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Abstract—More concerning about dye pollution is that it is being worsened by a lack of adequate treatment. This
study optimized the adsorption of Trypan Blue (TB) dye in an aqueous solution using screened bacterial biomass.
Among twelve different bacterial isolates screened against TB dye, Pseudomonas sp. strain MMO02 showed a high adsorp-
tion percentage of 36.5%. The adsorption process was enhanced using one-factor-at-a-time (OFAT) and response sur-
face methodology (RSM) optimization. An adsorption of 59% was achieved through OFAT optimization (TB dye
concentration 15 ppm, contact time 20 min, pH 6.5, agitation speed 150 rpm, adsorbent amount 1.10 g and tempera-
ture 30 °C), while statistical optimization using RSM resulted in a further increased adsorption of the dye to 61.51%
(TB dye concentration 22.27 ppm, adsorbent size 0.32 g, and temperature 34.27 °C). The results of this investigation
demonstrated that OFAT and RSM optimization were effective and that they were also appropriate strategies for opti-
mizing the adsorption of TB dye by Pseudomonas sp. strain MMO02. Thus, it is possible to achieve the necessary water
quality while saving money by using the strain MMO2 of Pseudomonas sp. MMO02 in a water treatment facility. Changes
in free energy of adsorption (AG®), enthalpy (AH’) and entropy (AS°) as well as the activation energy (Ea) were deter-
mined. AH’, AS’ and Ea with pH control were —26.5, =230 and 43.5 k]/mol. The result showed that bacterial cellulose could
be employed as an effective sorbent for the removal of direct dye from an aqueous solution and the values of AH’, AG’
and Ea indicate that the adsorption of direct dye onto bacterial cellulose was a physisorption process: AG® and AH’.

Keywords: Adsorption, Trypan Blue, Pseudomonas sp. Strain MMO02, One-factor-at-a-time, Response Surface Method-
ology, Kinetics, Isotherms And Thermodynamics

INTRODUCTION

As a result of dye pollution, water contamination has been rec-
ognized as a severe issue worldwide [1-3]. Dye pollution sources
include textile, food, paper-making, cosmetic industries, and med-
ical and research centers [4-7]. Dye pollution is still increasing in
many developing countries with less strict regulations on the man-
ufacturing and use of dyes. Some examples of these countries include
Malaysia, India, Pakistan, and Bangladesh [8,9]. In Malaysia, the Juru
riverine area has been documented to have high-level contamina-
tion of dye pollution [9,10]. Effluents from dye-utilizing industries
are usually released directly into the water bodies, becoming a sig-
nificant wastewater treatment concern [11,12]. In addition, many
of the dyes and their byproducts have been documented to be
mutagenic and carcinogenic, as well as xenobiotic and recalcitrant
pollutants [12-14]. Therefore, even in small amounts dyes have been
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reported to pose a serious threat to human health and the environ-
ment, including the aquatic ecosystem [11]. Other challenges of dye
pollution include increasing the chemical oxygen demand (COD)
and biological oxygen demand (BOD), compromising the photo-
synthesis and the aesthetic quality of the water bodies [15,16].

Dyes are highly soluble in water and because of that some of
the conventional wastewater treatment processes do not effectively
clean the contaminants [17]. Traditionally, the effective treatment
of dye eftluents involves combining biological, chemical, and phys-
ical processes, such as precipitation, coagulation, ion exchange, reverse
osmosis, flocculation, membrane filtration, photoelectrochemistry,
and incineration [18]. Nevertheless, because of the excessive usage
of chemicals in some cases, the implementation of these processes
may significantly generate secondary metabolites or sludge [19,20].
Furthermore, these conventional methods have also been shown
to have some disadvantages: high production and maintenance
costs, low dye removal efficiency, and possible generation of toxic
by-products [21].

In the alternative, biosorption has been researched and proclaimed
a promising technology in providing a safe, natural, economic, and
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comprehensive clean-up to remove several environmental con-
taminants [22,23]. Biosorption is defined as a physicochemical pro-
cess for removing a substance (organic or inorganic) from a solution
using a biological material or its components (dead or living) [24,
25]. Biosorption mechanisms include adsorption, absorption, sur-
face complexation, precipitation, and ion exchange [17,26]. Bio-
sorption has been seen to have a simple design, high performance,
ease of operation, and low cost. Biosorption materials are widely
available (e.g,, agricultural and industrial wastes), and the process
is swift and takes place between a few minutes to hours [27]. Many
biosorption studies have been conducted with biomass of animals,
plants and other by-products on metals, dyes, and substances alike
[17,23]. However, as compared to bacterial biomass, many of these
materials have a lesser surface area. As a result, the focus of this study
is on employing bacterial biomass to address these problems.

The initial adsorbate concentration, agitation speed, the adsor-
bent surface area, temperature, contact time and the solutions ini-
tial pH all play a role in the liquid-solid interface process of ad-
sorption [2,3,17]. To obtain the highest adsorption capacity and, as
a result, the adsorbents removal effectiveness, the process factors
must be optimized [3,28,29]. The traditional method to process
variable optimization is through a one-factor-at-a-time (OFAT) ap-
proach which necessitates a large number of trials, many of which
are time-consuming, costly and laborious and usually neglect the
possible interactions between multiple parameters, thereby put-
ting the results at risk of being misinterpreted [30]. However, these
drawbacks can be avoided by employing a statistical experimental
design technique, which minimizes the number of trials while simul-
taneously providing an appropriate model for optimization that
enables the assessment of the impact of inter-variable interactions
on the process output [31,32]. Several forms of experimental design
approaches have recently been used to optimize multivariable chemi-
cal processes [33]. RSM is a helpful approach for investigating the
influence of multiple factors on responses by changing them all at
once and doing a small number of trials [34]. In the literature, only
a few studies used the optimization and experimental design model-
ling technique for the adsorption process [30,33]. Trypan blue is a
dye used in the local textile industry that is often associated with
dye pollution in the country [35,36]. Its removal using various meth-
ods by local researchers [37-39] indicates the urgency needed to
remediate this pollutant. Bioremediation, chiefly biosorption, is one
of the most economic and efficient methods of pollutant removal.
Bacterial as biosorbent is an appealing agent for several reasons,
including surface area, a variety of functional groups for sorption,
uniformity in size and sustainable production using agricultural
wastes [36]. Bacterial biomass, for example, AMT-Bioclaim™ was
one of the earliest commercially available biosorbents for pollutants
[38]. Bacterial biosorption of dye including Trypan Blue is thus a
very attractive strategy in mitigating this pollutant. In this study we
report on the sorption of Trypan Blue by Pseudomonas sp. strain
MMO2 inactivated biomass for the first time.

MATERIALS AND METHODS

1. Equipment, Chemicals and Reagents
The dye Trypan Blue used in this research was manufactured

by Sigma Aldrich Co. USA. Other compounds used were of ana-
Iytical grade quality and purchased from recognized dealers: Merck
(Germany) and Fisher (Malaysia). A dye stock solution of 1,000
ppm for TB dye was made by diluting 1,000 mg of the dye salt in
100 mL of deionized water. All dye concentrations for the experi-
mentation were reconstituted from the dye stock solution (1,000
ppm) using deionized water. The pH of the solution was modi-
fied with either 0.5N HCI or 0.1 mol NaOH using a pH meter.
The TB dye absorbance was standardized using a spectrophotome-
ter (OD, to OD, 4, nm). The best absorbance peak was found be-
tween ODyy, to ODg,, nm [38].
2. Source of Bacteria

Twelve (12) different pure bacterial cultures (Isolate 34XR, Iso-
late 34XW, Isolate 52, Isolate 2, Isolate 1, Isolate 29, Isolate 7, Isolate
8, Isolate 4, Isolate 5.2, Isolate 30, and Isolate 5.1) were collected
from Bioremediation, Biomonitoring & Ecotoxicology (BBE) Lab-
oratory of the Faculty of Biotechnology and Biomolecular Sciences,
Universiti Putra Malaysia. These bacterial isolates were initially
isolated from Juru riversides in Pulau Pinang, Malaysia [10]. This
area was reported to have a high concentration of pollutants origi-
nating from the textile industry [9]. Consequently, regular sub-cul-
turing maintained a pure colony of each isolate under aseptic labora-
tory conditions in a nutrient broth (NB) and glycerol solution.
3. Harvesting Bacterial Biomass

The biomass of each of the twelve (12) isolates was harvested and
screened for the potential adsorption of Trypan Blue dye. A day-
old culture of the isolates of about 1 ODy,, absorbance was centri-
fuged for 10 min at 10,000 rpm [39]. Each isolate’s supernatant was
discarded, and the pellets were washed twice with Tris Buffer at
pH 7.0. To deactivate the cells, the pellets were inactivated at 60 °C
in a steam bath after one hour [40]. The pellets were subsequently
used for TB dye adsorption studies.
4. Screening of Bacterial Biomass

In a 50 mL flask, a volume of 10 mL of the dye TB was mixed
with 0.22 g of each of the 12 inactivated bacterial biomass. The flasks
were labelled accordingly and incubated at 25 °C temperature and
150 rpm. Two (2) mL aliquot of each flask was taken at a time
interval (5 min), centrifugation was for 10 min at 10,000 rpm and
examined using a spectrophotometer (ODs,, nm) to monitor each
bacterial biomass adsorption potential [41,42]. This step was re-
peated until the absorbance peak for each set of flasks became
uniform. All experiments were performed in triplicates and the
following formula (Eq. (1)) was used to compute the dye percent-
age adsorption;

Dye percentage (%) adsorption= A Y

%100 1

where A represents initial absorbance before incubation, and B
represents final absorbance after incubation.

The isolate with the highest adsorption percentage of TB dye
was selected for further analysis.
5. Optimization of TB Dye Adsorption Using the One-factor-
at-a-time (OFAT)

The above screening result revealed that Isolate 52 had the high-
est adsorption percentage of the TB dye. This isolate was already
identified and characterized by Motharasan et al. [43], as Pseudo-

Korean J. Chem. Eng.(Vol. 40, No. 8)



1930 A. Abubakar et al.

monas sp. strain MMO02. As a result, the OFAT approach was used
to improve the conditions for the adsorption of TB dye using the
isolate Pseudomonas sp. strain MMO2. Parameters optimized using
the OFAT technique were the effect of dye concentration, pH, agi-
tation speed, adsorbent amount, temperature and contact time.
While keeping the optimized parameter(s) constant, each parame-
ter was examined one after the other respectively. The experiments
were all carried out in triplicate.

At several time intervals (0, 5, 10, 15, 20, 25, 30, 60, 120, 150,
and 180 minutes), a batch experiment was set up to optimize the
contact time effect on the adsorption of TB dye. An aliquot of the
reaction mixture was obtained at each time interval and centri-
tuged for 10 minutes at 10,000 rpm in an Eppendorf. A spectropho-
tometer was used to evaluate the supernatant at a certain wavelength
(OD620 nm) [16,44,45]. To determine the amount of dye adsorp-
tion impact as dye concentration increases, different dye concen-
trations were prepared for TB dye (5, 10, 15, 20, 30, 50, 70 and
90 ppm) [41]. The pH influences the chemistry of a solution.
Therefore, the pH range examined for TB dye adsorption was
between 5.0-8.0 (5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0) [41,46]. An
increase in agitation speed affects the adsorption rate of the dyes.
Therefore, this parameter was checked on TB dye adsorption at 0,
50, 80, 100, 120, 150 and 170 rpm, respectively [26,47]. The bio-
sorbent dosage heavily influences the extent of adsorption. The
amount used was 0.11, 0.22, 043, 0.66, 0.88, 1.10, 1.76 and 220 g
[45,48]. The effect of different temperatures was observed for the
adsorption of TB dye ranging from 20, 25, 30, 35, 40 and 45°C
[49,50]. The supernatants were analyzed as described earlier and
the results were processed accordingly.

6. Optimization of TB Dye Adsorption Using Response Sur-
face Methodology (RSM)

Response surface methodology (RSM), unlike the OFAT, is being
used to optimize and investigate interactions between multiple bio-
process parameters using a small number of experiments [31,32].
The RSM consists of several statistical and mathematical approaches
for determining the relationship between response and indepen-
dent variables [10,51]. So far, the RSM has been utilized to opti-
mize numerous parameters in bioremediation processes with great
success [32,52].

To use this optimization approach (RSM), two stages were in-
volved, the Plackett-Burman Design (PBD) and the central com-
posite design (CCD). The PBD optimization was to obtain the sig-
nificant parameter(s) for the adsorption of dye TB. On the other
hand, the significant parameter(s) obtained from the PBD optimi-
zation were further optimized using the CCD approach to enhance
the adsorption capacity of the TB dye by the Pseudomonas sp. strain
MMO2 biomass [3,39]. The experimental design and statistical analy-
ses for this RSM optimization (both PBD and CCD) were ana-
lyzed using Design-Expert 6.0.8 software [31].

6-1. Screening Using PBD

Six independent parameters affecting the adsorption of TB dye
were screened according to the software, a total of 12 separate ex-
perimental runs were proposed. These experimental runs were pre-
dicted using the six different significant parameters from the OFAT
optimization. Each parameter has a high value (+1) and low value
(1) and the adsorption percentage was given as the response in
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Table 1. Experimental range and level of independent variables tested

using the PBD for TB dye
. . -1 +1
Factors Variable Unit (Low level)  (High level)

A Dye conc. ppm 10 30
B pH 6 7.5
C Temperature °C 25 40
D Contact time min 10 60
E Adsorbent amount g 0.22 11
F Agitation rate rpm 100 150

the PBD. Table 1 below presents the PBD experimental range and
level design for TB dye adsorption. Analysis of variance (ANOVA)
was carried out using the software and the parameters with p<0.05
were found significant and hence were further optimized using
the CCD [10,53].
6-2. Optimization Using CCD

After the PBD optimization, the significant parameters were sub-
sequently optimized via CCD. The significant parameters from the
PBD were dye concentration, adsorbent amount and temperature.
The maximum and minimum threshold for each of the signifi-
cant parameters was dye concentration 3.18-30.82 ppm, tempera-
ture 19.89-45.11 °C, and adsorbent amount 0-1.25 g. The CCD was
utilized to examine the PBD’s significant parameters as well as the
interaction between the variables [3,32]. A total of 20 sets of experi-
mental runs were performed and all experiments were carried out
in triplicate. Each experimental run’s adsorptions percentage was
computed and recorded as the dependent variable. The software’s
final projected RSM response was confirmed experimentally [51].
The correlation between the independent variables and the answer
below was described using a second-order model (Eq. (2)) [3].

Y=4+BXi+8Xo+ BXs+ BXot BuXi+ BuXot BuXat fuXy
+ B X Ko+ B3 X X+ BuXi X+ B XX+ B XXy + B XXy )]

where Y is a typical response parameter; and £, B, B» By Bo P
B By B P> Bz Bs P and B4 are the models constant regres-
sion coefficients, where £ is the intercept term, 53, Bn, B and
L are the squared coefficients, 3,, B fs B and S, are the
interaction coefficients and £, £, % and f, are the linear coeffi-
cents. X, X,, X;, and X, are the independent parameters. Parameter
permutations (X, X,) show the interaction among the variables.
6-3. Validation of Experiment

From the CCD results, the predicted adsorption response by
the Design-Expert software was verified. The values of the most
significant parameters given were used to validate the result of the
experiment. Hence, the actual value of the percentage adsorption
of the TB dye using Pseudormonas sp. strain MMO02 biomass was
obtained and compared with the predicted value given by the CCD
[3].
7. Statistical Analysis

All experiments were carried out in triplicate, and the data was
provided as mean standard deviation. To compare findings among
groups, one-way ANOVA (95 percent confidence interval) in the
SPSS statistics V. 25 software program (SPSS Inc., Chicago, Illinois,
USA) was utilized, and Tukey’s test was employed to conduct post
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hoc pairwise comparison tests if significant differences were obtained.
P<0.05 was determined to be statistically significant.
8. Kinetics, Isotherm, and Thermodynamic Models

This approach is like the one used in batch equilibrium investi-
gations. The concentration of the solution of the absorbent-absor-
bate solution at various time intervals was determined. The quantity
of adsorbed at time t, denoted by the symbol q, (mg/g), was esti-
mated using Eq. (3). q; denotes the adsorption capacity by 1 gram
of adsorbent at a certain time of exposure. The adsorption rate is
assumed to be proportional to the difference between the adsorbed
concentration and the number of accessible sites in the pseudo-
first-order equation (PFO) proposed by Lagergren for solid-liquid
systems [54]. A second-order relation between the adsorption rate
and the difference between saturation concentrations is proposed
in the pseudo-second-order model (PSO), which implies that chem-
isorption is the rate-limiting step [55].

The equation for Pseudo-first-order kinetic model

The pseudo-first-order kinetic model equation is as follows [60]:

q=q(1-¢ ) ®3)

The equation for the Pseudo-second-order kinetic model

The pseudo-second-order equation is as follows [55]:

The model is based on the adsorption capacity onto a solid
phase [55] and the nonlinear form of PSO was initially proposed
by Blanchard et al. [56]. It is expressed as:

ktqit

9= Wqut 4)
The slope and intercept of the plot of t/q; vs. t give the values of g,
and k,, respectively.

Elovich kinetic model

The Elovich equation was originally developed to simulate the
adsorption of carbon monoxide on the sorbent manganese diox-
ide. The Elovich model [57] is expressed as follows;

Chzaexp(—bq) (5)
dt !
where b is surface coverage extent (g mg ') and chemisorption
activation energy and a is the initial sorption rate (mg g min™").

For the biosorption isotherms, 17 isotherms models (Table 2)
were utilized covering from one to five parameters models, and non-
linear regression instead of linear regression was carried out as the
best model assessment using several error function analyses listed
below. For the thermodynamic calculations, a dimensionless equi-
librium constant was estimated from the Langmuir equation [58].
9. Thermodynamics Parameter Analysis

The Langmuir equation (Eq. (6)) was utilized to find the dimen-
sionless equilibrium constant between two phases, K;.

mLKLCz

LTK,C, ©
The K; value from Langmuir was then converted to a dimension-
less form K using Eq. (7) as follows [58]:

K=980.6x55.5x1,000xK, )

The molecular weight of Evans blue is 980.6 gmol . 55.5 is the

Table 2. Isotherm models utilized in this study

Model Formula
1 Henrys law q.=HC,
2 Langmuir isotherm Q.= EILIASE
1+b,C,
1
3 Freundlich isotherm 0.=K; C:F
1
4 Temkin isotherm q,= KFCZF
1
K,qnsC’
5 Jovanovic isotherm .= LS‘;—
1+K.C"
6 Redlich-Peterson __KuC.
isotherm s apCL
1
K,qpnsC’
7 Sips isotherm = SqLS";
1+K.C
qm Ce
q.= —Ti
(i + CZT) '
8 Toth isotherm T
___9mP
q_ t 1/t
(b+p)
Where, b=1/K,.
9 Hill isotherm o= qLCen
Ky+C,"
m. b Ce
10 Khan isotherm = qK—KaK
( 1 + bK Ce)
. Qumeer %serCe
11 BET isotherm o=
E (1= BrprCo) (1= ByprCe+ aperC,)
Vieth-Sladek qQmvsbvsCe
12 — AmVS VS e
isotherm Q=KpsCot (1+byC,)
13 Fritz-Schluender-IIT _ QnrsKpsCe
isotherm ‘14 KyCo®
by
1+a,Ce ’
14 UniLan isotherm q.= quln[aU—eeh]
26y \14 Caye °
(1+x+y)
15 Baudu isotherm = W’%
1+b,C ™
My
16 Marczewski-Jaroniec ~ ( KM]Ce)nW g
iSOther m 9.= qu] My
1+ (KM/ Ce) A
17 Fritz-Schluender-IV A 5CoE
. T
isotherm 1+BC.

molarity of pure water and the term of 980.6x55.5x1,000xK; will

be dimensionless.

The dimensional constant K; relation to the unitless equilib-
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rium constant of K is described in Eq. (8) where C’ is the selected
standard of adsorbate (C’=1 mol/L); K; (L/mol) is the Langmuir
constant and y (dimensionless) is the activity coefficient of adsor-
bent in solution [64].

L o/ mol

&g ()
Kexr—— ®

e
The vant Hoft equation was applied to determine the adsorption
thermodynamics parameters (AG’, AH’ and AS’). The free energy
change (AG) is nearly zero when the adsorption process reaches
equilibrium. Then, Eq. (9) becomes the standard Eq. (10) which is
routinely used to compute AG® (standard Gibbs energy change)
while Eq. (11) is the corresponding nonlinear form [59].

AG’=-RTInK, )
_—AH’ 1 AS°

InK,.= R ><T+ R (10)
45 a1

Ke=e® T 11)

The universal gas constant, R is 0.00831 k]/molxK.
The connection among AG’, AH’ and AS’ of an adsorption pro-
cess is expressed as follows:

AG’=AH’+AS’ (12)

10. Statistical Analysis

For all models tested in this study; statistical discriminatory tests
such as root-mean-square Error (RMSE), corrected AICc (Akaike
Information Criterion), accuracy factor (AF) and bias factor (BF)
and adjusted coefficient of determination (R?) were utilized in this
work. All the parameter estimations were made using CurveEx-
pert 6.0.

The RMSE was calculated according to Eq. (13) where n is
experimental data points, Ob; and Pd; are the experimental and
predicted data, respectively, while p is parameter numbers.

(13)

Since R’ ignores models’ parameter numbers, the adjusted R is
commonly used as it has a penalty for a number of parameters. In
the equation (Egs. (14) and (15)), the total variance of the y-vari-
able is denoted by S; while RMS is the residual mean square.

Adjusted(R*) =1- R_I\:IS (14)
Sy
. 2. (1=R)(n-1)
Adjusted(R") =1 poD) (15)

The Akaike Information Criterion (AIC) AICc, which is based on
the information theory [60] is calculated as follows (Eq. (16)).

AICc:Zp+nln(¥)+2(p+l)+g%§jLz) (16)

Further error function analysis are the Accuracy Factor (AF) and
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Fig. 1. Screening result showing the adsorption percentage of twelve
(12) different bacterial isolates against TB dye.

Bias Factor (BF). (Eqgs. (17) and (18)).

(E Igg(Pd,i' Ob,))

Bias factor=10 " (17)

(e
Accuracy factor=10 - (18)

RESULTS AND DISCUSSION

1. Bacterial Biomass Screening

Fig. 1 shows the screening result of the twelve (12) different
bacterial isolates against the TB dye. All the 12 isolates show dif-
ferent adsorption percentages of the TB dye, Isolate 34XR 27%,
Isolate 34XW 22%, Isolate 52 37%, Isolate 2 23%, Isolate 1 22%,
Isolate 29 14%, Isolate 7 24%, Isolate 8 24%, Isolate 4 22%, Isolate
5.2 26%, Isolate 30 24%, and Isolate 5.1 26%. It was found that Iso-
late 52 had the best adsorption percentage of up to 37% among
the other eleven (11) isolates. However, all the isolates showed the
potential to adsorb the TB dye from the solution. Manogaran et al.
[10] reported that most of these isolates show the ability to either
decolorize or proliferate under Reactive Red 120 dye. Moreso, sev-
eral studies previously reported the potential of bacterial biomass
in the adsorption of different dyes [17,42,48,53].

Pseudomonas putida was employed by Ratnamala et al. [61] to
investigate the biosorption of the dye Remazol Navy Blue. The re-
searchers observed that Pseudomonas putida had a biosorption capac-
ity of 20 mg of dye per gram of adsorbent, which was a significant
finding. Isolate 52 was previously discovered and described as
Pseudomonas sp. strain MMO02 by [10]. Gram-negative, positive
for citrate and nitrate reduction, negative for indole synthesis, ure-
ase, methyl red, VP, catalase, and oxidase. The partial sequence of
the 16S ribosomal RNA gene from Pseudomonas sp. strain MMO02
was 1,440 bp linear DNA with Accession number MW024071.1
GI: 1907461380 [43]. Bacteria are known to be global organisms
that may be exploited in the environment as plentiful and afford-
able biosorbents. According to Karthik et al. [25], dyes were re-
moved from water using bacteria such as Pseudomonas, Bacillus,
Streptomyces, E. coli, and Micrococcus.

2. Optimization of TB Dye Adsorption Using the One-factor-
at-a-time (OFAT)

The OFAT technique was used to investigate the effect of vari-
ous environmental factors on the adsorption of TB dye, Fig. 2.
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Fig. 2. OFAT optimization on the adsorption of TB dye by Pseudomonas sp. strain MMO02; (a) Effect of contact time, (b) Effect of initial dye
concentration, (c) Effect of pH, (d) Effect of agitation rate, (e) Effect of adsorbent amount, and (f) Effect of temperature.

2-1. Effect of Contact Time

In general, adsorption capacity rises with increasing time until it
attains an equilibrium in which no more dye can be adsorbed from
the solution. The amount of TB dye adsorbed is the highest dye
adsorption capacity of the bacterial biomass under these settings.
The equilibrium time is the time necessary to attain this state of
equilibrium [62]. To investigate the contact time effect on the adsorp-
tion of TB dye, percentage dye adsorption was calculated at differ-
ent time intervals between 0 and 180 min. Fig. 2(a) reveals that
between 0 to 15 min, the percentage adsorption of the TB dye was
below optimum. However, from 20 up to 180 min, the adsorption
was at the optimum range. That is, the biosorbent has reached its

adsorption time contact threshold. Furthermore, Fig. 2(a) shows
that in the first 20 min the TB dye adsorption was fast, then fol-
lowed by a slower phase until equilibrium was attained at around
25 min. Sufficient binding sites might explain this on the adsorbent
(bacterial biomass) at the first phase. Over the contact period, dye
removal was achieved from 32-37%. Several pieces of literature have
reported that dye removal increases with contact time [16,44,45].
In a batch adsorption experiment, Rtanamala et al. [61] investi-
gated the contact time eftect modification on the percentage removal
of Remazol Navy Blue. The initial biosorption was quick, but the
adsorption progressed at a slower pace throughout the remainder
of the experiments duration. Because the initial bulk solution con-
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centration was comparatively high, the driving forces were larger,
resulting in higher rates as a consequence of the higher starting
bulk solution concentration. After a period of time, the bulk con-
centration approached equilibrium and the rate of decay decreased.
In another different example, Velkona et al. [46] looked at the influ-
ence of contact time on Methylene Blue and Congo Red biosorption
by processing waste biomass of Streptomnyces fradiae in a laboratory
setting. The contact time range under investigation was between 5
and 180 min. According to their findings, the dye uptake was fast
in the first 40 minutes, followed by a slow intermediate phase until
equilibrium was established at 80 minutes for MB and 70 minutes
for CR respectively. According to the researchers, the quick phase
was caused by an excess of free binding sites on the biosorbent
surface, while the second phase was caused by a restricted num-
ber of binding sites and a decline in the effectiveness of the system.
All of these results were found to be consistent with the findings of
the present investigation.

2-2. Effect of Initial Dye Concentration

As the dye amount adsorbed rises with increasing solution con-
centration at a given adsorbent dosage, the percentage of adsorp-
tion drops. That is, the number of adsorption sites decreases at
increasing concentration, and dye removal becomes more depen-
dent on the dye concentration (initial concentration) [62]. The
potential of Pseudomonas sp. strain MMO2 to endure higher dye
concentration was investigated by conducting a batch experiment
at different TB dye concentration from 5 to 90 mg/L shown in Fig.
2(b). The optimum adsorption of 36.28% was obtained at a con-
centration of 15 ppm of Trypan blue dye. One-way ANOVA revealed
a significant actual difference between all the TB dye initial con-
centration classes (F (7, 16)=77.83, p<0.001).

Post hoc testing, however, indicated that there was no signifi-
cant difference between the mean values for the optimum, 15 ppm
and 10, 20 and 30 ppm (p>0.05). There were significant differences
between 15 ppm and the remaining TB dye concentration tested
(all p<0.001). The percentage adsorption decreases with a rise in
the dosage of the TB dye (Fig. 2(b)). Still, the bacterial biomass
was able to adsorb the TB dye even at 90 mg/L. This was owing to
the mass transfer’s strong driving force. The adsorption ability of
the biosorbent increased as the initial TB dye concentration in-
creased. Consequently, because of the surface saturation of the bind-
ing site on the biosorbent at increasing TB dye, the adsorption
potential was reduced as seen in 50, 70 and 90 ppm, Fig. 2(b) [16,
46,63].

Several publications were in accord with the aforementioned
conclusions about the influence of initial dye concentrations, which
are detailed further below in this section. Jadhav et al. [64] reported
that the bacteria Pseudomonas aeruginosa BCH decolorizes dye
Acid Violet up to 98 percent in 30 minutes, with the amount of
decolorization depending on the original dye concentration, tem-
perature and pH used. A dye concentration of 250 mg/L was seen
to be tolerable for the bacteria. In contrast, when the dye concen-
tration was increased, the duration of time necessary for decolor-
ization increased. Eventually, they came to the conclusion that the
higher dye concentration might have compromised the enzyme
system responsible for AV decolorization, leading to the extension
of time required for decolorization. It was discovered in a similar
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study by El-Idreesy et al. [16] that the initial dye dosage had an
effect on the final dye concentration. Initial dye concentrations of
2x107° M seem to be the most effective, removing 95.8 percent of
the Trypan Blue in the process. Increased concentration of the dye
would cause the equilibrium to change, favoring desorption rather
than adsorption beyond this threshold, indicating that saturation
has occurred at this point.

2-3. Effect of pH

Unlike other parameters, the pH influences the structural stabil-
ity of dye molecules by altering the dye solution’s chemistry and
functional groups biosorbents activity [49]. The pH influences the
solution factors such as complexation by organic or inorganic ligands,
hydrolysis, redox reaction and precipitation. The effects of pH on
the bacterial biomass adsorption were investigated at various pH
levels ranging from pH 5 to 8, and identified an optimum pH of
6.5. When the pH of the solution rises from 5.0 to 6.5, the TB dye
removal increases from 26 to 38% (Fig. 2(c)). However, as the pH
of the solution further increases to 8.0, the percentage of dye removal
significantly decreases. Analysis of variance indicated a general sig-
nificant difference between different pH values tested (F (7, 16)=
50.66, p<0.001). A post hoc test shows a significant discrepancy
between the optimum pH 6.5 and all other pH tested (p<0.001).
At low pH values, the surface of the biosorbent is often positively
charged and it resists the biosorption of cationic species; however,
when the solutions pH rises, the biosorbent surface becomes neg-
atively charged, and electrostatic interactions between the oppo-
sitely charged sorbate and sorbent occur [46,49]. Velkova et al.
[46] stated that the adsorption of basic dyes raises as the solution's
pH rises. In contrast, the adsorption of acidic dyes decreases with
an increase in the solutions pH. This proves Trypan Blue as an acid
azo dye.

Several studies have demonstrated that the ideal pH for a large
variety of biosorbents seems to be slightly acidic to neutral (pH 4-
7), independent of whether the organisms are bacteria, fungi, algae,
or yeast [41,65,66]. The solubility of ions may decrease with higher
pH values in the solution, resulting in precipitation and complicat-
ing the sorption process [67]. On the basis of the common assump-
tion that ions compete for the same spots on the biomass cell wall,
fewer ions may be adsorbed when the pH is low. Ultimately, a
broad spectrum of previous literature agreed on the importance of
pH in dye biosorption, while also disagreeing on its significance.
2-4. Effect of Agitation Rate

In adsorption, agitation speed is a critical parameter. It affects
the solute distribution in the bulk of the solution as well as the for-
mation of an external surface layer. Generally, the degree of agita-
tion affects the rate of dye adsorption and the adsorption increases
as the stirring rate increases [62]. In addition, the agitation rate
decreases resistance to the boundary layers and improves the sys-
tem'’s mobility. Effects of agitation rate on the adsorption of TB dye
by Pseudomonas sp. strain MMO02 biomass was checked from the
range of 0 to 170 rpm, Fig. 2(d). The TB dye adsorption was reviewed
at 0, 50, 80, 100, 120, 150 and 170 rpm, respectively [2647]. A
review by Crini and Badot [62] reported two different kinds of lit-
erature where agitation rate had a high effect on dye adsorption
and the order had little impact. This current research (Fig. 2(d))
shows that the effect of agitation rate has minor or no impact on
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the TB dye adsorption, since it statistically shows no significant dif-
ference. The adsorption percentage was between 38 to 39%.

As previously reported by Pillai et al. [29], the isolate Streptomy-
ces DJP15 degraded Azo Blue dye more effectively in a static con-
dition (77.8 percent) than it did in an agitated environment (57.8
and 65.26 percent). In contrast, Shroff and Vaidya [68] evaluated
the influence of sorbent/sorbate agitation speed (60-210 rpm) on
Ni (I) adsorption. The removal effectiveness increased until the
agitation speed reached 150 rpm (15.83 mg/g), after which the
sorption capacity decreased as the agitation speed increased. For
the simple reason that agitation encourages optimal interaction
between biomass binding sites and metal jons. This decreases the
thickness of the external mass transfer barrier around the adsor-
bent particles, allowing sorbate ion transport to the sorbent sites to
be more efficient. As a consequence of the results, moderate agita-
tion (150 rpm) was shown to optimize solid-liquid contact, result-
ing in the most homogeneous suspension possible. The decrease
in efficiency associated with higher rotational speeds is due to
ineffective interaction between ions and binding sites as a result of
the creation of vortices in the suspension, which inhibits Ni (II)
adsorption on the binding sites. Different research has revealed out-
comes that are equivalent for a wide range of other contaminants.
2-5. Effect of Adsorbent Amount

The amount of biosorbent used has a significant impact on ad-
sorption. Fig. 2(e) depicts the TB dye adsorption removal effec-
tiveness by Pseudomonas sp. strain MMO2 biomass. The adsorp-
tion efficiency of the biomass increased from 39% to almost 60%
as the biosorbent amount was increased. The adsorbent amounts
were 0.11, 0.22, 0.43, 0.66, 0.88, 1.10, 1.76 and 2.20 g [45,48]. The
ANOVA result revealed a generally significant difference between
different adsorbent amounts tested (F (7, 16)=349.16, p<0.001).
After a post hoc comparison a significant difference was revealed
between almost all the adsorbent amounts tested (p<0.001). Accord-
ing to Mane et al. [69], the wider the surface area, the more availabil-
ity of the adsorption sites. On the other hand, the adsorption capacity
declined due to biosorbent particle overlapping or aggregation.

The results of relevant research conducted by Hamzeh et al. [47]
on dye removal, Remazol Black and Acid Orange using a new
biosorbent revealed that increasing the biosorbent mass increased
the percentage of dye removal from 41% to 51% for AO7 and from
41% to 95% for RB5, accordingly. There was an increase in the
surface area of the adsorbent and, as a result, a rise in the number
of active functional groupings, still resulting in more adsorbent
surface availability. This may be linked to an increase in the per-
centage of removal. Because unsaturated adsorption sites are pres-
ent throughout the adsorption process, increasing the amount of
biosorbent used has a negative impact on the absorbance capacity
of the sample. Increasing the amount of biosorbent used had no
effect on the absorbance capacity of the sample. A further possibil-
ity is that particle aggregation, which occurs as a result of increased
adsorbent mass, is responsible for the loss of absorbance capacity.
Such aggregation would diminish the total surface area of the ad-
sorbent while simultaneously extending the length of the diftu-
sional pathway.

2-6. Effect of Temperature
The effect of different temperatures was observed for the ad-

sorption of TB dye ranging from 20 to 45 °C, Fig. 2(f) [49,50]. The
supernatants were analyzed as described earlier. The TB dye removal
efficiency was optimum between the temperature range of 30 to
35°C. Several works of literature documented that the amount of
dye adsorption increases as the temperature rises because of the
quick rate of diffusion provided by higher temperatures. In con-
trast, this finding (Fig. 2(f)) shows that between temperatures 20
to 25 °C and 40 to 45 °C, the adsorption percentage declined com-
pared to a temperature between 30 to 35 °C. This might be explained
by the fact that when the temperature rises, the solute’s solubility
increases and the contact forces between the solute and the sol-
vent become greater than those between the solute and the adsor-
bent, making the solute more difficult to adsorb [70].

In the biosorption of Basic Red 46 by nickel oxide nanoparti-
cles, increasing the temperature from 25 to 55 °C raises the adsorp-
tion percentage from 0.384 to 407 mmol/g [71]. In another inves-
tigation, the bacteria Streptomyces DJP15 sorption of Azo blue dye
increased with increasing temperature, from 57 to 79 percent [29].
The temperature effect on the sorption of Malachite green by dry
Bacillus cereus M116 cells was studied at 20, 30, 40, and 50 °C. The
temperature changes were determined to have no influence on the
biosorption process [72]. However, the temperature has a large
impact on the adsorption process and the difference in sorption
efficiency with regard to temperature change may be connected to
the kind of sorption, such as chemical versus physical, as well as
the modification of the functional group. As the temperature in-
creases, the adsorbent’s equilibrium capacity for a given adsorbate
varies. Furthermore, a rise in temperature may speed the diffu-
sion of dye molecules in the adsorbent’s inner pores. Nonetheless,
it was shown that some adsorption processes are not temperature
sensitive [71].

Table 3 summarizes all the optimum conditions obtained from
the optimization of TB dye adsorption using one-factor-at-a-time.
The parameters optimized were contact time, dye concentration,
agitation speed, solution pH, adsorbent amount, and temperature.
The ideal setting for TB dye adsorption was found as follows: con-
tact time 20 min, dye concentration 15 ppm, pH 6.5, an adsorbent
amount 1.1g, agitation speed 150 rpm and temperature 30 °C.
Various optimization condition ranges for dye adsorption parame-
ters have been described in the literature [10,51]. A one-factor-at-
a-time strategy was employed by Lim et al. [51], to explore the
influence of several factors on dye removal, and they discovered
that the efficacy with which an azo dye decolorizes is strongly reli-
ant on the kind of nutrients used and the quantity of inoculum
used. It was discovered by Nath and Ray [72] that dried Bacillus

Table 3. Optimum conditions for the adsorption of Trypan Blue dyes

Parameters Trypan blue
Contact time (min) 20.00
Dye concentration (ppm) 15.00
pH 6.50
Agitation speed (rpm) 150.00
Adsorbent amount (g) 1.10
Temperature (°C) 30.00
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cereus M116 cells were effective in removing Malachite Green when
used as a biosorbent. In the study, they discovered that the ambi-
ent circumstances had a major impact on the process. pH 5.0, 0.5
g/L biomass concentration, an initial dye concentration of 400 mg/
L, and a duration of 360 minutes were found to be the most favor-
able conditions. Furthermore, a maximum absorption capacity of
485 mg/g of the dye was discovered. Similar to what many other
studies have shown, this present study discovered that optimizing
environmental conditions may considerably improve the adsorp-
tion process.

3. Optimization of TB Dye Adsorption Using Response Sur-
face Methodology

The best conditions for TB dye adsorption were further opti-
mized by using statistical approaches (Plackett-Burman, PBD and
the central composite design, CCD techniques).

3-1. Optimization Using Plackett-Burman Design (PBD)

To screen and select key variables that influence the TB dye ad-
sorption, the Plackett-Burman design was used. When two-way
interactions are believed to be insignificant, this method is em-
ployed to examine the main effects. In a single experiment, the pro-
cess may be used for many independent variables. However, only
variables having significant impact on the TB dye adsorption were

selected, for example, pH, dye concentration, temperature, contact
time, adsorbent size and agitation speed. The ranges used for each
of the independent components were based on the OFAT ranges,
and a total of 12 tests employing stated factors were done in the
PBD (Table 4). Salihu et al. [73], showed that first-order models
were good fits for the PBD, which signifies second-order effects
when the design involves center points. Based on the design matrix
for screening significant variables, the lowest TB dye adsorption
was found in run 9 (22.00%), while the highest adsorption was
observed in run 5 (75.80%). The CCD was then used to optimize
further the significant parameters found from the PBD.

Table 5 displays the first-order models analysis of variance, as
well as the model's regression analysis. The model was found highly
significant and linear, with a slight curvature. pH and contact time
were the only (marginally) insignificant parameter. Therefore, ini-
tial dye concentration, temperature, adsorbent amount and agita-
tion speed are used in designing CCD. The model F value for TB
was discovered to be 47.3, implying that the model was significantly
based on ANOVA analysis (Table 5). There was only a 0.01% chance
that a model F-value could occur because of noise. The model
terms were discovered to be significant with a p-value <0.05. The
coefficient of determination (R’) was 0.9752, as shown by the

Table 4. Experimental design and percentage dye adsorption of TB dye in 12 experimental runs of Plackett-Burman design (PBD)

A: Dye B: C: Temperature D: Contact E: Adsorbent F: Agitation Adsorption
Run . . .
conc. (ppm) pH (°C) time (min) size (g) speed (rpm) (%)

1 30.00 6.00 25.00 10.00 1.10 150.00 68.87
2 10.00 7.50 25.00 10.00 0.22 150.00 45.10
3 30.00 7.50 25.00 60.00 0.22 100.00 24.79
4 30.00 7.50 25.00 60.00 1.10 100.00 6143
5 10.00 6.00 25.00 60.00 1.10 150.00 75.82
6 30.00 7.50 40.00 10.00 1.10 150.00 53.17
7 10.00 6.00 40.00 60.00 1.10 100.00 66.01
8 30.00 6.00 40.00 10.00 0.22 100.00 23.69
9 30.00 6.00 40.00 60.00 0.22 150.00 22.04

10 10.00 7.50 40.00 10.00 1.10 100.00 74.51

11 10.00 7.50 40.00 60.00 0.22 150.00 41.83

12 10.00 6.00 25.00 10.00 0.22 100.00 43.14

Table 5. Analysis of Variance (ANOVA) for Trypan Blue dye adsorption from PBD

Source Sum of squares DF Mean square F-value Prob>F

Model 4,161.75 5 832.35 4713 <0.0001 Significant
A 711.65 1 711.65 40.29 0.0007

B 0.13 1 0.13 0.008 0.9336

C 119.68 1 119.69 6.778 0.0405

D 22.83 1 22.82 1.29 0.2990

E 3,307.46 1 3,307.46 187.27 <0.0001

Residual 105.97 6 17.66

Cor total 4,267.72 11

Std. Dev. 420 R’ 0.9752

Mean 50.03 Adj R’ 0.9545

CV. 8.40 Pred R’ 0.9007

PRESS 423.88 Adeq precision 18.48
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Predicted vs. Actual
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Fig. 3. Similarity plot between actual and predicted adsorption values
for TB dye adsorption using Pseudomonas sp. strain MMO02
in PBD.

ANOVA, firmly fitted in the regression line. The adjusted and the
predicted R’ values were discovered to be 0.9545 and 0.9007. Hence,
the adjusted and the predicted R’ values were in reasonable agree-
ment. The adequate precision value that measures signal to noise
was 18.48, presenting a suitable and sound signal. Fig. 3 presents
the similarity plot between the predicted and the actual PBD value
recorded, which can be expressed as Egs. (19) and (20), respectively:

Y=55.20—-0.77A+0.14B—-0.42C-0.05D+8.30E 19)
Y=50.03-7.70A+0.11B-3.16C—1.38D+16.60E (20

Plackett-Burman design was used by Manogaran et al. [10] to
screen for critical factors influencing Reactive Red 120 decoloriza-
tion by the bacterial consortia JR3, with decolorization levels rang-
ing from 36.7 to 85.7 percent in 12 experimental tests. The ANOVA
indicated that the dye concentration (A), the temperature (C), and
the Reactive Red120 concentration (D) were all significant (p<
0.05); however, the pH (B) was not significant (p>0.05). Statisti-
cally significant results were yielded from the model for pH correla-
tions with dye concentration (AB), temperature (BC), and Reactive
Red120 concentration (BD) (p<0.05). A favorable interaction in
this stipulation was made possible by the inclusion of all four com-
ponents, which were regarded as key model requirements. As shown
by a low probability value obtained from the F-test (F value=428.70),
the quadratic regression model was highly significant according to
the results of the ANOVA of the model. Also shown by the study
was a high level of agreement between the “Predicted R-squared”
value of 0.9972 and that of 0.9329 after the model was adjusted,
demonstrating the models effect on the results. A fundamental com-
posite design was created as a consequence of incorporating all four
of these characteristics.

3-2. TB Dye Adsorption Optimization Using Central Composite
Design (CCD)

The CCD model was used to produce the best response within
the parameters defined range. Also, the model enables the compli-
cated response function to be determined by a small number of
variables. The optimum values for the variables were obtained by
solving the regression equation and evaluating the response sur-

Table 6. Experimental plan and result for the optimization of Trypan Blue adsorption using central composite design, CCD

Run A: Dye concentration B: Temperature C: Adsorbent Experimental Predicted

(ppm) (°C) size (g) value (%) value (%)
1 20.00 32.50 0.66 61.34 50.09
2 10.00 25.00 1.10 62.09 64.10
3 20.00 32.50 0.66 45.00 50.09
4 10.00 40.00 1.10 73.54 76.08
5 20.00 32.50 0.66 48.26 50.09
6 10.00 40.00 0.22 32.68 35.66
7 20.00 32.50 0.00 0.00 1.02
8 30.00 40.00 1.10 57.00 57.82
9 30.00 25.00 1.10 54.17 51.49
10 20.00 32.50 0.66 49.31 50.09
11 20.00 45.11 0.66 57.64 55.03
12 20.00 32.50 1.25 65.51 64.06
13 3.18 32.50 0.00 66.67 62.64
14 30.00 40.00 0.22 15.83 14.13
15 36.82 32.50 0.66 30.33 33.92
16 10.00 25.00 0.22 33.33 32.82
17 20.00 32.50 0.66 50.69 50.09
18 20.00 32.50 0.66 45.83 50.09
19 20.00 19.89 0.66 45.14 47.32
20 30.00 25.00 0.22 19.17 16.93
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face contour plots. The CCD model was used to further optimize
the significant parameters found in the PBD model. Twenty (20)
different experimental designs with six center points were carried
out as shown in Table 6.

The individual and interaction impacts of the specified process
factors on the TB dye adsorption by the produced magnetic nano-
composite solution were investigated using a CCD method. The
highest adsorption capacity for TB dye was found to be in run 4
(76.08%). The accuracy of a model is estimated by the determina-
tion coefficient (R). Borugadda and Goud [74] reported that the
R’ value is between 0 and 1, and its order of magnitude indicates
the models goodness between the predicted and model experi-
mental response variable values. The R* value of the model was
found to be 0.9624, which was closer to 1, which shows that there
is only 96.24% model behavior that can be interpreted for the ad-
sorption while the model cannot explain only 3.76% of the full
variance. It also revealed that the regression model explained the
majority of the data variance.

Furthermore, the models relevance was demonstrated by a rela-
tively high value of the adjusted and predicted R* values of 0.9285
and 0.8725 (Table 7), respectively, which demonstrates a strong
correlation between actual and anticipated values. Consequently,
the models illuminated the relationship between the response vari-
able and the independent variables. Other researchers have found
a similar trend in second-order RSM studies using Box Behnken
and central composite designs [3,75,76]. The signal-to-noise ratio
tested by adequate precision was found to be 21.06, thus indicat-
ing a good signal. This value highlights the models significance for
the process. It was necessary to have a ratio of greater than four.
Manogaran et al. [75] reported an adequate precision score of 31.14
for the statistical optimization of culture component for the min-
eralization of glyphosate by the bacterium Burkholderia vietnamie-
sis strain AQ5-12.

Table 7. CCD-RSM analysis of variance (ANOVA), Trypan Blue

The significance of model parameters is often measured using
the F-value or P-value (“Prob>F value). Hassanzadeh-Tabrizi and
Taheri-Nassaj [77] reported that the higher the size of the F-value
and the correspondingly lesser the “prob>F value, the most essen-
tial is the corresponding coefficient. The model was shown to be
very significant using the quadratic regression model, with F-value
of 28.40 and a probability value that is extremely low 0.0001. Simi-
larly; there was barely a 0.01% possibility that a model F-value this
big could occur due to noise. The Prob>F <0.0500 values specify
that the model terms were significant. In this case, A, C and C’
model terms were significant for the adsorption of Trypan Blue
dye by Pseudomonas sp. strain MMO2 inactivated biomass. The
lack of fit, F-values and P-values of the model were 0.45 and 0.80,
respectively. The lack of fit was not significant, indicating that the
model was correct without any noise. Manogaran et al. [75] and
Ibrahim et al. [78] found no significant lack of fit and regarded the
model as an excellent fit.

The results obtained were consistent with the findings of Ibra-
him et al. [78], who also utilized the response surface methodology
(CCD) to further optimize critical parameters revealed in PBD.
According to their findings, a total of 30 separate tests were carried
out, and it was discovered that the models R* value was 0.9422,
which was close to one, and that 94.22 percent of the models
behavior could be explained, with only approximately 5.78 percent
of the total variance remaining unaccounted for. In general, an R’
value that is exceptionally close to 1 indicates that the data is well-
matched. It was discovered that the model provided a reasonable
explanation of the interactions between the independent variables
and response variables, which proved to be a significant advan-
tage. RSM has been demonstrated to enhance the results of a vari-
ety of optimization studies; however, artificial neural networks
(ANNGs), machine learning, and the Taguchi method are just a few
of the different optimization techniques that may be found in the

Source Sum of squares DF Mean square F-value Prob>F

Model 6,496.98 9.00 721.89 28.40 <0.0001 Significant
A 995.44 1.00 995.44 39.17 <0.0001

B 71.82 1.00 71.82 2.83 0.12

C 4,797.48 1.00 4,797.48 188.76 <0.0001

A? 5.87 1.00 5.87 0.23 0.64

B? 2.13 1.00 2.13 0.08 0.78

C 554.46 1.00 554.46 21.82 0.00

AB 15.95 1.00 15.95 0.63 045

AC 5.36 1.00 5.36 0.21 0.66

BC 41.72 1.00 41.72 1.64 0.23

Residual 254.16 10.00 2542

Lack of fit 79.26 5.00 15.85 0.45 0.80 Not significant
Pure error 174.90 5.00 34.98

Cor total 6,751.14 19.00

Std. Dev. 5.041 R’ 0.9624

Mean 45.68 Adj R’ 0.9285

CV. 11.04 Pred R? 0.8725

PRESS 860.67 Adeq precision 21.06
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Fig. 4. Experimental and predicted factors for optimal responses
for TB dye adsorption.

literature.

Fig. 4 depicts the similarity between the actual and predicted
values for TB dye adsorption acquired in the CCD. The actual and
anticipated model values had a significant relationship. Egs. (21) and
(22) describe these in terms of actual and coded factors, respectively:

Y=24.89—0.11A—0.22B+12.91C—0.007A%+0.007B*— 1.55C*
—0.019AB+0.04AC+0.15BC (1)

Y=50.09—8.54A+2.29B+18.74C— 0.64A’+0.38B’— 6.20C"
—1.41AB+0.82AC+2.28BC (22)

4. 3D Response Surface Plot for Trypan Blue Dye Adsorption

The three-dimensional (3D) response surface plot of the depen-
dent variable as a function of two independent factors reveals
information about their relationships. Additionally, it aids in the
understanding of both the main and interaction impacts of the
two independent variables [3]. To further understand the influ-
ence of the independent factors and their interaction on the depen-
dent variable, 3D response surface plots for the dignified answers
were constructed using the quadratic model. The three unique
process parameters effects on the response parameter are depicted
in 3D response surface graphs.

ST
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B: Tempreture 28.75

00

C: Adsorbant size

1.00 2500

28.75

B: Tempreture

Fig. 5. Three-dimensional response surface plots for the TB dye adsorption showing the interactive effects between (a) temperature and ini-
tial TB dye concentration, (b) adsorbent size and dye concentrations, (c) adsorbent size and temperature.
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Fig. 5(a) reveals the cumulative impact of TB dye concentration
and temperature on the dye adsorption at a constant adsorbent
size (0.66 g). The TB dye adsorption increases with both the tem-
perature and dye concentration within their appropriate experi-
mental arrays. Singh et al. [3] reported that a rise in temperature
might increase the number of dye molecule binding sites on the
adsorbent surface, explaining the temperature dependency of the
adsorption. The interaction effect between the adsorbent size and
the initial concentration of the dye at a given temperature of 32.50 °C
showed an important effect (Fig. 5(b)). It indicates that TB dye
adsorption increases as the adsorbent size increases and decreases
in dye concentration within the experimental ranges. The observed
drift may be described by an increase in the dosage, which makes
more adsorption sites accessible. When paired with a constant dye
concentration, it results in a decreased adsorption rate due to a
smaller concentration differential between the solution bulk and
the adsorbent contact. The concentration gradient will be compar-
atively high for the low adsorbent dosage, resulting in a greater ad-
sorption rate. Fig. 5(c) presents the adsorbent size and tempera-
ture interactive effect at a constant TB dye concentration of 20.00
ppm. In the experimental range, adsorption increases with increas-
ing concentration at lower temperature, whereas at higher tem-
perature, adsorption decreases with increasing concentration. This
is explained by the fact that raising the adsorbate concentration
while keeping the dye concentration constant causes saturation of
the surface binding sites at lower temperature, resulting in a decline
in adsorbate uptake with increasing concentration, whereas at higher
temperature as the number of binding sites grows, the sorption
process improves.

5. Validation of RSM Experiment

The CCD-RSM result was used to validate the quadratic model.
The best conditions for TB dye adsorption were found to be 22.27
ppm TB dye concentration, 34.27 °C temperature and adsorbent
size of 0.32 g, whereas the other parameters were held constant in
accordance with OFAT, since they were not significant from the
PBD analysis. RSM predicted a 50.09% adsorption. An experiment
was then done using the ideal parameters described above to vali-
date the CCD estimation. Table 8 shows a comparison of the antici-
pated output by RSM and that obtained experimentally, revealing
no statistically significant change in percentage adsorption between
the experimental and predicted values (t-test, p>0.05). Jadhav et al.
[79] discovered that the observed and predicted values were quite
comparable, indicating that RSM was a success. Similarly, in this
validation, RSM has also been shown to be a successful method
for improving the TB dye adsorption by bacterial biomass, as shown
by the results of the study.
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Fig. 6. Kinetics of 100 mg/L TB dye adsorption using Pseudomonas
sp. strain MMO2 as modelled using the pseudo-first order
(a), pseudo-second order (b) and Elovich (c) models (data at
time zero is omitted due to natural logarithm transforma-
tion restriction).

6. Kinetics, Isotherms, and Thermodynamic Models
6-1. Determination of Kinetic Model for Batch Adsorption Studies
Kinetic analysis involved using three models: pseudo-first order
(PFO), pseudo-second (PSO) and Elovich (Fig. 6). Since the lin-
earization of nonlinear data disturbs the datas error structure, this
makes it harder to assess uncertainty, which is often reported as
95% confidence interval range [80]. Hence, non-linear regression
is preferable for kinetic model fitting, since it is conducted on the

Table 8. Comparison between the predicted generated adsorption from RSM and experimental result

Factors Name Predicted levels Experimental levels

A Dye Conc. (ppm) 2227 2227

B Temperature (°C) 34.27 34.27

C Adsorbent size (g) 0.32 0.32
Predicted Experimental

Response (%) 50.08521 61.51
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Table 9. Statistical analysis for TB dye adsorption using Pseudomonas sp. strain MMO02 adsorbent at 100 mg/L dye

Model RMSE R’ adR? AICc BIC HQC AF BF
Pseudo-1st order 0.494 0.978 0.970 -0.17 -10.58 -11.82 1.040 1.001
Pseudo-2nd order 0.349 0.989 0.985 —-6.40 -16.80 —18.05 1.029 1.000
Elovich 9.865 -0.129 —0.505 53.74 4334 42.09 1.016 1.000

Table 10. Model constants for the kinetics study of TB dye adsorption using Pseudomonas sp. strain MMO02 adsorbent at 100 mg/L dye

Pseudo-1st order Pseudo-2nd order Elovich
Value (95% C.I.) Value (95% C.I.) Value (95% C.I.)
Qe 9.329 8.875 10 9.783 9e 9.725 9.245 to 10.204 b 1.632 0.994 to 2.271
k 0.48 0.185 to 0.774 k, 0.113 0.021 to 0.206 a 94,915 —426,973 to 616,804

same abscissa with a linear regression plot, showing more accurate
calculations.

Considering the statistical indicators, pseudo-second order is
more accurate in describing the biosorption kinetic profiles than
PFO and Elovich based on error functions analysis with the low-
est RMSE and AICc, adjusted R” nearest to 1.0 and bias and accu-
racy factors near unity (Table 9). Kinetic analysis using the PSO
model at 100 mg/L of TB dye gives a value of equilibrium adsorp-
tion capacity, q, of 9.725mg g ' (95% confidence interval (C.L),
9.245 to 10.204) (Table 10). It was inferred that the three kinetics
models discovered to be suitable for fitting the current adsorption
kinetics data are as follows: Pseudo-second order>Pseudo-first order>
Elovich. As far as TB dye biosorption is concerned, the PSO model
is also the best model for several adsorbents such as mesoporous
orange peel [81], modified Luffa sponge with zinc nanoparticles
[82] and avocado seed powder, while pseudo-first order was the
best model for the crosslinked soy polysaccharide-based hydrogel
nanostructure [83].

The pseudo-second order model was utilized to fit data for all
TB concentrations, and the data showed excellent agreement with
the pseudo-second order equation (Fig. 7).

It is often accepted that the ability to fit the kinetic data is the

5ppm
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50ppm
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100ppm

e OpD>eon

gt (mg dye adsorbed/g adsorbent)

Time (min)

Fig. 7. Experimental data versus calculated data (line) on pseudo-
second-order kinetic analysis of TB dye adsorption using Pseu-
domonas sp. strain MMO02 as modelled using the pseudo-sec-
ond order.

best test of the PFO and PSO equations’ validity, despite the fact that
such a test has little to do with whether or not the equations have
a solid physicochemical foundation. Both k; and k, are phenome-
nological rate constants that decline when the adsorbate concen-
tration is raised at the outset. k; and k, values variy widely from
measurement to measurement, making it difficult to draw conclu-
sions about the underlying physics and chemistry and extrapolate
valuable results. The PFO and PSO equations may be fitted to most
kinetic data even if the experimental conditions affecting the adsorp-
tion kinetics are not completely controlled. The PFO equation typ-
ically gave lower estimates of q, than did the experiments. This
mismatch was due to a delay in the onset of the adsorption pro-
cess, which was likely brought on by the existence of a boundary
layer or external resistance regulating. In the adsorption process
that followed the PSO equation, the chemical reaction was not
always the rate-limiting step because a good fit alone is not enough
to reveal the true nature of the rate-limiting step [84,85].
6-2. Adsorption Isotherm Model

All 17 isotherms models were fitted to the data (Fig. 8). Based
on Table 11, the Sips isotherm model was found to be the best fit
model out of the 17 fitted isotherm models used in the current inves-
tigation with an adjusted R? value of 0.99, lowest values for RMSE
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Fig. 8. A summary plot of experimental data and all the selected
isotherms models fitted for the TB dye adsorption using Pseu-
domonas sp. strain MMO02.
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Table 11. Error functions analysis of 17 selected isotherm models for the TB dye adsorption using Pseudomonas sp. strain MMO02

Model P RMSE adR2 AlCc BIC HQC BF AF
1. Freundlich 2 0.335 0.988 -3.78 -3.78 —-15.62 1.05 1.07
2. Hill 3 0.195 0.996 —-2.57 —-2.57 —23.66 1.02 1.04
3. Redlich-Peterson 2 0.401 0.984 -0.90 -0.90 -12.75 0.95 1.10
4. Khan 3 0.237 0.994 0.57 0.57 —-20.53 1.02 1.04
5. Vieth-Sladek 3 0.237 0.994 0.57 0.57 —-20.53 1.02 1.04
6. UniLan 3 0.246 0.994 1.11 1.11 -19.99 0.99 1.04
7. Langmuir 2 0.556 0.973 431 431 —-7.53 0.74 1.37
8.BET 3 0.302 0.991 4.40 4.40 -16.70 0.98 1.05
9. Toth 3 0.305 0.990 4.57 4.57 —-16.52 0.99 1.06

10. Temkin 2 0.594 0.963 5.36 5.36 —6.48 0.96 1.14

11. Jovanovic 2 0.601 0.969 5.55 5.55 -6.29 0.71 1.41

12. Fritz-3 3 0.367 0.985 7.56 7.56 -13.54 1.05 1.07

13. Sips 3 0.433 0.981 10.20 10.20 —-10.90 0.94 1.11

14. Marczewski 4 0.167 0.997 13.84 13.84 —25.84 1.03 1.04

15. Fritz-Schluender IV 4 0.170 0.997 14.06 14.06 —25.62 1.02 1.04

16. Baudu 4 0.195 0.996 16.28 16.28 —23.40 1.02 1.04

17. Henry 1 1.836 0.778 17.06 17.06 10.73 0.47 2.26

and AICc, while values of accuracy factor (AF) and bias factor (BF)
closest to unity. The Sips isotherm is generated by combining both
the Langmuir and Freundlich isotherm models in a single equation.

Table 11 is the list of isotherms models, of which the Freun-
dlich and the Hill models share a similar performance based on
error function analysis, such as smallest RMSE, adjusted correla-
tion coefficient, accuracy factor and bias factor nearest to unity for
Hill and smallest AICc, HQC and AICc values for the Freundlich
model. The Freundlich model is empirical and cannot predict the
maximum adsorption n which K;; (mg g 'L mg ")) is the Fre-
undlich isotherm constant, and ny is the Freundlich exponent. As
the 1/n; value was small and approaches zero, the system is heter-
ogenous [84-86] and is predictable for bacterial surfaces. As the
Freundlich equation is unable to model the maximum adsorption,
the Halsey rearrangement of the Freundlich equation gave the esti-
mated maximum absorption of 10.118 mg g"', which is very close
to the experimental value. Similar works using bacteria as adsor-
bents are rare in the literature for TB sorption. The bacterium Aer-
omonas hydrophila RC1 shows maximum adsorption (Langmuir)
for TB of 0.75mg g ' [48], Trichoderma harzianum shows maxi-
mum adsorption (Langmuir) of 2.33 mg g [87], while in another
study using corn zein, a maximum adsorption of 4 mg g ' TB was
achieved [87], of which Pseudomonas sp. strain MMO2 performed
better than these biosorbents. The maximum adsorption predicted
by the Langmuir model was 12.097 mg g~ (95% confidence inter-
val from 10.197 to 13.996), which is lower but comparable with
other nonbacterial sorbents for TB such as avocado seed powder
[15] and crosslinked soy polysaccharide-based hydrogel nano-
structure [83] with maximum adsorptions of 19.3 (Langmuir) and
3752mg g (Langmuir), respectively (Table 12). Much higher maxi-
mum adsorption capacity of 45.32 and 47.3 mg g was reported
for Luffa sponge (LS) and modified Luffa sponge with zinc nano-
particles (ZnNPs) for LS and LS-ZnNPs, respectively [82]. Table
13 below, present a summary of Trypan Blue (TB) and dyes sorp-
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tion systems by bacteria and other biosorbents.
6-2-1. Theory

Isotherm studies

Dye molecules in the aqueous phase reach a dynamic equilib-
rium with those on the adsorbent surface under isothermal condi-
tions during the adsorption process, and this equilibrium is expressed
by the isotherms. These adsorption isotherms allow for a straight-
forward estimation of the optimal loading of adsorbents [88]. The
most fitted isotherms, which are system dependent, provide a bet-
ter explanation of the adsorbent-adsorbate binding. Adsorption
equilibrium has been modelled in various ways. The following are
explanations of the best isotherm models in this study, including
the Langmuir and Freundlich models, two models often reported
in adsorption studies.

Henry isotherm

When solutes are adsorbed onto a uniform adsorbent surface at
low enough concentrations that all solute molecules are separated
from their nearest neighbors, Henry’s equation provides a good fit.
The amount of adsorbate at the surface is shown to be directly
proportional to the concentration of the adsorbate, making this
the simplest type of adsorption isotherm. This isotherm provides a
linear relationship between the equilibrium concentrations in the
fluid phase and the adsorbed phase:

q.=HC, (23)

where H (L mg ") is the adsorption equilibrium constant known
as the Henry constant. As H rises, the adsorbent and solute mole-
cules interact more strongly.

Langmuir isotherm

In the Langmuir isotherm, adsorbate is adsorbed to the homo-
geneous adsorbent surface in a monolayer manner. The isotherm
presumes that all adsorption sites are the same and have the same
energy, and the adsorbent is structurally homogeneous for mono-
layer adsorption to occur [89]. This isotherm model predicts the
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Table 12. Isothermal models’ constants for the TB dye adsorption using Pseudomonas sp. strain MMO02

Model Parameters Unit Value (95% confidence interval)
1 Henry's law H Lmg"' 0.192 0.134 to 0.250
. L mgg" 12.097 10.197 to 13.996
2 Langmuir isotherm gL L Ignz1 0.059 0.035 to 0.083
o . Ky (mgg "L mg )™ 1476 1187 to 1.764
3 Freundlich isotherm ng (Lmg) 2.149
. & 1.896 to 2.402
Qur mgg 10.118
. " K; Lmg" 1.150 0.877 to 1.423
4 Temkin isotherm by J mol™ 1.021 0.360 to 1.682
- Quy o 9.612 8.153 to 11.070
> Jovanovic isotherm K, mee 0.059 0.036 to 0.082
, Kgp Lmg"' 1.827 —0.024 to 3.677
6 Effklllecrhrieterson i dimensionless 0.670 ~0.481 to 1.820
Ot Lg! 0.666 0.505 to 0.828
Qs 0.059 0.032 to 0.085
7 Sips isotherm Ks mgg' 20.997 8.533 to 33.461
ng 1.525 1.142 to 1.908
Qi 43527 —42.768 to 129.822
8 Toth isotherm Ky mgg' 0.476 0.044 to 0.907
ny 0310 0.000 to 0.620
Qutt 20.997 8.534 to 33.460
9 Hill isotherm ny mgg ' 0.656 0.491 to 0.820
Ky 17.025 9.284 to 24.766
Quk 2527 ~0.321 to 5.375
10 Khan isotherm by mgg ' 0.555 —0.446 to 1.556
ax 0.609 0.484 to 0.734
Qi 8.263 5301 to 11.225
11 BET isotherm sy mgg’ 0.110 0.031 to 0.189
Boer 0.004 0.000 to 0.008
Qs 6.841 3.633 to 10.049
12 Zﬁ:f;‘dek bys mgg’ 0.138 0.020 to 0.256
Kys 0.060 0.015 to 0.106
. Qs o 2.728 0.743 to 4.714
13 E‘Zﬁ;ﬁﬁn‘ier' Kps ILnil 2,1 0.670 ~0.481 to 1.820
nF; 0.666 0.505 to 0.828
, . Quv 1.108 ~716.480 to 718.696
14 gggﬁ:fnffnﬂm) ay mgg’ 5.820 ~3.445 to 3.447
by 0.001 ~3,760.33 to 3,771.97
Qs 171.753 ~2,238.425 t0 2,581.930
, b i 0.007 ~0.090 to 0.103
> Baudu isotherm x mes ~0.012 ~2.427 to 2.403
y -0.396 ~3.121 to 2330
Qs 9.792 9.053 to 10.532
16 Marczewski- Ky mg g’ 0.020 0.018 to 0.022
Jaroniec isotherm Ny 9.067 —20.812 to 38.945
m,, 0516 0.485 to 0.546
A 1.248 1.037 to 1.459
17 Fritz-Schluender- Apg 0.541 0.453 to 0.628
IV isotherm By 0.000 —0.000 to 0.001
bes 2.106 ~1.315 to 5.526

*Isotherms with In term should not be plotted using data that starts from the origin (0,0)
Tsotherms having an RT term should be plotted using the temperature (Kelvin) studied
“Isotherms that have no direct way in estimating maximum adsorption capacity (mg g ')
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Table 13. Summary of Trypan Blue (TB) and dye sorption systems by bacteria and other biosorbents

Adsorbent (bacterial biomass) Sorbate (dye) Best kinetics ~ Best isotherm Adsorbent Dye removal Reference
dose g/L (mg/g)
Aeromonas hydrophila RC1 Trypan Blue 20-80 Langmuir L5 0.75 mg/g [48]
Avocado seed powder Trypan Blue 0-76.8 Langmuir 0.016 19.3 mg/g (16]
Crosslinked soy polysaccharide-  Trypan Blue Pseudo-2" Langmuir 37.52mg/g [83]
based hydrogel nanostructure order
(linearized)
Luffa sponge (LS) Trypan Blue Pseudo-2" Langmuir 1 473 mg/g [82]
order (Linear)
Live and autoclaved Mycelium  Trypan Blue Langmuir 1g/50 mL 232 and [87]
of Trichodema harzianum 2.33mg/g
Pennisetum purpureum Coomassie Pseudo-2"'- 1g/L 40 mg/g [20]
Brilliant Blue order
G250
Rhodopseudomonas palustris Fast Black K Langmuir 1g/L 142.86 mg/g [140]
51ATTA strain
Rhodopseudomonas sp. strain Astrazon Red Freundlich and 1g/L 5.51 mg/g [49]
51ATA Langmuir
Nostoc linckia HA 46 Reactive Red Pseudo-2"'- 100 mg/L 93.5mg/g [141]
198 order
Corynebacterium glutamicum Reactive Black 5 Pseudo-2"- Redlich-Peterson ~ 500-2,000 mg/L 419 mg/g [17]
(RB%) order and Sips
Rhodococcus erythropolis AW3 ~ Crystal violet Pseudo-2"'- Langmuir 05g/L 289.8 mg/g (39]
(CV) order
Aeromonas hydrophila RC1 Eriochrome Pseudo-1*- Freundlich 1.5g/L 451.8 mg/g [48]
Black T order
Aeromonas hydrophila RC1 Acid Red Pseudo-1*- Langmuir 1.5g/L 58.8 mg/g [48]
order
Pseudomonas sp. strain DY1 Acid black 172 Pseudo-2"'- 0.05¢g 333.46 mg/g [125]
order
Bacillus megaterium Reactive blue 5 Firstand the ~ Langmuir 0.05¢g 163.93 mg/g [41]
second order
Bacillus subtilis HAU-KKO01 Congo red Pseudo-2™- Freundlich 1% [50]
order
Paenibacillus macerans Acid Blue 225 Pseudo-2"- Langmuir 1g/L 95.08 mg/g [142]
(AB 225) and order
Acid Blue 062
(AB 062)
Bacillus thuringiensis (Bt) 016 Methylene blue 25mg/L [134]
Streptomyces fradiae Congo Red (CR)  Pseudo-2"- Freundlich and 2gdm™ 59.63 mg/g [46]
and Methylene order Langmuir
Blue (MB

existence of monolayer coverage of the dye at the outer surface of
the adsorbent due to the exponential decay of intermolecular forces
with increasing distance. This model predicts a constant mono-
layer adsorption capacity and simplifies the linear Henry’s model
for both low and high solute concentrations [90]. Expression of
the Langmuir Isotherm is as follows:

meLCz

q.= m (24)

where q,,; (mg g ') is the maximum monolayer adsorption capac-
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ity and b; (L mg™") (together with q,,;) are the Langmuir model
constants. Weber and Chakravorti suggested R;, which is a sepa-
rate factor, to determine the affinity between the sorbate and sor-
bent whether it is favorable or unfavorable [91]. The equation is as
follows:

1

R, = ———— 25
L71+Ch, (@5)

An alternative to the Brunauer-Emmett-Teller (BET) method for
calculating the surface areas of porous solids is the Langmuir iso-
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therm [92]. BET isotherm model can be reduced to Langmuir iso-
therm if the adsorbent surface is assumed to be homogeneous and
completely coated by dye molecules. Therefore, the specific sur-
face area S, (m” g') of the adsorbent may be determined using the
following equation, which requires knowledge of the maximal
monolayer adsorption capacity (q,,;) determined using the Lang-
muir equation and the predicted area of a dye molecule A (nm”).

6.023x10”xAxq,,,
t 1,000

(26)

Freundlich isotherm
When it comes to adsorption, the empirical Freundlich isotherm
model is more accurate in describing reality than the idealized
Langmuir isotherm, which is limited to the formation of a mono-
layer. This relationship helps to explain the phenomenon of multi-
layer adsorption, in which affinities and adsorption heat are not
distributed uniformly over the heterogeneous adsorbent surface
[93]. The equation is as follows [93]:
1
. =K;C,' 27)
in which K; ((mg gL mg™)"") is the Freundlich isotherm con-
stant, and 1. is the Freundlich exponent. Where C, is the adsorbents
equilibrium concentration (mg L™), g, is the amount adsorbed per
unit mass of the adsorbent (mg g '), Ky and n; are Freundlich con-
stants, of which the latter predicts how favorable the adsorption
process is. The amount of toxicant adsorbed onto the adsorbent at
a unit equilibrium concentration is denoted by the adsorption capac-
ity, K (mg g (L mg™)""), which may also be thought of as the
distribution coefficient. Adsorption intensity, or surface heteroge-
neity, is quantified by the slope of 1/n;. The Langmuir isotherm is
approached when 1/n; is less than 1, and the presence of coopera-
tive adsorption of a surface is indicated when 1/n; is greater than
1. A more heterogeneous system will have a 1/n; value approach-
ing zero while a more homogeneous system will have a 1/n; value
approaching unity [85]. The big drawbacks of the Freundlich equa-
tion are its inability to model the maximum adsorption [94] and
being an empirical rather than mechanistic model. To estimate the
maximum adsorption capacity, the Halsey rearrangement of the
Freundlich equation allows us to use the final data point of C, as
an estimate:
9mr

Kp==%

cr

e

(28)

Notice that the term q, has now been changed to q,,» The maxi-
mum adsorption capacity is an estimate only.

Jovanovic isotherm

This models consideration of an adsorption surface assump-
tion is comparable to Langmuirs. The second approximation for
localized monolayer adsorption in the absence of lateral interac-
tions corresponds to this scenario. The main distinction between
this model and the Langmuir model is that the surface binding
vibrations of an adsorbed species are considered [95]. The equa-
tion is as follows [93]:

) (29)

KC

qe:qm](l_e_

where maximal adsorption capacity in the Jovanovic model, ex-
pressed in milligrams per gram (mg/g), is denoted by q,,; Assump-
tions similar to those of the Langmuir isotherm were used by
Jovanovic [95] when this model was developed, which addition-
ally considers the surface binding vibrations of the adsorbed spe-
cies. One further approximation for lateral-interaction-free monolayer
localized adsorption is the Jovanovic isotherm. At very high con-
centrations, it follows the Langmuir isotherm instead of Henry’s
law [93]. For Jovanovics local behavior, this isotherm predicts a
quasi-Gaussian function with a bias toward high adsorption ener-
gies. To get the equivalent Jovanovic equation for multilayer adsorp-
tion (three parameters) [95], the equation is as follows:

-K,,cc)eK,ch‘

qe:qm](l_e (30)

Redlich-Peterson isotherm

The features of both the Freundlich and Langmuir isotherms
are incorporated into the three-parameter model. This model is a
mixture of the two; therefore the adsorption mechanism does not
follow the rules of ideal monolayer adsorption [96]. Numerous
applications exist for the Redlich-Peterson isotherm model, which
includes homogeneous and heterogeneous systems. The equation
is as follows [93]:

_ KRPCe

e P (1)
1+ aRpC,

where K, is the Redlich-Peterson model isotherm constant (L
mg '), ag is the Redlich-Peterson model constant (L g '), and by,
is the Redlich-Peterson model exponent, which should be in the
range 0 to 1. Redlich-Peterson equation is reduced to the Henry
equation at bg=0 and to the Langmuir equation at bgy=1. Adsorp-
tion equilibrium is represented by a linear dependence on concen-
tration, which holds true over a wide concentration range. This is
because the numerator is based on the Langmuir isotherm model,
which allows it to enter the Henry zone at infinite dilution [97].
To solve the equations, this isotherm model uses a minimal ap-
proach. This method optimizes the degree to which the theoreti-
cal models predictions agree with the points in the experimental
data [98].

Toth isotherm

Using an empirically modified version of the Langmuir equa-
tion, this isotherm model attempts to minimize the discrepancy
between the experimental and projected values. This isotherm model
is commonly employed for the modelling of heterogeneous adsorp-
tion systems, as it adequately accounts for both low and high adsor-
bate concentrations. This isotherm model assumes a non-normal
distribution of adsorption energies, where the majority of sites have
energies that are lower than the mean or the peak [99]. The equa-
tion is as follows [100]:

m CE
g,= i (32)

1\
—+C )
&+
where K; and n; are the Toth isotherm constant and exponent,

respectively, and q,,; (mg g ') is the maximal monolayer adsorp-
tion capacity predicted by the Toth isotherm. K is related to the
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binding energy. The n; scale measures the degree of surface varia-
tion. It follows from the Langmuir isotherm equation that the pro-
cess takes place on a homogeneous surface if n; approaches unity.
Therefore, (ny) is a parameter that represents the heterogeneity of
the adsorption system; the system is deemed heterogeneous when
(nr) is not equal to the unity value [101]. Furthermore, as a result
of the independent association between temperature and the param-
eter ng, an increase in temperature causes a quick increase in Ky.
The Toth isotherm models equation is preferred over Sips' be-
cause it can characterize the datas behaviour at both high and low
concentrations. Do [102] states that the slope of this isotherm model
is constant at zero loading but begins to decrease at a given load-
ing at a pace significantly faster than that for the Langmuir equa-
tion. The effect of heterogeneity, as measured by ny, is responsible
for this. As the adsorption process continues, molecules are physi-
cally attracted to higher-energy sites, but as the adsorption pro-
ceeds, they are attracted to lower-energy sites, resulting in a sluggish
increase in the adsorbed amount vs concentration than that is pre-
dicted by the Langmuir equation.
Sips isotherm model
The Sips isotherm model was developed by fusing the Lang-
muir and Freundlich isotherm models in order to forecast the het-
erogeneity of the adsorption systems and to avoid the restrictions
associated with the rising concentrations of the adsorbate in the
Freundlich model. Next, an expression with a finite limit at a high
concentration is generated. The Sips model is correct because it
effectively localizes the adsorption without involving the adsor-
bate-adsorbate interaction [103]. The equation is as follows [93]:
1
_ qumsC:S
€ 1

1+K.C)

(33)

where K (I/g) and q,,s (mg/g) are the Sips isotherm constant and
maximum monolayer adsorption capacity, respectively. n; is the
Sips model exponent. However, the Sips isotherm model deviates
from Henry’s law since it reduces to the Freundlich model at low
adsorbate concentrations. However, the monolayer adsorption fea-
ture of the Langmuir model is predicted at high adsorbate concen-
trations. The equation’s parameters are controlled by operational
conditions such as changes in pH, concentration and temperature
[104]. The primary flaw of the Sips model is the same as that of
the Freundlich model: when pressure (or concentration) is low,
neither model predicts the accurate Henry’s law limit [102].

The Hill isotherm model

The Hill equation was suggested to explain the binding of vari-
ous species onto and adsorbents homogeneous substrates. The
model is derived from the non-ideal competitive adsorption model.
The model assumes that the adsorption process followed a coop-
erative event in which the binding ability of a ligand at one site on
a macromolecule can affect the binding capacity of other sites on
the same macromolecule [105]. The equation is as follows [93]:

_ quCZH

=i (34)
Ky+C,”

e

Maximum uptake saturation (in mg/L) as determined by the
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Hill isotherm, q,,,z;, the Hill constant (Kj), and the Hill cooperativity
coefficient (ny) of the binding interaction (dimensionless). Bind-
ing is cooperative if n;>1, non-cooperative or hyperbolic if n;=1,
and non-cooperative if ny<1.

Tembkin isotherm

Adsorption is defined by a uniform distribution of bonding
energies up to a maximum binding energy in the Temkin isother-
mal model, which was developed by Temkin and Pyzner [106]. The
indirect adsorbate-adsorbate interactions on heterogeneous sur-
faces cause the heat of adsorption of all molecules in the layer to
drop linearly with the amount of surface covering. The Temkin
isotherm is constructed with the Langmuir adsorption isotherm as
its foundation. Adsorption is an exothermic process, as evidenced
by the positive heat of adsorption (b;>0). The popular Temkin model
as follows is not correct due to the dimension issue between the
left and the right parts of the equation.

qezg{ln(aTce)} (35)

This has been highlighted and the correct Temkin model is as fol-
lows [107];

9

; T=Rb—f(1n(KTce)) 36)

In this equation, K; is the adsorption equilibrium constant of the
solute on the solid surface expressed as L mg ™, solute equilibrium
concentration (C,) is mg L™, q, and q,, are the equilibrium and
saturated adsorption amount and expressed as mg g, while by has
a unit of ] mol ™' and represents the adsorption heat parameter.

Khan isotherm

The adsorption of solutes from diluted aqueous solutions has
been modelled using a generalized equation by Khan et al. [108].
This isotherm is notable in that it encompasses both the Langmuir
and the Freundlich isotherms. This model of the isotherm was
created for both single and binary and ternary systems. The equa-
tion follows:

_ 9mxbkC,
©(14bC)™

Where

The maximum monolayer adsorption capacity g, is expressed
in mg g ', by and ax are Khan isotherm constant and Khan iso-
therm exponent, respectively. The preceding equation simplifies to
the Langmuir isotherm for az=1, and to the Freundlich isotherm
for large values of C, [93].

BET isotherm

The BET equation [109] describes the equilibrium adsorption
of a gas onto a solid surface and is a specific variant of the Lang-
muir Isotherm. This model depicts the adsorption phenomena onto
a homogeneous surface following the successful development of a
monolayer, and it accounts for multilayer adsorption without ignor-
ing the requirements of Langmuir isotherm. It is essential to be
aware of the fact that the traditional BET equation for gas phase
adsorption, which makes the assumption of unlimited adsorption
at saturation concentration, cannot be applied to the process of
adsorption that takes place in the liquid phase. Since both the adsor-

(37)



Adsorption of trypan blue dye by Pseudomonas sp. strain MMO02 inactivated biomass 1947

bate and the solvent are already in condensed form, the amount of
adsorption will not increase with increasing liquid phase concen-
tration if the adsorbent does not have an affinity for the adsorbate
or if it is already saturated with the adsorbate [110]. Non-micropo-
rous adsorbent surfaces can be described by this isotherm, making it
a useful tool for physisorption. The BET isotherm equation is

Q.= Qmserse1Ce (38)
¢ (1= BperC (1= BeprC,+ apprC,)

where G,z (Mg &), ey and By are the maximum monolayer
adsorption capacity and the dimensionless BET isotherm constants,
respectively.

Vieth-Sladek isotherm

While working on a new method of estimating diffusion rates
in solid adsorbents from transient adsorption, Vieth-Sladek con-
structed a model with a unique two-part component: a linear seg-
ment (Henry’s law) and a non-linear segment (the one most typically
come across) (Langmuir isotherm). The linear part describes how
molecules stick to locations on the porous surfaces of the adsor-
bent by a process called physisorption, whereas the non-linear part
shows the adherence of molecules to porous surface sites of the
adsorbent [111]. The equation [112] is as follows;

QuvsbysCe (39)

=K
9:=KvsCet (1+byC,)

where g5 (mg g™ is the maximum monolayer adsorption capac-
ity bys and Ky are the Vieth-Sladek adsorption equilibrium and
model constant, respectively.

Fritz-Schluender-IIT isotherm

Fritz and Schluender propose an empirical expression that, thanks
to a high number of coefficients in their isotherm, can accommo-
date a wide variety of experimental data [113]. Fritz-Schluender
isotherm-IIT [114] has the following form:

_ QnrsKpsCe

Ns

1+ KpC,

(40)

where the maximum monolayer adsorption capacity is g,z (mg
g ). Kis (L mg ") and ng are the Fritz-Schluender-TIT equilibrium
constant and model exponent. respectively. Fritz-Schluender-III
reduces to the Freundlich model for large adsorbate concentra-
tions, but changes to the Langmuir model if ng=1.

UniLan (Unilin) isotherm

Unilan is another one empirical correlation mentioned in the
book by Valenzuela and Myers which was suggested for the equi-
librium data analysis. The name Unilin is also utilized in some
publication where the term UniLan should be used instead. The
term UniLan comes from “Uniform distribution and Langmuir local”
isotherm. The Unilan equation assumes a patch-wise surface, with
the local Langmuir equation valid on each patch [115]. This iso-
therm [116] is represented as:

by
1 Ce"’
quln[ +aU € J (41)

by
1+Cagye

where g,y (mg g') is the maximum monolayer adsorption capac-
ity predicted by Unilan isotherm, a;; and by, are the Unilan equilib-

rium constant and model exponent, respectively. b;; characterizes
the heterogeneity of the system. The larger the value of this para-
meter, the system becomes more heterogeneous. If b;=0, in this
limit, the value for the range of energy distribution becomes zero,
and the UniLan equation is converted to the classical Langmuir
equation.

Baudu Isotherm

Measurements of tangents at various equilibrium concentrations
allow for the determination of the Langmuir coefficients, b, and
Q> Which demonstrate that these parameters are not constants
throughout a wide concentration range. This prompts Baudu to
develop a new model as follows:

~ qubBC§1+x+y)

—_— (42)
=)
1+byCy™

This holds true only inside the intervals (1+x+y)<1 and (1+x)<1.
Specifically, the maximal monolayer adsorption capacity predicted
by the Baudu isotherm is denoted as q,,; (mg g™), by, x and y are the
Baudu equilibrium constant and exponents of the Baudu model.

Marczewski-Jaroniec isotherm

This four-parameter generalized Langmuir equation isotherm
follows the assumptions of Langmuirs isotherm [117]. This iso-
therm model simplifies to the Langmuir isotherm if n,; and my,y,
are equal to 1, and to the Langmuir-Freundlich isotherm if n,,=
m,; The assumption of the local Langmuir isotherm model and
the distribution of adsorption energy in the active sites on the ad-
sorbent is the principal premise of this isotherm model. This iso-
therm is given as:

My

(KyyC)™ |
qe=qu/(Lm @3)
1+(K,,C) ™

where the maximum monolayer adsorption capacity predicted by
Marczewski-Jaroniec isotherm is g,y (mg g‘l). Ky nyy and myy,
are the Marczewski-Jaroniec equilibrium constant and model expo-
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Fig. 9. Nonlinear plot of K, (dimensionless form of Langmuir’s K;)
vs temperature for the TB dye adsorption using Pseudomo-
nas sp. strain MMO2.
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Table 14. Thermodynamic parameters for the adsorption of the TB dye on Pseudomonas sp. strain MM02

K. Coefficient distribution method

T C0) T (K) AG® (K] mol ™) AH° (kJ mol ™) AS’ (J mol™")
(95% C.I) (95% C.I) (95% C.L)
25 298.15 -34.94 —34.99 to —34.89
30 303.15 -35.39 —3545 to —35.33 506 9720
35 308.15 -3591 —36.00 to —35.81 (67410 -5.17) (9465 10 99.74)
40 313.15 -36.39 —36.48 to —36.30
45 318.15 -36.92 —36.96 to —36.89

nents, respectively.

Fritz-Schluender-IV isotherm

Increasing the number of parameters for an isothermal model
usually allows a better fitting to a complicated curve. Fritz and Schlu-
ender developed empirically such a model [113]. It is expressed by
the equation;

Ars
_ AFSCE

.= _ (44)
1+B,C."

where agg and by are the Fritz-Schluender-IV model exponents,
and A and By are the Fritz-Schluender-IV equilibrium constants.
All possible values for these exponents are less or equal to one.
The Fritz-Schluender-IV isotherm reduces to the Freundlich equa-
tion at high aqueous phase concentrations of solute. This isotherm
reduces to the Langmuir isotherm when azs=bps.
6-3. Thermodynamic Studies

As the van't Hoff plot is modelled using a nonlinear form (Fig,
9), the negative values for the AG” and AH’ (Table 14) indicate that
the sorption process is spontaneous and exothermic, respectively.

The low magnitude of AH’, which is less than 40 KJ/mol, indi-
cates the sorption process is via a physisorption route rather than a
chemisorption [118], of which for the latter, a magnitude of
between 80-400 kJ/mol is expected [119]. The relatively low mag-
nitude of AG” also supports physisorption as the magnitude for
chemisorption is often reported between —400 to —80 kJ/mol [56].
In addition, the capacity of adsorption tends to decrease with an
increase in temperature [120], which was observed in this study.
Physisorption is also the dominant process for several bacterial
sorptions of dyes and azo dyes such as the sorption of direct blue
15 by A. xylinum ATCC 23768 cellulose [121], Lactobacillus sp.
bacterial consortium immobilized in sodium alginate for Orange
16 dye removal [122], Brilliant Red HE-3B Reactive Dye sorption
on the composite of natural polymers and microbial biomass [123]
and Congo Red and Methylene Blue sorption by Streptomyces
fradiae [46]. A bacterial surface is generally composed of several
potential sorption layers rather than a monolayer and at high con-
centrations of adsorbate, the adsorbents surface can be covered by
more than one layer of adsorbate, and physisorption often occurs
as a multilayer. However, each layer can have a combination of
chemisorption and physisorption although any layers that are ad-
sorbed after the first are physically adsorbed. Collectively speak-
ing, physisorption will be the more dominant process occurring
on a heterogenous surface of bacteria [124]. In contrast to the result
in this study, the adsorption of TB dye onto LS and ZnNPs-LS is
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endothermic [82] while thermodynamics study in other TB adsor-
bent works is absent.
7. FTIR Analysis

FTIR analysis makes it possible to validate the biosorption pro-
cess by identifying the adsorption binding site by observing changes
in the functional group [125]. Low transmittance values imply a
higher number of bonds in the sample that absorbs light, while
high transmittance values suggest the existence of fewer bonds that
have vibrational frequencies that correspond to the incoming light.
Active functional groups such as amino, hydroxyl, sulphonate, car-
boxyl, and carbonyl are responsible for the characteristics of bind-
ing sites and the attachment of dyes to the surface of proteins [79].

Bacterial biomass comprises polysaccharides, proteins, nucleic
acids, lipids, and humic compounds, which are the most abundant
chemical constituents. They created various functional groups, in-
cluding carboxyl, hydroxyl, and amino, that were available on the
surface site and capable of attaching the sorbate jon and molecules
to the surface [126]. The presence of different functional groups
on the surface of the bacterial biomass has been detected using
FTIR. Fig. 10 shows several notable peaks in the 4,000-400 cm™!
wavenumber region for TB dye. All of the peaks in the area of the
current peak were separated into two sections: one for identifying
the existence of an active group (1,500 cm™ to 4,000cm™) and
another for fingerprinting the molecule, which includes peaks less
than 1,500 cm™. The fingerprint print area serves as the molecules

——Control ——20mg/L ——150 mg/L

Transmittance (%)

10 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Fig. 10. Comparison of FTIR spectrum of Pseudomonas sp. strain
MMO2 biomass, before and after treatment with 20 and
150 mg/L TB dye.
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Table 15. FTIR spectral characteristics of Pseudomonas sp. strain MMO2 biomass before and after adsorption of TB dye

FTIR peaks Biomass 20 mg/L 150 ml/L Action
1 3,365.53 3,274.94 3,282.76 O-H Stretching
2 2,926.29 2,957.66 2,919.38 C-H aliphatic vibration
3 2,855.10 - 2,850.34 C-H (alkyl, alkane)
4 2,168.88 - - NH3
5 2,115.58 - 2,096.59
6 2,036.36 2,089.58 2,015.82
7 1,998.99 - 1,990.05
8 1,744.67 C=O0 stretching (carboxyl)
9 1,652.35 1,652.25 N=N (carboxylic and lactoic)
10 - 1,634.56 1,634.75 Additional peak
11 - 1,549.07 1,539.82 Additional peak
12 1,456.85 1,462.67 1,471.26 N-O
13 - 1,403.32 1,403.85 Additional peak
14 1,377.33 C-C stretching (aromatic ring)
15 1,244.31 1,297.02 1,235.36 $=0: C-O
16 1,161.80 - - S=0 stretching
17 1,059.30 1,059.00 1,062.31 C-O stretching (ethers or lactones)
18 667.51 664.38 699.02 C-C

unique identifier [126]. More so, Fig. 10 shows a comparison of
the FTIR spectrum of Pseudonionas sp. strain MMO2 biomass before
and after treatment with a 20 and 150 mg/L of TB dye.

Table 15 presents a comparison of functional group peaks that
were present before and after TB dye adsorption. The FTIR analy-
sis of raw bacterial biosorbent revealed many essential bands within
the wavenumber range of 4,000 to 500 cm ™. For example, the ab-
sorption peak at 3,365.53 cm™' was moved to 3,282.76 cm ™, indi-
cating the participation of O-H stretching vibrations of H-bonded
hydroxyl groups in the dye adsorption [127]. The C-H bond ali-
phatic group (alkane) vibration was seen to move from 2,926.29
cm to 2,919.38cm™ due to symmetric or asymmetric stretching
of CH, [128,129]. Band between 2,855.10 to 2,850.34 cm ™" depicts
C-H alkyl stretching, suggesting the formation of methyl derivative.
The peak at 1,744.67 cm™ represents C=O stretching while a stretch-
ing N=N at 1,652.35cm™" shows the existence of an azo bond in
the dye structure, and the peak at 1,456.85 cm™ indicates N-O stretch-
ing. The peak at 161.80 cm™" shows the presence of sulfo groups in
the products, but reducing their quantity implies that dyes are being
deaminated and desulfonated more. The peak at 2,168.88 cm™" is
NH,, suggesting the production of amines. Additional peaks are
seen after the adsorption at 1,634.75, 1,539.82, 1,403.85, and 597.85
cm™' showing C-H deformation, which indicates cleavage of the dyes
molecule [130,131].

The adsorption and biodegradation of Red M5B by B. cereus
was discovered by Kadam et al. [132] via a comparison of the FTIR
spectra of the control dye and the products generated following
full adsorption of the dye. Spectra of the control, Red M5B revealed
peaks at 3,430.5, 1,623.8, 1,533.9, 1,393.0, 1,114.8, 1,048.6, 8474,
7534, and 619.8 cm™, which corresponded to N-H stretching, N-N
stretching as in azo compounds, N-H deformation, C-N stretch-
ing, O-H deformation, C-OH stretching, S-O stretching as in sul-
fonic acid, C-H stretching and as a result, the difference in spectra

between the dye that had not been treated and the dye that had
been treated indicated its deterioration. The absence of a peak at
1,623.8cm™" in the product spectrum demonstrates that the azo
bond has been broken, which supports the enzymatic pattern of B.
cereus as well as the removal of the azo bond during degradation.
In another report by Lade et al. [133], the vibrations observed in
the FTIR spectra of Trypan Blue dye were at 2,976.08 cm™" (octa-
hedral OC-H stretching), 2,884.66 cm™" (alkanes C-H stretching),
2,359.74cm™ (amines NH' stretching), 1,612.30-1,581.34cm™ (dou-
ble azo bond -N=N stretching), 1,492.96 cm™" (nitrosamines N=O
stretching), 1,209.38 cm™' (carbonated impurities). It was discov-
ered that after 24 h of treatment with the microbial community,
the dye-extracted products had a distinct pattern of absorption peaks.
An analysis of the FTIR profiles of dye-decolorized products revealed
peaks at 2,883.73 cm™' (alkanes C-H stretching) and 1,677.47 cm™
(nitrites N=O stretching), respectively. There were two peaks of the
dye Trypan Blue that were untreated at 1,612.30 and 1,581.34cm ™.
These examples justified the disappearance of many peaks after
the adsorption of TB dye by bacterial biomass as seen in Table 15
below.

8. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) uses a directed beam of
electrons to scan the surface of a sample or spacecraft to obtain
images [32,134]. When the electrons communicate with atoms in
the specimen, they provide different signals that give details about
the specimens surface structure and composition. These techniques
and many others, such as AFM (Atomic Force Microscopy), are
used to characterize dye biosorption by bacterial biomass [135,
136]. Samples (bacterial biomass) were prepared before and after the
batch adsorption experiment [127,137]. The samples were washed,
dried, and grounded. The samples were then analyzed using SEM
under appropriate resolution (x5,000 magnification) at a given
voltage [138]. A previous adsorption study of bacterial biomass by
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Mag = S5.00K X

EHT = 10.00 kV
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Fig. 11. SEM of Pseudomonas sp. strain MMO2 biomass, (A) before adsorption, and (B) after TB dye adsorption (Magnification: x5,000).

The scale bar is in green (1 pm).

[136] used scanning electron microscopy (SEM) to examine the
surface morphology of the bacterial biomass samples before and
after the adsorption. The samples were first dried at 65 °C to a sta-
ble weight and then scanned using a scanning electron microscope.
From the scanning images, the surface morphology of the biomass
was found to be heterogeneous, non-porous, smooth, and tightly
packed. The images revealed the presence of adhesive binding on
the bacterial biomass surface and that of the dye [139]. Similarly,
our work demonstrates that the surface morphology of the Pseu-
domonas sp. strain MMO2 biomass is heterogeneous, smooth, and
tightly packed. The images (Fig. 11) demonstrated the existence of
adhesive binding between the surface of the bacterial biomass and
the dye after treatment. Another similar study reported adhesive
interactions and the presence of ionized functional groups, phos-
phodiesters, carboxyl, and amino groups on the surface of Gram-
negative cells [136,139]. Additionally, the micrographs demonstrate
a distinct variation in the surface appearance of the raw and treated
bacterial biomass.

CONCLUSION

This work presents the effective adsorption of TB dye by Pseu-
domonas sp. strain MMO2 bacterial biomass previously isolated
from the Juru riverine area of Malaysia. The study optimized the
adsorption of Trypan Blue (TB) dye in an aqueous solution using
screened bacterial biomass. The batch adsorption studies deter-
mined the optimum operating parameters for TB dye adsorption.
Statistical optimization using RSM resulted in increased adsorp-
tion performance of the dye up to 61.51% (59.28% for OFAT),
which was validated by the experiment. The adsorption of TB dye
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by Pseudomonas sp. strain MMO02 was further characterized for
kinetics, isotherms, and thermodynamics. The FTIR results indi-
cate a multi-interaction process between the dye and the surface of
the bacteria, with functional groups involved in the interaction,
which reflects the complex surface groups occurring on bacterial
surfaces in general. Despite this, it is important to note that FTIR
is a bulk method, and further surface characterization methods such
as X-ray photoelectron spectrometry (XPS), time-of-flight surface
ionization mass spectrometry (ToF-SIMS) and contact angle mea-
surements are probably needed to better understand the sorption
processes occurring on the surface of the bacteria. The thermody-
namic parameters indicate that adsorption conforms to a hetero-
geneous surface with multilayers, which is typical for bacterial-
based biosorbents. The relatively good maximum sorption capac-
ity of the dye to Pseudomonas sp. strain MMO02 means that the
bacterium can be extensively used in the remediation of this dye
pollution via adsorption. Our current work includes immobiliza-
tion processes as a prerequisite for column separation work.
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