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Abstract: The creation of nano-zero-valent iron (nZVI) by implementing plant extracts is an environmentally
friendly process. High antioxidant capacity and phenol content indicated the possibility of oak-nZVI synthesis
using oak leaf extract as a stable material with minimal agglomeration. Simultaneously removal of Cd and
phosphates and Ni and phosphates was optimized by a statistically designed experiment with a definitive
screening design. In terms of significance; 4 input parameters on process productivity were monitored: initial
metal concentration (1 - 9 mgL™); initial ion concentration (1- 9 mgL-!); pH value (2 - 10) and oak-nZVI dosage
(2 - 16 ml). Phosphate removal efficiency; in the presence of cadmium; was the most influenced by oak-nZVI
dose and cadmium concentration; while pH gave three statistically significant interactions with oak-nZVI
dosage; cadmium concentration; and phosphate concentration. Phosphate removal efficiency; in the presence
of Ni, is the most influenced by nickel concentration, phosphate concentration, pH, two-factor interaction
between nZVI dose and Ni concentration, and quadratic phosphate interaction. The process optimization
yielded the highest simultaneous removal efficiency of 98.99% and 87.30% for cadmium and phosphate ions,
respectively. Also, the highest simultaneous removal efficiency of nickel and phosphates ion was 93.44% for
96.75%, respectively. The optimization process fits into the confidence intervals, confirming the assumption
that the adopted regression model describes the process well. This work demonstrated an enormous potential
and prosperous application for the Cd(II), Ni(II), and phosphate removal from water matrices

Keywords: Eco-friendly green synthesized nano zero-valent iron; cadmium; nickel; phosphate ion;
definitive screening design

1. Introduction

Official data indicate a global problem regarding the discharge of untreated wastewater in the
Republic of Serbia because only 5-10% of wastewater is treated. The consequence of the high degree
of untreated wastewater discharged into watercourses from municipal and industrial sewage
systems results in a high content of potentially toxic elements (cadmium and nickel) according to the
level of maximum permissible concentration and frequency of its occurrence. The analysis based on
the data of the system monitoring shows that in some localities the concentrations exceeded the
allowed ones (Veljkovic et al., 2010). Bioaccumulation and biodegradability characterize cadmium and
thus classify it as a metal of great toxicological importance (Jafaryan et al., 2019). The UK Department
of the Environment and the European Economic Community Hazardous Substances Directive
classifies cadmium as a priority pollutant, while in the United States it is listed as a carcinogen B1 (Jie
et al., 2016). PVC-based products, in addition to paints, nickel-cadmium batteries, are some examples
of the use of this metal. Phosphorous fertilizers also have high cadmium content and their use
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contributes to the increased uptake of this toxic metal into the soil and water. By detecting elevated
concentrations of nickel, due to its wide application in various types of industries, nickel has reached
this list as a priority substance. (Ebrahimi et al., 2018; Abdelwaheb et al., 2019). In Serbia, agricultural
land accounts for 57.6% of the total area, in addition to providing food and other various products,
which also leads to negative environmental consequences. Phosphorus is the main nutrient for the
development of living organisms and these reasons are used for the production of fertilizers, as well
as in the production of food, chemical products, and detergents (Kriiger and Adam, 2017). According
to the EPA regulation, 0.1 mgL-! of phosphate is allowed to be released (Nguyen et al., 2017; Afridi et
al., 2019). Increased phosphate concentrations in industrial wastewater, as well as leaching from
agricultural land, result in eutrophication, so the removal of phosphate is necessary due to its adverse
effects on the environment and aquatic organisms (Nguyen et al., 2017). Among the many applied
physico-chemical treatments for the removal of selected metals, adsorption has emerged as an
effective method due to its high selectivity, low cost, and ease of performance in a wide range of
experimental conditions (Bai et al., 2019). Nano-zero valence iron (nZVI) has attracted a lot of
attention in the removal of both inorganic and organic pollutants, as well as the possibility of
applying different methods for its production. Solid (powdery) nZVI has limited practical application
(Tang et al.,, 2021) due to easy aggregation, rapid corrosion, reduced nanoparticle reactivity, thus
blocking the purification of the medium, reducing the adsorption efficiency, and ultimately creating
secondary pollution (Yu et al., 2021). In the last few years, plant extracts and other natural products
have been used for the synthesis of nanomaterials (Wang et al., 2014). The importance of polyphenols
present in plant extracts is reflected in their dual function in synthesis, because they represent a
reducing agent of Fe(III) salts, and they also represent a stabilizer of nanoparticles. In addition to the
above, the characteristic of green materials is the high volume of antioxidants, which is associated
with the appearance of the composition and dimensions of nano Fe® particles (Borja et al., 2015). Li
and colleagues, in 2021, noticed some of the advantages of nZVI synthesized from plants, compared to
traditional methods: polyphenolic matrix can expand which prolongs the reactivity of nZVI, resulting
in reduced agglomeration, plant extracts are waste, less toxic have a high-rate production and low
price. In this paper oak leaves were utilized for nZVI forming.

The spherical core-shell structure contributes to the dual role of nZVI in metal removal: (1)
adsorption - independent on nZVI surface oxide layers and synergistic effect between the porous
material and nZVI], including electrostatic adsorption, surface compensation (2) reduction - strong
reduction components Fe® and Fe? represent an electron donor in the reduction process (Li et al.,
2021). Adsorption of cadmium and nickel with nZVI as adsorbent is contingent on the metal
contaminant's standard redox potential (E?). Iron hydro(oxide) as a coating has a significant role in
the removal of Cd, because the similarity of E°, between this metal and Fe?, indicates the process of
adsorption on the coating. A positive E° relative to Fe®, with Ni, indicates reduction and adsorption
(O’Carroll et al., 2013). Geochemical shapes like pH, matrix, inceptive concentrations, etc. can
influence the metal removal mechanism with nZVL

The dependence on operative parameters and the efficiency of the applied treatment is
proportional, which requires an optimization trial. With the progress of chemical treatments,
researchers are facing the problem of a limited number of operational parameters, because their
increase increases the number of experiments. A set of empirical statistical methods is used to
determine the optimal conditions, based on the application of quantitative data from appropriately
designed experiments. Definitive screening design (DSD) is an innovative statistical method for
designing an experiment based on a numerical algorithm (Jones and Nachtsheim, 2011; Mohamed et al.,
2017). The analysis thus conceived is used to determine the significant factors and to predict their
two-factor interactions, additionally, the total count of operation is described through the predicted
coefficient of the example of the equation itself. This statistical method allows the application of a
significantly reduced number of experiments performed with maximum precision (Jones and
Nachtsheim, 2011; Fidaledo et al., 2013).

The exploration was monitored in four sections:
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(1) synthesis of nZVI using oak leaves polyphenols; (2) application of DSD to optimize the
cadmium and phosphate and nickel and phosphate removal processes, as well as to test the effect of
operating parameters, inceptive metal concentration, inceptive ion concentration, quantity oak-nZVI
doses, and pH; (3) examination of the efficacy of simultaneous removal of Cd(II) and phosphate ions
or Ni(II) and phosphate ions by oak-nZVI adsorbent (4) resolution of kinetic adsorption parameters
for Cd(Il) and Ni(Il) in the presence of phosphate on oak- nZVI (5) proposed mechanism of
simultaneous removal of Cd(Il) and phosphate or Ni(II) and phosphate.

2. Methods and materials

2.1. Chemicals

Necessary chemicals were procured from the following manufacturers: Centrohem Serbia - iron
(IIT) chloride hexahydrate (FeCls ® 6H20), POCH - sodium hydroxide (NaOH) and nitric acid (HNO3),
Sigma Aldrich - NiSOs ¢ 6H20 and KH2POs, JT Baker - Cd(CHsCOOQO)z ® 2H20. Stock solutions were
prepared by dissolving in predetermined masses in deionized water.

2.2. Synthesis of oak-nZVI

Due to the high volume of antioxidants, oak leaves were collected for the formation of nZVI in
the territory of Vojvodina, Serbia. The leaves were dried at 50°C for 48 h, after which they were
ground using a kitchen chopper and sieved through a 2 mm sieve (Machado et al., 2013; Joki¢ Govedarica
et. al., 2022). In this way, the prepared leaves are used in the further preparation of the extract for the
production of iron nanoparticles. 3.7 g leaves were weighed in 100 ml of deionized water and stirred
for 20 minutes at 80°C. The created extract was filtered through a Buchner funnel and mixed with 0.1
M Fe?* solution whose volume ratio was 1: 3, concentration in the forming nanomaterial was 1.395
gL

2.3. Experimental procedure

Each experimental sample contained a mixture of metals and ions, and its final volume was 100
ml. Basic solutions (100 mgL-") of metals (Cd?* and Ni?*) and ions (POs*) were prepared by dissolving
the substances listed in section 2.1, then diluted to the desired concentration (1 mgL-1, 5 mgL-, and 9
mgL-1). By adding oak-nZVI in doses of 2 ml, 9 ml, and 16 ml, the efficiency of removal of selected
pollutants were monitored. In Chapter 2.2. it is stated that the concentration of oak-nZVI is 1,395 gL-
1, ie at the above doses, its concentration in the experimental mixture of 100 ml would be 0.0279 gL,
0.125 gL-1, and 0.223 gL, respectively. The pH value (2, 6, and 10) in the samples was corrected with
0.1 M HNO:s and 0.1 M NaOH solution, respectively. The sample shaker was set at 180 rpm for 60
min, at a constant temperature of 23°C. Centrifugation (4000 rpm) and filtering of samples (0.22 mm
filter) was necessary. Residual metal concentrations in the samples were analyzed by inductively
coupled plasma with mass spectrometry (ICP-MS, Agilent Technologies 7700 Series), and phosphates
by the SRPS EN ISO 6878: 2008 method. Adsorption kinetics are described by first- and second-order
models.

2.4. Definitive screening design (DSD)

During this study, the influence of four operational parameters was examined, using the DSD
model: inceptive metal concentration (1 - 9 mgL-), inceptive ion concentration (1 - 9 mgL-!) quantity
0ak-nZVI (2 - 16 ml), and pH (2-10). The deadline values of investigated parameters were selected
according to literature data (Sleiman et al., 2017; Rana et al., 2018; Gasemloo et al., 2019). Selected
concentrations of metals and ions in aqueous solutions are high so that they can represent
groundwater pollution or wastewater. The study by Poguberovic¢ et al., 2016 was the guide for the
selection of quantity nanomaterials. Suppositionally, DSD is becoming a minimum 2k + 1 experiment
for k numerical factors. Which represents thirteen experiments that were obtained for this paperwork.
Performing levels of selected variables and the corresponding code (-1, 0, + 1) are shown in the
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supplementary material (Table S1). The form of the experiment (Supplementary material Table S2) is
presented through a combination of 13 series in duplicate, with an additional 2 central points,
representing a total of 28 series.

3. Results and Discussion

3.1. Statistical analysis for the simultaneous cadmium and phosphate removal

The assessment of active linear effects (cadmium/nickel concentration, phosphate concentration,
pH value, and nZVI dosage), two-factor interaction effects, and quadratic effects with a minimal
number of required experiments was conducted using a DSD model.

3.1.1. DSD model evaluation - cadmium/phosphate

Supplementary material (Table S3) presents the results obtained for the adsorption process
efficiency in the removal of cadmium and phosphate from synthetic aqueous solution. Adsorption
removal efficiencies range from 15.44% to 99.01% and 29.00% to 97.00% for cadmium and phosphate,
respectively. Maximum and minimum removal efficiencies are achieved under a different set of
process conditions, confirming the assumption that the adsorption process largely depends on the
conducted experimental conditions.

The selection of the regression model that best fit the obtained experimental results was made
using a JMP (SAS) stepwise regression analysis. In that way, a beneficiary selects a pair of candidate
models from a large number of models, while the final selection is based on the standard selection
criteria: Bayesian Information Criterion (BIC), Akaike Information Criterion, (AIC), Root Mean
Square Error (RMSE), coefficient of determination / adjusted coefficient of determination (R? / R?adj)
(Kecic et al., 2018).

A lower coefficient of determination for the phosphate removal (R? = 0.737) was obtained in
comparison to cadmium removal (R? = 0.823). However, the approximate values of the AIC and BIC
parameters imply a good approximation of the experimental data (Supplementary material Table S5).
The outcome of the analysis of variance (ANOVA) test (F <0.0001), as well as the "Lack of fit" test (F>
0.05), indicated that the regression model is highly significant (Supplementary material Table S5).

The adequate approximation is confirmed using diagnostic plots in Supplementary material
Figure S1 which includes the normal allocation diagram and the deviation diagram of the
standardized residuals relative to the zero lines. The experimental predicted values versus actual
values are in good correlation for both cadmium and phosphate removal (Fig Sla and Slc), where
points follow the regressed diagonal line. The deviation diagram of the standardized residuals
relative to the zero lines (Fig S1b and S1d) does not show a value that tends to be scattered, rather
point dots are randomized in space, meaning that the variance is homogenous across the range of
predicted removal efficiency values.

Table 1 shows the estimated model parameters. The factors with statistical significance (bolded
values) contribute the most to the removal efficiency of cadmium and phosphate from the synthetic
solution by the adsorption process. Cadmium and phosphate concentration are statistically
significant parameters, positively influencing the cadmium removal process. Two-factor interactions
of importance have not been identified for this process. The Pareto diagram (Supplementary material
Figure S2) presents the uttermost validity, comparing the relative dimensions and statistical
significance of the effects.

Phosphate removal efficiency is affected by the amount of oak-nZVI and cadmium
concentration. Although not statistically significant, pH is part of three statistically significant
interactions with oak-nZVI dosage, cadmium concentration, and phosphate concentration (Table 1).
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Table 1. Estimated regression coefficients (cadmium and phosphate).
Parameter Estimate  Std Error t ratio Prob> |t|
Cadmium
Oak-nZVI 0.814 2.881 0.28 0.781
Cadmium 21.335 2.881 7.40 <0.0001
Phosphate -10.642 2.881 -3.69 0.0014
pH -5.913 2.881 -2.05 0.0535
Cadmium * Phosphate 6.886 3.327 2.07 0.0516
Cadmium * pH 6.185 3.327 1.86 0.0778
Cadmium * Cadmium -17.185 5.391 -3.19 0.0046
Phosphate
Oak-nZVI -6.507 1.963 -3.31 0.0036
Cadmium -6.110 1.963 -3.11 0.0057
Phosphate 1.133 1.963 0.58 0.571
pH -1.499 1.963 -0.76 0.455
Oak-nZVI * pH -16.260 3.269 -4.97 <0.0001
Cadmium * pH -7.561 2.647 -2.86 0.010
Phosphate * pH 12.803 3.269 3.92 0.0009
Cadmium * Cadmium -11.334 5.537 -2.05 0.055

Relevant two-factor interactions are given via 3D response surface diagrams (Picture 1) The
synergistic effect of pH and oak-nZVI doses is shown in Figure 1a. Maximum phosphate removal
efficiency is achieved by increasing the pH from 2 to 10 while keeping the oak-nZVI dosage at its low
level (4 ml). The most expressive effect on phosphate removal is at high pH values (9). The sorption
capacity that decreases with an increasing dose of adsorbent can be attributed to the aggregation of
oak-nZVI particles and the equilibrium achieved under the given conditions. The appearance of

aggregates reduces the surface area, which increases the length of the diffusion path. (Moharami et al.,
2013).

H
nzvi pH i

o

& 9

Removal efficiency (%)
Removal efficiency (%)

Removal efficiency (%)

2
5
©
g
s
=1 =
. @
2 3
g 3
) « £
\ . §
e S
pH 5 o?* ‘
pH
a) b)
pH
e -
pros?” g
R
=2 2
g. H
s 5
g 4
g
=}
% 6
4 e
2
a

pH

c)

Figure 1. 3D response surface plots for the phosphate removal with the interaction effects between:
a) nZVI and pH; b) cadmium and pH; c) phosphate and pH.
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The highest phosphate removal efficiency is obtained at low cadmium concentration level and
high pH level (Figure 1b). The prominent dependence of adsorption efficiency on the pH value is
indicated in Figure 1c. The amount of phosphate ion on the oak-nZVI surface increased rapidly with
the pH increase in the pH range from 2 to 6. Kong et al. (2018) concluded that almost complete
phosphate removal can be achieved with phosphate concentrations below
100 mgL1, over a large range pH of 3 to 11, which is favorable for the treatment of extremely acidic
and alkaline effluents, even at low phosphate concentrations, which is also concluded by this
research.

3.1.2. Process optimization of cadmium and phosphate adsorption

Since this experimental design aims to maximize the removal efficiency of two metal ions and
phosphate concerning process conditions, important optimization progress was determined based
on the capability of JMP software. Process parameters are optimized based on the tested parameters:
1<X1<9 1<X2<9,2<X3<10,2<X4<16, to select the best input parameter solution for best
adsorption performance. The optimization plot shown in Figure 2 graphically depicts how the
removal efficiency changes as a function of one of the variables, while all other variables remain
constant.
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Figure 2. Prediction profiler for the removal of: a) cadmium; b) phosphate showing optimal values of
the four parameters.

The statistical model suggests 98.99% performance elevation of cadmium under the following
excellent conditions: 9 ml of oak-nZVI dosage, 6.84 mgL" of cadmium concentration, 4.2 mgL" of
phosphate concentration, and pH 6 (Figure 2a). Medium dose oak-nZVI and neutral pH contribute
to cadmium elimination Reporting Tu et al. (2012) also confirm our claims that the removal of
cadmium from aqueous solution using green nanoparticles is most desirable at pH 5 to 6.
Alimohammadi et al. (2013) pointed out that nanomaterials increment accelerates the removal
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efficiency of cadmium to the point when adsorption equilibrium is reached, after that, the addition
of the adsorbent does not affect the elimination performance.

Based on the prediction profiler (Figure 2b) 87.30% of phosphate removal was proposed under
the following conditions: 3.68 ml of nZVI dosage, 3.72 mgL-! of cadmium concentration, 5 mgL-! of
phosphate concentration, and pH 6. Afridi et al., (2019) indicate the effect of cadmium concentration
on phosphate removal efficiency and their mutual competition. In this paper, high removal
efficiencies for both pollutants indicated their simultaneous removal (Figure 2b).

Confirmation of effectiveness suggested excellent conditions and received regression model,
eight confirmation tests were performed under the determined optimal process conditions
(Supplementary material Table S6) and the 95% confidence interval was calculated. It can be
concluded that the optimal removal efficiencies suggested by the JMP software (Figure 2) fit into the
confidence intervals (Table S6), which confirms the assumption that the adopted regression model
describes well the cadmium and phosphate removal process using oak-nZVI, but also that the model
in this research chapter met the needs necessary for the validation test.

Different forms of cadmium can be found in water: Cd?, Cd(OH)z(s), and Cd(OH)*. Adsorption
Cd? is lower, at lower pH ranges, it is assumed that there are competition H* ions and Cd?* for
adsorption sites at oak-nZVI and low dissociation of carboxyl groups. In general, the adsorbed
amounts of Cd? on oak-nZVI were higher in the more alkaline range. Increasing the pH value also
increases the negative charge of the nanoparticle surface and therefore, the adsorption capacity is
increased through electrostatic interactions. The higher adsorption capacity of Cd? at pH 7.0 is
possible through ionization of acidic functional groups (carboxyl groups). However, Cd? ions tend
to deposition in Cd(OH): at higher pH values (Ihsanullah et al., 2015). This effect weakens electrostatic
interactions and increases adsorption. It is expected that the mechanism of Cd sorption on oak- nZVI
will be realized through surface complexation:

=FeOr + Cd?* —»=FeOCd* @)
2(=FeOH) + Cd?* — (FeO)2Cd* + 2H* 3)
=FeOH + Cd?*+ H20 — =FeOCJOH + 2H* (4)

The mechanisms of elimination of cadmium and phosphate are adsorption and precipitation, in
both cases, phosphate plays an important role, because in the first case it causes adsorption, while in
the second it is deposited in metallic or hydroxide form. The dominant factor for the adsorption of
cadmium ions is the pH of the treated water. Iron oxides tend to enhance the negatively charged
surface, as shown in previous studies (Stietiia and Wang, 2014; Baohong et al., 2020). In this experiment
the increase in negative electrification is a consequent reaction of FefOOH and HPO4?*- (Eq 5):

FeOOH + HPO#*~ — FeOHPO+ + OH- )

On top of that metal phosphate deposition and hydroxide deposition is the primary cadmium
immobilization system. These new metal phosphate compounds have extremely low solubility, high
chemical stability, and thermodynamic stability over a wide pH range (Wang and Xing, 2004; Husson
et al., 2015). An important factor affecting Cd immobilization is pH.

The formation of Cd-phosphate precipitates is a consequence of phosphoric acid disintegration.
The precipitate formed is also responsible for the immobilization of Cd. CdsHz(POs)se4H-Cd
phosphate crystallization can be formed under acidic conditions. Cd formations in the base medium
are Cds(POs)2, CdsH2(POs) ® 4H:0, and Cd(H2POs)2 (Husson et al., 2015).

HPO4 — H*+ PO# (6)
PO# + H20 — HPOs* + OH- (7)
HPO«* + H20 — H2POs + OH- 8)
H2POs + H20 — HsPOs + OH- 9)
Cd2* + POs* — Cd3(PO4)2| (10)

One can postulate that simultaneous removal of cadmium and phosphate ions could be
attributed to electrostatic interaction and specific surface bonding. Further on, the cadmium and
phosphate can react and precipitate, but obtained precipitate can also be adsorbed onto the FeOOH
shell through chemisorption processes (inner-sphere complexation).

d0i:10.20944/preprints202308.2066.v1
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Based on the obtained results, it is not possible to explain multiple increases in the capacity and
affinity for cadmium and phosphate adsorption under the tested conditions, so it is necessary to
perform additional tests.

3.2. Statistical analysis for the simultaneous removal of nickel and phosphate

3.2.1. DSD model evaluation - nickel/phosphate

Adsorption experiment by using oak-nZVI as an adsorbent resulted in maximum removal
efficiency of 97.38% for nickel and 97.70% for phosphate from the synthetic aqueous matrix
(Supplementary material Table S7). The results obtained by adsorption efficiency measurements for
the 28 treatment combinations, were statistically analyzed using JMP software.

Descriptive factors of the selected statistical models (Supplementary material Table S8), as well
as the results of the ANOVA test and the "Lack of fit" test (Supplementary material Table 59), imply
a positive approximation of preliminary data and the significance of the selected model.

The adopted regression model explains approximately 71.5% and 91% of the variance for nickel
and phosphate removal, respectively in the observed adsorption efficiency values.

Additional model adequacy is investigated in the same way as in the experiment for cadmium
and phosphate removal (Chapter 3.2.1) and it is an interpretation by diagnostic plots (Supplementary
material in Figure S3).

The statistical important linear aspect, two-factor interactions, and quadratic effects that have
the most pronounced effects on nickel and phosphate removal are shown in Table 2 and using the
Pareto illustration (additional material in Figure 54).

Table 2. Estimated regression coefficients.

Parameter Estimate  Std Error t ratio Prob> |t!
Nickel
Oak-nZVI -0.330 2.524 -0.13 0.898
Nickel 7.150 2.524 2.83 0.012
Phosphate -0.256 2.524 -0.10 0.921
pH 4.254 2.524 1.69 0.110
Nickel * Nickel -11.396 5.239 -2.18 0.044
Phosphate * pH -4.926 3.111 -1.58 0.132
Phosphate
Oak-nZVI 2.646 1.791 1.48 0.156
Nickel -6.516 1.791 -3.64 0.0017
Phosphate 19.201 1.791 10.72 <0.0001
pH 7.105 1.791 3.97 0.0008
Oak-nZVI * Nickel 12.730 2.296 5.54 <0.0001
Oak-nZVI * Phosphates -4.289 2.083 -2.06 0.053
Phosphate * Phosphate -12.194 3.744 -3.26 0.0041

Considering the nickel concentration during the nickel adsorption on oak-nZVI, both the linear
and quadratic terms are statistically important. The main role is played by the positive sign in front
of the linear term, while the quadratic term is negative, which suggests that the increase of the nickel
concentrations contributes to the removal process of metal ions up to a certain point, after which
further increase has the opposite effect. This is confirmed by the prediction profiler (Figure 3) which
shows that the optimal nickel concentrations lie between the center and high level, equaling
approximately 6 mgL-.
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Figure 3. 3D response surface plot for the phosphate removal with the interaction effects between
nZVI and nickel.

The efficiency of phosphate abolition is determined by three linear components: nickel
concentration, phosphate concentration, and pH. In this process, one two-factor interaction between
the oak-nZVI dosage and nickel concentration, as well as one quadratic interaction of phosphate
concentration were observed.

The two-factor interaction of nickel concentration and oak-nZVI dosage within the phosphate
removal process is shown by the response surface plot in Figure 3. If the oak-nZVI dose is maintained
at its intermediate level (9 ml), the efficiency of the phosphate removal process will decrease with
nickel concentration increment. The scientific explanation is yes the same oak-nZVI dosage, higher
concentrations of nickel in the aqueous solution have a greater tendency to adsorb on the
nanomaterial surface than phosphate ion (Lee and Kim, 2017). In this paper, we have concluded that
the removal of nickel and phosphate is simultaneous, which is explained in the next chapter.

3.2.2. Process optimization of nickel and phosphate adsorption

The prediction profilers (Figures 4a and 4b) illustrate the efficiency of nickel and phosphate
removal as a function of four independent variables.

d0i:10.20944/preprints202308.2066.v1
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Figure 4. Prediction profiler for the a) nickel removal; b) prediction profiler for the phosphate
removal.

The highest nickel removal efficiency of 93.44% was proposed in appointed circumstances: 9 ml
of oak-nZVI dosage, 6.04 mgL-' of nickel concentration, 5.0 mgL-* of phosphate concentration, and pH
9. The results (Li and Zhang, 2007; Efecan et al., 2009; O’Carroll et al., 2013) suggest that different iron
nanoparticles remove nickel by sorption followed by reduction. The order of nickel elimination is
physical sorption - chemisorption - reduction to elemental form, which is also represented by

reactions:
=FeOH + Ni%* — =FeO-Ni* + H* (11)
=FeONi* + H20 — =FeONi-OH + H* (12)
=FeONi* + Fe? + H* — =FeOH-Ni + Fe?* (13)

A complex is formed on the surface of nanoparticles (reactions 11 and 12), and (13) defines the
reduction of nickel on the surface (Figure 5). Research conducted by Efecan et al. (2009) of Ni(Il)
adsorption on oak-nZVI indicates that Ni exists in the divalent state up to pH 8.5, while at higher pH
values different hydroxyl forms of an ion such as Ni(OH)*, Ni(OH)2 and Ni(OH)s can be found
depending on the pH.
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Figure 5. Schematic diagram of mechanisms for cadmium and phosphate, and nickel and phosphate
removal by oak-nZVI. (The numbers of reactions are shown in the text.).

The obtained optimal conditions for effective phosphate removal from 96.75%: 9 ml of oak-nZVI
dosage, 2.84 mgL-! of nickel concentration, 6.76 mgL-! of phosphate concentration, and pH 8.56

Iron ion on the adsorbent surface occurs as a protonated hydrated iron oxide which, in addition
to ligand exchange, has been absorbed by H2POs by electrostatic interactions (Equations 14 — 16,

Figure 7):
Fe - OH + H*— FeOH>* (14)
FeOHz+ + Ho2POs~ — FeOHz*-- H2PO4s~ (15)
FeOH:z* + H2POs~ — Fe — H2POs + OH- (16)

If we observe this system, the removal of nickel was pronouncedly improved coexisting H2PO«
, meanwhile, nickel had a significant effect on the adoption of H2POx in the entire range of analyzed
concentrations. According to previous studies (Zhang et al., 2017), anions increased the adsorption
sits for metal ions condensing the double electric layer, heightening elimination of nickel can be
attributed to the chelating ligand of adsorbed H2POs as well as electric binary compression layer.
Synchronized, amino chelated adsorbed nickel has the properties of an action bridge thereby
promoting the adsorption of H2POx~.

As described in chapter 2.4, experimental verification of the proposed optimum was performed
with eight additional experiments (Supplementary material in Table S10). The proposed maximum
removal efficiency of nickel and phosphate fit into a 95% confidence interval, which confirms the
assumption that the adopted regression model describes the nickel and phosphate removal process
well using oak-nZVI adsorbent.

3.3. Adsorption kinetics

The adsorption kinetic parameters for Cd and Ni, shown in Supplementary material Figure S5a,
indicate that the reaction equilibrium is reached after 60 min and 45 min, after which the adsorption
is constant. In Chapter 2.3. the kinetic models used in the adsorption estimation for this study are
listed and are shown in Figures S5b and S5c. The obtained values for the parameter of determination
(R?) are shown in (Supplementary material in Table S11) and suggest the matching of the pseudo-
second model with the mathematical model and its ideal description adsorption rate of Cd and Ni.
The suitability of this model is further confirmed by the agreement of experimentally and
theoretically determined values of QE. Previous research by the authors also confirms that the
pseudo-II-order model best describes the rate of adsorption of divalent metal ions (Poguberovic et al.,
2016). The pseudo-II-order model assumes that chemisorption occurs, whereby metal ions tend to
reach the maximum value of the coordination number. Based on the above, it can be concluded that
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the driving force of adsorption is directly proportional to the number of accessible, potentially
integrating sites on the oak-nZVI surface.

3.4. Interaction mechanisms summary

Nano-valent iron has a variety of uses for the treatment of potentially toxic metal ions,
presenting a certain capacity and practical application for their remediation. There is still controversy
about the system of interactions between pollutants and nZVI. In water, the surface of the oak-nZVI
shell is composed of Fe20s, FesOs, FeOOH, etc., providing productive sites for a different reaction for
contaminant removal. Phosphate is polyacid and the prevailing phosphate species are largely
depending on pH. When the pH is in the range 2.12 < pH <7.21 phosphate is in the form of H2POx,
and in the range of pH from 7.21 < pH < 12.67 the phosphate is in the form HPOs*. As mentioned
earlier, phosphate reacts with oak-nZVI via electrostatic adsorption. Nagoya et al. (2019) concluded
that the flow and extent of the interaction of nZVI and phosphate seriously oscillate with the pH
value of the medium. The process of phosphate adsorption on the exterior of the oak-nZVI can be
created by possible reactions:

=Fe — OH + PO#* + H* <> =Fe — PO« + H20 (17)
=Fe — OH + PO4* + 2H* « =Fe - HPOs + H2O  (18)
=Fe — OH + PO4* + 3H* © =Fe — H.POs + H2.O  (19)

Based on the findings from this publication, it can be said that the trend of phosphate adsorption
efficiency is primarily influenced by the pH of the solution. The electrostatic adsorption of
monovalent and divalent anionic phosphate is by correlation with the interaction of oak-nZVI surface
that is positively or negatively charged. Synchronous elimination of cadmium and phosphate ions
can be described by the following mechanism: electrostatic interaction and specific surface bonding,
enabling two forms of Cd depending on the pH conditions: CdH2PO+*and CdHPOs are the processes
that are realized first. Secondly, obtained precipitate CdHPOs is adsorbed onto the FeOOH shell
through chemisorption processes (inner-sphere complexation) (Figure 5). At low pH values, more
than half of the dissolved cadmium in the presence of phosphate occurs in the form of CdH2POx",
while at higher pH values it precipitates cadmium in the form of CdHPOs, which significantly affects
their removal (Ayati et al., 2001). In terms of pH, both models propose a lightly acidic to neutral
medium under pH 6, which presents an environmental benefit and confirms the fact that effluent can
be released into the recipient from this aspect. Therefore, it is not necessary to modify the optimal
conditions suggested by the model.

During the process of removing nickel and phosphate, it is suggested that Ni(Il) initially binds
by surface complexation to the outer shell of the oak-nZVI and is gradually reduced to metallic Ni on
the surface of nanoparticles. Oak-nZVI has a good capacity for Ni(Il) absorption in terms of efficient
and fast kinetics and strong uptake capacity. Based on the obtained results, efficient synchronized
removal of nickel and phosphate can be observed. This is explained by the phenomenon that anions
increase the sites for the adsorption of heavy metals by the condensation of a double electric layer.

3.5. Consideration for environmental applicability

The merged wastewater represents the bulk of industrial and domestic wastewater, so the
urgent need for simultaneous removal of coexisting different kinds of heavy metals (in our case, Cd
and Ni) and anions (e.g. PO+*) is indispensable. Many scientific results gathered (Boparai et al., 2011;
Tosco et al.,, 2014) are becoming clear that the application of nZVI is one of the most important
materials for water purification and environmental remediation. The structural composition of the
nucleus-shell of the nanoparticle provides two roles, the nucleus acts as an electron transporter, and
the shell has a role in surface complexation. Surface precipitation and adsorption are the primary
mechanisms of metal and ion elimination using nZVI (Pasinszki and Krebsz, 2020).

The green synthesis of nZVI makes this research favorable from both economic and
environmental points of view. Cheap and green starting materials and the use of water as a green
reaction medium is a promising option for large-scale synthesis.
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Obtained high removal efficiencies of investigated pollutants (> 98% for Cd, > 93% for Ni, and >
87% for PO+*) makes this material a promising candidate for the implementation of a new generation
of adsorbent used in a full-scale system.

4. Conclusion

In short, it is assumed that the green nZVI with oak leaves used in this experiment are acceptable
for preparation because they are ecological, non-toxic, and low-cost adsorbents to simultaneously
remove cadmium and nickel with the presence of phosphate. By observing two separate processes:
simultaneous removal of Cd(Il) and phosphate and simultaneous removal of Ni(II) and phosphate,
the difference in the mechanism of their removal is dependent on E° and pH environment, so
cadmium is removed by adsorption and precipitation, nickel is removed by surface by complexation
and reduction, and phosphate removal is attributed to electrostatic adsorption. Also, the proposed
model for Cd(Il) has an advantage in terms of pH, because no additional neutralization treatment is
required, which reduces operating costs and the cost of using chemicals. The definitive screening
design is functional, effective, and has high accuracy. The experiment conceived in this way is
convenient because a large number of operating parameters are included. In the simultaneous
removal of cadmium and phosphate, for cadmium removal statistically significant parameters are
cadmium concentration and phosphate concentration. For phosphate removal in addition to
individual cadmium concentration and oak-nZVI dose, the pH value yielded three statistically
significant two-factor interactions with oak-nZVI dose, cadmium, and phosphate concentration. For
simultaneous removal of nickel and phosphate, the single and quadratic nickel concentrations have
the greatest influence on nickel removal, while in phosphate removal, nickel concentration,
phosphate concentration, and pH occur as single statistically significant parameters. The oak-nZVI
dose and nickel concentration occur as a two-factor significant interaction and occur in one quadratic
interaction of phosphate concentration. All optimized conditions were verified within the statistical
model, and it was found that the proposed optimized removal efficiencies fit into the 95% confidence
interval thus confirming the selection of the appropriate model. Examination of the adsorption
kinetics of Cd (II) and Ni (II) on oak-nZVI showed a rapid response and better agreement of the
obtained data with the kinetic model of the pseudo-second-order. The conducted research has
contributed to the application of a significantly reduced number of performed experiments with
maximum precision and to defining the factors with the most pronounced influence on the process,
thus this work promotes economy and speed. The shortcomings of nZVI and its possible
modifications to achieve better characteristics which are being discussed. Corrosion is considered to
be the leading problem, but it also has its positive sides, which have been proven in this paper. The
generated FeOOH on the surface proved to be very good and important for the removal of pollutants
of interest. Finally, the good performance of oak-nZVI is reflected in their durability, sustainability,
and above all a simple method of synthesis, and as their most important feature is the high potential
for decontamination of wastewater, and special reference to phosphate-continuous water. The cost-
effectiveness of this treatment is also reflected in the fact that tertiary treatment would be avoided on
a full-scale application due to the good simultaneous removal of both, metal ions and phosphorus.
There are many publications on the application of nZVI, their modification, removal of various
pollutants from all environmental media, but it must be taken into account that everything is still at
the level of laboratory research. To achieve practical application, it is necessary to focus on the
following challenges:

(1) The use of large-scale with a guarantee of efficiency, safety, and economy.

(2) Monitoring terrain data due to the presence of numerous environmental influences.

(3) Long-term effects on biological cycles and their fate in the environment.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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