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ABSTRACT

Decolorization of a synthetic wastewater containing Methyl Orange (MO) azo dye was per-
formed in an upflow anaerobic sludge blanket (UASB) reactor. Color removal efficiencies
approaching 94, 90 and 96% were obtained with influent MO concentrations of 50, 100 and
150mg1~" respectively. COD removal decreased with respect to the increasing of color con-
centration. Maximum COD removal was attained 69% in 50mgl~' of MO. Cleavages of azo
bond tends to the accumulation of aromatic amines which contributed COD in the effluent.
Zero-, first-, and second-order reaction kinetics were used to find out the suitable COD
removal and decolorization kinetics. The COD removal process was suitable to second-order
reaction kinetic, and the degradation of MO approximates was suitable to the first-order
kinetic model. The regression coefficient (R*) for both decolorization and COD degradation
was around 0.9 which ensures the high-degree linear relationship between the concentration

and time.
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1. Introduction

Azo dyes are playing a major role in industries
such as the textile, paper, printing, food, leather,
pharmaceutical and cosmetic. These industrial dis-
charges cause impacts to the environment and human
health. Textile azo dye processing plant effluents are
mutagenic and carcinogenic if there are not properly
treated [1]. Sulfonated azo dye affects the nitrogen
transformation processes in soil [2]. Treatment is the
option to overcome these issues due to azo dye dis-
charges. Many attempts were made in physical and
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chemical treatments for different azo dyes [3-6].
Adsorption, chemical precipitation, photo-catalytic,
and electrochemical treatment are some of physical/
chemical treatment methods for the removal of dyes
from wastewater, which encounters the following
drawbacks such as being economically unfeasible,
unable to completely remove the azo dyes, generating
a significant amount of sludge that may cause second-
ary pollution problems and involving complicated
procedures. Transform the pollutants into less harmful
forms, being cost-competitive, producing less sludge
and being eco-friendly are the merits of biological sys-
tem over the others [7]. Thus, the best choice for the
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azo dye treatment is using biological process. This
study deals about decolorization of mono azo dye
(Methyl Orange) in a laboratory-scale upflow anaero-
bic sludge blanket (UASB) reactor.

Limited studies have been performed to investi-
gate the decolorization of Methyl Orange (MO) using
biological processes. Cai et al. [8] investigated the
decolorization of Methyl Orange by a specific anaero-
bic microorganism (Shewanella oneidensis MR-1) and
reported 80% removal efficiency. Adsorption in
anaerobic sludge and kinetic study of MO degrada-
tion in the anaerobic sequential batch reactor was
studied by Yu et al. [9]. Several studies have
reported that UASB reactor is suitable for the degra-
dation of azo dye among various anaerobic biological
processes. Isik and Sponza [10] performed a study
about the effects of substrate concentrations and alka-
linity on the decolorization of Congo Red in UASB
reactor. They observed 100% color removal by using
the UASB reactor. Anaerobic process is more efficient
than aerobic process for azo dye removal, and it was
depicted in the study conducted by Ong et al. [11].
The degradation performance of Orange II by UASB
reactor and sequential batch reactor for was evalu-
ated and high efficiency was obtained in UASB reac-
tor [11]. The same author also performed a study on
the degradation of redox dye Methylene Blue by
UASB reactor [12]. Co-substrate plays an important
role in the azo dye treatment using UASB reactor
[13]. To strengthen the above statement, Baéta et al.
[14] investigated the anaerobic degradation of the
azo dye Drimaren blue HFRL in a bench-scale UASB
reactor and reported color removal increased from 62
to 93% due to increasing co-substrate from 100 to
500mgl~". All the above investigations ensures that
the followings; MO can be treatable using anaerobic
microorganisms, UASB reactor is one of the best
among the various biological anaerobic system for
azo dye degradation and co-substrate is essential to
enhance the efficiency. From the literature review,
the biodegradation of MO using UASB reactor is not
documented. This kind of attempt may bring out the
treatability of MO using UASB reactor and provide
the scope of treating real wastewater along with MO.
The aim of this study is to investigate the treatment
performance of UASB reactor on mono azo dye MO
containing synthetic wastewater. The co-substrate
employed in this study were sodium benzoate and
sodium acetate. The effects of MO concentrations on
decolorization and COD removal rates using UASB
reactor were investigated. Kinetic for decolorization
of the MO and degradation of organic contents was
evaluated using the zero-, first-, and second-order
kinetic model.
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2. Materials and methods
2.1. Chemicals

Methyl Orange (C14H;4N3NaOsS) was supplied by
Sigma Aldrich. The MO is a mono azo dye with Apay
at 460nm, and the chemical structure is shown in
Fig. 1. The synthetic wastewater consisted of organic
carbon, nutrients, and buffer solution. The composition
of synthetic wastewater is (concentration in mgl™):
Ce¢HsCOONa (107.1), CH3;COONa (204.9), NH,Cl
(95.18), NaCl (7.0), MgCl,-6H,O (3.4), CaCl,.2H,O
(4.0), K;HPO4-3H,O (36.7) giving COD concentration
326mgl™!, T-P 50mgl', and NH3-N 24.58mgl .
Sodium benzoate and sodium acetate are the carbon
sources in the synthetic wastewater, and the other
compositions are acting as nutrient and buffer solu-
tion. All other chemicals were of analytical grade.

2.2. Experimental setup and operating conditions

A laboratory scale UASB reactor had 2.51 of work-
ing volume with a diameter of 7.2 cm and 70 cm height
(Fig. 2). The gas-liquid-solid separator was fixed at
the top, consisting of an inverted funnel for the collec-
tion of biogas, and a gas collection bag was connected
to it. An experiment was conducted as a semi-batch
with a 24h retention time at room temperature. The
reactor inoculated using sludge collected from the bio-
logical wastewater treatment plant of SHORUBBER
(M) SDN BHD, Malaysia. Magnetic stirrer was kept
under the reactor to maintain the sludge under sus-
pension. Initial run was started with synthetic waste-
water as the influence of 326 mg1~' COD and operated
until the stabilization of COD removal. After the 28-
day initial run, 50mgl~' MO was introduced along
with synthetic wastewater which noted as phase 1.
Duration of phase 1 was 35days and phase 2 executed
with MO concentration of 100mg1~" for 32 days. Phase
3 was conducted up to 36 days with MO concentration
of 150mgl~". In each phase, three sets of hourly data
were collected from Oh to 14 h for kinetic study.

2.3. Analytical procedures

The effluent from the UASB reactor was analyzed
for COD, concentration of MO, aromatic amines, and
ammonia nitrogen (NH;3-N) after filtering through a
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Fig. 1. Chemical structure of Methyl Orange.
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Fig. 2. Schematic diagram of upflow anaerobic sludge blanket reactor.

membrane filter of 0.45pm. Analyses were carried out
by duplicated samples. Concentration of COD and
NH;-N were determined using HACH DR2800 spec-
trophotometer. The MO concentration was estimated
from the standard curve of dye vs. optical density at
its maximum absorption wavelength (Amnax=460nm)
using a UV-vis spectrophotometer (HITACHI U-2800,
Japan). The aromatic amines were determined using
UV-vis spectrophotometer (HITACHI U-2800, Japan)
at wavelength 254nm. pH, dissolved oxygen (DO)
and oxidation reduction potential (ORP) were moni-
tored for entire study with pH meter (MARTINI, Mi
151), DO meter (HANNA, HI9146) and ORP meter
(HANNA, HI98201), respectively. For kinetic study,
samples were collected at every hour interval until the
14th hour of operation. All the hourly samples were
filtered through a membrane filter of 0.45um before
estimating the COD and color concentrations.

3. Results and discussion
3.1. Treatment performance of the UASB reactor
3.1.1. COD removal

The performance of the UASB reactor was evalu-
ated based on the removal efficiency of the COD,

color and aromatic amines. COD contributed by the
synthetic wastewater and concentration of MO. The
variation of COD concentration and MO concentration
from phase 1 to 3 was depicted in Fig. 3. In phase 1
(35days), the average influent, effluent and percentage
removal of COD were 385.6mgl ', 120.6mgl™' and
68.7%, respectively. Standard deviation (SD) in phase
1 for effluent COD concentration and COD removal
percentage was higher than the other two phases
which was ascribed to the adaptation of microorgan-
isms to the MO containing wastewater influent. Dur-
ing phase 2 (32days), the average influent, effluent,
and percentage removal of COD were 4255,
150.5mgl™!, and 64.6%, respectively. In phase 3
(36days) the average influent, effluent and percentage
removal of COD was depicted as 487.1, 254.1mgl !
and 47.8%, respectively. The COD concentration in the
influent was due to the co-substrate (sodium benzoate
and sodium acetate), MO and aromatic amines. The
sodium benzoate and sodium acetate are more biode-
gradable than aromatic amines. The degradation of
this co-substrate releases the electron that support to
azo bond cleavages in the decolorization process.
Increasing MO concentration from phase 1 to 3 was
responsible for the increasing aromatic amines in the
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Fig. 3. COD concentration (a) and concentration of MO (b) in influent, effluent and% removal from Phase 1, 2 and 3.

effluent. The cleavage of azo bond in the MO results
the formation of aromatic amines [15]. As shown in
Table 1, the aromatic amines were increased from
phase 1 to 3 and the accumulation of these aromatic
amines caused the increase in COD concentration in
effluent. This is in agreement with Spagni et al. [16]
who reported COD removal was affected by the pres-
ence of aromatic amines from cleavages of azo bond.
Wijetunga et al. [17] reported that the COD concentra-
tion in effluent represents the dye metabolites or
unconsumed co-substrate. Bras et al. [18] also
observed the COD removal deteriorated with the
increase in dye concentration due to the metabolites
of dye in effluent. In this study, the degradation of
acetates was not affected by the presence of azo dye.
Fig. 4 shows the hourly changes in UV-vis spectrum
of the effluent. In zero hour three peaks were noticed
which two peaks at 460 nm and 249 nm are due to the
azo linkages and aromatic amines in MO. The third
peak at 222nm in the UV region represents the
sodium benzoate. The peak at 222nm was disap-
peared in the first hour of operation and this shows
the degradation of sodium benzoate in short time by

microorganisms in the UASB reactor. The azo peak at
460nm decreased with respect to operation time and
simultaneous increase the aromatic amine peak at
249nm which depicts the cleavage of azo bond tends
to the formation of aromatic amines. Effluent water
sample (24h) contains only one highest peak at
249nm shows the accumulation of aromatic amines
which contributed COD in the effluent.

3.1.2. Color removal

Some of the recent researches on the decoloraiza-
tion of azo dyes were evaluated under anaerobic, aer-
obic, and sequential anaerobic-aerobic environments
[19-23]. Anaerobic environment of this study was con-
firmed by the parameters like ORP and NHj;-N. The
average ORP in effluent was noted as —158.2mV,
—2004mV, and —-172.0mV in phase 1, 2, and 3,
respectively. Maas and Chaudhari [24] experienced
decoloration of dye initiated at redox potential around
—150mV. In contradict; Coughlin et al. [25] reported
the complete mineralization of mono azo dye Acid
Orange 7 was attained in aerobic environments. Since



Table 1

Treatment performance of UASB reactor in Phase 1, 2, and 3

Phase

% Removal

Effluent

Influent

Parameters

Duration

Avg+SD Min Max Avg+SD Min Max Avg+SD

Max

Min

83.1 68.7 +10.25

40.3

120.66 +41.22
3.04+£0.64

243

413 385.63 £13.65 68
50.46 +0.28

51.21

cop? 368

MO?

Days 1-35

93.98 £1.26

97.06

90.39

4.884
1.701

1.476
0.375

49.98

1.23+0.23

AAP

—158.2 +26.46
150.59 +27
9.64+9.5

-103
192

—207
84

ORP*
COD
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64.6 +6.38

79.5

52.3

425.56 +18.05

458

386

Days 36-67

90.44+9.43

99.4

61.66

38.508
2.31

101.89 100.77 +0.61 0.609

99.44

MO

1.98 +£0.27

1.488
—384

16.8
151

AA

—200.4 +54.87

17.79+0.81

—112

1

ORP

19.56 +3.51

25

13.91
33.94
93.92

9.8

22.12+0.39

23

21.6
462

NH3-N?
COD

47.82+7.32

69.86

254.17 +36.09
5.71+2.77

329

487.17 £12.96

509

Days 68-103

96.22 +1.83

99.04

9.24
4.00

152.76 150.94 +1.05 1.44

148.26

MO

257+04 1

2.102
—268

17.2

AA

—171.97 £43.2

18.81+1.14

—101
20.8

ORP

14.96 +4.95

21.36

4.17

22.12+0.45

229

21.2

NH;-N

“Unit for COD, MO & NH3-N—mg 1-1,PUnit for AA—Absorbance,“Unit for ORP — mV.

this ORP results (less than —100mV) show the highly
reductive conditions were developed that confirm the
anaerobic environment in the system [26].

The percentage removal of NH3-N in phase 2 and
3 was 19.5 and 14.9%, respectively. Nitrification may
take place to oxidize the NH3-N into other forms of
nitrogen in an aerobic environment [27]. A minimum
amount of nitrite is required for the anaerobic ammo-
nium oxidation (anammox) reaction to convert NH;-N
into nitrogen gas [28]. The nutrient used in this
research contains nitrogen only in the form of ammo-
nium chloride so that very less chance for anammox
reaction which results very less percentage removal of
NH;-N. In addition to that Martin et al. [29] reported
NH; removal affected due to azo dye (acid black 1) in
a sequencing batch reactor.

The concentration of MO in influent, effluent, and
removal efficiency throughout the study was depicted
in the Fig. 3(b). The average percentage color removal
in phase 1, 2, and 3 were 93.9, 90.4, and 96.2%, respec-
tively. In phase 1, the color removal ranges from 90 to
97% and not much variation in the removal efficiency.
MO concentration other than adsorbed on anaerobic
sludge experiences biodegradation in this phase. Yu
et al. [9] reported saturated MO adsorption on anaero-
bic sludge on certain period. After the adsorption sat-
urated, the entire concentration of MO undergoes
biodegradation. This may cause gradual increase in
MO concentration for biodegradation in phase 1. In
transition from phase 1 to 2 experience the sudden
increase in MO concentration for biodegradation
which tends to fluctuation in color removal and it
was noticed in the starting period of Phase 2. Adapt-
ability of the microorganisms at higher concentration
of MO could be one of the reasons in the variation of
color removal during the starting period of phase 2.
Maximum color removal was reported as 99% in
phase 2 and 3 which was higher than the phase 1
which indicated that the microorganism convenience
with the environment. Azo bond and aromatic amines
are the two major components in MO. The azo bond
cleavage results the accumulation of aromatic amines
in the UV region [30].

Fig. 5 shows the variation of ratio between the
absorbance of aromatic peak and azo peak noted from
hourly samples. The values depicted are directly pro-
portional to the aromatic amines and inversely pro-
portional to the azo bond. The graph shown a raising
trend ensured the decreasing peak in azo and increas-
ing in aromatic amines. In the zero hour, ratio of aro-
matic and azo peak was nearly same in all three
phases. From first hour onwards, the degradation
started and stabilized after 11th hour. In 12th, 13th,
and 14th, hour data show the increase with respect to
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Fig. 4. Hourly changes in UV-vis spectrum of MO samples.

MO concentration which ensures that higher concen-
tration of MO responsible for higher aromatic amines
accumulation. From UV-vis analysis, only the aro-
matic peak was observed in the water samples of
effluent (Fig. 4). The area of aromatic peak increased
with respect to time and reached maximum in the
effluent which confirm not complete mineralization of
aromatic amine was carried out in the system. Higher
color removal was observed in the effluent due to the
complete cleavage of azo bond. Cleavage of azo bond
with respect to time in the visible region of wave-
length scan for hourly samples (Fig. 4). Most of the
researches for azo dye degradation in anaerobic
reported that the decolorization rather than com-
plete mineralization in an anaerobic environment
[10-12,15].

3.2. Kinetic studies on COD and color degradation

Fig. 6(a) and (b) shows the hourly monitoring of
COD and MO in phase 1, 2 and 3. The removal rates
of COD and MO under UASB reactor operation were
evaluated using zero-, first- and second-order kinetic
models. For the COD degradation kinetic, the
obtained experimental data were plotted by S vs.
time, InS vs. time, and 1/S vs. time using the follow-
ing Egs. (1), (2), and (3), respectively [31].

S; =Sy — Kot (1)

St = 50871(1"L (2)

M Phase |

M Phase ll

Ratio 249/460 (Abs)

0o 1 2

Fig. 5. Ratio of absorbance between 249 nm and 460 nm.

M Phase

3 4 5 6 7 8 9 10 11 12 13 14
Time (h)
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Fig. 6. (a) Hourly COD degradation in phase 1, 2 and 3 and (b) Hourly MO removal in phase 1, 2, and 3.

1/5: =1/Sp + Kyt (3)
where S,—residual COD concentration at selected
time (t) (mg 17"), So—COD concentration at beginning
of the reaction time (mg 1™"). Ky—zero-order rate con-
stant through COD removal (mg 1" h™'), K;—first-
order rate constant through COD removal (h™Y,
Ky—second-order rate constant through COD removal
a mg’1 hh.

Similarly, for the MO degradation kinetic, the
obtained experimental data were plotted by C wvs.
time, InC vs. time and 1/C vs. time using the follow-
ing Eqs. (4-6), respectively [31].

Ct = CO - kot
Ct — Coefklt

1/C, = 1/Co + kot

where C,—residual MO concentration at selected time
() (mg 1), Cy—color (MO) concentration at begin-

ning of the reaction time (mg 17"). ky—zero-order rate
constant through decolorization (mg 17" h™),
k;—first-order rate constant through decolorization
(h™"), ky—second-order rate constant through decolor-
ization 1 mg ™' h™).

The kinetic rate constant and regression coefficient
(R?) relevant to the zero, first and second orders were
depicted in Table 2. For the COD degradation rate,
the R? of second-order kinetic model was around 0.9
in all phases. In zero and first order, the R* value
noticed as around 0.7 and 0.8, respectively. Regression
coefficient values of second order ensured the high-
degree linear relationship between the concentration
and time. Moreover, the rate constant in second-order
shows the decreasing trend from phase 1 to 3 which
was experienced by other researchers [32-34]. In all
the three phases, second-order rate constant (K,) and
its R* values showed that COD was removed accord-
ing to the second-order kinetic. Some of the research-
ers reported the second-order kinetic for the substrate
(COD) removal. Sarioglu and Bisgin [32] reported the
second-order kinetic for the degradation of COD and
Maxilon Yellow GL using anaerobic mixed culture in
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FE2=o=sR a batch experiment. Second-order reaction kinetic con-
o 22222 stant (k,) values decreased from 0.000003 to
g HpHaord O.OOOOOO?»lmg_1 h~!, as the MY GL dye concentration
é‘ ﬁ g E § § § increased from 0 to 1,000mgl1 ". Sandhya and Swami-
nathan (2006) [33] also reported the second-order
- kinetic for the COD degradation in a hybrid column
Rs58333 upflow anaerobic fixed bed reactor with textile waste-
~ 999999 water and noticed that the k, value fluctuated with
% % LSqILF varying influent concentration. Ong et al. [34] used
ch | Bas33a reactive black 5 with synthetic wastewater in a biofilm
% sequencing batch reactor and reported the COD deg-
hs § g % g [g § radation fit to the second-order kinetic. The rate con-
& <:‘r>| <:‘r>I ?| a S <:‘r>| stant value decreased from 0.002 to 0.0011mg ' h™!
8 2 R39Sy with respect to the increasing reactive black 5 concen-
S J2S222 trations from 100 to 200mgl '. Similar decreasing
trend in rate constant value from phase 1 to 3
o ~ (0.0002333, 0.0002 and 0.000081mg ™' h™") with respect
5 < s to increasing MO concentration (50, 100, and
§ = L Too 150mgl~") observed in the present study. In contra-
gb % %D T_E g dict, Sponza and Isik (2004) [31] reported first-order
3 S ;;N ;: 3(& kinetic suitable to the COD removal. Since, the rate
e constant values decreased with increasing trend in
= 10 dye (Direct Black 38) concentration was noticed.
:% é MO degradation rate fit to the first-order kinetic,
a) § S TN § o which was confirmed by the R* and reaction rate con-
S - 7288 3 p stant values. Among the data obtained (Table 2), the
o g M THS A R* was more than 0.9 in all phases ensured the high
El ‘é“ 2RERES degree linear relationship between the concentration
T Teeeee and time. First-order reaction kinetic to dye degrada-
£ N N tion was reported by some researchers. Yu et al. [9]
3 8T 2202 reported decolorization kinetic of MO by anaerobic
2 % g HoAH § H sludge suitable by the pseudo-first-order Kkinetic.
< § TRB8R S First-order rate constant sharply decreased from 1.68
2 M oo oS oo to 0.93h~!, when the influent increased from 100 to
- | & ~ 200mgl ', Isik and Sponza [35] also conducted a
°5’ £ S comparative study on Monod, zero-, first-, and second-
£ é § order reaction kinetic models and reported the
° |3 D o S o decolorization (Reactive Black 5 and Direct Brown 2)
= g L0884 3 and substrate removal process approximates to first-
E S o H 999 § 9 order kinetic model. Sponza and Isik [31] tested
S 8 2 35888 Monod, zero-, first-, and second-order kinetic to deter-
g2l0&8 238822 mine the most suitable substrate and color removal.
£ First-order kinetic suitable for higher concentration
" T T (1,600 and 3,200mgl™") of dye (Direct Black 38) and
'é) = = second-order kinetic fit with lower dye concentrations
_g é ‘—b‘o . ‘%o (200, 400, and 800 mg 17Y) were reported. In contradict,
g z & 7_‘: = Hsueh and Chen [36] used Monod kinetic model to
g S &% e O compare the degradation of different azo dye includ-
g ing MO (400 ppm). In our study, the k; values were
© 5 observed 0.163, 0.221, and 0.17h ! in phase 1, 2, and 3
é g _;.? g respectively. The k; value increase from phase 1 to 2
o E g 8 & T and decrease from phase 2 to 3. Since the phase 3 k;
=62 g B § value was higher than the phase 1.In color degrada-
EN |2 N E & tion, decreasing trend of k; value intimating the
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inhibition due to the intermediate products in the
degradation process. As per our results, there was not
much inhibition due to aromatic compounds from
phase 1 to 2. Since the value decrease from phase 2 to
3 indicated the inhibition due to the aromatic amines
resulted from azo bond cleavages.

4. Conclusion

The result of this study showed that synthetic
wastewater containing azo dye (MO) could be treated
effectively by UASB reactor at different concentration
varying from 50 to 150mgl~'. Color removal was
noticed as 94, 90, and 96% in phase 1, 2, and 3 respec-
tively. COD removal percentage in phase 1, 2 and 3
were 69, 65, and 49%, respectively. Since the COD
removals decreasing from phase 1 to 3 due to the
accumulation of aromatic amines, kinetic study
depicted the decolorization of MO and degradation of
organic content followed first-order and second-order
kinetic model respectively. The regression coefficient
(R?» for MO degradation in phase 1, 2, and 3 were
0.96, 0.95, and 0.98. In COD degradation, 0.93, 0.94,
and 0.91 were the R? in phase 1, 2, and 3, respectively,
which ensures the high-degree linear relationship
between the concentration and time. Complete miner-
alization of MO not achieved in this anaerobic envi-
ronment due to the presence of aromatic amines in
the effluent. Sequential anaerobic—aerobic system may
attain the complete mineralization of MO.
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