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Abstract: Foam separation, an efficient downstream processing unit operation, was tested as a post-treatment technique for phenol removal after biosorption.

The biosorptive foam separation process was carried out in two stages, namely biosorption and foam separation. A minimum run resolution V central composite
design with four variables (initial concentration, pH, biosorbent dosage, and time) for biosorption and three variables (liquid pool height, surfactant concentration,
and air flow rate) for biosorptive foam separation was applied to optimize the process. The results showed a good fit with the proposed statistical model for removal
of phenol (R? = 0.9500) for biosorption and (R? =0.9599) for biosorptive foam separation. In addition, the adsorption isotherm and kinetic studies revealed that the
biosorption process followed the Langmuir model (R>=0.9544) and Bangham kinetic model (R>=0.9857). The adsorbed chemical species was identified by FTIR
spectroscopy. Electrokinetic measurements were carried out to determine the isoelectric point (IEP) of the bacteria. The zeta potential profile of the bacteria appears
to be negative throughout the range of pH examined, showing isoelectric point at a pH of 3. The recovery of phenol loaded biomass and final traces of phenol by

flotation were found to be 99.95%.

\Key words: Biosorptive foam separation; Pseudomonas putida; Cetyl Trimethyl Ammonium Bromide; Bangham kinetic model; Zeta potential. /

Introduction

The chemical surroundings consist of four million
famous chemicals and a very large number of strange
chemicals (1). Phenol is a an important pollutant found
in a variety of effluent streams from chemical industries
such as resin, coke oven in steel plants, petrochemical,
fertilizer plant, pharmaceuticals, chemical, dye indus-
tries, plastics, textiles, paper and pulp industries. The
concentration of phenol in waste waters varies from 10
ppm to 3000 ppm. Phenolic compounds are recognized
as toxic carcinogen to human and aquatic life and need
to be eliminated (2, 3). The European Union and US
Environmental Protection Agency (USEPA) have posi-
tioned phenol and its derivatives (e.g. chlorophenols
and nitrophenols) on their main concern pollutants
list. These phenolic compounds can create an oxygen
demand, nasty taste, and whiff, and can wield gloomy
effects in ground water resources (4-7).

Careful treatment of waste water containing phe-
nolic compounds is required before its final discharge.
Numerous technologies have been investigated for
removal of phenol from industrial waste water. They
include adsorption, oxidation, and enzymatic treatment.
Adsorption appears to be the finest technique to remove
phenols (8-12). Most of the physico—chemical methods
employed have certain inherent drawbacks such as,
tendency to form secondary toxic materials like cya-
nates, chlorinated phenols, and hydrocarbons. Moreo-
ver, the physico—chemical methods of treatment of phe-
nolic wastewater have proven to be costly (13, 14). In
spite of successful biological and chemical treatment

techniques, biological method of treatment has turned
out to be the most favorable, efficient and prevalent
way for phenol removal. Among the four phenol uti-
lizing microbial systems (Pseudomonas, Azotobacter,
Alcaligenes,and Acinetobacter), Pseudomonas has been
identified to be effective for eradicating chlorophenol,
resorcinol, and other phenolic compound (15, 16).Due
to the bacteria’s strongest appetite for organic pollu-
tants, it is chosen as a laboratory workhorse. Biological
treatment of phenol has attracted great attention due to
its environmental friendly approach (17, 18).

Foam separation is still a subject of great attention
in mineral processing with a steadily growing number
of research studies and industrial application. Biosorp-
tive floatation technique implemented by Zoubollis and
Matis for toxic metal removal was extended for phenol
separation and worked well (19, 20). Here sorptive phe-
nolics removal has been achieved in the first stage and
efficient solid—liquid separation along with unadsorbed
traces of phenols in the second stage. The major advan-
tages of biosorptive foam separation of phenol by Pseu-
domonas putida and CTAB is that the phenol concentra-
tion in the treated solution was in terms of micrograms
which meet out the permitted level. The optimized para-
meters of biosorption were initialized in foam separa-
tion and parameters such as column height, surfactant
concentration, and air flow rate were optimized and the
residual phenol concentration in the aqueous solution
was determined by 4- amino antipyrine method.

Usually, experiments were carried out in such a
way that a single factor is examined and analyzed at
a time whereas the other variables remain unaltered.
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This course of action is called one variable at a time
(OVAT). This method is time intensive (the researcher
has to screen all variables independently) and requires a
large number of experiments. This escalates the cost of
study. Additionally, OVAT does not include the commu-
nications between the preferred parameters. In order to
avoid the limitations of the classical method, statistical
experimental design can be used for optimization of pro-
cess parameters. Response surface methodology (RSM)
is an effective statistical technique for designing such
experiments, building models and investigating com-
plex processes for the optimization of the target value.
Response surface methodology (RSM) was being effec-
tive for responses that are influenced by many factors
and their interactions. Central composite design (CCD)
was used for generation of a response surface analysis
model. The statistical implication of the second—order
model equation was determined by performing Fisher’s
statistical tests for analysis of variance (ANOVA). In
particular, a good model must be precise and significant
based on F—value and p—value in contrast to the lack of
fit. Moreover, the proportion of variance exhibited by
the correlation coefficient (R?) should be close to 1 as
this would demonstrate better correlation between the
experimental and predicted values (21-23).

In this present work, the interactions among the fol-
lowing seven operating variables, namely, initial feed
(phenol) concentration, pH, biosorbent dosage and time
for the biosorption and liquid pool height, surfactant
concentration and air flow rate for biosorptive foam se-
paration part was studied using Min Res. V. Statistically
optimized condition for maximum removal of phenol
from aqueous solution was found. In order to appraise
the removal mechanism, equilibrium, and kinetic mo-
deling studies were carried out. Biomass was characte-
rized by FTIR and Zeta potential studies.

Materials and Methods

Reagents and analysis

Phenol, Sodium hydroxide flakes (98%), Cetyl Tri-
methyl Ammonium Bromide (CTAB), Ethanol, and Hy-
drochloric acid (HCI) were bought from SDFCL (India).
Luria-Bertani broth (LB broth), and Nutrient agar were
purchased from Hi-media (India). Reagents used in
4-amino antipyrine (4-AAP) procedure for spectropho-
tometric determination (4-AAP, K.Fe (CN) , K. HPO,,
KH,PO, and ammonium hydroxide) were of analytical
grade and supplied by Merck (Germany).

Microbial culture, Pseudomonas putida (MTCC
1994)was purchased from Microbial Type Culture Col-
lection and Gene Bank and maintained in a standard
nutrient agar medium. Inoculum was prepared by sus-
pending grown cells from the slant to the broth. Cells
were grown in 250 ml Erlenmeyer flasks containing 100
ml nutrient broth in an incubation shaker (Scigenics
Biotech, India). All flasks and media were sterilized and
heat inactivated in an autoclave at 121°C, 15 psi for 20
minutes. Biomass was collected by centrifugation and
the pellet was washed with 70% ethanol and air dried.
Dried biomass was used as an adsorbent.

Sartorius basic meter PB-11 (Germany) was used for
measuring pH of feed solution and UV-Vis spectropho-
tometer Shimadzu-UV-2450 (Japan) used for measuring

the absorbance values of the phenolic solution.

Stage I: Biosorption experiments

Batch biosorption experiments were carried out in a
series of Erlenmeyer flasks, where 100 ml of aqueous
phenol (300-700 mg/1), pH (5-9) to be treated was placed
in contact with a known mass of biosorbent (0.05-0.25
g in 100 ml) and agitated in an incubation shaker for a
time period of (1-3 days) at a fixed speed of 200 rpm
and a temperature of 30°C according to experimental
design. The samples were filtered through 0.45 pm cel-
lulose acetate membrane filter and analyzed for residual
phenol concentration. The interactive effect of various
operating parameters such as initial feed concentration,
equilibrium time, biosorbent dose, and pH, was studied.

Stage I1: Biosorptive foam separation experiments
Biosorptive foam separation experiments were car-
ried out in a cylindrical glass tube of inner diameter 2
cm with a top hemispherical bend to collect the foam
(Fig. 1). A sparger inserted into a close fitting rubber
stopper was in turn inserted into the bottom of the glass
column. A known volume of phenol— loaded biomass
(13.2-46.8 cm) solution from stage I with a predeter-
mined concentration of phenol was taken into the foam
column. Surfactant Cetyl trimethyl ammonium bromide
(0.132-0.468 w/v %) was added to the bulk solution to
stabilize the foam. The air was then admitted through
the nozzle into the feed solution at a controlled flow rate
(1.16-2.84 Ipm). After a time interval of 20 minutes,
air supply was bypassed through a two-way valve. The
liquid obtained by breaking the foam and the residual
pool liquid in the foam column were centrifuged and
the supernatant was analyzed to determine the phenol
concentration. Concentration of phenol was measured
using UV- spectrophotometer at a wavelength of 510
nm from the absorbance calibration curves (24). In the
second stage of the biosorptive foam separation, the in-
teractive effect of various operating parameters, namely
liquid pool height, surfactant concentration, and air
flow rate on percentage removal were studied in detail.
Percentage removal was determined by Eq. (1)
Cp-Cf

Removal of phenol (33) = o X 100 (1)
]

Where; C_ and C, are the phenol concentration
(mg/L) in the influent and effluent streams respectively.

Results and discussion

Stage I: Biosorption experiments
The experimental ranges and levels along with the

5.F

5. ng Column
6.Collector for Foamate

Figure 1. Diagram of a batch biosorptive foam column.
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Table 1. CCD matrix along with range and its response on percentage removal of phenol from aqueous solution by biosorption using

Pseudomonas putida.
Runs Phenol conc. pH Biosorbent dose Time Phenol removal %
mg/l gm days Experimental Predicted
1 0.00(400) -2.00(5) 0.00(0.15) 0.00(2.0) 90.71 89.05
2 0.00(400) 0.00(7) 2.00(0.25) 0.00(2.0) 80.57 78.75
3 -2.00(300) 0.00(7) 0.00(0.15) 0.00(2.0) 99.73 94.90
4 0.00(400) 0.00(7) -2.00(0.05) 0.00(2.0) 91.68 90.38
5 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 98.75 99.04
6 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 99.75 99.04
7 2.00(700) 0.00(7) 0.00(0.15) 0.00(2.0) 87.64 89.36
8 0.00(400) 0.00(7) 0.00(0.15) 2.00(3.0) 82.59 80.27
9 0.00(400) 2.00(8) 0.00(0.15) 0.00(2.0) 86.63 85.17
10 0.00(400) 0.00(7) 0.00(0.15) -2.00(1.0) 87.64 86.84
11 1.00(500) -1.00(6) -1.00(0.10) -1.00(1.5) 96.73 96.02
12 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 98.75 99.04
13 1.00(500) -1.00(6) 1.00(0.20) -1.00(1.5) 87.64 86.81
14 1.00(500) 1.00(8) -1.00(0.10) 1.00(2.5) 84.61 83.73
15 -1.00(400) -1.00(6) 1.00(0.20) 1.00(2.5) 87.60 89.30
16 -1.00(400) 1.00(8) -1.00(0.10) 1.00(2.5) 87.64 90.16
17 -1.00(400) 1.00(8) -1.00(0.10) -1.00(1.5) 92.69 93.82
18 1.00(500) -1.00(6) 1.00(0.20) 1.00(2.5) 83.60 83.90
19 1.00(500) 1.00(8) 1.00(0.20) 1.00(2.5) 80.57 80.58
20 1.00(500) -1.00(6) -1.00(0.10) 1.00(2.5) 79.56 80.75
21 -1.00(400) -1.00(6) -1.00(0.10) 1.00(2.5) 84.61 85.41
22 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 97.74 99.04
23 1.00(500) 1.00(8) 1.00(0.20) -1.00(1.5) 77.54 78.17
24 -1.00(400) 1.00(8) 1.00(0.20) 1.00(2.5) 85.62 87.76
25 -1.00(400) -1.00(6) 1.00(0.20) -1.00(1.5) 83.60 85.91
26 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 98.75 99.04
27 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 99.76 99.04
28 1.00(500) 1.00(8) -1.00(0.10) -1.00(1.5) 93.70 93.69
29 -1.00(400) 1.00(8) 1.00(0.20) -1.00(1.5) 78.55 79.05
30 -1.00(400) -1.00(6) -1.00(0.10) -1.00(1.5) 92.70 94.38
31 0.00(400) 0.00(7) 0.00(0.15) 0.00(2.0) 99.76 99.04
Table 2. ANOVA for response surface quadratic model on percentage removal of phenol from aqueous solution by biosorption using
Pseudomonas putida.
Sum of Mean F- p-value
Source Squares Degrees of freedom square value Prob>F
Model 1388.36 14 99.17 20.34 <0.0001
A-phenol concentration mg/1 46.04 1 46.04 9.44 0.0077
B-pH 22.58 1 22.58 4.63 0.0481
C-biosorbent dose gm 202.65 1 202.65 41.57 <0.0001
D-time days 64.81 1 64.81 13.3 0.0024
AB 3.15 1 3.15 0.65 0.434
AC 0.56 1 0.56 0.11 0.7405
AD 39.69 1 39.69 8.14 0.0121
BC 39.69 1 39.69 8.14 0.0121
BD 28.25 1 28.25 5.8 0.0294
CD 152.89 1 152.89 31.37 <0.0001
A? 79.06 1 79.06 16.22 0.0011
B? 238.93 1 238.93 49.02 <0.0001
c? 353.05 1 353.05 72.43 <0.0001
D? 404.49 1 404.49 82.98 <0.0001
Residual 73.12 15 4.87
Lack of Fit 70.25 10 7.02 12.22 0.0064
Pure Error 2.87 5 0.57
Cor Total 1461.48 29
Std. Dev. 2.2078 R-Squared 0.9500
Mean 89.2550 Adj R-Squared 0.9033
CV. % 2.4736 Pred R-Squared 0.7203
PRESS 408.7512 Adeq Precision 13.2877
experimental data obtained from 31 run experiments times. The significance and adequacy of the quadratic
performed at different combinations of the factors and model were tested using ANOVA. The results were
the predicted data from a response surface analysis were shown in Table. 2.
shown in Table. 1. The central point was repeated seven The correlation coefficient (R?) of the model is
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0.9500, which show a good coherence between theore-
tical and experimental response. The “Predicted R?”’of
0.7203 is in reasonable agreement with the “Adjusted
R*’0f 0.9033. “Adequate precision” of 13.288 indicates
an adequate signal, is a measure of signal to noise ra-
tio. The “Model F-value” of 20.34 implies the model is
significant. In this case A, B, C, D, AD, BC, BD, CD,
A2, B2, C%, D2 are significant model terms. The model
established by the regression equation can substitute the
experimental real point to explain response results. The
regression equation of the process variables is given by

Eq. (2).

Phenol removal(Y) = 98.92 — 1394 — 0.975 — 2.91C — 1.64D — 0.444B — 0.19AC — 1.584D —
157BC +1335D +3.09CD — 1.704% — 2.958% — 3.59C% — 3.84D* (2)

Where Y is the phenol removal, A, B, C, and D are
phenol concentration in mg/L, pH, and biosorbent do-
sage in g and time in days.

The above model can be used to predict the biosorp-
tion of phenol within the limits of the experimental fac-
tors that the actual response values agree well with the
predicted response values.

Interactive effects of process variables on biosorp-
tion of phenol

To investigate the significant interactive effects
of various process variables on percentage removal of
phenol, the three-dimensional profiles of multiple non-
linear regression models were shown in Fig.2 (a, b).
From the figures, the elliptical shape of contour plot
shows significant interaction among the process va-
riables.

The percentage removal of phenol increases when
the pH range was increased from the lower level up to
a certain limit. After that, the percentage removal de-
creases. These were due to the fact that the interaction
is considered mainly as non- polar, and the forces res-
ponsible for adsorption were weak physical. This be-
havior provides potential for recovery of the adsorbate
(phenol) as well as regeneration of adsorbent (Pseudo-
monas putida) by simple nondestructive methods such
as ethanol washing (25).

It was observed that the uptake of phenol by Pseudo-
monas putida increased with increase in sorption time
up to a certain limit. No significant increase in the sorp-
tion was found after two days, and the adsorption was
slower. Due to the slower rate of adsorption, a concen-
tration range of 300 mg/L to 700 mg/L was chosen (26).
The initial amount of phenol provides an important dri-
ving force to overcome all the mass transfer resistances
of phenol between the aqueous and solid phase. Accor-
dingly, a high initial concentration would enhance the
biosorption process. The increase in sorption capacity
with an increase in initial phenol concentration might
also due to a higher probability of collision between the
phenol molecules and biosorbent (27, 28).

In any adsorption process, the amount of adsorbent
plays an important role. In order to evaluate the effect
of adsorbent dose (in grams of adsorbent per 100 ml
of aqueous phenolic solution) on phenol, experiments
were performed with various amounts of Pseudomonas
putida, ranging from 0.05 to 0.25 g. It is evident from
the figures that the biosorbent loading has a profound
effect on the percentage removal of phenol. With a fur-

=784 A Liquid pool height em

G Al fowrats lpm

5: Sutactant Concenvation % 5 "% A’ Liqud poolheigt em —~
Figure 2. (a) 3D surface plot showing the interactive effect of pH
and phenol concentration on percentage removal of phenol (b) 3D
surface plot showing the interactive effect of time and biosorbent
dose on percentage removal of phenol (c¢) 3D surface plot showing
the interactive effect of surfactant concentration and liquid pool
height on percentage removal of phenol (d) 3D surface plot
showing the interactive effect of airflow rate and liquid pool height

on percentage removal of phenol.

ther increase in biosorbent dose over certain limit hadn’t
allowed any additional improvement. This is because
of the binding of almost all the phenol to the sorbent
and establishment of equilibrium. Biosorption capacity
was high at a low dosages of 0.175 g/100 ml because
the biosorption sites remain unsaturated. The decrease
in biosorption capacity corresponding to an increase in
dose of sorbent above 0.175 g/100 ml is mainly credited
to the non-saturation of the biosorption sites. That is,
the available phenol molecules are inadequate to cover
all the exchangeable sites on the sorbent, resulting in a
lower phenol uptake. (29).

Stage I1: Biosorptive foam separation experiments

In the biosorptive foam separation of phenol, the ex-
perimental ranges and levels along with the experimen-
tal data obtained from 20 run experiments performed at
different combinations of the factors and the predicted
data from a response surface analysis were shown in
Table. 3. The central point was repeated six times. The
significance and adequacy of the quadratic model were
tested using ANOVA. The results are shown in Table. 4.

The correlation coefficient (R?) of the model is
0.9599, which show a good coherence between theore-
tical and experimental response. The “Predicted R*’of
0.7976 is in reasonable agreement with the “Adjusted
R*’0f 0.9238. “Adequate precision” of 15.176 indicates
an adequate signal, is a measure of signal to noise ra-
tio. The “Model F-value” of 26.58 implies the model is
significant. Values of “Probability F less than 0.0500
indicates model terms are significant. In this case B,
AC, A%, B2, C? are significant model terms. The model
established by the regression equation can substitute
the experimental real point to explain response results.
The second order regression equation of the process
variables is given by Eq. (3).

Phenol removal(Y) = 89.22 — 0.654 + 6.11B + 0.99C + 1.134B + 4.694C — 4.875C — 14.054% - (3)
9.058% - 8.78¢2

Where Y is the phenol removal, A, B and C is liquid
pool height, surfactant concentration, and airflow rate
respectively. The p- value less than 0.05 indicate mo-
del terms are significant. The values greater than 0.05,
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Table 3. CCD matrix along with range and its response on percentage removal of phenol from aqueous solution by biosorptive foam

separation using Pseudomonas putidaand CTAB.

Run liquid pool height Surfactant Air flow rate Percentage removal (%)
cm w/iv % Lpm Experimental Predicted
1 0.00(30) 0.00(0.30) 1.68(2.84) 70.00 66.04
2 0.00(30) 0.00(0.30) -1.68(1.16) 68.00 62.72
3 0.00(30) 0.00(0.30) 0.00(2.00) 88.89 89.22
4 -1.00(20) -1.00(0.20) -1.00(1.50) 48.45 51.84
5 1.00(40) -1.00(0.20) 1.00(2.50) 57.00 59.99
6 0.00(30) 0.00(0.30) 0.00(2.00) 88.89 89.22
7 1.00(40) 1.00(0.40) 1.00(2.50) 61.59 64.73
8 0.00(30) 0.00(0.30) 0.00(2.00) 88.38 89.22
9 -1.00(20) -1.00(0.20) 1.00(2.50) 52.00 54.18
10 -1.00(20) 1.00(0.40) -1.00(1.50) 68.00 71.54
11 0.00(30) 0.00(0.30) 0.00(2.00) 89.34 89.22
12 1.00(40) 1.00(0.40) -1.00(1.50) 58.77 63.12
13 0.00(30) -1.68(0.132) 0.00(2.00) 57.00 53.34
14 1.68(46.80) 0.00(0.30) 0.00(2.00) 53.20 48.39
15 0.00(30) 1.68(0.468) 0.00(2.00) 79.47 73.90
16 1.00(40) -1.00(0.20) -1.00(1.50) 36.00 38.90
17 -1.00(20) 1.00(0.40) 1.00(2.50) 50.76 54.40
18 0.00(30) 0.00(0.30) 0.00(2.00) 88.89 89.22
19 -1.68(13.2) 0.00(0.30) 0.00(2.00) 55.00 50.57
20 0.00(30) 0.00(0.30) 0.00(2.00) 89.34 89.22

Table 4. ANOVA for response surface quadratic model on percentage removal of phenol from aqueous solution by biosorptive foam

separation using Pseudomonas putidaand CTAB in coded levels

Sum of Mean F p-value
Source Squares Degrees of freedom Square value Prob>F
Model 5260.59 9 584.51 26.58 <0.0001
A-height cm 5.77 1 5.77 0.26 0.6195
B-surfactant conc. w/v% 510.08 1 510.08 23.20 0.0007
C-air flow rate Ipm 13.34 1 13.34 0.61 0.4541
AB 10.23 1 10.23 0.47 0.5106
AC 175.85 1 175.85 8.00 0.0179
BC 189.83 1 189.83 8.63 0.0148
A? 2844.57 1 2844.57 129.36 <0.0001
B? 1180.73 1 1180.73 53.69 <0.0001
c? 1111.22 1 1111.22 50.53 <0.0001
Residual 219.90 10 21.99
Lack of Fit 219.26 5 43.85 343.21 <0.0001
Pure Error 0.64 5 0.13
Cor Total 5480.48 19
Std. Dev. 4.6893 R-Squared 0.9599
Mean 67.4484 Adj R-Squared 0.9238
CV. % 6.9525 Pred R-Squared 0.7976
PRESS 1657.2231 Adeq Precision 15.1764

indicates that the model terms are not significant. This
model can be used to predict the biosorption of phenol
as actual response values agree well with the predicted
response values.

Interactive effects of liquid pool height, surfactant
concentration, and air flow rate on biosorptive foam
separation of phenol

In order to investigate the effects of various process
variables on percentage removal of phenol, the response
surface curves and contour plots from the interactions
between the variables were shown in three- dimensional
profiles of multiple nonlinear regression models Fig. 2
(c,d)

From the figures, it is observed that as the height of
the liquid pool increased from a lower level up to a cer-
tain point, the amount of phenol removed to the foam
also increases. This is due to the fact that as the height

increases the residence time of the bubbles in the liquid
pool increases. After a certain point, the adsorption of
phenol onto bubbles could reach equilibrium, beyond
which the percentage removal decreases (19).

As the surfactant CTAB concentration increases
percentage removal too increases and this is because
aqueous phenol is slightly acidic and cationic surfac-
tant attracts anionic phenolate and hence an increased
surface activity too. Subsequently, as the surface is satu-
rated, further increase in CTAB concentration signifi-
cantly slow down the rate of drainage of the foam and
surplus surfactant can form micelles. Therefore, the
phenol percentage removal reduced with an increase in
the surfactant concentration after a certain level (30).

Initially, as the airflow rate is increased from lower
level to higher, percentage removal also increases. This
is due to the fact that, initially at low flow rates, the
bubble sizes are larger and therefore at lower rates
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bubbles agglomerates and becomes larger in size and
coalesces resulting in more drainage of phenol. Howe-
ver, with further increase in airflow rate above a certain
point, the percentage removal decreases which is due to
the fact that the foam bubble size decreased and coales-
cence and drainage decreased (31,32).

Isotherm studies
The biosorption experiments were performed by iso-
thermal batch mode at 30°C. The amount adsorbed at
equilibrium q_ is calculated by the Eq. (4)
(Co—CalV
Qe =" 4

Where C_ is the initial phenol concentration (mg/l),
V is the volume of solution (L) and m is the dry weight
of the biosorbent (g). Equilibrium data were fitted using
seven different isotherm models, namely Langmuir,
Freundlich, Tempkin, Redlich-Peterson, BET, Dubinin
Radushkevich and Elovich isotherm models (33-38).

Results showed that Langmuir isotherms fitted the
data well with the later best with an R*value of 0.9544
and were explained and shown in Fig. 3.

The Langmuir isotherm model is defined by Eq. (5)
and the linear form of the isotherm is given by Eq. (6)

__ goiLCe 5
g 1sEC: ©)
e 1 Ce

(6)

Where; q : Empirical Langmuir constant which rep-
resents the maximum adsorption capacity (mg/g), K, :
Constant related to the energy of adsorption (L/mg).

gz Klgo dp

The plot of ? vs C, yields a straight line with slope
-]

1 .
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The values of q  and K, can be calculated from the
slope and intercept of the linear curve. The q_ value re-
presents the total number of surface sites per mass of
adsorbent. In an ideal case, q, would be equal for all
adsorbates. However, q may vary somewhat between
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Figure 3. Linearized Langmuir isotherm for phenol removal (tem-
perature of 30°C, dose of 0.15 gmbiosorbent/100 ml, agitation
speed of 200 rpm and pH 7).

different compounds because of differences in adsor-
bate sizes. The constant K, is defined as the equilibrium
constant of the adsorption reaction.

Biosorption Kinetics

Biosorption kinetics was studied at 30° C and the
rate was monitored and the results were compared with
theoretical models. Adsorbed amount of phenol at any
time q, is calculated by Eq. (7)

_ (Co—CtWv
=" (7

Where qjis the amount of biosorption at time t
(mg/g), C_ is the initial concentration of the phenolic
compound in the solution (mg/L), C, is the concentra-
tion of the phenolic compound in the solution at time
t (mg/L), V is the volume of solution (L) and m is the
mass of the biosorbent (g).

Pseudo first order, Pseudo second order, Elovich,
Intraparticle diffusion, Mass transfer diffusion and Ban-
gham kinetic models were tested in this study (39-42).
Results showed that the Bangham kinetic model fitted
the data well and shown in Fig. 4.

The Bangham kinetic model is a double logarithmic
plot implying the participation of the diffusion pro-
cesses in the rate determining step. Therefore, the rate
determining step may be controlled by film or pore dif-
fusion or a mixture of both. The Bangham’s model is
given by Eq. (8)

Cg _ logkem

loglo =
g gfg—qrm 2.303»

+o logt
(8)

Where: C_is the initial concentration of adsorbate in
solution mg/L, V is the volume of solution (L) and m is
the mass of the biosorbent (g), q,is the amount of sorbate
retained at a time t (mg/g), a and K _are constants.

Fourier transform infrared (FTIR) analysis

FTIR spectroscopy method was used to obtain an
information on the functional groups and hence sorp-
tion mechanism. The FTIR spectra of the biosorbent
were recorded on a Perkin-Elmer spectrum version
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Figure 4. Linearized Bangham kinetic model for phenol removal
(temperature of 30°C, dose of 0.15 gmbiosorbent/100 ml, agitation
speed of 200 rpm and pH 7).
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10.03.09, instrument model spectrum two and instru-
ment serial number 92626. FTIR spectra over a range of
4000—400 cm', for biosorbent as fresh feed, after bio-
sorption of phenol and after biosorptive foam separation
were shown in Fig. 5. Chemical characteristics of the
samples were analyzed by FTIR spectrometry after the
samples were prepared as KBr discs. FTIR spectrum of
the fresh biosorbent exhibited broad absorption bands
around 3600—3000 cm™' indicating the presence of —-OH
stretching vibrations. The band at 2927 cm™ indicates
C—H group. The peak at 1631.32 cm™! can be designated
as the C=0 stretching in carboxyl or amine groups. The
peak at 1477.16 cm™! can be designated as the C—H ben-
ding. The peak at 1384.38 cmis indicative of methyl
symmetrical C—H bending group. The peak at 1354.03
cm! can be designated as aromatic P=0 stretching. The
peak at 1242.31 cm™ can be designated as aliphatic P=O
stretching. The peak at 1076.06 cm™ can be indicative
of the NH," rocking vibrations. The peak at 765.76 cm™
can be indicative of the NH, wagging and twisting vi-
brations. The peak at 699.96 cm™! can be indicative of
the C—H stretching vibrations. The FTIR spectrum of
the phenol treated biosorbent exhibited broad absorp-
tion bands around 3600—3000 cm™ indicating the pres-
ence of —OH stretching vibrations. The band at 3291.46
cm! indicates =C—H stretching group.

The peak at 2927.63 cm' can be designated as the
C—H stretching in carboxyl or amine groups. The peak
at 1601.56 cm! can be designated as the C=0 stretching
in carboxyl or amine groups. The peak at 1446.17 cm’!
can be designated as the C—H bending. The peak at
1384.16 cm™ is indicative of methyl symmetrical C—H
bending group. The peak at 1242.84 cm™! can be desi-
gnated as aliphatic P=0 stretching. The peak at 1076.19
cm’' can be indicative of the NH," rocking vibrations.
The peak at 764.70 cm™ can be indicative of the NH,
wagging and twisting vibrations. The peak at 698.76
cm can be indicative of the C—H stretching vibrations.
The phenol CTAB treated bacteria showed a broad peak
around 3600-3000 c¢cm™', which could be attributed to
sorption of phenol onto bacteria. The band at 3424.74
cm’ is indicative of the O—H stretching region. The peak
at 2921.13 cm™! can be designated as the C—H stretching
in carboxyl or amine groups. The peak at 2852.16 cm’!
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Figure 5. FTIR spectrum of (A) Fresh biosorbent, (B) Phenol
loaded, and (C) Phenol CTAB loaded Biomass.

can be designated as the CH, symmetric stretching. The
peak at 2368.79 cm'designates C—H stretching. The
peak at 2151.51 cm™ can be designated as the combina-
tion N—H and O—H stretching. The peak at 1599.56 cm™!
can be designated as the C=O0 stretching in carboxyl or
amine groups. The peak at 1460.67 cm™! can be desi-
gnated as the C—H bending. The peak at 1384.86 cm™ is
indicative of methyl symmetrical C—H bending group. .
The peak at 1355.39 cm™ is indicative of C—H bending
bands. The peak at 1243.08 cm™ can be designated as
aliphatic P=0O stretching. The peak at 1077.60 cm™ can
be indicative of the NH," rocking vibrations. The peak
at 911.92 ecm! can be indicative of C—H out of plane
bending bands. The peak at 764.69 cm! can be indica-
tive of the NH, wagging and twisting vibrations. The
peak at 612.89 cm™ can be indicative of the C—H out of
plane bending bands (43).

Electrokinetic studies

The zeta ({) potential measurements of the Pseudo-
monas putida cells were performed as a function of pH,
freshet the initial stage and after biosorptive foam sepa-
ration using the micro electrophoretic apparatus Zeta
Plus (Brookhaven Instruments Corporation, USA). The
electrophoretic mobility determined was converted to {
potential using the Smoluchowski approximation. The
reported values are an average of 10 measurements.

The £ potential measurements provide information
regarding the surface charge of fresh and phenol CTAB
loaded cells. Fig. 6 depicts  potential of fresh and phe-
nol CTAB loaded cells at different pH values, adjusted
with the addition of 0.1M NaOH and HCI. The electro-
kinetic study provides preliminary information regar-
ding the type of surfactant to be added for the separation
of fine particles by flotation, and possible biosorption
mechanism. The fact that the observed negative charge
throughout the pH range examined, showing an isoelec-
tric point (IEP) at a pH of around 3, proved the applica-
tion of the cationic surfactant, renders hydrophobicity
and hence, floatability. The presence of various carbo-
hydrate related moieties and functional groups like car-
boxyl, amide, phosphate, and hydroxyl, provide a net
surface charge to the cell wall. The dissociation of these
functional groups seems to be a general phenomenon.
The observation of an isoelectric point (IEP) at a pH of
around 3, is in agreement with the fact that most of the
bacterial cells have an isoelectric point at a pH value of
less than 4 and, reflects mixed contributions of protein
or peptidoglycan-associated COOH™ or NH," and may
result from a combination of NH," containing polymers
and low pKa anionic polysaccharides containing phos-
phate or carboxyl groups. No significant change is ob-
served on the surface charge of the non-living biomass
when examined alone or in the presence of cationic sur-
factant. The phenol binding properties of Gram-nega-
tive bacteria are largely due to positively charged amino
groups, which are part of the cell wall structure. Due
to this fixed cation content, they exhibit high sorption
capacities. From the above discussions, it is clear that
the zeta-potential changes according to changes in the
solution. The zeta-potential measurements make it pos-
sible to follow the changes that take place in the solu-
tion. After biosorptive foam separation, the zeta poten-
tial of the biomass becomes less negative. This could
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Figure 6. Potential-pH curves of (A) Fresh Pseudomonas puti-
daand (B) Phenol CTAB loaded Pseudomonas putida.

be attributed to the electrostatic interaction between
the biomass, CTAB and phenolate ions. This effect is
caused by the dissociation of the functional groups at
high pH values, which will promote an electrostatic
attraction toward negatively charged phenolate ions in
the solution (44-47).

Conclusions

The outcomes of biosorptive foam separation of phe-
nolic compounds by Pseudomonas putida and cationic
surfactant has proved to be a most promising technique.
It is a two stage process where sorption of phenol over
the dead cells constitutes the first stage and separation
of phenol loaded biomass, and a clear underflow consti-
tutes the next. “Min Res V” was successfully employed
and the ANOVA showed a high coefficient of determi-
nation value (R2=0.9500) for biosorption experiments
and (R2=0.9599) for biosorptive foam separation expe-
riments, thus ensuring a satisfactory adjustment of the
second order regression model with the experimental
data. Reasonable predicted equations were obtained for
the removal of phenol using RSM to optimize the para-
meters. A maximum predicted value of percentage re-
moval of phenol is 99.95% and the conditions for maxi-
mum phenol removal are 575 mg/L of initial phenol
concentration, a pH of 7.1, 0.175 g of dry bacterial cells,
and 2 days of time period, and the conditions for the
second stage of biosorptive foam separation are a liquid
pool height of 24 cm, cationic surfactant concentration
of 0.15% (w/v), and an air flow rate of 2 Lpm. Isotherm
and kinetic studies reveal that the biosorption process
followed Langmuir isotherm model (R? =0. 9544) and
Bangham kinetic model (R?=0.9857). FTIR spectra for
fresh biosorbent, after biosorption, and after biosorptive
foam separation were generated to indicate their inte-
ractions and bonding. The zeta potential of the bacteria
was affected by the presence of phenol at different pH
values, showing isoelectric point at a pH of around 3.
The results obtained from this study showed that Pseu-
domonas putida can be a good sorbent for the removal
of phenol from an aqueous solution and CTAB can be
a most appropriate surfactant. The recovery of phenol
loaded biomass and final traces of phenol by floatation
were found to be of the order of 99.95%.
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