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Abstract : In this article, an Iterated Modified Tabu Search (IMTS) approach is presented by improving
certain aspects of general Tabu Search to enhance the approximation of the Equitable coloring problem (ECP)
problem for a real-world problem of scheduling the ICC Cricket World Cup tournament. The proposed IMTS
introduces new point generation mechanisms and parameter updating rules to achieve this objective of the
tournament schedule. The IMTS algorithm defines different k-ECP instances and utilizes the search process
to determine the optimal solution for an instance of k-ECP by estimating the minimum k-coloring value. An
illustration of resolving the Cricket World Cup tournament scheduling problem using the proposed IMTS
algorithm is provided. Also, an assessment of the IMTS is also performed on a commonly used benchmark
instance. Both the results illustrate that the IMTS provided comparatively better solutions with high quality
and computational efficiency.

Keywords : Computational Efficiency, Cricket World Cup, Equitable Coloring Problem, Iterated Modified
Tabu Search, Scheduling Problem

1 Introduction
The Equitable Coloring Problem (ECP), a specialized variant of the general graph coloring problem, incorporates an essential
equity constraint: the disparity in size between any two random color classes must not exceed one unit. Real-world problems like
scheduling can be modelled as ECP for finding equitable chromatic number and resolved efficiently by avoiding incompatible
allocation of tasks or timings. However, the additional condition of ECP makes it NP-hard problem and difficult to solve
especially for problems with large-sized instances. Hence for solving the NP-complete problem and finding equitable chromatic
number of large-sized graph, the heuristics and search algorithms have been introduced. Tabu Search algorithm emerges as a
prominent choice, applied extensively for solving ECP to automatically compute the k-chromatic number. However, studies
indicate that, the Tabu Search algorithm increases time complexity particularly when confronted for larger graphs.

Graphs are discrete structures containing vertices connected via edges which are employed in all domains as abstract models
for analysis and illustration of real-world processes and problems [1], [2]. The relations between the entities in most domains
like bonds between atoms and elements in chemistry, work scheduling, bonds in DNA, etc. are more effectively illustrated
in the graphs [3]. This leads to active graph analysis tasks that can be formulated into problems and resolved using strategic
techniques and algorithms. Among all the challenges, scheduling quandaries encompass a universal classification involving
allocation predicaments, transcending domain boundaries and necessitating adept solutions. Graph coloring problem (GCP)
[4] is one such method to formulate the scheduling problems based on graph theory. The fundamental aim of GCP lies in
the allocation of colors to nodes within a graph, ensuring that neighboring nodes connected by an edge remain distinct in
coloration. Programming system tasks and the arrangement of objects often exhibit seamless compatibility with the principles of
the Graph Coloring Problem (GCP) [5]. Nonetheless, this approach encounters constraints when addressing specific scheduling
complexities, such as the equitable distribution of workloads among workers or the appropriate allocation of time to clients.
In these instances, the challenge lies in avoiding scenarios where a biased distribution emerges one worker burdened with an
excessive workload while another is assigned significantly fewer tasks, owing to an uneven allocation strategy. To overcome
these issues, the ECP [6] is formulated as a variant of GCP. An equitable k-coloring of an undirected graph are partitions of
its nodes into k disjoint independent sets where the colors of two independent sets vary maximum by one. In simple terms, an
equitable coloring with k colors is a conflict-free coloring with k colors, if it fulfills the equitable coloring conditions [7]. As a
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variant of the GCP, the ECP apprehends defining a minimum k called as equitable chromatic number. Leveraging the framework
of ECP, an abundance of challenges can be proficiently tackled using equitable scheduling strategies [8].

Round-robin sports tournament scheduling is one of the problems that can be resolved automatically using the ECP
formulation. Round-robin sports timetables are pivotal in any multi-team tournament, including the World Cup Football
tournaments and related domestic leagues, Olympic Games, Cricket World Cups and country-based cricket leagues especially
the most popular Premier League Cricket tournaments and almost all multi-player and multi-team tournaments [9]. The round-
robin scheduling includes n teams and constraint of all teams playing remaining teams precisely m times with a pre-determined
number of rounds. Towards the end of the scheduled phases, the teams with higher points or most wins will advance to the
next rounds. The two types of schedules in round robin are single round robins where two teams meet only once and double
round robins where two teams meet twice before the end of the schedule. The major scheduling problem in these tournaments
encompasses the traveling tournament problem and the availability of teams at specified times [10]. ECP conceptualizes round-
robin scheduling as graph-based problems and tackles them using search-based algorithms.

However, ECP is a NP-complete problem (NP-hard and NP combined together) which renders its resolution more intricate.
Many heuristic algorithms have been used to resolve ECP amongwhich Tabu search is themost prevalent algorithm. In this paper,
the ICC Cricket World Cup 2019 tournament scheduling problem is analysed and modeled as ECP. The Iterated Modified Tabu
Search (IMTS) Algorithm is proposed, aiming to mitigate the time complexity associated with solving ECP. The proposed IMTS
is an enhanced version of the Tabu search process whose new solution-generating process and updating of search parameters
are improved to provide an efficient approximation. The subsequent sections are structured as follows: Section 2 provides a
succinct overview of recent related research; Section 3 delineates the proposed approach for ECP resolution, while the Section
4 demonstrates its practical application in real-world scheduling scenarios. Section 5 presents the evaluation results, and finally,
Section 6 encapsulates the conclusions drawn from the study.

2 Related Works
Due to its profound relevance across multiple studies, a multitude of research endeavours has been steadfastly directed towards
the identification of efficient solutions for the ECP, with a parallel emphasis on their practical integration into real-world
applications. Yan et al. [11] presented an innovative approach to equitable coloring of Cartesian products using balanced
comprehensive manifold graphs. This approach utilizes the balancing factor to connect the graph based on the equity constraints
of ECP. Bahiense et al. [12] offered a branch-and-cut approach for the ECP based on inter-programming representatives. This
approach uses a primitive heuristic, splitting tactics and the first branch-and-cut strategy and enhances solutions for the ECP,
exhibiting an improved average relative gap.

DSATUR, a pivotal graph colo‘ring algorithm devised by mathematician Daniel Brélaz and rooted in the principles of the
greedy algorithm, stands as a cornerstone in this domain. Its extensive utilization for effectively addressing the challenges
posed by the ECP underscores its significance. San Segundo [13] proposed a new DSATUR approach for precise vertex
coloring problems by maximizing the saturation point to choose a new nominee vertex to color. Notably, it is one of the
proficient solutions for any ECP approximation. Méndez-Díaz et al. [14] proposed a polyhedral approach associated with a
0,1-integer program design for ECP. Méndez-Díaz et al. [15] developed an exact DSatur-based algorithm with novel pruning
procedures precisely developed from ECP constraints. Further expanding on this foundation, Méndez-Díaz et al. [16] also
introduced an advanced pruning measure from equity constraints based on the popular DSATUR approach. This approach
exploited arithmetical properties essential in equitable coloring and associated them with the methods of DSatur to provide an
effective approximation. Though DSatur is widely recognized to provide better coloring than greedy algorithms, it falls short
in comparison to the Recursive Largest First algorithm. This leads to the search for advanced DSatur and other algorithms for
solving ECP.

Recent research has employed the heuristic algorithm for solving the NP-hard problem of the ECP. The profound and
efficacious algorithm is the Tabu Search-based heuristic projected by Méndez-Díaz et al. [17] which uses a new local search
criterion. This approach utilized the dynamic Tabu version of previous research to improve the ECP approximation. Wang et al.
[18] proposed a hybrid Tabu search algorithm with feasible and infeasible searches for ECP. The process substitutes a possible
local search where the search centers on the most applicable and practicable solutions and an infeasible local search where an
organized exploration of solutions is acceptable by comforting the equity constraint. The hybrid Tabu search algorithm provided
satisfactory performance on common benchmark instances.

Lai et al. [19] suggested a solution to the ECP using backtracking based iterated Tabu search in which the approximation of
the ECP is performed with different fixed k values. The iterated Tabu search determines the k-coloring while the backtracking
system adjusts k to an appropriate value and the binary search determines a good initial k value. The experimental analysis
on common benchmark instances showed that this approach resulted in a better approximation of ECP than existing heuristic
methods. Sun et al. [20] proposed a memetic search process that utilizes a backbone-based crossover operator, a 2-phase Tabu
search strategy to resolve NP-hard ECP. Among the heuristic algorithms, the Tabu search based algorithms provide better
colorings for ECP and also significantly reduce the complexity. However, as the scale of instances escalates to larger proportions,
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these algorithms tend to exhibit heightened time complexities. Hence, this study acknowledges these challenges as focal research
issues and introduces IMTS algorithm for overcoming those limitations in resolving the ECP effectively.

3 Iterated Modified Tabu Search Algorithm for the ECP
The proposed IMTS operates in a solution space where the equity conditions is fulfilled and only the conditions of graph coloring
may be ignored. The k-ECP can be resolved by determining the solutions even after k+1 and continuing with k-1, k-2,. . . until
the solution is found [21]. The iterative process of IMTS results to obtain optimal k-coloring with k∈ k*-1,k*-2,. . . ,k*-m where
k* has receiving the minimum number of equitable k* colors and m is a back tracking depth parameter such that m>1. The
algorithm of the complete solution finding approach using IMTS is given as follows:

Algorithm 1 Proposed approach using IMTS algorithm for ECP

Require: Graph G = (V ,E), the number of colors k , the perturbation parameter β, the depth of tabu search α
Ensure: The best number of colors k∗ and an equitable k∗-coloring solution s∗

1: kr , sr are initial k and s values determined by binary search (BS)
2: (kr , sr)← BS(V ,E, α)
3: Update best results k∗ ← kr , k ← kr , s∗ ← sr

4: repeat
5: if k = k∗ − 1 or k = 2 then
6: k ← k∗ − 1
7: else
8: k ← k − 1
9: end if
10: Resolving equivalent k-ECP using IMTS, s← IMTS(k,G, α, β)
11: if f (s) = 0 then
12: k∗ ← k
13: s∗ ← s
14: end if
15: until Time T ≥ Tmax

16: return k∗ and s∗

Algorithm 1 consists of threemain processes: binary search to set an appropriate initial k value (kr), backtrackingmechanism
to set k for IMTS and finally using IMTS for solving the k-ECP and updating k∗. The proposed IMTS approach for ECP
terminates once the time reaches maximum limit even if the solution is not found. At this stage, the smallest number k∗ obtained
in the final step is considered as the approximate solution for the ECP.

For a given k-ECP, the IMTS initially searches the solution space where all possible k-classes assuring the equity constraint.
Ωk is the search space which is formulated as

Ωk = {C : ||Vi| − |Vj|| ≤ 1; i ̸= j} (1)

where C is the k-classes denoted as C = {V1,V2, · · · ,Vk} and i ≤ 1, j ≤ k are the instances. The whole search space Ω is
exploited by th e IMTS as given by

Ω =

n⋃
k=1

Ωk (2)

In this equation, the k-classes of the search space guarantee the equity constraint but the coloring constraint is not guaranteed
and might result in adjacent vertices getting the same color [22], [23]. Hence it becomes important to estimate the quality of the
k-class solution candidate. For achieving this objective, the IMTS familiarizes an evaluation function f (s)) by totalling the sum
of all conflicting edges in a k-class solution. Assigning s = {V1,V2, · · · ,Vk} as the k-class equity in Ω, the evaluation function
is given as.

f (s) = ΣVi,Vj∈Eδ (i, j) (3)

where,

δ (i, j) =

{
1 if E ∈ {1, 2, · · · , k}
0 otherwise

(4)
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The selected k-class solution is considered ideally equitable k-coloring satisfying both the equity and coloring constraints
only when the s ∈ Ω and f (s) = 0. This solution is considered ideal since the search process of IMTS filters between the
available k-class solutions by attaining the optimal solution with evaluation f (s) = 0, thus resulting in effecting transitioning
of solutions for k-ECP.

3.1 IMTS procedure for k-ECP

The proposed IMTS procedure includes the process of initialization and the process of applying the modified tabu search for
obtaining the mandatory solution. This process is repeated for n iterations and the perturbation operator is used by IMTS to
modify the mandatory solution to obtain new mandatory solution. This solution will be considered mandatory until the better
solution is produced in other iterations. This iterated process of the modified search process will eliminate the conflicting
solutions and results in optimal equitable k-coloring solution until β number of consecutive perturbations. Algorithm 2 shows
the IMTS procedure for k-ECP. This algorithm determines the best mandatory solution based on the evaluation function f (s).

Algorithm 2 IMTS procedure for k-ECP

Require: Graph G = (V ,E), k , β, α
Ensure: The best solution s
1: Initializing s← Solution(V ,E, k)
2: Applying s← Modified Tabu Search(s, α)
3: Consecutive perturbation counter d ← 0 for unchanged s
4: repeat
5: s′ ← Perturbation Operator(s)
6: s′′ ← Modified Tabu Search(s′, α)
7: if f (s′′) < f (s) then
8: s← s′′

9: d ← 0
10: else
11: d ← d + 1
12: end if
13: until d = β or f (s) = 0
14: return s

Step 3 of Algorithm 2 presents the initialization process. The sole purpose of the solution initialization process will be
to generate an initial solution with fewer conflicts. Algorithm 3 presents the solution initialization process. Let U be the list
of unassigned vertex nodes and v is the randomly selected vertex. The set of neighbors of v in Vi is given by Γi (v). This
initialization process is performed by randomly selecting the vertices and assigning them with the suitable k color classes. After
the completion of the assigning processes, the remaining vertices are categorized as unassigned vectors and are assigned to one
of the existing k-color class based on the greedy approach.

Algorithm 3 Solution initialization of IMTS

Require: Graph G = (V ,E), k
Ensure: k-class candidate for ECP
1: for i ∈ [1, k] do
2: Vi ← ∅
3: end for
4: Set of unassigned vertices U ← V
5: for i ∈ [1, k] do
6: Select a vertex v randomly from V
7: Vi ← Vi ∪ {v}, U ← U \ {v}
8: end for
9: i← 1
10: while U ̸= φ do
11: v← arg min{|Γi(v)| : v ∈ U}
12: Vi ← Vi ∪ {v}, U ← U \ {v}
13: i← 1 + (i mod k)
14: end while

The preliminary process of setting the solutions is performed by defining the initial value of i as 1 and i-th color class Vi as
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the initial class. This initial color class is assigned with the unassigned vertex v that has the smallest number of neighbors in Vi.
This random assigning process is continued by setting i← 1+ i modk , and repeating the steps again for all other vertices. After
assigning color classes to all vertices, the newer solution is saved and the optimal solution is determined by the modified Tabu
search process presented in steps 4 and 8 in Algorithm 2.

3.2 Modified Tabu Search Algorithm
The modified Tabu search is achieved by improving the new point generation mechanisms and parameter updating rules of the
basic Tabu search [24]. Themain purpose ofmodifying the basic Tabu search is to guarantee the best balance between exploration
and exploitation searches and improve the convergence rate such that the algorithm does not end up in the local optimum. The
entire search process of the Tabu search consists of the intensification, diversification and refinement phases. The intensification
phase initializes the search to quickly obtain optimal point. The diversification phase exploits the unknown spaces for better
optimal points while the refinement phase filters the obtained best points and selects the global optimum solution. As defined
above, the intensification and refinement phases searches for optimal solution among the available points while diversification
phase generates new solutions for the other phases. To improve this process, the Gaussian probability density function (pdf) is
used in the modified Tabu search. The main constraint for generating new solutions is that the 68−95−99.7 rule, which defines
that 68% of the points obtained from a Gaussian distribution are inside one standard deviation from the mean value, while 95%
of the points are within two and 99.7% are within three standard deviations. This constraint is satisfied by generating new points
in a relatively small neighbor of the specific point. Similarly for diversification phase, better local optima must be obtained to
avoid stagnating at a local optimal point. For this purpose, Cauchy pdf is used which produce new points that stay in unexplored
spaces from the current optimal points without constraints like Gaussian. The Gaussian and Cauchy pdf are given by.

G(xi) =
1√
2πσ2

i

exp
(
− (xi − µi)

2

2σ2
i

)
(5)

C(xi) =
1(

πγi

[
1 +

(
xi−ai
γi

)2
]) (6)

where xi is the solution point, µi is the mean value, σi is the standard deviation, γi is the scaling parameter and ai is the
location of the optimal solution. Based on these pdf functions, the new solution points can be obtained as

xi = µi + σiP (7)

xi = ai + γi tan [π (P− 0.5)] (8)

Here P is the accumulation function specified as the integral of either Gaussian or Cauchy pdf denoted as F (u) in the below
equation.

P =

∫ ∞

−∞
F (u) du (9)

Secondly, the parameter updating rule is improved based on the scalar parameter γ and standard deviation σ. Setting larger
value of these parameters will yield in low convergence speed while a smaller value will reduce the global searching capability.
Hence dynamic updating is used for automatically determining these parameters for obtaining optimal solution.

ai+1 = a0 − a0
(
1− 1

i

)q

(10)

where a0 = xu−xl
10 and q = log29/30(w) with w is the attenuation parameter and xu and xl are the higher and lower limits

of the dynamic strategy.As the searches advances, a is reduced steadily and improves the converging speed of the algorithm.
Based on this process, the search process is performed in IMTS which is given in Algorithm 4.

Specified a neighbourhood function N , the evaluation function f (s) in equation (3), and a given initial solution s0, the
modified Tabu search provides the best solution to replace the mandatory solution. Here d is the parameter set to count the
consecutive iterations where sb is not updated i.e., sb stays the best solution. By using the modified steps as described above, the
optimal solution is obtained in less time and also the solution is globally optimal, thus averting the local optima situation. The
utilization of Gaussian and Cauchy pdf in Tabu search has significantly improved the optimal solution determination as shown
in Figure 1.
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Algorithm 4 Modified Tabu Search process

Require: Input solution s0, the neighbourhood N , and α
Ensure: Best solution sb
1: Generate new solution using G(xi) and C(xi)
2: Current solution s← s0
3: Best solution obtained until now sb ← s
4: Iteration counter d ← 0
5: repeat
6: Select the best neighbourhood solution s′ ∈ N (S)
7: s← s′

8: Update parameters using Equations 8 and 9
9: Update Tabu list
10: if f (s) < f (sb) then
11: sb ← s
12: d ← 0
13: else
14: d ← d + 1
15: end if
16: until f (s) = 0
17: return sb

Figure 1: Gaussian and Cauchy pdf performance in IMTS

4 Application of IMTS for ECP in Scheduling ICC Cricket World Cup 2019
ICC Cricket World Cup is the global competition conducted by the International Cricket Council (ICC) every four years. The
Men’s World Cup tournament held in 2019 is modeled as ECP for scheduling the tournament. The 2019 event was contested by
men’s national teams of ten cricketing countries. It was from 30 May to 14 July, 2019 with the league matches taking place in
round robin format. The semi-finals and final were played as knock-out format. The tournament was organized in seven cricket
grounds across six cities in England and Wales. The matches were scheduled on the basis of flexibility of the TV audience
with one match taking place each weekday and two matches taking place in weekends to attract the cricketing crowds. This
strategy is mainly based on the profit model but it also considers the travel flexibility of the cricketing players and officials. In
this work, the multi-nation tournament is considered for evaluating the effectiveness of ECP in solving the scheduling problems.
For simplicity, only the main matches in the league stage is considered while knock-out matches are left out due to their easy
scheduling.

The 10 teams participated in the tournament are sorted in alphabetical order for evaluation. Afghanistan, Australia,
Bangladesh, England, India, New Zealand, Pakistan, South Africa, Srilanka and West Indies are the teams. They are numbered
1, 2, · · · , 10 for match ordering. By sorting the match combinations, the single round robin format will lead to 45 matches in 9
rounds which are shown in the Table 1

As the tournament is single round robin, the teams are ordered as the nodes of a graphG = (V ,E)where each vertex v ∈ V as
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Table 1: Round-robin schedule format
Round Matches

1 1,2 3,9 4,8 5,7 6,10

2 1,3 2,10 4,9 5,8 6,7

3 1,4 2,3 5,9 6,8 7,10

4 1,5 2.4 3,10 6,9 7,8

5 1,6 2.5 3,4 7,9 8,10

6 1,7 2,6 3,5 4,10 8,9

7 1,8 2,7 3,6 4,5 9,10

8 1,9 2,8 3,7 4,6 5,10

9 1,10 2,9 3,8 4,7 5,6

Figure 2: ICC World Cup Round robin schedule of nine rounds

an unordered pair v = {ti, tj}, representing a match amongst teams ti and tj. The vertices number |V |becomes 1
2n(n − 1) and

the number of possible colors k = n − 1 is determined for concrete scheduling. The edge dimensions are given by [25] as in
equation 11

D =
4(n− 2) + 1

|V | − 1
(11)

Figure 2 shows the IMTS for World Cup tournament by splitting the scheduling process for each day. In this pattern, the
tournament can be organized in 10 or 11 days including the knock-out matches. Each round can be contested in one day at 5
venues and thus the time can be minimized and also the expenditure.

Figure 3 shows the input graph plotted for evaluation for the tournament with the said 10 teams. The plot is obtained by the
node plot structure used to construct the graph vertices. The edges are connected based on the matches assumed.

Figure 4 shows the Plot area of the graph for assigning the 10 teams as vertices of the graph G and utilizing it in scheduling
the matches. Once scheduled, the edges of the graph denote the matches and coloring of the vertices illustrate the teams that
can be scheduled in the same round. Scheduling of the matches on the same day reduces the overall timing of the schedule.
On comparing with the original schedule of the tournament, few constraints are avoided. The main constraint is the scheduling
based on TV audiences. The other constraint is the allocation of reserve days and possible extensions of playing time that might
affect the travel schedule.
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Figure 3: Input Graph of World Cup Tournament

Figure 4: Plotting of the Scheduled Teams in Graph Vertices

Figure 5 shows the coloring output of the World Cup tournament scheduling problem. From the results, it can be seen that
the coloring constraint of no adjacent vertices have the same colour and equity constraint are satisfied by the IMTS approach.
This justifies the performance of the suggested IMTS algorithm for the ECP.

5 Performance Evaluation
The approximation of the proposed IMTS for ECP is performed in the previous section for the scheduling problem of ICCCricket
World Cup 2019. The results have shown effectiveness of the proposed approach. In addition to that evaluation, the proposed
IMTS is applied on benchmark instances which are commonly in evaluating GCP and ECP problems. The experimental setup
is given in the Table 2

The performance of the IMTS is provided in Table 3 along with a comparison of existing methods namely Tabu
Search (TS) [17] and BITS [19]. The proposed IMTS is measured for the value of initial k (ki) , best k (kb) and average
values of k (kavg) for 20 runs for estimating the success rate (SR). A total of 60 benchmark instances are utilized which
weregenerated in DIMACS machine benchmark format with varying number of nodes available at the following link:
https://turing.cs.hbg.psu.edu/txn131/graphcoloring.html. The evaluations are performed for the proposed IMTS for 20 runs on
138 ECJSE Volume 11, 2024
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Figure 5: Equitable Coloring of the World Cup Scheduling Problem

Table 2: Experimental Setup
OS Windows 7 and above, 32bit

Processor Intel core i5 3470 3.2 GHz

Storage 500GB Intel SSD SC2CT060A3 ATA device

RAM 4GB DDR3

Network bandwidth 1 Gbps

Simulation tool MATLAB v.2016b

Simulation time 600 seconds

Total Runs 20

Number of Instances 60

each instance to validate the success rates.
From the table 3, it can be found that the IMTS algorithm has better values of ki, kb and kavgwith significantly higher success

rates than the existing schemes TS and BITs on most instances, thus suggesting that the proposed IMTS reduces the convergence
rate and hence the final solutions are better. For a total of 20 runs of the proposed IMTS on each instance, the algorithm returned
successful solutions on most runs, indicated by the SR rate. This shows the significance of the proposed approach in handling
the ECP and its applications to real-world problems.

6 Conclusion
The introduced IMTS algorithm for tackling the equitable coloring problem demonstratesmarked enhancements in performance,
attributed to its integration of the modified Tabu search technique alongside a strategic backtracking approach. The algorithm’s
efficacy is substantiated through its application to address the scheduling conundrum of the ICC Cricket World Cup tournament,
yielding favorable outcomes. Furthermore, assessments conducted on benchmark instances underscore the IMTS algorithm’s
superiority in delivering improved results and notably accelerated convergence rates for the ECP. The algorithm’s effectiveness is
a synergy of the combined efforts of its constituent processes. Notably, the IMTS algorithm’s versatility extends to the successful
resolution of other real-world NP-hard problems as well.
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Table 3: Computational results of IMTS algorithm on benchmark instances
Instance Nodes TS BITS IMTS

kb ki kb kavg SR ki kb kavg SR
DSJC125.1 125 5 5 5 5 20/20 5 5 5 20/20
DSJC125.5 125 18 17 17 17.5 20-Oct 17 16 16.5 20-Dec
DSJC125.9 125 45 44 44 44 20/20 43 42 42.65 20/20
DSJC250.1 250 8 8 8 8 20/20 8 8 8 20/20
DSJC250.5 250 32 32 30 31.9 20-Jan 31 30 30.45 20-Aug
DSJC250.9 250 83 72 72 72 20/20 70 69 69.65 20/20
DSJC500.1 500 13 13 13 13 20/20 13 13 13 20/20
DSJC500.5 500 63 57 56 56.95 20-Jan 53 53 53.25 20-Jul
DSJC500.9 500 182 130 129 129.9 20-Feb 127 127 127.6 20-Nov
DSJR500.1 500 12 12 12 12 20/20 12 12 12 20/20
DSJR500.5 500 133 126 126 126.3 14/20 121 121 121.2 17/20
DSJC1000.1 1000 22 22 21 21.95 20-Jan 21 21 21.25 20-Jul
DSJC1000.5 1000 112 112 103 105.1 20-Mar 105 103 104.95 20-Dec
DSJC1000.9 1000 329 254 252 253.3 20-Jan 232 230 232.65 20-Nov

R125.1 125 - 5 5 5 20/20 5 5 5 20/20
R125.5 125 - 36 36 36 20/20 36 36 36 20/20
R250.1 250 - 8 8 8 20/20 8 8 8 20/20
R250.5 250 - 67 66 66.65 20-Jul 66 66 66 20-Nov
R1000.1 1000 - 20 20 20 20/20 20 20 20 20/20
R1000.5 1000 - 269 250 250.4 20-Dec 257 248 248.34 16/20
le450_5a 450 - 5 5 5 20/20 5 5 5 20/20
le450_5b 450 7 5 5 5 20/20 5 5 5 20/20
le450_5c 450 - 5 5 5 20/20 5 5 5 20/20
le450_5d 450 8 5 5 5 20/20 5 5 5 20/20
le450_15a 450 - 15 15 15 20/20 15 15 15 20/20
le450_15b 450 15 15 15 15 20/20 15 15 15 20/20
le450_15c 450 - 15 15 15.1 18/20 15 15 15 19/20
le450_15d 450 16 15 15 15.7 20-Jun 15 15 15 15/20
le450_25a 450 - 25 25 25 20/20 25 25 25 20/20
le450_25b 450 25 25 25 25 20/20 25 25 25 20/20
le450_25c 450 - 26 26 26 20/20 26 26 26 20/20
le450_25d 450 27 26 26 26 20/20 26 25 26.1 20/20
wap01a 2368 46 43 42 42.6 20-Aug 44 41 42.1 15/20
wap02a 2464 44 42 41 41.8 20-Apr 41 41 41 13/20
wap03a 4730 50 46 45 45.05 19/20 44 42 43.55 19/20
wap04a 5231 - 46 44 44.15 17/20 45 45 45.1 15/20
wap05a 905 - 50 50 50 20/20 50 50 50 20/20
wap06a 947 - 42 41 41.7 20-Jun 41 41 41 20-Nov
wap07a 1809 - 43 43 43.05 19/20 43 41 41.8 17/20
wap08a 1870 - 43 43 43.05 19/20 42 41 41.75 17/20

flat300_28_0 300 36 35 34 34.7 20-Jun 33 33 33.45 20-Sep
flat1000_50_0 1000 - 112 101 102.8 20-Jan 102 99 101.2 20-Mar
flat1000_60_0 1000 - 112 102 102.9 20-May 109 101 102.5 20-Aug
flat1000_76_0 1000 112 112 102 103.4 20-Mar 109 99 101.65 20-Jan
latin_square_10 900 130 129 115 120 20-Jan 121 113 117.17 20-Jun

C2000.5 2000 - 202 201 201.6 20-Jul 198 197 198.4 20-Aug
C2000.9 2000 - 504 502 502.4 20-Nov 502 493 498.6 14/20
mulsol.i.1 197 50 49 49 49 20/20 49 48 48.45 20/20
mulsol.i.2 188 48 36 36 36.35 13/20 33 31 32.8 18/20
fpsol2.i.1 496 78 65 65 65 20/20 61 61 61 19/20
fpsol2.i.2 451 60 47 47 47 20/20 43 43 43.25 20/20
fpsol2.i.3 425 79 55 55 55 20/20 53 51 52.5 20/20
inithx.i.1 864 66 54 54 54 20/20 49 49 50.35 20/20
inithx.i.2 645 93 36 36 36.35 13/20 35 31 33.75 15 /20
inithx.i.3 621 - 38 37 37.45 20-Nov 35 35 35 20-Oct
zeroin.i.1 211 51 49 49 49 20/20 45 45 45 19/20
zeroin.i.2 211 51 36 36 36 20/20 34 33 33.4 20/20
zeroin.i.3 206 49 36 36 36 20/20 33 33 33 20/20
myciel6 95 7 7 7 7 20/20 7 7 7 20/20
myciel7 191 8 8 8 8 20/20 8 8 8 20/20
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Abstract : Pharmaceutical supply chains involve multiple stakeholders at various stages, beginning with
the API source, moving on to the medication manufacturer, packaging and distribution firms, administrative
regulators, hospitals, pharmacies, and finally the patient. Because of the difficulty in tracking and ensuring
authenticity, counterfeit drugs are more likely to penetrate the distribution system. Increasing counterfeit
medicinal products in the market pose a potential threat to the pharmaceutical supply chain and to the lives
of innocent people. There is a need for technology that could provide privacy, trust, transparency, security,
authorization, and authentication to clients and show proof of the origin of products. Due to significant qualities
such as decentralization, transparency, a trust-free environment, anonymity, and immutability, blockchain-
based drug traceability provides a viable answer to this problem. Blockchain technology provides an efficient
and cost-effective option for improving various drug traceability functions and procedures to assure appropriate
identification. Blockchain is being employed in other areas of the pharmaceutical sector, such as packaging
and supply chain activities. This paper describes the challenges in the pharmaceutical supply chain and
how blockchain combined with the pharmaceutical supply chain can be a problem solver. We also review
a blockchain architecture for product traceability in the pharmaceutical supply chain system.

Keywords : Blockchain Architectures, Drug Traceability, Healthcare, Information Sharing, Pharmaceutical
Supply Chain, Security

1 Introduction
Cryptography serves as the fundamental basis for the blockchain system. The advent of blockchain technology, which offers a
reliable and transparent framework for the storage and dissemination of information, is presenting novel opportunities to tackle
significant issues pertaining to data privacy, security, and integrity across various domains, such as healthcare. Messages were
encoded millennia ago as a protective measure against potential adversaries. The literature of the 1980s and 1990s featured
numerous articles that posited the integration of cryptography with secure data chains and the initiation of digital currencies.
In the year 1982, David Chaum [1] introduced the concept of digital currency and blind signatures, which enable individuals
to affix their signature to a document, asserting their ownership while simultaneously concealing the information contained
within the document. Subsequently, in 1990, David founded DigiCash [2], a cryptographic system that utilized both private and
public keys, as well as signatures, to generate an untraceable form of digital currency. Regrettably, DigiCash faced financial
insolvency and was officially declared bankrupt in 1998. Adam Back is credited with the establishment of hash cash, a proof-of-
work system created to restrict the spread of unsolicited emails, colloquially called spam, in 1997. Prior to sending an email, the
sender would be required to verify their ability to solve a computational puzzle, thereby consuming computational resources and
heightening the expenses associated with sending out large volumes of spam emails. This innovative approach was subsequently
expounded upon in a scholarly article published in 2002 [3]. In 1998 [4], the concept of "bit gold" was put forth as a decentralized
form of digital currency. It involved a combination of proof-of-work and a network of computers that recognized the legitimacy
of the proof-of-work and incorporated it into the subsequent problem, along with a timestamp. However, it is important to
note that bit gold was purely theoretical and never attained the status of a genuine currency. In 1998, another article [5] was
published that elucidated the fundamental principles of digital currencies, such as Bitcoin, and this research is referenced in
Satoshi Nakamoto’s seminal Bitcoin paper. It was the extensive efforts undertaken from the 1980s to the 2000s that established
the foundational framework for Bitcoin and the underlying blockchain technology. In 2008, Satoshi Nakamoto [6] outlined in his
article the process of Bitcoin creation and the linking of transaction blocks into chains. With Satoshi Nakamoto’s establishment
of the Bitcoin network and its inaugural blockchain in 2009, the concept became a tangible reality. This foundational blockchain
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played a crucial role in Bitcoin, thwarting double spending and serving as a decentralized public ledger for all transactions within
the Bitcoin network. Nakamoto further solidified this by mining the inaugural block on the Bitcoin network, famously dubbed
the "genesis block." In blockchain technology, all records, whether they be transactional or medical, are stored in blocks. Once
a block reaches its capacity with data, it becomes part of the chain of preceding blocks, and a new block is generated for
subsequent data entries. This immutable nature ensures that once added to the blockchain, blocks cannot be altered, with any
modifications requiring notification to all previous users. The scalability and decentralized nature of blockchain technology
make it invaluable for improving supply chain processes, enhancing the global economy, and promoting project sustainability.
Every aspect of the supply chain, from raw materials to transportation logistics to human resources, can be efficiently tracked
using blockchain technology. Numerous studies [7], [8], and [9] have suggested alterations and devised novel methodologies
to enhance and implement a diverse range of applications, such as smart contracts, supply chain management, and healthcare.
This article discusses the possibilities and limitations of blockchain technology for drug tracing in the pharmaceutical supply
chain. The main contributions of our study are as follows:

• We explore the issues of the pharmaceutical supply chain without blockchain.
• We analyse the suitability of Blockchain properties for drug tracing by giving an overview and several architectural

designs.
• We discuss solutions in pharmaceutical supply chain management leveraging blockchain technology.
• We review thorough implementation of Blockchain solutions in pharmaceutical supply chains, launched as the eZTracker

Platform by Zuellig Pharma.
• We investigate a Blockchain SCMS use case for COVID-19 vaccine distribution.

2 Challenges in Pharmaceutical Supply Chain Management System
• Counterfeit Drug Prevention: Products that are purposefully manufactured and have their identity labelled to appear to

be genuine and the sale of fake medications harms both patients and the pharmaceutical industry as these may be harmful
or ineffective to patients. Avoiding counterfeiting that can only be accomplished by identifying illegal intermediaries or
determining provenance is a big challenge.

• Product Distribution: In supply chain management, goods are exchanged between several parties, none of whom are
aware of any previous exchanges that took place. The drug supply chain lacks the infrastructure to ensure comprehensive
manufacturer-to-end user tracking. Drugs are initially given to wholesalers by the manufacturer, who then give them
to hospitals or pharmacies and the absence of process transaction tracking in classical supply chain is challenging its
effective implementation.

• Tracking and Tracing: Quality assurance and tracking of all stages of drug production from manufacturer to consumer
has always posed a challenge. Deaths have resulted from the distribution of substandard and counterfeit drugs, prompting
governments around the globe to incorporate trace and track systems to monitor pharmaceuticals supply chains.

• Safety and Security: Classical drug supply chain management characteristics cannot broadcast necessary information
securely and reliably. Data can be easily removed, altered, and tampered with in many cases. Keeping data safe from
alteration, removal, and modification while sending it securely and reliably all over the network is a bigger challenger
to users.

• Inaccurate Stock Data: A lack of visibility into inventory or stock data is one of the most serious issues in the supply
chain. Healthcare facilities, manufacturers, and vendors would lack up-to-date inventory information. Many hospitals,
for example, are unaware of the number of resources they have or will require during the covid-19 pandemic. Hospitals
that use antiquated software to manage inventory, procurement, shipping, and other operations may struggle to meet
timelines.

• Quality Priority: Because medicines deal with people’s lives, quality is the most important factor to consider. The major
function of a supply chain is to retain the product’s quality so that it is effective until it is consumed by the customer.
For example, maintaining proper temperature and humidity levels. Many systems do not provide such assurance.

3 Characteristics and Architecture of Blockchain for Drug Traceability
In this section, we discuss the characteristics of blockchain in context with drug traceability and two further architectures with
these characteristics as proposed by Uddin et al. [7]. Following are the characteristics of block chain:

• Immutability: Immutability is a core pillar of blockchain technology, ensuring the integrity of the digital ledger by
making it immutable. Unlike traditional money transfer systems, which allow transaction details to be easily tampered
with and require the involvement of trusted third parties to ensure data integrity, blockchain works on the principle that
each block is intricately linked to its predecessor, significantly reducing the likelihood of block alteration.
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(a) Hyperledger Fabric Blockchain Architecture (b) Hyperledger Besu Blockchain Architecture

Figure 1: Blockchain Architecture [7]

• Decentralization: Decentralisation is a distinguishing feature of blockchain networks, which eliminates the need for a
trusted third party or central authority to supervise transactions. This decentralised distributed ledger solution efficiently
overcomes issues such as single-point failures and dependency on third parties to ensure transaction integrity.

• Heightened Security: After transaction details are hashed, appended to a block, and made public, altering the transaction
information becomes impossible without modifying the hash value. This is because the blockchain relies on irreversible
hashes for all its data. Thus, anyone attempting to alter data would need to compromise every block across the entire
network.

• Distributed Ledgers: All details regarding a transaction and its participants are distributed among all involved parties.
This ensures that any malicious alterations to a transaction can be readily detected, promoting transparency, and making
the system resistant to tampering.

A distributed ledger technology called Hyperledger Fabric [7] (Fig. 1a as presented in [7]) provides reliable solutions with
high degrees of secrecy, resilience, adaptability, and scalability. By enforcing trust between several parties without requiring
mining, it preserves desired blockchain characteristics like block immutability and avoids double spending through the use of
smart contracts. It is perfect for intricate supply chain systems because of its transaction throughput, whichmay approach several
thousand transactions per second. The Hyperledger Fabric medication traceability architecture [7] incorporates a blockchain-
based supply chain system that protects privacy, confidentiality, and data security. The notion of channels separates business
logic from data privacy regulations across stakeholders. A permissioned private blockchain network is formed, with a Health
Authority registering organisations and users through the membership service provider. This protects privacy and secrecy by
decentralising identity management. At its heart, Hyperledger Fabric consists of peer nodes that store ledger copies and execute
smart contracts, while an ordering service receives, orders, and broadcasts transactions for validation. The transaction processing
approach consists of four phases: proposal, endorsement, ordering, and execution, which ensures determinism and dependability
in updating the ledger’s state. Hyperledger Fabric’s principles provide safe and transparent transaction management for many
parties in the pharmaceutical supply chain, reducing hazards such as counterfeit pharmaceuticals.

To execute medication-related traceability transactions on a Hyperledger Besu network [7] (Fig. 1b as presented in [7]),
a Distributed App (DApp) sends signed private transaction requests to a Hyperledger Besu EVM node. These transactions
include recipient addresses (or privacy group IDs), sender addresses, and transaction types. Privacy groups, denoted by unique
IDs, grant access to certain data exclusively to designated accounts or nodes. The DApp interface transmits transactions to Orion
via a Private Transaction Handler, which distributes them to the appropriate Orion nodes. Orion nodes record transactions in a
state database and provide the transaction hash to the Private Transaction Handler. Additionally, Privacy Marker Transactions
(PMT) are generated, mined into blocks, and broadcasted. The Mainnet Transaction Processor executes PMTs, which are then
executed and committed to the private world state on nodes that have the relevant precompiled smart contract. Nodes without a
contract ignore the marker transaction.
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Figure 2: Blockchain for Product Traceability

4 Pharmaceutical Supply Chain Management System with Blockchain
The pharmaceutical supply chain comprises of several stakeholders, like a supplier, manufacturer, distributor, retailer, pharmacy,
and at last, the consumer (patient). Product distribution frequently necessitates sophisticated packing, unpacking, and repacking
methods, making drug authenticity, and tracking incredibly hard. Since medicine deals with humans’ lives, quality is of the
utmost importance, and it’s not only the quality while manufacturing but also maintaining the quality of the products so that
they are efficient until the time they are consumed by the patient, and so it’s the responsibility of the manufacturer to store the
drugs at the right temperature, ensuring that the storage humidity is right, depending on the storage requirement for the product.
Also, in the pharma industry, whenever there is a product on the shelf-life, and it is not sold, either because it is expired, or it
is near expiration, or because it may have quality issues, the supply chain (Fig. 2) ensures the pickup of these products from
the complex network of thousands of retailers, distributors, and wholesalers and disposes of them. This scenario also offers a
chance for the counterfeit drug industry, where they can buy these expired drugs and reprint their expiry labels to sell them into
the market.

This scenario of the introduction of counterfeit drugs into the market poses a challenge to bringing all the supply chain
(raw material-producing companies, manufacturers, distributors, and then the different channels through which they call the
hospital and clinic) and, at the end, the patient together, as they tend to be a fragmented ecosystem altogether. The first challenge
is to share information between parties when there’s no standard mechanism for data transfer and a lack of trust, as people don’t
want to share data ownership. Lack of information and communication between parties create entry points for illicit products
from outside the system. The second challenge is to track a product’s activity from end to end along the supply chain so that
information is passed over consistently and is being recorded in a timely manner, making it accessible to whoever needs access
to that data. Then, the third challenge is: how do you give drug supply information to a patient so that a patient is able to verify
it through a mobile phone, investigate the supply chain, and decide before purchasing the medicine or getting vaccinated? Thus,
a verified block chain-based pharmaceutical supply chain is the solution to these challenges. Several studies have been done
towards implementing blockchain in the pharmaceutical supply chain; some of the relevant ones are listed in the table 1

Each participating entity uploads its transaction to the blockchain network (depending on the finished activity). At the first
stage, many manufacturers send raw materials to the producer and record their transactions on the block chain network. This
transaction contains information such as the raw material’s name, quantity, and quality, as well as the supplier’s location.

When the manufacturer receives the rawmaterials, smart contracts are activated, and appropriate action is taken. All network
authorities have access to the network and can check the validity and history of any medicine at any time. Similarly, the
manufacturer interacts with the network at the next level, and so on. Thus, in a block chain network, various aspects of the
supply chain are recorded, and every new transaction in the network is recorded in an immutable block that is time-stamped to
keep track of the exact product in the end-to-end chain and ensures that the block’s details are not tampered with. At last, when
the drugs are delivered to the patient, he can trace the drug through a mobile app that allows him to scan a data matrix QR code
on the medication (Fig. 3) and be able to trace right the way back to the origin of that product and provides information like
where it was manufactured, where it came from, where it’s been, how long it was in certain locations, where it was stored in
the right temperature controls, and that it’s been through a supply chain and being handled in the correct way, so it transforms
a patient’s mobile phone into a cloud-based verification tool.

5 Review of eZTracker designed by Zuellig Pharma[31]
Recognizing the need for blockchain networks in the pharmaceutical and healthcare industries (Table 1), Zuellig Pharma: a
professional services firm, has created a platform that would serve as the foundation for a complete plant-to-patient supply
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Table 1: Blockchain in Healthcare Supply chain Management
S.
No.

Reference Key Findings

1 Wu et al. [10] Introduced a delivery structure comprised of several private distributed ledgers and a blockchain public
ledger, as well as its implementation.

2 Jochumsen et al.
[11]

Using a literature review and expert interviews, this study investigates the impact of Blockchain on the
pharmaceutical supply chain. The authors have interviewed various Co-Founder and Executive Director
pharmaceutical industry experts, including project managers to conduct this study.

3 Clauson et al.
[12]

Using Blockchain technology, the study explores several difficulties (such as product identity, traceability,
verification, detection, and etc) as well as prospects for improvement in the healthcare supply chain.

4 Tseng et al. [13] The system’s objective is to reduce the likelihood that fake medications will enter the supply chain for real
ones. The double-spending prevention feature of the Gcoin Blockchain was used by the authors of this
study to address the issue of fake medications. The Gcoin Blockchain has created and is maintaining an
immutable, transparent, and secure database of drug supply chain transaction data that is consensus driven.

5 Hossein et al. [14] The authors created a Blockchain-based architecture that uses multiple systemminers to validate and protect
patient data in the healthcare industry. Also, investigated several barriers to using Blockchain in IoT to
protect patients’ privacy. Concerns expressed included network overhead imposed by the Proof of Work
consensus technique and a limited number of transactions recorded in the Blockchain network.

6 Bryatov et al. [15] A pharmaceutical supply chain architecture is built using the Blockchain Hyperledger Fabric technology.
They have highlighted drug counterfeiting as a severe problem in the supply chain and proposed a
comprehensive plan to address it.

7 Jamil et al.[16] According to the authors, the pharmaceutical supply chain’s safety has become a serious concern to public
health. Using Hyperledger Fabric, they demonstrated pharmaceuticals supply chain management. They
also created a smart contract to allow patients to obtain electronic prescription data and electronic health
information for a limited period.

8 Drosatos et al.
[17]

Provide a thorough overview of the scope and constraints of Blockchain technology in the biological field.
Most research focuses on how to integrate, maintain the integrity of, and control access to patient data related
to health records. Medical research, clinical trials, the pharmaceutical supply chain, and medical insurance
are just a few of the other interesting and cutting-edge applications that are emerging.

9 Yang et al. [18] Presents an architecture that integrates Blockchain technology into global electronic health records with the
use of smart contracts. The proposed system is practical for health providers to implement, without affecting
record management effectiveness and interoperable with current e-healthcare systems.

10 Jayaraman et al.
[19]

Highlights the potential benefits of combining IoT and Blockchain Technology for the healthcare supply
chain. The study investigated how IoT-based Blockchain design, with its smart contract’s capability,
can address challenges and problems in the healthcare supply chain, including product recalls, supply
constraints, expiry monitoring, and fake goods.

11 Tijan et al. [20] This article delves into the application of Blockchain technology in logistics and supply chain management.
Blockchain technology could aid in a variety of supply chain tasks such as tracking objects, tracking orders,
vouchers, bills, and transactions, and so on.

12 Abou-Nassar et
al. [21]

Proposed a Blockchain-based Decentralized Interoperable Trust framework (DIT) for a healthcare IoT
system using smart contracts to boost trust. To ensure trustworthy communication, the system leverages
a ripple chain, which verifies nodes depending on underlying interoperable structure.

13 Fekih et al. [22] An overview of blockchain, particularly as it relates to healthcare, is provided in this article. Electronic
Medical Records, Remote Patient Monitoring, Pharmaceutical Supply Chain, Health Insurance Claims, and
other healthcare-related use cases and challenges were highlighted.

14 Reda et al. [23] The healthcare and pharmaceutical supply chain architecture described in this article uses blockchain
technology to ensure that real medications get to the people who need them most.

15 Y. L. Chang et al.
[24]

Analysed blockchain applications in the maritime, transportation, food, pharmaceutical, and manufacturing
supply chains to highlight the key challenges for blockchain implementation.

16 Houtan et al. [25] Proposed a new model based on the Ethereum network and patient health records. Study includes patients’
digital identity, records management, patient data, and decentralised applications for autonomous clinical
operation.

17 Alghazwi et al.
[26]

The literature on the use of blockchain for genome. They divided searches into commercial and
non-commercial categories and predicted several challenges, including constraints to Implementation,
interoperability, smart contract security, data privacy, and verifiability, among others.

18 Xiao et al. [27] To replace the traditional healthcare system, researchers created a consortium Blockchain-based health
chain. A consortium of hospitals, insurance companies, and government agencies that may be able to solve
the traditional supply chain problems.

19 Cerny et al. [28] General overview of the challenges associated with the use of blockchain technology in the supply chain.
The article makes a distinction between conventional supply chains and supply chains built on blockchain
technology. The lack of traceability, a lack of real-time information, the provenance of commodities,
counterfeit goods, and other issues related to supply chain.

20 Sunmola et al.
[29]

The study examined two different case studies to conduct a literature review on the application of Blockchain
technology in traditional supply chains and its deployment in pre-adoption, adoption, and post-adoption
stages.

21 Musamih et al.
[30]

Authors demonstrated a Blockchain-based drug traceability solution for pharmaceutical supply chain
through built in app DApp (Decentralized application) using various Ethereum smart contracts for
permission. As a system stakeholder, they followed FDA (Food and Drug Administration) standards and
regulations.
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Figure 3: Product Traceability by Patient

chain information network. A one-of-a-kind platform designed with the following goals in mind to create a resilient blockchain
network where:

• Supply Chain Concerns and Importance: One out of every ten pharmaceutical products sold in developing nations is
fake, costing the region of SEA alone an estimated 2.6 billion USD in lost revenue every year, in addition to posing
serious risks to patient safety.

• Pharmaceutical Industry Traceability: Grey markets or parallel imports of drugs are common. Beyond shrinking profit
margins for pharmaceutical companies, the greater risks come from endangering public health by failing to comply with
regional regulatory approval and labelling requirements.

• Margin erosion because of supply chain inefficiencies: Due to inefficient supply chains and inadequate storage
conditions, the pharmaceutical industry loses an average of 4.5percent of its potential revenue.

• Inflated costs and a long-time lag for product recalls: In the last ten years, the average product recall has cost medical
device manufacturers USD 10 million (excluding brand damage).

• Harsher penalties and stricter health policies regarding patient safety: Authorities around the world are increasing their
scrutiny to ensure that supply chain practices do not jeopardise patient safety.

5.1 Collaboration Challenges with Information Exchange:
Challenge 1: Due to a lack of information and communication between supply chain parties and the lack of a data transfer
mechanism, illegal products from outside the system may enter the system.
Challenge 2: Even when information is transmitted, activities are not consistently associated with product / package identities,
limiting the effectiveness of sharing. In a system with interconnected feedback loops, efforts to optimise the supply chain are
hampered by a lack of end-to-end information.
Challenge 3: Patients lack access to and no way to utilise the supply chain’s information regarding product movement and
provenance.

5.2 eZTracker Solution to challenges
eZTracker is a blockchain-based solution that gives pharmaceutical manufacturers transparency and traceability over their
goods’ movements throughout the distribution network. eZTracker turns patients’ mobile devices into instant validation tools by
tracking the unique QR code. Within seconds, a medication’s code can be traced back to its manufacturer and country of origin,
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Figure 4: Zuellig Pharma Drug Traceability Blockchain Architecture [31]

which enables them to confirm the provenance and authenticity of their purchase, raising the bar for compliance and quality
control to increase patient safety. Zuellig Pharma [31] has designed a material tracker (Fig. 4.) using Hyperledger blockchain
technology in which the manufacturer shares material information, including batch information, expiry data, and all other data,
with the blockchain that fits the evidence for traceability purposes. Now, this data will be shared along with the blockchain
network with all the participants, including the distributor (like Azure Farmer or the other distributor, hospitals, clinics, as well
as the other end users). So, when the product reaches the warehouse of Pharma Company, they will also feed in more information
in the blockchain, like the shipping date of the medicine to the client, to the hospital, or to the clinic. Zuellig Pharma blockchain
also manages the repo repository by storing patient information and patient vaccination details; some details are not shared in
the blockchain because of privacy and confidentiality. Salient Features of [31] Participants host and operate their own "Node,"
which keeps their data safe in their own surroundings.

• Before being fed into the Node, every data point on product movements is confirmed by Smart Contracts and heavily
encrypted.

• Participants can choose what data on their Node is recorded on the ledger ("on-chain") and what information is accessible
to others.

• Smart Contracts and APIs allow users to "virtually" query ledger data across Nodes without transferring real data.

6 Blockchain SCMS for COVID-19 Vaccine Distribution
Blockchain technology may be the best option for managing COVID-19 vaccine distribution. An efficient allocation of a
COVID-19 vaccine would necessitate global agreement on its delivery as well as a transparent, verifiable, and timely supply
management system. Blockchain technology may be appropriate to handle such a difficult task, letting all countries and
participating associations to be nodes in a network that can visualise immutable and real-time records [32]. The system could
keep tabs on important details like vaccine production, distribution, and stock, as well as vaccine-related supplies (like needles,
glass vials, and refrigeration units), both within and between nations. It could also keep tabs on the vaccine’s quality by keeping
track of its batch number, producer, expiration date, and temperature control. To minimise loss and waste, the system should
also enable measurement of these two factors.

Blockchain technology, when combined with internet of things (’IoT’) technology, could also be used to monitor the
COVID-19 vaccine rollout [33](e.g. temperature sensors). Because each vaccination has varied storage needs, temperature and
storage duration monitoring is crucial for the COVID-19 vaccine distribution chain. Temperature and other sensitive data could
be tracked using blockchain technology throughout vaccination batch shipping and storage. The system would function by
placing smart IoT sensors on shipping containers that would gather, store, and transfer data to the blockchain. Other authorised
parties could then instantly examine this information on the blockchain, allowing hospitals, distributors, and regulators to
confirm that the vaccinations were carried and stored securely and effectively. Many additional possible benefits of blockchain
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in the context of pharmaceutical supply chains include the ability to locate problems, limitations, and restrictions rapidly
and effectively, as well as eliminate the possibility of double computation through instantaneous transactions. As previously
discussed, blockchain could help with quickly recognising troublesome products (such as defective, inaccurately stored, or
counterfeit products) and efficiently expelling them from the supply chain.

7 Benefits of Blockchain in Pharmaceutical Supply Chain Management System
• Material Traceability for Pharma Manufacturers: Using blockchain technology, key farmer manufacturers can track the

products from the plant down to the patient. Other things like managing inventory visibility and auto-replenishments are
basically ways to strengthen trust and really allow them to give a stamp of approval that the products that they have are
going through an easy tracker. Customers are assured that these are genuine products; they’ve been through a genuine
supply chain, and they’ve been handled in the correct way. Block chain also helps in reducing waste and cost with higher
demand and inventory visibility. Strengthen brand trust and reduce revenue loss by identifying "grey trade" occurrences.

• Quality Assurance for Patients: Blockchain provides comprehensive traceability from production to the point of reaching
the patient, effectively preventing the introduction of counterfeit drugs or medical devices into the ecosystem. In cases
where targeted recalls or inspections are necessary, blockchain facilitates swift and precise actions. Furthermore, quality
parameters are documented by certifying agencies on the shared ledger, significantly reducing the risk of data tampering.
Thus, the prescriber of the drug can verify it at any time, and people will have the right drugs anytime they need them,
building confidence that they can go ahead and take that genuine medication, but also the quality. Thus, block chain
empowers patients with the quality-related data of each box of medication, creating a sense of security that medication
is quality-assured and genuine. Allow for more effective and accurate adverse event reporting and product recalls.

• Efficiency for Healthcare Organizations: Generate business efficiencies by minimizing inefficiencies in inventory
management. Allow for more efficient and secure payment processing for pharmaceutical companies and other sub-
distributors and wholesalers.

8 Results and Discussion
The pharmaceutical supply chain faces challenges such as counterfeit drugs, inefficient distribution, and quality maintenance.
Numerous studies [7, 10-31] have been conducted to resolve this with the help of blockchain technology by ensuring
transparency, traceability, and security throughout the supply chain process. With blockchain, each transaction is recorded
on an immutable ledger, addressing issues like counterfeit drug introductions and inefficient recalls. The use of Hyperledger
Fabric technology, Hyperledger Besu Network, and initiatives like Zuellig Pharma’s eZTracker blockchain solutions provide
transparency and traceability, enabling manufacturers to track product movements and consumers to verify the authenticity of
their medications. By utilising Hyperledger blockchain technology, eZTracker ensures the integrity of data related to product
movements, batch information, and expiration dates, enhancing traceability and accountability across the supply chain. In
terms of COVID-19 vaccine distribution, blockchain provides an effective and transparent alternative for managing vaccine
allocation and supply chain logistics. Real-time monitoring of temperature-sensitive vaccinations is now possible thanks to the
integration of IoT technology and blockchain, ensuring adherence to storage regulations and minimising waste. Furthermore,
blockchain enables the fast identification of defective items, which improves the overall safety and efficiency of pharmaceutical
supply chains. Overall, blockchain technology offers various advantages for pharmaceutical supply chain management, such
as increased traceability, quality assurance, and operational efficiency. By adopting blockchain-based systems like eZTracker,
stakeholders may minimise risks, increase transparency, and assure the supply of safe and legitimate pharmaceuticals to patients
worldwide by just scanning through the mobile app. Thus, these technological advancements significantly reduce counterfeit
medicine and provide patients with legitimate drug supply information.

9 Conclusion
Blockchain qualities like decentralisation, immutability, increased security, and distributed ledgers allow for the safe traceability
of medications from producers to end-user patients, lowering the possibility of counterfeit drugs entering the market. The paper
discusses various architectural advancements in blockchain technology that can be used in the pharmaceutical supply chain to
reduce counterfeit medicine. One of the proposed solutions is for consumers, i.e., patients may use smartphone applications
to scan QR codes on pharmaceuticals to learn about their origins, production information, and supply chain trip, boosting
confidence and trust in pharmaceutical supply chains. Blockchain’s immutability and decentralisation provide data integrity
and security, providing answers to issues such as counterfeit medication prevention, product distribution, and erroneous stock
data. The paper also reviews Zuellig Pharma’s eZTracker technology and demonstrates blockchain’s disruptive potential by
enabling transparency and traceability across the supply chain. Looking ahead, blockchain technology promises to revolutionise
healthcare supply chain management, notably in COVID-19 vaccine delivery, by enabling real-time tracking, monitoring, and
verification to guarantee equal access and minimise waste.
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Abstract : Nuclear Power Plant can produce electricity more efficiently and have low carbon emissions. The
nuclear reactor used in this study is the MSR (Molten Salt Reactor) FUJI-12. This study aims to conduct an
analysis neutronics on MSR FUJI-12 by varying the geometry shape of the reactor core and finding the most
effective geometry core to use in MSR. The material used in this study is a mixture of LiF-BeF2-UF4 molten
salts. This study uses OpenMC code with nuclear data library ENDF/B VIII.1. The shapes of the geometry
core that will be compared are, pancake, balance, and tall. The three geometry core shapes will then be varied
into seven kinds. The results show that the geometry of the core is very influential on the reactivity of a nuclear
reactor. The value for all geometry core variants at the beginning of the operating reactor is in a supercritical
condition and it will be a critical or subcritical condition at the end of the reactor’s operating life. Balance and
tall 1 variants have a high on distribution neutron flux and fission rate. The Balance variant also produces the
smallest mass of plutonium nuclides. The neutronic analysis that has been carried out show that the balance
variant is the optimal geometry core design that can be used on the MSR FUJI-12.

Keywords : Molten Salt Reactor, Monte Carlo, OpenMC, Geometry Core.
1 Introduction
The use of electrical energy in Indonesia continues to increase every year. Electricity consumption per capita in Indonesia in
2020 is 1.088 GWh and in 2021 is 1.122 GWh [1]. Most of Indonesia’s electricity nowadays uses fossil fuels (coal). Around
87% of total electricity production in Indonesia in 2020 come from a coal [2]. Using coal as a fuel will have a negative impact
on the environment. The negative impact on the environment results both from the mining and from its [3].

Nuclear Power Plant is an alternative to providing electricity that can produce a larger and more stable electricity capacity.
Nuclear energy is sustainable because it has least polluting and the lowest environmental impact [4].The fission reaction process
in a nuclear reactor releases large amounts of energy in the form of heat, which is then used to produce steam and drive turbines
to generate electricity [5]. Nuclear Power Plants have experienced many developments from Generation I to Generation IV.
MSR is a type of Generation IV nuclear reactor design that uses a mixture of molten salts as both fuel and coolant [6]. MSR
FUJI-12 is a nuclear reactor design developed in Japan and is considered more economical because it can be mass-produced
and does not require large areas of land [7]. The FUJI-12 reactor core consists a hexagonal cylinder with a flow channel for fuel
made from graphite in the middle [8].

Neutronic analysis of MSR has been analysed. The research in [9] using LiF-BeF2-ThF4-UF4 as a fuel showed that MSR
FUJI-12 can achieve its criticality with the 233U concetration in the fuel of 0.34% or more. The study in [10] that use 235U on
LiF-BeF2-ThF4-UF4 showed that the miniFUJI MSR reactor could gain its criticality condition for 1.96% of UF4 with 235U
enrichment at the smallest amount 95% in the 50 MWth. The study in [11] showed that the composition of LiF-BeF2-UF4 can
be use for MSR fuel. The research in [12] showed an neutronic analysis on MSR FUJI-12 using 235U as a fissile material in
LiF-BeF2-UF4 fuel. There are three eutectic compositions of fuel used in this study. The fuel 1 has 48% LiF-51,5% BeF2-0.5%
UF4, the fuel 2 has 69% LiF-23% BeF2-8% UF4, while the fuel 3 has 70% LiF-18% BeF2-12% UF4. The result showed that the
eutectic composition of LiF-BeF2-UF4 in fuel 2 and fuel 3 can potentially be used as a liquid salt fuel mixture in MSR FUJI-12
with an operating power of 350 MWt.

The geometry core of the reactor is one of the important things when analyzing a nuclear reactor. Geometry shape of the
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Figure 1: Research Procedure

core will determine the graph of the value of and the reactivity value of a reactor. The research [13] on Gas Cooled Fast Reactor
used 3 geometry type, i.e. pancake, balance, and tall. The result showed that the pancake is an effective type used in Gas Cooled
Fast Reactor. The paper [14] presents the neutronic analysis of core shape in a Small Molten Salt Fast Reactor. The geometry
core shape that used are pancake, balance, and tall. The result in 50 MWth showed that balance is the most effective size, while
20 and 30 MWth showed that pancake is the most effective size. This study aims to conduct an analysis of neutronics on MSR
FUJI-12 by varying the geometry shape of the reactor core and finding the most effective geometry core to use in MSR using
OpenMC code.

2 Methodology
The study of neutronic analysis on MSR FUJI-12 with variations geometry core was conducted using OpenMC code developed
by Computational Reactor Physics Group (CRPG) on Massachusetts Institute of Technology (MIT) and nuclear data library
ENDF/B VIII.1. The research procedure is shown in Figure 1.

OpenMC is an open-source Monte Carlo particle transport code. OpenMC is capable to simulating all nuclear reactions
producing secondary neutrons, including (n, 2n), (n, 3n), fission, and level inelastic scattering. The data of interactions neutron
with nuclei are represented in ACE format, and it can be generated with the NJOY nuclear data processing system to convert
raw ENDF/B data into a representation that is suitable for use in a Monte Carlo code [15].

The Monte Carlo method is one of the numerical methods that can be used to solve the neutron transport equation. Monte
Carlo method simulates neutron transport as a stochastic process. The neutron path starts from the neutron source in the nuclear
reactor, most are fission sources. Fission sources have energy distribution in the form of a fission spectrum in space with an
isotropic distribution direction. The probability that a neutron has a collision at a distance s along the flight path is:

T (s) = Σt(s) exp[−
∫ s

0

Σt(s′) ds′] (1)

The collision occurs in the n th region at a distance is:

s′n = (1/Σt)(−lnλ− Σn
j=1Σt jssj (2)
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Table 1: Spesification of MSR FUJI-12
Parameters Value
Power 350 MWt
Average power density 7 kWt/liter
Burn up 5 years
Fuel Salt Composition:
LiF 69%
BeF2 23%
UF4 8%
Density 2.9 gr/cm3

Thermal input 840 K

Figure 2: Constituent component of core

The Monte Carlo method requires several repetitions so that the simulated phenomena can be described completely and
realistically [16].

The molten salt fuel mixture on the MSR must be in the eutectic composition. The eutectic composition is the mixing point
of a chemical compound with the lowest temperature. The eutectic temperature of a mixture can be achieved by determining
the right composition, so that the compound mixture can be used as a fuel in MSR. 235U was used as a fissile material and 238U
as a fertile material. The specification of MSR FUJI-12 shown in Table 1.

The MSR FUJI-12 composed a core, reflector, absorber, and fuel duct. The active core is where the fission chain reaction
happens, which consists of fuel and moderator. The fuel duct is located at the upper and lower active as a fuel path. The fuel
duct that used in this research have a 2.5 cm of thickness. The active core is protected by reflectors and absorbers on the radial
and axial boundaries. The reflector serves to reflect the neutrons into the active core of the reactor. The absorber functions as a
neutron absorber from the reactor’s active core. This research use reflectors with a thickness of 60 cm in the axial and 50 cm in
the radial, while the absorber has the same size in axial and radial with a thickness of 20 cm. The energy filter that applied in
this research is about 0 – 20 MeV. The design of MSR FUJI-12 is shown in Figure 2.

The moderator material is made of graphite so that the energy of the neutrons remains in thermal energy. The reflector is also
made of graphite which serves to reflect the neutrons. Graphite has the characteristics of a stable material in high temperature
and radiation environments and is able to conduct heat well. The absorber is made of boron carbide that has a function as a
reactor’s neutron absorber and protector. The absorber that used in this paper

The geometry shapes of the core that will be compared are pancake (diameter > height), balance (diameter = height), and
tall (diameter < height). Then the three geometry core shapes will be varied into seven kinds: pancake 1, pancake 2, pancake
3, balance, tall 1, tall 2, and tall 3. Figure 3 show variations of the geometry core shapes. The amount of fuel volume fraction,
input power, and percentage of fissile material has the same value, while the volume of the reactor core is cultivated almost the
same. The value of these aspects is made the same to emphasize the output results comparison of the geometry core. The size
and volume of each variant of the geometry core shown in Table 2.

The MSR FUJI-12 core consists of a hexagonal prism assembly. The assembly ring arrangement consists of the inner ring
and n th ring. The inner ring is the innermost part of the assembly arrangement which consists of one hexagonal prism pin. The
n th ring is the ring that surrounds the inner ring. Figure 4 shown the arrangement of assembly ring on MSR FUJI-12.

The total number of rings used in each variant of the geometry core are varies. Determination of the number of rings refers

Figure 3: Variations of the geometry core shapes
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Table 2: Size variation of the geometry core
Geometry Diameter (cm) Height (cm) Ratio (H/D)
Pancake 1 514.6 241.68 0.4
Pancake 2 471 288.495 0.6
Pancake 3 428.5 348.561 0.8
Balance 400 400 1
Tall 1 354.246 510 1.4
Tall 2 310 665.973 2.1
Tall 3 270.9 872.092 3.2

Figure 4: Arrangement of assembly pin fuel

to the size of the diameter and height of the reactor core. The pin fuel has a pitch diameter of 20 cm and the diameter of the
duct is 10.95 cm. The all variant geometry core design of MSR FUJI-12 on radial axis shown in Figure 5. Table 3 shown the
specification of pin and assembly.

The formula that used in this study are:
1. Weight Fraction

Massx = (Mrx × molx), wo =
Massx

Σn
i=xMassi

(3)

2. Excess Reactivity

ρ =
keff − 1

keff
× 100% (4)

2.1 Analysis on effective multiplication factor
DThe effective multiplication factor is a constant that shows the ratio of the number of neutrons produced in one generation
divided by the number of neutrons lost due to absorption and leakage in the previous generation. The value of shows the criticality
level of a reactor. The value of is expected to be close to critical conditions at the beginning of the operation until the end of
the operation so that the fission chain reaction can continue. The effective multiplication factor in each variant of the geometry
core shown in Figure 6.

The value of for each variant of the geometry core is in a supercritical condition at the beginning of the operating reactor
and will decrease significantly as the reactor’s operating period progresses until it enters a critical or subcritical condition state.
A decrease in the throughout the reactor’s operating life can occur due to reduced fuel nuclides due to the burn up process. The
resulting from all variants with the same volume of geometry core has almost the same value. However, the in the tall variant
produces a smaller value when compared to the pancake and balance variants.

Figure 5: All variants geometry core design of MSR FUJI-12 on radial axis
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Table 3: Specification of pin and assembly
Parameter Value
Diameter of pitch 20 cm
Diameter of duct 10.95 cm
Total rings dan assembly
· Pancake 1 13 rings (469 pin)
· Pancake 2 12 rings (397 pin)
· Pancake 3 11 rings (331 pin)
· Balance 10 rings (271 pin)
· Tall 1 9 rings (217 pin)
· Tall 2 8 rings (169 pin)
· Tall 3 7 rings (127 pin)

Figure 6: k-eff in each variant of the geometry core

2.2 Analysis on flux neutron and fission rate
The neutron flux is the total distance traveled by all the neutrons per unit volume per unit time. The unit of neutron flux is
neutrons/cm2s. The neutron flux distribution is reviewed at the beginning of life (BOL) and the end of life (EOL) of the reactor.
A color spectrum describes the distribution of the resulting neutron flux at a specific scale. The red indicates the number
of scattered neutrons that occur in the central region. The greenish-yellow color indicates that the distribution of neutrons is
moving outwards and away from the central region. At the same time, the blue color indicates that the distribution of neutrons
that occur is getting smaller.

Figure 7 shown neutron flux at the beginning of the reactor in the radial direction (XY). Figure 8 shown neutron flux at the
end of the reactor in the radial direction (XY). The maximum distribution of neutron flux is in the core area which consists of
fuel and moderator. The neutron flux distribution in BOL has a higher absorption area compared to EOL. The balance variant
geometry core has the opportunity to be used as an optimal design on MSR FUJI-12. The balance variant has a high neutron
flux value and the decrease in neutron flux from the start to the end of the operation is also stable so that the reactor is able to
maintain the maximum combustion process.

Fission rate is the rate of fission reaction in a reactor which refers to the production of neutrons per unit time or can be

Figure 7: Neutron flux in the radial direction (XY) at the BOL
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Figure 8: Neutron flux in the radial direction (XY) at the EOL

Figure 9: Fission rate in the radial direction (XY) at the BOL

expressed in neutrons/s. The value of the neutron flux affects the fission rate in a nuclear reactor. The fission rate in the reactor
is described by the shape of the fuel channels which produce colors according to the level of fission combustion that occurs in
the reactor core.

Fission rate is also reviewed at the beginning of life (BOL) and the end of life (EOL) of the reactor. Figure 9 shown a fission
rate at the beginning of the reactor operation in the radial direction (XY). Figure 10 shown a fission rate at the end of the reactor
operation in the radial direction (XY). Based on the Figure 9 and Figure 10 show that the fission reaction occurs in the fuel
region, which also corresponds to the distribution of the neutron flux. The tall 1 and balance variants have a high rate of fission
reaction when compared to the other variants.

2.3 Analysis on microscopic cross section

Microscopic cross section is the probability of a neutron experiencing several reactions with a single isotope within a certain
range of energy groups. Figure 11 shown a microscopic cross section of 235U. The resonance region refers to the energy range
in which there is a significant increase in cross section. The resonance region has an energy characteristic where the nuclide is
easily excited. The cross section of neutron absorption that occurs in this energy range indicates is very high fission reaction
occurs. When thermal neutrons pass through this resonance region, they are likely to be absorbed by atomic nuclei and cause a
sustained fission reaction in the reactor.

Figure 10: Fission rate in the radial direction (XY) at the EOL
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Figure 11: Microscopic cross section of 235U

Table 4: The amount of plutonium remaining at the end of reactor operation
Isotope Mass (kg)
Pu P1 P2 P3 B T1 T2 T3

238Pu 1.74 1.74 1.73 1.71 1.72 1.73 1.73
239Pu 227.8 227.3 227.2 225.7 225.7 227.6 228.1
240Pu 31.49 31.40 31.52 31.46 31.24 31.41 31.50
241Pu 24.81 24.85 24.84 24.42 24.65 24.85 24.83
242Pu 2.58 2.58 2.58 2.55 2.58 2.58 2.58
Total 288.43 287.93 287.89 285.92 285.95 288.19 288.80

P = Pancake, B = Balance, T = Tail

2.4 Analysis on fission product
The radioactive elements used in this study consists of 235U as a fissile material and 238U as a fertile material. The remaining
plutonium fuel from the operation of the MSR FUJI-12 reactor consisted of 238Pu, 239Pu, 240Pu, 241Pu, and 242Pu. The remaining
amount of plutonium fuel is obtained from the decay of 238U. Figure 11 is shown the growth of the number of nuclides from
235U, 238U, and plutonium in the geometry core of the balance variant. The mass of uranium has decreased significantly from
the beginning of operation to the end of the reactor operation. Decreasing the mass of 238U will have an impact on increasing
the number of plutonium nuclides. Table 4 is the amount of plutonium remaining at the end of reactor operation

(a) (b) (c)
Figure 12: (a) Total nuclides of 235U; (b) Total nuclides of 238U; (c) Total nuclides of plutonium

Based on Table 4, 238Pu is the nuclide that produces the least mass while 239Pu has the most mass. It can happen because
238Pu has a shorter half-life than 239Pu. Half-life refers to the time required for half the amount of a radioactive isotope to
decompose. Pu-238 which has a shorter half-life than Pu-239 indicates that its radioactive activity is higher. Because it has high
radioactive activity, the plutonium residue remaining after use in the reactor tends to be relatively small, thereby reducing the
amount of plutonium waste produced. The number of remaining plutonium nuclides at the end of burn up in each variant of
the reactor geometry core obtained similar results. However, the balance variant produces the smallest plutonium nuclide mass
when compared to the other variants although the difference is very slight.

MSR is the IVth Generation Reactor that was created by emphasizing several aspects, one of the aspects is non-proliferation.
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Non-proliferation refers to the efforts to prevent the spread of nuclear weapons used for military purposes. The principle of non-
proliferation is to produce less plutonium waste to minimize the use of fuel as a nuclear weapon. This shows that geometry core
design of the balance variant is the optimal design for the MSR FUJI-12.

3 Conclusion
The k-eff value for each geometry core variant is in a supercritical condition at the beginning of the operating reactor and
significantly decrease as the reactor operating period progresses until at a critical or subcritical condition. The geometry core
of the reactor is very influential on the distribution of neutron flux and fission rate. The balance and tall 1 variant have a high
distribution of neutron flux and fission rate. The amount of plutonium nuclides resulting from reactor waste in the balance
variant produces the least mass. Considering several aspects of the neutronic analysis that has been carried out, the balance
variant is the optimal geometry core design that can be used on the MSR FUJI-12.
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Abstract : Modifying fiber-reinforced polymers (FRPs) with carbon nanotubes (CNTs) becomes an
effective strategy to improve the mechanical performance of the structural parts and add multifunctionality.
However, this strategy increases the costs of such new-generation multi-scale composites. Machining of FRPs
is challenging due to their susceptibility to machining-driven damages, leading to high-cost wastes. To prevent
high-cost waste, the machinability of new-generation multi-scale composites with minimum damage becomes
a vital processing issue. This work investigates the impact of CNTs on the drilling performance and hole
quality of glass/epoxy multi-scale composites. Multi-scale composite laminates were drilled with high-speed
steel drills under dry conditions. Cutting speed and feed rate were parametrically optimized, considering
the deformation factor, delamination, and thrust force. The change in thrust force was recorded in situ, and
deformation factors were calculated using image processing techniques. Moreover, the damage assessment
of drilled holes was carried out with scanning electron microscope analysis to reveal the drilling-induced
micro-scale damages. The addition of CNTs within the epoxy matrix increased thrust forces; however, lower
delamination failures around exit sides were observed for multi-scale composites. Taguchi technique and
analysis of variance were utilized to explore the contributions of drilling parameters and material type to the
thrust force and deformation factor. Feed rate and material type were major factors affecting the deformation
factor.

Keywords : Carbon Nanotube, Delamination, Multi-scale Composite, Machinability.

1 Introduction
Glass fiber-reinforced polymer composites (FRPs) have been employed intensively in various industries due to their high
strength and stiffness, corrosive stability, and low thermal expansion [1, 2]. Although composite structures are designed to
be produced to near-net shape, additional finishing operations like drilling are frequently preferred, especially for assembly [3].
The drilling process is utilized intensely to create bolted or riveted assemblies in composite structures, mainly employed in the
aerospace and automotive industries [4, 5]. However, the drilling process of FRPs may raise severe defects that lead to the failure
of composite structures, such as delamination, debonding, hole shrinkage, and fiber pull-out [6, 7]. Selecting optimum drilling
parameters is crucial in achieving low thrust force and good hole quality and avoiding delamination [8].

Drilling fiber-reinforced composite materials can lead to delamination, which impairs the material’s service life [5,
9]. Therefore, the drilling-dominated delamination failure of laminated composites has been investigated extensively in
experimental and analytical methods [10, 11]. Capello[12] stated that drilling-dominated delamination failure is the primary
responsible failure mechanism affecting the lifetime of the material. Mohan et al. [13] demonstrated that drilling parameters
such as feed rate, cutting speed, and laminate thickness are the main parameters of delamination failure. Latha and Senthilkumar
[14] recorded 3D images of the hole after drilling and established that the feed rate and drill diameter affect the delamination
failure.

Different approaches have been suggested to reduce the delamination failure of FRPs. Recently, adding nanoscale fillers
within FRPs to improve mechanical and physical properties has become an exciting point in material science. Carbon nanotubes
(CNTs) offer to tailor interlaminar regions, well known as the “weak link” in laminated composites, without damaging the
structure of FRPs due to their superior mechanical and physical properties [15, 16]. While much work has been carried out to
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understand the mechanical properties of CNTs-modified FRPs, little has been carried out in machinability, particularly in the
drilling process. Thus, the machinability of the new generation nanocomposites becomes a vital processing issue. Li et al. [17]
investigated the drilling performance of CNTs-modified carbon fiber/epoxy composites and provided a reduced delamination
factor of about 16% with the addition of CNTs. Kaybal et al. examined the effects of cutting parameters upon thrust force and
delamination in carbon nanotube-modified carbon fiber-reinforced plastics. The impacts of the drilling parameters and degrees
of influence were determined using the response surface analysis and Taguchi method. They reported that the machinability of
Epoxy / CF is better than CNT-Epoxy/CF [18]. Kaybal et al. investigated the thrust force and delamination in drilling carbon-
epoxy composites reinforced with boron nitride nanoparticles. According to the experimental results, boron nitride nanoparticles
aided in reducing the delamination factor in the machining of the composite material [19]. Depending on the matrix materials,
the impact of CNTs on the cutting forces varies. For instance, Mahmoodi et al. [20] and Le et al. [21] reported enhanced cutting
forces and tool wear at high MWCNT weight percent in polystyrene (PS) or epoxy-based nanocomposites. It was reported that
the cutting force of MWCNTs reinforced polycarbonate composite was less than that of neat polycarbonate. MWCNT/epoxy
nanocomposites also produced higher thrust force with increasing CNT wt% in drilling. Kharwar and Verma [22] presented that
the enhanced CNT ratio in the epoxymatrix resulted in higher trust forces. Moreover, in drilling, it has been shown by Çelik et al.
[23] and Kumar et al. [24, 25] that CFRPs treated with graphene or graphene oxide (GO) typically result in greater cutting forces,
delamination, surface roughness, and circularity error. Once more, there are disparities between research regarding how CNT
nanofillers affect drilling of fiber reinforced polymer composites. While some studies found poor machinability with higher
thrust forces and delamination in multiscale composites compared with the neat CFRPs [18], others found superior holes in
MWCNT modified carbon fiber or glass fiber reinforced composites in terms of reduced thrust force, delamination, and surface
cracks, as well as higher residual flexural strength [26, 27, 28].

The disparity in the impacts of CNTs on cutting forces in multiscale composite machining reported in the literature is likely
a result of the various materials, CNT weight ratios, and cutting parameters employed in the various experiments. The main goal
of this study is to investigate the drilling performance of CNTs-modified FRPs. Different drilling parameters are applied to neat
and CNT-modified FRPs under the same conditions to consider the drilling performances of CNT-modified FRPs using high-
speed steel drills. Taguchi technique and analysis of variance (ANOVA) were utilized to explore the contributions of drilling
parameters and material type to the thrust force and deformation factor. A scanning electron microscopy (SEM) analysis was
performed to assess the damage to drilled holes and reveal the drilling-induced micro-scale damages. According to the findings,
the current study can fill a gap in the literature on machining CNT-modified composite laminates with minimum waste.

2 Experimental Methods
2.1 Materials
The woven glass fabric (Metyx Composite, 300 g/m2) and diglycidyl ether bisphenol A (DGEBA) epoxy with an aliphatic
amine curing agent (Momentive Hexion L285 and H285) were preferred to fabricate composite laminates. Multi-walled CNTs
(MWCNTs) used in this study (Cheap Tube Inc., wt 95%) were synthesized by catalytic chemical vapor deposition process with
lengths between 0.2 and 2 µm and diameters about 30-50 nm.

2.2 Oxidation of CNTs
The increase in mechanical properties by adding CNTs within polymer matrices is mainly governed by the effectiveness of
dispersion within polymer matrix [29]. It is well known that the oxidation of CNTs improves dispersion and interfacial bonding
with polymer matrix [30]. Hence, KMnO4/H2SO4 solution was applied to create oxygen-containing functional groups on the
CNTs’ sidewalls [31]. A desired amount of CNTs/KMnO4/H2SO4mixture was prepared, and it was bath-sonicated for one hour
at room temperature. After refluxing at 150ºC for 5 h, concentrated HCl (10 ml) was introduced within the mixture. Finally, the
mixture was filtered with polar solvents and dried at 100ºC overnight.

2.3 Manufacturing of Multi-scale Composite Laminates
Multi-scale composite laminates are produced using vacuum-assisted resin infusion (VARIM) [32]. The matrix resin was
prepared by dispersing 0.3 wt% of oxidized CNTs in the epoxy matrix without hardener using tip sonication (Bandelin Sonoplus
HD 2070) for 15 min. The mixture was mixed manually for 5 min after the added curing agent and then degassed at 50ºC for 30
min. The neat epoxy mixtures were prepared without utilizing dispersing and degassing processes. The mixtures were slowly
infused into a vacuum bag containing six plies of woven glass fabric under negative pressure, cured at 80 ºC for 60 min, and
then post-cured at 120 ºC for 180 min. The laminates cooled to room temperature slowly. The thickness of the composite
laminates was 3±0.25 mm. The fiber volume fraction (vf) of the composite laminate was obtained experimentally by the acid
bath dissolution process according to ASTMD-3171/15, which was around 52%. Tensile strengths of composite laminates were
measured according to ASTM D 3039 standard using an Instron 3369 universal tensile testing machine with a crosshead speed
of 5 mm/min at room temperature. At least five specimens were tested for each composition. The typical tensile features of
prepared composites are given in Supplementary Table S1.
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Table 1: Experimental design using L18 orthogonal array and results.
Exp. No Material CS (m/min) FR (mm/rev) TF (N) DF Entrance DF Exit

1 Epoxy 50 0.05 20.2325 1.1007 1.251
2 Epoxy 50 0.10 37.7433 1.1042 1.2824
3 Epoxy 50 0.20 62.9150 1.1618 1.4191
4 Epoxy 75 0.05 16.5100 1.1128 1. 26
5 Epoxy 75 0.10 30.9825 1.1268 1.2834
6 Epoxy 75 0.20 61.2350 1.1642 1.4751
7 Epoxy 90 0.05 14.4750 1.1144 1.329
8 Epoxy 90 0.10 29.8300 1.1324 1.2939
9 Epoxy 90 0.20 49.1850 1.1715 1.3536
10 CNT/Epoxy 50 0.05 21.3033 1.1195 1.132
11 CNT/Epoxy 50 0.10 45.1475 1.1204 1.1338
12 CNT/Epoxy 50 0.20 56.2200 1.202 1.3191
13 CNT/Epoxy 75 0.05 18.5100 1.1279 1.143
14 CNT/Epoxy 75 0.10 39.3975 1.1323 1.1855
15 CNT/Epoxy 75 0.20 52.2400 1.2307 1.3354
16 CNT/Epoxy 90 0.05 17.5725 1.1609 1.169
17 CNT/Epoxy 90 0.10 34.9575 11.1617 1.2186
18 CNT/Epoxy 90 0.20 45.3550 1.2457 1.3699

2.4 Experimental Drilling Procedure
The drilling process of the fabricated composite laminates was utilized at aMazakVariaxis 500machining center. A piezoelectric
dynamometer (Kistler 9257B) with a charge amplifier and data acquisition board was used to measure thrust forces during
drilling. A high-speed steel (HSS) twist drill with two cutting edges (Ø8 mm and a point angle of 118°) was used to drill
composite laminates. During the drilling process, the samples were fixed on the dynamometer between two steel supporting
blocks with twelve holes (Ø12 mm) (Figure S1). The supporting blocks were preferred due to their advantages during drilling
FRPs at high feed rates [33, 34]. Four holes were drilled for each processing parameter (see Supplementary Table 2), and the
average thrust force values were calculated.

In the drilling of composite materials, the delamination at the entry and exit of the hole was evaluated via the delamination
factor, FD, using the maximum crack length from the hole center. The deformation factor was determined by formula 1. [35];

where Dmax is the maximum diameter of the damage zone, and D is the hole diameter.
A Leica DM2700 M model optical microscope visualized the delamination zones at the drill entrance and exit. Scanning

electron microscopy (SEM) (A Zeiss Evo LS 10) was also used to monitor the cross-sections of holes to reveal delamination
failure between layers of the laminates. Taguchi technique is used to design high-quality experimental systems [35, 36]. Notably,
the drilling parameters were designed to have three levels, while the material type has two. The L18 array was applied to design
experiments, as shown in Table 1.

Taguchi method uses signal-to-noise (S/N) ratios to analyze mean response and variation derived from the quadratic loss
function. The widely applicable S/N ratios are given in Eqs. 2–4;

FD =
Dmax

D
(1)
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Where y’ is the average of measured data, s2 is the variation of y, n is the number of measurements, and y is the measured
data [13]. The signal-to-noise response tables of the thrust force and deformation factor for each experiment are shown in Table
2.

2.5 Thrust force and delamination factors
The impact of drilling parameters on the recorded thrust forces and calculated deformation factors is shown in Figure 1. In
general, the thrust force increases with increasing feed rates for both composite laminate samples at fixed cutting speeds (Figure
1a). Note that higher feed rates result in the increased contact area and load on the tool. The lowest thrust forces were recorded
at the highest cutting speed (90 m/min) for fixed feed rates for all cases. This result is attributed to the softening of the polymer
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Table 2: S/N response table for thrust force and delamination factor.
Trial No Thrust Force (S/N Ratio) Delamination Factor of Entrance (S/N Ratio) Delamination Factor of Exit (S/N Ratio)

1 -26.120991 -0.83338 -1.94515
2 -31.536804 -0.86095 -2.16047
3 -35.975084 -1.30263 -3.04026
4 -24.354941 -0.92834 -2.00741
5 -29.822329 -1.03694 -2.16724
6 -35.739994 -1.32055 -3.37643
7 -23.212371 -0.94082 -2.47050
8 -29.493065 -1.08000 -2.23801
9 -33.836654 -1.37485 -2.62981
10 -26.568950 -0.98048 -1.07693
11 -33.092674 -0.98746 -1.09073
12 -34.997817 -1.59809 -2.40555
13 -25.348128 -1.04541 -1.16092
14 -31.909373 -1.07923 -1.47803
15 -34.360063 -1.80304 -2.51223
16 -24.896671 -1.29590 -1.35629
17 -30.870807 -1.30188 -1.71722
18 -33.132503 -1.90827 -2.73378

matrix with increasing cutting speed since higher temperatures occur at higher cutting speeds [37]. The high cutting speed and
low feed rate result in minimized thrust forces for both composite laminates. Interestingly, relatively lower thrust force values
were measured for CNTs/epoxy composites in the case of the highest feed rate. In contrast, relatively higher thrust forces were
recorded for other cases, as shown in the figure. Kumar and Singh [38] reported that the thrust force was decreased by adding
CNT nanoparticles. Similarly, Soleymani et al. [39] and Rajakumar et al. [40] revealed the diminishing trend in the thrust force
by adding nanoparticles into the matrix. This result can be attributed to thermal relaxation of the CNT modified epoxy matrix
due to the increased thermal conductivity with the addition of CNTs. Drilling-triggered delamination is an interlaminar failure
problem for laminated composites and is fundamentally governed by interlaminar fracture toughness. Delamination damage for
drilled composite laminates is expressed numerically by the deformation factor, which is the highest diameter in the damaged
area to the diameter of the drill. Several observations can be made regarding calculated deformation factors for the entrance and
exit sides, as shown in Figure 1b-c. Deformation factors increase with increasing feed rates and cutting rates as expected. The
calculated deformation factors at entrance sides for CNT-modified composite laminates are relatively higher than neat composite
laminates. However, an opposite delamination trendwas observed for the exit holes, as higher deformation factors were found for
neat composites rather than CNT-modified laminates at the processing conditions. The increase in deformation factors regarding
increasing cutting speeds and feed rates is around 8 and 18% for entrance and exit holes, respectively. The higher deformation
factors at the exit holes can be attributed to the bending effect of thrust forces and burr-dominated delamination. Note that lower
deformation factors for CNT-modified laminates were obtained at exit holes, indicating the positive contribution of CNTs on
delamination properties.

During drilling, the surface delamination types of laminated composites can be grouped as peel-up delamination at the
entrance and push-down delamination at the hole’s exit. The CNTs-modified glass fiber-reinforced epoxy composites provide
higher Mode I interlaminar fracture toughness than traditional glass fiber-reinforced composite laminates. Our previous studies
proved that CNT addition within the epoxy matrix for glass fiber-reinforced composites increased Mode I interlaminar
fracture toughness by more than 20% of traditional glass fiber-reinforced composite laminates [41]. Results indicate that CNT
modification of the epoxy matrix specifically enhances the delamination resistance of the composite laminate at the exit hole
despite higher thrust forces being recorded [18]. These results suggest that adding CNTs increases fiber-polymer interfacial
properties and mechanical toughening mechanisms [42, 43].

Generally, the deformation factor increases with increasing cutting speeds at fixed feed rates for both composite laminates.
Maximum deformation factors were obtained at the highest feed rates. An almost linear increasing trend for the deformation
factor with increasing cutting speeds at fixed feed rates was measured for CNT-modified composite laminates.

2.6 SEM analysis
The effect of CNT modification on the delamination of composite laminates during the drilling process was investigated by
SEM analysis. The cross-sections of holes drilled at different cutting parameters were visualized and represented in Figure 2.

SEM investigations revealed that the fibers perpendicular to the tool axis were cut uniformly. Fiber pull-out was not observed
for these layers (Figure 2a). Delaminated layers can be seen advancing around the hole surface (Figure 2b). The thrust force
plays a vital role in the delamination of layers since the stress originated by thrust force leads to interlaminar crack propagation.
Besides, bending and shear occur around the hole, and a combined stress problem appears during the drilling of layered
composite laminates.

The uncut fibers as burr for laminated composites can be seen at the laminate cross-section in Figure 3a. Note that the
ECJSE Volume 11, 2024 163
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Figure 1: a) Measured thrust forces for epoxy and CNTs modified epoxy GF reinforced laminated composites at different
drilling parameters, deformation factors b) entrance, c) exit

Figure 2: High magnification SEM images of the hole cross-section of GF/epoxy laminates (Feed Rate:0.1 mm/rev; Cutting
speed: 75 m/min) a) delamination from resin-rich region of the lamina (the drill entry is located at the upside of the image),

b) Fiber damage around delamination path of the laminate (the drill entry is located at the upside of the image)

composite laminates were fixed between two parallel tools to reduce vibration during drilling. However, the uncut fibers were
observed mainly at the exits of holes (Figure 3b). Also, the figure represents the delamination damage between fabric layers
initiated during drilling, as shown in Figure 3c. CNT pulled out as indicated by arrows, improves interlaminar fracture toughness
by bridging and pull-out.

The impact of CNTs on the drilling performance is represented schematically in Supplementary Figure S2. Randomly
oriented CNTs within the epoxy matrix were placed between glass fabric plies as resin-rich regions. The resin-rich regions
in laminated composites are known to be very sensitive to the formation and propagation of cracks. During drilling, the thrust
force and rotation of the drill bit lead to delamination failure by generating compression, bending, and shear stresses in the
interlaminar region of the plies. CNTs between the plies within the resin-rich region enhance the contact area and adhesion
between the matrix and fibers, increasing interlaminar fracture toughness.

Moreover, the bridging and pull-out of CNTs after crack formation increases the absorption of the fracture energy, which
164 ECJSE Volume 11, 2024
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Figure 3: SEM images of the hole cross-section of CNT modified GF/epoxy laminates (Feed Rate:0.1 mm/rev; Cutting speed:
75 m/min) a) low magnification of hole cross-section (the drill entry is located at the upside of the image), b) uncut fiber
around drill exit, c) CNTs contributing on delamination toughing of the composite laminate by bridging and pull-out

Table 3: S/N response table for thrust force and deformation factors.
Thrust Force Deformation Factor of Entrance Deformation Factor of Exit

Level Material C.Speed F. Rate Material C.Speed F. Rate Material C.Speed F. Rate
1 -30.01 -31.38 -25.08 -1.075 -1.094 -1.004 -2.448 -1.953 -1.670
2 -30.58 -30.26 -31.12 -1.333 -1.202 -1.058 -1.726 -2.117 -1.809
3 - -29.24 -34.67 - -1.317 -1.551 - -2.191 -2.783

Delta -24.354941 -0.92834 -2.00741
Rank - 3 2 1 2 3 1 2 3

drives the crack and limits the crack’s propagation between the plies. Thereby, deformation factors were explicitly decreased at
the exit holes for CNT-modified composite laminates by considering increased interlaminar fracture toughness with the addition
of CNTs. The calculated S/N values for each experiment are represented in Table 3. The S/N ratio response graphs for thrust
force and delamination factors at the workpiece entrance and exit are given in Figure 4. Based on the S/N ratio response results,
the optimum drilling parameters were obtained as Level 3 (90 m/min) and Level 1 (0.05 mm/rev) for the cutting speed and feed
rate, respectively. These results are consistent with our discussions derived from Figure 3.

On the other hand, the optimal material type found is epoxy and CNTs/epoxy for entrance and exit hole surfaces, respectively.
Cutting speed and feed rate at Level 1 were obtained as the optimum drilling parameters for the deformation factor at the entrance

Table 4: Table ANOVA for the deformation factors at the entrance.
Source DF SS MS F PCR
Material 1 0.2994 0.29936 29.59 18.0116

Cutting Speed (m/min) 2 0.1494 0.07469 7.38 8.9902
Feed Rate (mm/rev) 2 1.0914 0.54583 53.94 65.6915

Residual Error 12 0.1214 0.01012
Total 17 1.6618

Table 5: Table ANOVA for the deformation factors at the exit.
Source DF SS MS F PCR
Material 1 2.3498 2.34982 38.00 30.5696

Cutting Speed (m/min) 2 0.1777 0.08884 1.44 2.3117
Feed Rate (mm/rev) 2 4.4172 2.20861 35.72 57.4654

Residual Error 12 0.7420 0.06183
Total 17 7.6867
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Figure 4: Main effects plots for S/N ratios a) thrust force, b) deformation factor at entrance, c) deformation factor at exit

Table 6: Table ANOVA for the thrust force.
Source DF SS MS F PCR
Material 1 1.436 1.436 2.33 0.4713

Cutting Speed (m/min) 2 13.773 6.887 11.16 4.5203
Feed Rate (mm/rev) 2 282.077 141.038 228.66 92.5789

Residual Error 12 7.402 0.617
Total 17 304.688

and exit holes.
The analysis of variance (ANOVA) was implemented to realize the effects of material type and drilling parameters on the

thrust force (Table 4) and delamination factors (Table 5 and Table 6). Based on the results in Tables 4-6, the feed rates govern the
thrust force and delamination. Feed rate dominates the measured thrust force values with 92.57% PCR value, as seen in Table
4. According to ANOVA analysis, the thrust force is not affected by material type. The contribution of feed rate on deformation
factors is calculated as 65.69 and 57.46% at the workpiece entrance and exit, respectively. ANOVA results revealed that cutting
speed is the less critical parameter affecting the deformation factor, with contributions of 8.99 and 2.31%. In comparison,
material type becomes the second one with contributions of 18.01 and 30.56% at the entrance and exit, respectively. The results
indicate that CNT modification of the epoxy matrix contributes to decreasing deformation factors at the hole’s exit side by
improving the matrix’s mechanical performance and interlaminar properties between resin-rich fiber layers.

3 Conclusions
The CNT-modified multi-scale epoxy/glass fiber composite laminates were drilled with HSS drills under different processing
conditions. The CNT modification reduces delamination damages at the exit holes but increases thrust forces. The processing
parameters were evaluated to optimize conditions for CNT-modified polymer composite laminates. However, detailed studies
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should be carried out with different drills and drill geometries to clarify the effect of CNT modification on the drilling
performance of the laminated composites. We believe this study will help researchers working on similar areas zoom in on
nanoscale contribution to polymer composite processing. The ANOVA analysis exposed that the delamination factor is mainly
controlled by feed rate, as high feed rates lead to maximum damage. However, material type also contributes as the second
major factor in the deformation factor, which shows the aid of CNTs in modifying the epoxy matrix.
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Abstract : This case study demonstrates the potential of integrating the Edge Impulse platform into project
based learning for biomedical technology students for edge computing consept. The use of the Edge Impulse
platform as a project-based teaching and learning approach for biomedical students has been shown to
significantly enhance student learning performance and experiences. The platform allows students to develop
practical skills and deepen their knowledge while also providing opportunities for students to apply their
projects in real-world settings. This study provides valuable insights on how to effectively improve learning
for biomedical students using the Edge Impulse platform. The study focuses on a course designed using the
Edge Impulse platform, where students design and develop prototype devices and systems. The course begins
with the learning of basic hardware and culminates in students creating a complete prototype system. The study
showcases the prototype devices and systems developed by students at the end of the course, demonstrating
how the use of Edge Impulse platform improves students’ practical skills and enables them to apply their
projects in real-world settings. Furthermore, it highlights how this approach contributes to students’ self-
development and acquisition of skills that can be used in their future careers. Thus, the use of this platform can
lead to new ideas and experiences which may open new horizons for biomedical research and the development
of integrated devices in the current world.

Keywords : Architectures for educational technology system, Cooperative/collaborative learning, Data
science applications in education,Improving classroom teaching, Teaching/learning strategies

1 Introduction
This study examines the application of edge computing in the biomedical field, particularly focusing on its instructional
applications for students. Edge computing addresses the need for small-scale data processing, reducing the data transmitted
over networks, thereby cutting transmission costs, alleviating network bandwidth pressure, reducing the energy consumption
of local equipment, and enhancing processing efficiency [1], [2]. This approach is particularly beneficial for biomedical device
companies, reducing data processing costs while increasing device performance and efficiency [3].

In the biomedical field, edge computing finds numerous applications. For example, edge computing-enabled sensors and
smart devices can collect and analyze real-time data within the body. Data analytics facilitated by edge computing can aid in early
disease diagnosis, determining treatment options, and monitoring treatments [4]–[8]. Machine Learning (ML), powered by edge
computing, can analyze biomedical images and sound data in real-time [9]–[11]. Robotics and virtual reality applications benefit
from the high performance and scalability provided by edge computing, useful in surgical operations and medical training [12]–
[14]. The Internet of Medical Things (IoMT), supported by edge computing, plays a crucial role in real-time data collection and
analysis in hospitals and home settings [15], [16]. Furthermore, edge computing enables the development of advanced portable
technologies for real-time health monitoring [17], [18] and telemedicine applications, facilitating remote medical consultations
and monitoring [19], [20].

These examples underscore the versatility of edge computing in various biomedical applications. Its capacity for real-time
data collection, analytics, and ML will further propel research and development in this field.

The aim of this study is to elucidate the use of edge computing in biomedical fields for students, creating innovative
solutions and providing rapid feedback. The Project-Based Learning (PBL) method, by affording students hands-on experiences
in real-world projects, enhances engineering understanding, problem-solving abilities, self-efficacy beliefs, and collaborative
learning skills in biomedical device technology students [21], [22]. The PBL method also aids in developing practical skills and

Volume 11, 2024 169



Yeliz Durgun, Mahmut Durgunet al.

interdisciplinary thinking beyond theoretical knowledge, improving the performance of students with lower achievements [23].
In Edge Impulse projects, specialized wireless communication-enabled microcontrollers are essential to provide students

with practical experiences based on real-world projects [24]. Cost-effective, small-sized, and high-processing power hardware
platforms like the Arduino Nano BLE 33 are ideal for the PBL paradigm in biomedical fields. This platform not only facilitates
hands-on experiences and enhances engineering understanding but also ensures efficient information processing with minimal
cost and energy consumption. The Arduino Nano BLE 33 has been utilized in Edge Impulse trainings, serving as a foundational
tool for advanced learning systems. Edge Impulse, an online platform designed for easy data collection, deep learning model
training, and deployment to embedded and edge devices, supports the aforementioned biomedical solutions. While targeting
business sector customers for Edge ML solutions development, Edge Impulse also fosters a research-friendly and class-friendly
environment.

The integration of microcontrollers and AI applications in biomedical education is pivotal in imparting practical skills and
enhancing educational processes. AI’s role in personalizing educational materials, assessing student performance, and providing
interactive learning experiences is increasingly recognized. For instance, Zawacki-Richter et al. (2019) offer an overview of AI
applications in higher education, exploring their effective use and pedagogical evaluation [25]. Similarly, Sak and Suchodolska
(2021) analyzed AI’s current use in nutrient science research, demonstrating its application in biomedical sciences, particularly
nutrition and dietetics [26]. Briganti and Le Moine (2020) discussed the application of AI-powered medical technologies in
clinical practice and education, providing insights into integrating AI into medical education [27].

2 Experimental Methods
2.1 Overview of Arduino Nano 33 BLE
Arduino Nano 33 BLE is a small, low-cost microcontroller board that is based on the 32-bit ARM Cortex-M0+ SAMD21
microcontroller. It is designed to be compatible with the Arduino software development environment, making it easy for users
to program and control various electronics projects. The board features built-in Bluetooth Low Energy (BLE) connectivity,
enabling wireless communication with other devices and internet connection capabilities. Additionally, it has a built-in USB
to serial converter for easy programming and communication with computers. The board offers a variety of digital and analog
input/output pins and supports peripherals like timers, PWM, and I2C. Arduino Nano 33 BLE is equipped with sensors including
a 9-axis IMU, temperature, and light sensors, suitable for environmental data gathering and powered by the low power Arm
Cortex-M0+ processor, making it ideal for battery-powered projects. This board is extensively used in IoT devices, robotics,
and home automation systems.

2.2 Project-Based Teaching Concept
The success of the project-based teaching paradigm is closely tied to the design of the projects that students undertake. Projects
should align with students’ prior knowledge and be appropriately challenging to maintain interest and motivation. This section
outlines the course structure and describes the series of projects that embody our project-based teaching approach. Hardware
for these projects is provided by the Edge Impulse TinyML Kit, allowing students to engage with sensors, actuators, and other
devices necessary for real-world applications. Students can program using their choice of sensors and devices, facilitating the
development of solutions for actual problems and enhancing their programming skills.

2.3 Course Content
The Microcontroller course, a three-credit, semester-long course offered to students in the Biomedical Device Technology
department, introduces Internet of Things (IoT) technologies and applications. Topics covered include IoT concepts and
architecture, communication mechanisms, IP stack, 6LoWPAN adaptation, protocols, operating systems, sensors, and actuators.
The course aims to equip students with the ability to create and utilize IoT applications, requiring no prior hardware experience,
although basic programming knowledge is beneficial.

2.4 Project Design
The project-based teaching approach implemented in this curriculum involves semester-long project work. Using the "divide and
conquer" methodology, projects are designed in a series of three specific projects: Fall Detection, Cough Monitor, and Machine
Vision with Low Cost Camera Modules. Projects are carried out individually or in teams of two, fostering both individual and
teamwork skills. These projects are structured to challenge students and enhance their programming skills while providing
real-world problem-solving experiences.

2.5 Fall Detection
Using the TinyML-based Arduino Nano 33 BLE, this project develops a fall detection device utilizing ML technology. Data
from an accelerometer or motion sensor is processed to train ML algorithms and analyze subsequent data. The project uses the
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Arduino Nano 33 BLE Sense board to detect falls, send alerts, and communicate via Bluetooth with a mobile app. The solution
achieves a 95

2.6 Cough Monitor
This project develops a solution for monitoring the cough frequency and intensity in individuals with chronic obstructive
pulmonary disease (COPD) using the Arduino Nano 33 BLE Sense. A TinyML model classifies cough sounds, and a BLE
service on the device increments the cough count for each detection, with data transmitted to the cloud for analysis.

2.7 Machine Vision with Low Cost Camera Modules
Students implement image processing applications using an external VGA camera module paired with the Arduino Nano 33
BLE, supported by Edge Impulse. The project demonstrates how to acquire image data, create anMLmodel, and perform image
classification, training the model with known data to control prediction accuracy.

3 Results
During the 2022 fall semester, 10 students in the classroom used the Arduino Nano 33 BLE platform. An informal survey
conducted at the start of the class revealed that none of the students had prior experience with the hardware. Hence, we utilized
training and learning materials extensively to impart basic knowledge and skills about hardware. We continuously monitored
and analyzed the students’ performance to identify the subjects each student found challenging or understood well. After each
project, student projects were evaluated and feedback was provided, leading to suggestions for enhancing the content and
execution of the projects. This approach significantly improved students’ understanding of the hardware and the effectiveness
of project realization.

3.1 Project 1: Sensor Module Data Handling
Project 1 focused on increasing students’ confidence in working with microcontroller hardware and development environments.
It involved data recording with the LSM9DS1 nine-axis Sensor Module (IMU Accelerometer, Gyroscope, Magnetometer)
on Arduino Nano BLE. Students learned to organize, configure, and operate the recorded data with ML algorithms and
hardware/software tools, enhancing their problem-solving skills. The project aimed to provide hands-on experience and prepare
students for future challenging projects. Students successfully completed this project, creating datasets from drop trials with
data from 10 volunteers including acceleration and rotation data, acquired at a 200 Hz sampling rate. One student attempt from
Project 1 is illustrated in Figure 1.

3.2 Project 2: Cough Detection System
Project 2, a more advanced and challenging project, involved detecting and reporting people’s coughs. It aimed to teach students
how to use, structure, and read sound data for sound detection, enhancing their software development skills. All 10 students
successfully completed this project, with six understanding basic audio data concepts such as frequency and pulse well, while
four excelled in using pre-built software components. Figure 2 shows sample audio data from this project, highlighting the
complexity of mathematical and multidimensional analysis for students.

3.3 Project 3: Object Classification with Machine Vision
In the final project, all students were able to correctly use a camera to classify selected objects such as bananas, oranges,
and apples. The project results of the classification process are presented in Figure 3. Additionally, nine students successfully
completed their proposed prototype systems, using their mobile phones for data recording and testing, with one student achieving
partial completion. These outcomes demonstrate that increased accessibility enhances student success.

4 Discussion
The effective implementation of the project-based teaching and learning (PBL) paradigm necessitates the careful design of
projects. This process involves a thorough understanding of the scientific and engineering subjects that students need to learn, as
well as an insightful assessment of their academic backgrounds. Therefore, in designing the projects, it is crucial to meticulously
evaluate students’ prior knowledge, interests, and abilities. The difficulty level of the projects is adjusted accordingly to foster
engagement and motivation. In this context, we utilized Edge Impulse, a platform known for its efficiency in collecting,
analyzing, and learning from sensor data in IoT or embedded systems. Edge Impulse aids in data sampling, feature extraction,
and the creation of learning models, making it an essential tool for our curriculum.

Furthermore, to assess the effectiveness of the PBL approach, a comprehensive surveywas conducted at the end of the course.
This survey aimed to collect feedback from students about their learning experiences, focusing particularly on the application
and relevance of the projects they engaged in. The survey results were highly positive: 85% of the students reported enhanced
technical skills and understanding of the subject matter. Remarkably, 90% of respondents found the Arduino Nano BLE 33
ECJSE Volume 11, 2024 171
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Figure 1: Student essays of Project 1

platform user-friendly, while 80% agreed that the projects aligned well with their learning styles. Additionally, 75% of the
students recognized the relevance of these projects in preparing them for their future careers.

These feedbacks are invaluable as they not only validate our educational strategy but also provide critical insights for further
refining our course design. Consequently, the combination of Edge Impulse and Arduino Nano BLE 33 has proven to be an
innovative and effective platform, especially beneficial for students who typically have no prior hardware training or experience
before taking this course. These platforms offer students opportunities to progressively develop hardware skills. Our strategy
involves designing a series of projects with increasing levels of difficulty, enabling students to incrementally acquire and enhance
their hardware skills.

Based on these survey findings, it is evident that the Edge Impulse and Arduino Nano BLE 33 platforms have significantly
enriched student learning and experiences. The practical skills and theoretical knowledge gained through these projects are
likely to be crucial in the students’ future professional lives. This approach exemplifies how the use of technology in education
can contribute to student success and motivation.

5 Conclusions
In this article, we have shared our experiences with the use of the Arduino Nano BLE 33 platform in a university course focused
on Edge Impulse for students. The platform has been instrumental in providing an engaging and dynamic learning environment,
well-suited to the course’s demands. The potential of the prototype systems developed by the students in being transformed into
practical biomedical products has been clearly demonstrated at the end of the course.

Through our project-based teaching and learning paradigm, we have observed significant development in students’ abilities
to successfully complete projects using the Edge Impulse technology on the Arduino Nano BLE 33 platform. Students not only
acquired skills but were also able to generate new ideas and implement them effectively. Based on these observations, we strongly
recommend the incorporation of the Arduino Nano BLE 33 platform into courses that aim to enhance students’ practical and
theoretical knowledge in similar fields. The platform not only supports the educational objectives but also stimulates innovation
and creativity among students, making it an invaluable tool for educational purposes.
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Abstract : Histopathology is the branch of pathology that investigates the structure of cells and tissues
of organisms at a microscopic level. Histopathological images are crucial in the decision-making process
for effective therapies, determining the health of a particular biological structure and identifying diseases
like cancer. With machine learning models, it may be feasible to increase the accuracy of medical data,
decrease patient rate variations, and cut costs associated with medical care. Most medical scientists are
drawn to such new technologies of predictive models in chronic disease forecasting. A novel approach for
more accurate classification of histopathological images is proposed in this paper. The technique involves
fusing the features extracted from two methods, namely Otsu’s binarization and Thepade Sorted Block
Truncation Code, to achieve improved results. The KIMIA Path960 dataset comprising 960 images is utilized
for experimental validation with performance indicators like accuracy, specificity, and sensitivity. Ensembles
of Simple Logistics, Multilayer Perceptron, LogisticsModel Tree, as well as Simple Logistics, Random Forest,
and Logistic Model Tree classifiers, demonstrated superior performance for the fusion of Thepade Sorted
Block Truncation Code 7-ary and Otsu features, achieving an accuracy of 97.39 percent in a 10-fold cross-
validation scenario.

Keywords : Histopathology, Thepade SBTC, Feature Fusion, Ensembles.

1 Introduction
According to current records, millions have died of diseases like cancer. The probability of receiving appropriate care and
achieving favourable survival rates is markedly increased through early diagnosis. However, this diagnostic procedure is
characterized by its protracted nature frequently engenders professional discord among pathologists. Several studies have raised
concerns about the global shortage of medical professionals needed to handle the rising number of cancer patients. With cancer
cases skyrocketing and a global shortfall of expert medical practitioners, machine learning can play a significant role. Machine
learning (ML) algorithms can be trained to discern complex data trends, potentially revolutionizing diagnostic processes. A
range of conventional ML algorithms has been applied to this problem, with varying degrees of success.

Though techniques such as X-rays and MRIs were used to diagnose cancer, biopsy remains the primary method for cancer
diagnosis. Standard biopsy methods include surgical, vacuum-assisted, fine-needle aspiration, Core needle, and image-guided
biopsy. The methodology involves a series of sequential steps, starting with collecting tissue or cell samples, then placing them
onto a microscope slide, and concluding with applying a stain to facilitate visual differentiation. Subsequently, a diagnosis is
established based on the examination of histopathological images with the knowledge of professionals. With Machine learning,
this problem can be resolved. The classification of histopathological images using machine learning typically involves three
key stages: classification, feature reduction, and feature extraction. A multitude of unique characteristics can be extracted from
digital images, which is essential for precise categorization. The scientific literature has proposed numerous techniques for
feature extraction, which are subsequently utilized for training and evaluating various machine learning algorithms. The paper
presents an innovative approach to improve the classification performance of histopathological images by integrating features
obtained from Otsu’s binarization and Thepade SBTC methods.

Listed below are the key contributions of the presented work

• Ensemble: A methodology involving amalgamating multiple base models to form a unified predictive model that aims
to optimize predictive performance.
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• Feature Fusion: The method proposed uses a feature fusion of Otsu thresholding and Thepade SBTC(TSBTC) global
features.

• Experimented Evaluation on the images of KIMIADataset: Experimentations are performed onKIMIAPATH960, which
consists of images of epithelial, connective tissue and muscle.

2 Experimental Methods
2.1 Related Works
Studies on histopathological image classification have employed various techniques, including analyzing image spatial structure,
classification through segmentation, and using global and window-based features. Deep feature-based classification has become
increasingly popular in recent years. However, deep learning techniques necessitate intensive training and access to a balanced
and extensive dataset.

Meghana et al.[1] conducted a comparative study to assess the effectiveness of different feature extraction techniques for
histopathological image classification in the KIMIA Path960 dataset. The dataset consisted of 960 histopathological images
belonging to 20 unique classes. The study compared the performance of bag-of-visual words (BoVW), deep features and local
binary patterns (LBP) and found that LBP had an accuracy of 90.62%, deep features achieved 94.72% accuracy, and BoVW
produced the highest accuracy of 96.50%. These findings highlight the superiority of BoVW over other feature extraction
techniques when classifying the KIMIA Path960 dataset. This study enhances our understanding of how feature extraction
affects histopathological image classification performance. In a study by Taha et al.[2], features were extracted using a pre-
trained deep network, histogram of gradients and LBP from the KIMIA Path960 dataset. The extracted features were classified
using standard image classification methods like artificial neural networks, decision trees and support vector machines. The
findings showed that SVM yielded the highest accuracy among the three techniques at 90.52% when features were extracted
using LBP. Conversely, when deep features were utilized for feature extraction, the accuracy was recorded at 81.14%. However,
the results obtained using HOG were unsatisfactory.

The study by Ganguly et al. [3] investigates the influence of optimization algorithms on the accuracy of deep learning models
applied to histopathological images. Two models, a pre-trained Resnet50 and a five-layer CNN, were utilized. The performance
of three optimization algorithms, namely Radam, AdamW, and AdaMax, was evaluated on the KIMIA Path960 and NIA-curated
lymphoma images dataset. Utilizing AdamW optimization algorithm with KIMIA Path960 dataset resulted in an accuracy of
99.9%, according to the study’s findings. A slightly lower accuracy of 98.13% was achieved when the same approach was
applied to the dataset of lymphoma images. The study highlights the significance of considering the optimization algorithm
in conjunction with network architecture. The findings suggest that selecting the most appropriate optimization algorithm is
critical in achieving optimal results in classifying histopathological images.

Anish et al.[4] utilized a pre-trained CNN for the classification of histopathological images on the KIMIA Path 960 dataset.
The study aimed to explore various combinations between MobileNetV2 and GLCM (Gray-Level Co-occurrence Matrix) for
histopathological image classification. The study revealed that combining theMean of SortedGrayValues andGLCMperformed
better than the other methods, with an AUC (Area Under the Curve) score of 0.999. Furthermore, the approach exhibited
impressive results concerning F1 score (0.951), Precision (0.951), and Recall (0.951), emphasizing the potential of this method
for improving diagnostic tools for cancer detection.

In a study by Rania et al. [5], the authors utilized the HOG feature extractor to computationally derive features from
histopathological images, explicitly focusing on identifying invasive ductal carcinoma. A random subset of images, specifically
100, 200, 400, 1000, and 2000, was chosen from the histopathology dataset. These extracted statistical features were then
utilized to train a range of ML algorithms. The study’s primary objective was to discern between cancerous and noncancerous
growth depicted in the histopathology images. The algorithms’ performance was evaluated using various assessment metrics,
such as AUC, F1 Score, precision, sensitivity, and accuracy. Notably, the algorithms demonstrated optimal performance when
the number of images was restricted to 100, while their effectiveness diminished with a more significant number of images.

Irum et al. [6] proposed Pa-DBN-BC, a patch-based deep-learningmethod for histopathological image classification in breast
cancer diagnosis. The method employs a Deep Belief Network (DBN) and utilizes logistic regression for image classification.
The method proposed achieved an accuracy of 86%, outperforming previous deep learning methods. The authors attribute this
superior performance to the ability of the method to automatically learn the best features, which sets it apart from traditional
classification methods. BCHisto-Net was proposed to classify breast histopathological images at a hundred times magnification
by Rashmi et al.[7] The proposed system classified breast histopathological images based on global and local features. The
features were combined by a proposed feature aggregation branch, which was used to classify 100 images. The effectiveness of
integrating the global and local features was observed in the paper as it accomplished an overall accuracy of 89% and 95% on
the BreakHis and KMC datasets, respectively. Table 1 gives a gist of all the related work.

Despite the application of diverse techniques for histopathological image analysis in previous works, such as the examination
of spatial structure, classification through segmentation, and the utilization of global and window-based features, feature fusion
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Table 1: Related Works - Summary
Authors Year of

Publication
Dataset Methodology Advantage Limitation

Meghana et
al. [1]

2017 KIMIA Path960 LBP, Deep Features,
BoVW

The automatic extraction
of features is performed
by Deep learning after the
completion of data
training

Deep Features need
extensive training to
achieve high accuracy.

Taha et al.
[2]

2018 KIMIA Path960 Classification using SVM,
Decision Tree and ANN
on LBP, HOG and deep
features

LBP offers significant
advantages in
discrimination and
computational efficiency

HOG yielded
unsatisfactory results due
to model
underperformance.

Ganguly et
al. [3]

2020 KIMIA Path960, NIA
dataset of lymphoma
images

Pretrained Resnet50
model customized with
several optimization
algorithms, layered CNN

The model’s extensive
23+ million trainable
parameters enhance its
efficacy in image
recognition

Training Residual Neural
Networks (ResNet) is time
and resource-intensive.

Anish et al.
[4]

2021 KIMIA Path960 Neural Networks +
Gray-Level
Co-Occurrence Matrix +
Mean of sorted grey
values

It exhibits a higher
capacity to execute
intricate tasks than other
algorithms

It demands a substantial
volume of data and entails
significant computational
costs.

Rania et al.
[5]

2022 IDC subtype of breast
cancer images

Statistical features
extracted using HOG
features extractor

The proposed method is
easy to set up and operate

Performance of the model
decreases when the
number of images
increases.

Rashmi et
al. [7]

2021 BreakHis and KMC
dataset

CNN-based architecture
called BCHisto-Net

Global and local features
extracted were combined
by a feature aggregation
branch

Relatively new; hence, not
much research has been
done on this method.

Figure 1: Block Diagram of the Proposed System

or combining both local and global features has yet to be explored extensively. Additionally, considering ensemble classifiers
rather than individual ones has not been thoroughly investigated.

2.2 Proposed System
The method proposed for classifying Histopathological images consists of a training and Testing phase. Figure ?? gives an
overview of the same. The extraction of image features during the training phase involves the utilization of Thepade SBTC
n-ary and Otsu thresholding algorithms. Also, a fusion of extracted features from Thepade SBTC and Otsu thresholding is
considered. Individual ML algorithms and classifiers and the ensemble of several classifiers and algorithms are then trained
with the extracted features.

The trained classifiers and algorithms are then used to test the extracted features from the query image. The image class
is identified, and the correctness accuracy is calculated. Other performance metrics, like Specificity, Sensitivity, True Positive
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Rate (TPR), and False Positive Rate (FPR), are also considered.
The features extraction algorithms TSBTC, Otsu’s thresholding, the machine learning algorithms and classifiers and feature

fusion are further elaborated in the following subsections.

a. Thepade’s Sorted Block Truncation Code (TSBTC) [8][9][10] :
Consider a histopathological image of size p x q and let R, G, and B represent red, green and blue planes, respectively. Each

plane is then converted to a one-dimensional vector and sorted in increasing order. Each vector is divided into N distinct parts
where N refers to the N-ary in Thepade SBTC N-ary. The feature vector comprises the centroid of each N part for the colour
plane. So, in general, the feature vector will be composed of R1, R2, R3, . . ., RN, G1, G2, G3, . . ., GN, B1, B2, B3, . . ., BN. The
general formula for calculating any Ri can be given as

Ri =
N
pq

(i) pqN∑
k=(i−1) pqN

Vr [k] (1)

Where Vr is the one-dimensional vector for the red plane sorted in increasing order, pq is the dimension of the image, and
N represents the nth ary in Thepade SBTC n-ary. Similarly

Bi =
N
pq

(i) pqN∑
k=(i−1) pqN

Vb [k] (2)

Gi =
N
pq

(i) pqN∑
k=(i−1) pqN

Vg [k] (3)

Where Vb and Vg are the one-dimensional vectors sorted in increasing order for the blue and green planes, respectively
b. Otsu Thresholding Algorithm [11][12]:
Otsu’s algorithm disregards the heterogeneity and variousness of the background, assuming the image comprises just the

background and foreground(object). To address the issue of overlapping class distributions, the Otsumethod employs a threshold
to divide the image into two sections: P0 (representing darker pixels) and P1 (representing lighter pixels). P0 is characterized by
intensity levels ranging from 0 to t, denoted as P0 = 0, 1, ..., t, while P1 encompasses intensity levels from t to l-1, denoted as
P1 = t, t + 1, ..., l - 1, l. Here, t represents the threshold value, and l denotes the highest grey level of the image (e.g., 256). It is
worth noting that P0 and P1 can be set to either foreground and background or vice versa, as the light region does not necessarily
correspond to the object. This method involves an exhaustive examination of all possible threshold values to determine the
optimal division between P0 and P1 based on the minimum pixel intensity values for each side of the threshold.

Given: For the observed grey value i=1, ..., l, the histogram probabilities are given as H(i)

H (i) =
number {(r , c) | image(r , c) = i}

(R,C)
(4)

The column and row indices of the image are represented by c and r, respectively, while the number of columns and rows
in the image are represented by C and R, respectively. The variance, mean, and weight of class T0 with intensity from 0 to t is
given by σ2

b (t), µb (t), and wb (t), respectively.
The variance, mean, and weight of class T1 with intensity from t+1 to 1 are given σ2

f (t), µf (t), and wf (t), respectively.
σ2
w is the tallied average of the group variances. The value with the lowest within-class variance is the ideal threshold value,

or t*. The within-class variance can be represented as follows:

σ2
w = wb (t) ∗ σ2

b (t) + wf (t) ∗ σ2
f (t) (5)

Where,

w (t) = Σt
i=1 H (i) (6)

wf (t) = Σl
i=t+1 H (i) (7)

µb (t) =
Σt
i=1 i ∗ H (i)
wb (t)

(8)
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µf (t) =
Σl
i=t+1 i ∗ H (i)

wf (t)
(9)

σ2
b (t) =

Σt
i=1 (i− µb (t))

2 ∗ H (i)
wb (t)

(10)

σ2
f (t) =

Σt
i=t+1 (i− µf (t))

2 ∗ H (i)
wf (t)

(11)

After obtaining t*, the input image I (r , c) is segmented as

S(R,C) =

{
1, if I (r , c) > t∗
0, if I (r , c) ≤ t∗

(12)

Utilizing the segmentation result S (R,C), the intensity values of the input image I (R,C) are partitioned into two clusters,
facilitating the generation of the feature vector [O1,O2], as delineated in equations 13 and 14.

O1 =
1∑r

i = 1

∑c
j = 1 S( i, j )

r∑
i = 1

c∑
j = 1

I( i , j ) ∗ S( i, j ) (13)

O2 =
1∑r

i = 1

∑c
j = 1 (1− S ( i, j ))

r∑
i = 1

c∑
j = 1

I( i , j ) ∗ (1− S ( i, j )) (14)

In this study, color images sourced from the KIMIA Path960 dataset are examined. The individual Red, Green, and Blue color
channels of these images are isolated, yielding an Otsu Thresholding-based feature vector [OR1,OR2,OG1,OG2,OB1,OB2]
for each image in the dataset.

c. Feature Fusion of Thepade SBTC and Otsu Thresholding features of Histopathological images[13][14]:
The fusion of Thepade SBTC n-ary features and Otsu’s thresholding is employed to achieve feature fusion for the

classification of histopathological images. Considering a histopathological image with R, G and B representing the Red, Green,
and Blue colour planes, respectively, the feature fusion vector combining Otsu’s thresholding features and Thepade SBTC n-ary
features can be denoted as [TR1, TR2, . . ., TRn, TG1, TG2, . . ., TGn, TB1, TB2, . . ., TBn, OR1, OR2, OG1, OG2, OB1, OB2],
where TRi, TGi and TBi represent features of TSBTC n-ary while the rest represent features extracted using Otsu’s Thresholding
algorithm. Thus, it can be said that the feature vector will have the size 3n+6 where n is from TSBTC n-ary.

d. ML Classifiers and Algorithms Used:
Simple Logistics, Logistic Model Tree (LMT), KStar, Random Forest, Multilayer perceptron, IBK, Bayes’ Net, Naive Bayes
e. Ensemble:
The ensemble is a machine learning methodology that involves amalgamating multiple base models to form a unified

predictive model that aims to optimize predictive performance. Combining many models, an ensemble improves ML outcomes.
Instead of using one single model, ensembles enable better prediction performance.

f. Majority Voting:
The majority voting technique integrates predictions from several machine learning models and ensembles to enhance model

performance. By aggregating the results of different models, this method aims to produce superior outcomes compared to any
single model used in the ensemble.

2.3 Experimentation Environment
The histopathological image classification method proposed is accomplished in Python with the help of Weka tool. The KIMIA
Path960 dataset is considered for the entire experimentation. The dataset employed in this study comprises 400 images of various
tissue types, including connective, muscle, and epithelial tissues. From these images, 20 scans representing distinct classes are
selected, and 48 regions of interest of equal size are extracted from each whole slide image. These regions are then down-
sampled to 308x168 patches for further analysis. Hence, a total of 960 (20x48) images are obtained. The images are saved as
colour Tagged Image File (TFF) files. Figure ?? displays a subset of the images from the dataset.

The performance appraisal of all variations is done using percentage accuracy, Sensitivity, and Specificity. The values of
these performances depend on False Positive, False Negative, True Positive, True Negative where,

TP - True Positive: When the histopathological picture is correctly identified, the outcome is a true positive.
FP - False Positive: When the histopathological picture is wrongly identified, the consequence is a false positive.
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Figure 2: Samples from the KIMIA PATH960 dataset

Figure 3: Binarized image of a sample from the dataset using Otsu’s Thresholding Algorithm

TN - True Negative: It is an outcome in which the technique accurately detects the histopathological image that does not fit
into the class of the image considered.

FN - False Negative: When a method mistakenly classifies a histopathological image as not in its original category, the result
is a False Negative.

Then, the formulae for Specificity, Sensitivity, and accuracy can be given as follows:

Sensitivity =
TP

FN + TP
= TPRate (15)

Accuracy =
TP+ TN

TP+ FP+ FN + TN
(16)

Specificity =
TN

TN + FP
= 1− FPRate (17)

3 Results and Discussions
The technique proposed experiments on 960 images of the KIMIA PATH960 dataset, where Thepade SBTC N-ary and Otsu
thresholding algorithms are used for extracting global features. Twelve ML algorithms and eight ensembles are then used to
train and test the features.

The percentage accuracy for histopathological image classification for TSBTC n-ary global features for twelve ML
algorithms, namely SMO, Naive Bayes, Bayes’ Net, Simple Logistics, Random Tree, Multilayer Perceptron, Random Forest,
LMT, REPTree, KStar, IBK and J48 is shown in the table 1.

It can be inferred from Table 2 that the performance of Thepade SBTC bests Otsu’s Thresholding for nearly all classifiers.
The peak classification accuracy for the features extracted using TSBTC is 97.29% for TSBTC 7-ary with the LMT classifier,
while the highest for Otsu’s features was 94.48% with the LMT classifier. The graphical representation of the above data sheds
further light on the performance of each feature extractor with individual classifiers. Figure ?? shows that for each classifier, the
percentage accuracy for the features extracted using TSBTC n-ary increases from 2- ary to 7-ary and remains almost constant
180 ECJSE Volume 11, 2024
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Table 2: Percentage Accuracy for TSBTC N-ary and Otsu for different classifiers
Classifiers 2ary 3ary 4ary 5ary 6ary 7ary 8ary 9ary 10ary Otsu
SMO 70.42 74.69 80.21 82.29 83.96 85.00 85.42 86.56 87.19 72.40
Bayes’ Net 79.79 83.13 84.27 84.48 85.73 85.21 85.73 86.35 87.03 77.81
Naive Bayes 80.21 83.96 85.31 85.94 86.35 86.56 86.77 86.88 86.88 79.79
REPTree 81.46 82.81 83.96 86.25 86.04 85.42 86.98 85.83 87.64 81.56
LMT 93.54 95.94 96.46 96.56 96.25 97.29 96.56 96.88 96.67 94.48
SimpleLogistic 93.75 95.10 95.94 96.56 95.94 96.67 96.56 96.67 96.04 92.19
MultilayerPerceptron 93.33 93.65 95.21 95.63 95.10 95.31 95.21 95.94 96.35 88.75
RandomForest 90.63 91.77 93.13 94.06 94.17 94.27 94.48 95.79 94.48 88.44
KStar 90.31 92.19 92.60 93.54 93.85 94.38 94.27 94.27 94.48 88.44
lBk 90.21 91.25 92.71 93.13 93.02 93.23 93.23 93.23 93.54 89.48
J48 86.15 86.56 88.44 88.65 89.69 90.63 88.85 88.23 88.75 83.23
RandomTree 84.69 87.71 85.83 85.94 88.23 86.56 88.85 88.96 89.48 82.40

Figure 4: Performance Comparison of ML classifiers for Thepade SBTC n-ary

from 8-ary onwards. Also, it is worth noting that the classifiers KStar, RandomForest, Multilayer Perceptron, Simple Logistic
and LMT gave better classification accuracies than the rest.

When the global features extracted from TSBTC and Otsu’s Thresholding were fused, trained, and tested on the twelve
classifiers, no performance amelioration was observed compared to TSBTC n-ary. The highest accuracy of 97.29%was obtained
for the features of TSBTC 5-ary and Otsu with LMT classifier, which is the same for TSBTC 7-ary as observed before. Figure
?? shows a graphical representation of the same.

From Figure ?? and Figure ??, it can be contemplated that the classifiers of KStar, Random Forest, Simple Logistic,
Multilayer Perceptron, and Logistic Model Tree (LMT) performed better than the rest. Hence these classifiers are
considered to form 8 distinct ensembles, namely – ’Logistic Model Tree+Simple Logistic+Multilayer Perceptron+Random
Forest+KStar (LMT+SL+MP+RF+KS)’, ’Simple Logistic+Multilayer Perceptron+Random Forest+Logistic Model Tree
(SL+MP+RF+LMT)’, ’Simple Logistic+Multilayer Perceptron+Random Forest (SL+MP+RF)’, ’Simple Logistics+ Multilayer
Perceptron+LMT (SL+MP+LMT)’, ’Simple Logistic+Logistic Model Tree +Random Forest (SL + LMT + RF)’, ’Simple
Logistic+Logistic Model Tree (SL+LMT)’, ’Simple Logistic+Multilayer Perceptron (SL+MP)’, ’Random Forest+Simple
Logistic (RF+SL).’

The extracted features are then trained and tested with the ensemble of classifiers to analyze performance improvement.
Tables 3, 4 and 5 depict the result when ensembles are used to train and test the features extracted using TSBTC n-ary, Otsu and
fusion of TSBTC and Otsu, respectively.

According to Table 3, the ensembles of LMT + Simple Logistics + Multilayer Perceptron + Random Forest + KStar and

Table 3: Performance (Accuracy) of Thepade SBTC n-ary for different ensembles
Classifiers 2ary 3ary 4ary 5ary 6ary 7ary 8ary 9ary 10ary
LMT + SL + MP + RF + KS 95.10 95.73 96.67 96.77 97.08 97.29 96.88 97.08 96.88
SL + MP + RF + LMT 95.10 96.15 96.98 96.77 96.98 97.29 97.08 97.08 96.98
SL + MP + RF 94.90 95.00 96.04 96.56 96.35 96.88 96.67 97.08 96.98
SL + MP 93.75 95.42 96.67 96.04 96.56 96.56 96.98 96.88 96.35
SL + RF 94.27 95.21 95.94 96.46 96.88 97.08 96.98 96.98 96.25
SL + RF + LMT 94.48 95.94 96.46 96.67 96.25 96.98 96.56 96.98 96.56
SL + LMT 93.85 96.04 96.56 96.67 96.46 97.08 96.56 96.98 96.46
SL + MP + LMT 94.79 95.94 96.77 96.56 96.25 97.19 96.56 96.88 96.67
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Figure 5: Performance Comparison of ML classifiers for the fusion of TSBTC n-ary + Otsu features

Table 4: Accuracy of Otsu for different ensembles
Classifiers Otsu
LMT + SL + MP + RF + KS 92.3958
SL + MP + RF + LMT 93.8542
SL + MP + RF 91.8750
SL + RF + LMT 93.8542
SL + MP + LMT 93.9583
SL + MP 91.1458
SL + LMT 94.2708
SL + RF 93.0208

Simple Logistics + Multilayer Perceptron + Random Forest + LMT performed better for TSBTC 7-ary features, achieving an
accuracy of 97.29%. Notably, the performance with ensemble learning was still the same as the highest accuracy achieved with
the individual classifiers using Thepade SBTC n-ary features. FromTables 2 and 3, it can be concluded that Thepade SBTC 7-ary
outperformed the other feature extractors with both individual classifiers and ensembles. A comparison of the best-performing
Thepade SBTC 7-ary with the best-performing classifiers and ensembles is presented in Figure ??. Although the ensemble of
classifiers outperformed most individual classifiers, it is still evident from Figure ?? that further improvement is required to
achieve the highest accuracy.

Ensemble learning was ineffective for the features extracted using Otsu’s Thresholding, as the performance did not improve
when an ensemble of classifiers was used. The highest accuracy obtained in this case was 94.27% for the Simple Logistic and
LMT classifiers ensemble, which was lower than the 94.48% accuracy achieved by the LMT classifier alone, as shown in Table
2.

Nevertheless, the application of ensemble learning demonstrated notable success when combining Thepade SBTC and Otsu

Figure 6: Performance comparison of ML classifiers and ensemble of classifiers for TSBTC 7-ary
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Table 5: Performance (Accuracy) of TSBTC n-ary with various ensemble of classifiers
Classifiers 2ary 3ary 4ary 5ary 6ary 7ary 8ary 9ary 10ary
LMT + SL + MP + RF + KS 95.83 95.73 96.56 96.77 96.46 97.29 96.77 96.77 96.67
SL + MP + RF + LMT 96.15 95.83 96.67 97.08 97.08 97.29 96.77 96.98 96.35
SL + MP + RF 95.21 95.10 96.15 96.15 96.04 96.88 96.46 96.56 96.04
SL + MP 95.10 95.31 96.25 96.25 96.56 97.08 96.67 96.56 96.35
SL + RF 95.63 95.31 96.46 96.56 96.88 97.08 96.77 96.77 96.77
SL + RF + LMT 95.63 95.83 96.88 97.19 96.88 97.39 96.67 96.77 96.67
SL + LMT 95.31 95.31 96.56 97.08 96.98 97.29 96.67 96.56 96.67
SL + MP + LMT 95.52 95.94 96.88 97.08 97.08 97.39 96.67 96.98 96.67

Figure 7: Performance comparison of ML classifiers and ensemble of classifiers

features. From the results in Table 3, it can be observed that for feature fusion, better performance was obtained with ensembles
of Simple Logistic, Multilayer Perceptron, and Logistics Model Tree, as well as with ensembles of Simple Logistic, Random
Forest, and LMT classifiers. These ensembles achieved an accuracy of 97.39%, which outperformed the accuracy obtained with
the LMT classifier alone for the same features. A comparison chart of the classification accuracy for 7-ary + Otsu with the best
classifiers and ensembles is shown in Figure ??.

While ensemble learning did not yield significant improvements for features extracted by TSBTC or Otsu, it did demonstrate
performance improvements for a fusion of the features extracted through these techniques. It is important to note that the fusion
of features obtained through Otsu and TSBTC 7-ary with the aforementioned ensembles achieved the best overall performance
compared to all other feature extraction techniques described in the research.

From all the graphs and tables, it can be implied that among TSBTC n-ary features, the features extracted by TSBTC 7-ary
performed better than the rest when tested with both individual as well as ensemble of classifiers. Though global features were
extracted using TSBTC and Otsu, the features extracted using TSBTC performed better than that of Otsu. When the global
features extracted through the aforementioned algorithms were combined, the feature fusion performed better than the rest of
the ensemble of classifiers. Though 5-ary + Otsu features with LMT classifier performed better than the rest with individual
classifiers, an ensemble of classifiers with feature fusion of TSBTC 7-ary + Otsu bettered it. A comparison of 7-ary, Otsu and
7-ary + Otsu features for different ensembles and best classifiers is shown in figure ??.

Performance metrics like specificity, sensitivity and f-measure were also considered to investigate the performance further.
A graphical plot of the same is shown in Figure ??.

The feature fusion exhibited the highest precision, Recall, sensitivity, and specificity values, as observed in Figure ??. In
comparison, using individual features of Thepade SBTC 7-ary or Otsu yielded lower values. The chart further reinforces the
notion that feature fusion does help in the classification of histopathological images.
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Figure 8: Comparison of TSBTC 7-ary, Otsu and TSBTC 7-ary + Otsu (feature fusion)

Figure 9: Plot of precision, recall, sensitivity and specificity for TSBTC 7-ary, Otsu and TSBTC 7-ary + Otsu

Table 6: Comparison of all related work on KIMIA path 960 dataset
Authors Methodology Dataset Technique employed Performance metrics

Meghna et al. [1] LBP, BoVW, CNN KIMIA Path960
BoVW Accuracy 96.50%
LBP Accuracy 90.62%
Deep features Accuracy 94.72%

Taha et al. [2] Deep Features,
HOG and LBP KIMIA Path960

SVM + LBP feature Accuracy 90.52%
SVM + deep features Accuracy 81.14%
ANN + HOG Accuracy 34.37%

Ganguly et al. [3]

Optimization Algorithms
in Combination
with Deep
Learning Models

KIMIA Path960

ResNet50 + Radam Accuracy 99.27%
ResNet50 + AdaMax Accuracy 99.79%
ResNet50 + Adam Accuracy 99.77%
ResNet50 + AdamW Accuracy 99.90%

Anish et al. [4] Feature Blending KIMIA Path960

Sorted gray value Mean +
GLCM + NN

Recall 0.951
Precision 0.951
F1 score 0.951
AUC 0.999

Sorted gray value Mean +
GLCM + RF

Recall 0.926
Precision 0.927
F1 score 0.926
AUC 0.997

Sorted gray value Mean+
GLCM + SVM

Recall 0.917
Precision 0.919
F1 score 0.916
AUC 0.998

Proposed Method Fusion of TSBTC
and Otsu features KIMIA Path960

Ensemble of SL + MP +
LMT with TSBTC 7-ary

Otsu features

Specificity 0.999
Sensitivity 0.974
Accuracy 97.39%

Ensemble with Thepade
SBTC 7-ary features

Specificity 0.999
Sensitivity 0.973
Accuracy 97.29%

LMT with Otsu features
Specificity 0.997
Sensitivity 0.947
Accuracy 94.70%
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4 Conclusions
Feature extraction is a crucial step in the classification of histopathological images. Literature has given several feature extraction
techniques. This paper proposes Thepade SBTC and Otsu Binarization techniques for feature extraction. The fusion of these
features is also considered to enhance the classification accuracy of histopathological images. Also, in an attempt to create a
more robust model for accurate prediction, ensembles of classifiers were considered. It was observed from the experimentation
that almost all classifiers and ensemble combinations gave better performance for the global features extracted using Thepade
SBTC in comparison to Otsu. The classification accuracy was improved when the features were combined, and the resultant
features were trained and tested using ensemble of classifiers. Better performance is observed by ensembles of Simple Logistics,
Multilayer Perceptron, Logistics Model Tree and also Simple Logistics, Random Forest, and LMT classifiers for the fusion
of TSBTC 7ary and Otsu features with an accuracy of 97.39% in 10-fold cross-validation scenario. The results emphasize the
optimality of feature fusion and ensemble learning in the classification of histopathological images. Additionally, the application
of this method to classify histopathological images, particularly in the context of diseases like cancer, presents an exciting
opportunity for future investigations.
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Abstract : Microwave-Assisted Pyrolysis and Co-Pyrolysis: Oil, Char, and Gases is an in-depth exploration
of the new field of microwave-assisted pyrolysis. Microwave-assisted pyrolysis allows the extraction of
oil, char, and gases from biomass, waste, and other organic components. Microwave-assisted pyrolysis has
several advantages compared to conventional pyrolysis, which are discussed in detail in this paper. The article
covers various aspects of microwave-assisted pyrotechnics, including fundamentals of pyrolysis, thermal
decomposition processes, factors affecting pyrolysis reactions, material distribution and yield, synergistic
effects, and process parameter optimization Co- pyrolysis. It also looks at production processes, wheremultiple
raw materials are used to produce multiple value-added products simultaneously through simultaneous co-
pyrolysis. This paper is helpful for academics, engineers, and professionals in biomass conversion and
renewable energy since the writers explore co-pyrolysis’s synergistic effects and prospective applications.
With its comprehensive coverage and in-depth analysis, Microwave-Assisted Pyrolysis and Co-Pyrolysis: Oil,
Char, and Gases offers a unique perspective on the application of microwave technology in pyrolysis processes.
It provides readers with a thorough understanding of the basic principles, experimental methods, and potential
applications of MW-assisted pyrolysis and co-pyrolysis.

Keywords : Microwave-assisted Pyrolysis, Co-pyrolysis, Synergistic Effects, Bio-oil, Char
1 Introduction
Rising standards of living combined with a growing human population have resulted in a meteoric rise in garbage output.
Untreated garbage poses serious risks to ecosystems and human health if not properly managed [1]. As global energy demand
and population expand, fossil fuels are increasingly exploited and progressively consumed, exacerbating the energy crisis and
other major environmental challenges. Therefore, more and more people are concentrating on developing long-term strategies
for using renewable energy sources [2]. The potential for more effective heating and the production of higher quality fuel and
chemical products than are currently attainable using traditional pyrolysis technologies have motivated researchers to examine
microwave pyrolysis in recent years. Despite the interest, the mechanisms of microwave pyrolysis are largely unreported
for several reasons, including the complexity of the pyrolysis chemistry, the difficulties surrounding bio-oil analysis and
quantification, a shortage of knowledge concerning the fundamentals of microwave heating, and the intensity and poorly
controlled electric fields that are typical of domestic-type microwave ovens that keep going to see significant usage within
scientific research. Microwave heating of biomass presents additional difficulties for precise temperature measurement, as
even the most advanced laboratory equipment can only take point readings from the sample’s surface rather than a complete
temperature distribution [3]. Pyrolysis is the heat degradation of organic molecules that produces oil, char, and gases when
oxygen is absent. The possibility of using this technique to recycle biomass, plastic, and rubber has piqued the curiosity of
researchers in recent years. The advantages of microwave heating over more conventional heating methods have piqued the
public’s attention. Microwaves have wavelengths between 0.01 and 1 meter, corresponding to frequencies between 0.3 and
300 gigahertz (GHz) in the electromagnetic spectrum. Most home microwave ovens operate at 2.45 GHz, while 915 MHz is
widely used [4]. Pyrolysis is a controlled heating process in which the feedstock is heated to high temperatures, typically (300
to 800) degrees Celsius. Since oxygen isn’t present, the organic materials can be heated without catching fire. The end products
have several potential uses and can be refined for further uses [5]. Multiple feedstocks can be degraded simultaneously in a
co-pyrolysis process. This approach improves individual pyrolysis regarding feedstock efficiency, product yields, and quality.
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Figure 1: Two-way hybrid microwave heating with susceptors [10].

Plastic and rubber by-products and biomass are among the many organic resources that co-pyrolysis can treat [6]. It is possible
to extract beneficial compounds from complex organic materials using pyrolysis and co-pyrolysis. Pyrolysis oil, sometimes
called bio-oil, is a thick black liquid containing organic matter. It has many potential applications, such as fuel regeneration
after processing [7]. Char, another carbon-rich product, is one of the products of pyrolysis. The high carbon content of char
makes it a suitable solid fuel for heating purposes. Because of its adsorption properties, char may also purify water and air.
Syngas, a by-product of pyrolysis that includes volatile organic molecules like methane, carbon dioxide, and carbon monoxide,
can be utilized for heating and power generation and converted into chemicals. Conventional pyrolysis and microwave-assisted
pyrolysis are different. If the former is correct, heating materials with microwaves makes the pyrolysis process go more quickly
and evenly. Microwave heating is superior to older heating methods because it is more controlled, uses less energy, and is
more efficient overall [5, 6]. Subjecting long-chain polymer molecules to heat and employing a catalyst makes it feasible to
synthesize simpler compounds. The hydrocarbon solids (char), liquids, and gases produced during the subsequent breakdown
of polymers are of fuel grade because of their petrochemical composition [8]. By utilizingmicrowave heating systems, pyrolysis,
and co-pyrolysis processes can increase product yield, improve product quality, and decrease reaction speed. Product distribution
and yield can be enhanced by microwaves controlling the pyrolysis processes. The commercialization of microwave-assisted
pyrolysis technology is possible due to its rapid and effective heating capacity. This technology could completely transform
pyrolysis by offering a more sustainable and economical option [5].

This review aims to equip researchers with all the necessary information regarding microwave-assisted pyrolysis and co-
pyrolysis procedures for producing oil, char, and gas. The study’s main objective is to find out how to employ microwave
heating technology to make pyrolysis reactions more efficient and selective and then to use those products more effectively.
The introduction and description of pyrolysis and co-pyrolysis are essential steps in generating renewable energy and disposing
of waste. The basic concepts of pyrolysis are then covered, including how heat breaks down, what variables can influence the
results of the reactions, product distribution, and yields.

2 Microwave-assisted pyrolysis Technology
The pyrolysis industry has recently extensively researched and implemented new MAP technology. Renewable energy
generation is just one of several applications of microwave technology.Microwaves are electromagnetic waves with wavelengths
between 1 millimeter and 1 meter (corresponding frequencies of 0.3 gigahertz GHz and 300 gigahertz GHz). The microwave is a
dielectric heating method that may penetrate the biomass raw materials deeply, making it distinct from the conventional exterior
heating methods of convection, conduction, and radiation. This type of heating can generate heat through molecules’ strong
collisions and friction. Thermogravimetric measurements using microwaves revealed that, compared to traditional Pyrolysis,
MAP lowered the temperature at which biomass components began to decompose and moved the fastest weightless zone to
reduce temperature intervals [9]. The microwave heat was "hybrid," meaning the susceptor helped it along. Two distinct types
of heating occur during the lifetime of the susceptor, as depicted in (Fig 1). Surface heating is achieved by the susceptors, as
opposed to the inside heating achieved by microwave ovens. Similarly, when compared to heating by direct microwaves, the
material is heated more consistently, where the interior is often kept at a higher temperature than the exterior for a prolonged
time. Reduced surface heat loss due to the presence of susceptors also aids in maintaining thermal consistency throughout the
hybrid heating process [10].

Consequently, MAP has benefits, including a faster heating rate, higher energy utilization rate, quicker reaction time, and
higher selectivity. Researchers in pyrolysis have increased the market value of liquid fuel, syngas, and solid carbon by using
MAP technology [11, 12]. (Husam Talib Hamzah et al.) It was reported that pyrolysis was used to extract valuable materials from
the tea powder. Chemical pre-treatment involved soaking the WTP and TWTP in benzene, acetone, and ethanol solvents. The
FWTPwas torrefied at 150 °C, resulting in a powder we call torrefiedwaste tea (TWTP) [5]. Researchers (Zhang et al.) found that
microwave-assisted Pyrolysis (MAP) is more effective in turning low-grade lignite into bio-oil than electric heating pyrolysis
[13]. Pyrolysis of bituminous coal heated in amicrowave oven has been found to involve cyclization and aromatization processes.
Changes in the structure of bituminous coal brought on by MAP can lead to the leakage of fluid and the subsequent release of
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volatiles and moisture [14]. Improved selectivity towards phenol-rich bio-oil from microwave-assisted pyrolysis of cellulose
was achieved by modifying the HZSM-5 catalyst, as reported by (Wang et al.) [15]. To selectively recycle unwanted materials,
however, MAPs allow for producing phenolic compounds [16]. Vacuum distillation with membrane adsorption/fractionation
(MAP) in succession is a promising method for recovering and recycling used engine oil [17]. More significant molecular
weight methyl esters were abundant in the biodiesel-distilled raffinate, and a more considerable recovery rate was achieved by
using MAP to extract them [18]. Combustible gas produced by biomass pyrolysis can be heated using microwave technology,
which has several benefits. For MAP, high-synthesis gas was prepared with the help of a catalyst comprised of iron (III) ions
supported by activated carbon. H2/CO was 1.04, and 81.14 vol% were present [19]. High-value hydrogen-rich syngas can be
produced from biomass by MAP and activated carbon reforming [20]. The phenolic chemicals in industrial effluent can be
removed using biochar made fromMAP biomass [21]. To increase the longevity of activated carbon and make it suitable for use
as a fuel adsorbent, (Lam et al.) reported combining MAP technology with chemical impregnation activation to create activated
carbon with a high percentage of fixed carbon (83 wt%) and a high BET surface area (1350 m2/g) [22]. Biochar produced via
microwave-catalyzed pyrolysis is more porous and has a higher cation exchange capacity than traditional pyrolysis [23].

3 By-product yield calculation
It is useful to determine the bio-oil, biochar, and biogas yields in order to assess the outcomes of a microwave pyrolysis
procedure. The values of these constants are given by Equations 1, 2, 3, and 4. The yield factor is defined as the ratio of
the weight of the by-products from the conversion process to the weight of the raw biomass input [24].

Liquid yield (wt%) = 100× weight of condensed liquid
weight of raw biomass

(1)

Solid yield (wt%) = 100× weight of char residue
weight of raw biomass

(2)

Gas yield (wt%) = 100− (liquid yield+ solid yield) (3)

General yield (wt%) = 100× biochar weight+ oil+ gas
biomass weight

(4)

As an alternative, the yields of by-products can be calculated using Equations 5, 6, and 7. The number connects the biomass’s
fiber composition and the end product’s functionality. Without the fiber analysis, getting an accurate range for the discrepancy
between expected and experimental yields is impossible. These aspects assess how the chosen operational parameters affect
final product quality [24].

Solidyield(wt%) = −0.167H − 0.239C + 0.007L + 34 (5)

Liquidyield(wt%) = 0.185H − 0.076C + 0.272L + 34 (6)

Gasyield(wt%) = −0.018H + 0.315C − 0.280L + 31.9 (7)

4 Fundamentals of Pyrolysis
In order to start the process, no oxygen should be available for pyrolysis surrounding. Organic matter can be converted into gas,
char, and oil. This section covers the basics of thermal decomposition, reactions, product distribution and yield, and pyrolysis
[10].

4.1 Thermal Decomposition Mechanisms
In the absence of oxygen, it is a decomposing process that reduces complex organic compounds to simple connecting parts.
Knowledge of the mechanisms of thermal degradation is essential to increase product yields from pyrolysis [5]. The production
of oil, char, and syngas from organic materials in efficient pyrolysis is a multistep process. This process involves pre-treatment,
such as drying through heating. It is important to remove water at low temperatures before starting pyrolysis reactions [25].
During MW pyrolysis, organic matter is heated into hot particles. The high temperature of the reaction causes the chemical
degradation of the product. Methane, ethane, hydrogen gas, water, and solids vapures are formed. Pyrolysis produces char as a
by-product. When the temperature increases, the solid decomposes, producing char. When pyrolyzed, char is stable and contains
a high percentage of fixed carbon [5].
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4.1.1 Homolytic and Heterolytic Bond Cleavage
During the initial pyrolysis, the links between feedstock molecules are broken. It is possible to cleave bonds by both homolytic
and heterolytic mechanisms. During the process of homolytic bond cleavage, a bond is broken into two radicals by the presence
of one electron that is not paired [10]. Microwave radiation or heat is typically the initiating factor in this process. Radicals have
the potential to cause bond cleavage and radical generation after they have reacted with other molecules. One way to break an
unequal electron distribution is through heterolytic bond breakdown. As a consequence, a cation and an anion are produced.
In the presence of catalysts or polar materials, which prevent charged species from becoming unstable, heterolytic bonds are
broken more quickly [26].

4.1.2 Primary and Secondary Reactions
Radicals generated by bond breaking can undergo additional reactions. Hydrogen abstraction, beta-scission, and intramolecular
rearrangements are primary reactions that immediately convert radicals or charged species into smaller molecules [10, 27]. In
the hydrogen abstraction process, a new radical and a hydrogen molecule are formed when a radical combines with a hydrogen
atom from another molecule. Since biomass contains a lot of hydrogen, pyrolyzing produces lots of hydrogen-rich by-products;
hence, this step is especially crucial in biomass pyrolysis. Two smaller molecules are created when a bond close to the radical
site is broken, known as beta-scission. In this process, unsaturated chemicals like alkenes and aromatics are formed, which
can be used as chemical feedstocks or fuel precursors. Rearranging the atoms within a molecule to create new isomers or
more stable molecules is an example of an intramolecular rearrangement. Because of these shifts, the distribution and yield of
pyrolysis products might be substantially changed. After the primary reaction, secondary reactions occur, involving yet more
modification of the intermediate products. Some examples of possible reactions are condensation, polymerization, cracking,
and gasification. The reaction time, temperature, and catalysts or other reactants all have a role in secondary reactions [5, 24].

4.2 Product Distribution and Yield
Depending on the feedstock utilized, pyrolysis products are dispersed and created differently. The by-products of pyrolysis
include bio-oil, char, and gases [5, 25]. A thick fluid containing several organic components, oil made by pyrolysis is called
bio-oil. Feedstock and pyrolysis process settings change the characteristics of the product after pyrolysis. Bio-oil can be used
as a pollution-free fuel and can be used to generate energy. Char is a by-product after pyrolysis. Although other inorganic
compounds and ash exist, carbon is themost important. Char is multipurpose; it can be used as a solid fuel, but it can also enhance
soil quality and neutralize contaminants in the environment [28]. Hydrogen, carbon monoxide, methane, and carbon dioxide
are all components of the syngas created when microwave-assisted pyrolysis of material starts. Chemicals, liquid fuels, and
energy generation can be produced from this gas. During pyrolysis, reaction time, heating rate, and temperature affect products’
distribution and yield. Optimizing the pyrolysis process can enhance product yields [29]. Microwave-assisted pyrolysis requires
a thorough knowledge of the principles. Prepare to apply this method to oil, char, and gas recovery by examining thermal
separation, pyrolysis reaction variables, product distribution, and yield.

4.3 Factors Affecting Pyrolysis Reactions
Several factors affect pyrolysis processes and final product distribution. Temperature, heating rate, reaction time, feedstock
composition, and reactor design are all important parameters to consider. When it comes to pyrolysis, heat is important.
Higher temperatures produce gas, but lower temperatures are better for bio-oil and char production [10]. Furthermore, pyrolysis
processes are influenced by temperature. The heat accelerates the decomposition of the material, increasing the amount of gas
produced. Secondary processes can produce high yields of bio-oil and char at low temperatures. One of the important parametars
is the residence time of feedstock in a pyrolysis reactor. Longer residence times allow secondary reactions, resulting in higher
bio-oil and char yields. The rate of pyrolysis and the distribution of products depend on the composition of the feed. The chemical
composition of the waste materials used in the process, such as plastics, rubber, or biomass, can affect the quantity and quality
of the product [5, 27]. Pollutants and inorganic contaminants can impact pyrolysis. The reactor layout matters for pyrolysis. The
reactor must efficiently heat and maintain feedstock temperature. The reactor design affects residence time, product distribution,
and heating uniformity [10].

4.4 Influence of Feed stock Composition
The composition of the feedstock has a significant impact on the pyrolysis approach to heat breakdown. Changes in reactions and
products are possible since every feedstock possesses a distinct chemical structure and functional groups. There is a difference
in the thermal stability and breakdown temperatures of cellulose, hemicellulose, and lignin found in wood and agricultural
waste. The pyrolysis of biomass results in the breakdown of hemicellulose and lignin at high temperatures; Bio-oil, char, and
gasses are all obtained through the multistage decomposition process. However, plastic waste feedstocks include polymers like
polyethylene, polypropylene, and polystyrene [30, 31]. Plastic polymer chains are broken during pyrolysis, creating smaller
hydrocarbon molecules. It is also possible for pyrolysis processes and product yields to be affected by the plastic waste’s
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Figure 2: Conventional and Microwave-induced heating patterns [10].

composition, such as adding additives or impurities. Elastomers, found in rubber waste feedstocks like used tires and scrap
rubber, have a highly intricate molecular structure. When rubber is heated to high enough temperatures, its polymer chains
break down, releasing volatile gasses and leaving behind carbon black and other solid leftovers. During pyrolysis, sulfur in
rubber can be converted into sulfur-rich compounds [32, 33]. Some examples of product output from microwave pyrolysis of
various biomasses are shortened (Table 1).

Table 1: Microwave pyrolysis of various biomass types and product yield

Biomass
Reactor
(g)

Temperature
(°C)

Time
(min)

Char
yield
(wt%)

Oil
yield
(wt%)

Gas
yield
(wt%)

Reference

Bamboo Microwave oven 600 15 19 8 73 [34]
Pine Microwave oven 800 15 18 4 79 [34]
Gumwood Microwave oven 800 15 15 4 81 [34]
Rosewood Microwave oven 700 15 22 6 72 [34]
Macroalgae Microwave oven 750 60 28 35 37 [35]
Sugarcane bagasse Microwave oven 550 30 62 22 16 [35]
Wood pellets Microwave oven 800 16 22 26 52 [36]
Rubberwood Microwave oven 550 16 21 19 60 [36]
Pinewood + lignite coal Microwave oven 550 - 43 14 43 [37]

4.5 Residence Time
4.6 Temperature and Heating Rate Effects
Thermal degradation mechanisms during pyrolysis are susceptible to temperature and heating rate changes. In most cases, a
temperature rise will cause pyrolysis reactions to proceed more quickly, resulting in increased product yields. Gasification is
an example of unwanted side reactions that can occur at very high temperatures and diminish the yield of the desired products.
In conventional heating, heat is transferred from an external source to an interior space using conduction and convection to
transport a heating front from the surface to the interior space. The old-fashioned approach of Heating a sample always results
in a higher surface temperature than an inside temperature, as seen in (Fig.2) [10].

The rate at which the temperature is increased (the heating rate) also affects the pyrolysis process. Faster reactions and
shorter residence durations are two benefits of increasing the heating rate, especially in large-scale industrial pyrolysis processes.
However, partial pyrolysis and the subsequent generation of char or tar residues are also possible outcomes of high heating rates
[5]. The ideal temperature and heating rate are context-specific and change with the type of feedstock and the desired outcome.
The optimal heating conditions, which optimize product yields while reducing undesired side reactions, can be determined by
modeling and experimental research [10, 38].

4.7 Residence Time
A further factor that influences reactions is the residence of feedstock in the pyrolysis reactor. Longer residence times result in
the completion of feedstock degradation, producing a greater quantity of gases and char. On the other hand, shorter residency
times are more favorable for bio-oil creation. The feedstock’s properties, the feedstock particles’ size, and the reactor’s geometry
determine the residence time. Product dispersion and the efficiency of the process depend on the optimization of the residence
period [10, 38].

4.8 Catalysts and Additives
Adding catalysts and additives can drastically alter the pyrolysis reactions and product yields. Cracking and reforming reactions
can be boosted by catalysts, leading to more gas output and higher quality bio-oil. Pyrolysis has been modified for various uses
by employing different catalysts such as zeolites, transition metals, acid catalysts, and Nano-catalysts. The pyrolysis reactions
can be affected by additives like alkali metals and alkali earth metals by speeding up biomass degradation or increasing the
catalytic activity. Suitable catalysts and additives must be chosen and optimized to get the targeted product yields and boost
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Figure 3: Conventional and Microwave-induced heating patterns.

the overall process efficiency [5]. (Figure 3) depicts catalyzed and uncatalyzed reactions, respectively. The catalytic approach
has two steps, and an intermediate species is present [10]. Many catalysts function similarly, as seen in (Fig. 3), reducing the
barriers for both phases relative to the uncatalyzed reaction.

4.9 Reactor Design and Configuration
The sensitivity of the pyrolysis reactions to the design and setting of the pyrolysis reactor is well-documented. The methods
of heat transfer and the distribution of time of stay in a microwave reactor affect the final product’s distribution. The heating
uniformity and overall process efficiency can be affected by the reactor’s geometry, size, and the arrangement of the heating
elements. The reactor’s insulation and construction can also affect heat transport and reaction kinetics. It is essential to optimize
the reactor design and setup for effective heat transfer and management of the pyrolysis reactions [38, 39].

4.10 Moisture Content
The pyrolysis reactions are sensitive to the feedstock’s moisture content. Since moisture is a heat sink, it takes more heat to
evaporate before pyrolysis reactions occur. Due to increased moisture content, lower product yields may result from longer
residence durations and less efficient heating. In addition, secondary processes such as water-gas shift reactions can be
accelerated by moisture and change the chemical composition of the pyrolysis gases. Proper drying or pre-treatment of the
feedstock to eliminate excess moisture is necessary to improve the pyrolysis process [10, 40, 41].

4.11 Pressure and Atmosphere
The distribution of products and their qualities are affected by the pressure and environment in which the pyrolysis events
occur. Reaction kinetics and the generation of particular products can be affected by operating conditions such as atmospheric
pressure, vacuum, or extreme pressures. The pyrolysis reactions can also be affected by the type of environment used (inert,
reducing, or oxidizing). For instance, a reducing environment can boost syngas generation, whereas an inert atmosphere can
dampen unintended reactions. Customizing the pyrolysis process for proper ends requires careful consideration of pressure and
environment [28, 41, 42].

5 Co-pyrolysis Reactions
Pyrolysis of various feedstocks is called co-pyrolysis. This approach can enhance biomass and waste utilization and provide
commercially viable products, including bio-oil, char, and gases. Many biomass, plastic, and rubber waste combinations can co-
pyrolyze [28, 29]. Co-pyrolysis with LLDPE and HLDPE has also been the subject of substantial research. Pine pyrolysis proved
to be expedited by MgCl2 and HZSM-5, while HDPE co-pyrolysis increased aromatic selectivity. Increased yields of aromatics
are achieved through a reaction between furfural (made from the catalytic cracking of a pine sawdust/MgCl2 mixture) and
short-chain olefins (made from the catalytic cracking of High-density polyethylene HDPE) [42]. Hydrocarbon fuel generation
enhanced in waste vegetable oil and HDPE co-pyrolysis. Hydrocarbon fuels, in contrast to biodiesel, are of superior quality due
to their reduced viscosity, higher heating value, and improved fluidity [43].

Co-pyrolysis of boxwood andHigh-density polyethylene (HDPE) synergistically produces aromatics like xylene and toluene.
Increased Diels-Alder reaction between furan from biomass pyrolysis and olefins from HDPE pyrolysis accounts for the vast
difference between the experimental and theoretical aromatic yields [44]. (Fig.4) shows a flow chart of this paper’s subjects. The
literature review provides a broad viewpoint for discussing issues and opportunities for conclusions. The findings demonstrate
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Figure 4: Diagnostic procedures for co-pyrolysis of mixed waste plastic and solid biomass are summarised in a flow diagram
for laboratory studies [10].

the significance of co-pyrolysis investigation and suggest further study for sustainable and synergistic waste disposal. Co-
pyrolysis has many advantages over separate pyrolysis processes for each feedstock. Synergistic effects between the various
components can be realized, resulting in more productivity and better quality in the final product. Second, it allows us to get
beyond the drawbacks of specific feedstocks, such as biomass’s high oxygen content or plastic waste’s poor energy density. The
co-pyrolysis technique creates products with a more versatile composition by combining diverse feedstocks [5, 45]. Catalytic
co-pyrolysis (CCP) of biomass with hydrogen-rich materials has been studied extensively, and some results are summarized in
(Table 2).

Table 2: Microwave pyrolysis of various biomass types and product yield

Biomass Co-Reactant Catalyst Biomass to Co-
Reactant Ratio

Temp.
(°C) Reactor Mainly

Compounds Ref.

Lignin LDPE MgO/HZSM-5 1:0 550 Microwave oven Phenolic compounds [46]
Lignin LDPE MgO/HZSM-5 2:1 550 Microwave oven Phenolic compounds, aromatics [46]
Lignin LDPE MgO/HZSM-5 1:1 550 Microwave oven Aromatics, phenolic compounds [46]
Lignin LDPE Zn/lignin-char - 500 Microwave oven Hydrocarbons, ketones, phenols [47]
Lignin PP HZSM-5 1:1 200 Microwave reactor Aromatics, alkenes, cycloalkanes [48]
Lignin PP HZSM-5 1:1 250 Microwave reactor Cycloalkanes, aromatics, alkenes [48]
Lignin PP HZSM-5 1:1 300 Microwave reactor Aromatics, cycloalkanes, alkenes [48]
Lignin PP HZSM-5 1:1 350 Microwave reactor Alkenes, aromatics, cycloalkanes [48]
Bamboo PP HZSM-5 1:0 250 Microwave oven Oxygen-cont., Aromatics, Oxygen-cont., aliphatics [49]
Bamboo PP HZSM-5 2:1 250 Microwave oven Aliphatics hydrocarbons, aromatics [49]
Bamboo PP HZSM-5 1:1 250 Microwave oven Aliphatics hydrocarbons, aromatics [49]
Bamboo PP HZSM-5 1:2 250 Microwave oven Aliphatics hydrocarbons [49]
Bamboo PP HZSM-5 0:1 250 Microwave oven Aliphatics hydrocarbons, aromatics [49]
Rice straw PP HZSM-5 1:1 500 Microwave oven Aliphatic HCs, MAHs [50]
Bagasse PP HZSM-5 1:1 500 Microwave oven Aliphatic HCs [50]
Rice straw PS HZSM-5 1:1 500 Microwave oven MAHs [50]
Bagasse PS HZSM-5 1:1 500 Microwave oven MAHs, PAHs [50]
Cellulose PP HZSM-5 1:1 500 Microwave oven BTEXs, Light olefins [51]

In co-pyrolysis, interactions between feedstocks are complicated, resulting in additional molecules and changes in product
distribution; it is possible that thermal cracking, radical reactions, or catalysts are the factors responsible for the interactions.
Diversity arises because of the effect of the feed on the processes and trends. Feedstock compatibility is essential when using co-
pyrolysis [26]. Chemical composition, functional groups, and preferred thermal dissociation determine the compatibility of two
materials. When suppliers interact, they streamline processes. Using incompatible materials can lead to unexpected reactions or
ingredient changes [27]. The heating rate, residence time, and temperature are all critical variables for co-pyrolysis processes.
These variables influence reaction rate, end-product distribution, and breakdown temperature. Optimum operating conditions
are necessary to obtain products and properties [24]. Product yield or quality is typically improved due to the efficiency gains
offered by co-pyrolysis processes. These synergistic effects can be caused by several factors, such as the enabling effect of one
feedstock on the volatility of another feedstock, the low oxygen content of compost and plastic waste, and the increased energy
content of the waste [5, 33]. As the feedstock composition and processing parameters are varied, the product distribution in
co-pyrolysis also changes. Bio-oil created from a combination of biomass and plastic waste, for instance, has a higher energy
density and a lower oxygen content than bio-oil produced from either feedstock separately. Co-pyrolysis of biomass and rubber
waste produces a bio-oil with improved stability and heating value [32, 33].
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5.1 Synergistic Effects
Synergistic effects, when discussing pyrolysis and co-pyrolysis, refer to the increased output and quality of pyrolysis products
that occur when two or more feedstocks are thermally decomposed simultaneously. During co-pyrolysis, multiple feedstocks,
such as biomass and plastic waste, biomass, rubber waste, or biomass and yet more biomass, are pyrolyzed all at once [5]. It may
be possible to establish that a synergistic effect occurs during the co-pyrolysis of plastic and biomass mixtures by comparing the
indices derived from the experimental and calculated values. Calculating the theoretical value requires averaging the individual
pyrolysis measurements’ weighted proportional values [5, 52]. A positive synergistic impact (Y) from co-pyrolysis would be
predicted if the experimental value were greater than the weighted aggregate calculated value, as shown by Equations 8 and 9
[53]:

YCalculated = a× Yfeedstock 1 + (1− a)× Yfeedstock 2 (8)

∆Y =
Yexperimental − Ycalculated

Ycalculated
× 100 (9)

5.2 Enhanced Product Yields
Co-pyrolysis has the potential for higher product yields than pyrolysis of individual feedstocks, which is a significant benefit.
Synergistic effects can be achieved by combining diverse feedstocks, leading to increased conversion rates and a more even
distribution of products. To illustrate, the presence of plastic trash during co-pyrolysis can operate as a heat transporter, easing
the pyrolysis of biomass and increasing the overall conversion efficiency [54]; as a result of this combination, oil production
increases while char formation decreases. Similarly, the catalytic impact of rubber on biomass pyrolysis can boost oil output
when the two are co-pyrolyzed. Oil extraction and biomass thermal cracking are both enhanced by rubber by-products. Biomass
and rubber waste interactions can change the bio-oil’s composition and quality, which increases its versatility [55].

5.3 Improved Product Quality
The use of co-pyrolysis improves the quality of the pyrolysis product. The synergistic effects of feedstock chemical composition
can alter the specific properties of oil, char, and gas. One example is the production of bio-oil with high heating value and stability
by co-pyrolysis of biomass and plastic wastes. Hydrogen supplied from plastic waste can increase the energy content of biooil,
reducing its oxygen content [5]. The co-treatment of biomass and rubber waste can improve the bio-oil quality. Bio-oil with
improved fuel characteristics can be produced using new andmodified biomass and waste rubber chemicals. Rubber degradation
reduces the oxygen content of the oil and facilitates the production and use of bio-oil [32, 33].

5.4 Synergistic Catalytic Effects
In co-pyrolysis, when another enhances one feed catalyst, there is a synergistic catalytic effect. The method influences the
distribution and composition of the co-pyrolysis products. Chars can work as catalysts and susceptors, produced by pyrolyzing
biomass and plastic waste, accelerating secondary reactions, and enhancing methane and hydrogen production. Catalytic chars
enhance gas production by decomposing products and breaking them down. The combination of biomass and rubber waste is
more effective in co-pyrolysis. By degrading solid biomass components, rubber waste can accelerate biomass pyrolysis and gas
production. Catalysts can be formed during the interaction of biomass with rubber waste, which can enhance catalyst activity
and dispersion [56].

5.5 Environmental Benefits
Co-pyrolysis is more environmentally friendly than feedstock pyrolysis. Co-incineration of biomass, plastic, and rubber waste
can reduce environmental impact and helpmanagewaste.Multi-feedstock co-pyrolysis improves resource efficiency and reduces
emissions. Co-pyrolysis produces hydrogen and methane, which can further a sustainable energy system. Industrial activities
that use these gasses instead of fossil fuels can lower our carbon footprint and climate impact [57].

5.6 Product Distribution in Co-pyrolysis
The term "co-pyrolysis" describes the practice of pyrolyzing multiple feedstocks at once. Collaborative pyrolysis provides
synergistic advantages and new product distributions by thermally degrading several feedstocks [58]. The feedingstock’s
composition, the pyrolysis process’s parameters, and the feedstock’s interaction determine the product distribution in co-
pyrolysis. Interactions with feedstock can take a cooperative or competitive aspect. Reduced feedstock pyrolysis is a competitive
outcome [59]. There may be a decrease in product output as a result. Because biomass particles compete with plastic particles
for chemical adhesion, the liquid product yield in biomass-plastic co-pyrolysis may be lower. Chemicals generated from rubber
that compete with one another for the surface adsorption of biomass particles in biomass Bio-oil formation are hindered by
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rubber co-pyrolysis [60]. Cooperative effects are created when another enhances the pyrolysis of one feedstock. Potentially, this
might result in higher product yields. Biomass-plastic co-pyrolysis enhances biomass thermal cracking and increases gaseous
product production. Gaseous products are enhanced through improved rubber thermal cracking in biomass-rubber co-pyrolysis.
The products’ distribution depends on the co-pyrolysis conditions, including temperature, heating rate, and residence time.
Optimizing product yields is achieved by modifying these components. Increasing the pyrolysis temperature can enhance the
gaseous product output and feedstock thermal cracking. Char, however, can be produced by extremely hot substances [61].
Product distribution in co-pyrolysis is susceptible to feedstock characteristics and composition. The molecular structure and heat
stability are two elements that influence how feedstock pyrolysis behaves. Biomass contains abundant cellulose, hemicellulose,
and lignin, which, when hydrolyzed, can yield several compounds. Essential plastic components decompose during polymer
heating, releasing a cloud of hydrocarbon fumes [5]. New chemicals and products are created when feedstocks interact in
co-pyrolysis. A higher-grade bio-oil can be obtained by co-pyrolyzing biomass with plastic, provided that certain aromatic
compounds are generated. Compounds of interest are produced by heating rubber and biomass. These molecules can then be
transformed into valuable compounds [30, 33]. It is possible to examine the dispersion of co-pyrolysis by-products using GC-
MS, FTIR, and NMR. These methods are employed to identify and measure the many products that emerge during co-pyrolysis
[5, 61].

6 Advantages and Challenges of Co-pyrolysis
There are a lot of advantages to co-pyrolysis with various feedstocks over single-feedstock pyrolysis. The effect of co-pyrolysis
will be discussed here.

6.1 Synergistic Effects
Interactions between pyrolysis components hasten the thermal breakdown and boost the production of valuable by-products,
including bio-oil, char, and gases. Through the co-pyrolysis of feedstocks, this interaction can lead to synergistic advantages
[5, 59, 61].

6.2 Product Diversification
Compared to pyrolysis using just one feedstock, co-pyrolysis enables the creation of a broader range of products. Combining
feedstocks with diverse qualities can change the distribution of a product and increase its value. Many industries and products
can benefit from the bio-oil and syngas that are by-products of co-pyrolysis of biomass and waste plastic [41, 62, 63].

6.3 Improved Bio-oil Quality
In conjunction with other feedstocks like plastics or rubber, bio-oil made from biomass is the way to enhance the pyrolysis
process of bio-oil; one can incorporate hydrogen by reusing plastics or rubber. Decreasing bio-oil oxygen levels and boosting
energy density improves thermal efficiency, adaptability, and reliability [24, 33, 64].

6.4 Waste Valorization
Through co-pyrolysis, it is possible to generate value from hard-to-recycle/unwanted waste. Acquiring the bio-oil, char, and
gases from waste and biomass is feasible. In addition to reducing negative environmental impacts, this method can also generate
profit from waste [5, 63].

6.5 Process Intensification
Using co-pyrolysis to enhance pyrolysis also shortens the reaction time. Meanwhile, many feedstocks can speed up thermal
decomposition, improving conversion efficiency. In contrast to single-feedstock pyrolysis, this method can increase output
while decreasing energy use [65, 63, 66].

6.6 Feedstock Compatibility
One of the most challenging issues for co-pyrolysis is to find feedstocks that work well together and are efficient for feedstock
pyrolysis, including thermal decomposition temperature and reaction kinetics. Experiments must be conducted and the process
optimized to determine which feedstock combinations produce valuable products with a synergistic effect [67].

6.7 Product Distribution Control
Co-pyrolysis can make it harder to control the product yield because of the complicated variety of products. Depending on the
feedstock used, pyrolysis pathways and product selectivity can change. Understanding the mechanisms of pyrolysis is necessary
so we can adjust the parameters of the process to get products appropriately distributed [68].
194 ECJSE Volume 11, 2024



Microwave-Assisted Pyrolysis...

6.8 Process Optimization
Feedstock ratios, heating rates, reaction temperatures, and reaction times are some factors that must be optimized in the co-
pyrolysis processes. Extensive experimental testing and analysis may be necessary during the optimization process, which can
be time- and resource-intensive. Additionally, the ideal conditions for co-pyrolysis may differ from those performed on a single
feedstock pyrolysis, adding complexity to the process development [69, 70].

6.9 Scale-up Challenges
The transition from the laboratory scale to the industrial scale of co-pyrolysis systems can be difficult. The compatibility of
different feedstocks, process dynamics, and heat transport properties may vary at different scales. During the scaling-up process,
important considerations include ensuring the product quality is constant, keeping the process stable, and addressing concerns
regarding safety or the environment; because the microwave-assisted pyrolysis reactor with microwave absorbent bed is capable
of working continuously and effectively for pyrolysis processes, it has the potential to be scaled up to a larger reactor [71, 72].

7 Conclusion
Bio-oil produced by microwave-assisted pyrolysis shows promise as a marketable result. Bio-oil’s oxygen concentration can
be lowered through catalytic upgrading, making it a more stable and profitable product. Sustainability, adaptability, and the
opportunity to create new products are just a few benefits of using bio-oil. However, issues with its complicated composition
and high oxygen content must be resolved to realize bio-oil promise entirely. Synergistic effects, product diversity, enhanced bio-
oil quality, waste valorization, and process intensification are just a few of the benefits of co-pyrolysis compared to pyrolysis
of a single feedstock. In order to successfully implement co-pyrolysis technologies, it is necessary to address issues such as
feedstock compatibility, product distribution management, process optimization, scaling up, and environmental consequences.
Co-pyrolysis plays a role in waste management and generates bio-oil, char, and gases, which allows it to overcome these limits
and realize its full potential for the recovery of resources and the generation of sustainable energy. Utilizing bio-oil derived
from co-pyrolysis can serve as a chemical feedstock and sustainable fuel. Char, being similar to coal, can be burned. Optimize
co-pyrolysis and find novel bio-oil and char uses. Syngas production by co-pyrolysis is fascinating.

Hydrogen-rich gases are used in energy generation, chemical and fuel production, and more. Environmental benefits make
co-pyrolysis a feasible waste management approach. Feedstock heterogeneity and syngas impurities must be addressed to
optimize the process and ensure syngas quality. These impediments must be addressed to maximize co-pyrolysis for syngas
production, necessitating more research. Advances in microwave-assisted and co-pyrolysis offer new ways to recycle biomass,
plastic, and rubber. Reactor design, catalysts, hybrid processes, process optimization, integration with renewable energy sources,
and feedstock conversion improve pyrolysis systems’ efficiency, scalability, and environmental impact. These developments
benefit pyrolysis’s long-term viability and contribute to building a greener, more closed-loop economy. For their many benefits
in efficiency, adaptability, and the generation of high-value end products, microwave-assisted pyrolysis and co-pyrolysis
technologies are poised for rapid commercialization. Market conditions favor these technologies because eco-friendly waste
management options and renewable replacements for traditional fuels are needed. Successful commercialization, however,
requires solving problems of scale-up, feedstock variability, and economic viability. MW-assisted pyrolysis and co-pyrolysis can
improve sustainability and the circular economy with additional study, development, and teamwork. The product distribution
and yield in MW-assisted pyrolysis and co-pyrolysis processes are affected by factors such as feedstock composition, heating
rate, temperature, residence duration, and reactor design. Optimizing these factors allows maximizing the intended product
outputs and boosting the technology’s overall efficiency. Improvements in product distribution and yield can be made by more
research and development into the complex interplay between these factors in MW-assisted Pyrolysis and co-pyrolysis.
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Abstract : Particles with diameters smaller than 2.5 µm (PM2.5) have the capability to penetrate into
respiratory system, thereby exerting adverse effects on human health. High-efficiency nanofiber mats present a
viable and efficient solution for the purification of ambient air contaminatedwith such particulatematter. In this
study, PVDF based electret nanofiber mats were optimized via electro-blowing technique. The experimental
parameters were systematically devised utilizing a Taguchi three-level L9 orthogonal design, and the results
were subsequently analyzed using ANOVA. In this context, among the examined parameters (solution
concentration, air pressure, and electrical field), the most significant factors influencing fiber diameters were
identified as solution concentration and electric field strength. While an increase in air pressure exhibited a
negligible influence on fiber diameters, it was observed to mitigate undesired droplet density. The optimal
parameters yielding the thinnest fiber (124 ± 71 nm) were determined as 9 wt.% solution concentration, 2 bar
air pressure, and 30 kV electrical voltage. Furthermore, the application of corona discharge treatment to the
specimens resulted in a remarkable enhancement of quality factors by over 70%.

Keywords : Nanofiber, Electro-Blowing Technique, Corona Discharge, Air filter
1 Introduction
In today’s world, air pollution has reached critical levels due to the increasing number of fires, rapidly growing population, and
industrial activities [1]. Air pollutants are classified based on their physical states as particulate matter and gaseous pollutants,
while microorganisms like viruses and bacteria, metal ions, and fine/coarse particles constitute particulate matter and are further
classified according to particle size [2]. Air filtration is an effective method to mitigate the problems arising from air pollution
and provide clean and healthy air [3]. For this purpose, various types of air filters such as paper, membranes, woven or non-
woven fabrics, etc., have been developed [4]. The primary goal in development efforts is to produce filters with high particle
capture efficiency at an expense of low pressure drop (∆P). Existing commercial high-efficiency particulate air filters (HEPA)
have a filtration efficiency of at least 99.97% for aerosols and particles of 0.3µm and above [5, 6]. These filters are made from
meltblown or glass fibers and there is a need for filters with fiber diameters in the range of 50nm to1µm to effectively filter
finer aerosols [6]. Filters with low pore size and high porosity layers can be produced using nanofibers with a high surface
area-to-volume ratio [7]. However, this can lead to high ∆P in the filter media.

Electrospinning is one of the most common methods to produce nanofibers [8, 9, 10, 11, 12]. This method, where the driving
force is an electrostatic field, enables the production of fine fibers withminimal defects (beads, droplets, etc.). However, it has the
disadvantage of low solution feed rate and production rate [13]. Recently, the solution blowing method has been developed as an
alternative, in which fibers are produced by the aerodynamic forces created by pressurized air acting on a polymer solution [14].
This system can achieve production speeds up to 20-50 times higher than electrospinning [15, 16, 17]. However, the solution
blowing system suffers from irregularities in the produced fibers. The fibers tend to intertwine and form bundles due to the
turbulence created by the pressurized air, leading to an increase in pore size [18]. The electro-blowing (EB) method combines
the positive aspects of both electrospinning and solution blowing in a single configuration. In this method, there are two main
forces acting on the polymer jet: electrical and air drag forces [19, 20, 21, 22, 23]. Compared to electrospinning, limited research
has been conducted on nanofibrous air filter mats produced using the EB method [19, 20, 21].

Adding quasi-permanent electret properties to filter mats enhances filtration efficiency without increasing ∆P. Electret
properties can be imparted to filters by using electret additives or electret fibers in the media, or by methods such as corona
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discharge, triboelectrification, and liquid contact charging [24]. In this context, poly (vinylidene fluoride) (PVDF) polymer was
investigated as an alternative material for the production of filter mats due to its thermal, chemical, and mechanical properties,
as well as its effective electret properties [25]. Among all crystal phases of PVDF, only the β phase exhibits electret properties
due to its net dipole moment [26]. The high electric forces used in electrospinning and electroblowing methods align the dipole
moments of PVDF and promote crystallization in the β phase [19]. In a recent study, electrospun PVDF nanofiber membrane
with an average fiber diameter (AFD) of 70 nm achieved which exhibited a high PM0.3 filtration efficiency of 97.40% with a
low∆P of 51 Pa at an air velocity of 5.3 cm/s [27]. Another study investigated the performance of electrospun PVDF nanofibers
with different diameters (84–525 nm) against various aerosols after applying corona discharge. Filter efficiency against 100 nm
NaCl aerosols increased from 30% to 61.9% with corona charging for filters composed of 84 nm fibers [28]. Electrospun PVDF
nanofiber mat with ultra-thin nanonet structures achieved a filtration efficiency of 99.999% and a ∆P of 124.2 Pa [5].

In engineering and scientific fields, experimental design and parameter optimization are of critical importance for the
effective analysis and improvement of processes and systems. In this regard, statistical techniques such as "Design of
Experiments" (DOE) and the "Taguchi Method" play a significant role [29]. The Taguchi Method enables the acquisition of
information about the entire parameter space with a small experimental unit through a specially designed orthogonal pattern.
The advantage of the method lies in its ability to analyze multiple components simultaneously and consider uncontrollable noise
factors [30].

Upon examining research aimed at optimizing nanofibers through the Taguchi method, it becomes apparent that
investigations have been carried out with electrospinning method on a variety of polymers, including poly(acrylamide), poly
(acrylic acid), and poly (vinyl alcohol) [31], PVP [32], PVDF [33, 34]. Conversely, Akgul et. al. [35] employed the centrifugal
spinning method along with Taguchi to find the optimum parameters in the production of thermoplastic polyurethane nanofibers
for air filter applications. A literature search on studies related to electro-blowing and Taguchi reveals only that Saraç [36] utilized
the Taguchi method to determine the process parameters for the thinnest polysulfone (PSU) nanofibers with the minimum
defects, reporting the optimal conditions as 13 wt% PSU, 3 bar, and 7.5 kV. Notably, no study incorporating the combination of
PVDF with electro-blowing and Taguchi has been identified in the literature.

In this study, the material and process parameters of electro-blown PVDF nanofiber filter mats were optimized using the
Taguchi experimental design approach. The system parameters (electric field and air pressure), and the material parameter
(solution concentration), were considered and three levels (low, moderate, high) were defined for each of parameters.
Additionally, samples obtained under the optimum condition were reproduced without applying an electric field to investigate
the influence of the electric field on fiber diameter and filtration characteristics. Changes in filtration performance of samples
treated with corona discharge were also compared.

2 Experimental Methods
2.1 Materials
Polyvinylidene fluoride (PVDF) with a molecular weight of 477,000 g/mol (Kynar Flex 2801-00) was purchased from Arkema
(France). Dimethyl sulfoxide (DMSO) of 99.8% purity (Merck), and acetone of 99.5% purity from ISOLab, were chosen as the
solvents. The solutions were prepared by adding the PVDF powders into DMSO and acetone mixture (70/30 wt/wt) to obtain
final polymer concentrations of 9%, 12%, and 15% by weight and mixing at a temperature of 70°C using a magnetic stirrer for
a duration of 8 hours.

2.2 Nanofiber Production
Fiber production was carried out using the electro-blowing system AeroSpinner L1.0 (Areka Group Ltd.) that is schematically
shown in Figure 1. Parameters used during fiber production in the EB system can be grouped into material (solution
concentration, solution type, viscosity, etc.), process (air pressure, electrical field, feeding rate, collector distance, etc.), and
environmental parameters (humidity, temperature).

In the experimental design, the three most important parameters (concentration, air pressure, and electrical voltage) were
used as Taguchi design factors, and a three-level L9 orthogonal design was created as shown in Table 1.

Table 1: Design of experiment produced with Taguchi
Sample IDs Solution concentration (%) Air Pressure (bar) Electric Voltage (kV) AFD (nm)

1 9 1 10 209.5 ± 46.3
2 9 2 20 172.4 ± 46.2
3 9 3 30 154.7 ± 54.6
4 12 1 20 259.1 ± 63.1
5 12 2 30 217.6 ± 72.0
6 12 3 10 266.5 ± 107.2
7 15 1 30 324.3 ± 86.5
8 15 2 10 381.5 ± 74.0
9 15 3 20 368.5 ±118.2
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Figure 1: Schematic presentation of the electro-blowing setup

For all experiments, feeding rate, collector distance, collector rotation speed and production time were kept constant as 10
mL/h, 30 cm, 40 rpm, and 20 minutes, respectively. The produced fibers were collected onto spunbond fabrics with an average
fiber diameter (AFD) of 14 ± 2.1 µm.

2.3 Characterization
The viscosities of the PVDF solutions were measured using a rotational viscometer (Fungilab, α Series) immediately before
fiber production, and they were determined as 356.5, 487.3, and 654.2 mPa·S for solution concentrations of 9, 12, and 15 wt.%,
respectively. The morphological analyses of the produced fibers were conducted using a TESCAN VEGA3 Scanning Electron
Microscope (SEM). SEM images were taken at 5kx magnification, and the average fiber diameters and distributions, along with
standard deviation values, were calculated using 100 measurements for each sample on the Image J program.

Signal-to-noise (S/N) ratios and Analysis of Variance (ANOVA) were performed for each level of the parameter to determine
the optimum parameter levels using Minitab 18 Software. In the Taguchi method, the S/N ratio can be defined with three
approaches: Smaller-the-better, larger-the-better, and nominal-the-best [37]. In this study, the S/N ratio is calculated using the
smaller-the-better approach with Eq 1 [38]. Here, yi represents the value of the average fiber diameter of the ith experiment at
the lower level of each factor, and n is the number of experiments conducted for this factor and level. Air permeability related
to the thickness and porosity of the fibrous mat is an important factor used to determine filter performance.

s
N

= −10 log

(
1

n

n∑
i=1

y2i

)
(1)

Air permeability testing device (Airtest II, Prowhite) was employed in accordance with ASTM D737 standards. The test
conditions encompassed a sample diameter of 38 cm², air pressure of 125 Pa, and an ambient temperature maintained at 22 ± 2
°C. The ∆P and filtration efficiency values of the produced samples were determined using an automated filter tester (8130A,
TSI Inc.). Sodium chloride (NaCl) aerosols in the range of 0.26 ± 0.07 µm were generated from a NaCl solution with a wt.
concentration of 2%. Filter samples with an effective area of 100 cm² were tested against aerosols produced at a face velocity
of 15.83 cm/s. Corona charging was performed using a negative corona discharger (Chargemaster 5, Simco Ion). For corona
application, the device’s electrode was positioned approximately 4 cm above a rotating drum. Nanofiber samples were placed
on the drum and charged for 5 minutes under a charging voltage of -20 kV while rotating at 23 rpm.

3 Results and Discussion
3.1 Fiber Morphology
The SEM images of the samples are presented in Figure 2. Accordingly, the impacts of solution concentration on both fiber
production and morphology are evident. Irrespective of the other parameters, augmenting the solution concentration exhibited a
favorable influence on fiber formation across all samples. The quantity of droplets within the samples (samples 1-6) diminished
as the solution concentration increased, and no droplets were discernible within samples derived from a 15 wt.% solution. In
addition, the increase in both the air pressure and the electric field in for the production from 9-wt. % solution also decreased the
density of droplets on the mat. While the mean fiber diameters for all specimens were sub-micron, the augmentation of solution
concentration yielded thicker fibers.

Samples produced using a 9 wt.% solution (1-3) manifested the thinnest fibers. The increase of air pressure and electric field
induced an additional reduction in fiber diameter. The synergy of these two driving forces caused the low-viscosity solution
jet to attenuate, enabling the production of fibers with diameters below 250 nm. Elevating the solution concentration from 9%
to 12% yielded an increment in fiber diameter. On the other hand, the simultaneous increase of air pressure and electric field
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Figure 2: SEM images of the samples produced according to the Table 1 (scale bars are 5 µm) and their AFDs

decreased the mean fiber diameter from 257 nm (sample 4) to 220 nm (sample 5). In sample 6, despite application of the highest
air pressure (3 bar), diminishing the electric field to 10 kV led to reduction of fiber diameter to 265 nm. Among the samples
produced from the 12 wt.% solution, sample 6 produced with the lowest electric field showed the highest fiber diameter. This
underscores the preeminence of the electric field in influencing fiber diameter compared to air pressure.

The coarsest fibers were derived from a 15 wt.% solution. Analogously, the increasing of air pressure coupled with the
reduction of the electric field yielded thicker fibers for samples 7 and 8. This reaffirms the preeminence of the electric field
over air pressure in terms of influencing fiber diameter. Conversely, in samples 8 and 9, the simultaneous escalation of both
propulsive forces led to a diminution in fiber diameter.

In conclusion, lower solution concentration correlates with a reduction in average fiber diameters and a concurrent increment
in droplet density. In other words, higher solution concentration results in lower droplet density, accompanied by an increment
in fiber diameters. Moreover, the influence of the electric field on fiber diameters is less pronounced than that of solution
concentration, yet more pronounced than air pressure.

3.2 Determination of Optimum Conditions
As the signal increases, variance is expected to decrease, making the maximization of the Signal-to-Noise (S/N) ratio the goal of
the study for determining optimal parameters. The S/N ratios calculated based on the mean fiber diameters of the design factors
are presented in Table 2. Here, "Level 1" corresponds to the S/N ratios of the first level of each design factor, while "Level 2"
and "Level 3" correspond to the second and third levels, respectively. Additionally, delta represents the maximum difference
among the S/N ratios calculated for each factor at the three levels, whereas rank signifies the efficacy value of the factors for
obtaining the lowest fiber diameter. Accordingly, rank is 1 for the highest delta value, and 3 for the lowest delta value. The factor
with rank 1 exerts the most significant influence on fiber diameters. In Table 2, the solution concentration of 9 wt.% yielding
the maximum S/N ratios, along with 2 bar air pressure and 30 kV electric field, is recommended as the optimal condition for
achieving the thinnest fiber. These conditions represent the optimal configuration for achieving the lowest fiber diameter among
all possible conditions (27 experiments). This scenario can be further elucidated through analysis of variance (ANOVA).

ANOVA is utilized to examine and assess statistical differences among distinct groups, probing the determination of whether
the variance between these groups arises haphazardly or possesses statistical significance. Initially, through computation of the
collective between-group and within-group variances, the adjusted sum of squares (Adjusted SS) is ascertained between the
groups. This Adjusted SS is divided by the degrees of freedom to yield the Adjusted MS. The F-value conveys the proportion
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Table 2: S/N ratios of the design factors for “Smaller is better”
Solution concentration (%) Air Pressure (bar) Electric Voltage (kV)

Level 1 -44.99 -48.26 -48.86
Level 2 -47.84 -47.72 -48.08
Level 3 -51.06 -47.90 -46.95
Delta 6.07 0.53 1.91
Rank 1 3 2

of between-group variance relative to within-group variance. Consequently, the detection of substantial differences between
groups signifies the origination of these differences stem from expected causes. A high F-value indicates a significant difference
between groups, while a low F-value implies the insignificance of differences between groups. On the other hand, the p-value
serves to determine the import of statistical test outcomes and embodies the probability correspondent to the derived F-value.
This value is employed to determine whether the observed difference is statistically significant or occurred by chance and a
p-value typically less than 0.05 is considered statistically significant.

As per the ANOVA outcomes outlined in Table 3, the levels applied to polymer solution concentration exhibit statistical
significance, substantiated by a p-value of 0.008. Since the largest contribution to the total Adj SS ratio (90.1%) comes from
solution concentration, the concentration has been identified as the most effective parameter using the "smaller is better"
approach for the average fiber diameter. On the other hand, the p-value of the electric field can be interpreted as statistically
significant with a value of 0.08, while the p-value for air pressure is far from statistical significance at 0.867. Similarly, the
contribution of the electric field in the total Adj SS ratio is 8.2%, while the contribution of air pressure is 0.001%. Furthermore,
due to interactions among factors, the ANOVA results exhibit an error rate of 0.007%.

Considering these findings, increasing air pressure did not manifest a noteworthy impact on fiber diameter for electro-blown
fibrous mats from PVDF/DMSO-Acetone solution while it caused the reduction of the droplet density. However, it is noteworthy
that Yusuf et al. [39], in their experimental and modeling-based study utilizing the solution-blowing methodology, disclosed that
elevating air pressure from 1 bar to 3 bar engenders a reduction in fiber diameters while further escalation from 3 bar to 6 bar
resulted in thicker fiber in diameter. This underscores there is a critical threshold for air pressure within the solution-blowing
method to achieve thinner fiber. Over this critical value fibers get stacked to form a bundled structure because of air turbulence.
As per our study, in the EB approach, the presence of an electric field near the air drag forces implies producing additional force
to attenuate the polymer jet, therefore there is no observed critical threshold for reducing fiber diameter between 1 - 3 bar. This
critical threshold may occur at lower air pressures, thus, an exploration of lower air pressure levels (0.5, 1, 1.5 bar) is advisable.

Table 3: Analysis of Variance for means
Source DF Adj SS Adj MS F-Value P-Value

Solution concentration 2 49150.9 24575.4 127.04 0.008
Air Pressure 2 59.6 29.8 0.15 0.867

Electric Voltage 2 4422.9 2211.4 11.03 0.080
Error 2 386.9 193.4
Total 8 54020.2

3.3 Confirmation Test
The estimated average fiber diameter (AFDest) of the fibers to be produced under the specified optimal conditions of 9 wt.%
concentration, 2 bar air pressure, and 30 kV electric voltage can be calculated using the following formula (Equation 2).

AFDest = X̄ + (C̄1− X̄) + (P̄2− X̄) + (V̄3− X̄) (2)

Here, X represents the AFD of 9 samples produced according to the Taguchi design. (C̄1) corresponds to the AFD of all
samples produced from 9 wt.% solution (samples 1 – 3), similarly (P̄2) represents the AFD of samples produced with 2 bar
air pressure (samples 2, 5, 8), and (V̄3) represents the AFD of samples produced with 30 kV electrical voltage (samples 3, 5,
7). Accordingly, the (AFDest) is calculated as 143 nm. Under these optimal conditions, sample 10 was produced and its SEM
image and AFD graphs are provided in Figure 3. This sample has the smallest fiber diameter among all samples produced, with
a size of 124 ± 71 nm. To observe the effect of the electric field on this sample, sample 11 was produced without an electric
field. According to the SEM image in Figure 3, the absence of an electric field has increased the fiber diameter (206 ± 148 nm)
and increased the droplet size in the structure (> 5 µm).

3.4 Filtration Performance
The filtration efficiency and∆P values before and after corona treatment for all samples are presented in Figure 4. The highest
filtration efficiency (91.87%) was achieved from sample 10, which was produced at the optimum parameters obtained from the
ANOVA analysis and had the thinnest fiber diameter. On the other hand, the lowest filtration value (80.55%) was obtained from
sample 8, which had the thickest fibers with an AFD value of 382 nm. According to the ANOVA results, solution concentration is
ECJSE Volume 11, 2024 203
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Figure 3: SEM images (scale bars are 5 µm) and AFD of samples 10 and 11

Figure 4: Filtration efficiency and∆P of the samples a) before, b) after corona treatment. c) QF values, and d) air
permeability and∆P of the samples against AFDs

the most influential parameter on fiber diameters. This observation is similarly reflected in the filtration results. Lower solution
concentration values result in finer fibers and consequently higher filtration efficiency (samples 1-3), while higher solution
concentration solutions lead to thicker fibers and lower filtration efficiency (samples 7-9).

A similar trend is observed in the ∆P values, as shown in Fig. 4a. The highest and lowest ∆P values of 148 Pa and 101 Pa
were obtained from the fine fibrous mat (sample 10) and thickest fibrous mat (sample 8), respectively. This is attributed to the
restricted airflow due to the small pores created by fine nanofibers. When comparing samples 1 and 11, which have a similar
fiber diameter, it is noted that the∆P are nearly the same (134 and 135 Pa), but sample 1 exhibits better filtration performance
because of the applied electrical voltage. This difference in filtration efficiency highlights the contribution of the electret effect
demonstrated by PVDF nanofibers produced in the presence of an electrical field to the filtration mechanism. An enhancement
in filtration efficiency was observed in all samples with the Corona Discharge treatment (Figure 4b). The increase in filtration
efficiency is consistent with the initial performance of the samples. The highest filtration efficiency of 98.97% was achieved
in the optimum sample (sample 10). After corona treatment, the lowest filtration performance increased to a value of 94.01%
from 80.55%.

The quality factor (QF) values, which represent one of the most crucial parameters determining filter performance, are
presented in Fig. 4c. Before corona treatment, the highest QF value (0.0170) was observed from sample 10. An inverse
relationship between fiber diameter and QF values is evident. Corona treatment has notably enhanced the QF values across
all samples. The most substantial enhancement, with a significant increase of 78.7%, was achieved in sample 10. This can be
attributed to the heightened efficacy of the Corona Discharge treatment on sample 10 because of the finer fibrous structure that
provided a higher surface area. The air permeability test results for the samples are depicted in Fig. 4d, in accordance with the
AFD values. It is evidently observed that a linear relationship exists between fiber diameters and air permeability, whereby an
increase in AFD corresponds to elevated air permeability values. This correlation is further reflected in the∆P results and found
similar with the other reported studies [40]. The sample with the highest air permeability also exhibited the lowest ∆P value.
The calculated determination coefficients of the linear fit at 0.93 and above, signify the reliability of the explanation above.

4 Conclusion
In this study, PVDF nanofiber air filter production was optimized using novel electro-blowing technique. Based on the three-
level L9 orthogonal Taguchi design, the effects of solution concentration, air pressure, and electric field on fiber diameter were
systematically investigated. The significance of these parameters was also analyzed with ANOVA. According to the results,
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solution concentration and applied electrical field value were found as the main factors affecting the fiber diameters. Although
air pressure variations have a limited impact on diameters, they influenced droplet density, resulting in higher air pressure leading
to lower droplet density. The optimum levels for the finest fiber diameter were found as 9% by weight solution concentration, 2
bar air pressure, and 30 kV electrical voltage. In addition, the corona discharge process increased the filtration performance to
98.97% in the best sample, resulting in a 78.7% improvement in the QF. This study highlights the potential of the electro-blowing
method in the processing of high-efficiency PVDF nanofibers for air filtration.
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Abstract : Porous carbons are promising for various applications from sensors to CO2 capture. This work
aims to report a facile approach to synthesizing porous carbons by using cheap and sustainable materials.
Porous carbons are also treated to tune the chemical and physical structure. SEM images, FTIR spectra,
Raman spectra, and XRD patterns are examined to characterize the porous carbons. The treated carbon fibers
showed a highly disordered structure with a large interlayer spacing. Results show that porous carbons could
be applicable for different applications.

Keywords : Carbons, Filter, Structure, Characterization

1 Introduction
With the development of the technology, material scientists explore new materials for the emerging fields. Carbon materials
have been widely investigated owing to their advantages. A large surface area, high robustness, high and tunable porosity,
high electrical conductivity, exceptional flexibility, and easy recyclability have made carbon materials promising for many
applications [1, 2, 3]. Cai et al. [2] used carbon fiber-based cloth for water decontamination and reported effective purification.
Cheng et al. [4] reported efficient oxygen electrocatalysis by using carbon fibers. Shi et al. [5] reported high-performance
supercapacitor electrodes by using carbon cloth. Ma et al. [6] synthesized porous carbon fibers and porous carbons with fibrous
structures and showed promising results in CO2 capture. Li et al. [7] designed a carbon-based electrochemical sensor. Yang et
al. [8] prepared carbon biosensors.

Heteroatom doping including nitrogen doping is an effective strategy to increase the properties of carbon materials. Many
studies reported enhanced performance after doping for various applications including but not limited to supercapacitors,
adsorbents, batteries, and electrocatalysis. Nitrogen doping could tailor their electron-donor properties and provide extra active
sites for pseudocapacitive interaction, thus improving supercapacitors’ capacitance. Moreover, doping also changes the crystal
structure and thus electrical conductivity [6, 9, 10, 11, 12]. Very few studies reported N-doped carbons by using melamine.
Ozturk et al used carbon black and melamine to synthesize N-doped carbons and investigated the effect of N doping at different
temperatures [13]. Tjandra et al. used graphene oxide and melamine foam [14].

Considering global warming and climate change, reducing the usage of petroleum-based materials is crucial. Moreover,
there is a huge demand for low-cost and sustainable precursors for carbon materials [15, 16]. Many biomass has been used as
a carbon source however cellulose is one of the most abundant in the earth [17]. In this study, cellulose paper was used as a
carbon source, and free-standing carbon paper was synthesized via calcination. Melamine was used as a nitrogen source and
the as-prepared carbon paper was characterized by using SEM, FTIR, XRD, and Raman spectroscopy.

2 Experimental Methods
Cellulose filter paper was used as a carbon precursor. Melamine was purchased from Merck and used as a nitrogen source.
Calcination was applied in the nitrogen atmosphere at 800 oC for 2 h. Melamine was dissolved in water and applied to cellulose
filter papers to tune the chemical composition as well. The free-standing carbon papers were obtained after calcination and
several structural characterization techniques were used to study the porous carbon materials.

Scanning electron microscopy with EDX equipment was used to study the morphology and elemental composition of the
prepared samples. Fourier transform infrared spectroscopy, Raman spectroscopy, and XRD analysis were also employed to
study the chemical composition of the samples.
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Figure 1: SEM image of the filter paper with the EDX spectra

Figure 2: FTIR spectrum of the filter paper

3 Results and Discussion
Figure 1 shows the SEM image of the filter paper with the EDX spectra. A highly fibrous structure is observedwhich is beneficial
for many applications including filtration and sensors. EDX spectra also confirm the chemical structure of cellulose.

FTIR spectrum of the filter paper is shown in Figure 2. A broad peak between 3500 and 3200 cm−1 corresponds to stretching
vibrations of O-H presented in cellulose. The peaks approximately at 2900 and 1020 cm−1 are attributed to C-H and C-
O stretching, respectively. The peak around 1730 cm−1 corresponds to C=O stretching vibrations. The peak at 1312 cm−1

corresponds to C-H2 rocking vibration while the peak at 1158 cm−1 is ascribed to the C-O-C asymmetric valence vibration.
The peak approximately at 660 cm−1 is attributed to C-O-C stretching related to glycosidic linkage between glucose units in
cellulose [15, 18].

After successfully characterizing the structure of the cellulose filter paper, the calcination was applied to synthesize carbon
paper. Figure 3 displays the SEM images of carbon paper andmelamine-treated carbon papers. The fibrous structure is preserved
after calcination at high temperatures and a highly porous structure was observed. Conductive and porous carbon structures
are promising for sensors, supercapacitors, and filters [5, 19]. High porosity leads to rapid mass transport of species, a larger
amount of electrolyte infiltration of electrolyte onto the electrode, proper electrode-electrolyte interfaces, large surface area,
many active catalytic sites, continuous electron transport pathways, shorter distances for mass and ion transport, many available
active surfaces, and free spaces to accommodate changes in volume [17].

The SEM image of melamine-treated carbon paper was also seen in Figure 3. Melamine treatment did not change the
morphology significantly. Moreover, EDX spectra reveal that melamine-treated carbon papers have nitrogen atoms in the
structure. Nitrogen in the carbon structures improves the physical and chemical properties and thus improves the performance
for many applications [20].

Figure 4 shows the FTIR spectra of the carbon and treated carbon papers. The peak at around 1600 cm−1 corresponds to
the C=C/N=C stretching vibration indicating the presence of a sp2 hybridized honeycomb lattice, and the peak at around 1446
cm−1 is ascribed to the characteristic C-N stretching vibrations [21]. The results indicate that nitrogen-containing functional
groups are introduced efficiently which is proved by EDX spectra, Raman analysis, and XRD pattern as well.
208 ECJSE Volume 11, 2024
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Figure 3: SEM images of the carbon paper and the treated carbon paper with the EDX spectra

Figure 4: FTIR spectra of the carbon paper and the treated carbon paper

Raman spectra of the carbon and treated carbon are seen in Figure 5. Two peaks of D band (1366 cm−1) and G band (1610
cm−1) suggest that carbon paper and treated carbon paper are graphitic dominating material with disordered structure. The
intensity ratio of D and G bands (ID/IG) is used to evaluate the degree of the disorder [10]. The intensity ratio of the D and G
bands is calculated to be 0.8 and 1.0, respectively, for the carbon and treated carbon papers, indicating that melamine treatment
increased the degree of disorder which is beneficial for many applications. Increased disorder level was also reported as a result
of N doping by Chen et al. [22]. The increase in intensity of the D band could be ascribed to the increase of surface defects
[23, 24] as a result of melamine treatment which is consistent with the EDX spectra of the treated carbon paper.

Figure 5: XRD pattern of the carbon paper and the treated carbon paper
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4 Conclusion
In summary, porous carbons were synthesized by using calcination and melamine treatment. The prepared materials were
characterized by using SEM, Raman spectroscopy, XRD, and FTIR analysis. The effect of the treatment on the chemical
structure was shown. The degree of disorder increased after the treatment. This study shows that the chemical structure and
physical properties of carbons could be easily tuned via simple and low-cost treatment to improve performance for specific
applications.
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