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In order to explore a medium material for the efficient treatment of Pb(II) pollutants in groundwater, in this paper, mudstone is
selected as the medium material, and the morphological structure of the mudstone is characterizes via X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Brunauer-Emmett-Teller (BET) analyses to study the feasibility of the mudstone
adsorbing Pb(II) ions. Then, static adsorption experiments are carried out to investigate the removal effect of mudstone on Pb(II)
in aqueous solutions under different conditions and to determine the optimal adsorption conditions. Finally, the results are fitted
and analyzed using a thermodynamic model to explore the adsorption mechanism of the mudstone. The main results of this study
are as follows. The main mineral composition of the mudstone used in the experiments includes CaCO3, SiO,, CaAl,0,10H,0,
and CaFe,O,. The specific surface area of the mudstone is as high as 23.027 m>.g"", the pore size is 9.145 nm, and its surface
structure is rough, with pores and fissures developed. The pore space and adsorption capacity of the mudstone were enhanced.
When 1 g~L71 of mudstone was added, the pH value of the solution was 6, the reaction time was 60 min, and the initial con-
centration of Pb(IT) was 30 mg-L™". The removal efficiency of Pb reached 84.5%, and the adsorption amount was 25.352 mg-g".
For the removal of Pb(II) from the aqueous solution by the mudstone under different concentrations of Pb(II), the reaction was in
accordance with the Langmuir adsorption isotherm model, and the maximum adsorption amount reached 54.975 mg-g~'. The
relationship between the removal of Pb(II) and the reaction time was in accordance with the pseudo-second-order rate model. The
results of this study suggest that mudstone can be used for the removal of Pb(II) from aqueous media.

have a high toxicity. Long-term consumption of water with
a high lead content is likely to cause cancer. The lead pol-

Water is an indispensable natural resource in human life and
is an integral part of the ecological and environmental
system [1]. Currently, due to the rapid development of
agriculture and industry, the excessive use of chemical
fertilizers and pesticides in the agricultural field has caused
serious pollution of water bodies with Pb(II) ions [2, 3].
Pb(II) ions in water bodies are difficult to degrade, and they

lution cycle is long, and it is easily bioaccumulated. Through
its gradual accumulation in the food chain, it causes serious
harm to the human living environment, biosphere, and
human health [4-7]. Therefore, the purification of polluted
water bodies has become a research hotspot in the field of
environmental science, and it is of great significance to apply
clay mineral materials to the study of the adsorption of heavy
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metals in water bodies [8, 9]. There are two treatment
methods for water bodies polluted by Pb(II) ions: one is to
reduce the bioavailability of the Pb(II) ions in the water
body, and the other is to directly remove the Pb(II) ions from
the water body [10, 11]. Therefore, some efficient water
treatment technologies, for example, physical adsorption,
electrochemical adsorption, ion exchange, chemical pre-
cipitation, and a series of other treatment methods and
technologies, are used in the treatment of Pb(II) in water
bodies [12].

In the method of absorbing Pb(II), the choice of the
adsorbent is extremely important. Clay minerals have a su-
per-self-purification capacity in the restoration of water
bodies polluted by Pb(II) ions [13]. The common clay
minerals used to restore water bodies heavily polluted by
Pb(Il) ions include montmorillonite, attapulgite, zeolite,
kaolinite, sepiolite, vermiculite, and illite [14-17]. As
a mineral material with abundant reserves and a low price,
mudstone is a composite clay mineral material composed of
layered porous silicate-rich minerals. Mudstone is mainly
composed of minerals such as illite, kaolinite, montmoril-
lonite, quartz, feldspar, mica, epidote, chlorite, ferroman-
ganese oxide, and organic matter [18]. There are certain
differences in the mineral components contained in different
regions [19]. Mudstone has a strong viscoelasticity, is easily
weathered into fine particles, is easy to crush, easy to mine,
cheap, and easy to obtain. In addition, as a composite clay
mineral material, mudstone is a good soil-forming parent
material, and its basic characteristics determine that it will
not generate secondary pollution when used as an adsorbent.
In addition, the restoration cost of this method is low, it is
simple and easy to operate, and it has broad application
prospects.

In this study, the adsorption method was used to remove
the Pb(II) in a water body. The aim was to develop an
environmentally friendly adsorption material with a high
adsorption efficiency, good performance, and no secondary
pollution. Therefore, in this study, through the character-
ization analysis of mudstone, the possibility of its adsorption
of the heavy metal Pb(II) was explored, and the adsorption
effect of the mudstone on Pb(II) in a water body under
different influencing factors was investigated so as to provide
a theoretical scientific basis and technical support for the
efficient use of mudstone material.

2. Materials and Methods

2.1. Materials. The mudstone used in this study was col-
lected from Yaoqu Village, Yaoqu Town, Yaozhou District,
Tongchuan City, Shaanxi Province, and the chemical agent
used was purchased from the Aladdin Reagent Co., Ltd.
(Shanghai, China).

2.2. Preparation of Mudstone Material. First, the mudstone
protolith collected was air dried, and the air-dried clay
mineral material mudstone was refined. Then, the refined
mudstone was cleaned with deionized water for three times
to remove the impurities in the sample. The washed sample
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was air dried again and sieved through a 100-mesh screen to
make the mudstone material required for the experiment.
The prepared mudstone material was placed in a plastic bag
and stored under dry conditions for later use. The basic
physical and chemical properties of the mudstone material
are presented in Table 1. The Pb content of the mudstone was
far lower than the soil pollution risk screening value, and it
did not carry the target heavy metal when adsorbing the
Pb(II) in the polluted water body.

2.3. Characterization of Mudstone. The surface morphology
and elements composition of the mudstone were analyzed
using X-ray diffractometers (America -FEI-Quanta FEG 250
and Japan-Rigaku-Smart Lab 9KW models), and the specific
surface area and pore size of the mudstone were determined
using an America - Mack -ASAP 2020HDS.

2.4. Adsorption Experiment. A batch experiment was con-
ducted to study the adsorption effect of the mudstone on
Pb(II) in 100 mL of water contaminated with Pb(II) at
a concentration of 30mgL~', Experiment 1: Different
amounts of mudstone (0.25gL”', 0.5gL™", 0.75gL7",
1gL™", 1.25gL7", and 1.5gL™") were added to the con-
taminated water under constant temperature shaking. Ex-
periment 2: The best adsorption amount of mudstone from
experiment 1 was added to the polluted water, the pH of the
solution was adjusted (2, 3, 4, 5, 6, 7, and 8), and the reaction
time was 120 min. Adsorption experiments were conducted
to determine the best pH value for heavy metal adsorption
by the mudstone. Experiment 3: The best adsorption amount
of mudstone from experiment 1 was added, and the pH was
adjusted to the ideal value obtained from experiment 2.
Then, experiments on Pb(II) adsorption by the mudstone
were conducted to study the effect of the adsorption reaction
time on the adsorption effect by collecting samples at dif-
ferent times (5 min, 10 min, 20 min, 30 min, 40 min, 50 min,
60 min, 70 min, 80 min, 90 min, 100 min); Experiment 4:
Under the optimal conditions determined in Experiment 1,
Experiment 2, and Experiment 3, mudstone was add to
solutions with various initial Pb(II) concentration (10, 20,
30, 40, 50, and 60 mg-L_l) to observe the Pb(II) adsorption
effect of the mudstone under different initial concentrations.
The supernatant of the adsorbed mixture was filtered, and
the Pb(II) concentrations of the filtrate was determined via
multicollector inductively coupled plasma mass spectrom-
etry (MC-ICP-MS). To ensure the accuracy of the experi-
ments, each experiment was repeated three times.

The removal rate and adsorption amount are important
indicators of the performance of adsorbent materials. The
adsorption amount (g,) and removal rate (R) of lead by the
mudstone were calculated as follows:

— (CO_Ce)XV
m

C,-C
R= ¢ x 100%,
Co ?

e >

(1)
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TaBLE 1: Basic physical and chemical properties of the mudstone.

Particle size composition (%)

Pb content Cation exchange capacity

Material H Conductivity (mS-m™" - _ Expansion rate (%
P v ) Clay b wder particle Sand (mgkg™) (mmolkg™) P (%)
particle
Mudstone 8.29 14.8 16.33 83.40 0.27 0.322 101.44 25.36

where g, is the unit adsorption capacity of the composite
clay mineral material for Pb (II) after adsorption equilibrium
(mg-L’l); C,, is the initial concentration of Pb(II) (mg-Lfl);
C, is the concentration of Pb(II) in the adsorption equi-
librium state (mg-L™"); V is the volume of the sewage so-
lution poured into the conical bottle initially (mL); m is the
amount of mudstone used (g) [20].

3. Results and Discussion

3.1. Characterization Analysis of Mudstone. The scanning
electron microscopy (SEM) morphology results for the
mudstone are shown in Figures 1(a)-1(d). Figures 1(a)-1(d)
present SEM photos of the mudstone collected from the
Tongchuan area, Shaanxi, under magnifications of 5000,
10000x, 20000x, and 50000x, respectively. It can be seen
from Figure 1 that the surface structure of the mudstone is
rough and consists of aggregates of irregular flakes; the
particles are connected by irregular surface-to-surface and
surface-to-edge contacts; and the pore channels of the
mudstone are unobstructed. This scattered structure helps in
the generation of pores, interstices, voids, cracks, fissures,
and the connections between them. The pores, interstices,
voids, cracks, and fissures are mostly formed via stacking of
the irregular mineral particles contained in the mudstone, so
there is a certain difference in the pore size and pore wall
thickness. The size of the space between the pores also varies,
which not only increases the free adsorption group of the
mudstone but also helps the mudstone to form a pore
channel structure. There are pores and fissure structures of
different sizes distributed on the surfaces of the mudstone
particles, which are aggregated in a disorderly manner. The
well-developed pores and rough pore walls on the mudstone
surface and the good connection between the pores enhance
the effective space and adsorption capacity of the mudstone
pore channels and improve the physical adsorption and
chemisorption capacity of the mudstone.

Phase analysis of the mudstone material was carried out.
The X-ray diffraction (XRD) results for the mudstone are
shown in Figure 2. The results show that the minerals
contained in mudstone mainly include CaCO;, SiO,,
CaAl,0,¢10H,0, and CaFe,O;. This is because clay minerals
are the main rock forming minerals in mudstone, and the
clay minerals are mainly aluminum-silicate minerals.
Therefore, the Si and Al contents of the mudstone are large.
In addition, the shapes and positions of all of the main
diffraction peaks of the mudstone are prominent, the XRD
diffraction peaks of the crystals are sharp and symmetrical,
and the crystal structure is complete. The strong binding
capacity of the silicate minerals contained in the mudstone
for Pb (II) can be used to improve the adsorption capacity of
the mudstone for the heavy metal Pb (II) to a large extent.

Figure 3 shows the nitrogen adsorption curve of the
mudstone. Based on analysis of the nitrogen adsorption
curve, the adsorption isotherm belongs to the second cat-
egory of the Brunauer-Emmett-Teller (BET) classification,
with a small slope and slow rise in the first half and a sharp
rise in the second half. As the relative pressure increases,
capillary condensation occurs simultaneously with multi-
layer adsorption. When P/P,, = 0, the curve intersects with
the ordinate (representing the adsorption volume) at
a nonzero value, the intercepts are not equal, so there are
micropores and the micropore volumes are not equal. The
average specific surface area obtained using methods such as
the BET method is 23.027 m*.g ", and the average pore size is
9.145 nm.

3.2. Adsorption of Pb(1I) Ions in Batch Systems. The Pb(II)
adsorption performance of the mudstone is not only related
to its surface structure but is also influenced by external
factors. Mudstone was used as the adsorption material to
investigate the effects of the pH, amount of mudstone ad-
dition, reaction time, and initial Pb(II) concentration of
solution on the heavy metal ion adsorption performance of
the mudstone.

3.2.1. Effect of Mudstone Dosage on Absorption Effect.
The results of the effect of the mudstone dosage on the
removal of Pb(II) are shown in Figure 4. This is mainly due
to the fact that the Pb(II) concentration of the solution was
fixed, and the removal efficiency of Pb(II) increased grad-
ually as the amount of mudstone increased, which caused the
mudstone to reach adsorption equilibrium. The removal
efficiency increased linearly as the amount of mudstone
added increased from 0.25g-L™" to 1g-L™". The Pb(II) re-
moval efficiency of the mudstone was as high as 85% when
the amount of mudstone was 1 g-L™", and it had reached the
equilibrium at this time. Although the Pb(II) adsorption
efficiency of the mudstone exhibited a tendency toward
equilibrium with increasing mudstone dosage, when the
addition of mudstone was small, the specific surface area and
the number of adsorption sites on the mudstone were
limited, and the adsorption sites were fully utilized, thus
reaching adsorption saturation quickly and resulting in
a high adsorption amount. However, the limited number of
adsorption sites was not sufficient to adsorb a large amount
of the Pb(II) in the solution, so the removal efficiency was
low [21]. As the addition of mudstone gradually increased,
the specific surface area and the number of adsorption sites
and functional groups of the mudstone also increased, which
caused the Pb(II) content of the solution to decrease.
However, this led to an excess of adsorption sites on the
surface of the mudstone, and the phenomenon of
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Figure 1: SEM photos of mudstone.
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FIGURE 2: Mudstone X-ray diffraction analysis.

unsaturated utilization of the adsorption sites occurred.
Based on the analysis of the results presented in Figure 5, the
optimum amount of mudstone addition was 1g-L™" for
Pb(II) adsorption by mudstone.

3.2.2. Effect of Solution pH on the Adsorption Effect.
According to the above effect of the amount of mudstone
addition on the Pb(II) adsorption effect of the mudstone, the
amount of mudstone was set as 1g-L™" in the experiment
conducted to determine the effect of the solution pH on the

adsorption effect. The removal efficiencies were all very low
at pH <3, and the removal efficiencies were significantly
higher at pH =3~6. At pH =6~8, the curve leveled oft and
the removal efficiency stabilized near the maximum value,
and the removal efliciency was above 85%. Therefore,
mudstone is most suitable for Pb(II) removal under weakly
acidic or neutral conditions. At pH 6-7, Pb(II) may combine
with OH™ to produce Pb(OH)" and Pb(OH), complexes via
precipitation, which reduces the unfavorable contact with
the oxidized surface [22]. For pH 6-7, the increase in the
removal of Pb(II) by the mudstone was the result of the
combined effect of physical adsorption and a chemical
precipitation reaction; the adsorption amount reached the
maximum value, and the adsorption effect gradually sta-
bilized [23]. The mudstone contained Fe and Al oxides with
variable charges, and as the pH increased, the variable
negative charge in the solution increased, causing the
gravitational force on the Pb(II) increase and the electro-
static adsorption of Pb(II) increase. The pH of the solution
not only affects the magnitude of the electricity charge on the
surface of the clay mineral material and the activity of the
adsorption sites, but also the form of the metal ions present
in the solution, thus affecting its adsorption properties [24].
Therefore, pH=6 was determined to be the optimum
pH value for Pb(II) adsorption on mudstone.

3.2.3. Effect of Reaction Time on the Adsorption Effect.
Based on the effects of the amount of mudstone addition and
the pH of the solution on the adsorption effect, the optimum



Journal of Chemistry

36.00
32.00 /SD
;
28.00 ;ﬁ&‘
< 24.00 f
S 0)
e ﬂ\
1 20.00 —— o
® 2
5 /B/@‘?{/é‘/
g 16.00 — =
> 12.00 o=
8.00 —
4.00
0.00 T
0.00 0.40 0.80 1.10
Relative Pressure (P/P)
FIGURE 3: Nitrogen adsorption curve of mudstone.
— 90
26 m 4 - w -
| o - 80
24 — — 70
".'Dp L
@ ¥
8 —60 <
£ LS
& - 50 <
97 =
g o -
-~ L
& - 40
S 20 e
* -
2
i — 30
18 | pe - 20
w -
) (]
— 10
16 _——
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Mudstone dosage (g)

-@- Adsorption capacity
—%— Romoval rate

FIGURE 4: Effect of mudstone dosage on the removal of Pb(II).

amount of mudstone addition and solution pH were set as
1 gL' and pH = 6, respectively, in the next set of adsorption
experiments. As shown in Figure 6, the adsorption rate of
Pb(II) by mudstone was fast, the Pb(II) concentration of the
solution decreased rapidly, and the removal efficiency in-
creased. The Pb(II) removal efficiency of the mudstone was
nearly 75% in 0-20 min, and the adsorption capacity was
nearly 23 mg-g~". At 60 min, the Pb(II) removal efficiency of
the mudstone reached 89%, its Pb(II) adsorption capacity
reached 26.7mg-g”", and both the removal efficiency and

adsorption capacity reached the maximum values. During
the reaction, the removal efficiency and adsorption amount
did not change significantly as the reaction time increased,
and they reached an equilibrium state, indicating that the
adsorption of Pb(II) by the mudstone was characterized by
rapid adsorption and dynamic equilibrium, which is gen-
erally stable and will not be resolved [25]. In summary, in the
experiment on the static adsorption of Pb(II) by mudstone,
the adsorption time was set to 60 min. The rapid adsorption
characteristics enable the mudstone to give full play to the
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Figure 5: Effect of pH on the removal of Pb(II) by mudstone.

adsorption performance in a short reaction time, which
provides a new idea for solving the problem of the emer-
gency treatment of water bodies polluted by heavy metal.

3.2.4. Effect of Pb(Il) Ion Content on the Adsorption Effect.
The experiments on the effect of different Pb(II) ion contents
on the adsorption of Pb(II) were carried out using a mud-
stone addition of 1 g-L™", a solution pH of 6, and a reaction
time of 90 min. Figure 7 shows the adsorption capacity and
removal rate of the mudstone for different Pb(II) contents. It
can be seen from Figure 7 that the Pb(II) adsorption capacity
of the mudstone increased continuously as the Pb(II) ion
content increased, while the removal efficiency exhibited
a decreasing trend. On the one hand, the active sites and
exchangeable ions on the surface of a certain mass of
mudstone material are limited, and when the ionic strength
increases to a certain degree, the adsorption sites and
functional groups on the surface of the mudstone are re-
duced. On the other hand, the active sites and exchangeable
ions on the surface of a certain mass of mudstone material
are limited, and when the ionic strength increases to a cer-
tain level, the adsorption sites and functional groups on the
surface of mudstone are fully utilized, and the material
reaches adsorption saturation, resulting in the excess Pb(II)
not being adsorbed, thus reducing the Pb(II) removal rate
[26-28]. In addition, the Pb(II) removal efficiency of the
mudstone was greater than 80% when the Pb(II) ion content
was less than 30 mg-L ™', and it gradually decreased when the
Pb(II) ion content was between 30 mg-L™' and 50 mg-L ™},
but remained above 75%. Therefore, under the double
consideration of the removal rate and adsorption capacity,

the mudstone was more effective in removing Pb(II) ions
from the solution with a lower Pb(II) ion content, but it also
had some value in treating the solution with a high Pb(II) ion
content [29, 30].

3.3. Adsorption Isotherm and Adsorption Kinetic Model
Analysis

3.3.1. Analysis of the Adsorption Isotherm Model. The ad-
sorption isotherm is the equilibrium state of the adsorption
reaction when the reaction proceeds sufficiently at a specific
temperature. When the adsorption reaction reaches equi-
librium, there is a certain relationship between the ion
concentration of the solution and the adsorption capacity of
the adsorbent, and this dependence curve is the adsorption
isotherm. It is possible to understand the trend of the iso-
therm under each parameter and to determine the strength
of the adsorption performance. The equilibrium time is the
time when the adsorption reaction reaches equilibrium, and
the adsorption capacity corresponding to this time is the
amount of equilibrium adsorption. The experimental results
for the Pb(II) adsorption by mudstone from a solution were
fitted using the following two models [31].

(1) Langmuir adsorption isotherm model

The adsorption model proposed by Langmuir in
1916 based on the theory of molecular motion is
a commonly used equation for adsorption isotherms
and has been widely used in the field of adsorption
[32]. It is based on the assumption that the ad-
sorption process is a dynamic process and that the
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desorption rate is the same as the adsorption rate
when the adsorption reaction reaches equilibrium
[33, 34]. It is applicable to adsorbents with a uniform
volume distribution and when the adsorption re-
action occurs between single molecular layers. The
expression of its adsorption model equation is as

follows [35]:
C, 1

===t —
4. Gn (bx4q,)

Ce

(2)

Where b is the adsorption equilibrium constant; g, is
the adsorption amount at adsorption equilibrium
(mg-g™"); g, is the theoretical saturation adsorption
amount (mg-g™'); and c, is the equilibrium con-
centration of the liquid phase after adsorption
equilibrium (mg-L™").

(2) Freundlich adsorption isotherm model

The Freundlich adsorption isotherm assumes that
the adsorption process is a nonhomogeneous pro-
cess, i.e., the adsorption sites on the surface of the
adsorbent are irregular and are not independent of
each other, but there may be a synergistic effect
between the adsorption sites, and it belongs to an
empirical equation that is applicable to multicom-
ponent layer adsorption and surface adsorption
under nonideal conditions [36]. The Freundlich
adsorption isotherm can be used to express different
systems of bilayers and reversible adsorption pro-
cesses by fitting the following equation to the ad-
sorption model [35]:

1
lgg. = lgk +~lgc.. (3)

Where k and n are the adsorption constants; g, is the
adsorption amount at adsorption equilibrium
(mg-g’l); and c, is the equilibrium concentration of
the liquid phase at adsorption reaction equilibrium
(mg-L_l).

Based on the results presented in Figures 8 and 9 and
Table 2, both adsorption isotherm models can represent the
adsorption process of the heavy metal Pb(II) by mudstone,
but the correlation coefficient of the Langmuir isotherm
model is higher(0.991), and it has a higher degree of linearity.
This indicates that the Langmuir isotherm model is more
suitable for the adsorption process of the heavy metal Pb(II)
by mudstone. The correlation coefficient of the Freundlich
adsorption isotherm model is 0.958 (i.e., >0.95), which
indicates that the adsorption of the heavy metal Pb(II) by the
mudstone occurred in a unimolecular layer structure, while
the correlation coefficient of the Freundlich adsorption
isotherm model is 0.958> (i.e., >0.95), which indicates that
there is also a multimolecular layer reaction in the ad-
sorption of the heavy metal Pb(II) by the mudstone [37]. The
maximum adsorption capacity fitted using the Langmuir
isotherm model was 54.975 mg-g~'. The empirical constant
derived from the Freundlich adsorption isotherm model is
n=1.771, 1< 1.771 < 10, indicating that the adsorption re-
action easily proceeds and that the reaction is difficult when
n<0.5 [38]. In summary, it can be concluded that the ad-
sorption of the heavy metal Pb(II) by the mudstone is
a relatively complex process, and single-molecular-layer
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TaBLE 3: Adsorption kinetics parameters.
Models Pseudo-first-order kinetic Pseudo-second-order kinetic
Parameters K, (min™") q, (mgg™") R? K .(mgi(g q. (mg-g") R?
e min) ") e
Mudstone 0.0868 26.875 0.96 0.0046 29.155 0.993

adsorption and multimolecular-layer adsorption coexist and
jointly affect the adsorption of the heavy metal Pb(II) by the
mudstone.

3.3.2. Adsorption Kinetic Analysis. Adsorption kinetics is
the study of the rate, time, and mechanism of adsorption and
other characteristics of the reaction. The concentration of
the adsorbent and the adsorbent mass can affect the rate of
the adsorption reaction, and they are also closely related to
the contact time. Usually, the analysis of adsorption kinetics
is performed using the pseudo-primary kinetic model and
the pseudo-secondary kinetic equation to fit the adsorption
process of the studied ions and to predict the equilibrium
adsorption capacity [39]. The expressions of the fitted
equations are presented shown.
First-order equation [40]:

In (qe - qt) =In 9.~ klt' (4)
Secondary equation [41]:
t 1 t
~= t— 5)

9r (kzqez> 9e

In (4) and (5), k, is the pseudo-first-order adsorption
equilibrium rate constant (min ), k, is the pseudo-second-
order adsorption equilibrium rate constant (mg-(g min)™Y);
q, is the equilibrium adsorption of lead by the mudstone at
adsorption equilibrium (mg-g™"); and g, is the adsorption of
the heavy metal Pb(II) by the mudstone at time ¢ (mg-g™").

Based on the results presented in Figures 10 and 11 and
Table 3, we conclude that the adsorption reaction between
the mudstone and the heavy metal Pb(II) has a relatively
high degree of fitting for both the pseudo-first-order kinetic
model and the pseudo-second-order kinetic model, but the
R? value of the pseudo-second-order kinetic model is larger
than that of the pseudo-first-order kinetic model, so the
pseudo-second-order kinetic model is more consistent with
the adsorption process of the heavy metal Pb(II) in a water
body on mudstone. The theoretical adsorption capacity of
29.155mg-g ' obtained from the fitted results is comparable
to the adsorption capacity of 26.658 mg-g~' obtained from
the experiments presented in the previous section, which
further indicates that the pseudo-second-order Kkinetic
model is more consistent with the adsorption of Pb(II) by the
mudstone.
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4. Conclusions

In this study, a mudstone composed of clay mineral material
with abundant reserves in China was used as the research
object, and the effects of the influencing factors, such as the
amount of mudstone addition, solution pH, reaction time,
and initial Pb(II) concentration of the solution, on the
adsorption of Pb(II) from water bodies by a composite clay
mineral material (mudstone) were investigated through
static adsorption experiments. The main conclusions of this
study are as follows.

The mechanism of using mudstone as a remediation
material for lead-contaminated water was analyzed. The
main clay minerals contained in the mudstone were CaCO3,
SiO,, CaAl,0,10H,0, and CaFe O;, among which the
silicate minerals were dominant. Its surface structure was
rough, and pores and fissures were developed. The clay
minerals were abundant, and the cation exchange capacity,
specific surface area, large pore size, and rich content of clay
minerals indicate that using this mudstone to remediate
lead-contaminated water using the adsorption mechanism is
feasible. Regarding the factors affecting the adsorption of the
Pb(Il) in the solution by mudstone, the best Pb(II) ad-
sorption effect of the mudstone in the static adsorption
experiments was achieved when the amount of mudstone
addition was 1g-L™" and the pH was 6. The best Pb(II)
adsorption effect of the mudstone was achieved under these
conditions, and the removal efficiency can reached 85.5%.
Regarding the adsorption reaction time, the Pb(II) removal
efficiency of the mudstone was close to 75% at 30 min, and
the Pb(II) adsorption capacity and removal rate of the
mudstone were close to the highest value at 60 min, with
a removal efficiency of close to 88.8%. After 60 min, the
adsorption capacity and removal rate did not change sig-
nificantly as the reaction time increased, and they tended to
become stable. The initial Pb(II) concentration of the so-
lution also affected the adsorption of Pb(II) by the mud-
stone. The higher the initial concentration was, the higher
the adsorption capacity was, and the lower the removal
efficiency was. The data obtained from the adsorption ex-
periments on the adsorption of the heavy metal Pb(II) by the
mudstone were linearly fitted, and it was concluded that the
Langmuir isotherm model was more suitable for describing
the adsorption of the heavy metal Pb(II) by the mudstone. In
addition, the fitting results indicate that the adsorption of the
heavy metal Pb(II) by the mudstone occurred in a single
molecular layer structure; while the correlation coefficient of
the Freundlich isotherm model was 0.958 (i,e.,> 0.95). This
also indicates that the adsorption process of the heavy metal
Pb(II) by the mudstone also involved a reaction in multi-
molecular layers. The R* value of the pseudo-secondary
kinetic model is larger than that of the pseudo-first-order
kinetic model, so the pseudo-secondary kinetic model is
more consistent with the adsorption of the heavy metal
Pb(II) by the mudstone. This also indicates that the ad-
sorption of the heavy metal Pb(II) by the mudstone was
dominated by chemisorption.
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Due to climate change and anthropogenic activities such as agriculture, mining, and urbanization, water contamination has
become a very real modern problem. Modern solutions such as activated carbon, reverse osmosis, and ultrafiltration, among
others, have been employed in the decontamination of water. These methods are, however, expensive to set up and maintain and
therefore have proved a challenge to implement in developing countries. Zeolite materials exhibit excellent structural properties,
such as high ion exchange capacity, porosity, and relative surface area, which make them attractive to water decontamination
processes. However, conventional zeolites are expensive, and recent research has focused on utilizing low-cost materials such as
agro-wastes and clays as raw materials for the synthesis of zeolites. This review aims to discuss the role of low-cost zeolites in their
removal of heavy metals and the feasibility of agro-wastes and natural clays in the synthesis of zeolites. Recent research studies
based on the synthesis of zeolites from clays and agro-wastes and their application in heavy metal removal have been reviewed and
discussed. Agro-wastes such as rice husk ash and sugarcane bagasse ash and layered silicate clays such as kaolinite and smectites
are particularly of interest to zeolite synthesis due to their high silica to alumina ratio. Zeolites synthesized through various
methods such as hydrothermal, molten salt, and microwave irradiation synthesis have been discussed with their effect on the

adsorption of various heavy metals.

1. Introduction

Water utilization for domestic, industrial, or agricultural
purposes gives rise to different forms of wastewater [1] in a
continuous process due to the never-ending stream of hu-
man activities requiring usage of water. According to UN-
WWDR [2], over 80% of global wastewater is released to the
environment without undergoing proper treatment. This
brings about 1.8 billion people at risk of waterborne diseases,
owing to contaminated water sources [3]. Dye contaminants
resulting from artificial pigments are some of the largest
water contaminants in the world. It is estimated that the dye
industry discharges approximately 7.5 metric tons to the
environment every year [4]. Contaminants such as meth-
ylene and celestine blue [5], rhodamine, and crystal violet

[6], among others, are known to cause poor light penetration
to water bodies, thereby hindering photosynthesis and
consequently death to aquatic life. In response to a growing
population and economy in most low and lower-middle
income countries, exposure to contaminants is only esti-
mated to increase, according to a report by UNEP [7]. With
the most agricultural system incorporating modern tech-
niques of farming and especially use of herbicides, they are
also becoming a common contaminant in most water sys-
tems. Fenuron for instance, a common herbicide used to
control growth of weeds, is suspected to be carcinogenic to
human beings [8] and highly toxic if ingested in large
amounts [9]. It is estimated that only 1% of pesticides and
herbicides reach their intended target and the rest finds its
way to soil, water systems, and vegetables and other
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consumable crops [9]. Heavy metals, on the other hand, are
recognized as the most poisonous contaminants with ad-
verse effects to the environment and health in general [10].

Wastewater has been classified as domestic, industrial,
or storm wastewater [2]. Domestic wastewater arises from
domestic water uses in homes or business premises such as
cleaning, laundry, and toilet flushing, among others. Do-
mestic wastewater mainly comprises detergent chemicals,
tecal matter and urine, and bleach, among other substances
[11]. Industrial wastewater arises from industrial processes
such as cooling processes or as byproducts of industrial
processes. Industrial wastewater can be highly toxic to the
environment depending on the involved industrial process
[12]. Storm wastewater is generally water due to natural
processes such as rainfall and mainly comprises eroded
material and other particular matter depending on where
the water has runoff [13]. Urban storm water mainly
contains heavy metals and other toxic materials due to
runoff from open garages and carwashes, especially in
many developing countries, where wastewater treatment
plans are not available for such small businesses [14]. In
cases where there are treatment systems in place inclusive
of municipal wastewater treatment systems, major focus is
on the removal of biological and solid pollutants through
biological treatments in stabilization [15]. However, toxic
elements of the wastewater such as heavy metals are left
untreated despite the fact that they pose a major health
concern [16]. Many methods have been adopted for the
removal of heavy metals from wastewater. Use of nano-
composites of multiwalled carbon nanotubes [17, 18],
magnetic composites of Fe;0, [19], and activated carbon
[20], among others, have been employed on the small scale.
Modern large-scale implementations of water purification
systems capable of removing heavy metals is often through
reverse osmosis, ultrafiltration, and ion exchange, among
others, that are unfortunately not accessible to most low
and middle-income countries due to high costs of opera-
tion and maintenance [21].

Heavy metals are elements considered to have a rela-
tively high atomic weight or density [22]. These include
cadmium, copper, iron, chromium, and lead, among
others. Some of these metals in trace amounts are useful in
the human body, often taking part in crucial processes such
as iron in the formation of hemoglobin [23], copper in the
efficient absorption of iron into the body [24], and zinc in
the synthesis of proteins in the body [25]. Other heavy
metals tend to bioaccumulate in the bloodstream and thus
become toxic, often causing adverse effects on the human
body. Cadmium, for example, on finding its way to the
human body and ultimately to the liver, will cause hepa-
totoxicity and bioaccumulation in the kidneys in the renal
tissues causing nephrotoxicity [26]. In chromium, the
oxidized states of Cr (VI) are considered very toxic because
of the high solubility in water and mobility. Chromium
permissible limits in water are set to 0.1 mg/L according to
USEPA [27]. Arsenic is often found in dyes, paints, drugs,
and semiconductors, among other sources. It can occur as
either arsenite or arsenate in organic or inorganic forms,
both of which are harmful to human beings. Chronic
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toxicity is characterized by keratosis and pigmentation
issues [28]. Long-term exposure to arsenic compounds has
been associated with neurological issues, diabetes mellitus,
and cardiovascular diseases, among others [29]. Arsenic
permissible limit is 0.01 mg/L according to WHO in water
[30]. Lead contamination occurs from effluents of battery
repair or production industries, cosmetic, ammunition,
soldering, or old pipes. Children are said to bioabsorb 50%
more lead than adults during their development [29]. Due
to its ability to be biodeposited into the body, it is reported
that 95% of lead once in human body can be deposited as a
form of insoluble phosphate in skeletal bones. Acute
poisoning of lead has been linked with headaches, loss of
appetite, arthritis, and hallucination, among other effects.
Chronic effects include mental retardation, psychosis, birth
defects, autism, and kidney damage, among others [31].
Allowable limit of lead in drinking water according to
WHO is 0.01 mg/L [32]. This article reviews the structure
and properties of zeolites derived from agro-based mate-
rials and clays, their methods of synthesis, efficiencies for
removal of heavy metals in wastewaters, and the challenges
or recommendations around the utilization of the derived
zeolites.

2. Wastewater Treatment Processes

Wastewater is made up of solids (350-1200 mg/l), dis-
solved and particulate matter (250-1000 mg/1), microor-
ganisms (up to 109 numbers/ml) and nutrients, heavy
metals, and micropollutants [33]. The most problematic
pollutants are solids, as they can clog and/or damage the
system. The role of wastewater treatment is to convert the
influent into a state that can safely be returned back to the
water cycle without negatively impacting the environment
[1]. To achieve this, physical [9], chemical [34], and bi-
ological processes are applied through the stages of
treatment discussed. These stages are summarized in
Figure 1.

2.1. Preliminary Treatment. This stage involves the removal
of grit and large solids that would damage equipment in later
stages or be too large to continue the process [36]. At this
stage, plastics, pieces or blocks of wood, metals and glass
material, as well as surface oil, gravel, and sand due to
stormwater are removed using mechanical and physical-
chemical methods [35]. The principle of treatment at the
preliminary step is based on the particle size of the con-
taminant; therefore, size exclusion techniques are indis-
pensable. These include use of screens, comminutors, grit-
removers, and skimming tanks [37]. Screening devices are
made up of wire mesh, parallel bars, grating, perforated
plates, etc., to make uniform size openings usable in the
removal of floating matter, often referred to as rakings or
screenings. It has been found that sanitary sewage (domestic
sewage) makes use of an average of 0.0015-0.015m’/Ml
screenings with an average screen size of 25-100 mm [37].
The screenings are disposed off through incineration, burial,
digestion, or composting.
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FIGURE 1: Summary of wastewater treatment processes (adopted from [35]).

2.2. Primary Step. The most prominent method of waste-
water treatment at this stage is the physical process, which
involves sedimentation by the use of membrane filters that
require frequent backwash, which can incur extra costs
[38]. However, chemical processes may be employed to
induce coagulation and flocculation of suspended materials
that will not settle through gravity [39]. By the use of
sedimentation and floatation, both inorganic and organic
solids are removed from wastewater at this stage. Common
contaminants removed at this stage include biochemical
oxygen demand, total suspended solids, grease and oils,
organic nitrogen, organic phosphorus, and traces of heavy
metals. The primary stage manages the removal of 50-70%
of the suspended solids and 25-50% of the biochemical
oxygen demand [40]. Treatment units that have been ap-
plied at this stage include detritus tanks, grit chambers,
skimming tanks, screens, and primary sedimentation tanks
[41]. The screens at this stage are used in the removal of
floating matter with comparatively large particle size.
Detritus tanks are used when the flow velocity is low, and
they withhold sewage for longer periods (approximately
4 minutes), thereby removing fine settleable particles [41].
In the primary step, chemical precipitation is considered
only in special cases where (i) odor becomes a problem; (ii)
there is a need to remove phosphorus compounds; (iii)
there is industrial waste that is likely to destabilize the
biological removal process; and (iv) the strength and flow
of the wastewater vary greatly [42].

2.3. Secondary Step. This stage incorporates the use of bi-
ological and chemical techniques in the treatment of
wastewater from the primary step [43]. Microorganisms are
used in the removal of most inorganic and organic con-
taminants, followed by chemical filtration to remove
pathogens [38]. Trickling filters are used to induce the de-
composition of organic pollutants in biofilms, a process
aided by aerobic or anaerobic microorganisms [38]. About
85% of BOD and TSS are removable at this stage, leaving
traces of heavy metals, phosphorus, nitrogen, pathogens,
and bacteria for removal at the tertiary stage [44]. Con-
ventional processes applied at this stage include trickling
filters, oxidation ponds, activated sludge, and filter pods.
Space, initial, and operational costs are factors that deter-
mine the choice of an applicable technique in secondary
sewage treatment [43]. Often, space is a limiting factor due
to the high municipal or local area population and the cost of
the land. Therefore, this makes oxidation ponds uneco-
nomical and least adopted in regions where land costs are
high [43]. Activated sludge, on the other hand, is widely used
since it requires low space, minimizes construction costs,
and produces a relatively low odor. This method, however,
can be costly to operate owing to energy expenses for the
oxygen demand and the air pump operation costs [45]. The
trickling filter method offers biological contaminant removal
through the salts, rocks, plastics, or stones. These are usually
packed in such a way that they allow growth of microor-
ganisms and sewage flow through, in very low velocities, to



ensure ample contact with the microorganisms [46]. The
filters have relatively low construction cost, provide a cheap
system of oxygen delivery, and can exist with nonelectric
systems. However, they are temperature-dependent, can be
easily congested, and occupy a larger surface area compared
to activated sludge types [43].

2.4. Tertiary Step. This stage involves the disinfection of the
water to make it reusable again. In this step, chemical
processes like chlorination for removal of residual patho-
genic bacteria and more specific adsorbents for the removal
of toxic elements like dyes and notorious heavy metals are
incorporated [47]. The chlorination process, although often
applied due to its effectiveness in disinfection, easy to use,
and budget friendly, can be hazardous if used in excess [47].
Chlorinated water is freed from harmful microbes, but for
disposal into aquatic ecosystems, it needs to be dechlori-
nated, as chlorine can form potentially carcinogenic com-
pounds such as mutagen X [48] and trihalomethanes [49]
when it reacts with some organic materials. Recently, ul-
traviolet (UV) light [38] and ozone [47]are being employed
for disinfection without alteration of the water quality. In
UV treatment, the water effluent is passed through ultra-
violet radiation, which alters the genetic structure, thus
rendering them sterile and unable to infect wildlife or
humans. However, the water needs to have undergone
thorough pretreatment before this step since residual or-
ganic matter can reduce the UV light effectiveness when they
shield the microbes [47]. The downside of UV treatment is
the relatively high costs of maintenance of the UV lamps. In
ozone treatment, microbes are destroyed on contact with
ozone and forms no hazardous byproducts [50]. The use of
ozone is convenient since it can be produced as needed
onsite and needs no storage; equipment, however, can be
expensive to maintain [15]. The final stage in the tertiary step
must be filtration, which can be achieved using activated
carbon fibers, sand or disc, and drum or bag filters [47].
When it is necessary to reduce a contaminant to a specific
micron concentration rating, bag filters are used [51]. Drum
filters have woven cloth wrapped over a drum, through
which the influent gets into the drum and filtrate out the
cloth. Backwash removes contaminants and ensures the
continuous functioning of the system [52].

Although these three waste water treatment steps are
required for any waste water treatment plant, most of the
plants in low- and middle-income countries have reported
low efficiencies in the removal of heavy metals.

3. Wastewater Treatment Technologies

3.1. Ion Exchange. Ion exchange has seen great usage in the
removal of heavy metals in the water purification process,
whereby cations are used to exchange for metal ions in water
through physical or chemical processes [53]. An electrostatic
field often binds exchangeable ions onto functional groups
available on a solid matrix that needs to come into contact
with mobile contaminated water to remove the metal ions
[54]. Varying experimental conditions affect the affinity of
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the ion exchange for certain species, thereby separating them
from the solution [54]. Ion exchangers often make use of
natural zeolites and synthetic resins to remove metal ions
[53]. The resins (R) work through hydrogen-based ion ex-
change where the cation exchanger releases its hydrogen ion
(H") into the solution to exchange for an ion (X") in the
solution as follows [54]:

R-H+X'oR-X+H" (1)

Every ion removed from the solution is replaced by
another, thus achieving a state of electroneutrality. Several
types of ion exchangers including zeolites structured into ion
exchangers have been utilized in the removal of heavy
metals. Luca [55] comparatively studied the removal of zinc
by zeolite ETS-10-based ion exchanger against municipal
zeolite A-based ion exchanger and reported higher removal
by ETS-10. A different paper by Kumar [56] studied the
adsorption of lead (II) ions on a hybrid ion exchanger and
reported maximum adsorption capacity 182.7 mg/g ions at
50°C. The adsorption was reported to follow a pseudo-
second-order kinetic model for the adsorbed ion. In a similar
paper by Ma et al. [57], upon removal of nickel ions using
dual-exchanged (Na*/H") chelating resin, metal ion removal
was reported to be highly dependent on the pH of the so-
lution and the Na* to H" ratio. High concentrations of
sodium ions led to precipitation of nickel hydroxide, which
clogged the ion exchanger. Too much hydrogen ions led to
competitive protonation, whose consequence was noted to
be reduced nickel ion uptake. The heavy metal ion exchanger
method is effective with high metal ion removal efficiency,
high selectivity, and rapid adsorption kinetics and is ap-
plicable in the whole water treatment range [58]. These
advantages have seen its massive utilization in most water
purification systems especially in developed countries. The
method, however, suffers major challenges such as high
operating costs and production of sludge which is expensive
to process; resins are easily polluted by organic contami-
nants, and in the face of heavy pollution, resins spend easily
[59].

3.2. Reverse Osmosis. Reverse osmosis (RO) technology
makes use of semipermeable membranes (filters) to remove
contaminants from water by allowing only water to pass
through [60]. With the membrane pore size in the range
0.1-1.0 nm, an applied pressure is necessary to overcome
osmotic pressure, thereby requiring high energy to operate
[61]. The performance of RO filters is greatly affected by the
characteristics of the feed water, such as temperature, salt
concentration of the feedwater, and the aforementioned
pressure [62]. Generally, a higher feedwater temperature
ensures high permeate flow due to increased diffusion rates
and lower viscosity associated with higher temperatures. The
pressure parameter referred to as net driving pressure
(NDP), which is the cumulative sum of all the forces exerted
on the RO membrane, is often used to understand the feed
pressure [63]. Doubling the NDP hypothetically doubles the
flow of the permeate [64]. As water flows through the RO
membrane, the TDS concentration on the influent side will
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always be higher than that on the effluent side and so will the
pressure. A gradient of salt concentration parameter, de-
termined as the difference between influent and effluent TDS
of an RO, describes salt rate passage in an RO system. The
passage is usually independent of the pressure in the system
[62].

In recent years, different studies have been conducted to
bring solutions for heavy metal removal using reverse os-
mosis technology. Thaci and Gashi [65] utilized biowaste
materials to design water purification systems, utilizing the
material as a guide with reverse osmosis technology to
remove contaminants such as lead, zinc, cadmium, cobalt,
manganese, and nickel. Others have used spiral bound re-
verse osmosis membrane [66] and antifouling reverse os-
mosis membrane using crosslinkers [67], among others.

Reverse osmosis method is very effective in water pu-
rification system as it only allows water to pass through by
blocking all other ions. It requires simple maintenance, and
it is preferred because it does not require chemicals to
remove ion contaminants [68]. It is, however, prone to
clogging, fouling, and scaling and therefore requires fre-
quent filter change and maintenance [69]. This increases
maintenance costs. In addition, reverse osmosis is slow in
operation and often not self-sustainable [70].

3.3. Electrodialysis. Electrodialysis is often used as a mod-
ification of ion exchange membranes to make them more
selective in their contaminant removal or to improve their
removal capabilities [61]. Ionic and cationic membranes
with embedded electrodialysis stacks are sandwiched by two
electrodes. With the application of an electric current, an-
ions and cations pass through the electrodialysis membrane
and are retained on the ion exchange membranes, thus
creating a divided aqueous solution with concentrate (high
content of contaminants) and diluent [71]. Since electro-
dialysis uses membranes, it is applicable in low TSS
wastewater with suspended particle diameter not higher
than 10 ym [72]. The larger particle size clogs the mem-
branes. Wastewater needs to contain TDS concentrations of
not more than 5000 mg/l for effective removal [73]. Other
important factors that affect the functioning of an electro-
dialysis system include the flow rate of wastewater, its
temperature, and composition [74]. The applied voltage and
the characteristics of the ion exchange membranes also
determined to a large extent the efficiency of the system [74].

Electrodialysis systems can produce very high-quality
effluents with relatively low energy consumption, achieving
80-95%water recovery rates [75]. An electrodialysis system
consumes approximately 0.49kWh/m?> at 1000 mg/l of TDS
at 75% recovery and 1.75kWh/m” at 5000 mg/L of TDS [73].
However, they are selective in their removal and therefore
fail to remove colloids and organic matter, often making
them uneconomic on their own. Furthermore, electrodial-
ysis systems do not remove neutral toxic components such
as bacteria and viruses, requiring posttreatment of the ef-
fluent [76]. In addition, electrodialysis operation cost can go
above reverse osmosis when influent’s TDS concentration
exceeds 12,000 ppm [77].

4. Adsorption

Adsorption process has been utilized in water purification
systems extensively, making it one of the most used water
purification techniques [78]. The adsorption process occurs
physically through electrostatic charges or chemically
through formation of bonds on the surface or the pores of
porous solids in liquid or gaseous media [79]. In this regard,
therefore, adsorption can be described as the process,
whereby adhesion of atoms, molecules, or ions occurs in
response to excess surface energy due to bond deficiency
[80]. To efficiently remove contaminants, an adsorbent
needs to possess suitable physicochemical characteristics.
These include long service life, high adsorption capacity,
high selectivity, and low-cost [81]. Surface functional
groups, active surface, pore distribution, and pore diameter
are important parameters when characterizing adsorbent
materials [81].

4.1. Types of Adsorbents. The most common types of com-
mercial adsorbent currently in use include zeolites-based
molecular sieves, polymeric adsorbents, activated alumina,
activated carbon, silica gel, and carbon-based molecular sieves
[82]. Most of the adsorbents like activated carbon and poly-
meric adsorbents are usually manufactured, while others such
as clay occur naturally. Zeolite adsorbents can be synthesized
or occur naturally. The structural properties of the adsorbents
determine their applications [53, 81, 83-85]. Table 1 sum-
marizes some applications of common adsorbents.

Adsorbents application and type is largely dependent on
their specific characteristics. Synthetic adsorbents are currently
most sought after due to their customizability at synthesis and
their selectivity in adsorption [92-95]. With the world looking
for affordable, renewable, and efficient adsorbent solutions,
researchers are looking into utilizing agro-wastes and abun-
dant resources like clay for adsorbent purposes.

4.2. Characteristics of Adsorbents. For a material to be ef-
fective as an adsorbent for metal ions, it needs to exhibit
some characteristics that fall into either physical or chemical
characteristic groupings [85]. Physical characteristics in-
clude porosity, surface area, density, and particle size. Po-
rosity refers to the total amount of space void available to the
material. The more the pores, the higher the adsorption
capacity of the material is [96]. Yakout [97] illustrates the
increase in mesoporous pore increase in adsorption studies.
A similar study by Tang et al. [98] reported higher Pb** and
Cd** for the activated carbon adsorbent with a higher pore
volume, agreeing with this observation. The rate of mass
transfer is usually influenced by the external surface area
[99]. External mass transfer occurs with the formation of a
hydrodynamic layer covering the adsorbent, whereas in-
ternal mass transfer occurs through intraparticle diffusion.
Efficient adsorption is highly dependent on the internal
surface area and is responsible for material pore charac-
terization as microporous, mesoporous, Or macroporous.
The total volume of pores available to an adsorbent material
gives its adsorption capacity [97]. In an adsorptive study by
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Ouyang et al. [100], the synthesized adsorbent follows
pseudo-first-order kinetic model in the adsorption of Pb**,
Cd**, and Cu**. This results in the fact that the adsorption
process is most likely a physisorption process. This ad-
sorption process follows an external mass transfer phe-
nomenon. In a different study, zeolites synthesized from
natural kaolin were used in the adsorption of various metal
ions, and the adsorption kinetic study revealed adsorptive
energies below 40 kJ/mol, which indicated the physisorption
process [101]. Similar findings were reported by Shehata
et al. [102].

The chemical characteristics of an adsorbent involve the
availability of surface-active functional groups to the ma-
terial that can interact with contaminants and favorable
surface chemistry [103]. Surface chemistry is the determi-
nant of interactions between the adsorbent and the adsor-
bate, especially adsorption into oxidic sites [96]. In an
investigation by Tran et al. [104], studying the effect of
modification of the surface chemistry of zeolitic adsorbents
on contaminant adsorption, it was reported that the mod-
ification of the Na of Y-zeolite improved its cation exchange
capacity. Modifying it with surfactants opens the material to

a wider range of adsorbates. In a similar study, the authors
modified municipal sewage waste incineration fly-ash-based
zeolite with Na,PO, and reported 22 times higher adsorp-
tion compared to the unmodified zeolite [105]. Similar
studies have reported enhanced metal ion adsorption on the
modification of surface chemistry of various zeolite-based
adsorbents [105-108].

4.3. Adsorbents in Water Treatment. Activated carbon (AC)
has been in use for the adsorption of both inorganic and
organic contaminants over the years. The selectivity to in-
organic or organic compound adsorption depends on the
material of origin and the process of activation [109]. Soft
carbonaceous materials generally produce large-pored AC
that are often applied in removal of organic compounds
[110]. Harder materials produce AC with smaller pores often
used in the removal of inorganic contaminants [111]. The
process of activation can, however, alter the characteristics of
the resultant AC [110]. Activated carbon is prepared from
carbonaceous compounds such as wood, and agro-wastes
achieve a high surface area and porosity for application in
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heavy metal adsorption [85]. Activated carbon can be used
in various forms ranging granulated form (0.6 - 4mm
granules), powdered form (44 ym), and fibrous structures
with low hydrodynamic resistance [112]. Activated carbon
has been documented to achieve a high contaminant re-
moval efficiency of more than 94% for contaminant con-
centration of between 100 and 1600 ug/1 with a carbon dose
of approximately 1.25 g/1 [113]. Activated carbon technology
is limited by very high costs of production and use. Re-
searchers circumnavigate this by sourcing cheaper material
for the synthesis of activated carbon and/or modifying the
surface chemistry of the material [112]. Nejadshafiee and
Islami [114] modified activated carbon produced from
pistachio shells with Fe;O, nanoparticles and 1,4-butane
sultone and reported high adsorption capacities for Pb>*
(147.05 mg/g), As** (151.51 mg/g), and Cd** (119.04 mg/g).
In a similar study, Kyzas et al. [115] investigated the effect of
nanobubbles on the adsorption of Pb**by activated carbon
based on potato peels and reported almost equal adsorption
of the metal ion by the modified carbon compared to the
unmodified. However, the adsorption duration was boosted
by over 300%, which indicated that the nanobubbles had a
catalytic effect on the adsorption process.

Carbon nanotubes (CNTs) have one-dimensional tube-
like structures resulting from rolled-up graphene sheets.
They can be single-walled (SWCNT) or multiwalled
(MWCNT) and contain a high surface area for contaminant
adsorption. CNTs offer internal sites, interstitial channels,
groove sites, and exterior surfaces as active adsorption sites
making them excellent adsorbents [96]. Interactive forces
due to carbon on the CNT surface cause challenges of ag-
gregation, difficulty in manipulation, and poor dispersibility.
Since the active sites on a CNT are found on defected
segments of the structure, like pentagons on a body of
hexagon structures, their interaction with other compounds
in “raw” form is often limited [116]. They are modified by
functionalization to enhance their interactions, using co-
valent (attached to CNTs skeleton) or noncovalent (func-
tional groups coating the walls of CNTs) functionalized
[117]. The process of functionalization is subject to the
chemical and physical properties of CNT such as the nature
of the CNT surface, particle size, and the chemical com-
position of the material [118]. In a study to compare ad-
sorption performance of oxidized and double-oxidized
MWCNTs, Rodriguez and Leiva [119] reported an increase
in adsorption of Cu** (7.8-14 mg/g), Mn>" (3.7-6.6 mg/g),
and Zn®" (2.7-4.0mg/g). The authors reported that the
adsorption followed the Langmuir’s adsorption isotherm,
which indicated that the adsorption process was a mono-
layer. The increase in adsorption was an indication of an
increment in adsorption sites on the surface of the MWCNT
for the double oxidized MWCNT. Other authors have re-
ported similar findings on MWCNT oxidization modifica-
tions [120-122]. Polymers such as polydopamine [123] and
polyethylenimine [124] have been utilized to functionalize
MWCNTs to improve their heavy metal adsorption. High
adsorption capacities with polydopamine functionalization
have been reported as 318.47 mg/g for Cu** and 350.87 mg/g
for Pb**.

Mx[ (ALO). (Si0,),]. w (H;0)

FIGURE 2: General formula of zeolite, adapted from Golbad [127].

Clay and clay-based compounds are other common
adsorbents that have been extensively utilized in the removal
of heavy metals from wastewater. We have recently published
areview article discussing use of clay-based materials in heavy
metal removal. The article can be accessed through [125].

4.3.1. Zeolites. Zeolites are crystalline, porous, and hydrated
aluminosilicate minerals, characterized by specific molecular
pore size [126]. When occurring naturally, they are found in
temperatures often below 200°C in basaltic cavities, crys-
talizing due to hydrothermal alteration or diagenetic pro-
cesses [126]. Zeolites possess three-dimensional structures
that arise from polyhedral [SiO4]* and [AlO,]” polyhedral
(Figure 2). They are capable of both facile and reversible
cation exchange, acting as molecular sieves due to their
tetrahedral structure, as shown in Figure 2 [128].

M represents a cation, with valence n, whose purpose is
to balance negative charges due to aluminium tetrahedral, x
and y are the stoichiometric coefficients of alumina and
silica, w is the number representing the water molecules. M
is often an alkali or an alkali Earth metal.

The crystalline structure gives them fascinating prop-
erties, such as shape selectivity, ion exchange, sorption
capacity, catalytic activity, and host for advanced materials.
The sorptivity of zeolites depends on the opening of the
pores and the volume of the voids in the material. The ion
exchange of zeolites depends on cation sites nature and how
accessible they are for exchange [129].

In heavy metal adsorption studies, natural zeolites such
as mordenite, chabazite, and clinoptilolite have been on
major focus with performance comparative studies. How-
ever, the cation exchange capacity and heavy metal ad-
sorption capacity of natural zeolites are predetermined and
therefore limited by natural processes, leaving little room for
modification. Synthetic zeolites show flexibility since their
topology, pore distribution and size, and cation type in the
zeolite framework, and the particle size can be controlled
during synthesis [127, 130]. Framework and structure of
basic zeolite elements is given in Figure 3.

The arrangement of atoms on the zeolitic molecular
structure (Figure 3) gives the lattice a negative charge when
AI’* substitutes Si** in an isomorphous fashion [132]. The
zeolite solid achieves electroneutrality through counterac-
tions that reside in hydration water in the voids of the zeolite
[131].

The framework of a zeolite describes the connectivity of
the tetrahedral arranged atoms to achieve the highest form of
symmetry. In describing the framework, a 3-letter code is
assigned that is in accordance with the International Zeolite
Association (IZA), and the codes are usually derived from
the zeolite name, that describes the ‘kind of material’ [133].
For example, faujasite has the code FAU, and the MFI code
represents zeolite Socony Mobil-Five (or ZSM-5). Common
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FIGURE 4: Cavities and subunits common among framework types adapted from [128].

synthetic zeolite types include zeolite A, X, B, Y, and SZM-5,
among others. In order to describe a zeolite structure, the
framework is described first in terms of the dimensions of
the channel system and the opening sizes of the pores. The
ring size defining the pore characterizes the pore openings
and usually designated the n-ring label, whereby n stands for
the number of O- and T-atoms in a ring. Thus, an 8-ring
framework has a pore width of about 0.41 nm and is con-
sidered microporous, 10-ring with a pore width and con-
sidered mesoporous, and 12-ring with 0.74 nm pore width
and considered microporous [127]. A few structural features
such as channels, cages, sheets, and chains are shared among
zeolite frameworks as shown in Figure 4.

(1) Distribution and Occurrence of Natural Zeolites. Zeolites
occur within different types of rocks, of differing ages and in
diverse geological environments [134]. They are naturally
formed as a result of a solid material reacting with its own
pore water. Zeolites have been found to be deposited as

cavity fillings in altered volcanic rocks [135]. They have also
been found in sedimentary rocks of marine origin, formed as
a result of the alteration of volcanic glass [126]. Metamor-
phic rocks have also been reported to contain zeolites
formed under extreme geothermal conditions at great
depths [131]. The occurrence of some minerals in the zeolite
group is summarized in Table 2.

According to Table 2, it can be seen that most rocks in
which zeolites occur are generally volcanic and sedimentary
rocks. When they occur in volcanic rocks, they occur as cavity
fillings often as vapor or fluid deposition, while in sedimentary
rocks, they are often alterations of volcanic glass [142].

(2) Properties of Zeolites. Zeolitic minerals exhibit adverse
chemical and physical properties depending on their type. In
terms of color, they can be transparent or appear in varying
colors. In pure form, zeolites will often appear transparent or
colorless and brownish reddish to greenish if they contain
impurities [143].
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TABLE 2: Summary of occurrence of some zeolites.
Zeolite mineral Chemical formula Occurrence Reference
Alflarsenite NaCa,Be;Si, 0,5 (OH) - 2H,0 Syenitic pegmatite (Larvik, Denmark) [136]
Amicite K,Na,Al,Si, 0,4 - 5H,0 Basaltic rock (Howenegg, Germany) [137]
Analcime Na (AlSi,Oq) - H,O Basalts and phonolites (Catania, Italy) [138]
Bikitaite LiAlSi, O¢ - H,O Lithium-rich pegmatites (Bikita, Zimbabwe) [139]
Boggsite CagNa, (Si, Al)gs O, - 70H,O0 Porphyritic basalt (Goble Creek, Oregon, USA) [140]
Brewsterite-Sr (Sr, Ba, Ca) [AL,SigO44] - 5H,0 Basalts and schists (Strontian, Scotland) [141]

Most zeolites exhibit density in the range 2-2.3 g/cm’,
although it is not uncommon to observe density values
ranging 2.5-2.8 g/cm’ especially those with abundance of Ba
atoms, like Brewsterite. Bulk specific gravity has been
documented to range between 0.80 and 0.90 g/cm3 [144].

Zeolites exhibit massive ion exchange capacities. The
cation exchange capacity (CEC) of zeolite minerals is often
in the range 200-300 cmol/kg, although it can reach up to
400 cmol/kg. The value of the CEC is dependent upon factors
such as the pH, temperature electrolyte concentration in the
solution, structural characteristics of the zeolite, dimensions
and the shape of new cation, and the anionic charge density
in the framework, among others [145].

Zeolites also exhibit a unique property and adsorption
selectivity, which is greatly defined by the diverse ions and
molecules with varying sizes trapped within the zeolite
pores. This parameter is responsible for the novel molecular
filtration capabilities of zeolite, which are dependent on the
structure of the zeolitic crystal and the separation capacity
that is based on polarity, shape, or size, thus making the
zeolite a selective adsorbent [144].

The catalytic properties of zeolites arise in response to
the distribution of various acidic regions in the crystalline
lattice of the zeolite. In addition to this, the size of both the
internal cavities that act as reaction chambers and the
surface resources have an effect on the catalytic activity of
zeolites. Any zeolite is still able to affect reaction selectivity
through molecular traffic control, transition state selectivity,
or selectivity of the product or the reaction [146].

Other important properties of zeolites include thermal
stability that is about 1000°C, structural stability against acid,
alkaline and radioactive environments, refractive indices
ranging 1.47-1.52, and water adsorption capacity in the
range 45-75ml/100g [143].

Generally, a zeolitic material will be adverse in color
depending on impurity levels and show a density in the
range of 2-2.8 g/cm® with specific gravity values ranging
0.80-0.90 g/cm”’. The material will also portray high CEC
values of up to 400 cmol/kg and great selectivity in its ion
adsorption [147-149].

5. Synthetic Zeolites

Naturally, zeolites have been formed out of the reaction of
volcanic ash and basic lake water in a process lasting
thousands of years [150]. Synthetic zeolites are fabricated in
a simulated hydrothermal process, temperature, and pres-
sure using synthetic silicates or natural materials [151].
Appropriate equipment, energy, and uncontaminated

substrates are required to achieve quality synthetic zeolite. In
this regard, it is important to note that the synthesis reac-
tions can incur costs that directly influence the price of the
product, in which case would be uneconomic. The recent
focus in the field of synthetic zeolites is, therefore, reaction
cost reduction [152]. This is achievable by using waste or
natural raw materials. High silica natural materials such as
diatomite, halloysite, clay minerals, pumice, and volcanic
glasses have therefore been in the spotlight for zeolite
synthesis [153].

Depending on the silica content, synthetic zeolites are
distinguished as low silica (with Si/Al ~ 1-1.5), intermediate
silica (with Si/Al=2.5), and high silica (with Si/Al>10), a
parameter that directly reflects the specific properties of the
zeolite [154]. A low Si/Al ratio translates to increased ion
exchange capacity for the material and high adsorption
capacity towards polar molecules. A high Si/Al ratio
translates to high catalytic activity, hydrothermal stability,
and increased hydrophobicity [144].

5.1. Synthesis of Zeolites

5.1.1. Factors Affecting Zeolite Synthesis. To achieve high-
quality zeolites, years of practical experience have outlined
some important factors to consider, namely, the silica to
alumina ratio, reactants composition, aging, temperature
and time, crystallization, and alkalinity [155]. The com-
position of the reaction mixture, which incorporates the
silica to alumina ratio, the inorganic cations, and OH’ions,
requires close attention to achieve highly customized ze-
olite compounds [156]. Increasing the Si/Al ratio affects the
material’s physical properties, while OH™ affects the mo-
bility of the silicates from the solid phase to the solution,
thus affecting nucleation times [157]. The inorganic cation
has the most important role in balancing the charge of the
framework and acts as agents directing the structure,
thereby directly affecting the product yield and crystal
purity. In the synthesis of hierarchical Y zeolites, Feng et al.
[158] studied the effect of NH,HF, etching on the for-
mation of zeolitic crystals with X-ray diffraction (XRD)
data showed enhanced peaks for NH,HF,-etched zeolite,
which demonstrated the effect of reaction mixture com-
position on zeolite synthesis.

The nature of reactants and the level of their pretreat-
ment is another important factor. Since the synthesis process
involves the utilization of both organic and inorganic pre-
cursors, inorganic precursors produce more hydroxylated
surfaces, as organic precursors incorporate metal ions into
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the network [159]. In the synthesis of zeolite W, the re-
searchers used natural zeolite waste. With thermal treatment
at 400-900°C, the crystalline zeolite formed remained below
36.5%. However, when they tried alkali fusion treatment at
600°C, a larger amount of Al species was activated and less
than 40% of silica species. In this way, more zeolite W
crystals were formed [160].

Temperature affects nucleation and rate of crystallization
in the synthesis of zeolites. The crystallization rate is usually
directly proportional to the temperature change. The nu-
cleation rate, on the other hand, exhibits an inverse pro-
portionality to the temperature change [161]. Zhao et al. [162],
in a study to characterize the synthesis of high silica Y zeolites,
investigated the effect of precursor pretreatment in the zeolite
synthesis with NMR data showing higher zeolite crystal
formation for precursors aged at low temperatures.

Reaction time is a factor that is often managed by the
crystallization process. The crystallization is adjusted to
minimize other phase production, while minimizing the
time required to achieve required crystalline phase [163]. In
a study investigating the synthesis of zeolite SSZ-13 from
coal gangue, the researchers reported gradual increase in
synthesis time up to 36hours [164]. In a similar study,
Krachuamram et al. [165] investigated the effect of aging
time on crystallites formation and reported an optimum
aging time of 3 days for NaX zeolites synthesis.

In summary, the composition of the reaction mixture
determines the texture and often the duration of zeolite
synthesis. Pretreatment of the precursors can determine the
failure or success of zeolite formation. The temperature is
often defined by the synthesis method, but plays a role in the
nucleation of the zeolite crystals. The reaction time needs to
be closely monitored as different zeolites achieve maximum
formation within certain time ranges, beyond which crystals
degrade.

5.1.2. Methods Applied in the Synthesis of Zeolite.
Zeolites are synthesized by heating aluminosilicate raw
materials for a period of time that spans hours or days
(depending on the type of the raw material and the process
conditions) in the presence of high pH solutions [153].
Common methods currently applied in zeolites synthesis
include hydrothermal synthesis [166], microwave-assisted
synthesis method [167], molten salt [103], activation of alkali
fusion activation [168], and synthesis through dialysis [153].

The hydrothermal synthesis method usually simulates
the natural conditions through which rocks containing
zeolites are formed. Hydrothermal temperatures of
80-350°C are involved in treating aluminosilicate raw ma-
terials in an alkaline solution with pH above 8.5 [169]. The
reactions that occur (dissolution, gelatinization, condensa-
tion, and crystallization) are conducted in an autoclave at
elevated pressure [170]. Careful alteration of process pa-
rameters gives products with desired properties [153].
Garcia-Villén et al. [166] used the hydrothermal synthesis
method to synthesize zeolite using waste from sanitary ware.
Researchers used 5M NaOH alkaline solution at tempera-
tures 100, 150, and 200°C for up to 30 days and reported the
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transformation of quartz and mullite minerals to zeolite. Luo
et al. [171] synthesized needle-like zeolites from metakaolin
using the same method for utilization in the removal of
organic and heavy metal contaminants. Hydrothermal
synthesis is a common method in the synthesis of zeolites. It,
however, suffers limitations as high cost, especially with the
use of high-pressure autoclaves and produces excessive
waste, making it environmental unfriendly [172].

Molten salt method for zeolite synthesis was proposed
to address the shortcomings of hydrothermal method such
as high ratio of solution to solid and low product yields
[173]. In the molten salt method, synthesis takes place
under molten conditions without the addition of water. The
high-silica raw material, a salt, and a convenient alkaline
solid are finely ground and melted at convenient temper-
atures for extended periods of time. They are then cooled,
crushed and washed. Common bases used include KOH,
NH,F, and NaOH [174, 175]. Common salts used include
NaNOs;, KNO3, and NH4NO3. This method was often used
to synthesize fly ash-based zeolites [176-178]. Since the
molten salt method required high temperatures for the
synthesis of zeolites, the most serious limitation associated
with the method was the high energy consumption rates,
often worsened by the duration of synthesis of the material
[179]. Recently, authors are using modifications of the
method to reduce energy consumption cost through sub-
molten salt (SMS) synthesis. In SMS technology, high-al-
kaline (above 50%) and high-boiling-point precursors are
used to ensure reaction conversion and mass transfer while
keeping temperatures low, under ambient pressures [180].
Meng et al. [181] used the SMS method in precursor
treatment using 75% alkaline solution and an alkali to ore
ratio of 3.5:1 at a temperature of 200°C, during the syn-
thesis of zeolite W from potassic rocks. The resulting
material achieved an exchange capacity of 156.8mgK*/g
and 30.39mgK"/g in KCl and simulated sea water solutions,
respectively. Similarly, Krisnandi et al. [182] synthesized
ZSM-5 zeolite crystals from natural zeolites using the
fragmented SMS method. Natural zeolite was pretreated at
250°C in alkaline solution. The resulting material showed
the BET surface area of 262 m?/g, which is typical for a
microporous zeolite.

Microwave irradiation is a modern green technique that
has been used in the fabrication of zeolites. Different ratios of
aluminium to silica sources and structure directors are
usually mixed uniformly and irradiated by microwaves in
autoclaves [183]. Parameters such as the size and shape of the
autoclave, reaction time, and power and temperature of the
microwave are adjusted carefully to affect the morphology,
as well as the structure, of the zeolite [184]. Majdinasab et al.
[185] used the microwave radiation technique in the syn-
thesis of zeolites from pulverized waste glass cullet in
comparison with convection heating. The authors reported
microwave radiation being more efficient, achieving 60%
maximum relative crystallinity of the zeolite. Similarly,
Wong et al. [186] successfully synthesized nanocrystalline
F-type zeolite using an organic template-free system by
using rice husk ash as the silica source under microwave
irradiation.
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5.1.3. Agro-Waste in Zeolite Synthesis. Rice husk ash (RHA)
has been extensively investigated as a potential silica source
for the synthesis of zeolites. Many methods have been
proposed for the extraction of silica from RHA, including
biological treatment, chemical treatment, hydrothermal-
baric, and thermal methods at elevated temperatures of
400-700°C [156, 187]. Bohra et al. used RHA alongside
aluminium foil as precursors for NaA and NaP zeolite
synthesis in two different studies showing a greener ap-
proach in the synthesis of zeolites [188]. Most researchers
have focused on RHA as an agro-waste source of silica as
seen in works of Mallapur et al. [189]; Bohra et al. [190];
Alaba et al. [191]; and Min et al. [156]; among others.

Sugarcane bagasse fly ash (BFA) has also been utilized as
a low-cost precursor for zeolite synthesis. BFA is a rich
source of alumina, and silica minerals needed to achieve
high CEC zeolitic materials. Oliveira et al. [192] synthesized
calcined sugarcane BFA and zeolite NaA using the hydro-
thermal synthesis method for application in the removal of
copper ions from wastewater.

Several other agrochemicals that have been utilized in
the synthesis of zeolites are summarized in Table 3.

5.1.4. Clays in Zeolite Synthesis. Kaolin-based zeolites have
been synthesized in an effort to achieve affordable zeolitic
products. Kaolin clay mineral, illustrated in Figure 5, con-
sists of silica tetrahedral joined to alumina octahedral in the
ratio of 1:1 through shared oxygen atoms. Kaolin-based
zeolites will often have Ca, Mg, Fe, Ti, etc., contaminants
originating from natural kaolin, which may affect the
properties of the final product [199]. Kaolin is often calcined
to temperatures ranging from 550 to 950°C to achieve re-
active metakaolin for utilization in the synthesis [163].

Fortunately, kaolinite is not the only type of clay mineral
utilized in the synthesis of zeolites. Ltaief et al. [200] syn-
thesized faujasite zeolite from Tunisian illitic clay exhibiting
hierarchical porosity. Researchers used the molten salt
synthesis method using NaOH in muftled furnace. Zeolite
crystallization occurred at 60°C in 24 hours. The resultant
material was used in adsorption of various heavy metal ions,
and removal capacities were reported to be 126 mg/g (Cu>*),
125 mg/g (Co>*), and 98 mg/g (Cr’*). These findings were
higher than the commercial faujasite adsorption capacities
for the respective metal ions as 120 mg/g, 118 mg/g, and
91 mg/g. This study illustrated a low-cost zeolite material
with better efficiency in heavy metal adsorption.

A study by Medina-Rodriguez et al. [201] used Ecua-
dorian clay to synthesize zeolite X through alkaline fusion
and hydrothermal treatment. Sodium aluminate and NaOH
were used to fine-tune the properties of the zeolite at syn-
thesis. The resulting zeolite X was reported to have a specific
surface area of 376 m*/g, which was 30 times higher com-
pared to clay (12 m?/g). The zeolite was used in the removal
of Pb®" and achieved an adsorption capacity of 24 mg/g,
much higher compared to that of clay (13 mg/g).

Moneim and Ahmed [202] synthesized low silica NaX-
Faujasite zeolite from different types of Egyptian clays
(kaolinite, smectite-kaolinite, and smectite-rich clays) using
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a combination of hydrothermal synthesis and alkali fusion
methods. Crystallization conditions were 100° Cand
48 hours for smectite-kaolinite clay and 72-96 hours for the
kaolinite and smectite-rich clays. The authors reported that
the smectite-kaolinite clay had better crystallization rates
compared to the rest. Zeolite was applied to remove Cr’*,
Ni**, and Mn**, and the percentage removal was reported to
be 100%, 80%, and 75%, respectively.

Gaidoumi et al. [203] reported the successful synthesis
of zeolite HS by using natural pyrophyllite clay as raw
material. The clay was treated with alkaline, and the re-
sultant material is characterized by X-ray fluorescence and
Fourier transform infrared, among other techniques. The
authors reported that the resultant zeolite was nearly pure.
Aghaei et al. [204] alkali-fused the same clay to synthesize
zeolite Y and reported improved acidity and textural
properties compared to commercial zeolite Y. Foroughi
et al. [205] combined illite, pyrophyllite and kaolinite clays
to synthesize zeolite A through fusion technique and re-
ported mesoporous zeolite structure which contained a
surface area of about 59.6 m*/g and an average pore size of
8 nm.

Joseph et al. [206] synthesized multiple zeolites using
vermiculate-kaolinite clay through the alkaline fusion
method. The clay mixture achieved the synthesis of faujasite-
based zeolite without pretreatment. On thermal activation,
the clay was able to produce gismondine zeolite GIS-NaP1.
When it was pretreated by acid leaching, the clay produced
mixed-phase quartz and Na-P1 zeolites.

6. Characterization of Zeolites

6.1. Scanning Electron Microscopy (SEM) and Energy Dis-
persive Spectroscopy (EDS). Scanning electron microscopy
technique is used to analyze surface morphology and to-
pology of zeolitic materials by focusing a beam of low energy
electrons on the sample. Interactions of the beam and the
material led to emission of electrons and photons that are
detected and take part in the formation of SEM image [207].
EDS is useful in the chemical analysis of materials. It is
typically equipped with SEM and makes use of X-rays to
identify the chemicals present in a sample [208]. Studies in
which SEM analysis has been utilized in zeolite character-
ization are summarized in Table 4.

6.2. Brunauer-Emmett-Teller (BET)Analysis. BET analysis is
an important analytical technique in the characterization of
zeolites as it gives data regarding adsorption mechanism of
the material. By using probing gases, the BET theory seeks to
provide information on the specific surface area of multi-
layer pore systems to understand the adsorptive charac-
teristics of a material [213]. Nitrogen is a common probe gas,
although others can be used, as long as they do not
chemically react with the surface of the material analyzed
[214]. Previous studies whereby BET analysis has been
utilized in zeolite characterization are summarized in
Table 5.
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TaBLE 3: Other wastes in the synthesis of zeolites.

Product yield

Waste material Zeolite formed Synthesis method (%) Reference
Coal combustion fly ash Analcllme, fa}l} asite, Hydrothermal treatment 70-80 [193]
gismondine

II:/(I)Lxl(;erpal solid waste fly ash and waste bottle Perlialite, zeolite A and Y Fusion hydrothermal — [194]

Volcanic ash Na-mordenite Hydrothermal synthesis 80 [195]

Municipal solid waste Clinoptilolite Hydrothe.rmal 69 [196]
conversion

Blenod fly ash Na-X faujasite Hydrothe.rmal 20-25 [197]
conversion

Paper sludge ash Na-PI zeolite Hydrothermal synthesis — [198]

interstitial cations, H,0O
molecules and hydrogen
bonds joining layers

oxygen
aluminum
hydrogen

silicon

FIGURE 5: Structure of kaolinite (adapted from [199]).

6.3. X-Ray Diffraction (XRD). XRD technique is extensively
used in the analysis of crystalline compounds, more so in the
characterization of zeolite compounds. Data resulting from
XRD gives insight into the texture, phase, grain size in
average, crystal defects, and strain, among others. This is
usually possible through the interference of X-ray beams by
lattice planes available in a sample [219]. Crystalline samples
are identifiable by referencing a standard database for XRD
patterns [220]. Previous studies in which XRD analysis has
been used in zeolite characterization are summarized in
Table 6.

6.4. Fourier Transform Infrared (FTIR) Spectroscopy.
FTIR spectroscopy identifies materials by analyzing the
vibrations depicted by chemical bonds within a material’s
molecular structure [222]. Different chemical structures
absorb infrared radiation at different wavelengths giving rise
to a peak and therefore identification [223]. The chemical

environment is important for understanding the functional
groups in the material [224]. FTIR analysis is necessary to
understand how effective the zeolite is in the removal of
heavy metals. FTIR spectroscopy is able to analyze mid-IR
region between 5000 and 400cm™' and near-IR region
between 10,000 and 4000 cm™* [225]. Several studies have
utilized FTIR analysis in zeolite characterization with dif-
ferent chemical groups as summarized in Table 7.

6.5. Thermogravimetric Analysis (TGA). TGA’s sole purpose
is identification of a material’s thermal stability and per-
centage of volatile compounds in its structural composition,
usually through monitoring the change in the material’s
weight as heating occurs in a predetermined rate [230]. In
zeolite studies, TGA is useful in analysis of a zeolite’s amount
of pore water. Ezzeddine et al. [231], in a study to utilize
zeolite NaX in heavy metal adsorption, used the TGA
technique to investigate the water content and absence of the
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TaBLE 4: Summary of SEM analysis of zeolites.

Zeolite Raw material Synthesis method Observations References
FAU-Wpe Coal fly ash Alkaline fusion + hydrothermal High water content and longer ageing time [209]
zeolite treatment resulted to better defined zeolite

K-ZFA Zeolite Coal fly ash Hydrothermal alkaline The material showeq low degree [210]

treatment agglomeration
. Natural Sudanese Ce Uniform particle morphology.

Zeolite A montmorillonite clay Alkali fusion Small particle size in the range 3.72-8.61 um (211]
Mag‘netlc NaA Natural kaolin Hydrothermal treatment Crystals with the same.cublc morphology (71]
Zeolite and almost same diameter (2 ym)

Cancrinite Natural Tunisian clay High pressure hydrothermal Symmetric hexagonal needlelike shapes [212]

treatment

organic template used during synthesis. Authors reported
about 26% water loss between 25 and 900°C. Similarly, in a
study conducted by Oliveira et al. [192], weight loss was
initially observed up to 200°C and attributed to water loss.
Additional weight loss was observed between 350 and 580°C
and attributed to elimination of carbon and other organic
residues. Other works utilizing TGA analysis have been
summarized in Table 8.

7. Adsorption Studies

7.1. Adsorption Isotherm Models. Adsorption isotherms
show the relationship between the quantity of the solute that
has been adsorbed and the solute’s concentration in the
liquid phase [131]. Understanding this relationship is im-
portant to examine the performance of zeolites in heavy
metal adsorption. Different models have been proposed and
used over the years to understand this behavior. Some of
these methods are discussed.

The Langmuir adsorption isotherm is modeled with the
assumption that the maximum adsorption corresponds to
saturation of the monolayer adsorbate surface. This implies
that all sites of adsorption are identical, and the adsorption
energy is constant. The Langmuir isotherm is therefore
described by the linear equation [234].

C 1 C,

e

9. Qb " Qo @
where g, represents the quantity of adsorbed metal ion in
(mg/g), C, as the residual ion concentration at equilibrium,
and Q, and b, Langmuir’s constants for sorption capacity
and energy, respectively. b should vary with temperature
since it is a representation of the enthalpy of adsorption
[131].

The Freundlich isotherm is structured with the as-
sumption that surface adsorption energies are irregular,
implying heterogenous nature of adsorption [235]. This
model can therefore be described by

9e = Kfci/n’ (3)
where g, represents solute’s adsorption per unit mass of the
adsorbent at equilibrium in mg/g, C, is residual ion con-
centration in the liquid phase at equilibrium, and K is the

Freundlich constants determined by the conditions of the
experiment [131]. The equation can be rewritten in linear
form as

1
1 =logK ; +—1 ) 4
0gQ, = log f+n ogC, (4)

When the value of 1/x falls below 1, this is an indication
that the adsorption is heterogenous. Values near or equal to
1 indicate a material exhibiting somewhat homogeneous
binding sites in relation to its porosity [236]. The utilization
of these models in the adsorption analysis of some zeolites
has been summarized in Table 9.

Lesser common isotherm models in zeolite metal ion
adsorption studies such as Dubinin-Radushkevich (D-R)
and Temkin isotherm models exist. D-R isotherm assumes
filling of pores in the adsorption process in a multilayer
character, involving van der Waals forces [234]. This model
is often applied in the expression of Gaussian energy of
adsorption distribution upon heterogenous adsorptive
surface [243]. It is, however, unrealistic at low pressures
since under such conditions, it does not follow Henry’s laws.
It is therefore most suitable for intermediate adsorbate
concentrations [244]. Its best application in metal ion ad-
sorption is differentiation between physical or chemical
adsorption mechanism of adsorbates. D-R is described as
follows [30]:

InQ, = InQ,,~BE?, (5)
E=RTIn( 1+— |, (6)
C,
E=L %
" \2B

where e is Polanyi’s constant, f§ is D-R constant, R is the gas
constant, T'is the absolute temperature in Kelvin, and E is the
mean adsorption energy.

Tembkin adsorption isotherm considers the indirect effect
multiple adsorbents might have on each other (adsorbent/
adsorbent interaction), upon the process of adsorption. This
isotherm is governed by the assumption that the adsorption
heat (AH,;,) of all interacting species decreases with increase
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TaBLE 5: Summary of BET analysis of zeolites.
Zeolite Synthesis method Observations References
Zeolite A Hydrothermal synthesis An increase in pore size was observed compared to fly ash [215]
Zeolite NaA Hydrothermal synthesis Mean surface area found to be 46.6 m*/g [216]
Clinoptililite Ultrasonic-assisted preconcentration Material identified as nanoporous [217]
Zeolite X Hydrothermal synthesis Pore volume observed to be 0.22 cm®/g and 260 m*/g BET surface area  [218]
TAaBLE 6: Summary of the XRD analysis of zeolites.
Zeolite Synthesis method Observations References
Clinoptililite Ultrasomc—asmfted Pore closure reduces peak intensity on modification [217]
preconcentration
Zeolite X Hydrothermal synthesis Rietveld calculations shown 75% zeolite content [218]
Zeolite A Hydrothermal synthesis Rietveld calculations shown 70% zeolite content [218]
Zeolite ZSM-5 Hydrothermal treatment The increase in nucleation percll(.)}jis tilalvored the formation of zeolite [221]
TaBLE 7: Summary of FTIR analysis of zeolites.
. Observations
Zeolite Synthesis method ) References
Wavelength (cm™) Group or Reason
. . . 3400 O-H stretch
Needle-like nanozeolite =~ Hydrothermal synthesis 1640 Zeolitic water influence [171]
1400-400 . . . .
Hydroxy-sodalite/ Hydrothermal alkali (disappear) $i-0, $i-0-Al vibrations [226]
cancrinite activation 4000-3500 a
. -OH vibrations
(disappear)
421 Zn-N
692 Co-N
ZIF-8 Solvothermal synthesis 755 CN [227]
1100-1310 C=N
1577 C=C
1008 and 735 Si-O or Al-O assymetric stretching
‘ One step hydrothermal 690 Symmetric stretcblng of Sl_—O or Al-O
NaP zeolite synthesis symmetric stretching [228]
4 600 Double ring in NaP
435 Si-O or Al-O bending
439.19 0-Si-0
607.47 Si-C
S . . 693.06 Mn-O
Phillipsite zeolite Hydrothermal synthesis 1026.96 Assymetric Si-O-Al [229]
1638.92 H-O-Hor C=C
3435.81 Si-OH

in surface coverage. This model is therefore only valid for
intermediate adsorbate concentrations [234]. It is given by

RT
7 In

_RT

5 (8)

C

Q, InK, +

e’

where b (j/mol) and Kt (L/g) represent Temkin constants,
calculated from the slope and intercept of the plot of Q.
versus In Ce, respectively [244].

Most zeolite-based adsorption isotherms follow Lang-
muir model according to Table 9. This translates that the
metal ion adsorption is a monolayer adsorption, according
to the high R’ values. The few that follow Freundlich

isotherm model such as Cu and Cd adsorption by fly-ash
synthesized zeolite X [239] imply a multilayer adsorption
criterion.

7.2. Adsorption Kinetics. The pseudo-first-order (PFO)
model, first described by Lagergren, is described by the
linearized equation [245].

(9)

where g, is adsorbed adsorbate at time t in mg/g, g, is
adsorption at equilibrium in mg/g, and k, is rate constant
per minute. To determine the value of k;, a plot ofIn (g, — g,)
against ¢ is drawn.

In(q, —q,) =Ing, —k;t,
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TaBLE 8: Summary of the TGA analysis of zeolites.
. Observations (%)
Zeolite ) References
Percentage loss (%) Temperature Interpretation
. . 1.43 110°C Surface water loss
Faujasite-type zeolite 3.73 200°C Internal water desorption [232]
Nanoclinoptilolite 2 — Surfactant adsorption into sample [233]
Nax-zeolite 26 200°C Physisorbed water molecules [231]
Needle-like nanozeolite 14 100-175° Zeolitic water [171]
TaBLE 9: Summary of adsorption isotherms on synthetic zeolites derived from agro-wastes and clay.
) . . Langmuir model Freundlich model
Zeolite Raw materials Metal ion R R References
q. (mg/g) R Ky (mg/g) R
Zeolite X Ecuadorian clay Pb>* 131.6 0.994 31.33 0.977 [201]
Zeolite NaA Bagasse ash Ca** 555.54 0.987 2.24 0.9986 [237]
. As™* 411.41 0.9907 74.63 0.9043
ZSM-5 Chlorite clay Pb>* 546.25 0.9921 653.15 0.7300 [238]
Ni** 1.136 0.8348 0.22 0.5669
Zeolite X Coal fly ash cd* 1.795 0.5600 0.23 0.8077 [239]
cu** 3.209 0.9890 1.65 0.9954
Ccu** 156.74 0.998 87.07 0.979
. . Ni** 53.02 0.996 27.42 0.984
NaA zeolite Qil shale ash Pb2* 22472 0.978 91.34 0.938 [240]
cd* 118.34 0.993 62.91 0.768
Cu?** 59.9 0.9763 66.8 0.0691
Linde F (K) zeolite Fly ash cd*t 118.6 0.9567 1.42 0.7002 [241]
Pb** 476.1 0.9864 248.5 0.8149
Co** 13.72 0.998 6.66 0.959
cr*t 41.61 0.998 28.47 0.850
Zeolite 4A Recycled coal fly ash Cu** 50.45 1.000 37.11 0.974 [242]
Zn** 8.96 0.997 6.27 0.834
Ni 30.80 0.945 18.47 0.623

The pseudo-second-order (PSO) model has the as-
sumption that solute adsorption is proportional to active
sites on the adsorbent. Therefore, the rate of reaction is
dependent on solute amount on the surface of the adsorbent.
The PSO equation is illustrated as follows:

q: kz‘]i qe’ ( )

where k, is a PSO rate constant. Applications of these modes
in adsorption studies for synthetic zeolites are summarized
in Table 10.

Other lesser common kinetic models in the adsorptive
studies of metal ions in zeolite materials include intraparticle
diffusion and Elovich models. Intraparticle diffusion model
is common for a process whereby there is an increase in the
rate of adsorption with increase in temperature, common in
chemical adsorption processes. This model is illustrated by

Q=K,Vt +C, (11)
where K, and C are intraparticle diffusion constants. A plot
of Q versus +/t is used in estimation of the diffusion process.
If the plot is observed as a straight line, the adsorption is
predicted to involve at least two stages of intraparticle

diffusion. This model can also be used to predict the
thickness of the interface between the adsorbate and ad-
sorbent [30].

Elovich model, given in equations(12) and (13) [30], is
generally applicable to heterogenous-based chemisorption
process, and the rate of desorption is negligible. This model is
often used in the prediction of surface diffusion and mass and
the activation or deactivation energy of an adsorbent [251].

Q :llgln(t+“1ﬁ)—;ln(aﬁ). (12)
If t > 1/af3, then
Q= lln(ocﬁ) +lln(t), (13)

B B

where f§ and « are Elovich constants estimated from the plot
of Q versus In (1).

7.3. Thermodynamics of Adsorption. An adsorption process
is largely affected by the temperature of the reaction me-
dium. Thermodynamic studies are used focused on studying
the behavior of the adsorbent efficiency at different tem-
peratures by analyzing Gibb’s free energy, enthalpy, and
entropy of the reaction. The formulae used for this analysis
are [53]
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TaBLE 10: Summary of adsorption kinetics on synthetic zeolites.
Pseudo-first order Pseudo-second
Zeolite Raw material Metal ion order References
4. R* 4. R*
. Pb** 1.4754 0.8503 3.3367 0.6912
ZSM-11 Rice husk ash Zn** 10859 09929 17050  0.9662 [246]
. Co** 65.28 0.9418 89.30 0.9529
Zeolite A Rice hush and aluminium cans Cu’ 65.23 0.9286 94.57 0.9565 [247]
Fauiasite Co** 62.14 0.9518 83.06 0.9566
) Cu** 67.16 0.9268 92.03 0.9451
Merlinoite Sugarcane bagasse ash and kaolin Pb** 127.17 0.8430 250.0 0.9999 [248]
Cu** 3.2319 0.8271 21.598 0.9983
. cd* 1.6945 0.9867 22.221 0.9998
Linde F (K) Fly ash Pb>* 2.098 09337 49751  0.9982 [249]
Ni** 1.9823 0.8561 12.821 0.9998
. . - Ni?* 45.15 0.8841 45.15 0.9846
Zeolite NaP Aluminium and fumed silica wastes Cu?t 66.75 0.8858 66.75 0.9934 [250]
TaBLE 11: Summary of adsorption thermodynamics on synthetic zeolites.
Zeolite Raw material Metal ion T (K) AG® (kJ/mol)  AH® (kJ/mol) AS® (kJ/mol) References
298 164
Zeolite Na-P1 Coal fly ash Ccr’t 308 165 23 -85 [252]
318 166
288 14.482
Zeolite X Raw municipal bio-slag Cs* 298 14.272 20.53 0.021 [253]
308 14.062
298.15 4.368
Cu** 318.15 4.906 -1.090 -9.047
o . 338.15 5.439
11A-tobermorite Coal fly ash 29815 4342 [254]
Pb** 318.15 4.923 -2.760 -5.277
338.15 5.683
301.15 -7.67
Cu®* 318.15 -8.90 14.14 7243
. 338.15 -10.35
Zeolite Y Fly ash 30115 748 [255] bohr
Ni?* 318.15 -8.86 16.94 81.08
338.15 -10.48
Cy there is randomness at the liquid-solid interface in the
K4 = Cy (14) adsorption [53]. Thermodynamic studies on various syn-
thetic zeolites are summarized in Table 11.
AG® = _RTInK (15) From Table 11, it can be inferred that the majority of
& zeolites give a positive Gibb’s free energy value. This implies
A A that, for the most studies summarized, the adsorption of the
InK, = AS _AH (16)  heavy metals is not thermodynamically spontaneous and
R RT’

where K ; is the constant of thermodynamic equilibrium, R is
gas constant, T'is the absolute temperature, and C, and Cy
are the concentrations of the adsorbate on the adsorbent and
residual concentration at equilibrium, respectively [53].
An endothermic adsorption is given by a positive en-
thalpy value. A negative Gibb’s free energy value implies
thermodynamically spontaneous and sustainable at diverse
temperatures. A positive entropy value gives an insight that

therefore not diverse over a large range of temperatures.
Zeolite Y, however, synthesized by Liu et al. [255] differed
and gave negative Gibbs free energy for both copper (II) and
nickel (II) ions adsorption. This implies that the adsorption
is feasible over a range of temperatures and therefore sus-
tainable. Zeolites Na-P1 [252], X [253], and Y [256] give
positive enthalpy values. This implies endothermic ad-
sorption process (physisorption). The negative enthalpy of
11A-tobermorite [254] zeolite implies an exothermic ad-
sorption process, which implies a chemisorption process in
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the metal ions adsorption. Zeolite X and Y give positive
entropy values, while 11A-tobermorite and Na-P1 give
negative values for the metal adsorption processes. A pos-
itive entropy value implies increased randomness at the
solid-liquid interface, and thus, high metal ion adsorption is
expected in such systems.

8. Conclusions

Although several methods exist for removal of heavy metals
from wastewaters, heavy metals in waters still pose a global
health concern. We therefore conclude the following:

(1) Most low- and middle-income countries have low
uptake of existing methods of heavy metal removal
from waste waters such as ion exchange, reverse
osmosis, and electrodialysis due to high costs of
installation, operation, and maintenance.

(2) Low-cost zeolites are efficient heavy metal adsor-
bents and allow modification to simultaneously
remove both organic and inorganic water
contaminants.

(3) Utilization of agro-wastes in the synthesis of zeolites
for the removal of heavy metals is biased towards rice
husk ash and bagasse ash. Other kinds of agro-wastes
have not been explored.

(4) Hydrothermal synthesis of zeolites remains to be the
most dominant method of zeolite synthesis even
though other greener methods exist.

(5) Clay minerals have seen tremendous utilization in
the synthesis of zeolites due to high silica to alumina
ratios. Kaolin is especially a favorite among re-
searchers, due to the formation of metakaolin, which
is highly reactive and rich in aluminosilicates.

9. Areas of Future Research

Based on the reviewed works herein, the authors recom-
mend following potential areas of future research:

(1) Cost-benefit analysis of clay and agro-waste zeolite
application in heavy metal removal from waste waters

(2) Mechanism of removal of heavy metals and other
contaminants by zeolites from contaminated water

(3) Incorporation of zeolites into other structures to
form composite materials for water decontamination

(4) Impact of interfering elements on the removal of
heavy metals by zeolites

(5) Criteria for eligibility of an agro-waste material as a
raw material for zeolite synthesis

(6) Influence of synthesis methods on the cost, structure,
application, and reproducibility of zeolites

(7) Influence of raw material source, type, and envi-
ronment on the structure of synthesized zeolite

(8) Acceptability, adoption, and utilization of green
chemistry methods of synthesis of zeolites, in de-
veloping countries
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(9) Optimization of thermodynamic models for the
analysis of all processes in zeolite heavy metal
adsorption
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Two coordination compounds, copper (II) fumarate (CuFum) and copper (II) tartrate (CuTart), synthesized from copper (II) with
fumaric acid and tartaric acid as ligands and using the slow evaporation method have been applied to study the adsorption of
phenacetin in aqueous solution. These compounds were characterized by elemental analysis, IR-FT spectroscopy, and X-ray
powder diffraction. The melting points of the synthesized coordination compounds were found to be above 350°C. The influence
of parameters such as the initial pH, the contact time, and the initial concentration on the adsorption of phenacetin in an aqueous
solution has been studied. The studies showed that adsorption equilibrium was reached after 80 minutes for both coordination
compounds; the adsorption capacity increased with increasing phenacetin concentration, and the maximum adsorption capacity
was obtained in the acidic medium at pH 4. The adsorbed amount of phenacetin on copper (II) fumarate (CuFum) was 25.158 mg/
g while that on copper (II) tartrate (CuTart) was 25.906 mg/g. Nonlinear regression analysis showed the best fit for the Freundlich
model isotherm for CuTart with R* of 0.963 and a Chi-square test (y*) of 0.529 while for the CuFum material, it is the Redlich-
Peterson model with R* of 0.975 and Chi-square test (x*) of 0.263. The kinetic study shows that the pseudo-second-order model
better describes the adsorption of the two materials. The results show that physisorption and chemisorption participate in the
adsorption of phenacetin and that these materials can be used for the elimination of phenacetin in solution.

1. Introduction

Phenacetin, also known by the designations pethox-
yacetanilide, aceto-4-phenetidine acetophenetidin, N-acetyl-
p-phenetidine, and acetophenetidine, is a non-opioid anti-
pyretic and analgesic. It can be isolated from Bursera gran-
difolia, a herbal remedy with antipyretic properties [1]. The
antipyretic effect was observed by its action on the brain via a

decrease in the temperature set point [2]. Phenacetin is also
used principally as an analgesic for the treatment of fever and
related complications [1, 3]. The analgesic effects were ob-
served through its activities on the sensory tracts of the spinal
cord. However, the long-term and chronic consumption of
phenacetin led to several toxicological complications ranging
from nephrotoxicity to carcinogenicity [4]. The carcinoge-
nicity was observed in the urinary tract and renal pelvis [5]. As
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a result of these severe complications, phenacetin and drugs
containing phenacetin were withdrawn from the market by the
order of the U.S. Food and Drug Administration in 1983 [6].

Due to its low cost, phenacetin is still being used for
research into the physical and refractive properties of
crystals [7]. Conventional methods are being used to remove
pharmaceutical compounds from wastewater; some exam-
ples of which are chlorination, oxidation, biological treat-
ment, electrochemical treatment, and adsorption. However,
the adsorption method has many advantages over the others,
such as easy operation, high efficiency, and no risk of highly
toxic sub-products [8]. The most used adsorbents for the
removal of pharmaceutical compounds from aqueous so-
lution are activated carbons [9-11] clay minerals [12],
polymeric resins [13], and other adsorbents, such as mo-
lecular polymers [14], mesoporous materials [15], and metal-
organic frameworks [16]. Despite all these, it is still of in-
terest to study modified adsorbents or new adsorbents that
may be more efficient at removing pharmaceutical com-
pounds from water than conventional ones.

Metal-organic frameworks (MOFs) are a new class of
adsorbent materials, with high porosity and high specific
area that is formed by metal ions linked to organic ligand
bridges, to generate coordination compounds that extend
into space in all dimensions. These materials allow a more
flexible design of chemical functionality and easy modifi-
cation, which makes them more promising materials for the
adsorption of pharmaceutical compounds. Among the
MOFs, a porous Cu-based MOF based on a pentacarboxylate
ligand 2,5-bis(3,5-dicarboxyphenyl)-benzoic acid (HsL),
namely, [(CH;),NH,]{[Cu,(L)-(H,O),]-x solvent}n, has
been used as a sorbent to remove diclofenac sodium and
chlorpromazine hydrochloride from the aqueous solution
[17]. These compounds exhibit excellent gas adsorption
capacities taking advantage of large permanent porosity and
excellent diclofenac adsorption in an aqueous solution.

H,O/RT

Cu(No,),.3H,0 + C;H,O, + 2NaOH —>

Copper (II) tartrate (CuTart) was prepared according to
the method described by Al-Dajani et al. [18] as follows: In a
round-bottomed flask containing about 20 mL of distilled
water, tartaric acid was introduced, C4;H¢Os (150 mg,
I mmol) and sodium hydroxide, NaOH (80 mg, 2 mmol)
which gradually dissolved under magnetic stirring. To the
colorless solution obtained was added copper (II) chloride

H,O/RT

CuCl,.2H,0 + C,H O, + 2NaOH —

2.3. Samples Characterization. Elemental analysis was per-
formed using a Euro Vector CHNS-O element analyzer. FT-
IR spectra were recorded using a Perkin-Elmer FT-IR 100
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In this work, we used copper (II) fumarate and copper
(IT) tartrate as novel adsorbents. These adsorbents have
never been used for the adsorption of any pollutants. Hence,
this work aimed to evaluate the adsorption properties of
these complexes for the removal of phenacetin from an
aqueous solution. Isotherms studies were carried out, and
the experimental data were analyzed using the two-pa-
rameter non-linear regression kinetics, and two and three-
parameter non-linear isotherm models.

2. Materials and Methods

2.1. Phenacetin. Phenacetin with a purity of 98% was pur-
chased from Aldrich. The stock solution was prepared by
dissolving 250 mg of phenacetin in 100 mL of hot distilled
water (75°C). Working solutions of concentration varying
between 20-50 mg/L were freshly prepared by diluting the
stock solution. NaOH (0.10 M) and HCI (0.10 M) were used
to adjust the pH value of the phenacetin solutions. Distilled
water was used throughout this study.

2.2. Adsorbents. Copper (II) fumarate (CuFum) was syn-
thesized hydrothermally as follows: In a 50mL round-
bottomed flask containing about 20 mL of distilled water,
were introduced fumaric acid, C/H,0; (196.07 mg;
1.23 mmol) and sodium hydroxide, NaOH (80 mg; 2 mmol)
which dissolved instantly under magnetic stirring. To the
colorless solution obtained was added copper (II) nitrate
trihydrate, Cu(NO;),.3H,0 (384.7mg, 1.23mmol). The
resulting solution was kept under continuous stirring for 24
hours. At the end of this time, a blue precipitate was formed
which was collected by filtration. Subsequently, the blue
powder obtained (396.4 mg) was washed with distilled water
and dried at room temperature. The yield from this synthesis
was 60%. The balanced equation of this reaction is as follows:

[Cu(OH,),(0,C,H,)]+2NaNo,+2H,O. (1)

dihydrate, Cu(Cl),.2H,0 (170.5mg, 1 mmol). A pale green
precipitate was gradually formed upon magnetic stirring for
over 24 hours. The mixture was filtered and the residue dried
at room temperature. A green powder (174 mg) was ob-
tained, with a yield of 44%. The balanced equation for this
reaction is as follows:

[Cu(OH, ), (0,C,H,)]+2NaCl + 2H,0. (2)

spectrophotometer. The melting point of the compound was
obtained using an SMP3 Stuart Scientific melting point
apparatus, while the UV-vis spectrophotometer model
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GENESYS 10S was employed to record the electronic spectra
of the investigated compounds. Powder X-rays diffraction
was performed using STOE Stadi-p X-ray powder diffrac-
tometer with Cu Kal radiation (A=1.54056 A; Ge mono-
chromator; flat samples) in transmission geometry.

2.4. Adsorption. Adsorption experiments were carried out
by mechanical agitation at room temperature. For each run,
25mL of phenacetin solution of a known initial concen-
tration between 20 and 50 mg/L was treated with 35 mg of
the two compounds. After agitation, the solution was fil-
tered, and the filtrate was analyzed to obtain the concen-
tration of the residual phenacetin by using the UV/Vis
spectrophotometer (GENESYS 10S). Similar measurements
were carried out by varying the pH of the solution and
contact time. The amount (Q,) of phenacetin adsorbed was
calculated using the following expression:

(Co - Ct)V
m bl

Q= (3)
where C, is the initial concentration of the phenacetin, C; is
the concentration at time ¢, V is the volume of the solution,
and Q, is the quantity of phenacetin adsorbed at time ¢ while
m is the mass of the absorbent.

2.4.1. Effect of Initial pH. To determine the effect of pH, the
adsorption of phenacetin by each adsorbent was investigated
over a pH range of 2 to 10 at ambient temperature. For each
adsorbent, 35mg was treated with 25mL of an aqueous
solution of 40 mg/L of phenacetin. The initial pH of the
solution was adjusted by adding HCI or NaOH solution at a
concentration of 0.01 mol/L.

2.4.2. Effect of Contact Time. To determine the effect of
agitation time on the adsorption process, 35 mg of adsorbent
was agitated in a 25 mL solution of phenacetin with an initial
concentration of 40 mg/L for different contact times varying
between 5 and 120 minutes. After each contact time ¢, the
solution was rapidly filtered and the residual concentration
was determined by spectrophotometry. The amount (Q,) of
phenacetin adsorbed was calculated using equation (4).

2.5. Equilibrium Isotherms. To study the equilibrium of the
adsorption of phenacetin onto each adsorbent, data from the
equilibrium experiments were analyzed using non-linear
equilibrium models of two- to three parameters.

Langmuir isotherm: the Langmuir isotherm is often used
for the equilibrium adsorption of solutes from solutions. It is
expressed as [19]:

_ Q,KC,

Q=1 +KC,’

(4)
where Q, is the adsorption capacity at the equilibrium
concentration (mg/g); C, is the equilibrium concentration of
adsorbate in solution (mg/L), while Q,, is the maximum

adsorption capacity (mg/g) and K is the Langmuir constant
(L/m).

Freundlich isotherm: the Freundlich isotherm is an
empirical equation employed to describe multilayer ad-
sorption. This model predicts that the pharmaceutical
concentration on the adsorbent will increase with the in-
crease in the adsorbate concentration in the solution. The
model equation is given as [20]:

Qe =K,C,", (5)
where Ky (L/mg) is the Frendlich isotherm constant and 1/n
is the heterogeneity factor which can vary between 0 and 1.

Elovich isotherm: the Elovich isotherm is an equation
employed to describe monolayer adsorption. This model
predicts that chemical bonds are formed between adsorbents
and adsorbates. The model equation is given as [21]:

g—; = K;C, exp<—§—;>. (6)

Here, Kg is the Elovich constant.

Temkin isotherm: the Temkin isotherm assumes that the
decrease in the heat of adsorption is linear and the adsorption
is characterized by a uniform distribution of binding energies.
It is expressed by the following equation [22]:

Q.="Tin(ac,) ?)
where b= RT/B s related to the heat of adsorption (J/mol), R
is the gas constant (8.314J/mol-K), T is the absolute tem-
perature (K), and A is the Temkin equilibrium constant (L/g)
corresponding to the maximum binding energy.

Redlich-Peterson isotherm: the Redlich-Peterson is an
empirical isotherm that incorporates three parameters. It
may be used to represent adsorption equilibrium over a wide
concentration range. It combines some elements from both
the Langmuir and Frendlich equations, and consequently, it
can be employed either in heterogeneous or homogenous
systems [23]. It can be described as follow:

ARPCe

Q=—""3 8
¢ 1+BRPC5 ®)

where Agp (L/g) and Brp (L/mg) are Redlisch-Peterson
isotherm constants,  is an exponent which lies between 0
and 1.

Langmuir-Freundlich isotherm: the Langmuir-Freund-
lich isotherm includes the knowledge of adsorption on
heterogeneous surfaces. It describes the distribution of

adsorption energy onto the heterogeneous surface of the
adsorbent [24]. It can be described as follow:

- Q, K, Cé

- > (9)
1+ KLFCeﬂ

where Q, is the equilibrium adsorbed quantity (mg/g); C. is
the equilibrium adsorbate concentration (mg/L); f is the
heterogeneity parameter and it has values between 0 and 1
and K;r is the equilibrium constant of the Langmuir-
Freundlich equation (L’/mg?) for a heterogeneous solid.



2.6. Kinetic Models. Four different kinetic models were
considered for this study: pseudo-first order, pseudo-second
order, Elovich, and intra-particle diffusion.

Pseudo-first-order model: the pseudo-first-order ki-
netic model describes an adsorption process base on
multilayer adsorption. Its equation is generally expressed as
follows:

Q = Q[1-exp(=Ky)t], (10)

where Q, and Q, are the adsorption capacities at equi-
librium and at time ¢, respectively (in mg/g) and K; is the
rate constant for the pseudo-first-order adsorption (L/
mg.min)

Pseudo-second-order model: the pseudo-second-order
kinetic model was initially proposed as a second order rate
equation for the removal of heavy metals from water using
natural zeolites and it was based on the strong bond between
adsorbent and adsorbate [25].

Q*K,t
Qt_ e 2

=——¢ = 11
1+QK,t (1)

where K, is the rate constant for the pseudo-second-order
adsorption (L/mg.min).

Elovich model: the Elovich empirical equation model
was firstly for the adsorption of carbon monoxide onto
manganese dioxide [26]. However, this equation is now
generally known as the Elovich equation and has been ex-
tensively applied to chemisorption data. This equation can
be expressed mathematically as follows:

Inap) In ¢

B B’
where « (mg/g.min) represents the initial rate of adsorption
and f (mg/g.min) the desorption rate constant.

Intra-particular diffusion model: the intraparticle dif-
fusion model developed by Weber and Morris is presented
as follows [19, 20]:

Qt = (12)

Q=K t"”+C (13)

where C (mg/g) is a constant associated with the thickness of
the boundary layer and its higher value corresponds to a
greater effect on the limiting boundary layer. K;; (mg/
g.min”"?) is the rate constant of the intra-particle diffusion
model.

2.7. Error Functions. In this study, non-linear regression was
applied using the Microsoft Excel Solver function from Excel
Microsoft 2013 for fitting the curve. The best fit for ex-
perimental data was determined from the coefficient of
determination (R?), residual root mean square error
(RMSE), Chi-square test (XZ), Sum Square of Errors (SSE),
and Average Relative Error (ARE). The expressions of the
error functions are given as follows:
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2 3 (Qe, exp Qe,ca.l)2
=) (14)
' ; Qe,cal
1 )
RMSE = Y ( Qe exp = Qecal) > (15)
n-245
ol 2
SCE = Qe exp = Quca)» (16)
i=1
ARE = @ i Qe,i,cal - Qe,i, exp (17)
N i=1 Qe,i, exp '
RZ _ ZII\:II (Qe,cul - Qe exp)z - (18)

ZiN:I (Qe,cal - Qe exp)2 +<Qe,cal - Qe exp)

where Q..exp and Q. a1 (mg/g) are the equilibrium capacity of
adsorption obtained from the experiment and by calculating
from the model, respectively, and N is the number of data
points.

3. Results and Discussions
3.1. Characterization of Copper (II) Carboxylate

3.1.1. Copper (II) Fumarate (CuFum). The synthesized
copper (II) fumarate was a blue powder that was found to be
insoluble in toluene, distilled water, ethanol, acetone, and
acetonitrile. It was soluble in DMSO and its boiling point
was as high as 350°C.

(1) Infrared Spectroscopy. The IR spectrum of the copper
(II) fumarate (Figure 1) shows the presence of organic li-
gands used in the synthesis through the typical vibrations of
carboxylic groups.

In the analysis region, the complex shows a low-intensity
peak around 3566.78 cm ™" corresponding to the O-H group,
which could indicate that this compound contains water
molecules. This frequency is slightly lower than 3600cm™,
indicating that these water molecules may be linked to the
central metal or engaged in interactions with its surroundings.
This spectrum also exhibits a broad band with a maximum
centered around 2895.62 cm™'; which is characteristic of ali-
phatic C-H vibrations of elongation. This band, expected
around 3000 cm ™" is slightly shifted towards low frequencies.
The bands observed at 1395.41 cm™" and 1533.41 cm ™" could
correspond respectively to asymmetric vibration of COO™ and
symmetric vibration of COO’ in the fumarate, with a difference
of 138.01 cm™" which reflects a bridging coordination mode of
this grouping [27, 28]. The absence of any band around
~1710cm ™" indicates the total deprotonation of all carboxylate
groups in the complex [29]. The band at 1214.78 cm™" can be
assigned to the C-O group of the fumarate. The band observed
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FIGURE 1: Infrared spectrum of copper (II) fumarate.

in the interval 998.97-989.84cm ™" represents the valence vi-
brations, that are characteristic of the C=C deformation group.
Finally, the absorption bands between 691.92 and 579.38 cm™"
are the characteristic frequencies of the Cu-O bond. From the
attributions from the IR spectrum, it can be said that the
product formed is a copper complex based on the fumarate
ligand.

(2) Elemental Analysis. The experimental results ob-
tained from the elemental analysis of the synthesized
compound and the relative theoretical values are presented
in Table 1 below.

The comparison of the percentages of the different el-
ements (C and H) obtained experimentally and theoretically,
as well as infrared spectroscopy permitted us to propose the
empirical formula [Cu(O,C4H,),(H,0),] for the com-
pound. The analysis we were able to have was about (C,H,N),
but the result shows us that the compound contained only C
and H with is in accordance since the reactant used does not
contain Nitrogen.

Figure 2 below shows the XRD of the adsorbent copper
(IT) fumarate obtained between 5 to80°.

(3) Powder X-ray Diffraction. This diffractogram shows
sharp Bragg peaks of good intensity indicating that the
material has high crystallinity.

From the empirical formula proposed by elemental anal-
ysis, and the functional group shown by Infrared spectroscopy,
the following structure was proposed for the compound.

3.1.2. Copper.(II) Tartrate (CuTart). The results of the UV-
Vis spectroscopy, IR spectroscopy, and powder XRD of the
synthesized copper(II) tartrate are similar to those obtained
from the literature [30]. The structure proposed from the
analyses is the following:

3.2. Adsorption Study

3.2.1. Effect of Initial pH. The effect of initial pH on the
adsorption of phenacetin by the two porous coordination
compounds was studied by varying the initial pH of the

5
TaBLe 1:  Composition of analyzed elements for
[Cu(O4C4H,)2(H,0)4].
% C % H
Experimental values 25.623 4.331
Theoretical values 26.27 3.86
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FIGURE 2: Powder X-rays diffraction of copper (II) fumarate.

phenacetin solution. The result is shown in Figure 3.
According to this figure, the removal of phenacetin from an
aqueous solution is highly dependent on the pH of the
solution. Figure 4 shows that the adsorption is maximum at
pH 4 with 17.928 mg/g and 19.631 mg/g adsorbed for copper
(II) fumarate and copper (II) tartrate, respectively. The
decrease in the amount of phenacetin adsorbed at pH greater
than 4 can be explained by repulsive electrostatic interac-
tions between an adsorbent and the adsorbate. The amount
of phenacetin adsorbed by copper (II) tartrate is greater than
that for copper (II) fumarate. This could be explained by the
presence in copper (II) tartrate of hydroxide groups which
are absent in copper (II) fumarate.

3.2.2. Effect of Contact Time. The time of agitation is a very
significant parameter in the adsorption process because it
determines the time necessary to reach equilibrium ad-
sorption. The adsorption of phenacetin from an aqueous
solution of an initial concentration of 40 mg/L and pH 4 was
carried out on 35mg of each carboxylate at the rotational
speed of 150 rpm. The result obtained for the increasing
stirring times is shown in Figure 5 which gives the amount of
phenacetin adsorbed (Q;) as a function of time.

Figure 5 shows that the adsorption takes place in three
phases. The first rapid phase occurs during the first 20
minutes and the second phase takes place a little more slowly,
stopping at equilibrium which is 80 min for the metal car-
boxylates. The rapidity of the first phase can be explained by a
large number of sites available at the start of the adsorption
process. This availability favors their occupation by the
molecules of phenacetin. The same trend was observed by
Gadipelly et al. [16] during the adsorption of ciprofloxacin
onto MOEF-5 (zinc (II) benzene dicarboxylate). As the
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adsorption continues, the number of available sites decreases
and the adsorbent becomes saturated. The amount of
phenacetin adsorbed during this phase can be attributed to
the m-7 interactions between the organic compounds and
adsorbents. The adsorption capacity of copper (II) tartrate is
21.381 mg/g while that of copper (II) fumarate is 16.225 mg/g.

3.2.3. Effect of Initial Concentration. The effect of initial
concentration on the adsorption of phenacetin was inves-
tigated and the results are shown in Figure 6 below.

The increasing adsorption capacities of the porous co-
ordination compounds with the increase in the concentration
of phenacetin may be due to 7-7 interactions between the
organic compounds and adsorbents. The 7-7 interactions in
most cases are responsible for the mechanism of adsorption of
aromatic compounds [31]. This result can also be explained by
saying that, increasing the initial concentration of phenacetin
leads to an increase in the driving force of mass transfer and
hence an increase in the rate at which phenacetin molecules

FiGure 5: Effect of contact time on the adsorption of phenacetin
onto CuTart and CuFum.

pass from solution to the particle surface [32]. The quantity of
phenacetin adsorption onto all samples of porous coordi-
nation compounds did not show a plateau, suggesting that
there was no monolayer formation on the surfaces of the
adsorbents. The increase in adsorption capacity with an in-
crease in initial concentration indicates that the porous co-
ordination compounds have a high potential for the removal
of phenacetin from their solutions.

3.3. Isotherm Study. In general, the adsorption isotherm
indicates how the molecules are distributed between the
liquid and solid phase when the adsorption processes attain
equilibrium. This part aims at finding the models that can
accurately describe the data obtained from the experiments
of the adsorption of phenacetin onto copper (II) fumarate
and copper (II) tartrate. Three models of two-parameter
isotherms and two models of three-parameter isotherms
were studied. The non-linear plots of these isotherms are
given in Figures 7 and 8.
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The analysis in Table 2 shows that among the two-pa-
rameter isotherms studied, the Freundlich model is the one
that best describes the metal carboxylate adsorption phe-
nomenon. This is due to its coefficient of determination
which tends toward 1 and the values of the error functions
which are lower than those obtained by the other models.
The validation of the Freundlich model allows us to say that
it is a multilayer adsorption on a heterogeneous surface for
the two adsorbents, and the interactions between the ad-
sorbent’s surface and the adsorbate play a significant role in
the adsorption process [33]. The value of 1/n less than 1 in
the Freundlich model shows that there is an affinity between
the surface of the materials and the adsorbate solution. These
values support the hypothesis that the surfaces of the dif-
ferent materials are heterogeneous [33]. The change in
adsorption energy AQ obtained from the Temkin model is
positive regardless of the material, which means that the
adsorption process is exothermic.

By still using Table 3, and considering the three-pa-
rameter isotherms, it can be deduced that based on the low
error values and the high values of the coefficient of de-
termination, the best representation of the experimental
adsorption data is given by the Redlich-Peterson model. This
implies that the adsorption of the phenacetin by the different
materials takes place on heterogeneous surfaces. Its het-
erogeneity parameter between 0 and 1 shows that the model
for the adsorption of phenacetin by the adsorbents cannot be
reduced to the Langmuir isotherm.

This confirms the hypothesis of the two-parameter iso-
therm, according to which the Freundlich model is that which
best describes the adsorption process. The distribution of
residues between [-2; 2], around the x-axis shows that the
Freundlich and Redlich-Peterson models are more suitable
for describing the adsorption process. The asymmetry at the
level of the distribution of residuals around the x-axis suggests
that the basic model hypothesis is not followed during the
adsorption process.where App and Bpp are models constants
of Redlich-Peterson; f is heterogeneity parameter; A is

15 20 25

Ce (mg/L)

adsorption of phenacetin onto CuTart and CuFum.

Temkin model constant; K; Langmuir constant, K,z Lang-
muir-Freundlich constant and K, Freundlich constant.

3.4. Batch Studies. Pseudo-first order, pseudo-second order,
intra-particle diffusion, and Elovich kinetic models were
used to investigate and describe the adsorption mechanism.
These kinetic models have been presented in non-linear
forms (Figure 9) and their calculated parameters are shown
in Table 3 below.

The pseudo-first-order model is based on multilayer
adsorption on the surface of each adsorbent material. This
type of adsorption is based on van der Waal-type inter-
actions between the phenacetin and the copper MOFs.
These interactions thus highlight physical adsorption
between the adsorbate and the adsorbent. The low values
of the error functions of the pseudo-first-order model as
well as the coefficient of determination R* which tends
toward 1 suggest that this model best describes the ad-
sorption of phenacetin by copper (II) fumarate. Also, the
pseudo-second-order model highlights 7-7 interaction
between the phenacetin and copper (II) fumarate. These
interactions, which are of a chemical nature imply that
there is monolayer adsorption. The low values of the error
functions of the pseudo-second-order model as well as the
coefficient of determination R* which tends towards unity
plead in favor of this model for the adsorption of
phenacetin by copper (II) tartrate. The equilibrium
adsorbed amounts, which are close to the experimental
amounts in the case of this model suggest that the ad-
sorption of phenacetin by the adsorbents depends on 7-7
interactions. The Elovich model assumes that the solid
surfaces are energetically heterogeneous.

The comparison of the adsorbed quantity of phenacetin
from this present work with those obtained from literature
are shown in Table 4 below.

By comparing the adsorbed quantities of phenacetin by
copper (II) fumarate (25.158 mg/g) and by copper (II) tartrate
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TaBLE 2: Adsorption of phenacetin: non-linear fitting analysis for two and three parameter isotherms.
N° Models Constants Values R? SSE X’ ARE RMSE
CuTart
. Q ,, (mg/g) 25.906
1. Langmuir K, (L/mg) 0176 0.899 25.75 4.398 15.109 2.537
. 1/n 0.399
2. Freundlich K (Lig) 6.204 0.963 6.963 0.529 6.594 1.319
. AQ (kJ/mol) 547.466
3. Temkin A (L/mg) 3.920 0.890 19.828 1.424 12.763 2.228
A gp (L.mg?/g) 163.981
4. Redlich-peterson B rp 25.620 0.962 7.238 0.561 6.850 1.345
B 0.609
Q 1 (mg/g) 118.358
5. Langmuir-freundlich K p (Lﬁ.mg—’}) 0.001 0.959 8.081 0.662 7.466 1.421
B 0.455
CuFum
. Q ,, (mg/g) 25.158
6. Langmuir K . (L/mg) 0.166 0.929 14.33 1.509 11.370 1.893
. 1/n 0.415
7. Freundlich K #L/g) 56l 0.933 4215 0.256 4.521 1.026
. AQ (kJ/mol) 498.459
8. Temkin A (Limg) 2326 0.933 11.001 0.764 9.417 1.658
A gp (L.mg?/g) 130.178
9. Redlich-peterson B rp 22.449 0.975 4.293 0.263 4.618 1.036
B 0.593
Q ,, (mg/g) 8366
10. Langmuir-freundlich K p (LP.mg—F) 0.004 0.971 4.897 0.317 5.437 1.106
B 0.500
TaBLE 3: Kinetic data obtained by non-linear fitting analysis.
N° Models Constants Values R? SSE X 2 ARE RMSE
CuTart
Q . (mg/g) 20.389
1. Pseudo-first order K, (1/min) 0257 0.809 6.715 0.363 3.606 0.918
Q . (mg/g) 21.293
2. Pseudo-second order K » (g/min.mg) 0.024 0.940 1.798 0.095 1.862 0.474
. « (mg/g.min) 7389.66
3. Elovich 8 (g/ong) 0,609 0.854 4320 0.217 3.049 0.735
. U K , (mg/g.min®?) 0.521
P
4. Intraparticle diffusion model C (mglg) 16213 0.679 9.513 0.491 4.72 1.090
CuFum
) Q . (mg/g) 66.202
1. Pseudo-first order K, (1/min) 0.017 0.986 0.298 0.023 1.056 0.193
i Q . (mg/g) 16.114
2. Pseudo-second order K » (g/min.mg) 0.022 0.925 2.114 1.637 2.854 0.514
. « (mg/g.min) 348.238
3. Elovich B (g/mg) 0.618 0.931 1.818 0.120 2.488 0.476
. 0.5
4. Intraparticle diffusion model K'p (mg/g:min™) 0.540 0-809 5122 0.353 4716 0.800
C (mg/g) 10.894
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TasLE 4: Comparison of adsorption capacity of phenacetin.

Adsorbents  Quantity of phenacetin adsorbed References
BP1IM 13.18 mg/g [34]
PIM 7.40 mg/g [34]
BIM 4.11mg/g [34]
CuFum 25.158 mg/g Present work
CuTart 25.906 mg/g Present work

(25.906 mg/g) and that adsorbed by activated carbons BP1M
(13.18 mg/g), PIM (7.40 mg/g) and BIM (4.11 mg/g) [34], the
adsorbed quantities obtained from this work is greater than
those obtained in the literature. These coordination com-
pounds are potentials adsorbent of phenacetin.

4. Conclusion

In this work, two porous coordination compounds, CuFum
and CuTart have been used for the adsorption of phenacetin
in an aqueous solution. These compounds were characterized
using elemental analysis, IR spectroscopy, thermogravimetric
analysis, and powder XRD. The different results obtained
enabled us to propose the chemical formulas and then to
deduce the structures of the two coordination compounds.
Batch adsorption studies showed that increasing the initial
concentration of phenacetin enhances the interaction be-
tween it and the coordination compounds, resulting in an
increase in adsorption capacity. According to the different
error functions and coefficients of determination, the kinetic
studies show that the adsorption data best fitted by the
pseudo-second-order model is more appropriate to describe
the adsorption of phenacetin by CuTart, while for CuFum the
pseudo-first-order model is the most appropriate. This

indicates that the adsorption of phenacetin on CuTart may be
due to chemical interactions while for CuFum it may be due
to physical interactions. Isotherm models confirmed that the
system is heterogeneous and the adsorption is physical in
nature. This study shows that these coordination polymers are
suitable for the adsorption of pharmaceutical compounds.
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The subsidence water bodies in coal mining areas are vulnerable to being polluted by the surrounding mining production wastewater,
domestic sewage, and agricultural return flow. Therefore, it is important to grasp the water quality condition of the above water bodies. A
total of 16 surface water samples from 7 different subsidence water bodies in the Huainan mining area were collected and focused on the
selection of 22 water quality indicators for water pollution characteristics analysis. The result of correlation analysis showed that Cr and
Zn came from the same source of pollution. Three principal factors were selected by factor analysis, which could explain 82.294% of the
total variance. Principal factor 1 indicated a mixture of pollution related to nitrogen and phosphorus nutrients, organic pollutants, and
heavy metals; principal factor 2 showed heavy metal pollution; and principal factor 3 presented the pollution from heavy metals and
cations. Results of cluster analysis showed that the water quality status of 16 sampling points could be divided into 4 clusters. The results
of the heavy metal pollution index method showed that the heavy metal pollution was most serious in sample 9 (S9), S15, and S16, and
the main elements of pollution were Ni, Fe, and Mn. Single-factor evaluation, comprehensive pollution index, the universal exponential
formula of logarithmic power function, and membership degree method were used to evaluate the five important water quality
indicators, namely total nitrogen, ammonia nitrogen, total phosphorus, dissolved oxygen, and chemical oxygen demand. The results
showed that the total nitrogen pollution in the study area was more serious, most of the sites exceed class V standards of the surface
water, S14 and S16 were heavily polluted. Based on the comparison of the different methods, the surface water quality in the study area

can be reflected more comprehensively.

1. Introduction

In China, the proportion of coal in total energy consumption
has been reduced from 70.7% (1978) to 56.8% (2020) [1], but
the consumption of coal still occupies a large proportion.
Long-term mining activities result in surface subsidence,
which has caused irreversible impacts on the geological
environment of coal mining areas [2]. The area of subsidence
water bodies is expanding and has become a special kind of
surface water body [3]. At present, the coal mining subsi-
dence area is about 7262.17hm* and more than 70% is
subsidence water bodies [4]. They are easily polluted and the
ecological environment is easily damaged. Therefore, it is
important to choose a scientific method to assess the water

quality of subsidence water bodies to realize the sustainable
development of mining areas.

In the 1980s, the environmental problems caused by the
subsidence of coal mining areas in Huainan were noticed [5].
Early studies evaluated the water ecological environment
states by employing the frequently used water quality in-
dicators (transparency, total phosphorus, total nitrogen,
permanganate index, etc.), conducted water resources in-
vestigation and research on eutrophication characteristics in
the subsidence areas, and analyzed the functional uses of the
water body [6, 7].

Pei et al. used the comprehensive nutrition state index
method to assess the eutrophication state of the subsidence
water bodies of Yangzhuang village in Panji, and the result
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was mild-moderate eutrophication [8]. Qu et al. concluded
that the nitrogen to phosphorus ratio (N:P =25-117) of the
subsidence water bodies was high with obvious seasonal
variation, and the N:P was lower in the growing season than
in other seasons [9]. Subsequently, heavy metal contami-
nation of the water bodies raised concerns. Wang et al.
determined Cd, Cu, Pb, and Zn in different tissues of crucian
carp, and concluded that the aquatic ecosystem was not
contaminated by them, the metal concentrations were lower
than the regulations for cultured fish [10]. In risk assessment,
Chen et al. evaluated the health risk of heavy metals (Cu, Ni,
Pb, Cd, Co, Cr, As, Hg, etc.) in the subsidence water bodies
based on the Monte Carlo method; the results showed that
the total carcinogenic risk values for two exposure pathways
of Cr, Ni, and As were greater than the maximum acceptable
level, and the highest carcinogenic risk was found in the
water body of Xinji’er mine [11].

In recent years, various water quality evaluation methods
have been put forward, it is helpful to identify the pollutant
characteristics and clarify the water quality objectives. Liu
et al. selected four evaluation methods, including single-
factor evaluation, comprehensive pollution index, graded
evaluation, and comprehensive water quality identification
index method to compare, and concluded that the evaluation
results of the comprehensive water quality identification
index were reliable and applicable to the water quality
evaluation of coal mine subsidence water bodies [12]. In the
evaluation process of groundwater quality in Urumgqi city,
Wang et al. calculated the weight of water quality indexes by
the fuzzy synthesis evaluation coupled grey relational
analysis (GRA-fuzzy), and concluded that it was better than
the single-factor evaluation and Nemero synthesis index
evaluation method [13]. Liu and Zheng thought that the
modified comprehensive water quality identification index
(WQI) method not only overcame the shortcomings of
single-factor evaluation but also took into account the
impact of multiple indicators [14]. In addition, there were
other water quality evaluation methods, such as the fuzzy
comprehensive evaluation method [15], T-S fuzzy neural
network method [16], and grey correlation analysis method
[17].

The above studies have achieved some results, but the
selection of subsidence water bodies was not comprehensive
enough, and usually only the several typical water bodies
were analyzed [18, 19]. In addition, the single evaluation
method, that was frequently used, was not conducive to the
mutual verification and comparison between evaluation
results. Therefore, to understand the pollution situation of
Huainan subsidence water bodies more scientifically and
reasonably, a more comprehensive water quality evaluation
was needed.

The research objectives of this article were (1) to analyze
water pollution characteristics of subsidence water bodies
based on water quality monitoring data to understand the
pollution status of subsidence water bodies; (2) to use the
factor analysis model to identify pollution sources; and (3) to
provide a scientific basis for water resources development
and pollution prevention by comparing four water quality
evaluation results.

Journal of Chemistry

2. Materials and Methods

2.1. Study Area and Locations of the Samples. Huainan
mining area is located on both sides of the Huai River in
northern Anhui Province, and spans the cities of Huainan
and Fuyang, with an area of about 3200 km®. The advan-
tageous geographical location and convenient trans-
portation provide convenient conditions for the mining and
transportation of coal resources [20]. The prospective coal
reserve reaches 44.4 billion tons, and the proven reserve
reaches 15.3 billion tons [21]. Due to the ground subsidence
caused by coal mining, the cumulative area of the subsidence
area was about 316.81 km” by the end of 2019 [22]. With the
continuous mining of coal, the subsidence area is increasing
and the area of subsidence water bodies is expanding.
According to the spatial distribution of subsidence water
bodies, 7 subsidence water bodies were selected, 16 sampling
points were set up, and the specific points were shown in
Figure 1 (Due to the short distance, some points may be
blocked). In addition to the consideration of physical and
chemical parameters and nutrient indexes (pH, total
hardness, ammonia nitrogen, NO;~, TN, and TP), oxygen-
consuming organic matter index (DO, COD, and TOC),
cations and anions (K*, Na*, Mg®*, CI”, and F"), this study
selected 8 heavy metal indexes (Cu, Zn, Cr, As, Pb, Ni, Fe,
and Mn) that were more concerned in subsidence water
bodies to evaluate the water quality of the study area, and a
total of 22 indexes were selected.

2.2. Collection of Water Samples and Test. The water samples
from the subsidence water bodies were collected on February
18-19, 2021. Standard water sampling bottles were used to
hold the water samples, and the collected samples were
pretreated according to different measurement indexes by
selecting the corresponding pretreatment methods. Then
they were stored away from light and transported to the
laboratory for testing. At each sampling point, pH, water
temperature, and dissolved oxygen (DO) were measured on-
site using an HQ40D portable multi-parameter water quality
analyzer. Chemical oxygen demand (COD), total organic
carbon (TOC), total nitrogen (TN), total phosphorus (TP),
ammonia nitrogen, nitrate ion (NO;"), total hardness, K",
Na*, Mg**, F~, CI", Cu, Zn, Cr, As, Pb, Ni, Fe, and Mn were
brought back to the professional testing institution for
testing. The testing standards of the water quality indexes
involved in this article were shown in the supplementary
materials (Section 2.2).

2.3. Water Quality Assessment Methods

2.3.1. Single-Factor Evaluation Method. The single-factor
evaluation method determines the comprehensive water
quality category according to the category of the single index
with the worst water quality among all the water quality
indexes involved in the evaluation [23]. The selected indi-
cators (COD, TN, TP, ammonia nitrogen, and DO) were
compared with Environmental quality standards for surface
water (GB3838-2002) [24], and the thresholds for the five
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FIGure 1: Sampling points located in the coal mining subsidence
water area of Huainan, China.

levels of standards were shown in Table S1 (supplementary
Table 1). In this study, the class V standard was selected as
the reference standard and calculated by equation (1):
P, =—1 1

=G M
where C; is it pollutant concentration value (mg/L), C, is i
pollutant evaluation standards (mg/L), and P; is i pollutant
pollution index.

2.3.2. Comprehensive Pollution Index Method. The com-
prehensive pollution index method assumes that the
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The formula for the composite index of the m indicator is
as follows:

contribution of each factor to water quality is
basically the same, and calculates the arithmetic
mean of the sum of the standard indices of each
factor. The method can determine the degree of
pollution of the study water bodies [25], which is
calculated by equation (2):

p:lipi, (2)

m

where P; is the pollution index of pollutant i.

The comprehensive pollution index corre-
sponding to the classification of water quality is
as follows [26]: P<0.25, clean; 0.25<P <0.4,
relatively clean; 0.4<P<0.5, light pollution;
0.5<P<0.99, medium pollution; and P>1,
heavy pollution.

2.3.3. Universal Exponential Formula of Logarithmic Power
Function. The Environmental Quality Standard for Sur-
face Water (GB3838-2002) divides the water quality
evaluation criteria into five levels, and the concentration
limits of the environmental quality level 5 standards for
some indicators were shown in Table S2. After optimizing
the parameters, the universal exponential formula of the
logarithmic power function was as follows [27]:

WQL = 0.0466 * (In x;)"""", (3)

where x; is the “normative value” of the indicator j listed in
Table S2, calculated by equation (4):

(—]> ¢; > ¢ jo, For the CODcr, dissolved iron,
c
j

J) ¢;>cjo, For Zn, Hg, petroleum, Escherichia coli, volatile phenols, CN, (4)

C:
-, €j=Cjo For the remaining 12 indicators in the original table,
C

jo
1, ¢;>cjo, Forthe DO,
| 1, ¢j <cjo, Other indexes except dissolved oxygen.

WQI=} W, «WQl, (5)

=



where W is the normalized weight of index ;.

2.3.4. Membership Degree Method. The membership degree
method refers to a pollution indicator that belongs to a certain
category of standard degree, in the same category, the greater
affiliation of water quality is worse, and the smaller affiliation of
water quality is better [28], can be calculated by equation (6):
_x—X
Ve (6)
where y is the membership degree corresponding to the type
of water quality specified in x;, x is the measured value (mg/
L) and x, and x, are the standard values of two adjacent
levels of x (x, <x <x,).

2.3.5. Heavy Metal Pollution Index (HPI). The heavy metal
pollution index method is a method for comprehensive
evaluation of water quality pollution caused by various heavy
metals in water bodies based on the weighted arithmetic mean
method that can be calculated by equations (7)-(9) [29-31]:

k
100C;
Q= s (8)
2i (QW))
HPI = &=L i) 9
ZiZI Wi ( )

where S; is the standard value of the concentration of heavy
metal i in the water body (ug/L); k is the proportionality
constant, taken as 1; C; is the measured concentration of
heavy metal i in the water body (ug/L); Q; is the quality level
evaluation of heavy metal 7; HPI is the heavy metal pollution
index; n is the number of heavy metal elements involved in the
evaluation; W, is the weight of heavy metal 4, which is
regarded as an inversely proportional value to S; in the model.

Generally, the critical pollution index of the HPI value is
set at 100 [32]. However, Edet and Offiong divided the
degree of heavy metal pollution into three levels (high,
medium, and low): when HPI > 30, the degree of pollution is
high; when 15 <HPI <30, the degree of pollution is mod-
erate; and when HPI < 15, the degree of pollution is low [33].

2.4. Statistical Analysis Methods. IBM SPSS 23.0 software
was used for statistical analysis of the data, including
Pearson correlation analysis, one-way ANOVA, factor
analysis, and cluster analysis.

3. Results and Discussion
3.1. Characteristics of Water Quality Factors

3.1.1. Physical and Chemical Parameters and Nutrient
Indexes. The physicochemical parameters and nutrient in-
dicators measured in this study included pH, total hardness,
ammonia nitrogen, NO;~, TN, and TP. The pH of 16
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sampling sites ranged from 7.25-8.84, which belonged to
medium alkaline water bodies (pH = 6-10) [34], and met the
pH standard limits (6-9) in the Environmental Quality
Standards for Surface Water (GB3838-2002), and most of the
sampling sites could also meet the requirements of the pH
value of the Water Quality Standard for Fisheries (GB11607-
89; pH =6.5-8.5) [35] and the total hardness ranged from 155
to 260 mg/L with an average value of 199 mg/L. Moreover,
the content of ammonia nitrogen ranged from 0.338 to
1.060 mg/L, and all of them reached the water quality
standard of surface water category IV (1.5 mg/L). The content
of NO;™ ranged from 0.016 to 5.640 mg/L and all sampling
sites reached the standard limit (10 mg/L). The content of TN
and TP at each sampling point was shown in Figure 2. As
seen in Figure 2(a), the content of TN ranged from 1.87 to
5.46 mg/L and exceeded the surface water class V standard
(2.0 mg/L) at all sites except for S15. In the end, the content of
TP ranged from 0.06 to 0.74 mg/L in Figure 2(b), except for
S8, S14, and S16 which exceeded the surface water class V
standard (0.4mg/L), and all other sampling points could
meet the class V standard of surface water. Overall, the total
nitrogen index exceeded the standard more seriously.

3.1.2. Oxygen Consuming Organic Matter Index. The content
of DO and COD at each sampling point was shown in Fig-
ure 3. DO is an important indicator of the self-purification
ability of water bodies. Generally speaking, the higher the
dissolved oxygen in water, the better the water quality.
However, due to the overgrowth of algae, DO may be over-
saturated [20], which can have adverse effects on fish. The
content of DO in the study area ranged from 7.15 to 15.29 mg/
L (water temperature was 11.2-15.6°C), and the average
content of DO was 10.6 mg/L, which could meet the surface
water class I standard (7.5 mg/L) except for sampling site S1.
COD indicator can represent the pollution degree of water
bodies by organic matter to a certain extent. The greater the
COD, the more serious the pollution of water bodies by or-
ganic matter. The content of COD measured in this study
ranged from 16 to 49 mg/L, with an average value of 30.56 mg/
L. Except for S14 and S16, which exceeded the surface water
class V standard (40 mg/L), the other sampling sites met the
standard. TOC is an indicator of organic content directly
expressed as the amount of carbon in the water sample, and
the higher the TOC value, the higher the organic content in the
water. The content of TOC measured in the study area ranged
from 0.8 to 12.1 mg/L, with an average value of 8.31 mg/L.

3.1.3. Heavy Metal Index. Heavy metal pollutants have the
characteristics of easy accumulation, difficult decomposition,
and strong toxicity [36, 37]. Heavy metals entering the water
environment will cause serious and lasting environmental
pollution to rivers and lakes, and enrich the environment
through the food chain in organisms step by step [38], which
will also be harmful to humans. In this study, the contents of
eight heavy metals, including Cu, Zn, Cr, As, Pb, Ni, Fe, and
Mn, were detected to study the heavy metal pollution in
subsidence water bodies. The contents of Cu, Cr, and Pb were
0.97-2.46 ug/L, 0.12-1.08 ug/L, and 0.18-1.19 ug/L, respectively,
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FIGURE 2: The content of TN (a) and TP (b) at each sampling point in the Huainan coal mining subsidence water bodies.
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FIGURE 3: The content of DO (a) and COD (b) at each sampling point in the Huainan coal mining subsidence water bodies.

and all sites reached the surface water class I standard (10 yg/L).
The contents of Zn and As were 3.93-17.4ug/L and
2.14-14.6 ug/L, respectively, and all sampling sites reached the
standard of surface water class I (50 pg/L). The content of Ni was
1.12-6.99 ug/L, all of which were lower than the standard limit
of specific items for centralized surface water sources of living
drinking water (20 ug/L).

The pollution of Fe and Mn was more serious. The
content of Fe and Mn was shown in Figure 4. The content of
Fe was 34.9-666 ug/L, except for S9 and S10, the rest of the
sampling points were lower than the standard limit value of
the supplementary project of the centralized surface water
source of drinking water (300 ug/L), and the content of Fe at

S9 reached 666 pug/L that seriously exceeded the standard.
The content of Mn was 18.5-120 ug/L. Except at $4 and S11,
the rest of the sites were lower than the standard limit value
of the supplementary project of a centralized surface water
source for drinking water (100ug/L). In summary, the
concentration of Cu, Zn, Cr, As, Pb, and Ni in the study area
was low, but the pollution caused by heavy metal Fe from the
Xiegiao coal mine (59-S10) was more serious.

3.1.4. Other Pollution Indicators. In addition to physico-
chemical indicators, nutrients, oxygen-consuming organic
matter indicators, and heavy metal indicators, K", Na™, Mg2+,
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FIGURE 4: The content of Fe (a) and Mn (b) at each sampling point in the Huainan coal mining subsidence water bodies. (The standard limits
of Fe and Mn in the figure refer to the standard limits of supplementary items of centralized surface water sources for drinking water.)

Cl, and F~ were also detected in this study. Among them, the
pollution of Cl and F~ was more serious. The content of Cl™
and F~ was shown in Figure 5. Chlorine (Cl) is one of the
common elements in coal. During coal combustion, Cl in
coal is released in the form of hydrogen chloride or granular
Cl [39]. The content of CI” in each sampling site ranged from
78.3 to 341 mg/L, among which the CI” in S1, S2, $4, S5, S9,
S10, and S13 was lower than 100mg/L. As shown in
Figure 5(a), except for S15 and S16, the content of Cl™ at all
sampling sites was less than the standard limit (250 mg/L),
but the content of CI™ greater than 50mg/L is generally
considered to be contaminated [20], and it can be seen that
the monitoring area has been contaminated by CI, especially
S15 and S16 of Xinji'er mine. The concentration of F~ was
between 1.10 and 5.45 mg/L. As can be seen in Figure 5(b),
only five locations (S4, S7, S9, S10, and S16), reached the
surface water class V standard (1.5 mg/L), while the other
sampling sites exceeded the standard, among them the
Gugiao coal mine (S11-S14) was more seriously polluted. F is
an essential trace element for the human body, but it can lead
to serious bone diseases if the specific limit value is exceeded
[40]. Industrial and civil coal burning, coal gangue, slime, and
other solid wastes may lead to fluorine pollution, which
belongs to coal fluorine pollution [41].

Based on the above detection results, the pollution of TN
in the subsidence water bodies of the study area was serious
for all the sample points. At S14 (Guqgiao mine) and S16
(Xinji’er mine east), the concentration of TP exceeded the
standard and the concentration of COD was high. The
content of F~ exceeded the standard at S14, and the content
of Fe exceeded the standard seriously at S9 (Xiegiao mine).

3.2. Correlation Analysis. Pearson correlation analysis was
performed on 20 water quality indicators (data of Fe and Cl~
that did not satisfy the normal distribution were removed).

As seen from the results of the correlation analysis con-
ducted between heavy metals in Figure 6(a), it can be
concluded that Pb and Cu have a significant correlation
(P <0.05); in addition, there were significant correlations
between Cr and Zn (P <0.01) and Cr and Pb (P <0.05). It
indicated that Cr and Zn may be contaminated from the
same source.

Pearson correlation analysis results of heavy metals with
physicochemical properties were showed in Figure 6(b). It
revealed that NO;™ showed a significant positive correlation
with Pb and Mn at the 0.05 level. Moreover, heavy metal
showed a significant correlation with physicochemical in-
dexes TN, TP, DO, COD, pH, Na™, and F~. And they showed
an extremely significant positive correlation with TN, TP,
and COD at the 0.01 level. Ni was significantly correlated
with Na®, K', and ammonia nitrogen, among them Ni
showed an extremely significant positive correlation with
Na® and K" at the 0.01 level.

3.3. One-Way ANOVA. To investigate whether there is var-
iability in pollutant concentrations between water bodies with
different subsidence times, the 16 sampling sites were divided
into three categories according to the age of the subsidence
water bodies as older water bodies (S1, S2, S3, S6, S7), middle
water bodies (S5, S9, S10, S15, S16), and newer water bodies
(54, S8, S11, S12, S13, S14). After the homogeneity of variance
test (Table S3), the one-way ANOVA between different sub-
sidence ages of water bodies was performed for each water
quality evaluation index that met the conditions. The results
were shown in Table S4, from which it could be concluded that
there were significant differences (P < 0.05) in Mg**, F~, and
ammonia nitrogen. Further analysis by multiple comparisons
showed that Mg** differed significantly between medium and
new water bodies, F~ differed significantly between new and old
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FIGURE 5: The content of Cl™ (a) and F~ (b) at each sampling point in the Huainan coal mining subsidence water bodies. (The standard limits
of CI” in the figure refer to the standard limits of supplementary items of centralized surface water sources for drinking water).

water bodies, new and medium water bodies, and ammonia

nitrogen differed significantly between old and medium water
bodies.

3.4. Identification of Pollution Sources in Subsidence Water
Bodies. The data were tested to decide whether they con-
formed to normal distribution by the one-sample Kolmo-
gorov-Smirnov method. When the distribution of the
variables did not conform to the normal distribution, the
data needed to be logarithmically transformed, and the data
that still did not obey the normal distribution after trans-
formation should be excluded. The article used the KMO to
verify the feasibility of the selected water quality factors for
factor analysis, and the KMO test value of 0.695 (P < 0.05),
which was greater than 0.6, so it met the analysis require-
ments. This article finally selected TN, COD, TP, As, Ni, Na,
Cu, Pb, and Cr as the water quality factors for factor analysis.

As seen in Table 1, the first three factors were extracted
according to the standard with an eigenvalue greater than 1.
The three factors explained 35.511%, 24.868%, and 21.915%
of the total variance, respectively, and the cumulative
explained 82.294% of the total variance.

To make the obtained principal factors easier to in-
terpret, the rotated factor loading matrix was analyzed. The
factor loadings reflected the correlation degree between the
main factors and the variables, detailed information was in
Table S5. When the factor loadings were greater than 0.75,
it indicated a strong correlation, 0.5-0.75 indicated
moderate correlation, and 0.3-0.5 indicated weak corre-
lation [42].

The variables with the high factor loadings greater than
0.75 were selected as the main correlation factors. Principal
factor 1 mainly reflected TN, TP, COD, and As; principal
factor 2 mainly reflected Cu, Pb, and Cr; and principal factor
3 mainly reflected Ni and Na". The three principal factors
were strongly correlated with their respective main variables.
Figure 7 was the three-dimensional graph of factor loadings,
through the factor loadings graph, it was conducive to the
intuitive display of the relationship between water quality
variables.

The meaning of each principal factor was explained as
follows: the contribution of the principal factor 1 was the
largest, which had the greatest influence. The principal factor
1 was related to nitrogen and phosphorus nutrients, organic
pollutants, and heavy metal pollutants, which were mixed
pollution. Nitrogen and phosphorus fertilizers in agricul-
tural production in the surrounding areas were used to
improve the yield, but it also brought negative effects causing
nitrogen and phosphorus loss to pollute the environment of
surrounding water bodies. Especially during the rainy pe-
riod, nitrogen and phosphorus flowed into the subsidence
water bodies with surface water led to the increase of ni-
trogen and phosphorus nutrients [43]. The principal factor 2
was closely related to heavy metal pollution, which might
come from coal gangue leaching, and the leaching water
contains some toxic heavy metal elements [20]. The principal
factor 3 was influenced by both heavy metals and cations.

The results of the factor scores were shown in Table S6.
The higher the factor score, the more serious the sampling
site was affected by this pollution. Among all sampling sites,
S16 and S14 were the two most seriously polluted by TN,
COD, TP, and As. S9 and S11 were subjected to the most
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TaBLE 1: Characteristic value and variance contribution of factor analysis of water quality indicators.

Factors Characteristic value Variance contribution rate/% Cumulative variance contribution rate/%
1 3.196 35.511 35.511
2 2.238 24.868 60.379
3 1.972 21.915 82.294

Extraction method: a principal component analysis.

PCA3

FIGURE 7: Three-dimensional diagram of the component plot.

serious pollution of Cu, Pb, and Cr. S15 and S16 were
subjected to the most serious pollution of Ni and Na*. The
composite factor scores of S14 and S16 were higher, and it
indicated that the water quality pollution was more serious
in these two sampling points.

3.5. Cluster Analysis. Hierarchical clustering of sampling sites
was performed based on factor scores. Using the factor scores
of sampling points and the spectrum diagram for analysis was
shown in Figure S1 (supplementary Figure 1), they were
divided into four clusters, cluster 1 had nine sites, with a low
integrated score and a better water quality situation relative to
other sites. Cluster 2 has five sites, mainly affected by the main
factor 1 and main factor 2, indicating that these five moni-
toring sites polluted by heavy metals, organic pollutants,
nitrogen, and phosphorus nutrients were mainly affected by
the surrounding mining production, the comprehensive score
was high, and the water quality situation was poor. Cluster 3
and cluster 4 have only one component, factor score 3 for the
S15 sampling point of cluster 3 was very high and polluted by
the heavy metals and cations of the dual impact. For cluster 4,
factor score 1 of the S16 sampling point was very high and had
a high comprehensive score, indicating that the compre-
hensive pollution of the S16 place was serious, water quality
was poor, and the former evaluation was consistent with it.

3.6. Evaluation of Surface Water Quality in Coal Mining
Subsidence Area

3.6.1. Evaluation Results of the Single-Factor Evaluation
Method. Five water quality indicators, namely TN, am-
monia nitrogen, TP, DO, and COD, were selected to evaluate
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the water quality of surface water in the Huainan coal
mining subsidence area by the single-factor evaluation
method. Class V standard in the Environmental Quality
Standards for Surface Water (GB3838-2002) was used for the
analysis, only S15 reached the surface water V standard, and
the rest of the sites exceeded the class V standard. The
reasons for exceeding the standard for most of the sampling
sites were due to excess of TN concentrations, the specific
results were shown in Table S7. Among them, TN and TP
exceeded the standard at S8, TN, TP, and COD exceeded the
standard at S14 and S16, and only TN exceeded the standard
at the remaining sampling points.

3.6.2. Evaluation Results of the Comprehensive Pollution
Index Evaluation Method. The integrated pollution index of
each sampling point was 0.445-1.282, the specific results
were shown in Table S7. The composite pollution index of
each point was S10<S15<S13<S81<82< S6<S5<S9<
S3 <S4 < S7<8S11< S12<8S8<S14 <S16, and the composite
pollution index of S10, S15, S13, and S1 were between 0.4
and 0.5, which were light pollution; S2, S6, S5, S9, S3, 4, S7,
S11, S12, and S8 had a combined pollution index between 0.5
and 0.99, which were medium pollution; S14 and S16 were
greater than 1, which were heavy pollution. Figure 8 showed
the average contribution rate of various pollutants at each
sampling point in the comprehensive pollution index
method, which could be seen that TN has the greatest in-
fluence on the water quality situation in the study area,
followed by COD.

3.6.3. Evaluation Results of the Universal Exponential For-
mula of Logarithmic Power Function. The five indexes TN,
ammonia nitrogen, TP, DO, and COD were selected to
evaluate the surface water by using the universal exponential
formula of the logarithmic power function. Equations
(3)-(5) were used to calculate the water quality integrated
index (WQI) of 16 sampling points, the evaluation results
were shown in Table S8. For S14 and S16, the comprehensive
pollution index evaluation results were heavy pollution, and
the evaluation results of the universal exponential formula of
logarithmic power function were class V standard, both
indicated that these two sites were serious pollution com-
pared with other sites. At S1, S10, S13, and S15, the com-
prehensive pollution index evaluation results were light
pollution, and the evaluation results of the universal ex-
ponential formula of logarithmic power function were class
I1T standard, so it indicated that the pollution level of these
four sampling sites was relatively light.

3.6.4. Evaluation Results of the Membership Degree Method.
The five indicators of TN, ammonia nitrogen, TP, DO, and
COD were selected to evaluate the water quality of the
subsidence water bodies by using the membership degree
method. The affiliation degree of each index indicated the
degree of this measured value belongs to the standard level,
the larger the value, the heavier the pollution, the specific
results were shown in Table S9. For example, the affiliation
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FIGure 8: The contribution rate of pollutants at each sampling
point for the comprehensive pollution index method.

degree of ammonia nitrogen at S9 was 0.924, which meant
that the ammonia nitrogen concentration was close to the
upper limit of surface water class III standard. From the
evaluation results, it could be seen that the TN pollution was
serious, which was consistent with the results of the single-
factor evaluation method and the comprehensive pollution
index evaluation method. For S8 and S16, except for the
evaluation results of DO were class I standard, the other
evaluation results were class IV and V standards. The water
quality situation at the above two locations was poor. The
concentrations of COD at S2, S3, S5, and S9 belong to the
surface water IV standard; their affiliation was higher, be-
longing to the class IV standard,but the pollution was close
to the lower limit of V water.

3.6.5. A Comparison of the Four Methods. The single-factor
evaluation method is simple to calculate and intuitively
reflects the exceedance of a single water quality index, but it
is difficult to ensure the scientificity and reasonableness to
determine whether the water quality of the study area meets
the standard only by the worst water quality index. In the
process of using the single-factor evaluation method, most of
the sites in this study area were evaluated as poor class V
only because TN exceeded the class V standard.

The comprehensive pollution index method considers
the degree of comprehensive influence of multiple indicators
on water quality pollution and quantifies the water quality
situation. The universal exponential formula of the loga-
rithmic power function continuously describes the water
quality situation with specific index values, and the evalu-
ation results can visually reflect the different degrees of
pollution belonging to a certain level [26]. Overall, the two
evaluation results were similar in this study, but the com-
prehensive pollution index method cannot determine a
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specific water quality category, and the evaluation results of
the universal exponential formula of logarithmic power
function were more refined.

The membership degree method could evaluate the
specific differences for the same water quality indicator at
different sampling points, and be quantitatively compared,
the method was better than the single-factor evaluation
method and the comprehensive pollution index method
[44], but the degree of comprehensive impact of water
quality pollution for multiple indicators was not compre-
hensive consideration.

In the light of the analysis of a single indicator, the
membership degree method could give reliable evaluation
results and could clearly distinguish the degree of pollution
of similar water bodies. Compared with the single-factor
evaluation method, its result was more reliable. Evaluation
results of the universal exponential formula of logarithmic
power function could visually reflect the different levels of
pollution belonging to a certain level. Compared with the
evaluation results, the comprehensive pollution index
method was more reliable.

3.7. Evaluation Results of the Heavy Metal Pollution Index
Method. The heavy metal pollution index method (HPI)
was used to evaluate the heavy metal pollution in the
subsidence water bodies, and the HPI variation of different
sampling points and the percentage of various heavy metal
HPI were obtained, as shown in Figure 9. The HPI of the
sampling points ranged from 6.26 to 27.68, and the HPI of
the seven sampling points S1, S2, S5, S6, S12, S13, and S14
were all within 15, which were lightly polluted; the HPI
values of the remaining sampling points (S3, S4, S7, S8, S9,
S10, S11, S15, and S16) were in the range of 15-30, which
were moderately polluted, and there were no heavy pollution
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points. The overall degree of heavy metal pollution at each
sampling point was S13 < S5 < §6 < S1 < §14 < S12 <
S§2 < §7 <83 <811 < S10 < S8 < §4 < §15 < §9 <S§16,
and the main factors causing heavy metal pollution were Ni,
Fe, and Mn. Meanwhile, it could also be seen from Figure 9
that S9, S15, and S16 had the most serious heavy metal
pollution.

3.8. Discussion. In the study area, the concentration of TN
exceeded 2 mg/L at most sampling points and exceeded the
class V standard of the surface water. In the previous study
[45], it was also found that the concentration of TN in
Huainan coal mining subsidence water bodies was high with
an average value of 3.04 mg/L. Among them, the Panyi mine
and Gugiao coal mine were also monitored, and the content
of TN was 4.07 and 2.77 mg/L, respectively. Fertilization of
farmland and aquaculture in the study area may lead to
nitrogen runoft into water bodies. Therefore, the subsequent
management of Huainan subsidence water bodies needed to
pay attention to the impact of agricultural surface source
pollution and aquaculture on the subsidence water bodies.

In this study, seven typical subsidence water bodies were
selected. Because the scope of each collapsed area is very
large, not enough samples were taken. So it would affect the
representativeness of water quality. Every water quality
evaluation method had its advantages and disadvantages. So,
the characteristics of water quality indicators should be fully
considered to select the appropriate evaluation methods. By
comparing the results of different evaluation methods, more
scientific and reasonable evaluation results could be
obtained.

4. Conclusions

(1) For all the sample points, the pollution of TN in the
subsidence water bodies of the study area was se-
rious. In sampling point S14 (Guqiao coal mine) and
S16 (east Xinji'er mine), the concentration of TP
exceeded the standard and the concentration of
COD was high. The content of F~ exceeded the
standard at S14, and the content of Fe exceeded the
standard seriously at S9 (Xieqiao mine).

(2) The correlation analysis of water quality indicators
showed that the heavy metals Cr and Zn have sig-
nificantly strong correlation (P <0.01), and the
pollution sources of Cr and Zn might be the same.
The heavy metal As showed significantly strong
positive correlations with TN, TP, and COD
(P <0.01). One-way ANOVA showed that Mgzﬂ F,
and ammonia nitrogen were significantly different in
different water bodies with different subsidence
times.

(3) By factor analysis, three principal factors were se-
lected. Principal factor 1 represented mixed pollu-
tion related to nitrogen and phosphorus nutrients,
organic pollutants, and heavy metal pollutants;
principal factor 2 was closely related to heavy metal
pollution; and principal factor 3 was influenced by
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both heavy metals and cations. The 16 sampling
points were divided into 4 clusters according to the
score of three main factors. The comprehensive score
of S16 of cluster 4 was high, and the water quality was
bad.

(4) The single-factor evaluation result showed that using
the class V standard as the target standard, only S15
reached the standard, all other sampling points
exceeded the class V standard, and most of the
sampling points exceeded the standard because of
the content of TN. The evaluation results of the
comprehensive pollution index method showed that
the comprehensive pollution index at S14 and S16
was greater than 1, which was heavy pollution. For
S14 and S16 sites, the evaluation result of the uni-
versal exponential formula of logarithmic power
function was class V, which showed that these two
sites were seriously polluted compared with other
sites. According to the evaluation results of the
membership degree method, it could be seen that the
pollution of TN was serious and the water quality at
S16 was bad, which was consistent with the previous
evaluation results.

(5) The heavy metal pollution was most serious at S9,
S15, and S16 in the study area, and the main factors
causing heavy metal pollution were Ni, Fe, and Mn.
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Acid mine drainage (AMD) causes environmental pollution that affects many countries with historic or current mining industries.
The eco-remediation system (RW) which combined surface floating wetlands and bottom anaerobic sediments (SFW-BAS) was
selected for AMD-contaminated lakes (AMDW). Meanwhile, AMDW and nature aquatic ecosystems (NW) were set as the
control groups, respectively. The parameters, including pH, Eh, Fe, Mn, SO,>, and the degradation rate of the native dominant
plant litter were investigated to assess the effects of remediation. The results showed that the average of pH, Eh, and EC, was 2.73,
484.08 mv, and 2395.33 us-cm ™', respectively. The average content of SO, Fe, Mn, Cu, Zn, and Pb was 2190 mg-L ™", 40.2 mg-L ™",
4.6mgL7",249.2 ug L', 1563 ug-L ™", and 112.9 ug-L ™", respectively. The degradation rate of plant litters in AMDW ranged from
14.5% to 22.6%. However, RW ultimately improved the water quality and the degradation of litters. RW has a good effect on
buffering the acidity, ranging from 3.96 to 7.41. The pH of RW (6.14) is close to that of NW (7.41). The average content of SO4*",
Fe, Mn, Cu, Zn, and Pb was 2071 mg-Lfl, 34 mg-Lfl, 2.4 mg-Lfl, 85.3 [ug-Lfl, 607.4 yg~L71, and 47.8 yg-Lfl, respectively, which
showed good pollutant removal performance. The degradation rate of plant litters in RW ranged from 27.8% to 32.6%. Therefore,

RW can be used to remediate AMDW.

1. Introduction

Upon exposure to water and oxygen and as a result of the
activities of indigenous microbial populations, iron pyrite
(FeS,) and other sulphide minerals can be oxidized to form
acidic and sulphate-rich drainage, which is a consequence of
the mining and processing of metal ores and coals [1-3]. The
oxidation of pyritic mining waste is a self-perpetuating
corrosive process that has generated acid mine drainage
(AMD) eftluent for centuries or longer [4]. AMD is char-
acterized by a low pH and high levels of sulphate and toxic
metallic ions [2]. It is an important environmental issue
since it can degrade the waterways in and around mine
districts [5]. Both the terrestrial and aquatic ecosystems and
processes may be disturbed [6, 7]. In aquatic ecosystems, it
can be observed as a severe disturbance or even destruction
of the water quality and the functions, habitats, biological

communities, and species composition of these ecosystems.
Studies have shown that AMD could significantly decrease
the water quality [8, 9] and the activity of the invertebrates,
aquatic plants, or zoobenthos [10]. Additionally, it may also
affect the degradation of plant litter in the streams [11].
Therefore, there have been numerous studies devoted to
reducing AMD formation or to treating these waste waters
[6, 12]. However, few studies are designed to evaluate the
techniques for ecological restoration of AMD-contaminated
land or water. The optimized strategies are aimed to suppress
the formation of AMD by treating the acid-producing rock
directly and stopping/retarding the production of acidity at
the source. These techniques include the use of alkaline
amendments (e.g., limestone, hydrated lime, fly ash,
and waste phosphate rock) [13, 14], covering the tailings
with a layer of sediment or organic material (e.g., sewage
sludge, manure mixture, and olive pomace) [15], coating
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technologies (e.g., solid-phase phosphates, phospholipids,
and lipids) [16], the use of bactericides (e.g., sodium dodecyl
sulphate, benzoic acid, and sodium benzoate), or the use of
natural organic acids (e.g., fulvic acids, tannic acids, oxalic
acid, and humic acids) [17]. Since large quantities of AMD
are produced in the wider environment, the traditional
methods could not meet the requirements. The current
abiotic and bioremediative strategies for the remediation of
AMD have been considered “active” and “passive” processes.
The active treatment process involves abiotic remediation
strategies (the addition of a chemical-neutralizing agent, e.g.,
limestone, hydrated lime, pebble quicklime, soda ash, or
caustic soda) [14] and biological systems, such as sulphi-
dogenic bioreactors [18]. In the passive treatment process,
the abiotic technologies are mainly anoxic limestone drains
(ALD) [19], but the biological remediation strategies have
wider choices, such as wetlands [20] or compost bioreactors
[18], the reducing and alkalinity-producing system (RAPS)
[21], successive alkalinity-producing systems (SAPS), per-
meable reactive barriers (PRBs) [22], and iron-oxidizing
bioreactors. Nevertheless, these strategies are purposed to
suppress the formation of the AMD or to treat the pro-
duction before it enters the environment. It will not work on
already polluted water but on the wider environment, where
the natural ecological system has been destroyed by the
AMD. Surface floating wetlands are easy and cheap to
construct and therefore used to treat mine tailings water and
polluted rivers [23]. Surface floating wetlands are based on
the self-cleaning capability of plants to augment aquatic
projects and rapidly remove pollutants from water bodies
[23]. Furthermore, there was the potential of activated
sludge for the remediation of sulphur-rich wastewaters,
owing to its simplicity and low cost [24]. Activated sludge
could form suitable microbial community for AMD treat-
ment [24]. If SFW-BAS could be constructed, the removal
effects of contaminants from AMDW will increase with easy
and low cost.

In this study, there are characterized by an inherently
fragile ecosystem and sensitive processes of biogeochemical
cycling in the karst regions in southwest China. RW was
constructed to remediate AMDW, and RW included floating
aerobic wetlands on the surface and anaerobic sediments in
the bottom. AMDW and NW were set as the control groups,
respectively. The water quality (pH, Eh, EC, Fe, Mn, and
SO,*) and litter decomposition rate of NW, AMDW, and
RW were evaluated to compare to the remediation effect for
the contaminated waters. These findings would provide the
basic data of AMDW treatment.

2. Materials and Methods

2.1. Study Regions. The study was carried out at the Guizhou
province, located in the central karst region of Southwest
China, which has a well-developed karst landform [25]. It
has a moderate, subtropical, humid monsoon climate, which
is characterized by hot and wet summers and mild and
humid winters. Karst ecosystems are rich in water and
mineral resources and can provide unique habitats for
numerous fish and wildlife. Unfortunately, they are
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inherently fragile, at risk of degradation and vulnerable to
the environmental change (e.g., human habitation, mining,
and draining the sewage) [26]. Coal resources are extremely
abundant in the Guizhou Province, but the sulphur contents
in the coal are relatively high, with an average of 2.34% [27].
Because of the long time and large-scale mining activities of
the coal and metal mines, large volumes of sulphide waste
rock or tailings were discarded in this region. The main iron
sulphide minerals are pyrite and marcasite (FeS,), but
others, such as chalcopyrite (CuFeS,), covellite (CuS), galena
(PbS), and sphalerite (ZnS), also exist [3, 28].

2.2. Simulated Experiments. The simulation of the micro-
cosm aquatic ecosystems was carried out with six cylindrical
tanks, each with a height of 900 mm and an internal diameter
of 950 mm. A 15-20 cm layer of sediment from the Huaxi
Reservoir and a 60 cm layer of lake water were placed in
these tanks. The Huaxi Reservoir is a typical karst lake. The
submerged vegetation, including Vallisneria natans Hara,
Hydrilla verticillata, Ceratophyllum demersum L, pondweed,
and Ottelia acuminate, was planted in these tanks. These
microcosms were incubated in the open air, receiving
natural lighting and temperature throughout the year. The
cultivation lasted approximately three months, until these
microcosms could be self-sustaining, and they were set as the
simulation of the natural aquatic ecosystem (NW). Then,
four microcosms were treated with the AMD on a regular
basis, which were set as the simulation of the AMD-con-
taminated aquatic ecosystem (AMDW). Approximately two
months later, two of the AMDW microcosms were equipped
with an SFW-BAS treatment system, which was set as the
eco-remediation aquatic ecosystem (RW). The surface
floating wetlands consist of plastic foam or an empty bottle
made of lightweight material that floats, has basins with
holes in the bottom to be beneficial to the roots and for the
water to penetrate, has soil or another suitable medium to
support the vegetation, and contains vegetation that is a mix
of cattail, stick tight, Lolium perenne, Alternanthera phil-
oxeroides, and another native species. The bottom anaerobic
sediments were formed by the original addition of the ac-
tivated sludge and by constantly obtaining organic sub-
stances from the surface floating wetlands. The layout of the
system is shown in Figure 1.

RW was successfully built for the remediation of AMDW
(Figure 2). RW was in normal operation for 210d. Plants
grew well in the floating aerobic wetlands. There were fluffy
anaerobic sediments at the bottom. RW could promote
vertical interactions between the aerobic vegetation and
anaerobic microorganisms to remediate AMDW.

2.3. Sampling and Analytical Methods. The litter of the
native dominant woody species at the local shore, such as
Salix babylonica and Broussonetia papyrifera, and sub-
merged plants, such as Vallisneria natans Hara, Hydrilla
verticillata, and Ceratophyllum demersum L, was collected in
this study. The above selected litters were thoroughly cleaned
by water and air-dried prior to the reuse or storage. Five
grams of air-dried leaves were packed into 15 * 30 cm nylon
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FIGURE 1: Microcosm experimental setup. NW: simulating the natural aquatic ecosystem; RW: simulating the eco-remediation AMD-
contaminated aquatic ecosystem; AMDW: simulating the AMD-contaminated aquatic ecosystem. In the microcosm RW, an eco-re-
mediation system that combines floating aerobic wetlands on the surface with constructed anaerobic sediments in the bottom (SFW-BAS)

was employed.
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FIGURE 2: A pilot passive system for the remediation of an AMD-polluted ecosystem.

mesh bags with a mesh size of 2 % 2mm. The bags were
placed at the bottom of the microcosm and on the surface of
the sediments in quintuplicate at the three habitats repre-
senting NW, AMDW, and RW. The bags were retrieved 0,
15, 30, 60, 120, and 210d after they were mounted. The
decomposition rate was determined by direct measurements
of the weight losses from the litter bags [29]. The mass losses
were determined in oven-dried values (48 h, 60°C or until
constant weight) after a strict cleaning.

Synchronously, water samples were collected at a depth
of 0.2m. The pH, electrical conductivity (EC), redox po-
tential (Eh), and dissolved oxygen (DO) were determined in
the water of the microcosm systems. The pH and EC were
detected by a portable pH/EC/TDS instrument (HI 98129,
HANNA, Germany). The Eh and DO were recorded by a
potentiometer and DO6 probes, respectively. The water
samples for the metal analysis were filtered through 0.45 ym
membrane filters, acidified with nitric acid to pH <1, and

analysed by flame atomic absorption spectroscopy (WFX100
Beijing Ruili, China). The SO,>~ concentrations were de-
termined by the conventional ignition method in
gravimetry.

2.4. Data Analysis. All data were analysed with SPSS 13.0.
The differences in each evaluation index at different times
were compared with a single-factor analysis of variance
(ANOVA), and those in different microcosms were com-
pared with two-factor ANOVA. Moreover, Duncan’s mul-
tiple range was used to treat the average significant
difference among the multiple comparisons.

3. Results

3.1. Effects of Remediation on pH, EC, Eh, and DO. The water
in the microcosm NW was crystal clear, the submerged
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plants (Vallisneria natans Hara, Ceratophyllum demersum L,
Hydrilla verticillata, Potamogeton distinctus, and Ottelia
acuminata) were growing well, and fish and shrimps were
shuttling back and forth in the microcosms. The pH ranged
from 6.45 to 8.06 (with a mean of 7.46), and the DO varied
from 5.4 to 81mgL™" (with a mean of 7.26 mg-L’l)
(Figures 3(a) and 3(d)). The ECs were relatively low, with a
range of 310 to 810 ‘us-cm_1 (Figure 3(b)), and the Eh varied
from 150 to -100mV during the experiment time
(Figure 3(c)). These indexes agreed well with those of the
natural waters. The Fe, Mn, Cu, Zn, and SO,*>~ concentra-
tions remained at a very low level during the period of
observation (Figure 4), which can meet class III of the
environmental quality standards for surface water (GB3838-
2002, China).

In the microcosms AMDW, the water colour changed to
dark red, and the bottoms and walls became coated with a
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layer of ochre particles. All the submerged vegetation, fil-
amentous algae, fish, and shrimps disappeared. The average
of the pH was 2.73, with the lowest value being 1.38
(Figure 3(a)), and the water presented an obvious acidifi-
cation with a high salinity (1200-3750 us-cm™; Figure 3(b))
and Eh (420-690mv; Figure 3(c)). Simultaneously, the
concentrations of the contaminated ions and sulphate in the
AMDW were continuously increasing, with values dozens or
hundreds of times higher than those in NW (Figure 4),
which presented a typical AMD contamination [3].
Compared to the microcosm AMDW, RW had good
performance in raising the pH to neutral (Figure 3(a)),
buffering the strong oxidizing nature (Figure 3(c)) and re-
ducing the metal levels to environmentally permissible limits
(Table 1; Figure 4; GB3838-2002, China). The average of pH
in RW was 6.14, ranging from 3.96 to 7.41. The pH of RW
(6.14) is close to that of NW (7.41), indicating that RW had
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Ficure 4: Concentration variation of Fe, Mn, Cu, Zn, Pb, and SO42_ in NW, RW, and AMDW.



6 Journal of Chemistry

TaBLE 1: The Duncan multiple comparison of the typical pollution ions among NW, RW, and AMDW.

Fe (mg~L’1) Mn (mg~L’1) Cu (‘ug'L’l) Zn (‘ug~L’1) Pb (‘ug'L’l) SO, (mg~L’1)

NW 1.1+0.8 A'a? 0.0+0.0 * Aa 79.7 £55.8Aa 279.4 £40.4Aa 0.0+0.0 * Aa 324+ 144Aa
RW 34+32Aa 2.4+ 1.2Bb 85.3+62.3Aa 607.4 £ 389Aa 47.8£56.7Aa 2071 +352Bb
AMDW 40.2 + 14.0Bb 4.6+0.8Cc 249.2 +76Bb 1563 + 315Bb 112.9+£96.7Aa 2190 + 390Bb
F 48.478 41.108 17.009 31.6 2.651 70.95
p 0.00001 0.00001 0.0003 0.00001 0.1111 0.00001

Al is p value <1%; a” is p value <5%. *The value is less than IDLs (instrument detection limit).

good effects on buffering the acidity of AMDW. The mi-
crocosm RW also ensured regular growth and activity for the
microorganisms and benthonic animals (porous texture,
well-agglomerated microbes could be seen in the bottom of
the system, and there was a large amount of chironormus
larva in the water). However, these microorganisms and
benthonic animals consumed the DO intensively resulted in
anaerobic conditions and maintained a higher salinity than
in NW (Figures 3(d) and 3(b)).

3.2. Effects of Remediation on Fe, Mn, Cu, Zn, Pb, and SO
Compared to the microcosm AMDW, the ecological re-
mediation significantly reduced the concentrations of
harmful ions such as Mn, Cu, Zn, and Pb (Table 1 and
Figure 4), which have a trend of decreasing with time
(Figure 4). Except for Mn, the other metals meet class IIT of
the environmental quality standards for surface water. For
SO,2", remarkable reduction occurred from 120 to 210d (at
the surface of the constructed sediments, Eh: from —90 mV
to —255mV) [8]. Compared to the control microcosms
(AMDW), the sulphate concentrations decreased dramati-
cally from 2500 to 1700 mg-L_l (Figure 4(f); Table 1) due to
the high rates of sulphur removal [30]. However, the effect
was limited. Despite its sharp decline, it remains at a high
level with a value of over 1600 mg-L ™" after 210 d, which was
significantly higher than those in the blank microcosms
(NW) (<500 mg-L™").

3.3. Effects of Remediation of Degradation of the Litters.
The AMD significantly decreased the degradation rates of
the plants growing on the bank or submerged plants
compared with NW (Figure 5) and affected the normal
ecosystem function of the waters. Under NW conditions, the
highest values of the degradation rates of the litters were
observed (25-35%), and the rates continuously increased
and then became constant with time. After 210d, the deg-
radation rates of Salix babylonica and Broussonetia papy-
rifera were 58.1% (Figure 5(a)) and 52.6% (Figure 5(b)),
respectively, and those of Ceratophyllum demersum L,
Vallisneria natans Hara, and Hydrilla verticillata were 54.8%
(Figure 5(c)), 44.6% (Figure 5(d)), and 54.1% (Figure 5(e)),
respectively. The degradation rates in AMDW were notably
lower than those in NW at the same time (Figure 5), and
there are significant differences (Table 2). Additionally, the
degradation rates of the above ordered litters after 210 d were
only 36.58%, 35.09%, 20.7%, 30.5%, and 25.1%, respectively.

The degradation trend in RW was consistent with that
of NW. RW remediation significantly improved the

degradation rate of the litters and became more similar to
that of NW over time, which was preferable for the eco-
system function (Figure 5). The rates after 210 d were 44.7%,
46.6%, 49.4%, 43.4%, and 54.3%, respectively, and there were
no significant differences in Salix babylonica Ceratophyllum
demersum L, Vallisneria natans Hara, and Hydrilla verti-
cillata compared with NW (Table 2). However, the rates still
had large variations within NW (Figure 5), which indicated
that it will be hard to recover the ecosystem once it is
destroyed.

4. Discussion

In this study, we developed a pilot passive system for the
remediation of an AMD-polluted ecosystem. This system
combined both the floating aerobic wetlands on the surface
and constructed anaerobic sediments at the bottom, which
can promote vertical interactions between the aerobic
vegetation and anaerobic microorganisms (Figure 6). On the
lake’s surface, the floating aerobic wetlands are partially
installed, and the associated oxidation and hydrolysis re-
actions can eventually result in the precipitation of dissolved
metals [31]. In addition, to some extent, the filtering, uptake,
adsorption and exchange by plants, soil, and other biological
materials could remove the metals and other ions [3, 32]. At
the lake’s bottom, the constructed anaerobic sediments can
promote the anaerobic bacterial activity, which ultimately
results in a series of reduction reactions and the subsequent
precipitation of metal sulphides and generation of alkalinity
[12, 33]. The low-cost natural products and wastes such as
straw, wood chips and saw dust, spent mushroom compost,
mixed manure, and potatoes [34, 35] were used as organic
substrates in the AMD treatment systems to create reducing
conditions. In this study, we used residual sludge from the
municipal wastewater treatment plant as the first organic
substances. The sewage sludge contains abundant and easily
degradable organic matter, nitrogen, and phosphorus, which
can quickly create anaerobic environments for the microbial
consortia within the sediments in the pilot experiments.
When RW is stable, the organic substrates could continu-
ously be obtained from the surface wetland. Overall, this
remediation system involves two parts of the surface and the
bottom, providing a combination of aerobic and anaerobic
environments and their interactions. The surface floating
wetlands provide an ongoing supply of organic substances to
the bottom (like acid reduction using microbiology (ARUM)
by Kalin [36], which continuously provides nutrients for the
reducing bacteria to establish and maintain reductive con-
ditions in the sediment and ameliorate the lake’s pH. Within
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FiGURre 5: The degradation trend of the five plant litters in NW, AMDW, or RW. Salix babylonica and Broussonetia papyrifera are native
dominant woody species at the local shore; Vallisneria natans Hara, Hydrilla verticillata, and Ceratophyllum demersum L are native

dominant submerged plants in the Huaxi Reservoir.

TasLE 2: The Duncan multiple comparison of the litter decomposition rate among NW, RW, and AMDW (%).

Salix babylonica  Broussonetia papyrifera  Ceratophyllum demersum L Vallisneria natans Hara  Hydrilla verticillata

3324184 A'a® 37.4+19.6 Aa 349+19.3 Aa 33.0+£17.2 Aa 34.8+20.1 Aa

30.4+16.2 ABa 29.9+16.9 ABb 30.9+£18.0 Aa 27.8+16.0 ABa 32.6+19.4 Aa

AMDW 24.2+12.7 Bb 22.6+11.7 Bc 17.1+10.5 Bb 17.3+10.4 Bb 14.5+8.7 Bb
9.762 17.067 12.274 9.985 13.331
0.0045 0.0006 0.002 0.0041 0.0015

Al b% Al is p value <1%; b* is p value <5%.
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the bottom constructed sediments, the decomposition of the
additive sewage sludge or organic substances from the
surface wetlands is always occurring. These processes can
form inorganic C, N, and P, which will diffuse to the surface
waters for the surface wetland plants to grow and remove
metals by the adsorption or exchange from the water
column.

Effectively buffering the acidity in these systems is a
crucial issue in this study. The generation of alkalinity to
buffer the acidity in acidic aquatic ecosystems is a reme-
diation process that occurs spontaneously in nature [37].
The primary production of the photosynthetic organisms
(e.g., phytoplankton, periphytic algae, or moss) is associated
with natural alkalinity-generating processes in acidic sys-
tems [12, 33]. However, consuming acidity by biological
reduction in the sediments or under anaerobic conditions
plays an important role [33, 38]. In most aquatic ecosystems,
the bottom sediments are under anoxic conditions. Under
these anaerobic conditions, the nitrate reduction (denitri-
fication), manganese reduction, iron reduction, and sulphate
reduction would occur in an orderly fashion [33]. These
reduction reactions are mediated by the indigenous mi-
croorganisms in anoxic environments where the appropriate
electron acceptors (NO5~, Mn*', Fe’*, and SO,*") and
electron donors (usually organic substances) are present.
These processes consume hydrogen ions (H"), which leads to
an increase in the pH [12, 33].

For those alkalinity-generating processes, RW effectively
increased the pH of the waters in the lakes (Figure 3(a)),
which promoted the precipitation of metals. Therefore, most
metal ions with low K, such as Fe, Mn, Cu, and Zn, could
form soluble hydroxides or carbonates [39, 40]. The main
metal ions, such as Fe and Al, formed hydroxide colloids,
which can be adsorbed into organic compounds and several
kinds of ions, and then coprecipitated [41, 42]. When these
series of reactions progresses, the precipitation of oxides,
hydroxides, and other organic particulates can result in the
movement of these metals from the water column into the
sediments [43]. The bottom constructed sediments will
create anaerobic environments. Under these conditions, the
anaerobic and sulphate-reducing bacteria can use the sul-
phate to oxidize the organic matter and release bicarbonate
and hydrogen sulphide [44]. Then, the produced hydrogen
sulphide readily reacts with the dissolved metals to form
insoluble metal sulphides that subsequently precipitate.
Ultimately, the elimination of most of the above ions
(Figure 4) results in a gradual decline in EC (Figure 3(b)).

The plants on the banks and those that are submerged are
more important to the biological component in aquatic
ecosystem [45]. The decomposition of these litters plays a
vital role in the normal circulation of materials, energy flow,
and the health and stability of the aquatic ecosystem [29]. It
is of great significance to employ litter degradation as an
indicator for evaluating the effects of contamination and
eco-remediation. The organic matter will be converted into
inorganic matter by a large number of microbes and ben-
thonic animal communities in NW for the continuous
degradation of the litter [46], in which the microbes are
active, breed normally, and have a better degradation effect

(Figure 4) due to the neutral pH and the absence of harmful
substances. However, in AMDW, not only are the activity of
the aquatic organisms and the richness and quantity of the
microbes and benthonic animals markedly inhibited due to
the low pH (2.73); high salinity; high concentrations of Fe,
Mn, Cu, Zn, Pb and other toxic elements; and the rust-like
suspended particles [33], but the degradation rates of the
litters are also decreased. AMD pollution could cause long-
term impairment to the waterways and biodiversity, which
has serious human health and ecological implications [47].

5. Conclusions

The ecological remediation conducted in this study had good
effects on buffering the acidity and removing metals and
sulphate, which ultimately improved the water quality and
the degradation of litters. However, there are large differ-
ences between the NW and RW in the anaerobic situation,
primarily in terms of increasing the organic matter. The eco-
technological remediation technology may be used as a
pretreatment stage for the lake’s water column. More studies
are needed to develop a real and a sustainable remediation
system in AMDW.
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In the Xining area of Huangshui River, China, the concentrations of globally alarming toxic heavy metals such as chromium (Cr),
arsenic (As), lead (Pb), cadmium (Cd), and zinc (Zn) in the surface sediments were measured to determine the ecological risks to
the riverine ecosystem. Overall, the concentrations of heavy metals in the surface sediments were relatively high. The results
indicated that the concentrations of Pb/Zn/Cr were lower than 120/250/200 mg-kg ™' which was the risk screening value of each
heavy metal for soil contamination of agricultural land (GB15618-2018). The concentrations of As/Cd were higher than 120/
3.0mgkg " which was the risk intervention value of As/Cd for soil contamination of agricultural land (GB15618-2018). Their
values were arranged in the following decreasing order: As (151.23-818.55mgkg ') >Cr (44.18-201.70 mg-kg™") > Pb
(29.10-121.95mg'kg ") > Zn (1.45-86.18 mgkg ') > Cd (4.36-6.21 mg-kg™"). The concentrations of As, Cr Pb, and Cd greatly
exceeded the background contents of elements in Qinghai soils. While Zn was lower than background. The contamination factor
(CF), the geoaccumulation index (Ig,), and the potential ecological risk index (RI) of As, Cr, Cd, and Pb followed the descending
order of Cd> As>Pb>Cr>Zn. The order of the enrichment factor (EF) was as follows: As>Cd>Pb > Cr>Zn. The con-
tamination level of heavy metals implied that the condition is frightening and probably severely affecting the aquatic ecology. Cd
and As were the main contributing elements to the ecological risk of the sediments in the Xining area of the Huangshui River,

which should be mainly studied and prevented.

1. Introduction

River serves a set of economic, cultural, and ecological func-
tions such as transportation, ecotourism, aquaculture, agri-
culture, ecological habitat, and ecological defense impacts.
However, human activities have a significant negative impact
on the river shore regions and aquatic resources. The input of
many bioaccumulative and persistent pollutants from an-
thropogenic activities might cause serious ecosystem issues
[1-3]. Many rivers have been continuously threatened by
various contaminants [4, 5]. In a consequence of their non-
biodegradation, biomagnification, and toxicity, heavy metals
are considered as one of the world’s most hazardous con-
taminants in the riverine aquatic environment [2, 6, 7]. In fact,
different studies were performed on heavy metal accumulation
in subsurface sediment and in many biochemical cycles [8-10].

Huangshui River is one of the most important rivers in
the northeastern part of Qinghai Province. The water quality
and quantity of Huangshui River is the research focus of
many scholars. The research on the Huangshui River water
body mostly focuses on the water quality of the river and the
spatial and temporal distribution of pollutants [11-14]. Li
et al. studied the impact of Huangshui River water quality on
benthic fauna during the process of urbanization and an-
alyzed the impact of water quality on the ecological envi-
ronment from the perspective of biological habitats [15, 16].

There are few studies on the Huangshui River sediments.
Chen and Huang studied the macroelement geochemical
characteristics of the Huangshui River sediments from
Huangyuan to Ledu and analyzed the relationship between
chemical weathering index and regional natural climatic
conditions [17, 18]. Zeng studied the overall situation of
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FIGURE 1: Sampling sites of Huangshui River.

heavy metal pollution along the Huangshui River by mea-
suring the heavy metal content in the surface sediments and
river water and the surface soil of the Huangshui River in
Xining [19]. Few relevant studies have been conducted in the
region; the studies that have been conducted have focused on
a few areas. These indicated that the research on heavy
metals in river sediments is not well studied.

Unlike some organic pollutants that can be partly de-
graded, many of the heavy metals accumulated in sediments
for along period pose severe toxicity risks. In addition, when
water environmental conditions change, they will be re-
leased into water again, causing secondary pollution of water
[20]. River sediment is the source and sink of heavy metals
and other pollutants in the water environment. It is complex
and essential for the ecosystem health, which deserves more
investigations. The study fully considered the occurrence,
spatial distribution, pollution status, and ecological risk of
heavy metals in river sediments. It could reveal the migration
and transformation of heavy metals between river water and
sediments [21], help people better understand the change of
the characteristics of heavy metals in the water environment,
and provide a basic understanding of heavy metal pollution
control in rivers.

2. Materials and Methods

2.1. Study Sites and Samples. Huangshui River is a tributary
of the upper reaches of the Yellow River. It originates from
Baohutu Mountain in Haiyan County, Qinghai Province,
northwest of China. It has a wide valley and pleasant climate,
giving birth to the plateau civilization for thousands of years.
The narrow Huangshui River valley is home to nearly 60% of
the population, 52% of the cultivated land, and more than
70% of the industrial and mining enterprises in Qinghai

Province. Therefore, Huangshui River is called the “Mother
River” of Qinghai Province. It is one of the main sources of
the Yellow River. Some areas are 2000-4000 m above the sea
level. The climate of the Huangshui River basin has the
continental characteristics of plateau drought and semi-
drought, and the average annual temperature is 2.8-7.9°C,
the precipitation is 360-540mm, and evaporation is
1100-1800 mm. The precipitation from May to September
accounts for 81-88% of the annual precipitation.

Based on the characters of land form and intersection of
the main stream and tributaries, Xining area of Huangshui
River basin was investigated. To collect the inshore sediment
samples, 16 sampling points were selected using the global
positioning system (GPS) at 1.4 km interval going upstream
to downstream (Figure 1) in 2018. The name of sampling
stations was marked S1-S16 (Table 1).

Due to the actual terrain conditions, sampling point S8
was too deep to get the sample. Sampling point S10 was in
the underground river of the Xining railway station area. No
samples were collected. So, a total of 14 sediment samples
were collected.

About 1 kg of surface sediments (at a depth of 0-10 cm)
from the Huangshui River were collected at each sampling
point with plastic spade, which were stored in clean and
sterile polyethylene bags and then carried to the laboratory.

2.2. Sample Pretreatment and Instrumental Analysis.
After removing foreign objects (leaves, rocks, snails or shells,
and plant roots), sediment samples were dried naturally in
the laboratory at room temperature and then were processed
for grain size analysis. The sediment sample were passed
through a 100-mesh sieve for analysis.

1 g of each sample was digested in 25 mL Teflon crucibles
on the electric heating plate in mixed solution of HCI-
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TaBLE 1: Description of sampling points in the Huangshui River.

Sample number Latitude Longitude Sampling position

S1 36°39'12" N 101°40'35" E Xining Special Steel Park
S2 36°39'15" N 101°42'6 E Haihu Wetland Park

S3 36°39'11" N 101°43'1" E Western Suburb Park

S4 36°38'57" N 101°43'2" E Haihu Middle School

S5 36°39'7" N 101°44'2" E Culture Park

S6 36°38'27" N 101°45'27" E People’s Park

S7 36°38'12" N 101°46'10" E Local Police Station of Qilian road
S9 36"42" N 101°47'40" E Morning Market of Wuyi road
S11 36°36'22" N 101°48'57" E Lianhe Village Mosque
S12 36°36'3" N 101°49'32" E Huangzhong Road

S13 36°35'25" N 101°50"2" E Bridge of Minhe Road
S14 36°34'56" N 101°50'22" E Jingxifeng Wetland Park
S15 36°34'23" N 101°51'56" E Tuanjieqiao Market

S16 36734'3" N 101°52'41" E Ninghu Wetland Park

HNO;-HF-HCIO,, according to the National Standards of
People’s Republic of China (HJ 832-2017). The concen-
trations of As, Cr, Zn, Pb, and Cd in sediments were de-
termined by the atomic absorption spectrophotometer
(AAS, TAS-990, Beijing General Analysis).

Three parallel samples were used for all samples to
control the relative error of each sediment sample which was
less than 10%. Moreover, statistical analysis was performed
by SPSS 2019. Origin 2019 was used for data visualization.

2.3. Pollution and Ecological Risk Assessment. The contam-
ination factor (CF), enrichment factor (EF), and geo-
accumulation index (I,,) are used to assess the pollution
and enrichment levels of heavy metal. Potential ecological
risk index (RI) was used as pollution indices to assess
ecological risks of heavy metals.

2.3.1. Contamination Factor (CF). The contamination factor
(CF) is the ratio of the concentration of heavy metals and the
background value in the soil. It was introduced by Hakanson
and used to describe the contamination level of a substance
[22].

(1)

where CF, is the contamination factor for pollutant, C; is the
concentration of the heavy metal in the sediment sample
(mg-kg™"), and B; is the background concentration for this
heavy metal (background contents of elements in soils of
Qinghai Province, Table 2) (mg-kg_l).

There are four grades of CF: low degree (CF; < 1), mod-
erate degree (1 < CF,; < 3), substantial degree (3 < CF; < 6), and
very high degree (CF; > 6) [23].

2.3.2. Enrichment Factor (EF). The enrichment factor is
considered as a normalized method to indicate differential
variability of heavy metals in sediments from the anthro-
pogenic and natural metal sources [24]. This involves the
standardization of heavy metals in sediment with reference
elements such as aluminum (Al), iron (Fe), manganese

TaBLE 2: The background concentrations of heavy metals in
Qinghai Province.

Heavy metals Cr As Pb Cd Zn

Background concentrations

° 701 14 209 0.137 80.3
(mgkg™")

(Mn), titanium (Ti), selenium (Se), lithium (Li), and cesium
(Cs) [25-27]. In this study, Li was been chosen to normalize
metal concentration because it basically comes from natural
sources. The following equation is used to define the nor-
malized EF of heavy metals:

(Cl/[Ll] )sample
EF, = ——__-smpe
l (Bl/[Ll] )background

where C; is the concentration of the heavy metal in the
sediment sample (mgkg '), and B; is the background
concentration for this heavy metal (mgkg™"). Background
contents of elements in soils of Qinghai Province were used
to calculate. There are five categories of contamination rec-
ognized: moderate enrichment (2 < EF < 5), moderately severe
enrichment (5 < EF < 10), severe enrichment (10 < EF < 25),
very severe enrichment (25 < EF <50), and extremely high
enrichment (EF > 50) [28].

(2)

2.3.3. Geoaccumulation Index (Ig,). The geoaccumulation
index was suggested by Muller [29]. It is a geochemical
approach for estimating the enrichment of metal concen-
trations above background or baseline concentrations.
Studies have shown that it is an efficient tool for charac-
terizing the sediment pollution levels.
The geoaccumulation index (I,,) indicates the pollution
by heavy metals. It is calculated as follows:
I (3)

= log,—2%-,
geo 1.5B,
where C, and B, are the heavy metal concentrations in
sample (mgkg ') and its geochemical baseline concentra-

tion (mgkg '), respectively. The constant factor 1.5 is in-
troduced to minimize the effect of possible variations in the
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TaBLE 3: The concentrations of heavy metals in the sediments of Huangshui River (mg-kg ™).

s Cr As Pb Cd Zn

e Mean SD Mean SD Mean SD Mean SD Mean SD
S1 63.55 0.40 414.93 0.07 80.05 0.07 6.21 0.11 27.70 0.26
S2 44.18 0.45 151.23 0.14 42.75 0.23 5.74 0.03 6.95 0.07
S3 82.68 0.40 425.83 0.25 91.30 0.15 4.53 0.22 35.78 0.09
S4 77.35 0.42 464.20 0.23 29.10 0.09 4.39 0.13 86.18 0.08
S5 86.03 0.12 498.55 0.22 85.80 0.11 4.50 0.13 17.95 0.03
S6 139.85 0.22 499.38 0.41 89.20 0.14 4.36 0.11 34.23 0.08
S7 198.13 0.56 671.05 0.16 106.25 0.15 4.68 0.23 5.90 0.23
S9 190.90 0.29 788.35 0.54 115.60 0.51 4.71 0.33 513 0.11
S11 138.75 0.28 473.48 0.33 94.35 0.77 4.80 0.08 2.78 0.08
S12 200.20 0.22 818.55 0.32 116.00 0.08 4.82 0.12 3.50 0.11
S13 201.70 0.45 718.98 0.15 121.95 0.06 5.10 0.08 5.60 0.25
S14 186.25 0.35 532.78 0.14 88.95 0.38 5.09 0.06 3.00 0.11
S15 157.95 0.02 293.90 0.24 54.50 0.44 491 0.07 1.60 0.09
S16 161.25 0.21 362.58 0.28 57.00 0.22 5.15 0.04 1.45 0.10

geochemical background values, which may be attributed to
mineralogical variations in the sediments [30]. The geo-
chemical baseline concentrations of heavy metals in study
area were referred to background contents of elements in
soils of Qinghai Province [31]. Degrees of contamination are
typically divided into six classifications based on Iy, values
[32]. Classification I (Ige, < 0) represents unpolluted, clas-
sification II (0 < I, < 1) represents unpolluted to moderated
polluted, classification III (1 < I, < 2) represents moderated
polluted, classification IV (2 < Ig, < 3) represents moderate
to heavily polluted, classification V (3 < I, <4) represents
heavily polluted, classification VI (4<I,,<5) represents
heavily to extremely polluted, and classification VII (Ige, > 5)
represents extremely polluted.

2.3.4. Potential Ecological Risk Index (RI). Ecological risk
index (RI) is a sedimentological approach for ecological
assessment using a diagnostic tool developed by Hakanson
[22]. This method not only pays attention to the amount of
heavy metals but also combines the ecological effect with the
toxicology. Therefore, it can intuitively show the toxicity of
heavy metals and its harm to biology. The calculation of Rl is
on the basis of the assumption that the sensitivity of the
aquatic system depends on its productivity. It can be de-
termined through the following formula:

o
ch ==,

S 4
E, =T, xCl, )

RI=) E,
where Cfi represents the contamination factor, C' is the
concentration of the heavy metal (mg-kg_l), and C.' is
background values (mgkg™). If E/<45, RI<150, it is
ranked as low risk; if 45<E,<90, 150 <RI<300, it is

moderate potential ecological risk; if 90<E, <180,
300 < RI < 600, it is considerable potential ecological risk; if

180 < E,' < 360, it is ranked high potential ecological risk; if
E,>360, RI> 600, it may cause a very high risk for envi-
ronment. T} is the toxic response factors (Cd: 30; Cr: 2; Pb: 5;
Zn: 1; As: 10) [33].

3. Results and Discussion

3.1. Concentrations and Spatial Distribution of Heavy Metals.
Table 3 provides the concentrations of 5 heavy metals in 14
surface sediments from Xining area of Huangshui River.
Among the sampling sites, a broad range of heavy metal
concentrations was observed. The spatial distribution of As,
Cr, and Pb exhibited the similar trend (Figure 2).

The variation of As concentration was 151.23-
818.55mgkg ', with an average of 508.13mgkg '. The
concentration of As in all sampling points of sediment was
higher than the risk intervention values for soil contamination
of agricultural land (GB15618-2018) [34] seriously and gen-
erally increased first and then decreased, with a sharp decline
at sampling points S2 and S11 (Figure 2(a)). However, the
concentration of As was still in a high range, and the pollution
of As in the sediments of Huangshui River was very serious.

Cr concentrations varied in the range of 44.18-
201.70 mg-kg ™", which were lower than the risk screening
values for soil contamination of agricultural land. In the
Xining area of Huangshui River, the concentration of Cr in
sediment gradually increased. From sampling site S6, it
increased significantly and maintained a high concentration
level within a certain distance, while at sampling site S11, it
decreased significantly (Figure 2(b)). The concentration of
Pb varied in the range of 29.10-121.95 mg-kg ', which was
lower than the risk screening values for soil contamination
of agricultural land. Its variation trend was basically the
same as that of As and Cr. The concentration at sampling site
S11 decreased significantly. During sampling site investi-
gation, it was found that there were construction projects in
the middle reaches, which may be the cause of lead pollution.

The concentration of Zn was lower than the background
value of soil content in Qinghai Province and the risk
screening values for soil contamination of agricultural land.
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FIGURE 2: Variation of heavy metals concentrations in the sediments. (a) As; (b) Cr, Pb; (c) Cd, Zn.

Zn exhibited a nonfluctuating pattern with lower values
(Figure 2(c)). Therefore, it can be preliminarily judged that
there is no Zn pollution in the sediments of Huangshui
River. Cd concentration varied from 4.36mgkg ' to
6.21 mg-kg™' with the maximum value near S1 which
exceeded t, the risk intervention values for soil contami-
nation of agricultural land seriously. It indicated that Cd
released from Xining Special Steel Co., Ltd. affected the
concentration of heavy metals in sediments of Huangshui
River.

The concentrations of Cr, Pb, As, and Cd were higher
than the corresponding values of soil elements in layer A of
Qinghai Province. The order of the heavy metals concen-
tration was as follows: As>Cr>Pb>Zn>Cd.

The concentration and variation trends of Pb and Cd
were similar to those of previous studies [14, 18, 19]. But as
for As and Cr were quite different. Most of the concentra-
tions of five heavy metals were clearly greater than previous

studies. Different sampling sites may be the reasons for such
differences. Moreover, the reason for exceeding the standard
and background values of heavy metals in sediment is that
Xining Special Steel Co., Ltd. in the upstream area expands
production scale year by year and the increase of new
construction sites along the Huangshui River. The rapid
urbanization process and development of transportation
result in the accumulation of heavy metals in river sediments
[35, 36].

3.2. Assessment of Heavy Metals Pollution in Sediment.
The mean contamination factor (CF) values of Cr, As, Pb,
Cd, and Zn were 1.97, 36.29, 4.01, 35.97, and 0.02, re-
spectively (Figure 3). The contamination factor value for Zn
was low (CF < 1). In contrast, As and Cd showed very high
levels of contamination at all locations. Cr showed moderate
levels of contamination (except at S1 and S2 which was low
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degree). Overall, the descending order of Cd> As>Pb>
Cr > Zn for CF was found as heavy metals in the sediment of
Huangshui River.

Figure 4 shows the EF values of heavy metals studied in
this work. As and Cd recorded extremely high enrichment
(average EF =136.88 and 51.60, respectively). Cr indicated
moderate to moderately severe enrichment (1.04 < EF <
11.66 with the average of 7.15). Pb recorded severe en-
richment (average EF =15.39). Zn showed no enrichment
(EF <1 except S3, 4, and S6). Since EF values represented
the difference between anthropogenic and natural sources of
heavy metals, the results suggested that emissions of As, Cd,

Cr, and Pb from human activities had an impact on the river
environment. Researchers have found similar results in
other water environments [37-39].

Thus, with respect to the background concentration
values, the surface river sediments are observed to be highly
polluted with As and Cd. The order of the EF values was as
follows: As>Cd>Pb>Cr>Zn.

The potential ecological hazard index E,’ and compre-
hensive potential ecological hazard index (RI) of Cr, As, Pb,
Cd, and Zn are shown in Figure 5. The E,’ values of Cr, Pb,
and Zn were less than 45, indicating low ecological risk. E,’
for As were higher than 180 which indicated high risk
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TaBLE 4: Geoaccumulation index and pollution classification of heavy metals in sediments.
Sit Cr As Pb Ccd Zn
ite
Loeo Classification I, Classification Loeo Classification Lyeo Classification Loeo Classification
S1 -0.73 0 4.30 5 1.35 2 4.92 5 -2.12 0
S2 -1.25 0 2.85 3 0.45 1 4.80 5 -4.12 0
S3 -0.35 0 4.34 5 1.54 2 4.46 5 -1.75 0
S4 -0.44 0 4.47 5 -0.11 0 4.42 5 -0.48 0
S5 -0.29 0 4.57 5 1.45 2 4.45 5 -2.75 0
S6 0.41 1 4.57 5 1.51 2 4.41 5 -1.82 0
S7 0.91 1 5.00 5 1.76 2 4.51 5 —4.35 0
S9 0.86 1 5.23 6 1.88 2 4.52 5 —4.55 0
S11 0.40 1 4.49 5 1.59 2 4.55 5 -5.44 0
S12 0.93 1 5.28 6 1.89 2 4.55 5 -5.10 0
S13 0.94 1 5.10 6 1.96 2 4.63 5 -4.43 0
S14 0.82 1 4.67 5 1.50 2 4.63 5 -5.33 0
S15 0.59 1 3.81 4 0.80 1 4.58 5 -6.23 0
S16 0.62 1 4.11 5 0.86 1 4.65 5 —-6.38 0

(except considerable risk for site S2). Cd has extremely
serious ecological hazard risk. Considering the ecological
risk index (RI) all stations was at extremely high risk, mainly
due to the high content of Cd in the sediments. The order of
the RI values was as follows: Cd > As>Pb > Cr > Zn. High
ecological risk induced by these five heavy metals demon-
strates that human activities have greatly affected the river
environment. At the same time, rivers can release these
pollutants again, causing ecological risks [40, 41].

Based on Table 2, the geoaccumulation index (I,,) and
comprehensive pollution classification of Cr, As, Pb, Cd, and
Zn are given in Table 4. The I, values indicated that no
sampling site was observably polluted by Zn. The upstream part
was not polluted by Cr, while the middle and downstream part
was mildly to moderately polluted. Two-thirds of the sampling
sites were mildly to moderately polluted by Cr. All sampling
sites (except S4) were moderately polluted by Pb. Both As and
Cd were highly polluted and extremely polluted. The order of
the Iy, values was as follows: Cd > As > Pb > Cr > Zn. Sedi-
ments always reflect the contamination history of water bodies

[42]. It can be inferred that the heavy metals in sediments in
Xining area of Huangshui River have existed for a period. This
is also confirmed by previous studies [11, 16, 17, 19].

In general, there is no difference between the results of
CF, Igco, and RI. The only difference lies in the EF risk order
of Cd and As. For the studied sediments, the four methods
show medium to extreme risk.

This implies that although the total concentrations of Pb
and Cr are relatively low, the high toxicity and mobility of
them in sediments can lead to high risk to the Huangshui
River area. The concentration of Zn in the sampling area is
lower than the background concentration. Relatively small
range of metal distribution indicates that these metals are
mainly from natural sources [43].

4. Conclusion

Analyses of heavy metals concentrationsin 14 surface sediments
from Xining area of the Huangshui River led to the following
order of heavy metal concentrations: As> Cr>Pb>Zn > Cd.



The concentrations of Pb, Zn, and Cr are low, which are below
the risk screening values for soil contamination of agricultural
land. Asand Cd pollution are very serious. Their concentrations
exceed the risk intervention values for soil contamination of
agricultural land. The distribution of heavy metals within the
studied section revealed that a fluctuating pattern, but there
were some individual samples containing high proportion of
certain metals. Furthermore, based on 4 different pollution
indices, the order of the ecological risk is as follows:
Cd > As>Pb>Cr>Zn. Cd and As are the main contributing
elements to ecological risk in Xining area of Huangshui River.

The results of this study give valuable information about
heavy metal distribution in surface sediments from
Huangshui River. Moreover, the study suggests initiating a
long-term monitoring program to improve the under-
standing of the behavior of such metals and the temporal
changes of the environment.
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Untreated or inadequately treated domestic wastewater has adversely affected the aquatic environment and public health in many
cities in Vietnam. A conventional anaerobic-anoxic-oxic (AAO) process is recognized as an easy-to-handle approach that
constrains chemical use during the procedure. Herein, we improve an AAO system by adding more oxic orders in association with
a biological membrane in order to increase the hydraulic retention time (HRT) of the oxic zone in the system. The investigated
system was applied to the treatment of real domestic wastewater during 168 days of operation. The performance of the system
reached a stable state after 60 days of operation. The removal efficiency of total nitrogen (TN), total phosphorus (TP), total
suspended solids (TSS), biological oxygen demand (BODs), and chemical oxygen demand (COD) was found to be 93.6 + 3.0%,
91.9 +3.5%, 88.6 + 1.2%, 82.6 + 1.4%, and 71.8 + 0.7%, respectively. After the operation process, the TN, TP, and TSS contents in
the wastewater effluents met the A level in accordance with the QCVN 14-MT:2015/BTNMT regulation, and the effluents of COD
and BODs almost satisfied the requirement, with only some points being slightly higher than the limit values. The obtained data
revealed that the AAO/O system was capable of treating domestic wastewater in small and medium-sized domestic wastewater

treatment facilities.

1. Introduction

Wastewater treatment is one of the most pressing challenges
for developing nations [1, 2]. Due to the rapid pace of
population growth, organic compounds and nutrients from
municipal wastewater have increased day by day and have
contaminated the watercourses. More seriously, the un-
treated wastewater is mostly discharged into sewage sludge
systems without any suitable treatment [2, 3]. Disqualified
domestic wastewater is the most terrifying cause of water
pollution and the leading threat to the global environment
[4]. In Vietnam, the full-design capacity of the 24 existing
centralized wastewater treatment plants is about 670,000 m*/
day; however, only 10% of urban wastewater is treated [5].
As a result, many cities in Vietnam have confronted negative
effects not only on the quality of the surface water sources

but also on the life and health of the residents [6]. Therefore,
the development and application of domestic wastewater
treatment before disposal is a necessary and urgent task in
this developing country.

The constituents of wastewater originating from
households consist of nitrogen, phosphorus, and broad
groups of organic matters [7]. Common technologies for the
treatment of this type of wastewater are anoxic-oxic (AO)
[8, 9], AAO [10-12], University of Cape Town (UCT)
[13, 14], the sequencing batch reactor (SBR) [15, 16], and
membrane bioreactor (MBR) [13, 17]. When applied to
domestic wastewater, they have shown relatively high per-
formance towards several bulk parameters, including COD,
TN, TP, and TSS [8, 15, 16]. Many prevalent technologies
based on this combination have been developed. Each
method has its own advantages and disadvantages. The most
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appropriate method can be chosen based on cost-efficiency and
the properties of the wastewater [18, 19]. Among those tech-
niques, many researchers have indicated the superiority of the
AAO process which involves biological processes conducted in
anaerobic, anoxic, and oxic conditions [20]. This process has
superior properties, such as being simpler than other simul-
taneous nitrogen, organics, and phosphorus removal processes.
It has a short hydraulic retention time, a strong impact load
resistance, and low operating management costs [21].

In the AAOQ process, the hydraulic retention time (HRT)
is a critical operating parameter affecting the biological
treatment, the infrastructure, and the operational cost in the
design and operation of wastewater treatment plants
(WWTPs) [22, 23]. HRT that is too short can result in less
contact time between the substrates and microorganisms,
thereby decreasing the treatment efficiency of the pollutants
in wastewater [23, 24]. The HRT is influenced by the geo-
metric dimensions of the reactor [25]. In order to increase
the HRT in WWTPs, an additional tank volume is normally
required [26], possibly leading to an increase in the overall
operational cost and difficulty in controlling the HRT.
Modifying a conventional AAO model is, therefore, a
promising way to improve the efficiency of the system.

In this study, the AAO model was modified by adding an
oxic zone in association with a biological membrane to
increase the HRT in order to provide more contact time
between the microorganisms and substrates. The investi-
gated system is called the AAO/O model. The designed
system was applied for the treatment of real domestic
wastewater from a household in Vietnam. The investigated
parameters including pH, BODs, COD, TN, TP, and TSS
were evaluated based on the allowable pollution parameters
of Vietnamese environmental standards.

2. Materials and Methods

2.1. Materials. Raw wastewater was collected from the in-
fluent waste pipe of a household located in Phu An Com-
mune, Ben Cat town, Binh Duong Province, Vietnam. The
influent ranges of pollution parameters in the investigated
domestic wastewater are given in Table 1. According to
Vietnamese environmental standards, the national technical
regulation on domestic wastewater (QCVN 14:2015/MT-
BTNMT) discharging into the water sources serving the tap
water supply is given in Table 1. These values were used to
compare and determine whether the influent and effluent of
the pollution parameters satisfied the requirement in order
to evaluate the effectiveness of the AAO/O system.

2.2. Reactor Setup and Operation. The applied AAO/O
model was designed as a small and multisection system with
an average treating capacity of 0.5 m*/day, which is suitable
for wastewater treatment of 5-member households. The
designed specifications, schematic, and simulation diagrams
of the studied model are given in Table 2 and Figures 1 and 2,
respectively.

In the operation of the investigated AAO/O model, the
influent wastewater was first discharged into an anaerobic
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TaBLE 1: The influent range of pollution parameters and their

limitation values according to Vietnamese environmental
standards.
Limitation values of
. Influent range pollution parameters
Pollution . . according to
Unit  of pollution -
parameters Vietnamese
parameters .
environmental
standards®
1 pH — 5.5-7.1 6-9
2 COD  mgL™"' 429-280.2 75
3 BODs mgL™' 257-1682 30
4 TSS mgL™  16.4-146.0 50
5 TN mgL™  29.1-94.1 30
6 TP mgl™'  13.8-57.2 6

“The national technical regulation on domestic wastewater (QCVN 14:
2015/MT-BTNMT) discharging into the water sources serving the tap
water supply.

TaBLE 2: Designed specification of the AAO/O model.

No. Designed specification ~ Unit Threshold  Designed
values values
1 Flow Q L-day ' — 200-250
Food to

2 microorganism ratio — 0.15-0.25 —
(F/M)

3 MLSS mgL™  3000-5000 —

4 Anaerob%c retention h 05-1.5 10
time

5  Anoxic retention time h 0.5-1.0 1.0

6 1" oxic retention time h 3.5-6.0 6.0

7 2" oxic retention time h 3.5-6.0 6.0

8  Ozone processing time h — 0.1

9 Sludge circulation ~ m’.day ™' 20-50 50

10 Inner circulation ~ m’day'  100-300 300

zone for degradation of the complex organic matter. The
next anoxic zone was used to reduce the nitrogen and
phosphorus load from the wastewater. Then, the waste-
water was further transferred to the two oxic zones in
association with the biological membrane. This treatment
allowed for the thorough disposal of the remaining organic
matter, COD and BODs content, and N and P with pro-
portions of nutrients of BODs:N:P=100:5:1. The
membrane offered a complete barrier to sedimentary
sludge and suspended solids. At the 4t zone, the activated
carbon powder was deployed as an absorbent to remove
color and odor in order to enhance the quality of the ef-
fluent. Finally, sterilization of the wastewater using ozone
was conducted to remove all existing harmful and path-
ogenic microorganisms.

2.3. Analysis Methods. The investigated parameters in this
study included pH, BODs, COD, TN, TP, and TSS. The
system treatment performance was continuously evaluated
for 168 days. During this period, a qualitative measurement
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Scale: 1 - 50 Scale: 1 - 50

1900 TECHMICAL SPECIFICATIONS - AAOO MODEL
400 400
4 7 7 /s AAO/O model dimension FRP | 1900 L x 960 W x 970 H (mm)
Hole D34 Handy e D30 Hole D30 Hole D30 Hole D30
R p . ; I . ZONE1 | Anaerobic tank 2601
Section 2 Section 4
17 1 ZONE 2 Anoxic tank 224L
| Hole D55 -
| X Hole D110 | Treating zone” ZONE3 | 1" Oxic tank 211
2 N 1 /F EOF gl specifications
1 N ZONE4 | 2™ Oxic tank 2001
o ™~ |
i
Z ZONES5 | Ozone tank 120L
H'olé bsi’ Hole D30 Hole D30 Eole‘mp Circulating drainage pump 1C-28L/P-75W
i | S ~
Oxygen aeration pump 2C-80L/P-51W
500 ‘ 400 ‘ 350 300 ,L 250
7 7 # 7 7 Equipment/Materials Ozone generator 1IC-1G/H-120W
Designed ~AAO/O Model Plan Suction pump and Circulator 2C-75L/P-305W
Scale: 1 -50
Biological substrate 3KG
Activated Carbon 20 KG
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Scale: 1 - 50

FIGURE 1: Schematic diagrams of the AAO/O model.

Oxic 2

Filtration & Ozone

FIGURE 2: A simulation diagram of the AAO/O model.

was carried out every 7 days. The analysis was performed
according to the standard method for the examination of
water and wastewater (APHA, 2005) [27]. The pH level was
monitored using a hand-held Mettler-Schwerzenbach meter
(Switzerland). COD, TN, and TP were measured by UV-vis
spectroscopy. The BODs content was determined based on
the annealing method at 20°C for 5 days. TSS was measured

by filtering wastewater using 0.45 ym filter paper followed by
drying at 150°C.

3. Results and Discussion

3.1. pH. The influent and effluent pH of domestic waste-
water are shown in Figure 3. The influent pH during the
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FIGURE 4: Nitrogen (a) and phosphorus (b)

experimental period was in the range of 5.5-7.1, with some
points out of the requirement range. These low and fluc-
tuating values of influent pH could be due to the presence of
organic matters in the wastewater entering the treatment
system. After the removal of organic matters in the an-
aerobic tank, the pH level of wastewater was more stable for
further treating processes. As a prominent parameter that
strongly affects the removal capacity, the pH level in the
range of 6.5-8.5 is required for the biological treating system
to avoid stress on the microbial community and for optimal
biological activity in both anoxic and aerobic tanks [28].
After being treated by the AAO/O system, the effluent pH
range was 6.9-7.1, which satisfied the environmental
standards.

removal during the experimental period.

3.2. Performance of the Nutrient Removal. The influent, ef-
fluent, and removal rate of TN and TP using the AAO/O
system during the 168 days of operation are shown in
Figures 4(a) and 4(b), respectively. The national technical
regulation on domestic wastewater (QCVN 14:2015/MT-
BTNMT) discharging into the water sources serving the tap
water supply for TN (30 mg-L™") and TP (6 mg-L™") are also
represented by the red dashed line in the figure. The results
showed that influents of both TN and TP changed day by day
and exceeded the Vietnamese environmental standards.
During the first 56 days of operation, the removal rate of TN
and TP was not stable, ranging 58.8-94.5% and 64.5-93.0%,
respectively. This can be explained by the fact that the domestic
wastewater contains high concentration of nutrients [29], and
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FIGURE 6: COD (a) and BODs (b) removal during the experimental period.

the ratio of BODs:N:P at 100:5:1 is required for aerobic
treatment [30, 31]. The beginning period of the treatment is
therefore usually needed to produce a proper mass of mi-
croorganisms in an aerobic condition and to adjust the pro-
cedure to ensure the best operating parameters. The removal
efficiency of the AAO/O system for TN and TP reached a stable
period after 60 days of operation, with values of 93.6 + 3.0% and
91.9 + 3.5%, respectively. It is worth noting that effluents of TN
and TP were lower than the regulated limit standards.
Therefore, the AAO/O system was found to be effective and
suitable for removing nutrients in domestic wastewater.

3.3. Performance of the TSS Removal. Figure 5 shows the TSS
removal performance of the AAO/O system during 168 days
of operation. The influent of TSS was in the range of

16.4-146 mg-L ™", which mainly exceeded the limit value of
50 mg-L™". Similar to the case of nutrient removal, the
system maintained stable profiles after 60 days of operation
with a removal efficiency of 88.6 + 1.2%. The AAO/O system
was found to be efficient for TSS removal owing to the fact
that the effluent of TSS was lower than the limits of the
Vietnamese standards.

3.4. Performance of Organic Removal. The removal of organic
matter was mainly based on the activity of microorganisms
(activated sludge) in the two oxic zones. The dissolved organic
substances can be biodegraded by microorganisms, while
nonbiodegradable organic compounds are removed by fil-
tration of suspended particles. The performance of the AAO/
O system in removing COD and BOD;s is shown in



Figures 6(a) and 6(b), respectively. The BODs concentration
fluctuated significantly during the investigation period. This is
because it depends on personal hygiene needs, such as uri-
nation and defecation from time to time of members in the
family [29]. The result showed that, similar to other above
parameters, both influents of COD and BODs were almost
higher than the limit values of the national technical regu-
lation on domestic wastewater. In the first 56 days of oper-
ating the AAO/O system, the removal rate of COD and BOD5
was not stable, ranging from 61.7 to 72.7% and 68.4-83.0%,
respectively. The effluents of COD and BOD:; in this period
were higher than the standards. After 60 days of operation, the
system became steadier with the removal efficiency of
71.8 £0.7% and 82.6 + 1.4% for COD and BODs, respectively.
With this removal efficiency, the effluents of both COD and
BODs almost satisfied the requirement, with only some points
being slightly higher than the limit values.

The application of the investigated AAO/O system to
domestic wastewater treatment yielded promising results. In
particular, the removal efficiency of TN, TP, TSS, BODs, and
COD of wastewater were 93.6+3.0%, 91.9+3.5%,
88.6+1.2%, 82.6 + 1.4%, and 71.8 +0.7%, respectively. The
removal efficiency of COD was found to be lower than other
indices. This was because the biological method was the
main technique for the wastewater treatment as the ratio of
BOD/COD in the domestic wastewater was above 0.5
[32, 33]. This method is more effective for removing BOD
and nutrients than COD, resulting in the higher removal
rates for these indices. It should be noted that the perfor-
mance of the system was not optimal during the first 56 days
due to poor adaptation of microorganisms, which can lead to
inefficient decomposition of contaminants. However, after
around 60 days, their performance was highly optimized
with stable variation, as their reproduction and expansion
were already ensured. In addition to the advantage of
possessing a longer HRT, the increase in the oxic order in the
AAO/O model also provided a long sludge retention time
that can help to prevent the loss of nitrifying bacteria and to
improve the nitrification capacity of the activated sludge.

4. Conclusions

The AAO/O model was prepared by adding an oxic zone in
association with a biological membrane to a conventional
AAO system. The system was specifically designed for
household wastewater treatment with a discharge capacity of
0.5m’/day. The removal efficiency of TN, TP, TSS, COD,
and BODjs using the system was relatively high and almost
satisfied the Vietnamese environmental standards. The
qualified output can be circulated and reused for household
sanitation or watering purposes. The obtained results
showed that AAO/O exhibited great potential not only in
maintaining water reservoirs but also in addressing noto-
rious environmental issues.
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The data used to support the findings of this study are in-
cluded within the article.
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The Yellow River is very important for human health and social development in China to require good water quality. This study
selected the Ningxia section of the Yellow River as the study area to investigate the water quality variation in 2016-2020. A total of
9 water quality parameters were monitored, and 8 parameters including pH, dissolved oxygen, biological oxygen demand,
chemical oxygen demand, total phosphate, fluoride, ammonia-nitrogen, and permanganate index were in the range of Class II
standard requirement. Dissolved oxygen concentrations ranged from 7.5 to 9.4 mg/L. However, total nitrogen concentrations in
2018-2020 ranged from 1.87 to 2.8 mg/L to cause the pollution. Both the Nemerow index method and the contamination degree
method showed that total nitrogen with high concentration exerted the water pollution. Principal component analysis also proved
this. Stricter environmental management strategies for controlling total nitrogen should be taken in the future. The findings

provided some useful information for water pollution of the Ningxia section of the Yellow River.

1. Introduction

Water is considered as the origin of life and it is the critical
source for human well-beings and social development [1].
Water quality is very important for water resource usage,
agricultural activities, industrial production, aquaculture,
and regional safety [2-6]. However, water has been fre-
quently contaminated by diverse pollutants such as heavy
metals [7], endocrine disrupting chemicals [8], antibiotic
resistance genes [9], microplastics [9], and other emerging
chemicals in recent decades. These pollutants have occurred
in seawater, groundwater, lakes, and rivers to possibly exert
the potential risks to humans [7, 9, 10]. Therefore, water
pollution in terms of emerging contaminants has become a
study hot-spot in recent years [7-10]. The traditional water
quality parameters such as chemical oxygen demand (COD),
dissolved oxygen (DO), biological oxygen demand (BOD),
ammonia-nitrogen, pH, total nitrogen (TN), total phosphate
(TP), permanganate index (IMn), and fluoride are important
to evaluate the water quality so that these parameters have

been routinely monitored for management of surface water
quality. However, the investigations on water quality re-
garding traditional parameters are not very enough and
these parameters have been often used as the influential
factors for evaluating emerging pollution [11]. Therefore,
water quality evaluation using traditional parameters should
be paid attention.

COD is an important index to judge the water quality or
effectiveness of wastewater treatment techniques [12, 13].
COD was reported to be lower than 3 mg/L in Spanish river
[14]. COD in other rivers in other countries ranged from 2 to
133 mg/L while that in wastewater/sewer was in the range of
9-656 mg/L [15]. Permanganate index (IMn) is COD
measured by the permanganate method which is generally
used for evaluating water quality of surface water or drinking
water. IMn generally shows the inorganic or organic pol-
lution of water. Similarly, BOD which is another index to
show organic pollution has also been widely paid attention.
DO is another critical index for water quality and water
safety. DO is related to the survival of aquatic organisms and
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water ecological balance. The pH is able to indicate the acid-
base degree of the aquatic environment. The animals and
plants can live in water with a suitable pH range so that a
lower or higher pH can indicate the deterioration of the
aquatic environment. Nutrients are important for the
growth of aquatic plants. However, excessive nutrients in
water could induce extensive growth of plants to consume
more DO and make the water quality deteriorate [16].
Ammonia-nitrogen, TN, and TP have been widely accepted
as the main parameters for evaluating nutrients in water.
Fluoride has widely existed in water to induce many illnesses
such as kidney disease and have significant toxicity to
aquatic animals [17]. Therefore, fluoride is also a critical
index during water quality monitoring. Water quality can
be evaluated by comparing these parameters with national
water quality standards. Routine monitoring is very im-
portant for water protection and environmental
management.

The Yellow River is a very important river in China. It
originates from Qinghai Province, flows over 9 provinces,
and enters into the Bohai Sea in Dongying of Shandong
Province. The Ningxia section of the Yellow River has
provided water resources for Ningxia so the water quality of
this section is very critical for the regional sustainability of
Ningxia. This study evaluated the water quality of the
Ningxia section of the Yellow River to provide useful in-
formation on the variation of the aquatic environment in
this area. The findings of this study will provide the basis for
the strategy of environmental management for the Ningxia
section of the Yellow River and the surrounding area in the
future.

2. Materials and Methods

2.1. Chemicals, Reagents, and Analysis Method. NaOH, KI,
Hglz, MgO, HCL NaKC4H406 4H20, Na28203, HSO4'7H20,
H;BO;, bromothymol blue, soluble starch, Na,CO, NH,Cl,
H,SO,4, K,Cr,0,, Ag,SO,, HgSO, neutral resin XAD-2,
CH4O, (NH4)2F€(SO4)2 6H20, KHC8H4O4, FCSO4‘7H20,
KNO3, ZHSO4, MnSO4'H20, NH2C6H4SOZNH2,
CioH,NHC,H,NH,*2HCl, C,HsO, KAI(SO4),-12H,0,
KMnQO,, NaNO,, sulfamic acid, H;PO,, Na,C,0, and
phenolphthalein were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd.

DO was measured by a dissolved oxygen meter while pH
was determined by the pH meter. NH,"-N was analyzed by
Nessler’s reagent spectrophotometric determination while
TN was determined by using digestion coupling with ul-
traviolet spectrophotometry. IMn was determined by the
permanganimetric method while COD was analyzed by
the potassium dichromate method. TP was determined
by the ammonium molybdate spectrophotometric
method while BOD was analyzed by using the standard
dilution method. Fluoride was determined by the ion
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selective electrode method. All detailed analysis methods
referred to reference [18].

Total 6 sites of the Ningxia section of the Yellow River
(Figure 1) were selected for monitoring in 2016-2020. The 6
sites were named as W1, W2, W3, W4, W5, and W6. Total 9
water quality parameters were measured.

2.2. Water Quality Evaluation Method. Water pollution of
the Ningxia section of the Yellow River was evaluated by
using the Nemerow index and contamination degree. The
Nemerow Index was calculated according to the following
equation [19]:

2 2
Nemerrow Index = \JI(Ci/Si)meanz+ (Ci/si)max’ (l)

where §; refers the standard concentration of water quality
parameter; C; means the measured concentration of water
quality parameter; (C;/S;) ,can Fepresents the average value of
all (Ci/S;); and (C;/S;)pax is the maximal value among all
(C,/S,). S; for each water quality parameter used in this study
was the Class II or Class III levels of the “Surface water
quality standard of China (GB 3838-2002)”. Pollution
evaluated by the Nemerow index could be categorized into
Class I (insignificant pollution with a Nemerow index less
than 1), Class II (slight pollution with a Nemerow index less
than 2.5 but equal or higher than 1), Class III (moderate
pollution with a Nemerow index less than 7 but equal or
higher than 2.5), and Class IV (heavy pollution with a
Nemerow index equal or higher than 7).

The following equation showed the calculation of con-
tamination degree [20]:

n
o C;
contamination degree = Z - (2)

i=1 Vi

The evaluation criterion included: Class I (low pollution
with contamination degree less than 6), Class II (moderate
pollution with contamination degree less than 12 but equal
or higher than 6), Class III (considerable pollution with
contamination degree less than 24 but equal or higher than
12), and Class IV (very heavy pollution with contamination
degree equal or greater than 24).

2.3. Data Processing. Data were processed by using Origin
2018. Correlation analysis was performed by SPSS 19. The
correlation matrix was shown as a heatmap with *<0.05 and
**<0.01. Principal component analysis was performed by
Origin 2018.

3. Results and Discussion

3.1. Water Quality Variation of Ningxia Section of the Yellow
River during 2016-2020. The pH of 6 sites was nearly higher
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FIGURE 1: Sampling sites of this study.

than 8 except W6 in 2020 with a pH of 7.8 (Figure 2(a)). The
pH of W1 ranged from 8 to 8.2. It was interesting that the pH
of W1 showed a slightly increasing trend during 2016-2020.
The pH of W2 ranged from 8 to 8.3. The pH of W2 did not
show the significant variation trend during recent 5 years.
The pH of W3 ranged from 8 to 8.3 and it showed a slightly
decreasing trend. The pH of W4 ranged from 8 to 8.4 with
the highest pH occurring in 2019. The pH of W5 ranged
from 8 to 8.3 and it showed slightly increasing trend. The pH
of W6 ranged from 7.8 to 8.3 with a significantly lower pH in
2020.

The DO concentration of 6 sites was nearly higher than
8.2mg/L except W5 in 2020 with a DO concentration of
7.5 mg/L (Figure 2(b)). The DO concentration of W1 ranged
from 8.2 to 9.1 mg/L while the DO concentration of W2
ranged from 8.3 to 8.9 mg/L. The DO concentration of W3
ranged from 8.4 to 9.1 mg/L and it showed a slightly in-
creasing trend. The DO of W4 ranged from 8.4 to 9.4 mg/L
with the highest DO concentration occurring in 2020. The
DO concentration of W5 ranged from 7.5 to 9mg/L and it

showed significant variation in 2019 and 2020. The DO
concentration of W6 ranged from 8.6 to 9.4 mg/L. The DO
concentrations in 2019 and 2020 generally showed higher
than before, illustrating that environmental management
might take action for improving the water quality.

The IMn of 6 sites was higher than 1.8mg/L
(Figure 2(c)). The IMn of W1 ranged from 2.1 to 3mg/L
while IMn of W2 ranged from 2.1 to 2.8 mg/L. The highest
IMn of W1 and W2 occurred in 2016, and IMn showed
slightly decreasing trend to prove the effectiveness of en-
vironmental management strategy. The IMn of W3 ranged
from 2 to 2.6 mg/L and it showed a slightly decreasing trend.
The IMn of W4 ranged from 1.9 to 2.6 mg/L. The IMn of W5
ranged from 2 to 2.6 mg/L and it was stable in 2017-2020.
The IMn of W6 ranged from 1.8 to 2.3 mg/L to show a
slightly increasing trend. In summary, IMn values were all
relatively low to illustrate the good water quality of the study
area.

The BOD of 6 sites was higher than 0.8mg/L
(Figure 2(d)). The BOD of W1 ranged from 1.2 to 1.9 mg/L
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FIGURE 2: Variation of water quality parameters of the Ningxia section of the yellow river during 2016-2020.

with decreasing trend while the BOD of W2 ranged from 1.1
to 1.3mg/L. The BOD of W3 ranged from 0.8 to 2mg/L
while the BOD of W4 ranged from 0.8 to 1.8 mg/L with a
slightly decreasing trend. The BOD of W5 ranged from 0.9 to
2.3 mg/L while the BOD of W6 ranged from 1.2 to 1.4 mg/L.
In summary, BOD values were all relatively low to illustrate
the good water quality of the study area.

The ammonia-nitrogen concentrations of 6 sites were in
the range of 0.1-0.6 mg/L (Figure 2(e)). The ammonia-ni-
trogen concentration of W1 and W2 in 2016 was 0.6 and
0.5mg/L, respectively. The ammonia-nitrogen concentra-
tions of the remaining sites and periods were all below
0.2 mg/L, except W1 in 2017 with 0.3 mg/L, showing good
water quality.

The COD concentrations of 6 sites were in the range of
6.4-10.7 mg/L (Figure 2(f)). The COD concentrations of W1
ranged from 7 to 10.7 mg/L while the COD of W2 ranged
from 7.3 to 10.5mg/L. The COD concentrations of W3
ranged from 7 to 9.1 mg/L while the COD of W4 ranged

from 7.8 to 9.4 mg/L. The COD concentrations of W5 ranged
from 7.3 to 10 mg/L while COD of W6 ranged from 6.4 to
9.6 mg/L. W6 showed better water quality in terms of COD
in 2018-2020. In contrast, the water quality of W1 and W2
was worse than that of other sites.

The TP concentrations of 6 sites were in the range of
0.03-0.13 mg/L (Figure 2(g)). The TP concentration of W1
and W2 in 2016 was 0.13 and 0.11 mg/L, respectively. The TP
concentrations of different sites generally showed a de-
creasing trend especially with low concentrations in
2018-2020, showing good water quality and an effective
environmental management strategy.

The fluoride concentrations of 6 sites were in the range of
0.2-0.4 mg/L (Figure 2(h)). The fluoride concentrations of
all sites exhibited the decreasing trend, showing good water
quality and effective environmental management strategy.

The TN concentrations of 6 sites were in the range of
1.87-2.8 mg/L (Figure 2(g)). The TN concentration of all
sites in 2016 and 2017 was not measured. The TN
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FIGURE 3: Nemerow index and contamination degree of water in the Ningxia section of the Yellow River during 2016-2020. (a) Nemerow
index by using Class III; (b) Nemerow index by using Class II; (c) contamination degree by using Class III; (d) contamination degree by

using Class II.

concentrations of different sites were higher than 1 mg/L in
2018-2020, which exceeded the standard of Class II and
Class III, showing the possible pollution risks. Agriculture is
well developed along the Ningxia section of the Yellow River,
which might introduce some nitrogen pollutants into the
water to cause a higher concentration of TN.

3.2. Water Pollution Variation of Ningxia Section of the Yellow
River during 2016-2020. The pH, DO, IMn, BOD, ammo-
nia-nitrogen, COD, and fluoride of all sites in 2016-2020
were below the Class II standard, showing good water
quality of the study area. TP in W1 and W2 in 2016 exceeded
the Class II standard but was lower than the Class III
standard. The TP concentrations of all sites in 2017-2020
were below the Class II standard, showing that the water
quality was greatly improved in 2017-2020 under the ef-
fective environmental management strategy. It was a little

regretful to find that TN concentrations of all sites in
2018-2020 exceeded the Class III standard. TN concen-
trations of all sites in 2018-2020 exceeded the Class IV
standard and 17 out 18 samples exceeded the Class V
standard in terms of TN.

Both Nemerow index and contamination degree were
used to comprehensively evaluate the water pollution of
Ningxia section of the Yellow River during 2016-2020
(Figure 3). Class III (Figure 3(a) and 3(c)) and Class II
(Figure 3(b) and 3(d)) standards were used as the criterion.
Nemerow index values of all sites in 2016-2017 were all
below 1.0 using Class III standards (Figure 3(a)), illustrating
that water quality of all sites in Ningxia section of the Yellow
River is good. However, Nemerow index values of all sites in
2018-2020 were higher than 1, illustrating the slight con-
tamination occurred in the study area (Figure 3(a)). More
strict criterion Class II was adopted, only W1 in 2016 showed
slight contamination while W1 and W2 in 2016-2017
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FIGURE 4: Correlation heatmap among the water quality parameters of the Ningxia section of the Yellow River during 2016-2020. (a) 2016;

(b) 2017; (c) 2018; (d) 2019; (e) 2020. AN means ammonia-nitrogen.

showed uncontaminated state (Figure 3(b)). The remaining
sites in the remaining periods all showed moderate con-
tamination (Figure 3(b)). TN with higher concentrations in
all sites in 2018-2020 served as the predominant contami-
nation contributor.

Different from Nemerow index evaluation, contamina-
tion degree showed that all sited in 2016-2020 possessed low
contamination with contamination degree less than 6 by

using Class III standards (Figure 3(c)). However, all sites in
2018-2020 showed moderate water pollution by using Class
IT standards although these sites showed low contamination
in 2016-2017 (Figure 3(d)). TN was also the major pollution
contributor for the contamination degree.

Stricter criterion will obtain worse evaluation results.
Taking Class II standards as the evaluation criterion, the
results were worse. The worse scenario was generally used
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FIGURE 5: Principal component analysis on water quality of the Ningxia section of the Yellow River in 2020.

for the evaluation result. Therefore, the contamination de-
gree method obtained a better evaluation result in com-
parison to the Nemerow index method, which might be
ascribed to the fact that Nemerow index method enlarged
the contribution of maximal C/S value. It should be noted
that TN concentrations should be greatly decreased to be less
than 1.0 even 0.5mg/L to make the water quality become
good. Therefore, more new strategies should be taken in the
future. Another important point was that TN was not
monitored in 2016 and 2017 so that the Nemerow index and
contamination degree did not comprise TN in 2016 and
2017. More data including 2021, 2022, or longer should be
used to obtain more reasonable evaluation results.

3.3. Correlation Analysis of Water Quality Parameters of
Ningxia Section of the Yellow River during 2016-2020.
Correlation among different water quality parameters of the
Ningxia section of the Yellow River during 2016-2020 was
assessed (Figure 4). Significant differences in correlation
among water quality parameters occurred in different pe-
riods. Significantly positive relationship existed between
COD-ammonia-nitrogen, TP-IMn, TP-ammonia-nitro-
gen, TP-COD, and TP-fluoride in 2016 (Figure 4(a)).
Significantly positive relationship existed between COD-
DO and TP-IMn in 2017 (Figure 4(b)). Tp was only
significantly negatively related with IMn in 2018
(Figure 4(c)), which changed a lot with the previous 2

years. Significantly negative relationship existed between
IMn-DO, COD-BOD, and TP-DO while significantly
positive relationship existed between IMn and TP in 2019
(Figure 4(d)). Only fluoride was significantly positively
related with ammonia-nitrogen in 2020 (Figure 4(e)).

Multiple factors might influence the correlation among
different water quality parameters [21, 22]. The water quality
parameters in 2016 showed the most complex relationship
while those in 2018 and 2020 showed the simplest rela-
tionship. A simple relationship between water quality pa-
rameters meant more complicated factors might have an
effect on the water quality.

3.4. Principal Component Analysis on Water Quality of
Ningxia Section of the Yellow River. Principal component
analysis was employed to determine the possible pollution
source of the Ningxia section of the Yellow River (Figure 5).
Data of 2020 were used considering that all parameters were
monitored and the period was recent for illustrate the real
situation. Two principal components were obtained after
analysis with PC1 accounting for 79.5% of variation and PC2
describing 11.6% of variation (Figure 5). The first compo-
nent might be agricultural activities while the second
component was regarded as the domestic activities. Input of
excessive nitrogen might induce the pollution of TN in the
Ningxia section of the Yellow River, which might serve as the
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principal component. Therefore, stricter control strategies of
nutrients especially nitrogen chemicals should be taken.

4. Conclusions

The variation of water quality parameters in the Ningxia
section of the Yellow River during 2016-2020 was investi-
gated. Most of the water quality parameters were good
enough to be lower than Class II or Class III standards while
TN exceeded Class III in 2018-2020 to show the pollution.
The Nemerow index and contamination degree showed that
water pollution occurred in the Ningxia section of the
Yellow River during 2018-2020 due to high-concentration
TN. Stricter environmental management strategies should
be taken to decrease the TN concentrations for making water
quality better in the study area.
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The presence of pharmaceuticals in the environment is undesirable since their biological activity may impair ecosystem health of
reservoirs that receive inflows from other water sources. This work determined the concentrations of analgesics and antibiotics,
and the occurrence of antimicrobial resistance among microbes in water and sediment samples from Owabi and Barekese
reservoirs—two main sources of pipe-borne water in the Kumasi metropolis in Ghana. The study also assessed the knowledge,
attitude, and practice of inhabitants near these reservoirs regarding the disposal of unused and expired medicines. Out of nine
targeted pharmaceuticals, four were detected in at least one sample. Five analytes (caffeine, ciprofloxacin, doxycycline,
ibuprofen, and metronidazole) were below detection limit for all samples. The levels of pharmaceuticals were low, as expected,
ranging from 0.06 to 36.51 ug/L in the water samples and 3.34-4.80 ug/kg in sediments. The highest detected concentration of
any pharmaceutical in water was for diclofenac (107.87 ug/L), followed by metronidazole (22.23 ug/L), amoxicillin (1.86 ug/L),
chloramphenicol (0.85 ug/L), and paracetamol (0.16 ug/L). Chloramphenicol recorded the highest concentration (10.22 ug/kg)
in the sediments. Five bacteria isolates (Enterobacter, Clostridium, Pseudomonas, Acinetobacter, and Klebsiella) from the
samples were resistant to all the antibiotics tested. Isolates of Corynebacterium and Listeria showed susceptibility to only
doxycycline. Isolates of Bacillus were susceptible to only two antibiotics (erythromycin and doxycycline). All the 100
respondents interviewed admitted that they dispose of medications once they do not need them. Of those who disposed of
unwanted medicines, 79% did so inappropriately. Disposal in household trash (67%) was the most common method used.
Majority of respondents felt the need for a facility or program to collect unused medicines (77%), hence their willingness to
pay to reduce pollution by pharmaceuticals in the environment. It is quite clear from the ecotoxicological risk assessment that
a single pharmaceutical at very low level as those in this study and other works is likely to pose many ecological risks upon
long-term exposure and therefore cannot be ignored.
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1. Introduction

Pharmaceuticals are used primarily to prevent or treat
human and animal diseases. In recent times, there has been
an increase in the number of reports detailing the presence
of human pharmaceuticals in water in various parts of the
globe [1, 2]. In a 2002 study by the United States Geological
Survey, about 80% of streams sampled in 30 American states
contained trace levels of various pharmaceutical products,
including hormones, steroids, and analgesics [3]. Following
this report, numerous others have since been published.
Even at very low concentrations, the presence of pharmaceu-
ticals in water has raised concerns among stakeholders such
as drinking-water regulators, governments, water suppliers,
and the public regarding the potential risks to human health
due to exposure to trace levels of pharmaceuticals via drink-
ing water [4]. Pharmaceuticals could enter the soil and
aquatic environments through wastewater effluents, landfill
leachates, industrial effluents, aquaculture, and animal feed-
lots [5-7]. They could also enter the environment through
excretion and egestion of unmetabolized drugs into waste-
water collection systems and improper disposal of expired
and unused medicines [8].

Pharmaceutical products are generally designed to elicit
specific responses from precise biological targets. Therefore,
these pharmaceutical products’ effects on the environment
are undesirable because their behavior in such matrices has
not been studied in enough detail. The long-term effects of
exposing humans, animals, plants, and other organisms in
the ecosystem to pharmaceuticals remain unknown and
can only be speculated to a large extent [9-11]. The presence
of antibiotics in the environment could lead to an increase in
the phenomenon of antimicrobial resistance. Resistance
genes can develop in the environment if antibiotic residues
are present; these genes can then be transferred to patho-
genic bacteria. Resistance genes can be exchanged between
environmental bacteria and clinical isolates [12]. Borquaye
and coworkers detected amoxicillin, penicillin, and metroni-
dazole at varying levels in leachate and soil samples from
landfills in Kumasi, Ghana. Twenty-five bacteria belonging
to nine genera were also isolated from leachates and soil
samples in the study. Some isolated bacteria were resistant
to benzylpenicillin, ampicillin, and amoxicillin. The results
obtained from the study suggest that pharmaceutical resi-
dues are present in the environment and could have delete-
rious effects.

The Barekese and Owabi dams provide over 90% of
potable water to domestic homes in the Ashanti region of
Ghana. These reservoirs receive water inflow from various
tributaries: Owabi, Sukobri, Akyeampomene, Pumpunase,
and Afu for the Owabi reservoir [13] and Offin River for
the Barekese reservoir [14]. Several dumpsites and landfill
sites are located in and around the tributaries that feed the
Owabi and Barekese reservoirs. Since the water treatment
strategy for the management of these reservoirs does not
necessarily remove chemical contaminants, water dispatched
to various homes from these reservoirs could potentially
contain pharmaceutical residues. Some water bottling com-
panies also use water from these reservoirs as their raw
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materials to produce bottled and sachet water. The threat
to the public could be substantial. There is, therefore, a need
to ascertain the levels of pharmaceutical residues in these
reservoirs that provide water to the Kumasi metropolis and
examine the risk associated with their presence in the envi-
ronment. In this work, the occurrence of antibiotics, analge-
sics, and antibiotic-resistant bacteria in water and sediment
samples from the Owabi and Barekese dams was evaluated.
The ecological risk associated with the presence of these
pharmaceuticals in both water and soil samples was also
investigated. A general survey on waste disposal patterns
by residents in communities around the Owabi and Barekese
reservoirs was also conducted.

2. Methods

2.1. Sample Collection. The Barekese and Owabi dams are in
the Atwima district in the Ashanti region of Ghana. The
Barekese dam, which was constructed between 1967 and
1972, stretches on latitude 6'44'N and longitude 1'42'W.
The dam’s catchment area measures 909 km? with a total
volume of about 35,000,000m> [14]. The Owabi dam is
smaller than the Barekese dam and was constructed between
1928 and 1932. The reservoir surrounded by a forest reserve
covers an area of about 69 km” with an approximate volume
of 26,000,000 m’ [15]. A total of 28 water and sediment sam-
ples were collected from various points in the Owabi and
Barekese dams. Pre-cleaned plastic bottles (1.5L) were
rinsed with the water to be collected before samples were
fetched into the bottles. For sediment samples, graduated
hollow wooden sticks were immersed into the bottom of
the reservoir and then withdrawn. Sediment samples col-
lected were then placed in precleaned bottles. All samples
were placed in an ice chest and returned to the laboratory
for analyses. Maps of the study areas are shown in Figure 1.

2.2. Materials. All analgesics and antibiotics used for analyt-
ical and microbiological work were obtained as pure pow-
ders from Ernest Chemists (Accra, Ghana). HPLC-grade
chemicals were used throughout the study. Ultrapure deion-
ized water (18.2 M) was used to prepare all solutions and
calibration standards for HPLC analysis. All the solutions
and samples were passed through 0.2-0.6 ym polypropylene
filters before HPLC analysis.

2.3. Physicochemical Characterization. An aliquot (10 mL) of
water sample was put into a clean beaker, and their pH, total
dissolved solids (TDS), and electrical conductivity were mea-
sured using a Mettler Toledo (Switzerland) pH meter and a
multiparametric probe (WTW, Weilheim, Germany). For
soil samples, 10% (w/v) of dried pulverized sample to dis-
tilled water was prepared for the analysis [17, 18]. The pH
meter was calibrated with buffers 4.01 and 7.01 before use.

2.4. Sample Preparation and Analysis. Water samples were
filtered (0.45 ym pore size filters) to remove solid particles.
Sample extraction and pre-concentration were done by
solid-phase extraction (SPE). An HLB cartridge (6mL,
200 mg, Green Mall, Jiangsu, China) was used in SPE analy-
ses. SPE columns were conditioned using 5mlL distilled
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FIGURE 1: Map of Ghana showing the study areas in the Atiwa district in the Ashanti region [16].

water followed by 5mL methanol. Water samples (1.5L)
were passed through the preconditioned 6 mL HLB SPE car-
tridges for the concentration of analytes. The SPE cartridge
was then washed with 5mL of distilled water. In the case
of sediments, 100g of an air-dried, pulverized sample was
weighed into a beaker, and three successive extractions were
done by sonication with 150 mL of acetonitrile. The super-
natants were combined, filtered through 0.45um nylon
membrane filters (Whatman, UK), and subjected to SPE as
was done for water samples. To elute analgesics, 2mL of
methanol and 0.1% acetic acid mixture (1 : 1 v/v) was used.
For antibiotics, 2mL methanol and 0.05% trifluoroacetic
acid mixture (1 : 4 v/v) was used. One milliliter of each elu-
ate was then used in HPLC analyses .

2.5. HPLC Analyses

2.5.1. Antibiotics. Chromatographic separation was done on
a Perkin Elmer Flexar HPLC coupled with a PDA detector.
Separation of antibiotics was achieved on the Agilent Zorbax
300SB C18 column (250 x 4.6 mm, 5um). The mobile phase
consisted of 0.05% trifluoroacetic acid (TFA, solvent A) and
methanol (solvent B). Gradient elution was performed. Details
of the gradient program are shown in Table S1. A flow rate of
I mL/min and an injection volume of 20 uL were employed.
Amoxicillin, chloramphenicol, ciprofloxacin, doxycycline,

and metronidazole were monitored at 215nm. The total
runtime was 18 minutes, as shown in Figure S1A. HPLC
analysis was done at ambient temperature.

2.5.2. Analgesics. Chromatographic separation of analgesics
was done on the same Perkin Elmer Flexar HPLC coupled
with a PDA detector. Separation of analgesics was achieved
on a Phenomenex Luna C8 (150 x 4.6 mm, 5 ym) column.
The mobile phase consisted of 0.1% acetic acid (A) and
methanol (B). A gradient elution profile was utilized. Details
of the gradient program are shown in Table SI. As with
antibiotic analysis, a flow rate of 1 mL/min was employed
with an injection volume of 20 yL. Peaks for paracetamol,
caffeine, and diclofenac were acquired at 270nm and that
of ibuprofen at 220 nm (Figures S1B and S1C). The total
runtime for analgesic analysis was 21 minutes, and all
analyses were done at ambient temperature.

2.5.3. Standard Calibration and Method Validation. Five
concentrations (2.5-200 pug/mL) of each standard were pre-
pared and analyzed by HPLC, and a calibration curve was
generated. This calibration curve was used to quantify ana-
lytes present in the samples. Linearity for all test samples
was tested in the concentration range of 2.5-200 pg/mL.
Limits of detection (LOD) and limits of quantification



(LOQ) for each of the standard drug were computed from a
peak signal-to-noise ratio of 1:3.

2.5.4. Recoveries and Quality Assurance. A sample blank
(water and soil matrices containing none of the analytes)
was prepared and spiked with known concentrations of
standard drugs. After the extraction and SPE clean-up pro-
cedures (as described earlier), the sample blank was analyzed
by HPLC methods described earlier. The concentration of
the drugs was determined from the chromatograms
obtained. Standard solutions of the analytes were injected
prior to analyses and also after every 10 sample runs to
ensure that the HPLC system was functioning properly.
Blank samples were also injected after every 5 runs to mon-
itor any sample interference. All sample injections were
made in duplicates. Each batch of analyses was prepared to
include a reagent blank to check background contamination.
Table S2 shows the recovery data.

2.6. Ecological Risk Assessment. The potential effects of iden-
tified pharmaceuticals on the aquatic environment were
studied through ecological risk assessment. Ecological risk
assessment is generally expressed with respect to hazard
quotients (HQ). The predicted no-effect concentration
(PNEC: the concentration of pharmaceutical at which no
adverse effect is suspected to occur) values for fish, Daphnia,
and algae were determined using data from the literature on
acute toxicity. The PNEC is calculated by multiplying the
EC,, values by an arbitrary safety factor, typically 1000 [9,
19]. The HQ was then determined by the ratio of MEC
(maximum measured environmental concentration in ug/
L) to PNEC, as shown in

_ MEC

HQ= —+—.
Q PNEC

(1)

The risk ranking criteria of [20] were used in this study.
According to this criterion, an HQ < 0.1 implies a minimum
risk to the organisms, 0.1 <HQ<1 implies medium risk,
and HQ > 1 implies high risk [20].

2.7. Isolation and Identification of Bacteria Strains. Bacteria
were isolated from water and sediment samples collected
from the Barekese and Owabi reservoirs according to the
method of [21]. Ten grams of each sediment sample was
aseptically transferred into a sterile self-sealed bag and
homogenized in 90 mL of sterile maximum recovery diluent
using a pulsifier (PUL 100E; Microgen Bioproducts, UK) for
2min. Ten-fold serial dilutions of both water and sediment
samples were prepared up to 107°. An aliquot of 1 mL of each
dilution was transferred into molten plate count agar (PCA)
and swirled to ensure an even distribution of cells before
allowing it to solidify. Inoculated media were inverted and
kept in an incubator for 24 hours. A series of sub-culturing
from the primary culture resulted in pure cultures of isolates.
Bacterial isolates were identified based on colony character-
istics and cellular morphology [22]. Identified isolates were
stored in 20% glycerol broth and at -20°C, pending further
analyses.
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2.8. Microbial Susceptibility Assays. The susceptibility of the
isolated microbes against selected antibiotics was tested in
the agar disc diffusion assays. A nutrient agar media was
prepared by dissolving 28 g of nutrient agar in 1L of dis-
tilled water. The mixture was autoclaved for 40 minutes
at 121°C and then cooled. Afterward, the prepared agar
was poured into Petri dishes and dried. Pure cultures of
isolated microbes were suspended in saline to obtain a
density of 0.5 McFarland turbidity standard using the
direct colony suspension. Forty microliters of the stan-
dardized colony suspension was transferred into the Petri
dish and spread evenly over the entire agar surface using
sterile cotton swabs. Afterward, filter paper discs (about
6mm in diameter) containing the standard antibiotics
(ampicillin, amoxicillin, cefuroxime, ciprofloxacin, doxycy-
cline, erythromycin, gentamycin, metronidazole, and
chloramphenicol) were placed on the agar surface. The fil-
ter paper disc for each standard drug was prepared using
the criteria of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST). After the disc applica-
tion on the agar plates, the plates were incubated at 37°C
for 18 hours. The inhibition of growth zones was mea-
sured in millimeters. The zone diameter of each drug
was interpreted using the criteria published by the
EUCAST [23].

2.9. Survey on Disposal of Pharmaceuticals. Even though
manufacturer packaging usually recommends disposal of
unused and expired drugs by returning to the pharmacy,
studies elsewhere have revealed that disposal via the sink
or toilet or in regular household waste is the practice
and is a potential source of human pharmaceuticals in
the environment. A survey of about 100 households in
and around the dams was conducted to investigate the
households’ disposal routes of unused and expired phar-
maceuticals as a source of pharmaceutical compounds in
the environment. The survey evaluated the public’s level
of awareness on the presence of pharmaceutical products
in rivers and drinking water and knowledge on the
possible impact of the presence of these pharmaceutical
products in water samples. In-depth interviews were con-
ducted with interviewers using standardized and pretested
questionnaires. Ten eligible volunteers from various house-
holds were used to pretest the instrument for readability,
understanding, question design, and length. The question-
naire generated sociodemographic data, their habits
regarding the disposal of expired or unused medications,
and their understanding of the environmental effect of
medications. The questionnaires were administered to
100 household participants. Participants could either com-
plete the survey themselves or have their responses
marked by the researchers. The data was coded and input
into Microsoft Excel 2016. The completeness, consistency,
and reliability of the data were all examined. When
respondents did not finish a question, it was considered
a missing value, and only complete answers were utilized
to analyze the results. Statistical analysis was performed
using IBM SPSS Statistics for Windows, version 24 (IBM
Corp., Armonk, N.Y., USA).
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3. Results

3.1. Physicochemical Characterization. Physicochemical data
of water and sediment samples used in this study are pre-
sented in Table 1. Generally, water samples obtained from
the Owabi reservoir were slightly acidic with a pH range of
6.48-6.85, whereas the sediment samples ranged from
slightly acidic to slightly basic (pH range of 6.24-8.93). For
the samples from Barekese, all water and sediment samples
were slightly acidic (pH range of 6.32-6.83). The total dis-
solved solids (TDS) of water and sediment samples from
Owabi ranged between 90 and 94 mg/L and 26 and 58 mg/
L, respectively. For samples from the Barekese reservoir,
TDS ranged from 122 to 124mg/L and 111 to 167 mg/L
for water and sediment samples, respectively. The mean
TDS for water from Owabi was generally lower than that
of Barekese. Electrical conductivity (EC) of sediment sam-
ples from Owabi was determined to be in the range of
8.13-59.3 uS/cm while EC for water samples from the same
Owabi reservoir ranged between 98.5 and 102.2 uS/cm. For
the sediment samples from Barekese, the range of EC values
was 124.1-239.0 uS/cm, whereas the EC of water samples
from Barekese ranged between 135.9 and 138.9 uS/cm. It
was observed that the mean value of EC of water samples
from Barekese was greater than the mean EC recorded for
Owabi samples. A similar observation was made for sedi-
ment samples from the two reservoirs.

3.2. Occurrence of Antibiotics and Analgesics. In the HPLC
analysis, method linearity was evaluated in the concentra-
tion range of 2.5-200 ug/mL for both analgesics and antibi-
otics. A good correlation was observed for all the
antibiotics and analgesics analyzed, with R* values between
0.98 and 0.99 recorded. For all analytes, the limits of detec-
tion (LOD) and limits of quantitation (LOQ) were deter-
mined to range between 0.031 and 0.116 yg/mL and 0.103
and 0.386 pg/mL, respectively. The LOD and LOQ were esti-
mated based on signal-to-noise ratio of 1:3. The recoveries
for the various analytes were high and ranged from 85.5%
to 97.0% (Table 2). The elution of all analytes occurred
within 19 minutes.

Of the pharmaceuticals analyzed in water samples from
Barekese, chloramphenicol was the most prevalent, with a
55.56% frequency of detection. The frequency of detection
for amoxicillin, diclofenac, metronidazole, and paracetamol
was all 11.1% (Table 2). Caffeine, ibuprofen, ciprofloxacin,
and doxycycline were not detected in any of the water sam-
ples from Barekese. The maximum concentration of chlor-
amphenicol in water samples from Barekese was 0.85 pug/
mL, whereas the maximum levels of amoxicillin, diclofenac,
metronidazole, and paracetamol were 1.86, 4.36, 22.23, and
0.16 ug/mL, respectively. Caffeine, ibuprofen, doxycycline,
and ciprofloxacin were not detected in water samples from
Barekese. The average concentration of chloramphenicol in
sediment from Barekese was 4.80 +3.63 ug/kg, and this
was the only analyte detected in sediment samples from
Barekese.

Results for the pharmaceuticals residues identified in
samples from Owabi are also presented in Table 2. For the

Owabi reservoir, chloramphenicol was the most frequently
detected analyte, present in 77.8% of all water samples ana-
lyzed. Amoxicillin, diclofenac, and paracetamol, each at
33.3%, were detected in multiple water samples. The average
concentration of amoxicillin, chloramphenicol, diclofenac,
and paracetamol was 0.24 + 0.14, 0.38 £ 0.12, 36.51 + 68.80
, and 0.06 + 0.08 ug/mL, respectively. Interestingly, the ana-
lytes that were not detected in Barekese water samples,
namely, caffeine, ibuprofen, doxycycline, and ciprofloxacin,
were undetected in water samples from Owabi. Paracetamol
was the only analyte detected in sediment samples from
Owabi, with a 66.67% detection frequency and an average
concentration of 3.32 + 4.55 ug/kg.

3.3. Ecological Risk Assessment. Three of the most widely
used organisms in monitoring the impact of pharmaceuti-
cals on the environment were adopted for the ecological risk
assessment. The ecological risk assessment was carried out
by first establishing the maximum estimated concentration
for the various pharmaceuticals from the study. The corre-
sponding predicted no-effect concentration for each analyte
on each organism was obtained from the literature [9,
24-26]. The hazard quotients were computed, and the risk
was established using a standard criterion [20]. The results
are presented in Table 3 (water samples) and Table 4 (sedi-
ment samples). Generally, the pharmaceutical residues
recorded in this study posed medium to high risk to all the
three organisms investigated. The ecological risk posed by
diclofenac to all organisms investigated in water was classi-
fied as high risk at both Owabi and Barekese, since the RQ
was greater than 1. The levels of chloramphenicol and met-
ronidazole in water samples from Barekese also posed high
risk to all the organisms. Both paracetamol and amoxicillin
posed high risk to Daphnia and algae, but medium risk to
fish. Amoxicillin and paracetamol, however, presented a
low risk to fish in water. For water samples from Owabi,
amoxicillin posed a medium risk to all organisms, whereas
the levels of paracetamol and chloramphenicol posed high
risks to algae but a medium risk to fish. Two analytes were
detected for sediment samples from Barekese and Owabi—-
chloramphenicol and paracetamol. Both analytes posed high
risks to all organisms investigated, with RQ’s far over 10
recorded in each case (Table 4).

3.4. Microorganism Isolation and Susceptibility Testing. A
total of 30 pure bacteria isolates were obtained from water
and soil samples in both reservoirs. Pure bacterial isolates
were obtained by a series of subculturing from the primary
cultures. Bacterial isolates were identified based on colony
characteristics and cellular morphology. From the Gram
staining reaction, 17 of the isolates were Gram-positive while
13 were Gram-negative. All isolates were rod-like in shape.
Isolates were identified to belong to one of the 8 genera:
Bacillus, Corynebacterium, Pseudomonas, Klebsiella, Entero-
bacter, Listeria, Acinetobacter, and Clostridium (Table 5).
Table 6 shows the results of the antimicrobial susceptibility
testing. Antibiotic susceptibility testing (AST) was per-
formed according to EUCAST recommendations. Bacteria
isolates were tested against nine antibiotics belonging to
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TaBLE 1: Physicochemical parameters of water and sediment samples from the Barekese and Owabi reservoirs.
Samples pH EC (uS/cm) TDS (mg/L)

P Range Mean + SD Range Mean + SD Range Mean + SD
Barekese, water 6.59-6.79 6.68 +0.07 135.9-138.9 137.10 £0.93 122-124 123.00£0.71
Barekese, sediment 6.32-6.83 6.60£0.23 124.1-239.0 175.42 + 44.81 111-167 154.60 + 39.49
Owabi, water 6.48-6.85 6.68 +0.11 98.5-102.2 32.48 +£25.67 90-94 91.78 £1.48
Owabi, sediment 6.24-8.93 7.60+1.35 8.13-59.3 99.38 +1.67 26-58 46.33+17.67

TaBLE 2: Occurrence of pharmaceutical residues in water and sediment samples from Barekese.

Reservoir Sample type Pharmaceutical Range Mean + SD Frequency of detection (%)
Amoxicillin 0.08-1.86 1.86 +£0.00 11.11
Chloramphenicol 0.10-0.85 0.42+0.29 55.56
Barekese Water (ug/L) Diclofenac 0.03-4.36 1.36 £ 0.00 11.11
Metronidazole 0.06-22.23 22.23+0.00 11.11
Paracetamol 0.06-0.16 0.16 +£0.00 11.11
Sediment (ug/kg) Chloramphenicol 2.78-10.22 4.80£3.63 80.00
Amoxicillin 0.10-0.37 0.24+0.13 33.3
Water (ug/L) Chloramphenicol 0.18-0.53 0.38+£0.12 77.8
Owabi Diclofenac 0.69-107.89 36.51 +68.80 333
Paracetamol 0.01-0.15 0.06 +0.08 333
Sediment (ug/kg) Paracetamol 0.10-6.54 3.34+4.55 66.67

Frequency of detection was computed by evaluating the ratio of the number of samples in which an analyte was detected to the total number of samples

analyzed.

the classes of p-lactams (ampicillin and amoxicillin),
cephalosporin (cefuroxime), fluoroquinolones (ciprofloxacin),
tetracycline (doxycycline), aminoglycosides (gentamicin),
macrolides (erythromycin), nitroimidazoles (metronidazole),
and amphenicols (chloramphenicol). Five (Enterobacter, Clos-
tridium, Pseudomonas, Acinetobacter, and Klebsiella) out of
the eight isolates were resistant to all the antibiotics tested. Iso-
lates of Corynebacterium and Listeria showed susceptibility to
only doxycycline. Isolates of Bacillus demonstrated suscepti-
bility to only two antibiotics (doxycycline and erythromycin)
of different classes (tetracycline and macrolides).

3.5. Survey on Disposal Routes. One hundred (100) respon-
dents participated in this study, of which 64.0% were males
and the remaining 36% were females. The participants were
mostly between 21 and 50 years old (79%) and had various
levels of formal education, with most attaining either Middle
School Leaving Certificate (JHS) (36.0%) or a Secondary
Level education (29.0%). However, 23% had no formal
education and have lived in the community for less than
ten years. Figure 2 provides the demographic characteristics
of the respondents. The majority of the respondents
indicated that they disposed of both orthodox and herbal
medications once they did not need them (Table S3).
Antibiotic and analgesic medications, either prescription or
nonprescription medicines, were the most frequently
disposed medicines (Table S4). Disposal in household trash
(67%) and incineration or burning (19%) were the most

common methods used in getting rid of unused and
expired medicines. Other methods utilized by the
respondents were flushing down the sink or toilet (12%)
and returning to the pharmacy (2%). To find out about the
premium participants placed on issues of environmental
concern, participants were asked to rank health,
environment, and employment. Majority of the
respondents (78%) indicated that health was extremely
important to them. However, 48% of the 100 respondents
ranked environment as being slightly important (Table S5).
Respondents were also asked if they knew pollution of
rivers and streams by pharmaceuticals was an
environmental concern; to which about half of the
respondents answered in the affirmative. Respondents were
also asked if they were aware that they could return their
unused or expired medicines to the pharmacy, and 58% of
the respondents answered in the negative. Majority (60%)
of respondents indicated that taking unused or expired
medication to the pharmacy for disposal would be
inconvenient. Respondents were asked whether they would
be willing to pay to improve sewage treatments so that
river and stream pollution by pharmaceuticals could be
reduced, and 77% responded “yes” (Table S6).

4. Discussion

In the survey to gauge the disposal preferences of the inhab-
itants around the Owabi and Barekese reservoirs, a majority
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TaBLE 3: Ecological risk assessment of water samples from Barekese and Owabi reservoirs.
Pharmaceutical MEC (ug/L) PNEC (ug/L) HQ Comment
Fish (2.5000) 0.74 Medium risk
Amoxicillin 1.86 Daphnia (1.1000) 1.69 High risk
Algae (1.0000) 1.86 High risk
Fish (0.5400) 1.57 High risk
Chloramphenicol 0.85 Daphnia (0.5430) 1.57 High risk
Algae (0.1850) 4.59 High risk
Fish (0.5320) 8.20 High risk
Barekese Diclofenac 4.36 Daphnia (0.0220) 198.18 High risk
Algae (0.0145) 300.69 High risk
Fish (1.0350) 21.48 High risk
Metronidazole 2223 Daphnia (0.1000) 2223 High risk
Algae (0.1250) 177.84 High risk
Fish (0.3780) 0.42 Medium risk
Paracetamol 0.16 Daphnia (0.0092) 17.39 High risk
Algae (0.1340) 1.20 High risk
Fish (2.5000) 0.15 Medium risk
Amoxicillin 0.37 Daphnia (1.1000) 0.34 Medium risk
Algae (1.0000) 0.37 Medium risk
Fish (0.5400) 0.98 Medium risk
Chloramphenicol 0.53 Daphnia (0.5430) 0.98 Medium risk
. Algae (0.1850) 2.86 High risk
Owabi ) . .
Fish (0.5320) 202.80 High risk
Diclofenac 107.89 Daphnia (0.0220) 4904.09 High risk
Algae (0.0145) 7440.69 High risk
Fish (0.3780) 0.40 Medium risk
Paracetamol 0.15 Daphnia (0.0092) 16.30 High risk
Algae (0.1340) 1.12 High risk

RQ < 0.1 implies minimum risk, 0.1 <RQ <1 implies medium risk, and RQ > 1 implies high risk [20]. MEC: maximum estimated concentration; PNEC:

predicted no-effect concentration; HQ: hazard quotient.

TaBLE 4: Ecological risk assessment of sediment samples from Barekese and Owabi reservoirs.

Pharmaceutical MEC (ug/kg) PNEC (ug/kg) HQ Comment

Fish (0.5400) 18.93 High risk

Barekese Chloramphenicol 10.22 Daphnia (0.5430) 18.82 High risk
Algae (0.1850) 55.24 High risk

Fish (0.3780) 17.30 High risk

Owabi Paracetamol 6.54 Daphnia (0.0092) 710.87 High risk
Algae (0.1340) 48.81 High risk

RQ < 0.1 implies minimum risk, 0.1 <RQ <1 implies medium risk, and RQ > 1 implies high risk [20]. MEC: maximum estimated concentration; PNEC:

predicted no-effect concentration; HQ: hazard quotient.

(67%) of household respondents indicated that they dis-
posed of expired or unused medicines by placing them into
trash cans to be disposed of in landfills. Even though some
respondents indicated periodic disposal of unwanted and
expired medicines, 58% indicated that disposal was done
whenever they did not need the medication. Prescription
or nonprescription analgesics and antibiotics were com-
monly reported as unused and needing disposal. Pharma-

ceutical products constitute a significant component of
waste generated from many homes. Additionally, some com-
munity pharmacies dispose of unused pharmaceuticals into
municipal waste [27]. Analgesics and antibiotics have been
reported to be frequently disposed of in large quantities by
many households [28]. In literature, it has been noted that
unwanted or expired medicines are most commonly
dumped into trash cans, followed by subsequent disposal
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TaBLE 5: Colony morphology, cellular characteristics of isolates, and bacteria identified from water and sediment samples from Barekese and

Owabi reservoirs.

Isolates Colony morphology . ' . Cellular cha}racteristics Microorganism
Colour Shape Margin Elevation Opacity Gram reaction  Shape
oW1 Cream Circular Undulate ~ Umbonate Negative Rod Klebsiella sp.
Oow2 Grey Irregular  Entire Convex Opaque Positive Rod Corynebacterium sp.
OwW3 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
OW4 Circular Entire Raised Translucent ~ Negative Rod Pseudomonas sp.
OW5 Grey Circular Entire Flat Translucent  Positive Rod Listeria sp.
0OS1 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
082 Unpigmented  Circular Mucoid Raised Opaque Negative Rod Acinetobacter sp.
083 Cream Irregular ~ Undulate  Flat Translucent  Positive Rod Clostridium sp.
0S84 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
0S5 Grey Circular Entire Raised Translucent ~ Negative Rod Enterobacter sp.
0S6 Circular Entire Raised Translucent ~ Negative Rod Pseudomonas sp.
0Ss7 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
0S8 Cream Circular Undulate ~ Umbonate = Opaque Negative Rod Klebsiella sp.
0S89 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
0S10 Grey Circular Entire Flat Translucent  Positive Rod Listeria sp.
OS11 Circular Entire Raised Translucent ~ Negative Rod Pseudomonas sp.
Os12 Cream Irregular ~ Undulate  Flat Translucent  Positive Rod Clostridium sp.
0Os13 Grey Irregular  Entire Convex Opaque Positive Rod Corynebacterium
BW1 Grey Circular Entire Raised Translucent ~ Negative Rod Enterobacter
BW2 Unpigmented  Circular Mucoid Raised Opaque Negative Rod Acinetobacter sp.
BW3 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
BW4 Circular Undulate ~ Umbonate Rod Klebsiella sp.
BW5 Grey Circular Entire Raised Translucent ~ Negative Rod Enterobacter sp.
BW6 Grey Circular Entire Flat Translucent  Positive Rod Listeria sp.
BW7 Circular Entire Raised Translucent Rod Pseudomonas sp.
BS1 White Irregular  Entire Convex Opaque Positive Rod Corynebacterium sp.
BS2 Grey Circular Entire Raised Translucent ~ Negative Rod Enterobacter sp.
BS3 Cream Irregular ~ Undulate  Flat Translucent ~ Positive Rod Clostridium sp.
BS4 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.
BS5 Grey Irregular ~ Undulate  Flat Opaque Positive Rod Bacillus sp.

OW: Owabi water; OS: Owabi sediment; BW: Barekese water; BS: Barekese sediment.

into dumpsites or landfills [20, 28]. The pharmaceuticals
could be washed off into nearby surface waters during rain-
falls or even leach into the ground to contaminate ground-
water. This is no exception in communities where open
defecation and indiscriminate garbage disposal are practiced;
all these waste flow directly into nearby rivers and water
bodies. Some of these water bodies feed the reservoirs of
water treatment plants where the water is treated and dis-
patched to homes and factories for various uses, including
drinking. Because water treatment plants do not necessarily
target the removal of specific chemicals, there is the likeli-
hood that the chemicals may be present in treated water dis-
patched to homes. The threat is potentially more significant
for communities that consume water directly from polluted
rivers and streams. Exposure to sublethal concentrations of
these pharmaceuticals could harm the ecosystem and result
in long-term toxic effects. The effects could be multidrug

resistance (by antibiotics), interference with a drug a person
might already be taking (usually by analgesics), gender bind-
ing in fish, and decline in biodiversity [11, 29, 30]. Although
this study did not assess how respondents came by
unwanted or expired medication, patient noncompliance,
relief of symptoms/signs, medication change, and death of
patient have been reported by other studies as sources of
unwanted or expired medications [31-33].

The findings of this survey clearly show that respondents
do not dispose of unwanted or expired medicines through
proper means. Interestingly, 50% of respondents were aware
that pharmaceuticals’ pollution of rivers and streams was an
environmental concern. Contrastively, respondents were
more supportive towards greater care of the environment.
The fact that 78% of respondents ranked health as extremely
important while 48% ranked environment as slightly impor-
tant suggests a lack of knowledge of the possible effects of
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TABLE 6: Zones of inhibition (mm) of antibiotics against isolates and corresponding susceptibility and resistance of isolates to antibiotic.

Organisms AMP AML CXM CIP DOX E GEN MET CHL
Bacillus sp. R (0) R (0) R (0) R (17) S (25) S (25) R (10) R (15) R (0)
Clostridium sp. R (8) R (12) R (7) R (11) R (0) R (18) R (16) R (13) R (11)
Klebsiella sp. R (0) R (0) R (7) 10 (R) R (0) R (0) R (15) R (0) R (10)
Corynebacterium sp. R (0) R (0) R (0) R (15) S (24) 1P R (0) R (10) R (0)
Enterobacter sp. R (0) R (0) R (0) R (16) R (0) R (0) R (0) R (0) R (0)
Acinetobacter sp. R (0) R (0) R (0) R (9) R (0) R (0) R (0) R (0) R (0)
Bacillus sp. R (0) R (0) R (0) R (15) S (24) S (25) R (0) R (0) R (0)
Listeria sp. R (0) R (0) R (0) R (16) S (22) R (0) R (0) R (10) R (0)
Pseudomonas sp. R (0) R (0) R (0) R (12) R (0) R (0) IP (0) R (0) R (0)
Clostridium sp. R (17) R (18) R (0) R (0) R (19) R (8) R (8) R (11) R (10)
Enterobacter sp. R (0) R (0) R (0) R (12) R (0) R (0) R (0) R (8) R (8)

AMP: ampicillin; AML: amoxicillin; CXM: cefuroxime; CIP: ciprofloxacin; DOX: doxycycline; E: erythromycin; GEN: gentamicin; MET: metronidazole; CHL:
chloramphenicol; S: susceptible; R: resistant; IP: in preparation (limited information in EUCAST database).

Female : 36.0 % ~

T Male: 64.0 %

()

Tertiary : 8.0 %

Secondary : 29.0 % —

>60yrs: 4.0 %
51-60yrs:9.0%

15-20yrs:8.0 %

/

\

\

(b)

41 -50yrs:22.0 %
———21-30yrs:36.0%

31-40yrs:21.0%

No Formal Education : 23.0 %

<\ Primary : 6.0 %

Junior High/Middle School : 34.0 %

(c)

FIGURE 2: Demographic characteristics of respondents in household: (a) gender, (b) age, and (c) educational level of participants in the

survey.

environmental problems on human health and ecosystems.
There was a good correlation between respondents’ aware-
ness of the threats that pharmaceuticals pose to the environ-
ment and their willingness to pay to improve sewage
treatment to minimize pollution of rivers and streams by
pharmaceuticals. One strategy that has been suggested to
reduce the levels of pharmaceuticals in the environment is
the institution and implementation of a medicine take-
back program. A search through the literature has indicated

that imprudent disposal of unwanted and expired medicines
is a major route through which pharmaceuticals access the
environment [33-35]. There is no coordinated national out-
let for the proper disposal of unused and expired drugs in
Ghana. The Food and Drugs Authority (FDA) in Ghana,
by the Public Health Act, 202 (Act 851), is responsible for
the safe disposal of unwanted and expired drugs [36]. How-
ever, the cost and bureaucracy involved in this process are
gridlocks for households looking for a safe means to dispose
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of pharmaceutical waste. In 2009, the Cocoa Clinic in Accra
introduced a Disposal of Unused Medicines Program
(DUMP). This comprehensive medicine take-back project
urges patients and staff of its parent organization to return
their unused pharmaceuticals to the clinic for safe disposal.
Under the FDA’s supervision, the approved methods for
controlled disposal of pharmaceutical waste are subse-
quently followed by the Cocoa Clinic for any drugs received
[27, 37]. Even though this is an excellent program that can
reduce the environmental presence of pharmaceuticals in
Ghana, DUMP has a limited reach. The program serves only
a small percentage of the Ghanaian population—personnel
of the Ghana Cocoa Board and customers of the Cocoa
Clinic. The larger section of the Ghanaian population still
has unused and expired drugs in their possession, with the
disposal of these drugs still uncontrolled. Establishing an
effective medicine take-back program demands a lot of time,
money, and human resources. Therefore, willingness to pay
to minimize pollution by pharmaceuticals is a good indica-
tor for a national roll-out of a Disposal of Unused Medicines
Project (DUMP), as is done in countries such as New Zeal-
and and Canada [35, 38]. A convenient location of the
take-back program not only ensures environmental protec-
tion but provides details of unused pharmaceuticals valuable
to the health community in optimizing its prescribing and
dispensing practices to reduce the generation of unused or
expired medicines [27]. The existence of a knowledge gap
is therefore apparent about the above issues. These could
form part of research questions for further studies as they
were not explored in this study. It should be noted that the
response from the survey may have been distorted as a result
of the topic as a self-administered questionnaire collected
data. For instance, questions regarding disposal practices,
the environment, and payment to improve the environment
may have been inflated to a socially desirable factor. Again, a
response rate was not calculated in this study due to the fact
that the number of participants approached for participation
was not tracked. However, the findings of this study point
clearly to the existence of improper medicine disposal prac-
tices in Ghana, which need to be addressed. This is particu-
larly worrying as the disposal pattern identified as the
primary route has been reported in other studies in Ghana
[27, 39, 40].

In this study, paracetamol diclofenac, amoxicillin, met-
ronidazole, and chloramphenicol were detected and quanti-
fied. Although most pharmaceuticals have high solubility in
water and hence remain soluble in the aqueous phase, some
drugs remain insoluble or attached to suspended solids in
the wastewater. Since the liquid samples were filtered before
extraction, the reported concentrations in this work repre-
sent only the water-soluble fraction of the analytes. The
presence of pharmaceuticals in water and sediments suggests
the widespread occurrence of the pharmaceuticals in both
reservoirs. Paracetamol and chloramphenicol were present
in all sample types. For sediment samples, only paracetamol
was detected in samples from Owabi. On the other hand,
only chloramphenicol was detected in sediment samples
from Barekese. Individual pharmaceutical concentrations
in untreated water were found to be generally low, with aver-

Journal of Chemistry

age concentrations ranging between 0.07 and 36.51 mg/L.
The highest detected concentration of any pharmaceutical
in untreated water was for diclofenac (107.87 ug/L), followed
by metronidazole (22.23 ug/L), amoxicillin (1.86 ug/L),
chloramphenicol (0.85ug/L), and paracetamol (0.16 ug/L).
The results of this research are in line with many other stud-
ies in the literature, which have observed low levels of phar-
maceuticals in a variety of water sources. For instance, [41]
detected five pharmaceuticals in influents of a municipal
wastewater plant. Paracetamol, metformin, norfluoxetine,
atenolol, and cephalexin were the five detected pharmaceuti-
cals at average concentrations in a range of 1-40 ug/L. In
Spain, 35 pharmaceuticals were found in the raw water at a
drinking water treatment facility’s intake, with levels up to
1.2 ug/L [42]. However, the levels of pharmaceuticals
detected in this study were found to be higher than many
other studies. In a study of 31 pharmaceuticals conducted
throughout the drinking water supply system in Lisbon,
the levels of pharmaceuticals detected ranged from 0.005 to
46 ng/L [43]. In Spain, pharmaceuticals were quantified in
water and sediment samples from low ng/L to 168ng/L
and low ng/L to 50.3 ng/g, respectively [44]. Also, Ref. [45]
quantified pharmaceuticals ranging from 0.0018 to 3 ng/L
in water samples from a drinking water treatment plant.
This suggests relatively higher inputs of pharmaceuticals
into both reservoirs under study.

The efficiency at which pharmaceuticals are removed
from water is affected by several factors, including the
weather, the nature of water treatment, and its operating
conditions (temperature, redox conditions, solids, and
hydraulic retaining time). The physicochemical composition
of most pharmaceuticals, which is acidity and high solubility
in water with very low solid-liquid partition, is claimed to be
the key cause. These factors often result in poor sorption of
these compounds onto particles or organic matter, leaving
them soluble in the aqueous phase [41]. Overall, pharmaceu-
tical levels in the aquatic environment can be connected to
specific physicochemical parameters. Physicochemical fac-
tors such as pH, temperature, conductivity, total organic car-
bon (TOC), and TDS can favor photodegradation and other
attenuation processes [44]. The pH of all the raw water sam-
ples from both reservoirs was determined to be slightly
acidic (6.32-6.89). Positively charged soil components (at
pH 6) play a role in acidic pharmaceutical retention. Also,
there is considerable blockage of sorption sites by humic
acids at acidic pH [44]. Since the detected pharmaceuticals
in this study were all acidic, the low levels of detection could
be linked to the occurrence of this phenomenon. Conductiv-
ity measures the ability of the samples to conduct electricity
as a result of the total effect of positive and negative ions dis-
solved in them. Pharmaceuticals have been found to have a
stronger aflinity for cationic organic matter from clay soils
than anionic organic matter from sandy soils and complex-
ation with cationic species (e.g., Ca®") [46]. The high con-
ductivity values in this study could result in one of these
two given possible phenomena leading to the low quantifica-
tion levels in water samples.

The concentrations of individual pharmaceuticals in the
sediments were found to have an average concentration
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range of 3.34-4.80ug/kg. The highest concentrations
detected in sediment samples were 10.22 ug/kg for chloram-
phenicol and 6.54 ug/kg for paracetamol. This study’s find-
ings were consistent with many of the reported works in
literature where low levels of pharmaceuticals have been
quantified in sediments. Pharmaceuticals have been reported
to be present in sediments at the outlet of a wastewater treat-
ment plant in South Africa. Paracetamol, metronidazole,
and clozapine were quantified, with concentrations as high
as 18ng/g [47]. In another study in Budapest (Hungary),
naproxen and diclofenac were found in the range of 2-20
and 5-38 ng/g, respectively [48]. Although most pharmaceu-
ticals are polar and likely to be found in the dissolved frac-
tion, some can have specialized interactions with the solid
fraction and transmitted to sediments [44]. The effects of
pH on the interactions between organic matter and pH-
dependent pharmaceuticals might be significant [46]. Sedi-
ment samples from Owabi were determined to be slightly
acidic to basic with a pH range of 6.24-8.93. One of the five
pharmaceuticals was detected in sediments from this reser-
voir. This is in line with the findings of [44] where pharma-
ceuticals were found to bond to suspended solids under basic
(pHX7) conditions. However, only chloramphenicol was
detected in sediments from the Barekese reservoir. The
slightly acidic nature of these samples could be a possible
explanation for the absence of the other pharmaceutical
from the sediment samples.

Many pharmaceuticals can potentially pose long-term
negative impacts on ecosystems and humans. The quantities
of pharmaceuticals found in water and sediment samples
might have considerable environmental consequences. The
most obvious concern linked with the current study’s find-
ings is that continual exposure to antibiotics even at low
levels may lead to the development of antibiotic-resistant
bacteria. The occurrence of antibiotics in the environment
at sublethal doses can facilitate the presence of antibiotic-
resistant bacteria in the ecosystem and hence the transfer
of antibiotic-resistant genes to other bacteria [29, 49]. The
presence of antibiotics at these sites, in the absence or pres-
ence of other resistance selective agents such as heavy
metals, disinfectants, and detergents, can create a selective
pressure that causes the proliferation of antibiotic resistance
genes, resulting in the development or acquisition of resis-
tance genes among microbes, rendering current treatment
regimens useless [49]. Bacteria with antibiotic resistance
genes have been observed in biofilms inoculated with drink-
ing water bacteria [29]. This points to the possibility of gene
transfer to the drinking water distribution network, maybe
via surface and wastewater. The adverse effects of pharma-
ceuticals are not limited to antibiotics. In this study, diclofe-
nac presented the highest detected concentration. High
levels of diclofenac in the environment could pose serious
consequences. Unintentional exposure to diclofenac, for
example, has been known to impact vultures, resulting in a
significant decrease in their numbers a few years ago [50].
Diclofenac suppresses Gram-positive and Gram-negative
bacteria growth by inhibiting DNA synthesis at high concen-
trations (50-100 mg/L), and lotic biofilms consisting of bac-
terial and algal communities lost about 70% of their overall
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initial biomass after 4 weeks of exposure to 100 g/L diclofe-
nac [51]. Ibuprofen is reported to diminish the total bacterial
biomass of a riverine biofilm community produced from
rotating annular bioreactors and treated to a concentration
of 10 g/L for 8 weeks [51]. Hormones such as estrogens are
recognized as endocrine disruptors or modulators because
they can negatively affect reproductive and sexual develop-
ment, such as the feminization of male fishes at only ng/L
concentrations and the sterilization frogs after progesterone
exposure [46]. Conversely, Ref. [52] have reported that phar-
maceuticals such as caffeine and salicylic acid can increase
the yield of beet.

Thirty pure isolates (17 Gram-positive and 13 Gram-neg-
ative) bacteria were identified in water and sediment samples.
Bacillus, Corynebacterium, Pseudomonas, Klebsiella, Entero-
bacter, Listeria, Acinetobacter, and Clostridium were among
the bacteria that were identified. Various studies have also doc-
umented the isolation of bacteria from several of these genera
from various locations across the world. [53] identified 101
bacteria belonging to 16 distinct genera from drinking water
sources of Kohat, a northwestern district of Pakistan. They
pointed out that these microbes are opportunistic pathogens
and may constitute a considerable concern for public and
occupational health. Borquaye et al. (2019b) isolated microbes
from soil and leachate samples from active and abandoned
landfill sites in Kumasi, Ghana. In a similar work carried out
in Accra, Ghana, bacteria isolated included Escherichia coli,
Salmonella spp., Vibrio spp., and Bacillus spp. [54]. In our
study, diverse communities of microbes thriving in these sites
were isolated, even though levels of antibiotics quantified were
quite high in the same sites. Of the bacteria isolated from the
sampling sites, Bacillus was the predominant genus. Five
(Enterobacter, Clostridium, Pseudomonas, Acinetobacter, and
Klebsiella) out of the eight isolates were resistant to all the anti-
biotics. Isolates of Corynebacterium and Listeria showed sus-
ceptibility to only doxycycline. Isolates of Bacillus
demonstrated susceptibility to only two antibiotics (doxycy-
cline and erythromycin). This is similar to the work done in
Kumasi, where most of the bacteria isolated from landfill sites
demonstrated resistance to antibiotics used in a susceptibility
test. Tahrani et al. (2015b) studied resistance patterns of
microbes isolated from industrial effluents in Tunisia, reveal-
ing six patterns of multidrug resistance among the 11 antibi-
otics tested. Also, in Nigeria, over 10% of the bacteria from
the surface and underground water in six rural settlements
were resistant to four or more antibiotics [55]. More so, Lu,
Wu and Wang (2022) detected 18 types including 174 sub-
types of antibiotic-resistant genes (ARGs) in water and micro-
plastics of mariculture pond. Chloramphenicol-resistant genes
were the dominant antimicrobial-resistant genes in their study.
Although most Bacillus strains are not harmful to humans,
prolonged contact with these microorganisms carrying resis-
tance genes might spell tragedy. They might pass resistance
genes on to other harmful organisms, wreaking havoc. Antimi-
crobial resistance in enteric bacteria, in particular, is a severe
public health problem across the world. Skin, wounds, and
the respiratory and gastrointestinal tracts are all places where
Acinetobacter may invade. This microbe has also been linked
to incidences of community-acquired infection [56].
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The risks posed by the presence of the detected pharma-
ceuticals in the ecosystem were assessed in the ecological risk
assessment study. The predicted no-effect concentration
(PNEC: the concentration at which no adverse effect is sus-
pected to occur) values for fish, Daphnia, and algae were
determined using data from the literature on acute toxicity
[9]. For water samples, HQ values for paracetamol indicated
the medium risk to fish but a high risk to Daphnia and algae,
respectively. The very high HQ wvalues for diclofenac
(HQvalues > 1) imply quite a high risk to these species
investigated especially against algae. Both paracetamol and
chloramphenicol posed high risks to organisms in the sedi-
ments. Obviously, the worst hazard quotients were observed
for diclofenac against Daphnia in the water samples and
paracetamol on the same organism in sediment. In Pakistan,
the HQ for pharmaceuticals from industrial effluents was
determined. The maximum HQ values obtained in that
study were with paracetamol (64 against Daphnia),
naproxen (177 against fish), diclofenac (12,600 against
Oncorhynchus mykiss), ibuprofen (167,300 against Oryzias
latipes), ofloxacin (81,000 against Pseudomonas putida),
and ciprofloxacin (440 against Microcystis aeruginosa) [20].
The high HQs recorded in this study unveil a looming dan-
ger to aquatic life which needs to be addressed urgently.

5. Conclusions

This study reveals that many households in and around the
Owabi and Barekese reservoirs employ improper methods to
dispose of unwanted and expired medicines, where throwing
medicines into trash cans with other domestic waste are the
most common disposal practice. The fact that respondents
ranked health as extremely important while maintaining
the environment as slightly important reveals the lack of
awareness of the effects of improperly disposed pharmaceu-
ticals on human health and ecosystems. Therefore, there is a
need to create greater awareness of the problem of pharma-
ceuticals among the public and other sectors. However, the
willingness of respondents to pay for the reduction or
removal of pollutants of rivers and streams indicates con-
cern and desire to care for the environment. This study also
revealed the pollution status of the two dams with pharma-
ceuticals. The concentration of the pharmaceuticals ranged
from 0.01 to 107.89 ug/L in the water samples and 0.10 to
10.22 pug/kg in the sediments. Although some of the targeted
pharmaceuticals were below the detection limit, there was a
detection of at least one pharmaceutical residue in all the
samples gathered from both water and sediments, indicating
potential pharmaceutical pollution of the reservoirs. Since
water treatment plants do not specifically target the removal
of pharmaceuticals, the effect on society could be enormous.
It is important to institutionalize education programs to cre-
ate awareness of the proper methods for the disposal of
unused and expired medicines. Regular monitoring of the
reservoirs will provide accurate information on the pollution
status of the reservoirs. Finally, strategies for the removal of
pharmaceutical residues during water treatment should be
explored.
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Plants when exposed to toxic levels of metals can suffer morphological or physiological damage because toxic metals can interact
with several vital molecules in the plant. One possibility to remove these contaminants from the environment is through the
phytoremediation technique, since secondary metabolites produced by plants can reverse these damages. To evaluate the
cytoprotective activity, the dry mass and possible damage to the membranes of Lactuca sativa (lettuce) seedlings subjected to
different concentrations of mercury chloride in association with catechin and quercetin in suballelopathic concentration were
determined. The coordination of mercury chloride with substances was also evaluated using vibrational spectroscopy (Raman
and FTIR). The interaction of the mentioned flavonoids with mercury chloride was evidenced through vibrational
spectroscopy. When the metal was associated with catechin and quercetin, there was an increase in dry mass of almost 3 times
when compared with the HgCl, alone, demonstrating that these flavonoids act as cytoprotective agents. However, in the
presence of catechin and quercetin, membrane damage caused by mercury chloride has a level similar to that observed in
control plants, demonstrating none statistical difference. Comparing the highest concentration with the lowest concentration of
the metal associated with quercetin, it can be seen that the intensity of the peaks in this region decreases when the
concentration of the metal increases, indicating an interaction between the metallic compound and the flavonoid. In this
context, the use of secondary metabolites can be an alternative in the process of remediation of areas contaminated by mercury
chloride, as they mitigate the effects of mercury chloride on lettuce seedlings.
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1. Introduction

One of the most worrying issues today is the rise in pollution
levels, whether atmospheric, aquatic, or terrestrial, which
results in harmful conditions for organisms [1]. Among
the main drivers of this scenario are toxic metals, responsible
for the contamination and degradation of ecosystems [2].

Mercury is among the biggest environmental contami-
nants, causing significant reductions in biodiversity [3]. This
metal with high toxicity content is usually found in inor-
ganic form, such as mercury chloride (HgCl,), and its dis-
posal is related, for example, to the indiscriminate
elimination of effluents from mining activities, the use of
chemical products in agricultural practices, foundries, and
industrial activities [4].

The use of natural products with antioxidant and chelat-
ing activities is among the main alternatives to reverse or
prevent the toxic effects of metals on living beings [5].
Among these, phenolic compounds form one of the largest
groups of secondary metabolites with therapeutic potential
[6]. Furthermore, these compounds have high antioxidant
activity, inhibiting the action of reactive oxygen species
(ROS), thus avoiding lipid peroxidation that damages the
cellular structure of organisms [7].

Flavonoids are among the most abundant phenolic com-
pounds in vegetables, being concentrated in the aerial part of
plants, such as flowers and fruits [8]. In addition to chelation
of metals and protecting the body against oxidizing agents,
these polyphenols are recognized for their bioactivities, such
as anti-inflammatory, antitumor, antimicrobial, cardiopro-
tective, and enzymatic inhibition [9].

Catechin and quercetin are flavonoids that, in addition
to having the aforementioned biological activities, have
gastroprotective, anticancer, antiallergic, antidiabetic, anti-
hypertensive, vasodilatory, immunomodulatory, and anti-
neurodegenerative effects [10-12]. In addition, they denote
potential applicability in the remediation of areas contami-
nated by toxic metals, due to their significant antioxidant
activity, free radical scavenging, and chelating mechanisms
[13, 14].

Studies evaluating the interaction of phenolic com-
pounds with toxic metals such as mercury are increasing,
such as the studies by [15-17] and [18] aiming at their
removal from contaminated environments. Thus, the pres-
ent study was aimed at evaluating the cytoprotective effect
of catechin and quercetin against the toxic action of mercury
chloride on Lactuca sativa (lettuce) seeds, as well as vibra-
tion through interaction of compounds with spectroscopy
(Raman).

2. Materials and Methods

2.1. Evaluation

2.1.1. Evaluation of the Cytoprotective Effect of Flavonoids in
Lactuca Sativa against Mercury Chloride. To conduct the
test, Petri dishes were prepared as described by Sobral-
Souza et al. [19-21]. For the concentrations used, a suballe-
lopathic concentration of the extract and fractions (8 yg/mL)
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and mercury chloride (HgCl,) were used, ranging from
1.25mM to 0.05mM. The parameters analyzed at the end
of seven days were as follows: germinated seed count, germi-
nation rate index (GRI), biometrics, and occurrence of root
necrosis and seedling abnormalities, following the Seed
Analysis Rules Manual [22]. The tests were done in triplicate
and expressed as mean.

2.1.2. Electrolyte Leak Test. The percentage of damage to
stem membranes and rootlets of germinated lettuce seeds
was estimated using the electrolyte leak method described
by Blum and Ebercon [23]. These plant tissues were sepa-
rated and incubated in 25 mL of deionized water for a period
of 2 hours at a temperature of 25°C. After that time, the elec-
trical conductivity of the incubation solution was measured
using an Oakton COM 700 conductivity meter. This first
electrical conductivity reading was called L,. Then, each tis-
sue in its respective solution will be incubated in a water
bath at 75°C for 30 minutes to release the cell electrolytes
and cooled to room temperature, and the electrical conduc-
tivity of the solution will be determined as previously indi-
cated. This second reading was called L,. The following
formula was used to calculate the percentage of membrane
damage: VE (%) = (L,/L;) x 100, where VE = percentage of
membrane damage; L, =initialreading; and L, =final
reading.

2.1.3. Fourier Transform Infrared Spectroscopy. For the anal-
ysis of the samples, an infrared absorption spectrometer by
Fourrier FT-IR VERTEX 70V, of the Bruker brand, was
used. A Globar source is used for the medium infrared
(MIR) region equipped with DL to TGS pyroelectric detec-
tors to capture signals emitted from the sample. This equip-
ment has a HeNe laser source with 633 nm of wavelength
that allows the calibration of the optical path of the infrared
beam next to the spectrometer mirrors. This spectrometer
operates with a resolution of 2cm™ and a wide-range beam
divider (beamspliter) composed of silicon that allows its
use for measurements in the middle region. The use of vac-
uum in these experiments is important to improve the sensi-
tivity of the detector.

2.14. Fourier Transform Raman Spectroscopy. The FT-
Raman spectrum was recorded in the wavenumber range
from 40 to 4000 cm™ using a compacted powder of the sam-
ple in the sample holder of a Bruker RAM II FT-Raman
module coupled to the VERTEX 70 spectrometer as well as
a liquid nitrogen cooled high-sensitivity Ge detector. The
samples were excited with the 1064 nm line of a Nd: YAG
laser and we obtained a typical resolution of ~2cm™ with
accumulation of 60 scans per spectra and a nominal laser
power of 150 mW.

2.2. Statistical Analysis. All determinations were performed
in triplicate and the results of chemical and vegetable tests
were analyzed by calculating the arithmetic means with the
Bonferroni and ANOVA.
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Ficure 1: Effect of isolated mercury chloride (HgCl,) and in
association with catechin on the dry mass of radicles and stems of
Lactuca sativa.
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Ficure 2: Effect of isolated mercury chloride (HgCl,) and in
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of Lactuca sativa.
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FIGURE 3: Membrane damage in Lactuca sativa caused by 0.05 mM
HgCl, in the absence and presence of catechin.

3. Results

3.1. Growth of Stems and Roots. Figures 1 and 2 show the
results of the action of mercury chloride on the dry mass
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FIGURE 4: Membrane damage in Lactuca sativa caused by 0.05 mM
HgCl, in the absence and presence of quercetin.
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FIGURE 5: Spectra of pure catechin and associated mercury chloride
at 0.05mM and 1.25mM.

of L. sativa. In the tested concentration of this metal, a
reduction in the weight of the stems was observed, thus
showing its interference in the development of plant tissues.
However, when the metal was associated with catechin and
quercetin, there was an increase in dry mass, demonstrating
that these flavonoids act as cytoprotective agents, thus allow-
ing for greater growth of the stems. When the action of mer-
cury chloride alone or in association with the flavonoids
used was evaluated, there was no interference in the dry
mass of the radicles, thus showing that at a concentration
of 0.05mM, the metal did not alter the development of the
plant species.

3.2 Electrolyte Leaks. In this test, membrane damage in L.
sativa caused by 0.05 mM mercury chloride in the absence
and presence of catechin and quercetin was observed. Mem-
brane damage was measured to observe the stability of L.
sativa cell membranes as a function of mercury chloride
concentrations when associated with these substances or
alone. In this early stage of growth, the observation of dam-
age to the membranes is essential and represents a good
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TaBLE 1: Characterization of the most relevant FTIR peaks of pure catechin and associated with mercury chloride.

Wavenumber (cm™)

Pure 0.05mM HgCl, 1.25 mM HgCl, Assignment

770 770 770 Deformation outside the OH group plane [24, 25]
823 823 823 6 (C-H) off plan [24, 25]

1028 1020 1020 Stretching of aromatic ring B and C-H bonds
1105 1103 1103 v (C=0) [24, 25]

1140 1140 1140 v (C=0) [24, 25]

1284 1284 1284 v (ring A), v (O-C), and v (C-C) [24, 25]
1470 1466 1466 v (anel A), v (C-OH), and 6 (C-H) [24, 25]
1522 1520 1520 v (rings A and B) [24, 25]

1611 1611 1611 v (rings A and B) [24, 25]

1620 1620 1620 v (rings A and B) [24, 25]

2850 2850 2850 v (O-H) [24, 25]

2919 2919 2919 v (O-H) [24, 25]

3388 v (O-H) [24, 25]

3887

v = stretching, § = bending, r = rocking, and w = wagging.
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FIGURE 6: Spectra of pure quercetin and associated mercury
chloride at 0.05 mM and 1.25 mM.

indicator to understand the toxic effect of the metal and the
cytoprotective role of these flavonoids.

In Figures 3 and 4 the results show that in the presence
of catechin and quercetin, membrane damage caused by
mercury chloride has a level similar to that observed in
the control plants (treated with water only). This prelimi-
nary result initially suggests this possible protective role of
catechin and quercetin at a concentration of 0.05mM
against the toxicity of mercury chloride in both stems and
radicles of L. sativa, this cytoprotection being statistically
more relevant in the stems, which corroborates the electro-
lyte leakage tests.

3.3. FT Raman and FTIR Spectroscopy. The main bands
characterized in the FTIR spectrum of the catechin, com-
pared to the literature, were the stretching of the O-H bonds

in the region of 3388cm™’, stretching of the C-H bonds in
2919 cm™, and aromatic ring stretch vibrations (A, B), also
known as breathing vibration (Breathing). phenolic
carbon-carbon bonds (1620, 1611, 1522cm™"). The peak in
1470 cm™ was attributed to the stretch vibration of the con-
nection of C-OH in phenol (A), while the peak 1284 cm™ is
associated with the aromatic ring A and the stretching of
bonds COC and CC. The peak 1140 cm™ was attributed to
the stretching of the C-O link. The stretching of the aromatic
ring B and C-H bonds was associated with the peak 1020 cm”
' [24, 25].

When observing the spectrum of pure catechin shown in
Figure 5, a shift and decrease in peak intensity related to the
O-H stretching occurs in the region of 3388cm™, for the
region of longest wavelength if we compare the smallest
and the largest concentration with the metal.

There is a decrease in the peak intensities of 1522cm™
and 1470 cm™ when catechin is put to react with HgCl, at
concentrations of 0,05 and 1,25mM. This decrease in peak
intensity may be related to a possible coordination that the
Hg”* ion can make with the deprotonated oxygens of the
phenolic groups present in the catechin structure. The
decrease and small displacement of the peak in 1140cm’™
also signals a possible coordination of the metallic ion with
the catechin structure. A shift to lower energy frequencies
is also observed in the stretch in 770cm™ referring to the
out-of-plane deformation of the OH cluster (Table 1) [26].

Figure 6 shows the most relevant bands of quercetin. It is
attributed to the OH stretch (Table 2) and the bands around
3400cm’, the peak 1669cm™ is associated with the C=0
vibration of the aryl ketone valence band. The peaks 1610,
1560 and 1515cm™ are associated with the C=C stretch
vibration of aromatic rings. The spectrum also shows bend-
ing peaks from C-OH, in 1360cm’, it is from OH in the
phenol in 1377 cm™, in addition to CH flexion in the plane,
in 1317cm™. In 1205cm™ and 1165cm™, we have peaks
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TaBLE 2: Characterization of the most relevant FTIR peaks of pure quercetin and associated with mercury chloride.

Wavenumber (cm™)

Pure 0.05 mM HgCl,
820 820
1165 1165
1205 1205
1317 1316
1360 1358
1515 1510
1556 1560
1610 1610
1669 1654
3294 3294
3376

3406

3419

1.25mM HgCl,

1165
1205

Assignment
S (C-H) off plan [27, 28]

v (C=0) ring [27, 28]
v (C=0) ring [27, 28]
1316 8 (C-H) off plan [27, 28]
1357 8 (C-OH) [27, 28]
1510 C=C aromatic ring [27, 28]
1560 C=C aromatic ring [27, 28]
1510 C=C aromatic ring [27, 28]
1654 v (C=0) aryl ketone valence band [27, 28]

v (O-H) [27, 28]
v (O-H) [27, 28]
v (O-H) [27, 28]
v (O-H) [27, 28]

v = stretching, § = bending, r = rocking, and w = wagging.

referring to stretch vibration C-O in the aromatic ring and
bending out of plane in 820cm™ [27, 28].

It is observed by the infrared spectrum of pure quercetin
and quercetin after the reaction with HgCl, at concentra-
tions of 0,05 and 1,25mM, a change in the band attributed
to the carbonyl group which has a decrease in peak intensity
in 1669 cm™. There is also a decrease in peak intensities in
1515 and 1360cm™. This demonstrates a possible metal-
to-ligand coordination from carbonyl oxygen.

The vibrational deformation originated from C-OH
bonds is reflected in peaks formed in the region of 1300-
1400 cm™, while the stretch deformations are located 1100
and 1200cm™" [28].

The peak reflected in the region between 3400 and
3200cm™ refers to symmetrical stretching O-H [29]. It is
noticed that as there is an increase in the metal concentra-
tion, but mainly in the concentration of 1,25mM, there is
an absence of the peak absorbance. This could be due to
the heavy metal binding that supposedly occurs in this
radical.

4. Discussion

The results obtained about the effect of mercury chloride on
the growth of Lactuca sativa and its dry mass are similar to
those described by Rocha et al. [15-17] and Silva et al. [18],
where they demonstrate the cytoprotective effect of several
metabolites against the toxic action of mercury chloride.

Mercury at high levels affects seed germination and ini-
tial seedling growth, even though they have defense mecha-
nisms against different types of stress, during germination
and early development they become less tolerant [30-32].
Study with the translocation and biotoxicity of metal (oxide)
nanoparticles in the wet plant system shows that P. australis
are initially retained by the root system, followed by uptake
and air transport throughout the plant [33].

Study carried out by Sobral-Souza et al. [34] showed that
the presence of phenolic acids and flavonoids in samples of

Eugenia jambolana demonstrated cytoprotective effect on
the action of mercury chloride, in the stem and root devel-
opment of lettuce seeds; in this study, the concentrations
of mercury chloride were the same used in this research
and the extract of this species also showed an expressive con-
centration of flavonoids in its composition.

Although the protection mechanisms using isolated sub-
stances are not fully clarified, it is preliminarily inferred that
these substances may have reduced the absorption of mer-
cury chloride by the lettuce roots or acted as an antioxidant
system of the seedlings against the oxidative stress caused by
this metal. Studies with the flavonoid rutin showed cytopro-
tection in lettuce seedlings, probably due to the antioxidant
and chelating activity of this substance. Cytoprotection was
verified in the eukaryotic plant model when rutin was asso-
ciated with HgCl, at a concentration of 0.05 mM to promote
the growth of radicles and stems, which corroborates these
results [35].

Several studies have documented adverse effects caused
by toxic metals in plants, such as changes in the pattern of
germination and growth and morphology of radicles, stems,
and leaves [36, 37]. Studies using the plant supercritical car-
bon dioxide (SFE) system to evaluate flavonols that play a
key role in heavy metal resistance have indicated that flavo-
noids can improve resistance to oxidative stress by quench-
ing the ROS [38].

[26] studying the coordination of the gallium ion, the
structure of quercetin proposed that the hydroxyl group of
the carbon neighboring the carbonyl has a more acidic pro-
ton, when compared to the other protons of the other phe-
nolic groups. This fact results in a greater possibility of
coordination of the metal ion occurring via carbonyl oxygen
and oxygen from the deprotonated phenolic group. Probably
the other phenolics should not be involved in the coordina-
tion of the metallic ion due to the lower acidity and the pos-
sible spatial impediment caused by the first complexation.

Flavonoid compounds have the ability to form com-
plexes with metallic ions and exhibit the greatest



physiological strength, such as the association of quercetin
[39]. Analyzing the infrared spectrum of isolated quercetin,
it can be noted that the peaks related to the vibration of
the aromatic ring are concentrated in the region of 1400
and 1600 cm™. Comparing the highest concentration with
the lowest concentration of the metal associated with quer-
cetin, it can be seen that the intensity of the peaks in this
region decreases when the concentration of the metal
increases, indicating an interaction between the metallic
compound and the flavonoid [28, 40].

Previous studies such as the one by [41] had already
demonstrated the complexation capacity of flavonoids, espe-
cially rutin, which had greater activity in the scavenging of
superoxide radicals when complexed to copper and iron
metals.

5. Conclusions

This study suggests that although mercury chloride causes
cytotoxicity in several plant species, its complex with the fla-
vonoids catechin and quercetin can minimize these effects,
thus allowing for better plant growth, which can be observed
by preserving plant tissue, Lactuca sativa, demonstrated by
the increase in dry mass. Although these results are innova-
tive and promising regarding the search for new alternatives
for the decontamination of areas polluted by toxic metals,
further studies are needed to observe the effect of their appli-
cation in contaminated areas.
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