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Abstract

The occurrence and risk assessment of 22 inorganic elements have been evaluated in urban sewage
sludge and Lake’s surface sediments in the Republic of Benin. Broad range concentration of elements
was detected [1.43E-02 mg kg (TI) to 2.68E+04 mg kg (Fe)] in sediment and [3.00E-02 mg kg
(T1) to 4.77E+04 mg kg' (P)] in the sludge samples. The calculation of enrichment factor (EF)
revealed that majority of studied elements were enriched in both sediment and sludge; and could
reach extreme enrichment (1 < EF < 2300 and 1 < EF < 3000) in the sediment and sludge samples,
respectively. Principal components analysis showed that anthropogenic influence would explains
such situation. Further results with respect the degree of contamination (DC) of both and sediments
showed that sediments were within moderate DC (DC < 6) (H1, LN1, LN2) and considerable DC
(12 < DC < 24) (LN3 and LN4). Sludge samples (S,) and one sediment sample by a hospital effluent
discharge point (H2) were within very high DC (DC > 24). Summing up, the overall pollution state
of sludge and lake’s sediments is of concern. It also raises concern on the quality of the treatment
process in the WWTP and it constitutes a potential threat to the aquatic ecosystem and limits the
valorization of the sewage sludge.

Keywords: Sediment; Lake; Sewage sludge; Inorganic pollutants; Risk assessment; Republic of
Benin

Introduction

Controlling pollution in the environment is among the top list of environmental challenges. The
pollution of water reserves including rivers, lakes and sea has reinforced the need of protecting natural
resources and ecosystem. The need of strict control of discharging wastes into the environment is
of utmost importance. Inorganic pollutants, such as heavy metals, are of special concern because
of their persistence [1]. Unlike organic contaminants, heavy metals are not biodegradable [2] and
tend to accumulate in living organisms such as plants once reach the soil or fishes in the aquatic
environment. Furthermore, at their higher concentrations metals threaten human health since
many heavy metal ions are known to be toxic or carcinogenic [3,4]. Heavy metals can be responsible
for various health hazards in humans. For example according to [5], Cr, Cu, and Zn can cause
non-carcinogenic health hazards such as neurologic impairment, headache and liver disease, when
they exceed their safe threshold values. It has also been reported that chronic exposure even at
low doses of cancer-causing heavy metals may cause different types of cancer [6]. Occupational
exposure to dusts and mists containing hexavalent chromium increased the risk of lung cancer
death [7]. The occurrence of inorganic pollutants in soil, sediments and water could be attributed to
numerous anthropogenic activities such as urbanization, industrialization, transportation, abusive
use of synthesized fertilizer, insecticide, and pesticide, improper disposal of sewage and solid wastes
as well as natural processes such as precipitation inputs, erosion and weathering of crustal materials
[8,9]. Improper treatment of industrial wastewater is also known for the release of different heavy
metals such as zinc, copper, nickel, cadmium, lead and chromium etc. into the environment [9-11].
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Figure 1: Maps show sampling area and locations: H1, H2, LN1, LN2, LN3 and LN4 are sediment samples from Lake Nokoué. S1, S2, S3 and S4 are treated
sludge samples from 4 different discharge points (each from a treatment basin). SS is the soil sample collected by the sea side where the WWTP wastewater is
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Figure 2: Concentrations of inorganic elements in sludge (a, b, ¢) and sediment (d, e, f) samples.
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Regulations to limit or minimize the amount of pollutants before
being discharged are getting more stringent and the need of better
technology to meet the regulations has become a great challenge. Some
developing countries are more vulnerable to environmental pollution
as waste treatment technologies and management to encounter the
pollution are less available. However, the pollution status in those
countries is mostly unclear. It is the case of some countries in Africa
where the management of wastes still remains a great challenge to
decision makers. Wastewater treatment plants (WWTPs) do not exist
in most of cases, and if it is available, the treatment capacity is often
limited thus putting in doubt the treatment efficiency. In the Republic

of Benin (West Africa), only one WWTP exists, and it is setup in the
biggest and most populated town (Cotonou) of the country. The only
existing stabilization treatment plant, managed by a private company
SIBEAU, is overloaded. It was built to treat wastewater from 0.3
million inhabitants. Nowadays, the population has grown and the
WWTP has to treat wastewater from over 1 million inhabitants [12].
The effluent quality is poor and does not meet any quality standards
[13]. Ninety six percent of survey respondents recognized that the
sanitation situation in the city was not good. It has to be improved
by providing an appropriate and sustainable sanitation management
system [13]. Despite all the mentioned observations, the wastewater
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effluent from the WWTP is continuously discharged in the natural
water reserves such as the Lake, sea; and sewage sludge is used as soil
amendment mostly for garden. Some hospitals directly discharged
their wastes in the natural reserves without good pre-treatment.
To be noticed, the lake (e.g. Lake Nokoué) serves as the source of
provision in Crustacea and fishes. Coastal inhabitants used to fish in
this lake for their own and sell part of the products. Such situation
poses environmental eco-toxicological risks and threatens human
health as heavy metals can accumulate in the sediment and enter
food chain through the uptake by aquatic organisms. In-depth
investigations to assess the risks of pollution and suggest potential
solution are necessary. Therefore, this study, which follow after our
previous report with respect precious and rare earth elements in
sediments and sewage sludge in the republic of Benin [14] aims to
(i) evaluate the pollution status of sediment from Lake Nokoué and
treated sewage sludge from the urban WWTP in the republic of Benin
with respect 22 inorganic elements including 19 metals, 2 metalloids
and phosphorus, and (ii) assess the eco-toxicological risks related
to the pollutant contamination. To our knowledge, this is the first
comprehensive investigation on broad range of inorganic pollutants
in Lake’s sediment and urban sewage sludge in the Republic of Benin.

Materials and Methods

Study area and sampling

A total of 11 samples were collected from different sources
including sediments from Lake Nokoué (H1, H2, LN1, LN2, LN3 and
LN4) and dewatered sludge from the urban WWTP (S1, S2, S3 and
S4) and a sea soil sample (SS) in Cotonou town in the Republic of
Benin (West Africa) as shown in Figure 1. Samples from HI and H2
were nearby the discharging point of the effluent from hospitals (Hi)
and SS sample was that of effluent discharging point of the WWTP
by the sea side. The WWTP receives domestic wastewater and fecal
sludge of over 1 million inhabitants. The lagoon system is adopted for
the treatment. It includes pretreatment (screening and grit removal),
primary treatment and secondary treatment. The facility consists of
two series of three waste stabilization basin, which receive effluent
from an anaerobic pond. The ponds were designed for the following
purposes: (i) anaerobic ponds used for settling and degradation of
organic matter, (ii) optional basins used for the removal of BOD and
pathogens, and (iii) maturation basins, whose essential function is
to effectively reduce the quantity of fecal bacteria. Sludge samples
were collected after maturation [15]. The overall treatment process is
described in the Figure S1 in the Supporting Information (SI).

Samples collection and pretreatment

Sediments and sludge samples were collected in June 2016 in
50mL glass bottles. In the lake, samples were taken using a 2-meter
cylindrical tube (=2.5cm diameter) at 5-10 cm depth. Collected
samples were packed and sent to China at the Institute of Urban
Environment, Chinese Academy of Sciences. After freeze-drying,
samples were grounded in the glass mortar and sieved through a <2mm
mesh size, the pulverized samples were used for physicochemical
characterization and inorganic elements determination.

Physicochemical characterization

Physicochemical characteristics including pH, electrical
conductivity (EC), organic matter content (OM), and elemental
determination (total carbon, nitrogen and sulfur) were determined.
The pH and EC were determined in a dissolved sediment/sludge
sample in milliQ water at ratio 1:10 (m:v) [16]. The reading of pH
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Figure 3: EF of each inorganic element.
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Figure 4: Degree of contamination in each sample.

and EC values were performed by a multi-parameter meter (HACH,
HQ40d). OM was determined via weight loss by ignition at 500°C.
Elemental analysis was performed by pyrolysis using macro elemental
CNHS/O Analyzer (Vario MAX, Elementar, Germany).

Vessel cleanup

Sample digestion was carried out in a polytetrafluoroethylene
tube which was pre-cleaned by leaching with hot 10mL aqua regia
(mixture of HNO,: HCI at the ratio of 3:1) at 90°C for a minimum
of 2h under microwave as recommended by the [17]. All volumetric
wares were carefully acid washed in 10% nitric acid and then in 10%
hydrochloric acid and finally rinsed with milliQ water. The acids were
analytical grade (Merck KGaA, Darmstardt, Germany).

Sample digestion

Zero point one gram of sludge/sediment sample was weighted in
a polytetrafluoroethylene (PTFE) digestion tube followed by adding
12mL of freshly prepared aqua regia. The mixture was brought under
microwave for hot digestion at 180°C at high pressure [17]. The
running program is as follows: 10min for temperature to rise from
ambient temperature to 180°C and then 45min residence time at
180°C. After complete digestion, samples were cooled, filtered and
collected in a 50mL plastic centrifugation tube, and then diluted to
45 mL using milliQ water. Samples were stored at 4°C prior analysis.
For quality control, an instrument blank, procedural blank and the
certified reference material with known concentrations of elements
(GBWO07309, GSD-9, Inspection and Quarantine of the People’s
Republic of China) were applied for each batch and the recovery
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ranged between 92.6% and 105%. All experiments were performed
in triplicate.

Inorganic elements detection

The quantification of inorganic elements in sludge/sediment
samples was performed wusing inductively coupled plasma
mass spectroscopy (ICP-MS, Agilent 7500CX). Stock solution
(GNM-M27867-2013) of inorganic elements was purchased from
National Center of Analysis and Testing for Nonferrous Metals and
Electronic Materials (NCATN). The target elements include Ag, Al,
As, Ba, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Mg, Mn, Mo, Na, Ni, P, Pb,
Rb, Re, Sb, Sr, TI, V and Zn. All the quantified data calculation was
based on the sediment/sludge dry weight.

Pollution indices

To evaluate the pollution state of the sediment and sludge and
assess the eco-toxicological risks, parameters such as enrichment
factor (EF), pollution index (PI) and the degree of contamination
(DC) where evaluated [18,19].

Enrichment factor (EF): EF is a useful approach to determine
the level and influence of anthropogenic sources on metal or element
pollution in the environment using a normalizing element in order to
assuage the variations produced by heterogeneous sediments [19,20].
Different elements (Al, Fe, K, Li, Sc, Ga, Zr and Ti) are often used
as the normalizing element [21,22]. In the present study, EF of an
element (Y) was calculated relative to the average composition of
crustal abundance [23,24] using Al as the reference element according
to the Equation 1. Al is selected as a normalizing element because not
only it is one of the major elements in sediments, but it is also one
of the abundant elements in earth’s crust assuming that it has little
anthropogenic impact.

(%)Sample
EF=2—<

Y
(Nerustal (Eq. 1)

where (Y/Al) sample and (Y/Al) Crustal refer, respectively, to the
ratios of average concentrations (mg kg*) of the target metal and Alin
the studied sample and continental crust of earth [25]. According to
[26], the EF values are interpreted as follows: (EF < 1)-no enrichment,
(EF < 3)-minor enrichment, (3 < EF < 5) moderate enrichment, (5
< EF <10)-moderately severe enrichment, (10 < EF < 25)-severe
enrichment, (25< EF < 50) very severe enrichment, and (EF 2 50)
extremely severe enrichment.

Degree of contamination (DC): DC is used to assess the extent of
multi-metal or element contamination in the sediment, soil or sludge,
which is different from the single-element factor. According to [27],
DC could be calculated according to the Equation 2:

DC= PI).
;( )J (Eq.2)

where 7 is the number of elements and (PI) is the pollution index
calculated according to [27] via Equation 3.

1= Cj sample

- Coj Crustal (Eq. 3)

where Cjisthe concentration ofa given elementjin the studied samples
(mg kg!), and Coj is its corresponding upper crustal concentration
(mg kg'). According to [27], DC level was classified as follows: (DC
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Figure 5: PCA plot of inorganic elements in the sludge (a) and sediment (b).

< 6) low degree of contamination, (6 < DC < 12) moderate degree of
contamination, (12 < DC < 24) considerable degree of contamination,
(24 < DC < 24) very high degree of contamination.

Statistical analysis

Statistical analysis including correlation and principal component
analysis (PCA) were performed by SPSS 20.0 and graphical plotting
was performed by Origin software version 9.0.

Results and Discussion

Physicochemical characterization

Results of studied physicochemical parameters are summarized
in Table 1. From Table 1, it can be seen that both sediment and
sludge samples exhibited a near neutral pH. It can also be noticed
that sludge samples possessed higher EC (3.00mS cm™ < EC < 4.1m$
cm™) compared to sediment samples, which EC was lower than 3m$S
cm’. This could be explained by higher concentrations of charged
substances in the sludge samples [28]. The sample collected by the
sea side had the highest EC (5.95mS cm™). Furthermore, as it was
expected, sludge samples (S1-4) were very rich in OM, carbon and
nitrogen contents contrary to sediment samples (H1, H2, LN1, LN2,
LN3 and LN4) and the sea soil sample. This could be explained by
the fact that sludge is generally constituted of microorganisms and
various organic matters contrary to sediment and sea soil which
abound in sand.

Inorganic elements in sludge and sediment samples

Results of quantitative analysis of inorganic elements in the
sludge and sediment samples are shown in Figure 2. Data revealed
broad range concentrations of the elements in the samples.

Inorganic elements in sludge: P, Mg, Fe, Al and K were
predominantly detected in the sludge (S1-4) and in the sea soil (Figure
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Table 1: Sediment and sludge physicochemical characterization.

Sample pH EC (mS cm™) C (%) N (%) S (%) OM (%)
H1 6.9 2.23 0.634 0.04 0.21 1.8
H2 6.8 2.71 8.81 0.51 0.37 14.8
LN1 6.4 2.74 0.274 0.03 0.17 1.04
LN2 7.2 2.81 0.28 0.04 0.13 1.35
LN3 6.7 2.53 1.38 0.09 0.18 2.61
LN4 7.3 2.02 1.63 0.08 0.17 3.8
S1 7.1 4.04 32.6 3.2 11 66
S2 7.5 3.27 29.7 3.01 0.91 65.8
S3 6.9 3.73 26.2 2.68 0.48 62.3
S4 7.8 3.15 37.2 3.55 1.15 68.2
SS 7.6 5.95 2.34 0.88 0.15 6.97

2a). Their concentrations ranged (13052 - 47700, 8917 - 29158,
~ 10000, ~ 12000 and 1042 - 6802) (mg kg') for P, Mg, Fe, Al, K
respectively. S2 and S3 exhibited the highest concentrations of P and
Mg [S3 (47700mg kg'and 29157mg kg*) and S2 (36666mg kg'and
23620mg kg')]. Our results are comparable to that reported by [29]
for most of the element in the sewage sludge in China. P is known
as the major nutrient in the synthetic fertilizer; as a consequence,
the current sludge would be a good candidate for soil amendment
[30,31]. However, the usability of a sewage sludge as soil amendment
is dependent to the content of environmental hazard elements (e.g.
heavy metals (Cd, Cr, Pb, Zn, Cu, Ni etc.), emerging contaminants
etc.) in the sludge; as this would lead to their accumulation in soil and
compromise food chain [32,33]. Ba, Zn, Mn and Sr concentrations
were lower compared to the above mentioned elements in the sludge
samples (Figure 2a and 2b). The concentrations ranged 50 — 760 mg
kg, 200 - 500 mg kg, 100 — 400 mg kg and 40 - 210 mg kg for Zn,
Mn, Srand Ba, respectively. Cu concentration was low (10 - 150 mg kg’
1), elements including Cr, V, Ga, Pb, Rb, Ni, Mo, Y, Co, As, Cd and T1
were at very low concentrations (< 30mg kg') (Figure 2b and 2¢). The
concentrations of Cr, V, Ga, Cd and Tl were quite close in all sludge
samples. Summing up, the environment elements of great concerned
such as As, Cd, Co, Cu, Cr, Ni, Pb and Zn, concentrations ranged 1.06
-4.16,0.30- 0.87, 1.84- 4.13, 57.28- 159.34, 17.14- 20.36, 10.15- 18.65,
13.15- 20.39 and 275.44 - 659.70 mg kg, respectively in the sludge,
while it were: 4.16, 0.01, 1.81, 10.47, 27.36, 7.49, 8.83 and 73.17 mg kg’
!, respectively in the sea soil sample. These values were considerably
lower compared to those reported before in sludge samples in China
[29,34-37], and that reported by [38] in sludge samples in U.S (Table
2). As a matter of fact, the detected concentrations values meet with
U.S. Environmental Protection Agency recommendations which
regulate their limit in sludge to 75, 85, 3000, 4300, 420, 75 and 7500
mg kg for As, Cd, Cr, Cu, Ni, Pb and Zn, respectively [39,40].

Inorganic elements in sediment samples: In sediment samples,
the major detected inorganic elements (> 1000 mg kg') remained
the same as those in the sludge (Figure 2d). However, contrary to
the sludge samples, Fe and Al were the elements with the highest
concentrations in the sediment. Their concentrations ranged 6887-
26833 and 3215-15228 mg kg’ for Fe and Al respectively. Fe and
Al concentrations in the sediment sampling site follow the following
order: LN4 >, LN3 > H2. P, Mg, K and Ba, concentrations vary from
100 to 3500 mg kg™ in all sediment samples. The remaining elements’
concentrations were generally much lower [from 0.2mg kg™ (for TI)
to 500mg kg (for Ga)] (Figure 2e and 2f). Metals of environmental

great concern (e.g. As. Cd, Co, Cu, Cr, Ni, Pb and Zn) were < 500mg
kg for Zn, Cuand Cr and < 25mg kg for As, Cd, Co, Niand Pb in the
sediment. Compared to others studies, our results with respect heavy
metal concentrations were relatively higher than those reported by
[48] in a river sediments in Nigeria, [41] in surface sediments in Iran,
and those reported on surface sediments in China [42,43,45] (Table
2). The comparison of our results to the standard limits according
to Consensus-Based Sediment Quality guide line (CBSOG) [44]
(Table 2), showed that the concentrations of the elements did not
fully meet with the recommendation. Anthropogenic sources such
as the effluent from industrial facilities and sewage treatment plants,
domestic wastewater and hospital waste discharge [46,49,50], would
contribute to the higher concentrations of inorganic elements in the
lake’s sediments. However, more in-depth survey is needed to figure
out which are the major sources contributing to the occurrence/
accumulation of contaminants in the sediment.

Correlation between elements and

environmental factors

inorganic

Pearson correlation between inorganic element concentrations
and environmental factors including pH, EC, C, N, S and OM in both
sediment and sludge samples has been performed (Table S1-2).

In the sewage sludge, the correlation between environmental
factors and studied inorganic elements were noted. Indeed, EC, C,
N, S and OM developed a strong correlation with most of the target
inorganic elements in the sludge. For example, EC showed strong and
significant correlation with Fe, Ba, Ga, Cr, and Rb (0.77 < r*< 0.91, p<
0.05), and marginal correlation with the rest of the inorganic elements
(0.32 <1r*<0.85, p> 0.05). C, N, S and OM positively correlated with
the majority of target inorganic elements (Table S1), while negatively
correlated with Fe and As. pH, only showed marginally and negative
correlation with elements such as P, Mg, Mn, Sr and As (0.34 < r?
< 0.46, p > 0.05). Strong correlation among some target inorganic
elements was also observed, which suggested the possible common
sources of the elements in the sludge. However, several elements such
as P, Fe, Mn, Sr and V, did not show correlation with most of other
target inorganic elements.

In the sediment, EC developed marginally negative correlation
with P, AL, Niand Cd (0.26 < r? < 0.57, p > 0.05), and strong negative
correlation with Mg, Fe, K, Mn, Sr, V, Cr, Rb, Y and As (0.70 < r?
< 0.84, p < 0.05). C, N, S and OM developed significantly positive
correlation with some of the target elements (Ba, Zn, Cu, Ga, Pb and
Co) in the sediment (Table S2). The correlations among most of the
target inorganic elements in the sediment were significant (p < 0.05).
Particularly, P, Mg, Al, Sr and Cr showed correlation with almost all
other target elements. This suggested that inorganic elements in the
sediment could be originated from similar and common sources.

Environmental risk assessment

The evaluation of pollution indices permitted us to better
understand the pollution state of the lake’s sediments and sewage
sludge. The results of analysis are shown below.

Enrichment factor (EF): According to [25], EF< 1 indicates
no enrichment and the given element would be originated from
crustal materials or from natural weathering processes, and EF > 1
indicated that a significant portion of the element was originated
from anthropogenic sources, suggesting the possibility of pollution.
In the current study, EF was evaluated for each element using Al as
the normalizing element. Results showed that by some inorganic
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Table 2: Comparison of the detected concentrations of heavy metals with the recent reports (concentration in mg kg*).

Matrix and country As Cd Co Cr Cu Ni Pb Zn References

Surface Sedg’;?g Republicof | g5 685  0.078-0.867 | 1.08-100 195641  7.72-938 433193 676962 345333  Present study
Surface Sediment, Nigeria na 0.550- 1.142 na 9.57-15.95 na 9.15-13.96 = 2.00-8.9 | 91.5-121.6 [41]
Surface Sediment, PR China 1.94-13.67 0.03-0.13 na Oct-85 1-39.5 na Nov-56 13-125 2]
Surface Sediment, PR China 3.4-13.6 0.020-0.240 na 11.6-76.2 9.6-35.6 3.5-35.8 22.6-43.7 @ 12.9-94.7 3]
Surface Sediment, PR China 4.9-67.8 0.10-2.00 na 17.7-182.3 | 15.2-121.4 @ 11.2-82.3 11.4-76.7 30-161 4]
Sediment, Iran na 0.17-2.1 na 57.8-141 19.9-47.9 69.8-196 17.6-94.6 45.9-107 [45]
CBSOG SQG* <9.8 <0.99 na <43 <25 <23 <40 <90 [46]

Sewage S'”é’g:i’n Republicof | 56417 | 0094-0.873 | 1.82-354 17.1-27.4 105157 = 7.49-154 883203  73.2-497  Present study
Urban Sewage Sludge China? na 64.1 73.4 604.1 1102.2 483.9 na 2060.3 [38]
Industrial Sewage sludge China® na 172,300 na na 237 22,225 na 1700 [39]
Urban Sewage Sludge , China® na na na 293.7 181.7 114.8 40.3 1453.9 [35]
Urban Sewage Sludge, US¢ 10.19 3.62 3.5 57.84 435.7 27.8 24.49 620.1 [39]

USEPA, NRC 75 85 na 3000 4300 420 75 7500 [40,48]
Note:

*Consensus-Based Sediment Quality guide line (CBSOG SQG 2003).

aMunicipale wastewater treatment plant receiving both domestic and industrial wastewater.

bIndustrial wastewater treatment plant.

cdMunicipal wastewater treatment plants receiving only domestic wastewater.
na: not available.

elements were enriched in the sediment and sludge samples (Figure
3). Mg was the most enriched element in the sludge samples and
sediment samples. The level of enrichment was extreme (EF > 50),
except in H1, LN1 and LN3 where Mg was severely enriched (EF =
5.8, 13.2 and 10.1, respectively). Regarding P, the EFs were 8.5, 8.5
and 7.3, respectively in S1, S4, and SS, which indicated moderately
severe enrichment. In S2 and S3, the EF values (13.3 and 16.8,
respectively) showed that P enrichment was very severe. Fe, K, Ba,
Mn, V, Cr, Rb, Ni, Y, Co and Tl showed minor enrichment in all
samples (EF < 3), except Ba which was very severely enriched in
H2 (EF = 27.2). Heavy metals Zn, Cd and Cu showed much higher
enrichment in the sludge samples compared to sediment samples.
Indeed, the EFs of Zn, Cd and Cu in sludge samples could reach
very severe enrichment to extremely severe enrichment. Otherwise,
Pb showed higher enrichment in the sediment samples compared
to sludge samples. It showed severe to very severe enrichment in
sediment samples. Meanwhile, Arsenic (As) exhibited moderately
severe enrichment in the sediment samples (LN1, LN2, LN3 and
LN4) and severe enrichment in SS sample (EF = 11.2). Contrary to
sediment samples, showed minor enrichment in the studied sludge
samples. In summary, the overall results of the studied sludge and
sediment samples revealed that investigated elements were enriched
in the sludge and that anthropogenic activities strongly influenced
their occurrence in the Lake’s sediment. We further the pollution risk
assessment of the sludge and sediment by evaluating the degree of
contamination (DC) discussed below.

Degree of contamination (DC): According to the results shown
in Figure 4, DC values of sediment samples H1, LN1 and LN2 were
around 6, and therefore, those sediment samples were at low degree
of contamination according to [26]. DC values of LN3, LN4 and
SS were between 12 and 24. According to [26], those three samples
showed considerable degree of contamination. Finally, each of H2,
S1, S2, S3 and S4 has a DC value greater than 24, indicating a high
degree of contamination. As a consequence, necessary measures
should be taken to (i) restore the lake, (ii) regulate urban and hospital
wastewater and sewage sludge treatment and management, and

Table 3: PC analysis loadings of metals in sediments
sewage sludge.

of Nokoué Lake and

Sewage sludge Sediment
Elements
PC1 pPC2 PC1 pPC2
Cu 0.99 0.09 -0.06 0.99
Ni 0.98 0.12 0.76 0.65
Co 0.98 -0.12 0.38 0.92
Y 0.98 -0.11 0.94 0.3
Zn 0.98 0.1 0.38 0.92
Cd 0.97 0.11 0.81 0.59
Tl 0.96 0.14 0.51 0.86
Pb 0.93 0.24 0.2 0.97
K 0.9 0.37 1 -0.04
Mo 0.89 0.09 0.55 0.83
Ga 0.81 0.52 -0.12 0.99
Ba 0.76 0.44 -0.12 0.99
Mn 0.02 0.99 0.98 0.18
Mg -0.11 0.99 0.92 0.34
P -0.09 0.98 0.63 0.76
Sr 0.17 0.97 0.94 0.34
As -0.46 -0.89 0.99 -0.05
Rb 0.61 0.77 0.98 0.16
Cr -0.45 -0.76 0.98 0.19
Al 0.67 0.73 0.74 0.62
\% 0.15 -0.7 0.99 0.1
Fe -0.5 -0.33 0.98 0.13
Initial Eigen value 14.55 5.92 16.11 5.63
%o of Variance 66.13 26.92 73.23 25.88
Cumulative % 66.13 93.04 73.23 98.81

Note: Data in bold are the main contributors to PC.
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finally (iii) avoid discharging untreated wastewater and sewage sludge
into natural receptors such as the lake, sea, soil etc.

Principal component analysis (PCA)

To better elucidate the potential sources of inorganic elements in
the surface sediments of Lake Nokoué and sewage sludge, PCA was
separately performed on sludge and sediment samples. PCA reduced
the number of variables to two principal components (PCs) for both
sludge and sediment (Table 3 and Figure 5).

In the sludge, 93.04% of the variance was explained (Table 3
and Figure 5a). PC1 explained 66.13% of the total variance and was
largely dominated by Cu, Ni, Co, Y, Zn, Cd, TI, Pb, K, Mo, Ga, Ba,
Rb, Cr, Al and Fe. PC2, which explained 26.92% of the total variance,
is dominated by Ga, Ba, Mn, Mg, P, Sr, As, Rb, Cr, and V. Al is
known as a petrogenetic element and constitutes one of the earth
crust’s major components, andits concentration is rarely influenced
by anthropogenic activities [45,51]. In addition, as aforementioned,
Al developed a strong correlation with most of the elements loaded
on PCI (0.25 < r* £ 0.99). This suggests that elements loaded on
PC1 would have similar source to Al. However, EF analysis showed
that most of those elements were enriched in the sludge, which also
suggested the influence of anthropogenic sources on the occurrence
of these elements in the sludge [43]. Mn, Mg, P, Sr, As, Cr and V
were loaded on the second component (PC2). EF analysis revealed
that those elements, especially Mg and P, were highly enriched in the
sludge, which implied that anthropogenic activities were likely the
major source responsible for their accumulation in the sludge.

In the sediment, 98.81% of total variance was explained. PC1
explained 73.23% of the total variance and loaded Ni, Y, Cd, T1, K,
Mo, Mn, Mg, Sr, As, Rb, Cr, Al, V and Fe. PC2explained 25.88% of the
total variance and loaded Cu, Ga, Ba, Pb, Co, Zn, Mo and TI. Al and
Fe are considered as petrogenetic elements and their concentrations
are not often influenced by human contamination in the aquatic
sediment [51,52]. As a consequence, elements loaded in PC1 (Ni, Y,
Cd, Tl, K, Mo, Mn, Mg, P, Sr, As, Rb, Cr, Al, V and Fe) are likely
mainly originated from natural sources. Other elements such as
Cu, Co, Mo, Zn, Pb, Ga and Ba were loaded in PC2, and they were
moderately to severely enrich in the sediment. Their occurrence in
the sediment is probably attributed to anthropogenic activities. It is
important to notice that some elements such as Ni, P were partially
loaded in both PC1 and PC2 (Table 3). It could be considered
that both natural and anthropogenic sources contributed to their
occurrence and accumulation in the sediment.

Conclusion

The occurrence and risk assessment of 22 inorganic elements,
including 19 metals, 2 metalloids and phosphorus, in sewage sludge
and sediment samples were evaluated in this study. Elements were
detected at broad range concentrations both in sediment and sludge
samples. The evaluation of eco-toxicological risks based on two
indices, EF and DC, permitted us to evaluate the pollution state of the
sewage sludge and lake sediment. Results revealed that the sediment
and sludge were under different pollution status. When considering
EF index, which assesses the contamination level based on each of
the element, the contamination was evident as some elements were
enriched in both of the sludge and sediment, and anthropogenic
activities could be responsible for such situation. Furthermore,
when considering the DC index, which takes into account the
overall elements, the pollution status of the sediment and sludge

was between considerable and extreme degree of contamination.
As a consequence, it urges to take adequate measures to restore the
lake, improve wastewater treatment processes and avoid discharging
untreated wastewater and sewage sludge in natural receptors and soil.
However, more investigation is still needed to better understand the
bioavailability of the inorganic elements and contamination levels in
aquatic organisms.
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