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Abstract
The paper brings original contributions in the particularly complex field of copper recovery from industrial wastewater. The purpose
of this experimental research is to recover copper metal powder from wastewater with low copper ion content, by the method of
cementation using a scrap iron electrode and to calculate the yield of copper cementation, influenced by the following parameters:
initial concentrations of copper ions, pH values and contact time. Recipes were experimentally studied by the cementation method for
the recovery of copper from industrially used solutions using iron waste, without consumption of other reagents or energy. Work recipes
were designed and one chose three different concentrations: for each solution of prepared concentration: 0.5% CuSO,, 1% CuSO, and
3% CuSO,, and one performed laboratory experiments at two types of pH (natural pH obtained by dissolving CuSO,*5H,0 in water,
pH=2 (adjustment with 0.1 M sulfuric acid solution). The optimal conditions for each recipe have been identified, based on the
experimental data obtained from the monitoring of each experiment, to the WTW Multi 350i multiparameter and AAS ZEEnit 700
Analytik Jena spectrometer. The calculation of the yield of obtaining copper powder for each day of the experiment and for each recipe
together, the other experimental data led us to the conclusion that the optimal variant for our study is: concentration of 0.5%, at an

initial pH of 3.6 after 3 days of experiment and yield of 95.23%.

Keywords: recovery of copper; wastewater treatment; copper cementation method

Introduction

Copper is one of the most valuable and widely used metals
in the industry. It is an essential metal for organisms, but in
excessive concentrations it can be very toxic for both humans
and animals (Pefia M.M., Lee J., Thiele D.]., 1999). Copper
is a heavy metal found in large quantities in wastewater due
to its various applications in industrial sectors, such as the
manufacture of printed circuit boards, the metal finishing in-
dustry, galvanizing, electrolysis, painting, wood preservation,
printing operations, etc. Copper can reach the environment
from mines, farms, industrial installations through wastewa-
ter discharged into rivers, lakes, but also from natural sources,
such as: volcanoes, degraded vegetation, forest fires (Mubarak
A., 2006). Copper was the first metal used in undetermined
amounts by man. The oldest craftsmen who worked with cop-
per soon found that it is easy to form into sheets with a ham-
mer and sheets in turn worked into other shapes that became
more and more complex as their skill increased.

Through the project (https://umfcd.ro/cercetare...SARS-
COV-2) PN-III-P2-2.1-SOL-2020-2-0208 Development of
innovative solutions for the protection of personnel (exposed
professionally) and the population against contamination
with the virus SARS-CoV-2, studies of impregnation of cotton
or medical equipment made of cotton fabric. Various impreg-
nation recipes were used that allowed to obtain "in situ" the
nanoparticles of copper and zinc oxides for the impregnation
of cotton fabrics, in different concentrations and ratios. The
stability of the impregnation of the nanoparticles was con-
firmed by chemical analysis and analysis by scanning tissues

of the tissues after 1, 3 or 5 washes. It has proved to be a good
enough stability and it is expected that even after 10 washes an
amount of about 40-50% of the initially impregnated amount
will still be fixed on the fabric. The washes involve a pH-neu-
tral detergent for 30-50 minutes at a temperature of 30-40°C
((https://umfcd.ro/cercetare...SARS-COV-2) PN-III-P2-2.1-
SOL-2020-2-0208).

Copper is present in normal human serum (the liquid
part of the blood) at concentrations of 120 -140 pg/l. Signs
of toxicity will be observed if the copper concentration in-
creases significantly above this level. All copper compounds
are potentially toxic. Thus, man can be exposed to copper by
breathing air, drinking water, food he consumes, by skin con-
tact with copper or its compounds (Solomon E, 2009).

The use of copper to kill algae, fungi and mollusks proves
to be very toxic to aquatic organisms. In fact, copper is one of
the most toxic metals to aquatic organisms and ecosystems.
Copper recovery from wastewater is achieved by various
methods, such as bioadsorption, ion exchange, membrane
filtration, reverse osmosis, chemical precipitation, electro-
chemical processes, photocatalysis, cementation (Gunatilake
S.K., 2015).

Each of these methods has its own advantages and disad-
vantages. Unfortunately, some of these methods are difficult to
use widely or expensive to apply. The use of the cementation
method for the recovery of copper from metallic wastewater
can be considered as a relatively simple, inexpensive and envi-
ronmentally friendly method. Contamination of metal-treat-
ed water is a serious problem for many industrial sectors.

Inzynieria Mineralna — Lipiec - Grudzieti 2022 July - December — Journal of the Polish Mineral Engineering Society 71



stas] {0

Fig. 1. Samples 3 solutions of different concentrations of CuSO, prepared for analysis

Rys. 1. Prébki 3 roztwordw o roznych stezeniach CuSO, przygotowany do analizy

Tab. 1. Physico-chemical parameters of synthetic CuSO, solutions

Tab. 1. Parametry fizykochemiczne roztworu syntetycznego CuSO,

CuS04 S Salinity
concentration pH initial ORP (mV) EC (pS/cm) | TDS (mg/l) (%o)

3.6 + 178.6 2480 1588 1.3
0.5%

2 + 269 4570 2970.5 2.4
1% 3.4 + 189.3 4250 2762.5 2.3

2 + 267.6 6190 4023.5 3.4
3% 3.0 +211.3 10290 6688.5 5.8

2 + 267.9 11910 7741.5 6.8

Tab. 2. Cu** values determined on the AAS ZEEnit 700 spectrometer
Tab. 2. Wartoéci Cu’* wyznaczone na spektrometrze AAS ZEEnit 700
Time CuS040.5% | CuSO4 0.5% CuS04 1% CuS04 1% CuS04 3% CuS0. 3%
hours pH=2.0 pH=3.6 pH=2.0 pH=3.4 pH=2.0 pH=3.0
0 2092.19 2092.19 4184.38 4184.38 12553.14 12553.14
24 628.66 627.33 3187.86 3177.44 4841.17 4601.41
48 488.31 487.35 626.92 623.33 4654.42 1749.41
72 182.26 140.15 483.41 481.71 1841.82 952.12
96 32.81 16.84 91.76 181.65 323.8 904.85
120 10.14 6.51 16.03 19.41 175.5 310.04
There are many different techniques used to treat wastewater Eguipment used

to reduce metal content. A common technique involves rais-
ing the pH of the wastewater to an alkaline level to induce
precipitation of the metal. Although this method reduces the
metal content of wastewater, the resulting solid sludge will
require additional treatment (Moscatello N., Swayambhu G.,
Jones G.H., Jiale Xu, Ning Dai, Pfeifer B.A., 2018).

Unlike organic contaminants, heavy metals are not biode-
gradable and tend to accumulate in living organisms and many
of their ions are known to be toxic or carcinogenic (Fenglian
Fu, Qi Wang, 2011). Copper has many practical uses in our so-
ciety and is often found in coins, electric cables and pipes. How-
ever, too much copper can cause adverse health effects.

Materials and Methods

Cementation consists in the precipitation of metals from
a solution of its salts by another electropositive metal (sacri-
ficial metal) by spontaneous electrochemical reduction to its
metallic state (Peng C., Liu Y., BiJ., Xu H., Ahmed A.S., 2011).
The cementation method has several advantages, such as the
recovery of metals in relatively pure metallic form, simple
control requirements, low energy consumption and is gener-
ally a low cost process (Nassef E., El-Taweel Y.A., 2015). Ce-
mentation of copper on iron is done by a series of short-cir-
cuited electrochemical cells, in which electrons reduce the
transfer of Cu2+ from the iron surface through the growing
copper deposit. Copper ions are reduced from the surface of
the copper deposit. Iron, which supplies electrons, is oxidized
in the anodic places on its surface (EL-Ashtoukhy E.S.Z., Ab-
del AM.H., 2013). However, it seems that cementing using
an iron electrode is the simplest and most reasonable method
for recovering copper. Therefore, it produces copper metallic
sediments, which are suitable for metallurgical processes.

Determination of physico-chemical parameters

Using the WTW Multi 350i multiparameter, the following
physico-chemical parameters were measured:

o electrical conductivity (EC);

o total dissolved solids (TDS);

. salinity;

« pH;

o  redox potential (ORP).

Before the analyzes were performed, the apparatus was
calibrated using standard solutions for pH and conductivity.

Determination of heavy metals

Heavy metals were analyzed by flame atomic absorption
spectrometry (AAS-F) using the AAS ZEEnit 700 Analytik
Jena apparatus. The device allows the analysis of the follow-
ing heavy metals: Ni, Cd, Cr, Pb, Zn, Cu, Fe, using the lamp
specific to each metal. The detection limit of the method is
between 0.01-0.08 mg/l, depending on the metal. Prior to
analysis, the water samples were acidified to pH 2 (using 65%
HNO,) and filtered.

Cementation method-use of iron electrode

Procedure: studying the scientific information presented
in the specialized articles, regarding the cementation method
for the recovery of copper from used solutions, one observes
the following:

o the mode of work is specific to a laboratory work
(small amounts of used copper solutions 0.1-10 1,
using continuous mixing and sometimes heating).

o the influence of the pH of the used copper solution
on the recovery yield or efficiency (natural pH was
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Fig. 2. Samples with the amount of copper deposited on the iron, from different days of the experiment

Rys. 2. Probki z iloécig miedzi osadzonej na zelazie w roznych dniach doswiadczen

Tab. 3. Yield values for the 3 solutions
Tab. 3. Wartoéci wydajnosci dla 3 roztworéw

Concentration H Optime time Noptimal
(%) P (days)

3.6 3 95.23

0.5 2 3 85.71

1 3.4 3 76.2

2 4 97.62

3 3 3 86.83

2 4 96.4

helped with 0.1 M H,SO, solution up to pH 2).

o the working method designed for the experimental
part simplifies the laboratory equipment (without
agitation, without heating, with initial pH adjust-
ment of CuSO, solutions prepared in the laboratory
at a pH of 2, Fig. 1.) and one sought to identify the
optimal conditions for copper deposition in a rea-
sonable time.

One prepared 3 solutions of different concentrations of
CuSO4 of 0.5%, 1%, 3% by dissolving the calculated amounts
of CuSO4*5H20 for 250 ml volumetric flasks (stock solu-
tions), (Table I) and the parameters were measured with mul-
tiparameter WTW Multi 350i.

One monitored day by day, the changes of previously mea-
sured parameters, with WTWMulti350i but also the amount
of copper deposited (Fig. 2.), along with determining the daily
concentration of copper ions remaining in solution at AAS
ZEEnit 700 spectrometer, so one could calculate the efficiency
and daily efficiency of experiments (Table 2).

Results

One started the experiment by preparing 3 solutions of
different concentrations, of 0.5% CuSO4, 1%, 3% by dissolv-
ing the calculated amounts of CuSO,*5H,O for 250 ml rated
flasks. One monitored the changes in previously measured pa-
rameters with WTW Multi 350i but also the amount of cop-
per deposited, along with determining the daily concentra-
tion of copper ions remaining in solution at the AAS ZEEnit
700 spectrometer, so one could calculate the daily efficiency
and effectiveness of our experiments.

For each concentration solution prepared: 0.5% CuSO,,
1% CuSO, and 3% CuSO, were performed laboratory experi-
ments at 2 different pH:

a) the natural pH obtained by dissolving CuSO, in water;

b) pH=2 (adjustment with 0.1 M sulfuric acid solution).

The variation of salinity is observed, for the 3% pH 2 solu-
tion, which is fluctuating, reaching 6.8%o. The variation of the
concentration of copper ions is observed, for the 3% solution
(12553.14 mg /1) at pH 2, which is decreasing, reaching 175.5
mg/l. It is observed that after 4 days from the experiment, the
concentration of copper ions reaches 323.8 mg/l, which gives
us the possibility to identify an optimal time for the experi-
ment (Fig. 3.).

The synthesis yield is defined as the ratio between the
practical mass obtained by copper powder (dry) and the ter-
rorist mass (Caltaru M., Badicioiu M., 2007).

It is observed that after 4 days the copper recovery effi-
ciency stabilizes at 96.4%. It should be noted that after the first
day of the experiment (24h), the yield is almost 89% (Fig. 4).
Which demonstrates the effectiveness of the iron waste used
in the cementation method.

Table 3 shows yields over 95%, for all 3 optimal variants,
but the time to obtain the optimal yield will differentiate the
overall optimal variant, which one propose to be: concentra-
tion of 0.5%, at an initial pH of 3.6 after 3 days of experiment
and yield of 95.23%.

Discussion
The resultated obtained for the variation of pH, EC, salin-
ity, copper ion concentration and yield is the follow:
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Fig. 3. Samples with the amount of copper deposited on the iron, from different days of the experiment

Rys. 3. Probki z iloécig miedzi osadzonej na zelazie z réznych dni do$wiadczenia

Fig. 4. The amount of copper powder obtained after one day of experiment

Rys. 4. Tlo$¢ proszku miedzi uzyskanego po jednym dniu do$wiadczenia

0.5 % copper sulphate solution of initial pH=3.6

The pH variation for the 5 days of the experiment is fluc-
tuating, falling between 3.6-4.1 with an average of 3.88 (note
that pH=4.1 is obtained after 4 days). The variation of the EC
(uS/cm) for the 5 days of the experiment is increasing, rang-
ing between 2480-2860 pS/cm, with an average of 2693.3 uS/
cm (note that EC = 2860 uS/cm is obtained after 5 days). The
variation of salinity (%o) for the 5 days of the experiment is
increasing, ranging between 1.3-1.5%o, with an average of
1.4%o (note that S=1.5%o is obtained after 5 days). The varia-
tion of the copper ion concentration (mg/l) for the 5 days of
the experiment is decreasing from 2092.19 mg/l to 6.51 mg/1
(on the 5th day) which demonstrates that in these conditions
the method cementation also helps us in solving the prob-
lem of the concentration of copper ions in the used industrial
solution because after 5 days it reaches ovals below 10 mg/1 (a
decrease of about 322 times). The calculated synthesis yield is
95.23% after 3 days of experiment.

0.5 % copper sulfate solution at adjusted pH=2

The pH variation for the 5 days of the experiment is in-
creasing, ranging between 2-3.8 with an average of 3.35 (note
that pH=3.8 is obtained after 3 days). The variation of the EC
(uS/cm) for the 5 days of the experiment is decreasing starting
from 4570-2960 uS/cm, with an average of 3370 uS/cm (note
that EC = 2960 pS/cm is obtained after 2 days). The variation
of salinity (%o) for the 5 days of the experiment is decreas-
ing, starting from 2.4-1.5 %o, with an average of 1.7%o (note
that S = 1.5 %o is obtained after 2 days). The variation of the
concentration of copper ions (mg/l) for the 5 days of the ex-
periment is decreasing from 2092.19 mg/l to 10.14 mg/1 (on
the 5th day), which demonstrates that in these conditions the
cementation method also helps us in solving the problem of
the concentration of copper ions in the used industrial solu-
tion because after 5 days it reaches a value of about 10 mg/1 (a
decrease of about 209 times). The calculated synthesis yield is
85.71% after 3 days of experiment.

Analyzing the data obtained for the two pH at the 0.5%
CusSO, solution, it is observed that the optimal conditions
for cementation would be for the initial pH=3.6, because the
yield is 95.23%, after 3 days of experiment.

1% copper sulphate solution at initial pH=3.4

The pH variation for the 5 days of the experiment is fluc-
tuating, falling between 3.4-3.77 with an average of 3.61 (note
that pH=3.77 is obtained after 3 days). The variation of the
EC (uS/cm) for the 5 days of the experiment is increasing,
ranging between 4250-5040 uS/cm, with an average of 4691
uS/cm (note that EC = 5040 pS/cm is obtained after 5 days).
The variation of salinity (%o) for the 5 days of the experiment
is increasing, falling between 2.3-2.7%o, with an average of
2.51%o (note that S = 2.7%o is obtained after 5 days). The vari-
ation of the concentration of copper ions (mg/1), for the 5 days
of the experiment is decreasing from 4184.38 mg/l to 19.41
mg/l (on the 5th day) which proves that in these conditions
the cementation method it also helps us in solving the prob-
lem of the concentration of copper ions in the used industrial
solution because after 5 days it reaches a value below 20 mg/1
(a decrease of about 215 times). The calculated synthesis yield
is 76.2% after 3 days of experiment.

1% copper sulphate solution at adjusted pH=2

The pH variation for the 5 days of the experiment is in-
creasing, ranging between 2-3.65 with an average of 3.12
(note that pH=3.65 is obtained after 5 days). The variation of
the EC (uS/cm) for the 5 days of the experiment is decreasing
starting from 6190-5480 pS/cm, with an average of 5383.3 uS/
cm (note that EC = 5480 uS/cm is obtained after 5 days). The
variation of salinity (%o) for the 5 days of the experiment is
decreasing, starting from 3.5-3%o, with an average of 2.9%o
(note that S=3%o is obtained after 5 days). The variation of the
copper ion concentration (mg/l) for the 5 days of the exper-
iment is decreasing from 4184.38 mg/l to 16.03 mg/l (in the
5th day) which proves that under these conditions the meth-
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od cementation also helps us in solving the problem of the
concentration of copper ions in the used industrial solution
because after 5 days it reaches a value of about 16 mg/1 (a de-
crease of about 261 times). The calculated synthesis yield is
97.62% after 4 days of experiment.

Analyzing the data obtained for the two pH at the 1%
CusO, solution, it is observed that the optimal conditions for
cementation would be for adjusted pH=2, because the yield is
97.62%, after 4 days of experiment.

Solution 3% copper sulfate initial pH=3

The pH variation for the 5 days of the experiment is fluc-
tuating ranging from 3-3.75 with an average of 3.42 (note that
pH=3.75 is get after 2 days). The variation of the EC (uS/cm)
for the 5 days of the experiment is fluctuating, falling between
10290-11980 puS/cm, with an average of 11418 uS/cm (note
EC = 11980 uS/cm is obtained after 5 days). The variation of
salinity (%o) for the 5 days of the experiment is increasing,
falling between 5.8-6.9%o, with an average of 6.46%o (note
that $=6.9%o is obtained after 3 days). The variation of the
copper ion concentration (mg/l) for the 5 days of the exper-
iment is decreasing from 12553.14 mg/l to 310.04 mg/l (on
the 5th day) which demonstrates that under these conditions
the method cementation also helps us in solving the problem
of copper ion concentration in the industrialized solution be-
cause after 5 days it reaches a value of 310 mg/1 (a decrease of
about 40 times). The calculated synthesis yield is 86.83% after
3 days of experiment.

3% copper sulphate solution at adjusted pH=2
The pH variation for the 5 days of the experiment is in-
creasing, falling between 2-3.43 with an average of 2.96 (note

that pH=3.43 is obtained after 4 days). The variation of the
EC (uS/cm) for the 5 days of the experiment is fluctuating
starting from 11910-11960 puS/cm, with an average of 11421
uS/cm (note that EC = 11960 pS/cm is obtained after 5 days).
The variation of salinity (%o) for the 5 days.

Conclusions

The cementation method can recover copper from indus-
trial waste solutions. This study aimed to make a number of
original contributions to the particularly complex field of re-
covery of copper from industrial wastewater by the method
of cementation.

The best known reaction for obtaining copper in the lab-
oratory is between iron and copper sulfate. This can be used
to obtain copper by depositing it on the piece of metal iron
inserted in the industrial water.

95.23% vyield of obtaining copper powder indicates the
optimal variant at the concentration of 0.5% with an initial
pH of 3.6 after 3 days of experiment.

Experimentally it is possible to recover metallic copper
powder from wastewater with low copper ion content, by the
cementation method using a scrap iron electrode, without
consuming other reagents or energy.
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Studia i badania nad odzyskiem miedzi z odpadéw przemystowych metodg cementacji
Artykul przedstawia oryginalne badania zwigzane z odzyskiwaniem miedzi ze Sciekow przemystowych. Celem badan
eksperymentalnych jest odzyskiwanie sproszkowanej miedzi metalicznej ze sSciekéw o niskiej zawartosci jondw miedzi metodg
cementacji za pomocg zlomowej elektrody zelaznej oraz do obliczenie wydajnosci cementacji miedzi, na ktorg wplywajg nastepujgce
parametry: poczgtkowe stezenia jonow miedzi, wartosci pH i czas kontaktu.

Eksperymenty obejmowaly odzysk miedzi z przemystowych roztworéw z wykorzystaniem odpadow zelaza metodg cementowania,
bez zuzycia innych odczynnikéw lub energii.

Plan eksperymentu obejmowat trzy rozne stezenia CuSOa: dla kazdego roztworu o przygotowanym stezeniu: 0,5% CuSOa, 1%
CuSOs oraz 3% CuSOs, przeprowadzono eksperymenty laboratoryjne dla dwu wartosci odczynu pH (naturalne pH uzyskane przez
rozpuszczenie CuSO1 * 5H20 w wodzie, pH=2 (regulacja 0,1 M roztworem kwasu siarkowego).

Optymalne warunki dla kazdej receptury zostaly okreslone na podstawie danych eksperymentalnych. W badaniach wykorzystano
spektrometry WTW Multi 350i i AAS ZEEnit 700 Spektrometr Analytik Jena. Przeprowadzono obliczenie wydajnosci pozyskania
proszku miedziowego dla kazdego dnia doswiadczenia i dla kazdej receptury. Dane eksperymentalne doprowadzily do wniosku, ze
optymalnym wariantem dla badania jest: stezenie 0,5%, przy poczgtkowe pH 3,6 po 3 dniach doswiadczenia i wydajnosé 95,23%.

Stowa kluczowe: odzysk miedzi, oczyszczanie Sciekow, metoda cementowania miedzi
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Abstract
Plastic pollution has been considered as an emerging environmental problem, and is among the ecological and human health
concerns. Detrimental impacts of plastic pollution on living things are closely related to the plastic additives added onto the polymer
during plastic manufacture. Di-2-ethylhexyl phthalate (DEHP) is one of the most common plasticizers and is usually found in water
environment worldwide. Plastic additives can cause many negative effects on aquatic organisms such as fish and zooplankton. This
study aimed to assess the chronic effects of DEHP on the life history traits of an ecotoxicological model micro-crustacean, Daphnia
magna, across five generations (FO-F4). We used the natural water from Mekong River in Vietnam as the medium for the D. magna
incubation in laboratory conditions. The concentrations of trace elements (e.g., metals and pesticides) in the natural water were under
detection levels of equipment or very low which was sufficient for D. magna to grow well. The results showed that the body length was
the main endpoint of the organisms inhibited by DEHP across all generations. DEHP adversely impacted the survival and fecundity
of D. magna in the fourth generation (F3) only. The adverse effects of DEHP on body length of D. magna should be the consequence
of the energy cost and allocation in the exposed organisms. The survival and reproduction responses of D. magna to DEHP across
five generations could be explained by (i) the severe effects of the chemical on many individuals in the organism cohort, and (ii)
toxin-tolerant development in the remaining exposed organisms. Although the trace elements in natural water from Mekong River
were not toxic to D. magna at very low concentrations, together with DEHP they might enhance impacts on the organism. Besides, a
multigenerational exposure to DEHP would reflect clearer impacts on the organism than a single exposure. Our results could be useful

for extrapolation on the influence of plasticizers on freshwater zooplankton in nature.

Keywords: chronic effects, Daphnia magna, energy cost, life traits, plastic additives

1. Introduction

Plastic emission and pollution are among the most serious
threats to aquatic environment and ecosystem globally (Mill-
er et al. 2020; Azevedo-Santos et al. 2021). The di-2-ethylhex-
yl phthalate (DEHP) is one of the basic and common additives
for more than 300 million tons of plastic products annually
in the world (Wang et al. 2018; Chen et al. 2020). Globally,
the compound DEHP was produced at more than 2 million
tons (Rowdhwal and Chen 2018). In natural conditions (e.g.,
high temperature), DEHP can easily release out of the plas-
tic surface and enter the surrounding environments (Wang
et al. 2018). The existence of DEHP in the environment has
been reported in many countries such as Finland, Denmark,
Germany, Japan, China, Thailand, Poland, Sweden, and Ita-
ly (Wowkonowicz and Kijeriska 2017). The highest concen-
tration of DEHP in river water reached 370 pg L-1 in China
(Wang et al. 2018). Recently, DEHP has become an emerging
pollutant. It is known as an endocrine disrupting chemical
and considered as a carcinogenic compound to invertebrates
(Wang et al. 2018). However, the impacts of DEHP on aquatic
invertebrates are not fully understood.

Micro-crustaceans (e.g., Daphnia magna) are among the
key animal groups in aquatic ecosystems having important
position and function in aquatic food webs (Wetzel, 2001).
Daphnia magna is the common representative of freshwater
micro-crustaceans and is widely used as a model organism for

testing the pollutant toxicity (US. EPA 2002; Lampert 2006;
APHA 2012). The median lethal concentrations (LC50) of
DEHP to D. magna were largely varied between 160 and 3,310
ug L-1 (Adams et al. 1995; Brown et al. 1998; Scanlan et al.
2015; Wang et al. 2018). The life history traits of D. magna
chronically exposed to DEHP have been reported in many
studies in which the DEHP concentration up to 500 pg L-1
did not impact survival of the organism (Brown and Thomp-
son 1982; Knowles et al. 1987; Brown et al. 1998; Seyoum and
Pradhan 2019; Le et al. 2019). Seyoum and Pradhan (2019)
and Le et al. (2019) noted that DEHP enhanced the repro-
ductive capacity of D. magna. The authors also found that the
DEHP at 390 ug L-1 inhibited the growth of D. magna, but
the inhibition was not showed at lower concentrations of the
chemical.

Generally, all previous studies of the DEHP toxicity to D.
magna were performed in artificial medium (e.g., ISO). How-
ever, the toxicity of DEHP in the artificial environment may
not be the same as that in the natural water because of differ-
ent chemical properties between them. Besides, the responses
of D. magna to DEHP across multigenerational exposure are
not yet fully understood (but see Le et al. 2019). Therefore,
to fill the gap, in this study we assessed the effects of DEHP
dissolved in natural water from Mekong River at the concen-
tration of 500 ug L-1 on the life history traits of D. magna
across five generations.
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2. Materials and methods
2.1. Test organisms

The freshwater micro-crustacean Daphnia magna was
purchased from Micro BioTest (Belgium) and has been main-
tained in ISO medium for many years. The organisms were
fed with the green alga Scenedesmus sp. and YTC (US. EPA.
2002). The alga Scenedesmus sp. was cultured in a Z8 medium
(Kotai 1972). The D. magna was raised under the temperature
of 25 + 1°C, the light intensity of less than 1000 Lux, and a
photo regime of 14 h light: 10 h dark (APHA 2012).

2.2. Chemicals

The plastic additive Di-2-ethylhexyl phthalate (DEHP,
Aldrich Sigma, purification 99.5%) was dissolved in acetone
(Merck, Germany) at the concentration of 3292 mg L-1 re-
ferred as stock solution. The stock solution was kept at 4°C
before the test implementation. The natural water used in this
study was collected from Mekong River in Vietnam. The water
was settled and then filtered through a GF/A filter (Advant-
ech, Japan) before being used as a medium to culture D. mag-
na. The chemical characterization of pesticides (all below 1 pg
L-1) and trace metals (mostly below 1 pg L-1, and much far
below the 48h-LC50 values to D. magna) confirmed that the
natural water from Mekong River was suitable for cultivation
of D. magna (Dao et al. accepted manuscript).

2.3. Experimental design

The chronic experiment was conducted according to
APHA (2012) with minor adjustment. At the start of the ex-
periment, nearly 40 mother D. magna were randomly selected
and transferred into a one-liter glass beaker containing 800
mL of filtered river water. Sixty neonates (<24 hours old) from
the second and third broods of the mother D. magna were
randomly used for the chronic experiment. The experiment
was performed over five generations of D. magna (Fig. 1). In
more detail, at the first generation (called F0) of the experi-
ment, two organisms were cultured together in a 50 mL glass
beaker containing 40 mL of filtered river water. We conduct-
ed two treatments including the exposure to DEHP and the
control. In the exposure, D. magna was raised in the natural
water containing 500 pg DEHP L-1 while the organisms in the
control were just incubated in the natural water without the
addition of DEHP. There were 15 replicates in each treatment
(n=15). Offspring from the second and third brood of F0 D.
magna in control and DEHP exposure were used for the next
generational experiment (hereafter we called F1) and contin-

uously raised in the same medium as their mothers were (2
neonates per beaker, 15 replicates). This process repeated un-
til the fifth generation (F4). The test concentration of 500 pg
DEHP L-1 was chosen for the present study because the high-
est concentration of phthalates in surface water and landfill
leachate could reach up to 370 pg L-1 and 460 pg L-1, respec-
tively (Wowkonowicz and Kijeriska 2017; Wang et al. 2018).
The organisms in each treatment were fed daily with the
mixture of green alga Scenedesmus sp. and YTC (US. EPA.
2002). The chronic test was performed in the laboratory con-
ditions (as mentioned above) and lasted for 21 days for each
generation (Adema 1978). We conducted this study with data
within five generations of exposures because the Covid-19
quarantine was applied in the city before we could complete
the experiment on the sixth generation. The test medium
(filtered river water and food) in each treatment was totally
renewed three times per week. During the time of the exper-
iment, the life history traits including the survival, reproduc-
tive performance of D. magna were carefully checked and
recorded daily. The dead mother D. magna and neonates re-
leased from each beaker were counted and discarded daily. By
the end of the experiment, alive D. magna was fixed with Lu-
gol solution (Sournia 1978) and its body length was measured
from the head top to the base of tail spine of the D. magna on
a microscope coupled with a digital camera. The pH and dis-
solved oxygen (DO) of the test medium were measured and
their values ranged from 7.2-7.6 (for pH), and from 7.4-7.9
mg L-1 (for DO) which met the requirements for chronic ex-
periments with D. magna according to APHA (2012).

2.3. Data treatment

Sigma Plot version 12.0 was used for data analyses. The
Kruskal-Wallis test was utilized to calculate the statistically
significant difference (p < 0.05) in body length, and accu-
mulative offspring per beaker between control and DEHP
exposure.

3. Results and discussion
3.1. The effects of DEHP on the survival of Daphnia magna
In the control, the survival of D. magna in all six gener-
ations was from 80-93% when the experiments terminated
(Fig. 2) which meets the requirement of APHA (2012) for
chronic treatments with micro-crustaceans. Similarly, the
survival of D. magna in DEHP exposures was within the range
of 80-100% except the survival of DEHP-exposed D. magna
in F3 was 53% by the end of experiment.
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In the first and second generational exposures (FO and
F1), the Daphnia’s survival in present study is consistent
with that in previous studies (Seyoum and Pradhan 2019; Le
et al. 2019) in which D. magna was incubated in DEHP at
the concentrations of 390-500 pg L-1. However, a significant
decrease of D. magna survival (55%) in the third generation
(F2) exposed to DEHP (500 ug L-1) was reported by Le et al.
(2019). Therefore, the previous studies (Seyoum and Pradhan
2019; Le et al. 2019) and our study have a similar trend of
effects reflecting the impact of DEHP on the D. magna’s sur-
vival was only profound in the later generations of exposure.

Biochemically, DEHP caused a significant reduction in
the activities of catalase (CAT) and superoxide dismutase
(SOD) enzymes, the antioxidant capacity and detoxifying ac-
tivities in D. magna (Wang et al. 2018). DEHP can interfere
the protein synthesis and fatty acid catabolism, consequently
influence the normal functions of heart and hepatopancrea in
D. magna (Scanlan et al. 2015; Ito et al. 2019). Hence, DEHP
could indirectly affect the energy storage or cause the glyco-
gen reduction in D. magna (Knowles et al. 1987). The com-
pound DEHP could be accumulated and recalcitrant in aquat-
ic organisms. Therefore, the DEHP-exposed D. magna would
spend energy for biochemical adjustment and damage repair,
consequently energy cost (Dao et al. 2018). The exposed or-
ganisms could withstand DEHP in the first generations by
spending energy and material for survival (FO-F2; Fig. 2) and
reproduction maintenance (F1, F2; Fig. 4). However, the D.
magna could be impaired in a more generational exposure to
DEHP (F3) consequently mortality increase (up to 47% of to-
tal exposed organisms).

The difference of the affected generations in the previous
study (F2; Le et al. 2019) and ours (F3) could be related to
the trade-off between survival and development in DEHP-ex-
posed D. magna. The DEHP-exposed D. magna could face
energy cost and material allocation to maintain its normal

behaviors and fitness (e.g. survival and growth). Hence the
slowdown its growth (see section 3.2) the DEHP-exposed D.
magna could have a chance to conserve its survival rate simi-
lar to the control in F2 (Fig. 2).

Our study presented the initial evidence of D. magna
continuously exposed to DEHP in natural river water over 5
generations. Interestingly, we found that D. magna was more
likely to recover or even adapt in its survival to DEHP in the
fifth generation (F4). Dao et al. (2018) studied the survival
of a micro-crustacean Daphnia lumholtzi by exposed the or-
ganism to a cyanobacterial toxin, microcystin, across three
generations and observed the tolerance of the organism in the
first generation, the significant decrease of the organism in
the second generation, and the acclimation of the organism
in the third generation. The acclimation or recovery of micro-
cystin-exposed mother D. magna was hypothesized with the
formation of the genes for synthesis of detoxifying enzymes
in its offspring, and thus improve the toxin tolerance in the
daughters (Gustafsson et al. 2005). This helps to explain the
acclimation of D. magna in F4 to the DEHP in present study.
Further studies on the gene encoding for antioxidant enzyme
and detoxification activities in D. magna exposed to DEHP
are suggested to clarify.

3.2. The effects of DEHP on the growth of Daphnia magna

The average body length of D. magna in the control
ranged between 3,000 and 3,610 um. However, body length
of D. magna in the DEHP exposure varied from 2,920-3,330
pum which was significant shorter than that in the control (p
< 0.05; Fig. 3). Our results indicated that DEHP inhibited the
growth of the organisms in all five generations.

Body size of D. magna is a very important endpoint of
fitness because it is highly related to the time of first reproduc-
tion and clutch size of the organism (Ebert 1992). However,
effects of phthalates on growth or body length of D. magna
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have not been studied (but see Seyoum and Pradhan 2019; Le
etal. 2019). Our study firstly revealed the impact of DEHP on
the growth of D. magna under a multigenerational exposure.
The observation in present study was in line with the previous
study for the FO (Le et al. 2019). Seyoum and Pradhan (2019)
also recorded a reduction of body length in D. magna exposed
to DEHP at the concentration of 390 ug L-1 over 14 days. As
mentioned above, DEHP could cause the material and ener-
gy allocation related to the fitness such as survival, growth,
reproduction of D. magna. Generally, the DEHP-exposed D.
magna in our study could maintain its survival at a normal
rate during 21 days of incubation from FO through F4, except
F3 (Fig. 2). Therefore, DEHP-exposed organism had to face a
trade-off that slowed down its growth consequently a shorter
body length than the control D. magna.

3.3. The effects of DEHP on the reproduction of Daphnia
magna

The reproduction of D. magna was calculated as the ac-
cumulative neonates released from each beaker in the control
and the DEHP exposure during 21 days of treatment. The re-
production of D. magna of both control and exposure in F1,
F2, and F4 was in a similar range. However, DEHP caused a
significant reduction in fecundity of mother D. magna in the
FO (p = 0.024, Kruskal-Wallis test), and F3 (p = 0.002, Krus-
kal-Wallis test; Fig. 4).

Previous studies revealed that DEHP could enhance the
reproduction of D. magna at the concentration of 390 ug L-1
(Seyoum and Pradhan 2019) or not inhibited this endpoint
of the organism at the concentration of 500 pg L-1 (Le et al.,
2019). On the contrary, we found a much lower reproduction
in D. magna exposed to DEHP in the first generation (F0).
Without a doubt - organisms in aquatic environments could
be affected by not only a single pollutant but a mixture of pol-

lutants as well. The natural water from Mekong River used in
present study had some trace elements at low levels (Dao et
al. accepted manuscript) which might have side effects on D.
magna (Le et al. 2021). The combined effects of DEHP and
trace elements in natural water could cause stronger toxic ef-
fects on micro-crustacean than the solely impact of DEHP on
the organism in standard medium (Dao et al. accepted man-
uscript). In the second (F1) and third (F2) generations, DE-
HP-exposed D. magna showed signs of reproductive recovery
(Rig. 4).

In our study, in the fourth generation (F3) D. magna
were affected again and the total number of offspring born in
DEHP exposure was significantly different from the control (p
< 0.002). this should be the consequence of the high mortality
of DEHP-exposed D. magna in F3 (Fig. 2). The much lower
number of mother D. magna in F3 would lead to a lower num-
ber of accumulative neonates. On the other hand, the increase
of DEHP-exposed D. magna survival in the fifth generation
(F4; Fig. 2) resulted in the increase of accumulative neonates
(Fig. 4).

The present study showed the effects of DEHP in natural
water from Mekong River on D. magna across five genera-
tions. This could be useful for the extrapolation in situ and
the prediction on potential impacts of plastic additives (e.g.,
DEHP) on freshwater zooplankton in Mekong River, the elev-
enth highest river loading plastic waste into the seas globally
(Lebreton et al. 2017).

Conclusions

This is the first investigation assessing the toxicity of
DEHP to D. magna incubated in natural water from Mekong
River across five generations from the best of our knowledge.
High mortality (47%) was found in the DEHP exposure in the
fourth generation (F3). DEHP also caused a reduction in fe-
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cundity of mother D. magna in FO and F3. However, the body
length of the animal in the DEHP exposure was significantly
shorter than that of the control across five generations. The
trade-off between the survival, growth and reproduction re-
lated to the material and energy allocation would be the root
of the responses of D. magna to DEHP. The effects of DEHP
in natural water from Mekong River are useful to extrapolate
the toxicity of this chemical to micro-crustacean in situ, and
the effects would become more severe uncomfortable envi-
ronmental and biological conditions in nature.
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Reakcje mikroskorupiakéw, Daphnia magna, w ciggu pieciu pokoleri stale narazonych na dziata-
nie ftalanu di-2-etyloheksylu w wodzie rzeki Mekong

Zanieczyszczenie tworzywami sztucznymi zostalo uznane za narastajgce zagrozenie Srodowiskowe i jest jednym z probleméw
ekologicznych zwigzanych ze zdrowiem czlowieka. Szkodliwy wplyw zanieczyszczenia tworzywami sztucznymi na organizmy zZywe
jest Scisle zwigzany z dodatkami tworzyw sztucznych dodawanymi do polimeru podczas produkcji tworzyw sztucznych. Ftalan di-
2-etyloheksylu (DEHP) jest jednym z najpowszechniejszych plastyfikatorow i zwykle wystepuje w Srodowisku wodnym na catym
Swiecie. Dodatki do tworzyw sztucznych mogg powodowac wiele negatywnych skutkéw dla organizméow wodnych, takich jak ryby
i zooplankton. Badania przedsatwione w artykule mialy na celu ocene cigglego wpltywu DEHP na cechy historii Zycia modelu
ekotoksykologicznego mikroskorupiaka, Daphnia magna, w ciggu pieciu pokoleri (FO-F4). Jako pozywke do inkubacji D. magna
w warunkach laboratoryjnych wykorzystano naturalng wode z rzeki Mekong w Wietnamie. Stezenia pierwiastkow sladowych (np.
metali i pestycydow) w naturalnej wodzie byly ponizej poziomu wykrywalnosci sprzetu lub bardzo niskie, co bylo wystarczajgce, aby
D. magna dobrze si¢ rozwijata. Wyniki pokazaly, ze dtugos¢ ciala byla glownym punktem oceny rozwoju organizmow hamowanego
przez DEHP we wszystkich pokoleniach. DEHP negatywnie wplyngl na przezywalnosc i ptodnos¢ D. magna jedynie w czwartym
pokoleniu (F3). Negatywny wplyw DEHP na dlugos¢ ciata D. magna powinien by¢ konsekwencjg zuzycia energii i jej alokacji
w narazonych organizmach. Reakcje D. magna na przetrwanie i reprodukcje pod wptywem DEHP w ciggu pieciu pokole#t mozna
wyttumaczy¢ (i) powaznym wplywem substancji chemicznej na wiele osobnikéw w populacji organizméw oraz (ii) rozwojem tolerancji
na toksyny u pozostatych narazonych organizméw. Chociaz pierwiastki sladowe w naturalnej wodzie z Mekongu nie byly toksyczne
dla D. magna w bardzo niskich stezeniach, to razem z DEHP mogg nasila¢ oddziatywanie na organizm. Poza tym wielopokoleniowe
narazenie na DEHP odzwierciedlatoby wyrazniejszy wplyw na organizm niz jednorazowe narazenie. Przedstawione wyniki mogg
by¢ przydatne do ekstrapolacji wptywu plastyfikatoréw na zooplankton stodkowodny w przyrodzie.
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