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maintenance cost, and high sensitivity to pollutants.
To increase our mechanistic understanding of the rela-

tionship between heavy metals and algae species, modeling 
approaches have been widely used to describe the kinetics of  
metal binding and uptake into algal cells (Levy et al. 2008). 
Two modeling approaches, the free ion activity model 

(FIAM) and the biotic ligand model (BLM), have been 
developed to predict the toxicity and metal bioavailability 
in aquatic ecosystems (Zeng et al. 2009). The FIAM and 
BLM predict the toxicity on aquatic organisms based on 
the assumptions that toxic effects are determined by the 
free metal ion activity in the solutions and accumulation of 
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INTRODUCTION

The effects of heavy metal contamination on ecosystems 
have received intensive attention over the past 30 years 

(Cooper et al. 2010). To evaluate the effects of heavy metals 
on aquatic ecosystems, many studies with various species 
have been reported. Among the most studied biota, fresh-
water algae are important species for assessments of heavy 
metals due to not only their ecological role as primary pro-
ducers in aquatic ecosystems ( Janssen and Heijerick 2003) 
and the basis of many food chains (Stoiber et al. 2012), but 
also they have the advantages such as easy culturing, low 
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established, but there is a need for an improved model for predicting the chronic effects 
of metals on algae species to combine the metal kinetics and biological response of 
algal cells. In this study, a kinetic dynamics model was developed to predict the copper 
behavior (5 µg L-1, 10 µg L-1, and 15 µg L-1) for two freshwater algae (Pseudokirchneriella 
subcapitata and Chlorella vulgaris) in the chronic exposure experiments (8 d and 21 d). In 
the experimental observations, the rapid change in copper mass between the solutions, 
extracellular and intracellular sites occurred within initial exposure periods, and then it 
was slower although the algal density changed with time. Our model showed a good 
agreement with the measured copper mass in each part for all tested conditions with an 
elapsed time (R 2 for P. subcapitata: 0.928, R 2 for C. vulgaris: 0.943). This study provides 
a novel kinetic dynamics model that is compromised between practical simplicity and 
realistic complexity, and it can be used to investigate the chronic effects of heavy metals 
on the algal population.
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metal to the biotic ligand, respectively. These models have  
been proven to predict the acute toxicity fairly well in algae  
that generally expressed as 48 or 72 h EC50

 (half-maximal  
effective concentration) value. However, predicting metal  
accumulation and toxicity under chronic exposure is still 
challenging issues in the BLM approach because it focused 
on short term uptake of cationic metals and their toxicity 
with assuming that biotic ligand does not change upon expo - 
sure to a toxicant (Levy et al. 2008; Paquet et al. 2015). Fur-
thermore, the BLM is an equilibrium model that assumes 
the target organisms are at equilibrium with their sur-
roundings although physicochemical conditions are rarely 
at equilibrium (Slaveykova and Wilkinson 2005). Other 
limitations and exceptions of the BLM approach have been 
deeply discussed by Slaveykova and Wilkinson (2005) and 
Miao and Wang (2007).

Other modeling approaches, adsorption isotherms and 
kinetic model, have been used widely to describe the distri-
bution of introduced metal in organisms and interaction be-
tween the sorbate and sorbent from a physiochemical per-
spective (Xiong et al. 2013) in many algae species (Chen et 
al. 2008; Xiong et al. 2013; Jeyakumar and Chandrasekaran 
2014). However, these models are overlooked or ignored  
possible biological responses from heavy metals, and devel-
oped with data from experiments conducted in only a few 
hours, and represent the interaction between solutions and 
algae surface without uptake process. Even though these 
approaches are useful to represent the metal behavior in 
algae systems through a relatively simple equation, some 
modifications are still needed to utilize them to investigate 
the chronic effects of metal on algae species. Therefore, a 
new kinetic modeling approach that can combine the bio-
logical response of algae and metal kinetics for long-term 
exposure is critically needed to better understand chronic 
toxicity with metal binding and uptake process in algae. 
Very few studies have been attempted which investigate the 
interaction between metal and algal cells through their own 
modified model (Fortin et al. 2007), but the long-term obs- 
ervation and prediction were not conducted.

When heavy metals are introduced into algae systems, 
metal mass flows between the culturing solutions, extracel-
lular and intracellular binding sites occur continuously. The 
effects of heavy metals on algae can be changed dynami-
cally with time because the metal mass in each part may 
be determined by the mass flow rate between them. De 
Schamphelaere et al. (2005), Miao and Wang (2007), and 
Levy et al. (2008) suggested that the extracellular or intra-
cellular metal mass has a strong association with the toxicity  

in algae. It is also suggested by Franklin et al. (2002) who 
reported that initial algal density determined the extracellu-
lar and intracellular metal mass, and it led to an increase or 
decrease of toxicity. Thus, the prediction for dynamics of 
extracellular and intracellular metal mass with algal density 
is also required to better understand the chronic metal ef-
fects on algae for a cause-and-effect relationship.

In this study, copper was selected as a test heavy metal 
since it is observed in aquatic ecosystems in a wide range of 
concentrations and has high toxicity above nutritional re-
quirements on aquatic organisms (Levy et al. 2008; Dang et 
al. 2009; Stoiber et al. 2012). It is also increasingly used to 
date, as antifouling biocides since tributyltin was banned in 
2003 (Gatidou and Thomaidis 2007). Two freshwater algae 
species, Pseudokirchneriella subcapitata (formerly known 
as Rhaphidocelis subcapitata and Selenastrum capricor- 
nutum) and Chlorella vulgaris were chosen since these spe- 
cies are one of the most widely used test organisms in eco-
toxicology due to its availability, ecological relevance, and 
sensitivity to toxicants (Machado et al. 2015; Kim et al. 
2018, 2020).

Taking into consideration the limitations in the existing 
approaches, this study aimed at the development of the 
long-term kinetic model to predict the copper distribution 
in solution, extracellular, and intracellular binding sites in P. 
subcapitata and C. vulgaris for long-term exposure. In partic-
ular, we focused on representing the copper mass changes in 
each part separately and describing them with time for long-
term exposure through the modifying existing model. We 
conducted in increasing concentration of copper with two 
algae species: (a) verification for the applicability of three 
kinetic models for 8-d exposure, (b) development of long-
term kinetic model and comparison with observed and sim-
ulated copper kinetics for 8-d exposure, and (c) validation 
of the developed model for 21 d.

 

MATERIAL AND METHODS
 
1. Test algae and culture conditions

The freshwater microalgae Pseudokirchneriella subcapi-
tata (strains CCAP 278/4) and Chlorella vulgaris (strains 
AG40003) were obtained from the Culture Collection of 
Algae and Protozoa (CCAP, Scottish Marine Institute, UK) 
and the Korean Collection for Type Cultures (KCTC, Ko-
rea Research Institute of Bioscience and Biotechnology, 
Korea), respectively. All cultures were maintained in the 
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synthetic freshwater media (EPA 2002) in 200 mL Erlen-
meyer flasks and placed in the environmental chamber con-
trolled at 20±1°C with a 16 : 8 h light/dark cycle (70 µmol 
photons m-2 s-1, Philips TLD 30 W cool white fluorescent 
lighting). For the copper exposure experiments, the test 
medium excluded copper and ethylenediaminetetracetic 
acid (EDTA). The test medium consisted of the macronu-
trients (N, Mg, Ca, S, P, Na, K, and C) and micronutrients 

(B, Mn, Zn, Co, Mo, Fe, and Se). All glass-wares used for 
algae culture and exposure experiments were soaked with 
10% HNO3 for 1 d and rinsed 5 times with distilled water. 
The glass-wares were dried in a heating oven at 80°C.

 
2. Exposure experiments

The two algae species were exposed to copper for two 
exposure duration conditions, 8- and 21-d exposure. The 
exposure conditions were the same as the algae culture con-
ditions described above. Copper stock solutions were pre-
pared by dissolving reagent-grade copper sulfate (CuSO4· 
5H2O, ≥99% purity, Sigma-Aldrich, USA) in the algal 
medium, and the aqueous aliquots were added to a 100 mL 
glass beaker filled with 70 mL algal medium to make the 
final exposure concentrations of copper as 5, 10, and 15 µg 
L-1. These exposure concentrations were selected based on 
the finding by Franklin et al. (2002) reported that EC50 val-
ues for P. subcapitata and Chlorella sp. from the 72-h copper 
exposure test were 17 and 16 µg L-1, respectively.

The initial algal density for both algae species was 
2.0 × 106 cells mL-1 for all treatments. The test beakers 
were shaken twice daily by hand. For the 8-d exposure 
experiments, changes of algal density and copper masses 

(dissolved, extracellular, and intracellular algae) were mon-
itored 0.25, 0.5, 1, 2, 4, 6, and 8 d after treatments. Five 
replicates (5 glass beakers) were prepared for each copper 
concentration (0, 5, 10, and 15 µg L-1) and observation 
date and placed in the environmental chamber. Each ob-
servation date, five beakers in total 240 beakers were ran-
domly selected and determined the algal density and cop-
per masses by destructive sampling. Before the destructive 
sampling operation, the algal density was measured using a 
haemacytometer (Marienfeld, Germany) under an optical 
microscope (E2200; Nikon, Japan). Procedures in copper 
mass determinations were described in section 2.3 below.

The same procedures used in the 8-d exposure experi-
ment were used for the 21-d exposure experiments, but the 
observation date was 0.25, 1, 2, 4, 6, 8, 10, 13, 16, and 21 d 
after treatments.

3.  Dissolved, extracellular, and intracellular 

Cu determination

To investigate the behavior of copper in the exposure ex-
periment over time, copper masses in dissolved, extracellu-
lar, intracellular algae were determined with the procedure 
of Franklin et al. (2002) and Ayed et al. (2015). Briefly, a 40 

mL algae medium from each test beaker was moved into a 
50 mL sterilized polypropylene conical tube (SPL, Korea), 
and centrifuged for 30 min at 3,500 rpm in a large capacity 
centrifuge (Combi 514R; Hanil, Korea). After centrifu-
gation, 20 mL supernatant solutions were pipetted into a 
50 mL disposable conical tube and acidified with 40 µL of 
HNO3

 (trace analysis grade, Sigma-Aldrich, USA) to ana-
lyze dissolved copper. The remaining supernatant solutions 
were gently discarded, and the remaining algal pellet dis-
solved in 20 mL of 0.02 M EDTA. This sample was shaken 
for 30 s and then centrifuged for 20 min at 3,500 rpm to 
separate the extracellular and intracellular copper. The su-
pernatant solutions from these processes were referred to 
as extracellular (surface-bounded) copper. The remaining 
algae pellets were air-dried until moisture contents were 
removed and then 2 mL of concentrated HNO3 were add-
ed. Algal cells were acid digested in a sonicator water bath 

(Sonic420; Hwashin Tech., Korea) for 20 min. After cool-
ing, the samples were made up to 10 mL distilled water to 
analyze intracellular copper. Leached copper from the test 
beakers with 50 mL of 1 M HNO3 was determined to cal-
culate the mass balance. In all experiments, a proportion of 
absorbed copper mass on the surface of glass beakers was 
remained constant ranged from 5.41 to 10.63% regardless 
of elapsed exposure times. Thus, the mass balance of cop-
per in the exposure systems was estimated as total copper 
input - copper on the glass surface - copper in the media - 
copper adsorbed and internalized to algal cells.

Copper mass in all fractions of samples was measured  
using an inductively coupled plasma mass spectrometer 

(ICP-MS 7700x; Agilent, USA). Copper concentration in  
the samples was calculated using six-point calibration curves 
using a serial dilution of copper standard (Sigma-Aldrich, 
USA). The detection limit by ICP-MS for copper was 0.5  

µg L-1.

4. General kinetic models

Adequacy of three kinetic models such as the pseudo- 
first-order, pseudo-second-order, and intra-particle diffu-
sion models to describe sorption behaviors of copper on the  
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two algae species was evaluated using 8-d exposure data. 
These kinetic models have been successfully employed to 
describe the interactions between metals and algal cells 
under short-term exposure conditions, usually less than 1 
d duration (Chen et al. 2008; Areco and dos Santos Afonso 
2010). Units of these kinetic model parameters were mod-
ified to represent the algal density instead of algae mass 
because the present study was focused on the behavior of 
copper with an algal density over time. The kinetic models 
are as follow (Ho and Mckay 1999; Ma et al. 2007):

Pseudo-first-order model:  
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where qt is the adsorbed metal mass by the algae at time 
t (µg mL-1 10-8 cells), qe is the adsorbed metal mass by 
algae at equilibrium (µg mL-1 10-8 cells), k1 is the pseu-
do-first-order sorption rate constant (1 d-1), k2 is the pseu-
do-second-order reaction rate constant (108 cells µg-1 mL-1 
d-1), kd is the intra-particle diffusion rate constant, and C is 
the adsorption rate-intercept.

5. Long-term kinetic model development

To predict the adsorption and internalization of copper 
in the two green algae species under long-term exposure 
conditions (8-d and 21-d), a long-term kinetic model 

(LKM) was developed using a concept of the pseudo-sec-
ond order kinetic model. Biological responses of algae to 
copper were incorporated into the LKM: algal cell density 

changes, a ratio of occupied sites to maximum adsorption 
sites on the surface algal cell, and internalization of ad-
sorbed metal into cells. General assumptions of the LKM 
were followed as (a) algae count data represent well the algal 
population density, (b) algal density includes all effects of 
biological response such as exudates, (c) uniform mixing is 
attained that copper and algal cells are evenly distributed in 
the experimental conditions, and (d) chemical properties of 
the test medium are not drastically affected by the growth 
of algae (observed pH: 7.5-8.0) during the experiments.

A combination of three ordinary differential equations 
comprising three state variables is used to represent the 
copper behavior in solutions (Cud), extracellular (Cue), and 
intracellular (Cui) with elapsed time. The mass flows of 
copper were represented Jde

 (from dissolved to extracellu-
lar), Jei

 (from extracellular to intracellular), and Jdi
 (from dis-

solved to intracellular). The model parameter descriptions 
and units are presented in Table 1.

Copper mass flows into extracellular from solutions (Jde) 
is controlled by the copper concentration difference and 
ratio of occupied sites to maximum adsorption sites. Pseu-
do-second order model (Ho and Mckay 1999), one of the 
widely used kinetic sorption models, is applied to represent 
the copper mass flow by rate of occupation of adsorption 
site. We used this concept with some modification to for-
mulate the equation of Jde as (Cud-Cue)2 (1-Cude/Cume). 
Leby et al. (2008) found that changes in algal cell ultra-
structure and increase of extracellular copper concentration 
occurred within the initial exposure period, suggesting that 
the flow of copper from solutions to extracellular sites is de-
creased by algae response to copper toxicity with time (kde). 
The scaled time variable (t) is added for the response of 
algal cells to represent the decrease of adsorption rate with 
time. The kinetic equation for the above interactions be-
tween dissolved copper and extracellular sites is as follows:

Table 1. A list of the model parameter descriptions and units

Parameter Description Unit

Cud, Cue, Cui Copper mass of dissolved, extracellular, and intracellular, respectively. µg
kde, kei, kdi Variable related to copper transfer at dissolved-extracellular, 

extracellular- intracellular, and dissolved- intracellular, respectively.
kde, kdi : µg-2 d-1, kei : mL cells-1 d-1

Cume, Cude Maximum and present extracellular copper densities, respectively. µg mL cells-1

Cumi, Cudi Maximum and present intracellular copper densities, respectively. µg mL cells-1

Adt, Ad0 Initial and present algae densities, respectively. cells mL-1

Cde, Cei, Cdi Specific constant related to kde, kei, and kdi, respectively. Cde, Cdi : cells mL-1 µg-2 d-1, Cei : mL cells-1 d-1

t Scaled-elapsed day -
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The equations presented above for the copper mass bal-
ance over time were represented in a dynamic model using 
Powersim studio (Powersim software As, Norway), and 
then simulated by the Euler integration method with 0.01 
d time-step. To calibrate the parameters in the presented 
model, parameter values that minimized the weighted sum 
of squares deviation between observed data and model pre-
dictions were estimated by Powersim solver analysis tools.

The LKM developed in this study was developed with 
8-d exposure data and validated with 21-d exposure data to 

Table 2. Estimated parameter values for pseudo-first -order, pseudo-second-order, and intra-particle diffusion models

Model Parameter

Copper concentration (µg L-1)

P. subcapitata C. vulgaris

5 10 15 5 10 15

Pseudo-first -order
qe

 (µg mL 108 cells-1) 7.82 16.77 36.600 17.35 29.57 38.94
k1

 (d-1) 5.90 7.16 03.76 1.31 1.01 1.55
R 2 0.91 0.78 00.691 0.96 0.95 0.98

Pseudo-second-order
qe

 (µg mL 108 cells-1) 8.06 16.54 36.92 18.91 32.59 42.25
k2

 (108 cells µg-1 mL-1 d-1) 1.52 4.04 00.27 0.11 0.05 0.06
R 2 0.92 0.76 00.611 0.98 0.97 0.98

Intra-particle diffusion
kd

 (µg mL 108 cells-1 d-1) 1.98 2.69 06.29 5.96 10.63 12.95
C  (µg mL 108 cells-1) 3.56 10.06 19.86 3.77 5.17 9.58
R 2 0.73 0.55 00.40 0.91 0.93 0.86
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find the applicability of this model under long-term expo-
sure conditions.

RESULTS 

1. Evaluations of three general kinetic models

The observed data for adsorbed copper mass were fitted  

to the pseudo-first-order, pseudo-second-order, and intra- 
particle diffusion models for P. subcapitata and C. vulgaris 
over exposure times (Fig. 1). The adsorbed copper mass on 
P. subcapitata began to increase during early exposure pe-
riods (<2 d), and then slightly decreased with time, while 
the copper mass on C. vulgaris was continuously increased 
and enter the equilibrium.

For both algae species, the pseudo-first-order and pseudo- 
second-order models were better fits than the intra-particle 

Fig. 1. A general kinetic model for exposed copper concentrations: (A) 5 µg L-1 for Pseudokirchneriella subcapitata, (B) 5 µg L-1 for Chlorella 
vulgaris, (C) 10 µg L-1 for P. subcapitata, (D) 10 µg L-1 for C. vulgaris, (E) 15 µg L-1 for P. subcapitata, and (F) 15 µg L-1 for C. vulgaris.
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diffusion models according to the values of correlation co-
efficients (R2) (Table 2). The intra-particle diffusion model 
underestimated the copper masses before exposure days of 
4 but overestimated after that. The adsorption kinetics of 
C. vulgaris was well represented by three kinetics models  
compared with those for P. subcapitata. The R2 values for C. 
vulgaris remained constant regardless of the kinetic models  
and treated copper concentrations, but the values for P. sub-
capitata decreased as the concentrations increased from 5 
to 15 µg L-1 (Table 2). These results suggested that copper 
adsorption kinetics with algal cells, especially for P. subcapi- 
tata under copper exposed conditions were affected by some  
factors which were not considered in these general kinetic 
models.

2.  Development of the long-term kinetic 

model

The parameter estimates used for the LKM were listed in 
Table 3. Maximum copper densities of intracellular (Cumi) 
and extracellular (Cume) were higher at P. subcapitata and C. 
vulgaris, respectively. These parameter values do not mean 
that tested algal cells can hold a specific amount of copper, 
but higher values of the maximum copper loading density 
indicate that the effect of present copper concentration on  
copper mass flux between each part is lower in the observed  
data. In our model, Cumi and Cume are parameters related to  
copper mass flow from extracellular to intracellular (Jdi) and  

from solution to extracellular (Jde), respectively. Thus, high-
er values of Cumi and Cume represent that Jdi and Jde may have 
a stronger influence on the overall copper kinetics in the ex-
perimental sets, respectively. The parameters, Cde, Cdi, and 
Cei, showed the same trend in exposure tests of both P. sub-
capitata and C. vulgaris with increasing the copper concen-
tration. Increased Cei with increasing the copper concen- 
tration indicated that copper mass flow from extracellular 
to intracellular occurred rapidly. Whereas decreased Cde and 
Cdi with increasing the copper concentration represented  
that the squares of the difference between the dissolved and  
algal cell-related copper mass were a major contributory fac- 
tor to copper kinetics in increasing input copper mass.

As shown in Fig. 2, the copper mass dynamics during 8-d 
exposure duration in three fractions (dissolved in medium, 
extracellular, and in intracellular algae) were well described 
by LKM (mean of R2 for dissolved Cu mass: 0.962, extracel-
lular Cu mass: 0.789, and intracellular Cu mass: 0.951), and 
the distribution patterns between the algae species were 
similar. In all the concentrations tested, drastic changes  
in copper mass in the three fractions occurred first 1-2 d 
after exposure. The dissolved copper mass in the medium 
decreased greatly and continued to decrease with exposure  
durations after 3 d, while the opposites were observed for 
intracellular copper masses. The extracellular copper mass 
increased slightly and decreased 3 d after exposures. At the  
final exposure day, the predicted copper mass in the intra-
cellular was highest, followed by the dissolved. The extracel- 
lular copper mass was the smallest proportion of the total  
copper during the exposure tests, ranged from 5.64 to 
21.22%. For low (5 µg L-1) and medium (10 µg L-1) copper 
treatments, the distribution amounts were similar between 
the algae species, but for high (15 µg L-1) copper concentra- 
tion, the intracellular copper mass in P. subcapitata was 60% 
higher than that in C. vulgaris.

The copper mass distributions per 108 algal cells over 
exposure times were presented in Fig. 3 and LKM was also 
well described these changes (mean of R2 for intracellular 
Cu mass per algal cell: 0.878 and extracellular Cu mass per 
algal cell: 0.750). The distribution patterns were very similar  
among initial copper concentrations. For C. vulgaris, the 
copper fluxes into algal cells (intracellular) increased abrup- 
tly with time, while the extracellular concentrations incre- 
ased slightly until 0.5 d and then remained constant, regard- 
less of the initial copper concentrations. For the results of P. 
subcapitata, the copper fluxes increased until 1 d, and then 
remained constant level throughout the exposure times, 
but LKM described the fluxes poorly at 0.5 d showing over-

Table 3. Estimated long-term kinetic model parameters for Pseu-
dokirchneriella subcapitata and Chlorella vulgaris for the exposed 
copper concentration

Parameter

Copper concentration  

(µg L-1) Unit

5 10 15

P. subcapitata
Cume 8.37 8.37 8.37 µg mL 108 cells-1

Cumi 3.50 3.50 3.50 µg mL 105 cells-1

Cde 87.29 47.24 44.19 cells mL-1 µg-2 d-1

Cdi 146.25 126.12 53.99 cells mL-1 µg-2 d-1

Cei 1.80 1.91 8.42 mL d-1 108 cells-1

C. vulgaris
Cume 5.34 5.34 5.34 µg mL 106 cells-1

Cumi 1.19 1.19 1.19 µg mL 108 cells-1

Cde 81.19 47.34 30.72 cells mL-1 µg-2 d-1

Cdi 327.28 95.72 49.77 cells mL-1 µg-2 d-1

Cei 1.19 5.70 6.19 mL d-1 108 cells-1
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estimated at 5 µg L-1 but underestimated at 10 and 15 µg 
L-1. The changes of extracellular concentrations in P. sub-
capitata were different from those in C. vulgaris; the con-
centrations increased slightly and then decreased after 1-d 
exposure. These results suggested that the constant binding 
capacity (numbers of binding sites) on the surface of C. vul-
garis cells was maintained throughout the exposure times, 
but the capacity for P. subcapitata decreased with exposure 
times. 

3. Model validation

LKM developed in this study was validated using an ex-
perimental data set obtained from 21-d exposures (Fig. 4). 
LKM described the dynamics of copper distributions for 
21-d exposure conditions, and the patterns were similar 
with 8-d exposure. There was no large change in copper 
mass of dissolved, extracellular, and intracellular sites, al-
though algae densities were increased or decreased over 

Fig. 2. Observed and predicted mass of dissolved, extracellular, and intracellular copper for exposed copper concentrations: (A) 5 µg L-1 for 
Pseudokirchneriella subcapitata, (B) 5 µg L-1 for Chlorella vulgaris, (C) 10 µg L-1 for P. subcapitata, (D) 10 µg L-1 for C. vulgaris, (E) 15 µg L-1 for P. 
subcapitata, and (F) 15 µg L-1 for C. vulgaris.
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time. Especially, densities of P. subcapitata at 21-d were in-
creased 2.4- and 1.9-fold when compared with densities at 
4-d in 5 and 10 µg L-1 copper concentrations, respectively, 
but the copper mass of intracellular was almost no changed.

The correlations between predicted and observed copper  
masses in intracellular, extracellular, and dissolved with 1 : 1  
lines for reference are shown in Fig. 5. In the results of P. sub- 
capitata, a relatively large variance was also observed in a 
high copper mass of intracellular. For the C. vulgaris, estima- 
ted copper mass was overestimated in high copper mass by 
LKM. Overall, however, estimated copper mass by LKM is 
in good agreement with the measured value for both P. sub-
capitata (R2 = 0.928) and C. vulgaris (R2 = 0.943).

DISCUSSION

Our results showed that the total copper mass of dis-
solved, extracellular, and intracellular was slowly changed 

over time regardless of changes in algal density. Hence, up-
take and internalization of copper mass per algal cell could 
be strongly influenced by the algal population over time. 
This suggests that the effects of copper on the algal popula- 
tion dynamically change over time, and toxicity will be incre- 
asing or decreasing by copper kinetics and the algal density 
dynamics in the long term.

Adsorption isotherms and sorption kinetic models have 
been widely used to investigate the mechanism of metal 
uptake and adsorption capacity by algae (Chen et al. 2008; 
Areco and dos Santos Afonso 2010; Jayakumar et al. 2014). 
Adsorption isotherms are apposite to describe the interac-
tion between sorbate and adsorbent, and general kinetic 
models such as pseudo-first order, pseudo-second order, 
and intra-particle diffusion, are useful to investigate how 
rates are affected by sorbent character or sorption capacity 

( Jayakumar et al. 2014). In the results of the general kinetic 
model study, the fitness of the model was lower for P. sub-
capitata with increasing exposed copper concentration (Ta-

Fig. 3. Observed and predicted mass of extracellular and intracellular copper per 108 algal cells for exposed copper concentrations: (A) 5 µg 
L-1, (B) 10 µg L-1, and (C) 15 µg L-1.
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ble 2). These kinetic model approaches were focused on 
the interaction between the dissolved metal and algal cell 
as sorbent in the equilibrium state. However, biological re-

sponses such as changes in cell ultrastructure and decreased 
uptake rate, are occurred during the initial exposure period 

(Levy et al. 2008). A remarkable difference between the 

Fig. 4. Observed and predicted mass of dissolved, extracellular, and intracellular copper with algal density during a 21-d exposure for ex-
posed copper concentrations: (A) 5 µg L-1 for Pseudokirchneriella subcapitata, (B) 5 µg L-1 for Chlorella vulgaris, (C) 10 µg L-1 for P. subcapita-
ta, and (D) 10 µg L-1 for C. vulgaris.

Fig. 5. Correlation between predicted and observed mass of dissolved, intracellular, and extracellular copper: (A) Pseudokirchneriella sub-
capitata and (B) Chlorella vulgaris. The dotted line represents the same value between predicted and observed copper mass. Each point 
represents the mean of five observed values.
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observed and predicted values by the general kinetic model 
in P. subcapitata may be induced by biological responses to 
copper exposure because they have less sensitivity to cop-
per toxicity than C. vulgaris (Franklin et al. 2002). Another 
limitation of the general kinetic models was that extracellu-
lar and intracellular metal mass were not separately predict-
ed. Extracellular and intracellular copper mass per algal cell 
is showed a different trend with an elapsed time (Levy et al. 
2008). Thus, existing kinetic model approaches may not 
be suitable to investigate the interaction between metal and 
living algal cells or long-term kinetics although it is useful 
to describe the metal kinetics for the short-term.

Franklin et al. (2002) and Stoiber et al. (2012) reported 
that extracellular and intracellular metal are important fac-
tors to predict the heavy metal toxicity on algal cells. In this 
respect, our LKM was developed to describe the mass flow 
between the solutions, extracellular, and intracellular sites 
with time, and showed a good performance with experi-
mental data (Figs. 2-5). FIAM and BLM have been also 
widely used in ecotoxicology with mechanistic descriptions 
for chemical speciation and bioavailability (Campbell et al. 
2002). Especially, BLM with FIAM has been successfully 
utilized to understand how physiochemical water charac-
teristics such as pH, hardness, dissolved organic carbon, 
and metal mixtures influence on toxicity of metals to fresh-
water biota under short-term exposure (De Schamphelaere 
et al. 2005; Chen et al. 2010). In this study, because the 
distribution of copper introduced water with time under 
long-term exposure was a major concern for describing the 
dynamic interaction between the metal and algae, a new 
kinetic model was developed using three state variables and 
three mass flow equations by adjusted existing approaches.

The ratio of copper in solution to total exposed copper 
decreased below 40% for all experimental sets for P. subcap-
itata and C. vulgaris (Fig. 2). Similarly, Levy et al. (2008) 
reported that the dissolved copper was decreased by 40-
50% for Tetraselmis sp. (Prasinophyceae), and by below 
11% for Phaeodactylum tricornutum (Bacillariophyceae) 
and Dunaliella tertiolecta (Chlorophyceae). Decrease ratio 
difference of dissolved copper between the algae species 
may occur by characteristics of the cell membrane and 
binding sites (Franklin et al. 2002; Levy et al. 2008). While 
dissolved copper in solution rapidly decreased, intracellular 
copper mass was increased up to 50% of total introduced 
copper. Meanwhile, extracellular copper mass was below 
10% over time in all experimental sets. This result was not 
surprising as Franklin et al. (2002) and Wilde et al. (2006) 
showed that the intracellular copper mass was much higher 

than extracellular in low copper concentration (<10 µg 
L-1) for Chlorella sp. and P. subcapitata. They also reported 
that the ratio of extracellular to intracellular copper was in-
creased in high copper concentrations, but it was not found 
in the range of concentrations tested in this study. The in-
creasing ratio of extracellular to intracellular copper mass 
may be induced by the death of algal cells in high copper 
concentrations because dead cells have higher adsorption 
capacity (Kaduková and Virčíková 2005).

The two phases of the kinetics between algae and metals, 
the initial rapid adsorption and then a slower transport of 
metal, have been reported by several researchers (Mehta et 
al. 2002; Chen et al. 2008; Areco and dos Santos Afonso 
2010). Franklin et al. (2002) suggested that metal toxicity 
was proportional to the amount of copper per cell. Thus, 
the effect of copper on P. subcapitata and C. vulgaris can be 
controlled by algal density. The variation of algal density 
during the initial exposure period can be a crucial factor in 
copper toxicity, since copper loading density determined 
by algal density led to accelerating the increase or decrease 
of copper mass per algal cell (Fig. 3).

Interestingly, dissolved copper, extracellular and intracel-
lular copper masses were changed very slowly after initial 
adsorption, compared to changes in algal density (Fig. 4). 
According to Franklin et al. (2002) and Kim et al. (2020), 
the initial algal density is an important factor in the kinetics 
of copper introduced into the solution, as a high initial den-
sity leads to more adsorption and accumulation of copper 
on the algal cells. However, our results showed that change 
in algal density during the exposure period was not an in-
fluential factor for overall copper kinetics. Several factors 
such as the decrease in metal uptake rate, the increase in the 
number of vacuoles in cell ultrastructure, and the decrease 
in concentration difference between the solutions and algal 
cells (Tien et al. 2005; Levy et al. 2008; Paquet et al. 2015), 
might offset the effects of increased algal cell density on the 
total accumulated copper mass. To clearly understand the 
effect of copper on algal populations, it is necessary to spe-
cifically study the responses and changes of algal cells over 
time against copper toxicity.

A possible limitation of our modeling study is that de-
scription for the mechanism of slower copper transport be-
tween the solutions, extracellular, and intracellular regard-
less of algal density variation was not included. Changes in 
cell ultrastructure, exudate produced by algae, dynamics 
of copper-binding sites, and other detoxification mecha-
nisms may occur during long-term exposure (Franklin et al. 
2002; Tien et al. 2005; Levy et al. 2008). However, kinetic 
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dynamics of copper with algal cell are influenced by these 
factors in a too complex manner, it may increase the model 
complexity and uncertainty. Thus, possible biological re-
sponses with time by algae were simplified by using model 
parameters and the scaled time parameter (t). Another lim-
itation is that the elution of copper from algal cells was not 
considered. During the long-term exposure, copper mass 
flow from intracellular and extracellular to solutions may 
occur by decomposition of dead cells and disability of dam-
aged cell surface (Levy et al. 2008). In our observation, an 
increase in dissolved copper after the initial rapid decrease 
was not founded within 21 d, but it can occur when the al-
gal population enters into the decline phase. Despite these 
limitations, our kinetic model strikes a trade-off between 
practical simplicity and realistic complexity. The developed 
model can be used to clearly understand the dynamics of 
the algal population and the behavior of heavy metals by 
adding formulas expressing new mechanisms in the future.
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