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ABSTRACT

Estuaries are incredibly dynamic systems with their physical, chemical, and biological structure
characterized by high spatial and temporal variability. During estuarine mixing, the dissolved metal
concentration in the surface waters can be significantly decreased by flocculation and adsorption
processes. The present study explores the effect of salinity, pH, dissolved organic carbon and nitrate
on the flocculation, adsorption and desorption processes of dissolved metals (Cu, Mn, Ni, Zn, and
Pb). The experiment was conducted on a series of mixtures with salinities ranging from 1.1%o to
7.1%o during the mixing of fresh water of the Navrood River water with brackish water from the
Caspian Sea. The flocculation trend of Cu (74.44%) > Pb (73.92%) > Zn (54.37%) > Ni (52.33%) > Mn
(35.36%) at different salinity regimes (1.1%o to 7.1%o) indicates that Cu and Pb have a non-conser-
vative behavior and Zn, Ni, and Mn have a relatively conservative behavior. Cluster analysis (CA)
indicates that Cu and Zn are principally governed by salinity. According to the experiments, Cu, Ni,
and Pb are desorbed from suspended particulate matters during estuarine mixing. The outcomes
of the three-step chemical partitioning of the suspended particulate matters indicated that Mn and
Pb are desorbed from the suspended particulate matters physically, while Ni is absorbed into the
suspended particulate matters chemically. CA indicates Ni, Zn, and Cu are mainly governed by
salinity and DOC. According to the mean annual discharge of the Navrood River (166 x 10° m®/y), the
annual discharge of dissolved metals (Cu, Mn, Ni, Zn, and Pb) into the Caspian Sea would reduce
respectively from 7.01, 5.59, 20.87, 27 and 3.28 to 1.79, 3.61, 9.95, 12.32, and 0.85 tons/y. The results of
this study help decision makers in the local and regional levels to make realistic estimations about
the pollution load of heavy metals in the Navrood River specifically and the Caspian Sea generally.
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1. Introduction

Substantial components with durable negative impacts
on estuary conditions are conveyed by waterways from the
landmasses into the oceans [1]. Considered as the interface
between the ocean saltiness and streams, estuaries are sub-
stantial aquatic systems which preserve the coastal biota
and are loaded with supplements [2]. Estuaries are also
necessary for generating and multiplication of aquatics and
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are celebrated for having rich fauna and greenery among
the other profitable biological systems in the ocean. As an
outcome of the estuarial blend, substantial metals in the
dissolvable and insoluble structures are affected essen-
tially by a wide assortment of responses in the waterways;
among these responses are flocculation, adsorption, and
desorption of metals [3,4].

Flocculation of heavy metals is a process by which
dissolved matter and suspended particles come out of the
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suspension to form flocs (cotton-like) or larger particles,
happened by estuarial blend in the upper zones of the
estuary where salinity variations in space are so large, and
highly affected by such factors as ionic power, dissolved
organic carbon (DOC), pH, and the measure of suspended
particles in estuaries [2,5-7]. Besides, during the flocculation
process at the estuary of the streams, a considerable amount
of trace metals leave the liquid stage as flocs which keeps
up the organic states of the saline water (seas, oceans, and
lakes) [8-11]. Most of the estuaries receive a huge input of
dissolved metal from industries. Due to the toxicity of heavy
metals to aquatic ecosystems and human health and their
accumulative behavior metals in sediments of riverbeds,
there has been some escalating concern about the inflow
of these metals and their compounds into the coastal areas
[12]. The dissolved heavy metals carried by a river into the
ocean are subjected to removal because brackish water com-
pounds are fairly invariant [13,14]. Dissolved metals are
affected by several physical and chemical reactions while
passing through saline waters [14]. While entering into the
estuarine mixing zone, a portion of dissolved heavy metals
convert into flocs and come out of the suspension in this
form [6,15]. A large part of the dissolved heavy metals sup-
plied by the river comes into the particulate phase during
flocculation processes [16]. Another portion of the flows is
the content of suspended particulate matters (SPMs) and are
likely to be desorbed from the SPMs and enter the estuary
[17]. Heavy metals can generally be linked to sediments and
suspended particulate matters via the following five bond
types [18]: (1) loose and carbonate bond, (2) iron/manga-
nese oxides and sulfide bond, (3) organic-metallic bond,
(4) resistant bond, and (5) within-lattice bond [19].

Although various research has been conducted over
the years to find out the controlling mechanisms of floc-
culation, adsorption and desorption processes, there is a
lack of information in this regard during estuarine mixing
of freshwaters (from Navrood River) with brackish waters
such as the Caspian Sea water [15]. However, DOC has been
shown as the main governing reason in the flocculation
of trace elements in some studies [2, 20, 21]. In this study,
the impact of DOC, saltiness, pH, and NO, in remov-
ing studied metals (Cu, Zn, Pb, Ni, and Mn) from mixed
water during the blend of Navrood River water with the
Caspian Sea water is contemplated to review the essential
role of flocculation, adsorption and desorption process in
self-purging of heavy metals. The necessity of this study
can be articulated in this way that Navrood River is a trans-
port agent for the disposal of industrial, agricultural, and
urban wastes to the Caspian Sea. So it is of crucial impor-
tance to investigate closely the overall geochemical cycle of
trace metals and their behavior in the region [22].

2. Materials and methods
2.1. Introduction to study area

The Caspian Sea, the world’s largest lake, is located in
northern Iran and is bounded on the north by Russia, on
the west by Russia and the Republic of Azerbaijan, on the
east by the Republic of Turkmenistan and Kazakhstan. The
sea is confined to land and is not directly connected to any

of the world’s waters. In recent years, the Caspian Sea has
been connected to the Black Sea via the Volga-Dan Canal [23].
It is a landlocked sea with semi-saline water, covering an area
of about 436,000 km? (one-fourth of Iran’s area), a drainage
area of 3.5 million km? and a volume of 78,000 km?® and its
length is 1,205-1,280 km. The largest lake in the world is
202-554 km wide and its widest area is slightly higher than
the southern coast. The salinity of Caspian Seawater varies
from 4%o in the northern parts to 13%o in the southern parts.

The Navrood River is located on the northern highlands
of the Alborz mountain range, in south of the Caspian Sea.
The length of the Navrood River is 33 km with a flow rate
of 5.15 m%s. The average annual rainfall is 850 mm/y and
its catchment area is 274 km? This river is the main source
of irrigation for the agricultural lands, the fish farming
industry, the industrial complexes, and tens of cities and
villages. Therefore, a large amount of municipal, indus-
trial, and agricultural wastewater containing heavy metals
is discharged daily in the Novrood River. In order to inves-
tigate the effect of estuarine mixing in the natural elimina-
tion of heavy metals, samples were needed to be taken from
the Navrood River and the Caspian Sea. Fig. 1 shows the
location of the fresh and brackish water samples from the
Navrood River and the Caspian Sea, respectively.

2.2. Location of sampling site and collection of sediment samples

On 14 October 2019, a sample of river water and sus-
pended particles in a 25 L pre-prepared polyethylene
buckets were taken from the Navrood River (about 16 km
upstream). The freshwater sampling location was at the
longitude of 48°50'42.42" and latitude of 37°4'7 36.60".
Sampling was collected at a point where no saline water
from the Caspian Sea could penetrate the freshwater. To
perform the experiments, fresh water (from Navrood river)
was transferred to the laboratory and then filtered using
AP and HA Millipore filters (0.45 um). The filters were
then discarded and the filtered water sample was kept for
further investigation. Furthermore, a sample of suspended
particulates in the Navrood River was dried up for 29 h
at 50°C after being transferred to the laboratory [24].

Approximately 1 L of filtered fresh water from the
Navrood River was acidified with concentrated nitric acid
(HNO,, 22 mmol H* L) to a pH of 1.8 and was poured into
polyethylene bottles before the analysis of heavy soluble
metals and stored in a refrigerator at a temperature of less
than 4°C. The remaining filtered freshwater sample was
stored at 4°C in the refrigerator. It is noteworthy that only
5 g of suspended sediment were used for metal analysis after
drying it by the oven. Similarly, on the same day, a sample of
salt water from the Caspian Sea was collected about 20 km
away from the estuary at a point where no freshwater had
been introduced by the river (salinity = 13.6%o). The saline
water sample was collected from a point with the coordinates
of longitude 49°11'10.51" and latitude 37°54' 27.75".

2.3. Metal analysis

Two laboratory experiments were performed separately
to examine heavy metal flocculation and the process of
metal adsorption and desorption. In the first experiment
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Fig. 1. Location of water and SPM Sample from the Navrood River and Caspian Sea.

of the flocculation process, a certain volume of filtered
salt water from the Caspian Sea was added to a constant
volume of filtered fresh water from the Navrood River in
seven ratios with a salinity function of 1.1%0—7.1%o at room
temperature of 25°C. Seven mixtures were kept for 24 h
after preparation at 25°C for the flocculation process. The
obtained flocculants at this time were collected in each
sample by a Millipore membrane filter with a diameter
of 2.5 cm (type HA, 0.45 um pore size). In the next step,
Millipore filters were digested using 5 mL concentrated
nitric acid (HNO,) overnight for total heavy metal analy-
ses. Heavy metal analysis was performed using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
in the laboratory to determine the concentration of Cu, Zn,
Ni, Pb, and Mn. At the same time, 50 mL of mixed samples
with different salinities from each aquarium were taken to
ascertain the values of physicochemical parameters such
as DOC, NO,, salinity, and pH.

In the second experiment, for determining the amount
of adsorption and desorption of heavy elements in the
samples, the constant amount of freshwater (river water)
was combined with saline water (Caspian Sea water)
to obtain seven mixtures with seven different salinities
(1.1%0-7.1%0). After dewatering, suspended sediment
samples were placed at 50°C for 24 h to achieve a constant
weight. The dehydrated samples were sieved using a
no. 230 sieve for using suspended particulate matters
(SPMs) smaller than 63 pm in order to eliminate the dilut-
ing agents and provide the balanced specific area for the
rest of the chemical analyses throughout the experiment.
After adding 50 g of the dehydrated suspended sediment
to each aquarium, the resulting mixture was constantly
stirred for 24 h to allow heavy metals to be absorbed
and desorbed from SPMs. After collecting the SPM from
each aquarium and drying them, strong acids were used

according to the standard practice of ASTM-D4698-92
(ASTM D2013/D2013M-12 2012) for complete digestion of
SPMs. Complete digestion facilitates the determination of
heavy metal content values in each of the aquariums.

Subsequently, the three-step sequential chemical extraction
method was used to identify the types of heavy metal
bonds in the adsorption and desorption process to deter-
mine separately the salinity effects on the amount of heavy
metals [25]. The sample was filtered and its volume was
adjusted to 50 mL using 1 N HCI. 0.1 M hydrochloride
hydroxylamine (which was prepared in one of the acetic
acid solutions of the previous phase) for establishing the
sulfate and iron/manganese species of trace metals. After
drying and dehydration, 2 g of sediment samples were
placed in an Erlenmeyer flask to detect the values of loose
and carbonate bonding in each aquarium. Then 15 mL of
acetic acid (25% v/v) was added to the Erlenmeyer flask and
the resultant solution was shaken for 30 min. Afterwards,
each sample was filtered and their volumes were adjusted
to 50 mL using 1 N HCI. Then, according to the mentioned
standard, 0.1 M hydrochloride hydroxyl amine (which
was prepared in the previous step) was applied to create
the sulfate and iron/manganese species of heavy metals
and to measure this type of bond in sediments and solu-
tions. Approximately 15 mL of this solution were added to
2 g of the dehydrated powdered sample, and the mixture
was shaken for 15 min in an Erlenmeyer flask. The solu-
tion volume was followingly adjusted to 50 mL using 1N
hydrochloric acid (HCI) and each solution was read by
the ICP-MS including organic species.

To identify the organic species, 2 g of dehydrated pow-
dered sediment samples were mixed with 10 mL HO,
(30% w/v) and the mixture was continuously heated on a
hot water bath. As soon as the volume of oxygen peroxide
decreased to about 1 mL, another 5 mL of H,O, was added
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to the resulted mixture. It is worth mentioning that during
chemical analysis, metal-free AR-grade acids were used. The
concentration of heavy metals in the digested samples was
read by ICP. Procedural blanks and triples were conducted
with the samples in an accurate and same manner. The
dilution of single concentrated standards purchased from
SPEX Cerprep Company was utilized to calibrate the ICP
in determining the concentrations of Cu, Zn, Pb, Ni, Cd,
and Mn in the water samples. Certified Reference Materials
(CRM) in salinities of 0.28, 4.1, and 7.1 ppm were applied
for systematic checking of the method’s accuracy and pre-
cision. Using sequential extraction procedure, the recovery
rates of metals were obtained, and then compared to the sum
of three fractions with total metal concentration (Table 1).

In addition, chemical partition experiments were
performed for each aquarium to observe the adsorption
and desorption processes. In this study, chemical partition
experiments were performed in four consecutive stages.
The practical abstracts at each stage and the phase of the
suspended particulate matters in the sequential extraction
method [26] are presented in Table 2.

Dilution of single concentrated standards purchased
from SPEX company was used to calibrate and ensure ICP
performance. The chemical and physical parameters (pH,
NO,, salinity, and DOC) in water/mixture samples were
measured using a portable water quality measuring device
(BANTE 900) before metal analysis. Cluster analysis was
also applied to review the effects of various parameters on
trace metal behavior in the estuarine area. Finally, WPG
(weighted pair group) method [27] was selected among

Table 1

existing methods [27-29], and the corresponding results
are shown in the form of a dendrogram.

3. Result and discussion

Mixing freshwater and saltwater samples were taken
from the Navrood River and the Caspian Sea, and the
flocculation process of this mixture may not occur sim-
ilar to Table 3. Specifically, at the first stages of mixing
freshwater and saline water at low salinities, significant
amounts of dissolved metals were converted into floccu-
lants [30-32]. However, freshwater may include less floc-
culates in comparison to its initial contents at the next
stages of estuarine mixing. Certain amounts of Navrood
river water were mixed with different proportions of salt
water in laboratory conditions. The data of studied heavy
metals content are summarized in Table 4, which is basi-
cally obtained from Table 3 by reducing the concentration
of flocculants at each salinity regimen from the sum of
the values in the previous steps [33].

As seen in other studies, salinity is a general term that
does not express the effect of other components and param-
eters of saline water on the flocculation of heavy metals in
the estuarine mixing samples [3]. Therefore, other param-
eters such as pH, DOC, and NO, that are studied in this
investigation can have considerable effects on the floccula-
tion of the dissolved metals during estuarine mixing. As a
result, CA of soluble metal concentrations along with physi-
cochemical parameters in Navrood River water is performed
during heavy metals flocculation. Based on Fig. 2, different

Recovery rates of metals obtained from sequential extraction (At salinities of 0.28, 4.1 and 7.1 ppm)

Elements Cu Mn Ni Zn Pb

Recovery (%) at salinity 0.28 ppm 81.32-91.21 90.1-104.1 91.01-100.33 89.1-101.95 79.24-91.45
Recovery (%) at salinity 4.1 ppm 82.32-93.21 89.87-102.4 90.8-101.02 88.06-101.05 79.24-91.45
Recovery (%) at salinity 7.1 ppm 80.32-92.48 90.87-100.9 89.1-100.88 86.98-100.05 79.24-91.45

Table 2
Methods and apparatus measuring different parameters

Parameter Method/apparatus of measurement

Mn, Cu, Pb, Zn, Ni ICP (ULTIMA 2000)

DOC TOC meter (Shimatzu, TOC-VCSH-3000a)
Salinity Titration method (APHA, 2005)

Water temperature

Thermometer (accuracy of 1°C)

Chemicals used in each extraction step and the extraction phases of SPM in the sequential extraction procedure

Extraction step Reagent, concentration, and time

Particulate phase

1 Aceticacid (CH,COOH), 0.11mol L, 1-16 h
2 Hydroxylamine hydrochloride (NH,OHHCI), 0.5 mol L,
(pH 2 with HNO,), 1-16 h

3 Hydrogen peroxide (H,0,), 8.8 mol L, 1 h at room temperature + 2 h

at 85°C + ammonium acetate (CH,COO NH,), 1.0 mol L,
(pH 2 with HNO,), 1-16 h

Acid soluble (exchangeable ions, carbonates)
Reducible (iron/manganese oxides and sulfides)

Oxidizable (organic substances)
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Table 3
Laboratory flocculation of metals during mixing of Navrood River water with Caspian Seawater
Sample Cu (ug/L) Mn (ug/L) Ni (ug/L) Zn (ug/L) Pb (ug/L) pH  Salinity
(%o)

River water ~ 42.25 (42.01-42.3)  33.68 (33.2-33.8)  125.7 (124.2-126) 162.68 (161.1-163) 19.75(19.3-19.9) 8.54 0.28

1 8.31(8.2-8.4) 2.12(2-2.2) 47.34 (45.7-49.1)  25.4 (24.3-26.6) 9.42 (9.1-9.6) 852 1.1
(19.67) (6.29) (37.66) (15.61) (47.7)

2 14.03 (13.9-14.1)  2.82 (2.7-2.9) 65.78 (63.1-67.9) 38.24 (37.3-39.9)  10.65(10.5-10.8) 849 1.8
(33.20) (8.37) (52.33) (23.51) (53.92)

3 20.31 (19.8-20.7)  6.31 (6-6.5) 25.76 (25.2-26.7)  46.32 (45.1-47) 8.43 (8.3-8.6) 834 24
(48.07) (18.74) (20.49) (28.47) (42.68)

4 28.01 (27.7-28.4)  8.80(8.6-8.9) 33.24 (32.1-34.9) 7523 (74.1-77.4)  11.02(10.9-11.2) 8.38 3.2
(66.30) (26.12) (26.44) (46.24) (55.8)

5 3145 (31.1-31.7)  11.91(11.7-12.1) 36.42(32.1-34.9) 78.76 (75.3-80.5)  14.6 (14.4-14.9) 832 4.1
(74.43) (35.36) (28.97) (48.41) (73.92)

6 24.87 (23.4-25) 11.23 (11.1-11.6)  38.09 (37.4-39.1) 88.45(87.2-90.3)  13.98 (13.7-14.2) 832 4.6
(58.86) (33.34) (30.3) (54.37) (70.78)

7 2522 (24.1-262)  9.42 (9.2-9.6) 39.88 (38.641.1) 56.54 (53.9-57.9)  9.45(9.3-9.6) 831 71
(59.69) (27.97) (31.73) (34.75) (47.85)

Values within brackets indicate percentile of removal in comparison with total metal content present in freshwater

Table 4

Actual flocculation of metals during mixing of Navrood River water with Caspian Sea water

Sample Cu (ug/L) Mn (ug/L)  Ni (ug/L) Zn (ug/L) Pb (ug/L) pH Salinity (%) DOC (mg/L) NO,(mg/L)
River water 42.25 33.68 125.7 162.68 19.75 8.54 0.28 2.87 1.74

1 831(19.67) 2.12(629) 47.34(37.66) 254 (15.61) 9.42(47.7) 852 1.1 41 1.42

2 5.72(13.54) 0.70 (2.08)  18.44 (14.67) 12.84(7.89) 123(6.23) 849 18 7.2 1.39

3 6.28 (14.86)  3.49 (10.36) 0.00 (0.00)  8.08 (4.97) 0.00 (0.00) 8.34 24 9.1 1.44

4 7.70 (66.30) 2.49(7.39)  0.00(0.00) 2891 (17.77) 0.37(1.87) 838 3.2 18.86 121

5 344 (8.14) 3.11(9.23) 0.00(0.00)  3.53(2.17) 3.58 (18.12) 832 41 25.6 1.18

6 0.00 (0.00)  0.00(0.00)  0.00 (0.00)  9.69 (5.96) 0.00 (0.00) 832 4.6 29.6 1.08

7 0.00 (0.00)  0.00(0.00)  0.00 (0.00)  0.00 (0.00) 0.00 (0.00) 831 7.1 35.5 0.78

Total 3145 (74.44) 11.91(35.36) 65.78(52.33) 88.45(54.37) 14.6(73.92)

Values within brackets indicate percentile of removal in comparison with total metal content present in freshwater
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Fig. 2. Flocculation rate of studied metals at various salinities.
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values of reduction in metals can be observed in various
salinity ranges. Fig. 3 depicts the dendrogram of CA during
the flocculation process at different salinities.

As seen in Table 4 and Fig. 2, the highest flocculation
rate is related to Cu, which is about 44.74%.

According to the results, the Cu flocculation occurs
in salinity 0.28%0—4.1%o, and the highest rate of it occurs
in salinity 3.2%o0. Mn shows the least tendency to floccu-
late, and the lowest flocculation belongs to Mn metal. The
amount of Mn flocculation does not exceed 31.45% of the
total dissolved concentration at salinities of 0.32%o to 4.1%o.
In addition, the process of Zn flocculation is very unique
amongst other studied metals (Cu, Mn, Ni, and Pb), due
to the fact that the process of flocculation does not stop
at low salinities and continues at higher salinities. It is
worth mentioning that the total amount of Ni flocculation
(approximately 65.78 pg/L) occurs in the earliest stages
of salinities or lower salinity. Overall, about 52.33% of the
total Ni concentration is condensed during estuarine mixing.

The initial concentration of Pb in the Navrood River
water is 19.75 ug/L. 14.6 ug/L or 73.92% of the total Pb
concentration was flocculated at the time of mixing fresh
water with saline water. It should be noted that the removal
of Cu and Mn (similar to Pb) do not continue to salinities
above 4.1 and are confined to salinity ranges of 0.28%o to
4.1%o. The highest rates of Pb and Ni clotting occur in the
initial salinity of 1.1%., whereas the highest amount of
Cu and Zn flocculation are found in higher salinities (3.2%o).

In general, the flocculation of studied metals (Mn, Cu,
Pb, Ni, and Zn) except for Zn occurs in salinities lower
than 4.1%o0, and this is in accordance with the obtained
results of other researchers [34-36]. The flocculation or
clotting rates indicate that the overall dissolved heavy
metal pollution loads may be eliminated from about 35% to
about more than 70% during estuarine mixing of Navrood
River with the Caspian Seawater. The final flocculation
values of the studied metals in terms of percentage are as
follows:

Cu (74.44%) > Pb (73.92%) > Zn (54.37%) > Ni (52.33%) >Mn
(35.36%).

Diagram of CA (Fig. 3) shows that the pH changes con-
trol the changes in Ni and Pb concentrations during estua-
rine mixing. In addition, Cu flocculation is controlled by
changes in NO, because they join together at a higher sim-
ilarity coefficient. There is also a relatively high correlation

WPGMA
DocC

L Salinity
Mn
Pb
pH

L

Zn
NO3
Cu

08 05 02 01 04 07 1

Pearzon Coefficient

Fig. 3. Dendrogram of cluster analysis amongst studied
parameter in the Navrood River.

between Zn and NO, changes. This indicates that Zn and
Cu changes are mainly governed by NO, alterations. It is
noteworthy to mention that salinity and DOC changes are
inversely related to the studied metals and parameters.

In the second part of the experiment, the adsorption
and excretion reactions between the trace metals and the
suspended particles in the Navrood River were investi-
gated. Subsequently, the role of sulfate, carbonate, iron/
manganese oxide, and organic species were examined
separately in the bonds between sediments and heavy met-
als. According to Table 5 and Fig. 4, as soon as estuarine
mixing in the initial salinities happens, a significant amount
of Mn and a small amount of Pb are excreted from the sus-
pended particles and enter the liquid phase in the marine
environment. As seen in Table 5, the highest amount of
metal absorption is related to Cu, which is about 34.4%. The
adsorption capacity of dissolved metals due to SPMs during
estuarine mixing is in the following orders respectively:
Cu (7.25 mg/kg) > Ni (3.22 mg/kg) > Zn (8.52 mg/kg).

Based on Fig. 4a, ¢, and d, Cu, Zn, and Ni exhibit absorp-
tive behavior, while Pb and Mn exhibit repulsive behavior.
Furthermore, 7.25 mg/Kg of the Cu in the marine environ-
ment is absorbed by SPMs. Although approximately 3.22
and 8.52 mg/Kg of Ni and Zn are absorbed by SPMs, they
show relatively conservative behavior after SPMs entering
into the estuarine zone and are exposed to various salinities.

Finally, when the waters of the Caspian Sea and the
Navrood river are mixed with salinity of 7.1%., Cu, Zn
and Ni are absorbed into the SPMs in the following order
(the percentage values are given in proportion to the initial
concentration in the suspended particulate matters): Cu
(28.6%) > Ni (9%) > Zn (6.4%).

As shown in Fig. 4b, Mn is significantly excreted as
soon as it is exposed to salinity, but at higher salinity lev-
els, this element reacts in very small amounts and exhibits
conservative behavior. In total, as soon as SPMs enter the
mixing zone, 124.41 mg/kg of Mn is excreted from SPMs.

According to Fig. 4c, the partial excretion of Ni from
SPMs with a concentration of 2.39 mg/kg indicates a rela-
tively conservative behavior of this element in the marine
environment. Finally, when the waters of the Caspian
Sea and the Navrood River are mixed at higher salinities
(7.1%0), the Mn and Pb appear to be excreted from the
SPM in the following order and enter the aquatic envi-
ronment (the percentage values are given in proportion to
the initial concentration): Mn (28.6%) > Pb (12.1%).

The results of this study are different from the results
of a number of previous ones. The possible reason for these
differences in the results of the present study and previ-
ous cases can be attributed to the difference in the geolog-
ical unit of the Navrood catchment area with other river
catchments. In a study by Marefat [27], the desorption and
absorption potentials of the SPMs of Sefidrud river estuary
were examined and it was found that due to the mixing of
the Caspian Sea brackish water and Sefidrud river fresh
water, Zn and Pb are absorbed into the SPMs with the 6%
and 20% (the percentage values are given in proportion to
the initial concentration), respectively.

On the other hand, Mn and Cu are excreted from the
SPMs respectively with 25% and 9%. As mentioned ear-
lier, in the present study, Pb has a repulsive behavior in



Table 5

Trace metal concentrations of suspended particulate matters in the different saline regimes along with physical and chemical parameters in estuarine zone of Caspian Sea

NO,
(mg/L) (mg/L)

2.87
4.1

Salinity DOC

(%0)

pH

Mn (mg/kg) Ni (mg/kg) Zn (mg/kg) Pb (mg/kg)

Cu (mg/kg)

Sample

1.74
1.42
1.39
1.44
1.21
1.18
1.08
0.78

0.28
1.1

8.54
8.54
8.51
8.48
8.36

35.66 (34.98-36.01)  132.46 (131.21-133.09)  19.75 (19.7-19.81)

568.28 (563-572.21)

25.31 (25.01-25.48)
24.08 (23.99-24.13)
28.67 (28.36-28.89)

29.23 (29.01-29.34)

River water

19.55 (19.29-19.73)
18.97 (18.49-19.43)
18.45 (17.98-18.87)
18.04 (17.56-18.39)
17.89 (17.27-18.22)
17.78 (17.46-18.03)
17.36 (17.19-17.48)

0 (0.0)

35.97 (35.56-36.15)  134.34 (132.34-136.23)
138.67 (137-139.55)

486.88 (479.21-492.6)
469.04 (468-470.78)

7.2
9.1

1.8
24
3.2
4.1

4.6

36.12 (35.98-36.43)
36.16 (35.97-36.27)

37.24 (37-37.44)

139.66 (136.46-141.73)

457.28 (453.31-461.87)

18.86
25.6

140.12 (136.46-141.73)

451.76 (445.83-460.89)
453.51 (447.98-463.23)

446.54 (441-450.34)

30.00 (29.45-30.54)
29.78 (29.24-30.01)

8.37
8.29
8.17

140.67 (138.34-142.45)

37.25 (37.08-37.55)
37.87 (37.41-38.13)

29.6

139.27 (136.34-141.45)
140.98 (137-143.2)

9.92 (7.4)
1.40 (1.0)

31.67 (29.99-31.98)
32.56 (31.34-33)
8.70 (34.3)

1.45 (5.7)

35.5

7.1

38.88 (38.28-39.2)
3.22 (9.0)
0 (0.0)

443.87 (439.67-447.23)

1.75 (0.3)

Total adsorption (+)

2.39 (12.1)

126.16 (22.2)

Total desorption (-)

Total (%)

239 (12.1)

~124.4 (21.8) +3.22 (9.0) +8.52 (6.4)

+7.25 (28.6)
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the marine environment but in other studies, adsorptive
behavior was shown and it was absorbed on suspended
sediments. Moreover, Cu was adsorbed by the SPMs in the
present research, but in other experiments it was excreted in
SPMs and entered the marine environment. Some research-
ers have reported that the adsorption and desorption
process could be governed by pH, DOC, physical prop-
erties of particulates and suspended sediments, and the
presence and concentration of other metals [37-39].

After analyzing bulk digestion of the suspended partic-
ulate matters and identifying trace metal concentration at
different salinity regimes, a three-step chemical partitioning
was conducted to determine if the process of absorption and
excretion of heavy metals is controlled physically or chemi-
cally. The role of different metal species and their bonds with
sediments in the adsorption and excretion process is pre-
sented in Table 6.

As seen in Fig. 5, heavy metals can generally be linked
to sediments and suspended particulate matters via the
following five bond types: loose and carbonate bond (F1),
iron/manganese oxides and sulfide bond (F2), organic-me-
tallic bond (F3), resistant bond (F4), and within-lattice bond
(F5). It should be noted that F4 and F5 were not reviewed
in this research, which is due to the chemical stability of
these bonds and having a neutral role in absorption and
desorption.

Cu has the highest absorption rate, which according to
Table 6 is mostly absorbed physically and in smaller amounts
chemically.

Based on the results of Table 6, it is observed that the
removal of Mn from SPMs is more physically and to a lesser
extent chemically. As previously reported, while mixing the
river, some loose Mn and carbonate species are excreted
from suspended sediment [40]. As the name implies, in
this type of bond, the bond between the trace metals and
the suspended sediments is very weak and can be bro-
ken by the slightest change in the physical and chemical
properties of the surface water. As mentioned, the behav-
ior of Ni and Zn is conservative and they are absorbed
to lower levels than other studied metals into the SPMs.
According to Table 6, Ni is chemically and to a lesser extent
physically absorbed into SPMs. This indicates the type
of bonds with the sediments. In contrast, Mn, Zn, and Pb
are linked by physical reactions and to a lesser extent by
chemical reactions with sediments. It is worth mentioning
that Ni plays a significant role in chemical reactions.

According to Table 6, Zn excretion has only a physical
process and bonds with weaker sediments.

The adsorption of Ni and Cu involves both physical and
chemical processes, and the bonds between these metals are
different from other studied metals. Pb is only physically
excreted from the surface of SPMs, but the estuarine mixing
zone has a lesser effect on the loose and carbonate Pb spe-
cies. This might be due to the fact that the initial concentra-
tion of the loose and carbonate Pb species is lower than the
initial concentration of the loose and carbonate manganese
species.

As Saeedi stated in previous studies, the absorption
capacity of SPMs was measured in Tajan River and it was
concluded that by reducing the initial concentration of trace
metals in estuarine environments, the possibility of collision
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Table 6
Role of different suspended particulate matter metal species in the absorption and desorption process during estuarine mixing

Metal Salinity (%0) Exchangeableionsand Iron/manganese oxides Organic substances Total concentration
carbonates (mg/kg) and sulfides (mg/kg) (mg/kg) (mg/kg)
Cu 0.28 2.61 (2.51-2.71) 1.26 (1.22-1.33) 0.65 (0.63-0.67) 25.31
1.1 3.02 (2.92-3.12) 1.41 (1.41-1.52) 0.23 (0.22-0.24) 24.08
1.8 3.44 (3.34-3.65) 2.72 (2.71-2.84) 0.63 (0.59-0.64) 28.67
24 3.67 (3.61-3.85) 2.72 (2.62-2.83) 0.56 (0.53-58) 29.23
3.2 4.99 (4.91-5.11) 2.78 (2.69-2.9) 0.53 (0.52-0.55) 30.00
41 4.12 (4.03-4.19) 2.81(2.79_2.91) 0.53 (0.52-0.54) 29.78
4.6 6.77 (6.61-6.92) 2.86 (2.79-2.91) 0.52 (0.5-0.55) 31.67
7.1 7.98 (7.82-8.15) 2.86 (2.72-3) 0.48 (0.46-0.5) 32.56
Adsorption (%) 21.22 4.70 0 25.99
Desorption (%) 0 0 0.67 0.67
Mn 0.28 124.67 (120-127.1) 43.78 (42.87-44.6) 28.65 (28.07-29.1)  568.28
1.1 92.56 (91.3-93.56) 40.14 (39.22-41.65) 30.25(28.99-30.71)  486.88
1.8 87.65 (86-88.9) 45.23 (44.12-46.78) 29.34 (28.68-30.18)  469.04
24 71.34 (70.8-72) 43.56 (43.1-43.9) 28.53(27.8-29.27)  457.28
3.2 58.99 (57.4-59.7) 39.20 (38.3—40.08) 31.22 (30.2-32.08)  451.76
41 47.81 (46.9-48.6) 32.20 (31.09-33.54) 32.43(32.09-33.31) 45351
4.6 36.22 (35.5-37.1) 32.90 (31.99-33.48) 32.89 (32.09-33.31) 446.54
7.1 34.55 (33.6-35.22) 32.29 (31.81-32.33) 33.01 (32.13-33.89)  443.87
Adsorption (%) 0 0 0.74 0.74
Desorption (%) 15.86 1.95 0 17.81
Ni 0.28 4.72 (4.48-4.88) 2.15 (2.08-2.23) 6.1 (5.98-6.33) 35.66
1.1 454 (4.34-4.79) 2.65 (2.54-2.73) 6.18 (5.99-6.34) 35.97
1.8 4.31 (4.22-4.5) 4.23 (4.13-4.28) 6.19 (6.15-6.25) 36.12
2.4 4.67 (4.44-4.89) 4.11 (4-4.15) 6.17 (6.11-6.23) 36.16
3.2 5.02 (4.78-5.18) 4.00 (3.89-4.1) 6.03 (5.98-6.09) 37.24
41 5.58 (5.41-5.68) 4.26 (4.17-4.35) 6.16 (6.11-6.24) 37.25
4.6 5.67 (5.34-5.77) 4.29 (4.09-4.4) 6.18 (6.09-6.26) 37.87
7.1 5.59 (5.56-5.63) 4.18 (4.16-4.2) 6.23 (6.18-6.31) 38.88
Adsorption (%) 2.44 5.69 0.36 8.49
Desorption (%) 0 0 0 0
Zn 0.28 23.45 (22.78-24.01) 14.02 (13.9-14.16) 8.54 (8.34-8.7) 132.46
1.1 24.25 (23.84-24.99) 14.55 (14.43-14.61) 9.02 (8.87-9.12) 134.34
1.8 24.87 (24.13-25.26) 14.88 (14.68-14.99) 8.34 (8.16-8.44) 138.67
24 25.18 (24.96-25.37) 14.05 (13.99-14.9) 8.30 (7.99-8.45) 139.66
3.2 28.29 (27.82-28.64) 14.22 (14.18-14.25) 8.12 (8.02-8.23) 140.12
4.1 32.56 (32.12-33.21) 13.3 (13.01-13.45) 7.88 (7.59-8.03) 140.67
4.6 32.43 (31.67-33.21) 12.95 (12.82-13.08) 8.25 (8.16-8.3) 139.27
7.1 31.34 (30.89-32.01) 13.9 (13.56-14.54) 8.45 (8.32-8.52) 140.98
Adsorption (%) 5.96 0 0 5.96
Desorption (%) 0 0.09 0.07 0.16
Pb 0.28 3.45 (3.33-3.54) 2.24 (2.14-2.32) 0.82 (0.81-0.83) 19.75
1.1 3.69 (3.54-3.77) 2.28 (2.22-2.31) 0.82 (0.82-0.82) 19.55
1.8 3.3(3.18-3.44) 2.25(2.23-2.29) 0.86 (0.85-0.88) 18.97
24 3.25(3.12-3.34) 2.24 (2.14-2.29) 0.73 (0.73-0.73) 18.45
3.2 2.59 (2.56-2.65) 2.26 (2.23-2.29) 0.79 (0.76-0.81) 18.04
41 2.03 (1.98-2.06) 2.33 (2.28-2.36) 0.88 (0.85-0.9) 17.89
4.6 1.55 (1.51-1.59) 2.28 (2.26-2.3) 0.75 (0.74-0.77) 17.78
7.1 1.36 (1.32-1.39) 2.24 (2.22-2.27) 0.85 (0.84-0.86) 17.36
Adsorption (%) 0 0 0 0
Desorption (%) 10.58 0 0 10.58
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Fig. 4. Changes in metals concentration in SPMs.

and contact decreased, and also the reaction between heavy
metals and SPMs reduced [41]. In addition, organic species
have little effect on the excretion or absorption of these five
metals.

Dendogram of CA (Fig. 6) indicates that Nitrate (NO,)
and pH control the adsorption process of Mn and Pb during
estuarine mixing. It is also shown that Ni is mainly governed
by DOC and salinity; there is a high correlation between
these parameters. Besides, Zn and Cu are also governed
less by DOC and salinity. The CA diagram (Fig. 6) illus-
trates the fact that nitrate changes (NO,) and pH changes

Salinity(%o)

(e)

control the process of absorption of Mn and Pb when SPMs
come into contact with salt water. It further shows that Ni
is mainly driven by DOC and salinity changes; in fact, there
is a high correlation between these parameters. In addition,
Zn and Cu are less controlled by DOC and salinity changes

4. Conclusion

This study investigates the flocculation, adsorption
and desorption processes of dissolved heavy metals (Ni,
Pb, Cu, Mn, and Zn) during the estuarine mixing of the
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Fig. 6. The dendrogram of cluster analysis of the metals in
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Navrood River water with Caspian Sea water at vari-
ous salinity ranges (from 1.1%o. to 7.1%.). The highest
percentage of flocculation process is observed for Cu.
Furthermore, Cu exhibited the highest desorption behav-
ior from SPMs during estuarine mixing. Among the
studied physicochemical parameters of blending sam-
ples (pH, DOC, and Nitrate), dissolved organic carbon
represents an increasing linear behavior toward salinity
changes. The flocculation process of Cu, Zn and, to a lesser
extent, Ni and Pb are controlled by Nitrate. Moreover, the
adsorption process of Mn and Pb is governed by Nitrate.
Desorption rates of the studied metals from suspended
particulate matters in the Navrood Estuary are in the fol-
lowing order: Mn (28.6%) > Pb (12.1%). A wide range of
research about the variation in the rate of flocculation pro-
cess of trace elements (Cu, Pb, Mn, and Ni) throughout the
year have been conducted in rivers. In this research, the
effect of salinity, pH, DOC and NO, on the flocculation,
adsorption and desorption process of Zn, Mn, Ni, Cu, and
Pb is investigated. Based on theCA, the flocculation pro-
cesses of Pb and Ni are mainly governed by pH. According
to the research of chemical partitioning, it is necessary to
mention about 81%, 28% and 100% of the concentration
of adsorbed Cu, Ni, and Zn are found in carbonate frac-
tions, respectively. Generally, the highest percentage of
heavy metal contents is revealed in sulfide and carbonate
compounds bound. Based on the rate of flocculation and
adsorption for studied heavy metals, total loads of colloi-
dal metal content omitted considerably by different per-
centiles at various salinity regimes. According to the mean
annual discharge of the Navrood River (166 x 106 m?*/y),
the annual discharge of dissolved Cu, Mn, Ni, Zn and
Pb into the Caspian Sea would reduce respectively from
7.01, 5.59, 20.87, 27 and 3.28 to 1.79, 3.61, 9.95, 12.32 and
0.85 ton/y. Navrood River is a transport agent for the dis-
posal of industrial, agricultural, and urban wastes to the
Caspian Sea. Therefore, the geochemical cycle of trace
metals and their behavior in the region should be closely
investigated. The results of this study help decision mak-
ers in the local and regional levels to make realistic estima-
tions about the pollution load of heavy metals in Navrood
River specifically and the Caspian Sea generally. Besides,
the water resources managers and policy makers can bene-
fit from the achievements of this research to guarantee the
sustainable development of the region without impinging
on the invaluable water bodies in the regional level.
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