
Citation: Meng, F.; Yang, Y.; Li, M.;

Zhu, Q.; Qin, B.; Yang, C. Nano

Zero-Valent Iron (nZVI) Encapsulated

with ABS (nZVI/(ABS + EC)) for

Sustainable Denitrification

Performance and Anti-Aggregation.

Processes 2024, 12, 697. https://

doi.org/10.3390/pr12040697

Academic Editor: Andrea Petrella

Received: 11 March 2024

Revised: 26 March 2024

Accepted: 27 March 2024

Published: 29 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Nano Zero-Valent Iron (nZVI) Encapsulated with ABS
(nZVI/(ABS + EC)) for Sustainable Denitrification Performance
and Anti-Aggregation
Fanbin Meng 1,2, Yuning Yang 1, Miao Li 2,*, Qizhi Zhu 1, Bing Qin 1 and Chunpeng Yang 1

1 SINOPEC Research Institute of Petroleum Processing Co., Ltd., Beijing 100083, China;
mfb1469@163.com (F.M.); qinbing.ripp@sinopec.com (B.Q.); yangchunpeng.ripp@sinopec.com (C.Y.)

2 School of Environment, Tsinghua University, Beijing 100084, China
* Correspondence: miaoli@tsinghua.edu.cn

Abstract: Aggregation and sharp reactivity decrease are the key problems of using nano zero-valent
iron (nZVI) as a potential reaction medium for a permeable reactive barrier (PRB). In this study, nZVI
particles encapsulated within an acrylonitrile–butadiene–styrene (ABS) matrix (nZVI/(ABS + EC))
was fabricated, which for the first time successfully simultaneously solved the above problems via
accurately regulating the distribution of nZVI particles in the ABS matrix and regulating the contact
between nZVI particles and the contaminated aqueous environment. In addition, the size and number
of the pores throughout the ABS matrix were first regulated by ethyl cellulose (EC) for the purpose
of controlling the contact between nZVI particles and the nitrate contaminant, affording apparent
rate constants (kobs) for denitrification performance in the range of 0.0423 to 0.0820 min−1. The
remediation of simulated nitrate-contaminated solution by nZVI/(ABS + EC) was suitably described
by the first-order kinetics model, with kobs ranging from 0.0423 to 0.2036 min−1, and functional
relationship models of kobs with the dosages of EC (dEC) and nZVI (dFe) during encapsulation were
developed for the quantitative regulation of a sustainable denitrification performance. Results
revealed that encapsulation prevents the aggregation of nZVI, rendering a sustainable denitrification
performance of the material; the denitrification performance was demonstrated to be affected and
quantitatively regulated by the encapsulation and application conditions. Using nZVI/(ABS + EC)
as the reaction medium for PRB, the pore blocking of PRB can be avoided, and the sustainable
remediation performance can be quantitatively regulated and predicted.

Keywords: nano zero-valent iron; permeable reactive barrier; denitrification performance; aggregation;
reactivity decrease

1. Introduction

Nitrate is a pervasive and typical groundwater contaminant [1] originating from
sources like industrial and domestic waste [2], extensive use of fertilizers [3], and emissions
of animal dung [4]. Moreover, the consumption of nitrate-contaminated groundwater can
increase the risk of gastric and esophageal cancers and lead to methemoglobinemia in
babies [5,6].

As the key technology for the in situ remediation of nitrate-contaminated ground-
water, currently, permeable reactive barrier (PRB) remediation systems mainly use highly
reductive, cost-effective zero-valent iron (ZVI) as the reaction medium [7,8]. Owing to its
high specific surface area, nZVI exhibits a high reactivity and contamination removal rate.
A kinetics study revealed that the reduction rate of nitrate by nZVI is 10 to 100 times more
rapid than that of micro-scale iron particles [9–11]. Hence, PRB using nZVI as the reaction
medium exhibits an advantage for the removal rate of the contaminant and elimination of
the pollutants at high concentrations. In view of the rapid development of nanotechnology
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and considerable potential advantages of nZVI, experiments and applications using nZVI
as the reaction medium for PRB have been performed by several researchers [12–14].

However, aggregation [15,16] and poor reactivity persistence [17] are the bottleneck is-
sues in the use of nZVI as a reaction medium for PRB [18,19]. Hence, several studies [20,21]
have been extensively conducted to overcome these bottleneck issues. The encapsulation
of nZVI particles in a porous matrix is a typical approach to immobilize nZVI particles and
ultimately prevent aggregation [22]. Calcium alginate beads constitute one of the typical en-
capsulation materials, and these beads have been used to immobilize nZVI particles [23,24].
Encapsulated nZVI particles can contact and react with contaminants via holes through-
out the calcium alginate beads. In addition to calcium alginate, polystyrene (PS) [25],
chitosan [26], and carbon spheres [27,28] have been used to prevent the aggregation of
nZVI particles.

To increase the reactivity persistence of nZVI, several strategies [20,21] have been
developed to extend its reactivity period. The most sophisticated method to improve the
longevity of nZVI is to emulsify nZVI particles with vegetable oil and other additives to
decrease their corrosion rate [29]. The emulsification of nZVI considerably increases its
longevity by restraining the contact between nZVI particles and the contaminant [21]; how-
ever, owing to its good flow behavior, nZVI emulsified with vegetable oil is only suitable
for in situ remediation and not for PRB remediation. Complicated hydrogeology may
have resulted in the destabilization of the nZVI and vegetable oil suspension, ultimately
leading to aggregation. Generally, previous studies have focused on solving either the
aggregation or poor reactivity persistence; however, few studies on synchronously solving
both aggregation and poor reactivity persistence have been conducted, and studies on the
quantitative regulation of the nZVI reactivity persistence have not been conducted.

Synchronously solving both aggregation and poor reactivity persistence constitutes
the core issue for using nZVI as the reactive medium for PRB; therefore, the key technology
is to synchronously implement the immobilization of nZVI particles and control the contact
between the nZVI particles and contaminant. Encapsulation is typically employed to stabi-
lize active ingredients in drug delivery [30–33], pesticides [34–37], self-healing [38], and
food [39–41]. However, current studies [42] devoted to the use of nZVI as an alternative
reactive media for PRB have mostly focused on the use of encapsulation for immobiliz-
ing nZVI to prevent aggregation. Encapsulation has been rarely applied to improve the
longevity of nZVI, and attempts have not been made to employ encapsulation to simulta-
neously reduce aggregation and prevent the sharp reactivity loss of nZVI to the best of our
knowledge. The ability of encapsulation to immobilize nZVI and prevent aggregation has
been demonstrated by previous studies. Previous studies have reported that encapsulation
can enable the sustainable release of reactive nZVI and ultimately maintain its continuous
reactivity. Hence, encapsulation is feasible to simultaneously prevent aggregation and
increase the reactivity persistence of nZVI.

However, to the best of our knowledge, studies have not been conducted to employ
the encapsulation for the synchronous solution of aggregation and sharp reactivity de-
crease in nZVI and to quantitatively regulate the reactivity persistence of nZVI. Hence, this
study explores the encapsulation of nZVI particles into an acrylonitrile–butadiene–styrene
(ABS) matrix to immobilize nZVI particles. In addition, different dosages of ethyl cellulose
(EC) were used to modify the pores throughout the ABS matrix to regulate the size and
number of holes and further control the contact between nZVI particles and the contami-
nant. Moreover, the apparent rate coefficient (kobs) for nitrate removal using encapsulated
nZVI was calculated by numerical simulations by utilizing different dosages of EC and
Fe0 based on batch experiments. In addition, effects of the morphology, structure, and
denitrification conditions on the denitrification performance of nZVI encapsulated in ABS
were thoroughly investigated.
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2. Experimental
2.1. Materials and Methods

ABS (industrial grade, Mw = 10,000–12,000) was provided by Langfang Juxin Plastic
Factory (Langfang, China). Both ethyl cellulose (EC) and polyvinyl pyriloxanone (PVP,
K30) were supplied by Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Ferrous
sulfate (FeSO4•7H2O, >99%) was purchased from Fuchen (Tianjin) Chemical Reagent Co.,
Ltd. (Tianjin, China) Methylene dichloride (CH2Cl2, >98%), ethanol (CH3CH2OH, >99.7%),
and n-heptane were purchased from Beijing Chemical Works (Beijing, China). Sodium
borohydride (NaBH4, >99%) was producted by Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Polydimethylsiloxane (PDMS, commercial grade, 3000 cSt)
were obtained from Dow Coring XIAMETER® (DeLand, FL, USA). All reagents were used
as received. Deionized water was used throughout this research and was deoxygenated
before use.

In this study, reagent-grade NaNO3, which was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China), was chosen as the target compound. The simulated
pollutant solution with different NO−

3 -N concentrations were prepared by dissolving
specified amounts of NaNO3 in deoxygenated water.

To monitor the denitrification performance of the following samples, 0.5 mL aliquots
were extracted at various reaction times. Then, they were diluted to 25.0 mL to analyze
the NO−

3 -N concentrations using ultraviolet spectrophotometry (HACH DR6000, HACH,
Loveland, CO, USA) at the absorbance wavelengths of 220 and 275 nm.

2.2. The nZVI Preparation

The synthesis of nZVI was carried out by a classical liquid phase reduction method.
At room temperature (25 ◦C), 0.50 g of PVP was added to a FeSO4•7H2O solution (50 mL,
0.01 mol/L) and stirred by a mechanical agitator at a rate of 200 r/min. After 20 min,
the PVP was completely dissolved, and then 50 mL of NaBH4 solution (0.03 mol/L) was
poured into the above mixed solution of FeSO4•7H2O and PVP. After 10 min, the generated
Nzvi particles were collected via magnetic separation. Finally, the obtained Nzvi particles
were washed three times with 100 mL of ethanol, and then dried at 60 ◦C using a vacuum
drying oven (DHG-9005, Yi Heng, Shanghai, China).

2.3. Encapsulation of Nzvi Particles

First, the shell material solution was prepared by dissolving 0.25 g of ABS and the
desired weight of EC into 30 mL of methylene dichloride in a 100 mL three-neck round-
bottom flask under 200 r/min stirring. After that, the synthesized Nzvi particles were added
into the above shell material solution. After 10 min, the nZVI particles were successfully
suspended in the shell material solution, and then 30 mL of PDMS was added dropwise
into the above suspension to induce the coacervation of ABS and EC. After titration, the
mixture in the three-neck round-bottom flask was poured into 250 mL of n-heptane to
solidify the shell, and the obtained particles were also collected via magnetic separation.
The collected particles were washed three times with 100 mL of n-heptane, and then soaked
in 50 mL of ethanol for 24 h to remove EC. Finally, the particles were separated from the
ethanol and dried at 60 ◦C in a vacuum drying oven for 6 h, and the obtained sample was
named nZVI/(ABS + EC). In addition, the parameter conditions and nomenclature for the
samples prepared in this study are shown in Table 1.
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Table 1. Nomenclature for nZVI/(ABS + EC) samples fabricated under various encapsulation conditions.

Sample No. m (ABS) m (EC) m (nZVI) Nomenclature

1 0.25 0.15 0.15 nZVI/(ABS + EC) - (0.6–0.6)
2 0.25 0.15 0.20 nZVI/(ABS + EC) - (0.6–0.8)
3 0.25 0.15 0.25 nZVI/(ABS + EC) - (0.6–1.0)
4 0.25 0.15 0.50 nZVI/(ABS + EC) - (0.6–2.0)
5 0.25 0.00 0.25 nZVI/ABS
6 0.25 0.02 0.25 nZVI/(ABS + EC) - (0.08–1.0)
7 0.25 0.05 0.25 nZVI/(ABS + EC) - (0.2–1.0)
8 0.25 0.10 0.25 nZVI/(ABS + EC) - (0.4–1.0)
9 0.25 0.20 0.25 nZVI/(ABS + EC) - (0.8–1.0)
10 0.25 0 0 ABS

2.4. Characterization of the nZVI/(ABS + EC)

SEM:

Scanning electron microscopy (SEM, ZEISS Merlin, Oberkochen, Germany) was used to
observe the morphology of the ABS-encapsulated nZVI, the virgin nZVI/(ABS + EC) - (0.6–0.8), and
nZVI/(ABS + EC) - (0.6–0.8) after the denitrification reaction. Also, morphology changes in
the ABS and EC composites after immersion in ethanol were observed by SEM to verify
the fabrication mechanism of nZVI/(ABS + EC). Finally, nZVI/(ABS + EC) - (0.6–0.8)
was deironized after the deironization by immersion in the hydrochloric acid solution
(0.1 mol/L, 50 mL) for 48 h and then the matrix morphology of nZVI/(ABS + EC) was
observed by SEM.

BET:

The specific surface area, total pore volume and porosity of the nZVI/ABS, nZVI/(ABS
+ EC) without alcoholic impregnation, and nZVI/(ABS + EC) after alcoholic impregnation
were measured by a BET-surface area analyzer (Quantachrome Instruments, America),
and calculated by the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
models from the N2 adsorption isotherms.

Batch experiment:

Batch experiments were carried out to determine the influence of preparation and deni-
trification conditions on the denitrification performance of nZVI/(ABS + EC). A comparison
experiment using nZVI and ABS as the denitrification agent was also conducted. All batch
experiments were conducted in 50 mL glass bottles under an anaerobic environment, and
the reaction temperature was controlled by a water bath (HH-8 Kexi, Kexi Co. Ltd., Beijing,
China). To create an anaerobic environment for our denitrification experiments, upon
addition of nZVI/(ABS + EC) to glass bottles containing the simulated pollutant solution,
the bottles were promptly sealed with aluminum caps and rubber stoppers to prevent
air ingress. Sampling at predetermined time intervals was conducted by penetrating the
rubber stopper with a syringe to extract 0.5 mL of sample, ensuring the maintenance of
anaerobic conditions throughout the nitrate removal process.

The effects of EC and nZVI dosage during preparation on the denitrification perfor-
mance of encapsulated nZVI were studied. The remediation of a solution of 50 mg/L
NO−

3 -N (25 mL) was conducted using 0.1 g of nZVI/(ABS + EC) fabricated with various
EC and nZVI dosages at 25 ◦C and an unregulated initial pH.

The factors for the NO−
3 -N removal by nZVI/(ABS + EC) were investigated by re-

mediating a NO−
3 -N solution (25 mL) at 25 ◦C, using nZVI/(ABS + EC) - (0.6–0.8) as the

reductant to remove nitrate.

(1) The initial pH of the system

Batch experiments were conducted at pH values of 3, 5, 7, 9, and 11 with an nZVI/(ABS
+ EC) - (0.6–0.8) dosage of 4 g/L and an initial NO−

3 -N concentration of 50 mg/L.
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(2) The initial NO−
3 -N concentration

Batch experiments were conducted at initial NO−
3 -N concentrations (c0) of 15 mg/L,

25 mg/L, 50 mg/L, 75 mg/L, and 100 mg/L with an nZVI/(ABS + EC) - (0.6–0.8) dosage
of 4 g/L without controlling the initial pH.

(3) The reductant concentration

Batch experiments were conducted at initial reductant concentrations of 2 g/L, 4 g/L,
6 g/L, and 8 g/L with an NO−

3 -N concentration of 50 mg/L and an uncontrolled initial pH.
In this study, based on the results of the above batch experiments, the denitrification

kinetics by nZVI/(ABS + EC) under various preparation conditions and denitrification
conditions were investigated by developing an nth-order reaction model (Equation (1)).

r = −
d
[
NO−

3
]

dt
= kobs

[
NO−

3
]n (1)

where kobs is the observed nth-order reaction rate constant. The total duration of each
set of experiments was extended to 48 h to comprehensively assess the nitrate removal
capability of nZVI/(ABS + EC) over a broad range of operational conditions. However,
detailed observations and data analysis focused on the initial 24 h, during which the
most significant nitrate removal was observed, highlighting the rapid effectiveness of the
nZVI/(ABS + EC) system in reducing NO−

3 -N concentrations.

3. Results and Discussion
3.1. nZVI and Matrix Modification Mechanism

The SEM images in Figure 1 show that the obtained Fe0 particles were 70 nm and
spherical in shape. Obvious aggregation of nZVI particles appeared on the SEM image.
What is worse, the aggregation of nZVI particles deteriorated during the denitrification
process for the Fe0 corrosion reaction. ABS was used to encapsulate water-soluble core
materials (such as oxalic acid [43], potassium persulate [44]) for sustainable release perfor-
mance. Some small holes appeared on the surface of the ABS matrix, which can significantly
affect the nZVI release rate. Moreover, the surface appearance of the ABS and EC composite
matrix was similar to that of ABS (Figure 1b,c).

However, both the nZVI encapsulated with ABS and the composite of ABS and EC
exhibited very slow denitrification rates. The primary analysis suggests that the size
and number of pores influenced the denitrification rate, and these pores may have been
produced by the ethanol impregnation process of the ABS and EC composite (Figure 2).
After impregnation, more and larger holes appeared on the surface of the ABS and EC
composite matrix (Figure 2d). It can be inferred that the size and number of the pores was
controlled by the EC content of the composite.

3.2. Morphology Observation

After alcoholic impregnation, many pores were exposed on the matrix surface, and a
mass of catenaries constituted by nZVI particles appeared on the pore walls (Figure 3a,b).
The nZVI particles spread on the pore wall could limit particle movement and ultimately
prevent nZVI nanoparticle aggregation. After deironization via immersion in dilute HCl
solution, many more pores were observed in the nZVI/(ABS + EC) - (0.6–1.0) (Figure 3c),
which may have been caused by the removal of nZVI particles embedded in nZVI/(ABS +
EC) - (0.6–1.0). Also, the morphology of the nZVI/(ABS + EC) - (0.6–1.0) after denitrification
was observed by SEM, which showed that a number of irregularly-shaped particles were
attached to the surface and pore wall (Figure 3d), which could impede the contact of the
nZVI particles and contaminants. Therefore, it can be inferred from the obtained SEM
images that a large number of pores was produced by the fabrication method, and the
nZVI particles were successfully supported on the pore walls or were embedded within the
matrix. However, the deposition of iron oxides generated from the denitrification reaction
may adversely affect the denitrification rate.
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3.3. BET Test

All N2 adsorption/desorption isotherms of nZVI/ABS, nZVI/(ABS + EC) without alco-
holic impregnation, and nZVI/(ABS + EC) after alcoholic impregnation displayed a typical
type IV isotherm (IUPAC classification) with an H3 hysteresis loop (Figure 4). These results
indicate the mesoporous and macroporous structures of all samples. This is also supported
by the pore size distribution (Figure 4 inset image), which shows that the nZVI/(ABS + EC)
after alcoholic impregnation was dominated by many small holes with a diameter greater
than 15 nm. In addition, the pore volumes of nZVI/ABS, nZVI/(ABS + EC) without alco-
holic impregnation, and nZVI/(ABS + EC) after alcoholic impregnation were 0.074, 0.071,
and 0.130 cc/g, respectively. The obtained BET results confirm that the holes in the matrix
were formed due to alcoholic impregnation, which agrees with the SEM observations.
Therefore, it can be inferred that the alcoholic impregnation process can be used to achieve
the sustained release of nZVI encapsulated by an ABS and EC composite.

3.4. Effects of EC Dosage

The ABS particles showed almost no removal effect on nitrate, moreover, the denitrifi-
cation rates of all encapsulated nZVI samples were notably lower than that of bare nZVI
(Figure 5a), indicating that the ABS alone had negligible effects on nitrate reduction, but
the encapsulation with ABS enabled sustainable denitrification. The maximum adsorption
capacity of nZVI prepared in this study for nitrate was as high as 142.952 mg/g (mN/mnZVI).
However, compared to nZVI/(ABS + EC) samples, nZVI exhibited extremely fast denitrifica-
tion rates (Figure 5a), indicating that encapsulation enabled sustainable denitrification. The
obtained results (Table 2) indicate a first-order dependence of denitrification on EC dosage
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during encapsulation. Moreover, kobs increased as dEC increased, which was attributed to a
higher number of holes in the matrix (Figure 5b). The number of holes was affected by the
EC dosage during encapsulation, which further influenced the denitrification rate of the
encapsulated nZVI. For denitrification at an initial NO−

3 -N concentration of 50 mg/L, with
a dosage of 0.10 g encapsulated nZVI, the functional relationship between kobs and dEC is
given as follows (Equation (2)):

kobs = −0.7463 × dEC
2 + 0.3898 × dEC + 0.0342 (2)
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Table 2. The kobs of samples prepared with different EC dosages during encapsulation.

Sample dEC kobs/min−1 R2

nZVI/(ABS + EC) - (0.08–1.0) 0.02 0.0423 0.9500
nZVI/(ABS + EC) - (0.2–1.0) 0.05 0.0507 0.9304
nZVI/(ABS + EC) - (0.4–1.0) 0.10 0.0659 0.9385
nZVI/(ABS + EC) - (0.6–1.0) 0.15 0.0763 0.8805
nZVI/(ABS + EC) - (0.8–1.0) 0.20 0.0820 0.8695

This outcome reinforces our hypothesis that the observed denitrification is primarily
attributable to the activity of nZVI. Therefore, it can be concluded that the EC dosage
during encapsulation was an important parameter influencing the denitrification rate when
encapsulated nZVI was used to reduce nitrate. The sustainable denitrification rate can be
quantitatively regulated by the EC dosage during encapsulation.
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3.5. Effects of nZVI Dosage

The encapsulated nZVI samples had an obvious sustainable denitrification effect, and
the denitrification rate of encapsulated nZVI was affected by the nZVI dosage (dFe) during
encapsulation (Figure 6a). A linear model closely fit the data (Table 3, R2 ≥ 0.9902 in all
cases), demonstrating that the reaction was first order with respect to the nZVI dosage



Processes 2024, 12, 697 10 of 17

during encapsulation. Also, kobs increased with dFe (Figure 6b), and the calculation of kobs
can be expressed by the following equation (Equation (3)):

kobs = −0.3128 × dFe
2 + 0.5361 × dFe + 0.014 (3)
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Table 3. The kobs of samples prepared under different nZVI dosages during encapsulation.

Sample dFe kobs/min−1 R2

nZVI/(ABS + EC) - (0.6–0.6) 0.15 0.0901 0.9895
nZVI/(ABS + EC) - (0.6–0.8) 0.20 0.1022 0.9939
nZVI/(ABS + EC) - (0.6–1.0) 0.25 0.1323 0.9914
nZVI/(ABS + EC) - (0.6–2.0) 0.50 0.2036 0.9902

The above results indicate that, in addition to the EC dosage during encapsula-
tion, the nZVI dosage significantly influenced the denitrification rate. Thus, adjusting
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the nZVI dosage during encapsulation is a feasible method to regulate the sustainable
denitrification rate.

3.6. Effects of pH

When the initial pH ranged from 3 to 11, nZVI/(ABS + EC) - (0.6–0.8) presented
a fast denitrification rate with some differences (Figure 7), and the effect of pH on the
denitrification rate was highly variable. The fastest denitrification rates were observed at
initial pH values of 3 and 9. The slowest denitrification rate was observed at the early stage
of the reaction at an initial pH of 5, and also during the later reaction stage at an initial
pH of 11. To explain the above phenomena, it is necessary to examine the denitrification
mechanisms of Fe0 proposed by Xu [45].
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Primarily, the reduction of nitrate occurs due to an electron provided by Fe0 (Equations
(4) and (5)).

Fe0 → Fe2+ + 2e− (4)

NO3
− + 10H+ + 8e− → NH4

+ + 3H2O (5)

When the concentration of H+ in the system was low, the nitrate reduction rate
decreased, accompanied by the generation of Fe3O4 (Equations (6) and (7)).

3Fe0 + 3H2O → Fe3O4 + 8H+ + 8e− (6)

3Fe2+ + 4H2O + 8e− → Fe3O4 + 8H+ + 2e− (7)

The corrosion of the iron surface would supply electrons for nitrate reduction. The
generated Fe3O4 is a good conductor for electron transfer and eventually increased the
nitrate removal rate. However, corrosion and Fe3O4 deposition on the iron surface were
significantly influenced by the system pH. An acidic pH accelerated the iron surface
corrosion and increased the nitrate removal rate at a pH of 3. When the system was under
weakly basic conditions, Fe3O4 was easily generated, and the denitrification rate was also
fast at a pH of 9. However, to explain the nitrate removal performance of the encapsulated
nZVI between pH values from 5 to 7, the contribution of corrosion and Fe3O4 deposition
to nitrate removal should be quantitatively evaluated. The above results indicate that
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encapsulated nZVI could rapidly remove nitrate between pH values from 3 to 11, and
the pH of the reducing system was not significant, but it had a complicated effect on the
denitrification rate.

3.7. Effects of Initial Nitrate Concentration

Previous studies have confirmed that the initial NO−
3 -N concentration is intimately

related to the denitrification rate of nZVI. However, Wang et al. [46] reported that the deni-
trification rate of nZVI decreased with the initial NO−

3 -N concentration, but Yang et al. [10]
reported the opposite. Moreover, encapsulated nZVI showed complicated denitrification
performance at different initial NO−

3 -N concentrations (Figure 8a). In this study, the nitrate
reduction by nZVI/(ABS + EC) - (0.6–0.8) at different initial NO−

3 -N concentrations is de-
scribed by a first-order kinetic model (Table 4). However, the impact of the initial NO−

3 -N
concentration on kobs was not monotonic (Figure 8b), and the reported relevant literatures
has not reached a consensus on this issue [10,47].
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Table 4. The kobs (b) of nZVI/(ABS + EC) - (0.6–0.8) under different initial NO−
3 -N concentrations.

No. Initial Nitrate Concentration/(mg/L) kobs R2

1 15 0.1844 0.9296
2 25 0.0807 0.9938
3 50 0.0809 0.9963
4 75 0.0623 0.9759
5 100 0.0509 0.9960

In this study, kobs decreased as the c0 of NO−
3 -N increased from 15 to 25 mg/L, but

it increased when c0 was greater than 100 mg/L. This phenomenon may be explained as
follows. When the NO−

3 -N concentration was low, the concentration of encapsulated nZVI
was relatively high, and adsorption played a dominant role in the removal of NO−

3 -N.
Therefore, kobs decreased as c0 increased at low initial NO−

3 -N concentrations. However,
when the NO−

3 -N concentration was high, the concentration of the encapsulated nZVI
was relatively low, and reduction played a dominant role in the removal of NO−

3 -N,
accompanied by the generation of Fe3O4 and Fe2+ (Figure 9) [45,48,49]. Moreover, Fe2+

and Fe3O4 had prominent promotion effects on nitrate reduction and increasing the initial
NO−

3 -N concentration accelerated the generation of Fe3O4 and Fe2+ [45], which eventually
reduced nitrate. The change in the NO−

3 -N removal rate was complicated when the NO−
3 -N

concentration ranged from 25 to 100 mg/L, possibly due to adsorption and reduction
processes. The obtained results indicate that adsorption and reduction were both involved
during NO−

3 -N removal, and the initial NO−
3 -N concentration influenced the denitrification

rate of encapsulated nZVI by adsorption and reduction.
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Figure 9. The XRD spectroscopy of the nZVI/(ABS + EC) - (0.6–0.8) before and after denitrification
reaction under the initial NO−

3 -N concentrations of 100 mg/L.

The complexity of this relationship particularly manifests within the intermediate
concentration range (25 to 100 mg/L), where neither adsorption nor reduction can be solely
credited for the observed denitrification performance. In conclusion, while our study has
preliminarily shed light on the intricate dynamics between the initial NO−

3 -N concentration
and the denitrification rate of encapsulated nZVI, it also underscores the necessity for
further research. To elucidate the observed complexities, a thorough and quantitative
investigation of the denitrification mechanisms, taking into account factors such as pH,
nZVI/(ABS + EC) concentration, and encapsulation effects, is imperative.
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3.8. Effects of Reductant Concentration

The reduction of nitrate using nZVI/(ABS + EC) - (0.6–0.8) was carried out under re-
ductant concentrations of 2 g/L, 4 g/L, 6 g/L, and 8 g/L at an initial NO−

3 -N concentration
of 50 mg/L at 30 ◦C. The denitrification performance of nZVI/(ABS + EC) - (0.6–0.8) was
similar to that of nZVI, as has been previously reported [47] (Figure 10). The denitrification
rate was observed to increase as the reductant concentration increased. However, the test
results show that the denitrification rate rapidly increased when the reductant concen-
tration increased from 2 g/L to 4 g/L, and then the rate increased slowly at reductant
concentrations between 4 g/L and 8 g/L. These results demonstrate that the concentration
of nZVI/(ABS + EC) significantly influenced the denitrification rate.
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3.9. The Denitrification Mechanism of nZVI/(ABS + EC)

Previous studies have revealed that the deposition of passive iron oxides generated
on the nZVI surface leads to the conglutination of nZVI particles, which would hinder
the transport of electrons and transfer of mass for denitrification. Therefore, the above
deposition on the nZVI particle surface can aggravate the aggregation and reactivity loss
(Figure 11). For nZVI/(ABS + EC), embedding nZVI particles on a hole wall of the ABS
matrix restricts the movement, thereby preventing the aggregation of nZVI particles. More-
over, the deposition of passive iron oxides generated on the ABS matrix surface, which can
be confirmed in Figure 3d, can alleviate the reactivity loss. In addition, the regulation of the
hole size and numbers can achieve the quantitative control of the sustainable denitrification
performance, which is verified by the above result. Moreover, compared to regulating the
denitrification rate of nZVI through functional group grafting modification of encapsulated
shell materials [24], this study has the advantages of simple process and better controllabil-
ity. That is, the encapsulation of nZVI in the ABS matrix can achieve the immobilization of
nZVI particles and control the contact between the contaminant and nZVI particles, further
accomplishing the anti-aggregation and control of sustainable denitrification performance
of nZVI.
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4. Conclusions

In this study, nZVI was successfully encapsulated in ABS for sustainable denitrification
performance and anti-aggregation. The experiments demonstrated that the modification of
pores within the ABS matrix using EC played a critical role in maintaining continuous nZVI
reactivity. Quantitative analysis revealed a regulated denitrification rate, with apparent rate
constants (kobs) for denitrification performance varying from 0.0423 to 0.2036 min−1 across
different EC and nZVI dosages. Therefore, encapsulation solves the issues of aggregation
and poor reactivity persistence with the use of nZVI as the reactive medium for PRB.

Further, the denitrification rate was also affected by the pH, initial NO−
3 -N concentra-

tion, and nZVI/(ABS + EC) concentration. A particularly interesting observation was the
dependence of the observed rate constant (kobs) on the initial NO−

3 -N concentration, which
was meticulously analyzed through first-order kinetic modeling. The study revealed that at
varying initial NO−

3 -N concentrations, the denitrification mechanism of nZVI/(ABS + EC)
exhibited complex behavior, underscoring the intertwined roles of adsorption and reduc-
tion processes in NO−

3 -N removal. However, the denitrification mechanism of nZVI must
be thoroughly and quantitatively examined to precisely explain the observed complicated
denitrification performance of nZVI/(ABS + EC) under the experimental conditions in
this study. Moreover, for a comprehensive understanding of the economic efficiency of
nZVI/(ABS + EC) for denitrification, future work will explore a detailed cost–benefit analy-
sis, considering factors such as long-term operation, maintenance, and potential scalability
of the nZVI/(ABS + EC) system for widespread environmental remediation applications.
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