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Abstract
In this work, the biodegradation of by-products formed by ozonation of the azo dye Reactive Red 239 was evaluated using 
two MBBRs in series. Two ozone dosages were applied and low carbon removals and increasing ozone consumption observed 
after discoloration show the formation of oxidation resistant by-products. Five by-products were identified by GC/MS. High 
COD removal (90%) was observed in the biological process. However, nitrification inhibition was observed with ammonium 
removal of only 40%. This inhibition was probably caused by 4-amino-6-chloro-1,3,5-triazine-2-ol, which passed unscathed 
in the MBBRs. The nitrifying activity of the biofilm was restored when the MBBRs in series were fed with synthetic effluent 
(without by-products), proving the inhibition of nitrifying bacteria by ozonation by-products. The association of ozonation 
with the biological process was efficient in RR 239 color removal and degradation of some by-products. Higher ozone dos-
ages are required for triazine oxidation, which probably inhibited nitrification in the MBBRs in series. The importance of 
identifying by-products formed by ozonation and their metabolization or not in a biological process is clear. In addition to 
partially inhibiting nitrification, special attention should be paid to chemicals that pass undegraded through a biological 
process and can be released into receiving bodies.
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Introduction

The synthetic dyes commonly found in the wastewater of 
the textile industry emerged in the eighteenth century. It is 
estimated that currently over 10,000 textile dyes are pro-
duced and 800,000 tons of dyes per year are used (Bazin 
et al. 2012; Ayadi et al. 2016). In the textile industry, 1000 
to 3000 m3 of wastewater is generated per day for process-
ing 10 to 20 tons of fibers (Ghaly et al. 2014). Azo dyes 
present in effluents cause the reduction of photosynthesis 
and dissolved oxygen concentration in the receiver body. 
These dyes may be toxic to fish, may reduce the embryonic 
survival, cause morphological deformities and are genotoxic 

to fish erythrocytes at the concentration of 10 mg L−1 and 
may still be carcinogenic to humans (Kabra et al. 2011; Jun-
gtanasombut et al. 2014; Al-Sabti 2000).

Biological processes have been extensively used in the 
treatment of textile effluents (Adabju 2013). However, the 
degradation of an azo dye by biological process is impaired 
due to the azo group (–N=N–), linked to at least one but 
usually two aromatic groups, which makes these dyes resist-
ant to biodegradation (Wang et al. 2002; Solís et al. 2012).

In aerobic biological processes, microorganisms require 
a long adaptation period for degradation of a simple azo 
dye, whereas in anaerobic processes azo dye degradation is 
easily accomplished (Firmino et al. 2011; Baêta et al. 2016; 
Victral et al. 2016). However, the breakdown of the azo bond 
in anaerobic processes generally forms toxic products such 
as aromatic amines (Chengalroyen and Dabbs 2013).

Oxidative processes, such as ozonation, are able to 
oxidize organic substances difficult to degrade and are 
efficient in the degradation of conjugated chains, which 
are responsible for the color of the dye. The oxidation 
by ozone occurs via molecular ozone or HO· and HO2

· 
radicals, depending on the pH of the aqueous medium 
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(Turhan and Ozturkcan 2013; Rice 1996). Studies on 
the color removal of azo dyes by ozonation are abundant 
(Muhammad et al. 2008; Turhan and Ozturkcan 2013; 
Günes et al. 2012; Shen et al. 2017; Zhang et al. 2015; 
Castro et al. 2016; Zheng et al. 2016; Xian-Bing et al. 
2014; Larouk et al. 2017). However, complete mineraliza-
tion of azo dyes is difficult to achieve due to the genera-
tion of stable by-products (Zheng et al. 2016).

Ozonation and biological processes can be associated 
with the goal of removing color and biodegradation of 
the by-products, as reported in the literature by Montaño 
et al. (2008), Lu et al. (2009), and Punzi (2015). In these 
studies, biological processes make use of suspended bio-
mass and aim to remove organic matter. Only one study 
on ozonation of reactive red azo dye 239 was published 
and the focus of that work was on color removal (Günes 
et al. 2012).

Biological processes with adhered biomass have been 
used for the degradation of azo dyes (Koupaie et al. 2011; 
Spagni et al. 2010; Cirik et al. 2013; Castro et al. 2016). 
The moving-bed biofilm reactor (MBBR) is a compact 
system that can withstand high hydraulic loads and has 
high efficiency in removing organic matter and nitrogen 
(Li et al. 2011; Calderón et al. 2012; Bassin et al. 2012). 
In biofilm systems, the transport of nitrogen into the bio-
film occurs by diffusion, allowing the formation of micro-
habitats with the presence of nitrifying bacteria through-
out the biofilm’s internal matrix (Young 2017). However, 
nitrifying bacteria are sensitive and can be inhibited by 
the presence of aromatic and chlorinated compounds, for 
example (McCarthy 1999).

This study aimed to evaluate the association of azo 
dye Reactive Red 239 (RR 239) ozonation until complete 
color removal with subsequent aerobic biological treat-
ment (two MBBR reactors in series) for the biodegrada-
tion of ozonation by-products. The impact of these by-
products on the nitrification process was assessed.

Materials and methods

The azo dye Reactive Red 239 (RR 239, 95% purity) was 
purchased from Oficina de Tintas (local company in Brazil) 
and has a molecular weight of 1026.37 g mol−1, CAS num-
ber 89157-03-9 and molecular formula C31H24ClN7O19S6 
(Fig. 1). All the chemicals used in the analytical determina-
tions and effluents preparation were of analytical grade.

Synthetic effluent

The RR 239 solution was prepared in buffered medium 
(0.1 M phosphate buffer) at a concentration of 50 mg L−1. 
The pH was adjusted to 7 with a 0.1 M sodium hydroxide 
solution. This solution was ozonized.

The synthetic effluent was prepared with the follow-
ing compounds: glucose as a carbon source providing a 
COD of 400 mg L−1, 30 mg L−1 of NH4

+–N as a nitrogen 
source, 270 mg L−1 of NaHCO3 to supply the alkalinity 
required for the nitrification process and 4.45 mg L−1 of 
K2HPO4, 4.55 mg L−1 of KH2PO4 as a source of phosphorus. 
0.5 mL/L of a solution containing micronutrients was added 
to the synthetic effluent (Vishniac and Santer 1957).

The MBBRs feed effluent was prepared by adding these 
compounds to the after-ozonated dye solution.

Ozonation assays

Ozonation was carried out using buffered solutions contain-
ing 50 mg L−1 RR 239 at pH 7. Only the dye was present in 
the aqueous matrix to allow the identification of products 
resulting only from dye degradation. Figure S1a (Supple-
mentary Material) depicts the ozonation set-up, consisting 
of an ozone generator (Ozone & Life, model 3.0 RM), a 
cylindrical glass ozonation column (2 L) containing a porous 
gas diffuser, and two gas scrubbers (200 mL, useful vol-
ume) filled with a solution of potassium iodide (2% m/v). 
This solution was used to quantify the ozone consumed after 

Fig. 1   Chemical structure of 
the azo dye Reactive Red 239 
(RR 239)
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chemical determination of iodine, which was formed in the 
reaction with the residual ozone. This procedure is used 
to capture the residual ozone (method 2350E), as recom-
mended in APHA (2005). All the ozonation experiments 
were conducted at room temperature (25 ± 2 °C).

The ozone concentration applied at the reactor inlet was 
20 mg L−1. Ozonation was performed until complete color 
removal of the solution, which corresponded to 12 min 
of ozonation with an average ozone consumption of 88.5 
mgO3 L−1 under the experimental conditions used.

After ozonation and complete color removal, the organic 
and inorganic compounds were added to the medium. This 
synthetic effluent was fed to the MBBR reactors.

Operation of moving‑bed biofilm reactors in series

The degradation of the by-products formed in RR 239 dye 
ozonation was performed in a system with two moving-
bed biofilm reactors (MBBR) in series, as shown in Fig. 2. 
In a previous work, only a cylindrical MBBR glass reac-
tor with a useful volume of 300 mL was used, but the 
results for ammonium removal were not satisfactory (Dias 
et al. 2019). In this study, which aimed to achieve higher 
ammonium removals, the MBBR system consisted of two 
cylindrical glass reactors in series, with a useful volume 

of 150 mL each reactor. Biomedias with biofilm already 
adapted to the effluent from the previous work were used 
in this work. Aeration of the reactors was performed by a 
porous diffuser with compressed air flow of 1 mL min−1, 
resulting in an approx. dissolved oxygen concentration of 
5 mg L−1. The biological reactor was fed by a Longer 
Pump model BT100-2 J peristaltic pump and operated 
at 20 ± 2 °C. The total hydraulic retention time (HRT) 
applied was of 6 h (3 h for each reactor). AnoxKaldnes™ 
carriers (K1 type) were employed and occupied 40% of the 
useful volume of each MBBR.

Three operational runs were evaluated, shown in Table 1. 
The MBBR1 and MBBR2 reactors were fed with the fol-
lowing effluents: synthetic effluent + ozonation by-products 
(12 min of ozonation) (run 1), synthetic effluent + ozona-
tion by-products (20 min of ozonation) (run 2) and synthetic 
effluent (without ozonated dye solution) (run 3).

In all runs, the COD and ammonium of the synthetic 
influent were approx. 400 mg L−1 and 40 mgNH4

+ L−1, 
respectively. In runs 1 and 2, where MBBR1 was fed with 
synthetic effluent + ozonation by-products, COD and ammo-
nium concentrations also remained approx. 400 mg L−1 and 
40 mgNH4

+ L−1, respectively, even with the small carbon 
and nitrogen from the by-products of the ozonated dye solu-
tion (DOC = 12.36 mg L−1 and Nteo = 4.77 mg L−1).

Fig. 2   Experimental set-up: 
moving-bed biofilm reactors in 
series

Effluent 
MBBR1

Effluent 
MBBR2

Aeration

Influent
(T = 4ºC)

Peristaltic 
pump

MBBR1
(V = 150 mL; HRT = 3h) 

MBBR2
(V = 150 mL; HRT = 3h)

Aeration

Table 1   Operational conditions of the MBBRs for the 3 runs evaluated

Run Time of 
operation 
(d)

Influent Ozonation 
time RR 239 
(min)

O3 consumed (mg L−1) Influent aver-
age COD 
(mg L−1)

Influent average 
NH4

+ (mg L−1)

1 95 Synthetic effluent with ozonation by-products 12 88.5 ± 0.2 374 ± 6.3 36 ± 1.2
2 40 Synthetic effluent with ozonation by-products 20 106.9 ± 2.1 387 ± 6.6 34 ± 0.9
3 70 Synthetic effluent (without ozonated dye solu-

tion)
– – 368 ± 5.7 35 ± 0.8
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Analytical determinations

The color removal of the RR 239 solution was quantified by 
measuring the reduction of absorbance at 542 nm using a 
Hach spectrophotometer (model DR 2800).

Dissolved organic carbon (DOC) was determined after 
filtration through a 0.45 μm membrane, using a Shimadzu 
TOC analyzer (model PCN/TMN-1). Chemical oxygen 
demand (COD) and ammonium were determined according 
to the methods 5220D and 4500-NH3C, respectively (APHA 
2005). Nitrate and nitrite levels were assessed by spectro-
photometry using Hach kits. Suspended solids in the MBBR 
were determined by the gravimetric method 2540D (APHA 
2005). Some carriers were eventually withdrawn from the 
reactor and the attached solids were removed with a fine 
brush and further vigorously washed with distilled water. 
The resulting suspension was used to determine the mass 
of solids attached to the carriers by the gravimetric method 
used for suspended solids determination.

The identification of dye ozonation products (after 
ozonation and in the MBBR2 effluent) was made by gas 
chromatography coupled with a mass spectrometer (GC/
MS, Agilent model 7890B/5977A). 30 mL samples were 
acidified to pH 2 with hydrochloric acid and saturated with 
sodium sulfate. Extraction was performed with 5 mL of 
dichloromethane (3 times), followed by solvent evaporation 
(dichloromethane) by purging the extract with N2 and deri-
vatization with 100 μL of N,O-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA) for 10 min at 60 °C. 5 µL of the deri-
vatized solution were injected (splitless mode) into the GC/
MS fitted with HP-5MS column (30 m × 0.25 mm × 0.25 μm) 
under the following conditions: initial temperature set at 100 

ºC for 2 min and then it was increased by 10 °C per min until 
310 °C; Hydrogen was used as carrier gas (1.6 mL min−1) 
and the column pressure was 7.9 psi (54.5 MPa).

Additional analytical determination of organic nitrogen 
compounds was made using a high-resolution mass spec-
trometer Q Exactive Plus Orbitrap system (Thermo Sci-
entific), m/z range of 50 to 800 Da, resolution of 140,000, 
equipped with an external electrospray ionization source 
(ESI). Data acquisition and processing was made employing 
the software Xcalibur™ (Thermo Scientific). The statistical 
analysis of the data was performed in the software OriginPro 
8.5 by means of the analysis of one-way variance (ANOVA) 
and TUKEY test, with significance level of 0.05.

Results and discussion

Ozonation of the azo dye Reactive Red 239 (RR 239)

The color, COD and DOC removals and ozone consump-
tion at different ozonation times of a solution containing 
50 mg L−1 of RR 239 at pH 7 are shown in Fig.  3. It 
can be observed that there was total color removal with 
12 min of ozonation (88.5 mgO3 L−1 consumed). Azo dye 
removal by ozone occurs by electrophilic attack in regions 
with high negative charge density of the molecule, such 
as –N=N– bonds (Turhan and Ozturkcan 2013). Stud-
ies published in the literature indicate that color removal 
occurs quickly at basic pH. At basic pH, molecular ozone 
decomposes to form the hydroxyl radical (HO·) which 
has greater oxidation potential than molecular ozone (O3) 
(Rice 1996; CRC Handbook 1985). Results presented by 

Fig. 3   Removal of COD (□), 
DOC (△) and color (□), RR 
239 concentration (□) and 
consumed ozone () during ozo-
nation of a solution containing 
50 mg L−1 of RR 239 at pH 7

0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

60

70

80

90

100

110

C
O

D
, D

O
C

 a
nd

 c
ol

or
 

re
m

ov
al

  (
%

)

Time (min)

0

10

20

30

40

50

60

70

80

90

100

110

R
R

 2
39

 c
on

ce
nt

ra
tio

n 
an

d 
O

3 c
on

su
m

ed
 (m

g/
L)



499Brazilian Journal of Chemical Engineering (2020) 37:495–504	

1 3

Günes et al. (2012) report 90% of color removal of a solu-
tion containing 500 mg L−1 from each of the Reactive 
Red 239 and Reactive Yellow 176 azo dyes in 90 min of 
ozonation with 16.6 mgO3 min−1 at pH 11. Total color 
removal was obtained by Zhang et al. (2015) on ozona-
tion of the azo dye Reactive Red 195 at a concentration 
of 100 mg L−1, pH 7.9 and 3.47 LO3 min−1 for 10 min. 
For the azo dye Reactive Red X-3B, Shen et al. (2017) 
obtained 92% of color removal by applying 0.66 LO3 h−1 
for 6 min at pH 6.5.

COD and DOC removals obtained after 20 min of ozona-
tion (106.9 mgO3 L−1 consumed) were 62 and 35% (Fig. 3), 
respectively. The statistical analysis of the COD and DOC 
removal data shows significant differences between the 
0–6 min interval and the 12–20 min interval, COD and 
DOC removal of 62 and 35%, with p-values of 0.0003 and 
0.00008, respectively. Increasing ozone consumption after 
total color removal from the solution containing RR 239 
and low COD and DOC removals indicate the generation of 
stable by-products. Results in the literature also report low 
carbon removals in azo dye ozonation. Castro et al. (2016) 
obtained 48% of DOC removal after 5 min ozonation of a 
solution containing 100 mg L−1 of Reactive Orange 16 dye 
applying 51 mgO3 L−1. Zhang et al. (2014) observed 21% 
of DOC removal in the dye Reactive Red 2 (500 mg L−1) 
ozonation in 60 min reaction with 75 mgO3 L−1. Zheng 
et al. (2016) observed 20% of DOC removal on dye Reac-
tive Black 5 (200 mg L−1) ozonation in 60 min reaction 
applying 53.3 mgO3 min−1. The reduction in COD/TOC 
ratio from 2.96 to 1.75 at the end of 20 min of ozonation, 
according to previous work (Alvares et al. 2001), confirms 
the partial oxidation of RR 239 and the incorporation of 
oxygen into the ozonation products. Therefore, ozonation is 
capable of breaking the azo bond and other parts of the dye 
molecule structure, but does not mineralize the by-products 
to CO2 and H2O under the conditions applied (12 min ozo-
nation, 88.5 mgO3 L−1 consumed). The RR 239 ozonation 
by-products, with 12 min (88.5 mgO3 L−1 consumed) and 
20 min (consumed ozone 106.9 mgO3 L−1) of ozonation, are 
shown in Table 2. The compounds are aniline (C6H7N), phe-
nol (C6H6O), catechol (C6H6O2), 4-amino-6-chloro-1,3,5-tri-
azine-2-ol (C3H2ClN4O) and phthalic acid (C8H6O4). These 
RR 239 ozonation by-products have also been identified by 
other authors (Turhan and Ozturkcan 2013; Xian-Bing et al. 
2014; Song et al. 2007; Shen et al. 2017; Zhang et al. 2015). 
Phthalic acid, catechol and phenol compounds are present in 
the mechanisms proposed by Zhang et al. (2015) and Shen 
et al. (2017), which indicate that, after 12 and 20 min of ozo-
nation, there was the degradation of naphthalene rings and 
aromatic sulfonate. Pelizzetti et al. (1990) and Yixin et al. 
(2014) also reported the difficulty of opening the triazine 
ring by HO· oxidation and attributed this behavior to the high 
stability of the triazine ring.

Moving‑bed biofilm reactors in series

The results obtained in a previous work, which was per-
formed with only one MBBR, presented a low efficiency of 
40% ammonium removal and 90% COD removal (Dias et al. 
2019). Therefore, it was decided to operate two MBBRs in 
series in order to favor the nitrifying consortium and create 
an environment that is protected from by-products, as shown 
in Fig. 4. Thus, the MBBR1 received the effluent containing 
potentially inhibitory by-products and removed most of the 
COD and these by-products. MBBR2 would then be respon-
sible for the removal of ammonium. This configuration of 
MBBRs in series has been extensively studied by several 
authors and with great success (Pellicer-Nàcher et al. 2013; 
Bassin et al. 2011; Lim et al. 2011; Ma et al. 2017; Casas 
et al. 2015; Jaroszynski and Oleszkiewicz 2011).

The degradation of ozonation by-products and ammo-
nium removal was carried out in 3 operational runs with 
MBBR1 and MBBR2 in series. The operating conditions are 
presented in Table 1 and COD and ammonium removals are 
shown in Fig. 4a, b.

The results obtained for a single MBBR (previous work) 
and for the two serial MBBRs show that there was a good 
adaptation of heterotrophic bacteria and high COD remov-
als were observed. However, nitrification inhibition of the 
RR 239 ozonation by-products persisted in MBBR1 and 
especially in MBBR2, where high ammonium removal was 
expected.

COD removals of 91% by MBBR1 and 94% by 
MBBR1 + MBBR2 were observed in run 1. It should be 
considered that the concentration of organic matter in the 
MBBR2 influent was very small (32 mg L−1). These results 
show that there was a slight increase in COD removal when 
changing the setting from only 1 MBBR (90%) to 2 MBBRs 
in series (94%), applying the same HRT (6 h) and volume 
of reactor filling with carriers (40% v/v). Studies from the 
literature that associated ozonation with biological processes 
in the degradation of azo dyes reported total color removal 
and 50–90% COD removals, ratifying the results obtained in 
this work (Montaño et al. 2008; Lu et al. 2009; Punzi 2015).

In run 2, MBBR1 was fed with ozonated effluent for 
20  min (consumed ozone 106.9 mgO3  L−1) in order to 
reduce the impact of by-products on the microbiota, since 
by-products formed during ozonation for more time are more 
oxidized. However, a reduction in COD removal from 91 to 
83% by MBBR1 and from 94 to 90% after MBBR1 + MBBR2 
was observed. This result suggests the generation of less 
biodegradable ozonation by-products or with some toxicity 
when longer ozonation time was applied. Zhang et al. (2007) 
also reported an increase in toxicity from 1.86 to 36.65% 
for Vibrio fischeri assays after 60 min of ozonation of the 
dye Reactive Red 120 at a concentration of 200 mg L−1 
and applying 12.8 mgO3 L−1. Wang et al. (2011) observed 
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increased toxicity from 45 to 75% in Vibrio fischeri assays 
after 30 min of ozonation (20.5 mgO3 L−1) of Remazol 
Black 5 dye at a concentration of 2 g L−1. These results con-
trast with those presented by Khadhraoui et al. (2009), who 
observed in Vibrio fischeri assays the absence of toxicity of 
the Congo Red dye (300 mg L−1) after 2 min of ozonation 
(2.7 gO3 L−1) and stated that association of the ozonation 
with biological degradation is an alternative for the treat-
ment of effluents containing azo dyes.

Average ammonium removals for runs 1 and 2 were 40%, 
showing incomplete nitrification (Fig. 4b). The conversion 
percentages of influent ammonium to nitrite were 36% and 
29% after MBBR1 in runs 1 and 2, respectively (Fig. 5) and, 
therefore, the formation of nitrite and nitrate was minimal in 
MBBR2. These results indicate that the increase in RR 239 
ozonation time generated by-products that inhibit nitrifica-
tion. Low ammonium removal obtained is possibly related 

to a reduction in the enzymatic activity of nitrifying bacteria 
caused by triazine compounds containing chlorine, one of 
the RR 239 ozonation by-products that passed unharmed 
or is poorly degraded in the biological process (Tomnlin-
son et al. 1966; McCarthy 1999). Results obtained by Ong 
et al. (2010) and He and Bishop (1994) report a reduction 
in ammonium removal in wetland and activated sludge sys-
tems, respectively, when in the presence of the dye Acid 
Orange 7 in concentrations of 50 and 5 mg L−1. Spagni et al. 
(2010) observed nitrite peaks resulting from inhibition of the 
second nitrification step in activated sludge treatment of an 
effluent containing Reactive Orange 16 dye at a concentra-
tion of 25 mg L−1.

In order to verify the adverse effects caused by the 
RR 239 ozonation by-products and to verify the presence 
of nitrifying bacteria in the biofilms of both reactors, the 
MBBRs in series were fed only with synthetic effluent in 

Table 2   By-products identified after ozonation and after biological treatment by MBBRs in series

a Ozonation conditions: 50 mgRR239 L−1, 20 mgO3 L−1, pH 7, ozonation for 12 and 20 min
b Compounds identified by GC/MS, Agilent
c Compounds identified by high-resolution mass spectrometer Q Exactive Plus Orbitrap

Compound Molecular formula Molar weight CAS number Chemical structure RR 239 dye 
ozonation by-
productsa

MBBR2 
products

Formaldehydeb CH2O 30.026 1664-98-8 □

Oxalic acidb C2H2O4 90.034 144-62-7 □

Anilineb C6H7N 93.13 62-53-3 □

Phenolb C6H6O 94.11 108-95-2 □

Catecholb C6H6O2 110.11 120-80-9 □

4-amino-6-chloro-1,3,5-triazine-2-olc C3H2ClN4O 144.99 38862-29-2 □ □

1,3‐dihydro‐2‐benzofuran‐1,3‐diolb C8H8O3 152.149 63883-90-9 □

Phthalic acidb C8H6O4 166.13 88-99-3 □
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run 3 (without by-products). Overall COD and ammonium 
removals of 90% and 83%, respectively, were obtained, and 
almost all influent ammonium was converted to nitrate. The 
COD and ammonium removal data (Fig. 3a, b) are statisti-
cally different for the 3 runs evaluated, except between run 2 
and 3 for COD removal, with p values < 0.00001. However, 
the incapability to achieve high nitrification in the presence 
of by-products formed by RR 239 ozonation was proved. 
These results are extremely important when the focus is 
on the association of ozonation with a later biological pro-
cess. It is observed that the impact of ozonation by-products 
on nitrification was extensive and that some by-products, 
which have high toxicity such as triazine rings, for example, 

can pass unharmed through the biological process and be 
released into the receiver bodies. One of the ozonation by-
products of RR 239, 4-amino-6-chloro-1,3,5-triazine-2-ol, 
has a chemical structure similar to atrazine. Atrazine is an 
herbicide and a persistent organic pollutant (Solís et al. 
2012; Yixin et al. 2014). Results obtained by Sanchis et al. 
(2014) and Pathak et al. (2018) on atrazine degradation by 
activated sludge and in a baffled osmotic membrane biore-
actor-microfiltration hybrid system, respectively, showed a 
slight degradation of atrazine, confirming its persistence and 
probable inhibition of biological process.

Concentrations of suspended and adhered solids are 
shown in Table 3. In runs 1 and 2, when MBBRs were 

Fig. 4   a COD and COD 
removal for the influent to 
MBBR1 (□), effluent MBBR1 
(■), effluent MBBR2 (●) 
and MBBR1 + MBBR2 total 
removal (△); b NH4

+ concen-
tration and N-NH4

+ removal: 
influent (□), effluent MBBR1 
(■), effluent MBBR2 (●) and 
MBBR1 + MBBR2 total removal 
(△) for the 3 runs evaluated
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fed with ozonated synthetic effluent for 12 and 20 min, 
a decrease in total suspended solids concentration (TSS) 
from 0.38 to 0.32 g L−1 in MBBR1 and a TSS increase 
from 0.39 to 0.47 g L−1 in MBBR2 can be observed. The 
concentration of total solids attached (TSA) also decreased 
between runs 1 and 2 from 1.56 to 0.44 g L−1 in MBBR1 
and from 0.82 to 0.48 gL−1 in MBBR2. These results show 

the biomass detachment in MBBR2 when the reactors were 
fed with ozonated effluent for 20 min and that the increase 
in the RR 239 ozonation time contributed to the reduction 
in the biofilm thickness. Zhang et al. (1995). and Castro 
et al. (2016) also observed a reduction in biofilm thick-
ness in a MBBR fed with effluents containing ozonated 
azo dyes. However, the mean volatile solids attached/total 
solids attached (VSA/TSA) ratios of 0.77 in MBBR1 and 
0.66 in MBBR2 suggest that there is a sufficient amount of 
microorganisms in the biofilm for degradation of organic 
and inorganic matter.

The products identified in MBBR2 effluent in runs 1 and 
2, shown in Table 2, are formaldehyde (CH2O), oxalic acid 
(C2H2O4), 1,3-dihydro-2-bezofuran-1,3-diol (C8H8O3) 
and 4-amino-6-chloro-1,3,5-triazine-2-ol (C3H2ClN4O). 
The MBBRs in series provided the degradation of phe-
nol, aniline and catechol. The 4-amino-6-chloro-1,3,5-
triazine-2-ol shown in Table 2 passed unharmed or was 
poorly degraded by the biological process, confirming the 
likely inhibition of the nitrifying bacteria by the presence 
of the triazine ring. However, other by-products may have 
been formed and were not identified by the analytical tech-
niques used and may also have an inhibitory effect on the 
removal of organic matter and especially on the nitrifica-
tion process.

Conclusions

Total color removal of the dye RR 239 was achieved within 
minutes of ozonation. Increasing ozone consumption over 
time and COD removal (35%) after 20 min of ozonation 
suggest the formation of by-products of difficult oxida-
tion. The by-products identified from RR 239 ozonation 
were aniline, catechol, phenol, phthalic acid and 4-amino-
6-chloro-1,3,5-triazine-2-ol. The MBBR system with two 
reactors in series removed COD (90%) and degraded 
phenol, aniline, catechol and phthalic acid. A low ammo-
nium removal (40%) persisted in MBBR1 and MBBR2, 
probably due to inhibition of nitrification by 4-amino-
6-chloro-1,3,5-triazine-2-ol, which has a chemical struc-
ture similar to atrazine. This paper shows the importance 
of evaluating the metabolization of the by-products formed 
and the possible inhibitions of the biological process when 
ozonation or other AOP is used as an effluent pretreatment.
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Fig. 5   Ammonium influent concentration and ammonium, nitrite and 
nitrate concentration after biological treatment in MBBR1 for the 3 
runs evaluated

Table 3   Concentration of the total solids suspended (TSS), total 
volatile solids (TVS) and total solids attached (TSA), volatile solids 
attached (VSA) and VSA/TSA ratio in MBBR1 and MBBR2 fed with 
synthetic effluent with ozonation by-products (12 min of ozonation) 
(run 1), synthetic effluent with ozonation by-products (20 min of ozo-
nation) (run 2) and synthetic effluent (without ozonated dye solution) 
(run 3)

Concentration of the total solids suspended (TSS) and volatile solids 
(TVS) was determined weekly throughout of the reactors operation 
period. The concentration of total solids attached (TSA) and volatile 
solids attached (VSA) was determined only once, at the last day of the 
each operation period

Run TSS 
(g L−1)

TVS 
(g L−1)

TSA 
(g L−1)

VSA 
(g L−1)

VSA/TSA

MBBR1

 1 0.38 0.34 1.56 1.09 0.70
 2 0.32 0.22 0.44 0.32 0.71
 3 0.35 0.31 1.27 1.14 0.89

MBBR2

 1 0.39 0.19 0.82 0.4 0.49
 2 0.47 0.27 0.48 0.35 0.73
 3 0.15 0.11 0.4 0.3 0.76
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