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ABSTRACT: In the first stage, carbon materials were manufactured from chitin and chitosan as the main precursor. Chitin and chitosan

were impregnated with Cu21 ions. Using heat treatment, the organic matter (biopolymers) was transformed into a porous carbon

matrix, while copper ions were transformed into copper-based nano-crystallites containing copper atoms in a 11 and 0 oxidation state.

Such synthesized carbons exhibited high contact antifungal activity, e.g., for sample, CH-ACu0.1_Ox against R. nigricans the inhibition

zone is 10.27 mm. In the second stage, composite polymer films were manufactured by mixing polylactide (PLA) and the obtained

microbial carbon material (up to 3 wt % Cu-carbon content). Despite the very low content of carbon material (3 wt %), the composite

PLA films exhibited excellent microbial properties for selected bacteria and fungi, e.g., sample CuCM3%/PLA demonstrated high log10

reduction values of 2.17 and 2.66 for the strains of E. coli and S. aureus, respectively. The composite films, and their components, were

examined by means of diversified physicochemical methods like low temperature adsorption of nitrogen, SEM, elemental analysis, XRD,

cyclic voltammetry, antifungal, and antibacterial analysis. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43429.
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INTRODUCTION

Most publications on the microbial properties of carbon materi-

als relate to the presence of silver nanoparticles, e.g., activated

carbon fibres supporting silver exhibited strong lethal activity

against Escherichia coli, Saccharomyces cerevisiae, and Pichia pas-

toris. The microbicidal property of activated carbon is also very

important in order to decrease the risk of water and air con-

tamination with microorganisms like E. coli.1–3 Silver ions have

been widely used as disinfectants that inhibit bacterial growth

by disrupting some essential enzymatic functions of the micro-

organism via interaction with the thiol-group.4 Copper and sil-

ver bimetal-dispersed polymeric beads were also investigated,

exhibiting significantly larger antibacterial activities than single

metal-doped (Cu or Ag) beads, for both gram-positive Staphylo-

coccus aureus and gram-negative E. coli bacteria. The prepared

bimetal beads remained effective, completely inhibiting the bac-

terial growth, which makes them potential antibacterial agents

for water purification.5

The first evidence that copper fungicides kill scab spores by

inhibiting mitochondrial respiration indicated that the antifun-

gal action of the slightly and insoluble copper hydroxide and

copper oxide, respectively, cannot be explained based on the

concentration of dissolved copper ions.6 The use of antibacterial

and antifungal active silica submicrospheres with metallic silver

and copper nano-precipitates in textile-polymeric coating mate-

rials has been presented, too.7

The antifungal activity was achieved against numerous plant

pathogens and mycotoxin producing moulds at relatively low

concentration of the agents.8 Besides that, new copper-

containing fungicides were developed based on granulated peat

and powder-like anthracite as supports.9 Cubic and octahedral

Cu2O microcrystals were synthesized by the reduction of cop-

per–ligand complexes with glucose under microwave irradiation.

The Cu2O microcrystals were tested for antibacterial activity

against E. coli. The antibacterial activity of the cubic Cu2O crys-

tals was superior to that of the octahedral Cu2O crystals.10

Other microbial materials containing copper, e.g., regenerated

cellulose films coated with copper nanoparticles, were prepared

from a cellulose cuprammonium solution through coagulation.

The films coated with Cu nanoparticles showed efficient anti-

bacterial activity against S. aureus and E. coli.11 Polypropylene

composites containing different amounts of copper nanopar-

ticles were tested as a microbial material, too. The composites

were prepared by the “melt mixed” method and drastically

reduced the life-time of bacteria.12 According to our knowledge,
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microbial activity of activated carbon supported Cu derivatives

have not been tested yet.

The purpose of the present work is to elaborate a synthesis

method of novel Cu-activated carbon microbial materials, as

well as to investigate their antifungal and antibacterial activity.

Particular attention will be paid to the ease of manufacturing

and a low production costs. The second aim is to incorporate

such carbons in biodegradable polymeric films, aiming at the

fabrication of composite packing foils showing antibacterial

activity. The general aim will be achieved in several steps, like:

(i) preparation of new copper-containing carbon materials; (ii)

study of the structural and microbial properties of obtained car-

bons; (iii) obtaining of new microbial films; (iv) study of the

properties of the obtained films.

EXPERIMENTAL

Preparation of Copper-Loaded Carbon Materials (CuCMs)

Chitin (CA), or chitosan (CH), in the amount of 5 g was

treated with an aqueous solution of Cu(NO3)2 (ACu) at a con-

centration ranging from 0.05 to 0.1M (0.05, 0.1), with a volume

of 50 cm3. Copper loading lasted for 24 h at room temperature.

Dry chitin (chitin from shrimp shells, CAS Number: 1398-61-4)

and chitosan powder (physical form >75% deacetylation,

medium molecular weight, CAS Number: 9012-76-4) were pro-

vided by Sigma Aldrich. During the synthesis, Cu21 ions coor-

dinately bound to primary amine (chitosan), secondary amine

(chitin), or hydroxyl groups (chitin, chitosan). The resulting

mass was allowed to drain off excess water. The whole was then

transferred to a tube furnace, wherein the mass was kept in the

flow of nitrogen with an oxygen content of 0.1% by volume.

The tube furnace was equipped with a vent. The inert gas

flowed through a hole, carrying the gaseous carbonization prod-

ucts of chitin or chitosan. The tube furnace was heated gradu-

ally, at the heating rate of 10 8C/min, to 700 8C. Once the set

temperature was achieved, the obtained carbon material was

soaked for 1 h.

Instrumental Analysis of CuCMs

Specific Surface Area Measurements. The structural parameters

of the carbon materials were characterized by low-temperature

nitrogen adsorption. The relevant isotherms of all the samples

were measured at 77 K on an ASAP 2010 volumetric adsorption

analyser (Micromeritics, USA). Before each adsorption measure-

ment, the sample was outgassed under vacuum at 200 8C.

Scanning Electron Microscopy. The carbons were examined by

scanning electron microscopy (SEM, 1430 VP, LEO Electron

Microscopy) with energy dispersive X-ray spectrometer (EDX,

Quantax 200; detector: XFlash 4010, Bruker AXS).

X-Ray Powder Diffraction Analysis. X-ray diffraction (XRD)

spectra were measured by means of a CuKa source in the range

of 2H from 10 8 to 90 8 (X-Pert PRO Systems, Philips).

Elemental Analysis

The carbon materials were analysed (Vario MACRO CHN, ELE-

MENTAR Analysensysteme GmbH) for their total carbon and

nitrogen contents.

Cyclic Voltammetry Analysis and Electrochemical Oxidation

Cyclic voltamperometry curves (CV) were recorded using a

computer-controlled Autolab (Eco Chemie) modular electrochemical

system, equipped with a PGSTAT128N potentiostat, controlled by the

NOVA software. The measurements were carried out using a three-

electrode electrochemical cell presented in one of our earlier

papers.13–18 The working electrode, in this system, was an about

3 mm thick sedimentation layer of powder carbon material on a plati-

num plate, which served as an electrical contact. The counter electrode

was a platinum wire, and a silver chloride electrode was a reference

electrode (Ag/AgCl in 3M KCl). After vacuum desorption (1022 Pa),

the carbon sample (mass 5 200 mg) was placed in an electrode con-

tainer and drenched with a deaerated solution (1M KCl; usually after

24 h) to obtain a �3 mm sedimentation layer on the Pt contact plate.

The potentiometric responses of the carbon electrodes were measured

in oxygen-free electrolyte solutions. Cyclic voltammetric curves (CVs)

were recorded for 5 mV s21 and 10 mV s21 sweep amplitudes once

the electrochemical equilibrium had been established (no changes in

repeated CV scans). The starting material, after recording the voltam-

mograms, was oxidized (Ox) in the same electrochemical cell, the

applied voltage was 1.5 V, in relation to Ag/AgCl in 3M KCl over

1200 s. After the oxidation process, cyclic voltamperometry curves

(CV) were recorded (sweep rate 5 and 10 mV s21). The anodized car-

bon material was then filtered, washed, and subjected to drying at

100 8C for several hours. All measurements and oxidation were carried

out in a thermostated system at room temperature (293 K).

Antibacterial Activity of CuCMs and Films

Antibacterial properties of powdered carbon materials were

examined with a special procedure. The liquid culture of micro-

organism was conducted in saline solution (0.85% NaCl in dis-

tilled water). Two model strains of bacteria were used: E. coli

(ATCC 8739) and S. aureus (ATCC 6538 P). The study was con-

ducted in sterile 50 mL Erlenmeyer flasks containing 20 mL of

the saline solution. This solution was inoculated with individual

strains of bacteria, leading to the turbidity of solutions equal to

0.5 McFarland standard (McF). After inoculation, 0.01 g of car-

bon material was added to each Erlenmeyer flask. The control

was a suspension of microorganisms in NaCl without carbon

material. All Erlenmeyer flasks were incubated with shaking for

24 h at 35 8C. After incubation, the microorganisms were recov-

ered by serial dilution. With the dilution from 1021 to 1026, 1-

mL suspensions were transferred into sterile Petri dishes (diam-

eter 90 mm) and overflowed with 25 mL of plate count agar

(PCA) media (OXOID) at 45 8C. Petri dishes were incubated for

48 h at 35 8C. After this time, the bacterial colony forming units

(CFU) were counted. The results were presented as the differ-

ence between the logarithm of the average number of CFU in

control samples, and the logarithm of the average CFU number

in test samples. The experiment was repeated three times.

Antibacterial properties of PLA films, containing the active sub-

stance about 0.1, 0.5, 1.0, and 2.0 wt % concentration, were

indicated. The control of PLA films did not contain the active

substance. The test was carried out according to the

ISO22196:2011 standard (Measurement of antibacterial activity

on plastic and other nonporous surfaces). The same reference

strains of bacteria were applied as when testing the powder

materials. The size, the shape of the sample, materials, the
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methodology of examinations and guidelines were described in

the applied standard.

Antifungal Activity of CuCMs

The antifungal activity of copper carbon materials was tested.

The laboratory equipment was sterilized by thermal (2 h,

160 8C) and chemical (ethanol 70%, Meliseptol) methods.

Microfungi (R. nigricans) were cultured on a solid carbohydrate

microbiological substrate (pepton K/agar-agar/glucose) during

incubation at 20–22 8C. The powdered samples of CuCMs were

placed in the middle of the microbiological substrate to ensure

contact with growing moulds. Inoculation was performed by

spraying spores of mould over the test sample. After 5 days

incubation, the diameter of inhibition zone was measured using

the calliper in triplicate. The measure values were denoted in

millimetres (mm).

Preparation of CuCM/PLA Composites

Polylactide (PLA) and copper carbon material (described in 2.1)

were used for the preparation of new composites. The polymer

used in this study was PLA (type 2003D, Nature Works, USA)

in the form of granules having an average molecular weight of

79,000 Da and containing 3.5% of units (D), and 96.5% of

units (L). The mixture was prepared from two components:

PLA in a weight ratio from 97 to 99.9 wt % (dried for 4 h at

60–80 8C, in order to remove moisture before processing) and

carbon material in a weight ratio from 0.1 to 3 wt %, respec-

tively. The components were processed in a co-rotating twin-

screw extruder (BTSK 20/40D, B}uhler, Germany). The extruder

was equipped with screws having a diameter (D) of 20 mm, a

length (L/D) of 40, and the ability to change shape. The extru-

sion process was performed without free degassing and without

pressure degassing at a constant screw speed of 250 min21. The

following temperatures of cylinder zone of a co-rotating twin

screw extruder were set: 175, 180, 185, and 190 8C.

During extrusion, screws of special shape were used to provide

a proper dispersion and distribution of the dispersed phase in

the matrix of the PLA. The extrusion was performed using PLA

as a polymer matrix and consisted of two stages: Stage I—extru-

sion of concentrate-containing carbon filler; Stage II—dilution

of the concentrate produced in the first stage to the appropriate

concentrations. The two-step process was developed in order to

allow for the best possible distribution and dispersion of the

dispersed phase in the polymer matrix. As a result, five compo-

sites were extruded, as well as a reference sample (pure PLA).

The produced granulate was applied for manufacturing of

standardized test bars, shaped using a laboratory injection

moulding press, type PLUS 35/75 (Battenfeld, Germany).

Extrusion of the composite films was performed at the follow-

ing temperatures of particular cylinder zones of the single screw

extruder Plasti Corder PLV151 (Brabender, Germany): 180, 190,

and 190 8C. The temperature of the extrusion die head was

180 8C, and the screw rotational speed was 30 min21 (constant).

The temperature of the rollers was 50 8C.

Rheological, Mechanical, and Optical Analysis of CuCM/PLA

Composites

The melt flow rate and impact strength tests were analysed for

properties of the composite. The transmittance and haze meas-

urements were made on the film produced from the composite.

Melt Flow Rate (MFR)

The MFR was measured by using a capillary plastometer (type

LMI 4003, Dynisco, Germany) at 190 8C under a piston loading

of 2.16 kg. Determination of the MFR was carried out accord-

ing to a relevant standard: PN-EN ISO 1133:2005.

Haze and Transmittance

The Spherical Hazemeter (Diffusion Systems, UK) was utilized

to investigate transmittance and haze for the films of composite

samples. Transmittance and haze tests were executed according

to PN-EN ISO 13468-1.

Mechanical Properties

All composites CuCM/PLA were tested and compared in terms

of their mechanical properties.

A tensile testing machine, type TIRAtest 27025 (TIRA Maschi-

nenbau GmbH, Germany), designed to examine mechanical

properties under static tension was used. Tensile strength, tensile

stress at break and elongation at break of elasticity were eval-

uated according to the PN-EN ISO 527-1:1998 standard, using

the extension rate of 10.0 mm/min.

Impact strength was evaluated with a Pendulum Impact Tester,

type IMPats-15 (ATS FAAR, Italy), intended for determination

of Charpy impact strength, according to the PN-EN ISO 179-

1:2010 standard.

RESULTS AND DISCUSSION

Morphology, Surface Area, and Elemental Composition

Before fabrication of microbial foils, Cu-incorporating carbons,

denoted as CuCMs, were subjected to multidirectional charac-

terization. The results were essential for the optimization of the

fabrication of microbial foils.

Specific surface area (SBET) and elemental content of manufac-

tured samples (before and after oxidation) are shown in Table I.

The SBET of the CuCMs, obtained from chitin, were generally

larger for CA-ACu0.05 and CA-ACu0.1 samples than for

chitosan-originated ones. The performed oxidation led to sam-

ples of reduced surface area in general. The rate of reduction

was sometimes very spectacular, like some chitosan-originated

CuCMs (CH-ACu0.05_Ox and CH-ACu0.1_Ox). The results

proved some previous observations that carbonization of virgin

chitosan yields a nonporous carbon matrix of extremely low

surface area (CH and CH_Ox samples) while carbonization of

chitin instantly yield a porous carbon matrix of high surface

area (CA and CA_Ox samples). As mentioned, oxidation of the

samples reduced their surface area. This effect can be attributed

to the oxidative dissolution of the most exposed and reactive

parts of the carbon matrix. The reactive centres usually exist in

pores and cavities, of which occurrence determines a specific

surface area. Thus, intensive oxidation of porous carbon

matrixes results in the vanishing of pore walls and the reduction

of pore volume, and surface area.
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As presented in Table I, a high nitrogen content, in the range

5.0–8.5 wt %, was observed for all samples. These values are

very typical for most of activated carbons obtained from chitin

or chitosan. Analogous data were previously reported in some

papers.19–23 Nitrogen atoms play a crucial role in the coordina-

tive bonding of transition metal ions, including copper ions.

Uniform distribution of nitrogen atoms in chitin and chitosan

enable a uniform distribution of copper ions in the polymers,

but also in CuCMs obtained by carbonization of them.

The effect of the precursor type (chitin or chitosan) and concentra-

tion of Cu(NO3)2 on the morphology of CuCMs was investigated.

Figure 1 shows some examples SEM images of CuCMs prepared at

700 8C, with different sizes of Cu/Cu2O (nonoxidized samples) and

mainly Cu2O (particularly of oxidized samples). It can be seen that

the materials obtained from chitin [Figure 1(A,B)] contained

smaller inorganic crystallites (bright dots) than the carbons

obtained from chitosan [Figure 1(C,D)]. The inorganic crystallites

were identified as Cu and/or Cu2O (see further text). The phenom-

enon can be extended on all investigated samples beside those

example ones (Figure 1). Oxidation led to the removal of superfi-

cial inorganic crystallites [visible for sample CA-ACu0.05—Figure

1(A)] from the chitin-driven samples [not visible for sample CA-

ACu0.05_Ox—Figure 1(B)]. Some crystallites are still present in

the subsurface region (gray spots in reduced number).

XRD Results

Figure 2 shows the obtained XRD spectra for CA-ACu0.05 and

CH-ACu0.1 samples, before and after oxidation, which are rep-

resentative for the set of manufactured samples. As shown in

Figure 2(A,B), the peaks, which were centred at 43.5 8, 50.6 8,

74,2 8, can be attributed to metallic copper.24–26 In all of the

samples, the peak values, which are located at 36.3 8, 44.2 8, and

77.5 8, correspond to Cu2O or CuO*Cu2O. Furthermore, a peak

observed at 38.7 8 is relevant to CuO. Generally, the results

mean that more intensities or new peaks of the Cu2O and

CuO*Cu2O are observed in the oxidized samples. After oxida-

tion of the CA-ACu0.05 sample and turning it into CA-

ACu0.05_Ox sample, all peaks attributed to metallic copper and

its derivatives disappeared almost completely [Figure 2(A)].

This effect follows the observed vanishing of superficial copper-

based crystallites after oxidation, as demonstrated in Figure 1.

On the contrary, oxidation of chitosan-driven samples did not

remove such inorganic crystallites from chitosan-driven speci-

mens like CH-ACu0.1_Ox sample. Still, some sharp peaks are

present, but the nature of Cu-based component changed signifi-

cantly due to oxidation. In the XRD spectrum of non-oxidized

sample, CH-ACu0.1 peaks attributed to metallic copper are

dominating. After oxidation, the peaks disappear and only

peaks attributed to oxidized forms of copper are visible in the

spectrum of CH-ACu0.1_Ox [Figure 2(B)]. This effect corre-

sponds to the analysis of morphological changes of chitosan-

originated samples [Figure 1(C,D)]. In both cases, i.e., nonoxi-

dized and oxidized chitosan-driven CuCM, inorganic crystallites

are intensively grouped on the surface.

In case of chitin-driven nonoxidized sample CA-ACu0.05, copper

is present as metallic copper and as oxidized derivatives of copper.

It is in contrast to nonoxidized chitosan-driven sample CH-

ACu0.1, where metallic copper dominates. Thus, the selection of

main precursor for carbon manufacturing, either chitin or chito-

san, dramatically influences the chemical state of copper. Oxidation

either removes copper (chitin-originated CuCMs) or transforms

metallic copper into oxidized derivatives (chitosan-originated

CuCMs). This may significantly influence the expected microbial

properties of CuCMs and corresponding PLA foils, since the

microbial activity is usually ascribed to oxidized form of copper

like Cu2O and/or CuO. The activity is verified experimentally and

presented in further sections.

CV Results

Figure 3 depicts CV curves recorded for copper-loaded chitin

and chitosan-originated CuCMs using the CA-ACu0.05 and

CH-ACu0.1 samples (before and after oxidation), which are rep-

resentative for the series of manufactured samples. In this fig-

ure, there are two redox couples in the potential range from

20.2 to 1.1 V versus Ag/AgCl in 3M KCl.

In the series of CV curves [Figure 2(A)] obtained for copper-

loaded chitin carbon materials (oxidized and nonoxidized), the

profiles are characterized by the presence of only one couple in

the measurements potential range. In this case, these peaks with

formal potential (Ef) of approximately 0.23 V versus Ag/AgCl in

3M KCl, are attributed to the transition Cu2O(s), H3O1/Cu0
ðsÞ.

Other samples [Figure 2(B)] are two redox systems exist in the

measurements potential range. First redox couple, with formal

potential (Ef) of approximately 0.24 V versus Ag/AgCl in 3M

KCl, correspond to the transition Cu2O(s), H3O1/Cu0
ðsÞ. The sec-

ond redox couple was observed only in the case of chitosan,

and is situated in a more positive potential range. It is associ-

ated with the reduction and oxidation Cu21/Cu1 couple form-

ing a stable complex compound, for example, cyanide, with

formal potential of approximately 0.95 V versus Ag/AgCl in 3M

KCl.

Table I. BET Surface Area and Elemental Composition (C, H, N, and Other)

of Different Samples

Elemental content (wt %)

Sample
SBET

(m2 g21) N C H Other

CA 360 5.7 87.9 1.3 5.1

CA-ACu0.05 455 5.1 74.3 1.5 19.1

CA-ACu0.1 303 5.0 64.6 1.4 29

CH 3 6.9 83.1 1.1 8.9

CH-ACu0.05 123 7.8 70.7 1.5 20

CH-ACu0.1 102 7.9 66.7 1.3 24.1

After oxidation

CA_Ox 257 6.2 74.6 1.5 17.7

CA-ACu0.05_Ox 359 4.9 71.6 1.6 21.9

CA-ACu0.1_Ox 318 5.0 62.3 1.4 31.3

CH_Ox 8 8.5 75.4 1.5 14.6

CH-ACu0.05_Ox 6 7.0 61.5 1.5 30

CH-ACu0.1_Ox 69 7.0 60.7 1.5 30.8
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To verify the reversibility of the redox couples, the values of the

peak to peak separation (DE), the potential at the half height of

peaks (Ef), and cathodic to anodic peak ratio as were evaluated

diagnostic criteria. The values for the observed redox couple

Cu2O(s), H3O1/Cu0
ðsÞ are comparable to the theoretically expected

values for a quasi-reversible two-electron process. When chitosan

was the CuCM precursor, the electron charge transfer of the peak

couple corresponding to the Cu2O(s), H3O1/Cu0
ðsÞ decreased after

oxidation. However, an inverse relationship was observed when

the precursor of the carbon material was chitin.

Antibacterial Activity of CuCMs on E. coli and S. aureus

Table II summarizes the results of the microbial activity of pow-

dered carbon materials. The ISO 22196 standard (2011) tells

that antibacterial activity can be considered as satisfactory if the

value of the log10 reduction in tested samples exceeds 2. Such a

material/substance may be called “bactericidal”. This criterion

was adopted in the current study. According to this condition,

nonoxidized chitin-originated CuCMs, i.e., CA-ACu0.05 and

Figure 1. SEM images of carbon materials surface for samples: (A) CA-ACu0.05; (B) CA-ACu0.05_Ox; (C) CH-ACu0.1; (D) CH-ACu0.1_Ox. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. XRD pattern of (A) CA-ACu0.05; CA-ACu0.05_Ox; (B) CH-

ACu0.1; CH-ACu0.1_Ox samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Cyclic voltammogram of powdered carbon electrode materials

recorded in 0.1M KCl.
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CA-ACu0.1 exhibited log10 reduction values above 2 or close to

this limit for E. coli and in part for S. aureus. The high bacteri-

cidal activity corresponds well to the detected oxidized copper

species on the respective surfaces. Oxidation of the chitin-

originated CuCMs led to a significant reduction of log10 reduc-

tion parameter (substantially below 2). The effect can be

explained by the removal of copper species after oxidation of

chitin-driven CuCMs (proved by SEM and XRD studies).

Known literature associates bactericidal properties of copper

with the presence of its oxidized forms like Cu2O and/or CuO.

The last observation can be supported by the data on bacteri-

cidal activity of chitosan-originated CuCMs before and after

oxidation. Nonoxidized samples CH-ACu0.05 and CH-ACu0.1

exhibited lower bactericidal activity that the ones after oxida-

tion. XRD investigations (Figure 2) proved that oxidation of

chitosan-originated CuCMs converted metallic copper into cop-

per oxides to which bactericidal activity is ascribed. Thus, log10

reduction values for CH-ACu0.05_Ox and CH-ACu0.1_Ox are

in general bigger than for CH-ACu0.05 and CH-ACu0.1 (Table

II). Oxidation of chitosan-originated CuCMs is inevitable to

trigger bactericidal action of the samples.

Some differences in bactericidal activity occurred regarding the

type of bacteria. CH-ACu0.1_Ox sample showed sufficient bac-

tericidal values against both reference strains of E. coli and S.

aureus. The remaining samples demonstrated greater activity

against E. coli than S. aureus, but in the case of CA-ACu0.1,

both values were lower than 2. The highest activity, equal to

3.55, was observed for the sample CA-ACu0.05.

Results of Antifungal Properties

The antifungal activity of the manufactured carbons was tested

as a function of contact time and the type of CuCMs against R.

nigricans as shown in Figure 4. All samples inhibited mycelial

growth, but the scope and operation differed considerably.

The size of the inhibition zone for samples obtained from chito-

san is higher for oxidized samples (as in case of bactericidal

tests). The samples of CH-ACu0.05_Ox and CH-ACu0.1_Ox

have an inhibition zone of 9.55 and 10.27 mm, respectively.

Similar situation is present for sample obtained from chitin,

CA-ACu0.05 sample prevent growth of R. nigricans microfungi

to form an inhibition zone of about 6.82 mm around carbon

samples. In the case of the CA-ACu0.05_Ox sample (after oxi-

dation), they have a significantly greater inhibition zone of

mycelium growth of 10.02 mm. This effect suggests that (on the

contrary to bactericidal test) a contact with carbon matrix con-

tributes to the overall antifungal activity together with an action

of copper. For such copper-containing carbon matrixes, a mech-

anism has been proposed, which exploits simultaneous contact

action of carbon matrix and slowly released copper(II) ions,

according to the mechanism13,27:

C < . . . > C � Cu2O 1 H2O() Cu211 C < � > C � Cu01 2OH2

C < . . . > N � Cu2O 1 H2O() Cu211 C < � > N2OH � Cu01 OH2

where: C<. . .>C and C<�>N is the carbon matrix and carbon

matrix with nitrogen moieties, while the <�> l is the positive

gap in the carbon matrix. Probably, these samples release more

Cu21 ions, but with reduced migration in the substrate. During

the first and second day of the experiment, a light-blue halo

was observed around the CuCM probes, typical for the presence

of hydrated Cu(II) ions.

The CA-ACu0.1 and CA-ACu0.1_Ox samples exhibit the nar-

rowest inhibition zone from all samples and have similar values

of 5.34 and 5.4 mm, respectively. The carbon materials obtained

from chitosan (using 0.1M Cu(NO3)2), have superior antifungal

properties relative to the materials obtained from chitin. This

phenomenon is due to a difference in the binding of copper

ions from CH or CA (the formation of the coordination bond

with the ANH2 or AOH). As a result, for a given concentration

of a compound of copper(II) have reached on carbon various

chemical forms of the same chemical compounds responsible

for the antifungal properties.

The mechanism of microbial/biostatic involves several

phenomena28–32:

1. The surface carbon material, through its strong adsorption

properties, involves the cell wall of microorganisms;

2. The surface copper(I) oxide and metallic copper slowly release

copper(II) ions, exhibiting a high toxicity to the outer mem-

brane of microorganisms. Contact with water leads to the

release of ions, which then become absorbed by pathogens;

3. It has been found that a smaller particle size of <2 lm (shown

in Figure 1 for samples obtained from chitin) generates more

positive charge, which allows for a stronger bond with the neg-

atively charged surface on which the infection occurs, allowing

the compound to effectively combat pathogens;

4. Fenton-like copper redox mechanism: oxidative damage gen-

erated by reactive oxygen species, such as hydrogen perox-

ide, hydroxyl radical, superoxide radical anion.

Table II. Antibacterial Properties (Reduction of lg10 Values) of Powdered

Carbons Against E. coli and S. aureus

Sample Bacterial strain Reduction of Iog10

CA-ACu0.05 E. coli 3.55

S. aureus 1.73

CA-ACu0.1 E. coli 1.79

S. aureus 0.24

CH-ACu0.05 E. coli 20.09

S. aureus 20.05

CH-ACu0.1 E. coli 2.27

S. aureus 0.05

After oxidation

CA-ACu0.05_Ox E. coli 1.63

S. aureus 0.05

CA-ACu0.1_Ox E. coli 1.08

S. aureus 20.1

CH-ACu0.05_Ox E. coli 2.32

S. aureus 20.19

CH-ACu0.1_Ox E. coli 2.65

S. aureus 2.03
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Rheological, Mechanical, and Optical Results of CuCM/PLA

Composites

The contemporary food market creates a high demand for biode-

gradable packing materials, which additionally exhibit microbial

properties. Such packaging should protect human health, the envi-

ronment, and should be attractive from the economic point of

view. Ease of manufacturing plays a crucial role, too. Polylactide

(PLA), is one of the most important biodegradable polymers.

These plastics are being used not only in medicine (e.g., tissue engi-

neering) and automobile components, but also in the manufactur-

ing of everyday items, e.g., containers, packages, and so on. PLA

may exhibit various physicochemical properties that essentially

Figure 4. Antifungal activity of different carbon samples as a function of time against R. nigricans. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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result from the chemical structure of this polymer.33,34 The proper-

ties of PLA decided about using PLA for production of CuCMs

and detailed analysis of these components.

The objective of the current research was to determine the

influence of the CuCMs on selected physical, mechanical and

functional properties of PLA. It was the authors’ intention to

open a new field of application for PLA as a basis for the man-

ufacturing of microbial composites. The research will be contin-

ued in the future.

Melt Flow Rate (MFR)

The MFR of the polylactide composites did not significantly

change with the rising CuCM content. This quantity was com-

prised in the range of ca. 5.82–8.09 g/10 min., which does not

have much impact on practical applications. The resulting MFR

values indicate the possibility of using the materials in processes

of injection moulding or extrusion of flat film. A slight increase

in MFR may be due to a partial degradation of PLA after the

addition of CuCM. The introduction of different amounts of

CuCM fillers into the PLA matrix, which cannot be plasticized,

may cause an increase of the shearing forces in the plasticizing

system, and therefore, the degradation of the polymer. Slight

changes of the MFR value may also be caused by the catalytic

activity of CuCM, leading to the formation of oligomeric and

low-molecular mass products as derivatives of PLA.

Mechanical Properties

The mechanical properties of films of CuCM/PLA composites

are shown in Table III. It is shown that the neat PLA has a ten-

sile strength of 59.5 MPa and stress at break of 45.3 MPa. The

tensile strength and stress at break were comparable for PLA

composites with 0.1 wt % filler loading and pure PLA. At a

higher filler loading (3 wt %), the tensile strength and stress at

break were decreased to 37% (tensile strength) and to 37%

(stress at break), respectively. The worsening strength properties

may result from a partial degradation of PLA, which was con-

firmed by MFR values. Another reason for the tensile strength

and the stress at break fall may be insufficient adhesion of both

materials, i.e., PLA and CuCM in interface. In spite of worse

strength properties of tested composites, the final strength val-

ues are high enough for a wide application of new materials.

Much more dramatic changes were observed for the measured

elongation at break. The percentage (%) elongation at break of the

composites decreased spectacularly upon increasing CuCM con-

tent. The parameter decreased by 83.8 from 13.6 to 2.2%. Such sit-

uation is often observed in composites with fillers of this kind. The

introduction of the pulverized fillers into the polymer matrix like

CaCO3 stiffens the material, and macromolecules have a limited

possibility for their orientation. Little distortion of the material

may be advantageous in some applications, e.g., connected with

production of stiff packagings after thermoforming procedure.

Impact Strength

The impact strength of the studied polylactide composites did

not significantly change with the rising CuCM content. This

quantity was comprised in the range of ca. 2.3–2.7 kJ/m2, which

is not important for practical applications. These values pointed

out that the samples were brittle to a great extent. The pure

PLA could also be considered as brittle since its impact strength

(2.6 kJ/m2) was contained in the range mentioned above.

Haze and Transmittance

Table III shows the value of transmittance of the polymeric films

under investigation, incorporating various amount of CuCMs. The

transmittance and haze studies revealed that the addition of the

carbon component has an influence on the optical appearance of

the films: a decrease of transmittance and an increase of haze. The

highest transmittance (88.9%) was noticed for a sample of 0.1 wt

% CuCM content. Transmittance decreases significantly upon the

increase in the content of CuCMs (up to 3 wt %). The obtained

results may indicate two effects. First, the decrease of transmittance

and an increase of haze may result from a greater ability of macro-

molecules of PLA to crystallize upon of the CuCM additive. This

may indicate that CuCM is a nucleating agent forming nuclei for

PLA crystallization. Secondly, when using the CuCM particles, the

dispersed phase in the polymer matrix creates an important barrier

for transmitting light. However, such reduced transparency is not

always a barrier for practical applications, since not all packaging

materials need to be transparent. The nontransparent packagings

are very important in such applications like: (a) in medicine for

packing medicinal compounds susceptible to light, (b) in food

industry for packing food products of low resistance to decay, and

(c) in agriculture and gardening for manufacturing packagings

protecting rooting system of plants from harmful microorganisms.

Antibacterial Activity of Films on E. coli and S. aureus

The antimicrobial properties of composite PLA films (incorpo-

rating the already-tested carbons) against E. coli and S. aureus,

led to similar satisfactory features, since the reduction of log10

reduction often exceeded 2. For example, PLA films containing

Table III. Results of Rheological, Mechanical, and Optical Results of PLA and CuCM/PLA Composites

Sample
MFR
(g/10 min)

Transmittance
(%)

Haze
(%)

Impact
strength
(kJ/m2)

Tensile
strength
(MPa)

Stress at
break (MPa)

Elongation at
break (%)

PLA 5.82 93.4 1.8 2.67 59.5 45.3 13.6

CuCM0.1%/PLA 8.09 88.9 4.3 2.41 58.2 45.0 8.2

CuCM0.5%/PLA 6.66 74.7 15.3 2.61 50.0 40.0 10.0

CuCM1%/PLA 6.16 64.8 25.4 2.58 51.6 41.7 6.5

CuCM2%/PLA 7.87 42.2 46.3 2.39 43.3 39.9 4.7

CuCM3%/PLA 7.83 21.6 55.0 2.31 37.0 37.0 2.2
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3 wt % of active substance (CA-ACu0.05 sample) demonstrated

high log10 reduction values of 2.17 and 2.66 for the strains of E.

coli and S. aureus, respectively. Other PLA films containing a

less active agent showed a less spectacular activity: log10 reduc-

tion ranged from 0.58 to 0.73. Thus, the materials can be con-

sidered as neutral in the presence of tested strains.

CONCLUSIONS

The proposed method of fabrication makes it possible to obtain

new carbons of antimicrobial properties due to the presence of

highly dispersed CuO and/or Cu2O. The carbons can be success-

fully applied for the fabrication of new composite PLA films show-

ing high and similar antibacterial properties. The modified films

consist of biodegradable PLA (over 97 wt %) and copper-carbon

materials (up to 3 wt %). Despite the low content of carbon mate-

rial, several composite PLA films exhibited excellent microbial

activity against selected gram-positive (S. aureus) and gram-

negative bacteria (E. coli). The PLA films retained high mechanical

strength due to the compatibility of carbon material to PLA. These

composites show a high and satisfactory tensile strength, and stress

at break at all compositions (only a minor decrease was noticed).

These materials are suitable for miscellaneous and wide functional

applications, thanks to the high biological activity of the films with

copper carbon materials, their durability and resistance.
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15. Pakuła, M.; �Swiątkowski, A.; Walczyk, M.; Biniak, S. Colloids

Surf. A: Physicochem. Eng. Aspects 2005, 260, 145.
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