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Chalcopyrite dissolution rate law from pH 1 to 3

Chalcopyrite dissolution kinetics in the pH range of 1 to 3 were studied by means of long-term flow-through
experiments to obtain a dissolution rate law which can be coupled with reactive transport models to forecast
Acid Rock Drainage.

In the range of conditions under study, the rate of chalcopyrite dissolution is only slightly dependent on hydro-
gen ion activity, increasing with decreasing pH. The steady-state dissolution rates obtained in the present study
were combined with earlier results presented by Acero et al. (2007a) to obtain the following expression for chal-
copyrite dissolution rate law:

where Rchalcopyrite is the chalcopyrite dissolution rate (mol m-2 s-1), aH+ is the activity of hydrogen ion in solu-
tion, R is the gas constant (kJ mol-1 K-1) and T is the temperature (K). This expression can applied through a
wide range of environmental conditions similar to the ones found in systems affected by acid drainage.

In agreement with earlier chalcopyrite kinetic studies, iron was released to solution preferentially over copper
and sulfur, compared with the stoichiometry of the pristine mineral. Consistently, XPS examination of the sam-
ples showed that reacted surfaces were enriched in sulfur and copper (relative to iron) compared with the initial,
pristine chalcopyrite surface. However, this surface layer does not exert any passivating effect on chalcolpyrite
dissolution and the kinetics of the overall process in the long term seems to be surface-controlled.
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INTRODUCTION

Chalcopyrite (CuFeS2) is the most abundant of the

copper sulfides and its dissolution is the main agent

responsible for the release of copper to groundwaters and

surface run-off in environments affected by Acid Rock

Drainage (ARD). Moreover, chalcopyrite is the main

source for commercial copper production. 



Because of this economical interest, most of the earli-

er works on chalcopyrite dissolution have focused on the

use of different leaching media to improve the copper

recovery (Munoz et al., 1979; Dutrizac, 1981; Çolak

et al., 1987; Devi et al., 2000; Hiroyoshi et al., 2000,

2001; Adebayo et al., 2003; Antonijevic et al., 2004;

Aydogan et al., 2006). Owing to their application to

hydrometallurgy, the chemistry and temperature range

assessed in these earlier studies are generally far from

ARD and other weathering conditions.

One of the main drawbacks encountered during the

process of copper recovery is related to the fact that chal-

copyrite dissolves generally non-congruently, forming an

iron-deficient surface structure which, in turn, is richer in

sulfur than the pristine chalcopyrite surface (Dutrizac,

1990; Hackl et al., 1995; Fairthorne et al., 1997). There-

fore, there have been an increasing number of studies

focused on the evolution of chalcopyrite surface during

dissolution (Parker et al., 1981; Buckley and Woods,

1984; Biegler and Horne, 1985; Hackl et al., 1995;

Fairthorne et al., 1997; Lu et al., 2000; Klauber et al.,

2001; Mikhlin et al., 2004; Harmer et al., 2006; Rosso

and Vaughan, 2006 and references therein).

On the other hand, the works focused on the chalcopy-

rite dissolution kinetics in conditions analogous to ARD

are much scarcer. The pioneer kinetic studies by Scharer

et al. (1994) and Rimstidt et al. (1994) provided very

valuable data on the initial rate of chalcopyrite dissolution

at acidic pH (2-3). In the paper by Rimstidt et al. (1994) a

rate law for chalcopyrite dissolution in the presence of Fe

(III) was proposed. More recent studies have obtained

chalcopyrite steady-state dissolution rates based on the

copper release from pyritic tailings during flow-through

experiments (Domènech et al., 2002; Salmon and Malm-

ström, 2006). Finally, the chalcopyrite steady-state disso-

lution rates at pH 3, at temperatures from 25 to 70oC and

at dissolved oxygen concentrations between 8.7 and 0.2

mg L-1 were recently obtained by Acero et al. (2007a),

which showed that chalcopyrite dissolution rates were

independent of the availability of dissolved oxygen and

proposed an overall surface-controlled dissolution reac-

tion under those conditions.

Although these studies have shed light on the chal-

copyrite dissolution kinetics, their results do not cover

the common range of environmental conditions present

during ARD. This study is aimed at bridging a part of

this gap by proposing a dissolution rate law for chal-

copyrite dissolution under a wide range of acidic condi-

tions similar to those encountered in ARD systems. This

will contribute to the improvement of geochemical and

reactive transport models on the evolution of chalcopy-

rite in mining and natural environments, which is crucial

for the prediction and remediation of ARD impact on the

environment. 

With this aim, the chalcopyrite steady-state dissolu-

tion rates at pH from 1 to 3 were obtained by means of

stirred and non-stirred flow-through experiments. These

dissolution rates were then combined with the results

obtained by Acero et al. (2007a) by using the same exper-

imental approach and lumped in a single rate law that can

be easily incorporated into the kinetic databases of geo-

chemical and reactive transport codes. Furthermore, the

chalcopyrite pristine and reacted surfaces were examined

by Scanning Electron Microscopy (SEM) and X-ray Pho-

toelectron Spectroscopy (XPS) in order to better under-

stand the interactions between the mineral surface and

acidic solutions during dissolution.

MATERIALS AND METHODS

Sample characterization

The chalcopyrite sample used in this study is from El

Molar (Catalonian Coastal Range, Spain). X-ray diffrac-

tion (XRD) performed on thoroughly crushed samples of

the raw chalcopyrite showed no evidence of the presence

of any other mineral phase. Microprobe analyses in multi-

ple points confirmed the high purity of the sample (Table

1). Mineral samples were ground in agate mortar and

sieved to obtain the fraction with particle size between 10

and 100 µm. The specific surface area of the ground raw

sample was determined to be 0.71±0.1 m2g-1 by the BET

method (Brunauer et al., 1938) using 5-point N2 adsorp-

tion isotherms. No attempt was made to remove fine par-

ticles (smaller than 1 µm) adhered to the initial surfaces

given that the powders resulting from usual milling opera-

tions contain microparticles attached onto the grains. In

some of the earlier dissolution studies, a treatment to

remove microparticles (annealing, washing with water or

ethanol, differential settling, etc.) was applied and, in

some cases, a very narrow range of particle sizes was

selected in order to reduce the variability of the samples.

However, one advantage to using long-term flow-through

experiments is that it is not necessary to pre-treat the sam-

ples in order to obtain steady-state dissolution rates since

the possible effect that the particle size might exert is cor-

rected by normalizing the rates using the final specific

surface area.

XPS surface examination of the initial and reacted

powdered samples, mounted on carbon conducive tabs,

was carried out with a Physical Electronics (PHI) 5500

spectrometer using a monochromatic X-ray source (with

an Al K� line of 1486.6 eV energy and 350 W) placed

perpendicular to the analyzer axis and calibrated using the

Chalcopyrite dissolution rate law from pH 1 to 3P. ACERO et al.

390Geolog ica  Acta ,  7(3) ,  389-397 (2009)



Chalcopyrite dissolution rate law from pH 1 to 3P. ACERO et al.

391Geolog ica  Acta ,  7(3) ,  389-397 (2009)

3d5/2 line of Ag with a width of 0.8 eV and a binding

energy of 368.3 eV. All these measurements were made in

an ultra high vacuum (UHV) chamber (pressure between

6.6·10-11 and 6.6·10-12 atm). The analyser pass energy

was 23 eV. An electron flood gun at low energies (below

25 eV) was used for charge compensation. Comparison of

the relative positions of the different peaks in all the stud-

ied spectra indicated that charge shifting could be consid-

ered uniform. Spectra are shown as raw data corrected for

the peak shifting due to charge by adjusting the C1s peak

(corresponding to adventitious carbon) to a binding ener-

gy of 284.6 eV. Due to the lack of sample cooling while

acquiring the measurements, loss of potentially present

elemental sulfur could occur. Therefore, even if the pres-

ence of elemental sulfur was not confirmed, it is consid-

ered as a possibility in the discussion below.

Atomic concentrations of copper, iron and sulfur were

determined from the XPS peak areas divided by atomic

sensitivity factors subsequent to Shirley background sub-

straction. Bulk-like spectra for the initial sample were

obtained by using argon sputtering to remove any surface

oxidation phase (Todd et al., 2003). A deconvolution of

the spectra into different components was carried out.

Each spectrum was fitted by means of an iterative least-

squares procedure with Gaussian bands. The proportion

of each surface species was then determined as a function

of the areas covered by each band. However, a systemati-

cal quantification of the different sulfur and iron species

present in the samples is not presented here because of

the low signal-to-noise ratio in most of the XPS spectra

for these peaks. Only the approximate position of the

observed sulfur species will be described below.

Solutions

Input solutions of desired pH were prepared with ana-

lytical reagent grade hydrochloric or sulfuric acid and

with distilled, double deionized water (18.2 M�· cm). A

Crison meter and combined glass electrode with tempera-

ture compensation was used to measure pH and was cali-

brated regularly with 2 and 7 standard buffer solutions.

Input and output pH were the same (within ±0.05 pH

units of error). When possible, redox potential was mea-

sured by an Orion combination Pt/Ag-AgCl redox elec-

trode. The measurements were referenced to the Standard

Hydrogen Electrode (SHE). Reliable redox potential mea-

surements could not systematically be obtained because

of considerable drifting in the recorded values with time.

This drifting can be explained by the presence of H2S(g),

by the low concentrations of aqueous species in the target

solutions (in most cases less than 10-5 mol L-1) or even by

the absence of a clearly dominant redox couple (Nord-

strom, 2000). When the redox potential could be mea-

sured, it was always higher than 0.3 V.

The concentrations of dissolved oxygen were deter-

mined by a Hanna portable meter with compensation of

temperature, salinity and altitude with an accuracy of ±

0.45 mg L-1. Total iron, copper and sulfur concentrations

in the solutions were determined by Inductively Coupled

Plasma Atomic Emission Spectrometry (ICP-AES) using

a Thermo Jarrel-Ash instrument with CID detector. Cali-

bration with sets of standards was performed and the

regression coefficient exceeded 0.999. Three laboratory

standards were analyzed with every 10 samples to check

for accuracy and the error was estimated to be below 3%.

The detection limits for Fe, Cu and S were determined to

be 1.8·10-7, 1.6·10-7 and 3.5·10-6 mol L-1, respectively.

Error associated with ICP-AES measurement was esti-

mated to be around 3%.

Flow-through experiments

The experimental setup used in the experiments has

been described elsewhere (Acero et al., 2007a). Experi-

ments were carried out using stirred (experiments with

names beginning with Ccp) and non-stirred (experiments

with names beginning with NS-Ccp) flow-through Lexan

reactors with a reaction chamber volume of 40 mL in

which the powdered sample and the stirrer were placed

together. Reactors were immersed in thermostatized water

baths to keep the temperature at 25 (± 1) oC. Dissolved

oxygen concentration in the input solutions was set to 8.7

mg L-1. This was ensured by purging the input solution

with a gas mixture with 20.5% O2 and checking the dis-

solved oxygen concentration before pumping the input

solution into the reactors. 

Steady-state conditions were considered to be attained

when differences in the metal concentration of the output

solution were within ± 10% for at least 200 hours and

four consecutive leachate samples. After the experiments,

the reacted samples were collected, rinsed with double-

distilled water, dried at room temperature and stored in

closed microvials until examination by Scanning Electron

Element S Fe Cu Zn Pb

wt. % 35.25 30.20 34.39 0.04 0.13

at. % 50.37 24.78 24.80 0.02 0.03

Results (wt.% and at. %) of the microprobe analyses of chalcopyrite used in the experiments.TABLE 1



Microscopy (SEM), X-Ray Photoelectron Spectroscopy

(XPS) and determination of BET surface area.

Calculation of dissolution rates

In a flow-through reactor, the steady-state dissolution

rate is calculated according to the following simple mass-

balance equation

(1)

where q is the flow rate of the solution through the reactor, �i

is the stoichiometric coefficient of the i element in the studied

material and A is the total surface area of the mineral sample

in area units. The notations ci and co
i represent the out-and in-

flowing concentrations of the i element, respectively.

The error associated with the dissolution rates was

calculated by the Gaussian error propagation method

(Barrante, 1974) to be around 16% and is dominated by

the uncertainty of BET surface area measurements

(±15%).

RESULTS AND DISCUSSION

The steady-state results of the flow-through experi-

ments are presented in Table 2. Most of the experiments

ran for 800 to 1800 h, and steady state was generally

attained after 500 to 1200 h from the beginning of the

experiment and lasted for more than 200 h. Calculated

total dissolved mass of chalcopyrite throughout the exper-

iments was in all cases less than 4% of the initial mass of

the sample.

Copper and iron concentrations in the output solutions

were highest at the start of the experiments, decreasing

thereafter until steady state was attained (Fig. 1). Initially

high concentrations were probably due to the dissolution

of the external, altered layers of the ground minerals

and/or to the existence of microparticles. 

Output sulfur concentrations were always below the

detection limit and the typical H2S(g) odour was identi-

fied when collecting the output solutions in some of

the experiments (especially at pH 1). Sulfur deficit in

solution was also found in the earlier work on chal-

copyrite dissolution by Acero et al. (2007a) and has

also been described in studies on the dissolution of

other sulfide minerals, such as pyrite (Domènech et al.,

2002), pyrrhotite (Janzen et al., 2000), sphalerite

(Lochmann and Pedlik, 1995; Weisener et al., 2003,

2004; Acero et al., 2007b) or galena (De Giudici and

Zuddas, 2001; Cama and Acero, 2005; Cama et al.,

2005; Acero et al., 2007c).

With regard to output copper concentrations, they

were always lower than output iron concentrations (Table

2). The non-stoichiometry Cu:Fe:S in solution has also

been previously reported (Hackl et al., 1995; Fairthorne et

al., 1997; Holliday and Richmond, 1990; Lu et al. 2000;

Devi et al., 2000; Antonijevic and Bogdanovic, 2004;

Acero et al., 2007a). Only in the experiments carried out

at pH 1 (Ccp-1A, Ccp-1B and NS-Ccp-1) is the stoi-

chiometry Cu:Fe similar to the proportion for these ele-

ments in the bulk chalcopyrite (Table 2). Since chalcopy-

rite dissolved non-congruently, the amount of dissolved

chalcopyrite was assessed by the amount of dissolved

iron, and dissolution rates were normalized using the

steady-state mass and the BET surface area of the reacted

sample. 

The solution saturation state was estimated on the

assumption that sulfur was released congruently from

chalcopyrite. According to calculations run with the

Chalcopyrite dissolution rate law from pH 1 to 3P. ACERO et al.
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Variation in the concentrations of copper (rhombi) and iron (circles) vs. time in three of the experiments carried out at pH 3, 2 and 1 (A,
B and C, respectively). Open symbols denote values of iron concentrations used to calculate average steady state. Initial concentrations for the
experiments Ccp3A and Ccp1A are not depicted for the sake of significance of the vertical scale.

FIGURE 1

PHREEQC code (Parkhusrt, 1995) using the lowest mea-

sured redox potential, all output solutions were very

undersaturated with respect to chalcopyrite or to any oth-

er possible sulfide or sulfate phase.

The results obtained by the XPS examination of the

samples before and after the experiments are summarized

in Table 3. Almost all reacted samples displayed sulfur

enrichment when compared with the initial unreacted sur-

face. Assuming that the initial bulk sample was perfectly

stoichiometric (ratio Cu:Fe:S equal to 1:1:2), in line with

the microprobe analysis (Table 1), all reacted samples

also showed enrichment in copper relative to iron after

leaching. This observation is consistent with the enrich-

ment in iron relative to copper observed in the solution

(Table 2). Moreover, this feature has also been reported in

earlier XPS studies on chalcopyrite dissolution (Price and

Warren, 1986; Hackl et al., 1995; Fairthorne et al., 1997;

Mikhlin et al., 2004).

The low signal-to-noise ratio in some of the XPS

spectra in the region of both the S2s and the S2p peaks

made a systematic quantification of the different sulfur

species present in the samples impossible. However, four

sulfur species can be identified in the S2p peak of all the

samples, at binding energies (BE) of 161.4-161.8 eV,

162.9-163.3 eV, 164.4-164.9 eV and 168.2-169.0 eV for

the S2p3/2 peak. Based on the BE values reported in ear-

lier studies (Buckley and Woods, 1984; Fairthorne et al.,

1997; Farquhar et al., 2003; Mikhlin et al., 2004), the

lowest BE value was identified as S2- (161.2-161.7 eV)

and the highest (168.2-169.0 eV) was attributed to SO4
2-.

The species identified at middle energies were attributed

to either polysulfides or elemental sulfur. The main

species in all the spectra seems to be S2-. In the light of

S2p peak analyses, only minor amounts (possibly less

than 15%) of surface sulfate were present in the reacted

Initial CuFeS2 50 25 25 1.0 1.0

Ccp-3A 76 9 16 3.1 1.7

Ccp-2 65 14 21 1.9 1.4

Ccp-1A 48 23 29 0.9 1.3

Ccp-1B 72 12 16 2.6 1.4

Ccp-3B 72 12 16 2.6 1.2

Sample
S 

Cu:Fe

1 normalizing out other elements (oxygen and adventitious carbon)

Fe Cu

(at. %)1

S:        
(Cu+Fe)

Surface stoichiometry obtained by the X-ray Photoelectron
Spectroscopy (XPS) determinations on the initial and reacted chal-
copyrite samples.

TABLE 3
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samples. The presence of elemental sulfur on the surfaces

could not be confirmed nor discarded by this technique,

due to the technical limitations of the equipment used in

the acquisition of the spectra. However, examination of the

samples by SEM (Fig. 2) showed no evidence of the pres-

ence of precipitates on the chalcopyrite reacted grains, even

though they have been observed on chalcopyrite surfaces

by other authors (Lu et al., 2000) under different experi-

mental conditions but using the same technique.

The poor quality of the signal in the Fe2p region of

the reacted chalcopyrite surfaces made the XPS identifi-

cation and quantification of the iron surface species

impossible. This is a common drawback in most earlier

XPS studies focused on chalcopyrite (see e.g. Klauber et

al., 2001). Regarding the Cu2p3/2 peak, the main species

identified in all the reacted samples was found at BE of

931.3-931.8 eV, accounting for more than 70% of the

total surface Cu in all cases. This peak was the only one

to be positively identified in the initial bulk sample, and it

was attributed to cuprous ions (Farquhar et al., 2003;

Klauber, 2003). The contribution of the cupric compo-

nent, identified at 932.9-933.7 eV (Klauber, 2003) is

minor in all cases (less than 30%).

Significance of steady-state dissolution rates for
chalcopyrite

As discussed in the previous section, chalcopyrite dis-

solution is not congruent and leads to the formation of a

surface layer enriched in sulphur and copper compared

with the pristine surface under the experimental condi-

tions described in this paper. However, it is important to

note that the surface dissolution products do not seem to

be passivating chalcopyrite in the presence of either chlo-

ride or sulfate ions. If a passivating layer blocking the

access of reactants and products were being created by

dissolution, durable steady states, as depicted in Fig. 1,

would never be attained. One possible explanation is that

the surface layer is porous and not uniform, in line with

earlier results (Palmer et al., 1981; Farquhar et al., 2003;

Velásquez et al., 2005; Aydogan et al., 2006).

The obtained rates for chalcopyrite dissolution are in

good agreement with the only two earlier works present-

ing results from long-term experiments (Table 4). The fact

that our rates are slightly slower than the ones proposed

by Domènech et al. (2002) and Salmon and Malmström

(2006) can be attributed to differences in the initial mater-

ial used in the experiments. These two studies based their

calculations on the amount of released copper from tail-

ing samples (not from pure chalcopyrite samples) with

less than 1% chalcopyrite and containing other Cu-bear-

ing phases, namely tetrahedrite-tenantite in the case of the

Aznalcollar sample (Almodovar et al., 1998) and covellite

in the case of Kristinesberg (Salmon and Malmström,

2006). If a part of the released copper corresponds to the

dissolution of those accompanying Cu-phases and not to

chalcopyrite dissolution, the observed copper release may

not fully correspond to chalcopyrite dissolution and it

may have led to an overestimation of the rates presented

by Domènech et al. (2002) and Salmon and Malmström

(2006).

As explained above, the dissolution rates obtained in

the experiments carried out with hydrochloric acid were

the same, within error, as the rates obtained at the same

pH by using sulfuric acid. Although the acid type can

produce differences in the initial leaching behavior of

chalcopyrite, as reported previously by Lu et al. (2000),

the steady-state results (dissolution rates, durability of

steady state, copper/iron ratios in solution and in the

reacted surfaces) seemed to be independent of the type

of leachant under the experimental conditions presented

SEM images of the samples used in the experiments. A) Freshly ground and sieved chalcopyrite before the experiments, and B) Chalcopy-
rite grains after the experiment Ccp3A (pH 3).
FIGURE 2
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Comparison of chalcopyrite dissolution rates in this study and in earlier long-term dissolution studies.TABLE 4

in this paper. Therefore, the results obtained in this study

are applicable for the prediction of chalcopyrite behavior

in ARD systems, in which the main anionic species is sul-

fate. 

Effect of pH on dissolution rates and dissolution
rate law

The variation of the chalcopyrite dissolution rate with

pH at 25oC and 8.7 mg L-1 DO is shown in Fig. 3. The

dissolution rate of chalcopyrite slightly increased when

pH decreased, in line with earlier results (Antonijevic and

Bogdanovich, 2004). Calculation of the reaction order of

chalcopyrite dissolution, with respect to aH+ from the

slope of the line of the logarithm of the rates vs. pH (Fig. 3),

yielded a value of 0.16 ± 0.04. 

In the earlier work of Acero et al. (2007a), the dissolu-

tion rates obtained at pH 3 under different conditions of

dissolved oxygen availability at 25, 50 and 70oC were

combined to obtain the apparent activation energy associ-

ated with the overall dissolution reaction. Since the

methodology in both studies is essentially identical, the

dissolution rates obtained in this work, within the pH

range from 1 to 3, can be combined with the results of

Acero et al. (2007a). Thus, both sets of dissolution rates

can be lumped into a single dissolution rate law by multi-

ple linear regression. In the absence of other catalysts or

inhibitors and under far-from-equilibrium conditions

(Lasaga et al., 1994), the chalcopyrite dissolution rate

between pH 1 and 3 and within the temperature range

from 25 to 70oC can therefore be expressed as:

(2)

where Rchalcopyrite is the chalcopyrite dissolution rate (mol

m-2 s-1), aH+ is the activity of hydrogen ion in solution, R

is the gas constant (kJ mol-1 K-1) and T is the temperature

(K). The value of 31±4 kJ mol-1 which appears in the rate

law represents the apparent activation energy of the over-

all dissolution reaction according to the experimental

results presented by Acero et al. (2007a). As already

explained by these authors, this value of the activation

energy is consistent whith a surface-controlled dissolution

reaction.

This dissolution rate expression can easily be incorpo-

rated into the kinetic databases of the geochemical and

reactive transport modelling codes, allowing a better pre-

diction of the chalcolpyrite behavior and copper release in

acid environments, such as in the systems affected by

ARD.

CONCLUSIONS

Chalcopyrite dissolution rates at pH from 1 to 3 have

been studied for the first time in long-term dissolution

experiments. The steady-state dissolution rates of chal-

copyrite are only slightly dependent on hydrogen ion

activity, increasing with decreasing pH within the studied

Chalcopyrite dissolution rate dependence on pH. The
reaction order with respect to the H+ activity is given by the slope of
the plot (0.16 ± 0.04).

FIGURE 3
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range. Chalcopyrite dissolves incongruently, preferentia -

lly releasing iron over copper to solution. Consistently, its

dissolution produces a surface layer enriched in copper

and sulfur compared with the pristine mineral surface.

However, this surface layer of elemental sulfur, sulfides

and/or polysulfides does not seem to exert any passivating

effect on chalcopyrite dissolution.

The environmental conditions addressed in this paper

are very similar to the ones usually present in Acid Rock

Drainage and, therefore, the obtained dissolution rates

will be applicable to the prediction of the chalcopyrite

long-term dissolution behavior in environments undergo-

ing acid drainage. Moreover, the combination of the

experimental results from this work with the rates

obtained in the earlier dissolution study by Acero et al.

(2007a), that showed that the chalcopyrite dissolution rate

was not affected by the availability of dissolved oxygen

under similar environmental conditions to the ones stud-

ied in this work, has allowed formulation of a dissolution

rate law which can be used in geochemical and reactive

transport calculations.
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