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1. Introduction 

 
Copper is found in the industrial wastewater mainly due 

to the printed circuit board manufacturing, electronics plating, 
plating, wire drawing, copper polishing, paint manufacturing, 
wood preservatives and printing operations.  

The most common treatment for copper removal is its 
precipitation. After adjusting the wastewater pH by NaOH 
(caustic soda) to the precipitation region, the coagulant is 
added, and coagulated metal hydroxide particles are extracted 
by the combination of sedimentation − filtration processes. 
Final copper containing sludge is then recovered for Cu metal 
or disposed to a landfill1. The necessity for several unit opera-
tions, costly reagents, low flow rate, existence of limits given 
by the minimum metal solubility, and finally the toxic sludge 
output drives the current need for looking some more eco-
nomic alternatives for heavy metal uptake. One of the promis-
ing alternatives is the copper removal by a suitable abundant 
in nature adsorbent2.  

The most widely used adsorbent in wastewater treatment 
applications is the activated carbon. However its selectivity 
towards metallic ions is low; therefore activated carbon re-
quires complexing agents to improve its removal perform-
ance.  

A substantially higher (10× and more)3 metal-binding 
capacity is offered by chitosan, a polymer made from chitin, 
which is the second only to cellulose in terms of abundance in 
nature. When used for the water decontamination in its natural 
flake form, chitosan suffers from gelling and associated hy-
drodynamic flow problems. Moreover the specific binding 
sites are not readily available for sorption in the natural form. 
A chitosan structure thinly coated on a suitable support, such 
as glass beads, sand or filter fabric is therefore desirable4.  

The use of filter fabric is favored by its large surface 
area, excellent control on flow transfer characteristics and the 
low-cost − especially when nonwoven fabrics such as PP or 
PET are adopted. A principal obstacle hampering the use of 
these low-cost carriers is their generally poor wettability, 
which adversely affects the adhesion of chitosan coating. 
A conventional organic solvent methods used for imparting 
the desired adhesive properties presents both health and envi-
ronmental concerns. In addition, this surface modification 
method increases cost considerably, thus negating the possible 
advantages of the use of low-cost fabrics. 

Plasma oxidation of polymer materials at atmospheric 

pressure proved to an effective (and environmentally attrac-
tive) tool for creating substantial amount of radical and polar 
carboxylic and carbonyl groups on their surface. Created po-
lar groups are capable to permanently improve the wettability 
of polyolefin nonwoven fabrics, which may be used then as 
a support for suitable adsorbing medium. Created radicals are 
initiating the graft polymerization, which positively alter the 
support-coating adhesion strength.  

A suitable source of atmospheric pressure plasma for 
low-added value materials treatment was developed in join 
effort of Masaryk University Brno (Czech republic) and 
Comenius University Bratislava (Slovakia). The plasma 
source (Diffuse Coplanar Surface Barrier Discharge − 
DCSBD) creates a thin layer of highly energetic plasma 
(~ 100 W cm−3) above the ceramic panel (Fig. 1). The 
DCSBD proved to be highly efficient in increasing the wet-
tability of various low-cost materials (PP and PET nonwov-
ens, wood, paper, plastic foils)5. 

Cernakova et al.6 have already reported a successful 
immobilization of chitosan on a DCSBD plasma activated 
nonwoven fabric. Nitrogen atmosphere and stationary (batch) 
treatment condition were used in their case. Nevertheless for 
the practical purposes a continuous (roll-to-roll) treatment and 
the air gas plasma operating conditions are more desirable. 
We have therefore decided to set-up the experimental appara-
tus enabling the continuous fabric treatment in air.  The aim 
of our work was to prepare the chitosan thinly coated on the 
plasma-activated fabric and to evaluate its copper adsorption 
performance. 

 
 

2. Experimental  
 
2.1. Plasma treatment 

 
Polypropylene spunbond nonwoven fabrics of 17 gsm, 

supplied PEGAS a.s, Czech Rep., was activated by  atmos-
pheric pressure air plasma generated by means of DCSBD5. 
The primary role of plasma treatment was to improve the 
wettability of PP fabrics, so the chitosan coating solution can 
penetrate inside the bulk of fabric and interacts with individ-
ual fibers. The DCSBD electrode consisted of 11 pairs of 
silver strip electrode embedded 0.5 mm below the surface of 

Fig. 1. DCSBD electrode geometry (side view) and the plane view 
of the discharge appearance: a) low applied power; b) fully ener-
gized electrode at 15 kHz, 400 Watt 
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96 % Al2O3 ceramics. The mutual distance of the 200 mm 
long and 3 mm wide silver strip electrodes was 1.5 mm. The 
electrode was energized by 14 kHz sinusoidal voltage, sup-
plied by HV generator LIFETECH VF700. The power con-
sumption of DCSBD plasma reactor was monitored by 
METEX M-460M multimeter. 

The DCSBD electrode was mounted in the prototype of 
continuous feed reactor CONTIONE (Fig. 2). The treatment 
time was controlled by the speed of the take-up roll. The con-
tact of fabric with the relatively thin layer of generated plasma 
(0.1−0.3 mm) was enhanced by the air-blower flow perpen-
dicular towards the plane of plasma panel.  

The DCSBD plasma panel was operated at 
400 W/200 cm2. PP samples were in contact with plasma for 
5 sec.  

 
2.2. Chitosan coating 

 
Immediately after the plasma treatment the PP samples 

were immersed into the vessel containing 2 % chitosan solu-
tion. The vessel was then placed in the waterbath shaker for 1 
hour at 60 °C.  

The solution was made by dissolving of 30 g chitosan 
powder (ALDRICH, medium mol. weight, 75−85 % deacety-
lated) into 1500 ml of 0.6 % (v/v) acetic acid solution 
(FLUKA p.a.). The choice of chitosan solution concentration 
is based on the results of Cernakova et al.6, who had found 
this particular concentration to be the most stable against the 
wash-off effect. 

After drying at room temperature the fabric was washed 
vigorously in deionized water to remove weakly attached 
chitosan homopolymer and traces of acetic acid. Finally the 
chitosan coated samples were cut into the circular coupons of 
55 mm diameter that were used during the course of all our 
experiments. 

  
2.3. Weight of the coating  

 
In order to evaluate the weight of chitosan film attached 

to the PP fabric following procedure was employed. Unmodi-

fied PP fabric was cut into 100 circular pieces with the diame-
ter of 55 mm. Each circular piece was weighed on DEVNER 
SUMMIT SI-234A balances with the resolution of 0.1 mg. 
After verifying the normal (Gaussian) distribution of samples 
weight, arithmetic mean mo and its standard deviation σo was 
calculated.  

Circular 55 mm diameter coupons of chitosan coated 
samples were weighted prior each adsorption experiment. The 
arithmetic mean of pure PP was subtracted to obtain the mass 
of coating. The statistical error σN for the set of N samples 
was calculated as σN=σo.  

 
2.4. Surface characterization 

 
Scanning electron microscopy photographs of chitosan 

coated PP samples were done using the TESCAN VEGA 
TS 5136MM microscope operating in the HiVac mode.  

Chemical changes on the fabric surface were explored 
by the FTIR spectrometer BRUKER Vertex 80v, equipped 
with the DRIFT module. Kubelka-Munk function was applied 
on the obtained spectrum. 

 
2.5. Copper adsorption evaluation 

 
Batch experimental conditions were employed. 20 filter 

coupons with the known mass of immobilized chitosan were 
inserted into 250 ml glass wide-mouth Erlenmeyer flask filled 
with the 100 ml of the water solution of Cu(NO3)2 · 3 H2O 
(Fluka p.a.). The flask were placed into the waterbath shaker, 
where it was constantly agitated at the room temperature for 
given amount of time, which was usually 2−4 days. 

Ion-selective electrode (ISE) measurement was used to 
evaluate the adsorption capacity of coated chitosan. The ac-
tual concentration of Cu2+ ions was evaluated by the multiple  
sample addition method using the Orion 4-Star Benchtop pH/
ISE meter equipped with the Orion 9629BNWP Ionplus® 
Series Cupric Electrode (both from Thermo Fisher Scientific). 

The sample addition method is based on adding the 
small known volume Vs of unknown sample Cs into the stan-
dard of large known volume Vo and concentration Co. The 
change of the ISE electrode potential ∆E (mV) is used for 
calculating the concentration of Cs: 

where the S is the slope of the ISE electrode. The slope S was 
determined daily during the electrode calibration. The ion 
strength of 100 ml volume standard was always adjusted by 
the 2 ml of 5 M NaNO3. ISE measurements ware carried out 
in the dark room, as we have experienced a significant sensi-
tivity of Ionplus Cupric electrode to the light. 

 
 

3. Results and discussion 
 
The average mass of chitosan coating deposited on the 

single PP coupon (38 ± 1 mg) was 6.1 mg, which is approx. 
16 wt.%. As can be seen from SEM photographs of the coated 
fabric, chitosan forms a thin uniform film on the surface of 

Fig. 2. The DCSBD reactor for continuous textile treatment CON-
TIONE: 1 – feed roll; 2 – frequency converter; 3 – guiding rolls; 4 – 
DCSBD electrode; 5 – radiator; 6 – fume hood; 7 – oil pump; 8 – air 
blower; 9 – stretching roll; 10 – motor unit; 11 – take up roll; 12 – 
HV transformer; 13 – power voltage generator  
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individual PP fibers with occasional pieces of film bridging 
the inter-fiber space (Fig. 3). The presence of chitosan chemi-
cal structures was further confirmed by the obtained FTIR- 
DRIFT spectra, where the new adsorption bands at 1150−
1040 cm−1(glucosidic bond) and 3450−3360 cm−1 (OH, NH) 
appeared.  

The analysis of solvability of chitosan film in acidic 
conditions revealed that the coated chitosan is insolvable in 
water for the pH higher than 2.5 (Fig.4). The low pH level 
solutions were prepared by adding appropriate amount of 
HNO3 to the deionized water. The pH level of solution meas-
ured before adding the chitosan coupons was considered.  

The time evolution of adsorption process is shown in 
Fig. 5. Two hours after the adsorption is started, filter reaches 
80 % of its final equilibrium value in the batch. It was there-
fore concluded, that 2 days lasting adsorption experiment 
offers sufficient time to reach the final equilibrium state.  

To evaluate the theoretical adsorption capacity, which 
will be achieved in real flowing conditions, the adsorption 
isotherm at pH 5.5 was determined. Chitosan coated samples 
were immersed into the 100 ml Cu2+ solutions with the con-
centration ranging from 0.01 M to 2⋅10−4 M. For the sake of 
the mutual comparison, the adsorption isotherm was deter-

mined also for the chitosan in its original flake form (as it was 
found in the supplier package).  

Fig. 6 shows the log-log plot of obtained results for both 
forms of chitosan. According to the literature7 the Freundlich 
adsorption isotherm is the most frequently used in discussion 
of adsorption from liquid solutions. The formula describing 
the Freundlich isotherm is 

where w states for the mass fraction adsorbed (the mass of 
solute adsorbed per unit mass of adsorbent), c is the solution’s 
equilibrium concentration, and a, b are the empirical parame-
ters. The straight dashed lines in Fig. 6 correspond to this 
isotherm. For the original flake form chitosan parameters a 
and b are 7.6 ± 0.7 and 0.45 ± 0.02 respectively. For the 
coated chitosan a = 10.6 ± 1.7 and b = 0.58 ± 0.01. Clearly 

Fig. 3. SEM picture of chitosan coated PP fibers. Magnification 
1000× and 5000× 

Fig. 4. Solubility of chitosan coating. The coating is insoluble down 
to pH 2.5 level 

Fig. 5. Time evolution of copper removal by the chitosan filter 

Fig. 6. Time evolution of copper removal by the chitosan filter 

bcaw ⋅=
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the adsorption capacity of chitosan coated on PP fabric is 
higher at least by 40 %.  

Although the correlation between the Freundlich iso-
therm formula and data for the flake chitosan is acceptable, 
data obtained for the coated chitosan are better represented 
when the formula for Langmuir adsorption isotherm is ap-
plied: 

Here w states for the mass fraction adsorbed, wmax is the theo-
retical maximum for w, c is the solution’s equilibrium concen-
tration, and K is the Langmuir adsorption equilibrium con-
stant. The parameters wmax and K for the fit shown in Fig. 6 
are 313 ± 5 mg g−1 and 12.8 ± 0.5 L g−1 respectively.  

The validity of Langmuir adsorption isotherm for the 
coated chitosan can be explained by the better agreement with 
the assumption used during its mathematical derivation: (a) 
monolayer coverage only; (b) surface perfectly flat on micro-
scopic scale, so the all sites are equivalent; (c) molecule ad-
sorption ability is independent of the occupation of neighbor-
ing sites. The morphology of flake form chitosan obviously 
violates the (b) assumption, therefore the empirical Freundlich 
isotherm formula provides a better correlation with obtained 
data.  

At the same time, the agreement of Langmuir isotherm 
for the coated chitosan data suggests that the mechanism of 
copper adsorption is occurring within the frame of Langmuir 
formula premises, i.e. monolayer coverage and negligible 
interaction between the neighboring sites.  

 
 

4. Conclusion  
 
The completed prototype of continuous DCSBD plasma 

treater demonstrated its viability with respect to the PP sur-
face activation. Thin chitosan coating (16 wt.%) on the fibers 
of polypropylene nonwoven fabric was prepared. The film 
was evaluated with respect to its adsorption capacity towards 
copper ions. The capacity was more than 40 % times higher 
then the capacity of chitosan in its natural flake form. This 
may be attributed to better availability on the active sites on 
the thin flat structures of chitosan film. The adsorption behav-
ior of chitosan filter is well described by the Langmuir ad-
sorption isotherm. The theoretical adsorption capacity deter-
mined at pH level of 5.5 from the Langmuir isotherm is 
313 ± 5 mg g−1 (Cu2+/chitosan).  
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