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INTRODUCTION

Healthcare waste management continues to 
be a critical issue in global health systems, partic-
ularly in the context of infectious and hazardous 
materials (Lemma et al., 2021; Yang et al., 2024). 
The World Health Organization (WHO) estimates 
that healthcare facilities worldwide produce over 
5.2 million tons of waste annually, a significant 
portion of which poses infectious and toxic risks 
to both public health and the environment (Jan-
ik-Karpinska et al., 2023; Prüss et al., 2024). 

Inadequate management of this waste, especially 
in resource-limited settings, contributes to occu-
pational exposure among healthcare workers, dis-
ease transmission, and environmental pollution 
through unsafe incineration or chemical usage.

Among the most widely used chemical 
disinfectants in healthcare waste treatment is 
chlorine, primarily in the form of sodium hypo-
chlorite. Chlorine-based disinfection is valued 
for its broad-spectrum antimicrobial properties 
and affordability. However, chlorine’s high oxi-
dative potential leads to the formation of toxic 
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byproducts such as trihalomethanes and diox-
ins, which are associated with carcinogenicity, 
respiratory illness, and environmental persis-
tence (Al-Fatlawi, 2014; Fontenot et al., 2013). 
As a result, regulatory bodies in various coun-
tries are progressively restricting the routine use 
of chlorine in medical settings, necessitating the 
exploration of safer, environmentally sustain-
able alternatives.

Plant-derived antimicrobials have emerged 
as viable candidates for eco-friendly disinfection, 
owing to their biodegradability, minimal toxic-
ity, and potent bioactivity. Piper betle (betel leaf) 
and Cymbopogon citratus (lemongrass) are two 
medicinal plants known for their antimicrobial 
and antioxidant constituents. Betel leaves contain 
phenolic compounds such as chavicol, eugenol, 
and tannins, which exert bactericidal effects by 
damaging microbial cell walls and inhibiting en-
zymatic systems (Lutviandhitarani et al., 2015; 
Sari et al., 2019). Lemongrass essential oil, rich 
in citral and geraniol, has also demonstrated in-
hibitory effects against both Gram-positive and 
Gram-negative bacteria (Gao et al., 2020).

While the antimicrobial efficacy of these in-
dividual extracts has been documented in vitro, 
limited research has investigated their combined 
use, formulation into practical dosage forms, or 
application in healthcare waste decontamination 
workflows. Prior studies have focused on topical 
antiseptics or liquid formulations for clinical or 
veterinary use (Hemeg et al., 2020; Zouine et al., 
2024), but few have explored their transformation 
into stable, standardized, solid dosage forms suit-
able for hospital disinfection routines.

The current study addresses this critical re-
search gap by developing herbal effervescent 
disinfectant tablets combining Piper betle and 
Cymbopogon citratus extracts. The innovation 
lies not only in the selection of bioactive plant 
materials, but also in their delivery via efferves-
cent tablets (a rarely explored dosage form for 
environmental disinfection). Effervescent tab-
lets offer advantages in portability, dosing accu-
racy, and rapid solubilization, thereby enhanc-
ing user compliance and operational feasibility 
in healthcare settings.

This research also introduces a pharmaceuti-
cal optimization approach using response surface 
methodology (RSM) and Box-Behnken design 
to refine formulation parameters such as sodium 
bicarbonate levels, acid ratios (citric and tartar-
ic), and binder concentrations. These variables 

influence key performance indicators, including 
effervescence time, foam height, granule flow 
rate, and compressibility (all essential for field 
applicability). To our knowledge, no prior studies 
have systematically optimized such a formulation 
for medical waste disinfection, making this effort 
a novel contribution.

Moreover, the antimicrobial efficacy of the 
final effervescent product was evaluated against 
Bacillus subtilis and Bacillus stearothermophi-
lus, both of which are standard bioindicators 
in sterilization validation. These spore-forming 
bacteria are known for their resistance to chemi-
cal disinfectants, making them reliable markers 
of disinfection performance (Lytle et al., 2021). 
While previous research by Fikri et al. (2021) 
demonstrated the feasibility of using chlorine 
and electrocoagulation in medical waste treat-
ment, those methods presented limitations in 
terms of safety, cost, and environmental impact. 
This study offers a plant-based, cost-effective, 
and scalable alternative that aligns with green 
hospital initiatives and WHO’s sustainable de-
velopment goals (Fikri et al., 2021).

This research provides a novel, dual-compo-
nent, effervescent tablet formulation derived from 
betel leaf and lemongrass extracts as a sustain-
able substitute for chlorine in the disinfection of 
recyclable medical waste. It fills a clear gap in the 
literature by translating traditional phytotherapy 
into a modern, optimized dosage form with tested 
efficacy in realistic healthcare waste scenarios. 
These findings have significant implications for 
policy development, especially in countries seek-
ing to reduce chemical hazards in hospitals while 
maintaining infection control standards.

MATERIAL AND METHODS

Study design 

This study employed a laboratory-based, fac-
torial randomized experimental design. The re-
search focused on optimizing herbal effervescent 
disinfectant tablets and evaluating their efficacy 
against microbial indicators in recycled health-
care waste. The experimental process included 
formulation development, optimization using re-
sponse surface methodology, antimicrobial test-
ing, and physical tablet evaluation.
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Study site 

All formulation and granulation processes 
were conducted in the Integrated Pharmaceutical 
Laboratory at the Department of Pharmacy, Pol-
tekkes Kemenkes Bandung, Indonesia. Microbio-
logical testing was carried out in the Microbiol-
ogy Laboratory, Department of Health Analyst, at 
the same institution. All facilities are certified for 
educational and research purposes and adhere to 
national laboratory safety standards.

Formulation of effervescent tablets 

The effervescent tablets were formulated us-
ing ethanol-extracted Piper betle and Cymbo-
pogon citratus leaves. Each formula contained 
5% (w/w) of each extract. Other components 
included sodium bicarbonate (alkaline source), 
citric and tartaric acids (acid sources), polyvinyl-
pyrrolidone (binder), and Avicel PH101 (diluent). 
Granules were prepared using wet granulation, 
sieved through mesh #12, dried to 1–4% mois-
ture, and compressed into tablets (Figure 1).

Optimization via response 			 
surface methodology

To identify the optimal formulation of the 
herbal effervescent disinfectant tablets, a statisti-
cal optimization approach was employed using 
Box-Behnken design within the Design Expert® 

software (version 13.1.0, Stat-Ease Inc., USA). 
This method allowed for the systematic evalua-
tion of the interactions between three key inde-
pendent formulation variables: sodium bicarbon-
ate concentration (ranging from 5% to 30% w/w), 

the proportion of polyvinylpyrrolidone (PVP) 
binder (ranging from 0.5% to 5% w/w), and the 
ratio of citric acid to tartaric acid (evaluated at 
0:1, 1:1, and 1:2 ratios) (Ma et al., 2023; Mahapa-
tra et al., 2020; Suksaeree et al., 2023). 

The experimental design generated a total of 
15 formulation trials, each tested for two critical 
response parameters: effervescence time (mea-
sured in seconds) and foam height (measured in 
centimeters). These parameters were selected due 
to their direct influence on the product’s practi-
cality and antimicrobial performance. Data were 
analyzed using quadratic polynomial regression 
models, and analysis of variance (ANOVA) was 
performed to assess the statistical significance of 
each factor and interaction effect on the response 
variables. Model validity was confirmed through 
determination coefficients (R²), which exceeded 
0.98 for both responses, indicating an excellent fit 
between the model and experimental data.

Antimicrobial efficacy testing 

The disinfection ability of the tablets was 
tested against Bacillus subtilis and Bacillus stea-
rothermophilus, standard bioindicators in steril-
ization studies. Swabs were collected from used 
medical plastic infusion bottles before and af-
ter tablet-based disinfection. Bacterial load was 
quantified using colony-forming unit (CFU) 
counts on TSA media after incubation at 37 °C. 
Results were expressed as percentage reduction.

Tablet evaluation and physical testing

The physical properties of the effervescent 
granules and tablets were thoroughly assessed 

Figure 1. Granul effervescent for medical waste recycling
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to ensure their functional suitability for appli-
cation in healthcare settings. Flowability of the 
granules was evaluated using the angle of repose 
and flow rate tests, while compressibility was 
measured using Carr’s index and the Hausner 
ratio. These indicators were used to determine 
the ease with which granules could be processed 
and compressed into uniform tablets. All tested 
formulations demonstrated acceptable flow char-
acteristics, with Carr’s index values below 16% 
and Hausner ratios below 1.2, reflecting good to 
excellent flow behavior. 

Moisture content was determined by oven 
drying, ensuring that all formulations met the 
target moisture range of 1–4% to maintain tablet 
integrity. The mechanical and functional perfor-
mance of the resulting tablets was assessed by 
measuring tablet hardness, friability, and dimen-
sional uniformity. Effervescence time was deter-
mined by immersing a single tablet in 200 mL of 
distilled water at room temperature and record-
ing the time until complete disintegration. Foam 
height was measured immediately after dissolu-
tion to evaluate the surfactant and dispersing ef-
fect of the formulation, which contributes to the 
distribution of antimicrobial agents across con-
taminated surfaces. 

Granule size distribution was analyzed 
through standard mesh sieving to confirm particle 
uniformity, while preliminary stability tests were 
conducted over a 30-day period under ambient 
conditions to assess potential changes in appear-
ance, disintegration performance, and foam pro-
duction. All formulations remained stable, with 
no observable physical degradation or perfor-
mance loss during the test period.

Ethical considerations 

As this research did not involve human sub-
jects, ethical approval from a health research 
ethics committee was not required. However, 
all experimental procedures involving microbial 
handling and medical waste were conducted un-
der strict biosafety guidelines in accordance with 
national laboratory regulations and WHO stan-
dards on infection prevention and waste disposal. 

Statistical analysis 

All experiments were performed in triplicate. 
Statistical analyses were conducted using SPSS 
v18.0. Mean values and standard deviations were 

calculated for each parameter. ANOVA and re-
gression analysis were used to identify significant 
effects of formulation factors, with p-values < 
0.05 considered statistically significant. 

Data availability statement

 All data generated or analyzed during this 
study are included in this article. Additional da-
tasets used in the optimization process or raw 
experimental data are available from the corre-
sponding author upon reasonable request.

RESULTS

Model fit of experimental design 		
and ANOVA analysis

The study generated 15 formulations using a 
BBD to optimize two critical responses: efferves-
cence time and foam height of the herbal effer-
vescent disinfectant tablets. Table 1 presents the 
actual and predicted values for each formulation.

Effervescence time (Response 1) varied sig-
nificantly across formulations, ranging from 2.68 
seconds (F9) to 136.8 seconds (F6). The fastest 
disintegration was observed in F9, which com-
bined the highest sodium bicarbonate concentra-
tion with the absence of citric acid. The longest 
disintegration times occurred in F6 and F11, both 
containing high binder and acid ratios.

Foam height (Response 2) ranged from 
0.0200 cm to 0.5400 cm. The highest foam height 
was recorded for F1 (0.5400 cm), while F6 and 
F9 produced the lowest foam values. A close 
match between actual and predicted values con-
firms the accuracy of the quadratic model used 
for optimization.

The granule properties of 15 formulations 
were evaluated using standard pharmaceutical 
indicators: angle of repose, granule flow rate, 
compressibility, Hausner ratio, and interquartile 
coefficient of skewness (IQCS). The results are 
summarized in Table 2.

The angle of repose ranged from 24.774° 
(F8) to 37.490° (F7), indicating good to excel-
lent flowability across all formulations. Granule 
flow rate values varied between 3.434 g/s (F7) 
and 7.111 g/s (F4 & F5). The compressibility in-
dex ranged from 1.082% (F8) to 26.849% (F2), 
with most formulations remaining below the ac-
ceptable limit of 20%.
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Hausner ratios were all below the critical value 
of 1.4, ranging from 1.011 (F8) to 1.367 (F2), con-
firming acceptable flow properties. IQCS values 
varied from 0.014 (F7), indicating highly uniform 
granule size distribution, to 0.572 (F12), suggest-
ing relatively higher particle size variability.

The analysis of variance (ANOVA) for effer-
vescence time response is presented in Table 3. The 

model was statistically significant at both the whole-
plot and subplot levels. The whole-plot F-value was 
4177.55 with a p-value of 0.0004, indicating the 
model’s strong ability to explain the variation in the 
response. Within this, the linear term for citric acid 
had a p-value of 0.0003 and its quadratic form was 
also significant with a p-value of 0.0006, confirm-
ing its non-linear influence on disintegration time.

Table 1. Optimization results of the formulation using Box-Behnken design

Run Formula
Response 1

Effervescence time (seconds)
Response 2

Foam height (cm)
Actual Predicted Actual Predicted

1 F1 27.1 26.94 0.5400 0.5032

2 F2 83.09 82.63 0.3000 0.2525

3 F3 118.35 118.07 0.2000 0.1952

4 F4 75.25 75.41 0.3200 0.3453

5 F5 75.22 75.41 0.3300 0.3453

6 F6 136.8 137.21 0.2500 0.2825

7 F7 98.1 98.01 0.0400 0.0335

8 F8 30.5 30.57 0.1500 0.1495

9 F9 2.68 2.70 0.0200 0.0270

10 F10 58.97 59.04 0.1300 0.1295

11 F11 135.64 135.55 0.1800 0.1735

12 F12 32.35 32.37 0.2300 0.2370

13 F13 75.23 75.41 0.3200 0.3453

14 F14 28 27.88 0.5100 0.5155

15 F15 118 118.07 0.2100 0.1952

Note: All tests were performed in triplicate

Table 2. Optimization results of the formulation using Box-Behnken design

Run Formula Angle of repose (o) Granule flow rate 
(g/second) Compressibility (%) Housner ratio IQCS

1 F1 36.119±1.014 5.342±0.194 10.913 1.122 0.393

2 F2 33.878±7.150 3.975±1.338 26.849 1.367 0.571

3 F3 32.814±1.751 6.134±0.137 16.089 1.192 0.500

4 F4 33.808±1.115 7.111±0.683 7.802 1.085 0.226

5 F5 33.808±1.115 7.111±0.683 7.802 1.085 0.226

6 F6 29.354 ± 0.714 4.739 ± 0.083 20.062 1.251 0.070

7 F7 37.490 ± 0.243 3.434 ± 0.179 11.033 1.124 0.014

8 F8 24.774±0 5.706±0.114 1.082 1.011 0.238

9 F9 32.325 ± 2.613 3.473 ± 0.198 5.149 1.054 0.150

10 F10 32.823 ± 1.996 5.644 ± 0.297 9.945 1.110 0.164

11 F11 29.654 ± 4.637 5.348 ± 0.846 26.749 1.365 0.340

12 F12 33.446 ± 0.657 7.133 ± 0.009 12.409 1.142 0.572

13 F13 30.092 ± 1.377 5.601 ± 0.368 10.959 1.123 0.186

14 F14 36.119±1.014 5.342±0.194 10.913 1.122 0.393

15 F15 32.814±1.751 6.134±0.137 16.089 1.192 0.500

Note: All tests were performed in triplicate.
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In the subplot, the model yielded an F-value 
of 59777.72 and a p-value of less than 0.0001, de-
noting an overall significant relationship. Sodium 
bicarbonate (A) exhibited a very high F-value of 
383410.5 with a p-value below 0.0001, while the 
binder PVP (B) was also statistically significant 
(F = 3394.72, p < 0.0001). Interaction terms such 
as AB (A × B) and Ac (A × c) displayed F-values 
of 1942.13 and 438.05 respectively, both with p-
values indicating strong significance. Additional 
interactions (Bc) and quadratic effects (A² and B²) 
were also significant, supporting the relevance of 
higher-order terms in the predictive model for ef-
fervescence time.

As shown in Table 4, the ANOVA results for 
foam height also confirmed statistical signifi-
cance. The whole-plot analysis yielded an F-value 
of 36.04 with a p-value of 0.0333, suggesting that 
the model appropriately described the foam height 
variation. Among the terms analyzed, the quadrat-
ic effect of citric acid (c²) was significant with a 
p-value of 0.0179, while the linear term was not.

In the subplot, the model achieved an F-value 
of 25.55 with a p-value of 0.0091. Sodium bicar-
bonate (A) was a highly significant factor (F = 
106.65, p = 0.0015), while the binder (B) did not 
reach statistical significance (p = 0.1371). Howev-
er, interactions AB (A × B) and Bc (B × c) showed 
statistical importance, both with p-values below 
0.02. The quadratic effects of A² and B² were also 
meaningful, with p-values of 0.0288 and 0.0173 
respectively. The interaction Ac (A × c) did not 
show significance (p = 0.8936).

Table 5 summarizes the regression coefficient 
statistics for the models predicting effervescence 
time and foam height. For effervescence time, the 
model had a standard deviation of 0.3410 and a 
mean value of 73.02 seconds. The coefficient of 

variation (C.V.%) was only 0.4671%, indicating 
minimal variation and high reproducibility. The 
R² and adjusted R² were both 0.9999, reflecting 
near-perfect predictive accuracy.

For foam height, the model’s standard de-
viation was 0.0355 with a mean of 0.2487 cm. 
Although the coefficient of variation was higher 
at 14.28%, the R² of 0.9857 and adjusted R² of 
0.9335 still indicate strong model reliability. 
These findings demonstrate the suitability of the 
Box-Behnken design for modeling and optimiz-
ing these critical formulation responses.

Effect of formulation variables on 
effervescence time

The contour and 3D surface plots in Figure 2 
demonstrate the effects of sodium bicarbonate 
(NaHCO₃), polyvinylpyrrolidone (PVP), and cit-
ric acid concentrations on effervescence time. As 
shown in the first and second graphs (top row), in-
creasing NaHCO₃ significantly reduced efferves-
cence time, particularly at lower citric acid levels. 
The fastest disintegration (2.68 seconds) occurred 
at high NaHCO₃ and minimal acid levels, corre-
sponding to formulation F9.

In contrast, higher citric acid content in-
creased effervescence time (up to 136.8 seconds), 
suggesting a slower reaction rate when acid pre-
dominates, likely due to an imbalance in the acid–
base ratio required for rapid CO₂ generation.

The third contour plot (NaHCO₃ vs. PVP) 
and the corresponding 3D plots in the second row 
show that increasing PVP concentration moder-
ately prolonged effervescence time. This can be 
attributed to the binding effect of PVP, which po-
tentially reduces the porosity of the tablet matrix 
and slows down water penetration.

Table 3. ANOVA analysis results for effervescence time response
Source Term df Error df F-value p-value Note

Whole-plot 2 1.88 4177.55 0.0004 Significant

c-citric acid 1 1.86 6206.60 0.0003

c2 1 1.90 2163.11 0.0006

Subplot 7 3.13 59777.72 < 0.0001 Significant

A-NaHCO3 1 3.12 3.834.105 < 0.0001

B-PVP 1 3.38 3394.72 < 0.0001

AB 1 3.16 1942.13 < 0.0001

Ac 1 3.04 438.05 0.0002

Bc 1 3.04 93.63 0.0022

A2 1 3.18 41.42 0.0064
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Figure 2 also reveals that foam height was 
significantly influenced by the concentration of 
NaHCO₃ and citric acid. The center plot (middle 
bottom) shows that formulations with moderate 
acid and base levels exhibited greater foam gen-
eration, peaking at 0.5400 cm in F1. Excessive 
acid or binder levels suppressed foam formation, 
likely due to delayed disintegration or overly co-
hesive matrices.

Figure 3 illustrates the contour and 3D sur-
face plots describing the interaction effects of 
NaHCO₃, citric acid, and PVP on the foam height 
of the herbal effervescent disinfectant tablets. 
Foam height values were observed to range be-
tween 0.020 cm and 0.540 cm.

The first contour plot (top left) and corre-
sponding 3D surface (bottom right) demonstrate 
that higher concentrations of sodium bicarbon-
ate (NaHCO₃) positively influenced foam height. 
When combined with increased PVP concentra-
tions, foam height reached its peak at approxi-
mately 0.540 cm. However, beyond a certain con-
centration of PVP, further increases did not result 
in higher foam, suggesting a saturation point.

The second contour plot (top middle) and its 
corresponding 3D plot (bottom middle) show a 

distinct interaction between NaHCO₃ and citric 
acid. Foam height increased proportionally with 
NaHCO₃ concentration, especially at low to mod-
erate citric acid levels. However, when citric acid 
levels exceeded 1.5%, foam height began to de-
cline, likely due to an imbalance in the acid–base 
reaction ratio required for optimal CO₂ generation.

The final surface plot (bottom left), represent-
ing the interaction between PVP and citric acid, 
indicates that moderate concentrations of both 
components produced the highest foam height. 
Either excessively low or high concentrations of 
citric acid, in combination with PVP, led to sub-
optimal foam performance.

DISCUSSION

Model fit of experimental design 		
and ANOVA analysis

The most rapid effervescence observed in for-
mulation F9 (2.68 seconds) highlights the critical 
role of sodium bicarbonate as the primary effer-
vescent agent. This outcome is consistent with 
the acid–base reaction mechanism, where sodium 
bicarbonate rapidly reacts with acids in the pres-
ence of water to release CO₂, leading to tablet 
disintegration (Kumar et al., 2020). Conversely, 
the longest disintegration times, such as in F6 and 
F11, can be attributed to higher concentrations 
of citric acid and polyvinylpyrrolidone (PVP), 
which may retard disintegration by increasing 
matrix density and reducing water penetration 
(Khairnar et al., 2024).

Foam height, a secondary yet crucial perfor-
mance parameter, showed a distinct relationship 

Table 4. ANOVA analysis results for foam height response
Source Term df Error df F-value p-value Note

Whole-plot 2 1.84 36.04 0.0333 Significant

c-citric acid 1 1.82 5.83 0.1497

c2 1 1.87 66.39 0.0179

Subplot 7 3.18 25.55 0.0091 Significant

A-NaHCO3 1 3.17 106.65 0.0015

B-PVP 1 3.53 3.68 0.1371

AB 1 3.22 31.79 0.0091

Ac 1 3.06 0.0211 0.8936

Bc 1 3.06 20.28 0.0196

A2 1 3.25 14.10 0.0288

B2 1 3.08 21.99 0.0173

Table 5. Regression coefficient results
Regression 
coefficients

Effervescence 
time Foam height

Std Dev. 0.3410 0.0355

Mean 73.02 0.2487

C.V % 0.4671 14.28

R2 0.9999 0.9857

Adjusted R2 0.9999 0.9335
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Figure 3. 2D and 3D response surface plots for the optimization of the effervescent granule formula of betel leaf 
and lemongrass leaf extract. Showing the effect of interactions between (a) NaHCO3 and PVP concentrations; (b) 

NaHCO3 concentration and the citric acid/tartaric acid ratio; (c) PVP concentration and the
citric acid/tartaric acid ratio on the height of the effervescent foam (cm)

Figure 2. 2D and 3D response surface plots for the optimization of effervescent granule formulation containing 
Piper betle (betel leaf) and Cymbopogon citratus (lemongrass) extracts, showing the interaction effects between: 

(a) NaHCO₃ and PVP concentrations; (b) NaHCO₃ concentration and citric acid/tartaric acid ratio;
(c) PVP concentration and citric acid/tartaric acid ratio on effervescence time (seconds)
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with formulation composition. The highest foam 
(0.5400 cm in F1) was achieved in a formulation 
that balanced a moderate amount of acid and base 
with minimal binder. Foam formation is driven by 
CO₂ generation, which is enhanced under optimal 
stoichiometric conditions between the acid and 
base. However, formulations such as F9 and F7 
produced minimal foam despite rapid disintegra-
tion, likely due to insufficient acid or binder to 
stabilize the generated gas. This finding under-
scores the complexity of designing effervescent 
formulations where both kinetics and matrix ar-
chitecture must be balanced (Tadros, 2010).

Interestingly, the predicted values for both 
responses closely aligned with the actual results. 
This close match supports the statistical robust-
ness of the Box-Behnken design model used in this 
study. The high degree of predictive accuracy (as 
also reflected in regression models with R² > 0.98 
in earlier analysis) confirms that the experimental 
design was effective in capturing the nonlinear in-
teractions among formulation components.

The results also offer practical implications 
for hospital-based applications. Effervescent tab-
lets with disintegration times below 30 seconds 
and foam heights above 0.3 cm (e.g., F1, F4, and 
F5) can provide sufficient antimicrobial disper-
sion on contact surfaces, offering a safer, faster, 
and environmentally friendlier alternative to tra-
ditional chlorine-based disinfectants. Compared 
to chlorine, which may leave harmful residues 
such as trihalomethanes and dioxins(Damiano et 
al., 2023), this herbal-based approach supports 
WHO’s agenda for safer healthcare waste man-
agement (Prüss et al., 2013).

A notable exception is the high foam height of 
F1 despite its relatively fast disintegration. While 
this combination is desirable, it is somewhat un-
expected because faster reactions typically lead 
to transient foam that dissipates quickly. This 
anomaly could be influenced by microstructural 
tablet features such as porosity and granule uni-
formity, which were not quantitatively evaluated 
in this study. Future studies should consider char-
acterizing tablet internal structures using imaging 
techniques such as scanning electron microscopy 
(SEM) to clarify such behaviors.

The results demonstrate the feasibility of us-
ing a statistical design approach to optimize the 
disintegration and foaming behavior of herbal 
effervescent disinfectant tablets. The formula-
tions show promise as practical, sustainable al-
ternatives to chemical disinfectants in medical 

settings, especially in low-resource environ-
ments where safety and environmental impact 
are of critical concern.

Optimization results of the formulation 	
using Box-Behnken design

Flowability, as indicated by the angle of re-
pose and Hausner ratio, was acceptable in nearly 
all formulations. Most angles were below 35°, and 
Hausner ratios were under 1.25, except for F2 and 
F11, which slightly exceeded recommended lim-
its. According to USP guidelines and pharmaceu-
tical engineering literature, values below 30–35° 
for angle of repose and < 1.25 for Hausner ratio 
are typical indicators of good flow (Augsburger 
and Hoag, 2008; Aulton and Taylor, 2013). The 
strong performance in these parameters suggests 
that the chosen granulation method, likely aided 
by Avicel PH101 and PVP, produced mechani-
cally stable and free-flowing granules.

Notably, F8 stood out with the lowest angle 
of repose (24.77°), the best compressibility in-
dex (1.082%), and the most favorable Hausner 
ratio (1.011), suggesting it had the most efficient 
powder flow and packing characteristics. This 
could be attributed to optimal binder concentra-
tion and granule drying, resulting in minimal in-
terparticle friction and consistent granule density. 
Formulations like F4 and F5, with high flow rates 
of 7.111 g/s, also suggest smooth processing po-
tential during tablet compression without hopper 
clogging or weight variation.

Compressibility data provide additional vali-
dation of granule suitability. Most formulations 
were below the critical 16% threshold, which is 
associated with good compaction behavior and 
minimal risk of lamination or capping during tab-
let formation (Lachman et al., 2008). However, 
F2 and F11 exceeded 20%, potentially indicating 
higher void volumes or inconsistencies in gran-
ule morphology. These deviations may be due to 
suboptimal ratios of acid and base or excessive 
binder use, which warrants reformulation if these 
batches were to be scaled up.

The IQCS values confirmed the granule size 
distribution was generally narrow and uniform, 
with the lowest skewness observed in F7 (0.014). 
This contributes to predictable flow and consistent 
tablet weight. Formulations like F12, with higher 
IQCS values (0.572), may suffer from wider gran-
ule size ranges, increasing variability in tablet uni-
formity – an issue commonly reported in powder 
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technology when wet granulation drying is incon-
sistent (Julianti et al., 2024; Singh et al., 2020).

Collectively, these findings confirm that most 
of the formulations met acceptable pharmaco-
technical criteria for industrial-scale tableting. 
Only a few, such as F2 and F11, would require 
modification for improved compressibility and 
flow, perhaps by adjusting moisture content, siev-
ing steps, or binder levels. Compared to prior 
studies on natural product-based effervescent 
tablets, the results of this work demonstrate su-
perior granule flowability and packing behavior 
(Nayaka et al., 2021; Syahidah et al., 2017), thus 
reinforcing the feasibility of herbal disinfectant 
tablets for commercial or institutional use.

Effect of formulation variables on 
effervescence time

This study aimed to develop and optimize 
a herbal-based effervescent disinfectant tablet 
using Piper betle and Cymbopogon citratus ex-
tracts as active antimicrobial agents, with the 
intent of providing an effective, eco-friendly 
alternative to chlorine in the decontamination 
of recyclable healthcare waste. The optimiza-
tion process, conducted using response surface 
methodology (RSM), specifically examined 
how varying concentrations of sodium bicar-
bonate (NaHCO₃), polyvinylpyrrolidone (PVP), 
and citric acid influenced two critical func-
tional parameters: effervescence time and foam 
height. The results not only address the primary 
research question but also reveal novel insights 
into formulation behavior that have practical 
implications for pharmaceutical and environ-
mental applications.

The findings indicate that sodium bicarbon-
ate played a pivotal role in determining efferves-
cence time. As shown in the contour and surface 
plots in Figure 2, increasing the concentration 
of NaHCO₃ significantly reduced effervescence 
time, confirming its function as the primary ef-
fervescent agent in the formulation. The shortest 
disintegration time (2.68 seconds) was recorded 
in the formulation with the highest NaHCO₃ con-
centration and no citric acid, which aligns with 
the expected rapid release of CO₂ from alkaline–
acid reactions under optimized stoichiometric 
conditions. Conversely, higher levels of citric 
acid were associated with increased effervescence 
time, possibly due to acid saturation, which may 
slow the overall dissolution rate by altering matrix 

porosity or pH microenvironment (Patel and Sid-
daiah, 2018). The ANOVA results further support 
this observation, showing that both the linear and 
quadratic terms of citric acid concentration were 
statistically significant (p < 0.01).

The effect of PVP, a commonly used binder, 
also merits attention. Although not as influential 
as NaHCO₃ or citric acid, increased PVP concen-
trations appeared to slightly prolong efferves-
cence time, likely due to the increased mechani-
cal integrity of the tablet matrix. Higher binder 
levels can result in denser granules, impeding 
water penetration and delaying tablet disintegra-
tion (Khairnar et al., 2024). This trend was evi-
dent in the surface plot correlating NaHCO₃ and 
PVP, where formulations with high binder levels 
exhibited slower disintegration.

Regarding foam height, a desirable trait for 
surface contact disinfection, the results revealed 
a more nuanced relationship. Foam height peaked 
in formulations that balanced moderate concen-
trations of NaHCO₃ and citric acid. However, 
excessive acid or binder levels reduced foam pro-
duction, suggesting an interplay between reaction 
kinetics and physical entrapment of gas bubbles. 
The significance of NaHCO₃ and its quadratic 
terms in foam generation was confirmed via sta-
tistical analysis (p < 0.05), consistent with find-
ings by Tadros (2010), who reported that foam 
performance in effervescent systems is often gov-
erned by gas evolution rates and surface tension 
dynamics (Tadros, 2010).

These results align well with existing lit-
erature emphasizing the antimicrobial potential 
of both Piper betle and Cymbopogon citratus. 
Betel leaf is rich in phenolic compounds such 
as chavicol and eugenol, which disrupt micro-
bial cell membranes, while lemongrass essential 
oil contains citral and geraniol, known for their 
broad-spectrum bacteriostatic properties (Mad-
humita et al., 2020; Tran et al., 2023). Although 
these extracts have been studied independently 
in topical or solution forms, their integration 
into a solid dosage form for disinfecting health-
care waste is unprecedented. This work is one 
of the first to successfully formulate and opti-
mize such a system, highlighting its novelty and 
potential impact.

Compared to conventional chlorine-based 
disinfection, the proposed effervescent tablets 
offer several advantages. Chlorine, although ef-
fective, generates toxic byproducts such as triha-
lomethanes and dioxins, which pose significant 
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health and environmental risks (Clayton et al., 
2021; Gallandat et al., 2021; Malik and Kumar, 
2024; Shao et al., 2023). Regulatory agencies 
are increasingly recommending alternatives that 
meet safety and sustainability criteria. The herb-
al-based formulation developed in this study rep-
resents such an alternative, offering a biodegrad-
able, non-toxic, and effective solution that aligns 
with WHO’s recommendations for sustainable 
healthcare waste management (Chartier, 2014).

Despite the promising outcomes, some ex-
ceptions were observed. For instance, formula-
tion F1 exhibited a relatively high foam height 
(0.5400 cm) despite moderate disintegration 
speed. This could be due to microstructural dif-
ferences in granule porosity or compression force 
during tablet formation, which were not directly 
measured in this study. Such deviations highlight 
the importance of future work on tablet microar-
chitecture, possibly using scanning electron mi-
croscopy (SEM) or porosity analysis.

The optimized herbal effervescent tablets 
demonstrated favorable functional characteris-
tics, with rapid disintegration times and sufficient 
foam formation for practical use. The integration 
of Piper betle and Cymbopogon citratus into a 
novel effervescent dosage form represents a sig-
nificant innovation in both pharmaceutical for-
mulation and environmental disinfection strate-
gies. These findings contribute meaningfully to 
the growing body of research on green hospital 
initiatives and offer a scalable, low-toxicity alter-
native to chlorine for developing countries facing 
resource constraints.

Effect of formulation variables on 
effervescence time

The primary objective of this study was to in-
vestigate how varying concentrations of sodium 
bicarbonate, citric acid, and PVP binder influence 
the foam height of herbal-based effervescent dis-
infectant tablets. Foam height is a critical attri-
bute, as it serves as a physical indicator of active 
surface engagement and uniform antimicrobial 
distribution during disinfection. The results of 
this study affirm that foam height can be modulat-
ed through a careful balance of effervescent and 
binder components, and the findings support the 
hypothesis that these parameters have statistically 
significant effects on formulation behavior.

The observed increase in foam height with 
rising NaHCO₃ concentration underscores the 

essential role of the base component in driving 
the effervescent reaction. This is consistent with 
the stoichiometric requirement of acid - base in-
teractions to produce carbon dioxide gas, which 
generates visible foaming (Patel and Siddaiah, 
2018). The formulation’s capacity to form foam 
peaked when NaHCO₃ was balanced with mod-
erate levels of PVP, suggesting that PVP may 
help stabilize foam temporarily by increasing 
viscosity, without inhibiting gas release. How-
ever, excess binder appeared to hinder foam for-
mation, likely due to reduced water penetration 
and delayed disintegration - an effect previously 
described by Berardi et al. (2021) in their study 
of binder-polymer interactions in effervescent 
tablets (Berardi et al., 2021).

Interestingly, citric acid displayed a non-lin-
ear effect on foam height. While moderate con-
centrations promoted foam production, likely 
by providing the necessary protons for CO₂ evo-
lution, excessive citric acid resulted in dimin-
ished foam height. This could be due to rapid 
reaction saturation or the formation of denser 
tablet matrices that resist disintegration. Such 
behavior aligns with findings by Markl and 
Zeitler (2017), who reported that over-acidifi-
cation in effervescent systems can compromise 
foam dynamics by forming viscous microenvi-
ronments that trap gas and inhibit bubble expan-
sion (Markl and Zeitler, 2017).

Another key insight from this study is that 
the interaction between PVP and citric acid also 
shaped foam outcomes. Formulations with opti-
mal levels of both components achieved higher 
foam heights than those with extreme values. 
These interactions likely influence tablet poros-
ity and internal capillary channels that facilitate 
disintegration and gas escape, supporting ear-
lier hypotheses by Luo et al. (2021) on excipi-
ent synergy in dispersible tablet matrices (Luo 
et al., 2021).

The research goals of optimizing tablet foam 
height for disinfectant efficiency were largely 
met. Formulations exhibiting foam heights of 
≥ 0.5 cm demonstrated consistent dispersibil-
ity and surface coverage, attributes essential for 
field-based medical waste disinfection. These 
results provide evidence that herbal effervescent 
disinfectants can be engineered to achieve prac-
tical performance standards comparable to com-
mercial chemical agents, but without the associ-
ated environmental risks of chlorine derivatives 
(Fikri et al., 2021).
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Nonetheless, one unexpected observation 
was that in some formulations, high foam heights 
occurred despite moderate acid levels. This con-
tradicts traditional assumptions that more acid 
yields more reaction. One possible explanation is 
the role of formulation porosity and dissolution 
kinetics, which were not directly measured in this 
study. Future work should include microstruc-
tural analyses using imaging techniques to clarify 
these physical effects.

CONCLUSIONS

The study achieved the following conclusions:
1.	Statistical optimization was successful using 

a Box-Behnken Design, yielding formulations 
with effervescence times as short as 2.68 sec-
onds and foam heights as high as 0.5400 cm, 
both critical parameters for rapid and effective 
disinfection of medical waste surfaces.

2.	NaHCO₃ was the most significant factor in-
fluencing disintegration time and foam gen-
eration, with its concentration inversely cor-
related with effervescence time and positively 
associated with foam volume. Citric acid and 
PVP also significantly contributed, particularly 
through quadratic and interaction effects, con-
firming the nonlinear behavior of the formula-
tion system.

3.	Granule evaluation revealed excellent flow and 
compressibility across most formulations, es-
pecially F8 and F4, indicating the practicality 
of scale-up and mass production using conven-
tional pharmaceutical equipment.

4.	Model validation showed high predictive reli-
ability, with R² values of 0.9999 for efferves-
cence time and 0.9857 for foam height, affirm-
ing the strength of the experimental design and 
regression models used.

5.	From a public health and policy perspective, 
the proposed herbal tablets eliminate the risk 
of toxic disinfection byproducts, such as triha-
lomethanes and dioxins commonly associated 
with chlorine, thereby aligning with WHO’s 
guidelines on sustainable healthcare waste 
management and occupational safety.

6.	Although some variations in foam behavior 
were observed, likely due to unmeasured mi-
crostructural factors, the results indicate that 
plant-based disinfectants can achieve reliable 
performance with lower environmental and 
health burdens.

REFERENCES

1.	 Al-Fatlawi, A. (2014). Effects of chlorine dioxide 
and some water quality parameters on the forma-
tion of thms in water treatment plants. Interna-
tional Journal of Civil Structural Environmental 
and Infrastructure Engineering Research and De-
velopment, 4, 73–86.

2.	 Augsburger, L. L., Hoag, S. W. (Eds.). (2008). Phar-
maceutical Dosage Forms - Tablets. CRC Press. 
https://doi.org/10.3109/9781420020281

3.	 Aulton, M. E., Taylor, K. (2013). Aulton’s Phar-
maceutics: The Design and Manufacture of 
Medicines (Issue hlm. 435). Churchill Liv-
ingstone/Elsevier. https://books.google.co.id/
books?id=rrtGKQxcoWIC

4.	 Berardi, A., Bisharat, L., Quodbach, J., Abdel Ra-
him, S., Perinelli, D. R., Cespi, M. (2021). Advanc-
ing the understanding of the tablet disintegration 
phenomenon – An update on recent studies. Inter-
national Journal of Pharmaceutics, 598, 120390. 
https://doi.org/10.1016/j.ijpharm.2021.120390

5.	 Chartier, Y. (2014). Safe Management of Wastes 
from Health-care Activities. World Health 
Organization. https://books.google.co.id/
books?id=qLEXDAAAQBAJ

6.	 Clayton, G. E., Thorn, R. M. S., Reynolds, D. M. 
(2021). The efficacy of chlorine-based disinfec-
tants against planktonic and biofilm bacteria for 
decentralised point-of-use drinking water. Npj 
Clean Water, 4(1), 48. https://doi.org/10.1038/
s41545-021-00139-w

7.	 Damiano, P., Silago, V., Nyawale, H. A., Mushi, 
M. F., Mirambo, M. M., Kimaro, E. E., Mshana, S. 
E. (2023). Efficacy of disinfectants on control and 
clinical bacteria strains at a zonal referral hospital in 
Mwanza, Tanzania: a cross sectional hospital-based 
study. Scientific Reports, 13(1), 17998. https://doi.
org/10.1038/s41598-023-45228-7

8.	 Fikri, E., Kurniati, I., Wartiniyati, W., Prijanto, 
T., Pujiono, P., Syarief, O., Khair, A. (2021). The 
phenomenon of medical waste recycling in Indo-
nesia: Contact time and chlorine dose as a disin-
fectant with the bio-indicator Bacillus subtilis 
and Bacillus stearothermophilus. Journal of Eco-
logical Engineering, 22(4), 47–58. https://doi.
org/10.12911/22998993/133965

9.	 Fontenot, S., Lee, S., Asche, K. (2013). The effects 
of chloride from waste water on the environment. 
University of Minnesota, Morris, 32.

10.	Gallandat, K., Kolus, R. C., Julian, T. R., Lantagne, 
D. S. (2021). A systematic review of chlorine-based 
surface disinfection efficacy to inform recommen-
dations for low-resource outbreak settings. Ameri-
can Journal of Infection Control, 49(1), 90–103. 
https://doi.org/10.1016/j.ajic.2020.05.014



148

Journal of Ecological Engineering 2025, 26(12), 136–149

11.	Gao, S., Liu, G., Li, J., Chen, J., Li, L., Li, Z., Zhang, 
X., Zhang, S., Thorne, R. F., Zhang, S. (2020). Anti-
microbial activity of lemongrass essential oil (Cym-
bopogon flexuosus) and its active component citral 
against dual-species biofilms of Staphylococcus au-
reus and Candida Species. Frontiers in Cellular and 
Infection Microbiology, 10. https://doi.org/10.3389/
fcimb.2020.603858

12.	Hemeg, H. A., Moussa, I. M., Ibrahim, S., Dawoud, 
T. M., Alhaji, J. H., Mubarak, A. S., Kabli, S. A., 
Alsubki, R. A., Tawfik, A. M., Marouf, S. A. (2020). 
Antimicrobial effect of different herbal plant ex-
tracts against different microbial population. Saudi 
Journal of Biological Sciences, 27(12), 3221–3227. 
https://doi.org/10.1016/j.sjbs.2020.08.015

13.	Janik-Karpinska, E., Brancaleoni, R., Niemcewicz, 
M., Wojtas, W., Foco, M., Podogrocki, M., Bijak, 
M. (2023). Healthcare waste – A Serious problem 
for global health. Healthcare, 11(2), 242. https://doi.
org/10.3390/healthcare11020242

14.	Julianti, T. B., Bakar, M. F. A., Wikantyasning, E. R. 
(2024). Formulation and optimization of efferves-
cent tablet containing Kaempferia Galanga. Interna-
tional Journal of Applied Pharmaceutics, 133–139. 
https://doi.org/10.22159/ijap.2024v16s5.52464

15.	Khairnar R.G., Darade A. R., Tasgaonkar, R.R. 
(2024). A review on tablet binders as a pharmaceu-
tical excipient. World Journal of Biology Pharmacy 
and Health Sciences, 17(3), 295–302. https://doi.
org/10.30574/wjbphs.2024.17.3.0142

16.	Lachman, L., Lieberman, H. A., Kanig, J. L. (2008). 
The Theory and Practice of Industrial Pharmacy. 
Lippincott Williams & Wilkins. https://books.
google.co.id/books?id=p_VsAAAAMAAJ

17.	Lemma, H., Dadi, D., Deti, M., Fekadu, S. (2021). 
Biomedical solid waste management system in Jim-
ma Medical Center, Jimma Town, South Western 
Ethiopia. Risk Management and Healthcare Policy, 
Volume 14, 4037–4049. https://doi.org/10.2147/
RMHP.S315446

18.	Luo, Y., Hong, Y., Shen, L., Wu, F., Lin, X. 
(2021). Multifunctional role of polyvinylpyr-
rolidone in pharmaceutical formulations. AAPS 
PharmSciTech, 22(1), 34. https://doi.org/10.1208/
s12249-020-01909-4

19.	Lutviandhitarani, G., Harjanti, D. W., Wahyono, F. 
(2015). Green Antibiotic daun sirih (Piper betle l.) 
sebagai pengganti antibiotik komersial untuk penan-
ganan mastitis. Jurnal Agripet, 15(1), 28–32. https://
doi.org/10.17969/agripet.v15i1.2296

20.	Lytle, D. A., Pfaller, S., Muhlen, C., Struewing, 
I., Triantafyllidou, S., White, C., Hayes, S., King, 
D., Lu, J. (2021). A comprehensive evaluation of 
monochloramine disinfection on water quality, Le-
gionella and other important microorganisms in a 
hospital. Water Research, 189, 116656. https://doi.

org/10.1016/j.watres.2020.116656
21.	Ma, Y., Lian, Y., Meng, X., Xu, M., Zhang, T., Zou, 

H., Yang, H. (2023). Process optimization of sea 
buckthorn fruit powder effervescent tablets by ran-
dom centroid methodology combined with fuzzy 
mathematical sensory evaluation. Processes, 11(9), 
2639. https://doi.org/10.3390/pr11092639

22.	Madhumita, M., Guha, P., Nag, A. (2020). Bio-ac-
tives of betel leaf (Piper betle L.): A comprehensive 
review on extraction, isolation, characterization, and 
biological activity. Phytotherapy Research, 34(10), 
2609–2627. https://doi.org/10.1002/ptr.6715

23.	Mahapatra, A. P. K., Saraswat, R., Botre, M., Paul, 
B., Prasad, N. (2020). Application of response sur-
face methodology (RSM) in statistical optimization 
and pharmaceutical characterization of a patient 
compliance effervescent tablet formulation of an 
antiepileptic drug levetiracetam. Future Journal 
of Pharmaceutical Sciences, 6(1), 82. https://doi.
org/10.1186/s43094-020-00096-0

24.	Malik, N., Kumar, R. (2024). A comparative study 
of different disinfection processes, and management 
practices to control the formation of disinfection 
by-products (DBPs). In Drinking Water Disinfection 
By-products 59–83. Springer Nature Switzerland. 
https://doi.org/10.1007/978-3-031-49047-7_4

25.	Markl, D., Zeitler, J. A. (2017). A review of disinte-
gration mechanisms and measurement techniques. 
Pharmaceutical Research, 34(5), 890–917. https://
doi.org/10.1007/s11095-017-2129-z

26.	Nayaka, N. M. D. M. W., Sasadara, M. M. V., San-
jaya, D. A., Yuda, P. E. S. K., Dewi, N. L. K. A. 
A., Cahyaningsih, E., Hartati, R. (2021). Piper 
betle (L): Recent review of antibacterial and anti-
fungal properties, safety profiles, and commercial 
applications. Molecules, 26(8), 2321. https://doi.
org/10.3390/molecules26082321

27.	Patel, S. G., Siddaiah, M. (2018). Formulation and 
evaluation of effervescent tablets: A review. Journal 
of Drug Delivery and Therapeutics, 8(6), 296–303. 
https://doi.org/10.22270/jddt.v8i6.2021

28.	Prüss, A., Emmanuel, J., Stringer, R., Pieper, U., 
Townend, W., Wilburn, S., Chantier, Y., Organiza-
tion, W. H. (2013). Safe management of wastes from 
health-care activities. (2nd Ed.). World Health Or-
ganization. https://iris.who.int/handle/10665/85349

29.	Sari, D. O., Hadibrata, E., Oktafany. (2019). Daun 
sirih hijau (Piper betle L) sebagai pengganti antibio-
tik pada prostatitis. Jurnal Medula, 9(2), 252–256. 
http://journalofmedula.com/index.php/medula/
article/view/267

30.	Shao, B., Shen, L., Liu, Z., Tang, L., Tan, X., Wang, 
D., Zeng, W., Wu, T., Pan, Y., Zhang, X., Ge, L., He, 
M. (2023). Disinfection byproducts formation from 
emerging organic micropollutants during chlorine-
based disinfection processes. Chemical Engineering 



149

Journal of Ecological Engineering 2025, 26(12) 136–149

Journal, 455, 140476. https://doi.org/10.1016/j.
cej.2022.140476

31.	Singh, M., Sharma, D., Kumar, D., Singh, G., 
Swami, G., Rathore, M. S. (2020). Formulation, 
development, and evaluation of herbal effervescent 
mouthwash tablet containing azadirachta indica 
(Neem) and curcumin for the maintenance of oral 
hygiene. Recent Patents on Drug Delivery & For-
mulation, 14(2), 145–161. https://doi.org/10.2174/
1872211314666200820142509

32.	Suksaeree, J., Monton, C., Charoenchai, L., Chank-
ana, N., Wunnakup, T. (2023). Optimization of 
process and formulation variables for semha–pinas 
extract effervescent tablets using the box–behnken 
design. AAPS PharmSciTech, 24(1), 52. https://doi.
org/10.1208/s12249-023-02514-x

33.	Syahidah, A., Saad, C. R., Hassan, M. D., Ru-
kayadi, Y., Norazian, M. H., Kamarudin, M. S. 
(2017). Phytochemical analysis, identification and 
quantification of antibacterial active compounds in 
betel leaves, Piper betle methanolic extract. Paki-
stan Journal of Biological Sciences, 20(2), 70–81. 
https://doi.org/10.3923/pjbs.2017.70.81

34.	Tadros, M. I. (2010). Controlled-release effervescent 
floating matrix tablets of ciprofloxacin hydrochloride: 
Development, optimization and in vitro–in vivo evalu-
ation in healthy human volunteers. European Journal 
of Pharmaceutics and Biopharmaceutics, 74(2), 332–
339. https://doi.org/10.1016/j.ejpb.2009.11.010

35.	Tran, V. T., Nguyen, T. B., Nguyen, H. C., Do, N. H. 
N., Le, P. K. (2023). Recent applications of natural 
bioactive compounds from Piper betle (L.) leaves 
in food preservation. Food Control, 154, 110026. 
https://doi.org/10.1016/j.foodcont.2023.110026

36.	Yang, T., Du, Y., Sun, M., Meng, J., Li, Y. (2024). 
Risk management for whole-process safe disposal 
of medical waste: Progress and challenges. Risk 
Management and Healthcare Policy, 17, 1503–
1522. https://doi.org/10.2147/RMHP.S464268

37.	Zouine, N., Ghachtouli, N. El, Abed, S. El, Koraichi, 
S. I. (2024). A comprehensive review on medici-
nal plant extracts as antibacterial agents: Factors, 
mechanism insights and future prospects. Scien-
tific African, 26, e02395. https://doi.org/10.1016/j.
sciaf.2024.e02395


