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Abstract Commercial activated carbon (Norit R3ex),

de-mineralised with conc. HF and HCl, was oxidised (conc.

HNO3) and heat-treated at various temperatures (180, 300

and 420 �C). The physicochemical properties of the

samples obtained were characterised by selective neutral-

isation and pH-metric titration of surface functional groups

(acid–base properties), thermogravimetry (thermal stabil-

ity—TG), FTIR spectroscopy (chemical structure) and

low-temperature nitrogen adsorption (BET surface area).

Thermal treatment of the carbon materials caused the

surface functional groups to decompose; in consequence,

the chemical properties of the carbon surfaces changed.

Cyclic voltammetric studies were carried out on all

samples using a powdered activated carbon electrode

(PACE) and a carbon paste electrode (CPE), as were

electrochemical measurements in aqueous electrolyte

solutions (0.1 M HNO3 or NaNO3) in the presence of Cu2?

ions acting as a depolariser. The shapes of the cyclic vol-

tammograms varied according to the form of the electrodes

(powder or paste) and to the changes in the surface

chemical structure of the carbons. The electrochemical

behaviour of the carbons depended on the presence of

oxygen-containing surface functional groups. The peak

potentials and their charge for the redox reactions of copper

ions Cu2þ $ Cuþ $ Cu0
� �

depended on their interaction

with the carbon surface.
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1 Introduction

Because of their well-developed internal surfaces and high

reactivity, activated carbons are used as adsorbents for

numerous technological, environmental and analytical

purposes, including the removal of heavy metal ions from

aqueous solutions [1, 2]. An understanding of the phe-

nomena taking place when solutions containing metal ions

come into contact with a carbon surface is important for the

control of sorption/desorption processes, for acquiring

knowledge of the catalytic properties of carbon materials

with adsorbed metal species, and for explaining the elec-

trochemical behaviour of carbon electrodes in an

electrolyte solution. Generally speaking, these processes

depend on the cationic species to be adsorbed, the adsor-

bent’s porosity and surface chemistry, and the conditions of

adsorption. Numerous interactions can take place between

metal ions and a carbon surface, e.g. surface complex

formation and/or charge-transfer reactions [3]. Since they

are widely used in electroanalysis, electrosynthesis, elec-

trosorption and electrocatalysis, electrodes produced from

various carbon materials have been extensively investi-

gated, with emphasis on the factors affecting capacitance

and faradaic currents [4–6]. Several different types of

carbon electrode materials have been employed in such

studies, including pyrographite [7], glassy carbon [8–12],

carbon fibres [13], carbon paste [14–16] and carbon

powder [3, 17]. Heavy metal ions in aqueous solutions are
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very often used as polarisers: metal and metal complexes

are immobilised on the surface of carbon electrodes and

other carbon supports in order to preconcentrate them from

dilute solution [17], to investigate the reactions of the

surface redox system [3, 12], and for catalytic [18] and

electrocatalytic purposes [19–22].

The present work had three objectives: (i) to compare

the electrochemical behaviour of carbon materials in rela-

tion to the type of electrodes (powder or paste) prepared

from them; (ii) to assess the utility of these electrodes for

investigating the physicochemical properties of activated

carbon surfaces (the effects of chemical modification); and

(iii) to acquire an understanding of the processes taking

place when heavy metal ions in solution come into contact

with an activated carbon surface.

2 Experimental

2.1 Materials

The commercial activated carbon R4ex (Norit, The Neth-

erlands) was demineralised with conc. HF and HCl (ash

content 0.2% wt.), then oxidised with conc. HNO3 at

355 K. The oxidised activated carbon was divided into

three samples, each of which was heat-treated for 4 h under

vacuum at a different temperature—180, 300 and 420 �C.

The samples were respectively denoted 180, 300 and 420.

2.2 Acid–base properties

The chemical properties of the modified carbon surface

were evaluated by standard neutralisation titration with aq.

HCl and aq. NaOH (both 0.1 M). The pHs of 1 g carbon

slurries in 100 cm3 0.1 M NaCl were also measured.

2.3 Direct pH-metric titration

Direct pH-metric titrations were done using an automatic

set (Mettler—Toledo DL67) with a glass electrode (Mettler

DGT-111SC) and a 5 mL burette. The electrolyte (0.1 M

NaOH or HCl) was dosed at 0.04 lL s-1 into a vessel

containing 100 mg carbon and 40 mL doubly distilled

water.

2.4 Thermogravimetry

Thermogravimetric analysis was done on a Simultaneous

TGA-DTA Thermoanalyser (SDT 2960—TA Instruments).

The mass loss in the 150–600 �C temperature range was

determined from the TG curves recorded in a helium

atmosphere.

2.5 FT-IR spectroscopy

FT-IR spectra of the carbon samples were obtained using a

Perkin-Elmer FTIR Spectrum 2000 spectrometer. Acti-

vated carbon-KBr mixtures (1:300) were ground in an

agate mortar, desorbed under vacuum (10-2 Pa), and then

hydraulically pressed into pellets. Prior to the recording of

a spectrum, the background line was obtained arbitrarily

and subtracted. The spectra were then recorded from 4,000

to 450 cm-1 at a scan rate of 0.2 cm s-1; the number of

interferograms at a nominal resolution of 4 cm-1 was fixed

at 25.

2.6 Surface area

The specific surface areas (SBET) of the carbon samples

were determined from low-temperature (77.4 K) nitrogen

adsorption/desorption isotherms (ASAP-2010—Micromer-

itics). Micropore (Vmi) and mesopore (Vme) volumes were

also calculated from the adsorption isotherms [23].

2.7 Electrochemical studies

Cyclic voltammetric measurements were performed using

an Autolab (Eco Chemie) modular electrochemical system

equipped with a PGSTAT 10 potentiostat, driven by

GPES3 software and the typical three-electrode system. A

powdered activated carbon electrode (PACE) or carbon

paste electrode (CPE), Pt wire and saturated calomel

electrode (SCE) were used as working, counter and refer-

ence electrodes respectively.

The working PACE design was the same as that used

and described earlier [3, 17]. After prior vacuum desorp-

tion (10-2 Pa), the powdered carbon (grain size 0.075–

0.060 mm, mass 50 mg) was placed in an electrode con-

tainer and drenched with a de-aerated solution to obtain a

3–5 mm sedimentation layer. The potentiometric responses

(Est) of the carbon electrodes were measured in oxygen-

free electrolyte solution once their values had stabilised

(usually after 24 h). The potential measurements were

accurate to ±2 mV. Cyclic voltammetric curves (CVs)

were recorded for selected sweep amplitudes following the

establishment of electrochemical equilibrium (no changes

in repeated CV scans).

The working CPE design was similar to the one

described earlier [24]. The paste was made from powdered

activated carbon (250 mg) and mineral oil (20 drops of

Nujol), and a portion was packed into a Teflon holder

(thickness of layer—5 mm, surface area—0.2 cm2). When

electrochemical equilibrium was reached (no further shape

changes in repeated scans), CV curves were recorded for

selected sweep amplitudes.
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Acidic (0.1 M HNO3) or neutral (0.1 M NaNO3) solu-

tions were used as blank electrolytes; copper (Cu2?) in

0.05 M nitrate solution was applied as depolariser. The

sweep parameters used (rates, amplitudes) are given each

time in the Figure captions.

3 Results and discussion

Oxidation of the carbon samples with nitric acid and their

subsequent thermal treatment altered their surface chem-

istry. There was a significant (ca. 5-fold) decrease in

acidity with a parallel increase in basicity (Table 1).

Accordingly, the pH of the carbon slurry in neutral solution

increased with the heat treatment temperature of the oxi-

dised carbon. Titrations using a pH-meter were done with

NaOH (a) and HCl (b) solutions (both 0.1 M) (Fig. 1a, b,

respectively). The NaOH solution dosage range corre-

sponded to the quantity of neutralised acidic surface groups

decomposing during thermal treatment below 420 �C.

These are mainly carboxylic groups in various environ-

ments on the carbon surface. The other groups were

thermally more stable in these conditions. As the heat

treatment temperature increased, the curves approached the

level of the blank electrolytes. The number of acidic groups

decreased as their acidic strength did so. The neutralisation

of the basic groups was almost complete within the titrant

(HCl) dose range.

Table 1 lists the mass losses, determined from the TG

curves, of the carbon samples in the 150–600 �C temper-

ature range. Mass loss decreased considerably with

increasing HTT. According to the literature [1], thermal

treatment reduced the quantity of acidic functional surface

groups (mainly carboxyl) decomposing with the evolution

of CO2.

Such significant changes in surface chemistry were

accompanied by relatively small changes in porous struc-

ture (Table 2). The observed increase (ca. 10%) in specific

surface area determined using the multipoint BET method

(SBET) and micropore volume (Vmi) was typical of heat-

treated carbon samples previously oxidised with conc.

HNO3 [3]. During oxidation, some of the micropores

became blocked by the surface oxygen complexes that

formed; these were decomposed by heat treatment and the

pores reopened.

Next, the FT-IR studies of the changes in the carbon

samples caused by heat-treatment were carried out. The

broad, overlapping band of stretching OH vibrations

(maximum at 3,430 cm-1) in the FTIR spectra (Fig. 2) of

the carbon materials was due to surface hydroxylic groups

in different surroundings and to chemisorbed water. The

asymmetry of this band at lower wave numbers indicated

the presence of strong hydrogen bonds. Below 2,000 cm-1,

the spectra showed absorption typical of a carbon surface

Table 1 Surface chemistry parameters of the carbon samples tested

Sample pHa Acid–base uptake

(mmol g-1)

Mass lossb (%)

NaOH HCl

180 3.81 ± 0.02 1.68 ± 0.01 0.10 ± 0.01 4.38

300 5.29 ± 0.02 1.26 ± 0.01 0.33 ± 0.01 2.84

420 5.89 ± 0.02 0.34 ± 0.01 0.57 ± 0.01 1.82

a 1 g AC slurry in 100 cm3 0.1 M NaCl
b From TG curves

Fig. 1 Direct pH-metric

titration curves with NaOH (a)

and HCl (b) solutions for

modified carbon samples:

1—180, 2—300, 3—420;

dashed line—blank solution

Table 2 Porous structure parameters of the carbon samples tested

Sample SBET (m2 g-1) Vmi (cm3 g-1) Vme (cm3 g-1)

180 1,310 ± 10 0.57 ± 0.02 0.054 ± 0.002

300 1,390 ± 10 0.61 ± 0.02 0.049 ± 0.002

420 1,450 ± 10 0.64 ± 0.02 0.043 ± 0.002
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and structural oxygen species. The spectra resembled the

reported spectra of other carbons derived from a wide

variety of sources. The presence of bands at 1,720 and

1,700 cm-1 can be respectively attributed to the stretching

vibrations of C=O moieties in carboxylic and lactonic

functional groups, and the changes in the absolute and

relative intensities of these bands during thermal treatment

at rising temperature can be explained by the disappearance

of carboxylic structures and surface dehydration.

The overlapping bands near 1,575 cm-1 are due to ion-

radical structures, conjugated systems such as diketone,

keto-esters, keto-enol structures, and/or aromatic carbon

[3]. Since H2O is sorbed on the surface of activated carbons

with the participation of interactions both specific (hydro-

gen bonds, chemisorption due to surface oxide hydration)

and non-specific (physical adsorption), the bands in the

1,500–1,600 cm-1 region may also be distorted by OH

bending vibrations. The complicated nature of the

adsorption bands in the 1,650–1,500 cm-1 region suggests

that aromatic ring band and double bond (C=C) vibrations

overlap the aforesaid C=O stretching vibration bands and

OH binding vibration bands [3].

The partially resolved peaks forming the absorption

band in the 1,260–1,000 cm-1 region (maxima at 1,185

and 1,114 cm-1) can be assigned to ether-like (symmetri-

cal stretching vibrations), epoxide and phenolic (vibrations

at 1,180 cm-1) structures existing in different structural

environments. The changes in the relative intensities of

these bands during thermal treatment at rising temperatures

suggest that the number of ether and hydroxylic structures

on the carbons investigated decreases, though to different

degrees; this applies mostly to ether-like moieties [3].

Despite the changes in the surface chemistry, the dif-

ferences in the porous structure were insignificant—

witness the small differences in the low-temperature

nitrogen adsorption isotherms (Fig. 3). Calculated specific

surface areas (SBET) increased by only ca. 10% following

the thermal treatment of the oxidised sample (Table 2), and

the micropore volume (Vmi) changed in a similar manner.

Variations in the mesopore volume (Vme) could be

neglected, as they were over ten times smaller than the

micropore volume.

The electrochemical behaviour (in CV experiments) of

electrodes prepared from the test carbons (powdered—

PACE and paste—CPE for comparison) was investigated at

potential ranges from -0.2 to ?1.1 V vs. SCE (PACE) or

from -0.2 to ?0.9 V vs. SCE (CPE) and for sweep rates of

0.002 V s-1 (PACE) or 0.04 V s-1 (CPE). Only capacitive

currents were visible on the CV curves for all samples

(Fig. 4—PACE; Fig. 5—CPE) in both acidic (0.1 M

HNO3) and neutral (0.1 M NaNO3) blank solutions. The

potential responses (Est) for PACEs in acid and neutral

environments depended on the degree of carbon surface

oxidation and decreased markedly with rising thermal

treatment temperature (Table 3). The electric double layer

capacity for PACE (Cdl*), determined by extrapolation to

the zero potential sweep rate, also decreased with the

degree of carbon surface oxidation, but the changes in

capacity were far smaller than the acid–base uptake (see

Table 1). Similar results were obtained for powdered

electrodes prepared from activated carbon thermally
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Fig. 2 FT-IR spectra of the modified carbon samples

Fig. 3 Nitrogen adsorption–desorption isotherms at 77.4 K on the

modified carbon samples (open symbols—desorption)
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treated over a wide temperature range [5, 25]. For CPE the

decrease in the electric double layer capacity (Cdl**) was

more pronounced (especially in an acidic environment)

during the thermal decomposition of the surface oxides.

CV curves recorded for the carbon 180 CP electrode in

acidic solution exhibited not only capacitive currents but

also ‘pseudocapacitive’ or faradaic currents. The electric

double layer capacity increased with electrode surface

Fig. 4 Cyclic voltammograms

recorded in aq. 0.1 M HNO3

(a) and aq. 0.1 M NaNO3

(b) for PACE prepared from the

modified carbon samples

Fig. 5 Cyclic voltammograms

recorded in aq. 0.1 M HNO3

(a) and aq. 0.1 M NaNO3

(b) for CPE (in Nujol) prepared

from the modified carbon

samples
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oxidation for the glassy carbon electrode [10]; this can be

explained by the redox reactions of surface quinone/

hydroquinone systems, but it is more probably due to the

uptake or release of hydrogen ions [10].

The addition of Cu2? as depolariser to the blank solu-

tions caused the stabilised potential response of the PACEs

(Est in Tables 4, 5) to increase by 50–100 mV, the values

being higher in an acidic environment. At the same time,

however, the stabilised shapes of the CVs changed signif-

icantly, and only faradaic currents were recorded. One pair

of anodic/cathodic peaks is present in all systems (Fig. 6a,

b); the anodic peak is well shaped, whereas the cathodic

process appears to take place in two stages (two overlap-

ping peaks). As suggested by different authors [25, 26], the

formation of a metallic Cu layer on the electrode surface

implies two consecutive charge-transfer steps involving the

formation of a Cu? intermediate: a two-electron cathodic

reduction, or two-one-electron cathodic reductions of

adsorbed copper ions [27, 28]. The cathodic response

according to the scheme:

Cu2þ� �
adsþ 2e, Cu0

� �
ads ð1Þ

Cu2þ� �
adsþ e, Cuþð Þadsþ e, Cu0

� �
ads ð2Þ

may be responsible for the peaks present on the CV curves

recorded in acidic (Fig. 6a) and neutral (Fig. 6b) electrolyte

solution containing 0.1 M Cu(NO3)2. Thus, a well-shaped

anodic peak represents a process that is the reverse of

the one in Scheme 1. Tables 4 and 5 list the peak

potentials determined from CVs recorded for particular

electrochemical systems. The differences in the potential

values can be explained by changes in the surface chemistry

of the carbon materials. For the carbon 180 samples in an

acidic medium, the next reaction may be explained by ion-

changing adsorption (Schemes 3 and 4) and a possible

surface redox reaction with electrochemically active

functional groups (Scheme 5):

[ C��� COOH þ Cu2þ ! [ C��� COOCuþ

þ Hþ

ð3Þ

[ C��� COOHð Þ2þCu2þ

! [ C��� COOð ÞCuþ 2Hþ ð4Þ

[ C��� OH þ Cu2þ ! [ C = O � Cuþ þ Hþ ð5Þ

The adsorbed species can then take part in the redox

process shown in Schemes 1 and 2. Although the anodic

part of the CV curves exhibits a well-shaped oxidation peak,

the cathodic part displays a broad reduction wave. Gradual

removal of surface oxides (carbon samples 300 and 420)

causes a decrease in the anodic peak potential (Table 4) and

a significant increase in the cathodic peak current (Fig. 6a).

For carbon 420, the cathodic reaction (broad reduction

wave) probably proceeds mainly according to Scheme 2.

The CVs recorded for CPEs in acid and neutral elec-

trolyte solutions containing copper ions (Fig. 7a, b

respectively) also exhibit differences in relation to the

curves recorded for PACEs, namely, a pair of cathodic and

anodic peaks, the potentials of which are dependent on the

carbon modification procedure and the electrolyte’s pH.

Polarisation of the CPE at negative potentials leads directly

to the reduction of Cu2? ions in a two-stage process

according to the scheme

Cu2þ þ e! Cuþ þ e! Cu0 ð6Þ

and is clearer cut than in case of the PACE, especially in

neutral solution.

Tables 4 and 5 give the estimated peak potentials for

acidic and neutral media respectively. In the absence of any

complexing anions, Cu(I) is unstable and undergoes

Table 3 Electrochemical parameters of the carbon electrodes tested

Sample Est (mV) Cdl
a (F g-1) Cdl

b (mF cm-2)

Electrolyte

HNO3 NaNO3 HNO3 NaNO3 HNO3 NaNO3

180 ?402 ?265 63 ± 2 23 ± 1 0.28 ± 0.07 1.0 ± 0.03

300 ?331 ?221 60 ± 2 19 ± 1 0.17 ± 0.05 0.34 ± 0.01

420 ?238 ?175 58 ± 2 16 ± 1 0.03 ± 0.005 0.25 ± 0.01

a PACE, for sweep rate v ? 0
b CPE, for potential ?0.2 V vs. SCE

Table 4 Response potentials (Est), and anodic/cathodic peak poten-

tials (mV vs. SCE) for 0.1 M Cu2? in 0.1 M HNO3 for powdered

(PACE) and paste (CPE) electrodes

Sample PACE (Fig. 6a) CPE (Fig. 7a)

Est Epa Epc Epa1 Epa2 Epc2

180 ?453 ?640 &-400 ?20 – -320

300 ?397 ?520 &-400 -45 ?150 -340

420 ?359 ?400 &-400 -80 ?120 -370

Table 5 Response potentials (Est) and anodic/cathodic peak poten-

tials (mV vs. SCE) for 0.1 M Cu2? in 0.1 M NaNO3 for powdered

(PACE) and paste (CPE) electrodes

Sample PACE (Fig. 6b) CPE (Fig. 7b)

Est Epa Epc Epa1 Epa2 Epc2 Epc1

180 ?367 ?640 -400 to -500 ?110 ?230 -90 -660

300 ?318 ?600 -400 to -500 0 ?220 -110 -660

420 ?294 ?570 -400 to -500 -65 ?200 -110 -660
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disproportionation. From our results, we can quantitatively

represent the oxidation of the Cu0 species in an acidic

medium by:

Cu0 � 1e ¼ Cuþ peak a1ð Þ: ð7Þ

Cu? then disproportionates:

Fig. 6 Cyclic voltammograms

recorded for PACE in acidic

(a) and neutral (b) aqueous

solution containing Cu2? ions

(0.1 M Cu(NO3)2). Sweep rate:

2 mV s-1

Fig. 7 Cyclic voltammograms

recorded for PCE in acidic

(a) and neutral (b) aqueous

solution containing Cu2? ions

(0.1 M Cu(NO3)2). Sweep rate:

40 mV s-1
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2Cuþ ¼ Cu2þ þ Cu0: ð8Þ

We suggest the following reaction to explain peak a2:

Cuþ � 1e ¼ Cu2þ ð9Þ

The higher anodic peak (a1) observed for all carbon

samples in acidic (especially) and neutral media indicates

that, after electrochemical oxidation of the adsorbed

copper(II) ions, disproportionation of Cu(I) ions occurred

in accordance with Scheme 8. The peak current increased

with the gradual removal of surface oxides. Tables 6 and 7

list the differences in charge values (calculated as peak

areas) for acidic and neutral electrolyte solutions

respectively. The changes in peak charge values to a

large extent confirm our supposition about Cu2? ions redox

processes occurring on the surface of the carbon electrodes.

4 Conclusion

Thermal treatment of the carbon materials altered the

chemical properties of their surfaces. The shapes of the

cyclic voltammograms varied in relation to changes in the

surface chemical structure of the carbons when copper ions

were used as depolarisers on powdered activated carbon

and carbon paste electrodes. The electrochemical behav-

iour of the carbons tested in redox reactions depended on

the presence of oxygen-containing surface functional

groups, and the peak potentials of the redox reactions of

adsorbed copper species Cu2þ � Cuþ � Cu0
� �

depended

on the interaction of these species with the carbon surface.

There were distinct differences in the electrochemical

behaviours of electrodes made from the same carbon

material in various forms (sedimentation layer or paste in

Nujol). This may be explained by the dominant influence

of the adsorption equilibrium of the depolariser species on

the carbon material in the case of the powdered electrode.

In the case of the paste electrode, however, diffusion-

controlled processes played the main part.
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