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Introduction

Raising global health consciousness reflects the 
critical threat of infectious disease transmission and 
water quality issues. Consequently, it has become urgent 
to develop affordable and robust disinfectant systems 
that deactivate pathogenic microorganisms for water 
treatment and healthcare disinfection [1]. Antibiotics are 
potent medications for infectious diseases ranging from 
minor wounds to lethal diseases. However, due to the 
excessive use of antibiotics, drug-resistant bacteria are 
generated and become ubiquitous in the environment, 
posing a challenge to public health [2].

Antibiotic resistance has recently been considered 
among the top three public health threats by the World 
Health Organization (WHO) [2]. It is predicted that 
about ten million deaths will occur every year by 2050 
because of infections caused by antibiotic-resistant 
bacteria worldwide [3]. Thus, metal nanoparticles have 
gained great attention as alternative antimicrobial agents 
because of their outstanding antibacterial properties 
[4]. Various metal nanoparticles, such as silver [5], 
gold [6], selenium [7], and copper [8], exhibit enhanced 
antimicrobial properties against antibiotic-resistant 
bacteria.

Among all nanoparticles, palladium nanoparticles 
(Pd NPs) have recently demonstrated considerable 
potential toward the development of antimicrobials 
and wound healing strategies, as well as exploration 
of antioxidant and anticancer therapeutics [9] due to 
their biocompatibility, adaptability to the environment, 
and physicochemical properties [10]. Several processes 
have been reported to produce Pd NPs, such as co-
precipitation [11], sonochemical preparation [12], 
hydrothermal [13], electrochemical, and green/

biological plant-extract methods [14]. Pd NPs exhibited 
antibacterial properties against Staphylococcus aureus 
[15, 16], Bacillus subtilis, Escherichia coli, Klebsiella 
pneumoniae, Candida albicans, and Aspergillus niger 
[16]. However, the variations in metal particle size, shape, 
and surface structure are critical aspects for enhancing 
their performance in biomedical applications [14, 17]. 
The size and morphology of palladium nanoparticles 
are affected by the synthesis factors, particularly the 
type and concentration of reducing agents [18, 19]. 
The selection of a reducing agent represents a critical 
decision in the synthesis of nanoparticles since it plays 
a multifaceted role, including influencing the reduction 
of metal precursors, nanoparticle size, morphology, 
stability, and antibacterial efficiency [20]. Palliyarayil 
et al. established the order Pd/C-NaBH4 > Pd/C-HCHO 
> Pd/C-Ascorbic acid > Pd/C-Green tea for the activity 
of CO oxidation [21], while Yasmin et al. reported 
that CNT-Pd prepared with NaBH4 exhibited superior 
performance for methanol oxidation compared to 
ascorbic acid and hydrazine [22]. These findings 
indicate that stronger reducing agents generate highly 
active catalysts. Additionally, strong reductants (NaBH4, 
hydrazine) generally produce smaller and more uniform 
particle sizes due to rapid nucleation. Some studies of 
metal nanoparticles using different reducing agents 
in supported and unsupported systems are presented 
in Table 1. Pd NPs are considered efficient catalysts, 
allowing organic reactions to proceed faster and at lower 
temperatures, thereby improving atom economy and 
minimizing waste generation [21, 22]. 

In this study, activated carbon is used as a support 
for Pd NPs. The activated carbon was synthesized from 
black cumin seeds, which, to the best of our knowledge, 
has not been previously explored as a support medium 

This study compares a green reducing agent (ascorbic acid, AA) with chemical reducing  
agents (borohydride, BH, and hydrazine hydrate, HH) for the immobilization of Pd0 nanoparticles 
(NPs) onto activated carbon to evaluate their antibacterial properties. The activated carbon prepared  
from black cumin seeds was used as a substrate on which Pd nanoparticles (Pd NPs) were deposited 
in situ using the three reducing agents. The reducing agents were used over a concentration range 
of 2-10 mM at 20ºC. The Pd(0) loading was 45.4±0.5 (mg/g), 45.2±0.4 (mg/g), and 39.9±1.9 (mg/g)  
for BH, AA, and HH, respectively, when different amounts of reducing agents were used. X-ray powder 
diffraction (XRPD), scanning electron microscopy (SEM), and transmission electron microscopy 
(TEM) showed the presence of Pd NPs in different crystallite sizes, particle sizes, and morphologies. 
Pd particles produced by BH reduction were larger than those reduced by HH or AA. Crystallite size 
decreases as the concentration of the reducing agent increases for BH and AA, while with the increase 
in HH concentration, a slight increase in the average crystallite size was observed. The antibacterial 
efficacy against S. aureus, B. cereus, and E. coli was qualitatively assessed by inhibition zone size 
and quantitatively by turbidity. Growth inhibition zones for reduced Pd nanoparticles follow the order: 
AA>HH>BH. For the quantitative turbidity method, growth inhibition showed efficient antibacterial 
results for Pd NPs reduced by AA and HH more than those reduced by BH. This can be attributed to 
their smaller particle size compared with those reduced by BH.

Keywords: Pd nanoparticles, chemical reducing agents, ascorbic acid, antibacterial activity, activated 
carbon.
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for Pd NPs in antibacterial applications. However, the 
novelty of this study extends beyond merely confirming 
the relationship between NP size and antibacterial 
performance. The primary contribution of this work lies 
in a systematic investigation of the influence of different 
reducing agents on the physicochemical characteristics 
of Pd NPs supported on biomass-derived activated 
carbon and the resulting impact on antibacterial activity. 

Motivated by these considerations, this research 
focuses on the fabrication of antibacterial activated 
carbon-supported palladium nanoparticles with 
subsequent evaluation of their antibacterial 
performance. It is noteworthy that the scope of this 
research lies in the appropriate selection of the reducing 
agent that influences the efficacy of the antibacterial 
Pd NPs. Therefore, three reducing agents, including 
both sodium borohydride (BH) and hydrazine hydrate 
(HH), which are chemical reducing agents, and ascorbic 
acid (AA), which is a green reducing agent, were used 
to produce Pd NPs on activated carbon. Pd NP-loaded 
AC was physically and chemically characterized. 
The antibacterial properties were investigated against 
representative Gram-positive (Bacillus cereus and S. 
aureus) and Gram-negative (E. coli) strains. 

Materials and Methods

 Materials

All chemicals used were of analytical grade. 
PdCl2 (99.7%) was used to prepare a solution of Pd(II)  
(2500 mg/L) in ultrapure water. Solutions of the 
reducing agents, including sodium borohydride (NaBH4) 
(99.7%), hydrazine hydrate (N2H4) (80.0%), and ascorbic 
acid (C6H8O6) (99.7%) in the range of 2–10 mM were 
prepared in ultrapure water. These chemicals, in 
addition to glutaraldehyde (99.5%), osmium tetroxide 

(99.7%), and ethanol (99.7%), were purchased from 
Sigma-Aldrich.

Preparation of AC-Pd NPs

Activated carbon (AC) was prepared from black 
cumin seeds via KOH activation (1:3) at 700ºC for one 
hour under a nitrogen atmosphere in a tube furnace 
(GSL-1700X, MTI Corporation, USA). The surface area 
of AC was estimated using an ASAP2020 instrument 
(Micromeritics, USA) via nitrogen adsorption at 77 K. 
Pd NPs were synthesized onto AC via both chemical 
reducing agents (BH and HH) and a green reducing 
agent (AA). In detail, 0.15 g of activated carbon was 
impregnated with 15 mL of Pd(II) solution (2500 mg/L, 
pH 1.39). The pH was adjusted by the suitable addition 
of HCl drops. The mixture was left to equilibrate at 
20°C under continuous agitation (100 rpm) for 24 hours. 
Following the impregnation period, palladium-loaded 
AC was filtered, washed with deionized water, and 
dried at 105ºC. 5 mL aliquots of BH, HH, or ascorbic 
acid (AA) in the concentration range of 2-10 mM were 
mixed with the palladium-loaded AC, and the mixture 
was kept under agitation at 20ºC for 24 hours to promote 
in situ reduction of Pd(II) to Pd(0) on the AC surface. 
The produced AC-supported Pd NPs (AC-Pd NPs) 
were separated by filtration, repeatedly washed with 
deionized water to remove residual chemicals, and dried 
at 60°C to constant weight.

Determination of Pd Loading on AC

0.15 g of each of the AC-Pd NPs was treated with  
5 mL of freshly prepared aqua regia (3 HCl:1 HNO3). 
The digestion process was subjected to controlled 
heating at 70°C in a water bath for 1 hour to achieve 
quantitative dissolution of the palladium content.  
The resulting solution was filtered through Whatman 

Metal 
Nanoparticles Support Material Reducing Agent(s) Key Findings References 

Ag0 NPs Unsupported 
system Chemical reduction Demonstrated interaction between size and 

morphology effects on antibacterial activity. [19]

Se0 NPs Unsupported 
system

Ascorbic acid, 
glutathione, cysteine

Reducing agents significantly affected nanoparticle 
stability, morphology, and antibacterial performance. [20]

Pt0, Pd0, Rh0, 
Ru0

Unsupported 
system

NaBH4, ascorbic 
acid, formic acid

Strong reducing agents produced smaller 
nanoparticles (<5 nm) with higher precipitation 

efficiency in solution.
[23]

ZnO NPs Unsupported 
system Chemical synthesis Rod-shaped ZnO nanoparticles exhibited superior 

antibacterial activity. [24]

Pd0

nanocrystals
Unsupported 

system
Controlled crystal 
growth synthesis

Specific crystallographic facets enhanced membrane 
interaction and antibacterial performance. [25]

Ag0 NPs
Unsupported and 

AC-supported 
systems

NaBH4, polyvinyl 
alcohol, glucose, and 

galactose

Particle size in solution (unsupported system) was 
7-20 nm. In an AC-supported system, particles were 
larger (300-600 nm) due to agglomeration during the 

adsorption process.

[26] 

Table 1. Literature studies of different reducing agents for metal nanoparticles. 
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filter paper (grade 42) to remove any residual insoluble 
materials. After several washings using ultrapure water, 
the clear filtrate and washings were collected and 
quantified using ICP-MS (Aurora M90, Bruker, USA).

Characterization of AC-Pd NPs

Material Characterization

X-ray powder diffraction (XRPD) was carried out 
using a Philips PW 1830 generator with a Philips PW 
1050 powder goniometer (Philips, USA) using Cu-Ka 
radiation. Samples were inspected using field emission 
scanning electron microscopy (FESEM), JEOL/JSM 
7600F (Jeol, Japan), at an accelerating voltage of 15 kV. 
Energy-dispersive spectroscopy (EDS) was also tested 
using a JEOL/JSM 7600F energy-dispersive analysis 
system (Jeol, Japan), which is attached to the JEOL 
/ JSM 7600F scanning electron microscope. Fourier 
transform infrared (FTIR) spectra were performed 
in transmission mode using an FTIR spectrometer 
(Spectrum BX, PerkinElmer, USA) through a 
wavelength range of 4000-400 cm-1 with background 
subtraction. The AC surface was examined using X-ray 
photoelectron spectroscopy (XPS, Scienta Omicron, 
Germany) with Al-Ka (hν = 1486.6 eV) at 15 kV as the 
incident X-ray. The XPS data were analyzed using Casa 
XPS software (Casa Software Ltd, UK) with a Shirley-
type background. The binding energies analyzed were 
calibrated using the C1s peak at 284.6 eV. The high-
resolution transmission electron microscopy (HRTEM) 
measurement was carried out using JEOL JEM-2100F 
(Japan) at an accelerating voltage of 200 kV.

Antibacterial Tests

The antibacterial efficiency of the synthesized AC-Pd 
NPs was evaluated against isolated bacterial strains 
(clinical isolates, obtained from the Microbiology 
Department, College of Medicine, Sultan Qaboos 
University). Antibacterial effectiveness was evaluated 
using the well diffusion method, and growth inhibition 
kinetics for 24 hours of incubation against E. coli,  
B. cereus, and S. aureus. For the well diffusion method, 
the bacteria were sub-cultured in sterile nutrient broth 
at 37°C in an incubator for 24 hours. The test was 
performed by inoculating 100 µL of each strain onto 
nutrient agar plates and spreading with a sterile glass 
rod swab. Wells of 6 mm diameter were punched in 
the nutrient agar under a fume hood and near a flame. 
6 mg of AC-Pd NP samples and 100 µL of deionized 
water were poured into the wells. After 24 hours 
of incubation at 37ºC, the expansion of the growth 
inhibition zone was measured in millimeters (mm) using 
a digital caliper. The experiment was repeated 3 times. 
Activated carbon was used as a negative control [27]. 
For the positive control, 100 µL of 0.01 M ciprofloxacin 
and clarithromycin in aqueous solution was injected 

into the agar well (6 mm diameter). After 24 hours of 
incubation at 37ºC, the expansion of the inhibition zone 
was measured in millimeters (mm). 

For the growth inhibition kinetics, an amount of 
90 mg of AC-Pd NPs was combined with sterilized 
nutrient broth, followed by the addition of 100 µL 
of bacterial culture. The samples were incubated in 
a shaker incubator at 37ºC at 130 rpm for 24 hours. 
Growth was evaluated by measuring optical density 
spectrophotometrically at 600 nm at predetermined 
intervals.

FE-SEM of Bacteria Control  
and the Inhibition Zone

Field-emission scanning electron microscopy 
(FE-SEM) imaging was carried out to evaluate the 
antibacterial properties of AC-Pd NPs. Both untreated 
bacteria (control) and bacteria from the inhibition zone 
were fixed with 2 % glutaraldehyde at room temperature 
overnight to preserve cellular ultrastructure, followed 
by post-fixation using 1% osmium tetroxide for  
1 hour at room temperature. Samples were dehydrated 
through a graded ethanol series ranging from 25% 
to 100% and dried at room temperature after using 
hexamethyldisilane dehydrant. The dried cells, after 
mounting on a stub and coating with platinum, were 
examined under FESEM [28, 29]. 

Results and Discussion

Metal Nanoparticles’ Antibacterial Properties

Infections caused by waterborne bacteria are 
considered one of the major causes of human mortality, 
with about 1.2 billion people without access to clean 
water [30]. Metal nanoparticles have emerged as  
a promising technology for antibacterial applications in 
water treatment, having a direct impact on public health. 
Traditional treatment of bacteria can lead to antibacterial 
resistance, which is predicted to become one of the most 
serious challenges to human and animal health soon [31]. 
Due to their extremely small size and high surface-area-
to-volume ratio, nanoparticles show enhanced chemical 
reactivity and antimicrobial efficiency compared 
to conventional disinfectants. Nanoparticle-based 
disinfection offers several advantages over chlorination, 
ozonation, and UV disinfection. Chlorination has long 
been the most common method for water disinfection 
because it is inexpensive and effective against many 
pathogens. However, chlorine reacts with natural organic 
matter in water, forming harmful disinfection by-
products such as trihalomethanes and haloacetic acids, 
which are associated with adverse reproductive effects 
and cancer risks [32]. In addition, some bacteria show 
resistance to chlorination, such as Cryptosporidium 
[33]. UV irradiation as a water disinfectant generates 
hydroxyl radicals in water, which inhibit bacterial 
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under a nitrogen atmosphere. The BET surface area 
of AC was 1175 m2/g. Most of the surface area was 
microporous (1080.1 m2/g), accounting for 92% of the 
total BET surface area of AC. The mesoporous surface 
area was 94.9 m2/g, and the average pore diameter was 
21.82 Ao. Pd(II) was loaded onto the carbon, followed by 
immersion in the different reducing agents. AC-Pd NPs 
were examined using XRPD, SEM, TEM, EDS, XPS, 
and FTIR.

The three reducing agents (BH, HH, and AA) were 
reported to be effective reductants for the reduction 
of Pd(II) to Pd [22]. Varying the concentration of 
reducing agents showed no significant variation in 
the amount of Pd on AC (Fig. 1). The amount of  
39.9±1.9 mg/g of Pd-loading on AC using HH seems 
slightly less than that reduced using BH of 45.4±0.5 mg/g 
or AA (45.2±0.4 mg/g). However, since the reducing 
agents provide the electrons needed for the reduction 
reaction of Pd(II) to Pd0, variation in the concentration of 
the reducing agents may directly influence the reaction 
kinetics and, subsequently, the nucleation and growth 
rate of nanoparticle formation [40, 41]. Since the pH of 
the sorption solution is acidic (pH 1.39), the standard 
reduction potentials of BH, HH, and AA, in addition 
to that of Pd(II) vs. HSE, and the half-cell reactions are 
presented in Eqs. (1)-(4).

	 BH4
- + 3H2O = B(OH)3 + 7 H+ + 8 e- 

	 Eo = -0.48 V [40, 42]	 (1)

	 N2H5
+ = N2 + 5H+ + 4 e- 

	 Eo = 0.230 V [40]	 (2)

	 C6H8O6 = C6H6O6 + 2H+ + 2 e-  
	 Eo = 0.077 V [40]	 (3)

growth due to DNA destruction and protein denaturation 
of the microorganisms [34]. However, some bacteria, 
such as Deinococcus radiodurans, can still survive 
high doses of ionizing UV radiation [35]. Ozonation 
is another disinfectant that can destroy pathogens via 
oxidation. In addition to being expensive, it generates 
toxic bromate by-products in water. It can also produce 
harmful byproducts in water, including peracetic acid, 
hydrogen peroxide, and iodine [34]. 

Metal nanoparticles have attracted major interest as 
an alternative or complement to conventional antibiotics. 
This is due to their broad spectrum of antimicrobial 
activity, as they can act against a wide range of 
microorganisms, such as Gram-positive bacteria, Gram-
negative bacteria, fungi, and some viruses [36]. For 
example, Ag NPs can damage membranes, proteins, and 
DNA of bacteria simultaneously; however, antibiotics 
such as penicillin mainly target cell-wall synthesis [37]. 
In addition, bacteria can adapt to antibiotics, showing 
resistance, while metal nanoparticles use multiple 
mechanisms, making the development of resistance 
more difficult [38]. In fact, metal nanoparticles are 
effective against multidrug-resistant bacteria. Currently, 
copper and silver nanoparticles are particularly effective 
against resistant pathogens in hospitals [39]. Bacteria 
develop biofilms for protection against antibiotics; 
however, metal nanoparticles can penetrate the biofilms 
and kill the microbes. Finally, metal nanoparticles are 
stable under harsh conditions of heat, pH changes, and 
enzymatic activities [36]. 

Reduction of Pd(II) to Pd0 Nanoparticles

Activated carbon was prepared from black cumin 
seeds using KOH activation at 700oC for one hour 

Fig. 1. Pd loading on AC using different reducing agents between 2 and 10 mM at 20ºC.
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	 Pd2+ + 2 e- = Pd0 

	 Eo = 0.951 V [43]	 (4)

FTIR

FTIR spectra of AC and AC-Pd NPs are presented 
in Fig. 2. The band at ~3437 cm-1 corresponds to 
the stretching vibration of -OH. The band between  
1628-1560 cm-1 corresponds to C=C or C=O stretching 
vibration. However, the bands between 1300 cm-1 and 
1000 cm-1 are related to C-O stretching vibrations in 
aldehydes, anhydrides, ethers, and other C-O groups 
[44]. The shoulders assigned at 2919 cm-1 and 2850 cm-1 

are related to C-H stretching vibrations in CH and 
CH2 groups [44]. Such shoulders did not appear for AC 
before Pd-loading via reduction. In addition, the band at  
1385 cm-1, which is related to C-H bending vibration, did 
not appear for AC. It is obvious that the intensity of the 
-OH group has increased after reduction, particularly 
for BH and AA. This is mostly related to the reduction 
of aldehydes and ketones on the AC surface to alcohols 
by the reducing agents [45]. There is also a decrease in 
the intensities of bands in the range of 1300-1000 cm-1  
(C-O) after reduction, indicating that the reducing 
agents also reduce some carbon–oxygen functionality 
on the AC surface [45-47].

XRPD, SEM and TEM

XRPD analysis confirms the presence of crystalline 
Pd NPs (Fig. 3). Characteristic diffraction peaks were 
detected in all samples at 2θ of 40.34°, 46.71°, 68.21°, 
82.13°, and 86.71°, with h, k, and l indices of (111), 

(200), (220), (311), and (222) of a face-centered cubic 
(fcc) palladium structure [48]. However, as the reducing 
agent changes, the most intense peak at a 2θ value of  
~ 40° corresponding to the (111) plane shows significant 
changes, indicating variation in the degree of anisotropy 
of Pd. Higher intensity was observed for Pd NPs 
reduced by BH and AA compared to those reduced by 
HH (particularly at 10 mM concentration of HH). The 
crystallite size of Pd in Pd NPs (D) was calculated using 
the Scherrer equation, Eq. (5) [49].

	 D = Kλ/(b cosθ)  	  (5)

	 b = (p/180) FWHM	  (6)

K refers to the Scherrer constant, λ is the wavelength 
of the X-ray beam applied, β is the full width at half 
maximum (FWHM) of the peak in radians (Eq. (6)), and 
θ is the Bragg angle. A K-value of 0.90 works well with 
spherical crystals [49]. 

The average crystallite size was calculated using 
the first 5 diffraction peaks between 2q of 40.09 and 
86.58°. The average crystallite size of Pd is presented in 
Fig. 4 using different concentrations of reducing agent 
at 20°C for initial Pd(II) concentrations of 2500 mg/L. 
It seems that the average crystallite size decreases as 
the concentration of reducing agent increases for both 
BH and AA. The higher concentrations of BH and 
AA lead to a rapid reduction of Pd(II) ions, forming  
a smaller crystallite size of Pd. However, with the 
increase in HH concentration, a slight increase in the 
average crystallite size was observed (Fig. 4). As shown 
in Fig. 4, the maximum crystallite size of Pd appears for 
2 mM concentration of BH and AA, and 10 mM of HH. 

Fig. 2. FTIR of AC and Pd-loaded AC using different reducing agents at 2 mM concentration.
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OH CH, 
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In a similar study, the crystal size of Ag0 NPs was found 
to decrease with increasing concentration of reducing 
agent (trisodium citrate) [50].

The morphology of the synthesized Pd NPs was 
significantly influenced by the reducing agent used, 
as confirmed by the SEM images presented in Fig. 5. 

Reduction with BH produced anisotropic structures, 
including multifaceted crystals and irregularly shaped 
nanoparticles. Notably, using HH yielded Pd NPs with 
an octahedral structure. In contrast, numerous spherical 
nanoparticles of palladium were predominantly formed 
when ascorbic acid was used. The average particle size 

Fig. 3. XRPD of Pd NPs on AC using a) BH, b) HH, and c) AA at different concentrations between 2 and 10 mM.
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Fig. 4. Average crystallite size of Pd0 using the Scherrer equation at different concentrations of the reducing agents.

Fig. 5. SEM images of Pd particles reduced by BH: a) 2 mM and d) 10 mM; HH: b) 2 mM and e) 10 mM, and AA: c) 2 mM and f) 10 mM.
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of Pd was estimated using ImageJ software from SEM 
images. The average particle size of Pd0 was 61±8 nm, 
87±20 nm, and 471±60 nm when 2 mM of AA, HH, and 
BH were used, respectively (Fig. 5). The average size 
of Pd NPs is less than 100 nm for AA and HH, while 
for BH, it is larger than 100 nm. Pd NPs appear more 
homogeneous in size for AA than for HH. However, 
when the larger concentrations of 10 mM of the reducing 

agents were used, the average Pd particle size appears 
larger than 100 nm, with values of 138±80 nm, 272±80 
nm, and 1159±500 nm for 10 mM AA, HH, and BH, 
respectively (Fig. 5). BH shows an exceptionally large 
particle size. 

With the increase in the concentration of the reducing 
agent, an increase in the size of particles, with a decrease 
in the number of particles, is obvious (Fig. 5) [51].  

Fig. 6. TEM images of Pd NPs reduced using 6 mM of a) BH, b) HH, and c) AA, and the corresponding particle size distributions for Pd 
NPs reduced using 6 mM of d) BH, e) HH, and f) AA.
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This is indicative of a coalescent growth mechanism 
where smaller particles come together to form larger 
particles, reducing the total number of particles [51]. 
This is clearly demonstrated in the SEM images for 
Pd NPs produced using 10 mM BH (Figs. 5a) and d)).  
TEM images and particle size distribution histogram  
of Pd NPs produced using 6 mM of the reducing  
agents are presented in Fig. 6(a-f). A lattice spacing 
of 0.234 nm was identified in TEM images, indicating 
the presence of Pd crystals with 111 h k l indices  
(Fig. 7). According to TEM images, all synthesized  
Pd NPs are well dispersed in spherical and non-spherical 
morphologies. The average particle size of Pd NPs  
from TEM is 2.7-7 nm, 1.4-3 nm, and 2–7 nm  
for samples reduced by BH, HH, and AA, respectively 
(Fig. 6(d-f)).

As presented in Figs. 5 and 6, there is a large 
difference in the Pd NP size estimated from SEM and 
TEM images, as both are different techniques with 
different sample preparation methods. TEM provides 
better resolution (0.1 nm) and uses the transmission 
mode technique [52, 53]. SEM has 1 nm resolution 
and uses the secondary electron detection method for 
imaging [54]. Thus, the particles on the AC surface 
measured by SEM are larger in size than those measured 
by TEM. Moreover, the diffraction pattern in the back 
focal plane appears as concentric rings, indicating 
polycrystalline phases of Pd (Fig. 6(d-f)) [55]. The TEM 
image revealed that the Pd0 NP size within the porous 
structure is probably controlled by the pore size within 
which they were deposited, as the porous structure of 
AC is rigid and non-flexible [54, 56]. On the other hand, 
Pd particles deposited on the AC surface have no such 
limitation in particle growth, with more ability for Pd 
atoms to aggregate, forming larger Pd particles. The 
size estimated from XRPD by the Scherrer equation 
exhibited an average crystallite size within the Pd 
particles [55], where several crystallites are available 
in a Pd particle. In general, metal nanoparticles formed 
by reduction in solution become smaller in size when 
a larger concentration of reducing agent is used. For 

example, the size of Au0 nanoparticles in solutions 
decreased on raising the concentration of caffeic acid 
(reducing agent) [57]. Another study showed that small-
sized Ag0 nanoparticles in solution require an excess of 
strong reducing agent, which facilitates instant nuclei 
generation, resulting in the formation of uniformly sized 
silver colloids [58]. In a previous study [26], colloidal 
Ag0 NPs with a particle size of 7-20 nm were generated 
using different reducing agents of NaBH4, polyvinyl 
alcohol, glucose, and galactose in solution. However, 
in the same study [26], using these reducing agents 
for Ag(I) reduction has led to a larger particle size  
(300-600 nm) on AC. The increased sizes of Ag0 NPs 
on AC are related to particle agglomeration during 
the adsorption process [26]. In the present study, in 
which activated carbon was used as a support, larger 
concentrations of reducing agents formed larger Pd 
particles on AC due to particle agglomeration [26], but 
with a smaller average crystallite size. In another study 
[59], Ag0 nanoparticles were prepared using Coccinia 
grandis peel extract onto AC. The particle size of Ag0 
was (15-20 nm) from TEM, 50.2 nm from SEM, and the 
average crystallite size measured from X-ray diffraction 
was (15-18 nm) [59]. The particle size measured by 
SEM was also found to be larger than that measured by 
TEM, and this was attributed to particle agglomeration 
onto the AC surface [26]. Another study confirmed the 
significant variation in the estimated particle size of 
nanocrystalline mackinawite with the methods used 
[60].

EDS Analysis

The EDS spectra and elemental analysis of Pd NPs 
on AC presented in Table 2 show higher palladium 
content when a 10 mM concentration of reducing agents 
was used than when a 2 mM concentration was used. 
BH shows a higher Pd % than the other reducing agents, 
and this could be related to the larger particle sizes of Pd 
developed by using BH, where a higher amount of Pd is 
present on the surface of AC. 

XPS Analysis

XPS spectra of Pd3d for Pd-loaded AC at initial 
concentrations of 2500 mg/L were investigated using  
2 mM and 10 mM reducing agents. The XPS technique 
reveals the surface structure to a depth of 10 nm [44]. 
The deconvolution of palladium peaks for each reducing 
agent at 2 mM and 10 mM concentrations is presented 
in Fig. 8(a-f). The peaks in the range of 335.6-336.7 
and 340.8-342.1 eV refer to Pd for Pd3d5/2 and Pd3d3/2, 
respectively. However, the peaks at 337.2-337.8 eV 
and 342.5-343.0 eV refer to Pd(II) for Pd3d5/2 and 
Pd3d3/2, respectively [27, 61]. As presented in Table 3,  
for 3d5/2 peaks (335.6-336.7 eV, and 337.2-337.8 eV),  
the percentages of Pd(0) and Pd(II), on Pd-loaded 
AC (for 2 mM concentration) were 75.9 and 24.1%, 
respectively, for BH, 42.2 and 67.8%, respectively, for 

Fig. 7. HRTEM image of Pd0 particles on AC.
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HH, and 51.8 and 48.2%, respectively for AA. With 
the increase in the concentration of the reducing agents  
to 10 mM, for 3d5/2 peaks (335.6-336.7 eV, and  
337.5-337.7 eV), the percentages of Pd(0) and Pd(II), 
on Pd-loaded AC were 75.9 and 24.1%, respectively for 
BH, 65.5 and 35.5%, respectively for HH, and 43.6 and 
56.4%, respectively, for AA.       

On the other hand, for 3d3/2
 peaks (340.8-342.1 

eV, and 342.5-343.0 eV), the percentages of Pd(0) and 
Pd(II), on Pd-loaded AC (for 2 mM concentration) were 
61.3 and 38.7%, respectively, for BH, 32.4 and 67.6%, 
respectively, for HH, and 38.1 and 61.9%, respectively, 
for AA. However, using 10 mM of the reducing agents, 
for 3d3/2 peaks (340.8-340.9 eV, and 342.5-342.9 eV), the 
percentages of Pd(0) and Pd(II) on Pd-loaded AC were 
61.3 and 38.7%, respectively, for BH, 61.8 and 38.2%, 
respectively, for HH, and 35.0 and 65.0%, respectively, 
for AA. It appears from these values that Pd(0) from XPS 
using the peak of 3d5/2 follows the order of BH>AA>HH 
when 2 mM of the reducing agent was used, while for  

a 10 mM concentration of the reducing agent, it follows 
the order of BH>HH>AA.

Antibacterial Activity

Pd-loaded AC shows an antibacterial effect presented 
by the growth inhibition zone size. Fig. 9 shows the 
inhibition zones for S. aureus (Fig. 9(a-c)), B. cereus 
(Fig. 9(d-f)), and E. coli (Fig. 9(g-i)), for Pd-loaded AC 
using 2-10 mM of BH, HH, and AA, respectively. Fig. 10 
shows the variation of the inhibition zones of the three 
bacteria at the different concentrations of the reducing 
agents. The inhibition zone for bacterial growth by Pd 
NPs follows the order of AA>HH>BH for most of the 
concentrations of the reducing agents. The inhibition 
zone also decreases as the reducing agent concentration 
increases for AA and HH, whereas for BH, the inhibition 
zones appear the smallest, with no clear trend. 

As presented in Table 4, there is a clear correlation 
between Pd particle size (nm) and the inhibition zone 

Concentration
mM Reducing agent

Element (%)

Pd0 C O Al Cl Cu

2

BH 70.7 22.4 4.7 2.2 - -

HH 45.8 34.0 3.7 5.3 7.9 3.2

AA 57.0 34.9 6.2 1.3 - -

10

BH 85.5 10.9 1.5 2.1 - -

HH 72.2 21.8 3.6 1.4 0.9 -

AA 83.9 12.4 2.9 0.8 - -

Table 2. EDS analysis of Pd-loaded AC.

Table 3. Pd loading on AC and percentages of Pd(0) and Pd(II) at Pd 3d5/2 and Pd 3d3/2 determined by XPS.

Reducing agent Amount of 
Pd0 reduced 

(mg/g)

3d5/2 3d3/2

Pd state
Type Concentration

mM
Binding 

energy (eV) Pd (%) Binding 
energy (eV) Pd (%)

BH

2 45.11
336.6 75.9 341.9 61.3 Pd0

337.5 24.1 342.6 38.7 Pd2+

10 45.21
336.7 75.9 342.0 61.3 Pd0

337.6 24.1 342.7 38.7 Pd2+

HH

2 39.52
335.6 42.2 340.8 32.4 Pd0

337.8 57.8 343.0 67.6 Pd2+

10 42.18
335.6 65.5 340.9 61.8 Pd0

337.5 34.5 342.5 38.2 Pd2+

AA

2 44.67
336.7 51.8 342.1 38.1 Pd0

337.2 48.2 342.6 61.9 Pd2+

10 45.29
335.6 43.6 340.8 35.0 Pd0

337.7 56.4 342.9 65.0 Pd2+
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(mm) for the three bacteria under investigation. As 
the concentration of the reducing agent increases, the 
particle size (by SEM) increases, and the inhibition zone 
decreases. Similar results were found when Pd particles 
were used against S. aureus and B. subtilis [62]. Other 
studies showed that Pd proved efficient against bacteria 
such as E. coli, S. aureus, and C. sakazakii [63-65].  
The inhibition zone data for different bacteria with 
varying Pd0 particle sizes were analyzed using one-way 
ANOVA. The results showed that the F value was 0.383, 
which was less than Fcrit (3.68), and the p value (0.69), 
which is greater than 0.5. These values indicate that the 
variation in the inhibition zones of the different bacteria 

across the different particle sizes of Pd NPs is similar, 
with no significant differences among them. Statistical 
analysis is presented in Table S1 (Supplementary 
Material).

For the positive control, the inhibition zones for 
ciprofloxacin (Fig. 11(a-c)) were 35.8±0.6 mm for B. 
cereus, 26.5±0.4 mm for S. aureus, and 12.7±0.6 mm 
for E. coli. However, when clarithromycin was used, 
the inhibition zones (Fig. 11(d-f)) were 27±1 mm for 
B. cereus, 25±0.7 mm for S. aureus, and 38±1 mm 
for E. coli. Using the antibiotics (100 mL, 0.01 M of 
each) shows larger growth inhibition zones compared 
with those of Pd NPs (Fig. 10(a-c)). The antibiotics 

Fig. 8. Deconvolution of Pd3d for Pd reduced by a) 2 mM BH, b) 10 mM BH, c) 2 mM HH, d) 10 mM HH, e) 2 mM AA, and f) 10 mM 
AA.
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Fig. 9. Images of inhibition zones of Pd NPs for (a-c) B. cereus, (d-f) S. aureus, and (g-i) E. coli using BH (a, d, g), HH (b, e, h), and AA 
(c, f, i), respectively, for concentrations of reducing agents between 2 mM and 10 mM.

 

a) b) c) 

d) e) f) 

g) h) i) 

Reducing
agent

Concentration
mM

Pd0 particle size by 
SEM (nm)

Bacterial inhibition zone (mm)

S. aureus B. cereus E. coli

AA
2 60.9±8.5 15.2±0.3 15.8±0.3 14.5±0.5

10 137.5±82.9 13.3±0.3 14.2±0.3 12.3±0.6

HH
2 86.7±18.6 14.2±0.3 14.2±0.3 13.3±0.3

10 272.2±82.9 10.7±0.3 11.8±0.3 10.0±0.5

BH
2 471.0±58.8 9.2±0.3 10.0±0.5 10.0±0.5

10 1158.7±527.3 8.8±0.3 9.5±0.5 7.5±0.5

Table 4. Pd0 particle size (by SEM) vs the inhibition zone using 2 mM and 10 mM of the reducing agent.



Aisha M. Al Musharrafi, et al.14

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

c) 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

c) 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

c) 

b) 

Fig. 10. Inhibition zone (mm) at different concentrations of reducing agent for a) S. aureus, b) B. cereus, and c) E. coli, respectively.
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Fig. 11. Images of inhibition zones of ciprofloxacin for a) B. cereus, b) S. aureus, and c) E. coli, and of clarithromycin for d) B. cereus, 
e) S. aureus, and f) E. coli using 100 ml of 0.10 M of each.
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were introduced as an aqueous solution, which 
has better diffusion in the agar than solid Pd NPs  
on AC. In addition, the amount of the antibiotic 
introduced into the agar well was larger (331.4 mg 
of Ciprofloxacin, 747.95 mg of clarithromycin) than  
the amount of Pd NPs introduced into the agar well  
with 6 mg of loaded AC (272 mg for BH, 271 mg for 
AA, and 238 mg for HH). The bacteria were examined 
by SEM for the control and the growth inhibition zone 
(Fig. 12). It is obvious that the bacteria were not able 
to grow in the inhibition zone around the Pd-loaded 
particles. 

For the quantitative (turbidity) antibacterial study, 
Pd-loaded AC reduced by 2 mM of the reducing 
agent was tested against E. coli (Fig. 13a)), S. aureus  
(Fig. 13b)), and B. cereus (Fig. 13c)) at 37ºC over  
24 hours. The growth curve pattern of the bacteria acts 
as an empirical model of the evolution of a quantity 
over time. Compared with the control sample, Pd-loaded 
AC samples exhibit antibacterial activity. AC alone 
appeared to act as a nutrient source for the bacteria  
(Fig. 13(a-c)). Growth inhibition reached 7.9, 89.4,  
and 89.4% for E. coli, 5.89, 90.9, and 84.9% for S. 
aureus, and 12.4, 90.1, and 90.7% for B. cereus  
for Pd NPs reduced on AC by 2 mM of each of BH,  
AA, and HH, respectively. Pd NPs reduced by AA  
and HH show more effective antibacterial properties 
than Pd NPs reduced by BH, and this is related to  
the larger Pd particles reduced by BH. The antibacterial 
mechanism of Pd NPs observed in this study can 
be attributed to several mechanisms. The most 
important mechanism is the ability of NPs to generate 
reactive oxygen species (ROS) and their affinity to 
associate closely with R-SH groups. The metal ions 
in the NPs bind to SH groups, such as in cysteine,  
and directly interrupt the function of specific enzymes 

or break S–S bridges. These S-S bridges are necessary 
to maintain the integrity of folded proteins, and their 
breakage causes detrimental effects to the metabolism 
and physiology of the bacterial cell [66-68].

Rasheed et al. [69] demonstrated that palladium/
tungsten oxide-supported graphene nanocomposites 
activate persulfate to generate ROS, including sulfate 
radicals, achieving efficient E. coli inactivation through 
advanced oxidation mechanisms. Similar ROS-mediated 
oxidative damage has been widely mentioned as a 
critical antibacterial pathway for metallic NPs. The 
oxidative stress-related antibacterial behavior has also 
been reported for ZnO nanostructures, where defect-
rich ZnO NPs generate high levels of ROS and enhance 
antibacterial activity [70]. 

The size and shape of the nanoparticles have a 
great impact on the antibacterial activity. The smaller 
particles have a higher antibacterial activity [71]. The Pd 
nanoparticles can penetrate the cell membrane, causing 
structural and morphological changes and death [67, 
72]. Fang et al. [25] reported that palladium nanocrystal 
facets presented enhanced membrane penetration 
against Gram-negative bacteria. However, some studies 
reported that larger NPs are more effective, indicating 
that size is not the only factor for their toxicity [73, 
74]. Other factors include the formulation process, the 
environment, the bacterial defense mechanism, and 
the physical characteristics of the NP [68]. This study 
indicates that using AA shows better antibacterial 
properties than the chemical reducing agents of BH and 
HH, as it produces small Pd NPs onto AC in addition to 
being a green reducing agent (Fig. 13). 

Fig. 12. SEM images of the control and the growth inhibition zones of the bacteria.

 

 

 

 

 

 

 

 

 

 

 

 

 
 

E. coli B. cereus S.aureus 

B. cereus S.aureus E. coli 

Inhibition zone  

Control  



Aisha M. Al Musharrafi, et al.16

Conclusions

Activated carbon from black cumin seeds,  
in this study, was used as a support onto which  
Pd NPs were deposited using green (ascorbic acid) and 
chemical (borohydride and hydrazine hydrate) reducing 
agents. The particle size of Pd0 varies between SEM and 
TEM. Pd NPs were evidently small when AA or HH 
were used, unlike Pd NPs produced by BH, which were 
large. As the reducing agent concentration increases, 
particle size also increases; however, the average 

crystallite size decreases. The antibacterial efficiency 
against E. coli, S. aureus, and B. cereus seems dependent 
on Pd particle size. Pd NPs produced by AA (2 mM) 
exhibited a smaller particle size and better antibacterial 
activity compared to those reduced by BH and HH.  
This demonstrates the importance of an appropriate 
reduction mechanism in controlling nanoparticles’ 
characteristics to optimize their antibacterial 
performance.
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