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ABSTRACT: Industrial wastewaters with high concentrations of multiple classes  Cu-P synergistic removal §  ANN simulation
of contaminants are challenging to treat and may require multistage treatment {7 I Treatment S8 A
g g .. . H 2+ Redup(!on‘ P — =1 conditions *o removal
processes. This study aimed to develop and optimize a simple framework to i CU® copreciiaion P_Precipitation:
simultaneously remove metals and nonmetals that commonly coexist in industrial { nzv| \ \ i Relative importance
. ii  Cu?removal P removal

wastewater. Based on a hypothesis that zerovalent iron (Fe®) will synergistically : Fe2* Fe-P

remove metals (with a more positive standard reduction potential than Fe**/Fe; ESI&ZVI /

E° = —0.44 V) and anions via interconnected chemical processes, we studied the | = Reducion i
simultaneous removal of copper (Cu®") and phosphorus (P) using pristine and OF e, i Toe M
sulfidized nanoscale zerovalent iron (NZVI and SNZVI, respectively). The s e
removal capacity of NZVI increased from 0.303 mg-Cu/ m? and 1.650 mg-P/ m? in

single-contaminant systems to 1.136 mg-Cu/m? and 1.673 mg-P/m” in multicontaminant systems. We established that Fe**, a major
product of Fe® and Cu** reactions, is a reactant in P precipitation that creates feedback. Sulfidation of NZVI (S/Fe = 0.28) enhanced
the removal capacities to 3.140 mg-Cu/m* and 3.295 mg-P/m” in single-contaminant systems and 4.831 mg-Cu/m” and 4.803 mg-
P/m? in multicontaminant systems because additional Fe?* was produced by reactions between Cu?* and FeS. Finally, we introduced
a framework for using artificial neural networks (ANNs) to optimize the system.

Time [HA)
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1. INTRODUCTION This study is based on the central hypothesis that zerovalent
iron, Fe(0), will synergistically remove metals with a more
positive standard reduction potential than Fe**/Fe’ (E° =
—0.44 V) and nonmetals (such as P) via multiple
interconnected chemical processes. The rationale for this
hypothesis is that the dissolved Fe, produced during the
oxidation of Fe(0),"® can precipitate the anionic nonmetal in

Heavy metals have profound adverse effects on humans and
the ecosystem,"” which necessitates decreasing human and
environmental exposure. They are common in wastewater
from industrial activities,”~” which needs to be treated to
decrease metal concentration. The occurrence of nonmetallic

cocontaminants often complicates the treatment of heavy solution. To test the hypothesis, we selected Cu (E° = 0.159 V
metals as most existing water treatment techniques that are for Cu?*/Cu!* and 0.3419 V for Cu®* /Cuo) as the metallic
effective for removing metal ions (including chemical contaminant and P as the nonmetallic cocontaminant since
precipitation, electrochemical methods, and adsorption)®” they are frequently detected in industrial wastewater.'” Several
may not be as (cost) effective for the coexisting nonmetals." "' existing studies have shown the efficacy of nanoscale zerovalent
For instance, phosphorus (P) often occurs with copper (Cu) in iron (NZVI) for individual metallic and nonmetallic
agricultural runoft or metal coating wastewater due to using P contaminants,"* " but the novelty of this work is synergisti-
to increase the corrosion resistance of Cu tubing.12 Chemical cally targeting multicontaminant systems. A study published
precipitation, e.g., with the use of sulfide (S>7), can precipitate earlier this year showed that NZVI can effectively remove both
out copper sulfide (CuS; K, = 7.9 x 107%) at extremely low cadmium or nickel and P from water.”” The authors attributed
concentrations of Cu®* at which copper phosphate the enhanced performance of NZVI when both the metallic
(Cuy(PO,),; K, = 14 X 107¥) cannot form. >~ "> While and nonmetallic contaminants were present to electrostatic

electrochemical methods effectively remove Cu®** and P,

widespread adoption is limited by their high operational Received: May 11, 2024
cost.'® Adsorption, using carbon materials, is a promising, low- Revised:  June 7, 2024
cost technique. Still, competition among cocontaminants Accepted:  June 18, 2024
negatively impacts efficiency.'”'” Therefore, simple treatment Published: July 2, 2024
strategies that effectively and simultaneously remove coconta-

minants (particularly metals and nonmetals) are needed.
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interactions and specific binding sites.”> However, we suspect
that it may have more to do with synergies in pathways for
removing both types of contaminants, which still need to be
explored.

Additionally, incorporating sulfide species into NZVI to
produce sulfidized NZVI (or SNZVI) improves chemical
stability, reactivity, and biocompatibility.”*~*° However, it is
unclear if sulfidation has any influence on the efficiency of
NZVI in a multicontaminant system. Therefore, we inves-
tigated the performance of NZVI and SNZVI for the
simultaneous removal of Cu®* and P using experimental and
analytical approaches. We also introduced a framework for
using artificial neural networks (ANNs) to optimize the
treatment, primarily by identifying the relative contributions of
each variable in the cocontaminant treatment system. Unlike
traditional simulation strategies, ANN does not require
comp%sx mathematical models and physical/chemical theo-
rems.

2. MATERIALS AND METHODS

2.1. Nanoparticle Synthesis and Characterization.
Both pristine and sulfidated NZVI nanoparticles were
synthesized under a nitrogen atmosphere based on published
methods.”” Briefly, to synthesize NZVI, 300 mL of 3 M sodium
borohydride (NaBH,; Acros Organics, Morris Plains, NJ) was
titrated into 300 mL of 0.5 M ferric chloride (FeCly; Alfa
Aesar, Ward Hill, MA) at a flow rate of 10 mL/min and a
mixing speed of 600 rpm. For SNZVI, the NaBH, solution was
mixed with 30 mL of 0.70 M sodium dithionite (Na,S,0,;
Millipore Sigma, Burlington, MA) before titrating into the
FeCl; solution to achieve a theoretical sulfur/iron (S/Fe)
molar ratio of 0.28 (denoted as SNZVI;,;). To further
investigate the role of sulfidation in the coremoval of Cu** and
P, additional SNZVI nanoparticles with theoretical S/Fe molar
ratios of 0.07, 0.14, and 0.21 (denoted SNZVI,,,, SNZVI,,,
SNZVl,,,, respectively) were synthesized. The nanoparticles
were separated from the aqueous phase using a magnetic field,
washed with deoxygenated deionized (DI) water (18.2 MQ-
cm), dried in a vacuum oven at 60 °C (Napco 5831, Scotia,
NY), and stored in a desiccator under a vacuum until use.

We determined the actual S/Fe molar ratio of the different
SNZVI nanoparticles by analyzing the digested nanoparticles
with an iCAP RQ-C2 inductively coupled plasma mass
spectrometer (ICP-MS; Thermo Scientific, Waltham, MA).
An FEI Magellan 400 scanning electron microscope (SEM;
Hillsboro, OR) and a JEOL JEM-2800 transmission electron
microscope (TEM; Japan) were used to characterize the
morphology and size of the nanoparticles. We determined the
nanoparticles’ crystal structures with an Ultima-III X-ray
diffractometer (XRD; Rigaku, Japan). The Brunauer—Em-
mett—Teller (BET) surface area of particles was determined by
using a Micromeritics 3Flex (Norcross, GA). Based on
established methods, we also determined their hydrodynamic
sizes and zeta ({) potential using a Nanobrook 90Plus
(Brookhaven Instruments, Holtsvile, NY).”**° Additional
nanoparticle characterization details are provided in the
Supporting Information (SI) Section S1.

2.2. Cu?** and P Removal Using Iron Nanoparticles.
We performed batch studies to determine the efficiency of the
nanoparticles for removing Cu’* and P in single- and
multicontaminant systems. For the batch studies, we added
known amounts of the stock solutions of the contaminant(s)—
copper chloride (CuCl,; Alfa Aesar) and/or potassium

3100

dihydrogen phosphate (KH,PO,; Fisher Scientific, Waltham,
MA)—to DI water to achieve 100 mg/L each. The tested
concentration was based on residual Cu and P concentrations
in wastewater from coating operations (ten to hundreds of
mg/L)."”** The solution was adjusted to pH 5 (using dilute
HCI and NaOH) to prevent the precipitation of Cu** and P. A
known volume of each nanoparticle stock suspension was then
introduced into the contaminant solution to achieve 0.5 g/L
nanoparticles. Each sample was mixed at 150 rpm and 20 °C
for 2.5 h (using a Fisher Scientific Versa-Bath S Model 224) to
promote contact between particles and dissolved contami-
nants. Additional experiments were performed to determine
the role of nanoparticle dosage (0.1—0.5 g/L), nanoparticle S/
Fe molar ratio (0—0.28), initial Cu** and P concentrations (0—
100 mg/L), pH (3—11), and natural organic matter (NOM)
concentration, which was represented by humic acid (HA; 0—
20 mg/L), and treatment time (0—150 min). At the end of the
batch experiments, we separated the solids via centrifugation at
18,000 g for 15 min (Southwest Science SC1024R, Hamilton
Township, NJ). We validated this approach using filtration
combined with ICP-MS (described in Section S2 and reported
in Figure S1). We quantified the equilibrium concentrations of
Cu®* with the ICP-MS, while that of P was determined using
the acid—molybdate method.”’ The data obtained from the
batch studies were fitted to the classical adsorption isotherm
and kinetic models, as described in Sections S3 and S4.

2.3. Spectroscopic Analyses of Obtained Solids. We
investigated the reaction mechanism of the Fe—Cu—P system
via X-ray analysis of the solids obtained from the batch studies
using XRD. We also conducted X-ray photoelectron
spectroscopic (XPS; Kratos AXIS Supra Shimadzu, Japan)
analyses on the samples. While XRD probes materials up to a
few microns, XPS provides quantitative surficial (~8 nm)
material information.”> XRD analysis was performed at beam
angles between 20 and 90°. We scanned each sample for XPS
analysis at a binding energy of —S to 1400 eV (1.0 eV interval)
with a 0.10 mA emission current. We then conducted a high-
resolution analysis of the C 1s, P 2p, Cu 2p, Fe 2p, and S 2p
regions (at 0.1 eV intervals and with an emission current of 20
mA) to obtain the binding information. The C 1s signal for
adventitious carbon was used to calibrate the XPS data. We
used the data obtained from XPS analysis to estimate the ratio
of Cu®* and P immobilized on the surface of the particles at
equilibrium, as explained in Section S5. In addition to XRD
and XPS, we collected the Raman spectra of the materials
obtained after contaminant treatment using a Renishaw inVia
Qontor Raman Microscope (Wotton, U.K.). Samples were
analyzed using a Renishaw HPNIR78S instrument at a laser
wavelength of 532 nm (1% laser power and S s exposure time).

2.4. Application of ANN to Experimental Data. To
evaluate a framework for using machine learning to optimize
nanotechnology-based water treatment, we developed an ANN
function using MATLAB_R2018b. For the function, we
considered seven features—nanoparticle dosage, nanoparticle
S/Fe molar ratio, initial Cu** and P concentrations, pH, HA
concentration, and treatment time—as input parameters. The
Cu’" and P removal efficiencies were the outputs. To increase
the robustness of the function, we collected suitable data from
the literature in addition to the experimental data obtained
from this study for ANN training and testing. Most of the data
we found were obtained from investigations of the efficacy of
NZVI for Cu** or P removal, except one data set on using
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Figure 1. (a) SEM and (b) TEM micrographs of NZVI; (c) SEM and (d) TEM micrographs of SNZVI,g. (e) Size distributions of NZVI and
SNZVI,,s. The mean particle sizes were calculated by measuring 100 particles. (f) {-potential of NZVI and SNZVI,,, at different pH values
(adjusted using dilute NaOH and HCI). (g) X-ray diffractograms of freshly prepared NZVI and SNZVI with different S/Fe ratios (a = Fe; b =

Fe,0;; ¢ = Fe;0,; and d = FeS).

SNZVI for Cu*" removal.**77 All of the input and outzput
values were normalized using the min—max method eq 1.”"

Xi = Xmin

2 X

xmax

x -1

i

(1)

where x; is the experimental data and x,;, and x,,,, are the
minimum and maximum values of the parameter x;
respectively.

For the ANN setup, 80 and 20% of the experimental data
were used for training and testing, respectively. The Bayesian
regularization algorithm with two hidden layers, containing
eight and three neurons in the first and second hidden layers,
respectively, was used for initial function configurations. The
generated ANN function was accepted when the correlation
coefficients between the simulated and experimental Cu** and
P removal efficiency in training, testing, and their combination
were greater than 0.95. The accuracy of the ANN function was
assessed by calculating the root mean square error (RMSE).
The relative importance and sensitivity of each of the seven
input parameters were determined using Garson’s algorithm eq

2 and the partial derivative algorithm eq 3, respectively’

- xmin

3101

Yo LW/ 3L WD X W]

i T N, N 1 oN i I
D { Doy LW/ B WD) X Wiy (2)
s =wh X fl, X W fox W 3)
2
= = 1
o = e @

where I; is the relative importance of the jth input parameter
and W is the connection weight matrix obtained from the
ANN function. The superscripts (i, 4, and 0) on W indicate the
input, hidden, and output layers, respectively, while the
subscripts (k, m, and n) denote the input, hidden, and output
neurons, respectively. N; and N, are the numbers of inputs and
neurons, respectively. S is the sensitivity matrix; f, and f;, are
the activation functions in the first and second hidden layers of
neurons (described in eq 4); and x is the input matrix to
hidden layer neurons.

2.5. Data and Statistical Analysis. We assessed all of the
data sets for normality and homogeneity of variance using the
Shapiro—Wilk and Levene tests, respectively, for which
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acceptance was based on p > 0.05. Statistical significance of
differences among treatment groups was determined using
either ANOVA, followed by two-sample Tukey’s tests for
parametric data sets, or Kruskal-Wallis test by ranks for
nonparametric data sets. The statistical analyses were
conducted using SPSS Statistics software (version 25.0).

3. RESULTS AND DISCUSSION

3.1. Characterization of Iron Nanoparticles. Sulfidation
of NZVI to create SNZVI,,4 led to increased primary particle
size and surface roughness (Figure la—d). The mean particle
size of NZVI was 85.9 + 16.9 nm, while that of SNZVI,, was
133.7 + 16.8 nm (Figure le). The BET surface area of
SNZVI,,s (41.5 m*/g) was smaller than that of NZVI (95.2
m?/g), which agrees with what we expected based on their
primary particle sizes. The hydrodynamic diameters of NZVI
(280.6 + 9.2 nm) and SNZVI,,; (286.5 + 2.8 nm) were
statistically similar at pH 7 (p = 0.431, Figure S2). In the same
vein, there was no statistical difference (p = 0.265) between the
{-potential of NZVI (—22.4 + 3.2 mV) and SNZVI,, (—25.6
+ 1.4 mV) at pH 7. However, we found that SNZVI,,5 (pHygp
= 5.7) has a lower isoelectric point than NZVI (pHgp = 6.4),
as shown in Figure 1f.

We confirmed the incorporation of S into the SNZVI
nanoparticles by ICP-MS analysis using **S (instead of the
abundant *2S) to avoid interference from the oxygen dimer
(1%0'%0*).** The measured S/Fe molar ratio of SNZVI,,,
SNZVI,,,, SNZVI,,,, and SNZVI, s was 0.03 + 0.01, 0.13 +
0.01, 0.19 + 0.02, and 0.25 + 0.03 (Table S1), respectively.
The closeness of the theoretical and measured S/Fe molar
ratios shows that the synthesis approach we used in this study
is reliable. The X-ray diffractogram of NZVI revealed that the
nanoparticle mainly consists of Fe(0) (20 = 45.2° and 83°),
Fe,0; (20 = 32° and 48°), and Fe;O0, (20 = 31° and
35°),”"*"** indicating that the nanoparticles were partially
oxidized (Figure 1g). The iron oxide peaks were weak at the
lowest sulfidation amount (SNZVI,,,) and undetected at
higher sulfidation amounts, resulting in higher Fe(0) content
in SNZVI than NZVI (Table S1). Incorporating S into NZVI
was further confirmed by a weak FeS peak at 20 = 66° and a
Fe(0) peak shift from 45.2 to 44.8 — 45.0°, which were also
reported by others.”

3.2. Removal of Individual and Combined Contam-
inants in Water. 3.2.7. Cu** Removal by Iron Nano-
particles. The modeled maximum adsorption capacities are
reported in Table S2, while the measured capacities after 150
min are reported in this section of the main manuscript.
Sulfidation of NZVI affected Cu®** removal efficiency, but the
type and extent of effect were S/Fe molar-ratio-dependent. As
the theoretical nanoparticle S/Fe ratio increased from 0 to 0.07
(at pH S), the measured removal capacity for Cu** (in the
absence of P) significantly (p = 0.005) decreased from 0.378 +
0.057 mg-Cu/m* to 0.111 + 0.035 mg-Cu/m* (Figure 2a).
However, the Cu removal capacity increased as the theoretical
nanoparticle S/Fe ratio increased above 0.07. The best
performance was observed with SNZVI,,, (3.133 + 0.183
mg-Cu/m?), which is about an order of magnitude higher than
we observed with NZVI. We adduce the initial adverse impact
of sulfidation on Cu®" removal to a combination of lower
surface area (surface area decreased with sulfidation, Table S1)
and negligible FeS, content (FeS, amount increased with
increasing sulfidation). Interestingly, we observed a similar
trend (an initial decrease followed by an increase in removal
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Figure 2. (a) Surface area-normalized Cu** and P removal capacities
by NZVI and SNZVL Cu®* or P removal efficiencies of NZVI/SNZVI
at different (b) pH and (c) humic acid (HA) concentrations. The
initial [Cu®*] = [P] = 100 mg/L; [NZVI] = [SNZVI] = 0.5 g/L; pH =
S in panels (a, c). The S/Fe ratio represents the theoretical molar
ratio.

capacity) in a previous study, in which we used NZVI and
SNZVI to remove cadmium from water."* Since SNZVI,,q
performed better than the other S/Fe ratios we focused on
SNZVI,,g for most of this study.

In addition to high removal capacity, we also observed that
the rate of Cu** removal increased when we used SNZVI,,q
(pseudo-second-order rate constant [k,] = 0.059 m?/mg-min)
compared to NZVI (k, = 0.038 m?/mg'min), as shown in
Table S2. In addition, the Cu®*" removal performance of the
nanoparticles was not adversely affected by the water chemistry
parameters expected in real wastewater (Section SS). In fact,
Cu?* removal increased as the solution pH increased above $
(Figure 2b), and NOM increased up to 20 mg/L (Figure 2c).
Precipitation of Cu®" (Figure S3) substantially contributed to
high Cu** removal at neutral and alkaline pH, as evidenced by
high Cu’* removal in the absence of the nanoparticles (Figure
2b). However, adsorption may have also been enhanced by
increased negativity of the nanoparticles (Figure 1f). We
attribute the slight enhancement in Cu®* removal in the
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Figure 3. XRD diffractograms of (a) NZVI and (c) SNZVI,,;4 after treatment, and high-resolution (b) Cu 2p, (d) S 2p, (e) P 2p, and (f) Fe 2p
XPS spectra of NZVI/SNZVI, s obtained from the Cu/P individual or cocontaminant system. (Initial [Cu®*] = [P] = 100 mg/L; initial [NZVI] =
[SNZVI,,5] = 0.5 g/L; treatment time = 150 min; pH = §). Traditional versions of the diffractograms (a, b) with all of the characteristic labels are

provided in Figure S5a,b.

presence of HA to additional adsorption of the metallic ions
(e.g, via electrostatic interaction and complexation) by HA
bound to the surface of nanoparticles.*’

XRD analysis of the solids obtained after the batch reaction
revealed Cu(0) (26 = 43, 51, and 74°) and Cu,O peaks (20 =
42 and 62°), a strong Fe;O, peak (20 = 31 and 35°), and a
weak Fe(0) peak in the NZVI system (Figures 3a, S4a, and
SSa). These peaks indicate the thermodynamically favorable
reduction of Cu®* to Cu(0) and Cu(I) and the oxidation of
Fe(0) to Fe(II), according to eqs S and 6. Dissolved Fe
concentration (measured after 2.5 h using the ICP-MS)
increased significantly (p = 0.049) from 2.1 + 0.5 mg/L
without Cu®* in NZVI suspension to 8.6 + 3.3 mg/L when
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Cu’" was present (Figure S7), confirming the production of
Fe*. The peak ratio of Cu(0) to Cu,O increased over time
(Figure S4a), suggesting the sequential reduction of Cu*". In
addition to Cu(0) and Cu,O, XRD also revealed the presence
of CuFeO, (20 36°), which was formed from the
precipitation of Cu®* and Fe** in water eq 7. The reduction
of Cu®* by NZVI was corroborated by XPS analysis (Figure
3b). The scan of the Cu 2p peak revealed that the Cu species
on the surface of the solids obtained from the NZVI system
primarily consisted of Cu(0) (binding energy [BE] = 932.8 eV;
53.6 at. %), Cu(I) (BE = 934 eV; 40.8 atom %), and Cu(II)
(BE = 935.4 €V; 5.6 atom %).*° In summary, NZVI removed
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Cu?®* from the aqueous phase in the absence of P via reduction,
precipitation, and adsorption.

We observed some distinct Cu®** removal mechanisms in the
SNZVI system with NZVI. For instance, in addition to the
peaks for Cu(0) and Cu(I), formed from the reduction of
Cu**, we also observed CuFeS, (260 = 29 and 46°) in the solids
when SNZVI was used for treatment (Figures 3c, SSb, and
S7a). CuFeS, (KSP = 3.33 X 107%) was formed from the
precipitation of Cu" and the FeS in SNZVI eq 8. The reaction
quotient (Q = 1.96) of this reaction eq 8 that we calculated
based on the concentrations of all of the species present at the
end of the treatment was lower than the equilibrium constant
(K = 6.41 x 10"), indicating limited reactants (likely FeS) in
the system. The Raman spectra that we obtained indicated the
existence of Cu—S (Raman shift = 269 cm™') and S-S
(Raman shift = 474 cm™') bonds in the reacted particles
(Figure S6b). XPS also confirmed the presence of CuFeS, at
BE = 163.5 eV (Figure 3d). In addition to CuFeS,, XPS also
revealed the formation of CuS (BE = 164.5 eV)—a product of
a displacement reaction in the presence of excess Cu**—in the
SNZVI system eq 9.%

Upon deconvoluting the Cu 2p XPS peak, we found that
Cu(I) (61.7 atom %), derived from CuFeS, and Cu,O, was the
dominant form of Cu on the surface of the solid phase,
followed by Cu(0) (27.9 atom %), and then Cu(II) (12.8 atom
%) (Figure 3b). Like the NZVI system, the dissolved Fe
concentration increased in the SNZVI system during Cu®*
removal (Figure S7a). In this case, we detected only 0.1 + 0.0
mg/L dissolved Fe after 2.5 h without Cu** (due to the high
stability of SNZVI), but the dissolved Fe increased to 62.9 +
1.8 mg/L when Cu®" was present. The large increase in
dissolved Fe concentration (compared to the NZVI system)
resulted from the additional reactions with FeS in the SNZVI
system eqs 8 and 9. Therefore, in addition to the Cu®'
immobilization mechanisms observed with NZVI, SNZVI
also immobilized Cu** via coprecipitation with FeS (resulting
in CuFeS, formation) and displacement of FeS (to produce
CuS), both of which are thermodynamically favorable
reactions eqs 8 and 9.

Cu’® + Fe + Cu + Fe’* AG = -1505k/mol  (5)
2Cu”* + Fe + H,0 — Cu,0 + Fe*™ + 2H"
AG = —129.8 kJ/mol (6)
Cu®" + Fe* + 2H,0 — CuFeO, + 4H"
AG = —82.11 kJ/mol (7)
Cu®* + 2FeS — CuFeS, + Fe**  AG = —84.47 kJ/mol
(8)
2+ 2+ _
Cu’** + FeS — CuS + Fe’*  AG = —97.53 kJ /mol
©)

3.2.2. P Removal by Iron Nanoparticles. Similar to what we
observed with Cu?" removal, sulfidation of NZVI initially
inhibited P removal and then improved it (both in terms of
performance and kinetics) with increasing S/Fe ratio (Figure
2a). As an example, the measured removal capacity of
SNZVl,,; for P (0.421 + 0.032 mg-P/m?) was significantly
(p < 0.001) lower than that of NZVI (1.418 + 0.007 mg-P/
m?) after 150 min treatment. Meanwhile, when the S/Fe ratio
reached 0.28 (that is, SNZVI, ,,), P removal was 3.287 + 0.035
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mg-P/m?, which was more than twice as high as the capacity of
NZVI for P. The XRD diffractograms of the solids obtained
from the NZVI system after treating P had broad, weak
intensities, suggesting that the nanoparticles became amor-
phous during treatment (Figures 3a,c, S4b,c, and S8b,c). We,
however, observed a —PO, peak (BE = 134 eV) in the XPS
spectra obtained from the NZVI system (Figure 3e) and a Fe—
P bond (Raman shift = 1003 cm™) in the Raman spectra
(Figure S6a), which suggests P adsorption to the nanoparticles.
In addition, we identified a Fe(I[)—P bond (BE = 717 eV)
when the Fe 2p peak was deconvoluted (Figure 3f), which
indicates binding between Fe(II) and P (according to eqs
10—11).***" In contrast, the solids obtained from the SNZVI
systems were crystalline, based on XRD analysis, further
supporting the notion that sulfidation improves the chemical
stability of NZVI. Furthermore, this was based on the
deconvolution of the high-resolution XPS spectra (Figure
3e,3f) and Raman spectra (Figure S6b), we confirmed that
SNZVI immobilized P in a similar way to NZVI, which was by
chemisorption via coprecipitation/complexation (of
Fey(PO,),, FeHPO,, or Fe(H,PO,),) with dissolved Fe eq 12.

To confirm the role of Fe** vs Fe particles in P removal eqs
11—12, we introduced an excess of a Fe** chelating ligand,
1,10-phenanthroline eq 13, to the nanoparticle suspensions
before adding P. We found that P removal by NZVI and
SNZV],,; decreased from 67.0 + 0.5% and 68.1 + 1.0%
(without phenanthroline), respectively, to 13.2 + 0.2% and 5.3
+ 0.4% (with phenanthroline), respectively (Figure S7c). This
shows that the nanoparticles and, much more so, their
dissolved Fe played substantial roles in P removal. Therefore,
it was unsurprising that P removal by NZVI and SNZVI
decreased at high pH and in the presence of NOM (Figure
2b,c) since both conditions lead to decreased Fe*.*”*%%%°
We admit that other factors, such as the increase in negative
nanoparticle surface charge due to pH and NOM, competition
with OH™ and NOM molecules (Section SS and Figures 1f, S3,
S9, and S10), etc., could also contribute to the decreased P
removal we observed at pH > 5 and in the presence of NOM.

2Fe + 2H,0 + O, — 2Fe’" + 40H~

AG = —334.6 kJ/mol (10)
Fe’t + HyPO4&V—3 N Fe3_y(HyPo4)2(y =0,1,o0r2)
(11)
X + H,PO ’~* > X-H PO 7
4 YT
x
denotes active Fe sites on nanoparticles)
(12)
Fe’™ + 3 phenanthroline — Fe(phenanthroline)32+ (13)

3.2.3. Cu** and P Coremoval by Iron Nanoparticles. To
test the hypothesis that when Cu®* and P coexist, their
respective reactions with Fe(0) could synergistically enhance
the removal of both contaminants, we conducted additional
batch experiments in which the initial concentrations of Cu®*
and P were kept at 100 mg/L (as in the individual contaminant
studies). ICP-MS analysis of the liquid phase after adsorption
studies revealed that the coexistence of Cu®* and P in the
treatment system substantially increased the removal capacity
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Scheme 1. Summary of Cu®*" and P Removal Mechanisms by NZVI and SNZVI
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of the nanoparticles for Cu** by 1.5—7.8 fold and P by 1.5—2.6
fold (depending on the S/Fe molar ratio), relative to the
single-contaminant systems (Figure 2a). At the end of 150 min
of the adsorption study, the highest measured removal capacity
for both Cu*" and P was obtained with SNZVI,,s (4.819 =+
0.010 mg-Cu/m* and 4.790 + 0.014 mg-P/m?*), and nearly
100% removal of both contaminants was achieved in the NZVI
and SNZVI,,4 systems. Surface analysis of the obtained solids
via XPS corroborated the ICP-MS results based on the higher
ratios of Cu/Fe and P/Fe in the solids obtained from the
multicontaminant systems compared to each of the individual
contaminant systems (Figure S11). For instance, the ratio of
Cu 2p/Fe 2p peak areas increased from 0.18 in the NZVI-
based single-contaminant system and 0.33 in the SNZVI ;-
based single-contaminant system to 0.27 in the NZVI-based
multicontaminant system and 0.35 in the SNZVI,s-based
multicontaminant system.

To benchmark the efficacy of the nanoparticles in single-
and multicontaminant systems, we compared their perform-
ance to that of a similar mass of granular-activated carbon
(GAC), a widely used treatment media in the (waste)water
industry. The amount of Cu** and P removed by the
nanoparticles in both single- and cocontaminant systems was
orders of magnitude higher than that removed by GAC, which
achieved 0.032 + 0.003 to 0.038 + 0.00S mg-Cu/m” and 0.005
+ 0.001 to 0.010 + 0.003 mg—P/m2 at the same particle dose
(0.5 g/L) and contaminant(s) concentration (100 mg/L).
Compared to the single-contaminant treatment systems, the
removal of Cu?* and P decreased when they coexisted in the
GAC treatment system due to competition (Figure S12), as
expected from a primarily adsorption-based treatment system.
This highlights the limitations of traditional adsorbents, such
as GAC, for the treatment of water with multiple
contaminants.

The decreased efficiency of the GAC treatment system in
the presence of multiple contaminants shows the advantage of
a treatment system with multiple mechanisms. It also
demonstrates the practicality of using iron nanoparticles for
waste streams of an appropriate metal and nonmetal. In the
Cu—P multicontaminant system studied here, the Fe®*
produced from Cu?* reduction eqs 5, 6, and 8 and
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displacement eq 9 serves as a reactant for the precipitation
of P eq 11. The consumption of produced Fe’* when P is
present eq 11 causes reaction quotients of the Cu2+-consuming
reactions eqs S, 6, 8, and 9 to be less than their respective
equilibrium constants (q < k). According to Le-Chatelier’s
principle, when g < k, reactions shift to the right. This implies
more Cu®" reduction and displacement and, therefore,
formation of more Fe*" that will precipitate any remaining P.
Hence, in theory, Fe** is always present as long as neither
reactant is fully consumed. This synergy in the primary
reactions for removing both contaminants leads to enhanced
removal when both are present in water (Scheme 1).

The amount of dissolved Fe we found in the multi-
contaminant system decreased relative to when only Cu®* was
treated (Figure S7a). This further shows that Fe" plays a vital
role in removing P in the multicontaminant system, like in the
P-only system. Chelation of Fe?* by 1,10-phenanthroline led to
a significant (p < 0.001) decrease in P and Cu** removal
(Figure S7b,c). For NZVI, the removal efficiencies significantly
decreased from 98.2 + 0.3% (for Cu®*) and 99.0 + 1.8% (for
P) without phenanthroline to 59.1 + 0.4% (for Cu*, p <
0.001) and 35.0 + 1.0% (for P, p < 0.001) when
phenanthroline was present. The decrease in performance
was even more pronounced with SNZVI, with the removal of
Cu® and P dropping below 6%. The higher impact of the
chelating agent on the SNZVI treatment system is likely due to
the complexation of phenanthroline onto FeS in SNZVI, which
inhibited most of the FeS-based surface reactions.”

In addition to the noted higher removal of Cu** and P by
the nanoparticles when both contaminants were present, the
removal kinetics were also enhanced in the multicontaminant
system (Table S2). For instance, k, increased from 0.038 m?/
mg Cu-min and 0.383 m?/ mg P-min in the NZVI-based single-
contaminant systems to 0.628 m?/ mg Cu-min and 1.016 m?/
mg P-min. Meanwhile, k, increased from 0.059 m?/ mg Cu-min
and 0.393 m*/mg P-min in SNZVI,,s-based single-contami-
nant systems to 1.189 m?/mg Cu-min and 1.260 m?>/mg P-
min. A substantial increase in reaction kinetics likely resulted
from the Fe’*-based feedback and enhanced Cu®* and P
diffusion described in the next paragraph.
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Figure 4. (a) Experimental and (b) simulated Cu** and P removal efficiencies with ANN, (c) relative importance, and (d) sensitivity analysis
results of the ANN model.

Apart from leading to enhanced P precipitation, increased
Fe** production likely encouraged fast corrosion of the
nanoparticles, which must have improved the diffusion of the

contaminants into the nanoparticles, further improving
contaminant removal performance and kinetics.”> To inves-
tigate the possibility of enhanced diffusion of Cu** and P into
the nanoparticles during treatment, we compared the particle
surface and bulk elemental composition using XPS and ICP-
MS (see full details in Section S6 and Table S3). The fraction
of removed Cu and P on the surface of NZVI (22 and 87%,
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respectively) in the cocontaminant system was lower than that
in the single-contaminant systems (86 and 92%, respectively).
We observed a similar trend in the SNZVI,,5 system, in which
the amount of Cu and P immobilized on the nanoparticle
surface decreased from 16 and 61%, respectively, in the single-
contaminant systems to 13 and 60%, when both were

simultaneously present. These results support the hypothesis
that the diffusion of Cu** and P into NZVI and SNZVI,,; was

enhanced when both contaminants were present in the
aqueous phase.
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Since nearly all of the Cu** and P were removed by the
nanoparticles when their initial concentrations were 100 mg/L,
we challenged the particles with much higher amounts of the
contaminants (1000 mg/L each) to access their application for
highly polluted waters. We noticed only a small, insignificant
(p = 0.061 for Cu** removal and p = 0.074 for P removal)
increase in the removal capacities of NZVI, which increased
from 2.059 + 0.005 mg-Cu/m” and 2.088 + 0.012 mg-P/m”
when each contaminant was present at 100 mg/L to 2.532 +
0.259 mg-Cu/m” and 2.465 + 0.128 mg-P/m* when each
contaminant was present at 1000 mg/L (Figure S13). These
were close to the maximum removal capacity derived from the
Langmuir isotherm model (2.626 mg-Cu/m* and 2.689 mg-P/
m?, Table S4). In contrast, the increases in the removal
capacities of SNZVI,,s were large and significant (p = 0.002
for Cu® removal and p 0.022 for P removal). The
performance of SNZVI increased from 4.792 + 0.183 mg-
Cu/m? and 4.826 + 0.039 mg-P/m* when each contaminant
was present at 100 mg/L to 6.015 + 0.219 mg—Cu/m2 and
6.019 + 0.458 mg—P/m2 when each contaminant was present
at 1000 mg/L. The Langmuir isotherm model suggested that
the maximum removal capacities of SNZVI,; could reach
9.277 mg-Cu/m® and 7.542 mg-P/m® (Table S4). These
results demonstrate the advantage of sulfidation in the
performance of iron nanoparticles.

3.3. Application of ANN to Experimental Data. The
ANN architecture comprises two hidden layers with eight and
three neurons in the first and second hidden layers,
respectively (see the architecture in Figure S14a). The output
parameters were the Cu®** and P removal efficiencies. The
selected transfer functions had a correlation coefficient of
>0.97 between target and simulated output values in training,
testing, and both (Figure S14b). The RMSE values for
simulated Cu®" and P removal were 2.2 and 5.8%, respectively.
To confirm the ability of the ANN function to predict the
experimental system accurately, we used it to predict Cu®* and
P removal efficiencies by varying the treatment time (0—150
min) and S/Fe ratio (0—0.28) while fixing the other input
parameters (nanoparticle dosage = 0.5 g/L; initial [Cu**] and
[P] = 100 mg/L; pH = S; [HA] = 0 mg/L). As shown in
Figure 4a,b, the simulation was consistent with the
experimental data (RMSE = 3.2%), indicating high accuracy.

By applying Garson’s eq eq 2 using the weight matrix
obtained from the ANN function (Table SS), we determined
the relative importance of each input parameter on Cu** and P
removal by the iron nanoparticles. The trend of the relative
importance of the input parameters to Cu?* removal was
treatment time (24.3%) > initial P concentration (22.1%) >
nanoparticle dosage (19.5%) > S/Fe ratio (14.7%) > humic
acid concentration (11%) > pH (5.3%) > initial Cu?*
concentration (3.2%), as shown in Figure 4c. For P removal,
the trend was treatment time (28.5%) > nanoparticle dosage
(21.8%) > initial P concentration (17.4%) > S/Fe ratio
(12.8%) > humic acid concentration (8.5%) > pH (8.1%) >
initial Cu** concentration (2.9%). Treatment time was the
most important parameter, which agreed with the fast kinetics
of removing Cu’* and P when both were present. This also
implies that increasing reaction time could significantly
improve the treatment process owing to the synergy of the
reactions. Nanoparticle dosage was substantially more
influential than pH, suggesting that using NZVI/SNZVI
would remove Cu®** and P more effectively than adjusting
pH. This also agrees with our experimental data, which shows
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that P removal is less sensitive to pH as Cu*". Interestingly, the
initial P concentration was more essential in the multi-
contaminant treatment system than the initial Cu’* concen-
tration. This suggests that P may be the limiting reactant in the
multicontaminant system. This is likely due to faster removal
of P (k, = 1.016 m*/mg-min using NZVI and 1.260 m*/mg-
min using SNZVI, 55) than Cu** (k, = 0.628 m*/mg-min using
NZVI and 1.189 m?/mg-min using SNZVI,,s) in the
multicontaminant system.

To assess the sensitivity and direction of impact (positive or
negative) of each input parameter on Cu** and P removal
efficiencies in multicontaminant systems, we used the partial
derivative algorithm eq 3 to calculate the range of slope of each
variable at 1000 sets of randomly generated inputs (within the
range of the experimental conditions). As shown in Figure 4d,
the nanoparticle dosage, initial P concentration, pH, and
treatment time positively impacted the Cu®* removal system.
In contrast, the initial Cu®" concentration mainly had an
adverse effect on the Cu®* removal efficiency. Depending on
their actual values, the S/Fe ratio and humic acid
concentration could positively or negatively impact the Cu®*
removal efficiency. The P removal efficiency decreased with an
increase in initial P concentration or pH for the P treatment
system. The negative impact of pH was likely due to electro-
repulsive effects between the nanoparticles and phosphate
anions as pH increases. Nanoparticle dosage and initial Cu**
concentration positively impacted P removal, while the rest of
the treatment conditions could have positive or negative effects
depending on their values. Treatment time had the highest
absolute sensitivity for both Cu®* and P removal, which is
related to the fast removal rates.

4. CONCLUSIONS AND IMPLICATIONS

Our investigation of the simultaneous removal of Cu** and P
using NZVI and SNZVI revealed that Fe’*, the main
byproduct of the redox and displacement reactions between
Cu’* and Fe-based nanoparticles, serves as a reactant for the
precipitation of P. The consumption of Fe** by P drives Cu**
removal, which feeds back into P removal, causing more and
faster removal of both contaminants from water (in
comparison to when only one of both contaminants was
present or a traditional adsorption treatment system). The
principle behind the synergistic treatment process described in
this study is expected to apply broadly to wastewaters with
metallic and nonmetallic constituents, as long as the metal has
an E° > —0.44 V (such as cobalt (E° = —0.28 V), nickel (E°
—0.26 V), and lead (E° = 0.95 V)) and the nonmetal can
precipitate with Fe (like sulfide, silicate, and carbonate). Waste
streams that would typically have these types of constituents
include metal-plating wastewater, agricultural runoff, mining
and smelting wastewater, and battery and textile manufacturing
wastewater.

One of the goals of waste treatment is cost-effectiveness.
Although increasing the amount of the primary treatment
agent (e.g., nanoparticle dose in this study) is often considered
a way to improve performance, the application of machine
learning to model the treatment systems considered in this
work revealed that increasing nanoparticle concentrations may
not necessarily be the most optimal route to improve
efficiency. For instance, using ANNs, we determined that the
removal of Cu** was more sensitive to the treatment time and
the initial P concentration than the nanoparticle dose.
Therefore, a cost-effective approach to increasing treatment
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efficiency will consider the cost of increasing treatment time, P
concentration, and nanoparticle dose before determining the
best option for performance enhancement.
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