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Kpacumenu npeocmaenaom coboil IKonozuuecKkue pUcku ¢ KaHyepozeHHvIMu IPpex-
mamu, KOmopsle OWYUaomcs 60 6cem mupe, 8 mom uucie 6 Manaiizuu. 3azpsazHeHue 600bl NPOUC-
X00um u3 paziuyHplX UCMOYHUKO8, MAKUX KAK NPOU3B0OCHEEHHbIE KOMNAHUU, UCCE008aMENbCKUE
u meouyunckue yenmpol. Ilenvto uccneoosanun asenaemcsa usyuenue ouocopoyuu kpacumensn Kounzo
kpacubwtit (CR) 6axmepuanvnoii 6uomaccoil 011 npOMblLIeHHO20 npumenenus. /leenaouams pasz-
JUYHBIX 61006 Oaxmepuil Ov1u npomecmuposanst Ha CR. On nposepsiem u onmumusupyem daxme-
puansuyto copouuro ¢ ucnoavzoeanuem oonogpakmopnou (OFAT), on uccredyem ungppaxpacuyro
®Dypve-cnexkmpockonuio (FTIR), ckanupyrowuii snexkmponnsiit muxpockon (SEM), kunemuueckue u
pasnosechvle modeau u mepmoounamuxy. Illmamm Serratia marcescens MMO6 yoanun Gonvue
6cezo kpacumens cpedu 12 6axmepuanvHovlx uzonamos. buomaccy unkyoupoeanu c kpacumenem
100 ppm, 3amem uenmpugyeuposanu u uzmepsanu npu 507 um. OnmumanoHbLMU YCI0BUAMU RO~
cie OFAT 6vtau 25°C, pH 7,0, nepemewmueanue 125 06/mun, 20 mun, KonyeHmpayus Kpacumens
90 me/n u 0o3upoexa abcopoenma 0,94 2. FTIR u SEM xapaxkmepuszoeanu ouocopoyuro. Henuneiinan
pezpeccus npoOAHATUIUPOLAA UZOMEPMbL U KUHEMUKY, 6bLAGUE NCE6O0EMOPOIL NOPAOOK u Jlenemiop
Kak naunyuuwiue coomeemcmeus. Ilapamempor nooodpannvix uzomepm, a umenno, Jlenzmiopa,
®peinonuxa, 3T, Sips, @puya-Ilnondepa \V u @puya-Ilnonoepa \, cocmasunu 4,387657 me/2,
3,750862 mz/2, 4,387657 me/2, 2,800659 me/2, 12,178957 me/2, 2,557313 me/2e coomeemcmeenno. Ila-
pamempuvl mepmoournamuueckou ceoboonoi ynepzuu I'uooca (DG), sumanvnuu (DH) u snmponuu
(DS) moougpuxauuu ykaszviearom na K3omepmuuecKue u CROHMAaHHble npoyeccvl. Serratia mar-
cescens MMOG6 oxazanca r¢ppexkmusnvim ona yoanenusn kpacumens CR uz cmounvix 600.

KuaroueBsble ciioBa: 0nocopOIisi, KOHTO KPACHBIH, TEPMOINHAMHUKA, H30TEPMBI
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Dyes pose environmental risks with carcinogenic effects, felt globally including in Malay-
sia. Water contamination stems from various sources like manufacturing companies, research, and
medical centers. The research aims to study bacterial biomass biosorption of Congo red (CR) dye
for industry applications. Twelve different bacterial species were tested against CR. The study
screens and optimizes the bacterial sorption process using a one-factor-at-a-time (OFAT) ap-
proach, and characterizes the biosorbent through FTIR analysis, SEM imaging, adsorption Kinetic
and isotherm modeling, and thermodynamic evaluation. Serratia marcescens strain MMO6 re-
moved the most dye among 12 bacterial isolates. Biomass was incubated with 100ppm dye, then
centrifuged and measured at 507nm. Optimal conditions after OFAT were 25 °C, pH 7.0, 125 rpm
agitation, 20 min, 90 mg/L dye concentration, and 0.94g absorbent dosage. FTIR and SEM char-
acterized biosorption. Nonlinear regression analyzed isotherms and kinetics, revealing pseudo-sec-
ond-order and Langmuir as best fits. The parameters of the fitted isotherms, namely, Langmuir, Freun-
dlich, BET, Sips, Fritz-Schlunder 1V, and Fritz-Schlunder V were 4.387657 mg/g, 3.750862 mg/g,
4.387657 mg/g, 2.800659 mg/g, 12.178957 mg/g, 2.557313 mg/g respectively. The parameters of
thermodynamic Gibbs free energy (DG), enthalpy (DH), and entropy (DS) modifications indicated
exothermic and spontaneous processes. Serratia marcescens MMO6 proved effective for CR dye
removal from wastewater.
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INTRODUCTION

The treatment of wastewater is a crucial and
challenging research field. Various physicochemical
and biological processes are used to remove color from
industrial effluents. The global production of dyes is
around 900 thousand tonnes per year, with 10-15% dis-
charged as untreated wastewater from textile, paper,
chemical, and other industries that utilise colours for
dyeing products [1]. Biological treatment is one of the
most popular and economical dye treatment tech-
niques; yet it is sometimes difficult and time-consum-
ing to implement in complicated wastewater matrices
with low dye concentrations [2]. These effluents often
contain poisonous dyes that are harmful to living or-
ganisms, being mutagenic and carcinogenic [3]. Many
developing nations with poorly enforced rules on the
production and consumption of dyes are nevertheless
seeing an increase in dye pollution. Examples of these
countries include Bangladesh, Pakistan, India, Malay-
sia, and others. A significant portion of dye pollution
contamination was found in Malaysia's Juru riverine
area [4].

Local researchers are actively seeking ways to
remove Congo red dye. One particularly effective and
reasonably priced technique is bioremediation, partic-
ularly biosorption. Because of their large surface area,
variety of sorption-capable functional groups, homo-
geneous size, and inherent availability from agricul-
tural waste, bacteria are the preferred biosorbents [5].
AMT-Bioclaim™, a well-established biosorbent, is a
bacterial biomass example [6]. This research presents
the first report on Congo red sorption using inactivated
biomass of Serratia marcescens strain MMO06.And it is
warranted as it tackles the high cost and limited avail-
ability of activated carbon for dye removal by using
Serratia marcescens strain MMO06 biomass as an af-
fordable and sustainable alternative. This study builds
on existing bioremediation techniques, with a focus on
Congo red dye biosorption, delivering an eco-friendly
solution for textile wastewater treatment.

MATERIALS AND METHODS

Equipment, chemicals, and reagents

The reagents consumed were of the highest ra-
tional quality. Congo red dye was brought from Sigma
Aldrich Co. in the United States. Synthetic wastewater
was created in the lab by mixing the dye using deion-
ized water. A stock solution was prepared by dissolv-
ing 100 mg of dye salt in 100 mL of water. pH was
altered using 0.5 N HClI or 0.1 mol NaOH. Absorbance
was normalized with a spectrophotometer scanning
from 400 to 800 nm, with the highest peak observed
between A450 and A507 nm [7].
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Bacterial Source

Twelve distinct pure bacterial cultures (desig-
nated as Isolates 34XR, 34XW, 52, 2,1, 29,7, 8,4,5.2,
30, and 5.1) remained sourced from the Bioremedia-
tion, Biomonitoring, and Ecotoxicology Laboratory
(BBE) within the Faculty of Biotechnology and Bio-
molecular Sciences at Universiti Putra Malaysia. Ini-
tially, a sample taken from the Juru riverbanks in Pulau
Pinang, Malaysia, was used to identify these bacteria
[8]. The river and surrounding area have been reported
to have high levels of pollution due to local textile and
pigment industries [9]. As a result, regular sub-cultur-
ing were carried out in aseptic laboratory settings using
Nutrient Broth (NB) as a growth medium to maintain
the purity of each isolate.

Bacterial Biomass Extraction

Each of the twelve (12) isolates had their bio-
mass removed and tested for the ability to absorb
Congo red dyes. A 24-hour-old culture of the isolates,
with an approximate absorbance of 1 OD600, Centri-
fuged at a speed of 10,000 rpm for 10 min [10]. The
decanted liquid from each unique isolate was removed,
and the pellets were rinsed two times using Tris Buffer
(pH 7.0). The cells in the pellet were then rendered
nonviable by heating them in a water bath for one hour
at 60 degrees Celsius [11] .The adsorption of Congo red
was then studied (researched) utilising pellets.

Bacterial biomass screening

0.94 g of each of the 12 nonviable bacterial bi-
omass were combined with 10 mL of Congo red dye in
50 mL flasks, labelled, and Cultivated at 25 °C at
150 rpm. A two-milliliter portion was obtained every
five minutes to track the adsorption of each bacterial
biomass, then centrifuged and measured at OD507 nm.
Experiments were triplicated to ensure consistency,
and percentage adsorption was calculated accordingly
using the formula below.

Dye adsorption percentage (%) =

= =2 x 100. 2.1)

Where Y is the initial absorbance prior to
growth and Z is the final optical density after growth.
The isolate with the highest Congo red dye absorption
percentage was chosen for further investigation.

One factor at a time (OFAT) strategy method
employed to enhance Congo red dye adsorption

Isolate 34XR (Serratia marcescens MMO0G6)
shows the highest adsorption of Congo red dye, as per
screening results. Serratia marcescens MMO06 was pre-
viously characterized by [8]. The adsorption of dye is
influenced by various parameters. OFAT method used
to optimize conditions for dye adsorption using Serra-
tia marcescens mmo06. Optimizing conditions such as
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initial dye concentration, contact time, pH, agitation
speed, temperature, and adsorbent size aids industrial-
scale dye removal treatment development [12]. Each
parameter is checked individually while keeping pre-
viously optimized parameters constant. Experiments
conducted in triplicate.

Characterization of biosorbent (biomass)

Fourier Transform Infrared Spectrometer
(FTIR)

FTIR analysis of Serratia marcescens MMO06
biomass (treated and untreated with Congo red) was
performed after drying and sieving [13]. FTIR (ATR)
analysis using VERTEX 80v (Bruker Optics Korea)
was performed from 400-4000 cm™ to identify func-
tional groups. Samples were mixed with KBr and
pressed into thin pellets for spectral examination.

Scanning electron microscopy (SEM)

FESEM (LEO1455) operated at 20 kV and
13 mm working distance was used for morphology
analysis. Gold-coated samples were imaged at 500-
5000 x magnification (10-50 um).

Adsorption kinetics modeling

Batch Kinetics experiments were conducted
across varying amounts of dye (10, 20, 30, 40, 50, 70,
and 90 ppm) based on OFAT and RSM results. Super-
natant analysis occurred via a spectrophotometer at
507 nm, with absorbance measurements plotted on a
graph. The best kinetics model was selected from pre-
viously assessed options, involving pseudo-first-order
(PFO) and pseudo-second-order (PSO) kinetics [14, 15].
PFO, proposed by Lagergren, assumes an adsorption
rate proportional to the difference between adsorbed
and available concentrations [16]. PSO suggests a sec-
ond-order relationship between rate and saturation
concentrations, indicating chemisorption as the rate-
limiting step [17]. Equations for PFO and PSO models
were expressed in Equations 2.2 and 2.3 accordingly.

qe = qe(1 — e 1), (2.2)
_ Kxq.lt
U = kg0 (2:3)

Where g and g stand for the quantity of dye
adsorbed (mg/g) at equilibrium and time t (min), re-
spectively. K; and K, are the rate coefficients of
pseudo-first-order (min?) and pseudo-second-order
sorption (g mg/min), respectively.

Adsorption isotherm model

Equilibrium data underwent analysis via vari-
ous isotherm models after batch experiments across
variations in dye concentrations of 10 ppm, 20 ppm,
30 ppm, 40 ppm, 50 ppm, 70 ppm, and 90 ppm. Eight
isotherm models, ranging from one to five parameters,
were employed to determine the best-fit model for
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Congo red dye adsorption, employing nonlinear re-
gression instead of linear regression [13, 18].

Data Fitting

Nonlinear regression was used to fit the ad-
sorption kinetics and isotherms nonlinear pattern in
data using the Marquardt algorithm in CurveExpert
Professional software, Version 2.6.5.

Thermodynamics study

The dimensionless equilibrium constant (KL)
between phases was determined using the Langmuir
equation (Equation 2.4).

g = mLoLre, (24)

Equation 2.5 was then used to transform the
Langmuir K. value into a dimensionless form Kc.

K; = 696.6 -55.5 - 1000 - K;. (2.5)

Congo red dye has a molecular weight of
696.6 gmol 2, its molarity is 55.5, and the term 696.6 -
55.5 - 1000 - K. will be dimensionless.

The exact evaluation of the two-phase equilib-
rium constant, known as K, is directly related to the
accuracy of the thermodynamic parameter estimates
that are produced.

Equation 2.6 describes the dimensional end-
less K. 's relationship to the dimensionless equilibrium
constant K¢, C° represents the specified standard of ad-
sorbate (C = 1Imol/L), K. (L/mol) signifies Langmuir
constant, and y (dimensionless) symbolises activity co-
efficient of adsorbent in solution.

L ofmol
KC ~ KL(mol)yC ( L ) (26)

The thermodynamics parameters, namely Gibbs
free energy Change (4G), Enthalpy change (4H), and
Entropy change (4S) were computed through the van't
Hoff equation and applying principles of thermody-
namics [13, 19] as shown in the following equations:

AG° = —RT InKL, (2.7)
AG® = AH — TAS®, (2.8)
_ TAH° 1 AS®
InK, = — 7t (2.9)
R stands for wuniversal gas constant,

0.00831 kJ/mol-K.
RESULTS WITH DISCUSSION

Examination and screening of bacterial biomass

Fig. 1 displays twelve bacterial isolates'
screening results against Congo red dye. Isolate 34XR
absorbed 82% of the dye, while Isolate 34XW ab-
sorbed 64%, Isolate 52 absorbed 51%, lIsolate 2 ab-
sorbed 71%, Isolate 1 absorbed 61%, lIsolate 29 ab-
sorbed 50%, Isolate 7 absorbed 69%, Isolate 8 ab-
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sorbed 19%, Isolate 4 absorbed 46%, Isolate 5.2 ab-
sorbed 68%, Isolate 30 absorbed 49%, and Isolate 5.1
absorbed 81%. Isolate 34XR showed the highest ad-
sorption percentage among the eleven isolates, reach-
ing 82%. Each isolate displayed the capability to ad-
sorb Congo red dye in wastewater. Previous studies re-
vealed most of the isolates can decolorize or proliferate
in environments containing Reactive Red 120 dye [8].
Additionally, past research has highlighted the poten-
tial of bacterial biomass in dye adsorption [20]. Isolate
34XR was recently identified and characterised as Ser-
ratia marcescens strain MMO06 [8]. It belongs to the
Gram-negative bacterium Serratia marcescens of the
Yersiniaceae lineage. It is characterised as a facultative
anaerobe and an opportunistic pathogen, initially dis-
covered in 1819 by Bartolomeo Bizio in Padua, Italy.
Various commercial biosorbents and their manufactur-
ers were stated in previous work [21, 5]. Bacterial bio-
sorption, particularly for Congo red dye, is a promising
technique for pollutant reduction.

All Serratia strains have been shown to grow
most effectively at pH 9 and temperatures between 20
and 37 °C. The isolate, Serratia marcescens strain
MMO6 16S ribosomal RNA gene, the partial sequence
has 1,442 bp linear DNA and Accession number
MW031902.1 GI: 1908125079 [8].
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Fig. 1. The results of a screening that compared twelve different
bacterial isolates to Congo red dye and showed which had the
highest percentage of adsorption. error bars represent mean +/- std
deviation (n=3)

Puc. 1. PeSyIIbTaTI)I CKpHUHHHI'A, B XO/I€ KOTOPOTr0 CPAaBHUBAJIUCH
JABEHAAUATh Pa3JINYHBIX 6aKTepI/IaJII)HBIX H30JIATOB C KPACUTEIIEM
Konro KpaCHBIM U OB BBISIBIIEH TOT, KOTOprﬁ MMeJI CaMBIH BEI-
COKUI MPOLIEHT a/:[cop6111/11/1. [TorpemrHocTy NpeACTaBISIIOT co0oit
cpejiHee 3HaUeHUE +/- cTangapTHOE OTKIOHeHHe (N=3)
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Enhancement of the adsorption of congo red
dye employing the OFAT approach

The OFAT method was applied to explore how
a variety of environmental conditions had an impact on
Congo red dye's adsorption Fig. 2.

Influence of the Initial Dye Concentration

Despite the decrease in adsorption proportion,
the amount of dye adsorbed increases as solution con-
centration rises at constant adsorbent dosage [22]. Ser-
ratia marcescens strain MMOG6's resilience to higher
dye concentrations was studied in a batch experiment
spanning 10 to 100 ppm dye concentrations, as de-
picted in Fig. 2a. As dye concentration rises, the pro-
portion of adsorption diminishes. Calibration of Congo
red dye at various concentrations, including 10, 20, 30,
40, 50, 90, and 100 ppm, facilitated absorbance identi-
fication. Verma and Madamwar found that Serratia
marcescens effectively decolorized Ranocid Fast Blue
(RFB) and Procion Brilliant Blue-H-GR (PBB-HGR)
at day 8 and day 5, respectively, achieving over 90%
decolorization at 26 °C, pH 7.0, and 100 mg/L concen-
tration in stagnant circumstances [23]. Decolorization
depended on initial dye concentration, pH, and temper-
ature, despite a final concentration of 100 mg/L. The
bacterium showed resistance to dyes at 100 mg/L, but
decolorization time increased with dye concentration.

Effect of Contact Duration

The capacity to adsorb typically increases over
the period until equilibrium, where no more dye can be
adsorbed. Equilibrium time represents the duration to
achieve this state [22]. To assess the impact of contact
duration on Congo red dye adsorption, % dye adsorption
was calculated at 5 to 100-min intervals. Fig. 2b indicated
suboptimal adsorption between 5 and 15 min, How-
ever, adsorption was at its peak at 20 min and thereafter
dropped from 40 to 100 min, suggesting that binding
site saturation caused the biosorbent to reach its con-
tact time limit.

A different research assessed the influence of
contact time on the Methylene Blue and Congo Red bi-
osorption using processed waste Streptomyces fradiae
biomass [24]. They investigated a contact time range
of 5 to 180 min, finding rapid dye uptake initially,
slowing until equilibrium at 70 and 80 min for CR and
MB respectively. Similar findings were noted in CR
dye removal using Eichhornia crassipes roots [25].
The dye removal rate was initially rapid but slowed as
vacant adsorbent sites diminished over time, reaching
equilibrium when all sites were occupied.

The pH's effect

The dye solution's pH and the activity of func-
tional groupings on the surface are crucial parameters
affecting biosorption removal. Elevated pH enhances
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the elimination of basic dyes nevertheless decreases
the elimination of acidic dyes [24]. In Fig. 2c, the bac-
terial biomass achieved the highest Congo red dye re-
moval rate at pH 7. The percentage of dye removal in-
creases from 50 to 61% as pH rises from 5.0 to 7 but
drops at pH 8.5. However, increasing pH leads to a
negatively charged biosorbent surface, facilitating
electrostatic interactions with oppositely charged sorbate.
At low pH, the biosorbent surface is positively charged,
resisting the biosorption of cationic species [24, 26].

Agitation rate's effect

The shaking rate significantly impacts the ad-
sorption process by influencing solute distribution and
boundary film formation. Higher agitation rates gener-
ally increase dye adsorption rates [22]. The agitation
rate enhances system mobility while reducing bound-
ary layer resistance. Effects of agitation rate on Congo
red dye adsorption by Serratia marcescens strain
MMO6 were examined, as depicted in Fig. 2d across
various agitation speeds (50, 75, 100, 125, 150, 175,
200, and 250 rpm). Studies suggest that using raw ad-
sorbent with an unaltered structure may damage it, as
observed in lead biosorption by Bacillus cereus, where
high shear rates at 200 rpm caused biomass damage [27].

Temperature Effect

Temperature greatly influences the adsorption
reaction, revealing modifications in enthalpy and en-
tropy during the process [28]. Previous studies found
temperature impacts sorption processes in two main
ways: reducing solution viscosity, accelerating adsorb-
ate diffusion into pores, and altering adsorbent capac-
ity for equilibrium with a specific adsorbate [29]. The

su./\/_\,——\

Congo red dye's absorption was examined at various
temperatures from 25 to 60 °C, as shown in Fig. 2e.
Optimal adsorption occurred at 25 °C, with decreasing
adsorption as temperature increased, suggesting a lower
energy requirement for the process. Another study
found that biomass had reduced biosorption capacity
with higher temperatures [30]. Some research noted an
increase in adsorption capacity from 30 to 50 °C, indi-
cating an endothermic adsorption process [31]. Similar
research revealed that absorption increases with de-
creasing temperature, indicating temperature's influ-
ence on biosorption is similar to physical adsorption
[32]. Consequently, absorption may rise or fall with
temperature changes, contingent upon the sorption
type, whether physisorption or chemisorption.

Adsorbent dosage's effect

Fig. 2f illustrates the impact of the amount of
adsorbent on Congo red eliminations by Serratia mar-
cescens strain MMO6. Increasing the amount of bacte-
rial biomass, by raising the adsorbent dose from 0.5 to
1.5 g, enhances Congo red dye removal. Dye uptake
rises from 55% to 74%, likely as a result of a rise in
adsorbent adsorptive surface and accessible binding
sites. This aligns with previous findings that indicate a
decline in adsorption capacity with increased adsor-
bent dosage but a notable rise in adsorption percentage
[19]. Additionally, studies found that a greater adsorp-
tive surface correlates to a greater number of available
adsorption sites [33]. Similar research demonstrated
that raising the bulk of the biosorbent improved the elim-
ination of colour percentages for AO7 and RB5 between
41 and 51%, and 41 and 95%, respectively [34].

/’z\/\w

o o
o o

- g
= % 3 55
£ 80
< g 40 8
H 75 o 50
g a 2
ignmn S 20 ]
g 65 2 245
] 60 <
< od a0
55 0 10 20 30 40 50 6 70 80 90 100 45 55 65 7.5 8.5
50 . .
10 15 20 30 40 50 90 100 time {min) PH
Concentration (PPM)
66 70 75
= 64
§ & & 70
8 s0 - _
£ 58 50 2
£ 66 8 @
S 54 - © g e
B £ 30 8
< 50 o 5 60
50 76 100 126 160 175 200 250 220 a
oot < <
Agitation (rpm) 10 -
o
25 30 35 a0 45 50 55 60 50
Temp. (0¢) 0.5 0.76 1 1.25 1.5
B Adsorbent amount (ml)

Fig. 2. OFAT-based optimization of Congo red dye absorption with Serratia marcescens strain MMO6; a. An influence of initial dye concentra-
tion, b. Effect of contact duration, c. The pH's effect, d. Agitation rate's effect, e. Temperature Effect and f. Adsorbent dosage's effect
Puc. 2. Onrtumusanus abcopouun kpacurens Konro kpacHsiii Ha ocHoBe OFAT mrammom Serratia marcescens MMO06; a. Biusinue
HayaJbHON KOHUEHTpauK Kpacuteis, b. BausHue npoao/mkuTeabHOCTH KOHTaKTa, C. Biusuue pH, d. BiusHue ckopocTH niepemeru-
BaHWsL, 1. BausHue Temnepatypsl U e. BinsHue 103UpoBKH ancopOeHTa
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Fig. 3. Assessment in the FTIR spectrum of Serratia marcescens
strain MMO6 biomass ahead of and after being treated using 30
and 100 mg/L
Puc. 3. Ouenka B cektpe UK-Oypre Grnomaccs mramma
Serratia marcescens MMO6 110 u rociie 06paGOTKH € UCIIONB30-
BanueM 30 u 100 Mr/n

Optimal conditions for Congo red dye adsorp-
tion using Serratia marcescens strain MMO06 biomass
were stated through OFAT optimization. Optimized
Parameters included initial dye concentration, contact
duration, pH, agitation rate, temperature, and absorbent
dosage. Effective adsorption occurred at 90 ppm concen-
tration of dye, 20 min contact time, pH 7, 125 rpm agita-
tion rate, 25 °C temperature, and 0.94 g adsorbent
amount. Numerous ranges of optimization conditions
for dye uptake parameters were documented in the lit-
erary works [8]. Successful research removed mala-
chite green using dry Bacillus cereus M116 cells as a bi-
osorbent. Environmental factors, such as pH 5.0, 0.5 g/L
biomass amount, 400 mg/L dye content at the start, and
360 min contact time, yielded optimal conditions at the
highest dye absorption potential of 485 mg/g [35].
Similarly, conducted research determined that for Azo
blue dye breakdown by Streptomyces DJ15, ideal con-
ditions included 40 °C temperature, pH 7.0, 3% (v/v)
inoculum size, 50 mg/L initial dye content, and O rpm
agitation speed [36]. Optimizing environmental pa-
rameters significantly enhances the adsorption process,
as noted in this study and others.

Characterization of bacterial biosorbent using
FTIR and SEM techniques

FTIR analysis

Prominent peaks are found in the 4000-400 cm™
wavenumber region, as depicted in Fig. 3. Peaks sur-
rounding the current peak are divided into two groups:
one for molecular fingerprinting, below 1500 cm?, and
the other (functional region) for detecting active
groups (1500 cm™ to 4000 cm?), where most stretching
frequencies occur. The fingerprint region uniquely
identifies molecules [31]. Fig. 3 depict the differences
in FTIR spectra of Serratia marcescens strain Mm06
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biomass prior to and after being treated using 100 mg/L
and 30 mg/L. This analysis helped identify major func-
tional groups involved in biosorption within bacterial
biomass. Adsorption peaks in FTIR spectra suggested
straightforward biosorption aided by various groups
and substances in Congo red dye, including -NH,, -SOs,
C-H, and C-0O, as indicated in conducted studies [37].

Scanning Electron Microscopy (SEM) Exami-
nation

SEM analysis of the biosorbent before and
after adsorption was conducted using a JEOL JSM-
7600F (x5000 magnification), with cleaned, dried, and
ground samples examined and micrographs recorded
[38]. Samples were dried at 65 °C before SEM analy-
sis, revealing smooth, dense, non-porous surfaces with
clear dye-biomass adhesion [39]. SEM analysis
showed irregular macro-pores enhancing CR dye ad-
sorption, with micrographs of Serratia marcescens
MMO6 revealing pore presence and internal surface
structure [40]. Fig. 4, showing asymmetrical pores ca-
pable of pore diffusion.

Mag= SOOKX  EWT=1000kv  WO= 6mm
IProbe s MpA

Signal A= SET
Vacuum Mode = High Vacu

500KX  ENT=1000kV  WDs Smm
IProbe= 0 ph

Tignal A = SE1
Vacuum Mode = High Vac, >

Fig. 4. Scanning electron micrographs of Serratia marcescens
strain MMO6 (A) ahead of dye adsorption and (B) after dye being
adsorbed (Magnification: x5,000)

Puc. 4. Ckanupyromue 31eKTpoHHbIe MEKpodoTorpadun mramma
Serratia marcescens MMO06 (A) no agpcop6umu kpacureist u (B)
niocie agcopoumu kpacutens (Yeemmdaenue: x5000)

Determining the appropriate kinetic and best
isotherm model for batch adsorption processes

In this study, a batch kinetic experiment inves-
tigated Congo red dye adsorption at diverse concentra-
tions varying between 10 to 90 mg/L for 30 min. Both
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low and high dye concentrations were explored over
time, with all other parameters held constant based on
OFAT results. Pseudo-first-order and pseudo-second-
order equations were utilized to analyze and fit adsorp-
tion data using nonlinear kinetic regression and curve-
fitting software [41]. The fitting of pseudo-first- and
pseudo-second-order kinetics for Congo red dye is de-
picted in Fig. 5A and B, respectively.

Adsorption kinetics, specifically pseudo-sec-
ond-order, govern the rate of reaching equilibrium.
This implies chemisorption, supported by valence
forces, but kinetics alone can't fully explain adsorption
mechanisms [42]. Multiple studies have identified
pseudo-first and pseudo-second-order kinetics as the
best models for adsorption, as demonstrated by previ-
ous researchers [14, 42, 43]. A particular study found
excellent agreement between experimental and theo-
retical data using the second-order model [44] while
concluding that the pseudo-second-order model was
appropriate for Brilliant Green dye sorption in a differ-
ent study [45].

Various adsorption isotherms for instance
Henry, Langmuir, Freundlich, BET, Toth, Sips, Fritz-
Schlunder IV, and Fritz-Schlunder V were examined and
then characterized via theoretical and empirical mod-
els. Table 1 display the different isotherm models and
error function analysis for fitting dye adsorption iso-
therms.

Qe (mg/g)

Time (min)

Qe (mg/g)

0 v v - - - J
0 5 10 15 20 25 30
Time (min)

B
Fig. 5. Adsorption profile of Serratia marcescens strain MM06
biomass and Congo red dye fitted to (A) 1% pseudo-order kinetic
model and (B) pseudo-second-order kinetic model
Puc. 5. Tpoduis agcopOumu Guomaccsl mramMa Serratia
marcescens MMO6 u xpacurenst KoHro kpacHsIi, mogo0paHHbIH
110 (A) KMHETHYECKOH MOJIeNH IIEpBOTo IceBronopsaka u (B) xu-
HETUYECKOH MOJIEIH IICEBIOBTOPOTO HOPSIIKA

Table 1

Evaluation of Error function assessment for the adsorption model applied to the 8 chosen isotherms
Tabnuya 1. OueHka pyHKIMHU OIIHOKH 1/ ICOPOLMOHHON MO/IeJIM, MPUMMeHEeHHOI K 8 BEIOpaHHBIM M30TepMaM

Model p RMSE adR2 AlCc BIC HQC BF AF
Henry 1 2.44 -0.33 24.47 19.06 18.42 0.47 2.44
Langmuir 2 0.02 1.00 -67.74 -77.13 -78.40 0.80 1.25
Freundlich 2 0.11 0.99 -31.75 -41.14 -42.41 1.29 1.31
BET 3 0.04 1.00 -47.31 -62.40 -64.30 1.28 1.29
Toth 3 1.73 -0.92 29.39 14.30 12.40 0.54 1.86
Sips 3 0.02 1.00 -60.85 -75.94 -77.85 0.79 1.26
F4 4 0.02 1.00 -49.86 -73.65 -76.19 0.80 1.25

F5 5 0.02 1.00 -31.74 -70.22 -73.39 0.79 1.26

IMpumeuanne: RMSE — CpennexBaaparuynas omubka (Root Mean Square Error)

p — KonnuecTBo napameTpoB

adR? — CxoppekTHpoBaHHBIH KOAQOUIMEHT JeTepMUHALIIN
BF — Koaddurment cmemenus (Bias Factor)

AF — Koa¢dpunment Tounoctu (Accuracy Factor)

AICc — CroppexrupoBanHbIi HHpopMannoHHbIi kputepuil Akanke (Adjusted Akaike Information Criterion)
BIC — BaiiecoBckuii napopmannoHusiii kputepuii (Bayesian Information Criterion)
HQC — Nudopmanumonusiii kpurepuit Xanuana-Kyunna (Hannan—Quinn Information Criterion)

Note: RMSE  Root mean Square Error

p no of parameters

adR? Adjusted Coefficient of determination
BF Bias factor

AF  Accuracy factor

AICc Adjusted Akaike Information Criterion
BIC Bayesian Information Criterion

HQC Hannan—Quinn information criterion
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Thermodynamic studies

Thermodynamic parameters were calculated
using nonlinear regression of the van't Hoff plot and the
Langmuir constant, K¢, from previous studies [13, 46].
The study employed five temperature data points (25,
30, 35, 40, and 45 °C) to enhance fitting through non-
linear regression. More data points favor the use of
non-linear equations. Kinetic and Langmuir equilib-
rium isotherms were investigated at various concentra-
tions (10, 20, 50, 70, and 90 mg/L) and temperatures

(25, 30, 35, 40, and 45 °C). Pseudo-second-order
(PSO) kinetics were observed, and ge coefficients from
the PSO model were used to calculate the Langmuir
constant, KL transformed into a dimensionless form
(K¢) for thermodynamic calculations. The thermody-
namic determinants for the entire adsorption procedure
are briefed in Table 2. 4H*° and 4S° values are com-
puted based on the van’t Hoff plot in Fig. 6, where the
slope determines if the system is exothermic (negative
slope) or endothermic (positive slope) [47].

Table 2

The thermodynamic values (AG, AH, and AS) evaluated based on Vant-Hoff graph and the dimensionless Lang-
muir constant for dye adsorption
Tabnuya 2. Tepmogunamudeckue 3Hauenus (AG, AH u AS), oueHeHHbIe Ha ocHOBe rpaguka Bant-TI'odda u 6e3-
pa3MepHOii KOHCTAHThI JIEHIMIopa VIS aACOPOLMH KpacuTeJst

Temp (K) Keooe AG° 95% ClI 95% Cl AH° AS°
(kJ/mol) (Lower) (Upper) (kJ/mol) (kJ/(mol-K)
298.15 1.44 -34.15 -39.52 -28.79
303.15 1.91 -36.24 -37.55 -34.92
308.15 2.84 -37.68 -40.00 -35.35 65.46 336.1
313.15 4.08 -39.47 -40.37 -38.57
318.15 6.55 -41.25 -42.82 -39.69

TIpumeuanwue: Cl — noBepuTenbrblii HHTEPBAT
Note: CI =Confidence interval

5,6E+06 1
g
53,9E+06 .
Q
M
2,2E+06 " le) EXpt
Calc
5,0E+05 T T .
295 305 315 325

Temperature (Kelvin)

Fig. 6. A non-linear van't Hoff plot of the dimensionless constant,
Kc against temperature, K of the dye adsorption process. The er-
ror bars reflect the mean + standard error (n = 3)

Puc. 6. Hemuneiinslii rpadgux Bant-I'odda 6e3pazmepHoil KOH-
ctanThl Kc B 3aBucHMOCTH OT TemriepaTypbl K mporiecca aacop6-
1UU KPACUTEIIA. HOFpeIJ_IHOCTI/I OTpaXXaroT CPEAHEEC 3HAYCHUE
+ crangaprtHas omubka (N = 3)

With -AG® values starting from -400 to
-80 kJ/mol, the study's findings show chemisorption
as a result of adsorption. Heat is absorbed from the en-
vironment during the adsorption of Congo red dye onto
Serratia marcescens strain MMO06 biomass, as indi-
cated by the positive standard enthalpy change (AH®).
However, the Gibbs free energy change (AG®) is used

ChemChemTech. 2026. V. 69. N 3

to establish feasibility and spontaneity, AH® alone does
not [13, 47].

The study findings align with the results of the
work, demonstrating endothermic (+AH), spontaneous
(-AG®), and increased randomness (+AS®) adsorption
processes [48]. Similarly, different researches indicate
spontaneous, endothermic, and increased randomness
adsorption processes [26, 13]. Positive entropy (+4S5°)
suggests a structural exchange between adsorbent ac-
tive sites and dye molecules.

CONCLUSION

Serratia marcescens strain MMO06 demon-
strated superior dye removal (81.9%) compared to
other bacterial isolates tested against Congo red dye.
Adsorption was influenced by factors like initial dye
concentration, contact time, pH, temperature, and ad-
sorbent dosage which were Optimized using One-Fac-
tor-at-a-Time (OFAT). FT-IR analysis confirmed the
involvement of surface functional groups in dye sorp-
tion, indicating the occurrence of biosorption. SEM ex-
amination revealed macro-pores on the biomass sur-
face, enhancing Congo red dye adsorption onto Serra-
tia marcescens strain MMO06. Bacterial biomass ad-
sorbed dye, following pseudo-second-order kinetics.
Langmuir model best-described dye adsorption. Ther-
modynamic parameters (AG°, 4H°, and 4S5°) assessed
adsorption feasibility.
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