium dioxide loading concentration on the surface of
activated carbon increased, the light transmittance would
decrease, so the degradation rate of formaldehyde would
decrease. At the same time, she also studied the repeated
practicability of adsorption-catalytic synergistic materials.
As shown in Table 5, when the TiO2/AC material was used
for six times continuously, the degradation rate of formalde-
hyde still reached 92%.

Hu and Deng [123] studied the position of titanium
dioxide loaded in the pore size of activated carbon by
scanning electron microscopy. By comparing the electron
micrographs of the activated carbon surface before and
after loading, they found that when the catalyst loading
reaches a certain threshold, the transition pores of acti-
vated carbon would be blocked, thus affecting the adsorp-
tion performance.

According to Hu and Deng’s research on the effect of
titanium dioxide loading on the degradation of adsorbates,
when the loading amount reaches a certain threshold, TiO2
will block the macropores and mesopores of activated car-
bon, affecting the migration rate of pollutants and thus
reducing the degradation efficiency. Therefore, the compos-
ite ratio of adsorbent and catalyst should be adjusted to
achieve the best catalytic degradation activity.

Table 6 lists some previous research results. It can be
seen that compared with conventional formaldehyde degra-
dation system, TiO2/AC has significantly improved formal-
dehyde degradation effect.

7. Conclusions and Outlook

According to the different adsorption modes, activated car-
bon adsorption can be divided into physical adsorption
and chemical adsorption. Better pore gradient distribution
speeds up the internal diffusion of formaldehyde in the aper-
ture of activated carbon, improves the physical adsorption
capacity, and increases the number of acidic oxygen-
containing functional groups on the surface of activated car-
bon is conducive to improving the chemical adsorption of
formaldehyde polar molecules. TiO2/AC adsorption and cat-
alytic comaterial prepared by TiO2 supported on activated
carbon is conducive to solving the problem of difficult recy-
cling of catalyst. Through the absorption and concentration
of formaldehyde by activated carbon, it provides a good
reaction environment for photocatalysis and improves the
degradation rate. In the preparation process, metal ion/non-
metal ion doping modification, on the one hand, can effec-
tively broaden the spectral response range and, on the
other hand, to a certain extent, inhibits the recombination
of electrons and holes. If modified TiO2 is loaded on the sur-
face of activated carbon, the adsorption synergistic material
will have great advantages in adsorption catalysis.

With the in-depth study of TiO2 mechanism, TiO2/AC
materials with high removal efficiency, large adsorption
capacity, low energy consumption, and selectivity will be
prepared to improve the preparation level of adsorption-
catalytic comaterials, and TiO2/AC materials will have
broader application prospects.
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The MnOx/Al2O3 catalysts with different Ce content doping were prepared by an ultrasonic impregnation method, and the
catalytic activity for NO oxidation removal was tested in a fixed-bed quartz tube furnace. Simultaneously, the catalysts
were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), full-automatic physical-chemical
adsorption instrument, and field emission scanning electron microscope (FESEM) to analyze the effect of Ce addition on
the adsorption capacity and catalytic activity. Experimental results validated that the activity of the MnOx/Al2O3 catalyst
was greatly promoted with Ce addition. According to the characterization results, it could be concluded that Ce doping led
to significant changes in the crystalline phase on the catalyst surface, which increased the relative content of surface lattice
oxygen and promoted the catalytic oxidation of NO. By observing the physical properties of the surface and analyzing the
surface elements of the catalyst, it could be inferred that a manganese-cerium solid solution was formed on the surface of
Mn0.4Ce0.05/Al. Moreover, Ce addition increased the catalyst pore size, which enhanced the adsorption and contact of NO
and O2 with the active sites on the catalyst surface, and reduced the resistance of the reactants during internal diffusion.
All these variations assigned to Mn0.4Ce0.05/Al were favorable for the catalytic oxidation of NO.

1. Introduction

The combustion of massive fossil fuels brings about the
harmful emission of nitrogen oxides (NOx). The problem
has attracted great attention in recent decades, for the close
relationship between NOx and many serious environmental
issues, including acid rain, city photochemical smog, and
tropospheric ozone depletion [1–4]. To reduce the poison-
ous NOx emissions, many techniques have been researched
and applied to thermal power plants and diesel engines.
Reductive denitration technology has been extensively
researched, including selective catalytic reduction (SCR)
and selective noncatalytic reduction (SNCR). Due to its high
efficiency, SCR has always been regarded as an effective
method to remove fixed emission sources such as power
plants [5–8]. In the common SCR process, injected NH3

reduces noxious NOx to harmless N2 with the aid of efficient
catalysts. The typical reactions are as follows [9, 10].

Standard SCR : 4NH3 + 4NO +O2 ⟶ 4N2 + 6H2O ð1Þ

Fast SCR : 2NH3 + NO +NO2 ⟶ 2N2 + 3H2O ð2Þ
NH3-SCR has also exposed many problems in a wide

range of industrial applications, such as high investment
and operating costs, NH3 escape, N2O generation, and cata-
lyst deactivation [11, 12]. The greenhouse effect of N2O is up
to 300 times that of carbon dioxide. The almost inevitable
escape of NH3 is particularly worrying. It not only increases
the operation cost but also easily results in serious air pre-
heater blocking. Therefore, how to remove NOx from coal-
burning exhaust gas with low cost, pollution-free, and high
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efficiency has become a research focus. Recently, NO cata-
lytic oxidation removal is drawing much attention for its
getting rid of NH3 during NOx removal [13–15]. Although
over 90% of NOx formed in fuel combustion is insoluble
NO, its oxidation product NO2 is rather soluble. Therefore,
with the participation of catalysts, it is feasible to use the
remaining O2 in the flue gas to oxidize NO to NO2, which
is then captured by alkali liquor in a wet flue gas desulfuriza-
tion plant [11, 16, 17].

Although many noble metal catalysts have shown good
performance in NO catalytic oxidation, the high cost limits
their wide application in coal-fired power plants [18–20].
Transition metal oxides have been proven with excellent
performance compared to noble metal catalysts, with a wide
range of sources, low prices, simple preparation processes,
and good thermal stability. Therefore, they have received
extensive and in-depth research in recent years [21–23].
Wu et al. prepared a series of MnOx/TiO2 composite nanox-
ides by deposition-precipitation method, and the sample
with the Mn/Ti ratio of 0.3 showed a superior activity for
NO oxidation, reaching 89% at 250°C [24]. Mn-based cata-
lysts impregnated on TiO2 with different crystalline phases
were studied by An et al. for the oxidation of NO to NO2,
and 10% MnOx/TiO2 exhibited the highest efficiency 83%
at 300°C [22]. The NO oxidation on Cu2O with molecular
oxygen, dissociated oxygen, and lattice oxygen was studied
by Sun et al. using periodic density functional theory, and
the Eley-Rideal mechanism was favored to explain the cata-
lytic effect of Cu2O on NO oxidation [25].

Active Al2O3 has the characteristics of large adsorption
capacity, large specific surface area, good thermal stability,
nontoxicity, and noncorrosiveness. Therefore, it is regarded
as an excellent catalyst support material and has received
extensive attention in the field of catalysis. Wang et al. [26]
used a sol-gel method to prepare a series of Ce-based cata-
lysts, selecting Co, Mn, Fe, Cr, and Ni as the doping metal
elements. At a reaction temperature of 230°C, the order of
NO catalytic activity is Co>Mn>Cr>Ni>Fe.

Although much work has been carried out on NO cata-
lytic oxidation over transition metal oxides, there are some
deficiencies along with these studies [21–25]. Firstly, only
oxidation efficiency but not removal efficiency was focused
on during the experiments. Secondly, the temperature win-
dow of the researched catalysts was relatively narrow, not
suitable for large-scale practical application. In this investi-
gation, we prepared a series of MnOx/Al2O3 and Ce-doped
MnOx-CeOy/Al2O3 catalysts and investigated the oxidation
denitration performance of these catalysts. The effect of Ce
doping on the catalyst physicochemical properties was dis-
cussed, and microcharacterization analysis was carried out
to explore the key points affecting efficiency.

2. Experimental

2.1. Catalyst Preparation. All tested samples in the study
were prepared via an ultrasonic impregnation method. Che-
micals used here were of analytical grade. Firstly, 0.04mol
(10.04 g) Mn(NO3)2·4H2O was dissolved in 20mL deionized
water. Afterwards, with continuous magnetic stirring,

0.1mol (10.20 g) Al2O3 was added into the solution
(particle size = 20 nm; specific surface area ≥ 160m2/g).
Then, the mixture experienced an ultrasonic oscillation last-
ing for 0.5 h to help to uniformly mix. After standing at
room temperature overnight, the suspension was dried in
an oven at 105°C for 12 h. The obtained solid product was
calcined at 600°C for 5 h and then crushed and sieved to
60-80 mesh. Because the molar ratio of added Mn and Al
was 0.4 in the sample, it was denoted as Mn0.4/Al.

For samples with different Ce addition, a specific amount
(0.005mol, 0.01mol, and 0.02mol, respectively) of Ce(N-
O3)3·6H2O was dissolved in deionized water with
Mn(NO3)2·4H2O together in the first preparation step. Other
preparation procedures were the same as mentioned above.
The finally prepared samples were denoted as Mn0.4Ce0.05/Al,
Mn0.4Ce0.1/Al, and Mn0.4Ce0.2/Al, respectively.

2.2. Catalytic Activity Test. The catalyst activity test system is
shown in Figure 1. The catalytic activity test was carried out
in a fixed-bed quartz tube furnace. 0.5 g sample was fixed on
the bottom of the quartz glass tube by quartz wool. The total
gas flow rate was fixed to 1 L/min (STP), with 600 ppm NO,
8 vol% O2, and balanced N2. The exhaust gas after the reac-
tion at a certain temperature was introduced into a 0.5mol/L
sodium hydroxide aqueous solution for absorption, after
which the outlet gas composition was examined online by
a Fourier transform infrared spectroscopy gas analyzer (Gas-
met DX4000, Finland).

The NO removal efficiency was calculated according to
the following equation:

NO removal efficiency %ð Þ = 1 − NO½ �out + NO2½ �out
NO½ �in

� �
× 100:

ð3Þ

2.3. Catalyst Characterization. N2 adsorption-desorption
measurement was performed on a full-automatic physical-
chemical adsorption instrument (Micromeritics ASAP2020,
USA) to determine the textural properties of samples. The
specific surface area was acquired by the Brunauer-
Emmett-Teller (BET) method, while the total pore volume
and mean pore diameter were obtained according to the
Barrett-Joyner-Halenda (BJH) method. The micromorphol-
ogies of samples were monitored by a field emission scan-
ning electron microscope (FESEM, GeminiSEM 500,
Germany). An X-ray diffraction (XRD) meter (Xpert pro,
Netherlands) was adopted to identify the crystal phases of
samples. The scanning angular velocity was 7°/min, and
the scanning angle range was 20°-80°. An X-ray photoelec-
tron spectroscopy (XPS, AXIS ULtrabld, UK) was employed
to analyze the catalyst surface atomic concentrations, using
C1s at 284.8 eV as the calibration.

3. Results and Discussion

3.1. Catalytic Activity. 600 ppm NO, 8 vol% O2, and balanced
N2 were introduced into the reactor to explore the perfor-
mance of catalysts with different contents of active compo-
nent Ce (Figure 2). As the reaction temperature increased
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from 20°C to 500°C, the NO removal efficiency was peaked
at 400°C for all samples. The oxidation of NO to NO2 is exo-
thermic, and the reaction is limited by the thermodynamic
equilibrium: the temperature rises, and the equilibrium
shifts to the left. Therefore, the temperature increased, the
NO oxidation rate decreased, and the denitration efficiency
decreased. It was apparent that the removal efficiency of
the Ce-doped Mn0.4/Al catalyst was higher than that of the
Ce-free Mn0.4/Al catalyst, indicating the promotion effect
of Ce addition on NO oxidation removal. In addition, the
temperature window of Mn0.4Cex/Al catalyst is wider than
that of Mn0.4/Al. The denitration efficiency of Mn0.4Cex/Al
at 300-450°C can be above 80%.

For the Mn0.4/Al catalyst without Ce addition, the deni-
tration efficiency increased gradually with the reaction tem-
perature in 20-400°C, but it started to decrease slightly as the
reaction temperature increased from 400°C to 500°C. The
highest efficiency reached 79.5% at 400°C. When the molar
ratio of Mn, Ce, and Al was 0.4 : 0.05 : 1, the efficiency

reached the highest peak of 89.5%. When the molar ratio
of Mn, Ce, and Al was 0.4 : 0.1 : 1, the efficiency peak reached
89.1%, similar to Mn0.4Ce0.05/Al. For Mn0.4Ce0.2/Al, the
highest efficiency was 85.2%, a little lower than
Mn0.4Ce0.05/Al and Mn0.4Ce0.1/Al. Doping with Ce improves
the activity of the Mn/Al catalyst significantly. The temper-
ature window moves to the left, indicating that the low-
temperature activity of the catalyst is enhanced. Free Ce
has excellent oxygen storage capacity, and a small amount
of Ce doping increases the active sites on the catalyst surface,
thereby increasing the NO removal rate. But excessive dop-
ing may aggravate the accumulation of surface crystals,
cover some active centers, or block the pores, resulting in a
decrease in the catalytic activity of the catalyst [27, 28]. In
the subsequent surface analysis, it was found that after Ce
doping, the specific surface area was significantly reduced.
The active ingredient is not as much as possible and should
be lower than the surface dispersion threshold. Otherwise,
Ce agglomerates and stacks on the surface, so Mn0.4Ce0.05/Al
with better activity is selected as the main research object in
the follow-up.

3.2. XRD. The XRD patterns of Mn0.4/Al and Mn0.4Ce0.05/Al
expressing the crystal phases on the catalyst surface are
depicted in Figure 3. MnOx and CeOx are the main research
objects, so the Al2O3 carrier is not shown in Figure 3. There
were only diffraction peaks corresponding to Mn2O3 in the
XRD patterns of Mn0.4/Al, indicating the well-crystallized
Mn2O3 for Mn0.4/Al catalysts. As for Mn0.4Ce0.05/Al, the dif-
fraction peaks at 28.8°, 41.2°, and 67.2° were attributed to
MnO2, while the diffraction peaks at 28.9°, 36.5°, and 57.8°

were ascribed to Mn3O4.
In the XRD patterns of Mn0.4Ce0.05/Al, the diffraction

peaks of MnO2 and Mn3O4 were very weak, and no diffrac-
tion peaks of Mn2O3 existed, which revealed that the addi-
tion of Ce had a great influence on the crystal structure of
Mn0.4/Al catalyst. It is worth noting that we also did not
detect the crystalline phase of Ce in the XRD pattern, which
indicated that Ce was evenly dispersed on the surface of the
catalyst, or Ce enters the lattice of manganese. We speculate
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Figure 1: Schematic diagram of the experimental setup.
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that Ce atoms may enter the lattice of Mn2O3, resulting in
the disappearance of a large amount of Mn2O3 crystal struc-
ture on the catalyst surface and resulting in the increase of
the crystal structure of MnO2 and Mn3O4 on the catalyst
surface.

After adding active component Ce to Mn0.4/Al catalyst,
manganese and cerium interacted in a solid solution man-
ner, and manganese ions entered the cerium oxide lattice
to increase the oxygen storage capacity of the cerium oxide
and the oxygen migration activity of the surface oxide [29].
This interaction was related to the electron transfer between
manganese and cerium and the gain and loss of oxygen, and
it also influenced the crystal structure of the catalyst and the
valence state of manganese and cerium compounds. There-
fore, related characterization analysis was carried out.

3.3. XPS. The XPS spectra for Mn 2p of Mn0.4/Al and
Mn0.4Ce0.05/Al are separately drawn in Figure 4(a) and
Figure 4(b). Mn2p peaks for Mn oxides have many
multiplet-split components, and the binding energy of
Mn4+ is greater than Mn3+ [30]. In Figure 4(a), the binding
energy peaks of 641.0 eV and 652.5 eV represent Mn3+; the
binding energy peaks at 642.8 eV and 653.4 eV represent
Mn4+. The relative size of the energy spectrum peak area
represents the relative content of different manganese oxides
on the catalyst surface. The Mn4+/ðMn3+ +Mn4+Þ ratio and
the Mn3+/ðMn3+ +Mn4+Þ ratio were 46.1% and 53.9%,
respectively.

On Mn0.4Ce0.05/Al, the binding energy peaks of 641.3 eV
and 652.8 eV represent Mn3+; the binding energy peaks at
642.8 eV and 654.2 eV represent Mn4+ in Figure 4(b). Com-
pared with Mn0.4Ce0.05/Al, the energy level was shifted
upward. The Mn4+/ðMn3+ +Mn4+Þ ratio and the Mn3+/ðM
n3+ +Mn4+Þ ratio were 31.0% and 69.0%, respectively. The

results indicated that partial Mn4+ converted to Mn3+ as a
result of the addition of cerium. The increase of Mn3+ and
the decrease of Mn4+ favored the catalyst oxidation activity,
which was consistent with the results of Atribak et al. [31].
They also confirmed that the activity of Mn4+ for NO oxida-
tion was lower than that of Mn3+.

Figure 5 shows the XPS spectra for O 1s of Mn0.4/Al
(Figure 5(a)) and Mn0.4Ce0.05/Al (Figure 5(b)). There were
two kinds of oxygen in catalysts, i.e., surface absorbed oxygen
(denoted as Oα) and lattice oxygen (denoted as Oβ). In
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Figure 5(a), peaks at 532.9 and 531.6 eV were attributed to Oα,
while the peak at 529.4 eV corresponded to Oβ. And in
Figure 5(b), peaks at 533.0 and 531.5 eV were attributed to
Oα, while the peak at 529.3 eV corresponded to Oβ. Although
the binding energy for each peak showed few differences in
Figure 5(a) and Figure 5(b), the intensity varied greatly, espe-
cially the relative intensity of Oα and Oβ. The proportion of
Oβ to (Oα + Oβ) in Figure 5(a) was as low as 20.4%, whereas
the proportion in Figure 5(b) increased to 34.3%.
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Table 1: Results of the XPS results of Mn0.4/Al and Mn0.4Ce0.05/Al.

Sample Mn4+/ Mn3+ +Mn4+
� �

Mn3+/ Mn3+ +Mn4+
� � Oα/O Oβ/O

Mn0.4/Al 46.1% 53.9% 79.6% 20.4%

Mn0.4Ce0.05/Al 31.0% 69.0% 65.7% 34.3%

Table 2: Physical properties of catalysts.

Sample
BET surface
area (m2/g)

BJH pore
volume (cm3/g)

Average pore
diameter (nm)

Mn0.4/Al 86.61 0.143 23.17

Mn0.4Ce0.05/
Al

69.44 0.139 28.69
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Lattice oxygen played an important role in NO oxida-
tion. After adsorption on the catalyst surface, NO was first
oxidized by the active lattice oxygen to form nitrite or nitrate
on the surface of the catalyst [32]. The higher proportion of
Oβ signified the more lattice oxygen in catalysts, so
Mn0.4Ce0.05/Al exhibited better catalytic oxidation activity
than Mn0.4/Al. Xiang et al. [33] built a model of manganese
oxide loaded on alumina and analyzed the adsorption of NO
and O2 on the Mn/Al surface by density functional theory.
Calculations have found that O2 is not easy to stably adsorb
on the Mn/Al surface, so the surface lattice oxygen Oβ is
more likely to participate in the oxidation of NO by the

MvK mechanism. This was consistent with our experimental
conclusions that the Mn0.4Ce0.05/Al catalyst with higher lat-
tice oxygen content had a stronger ability to oxidize NO.

Figure 6 shows the XPS spectra for Ce 3d of
Mn0.4Ce0.05/Al. The Ce 3d spectrum consists of two series
of spin-orbit lines Ce3d3/2 and Ce3d5/2 [34]. There were
eight distinct characteristic peaks, of which the peaks at
881.8 eV, 889.2 eV, 897.7 eV, 902.3 eV, 907.0 eV, and
916.0 eV correspond to Ce4+ [26, 35], and the peaks at
902.2 eV and 884.0 eV correspond to Ce3+ [36, 37]. It indi-
cated that Ce in Mn0.4Ce0.05/Al had two forms of Ce4+ and
Ce3+ after calcination at high temperature. The Ce4+/ðCe3+

(a)

(b)

Figure 7: FESEM images of (a) Mn0.4/Al and (b) Mn0.4Ce0.05/Al.
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+ Ce4+Þ ratio and the Ce3+/ðCe3+ + Ce4+Þ ratio were 20.56%
and 79.44%, respectively.

Ce had strong oxygen storage capacity and stores and
releases oxygen through the transformation of Ce3+ and
Ce4+, which was consistent with the higher lattice oxygen
content on the surface of Mn0.4Ce0.05/Al. It can be seen from
Figure 1 that Ce doping improved the low-temperature
activity of the catalyst, which was consistent with the study
of other scholars [38, 39]. In addition, the doping of Ce ele-
ment led to a reduction in the amount of O atoms combined
with Mn, which in turn converted Mn4+ to Mn3+ with better
activity.

The results of the XPS characteristics of Mn0.4/Al and
Mn0.4Ce0.05/Al are listed in Table 1. According to the analy-
sis above, the increase of Mn3+ and lattice oxygen was
important for the effective improvement of catalyst activity.

The physical properties of Mn0.4/Al and Mn0.4Ce0.05/Al
are listed in Table 2, mainly including the BET surface area,
the BJH pore volume, and the BJH average pore diameter.
From Table 2, it could be found that the surface area and
the pore volume of the Mn0.4Ce0.05/Al catalyst were lower
than those of the Mn0.4/Al catalyst. On the contrary, the
pore diameter of the Mn0.4Ce0.05/Al catalyst was higher.

According to the XRD analysis results, cerium ions
entered the manganese oxide lattice, resulting in an increase
in the weight per unit volume of the pore structure and
resulting in the decrease in the specific surface area and pore
volume of the catalyst [40]. And it could be found in Table 1
that the Oα of Mn0.4Ce0.05/Al catalyst was less than that of
Mn0.4/Al. The decrease of Oα was probably because of the
decrease of the catalyst pore volume. Larger pore size will
enhance the contact of NO and O2 with the active sites on
the catalyst surface and reduce the resistance of the reactants
during internal diffusion, so Mn0.4Ce0.05/Al exhibits stronger
NO removal performance.

3.4. FESEM. The FESEM images with magnification times
(×10000) of Mn0.4/Al and Mn0.4Ce0.05/Al are shown in
Figure 7. As shown in Figure 7(a), the Mn0.4/Al surface
was evenly distributed with fine particles. According to the
above XRD analysis results, they were likely to be Mn2O3
particles. As shown in Figure 7(b), there were many
needle-like substances on the Mn0.4Ce0.05/Al surface. The
surface of Mn0.4Ce0.05/Al was rougher, which was conducive
to generating more active sites and also conducive to the
adsorption of reactants, which strengthens the catalytic oxi-
dation of NO on the surface.

4. Conclusions

The NO oxidation removal activity of Mn0.4/Al catalysts
with different Ce contents (Mn0.4/Al, Mn0.4Ce0.05/Al,
Mn0.4Ce0.1/Al, and Mn0.4Ce0.2/Al) was studied experimen-
tally. The results showed that the activity of Mn0.4/Al cata-
lysts was effectively promoted with Ce addition, and the
Mn0.4Ce0.05/Al performed the best.

Simultaneously, the physical-chemical properties and
microstructures of Mn0.4/Al and Mn0.4Ce0.05/Al were com-
pared and analyzed by various characterization methods,

which was helpful to reveal the mechanism of catalytic oxi-
dation of NO by Mn-based catalysts and the effect of Ce
addition. The characterization results showed that (1) the
entry of cerium ions into the manganese oxide lattice led
to the change of crystal structure of the catalyst surface
and the decrease of specific surface area and pore volume;
(2) the decrease of Mn4+ and the increase of Mn3+ on the
catalyst surface were beneficial to the NO oxidation; (3) Ce
doping increased the lattice oxygen content on the surface
of the Mn0.4Ce0.05/Al, which was favorable for NO
oxidation.
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