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a b s t r a c t

The wastewater generated from pyridine and cyanopyridine manufacturing plants is highly complex in
nature. It is characterized by high ammonia content, alkaline pH, and extremely high COD values (65,000
and 25,624 mg L−1), making it extremely recalcitrant and virtually non-biodegradable. Therefore it is not
usually feasible to directly use biological treatment (BOD:COD < 0.2) for such wastes. However, with a
suitable pretreatment option these wastewaters can be made amenable to biological treatment. The study
investigated pretreatment of wastewater containing pyridine and 3-cyanopyridine by Fenton oxidation
prior to its biological treatment. The results of Fenton oxidation under optimum conditions (3.0 g L−1 Fe2+,
enton’s oxidation
seudomonas pseudoalcaligenes-KPN
iological treatment

900 ppm H2O2 dose, pH 3, contact time 180 min) indicated a maximum COD removal of 66% from pyridine
wastewater, along with 62.4% pyridine removal. Similarly, for 3-cyanopyridine containing wastewater
(2.4 g L−1 of Fe2+, 600 ppm H2O2 dose, pH 3, contact time150 min) a maximum COD removal of 84% was
obtained and total 3-cyanopyridine degradation was 84%. The biodegradation studies of the Fenton-
pretreated cyanopyridine and pyridine wastewater were carried out using the isolated Pseudomonas
pseudoalcaligenes-KPN in batch culture experiments, wherein the residual pyridine and 3-cyanopyridine
removal efficiency was observed to be 84% and >99%, respectively.
. Introduction

The effective treatment of complex wastewaters from pyridine
nd cyanopyridine manufacturing industries are of severe envi-
onmental concern, due to poor biodegradability and presence of

range of complex and toxic components [9]. In this context,
he application of advanced oxidation processes (AOP) for prior-
ty pollutants like pyridine [1] and its derivatives, which are very
ecalcitrant to biological treatment has gained much importance
nd have become a prominent area of research.

Pyridine and its derivatives constitute an important class of
ompounds with wide applications in pharmaceuticals, pesticide
anufacture, chemical manufacture, as industrial solvent, etc. [2].

hese compounds occur naturally in the environment, and are also
roduced in large quantities as a result of industrial activity [2–4].
nce these pyridine compounds enter the environment, they per-

ist for long period of time [5].

The heterocyclic structure of pyridines makes them more sol-

ble than their homocyclic analogues and therefore they can get
asily transported through soil and contaminate ground water
6–8].

∗ Corresponding author. Tel.: +91 712 2240097; fax: +91 712 2249900.
E-mail addresses: rapandey@hotmail.com, ra pandey@neeri.res.in (R.A. Pandey).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.06.041
© 2010 Elsevier B.V. All rights reserved.

Biological treatment processes are considered as one of the most
techno-economically feasible options for conventional wastewater
treatment. However, chemical industries manufacturing pyridines
and cyanopyridines (Py-ww and Cp-ww) operate under extreme
conditions of temperature and utilize a number of organic com-
pounds for processing. Acetaldehyde, ammonia and catalysts
are used for manufacture of pyridines, while ammoxidation of
�-picoline at extremely high temperature is carried out for manu-
facturing 3-cyanopyridine [9]. As a result the wastewater generated
from these industries are highly complex and are therefore not
amenable to biological treatment.

The Fenton oxidation option has been explored by several work-
ers for treatment of pyridine and its various derivatives [1,10–15].
These reports indicate the effectiveness of Fenton’s reagent for
reducing the potential strength of the waste either in terms of
COD/TOC or mineralization of the target pollutant. However, the
main problem associated with this treatment is high reagent cost
and generation of sludge, which contain high amount of Fe (III), and
needs to be managed by safe disposal methods.

The present investigation was aimed at studying the Fenton

oxidation as a pretreatment option to improve the biodegrad-
ability of the recalcitrant and complex wastes like pyridine and
3-cyanopyridine contain wastewater generated from a chemical
manufacturing industry. The wastewater pretreated with Fenton
reagent under optimized reaction conditions was subjected to

dx.doi.org/10.1016/j.cej.2010.06.041
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rapandey@hotmail.com
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iodegradation using a bacterial species (Pseudomonmas sp.) iso-
ated in the laboratory study on pyridine degradation. The results
f the study are presented and discussed in this paper.

. Materials and methods

.1. Materials

The wastewater obtained from a chemical industry manufactur-
ng pyridine and 3-cyanopyridine was collected and characterized.
he characteristics of the pyridine and 3-cyanopyridine wastewa-
er are presented in Table 1.

The chemicals used in the study viz. pyridine, 3-cyanopyridne
ere procured from M/s Aldrich Co., Germany. Ferrous sulphate

FeSO4·7H2O) from Ranbaxy Fine Chemicals, India and hydrogen
eroxide (30%, v/v) from E-Merck, India was used. The pH of the
astewater during Fenton oxidation was adjusted by using 0.5N
2SO4/1N NaOH. Furthermore, Fenton reaction was performed in

he glass beaker of 1 L capacity. Double distilled water having spec-
fications: pH 7.1, conductivity 140 �m/cm, Cl: 0, SO4: 0, was used
or preparation of all reagents.

Ferroin indicator for COD test was procured from Ranbaxy
ne chemicals India, Ltd., Whatman filter paper no. 42 was
sed throughout the study for general sample filtration purposes,
hile Gelman membrane filters (0.45 �m, 47 mm diameter) were
sed for membrane filtration of biological samples obtained from
iodegradation studies.

The pH measurements were carried out using control dynamics
ake pH meter (model no. APX175E/C). The conductivity mea-

urements on the wastewater samples were carried out using a
onductivity meter (model CDM3, Radiometer-Copenhagen make).
utomatic-Super make incubator was used for incubation of
iodegradation samples. IEC centrifuge (Model PR-2) was used
uring the investigation for clarifying the biological samples for
nalysis. The glassware and media (growth/nutrient medium for
rowing the bacterial culture to be used as seed inoculum later)
sed in the study was sterilized using autoclave (PEIC) at 15 lbs
ressure and 121 ◦C for 20 min.

.1.1. Seed inoculum for biological treatment
The bacteria Pseudomonas pseudoalcaligenes previously isolated
n the laboratory in a study on degradation of pyridine and
ts derivatives [16,17] was used as a microbial inoculum with
ppropriate initial culture optical density (OD: 0.2) for the Fenton-
retreated wastewater samples.

able 1
haracterization of wastewater from pyridine and 3-cyanopyridine plant.

Parameter 3-Cyanopyridine
plant wastewater

Pyridine plant
wastewater

pH 9.43 9.95
Chemical oxygen

demand
25,624 65,000

Biochemical
oxygen demand

3125 2416

Ammonia-
nitrogen

14,175 37,632

BOD:COD ratio 0.125 0.037
Substrate

concentration
range

700–800 1640–1750

Total dissolved
solids

36.74 45.59

ll the values except for pH are expressed as mg L−1. The above values are average
f 3 sets of observations. The standard deviation for all the values was observed to
e less than 10%
ering Journal 166 (2011) 1–9

2.2. Methods

The overall treatment was designed as a two-step process, Fen-
ton’s oxidation process (FO process) as step I, and aerobic biological
treatment (batch culture experiments) as step II.

2.2.1. Fenton oxidation process (F.O. process)
2.2.1.1. Optimization studies for COD reduction. Studies were car-
ried out to optimize the pH, dose of H2O2 and Fe2+ ions for
the pretreatment of pyridine and 3-cyanopyridine wastewater
(Table 1). The studies were conducted in a 1 L glass beaker. During
pH optimization both H2O2 and Fe2+ ion doses were kept constant
and pH was varied in range of 1–4. The ferrous and hydrogen per-
oxide dose optimization studies were carried out at optimum pH
keeping the contact time constant and finally the contact time was
varied under optimum pH and ferrous and hydrogen peroxide con-
centration conditions.

2.2.1.2. Treatment of pyridine and 3-cyanopyridine wastewater using
Fenton’s reagent. The Fenton oxidation was used as a pretreatment
option for pyridine and 3-cyanopyridine wastewater. The wastew-
aters having an average input COD 60,000 and 23,000 mg L−1,
respectively, were subjected to Fenton oxidation under optimized
condition.

2.2.1.3. Biological treatment of Fenton-pretreated pyridine/3-
cyanopyridine wastewater. After the pretreatment with Fenton’s
reagent, the pyridine/3-cyanopyridine wastewater was subjected
to aerobic biodegradation for the removal of residual COD in
flask culture experiments. For this purpose, the wastewater pH
was adjusted to 7.0 ± 0.2, and supplemented with basic nutrients
consisting of g L−1 dipotassium hydrogen phosphate (K2HPO4)
0.615, Potassium chloride (KCl) 0.25, and 0.25 magnesium sulphate
(MgSO4·7H2O) [16]. Furthermore, the seed inoculum prepared
using P. pseudoalcaligenes [17] was used as a microbial inoculum
at a minimum OD of 0.2. The flasks were incubated at 30 ± 0.2 ◦C
and the experiments were conducted in triplicates. The results
were interpreted in terms of COD removal as well as removal of
substrates (pyridine and 3-cyanopyridine).

2.3. Analytical methods

The wastewater under investigation was a highly complex
medium, and contained a number of organic compounds apart
from the main constituents viz. pyridine and 3-cyanopyridine.
UV spectrums of untreated (raw wastewater) and treated (Fenton
pretreated) were recorded using a Perkin-Elmer Lambda-900 spec-
trophotometer for pyridine and 3-cyanopyridine. Similarly the gas
chromatographic data was also recorded selectively for pyridine
and 3-cyanopyridine removal only and the overall treatability was
evaluated based on COD values estimated using standard proce-
dure [18]. A Perkin-Elmer Autosystem GC, with FID and a capillary
column was used for analysis of filtered samples. The pyridine
analysis was carried out using wastewater samples extracted in
solvent dichloromethane, while the 3-cyanopyridine analyses on
GC was carried out using samples extracted in benzene. The hydro-
gen peroxide interference in the standard COD test was eliminated
as per the protocol [19]. The metallic content of the wastewater
was analyzed using atomic absorption spectrophotometer (Shan-
don Southern, model A3400) equipped with hollow cathode lamps.
2.3.1. Statistical analysis and optimization
The optimal process parameters for Fenton oxidation were esti-

mated by statistical analysis using MINITAB 14 software (PA, USA)
using the response surface methodology (RSM). Multiple regression
analysis of the experimentally determined data was used to build
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n empirical second order polynomial exhibiting quantitative effect
f each optimization parameter on the pretreatment of pyridine
nd 3-cyanopyridine wastewater in terms of the percentage COD
emoval. Multi-objective numerical optimization was performed
n the experimental data using MINITAB 14.

Further, the experimental data (average values of 3 sets of obser-
ations) has been used in the study and the same is represented in
he figures as y-error bars using Microsoft-Excel.

. Results and discussion

.1. Fenton’s oxidation process as a pretreatment to
iodegradation

.1.1. Effect of pH
All the studies were carried out on wastewater from pyridine

Py-ww) and 3-cyanopyridine (3-Cp-ww) plant having average
nput COD of 65,000 and 25,624 mg L−1, respectively. The aqueous
H has a major effect on the efficiency of Fenton’s treatment. Dur-

ng the pH optimization study, the pH of the solution was varied
n the range of 1–4. The reaction was carried out for 90 min under
ontrolled pH condition with dose of Fe2+: 2 g L−1 and H2O2 dose
f 525 ppm. The results obtained from on the effect of pH on the

OD removal are presented in Fig. 1(a) for 3-Cp-ww indicating 70%
OD removal. A COD removal of 52% was achieved for Py-ww. It

s apparent from fig, that COD removal increases with pH, maxi-
um COD removal was observed for both py-ww and cp-ww at pH

, after which the COD removal decreases (Fig. 1a). The reduction

ig. 1. (a) Effect of pH on COD reduction for 3-cyanopyridine wastewater during Fenton ox
uring Fenton oxidation. (c) Effect of ferrous dose on COD reduction for 3-cyanopyridine
eduction for 3-cyanopyridine plant wastewater during Fenton oxidation.
ering Journal 166 (2011) 1–9 3

in COD removal after a pH of 3.0 may be attributed to scavenging
of hydroxyl radical with H+ ions as also reported by Neyens and
Baeyens [20]. Also above pH 3, the ferrous ion gets converted to
ferric ion, which then combines with OH radical to produce ferric
hydroxide, which precipitates and settles down, thereby reducing
the ferrous availability in the solution. The observed maximum COD
reduction at pH 3 is in agreement with previous studies reported
for wastewater containing pyridines [13].

3.1.2. Effect of contact time
The contact time of Fenton’s reagent and wastewater in the reac-

tion mixture was varied in the range of 30–240 min (0.5–4 h) and
the pH of the reaction mixture was maintained at the observed
optimum (pH 3.0) with a Fe2+ dose of 2 g L−1. The H2O2 concentra-
tion was maintained at 525 ppm. The results indicate a maximum
COD removal of 79% for 3-Cp ww at 150 minutes and for pyri-
dine wastewater 56% COD removal at 180 min (Fig. 1(b)). The pH
was maintained at optimum (3.0) for both the wastewaters. No
COD removal was observed with further increase in contact time
beyond the optimum. A contact time of little more than 120 min
has been reported in literature for Fenton oxidation of 4-tertiary-
butyl pyridine for almost complete mineralization [14]. Engwall
et al. [13], have reported a contact time of 180 min to be optimum

for transformation of creosote-contaminated wastewater. The con-
tact time obtained in the present investigation is therefore well
within those values reported previously for wastewater containing
heterocyclic nitrogenous pollutants like pyridine and its deriva-
tives.

idation. (b) Effect of contact time on COD reduction for 3-cyanopyridine wastewater
wastewater during Fenton oxidation. (d) Effect of hydrogen peroxide dose on COD
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.1.3. Effect of Fe2+ dose
The ferrous sulphate dose for COD removal for Py and 3-Cp-

w was varied in the range of 0.4–4 g L−1. The contact time for
his experiment was maintained at the respective observed opti-

um (150 min for 3-Cp-ww and 180 min for Py-ww). The pH was
aintained at optimum (pH 3.0) and the hydrogen peroxide dose
as maintained at 525 ppm. The results on COD reduction with

ncreasing ferrous dose for 3-Cp-ww are presented in Fig. 1(c). The
esults indicate that the COD removal increases with increasing
errous sulphate concentration up to a ferrous concentration of
.4 g L−1 for 3-Cp-ww with a maximum COD removal of 80%. The
esults on Py-ww indicated a ferrous dose of 3.0 g L−1 to be opti-
um with 62% COD removal and above this value the increase in

errous concentration does not effect COD removal. In the pres-
nce of an organic substrate, the –OH radical and both Fe2+ ions
nter into a series of consecutive reactions that lead to its oxida-
ion and this most effectively occurs in the pH range of 2.0–3.0 [21].

minimum Fe:substrate/COD ratio must be maintained to allow
he reaction to proceed and yield the desired end products. Typi-
ally the ratio of 1 part of Fe to 10–50 parts of substrate/COD are
eported for compounds like phenols, when treated with Fenton’s
eagent [22]. In present study the ratios obtained are of the order
f 1:8125 (Fe:COD) for treatment of Py-ww and 1:4003 (Fe:COD)
or 3-Cp-ww. The iron dose may also be expressed as a ratio to

2O2 dose, the typical ratios reported are 1:5–25 (Fe:H2O2) [23],
owever, in the present investigation the ratios are very low 1:1.11

or Py-ww and 1:1.38 for treatment of 3-Cp-ww. These low ratios
re indicative of two facts (a) low requirement of H2O2, and more
conomy and (b) extremely remote possibility of residual H2O2
n the system after the reaction to interfere with subsequent bio-
ogical treatment. Moreover, the iron used may even be recycled
ollowing the reaction, separating the iron floc and re-acidifying
he iron sludge. Typical data on treatment of complex wastewaters
ike Py/Cp is not available for actual comparison of the obtained
atios/results.

.1.4. Effect of H2O2 dose
The dose of hydrogen peroxide for the reaction was varied from

50–1050 ppm for both Py and 3-Cp-ww under optimum condi-
ions of pH (3.0), contact time (180 and 150 min, respectively) and
errous dose (2.4 and 3.0 g L−1, respectively). During the optimiza-

ion studies, it was found that the COD removal increases with
ncrease in H2O2 concentration. The effect of H2O2 concentrations
n COD removal for 3-Cp-ww is presented in Fig. 1(d), the results
ndicate a 82% COD reduction for a H2O2 dose of 600 ppm, sim-
larly for Py-ww a maximum COD removal was observed to be

able 2
verall performance of the Fenton followed by biodegradation treatment scheme for pyr

Type of wastewater Untreated Fen

COD Pyridine CO

Pyridine plant 65,000 1700 22,1
% Reduction – –
Pyridine plant 65,000 1700
% Reduction – –

Type of wastewater Untreated

COD 3-CP

3-CP plant 25,000 725
% Reduction – –
3-CP plant 25,000 725
% Reduction – –

-CP: 3-cyanopyridine plant wastewater.
a Original wastewater without Fenton pretreatment.
b Wastewater pretreated using Fenton oxidation.
ering Journal 166 (2011) 1–9

64% at a H2O2 dose of 900 ppm. Further, as the H2O2 concentra-
tions were increased, a decrease in COD reduction was observed,
which may be due to the scavenging effect of hydroxyl radicals
of H2O2 according to Eqs. (1) and (2) given below. Hsueh et al.
[24], have reported on degradation of azo dyes using Fenton and
Fenton like reagent and have reported that degradation rate of
organic compounds increases as the H2O2 concentration increases
until a critical H2O2 concentration is achieved. However, when a
concentration higher than the critical concentration is used, the
degradation of organic compounds was decreased as a result of the
scavenging effect. Tang and Huang [25] have also reported the same
phenomenon for degradation of 2-4 dichlorophenol using Fenton
reaction. A sufficient amount of hydrogen peroxide must be present
in the system to avoid build up of undesirable intermediates, which
is frequently encountered as a major problem during treatment of
complex organic wastewaters. This problem was also encountered
in the present investigation. A sufficient H2O2 dose not only ensures
the COD reduction, but a rapid decrease in wastewater toxicity [23].
The chemical reactions occurring during the Fenton oxidation can
be summarized in the form of following two equations:

H2O2 + Fe2+ → ·OH + OH− + Fe3+ (1)

H2O2 + Fe3+ → H+ + Fe2+ + OOH· (2)

A hydrogen peroxide dose more than the optimum does not
yield further reduction in the COD of the wastewater. Initially
the ferrous ions react with hydrogen peroxide to produce a large
amount of hydroxyl radicals (Eq. (1)). Further ferric ions, which
are produced, react with more hydrogen peroxide to produce
hydroperoxyl radicals (HO2·) and ferrous ions (Eq. (2)). The oxi-
dation capability of hydroxyl radical is much more as compared to
hydroperoxyl radicals and that is the reason why the COD removal
does not improve even after adding more H2O2 after an optimum
dose to the reaction system.

3.1.5. Pretreatment of pyridine and 3-cyanopyridine plant
wastewater using Fenton’s reagent under optimum conditions

The highly complex wastewater containing pyridine and
3-cyanopyridine were subjected to Fenton oxidation as a pre-
treatment option prior to biodegradation. The Py-ww was treated
under the optimized conditions: Fe2+ 3.0 g L−1, H2O2 900 ppm and

a contact time of 180 min (3 h). The results indicate a 66% COD
removal with an initial COD of 65,000 mg L−1as well as 62.4% pyri-
dine removal with an initial pyridine concentration of 1700 mg L−1.
The 3-Cp-ww was treated under the optimized reaction condi-
tions: Fe2+ 2.4 g L−1, H2O2 600 ppm and a contact time of 150 min

idine and 3-cyanopyridine plant wastewater.

ton pretreated Biological treatment

D Pyridine COD Pyridine

00 639.28 3978a 102.28a

66.0 62.4 82.0 84.0
– – 57,475b 1173b

– – 11.57 31.0

Fenton pretreated Biological treatment

COD 3-CP COD 3-CP

3843 145.0 195.60a 0.84a

84.0 80.0 94.0 <99.0
– – 9000b 275.5b

– – 36.0 62.0
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2.5 h). The results indicate 84% COD removal with an initial COD
f 25,000 mg L−1 and 80% 3-cyanopyridine removal with an initial
oncentration of 725 mg L−1. The Fenton-pretreated wastewater
ith an improved BOD:COD (0.037–0.79 for pyridine plant ww

nd 0.125–0.94 for 3-cyanopyridine wastewater) ratio and resid-
al H2O2 < 5% of the initial sample was subjected to biodegradation
sing isolated Pseudomonas sp.

.1.6. Sludge generation
The production of sludge during Fenton treatment contains high

mount of Fe (III), which needs to be managed properly by safe
isposal methods [26]. This is considered to be a major problem
ith the Fenton’s oxidation process. In the present investigation,

he amount of sludge generated under the optimum treatment con-
itions was 0.32 and 0.24 g L−1 for Py and 3-Cp-ww, respectively,
hich is far less in magnitude as compared to that produced from

onventional coagulants such as ferrous sulphate, zinc sulphate and
alcium chloride, for such wastewaters [9]. Hence Fenton oxidation
eems to be an economic as well as safe pretreatment option for
ighly complex wastewaters from pyridine and 3-cyanopyridine
anufacturing plants.

.2. Biodegradation of Fenton-pretreated wastewater

The Fenton-pretreated wastewater was subjected to biodegra-
ation in flask experiments by pH adjustment and supplementation
f basic nutrients (Table 2). The Pseudomonas sp. isolated earlier in
he laboratory for biodegradation of pyridine and its derivatives
nd reported previously to treat pyridines in bench scale activated
ludge unit [17] novel rotating rope reactor [27] and biofilter [28]
as used as the seed-inoculum for removal of residual COD and

ubstrates from Fenton-pretreated wastewaters. The results indi-
ate that over a 288 h (12 days) period for 3-Cp-ww with an initial
-Cp concentration of 145 mg L−1 and a COD of 3843 mg L−1 (Fen-
on pretreated) the COD was removed further to the tune of 94%
nd the cyanopyridine removal was found to be more than 99%.
he wastewater which was not pretreated using Fenton oxidation
ould show only 36% COD reduction during biological treatment
n the same time period coupled with only 62% substrate (3-CP)
emoval. The Fenton-pretreated Py-ww indicated a COD removal
f 82% and a pyridine removal of 84% during the 288-h biodegra-
ation study, while the untreated wastewater could show only
1.57% COD removal and 31% substrate (pyridine) removal dur-

ng the same time period. The results are summarized in Table 2.
he chromatograms on pyridine removal are presented in Fig. 2.
he results presented in Fig. 2 indicates the initial pyridine concen-
ration in raw wastewater (a) and that after Fenton pretreatment
b) the pyridine concentration is reduced to more than 10 times
he original concentration as compared to raw wastewater, which
n subsequent biodegradation leads to complete disappearance of
yridine (c).

A number of microorganisms have been reported in the litera-
ure for the degradation of pyridine group of compounds. Nocardia
p. [29], Micrococcus luteus [30], Bacillus coagulans [31], Pimelobac-
er sp. [4], Pseudomonas sp. [17,30], etc. However, most of these
tudies have been reported on synthetic wastewaters with defined
trength and composition either in batch culture experiments or
ench scale reactors and hence cannot be directly compared with
he present investigation.

.3. Effect of pretreatment on biodegradability of

yridine/3-cyanopyridine wastewaters

The wastewater pretreated with Fenton’s reagent under opti-
um conditions indicated an improved BOD:COD ratio when

ubjected to subsequent biological treatment. The BOD:COD ratio
Fig. 2. Chromatograms showing: (a) pyridine wastewater before Fenton treat-
ment. (b) After Fenton treatment. (c) Fenton-pretreated pyridine wastewater after
biodegradation.

for Py-ww was improved from 0.037 to 0.79 after Fenton oxidation;
the pretreatment could remove 66% COD as well as 62.4% pyri-
dine from the wastewater. The BOD:COD ratio for 3-Cp-ww was
improved from 0.125 to 0.94 after Fenton oxidation; and the pre-
treatment could remove 84% COD. Further, the biological treatment
of Fenton-pretreated Py-ww indicated an overall COD removal of
82% and pyridine removal of 84% as compared to 11.57% COD
removal and 31% pyridine removal in untreated wastewater. The

overall COD removal in Fenton-pretreated 3-Cp-ww was observed
to be 94%, whereas more than 99% cyanopyridine could be removed
with combined (Fenton + biodegradation) treatment as compared
to 36% COD removal and 62% cyanopyridine removal in the case
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Fig. 3. Main effect

f untreated wastewater. All the results are summarized and pre-

ented in Table 2.

The Fenton pretreatment option has been explored earlier by
everal workers for phenolic compounds prior to biodegradation
11,32] as well as for degradation of wastewater containing azo

able 3
ata for optimization of Fenton oxidation for 3-CP plant wastewater.

Observations FE2+ (g L−1) Contact time (min) pH H2O2 d

1 0.5 145 2.25 675
2 0.5 145 2.25 675
3 1.5 90 1.5 450
4 1.5 90 1.5 900
5 1.5 90 3 900
6 1.5 90 1.5 450
7 1.5 200 1.5 450
8 1.5 90 1.5 900
9 1.5 200 3 450

10 1.5 200 3 900
11 1.5 200 1.5 900
12 1.5 90 3 450
13 1.5 200 1.5 900
14 2.5 145 2.25 675
15 2.5 145 2.25 225
16 2.5 255 2.25 675
17 2.5 145 2.25 675
18 2.5 145 2.25 675
19 2.5 145 3.75 675
20 2.5 145 3.75 675
21 2.5 145 0.75 675
22 2.5 145 2.25 675
23 2.5 35 2.25 675
24 2.5 145 2.25 675
25 2.5 145 2.25 675
26 2.5 255 2.25 675
27 3.5 200 1.5 450
28 3.5 90 3 900
29 3.5 90 1.5 450
30 3.5 200 1.5 450
31 3.5 90 3 900
32 3.5 200 1.5 450
33 3.5 90 1.5 900
34 3.5 200 3 900
35 3.5 90 3 900
36 3.5 200 3 900
37 3.5 90 3 450
38 3.5 200 3 450
39 4.5 145 2.25 675
40 4.5 145 2.25 675
or % COD removal.

dyes [33]. These workers have reported the improved biodegra-

dation of wastes when pretreated with Fenton’s reagent under
optimum conditions, however for complex wastewaters like pyri-
dine and its derivatives the literature reports could not be cited and
hence the present investigation can form a significant lead for fur-

ose (ppm) Experimental COD (%) Predicted COD (%) % Error

91 89.87 1.23
89 89.87 −0.98
77.09 79.46 −3.08
88.54 90.62 −2.35
86.66 88.77 −2.44
78.82 79.46 −0.82
88.2 89.37 −1.33
92.22 90.62 1.73
75.31 78.79 −4.63
83 82.77 0.26
88 90.74 −3.11
76.58 75.01 2.04
89.23 90.74 −1.69
95.47 93.10 2.47
75.73 77.97 −2.96
82 83.16 −1.42
96 93.10 3.01
91.23 93.10 −2.05
80.5 84.70 −5.22
87.63 84.70 3.33
89.506 91.62 −2.36
94 93.10 0.94
76 74.00 2.62
89.21 93.10 −4.36
91 93.10 −2.31
80.12 83.16 −3.8
94 93.62 0.39
85.1 83.67 1.66
79.27 78.46 1.01
94 93.62 0.39
85.1 83.67 1.66
90.59 93.62 −3.35
77.61 80.01 −3.10
83.61 82.93 0.80
81 83.67 −3.30
80.2 82.93 −3.41
79.01 79.51 −0.64
86.61 88.56 −2.25
85.9 89.03 −3.64
91.23 89.03 2.41
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Table 4
Predicted optimum values for maximum COD removal from 3-CP wastewater.

Parameter Predicted optimum value

Maximum COD removal 80%
X1 (Fe2+) 3.49 g L−1

plained by the model. Thus, the form of the model chosen to explain
the relationship between the factors and the response can be con-
cluded to be correct. The P-value = 0.000 for the regression model
indicates that the second order polynomial model (Eq. (3)) was
K.V. Padoley et al. / Chemical E

her research in improving the treatability of such highly complex
astes.

.4. Statistical analysis and optimization

Response surface methodology was used for design of exper-
ment and process optimization. Central composite design (CCD)
s well suited for quadratic surface response and hence used in
he present study. CCD contains a fractional factorial design with
enter points that is augmented with a group of star (˛) points rep-
esenting new extreme values (low and high) for each factor in the
esign. The center points are often replicated in order to improve
he precision of the experiment. The most important parameters
hich affect the COD removal from pyridine and 3-cyanopyridine
astewater are pH, contact time, Fe2+ dose and H2O2 dose. The
H range studied was between 0.75 and 3.75. The contact time
as between 35 and 255 min, Fe2+ dose between 0.5 and 4.5 g L−1,
hile the H2O2 dose was varied between 225 and 900 ppm. The
ain effects of each parameter on COD removal are given in Fig. 3

nd the data on optimization is presented in Table 3. From Fig. 3, it
as observed that Fe2+, pH and H2O2dose had significant effect on
OD removal; while varying the contact time did not change the
OD removal significantly. COD removal increased with increase

n the Fe2+ concentration up to 2 g L−1 and was found to be as high
s 80% above 2.4 g L−1 Fe2+. A pH range of 2–3 was most favor-
ble for maximum COD removal. An increase in H2O2 dose led
o an increase in COD removal and reached a constant value of
0% above 600 ppm. Using the experimental results, the regres-
ion model equation (second order polynomial) relating the COD
emoval and process parameters was developed and is given in Eq.
3). Apart from the linear effect of the parameter for COD removal,
he RSM also gives an insight into the quadratic effect of the param-
ters. The regression equation for % COD removal is given by:

COD removal = −5.8527 + 3.9628X1 + 0.5468X2 + 5.7596X3

+40.5750X4 − 0.9139X2
1 − 0.0012X2

2

−2.1962X2
3 − 5.4978X2

4 + 0.0239X1X2

+1.8360X1X3 − 3.2002X1X4 − 0.0371X2X3

−0.0593X2X4 + 1.1591X3X4 (3)

here X1, X2, X3 and X4 are Fe2+ dose (g L−1), contact time (min),
H, and H2O2 dose (ppm), respectively.

The R2 value of 0.8909 for % COD removal implies that sample
ariation of 89% is attributed to the factors and 11% of the sam-
le variation could not be explained by the model. The P-values
ere used as a tool to check the significance of each of the vari-

bles, and also their quadratic effects. In general, smaller the value
f P (<0.05), the more significant is the corresponding coefficient
erm. It was observed that the coefficients for the linear effect of
ime and H2O2 dose (P = 0.000) was found statistically significant.
econd order and mutual interactions between all the parameters
ere found statistically significant. The model Eq. (3) was opti-
ized using a multi-objective numerical optimization technique.

he predicted values (using the model equations) were compared
ith experimental result for COD removal and the data are shown

n Table 4. The predicted values are close to the experimental val-
es with % error within 10% for most cases. The optimum values of
he process variables for the maximum COD removal were found to
e 3.49 g L−1, 240 min, 1.077 and 595.5 ppm for Fe2+, contact time,

H and H2O2, respectively. The statistical significance of the ratio
f mean square due to regression and mean square due to residual
rror was tested using analysis of variance (ANOVA). According to
he ANOVA (Table 5), the F Statistics values for all regressions were
igher. The large value of F indicates that most of the variation
X2 (contact time) 240 min
X3 (pH) 1.077
X4 (H2O2 dose) 595.5 ppm

in the response can be explained by the regression model equa-
tion. The ANOVA table also shows a term for residual error, which
measures the amount of variation in the response data left unex-
Fig. 4. Contour plots for COD removal in 3-CP wastewater: effect of process param-
eters. (a) COD removal vs. H2O2 dose and pH. (b) COD removal vs. per ferrous dose
and Fe2+.
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Table 5
Analysis of variance for COD (%).

Source DF Seq SS Adj SS Adj MS F P

Regression 14 1676.16 1676.16 119.726 18.65 0.000
Linear 4 391.88 917.99 229.498 35.75 0.000
Square 4 846.33 828.00 206.999 32.24 0.000
Interaction 6 437.95 437.95 72.992 11.37 0.000
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Residual error 32 205.43
Lack-of-fit 9 29.13
Pure error 23 176.30

Total 46 1881.59

ighly significant and adequate to represent the actual relationship
etween the response (percent COD removal) and the variables.
he response surface plots to estimate COD removal with respect
o independent variables is as shown in Fig. 4. These plots were
btained keeping other two variables at constant values obtained
uring optimization. Similar statistical evaluation was carried out
or pyridine wastewater also (data not shown).

. Conclusion

The wastewaters generated from pyridine and 3-cyanopyridine
anufacturing industries are highly complex. The wastewater is

ot only characterized by the presence of pollutants like pyridine
nd cyanopyridine, but extremely high COD due to the pres-
nce of many organic compounds, high concentration of ammonia
nd alkaline pH. The BOD:COD ratio is extremely low making it
xtremely difficult for biological treatment. However, pretreat-
ent options like Fenton oxidation seem to be an attractive and

conomical option for improving the biodegradability of such com-
lex wastewaters. The reaction time can be as low as 3 h, the dose of
hemicals required is also very low in comparison to conventional
oagulants and the quantity of sludge generated is also minimal.
urther the BOD:COD ratio is improved making mineralization via
iological treatment possible. The process has been statistically
etailed and optimized using RSM, thereby increasing its efficiency
or COD removal. Thus Fenton pretreatment seems to be most fea-
ible and techno-economically attractive pretreatment option for
ighly complex wastewaters containing pyridine and derivatives
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ppendix A.

y-ww pyridine plant wastewater
p-ww 3-cyanopyridine plant wastewater
SM response surface methodology
-picoline 2 methylpyridine
D optical density
OPs advanced oxidation processes
S sum of squares
dj SS adjusted sum of squares
F degrees of freedom
dj MS adjusted mean sum of squares
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