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Abstract
In the present work, we report the synthesis of a low-cost microporous sucrose-based carbon foam (ACF) with a specific 
surface area of 591.29 m2/g, which was used as support for the preparation of a palladium-based (ACF-Pd) heterogeneous 
catalyst. The prepared ACF-Pd heterogeneous catalyst was characterized using BET, Raman, XPS, XRD, TEM, SEM and 
EDS methods. The catalytic reduction/decolorization capacity of microporous ACF-Pd was investigated for the reduction 
of various nitroarenes (2-nitroaniline, 4-nitroaniline, 4-nitrophenol and 4-nitro-o-phenylenediamine) and organic dyes 
(methyl orange, methylene blue and rhodamine B) by UV-Vis spectroscopy in an aqueous medium, with NaBH4 as the 
reducing agent at room temperature. The advantages of this method include short reaction times, mild reaction conditions, 
high yields, easy separation and excellent chemical stability of the catalyst due to its reusability. The results of the catalytic 
tests showed that the reduction/discoloration reactions of both nitro compounds and organic dyes were successfully carried 
out within 0–100  s, owing to the strong catalytic ability of ACF-Pd. Moreover, the catalytic reduction of 2-nitroaniline 
was carried out five times in consecutive run without both noticeable decrease in the catalytic and any change in the 
morphology of the catalyst, confirming that it is a sustainable and robust nano catalyst.
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Carbon foam based microporous Pd(0) catalyst: the rapid and efficient 
reduction of organic pollutants

Zehra Özçifçi1 · Nuray Yılmaz Baran2 · Hakkı Türker Akçay1 · Kaan Karaoğlu3 · Talat Baran2

[1]. The nitro group in nitroarenes makes them valuable in 
chemical syntheses for a wide range of organic compounds, 
from drugs to dyes, cosmetics to herbicides, and pesticides 
[2]. Nitroarens are critical in the production of explosives, 
preservatives, antioxidants, gasoline additives, corrosion 
inhibitors, and other industrial chemicals [3, 4]. However, 
leaks during the use, storage and disposal of these com-
pounds to water pose a serious threat to the environment. 
Their effects on living organisms are not only toxic; they are 
also a source of concern due to their mutagenic and carci-
nogenic properties [5]. In this context, nitroaromatics have 
been listed as a priority pollutant by the United States Envi-
ronmental Protection Agency emphasizes the seriousness of 
the environmental and health risks posed by nitroaromatics 
[6, 7]. Another class of environmental pollutants is organic 
dyes, which are heavily used in industry. There are more 
than 10,000 organic dyes used heavily in industries such as 
textiles, leather, paper, cosmetics and food [8]. According 
to the research, it is estimated that about 20% of the dyes 
used worldwide are discharged to the environment during 
the dyeing process without any additional treatment [9]. 
The toxic and carcinogenic effects of these dyes and their 

1  Introduction

Today, industrial production is showing an increasing 
trend due to the growing consumption needs. Accordingly, 
there is a significant increase in the production of syn-
thetic chemicals. Despite all environmental regulations, the 
organic pollutants released from these processes seriously 
threaten our ecosystem. Nitroarenes and industrial organic 
dyes, both of which pose a serious threat to the ecosystem 
due to their stable chemical structure and biomagnification 
potential, are compounds that are toxic to living organisms 
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degradation products on both the ecosystem and the human 
body have been identified [10].

Catalytic degradation processes have emerged as a prom-
ising method for the removal of pollutants. Catalysts used 
in these processes, which can generally occur through oxi-
dation, reduction, and hydrolysis, enhance the degradation 
rate by providing alternative reaction pathways. In catalytic 
reactions, various nanomaterials such as metal oxides (e.g., 
ZnO, TiO2, Co3O4) [11–16], rare metals (e.g., Pt, Pd, Rh, 
Ru) [3, 17–21], enzymes like laccase and peroxidase [22–
24], and graphitic carbon nitride can be utilized [25]. Rare 
metals can be deposited onto various support materials, such 
as alumina, carbon-based materials (e.g. carbon nanotubes 
(CNT), graphene, carbon foam and activated carbon), and 
zeolite, to enhance their catalytic activity, as they tend to 
cluster at the nano scale. Particularly, activated carbons are 
effective support materials for metal nanoparticles due to 
their ability to be produced from diverse sources, low cost, 
inert structure, high surface area and pore volume.

However, in recent years, carbon-based materials such as 
carbon nanotubes (CNTs) and graphene have become inade-
quate for industrial-scale applications due to factors such as 
a lack of mechanical strength, complex production methods, 
inability to control pore structures, and high cost [26–28]. 
Therefore, due to their three-dimensional (3D) hierarchical 
porous structure, high carbon content, low density, high spe-
cific surface area, excellent thermal and chemical stability, 
electrical conductivity, low production cost, and scalability, 
carbon foams are strong candidates for a paradigm shift in 
catalysis compared to traditional carbon-based materials 
[28, 29]. Especially in reactions carried out at high tempera-
tures and in corrosive chemical environments, carbon foams 
stand out as a next-generation alternative, exhibiting sig-
nificantly longer-lasting and more stable performance than 
classical carbon supports and offering far superior and com-
prehensive advantages under extreme catalytic conditions 
such as high-temperature oxidation and hydrogenation. 
More importantly, thanks to the controllable hierarchical 
porous structure of carbon foam, the synergistic effect of 
adsorption and catalysis facilitates the homogeneous dis-
tribution of catalytically active species on the carrier sur-
face, thereby optimizing reaction kinetics and achieving 
maximum efficiency. Thanks to these properties, the carbon 
foams can be used as adsorbents, electrodes, catalytic sup-
ports, and electromagnetic barriers [30].

Carbon foam materials are produced by through gas 
release during the pyrolysis reactions, during chemical 
reactions with the additives, or due to the decomposition 
of the chemical called blowing agent directly added to the 
starting material. Although fossil fuels are commonly used 
in the production of such materials, carbon foam materi-
als can also be produced from renewable, inexpensive, and 

accessible sources such as sucrose and tannin, with blowing 
agents such as boric acid, phenolic resin, sodium bicarbon-
ate, pentane, and metal nitrates [31, 32].

In the literature, carbon foams have demonstrated 
improved activity and long-term stability not only in con-
ventional catalytic systems but also in applications such 
as green chemistry, fuel cells, CO₂ reduction, water split-
ting, and biocatalysis [33–36]. Metal catalysts (e.g., Pd@
CF, Fe@CF, Ni@CF) supported on carbon foam have 
shown superior performance in the catalytic reduction of 
nitroarenes in aqueous systems, providing high conversion 
efficiencies and recyclability [34, 35, 37–40]. Additionally, 
carbon foam-supported catalysts have been successfully 
employed in the degradation of other organic pollutants, 
such as phenolic compounds, azodyes, and pharmaceutical 
residues, via both reductive and oxidative pathways [38, 
41–43]. Given these advantages, carbon foam presents a 
highly promising support material for the development of 
efficient and reusable catalytic systems aimed at removing 
organic pollutants from the environment.

In the presented study, an activated carbon material based 
on high microporous carbon foam, activated with sulfuric 
acid, was produced and used as a solid support for Pd(0). 
The catalytic performance of the obtained catalyst on envi-
ronmental pollutants was investigated using four nitroarene 
(2-nitroaniline (2-NA), 4-nitroaniline (4-NA), 4-nitrophe-
nol (4-NP), 4-nitro-o-phenylenediamine (4-NPD)) and three 
organic dyes (methyl orange (MO), methylene blue (MB), 
rhodamine B (RhB)) selected as model compounds.

2  Experimental

2.1  Materials and characterization methods

All chemicals used in experimental studies were of the 
reagent grade (Sucrose (99%, Sigma-Aldrich 84100), 
Zinc (II) nitrate (Zn(NO3)2.6H2O, ≥ 98%, Sigma-Aldrich 
228737), Sulfuric acid (H2SO4, %95–98, Sigma-Aldrich 
258105), and Hydrochloric acid (HCl, 37% Sigma-Aldrich 
258148) and purchased from Sigma-Aldrich. Pure water 
(UP) was used in all experiments.

The surface area and porosity measurement were 
studied by BET (Brunauer–Emmett–Teller) analyzer 
(Quantachrome Autosorb IQ2, USA) via nitrogen adsorp-
tion–desorption isotherms at 77  K. The degassing of all 
samples was performed under vacuum at 105 °C for 15 h 
before each measurement. The surface area, total pore vol-
ume, and pore size distribution of CFs were calculated by 
BET method, the QSDFT (Quenched Solid Density Func-
tional Theory), The HK (Horvath-Kawazoe) method and 
BJH (Barret-Joyner-Halenda) method [44–46]. The surface 
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morphology was visualized with Scanning electron micro-
scope (SEM) (JEOL JSM 6610 instrument). X-ray diffrac-
tion (XRD) patterns were recorded by using Rigaku smart 
lab system to analyze the crystal structure of the samples. A 
Hitachi HT-7700 with a 40–120 eV Lanthanum hexaboride 
electron beam gun was used to record Transmission elec-
tron microscope (TEM) images of samples. Surface func-
tional groups were determined by XPS (Specs-Flex XPS 
instrument), and graphitization degrees were determined 
by Raman spectroscopy at 532 nm with the WITech alpha 
300R.

2.2  Synthesis of activated carbon foam (ACF)

The activated carbon foam was prepared by following 
method previously reported [31] with sucrose as the carbon 
source and zinc(II) nitrate as the blowing agent. 5 g sucrose 
and 0.5 g Zn(NO3)2. 4H2O were dissolved in 6 mL of water. 
The clear solution was heated in oven at 120 °C to obtain 
viscous liquid, and then temperature was elevated to 230 °C 
to form the carbon foam. The carbon foam was grounded 
with a mortar and boiled in 0.1 mol.L− 1 HCl solution for 
15 min to remove soluble materials and zinc compounds. 
Afterward, the solid material was washed with water until a 
neutral filtrate was obtained and dried at 80 °C for 24 h. The 
sample was labeled as CF.

For the activation step, CF was mixed with H2SO4 in a 
4:1 ratio (H2SO4:sample, wt: wt) and heated at 85  °C for 
8 h, then kept in an oven at 100  °C overnight. The pasty 
solid sample was carbonized in a tubular furnace at 800 °C 
for 1 h at a heating rate of 10 °C.min− 1 under an inert N2 
atmosphere at a flow rate of 100 mL.min− 1. The sample was 
boiled with 0.1 mol.L− 1 HCl for 30 min and filtered, then 
washed with hot distilled water and dried at 100 °C for 24 h 
and labeled as ACF.

2.3  Synthesis of Pd(0) doped activated carbon foam 
(ACF-Pd)

The palladium-doped activated carbon was prepared accord-
ing to literature [21]. Activated carbon foam (1 g) was added 
to ethanol and ultrasonicated to obtain a suspension. PdCl2 
(200 mg) was added to the suspension. The reaction mixture 
was refluxed for 16 h on magnetic stirrer. At the end of the 
reaction, the suspension was centrifuged and washed with 
water and ethanol three times each, and dried in an oven at 
70 °C.

2.4  Catalytic degradation studies

Within the scope of the Green Chemistry approach, the 
catalytic performance of the microbeads at low energy 

consumption for RhO and MO degradation was tested at the 
room temperature. Additionally, to minimize the environ-
mental impact, preliminary catalytic tests were conducted 
in water by varying the catalyst amount from 5 mg to 50 mg.

2.4.1  The catalytic reduction of nitro arens

1 mL of nitroaromatics (1 × 10− 4 M) and 0.5 mL of NaBH4 
(0.05 M) solution were placed in a quartz cuvette and stirred 
for 2 min at room temperature. Then, 5 mg of ACF-Pd cata-
lyst was added to this mixture, and the changes in the char-
acteristic absorbance bands of nitroaromatics were followed 
by UV-Vis spectrophotometer to monitor the progress of the 
reactions. After the reduction reactions, ACF-Pd catalyst 
was collected by filtration, washed with water and ethanol, 
dried and made ready for recovery studies.

2.4.2  The catalytic reduction of organic dyes

1 mL of organic dye solution (1 × 10− 5 M), 0.5 mL of NaBH4 
(0.05  M), and 5  mg of ACF-Pd catalyst were added to a 
quartz cuvette and stirred at room temperature. The prog-
ress of the catalytic reactions was followed by recording 
the changes in the characteristic bands at 466 nm for MO, 
667 nm for MB, and 556 nm for RhB dye. After the reduc-
tion process was completed, the ACF-Pd catalyst was sepa-
rated from the reaction mixture by a method like the one 
mentioned above, washed, and dried.

3  Results and discussion

3.1  Characterization of activated carbon foam (ACF)

The carbon foam production consists of two stages. In the 
first stage, when the sucrose and Zn(NO3)2 solution is heated 
to 120 °C, caramelization begins as a result of hydrolysis of 
sucrose into glucose and fructose. In the second stage, the 
temperature was increased to 230 °C. As sucrose units con-
tinue to hydrolyze, polymeric carbon structures are formed 
as given in Fig. 1. At 125 °C, NOx gas is released during 
decomposition of Zn(NO3)2. The released NOx gases swell 
the carbonized material and form carbon foam. Activated 
carbon is prepared by chemical activation method of car-
bon foam material with sulfuric acid at 800  °C in an N2 
atmosphere.

NOx gas is released during the decomposition of 
Zn(NO3)2. The corresponding reaction proceeds according 
to Eqs. 1, 2.

C12H22O11(s) + Zn (NO3)2.6H2O(s) →
125?, △

→
230? , △

Cfoam (s) + ZnO(s) + N2 (g) + NOx (g) + H2O(g) + CO2 (g)  
� (1)
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2 ZnO(s) + Cfoam (s) → 2 Zn(g) + CO2 (g) � (2)

Zn(NO3)2.6H2O, a strong oxidizer, decomposed and 
reacted with sucrose to form gases such as N2, NOx, and 
CO2. The NOx gases released act as oxidants to burn the 
sugar, swelling the carbonized material and forming car-
bon foam. ZnO nanoparticles formed from the decompo-
sition of zinc nitrate not only act as abrasives to further 
activate the carbon foam and create greater porosity with 

increasing temperature but also provide a framework to 
prevent the collapse of the molten porous sugar during 
carbonization. Thus, carbon foam formation occurs in a 
single step. Upon completion of the carbonization pro-
cess, the ZnO was reduced with HCl and then washed with 
pure water until the pH was neutral and dried [32, 47, 48]. 
Pd(0)–doped ACF was obtained by boiling ACF in ethanol 
with PdCl2 under reflux conditions for 16 h and labeled as 
ACF-Pd. The structures of samples were characterized by 
BET, XRD, TEM and SEM analysis.

Various activation agents, such as H2SO4, H3PO4, 
ZnCl2, and KOH, are used to determine the surface area 
and pore size of activated carbon. H2SO4, one of these, 
plays a significant role in microporosity in the production 
and improvement of carbon materials [31, 49]. During the 
reaction, H2SO4 decomposes and SOx gases are formed, 
which are removed from the structure with heteroatom 
oxides. The surface area of sucrose carbonized without 
activation with a blowing agent was calculated as 247 
m2/g [50]. The removal of Zn species formed during the 
carbon foam production phase from the sample structure 
led to the formation of mesoporosity, and the subsequent 
use of H2SO4 as an activating agent created micropores 
in the final product, resulting in a heterogeneous pore 
distribution.

The N2 adsorption and desorption isotherms obtained for 
both ACF and ACF-Pd samples are shown in Fig. 2. The 
isotherms consist of sharp adsorption indicating micropo-
rosity at the relative pressure (P/P0) value less than 0.1, and 
the plateau indicating mesoporosity at the region of high 
relative pressure. Due to these features, the isotherms can be 
considered a combination of Type 1 and Type 4 isotherms 
according to the International Union of Pure and Applied 
Chemistry (IUPAC) classification [51–53].

The surface characteristics of ACF and ACF-Pd were given 
in Table 1. The specific surface area, total pore volume, and 
average pore diameter of ACF were calculated by the BET 
method as 591 m2/g, 0.272 cm3/g and 1.87 nm, respectively 
[44]. The micropore distribution of ACF were calculated by 
HK method, and the micropore volume was obtained as 0.231 
cm3.g− 1 (inset of Fig. 3a) [46, 51–53].The mesoporosity char-
acterized by a plateau in the relative high-pressure region of 
the isotherm of ACF was investigated by the BJH method. 

Table 1  Surface and porosity characteristics of ACF and ACF-Pd
SSA
(m2.g− 1)

Vtotal pore
a

(cm3.g− 1)
Vmicro

b

(cm3.g− 1)
Vmeso

c

(cm3.g− 1)
% Vmicro % Vmeso Pore Dia.

(nm)
ACF 591 0.27 0.23 0.04 85 14 1.87
ACF-Pd 297 0.16 0.13 0.03 80 19 2.15
a Vtotal pore at P/P0 ≈ 0.99,
b Vmicro at 2 nm (HK method)
c Vmeso > 2 nm (BJH method)

Fig. 2  N2 adsorption/desorption isotherms of ACF

 

Fig. 1  Carbon foams obtained from sucrose with 10% concentrations 
of Zn(NO3)2
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Accordingly, the mesopore volume of ACF was calculated as 
0.039 cm3/g [44].The fact that the micropore volume consti-
tutes 85% of the total pore volume confirms that the material 
consists mainly of micropores. The pore size distribution of 
ACF calculated with QSDFT is given in Fig. 3a [45]. The 
porosity characteristics of ACF-Pd are quite similar to those 
of ACF except for the decrease in pore volumes and surface 
areas resulting from Pd doping onto the structure. The H4–
type hysteresis observed in the isotherm of ACF–Pd (Fig. 2) 
suggests a slit pore structure. The specific surface area, total 
pore volume, micro and mesopore volume and average pore 
diameter of ACF-Pd were calculated as 296 m2/g, 0.160 
cm3/g, 0.128 cm3/g, 0.030 cm3/g and 2.15 nm, respectively 
(Table 1). In both samples, the total pore volume obtained 
by BET were in good agreement with the sum of the micro 
and mesopore volumes obtained by the methods of QSDFT 
and HK. The micropore distributions of ACF-Pd are given in 
Fig. 3b.

Raman spectroscopy is an important technique widely 
used in the analysis of microstructural properties and 
graphitization degrees of carbon-based materials. Figure 4 
shows 2-peak and 4-peak deconvolution of the Raman 
spectra of ACF. The G band (1594  cm⁻¹) represents the 
graphitic structures of sp² hybridized carbon atoms, while 
the D band (1347 cm⁻¹) indicates structural disorders and 
the presence of non-graphitic carbon atoms [31, 54, 55]. 
The D1 (1344 cm⁻¹), G1 (1594 cm⁻¹), D2 (1237 cm⁻¹) and 
G2 (1536  cm⁻¹) bands indicate the heterogeneous struc-
tural properties of the material and the effect of functional 
groups. The ratios ID/IG = 1.13, ID1/IG1 = 1.48, and ID2/
IG2 = 0.26 indicate that the ACF sample contains a higher 
degree of structural disorder and an increase in the number 
of functional groups on the surface (Table 2). Specifically, 
the ratio ID1/IG1>1, indicates increased structural disorder 
and a more amorphous or edge-dense sample, while lower 
ratios indicate a more crystalline, graphitic structure [31, 

Fig. 4  Deconvolution of Raman spectra into (a) 2 peaks, (b) 4 four peaks of ACF

 

Fig. 3  The pore size distribution of ACF and ACF-Pd
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32]. The ratio ID2/IG2<1 indicates the presence of hetero-
atom-doped oxygen functional groups on the ACF surface. 
These functional groups indicate that ACF has high sur-
face energy combined with structural disorder, and that 
metal catalysts such as Pd(0) can readily be loaded onto 
this structure. Thus, Pd(0) nanoparticles adhere strongly 
to the disordered regions, preventing agglomeration and 
maximizing catalytic activity [56]. Therefore, ACF-sup-
ported Pd(0) catalysts are expected to exhibit high perfor-
mance in various environmental and chemical reactions.

XPS spectroscopy analysis was performed to examine the 
surface chemical composition and functional groups of ACF 
(Fig. 5). The examination of the overall ACF spectrum deter-
mined that the structure consisted of components containing 
only carbon (C) and oxygen (O), with the zinc (Zn) and sul-
fur (S) elements being removed from structure (Fig. 5a). The 
peak observed around ~ 1225 eV is due to high-binding energy 
Auger signals in the case of carbon materials [57]. High-res-
olution spectra of the C1s and O1s regions were deconvolved 
using the Gaussian function (Fig. 5). When the C1s spectrum 
is examined in Fig. 5b, the main peak with a bond energy of 
~ 284.2  eV is attributed to C–C/C–H bonds, indicating the 
presence of graphitic (sp2) or aliphatic carbon (sp3) structures. 
The peak observed around ~ 285.1  eV corresponds to C–O 
bonds that may originate from phenol or alcohol groups. The 
peak observed at ~ 286.3 eV is attributed to C-O-C epoxide 
functional groups and the peak at ~ 288.0 eV is attributed to 
C = O (carbonyl, quinones, and ketones) groups. The broad 
peak around ~ 289.4 eV is attributed to COOH carboxyl groups 
found in carboxylic acid or ester structures. The O1s spectrum 
(Fig. 5c) shows the various oxygen functional groups pres-
ent on the ACF surface. The peak at ~ 529.8  eV represents 
C = O in quinones, carboxyl, and carbonyl groups. The peak 
at ~ 531.4 eV represents oxygen atoms double-bonded to car-
bonyl groups (C = O) oxygen atoms in anhydrides and oxygen 
atoms (-OH) in hydroxyl groups, while the peak at ~ 532.5 eV 
is attributed to single-bonded oxygens in the C–O–C or C–OH 
groups. The peak at ~ 533.0 eV represents oxygen atoms in 
carboxyl groups (–COOH or COOR). Furthermore, the peak 
at ~ 535.2 eV indicates chemisorbed water or the presence of 
surface hydroxyls. XPS results revealed that ACF is abundant 
in oxygen-containing surface functional groups, including 
hydroxyl (–OH), carbonyl (C = O), and carboxyl (–COOH), 
which play a significant role in increasing surface polarity and 
enhancing the adsorption affinity of polar molecules [31, 32, 
58–60]. Furthermore, these functional groups allow adsor-
bates to adhere more strongly to the surface through hydrogen 
bonding and electrostatic interactions. Due to the weak acidic 
nature of the carboxyl and hydroxyl groups, ACF can also 
exhibit high performance in the adsorption of basic species. 
Furthermore, these surface groups form structures that can 
serve as active centers in catalytic applications and facilitate 
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the binding of metal ions to the surface, enabling ACF to be 
used as a catalyst support. Therefore, the increase in surface 
functional groups significantly increases both the adsorption 
capacity and catalytic potential of ACF.

In the XRD pattern of ACF (Fig.  6) the broad diffrac-
tion band observed at about 2θ = 22.8º can be assigned to 
the amorphous carbon structures, and the weak and broad 
band observed at about 2θ = 43.7º can be attributed to the 
graphitic structure [61]. The XRD pattern of ACF-Pd is 
given in Fig. 6. The band observed at about 2θ = 22.40° was 
caused by amorphous carbon structure. The sharp diffrac-
tion peaks at 2θ = 40.18°, 46.54°, 68.15°, 82.13° and 86.62° 
were observed, which can be indexed to (111), (200), (220), 
(311) and (222) planes of face-centered cubic (fcc) lattice 
belonged to Pd (JCPDS = 46–1043) [62]. In the Debye-
Scherer method, it can mainly be used to evaluate the peak 
expansion, and crystallite size caused by dislocation [63].

SEM and TEM images of ACF-Pd (Figs.  7 and 8) 
confirm the structure of the material. The microporous 
structure of the material is limited to the data obtained by 
surface area measurements due to the resolution limit of 
SEM. On the other hand, Pd(0) deposition on ACF were Fig. 6  XRD pattern of ACF-Pd (*: Pd(0), α: carbon)

 

Fig. 5  Deconvolution of ACF; (a) general spectrum (b) C1s spectra, (c) O1s spectra
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observed in SEM images of ACF-Pd. The EDS spectrum 
of the material, together with XRD, confirms the presence 
of Pd(0) in the structure of ACF-Pd. The presence of sulfur 
observed in the EDS spectrum of the material is due to the 
sulfuric acid used during activation. In the TEM images 
of ACF-Pd, Pd(0) clusters were observed as darker dots. 
As seen in Fig. 7, Pd(0)s generally show a homogeneous 
distribution.

3.2  Catalytic behavior of ACF-Pd towards reduction 
of organic pollutants

The catalytic activity of ACF-Pd catalyst was investigated 
in the catalytic reduction of environmental pollutants, such 
as some nitro aromatics (2-NA, 4-NP, 4-NA and 4-NPD) 
(Fig.  9) and organic dyes (MO, MB and RhB). Catalytic 
reductions were carried out in the presence of a reduc-
ing agent, NaBH4. The reduction reactions were followed 
spectrochemically by UV-Vis spectroscopy, monitoring 

the decrease in the characteristic absorbance peaks of both 
nitroaromatics and organic dyes during the reaction times.

As seen in Fig. 9a, the aqueous solution of 2-NA exhibits 
two strong characteristic absorbance bands at 412 nm and 
281 nm. After the addition of 5 mg ACF-Pd catalyst to the 
reaction mixture containing 2-NA+NaBH4, it was observed 
that the absorbance band of 2-NA at 412 nm decreased with 
time and completely disappeared after 25 s. Additionally, it 
is observed that the absorbance band at 281 nm was shifted 
to 292 nm. During this process, it was determined that the 
yellow solution of 2-NA became colorless due to catalytic 
reduction. These findings confirm that the ACF-Pd cata-
lyst successfully converted 2-NA to o-phenylenediamine. 
To evaluate catalytic performance of ACF-Pd, the catalytic 
reduction of 2-NA was also carried out without the ACF-
Pd catalyst, and it was found that the reaction did not pro-
ceed to completion for a long time. This finding confirmed 
that ACF-Pd catalyst played an indispensable role in the 
catalytic reduction of 2-NA. Then, the catalytic ability of 

Fig. 7  SEM images of ACF-Pd
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ACF-Pd catalyst was also tested in the reduction of nitro 
aromatics such as 4-NP, 4-NA and 4-NPD. In Fig. 9b, it is 
shown that the aqueous solution of 4-NP exhibited a strong 
absorbance band at wavelength of 318 nm. It was observed 
that with the addition of NaBH4 to the aqueous solution of 
4-NP, the solution color turned bright yellow, and the band 
at 318 nm of 4-NP shifted to 404 nm. These findings indi-
cate that the 4-nitrophenolate ion was formed and confirm 
that the reaction occurs via this intermediate product. After 
adding 5 mg ACF-Pd catalyst to the reaction medium, the 
peak intensity at 404 nm started to decrease and completely 
disappeared within 50 s. In addition, a new peak appeared at 
302 nm indicating the formation of 4-aminophenol. It was 
also observed that the bright yellow color of 4-nitropheno-
late ion became colorless by the end of the reaction. As seen 
in Fig. 9c and d, the aqueous solution of 4-NA exhibited a 
strong absorbance band at 384 nm, while the aqueous solu-
tion of 4-NPD exhibited two absorbance bands at 268 nm 

and 405  nm. Catalytic reduction of the 4-NA and 4-NPD 
by NaBH4 over ACF-Pd were studied by monitoring UV/
vis. absorption spectral changes over time. As the reactions 
proceeded, the intensities of the peaks at 384 nm for 4-NA 
and at 405 nm for 4-NPD started to decrease with time and 
these peaks completely disappeared in 45 s for 4-NA and 
in 100 s for 4-NPD. Simultaneously with these changes, a 
new peak was observed at 308 nm in the spectrum of 4-NA, 
while the peak at 268  nm shifted to 307  nm in UV/vis. 
spectra of 4-NPD. At the end of the reduction processes, it 
was also observed that the yellow solutions containing both 
4-NA and 4-NPD became colorless. All these findings sug-
gest that the ACF-Pd catalyst successfully converted 4-NA 
to 1,4-phenylenediamine and 4-NPD to 1,2,4-benzenetri-
amine. Through kinetic studies, the rate constants for the 
catalytic reduction of nitroaromatics were calculated using 
the following Eq. (3). As a result of these calculations, the 
rate constants for the catalytic reductions of 2-NA, 4-NP, 

Fig. 8  TEM image of ACF-Pd
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4-NA and 4-NPD catalyzed by the ACF-Pd catalyst were 
found to be 0.028s− 1, 0.016s− 1, 0.037s− 1 and 0.011s− 1, 
respectively (Fig. 10).

ln
Ct

Co
= −kt

 
� (3)

Ct and C0 represent the concentrations of organic pollutants 
at the measured reaction time (t) and initial reaction time, 
respectively, while k (s− 1) denotes the rate constant.

Considering the successful performance of the ACF-Pd 
catalyst in the catalytic reduction of nitroaromatics, the effi-
ciency of the catalyst in the catalytic reduction of different 
organic dyes, such as MO, MB and RhB, was also evalu-
ated. It is known that activated carbons with pore size less 
than 2 nm (microporous structure) cannot be used for absor-
bent for reduction of large-sized molecules such as rhoda-
mine B and methyl orange etc [64–66]. As revealed by BET 

analyses, ACF-Pd with its mesoporous structure can be used 
in reduction of organic pollutants. A proposed degradation 
mechanism for rhodamine B and methylene blue into their 
leuco–derivatives given in Fig. 11. First step hydride ions 
were transferred on Pd–NPs on microbeads from sodium 
borohydride and then rhodamine B and methylene blue were 
adsorbed on microbeads. The transferred electrons from 
hydride on Pd–NPs reduces the organic dye molecules to 
their low toxic leuco–derivatives. Finally, Pd–NPs desorp-
tion hydrogel beads rejoin to the cycle after desorption of 
the leuco–derivatives from surface of catalyst [67].

As seen in Fig. 12, the aqueous solution of MO showed 
strong absorbance band at 466 nm, the aqueous solution of 
RhB at 556 nm, and the aqueous solution of MB at 667 nm. 
The ACF-Pd catalyst was added separately to the mixtures 
of MO+NaBH4, RhB+NaBH4 and MB+NaBH4 and the 
reactions were followed by recording UV-Vis spectra at dif-
ferent time intervals. Upon adding the ACF-Pd catalyst to 

Fig. 9  UV-Vis spectra of the catalytic reductions of (a) 2-NA, (b) 4-NP, (c) 4-NA and (d) 4-NPD in the presence of AC-Pd
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the aqueous solution of MO+NaBH4 and RhB+NaBH4, the 
intensities of the characteristic absorbance bands of both 
MO and RhB decreased and completely disappeared in 20 s 
and 55 s, respectively. After the reduction of RhB and MO, 
it was observed that the solution turns colorless by the end 
of the reaction. These findings revealed that the ACF-Pd 
catalyst play an active role in both MO and RhB reductions. 
On the other hand, when the ACF-Pd catalyst was added 
to the mixture of MB and NaBH4, the absorbance band of 
MB at 667 nm disappeared immediately, and the solution 
became colorless. This result confirms that ACF-Pd catalyst 
rapidly facilitated the catalytic reduction of MB. Also, in the 
presence of the ACF-Pd catalysts, the rate constants for the 
reduction of MO and RhB were found to be 0.034 s− 1 and 
0.031 s− 1, respectively, using the above equation (Fig. 13).

Fig. 11  Proposed reaction mechanism for catalytic conversion of 
methylene blue and rhodamine B to leuco–derivatives

 

Fig. 10  Rate constants for the catalytic reductions of 2-NA (a), 4-NP (b), 4-NA (c), and 4-NPD (d) using ACF–Pd catalyst
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Fig. 13  Plots of ln (ct/c0) versus reaction time for catalytic reductions of (a) MO and (b) RhB dyes in the presence of AC-Pd

 

Fig. 12  UV-Vis spectra of the catalytic reductions of organic dyes (a) MO (b) RhB and (c) MB in the presence of AC-Pd
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Table 3 shows a comparison of the performance of ACF-
Pd with other catalysts reported in the literature for the reduc-
tion of 4–NP, MO, RhB, and MB. The ACF-Pd catalyst in the 
present study demonstrated better performance compared to 
other catalysts, based on reaction time or rate constant.

On the other hand, to evaluate the broad applicability 
of the synthesized ACF–Pd catalyst, its performance was 
tested in the reduction of [2-NA + MB] mixture under the 
previously optimized reaction conditions, and the corre-
sponding UV–Vis spectra are shown in Fig. 14. As can be 
seen in Fig. 14, the ACF–Pd catalyst successfully reduced 
MB within 5 s and 2-NA within 30 s. These results demon-
strate that the ACF–Pd catalyst also exhibits excellent per-
formance in the presence of mixed substrates.

The recovery and reusability of the synthesized ACF-Pd 
catalyst was investigated using the optimum reaction param-
eters determined for the catalytic reduction of 2-NA. After the 
first cycle, the ACF-Pd catalyst recovered from the reaction 
medium by filtration, reactivated by washing with water and 
ethanol, and dried for use in subsequent studies. This process 
was repeated at the end of each cycle. The reusability tests 
showed that the ACF-Pd catalyst successfully performed 
the catalytic reduction of 2-NA for 5 consecutive reactions, 
almost without losing its activity. Additionally, EDS analysis 
of the used ACF–Pd catalyst was carried out for comparison 
with the fresh ACF–Pd catalyst, and the corresponding spec-
trum is shown in Fig. 15. The distinct presence of Pd peaks 
in the spectrum clearly confirms that the ACF–Pd catalyst 
preserves its stability and durability after reuse.

4  Conclusion

In conclusion, the catalytic reduction property and kinetic 
rate constants of the ACF-Pd catalyst were determined 
using four different nitroaromatics (2-NA, 4-NP, 4-NA and 
4-NPD) and three different organic dyes (MO, MB and 
RhB). The reduction reactions followed a decrease in the 
characteristic absorbance peaks of both nitroaromatics and 
organic dyes over the reaction times.

Accordingly, catalytic degradation of 2-NA and its rate 
constant were calculated as 0.028 s− 1, respectively, and 2-NA 
converted to o-phenylenediamine; 4-NP showed within 50 s 
and 0.016  s− 1, and the reaction occurred via 4-nitropheno-
late and 4-aminophenol was formed; 4-NA was observed in 
45 s and 0.037 s− 1 and converted to 1,4-phenylenediamine; 
4-NPD was observed in 100 s and 0.011 s− 1 and converted 
to 1,2,4-benzenetriamine. The catalytic degradation and rate 
constant for organic dyes of MO and RhB were observed 
within 20 s and 0.034 s− 1, and 55 s and 0.031 s− 1, respectively, 
while MB degraded immediately. The ACF-Pd catalyst in this 
study showed better performance compared to other catalysts 

Table 3  The catalytic performance of ACF-Pd with different catalysts 
for the reduction of 4–NP, MO, RhB, and MB
Pollutant Catalyst Time Rate constant 

(k)
Ref.

4–NP GO-DAP-AgNPs 12 min 7.548 × 10− 4 
s− 1

 [68]

Au NPs@C longa. 100s 0.019 s− 1  [69]
Fe3O4@ILD-CoCu 180s 0.366 min− 1  [70]
nZVI-FBC 10 min 0.251 min− 1  [71]
Ag/CA 10 min 0.34 min− 1  [72]
PdNPs/NC 16 min 0.1144 min− 1  [73]
Au/CB 5 min 0.8302 min− 1  [74]
ACF-Pd 50 s 0.016 s− 1 Pres-

ent 
study

MO NWs-Pd80 10 min 0.4985 min− 1  [75]
Cu-Ag/GP 4 min 7.67 × 10− 3 s− 1  [76]
Ag/TiO2 9 min -  [77]
0.3Ag/HA 5 

(± 0.15) 
min

0.92 (± 0.045) 
min− 1

 [78]

Pt/AC catalyst 80 s 3.08 × 102 s− 1  [79]
ACF-Pd 20 s 0.034 s− 1 Pres-

ent 
study

RhB S-2 catalyst 14 min 3.73 × 10− 1 s− 1  [80]
Ag NPs/Thymbra 50 s 8.64 × 10− 2 s− 1  [81]
CuNiOS-0.6 60 s 13 × 10− 2 s− 1  [82]
Cu/GO/MnO2 4 min -  [83]
Pt-Cu nps 40 s 4.5 × 10− 2 s-1  [67]
ACF-Pd 55 s 0.035 s-1 Pres-

ent 
study

MB Fe3O4@TA/Ag 40s 0.0685 s− 1  [84]
Ni/CPM-1 13 min 0.583 min-1  [85]
BCDs-Ag/MNPs 60s 0.0656 s-1  [86]
ACF-Pd - Pres-

ent 
study

Fig. 14  UV-Vis spectrum of catalytic reduction of [2-NA + MB] mix-
ture using ACF–Pd catalyst
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depending on the reaction time or rate constant. The recovery 
and reusability of the synthesized ACF-Pd catalyst was tested 
and showed that 2-NA showed the best performance and suc-
cessfully carried out its catalytic reduction over five consecu-
tive reactions almost without losing its activity.
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