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ARTICLE INFO ABSTRACT
Keywords: Granular activated carbon was customized with a chemical grafting procedure of a nanoporous polymeric
Activated carbon network for the purpose of nanoscale zero-valent iron impregnation and subsequent water contaminant re-
nZvl mediation. Characterization of the prepared composite material revealed that not only was the polymer at-

Covalent organic polymers
Water treatment
Iron impregnation

tachment and iron impregnation successful, but also that the polymeric shell acted as a protective barrier against
the effects of oxidation from the surrounding environment, nearly 99% of total iron content was in the form of
zero-valent iron. When applied towards the remediation of two common water contaminants, nitrobenzene and
nitrate, the composite material exploited the qualities of both the activated carbon and the polymeric network to
work together in a synergistic manner. In that the increased protection from oxidation allowed for increased
reactivity of the nanoscale zero-valent iron, and that the adsorption abilities of both the carbon and the polymer
achieved a higher amount of total removal of the contaminants.

1. Introduction especially for developing nations. Even in more developed countries,
the increased strain on the water treatment system from population

In order for societies and populations to continue to grow sustain- growth is an ever-increasing problem. Therefore, exploiting new and
ably, the availability of potable water is most often the limiting factor, untapped water sources for drinking water will become a necessary
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solution for supplying a population with potable water. This will in-
clude many sources of groundwater that are, or will be, contaminated
with various environmental pollutants. One estimate has stated that
there are over 20,000 contaminated groundwater sites in Europe alone,
with a further 350,000 that have yet to be identified [1]. Zero-valent
iron (ZVI) has become the target of many studies regarding the treat-
ment of various pollutants found in groundwater contaminant plumes,
and has seen extensive application for in situ treatment of these plumes
in the form of permeable reactive barriers, where the material is in-
jected into the subsurface at a point where the plume can flow through
the barriers [2,3]. The use of ZVI is an ideal candidate for treatment
technologies, as the element iron is ubiquitously found in the earth’s
crust, safe for the environment, and is an effective reductant
(E® = —0.44 V). The chemical degradation mechanism by ZVI involves
the direct transfer of electrons to the contaminants, transforming them
into non-toxic, less toxic, or more readily biodegradable species [4,5]. A
wide variety of pollutants, including halogenated organics, nitro-aro-
matics, heavy metals, and oxy-anions, have been successfully re-
mediated by utilizing the reduction reaction mechanism of ZVI [6]. In
particular, ZVI has often been demonstrated to be effective towards two
model water contaminants commonly found in the subsurface, the
aromatic compound nitrobenzene and the inorganic compound nitrate;
both of which are assessed in this study. Nitrobenzene was chosen, as it
is a contaminant of emerging concern [7] and that ZVI has already been
reported to effectively degrade nitrobenzene to aniline in the following
reaction [8-10]:

3Fe® + C¢HsNO, + 6H* — 3Fe?* + CoHsNH, + 2H,0 (€D)]

Nitrate was chosen, as it has been recognized as a common source of
contamination in groundwater for some time [11] and that ZVI has
already been reported to degrade nitrate to ammonia in the following
reaction [12,13]:

4Fe® + NO; + 10H* — 4Fe** + NH; + 3H,0 2)

And, more recently, synthesis of ZVI on the nanoscale (nZVI) has
quickly gained traction, due to the substantially increased surface area
as the particle size decreases, from 0.15 m?/g in commercially available
microscale ZVI to 17 m?/g in nZVI used in a recent study [14]. This
increase in surface area can enhance the interactions, and subsequent
reactivity, between the iron surface and the contaminant. However, this
increased reactivity comes at a cost, as it can create general particle
instability, rapid aggregation, and also allow for faster loss of reactivity
coming from the interactions with components in the surrounding en-
vironment (i.e. dissolved oxygen, anions, natural organic matter, etc.)
[15,16]; all of which subsequently will cause issues when separating the
nZVI from the treated water [17]. Because of this problem, the use of
nZVI in the form of ex situ operations, i.e. pump-and-treat, may be a
more practical use of nZVI; as it is that the treatment conditions can be
more easily controlled. These type of pump-and-treat and other ex situ
operations are quite common-place for contaminant adsorption by
materials like activated carbon, and usually come in the form of col-
umns or packed-bed containers [18].

Activated carbon, used in powdered or granular form (GAC), has
often been cited as the most prolific and wide-spread material used in
the treatment of all types of water sources [19]. In fact, various low-
tech versions of carbon, such as charcoal, have been used for environ-
mental remediation since the 18th century [20]. Treatment targets for
activated carbon span a vast range of contaminants, from pesticides
[21], to pharmaceuticals and endocrine disrupting compounds [22], to
heavy metals [23], to inorganic ions [24], and many others. However,
although the adsorption mechanism found in activated carbon is ex-
tremely effective, this does not solve the problem of degrading the
contaminant of concern to a more benign species. Hence, the disposal/
regeneration of the contaminant loaded activated carbon is an issue.
This can be addressed by incorporating a reactive and environmentally
safe material, such as nZVI, into the matrix of the activated carbon. In
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doing so, it is possible to simultaneously adsorb contaminants and allow
for subsequent degradation of the compound. Various attempts at
combining carbon materials with nZVI for the purpose of environ-
mental remediation have been made in the past. Some of these synth-
esis methods include a thermal route for carbon supported nZVI [25],
preparation of colloidal carbo-iron composites [26], and an aerosol-
based method for iron-carbon nanocomposites [27]. In a previous
study, it was determined that immobilizing nZVI particles into the
matrices of nanoporous covalent organic polymers (COPs) can vastly
improve the stability of nZVI, while still allowing for contaminant re-
moval [28]. These frameworks of COPs are extremely robust, even in
extreme conditions such as being subjected to repeated CO, adsorption/
desorption tests at high temperatures 120°C [29] or immersion in
boiling water for weeks at a time [30]; and, in addition to groundwater
remediation [28], have already been proven to be effective in other
environmental applications, such as carbon dioxide capture [30,31]
and solvent uptake [32]. Therefore, in order to combine all three of
these technologies (i.e. GAC, nZVI, and COPs), a synthesis strategy was
developed to chemically graft COPs to the surface of GAC [33],
whereupon nZVI could then be impregnated into the GAC-COP matrix.
This allows for the use of an active and cheap back-bone material that
can also utilize the nanoporous nature of COPs and the reductive de-
gradation ability of nZVI.

Herein, we successfully developed a composite material of GAC with
grafted COP, specifically COP-19 [29], (GAC-COP) and proceeded to
impregnate GAC-COP with nZVI particles (GAC-COP-Fe). This COP
grafting procedure improved upon the previously developed procedure
[33], in that it is now an easier-to-perform and more environmentally
friendly method. Specifically, this was achieved by lowering the
synthesis temperatures and reducing the concentrations of certain
harmful reagents. Following the grafting of COP to GAC, ferrous iron
was impregnated into the pores of the GAC-COP matrix, where it is
ultimately reduced from Fe?* to Fe® via in situ chemical reduction with
sodium borohydride (NaBH,). This is the latest step in the advancement
of GAC and COP technology; to not only include iron, but rather re-
active iron, into the composite matrix. A major hindrance to the use of
nZVI is the aggregation of the particles, stemming from van der Waals
and magnetic attraction forces [34,35]. Given that different COPs have
been used to stabilize nZVI in the past [28], this new material with
impregnated nZVI hinders that from occurring, by physically caging
nZVI particles into the pores of the COP and GAC. This also allows for
further separation and isolation of nZVI from itself and preventing ag-
gregation, as it is that each individual granule can be considered its own
island of a reaction vessel. Furthermore, the reactivity of the nZVI was
confirmed using degradation tests towards the reduction of both ni-
trobenzene and nitrate. These new composite materials create a unique
treatment technique, where using the advantages of physical adsorption
and chemical degradation can be utilized concurrently in symbiosis.

2. Materials and methods
2.1. Chemicals

Activated carbon (GAC, granular) was obtained from Samchun
Chemical Co. (Pyeongtaek, Gyeonggi-do, Republic of Korea). Acetic
acid (CH3COOH, 99%), acetone (C3HgO, 99%), aniline (C¢HsNH,,
99%), dichloromethane (CH,Cl,, 99%), dimethyl sulfoxide (DMSO,
(CH3)2S0, 99%), ethanol (C2HgO, 96%), hydrochloric acid (HCl, 37%),
iron (II) sulphate heptahydrate (FeSO47H,0, 99%), melamine (C3HgNG,
99%), N,N-diisopropylethylamine (DIPEA, 99.0%), nitric acid (HNOs,
60%), nitrobenzene (CcHsNO,, 99%), polyethylene glycol 400 (PEG),
sodium borohydride (NaBH,, 99%), sodium nitrate (NaNOj3, 99%),
sulfuric acid (H>SO4, 47%), terephthaldehyde (99%), and thionyl
chloride (SOCl,, 99%) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All chemicals were used, as obtained, from the supplier.
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2.2. Physical characterization

Thermo-gravimetric  analysis (TGA), Discovery TGA, TA
Instruments, USA) was employed to evaluate the thermal stability and
robustness of the materials, and coupled with Fourier-transform in-
frared spectroscopy (TGA-IR, Nicolet iS10, Thermo Scientific, USA) to
determine the functional groups degassed off samples during analysis.
Surface characterization and elemental composition was performed
using X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Scientific, USA) and analyzed under vacuum with a monochromated Al-
Ka X-ray source (photon energy = 1486.7 eV) and an X-ray spot size of
400 um. Ion etching during XPS analysis was performed with a tunable
beam of argon ions to sputter off the surface and expose deeper layers.
Surface imaging of the activated carbon granules and morphological
observation of the polymer shell found on the granules was performed
using scanning electron microscopy (SEM, Quanta FEG 200 ESEM, FEI,
The Netherlands). Elemental identification and mapping of the SEM
images was produced using energy-dispersive X-ray spectroscopy (EDS)
within the instrument, and analyzed with AZtec EDS software (Oxford
Instruments, United Kingdom). Content of total iron contained in the
samples was determined by atomic absorption spectroscopy (AAS,
AAnalyst 200, Perkin Elmer, USA). Samples for AAS were prepared
using a previously reported method using acid digestion with nitric acid
[28]. Content of reactive iron (Fe®) contained within the GAC-Fe and
GAC-COP-Fe was determined by measuring the hydrogen (H,) gas
production via acid digestion, as described in a previous study that
evaluated nZVI stabilized with a magnesium aminoclay [36]. As out-
lined in Eq. (3), it is assumed that with this method, Fe° is the only
species present in the samples capable of producing hydrogen.
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Fig. 1. Schematic representation of the COP-19 grafting
process to the GAC (illustrated by large gray object, not to
scale).
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The amount of Fe® was calculated from the produced hydrogen and
measured by gas chromatography (GC, Mikrolab GC82, Mikrolab
Aarhus A/S, Denmark). This amount of Fe® was compared with total
iron content, measured by AAS.

2.3. Preparation of GAC-COP

Attachment of the polymer shell to the GAC was conducted similarly
to a previously reported method [33]. The grafting process consisted of
a four-step synthesis procedure, acid oxidation of GAC (Step 1), acyl
chlorination (Step 2), melamine attachment (Step 3), and COP attach-
ment (Step 4). Step 1 oxidized 15 g of GAC with 150 mL of a 3:1 mixture
of HNO3 (30%) and H,SO4 (47%) for 24 h at 25° C, forming carboxylic
groups on the carbon surface (GAC-Ox). GAC-Ox was washed with co-
pious amounts of Milli-Q deionized water until the rinsate reached a
neutral pH and then dried for 12h at 110° C in a vacuum oven. Step 2
converted the carboxylic groups to acyl chloride groups by reacting 10 g
of GAC-Ox with 250 mL of a 4:1 mixture of dichloromethane and SOCl,
for 24 h at 35° C under reflux in a N, atmosphere (GAC-Acyl). GAC-Acyl
was immediately dried via rotary evaporation at 40° C and
300-400 mbar of vacuum to remove all solvents. Step 3 substituted
melamine on to the acyl chloride group by reacting 10 g of GAC-Acyl
with 1000 mg of melamine in a 250 mL solution of DMSO and 5 mL of
DIPEA that had been sonicated until complete dissolution had taken
place; this solution reacted for 24 h at 110° C in a N, atmosphere (GAC-
Mel). After filtration, GAC-Mel was washed thoroughly three times each
with DMSO, MilliQ deionized water, and ethanol; then dried for 12 h at
110°C in a vacuum oven. Step 4 performed the final attachment of
COP-19 to GAC, by building the polymeric network off of the amine
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groups stemming from the attached melamine, following a similar
strategy to previously reported methods for polymer construction uti-
lizing Schiff base chemistry with melamine and terephthaldehyde as the
core monomers [29,37]. This was accomplished by reacting 8 g of GAC-
Mel with 1000 mg of terephthaldehyde and 625mg of melamine in
250 mL of DMSO for 72 h at 155° C in a N, atmosphere (GAC-COP). In
order to remove any residuals, after filtration GAC-COP particles were
washed vigorously three times each with DMSO, then acetone, then
MilliQ deionized water, and finally ethanol; particles were then dried in
a vacuum oven for 12h at 110 °C. Fig. 1 identifies the entire series of
reaction schemes.

Weighing of the before and after products was done in order to
determine the mass fraction of the COP material grafted to the GAC.
The bulk sample measurement indicated that the mass fraction of COP
in GAC-COP was approximately 17% (m/m).

2.4. nZVI impregnation into GAC and GAC-COP

As supplied GAC and as prepared GAC-COP were used as the ma-
trices for impregnating nZVI. Impregnation of nZVI into both GAC and
GAC-COP was conducted in a 200 mL three-neck round bottom flask
reactor by submerging GAC or GAC-COP into a ferrous iron solution.
The ferrous iron solution was prepared as a mixture of 28g of
FeSO,7H,0 and 2 g of PEG in 120 mL of MilliQ deionized water. Once a
homogeneous solution was achieved, 8 g of GAC or GAC-COP was
added to the solution. The solution was continuously mixed for 12 h via
mechanical stirring at 50 RPM with a N, atmosphere. Afterwards, the
remaining solution in the three-neck flask was discarded. Then, 80 mL
of fresh N,-purged (to remove dissolved oxygen) MilliQ deionized was
added to the flask, whereupon the atmosphere inside the flask was re-
stored to a N, environment. Once free of ambient air, 40 mL of NaBH,
in MilliQ deionized water (3.58 M) solution was injected via peristaltic
pump at a flow rate of 5 mL/min. The mixture was continuously stirred
for 30 min after complete injection of NaBH, into the flask, to provide
enough time for total formation of nZVI. The drop-wise addition of
NaBH, to ferrous sulfate reduces the iron to its zero-valent state in the
following reaction:

2Fe** + BH; + 3H,0 — 2Fe® + H,BO; + 4H* + 2H, 4

Prepared nZVI impregnated within GAC (GAC-Fe) and GAC-COP
(GAC-COP-Fe) was washed with ethanol to remove residual molecules
leftover from the synthesis procedure. Subsequently, the material was
allowed to dry in a vacuum oven at 60° C for 4 h. Dried sample material
was stored in air tight vials inside an anaerobic chamber until used for
characterization or reactivity testing.

2.5. Reactivity and adsorption tests

Batch tests for reactivity of the prepared materials were conducted
in 25 mL glass serum vials. The desired amount of GAC-Fe or GAC-COP-
Fe (i.e. 1g) was weighed into reaction vials inside an anaerobic
chamber, and the vials were filled with 19 mL of MilliQ deionized water
and 0.5mL of acetic acid solution (initial concentration = 40 uM,
pH = 4.5), then securely capped with a PTFE/silicon septum and an
aluminum crimp seal. Each vial was injected with 0.5 mL of the desired
stock contaminant solution, through the septum, in order to initiate the
reaction. The pH was measured throughout each experiment and con-
sistently remained between 4.5 and 4.75.

The batch tests were designed to simultaneously determine the re-
duction activity of nZVI and adsorption capacity of GAC-Fe and GAC-
COP-Fe. Each substrate and its reduction product (i.e. nitrobenzene and
aniline [8-10], nitrate and ammonia [12,13], Egs. (1) and (2)) were
injected into separate reaction vials with either the GAC-Fe or GAC-
COP-Fe sample, so that a mass balance of the substrate and its corre-
sponding reduction product could be acquired. Nominal concentrations
of nitrobenzene, aniline, nitrate as nitrogen (NO3-N), and ammonium as
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nitrogen (NH4-N) were 500 pM, 500 pM, 25 mg-N/L, and 25 mg-N/L,
respectively. Reaction vials were mixed on an orbital shaker throughout
the entire reaction period, in order to maintain a homogeneous mixture.
Samples of 2mL were taken periodically and filtered with 0.45um
syringe filters (Minisart RC25, regenerated cellulose, Sartorius AG,
Germany); the concentration of reaction products in the samples were
then measured using the colorimetric assay developed in a previous
study [38]. Reaction kinetics were subsequently interpreted by pseudo
first-order kinetics:

Ci=Cyxek (5)

where, C; is the concentration (UM or mg-N/L) at time, t (min), C, is the
initial concentration (UM or mg-N/L), and k is the reaction rate in terms

of min~ 1.

3. Results and discussion
3.1. Properties of materials

3.1.1. TGA and TGA-IR analyses

Thermo-gravimetric analysis (TGA) was employed to quantify the
thermal stability and robustness of the materials; and the off-gas stream
was further coupled with Fourier-transform infrared spectroscopy
(TGA-IR) to determine the functional groups present in the GAC-COP
material. During TGA analysis, up to 800 °C, the raw GAC material had
a total mass loss of approximately 12.0%, which was also observed
before in the precursory study [33] and is due to the inherent impurities
of this particular type of carbon; while the GAC-COP materials had a
total mass loss of approximately 30.2% (Fig. 2A). The mass loss dif-
ference here being approximately 18.2%, slightly higher than the 17%
measured by bulk sample weighing.

Using TGA-IR, indication that the added material present in GAC-
COP was in fact the expected polymer grafted to GAC was assessed
(Fig. 2B). Initially, at the ambient instrument analysis temperature (i.e.
38°C), no discernible peak pattern is found in the spectra of GAC-COP.
At 200 °C, a large peak is observed in the1050-1150 cm ™! range, cor-
responding to C—O groups leaving the matrix. More notably, it is ap-
parent that as the temperature is increased, certain peak groups appear
and become more pronounced. The peak found at 1650 cm ™! can be
attributed to primary amine groups of melamine (NH, deformation)
[37]. Hetero-aromatic ring systems were also observed in the bands at
1550 cm ™! and 1480 cm ™ ?, corresponding to quadrant and semicircle
stretching of the triazine rings found in the grafted polymer [37]. These
particular spectra profiles were in accordance with previous studies
describing this polymer [29,37] and utilizing this polymer for water
treatment [28,33].

3.1.2. XPS analysis

Surface elemental characterization of the various GAC materials was
conducted using X-ray photoelectron spectroscopy (XPS). As it is that
the analysis and penetration depth of XPS is in the range of 5-10 nm,
this was done in order to confirm that the polymer was attached to the
surface of the GAC. This was also done to determine if iron was im-
pregnated into the matrix of the GAC-COP, as well as to determine the
exact speciation of the iron found in the matrix. Outlined in Table 1, the
survey analysis using XPS determined that bare GAC (Fig. 3A) is pri-
marily carbon, at 92%, and that COP grafted GAC (Fig. 3B) contains the
elemental profile of the added polymer; in particular the large increase
in nitrogen (~33%). Finally, following the nZVI impregnation step it
was evident that there was iron present in the material.

The trend is clear, that the atomic evolution on the surface of the
GAC follows the proposed COP attachment mechanism; as well as the
existence of iron in the GAC-COP-Fe matrix. However, the final GAC-
COP-Fe product contains a small fraction of sodium, which can be ex-
plained by any residual leftovers from the Fe® reduction process using
NaBH,. Further analysis into the C1s spectrum using XPS reveals a more
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Fig. 2. A) TGA analysis for GAC (black, dashed line) and GAC-COP (red, solid line); and
B) TGA-IR spectra for GAC-COP progressing from ambient 38 °C (blue, bottom line) to
800 °C (red, top line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 1
Surface atomic percentages of the different GAC materials, as determined by XPS.

Element GAC GAC-COP GAC-COP-Fe
C 92.0 61.0 48.5

o 8.0 6.4 22.4

N - 32.6 19.7

Fe - - 2.2

Na - - 7.2

detailed look at the bonding structure associated with carbon. In the
bare GAG, it is evident, as expected, that the surface is primarily carbon
with a small amount of oxidation indicated by the presence of a small
C—O0 peak (Fig. 3C). Analyzing the Cls (Fig. 3D) spectra for GAC-COP
reveals the complex nature of the polymer attached to the surface, in-
cluding the major peak of C—N (287.9 eV) and the minor peaks of C=0
(289.2eV), C—0 (286.4eV), and C—NH, (285.4 eV).

Further elucidation into the structure of the COP attachment is
achieved using the XPS instrument to perform consecutive ion etchings
off the surface of the granule. Although determination of the exact
amount of material removed during each etching is unknown due to the
extreme sensitivity of the process to the interactions between the sur-
face composition, etch-rate, and ion-gun; ion beam etchings, followed
by characterization at each level, provide a depth profile of the mate-
rial. This etching and characterization technique was employed on the
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final GAC-COP-Fe material. The evolution of the Cls spectra (Fig. 4A)
through each etching event outlines a progressive change in the com-
plex polymer-based peak structure from that observed in Fig. 3D to the
primarily single carbon peak structure observed in Fig. 3C. Greater
insight into the nature of the iron speciation found in the final com-
posite is observed in the Fe2p spectra (Fig. 4B). Of particular interest is
the progressive build-up of the two major Fe® peaks and the slow di-
minishing of various other iron oxide peaks, as more ion etchings are
performed. These various Fe2p peaks were confirmed by comparison
with a previous study focusing on XPS analysis of ZVI [39].

Although surface oxidation is inevitable during sample preparation,
it should be noted that the nanoporous structure of the COP material on
the GAC is protecting the iron from the oxidation effects of the sur-
rounding environment, allowing for increased reactivity and shelf-life
of the ZVI. This phenomenon was also previously observed in a similar
study impregnating nZVI into various COPs [28]. Not only did the
speciation of iron change with increasing depth, the percentage of iron
with respect to the other elements present also increased. In the bare
GAGC, the iron content was approximately 1.2% (Table 1), and after the
ion etchings were complete, the iron content had increased to ap-
proximately 3.3%.

3.1.3. SEM analysis

Visual evidence of the successful attachment of COP to the surface
of the GAC was gathered using scanning electron microscopy (SEM).
The structure of the bare GAC (Fig. 5A) reveals the amorphous porous
nature of the granules, inherent in all activated carbons. Following the
grafting of COP onto the surface of the GAG, it is apparent that there has
been a polymer shell grafted to the surface (Fig. 5B), as it is that the
larger pores of the activated carbon are filled in with the nanoporous
polymer material. When images at higher magnification are obtained
for bare GAC (Fig. 5C) and GAC-COP-Fe (Fig. 5D), it is easier to see that
the surface has been coated and filled in with the polymeric network.
For comparison, imaging of GAC-Fe (Fig. 5E) reveals a similar barren
amorphous landscape to bare GAC, but with loosely bound clusters of
nZVI scattered across the surface. Clusters of nZVI found in GAC-COP-
Fe were physically observed under higher magnification (Fig. 5F) that
are typical of nZVI clustering into chain-like formations. Ultimately,
further elucidation is achieved after the impregnation of iron when
using energy-dispersive X-ray spectroscopy (EDS) coupled with the SEM
imaging. Fig. 5G and 5H give images of identical areas of a GAC-COP-Fe
granule, 5G bearing the raw SEM electron image and 5H bearing the
corresponding SEM-EDS iron mapping image. It can be determined
from the SEM-EDS that there are clusters and regions of iron (colored in
yellow) distributed, albeit unevenly, over the entire granule surface.
The lack of uniformity in iron distribution on the GAC surface is in-
herently a natural phenomenon in the process of iron impregnation,
due to the susceptibility of nZVI to inter-particle attractive forces
[34,35]; and, this has also been observed before when impregnating
nZVI onto/into GAC [40].

3.1.4. Reactive iron content

The total amount of iron found in the samples was determined by
acid digestion, followed by analysis with atomic absorption spectro-
scopy (AAS). Results for the amount of iron found in GAC-Fe were
comparable to previously reported numbers from a study also attaching
nZVI to GAC with similar size distributions [41]. However, the total
iron content, as determined by AAS, decreased when after in situ re-
duction of ferrous iron to nZVI within the GAC-COP matrix (GAC-COP-
Fe), from approximately 17 mg-Fe/g-GAC to 9 mg-Fe/g-GAC. This loss
in total iron percentage can be explained due to the added mass of the
COP shell grafted to the GAC surface, as well as the smaller pore sizes of
the COP material inhibiting more mass transfer of iron into the com-
posite matrix. Although, the trend was opposite when measuring the
hydrogen gas production (Eq. (3)). Under controlled anaerobic condi-
tions during measurement, in order to prevent any external oxidation,
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Fig. 3. X-ray photoelectron spectroscopy data for: A) Bare

A Cis B
N1s GAC survey scan; B) GAC-COP survey scan; C) Cls scan for
bare GAC; and D) Cls scan for GAC-COP.
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Fig. 4. X-ray photoelectron spectroscopy data for: A) depth
profile ion etched C1s scan for GAC-COP-Fe (note that the x-
axis has been reversed to better display peak variation); B)
depth profile ion etched Fe2p scan for GAC-COP-Fe; C) peak
deconvolution of Cls scan etch-0 (before etchings) in plot
A; and D) peak deconvolution of Fe2p scan etch-9 (after
final etching) in plot B.
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the zero-valent content (i.e. Fe® compared to Fe-total) of the iron in
GAC-Fe was approximately 80.2%, while the zero-valent content of the
iron in GAC-COP-Fe was nearly perfect, at approximately 98.2%. From
these results, it is apparent that the grafted COP material creates con-
ditions where the nZVI is more protected from the surrounding en-
vironment, in terms of susceptibility to oxidation. Correspondingly,
using the same hydrogen gas production method to determine reactive
iron, another study applying nZVI particles to dechlorinate tri-
chloroethylene found that freshly lab-synthesized nZVI and commer-
cially available nZVI contained 92% and 52% reactive iron, respectively
[42]. Moreover, the fact that the reactive iron content increased when
supported on GAC-COP is a major advantage, since often times, stabi-
lizing nZVI with a support material does not also correlate to benefiting
the reactive iron content [43]. This is a breakthrough in the applic-
ability of nZVI for contaminant degradation, in that the composite GAC-
COP-Fe is protecting the nZVI from oxygen and other oxidative con-
stituents in the surrounding environment; while, as is discussed later in

27

T
705 700

the text, still maintaining reactivity with waterborne contaminants. Full
application of nZVI is largely dependent on combatting the negative
effects of oxygen and complexing agents in the surrounding environ-
ment [6]; and, the added benefits of creating an oxidation-shielding
composite will result in a material better suited for real-world im-
plementation.

3.2. Nitrobengene and nitrate reduction

For comparative purposes and to see the effect that the COP shell
has when degrading and removing nitrobenzene, composites of GAC-Fe
and GAC-COP-Fe were tested. Furthermore, for each composite, a
control test was performed to assess the aniline adsorption capacity.
After four hours, the GAC-Fe proved to be capable of adsorbing 233 uM
of aniline (46.7% of original aniline concentration); while it was also
able to produce at least 283 uM of aniline (56.6% of original ni-
trobenzene concentration) before adsorption was the only significant
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(9)

(h)

Fig. 5. Scanning electron microscopy images of: A) bare GAC at low magnification; B)
GAC-COP-Fe at low magnification; C) bare GAC at high magnification D) GAC-COP-Fe at
high magnification; E) GAC-Fe at high magnification; F) nZVI clusters contained within
the GAC-COP-Fe matrix; G) SEM-EDS analysis electron image of GAC-COP-Fe; and H)
corresponding SEM-EDS analysis iron mapping image of Figure-5G.

removal mechanism remaining (Fig. 6A). Concurrently, after four
hours, the GAC-COP-Fe proved to be capable of adsorbing 471 uM of
aniline (94.2% of original aniline concentration); while it also was able
to produce at least 318 uM of aniline (63.6% of original nitrobenzene
concentration) before adsorption was the only significant removal
mechanism remaining (Fig. 6B). Assuming the sum of the adsorbed
aniline in the control test (Fig. 6A,B; red lines) and the produced aniline
in the reactivity test (Fig. 6A,B; blue lines) is the total amount of de-
graded nitrobenzene, and using pseudo first-order kinetics (Eq. (5)),
reaction curves were plotted and calculated rate constants were 0.0702
and 0.2212 min "~ for GAC-Fe and GAC-COP-Fe, respectively (Fig. 6C).
It can therefore be inferred that once both lines converge, the reduction
of nitrobenzene to aniline is essentially over and the remaining oper-
ating mechanism is adsorption. GAC-COP-Fe exhibited not only higher
total removal of nitrobenzene, but also higher aniline adsorption and
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Fig. 6. Nitrobenzene-reduction/aniline-adsorption batch tests, A) aniline adsorption
control experiment (red) and nitrobenzene reduction experiment (blue) by GAC-Fe; B)
aniline adsorption control experiment (red) and nitrobenzene reduction experiment
(blue) by GAC-COP-Fe; and C) reaction kinetics using Eq. (5), in terms of aniline con-
centration, of GAC-Fe (blue, from Fig. 6A) and GAC-COP-Fe (red, from Fig. 6B). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

faster reaction kinetics; outperforming similar materials using nZVI
supported on carbon [9]. The faster reaction kinetics, especially in the
first 15 min, are most likely due to the higher fraction of ZVI compared
with total iron. These tests also reveal an interesting occurrence, in that
GAC-COP-Fe exhibits an extremely larger capacity for nitrobenzene and
aniline adsorption than GAC-Fe. Although somewhat controversial in
the past [44], the most likely explanation of increased adsorption is due
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Fig. 7. Nitrate-reduction/ammonia-adsorption batch tests, A) ammonia adsorption con-
trol experiment (red) and nitrate reduction experiment (blue) by GAC-Fe; B) ammonia
adsorption control experiment (red) and nitrate reduction experiment (blue) by GAC-
COP-Fe; and C) reaction kinetics using Eq. (5), in terms of ammonia concentration, of
GAC-Fe (blue, from Fig. 7A) and GAC-COP-Fe (red, from Fig. 7B). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

to the phenomenon of pi-pi stacking between the different aromatic
components of the COP material and the nitrobenzene and/or aniline,
of which similar occurrences have been observed or synthesized before
[45-47]. Therefore, exact quantification of nitrobenzene becomes dif-
ficult, but we assume that the sum of produced aniline and adsorbed
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aniline can be the maximum amount of nitrobenzene reduction
(Fig. 6C). The synergistic effects of the adsorption capacity of the GAC-
COP and the degradation capability of the nZVI make this a very ef-
fective material for environmental remediation.

As with the assessment with nitrobenzene, for comparative pur-
poses, and to see the effect that the COP shell has when degrading and
removing nitrate, composites of GAC-Fe and GAC-COP-Fe were tested.
Again, for each composite, a control test was performed to assess the
ammonia adsorption capacity. After four hours, the GAC-Fe proved to
be capable of adsorbing 12.2 mg-N/L of ammonia (48.8% of original
ammonia concentration); while it also was able to produce at least
11.6 mg-N/L of ammonia (46.4% of original nitrate concentration)
before adsorption was the only significant removal mechanism re-
maining (Fig. 7A). Concurrently, after four hours the GAC-COP-Fe
proved to be capable of adsorbing 20.0 mg-N/L of ammonia (79.9% of
original ammonia concentration); while it also was able to produce at
least 6.3 mg-N/L of ammonia (25.2% of original nitrate concentration)
before adsorption was the only significant removal mechanism re-
maining (Fig. 7B). Assuming the sum of the adsorbed ammonia in the
control test (Fig. 7A,B; red lines) and the produced ammonia in the
reactivity test (Fig. 7A,B; blue lines) is the total amount of degraded
nitrate, and using pseudo first-order kinetics (Eq. (5)), reaction curves
were plotted and calculated rate constants were 0.04611 and
0.04541 min~' for GAC-Fe and GAC-COP-Fe, respectively (Fig. 7C).
Again here, it can also be inferred that once both lines converge, the
reduction of nitrate to ammonia is essentially over and the remaining
operating mechanism is adsorption. Overall, the degradation and re-
moval of contaminants was more effective with GAC-COP-Fe; and that
the degradation and removal by GAC-COP-Fe favors aromatic con-
taminants due to the effect of pi-pi stacking of the aromatic compound
to the COP material. As previously discussed, the attached polymer has
a natural affinity towards aromatic compounds, due to the phenomenon
of pi-pi stacking; which is most likely the explanation for the lower
removal kinetics of nitrate by GAC-COP-Fe. Although not as pro-
nounced as with nitrobenzene, nitrate removal is apparent. The de-
gradation and removal of nitrate is not hindered by the polymeric
network itself; giving rise to the fact that the polymeric network de-
monstrates obvious benefits for aromatics like nitrobenzene, while not
losing any ability in the capacity to remove simple inorganic com-
pounds like nitrate. The most likely reasoning for this is the known
affinity of nitrate coordination in imine-linked compounds [48,49], as it
is that the COP-19 grafted to GAC also contains these imine linkages.
Furthermore, these same studies [48,49] also demonstrate the com-
plexation of iron and other metal ions to imine-linked compounds; this
may also occur with the grafted polymer here, further enhancing iron
impregnation and subsequent nZVI formation.

4. Conclusions

In this study, covalent organic polymer (COP) was grafted to the
surface of granular activated carbon (GAC), which was confirmed using
TGA-IR analysis, XPS analysis, and SEM imaging. Subsequently, nano-
iron was loaded into the porous structure of the GAC-COP, as well as
bare GAC, for reference. These impregnated iron particles were then
reduced to their zero-valent state via in situ chemical reduction, which
was confirmed by atomic absorption spectroscopy (AAS) for the total
iron content, and by H, gas production via acid digestion for ZVI
content. Further analysis with XPS, using a depth profile technique,
revealed two very interesting profiles. First, the shift in grafted COP on
the surface on the surface of the granules to pure carbon towards the
core of the granules; and second, that the iron content not only in-
creased with increasing depth into the granules, but also that the spe-
ciation of iron gradually transitioned from slightly oxidized at the
surface to dominantly zero-valent with increasing depth. The porous
nature of the COP material grafted to the surface proved to act as a
means for entrapment of the nZVI; as well as act as a protective barrier
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against oxidation, evident from the iron being nearly 100% zero-valent
in the GAC-COP-Fe granules. This then led to improved removal, in
terms of adsorption and degradation, of nitrobenzene and to a lesser
extent nitrate. Although, adsorption of nitrobenzene and aniline to the
COP via pi-pi stacking interfered with detection of nitrobenzene ad-
sorption, reaction kinetics were much higher with GAC-COP-Fe vs.
GAC-Fe. Ultimately, it was determined that grafting nanoporous poly-
mers to GAC can not only protect nZVI from oxidation, but also leads to
increased reaction and removal kinetics of contaminants in water. Due
to their physico-chemical properties, including contaminant reactivity
and optimal granule size, these materials are very promising candidates
for the application into flow-through column or packed-bed container
water treatment systems.
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