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Abstract Aniline is a toxic chemical released by many

industries. Removal of pollutants by micro-organisms is

the most recent area of research whereas nano zero valent

iron (nZVI) in recent time has been widely used in treat-

ment of groundwater. The present study aims to understand

the nature of interaction of nZVI with bacteria and removal

of aniline under a combined system of bacteria and nZVI.

nZVI were synthesized through conventional process and

its adsorption studies on aniline removal were performed.

Pseudomonas putida MTCC 1194 strain was acclimatized

to aniline in Basal salt medium for a period of 2 months.

The maximum growth rate and yield coefficient of cells

were determined and within 6 h 99 % removal of 200 ppm

aniline was found to be achieved. Adsorption studies were

performed using nZVI of different concentration on

200 ppm aniline for 6 h. Maximum aniline removal was

obtained at 85 % in distilled water and 92 % in basal salt

medium, respectively using 5 g/L nZVI. nZVI was found

to be growth inducer to the mentioned strain. A combined

system of aniline removal was studied consisting of

biodegradation and adsorption to nZVI in which 99 %

aniline removal was obtained in 2.5 h containing 61 % of

aniline removal through biodegradation and the rest

through collective adsorption and biosorption. Maximum

adsorption to nZVI was found during the lag phase of cell

growth and on reaching log phase adsorption rate declined

and removal through biodegradation dominated.

Keywords Pseudomonas putida � Aniline � Adsorption �
Biodegradation � nZVI � Growth promoter � Combined

removal

Introduction

Aniline is a toxic chemical present in the effluent of many

industries as it is widely used as a raw material in the

manufacturing of a number of products such as dyes,

plastics, resins, pharmaceuticals, petro-chemicals, herbi-

cides, pesticides among others (US EPA 1985). Its other

source is through natural microbial transformation of sev-

eral nitro aromatic compounds (Hallas and Alexander

1983; Kinouchi and Ohnishi 1983). Aniline is a major

breakdown product of diphenylamine and p-aminoa-

zobenzene (Zissi et al. 1997).

On being released into the environment through

wastewater it gets adsorbed to organic matter and gets

easily transported into aquatic ecosystems and by leaching

through the soil it often reaches the aquifer (Howard 1989;

US EPA 1985). Maximum concentration of 36 ppb has

been measured in an aquifer near underground coal gasi-

fication site in Wyoming (Howard 1989). Aniline has been

found to be highly toxic to aquatic life with reported acute

LC50 values for daphnids are less than 1 mg/L whereas

chronic values are less than 0.1 mg/L (Rabert 1991).

According to EPA aniline has also been found to possess

genotoxicity, neurotoxicity and reproductive toxicity in

human and animals. EPA has also listed aniline in B2
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category, probable human carcinogen (US EPA 1985;

Beard and Noe 1981).

Many bacterial community in the soil, for example,

Pseudomonas sp, Acinetobactersp, Rhodococcussp, etc.

have been shown to degrade aniline completely through

bioremediation by using it as their sole carbon source (Ang

et al. 2009; Donald 2000; Wasi et al. 2013). Anilines are

metabolized to the corresponding catechols via one or more

oxidative reactions catalyzed by aniline dioxygenases,

liberating ammonia and subsequently undergoing meta-

bolic transformations (Loidl et al. 1990; Fuchs et al. 1991).

In recent times nano zero valent iron (nZVI) has been

used extensively in treatment of groundwater owing to

possessing of excellent chemical and surface property.

nZVI possesses excellent reducing property which causes

dehalogenation reaction in groundwater contaminated with

toxic halogenated hydrocarbon like Poly-chlorinated

biphenyls and perchloro ethylene, etc. and converts them

into non-toxic forms (Patil and Shinde 1988; Elliott and

Zhang 2001; Mueller et al. 2012). nZVI also possesses

excellent adsorptive property owing to its high surface to

volume ratio which has been exploited in adsorbing various

heavy metal ions like Cu2?, Zn2?, Cd2?, Cr6?, Hg2?,

As3?, etc. (Zhang 2003; Qiu et al. 2013; Lin et al. 2008; Li

et al. 2010; Madhavi et al. 2013; Prabu et al. 2016; Liang

et al. 2014; Yuan and Lien 2006; Vernon and Bonzongo

2014). And also many organic compounds like phenol and

4-chloro-2-nitrophenol have been shown to get removed by

adsorption onto nZVI (Boparai et al. 2011; Shimizu et al.

2012; Adami and Fakhri 2013). The mechanism involves

under aerobic conditions a shell of FeO(OH) layer is

formed on nZVI surface which increases the affinity for

adsorption (Buddhika et al. 2011; Greenlee et al. 2012;

Eagleson 1994).

Many researches have suggested toxic nature of nZVI to

bacterial communities under anaerobic conditions (Martin

et al. 2008; Kim et al. 2011; Honghai et al. 2008; Nassar

and Ringsred 2012). But in presence of oxygen an outer

shell of FeO(OH) layer have been reported to be formed on

nZVI surface and due to the formation of the outer shell

layer of FeO(OH) bacterial growth promotion and biofilm

generation have been reported in case of several bacterial

community (Otte et al. 2013; Jang et al. 2014; Yang et al.

2013).

Most of the adsorbents used in industrial wastewater

treatments like Granular Activated Carbon (GAC) have no

positive impact on the microbial community (Fiore and

Babineau 1977) moreover generation of GACs leave high

quantity of environmental carbon footprints (He 2012). In

contrast nZVI have been reported to possess good

adsorptive property due to the presence of large number of

unsatisfied dangling bonds on the surface. As the size of the

nZVI is in the nanometric range, the surface to volume

ratio is increased drastically thereby increasing the number

of active adsorption (oxygen rich) sites are formed (Li et al.

2010; Yuan and Lien 2006; Vernon and Bonzongo 2014).

Moreover, it has growth promoting impact on bacterial

communities and its synthesis also have been shown to take

place in room temperature (Zhao et al. 2011). Thus, it is

possible to use nZVI as a dual purpose material aiding to

both adsorption of organic pollutants (presence of adsorp-

tion sites) and microbial growth promoter (biofilm gener-

ation) that enhances bacterial growth which in also aids in

removal of organic toxic pollutants from water. Such kind

of combined system involving both biodegradation and

adsorption have not been studied or reported yet in scien-

tific literatures. Thus the present work was intended to

study the removal of dissolved aniline from water using

previously reported phenol and cresol degrading bacteria P.

putida MTCC 1194 strain (Kumar et al. 2005), in the

presence of nZVI particles.

In this paper, we aim to prepare an environment friendly

waste water remediation system based on nZVI where the

nanoparticles are used both as an adsorbent as well as a

growth promoter to perform enhanced removal of Aniline

from industrial waste water. We also try to ensure complete

collection of the adsorbent from the treated water to pre-

vent any elemental foot printing which is not possible for

conventional carbon purification systems due to their non-

magnetic nature.

Materials and methods

Chemicals

All the chemical used for synthesis of zero valent nano iron

(nZVI), preparation of Basal salt medium and culturing of

cell are as follows: ferric chloride (99 % pure), sodium

borohydride (99 % pure), carboxy-methylcellulose (CMC)

(99 % pure), K2HPO4 (99 % pure), KH2PO4 (99 % pure),

(NH4)3PO4 (99 % pure), NaCl (99 % pure), Na2SO4 (99 %

pure), FeSO4�7H2O (99 % pure), CaCl2.2H2O (99 % pure)

and D-glucose (99 % pure) were purchased from MERCK

India Pvt Limited, Nutrient broth and nutrient agar was

purchased from Himedia. All chemicals were used without

further purification.

Microorganism

The bacterial strain P. putida (MTCC 1194) was procured

from Microbial Type Culture Collection and Gene Bank

(MTCC) Chandigarh in freeze dried form. The strain was

first revived in nutrient broth medium cultured overnight at

150 rpm shaking and 25 �C incubation and pH adjusted to

7 ± 0.1. From the nutrient broth medium a loop full of
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strain was transferred into nutrient agar slant in culture

tubes for storage.

Synthesis and characterization of nZVI

nZVI was prepared using the method described by Zhao

et al. (2011); from reduction of Iron(III) chloride in

nitrogen environment using Sodium borohydride and cap-

ping them using water soluble capping agent Carboxy-

methyl cellulose (CMC).

The properties of prepared CMC capped nZVI were

investigated using Ultima-III, Rigaku X-ray diffractometer

(XRD, Cu Ka radiation, k = 1.5404 Å, scan range 10�–
80�, 0.2 deg/min), Field emission scanning electron

microscope (FESEM, S-4800, Hitachi) and Transmission

electron microscope (TEM, JEOL) with voltage

220 kV.Shimadzu IR Prestige-21 FTIR spectrometer was

used to identify the capping of nZVI with CMC.

Aniline adsorption onto nZVI in distilled water

The aniline adsorption experiment was performed fol-

lowing the reported method previously used (Yang et al.

2008; Al-Johani and Salam 2011; Zhao et al. 2011).

Keeping the concentration of aniline (adsorbate) fixed at

100 ppm, 1 g/L of nZVI (adsorbent) was added in series

of 250 mL volume of Erlenmeyer flasks containing

100 mL of 100 ppm aniline solution. Experiment was

carried out inside BOD incubator with constant temper-

ature set at 30 �C and kept for shaking at 200 rpm for

thorough dispersal of nZVI in solution. pH was main-

tained at of 7 ± 0.1 throughout so as to prevent any

degradation arising from generation of OH radicle, since

lower pH favors the formation of reactive OH radicle

through Fenton’s reagent (Shimizu et al. 2012; Anotai

et al. 2006). Another flask containing equal concentration

of aniline subjected to similar conditions but devoid of

nZVI was kept as control to determine loss of aniline if

any through evaporation, auto-degradation or photo-

degradation. The experiment was conducted in triplet. The

adsorption process was carried out for 15, 30, 45 min, 1,

1.5, 2 and 3 h to determine the effect of contact time on

aniline adsorption. Each solution after their respective

time intervals were centrifuged twice at 20,000 rpm for

10 min to remove any nZVI particle and the supernatant

were collected in glass vials and were taken for analysis

under UV–Vis spectrophotometer between range

200–250 nm wavelength considering the peak value at

232 nm to determine the concentration of aniline present

in the solution after the experiment. Amount of aniline

adsorbed was calculated by preparing standard calibration

curve as used by Johani and Salem. UV–Vis spectral

analysis of each samples for each time interval were

performed similarly as described previously. After deter-

mining initial and final aniline concentrations of the

solution by UV–Vis spectral analysis at each time inter-

val, adsorption percentage was calculated as follows:

Adsorption % ¼ Co�Ce

Co
� 100

where Co = initial concentration of aniline,

Ce = final concentration of aniline.

After the adsorption experiment, the adsorbent left was

collected and dried overnight in vacuum drier prior to

performing IR and XRD studies. The result obtained was

plotted in Originlab 8.0 (Deschenes and David 2000) for

analysis.

After the adsorption experiment, the adsorbent left was

collected and dried overnight in vacuum drier prior to

performing IR and XRD studies. The results obtained were

plotted in Originlab 8.0 for analysis.

Acclimatization and growth kinetics determination

of P. putida in aniline

A loop full of strain was collected from slants prepared in

culture tubes and were cultured in nutrient broth medium

overnight at 200 rpm shaking and 25 �C incubation and pH

adjusted to 7 ± 0.1. The entire medium was centrifuged at

8000 rpm for 10 min and cell pellets were re-suspended in

basal salt medium containing 2 % D-Glucose and 10 ppm

aniline. Solution of basal salt medium was prepared

according to composition mention by Ullhyan and Ghosh

(Ullhyan and Ghosh 2012). On transferring the cell pellets,

initial turbidity in the basal salt medium was adjusted to 0.1

at OD600. It is known that the bacteria consumes aniline by

the process of co-metabolism, that is, cells first consumes

the D-Glucose in the solution, once all the D-Glucose is

consumed few cells starts feeding on aniline and thus only

those cells continue to survive and reproduce which have

got adapted to aniline as food source. After interval of

every 24 h, aniline concentration was noted by measuring

the absorbance at 232 nm using UV–Vis spectrophotome-

ter and pH was measured using pH meter. Each time when

90 % of aniline was found to be consumed, fresh 10 ppm

aniline was added into the same medium. pH was found to

increase at regular interval, hence it was adjusted every

time to 7 ± 0.1 using 10-1 N HCl and 10-1 N NaOH stock

solution kept initially prepared. After every 10 days the

concentration of aniline was increased to 20, 40, 80,

160 ppm.
1 mL of media of different OD600 value (0.1–0.2) were

centrifuged at 8000 rpm for 10 min and dried perfectly in

vacuum drier for 24 h and were weighed. Weight of dry

cell mass of respective OD600 values were plotted to gen-

erate a calibration curve (Ghasem Najafpour 2015). From

the calibration curve approximate weight of dry cell mass

per turbidity value was predicted.
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After an acclimatization period of 2 months the cells

were sub-cultured once in nutrient broth medium overnight

under same conditions mentioned previously and cen-

trifuged at 8000 rpm for 10 min and cell pellets were re-

suspended in basal salt medium with cell mass concentra-

tion adjusted to 0.1 at OD600 with containing no D-Glucose,

only aniline in concentration 10 ppm. Cell growth was

studied for a period of 4 h by analyzing the rise in medium

turbidity at OD600. Cell growth rate (lg) was investigated
during the log phase of growth which was obtained mostly

between 1.5 and 4 h. Similarly, cell growth rate were

investigated for 20 ppm, 50, 100, 200, 300, 400 and

500 ppm and maximum experimentally observable cell

growth rate was found to be 0.21 h-1 at concentration

200 ppm. Cell growth and aniline consumption for solution

containing 200 ppm aniline was analyzed for a period of

6 h.

Bacterial aniline removal kinetics study

Aniline acclimatized culture were sub-cultured once in

nutrient broth for overnight and cell mass were collected

via centrifugation at 8000 rpm for 5 min and were trans-

ferred into 100 mL basal salt medium solution containing

200 ppm aniline in 250 mL Erlenmeyer flask. The cell

mass concentration was adjusted to 0.1 at OD600, pH to

7 ± 0.1 and the experiment was performed at inside BOD

incubator at constant temperature set at 30 �C with shaking

speed of 200 rpm. Another flask containing equal con-

centration of aniline subjected to similar conditions but

devoid of bacterial culture was kept as control to determine

loss of aniline if any through evaporation, auto-degradation

or photo-degradation. The experiment was conducted in

triplet. 1 mL of solution was drawn after every 30 min in

2 mL centrifuge tubes and cell mass concentration was

measured at OD600 under UV–Vis spectrophotometer.

After measuring the cell mass concentration every time the

sample were centrifuged at 8000 rpm for 5 min to separate

out cell mass and the supernatant was used to determine the

concentration of aniline present at each time interval.

Standard calibration curve of aniline was used which has

been described in Sect. 2.4. Aniline concentration was

measured between range 200–250 nm wavelength and

peak value at 232 nm was taken for analysis. Analysis were

done till the concentration of aniline in the solution

declined to negligible.

Study of maximum concentration of aniline removal

through adsorption onto nZVI in distilled water

and in basal salt medium

In an attempt to remove equal concentration of aniline

which was found to be removed via biodegradation was

tested for maximum removal by adsorption using various

concentrations of nZVI. The aniline adsorption experiment

was performed similarly as previously performed (refer to

2.3). Keeping the concentration of aniline constant, dif-

ferent concentrations of nZVI ranging from 0.5 to 10 g/L

(0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 g/L) were added in series

of 250 mL volume of Erlenmeyer flasks containing

100 mL of 200 ppm aniline in distilled water and Basal salt

medium, respectively. The experiment was conducted in

triplet. The adsorption process was carried out for 6 h for

each different nZVI concentration. Each solution after 6 h

were centrifuged twice at 20,000 rpm for 10 min to remove

any nZVI particle and the supernatant were collected in

glass vials and were taken for spectral analysis. Amount of

aniline adsorbed was calculated as mentioned previously.

Determination of effect of adsorbent dose For constant

adsorbate aniline concentration at 200 ppm in both distilled

water and basal salt medium, the percentage of removal by

various adsorbent concentrations ranging between 0.5 and

10 g/L at the end of 6 h was plotted as bar graph in

Originlab 8.0.

Among various concentrations of nZVI ranging between

0.5 and 10 g/L the minimum concentration of nZVI at

which maximum removal % of aniline was observed at the

end of 6 h was taken for further study. At this time nZVI

concentration was kept constant and the concentration of

aniline was also kept the same as earlier. The adsorption

process was carried out for ten different time intervals

viz.15, 30, 45 min, 1, 1.5, 2, 3, 4, 5 and 6 h. UV–Vis

spectral analysis of each samples for each time interval

were performed similarly as described previously. After

determining initial and final concentrations of the solution

at each time interval, adsorption percentage was calculated

as mentioned previously (refer to Sect. 2.4.).

Effect of contact time, adsorption isotherms and

adsorption kinetics were studied similarly as previously

mentioned in Sect. 2.4.

Impact of nZVI on acclimatized culture

Toxicity studies were performed using the synthesized

nZVI on acclimatized bacterial culture using the method

followed by Dey et al. (2015). Cells were cultured over-

night in nutrient medium then were centrifuged at

8000 rpm for 10 min and cell pellets obtained were re-

suspended in basal salt medium solution containing 2 % D-

Glucose in 250 mL Erlenmeyer flask at 30 �C incubation

temperature and 250 rpm shaking. Cell mass concentration

was adjusted to 0.1 at OD600. Culture medium were taken

in twelve 20 mL culture tubes containing nZVI concen-

trations ranging between 0.5 and 10 g/L and another as

control having devoid of nZVI. Mouths of the tubes were

cotton plugged to prevent contamination and were kept
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under incubation at temperature 30 �C and shaking speed

200 rpm. Cotton plugs allowed free air passage through the

system helping in maintaining aerobic condition. After

24 h cell mass concentration of each culture tubes were

measured at OD600 and were compared with the control.

Combined aniline removal from the system using

nZVI together with bacterial inoculums in Basal salt

medium

Aniline removal through combined process of adsorption

and biodegradation was performed using the same procedure

of adsorption by nZVI as previously described, only with the

addition of bacterial inoculum in basal salt medium of cell

mass concentration value 0.1 measure at OD600. The

experiment was performed in 250 mL volume Erlenmeyer

flasks for 11 different time intervals viz. 15, 30, 45 min, 1,

1.5, 2, 2.5, 3, 4, 5 and 6 h. Another flask containing equal

concentration of aniline subjected to similar conditions but

devoid of nZVI and bacterial culture was kept as control to

determine loss of aniline if any through evaporation, auto-

degradation or photo-degradation. The experiment was

conducted in triplet. For all the time intervals initial con-

centrations of aniline and nZVI were taken the same as

previously described and also initial cell mass concentration

of all the media was kept at 0.1 measured at OD600.

At the end of each experiment 1 mL of solution was

drawn carefully from the top to avoid collection of nZVI.

The solution was centrifuged first at 8000 rpm for 5 min to

collect only the cell pellet. Cell pellets were re-suspended in

distilled water and cell mass concentration was measured at

OD600. The supernatant left over was centrifuged again at

20,000 rpm for 10 min to remove any amount of iron

nanoparticle present from the solution then the concentration

of aniline present in the solution was determined using UV–

Vis spectral analysis.

Results and discussion

Characterization of nZVI

Figures 1a, 2b provided represents the FESEM image of

CMC-capped nZVI particles. Figure 1a displays sponge-

like and porous particle morphology across 5 lm scale,

whereas Fig. 2b displays flake like growth viewed through

higher resolution at 500 nm scale and looked similar to that

which had been previously reported (Yaacob and

Kamaruzaman 2012). Figures 1c and 2d represents TEM

images of CMC-capped nZVI particles. nZVI particles

agglomerated together within CMC to form larger sized

particles of 50–100 nm could be observed in Fig. 1c.

Figure 1d represents individual particles of sizes ranging

from 3 to 18 nm with maximum particles having size

approximately around 10 nm.

Figure 2a shows the image of CMC capped nZVI which

is deep black in color and is found to remain stable in

normal atmosphere. Figure 2c given below represents the

X-ray diffraction (XRD) pattern that confirms phase CMC

capped nZVI of according to the JCPDS card number

00-006-0696. Major diffraction peaks was obtained at 44.9̊

and additional peaks at 65.22̊, may be attributed to reflec-

tion obtained from Fe(0) lattice planes (110) and bcc Fe(0)

(200) (Gangadhar et al. 2012). Based on X-ray diffrac-

togram of Fig. 2c particle size of nZVI was calculated

using Scherrer’s formula and was found to be approxi-

mately 10 nm which was similar to that of obtained

through TEM image.

Figure 2e represents FTIR spectroscopy data of CMC

capped nZVI particles (black line) and of Sodium car-

boxymethyl-cellulose powdery mass. Sodium car-

boxymethyl-cellulose displayed strong and broad O–H

stretching around 3200 cm-1, carboxyl group stretching

around 1600 cm-1 and methyl group stretching around

1450 cm-1. Similar bond stretching were observed around

3200, and 1450 cm-1 in nZVI particle sample (black line)

but the stretching were of low intensity compared to pure

Sodium carboxymethyl-cellulose which indicates proper

and uniform capping of nZVI by CMC (Coates 2000).

Abiotic loss of aniline through the system set

as control

Approximately 0.25 and 0.6 % of aniline was found to be

lost from the system over a period of 3 and 6 h, respec-

tively for all the experiment conducted. The loss could

have been in form of photo-degradation, auto-degradation

or evaporation from the system. Similar observation have

been previously noted by Lyons et al. (1984) (Lyons et al.

1984). Thus approximate standard error of 0.6 % was

considered for all experiments performed comprising of

nZVI and bacteria over a period of 6 h.

Removal of aniline by adsorption onto nZVI

Effect of contact time

The percentage of aniline removal was found to increase in

both the media with increasing contact time. At the end of

3 h 39 % of aniline was found to be removed in medium of

distilled water. [refer to Fig. 3a].

Aniline adsorption isotherms

The adsorption of aniline on the nZVI in distilled water

solution and basal salt medium were plotted according to
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Freundlich, Langmuir and Dubinin-Radushkevich iso-

therms (Dada et al. 2012; Boparai et al. 2011; Dey et al.

2015). The Langmuir model is usually followed by mate-

rials possessing homogenous surface whereas the Fre-

undlich model is normally for a highly heterogeneous

surface. (Dada et al. 2012; Dey et al. 2015) Dubinin-

Radushkevich isotherm is used to determine nature of

adsorption by estimating the energy of adsorption (ED)

(Dada et al. 2012).

The Freundlich isotherm is expressed mathematically

as:qe ¼ KfC
1=n
e , where, qe and Ce represent adsorption

capacity at equilibrium concentration (in mg/g) and con-

centration of adsorbate in solution (mg/L). Kf and n are the

empirical constants.

Taking logarithm on both sides we get,

log qe ¼ logKf þ
1

n
logCe

Langmuir isotherm is represented by the following

equation:

qe ¼
QmKLCe

1þ KLCe

where Qm = Maximum adsorption capacity,

KL = Langmuir constant,

Ce = Concentration of the adsorbate in solution,

qe = Adsorption capacity at equilibrium solute

concentration.

Fig. 1 a FESEM image of nZVI in scale of 5 lm (porous structure); b FESEM image of nZVI in scale of 500 nm (flake like structure); c TEM
image of CMC capped nZVI (individual particle size of 10 nm); d TEM image of CMC capped nZVI (particles agglomerated in CMC)
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The above equation can be further written as:

Ce

qe
¼ 1

QmKL

þ Ce

Qm

or, 1
qe
¼ 1

CeQmKL
þ 1

Qm

On plotting 1/qe vs. 1/Ce, from the above equation,

which is in the form of the equation of straight line, the

values of KL and Qm were determined.

Dubinin-Radushkevich isotherm is represented by the

the following equation:
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Fig. 3 a Effect of aniline removal through adsorption to 1 g/L nZVI

in different time intervals; b Effect of aniline removal through

adsorption to 5 g/L nZVI in different time intervals; c Effect of initial
aniline concentration on specific growth rate of P. putida MTCC

1194; d growth of cell mass and subsequent aniline removal; e monod

kinetics plot for P. putida MTCC 1194 in presence of substrate

aniline; f Haldane kinetics plot for P. putida in presence of substrate

aniline

150 Sustain. Water Resour. Manag. (2016) 2:143–159

123



qe ¼ qD expð�BD½RT lnð1þ 1=CeÞ�Þ

where, BD is related to the free energy of sorption per mole

of the sorbate.

qD = Dubinin-Radushkevich isotherm constant related

to the degree of adsorbate adsorption by the adsorbent

surface.

The linear form of equation is written as:

ln qe ¼ ln qD� 2BDRT ln 1 þ 1=Ceð Þ

Using the above equation a plot of ln qe vs 2BD RT ln

(1 ? 1/Ce) is made which generates a straight line. Using

the value of 2BD, apparent energy of adsorption ED was

calculated from the relation ED = H1/2BD

The results are listed in Table 1. From the results iso-

therm plot of aniline adsorption to nZVI surface was found

to fit most perfectly to Langmuir model compared to Fre-

undlich based on r2 value, thus predicting homogenous

surface of nZVI. The value Qm obtained for nZVI in dis-

tilled water solution was 17.42 mg/g. With the help of

Dubinin-Radushkevich isotherm model plot ED value of

the entire adsorption experiment was found to be within

range less than 8 kJ thus predicting the nature of adsorption

to be physical adsorption.

Aniline adsorption kinetics in distilled water solution

To determine the rate of aniline removal due to adsorption

to nZVI in distilled water as well as in basal media solution

three kinetic models were studied viz. pseudo first order,

pseudo second order (Ho and McKay 1998; Dey et al.

2015).

The Table 2 represents the rate constant k and r2 value

for the respective kinetic models plotted for aniline

removal through adsorption in distilled water and basal

media solution, respectively. The r2 value depicts the

degree of correlation of a kinetic model. The higher is the

r2 value higher is the accurateness of following the kinetics

model.

Thus on performing the kinetic studies and fitting the

results accordingly to the three foresaid kinetic models, it

was found that the r2 value was highest for pseudo first

order kinetic model in comparison to pseudo second order

for adsorption. Thus, it was concluded that the rate of

aniline removal through adsorption to nZVI followed the

pseudo first order kinetic model.

Post adsorption characterization of adsorbent

nZVI after adsorption experiment was found to form deep

brown mass with slightly agglomerated texture as shown in

Fig. 2b. Figure 2d shows the X-ray diffraction (XRD)

pattern that predicts and confirms the formation of

FeO(OH) according to the JCPDS card number 00-044-

1415.

Major diffraction peak was obtained at 27�(210) and

additional peaks at 14.1�(200), 36.29�(301), 38.06�(111),
43.34�(600), 46.77�(501), 46.91�(020), 56.63�(121),
60.26�(020), 60.68�(321), 68.36�(521), may be attributed

to reflection obtained from the provided lattice planes in

brackets.

Figure 2f represents comparison of FTIR spectra of

Aniline (red line), aniline adsorbed FeO(OH) (in black)

and unadsorbed FeO(OH) (in blue). For aniline (repre-

sented in red) N–H stretching were observed around

3400–3250 cm-1, small N–H bend was seen at

1650–1580 cm-1 and overlapping C–N stretch and N–H

Table 1 Adsorption isotherm results for aniline adsorption to nZVI

Isotherm models Freundlich Langmuir Dubinin-Radushkevich

Medium of adsorption Kf (Freundlich

constant)

n (degree of

heterogeneity)

r2 Qm

(mg/g)

KL

(L/mg)

r2 qD ED (J) r2

Distilled water (1 g/L nZVI) 0.377 0.44 0.94 17.42 1.29 0.94 22.88 49.09 0.96

Distilled water (5 g/L nZVI) 7.04 1.04 0.86 43.10 0.99 0.98 45.74 49.09 0.99

Basal salt medium (5 g/L nZVI) 7.99 1.38 0.79 43.85 0.97 0.97 46.15 48.98 0.99

Basal salt medium (with P. putida and nZVI) 2.45 0.19 0.98 25.01 1.91 0.99 23.49 53.38 0.99

Table 2 Kinetics parameter for aniline removal through adsorption on nZVI

Medium of adsorption Rate constant (k1) r2 Rate constant (k2) r2

Distilled water (with 1 g/L nZVI) 0.73 0.99 0.12 0.85

Distilled water (with 5 g/L nZVI) 0.72 0.97 0.0035 0.49

Basal salt medium (with 5 g/L nZVI) 0.74 0.97 0.0029 0.49

Basal salt medium with bacteria (with 1 g/L nZVI) 0.47 0.48 0.40 0.99
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wag is observed around 900–1300 cm-1. For aniline

adsorbed to FeO(OH) (represented in black), wide over-

lapping O–H and N–H stretching was observed around

2700–3400 cm-1, small N–H bend was seen at

1650–1580 cm-1 similar to previous bare aniline and

distinct C–N stretch and N–H wag was observed around

1250 and 1000 cm-1, thus confirming adsorption on ani-

line onto FeO(OH) surface. Whereas unadsorbed

FeO(OH) is found to have only O–H stretching around

3000 cm-1. (Coates 2000)

Mechanism of aniline adsorption to nZVI surface

Aniline at neutral pH possesses a resonating structure.

Lone pair of electron present on nitrogen is contributed

towards the benzene ring which results in forming partial

double bond of N=O and partial d? is generated on nitro-

gen atom whereas the lone pair of electron contributed by

nitrogen moves continuously through ortho and para

positions of aniline (refer to Fig. 5).

CMC is reported to stabilizes the nanoparticles through

the accelerating nucleation of Fe atoms during the forma-

tion of nZVI particles and, subsequently, forming a bulky

and negatively charged layer via sorption of CMC mole-

cules onto the nZVI particles, thereby preventing the

nanoparticles from agglomeration through electrosteric

stabilization (He and Zhao 2007) (refer to Fig. 4a, b). And

also size of nZVI is reported to decrease with increase in

CMC/Fe ion ratio (He and Zhao 2007). On adding to water

the entire CMC capped over nZVI surface dissolves and

naked nZVI surface is exposed aerobic water thus under-

goes oxidation and forms outer shell of FeO(OH) as con-

firmed through X-RD analysis (refer to Fig. 4c). As

previously mentioned freshly oxidized nZVI have been

reported to possess high adsorbing potential (Eagleson

1994).

The specialty of nZVI aiding adsorption lies in the fact

that in the nano regime, the number of unsatisfied bonds

(i.e. number of unsatisfied electron pairs) increases.

Moreover, with decrease in size, the surface to volume

ratio increases drastically. Theoretically, it can be consid-

ered that the nZVI nanoparticles have negative charged

surface. Thus, the surface charge of nZVI aids to electro-

static attraction of positively charged Ph–NH2
?. The

enhanced adsorption may be attributed to the combined

effect of dangling bonds, high surface-to-volume ratio and

electrostatic attractive force as the physical properties

affecting the adsorption. Apart from these, the biological

factors and micro organisms are observed to enhance the

adsorption even more. These are discussed in details in the

subsequent sections.

Iron contains plenty of vacant d-orbitals, thus has the

ability to bond with electron clouds using coordinate bond

formation. Oxygen bound to iron as Fe=O contains two

lone pair of electrons which confers charge to oxygen as

d-.Similarly hydroxide group bound to iron as Fe–OH also

possesses two lone pairs of electron of oxygen. Thus in

spite of having vacant d-orbital of iron, the nature of

FeO(OH) surface becomes negatively charged because of

having plenty of lone pair of electrons. Thus during

adsorption process d? charge possessing nitrogen atom of

aniline binds onto the electron cloud generated through

plenty of lone pair of electron present on FeO(OH) surface

through temporary coordinate bond (refer to Fig. 5).

Acclimatization of Pseudomonas putida to aniline

and study of growth kinetics

In normal environment bacterial cells do not easily

metabolize toxic substances, they can be made to metab-

olize only after getting through a proper phase of

acclimatization which is time and concentration dependent.

Initially the cells are required to be grown in nutrient broth

to generate a good amount of cell mass. Later they are

transferred into basal medium solution containing trace

elements which are necessary to sustain growth and induce

essential enzymes. The basal medium is supplemented with

2 % D-Glucose and small concentration (10 ppm) of toxic

substance (aniline) to which cells are required to be

acclimatized. At first the cells metabolizes D-Glucose since

it is the simplest form of carbon source and cell mass is

increased. Once all the D-Glucose is consumed cell mass

concentration reaches saturation for a while. Then later

slowly, starting from a few number of colonies, cells

acquire the ability to metabolize toxic substrate aniline

through inducing activity of essential enzymes like Cyto-

chrome P450 cam (CYP101) which help metabolize toxic

substrates (Keller et al. 1972). Thus in absence of simple

carbon source D-Glucose at this stage, the cells which are

able to use toxic substrate aniline as their sole carbon

source, undergo proper growth and division.

Cells were serially acclimatized to higher aniline con-

centration for every 10 days till 2 month with each time

concentration of aniline doubled with respect to initial. After

2 month of acclimatization phase growth rate lg was deter-
mined for the cells in different aniline concentrations 10, 50,

100, 200, 300, 400 and 500 ppm. The Fig. 3c represents the

growth rate of cells with respect to aniline concentration.

Maximum observable growth rate was found at aniline

concentration 200 ppm. From 300 ppm cell growth rate

started to decline as evident from the above figure. This

phenomena proved the substrate inhibitory nature of aniline

to the culture similar to previously reported for phenol and

catechol (Kumar et al. 2005; Bakhshi et al. 2011).

Yield coefficient is the amount of increase in cell mass

with respect to amount of substrate consumed (Kumar et al.
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Fig. 4 a Mechanism of formation of CMC capped nZVI and its

behavior after synthesis; b mechanism of formation of uncapped

nZVI and its behavior after synthesis; c mechanism of dissolution of

CMC from the surface of nZVI in water and formation of shell like

layer of FeO(OH) on nZVI
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2005; Bakhshi et al. 2011). Yield coefficient (Yx/s) was

determined to be 0.613 mg/mg by plotting cell concentra-

tion vs substrate utilization. Two growth kinetic models

viz. Monod and Haldane were exploited to determine the

cell growth parameters. Monod kinetic model is simple

growth model used for non-inhibitory substrates which is

represented as (Kumar et al. 2005; Bakhshi et al. 2011):

lg ¼
lmaxS

KS þ S

where, lg = Specific growth rate, lmax = Maximum

specific cell growth rate,

Ks = Hall saturation constant, S = Non inhibitory sub-

strate concentration.

The above equation can be linearized as:

S

lg
¼ KS

lmax

þ S

lmax

By plotting (S/lg) vs S value of lmax and Ks were deter-

mined. (refer to Fig. 3e)

Haldane kinetics model is generally used for growth

inhibitory substrates which is represented as (Kumar et al.

2005; Bakhshi et al. 2011):

lg ¼
lmaxS

KS þ Sþ S2

Ki

where, Ki = inhibition coefficient, and all other parameters

are same as mentioned in Monod kinetics model.

The above equation can be linearized to form a para-

bolic equation:

S

lg
¼ KS

lmax

þ S

lmax

þ S2

lmaxKi

By plotting (S/lg) vs S in polynomial parabolic function

fitting model, values of lmax and Ks and Ki were deter-

mined. (refer to Fig. 3f)

The Table 3 represents the growth parameter values

obtained by plotting Monod and Haldane kinetics model.

Since maximum observable growth rate was obtained at

200 ppm aniline concentration (refer to Fig. 3c), the same

concentration was used for further studies. Around 99 % of

200 ppm aniline was found to be removed within 6 h.

(Refer to Fig. 3d) The rate of aniline biodegradation was

plotted in first order kinetics and the rate was found to be

0.51 h-1.The acclimatized cells were found to have shorter

lag phase and sustained exponential phase till 4 h after

which the cells were seen to slowly entering into stationary

phase. (Refer to Fig. 3d)

Sorption study of aniline onto cell biomass

Approximately 67 % of aniline was estimated to be con-

verted into cell biomass by comparing the total carbon

content of aniline removed and P. putida cell biomass

growth (Bratbak and Dundas 1984) incurred within time

period of 6 h and the rest 33 % were estimated to have

been collectively undergone sorption onto biomass,

metabolized into energy by the actively growing cell mass.

Removal of maximum aniline through adsorption

Effect of adsorbent dose

On increasing adsorbent concentration percentage of ani-

line removal also increased and the maximum percentage

of aniline removal was achieved at 5 g/L nZVI concen-

tration (85 % in distilled water and 92 % in basal salt

media) and after which the removal percentage remained

almost constant for the rest of the higher nZVI concen-

trations. (refer to Fig. 6a)

Fig. 5 Mechanism of aniline adsorption onto nZVI surface
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Effect of contact time

The percentage of aniline removal was found to increase in

both the media with increasing contact time. At the end of

6 h 85 % of aniline was found to be removed in medium of

distilled water and 92 % was removed in basal salt med-

ium. (refer to Fig. 3b).

Aniline adsorption isotherms

The adsorption of aniline on the nZVI in distilled water

solution and basal salt medium were plotted according to

Freundlich, Langmuir and Dubinin-Radushkevich iso-

therms. The results are listed in Table 1. From the results

isotherm plot of aniline adsorption to nZVI surface was

found to fit most perfectly to Langmuir model (refer to

additional information Fig. 4b) compared to Freundlich

(refer to additional information Fig. 4a) based on r2 value,

thus predicting homogenous surface of nZVI. The value

Qm obtained for nZVI in distilled water solution was

43.10 mg/g (refer to Table 1) and in basal salt media was

found to be 43.85 mg/g (refer to Table 1). With the help of

Dubinin-Radushkevich isotherm model plot (refer to

additional information Fig. 4c) ED value of the entire

adsorption experiment was found to be within range less

than 8 kJ (refer to Table 1) thus predicting the nature of

adsorption again as previously determined to be physical

adsorption.

Kinetics study of aniline removal through adsorption

To determine the rate of aniline removal due to adsorption

to nZVI in distilled water as well as in basal media solution

three kinetic models were studied viz. pseudo first order

and pseudo second order.

The results are listed in Table 2. The r2 value depicts the

degree of correlation of a kinetic model. The higher is the

r2 value higher is the accurateness of following the kinetics

model.

Thus on performing the kinetic studies and fitting the

results accordingly to the two foresaid kinetic models, it

was found that the r2 value was highest for pseudo first

order kinetic model in comparison to pseudo second order

for adsorption in both distilled water and in basal media

solution. Thus, it was concluded that the rate of aniline

removal through adsorption to nZVI followed the pseudo

first order kinetic model.

From the figure and table it was also observed that that

rate of aniline removal in basal media solution was slightly

higher than that of distilled water. This can be attributed

due to the presence of various ions in the solution which

cumulatively helped to increase the adsorptive capacity of

nZVI.

Impact of nZVI on acclimatized culture

After 24 h of incubation with different concentration of

nZVI, cell mass concentration was found to be higher in all

the culture tubes incubated with nZVI compared to the

control which was devoid of nZVI. The cell mass con-

centration was found to increase with increase in the con-

centration of nZVI, however it became constant with

increasing concentration of nZVI after reaching the con-

centration of 4 g/L of nZVI. (refer to Fig. 6b)

Thus we can say that nZVI was not only found to be

completely non-toxic to the cells but also acted as a growth

inducer. Under aerobic condition nZVI rapidly reacted with

oxygen and water generating an outer shell of FeO(OH)

around the surface of nZVI (Zhang 2003). FeO(OH) has

also previously been reported to be non-toxic and also

growth promoter to Pseudomonas aeruginosa (Borcherding

et al. 2014; Kostka et al. 2002; Dehner et al. 2010) and also

might have acted as electron acceptor to the cells as similar

property was previously described by Obuekwe and

Westlake (1982) on Pseudomonas sp. (Obuekwe and

Westlake 1982).

Bacterial culture together with nZVI for aniline

removal in Basal salt media solution

At the end of 2.5 h around 99 % aniline was found to be

removed from the system consisting of both nZVI and P.

putida cells. Figure 6d shows the comparison of per-

centage of aniline removal among the four different sys-

tems studied in the present work. The figure clearly

indicates the maximum rate of aniline removal is obtained

from the system composed of both nZVI and P. putida

cells. The Fig. 6a represents the increase in cell mass

concentration value across 2.5 h period and subsequent

aniline removal from combined system composed of

aniline and nZVI. Figure 6b draws the comparison of the

rate of increase of cell mass in the two distinct systems.

From the figure it is evident that cells in presence of nZVI

in their surrounding had substantially higher growth rate

Table 3 Monod and Haldane

model parameters
Monod model Haldane model

lmax (h
-1) Ks (mg/L) r2 lmax (h

-1) Ks (mg/L) Ki (mg/L) r2

0.25 58.57 0.98 0.11 67.56 184.30 0.96
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compared to cells present alone and owing to higher cell

growth rate aniline removal rate was also significantly

higher.

During the first 30 min growth in cell mass was found to

be negligible and aniline removal was assumed to be

entirely through adsorption onto nZVI surface (refer to
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removal % in different media
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Fig. 6c). At the end of 2 h approximately 61 % of aniline

was estimated to be converted into cell biomass by com-

paring the total carbon content of aniline removed and P.

putida cell biomass present in the system (Bratbak and

Dundas 1984) while the rest 39 % were estimated to have

been collectively undergone adsorption onto nZVI surface,

sorption onto cell biomass and metabolized into energy by

the actively growing cell mass.

Similarly for various time intervals by comparing the

total carbon content of aniline removed and P. putida cell

biomass present in the system approximate amount of

aniline removed by biodegradation and collective sorption

onto nZVI particles and biomass were segregated. The

amount of aniline lost in metabolism of growing cells mass

were assumed negligible this time to avoid complication in

calculation.

Using the respective segregated values graph was plot-

ted together for cumulative percentage of removal of ani-

line through biodegradation and through sorption in the

same system (refer to Fig. 6c). The figure show that during

the lag phase of growth of the cells aniline removal through

sorption was maximum, preferably because of adsorption

onto nZVI surface. And as soon as rapid growth rate

reached for the cells the rate of adsorption declined and

reached equilibrium very soon. Two factors might have

been responsible together for the decline in the rate of

aniline adsorption viz. firstly increase in the cell mass

concentration reduced the surface area of contact of aniline

onto nZVI particles and secondly the time taken by the

cells for intake of aniline might have been lower than the

time taken for adsorbing onto the surface of nZVI. The

adsorption onto nZVI particles, bio-sorption and

biodegradation might have simultaneously taken place

together in the system once the system gained equilibrium.

But it is not clear whether nZVI present along-with bacteria

facilitated transport of aniline into the cells.

The calculated values for aniline removed by the cells

were plotted in first order kinetics model and the value of

‘‘k’’ was found to be and which on comparison to the

previous 1.5 times higher than the normal rate of bacterial

aniline removal. Comparison on cell growth rate and ani-

line removal rate are listed in Table 4.

Collective sorption values for aniline removal in pres-

ence of aniline consuming bacteria and nZVI were also

plotted according to the previously mentioned isotherms

and kinetic models. The results linearly fitted to all the

model isotherms. The values of collective sorption iso-

therms are represented in Table 1. From Langmuir iso-

therm plot Qm value was obtained to be 25 mg/g which is

substantially lower than adsorption process without pres-

ence of bacteria. The value ED obtained from Dubinin-

Radushkevich for collective sorption was comparable to

the previously predicted ED value confirming the nature of

sorption to be only physical.

The Table 2 represents the rate constant k and r2 value

of the respective kinetic models for collective aniline

sorption. The values fitted more linearly to pseudo-second

order kinetics model than pseudo-first order model as

evident from the value of r2, thus indicating presence of

cell mass had a clear impact on the system of adsorption of

aniline to nZVI surface which leaves scope for further

studies.

Conclusion

The present work was intended to study the nature of

aniline removal from water using a combined system of

nZVI and P. putida. nZVI was found to possess very good

adsorptive property due to its high surface to volume ratio

which is quintessential for aniline removal and it also

proved to be growth inducer for P. putida strain. On using

combined system containing nZVI and P. putida, the

removal of aniline was found to be substantially higher

than individual systems containing only nZVI or P. putida

strain. Thus the present study leaves bright prospect for

further studies on enhancing removal of toxic pollutants

from wastewater together in a system comprising of nZVI

and micro-organisms on proper optimization.
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