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ABSTRACT

Nano zero-valent iron particles (nZVI) supported on granular activated carbon (GAC)
(nZVI/GAC) were synthesized and its feasibility was explored for the treatment of pyri-
dine-bearing wastewater. nZVI/GAC was synthesized by the borohydride reduction
method under ethanol atmosphere. The synthesized nZVI/GAC was characterized by scan-
ning electron microscopy (SEM), X-ray diffraction, Fourier transform infrared spectroscopy,
and N2 adsorption–desorption study. Results indicated that the nZVI was well dispersed on
the surface of GAC. The presence of support material apparently decreased the extent of
aggregation and size of the nZVI and thus, facilitated in increasing the pyridine removal
efficiency. Batch studies were carried out in order to evaluate the effect of operating param-
eters such as pH (2 ≤ pH ≤ 9), dose (m) (5 ≤m ≤ 15 g/l), initial concentration (Co) (50 ≤Co≤
1000 mg/l), and temperature (T) (288 ≤ T ≤ 318 K). At optimum condition, maximum
removal of pyridine was found to be ~86% at m = 15 g/l, pH = 6, Co= 100 mg/l, and T =
303 K. The degradation kinetics has been investigated, and pseudo-first-order kinetic model
was found to be suitable fit for the experimental data kinetic model. The apparent activation
energy (Ea) of this process was found to be ~22.46 (kJ/mol). The nZVI/GAC showed stable
performance for the degradation of pyridine-bearing wastewater until five consecutive
cycles.

Keywords: Nano zero-valent iron; Granular activated carbon; Pyridine; NZVI/GAC; Kinetic
study

1. Introduction

Nitrogenous heterocyclic compounds are common
species found in wastewater effluent, typically from
pharmaceutical, paint, rubber preparation, insecti-
cides, and petroleum industries [1]. The major
nitrogenous heterocyclic compounds are pyridine,
picoline, quinoline, etc. which are used in pharma-

ceutical industries as organic solvent for antihista-
mine, vitamins, and CNS stimulants. Among them,
pyridine is listed as a priority organic pollutant by
the United States Environmental Protection Agency.
Pharmaceutical agents such as isoniazid, cetylpyri-
dinium bromide, dermol, and cephalexin are
manufactured using pyridine as catalyst [2]. The
typical concentration of pyridine in wastewater pro-
duced in a multidrug intermediates product plant
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that manufactures α-picoline, 4-aminopyridine,
pyridine, and other products is in the range of
20–300 mg/l [3]. The sources of pyridine from phar-
maceutical industries are listed in Table 1. These
compounds have received enormous attention
recently because of their presence in the environ-
ment and their toxic, carcinogenic potential, and
hazardous effect on the natural environment [4].
Furthermore, they possess low octanol/water
partition coefficients (Kow) and widely exist in the
effluent of manufacturing industries [5]. Use of tra-
ditional technologies (i.e. physico-chemical and bio-
logical methods) to treat pyridine-bearing
wastewater is widely reported [1–5]. The biological
treatment processes are restricted to degradation
under aerobic and anaerobic conditions, because of
their toxicity to microbial communities. Moreover, it
requires long residence time to treat refractory
pollutants [6]. Other treatment processes such as
incineration and advance oxidation processes require
extremely high energy, capital cost, and running
cost. Thermal incineration involves in incineration of
organic solids into harmless end products such as
CO2, H2O, and ash. However, the incineration pro-
cess requires extremely high energy and may gener-
ate secondary pollutants [7]. In India, low volume of
high strength pyridine-bearing wastewater is further
concentrated in multiple-effect evaporators and
incinerated in incinerators [8]. During ineffective/
inefficient incineration, advance oxidation process
generates toxic secondary pollutants and also gener-
ates global warming gases; however, problems may
take place in the treatment system, which would
force the concentrated wastewater to store, because,
generally, no other alternative treatment systems
exist in the plant [3]. These have achieved limited
success because of their ineffectiveness against the
very stable refractory and toxic compounds [9].
Therefore, it is imperative to explore/develop effec-
tive treatment technology for removal of nitrogenous
heterocyclic compound such as pyridine.

During the process of selecting candidate
technology for efficient treatment of pyridine waste-
water, environmental nanotechnology was on the
radar screen as nanotechnology has recently stimu-
lated the growth and use of cost-effective technologies
for catalytic degradation and adsorptive removal.
Numerous nanocatalysts have been applied in abate-
ment of contaminants from various environmental
media. Among them, Nano zero-valent iron particles
(nZVI) have a high surface area-to-volume ratio, and
therefore is of a great advantage to be applied for
environmental remediation [10,11]. Moreover, it exhib-
its unique magnetic, electrical, and chemical catalytic
properties such as reductive and oxidative reactions
that drive more attention in recent years. However,
nZVI particles exhibit a strong tendency to agglomer-
ate into larger aggregates due to their high surface
energy and intrinsic magnetic interaction [12]. In addi-
tion, the separation and recycling of bare nZVI parti-
cles are extremely difficult. Moreover, directly using
nZVI for remediation may pose certain risk to ecosys-
tems and human health because of their potential
release into the environment. An effective approach to
overcome the above technical bottleneck is to fabricate
hybrid nanocomposite by impregnating or coating
with fine particles onto solid particles of larger size.
The host materials extensively used to support nZVI
are granular activated carbon (GAC) [10], silica [13],
clays [11,14], alginate beads [15], and polymers [16].
GAC is particularly an attractive option partly because
of its controllable pore volume and surface chemistry,
as well as its excellent mechanical strength for long-
term use. In addition, due to the strong attachment of
organic pollutants to carbonaceous material in
environmental media, GAC has shown significant
application for pollution control. These properties
have attracted extensive research on using GAC as
immobilizing material/support.

Currently, there is a knowledge gap concerning
how to make and then optimize nZVI/GAC for the
degradation of pyridine in aqueous solution. The goal

Table 1
Sources of nitrogenous heterocyclic compounds in pharmaceutical industries

Sourcesa Pollutants in effluents

Cetyl pyridine (Antiseptic) Pyridine
Isoanizide (Tuberculosis) Pyridine and picoline
Coramine (Respirator stimulant) Picoline and quinoline
Demerol (Analgesic) Pyridine and its derivatives
a-and b-Eucaine (anesthetic agents) Pyridine and its derivatives
Cephalexin (Antibiotic) Pyridine
Ciproflaxin Pyridine and its derivatives

aData acquired from (Mohan et al. [2]; Sims and Loughlin [4]).
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of this study was to investigate the feasibility of the
combined use of nZVI and GAC for treatment of
wastewater contaminated by pyridine. The objectives
of this paper are: introduce the synthesis of nZVI
immobilized on GAC and its characterization; present
the effects of various parameters on the performance
of nZVI/GAC systems; and evaluate the kinetics, the
reusability of nZVI/GAC, leaching of total iron, along
with other issues.

2. Methods and materials

2.1. Materials and chemicals

Activated carbon derived from agriculture waste
was used. Ferrous sulfate heptahydrate (SD Fine
Chemicals India), sodium borohydride (SD Fine
Chemicals India), pyridine (SD Fine Chemicals India),
and ethanol (SD Fine Chemicals India) were used after
purchases without any further treatment. All chemi-
cals used in this study were analytical grade. Millipore
water (electrical conductivity = 18 MΩ cm) made by
Milli Q Water Purification System (Millipore, India)
was used in this work.

2.2. Synthesis of nZVI/GAC

Synthesis of nZVI/GAC is as follows: A required
quantity of FeSO4·7H2O was dissolved in a 4/1 (v/v)
ethanol/water mixture, which was then sonicated for
10 min. Thereafter, GAC was added to the above-
mentioned solution and the mixture was left in an
ultrasonic shaker for 15 min in order to disperse the
iron species. In the meantime, sodium borohydride
solution was dissolved in Millipore water. Excess of
borohydride is necessary for better growth of nanopar-
ticles. For that reason, 20% excess BH�

4 was added.
The borohydride solution was added drop wise to the
iron(II) solution along with continuous stirring of the
solution. Black solid particles immediately appeared
after the first drop of borohydride solution. After
addition of the entire borohydride solution, the
mixture was left for another 10 min of stirring. Using
vacuum filtration, black iron nanoparticles were sepa-
rated from the liquid phase. At this stage, solid
particles were washed at least three times with 25 ml
ethanol to remove water content. The final step of the
synthesis was to dry the synthesized nZVI/GAC in
oven at 50˚C overnight. The synthesized sample was
designated as 10%-nZVI/GAC. The reduction of iron
ions by borohydride ions can be represented by the
reaction [14].

Fe2þaq or Fe2þs =GACþ 2BH�
4 aq þ 6H2OðlÞðaqÞ

! Fe0s þ Fe0sGACþ 2B(OH)3ðaqÞ þ 7H2ðgÞ " (1)

In Eq. (1), Fe2þs /GAC indicates iron ions attached
to GAC and Fe0s/GAC refers to nZVI dispersed on
GAC, Fe0ðsÞ denotes nZVI.

2.3. Batch tests

For each experimental run, 100 ml solution of
known pyridine concentration was taken in 250 ml
conical flask containing required amount of nZVI/
GAC. These flasks were agitated in a rotary shaker
(Remi Instruments, Mumbai). Experiments were car-
ried out to examine the effect of pH (2 ≤ pH ≤ 9), dose
(m) (5 ≤m ≤ 15 g/l), initial concentration (Co) of (50 ≤
Co≤ 1,000 mg/l), and temperature (T) (288 ≤ T ≤
318 K). The flasks were withdrawn at the end of a pre-
determined time (t) and the supernatant liquid was
analyzed for pyridine concentration. After this period,
the solution was filtered using whatman No. 42 filter
paper and analyzed for the concentration of the pyri-
dine remaining in the solution. Under these condi-
tions, steady state was reached within 420 min. So,
experiments are conducted more than 420 min. The
pH was adjusted by adding 0.1 N HCl or 0.1 N NaOH
solution.

2.4. Reusability

To study the reusability of synthesized nZVI/GAC,
a series of repetitive experiments were performed. In
each experiment, 0.2 g nZVI/GAC was added into each
of the two conical flasks with 10 ml of 10 and 100 mg/l
pyridine solution, respectively. After 45 min, the mix-
ture was centrifuged and the supernatant solution was
transferred. Thereafter, 10 ml portion of the fresh pyri-
dine solution possessing the same concentration as the
previous portion was added to the solid sample that
remained in the conical flask. This was again shaken for
45 min afterward centrifuged, and the liquid phase was
separated for the analysis. These trials were repeated
such that nZVI/GAC was repeatedly exposed to five
doses of 10 ml solution portions.

2.5. Kinetics analysis

Kinetics of the pyridine degradation by nZVI/
GAC was performed, and results were analyzed using
a first-order kinetic model:
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�dC

dt
¼ kobsC ¼ kSAasqsC ¼ kSAasC (2)

ln ðCt=CoÞ ¼ �kobst (3)

t1=2 ¼ 1

kobs
ln 2 (4)

where C is concentration of pyridine (mg/l), kobs is
observed pseudo-first-order constant (1/min), kSA is
specific reaction rate constant (l/minm2), as is specific
surface area of nZVI/GAC (m2/g), ρs is mass concen-
tration of nZVI/GAC (g/l), Co is pyridine initial con-
centration (mg/l), and Ct = pyridine concentration
(mg/l) at time t (min).

2.6. Quality control and analytical methods

All analytical measurements are conducted in trip-
licate for duplicate treatments. The standard errors
were calculated for analytical measurements and are
depicted as error bars.

The initial and residual pyridine concentrations
were determined using a UV/VIS spectrophotometer
(DR500, USA). The observance of the respective solu-
tions was measured at λmax = 256 nm. The calibration
plot between absorbance vs. pyridine concentration
(mg/l) in aqueous solution was used to determine the
concentration in the samples. The higher concentra-
tions of pyridine samples were diluted with distilled
water for the accurate determination of the pyridine
concentration.

The pH of the solution was measured with pH
meter (Hach, India). The total Fe concentrations were
determined by the 1,10-phenanthroline spectrophoto-
metric method.

To understand the morphology of the GAC and
nZVI/GAC, a scanning electron microscope (SEM)
(Quanta, Model 200 FEG, USA) was used. The sam-
ples were first gold coated with sputter coater, which
provide the conductivity to the samples, and then the
SEM and energy dispersive X-ray (EDX) images were
taken.

The structure of the GAC and nZVI/GAC were
studied with an X-ray diffractometer (XRD) (Bruker
AXS, Diffractometer D8 Germany). Its analysis was
done using copper as the target with nickel as the fil-
ter media, and K radiation maintained at 1.542 Å. The
Goniometer speed was kept at 1o min−1, with a range
of the scanning angle (2θ) being 10–90o.

Textural characteristic was determined by N2

adsorption–desorption at 77.15 K using N2-BET ana-
lyzer (Micromeritics ASAP 2020, USA). The surface

area of GAC, nZVI/GAC samples was determined
using Brunauer–Emmett–Teller (BET) model in a rela-
tive pressure range of 0.05–0.30. The Barrett–Joyner–
Hanlenda (BJH) method was used to calculate the
pore size distribution.

Fourier transform infrared spectroscopy (FTIR)
spectrometer (Thermo-Electron Corporation, USA)
was employed to determine the presence of functional
groups in the GAC and nZVI/GAC before and after
treatment conducted at room temperature. KBr
(Potassium Bromate) pellet (pressed-disk) technique
was used for this purpose. The spectral range chosen
was from 4,000 to 400 cm−1.

3. Results and discussions

3.1. Characterization

The mesoporous structure of GAC and nZVI/GAC
was investigated, and textural properties were calcu-
lated from nitrogen adsorption–desorption isotherms
(Fig. 1(a) and (b) and Table 2). The isotherms of GAC
and nZVI/GAC exhibited a typical type II isotherm
hypothesis curve, which represents a typical mesopor-
ous structure according to the IUPAC classification
[17]. This trend implies the generation of nZVI species
inside the mesoporous, being responsible for volume
loss detected from adsorption isotherms. The BET sur-
face area of the GAC and nZVI/GAC are 273 and
163 m2/g, respectively (Table 2). The nZVI imbedded
in the GAC reduce the surface area and pore volume
of the GAC. The reduced pore volume was about
0.611 times lower than that of the bare GAC
(0.162 cm3/g) (Table 2). Zhang et al. [11] have
observed the same trend due to nZVI dispersed on
GAC. Moreover, the pore size of composite material
(nZVI/GAC) was 24.2 Å, while that of bare GAC is
23.7 Å. These changes were attributed to the entry of
the NaBH4 solution into pores of GAC, and reduction
of Fe2+ to form nZVI resulted in the reduction in pore
volume [10].

As shown in Fig. 1(c), the nZVI/GAC showed
strong peak at 42.7o, which is a characteristic reflection
of zero-valent iron [18]. This also indicates that the
iron is mainly in its Fe0 state characterized by the
basic reflection at 42.7˚ (2θ). The characteristic peaks
of 42.7˚ and 68.25˚ were, respectively, assigned to the
(1 1 0) and (2 0 0) plane reflections of the nZVI with a
body-centered cubic (bcc) structure [19]. The other dif-
fraction lines are arising from GAC and other associ-
ated minerals like quartz. The broad weak bands
around 2θ = 26.9o together with the deviation of the
baseline between 20o and 30o indicated the amorphous
carbonaceous structure of organic matrix [20]. XRD
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Fig. 1. (a) Nitrogen adsorption (A)–desorption (D) isotherms of GAC & nZVI/GAC, (b) pore size distributions of GAC &
nZVI/GAC, (c) wide angle powder X-ray diffraction patterns of GAC, nZVI/GAC, and nZVI/GAC after reaction with
pyridine, and (d) FTIR patterns of GAC, nZVI/GAC, and nZVI/GAC after reaction with pyridine.

Table 2
BET surface area, pore volume, and size of GAC and nZVI/GAC

Material

Surface area
(m2/g)

Pore volume
(cm3/g)

Pore size
(Å)

SBET
a Micro BJH Total Micro BJH Average

GAC 273.025 165.7 109.4 0.162 0.08 0.078 23.7
nZVI/

GAC
163.97 99.5 65.6 0.099 0.05 0.049 24.2

aBET surface area.
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analysis of the nZVI/GAC confirmed the existence of
nZVI on the GAC.

As shown in Fig. 1(d), the broad absorbance
around ~3,400 cm−1 is due to OH vibration and
H-bonding which is a common feature indicating
surface adsorption of molecular water. After immobili-
zation of nZVI, this band shifted from 3,432 to
3,427 cm−1. The Fe–O vibration was at 775 cm−1,
suggesting unambiguously that nZVI existed on the
GAC surface [21]. In the region of 1,300–1,750 cm−1,
amides can be distinguished on the surface of the

GAC at 1,640 and 1,450 cm−1 attributed to C=C, C=N,
and C–N bonds [22].

From Fig. 2, it can be seen that GAC was mostly in
circular shape with nonuniform micropores. After syn-
thesis, clusters type aggregates in form of round
shaped that indicate nZVI. Aggregation of nZVI is
reported to be caused by the magnetic dipole–dipole
interactions of the individual particles and hence
reduction in their surface area [23]. The majority of the
nZVI were loaded into the cracks and pores instead of
surface and very significant aspect of repetitive use of

Fig. 2. SEM Images of GAC, nZVI/GAC, nZVI/GAC after reaction and EDX mapping of nZVI/GAC.
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nZVI/GAC. Furthermore, Table 2 shows that GAC has
273 m2/g surface area among that 165 m2/g is the
micropore surface area, Thus, GAC has both mesopor-
ous and microporous surface areas.

EDX element mapping (shown in Fig. 2) showed
presence of carbon, oxygen, and iron onto nZVI/GAC.
These mapping images showed that the iron was well
dispersed throughout the sample. Approximately, 8
wt.% iron was detected in the sample through elemen-
tal analysis.

3.2. Effect of initial pH of the solution

The pH was found to have a significant effect on
the removal of pyridine by nZVI/GAC as shown in
Fig. 3(a). It was observed that with an increase in pH
from 2 to 6, the removal of pyridine increased
gradually. A further increase in pH from 6 to 9
decreases the rate of pyridine removal. These trends
may be attributed to the formations of oxide and
hydroxide coatings at higher pH (>6) which hinder

Fig. 3. (a) Effect of pH on % removal of pyridine (T = 303 K, dose = 10 g/l, Co = 100 mg/l), (b) effect of dose (g/l) on
% removal of pyridine (Co = 100 mg/l, pH = 6, T = 303 K), (c) effect of initial concentration on % removal of pyridine
(T = 303 K, dose = 15 g/l, pH = 6), and (d) effect of temperature on % removal of pyridine (Co = 100 mg/l, dose = 15 g/l,
pH = 6).
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the oxidization of iron to Fe(II) ions [24]. At pH (~6),
the higher removal may be ascribed to the fact that (i)
the oxides on the surfaces of nanoparticles are
promptly dissolved and (ii) the active sites get
unlocked and iron corrosion reaction can be
accelerated [25]. Moreover, pKa value of pyridine was
5.3 and it gets protonated at lower pH (i.e. <5.3) in the
form of pyridium with positive charge, and deprota-
nated at higher pH (i.e. >5.3) that contain negative
charge [8]. Furthermore, point of zero charge (PZC) of
nZVI/GAC is at pH 3. When pH > pHpzc, nZVI/GAC
surface possesses positive charge and the cations are
favorably adsorbed on the surface. Whereas, pH <
pHpzc, nZVI/GAC surface holds negative charge and
the anions are preferably adsorbed on the surface.
However, at the pH < 3 the surface charge of nZVI/
GAC behaves as positive charge and pyridium species
also possess positive charge, thus due to repulsion of
same charged molecules, removal was decreased. Sim-
ilarly, when pH is more than 5.3, then both pyridine
species and nZVI/GAC species have negative charge,
which result in predominant repulsion phenomenon.
Between pH 3 and 5.3, pyridine molecules have posi-
tive charge and nZVI/GAC possess negative charge,
and hence due to attraction between pyridine species
and nZVI/GAC, the significant removal was observed.
And also, at pH 5.3 (~6) attraction is more predomi-
nant that leads to maximum removal. Similar results
were observed earlier for the adsorptive removal of
pyridine by GAC, RHA [3,8].

3.3. Effect of dosage

The influence of the dose (m) (in the range of
1–20 g/l) on the removal efficiency of pyridine was
studied with Co of pyridine = 100 mg/l and T = 303 K.
As shown in Fig. 3(b), the pyridine removal efficiency
was found to increase with an increase of m from 1 to
10 g/l. The removal efficiency was found to be 24, 44,
and 83% at m = 1, 5, and 10 g/l, respectively, at the
end of the tests (540 min). This increase may be attrib-
uted to the greater number of active sites that are
available at higher dosages. Lin et al. [26] reported
that the heterogeneous reaction using nZVI involves
five steps: (I) mass transfer of the contaminant to the
nZVI surface from the bulk solution; (II) adsorption of
the contaminant on the ZVI surface; (III) chemical
reaction at the ZVI surface; (IV) desorption of the reac-
tion product from the ZVI surface; and (V) mass trans-
fer of the byproducts into the bulk solution. While the
removal of pyridine by nZVI was carried out with
continuous stirring, it can be speculated that step (I)
may not be the control factor, whereas steps (II) and

(III) probably were significant. As soon as the dose of
nZVI/GAC was increased, the total particle surface
areas and the active sites were increased correspond-
ingly and thereby an increase in removal efficiencies
was observed. The degradation of pyridine became
almost stable at 15 g/l and above. Therefore, the dose
of ~15 g/l was employed in the subsequent studies.

3.4. Effects of initial concentration

Co of pyridine provides the necessary driving force
to overcome the resistances to the mass transfer of
adsorbates between the aqueous and the solid phase.
The effect of Co on removal efficiency was checked in
the range of 50–1,000 mg/l at T = 303 K (Fig. 3(c)). The
percentage removal decreased from 87.92% at Co =
50 mg/l to 30.26% at Co = 1,000 mg/l. Initially, the pyr-
idine molecules come in contact with surface of the
nZVI/GAC and reaction begins to occur. With an
increase in Co, more pyridine molecules from the aque-
ous solution may occupy the reaction sites or compete
for reaction sites thus affects the degradation and caus-
ing decline in the reaction rate [13]. In concise, at a
fixed dose, the total available sites are limited for reac-
tion thus leading to a decrease in the percentage
removal corresponding to an increase in Co.

3.5. Effect of temperature

The results presented in Fig. 3(d) show that, with
an increase in temperature, the removal efficiency
increases with time. It could be due to the fact that
the mobility of pyridine molecules from solution to
nZVI increases at higher temperature. However, if the
removal process is controlled by diffusion of pyridine
species in to the pores of GAC, pyridine removal
should increase with an increase in temperature
because of the endothermicity of diffusion process
[27,28]. An increase in temperature results in increased
mobility of pyridine species and decrease in the
retarding forces acting on the diffusive species. To fur-
ther assess the rate-controlling steps, values of activa-
tion energy (Ea) was determined.

3.6. Determination of rate constant

To investigate the role of nZVI/GAC on pyridine
degradation, the kinetic study was carried out for the
treatment of pyridine-bearing wastewater as a func-
tion of time. Values of kobs were obtained from the
slope of the linear plot of ln ðCt=CoÞ. vs. t (not shown
here). As shown in Table 3, the fitted curves showed a
good linear relationship that confirmed the removal
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process followed pseudo-first-order reaction kinetics.
The kinetic model suggests that the reaction be limited
only by the concentration of pyridine molecules [29].

The activation energy (Ea) was determined by the
Arrhenius equation given as:

ln kobs ¼ ln ko � Ea

RT
(5)

where ko is frequency factor, R is molar gas constant,
(Ea) is activation energy (kJ/mol), and T is the abso-
lute temperature (K). As shown in Fig. 4(a), Ea is
22.46 kJ/mol. For diffusion-controlled reactions, Ea

values are in a range of 10–15 kJ/mol [30]. In the pres-
ent study, Ea value was much higher indicating the
removal of pyridine was chemically controlled.

3.7. Reusability

The reusability of synthesized catalyst is a quite
important factor from the practical application point

of view. In this study, nZVI/GAC showed satisfactory
removal efficiency until five consecutive cycles (for
10 mg/l of pyridine, up to 60%) without any
regeneration (Fig. 4(b)). When the Co was increased to
100 mg/l, a fast decline in its reactivity was observed.
As illustrated by Li et al. [31], when the recycling pro-
cess proceeds, the ferric oxide and hydroxide are
formed on the surface of GAC and/or iron surface,
blocking their active sites on the iron surface and thus,
resulting in lower degradation efficiency. The amount
of iron leached in the treated reaction solution was
also monitored after completion of each cycle after fil-
tration through a 0.22 μm polytetrafluoroethylene
(PTFE) filter (Waters Cooperation, USA). After each
cycle, total iron and Fe2+ concentrations were lower
than 1.2 and 0.7 (not shown) mg/l, respectively. These
were below permissible limit for discharge of waste-
water in India [32]. The instability of the catalyst was
observed visually, since after the second and third
cycle a slightly brown color solution was obtained.
This means that rather than dissolved iron, colloidal
iron oxyhydroxide precipitates were formed, which
were retained in the filtration step.

3.8. Observation of nZVI/GAC after reaction

SEM results shown in Fig. 2 represent the change
in characteristics of nZVI/GAC corresponding to mor-
phology before and after the reaction. After reacting
with pyridine, the size of nZVI prominently increased
and further covered with asymmetrical scaly coatings.
This phenomenon could be attributed to the redox

Table 3
Pseudo-first-order rate constants (kf), half life (t1/2), and
corresponding correlation coefficients (R2) for the removal
of pyridine by nZVI/GAC at different temperatures

Temperature (K) Kobs (min−1) R2 Half life (t1/2) (min)

293 0.0098 0.99 30.8
303 0.0128 0.96 23.4
313 0.0139 0.97 21.7
323 0.0248 0.99 12.1
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reactions which occur during the reaction [33]. The
increase in the particle aggregation is due to oxidation
of nZVI in the aqueous solution that may form mag-
netite (Fe3O4), ferrous hydroxide Fe(OH)2, and ferric
hydroxide Fe(OH)3 [34]. Therefore, it can be inferred
that the aggregation of the iron was due to oxidation
of nZVI in the reaction solution.

Analysis of the XRD spectrum of nZVI/GAC that
had been exposed to pyridine bearing wastewater
solution depicted in Fig. 1(c) reveals that magnetite
(Fe3O4) was the major corrosive products identified
based on standard Joint Committee on Powder Dif-
fraction Standards (JCPDS) data, and the nZVI was
still present. These observations are reliable with the
findings of several studies, which also demonstrate
the formation of iron oxides after reaction [35]. The
results were supported by our XRD data, which indi-
cated the presence of magnetite (Fe3O4) was formed
due to the reaction(s).

FTIR spectra of nZVI/GAC before and after reac-
tion are depicted in Fig. 1(d). After reaction, the pres-
ence of sharp bands at 3,926, 3,730, 3,646, and
3,632 cm−1 may be assigned to the presence of molecu-
lar water. Pyridine-containing nitrogen lone pair of
electrons should overlap efficiently with localized acid
sites on the nZVI surface at room temperature [36].
After reaction, a new peak band formed at 571 cm−1

can be ascribed to hematite phase. Similarly, goethite
band was formed at 795 cm−1 [37]. This spectrum
clearly indicates the oxidation of nZVI to form iron
minerals (Fe2+, Fe3+).

3.9. Field applicability and unique features

Pyridine-bearing wastewater is released in substan-
tial quantity during its manufacturing and handling
operations in several industries including pharmaceu-
tical, petroleum, petrochemical industries, and organic
industries [3,38,39]. Thus, there is a huge scope to
apply this technology to treat wastewater released
from above stated industries. Furthermore, the unique
features of this study are

(1) The agriculture waste is used in the synthesis
of nanosacle zero-valent iron.

(2) Optimized the various operating parameters
on the performance of nZVI/GAC systems for
the degradation of pyridine.

(3) Stability of a synthesized catalyst is evaluated
and one of the important aspects as to catalyst
performance is considered.

(4) Observations after reaction were monitored in
order to examine the transform of catalyst
after reaction.

4. Conclusion

nZVI/GAC was successfully synthesized by the
borohydride reduction method as revealed by XRD.
EDX images showed a good dispersion of nZVI on the
surface of GAC. Based on the kinetics studies, it can be
inferred that the removal of pyridine can be influenced
by a number of factors such as initial concentration of
pyridine, the pH of solution, nZVI/GAC dose, and the
reaction temperature. With an increase in the initial
concentration of pyridine, a decrease in removal effi-
ciency was observed, whereas an increase in tempera-
ture led to an increase in the removal efficiency. The
maximum removal of pyridine by nZVI/GAC was
found to be ~97% at a lower concentration (50 mg/l)
and ~30% at a higher concentration (1,000 mg/l) using
15 g/l of nZVI/GAC. The removal of pyridine fol-
lowed the pseudo-first-order reaction and the activa-
tion energy was found to be ~22.46 (kJ/mol). nZVI/
GAC sustained its reactivity during five successive
degradation cycles. The total amount of iron leached
during the reusability tests was below 1.2 mg/l.
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