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Abstract

The decolourization of an aqueous solution of the textile dye Acid Red 88 (AR88) and the control of the invasive plant
species Acacia dealbata Link. (ADL) were addressed in this work. The aims of the study were (1) characterization of the
ADL pollen, (2) application of the pollen powder in adsorption processes, (3) selection of the best operational conditions
for nitriloacetic acid (NTA)-UV-A-Fenton process and (4) assess the efficiency of the combined treatment adsorption and
NTA-UV-A-Fenton in AR88 decolourization. In a first step, ADL pollen was used as a AR88 bioadsorbent. Fourier-transform
infrared spectroscopy (FTIR) analysis were performed and revealed the presence of proteins, fatty acids, carbohydrates and
lignin in the pollen. Afterwards, trough scanning electron microscopy (SEM), it was possible to verify that ADL pollen has
several empty spaces that can be used for dye adsorption. Biosorption results showed higher adsorption of AR88 with appli-
cation of pH 3.0 and [pollen] =3.0 g/L with 18.8 mg/g of dye adsorbed. The best fitting was observed with Langmuir, SIPS
and Jovanovic isotherms (0.993, 0.996 and 0.994, respectively). To complement the biosorption, a UV-A-Fenton process
was applied, and results showed a higher AR88 removal with (NTA) addition. Higher irradiance power favored the oxidation
process with high @ photodegradation value and low Electric Energy per Order (Egg) and Specific Applied Energy (Egag)-
The combination of biosorption with NTA-UV-A-Fenton was the most efficient system with an AR88 decolourization of
98.5% and a total organic carbon (TOC) removal of 83.5%.
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1 Introduction

The textile industry has been one of the major polluters
of surface and ground water resources because it uses as
many as 8000 chemicals and huge amount of water. Sev-
eral reports suggest that an average sized textile industry
consumes about 1.6 million liters of water per day for the
production of about 8000 kg of fabric [1, 2]. Among the
textile dyes used, the acid red 88 (AR88) was selected to be
studied in this work, because of its vast application in dye-
ing textile fabrics such as silk, nylon, wool and leather [3].
The azo dyes are not only toxic to the environment, but also
mutagenic, teratogenic and carcinogenic chemicals [1] and
therefore their elimination is a priority.

One treatment process that can be used for dye removal
from wastewater is adsorption process. The adsorption pro-
cess has attracted considerable attention due to its technical
feasibility, flexibility and operation simplicity. Currently, the
adsorbents that are widely used mainly include activated
carbons [4], ion-exchange materials [5], zeolites [6] and
bentonite clays [7, 8]. However, these adsorbents are still
deemed expensive if applied to large-scale treatment of dye
wastewater. To further decrease the cost, numerous new
adsorbents have been developed from different bioresources
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for dye removal. These bio-adsorbents have been consid-
ered promising due to the large availability and low cost
of their raw materials [9]. One bio-resource in particular is
the pollen powder of Acacia dealbata Link. (ADL), which
is a native plant from Australia that became invasive spe-
cies in Europe. Worldwide spread of A. dealbata increased
more than 60% in the last decade [10]. In Portugal, the first
record of the species is from 1850, when it was introduced
for the cut-flower, tannin and timber industries [11, 12]. In
a search performed in “Web of Science core collection”, it
were observed the publication of 19,467 articles referent to
“biosorption” and 102 articles referent to “Acacia dealbata
Link.”, however, the combination of both terms revealed that
no article has ever been published. Considering that ADL is
an invasion plant, the use of its pollen for the adsorption of
ARS8 allows to solve two issues, the reuse of ADL and the
removal of AR8S.

Advanced oxidation processes (AOPs), such as photo-
Fenton process can be efficient for the destruction of carbon-
based contaminants. In literature, photo-Fenton process has
been used for treatment of emerging contaminants [13], phe-
nolic compounds [14], textile dyes [15, 16], pharmaceuticals
[17], among others. In the photo-Fenton process, the ultra-
violet (UV) light can assist the reduction of Fe** to Fe>* to
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Table 1 Chemical structure, adsorption maxima and molecular
weight of ARS8

Name Chemical A, (nm)  Molar mass Reference
structure (mol g 71

Acid red 88 505 400.38 [23]

(acid dye) OH

(mie o

react with H,0O, to generate HO' radicals. In view of this,
UV-Light-emitting diodes (LEDs) lamps, are efficient and
ecofriendly, they do not over heat, they have a long lifetime
and low energy consumption [18, 19].

The photo-Fenton process is affected by some operational
parameters, including the concentration and ratio of Fenton’s
reagent (H,0, and Fe“), solution pH, time, temperature,
pollutant concentration and the nature of reaction matrix
[20]. The use of chelating agents, such as nitriloacetic acid
(NTA) can help to overcome these disadvantages, because
(i) they promote the activation of hydrogen peroxide and the
generation of HO' radicals (ii) they improve the solubility
of nonpolar and lipophilic pollutants (iii) they enhance the
dissolution of iron at neutral pH and allow the reduction of
Fe** to Fe** using UV light (iv) chelates have the ability to
form higher quantum yield from HO" as compared to other
Fe’*-complexes (v) finally, when chelates are used, wider
range of solar radiation spectrum can be applied in photo-
Fenton system [21, 22].

To our knowledge, biosorption with ADL pollen pow-
der was never performed for the treatment of AR88 and
the UV-A/NTA/Fenton system was never applied for AR88
removal, therefore, there are many variables that require
further studies. Therefore, the aim of this work is (1) har-
vest and characterize ADL pollen, (2) study the effect of
variables pH, ADL dosage and AR88 concentration in the
biosorption efficiency, (3) optimize the UV-A-NTA-Fenton
process, (4) study the combined effect of biosorption and
UV-A-Fenton processes.

2 Materials and Methods
2.1 Reagents

The acid dye, Acid Red 88 (Color Index 15620), chemical
formula C,yH3N,NaO,S was provided by Aldrich Chemical
Company, Inc., Milwaukee, USA and used as received with-
out further purification. The molecular structure of AR88 in
non-hydrolyzed form is illustrated in Table 1. The iron (II)

sulfate heptahydrate (FeSO,-7H,0) was acquired by Pan-
reac, Barcelona, Spain, the hydrogen peroxide (H,0, 30%
w/w) and nitriloacetic acid (CqHgNOg, NTA) were supplied
by Sigma-Aldrich, Missouri, USA. For pH adjustment, it
was used sodium hydroxide (NaOH) from Labkem, Barce-
lona, Spain and sulphuric acid (H,SO,, 95%) from Scharlau,
Barcelona, Spain. Deionized water was used to prepare the
respective solutions.

2.2 Bio-adsorbent Preparation

The pollen from the plant ADL used on this work was col-
lected on the district of Vila Real (Portugal) and transported
to the Environmental Engineering Laboratory of the Univer-
sity of Tras-os-Montes and Alto Douro, Vila Real, where
it was stored until used. This specie was collected at the
GPS location 41°17'12.9"N 7°44'14.1""W on March 2021.
The pollen was washed and dried in an incu-line incubator,
VWR, V. Nova de Gaia, Portugal at 70 °C for 24 h. Them
they it was grounded into powder using a groundnut miller.
The grounded powder was then sieved to a mesh size of
150 pm. Finally, the powder was once more dried at 70 °C
for 24 h to remove the moisture. The powder was then left
to cool and stored in a tightly closed plastic jar.

2.3 Bio-adsorbent Characterization

The Fourier-transform infrared spectroscopy (FTIR) spec-
tra was obtained by mixing 2 mg of pollen with 200 mg
KBr. The powder mixture was then inserted into the molds
and pressed at 10 ton/cm? to obtain the transparent pellet,
which was analyzed with an IR Affinity-1S Fourier Trans-
form Infrared spectrometer (Shimadzu, Kyoto, Japan) and the
infrared spectra in transmission mode were recorded in the
4000-400 cm™! frequency region. The microstructural char-
acterization was carried out with a scanning electron micros-
copy (FEI QUANTA 400 SEM/ESEM, Fei Quanta, Hills-
boro, WA, USA). The mineral characterization (iron, copper,
sodium, potassium, calcium and magnesium) was obtained
by digestion of 500 mg of pollen by nitric acid and hydrogen
peroxide for 24 h. Then the samples were transferred to a Dry
Block Heater reactor (Techne, Cole-Parmer, UK), at 60 °C.
The temperature was gradually raised to 80, 100, 120 and 150
°C, then the samples were cooled, and finally a matrix solu-
tion (1.5 mL de HNO; p.a. conc. in 1000 mL distilled water)
was added. In a final step, the cations concentrations were
analyzed by atomic absorption spectroscopy (AAS) using
a Thermo Scientific™ iCE™ 3000 Series (Thermo Fisher
Scientific, Massachusetts, USA).
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2.4 Biosorption Experimental Setup

The biosorption of AR88 contaminant from the aqueous
solution by the organic adsorbent Acacia dealbata Link.
pollen powder (ADL) was studied in detail, in order to
predict the amount of AR88 removed through adsorption
process. The adsorption process was performed under con-
stant agitation of a 75 mL aqueous solution, by a L32 Basic
Hotplate Magnetic Stirrer (Labinco, Breda, Netherlands).
The pollen was added to the aqueous solution and the sam-
ples were withdrawn at time 0, 5, 10, 15, 20, 25 and 30 min
(Fig. 1). The biosorption batch experiments were carried out
in three different steps, under fixed conditions (T=298 K,
V=75 mL, agitation=350 rpm, t=30 min):

1. variation of the pH conditions (3.0-9.0), with
[AR88]=50 mg L™}, [pollen]=3.0 g L;

2. variation of the pollen dosage (1.5-10 g L™"), with pH
3.0, [AR88]=50 mg L',

3. variation of the contaminant AR88 concentration
(0-500 mg L), with pH 3.0, [pollen] =3.0 g L™1.

After the adsorption process, the samples were centrifuged
and separated for subsequent chemical analysis. Then, 2 mL
of dye solution was withdrawn and analyzed in a UV-Vis
scanning spectrum 200—800 nm, using a Jasco V-530 UV-Vis
spectrophotometer (Tokyo, Japan). The maximum absorbance
wavelength () of AR88 was found at 505 nm, and the
concentration of the residual dye in solution was calculated

by Beer-Lambert’s law, using the optical density and molar
extinction observed at the characteristic wavelength [16].

Prior to the measurement, a calibration curve was
obtained by using Acid Red 88 solution at known concen-
trations. The percentage of dye removal was calculated as
follows (Eq. 1) [24]:

Cdye,O -C

Dye degradation(%) = < dyest > x100 (1)

Cdye,O

where Cgy.  and Cy  are the concentrations of dye at reac-
tion time ¢ and 0, respectively.

The amount of AR88 adsorbed was calculated accord-
ing to Eq. 2 [25, 26], as follows:

C,—C.)xV
q = (Co-C)xV 2)
m
where q, is the adsorption capacity at adsorption equilibrium
(mg g71), C, and C, are the concentration of ARS8 at time 0
and t, V is the volume (L) and m the mass of adsorbent (g).

2.5 Isothermal Models

The mechanism of the adsorption process was investi-
gated through the fit of the experimental data to different
adsorption isotherms, based on Langmuir, Freundlich,
SIPS, Temkin and Jovanovic [27-32]. Table 2 resumes
the isotherm equations used in this study. The goodness
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Fig. 1 Schematic setup of adsorption and UV-A-Fenton process
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Table 2 Nonlinear form of
isotherm equations used to fit
the adsorption data

Model/equation

Parameters

References

Langmuir

q A K Ce )
(14K, C,

Freundlich
qe = KFC:
SIPS

q. (mg g~")—equilibrium adsorption capacity
q,, (mg g~")—maximum adsorption capacity

K, (L g~H)—Langmuir constant

C, (mg L~Y—equilibrium adsorbate concentration
in solution

Kg (mg ¢! (mg L™1™™ —Freundlich constant
n—heterogeneity factor
Kg (L kg~"—SIPS constant

Langmuir [27]

Gustafsson et al.

Maurer [33] and

(28]

_ quSCQ

e T 14KC!
Temkin
g = B X InK;+p X InC,
Jovanovic

G = qp[1 =€) ]

B (J mol~")—Temkin constant

b (L g~')—binding constant

Jeppu and Clement
(34]

Ky (L g~H)—Temkin adsorption potential

Wibowo et al. [29]

Jovanovic [32]

of fit of different regression models was evaluated by the
correlation coefficient R,

2.6 Photo-Fenton Experimental Setup

The photo-Fenton process was carried out in a lab-scale
batch reactor, which was illuminated with a UV-A LED
photo-system (Fig. 1). The photo-system consisted by a
matrix of 12 InGaN LEDs lamps (Roithner APG2C1-365E
LEDS) with a maximum emission wavelength at A=365 nm.
The nominal consumption of each LED lamp was 1.4 W
at an applied current of 350 mA. The radiation is emitted
in continuous mode for all the 12 UV-A LEDs, being con-
trolled by a power MOSFET in six different current settings,
resulting in irradiance levels (;;y) from 16 up to 85 W m ™2
measured at 5 cm distance with a UVA Light Meter (Lin-
shang model LS126A). For every experiment performed,
the reactor was initially loaded with 250 mL of Acid Red 88
(AR88) aqueous solution, under constant agitation by means
of a L32 Basic Hotplate Magnetic Stirrer 20 L (Labinco,
Breda, Netherlands).

The photo-Fenton process was optimized as follows, by
maintaining fixed conditions of temperature =298 K, agita-
tion 350 rpm and t=230 min:

1. Performance of H,0, variation (2-16 mM), pH 3.0,
[Fe’*]1=0.15 mM, [AR88] =50 mg L~! radiation UV-A
(365 nm), I;y=32.7 W m~2;

2. Performance of Fe?* variation (0.05—0.20 mM), pH
3.0, [H,0,]=4 mM, [AR88] =50 mg L~'adiation UV-A
(365 nm), I;y=32.7 W m™>;

3. Performance of NTA variation (0.05-0.20 mM),
pH 3.0, [H,0,]=4 mM, [Fe’*]=0.15 mM,

[AR88] =50 mg L~ 'radiation UV-A (365 nm),
Iyy=327Wm™>

4. Performance of [AR88] variation (25-100 mg L71),
pH 3.0, [H,0,]=4 mM, [Fe’]1=0.15 mM,
[NTA]=0.10 mM, radiation UV-A (365 nm),
Iyy=327Wm™,

5. Performance of pH variation (3.0-7.0),
[H,0,]=4 mM, [Fe?’*]=0.15 mM, [NTA]=0.10 mM,
[AR88] =50 mg L~! radiation UV-A (365 nm),
Iyy=327Wm™

6. Performance of irradiance power variation (/y;y =0 —
32.7W m™), pH 3.0, [H,0,]=4 mM, [Fe**]=0.15 mM,
[NTA]=0.10 mM, [AR88]=50 mg L' radiation UV-A
(365 nm).

After the reaction has started, 2 mL of dye solution was
withdrawn at periodic intervals and analyzed in a UV—Vis
scanning spectrum 200—-800 nm, using a Jasco V-530 UV-Vis
(Tokyo, Japan). The samples were filtrated by 0.20 pm fil-
ter and the ferrous ion (Fe’™) concentrations were analyzed
by atomic absorption spectroscopy (AAS) using a Thermo
Scientific™ iCE™ 3000 Series (Thermo Fisher Scientific,
Massachusetts, USA). Total Organic Carbon (TOC) and Total
Nitrogen (TN) samples were analyzed by direct injection of
filtered samples into a Shimadzu TOC-Lgy analyzer (Shi-
madzu, Kyoto, Japan), equipped with an ASI-L autosampler,
provided with an NDIR detector and calibrated with standard
solutions of potassium phthalate, hydrogen peroxide concen-
tration was followed, using titanium (IV) oxysulfate (DIN 38
402H15 method) at 410 nm, using a portable spectrophotom-
eter from Hach (Loveland, Colorado, USA).

In all the experiments, AR88 removal followed pseudo
first-order kinetics, as follows (Eq. 3) [35], as follows:
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r=-— dA(igg = k,ARSS 3)

where r is the reaction rate, AR88 is the concentration of
Acid Red 88 (mg/L) at time t and k_, is the pseudo first-order
mineralization-rate constant. This equation can be integrated
between times t=0 and t=t to yield (Eq. 4), as follows:

ARS8,

! = Kt
"ARsS, ™ @)

According to this expression, a plot of the first term
versus ¢ must yield a straight line satisfying Eq. 4, where
the slope is k, [36].

As the oxidation reaction proceeds, the concentration
of the reactant(s) decreases. Another measure of the rate
of a reaction, relating concentration to time, is the half-
life (t,, = 0.693/k) which is the time required for the
concentration of a reactant to decrease to half of its initial
concentration [35].

2.7 Figures of Merit E;oand Eg,¢

The figure-of-merit electric energy per order (Egq) [37,
38] was used to evaluate the efficiency of the UV-A radia-
tion in the degradation of AR88 by photo-Fenton process
(Eq. 5), as follows:

P xtx 1000
EEO = C (5)
V x log < = )

Ce

where P is the rated power (kW) of the system, V is the vol-
ume (L) of water treated in time t (h), C; and C; are the initial
and final concentrations, and the factor of 1000 converts g to
kg. A more practical equation can be derived assuming first
order kinetics and converting the units of the first order kinetic
constants to min~"!, which results in Eq. 6 [37, 39], as follows:

384%x 1073 x P
V x k )

obs

Epp =

Equation 6 can be further modified into Eq. 7, to rep-
resent the Specific Applied Energy (Eg,g) i.€. the energy
required for breaking 1 mol of pollutant.

E, EO

Egpp = —20
SAET 0y x 10

(N
where C, is the initial pollutant concentration (mol LY.
All the experiments were performed in triplicate, and
statistical analysis was performed using one-way analysis
of variance (ANOVA) and differences were considered as
significant when p < 0.05. The average values were com-
pared using Tuckey’s test, with OriginLab 2019 software

@ Springer

(Northampton, MA, USA). All data present mean and
standard deviation (mean + SD).

3 Results and Discussion
3.1 Characterization of ADL Pollen

An initial analysis to the ADL (pollen powder), reveled a
low concentration of iron and copper (1.6 and 0.4 mg L™},
respectively), and high concentrations of sodium, potassium,
calcium and magnesium (99.5, 777.4, 94.8 and 74.9 mg L,
respectively). Calcium and magnesium are important plant
nutrients and play roles in stress resistance and photosyn-
thesis in ADL plants. Calcium signaling is an important
effector of cellular senescence [40]. The iron and copper
concentrations were observed to be very low regarding the
other ions. Iron and copper are essential trace elements for
plants, being involved in many processes of metabolisms
[41, 42], however an excess concentration can result in toxic-
ity, especially in altering chromatin structure, synthesis of
chlorophyll and protein, enzyme activity, photosynthesis and
respiration, water content and plant biomass yield [43, 44].

Figure 2 shows the FTIR analysis of ADL (pollen). It is
observed an adsorption broad band at 3481.51 cm™!, which
indicated the presence of the phenolic hydroxyl groups (OH
stretching vibrating) [45], proteins, fatty acids, carbohydrates
and lignin [46]. The 2920.23 and 2848.86 cm™! absorption
bands were attributed to C—H and CH, vibrations of aliphatic
hydrocarbon. The 1631.78, 1514.12 and 1454.33 cm™!
absorption bands indicated the presence of aromatic ring
stretching vibration [45, 47]. The 1028.06 cm™! absorption
band was attributed to C-O stretching vibration from the

Transmittance (%)

T —— Acacia dealbata Link.

1
3481.51
2920.23
2848.86
1454.33
1122865
1028.06
769.59

1631.78
—1514.12

T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.2 FTIR spectra of ADL pollen powder
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Fig.3 Scanning electron microscopy (SEM) images of the ADL pol-
len with high magnification (500x)

glucose ring vibration and the holocellulose and hemicellu-
lose [45, 47, 48]. From 1200.00 to 1000.00 cm™! absorption
bands, it was included the C—O-C symmetrically stretching
vibration and the aromatic C—H in-plane bending vibrations
[48].

In Fig. 3 it is observed the SEM image of the ADL pol-
len powder used as a bio-adsorbent in this study. This fig-
ure also shows that pollen particles have a heterogeneous
structure with an irregular surface. The morphology of the
pollen particles can potentially facilitate the adsorption pro-
cess. In addition, the structure facilitates the process of ion
adsorption due to the interstices and to the presence of pro-
tein components in the pollen [49]. Also, in accordance to
Boulaadjoul et al. [50] and Araujo et al. [51] chainlike and
spherical structures contributed to lowering the turbidity and
color in the wastewater.

3.2 Adsorption of Acid Red 88 Experiments
3.2.1 Influence of pH Variation

The pollen presents a pH in water of 5.68 +0.04. Consid-
ering that the pH presents an important factor for adsorp-
tion, in this section, the pH of the AR88 aqueous solution
was varied (from 3.0 to 9.0), under the following condi-
tions: [AR88] =50 mg L', [pollen]=3.0 g L™! T=298 K,
V=75 mL, agitation=350 rpm, t =30 min. Figure 4 shows
a high amount of AR88 adsorbed at pH 3.0, 4.0, 5.0 and 6.0
(16.3,16.0, 15.9 and 15.7 mg g_lponen, respectively). From
this point onward, it was observed a significant decrease of

17.0 H

[ = Adsorption onto pollen| 1
160 } i ; ]

16.5 +

N .
o o
o (3}
1 1

U.4s(Mg/Q)

14.5 +
14.0

13.5 1

13.0

3 4 5 6 7 8 9
pH

Fig.4 Biosorption of textile dye AR88 from aqueous solution onto
pollen powder at different pH conditions (3.0—9.0). Operational
conditions: [AR88]=50 mg L' [pollen]=3.0 g L™!T=298 K,
V=75 mL, agitation =350 rpm, t=30 min

the amount adsorbed to 15.1 mg/g, ., (PH 7.0), followed
by a higher decrease to 13.7 mg/g, e, (PH 9.0).

These results can be explained due to the fact that the
biosorption processes primarily at pH of 3-5 for the car-
boxylic group [52]. At acidic pH, it is observed the cationic
form of the pollen, which should be higher at acidic pH and
lower at basic level. The electrostatic attraction between pol-
len cationic chains and negatively charged anions in the dye
molecules, was then reinforced and the links to hydrophobic
chains were enhanced [53]. At neutral pH, relatively low
adsorption of AR88 by pollen was observed because HO™
could compete with the dye anions for sorption sites [54].
Equations 8 and 9 shows the reactions of AR88 with H,SO,
and NaOH.

[C,0H3N,0,S]" + 2Na* + H,S0, < [CyoH,;N,0,5]"
3)

[CyH5N,0,S]™ + Na* + NaOH « [C,,H,,N,0,S1*~

9
+ 2Na+ + H2O ( )

These results are in agreement to the work of Buvane-
swari and Kannan [55], who observed a higher adsorption
capacity of dyes on brinjal plant root powder (cellulose)
at pH range from 2.0 to 5.0. Considering these results, pH
3.0 was selected as the best pH for adsorption of AR88 by
pollen.
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3.2.2 Variation of Pollen Dosage

In the previous section, it was observed that pH had a
significant influence in biosorption process. In this sec-
tion, the influence of pollen dosage on adsorption capac-
ity was investigated. The dosage of pollen was varied from
1.5 to 10 g/L under the following conditions: pH=3.0,
[AR88]=50 mg L~!, T=298 K, V=75 mL, agita-
tion=350 rpm, t=30 min. An increase of the pollen dosage
from 1.5 to 10 g L™! did not represent an increase of ARS8
removal (97.1 and 95.0%, respectively). These results were
due to the fact that with the application of 1.5 g L™! pol-
len, a high number of valuable adsorption sites were avail-
able, leading to a high AR88 removal, and therefore, the
increase of pollen dosage was expected to achieve similar
values in AR88 removal. For another hand, the mass of
ARS8 adsorbed per gram of adsorbent has decreased from
32.4mg g (1.5 gL pollen) to 16.3, 8.0 and 4.8 mg g™,
respectively, for 3.0, 6.0 and 10 g L™! pollen (Fig. 5), show-
ing a decline in the removal efficiency as increasing of
pollen dosage. Therefore, it was found inviable, the use of
dosages higher than 3.0 g L™!, and considering the ARS8
adsorbed, the pollen dosage of 3.0 g L™! was selected for
the following step.

3.2.3 Influence of Initial AR88 Concentration—Adsorption
Isotherms

After the variation of pH and pollen dosage, the variation of
contaminant concentration (AR88 concentration) was also
studied in the adsorption process. The AR88 concentration

35

Adsorption onto pollen

E ]

N w

[&)] o

1 1 "
1

U,4s (MA/g)
S

15 1 E -
10 4
[ i
8 L]
0 T T T T T
0 2 4 6 8 10

Dosage (g/L)

Fig.5 Biosorption of textile dye AR88 from aqueous solution onto
pollen powder at different dosage (1.5-10 g L™!). Operational con-
ditions: pH 3.0, [AR88]=50 mg L7'T=298 K, V=75 mL, agita-
tion=350 rpm, t=30 min
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Fig.6 Adsorption isotherm describing the amount of AR88 con-
taminant adsorbed onto pollen as a function of AR88 concentration
(0-500 mg L~"). Operational conditions: pH 3.0, [pollen]=3.0 g L!
T=298 K, V=75 mL, agitation =350 rpm, t=30 min

was varied from O to 500 mg/L under the fixed condi-
tions, as follows: pH=3.0, [pollen]=3.0 g L' T=298 K,
V=75 mL, agitation=350 rpm, t =30 min. The isothermal
curve corresponding to the variation of the amount adsorbed
(q.) as a function of the equilibrium AR88 concentration is
shown in Fig. 6. In this step, an increase of the amount of
ARS8 adsorbed was observed (6.2 to 112.4 mg g~!), with
the increase of the equilibrium AR88 concentration, which
suggested that the gradient of concentration acted as an

Table 3 Isothermal parameters obtained from the fit of different iso-
thermal models to pollen powder adsorption data

Isothermal model Model parameters Pollen adsorption

Langmuir Quax (Mg g7 h 246

K. Lg™h 1.66x1073

? 0.993
Freundlich K (mg g7 (mg L™H™ 1.11

n 0.748

r? 0.985
SIPS Ks 3.57%x107

Qyy (mol kg™") 161

n 1.29

? 0.996
Temkin K, ([Lg™h 3.86x 1072

B (J mol™") 342

2 0.958
Jovanovic qp, (mg g™h) 152

b@Lg™h 2.6x1073

r? 0.994
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increasing driving force resulting into additional sorption
capacity [56].

Different adsorption isothermal models were used in
analyzing the experimental data obtained and fitted to the
equilibrium sorption data of acid red 88 dye. In accordance
with Table 3, Langmuir, SIPS and Jovanovic isotherms
provided the best fitting to the sorption data, consider-
ing the correlation coefficients (0.993, 0.996 and 0.994,
respectively). As observed for Langmuir model, Jovanovic
model also assumes a homogeneous adsorption onto ener-
getically homogeneous sorption sites. However, Jovanovic
model was developed to describe the adsorption in solid
phases, and considers additional interactions between
the adsorbed molecules and the bulk phase [32, 57]. In
addition, Jovanovic model predicts a maximum adsorp-
tion capacity, as the saturation point approaches, which in
this case corresponds to 152 mg/g. The binding constant
(b) measures the adsorption affinity and corresponds to
2.6x 1073 L g~!. The SIPS isotherm resulted from the Fre-
undlich and Langmuir isotherms, and provided the best fit-
ting of the experimental results. In Table 3, it is observed
the value of n=1.29, and in accordance to Broom [58],
SIPS isotherm is reduced to Langmuir isotherm when n
~ 1, thus confirming the homogeneity of the adsorbent.

These results allowed a better understanding about the
removal capacity of textile dyes through adsorption by bio-
logic agents. Considering the adsorption results obtained
in this section, a set of experimental conditions, namely,
pH 3.0, [AR88]=100 m g ~'L, [pollen]=3.0 g L™!
T=298 K, V=75 mL, agitation =350 rpm, t=30 min,
were selected to perform combined biosorption/UV-A-
Fenton process.

3.3 UV-A-Fenton Experiments

3.3.1 Assessment of Different AOPs in the Degradation
of AR88

In order to degrade the AR8S, it was necessary to under-
stand which were the best oxidation processes. Therefore,
in this section it were conducted several trials: (1) H,O,, (2)
UV-A, (3) UV-A 4+ H,0,, (4) UV-A +Fe?", (5) Fenton, (6)
UV-A-Fenton. From the results obtained (Fig. 7), it is pos-
sible to observe that AR88 was resistant to degradation by
application of H,0,, UV-A, UV-A + H,0, and UV-A +Fe*".
Clearly, the oxidation potential of these processes is insuffi-
cient to promote the degradation of AR88 and, therefore, no
generation of hydroxyl radicals (HO") takes place. With the
Fenton and UV-A-Fenton process it was observed a higher
ARS88 removal (63.1 and 91.4%, respectively). The Fenton
process achieves an AR88 removal due to a high production
of HO' radicals, however, the conversion of Fe3* to Fe?*
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Fig.7 Assessment of different AOPs in the degradation of ARS88
under operational conditions as follows: pH 3.0, [H,0,]=4 mM,
[Fe**1=0.15 mM, [NTA]=0.10 mM, agitation 350 rpm, T=298 K,
radiation UV-A (365 nm), Iy =32.7 W m-2, t=30 min

is low making its efficiency limited. With the application
of UV-A radiation, this limitation is overcome, because the
UV radiation regenerates the Fe3* to Fe?*. The Fe(HO)**
ion shows absorption bands between 290 nm < A <400 nm,
which allows the use of UV-A radiation and promotes the
increase of HO'" radicals in comparison to Fenton process
alone, as observed in Eq. 10 [59].

Fe(HO)** + hv — Fe** + HO' (10

Considering the high removal results of UV-A-Fen-
ton, in the next steps this AOP will go through a series of
parameters variation in order to reach the best operational
conditions.

3.3.2 Influence of H,0,Concentration

In this section, it was varied the H,O, concentration
(2-6 mM), under the following operational conditions:
pH 3.0, [Fe?*]=0.15 mM, [AR88]=50 mg L', agi-
tation 350 rpm, T=298 K, radiation UV-A (365 nm),
Iyy=32.7 W m™2, t=30 min. The results showed an ARS8
removal of 78.0, 91.4, 94.4 and 96.6%, respectively, for 2,
4, 8 and 16 mM H,0, (Fig. 8).

The increase of AR88 removal with the increase of H,O,
concentration could be explained by the increase of hydroxyl
radical’s production from the photolysis of H,O, and due to
the enhancement of the reactions between Fe?™ and H,0,.
However, when evaluating the pseudo first-order kinetic rate
of AR88 degradation by the UV-A-Fenton process, it was
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Fig.8 Evolution of AR88 removal at different H202 concentrations
(2-16 mM) in photo-Fenton experiments, under operational condi-
tions, as follows: pH 3.0, [Fe’*]=0.15 mM, [AR88]=50 mg L7,
agitation 350 rpm, T=298 K, radiation UV-A (365 nm),
Iyy=32.7 W m~2, t=30 min

observed that increasing the H,O, concentration to values
higher than 4 mM (k =8.32x 1072 min™"), had no signifi-
cant improvement of the kinetic rate (k=9.46 x 10~ and
10.64 x 10~ min™!, respectively, for 8 and 16 mM H,0,).
This could be attributed to the self-scavenging of HO' radi-
cals by excess of H,0, (Egs. 11, 12) [60]. In addition, the
application of 4 mM H,0, reduces the consumption of H,0,
in comparison to the application of 8 and 16 mM. Therefore,
based in these results, the concentration of 4 mM H,0, was
selected as the most efficient for UV-A-Fenton process.

H,0, + HO" - H,0 + HO, (11)

HO + HO" - H,0, (12)

3.3.3 Influence of Fe?* Concentration

The Fe?* concentration is a very important parameter for
the treatment of textile dyes by photo-Fenton process, due
to (1) the cost of iron salt, (2) its influence on the needed
irradiation time and (3) the residuals of iron in treated waste-
waters and settled sludges, which can be harmful to the
environment and requires further treatment to be separated
[61, 62]. Therefore, in this section, it was performed the
variation of Fe>* concentration (0.05 to 0.20 mM) under the
following operational conditions: pH=3.0, [H,0,] =4 mM,
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Fig.9 Evolution of AR88 removal throughout the photo-Fenton
experiments, using different Fe** concentration (0.05-0.20 mM).
Operational conditions: pH 3.0, [H,0,] =4 mM, [AR88]=50 mg L,
agitation 350 rpm, T=298 K, radiation UV-A (365 nm),
Iyy=32.7 W m~2, t=30 min

[AR88]=50 mg L agitation 350 rpm, T=298 K, radiation
UV-A (365 nm), I;y,=32.7 W m~2, t=30 min.

The results shown in Fig. 9, achieved an AR88 removal
of 62.6, 78.8, 91.4 and 96.1%, respectively, for 0.05, 0.10,
0.15 and 0.20 mM Fe?*. With the application of 0.05 and
0.10 mM Fe?*, the amount of catalyst used was low, and as
a consequence there was a low production of HO' radicals.
With the application of 0.15 and 0.20 mM Fe?*, there was a
higher production of HO radicals, however, when observed
the pseudo first-order kinetics (k=8.32x 1072 min~! and
k=10.54x 102 min~", respectively), the difference is not
very significant. A similar effect was observed by Lucas
and Peres [15], who observed that the addition of 0.20 mM
Fe?* had little differences regarding the addition of 0.15 mM
Fe”" in the treatment of RB5 by photo-Fenton process. The
excess of iron observed with the application of 0.20 mM
Fe?*, could have been responsible by scavenging reactions
between Fe?* and H,0,, as observed by Eq. 13 [63], as
follows:

Fe? + +HO — Fe** + HO™ (13)

Therefore, based in these results, the concentration of
0.15 mM Fe?* was selected as the best concentration.
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3.3.4 Influence of Nitriloacetic Acid (NTA) Concentration

The UV-A-Fenton process, possess some limitations, such as
the oxidation of Fe** to Fe**, leading to the formation of fer-
ric-hydroxyl complex (Fe(HO)*") in the pH range 2.5-5.0,
with a charge transfer band between 290 and 400 nm [64].
In order to overcome these limitations, it was tested in this
work the addition of nitriloacetic acid (NTA) as a complex-
ing agent. The strong ability of NTA as iron chelator repre-
sented by its stability or equilibrium constant (pK=15.9 for
Fe**-NTA complexes and pK = 8.9 for Fe?"-NTA) makes it a
reasonable candidate to be employed in this process [65, 66].
The concentration of NTA was varied (0.05-0.20 mM)
under the operational conditions: with pH 3.0,
[H,0,] =4 mM, [Fe’*]=0.15 mM, [AR88] =50 mg/L,
agitation 350 rpm, T=298 K, radiation UV-A (365 nm),
Iyy=32.7 W m™2, t=30 min. The results showed an ARS8
removal of 91.4, 88.1, 96.9, 88.9 and 68.5%, respectively,
for 0.0, 0.05, 0.10, 0.15 and 0.20 mM NTA (Fig. 10). The
application of 0.10 mM NTA (0.6:1 NTA:Fe** molar ratio)
increased the efficiency of UV-A-Fenton process. These
concentrations were lower than those applied by Zhang
et al. [67], which required a NTA:Fe?* molar ratio of 2:1 to
degrade cyclohexanoic acid. The mechanism observed for
NTA-Fenton process is as follows (Eqgs. 14, 18) [21, 68]:

Fe’* —NTA + H,0, — Fe’* = NTA + HO' + HO™  (14)

Fe’* - NTA + H,0, — Fe’* HO, — NTA + H* (15)

T T L g
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Fig. 10 Evolution of AR88 removal throughout the photo-Fenton
experiments, using different NTA concentrations (0.00-0.20 mM).
Operational conditions: pH 3.0, [H,0,]=4 mM, [Fe2+]=0.15 mM,
[AR88]=50 mg L, gitation 350 rpm, T=298 K, radiation UV-A
(365 nm), Iy =32.7 W m™2=30 min

Fe’*HO, — NTA + H,0, — FeO** — NTA + HO,+ HO ™

(16)
Fe’* - NTA + H,0,/0, — Fe** —NTA + 0O, a7
Fe’* — NTA + H,0,/0;” - Fe’* —NTA + O, (18)

With the application of UV-A radiation, the ferric com-
plex formed with nitriloacetic acid (NTA), Fe3*-NTA, gen-
erated Fe?* ions and NTA-free radicals (NTA") by photore-
duction through a ligand-to-metal charge transfer reaction
(Eq. 19) [69]. The NTA radical also reacted with O, and
hydroxyl ions to form superoxide radical anion (O;) and
hydroxyl radicals (Egs. 20, 21) [70], as follows:

Fe™* — NTA + hv — [Fe* — NTA]x — Fe** + NTA™ (19)
NTA + O, — NTA,, + O; (20)

NTA + HO™ — NTA,, + HO' 1)

With application of higher NTA:Fe?* molar ratios it was
observed a significantly decrease of AR88 degradation.
These results were in agreement to De Laat et al. [71], who
observed that when it is present an excess of NTA in solu-
tion, the NTA is mainly present as free NTA and may act as
an HO radical scavenger (Eqs. 22, 23), as follows:

Fe** — NTA + HO — Fe** — NTA + HO™ (22)

Fe** — NTA/NTA" + HO' — products (23)

Therefore, based in these results, 0.10 mM NTA was
selected as the best NTA concentration.

3.3.5 Effect of AR88 Concentration

In this section, it was investigated the effect of initial dye
concentration of aqueous solution, since pollutant concen-
tration is an important parameter in wastewater treatment.
The initial concentration of AR88 was varied from 25 to
100 mg L~! under the operational conditions, as follows: pH
3.0, [H,0,] =4 mM, [Fe’*]=0.15 mM, [NTA]=0.10 mM,
agitation 350 rpm, T=298 K, radiation UV-A (365 nm),
Iyy=32.7 W m~2, t=30 min.

The results in Fig. 11, showed an AR88 removal of
99.5, 96.9, 82.6 and 68.4%, respectively, for 25, 50, 75 and
100 mg L~! ARSS. From these results, it is possible to see
that the extent of degradation decreased with the increase
in the initial dye concentration. The increase of dye concen-
tration increased the number of dye molecules and not the
HO' radical concentration and therefore the AR88 removal
percentage decreased. In addition, the high concentration of
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Fig. 11 Evolution of AR88 removal throughout the photo-Fenton
experiments, using different AR88 concentration (25-100 mg L™').
Operational conditions: pH 3.0, [H,0,]=4 mM, [Fe’*]=0.15 mM,
[NTA]=0.10 mM, agitation 350 rpm, T=298 K, radiation UV-A
(365 nm), Iyy =32.7 W m~2=30 min
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Fig. 12 Evolution of AR88 removal at different pH (3.0-7.0) in
photo-Fenton experiments. Operational conditions: [H,0,]=4 mM,
[Fe?*1=0.15 mM, [NTA]=0.10 mM, [AR88]=50 mg L', agitation
350 rpm, T=298 K, radiation UV-A (365 nm), Iy;y=32.7 W m~2,
t=30 min

ARS8, decreased the penetration of photons into the solu-
tion, consequently decreasing the production of HO' radicals
[16]. Considering these results 50 mg/L. AR88 was selected
for the next step.
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3.3.6 Effectof pH

The effect of pH on the rate of degradation of AR88 con-
taminant was investigated in the pH range of 3.0 to 7.0,
under the operational conditions, as follows: [H,0,]=4 mM,
[Fe**]=0.15 mM, [NTA]=0.10 mM, [AR88]=50 mg L',
agitation 350 rpm, T=298 K, radiation UV-A (365 nm),
Iyy=32.7 W m™2%, t=30 min. An initial study showed that
ARSS presents a pH of 6.12+0.051. The results showed an
ARS8 removal of 96.9, 93.1, 72.1 and 81.8%, respectively,
for pH 3.0, 4.0, 6.0 and 7.0 (Fig. 12).

Although, the NTA has chelating properties to prevent
the iron from precipitation at alkaline pH, results showed
after 30 min of reaction a reduction of Fe2* of 17.6, 15.2,
22.4 and 18.8%, respectively. However, when compared the
UV-A-Fenton with UV-A-NTA-Fenton, it was observed a
Fe”* reduction of 27.2 and 17.6%, respectively. So, from this
point of view, NTA successfully prevented the precipitation
of iron at pH 3.0 as a result of the reaction between the Fe**
with H,0,. This is due to the fact that NTA was decom-
posed into iminodiacetic acid (IDA) [72] and giving the
formation of IDA-Fe?* complex with low stability constant
(6.3%10° M~! s71) [67], the iron was kept in solution longer.

Another point to be concerned, is the stability of iron at
different pH, which is explained by the Pourbaix diagram
(E—pH diagram). The Fe** precipitates at pH > 6.0 with
the formation of Fe(HO),, while the Fe’* generated in the
reaction precipitates as iron oxyhydroxide (FeO(HO)) at pH
1.3. The oxyhydroxide species, are reduced to Fe** (aq) at
pH < 6.0, while at pH > 6.0 there is the generation and pre-
cipitation of Fe(HO), species [73]. Considering the lowest
reduction of iron concentration, pH 3.0 was selected for the
next step.

3.3.7 Effect of Irradiance Power

In this section it was evaluated the effect of the irradia-
tion power in the degradation of ARS8S8. The irradiation
power was observed in the work of Ferreira et al. [74] to
have a decisive effect on the degradation of RB5 by photo-
Fenton process, therefore, the irradiation power was var-
ied (22.9-32.7 W m'z), under the operational conditions,
as follows: pH 3.0, [H,0,] =4 mM, [Fe**]=0.15 mM,
[NTA]=0.10 mM, [AR88] =50 mg L, agitation 350 rpm,
T =298 K, radiation UV-A (365 nm), t=30 min. The
results showed a AR88 removal of 71.6, 84.8, 92.1 and
96.9%, respectively, for no radiation (NTA-Fenton), 22.9,
27.6 and 32.7 W m~? (Fig. 13). The addition of NTA
improved the Fenton process from 63.1 to 71.6% ARS8
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Fig. 13 Evolution of AR88 removal throughout the photo-
Fenton experiments, with application of different irradia-

tion power (I;y=0.0-327 W m™). Operational conditions:
pH 3.0, [H,0,]=4 mM, [Fe’*]=0.15 mM, [NTA]=0.10 mM,
[AR88] =50 mg L agitation 350 rpm, T=298 K, radiation UV-A
(365 nm), t=30 min

removal, however, it was still insufficient and so irradiance
was supplied in a UV-A-Fenton system. In order to under-
stand the effect of the radiation in the rate of degradation
of ARS8, a plot was charted between —In(AR88/ARS88,)
vs t, in accordance to Eq. 4, can be further rearranged into
In[ARS88],=-kt+1In[AR88],, Clearly, this chemical system
is favored by high irradiances, considering that the highest
kinetic rate of AR88 removal was obtained with the applica-
tion of I;y=32.7 W m~2 (k=95.62x 107> min™1).

In a chemical photodegradation reaction, when a mol-
ecule decomposes after absorbing a light quantum, the quan-
tum yield is the number of destroyed molecules divided by
the number of photons absorbed by the system. The quantum
yield (¢) can be determined by Eq. 24, as follows [74]:

k
q)Photodegradation = 2303%I Xe X1 (24)
. A A

00 T T T T
B 1- No radiation (NTA-Fenton)
® 2-/,,=229Wm?
-0.5 A 3., =276Wm? ./
v 4-ly=327Wm? 7
— Fit to pseudo first-order (no radiation)
Eo -1.0 1 Fit to pseudo first-order (lyy = 22.9 W m?),
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Fig. 14 Determination of pseudo first-order kinetic rate

where (ppoodegradation 1S the photodegradation quantum yield,
k (s71) is the pseudo first-order rate constant, I, (Einstein
L~!s7!) s the light intensity at wavelength A, €, (cm™! mol
dm™%) is the molar absorptivity at wavelength A, and 1 is the
cell path length (cm) [75]. The results showed that increas-
ing the light intensity increased significantly the quantum
yield of the degradation process (Table 4), thus confirming
that higher irradiation power leads to higher degradation of
ARS88 molecules.

Another aspect to take in consideration for the degrada-
tion of AR8S is the energy consumed in the photodegrada-
tion system, and so, the energy consumption was determined
by application of electric energy per order (Egg) and spe-
cific applied energy (Eg,p). With the determination of the
kinetic rate (Fig. 14) significant differences were observed
regarding energy consumption between the application of
the different irradiation powers. In fact, with the increase
of the irradiation power, the energy consumption decreased
significantly (Table 4), achieving the lowest values with
application of 32.7 W m™ (Ego = 26 kWh m~> order'and
Eszz=210 kWh mol™! order™).

Table 4 Effect of irradiance power variation in pseudo first-order kinetics (k), half-life (t; ), photodegradation quantum yields @pyqoqegradations
electric energy per order (Egg), and specific applied energy (Egp), with [AR88]=50 mg L™!and V=250 mL

Irradiance & Lip Dppotodegradation Ego Egsa

power (min™") (min) kWh m~> order™! kWh mol~! order™!
(Wm™)

0.0 1457x102+1.63x105a 47.56+533x102a  ngq n.q n.q

229 40.05%10°+1.89%x107°b 17.30+0.82x102b  3.07x107+1.45x10%a 444207x107%a 351+0.17 a

27.6 56.90x10°+1.91x10° ¢ 12.18+0.41x1072¢ 435%107+1.47%x10*b 37+1.25%1072%b 298+0.10 b

32.7 95.62%x10°+1.50x10°d 7.24+0.11x102d  7.32x107+1.15x10%*¢c 26+0.41x1072¢ 210+0.03 ¢

Means in the same column with different letters represent significant differences (p <0.05) within each parameter (K, 7,5, Pppogodegradations Eeo and

Eg g by comparing irradiance powers. n.q.—not quantified
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Fig. 15 Evolution of AR88, TOC and TN removal throughout the
combined treatment of biosorption and photo-Fenton processes.
Biosorption operational conditions: pH 3.0, [pollen]=3.0 g L7},
[AR88] =100 mg L-!, T=298 K, V=250 mL, agitation=350 rpm,
t=30 min. Photo-Fenton operational conditions: pH 3.0
[H,0,]=4 mM, [Fe**1=0.15 mM, [NTA]=0.10 mM, agitation
350 rpm, T=298 K, radiation UV-A (365 nm), Iy;y=32.7 W m~2,
t=30 min

3.4 Combination of Biosorption
and UV-A-NTA-Fenton Processes

Both adsorption and UV-A-NTA-Fenton processes were
successively applied in the removal of AR88 from aque-
ous solution. Considering the AR88 concentration of
100 mg L~!, both adsorption and UV-A-NTA-Fenton pro-
cesses achieved alone 59.0 and 68.4%, removal, respec-
tively. In this section the UV-A-NTA-Fenton process was
applied as a complement for the adsorption process, due to
the capacity of the chemical process to degrade the mole-
cules that weren’t adsorbed by the pollen. Results showed an
increase of the AR88 removal to 98.5% after 30 min of reac-
tion (Fig. 15). A mineralization study was also performed,
due to the fact that several intermediates molecules can be
formed during the oxidation of the AR88 which could be
toxic to the environment. The AR88 solutions presented
an initial TOC and TN concentration of 52.2 mg C/L and
4.20 mg N/L. After the performance of adsorption process
it was observed a reduction of 67.7 and 35.3%, respectively.
The application of the UV-A-NTA-Fenton process further
increase the mineralization of AR88, reaching 83.5% TOC
removal after 30 min of reaction, however, as observed in
Fig. 15, no further improvement in the removal of TN. It
was also clear in this step that dye removal was much higher
than TOC removal, which was in agreement to the find-
ings of Lucas and Peres [16]. Finally, as an environmental
concern, the wastewater pH is raised to 7, to precipitate
the iron to be eliminated, thus the recovered water can be
safely disposed.

@ Springer

4 Conclusions

The pollen of ADL can be successfully used for the removal
of ARS8 from aqueous solutions. The invasive ADL allows
the textile dye bioadsorption and, at the same time, the
decolourization of a problematic wastewater. To improve
the global treatment, NTA was added to two well know
AOPs-Fenton and UV-A-Fenton processes. The combined
ADL biosorption and NTA-UV-A-Fenton system reaches
an ARS88 decolourization of 98.5% and a TOC removal of
83.5%. Thus, ADL pollen and NTA-UV-A-Fenton system
can be a sustainable strategy to address the two main prob-
lems approached in this work: the invasive ADL control and
the textile dye wastewater treatment.
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