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Abstract 

This study aimed to synthesize a hyperbranched poly(amidoamine) dendrimer (PAMAMD) and its ZnOnanohybrid 
(PAMAMD-Zn). The synthesized products were characterized using various techniques; XRD, DLS, SEM and FT-IR. 
Subsequently, the synthesized products were tested for their broad-spectrum antimicrobial activities. Additionally, they were 
evaluated for their suitability as biocides and corrosion inhibitors against aerobic and anaerobic corrosive bacteria which 
isolated from an Egyptian petroleum company's environment. The results were notably intriguing as both the synthesized 
products, PAMAMD and PAMAMD-Zn, demonstrated a broad-spectrum antimicrobial activity against various standard 
microbial strains. Furthermore, the PAMAMD-Zn exhibited a higher broad-spectrum antimicrobial activity with the lowest 
minimum inhibitory concentration (MIC), minimum bactericidal and fungicidal concentration (MBC, MFC) values compared 
to the PAMAMD. In addition, both products exhibited metal corrosion inhibition efficiencies against aerobic corrosive 
communities of 92.1 and 94.4%, respectively and anaerobic corrosive communities of 91.6 and 96.3%, respectively. 
  
Keywords: Metal corrosion; Aerobic corrosion; Anaerobic corrosion; Poly(amidoamine)dendrimer; ZnO nanohybrid.   

1. Introduction 

 Petroleum sectors around the world suffer from 
severe metal corrosion problems caused by various 
corrosive environments, often in conjunction with 
diverse microbial communities [1, 2]. Metal corrosion 
results in a multitude of economic, environmental, and 
safety issues [3]. Many of the metal corrosion 
problems in the petroleum sector are associated 
withmicro-organisms in a process known as 
microbially influenced corrosion (MIC) or 
biocorrosion [4]. Various microbial diversities have 
frequently been detected in petroleum pipelines and 
tanks, leading to MIC problems [5]. Well-known 
microbial communities reputedly associated with MIC 
problems include sulfate-reducing bacteria (SRB), 

iron-reducing bacteria (IRB), iron-oxidizing bacteria 
(IOB), acid-producing bacteria (APB), manganese-
oxidizing bacteria (MOB), and slime-forming bacteria 
(SFB) [6-9]. Despite the routine application of desired 
metal-corrosion inhibitors and biocides, various 
microbial diversities inhabit the utilities within the 
petroleum sector. Therefore, the attention of 
researchers has been drawn towards designing novel 
products with multifunctional applications and specific 
desired characteristics. These products should have the 
ability to protect metal surfaces from corrosive media 
effectively, possess numerous functional groups, and 
be effective at low concentrations [10]. Among these 
materials, hyperbranchedpolyamidoamine (PAMAM) 
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dendrimers have garnered significant attention due to 
their well-defined structure, excellent bio-
compatibility, and versatile functionalization 
capabilities [11]. PAMAM dendrimers exhibit a three-
dimensional, tree-like macromolecular structure with a 
core and multiple branches, resulting in a high degree 
of branching and molecular complexity. They are 
synthesized through a stepwise iterative process, 
allowing for precise control over their size, surface 
functionality, and internal voids, a method often 
referred to as 'one-pot synthesis. Furthermore, 
PAMAM dendrimers offer a multitude of terminal 
groups, making them an attractive option for hosting 
other molecules or nanoparticles [12]. It has been 
reported that PAMAMs have been applied as biocides 
and metal corrosion inhibitors to protect metal surfaces 
from microbial activity and corrosive media, 
respectively [13, 14]. Simultaneously, nanoparticles of 
Zinc oxide (ZnO) have emerged as highly promising 
candidates for a range of biological purposes. This is 
primarily due to their compatibility with living 
organisms, low toxicity, and potential antimicrobial 
properties [15]. ZnO functions as a wide-bandgap 
semiconductor with exceptional optoelectronic 
characteristics, making it a sought-after material in 
various applications. In recent times, increasing 
attention has been directed towards its potential 
biological functions, including its ability to combat 
bacteria and potentially assist in cancer treatment. 
ZnO's biocompatibility and its capacity to generate 
reactive oxygen species (ROS) upon exposure to 
ultraviolet (UV) light contribute to its appeal as a 
compelling option in the realm of biomedical 
applications [16]. By combining the advantageous 
features of the PAMAM dendrimers with 
nanoparticles, researchers have created hybrid-
nanocomposites with enhanced biological activity, 
opening up exciting possibilities for many industrial 
applications. [17-20].To harness the benefits of the 
PAMAM and nanoparticles, researchers successfully 
developed novel PAMAM nanocomposites to be used 
in diverse industrial applications [21-24]. Therefore, 
this study directed to synthesis of hyperbranched 
poly(amido-amine) dendrimer (PAMAMD) and its 
decorated nano Zinc form, hyperbranched 
poly(amidoamine)dendrimer/ZnOnanohybrid 
(PAMAMD-Zn). These synthesized products were 
comprehensively characterized using techniques 
including X-ray Diffraction (XRD), Dynamic Light 

Scattering (DLS), Scanning Electron Microscopy 
(SEM) and Fourier Transform Infrared (FT-IR). They 
were then tested to evaluate their broad-spectrum 
antimicrobial activity against various standard 
microbial strains, with the determination of minimum 
inhibitory concentrations and minimum bactericidal/ 
fungicidal concentrations (MBC/MFC). Furthermore, 
their effectiveness as biocides and metal corrosion 
inhibitors was assessed against environmental aerobic 
and anaerobic bacterial communities, previously 
isolated from a natural gas company with a salinity of 
23,000 ppm (NaCl concentration). 

 
2. Materials and method 

2.1. Chemicals  

 Methyl acrylate, ethylene diamine, 1,1,1-
trimethylolpropane (TMP), p-toluene sulphonic acid 
(PTSA), Ethanol, Zinc sulphate, Sodium hydroxide 
and Glycidoxypropyltrimethoxysilane (GPTMS) were 
supplied from Sigma Aldrich.  
 
2.2. Synthesis of hyperbranched poly(amidoamine) 

dendrimer (PAMAMD) 

 The AB2 monomer of hyperbranched poly(amine-
ester) was synthesized through the reaction of 1 mol of 
methyl acrylate and 1 mol of ethylene diamine at 35 oC 
under continuous stirring for 4 h. This reaction was 
established in the presence of ethanol as a solvent and 
under nitrogen atmosphere. Subsequently, 1 mole of 
the core TMP was subjected to a reaction with 9 moles 
of the produced AB2 monomer after purification 
(using a rotary evaporator at 40 0C with a reduced 
pressure to obtain the final product). This reaction 
occurred with 0.5 wt % PTSA as a catalyst, THF as a 
solvent, and was maintained at a temperature of 120°C 
with constant agitation for a duration of 3 h. The end 
result was the creation of a hyperbranched polymer 
featuring amine terminals [13]. 
 
2.3. Synthesis of ZnO nanoparticles 

 ZnO nanoparticles were synthesized referring to 
[25]. Briefly, a Zinc precursor solution was prepared 
by dissolving 0.5 M of Zinc sulfate (ZnSO4) in 100 ml 
of ethanol. The addition of sodium hydroxide served 
as the catalyst to initiate the reaction. Subsequently, 
the solution underwent 30 min of sonication to ensure 
the full formation of Zn(OH)2. Afterward, the solution 
was collected via centrifugation and subjected to 
multiple washes with ethanol to eliminate impurities 
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then dried at 80 °C for 4 h, finally the dried powder 
was calcinated at 400°C for 2 h. The resulting ZnO 
nanoparticles were provided.  
 

2.4.Synthesis of hyperbranched poly(amido-amine) 

dendrimer-ZnOnanohybrid (PAMAMD-Zn) 

 Approximately 100 mg of ZnO nanoparticles were 
initially dispersed in 10 ml of ethanol through 
ultrasonication for a period of 10 min. To this solution, 
100 mg of Glycidoxypropyltrimethoxysilane 
(GPTMS) was introduced. The mixture underwent 
further ultrasonication for 3 h to facilitate the reaction. 
Any unreacted GPTMS was subsequently separated 
through a centrifugation. The resulting precipitate, 
composed of GPTMS-modified ZnO nanoparticles, 
was rinsed three times with ethanol to ensure complete 
elimination of any residual unreacted GPTMS. 
Following this, approximately 100 mg of the surface-
modified ZnO nanoparticles were dispersed in 20 ml 
of ethanol. Then, 10 ml of the synthesized PAMAMD 
was added to the mixture. This combination, GPTMS-
modified ZnO nanoparticles and PAMAMD, was 
stirred at 50°C for 6 h. Upon completion of the 
reaction, the chemically modified PAMAMD-
ZnOnano-composite was once again collected through 
centrifugation. Finally, the collected nanocomposite 
material was air-dried for one day to eliminate any 
remaining solvents, resulting in the formation of the 
PAMAMD-Zn nanocomposite [26]. Scheme 1 
displayed the preparation steps of the synthesized 
materials. 

 
 

 

Scheme 1: The preparation steps of the synthesized materials 

2.5. Characterization techniques  
 The crystalline structure of the synthesized 
nanoparticles was confirmed using “X-ray Diffraction 
(XRD) using the X-Pert Pro model, operating under 
specific conditions of 40 mA, 40 kV, and with Copper 
Kα1 radiation at a wavelength of 1.54 Å, employing a 
Cu-Kα radiation (λ = 1.5406 Å) Diffractometer”. To 
determine the distribution of particle sizes, Dynamic 
Light Scattering (DLS) was applied, employing “a 
laser angle of 90ᵒ at a temperature of 25°C, utilizing 
the Zetasizer Nano-ZS90 instrument by Malvern Co., 
UK”. Additionally, the physical structure and 
morphology of the prepared materials were 
investigated using Scanning Electron Microscopy 
(SEM), which was carried out with “a JEOL JEM-
2100F microscope operating at 200 KV, manufactured 
in Japan”. Furthermore, the prepared materials were 
subjected to various analyses to understand their 
composition and properties. “A Nicolet iS10 FT-IR 
spectrophotometer (Thermo-Fisher Scientific, USA)” 
was used to examine their chemical composition and 
functional groups across a wavenumber range 
spanning from 500 to 4000 cm-1. 
 
2.6. Application of the synthesized inhibitors as 

broad-spectrum antimicrobial agents  

2.6.1. Microbial media 

 Bacterial media: Mueller Hinton agar (MHA) and 
broth (MHB) (“Difco, Franklin Lakes, NJ, USA”), 
Candida media: Sabouraud Dextrose Agar (SDA) and 
Broth (SDB) (“Difco, Sparks, MD, USA”). 
 
2.6.2. Standard microbial strains 

Bacillus subtilis(ATCC 6633), 
abbreviated as B. subtilis, 

Escherichia coli(ATCC 8739),  
abbreviated as E. coli, 

Candida albicans(IMRU3669),  
abbreviated as C. albicans. 

 

2.6.3. Biological susceptibility  

 The biological susceptibility of the 
synthesized inhibitors, namely the hyperbranched 
poly(amido-amine) dendrimer (PAMAMD) and the 
hyperbranched poly(amidoamine) dendrimer-
ZnOnanohybrid (PAMAMD-Zn), both at a starting 
concentration of 1000 ppm, was evaluated using the 
agar well diffusion method, as described previously 
[27]. This assessment was conducted against 
bacterial and Candida standard strains on MHA and 
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SDA, respectively. The procedure involved 
streaking the standard strains on their selective-
media agar plates, followed by the creation of 10 
mm wells on the surface using a sterile borer. 
Subsequently, 100 µl of PAMAMD and PAMAMD-
Zn were added to each well. After an incubation 
period at 35°C, which lasted overnight for bacterial 
strains and 48 h for the Candida strain, the 
biological susceptibility was assessed by measuring 
the diameter of the clearing zone (in millimeters). 
This series of tests was conducted three times, and 
the average values were recorded. Sterile water 
served as a negative control, while standard 
antimicrobial agents were employed as positive 
controls. 
 

2.6.4. Determination of Minimum inhibitory 

concentration (MIC), Minimum 

Bactericidal/Fungicidal Concentration 

(MBC/MFC) values   

The Minimum inhibitory concentration (MIC) “is 
defined as the lowest concentration of an antimicrobial 
agent that inhibits the development of visible 
microbial growth” [28]. The MICs of the synthesized 
inhibitors were determined using a modified micro-
dilution method in 96-well microtiter plates, as 
previously described [29]. The inoculation of bacterial 
and Candida strains followed the protocol outlined by 
the Clinical Laboratory Standards Institute (CLSI) [30, 
31]. 

Initially, 100 µl of the synthesized inhibitors at an 
initial concentration of 1000 ppm were subjected to 
serial dilution, using MHB for bacterial strains and 
SDB for the Candida strain. This dilution process was 
carried out in “NunclonTMmicrotiter plates (Nunc 
GmbH & Co., Wiesbaden, Germany)”. 
The wells with serially diluted inhibitors were then 
inoculated with 100 µl of a microbial suspension 
containing 1-2x108 CFU/ml for Grampositive standard 
bacterial strains, 1-2x109 CFU/ml for Gram negative 
standard bacterial strains, and 5x106 CFU/ml for the 
standard Candida strain.  
 Concurrently, two control groups were included: a 
negative control consisting of sterile media only and a 
positive control consisting of media inoculated with 
microbes but without the synthesized inhibitors. 
Subsequently, the plates were placed in an incubator at 
35°C for 20 h for the testing standard bacterial strains 
and for 72 h when assessing the Candida standard 
strain. To validate and observe the results, 30 µl of a 

0.01% resazurin solution (HiMedia) was introduced 
into the wells [32], followed by an additional 
incubation period of 3 h. The change in color of the 
well to pink served as an indicator of a positive result. 
To determine the minimum bactericidal/fungicidal 
concentration (MBC/MFC) values of the synthesized 
inhibitors (PAMAMD and PAMAMD-Zn), 10 µl of 
the inhibitor was taken from the wells before adding 
resazurin that showing no observable microbial 
growth. These samples were then sub-cultured onto 
corresponding agar media (MHA for bacterial strains 
and SDA plates for Candida) [33]. The plates were 
subsequently incubated at 35°C for 20 h for standard 
bacterial strains and for 48 h for the Candida standard 
strain. The MBC/MFC was defined as "the lowest 
concentration of an antimicrobial agent required to kill 
99% of the microorganisms" [34]. 
 
2.7. Application of the synthesized inhibitors as and 

biocides corrosion inhibitors  

The aerobic and anerobic bacterial community in 
this study was enriched from a sample collected from 
the separator drain of El Wastani Petroleum Co. 
(WASCO), Wastani Field, Damietta City, Egypt 
named EW9. The field was suffered from severe 
corrosion problems although biocides and corrosion 
inhibitors are continuously applied. The enriched 
sample, under aerobic and anerobic conditions, was 
characterized by 16S metagenomics analysis. The 
aerobic bacterial community of the sample was mostly 
affiliated to two species Pseudomonas sp. and 
Pseudomonasbalearica. In addition, the anaerobic 
bacterial community of the collected sample was 
represented mostly by a species of 
Desulfovibrioalaskensis.  
 The synthesized inhibitors, namely PAMAMD and 
PAMAMD-Zn, were employed as biocides and 
corrosion inhibitors in the presence of both aerobic 
and anaerobic bacterial communities at a salinity level 
of 230,000 ppm (NaCl concentration). Corrosion was 
assessed using the weight loss method [35]. To 
conduct this evaluation, mild steel coupons with a 
chemical composition detailed in Table 1 (AISI 1018 
mild carbon steel strips measuring 1.5 x 1.5 x 0.32 cm, 
provided by COSASCO's Rohrback Systems, Inc) 
were utilized. These coupons were initially subjected 
to mechanical cleaning using emery papers of various 
grades and followed the cleaning procedure outlined in 
NACE Standard RP0775-99, Item No. 21017, and 
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were then thoroughly dried. The weight loss method 
involved comparing the weight of the coupons before 
and after the inhibition experiment. The corrosion rate 
of the metal (expressed in g/m2 per day) [36] and the 
inhibition efficiency (%) [37] were determined based 
on the weight loss results observed after one month of 
incubation. Duplicate experiments were conducted, 
and the average values along with the standard 
deviation of the calculated results were determined. 
For the inhibition experiments, a batch culture was 
prepared using a modified nutrient-rich simulated 
seawater (NRSS) medium [36] for the aerobic 
bacterial community and a modified Postgate's-C 
medium [38] for the anaerobic bacterial community. 
The modified NRSS and Postgate's-C media were 
formulated with a salinity of 23,000 ppm (NaCl 
concentration) and an initial pH of 6.8. During the 
media preparation process, these conditions were 
maintained. For the inhibition experiment, various 
concentrations of the synthesized inhibitors were used, 
including 500, 250, 125, and 62.5 ppm, alongside two 
control groups: the blank, which contained un-
inoculated modified media, and the control, which was 
inoculated with either the aerobic or anaerobic 
bacterial community but without the synthesized 
inhibitors. The NRSS media were inoculated with an 
enriched aerobic bacterial community that had been 
previously cultivated for 20 h at 35°C. The bacterial 
count in the inoculum was estimated to be 5.2 x 105 
CFU/ml based on total bacterial counts [39]. On the 
other hand, the inoculum for the anaerobic bacterial 
community contained 1.5 x 107 CFU/ml, and this 
count was determined using the most probable number 
(MPN) method with 3 tubes [40]. The preparation of 
the inoculum followed the modified Hungate's 
technique for anaerobic organisms [41]. 
 
Table 1. Chemical composition of a mild steal coupon  

Element Content 

Carbon (C) 0.14 - 0.20 % 

Iron (Fe) 98.81 - 99.26 % 

Manganese (Mn) 0.60 - 0.90 % 

Phosphorous (P) ≤ 0.040 % 

Sulphur(S) ≤ 0.050 % 

 

3. Results and discussion  

3.1. Characterization techniques  

The confirmation of the structural integrity across 
morphological attributes and particle size distributions 
of the synthesized material was assessed using XRD, 

SEM, and DLS techniques. The prepared 
hyperbranched polymer PAMAMD was clearly 
displayed in Figure 1a. where the main peaks were 
demonstrated within 2θ values 4, 15, and 22. The XRD 
patterns depicted in Figure 1b, were analyzed to 
determine the average particle size via the Debye-
Scherrer equation (Equation 1):  

"D"=0.9λ/βcosθ    ………………..        (1) 
where D represents crystal size, λ is the x-ray 
wavelength, β is the full width at half maximum of the 
diffraction peak, and θ is the Bragg diffraction angle. 
The observed data indicated that all peak values 
corresponded to the hexagonal structure of ZnO NPs, 
aligning with the JCPDS card (Card No. 89-1397). 
The high intensity and narrow width of ZnO 
diffraction peaks affirmed the resultant product's 
crystallinity, with a calculated average size of 
approximately 95 nm. Figure 2 presented particle size 
distribution and PDI values for the prepared polymer 
nanocomposite which further supporting the 
homogeneity with high crystallinity of ZnO integrated 
in PMAM. 

 

Figure 1: XRD patterns of the synthesized PAMAMD (a), and the 
PAMAMD-Zn (b) 
 

Figure 2 exhibited the particle distribution of the 
prepared ZnO nanoparticles and the average particle 
size was 95 nm. 

 

 
Figure 2:  DLS of the prepared ZnO nanoparticles 

Moreover, Figure 3 displayed the SEM images of 
the prepared materials; a macroscopic view confirmed 
the homogenous structure of the prepared polymer and 
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the prepared nanocomposites. Figure 3a, showed the 
morphological structure of the PAMAM. Furthermore, 
Figure 3b, revealed the difference in the 
morphological structure of the prepared nano-
composite than the pure polymer. In addition; it 
confirmed the dispersion and the well distribution of 
the ZnO nanoparticles within the PAMAMD matrix. 
 

 
Figure 3: SEM images of the synthesized PAMAMD (a), and the 
PAMAMD-Zn (b) 

 To confirm the chemical structure of the prepared 
materials, FT-IR (Fourier Transform InfraRed) 
spectroscopy was carried out (see Figure 4). The 
spectrum corresponding to the PAMAMD (Figure 4a) 
clearly showed the distinguished bands of the polymer 
at 1650 cm−1 and 1532 cm−1 which related to -CONH 
groups and a spike band at 3290 cm−1 that 
corresponded to NH2 groups. New absorption bands at 
the stretching vibration area at 865 cm−1 and 710 cm−1 
(Figure 4b) which clearly demonstrated the ZnO 
grafting on the polymer matrix. 

 
Figure 4: FT-IR spectra of the synthesized PAMAMD (a), and the 
PAMAMD-Zn (b) 

 

3.2.  Application of the synthesized inhibitors as 

broad-spectrum antimicrobial agents  

Results, see Table 2 and Figure 5, showed broad 
anti-microbial spectrum of the synthesized inhibitors 
against Gram positive (B. subtilis) and negative 
bacterial (E. coli) and Candida (C. albicans) standard 
strains. The PAMAMD displayed an anti-microbial 
activity with clearing zones of 27, 25.5 and 30.5 mm 

against B. subtilis, and E. coli and C. albicans, 
respectively. Moreover, the PAMAMD-Zn showed 
clearing zones of 33, 29 and 33 mm against B. subtilis, 

and E. coli and C. albicans, respectively which are 
higher than the PAMAMD values.  This may attribute 
to the antimicrobial effect of Zinc nanoparticles as 
previously reported [16]. Moreover, the synthesized 
inhibitors have displayed anti-microbial activity 
against Gram positive (B. subtilis) bacterial strain with 
clearing zones of 27, 33 mm which are higher than 
against Gram negative (E. coli) bacterial strain with 
clearing zones of 25.5, 29 mm. This effect was mostly 
due to the changes in the cell-membrane of positive 
and negative Gram bacteria. It is well known that; 
Gram positive bacterial membrane is a single layer in 
comparison to bilayer membranes in Gram-negative 
bacterial membrane. The additional outer membrane 
layer provides the Gramnegative bacteria more 
resistant to an anti-microbial agent [42]. That means 
Gram positive bacterial strains are more sensitive to 
antimicrobial agents than Gram-negative bacteria [43]. 
In addition, the strength of the bacterial membrane 
disruption of the Gram-negative bacteria plays a 
crucial role in the resistivity action [44, 45]. 
Table 2. The antimicrobial activity of the synthesized inhibitors  

 
 

Figure 5: Photos display the antimicrobial activity of the 
synthesized inhibitors 
 

Table 3 and Figure 6reported the “minimum 
inhibitory concentrations (MICs), minimum 
bactericidal concentrations (MBCs) and minimum 
fungicidal concentrations (MFCs) of the synthesized 
inhibitors. The synthesized inhibitors exhibited 
MICs/MBCs values of 31.25/31.25 ppm against Gram 
positive (B. subtilis) bacterial strain and values of 
31.25–62.5/62.5–125 ppm against Gram negative (E. 

coli) bacterial strain. In addition, they displayed 

Inhibitors 
Bacillus subtilis 
(ATCC 6633) 

Escherichia coli 

(ATCC 8739) 
Candida albicans 

(IMRU3669) 

  Inhibition zone (mm) 

PAMAMD 27 ± 1.0 25.5 ± 0.5 30.5 ± 0.5 

PAMAMD-Zn 33.0 ± 1.0 29 ± 0.0 33 ± 0.0 

*AMC (100 ppm) 19.5 ± 0.5   
*TE (100 ppm)  18 ± 0.0   
* Flu (100 ppm)   27 ± 0.0 
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MICs/MFCs against Candida (C. albicans) strain with 
values of 15.6/15.6–31.25 ppm. Moreover, the 
synthesized PAMAMD-Zn has demonstrated lower 
values in comparison to the synthesized PAMAMD 
counterpart. This behaviour was totally attributed to 
the effect of ZnO nano metals [46].  

Scientist have severally reported the antimicrobial 
effect of the poly(amido-amine) dendrimers. They 
have a distinguish anti-microbial activity due to their 
highly functional, localized and branching groups in 
addition to their unique structure [47- 49].  

The uniform branching of dendrimers increases their 
surface area and hence increases their biocidal 
reactivity [50]. Furthermore, the antibacterial effect of 
poly (amidoamine) dendrimers can be attributed to an 
electrostatic interaction between the anionic surface 
(phospholipid membrane) and the cationic charges of 
the poly (amidoamine) dendrimers.  

This interaction ultimately results in a modification 
of the cell's permeability [51- 53] leading to 
subsequent disruption of the bacterial cell membrane 
and, consequently, bacterial cell death [54, 55]. 
Similarly, the antifungal activity of poly(amidoamine) 
dendrimers is linked to an electrostatic interaction 
between the negatively charged residues on the fungal 
cell surface and the positively charged 
poly(amidoamine) dendrimers.  

This interaction causes a leakage of intracellular 
electrolytes [56, 57]. Additionally, it has been reported 
that dendrimers may interfere with fungal enzyme 
activities [58]. Zinc nanoparticles are well-known for 
their high biocompatibility, chemical stability, binding 
capabilities, and antimicrobial potential when used in 
conjunction with dendrimers [59].  

 
When poly (amidoamine) dendrimers are hybrid 

with zinc nanoparticles, their antimicrobial 
effectiveness is enhanced. Zinc nanoparticles can 
generate reactive oxygen species, which can break 
down bacterial cells [60]. Furthermore, zinc 
nanoparticles can interact with the bacterial cell 
membrane, disrupting its integrity and ultimately 
leading to cell death [61]. 

 
Table 3. The MIC, MBC and MFC values of the synthesized 
inhibitors 
 

Inhibitors 
Bacillus subtilis 

(ATCC 6633) 

Escherichia coli 

(ATCC 8739) 

Candia albicans 

(ATCC 10231) 

 
MIC 

 
MBC 

MIC 

 
MBC 

MIC 

 
MFC 

PAMAMD 31.25 31.25 62.5 125 15.62 31.25 

PAMAMD-Zn 31.25 31.25 31.25 62.5 15.62 15.62 

 

 
 
 

 

 

Figure 6: Photos demonstrating the MIC values detection of the 
synthesized inhibitors 
 
3.3. Application of the synthesized inhibitors as and 

biocides corrosion inhibitors  

 In this work, the synthesized inhibitors were used in 
addition as biocides and corrosion inhibitors against 
both aerobic and anaerobic bacterial communities (see 
Figure 7a, b). The blank reactor corrosion rate 
(uninoculated modified NRSS media) was 3.874 ± 
0.12 gm2/d (Figure 8) which probably affiliated to the 
salinity media and particularly the chloride anion that 
increases the metal corrosivity. In addition, the 
chloride anion increases the aqueous media 
conductivity, damages the established passive film and 
subsequently induce pitting corrosion [62, 63]. 
Nevertheless, the control reactor corrosion rate 
(inoculated by aerobic microbial diversity without the 
synthesized inhibitors) was 2.86 ± 0.01 gm2/d. This 
result was lower than for the blank reactor. This 
attitude may attribute to the activity of the corrosive 
aerobic bacterial community`s biofilm that covered the 
metal from the salinity attack [64- 67].  
Pseudomonassps, as aerobic slime-forming bacterial 
diversity, are the most predominate detected bacteria 
in marine environment that form biofilm and induce 
microbially influenced corrosion for metals. Once the 
biofilm develops on the metal surface, it initiates a 
chemical process within localized aeration cells [36]. 
This localized aeration cells lead to an activation of an 
electrotechnical-cell and afterwards induce a pitting 
metal corrosion [68, 69]. Furthermore, the presence of 
aerobic biofilm, particularly those forming slimy 
layers, can expedite metal corrosion through a 
catalyzed chemical reaction. This reaction occurs 
when the acidic extracellular polymeric substance 
(alginate) excreted by the biofilm interacts with the 
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metal surface, resulting in the formation of EPS-
Fe(III) and subsequently triggering pitting corrosion 
[70, 71]. However, the introduction of the synthesized 
inhibitors (PAMAMD and PAMAMD-Zn) onto the 
metal surfaces led to a reduction in the corrosion rate 
as the concentrations of the synthesized inhibitors 
increased. 

 
Figure 7: Photos documenting the anti-corrosion susceptibility of 
the synthesized PAMAMD, and the PAMAMD-Zn against aerobic 
microbial diversity (left) and anaerobic microbial diversity (right) 

 
Figure 8: The metal corrosion rate of the synthesized PAMAMD, 
and the PAMAMD-Zn at different concentrations in addition to the 
blank and control reactors against aerobic microbial diversity 

 
 In the case of application of the synthesized 
inhibitors as a biocides and corrosion inhibitors against 
anaerobic bacterial community that cultivated at a 
medium salinity of 23000 ppm (NaCl concentration 
(see Figure 9). The metal corrosion rates under 
anaerobic condition were lower than under aerobic 
condition. The blank reactor corrosion rate 
(uninoculated modified Postgate`s C media) was 0.336 
± 0.02 gm2/d. Neverthaless, the control reactor 
corrosion rate (inoculated by anaerobic microbial 
diversity without the synthesized inhibitors) was 0.516 
± 0.03 gm2/d. This corrosion rate was higher than the 

blank reactor corrosion rate. This result was mainly 
attributed to the enriched anerobic microbial diversity 
which attached and induced sever metal corrosion. It 
has been reported that, there are many suggested 
mechanisms that SRB used to induce metal corrosion. 
The first attributed to the metabolites that they 
produced such as sulfide anion in all forms, dissolved, 
precipitated or evaporated [72]. The second suggested 
mechanism was correlated to the corrosion process 
which called cathodic depolarization [68, 69]. The 
third suggested mechanism was linked to the 
establishment of SRB biofilms on the metal surfaces 
[70]. A more recent fourth hypothesis was associated 
with the concept of extracellular electron transfer 
(EET) [73, 74]. 

 
Figure 9: The metal corrosion rate of the synthesized PAMAMD, 
and the PAMAMD-Zn at different concentrations in addition to the 
blank and control reactors against anaerobic microbial diversity 

 
The metal corrosion inhibition efficiencies against 

aerobic bacterial community were calculated from the 
corrosion rates (see Figure 10). The inhibition 
efficiency of 92.1% was attained when using 500 ppm 
of PAMAMD. However, by incorporating PAMAMD-
Zn at the same concentration, the corrosion inhibition 
efficiency increased to 94.4% compared to PAMAMD 
alone. This enhancement in corrosion inhibition 
efficiency can be predominantly attributed to the 
presence of Zn nanoparticles within the PAMAMD 
[24, 75]. Similarly, the synthesized inhibitor 
PAMAMD has displayed a corrosion inhibition 
efficiency of 91.6 % lower than detected for the 
inhibitor PAMAM-Zn that was 96.3 % at a 
concentration of 500 ppm against anaerobic bacterial 
community that cultivated. The biocidal and the 
corrosion inhibition efficiencies of the synthesized 
PAMAMD was mainly attained to many factors. The 
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suggested antimicrobial capabilities of the synthesized 
inhibitors have been explained earlier. The metal 
corrosion inhibition was relied on many mechanisms. 
The first mechanism was correlated to its potentiality 
of chemisorption and hence a protected passive film 
will be established on the metal. Furthermore, the 
second suggested mechanism was linked to the 
binding capacity of the synthesized inhibitor with the 
metal surface. This interaction relies on the electronic 
charges or the active functional groups present in the 
synthesized inhibitors [76, 77]. 

 
Figure 10: The corrosion inhibition efficiencies of the synthesized 
PAMAMD, and the PAMAMD-Zn against aerobic and anaerobic 
microbial diversity 
 

4. Conclusion 

Two synthesized products, hyperbranched 
poly(amidoamine)dendrimer (PAMAMD) and its 
ZnOnanohybrid (PAMAMD-Zn) have successfully 
synthesized and characterized using XRD, DLS, SEM 
and FT-IR. Afterwards. the synthesized products have 
exhibited extensive antimicrobial properties against 
both Gram-positive and Gram-negative bacteria, as 
well as Candida strains. Moreover, the PAMAMD-Zn 
have demonstrated better activities with higher 
inhibition zones and relatively lower MIC/MBC, MFC 
values in comparison to the synthesized PAMAMD. In 
addition, the synthesized products have successfully 
protected the metal surface from corrosiveness aerobic 
microbial diversity-induced corrosion-activity but also 
against anaerobic microbial diversity induced 
corrosion-activity. The results displayed that, the 
corrosion inhibition efficiencies of 92.1 and 94.4 % 
were achieved at a concentration of 500 ppm for the 
PAMAMD and PAMAMD-Zn, respectively against 
the aerobicmicrobial diversity-induced corrosion-
activity. Similarly, at the same concentration, the 
highest corrosion inhibition efficiencies of 91.6 and 
96.3 % for the PAMAMD and PAMAMD-Zn, 

respectively against the anaerobic microbial diversity-
induced corrosion-activity. 
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