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Iron nanoparticles (nZVI) stand out in environmdntamediation due to their high
reactivity. However, they have low chemical stépiwhen exposed to oxygen and water,
reducing their effectiveness. The objective ofwugk was to develop and validate a method
to evaluate the efficiency of nZVI from synthatits LO1 and LO2, from the degradation of
dyes, orange and methyl violet (MO and MV). Theviptes degradation tests provided the
best results for MO (~100% degradation, 12 min teag 0.5 g L* dose). The optimization
using Factorial Planning obtained the optimal caimhi, Guo = 5.98 mol L* and Dyzv =
0.56 g L. The Boltzmann model fitted the results obtainB8 £ 0.993). Finally, a
mathematical relationship was obtained that prodigsjuivalent doses of LO1 and L0O2 in
relation to the Standard. The applied mathematimdjustments presented Rz> 0.99 and
errors <4%.

RESUMO

As nanoparticulas de ferro (nZVI) destacam-se maediacdo ambiental devido a sua alta
reatividade. No entanto, possuem baixa estabilidadeica quando expostos ao oxigénio e
a agua, reduzindo sua eficacia. O objetivo destddtho foi desenvolver e validar um
método para avaliar a eficiéncia do nZVI baseado dwois lotes sintéticos LO1 e L0O2, a
partir da degradacao de corantes, laranja e violeta metila (MO e MV). Os testes de
degradagéo anteriores forneceram os melhores radok para MO (~ 100% de
degradacédo, 12 min de reacgdo, 0,5 ¢ de dose). A otimizacdo por planejamento fatorial
obteve a condicdo 6timans = 5,98 mol ! e Dizvi= 0,56 g L. O modelo de Boltzmann
ajustou os resultados obtidos?(R 0,993). Finalmente, foi obtida uma relagdo madtina
qgue forneceu doses equivalentes de LO1 e LO2 eatdelao Padrdo. Os ajustes
matematicos aplicados apresentaram R2> 0,99 e et#i95.
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1. INTRODUCTION

Nanomaterials emerged as a
technology in the twentieth century and, since theave
gained focus on research, resulting
technological advances around the world (SHARMAakt
2017). Nowadays, researches with these materials baing

focused on the remediation of contaminants in soﬂ

groundwater and water, resulting in several bemndfit the
society and environment (LI et al., 2015; PASCHOKO et
al., 2010).

The textile industry is the second biggest pollubér
superficial waters, due to the discharge of efftsegenerated
in its manufacturing stages (HOLKAR et al., 2018his
industrial sector consumes a large amount of walgrs and
other chemical components (KAUR et al., 2017). A®sult
currently, more than 77 thousand tons of dyes mar yare
leached into industrial effluents, causing theirtense
coloration, low biodegradability and toxicity (KAURt al.,
2017; PAZ et al., 2017).

multidisciplina

in scientifind a

consequently, the pH of the medium increases (CRANE.,
2012).
As a consequence of the nzZVI high reactivity, its

r%(tability can be easily compromised, interferingedily on its

effectiveness to degrade pollutants. Consequeitthecomes
necessary to evaluate this property. Thus, thegsapof this
work was to develop a method to evaluate the efficy of
ZVI, taking as a reference its performance ondibgradation
f two model molecules, the Methyl Orange (MO) anethyl

Violet (MV) dyes.

2. MATERIALS AND METHODS

Materials

The following chemical reagents, obtained from
commercial sources, were used in the analyzes: Wéttange
(Pro Analysi); Methyl Violet (Merck); sodium hydrie
microbeads (Impex, 99%); glacial acetic acid (Akgica
99.7%); sodium borohydride (NEON, 98,17%), ethanol
(Synth, 99.8%); ferrous sulfate heptahydrate (Dyinan®9%);
hydrochloric acid (ALPHATEC, 37%).

Many dyes are recalcitrant compounds, mainly due Ryeparation of solutions

their high molecular mass and complex chemicalcttre,
which make them stable when exposed to light, resat

oxidizing compounds (ARCANJO et al., 2018; HOLKAR e

al., 2016). Therefore, the development of metha@dseemove
these substances from textile effluents prior $adischarge in
superficial waters becomes necessary. In ordemkee shis
problem, chemical, physical and biological methbdse been
employed, however, they present limitations regaydo cost,
efficiency and reaction time (LIN et al., 2012).

In this context, metallic nanoparticles arise as
promising alternative (LIN et al., 2012; QUINA, 200 For
this technological application, several metals sashzn, Sn,

The acetate/acetic acid buffer solution was prapare
from a 0.1 mol L-1 sodium acetate solution, whield flits pH
adjusted to 5 using a 0.1 mol L-1 hydrochloric asadution.
MO and MV stock solutions (1;010-4 e 3,0110-5 mol L-1,
respectively) were prepared and stored under exfitgpn at 4
°C. All solutions were prepared with ultrapure watsbtained
from a Milli-Q® system.

Synthesis of nZVI

a 9.85 g of ferrous sulfate heptahydrate were addezht
Erlenmeyer flask containing 50 mL of an ethanol dtev
mixture (4:1, v/v). The system was stirred on akehdable

Pt, Fe, Co have been investigated. However, Feedaif{SOLAB SL-180 /A) for 10 minutes. SubsequentlyQ X0L of

notoriety due to its easy production, low cost, ides not
having a toxic effect to the environment (OH et &003;
PEREIRA et al., 2005; WEI-XIAN ZHANG, 2003). Nan@de
zero-valent iron (nZVI) has several desirable ctigmstics to
degrade some pollutants, such as high surface gnbigh
reduction capacity and reactivity (LIN et al., 2012ZANG et
al., 2015). nzZVI presents a reduction potential-01444V,
which is capable to promote the reduction of azoups
existent in many dyes (LI et al., 2015; ZHAO et 2014).

The removal of dyes in solution can occur
degradation and/or oxidation by direct or indireainsference
of electrons (Equations 1, 2 and 3), transformingnt into
non-toxic compounds (FU et al., 2014).

Fe’ + 0, + 2H* - Fe?* + H,0,
Fe? + H,0, + 2H* - Fe?* + 2H,0
Fe® + H,0, — Fe3* + - OH + OH-

However, nZVI loses reactivity over time, as
consequence of the formation of oxides on its serfduring
degradation reactions and when exposed to air.(&tNal.,
2012) When nzVI undergoes oxidation to?Fend Fé',

protons are consumed and hydroxyl ions are produce

1)
@)
(3) temperature (~ 25 ° C) and under constant magsétiéng

a freshly prepared sodium borohydride solution§In®l L-1)
was slowly dripped into the system, under conssinting.
The mixture was vacuum filtered and then the narimbes
were washed with water and ethanol. Finally, théen was
dried in a rotary evaporator and stored in a flasider
refrigeration (~ 20 ° C).

Characterization of nZVI

In order to determine the particle size distribotend
orphology, the synthesized nzVI were characteriznd
ransmission Electron Microscopy (TEM) using a TadB2-

20 equipment. First, the nZVIs were inserted inaath and
dispersed by ultrasound. Then the samples werg@ettiand
dried for 24 h to evaporate the solvent.

General degradation assay

nZVls were added in a dye solution (210 ml) at room

SOLAB SL-91). The concentration of the dye in sioin,
onsequently, its removal efficiency (Equation 4yas
monitored by UV/Vis Molecular Absorption
Spectrophotometry (UV/Vis). In order to this, alidsi (2 mL)
w(?re collected at different time intervals, filtdresing 0.45
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um nitrocellulose membranes and transferred tok$lad0 Construction of a mathematical model
mL). To standardize the pH of the samples, 2 mh ebdium equivalent doses of nZVI
acetate buffer solution (0.1 mot*LpH 5) were added to each

flask, and the resulting solutions were analyzetWyVis.

to predict

In order to construct a mathematical model to mtedi
equivalent doses of nzVIs from different synthdtits that
result in a same removal efficiency value, a negsagsvas
performed. By the evaluation of the response sartdstained

WhereinR is the dye removal efficiencya andA, are on the optimization, the working initial concentoat of the
absorbance values of the dye solution at the mamto dye (6.00x10 mol L) and time reaction (2 min) was selected.

wavelength, in the initial condition (reaction tirse0) and Thus, different masses of nZVI from a standard(&it) were
after a certain time of reaction respectively. added to MO solutions (210 mL), without pH adjustinet 25

) °C and under constant stirring, in order to obtam following
The effects of the following parameters were evigida nzVI doses: 0.25; 0.35; 0.45; 0.50; 0.65; 0.80;01¢) L.

(1) nzVI dose: 0.3 and 0.5 g% (2) dye initial concentration: From the data obtained on the experiments, a mode
6.0x10° and 2.7%10° mol L™ and (3) pH of the medium ¢onsirycted with the aid of the OriginPro 8.5 saitey in
during reaction: 2, 4 and without adjustment. As il of the \hich a mathematical function that best descritredrelation
medium naturally rises during the degradation & tlye, it petween nzvi dose and MO removal efficiency was
was kept constant (experiments in pH 2 and 4) #itiout the getermined. The fit quality of the model to the adavas

reaction by adding a 0.1 molLhydrochloric acid solution. eyaluated by the correlation coefficient and thsicee graph.
These same conditions were applied on the expetimeith

MO and MV, which were performed in duplicate.

UV/Vis
Analyzes

R=(1-4)*100 4)

Table 1. 22 factorial planning with central point performed
to evaluate the effects of the MO initial concentréon and
nZVl dose on the degradation of MO by nzVl.
Experimental conditions: pH without adjustment; V = 210

Molecular  Absorption  Spectrophotometry

As mentioned before, the concentrations of MO
MV in solution were monitored by UV/Vis. As thesged Experiment
change color according to the pH of the medium, ghieof

nZVI Dose
(gL?

MO Initial Concentration
(mol L)

analysis was standardized. For this, borate (pK&14) and 1 + (7.0x10°) +(0.6)
acetate (pKa = 4.76) buffer solutions (0.1 mad) were tested, 2 + (7.0x10F) -(0.4)
being the latter selected to be used on the asfgs

- o . ; 3 - (5.0x10°) + (0.6)
justification is detailed in the Results sectiofferefore, prior 4 5 Ox10P 04
to the analyzes, the buffer solution was addedatth eliquot - (5. ) -(04)
(volume ratio 1:1). The absorbance values were tomd at S 0 (6.0x1C°) 0(0.5)

the wavelength of 465 nm and 585 nm for the MO Bhd Method Validation

dyes respectively. In order to validate the model, two lots of nZVIi(and

MO and MV analytical curves were constructed in the2) were synthesized and used on MO degradationyass
concentration ranges of x00* to 1.0<10° mol L? and These assays were performed under the same corsdétiothe
3.0x10% to 1.0x107 mol L, respectively. The limits of ones with the nZVI from the standard lot (SL). T#VI dose

detection (LOD) and quantification (LOQ) of the imed were applied on the assays was arbitrarily selectednRie results,

estimated using the Equations 5 and 6. using the OriginPro 8.5 software, graphs relatinQ k¥moval
with doses of nZVI from L1 and L2 were plotted irder to
LOD=3,3x s/b

analyze the behavior of both systems an eterngne

(5) analyze the behavior of both sy d d i

LOQ=10x s/b g) Mathematical relation between these variables (supmtary
Whereins is the standard deviation estimator of the

material).
blank readings anb is the angular coefficient of the analytical Thus,_experimeptal doses of nZvl from SL were
curve. compared with theoretical doses from L1 and L2 thatld

result in a same MO removal efficiency value. These

Optimization of the dye degradation by a factorial
planning

The optimization of the MO degradation was perfaim

by a 22 factorial planning with a central point fl&a 1),
considering the MO initial concentration and theé/hZAose as
independent variables, and the MO removal effigjeas the
depedent variable. The reactions were conductedinvd 6
min interval, in which aliquots were withdrawn eaumute, to
obtain the kinetic behaviour of the process. The M@oval
achieved in 2 minutes of reaction was chosen asetfgonse
of the planning, because the dye had not been etehpl
degraded yet at this point. All experiments wergquened in
duplicate.

theoretical nZVI doses were determined by entetiveg MO
removal efficiency values achieved on the assaygusZVI

é’rom SL in mathematical functions relating the M@moval

with nZVI (from L1 or L2) dose. Thus, the fit quigliof the
model to the data was evaluated by an analysibeofélative
error, calculated using the Equation 7:

. Standard Dose —Theoretical Dose
Relative Error = l I x 100
Standard Dose

3. RESULTS AND DISCUSSION

(7)

Characterization of nZVIs

Morphological studies of the nzVis from SL were
performed by Scanning Electron Microscopy (SEM)e th
obtained micrographs are presented in the supplamen
material (Figure 1S). It can be seen that the nZkéve
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nanometric dimensions (<100 nm) and spherical formaere tested: borate (pKa = 9.24, pH 9) and acdta =
(Figure 1S). In addition, the formation of aggloates also 4.76, pH 5), both at the concentration of 0.1 mél The tests
can be observed, which, according to SHIH et al1{}, were carried out with these buffer solutions toifyewhich
(SHIH; HSU; SU, 2011) is derived from inner magaoetione would present sufficient buffering power to mtain the

interactions between iron particles themselves. pH of the solutions constant and, consequently,idatbe
. . alteration of the characteristic absorption banfishe dye
Conditions of analysis .
solutions.
UV-Visible absorption spectra of solutions contagi The addition of the borate solution to the samples

the model molecule (MO or MV) in different conceattons at . - S .
. resulted on the formation of precipitates, whicteifered in
pH 5.5 are presented in Figure 1. Both moleculesent a L : :
. o . o the analyzes, confirming oxy-reductive processesirarolved
main characteristic absorbance band in the visielgion, . .
which corresponds tamax= 465 nm for the MO animax= in the observed color removal. According to WENG aé&t
585 nm for th% MV - ~ (2014) e ZHAO et al. (2014), o Fe0 is oxidized ®*Fand
' Fe*, which may form hydroxy complexes depending on the
MO (pKa = 3.45) presents the following colorpH value. Thus, when the pH is adjusted by the tedoaffer,
according to the pH, red (pH <3.1), orange (3.1 <@4) and Fe(OH)} and Fe(OH) complexes are formed, which can be
yellow (pH> 4.4) (ZHAI et al., 2018). In its turiv}V presents confirmed by the evaluation of the iron speciedritistion
green (pKa = 1.15 and p&l1), blue (pKa =2 and pkl 2) and (Figure 2S). Therefore, it can be inferred that tinen
violet (pH = 7) colors(ADAMS; ROSENSTBIN, 1914).complexes in solution were formed, which adsorves dye
Considering the degradation process undergo pHgehdhis and the degradation products. Therefore, the acdiaffer
necessary to standardize the pH of the dye solitoperform solution was selected to adjust the pH of the samfr the
the UV-Visible spectroscopy analysis. analyses.

Therefore, buffer solutions were added to the sasmpl
(volume ratio 1:1) prior to the analyses. Two buffelutions

>0 @ 20 ®)

465

N
o
L

1,0 1

Absorbance / a.u
o°
4—
Absorbance / a.u

0,0- T T 0,0 T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 1. UV/Vis Molecular Absorption Spectra as dunction of the concentration of (a) Methyl Orangeand (b) Methyl
Violet in solution at pH 5.5
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Figure 2. Analytical curves obtained from the UV/VE Molecular Absorption Spectrophotometry analysis{a) Methyl
Orange (b) Methyl Violet. Experimental conditions:pH = 5, room temperature (~ 25 ° C), buffered systa (0.1 mol L*
acetate buffer).
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Construction of the analytical curve = N-) of the the dye.
Once established the experimental conditions, &énaly
curves (Figure 2) were constructed for MO €L0* a 1.0x10 101e
6 mol L) and MV (3.x10° a 1.0107 mol LY, considering
the absorbance values at the main characteristid fanax). 087 g4 .
The fit quality of the linear model was evaluatesing the o .
determination coefficients @R which were higher than 0.999 5 067 ¢ A R
for both dyes. The values were 0.9988 and 0.99084f0 and o
MV, respectively (Figure 2). The estimated LOD dr@Q of 044 = 4
the method are presented in Table 2. ®
Table 2. Estimated detection and quantification lints for 0.21 .
model dyes according to the data obtained by the atytical .
curve. o014 __* = f ¢
Analvte Detection Limit Quantification Limit 0 2 4 6 8 10 12 14 16 18
Yy (m0| L-1) (mol L—l) Time / min
MO 5,40x1@° 1,74x16° Figure 3. Dose study for dyes models. Experimental
MV 8,28x10% 2.51x10° conditions: [MO] = 6 x 10° mol L, [MV] = 2.75 x 10° mol

Lt nzZVl doses =0.5¢g [} 0.2 and 0.3 gt V =210 mL;

In order to validate the method to evaluate th%dm temperature (~25 °C);4 dose 0,2 g, ® dose 0,3 g
efficiency of nZVis, MO and MV initial concentratis at the | -1 a dose 0,5 g L. ' ' ’

degradation assays were selected, correspondifd@*a0® e

2.75x10° mol L%, respectively. These concentration values The degradation process (peak appearance at 375 nm)
were selected because they are located in theateegion of also observed for MV, but it only occurred at pH 2.
the curves (Figure 2), resulting in smaller anabjtierrors. BHATTACHARJEE et al. (2016) mention that the foripat
This precaution was taken in order not to extragadlile upper of compounds such as aldehyde, carboxylic acicispsiline

and lower limits of detection (LOD) of the equiprheand and phenol may occur during the degradation prooéshkis
avoid the formation of noise in the spectra. dye.

Study of the dose of NZVIs Effect of pH

Degradation assays of the model molecules (MO and  First, it is worth mentioning that when the nZViea
MV) were performed to evaluate the efficiency oé thZVis added to the medium, the initial pHE(5) of the solution
and establish a working dose that would make itsiptes to naturally rises to approximately 8.5 and stabilizesking it
monitor the degradation kinetics. The results @1ews in necessary to evaluate different pH conditions far system
Figure 3. under study.

A removal efficiency of ~100% was observed at the  The influence of the pH on the degradation of M@ an
first 12 min for nZVIs doses of 0.5 and 0.3 ¢, whereas for a py by nzVI is shown in Figure 3. For MO, it becomelgar
dose of 0.2 g £, the removal efficiency was less than 60%hat the kinetic rate (reaction time < 2 min) deses as the pH
This confirms that the degradation process is §l5on increases (Figure 3, a). However, after three ramuof
dependent on the nZVI dose, which, when increassulits in  reaction, the color removal efficiencies at differgH values
a higher availability of reactive sites, therefofayoring the gre approximately the same. According to ZHAO e{2014),
process. at an acidic pH, Pesurface becomes more available, favoring

Initially, an nzVI dose of 0.5 g L was tested to the reductive process, whereas in basic conditianspxide

evaluate the degradation of the model molecules MR, this layer difficult the access to reactive sites. Thigde layer
dose made it possible to evaluate the reactiontikmever formed during the reaction reduces the reactivithe nZVis,
time (Figure 3). However, for MV, the degradatiorogess aSSigning an .exponen'ual profile to the kinetic veyr as
occurred rapidly (less than 1 min), therefore, rémlts are not Presented in Figure 3.(WENG et al., 2014)

presented in Figure 3. Thus, it was necessary toedse the The pH also influences the kinetic rate of the MV
nZVI dose, values of 0.2 and 0.3 ¢ were tested, being theremoval (Figure 3, b). However, high error valuesrav
latter selected because it allowed the monitorinth@ reaction gpserved. Therefore, as this experiment presentedr p
kinetics over time by UV/Vis MAS. reproducibility, only the MO was selected to bedism the

The occurrence of degradation process was confirmi@fowing assays performed to develop and validagemodel.

by the spectra obtained throughout the reactiogufi 3S and Although the MO degradation kinetics was favored at
4S). For MO, a peak appears in the region of 245wiich more acidic pH conditions, the subsequent assayse we

intensifies as the reaction occurs (independentithe pH performed without pH adjustment, because it was emor
Value). As described by LI et al. (2015), this migbrrespond economical and Simp|er to execute.

to the presence of aniline, a possible degradatioduct of the
reaction formed by the cleavage of the chromoplyooep (-N
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Figure 4. Removal efficiency of methyl orange.

Experimental conditions: [MO]o = 6.00x1 mol L; nzVI
dose = 0.5 g £ (MO); V = 210 mL; Room temperature
(=25 °C); pH 2, 4 and without adjustment (pHO of tle dye
solutions ~5.5);4 pH without adjustment,® pH 4= pH2.

Factorial Planning 22 with Central Point

The influence of the MO initial concentration arkeb t
nZVI dose on the MO removal efficiency was evaldaby a
22 Factorial Planning with Central Point (Figure 5).

The linear (L) and quadratic (Q) effects of the nzv
dose and MO initial concentration factors, as vl their
interaction, are shown by the ANOVA results (TaB)e At a
significance level of 0.05, the following factors ere
significant on the MO removal: nzVI (L), nZVI (Q)nd the
interaction between nzZVI dose (L) and MO initial
concentration (L).

The obtained response surface (Figure 6) indicates
optimum condition for the MO removal. The data presd
good adjustments (R? = 0.9886) to the mathematizadel in
the studied experimental domain.

A mathematical model that correlates the variai#d
initial concentration and nZVI dose) with the MQmeval is
presented in Equation 8. Whekds the MO removal (%) 0
is the MO initial concentration (mol) andD,, is the nzVI
dose (g ).

R =193.36 — 1.28 Cpyp — 1.45 CZ, + 974.38 Dyp —

1029.29D3, + 28.83 Cyo. Dyp (®)

In order to ascertain the critical points, the lage
criterion and the Hessian determinant were usdthjumation 6.

Thus, det[H] = -0.282 an R _ —2.90, referring to a

22Dnp
maximum point (FERREIRA, 2004). The critical powtft the
response surface isCy, = 5.98mol L™ and Dy, =

The results demonstrate that these variables imfie 0.56 g L.

the kinetic rate. In fact, raising the MO initiabrecentration
reduces the kinetic rate, as well as increasingnttiél dose
favors degradation. Both are justified by the sah®ory, the
collision between the dye molecules with the remcturface
of the nzVIs, (SHU et al., 2010) in which they fol the
relationship explained above.

8,0
< :
- .
k) L]
£ 6,01* L
0 ¢
= L .
Z -
g1 Tl
s o
5 ‘ *
£ 20 : ¢
]
O’0-| T T T £ T ?
(0] 1 2 3 4 5
Time / min

Figure 5. Factorial planning of the methyl orange
degradation reaction by nzZVI, without pH adjustment of

the medium. Experimental conditions: Reaction time:6

min; Reaction volume: 210 mL; Room temperature (~25
°C); = Experiment 1,® Experiment 2,¢ Experiment 3Y

Experiment 4, ® Experiment 5.

Fitted Surface; Variable: Removal (%)
2 factors, 1 Blocks, 10 Runs; MS Residual=4,46
DV: Removal (%)

Il 80
z B 70
2 160
Z Il 50
2 B 40

Figure 6. Response surface obtained from the factiad
planning. Independent variables: nzZVI dose (g L) and
MO initial concentration (mol L), dependent variable
(response): MO removal efficiency (%).

Obtaining the nZVI dose for the mathematical model

From the interpretation of the results obtainedtha

factorial planning, the following experimental catimhs were
adopted: MO initial concentration of 6.00x1@nol L?, nZVI
dose varying from 0 to 1.00 g'land pH without adjustment.

The removal efficiency at 2 min of reaction wasiglei The nzVI dose and MO initial concentration valuesrev
as the dependent variable of the factorial planngigce the chosen so that the points approached the optimundition of
system did not reach an equilibrium and/or 100% M@O removal for the system. The obtained data weljasted
degradation within the time interval adopted inéx@eriments to a Boltzmann's Sigmoidal nonlinear regression ehod

(6 min). The results were analysed using the STARBO relating MO removal with nZVI dose (Figure 7). Theposed
STATISTICA 7.0.61.0 software by an Analysis of \&@ice model presented a good fit to the experimental {Rfa=

ANOVA (Table 3).

0.9999), which is given by Equation 9.
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Table 3. ANOVA results of the factorial planning.

Quadratic Degrees of Average .
Factor Statistics F

Sum Freedom Quadratic

(1) Concentration

(10° mol LY (L) 7,298 1 7,2984 1,6371 0,2699
Concentration
(10% mol L'Y) (Q) 1,888 1 1,8879 0,4235 0,5507
1

(2 Do(sLt)e (o) 756,975 1 756,975 169,793 0,0002
Dose (g ) (Q) 35,821 1 35,8206 8,0347 0,0471
Interaction (1L) 78,061 1 78,0608 17,5093 0,0139

with (2L)

Error 17,833 4 4,4582
Total SQ 1561,679

Where,R is MO removal (%) an®,, is the nZVI dose dose needed to achieve a certain removal valueldtsp L1

(g LY. and L2, were synthesized. Degradation tests ubisgiaterial
_ _ were performed (Figure 6S), as previously proposasl.

%R = 89,8029 + —T5 5’ (9) expected, the results of MO removal efficienciesendifferent
I+e 01005 between L1 and L2. The parameters studied resuied

Analyzing the graph shown in Figure 7, it can bsatisfactory responses to Boltzmann's Sigmoidal-limear
inferred that from a dose of 0.5 ¢ [(inflection point) the MO regression, which are described by Equations 1S 2®&d

removal reaches a plateau (maximum value). (Supplementary Material). The adjustments exhilghlvalues
100 _ _ for the coefficients of determination (R?), beind@®65 and
Boltzmann sigmoidal adjustment 0.9941 for L1 and L2, respectively.
80 To evaluate if the adjustments were adequate, uesid

graphs (Figure 7S) were elaborated. It can be $edtrthe data
are distributed randomly along the entire zero,liwith no
discrepancy and/or trend between the points, itidigaits
adequacy.

D
o
1

In order to correlate the nZVI dose from the stadda
Lot (SL) with the ones from L1 and L2, a mathensitic
relationship between them was determined (FigureTBgse
proposed correlations presented a satisfactoryvimhaince
0+ the coefficients of determination (R2) were 0.928@ 0.9966

; : ; . . . for L1 and L2, respectively.
0,0 0,2 0,4 0,6 0,8 1,0 ) . .
Dose / g L The residue graphs for the adjustments are preséamte

the supplementary material (Figure 1s). It is pussito
Figure 7. MO removal as a function of the nZVI (Stadard visualize that the data is distributed along thererzero line,
Lot) dose. with no discrepant points, indicating the relialiliof the
adjustments.

Removal / %
FN
o
1

N
o
1

In addition to the R2 analysis, a residue charg\Fré
5S) was developed to evaluate the quality of fis. @an be
seen, the points occur randomly and homogeneousiynd
the horizontal axis (MO removal = 0), taking intccaunt the
basic premise of ANOVA, where the behavior of tesidue y = 0,25x%5466 (10)
variance is constant. Thus, it can be concludetthieadata are

The adjustments provide an allometric (Equation 10)
and a logarithmic (Equation 11) models for L1 and, L
respectively.

not vitiated, indicating adequacy to the proposeditzBnann’s y = 0,2715 + 0,0861in(x) n
Sigmoidal model. Wherey is the dose from the SL dose axi the dose
Method Validation from L1 (Equation 10) or L2 (Equation 11).

In order to validate the model that predicts thé/hz By using Equations 9 and 10, relative errors were
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calculated in relation to the theoretical dosestheddose from agreement between the experimental and theorelétal
tmhgthsola (lfrsz:t()jleﬂ) the MO degradation assay to validaée Applying Equations 10 and 11, it is possible tofpen
' the necessary corrections on L1 and L2 doses tairolhe
It can be inferred that the data obtained goodigimt same removal efficiency as the one using nZVI fiiwa SL,

and accuracy in conforming to the applied modelis Thprovided that the same experimental conditionsvaimtained.
confirms that the experiments can be reproducedl gitod

0,6

— Allometric adjustment (A) 0.4 Logarithmic adjustment (B)

- 05 -

| |

o 0,31

~ 0,41 =

(0] (0]

3 3

Q0,3 Q0,2

° °©

| |

0,21 2

3 S 0,11

C C

8 0,11 S

w wn

0,0= 001"
0,0 1,0 2,0 3,0 0,0 1,0 2,0 3,0
Dose of Lot 01 /g L™ Dose of Lot 02 /g L™

Figure 8. Adjustment between the nZVI dose from thestandard lot (SL) with that from: (a) Lot 1 (L1) and (b) Lot 2 (L2).
Experimental conditions: CO (MO): 6.00x1® mol L; Volume of the solution = 50 mL; Room temperaturg~25 °C).

Table 4. Relative error between doses of Lot 1 arf@l

Lot1l Lot 2

Star;s?_r_(jl) Dose Theo(rgetli_(‘:gl Dose ~iallte G (66) Star;s?_r_(lj) Dose Theo(rgetli_(‘:gl Dose Relative error (%)
0 0 0 0 0 0

0.1137 0.1113 2.1409 0.1137 0.1103 3.0290
0.1765 0.1723 2.3712 0.1765 0.1818 2.9869
0.2250 0.2231 0.8369 0.2250 0.2281 1.3607
0.2682 0.2700 0.6667 0.2682 0.2665 0.6162
0.3106 0.3156 1.6106 0.3106 0.305 1.8185
0.3562 0.3617 1.545 0.3562 0.3587 0.6928
0.4115 0.4099 0.3896

0.4946 0.4905 0.8266

The MO removal in function of the nzZVI dose for a
fixed MO initial concentration (6.00x%0 mol L?') was
adjusted to Boltzmann's Sigmoidal nonlinear modeith R2
4. CONCLUSION = 0.9999, 0.9955 and 0.9941 for the Standard Lby}, (ot 1

Nanoscale zero-valent iron (nZVI) presented higfi 1) and Lot 2 (L2), respectively.
efficiency (above 75%) on the degradation of thethyle

orange (MO) and methyl violet (MV) dyes. Howevehet Thus, it was possible to propose a mathematicatoaet
experiments with MV presented low reproducibi"lﬂyerefore, to correlate doses of nZVI from different lots (Bﬂ]d LZ) with

the proposed method used the MO as a referenaﬂ@ﬂ” the one from a standard lot (SL) that resulted same MO
removal efficieny. The method was validated by Bongetric

The MO degradation process is strongly influencgd br2 = 0.9989) and a logarithm (R? = 0.9966) mathérah
the factors nZVI dose (linear and quadratic) andniteraction 5qjystments for L1 and L2, respectively.

with MO initial concentration (linear). An optimalondition

for MO removal by nzZVI was determined by the faébr Finally, therefore, through mathematical adjustragitt
planning (Cyo = 5.98 mol L™, Dyp = 0.56 g L™1). It was Was po§3|ble to obtain equalent doses of nZVrIm‘n_hfferent
possible to obtain a model that predicts the MOaeahbasing Synthetic lots that result in the same removalcificy of a
on the MO initial concentration and nZVI dose, whicCertain pollutant.

presented a good fit to the experimental data (R9886).
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Supplementary Material

Figure 1S. Micrograph of nZVI by Transmission EteatMicroscopy.
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Figure 2S.Distribution of species of iron Il complexes atiaction of pH. Graph generated with the
TitGer spreadsheet, wher—— " represent the spegig - - - - - ” the ion FEOH*, “~- ==~~~ " the
ion Fe(OH)", “— — —"" " the ion Fe(OH) and ‘= — — "the ion Fe(OH)
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Figure 4S.UV / Vis Molecular Absorption Spectra of the MV agunction of time at (a) pH 2, variation

between 0 and 7 minutes, (b) pH 4, variation betw@and 16 minutes and (c) free pH, variation betwe

0 and 7 minutes.
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Figure 5S. Residual graph of Boltzmann Sigmoidail-hear regression adjustment of the Standard Lot.
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Figure 6S.Degradation of MO by nZVI of (a) Lot 01 and (b)tl@R. Experimental conditions:o@VO): 6
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%R = 124.7185 + e (Eq. 1S)
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Figure 7S Boltzmann's Sigmoidal non-linear regression neaisl plot for (a) Lot 1 and (b) Lot 2.

Regular residual of sheet1 dose modelo

Figure 8S.Graph of residuals of the mathematical relatiom&i@tween the doses of the Standard Lot with
those of Lot 1 and (b) Lot 2.
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