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The objectives of this special issue were to address new
trends in monitoring and removing the pollutants from
water by different electrochemical and biological methods,
as well as modelling the process of the adsorption of these
pollutants from aqueous solutions. Twenty articles were
submitted, and after the peer review process, seven papers
were selected for inclusion in the present special issue.
This special issue is a complex one because some of the
published papers are dealing with the monitoring of water
quality and the other part of the published articles cover the
preparation and utilisation of cheap and environmental
friendly materials for removal of different pollutants. We
believe that the research papers published in this special
issue highlight the important topics represented by water
quality monitoring by removal of different pollutants by
using cheap, cost effective, and environmental friendly
adsorbents, presenting the latest advances into the field.
The article by M. Farnane et al., entitled “New sus-
tainable biosorbent based on recycled deoiled carob seeds:
Optimization of heavy metals remediation” presents the
development and usage of a new and efficient bioadsorbent”
is dealing with the production and testing of new bio-
adsorbent materials. This new adsorbent was prepared by
using deoiled carob seeds, an agroindustry waste. Prepared
adsorbent was used for removal of cadmium and cobalt ions
from aqueous solutions in order to obtain the optimum
conditions for removal of these ions. Optimal conditions for
the removal of studied ions were represented by using
0.1 g of adsorbent for 1 L of solution with an initial metal
concentration of 50mgL™". Process optimisation was

possible by using the full-factorial experimental design. It
was found that the adsorption capacity of the produced
adsorbent can be improved by treating carob seeds with
sodium hydroxide.

The article by X. Chen et al, entitled “Atmospheric
nitrogen deposition associated with the eutrophication of
Taihu Lake” is presenting the results regarding the effect of
excessive amount of nitrogen deposition and its contribu-
tion to water eutrophication in Taihu basin. Comparing the
data with those collected in 2007, it was observed that the
contribution of nitrogen deposition to Taihu Lake increased
in the last period. Accordingly, this phenomenon can ac-
celerate the eutrophication process of Taihu Lake.

The article entitled “Spatial and temporal variations of
water quality of Mateur aquifer (Northeastern Tunisia):
Suitability for irrigation and drinking purposes” by B. Tlili-
Zrelli et al. present the spatial and temporal variations of the
hydrochemical characteristics of Mateur aquifer ground-
water, which represent a critical water resource in the
northeast of Tunisia. The aquifer study is important due to
the water quality deterioration provoked by the salinization
and the augmentation of the nitrate contamination. Ex-
perimental study shows that the highest water quality was
found in the northwest and southeast part of the aquifer,
areas corresponding to the recharge zone. Also, the raining
season have a little influence on water quality, mainly due to
the dilution.

The article entitled “Assessment of the trophic status of
the South Lagoon of Tunis (Tunisia, Mediterranean Sea):
Geochemical and statistical approaches” by M. Abidi et al. is
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presenting the water quality on South Lagoon of Tunis after
its restoration. This lagoon had during time severe envi-
ronmental quality issues. To solve these problems, a large
restoration project was conducted. During this process, the
sediments were dredged, leading at an improvement of water
circulation by removing the areas of water stagnation. Ex-
perimental results have shown the high level of nutrients due
to the natural and anthropogenic factors. So, the lagoon
remains eutrophic, presenting a poor water quality and
requiring a serious intervention.

The article entitled “Removal of colored organic pol-
lutants from wastewaters by magnetite/carbon nano-
composites: Single and binary systems” by S. G. Muntean
et al. is presenting the development of a methodology for the
selective removal of industrial dyes from wastewaters by
using an adsorption technology based on magnetic adsor-
bents. Magnetic nanoparticles embedded with activated
carbon matrix were tested as adsorbents for industrial dyes
removal from aqueous solutions. The regeneration capacity
of adsorbent materials was tested by performing seven
adsorption/desorption cycles. These materials represent a
viable alternative by considering the low-cost characteristics
of the synthesis, higher efficiency for the magnetic separa-
tion, and higher stability and reusability.

The article entitled “Water pollution and water quality
assessment of major transboundary rivers from Banat
(Romania)” by A.-M. Dunca is focused on the water man-
agement on the Timis-Bega hydrographical basin. To assess the
water quality, the water quality index was computed by taking
in account the maximum, minimum, and the average annual
values of physical, chemical, and biological parameters. For
protecting and preserving the water quality, especially of Banat
transboundary rivers, it is necessary to implement adequate
wastewater management, through the construction of modern
and efficient waste water treatment plants.

The article entitled “Impact assessment of phospho-
gypsum leachate on groundwater of Sfax-Agareb (southeast
of Tunisia): Using geochemical and isotopic investigation”
by S. Melki and M. Gueddari reports the results of the
spatiotemporal variation of the conductivity and concen-
trations of major elements on groundwater of Sfax-Agareb
(Southeast of Tunisia), for the period October 2013 and
October 2014. It was shown that contents of '*0 and *H
showed that the water of the Sfax-Agareb aquifer undergoes
a large-scale evaporation process originated from recent
rainfall. Experimental data proved that the groundwater was
deteriorated in the downstream part of the Sfax-Agareb
aquifer. The study will be helpful for the proper water de-
velopment and for applying the proper remediation strat-
egies to reduce the pollution.
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In this study, an efficient biosorbent was developed from deoiled carob seeds, a agroindustrial waste. The biosorption
efficiency was evaluated for cadmium and cobalt ions removal from aqueous solution under various parameters such as
treating agent, solution pH, biosorbent dosage, contact time, initial metal ions concentration, and temperature. The effect of
some major inorganic ions including Na*, K*, Ca>", Mg>", and AI’* on the biosorption was also established. Based on this
preliminary study, four independent variables including solution pH, biosorbents dosage, initial metal concentration, and
treating agent were chosen for the optimization of the process using full-factorial experimental design. It was found that
chemical pretreatment of the raw deoiled carob seeds with NaOH strongly enhances its biosorption potential. Thus, the
optimal conditions for high biosorption of cadmium(II) and cobalt(II) were achieved at pH of 6, biosorbent dosage of 1 g/L,
and initial metal concentration of 50 mg/L. The biosorbents were characterized by Fourier transform infrared spectroscopy
(FT-IR), scanning electron microscopy (SEM), energy dispersive X-ray (EDX), Boehm titration, and the point of zero

charge (pHpyzc)-

1. Introduction

Heavy metal pollution imposes ecological and public
health problems according to hazardous and irrecoverable
effects of metal ions on the environment and aquatic
ecosystems [1]. Besides, the toxic and harmful effects to
organisms living in water, heavy metals also accumulate
throughout the food chain and may affect human beings
[2]. In this way, the removal and recovery of heavy metals
from aqueous eftfluents before being disposed in the en-
vironment is required [3].

Various methods have been used to remove heavy metal
ions such as chemical precipitation [4], membrane filtration
[5], ion exchange [6], solvent extraction [7], flotation [8],

and electrochemical treatment [9]. Among all these men-
tioned methods, sorption is an effective and eco-friendly
method for the removal of heavy metal ions from waste-
waters due to its simple design, easy operation handling, and
availability of different sorbents with large efficacity to
remove a wide range of heavy metals [10-12]. Activated
carbons are widely used as adsorbents in wastewater
treatment because of their high surface areas and active
functional groups, but their high cost inhibits sometimes
their use [13]. Therefore, there is a need to develop other
biosorbents from alternative low-cost raw materials for the
same role as activated carbon. Recently, low-cost precursors
have become the focus of researchers for example, chitosans
[14], bark of Pinus elliottii [15], Jatropha curcas [16],
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sugarcane bagasse [17], Eichornia crassipes [18], coconut
[19], agricultural peels [20-22], sunflower stalks [23], raw
carob shells and chemically treated carob shells [24], Dip-
lotaxis harra, and Glebionis coronaria L [25].

The aim of this study is to assess the applicability of
chemically treated deoiled carob seeds for the removal of
cadmium(II) and cobalt(Il) ions from aqueous solution.
Biosorption studies were carried out under various pa-
rameters such as solution pH, biosorbents dosage, contact
time, initial metal ions concentration, and temperature. The
biosorption kinetic data were tested by pseudo-first-order
and pseudo-second-order kinetic models. The equilibrium
data were analyzed using Langmuir and Freundlich models.
This paper also discussed the combined effect of the most
influencing parameters, which are solution pH, biosorbent
dosage, concentration of the solution, and the treating agent.
Full-factorial experimental design with two levels (2*) and
surface response methodology were used to acquire the
optimal parameters for high removal of Cd(II) and Co(II)
ions.

2. Experimental

2.1. Materials. All the chemicals used in the preparation and
the biosorption studies were of analytical grade. Cd
(NOs3),-4H,0 (98%), Co(NO3),-6H,0 (98%), NaCl (99.5%),
AI(NO3)29H20 (298%), HCI (37%), N32CO3, and NaHCO3
were obtained from Sigma-Aldrich (Germany). Mg
(NO3),-6H,0 (97%) was provided from SDS (France), Ca
(NO3),-4H,0 and HNOj; (65%) from Scharlau (Spain), and
NaOH (98%) was provided from Merck (Germany).

2.2. Preparation of the Biosorbents. The deoiled residue was
obtained as a by-product from the hydrodistillation process
of carob seeds from the region of Khenifra in Morocco. The
biomass was repeatedly washed with demineralized water
and then oven dried at about 120°C for 24 h min in order to
remove excess moisture. The dried biomass was then
grounded using mortar and pestle and sieved to get a size
fraction lower than 160 ym, referred as Raw-seeds. For the
chemical treatment, 10 g of the Raw-seeds was treated with
100mL of 1 M solution of HCl or NaOH for 2h. The bio-
sorbents were then filtered and washed with distilled water
until neutral pH. The pretreated biosorbents were then dried
in an oven at 120°C for 24 h and stored in glass bottles under
following names HCl-seeds and NaOH-seeds for further use.

2.3. Characterisation. FTIR transmittance spectra of the
biosorbents were recorded in the region of 4000-400 cm™"
using a Scotech-SP-1 spectrophotometer. Basic and oxy-
genated acidic surface groups were assessed by Boehm ti-
trations [26]. About 0.1 g of each sample was mixed with
50 mL of 0.01 M aqueous reactant solution (NaOH, Na,COs,
NaHCO;, or HCI). The mixtures were stirred at 500 rpm for
24h at room temperature. Then, the suspensions were fil-
trated by a 0.45pym membrane filter. To determine the
oxygenated groups content, back titrations of the filtrate
(10 mL) were achieved with standard 0.01 M-HCI solution.
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Basic groups contents were also determined by back titration
of the filtrate with 0.01 M:-NaOH solution. The morpho-
logical characteristics were analyzed by scanning electron
microscopy (SEM). Small amount of each sample was finely
powdered and mounted directly onto aluminum sample
holder using the two-sided adhesive carbon model. Energy
dispersive X-ray (EDX) was also performed to determine the
elemental composition of the raw carob seeds and the both
treated samples. The point of zero charge (pHpzc) was
determined by the pH drift method according to the method
proposed by Noh and Schwarz [27]. The pH of NaCl aqueous
solution (50mL at 0.01 mol/L) was adjusted to successive
initial values in the range from 2.0 to 12.0 by addition of
HNO; (0.1 N) and/or NaOH (0.1 N). Furthermore, 0.05 g of
each biosorbent was added in 50 mL of solution and stirred
for 6 h. The final pH was measured and plotted against the
initial pH. The pHpzc was determined at the value for which

pHﬁnal = pHinitial'

2.4. Batch Biosorption Procedure. Stock solutions were
prepared by dissolving desired weight of each metal ion in
distilled water, and necessary concentrations were obtained
by dilution. Biosorption experiments were investigated in
a series of beakers containing 100 mL of the metal ion so-
lution at desired concentration and desired weight of the
biosorbent. The mixtures were stirred for 2h at 500 rpm
using a magnetic stirrer. The influence of pH was performed
by varying the pH from 2.0 to 7.0 at an initial metal con-
centration of 100 mg/L. The pH of the solutions was adjusted
with either 0.1M of HCl or 0.1M of NaOH and using
a SensION + PH31 pH meter. The biosorbent dosage was
varied from 0.5 to 5g/L. The contact time was varied be-
tween 5 and 210 min at room temperature with initial pH
solution. Biosorption equilibrium was established for dif-
ferent metal ion concentration between 20 and 200 mg/L.
The effect of temperature was tested from 10 to 50°C using
a thermostatically controlled incubator. The effect of some
major inorganic ions including Na*, K*, Mg>*, Ca**, and
AI’* on the biosorption was studied for each heavy metal at
a constant initial metal concentration of 100 mg/L. The
concentration of each ion was varied from 10 to 100 mg/L.

After each biosorption experiment completed, the solid
phase was separated from the liquid phase by centrifugation
at 3000 rpm for 10 min. Metal ions concentration was de-
termined using a PerkinElmer atomic absorption spectro-
photometer (Analyst 200).

The biosorption capacity and biosorption removal effi-
ciency were calculated using the following equations:

(CO ;{Ct,e>’ (1)

(')

e =

% removal = %100, (2)

where g, . (mg/g) is the biosorbed quantity at any time or at
equilibrium, C,, (mg/L) is the initial metal ion concentration,
C,. (mg/L) is the metal ion concentration at a time ¢ or at
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equilibrium, and R (g/L) is the mass adsorbents per liter of
solution.

Kinetic and equilibrium parameters were estimated with
the aid of the nonlinear regression method using Origin 6.0
software.

2.5. Design of Experiment for the Optimization of Cd(II) and
Co(1I) Biosorption. The methodology of experimental
design was used for modeling and optimization of the
biosorption processes of Cd(II) and Co(II) ions from
aqueous solutions. The four most influencing factors are
solution pH (A), biosorbents dosage (B), initial metals
concentration (C), and treating agent (D). The values of
variable levels are presented in Table 1. The experiments
were made according to a full-factorial design at two levels
(2%, with 16 experiments.

In addition, a first-order polynomial model was also used
for modeling sorption of Cd(II) or Co(II) ions. The general
equation of the first-order polynomial model is presented in

Y =b,+b,A+b,B+b;C+b,D+b,AB+b;AC
+b;,AD + b,,BC + b,,BD + b,,;ABC + b;,,ABD
+b,3,ACD + b,;,BCD + b ,;, ABCD,

(3)

where Y (mg/g) is the responses of interest (adsorption
capacity of Cd(II) (Y1) and adsorption capacity of Co(II)
(Y2)).

The results were analyzed using the Trial software Design
Expert 10.0.0.

3. Results and Discussion
3.1. Characterization

3.1.1. FT-IR Analysis of the Biosorbents. The infrared spectra
of Raw-seeds, NaOH-seeds, and HCl-seeds are illustrated in
Figure 1. The figure shows broad absorption band for Raw-
seeds at 3200-3600 cm™" due to the stretching of the N-H
bond of amino groups and indicative of bonded hydroxyl
group [11], and this band was separated into more resolute
three bands after the chemical pretreatments with NaOH
and HCL. Two bands at around 3200-3400 cm ™" indicate the
presence of carboxylic acid and amino groups, and the other
one near 3500 cm ™ is related to the OH stretching vibration
mode in alcohol and phenol groups. The band at 2930 cm™"
corresponds to the symmetrical and asymmetrical-CH-
vibrations in lipids. The peaks located at 1620 cm™" are
characteristics of C=0 stretching for aldehydes and ketones,
which can be conjugated or nonconjugated to aromatic rings
[28]. The-C-0, C-C, and-C-OH stretching vibrations can
be attributed to peaks in the region of 1180-1048 cm™.
The spectra showed bands located at 630 cm™', assigned to
OH- ions.

3.1.2. Boehm Titration of the Biosorbents. The oxygen
functional groups are very important characteristics of the
biosorbents because they determine the surface properties

3
TABLE 1: Process factors and their levels.
Levels
Factors .
Low (-) High (+)
A. pH 4 6
B. Biosorbent dose (g/1) 1 3
C. Initial concentration (mg/l) 50 100
D. Treating agent HCl NaOH
Raw-seeds
© NaOH-seeds
£
§ HCl-seeds
=
4400 3400 2400 1400 400

Wavenumber (cm™!)

FIGURE 1: FT-IR spectra of Raw-seeds, HCl-seeds, and NaOH-seeds
biosorbents.

and hence their quality as biosorbents. These functional
groups are mainly divided as acidic or basic, which affect the
surface charge and consequently the biosorption capability
of the biosorbents. The Boehm’s titration method provides
qualitative and quantitative information regarding the total
amount of basic groups and the amounts of acidic functional
groups such as carboxylic, lactonic, and phenolic. From
Table 2, it can be seen that Raw-seeds, HCl-seeds, and
NaOH-seeds’ surface constituted mainly of acidic groups,
which are due to phenolic, lactonic, and carboxylic groups
and a less quantity of basic groups. So, the surface of these
biosorbents is acidic. The biosorbents having greater surface
acid groups have higher cation exchange properties.
According to the experimental data, the HCl-seeds had an
important amount of acidic groups than Raw-seeds followed
by NaOH-seeds. The use of chemical reagents acid in the
treatment process produces an increase in the amount of
acid groups present in the biosorbent surface. It was ob-
served that the concentration of lactonic and phenolic
groups in HCl-seeds is higher than those of carboxylic
groups.

3.1.3. Morphology of the Biosorbents. 'The surface texture and
morphology of biosorbents were analyzed by SEM in order
to compare the morphology of raw and chemically treated
carob seeds. The SEM images of these biosorbents are
depicted in Figure 2. As it is clearly shown, there is a sig-
nificant difference among the tree samples. In fact, no ob-
vious pores can be seen for Raw-seeds. Then, for the HCI-
seeds, the surface morphology does not have well-defined
pores. However, the NaOH-seeds’ surface indicates some
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TaBLE 2: Chemical groups on the surface of the biosorbents.
. Carboxylic groups Lactonic groups . . .
Biosorbent (meq/g) (meq/g) Phenolic groups (meq/g) Total acid groups (meq/g) Total basic groups (meq/g)
Raw-seeds 0.4070 0.4880 0.4900 1.3850 0.3750
HCl-seeds 0.3810 0.5150 0.5240 1.4200 0.3650
NaOH-seeds 0.4090 0.4830 0.4990 1.3910 0.3870

BEM WY 00 WY SEM WY 58 kY
Wiew fialet 340 pm

SEM MAD S8 ke B RESCLUTION

View fislet 53,1 pm
SAM MAG: 803 kx

FIGURE 2: SEM images of (a) Raw-seeds, (b) HCl-seeds, and (c) NaOH-seeds.

irregular cavities and a changing in the external texture as
a result of the reaction between the raw material and the
treating agent. These different characteristics allow NaOH-
seeds to contribute a high adsorption performance of heavy
metals. These results suggest that the NaOH is an effective
agent for creating well-developed pores on the surface of the
raw material, which is already shown for the alkaline-treated
carob shells [24].

3.1.4. EDX Analysis. EDX is an analytical technique to
identify the element presence on the material surface based
on its characteristic X-ray energy. This technique is normally
coupled with SEM analysis to gain more complete result. The
elemental compositions of Raw-seeds, NaOH-seeds, and
HCl-seeds are tabulated in Table 3. In addition, the ele-
mental compositions are presented under peaks in Figure 3.
The major components of the raw carob seeds were set up to
be carbon (56.13 weight%) and oxygen (35.31 weight%).
However, these Raw-seeds also contain a small percentage of
phosphorus, sulfur, chlorine, potassium, and calcium. After
the HCI treatment, a small reduction in the percentage of
carbon (54.71 weight%) and a significant rise in the quantity
of oxygen (45.10 weight%) was seen. An extinction of po-
tassium and calcium was noticed. However, for NaOH-
seeds, it can be also seen that the percentage of carbon
decreases (48.32 weight%), and the oxygen content increased
to acquired 40.35 weight%. A change in the elemental
composition was noticed after the NaOH treatment which
mainly falls within an appearance of new elements, including
sodium, magnesium, and aluminum and a disappearance of
other elements such as phosphorus, sulfur, and chlorine. As
a result, it might be concluded that the alkaline treatment
increases the percentage of oxygen in HCl-seeds followed by
NaOH-seeds and reduced the amount of carbon for both
biosorbents as the same order.

3.1.5. pH of Zero Charge. The pHpyc is an important
characteristic for the biosorbent as it indicates its acidity-
basicity and the net surface charge of the biosorbent in
solution. The pHpyc was 5.9, 2.3, and 6.9, respectively, for
Raw-seeds, HCl-seeds, and NaOH-seeds. We can see that the
Raw-seeds have an acidic surface. After the treatment by
HCI, we found an increase in the acidity of the biomaterial at
2.3. But, after NaOH treatment, an increase in the pHpyc
appears. The low pHpyc is in agreement with the pre-
dominance of surface acid groups. This result indicates that,
for pH lower than 5.9, 2.3, and 6.9, the surfaces of the Raw-
seeds, HCl-seeds, and NaOH-seeds are positively charged.
Then at these pH, the biosorption of the studied metals was
inhibited, due to the electronic repulsion between metal ions
and positively charged functional groups. Inversely, for pH
superior of 5.9, 2.3, and 6.9, the number of negatively
charged sites on the Raw-seeds, HCl-seeds, and NaOH-
seeds’ surface increases, and metal biosorption becomes
more important.

3.2. Biosorption Performance

3.2.1. Effect of Solution pH on the Biosorption. The pH of the
solution has a significant impact on the uptake of heavy
metals, since it indicates the surface charge of the ad-
sorbent and the degree of ionization and speciation of the
adsorbate [29]. The pH of the solution controls the elec-
trostatic interactions between the sorbent and the sorbate
[30]. However, the dependence of heavy metal biosorption
on pH was different for each metal. Figure 4 shows
the effect of pH on biosorption of Cd(II) and Co(II) onto
Raw-seeds, HCl-seeds, and NaOH-seeds. It can be seen
that the metal biosorption increases with increasing so-
lution pH, and it is strongly dependent on pH solution. It is
known generally that the percent removal of the heavy
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TaBLE 3: Elemental composition of Raw-seeds, HCl-seeds, and NaOH-seeds.
Raw-seeds HCl-seeds NaOH-seeds
Element
Weight % Atomic % Weight % Atomic % Weight % Atomic %
C 56.13 65.81 54.71 61.72 48.32 58.11
O 35.31 31.09 45.10 38.19 40.35 36.43
Na — — — — 413 2.59
Mg — — — — 0.90 0.53
Al — — — — 0.34 0.18
P 0.23 0.11 0.10 0.05 — —
S 0.23 0.10 0.07 0.03 — —
Cl 0.21 0.08 0.02 0.01 — —
K 4,94 1.78 — — 0.17 0.17
Ca 2.95 1.04 — — 1.98 1.98
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FiGure 3: EDX analysis of (a) Raw-seeds, (b) HCl-seeds, and (c¢) NaOH-seeds.

metal ions increases with pH. At low pH, the cations
compete with the H" ions in the solution for the sorption
sites and therefore biosorption declines. In contrast, as pH
increased, the competition between proton and metal
cation decreases which means that there are more negative
groups available for the binding of metal ions which re-
sults a greater metal uptake. On the other hand, at higher
pH, metal cations start to form hydroxide complexes or
precipitate as their hydroxides, which decrease the bio-
sorption of metal ions [31, 32]. The pHpyc values indicate
that the biosorbent acquires a positive charge below a pH of
5.9, 2.3, and 6.9, respectively, for Raw-seeds, HCl-seeds,

and NaOH-seeds. Above these values, the biosorbents’
surface becomes negatively charged [33]. Therefore, the
ionic sorbent-sorbate interaction becomes progressively
significant for pH higher than 5.9, 2.3, and 6.9. As shown in
the figure, the sorption capacities for Cd(II) and Co(II) by
NaOH-seeds are greater than those biosorbed by Raw-
seeds and HCl-seeds. This may be related to the proper-
ties of biosorbent and metal sorbate.

3.2.2. Effect of Biosorbents Dosage. The biosorbent dosage is
an important parameter because this parameter determines
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F1GuRre 4: Effect of pH on the biosorption of Cd(II) and Co(II) onto
the biosorbents: Cy=100mg/L, contact time =120 min, R=2g/L,
and T=25C.

the capacity of biosorbent for a given Cd(II) and Co(II)
concentration and also determines sorbent-sorbate equi-
librium of the system. Figure 5 represents the Cd(II) and Co
(II) removal efficiencies for the study biosorbents. This
figure indicates that the percentage removal of Cd(II) and
Co(II) increased with increasing biosorbent dose due to the
increase in the total available surface area and the number
of active sites for biosorption of the biosorbent particles
[32]. The percentage removal of Cd(II) increased from
20.70 to 76.06%, from 10.60 to 23.65%, and from 32.20 to
99.91% when the biosorbents dosage was increased from
0.5 to 5g/L, respectively, for Raw-seeds, Hcl-seeds, and
NaOH-seeds. For Co(II), the biosorption yield increased
from 12.73 to 36.94%, from 3.34 to 13.50%, and from 17.02
to 55.69% when the biosorbents dosage was increased from
0.5 to 5g/L, respectively, for Raw-carob, HCl-carob, and
NaOH-carob. Therefore, the biosorption yield was almost
the same when the biosorbent dosage was higher than 3 g/L.
This trend could be explained as a consequence of a partial
aggregation of biosorbent at higher sorbent dosage, which
results in the decrease in effective surface area for the [34]
biosorption [35].

3.2.3. Biosorption Kinetics. The effect of contact time on the
biosorption of Cd(II) and Co(II) metal ions is reported in
Figure 6. The evolution of the biosorbed amount of metal
ions with the contact time indicates that the equilibrium was
relatively fast and was totally reached in about 45 min for the
biosorption of Cd(II) by both the biosorbents and was
60 min in the case of Co(II). This equilibrium time is very
short in comparison with other literature results [36-38],
which is one of the advantages of our biosorbents. In Fig-
ure 4, two kinetic regions can be observed: the first one is
characterized by a high biosorption rate, which is due to the
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FiGure 5: Effect of biosorbents dosage on the removal of Cd(II) and
Co(II) by the biosorbents: C, =100 mg/L, contact time = 120 min,
initial pH, and temperature = 25°C.

fact that initially the number of sites of available biosorbent
is higher and the driving force for mass transfer is greater.
Metal ions easily access first the biosorption sites. As time
progresses, the number of free sites of Raw-seeds, HCl-seeds,
and NaOH-seeds decreases and the nonbiosorbed cations in
solution are assembled on the surface, thus limiting the
biosorption capacity.

In order to determine the biosorption efficiency of Cd(II)
and Co(II) on three biosorbents, two kinetic models are
used; the pseudo-first-order and the pseudo-second-order
kinetic models. Kinetic data were analyzed on the basis of the
regression coefficient (r*) and the amount of metal biosorbed
per unit weight of the biosorbent.

The Lagergren first-order rate expression based on solid
capacity is generally expressed as follows [39]:

q=q.(1-¢""), (4)

where g, and q (both in mg/g) are, respectively, the amounts
of metal biosorbed at equilibrium and at any time t (min)
and k; (1/min) is the rate constant of biosorption.
The pseudo-second-order equation is expressed as [40]
ket

= — 5
1+ kyq.t (%)

where k (g/mg min) is the pseudo-second order rate
constant.

The obtained data and the correlation coefficients, 12,
are listed in Table 4. The results show that the calculated
equilibrium values using pseudo-first-order model kinetic
were very close to the experimental ones (q,) than the
others calculated from the pseudo-second-order model
and also showed the best fit to the experimental data with
the highest correlation coefficients (r* = 0.999) for the
both metal ions. From these results, it was concluded that
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TaBLE 4: Pseudo-first-order and pseudo-second-order kinetic parameters for the biosorption of Co(II) and Cd(II).
) Pseudo-first-order Pseudo-second-order
Metal Biosorbent q. (mg/g) . 5 . )
q. (mg/g) k, (1/min) r q. (mg/g) k, (g/mg'min) r
Raw-seeds 34.578 34.159 0.071 0.996 37.230 0.002 0.992
Cd(1I) HCl-seeds 8.942 9.076 0.043 0.991 10.380 0.005 0.972
NaOH-seeds 45.905 45.863 0.296 0.992 42.649 0.009 0.994
Raw-seeds 18.963 18.964 0.064 0.998 20.697 0.004 0.993
Co(II) HCl-seeds 6.929 7.090 0.022 0.984 8.907 0.002 0.973
NaOH-seeds 27.676 27.605 0.051 0.999 28.741 0.005 0.997
the biosorption of Cd(II) and Co(II) onto Raw-seeds, HCI- 50 -
seeds, and NaOH-seeds could be better described by the
pseudo-first-order model. This may be due to rapidity 10
transfer speed of Cd and Co molecules to the surface of the
biosorbent and the availability of active sites.
30
oo
g
3.2.4. Biosorption Isotherms. The biosorption isotherms <90 |
describe how the sorbate molecules are distributed between
the liquid phase and solid phase when the system reaches the
equilibrium. The analysis of isotherm data by fitting them to 104
different models is important to find a sustainable model
that can be used [41]. The biosorption isotherms are illus- 0 . . . X
trated in Figure 7. It is obvious that the amount of metal 0 50 100 150 200
biosorbed increases as its equilibrium concentration in- Ce (mg/L)

creased. This trend may be due to the high driving force for
mass transfer at a high initial heavy metal concentration. In
addition, if the heavy metal concentration in solution is
higher, the active sites of biosorbent are surrounded by
much more ions, and the biosorption phenomenon occurs
more efficiently. Thus, biosorption amount increases with

—a— Raw-carb-Cd(II)
—a— NaOH-carb-Cd(II)
—e— HCl-carb-Cd(II)

—m— Raw-carb-Co(II)
—a— NaOH-carb-Co(II)
—e— HCl-carb-Co(II)

FiGURre 7: Adsorption isotherms of Cd(II) and Co(II) biosorption
by the biosorbents: R=2g/L, initial pH, contact time = 120 min,
and temperature =25°C.



the increase of initial ion concentration [42]. The isotherms’
form was type L for Raw-seeds, HCl-seeds, and NaOH-seeds
according to Giles classification [43].

Several biosorption isotherms can be used to correlate
the biosorption equilibrium in heavy metals biosorption on
several biosorbents. Some well-known isotherms are
Langmuir and Freundlich models.

(1) Langmuir Model. Langmuir isotherm assumes two main
points in the biosorption process. First, the biosorption
happens at specific homogeneous biosorption sites in the
biosorbent. Second, the monolayer biosorption and maxi-
mum biosorption occurs when biosorbed molecules form
a saturated layer on the surface of adsorbent. All biosorption
sites involved are energetically identical, and the in-
termolecular force decreases as the distance from the bio-
sorption surface increases [44].

_ quLCe

©=11k.C. (6)

where g, (mg/g) is the maximum monolayer biosorption
capacity, Ky (L/mg) is the Langmuir equilibrium constant
related to the biosorption affinity, and C, is the equilibrium
concentration.

(2) Freundlich Model. Freundlich isotherm is an empirical
equation assuming that the biosorption process takes place
on heterogeneous surfaces, and biosorption capacity is re-
lated to the concentration of biosorbed metal ions at
equilibrium. Freundlich isotherm is suitable in treating
metal ions’” biosorption at higher concentrations. However,
this isotherm is not suitable for low concentration range.

Freundlich isotherm model is represented by the fol-
lowing equation [45]:

9e = KFCi_/n’ (7)

where Ky (mg'~"/"/g/L") is the Freundlich constant and # is
the heterogeneity factor. The K value is related to the
biosorption capacity, while 1/n value is related to the bio-
sorption intensity.

(3) Analysis of Adsorption Isotherms. The calculated iso-
therm parameters for each model and correlation co-
efficients analyzed by nonlinear regression method are
presented in Table 5. This table shows that the Langmuir
model indicates higher values of correlation coefficients
(r*>0.993) in the biosorption of Co(II) than Cd(III) bio-
sorption onto the three biosorbents. For these reasons, it can
be approved that Langmuir equilibrium isotherm describes
the metal biosorption process using the studied biosorbents
well. This process is occurred by the formation of metal ion
monolayer onto the biosorbent surface with finite number of
identical sites, which are homogeneously distributed over
the biosorbent surface [46]. The q,,,, values were 34.85,
14.08, and 49.11 mg/g for Cd(II) and 24.74, 7.65, and
28.18 mg/g in the case of Co(II) respectively, for Raw-seeds,
HCl-seeds, and NaOH-seeds. We can also conclude that
NaOH-seeds’ biosorption capacity is superior than that of
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Raw-seeds and HCl-seeds. On the other hand, the biosorption
of Cd(II) on the three biosorbents is greater in comparison to
that of the Co(II) biosorption. This may be due to the nature
of the interaction between each sorbate and biosorbent.
However, the Freundlich model provides two parameters: k;
and n. kg is related to the biosorption capacity and biosorption
intensity of the metal ions on the different biosorbents and
represents the quantity of metal ions biosorbed onto bio-
sorbent at equilibrium concentration. n represents the
strength of metal ions’ biosorption on the biosorbent. n value
from 1 to 10 indicates relatively strong biosorption. The
obtained # values in the studied biosorbents were more than
1, which indicates relatively a strong biosorption of the metal
ions on the biosorbents [47].

Table 6 presents a comparison of the maximum ad-
sorption capacity of Raw-seeds, HCl-seeds, and NaOH-seeds
with various adsorbents reported in the literature for the
adsorptive removal of Cd(II) and Co(II). Though there were
variations in some experimental conditions, the table shows
that the biosorption capacity of Raw-seeds, HCl-seeds, and
NaOH-seeds for the both heavy metals is most higher
compared to other adsorbents used in previous studies. This
can be explained by the nature of functional groups present
in the surface of Raw-seeds, HCl-seeds, and NaOH-seeds.

3.2.5. Effect of Temperature. The variation of sorption effi-
ciencies of Cd(II) and Co(II) on Raw-seeds, HCl-seeds, and
NaOH-seeds as function of solution temperature is shown in
Figure 8. It was observed that the temperature does not have
significant influence on the biosorption capacity in the
studied range. The variation in temperature had two major
effects on the sorption process. An increase in the tem-
perature is known to increase the rate of diffusion of the
adsorbate molecules across the external boundary layer and
in the internal pores of the adsorbent particles as a result of
reduced viscosity of the solution [61]. In addition, several
authors have shown that further increases in the temperature
may lead to a decrease in the metal removal percentage. This
may be attributed to an increase in the relative desorption of
the metal from the solid phase to the liquid phase, de-
activation of the biosorbent surface, destruction of the active
sites on the biosorbent surface owing to bond disruption
[62], or weakness of the sorbent active site binding forces
and the sorbate species and also between the adjacent
molecules of the sorbed phase [63].

3.2.6. Effect of Inorganic Ions. Industrial effluents often
contain more than one metal ion. Consequently, biosorption
becomes competitive, in which several metal ions compete
for alimited number of binding sites [64]. Figure 9 shows the
effect of Na*, K, Mg2+, Ca**, and AI*' ions on the bio-
sorption of Cd(II) and Co(II). From this figure, we can
conclude that the monovalent cations K" and Na™ have less
influence on the biosorption. On the other hand, divalent
and trivalent ions inhibit the biosorption on the both bio-
sorbents. The degree of inhibition by the inorganic ions
followed the sequence: K*<Na*<Mg*" < Ca** < AI’* for
the both metals. The monovalent cations Na" and K" are
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TaBLE 5: Model isotherm constants for the biosorption of Cd(II) and Co(II) biosorption onto Raw-seeds, HCl-seeds, and NaOH-seeds.

Raw-seeds HCl-seeds NaOH-seeds
Isotherms Parameters
Cd(I1) Co(II) Cd(I1) Co(II) Cd(II) Co(II)
qm (mg/g) 34.85 24.74 14.08 7.65 49.11 28.18
Langmuir K., (L/mg) 0.082 0.054 0.021 0.086 0.150 1.100
r 0.996 0.997 0.992 0.999 0.999 0.993
N 5.176 5.890 3.352 12.082 4.564 6.091
Freundlich Ky (mgl-1/n/g/Ln) 12.61 9.47 2.40 13.97 17.53 4.68
r2 0.988 0.994 0.988 0.999 0.991 0.973

TaBLE 6: Comparison of biosorption capacity (qm) of Raw-seeds, HCl-seeds, and NaOH-seeds for Cd(II) and Co(II) with different other

biosorbents.

Adsorbent qm (mg/g) Cd(II) qm (mg/g) Co(II) References
Pine bark 28.00 — [48]
Peat 22.50 — [49]
Hazelnut shells 5.42 — [50]
Waste tea leaves 31.48 — [51]
Aquatic plant Najas graminea 28.00 20.6 [52]
Black carrot residues — 5.35 [53]
Coir pith — 12.82 [54]

J. rubens (red algae) 30.50 32.6 [55]

Saw dust 26.73 — [56]
Neem bark 25.57 — [57]
Mangosteen shell 3.15 0.34 [11]
Areca catechu 10;66 27: 5 Eg}
Rose waste biomass 31._3 5 ?7)‘65 EEH
Sargassum wightii 14.90 10.46 [24]
Raw-carob 49.63 30.04 [24]
HCl-carob

NaOH-carob

Raw-seeds 31.35 17.41 Present study
HCl-seeds 14.90 10.46 Present study
NaOH-seeds 49.63 30.04 Present study

bound by ionic attraction and therefore do not compete
directly with the binding of heavy metals by the biosorbents.
However, divalent and trivalent ions prevent the biosorption
on the both biosorbents. The decreasing of AI’* with high
concentrations may be attributed to favorable electrostatic
effects due to the increased number of positively charged
surface binding sites arising from Al’*. However, the effect
of ionic strength is explained as the result of competition of
ions with the heavy metals for electrostatic binding to the
surface of Raw-seeds, HCl-seeds, and NaOH-seeds. Because,
the functional groups are negatively charged, they will
electrostatically attract any cation, be it inorganic or heavy
metal ions of interest [65].

3.3. Optimization of Biosorption Conditions

3.3.1. Experimental Design. Table 7 shows the adsorption
conditions and experimental results for the two responses of
cadmium and cobalt removal. As can be seen, there was
a considerable variation in the removal efficiency of cad-
mium and cobalt at different values of the already selected

factors. Consequently, the maximum sorption capacities of
cadmium and cobalt were 85.73 and 51.90mg/g, re-
spectively. These greater capacities were obtained for the
initial concentration of 50 mg/l, pH = 6, biosorbent dose of
1 g/l with carob seeds treated by NaOH agent. The regression
analysis was performed to adjust the response functions with
the experimental data. The values of regression coeflicient
estimated are presented in Table 8. From the table, the
biosorbent dose and initial concentration present a negative
effect on cadmium and cobalt ions removal, while the pH
and treating agent have a positive effect on elimination of
two heavy metals. The analysis of the interaction effects
shows a significant interaction between biosorbent dose and
treating agent for cadmium removal (b,,=-6.09) with
a negative impact and a significant interaction between
biosorbent dose and initial concentration for cobalt removal
with a positive effect (b,3=2.58).

3.3.2. Analysis of Variance (ANOVA). Analysis of variance
(ANOVA) was carried out to justify the adequacy of the
models. After discarding the insignificant terms, the
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FiGure 8: Effect of temperature on Cd(II) and Co(II) biosorption by the biosorbents: R=2g/L, initial pH, contact time = 120 min, and

Co=100 mg/L.

ANOVA data for the coded quadratic models for the two
responses at a confidence level of 95% are reported in both
Tables 9 and 10. The quality of the model developed was
evaluated based on correlation coefficient, R?, and standard
deviation. Data given in Tables 9 and 10 demonstrate that
the two models were significant at p values < 0.05. The
closer the R* to unity and the smaller the standard de-
viation, the more accurate the response could be predicted
by the model. The regression equations, in terms of their
coded factors, are expressed by the following second-order
polynomial equations:

Y1 =3893+523A-12.86B-4.42C + 11.89D - 2.41AB
—1.57AD + 1.95BC - 6.09BD + 1.66BCD,
(8)

Y2 =23.24+2.15A-4.93B-6.32C + 7.83D - 0,95AB
+2.58BC - 2.48BD.

(9)

According to these equations, it is revealed that the pH
and treating agent have a positive effect on cadmium ions
removal. Moreover, the removal of the cadmium decreased
if biosorbents dosage and initial metals concentration in-
creases. Additionally, the interactions pH (A)- biosorbents
dosage (B), pH (A)-treating agent (D), biosorbents dosage
(B)-initial concentration (C), biosorbents dosage (B)-
treating agent (D), and biosorbents dosage (B)-initial
concentration (C)-treating agent (D) also had a significant
effect on cadmium sorption. The interactions AB, AD, and
BD presented a negative effect on cadmium ions removal.
Then, the interactions BC and BCD presented a positive

effect on cadmium removal. When this interaction is in the
high level, the removal of cadmium increased. It is the same
in the case of cobalt. Furthermore, the interactions pH de la
solution (A)-biosorbents dosage (B), biosorbents dosage
(B)-initial metals concentration (C), and biosorbents dosage
(B)-treating agent (D) also had a significant effect on cobalt
sorption. In fact, the interaction BC had a positive effect on
cobalt sorption proving an increase in this response. On the
other hand, the interaction AB and BD present a negative
effect for cobalt sorption.

3.3.3. Response Surface Analysis. The three-dimensional (3D)
response surface of the tested factors is presented for identi-
fying the type of interaction between the studied factors. For
biosorption of cadmium, there are significant interactions
between pH and biosorbent dose and another one between
biosorbent dose and initial concentration. Figure 10 presents
response surfaces plots for these significant interactions. This
figure indicates that the sorption of cadmium increased with
increasing of pH and and decrease of biosorbent dose with
a fixed initial concentration at 50 mg/l with NaOH treating
carob (Figure 10(a)). Furthermore, the sorption of Cd(II)
increased with decreasing of biosorbent dose and initial
concentration (Figure 10(b)). A maximal sorption cadmium
response is observed at pH=6 and initial concentration of
50 mg/1 at a biosorbent dose of 1 g/l with NaOH treating carob.

Figure 11 presents the significant interaction between
pH and biosorbent dose and another one between bio-
sorbent dose and initial concentration, for the sorption of
cobalt. Figure 11(a) shows that the biosorption of Co(II)
increased with increasing of pH and decreasing of bio-
sorbent dose with a fixed initial concentration at 50 mg/l
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FIGURE 9: Effect of Na*, K*, Ca®", Mg2+, and AI** concentration on the inhibition of the biosorption of Cd(II) and Co(II) onto biosorbents.

with NaOH treating carob. Moreover, when the initial
concentration and the biosorbent dose decrease, the sorp-
tion of cobalt increases at pH = 6 with NaOH treating carob
(Figure 11(b)). So, the best cobalt biosorption was obtained

with pH =6, biosorbent dose of 1g/l, concentration of

50 mg/l, and NaOH treating carob.

3.3.5. Optimization. The two responses were optimized
simultaneously by using the desirability function ap-
proach. The response variable was 1.00. Hence, “R*” is in
consistent enough with the “Ridj . Thus, R*=0.9979,
R?=0.9955 and Rig4; =0.9947, Rig; =0.9916 for Cd(II)
and Co(II) sorption responses. The model F-value of the
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TaBLE 7: Factorial experimental design matrix coded, real values, and experimental results of the responses.
R Coded values Actual values Responses
o A B C D A B C D cd(In Co(11)

1 -1 -1 -1 -1 4 1 50 HCI 30.59 24.22
2 +1 -1 -1 -1 6 1 50 HCl 46.21 29.30
3 -1 +1 -1 -1 4 3 50 HCl 19.23 14.48
4 +1 +1 -1 -1 6 3 50 HCI 29.34 18.05
5 -1 -1 +1 -1 4 1 100 HCl 19.56 5.58
6 +1 -1 +1 -1 6 1 100 HCI 38.86 12.36
7 -1 +1 +1 -1 4 3 100 HCl 11.57 8.64
8 +1 +1 +1 -1 6 3 100 HCl 20.92 10.71
9 -1 -1 -1 +1 4 1 50 NaOH 70.11 42.86
10 +1 -1 -1 +1 6 1 50 NaOH 85.73 51.90
11 -1 +1 -1 +1 4 3 50 NaOH 32.10 26.53
12 +1 +1 -1 +1 6 3 50 NaOH 33.48 29.17
13 -1 -1 +1 +1 4 1 100 NaOH 56.32 27.61
14 +1 -1 +1 +1 6 1 100 NaOH 66.89 31.56
15 -1 +1 +1 +1 4 3 100 NaOH 30.11 18.81
16 +1 +1 +1 +1 6 3 100 NaOH 31.80 20.13

TaBLE 8: Values of model coefficients of the two responses.

TABLE 9: Analysis of variance for sorption of cadmium ions.

Main coefficients Y1 Y2

by 38.93 23.24
b, 5.23 2.15
b, -12.86 —-4.93
bs —4.42 -6.32
by 11.89 7.82
b, 241 ~0.95
bis -0.11 -0.39
bia ~1.57 ~0.03
bys 1.95 2.58
bya ~6.09 ~2.48
bsa ~0.11 ~0.22
bias 0.06 0.03
b1 ~0.49 ~0.18
bisa ~0.49 ~0.41
by 1.66 ~0.22
biasa 0.61 0.43

both responses is greater, in order of 313.12 and 255.37
for Cd(II) and Co(II) sorption, respectively. Further,
these results explain that the models are suitable. Then, it
was found that there was good agreement between ex-
perimentally and model predicted response factor which
confirms the adequacy and the significance of the pro-
posed model. The optimal conditions for high sorption
of cadmium(II) and cobalt(II) were achieved at pH =6,
biosorbent dose of 1g/l, and initial concentration=
50 mg/l with carob seeds treated by NaOH. The greater
sorption capacities were 85.73mg/g for Cd(II) and
51.90 mg/g for Co(II).

4. Conclusion

During this study, raw carob seeds and chemically treated
carob seeds were used as low-cost natural biosorbents for
the removal of Cd(II) and Co(II) from aqueous solutions.

Sum of Mean p value;
Source F value

squares square prob > F
Model 6488.97 9 720.99 313.12 <0.0001 Signiﬁcant
A 437.22 1 43722 189.88 <0.0001
B 2645.07 1 2645.072 1148.73 <0.0001
C 313.043 1 313.04 13595 <0.0001
D 2262.37 1 2262.37 982.524 <0.0001
AB 93.14 1 93.14 40.445 0.0007
AD 39.45 1 39.45 17.13 0.0061
BC 61.03 1 61.03 26.51 0.0021
BD 59324 1 59324 257.64 <0.0001
BCD 44.40 1 44.40 19.28 0.0046
Residual  13.81 6 2.30
Cor.
total 6502.796 15

R* =0.9979; Rl = 0.9947.

The biosorption productivity was tested by using different
biosorption conditions According to these studies, it was
found that the biosorption yield increases with the increase
of biosorbent dosage with an optimum at 0.1 g/L. The
optimum sorption was obtained at basic pH medium. The
sorption process was very rapid, since the equilibrium time
was obtained at 90 min for Cd(II) and 60 min for Co(II).
Biosorption kinetics data were properly fitted with the
pseudo-first-order kinetic model. The equilibrium bio-
sorption was increased with an increase in the initial ions
concentration in solution. The biosorption isotherm could
be well fitted by the Langmuir equation. The temperature
does not have much influence on the biosorption perfor-
mance. Other tests show that the presence of inorganic ions
had specific effects on Cd(II) and Co(II) biosorption onto
biosorbents, with the inhibition effect observing the fol-
lowing sequence: K'<Na'<Mg**<Ca** <Al’*. From
these studies, it can be also seen that chemical pretreatment
the raw carob shell with NaOH strongly enhances its
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TaBLE 10: Analysis of variance for sorption of cobalt ions.

Source Sum of squares df Mean square F value p value; prob > F
Model 2302.19 7 328.88 255.37 <0.0001 Significant
A 74.23 1 74.23 57.64 <0.0001
B 388.97 1 388.97 302.03 <0.0001
C 639.204 1 639.20 496.33 <0.0001
D 980.24 1 980.24 761.14 <0.0001
AB 14.54 1 14.54 11.29 0.0099
BC 106.31 1 106.31 82.55 <0.0001
BD 98.69 1 98.69 76.63 <0.0001
Residual 10.30 8 1.29
Cor. total 2312.50 15
R? = 0.9955; Ry = 0.9916.
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biosorption potential for the cadmium(II) and cobalt(II)
ions. Full-factorial experimental design was used to de-
termine the optimum conditions of different variables
which affect the removal of Cd(II) and Co(II) ions. In order
to achieve approximately the greater values of biosorption
capacities of treated carob shell for Cd(II) and Co(II) ions,
the optimum values of different process parameters were
found to be 85.73 mg/g for Cd(II) and 51.90 mg/g for Co
(II). These higher sorption efficiencies are obtained at
pH=6, biosorbent dose of 1g/l, and initial concen-
tration = 50 mg/l with carob shell treated by NaOH.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Supplementary Materials

In summary, efficient biosorbents were developed from
deoiled carob seeds. The biosorption efficiency was evaluated
for cadmium and cobalt ions removal from aqueous solution
under various parameters. Based on this preliminary study,
four independent variables including solution pH, bio-
sorbents dosage, initial metal concentration, and treating
agent were chosen for the optimization of the process using
full-factorial experimental design. It was found that chemical
pretreatment of the raw deoiled carob seeds with NaOH
strongly enhances its biosorption potential. The optimal
conditions for high biosorption of cadmium(II) and cobalt
(IT) were achieved at pH of 6, biosorbent dosage of 1 g/L, and
initial metal concentration of 50mg/L. (Supplementary
Materials)
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Environmental effects of excessive amounts of atmospheric nitrogen (N) deposition have raised a great deal of attention. In the
present study, the characteristics of N deposition and its contribution to water eutrophication were investigated in the Taihu Basin.
The results showed that the annual average total deposition (TN), total wet deposition (TNyy), and total dry deposition (TNp)
rates were 6154, 1142, and 5012 kg~km72, respectively. Moreover, seasonal fluctuations in TN, TNy, and TNp, deposition were
observed, with a higher N deposition rate occurring in spring and summer. Spatially, the distribution of TN and TN}, deposition
throughout the Taihu Basin was similar. However, the TN deposition rate declined gradually from the southeast to the northwest,
while the TNy, deposition rate increased. A significant positive correlation was also found between the TN deposition contents
with rainfall (R =0.803, P = 0.01), rainfall frequency (R = 0.767, P <0.01), and rainfall intensity (R = 0.659, P <0.05). The TN
deposition concentration was significantly negatively correlated with rainfall (R =-0.999,P<0.01), rain frequency
(R = —-0.805, P <0.01), and rainfall intensity (R = —0.783, P <0.01). The riverine input of TN was estimated to be 112,500 tN-a
and the main N pollutants originated from domestic sewage (accounting for 48.88%) and agriculture (accounting for 28.17%).
Livestock and aquaculture contributed 90% of the agricultural pollutants. Additionally, TN deposition contributed 14,400t N-a™*
to the lake, which accounted for 12.36% of the annual riverine TN inputs. The TN deposition load already exceeds the eu-
trophication critical load in theory. Furthermore, the contribution of N deposition to the lake has been increasing in recent years,
which may accelerate eutrophication of Taihu Lake.

1. Introduction

Nitrogen (N) deposition mainly originates from the dis-
charge of nitrogen oxides (NO,), nitrate nitrogen (NO; -N),
ammonia nitrogen (NH3), and ammonium nitrogen (NH,"-
N) from both anthropogenic and natural sources. Ulti-
mately, these compounds return to the surface via wet and
dry deposition [1, 2]. Atmospheric N deposition represents
an important source of reactive N to the ecosystems [3, 4].

However, excessive N inputs could cause adverse ecological
effects, including soil acidification, plant biodiversity re-
duction, and eutrophication [5-7]. Many literature studies
have shown that the concentration of N deposition in water
N loads has increased [8-10], and the ecological effects of
atmospheric N deposition have received a great deal of
attention in recent years [11, 12]. Many methods have been
employed to collect N deposition, including ion-exchange
resin, micrometeorological integral total N input, and
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minusing methods [13-16]. Due to the rapid population
growth, industrialization, vehicle ownership, and fossil fuel
combustion, the NO, emissions in China have shown
a marked increase of 2.8 times from 1980 to 2003 [17, 18]. Itis
also believed that both the excessive use of chemical N fer-
tilizer and increasing amounts of human, aquaculture, and
livestock excrement may have increased NH; emissions [19].
The fertilizer production in China in 2010 brought out
37.10 Tg of N. Among them, 75.74% was consumed by do-
mestic agriculture, much more than the total world pro-
duction and consumption. However, less than half of the N
application was taken up by the crops [20]. The majority was
discharged into the waterbody or the atmosphere by runoft
and volatilization. The average total NH; emissions in China
is 15 Tg N-a~', approximately 90% of which is contributed by
agricultural activities [21, 22]. Rapid economic development
has resulted in a significant increase in reactive N creation
worldwide in recent years [19]. It is estimated that the total
reactive N produced by anthropogenic activities ranged from
15 Tg in 1860 to 165 Tg in 1995, and global TN deposition is
expected to reach 195 Tg in 2050 [17]. In China, the total NO,
emission from anthropogenic activities increased from
8.40 Tg-N-a~" in 1990 to 11.30 Tg-N-a~" in 2000, while the total
NH; emissions rose from 10.80 Tg:N-a~' to 13.60 Tg-N-a™'
[23, 24]. Western Europe, China, and India have had the
highest N deposition in the world in recent years [25].

The Taihu watershed has played an important role in the
water quantity regulation, industry, agriculture, and tourism.
The lake water was under the oligotrophic status in the 1950s
[26]. However, it underwent more aggravated eutrophication in
the mid-1980s because of the rapid industrial and agricultural
development and excessive population growth [27]. Large
amounts of nutrients have been discharged into the Taihu Lake
via river runoff and N deposition. As a result, the natural
environment of Taihu Lake has already deteriorated signifi-
cantly, and water eutrophication has become a serious problem
[10, 27-29]. As a result, many policies have been initiated to
improve the water quality of Taihu Lake. Nevertheless, the
Taihu Lake water quality has not improved remarkably. Many
prior case studies have been conducted to determine the origins
and forms of N entering the system [30-33]. From year 2002,
a series of investigations for atmospheric N deposition in Taihu
Lake have focused on more and more attention and the results
were used for preliminary calculation of the contribution of N
deposition to the lake [9, 10, 28]. However, studies of the
temporal and spatial distribution of N deposition and the
contribution to the water eutrophication of Taihu Lake need
turther focus. Therefore, the present study was conducted to (1)
characterize the atmospheric N deposition, (2) make a unified
calculation of N migration and transformation in the system,
(3) calculate N loads from the inflowing rivers and explore the
contribution of N deposition to the water eutrophication, and
(4) provide a reference for economic development and envi-
ronmental governance in the study area.

2. Materials and Methods

2.1. Study Area. The Taihu watershed (29°55'~32°19'N,
118°50’~121°55’E) is located in the lower Yangtze River Delta
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(Figure 1). The watershed extends across Jiangsu Province
(53% of the watershed area), Zhejiang Province (33.40%),
Anhui Province (0.1%), and Shanghai (13.50%). Taihu Lake,
the third largest freshwater lake in China, is a typical large
shallow lake with an area of 2338 km” and a mean depth of
1.90 m. More than 200 streams flow radially into the lake.
The Taihu watershed is characterized by a typical subtropical
monsoon climate, with an annual mean temperature of 16°C
and dominant soil types of yellow-brown soil, red soil, and
paddy soil. The main crops in the region are wheat and rice.
Excessive use of N fertilizer is common, particularly in
regions with high population densities, and the average N
fertilizer application rate is 570~600kg-ha™' in the rice-
wheat double cropping rotation system [31]. However,
only ~35% of fertilizer is absorbed in the season [21, 31]. The
rest enters into the environment. For the livestock breeding,
free-range chickens and ducks mode is dominant. Ap-
proximately 65% of the livestock manure in the region is
disposed by the concentrated treatment, while 35% of the
undisposed manure is discharged directly into the water-
body [21], resulting in excessive N levels in local aquatic
systems [21, 31].

The Tajhu watershed has undergone a very high degree
of urbanization and became the most important compre-
hensive industrial base in China [34-37]. As of 2015, the
population of the region was 68.27 million, and the GDP per
capita in the lake basin was USD 1,325. These increased
anthropogenic activities have increased the N deposition
rate and aggravated eutrophication [26-39].

2.2. Extraction N Deposition Data and Correlation Analysis.
The simulation atmospheric N deposition data (in 2015)
were obtained through RAMS-CMAQ (Models 3, USA), and
the horizontal resolution was 64km. The total wet de-
position (TN,,), total dry deposition (TNp), and total ni-
trogen (TN) rates, which included NO, (NO, NO,, NO;,
N,O, and N,0s), NH;, NO; -N, and NH,"-N were orga-
nized using the MATLAB 8.0 (The MathWorks Company,
USA) software. All atmospheric TNy and TNp deposition
rates were obtained using the Kriging interpolation and
mask extraction tool of Spatial Analysis from ArcGIS 10.0
(ESRI, USA). Additionally, SPSS 18.0 (IBM, USA) was used
to make a curve estimation between the concentration of
TNw, NH,-N (including NH,*-N and NHj3), and NO;™-N
deposition rate monthly and meteorological conditions. The
concentration of wet N deposition had a power-type cor-
relation with rainfall. The Pearson correlation method was
used.

2.3. Calculation of N Inputs. Calculation of the N inputs
into a river from different pollutant sources is very
complicated, and considerable uncertainty in the results
exists because of the fluctuating emission coeflicients in
different regions [29, 30, 40]. Accordingly, determination
of the emission coeflicient is essential for calculation of the
N inputs into the waterbody. In the present study, we
calculated the main pollutant source of agricultural
(chemical fertilizer, livestock, and aquaculture), domestic
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TaBLE 1: Coeflicients of various pollutants produced and discharged into rivers.
Industrial effluents Urban sewage Rural-domestic sewage ~ Runoff fertilizer Aquaculture
[41] [42, 43] [44] [38] [28, 45]
Emission coefficient — 2.92kg-N-a'.capita™’ 219 kg:N-a~'.capita™ — 1800 kg-N-(ha-a)™
Coefficient into 0.65 0.80 0.10 0.05 1.00
water

TasLE 2: Different N produced and loss coefficients by livestock.

Pig manure Pig urine

Cattle manure [42] Cattle urine [42] Sheep [29] Chicken [29, 43]

[44] [44]
Emission coefficient (kg~N-a_1~capita_1) 2.34 2.17 31.90 29.20 2.28 0.28
Coeflicient into water 1.08 50.00 5.60 50.00 10.00 7.80

sewage (urban-domestic sewage and rural-domestic sew-
age), and industrial effluents (Table 1) by the following
equation:

Np=Nj-fa+Ng-fg+Nc- fec+Ng- fe (1)
where Ny (t-N-a™!) is the total N discharged to surface
water, N; (i = A, B, C,and E) is the emission coeflicient, and
f:(i=A,B,C,andE) is the coefficient of pollutants into the
waterbody [41], where A represents industrial effluent [42],
B is urban-domestic sewage [43, 44], C is rural-domestic
sewage [44, 45], and E is agricultural pollution [29, 46], and

the emission coefficient of livestock was determined as
shown in Table 2.

3. Results and Discussion

3.1. Chemical Morphological Characteristics of N Deposition.
The deposition rates of TN, TNyy, TNp, NO3™-N, and NH,*-
N were 6514, 1142, 5012, 878, and 1207kg-k1n_2'a_1, re-
spectively (Table 3). The TN deposition rate was higher than
that observed in previous studies [10, 19, 47]. The main N
deposition is dry deposition, which accounted for 81.40%.
Additionally, the NH,"-N/NO;"-N was 1.4:1, indicating that
the pollution resources may originate from the agricultural
activities, as well as rural and urban sewage [48]. Because of
the inadequate sewage treatment system, as well as the high
fertilizer application coupled with low absorption, many N
nutrients were emitted into the atmosphere [21, 31].
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TaBLE 3: Monthly N deposition rate around the Taihu watershed (kg-km >a™").

. Month
Deposition Total
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
TN 321 291 304 747 840 918 612 652 505 310 459 197 6154
NH,"-N 46 31 55 129 159 248 132 114 78 55 103 59 1207
NO; -N 20 39 24 69 82 170 101 194 69 19 72 19 878
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FIGURE 2: Seasonal variations in N deposition flux around the Taihu watershed.

3.2. Spatial and Temporal Distribution Characteristics of N
Deposition. The TN, TNp, and TNy deposition rates
showed seasonal variations in 2015 (Figure 2). The TNy,
deposition rate was higher during summer than winter
because an El Nifio phenomenon occurred in 2015. Cya-
nobacteria usually grow rapidly in summer. At this time, the
high N deposition rate may promote cyanobacterial blooms
in Taihu Lake. The wet N deposition rate in July was lower
than in June, which was affected by changes in rainfall.
However, the continuous heavy rainfall in late June diluted
the wet N deposition concentrations in the atmosphere. This
phenomenon, coupled with the low rainfall in July (due to
the basin being dominated by a subtropical high), caused the
wet N deposition rate to decrease rapidly. The high rainfall in
August and fertilizer application in the paddy field then led
to a remarkable increase in the wet N deposition rate.

The TNp deposition rate increased rapidly during
spring, while it decreased in summer (Figure 2). The NH;
volatilizing from the fertilizer application is emitted into the
atmosphere and then deposited back to the ground after 15
days. Application of fertilizer and pesticides may enhance N
deposition in spring. Moreover, unstable atmospheric
conditions will increase the deposition rate of particulate
matter [49]. Some literature studies have shown that the
deposition of NO, and NO; -N are both positively corre-
lated with illumination intensity. Consequently, the dry
deposition rate may increase due to the rising temperatures
in spring. After fertilizer application to oilseed rape and
wheat, the amount of dry N deposition increased signifi-
cantly in November.

The rates of TNy and TNp deposition both showed
significant spatial distribution in 2015 (Figure 3). Specifically,
the TNyy deposition rate decreased gradually from northwest

to southeast, while the TNy, deposition rate increased. The
wet deposition rates were highest (1640 kg-km’z-a’l) in
Changzhou and Zhenjiang, which are in the northwest
of the Taihu Lake Basin. Low levels of deposition
(500~770 kg-km 2a™".TNyy) were observed in Shanghai. The
precipitation in the northern Taihu Lake Basin was higher
than that in the south in 2015, with the largest precipitation of
1186.7mm occurring in the Wu-Cheng-Xi-Yu area. The
higher rainfall which resulted in more N deposition in this
area may be the reason.

The low levels of precipitation in Shanghai resulted in
most of the particulate matter returning to the surface via
dry deposition. Indeed, the highest dry deposition rate of
10,870 kg'km 2.2~ was observed in Shanghai. Moreover, N
deposition formed a high-value band in the cities of
Shanghai, Suzhou, Wuxi, and Changzhou because of the
higher levels of the industrialization and urbanization. The
increased N nutrients accumulated through the discharges
from the urban sewage and fossil fuel, especially from vehicle
exhaust. Suzhou, which is located on the west of Taihu Lake,
has an open terrain and high amount of green area, resulting
in lower pollution, and therefore lower N deposition, than
other cities.

3.3. Comparisons of N Deposition Values. Monitoring of the
deposition rates of TNy, NH4'-N, and NO; -N revealed
values of 1647, 986, and 661 kgkm %a™', respectively, in
Nanjing from July 2015 to June 2016 (Figure 4). The simulated
deposition rates of TNy, NH,"-N, and NO3;™-N were 1653,
508, and 1144 kg-km 2!, respectively. Both the monitored
and simulated values showed significant seasonal variations in
spring and summer. An obvious decrease in the monitored N
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FIGURE 3: Spatial variations in N deposition (kg-km?*a™') in the Taihu watershed.
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FIGURE 4: Monthly TN deposition (kg-N-km?>a™') in Nanjing and the simulated value for the Taihu watershed.

deposition rate in June 2016 was observed. Less precipitation
at this time may be the reason. However, the rainy season
began in July. In the meantime, the N deposition rate in-
creased remarkably. Overall, there was good consistency
between the monitored and simulated values.

Atmospheric total wet inorganic nitrogen (TIN) de-
position rates in the Taihu watershed were compared with
those for other areas in China (Figure 5). The TIN,, in the
Taihu watershed was higher than in other regions of China
from 2001 to 2015. Specifically, the TIN,, deposition rate in
the Taihu watershed increased before 2011 and then de-
creased obviously. The mean annual TIN,, deposition rates
in the Taihu watershed, North China Plain, Pearl River
Delta, and Western China were 2736, 2352, 2267, and
446 kg-km from 2001 to 2015, respectively. However, if the

dry deposition rate was considered, the North China Plain
had the highest TN deposition rate because the dry de-
position rate is higher in northern than in southern China.
Consequently, the mean annual TN deposition rate would
reach from 3908 to 4560kg-km > in the Taihu watershed.
Obviously, the TN deposition load already exceeds the the-
oretical critical eutrophication load of 491 kg-km_z-a_1 [9].

3.4. Influence of Meteorological Conditions on N Deposition.
Results of the Pearson correlation analysis showed that
meteorological conditions were significantly correlated with
TN,, deposition rate (Table 4 and Figure 6). Moreover,
a significantly negative correlation was found between
the concentration of TN deposition and rainfall (Y =
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TaBLE 4: Correlation (R) between wet N deposition and meteorological conditions.

Rainfall Frequency Intensity N deposition Concentration
Rainfall 1 — — — —
Frequency 0.646" 1 — — —
Intensity 0.933"* 0.343 1 — —
N deposition 0.803** 0.767"* 0.659* 1 —
Concentration -0.999"* -0.805"" -0.783"" -0.847"" 1

Values are given with their level of significance: **p <0.01; *p < 0.05.
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FIGURE 6: Monthly rainfall and TN, deposition.

189.268X%%7 R = —0.999, P < 0.01), rainfall frequency (R =
—0.783, P <0.01), and rain intensity (R = —0.783, P <0.01).
However, it was significantly positively correlated with TN
deposition. Under the same precipitation scale, the N
concentration of rain may gradually decrease. The neg-
ative correlation indicates that precipitation can remove
N nutrients from the atmosphere and that light rain results
in greater removal than heavy rain. The positive correlation
between precipitation and N deposition rate explains the

cumulative effect of N nutrients in water bodies after
rainfall, as well as the dilution effect of heavy rain.

3.5. Influence of NHj from Agriculture on N Deposition.
Agricultural activities may be the major sources of NHj;
emissions, especially from livestock and fertilizer volatiliza-
tion. Changshu, which has a good agricultural base in the-
Taihu watershed, was investigated in this study. A remarkable
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Ficure 8: TN input into the lake and TN deposition rate in Taihu watershed from 2007 to 2015.

correlation between TN loads of water and N fertilizer applied
per hectare was observed (Figure 7). Fertilizer is applied to
rice paddies, wheat fields, and oilseed rape fields in March,
July, and November. At that time, the wet N deposition rate
increased rapidly, demonstrating that ammonia from farm-
land fertilizer made a significant contribution to N deposition.
With the excessive fertilizer application and low absorptivity
in this area, the concentration of TN in water bodies has
increased in recent years. The mean NHj; deposition rate was
found to be 688 kg-ha™', accounting for 56.80% of NH;*-N
from the simulation date. Consequently, the volatilization of
NHj; from fertilizer concentration to N deposition cannot be
ignored.

The typical characteristics of livestock and aquaculture are
free-ranging in or near the water bodies in this area. About
35% of the manure was discharged into the river directly from
undisposed manure [21, 31]. The gross value of production of
aquaculture increased from USD 0.87 billion in 2000 to USD
2.13 billion in 2015, while the gross value of livestock pro-
duction increased from USD 0.5 billion to USD 1 billion.
Increasing amounts of N are discharged into aquatic systems
and the atmosphere under the imperfect excrement disposal
system. If effective measures are not taken, NH; volatilized
from agricultural systems will continue to increase because of

the rapid development of livestock, aquaculture, and excessive
fertilizer application.

3.6. Estimated Contribution of N Deposition to N Loads of
Water in the Taihu Watershed. Based on equation (1), the
annual riverine input of TN was estimated to be 112,500t N-a™".
The main N pollutants originated from domestic sewage
(48.88%) and agriculture (28.17%). Among the agricultural
pollutants, livestock and aquaculture contributed 90.00%.
However, many studies have shown that the heavy N load
in Taihu Lake originated from agricultural activities. In the
present study, the TN deposition load into the lake was
calculated based on an area of 2338 km® and an annual TN
deposition load of 14,400t N-a~'. The annual TN deposition
accounted for 12.36% of the annual riverine input of TN.
When compared to the case studies conducted from
2007 to 2015 [9, 10, 28, 50-52], the contribution of N de-
position to Taihu Lake showed an increasing trend (Figure 8).
The eutrophication critical load of atmospheric N deposition,
which is the minimal amount of N required to stimulate
eutrophication, is lower than 658kgkm >a™' for Taihu
Lake [53]. Additionally, the allowable TN load in the Taihu
Lake ecosystem was estimated to be only 491 kg-km -a™"



[9], while the TN deposition rate was found to be
6514kg-km~>-a~" in the present study. Obviously, the TN
deposition load already exceeds the eutrophication critical
load in theory. Accordingly, this phenomenon may ac-
celerate the eutrophication process of Taihu Lake. Overall,
our results indicate that the contribution of TN deposition
to water N load cannot be ignored when the pollution
sources are considered.

4. Conclusions

To better understand the spatial-temporal distribution
characteristics of N deposition and its estimated contri-
butions to water eutrophication, the N deposition in the
Taihu watershed was investigated. The results revealed the
following:

(1) Deposition rates of TN, wet deposition, dry de-
position, NO;™-N, and NH,"-N were 6514, 1142,
5012, 878, and 1207 kg-km 2a', respectively.

(2) The TN, TNy, and TNp deposition had significant
temporal and spatial distribution features. Season-
ally, both deposition rates were higher in spring and
summer. Spatially, the TNy, deposition rate de-
creased from northwest to southeast while the TN
deposition rate increased.

(3) Correlation analysis showed that rainfall was sig-
nificantly correlated with N deposition rate. Rain
could clean the atmosphere and that light rain did so
more effectively than heavy rain.

(4) The TN deposition contributed to the Taihu lake was
14,400 t N-a™', 12.36% of the total annual N input via
inflow rivers. The main N pollutants originated from
urban domestic sewage and agriculture, especially
fertilizer and livestock.
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The present study aims to assess the spatial and temporal variations of the hydrochemical characteristics of Mateur aquifer
groundwaters, a crucial water resource in the northeast of Tunisia. The aquifer was subject to water quality deterioration due to
salinization and nitrate contamination, and a new assessment of water quality was needed. For this purpose, 40 groundwater
samples were collected during wet and dry seasons and analyzed for salinity, pH, T, O,, major cations and anions, and nutrient
elements using standard methods and Water Quality Index (WQI). The results showed that most of the groundwater parameters
were not within the permissible limits set by the World Health Organization in both seasons. The geochemical data were
interpreted using WQI for drinking water. The spatial distribution maps of Water Quality Index showed that the highest quality
was found, during both seasons, in the northwest and the southeast part of the aquifer, corresponding to the recharge zone,
whereas the poor and very poor water quality was found in the outflow part of the aquifer. According to sodium adsorption ratio
(SAR) and Na% values, most of the groundwater samples were not suitable for irrigation purposes and characterizing the eastern

part of the aquifer and the outflow part of the aquifer, around the Ichkeul marshes.

1. Introduction

Groundwater is becoming the major source of water supply
for domestic, industrial, and agricultural sectors of many
countries all over the world. It is estimated that approxi-
mately one-third of the world’s population uses ground-
water for drinking [1]. Several Mediterranean countries are
already facing a situation of severe water quality degrada-
tion, mainly due to anthropogenic activities (agriculture,
industry, urban development, and increasing exploitation of
water resources) as a direct impact of climate change. Water
quality is rapidly declining worldwide, particularly in de-
veloping countries, due to natural and anthropogenic pro-
cesses [2, 3]. Water pollution affects human health, economic
development, and social prosperity [4]. The importance of

water quality in human health has recently attracted a great
deal of interest.

An understanding of the spatial variation and processes
affecting water quality is essential in sustaining usable water
supplies under changing climate and local environmental
pressures. Temporal changes of recharged water composition,
hydrologic and human factors, may cause periodic changes in
groundwater quality [5]. The quality of alluvial groundwater in
rural areas is sensitive to contaminants originating from ag-
ricultural chemicals, such as, fertilizers, pesticides, and lime
[6, 7]. The use of nitrogen fertilizers frequently leads to ex-
tremely high nitrate concentrations in groundwaters and may
cause serious health problems [8, 9].

In such circumstances, the knowledge of temporal and
spatial trends of water quality should help in the decision-making
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process, particularly in developing countries, where there are
insufficient data [10].

In Tunisia, where the climate is dry over most of its
territories, water resources are both scarce and unequally
distributed through time and space, with a potential de-
crease, due to overexploitation, exploitation of nonrenew-
able deep aquifer, salinization, and pollution [11].
Agriculture uses approximately 80% of all water resources
[12]. Mateur alluvial plain is one of the major agricultural
regions in Tunisia, and its water resources originate mainly
from the alluvial aquifer, which support the local domestic
and agricultural water supply with 49% and 51%, re-
spectively [13]. Although Mateur is not a particularly water-
stressed region, brine water around Ichkeul marshes and
salty soils contribute to water salinization in some shallow
wells. Even more, excessive agricultural activities may be the
cause of its water contamination with nitrate.

This paper highlights the spatial and temporal variations
in groundwater quality in an alluvial agricultural plain in
Mateur region and evaluates the suitability of groundwater
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for irrigation and drinking purposes for sustainable agri-

culture and basic human needs. For these purposes, we used
an integrated Water Quality Index (WQI), the sodium
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adsorption ratio (SAR), the sodium percentage (% Na), and
the permeability index (PI).

2. Setting and Methods

2.1. Location and Climate. Mateur plain is located in Bizerte
region, in the northeast of Tunisia (Figure 1) and has a surface
area of 260 km? in the vast Ichkeul catchment (2600 km?). The
climate is typically Mediterranean, subhumid with a consid-
erable variation in mean monthly temperatures. The coldest
month is January, with a mean temperature of 11°C, and the
hottest is August, with a mean temperature of 27°C. The
ombrothermic diagram (Figure 2) shows two periods: a wet
period which lasts 7 months from November to May and a dry
period which lasts 5 months from June to October. The mean
annual precipitation (1998-2008) in the area is 518 mm and
the mean annual evapotranspiration is 1074 mm.

2.2. Geological and Hydrogeological Setting. Mateur plain
covers different statigraphic units ranging from Triassic to
Quaternary [14]. The stratigraphic sequence primarily
consists of carbonate formations, which characterize the
Tertiary deposits of Ichkeul Mountains. In the Mateur plain,
outcrops prior to Quaternary are found only on the three
Campanian hills of Sidi Mbarek, Mateur, and Ras El Ain.

Miocene is mainly developed in the east of Mateur plain and
the north of Ichkeul lake, and it is composed of gypsum and
marl. The Quaternary and recent alluvium cover the major
part of the plain and are composed of silt and detrital
formations. The aquifer system is made up of multilayers,
which are either saturated or unsaturated [15] (Figure 3).
These layers are composed of alluvial, eolien, and minor
lacustrine deposits [16]. The main sources of alluvial aquifer
recharge are rainfall infiltration and leakage of rivers
(Joumine, Tine, Sejnane, Melah, and Rezala). According to
piezometric maps (Figure 4), Mateur aquifer groundwater
flow is roughly oriented northward in the upstream part of
the plain, whereas in the downstream part, it is controlled by
the draining action of the Joumine River.

Water loss from the aquifer is through discharge to the
lake Ichkeul, evaporation, and pumping for domestic and
agricultural purposes. The water table generally lies within
8-10m of land surface, facilitating additional groundwater
loss via evapotranspiration. The alluvial aquifer has trans-
missivity values ranging from 2107 to 20-10> m?/s.

2.3. Soil Type and Agriculture Practices. According to Mori
[17], two major soil types are observed in Mateur plain:
fluvisol and hydromorphic and holomorphic soils with high
salinity.
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TaBLE 1: Details of fertilizer application for different crops in the study area.
o ) Cereals Fodder Legumes Tree crops
Fertilizer type (kg-ha ")
Nov Jan Feb March Sept Jan Dec Jan Oct Feb
DAP N-P,O; 150 — — — — — — 200 — —
Ammonium — 150 150 150 — 150 — 200 — 150
Super 45 P,05 — — — — 100 — 100 — 150 —
TABLE 2: Statistical summary of hydrochemical parameters of the study area.
Unit Wet season (May) Dry season (October)
ni
Min Max SD* Min Max SD*
Cl” mg/L 67.45 2406.90 524.66 106.50 4402.00 844.89
SO, mg/L 223.53 2483.48 497.45 221.89 3591.36 583.38
HCO3~ mg/L 54.92 622.40 150.35 86.65 693.19 146.93
Ca™* mg/L 20.00 480.00 82.33 10.00 763.40 135.97
Na* mg/L 49.00 1728.00 376.45 11.25 170.13 40.30
Mg** mg/L 12.70 140.00 27.33 39.33 2576.00 491.23
K* mg/L 0.78 101.60 17.84 0.00 169.00 29.88
T °C 16.20 26.80 2.16 18.20 26.70 1.98
Conductivity mS/cm 0.54 8.64 1.94 0.72 14.59 2.98
Salinity g/L 0.41 6.55 1.47 0.54 11.07 2.26
pH 6.18 8.39 0.39 7.13 9.08 0.33
0O, mg/L 1.20 7.60 1.36 0.60 5.20 1.09
NO7; mg/L 0 273.15 79.76 0.72 278.6 64.99
NH,* mg/L 0 6.63 1.08 0 0.2 0.03
NO,~ mg/L 0 1.56 0.37 0 0.23 0.06
HPO, ug/L 10 6.37 1.02 20 4.82 0.82

*Standard deviation.

Mateur region land is mainly used for growing cereals
and fodders. A large amount of synthetic fertilizers (DAP,
ammonium, and super 45) are applied during the farming
season (winter through spring) [18]. Fertilizer quantities

(kg/ha) and application time are given in Table 1. Almost all
farmers apply more than the recommended dose. Besides,
over the last few decades, fertilizer management has been
dramatically modified, and for economic considerations,
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crop rotations are rarely applied and cereals are the pre-
dominant land use for many successful agricultural years.
With regard to livestock, cattle livestock is the main practice
in the irrigated areas of Mateur. Animal resources are es-
timated for the year 2012 of around 45,627 head of sheep and
7,789 head of cattle [19]. NO; fluxes from farm discharges
are estimated to be about 120 kg/ha/year [20].

2.4. Sampling and Analytical Methods. Groundwater sam-
ples were obtained from monitoring wells in the alluvial
aquifers. A total of 70 samples were collected in wet and dry
seasons in order to capture seasonal variability in water
quality.

The piezometric level, pH, electrical conductivity (EC),
dissolved oxygen, and temperature were measured in situ.
Samples were kept at 4°C for their subsequent chemical an-
alyses. Afterwards, the samples were filtered through a 0.45 ym
Millipore filter. Chloride was determined by standard AgNO;
[21]. Sulfate (SO,%7) content was measured by the gravimetric
method using BaCl,. Sodium (Na™) and potassium (K*) were
measured by flame photometry, and calcium (Ca®*) and
magnesium (Mg”") were measured with atomic absorption.
Alkalinity was determined by titration with HCL

The quality of chemical analysis was checked by making
an ionic mass balance, accepting an error rate lower than 5%.
Nitrate, nitrite, ammonium, and ortho-P were analyzed by
colorimetric methods described by Rodier [21], using so-
dium salicylate, diazotization, blue of indophenol, and
phosphomolybdate methods, respectively. The obtained

results were applied to statistical study using Andad software
[22]. Statistical summaries of the parameters analyzed for
this study are presented in Table 2. Data were made available
in a format that is accessible via GIS. Surfer 8 was used to
generate different spatial distribution maps of various
chemical constituents in the study area. Water Quality Index
(WQI), sodium adsorption ratio (SAR), sodium percentage
(% Na), and permeability index (PI) were used to evaluate
the suitability of groundwater for irrigation and drinking
purposes.

3. Results and Discussion
3.1. Mateur Groundwater Geochemistry

3.1.1. pH and T°C. 'The pH values of Mateur alluvial aquifer
water range from 7.18 to 8.39 during the wet season and
between 7.02 and 8.11 throughout the dry season.

The spatial and temporal variations of pH are controlled
by the quality and the infiltration rate of recharge water, the
replenishing water rate and water-rock interaction in the
aquifer. These pH values are all in the desirable limits set by
the World Health Organization (WHO) [23].

The temperature values of groundwater varied from
18.9°C to 25.6°C during the wet season and from 18.2°C to
26.7°C during the dry season. The highest temperature
values, for the same well or borehole, are recorded during
dry season. The spatial variation of temperature is a function
of the recharged water and of the infiltration transfer time,
which in turn both depend on porosity, lithology, and
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thickness of the unsaturated zone. For the same sampling
period, the spatial variation is marked by a decrease as the
depth increases.

3.1.2. Salinity, Sodium, and Chloride. Water salinity of the
Mateur aquifer varied from 0.1 to 4.5g/L during the wet
season and from 0.1 to 8.4 g/L throughout the dry season.
The highest values were recorded during the dry season

(October), whereas the lowest values were recorded during
the wet season (April). The spatial distribution maps of
salinity (Figures 5(a) and 5(b)) show that the lowest values
are recorded both during the wet and the dry season in the
northwest and southwest parts of the aquifer. These parts
correspond to the natural recharge area (dilution effect) with
an increasing trend of salinity values in the water flow di-
rection. The high salinity levels are related to the infiltration
of salty water from Ichkeul marshes and of salty soil leachate
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located south of Ichkeul. The main factors contributing to
the groundwater salinity are dilution or evaporation, the
thickness and the nature of sediments in the vadose zone,
and the salty water intrusion around Ichkeul lake [11].
The concentration of chloride varied from 67 to 2406 mg/L
during the wet season and from 49 to 4402 mg/L throughout
the dry season. Sodium contents ranged between 49 and
1728 mg/L during wet season and between 39 and 2576 mg/L
during dry season. Concentrations of chlorides and sodium
show little seasonal variation. A slight decrease, more

A Wet season
A Dry season

FIGURE 10: Bivariate pot of Ca** versus Mg>".

important in the most mineralized waters, can be explained by
the dilution caused by rainwater infiltration during the wet
season (April), whereas evaporation contributes to ion con-
centration increase throughout the dry season.

Cl shows a strong positive correlation with Na (Figure 6(a))
and with salinity (Figure 6(b)), indicating that these ions seem
to be dominant in the groundwater mineralization process and
have the same origin: the dissolution of halite occurring in
saline surface deposits and marshes around the Ichkeul lake
and around salty soils.
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3.1.3. Ca®*, Mg’", HCO;~, and SO,. The spatial distri-
bution maps of Ca** levels show that the highest values
characterize the northeastern and the outflow parts of the
aquifer (Figures 7(a) and 7(b)). An increasing trend with the
flow direction is registered, especially during the wet season.
The spatial distribution maps of sulfate contents (Figures 8(a)
and 8(b)) show that higher sulfate values characterize the
northeastern and the outflow parts of the aquifer.

A good positive correlation of Ca** versus HCO;~ and
SO,* (Figure 9) shows that the calcium originates, in ad-
dition to the dissolution of the calcite, from the dissolution
of gypsum (R1 and R2), where the dissolution of one mole of
calcite and one mole of gypsum was put into solution of two
moles of Ca**, one mole of SO,*~, and two moles of HCO; ™

CaCO; + H,0 + CO, (g) — CazJr +2HCO;~ (1)

CaSO, - 2H,0 — Ca," + SO,” +2H,0 (2)

Magnesium contents in Mateur aquifer ranged from 10
to 290 mg/L during the wet season and from 11 to 170 mg/L
during the dry season. The lowest values are recorded
throughout the wet season, while the highest values are
recorded throughout the dry season.

A relationship of Ca versus Mg shows a positive cor-
relation (R*=0.59) (Figure 10), indicating the common
origin and the similar geochemical behavior of these ions,
which could be derived from the dissolution of magnesium
calcite Ca;_, Mg,CO:s.

3.1.4. Chemical Water Types. The Piper diagram (Figure 11)
shows that groundwaters of the studied area are classified
into two predominant facies:

(i) Mixed facies: Ca-Na-SO,-Cl and Ca-Na-HCO;-Cl
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(ii) Na-Cl facies: they characterize discharge zone and
are well influenced by the leaching of salty deposits.

3.1.5. NOs;~, NO,, NH,", and O, To assess the possible
anthropogenic effects on groundwater quality, water sam-
ples were classified into three groups based on the NO;
concentration during the study period as (a) below 50 mg/L,
(b) 50-150 mg/L,s and (c) above 150 mg/L. Figures 12(a)
and 12(b) illustrate a complex spatial pattern of nitrate
within the aquifer. Nitrate has a WHO (World Health or-
ganization) guideline value of 50 mg/L and exceeded this
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FIGURE 13: Bivariate pot of NO,~ versus NH," (a) and NO;™ (b).

concentration in 48% and 32% of samples in wet and dry
seasons, respectively. The highest values were 485 mg/L and
336 mg/L during wet and dry seasons, respectively. High
concentrations of nitrate are recovered in the northwestern
and central part of the aquifer. Areas where nitrate con-
centrations are lower than 50 mg/L are located in the western
part of the aquifer, which corresponds to the natural re-
charge zone. Considering the temporal pattern, a similar
distribution pattern was observed in the dry and the wet
seasons, but the magnitude of concentration was higher
during the wet season. Elevated nitrate concentration was
noted during the wet season due to the combination of high
nitrogen fertilizer applications from January to May and the
subsequent irrigation. Throughout the dry season, elevated
nitrate concentration can be explained by irrigation with
NOj;-rich water. Indeed, fertilizer management adopted by
farmers is most probably partially responsible for the ob-
served pollution of the groundwater. This spatial distribu-
tion is also controlled by the physical, environmental, and
chemical properties of the soil [24] and the particle size,
lithology, and the thickness of the unsaturated zone [25].
Indeed, in spite of the position of the wells 2, 14, 26, 22, and
25 in the irrigated perimeter, they have lower nitrate con-
centration. This is explained by a clay unsaturated zone with
a low permeability ranging between 86 and 433 mm/day.
High permeabilities (4335 mm/day) with the correspond-
ingly silty sand and silty unsaturated zone are also consistent
with the higher groundwater nitrate concentrations in the
wells 10, 15, 17, 19, and 28. Point nitrate groundwater
pollution does not seem to be important in the studied area.
Indeed, industrial and urban wastewater discharge into the
Joumine River, which plays a groundwater drainage role to

the Ichkeul Lake, cause, locally, eutrophication in its
southern part.

Groundwater samples in the studied area are fairly
oxygenated, so NO, and NH," concentrations were almost
absent, except few wells which have dramatically higher
values. Nitrite contamination is indicative of local and re-
cently generated contamination [26, 27], whereas the
presence of ammonium ions in groundwater is generally an
indicator of groundwater pollution [28]. High nitrite values
are related to wastewater leaching. The ammoniacal nitrogen
may originate from the degradation of dissolved organic
matter or from the infiltration of leachate water of fertilized
soils.

The absence of correlation between the different in-
organic nitrogen compounds (NO;~, NO,~, and NH,") and
O, ((Figures 13(a) and 13(b)) and (Figures 14(a)-(c))) shows
that nitrates within the Mateur aquifer waters are mainly
derived from the infiltration of leaching water from culti-
vated land in addition to a small proportion related to
nitrification.

3.1.6. Ortho-P. The solubility of inorganic forms of phos-
phorus, mainly represented by orthophosphates, is pH de-
pendent. The equilibrium reactions between orthophosphates
are the following [29]:

H,PO, <= H,PO, +H" pK=22 (3)
H,PO, <= HPO, +H' pK=72 (4)
HPO,” &=PO,” +H" pK=123 (5)
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TaBLE 3: Weight and relative weight of chemical parameters used
for WQI computation.

TaBLE 4: Water Quality Index (WQI) ranges and percentage of
samples during wet and dry seasons.

S; w; \f
Salinity 1500 5 0.152
Bicarbonates 1 0.030
Chlorides 400 5 0.152
Sulfates 400 5 0.152
Nitrates 50 5 0.152
Calcium 300 3 0.091
Magnesium 150 3 0.091
Sodium 200 4 0.121
Potassium 2 0.061
Total w; =33 Total W, =1

These reactions indicate that HPO,?™ is the dominant
form within a pH range of 7.2 and 12.5. According to the pH
values of groundwater in the study area, the dominant form
of orthophosphates is HPO,>~ with contents between 10 and
482 pg/L during the wet season and between 20 and 637 ug/L
during the dry season. The highest orthophosphate contents
are recorded in the outflow parts of the aquifer and might be
connected to the fertilization of agricultural land by phos-
phorus fertilizers (diammonium phosphate and super 45).
Indeed, the repeated phosphorus fertilization increases the
transfer of phosphorus to the aquifer [30, 31]. High or-
thophosphate levels would be related also to the discharge of
urban wastewater in Joumine River.

3.2. Groundwater Suitability

3.2.1. Suitability for Drinking Purposes Using Water Quality
Index (WQI). Water Quality Index is one of the most ef-
fective tools to communicate information on the quality of
water to the concerned citizens and policymakers. It is an
important parameter for the assessment and management of
groundwater. WQI is defined as a rating reflecting the
composite influence of different water quality parameters
[32]. By mapping the index, the areas of high and low water

wal Water quality Wet Dry
range season season
<50 Excellent 12.50 10
50-100 Good 40 45
100-200 Poor 35.50 35
200-300 Very poor 5 2.50
5300 Unsuitable for domestic 7 50 750

purposes

quality can easily be distinguished by scientists as well as by
policymakers or the general public, for treatment before
various uses [33].

To compute the WQ]I, three steps are followed [34]. In
the first step, each of the 9 parameters is assigned a weight
(W;) according to its relative importance in the overall
quality of water for drinking purposes (Table 3). In the
second step, the relative weight (W;) is computed from the
following equation (6):

w;

R it ©
1= 1

where w; is the weight of each parameter and # is the number
of parameters.

To compute the WQI (9), the SI is first determined for
each chemical parameter, which is then used to determine
the WQI as in the following equation (7):

SI; = W, g, (7)

q; = (%) * 100, (8)

where C; is the concentration of each chemical parameter in
each water sample in mg/L.

S; is a World Health Organization’s standard for each of
the major parameters in drinking water [23].
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where SI; is the subindex of ith parameter, g; is the rating
based on the concentration of ith parameter, and # is the
number of parameters.

The computed WQI values are classified into five types,
from “excellent water” to “water, unsuitable for drinking”
(Table 4) [32]. In the current study, a total of nine chemical
parameters (salinity, Na*, Cl~, Ca®*, Mg*", SO,*~, K",
HCO;™, and NO;") of 40 water samples were used to
calculate WQI, in order to assess the suitability of the
Mateur aquifer groundwater for domestic (drinking) use.
The weights assigned to the parameters ranged between 1
and 5 (Table 3) and were based on the health effects of
these parameters. The highest weight (5) was assigned to
salinity and nitrate due to their major importance in water
quality assessment and the health implications of the high
concentration of these chemical parameters in water
[35, 36].

The spatial distribution of Water Quality Index (Figure 15)
shows the highest quality (12.5% and 40% of groundwater
samples fell into excellent to good, resp., during both
seasons). These two categories characterize the northwest
and the southeast part of the aquifer, corresponding to the
recharge zone. The water samples within poor quality, very
poor quality, and unsuitable for drinking purposes con-
tributed 35.5%, 5%, and 7.5% of groundwater samples,
respectively in the wet season with no remarkable difference
in the dry season. Poor and very poor water qualities were

found in the center and east part of the aquifer and cannot be
used for drinking without any treatment and conventional
disinfection, whereas water “unsuitable for drinking pur-
poses” could only be used for aquaculture, irrigation, and
industrial purposes and characterizes the outflow part of the
aquifer [37].

3.2.2. Suitability for Irrigation. The long-term effect of ir-
rigation water on physical and chemical properties of soil
and crop productivity depends on the conductivity and
sodium contents, dissolved inorganic carbon and alkaline
earth elements (Ca and Mg) of irrigation water, and initial
physical properties of soil [36].

In order to assess the irrigation suitability of Mateur
aquifer groundwaters, the following parameters were used:
sodium percentage (% Na), sodium adsorption ratio (SAR),
and permeability index (PI).

(1) Sodium Adsorption Ratio (SAR). The sodicity hazard of
water is generally described by the sodium adsorption ratio.
Indeed, there is a significant relationship between SAR
values of irrigation water and the extent to which sodium is
adsorbed by the soil [24]. If water used for irrigation is high
in sodium and low in calcium, the cation exchange complex
may become saturated with sodium, which can destroy the
soil structure due to the dispersion of clay particles [38]. SAR
is computed from the following equation (10), where the
concentrations are reported in meq/L.
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TaBLE 5: Irrigation quality of groundwater based on sodium percentage.

C2S1 (%)  C3S1 (%)  C4aS2 (%)  C4bS2 (%)  C4aSl (%)  C4bS4 (%)  C4bS3 (%)  C3S4 (%)
Wet season 5 42 21 2 — 3 — —
Dry season 3 36 18 3 12 — — 3
Na important risk of soil salinization, but with medium risk of
SAR = (10)

\/(Ca+Mg/2)

The SAR values in the study area range between 4.08 and
13.9. All the sampling points on the US salinity diagram are
shown in Figure 16 and summarized in Table 5. Figure 16
illustrates that the majority of water samples fall into C3S1
and C4aS2 fields during both seasons. 42% and 36% of
groundwater samples fall into C3S1 during wet and dry
seasons, respectively, indicating water of medium-to-high
salinity and low SAR category, without risk of soil de-
stabilization. This water falls into admissible class (C3S1)
characterizing groundwater samples located in the natural
recharge zone of the aquifer and can be used for irrigation of
plants having a good salt tolerance, on well-drained soils or
good permeability, with salinity control [39]. 23% and 21%
of groundwater samples fall into C4S2 field poor class
(C4S1-C4S2) in wet and dry seasons, respectively, indicating
very high salinity and medium alkalinity hazards. This class
is characterized by strongly mineralized water presenting

alkalization. It is found in the center and the east part of the
aquifer (Figure 17). Very high salinity waters are unsuitable
for irrigation with a suitable drainage. An adequate drainage
with low salinity waters and plants having good salt toler-
ance should be selected.

(2) Percentage of Sodium (% Na). Wilcox [40] used % Na and
specific conductance in evaluating the suitability of
groundwater for irrigation. % Na is calculated using the
following relation (11):

) % 100,

where all the ionic concentrations are expressed in meq/L.

All groundwater samples on the Wilcox diagram are
shown in Figure 18 and summarized in Table 6. Ground-
water samples in the study area fall into five categories: (i)
good to excellent categories, which represent 47% to 8% of

Na
Na+Ca+Mg+K

%Na:< (11)
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the groundwater samples during the wet seasonand 30% to
3% of the groundwater samples during the dry season, re-
spectively; (ii) permissible categories, which are moderately
mineralized and represent 2% of groundwater samples
during the wet season and 9% throughout the dry season;

TABLE 6: Salinity and alkalinity hazards of irrigation water in US
salinity diagram.

Excellent Good Permissible Doubtful Unsuitable
(%) (%) (%) (%) (%)
Wet 8 47 2 26 10
season
Dry 3 30 9 21 18
season

and (iii) from poor to very poor quality water, which are the
most mineralized, with the highest percentage of sodium.
These waters represent 26% to 10% of all water during the
wet season and 21% to 18% during the dry season and are
located mainly in the eastern part of the web and in the
discharge area, in the marshes of Ichkeul.

It is noteworthy that when the sodium content is high
in irrigation water, this element tends to replace the Ca and
Mg ions in the interlayer space of soil clays, reducing its
permeability, and thus, causing poor internal drainage
(36, 41].

(3) Permeability Index. The permeability index is an im-
portant factor, which influences the quality of irrigation water
in relation to the soil for development in agriculture [42].

The permeability index (PI) of a water sample is com-
puted from the following equation (12), where concentra-
tions are in meq/L.

Na + +/H
PI :(a+—CO3> % 100.

(Na + Ca + Mg) (12)
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Permeability indices were plotted with the total ionic
content of the groundwater samples on a Doneen’s chart
[42], which represent three different classes: CI with the best
water type for irrigation, CII water generally acceptable, and
CIII waters unacceptable [44].

In the study area, the PI ranged from 52.44 to 64.09 with
an average of 56.13, Figure 19 shows that all the samples fall
within the CI best water type for irrigation purposes.

4. Conclusions

The objective of this study is to assess the seasonal variation
in the physicochemical characteristics of water supply
wells in the Mateur plain, Northern Tunisia. The WQI was
applied to investigate the seasonal changes and the factors
influencing groundwater hydrochemistry and hence its
suitability for irrigation and domestic purposes. The in-
vestigation results suggest the following: (i) The highest
quality was found, during both the wet and dry season, in the
northwest and southeast part of the aquifer, corresponding
to the recharge zone where 12.5% and 40% of groundwater
samples fell into excellent to good categories, respectively.
Toward the flow direction, groundwaters become poor to
very poor and need treatment before consumption. (ii) Most
of the groundwater samples fell in doubtful to unsuitable
categories, characterizing the eastern part of the aquifer and
the outflow part, around the Ichkeul marshes. These waters
with high to very high salinity are unsuitable for irrigation
purposes in ordinary conditions, an adequate drainage with
low salinity waters and plants having good salt tolerance
should be selected. (iii) The little seasonal change of
groundwaters’ quality of Mateur aquifer is mainly related to

Journal of Chemistry

dilution in the wet season, evaporation throughout the dry
season, and agricultural activities.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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The trophic status assessment of the South Lagoon of Tunis, a shallow Mediterranean coastal area after its restoration, is addressed
herein with respect to its various environmental settings which are taken as indicators of water quality. The lagoon had, in the past,
witnessed severe environmental quality issues. To resolve these problems, a large restoration project of the lagoon was undertaken
which consisted of dredging the bottom sediments removing areas of water stagnation and improving water circulation. After this
restoration work, the lagoon morphology has radically changed. In this paper, we attempt to evaluate the lagoon water’s trophic
state to analyze the eutrophication risk after almost 16 years. In order to achieve these purposes, two water quality monitoring
campaigns were conducted (July 2013 and February 2014). Natural and anthropogenic factors controlling the nutrient content of
the lagoon water have been assessed through both geochemical methods and multivariate statistical tools. The results show that the
nutrients are from external sources due to the discharge of municipal and industrial wastewater from the surrounding city of the
catchment in the lagoon’s south side. According to the TRIX index, the lagoon remains eutrophic presenting a “poor” water

quality, notwithstanding the engineering project due to the high level of nutrients.

1. Introduction

Coastal lagoons are very important for the ecological
preservation of biodiversity [1]. However, they are fast
turning into threatened ecosystems around the world [2].
The intense anthropogenic development around this area
also has negative effects. Recently, the water quality of
coastal lagoons in many areas of the world has deteriorated
due to massive discharge of nitrogen and phosphorous from
domestic and industrial wastewater as well as urban drainage
[3-5]. Consequently, there has been a growing interest in
eutrophication as one of the most pertinent disturbance
processes on aquatic ecosystems caused by humans [6]. Due
to increasing human pressure including fisheries, tourism,
demographic expansion, and global climate change, the
preservation of biodiversity and natural processes in coastal
lagoons has become a challenge in recent decades [7].

The Tunisian coastline on the Mediterranean Sea is about
1300 km long. Because of the development of its industrial,
touristic, and agricultural activities, Tunisian marine re-
sources began to get contaminated. These activities, together
with the expansion of its population had affected the quality
of the aquatic environment in the long term.

The present study is integrated in this framework. The
Lagoon of Tunis, one of the four major lagoons in Tunisia, is
located near the capital and close to the most populated re-
gion. This Mediterranean lagoon is characterized by an an-
thropogenic catchment. Its geographical location had made it,
over many decades, as a site of domestic and industrial dis-
charge, causing a massive introduction of nutrients and or-
ganic matter. The combination of hydrodynamic and
anthropogenic factors (poor circulation, shallow depth (av-
erage of 1 meter)) and very high nutrient pollution have led
the ecosystem to the state of eutrophication. It has been
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considered as the most eutrophicated lagoon on the Tunisian
coast [8-10].

In order to resolve the pollution problem and to improve
the water quality of the South Lagoon of Tunis (the south
basin of the lagoon of Tunis being the subject of our studies)
for ecological and economical purposes, an environmental
restoration project was conducted from April 1998 to July
2001 [11, 12]. The overall aim of the project was to achieve
a good ecological status in the lagoon and to realize sub-
stantial land reclamation all around. After this restoration
work, the lagoon morphology has radically changed.

The general aspect of the project was to increase the
flushing power of the lagoon water with marine water from
the Gulf of Tunis and to reduce the water residence time.
These purposes were reached by setting two groups of locks in
order to allow water exchange between the Gulf of Tunis and
the lagoon. In order to avoid water stagnation, different areas
located in both the Southeast and the southwest side of the
lagoon were removed (reducing the lagoon area from 13 km?
to 7km?), and the shoreline was rectified to be straightened.
Moreover, polluted sediments were dredged and removed
from the north area of the lagoon. To improve water circu-
lation, fishery was removed, and the Canal of Rades and the
Canal of Tunis were restored [13, 14].

Understanding the ecosystem response to this restora-
tion project is essential to assess its rehabilitation. The time
elapsed after restoration is a critical indicator of the real
restoration success [15]. Indeed, this coastal ecosystem re-
covery requires a continuous survey through an ecological
trophic state evaluation.

The assessment of the status of the lagoon after 16 years of
the installation of the restoration works is much needed in
order to project further solutions for the decision makers. In
this study, this assessment targets mainly the nutrient elements
and the trophic index to see if the eutrophication of the lagoon
has been improved or otherwise. To our knowledge, this is the
unique study which is addressing such problematic related to
nutrient elements in relation to eutrophication within the
Lagoon of Tunis as previous investigations were conducted
from a biological and hydrodynamic point of view only (algae,
mussels, etc.). However, the trophic status has received little
attention, and this research aims to overcome this gap.

In this paper, these investigations were conducted
throughout the lagoon to assess the restoration level and
improvement of water quality. Furthermore, we attempt to
evaluate the trophic state of lagoon water for eutrophica-
tion’s risk analysis after almost 16 years.

Surface water samples were collected in wet and dry
seasons (July/February) and then were analyzed. Distribu-
tion maps and plots of chemical parameters were used to
determine the geochemical characteristics of the lagoon
water and to identify major natural and anthropogenic
processes governing water geochemistry.

In addition, multivariate statistical analysis, such as
principal component analysis (PCA) and hierarchical cluster
analysis (HCA) were used, in order to help interpreting the
complex data matrices for better understanding of the water
quality and to allow the identification of possible factors that
influence the water system [16-18].
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It is widely recognized that the water quality assessment
in coastal ecosystems is complicated since a great number of
variables, including cause (nutrients) and response (chlo-
rophyll a) variables are interrelated [19, 20]. Several methods
are thus used to characterize water quality and to assess
eutrophication. In this study, the TRIX developed by Vol-
lenweider et al. [21] is used to estimate the trophic status of
the lagoon water.

2. Materials and Methods

2.1. Study Area. The lagoon of Tunis is located in the
northeast of Tunisia. Cutting across the lagoon and con-
necting the Mediterranean with the old port of Tunis, the
Canal of Tunis divides the lagoon into two basins, commonly
known as the South Lake and the North Lake of Tunis.

The South Lagoon of Tunis coordinates extend from 12’ to
10°16'E longitudes and from 36’46’ to 36°48'N latitudes
(Figure 1). This area was used to be heavily polluted [8, 22],
but it has recently been rehabilitated [23]. After the resto-
ration program, the lagoon appears shaped as an eclipse
stretching in a SW-NE direction with about 10 km long and
3.5km wide (Figure 1). It extends over an area of 720 ha with
aregular depth of about 2.1 m, except in some restricted areas,
on the east side, where it reaches a maximum of 5 m. Its shores
are rectilinear and protected by large rockery stones.

The lagoon is characterized by a semiarid Mediterranean
climate. The annual temperature ranges between 7 and 30°C.
The mean annual rainfall is 528 mm with interannual var-
iations. The luminosity is about 6 h per day, with 155h in
December and 359 h in July. Evaporation ranges between 62
and 201 mm, respectively, in January and July [24].

Coastal lagoons maintain a connection to the sea
through a restricted inlet. At the South Lagoon, the water
flow between the lagoon and the Gulf of Tunis is impeded by
two inlets (or outlets): seawater generally flows into the
lagoon from the east side through the Canal of Rades (2 km
length and 4m deep) and goes out from the western side
through the Canal of Tunis (10 km length and 4.5m deep).

The hydrodynamic of the lagoon is mainly controlled
by wind and tide which is semidiurnal [23, 25]. The locks
at Rades and Tunis are opened and closed in an alternative
way, imposing a one-way water flow going from the east to
the west. The average water residence time in the lagoon
varies from 6.6 to 8.2 days [25]. The total exchange of
water volume with the sea via the Canal of Rades is about
2.57 million-m’/day. The water speed of the lagoon is not
homogenous. It varies from 65cm/s, to no more than
5cm/s, going from the Canal of Rades to the canal of
Navigation, leading to the appearance of little stagnation
zones in the northwestern part of the lagoon [26]
(Figure 2).

The South Lagoon of Tunis has a drainage watershed of
4000 ha where more than 1500 ha are industrial areas (food
industries, wholesale, etc.) [23]. Rapid urbanization around
the lagoon during the past decade has resulted in a sub-
stantial increase in the volume and pollutant load of the
storm-water and wastewater flowing into the lagoon. The
lagoon receives water from draining the urban area of
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FIGURE 2: Water circulation in the South Lagoon of Tunis: (a) filling speed of the lagoon [25] and (b) the direction of water circulation on the

lagoon [26].

Megrine, runoff of newly developed areas after their plan-
ning, as well as a channel called the belt channel, which
protects the city of Megrine from flooding [27]. Whereas, the
industrial and domestic water of Jbel Jloud, Ben Arous, and
Megrine, located in the west side of the lagoon, are dis-
charged to the catchment area of the oueds (Oued Essalaas
and canal of Ben Arous) and transported to the lagoon.
During the rainy season, they are mixed by runoff [27]. It
received about 5500 m*/day of untreated industrial waste-
water, enriched with nutrients and heavy metals [23].

2.1.1. Sampling and Analysis. A spatiotemporal monitoring
of nutriments concentrations was carried out in July 2013
and in February 2014. Samples were taken from 14 sites,
which cover most of the surface area (Figure 3). In order to
estimate the anthropogenic nutrient intake of the lagoon
water, samples collected from manholes dumped into the
lagoon, presented in the map (Figure 3) as point and non-
point sources, are also taken. On the other hand, other
samples were taken from the Canal of Rades in order to see
the water quality coming from the Gulf.
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FIGURE 3: Map showing the location of sampling stations.

Temperature, pH, dissolved oxygen content, salinity,
and transparency were measured in the field using cali-
brated portable digital meters. All water samples were
filtered through a 45 ym millipore cellulose member and
were stored at 4°C in the laboratory until their subse-
quent analysis. Those membranes are dried and weighed
before and after filtration. The difference in weight allows
knowing the total dry mass of suspended particulate matter
(SPM) [28].

Dissolved inorganic nutrients (nitrate, nitrite, ammo-
nium, and orthophosphate) were measured by standard
Rodier [29] colorimetric method using UV-Vis spectropho-
tometer. Nitrate (NO; ) was measured colorimetry on 420 nm.
Sulfosalicylic acid forms with nitrate in anhydrous environ-
ment and releases in basic environment a nitrosalicylate
complex which is yellow. A colorimetric determination of this
ion allows to determine the concentration of nitrate ions in
a solution [29]. The nitrite (NO,") was determined by com-
plexation with the diazotization of sulfanilamide in and with N
(I-naphthyl) ethylene diamine in acidic pH, which gave
a purple-colored complex. Nitrite was measured colorimetry
on 540 nm [29]. The ammonium ions (NH,") are treated, in an
alkaline pH, with sodium hypochlorite and phenol giving
indophenol blue coloration. This reaction is catalyzed by

nitroprusside. Ammonium was measured colorimetry on
640 nm [29]. Orthophosphates react in the presence of anti-
mony molybdate to give phosphomolybdic acid compounds
that were reduced by ascorbic acid, giving a blue coloration.
Ortho-P was measured colorimetry on 720 nm [29].

Turbidity measurements (expressed in Nephelometric
Turbidity Unit, NTU) were performed using a HACH 2100P
turbidimeter.

The chlorophyll a (chl a) contents were determined using
the spectrophotometric method of Lorenzen [30] and fol-
lowing the procedure given by Parsons et al. [31] after 24 h
extractions in 90% acetone at —5°C in the dark.

Spatial distribution maps of these water quality pa-
rameters were carried out through GIS 9.3.

2.2. Statistical Analysis. Multivariate statistical analysis of
the experimental data has been performed using the Xlstat.
Two multivariate statistical techniques were used: the hi-
erarchical cluster analysis (HCA) and the principal com-
ponent analysis (PCA). In addition, Pearson’s correlation
analysis was, also, performed. These methods are considered
as good tools to classify water samples according to their
geochemical characteristics [32].
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2.3. Trophic State Assessment

2.3.1. Trophic Index (TRIX). The TRIX proposed by Vol-
lenweider et al. [21], which can be considered as an adap-
tation of Carlson’s TSI to transitional waters, is used in order
to assess the trophic state of the lagoon. The TRIX is fre-
quently used to characterize the ecosystem trophic status.
The TRIX has been applied to many ecosystems of coastal
marine waters, such as the Tyrrhenian [33] and the Caspian
Seas [34], Bizerte Lagoon in Tunisia [35], and the Greek
coastal lagoon [36] are among others.

It is a mathematical tool derived from the combination
of dissolved inorganic nitrogen, inorganic phosphorus,
dissolved oxygen, and chlorophyll a. The TRIX analytical
expression is given as follows:
log,, (DIN # DIP * [D%DO| * chl(a)) + a]

b ,
where chl(a) represents the chlorophyll a concentration
(in pg/L), while [ID%DO| represents the absolute value
percentage deviation of the oxygen concentration from
saturation conditions (in %). DIN and DIP represent
dissolved inorganic nitrogen (in pg/L) and dissolved
inorganic phosphorus (in ug/L), respectively. The pa-
rameters a=1.5 and b=1.2 are scale coeflicients used
to fix the index lower limit and the scale ranges from 0 to
10 [33].

According to Vollenweider et al. [21], the scores are as
follows:

TRIX = [ (D

(i) TRIX < 4 indicates high state of water quality with
low eutrophication.

(ii) 4 < TRIX <5 indicates good state of water quality
with medium eutrophication.

(iii) 5 < TRIX < 6 indicates bad state of water quality
with high eutrophication.

(iv) 6 < TRIX indicates poor state of water quality with
high eutrophication levels.

3. Results and Discussion

Descriptive statistics for the minimum, maximum, and
average concentrations for each variable at each sampling
period are reported in Table 1.

3.1. Physicochemical Parameters. The collected water from
the Southern lagoon of Tunis were characterized by a tem-
perature ranging between 28.8 and 30°C and between 15.1
and 17.5°C, respectively, in July 2013 and February 2014,
with salinity values that range between 48.3 to 49.1%o and
47.5 to 48.5%o, respectively, in summer and in hibernal
seasons (Table 1). These parameters undergo wide seasonal
variations.

pH values vary from 8.48 to 8.95 in July and from 8.5 to
8.94 in February.

These parameters show a progressive increase in the
water flow direction, going from the east to the west
(Figure 4). This variation is supported by evaporation and

by the hydrodynamic regime of the lagoon driven by
seawater circulation from the inlet gates to the outlet ones
from the east to the west.

Dissolved oxygen values in the lagoon, varied between
2.9 and 4.4 mg/L (51.4 and 75.6% of saturation) in July and
between 6.5 and 11 mg/L (86.5 and 148.3% saturation) in
February. Dissolved oxygen in aquatic ecosystems is the
function of many physicochemical parameters, which
govern their solubility. Obviously, oxygen solubility in-
creases as salinity and temperature decrease, which could be
the reason of the low DO concentration in summer.

The important biological processes associated with ox-
ygen distribution are photosynthesis, respiration, and de-
composition [37]. In the South Lagoon of Tunis, the lowest
values of DO are measured in July mainly due to the high
rate of bacterial degradation of organic matter and the
highest values of the algae population presented during this
season. In contrast, the lagoon water is well oxygenated and
even oversaturated in February due to wind agitation es-
pecially in low depth as well as the decrease of biomass
production.

The compilation of the distribution maps of dissolved
oxygen contents (Figure 5) with the algal distribution of the
lagoon (Figure 6) shows that the most oxygenated water is in
the west side of the lagoon, where the water depth is low and
rich in algae.

SPM ranges from 0.025 to 0.043 mg/L and from 0.018 to
0.032 mg/L, respectively, in July 2013 and February 2014. The
highest values could be attributed to the low depth of the
water where the particle resuspension is much easier and to
the decomposition/release of organic particles from the
macrophytes in summer. The turbidity varies between 8 and
20 (100 NTU) in July, due to the high rate of chlorophyll a. In
the other hand, the lagoon is almost transparent, and the
turbidity ranges between 1 and 9 (100 NTU) in February. The
Secchi disk transparency values vary between 1.3 and 2m in
July and between 1.5 and 1.8 m in February which indicating
a generally moderate water visibility. The lowest values of
transparency were recorded in July due to the growth of
chlorophyll a.

3.2. Nutrients. For the lagoon water samples, the nitrogen
inorganic compounds are mainly composed by nitrates (90%).

Nitrite contents range between 0.08 and 0.09 mg/L in
July and between 0.53 and 0.76 mg/L in February. Am-
monium varies between 0.071 and 0.117 mg/L in July and
from 0.042 to 0.052 mg/Lin February. Nitrate contents vary
between 8.06 and 13mg/L in July, and from 2.08 to
15.58 mg/L in February (Table 1). These values are close to
those found by Saccon et al. in the Marano lagoon (Italy)
[39]. As shown in Table 1, the lagoon water is richer in
nutrient compared to seawater.

Rapid mobilization resulted in low values of ammonium
and nitrite. In fact, these elements are transitory and unstable
in water, having very weak dissolved oxygen concentrations
[40]. Ammonium may differ from steady-state conditions
reflecting the balance between production through miner-
alization of organic matter [41], nitrification/denitrification,
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FIGURE 4: Physicochemical distribution maps of the South Lagoon of Tunis.

and consumption by the abundant primary producers living ~ processes among different water types like seawater, rainwater,

near the sediment-water interface [42]. and wastewater charges from the catchment area [39]. Generally,
As for nitrate, the characterization of its origins in thelagoon =~ nitrate can be originated from airborne (atmospheric), nitrifi-

is much more difficult to achieve because of complex mixing  cation process, or agricultural (leaching of agricultural land).



Journal of Chemistry

Dissolved oxygen (mg/L)

/

Gulf of Tunis

Gulf of Tunis

July 2013

Il 445
[ 3.5-4
[ 3-35

February 2014
H 10-11
mm 9-10
I 8-9

= 7-8
167

FIGURE 5: Dissolved oxygen distribution map of the South Lagoon of Tunis.

Caulerpa prolifera coverage
B 0%

[] 0-20%

[ ] 20-50%

[] 50-80%
B 80-100%

F1Gure 6: The distribution of Caulerpa prolifera in the South Lagoon of Tunis in summer 2014 [38].

In our case, the lagoon catchment area is exclusively
occupied by urban or industrial zones which mean that the
high rate of nitrate intake in the lagoon is not derived from
agricultural activities. Therefore, the nitrate is formed in the
lagoon by nitrification of NH," that may enter the lagoon
directly, from urban or industrial N-breang wastewater as
anthropogenic sources, or could be produced in situ by
remineralization of organic matter.

Spatial variation maps of nitrate contents show that the
distributions are influenced by liquid discharges on the
south side of the lagoon, showing a positive gradient from
south to north. The highest levels are those sampled near the
discharge site. As they move away, the contents decrease and
become homogenous in the rest of the study area which
means the western and eastern parts of the lagoon (Figure 7).

Furthermore, it is important to stress that NH," and NO,~
nitrification can start even towards the lagoon and will
consequently increase the NO;™ concentration intake in the
sampled water [39, 43].

The orthophosphate contents vary from 1.60 mg/L to
2.4mg/L in July and from 1.6 mg/L to 2.94 mg/L in February
(Table 1). Orthophosphate content variations are caused by
primary production uptake and can be affected by various
processes like adsorption and phosphate desorption and
buffering action of sediments under environmental condi-
tion change (temperature and dissolved oxygen) [44, 45].

The cross-plot orthophosphate-total dissolved inorganic
nitrogen (DIN) did not show any correlation (r? = 0.13 for
July campaign and r? = 0.40 for February campaign) for
sampled water (Figure 8). In shallow coastal ecosystems such
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FIGURE 8: Plot of ortho-P by NID.

as the South Lagoon of Tunis, remineralization of the or-
ganic matter in the sediment and/or in suspended particles
could often be a major source of dissolved inorganic nu-
trients in the water column [46-48]. Although this study was
not designed to investigate the role of sediments as an in-
ternal source of nutrients to the water column, their in-
fluence in the nutrient’s regeneration was apparent. In
summer, mineralizing of organic matter at the sediment
interface is accelerated, leading to a supplementary nutrient
release to the water column [49-52].

Just like nitrate, the spatial distributions of ammonium
and ortho-P contents show that the highest levels are
recorded in the south side of the lagoon. Nitrite contents are
homogeneous in July, whereas a positive gradient is noticed
going from the south part to the north part in February. This
distribution can be attributed mostly to urban wastewater
and runoft (Figure 7).

3.2.1. Ratio NID/Ortho-P. The N/P ratio is often used in the
prediction of the limiting nutrient for phytoplankton pro-
duction. Despite the advances, nutrients limitation in coastal
water is still an open question. There is an ongoing debate
regarding the choice of the form of phosphorus and nitrogen
used for calculating Redfield ratio [53], using the total form
or just the inorganic form.

For the present study, in N/P ratio computation, the
dissolved inorganic nitrogen (DIN) and orthophosphorus
(ortho-P) are used [54-56]. In algal cells, the approximate
ratio of nitrogen to phosphorus mass (Redfield ratio) is 7.2 : 1
(grams) or 16:1 (atoms).

Figure 9 shows the calculated molar ratios of
DIN/ortho-P for all data. It varies between 3 and 4.9 for the
July campaign and between 1.7 and 7.3 for the February
campaign. The low N:P molar ratios (less than 16:1)
suggest N-limitation in the sampled water. Nonetheless the
N-limitation of coastal ecosystems (lagoon) might not
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FIGURE 9: Ratio N/P for the South Lagoon of Tunis water samples.

necessarily be applied, especially when they are under high
anthropic pressure [57].

3.3. Chlorophyll a. The chlorophyll a contents range from
1.11 to 3.32ug/L in July and from 0.99 to 2.66 ug/L in
February. Pheopigmant contents vary from 4.42 to 8.76 ug/L
and from 0.6 to 2.72 ug/L, respectively, in July and February.
Pheopigmant contents are higher than the chlorophyll a in
July, which coincide with the end of the growth cycle of
macroalgae and seagrass and their decomposition.

The spatial distribution of pheopigmants in the same
period is almost the opposite distribution of the chlorophyll
a. The highest concentrations of chl a are in the west and the
southeastern part of the lagoon where the depth varies from
1.8 to 2.4 m. However, the lowest concentrations are in the
East side of the lagoon where the water depth varies from 3.8
to 5.1 m (Figure 10). Positive gradient is established with the
incoming water from the east side of the lagoon to the west
side.
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3.4. Statistic Study. In order to classify the trends of this
coastal lagoon, a detection of significant relationships be-
tween indices (differences of environmental parameters and
nutrients) and samples was tested.

3.4.1. Correlation Matrix. Pearson’s correlation coeffi-
cient matrix of the physicochemical parameters, nutrients,
chlorophyll a, and pheopigmant contents was calculated
(Table 2). The following results are drawn:

(i) Significant negative correlation between ammo-
nium and dissolved oxygen contents (r* = —0.87),
which conclude that ammonium is controlled by
ammonification.

(ii) Negative correlation between nitrite and ammo-
nium (r? = —0.87) and positive correlation between
dissolved oxygen and nitrite (r* =0.79), which
indicates a continuous process of nitrosation.

(iii) Nitrate does not show any correlation with nitrite,
ammonium, and dissolved oxygen that can be

explained by an external input of nitrate in the lagoon
water from urban/industrial water discharge.

(iv) Ortho-P concentrations were positively correlated
with temperature (r? = 0.64), indicating phosphate
release from sediments of the lagoon.

(v) Significant positive correlation between pheo-
pigmants and temperature (r* = 0.91) and negative
correlation with dissolved oxygen (r? = —0.88) show
a high rate of pheopigmants in July matching the
end of algal growth cycle. Those parameters cor-
respond to the eutrophic condition in the dry
season.

(vi) Turbidity presents a positive correlation with
temperature (r? = 0.85), SPM (r* =0.85), and
pheopigmants (r* = 0.78). These parameters cor-
respond to the eutrophic condition in the dry
season. On the contrary, turbidity and transparency
have an antagonist behavior (r> = —0.45) and high
value of turbidity causes low visibility of lagoon
water.
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TABLE 2: Pearson correlation matrix of water quality variables of the South Lagoon of Tunis.

Variables T°C pH O, Salinity SPM NH,;" NO,  NO; Ortho-P Chla Pheo Turbidity Transparency
T°C 1 -0.04 -0.93 0.74 0.68 090 -0.97 0.31 0.64 0.12 0.91 0.85 -0.39
pH 1 0.32 0.32 0.02 -0.18 -0.02 0.41 0.27 0.20 -0.09 0.12 —-0.09

O, 1 -0.57 -065 -0.87 089 -0.15 —-0.54 -0.06 -0.88 -0.78 0.35
Salinity 1 0.50 0.64 -0.72 0.41 0.66 0.10 0.72 0.58 -0.42
SPM 1 049 -0.60 0.04 0.23 0.11 0.63 0.85 -0.51
NH,* 1 -0.87 0.31 0.57 0.07 0.87 0.70 -0.37
NO,~ 1 -0.38 —0.65 -0.14 -0.87 -0.79 0.34
NO;~ 1 0.48 0.12 0.31 0.23 0.07
Ortho-P 1 0.07 0.61 0.46 -0.07
Chl a 1 0.20 0.15 0.12
Pheo 1 0.78 -0.31
Turbidity 1 -0.45
Transparency 1

3.4.2. Principal Components Analysis: PCA. To evaluate the
temporal and spatial variations of the studied parameters
(physicochemical parameters and nutrients) in the Southern
lagoon of Tunis, a principal component analysis (PCA) was
applied.

The used variables are temperature, pH, dissolved oxygen
content, salinity, suspended particulate matter (SPM), tur-
bidity, transparency, NH,*, NO,~, NO;", ortho-P, chloro-
phyll a (chl a), and pheopigmants (pheog).

Three components were extracted, which explained
75.57% of the total variance. The first factor (PC1) accounting
for 54.65% of the total variance is strongly correlated pri-
marily with dissolved oxygen (0.91) and nitrite (0.95) on the
positive side and negatively correlated with water temperature
(-0.99) and with ammonium (-0.89) and pheopigmants
(—0.93), showing the inverse relationship between tempera-
ture and dissolved oxygen and between nitrite and ammo-
nium (Table 3). It is also defined by less important salinity and
SPM. HPOQ, is also correlated with PC1 (Table 3). Therefore,
PC1 mainly represents the seawater marine influence from
the gulf of Tunis, which has an important effect on the lagoon
with continuous flushing, buffering, and dilution effect.

PC2 explained that 13.97% of the total variance was
principally represented by pH and nitrate (Table 3). Addi-
tional 9.52% of the total variance was explained in PC3 and
was represented by transparency.

The correlation circles of both components (PC1 and
PC2) (Figure 11) show that chlorophyll a and nitrate have
the same behavior explaining that the nutrient intake
stimulates algae growth. Then, pheopigmants-temperature-
ammonium-SPM and turbidity have the same behavior,
indicating the eutrophic state in the July campaign.

The loading plot of the two factors (PC1/PC2) (Figure 11)
shows the presence of two different groups:

(i) Group I included the July samples. They are dom-
inated by ammonium, turbidity, SPM, pheopigm-
ants, temperature, and salinity.

(ii) Group II included the February samples, at which
the dominance of dissolved oxygen is determined.

PCA analysis shows a clear seasonal variation. Indeed,
February samples are well oxygenated and the July samples
present eutrophicated characters.

TaBLE 3: Results of principal component analysis are shown as
correlation values between the variables and the principal com-
ponents for the first three principal components (PC1-PC3).

PC1 PC2 PC3
T°C -0.99 -0.07 0.08
pH -0.04 0.81 -0.51
0, 0.91 0.31 -0.21
Salinity -0.79 0.30 -0.16
SPM -0.72 -0.26 -0.43
NH," -0.89 -0.13 0.23
NO,~ 0.95 -0.02 -0.12
NO;~ -0.37 0.71 0.18
Ortho-P -0.68 0.44 0.25
Chl a -0.14 0.31 -0.05
Pheo -0.93 -0.06 0.16
Turbidity -0.88 -0.08 -0.24
Transparency 0.45 0.27 0.68

3.4.3. Cluster Analysis. Hierarchical clustering based on the
Euclidean distances as similarity coefficient allows the re-
lationship investigation between the observations of the
variables of a dataset, in order to recognize the existence of
groups. It is applied to detect spatial similarity for sampling
site grouping. In our study, 3 clusters that present similar
characteristic features are identified (Figure 12):

(i) Cluster I is represented by samples taken from the
west side of the lagoon in the July campaign (S4, S8,
S9, S11, S12, and S14).

(ii) Cluster II concerns the July samples taken in the east
side of the lagoon (S1, S2, S3, S5, S6, S7, S10, and S13).

(iii) Cluster III characterizes the samples collected in the
February campaign, that can be subsided in two
subclusters:

(i) Samples located in the eastern part of the lagoon
(S1, S2, S3, S6, and S7).

(ii) Samples collected in the western part of the la-
goon (84, S5, S8, 89, S10, S11, S12, S13, and S14).

This classification allow us to divide the lagoon in two
parts according to the physicochemical parameters: the
eastern part under the influence of seawater coming from the
gulf characterized by the lowest levels of temperature, pH,
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salinity, and dissolved oxygen contents and the western part
with the highest levels of these parameters.

Water coming from the Canal of Rades exerts a con-
tinuous flashing on the lagoon. However, this dilution effect
is limited in the east side of the lagoon. To road the outlet
gate (on the west) the lagoon water are enriched.

3.5. Trophic State Assessment. In these last years, the
concern of managers and scientists has grown and

different classifications of the trophic state of coastal water
based on nutrients and oxygen thresholds have been
settled [58-60].

The morphology of the South Lagoon of Tunis has totally
changed during the last decades (before and after the res-
toration project). For this propose, a comparative analysis,
evaluating the restoration project impact on physico-
chemical parameters and the nutrient contents of the lagoon,
seems to be extremely interesting to check the good func-
tioning of the restored ecosystem. In order to track the
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evolution of the trophic conditions in the South Lagoon of
Tunis, the TRIX [21] was selected.

Figure 13 shows the water trophic status in the South
Lagoon of Tunis before, during, and after the restoration
work. Before restoration, Ben Souissi [22] showed that
nitrates/phosphorus and chl a rates reached high levels in the
South Lagoon of Tunis. The lagoon water quality was cat-
egorized as “poor” according to TRIX index calculated from
the mean monthly values. The best trophic state was reg-
istered during the restoration work; the lagoon was cate-
gorized as “high”. In the present work, the TRIX values
ranged from 8.9 to 9.9. Despite the hydrodynamic system
improvement in the lagoon, the lagoon water quality was
categorized as “poor”.

The trophic status of marine coastal ecosystem as-
sessment is based on measurements of combinations of
biotic and abiotic variables [21] as well as the main

elements (e.g., inorganic and organic N and P) and
molecules (organic matter, chlorophyll a concentrations)
that had been used as indicators of biomass in the water
column [61]. However, the increase in the primary pro-
duction levels is not the only factor controlling the trophic
status of a marine ecosystem. There is also transparency,
sunshine, and water circulation which are considered as
important factors too [62]. For example, increased levels of
primary production can also be associated with the ac-
cumulation of large amounts of detrital organic materials
[63].

During the restoration of the South Lagoon of Tunis, a
new hydraulic design was required. The hydrological pa-
rameters show an improvement of the physicochemical pa-
rameters, due to the newly produced hydrodynamic,
permanent seawater exchanges, the water residence time
reduction, the lagoon water volume increase, and a con-
tinuous flushing.

The engineering work improved the quality but did not
tully reach the expected results. The South Lagoon of Tunis
still records a poor water quality classification. As shallow
marine ecosystems, the arid climate (characterized by a high
evaporation rate and temperature) and the continuous in-
take of nutrients can modify the structure and the biology of
the water column at very short time intervals (from minutes
to hours). Despite dredging the bottom sediment of the
lagoon, the South Lagoon of Tunis is still contaminated by
organic matter and records a high rate of nutrients even after
management work. These elements may, under precise
conditions [64-66], be released and might be diffused from
the water-sediment interface.

Moreover, in the anoxic phase that could happen in the
lagoon due to the high summer temperature; the exchange
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with the sea seems to be ineffective for flushing to decrease
nutrient contents.

4. Conclusion

The purpose of this manuscript was to give an assessment of
the lagoon status using geochemical and statistical ap-
proaches. The results indicate that the spatial distribution of
temperature, salinity, and pH is under the control of water
circulation in the Southern lagoon of Tunis. They show
a slight increase from the east to the west.

The lagoon water shows a high level of nutrients (NO; ",
NO, , NH,", and ortho-P) compared to the incoming water
from the sea. This is essentially due to natural (nitrification,
release from the sediments, and primary production) and
anthropogenic (wastewater and runoft) sources.

Based on nutrient contents, DO, and chlorophyll a, TRIX
proposed by Vollenweider et al. [21] was calculated. It
demonstrated that the lagoon has reached the eutrophic
status with a poor water quality index. The trophic status of
the South Lagoon of Tunis is worrying and requires a serious
intervention.

PCA identified two groups (winter sampling campaign/
summer sampling campaign), the eutrophic status of the la-
goon water is highlighted in July campaign. The CHA analysis
allowed us to divide the lagoon into two parts (east and the
west parts) where the west side is richer in nutrients and in
physical-chemical parameters compared to the east side.

The current status of the lagoon requires serious interest,
given its vulnerability and fragile balance, in order to avoid
the failure of the engineering works (if a status-quo is
maintained).
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This work develops a methodology for selective removal of industrial dyes from wastewaters using adsorption technology based
on magnetic adsorbents. The magnetic nanoparticles embedded within a matrix of activated carbon were tested as adsorbents for
removal of industrial dyes from aqueous solutions. The effects of four independent variables, solution pH, initial concentration of
pollutant, adsorbent dose, contact time, and their interactions on the adsorption capacity of the nanocomposite were investigated
in order to optimize the process. The removal efficiency of pollutants depends on solution pH and increases with increasing the
carbon content, with initial concentration of the pollutants, the temperature, and the dose of magnetite/carbon nanocomposites.
Pseudo-second-order kinetic model was fitted to the kinetic data, and adsorption isotherm analysis and thermodynamics were used
to elucidate the adsorption mechanism. The maximum adsorption capacities were 223.82mgg™" for Nylosan Blue, 114.68 mg g™
for Chromazurol S, and 286.91mgg™" for Basic Red 2. The regeneration and reuse of the sorbent were evaluated in seven
adsorption/desorption cycles. The optimum conditions obtained for individual adsorption were selected as starting conditions
for simultaneous adsorption of dyes. In binary systems, in normal conditions, selectivity decreases in the order: Red Basic 2 >

Nylosan Blue > Chromazurol S.

1. Introduction

Progress of various industries from the past decade led to
a drastic increase in industrial effluent discharge, causing
dramatically environmental pollution as well as serious
life-threatening problems for environment. With regard to
organic pollutants, dyes possess a high capacity to modify the
environment due to their strong color and visual pollution
and also cause changes in biological cycles mainly affecting
photosynthesis processes. More than 10,000 tons of dyes are
used in different industries, and approximately 100 tons are
released into water streams, annually. Their concentration in
wastewaters usually varies from 10 to 200 mg L[l

Release of industrial effluent without proper and prior
treatment into the environment is one of the major causes

leading to a burden of healthcare issues worldwide. For
water purification, there is a need for technologies that
have the ability to remove toxic contaminants from the
environment to a safe level and to do so rapidly, efficiently,
and within a reasonable costs framework. Adsorption process
provides an attractive alternative for the treatment of colored
wastewaters due to its simplicity, selectivity, and efficiency [2-
5].

In recent years, magnetic nanoparticles (NPs) have
attracted much interest in many environmental engineering
related applications. With reported sizes ranging from 1
to 100 nm, high surface-to-volume ratio, and high loading
capacity, NPs were successfully used as strong adsorptive
materials for pollutants adsorption from contaminated water
(6, 7].
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TABLE 1: Features of magnetite/carbon nanocomposites prepared by combustion synthesis [9].
Sample Fe; 0,/ C SSzA EEA Microp0r3e volume Mg
mass ratio (m~/g) (m®/g) (cm’/g) (emu/g)
PM-1 1/0 75 71.2 0.001 59.7
PM-2 171 360 148.4 0.096 34.1
PM-3 1/2 522 204.5 0.144 21.9
PM-4 1/5 706 245.5 0.212 12.4
PM-5 1/10 814 307.9 0.234 7.8
PM-6 0/1 890 321.1 0.264 0.4

SSA: BET specific surface area, ESA: external surface area, and Mg: specific saturation magnetization.

The key to adsorption technology lies in the effectiveness
and efficiency of adsorbent. Although commercial activated
carbon has been most widely applied in adsorption, its micro-
porous nature has limited the pore utility and adsorption
capacity for large molecules [8].

In this work, three industrial dyes have been selected
as pollutants. As adsorbent in this work a combination of
active carbon and magnetic nanocomposite synthesized by
combustion method has been selected.

The adsorption processes were first in detail investigated
for single component solutions in terms of pH, initial concen-
tration, adsorbent dose, contact time, and temperature effect,
completed by kinetics, equilibrium, and thermodynamics
studies.

Subsequently the adsorption studies were performed
for six combinations of the selected dyes mixed as binary
systems.

The obtained results were compared with the previously
reported data on different adsorbents for the same dyes
and the selected magnetite nanocomposite from this work
demonstrates its superiority and the potential as a new
efficient adsorbent for the removal of dyes in binary systems
from aqueous solutions.

2. Experimental

2.1. Materials. The starting raw materials for nanocomposites
synthesis were activated carbon (Utchim), iron nitrate non-
ahydrate (Fe(NO;);-9H, O, Roth), and tartaric acid (C,H¢O,
Merck).

Investigated dyes were supplied by Chemical Romania
and Colorom Codlea. Chromazurol S (C.I. 43825, ChS) is
used as indicator for metal titration, Nylosan Blue (Acid
Blue 129, C.I. 62058, NB) is an antraquinonic dye mainly
used for wool, silk, polyamide fiber, and leather dyeing
but is a skin and eye irritant, and Safranin T (Basic Red
2, C.I. 50240, BR2) is a water soluble organic dye, used
in textile industries. Safranin can cause eye burns which
may be responsible for permanent injury to the cornea and
conjunctiva in human and rabbit eyes. Contact with Safranin
dye also causes skin and respiratory tract irritation [17]. The
industrial applications of these dyes in different fields confirm
the necessity for development of efficient adsorbents.

All reagents were used as received, without further purifi-
cation. Working dye solutions were prepared with distilled

water. The solution pH was adjusted to the desired values
using HCI (0.1 mol L) or NaOH (0.1 mol L™") solutions.

2.2. Preparation of Magnetite/Carbon Nanocomposites. Mag-
netite/carbon nanocomposites (MNC) having different
Fe;0,/C mass ratios, ranging from 1/1 to 1/10 (Table1),
were prepared by solution combustion synthesis. The
detailed procedure about the preparation route and sample
characterization is presented in a previous paper [9]. Briefly,
activated carbon impregnated with the precursor solution
of iron nitrate nonahydrate (0.09 mol) and tartaric acid
(0.138 mol) was heated to 400°C inside a flask, in the absence
of air. In order to conduct the combustion reaction in the
absence of air, the starting raw materials were placed inside
a round bottom flask and heated to 400°C, as described
elsewhere. During heating, water evaporates and the air from
the flask expands. Driven by the increasing pressure, this
mixture of gases is bubbled in a Berzelius glass filled with
water, so that the air partial pressure decreased. This way, the
atmospheric oxygen is prevented from getting inside the flask
during the combustion process. After water evaporation, a
smouldering combustion reaction began, accompanied by
the release of large amounts of gases. The reaction product
was hand-ground, washed with distilled water, and dried [9].

2.3. Adsorption Experiments. The prepared magnetite/car-
bon nanocomposites were introduced in dye solutions in
flat-bottom glass flasks, and adsorption experiments were
performed in a thermostat shaker with a constant shaking
speed of 180 rpm. The adsorbent synthesis and the adsorption
process are schematically presented in Figure 1.

At previously defined time intervals, the sorbent was
separated via an external magnetic field, and the samples were
collected for dye concentration measurements. For the dye
desorption, the dye-loaded MNC were dispersed in 50 mL of
ethanol solution (anhydrous alcohol : water =1:1) and shaken
for 60 min. After magnetic separation, the concentration of
the released dye in the supernatant was spectrophotometri-
cally determined by measuring dye absorbance at maximum
wavelength, using a calibration curve (SuppFig. 1).

After desorption, the magnetic sorbent was washed for
three times with distilled water, dried at 70°C for 1h, and
reused for adsorption in the next cycle. To validate the
reusability of the magnetic sorbent, seven cycles of consec-
utive adsorption-desorption were carried out at 25°C.
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FIGURE 1: Route of synthesis of MNC and their application for dyes removal.

The optimum adsorption conditions were determined by
studying several experimental variables, including pH value
(2.6-14.0), sorbent dose (0.25-3.0 gL_l), dye initial concen-
tration (10-250 mg L™, and temperature (25, 40, and 60°C).
The dyes concentration was measured using a UV-Vis JASCO
V-730 spectrophotometer, by monitoring the absorbance
changes at the wavelength of maximum absorbance: 465.7 nm
(ChS), 629.5 nm (NB), and 516 nm (BR2).

Using these experimental values, the adsorption capacity
(1) and the percentage of dye removal (2) were calculated.

(CO - Ct) N V
=20 @
G w
Co-C,
R= - 100, )

0

where g, represents the amount of dye adsorbed per unit of
adsorbent (mg g_l), R is the percentage of dye removal (%),
Cy» C,, and C, are the concentrations of the dye solution at
initial time, at different periods of time, and at equilibrium
(mg L™, V is the volume of solution (L), and W is the mass
of the sorbent (g).

3. Results and Discussion

3.1. Characterization of Magnetite/Carbon Nanocomposites
(MNC). Our goal was to obtain a new sorbent that combines
good adsorption capacity given by activated carbon with
good sorbent separation out of solution, given by magnetite.
The structure and morphology of the MNC nanocompos-
ites were investigated by X-ray diffraction (XRD), FTIR
spectroscopy, scanning electron microscopy- (SEM-) energy
dispersive X-ray (EDX), thermal analysis, and N, adsorption-
desorption technique. The sample characterization is pre-
sented in a previous paper [9].

By comparing the specific surface area of the magnetite
(75 mz/g) with that of the activated carbon (890 mz/g) and
that of the samples, it is clear that the high specific surface
area of the composites is due to the presence of activated
carbon in all the samples. As the mass ratio of activated
carbon increases, the BET surfaces increased from 360 m*/g

to 814 mz/g (Table 1) which is closed to activated carbon
specific surface area. The average size of the crystallites of
magnetite, calculated by the Sherrer equation, varied between
12 and 21 nm. The thermal behavior and textural properties
of the samples are significantly influenced by the carbon
content.

The endothermic effect at about 100°C on the DSC curves
(Figure 2), accompanied by weight loss on the TG curves,
was attributed to the evaporation of the water present in
the samples. The large exothermic effect between 400 and
800°C, accompanied by a significant mass loss on the TG
curve, is obvious in the overlap of two exothermic effects,
due to combustion of both, fuel residues and carbon. The
values of the saturation magnetization of the samples are in
accordance with their phase composition, decreasing with the
decrease of magnetite content, from 59.7 to 7.8 emu/g. The
MNC nanocomposites exhibited a ferrimagnetic behavior.
All MNC samples exhibit similar isotherm shape that can be
explained by the large amount of carbon content present in
their composition (SuppFig. 2) [9].

3.2. Adsorption Studies. A promising adsorbent for large-
scale wastewater treatment must present a very good adsorp-
tion capacity, easy separation, and high stability. In this vein,
the magnetite/carbon nanocomposites (MNC) were tested as
adsorbents for removal of two anionic dyes, Chromazurol S
(ChS) and Nylosan Blue (NB), and a cationic dye, Safranin T
(Basic Red 2, BR2). Molecular structures of investigated dyes
are presented in Figure 3.

3.2.1. Effect of pH. Solution pH is an important parameter
of adsorption process which affects the adsorbent’s surface
charge as well as molecular stability of dyes (anionic or
cationic molecule) [18]. The influence of pH was evaluated
in the range of 2.6-14.0, using MNC sample PM-4, keeping
all other variables constant. The results presented in Figure 4
indicate a direct dependence between the dyes removal yield
and solution pH.

The efficiency of anionic dyes (NB, ChS) removal was
higher than 85% at pH 2.6 and decreased when the pH
increased to 13.2. This can be explained by the fact that the
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FIGURE 3: Molecular structure of investigated dyes.

adsorption mechanism of anionic dyes at low pH value is
controlled by electrostatic attractions between the positively
charged surface of adsorbent, as a result of the protonation
process, and the negatively charged dyes molecules. In the
case of BR2, the removal percentage increased from 70.19%

to 96.84% as the solution pH increases. At pH values higher
than magnetite pHp, (7.9) [19], the adsorption of cationic
dye is enhanced due to electrostatic forces of attraction
between the negatively charged surface of adsorbent and the
positively charged dyes molecules. It is important to note the
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FIGURE 5: Influence of magnetite/carbon ratio on removal efficiency (dyes concentration 100 mg ™', 25°C, pH 7.4 for NB, 71 for ChS, and 6.7

for BR2).

high removal efficiency even at neutral pH (67.89% for NB,
82.95% for ChS, and 89.29% for BR2), which suggests another
mechanism involving nonelectrostatic interactions between
free electrons of the dye molecule present in aromatic ring
and the delocalized 7-electrons on the surface of adsorbent
as previously mentioned by Istratie et al. [20]. Further
experiments were carried out at the natural pH of each dye
solution: 7.4 for NB, 71 in case of ChS, and 6.7 for BR2.

3.2.2. Effect of the Magnetite/Carbon Ratio on Removal Effi-
ciency. The obtained results from the study of the effect
of magnetite/carbon ratio on the removal efficiency are
presented in Figure 5.

Sample 6 containing only activated carbon showed the
best adsorption capacity. Activated carbon is a well-known
and used sorbent for wastewater treatment, with high adsorp-
tion capacity [21, 22], but also with many disadvantages,
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TaBLE 2: Effect of sorbent dose on dyes removal.

PM-4 dose R (%)

(gL™) NB Chs BR2
0.25 23.58 33.68 19.70
0.5 48.66 40.30 39.94
1 79.90 68.91 91.07
2 85.97 79.63 95.98
3 94.21 85.31 96.50

such as high cost production, poor mechanical properties,
and problems in separation, regeneration, and reuse [23-25].
This led to the search for new materials with an adsorption
capacity close to that of activated carbon and with good
regeneration and reuse. In this idea, we tested four samples
which contain different magnetite/carbon ratio. As can be
observed, the removal percentage increases from sample 2
to sample 5 due to the increase of the carbon content. The
differences among the results obtained by using PM-4, PM-
5, and P-6 as adsorbent were in the range of 5% which
demonstrates the high efficiency of investigated materials.
In order to combine the good adsorption capacity (given
by carbon) with the good separation and reutilization of
the adsorbent (given by magnetite) the further studies were
performed using PM-4.

3.2.3. Effect of Sorbent Dose. The influence of the sorbent dose
towards the dye adsorption was studied at different quantities
of PM-4 ranging from 0.25gL™" to 3gL™", at natural pH
of dyes solutions, and at 25°C, and results are presented in
Table 2.

Removal efficiency of investigated dyes increases rapidly
with an increasing amount from 0.25 to 1.0gL™" of PM-
4 nanocomposite. At the same time, further increasing the
adsorbent dose from 1 to 3.0gL™" leads to only a small
increase of the removal efficiency. This can be attributed to
the availability of more adsorption sites as the adsorbent
dose increased [26-28]. To get good removal efliciency, but
still using as less sorbent, subsequent studies were conducted
using 1g L~ PM-4 dose.

3.2.4. Effect of Initial Dye Concentration and Contact Time.
We investigated the effect of the initial concentration of the
dye adsorption process, in a wide range of concentrations
between 10 and 250 mg L ™" at 25°C and natural pH values (7.4
for NB, 7.1 for ChS, and 6.7 for BR2). The concentration of the
dye at A, was obtained using a standard calibration curve
(SuppFig. 1).

As can be seen in Figure 6, the adsorption is very rapid in
the initial stages of the adsorption, and it remained constant
after reaching the equilibrium time. This can be explained
by a large number of active centers at the beginning of
adsorption and saturation of these centers on the surface of
the adsorbent with achieving equilibrium. The necessary time
for reaching the equilibrium increases with increasing the
concentration due to the fact that adsorption involves film

Journal of Chemistry

diffusion and internal diffusion [29]. The surface diffusion is
rapid but the pore diffusion is slower, and the rate of diffusion
in the internal adsorption sites decreased with increasing the
initial dye concentration.

Very good results (higher than 95%) for the dye removal
percentage were obtained at low concentrations (Table 3), but
even at high concentrations the removal percentage is high
in case of BR2 (>93%) and higher than 50% for NB and
ChS dyes. The amount of dye adsorbed increased while the
percentage removal decreased, with the increase in the initial
dye concentration, which is in accordance with the literature
data [30, 31].

3.2.5. Effect of Temperature. 'The effect of temperature on the
sorption process was studied at three different temperatures
(i.e., 25, 40, and 60°C) at natural pH values (7.4 for NB, 7.1
for ChS, and 6.7 for BR2). The amount of dyes adsorbed onto
PM-4 as a function of contact time for different temperatures
is presented in Table 3.

A comparison of experimental data shows for all inves-
tigated dyes that the rise of temperature induced a positive
effect on the removal percentage (Table 3). The adsorption
capacity increases as the temperature increases [32], sug-
gesting that dyes adsorption onto PM-4 is an endothermic
process [30, 33]. This can be explained by the fact that by
increasing the temperature the dye aggregation is reduced
and the diffusion of dye molecules into the pores of the
absorber is facilitated [34, 35]. On the other hand, there was a
decrease of the necessary time for reaching the equilibrium as
the temperature increases from 25°C to 60°C. Within the first
40 min, approximately 80% of the dyes are rapidly adsorbed.
Later, the adsorption process slows as the system approaches
equilibrium. The shorter the contact time in adsorption
process, the lower the operational costs that recommend the
adsorbent for large-scale industrial application.

These adsorption studies indicate that colored pollutants,
such as NB, ChS, and BR2, can be easily removed from
wastewaters by adsorption onto magnetite/carbon nanocom-
posites (SuppFig. 3). Due to their saturation magnetization,
these adsorbents can be simply separable from the parent
solution using a magnetic field, resulting in clean water.

3.3. Kinetics Studies. In the kinetic experiment, the changes
of absorbance were determined at certain time intervals dur-
ing the adsorption process. The experimental results obtained
for the influence of initial concentration were analyzed using
the pseudo-first-order Lagergren (3), pseudo-second-order
(4), and intraparticle diffusion (5) models.

In(g, - q,) =Inq, — kit (3)
t 1t
4 ki 4 @
q = kit* +1, (5)

where g, and g, are the amount of solute adsorbed at
equilibrium and at time ¢, respectively, per unit weight of
adsorbent (mgg™'), k, is Lagergren rate constant (min'), k,
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FIGURE 6: The effect of initial concentration on (a) NB, (b) ChS, and (c) BR2 dyes removal (1gL™' PM-4, 25°C, pH 7.4 for NB, 7. for ChS, and

6.7 for BR2).

is the intraparticle diffusion rate constant (g mg ™" min™'), and
k; is the intraparticle diffusion rate constant (mgg ™' min~*")
and [ is the effect of boundary layer thickness.

The statistical criteria used to determine the best fitting
kinetic model were the standard deviation (SD) and the
squared multiple regression coefficient (R*). The comparison
of experimental (obtained for the influence of temperature)
and calculated adsorption capacities and the kinetic parame-
ters estimated from (3), (4), and (5) are presented in Table 4.

The pseudo-second-order model was the best applicable
kinetic model for the investigated dyes removal kinetics,
emphasized by the accordance between the experimental and
calculated g, values. With increasing the temperature, an
increase of the pseudo-second-order rate constant k, was
observed, pointing out that the necessary time for reach-
ing the equilibrium decreased with increasing temperature.
Similar results were obtained for the application of modified
magnetic nanocomposites for dye removal [28, 36, 37].
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TaBLE 3: Influence of the process variables on the adsorption process.

NB ChS BR2
q. R t, B R t, 9. R t,
(mgg™) (%) (min)  (mgg™) (%) (min)  (mgg™) (%) (min)
Dye concentration
(mgL™)
10 9.51 95.13 30 9.86 98.57 40 9.83 98.27 20
30 28.36 94.52 40 28.80 96.01 60 29.40 97.99 30
50 4777 93.54 95 45.35 90.71 70 48.87 97.74 40
70 65.11 93.02 110 62.06 88.65 80 68.27 9773 50
100 89.22 89.22 120 78.97 78.97 130 96.86 96.86 65
150 119.87 79.91 150 86.95 57.97 140 144.93 96.62 100
200 146.14 73.07 180 96.07 56.90 150 190.06 95.03 150
250 171.67 68.67 210 108.72 51.29 170 234.64 93.85 190
Temperature
O
25 89.22 89.22 120 78.97 78.97 130 96.86 96.86 65
40 95.84 95.84 100 94.77 94.77 100 98.84 98.84 40
60 98.91 98.81 60 97.86 97.86 60 99.45 99.45 20

TaBLE 4: Comparison of experimental and calculated g, values and rate constants for adsorption of NB, ChS, and BR2 dyes on PM-4

nanocomposites.
First-order Second-order Intraparticle
Dye Tfmp Teexp kinetic model kinetic model diffusion
(O (mgg")  Gocar k, - 10° > Gercale k, - 10° 2 ; L R?
(mg-g™") (min™") (mg-g™h) (gmg "min") (mg-g~'min~*?)
25 89.22 83.27 30.77 0.9851 93.63 5.45 0.9994 9.71 5.40 0.9603
NB 40 95.84 69.51 38.17 0.9491 102.99 9.57 0.9987 10.07 12.75 0.9435
60 98.91 59.65 63.56 0.9579 104.28 2111 0.9996 10.27 33.95 0.9822
25 79.49 68.06 28.95 0.9753 80.81 7.85 0.9992 5.67 3715 0.9866
ChS 40 94.77 48.33 25.75 0.9501 100.81 13.78 0.9996 6.79 40.29 0.9629
60 97.86 28.87 52.97 0.9219 101.21 66.36 0.9999 7.01 58.67 0.9765
25 96.86 33.78 57.02 0.8747 99.80 39.69 0.9996 17.99 5.58 0.9540
BR2 40 9884 15.51 49.84  0.6774  100.00 82.24 0.9999 29.17 194  0.9845
60 99.45 8.071 50.36 0.6212 101.21 843.7 0.9999 32.70 4.55 0.9673

In adsorption systems, there is the possibility of intra-
particle diffusion being the rate-limiting step. When applying
intraparticle diffusion model, the plots had two portions
which means that the intraparticle diffusion is not the rate
determining step of the adsorption [38].

The plots had the same shapes (Figure 7), a linear initial
portion in which the intraparticle diffusion is the rate-
controlling step, followed by a plateau where intraparticle
diffusion slows down [23].

The plots did not pass through the origin and the values of
the intercept were significantly different from zero, and larger
intercepts indicate that contribution of surface adsorption
was higher in rate-controlling step. Moreover, the value of
intraparticle parameter k; increases with increasing tem-
perature. All these results suggest that adsorption involved
diffusion of the particles and film diffusion but was not the
only rate-controlling step.

3.4. Adsorption Isotherms. Equilibrium adsorption studies
were carried out for a better understanding of the adsorption
process.

The experimental data obtained at equilibrium was ana-
lyzed with Freundlich, Langmuir, Sips, and Redlich-Peterson
adsorption models.

9de = KFCel/n
_ quLCe
¢ 1+K.C,
q, = quSCel/n (6)
¢ 1+KC,Mm
q, = KRPCe
C o1+ ocRPCeﬁ
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FIGURE 7: Intraparticle diffusion model applied for adsorption of (a) NB, (b) ChS, and (c) BR2 on PM-4 nanocomposites.

where g, is the equilibrium solid phase concentration, C, is
the dye concentration at equilibrium, K is the constant of
Freundlich isotherm, the Freundlich exponent (dimension-
less), K; is the constant of Langmuir isotherm, g,,, is the max-
imum adsorption capacity of adsorbent, K is Sips constant
related to affinity constant, Kyp is the constant of Redlich-
Peterson isotherm, agp is the Redlich-Peterson constant, and
B is the Redlich-Peterson exponent (dimensionless) (0 < 8 <
1).

The analysis of the experimental data and determination
of the parameters which describe the theoretical models
were performed, and the main statistical criteria were the

squared multiple regression coefficient (R*) and the chi-
square analysis ( Xz) [38]:

2 (qe - qe,m)2
CRLT 7

m

where g, is the equilibrium capacity (mg/g) obtained from
experimental data and q,, is the equilibrium capacity
obtained by calculating from the model (mg/g).

The calculated parameters based on the isotherms models
are listed in Table 5.
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FIGURE 8: Isotherms plots for the adsorption of (a) NB, (b) ChS, and (c) BR2 on PM-4.

The best isotherm model that fits with the experimental
data was the Sips isotherm model (Figure 8).

That means that an adsorption process is going on
after a combined model of Freundlich and Langmuir:
difftused adsorption on low dye concentration and a
monomolecular adsorption with a saturation value, at high
adsorbate concentrations [38]. The maximum adsorption
capacity of the PM-4 was determined from the sorption

isotherms curves and compared with other results in
Table 6.

The magnetite/carbon nanocomposites PM-4 showed a
higher affinity for BR2 adsorption than that of NB and ChS
in single dye solution.

Thermodynamic Studies. The results obtained using the Sips
model were used to calculate the thermodynamic parameters

for the adsorption process [18]. Gibb’s free energy (AG®) was
calculated using the following equation:

AG’ = —-RT InKj (8)
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TaBLE 5: Constants and correlation coefficients of adsorption isotherm models.

Models Parameter Dyes
NB ChS BR2
Kp (mgg™ (mgL™)™/") 40.28 32.76 53.05
Freundlich n2 3.326 4.121 3.049
R 0.9391 0.9522 0.9602
XZ 292.77 65.62 287.58
q,, (mgg™) 188.96 100.77 23817
Langmuir K, (L rzng_l) 0.089 0.213 0.118
R 0.9711 0.9609 0.9569
Xz 138.98 53.59 311.63
G (mgg™) 223.82 114.68 286.91
K ((mg L)) 0.051 0.152 0.069
Sips n 1.424 1.563 1.489
R? 0.9907 0.9861 0.9859
XZ 52.57 29.59 118.98
Kgp (Lg™h) 85.37 35.46 50.11
ogp (mg L7 1.486 0.577 0.462
Redlich-Peterson B 0.767 0.895 0.828
R? 0.9721 0.9807 0.9795
XZ 157.21 31.75 172.32
TABLE 6: Adsorption capacities of magnetic nanocomposites for the adsorption of dyes from aqueous solutions.
Dye Adsorbent q, (mg/g) Reference
Chromazurol S PEI-Halloysite 68.40 [10]
Chromazurol S Halloysite nanotubes 20.40 [11]
Nylosan Blue Thermally treated rice husk 30.00 [12]
Nylosan Blue Acid-activated Bentonite 119.10 [13]
Safranin T Kaolinite clay 16.23 [14]
Metyl Orange CoFe,O,-reduced graphene oxide nanocomposites 263.00 [15]
Safranin T G-SO;H/Fe, O, 199.30 (16]
Nylosan Blue Magnetite/carbon nanocomposites 223.82 [This study]
Chromazurol S Magnetite/carbon nanocomposites 114.68 [This study]
Safranin T Magnetite/carbon nanocomposites 286.91 [This study]

and both enthalpy (AH % and entropy (AS®) were determined
from van’ Hoff equation:

AG® = AH® — TAS®, 9)

where R is the universal gas constant (8.314JK ' mol™),
T is the absolute temperature, and K represents the Sips
equilibrium constant, obtained from the isotherm plots. AH®
and AS® values can be calculated from the slope and intercept
of the linear plot of In K versus 1/T.

The AG® values are negative indicating that the adsorp-
tion is a spontaneous process (Table 7). The positive val-
ues of AH" suggest the endothermic nature of the pro-
cess and indicate that the amount adsorbed at equilib-
rium is increased with increasing temperature. The positive
values of AS® reflect an increase in randomness at the
solid-solution interface during the dyes adsorption onto PM-
4 [39].

Adsorbent Stability and Reusability. A promising adsorbent
for large-scale wastewater treatment must present a very
good adsorption capacity, easy separation, and high stability.
To validate the reusability of the magnetic adsorbent, seven
cycles of consecutive adsorption-desorption were carried out
at 25°C (Figure 9).

The removal efficiency decreased continuously, but it still
remained at 68% in the seventh cycle, indicating the good
recycling performance of the used adsorbent (PM-4). The
adsorption-desorption studies revealed a greater preference
for BR2 compared with other two dyes.

Adsorption in Binary Systems. The optimum conditions
obtained for individual adsorption were selected as starting
conditions for simultaneous adsorption of dyes from bisor-
bate systems.

In binary adsorption systems, the primary and coexisting
sorbate had the same initial concentration, a mass ratio of 1: 1,
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TABLE 7: Thermodynamic parameters for the adsorption of investigated dyes on PM-4 nanocomposites.
Dve Temp. AG° AH® AS°
y (0) (J/mol) (J/mol) (J/mol-K)
25 —7373.08
NB 40 —7744.21 6053.50 432.99
60 —8239.05
25 -4667.44
ChS 40 —4902.37 3832.12 274.09
60 —-5215.62
25 -6624.16
BR2 40 ~6957.59 5438.63 389
60 —-7402.16

and the experimental studies followed the same procedure as
for the single sorbate adsorption experiments.

The concentration of each dye in binary systems was
calculated using the following equations [40]:

CA _ kBZ'Al _kBl 'Az
kAl 'k32 - kAz : kBl

— kAl 'AZ_kAZ'Al
kAl 'kBZ - kAZ ’ kBl

(10)

Cp

where A, A, represent the total absorbance at wavelengths
Mmax and A, . and kg, kg, kay, kg, are the calibration
constants for components A and B at A and A

Each individual dye spectrum and spectra of binary
mixtures of dyes are shown in supplementary file SupFig. 4.

Effect of solution pH on removal percentage in case of
binary systems studied for 100 mg/L dye concentration, at
25°C, is presented in Table 8.

Imax 2max-*

TaBLE 8: Effect of solution pH on dyes removal efficiency in the case
of binary system.

pH
Dye 2.84 6.90 10.14
R (%)
NB (NB + ChS) 87.38 77.21 51.11
NB (NB + BR2) 87.98 96.52 94.00
ChS (ChS + NB) 63.50 59.17 22.60
ChS (ChS + BR2) 73.08 52.82 52.37
BR2 (BR2 + NB) 95.48 97.83 98.92
BR2 (BR2 + ChS) 88.29 91.76 92.82

Even in case of binary systems, in acidic medium, the
removal efficiency of PM-4 is higher for anionic dyes: NB
and ChS due to electrostatic attraction between negatively
charged dye molecules and positively charged surface of PM-
4. At a pH ~10, which was the optimum pH for removal of
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TaBLE 9: Effect of initial concentration on dyes removal efficiency for binary systems.
Conc (mg LY R sin. (%) R bin. (%)
NB NB (NB + RB2)* NB (NB + ChS)*
30 94.52 94.24 86.40
100 89.22 93.98 87.38
200 73.07 84.50 66.08
Chs ChS (ChS + BR2)" ChS (ChS + NB)*
30 96.01 92.72 90.18
100 78.97 90.08 70.33
200 56.90 89.20 63.50
BR2 BR2 (BR2 + NB)** BR2 (BR2 + ChS)**
30 97.99 94.30 93.80
100 96.86 92.82 93.92
200 95.03 88.30 93.18

*Determined at pH 2.68. **Determined at pH 10.14.

BR2 dye in single system, the adsorption of BR2 (cationic
dye) from binary systems is favored in comparison with
adsorption of NB or ChS (anionic dyes).

The effect of the initial dye concentrations on the percent-
age removal in case of binary (bin.) systems was investigated
using 20 ml of dye solution and 20mg/L PM-4 at 25°C,
for 200 min, and results are presented in Table 9. Three
different binary mixtures were investigated NB + BR2, ChS
+ BR2, and NB + ChS, at three different concentrations:
a lower one consists of 30mgL™" of both dyes, a higher
initial concentration consists of 200mgL™" of both dyes,
and a middle concentration value is 100mgL™" of both
dyes.

As it was expected, the removal percentage of dyes
decreased in binary systems when compared with the adsorp-
tion in single-solute systems. By increasing concentration
of dyes in binary systems, the removal efficiency decreased,
similar with the case of single component. It is seen that
adsorption of BR2 was slightly affected by the presence of
NB or ChS in BR2 + NB and BR2 + ChS binary solutions.
The adsorption of NB and ChS dyes in binary systems
containing BR2 as copollutant was improved compared with
the single systems. Similar results were obtained for other
binary systems by Deng et al. [41], Yang et al. [42], and An
et al. [28].

In order to determine the effectiveness of the absorbent
investigated (PM-4) under field conditions, that is, pH of the
solutions (6.90 for NB + BR2, 7.09 for ChS + BR2, and 7.90
for NB + ChS) at 25°C, we have extended the analysis for
the dye concentration of 100 mg/L. Results are presented in
Figure 10.

As can be observed even at the natural pH of the BR2
dye solution, sorbent PM-4 demonstrates a high selectivity
for BR2 in binary systems. The removal percentage of NB
decreased in binary system NB + ChS compared with its
removal in single system indicated that NB was affected by the
presence of ChS during the competitive adsorption. The most
affected in binary system was ChS dye, the removal efficiency

of ChS decreasing due to competition between the ChS and
NB or BR2 onto MNC PM-4.

4. Conclusions

In this paper, magnetic nanoparticles embedded within a
matrix of activated carbon were tested as adsorbent for dyes
removal from single and binary systems.

The adsorption capacities decreased for NB and ChS and
increased for BR2 with increasing pH value. The removal
efficiency of pollutants increased with increasing the carbon
content, with initial concentration of the pollutants, the dose
of MNC, and temperature. Kinetic studies revealed that
adsorption of investigated dyes followed a pseudo-second-
order kinetic in single dye solution. The application of intra-
particle diffusion model demonstrates that the surface diffu-
sion and the intraparticle diffusion occur in parallel during
the adsorption process. The experimental data were well cor-
related by the Sips adsorption model, and in single systems,
the maximum adsorption capacities were 223.82mgg " for
NB, 114.68 mgg ™" for ChS, and 286.91mg g~ for BR2, respec-
tively. Thermodynamic analysis showed that adsorption of
investigated dyes on MNC was favorable, spontaneous, and
endothermic. Even after seven adsorption-desorption cycles,
the magnetite/carbon nanocomposites still present a good
efficiency (greater than 65%) for dyes removal from aqueous
solution, indicating the possible industrial application of
MNC. In binary systems, the removal efficiency decreased
due to competitive effect, but still sorbent PM-4 demonstrates
a high selectivity for BR2 in binary systems. The obtained
results were compared with the previously reported data
on different adsorbents for the same dyes and the selected
magnetite nanocomposite from this work demonstrates its
superiority and the potential as a new efficient adsorbent for
the removal of dyes in binary systems from aqueous solutions.

Considering the facile and low-cost characteristics of the
synthesis method, magnetic separation efficiency and sim-
plicity, and the stability and reusability in several adsorptions-
desorption cycles, the magnetite/carbon nanocomposites
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used in this study are versatile and promising candidates for
the removal of dyes from aqueous solutions.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by a grant of the Romanian National
Authority for Scientific Research and Innovation, CNCS-
UEFISCDI, Project no. PN-II-RU-TE-2014-4-1319, and by

Program 2 of the Institute of Chemistry Timigoara of Roma-
nian Academy (Research Project 2.4.)

Supplementary Materials

SuppFig. 1: calibration curve for ChS, NB, and BR2 dyes.
SuppFig. 2: adsorption-desorption isotherms of samples PM-
1, PM-3, PM-4, PM-5, and P-6 [10]. SuppFig. 3: samples
of dyes solution before and after adsorption. SuppFig. 4:
individual dye spectra and spectra of binary mixtures of dyes.
(Supplementary Materials)


http://downloads.hindawi.com/journals/jchem/2018/6249821.f1.doc

Journal of Chemistry

References

(1]

(8]

(10]

(15]

M. Ashrafi, M. Arab Chamjangali, G. Bagherian, and N.
Goudarzi, “Application of linear and non-linear methods for
modeling removal efficiency of textile dyes from aqueous
solutions using magnetic Fe304 impregnated onto walnut
shelly” Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 171, pp. 268-279, 2017.

R. K. Vital, K. V. N. Saibaba, K. B. Shaik, and R. Gopinath,
“Gopinath, Dye removal by adsorption: a review;, Journal of
Bioremediation & Biodegradation, vol. 7, no. 371, 2016.

N. M. Mahmoodi and S. Soltani-Gordefaramarzi, “Dye removal
from single and quaternary systems using surface modified
nanoparticles: Isotherm and kinetics studies,” Progress in Color,
Colorants and Coatings, vol. 9, no. 2, pp. 85-97, 2016.

R. Tang, C. Dai, C. Li, W. Liu, S. Gao, and C. Wang, “Removal
of Methylene Blue from Aqueous Solution Using Agricultural
Residue Walnut Shell: Equilibrium, Kinetic, and Thermody-
namic Studies,” Journal of Chemistry, vol. 2017, Article ID
8404965, 2017.

W. T. Al-Rubayee, O. FE. Abdul-Rasheed, and N. M. Ali, “Prepa-
ration of a Modified Nanoalumina Sorbent for the Removal
of Alizarin Yellow R and Methylene Blue Dyes from Aqueous
Solutions,” Journal of Chemistry, vol. 2016, Article ID 4683859,
2016.

L. Kong, X. Gan, A. L. B. Ahmad et al., “Design and synthesis of
magnetic nanoparticles augmented microcapsule with catalytic
and magnetic bifunctionalities for dye removal, Chemical
Engineering Journal, vol. 197, pp. 350-358, 2012.

H. R. Lotfi Zadeh Zhad, F. Aboufazeli, O. Sadeghi, V.
Amani, E. Najafi, and N. Tavassoli, “Tris(2-Aminoethyl)amine-
functionalized Femagnetic nanoparticles as a selective sorbent
for separation of silver and gold ions in different pHs,” Journal
of Chemistry, Article ID 482793, 2013.

Y. Liu, G. Zeng, L. Tang et al., “Highly effective adsorption
of cationic and anionic dyes on magnetic Fe/Ni nanoparticles
doped bimodal mesoporous carbon,” Journal of Colloid and
Interface Science, vol. 448, pp. 451-549, 2015.

R. Tanos, C. Pdcurariu, and G. Mihoc, “Magnetite/carbon
nanocomposites prepared by an innovative combustion syn-
thesis technique - Excellent adsorbent materials,” Ceramics
International, vol. 40, no. 8, pp. 13649-13657, 2014.

Y. Zhao, E. Abdullayev, A. Vasiliev, and Y. Lvov, “Halloysite
nanotubule clay for efficient water purification,” Journal of
Colloid and Interface Science, vol. 406, no. 15, pp. 121-129, 2013.
Y. Zhao, E. Abdullayev, and Y. Lvov, “Nanotubular halloysite clay
as efficient water filtration system for removal of cationic and
anionic dyes,” in Proceedings of the 2nd International Conference
on Structural Nano Composites, NANOSTRUC 2014, May 2014.
G. K. Jayatunga, “Rice husk based adsorbents for dye removal
from wastewater,” 2009, http://dLlib.mrt.ac.lk/handle/123/1832.
A. S. Ozcan and A. Ozcan, “Adsorption of acid dyes from
aqueous solutions onto acid-activated bentonite,” Journal of
Colloid and Interface Science, vol. 276, no. 1, pp. 39-46, 2004.
K. O. Adebowale, B. I. Olu-Owolabi, and E. C. Chigbundu,
“Removal of Safranin-O from Aqueous Solution by Adsorption
onto Kaolinite Clay,” Journal of Encapsulation and Adsorption
Sciences (JEAS), vol. 04, no. 03, pp. 89-104, 2014.

Z. J. Song, W. Ran, and E Y. Wei, “One-step approach for
the synthesis of CoFe204@rGO core-shell nanocomposites as
efficient adsorbent for removal of organic pollutants,” Water
Science and Technology, vol. 75, no. 2, pp. 397-405, 2017.

(16]

(17]

(20]

(21]

[22]

(27]

(28]

15

R. K. Gautam and M. C. Chattopadhyaya, Nanomaterials for
wastewater remediation (Butterworth-Heinemann, vol. cap 6,
Taylor & Francis Group, 2016.

M. Fayazi, D. Afzali, M. A. Taher, A. Mostafavi, and V. K.
Gupta, “Removal of Safranin dye from aqueous solution using
magnetic mesoporous clay: Optimization study; Journal of
Molecular Liquids, vol. 212, pp. 675-685, 2015.

S. G. Muntean, O. Paska, S. Coseri, G. M. Simu, M. E. Grad, and
G. Ilia, “Evaluation of a functionalized copolymer as adsorbent
on direct dyes removal process: Kinetics and equilibrium
studies,” Journal of Applied Polymer Science, vol. 127, no. 6, pp.
4409-4421, 2013.

E. Tombdcz, E. Illés, A. Majzik, A. Hajdd, N. Rideg, and M. Szek-
eres, “Ageing in the inorganic nanoworld: Example of magnetite
nanoparticles in aqueous medium,” Croatica Chemica Acta, vol.
80, no. 3-4, pp. 503-515, 2007.

R. Istratie, M. Stoia, C. Pdcurariu, and C. Locovei, “Single and
simultaneous adsorption of methyl orange and phenol onto
magnetic iron oxide/carbon nanocomposites,” Arabian Journal
of Chemistry, 2015.

P. K. Malik, “Dye removal from wastewater using activated
carbon developed from sawdust: adsorption equilibrium and
kinetics,” Journal of Hazardous Materials, vol. 113, no. 1-3, pp.
81-88, 2004.

D. Schimmel, K. C. Fagnani, J. B. O. Dos Santos, M. A. S. D.
Barros, and E. A. Da Silva, “Adsorption of turquoise blue qg
reactive dye on commercial activated carbon in batch reactor:
Kinetic and equilibrium studies,” Brazilian Journal of Chemical
Engineering, vol. 27, no. 2, pp. 289-298, 2010.

C. Pacurariu, O. Paska, R. Ianos, and S. G. Muntean, “Effective
removal of methylene blue from aqueous solution using a
new magnetic iron oxide nanosorbent prepared by combustion
synthesis,” Clean Technologies and Environmental Policy, vol. 18,
no. 3, pp. 705-715, 2016.

I. Shah, R. Adnan, W. S. W. Ngah, and N. Mohamed, “Iron
impregnated activated carbon as an efficient adsorbent for the
removal of methylene blue: Regeneration and kinetics studies,”
PLoS ONE, vol. 10, no. 4, Article ID 0122603, 2015.

H. Sun, L. Cao, and L. Lu, “Magnetite/reduced graphene oxide
nanocomposites: one step solvothermal synthesis and use as a
novel platform for removal of dye pollutants,” Nano Research,
vol. 4, no. 6, pp. 550-562, 2011.

M. R. Patil and V. S. Shrivastava, “Adsorption of malachite
green by polyaniline-nickel ferrite magnetic nanocomposite: an
isotherm and kinetic study,” Applied Nanoscience, vol. 5, no. 7,
pp. 809-816, 2015.

S. D. Abkenar, “Application of magnetic-modified Fe304
nanoparticles for removal of crystal violet from aqueous solu-
tion: kinetic, equilibrium and thermodynamic studies,” J. Appl.
Chem. Res, vol. 10, no. 1, pp. 65-74, 2016.

S. An, X. Liu, L. Yang, and L. Zhang, “Enhancement removal of
crystal violet dye using magnetic calcium ferrite nanoparticle:
Study in single- and binary-solute systems,” Chemical Engineer-
ing Research and Design, vol. 94, pp. 726-735, 2015.

S. G. Muntean, M. E. Radulescu-Grad, and P. Sfarloaga, “Dye
adsorbed on copolymer, possible specific sorbent for metal ions
removal,” RSC Advances, vol. 4, no. 52, pp. 27354-27362, 2014.
M. K. Satapathy, P. Banerjee, and P. Das, “Plant-mediated
synthesis of silver-nanocomposite as novel effective azo dye
adsorbent,” Applied Nanoscience, vol. 5, no. 1, pp. 1-9, 2015.

C. Virlan, R. G. Ciocérlan, T. Roman, D. Gherca, N. Cornei,
and A. Pui, “Studies on adsorption capacity of cationic dyes on


http://dl.lib.mrt.ac.lk/handle/123/1832

16

[37

[38

[39

[40

]

]

J

]

several magnetic nanoparticles,” Acta Chemica Iasi, vol. 21, no.
1, 2013.

D. Robati, B. Mirza, M. Rajabi et al., “Removal of hazardous
dyes-BR 12 and methyl orange using graphene oxide as an
adsorbent from aqueous phase,” Chemical Engineering Journal,
vol. 284, pp. 687-697, 2016.

X. Zhao, S. Liu, Z. Tang et al., “Synthesis of magnetic metal-
organic framework (MOF) for efficient removal of organic dyes
from water;” Scientific Reports, vol. 5, Article ID 11849, 2015.

S. G. Muntean, G. M. Simu, L. Kurunczi, and Z. Szabadai,
“Investigation of the aggregation of three disazo direct dyes by
UV-vis spectroscopy and mathematical analysis,” CHEMISTRY
MAGAZINE, vol. 60, no. 2, pp. 152-155, 2009.

S. G. Muntean, G. M. Simu, L. Kurunczi, and Z. Szabadai,
“Experimental and mathematical study of the aggregation of a
green trisazo direct dye,” CHEMISTRY MAGAZINE, vol. 59, no.
8, pp. 894-897, 2008.

T. Wang, P. Zhao, N. Lu, H. Chen, C. Zhang, and X. Hou,
“Facile fabrication of Fe304/MIL-101(Cr) for effective removal
of acid red 1 and orange G from aqueous solution,” Chemical
Engineering Journal, vol. 295, pp. 403-413, 2016.

D. Chen, Z. Zeng, Y. Zeng, F. Zhang, and M. Wang, “Removal
of methylene blue and mechanism on magnetic y-Fe203/5i02
nanocomposite from aqueous solution,” Water Resources and
Industry, vol. 15, pp. 1-13, 2016.

S. G. Muntean, A. Todea, M. E. Radulescu-Grad, and A.
Popa, “Decontamination of colored wastewater using synthetic
sorbents,” Pure and Applied Chemistry, vol. 86, no. 11, pp. 1771-
1780, 2014.

R. Ahmad and R. Kumar, “Kinetic and thermodynamic studies
of brilliant green adsorption onto carbon/iron oxide nanocom-
posite,” Journal of the Korean Chemical Society, vol. 54, no. 1, pp.
125-130, 2010.

N. M. Mahmoodi, R. Salehi, and M. Arami, “Binary system dye
removal from colored textile wastewater using activated carbon:
Kinetic and isotherm studies,” Desalination, vol. 272, no. 1-3, pp.
187-195, 2011.

J.-H. Deng, X.-R. Zhang, G.-M. Zeng, J.-L. Gong, Q.-Y. Niu,
and J. Liang, “Simultaneous removal of Cd(II) and ionic
dyes from aqueous solution using magnetic graphene oxide
nanocomposite as an adsorbent,” Chemical Engineering Journal,
vol. 226, pp. 189-200, 2013.

L. Yang, Y. Zhang, X. Liu et al., “The investigation of synergistic
and competitive interaction between dye Congo red and methyl
blue on magnetic MnFe204,” Chemical Engineering Journal, vol.
246, pp. 88-96, 2014.

Journal of Chemistry



Hindawi

Journal of Chemistry

Volume 2018, Article ID 9073763, 8 pages
https://doi.org/10.1155/2018/9073763

Research Article

Water Pollution and Water Quality Assessment of
Major Transboundary Rivers from Banat (Romania)

Andreea-Mihaela Dunca

Department of Geography, Faculty of Chemistry, Biology, Geography, West University of Timisoara,

Blvd. V. Parvan No. 4, Timisoara, 300223 Timis, Romania

Correspondence should be addressed to Andreea-Mihaela Dunca; andreea.dunca@e-uvt.ro

Received 13 November 2017; Revised 23 January 2018; Accepted 6 February 2018; Published 5 March 2018

Academic Editor: Narcis Duteanu

Copyright © 2018 Andreea-Mihaela Dunca. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

This study focuses on water resources management and shows the need to enforce the existing international bilateral agreements and
to implement the Water Framework Directive of the European Union in order to improve the water quantity and quality received
by a downstream country of a common watershed, like Timis-Bega hydrographical basin, shared by two countries (Romania and
Serbia). The spatial trend of water quality index (WQI) and its subindexes are important for determining the locations of major
pollutant sources that contribute to water quality depletion in this basin. We compared the values of WQI obtained for 10 sections of
the two most important rivers from Banat, which have a great importance for socioeconomic life in southwestern part of Romania
and in northeastern part of Serbia. In order to assess the water quality, we calculated the WQI for along period of time (2004-2014),
taking into account the maximum, minimum, and the mean annual values of physical, chemical, and biological parameters (DO, pH,
BODs5, temperature, total P, N-NO2~, and turbidity). This article highlights the importance of using the water quality index which has
not been sufficiently explored in Romania and for transboundary rivers and which is very useful in improving rivers water quality.

1. Introduction

The water quality from the rivers has a considerable impor-
tance for the reason that these water resources are generally
used for multiple matters such as: drinking domestic and res-
idential water supplies, agriculture (irrigation), hydroelectric
power plants, transportation and infrastructure, tourism, rec-
reation, and other human or economic ways to use water [1].

For a given river the water quality is the result of several
interrelated parameters with a local and temporal variation
which are influenced by the water flow rate during the year [2].

In the context of sustainable water management, many
hydrological studies have been published around the world,
which highlights the ecological role of water from the rivers.
Moreover, there have been more researches based upon water
quality evaluation [3-5]. This category of studies is related
to the quality of watercourses which generally use many
statistical and mathematical models.

Most of the studies related to the assessment of the water
resources quality use several water quality indices among

the most important are water quality index (WQI), water
pollution index (WPI), and river habitat survey (RHS) [6, 7].

Studies focusing on water quality of water bodies from
Romanian territory and especially of major transboundary
rivers from Banat hydrographical area are scarce, so this study
has a great importance for the reason that it describes the suit-
ability of surface water sources from this hydrographical area
for human consumption being useful for communication of
overall water quality information to the concerned citizens
and policy makers.

To determine the locations of major polluting sources
that contribute to water quality depletion in the Timis-Bega
hydrographical basin and its tributaries, an analysis has been
made in order to evaluate the two largest waterways from
Banat (Timis and Bega transboundary rivers), using the water
quality index (WQI) method, which is one of the most reliable
indicators of the watercourses pollution and the most conve-
nient way to express the water quality at the same time [8].

Timis-Bega hydrographical system is located in the west-
ern part of Romania, overlapping the hydrographical basins
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FIGURE 1: The geographical position of the Timis-Bega hydrographical basin within Romania.

of Timis and Bega rivers, named after the hydrotechnical
works constructed in the two basins. These works are meant
to ease the better management of the water resources within
them, interconnecting the two rivers, through the Costei-
Chizdtau Supply Channel and Topolovét-Hitias Discharge
Channel (Figure 1).

Timis River is the most important river of Banat historical
region, springing from the crystalline massif of Semenic,
under the Piatra Goznei Peak, from the approximate altitude
of 1135 m, and it discharges on a total length of 249 km up to
the confluence point with the Danube, located in the South
of Pancevo locality, on the current territory of Serbia [9, as
amended]. The river gathers its tributaries that spring from
the Banat Mountains, Tarcului Mountains, Poiana Rusca
Mountains, and, finally, the piedmont hills of Lugoj and
Pogénis, summing up a total length of the watercourses of
approximately 462 km and a watershed surface of 5505 km*
on the territory of Romania, representing approximately
2.31% from the total surface of Romania (238391 km?) [10].

Bega River springs from Poiana Ruscd Mountains, under
Pades Peak (1359 m), from an altitude of 1150 m, discharging
into Tisa River, near Titel locality, found on the current
territory of Serbia where it collects its tributaries from Poiana
Ruscd Mountains, Lipova Piedmont, the pied mountainous,
and divagation field of Banat that are summing up a length of
176 km and a surface of 2675 km” on the territory of Romania
(almost 1.12% from the total surface) [10].

Human activities in the basin of the two most important
rivers from Banat have a great importance for socioeconomic
life in southwestern part of Romania and in northeastern part
of Serbia. Moreover, these human activities have an important
influence in the geographical environment generally speak-
ing with a particularity in what concerns the water resources,
their quantity, and quality.

The problems involving the water resources management
activity from Timis-Bega hydrographical system consist of
the assurance of the required water demand by the vari-
ous social-economic objectives, the prevention of damaging
effects of the waters, and the maintenance of a good environ-
mental quality.

The water intakes from Timis-Bega hydrographical sys-
tem are providing the drinkable water supply or the use
of water for industrial purposes, which can influence the
river hydromorphological level, changing the features of the
natural water discharge regime on their courses.

In Timis-Bega hydrographical system the river monitor-
ing activity started in the 19th century, when the achievement
of drainage works of great amplitude was started, in the sub-
sidence area of the Western Plain, where several swamps and
frequent floods took place, and when several hydrotechnical
works were performed, based on studies and projects, for
which several observations and hydrological measurements
where necessary.

According to the Water Framework Directive of Euro-
pean Union (WFD 2000), Timis-Bega watershed has been
selected several watercourses, well-delimited in the territory,
for the operational monitoring of the surface and ground
waters and for the determination of water quality status, as
follows: 14 surface water bodies found in natural status, 12
surface water bodies which are heavily modified and artificial,
3 surface reservoirs, and 8 monitored ground water bodies
[10].

2. Materials and Methods

The water quality index (WQI) is a numeric expression used
to evaluate the quality of a given water body meant to be easily
understood by managers from many countries [11].
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TaBLE 1: Index value intervals and the corresponding quality
category [17].

Value intervals (%) Water quality status

90-100 Excellent
70-90 Good
50-70 Medium
25-50 Bad
0-25 Very bad

In order to calculate the water quality index, Horton
proposed in 1965 the first formula which takes into account
all parameters necessary for determining the quality of the
surface waters and which reflects the composite influence
of different parameters important for the assessment and
management of water quality [12, 13].

This index was for the first time used to highlight the
physical-chemical changes that may occur during the year on
the flowing water quality [14, 15].

Most often, the water quality index is used in the evalu-
ation of surface water quality. This index incorporates data
from multiple parameters into a mathematical equation that
rates the quality of water bodies with numbers from 1 to
100 which can be separated in five classes, each class with
a different quality state and with a different usage domain
(13, 16].

One of the most computation formulas used to determine
the water quality index can be noticed in the following
arithmetic expression:

1 (< ’
WQI = 100 <;qiwi> , ey

where i is the quality parameter, g; is the registered value,
and wj; is the rank of implication of the parameter in the
computation formula [12].

Seven factors have been chosen, in order to rate this index;
each of them is more important than others, so weighted
mean is used to combine the values of these factors.

The classes of the water quality status obtained according
to the quality intervals of the WQI are presented in Table 1.

WQI scores above 80 represent stations of “lowest con-
cern” that generally meet state water quality standards, WQI
scores between 40 and 80 indicate stations of “marginal con-
cern,” and WQI scores below 40 did not meet expectations
and are of “highest concern” [18].

In order to obtain the WQI values a selection of the
parameters has been made according to the Global Quality
Classes established through the norms regarding the classifi-
cation of surface water quality towards to the determination
the ecological status of the water bodies.

Thereby, some of the most important parameters of
water quality index have been taken into account with the
impossibility of considering two of these parameters (total
coliforms and turbidity), for the reason that, first of all, the
total coliforms parameter is monitored only in the sections
where the water is targeted for the potable use and secondly

because turbidity was not considered from sampling stations
analyzed.

The results have been further analyzed using current
Romanian legislation (the Water Law number 107/1996, as
amended and supplemented, the Law number 310/2004, and
Order number 161/2006 approving the norms concerning
the classification of surface water quality to determine the
ecological status of water bodies) which complies with WFD
2000 [19-22].

This directive has been adopted by European Parlia-
ment and Council (Directive 2000/60/EC) on establishing a
framework for European Community action in the field of
water, and it contains for each parameter the limit values for
corresponding chemical status of all five classes set, namely,
very good (Ist grade of quality), good condition (2nd grade
of quality), moderate condition (3rd grade of quality), poor
condition (4th grade of quality), and bad condition (5th grade
of quality) [23].

Another step in calculating the values of water quality
index from each sampling sections analyzed has been the one
that brings all the measurement units at the same reference
scale.

Determining the degree of involvement of the parameters
has been accomplished in correspondence with the specific
methodology, which takes into account the role of each
analyzed parameter in defining the status of the water bodies
and of the aquatic ecosystems [12]. Afterward the last step has
been completed using an online calculator of the water quality
index advanced by Mr. Brian Oram in 2010, according to the
Field Manual for Water Quality Monitoring book [12, 17].

The computation of the WQI for two of the most
important rivers from Banat (Timis and Bega) has been
performed taking into account the mean annual values of
each quality parameter, which were registered at the six
monitoring stations on the Timis River (Sadova Veche, Potoc,
Lugoj, Hitias, Sag, and Gréniceri) and at the four monitoring
stations on the Bega River (Luncanii de Jos, Balint, Timisoara,
and Otelec).

3. Results and Discussions

In order to assess the water quality of Timis and Bega
rivers the water quality index for a long period of time
(2004-2014) has been calculated which has been applied
also for 10 sampling sections, along the Timis (6) and Bega
(4) rivers, taking into account the maximum annual, the
minimum annual, and the mean annual values of 7 following
physical, chemical, and biological parameters: DO (oxygen
saturation in percent), pH (in pH units), BOD5 (biochemical
oxygen demand in mg O,/L), temperature (°C), total P (total
phosphorus in mg P/L), N-NO2™ (total nitrates in mg N/L),
and turbidity (mg/L), with units of measurement adapted
according to International Union of Pure and Applied Chem-
istry (IUPAC).

The average values of physical (temperature and tur-
bidity), chemical (pH, total phosphorus and nitrates), and
biologic/organic (oxygen saturation and biochemical oxygen
demand) parameters of water from Timis and Bega rivers
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TABLE 2: Water quality status and WQI values at sampling stations from the Timis River.
Water quality Water sampling station
parameters Sadova Veche Potoc Lugoj
(unit) Max. Min. Mean Max. Min. Mean Max. Min. Mean
DO (%) 125.9 56.1 84.5 128 57.7 85.7 163.8 54.1 98.1
pH (U pH) 7.9 71 7.5 7.9 7.2 7.6 9 6.8 7.6
BODS5 (mg O,/L) 3 1.2 1.9 3 11 1.9 5.8 1.2 2.8
Temperature ("C) 17.3 1 7.9 17 1.9 8.6 24.5 1.5 12.9
Total P (mg P/L) 0.075 0.032 0.050 0.106 0.026 0.052 0.298 0.028 0.106
N-NO2™ (mg N/L) 0.021 0.004 0.010 0.037 0.008 0.017 0.041 0.004 0.016
Turbidity (mg/L) 37.2 18.7 26.1 41.4 17.9 271 198.3 4.6 37.5
Overall WQI 79 83 86 78 84 86 58 81 83
Class 1I II II 1I II II III II II
Water quality status ~ Good Good Good Good Good Good Medium Good Good
ZXZZ:ZWIW ]\C/I:r:‘cg::;l Lowest concern ]:I:’:f::zl Lowest concern J\C/I:;(Cg::sl Lowest concern
Source. Data processed by the Banat Water Basin Administration (ABAB) Archives, Timisoara.
TABLE 3: Water quality status and WQI values at sampling stations from the Timis River.
. Water sampling station

Water quality » o
parameters (unit) Hitias Sag Graniceri

Max. Min. Mean Max. Min. Mean Max. Min. Mean
DO (%) 130.9 40 79.1 1477 51.2 89.3 144.7 474 86.7
pH (U pH) 77 6.8 73 77 7 7.4 8 72 7.6
BOD5 (mg O,/L) 10.8 1.3 4.2 4.8 11 2.4 6 1.6 3.7
Temperature (°C) 23.6 2.7 12.6 23.6 2.1 121 23.3 31 12.7
Total P (mg P/L) 0.437 0.042 0.145 0.263 0.041 0.123 0.434 0.058 0.171
N-NO2" (mg N/L) 0.078 0.009 0.030 0.042 0.007 0.021 0.046 0.006 0.021
Turbidity (mg/L) 291.4 8.9 68 185.2 6.2 449 124.9 11.5 46.8
Overall WQI 66 76 79 66 81 83 62 79 81
Class I 1I II I 1I II I II I
Water quality status  Medium Good Good Medium Good Good Medium Good Good
z/(\:zizt;zualzty Marginal concern AC/I:]:‘EZZI Lowest concern Marginal concern CLO(::;/E:;

Source. Data processed by the Banat Water Basin Administration (ABAB) Archives, Timisoara.

and the results of water quality data analysis are presented in
Tables 2, 3, 4, and 5.

At Sadova Veche and Potoc monitoring stations, located
on the upper course of Timis River, the water quality status
is good (70-90%), according to the average, maximum, and
minimum annual values of the analyzed parameters during
the period under review (2004-2014), which make these
sampling stations fall into the “lowest concern” category
(Table 2).

Downstream on the Timis River beginning with Lugoj
monitoring section until the border between Romania and
Serbia the water quality is preserved in good condition
according to the mean and minimum annual values. Only the
maximum annual values decreased, which cause the medium
status of water quality (50-70%) at all other sections (Lugoj,

Hitias, Sag, and Gréniceri), fitting them into the “marginal
concern” category (Table 3).

The values of the water quality index from these stations
correspond to the moderate class, which are influenced by
the nutrients, respectively, by the high values of the nitrates
from Timis river water, as a result of the agricultural practices,
municipal and industrial wastewaters, manure from farms,
and so on.

The water quality of the Timis River is influenced by
many factors including the quantitative variation of biogenic
and organic substances. All biogenic elements within the
water bodies are the result of the decomposition process of
the organic substances therefore the regime of the biogenic
elements depends directly on the vital activity of the organ-
isms from the rivers. Moreover this river is characterized
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TABLE 4: Water quality status and WQI values at sampling stations from the Bega River.
Water sampling station

Water quality parameters (unit) Luncanii de Jos Balint

Max. Min. Mean Max. Min. Mean
DO (%) 146.3 60.6 976 154.1 48.3 89.1
pH (U pH) 83 7.6 8 8.1 72 77
BODS5 (mg O,/L) 37 0.8 2 6.1 15 3.4
Temperature ("C) 19.8 2.2 10 23 1.7 11.4
Total P (mg P/L) 0.242 0.032 0.099 0.381 0.037 0.128
N-NO2™ (mg N/L) 0.015 0.002 0.007 0.041 0.006 0.017
Turbidity (mg/L) 54.9 4.4 18.8 232.4 52 55.5
Overall WQI 66 84 85 61 80 82
Class 11T II II III 1I II
Water quality status Medium Good Medium Good
Water quality concern Marginal concern Lowest concern Marginal concern Lowest concern
Source. Data processed by the Banat Water Basin Administration (ABAB) Archives, Timisoara.

TABLE 5: Water quality status and WQI values at sampling stations from the Bega River.
Water sampling station
Water quality parameters (unit) Timigoara Otelec
Max. Min. Mean Max. Min. Mean

DO (%) 148.9 44.9 85.6 136.9 23.8 61.9
pH (U pH) 7.8 7 74 77 6.9 73
BODS5 (mg O,/L) 3.8 0.8 1.8 10.3 32 5.7
Temperature (°C) 23.9 1.4 12.2 24.7 1.5 13.1
Total P (mg P/L) 0.395 0.026 0.117 0.881 0.161 0.418
N-NO2~ (mg N/L) 0.041 0.004 0.013 0.268 0.011 0.056
Turbidity (mg/L) 1321 5.7 30.1 134.8 52 28.9
Overall WQI 65 80 84 64 69 68
Class II1 1I II III III III
Water quality status Med. Good Medium

Water quality concern Marginal concern

Lowest concern Marginal concern

Source. Data processed by the Banat Water Basin Administration (ABAB) Archives, Timisoara.

by the presence of several impurities in natural state with
a composition which depends on the types of soils from
the reception basin, waste water spills from different kind
of users, and the dissolving capacity of the gases in the
atmosphere [24, 25].

Within the water of unpolluted rivers, the concentration
of nitrates often oscillates between the limits of a few tenths
of mg/l. The main cause for the loading of the flowing waters
with nitrates consists in the eviction of the urban waste waters
[26]. This is the reason why the content in N-NO,~ of the
river water is almost double at Lugoj station and the reason
why the water quality is changing from good to a moderate
status according to the maximum annual values.

Generally, the best water quality status from Bega River
concerning average and minimum annual is centralized in
the sections from the upper course, which falls into the
“lowest concern” category (Tables 4 and 5).

Downstream from Timigoara until the Romanian Serbian
border the water quality status is deteriorated according to
the average annual, maximum annual, and minimum annual

values of the water quality index (50-70% - medium state),
so the water quality of Bega River has a moderate status at
the exit of our country, weaker compared with Timis River,
which causes Gréniceri station to have a “marginal concern”
regarding water quality.

Water quality of the most important rivers from Timis-
Bega hydrographical basin is a result of human activity and
demographic characteristics on one side and urbanization
and industrialization on the other side. Discharging of
untreated waste waters from industry, households, and pol-
lution from agriculture (sewage water from rural localities,
from animal farms and from industry) are the main causes of
pollution on surface water resources and groundwater in this
region [27, 28].

The human stress on the surface water within Timis and
Bega catchments is induced by the total number of inhab-
itants (almost 700000 people) and the urban inhabitants
(428168 people, by National Institute of Statistics (INS) from
Romania, 2011) from cities like Timisoara, Lugoj, Buzias,
Féget, Recas, Ciacova, Caransebes, and Otelu Rosu, by the



organic loading that they generate through the industrial
activities, land use, and animal husbandry in animal farming
complexes, and finally through the degree of improvement of
the hydrographical network, as a result of human activity.

At the monitoring sections situated downstream of the
wastewater discharge high values of nitrogen compounds
have been identified, more exactly of the nitrate, nitrite,
and ammonium ions, which influence the quality of the
watercourses, especially Timis and Bega that flow into the
Tisa River and Danube River on the territory of Serbia.

The waters of Timis River and Bega River at the exit
from Romania country are much polluted because the rivers
quality state suffers a slight depreciations downstream thanks
to effects of the urban sewage, of the urban wastewaters, of the
agricultural wastes, and of the natural causes such as erosion
in the hydrographical basins of these main rivers from Banat
[29].

Water pollution by nitrates reaches high levels due to the
introduction of intensive farming methods, with increased
use of chemical fertilizers and higher concentrations of ani-
mals in smaller areas, especially in animal farming complexes
from the Timis-Bega hydrographical basin. In this basin the
values of these parameters vary from one monitoring station
to another due to the hydrological regime of the surface
water but also to the origin and the behavior of the physical,
chemical, and biological parameters.

The anthropogenic factor has an important role in the
formation and the influence of leakage water processes on
the rivers of this hydrographical system. Starting from 1716
and up to the present, it has mostly influenced the water
discharge, by achieving several types of hydraulic structures,
among which the most important are the regulation of
maximum discharges on the main rivers and the most
important tributaries, the performance of flood mitigation
works, and river bed regulation, damming works on the most
important rivers and tributaries, within the proximity of the
most important localities [30, 31].

More than that, in Timis-Bega hydrographical basin
several significant water intakes and two secondary intakes
(Slatina and Borlova) have been identified. The most impor-
tant units that require large amounts of water within the
basin are S.C. Aquacaras S.A. from Caransebes and Otelu
Rosu, S.C. Meridian 22 S.A. from Lugoj, S.C. Aquatim S.A.
from Timisoara, and the National Administration for Land
Improvement from Romania (ANIF).

The company which represents the main economic actor
in the water supply field from the Timis-Bega hydrographical
basin is S.C. Aquatim S.A. This company operates with public
water and wastewater services for Timisoara Municipality
and many other localities [32].

During the analyzed period (2004-2014) the evaluation of
the ecological status of surface water courses (rivers), existing
within Timis-Bega hydrographical system has revealed the
fact that the most rivers have been found in good ecological
status.

Concerning the evaluation of the chemical status, one
could notice that most rivers have been found in good chemi-
cal status and only some of them have been characterized by a
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bad chemical status (ANPM-Timis Environment Protection
Agency, Timigoara).

Regarding the surface water courses that are heavily
modified (rivers), which exist within this basin, it has been
found that most of the water courses have had a moderate
ecological potential, the difference being represented by the
water courses that have had a good ecological potential; and
from a chemical status point of view, more than half had
a good chemical status and less than half have had a bad
ecological status.

Also in the same period, the evaluation of the ecological
potential of the three surface reservoirs existing within the
basin analyzed has revealed the fact that all these have had a
moderate ecological potential and that all have been found in
a good chemical status.

However, the evolution trend within the last few years
of the pollutant concentrations recorded at the monitoring
stations on the basin rivers has had a significant decrease,
due to the measures introduced by the national and European
legislation, referring especially to the treatment of the urban
waste waters and to the reduction of the pollution with
nitrogen and phosphorous from the agricultural practices.

In the analyzed period, the limited excess on the water
quality according to the Law 311/2004 was due to the
zootechnical complexes (Recas, Peciu Nou, Padureni, Parta,
Ciacova, Voiteni, etc., some of them owned by COMTIM,
currently S.C. Smithfield Ferme S.R.L.) within the Timis-
Bega hydrographical basin, as well as to the spray irrigation of
the fields with phenolic waters from S.C. Solventul S.A. from
Margina, which at the moment, although it has suspended its
activity, continues to influence the quality of ground waters
from this region.

Another source which influences quite a lot the surface
and underground waters quality from this hydrographical
area is Waste Deposit Parta, which does not have environ-
ment factor protection equipment [29].

4. Conclusions

The results of this paper present the water polluting and
quality assessment of two transboundary rivers (Timis and
Bega) from two different hydrographical basins and show that
WQI values of the Timis River ranging from 86 to 58 and
WQI values of the Bega River ranging from 85 to 61 denote
degradation of water quality downstream of the rivers.
Water quality in the upstream sections of the Timis and
Begahasbeen in a better condition than the downstream river
sections. There have been significant deterioration in values
of the most important water quality parameters (DO, pH,
BOD?S, temperature, total P, N-NO,~, and slurry) downstream
of the rivers, which indicates that the local pollutants may be
contributing incrementally to the degradation of river quality.
The given WQI values control sections of the studied area
are distributed on quality classes as follows: 90% in the 2nd
class of quality (good) and 10% in the 3rd class of quality
(medium) taking into account the mean annual values; 20%
in the 2nd class of quality (good) and 80% in the 3rd class of
quality (medium) taking into account the maximum annual;
90% in the 2nd class of quality (good) and 10% in the 3rd
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class of quality (medium) taking into account the minimum
annual values.

The trend in the water quality index is determined by the
economic activities in the agriculture, industrial, and resi-
dential areas in the sampling stations vicinity in the Timis-
Bega hydrographical basin. For these reasons a constant
monitoring is necessary in order to ensure water quality
of Timis and Bega rivers at the optimum level according
to the Water Framework Directive (2000/60/EC), especially
because these rivers flow further through the territory of
Serbia where they are discharging into Tisa and Danube
rivers.

This article focuses on water resources management and
shows the need to enforce the existing international bilateral
agreements and to implement this European directive in
order to improve the water quantity and quality received by
the downstream country of a shared watershed, like Timis-
Bega hydrographical basin, shared by two countries, Romania
(EU country) and Serbia (non-EU country).

According to the Water Framework Directive require-
ments, knowledge of anthropogenic pressure formed on
water resources is highly imperative, in order to identify
the quality of water bodies and ultimately for adopting
appropriate measures to protect and conserve the water in
this region of Romania which have so many transboundary
rivers.

In order to protect the environment in general and
preserve a good water quality in particularly, especially of the
transboundary rivers from Banat, shared by two countries
and by so many communities, it is necessary to implement an
adequate wastewater management through the construction
of modern and efficient waste water treatment plants.
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The production of phosphoric acid by the Tunisian Chemical Group, in Sfax, Tunisia, led to the degradation of the groundwater
quality of the Sfax-Agareb aquifer mainly by the phosphogypsum leachates infiltration. Spatiotemporal monitoring of the quality
of groundwater was carried out by performing bimonthly sampling between October 2013 and October 2014. Samples culled in
the current study were subject to physicochemical parameters measurements and analysis of the major elements, orthophosphates,
fluorine, trace metals, and stable isotopes (‘*0, 2H). The obtained results show that the phosphogypsum leachates infiltration has
a major effect on the downstream part of the aquifer, where the highest values of conductivity, SO,>”, Ortho-P, and F~, and the
lowest pH were recorded. In addition, these results indicated that phosphogypsum leachates contained much higher amount of Cr,
Cd, Zn, Cu, Fe, and Al compared to the groundwater. Spatiotemporal variation of the conductivity and concentrations of major
elements is linked to the phosphogypsum leachates infiltration as well as to a wide range of factors such as the natural conditions of
feeding and the water residence time. Contents of "*0 and *H showed that the water of the Sfax-Agareb aquifer undergoes a large

scale evaporation process originated from recent rainfall.

1. Introduction

Groundwater pollution proves to be potentially threatening
as it puts at jeopardy the hygienic integrity of a huge water
reserve. The intensification of industrial activities, as well
as the diversification of the storage modes of by-products
production, makes groundwater resources vulnerable and
can be considered as the main factors responsible for
groundwater pollution. The groundwater quality is equally
important as its quantity to the suitability of water for various
purposes [1]. Variation of groundwater quality in different
regions is a function of physical and chemical parameters
that are greatly influenced by geological formations and
anthropogenic activities [2]. Groundwater resources of the
Mediterranean coastal plains in the southern bank of the
basin (Middle East and North Africa) show a qualitative and
quantitative deterioration developing in time [3-5] resulting
in natural constraints and anthropological activities.

In Tunisia, climatic constraints, with a moderate rainfall
contribution, which are unequally distributed in the space
and irregular in time, as well as a strong evaporation power,
make water resources limited. Socioeconomic development
and the spread of industrialization have led to pressuring the
resources and increasing the demand. Thus, the water supply,
estimated at 472 m’/inhabitant in 2010, will decrease to
315 m>/inhabitant in 20 years [6]. In addition, water pollution
related to the increased water use, urban and industrial areas,
and agricultural intensification is increasingly threatening
both the quality and the amount of groundwater resources.
This phenomenon’s implications are felt in the satisfaction of
water demand as well as water cost.

Urban, industrial, and tourist centers have been develop-
ing along the eastern coast of Tunisia. Several industries are
located in Sfax area, especially those of the Tunisian Chemical
Group (TCG) for the enrichment and transformation of
natural phosphate. The TCG activity focuses primarily on
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the chemical fertilizers and phosphoric acid production,
by the fluorapatite transformation. This production model
generates gaseous emissions, liquid discharges, and huge

Ca,, (PO,), F, + 10H,S0, + 20H,0

Fluorapatite

The main environmental contamination associated with PG
dump is fluoride, sulfate, calcium, phosphate, and trace
elements or radionuclides movement into groundwater [7].
The scope of this study is to appreciate the PG leachates
infiltration effect on the Sfax-Agareb aquifer and to identify
the factors and the phenomena, which explain the spatial
and the temporal variation of the groundwater quality’s
assessment parameters.

2. Description of the Study Area

The study area is situated in the coast of Sfax, where the
TCG plant, a discharge of domestic waste, and a station of
wastewater treatment are located (Figure 1). The study area is
under the influence of the Mediterranean climate, relatively
humid and temperate, with cold and rainy seasons, between
December and March, and dry and hot seasons, between
June and October. The average annual precipitation is around
250 mm [15]. The mean annual temperature is 20°C [16]. The
outcropping geological formations (Figure 2) are composed
of sandy clays rich in gypsum and silty sand [17], of Mio-
Pliocene to lower Quaternary age [18]. The TCG site takes
place in an area covered by recent alluvium, made up by sand
and calcareous gypsum crusts. The Sfax-Agareb aquifer, in
this case study, is constituted by two sandy levels, ranging
from 2 to 5m in terms of thickness (Figure 3), separated
by clay and sandy layers [19]. This aquifer is recharged
by meteoric water. Groundwater flow in the study area is
Northwest to Southeast.

3. Materials and Methods

3.1. Groundwater Sampling and Analysis. Groundwater sam-
ples were culled bimonthly from ten piezometers in the
phreatic aquifer of Sfax-Agareb, between October 2013 and
October 2014 (Figure 1). Monitoring piezometers purging
was accomplished by using a submersible pump. The purge
was achieved when the pH and the electrical conductivity
(EC) of the ground water have been stabilized. Samples
taken were acidified using 0.1 N HNO; and kept at 4°C until
the analysis was thoroughly carried out aiming to optimize
the accuracy of the obtained findings. The samples were
analyzed for the following parameters, which include EC, pH,
T, dissolved O,, CI~, SO,*", HCO, ™, Na*, K*, Mg**, Ca*",
F~, and orthophosphates (Ortho-P). EC, pH, and dissolved
oxygen were measured in the field using calibrated portable
digital meters. Calcium, magnesium, sodium, and potassium
were identified using atomic absorption spectrometer. Car-
bonate, bicarbonate, chloride, and sulfate were determined
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amounts of phosphogypsum (PG), issued from the treatment
of phosphate rock with sulfuric acid [7-14]. This chemical
reaction is illustrated in the equation below:

— 10CaSO, - 2H,0 + 6H,PO, + 2HF

)
Phosphogypsum

by standard titration methods [21]. Orthophosphates were
analyzed by absorption colorimeter [21] and fluoride ion
concentrations were measured by specific electrode [21].
The accuracy of the chemical analysis was determined by
calculating the ionic balance error, which was generally less
than 5%. The trace elements were analyzed using inductivity
coupled plasma-atomic emission spectrophotometer (ICP-
AES). A summary of the physicochemical and chemical data
of all the investigated groundwater during the period 2013-
2014 is presented in Table 1. Stable isotope analysis of 8*H and
880 was performed by cavity ring down spectrometry using
a Picarro L2120 [22] at the laboratory of Applied Geology and
Geo-Environment, Ibn Zohr University, Morocco.

3.2. Multivariate Statistical Analysis. The application of mul-
tivariate statistical analysis offers a clearer understanding of
water quality and enables comparison of the different water
samples [23] and making of correlations between chemi-
cal parameters and groundwater samples, respectively. The
different elements combination (samples and parameters) is
used in order to characterize the hydrogeochemical variation
of the Sfax-Agareb aquifer, in the site of TCG, in order to
predict the future of the PG leachate percolation as well as
to assess the spatial variation of the groundwater chemical
composition. In this study, only the principal component
analysis (PCA) was carried. PCA of the experimental data has
been performed using the Xlstat.

4. Results and Discussion

4.1. Characterization of PG Leachate. On global scale, 15%
of the PG production is recycled while large quantities are
stored in the factories vicinity, which are disposed mostly in
big piles. They are located in coastal areas with phosphoric
acid plants nearby, both as dry or wet staking and without
treatment [24]. Since PG waste is generally transported and
disposed as an aqueous slurry, dissolution/leaching of the
chemical elements present in the PG can occur. Dissolved
elements may be deposited in nearby soils or transferred
to groundwater [25]. Thus, it is important to know the
characteristics of leachate obtained from the PG waste dump.
Table 2 lists the chemical composition of a typical sample
of PG leachate sampling from the GCT site of Sfax. The
leachate has a very low pH (1.3) and high concentrations of
fluoride (3500 mg/L), orthophosphate H,PO,” (6730 mg/L),
and toxic elements (Cd, Cr, and Zn). For all the analyzed
elements, the levels exceeded the Tunisian standard for liquid
discharge (NT 106-002).
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FIGURE 1: Location map of the study area showing piezometers and reference well sampled for groundwater analysis.
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FIGURE 2: Geological map of Sfax [20].

4.2. Groundwater Geochemical Characteristics and Evolution

4.2.1. Physicochemical Parameters. Groundwater tempera-
ture tends to vary from 10.1 to 13.9°C. The spatiotemporal
variation of this parameter did not show any audible alterna-
tion during the whole period of testing (Figure 4(a)). The pH

200 Bir Ali Sfax-Agareb

100

o msiocmammamesm—————

100 m
0 1000 2000m
E Pz
B Clayey sand Deep aquifer Phreatic aquifer
B Sandy clay 0 .
= drilling piezometer
Substratum
-_

Piezometric level

FIGURE 3: Hydrogeological cross-section along transect AB, as
indicated in Figure 2 [19].

values remain in the range of 5.18-7.95 as detailed. The lowest
values were measured near PG storage site (SP1 and SP4),
whereas in the upstream part of the study area (P1, P2, P3,
P4, P5, and SP1) they were mainly neutral to slightly alkaline
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TaBLE 1: Chemical composition of groundwater samples
Months Unit Oct 13 Jan 14 Mar 14 May 14 Aug 14 Oct 14
Parameters Min Max Min Max Min Max Min Max Min Max Min Max
T °C 12.1 13.9 10.1 12.8 11 11.7 11.10 12.20 12.2 13.2 12.00 13.1
pH mg/L 5.18 774 5.75 8.1 5.58 7.95 5.56 7.85 52 7.79 5.50 776
O2dissolved  mg/L 0.9 215 0.9 4.2 0.8 35 0.80 3.12 0.7 2.9 0.50 2.8
EC us/em 2100 33200 1590 33000 1650 32600 1680 34300 1800 34700 1900 34900
K* mg/L 2.7 22.70 2.25 19 215 19.6 2.60 19.50 25 21.2 2.7 23.68
Na* mg/L 111.5 6965 139.4 6760 142 6300 115.16 6124 198 6600 195 6515
Ca** mg/L 59 986 49 904 50 851 54.36 1075 51 1080 58 1020
Mg** mg/L 37 945 22.5 920 24 940 29.75 1085 25 1050 35 1080
cr mg/L 110.6 5480 104.3 5396 101 5372.5 151 5475 135.5 5810 112 5632.5
HCO,~ mg/L 2564 91439 1952  966l.5 271 95339  199.20  8533.9 245 9313.9 255 9973
SO,> mg/L 215 43961 2015  4295.7 204 43529  261.25 45437 210 48573 210 4948.5
Ortho-P mg/L 2.15 67.3 2.5 817 2.7 71.00 1.90 136.65 1.5 92 1.25 114.95
F mg/L 0.6 26 0.6 27 0.50 19.00 0.50 29.00 0.5 17 0.6 19
Al mg/L 0.02 1.8 0.03 1.57 0.03 0.90 0.06 0.98 0.02 0.96 0.03 0.97
Zn mg/L 0.03 1.46 0.02 1.41 0.02 1.44 0.03 1.47 0.04 1.51 0.03 1.05

(Figure 4(b)). The contents of dissolved O, fluctuate between
0.5 and 4.2mg/L. The spatial distribution of these values
shows an increase as we move further from the site of PG
storage, in the direction of groundwater flow (Figure 4(c)).
The temporal variation of this parameter depends on the
control of the depth of the water table, the recharge rate, the
transfer speed of oxygenated water from the upstream to the
downstream, and the temperature. The electrical conductivity
(EC) ranged from 1590 ys/cm to 34900 us/cm at 25°C. The
highest value characterizes sampled water in the southwest
(SP4) and in the southeast (SP5) of the study area, whereas
the lowest EC was the main feature of the P1, P2, and P3
piezometers (Figure 4(d)). This spatial variation in the flow
direction of the phreatic aquifer (North-West to Southeast)
is related to sea water intrusion and to the infiltration of both
PGleachate and saline brines. The highest values are recorded
during the dry season (May, August, and October), while the
lowest values are recorded during the wet season (January and
March). The temporal variation is due to the dilution effect
with fresh water in the recharge areas during the wet season
and the direct evaporation, during the dry season, in areas
with low hydraulic gradient and poor permeability [26].

4.2.2. Origin and Geochemical Behavior of Major Elements.
Concentrations of SO42_, HCO;", and Ca?t ranged from
2015 to 4948.5mg/L, from 195.2 to 9973 mg/L, and from
49 to 1080 mg/L, respectively. During the study period, the
higher contents of HCO,~ and Ca®" were registered in SP4
piezometer, whereas the optimal concentrations of SO,*~
were measured in SP5 piezometer, which is located in the east
of the PG storage.

Understanding of the water-rock interaction and the
associated reactions in the aquifer is essential to identify
the variability of Ca®", HCO,, and SO,*” concentrations.
The calculation of ions activities and the appreciation of
the saturation state with respect to calcite and gypsum help

TaBLE 2: Chemical composition of PG leachate in May 2014.

Tunisian standard for liquid

Parameters Leachate PG discharge (NT 106-002)
EC 22700

pH L3 6.5-8.5
F 3500 3
H,PO,” 6730 0.05
Ca® 1357 500
S0,* 3240 600
Mg 198 200
cr 1560 600
Na* 2000 500
K* 139 50
Cr 1.2 0.5
cd 0.8 0.005
/n 4 5
Al 4 5
Cu 0.5 0.5
Fe 6 1

Units in mg/L except pH and EC (uS/cm).

to assess the chemical composition of the groundwater and
to identify the controlling geochemical reactions [27]. The
flowing dissolution reactions (T' = 25°C and P = 1atm) are
considered:

Calcite: CaCO; + H" < Ca®" + HCO,~

logK,, = loga[Ca®*] + loga[HCO,™] + pH = 1.71
(28]

Gypsum: CaSO, - 2H,0 « Ca®" + S0, + 2H,0

log K, = log a[Ca**]+loga[SO,* ] +2loga[H,0] =
—4,61 [29]



Journal of Chemistry

14

12
10
8
S5
=
4
2
0
P1 SP1 SP2 SP3 SP4 SP5
B Oct13 Aug 14
B May 14 B Mar 14
m Jan 14 m Oct 14
(@)
4.5
4
35
O 3
o
E
25
o
9
L2
E
@
A 15
1
0.5 l-i
0
SP1 SP2 SP3 SP4 SP5
B Oct13 Aug 14
B May 14 B Mar 14
m Jan 14 m Octl14

(©)

e}

~

)

w

-~

w

[\ S]

—

SP1 SP2 SP3 SP4 SP5
B Oct13 Aug 14
B May 14 m Mar 14
w Jan 14 m Oct 14
(b)
35000 .
30000
25000
g 20000
2
£
& 15000
10000
- I] I‘ |‘

P1 P2 P4 SP1 SP2 SP3 SP4 SP5
B Oct13 Aug 14
B May 14 B Mar 14
m Jan 14 m Oct 14

(d)

FIGURE 4: Distribution of temperature (a), pH (b), dissolved O, (c), and EC (d) in groundwater of Sfax-Agareb aquifer.

In order to calculate activities and ion activity product, the
computer code PHREEQC [30] is used. The relation between
the solubility product constant (K,) and the ion activities
product (IAP) is given by the saturation index (SI) defined

g :

IAP

1
os 2

ps

SI

)

When SI < 0 water is considered undersaturated, whereas
when SI > 0 water is considered oversaturated compared to
the mineral.

The results show that the groundwater of the upstream
zone of the phreatic aquifer (P1, P2, P3, P4, P5, and SP3)
is undersaturated compared to gypsum (Figure 5), while, in
the downstream zone, water with low pH (SP1, SP2, SP4,
and SP5) is oversaturated. Compared to this mineral, the
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FIGURE 5: Equilibrium diagram of gypsum.

logaHCO;™ + pH

FIGURE 6: Equilibrium diagram of calcite.

groundwater oversaturation, in the TCG site, is explained
by the acid PG leachate infiltration, which promotes the
dissolution of gypsum and the complexation of Ca®" and
SO,* ions. The equilibrium diagram Ca®"-HCO, " (Figure 6)
shows that groundwater, except for SP1 near the PG dump, is
widely oversaturated compared to calcite. SP1 water is highly
acidic, which prevents saturation with respect to calcite.

The sodium and chloride concentrations varied from 111.5
to 6965 mg/L and from 101 to 5810 mg/L, respectively. The
Na'-Cl™ plot exhibits three water groups (Figure 7):

(i) Group I: Na™ and CI~ contents are less than
50 mmol/L and 30 mmol/L, respectively. It concerns
water of the upstream part of the study area (P1, P2,
P3, and P4).

(ii) Group II: Na* and Cl” concentrations range from 50
to 120 mmol/L and from 30 to 100 mmol/L, respec-
tively. This group encompasses water of the down-
stream zone, near the evaporation ponds (SP1, SP2,
SP3, and SP5).

(iii) Group III: Na" and CI” contents are greater than
250 mmol/L and 150 mmol/L, respectively. It includes
water of SP4 piezometer, affected by the wastewater
and the infiltration of PG leachate relatively rich in
Na* and CI™ (Table 2).

Journal of Chemistry

350
300 | m @ 0
250 S

200 4 R = 09253
150 |

100 ey

50 _--

Na* (mmol/L)

0 50 100 150 200
CI” (mmol/L)

FIGURE 7: Plot of Na* against Cl.

50
45 o3
40
35
0] R = 07821
25 -

20 | oo )

15 |

10 LW o®

Mg?* (mmol/L)

0 5 10 15 20 25 30
Ca?* (mmol/L)

FIGURE 8: Plot of Ca** against Mg*".

The enrichment in Na” and CI”, from the upstream to
the downstream, would be related to water-reservoir rock
interaction, saline water infiltration from the evaporation
ponds, and marine intrusion. During the study period,
potassium concentrations are almost homogeneous at the
same sampling location, with values ranging from 2.15 to
23.68 mg/L. The concentrations of Mg**, which fluctuate
between 22.5 and 1085 mg/L, are positively correlated to Ca**
contents, with a determination coefficient of 0.78, suggesting
the same origin, which is the magnesian calcite dissolution
(Figure 8). The highest values of the different majors elements
are recorded during the dry season (October, August, and
May), while the lowest values are recorded during the wet
season (January and March). The slight variation is due to the
dilution effect with fresh water in the recharge areas during
the wet season and evaporation, during the dry season.

4.2.3. Orthophosphates and Fluorine Concentrations. Ortho-
P and fluorine concentrations fluctuate between 1.5 and
136.65mg/L and between 0.5 and 29mg/L, respectively.
Groundwater sampled near the PG discharge site showed
high concentration levels of Ortho-P, which are larger in
terms of extent and impact than those taken from the
upstream part (Figure 9(a)). The highest levels of fluorine
were measured in SP4 groundwater (Figure 9(b)). All shallow
groundwater samples except P1, P2, and P3 contain F~ >
1.5 mg/L, which is the WHO drinking water standard. The
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spatial distribution of F~ and Ortho-P contents is related to
the diffusion resulting from the flow direction of the aquifer
as well as the chemical transformations of the PG leachates
in the unsaturated zone. A significant temporal variation
was recorded, due to the dilution during the recharging
period. Plot of Ortho-P against fluoride (Figure 10) shows
tremendous correlation, around the PG dump, suggesting
that these elements originate from PG leachate, which are
highly concentrated in Ortho-P and F~ (Table 2). On the
other hand, groundwater of the upstream part does not show
an evident correlation, which confirms the natural origin of
these elements in this zone [31].

4.2.4. Trace Elements. The source of trace metals in the
groundwater could be geogenic, but high concentrations

above the permissible limit of drinking water standards raise
the suspicions of industrial contamination sources [32]. The
concentrations of Zn and Al in the study area varied from
0.02 to 1.51 mg/L and from 0.02 to 1.8 mg/L, respectively. The
higher contents of Zn were registered in SP4 piezometer,
whereas the optimal concentrations of Al were measured in
SP1 piezometer, which is located near the PG storage. For the
majority of the sampled water, the Cr, Cd, and Cu contents do
not exceed 0.05mg/L. Low levels of trace elements noticed
in the majority of the analyzed water, despite the gypsum
water contamination, are linked to the purifying function
of soils. The mechanisms that allow transforming charged
surface water with dissolved, mineral, or organic matter into
less charged water form the purifying functions of the soil
[33].

4.3. Statistical Analysis. To discuss the relationships between
the physicochemical parameters, major elements, Ortho-P,
and fluorine in groundwater samples, PCA was used to dis-
tinguish the contributions of the natural and anthropogenic
processes to the Sfax-Agareb aquifer, in the site of TCG.

Two independent factors were extracted, which explain
83.77% of the total variance. The first factor (F1) presents
72.34% of the total inertia. It is defined by EC and the
Ca%", CI', Na*, K%, Mg2+, HCO,", and SO,*” contents in
a less important measurement by Ortho-P and F~. These
elements contribute to the mineralization of the groundwater
in TCG site. The second factor (F2) explains 11.43% of the
total variance with a strong loading with pH and dissolved O,
(Table 3). The spatial distribution of the variables (chemical
parameters) and individuals (samples) in the axe systems F1-
F2 shows the presence of two water groups (Figure 11).



TABLE 3: Summary of the PCA results including the loadings and

the eigenvalues.

Variables Axe F1 Axe F2
Na* 0.9902 0.0400
Cl 0.9537 0.2568
K* 0.9646 -0.0319
Ca’ 0.9162 0.2195
S0,* 0.7810 -0.3565
Mg** 0.8930 0.3142
HCO,*" 0.8782 0.4375
T 0.1665 -0.3803
pH -0.7253 0.6316
H,PO,” 0.8026 -0.3231
F~ 0.8387 0.4741
Dissolved O, -0.8304 0.3433
EC 0.9894 0.1067
Al 0.7383 -0.4214
Zn 0.9474 0.0343
Eigenvalues 10.8513 1.7147
% variance explained 72.3422 11.4312
% cumulative variance 72.3422 83.7734

TABLE 4: Isotopic and chloride composition of selected groundwater

samples in October 2014.

8"%0 (%o) 8*H(%o) Cl™ (mg/L)
P1 -5.97 -36.01 151
P2 —-5.88 -35.98 356
P3 -5.64 —35.37 581
P4 -5.61 -35.22 776
P5 -5.57 -32.18 1739.5
SP1 -3.58 -26.80 2627
SP2 —-4.12 —27.20 2130
SP3 -5.50 -34.47 745.5
SP4 -3.65 -26.10 5475
SP5 -4.10 -26.88 2094.5
Sfax rainwater —4.60 10
Seawater 0.00 19000

The PCA confirm the different geochemical correlation
and classification of the Sfax-Agareb groundwater, in TCG
site, into two types: groundwater samples collected from the
downstream part, which are influenced by the anthropogenic
processes, largely controlled by the PG leachate percolation
and the seawater intrusion. Samples collected from the
upstream part of the study area were principally controlled by
the natural recharge, with no evidence of high anthropogenic
impacts.

4.4. Stable Isotopes (|0, ’H). 'The stable isotope composition
of water in the study area varies from —5.97%o to —3.58%o
V-SMOW for 6'°0 and from —36.01%o to 26.1%0 V-SMOW
for 8?H. The 680 and 6°H values (Table 4), plotted in
Figure 12 in relation to the Global Meteoric Water Line
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(GMWL: 8°H = 88180 + 10) [34] and the Regional Meteoric
Water Line of Sfax, Tunisia (SMWL: 8°H = 8830 + 13.5) [35,
36], show that most of the groundwater samples are located
below the GMWL and near the SMWL which indicates water
evaporation in the unsaturated zone. Therefore, groundwater
isotopic enrichment might be the outcome from evaporation
of recent precipitation. This is facilitated by the sandy clay
lithology of the unsaturated zone and the low depth of the
piezometric level, which is less than 10 m. The stable isotope
signature of groundwater, in the study area, has identified two
groups (Figure 12):

Group I is generated by the most enriched water in
isotopes: SP1, SP2, SP4, and SP5 in the downstream
part of the water table.

Group II involves water characterized by the lowest
levels of 8'%0 and 8*H: P1, P2, P3, P4, and SP3 in the
upstream part of the water table.

The 6'%0/Cl” diagram [37] confirms the groundwater
distribution into two groups (Figure 13), weakly or strongly
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evaporated, which are distinguished by their chlorides and
oxygen-18 contents. Indeed, the representative points of these
two groups are located on either side of the rainwater pole,
characterized by Cl~ and 'O contents, respectively, of
10 mg/L and 4, 6%o0 V-SMOW.

The total dissolved solids of group I water, which are
characterized by higher contents of Cl~ and 8'®0 than those
of rainwater, but lower than those of seawater, are related, in
part, to evaporation.

5. Conclusion

The geochemical study of the major elements, Ortho-P, F,
trace elements, and stable isotopes, elucidated the influence
of PG leachates and laid emphasis upon the natural factors
intervening in altering the groundwater chemistry of the
Sfax-Agareb aquifer. Temporal variation was recorded due
to dilution during the recharging period in winter. The
groundwater mineralization is related to water-rock inter-
action processes, saline water, and PG leachates infiltration
coupled with marine intrusion. Groundwater below the PG
dump and in the downstream part of the aquifer showed
the highest concentrations of Ortho-P, F~, SO,*", acidity,
and total dissolved solids, which significantly exceed those
relevant to the upstream water. Spatial distribution of these
contents is presumably related to the diffusion that ensues the
flow direction of the aquifer and the water-rock interaction.
The groundwater quality is severely deteriorating in the
downstream part of the Sfax-Agareb aquifer especially by
Zn and Al The stable isotope data attests that water of
the Sfax-Agareb aquifer originated from recent rainwater
has evaporated in the unsaturated zone. The result of this
study will be helpful for a proper water development and for
remediation of strategies to decrease the pollution source.
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