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Abstract: The compound p-Nitrophenol (p-NP) is widely recognized as a highly toxic nitro-aromatic
substance that urgently requires emission control. Reducing p-NP to p-aminophenol (p-AP) not only
decreases its toxicity and mineralization properties in nature but also provides a key raw material
for the chemical and pharmaceutical industries. The study used coal fly ash (CFA) as a catalyst
carrier for synthesizing the p-NP reduction catalyst. Using CFA as an alternative option not only
reduces costs but also achieves the objective of treating waste with waste compared to utilizing
commercial solid materials for synthesizing catalysts. By employing hydrochloric acid and sodium
hydroxide pretreatment methods, the physicochemical properties of CFA are significantly improved,
enhancing the dispersion of palladium (Pd) nanoparticles. The structural features of the prepared
samples were characterized using various surface analysis techniques, and both intermittent and
continuous modes were experimentally tested for the model catalytic reaction involving the sodium
borohydride (NaBH4)-mediated reduction of p-NP. The results demonstrate that CFA has potential in

wastewater treatment.

Keywords: p-Nitrophenol; catalytic reduction; sodium borohydride; coal fly ash; palladium

1. Introduction

The compound p-NP is widely recognized as a highly toxic nitro-aromatic substance,
inflicting severe damage to the central nervous system, skin, kidneys, and liver in hu-
mans [1]. Furthermore, p-NP exhibits remarkable stability and solubility, making it exten-
sively utilized in various industrial sectors such as rubber production, dye manufacturing,
pharmaceutical development, and pesticide formulation. Consequently, p-NP has become
ubiquitous in the environment [2]. Due to its pervasive presence and toxicity levels of
concern, the United States Environmental Protection Agency (USEPA) has classified p-NP
as a priority hazardous pollutant since 1979. As a result of this classification, strict reg-
ulations have been imposed on water sources to limit the concentration of p-NP to less
than 10 ng L~ [3,4]. Considering the detrimental effects that nitrophenol poses on human
health, it becomes imperative to degrade this compound into less harmful substances.

The current techniques employed for the degradation of p-NP encompass adsorption,
photocatalysis, microbiological approaches, catalytic wet air oxidation, and nitro-reduction,
among an array of other methodologies [5,6]. The adsorption method for p-NP removal
relies on the physical interaction between the adsorbent and p-NP, however, it is time
consuming, incomplete, and necessitates additional devices for collecting the adsorbate [7];
the photocatalytic degradation of p-NP necessitates expensive light devices; the microbi-
ological method for p-NP degradation is inefficient and yields highly toxic intermediate
products [8,9]; and the catalytic wet air oxidation for p-NP degradation requires prolonged
periods of high temperature and pressure to effectively eliminate p-NP [10]. In contrast,
the reduction method is commonly used because of its obvious advantages, such as mild
reaction conditions, simple reaction processing, and environmental friendliness [11-14].
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The reduced product, p-aminophenol (p-AP), is both less toxic and easier to mineralize,
and is also a key raw material for the production of drugs such as paracetamol and an-
tomomycin [15]. Therefore, the selective reduction of p-NP to p-AP reduces not only
environmental pollution but also creates economic value.

In recent years, noble metal nanoparticles have garnered considerable attention in the
realm of multiphase catalysis, showcasing exceptional catalytic performance in numerous
reactions owing to their expansive specific surface area and robust catalytic activity [16].
Among a wide array of precious metals, Pd nanoparticles and Pd-based complexes are
frequently employed for catalytic hydrogenation due to their remarkable reduction capabil-
ities [17]. Nonetheless, Pd nanoparticles possess an exceedingly high surface energy and
are susceptible to agglomeration, which can significantly diminish their catalytic activity;
moreover, homogeneous Pd catalysts prove arduous to separate and recover upon the
completion of the catalytic reaction [18,19].

In order to tackle this predicament, researchers have augmented the catalytic prowess
of Pd nanoparticles by embellishing and fortifying metallic Pd nanoparticles employing
an array of solid materials such as graphene [20], silica [21], zeolite [22], metal-organic
frameworks (MOFs) [23], covalent organic frameworks (COFs) [24], etc.

CFA is the main solid waste discharged from coal-fired power plants and mainly
consists of unburned carbon, metal oxides, and other inorganic materials [25]. In recent
years, due to the rapid development of the industry, the amount of CFA discharged has
increased greatly, which will pollute the air and natural waters and affect the normal
life of human beings [26]. To this end, a multitude of researchers have embarked on
endeavors to metamorphose CFA into materials of elevated value. Currently, CFA has
found utility in the fabrication of clay bricks, cement, agricultural fertilizers, and other
commodities [27]. Due to the exceptional thermal stability of CFA, it is also employed
as an adsorption catalytic material. Furthermore, the physicochemical properties of CFA
can be significantly enhanced through various common modifications such as mechanical
milling [28], acid modification [29], alkali modification [30], salt modification [31], and so
forth. Wang et al. employed sulfuric acid treatment on CFA to augment its specific surface
area, thereby enhancing the adsorption efficiency of ammonia in waste gas. The results
of the study showed that the adsorption performance of acid-modified CFA increased by
427% compared to untreated CFA [32]. Niladri Maity et al., used CFA as a carrier loaded
with Pd-Ag bimetallic for p-NP reduction, and the reduction performance was significantly
enhanced by optimizing the metal ratio [33]. In addition, because the ratio of SiO, and
Al,O3 in CFA is 60~80%, CFA is often used as a silica—aluminum source for the synthesis
of zeolites. The results show that the 4A zeolite and ZSM-5 zeolite synthesized from CFA
have good adsorption separation effects [34-36].

The utilization of commercial solid materials for synthesizing catalysts in p-NP degra-
dation will inevitably escalate the expenses associated with industrial applications. How-
ever, employing CFA can be a more judicious alternative that not only curtails costs but
also accomplishes the objective of treating waste with waste. Herein, CFA was modified
using hydrochloric acid and sodium hydroxide, resulting in the release of amorphous
sodium silicate and sodium aluminate from the surface of CFA. This structural change
on the CFA surface facilitated the immobilization of Pd nanoparticles. Various surface
analysis techniques were employed to characterize the prepared CFA samples, and different
reaction parameters were also adjusted to evaluate their catalytic reduction performance.
The results demonstrated significant p-NP reduction performance and promising potential
for industrial applications.

2. Results and Discussion
2.1. Surface Characteristics of Different Coal Fly Ash Samples
Figure 1 demonstrates the morphological and structural features of CFA, CFA(H) (the

CFA with HCI heat treatment), and CFA(H+Na) (the CFA(H) with NaOH heat treatment)
characterized by SEM at different optical magnifications. As shown by electron microscopy,
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the pristine CFA exhibits typical spherical aluminosilicate features [37]. Compared with
CFA, CFA(H) also inherited this spherical morphology. However, the specific surface area
(SeeT) and the total pore volume (V1) of CFA(H) exhibited a slight increase compared to
the untreated CFA, as detailed in Table 1. This enhancement can be ascribed to the acid
modification process, which effectively removed surface impurities and alkali metal salts,
thereby activating the pore structures and enhancing the material’s overall surface area and

pore volume [25].

Figure 1. SEM images of CFA (al,a2), CFA(H) (b1,b2), and CFA(H+Na) (c1,c2).

Table 1. Pore parameters and elemental contents of different CFA samples.

ICP Analysis (10~2 g/g)

Samples S 2/ vV 3 Pore Si
P BET (m*/g) total (cm°/g) ore Size (nm) Si Al Ca Fe Mg Pd
CFA 1.47 0.0047 8.14 19.04  16.03 3.99 3.77 0.74 /
CFA(H) 11.37 0.0083 9.72 1571 1515 1.03 1.32 0.21 /
CFA(H+Na) 66.61 0.1443 10.68 9.75 12.36 0.67 0.98 0.13 /
Pd-CFA(H+Na) 67.35 0.1022 9.65 9.62 12.16 0.81 0.85 0.08 1.23

The ICP results in Figure 2 also prove that the contents of Mg ions, Ca ions, and Fe ions
on the surface of pristine CFA were significantly reduced under the effect of acid treatment.
After alkali modification, the surface of CFA(H+Na) became even rougher and large cracks
appeared, which was mainly due to the surface mullite and quartz that dissolved like
sodium silicate and sodium aluminates [38,39]. This treatment significantly expanded
the specific surface area and enhanced the pore structure of CFA(H). The ICP results also
showed that the Si and Al elements were significantly reduced after alkali treatment.



Catalysts 2024, 14, 600 40f14

o

CFA CFA(H)
15001 . 1500 1
Si
N 4 Al = 4
= 1000 > 1000 Al
2 2
Q Q
= =
5004 Ca 500 1
C, Mg C
Ca Fe Mg Ca Fe
0 T T y 0 T T T
0 2 4 6 0 2 4 6
Engrgy (keV) Engrgy (keV)
20
C CFA(H+Na) d CFA
1500 T crAM)
R 15 CFA(H+Na)
N
< Q4 |
g 1000+ 2 |
= 0 x 10
£ Al =
= . o
= 5004 Si
Na >
C
Ca Fe . -
0 T T T 0
0 2 4 6 Si Al Ca Fe Mg

Engrgy (keV)

Figure 2. EDS analyses of (a) CFA, (b) CFA(H), and (c) CFA(H+Na); (d) ICP analyses of CFA, CFA(H),
and CFA(H+Na).

The XRD spectra of different CFA samples are shown in Figure 3, where the charac-
teristic peaks at 20 = 16.4°, 26.0°, 26.3°, 31.0°, 33.2°, 35.3°, 40.9°, 42.6°, and 60.7° belong
to mullite, and the characteristic peaks at 26 = 20.9°, 26.6°, 36.5°, 50.1°, and 60.0° belong
to quartz [40]. In addition, the presence of distinct diffuse packet peaks between 20 = 15°
and 30° suggest that CFA contains a significant amount of amorphous glassy phase mate-
rial [41,42]. After acid modification, the XRD spectra of CFA(H) did not change significantly
compared with the original CFA. After further alkali modification, the diffuse packet peaks
between 26 = 15° and 30° disappeared markedly, indicating that the amorphous glassy
phase material of the CFA had been dissolved by sodium hydroxide. The crystallinity of
the Pd-CFA(H+Na) sample did not change significantly after Pd nanoparticle loading, and
no characteristic peaks of Pd were found in the XRD pattern of this sample. Figure S1
shows the XRD spectra of Pd-CFA(H+Na) with different Pd loadings, and no characteristic
peaks of Pd were detected for all Pd-CFA(H+Na) samples, which is attributed to the low
content of Pd loading with superior dispersion.
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Figure 3. XRD spectra of CFA, CFA(H), CFA(H+Na), and 1.25 wt% Pd-CFA(H+Na).
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The EDS mapping analysis of Pd-CFA(H+Na) was carried out (see Figure 4) in order
to observe the distribution of Pd nanoparticles on CFA(H+Na), which exhibit that the
Pd nanoparticles that were well dispersed over CFA(H+Na) consisted of other elements
(Figure 5). The ICP results indicated that the mass fraction of Pd in the catalysts prepared
by the impregnation reduction method was about 1.23 wt%, aligning with the theoretical
value and confirming the successful loading of Pd nanoparticles onto CFA(H+Na).

d € i
Al Si

Figure 4. EDS mapping of 1.25 wt% Pd-CFA(H+Na). Catalysts: electron mapping of (a) 1.25%-Pd-
CFA(H+Na); (b) O; (c) Na; (d) Al; (e) Si; (f) Pd.

Figure 5. TEM image of 1.25 wt% Pd-CFA (H+Na). Catalysts: (a,b) TEM; (c,d) HRTEM.

The TEM and HRTEM images of Pd-CFA(H+Na) are shown in Figure 5 where the
black dots are highly dispersed Pd NPs with uniform size, and no agglomerated state
was found. The exposed lattice stripes of Pd nanoparticles with a lattice stripe spacing of
0.223 nm and 0.195 nm belonged to the Pd (111) crystallographic plane and the Pd (200)
crystallographic plane, respectively [43,44].
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An XPS analysis of Pd-CFA(H+Na) was also carried out. Figure 6a shows the full
XPS spectrum of Pd-CFA(H+Na), where the presence of carbon, oxygen, and Pd elements
on the surface of the catalyst was observed. Figure 6b shows the Pd 3d pattern of the Pd-
CFA(H+Na) sample, which can be fitted to four peaks. The peaks at 335.4, 336.2, 340.7, and
341.5 eV correspond to Pd’3ds,,, Pd?*3ds /o, Pd?3d;,,, and Pd?*3d;,,, respectively [45,46].
Analyzed by the convolutions of the peak areas, the contents of Pd’ and Pd?* can be
calculated as 76.34% and 23.66%, indicating that the loaded Pd nanoparticles are mainly
present as Pd’.

a 0ls b Pd 3d Pd'3d,,
Pd’3d;,
: zf
S 172]
b5y =]
E Cls :g P& 3ds, Pd* 3d,
Pd 3d P W
600 550 500 450 400 350 300 250 200 344 342 340 338 336 334 332
Binding Energy (eV) Binding Energy (eV)

Figure 6. (a) XPS total spectrum of Pd-CFA(H+Na); (b) XPS spectrum of Pd 3d.

2.2. Reduction Performanceof p-Nitrophenol

The catalytic performance of Pd-CFA(H+Na) was assessed by utilizing NaBH, to
reduce p-NP to p-AP. In Figure 7a, a distinct absorption peak at 317 nm can be observed
for the aqueous solution of p-NP. Upon the addition of NaBHjy, the absorption peak
shifted to 400 nm due to the acid-base reaction between p-NP and NaBHy, resulting in the
formation of a p-NP anion [47]. The ratio of the concentration of p-NP at time t to the initial
concentration is estimated from the Beer-Lambert law.

In(A¢/Ag) = In(C/Co) = —Kobs-p-np(t — to), ey

(Ct and At are the concentration of p-NP at moment t and the absorbance value at
A =400 nm; Cy and A are the initial concentration and absorbance value of p-NP).

The freshly prepared NaBH4 solution did not reduce p-NP in the absence of catalyst
presence (Figure 7b). The changes in the characteristic peaks of 1.25 wt% Pd-CFA(H+Na)
in the reduction of p-NP under the condition of NaBHj as the reducing agent are shown
in Figure 7c. As the reaction proceeds, the absorption peak of p-NP at 400 nm gradually
decreases, the absorption peak of the reduced product, p-AP, at 298 nm gradually enhances,
the absorption peak of p-NP completely disappears after 5 min, and the color of the
solution changes from bright yellow to colorless (see Figure S2), indicating that p-NP is
completely reduced [48]. Based on the good linear relationship between In(A¢/A) and
reaction time (Figure 7d), the apparent rate constant (k) for the p-NP reduction reaction of
Pd-CFA(H+Na) was calculated to be 0.95 min~! (R? = 0.99), which exhibits preferable p-NP
reduction activity compared to recently reported noble metal-based materials (see Table 2).



Catalysts 2024, 14, 600

7 of 14

d p-NP b A 0
—— p-NP+NaBH, f —— 5 min
10 min
15 min
51 51 .
£ g 20 an
. 2 25 min
2 g 30 min
e} e}
= <
200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)
C 0 min dO-
—— 1 min
2 min 14 o
. 3 miti k=-0.95 min
g 4min| — R2:09902
< . <° 24
2 Smin| &
3 <
£ -
< A =3
; n
\\Va \/\ -5+
200 250 300 350 400 450 500 550 0 1 2 3 4 5
Wavelength (nm) Time (min)

Figure 7. (a) UV-visible absorption spectra of p-NP solution before and after addition of NaBHy;
(b) UV-vis absorption spectra of p-NP+NaBH, in the absence of Pd-CFA(H+Na) within 30 min;
(c) UV—visible absorption spectra of the catalytic reaction performance of p-NP+NaBH4+Pd-
CFA(H+Na) at different time intervals within 5 min; and (d) rate constant of 1.25 wt% Pd-CFA
(H+Na) reduction of p-NP.

Table 2. Comparison of the performance of metal catalysts for the reduction of p-NP in the presence
of NaBH4.

Catalysts Cp-np (mM) CNaBus (mM) Ceat (g/L)  k(min—1) Ref.
Fe;0,@COF-Au 1.0 440 0.33 0.22 [49]
Pd@MOPOH 0.1 10 0.16 0.65 [50]
Ag/CA2.0 0.14 28.8 1 0.34 [51]
Cu/CMC 0.13 50 1.67 0.21 [52]
Cu/Cs@CMC 0.13 50 1.67 0.38 [52]
Zn0O-5i0,-Ag 0.1 7.5 2.5 0.26 [53]
FA-Pd-Ag 0.01 1 0.2 0.72 [54]
Au@g-C3Ny 0.2 7 1 0.9 [55]
Pd-CFA(H+Na) 0.8 40 1 0.95 This work

In contrast, CFA(H+Na) showed almost no reduction performance (Figure S3). There-
fore, the reduction of p-NP can be catalyzed by Pd-CFA(H+Na) only when Pd serves as
the active center, providing the catalytic reaction site. The possible mechanism for the
reduction of p-NP by Pd-CFA(H+Na) is exhibited in Scheme 1. Firstly, p-NP is converted
to p-NP ions due to the increase in solution pH by the addition of NaBH4. Then, the
active hydrogen from [BH4]~ will be transferred to the metal nanoparticles to generate the
metal hydride. Concurrently, the catalyst continues to adsorb the active hydrogen from
[BH4]~ to reduce p-NP in the solution to nitrosophenol and p hydroxyphenol, and finally,
to p-AP [56,57].
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NH,
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Scheme 1. Reaction pathway for catalyst reduction of p-NP to p-AP.

2.3. Reaction Parameter Influence

The impact of Pd loading on the catalytic performance of the catalysts was investigated
and shown in Figure 8a, unveiling the determination of an optimal loading. The catalytic
activity exhibited a gradual enhancement with increased loading, reaching its pinnacle at
1.25 wt%, which achieved a complete reduction of p-NP within a mere 5 min. However,
further increments in Pd loading will lead to a subsequent decline in catalytic activity due
to the potential agglomeration of Pd nanoparticles on the catalyst surface [15]. The effect
of p-NP concentration on the performance of the catalyst for the reduction of p-NP was
also investigated. Figure 8b illustrates the plot of A;/Aq as a function of reaction time.
Based on the experimental findings, it is evident that the reduction efficiency remained
relatively constant when the concentration was increased from 0.1 mM to 0.8 mM; however,
it decreased upon further increasing the concentration to 1.6 mM due to the excessive
adsorption of p-NP onto the Pd-CFA(H+Na) surface. This excess p-NP competed for
limited adsorption sites, thereby impeding electron transfer from [BH4]~ to p-NP [58]. The
catalyst dosing during the reaction process was also evaluated by varying the dosage of
Pd-CFA(H+Na) from 0.25 g/L to 2 g/L (Figure 8c). Undoubtedly, the rate of reduction
experiments gradually escalated with increasing catalyst dose, attributed to the heightened
activity sites of the catalyst for rapid reduction of a limited quantity of p-NP.

ad 1.0 0.1 wt% Pd

=2

0.1 mM
-~ —0—0.5 wi% Pd 3 —0—02mM
% 0.84 A\ 1Lowt%Pd | < 0.8 0.4 mM
5 125wi% pd| < 0.8 mM
§ 0.64 1.5 wi% Pd § 0.6- 1.6 mM
g 20wt%Pd | B
= = \

8 0.4 8 0.41 \
(=1 =}
o ]
Q ()
2 0.2 2 0.2
Z Z
0.0 0.0 — :
0 1 2 3 4 5 0 1 2 3 4 5
Time (min) Time (min)

C 1.0 025 g/L d 1.
~ —0—05gL |
< 081 Logt | <084
< 15l | <
(=1 [=}
£ 0.6- 208 | 5 6.

g £
= =
8 0.4- 8 0.41
=) [=]
] ]
o [5)
o 4 0] -
Z 0.2 7 0.2
o o

0.0 0.0

0 1 2 3 4 5 0 1 2 3 4 5
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Figure 8. Effect of different reaction conditions on the performance of reduced p-NP: (a) Pd loading;
(b) p-NP concentration; (c) catalyst injection; and (d) NaBH,4 concentration.
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p-NP conversion (%)

In this experiment, NaBH4 serves as the hydrogen donor for the catalytic reaction,
thus emphasizing the significance of varying NaBH, concentrations on the performance of
p-NP reduction. Figure 8d illustrates a clear trend where an elevated NaBH4 concentration
leads to an enhanced catalytic reduction efficiency. This phenomenon can be attributed to
the fact that higher levels of NaBHj result in an increased abundance of NaBHj ions, which
in turn provide more hydrogen for the conversion of p-NP into p-AP [59]. However, it is
noteworthy that beyond a certain point (specifically when increasing from 40 mM to 80 mM),
further increments in NaBH, concentration do not yield any additional improvements in
reaction efficiency or rate. This observation suggests that under these reaction conditions,
there exists a saturation point regarding [BH4]~ ion availability and consequently, the
excessive addition of NaBH4 becomes impractical due to cost considerations.

2.4. Stability Test of Catalyst

The durability and stable utilization of the catalyst are pivotal in practical applications.
Following the catalytic reaction, the catalyst was separated and utilized for subsequent
catalytic experiments. Figure 9a depicts that the reduction performance of the catalyst
exhibited a decline after undergoing five cycles of experimentation, potentially attributed to
a slight loss in catalyst quality during pretreatment at different reaction intervals. Figure 9b
compares the XRD patterns of Pd-CFA(H+Na) before and after five cycles of experimenta-
tion, revealing no significant alteration in the structure of the catalyst, thereby indicating
its exceptional structural stability.

b

1004 - - . Recyeled Pd-CFA(H+Na)
I
80 - _
s
3
60 N >
g ‘ Pd JCPDS NO. 05-0681
404 2 |
- | Quartz JCPDS NO. 46-1045
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Recyele number 2 Theta (degree)

Figure 9. (a) Cycling performance test of reduced p-NP; (b) the XRD plots of Pd-CFA(H+Na).

2.5. Continuous Reaction Process

An investigation of the continuous reaction process was conducted to assess the
practical applicability of the catalyst in terms of its p-NP reduction performance. As shown
in Figure 10, Pd-CFA(H+Na) was immobilized in the fixed-bed reactor and then a mixture
of p-NP and NaBH4 was fed into the reactor via a peristaltic pump. The reaction solution
was received through a beaker and the concentration of p-NP and p-AP was analyzed with
UV spectrophotometry.

As shown in Figure 11a, when the flow rate was set to 1 mL/min and the concentration
of p-NP was 0.8 mM, the UV-visible absorption peak of p-NP at 400 nm disappeared and
a new peak appeared at 298 nm after passing through the reactor in the mixed solution,
indicating the complete reduction of p-NP and the generation of the reduction product
p-AP. The experimental results in Figure 11b are utilized to assess the stability of the
catalyst. The continuous conversion of p-NP to p-AP (conversion rate exceeding 97%)
can be sustained for over three hours (at a flow rate of 1 mL/min) and initiates a gradual
decline in the subsequent two hours, nevertheless, maintaining a conversion rate above
90%. The incomplete desorption of a small portion of the reduction product p-AP may
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potentially account for this phenomenon as it obstructs the interaction between the active
site and p-NP [60].

A
LE

N '/":-,
N8

Reactor

—

p-NP+NaBH, Peristaltic Pump

Figure 10. Schematic of the continuous flow filtration experiment in the fixed-bed reactor.
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Figure 11. (a) UV-visible spectra of reactant solutions before and after flowing through the reactor;
(b) durability test for the catalytic reduction of p-NP in the reactor (1 mL/min); (c) effect of different
flow rates at different concentrations on the reduction performance of p-NP.

The impact of varying flow rates on the reduction experiments was also examined, and
the experimental results are showcased in Figure 11c. It can be observed that as the flow
rate increases from 1 mL/min to 3 mL/min, there is a decrease in the conversion of p-NP to
p-AP. This decline is primarily attributed to the reduced reaction residence time in the fixed
bed caused by an increase in flow rate, consequently diminishing catalytic performance [61].
However, this phenomenon can be mitigated by reducing the concentration of the p-NP
solution from 0.8 mM to 0.4 mM. The rapid catalytic reduction of p-NP using a fixed-reactor
system reveals the potential practical application of this system.

3. Materials and Methods
3.1. Materials

The CFA was sourced from the Zhoushan Power Plant of China’s National Energy
Group. The chemicals used in this study, which were concentrated hydrochloric acid (HCI,
AR), concentrated sulfuric acid (HpSO4, AR), and acetone (C3HgO, AR), were purchased
from Shuanglin Chemical Science and Technology Co., Ltd. (Huzhou, China). p-nitrophenol
(p-NP > 99.5%), NaBHy (AR), and sodium tetrachloropalladate (NayPdCly, 98%) were
purchased from Aladdin Chemical Technology Co., Ltd. (Shanghai, China). The deionized
water was purified by Millipore’s Mill-Q system (Billerica, MA, USA), and the resistivity
was >182MQ cm ~ L.
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3.2. Synthesis

The modification methods of CFA were as follows: 30 g of CFA screened through a
100-mesh filter (<150 um) was stirred with 300 mL of 1.2 mol/L HCI solution for 2 h at
85 °C. After stirring, it was separated by cooling and filtration; the filtrate was then rinsed
with deionized water until the pH of the filtrate was neutral. After that, it was dried at
60 °C overnight. The prepared catalysts were labelled for CFA(H).

Acid-modified CFA 30 g and 150 mL of 5 mol/L NaOH solution were mixed well and
heated in a sealed oven at 100 °C for 24 h. After the reaction, the filtrate was then rinsed
with deionized water and ethanol until the pH of the filtrate was neutral, and dried at 60 °C
overnight. The prepared catalysts were labelled for CFA(H+Na).

The catalysts were prepared by an impregnation reduction method [62,63]: 1 g of
CFA(H+Na) was dispersed in 15 mL of deionized water, mechanically stirred for 10 min,
Na,PdCly (3.5 mL, 0.034 mol/L) solution was added, Na,PdCly solution was stirred
with CFA(H+Na) suspension at room temperature and stirred for 0.5 h, then, the freshly
configured NaBHy solution (0.05 mol/L, 5.0 mL) was added, and stirring continued at
room temperature for 1 h. The catalyst was washed with deionized water and acetone by
centrifugation and dried in a vacuum oven at 60 °C for 2 h. The catalyst obtained was
named 1.25 wt% Pd-CFA(H+Na).

3.3. Characterization

The structural information of different coal fly ash samples was measured by X-ray
powder diffraction (XRD, Haoyuan DX-2700, Dandong, China) using Cu-targeted Ka-
ray radiation. The microstructures of different CFA samples were observed by using a
scanning electron microscope (SEM, Hitachi SU-8100, Tokyo, Japan) equipped with an
energy dispersive X-ray spectrometer (EDS) and a transmission electron microscope (TEM,
JEM 2100, Tokyo, Japan). The nitrogen adsorption-desorption isotherms were detected
by an ASAP 2020 analyzer (Micromeritics, Norcross, GA, USA). The inductively coupled
plasma emission spectroscopy (ICP-OES) was measured using an iCAP PRO XP ICP-OES
emission spectrometer (Thermo, Waltham, MA, USA). The specific surface area and pore
size distribution of different CFA samples were determined using Brunauer-Emmet-Teller
(BET) and Barrett-Joyner-Halenda (BJH). The samples were degassed at 300 °C for 4 h
before actual measurements. The total pore volume was calculated using the single-point
method at a relative pressure (P/Py) of 0.99. The elemental composition and chemical
environment of the CFA samples were analyzed with X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra DLD, Shimadzu, Kyoto, Japan).

3.4. Performance

The catalyst activity was evaluated using the ability of the catalyst to reduce p-NP in
both batch and fixed-bed reactors; all experiments were carried out at a room temperature
of 25 °C.

In the batch mode, 100 mg of Pd-CFA(H+Na) was dispersed into an aqueous solution
of p-NP (0.8 mM, 100 mL) containing 0.04 M NaBHj for the reduction reaction. At the given
time interval, 3 mL of reaction solution was collected and the experiment lasted for 5 min;
the solution was filtered through a 0.22 um inorganic filter membrane to remove solids, and
then diluted with deionized water. The filtered and diluted solutions were analyzed for
changes in p-NP and p-AP concentrations with a UV spectrophotometer (UV-Vis, UV-2600,
Shimadzu, Kyoto, Japan) detecting and recording the absorbance values of the reaction
solutions at 400 nm and 298 nm. All experimental data were averaged over three replicates.

In the fixed-bed mode, 100 mg of Pd-CFA(H+Na) was immobilized in a catalytic reactor
and different concentrations of p-NP were mixed with freshly prepared 0.04 M NaBHy,
which was catalyzed by Pd nanoparticles; the reaction was carried out by a peristaltic
pump at a certain flow rate through the reactor, and the solution flowing through Pd-
CFA(H+Na) at 30 min was collected and diluted with deionized water; the p-NP and p-AP
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concentrations in the solution were measured with UV spectrophotometer concentrations
to achieve continuous dynamic catalysis.

4. Conclusions

Herein, CFA-based catalysts loaded with modified CFA as the carrier and Pd’ as the
active phase were synthesized. The structural characterization of the CFA samples before
and after modification was conducted using XRD, FESEM, TEM, ICP, and N, adsorption-
desorption techniques. After acid—base modification, the specific surface area of CFA
increased significantly from 1.47 m?2/ g to 66.61 m?2/ g. Furthermore, loading Pd greatly
enhanced the reduction performance of p-NP. The catalytic deoxidizing reaction over the
Pd-CFA(H+Na) catalyst exhibited exceptional conversion of p-NP to p-AP in both batch
and fixed-bed reactions. This work demonstrates that CFA can be effectively transformed
into an industrially valuable catalytic material through resource reuse.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ catal14090600/s1: Figure S1: The XRD spectra of CFA with
different Pd loadings; Figure S2: Left p-NP; middle p-NP added to NaBHj, right after addition of
catalyst reaction; and Figure S3: The comparison of the performance of different CFA samples for the
reduction of p-NP.
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