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Abstract

A re-circulating horizontal flow constructed wetland (RHFCW) system was developed in a greenhouse. This system was
operated with Typha domingensis to study the phytoremediation capacity of this macrophyte species in different developing
stages for synthetic textile wastewater with the pollutant type, the amaranth (AM) azo dye. Experiments were applied with a fixed
flow rate O = 10 L/h corresponding to a theoretical residence time of 3 h. The synthetic feeding to the RHFCW container was re-
circulated back until the required water quality was achieved. The performance of this pilot-scale system was compared to an
unplanted RHFCW. The effect of the initial dye concentration was studied using four dye concentrations (10, 15, 20, and 25 mg/
L). The following parameters pH, color, COD, BODs, NO;, NO2™, and NH4" were monitored during treatment. The maximum
efficiencies obtained for discoloration, COD, NO;, and NH," were 92 +0.14%, 56 +1.12%, 92 +0.34%, and 97 +0.17%
respectively. Experiences demonstrate a decrease of removal efficiencies of studied parameters with the increase of dye concen-
trations, leading to an increase of the duration of treatment. Changes in activities of antioxidant enzymes (superoxide dismutase
(SOD), guaiacol peroxidase (GPX), catalase (CAT), ascorbic peroxidase (APX), and glutathione reductase (GR)) and their
relation to plant defense system against stress were studied. Enzymes were evaluated in leaves of 7. domingensis during the
remediation of the azo dye (amaranth). During treatment, an increase of enzymes activities was observed in accordance with the
high removal efficiency.
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Introduction

Synthetic dyes can highly impact in environment and
health. Due to their recalcitrant aspect, partial degradation
was obtained in industrial pretreatment systems.
Consequently, residual and toxic dye concentrations can
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be discharged in the natural system. As example, the dye
amaranth, widely used in the food and cosmetic indus-
tries, is considered as synthetically prepared carcinogenic
azo dye (Xu et al. 2018; Severo et al. 2016; Hadibrata and
Nor 2014). Hence, the treatment of effluents containing
dyes has been a challenging problem for environmental
technologies development (Parsons 2004).

The physical and chemical methods can have numerous
disadvantages, such as high cost, low efficiency, and forma-
tion of toxic sludge and by-products (Khandare and
Govindwar 2015). It is therefore important to look for low
cost, eco-friendly, less sludge forming, more sustainable, and
in situ administrable methods for textile wastewater treatment.
In the last two decades, phytoremediation that uses plants as
viable alternative methods at low cost and environmentally
friendly has been explored for the treatment of various indus-
trial wastewaters (Sarioglu et al. 2007). Macrophytes plants
are successfully explored in various pilot scales of constructed
wetlands (CWs). The large biomass and complex metabolism
are key tools behind superior dye removal potential of these
plants (Juwarkar et al. 2010).
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Previous studies proved that CWs are considered to be a
sustainable technology and nature-based system to treat
wastewaters (Meng et al. 2014; Khandare and Govindwar
2015; Chandanshive et al. 2017). They are designed to take
advantage of many processes that occur in natural wetlands,
with more controlled environment. Due to processes complex-
ity, the design of these systems used to be based on experi-
mental pilot studies (Stottmeister et al. 2003; Khandare and
Govindwar 2015).

The classification of CWs is based on the type of macro-
phytic growth (emergent, submerged, free floating, and rooted
with floating leaves). Further classification is also based on the
water flow regime (surface flow, subsurface vertical, or hori-
zontal flow) (Reddy et al. 2014; Sudha and Vasudevan 2012;
El Hamouri et al. 2007). In HFCWs, wastewater from the inlet
zone passes horizontally through the bed matrix until it
reaches the outlet zone (Vymazal and Kropfelova 2009).
During the passage of wastewater through the reed bed, the
wastewater makes contact with a network of aerobic, anoxic,
and anaerobic zones. Many studies have shown that the oxy-
gen release from roots of different macrophytes is far less than
the amount needed for aerobic degradation of the oxygen con-
suming substances delivered with wastewater and that anoxic
and anaerobic decomposition play an important role in hori-
zontal surface flow constructed wetlands (Brix 1990; Vymazal
2005). As a result, organic compounds are degraded aerobi-
cally as well as anaerobically by bacteria attached to plant
underground organs (i.e., roots and rhizomes) and media sur-
face (Brix and Schierup 1990). This is why several studies
prove the effectiveness of these anaerobic conditions that pre-
dominate in HFCW bed matrices in the removal of a majority
of pollutants (Ong et al. 2009; Ding et al. 2012).

As an operational modification to improve the effluent
quality of HFCWs, a re-circulating horizontal flow construct-
ed wetland (RHFCW) where the water is re-injected was de-
veloped in an attempt to reduce the release of nutrients and
toxic compounds into the environment (Sklarz et al. 2009).
Therefore, effluent re-circulation has been proposed as an op-
erational modification to improve the effluent quality of CWs
(Wu et al. 2014). As demonstrated by Wu et al. 2014, when
the effluent is being re-circulated, additional oxygen for aero-
bic microbial activities can be transferred into the wastewater
and to the system. This operation will also bring benefit to the
treatment by enhancing interactions between pollutants and
microorganisms attached on the roots of macrophytes and
surfaces of gravel.

Plant species and filtration material type are important in
determining the treatment efficiency of constructed wetlands.
Several recent studies have tested and evaluated the ability of
some plants and especially their antioxidant enzymes for de-
contamination of water such as the textile dyes (Nilratnisakorn
et al. 2007; Ong et al. 2009; Patil et al. 2009; Kagalkar et al.
2010; Khandare et al. 2011; Haddaji et al. 2015). The growth
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of roots and rhizomes allows maintenance and regulation of
the initial hydraulic conductivity and contain air-filled chan-
nels connected to the atmosphere for the purpose of
transporting oxygen to the root system (Mitsch and
Gosselink 2000).

In CWs, macrophytes are important component of the sys-
tem for the removal of pollutants. Some emergent macro-
phytes are efficiently used to treat wastewater, such as Typha
domingensis. The use of T. domingensis to detoxify polluted
environments has attracted a lot of interest (Martin et al.
2003). It has been identified in possessing the high potential
to degrade textile dyes (Nilratnisakorn et al. 2007; Shehzadi
etal. 2014; Masi et al. 2019). Typha angustifolia has been also
employed for remediation experiments and lead to an efficient
removal of azo dyes from textile effluent (Chandanshive et al.
2017). Previous study proved that macrophytes when irrigated
with azo dye solutions possess an antioxidative defense sys-
tem that minimizes the adverse effects of reactive oxygen
species, and no toxicity has been identified for these plants
during the degradation of textile dyes with different applied
concentrations (Shehzadi et al. 2014). The physicochemical
and biological processes of treatment take place in the rhizo-
sphere which is induced by the interaction of pollutants with
plants, microorganisms, and the soil. Pollutants cause the for-
mation of reactive oxygen species (ROS) by plants. As a re-
sponse to these ROS, antioxidant enzymes are released by
plants as a protection mechanism against these toxic com-
pounds. These enzymes play a pivotal role in organic matter
decomposition by converting macromolecules into low mo-
lecular moieties (Kang et al. 1998). T. domingensis peroxi-
dases have been tested and proved to be able for degradation
of textile dyes such as amaranth and Amido black (Haddaji
et al. 2015).

The main objectives of this study were (i) to explore the
phytoremediation potential of an aquatic macrophyte named
T domingensis to degrade an azo dye Amaranth; (ii) to assess
the efficacy of the re-circulated horizontal flow constructed
wetland system (RHFCW) as technical process; and (iii) to
investigate the role of plant in the degradation of the dye by
the monitoring of the response of 7 domingensis defense sys-
tem through its antioxidant enzymes activities measurement
(SOD, GPX, CAT, APX, and GR) during the treatment and in
relation with the carbon oxygen demand (COD) removal.

Materials and methods

Dye

Amaranth dye (E123, Sigma-Aldrich), formula
C,oH1N,;Na304S; and molar mass 606.48 g mol !, was cho-

sen as organic dye pollutant. The UV-Vis spectrum was pre-
sented in Fig. 1. A wavelength of maximum absorbance at
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520 nm was used to monitor the dye solution discoloration.
Dye solutions with concentrations of 10, 15, 20, and 25 mg/L
were prepared using tap water. The initial pH of dye solutions
was 7 with maximum increase to 7.7 during treatment.

Plant material

1. domingensis is a macrophyte species collected from nature
environment (river; Oued Maizet, city Ezzahra, Governorate of
Ben Arous; Tunisia (Fig. S1) and cultured to produce new
shoots in pilot reactors (Fig. S2). The experiments were con-
ducted from January to August 2017. Plants were selected and
cultured under greenhouse conditions of temperature, moisture
level, and light (temperature of 30 + 2 °C, with 12 h of light,
light intensity of 910 umol m™' s, and humidity from 50
t075%). Six shoots are planted in each tank. Cultured plants
are selected at the same stage of growth: 0.4 to 0.6 m plant
height that reaches about 1.5 to 1.9 m at the end of the treatment
experimentation. Roots of 7. domingensis did not extend be-
yond about 29 cm (Ranieri et al. 2014). A total of 4 to 5 leaves
per plant were selected for enzyme activities analysis.

Pilot description and operational conditions

The experimental was conducted in constructed wetlands with
horizontal subsurface flow system (HFCWs), in three pilot con-
ditions. Three polyester tanks (0.53 m, 0.52 m, and 0.52 m; L x
W x H) were used (Figs. 2 and 3) as HFCWs systems. The three

tanks were filled with fine gravel with an average diameter of § to
10 mm for approximately 35 cm width. In the inlet and outlet
zones, for about 15 to 17 cm width we use coarse gravel sizes (O
80 to 100 mm) until 45 cm of high. The 45 cm depth of the
filtration bed of the RHFCWs (Fig. S2) allows roots of wetland
plants to penetrate the bed and ensure oxygenation of the bed
through oxygen release from roots.

A reservoir with 60 L capacity (Fig. 2) was connected to each
tank and used for the feeding and the re-circulation of water by
peristaltic pump at the flow rate of 10 L/h during 3.0 h each day
(from 9 to 11 am). The feeding was for 3 h per day. An outlet
siphon system adjusts the water level in the filter so that it is
always filled with water where water from the inlet zone passes
horizontally through the bed matrix until it reaches the outlet
zone. The operated HFCW (tank b) was planted with
T domingensis and irrigated with AM azo dye solution. The
second HFCW system (tank a) was irrigated only with tap water
and used as a control bed for the determination of the response of
these macrophytes species to this oxidant stress caused by ama-
ranth dye by the activation of the antioxidant enzymes. Another
control bed in this work was carried with the unplanted bed (tank
¢), where dye solution has been re-circulated at the same condi-
tion of the planted beds. All three beds (tanks a, b, and c) were
installed in greenhouse under the same conditions of tempera-
ture, humidity and light. (Fig. S2). All experiments were fed with
a fixed flow rate of 10 L/h during 3 h.

Samples of 150 mL in total were withdrawn from the outlet
of the system for chemical analysis after each cycle of re-

Fig. 1 UV-Vis spectrum of 1.4 -
amaranth dye (Haddaji et al.
2015). All other chemicals used
for analysis were of the highest 1.2 -
purity available and of analytical
grade
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circulation (3 h, 27 h,51 h, 75 h, etc.) until the target treatment
was reached (maximum of 30 samplings for one experimenta-
tion) corresponding to a maximum of sampling volume of 4.5 L.

Residence time test

According to the method outlined by (King et al. 1997), tracer
tests were conducted for the planted and unplanted gravel
CWs. The objective is to determine the residence time distri-
bution (RTD) through the RHFCW systems and the flow ve-
locity. When the tracer is injected in the inlet, sampling at the
selected points takes place over time. Lithium (Li*") is
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commonly used as a tracer because it is inert and does not
react with the CWs system. Li** was accurately analyzed by
ionic chromatography using a Metrohm ion chromatography
system that was fitted with an anion-exchange column
(AS4A-SC, 150 mm x 4 mm) and coupled with a conductivity
detector under the control of IC NET software. The injected
concentration was 0.3 mg/L based on the work of King et al.
1997; Ranieri et al. 2013, modified. Samples were collected
during a period of two to three times the theoretical retention
time to ensure that the entire amount of tracer was discharged.
The RTD curves have been calculated using dispersion
reactor model given by Levenspiel and Smith (1957):
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Fig. 3 Lithium concentration trends vs. HRT. Comparison between the experimental and the simulated residence time distribution RTD curves for

unplanted (a) and planted (b) beds
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(eq. 1):
() = <ZiC9iAt> (e ((— P 9%9)2)) (41 /Pe) (1)

where,

YiCiAt

Area under the residence time distribution, Pe,
peclet number; 0, the residence time distribution

Based on the concentration in the outlet of the tanks, resi-
dence time distribution function is generated as given in (eq.
2):

C(t
B = o) @)
[,C(t)at
where,
E (/) RTD function, min "

C (f) concentration of tracer at t time, mg/L
t time, min

Water samples and analysis

The efficiency of the system was evaluated by measuring
organic and inorganic parameters. The following parameters
were analyzed for each sample, pH, and chemical oxygen
demand (COD) using the standard dichromate method de-
scribed in standard methods (Rodier et al. 2009). Nitrate
(NO;3"), nitrite (NO, ) using Metrohm ion chromatography
system that was fitted with an anion-exchange column
(AS4A-SC, 150 mm x 4 mm), ammonium (NH,") was deter-
mined using the Nessler method by Rodier et al. 2009. Dye
coloration was measured using the UV-Visible spectropho-
tometer method (Perkin Elmer Lambda 25 UV-VIS
Spectrometer). The percentage of color removal was calculat-
ed by the following equation (eq. 3):

Color removal (%) = ((Abso—Abst) /Abso> x 100 (3)

where Abs is the absorbance of AM dye before treatment and
Abs, is the absorbance of Amaranth (AM) dye after ¢ time
treatment.

AM degradation mechanism was investigated using an
Agilent high-performance liquid chromatography (HPLC)
composed of a binary pump coupled to a UV-visible detector.
The amaranth dye molecules and by-products were deter-
mined according to the method outlined by Elaissaoui et al.
2016. The main characteristic absorbance was obtained at
260 nm for AM dye.

Enzymatic activities essay

Activities of several antioxidant enzymes such as superoxide
dismutase (SOD), guaiacol peroxidase (GPX), catalase (CAT),
ascorbate peroxidase (APX), and glutathione reductase (GR)
were measured in leaves extract of 7 domingensis during treat-
ment. The fresh leaves extract was homogenized in phosphate
buffer (0.01 M/L, pH 7.0), containing 0.2% polyvinylpyrroli-
done. The homogenate was centrifuged at 2000xg at 4 °C for
20 min. The supernatant was used as the crude extract for the
following assay:

Protein content was determined according to the method of
Bradford (1976) with bovine serum albumin as a standard.
Superoxide dismutase (SOD) activity was determined using
the method developed by Winterbourn et al. 1976 and based
on the measurement of the inhibition of the photochemical
reduction of nitro blue tetrazolium (NBT). Guaiacol peroxi-
dase (GPX) consumes H,O, using guaiacol as an electron
donor. The assay of its activity is followed by the evolution
of the enzyme kinetics for 1 min at 470 nm (Khan and
Robinson 1994). Catalase (CAT) activity was determined by
following the decomposition of H,O, at 240 nm for 1 min in
1 mL of reaction mixture. Ascorbate peroxidase (APX) activ-
ity is determined by the method described by Asada and Bager
(1984). One unit of APX activity was defined as 1 mol of ASC
consumed/(min g FW). Glutathione reductase (GR) is quanti-
fication from the decrease in absorbance at 340 nm following
the oxidation of NADPH. The extinction coefficient used to
calculate the activity was 6.22 m M ' cm ™.

Each enzyme activity was measured three times in units/g of
plant/min. The activity was based on the total content of soluble
protein (measured in mg protein/g plant), which will determine
the specific activity of the enzyme, expressed in units/mg protein.

Statistical analysis

The data were expressed as mean + SD. In order to compare
the results, Student-Newman tests were performed using
SPSS data analysis (version.20). In all cases, significance
was defined by p < 0.05.

Results and discussions
RHFCW hydraulic system

The residence time distribution (RTD) for the two CWs,
planted with T domingensis and the unplanted one, were mea-
sured in order to determine the flow behavior within the
gravel-based CWs. Experiences where operated at a flow rate
0O =10 L/h. The planted field had a mean residence time of
3.3 h where the unplanted field had a measured hydraulic
residence time (HRT) of 3.1 h.

@ Springer
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The theoretical residence time calculated is about 3.39 h
(Fig. 3). The slightly decrease in the HRT measured compared
to the theoretical in unplanted bed was linked to the dead vol-
umes or dead zones in the tank that reach in this case 2.9 L (EPA
1999) and less for the planted bed (0.9 L). This dead volume
could correspond to the stagnant water in the base of the tanks.
The slightly increased HRTs values of the planted CWs, com-
pared with the unplanted ones, may be attributed to the root
systems of 7. domingensis, which probably enhanced the resi-
dence time of the tracer in the tank. According to Nemade et al.
2010, the flow can be categorized as flow through porous two-
channel dispersion model micro and macro.

Tracers’ curves indicated that experimental and theoretical
RTD are approximately equal. In this case, we can suggest that
CW was an ideal reactor where the flow at the inlet is
completely and instantly mixed.

Efficiency of T. domingensis for azo dye removal

Dye discoloration

Full spectrum analysis (Fig. 4) showed an example of the UV-Vis
spectrum of the effluent samples collected from RHFCW sys-
tems for an initial dye concentration of 10 mg/L. Changes on

AM dye absorption in the UV and visible range (200-800 nm) at
studied initial concentrations were recorded. Decrease in main

2.5

2.0

ABS

1.5

ABS

1.0

0.5 1

0.0

absorbance (A max: 520 nm) means that the solution of amaranth
dye was being discolored and the AM dye was degraded or
transformed in by products. The variation of the absorbance
and the decrease of the peak at A max were monitored to assess
the discoloration of the solution.

Based on Fig. 4, there was no modification on the visible
part of the spectrum after 3 h of experimentation. After
17 days, high discoloration was achieved (low absorbance at
A max). Discoloration was linked in several works to the cut of
the N=N bonds (Hadibarata and Nor 2014; Barros et al. 2014).
However, absorbance in UV range (200400 nm) increased
then decreased. Peaks between 280 and 330 nm were related
tom — 7 transitions in conjugated aromatic rings and was
linked to the generation of organic by-products due to the
fragmentation of the dye molecule.

In the unplanted bed (control test, Fig. 5 b) the UV-Vis spec-
trum did not show high modifications during the treatment. Low
level of discoloration was obtained (27% +0.19 and 9% =+ 0.08
for initial dye concentration of 10 and 25 mg/L respectively). The
dye removal efficiency could be mainly linked to the dye adsorp-
tion on the gravel with limited effect of microorganisms as the
gravel was washed (Jarusipirot 2014).

For the planted system (Fig. 5 a), the highest percentage of
discoloration was 92% + 0.14 reached for the initial dye con-
centration of 10 mg/L (within 17 days). The discoloration
efficiency decreased when the initial dye concentration

—— TO0 (Dye)
——3h

Day 3
Day 5
Day 7
Day 11
Day 13
Day 15
Day 17

400 450 S00 S50 600 650 70
Visible range: wavelenth (nm) (b)

T T
200 300

T
400 500 600

Wavelenth (nm) (a)

Fig.4 a UV-Vis spectrum of AM solution during 17 days of treatment, planted bed irrigated with amaranth solution (Co = 10 mg/L). b The visible range

of the UV-Vis spectrum
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Fig.5 Discoloration process of amaranth dye in the planted (a) and unplanted reactors (b) at different initial dye concentrations (10, 15, 20 and 25 mg/L)

increased until 83 £0.23 for initial dye concentration of
25 mg/L. The obtained efficiencies are high and could be
explained by the adsorption of dye on the gravel associated
with the absorption /adsorption phenomena on plant roots in
the rhisosphere with microorganism development and plant
uptake which will enhance the discoloration efficiency
(Kamboh et al. 2014), in comparison to the unplanted bed.

The kinetics of the dye discoloration rates can be described
by an apparent first order, In (Co/C,) =kapp % ¢ (Table 1),
where Cj is the initial concentration of dye and C; is the con-
centration of dye at time t.

Dye degradation

HPLC analysis was employed to monitor the concentration of AM
during the treatment (Cy = 10 mg/L). The HPLC analysis of the
AM dye-treated solutions showed clearly that the amaranth had
been almost completely disappeared at the end of the treatment

Table 1

(Fig. S3). The chromatograms depicted in Fig. S3 were detected at
260 nm, a wavelength associated with 7 — 7 transitions in con-
jugated aromatic systems. The intensity of the AM peak at a reten-
tion time of 2.43 min diminished during the treatment.

Degradation was accompanied by the appearance of main-
ly two new peaks at retention times of around 2.022 and
1.798 min. The compounds associated with these peaks could
be intermediates/by-products formed by rupture of the dye
molecule during the degradation process.

The AM degradation is well fitted with apparent first order
kinetic (Fig. 6). The apparent kinetic constant (Kapp) is equal
to 0.234 day7l (R*=0.90) for dye initial concentration of
10 mg/L. This value is higher than discoloration apparent
constant. The degradation of the dye can lead to by-products
with absorption capacity at A max 520 nm, which will de-
crease the discoloration efficiency.

The mineralization of the aromatic molecules as dyes lead
in general to the opening of the rings at the end of the

Discoloration efficiency and apparent kinetic constant for the planted and unplanted beds at the applied initial concentrations (removal (%)

was represented by mean values of three replicates; R*:coefficient of determination)

Unplanted bed system

Planted bed system with 7 domingensis

(AM) 10 (AM) 15 (AM) 20 (AM) 25 (AM) 10 (AM) 15 (AM) 20 (AM) 25
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Dye discoloration ~ Removal (%)  27+0.19 17+0.12 16+0.10 9+0.08 92+0.14 87+0.22 84+0.20 83+0.23
Kapp (day ') 0.021 0.013 0.012 0.007 0.155 0.132 0.104 0.114
R 0.99 0.88 0.92 0.81 0.96 0.91 0.97 0.96
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Fig. 6 Degradation of amaranth dye during treatment and related apparent kinetic constant, Cy = 10 mg/L

mineralization process producing oxalic acid and then CO,
and H,0. Indeed, the oxalic acid was identified during the
degradation of the AM by oxidation process (Barros et al.
2014). In order to determine whether oxalic acid was formed
during biodegradation of the dye, standard solution of oxalic
acid (= 95% purity; Sigma-Aldrich) was subjected to HPLC
analysis. As shown in Figs. 6 and 7, standard solution showed
a well-defined peak at 2.02 min under the HPLC conditions.
In order to monitor its appearance and then degradation, the
treatment time was increased to 25 days. Figure 7 reports the
variation of the oxalic acid concentration showing its increase
during treatment when reaching a maximum at day 17, then, it
decreases slowly. However, according to Schroder (2013),
oxalic acid can be liberated by plant roots in the system solu-
tion in small quantities too, which explain the initial value.

Dye mineralization and removal efficiency of COD,
BODs, N03_, and NH4+

In order to monitor the mineralization of the AM dye, the
efficiencies of this RHFCW system for the removal of chem-
ical oxygen demand (COD), biological oxygen demand
(BODs), NO; ™, and NH," by the bed systems were monitored.

0 10 20 30
Time (days)

Fig. 7 Formation and degradation of the oxalic acid during the treatment
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COD removal and BODs evolution

The COD of the dye solution introduced to the bed system ini-
tially increased (Fig. 8 a) due to the composition of the bed
(gravel, roots, and bacteria) and the release of carbon materials
from plant roots. Then, during the treatment, the COD decreased.
This decrease could be linked to the dilution of the COD initially
in the bed by the recycling of the dye solution from the reservoir
with lower initial COD as underlined by (Ammari et al. 2014).
However, an average of 57 = 1.14% removal was obtained after
22, 24, and 30 days of treatments for 15, 20, and 25 mg/L of
initial concentration of AM dye respectively. In this case, and as
demonstrated in dye degradation section, the removal of COD
was mainly due to plant system than only the explained dilutions
when comparing with the unplanted bed, the maximum removal
of COD was only 22 +0.19% (Fig. 8 b). The COD removal ratio
is lower than the dye degradation or discoloration, by-products of
degradation can be considered in this case as recalcitrant com-
pounds to the studied treatment system (RHFCW) compared to
the dye as demonstrated in other studies (Xu et al. 2018; Severo
et al. 2016).

The initial BODs values of dye solution were negligible
due to the chemical composition of the dye solution and only
small variation is observed in the unplanted bed. In this last
case, obtained values were in the experimental error range and
were not presented. However, for the planted bed, after first
circulation during 3 h, the BODjs increase due to the presence
of bacteria in the planted bed related to the rhizosphere (roots
and rhizomes) of plant roots and to the released materials
(Chen et al. 2016; Aguilar et al. 2019). The BODjs after 3 h
of treatment was noted BOD* in this case and Fig. 9 repre-
sents the evolution of BOD/BOD¥*, during the treatment.
After recycling, the obtained ratios of removal were similar
in the range 64 + 0.18% to 68 + 0.20% for the studied concen-
trations of dye (Fig. 9). In fact, these improvements in COD
and BODs removal should be related also to the enrichments
of the HFCW system with oxygen. In general, the system
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Fig. 8 COD removal in the planted (a) and unplanted beds (b) for different concentrations of AM dye (10, 15, 20, and 25 mg/L) where COD represents
the measured values in the time ¢ and CODj is the initial value of COD before treatment

filled with gravels allows the mechanical filtration of water
and allow roots of T domingensis to penetrate the whole bed
that ensure oxygenation of the whole bed through oxygen
release from roots. Roots contain air-filled channels connected
to the atmosphere for the purpose of transporting oxygen to
the root system (Mitsch and Gosselink 2000). However, in
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Fig. 9 Evolution of BODs during treatment for the different concentrations
of AM dye (10, 15, 20, and 25 mg/L) applied in the planted bed, BOD* is
the value obtained after the first circulation (£ =3 h)

this case, the re-circulation is transporting oxygen to the root
system (Mitsch and Gosselink 2000; Vymazal and Kropfelova
2009). The circulation of dye solution several times within the
matrices of the bed improves the contact between the solution
and the rhizosphere and brings more oxygen to the HFCW
(Rehman et al. 2017).

In another side, in a RHFCW conditions, when the efflu-
ents were re-circulated into the feeding tank, dilution of pol-
lution can lead to better overall performance of the system
than without recycling (Sun et al. 2005) as this dilution will
decrease the negative effect on plants (Arienzo et al. 2009) and
improve treatment efficiency.

NO;"and NH,*removal

The evolution of nitrate in the outlet of the Typha bed systems
during experiments was illustrated in Fig. 10 for planted and
unplanted beds. The ammonium and nitrite values were often
negligible. A small increase was observed after the first 3 h of
circulation followed by a decrease during the treatment. The
nitrates elimination in the control reactor (without plant) did
not exceed 20+ 1.21% (Fig. 10 b) and mainly due to dilution
effect as already explained. However, NO; levels through the
Typha bed system with re-circulation decreases strongly. The
removal efficiencies reached an average of 92 +0.34% for the
different studied dye concentrations (Fig. 10 a). The high re-
moval efficiency of the RHFCW system show that
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denitrification was achieved which was linked to the
anaerobic/anoxic condition in the HFCW with the presence
of organic matter (Albuquerque et al. 2009) and to the Typha
nitrogen uptake. However, the re-circulation of the dye solu-
tion was expected to provide more oxygen to the bed system
and enhance the transformation of NH," in nitrates. As the
NH,* concentration is low since the beginning compared to
nitrate, the contribution of this process to the total nitrate con-
centration is limited (Fig. 11). The decrease of ammonia and
nitrate concentration in the Typha bed system could be the
collective result of nitrification, denitrification, and plant up-
take in the wetland system.

The obtained results on the RHFCW system using Typha
species for AM degradation were compared to published stud-
ies (Table 2). In general, the degradation rate of the dye is
strongly linked to the molecule structure and its complexity
as well as the corresponding load of COD. However, based in
Table 2, the removal capacity seems to follow the same order.
The highest discoloration rate was obtained in this study
(92%) while the COD removal was between 56 and 68%.
By comparison with domestic wastewater (Zhang et al.
2014), the COD removal related to dye degradation is still
limited due to generation of by-products as oxalic acid in this
study. However, after treatment, the final COD concentration
obtained was equal to 50 mg/L for the highest initial dye
concentration (Cy =25 mg/L). This value is under the
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Table2  Constructed wetlands with Typha plant species for treatment of textile dyes
Dye Constructed wetland plants Initial dye Color removal COD removal References
concentration (%) (%)
(mg/L)
Sulphate dye 200 mg/L 72% 68% Mbuligwe (2005)
Reactive Red 141 Re-circulated vertical flow 30 mg/L 58% 59% Ammari et al. (2014)
bioreactor
(Typha angustifolia Linn)
Congo Red Re-circulated vertical flow Typha 100 mg/L 62, 59% 65, 63% Chandanshive et al.
angustifolia (2017)
Amaranth dye Re-circulated horizontal flow CW 10 to 25 mg/L 92% 56% This study

RHFCW Typha domingensis

standards of discharge in the natural system (160 mg/L for
textile sector in Tunisia).

Evaluation of enzymatic activities

All results demonstrate the high potential of 7. domingensis to
degrade the AM azo dye. The role of this species in this deg-
radation pathway of AM dye was studied by evaluating its
response to this stress condition. By comparison with the
planted bed fed by tap water (uncontaminated bed), it ap-
peared that protein expression in the contaminated plant sam-
ples was significantly increased compared to uncontaminated
plant samples in agreement with another research (Al-Taee
and Witwit 2015). In addition, increase in dye concentrations
in the contaminated plant samples causes parallel increase of
enzyme antioxidant defenses which are used as biomarkers of
oxidative damage (Chandanshive et al. 2017).

The current investigation showed high levels of GPX,
SOD, CAT, APX, and GR enzymes activities in all contami-
nated plant samples as compared to those of uncontaminated

ones. These results can be explained by the direct relation
between toxic products and increase in oxidative stress as a
result of an enhanced level of lipid peroxidation and hydrogen
peroxide production in both roots and leaves of stressed plants
(Chandanshive et al. 2017; Al-Taee and Witwit 2015).

The variation in enzymatic activities of 7. domingensis
(GPX, SOD, CAT, APX, and GR) exposed to different con-
centrations of amaranth dye was presented in Fig. 12, where
the value at #=0 is related to the planted bed fed by tap water.
Enzymatic activities showed a rapid increase during treatment
followed by stabilization or small decrease compared to con-
trol plants that presented same levels of antioxidant enzymes.
SOD presented the highest increase and concentration to be
the first detoxification enzyme and most powerful antioxidant
in the cell. It acts as a component of first-line defense system
against ROS (Fig. 12).

The increase and evolution of enzymes activities in leaves of
T domingensis were presented in accordance with the removal
efficiency of COD. Maximum activities of antioxidant enzymes
were observed at early stage of the treatment for the different

Fig. 12 Enzymes activities —+—COD/CODO0 (25 mg/L) —=—S0D
(SOD, GPX, CAT, APX, and GR) 2 —-GPX —APX [ 3
in leaves of T. domingensis and —~GR —=CAT _
comparison with COD/COD, 30 .E
evolution during treatment, initial s
dye concentration 25 mg/L 15 L 25 E.
=) e
= o
£ L0 E
g :
S -
a S
o C100 g
Q05 ;
L5 s
0 0
18

Time (Days)
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concentrations of azo dye as response to the introduced pollution.
These results suggest that increased activities of SOD, GPX,
CAT, APX, and GR in this species contribute to their enhanced
tolerance to this abiotic stress by developing a complex antioxi-
dant defense system. When the color and the COD were decreas-
ing during treatment, the enzymatic activities were stable or de-
creasing slowly at the end of the treatment (especially for SOD).
This decrease was observed after 92+0.14% and 56+ 1.12%
elimination of the color and COD respectively in the case of
dye concentration of 25 mg/L. The last trend for SOD was the
stabilization despite the continue decrease of COD. The final
value of SOD at the end of the treatment is still high compared
to the initial one (¢ = 0) underlining the importance of the residual
toxicity in the bed linked to by-products generation and their
recalcitrant aspect despite their low concentration compared to
the initial dye one. This residual effect corresponds to the 34% of
the remained COD in the CW bed corresponding mainly to by-
products as all the dye molecules introduced could be totally
degraded (see Fig. 8, for initial dye concentration of 10 mg/L).
Generated enzymes were expected to contribute to dye degrada-
tion by breaking the aromatic rings, especially for azo dye as
demonstrated in our previous work related to peroxidase
(POD) (Haddaji et al. 2015).

Conclusion

This study was related to the treatment of amaranth azo dye using
re-circulated horizontal flow constructed wetland system
(RHFCW) planted with 7" domingensis. High removal of color
(83-92%) was obtained using this system. An extensive passive
period followed by re-circulation enhanced organic matter deg-
radation. The HPLC analysis of AM dye treated solutions
showed clearly that the amaranth had been almost completely
disappeared at the end of the treatment (98% of removal) and
demonstrated the appearance of a final by-products including the
oxalic acid. The obtained COD degradation of 57% underlined
the recalcitrant aspect of generated by-products. High denitrifi-
cation process was observed leading to low NO; ™ concentration
with limited effect of initial dye concentration. The comparison
with unplanted bed demonstrated clearly the contribution of the
T domingensis in the system performances. The dye treatment
by T domingensis acted on the defense system of this species
against the introduced stress, which may play an active role in the
degradation mechanism of this organic compound (dye) by acti-
vating the antioxidative enzymes. Increase of SOD, GPX, CAT,
APX, and GR enzymes was observed at early stage of treatment
followed by stabilization except for SOD, which registered at the
beginning the highest concentration, and increase. The limited
decrease of SOD at the end of treatment is in agreement with the
limited COD degradation due to the generation of recalcitrant
compounds. Indeed, the RHFCW demonstrated a limited degra-
dation of COD when induced by dye pollution.

@ Springer
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