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A new molecular modification of graphitic carbon nitride (g-C3N4) scaffold to 
functionalize quaternary ammonium hydroxide (g-C3N4-OH) by transforming the 
surface ‒NH2 and ‒NH functional groups to quaternary methyl ammonium iodide 
via treatment with methyl iodide followed by exchange of ion with 0.1 M KOH is 
demonstrated. The g-C3N4-OH was characterized using XRD, FTIR, FESEM, 
HRTEM, and acid-base titration. Tested as an antibacterial agent for the first time, 
the synthesized g-C3N4-OH composite demonstrated an excellent inhibitory 
activity that range between 4 to 19 mm against standard laboratory strains of 
Staphylococcus aureus (gram +ve), Bacillus subtilis (gram +ve), Escherichia coli 
(gram –ve) and Pseudomonas aeruginosa (gram –ve). More importantly, the g-
C3N4-OH composite is more activite on gram negative bateria. 

                 © 2023 International Scientific Organization: All rights reserved. 

Capsule Summary: The surface ‒NH2 and ‒NH functional groups of graphitic carbon nitride (g-C3N4) have been modified to 
quaternary ammonium hydroxide (g-C3N4-OH) composite which demonstrated an excellent antibacterial activity. 
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INTRODUCTION 
 
Naturally, bacteria have an ability of transferring from one to 
another person and also fight against the drugs that are used 
for the prevention of diseases (Muhammad et al., 2020; Halilu 
et al., 2016). Even though pharmaceutical industries have 
done many efforts to address this issue by producing various 
forms of antibiotics during the past decades, there is still an 
increased in resistance to these drugs by the microorganisms 
(Muhammad et al., 2020; Sreenivasa et al., 2012), hence the 
need to develop new drugs. In response to these challenges 

carbon nitrides belongs to a group of compounds that are 
polymeric in nature and can be obtained through 
replacement of the carbon atoms with nitrogen. Because of 
their abundant nitrogen, chemical and thermal stability, 
tunable band gaps and readily tailorable surface chemistry, 
carbon nitride has attracted attention greatly in the field of 
heterogeneous catalysis. Among different type of available 
carbon nitrides, graphitic carbon nitride (g-C3N4) has high 
electron-density, surface functionalities that are basic, and 
presence of hydrogen-bonding motifs due to plenty of N 
atoms and has been extensively studied in many fields like 
photo-catalysis and photo-electrochemical water splitting 
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(Lin, 2010), CO2 reduction (Yang et al., 2015), and 
degradation of pollutants using sunlight and catalysts (Wang 
et al., 2015). Later on, it was highly studied as a support for 
metals to achieve hydroxylation of benzene 
photocatalytically, oxidation, hydrogenation, Suzuki and 
Sonogashira, and Knoevenagel transformations because of its 
good electronic and optical properties (Verma et al., 2016). 
Different types of functional groups such as 
polyethyleneimine (PEI), amines, hydrazine, boronic acid, 
and phenyl groups have also been tethered with g-C3N4 either 
by chemical or physical method to capture or reduce CO2, 
water splitting to H2 or even to enhance it 
photoluminescence and sensing properties (Cun-Zhi et al., 
2016; Zang et al., 2013). Graphitic carbon nitride (g-C3N4) has 
also gotten greater interest in biomedicine due to its special 
elemental composition and photoelectric properties. Its 
carbon and nitrogen content make it to possess an 
outstanding biocompatibility property that is beneficial and 
suitable in the field. The fluorescent characteristics and its 
appropriate energy level (2.7 eV) make g-C3N4 useful in 
biological imaging, antibacterial materials and photodynamic 
therapy (PDT) (Liu et al., 2022). Recently, it has been found 
to have good antibacterial activity in wastewater treatment 
against Klebsiella pneumonia and Escherichia coli (Paul et al., 
2020). Also nanosheets of g-C3N4 (N-g-C3N4) treated with 
nitrogen plasma was reported to have largely sealed defects 
which increases the level of electrostatic attraction between 
inherent pores and that of the lipid heads resulting in an 
excellent inhibitory activity (Cui et al., 2019).      
          Due to their high chemical stability, low toxicity, non-
volatility and wide antimicrobial spectrum, quaternary 
ammonium compounds (QACs) have been widely used in 
several industries such as disinfectant, surface, instrument, 
food, textile and leather industries for many years. Because of 
these advantages, they are also used on historical materials 
to protect them against microbial growth (Katarzyna et al., 
2016). Quaternary Ammonium hydroxides were also 
considered as safe and suitable ingredients with excellent 
antimicrobial effect when employed as an agent of alkalinity 
in injection brine solutions formulation for meat products 
(Cerruto-Noya et al., 2010). Recently, quaternary ammonium 
compounds with polymeric properties were reported to have 
a good antibacterial activity when incorporated into resins. 
Reports show that, the polymeric characteristic is 
responsible for the long-term antibacterial effect because it 
prevents leaching of the components (Imazato et al., 1992; 
Pashley et al., 2011). Suitable properties were also observed 
and reduction of demineralization process at the 
tooth/restoration interface in situ when added into adhesive 
resins (Donmez et al., 2005; Pinto et al., 2009). In addition, 
[2-(methacryloyloxy)ethyl]trimethylammonium chloride was 
reported to be effective quaternary ammonium compound 
which has no cytotoxic effects against human keratinocytes 
when used as an antibacterial agent for sealants (Collares et 
al., 2017;  Stopiglia et al., 2012; Isadora et al., 2019). The 
antimicrobial effectiveness of polymer quaternary 
ammonium salt–capped silver nanoparticles (PQAS–AgNPs) 

on Bacillus subtilis (B. subtilis) was also reported (Jingyu et 
al., 2019). It was found that PQAS–AgNPs revealed excellent 
antimicrobial activity to B. subtilis. The report concluded that, 
mechanistically PQAS–AgNPs inhibit the bacteria via 
destruction of the bacterial cells respiratory chain, reduction 
of ATP synthesis, and destruction of the cell wall and cell 
membrane (Jingyu et al., 2019). There are three major 
strategies used for the preparation of quaternary ammonium 
hydroxides (QAOHs) (Nakayama and Fukuda, 2007; Ochoa 
and Trancon, 1991; Feng et al., 2008): (1) silver oxide 
reaction with quaternary ammonium chloride or bromide; 
(2) alcoholic solution exchange of ion between quaternary 
ammonium chloride or bromide and potassium hydroxide; 
(3) electrolysis of organic quaternary salts.  

Herein for the first time, we showed the ‒NH2 and 
NH functional group engineering of g-C3N4 to the 
corresponding quaternary ammonium hydroxide (g-C3N4-
OH) composite and its application as an antibacterial agent. 
The abundant surface ‒NH2 and –NH functionalities were 
initially transformed to quaternary methyl ammonium iodide 
via treatment with methyl iodide followed by exchange of 
ions with 0.1 M KOH to obtain g-C3N4-OH. The as-synthesized 
g-C3N4-OH was tested for antibacterial activity against 
standard laboratory strains of Staphylococcus aureus (gram 
+ve), Bacillus subtilis (gram +ve), Escherichia coli (gram –ve) 
and Pseudomonas aeruginosa (gram –ve) as represented in 
(Scheme 1). 
 
MATERIAL AND METHODS 
 
Melamine, methyl iodide and all solvents were obtained from 
LobaChemie and used as received. Mular Hilton nutrient agar 
and broth were used for the antibacterial analysis. Powder X-
ray diffraction (XRD) was carried out using a Bruker 
diffractometer (D8 Advance, Davinci) with CuK rays (λ = 
1.5418 Å). The FTIR measurements were carried out on 
Bruker α – Eco-ATR IR spectrometer using ZnSe crystal in the 
wavenumber ranging from 400 – 4000 cm-1. The morphology 
was observed with field emission scanning electron 
microscope (FESEM) and high-resolution transmission 
electron microscope (HRTEM, JEOL JEM-2100 Plus).  
 
Synthesis of g-C3N4 
 
In a normal synthesis of g-C3N4, 4.0 g of melamine was taken 
in an empty crucible, transferred into muffle furnace and 
heated at 550 oC for 4 h with heating rate of 3 oC/min. The 
resultant pale-yellow material with yield of 2.4 g was ground 
to fine powder using mortar and pestle. The material was 
stored in a desiccator for further treatment.  
 
Transformation of g-C3N4 to g-C3N4-I and g-C3N4-OH 
 
In an ordinary reaction, 0.5 g of g-C3N4 was weighed and 
transferred into a 50 mL round bottom flask containing 5.0 
mL methanol and covered with a septum to avoid 
vaporization of solvent and then 2.0 mL methyl iodide was 

mailto:editorci@bosaljournals.com


ISSN: 2410-9649                             Muhammad and Usman / Chemistry International 9(3) (2023) 77-85 iscientic.org.  

79 
http://bosaljournals.com/chemint                               editorci@bosaljournals.com 

introduced into the mixture by the use of a syringe and 
stirred continuously at room temperature for 24 h. The 
material was then washed thoroughly with ethanol to 
remove excess methyl iodide and dried in an oven at 40 oC for 
24 h to obtain g-C3N4-I. To transform g-C3N4-I to g-C3N4-OH, 
1g of g-C3N4-I was reacted with 0.1 M KOH (10 mL) at room 
temperature for 2 h. Then distilled water was used to wash 
the synthesized composite and then dried at 40 °C under 
vacuum for overnight and stored in a desiccator for 
characterization.  
 

Estimation of OH‒ Concentration Produced by g-C3N4-OH 
 
To estimate the OH‒ concentration produced by the g-C3N4-
OH in 20 mL of distilled water of back titration method was 
adopted. In a simple experiment, g-C3N4-OH (0.5 g) was 
weighed and transferred into a mixture of 20 mL distilled 
water containing dissolved 0.5 g NaCl, and 0.1 M HCl (10 mL) 
and the mixture was stirred continuously at room 
temperature for 24 h to ensure complete neutralization of 
[OH‒] released from the composite (g-C3N4-OH) (Fard et al., 
2019). Phenolphthalein indicator 2 drops were then added to 
the solution and then titrated with NaOH (0.1 M) until the 
reaction is completed which is indicated with the appearance 
of pink color. 
 
Antibacterial Tests 
 
The antibacterial test was carried out using the well diffusion 
method as described by Garrod et al., (1963). The Nutrient 
Agar plates were prepared according to manufacturer’s 
instruction and allowed to solidify for 15 minutes at 25 oC 
and incubated without inoculum for 24 hours at 37 oC to 

ensure the sterility of the medium. The Gram-positive 
bacteria and Gram-negative bacteria ratio of dilution was 
1:1000 and 1:5000, respectively, using normal saline water. 
The Nutrient Agar plates were flooded with 1 mL of the 
inoculum and the excess was removed using Pasteur pipette. 
Five wells (cups) of about 6 mm in diameter were cut on each 
Nutrient Agar plate using a sterile cork borer and the agar 
plugs was removed using sterile ampoule file. The composite 
concentration of 12.5 mg/mL, 25 mg/mL, 50 mg/mL and 100 
mg/mL was prepared and 0.5 mL of each concentration was 
placed in the well and allowed to settle for two hours at room 

temperature before incubation for 24 hours at 37 oC. 
Standard antibiotic The zone of inhibition was observed and 
was recorded using transparent ruler in millimeters (mm). 
Standard antibiotic Amoxicillin 12.50 mg/ml was used as 
reference. 
 
Minimum Inhibitory Concentration (MIC) 
 
This was conducted as described by Usman and Osuji (2007). 
The MIC was determined for the microorganisms that 
showed reasonable sensitivity to the test composites. The 
lowest concentration where no turbidity was observed was 
noted and considered as the Minimum Inhibitory 
Concentration (MIC). 
 
Minimum Bactericidal Concentration (MBC) 
 
The minimal bactericidal concentration was determined from 
broth dilution test resulting from the MIC tubes as described 
by Usman and Osuji (2007). The lowest concentration of the 
composite that showed no growth was noted and recorded as 
the minimum bactericidal concentration.  

 

 

Scheme 1: Synthesis of g-C3N4-based quaternary ammonium hydroxide (g-C3N4-OH) composite and its application as 
an antibacterial agent. 
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RESULTS AND DISCUSSION 
 
Characterization of materials  
 
The crystallinity of pure g-C3N4, quaternary ammonium 
iodide (g-C3N4-I), and quaternary ammonium hydroxides 
(g-C3N4-OH) were determined using powder X-ray 
diffraction as shown in Figure 1. The pure g-C3N4 shows a 
peak of high intensity at 27.4 ° that corresponds to (002) 
reflection, which is due to the interlayer-stacking of 
graphite (Elavarasan et al., 2016); other peak that appears 

at 13.1° with very low intensity corresponds to (100) 
reflection and is assign to the motif structural packing of in-
plane tris-s-triazine. On conversion to g-C3N4-I, and 
subsequent transformation to g-C3N4-OH, the features of 
the diffraction peaks are maintained and the intensity of 
(100) reflection is still very low. These may be as a result of 
possible delamination of g-C3N4 layer. The X-ray diffraction 
results indeed confirm the high stability of g-C3N4 toward 
functional group modification.  

The FTIR spectra of pure and modified samples are 
shown in Figure 2. The broad peak absorption observed at 

 
Fig. 1: Powder X-ray diffraction pattern of g-C3N4, g-C3N4-I and g-C3N4-OH 
 

 
Fig. 2: FTIR spectra of g-C3N4, g-C3N4-I and g-C3N4-OH  
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2900‒3500 cm‒1 is due to the presence of N-H stretching 
vibration (Liu et al., 2014). The peaks observed between 
1000 and 1700 cm‒1 are characteristic peaks of tris-s-
triazine assign to C=N and C‒N heterocyclic aromatic ring 
units as observed in the case of XRD (Yang et al., 2013). 
Upon conversion to g-C3N4-I with methyl iodide, the N-H 
rocking vibration intensity at 703 and 782 cm‒1 
significantly decreased, and a new band at 802 cm‒1 
appears which corresponds to OH out of plane bending 
vibration and these proved the g-C3N4-OH formation. 
However, functional group information of –NH and –OH 
stretching vibrational frequencies could not be derived in 
the region between 3000-3600 cm‒1 due to overlapping. 

The morphological features of the composite as 
further investigated with electron microscope (FESEM and 
HRTEM). A rod-like morphology was observed from the 
field emission scanning electron microscope results of pure 
g-C3N4, g-C3N4-I, and g-C3N4-OH composites (Figure 3A-C). 
The size of the pure g-C3N4 particles were found to be 
between 1-8 µm in length with about 150-350 nm 
thickness; while that of the modified g-C3N4-I, and g-C3N4-
OH composite were in the range of 0.5-2.5 µm in length. The 
morphological features were further investigated using 
HRTEM, which shows rod-like particles of size 
approximately 0.5-2.5 µm in length as shown in Figure 3D-
F. The OH‒ concentration estimated by acid-base back 
titration was found to be 1.8 mmol/g of g-C3N4-OH. 
 
Antibacterial activity of g-C3N4, g-C3N4-I and g-C3N4-OH 
 
After characterization of g-C3N4, g-C3N4‒I and g-C3N4‒OH, 
the efficacy of the composite was investigated against 

standard laboratory strains of Staphylococcus aureus (gram 
+ve), Bacillus subtilis (gram +ve), Escherichia coli (gram –
ve) and Pseudomonas aeruginosa (gram –ve). Table 1(a), 
1(b), 1(c), 1(d), 1(e), 1(f) and 1(g)  show the details of the 
results obtained from the antibacterial activity test of the 
pure g-C3N4, g-C3N4-I, and g-C3N4-OH composite. The results 
deduced that g-C3N4, g-C3N4-I and g-C3N4-OH has activity on 
all the bacterial strain with zone of inhibition ranging 
between 1.50-19.00 mm. 

The pure g-C3N4 and g-C3N4-I composite a good 
antibacterial activity on all the test organisms at 
concentration of 12.5 mg/ml, 25 mg/ml, 50 mg/ml and 100 
mg/ml with zone of inhibition ranging between 1.50 mm to 
14 mm (Table 1a and 1b). The g-C3N4-OH composite 
exhibited excellent antibacterial activity on all the test 
organisms with zones of inhibition ranging between 2 mm 
to 19 mm (Table 1c). The pristine g-C3N4, g-C3N4-I and g-
C3N4-OH composite showed a high level of activity on gram 
negative bacteria than gram positive bacteria, but all the 
organisms were found to be susceptible. The demonstrated 
activity shown by the g-C3N4-OH may be due to the 
presence of polymeric quaternary ammonium functionality 
that are known to have some antibacterial activity as 
reported by Imazato et al., 1992; Pashley et al., 2011; Jingyu 
et al., 2019. The results when compared with Amoxicillin 
(Standard Antibiotic -Table 1d), the zone of inhibition 
produced by the antibiotic against the test organisms was 
found to be appreciable in relation to those activities 
produced by the composite under study. However, 
according to Usman and Osuji (2007) diameter of zones of 
inhibition ≥ 10 mm are considered active. Both the pristine 
g-C3N4, g-C3N4-I and g-C3N4-OH composite were subjected 

 

 
Fig. 3. FESEM images of g-C3N4 (A); g-C3N4-I (B); g-C3N4-OH (C); and HRTEM images of g-C3N4 (D); g-C3N4-I (E); g-
C3N4-OH (F) 
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to MIC and MBC determination (Table 1e, 1f and 1g). The 
pristine g-C3N4 produced MIC of 50.0 mg/ml on E. coli and 
25.0 mg/ml on P.aeruginosa while none was produce on S. 
aureus and B. subtilis, (Table 1e). The g-C3N4-I composite 
produced MIC of 100.0 mg/ml on S.aureus, 100.0 mg/ml on 
B. subtillus, 25.0 mg/ml on E. coli and 50.0 mg/ml on P. 

aeruginosa (Table 1f). While the g-C3N4-OH composite 
produced MIC of 100.0 mg/ml on S.aureus, 50.0 mg/ml on 
B. subtillus, 12.5 mg/ml on E. coli and 12.5 mg/ml on P. 
aeruginosa (Table 1g). The MBC results revealed that the 
pristine g-C3N4 showed no MBC on S.aureus and B. subtillus. 
While 50.0 mg/ml were procued on both E. coli and P. 

 
 
Table 1: (a) Antibacterial activity of g-C3N4 
Concentration 
(mg/ml)  

Zone of Inhibition (mm) 

S. aureus         B. subtilis            E. coli          P. aeruginosa 
12.50 1.50 2.00 1.50 5.00 
25.00 3.50 4.00 3.50 6.00 
50.00 4.00 6.00 6.00 8.00 

100.00 6.00 8.00 8.00 14.00 

(b) Antibacterial activity of g-C3N4-I 

Concentration 
(mg/ml)  

Zone of Inhibition (mm) 

S. aureus         B. subtilis            E. coli          P. aeruginosa 
12.50 0.00 0.00 8.00 2.00 
25.00 2.00 3.00 10.00 2.50 
50.00 4.00 4.50 12.00 5.00 

100.00 6.00 6.00 14.00 6.00 

(c) Antibacterial activity of g-C3N4-OH 
Concentration 
(mg/ml)  

Zone of Inhibition (mm) 

S. aureus         B. subtilis            E. coli          P. aeruginosa 
12.50 0.00 0.00 10.00 7.00 
25.00 2.00 0.00 12.00 12.00 
50.00 2.00 2.50 16.00 12.00 

100.00 4.00 7.00 18.00 19.00 

(d) Antibacterial activity of standard antibiotic (Amoxicillin) 
Antibiotic Concentration 
  

Zone of Inhibition (mm) 

S. aureus B. subtilis E. coli P. aeruginosa 
Amoxicillin 12.50 (mg/ml) 13.00 12.00 23.00 22.00 

(e) Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of g-C3N4 
Test  MIC (mg/ml) MBC (mg/ml) 

S.aureus - - 

B.subtilis - - 
E.coli 50 50 
P.aeruginosa 25 50 

(f) Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of g-C3N4-I 
Test  MIC (mg/ml) MBC (mg/ml) 

S.aureus 100 - 

B.subtilis 100 100 
E.coli 25 50 
P.aeruginosa 50 100 

(g) Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of g-C3N4-OH 
Test  MIC (mg/ml) MBC (mg/ml) 

S.aureus 100 100 

B.subtilis 50 100 
E.coli 12.5 12.5 

P.aeruginosa 12.5 12.5 
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aeruginosa (Table 1e). The g-C3N4-I showed no MBC on 
S.aureus, 100.0 mg/ml on B. subtillus, 50.0 mg/ml on E. coli 
and 100.0 mg/ml on P. aeruginosa (Table 1f). So also the g-
C3N4-OH showed MBC of 100.0 mg/ml on S.aureus, 100.0 
mg/ml on B. subtillus, 12.5 mg/ml on E. coli and 12.5 mg/ml 
on P. aeruginosa (Table 1g). From these results, it can be 
deduced that the g-C3N4-OH composite is bacteriostatic and 
bactericidal on S.aureus at 100.0 mg/ml, on B. subtillus at 
50.mg/ml and 100.0 mg/ml, on E. coli and P. aeruginosa at 
12.5 mg/ml. 

In view of the above results, the composite showed 
considerable activity against E. coli and P. aeruginosa, a 
gram-negative bacteria known to play a significant role in 
many diseases (Usman and Osuji, 2007). The antibacterial 
activities of the composites are related to the presence of 
polymeric quaternary ammonium functionalities. In line 
with these findings, Imazato et al., 1992 and Pashley et al., 
2011, reported that quaternary ammonium compounds 
with polymeric properties have a good antibacterial activity 
when incorporated into resins. The report showed that, the 
polymeric characteristic is responsible for the long-term 
antibacterial effect because it prevents leaching of the 
components.  

In addition, [2-(methacryloyloxy)ethyl] 
trimethylammonium chloride was reported to be effective 
quaternary ammonium compound which has no cytotoxic 
effects against human keratinocytes when used as an 
antibacterial agent for resin-based sealants (Collares et al., 
2017;  Stopiglia et al., 2012; Isadora et al., 2019). Also the 
antimicrobial effectiveness of polymer quaternary 
ammonium salt–capped silver nanoparticles (PQAS–AgNPs) 
on Bacillus subtilis was reported. The report found that 
mechanistically PQAS–AgNPs inhibit the bacteria by 
destroying the respiratory chain of the bacterial cells, stops 
the synthesis of ATP, and destroyed both the cell wall and 
membrane (Jingyu et al., 2019).  
 
CONCLUSION 
 
In summary, we have demonstrated preparation of 
quaternary ammonium hydroxide (g-C3N4-OH) composite 
from graphitic carbon nitride (g-C3N4) through the molecular 
modification of the -NH and -NH2 residual groups of the g-
C3N4. The XRD data showed the composite retains its 
structural integrity even after the modifications with high 
crystallinity. The FTIR spectral data also confirmed the 
transformation -NH and -NH2 functional groups and 
formation of g-C3N4-OH. The concentration of OH‒ ions was 
found to be 1.8 mmol per gram of g-C3N4-OH. The g-C3N4-OH 
composite showed excellent inhibitory activity against 
standard laboratory strains of Staphylococcus aureus (gram 
+ve), Bacillus subtilis (gram +ve), Escherichia coli (gram –ve) 
and Pseudomonas aeruginosa (gram –ve). More importantly, 
the g-C3N4-OH composite showed more activity on gram 
negative bateria with zone of inhibition that range between 
4-19 mm.  
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