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ZINC-LOADED CELLULOSE ACETATE MEMBRANES 

WITH POTENTIAL BIOMEDICAL APPLICATIONS 
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This study presents the successful synthesis of zinc-loaded cellulose acetate 

membranes with antibacterial properties and potential biomedical applications. The 

main goal of this research was to obtain hybrid materials via in situ synthesis of 

zinc-based compounds on the polymeric membranes surface, using a facile method 

based on impregnation with zinc salts and alkaline precipitation. FT-IR and SEM 

analysis were used to reveal the morpho-structural features, and the thermal 

stability was investigated by TGA and DSC. The swelling degree and antibacterial 

properties were also studied to determinate if the obtained membranes are suitable 

for use in the wound healing area.  
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1. Introduction 

In the context of an increased frequency of infections caused by 

antibiotics-resistant microorganisms [1], antibacterial materials containing 

alternative therapeutic agents such as metal oxide nanoparticles [2, 3], essential 

oils [4] or bio-extracts [5-7], attracted a lot of interest, especially in the wound 

healing area [8]. Besides the antimicrobial properties, wound dressings should 

also meet basic requirements such as biocompatibility, high fluid retention ability, 

allowance of gaseous exchanges and non-adherence to prevent auxiliary injury 

upon removal [9, 10]. Both synthetic and natural polymers can be used as wound 

dressings, nonetheless, the biocompatibility and biodegradability along with the 

physico-chemical and biomimetic features of biopolymers make them an optimal 

choice for such applications [11].  
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Cellulose remarked itself amongst biopolymers due to its high availability 

and notable properties such as biocompatibility, biodegradability, renewability, 

environmental friendliness and non-toxicity [10, 12-17]. However, its limited 

solubility in common organic solvents is a major disadvantage because it implies 

poor processability. Processability is an important feature of the polymers used in 

biomedical applications because, if the material possesses the requirements for 

usage in this field (e.g. biocompatibility, low toxicity, bioactivity, etc.), but is not 

easily and economically processible, so that the end product is cost effective, 

stable and homogeneous, then, the material is often discarded or replaced with a 

more suitable option. 

A viable alternative to pure cellulose is represented by cellulose 

derivatives which maintain the benefic properties of cellulose and also have a 

good dissolution ability [18, 19]. Cellulose acetate (CA) is a cellulose ester that 

was widely researched especially for the production of polymeric membranes for 

water purification [20] and biomedical applications [21]. In virtue of its good 

mechanical properties, hydrophilicity [22] and leukocytes chemotactic character 

[23], cellulose acetate was considered an appropriate polymer for the production 

of wound healing mats.  

Zinc is a well-known antimicrobial agent [24], its antibacterial 

mechanisms involving reactive oxygen species formation, Zn2+ ions liberation and 

direct contact between particles and cell membranes [25]. Zinc oxide (ZnO) 

particularly, owning to its role in fibroblast proliferation and angiogenesis, was 

frequently used as an active ingredient in wound dressings [25, 26]. Recent 

studies showed that zinc salts were also effective against a variety of pathogens 

and presented low toxicity towards human cells. Moreover, textile treatments with 

zinc salts were longer-lasting than ZnO colloidal dispersions and alcohol-based 

formulations due to the stronger chemical bonds formed between the hydrolyzed 

salts and the polymer chain [27]. Therefore, loading polymeric materials with 

aqueous solutions of zinc salts could be a novel, effective technique to provide 

them an antibacterial character, without affecting their properties or structure. 

The purpose of this study was to obtain antibacterial cellulose acetate/zinc 

membranes, using a facile one-pot synthesis method based on alkaline 

precipitation of zinc salts, in situ, on the membranes surface. Following this 

treatment, it is expected that the membranes will be loaded with a combination of 

zinc-based compounds with antibacterial action and low toxicity to human 

epidermal cells, these characteristics recommending them for biomedical 

applications such as wound healing mats.  
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2. Materials and methods 

2.1 Preparation of the hybrid membranes 

Three zinc salt solutions were prepared by dissolving different percentages 

(1, 2 and 5%) zinc acetate dihydrate (Lach Ner, Czech Republic) in distilled 

water, under magnetic stirring at room temperature. The commercial cellulose 

acetate membranes (Prat Dumas, France) were placed in Petri dishes containing 

10 ml of the corresponding zinc acetate solution or distilled water in the case of 

the neat sample. Diluted ammonium hydroxide (28-30%, Sigma Aldrich) was 

uniformly pulverized over the membranes to initiate the precipitation of zinc 

compounds and to ensure the deacetylation of cellulose acetate, thus favoring the 

interactions between the cellulosic matrix and the zinc compounds formed by 

alkaline precipitation. After 24 hours of impregnation, the modified membranes 

were dried at 80°C in a vacuum laboratory oven to remove excess moisture and 

residual solvents. 

2.2 Characterization of the hybrid membranes 

FT-IR spectra were recorded using a Nicolet 6700 spectrometer (Thermo 

Nicolet, Wiscounsin, United States of America) using 32 sample scans at a 

resolution of 4 cm-1 in the 400 - 4000 cm-1 interval.  

Thermogravimetric analysis (TGA) was realized using a Netzsch STA 

449C Jupiter (Netzsch, Selb, Germany) thermal analyzer. The samples were 

placed in alumina crucibles and heated with 10 °C/min from room temperature to 

900 °C, under an air flow of 50 ml/min. 

Differential scanning calorimetry (DSC) analysis was carried out on a 

DSC Q2000 (TA Instruments, New Castle, United States of America) under a 

helium flow of 25 ml/min. The samples were packed in alumina crucibles and 

cooled to 5 °C, held at that temperature for 2 min to delete the thermal history, 

then heated at 300 °C with a constant rate of 10 °C/min.  

Scanning electron microscopy was performed using an Inspect F Quanta 

analyzer with 1.2 nm resolution (FEI-Philips, Netherlands), equipped with an 

energy dispersive X-ray (EDX) spectrometer with a resolution of 133 eV at MnK. 

The images were obtained by recording the secondary electron beam resulted, 

with an energy of 30 keV. 

The swelling degree and swelling kinetics were determined through a 

conventional gravimetric method. The dried materials were cut into small 

rectangles of 10×5 mm and weighed. Afterwards, they were completely immersed 

in vials filled with 1.5 ml of distilled water. At predetermined time points – 0.5, 1, 

2, 4, 6, 24 and 48 hours – the samples were taken and gently wiped to remove 

excess water present on the surface. The swollen membranes were weighed until a 
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constant value was noticed, and the swelling degree at each time point was 

calculated using the following equation: 
 

 
 

where mf is the weight of the swollen sample and mi is the weight of the dry 

sample. 

The biological characterization consisted in three types of antimicrobial 

assessments, qualitative, quantitative and semi-quantitative, performed on two 

different bacterial strains Gram-positive Staphylococcus aureus and Gram-

negative Pseudomonas aeruginosa. For the qualitative assessment, a standardized 

inoculum, represented by a suspension of microbial cells in physiological sterile 

water, was seeded on the surface of a 2% agarose gel medium (pH = 7.2-7.4). The 

samples were cut in approximately equal size disks (6 mm diameter) and placed in 

the Petri dishes containing the seeded microbial suspensions. To avoid the impact 

of external contaminants over the experiment, the samples were previously 

sterilized under UV radiations for 30 minutes. The plates were incubated for 16-

18 h at 37 C to allow the development of microorganisms and the diffusion of 

antibacterial compounds from the tested materials. The results were interpreted by 

evaluating the diameter of the growth inhibition areas. The semi-quantitative 

assessment of antimicrobial activity consisted in evaluating the samples’ effect on 

microorganism’s development in planktonic cultures. The UV sterilized samples 

were deposited in a well plate with 96 sterile wells; 150 μL of liquid Boulion 

medium and 15 μL of bacterial suspension were added over them. The well plates 

were incubated for 16-18 h at 37 °C. At the end of the incubation time the 

turbidity of the resulting microbial suspension was measured 

spectrophotometrically at 620 nm. The quantitative assessment of antimicrobial 

activity was performed using the previously tested well plates. 1 μL of microbial 

suspension was collected from each well and inoculated on the surface of a 2% 

agarose gel medium, using a calibrated loop, in order to quantitatively determinate 

the number of microbial cells expressed in colony forming units/ml (CFU/ml). 

The test was realized in triplicate and the number of viable cells was evaluated 

after 24 h of incubation at 37 °C. 

3. Results and discussion 

3.1 FT-IR 

In the FT-IR spectrum of the neat CA membrane, the peaks characteristic 

to this polymer can be observed at 1740, 1372 and 1277 cm-1, generated by the 

C=O stretching of the ester group, the C–H bond in −OCOCH3 group and the 

−CO− stretching band of acetyl group [28]. The peak corresponding to the ester 

group is not sharp and well defined, this indicating that the ammonia hydroxide 
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treatment initiated the deacetylation of the CA membrane [29]. The broad peak 

between 3600 – 3100 cm-1 and the two smaller peaks at 2975 cm-1 and 2916 cm-1 

belong to the –OH and CH2 stretching modes. The peak at 1643 cm-1 is generated 

by the bending mode of the physically adsorbed water and the ones observed at 

1160 and 1061 cm−1 are characteristic to materials based on cellulose, being 

associated with the C–O antisymmetric bridge stretching and C–O–C pyranose 

ring skeletal vibration respectively [30].  

After impregnation with the zinc salt /ammonia hydroxide solution, the 

ester group of CA (1740 cm-1) has a decreased intensity, resembling more likely 

to a shoulder in the spectra of the zinc loaded membranes. This, paired with the 

intense additional peak at 1712 cm-1, associated to free acetate groups, indicate on 

one hand the partial deacetylation of the CA membrane and on the other hand the 

hydrolysis of the zinc acetate, CH3COO- ions resulting from both processes [31]. 

In the FT-IR spectra of the zinc modified membranes, starting with a 2% zinc 

concentration, additional peaks are present at 1554 cm-1 and 1436 cm-1. The peaks 

are characteristic to the symmetric and antisymmetric vibrations of the carboxyl 

groups in the structure of zinc acetate [32]. These peaks along with the narrowing 

and shifting of the hydroxyl peak towards lower values (3400 - 3000 cm-1) 

confirm the interactions between zinc ions and the hydroxyl groups of the 

partially deacetylated CA membrane. The increased intensity of the –OH 

corresponding peak could also be generated by the formation of large quantities of 

Zn(OH)2 due to an excess of ammonium hydroxide in the reaction solution [33]. 

According to the mechanism proposed by Thein et al. the main compounds 

that can be formed following the interaction between Zn2+ ions, dissociated from 

zinc acetate and OH- and NH4+ ions, resulted from the hydrolysis of ammonia 

hydroxide, are zinc hydroxide Zn(OH)2 and complex ions such as 

tetraaminezincate [Zn(NH3)4]
2+ and tetrahydroxozincate [Zn(OH) 4]

2- that further 

contribute to the growth of zinc oxide nuclei [34]. At 5% zinc concentration, the 

sharp peak at 952 cm-1 and the increased intensity of the peaks at 724, 692 and 

621 cm-1 suggest the formation of zinc hydroxide [35] and complex 

tetraaminezincate ions [36] in the CA membrane structure. Some additional peaks 

can also be observed at 509 and 423 cm-1; according to previous literature studies 

these could be attributed to Zn-O bonds in zinc oxide structure [37].  
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Fig. 1. FT-IR spectra of the CA membranes. 

3.2 TGA, DTG 

The TGA curve obtained for the neat CA membrane (Fig. 2a) reveals that 

the material degradation occurs in three steps, characteristic for cellulose-based 

materials [38]. The first weight loss takes place between 25 and 320 °C and is 

associated with dehydration and evaporation of volatile molecules, such as 

unreacted ammonia hydroxide, from the membrane structure. The main weight 

loss related to the degradation of the cellulose acetate chains is observed in the 

320 – 460 °C interval [39]. The carbonization of the degradation products into ash 

takes place after 460 °C with a maximum at 502 °C, practically zero residual mass 

being recorded at the end of the process. The changes in the thermal degradation 

behavior of the CA/Zn5 membrane compared to the neat CA are best observed in 

the DTG curves (Fig. 2b). A small additional evaporation peak is present in the 45 

– 75 °C interval, associated to the dehydration of unreacted zinc acetate dihydrate, 

the resulting product being anhydrous zinc acetate [40]. The evaporation peak is 

slightly shifted towards lower values, this indicating a higher volatility of the 

eliminated compounds. The degradation of the polymeric structure takes place in 

the same temperature interval (320 – 460 °C), however the maximum degradation 

rate is recorded at lower temperatures (419 °C) compared to the neat sample (436 

°C). The carbonization process is strongly exothermic with a maximum at 572 °C 

and it is divided in two steps represented by a sharp peak followed by a narrow 

shoulder. The increase of the temperature corresponding to the maximum 

carbonization rate correlated to the dual-step thermal transformation could 

indicate that the resulted degradation product contains a large fraction of cellulose 

acetate – zinc compounds organic complexes that carbonize prior to the pure CA 
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chains. The residual mass of 2.8% indicates the content of inorganic zinc oxide in 

the membrane structure. 
Table 1 

The thermal degradation behavior of the CA membranes. 
 Dehydration and evaporation Degradation Carbonization  

 

Sample 

Temperature 

interval [°C] 

Peak 

max 

[°C] 

Weight 

loss [%] 

Temperature 

interval [°C] 

Peak 

max 

[°C] 

Weight 

loss [%] 

Temperatur

e interval 

[°C] 

Peak 

max 

[°C] 

Weight 

loss 

[%] 

Residue 

[%] 

CAm 25 -  

320 

208 15.08 320 - 460 436 74.88 460 - 600 502 9.69 0.18 

CA/Zn

5 

25 –  

320 

200 16.14 320 - 460 419 66.58 460 - 600 572 14.20 2.80 

 

 
Fig. 2. Thermogravimetric analysis - TGA (a) and derivative thermogravimetric – DTG (b) curves 

of the CA membranes. 

3.3 DSC 

In the DSC curve obtained for the neat cellulose acetate membrane, three 

major events can be noticed. Upon heating, the polymer turns from a hard, glassy 
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material to a soft, rubbery one and the glass transition temperature appears at 81 

°C. The broad exothermic peak at 206 °C represents the crystallization that occurs 

because the polymeric chains are more flexible due to the increased temperature 

and are able to organize in ordered structures called crystals. Fusion begins at 244 

°C and reaches maximum intensity at 251 °C. This phenomenon is visible in the 

DSC curve as a narrow endothermic peak. The presence of both glass transition 

and fusion in the DSC curve indicates the fact that the polymer is comprised of 

amorphous and crystalline phases. For the membrane modified with the 5% zinc 

salt solution, an additional endothermic peak appears between 49 and 75 °C, this 

was attributed to the evaporation of excess water and volatile ammonia hydroxide 

residues from the membrane structure combined with the dehydration of 

unreacted zinc acetate dihyrate. The membrane modification did not influence the 

glass transition temperature which remains unchanged. However, the 

crystallization enthalpy has a lower value and the peaks corresponding to 

crystallization and fusion become broader compared to the neat CA membrane; 

this could be related to a wider crystal size distribution and a lower degree of 

organization, aspect also observed in the SEM images. 
 

 

Fig. 3. DSC curves of the CA membranes – neat (CAm) and 5% zinc (CA/Zn5). 

Table 2 
Thermal characteristics of the analyzed membranes. 

Sample  Glass transition 

temperature - Tg 

[°C]  

Crystallization 

temperature - 

Tc [°C]  

Enthalpy of 

crystallization - 

ΔHc [J/g] 

Fusion 

Temperature - 

Tf [°C]  

CAm  81 206 169 251 

CA/Zn5  81 207  157 253 

 

The crystallinity percentage of the membranes can be calculated using the 

ratio between the enthalpy of fusion of the analyzed sample (ΔHf) and the 

enthalpy of fusion of a perfect crystal of that material (ΔHfo). Considering the fact 
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that ΔHfo of cellulose acetate has the value of 58.8 J/g, the crystallinity percentage 

was calculated using the following equation: 

 
Table 3 

The enthalpy of fusion and crystallinity percentage of the analyzed membranes. 

Sample  Polymer percentage 

in sample - wt. % 

Enthalpy of fusion - 

ΔHm [J/g] [J/g]  

Crystallinity 

percentage - Xc [%]  

CAm  100 33.2  56.46  

CA/Zn5  95 31.6  53.73  

The modified membrane has a lower crystallinity percentage compared to 

the neat one, probably due to an increase in the disorder degree of the cellulose 

acetate, generated by the interactions of the polymeric chains with the precipitated 

zinc compounds. 
 

3.4 SEM 

The commercial CA membranes are produced by impregnating pure 

cellulose acetate on a nonwoven support. Due to the technique used, they are 

composed of stacked polymeric layers, each layer being made up of polymeric 

strands, ordered in a honeycomb-like porous structure with approximate pore size 

ranging from 1 to 5 µm, as it can be observed in Fig 2a. After the impregnation 

with zinc acetate solution and the subsequent ammonia hydroxide treatment, the 

porosity gradually starts to decrease. This phenomenon may be attributed to the 

thickening of the polymeric strands due to the deposition of zinc-based 

compounds on their surface. Also, starting with a 2% zinc concentration, the 

polymeric layers seem to fuse together, forming a smooth compact structure, this 

indicating that the interactions between the cellulosic matrix and the zinc 

compounds lead to changes in the morpho-structural characteristics of the 

modified membranes. 
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Fig. 4. SEM images of the CA membranes at 10000 X magnification – CAm (a), CA/Zn1 (b), 

CA/Zn2 (c), CA/Zn5 (d). 

3.5 EDS 

The main elements present in the CA/Zn5 membrane structure are, as 

expected, carbon, oxygen and zinc. The small peak attributed to gold is present 

due to the sample metallization process necessary for acquiring SEM images.  

 
Fig. 5. The EDS spectrum of the CA/Zn5 membrane. 

The EDS maps shows the spatial distribution of the elements in the 

sample. Carbon is represented with yellow, oxygen with light blue and zinc with 

green. Zinc is present in a high percentage, and it is evenly distributed throughout 

the cellulose acetate matrix, in the form of different zinc compounds, as observed 

in the FT-IR spectra. The membrane porosity and the amorphous structure of the 

precipitated zinc compounds have a positive effect on the distribution of zinc in 

the cellulose acetate network, no particle aggregation effect being noticed even at 

the highest zinc salt solution concentration used (5%). 
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Fig. 6. EDS maps of the CA/Zn5 membrane – SEM image (a), full elemental map (b), carbon map 

(c), oxygen map (d), zinc map (e). 

3.6 Swelling degree 

The membranes presented a typical swelling kinetics: a rapid absorption 

phase in the first 8 hours followed by an equilibrium phase with no substantial 

changes in the next 40 hours. The total time period of the test was 48 hours. A 

decrease in the swelling degree can be observed for the modified membrane, 

probably due to the hydrophobicity of the zinc compounds and also to the lower 

membrane porosity. The average fluid uptake percentage is approximately 70% 

for the neat membrane and 32% for the zinc loaded one.  
 

 

Fig. 7. Swelling degree characteristics of the CA membranes – neat (CAm) and 5% zinc 

(CA/Zn5). 

3.7 Antibacterial activity 

Qualitative assessment 

The diameter of the inhibition area surrounding each sample was measured 

and expressed in millimeters (Fig. 9), the results being summarized in Table 4. In 

the case of the Gram-positive bacterial strain S. Aureus, the inhibition zone 
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diameter increased progressively from 7 to 16 mm, depending on the zinc content, 

which means that the amount of zinc compounds released from the modified 

membranes was high enough to reach the concentration required for the inhibition 

of bacterial growth. A lower bacterial sensitivity was observed in the case of the 

Gram-negative P. aeruginosa, changes in the inhibition zone diameter being 

noticed only in the case of the CA/Zn5 membrane. The sensitivity differences 

between the two tested bacterial strains are related to the distinctive cell wall 

structures of Gram negative and Gram positive bacteria, the latter ones having a 

higher susceptibility to antibacterial compounds [41].  
 

 
Fig. 8. Aspect of the growth inhibition areas for S. Aureus (a) and P. Aeruginosa (b): 33 - neat CA, 

34 - CA/Zn1, 35 – CA/Zn2, 36 – CA/Zn5. 

Table 4 

Measured diameter of the growth inhibition areas for S. Aureus and P. Aeruginosa. 

Sample 

Inhibition zone diameter [mm] 

Staphylococcus 

aureus ATCC 

25923 

Pseudomonas 

aeruginosa 

ATCC 27853 

CAm 0 0 

CA/Zn1  7 0 

CA/Zn2  11 0 

CA/Zn5 16 5 

 

Semi-quantitative assessment  

The bacterial growth inhibition effect of the tested membranes is indicated 

by a low turbidity of the microbial suspensions in the well plate, respectively by 

lower absorbance values compared to the bacterial growth witness (GW). The 

modified membranes show good antibacterial activity for both S. Aureus and P. 

Aeruginosa, the absorbance values being very close to the one of the sterility 

witnesses (SW, absorbance value = 0) especially at higher zinc contents (Fig. 10). 

Interestingly, in the case of S. Aureus, the absorbance value for the neat CA 

membrane is slightly above the one of the bacterial growth witnesses, this 

meaning that plain CA favors the microbial development. Also, the lowest 

absorbance value was recorded for the CA/Zn1 sample and unexpectedly, the 

absorbance increased proportionally to the zinc content. This anomalous behavior 
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is currently under investigation, but a presumptive explanation could be related to 

inhomogeneities in the zinc distribution throughout the membrane section used for 

this assessment. The antimicrobial action against P. Aeruginosa followed the 

expected trend, a higher zinc content resulting in a more effective inhibition of the 

bacterial growth. 
 

 
Fig. 9. Graphical representation of the absorbance values for the semi-quantitative assessment of 

the CA membranes growth inhibition capacity for S. Aureus and P. Aeruginosa bacterial strains. 

Quantitative assessment  

The microbial suspensions resulted from the semi-quantitative assessment 

were further used in the quantitative test. As it can be observed in Fig. 11, the 

viability of the bacterial cells decreased proportionally to the zinc content in the 

membranes this suggesting that the modified membranes could effectively kill 

bacteria in a concentration dependent manner. A significant growth inhibition of 

up to 10 logarithmic units was recorded for the CA/Zn5 membranes, particularly 

in the case of S. Aureus, compared to the neat cellulose acetate but also to the 

bacterial growth witness.  
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Fig. 10. Graphical representation of the CFU/ml values and the aspect of the inoculated microbial 

suspensions of S. Aureus (a) and P. Aeruginosa: 33 – neat CA, 34 – CA/Zn1, 35 – CA/Zn2, 36 – 

CA/Zn5.  

 

4. Conclusions 

This study presented a facile cellulose acetate membranes modification 

method based on impregnation with zinc salt solution followed by alkaline 

precipitation. FT-IR, SEM and EDS analysis revealed the successful loading with 

antibacterial zinc-based compounds, particularly zinc hydroxide, complex 

tetraaminezincate ions and zinc oxide, and their homogeneous distribution 

throughout the membranes structure. Also, the zinc loading did not significantly 

influence the thermal stability and swelling degree of cellulose acetate. From the 

antibacterial assessments, it can be concluded that the zinc loaded CA membranes 

have good antibacterial activity against both Gram-positive and Gram-negative 

bacterial strains, a higher zinc content resulting in a more pronounced microbial 

growth inhibition. These results indicate that modifying cellulose acetate 

membranes with zinc salts could be an effective method for the obtainment of 

wound dressings with favorable antibacterial properties. 
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