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Cmounble 800bl, 3azpA3HeHHbIEe KPACUMENAMU, NPEOCHAGNIAIOM CO0O0I CePbe3HYI0 IKO0-
2U4ecKyro npoodiemy, 0co0eHHO 8 PAllOHAX ¢ 0ZPAHUYEHHOU UHPpacmpyKmypoit ouucmku. B mo
epemsa KaK 6uonozuuecKkue Memoobl nPOOOJIHCAIOM PA38UBANIbCA, AOCOPOUUA CIAHOBUMCA I
hexmueHbIM U LIUPOKO PACHPOCMPAHEHHBIM MEMOOOM OUUCMKU. XOMA AKMUBUDOEAHHDLIL Y2071b
ocmaemca naubonee IPhphexmuensim adcopoenmom, e2o 8bICOKAA CHOUMOCHb 6136414 HOBBLIL
uHmepec K Hedopozum anvmepuamueam. B maxux cmpanax, kak Manaiizus, neadexkeamuoie cu-
Cmembl OYUCIKU YCY2YyOaaom npoonemy, HoO4ePKUBas HeodX00UMocms IKOHOMUUECKU I pek-
MUGHLIX U IKO02UYecKU De3onachvix peuwtenuii. bakmepuanvuvie Guocopdenmol obecneuusaom
ycmoituugoe peuienue. B oannoii pabome 011 oyenku uiecmu 8a3cHbIX NEPEMEHHBIX, GAUAIOUIUX
Ha duocopoyur Kkpacumens Koneo kpacnozo 6akmepuanvbHoil 0UOMAaccoil, Ucnoab308a1csa nian
ITnakemma-Bepmana. Boino nposedeno dsenaduams ucnvimanuii ¢ evicokumu (+1) u nuzkumu (-1)
3Hauenuamu napamempos. /{ucnepcuonnstii ananuz (ANOVA) eviaseun cmamucmudecku 3Ha4u-
mole hakmoput (p < 0,05), komopuie 3amem ObLIU ONMUMUSUPOBAHBL C HOMOULBIO MPEXYPOBHEBO20
noHO020 (hakmoprozo nnana. MakcumanbHas cCKOpocms yodieHus Kpacumens Ha Imoil gaze co-
cmaguna 85,08% (3anyck 12). Iocnedyrowgue mpunadoyams IKCnepumMenmos, OCHO6AHHbIE HA
HOTHOM (DAKMOPHOM RIAHUPOSAHUU, OAIU MAKCUMAIbHYIO A0COpOuuonnyro emxocmo 91,75%.
Pezpeccuonnasa mooenb HpoOeMOHCMPUPOBATIA XOpouLee coomeemcmeue 0anHvim ((kodgppuyu-
enm demepmunayuu (R? = 0,9935, ckoppexmuposannwiii R* (R*-adj) = 0,9889, F-mecm ons 3na-
yumocmu mooenu (F) = 214,89, mounocmo adexeamnocmu = 36,685)), u He 6vL10 06HAPYIHCEHO
CyuiecmeeHHO PA3HUUbL MeHCOYy RPOZHOZUPYEMbIMU U IKCREPUMEHMATbHBIMU 3HAYEHUAMU
(p > 0,05), umo noomeepsicoaem nadexcrnocmn mooenu.
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Dye-contaminated wastewater poses a significant environmental challenge, particularly in
areas with limited remediation infrastructure. While biological methods continue to evolve, adsorp-
tion is emerging as an effective and widely accepted treatment option. Although activated carbon
remains the most effective adsorbent, its high cost has sparked renewed interest in low-cost alter-
natives. In countries such as Malaysia, inadequate treatment systems exacerbate the problem, em-
phasising the need for cost-effective, environmentally friendly solutions. Bacterial biosorbents pro-
vide a sustainable solution. In this work, the Plackett-Burman design was utilised to test six im-
portant variables that influence Congo red dye biosorption by bacterial biomass. Twelve trials were
conducted with parameters set at high (+1) and low (-1) values. Analysis of Variance (ANOVA)
revealed statistically significant factors (p < 0.05), which were then optimised with a 3-level com-
plete factorial design. The highest dye removal rate during this phase was 85.08% (run 12). Subse-
guently, thirteen experiments based on the full factorial design yielded a maximum adsorption ca-
pacity of 91.75%. The regression model demonstrated a strong fit to the data ((Coefficient of De-
termination (R = 0.9935, Adjusted R* (R*-adj) = 0.9889, F-test for model significance (F) = 214.89,
adequacy precision = 36.685)), and no significant difference was found between predicted and ex-
perimental values (p > 0.05), confirming the model’s reliability.

Keywords: dye, wastewater, response surface methodology, adsorption

INTRODUCTION each year [1]. Biological methods for treating dye-con-
taminated wastewater are still under development. Ad-
sorption, however, is quickly becoming a widely ac-
cepted technique for treating aqueous wastewater in
various treatment technologies. Activated carbon is
widely recognised as the predominant sorbent and also

Environmental challenges arising from grow-
ing human-induced pollution have become increas-
ingly significant in the current phase of societal devel-
opment. Notably, the volume of untreated wastewater
released into surface water bodies continues to rise
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is regarded as a highly effective adsorbent. However,
its high cost, particularly in developed countries, has
limited its use, prompting researchers to explore alter-
native methods. This includes the use of bacteria that
can utilize agricultural and food waste as a substrate,
facilitating the sustainable production of biosorbents
[2]. Nevertheless, these dyes represent a serious risk to
aquatic ecosystems by interfering with photosynthetic
processes. Moreover, some dyes and their breakdown
products have been found to be toxic, carcinogenic,
and mutagenic, and may also pose neurotoxic risks to
humans [3]. Many industries utilise dyes or pigments
for colouring, primarily in pulp and paper, food colour-
ing, textile finishing, dye production, and cosmetics in-
dustries. Many of these chemicals can have an adverse
effect on the environment if they are released into
wastewater [4]. Worryingly, dye pollution in Malaysia
and many other parts of the world is compounded by a
lack of remediation [5, 6].

Bacterial biomass is employed as biosorbents
for their potential application as biosorbents, and has
been studied in the biosorption of dyes, including
mixed organism/biomass systems [7]. Biomasses from
plants, animals, and microorganisms (algae, bacteria,
and fungi) as well as different byproducts have been
used in several biosorption experiments to eliminate
colours, metals, and other toxins. However, there is
still a lack of research on the large-scale industrial use
of biosorption [8]. Bacteria are preferred biosorbents
due to their high surface area, a diversity of functional
groups for sorption, uniform size, and natural availa-
bility from agricultural byproducts [9]. The goal of this
study is to use the biomass of Serratia marcescens
MMO06 to maximise the removal (biosorption) of
Congo Red dye from polluted solutions. Response Sur-
face Methodology (RSM) will be used to find the opti-
mal operating settings. Due to its toxicity, colour inten-
sity, and resistance to degradation, Congo Red, a syn-
thetic azo dye that is frequently used in textile and in-
dustrial operations, offers significant environmental
dangers when found in wastewater.

The study intends to determine the most effi-
cient environmental factors, including pH, dye concen-
tration, biomass dose, agitation rate, temperature, and
contact time, that maximise dye removal using Serra-
tia marcescens MMO06 biomass as an inexpensive, en-
vironmentally friendly biosorbent. The work helps to
the development of an effective and sustainable treat-
ment strategy for dye-polluted settings by optimising
these parameters through RSM.

MATERIALS AND METHODS

Optimization of Congo red (CR) dye adsorp-
tion by response surface methodology (RSM)

The traditional single-factor optimization
method is time-consuming and insufficient. Response
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surface methodology (RSM) optimizes and examines
correlations between bioprocess parameters efficiently
[10]. Placket-Burman design and 3-level full factorial
were employed in Design-Expert 6.0.8 software to
identify significant factors in Congo red dye adsorption
[10 ,11]. Design-Expert 6.0.8 software was employed
in RSM's statistical analysis and experimental design.

Optimization With PBD

The Plackett-Burman design identified key
process parameters affecting Congo red dye biosorp-
tion by bacterial biomass. Variables were assigned
high (+1) and low (-1) levels based on exploratory tri-
als and literature review [5, 12]. Twelve experiments
followed software instructions to screen six factors af-
fecting Congo red dye adsorption, predicted using
OFAT parameters. ANOVA identified statistically sig-
nificant parameters (p < 0.05). After that, a 3-level
full factorial was employed for further optimization
[5, 11, 13].

Optimization using 3-Level full factorial

Following PBD optimization, significant pa-
rameters such as pH and adsorbent size were identified.
These parameters were examined in more detail
through a 3-level full factorial optimization, with pH
ranging from 4.0 to 8.0 and adsorbent sizes ranging
from 0.5 to 1.5 g. A 3-level full factorial [10, 11] was
utilized to examine both significant parameters identi-
fied by PBD and their interactions, comprising a total
of 13 trial runs conducted in triplicate. The adsorption
percentage for each run was determined and recorded.
After that, experimental validation was conducted on
the software's final projected RSM response [14].

The experimental model's validation

In triplicate, the response surface model was
verified under the anticipated circumstances, utilizing
results from a statistical RSM study (3-level full facto-
rial). The setup of the experiment chosen from the
RSM model aimed to validate the established three-
level full factorial model [14]. Most significant param-
eters validated experimental results. Actual % adsorp-
tion of Congo red dye using Serratia Marcescens
MMO06 biomass compared to the predicted value from
three-level full factorial analysis [10].

RESULTS WITH DISCUSSION

Optimization of CR Compound adsorption by
Response Surface Methodology (RSM)

After identifying the best condition for each
factor using OFAT, the optimization process pro-
ceeded with the multivariate statistical method of Re-
sponse Surface Methodology (RSM). The ideal state of
Congo red dye uptake was furthermore determined via
statistical methods, including the Plackett-Burman ap-
proach and a 3-level full factorial design.
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Plackett-Burman design (PBD) technique

The Plackett-Burman Design technique ana-
lyzed Congo red dye adsorption by screening and se-
lecting crucial variables affecting the process. Six in-
dependent parameters were screened through 12 exper-
iments, revealing significant elements. Each parameter
had two levels: low level (-1) and high level (+1),
matching the lowest and highest OFAT values. Regres-
sion analysis of experimental findings evaluated with
Design Expert (version 6.0.8) mapped the response
surface and optimized key variables. The six variables

affecting dye removal percentage range as follows: In-
itial dye content (50-100 mg/L), contact duration (5-20
min), pH (4-8), agitation rate (100-150 rpm), tempera-
ture (25-35 °C), and adsorbent dosage (0.5-1.5 g) (Ta-
ble 1). With these settings, 12 successful Plackett-Bur-
man tests were conducted. The dye adsorption was
highest in run 12 (85.08%) and lowest in run 5
(7.96%). Dye removal percentage was selected as the
response for statistical analysis, and important factors
underwent more optimization using the 3-level full fac-
torial model.

Table 1

Experimental setup and the proportion of Congo red dye that was adsorbed in 12 Plackett-Burman design (PBD)
experimental runs
Tabnuya 1. JxcniepuMeHTATbHASL YCTAHOBKA U 1071 KpacuTeasa KoHro kpacHoro, Kotopslii 0611 aAcOPOMPOBaH B
12 3kcnepuMeHTaNbHBIX NPoronax no cxeme Iaakerra-bepmana (PBD)

A: Dye Conc. B: Contact D: Agitation | E: Temp. | F: Adsorbent
Run (gPM) Time. (min) | ¢ PH (r%m) (°C) i quantity () |Removal %
1 50 20 8 100 35 0.5 55.24
2 100 5 4 100 35 15 39.80
3 50 5 4 150 35 15 22.39
4 100 5 8 150 25 15 65.35
5 100 20 4 150 25 0.5 7.96
6 100 20 4 150 35 0.5 12.94
7 100 20 8 100 35 15 79.26
8 100 5 8 100 25 0.5 48.68
9 50 20 4 100 25 15 69.65
10 50 5 8 150 35 0.5 55.01
11 50 5 4 100 25 0.5 13.93
12 50 20 8 150 25 15 85.08

Table 2 presents the analysis of variance
(ANOVA) and regression analysis for the first-order
model. The models exhibited poor significance and lin-
earity with minor curvature. Dye concentration, con-
tact time, agitation speed, and temperature were all in-
significant. Therefore, pH and adsorbent amounts were
utilized in designing a three-level full factorial design.
The model recorded an F-value of 10.52, showing
noteworthy differences based on ANOVA analysis
(Table 2). A p-value of 0.05 indicates significant model
terms, with just a 1.03% possibility of such a large
"model F-value" arising due to noise. According to
ANOVA, the coefficient of determination (R?) was
0.9266, indicating a poorly fitted regression line. The
modified and anticipated R? values for dye adsorption
were 0.8385 and 0.5771 respectively, showing disa-
greement. The sufficient precision value for signal-to-
noise measurement was determined to be 9.379, indi-
cating a satisfactory signal. Fig. 1 shows the plot of
similarities between the real and expected values ob-
tained by the PBD. The last equation with respect to
real factors is shown in Equation 1:
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Y =2.74036- 0.15775A + 0.72189B + 9.2482C —
—0.1928D -0.43359E + 27.96056F. (1)

Adsorption optimization of dye using three-
level full factorial design

The significant parameters from the design of
Plackett-Burman were further improved via a three-
level full factorial design. Thirteen experimental set-
ups, including 5 center points, were performed as illus-
trated in Table 3. The R? value assesses the goodness
of fit between predicted and experimental values, with
higher values indicating better fit [15]. The highest ad-
sorption capacity was observed in run 13 (91.75%).
Regression analysis demonstrated a good fit of experi-
mental data to the third-order polynomial model [15,
16]. The R? value in this study was 0.9935, indicating
that the model accounts for over 99.35% of the varia-
tion in the response. The modified R-squared (R?-adj)
values were also great at 0.9889, confirming the mod-
el's significance. The model's F-value of 214.89 indi-
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cates high significance. Moreover, insignificant pa-
rameters are absent, as shown by the proximity of R-
squared (R?) and modified R-squared (R2-adj) values.
The "predict R-squared” (0.9462) and "adjust R-
squared" (0.9889) values agree reasonably. The ade

quacy precision ratio, measuring the signal-to-noise ra-
tio, ideally exceeds 4. Within this study, the sufficient
precision is 36.685, which denotes a good signal and
prediction performance [17]. The analysis of Variance
(ANOVA) is given in Table 4.

Table 2

Analysis of Variance (ANOVA) from PBD for Congo Red Dye Adsorption
Tabnuya 2. {ucnepcuonnsiii anaaus (ANOVA) no nanabiM PBD p1s agcopounu kpacurens KoHro kpacHblii

Source Sum of Squares df Mean Square F-Value Prob > F
Model 7324.38 6 1220.73 10.52 0.0103 Significant
Dye concen-
tration (PPM) 186.65 1 186.65 1.61 0.2606
Contact time 351.76 1 351.76 3.03 0.1422
(min)
pH 4105.4 1 4105.4 35.37 0.0019
Agitation 278.8 1 278.8 2.4 0.1819
speed (rpm)
Temgecrf‘t”re 56.4 1 56.4 0.49 0.5168
Adsorbent 234538 1 234538 20.2 0.0064
quantity (g)
Residual 580.4 5 116.08
Cor Total 7904.79 11
Std. Dev. 10.77 R? 0.9266
Mean 46.27 Adj R? 0.8385
C.V. 23.28 Pred R? 0.5771
PRESS 3343.11 Adeq Precision 9.379

Key:
Sum of Squares: A measure of variation.

Degrees of Freedom (df): Represent the number of independent pieces of information available to estimate a parameter.

Mean Square: A measure of the average variation.
F-value: The F-value checks if the model is significant.
Prob > F (p-value): Probability that the model is significant by

chance.

Residual: Numerical difference between the actual experimental value and the value predicted by a statistical or mathematical model.
Cor Total (Corrected Total Sum of Squares): The total variation in the response data after removing the effect of the mean.
Std. Dev. (Standard Deviation of the Model Residuals): The square root of mean square error (MSE).

C.V. (Coefficient of Variation): % measure of precision of the

model.

PRESS (Predicted Residual Sum of Squares): Measures the predictive ability of the model.

YcnoBHbIe 0003HAYCHHUS:
Sum of Squares (cymma KBaJapaToB) - Mepa BapUallUH.

Crenenu cBo6op! (df) nmpeacrasisitor co60ii KOIMYECTBO HE3ABUCHMBIX ()ParMEHTOB WH()OPMAIIUK, JOCTYIIHBIX JUIA OLIEHKU Hapa-

MeTpa.
Mean Square (cpeanuii KBaapar) - Mepa CpeiHei BapHalliH.

F-Value - F-3nauenne npoBepseT, SBIAETCS JIM MOJIEIb 3HAYMMOM.
Prob > F (p-3nauenue) - BEpOATHOCTH TOTO, YTO MOJIEIb CIIyYaliHO 3HAYNMA.
Residual (ocrarok) - uncnenHas pasHuna Mex 1y (pakTHIECKHUM SKCIIEPUMEHTAIBLHBIM 3HAUEHUEM M 3HAYEHHUEM, NIPEJICKa3aHHbIM CTa-

THUCTUYECKOM MJIM MAaTEMAaTHUYECKOH MOJIEIBIO.

Cor Total (ckoppekTrpoBaHHas 00mIas CyMMa KBaApaToB) - 00IIas BapHalys JaHHBIX OTKJIMKa [TOCIe yaaneHus s dexra cpeHero.
Std. Dev. (cranmapTHOE OTKIIOHEHHE OCTATKOB MOJIENH) - KBaJAPATHBINH KOPEHb U3 CpeHel KBaapaTnueckoit omnbku (MSE).
Koapdurment Bapuaiuu (C.V.) - IpoleHTHAs Mepa TOYHOCTH MOJIEIH.

PRESS (npezncka3anHasi cyMMa KBaJpaToB OCTATKOB) - H3MEPSET MPEICKA3aATEIbHYIO CIIOCOGHOCTD MOJIEIH.

ChemChemTech. 2026. V. 69. N 4
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Table 3

Experimental layout and result for the optimization of dye using a three-level full factorial design
Tabnuya 3. JxciepuMeHTAIbHAS cXeMa U pPe3yJIbTAaT ONTHUMHU3ALNUH KPACUTEJIS ¢ UCIO0JIb30BaHIEM TPeXypOBHe-

BOI'0 NNOJHOI0 (PAKTOPHOIO IM3aiiHA

Run E)AH A dsorbent%uanti ty (0) Actual value (%) Predicted value (%)
1 6 1 89.29 88.25
2 8 0.5 57.67 58.56
3 4 1 85.93 85.02
4 8 15 90.77 89.93
5 6 1 87.23 88.25
6 4 0.5 56.27 57.50
7 8 1 86.33 86.28
8 6 0.5 62.90 60.69
9 6 1 87.83 88.25
10 6 1 87.96 88.25
11 4 15 90.98 90.11
12 6 1 87.96 88.25
13 6 15 90.51 91.75
Table 4
Analysis of Variance (ANOVA) for a three-level full factorial model
Taonuya 4. Aucnepcuonnbiii anaau3 (ANOVA) ajs TpexypoBHeBO# 110JIHOM (PAKTOPHOI Moje/In
Source Sum of Squares df Mean Square F-Value Prob > F
Model 2016.45 5 403.29 214.89 <0.0001
A 2.37 1 2.37 1.26 0.2983
B 1447.67 1 1447.67 771.39 <0.0001
A2 18.67 1 18.67 9.95 0.0161
B2 399.63 1 399.63 212.95 <0.0001
AB 0.093 1 0.093 0.05 0.8298
Residual 13.14 7 1.88
Lack of Fit 10.85 3 3.62 6.31 0.0536
Pure Error 2.29 4 0.57 Significant
Cor Total 2029.59 12
Std. Dev. 1.37 R-Squared 0.9935
Mean 81.5 Adj R-Squared 0.9889
C.V. 1.68 Pred R-Squared 0.9462
PRESS 109.19 Adeq Precision 36.685
Note: A: pH, B: biosorbent dosage (g)
IMpumeuanue: A: pH, B: no3uposka 6uocopbenra (g)
The findings align with previous work, where Y = -15.30+7.96 A+126.38B-0.65A2-
the model's R-squared (R?) value was close to 1 (0.9994), )
and the modified R-squared (RZ-adj) was elevated as -48.12B%+0.15AB (2)
well (0.9990). The "predict R-squared" and “adjust R- Y = 88.25+0.63A+15.53B-
squared” values were in agreement at 0.9978 and -2.6A2-12.03B+0.15AB (3)

0.9984, respectively. Adequate precision was 152.669,
indicating sufficient signal for accurate prediction [16].
The study highlighted the influence of pH, adsorbent
size, and their interaction on dye biosorption. The rela-
tionship between real and anticipated values in the
three-level full factorial design is depicted in Fig. 1,
showing a significant correlation. Equations 2 and 3
represent these relationships based on coded and real
factors.
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3D response visualisation plot of Congo red
dye sorption

3D response surface graphs illustrate relation-
ships between dependent and independent factors, aid-
ing in understanding their main and interaction effects
[18]. Design-Expert software was utilized to generate
graphs and contours for the 3D reaction surface model,
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depicting mutual interactions between independent pa-
rameters and their impact on the dependent parameter,
such as adsorption [19]. Elliptical contours signify sig-
nificant interactions between independent parameters.
Fig. 2 displays 3D reaction surfaces and contour graphs
depicting interactions between pH (A) and adsorbent
dosage (B) concerning Congo red dye removal. At a con-
stant concentration of 90 PPM, contact time of 20 min,
agitation rate of 125 rpm, and temperature of 25 °C, the
relationships with pH and adsorbent dose were signifi-
cant. Within the experimental ranges, dye adsorption
increases with larger adsorbent sizes but decreases
with lower pH levels. According to past conducted
studies, 3D response surface and contour plots in a
two-level factorial design illustrate interactions among
temperature, pH, and ionic strength, aiding in parame-
ter optimization [20]. Similarly, past research utilized
3D response surface and contour plots in a three-level
factorial design to depict interactions among volume
fraction, temperature, and ionic nanoparticle size, as-
sisting in understanding variable interactions and opti-
mal parameter selection [16].

Validation of RSM experiment

To experimentally verify the predicted Congo
red dye adsorption, the two significant variables were
set at optimal values of pH 7.18 and absorbent dose of
1.24 g, as determined by a three-level full factorial.
Other factors (concentration, contact time, agitation,
and temperature) remained constant based on OFAT
due to their insignificance in the PBD analysis, and the
experiment was conducted in triplicate. The experi-
mental value of 90.37% dye absorption closely
matched the model's predicted value of 88.24%, indi-
cating no significant difference between them (t-test,
p > 0.05) and supporting the model's validity.

Predicted vs. Actual

91,75 |

a2

e

82,89

74,02 4

Predicted (%removal)

65,16

-

56,29

T T T T
65,16 72,02 82,89 91,75
Actual (%removal)
Fig. 1. Experimental and predicted factors for optimal dye adsorp-
tion responses
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Response 1

Fig. 2. Three-dimensional (3D) reaction surface graphs of dye ad-

sorption illustrating the relationship between adsorbent size and pH

Puc. 2. Tpexmepnsle (3D) rpaduky peakiimoHHON ITOBEPXHOCTH

az[cop6u1/11/1 KpacCuTeJisd, WJUIIOCTPUPYIOIUE CBA3b MEXKY pasMe-
pom ancopbenTa u pH

CONCLUSION

The potential of bacterial biosorbents as an af-
fordable and environmentally friendly substitute for
wastewater colour removal is highlighted by this study.
Response Surface Methodology (RSM) statistical op-
timisation greatly improved adsorption efficiency,
raising removal rates from 85.08% to 91.75%. The
model's practical application in wastewater treatment
was supported by its great predicted accuracy and ca-
pacity to identify the most favourable conditions.
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