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Abstract

Introduction: The aim of this study was to investigate ionic disorders in malaria and dengue co-infection at
Ouagadougou, Burkina Faso.

Material and methods: This is a descriptive cross-sectional study with retrospective data collection, carried out in the
laboratory of the Pediatric University Hospital Charles de Gaulle in Ouagadougou, Burkina Faso, from January 1%, 2017
to December 31%, 2019. The study was on patients who performed a thick blood drop/smear, dengue serology and blood
ionogram.

Results: On 1405 cases included in the study, 102 patients (7.26%) were confirmed of malaria. Dengue serology was
positive in 235 patients (16.72%). The frequency of co-infection was 1.14% (n=16). The mean age of the patients was
9.93 years and the age group of 0 to 15 years represented 78.93% of the cases. There was a male predominance with a sex
ratio (M/F) of 2.58. Hyponatremia (40%), hypocalcemia (40%), hypokalemia (30%) and hypophosphatemia (30%) were
the main blood ionogram disturbances in malaria and dengue co-infection. The statistically significant disturbances in
case of malaria and dengue co-infection were the absence of hypobicarbonatemia (p=0.036).

Conclusion: Malaria and dengue are responsible for significant morbidity and mortality in Burkina Faso. Although
co-infection was rare in the study (1.14%), it was associated with several blood ionogram disturbances. Evaluation and
consideration of these disturbances during treatment would contribute to a better care of patients.

Keywords: pediatric university hospital, co-infection, dengue, blood ionogram, malaria
1. Introduction

Malaria and dengue are vector-borne diseases, which are public health problems worldwide and particularly in Burkina
Faso. According to the World Health Organization (WHO), malaria was responsible for 228 million cases in 2018 with
405 000 deaths, mostly among children under five years old (World Health Organization [WHO], 2019). Similarly, more
than 390 million dengue virus infections occur worldwide each year, with 5.2 million cases reported to WHO in 2019
(WHO, 2021). Both diseases are found in common geographical areas, especially in the tropics and subtropics, and cases
of co-infection are increasingly reported (Epelboin et al., 2012; Faruque et al., 2012; Mohapatra et al., 2012; Baba et al.,
2013; Mendonga et al., 2015). In Burkina Faso, a survey on 264 children revealed 18 positive cases of dengue, including
10 cases associated with malaria (Ministry of Health, 2014). In 2017, out of 51 cases of dengue observed in the infectious
disease department of the University Hospital Yalgado Ouedraogo at Ouagadougou, a co-infection with malaria was
observed in 7 patients (Savadogo et al., 2017). These diseases are related to high morbidity, and in endemic areas,
complications are responsible for a high number of deaths. The main complications arise from changes in certain
haematological and biochemical characteristics, which can aggravate the clinical picture, but also from the immune
response against the parasitized red blood cells or against the dengue virus. Thus, some biological complications may be
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life-threatening, such as severe thrombocytopenia, severe hepatitis, renal failure and potentially serious ionic disorders.
These complications must be detected in the laboratory and treated appropriately to ensure patient survival.

In Burkina-Faso, few studies focused on the biological complications of malaria and dengue co-infection, particularly
hydro-electrolytic disorders, making this study necessary. Thus, we studied the disturbances of blood ionogram in malaria
and dengue co-infection at the pediatric university hospital Charles de Gaulle in order to allow a better care of the patients.

2. Material and Methods

The study was conducted in the medical analysis laboratory of the University Hospital Charles de Gaulle at Ouagadougou,
Burkina Faso. It was a descriptive cross-sectional study, with retrospective data collection on a period of three (03) years,
from January 1%, 2017 to December 31%, 2019. The population studied consisted of all patients (all ages) who had a thick
blood drop/screen, dengue serology and biochemical examinations including blood ionogram. Sampling was systematic
and exhaustive during the study.

The thick blood drop and the blood smear were performed on a slide from a capillary blood sample, stained with Giemsa
and May-Griinwald Giemsa respectively. The thick drop was used to make a positive diagnosis of malaria; the blood
smear was used to diagnose the species and to evaluate the parasite density. Dengue serology and biochemical assays were
performed on venous blood samples collected in dry tubes, centrifuged at 3500 rpm for 5 minutes with serum collection.
The SD Bioline Dengue Duo kit (Standard Diagnostics) was used for the diagnosis of dengue and was considered as a
probable case of dengue, any patient with a positive serology for NS1 antigen and/or immunoglobulin M. Blood ionogram
parameters were represented by the serum determination of sodium, potassium, chlorine, calcium, magnesium, phosphate
and proteins, using the Indiko Plus automaton (Thermo Fisher Scientific). The values obtained were interpreted according
to the patient's age.

Data collected on a questionnaire were entered from Microsoft Office Excel 2013 software and analyzed with Epi-Info™
7 software in its version 7.2.0. Univariate and bivariate regression analyses were performed to establish a statistical
relationship between the variables. For univariate analysis, Chi-2 or Fischer tests were used and for bivariate analysis,
measures of association such as Odds Ratio and p-value were performed. The significance level was p <0.05. Before the
beginning of the study, a request for authorization to collect data was obtained from the management of the Pediatric
University Hospital Charles de Gaulle. Data confidentiality was maintained throughout the study.

3. Results
A total of 1405 subjects were included in the study.
3.1 Socio-Demographic Characteristics

The mean age of the patients of the study was 9.93 + 10.26 years with extremes from 1 day to 80 years. The age range of
0 to 15 years was the majority with 1109 patients, representing a frequency of 78.93%. Male sex was the most represented
with a sex ratio of 1.15. The sociodemographic characteristics are presented in Table 1.

Table 1. Distribution of patients according to socio-demographic characteristics

Characteristic Number Percentage (%0)
Age <15 1109 78.93
(years) 115-30] 138 9.82
] 30-45] 121 8.61

>45 37 2.63

Gender Male 752 53.52
Female 653 46.48

3.2 Prevalence of Malaria, Dengue and Co-infection

Thick blood tests were positive in 102 patients, i.e. a prevalence of malaria of 7.26%. The mean parasite density was 30
163.93 + 67 741.85 trophozoites/uL, ranging from 110 to 520 909 trophozoites/uL. Dengue serology was positive in 235
patients (16.72%). Out of the 1405 patients, the frequency of malaria-dengue co-infection was 1.14% with n=16 (Figure

).
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Figure 1. Frequency of malaria, dengue and co-infection
3.3 Blood Ionogram Results
3.3.1 Mean Values of Blood Ionogram Parameters

Table 2 presents the mean values obtained after the determination of the different parameters of the blood ionogram,
according to the cases of co-infection, dengue or malaria.

Table 2. Mean values of blood ionogram parameters

Parameters Co-infection Dengue Malaria
Natremia (mmol/L) 135.44 + 08.09 134.71 £ 05.57 134.94 + 05.90
Kalemia (mmol/L) 3.65+0.44 4.35+0.80 4.30 +0.66
Calcemia (mmol/L) 2.26+0.29 2.35+0.35 2.33+0.48
Chloremia (mmol/L) 104.02 £ 04.71 99.87 £ 11.74 104.61 £4.54
Phosphatemia (mmol/L) 1.22+0.41 1.55+0.46 1.32+0.73
Magnesemia (mmol/L) 0.80+0.40 0.76 £ 0.31 0.71+0.24
Bicarbonate (mmol/L) 23.89+£3.48 21.74 £4.21 19.69 £ 4.26
Protidemia (g/L) 72.64 £11.65 72.21 £11.58 66.4+11.75

3.3.2 Frequency of disturbances

The frequencies of blood ionogram disturbances are presented in Figure 2. In case of malaria-dengue co-infection, the
main disturbances were hyponatremia (40%), hypokalemia (30%), hypocalcemia (40%) and hypophosphatemia (30%).



http://ijc.ccsenet.org International Journal of Chemistry Vol. 14, No. 1; 2022

B Co-infection W Dengue Malaria
C
o S o G} E
< gwﬁ o 8\02 o % | o ™ P4 0
= ARSI Q Som Q %) 9 p S O Nq:m
o, ~M 8 & N .8 o S R 8 N@2 o™ NAS
(@) o~ - o ~ ~ o de) 0 ~NOS ()] -
z I ) ~Q | 8= = ofNw | QN b N =
& o ~NO = NS NS )
) o2 N oxo A S - o =
g own ~ 8% NS S 0
b A | RS 1l Ml e
o - |
N8 \2 N8 \g ¥ \g N 8 NS ¥ Ny N 8
N N N N N N N N \s D N 0 N N
R S I N M M SN S <
A A< v v ® o o) o) S 0 & - N N\
& & ¥ v S S o > NS S $
SN Q @ R Q N < 9 N o o
& (e) < C @) 3 N £ <t
O & < <0 o <& ¥ 0 Q Q
O N IR SRS R SRS
RS RS S A S B \2\@ X & %*Q

BIOCHEMICAL DISORDERS

Figure 2. Frequency of blood ionogram disturbances

3.3.3 Univariate Analysis

In univariate analyses, the absence of hypobicarbonatemia (p=0.036) was significantly associated with malaria-dengue
co-infection.

No abnormality was associated with the presence of dengue alone. Hypobicarbonatemia (p=0.048), hyperchloremia
(p=0.013) and hypophosphatemia (p=0.043) were present in malaria infection alone (Table 3).

Table 3. Univariate analysis of blood ionogram disturbances between co-infection, dengue and malaria

Disturbances Co-infection Dengue Malaria
Hypobicarbonatemia 0.036 0.280 0.048
Hyponatremia 0.250 0.230 0.370
Hyperchloremia 0.350 0.060 0.013
Hypercalcemia 0.150 0.290 0.590
Hypomagnesemia 0.770 0.500 0.650
Hypophosphatemia 0.330 0.130 0.043
Hypokalemia 0.440 0.450 0.340
Hyperprotidemia 0.450 0.490 0.360

3.3.4 Bivariate Analysis

Among biological disturbances, hypophosphatemia was less frequent in the co-infection group than in the malaria-only
group (OR= 0.24; CI95%: 0.06-0.99; p-value = 0.044). On the contrary, hypophosphatemia was more common in the
co-infection group than in the dengue-only group (OR = 7.04; CI195%: 1.52-32.63; p-value = 0.009).

4. Discussion

The aim of the present study was to investigate blood ionogram disturbances in malaria and dengue co-infection at the
Pediatric University Hospital Charles de Gaulle. Despite the retrospective nature of the study with the fact that some
clinical records were not complete, 1405 patients were included.

4.1 Prevalence of Malaria And Dengue Co-Infection

The prevalence of the co-infection in this study was 1.14% (Figure 1), thus relatively low. In a study at Thailande, on 194
dengue patients, no association with malaria has been found(Singhsilarak et al., 2006). Even if the phenomenon of
co-infection seems to be rare in terms of frequency (Abdul-Ghani et al., 2021), it is often described in the literature. Thus,
Im et al. identified in their study 39 cases of co-infection in 2762 patients, i.e. a frequency of 1.4%; thus similar to our
results (Im et al., 2020). The low frequency (1.14%) could be explained by the fact that the study was limited to results
recorded only in the laboratory. It could also be due to low recording of the results of thick blood drop in the registers of
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the parasitology department, but this remains to be confirmed with further studies. In addition, the study period did not
coincide with dengue outbreak as the one which occurred in the city of Ouagadougou in October 2016; this epidemic
being considered as the biggest of its history (Im et al., 2020; Lim et al., 2021). On the other hand, Mohapatra et al.
reported a higher frequency of 7.4% in 2012 in India (Mohapatra et al., 2012). In Burkina Faso, few data are available on
malaria and dengue co-infection (Ministry of Health, 2014; Savadogo et al., 2017; Im et al., 2020), except for some
doctoral theses which found co-infection frequencies of 20.4% in 2017 (Ly, 2017) and 55.24% in 2020 (Kane, 2020). The
high prevalence of these studies may be explained by the methodology used, which included patients with only Ig G
positivity in dengue cases. However, the presence of Ig G is most often a sign of old dengue and only titration could
distinguish it from secondary dengue. All cases of positive Ig G alone were excluded from this present study, as titration
was not available.

4.2 Ionic Disorders

Many studies focused on the biological aspects of malaria and dengue co-infection (Epelboin et al., 2012; Mohapatra et
al., 2012; S. Ahmad et al., 2016; Shah & Mehta, 2017; Kotepui & Kotepui, 2019; A. Ahmad et al., 2019; Kotepui et al.,
2020; Galani et al.,, 2021), but very few noted ionic disturbances. The present study highlighted numerous blood
ionogram disturbances during the concomitant presence of malaria with dengue (Figure 2). However, the lack of evidence
in the literature on the hydroelectrolytic disorders encountered during coinfection considerably limits discussion.

Hyponatremia was found in 40% of co-infected patients, in 27.08% of dengue cases alone and 32.5% of malaria cases.
Regarding the results of dengue, Vachvanichsanong and McNeil found 46.7% of hyponatremia (Vachvanichsanong &
McNeil, 2015). Epelboin noted that 7.1% of patients co-infected with dengue and malaria had hyponatremia (Epelboin et
al., 2012). In the literature, hyponatremia is the most common biochemical disturbance in dengue or malaria (Karnad et
al., 2018; Rehman et al., 2020; Ng & Cheong, 2021) ; but insufficiently documented in co-infection. However, on the
one hand, this may be explained by an excess of water due to an increase in metabolism, an inappropriate transient
secretion of antidiuretic hormone leading to an increased tubular reabsorption, an influx of sodium into the cells due to a
dysfunction of the sodium-potassium pump, or a combination of these factors; and on the other hand by digestive losses of
sodium (diarrhea, vomiting). Indeed, Kane noted 38% of patients presenting digestive signs as vomiting and diarrhea,
responsible for extracellular dehydration leading to a significant hyponatremia (Kane, 2020).

Hypokalemia was present in 30% of patients with co-infection (Figure 2). It could be attributed to activation of the
renin-angiotensin-aldosterone system resulting in loss of potassium in the urine. In contrast, hyperkalemia was absent in
co-infection but only found in one patient (2.08%) infected with dengue alone. These results are similar to those of
Epelboin who recorded 1.5% in his study (Epelboin et al., 2012). Vachvanichsanong and McNeil reported an
hyperkalemia of 5.95% (Vachvanichsanong & McNeil, 2015). This hyperkalemia could be explained on the one hand by
the presence of metabolic acidosis and on the other hand by the altered renal function of some patients.

Hypocalcemia was present in 40% of patients with co-infection, 27.66% and 37.50% in isolated dengue and isolated
malaria respectively (Figure 2). Hypocalcemia, although insufficiently reported in co-infection, is particularly well
documented in dengue (Bunnag & Kalayanarooj, 2011; Kapoor & Singh, 2012; Constantine et al., 2014) and malaria
(Ayoola et al., 2005; Aijazi et al., 2020). Hypocalcemia is observed in severe dengue and is thought to be associated with
increased mortality. Hypercalcemia was found in 30% of co-infected patients, compared to 37.50% for malaria
mono-infection and 27.66% for isolated dengue. Hypercalcemia could be explained by an excess of intravenous calcium
intake or by the altered renal function of some of the patients. Calcium remains an important parameter to avoid cardiac
complications.

Hyperchloremia was observed in 38.46% of malaria cases, 17.02% for dengue and 20% in case of co-infection (Figure 2).
The results are similar to those of Syed et al. who demonstrated that serum chloride levels in dengue patients significantly
increase (Syed et al., 2014). This observed hyperchloremia could be due to the extracellular dehydration of the patients
due to vomiting, but also to the decrease of bicarbonates.

We reported hypophosphatemia in 30%, 25.81% and 51.85% of patients respectively with co-infection, dengue and
malaria. Likewise, hypomagnesemia was found in 22.22% of co-infected patients, 24.39% with malaria and 30.43% of
those suffering from dengue. Hypophosphatemia and hypomagnesemia could be explained by the presence of
hypercalcemia and the renal dysfunction of some of our patients.

No cases of decreased bicarbonate ions or hypoprotidemia were noted during the study. However, 27.27% of cases of
hyperprotidemia were present in case of co-infection, versus 21.43% for malaria and 30.43% for dengue. It could be
explained by the presence of hemoconcentration due to digestive losses (vomiting, diarrhea).

5. Conclusion

Malaria and dengue are the two major stars of tropical infectious diseases and are endemic in Burkina Faso. Both diseases
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can be diagnosed in the same patient and the present study found a co-infection frequency of 1.14%. It was found that the
ionogram disturbances were dominated by hyponatremia, hypocalcemia, hypokalemia and hypophosphatemia. It seems
appropriate that further studies be carried out to assess the correlation of these ionic disorders with the evolution of
patients with malaria-dengue co-infection.
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Abstract

Water is a prime natural resource and physiological necessity to mankind. Therefore, drinking water must not carry
harmful chemicals as well as biological contaminants for the well-being and human health. Some of the chemicals like
Fluoride, Iron, Arsenic, Cadmium, Chromium, Lead, selenium, and Nitrate in water may produce serious physiological
changes when exist beyond permissible concentration.

The Aim of the study was to create spatial map for drinking water purpose for Dhar district, MP. The ground water quality
data were collected from PHED, M.P. and IMIS (Ministry of Drinking water & Sanitation) Website,Government of India.
The GWQ layers were created separately for each element for Pre-Monsoon and Post-Monsoon period from the well
point layers with interpolation technique. Each element wise layer has been categorised into “three catagories (1) potable
water in Desirable limits (2) Potable water in permissible limits (3) non-potable ground water, as per BIS standard, 2015.
The Union of eight element layers of each pre-monsoon and post-monsoon has been done and integrated pre-monsoon
and Integrated post-monsoon Ground Water Quality (GWQ) map have been prepared and after the Union of these two
maps, the Final ground water quality map has been prepared. It was concluded from the study, that multiple parameters
are affecting the quality of ground water in Dhar district and particularly excess Fluoride, Nitrate, Total Hardness (as
Caco3), Iron, pH, and Total Dissolve solids are prevalent in the area. About 69.66% Habitation of Dhar district is severely
affected mainly by excess of Fluoride, Nitrate & Total Hardness (as Caco3), pH & Iron(Fe) & It is observed that about
70.51% area of Dhar district has been affected in terms of Ground Water Quality.

Keywords: Ground Water Quality (GWQ), Geographical Information System (GIS), Bureau of Indian Standard (BIS)
1. Introduction

An adequate quantity of safe drinking water of acceptable quality is the primary necessity of every human being. India
has large Human settlements in rural areas and villages which face problems of water quality and quantity, available
water resources and seasonal scarcity of water. The villages mainly depend upon surface water resources, dug well
water or bore well water. Surface water usually pose problem of turbidity while the bore well may pose the problems of
Hardness, Fluorides and dissolved Iron. It is therefore important from the water supply point of view that critical
evaluation of water treatment system need to be done on the primary factors which include raw and treated water quality,
local constraints and relative cost. Simple, versatile, cost effective and innovative water treatment systems are the
primary need in India for their implementation in rural areas and villages for supply of adequate quantities of safe
potable water. Remote Sensing & GIS Techniques can support up to a great extent for Ground Water Quality mapping.

Dhar district situated in the south-western part of Madhya Pradesh covered area of 8145.31 sq.km. Falling in between
22°1'21.171" and 23°8'18.431"North Latitudes and 74°28'7.64" and 75°42'55.184"East Longitude and falling in survey
of India degree sheets no’s 46J, 46M and 46N. It is bounded by Ratlam, west nimar (Khargoan), Indore and Jhabua
District of Madhya Pradesh. Dhar is the district headquarters and Badnawar, Manawar, Kukshi and Sardarpur are the
important towns. The total number of settlements lying in the Dhar district are 1824. The Highest temperate in summer
rises up to 46°C temperature while minimum temperature during winter falls up to 5-6°C.

2. Data and Methodology
The Ground water quality data Collected from PHED and downloaded from IMIS (India water)) website from 2009 to
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2017. The Survey of India Toposheets No’s 46 J/8, J/10, 11, 12, 13, 14, 15, 16; 46 M/4, 8; and 46N/1, 2, 3,4, 5,6, 7, 8,
10, 11, 12 were used for creating a Thematic maps like Base map, Settlement & roads etc. Indian Remote Sensing LISS
I1I-P6 digital Satellite data of the year 2009-2010 for three seasons (January, April and October) were also used for the
preparing the Geology, Geomorphology and lineament maps. District Resource Map (DRM) Published by Geological
Survey of India (GSI) is also used for the reference.

The Ground Water Quality (GWQ) data were collected from IMIS & PHED and organize the ground water quality data
of pre and post monsoon season. The essential eight parameters are pH, Total Hardness, Iron, chloride, Fluoride, TDS,
Nitrate, & Alkalinity. Well Point layer of pre and post monsoon with their elements was generated. Element wise layers
for pre monsoon and post monsoon data were created by using Inverse distance weighted analysis and classify into the
desirable, permissible and non-Potable class as per Bureau of Indian Standard (BIS) 2015. By union of all Pre-monsoon
layers and by union of all Post-monsoon layers, an integrated pre-monsoon and integrated post-monsoon ground water
quality class map has been prepared. By union of these two maps final ground water quality class map of Dhar district has
been prepared containing nine classes.

Physiography and Geomorphology

Physiographically, the district can be sub-divided into three major units viz Nothern plateau region (Malwa Plateau),
central hilly region and Southern Valley (Narmada Valley). Malwa Plateau is an upland region characterised by
undulating topography with elevations ranging from 350 to 550 m. Chambal, Mahi and bagh rivers flowing Northerly
drain this region. The central hilly region comprises ENE-WSW trending Ridges which have steep slopes and scarp
faces on the southern side. The highest elevation in the district ie,751m above MSL is located in this region. The central
hilly regions forms water divide between the Northward flowing rivers of Mahi and Chambal Drainage and the
southward flowing tributaries of Narmada river including Baghain, uri, man and Karam rivers. The drainage Pattern in
the Northern part is sub-dendritic to sub Parallel whereas it is dendritic with local sub parallel pattern in the southern
part. The southern Valley region is occupied by Narmada river flowing from East to West along a mega Lineament.

The Geomorphology was referred from National Geomorphological and Lineament Mapping (NGLM) project on
1:50000 scale. The project was sponsored by National Remote Sensing Agency, Hyderabad and Geological Survey of
India. The study area Dhar district comprises of the landforms namely as Upper Plateau (above 600 m) and Lower
Plateau (below 600 m) from MSL, which is Highly, Moderately and Low dissected based on drainage as well as Joint
and Fractures dissections, Plateau top, Ridge, Mesa, Butte, Scarp, Plateau Remnant and Valley of Structural origin. The
other landforms such as, Pediment, Pediplain, Pediment corstone tor complex, Residual Mound and Gullied Land are of
Denudational origin and Gullied Tract of, fluvial origin.

Geology

In the Dhar District the oldest litho- units belong to the Aravali super group of palaeo-proterozoic age (2500 m.y.)
which comprises the Udaipur, Lunavada, and champaner group. Udaipur group consist of chlorite schist exposed NNW
of Kukshi. Lunavada and champaner group occurs in the southern part. Lunavada group comprises muscovite, quartzite
and biotite gneisses while the champaner group comprises slate, Phyllite and dolomite which are intruded by basic
igneous bodies. Bijawar group of palaeo to meso Proterozoic age (2500 to 1600 m.y.) occurs east of gandhwani and
comprises shale, Slate Phyllite, Dolomite and quartzite. Narmada valley granitoids of palaeo Proterozoic age are
exposed along the main river and around gandhwani and included granite gneiss and granite with enclaves of
hornblende gneiss and chlorite schist. These are intruded by metabasic and quartz veins. Bagh group of lower
cretaceous age (110 m.y.) unconformably overlies the rocks of Aravali super group with exposed thickness verifying
from 5 to 40m. This comprises Nimar sandstone at the base followed by the calcareous units comprising nodular
limestone and coralline limestone. The calcareous unit is fossiliferrous and contained echinoids, lamellibranches,
gastropods, corals and brachiopods. A major part of the district is occupied by Basalt flows of Malwa group of Deccan
volcanic of late cretaceous Palaeogene (68-62 m.y.) Age. This comprises 38 Basaltic fiows with a total thickness of
610m. The rock is fine to medium grain, aphyric to sparsely to moderately porphyritic containing plagioclase
phenocryst. Megacrystic flow units occur at the top part of the flows. The flows have been classified into Mandleshwar,
Kalisindh, Kankaria, Pirukheri, Indore and Bargonda formations in ascending order of sequence. The Deccan trap and
the Bagh beds have been intruded by a large number of basic, ultra-basic and carbonate dykes. The dykes are generally
trend ENE-WSW to E-W parallel to the Narmada lineament.
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3. Results and Discussion

In the present study attempt has been made to generate the ground water quality class map by integration of
Pre-monsoon ground water quality class map and Post-monsoon ground water quality class map. In the final ground
water quality class map the following 9 classes have been identified.
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1) Non-Potable water (Pre-Monsoon) +Non-Potable water (Post-Monsoon) Class-15;

This class covers an area of 2534.58 Sq.km which is 31.11 % of the total study area (8145.31 sq.km) and Out of 1824
total Habitation, 584 Habitation which is 32.01% are lying in this class. This area is mainly lies in the Northern &
Southern & south eastern part of the study area lying mainly in the Basaltic region. This class is Non-Potable in both
Pre & Post monsoon season due to the concentration of the following elements - (1) pH- is ranging from 6.7 to 9.6 mg/1
(2) Total Hardness is ranging from - 16 to 1510 mg/l (3) Iron is ranging from - 0.01 to 3.38 mg/l (4) Chloride is
ranging from - 23 to 1261 mg/1 (5) TDS is ranging from - 60 to 3300 mg/I (6) Nitrate is ranging from - 0.09 to 317.37
mg/1(7) Fluoride is ranging from - 0.1 to 14 mg/1 (8) Alkalinity is ranging from - 42 to 824 mg/I
2) Non-Potable water (Pre-Monsoon) + Potable water with Permissible limits (Post-Monsoon).......... Class —
14;

This class covers an area of 1164.01 Sq.km which is 14.29% of the total study area (8145.31 sq.km) and Out of 1824
total Habitation, 306 Habitation which is 16.77% are lying in this class. This area is mainly lies in the western & south
eastern part of the study area lying in the basaltic region and this class is Non-Potable water in Pre Monsoon due to the

concentration of the following elements ranging from (1) Total Hardness- 68 to 2260 mg/l (2) Iron- 0.05 to 1.19 mg/I
(3) Chloride- 6.04 to 1373 mg/l (4) TDS- 320 to 3700 mg/l (5) Nitrate- 02 to 220 mg/I (6) Fluoride- 0.21 to 8.3 mg/I.

3) Non-Potable water(Pre-Monsoon) + Potable water with desirable limits(Post-Monsoon)................ Class-13;

This class covers an area of 10.54 Sq.km which is 0.129 % of the total study area and 09 Habitation which is 0.49%
are lying in this class. This class is Non-Potable in Pre-monsoon due to the concentration of the following elements
ranging from -(1) pH- 7.68 to 8.78 mg/l (2) Fluoride- 2.82 to 5.11 mg/I.

4) Potable water with Permissible limits (Pre-Monsoon) +Non-Potable water (Post-Monsoon).............. Class-
12;
This class covers an area of 2027.07 Sg.km which is 24.88% of the total study area and 369 Habitation which is 20.23%
are lying in this class. This area is mainly lies in the Northern & central part of the study area lying in the basaltic region
and this class is Non-Potable water in Post-monsoon season due to the concentration of the following elements ranging
from - (1)) Total Hardness- 72 to 780 mg/l (2) Iron- 0.03 to 1.65 mg/l (3) Nitrate- 4.72 to 157.17 mg/l (4) Fluoride-
0.19 to 4.34 mg/l.

5) Potable water with Permissible limits (Pre-Monsoon) + Potable water with Permissible limits
(Post-Monsoon).......c.c..e... Class-11;

This class covers an area of 2254.01 Sq.km which IS 27.64 % of the total study area and 502 Habitation which is
27.52% lying in this class.

6) Potable water with Permissible limits (Pre-Monsoon) + Potable water with desirable limits
(Post-Monsoon)............ Class-10;

This class covers an area of 73.85 Sq.km which is 0.905 % of the total study area. 28 habitation which is 1.53% are
lying in this class.
7) Potable water with desirable limits (Pre-Monsoon) + Non-Potable water
(Post-Monsoon)........ccoueeeee. Class-9;

This class covers an area of 8.83 Sq.km which is 0.108 % of the total study area and 03 Habitation which is 0.16%
are lying in this class. This class is Non-Potable water (Post-Monsoon) season due to the concentration of the
following elements. (1) Total Hardness- 196 to 796 mg/1 (2) Nitrate- 13 to 133 mg/1 (3) Fluoride- 0.75 to 2.59 mg/1.

8) Potable water with desirable limits (Pre-Monsoon) + Potable water with Permissible limits
(Post-Monsoon).............e.e... Class- 8;

This class covers an area of 45.37 Sq.km which is 0.55% of the total study area and covers 15 Habitation which is 0.82%
are lying in this class.

9) Potable water  with desirable limits (Pre-Monsoon)+Potable water  with desirable
limits(Post-Monsoon)..........cceeee.. Class- 7;

This class covers an area of 27.02 Sq.km which is 0.33% of the total study area and it has only 08 Habitation which is
0.43% are lying in this class.
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Area And Habitation Percentage

@ 07-Potable water with desirable limits (Pre-
Monsoon)+Potable water with desirable
limits(Post-Monsoon)

M 08-Potable water with desirable limits (Pre-
Monsoon) + Potable water with Permissible
limits (Post-Monsoon)

M 09-Potable water with desirable limits (Pre-
Monsoon) + Non-Potable water (Post-
Monsoon)

H 10-Potable water with Permissible limits
(Pre-Monsoon) + Potable water with
desirable limits (Post-Monsoon)

 11-Potable water with Permissible limits
(Pre-Monsoon) + Potable water with
Permissible limits (Post-Monsoon)

M 12-Potable water with Permissible limits(Pre-
Monsoon)+Non-Potable water(Post-
Monsoon)

i 13-Non-Potable water(Pre-Monsoon) +
Potable water with desirable limits(Post-
Monsoon)

i 14-Non-Potable water(Pre-Monsoon) +
Potable water with Permissible limits(Post-
Monsoon)

d 15-Non-Potable water(Pre-Monsoon)+Non-
Potable water(Post-Monsoon)

Figure 1. Area and habitation percentage

FLUORIDE AFFECTED HABITATION AND PERCENTAGE (SEASON-WISE)
DHAR DISTRICT,MADHYA PRADESH
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Figure 2. Fluoride affected habitation and percentage (season-wise) Dhar district, Madhya Pradesh
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NITRATE AFFECTED HABITATION AND PERCENTAGE (SEASON-WISE)
DHAR DISTRICT ,MADHYA PRADESH
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H Both (Pr+Po) Affected 32 1.75%
Figure 3. Nitrate affected habitation and percentage (season-wise) Dhar district, Madhya Pradesh
TOTAL HARDNESS AFFECTED HABITATION & PERCENTAGE (SEASON-WISE)
DHAR DISTRICT, MADHYA PRADESH
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H Both (Pr+Po) Affected 10 0.54%

Figure 4. Total hardness affected habitation and percentage (season-wise) Dhar district, Madhya Pradesh

The Fluoride is the main element which is being found beyond permissible limit in the Dhar district. In Dhar district out of
the total 1824 Habitations, In pre- Monsoon season 769 Habitation which is 42.16%, while in post-Monsoon season 640
Habitations which is 35.08 % are affected by excess of Fluoride, while in Both pre and post - Monsoon seasons (Union),
483 Habitations which is 26.48 % of the total Habitations are affected by excess of Fluoride which is non-potable.

Nitrate is the second element which is being found beyond permissible limit in the Dhar district. In Dhar district out of
the total 1824 Habitations, In pre-Monsoon season 118 Habitation which is 6.46 %, while in post-Monsoon season
338 Habitations which is 18.45 % are affected by excess of Nitrate, while in Both pre and post Monsoon seasons
(Union), 32 Habitations which is 1.75%, of the total Habitations are affected by excess of Nitrate which is
non-potable.

Total Hardness is the third element which is being found beyond permissible limit in the Dhar district. In
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pre-Monsoon season 58 Habitation which is 3.17 %, while in post-Monsoon season 41 Habitations which is 2.24 %
are affected by excess of total Hardness while in Both pre and post Monsoon seasons (Union), 32 Habitations which
is 0.54 % of the total Habitations are affected by excess of total Hardness which is non-potable.

pH is the Fourth element which is being found beyond permissible limit in the Dhar district. In pre-Monsoon season 27
Habitation which is 1.48%, while in post-Monsoon season 15 Habitations which is 0.82 % are affected by excess of
pH , while in Both pre and post- Monsoon seasons (Union ), 10 Habitations which is 0.54% of the total Habitations
are affected by excess of pH which is non-potable.

Iron(fe) is the fifth element which is being found beyond permissible limit in the Dhar district. In pre-Monsoon season
8 Habitation which is 0.43%, while in post-Monsoon season 60 Habitations which 3.28 % are affected by excess of
Iron(fe), while in Both pre and post Monsoon seasons (Union), 1 Habitation which is 0.054% of the total Habitations
are affected by excess of Iron(fe) which is non-potable.

4. Conclusion

Based on the correlation between water quality and the existing geological formation, the problematic areas were
identified. The results indicate that certain parameters mainly Fluorides, Nitrates, Total Hardness, pH and TDS were
beyond the permissible limits in Dhar district.

The analysis of the results drawn at various stages of the work revealed that integration of Remote Sensing and GIS are
effective tools for the preparation of various digital thematic layers and maps showing spatial distribution of various
water quality parameters. Monitoring of pollution patterns and its trends with respect to urbanization is an important
task for achieving sustainable management of groundwater. Spatial distribution maps of various pollution parameters
are used to demarcate the locational distribution of water pollutants in a comprehensive manner and help in suggesting
groundwater pollution control and remedial measures in a holistic way.

The continued consumption of fluoride in excess to 1.5 mg/l either through water, air or food items for a long time may
cause dental, non- skeletal and skeletal fluorosis (Chand Dinesh, 2001). Fluoride > 1.5 mg/l Fluoride in excess can
cause several ailments viz. Neurological, Muscular, Allergic, gastrointestinal effects, urinary problem, headache.
Fluoride > 3 mg/l can result skeletal fluorosis and skeletal abnormalities. Fluoride >10 mg/l over a long period can
result in crippling fluorosis.
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Abstract

This article is a brief summary article of research. The results of the three times experiments are reviewed. two
heterogeneous catalysis mechanisms are introduced, namely: Chemical Reaction Mode Cyclic Catalysis
Mechanism-CRM and Electron Cyclic Donate-Accept Catalysis Mechanism-ECDAM or Electron Orbital
Deformation-Recovery Cyclic Catalysis Mechanism -EODRM. Some difficulties encountered by CRM are listed. The
author clearly points out that the CRM is not credible. This false theory has misled us for more than 100 years.

About ECDAM, the article also gives a brief description. The main point of ECDAM is that the catalysis phenomenon
are physical rather than chemical phenomenon. The catalysts do not participate in chemical reactions. It's just contact,
electron cyclic donate-accept or electron orbital deformation-recovery cycle. The theory contains three viewpoints:

1. There is a boundary between the catalyst and the poison.

2. The active of the catalyst or the degree of toxicity of the poison is closely related to ihe electronegative value of the
catalyst or poison.

3. The active of catalyst is closely related to the chemical state of the catalyst
The selectivity of catalyst is also related to electronegative or energy level

According to ECDAM, the author considers that there are several problems worth studying in production and scientific
research. such as: alumina is a poison in the Fe ammonia synthesis catalyst. The Cordierite (2MgO-2A1,03-5S10,)
ceramic honeycomb support is also a poison in automotive exhaust purification catalyst. The Cordierite ceramic
honeycomb is retardant in wall flow filter for diesel vehicles. Activated carbon is a poison in the Ruthenium catalyst for
ammonia synthesis. Alumina and activated carbon all are a poison to noble metal catalysts, and so on.

Keywords: heterogeneous catalysis, catalysis Mechanism, CRM, EODRM
1. Introduction

Because the chemical and physical properties of solid catalysts affect the catalytic active of catalysts at the same time.
The result is that the catalysis phenomena are very complicated and were regarded as mysterious and not amenable to
rational interpretation. For a long time, the selection study of catalysts is always in the skill stage of the laboratory. The
author thinks that the basic reason is lack of correct theoretical guidance.

At present, it can be seen from literature that there are two heterogeneous catalysis mechanisms. One is the CRM
widely adopted, and it is raised to the height of the “principle” by the scholars, this CRM is also instilled in high school
textbooks. It can be said that CRM is deeply rooted in catalytic academia. Another catalysis mechanism is the EODRM
or ECDAM proposed by author. The EODRM is completely different from CRM, which consider that catalytic
phenomena are physical rather than chemical phenomena, and that catalysts do not participate in chemical reactions. It's
just contact, electron cyclic donate-accept, electron orbital cyclic deformation-recovery. The electrocatalytic,
photocatalytic, microwave catalysis, laser catalysis are all physical phenomena, only different energy levels.

2. About the CRM

In the Catalyst Handbook (Catalyst Handbook 1982 ), the expression for the CRM is as follows;
R+M—-X
X—P+M

Where R is reactant, P is product, M is catalyst, X is intermediate. The catalyst M takes part in a chemical reaction and
regenerates the same catalyst as original after reaction. From reactant to product, R—P, it does not generate, Instead, the
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intermediate is generated by catalyst with reactant, and then the product is generated by the intermediate. The reason is
that such a reaction way requires lower energy.

In the high school textbooks in China on the catalytic mechanism of biocatalyst enzyme, it is also based on CRM.
Reactant +enzyme— intermediate— product+enzyme

Enzymes take part in chemical reactions, produce intermediate compounds, and finally release the same enzymes as
original. The Enzymes are constantly decomposed and generated.

About the CRM, the most obvious way to put it should be “Sabatier principle” (in 1902) and “Boubart principle”(in
1992).

In 2009, Deutschmann, O, et al had wrote a book, [Heterogeneous catalysis and solid catalysts] (Deutschmann.,0,2009).
In this book, two “principles” advocated by the catalysis academia are repeatedly mentioned. One is the “Sabatier
principle”, and the other is the” Boudart principle”, which author call as the “S-B principle”.

The Sabatier principle proposes the existence of an unstable intermediate compound formed between the catalyst
surface and at least one of the reactants. The intermediate must be stable enough to be formed in sufficient quanitities
and labile enough to decompose to yield the final product or products.

The Boudant principle is that the most fundamantal principle in catalysis is that of the catalytic cycle, which may be
based on a redefinition of a catalyst by Boudart “A catalyst is a substance that transforms reactants into products,
through an uninterrupted and repeated cycle of elementary steps in which the catajyst is changed through a sequence of
reactive intermediates, until the last step in the cycle regenerats the catalyst in its original form”. “The activity of the
catalyst is defined by the number of cycles per unit time or turnovers or turnover frequency(TOF;unit:S™), The life of
the catalyst is defined by the number of cycles before it dies.”

1981 year, Mckee. D.W. (Mckee., D,W,1981) has studied the catalysis of the alkali metal oxides and their salts, alkaline
earth metal oxides and their salts, transition group metals and their oxides, noble metals and other catalysts on C+O,,
C+CO,, C+ H,0 and C+Hj reactions with advanced instrument(CAEM-Controlled Atmosphere Electron Microscope) . He
has done a lot of experimental studies, wrote more than 100 pages of lengthy articles. Finally, he considers that on balance
“specific oxidation-reduction cycles” have been conspicuously successful in interpreting the effects of these compounds in
the various types of carbon gasification reactions. But the writer feelings that the "specific" word is nowhere to be seen.
Although the author shows that the complex catalysis remains unclear and needs to be better studied afterward.

A senior American scholar has studied the catalysis of the noble metal Pt on the C+C0O,=2CO and C+H,O=H,+CO
reaction, they also adopted CRM to account for the catalysis mechanism. They believed that Pt is continuously reduced
and oxidized by H,,CO and H,O,CO:; in the catalyze process. This is also Oxgen Transfer Mechanism-OTM. Even
though the paper says " proposed mechanism".

In 2016, Chen ping, a young scientist from Chinese Academy of Sciences, and other researchers published a high-level
paper in the international top academic Journal (Nature Chemistry). They have proposed the design theory of
"dual-activation center" ammonia synthesis catalyst. Two activation centers such as TM (transition group metal) and
LiH are continuously decomposed and regenerated in the catalyzing process of ammonia synthesis. In fact, they also
follow the “S-B principle” or the traditional ancient CRM principle. It can be seen that the younger generation also
inherited the idea of CRM.

Based on the above, CRM has been widely adopted in the catalytic community for more than 100 years and it is deeply
rooted in catalystic field.

3. Three Times Experimental Studies

The most main idear of the CRM is that the catalyst must take part in the chemical reaction, and it has to be a cyclic
reaction. In order to explore whether CRM can be trusted, the author has conducted three times experimental studies.

3.1 BaCOs Catalysis in Carburizing Box (the 1960s)

The BaCOs3 is commonly used as catalyst in solid carburizing agent of surface of steel parts. At the beginning, the
mechanism of carbonate decomposition to release CO, which reacts with carbon to produce carbon monoxide and thus
increasing the rate of carburization was used to account for the reason for accelerating carburizing rate. Later, it was
found that CaCQOs, which can release a large amount of carbon dioxide, but it has no catalytic activity, while barium
carbonate, which does not decompose at the carburizing temperature, has carburizing activity. Therefore, the
mechanism of carbon dioxide release was abandoned and the Oxygen Transfer Mechanism, namely OTM, was adopted.

Namely:
BaCO;+C=Ba0O+2CO @)
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2C0=CO,+[C] @)
CO»+Ba0=BaCO;s 3)

The OTM is also CRM.This is a typical CRM. BaO is an intermediate compound, and the BaCOs is constantly
decomposed and generated in the carburizing process.

The mechanism was first proposed by R.A.Ragaz & L.O.Kowalke at 1931 ( R,A,Ragaz & L,0.Kowalke 1931).

The equilibrium pressure of reaction (1) was measured by author (Jin,J,M., 1963). At the carburizing temperature 946°C,
the equilibrium pressure is 0.226 atm., which is much lower than thelatm.of carbon monoxide pressure in the
carburizing box. It indicates that the BaCOj3 cannot be decomposed by carbon, that is, the BaCO3 does not take part in
chemical reaction and the cyclic reaction of “decomposition-generation” cannot at all occur.

3.2 The catalysis of Fe, Co, Ni, Cu, Ag and SiO>,S on the Reducton Reaction Rate (Jin, J,M.1982) (the 1970s)

The authors have done a few times verification experiments refer to the CRM and EODRM. These have included the
active of catalyst and poisonousness of poison, such as Fe, Co, Ni, Cu, Ag, SiO», S. The experimental results show that
Fe etc. appear catalytic active on carbon gasification reaction. Iron appears the greatest catalytic active. They relative
actives are Fe > Cu, Fe>Ni, Cu>Ni, Ag>Cu and Co>Ni. The SiO, and S are poison. The poisonousness of SiO, appears
to be more poisonousness than S. The experimental results agree well with EODRM, At the same time, it also strongly
shows that the CRM simply cannot account for the results of the experiment. Because they can't take part in a chemical
reaction in the reaction box. Because there's a lot of solid carbon in the reaction box, while the carbon is a powerful
reducing agent at 1000°C. Thermochemical data can justify perfectly that Fe, Co, Ni, Cu and Ag can only take the form
of metallic state. The oxidation-reduction cyclic reaction cannot at all occur in the reduction reaction box.

3.3 The Catalysis of Alloy Elements and the Mechanism of Carbon Dissolving Into Fe in Iron-Graphite Powder
Metallurgy Compect During Sintering (T,Hong 1986).(the 1980s)

Sintered steel parts are made of iron powder, graphite powder, alloy powder after mixing and pressing sintering. How
graphite is dissolved into iron and the effect of alloying elements are naturally the subject of research

The experiment result shows that:

1. Temperature, compects density, atmosphere, alloy elements, vacuum degree all affect the rate of carbon dissolute into
Fe

2. The dissoluting rate of carbon into iron depends entirely on the carbon gasification reaction. The solid-solid reaction
between Fe-C is almost zero. Carbon gasification reaction is the control step of carbon dissoluting rate,

3. Alloying elements W and K,COs appear catalytic active to accelerate carbon dissoluting rate, and the SiO, and S is
poison. In particular great significance, the experimental result shows that the hydrogen appears catalytic active on the
carbon gasiphication. Because the hydrogen is less electronegative than carbon. But it is a poisoner on the Fe catalyst.
Because the it's electronegativity is higher than Fe.

The results of the above three times experiments for long 30 years are in complete agreement with the ECDAM
judgment. But the CRM was unable to explain the results of three times experiment study.

The CRM can neither illustrates that a catalyst, such as Fe, appears catalytic active in a wide temperature range, such as
600°-1000%, on the FeO reduction, nor that many elements or compounds all appear catalytic active at the same
temperature, such as 1000%. Because the cyclic generation-decomposition or oxidation-reduction chemical reaction
equilibrium requires a strict reaction condition and the reaction equilibrium condition is all different.

If according to CRM, the catalyst must participate in chemical reactions, the result will appear many chemical reactions
and intermediate compounds, and each said his own, it is dazzling, the research of catalysis mechanism will be leaded
to bottomless abyss.

A familiar example is that housewives know that salt (NaCl) appears catalyze active for coal combustion, and CRM
cannot explains the reason at all, because it is impossible for NaCl to decompose- generate repeatedly cyclic reactions
in coal furnaces. Owing to NaCl is a very stable compound.

The author can cite many examples to illustrate that CRM is uncredible Because it's too cumbersome, Thus, I don't want
to say any more.

Therefore, the author considers that the catalytic academia to improve CRM to "principle" is incredible. Using "TOF" to

define catalyst activity and service life is obviously out of thin air. It is to fool people.
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4. The ECDAM or EODRM'’s Viewpoint

Back in the 1960s, based on the experimental results and theoretical analysis, the author points out that the CRM is not
credible. Unfortunately, it didn't get attention.

The ECDAM were proposed in the 1970s. The ECDAM or EODRM contains three viewpoint.
4.1 There Are a Boundary Between the Catalyst and Poison

2
+Ac

“aZecp 0 +A K focp

-Ac
Fig. 1. Relationship between electronegativity
differences and catalytic activities.

In figure 1, +Ac shows catalytic active, -Ac shows poisonousness, +Ayrec.p shows the electronegativity difference,
Footnotes Fe,C shows iron or carbon, P shows the catalyst, promoter, poison or support . For example;+Ayg..» Shows
the difference between Fe-promoter,such as Al,O3,LiH etc.,. +Ayc.p shows the difference between C and catalyst, such
as BaCOs,Fe,Ni etc.cayalyst.

From Fig.1, the coordinate “0” point of the Ay=0 is a demarcation between the catalyst and the poison or inhibitor. For
the carbon gasification reaction, this demarcation is the electronegativity value of the carbon, y.=2.55. Any elements or
compounds with electronegativities value greater than 2.55 should be a poison, such as P, S,Cl. Any elements or
compounds less than 2.55 should be a catalyst, such as Fe, Co, Ni, Cu, Pt etc.. For iron - based ammonia synthesis
catalyst, the demarcation is the electronegativity value of iron, xr=1.83. Any elements or compounds with
electronegativities greater than 1.83 should be a poison, such as C, N, P, S, Cl, Ni, Cu, etc .and any elements or
compounds less than 1.83 should be a catalyst, such as alkali metal, alkaline earth metal. For the noble metal catalysts,
the demarcation is the electronegativity value of noble metal, yp=2.28.

On the element periodic table, for carbon gasification reaction,these elements at the right of carbon ,such as Alkali
metal, Alkaline earth metal ,Transition group metal and Noble metal should be catalyst and those elements at the left of
carbon ,such as P, S, ClI, F should be poison,

For iron - based ammonia synthesis catalyst, these elements at the right of Fe, such as Alkali metal, Alkaline earth metal
should be catalyst and those elements at the left of Fe, such as, Cu, NI, C, P, S, Cl, F should be poison,

Si0,, Al O3, cordierite(2MgO-2A1,03-5S10,.) are all acidic materials, their electronegativity is greater than carbon, iron
and Pt, Pd, Ru. Therefore, they are poison to iron Ni, nolbe metal catalyst and carbon.

A very interesting is that the Cu is a catalyst for carbon gasification reaction, but it becomes a poison in iron based
ammonia synthesis catalyst, which had been proved to be true in production practice. Because the Cu is between iron
and carbon on the element periodic table, its electronegative is less than carbon and more than iron. This result strongest
proofs that ECDAM or EODRM is credible.

4.2 The Active Size of Catalyst Is Cloesly Related to the Electronegativity Value of Catalyst

(a) —e,—== @ te —=
(b egé@ feié@

Scheme 1. The imaginative catalyzing and poisoning
model.

(a). catalyzing. (b) . poisoning.

—e., —ei ——electron is seized by oxygen or inhibitor.
+e. ——electron is donated by catalyst or promotor.
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The scheme 1 (a) is a imagine figure of catalyzing .The scheme (b) is a imagine figure of poisoning.

From scheme 1(a), because the oxygen is more electronegative than carbon, ¥, >y, the suspend electrons on the surface
of the carbon must be snatched by the adsorbed oxygen, there was a contest for electrons between oxygen and carbon.
the result is a deformation of electron orbitals in the carbon crystal or matrix, the crystal structure changes from square
to diamond. If you are using chemical or physical methods to donate electrons to the carbon matrix, the contest electron
situation is eased. The carbon bond breaking energy is reduced, CO is easy to generate. Therefore, the function of a
catalyst, promotor or accelerator is to donate electrons to carbon or iron matrix, to revert a deformed electron orbital or
crystal structure from a diamond to a square. Thus, catalysis is only an electron donate-accept cycle or electron orbital
deformation-recovery cycle, without chemical reactions, let alone intermediate compounds. Therefore, any element or
compound that can give electrons to carbon(or Fe) has catalyze active; otherwise, it is poison. the catalyze phenomenon
is a physical phenomenon, not a chemical one, the catalyst does not participate in the chemical reaction, it is just contact,
electron donate-accept, or electron orbital deformation- recovery.

From scheme 1 (b), these elements or compounds that are higher electronegative than carbon will further take away the
electrons of carbon, the electron orbits in carbon matrix is further deformation, the result is that the carbon bond
breaking energy is elevated, the CO desorption is more difficult and therefore the reaction rate is slow down.

From Fig.1, The +Ayxvalue higher is, the higher the catalytic active is. The-Ay value higher is, the higher the
poisonousness is. Therefore, whether carbon gasification reaction, iron based ammonia synthesis reaction or noble
metal catalytic reaction, alkali metals and their salts are always the most active catalysts or promoters, while P, S and C
are always poisons. Long-term production practice has proved this rule beyond doubt.

4.3 The Catalytic Actives of the Catalysts Are Closely Related to the Chemical States of the Catalyst

The catalytic activity of a catalyst is closely related to its chemical state. When the chemical states have changed, the
electronegativity is different, and the catalytic activity is different.

The most compelling example is iron. The Iron has three chemical states, namely Fe, FeO and Fe,Os. For carbon
gasification reaction, the experimental study proves that the Fe has catalytic active, but the FeO has no catalytic active,
while the Fe,O3 becomes a poison at high temperature.

For salt catalysts, the catalytic activity varies with the cation and anion in salt.

When the anion is constant in the salt, the molecular electronegativity of salt increases with the increase of the
electronegativity of cations in salt. Similarly, when the cation is constant, the molecular electronegativity of salts
increases as the electronegativity of anions increases its catalytic activity changes with the increase of the
electronegativity of the anion.

For carbon gasification reaction, for alkali metal carbonates, their relative catalytic active is Cs,CO3>K,CO3>Na,COs.
For alkaline earth metal carbonates, the their relation catalytic active is BaCO3;>SrCO3;>CaCO3;>MgCOs. For sodium
ealts catalyst, the catalytic activity of Na,COj; is greater than NaNO3;.Na,SO4, NaCl, NasPO,4. All these have been
confirmed by experiments and production practice.

The research results of Chen Ping's team found that using LiH as a promotor for iron-based ammonia synthesis catalyst
can greatly improve the catalytic activity of iron catalyst. According to EODRM, this is inevitable Because LiH is less
electronegative than carbonate.

Different chemical states, there are different electronegativity, so there are different catalytic activity.

The core idea of EODRM is that the catalyst does not participate in chemical reactions, it's just “contact”, electron
donate-accept cycle or electron obital deformation- recovery cycle, there is no intermediate. There are no
generation-decomposition and oxidation-reduction cycles. Adsorption of the reactants results in the electron movement
and distortion of electron orbitals. Desorption of the product results in electron orbital recovery. The electronegativity
difference is what drives electrons to move. A continuous cycle of adsorption and desorption completes the production
proces. The activity and selectivity of the catalyst depend on the energy level of the catalyst.

In modern times, electrocatalysis, photocatalysis, microwave catalysis and laser catalysis all are physical phenomena,
which coincide with EODRM.

5. Using the EODRM to Judge Some Probrems Existing in Industrial Production

According to EODRM, it is found that there are many problems worthy of study in the field of research and production.
5.1 Alumina Poisoning in the Iron-Based Ammonia Synthesis Catalyst

Iron-based ammonia synthesis catalyst is considered by the academic community to be a classic catalyst. It is also the

most studied catalyst. It has been used for more than 100 years. The chemical composition of the catalysts produced in
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different countries is almost the same. It contains 2,5-3,0% Al,Os which is called structural promoter. However, the
experimental study of Aika.K (Aika, K., 1985) and H. G. Du (H, G, Du., 2002) have proved that alumina appears
poison to carbon gasification reaction. The electronegativity of alumina is greater than that of carbon and iron, and it is
poison to both carbon and iron catalysts. The production practice shows that C, P and S are poison to iron - based
ammonia synthesis catalyst The greater the poison, the lower the permissible content. The permissible content of sulfur
in ferro-based catalysts is <0.003%. The content of alumina is 1000 times that of sulfur, which is seriously poisons the
catalytic activity of iron. The author considers that there are three high situations, such as high temperature, high
pressure and high energy consumption, in synthetic ammonia production, which may be caused by improper use of
alumina.

The physical and chemical properties of the catalyst simultaneously affect the catalytic activity of the catalyst, lead to
the catalystic phenomenon is very complex. The advantages of alumina are high melting point, high strength, and
especially high specific surface area, The favourable side of the physical properties covered up the unfavorable side of
the chemical properties. It disturbs people's sight. In terms of chemistry property, Alumina should be a poison. Both
adsorption and desorption increase energy consumption. Therefore, author considers that it is not appropriate to use
alumina as a promotor for the synthesis of iron - based ammonia.

5.2 Carbon Support Poisoning in the Ruthenium Ammonia Synthesis Catalyst

The Ruthenium-based ammonia synthesis catalyst has been developed by British-American two companies cooperative
study after for more than 10 years. The support material of the catalyst Ruthenium is the activated carbon after with
high temperature graphitization.

According to EODRM, Ayru-c=2.2-2.55=-0.35, The active carbon is poison to Ruthenium catalyst. The use of this
support, must use more noble metals, the result is that the catalyst is very expensive.

5.3 Catalyst Support for Automobile Exhaust Purification

The most frequent type of catalytic converter in automobiles is the three-way catalyst (TWC) for stoichiometrically
operated gasoline engines with an annual production of over 60x106units. The TWC systems contain Pt, Pd and Rh.
The catalytic components are supported by a cordierite honeycomb monolith coated with high surface area y-ALOs.
According to EODRM, the cordierite (2MgO-2A1,03-5S10,) is acid material, it is poison to noble metal catalyst. In
order to meet emission standards, more catalysts must be used.

In order to meet higher emission standards, The Germans have developed the Fe-Cr-Al metal coil honeycomb support.
Compared with cordierite ceramic honeycomb carriers, At the same emission standard, noble metals loaded with metal
coil honeycomb support are approximately 1/2 of the ceramic support. This clear indication that inappropriate support
materials can waste a lot of noble metals catalyst. It is estimated that about 100 tons of noble metals are wasted each
year.

The second support, i.e.y-ALOs plating layer is also poison to noble metal catalyst. Fortunately, rare earth oxides are
gradually replacing alumina.

The automobile catalyst is developing in a reasonable direction, which is in perfect agreement with EODRM's
expectation.

The author believes that the powder metallurgy porous metal honeycomb support should be the most rational
support.It's much better than the metal coil honeycomb. Large specific surface area and the plating layer is not easy to
peel off, we did it and got good experimental results.Due to the lack of funds and other reasons, it is give up at halfway.
5.4 Diesel Exhaust Wall Flow Soot Filter

Diesel exhaust soot filter, at present, it still use the cordierite ceramic honeycomb wall flow filter. The cordierite is a
poison to carbon gasification. The filter is too slow to regenerate, it cannot be used continuously. As a result, the
americans used two filters, one job and the other to regenerate, with the result that prices are too expensive to promote.

The author suggests that the powder metallurgy honeycomb filter should be used in diesel soot filter, because the
catalytic active of iron on carbon gasification reaction is much greater than that of noble metal.

5.5 Support Materials

Alumina and active carbon are mass produced as noble metal catalyst support in many factories around the world. High
strength, high melting point, high specific surface area, high chemical stability, abundant resources and so on are the
advantages of alumina, active carbon. However, according to EODRM, both are poison to Fe, Ni, Pt, Pd, Ru and so on
catalysts, Unreasonable support will consume more noble metals. As far as automotive TWC catalysts are concerned,
because of the use of unreasonable support materials. About 100 tons of noble metals are wasted every year.
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From the internet, the support of fuel cell Platinum catalyst is made by carbon black or graphite at early stage. Later, the
carbon nanotube is developed. The catalyst support of denitrification in power plant has adopted the cordierite ceramic
honeycomb or stainless steel mesh. The author thinks that all are unreasonable.

6. Conclusion

1. Experimental and theoretical analysis show that the decomposition - generation, oxidation - reduction cyclic reaction
does not exist, so it is unthinkable to improve CRM to “principle”, using “TOF” to represent catalyst active and service
life is obviously out of nothing.

2. Catalysis is a physical phenomenon rather than a chemical one. The catalyst does not participate in the chemical
reaction. It is only contact, electron cyclic donate-accept and electron orbital cyclic deformation- recovery. EODRM or
ECDAM's three viewpoints are confirmed by experiment and production practice. The active and selectivity of the
catalyst are closely related to the electronegativity or energy level of the catalyst.

3. According to EODRM, author considers that there are several unreasonable measures in industrial production. It is
lead to serious economic losses.
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Abstract

A new theory for additional heat transfer convected by a dispersed phase of microbubbles was posited recently. An
additional convection term in the heat transport equation reflects the latent heat of vapor of the liquid carried by the
microbubbles from hot zones that vaporize more liquid to cold zones where condensation releases the latent heat. This
theory was shown to be consistent with analysis of observations of freezing times measured by in the original Mpemba
effect study, by inferring heat transfer coefficients fitted by Newton’s law of cooling. In this paper, the scaling analysis,
leading to the proposition that the additional heat flux is proportional to the phase fraction of microbubbles, is tested by
steady state solutions of the canonical hot wall / cold wall buoyant convection problem. For phase fractions 0.02 and 0.1,
the maximum ratio of additional Nusselt number emergent is five, occurring in the microfluidic regime. Increasing the
characteristic length of the domain maintains the monotonicity of the increase in additional Nusselt number ratio over the
case of no microbubbles present. The additional heat transfer due to the microbubble dispersion, ranging from 5-50%, is
found to be nearly proportional to the microbubble phase fraction for the range of 0.02 to 0.2. However, larger
characteristic lengths introduce insufficient heat flux from the hot wall to maintain a “driven cavity” flow structure, so
that the steady state structure that emerges is a stable stratification with thin boundary layers near the hot and cold walls,
with weak shear flow convection. The stable stratification resultant at higher characteristic lengths suppresses the
additional heat flux due to microbubble mediation, but only moderately deviating from proportionality.

Keywords: phase change energy storage, microbubbles, direct contact heat transfer, evaporators, condensers.
1. Introduction

Microbubbles are famous for increasing mass transfer, especially useful in fermentation processes (see Gilmour and
Zimmerman (2020)), yet do not have the same efficacy at heat transfer due to a complication. Generally, the solvents that
are utilized where heat transfer is desirable are volatile. This additional heat transferred by hot microbubbles is partitioned
between sensible heat transfer to the liquid or to provide the latent heat for evaporation of the solvent. Zimmerman et al.
(2013) exploited this possibility by observing that microbubbles achieve internal homogeneity and equilibration with their
gas-liquid interface within a few milliseconds of contact time from injection. By arranging that the liquid layer height
limits the contact time to within that regime of maximum vaporization, without any time for sensible heat transfer, thermal
non-equilibrium can be maintained with much higher vaporization rates than conventional boiling.

Isothermal distillation is possible, which is important for thermally unstable chemical composition of the solvent or
suspended materials, such as microbes, that are thermally sensitive. Many other uses in chemical and biological processing
are reviewed in Gilmour and Zimmerman (2020). The target in this paper is direct contact heaters / condensers such as
those reviewed by Ribeiro and Lage (2004,2005), but with the novel introduction of microbubbles replacing conventional
fine bubbles.

However, Zimmerman (2021) posited that most contacting configurations for microbubbles would achieve vapor-liquid
equilibria as the contact time would naturally exceed those few milliseconds. The direct contact condenser has potential
for exploitation of heat transfer by microbubbles. That paper posited an additional benefit to the obvious high gas-liquid
interfacial area (therefore potential high interfacial heat transfer) and the high bubble flux (potentially hectares per cubic
meter per second). Microbubbles that pass through a hot zone or near a heated surface will quickly vaporize, within
milliseconds, to the saturation pressure, while absorbing the latent heat. Similarly, as they approach a cold surface or pass
through a cold zone, they will condense the vapor, and release the associate latent heat. Zimmerman (2021) derived, from
control volume analysis, an additional convection term for the heat transport equation.

Using scaling analysis, it was deduced that the additional convective term would introduce an additional heat flux that is
proportional to the microbubble phase fraction, as well as an estimate of the constant of proportionality. The hypothesis
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was supported by analyzing the time to freezing transient experiments of Mpemba and Osborne (1969) with boiled water.
The heating rates were found to correlate linearly with the inverse solubility of oxygen at the initial temperature, reflecting
that the microbubble phase had equilibrated with the dissolved gas composition in the liquid. The purpose of this paper
is to test, for steady state solutions to the canonical hot wall/cold wall problem, called heat transfer in a slot with
differential side wall heating, detailed in the classic book of Turner (1979), whether the scaling analysis of the modified
heat transport equation holds, i.e. the additional heat flux is proportional to the microbubble phase fraction. Of course,
the classical hot wall / cold wall problem is treated here with a microbubble dispersion in water, rather than a simple fluid.

Microbubbles have only been used in heat transfer dynamics since the seminal study of Zimmerman (2013), with the
intention of minimizing heat transfer effects and maximizing solvent evaporation or binary distillation in sequels. In this
paper, the intention is to characterize the level of additional heat transfer in water due to dispersions of air microbubbles,
by exploiting phase change—evaporation in hot liquid near the hot wall, condensation in cold liquid near the cold wall.

The paper is organized as follows. In Section 2, the modifications to the hot wall / cold wall canonical problem are set
out in the governing equations, following Zimmerman (2021), and subsequently simulated using Galerkin finite element
methods with a spatially resolved mesh, for a wide range of domain sizes in the laminar flow regime. In Section 3, the
results are represented and discussed. In Section 4, the conclusions are drawn.

2. Methodology: Buoyant Convection Modelling

Coupling momentum transport and heat transport is a well studied area of transport phenomena. The governing equations
are

pa—u+u-Vu:—Vp+,uV2u+pg

ot

0 or M
0 _ - 52

—+V-pu=0 C, | —+U-VT |=&V°T

a r p”(at )

Here, the dependent variables are described as follows: u is the velocity vector, p is the pressure, and 7T is the temperature.
The independent variables are spatial coordinates (implied in the differential operators) and time ¢. Everything else is a
parameter (i, p(7), cp, &, g) with fixed value once the fluid and venue are selected. If there is no imposed moving
boundary or pressure gradient, then the motion is created by temperature gradients. Zimmerman (2021) proposed, from
control volume analysis of cycling the evaporation and condensation dynamics, a modified heat transport equation for a

dispersed microbubble phase in volatile liquid:

pcp%:WZT—¢V~uF:WZT—¢FV~U—¢U~(F’VT) (2)

There are two additional terms once the extra divergence term is expanded. ¢ is the volume or phase fraction of
microbubbles. F(T) is a state function which has the connotation of the additional energy potential that is convected by
the flow representing the latent heat of vaporization for the amount of vapor (of the volatile liquid) in the dispersed

microbubble phase, per unit volume:

. T
F(T)=c (T)AHV(T):—pR(T)AHV (1) 3)
P (T)is the saturation pressure of the liquid at the absolute temperature T. For simple volatile liquids, the saturation

pressure is tabulated and well correlated by the Antoine equation. R is the gas constant.{ XE "buoyant convection" }

AR, (T) is the latent heat of vaporization, also commonly tabulated for volatile liquids, and commonly correlated by

polynomial fit.
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Equations (1) and (2) are commonly simplified by the Boussinesq approximation for buoyant convection, and non-
. T . . . . h? .
dimensionalized by adopting scalings for length (h, the characteristic length scale), time (M), and velocity (”—Oh).
K Po

With these scalings, the system of equations (1) modified by (2) becomes:
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Figure 1. Streamfunction and temperature profile for the steady state solution to (4 ) for water with Gr=21110° (h=1.43mm)
in the hot wall-cold wall problem on a unit square. No microbubble phase, i.e. f =0

The PDE engine used is Comsol Multiphysics v. 5.6. An exemplar solution for Gr=2110° with grid convergence found
by using an extremely fine mesh with 26254 elements (236064 degrees of freedom) is shown in Figure 1. A mesh
resolution study showed convergence to the at least three significant figures in the Nusselt number — the emergent global
feature characterizing heat flux across either the hot or cold walls.

As illustrated in Zimmerman (2006), such steady state buoyant convection problems must be solved by parametric
continuation in the nonlinearity parameter Gr. For a fixed liquid, such as water, Gr has the interpretation of being
controllable by changing the size of the square. For instance, with water, Gr=10"3 corresponds to a side of 4 = 52.7cm for
the square domain. Typically, the parametric continuation for (4)-(5) takes 200~300 logarithmic steps to achieve Gr~10"3.
Because of the cubic dependence on % in Gr, for most of the parametric continuation, the hot wall-cold wall domain is
very small, achieving microfluidic scales around Gr~10%°. Figure 1 is representative of this range.

The Prandtl number for water can be found from the NIST database of liquid properties and represented as a cubic spline
interpolation function. The steady state of the model equations (4) and (5) are solved by the Galerkin finite element

method for the hot wall-cold wall problem, where the hot wall is held at fixed temperature T, =373K" and cold wall
T, =273K , on the unit square with upper and lower boundaries as no flux surfaces. This is described in section 3.2 of

Zimmerman (2006) for the simpler convection situation with constant Prandtl number for water and vanishing N Mpemba .
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Figure2. N plotted against absolute temperature for water, along with the exponential fit, where the
“0” reference state are the properties of water at 20°C. Right: Streamfunction and temperature profile for the steady
state solution to (4 ) for water with Gr=2(110° (h=1.43mm) in the hot wall-cold wall problem on a unit square. No
microbubble phase, i.e. =0

A

k is the unit vector in the positive (antiparallel gravity) direction. /3(T) is the specific gravity of water, taken from

Zimmerman (2006) as an interpolation function via cubic splines. There are three dimensionless functions / parameters
governing the dynamic similarity{ XE "dynamical similarity" } of the problem: (i) the Mpemba number is defined in the
caption of Figure 1, expressing the novel component of this buoyant convection analysis due to transport of the latent
heat via the microbubble phase; (ii) the Prandtl number{ XE "Prandtl number" } that is a function of the fluid and
temperature; (iii) the buoyancy group { XE "Rayleigh number" }that gives the relative importance of gravitation to
dissipative mechanisms:

PI’(T): ’U(T)CP(T) Gr:/)gcp,()gh3 — gh3
x(T) LKy Voo )

3. Results and Discussion

Figure 1 and Figure 3 present a set of steady state solutions for streamlines and temperature profiles for parametric series
of gravity group Gr = (20J10°, 2010°, 20110, 20J10"", 2010'%) which span the equivalent side length of millimeter to half
meter scale. This parametric series is a subset of the 200-300 solutions swept so that convergence is found for each
subsequent value via parametric continuation. Of course, the reason parametric continuation is necessary is that gravity
group Gr is a proxy for the level of nonlinearity in the dynamics. Highly nonlinear solutions are difficult to find without
starting nearby in the basin of attraction for the solution via the multidimensional Newton’s method employed for iterative
convergence by the PDE engine.

Figure 1 has the “bullseye” shaped streamlines consistent with the canonical lid driven cavity problem (see Zimmerman,
1998) and a temperature profile moderately different from the linear temperature gradient of pure conduction. The hot
(red) regime has started to extend over the top, while the cold (blue) regime is spreading over the bottom of the domain.
On average, the vertical profile is now density stably stratified, i.e. hot less dense water over cold more dense water.
Figure 3(top) continues this development with further spreading of the hot zone at the top and the cold zone at the bottom,
as the streamlines become asymmetric. Figure 3(second frame) shows that as Gr increases, the development of the stable
stratification becomes dominant. The hot wall has a very thin boundary layer that is hot liquid, practically partitioned
from the main stratified shear flow by an interposed cold layer. That interposed cold layer (and the squashed hot, near
wall liquid layer) become thinner and thinner at the higher Gr group values in the bottom panels of Figure 3. By Gr ~
103, the stratification seems nearly total, with barely visible boundary layers near the hot and cold walls. Simulation
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above Gr ~ 10'3, requires refining the mesh further, especially near the hot and cold walls to resolve the thinning boundary
layers, and re-starting parametric continuation from very low Gr values — computationally expensive. Although these four
simulations were conducted with ¢ = 0.02, it should be noted that all four microbubble phase fractions, including ¢ =0,
result in visually indistinguishable flow and temperature profiles.

To distinguish among the heat transfer dynamics for variation of microbubble phase fraction, some other metric than the
steady state temperature profile is necessary. The common metric is the Nusselt number, which has the interpretation of
the total heat transfer across a boundary relative to the conductive heat transfer. At steady state, since there is no
accumulation of heat in the domain, the total heat transfer across all boundaries nets to zero. As the upper and lower
boundaries are no flux boundaries, the choice to compute the Nusselt number is arbitrary between the hot and the cold
wall. For convenience we take the cold wall. The Nusselt number is then defined, as applied to this geometry, is

1
[aqds  [n-vTdy .
Nu = - 0 B el i (6)

Ucon ds o TI_TO 0&
a.‘; d '!ATdy

Figure 4 is the log-log plot of Nusselt number Nu against the gravity group Gr for four different values microbubble phase
fraction ¢=0, 0.02, 0.1, and 0.2. It is clear that the heat transfer rate monotonically increases with microbubble phase
fraction, as the curves are parallel, but too close to discern the variation with @. This is better achieved by a relative
comparison, which uses the ratio of the Nusselt number in the presence of microbubbles to the Nusselt number in absence
of microbubbles, Figure 5.

Figure 5 clarifies that the predicted scaling of the additional microbubble mediated heat flux is nearly proportional to the
microbubble phase fraction for the maximum increase, which occurs in the microfluidic regime with Gr~10°. Thereafter,
it is clear from the temperature / streamfunction profiles in Figure 3 that the fluid becomes density stratified, with the
strength of stratification increasing as Gr~10'". It is not clear from the profiles whether or not the stratification strength
continues to rise above this level, as the profiles are only modestly different. The monotonic response to ¢ is apparent as
the curves are non-intersecting and parallel in behavior. The maximum increases are ~ 5%, 25%, and 45% which are close
to linearly related to ¢ .

Of course, there is a rationale for why the stratification forms and then grows stronger. It is well known that in microfluidic
transport, the surface area to volume of the fluid duct is very large. Zimmerman (1999) analyzed the formation of stable
stratification in solutions where the density is a strong function of solute concentration, including ideal solutions as well
as non-ideal, even non-monotonic mixing rules. In scenarios where stirring is introduced, if the stirring is sufficiently
weak, then stable stratifications form that minimize the integrated density within the domain.
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Figure 3. Steady state solutions with a parametric series in gravity group (a) — (d) (Gr =2010°, 2010°, 2010, 2010'3)
which can be thought of as simply changing the length of the side to (h =3.1mm, 3.1cm, 14.3cm, 52.7cm) with
¢=0.02. All four values of ¢=0, 0.02, 0.1, and 0.2 that were trialled have visually identical temperature and
streamfunction profiles. Red represents T=373K and dark blue T=273K. The streamlines are twenty uniformly spaced
level sets of streamfunction from zero (the walls) to the maximum value (different in each case).

o
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Log10{NusseF)

Log10(Gr)

Figure 4. Common logarithm of the Nusselt number plotted against the common logarithm of the gravity group Gr for
four different values microbubble phase fraction ¢ =0, 0.02, 0.1, and 0.2. The lowest curve is ¢ = 0, with Nusselt
number monotonically increasing with ¢ . Because the log-log plot diminishes the distinguishability of small percentage
differences in values, only this monotonic increase is a discernible trend. It should be noted that grid dependency
becomes an issue for Gr>10'2, as the boundary layers near the hot and cold wall become very thin.
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Figure 5. Fractional change in the ratio of Nusselt numbers for ¢ relative to ¢ = 0, plotted against the common
logarithm of the gravity group Gr for three different values microbubble phase fraction ¢=0.02, 0.1, and 0.2. The
lowest curve is ¢ = 0.02, with Nusselt number monotonically increasing with ¢ . From the microfluidic scale of
Gr>~10%, the additional convective flux due to the microbubble phase rises rapidly, peaking in the millimeter scale
Gr>~10°, before plateauing with a minor decay over the next six decades, before grid dependency becomes an issue.
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Figure 6. (top) Volume-averaged specific density with Gr variation for selected ¢ values. (bottom) Volume-averaged

temperature with Gr variation for selected ¢ values

As the stirring rate increases, the kinetic energy can lift the solute so that a steady solution achieves greater than the
minimum integrated density. In this heat transfer analogue, the stirring kinetic energy is injected proportional to the
surface area of the hold wall, hence why the Nusselt number rises with increasing Gr. However, the total mass rises
proportional to the volume of the duct. So eventually, the stirring force is insufficient to lift the mass to higher potential
energy as Gr rises, so the temperature field (solute) is arranged to minimize the energy integral, i.e. the stable stratification
suppresses convective mixing / heat transport.

Figure 6 makes clear that increasing ¢ increases the strength of the stable stratification as it achieves lower average
specific gravity — starts the formation of the stable stratification at lower Gr values and accelerates the stabilization with
increasing ¢ and Gr. This is a direct consequence of better heat transfer, as the bottom frame of Figure 6 illustrates.
Average temperature also rises with increasing ¢ and Gr. The microfluidic range, Gr ~10%%, shows exponential increase
in strength of the stable stratification / average temperature, before both
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Figure 7. Modifying the specific gravity for the air saturation of water influence according to the correlation of
Watanabe and lizuka (1985). Fractional change in the ratio of Nusselt numbers for fixed ¢ , plotted against the common
logarithm of the gravity group Gr for three different values microbubble phase fraction ¢= 0.0, and 0.1. The lower
curve is ¢=0.

level off in the millimeter scale, with a constant plateau achieved in the meter scale. Zimmerman and Rees (2007) studied
the double diffusion problem with initial stable stratification, but strong sidewall heating. In the transient situation, the
stable stratification can be overturned by sufficiently strong heating, as the stratification strength depends on solute

distribution.
One area of speculation is the role of the change in specific gravity of water due to air saturation. Watanabe and lizuka

(1985) carefully measured the change in specific gravity of water with saturated, dissolved air, as a function of water
temperature. Their cubic polynomial correlation was used to modify /3 (T) for temperatures below 53°C, the neutral

change temperature (they measured between 0 and 45°C). Oxygen and nitrogen solubility fall off dramatically above

53°C, so there is negligible contribution above this level. This translates into a piecewise cubic polynomial modifying
equations (4).

-5.252x10° + 1.474x10"T
- 3.0689x10°T? )
+4.0688x10°T?, T<326K
0, T>326K

Ap(T)=

As the average temperature in the domain typically varies between 323K and 332K (cf. Figure 6) with increasing Gr in the
range explored, the average effect of air saturation on changing density is typically around -61110*. However, it is the spatially
distributed effect that is of concern in the free convection dynamics explored here. Figure 7 illustrates that the maximum
change in Nusselt number due to the density change from air-saturation is approximately a 3% decrease, which plateaus
above Gr~10°. However, as found for all ¢ values, the change with Nusselt number is indistinguishable visually. Compare
Figure 8 with Figure 5 to see that there is no discernible relative difference to the effect of microbubble phase fraction @.
Zimmerman (2021) argues that the thermal diffusivity increases with uniformly dispersed ¢ according to common mixing
rules, but as in all length scales of interest, convection dominates the contribution to the Nusselt number, negligible effect
will arise from considering the thermal diffusivity dependence on microbubble phase fraction.

This is perhaps the largest buoyancy effect that is unaccounted for in this model — the effect of the two phase density on
the phase fraction of microbubbles. However, the assumption underpinning the treatment in this paper is that microbubble
phase fraction is uniformly distributed spatially. Undoubtedly, for any real steady state convection with dispersed
microbubbles, the volume increases in warm zones and decreases in cold zones due to the vaporization and condensation,
respectively. Treating these two contributions to density variation would require adding the heat transport (and
consequential changes to mass transport) effects of (4) to the bubbly flow and mass transport model of Al-Mashhadani et
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al. (2015) — beyond the scope of this paper.
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Figure 8. Modifying the specific gravity for the air saturation of water influence according to the correlation of
Watanabe and lizuka (1985). Fractional change in the ratio of Nusselt numbers for ¢ relative to ¢ = 0, plotted against
the common logarithm of the gravity group Gr for three different values microbubble phase fraction ¢= 0.1, and 0.2.

The lower curve is ¢=0.1.

4. Conclusions

The hypothesis of proportionality between the additional heat transfer and the microbubble phase fraction holds within
the microfluidic range of flow cells, where convection dominates is proposed in Zimmerman (2021) as due to scaling
analysis. The prediction is found to hold only closely in the microfluidic regime of steady state buoyant convection.
Monotonic increase but less than proportionality holds with larger flow cell characteristic lengths where stable
stratification forms under steady state conditions. The formation of the stable stratification dominates the heat transfer
dynamics, which could be alleviated by continuous microbubble injection and removal, such as in the airlift loop open
system, frequently adopted for bioreactors (Al-Mashhadani et al. (2015)).

Nonetheless, the predicted levels of additional heat transfer with the presence of a microbubble dispersion of air in water
vary from 5-50% with the phase fraction of 0.02 to 0.2. These additional heat transfer rate are consistent with the decreases
in the time to freezing observed by Mpemba and Osborne (1969). If they hold in other common heat transfer
configurations such as bioreactors, heat pumps, and direct contact evaporators and condensers, substantial efficiency
increases can be achieved with slight increase in processing costs due to injection of long lived microbubble dispersions.
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NOMENCLATURE
o [J/kgK]
¢ [mol/m?]
F [J/m?]
g8 [m/s?]

h [m]

Gr [-]
Nugeroa [+

Nu [-]

P [N/m?]
P [N/m?]
Pr [-]

q [W/m’]
R [J/molK]
T K]

t [s]

u [m/s]

x [m]

z [m]
Special characters
a [m?%/s]

[-]

K [W/mK]
K [-]

n [-]

p [kg/m’]
p [-]

il [Pa-s]
Subscripts

0

Acknowledgments

Heat capacity at constant pressure

Saturation concentration

Latent heat density within dispersed microbubbles
Gravitational acceleration constant/vector

Side length for 2-D square domain

Non-dimensional gravity group parameter
Dimensionless function of temperature
Non-dimensional ratio of total to conductive heat flux
Pressure scalar — dimensional or dimensionless
(context)

Saturation pressure

Prandtl number (temperature dependent)

Heat flux

Gas constant

Temperature — dimensional or dimensionless (context)
Time coordinate

Velocity — dimensional or dimensionless (context)
Coordinate — dimensional or dimensionless (context)

Coordinate — dimensional or dimensionless (context)

Thermal diffusivity

Microbubble phase fraction

Thermal conductivity

Unit vector anti-parallel to gravity

Outward pointing unit normal to the domain
Density

Specific gravity (temperature dependent)

Dynamic viscosity

Ambient or reference state
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Abstract

In the current decades, the increasing presence of metallic contaminants in water for human consumption has become a
major public health concern. This concern is even more pronounced in rural areas such as in the Town Halls of
Agbangnizoun and Za-Kpota where the majority of households use surface water, wells and tanks to satisfy their daily
drinking water needs, without any prior treatment, due to the low level of access to drinking water supplied by the State.
This study aims at assessing the levels of contamination of these resources in mercury (Hg), cadmium (Cd), lead (Pb) and
arsenic (As). The mercury was determined using the cold vapor technique by the Direct Mercury Analyzer (DMA-80)
while lead and cadmium were analyzed by molecular absorption spectrophotometry by the DR 3900. The Arsenic was
extracted by distillation using the silver diethyldithiocarbamate method then measured by molecular spectrophotometry
technique. The results show that surface waters contain great quantities of metals than well and cistern waters. Lead
(220.97 £9.45 pg/L) and cadmium (20.13 £0.17 pg/L) in surface waters have levels above WHO guidelines and Bénin
standards. On the other hand, there is no significant difference between the metal concentrations of well and cistern waters
at the 5% threshold. Significant correlations are established between toxic metals (Pb and Cd) and physical parameters
(turbidity and suspended matters) at the threshold of 1 %. As for mercury (Hg) and arsenic (As), the concentrations are
very lower than these of Cd and Pb and below the quantification limit of the device. These results confirm that the surface
waters consumed by the populations of the Town Halls of Agbangnizoun and Za-Kpota do not respect drinking water
standards.

Keywords: metals, drinking water, Agbangnizoun, Za-Kpota
1. Introduction

Heavy metals are naturally present in the environment in trace amounts. Their toxicity is much greater in the event of
chronic or acute contamination, generally resulting in serious physiological and neurological effects (Grandjean, 1984;
Fergusson, 1990; Plumlee and Ziegler, 2003).

Regarding lead for example, sensitivity to toxic effects is more marked in young children. This is related to the
permeability of their blood-brain barrier. These are exposed to lead poisoning which results in clinical disorders, biological
abnormalities and various histopathological alterations, cognitive and neurobehavioural damage; this pathology is
manifested by anorexia, vomiting, irritability, behavioral problems, abdominal pain, coma, and death (INSPQ, 2003;
Degbey et al., 2010; Laurent et al., 2013 Beauchamp, 2003).

Mercury poisoning in humans can also cause hydrargyria or hydrargyrism, which is characterized by damage to the nerve
center. It is also a nephrotoxic toxic element.
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The toxicity of arsenic depends on its degree of oxidation: As (O) > As (IIT) > As(V) (Callender, 2003). Toxicity increases
with the degree of arsenic methylation (Fergusson, 1990; Alloway and Ayres, 1997; Chung et al., 2002). Arsenious oxide,
or white arsenic (improperly called arsenic), As203 is a violent poison.

Cadmium is also very toxic in all its forms (metal, vapour, salts, and organic compounds); it is one of the few elements
with no known function in the human body or in animals. In humans, it causes kidney problems in particular; this can
result in irreversible nephropathy, which can lead to renal failure with renal tubular functional impairment from certain
concentrations in the renal cortex and to increased blood pressure (Plumlee and Ziegler, 2003). The digestive system is
the first to be affected following cadmium poisoning. The symptoms observed are gastroenteritis, vomiting, diarrhea and
myalgia (striated skeletal muscle pain).Among the nine (09) Town Halls in the Zou Region the Town Halls of
Agbangnizoun and Za-Kpota are the two with a low drinking water coverage rate. 25.2% of households have access to
drinking water in the Town Hall of Agbangnizoun and 21.5% of households have access to it in the Town Hall of Za-
kpota (INSAE, 2016) against an average Zou Region coverage of 53.4 %. The majority of households, therefore often
use rainwater collected in tanks, wells and surface water without any prior treatment to satisfy their daily drinking water
needs. Surface water and traditional wells are, for the most part, unfit for consumption because of their level of
contamination and may contain toxic pollutants for humans (WHO, 2003, Babadjidé¢, 2011). In these two Town Halls,
agriculture holds an important place with the use of pesticides and chemical fertilizers. The water consumed is therefore
exposed to pollutants originating from agricultural sources because the contamination of surface or underground water
by toxic substances is closely linked to that of the soil and to the use of pesticides, in this case fungicides which contain
heavy metals (Coats, 1991; Deluisa et al., 1996; Bourrelier and Berthelin, 1998). This situation of degradation of water
resources is exasperated by poor management of household waste in the two Town Halls where 94.8% of households in
Agbangnizoun and 91.6% of households in Za-Kpota discharge waste directly into nature (INSAE, 2016). Indeed, urban
wastes contain sources of heavy metals such as batteries (Hg, Zn, Pb, Cd), paints (Cr, Cd, Pb), plastics (Cd, Ni), cardboard
paper (Pb) (De Miquel, 2001; Aloueimine, 2006). This study aims to assess the level of contamination in toxic metals
(Hg, Pb, Cd and As) of surface water, wells and cisterns consumed by the populations of the concerned areas.

2. Material and Methods
2.1 Study Framework

The Town Halls of Agbangnizoun and Za-kpota are located in southern Bénin (Figure 1), in the Region of Zou. There are
two rainy seasons, from March to July for the high season, from August to October for the low one and two dry seasons,
December to March for the high season, July to August for the low one. The average annual rainfall varies between 900
mm and 1200 mm of water.

Table 1. Geographical coordinates of the water sampling villages

Town Halls Districts Villages Geographical coordinates
SAHETO 7903'42.2"N 1%6'51.0"E
AGBANGNIZOUN SAHE COUFFONOU 70221.4" N 15528.0" E
ADJAHA 706'561.5" N 154'17.7" E
YABA 7<18'23.5"N 206'11.8"E
KPAKPAME
ZA-KPOTA TOGA 7<20'29.3"N 209'38.2"E
ZA-KPOTA OUMGBEDIHO 7<13'30.7"N 2<14'00.9"E

Limited to the north and west by the Town Hall of Abomey, to the south by the Couffo River, to the east by the Town
Halls of Bohicon and Zogbodomey, the Town Hall of Agbangnizoun has an area of 244 km? and a density of 1,116
inhabitants/Km?.

According to the General Census of Population and Housing carried out by the National Institute of Statistics and
Economic Analysis in 2013 (RGPH, INSAE, 2013), its population is 72,549 inhabitants, of which 34,782 are male and
37,767 females distributed in 16,763 households including. Administratively, the Town Hall is divided into ten (10)
Dstricts and fifty-one (51) villages.
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Figure 1. Maps of Zou Region, Agbangnizoun (to the left) and Zakpota (to the right) Town Halls showing the water
sampling sites

As for the Town Hall of Za-Kpota, it is limited to the northwest by the Town Hall of Djidja, to the northeast by the Town
Hall of Zagnanando, to the southwest by the Town Hall of Bohicon, to the east by the Town Hall of Cov¢ and to the south-
east by the Town Hall of Zogbodomey. It covers an area of approximately 600 km2 on which live 132,818 inhabitants,
including 61,945 males and 70,873 females, distributed in 29,240 households, of which 15,199 are agricultural (RGPH4,
2013). According to the same source, the Town Hall of Za-Kpota is made up of 56 villages grouped into eight (8) districts
from which we have choice six villages for this study (Table 1).

2.2 Water Sampling

The sampling method used for the campaigns is consistent with that used by the same authors in the previous article
(Azokpota et al., 2022). The water from a borehole serves as a control sample because its composition is assumed to be
close to that of natural water (low concentration of contaminants). The water samples were taken from plastic bottles
previously washed and rinsed in the laboratory using the so-called "ultra-clean" method, then dried in an oven at 105<C.
This protocol consists of: cleaning with nitic acid (HNO3) 15%, HCI 1% (ACS reactive grade, J. T. Baker, Phillipsburg,
U.S.A.) followed by seven rinses with ultra-pure water (Milli-Q system; > 18 MQ.cm). These flasks were also rinsed with
the water to be sampled in the field. The water sample was taken about 5 cm from the surface. Then, these samples were
acidified by adding concentrated nitric acid (HNO3) (v/v). These bottles were half filled before adding 2ml of HNO; (65%)
then completely filled before being hermetically sealed to prevent any gas leaks. These samples were then labeled before
being placed in a cooler containing cold packs.

2.3 Analysis Method

The determination of lead and cadmium is done in three stages: mineralization (Digestion according to HACH), extraction
with pure chloroform recta and molecular absorption spectrophotometer (DR 3900). As for mercury, the dosage was
carried out by the MILESTONE Direct Mercury Analyzer (DMA-80) using the cold vapor technique.

Digestion according to HACH

The stages of mineralization are for Cd and lead are:

- measure 40 mL of liquid sample in a 100 mL digesdahl flask.

Add 3 mL of concentrated sulfuric acid and bring to 440<C on the mineralizer;
- let it char for 3 to 5 minutes;

- add 10 mL of hydrogen peroxide 30 to 50% volume using a capillary funnel. If the sample is not completely clear,
continue adding 5mL fractions;

- let the hydrogen peroxide evaporate completely and remove the vial from the mineralizer;
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- after cooling (approximately 15 min), top up with distilled water up to the 100 mL line.

Filtering

Filtration is done using a GF/C membrane, with a porosity of 0.45 m for dissolved metals analyses.
Prior treatment for mercury determination

The water samples did not undergo any treatment before the Hg analysis phase.

Prior treatment for arsenic determination

Finally, the arsenic was extracted by distillation using 1ISO 2590: 1973 (the silver diethyldithiocarbamate method) and
then quantified by molecular spectrophotometry with DR 3900 device.

2.4 Statistical Processing of Analysis Results

All statistical analyses were performed in the R statistical software package, version 4.0.0 (R Core Team, 2020). We
calculated descriptive statistics on the data and used barplot to explore the variation in water parameters (lead
concentrations, cadmium concentrations, mercury concentrations and arsenic concentrations) among the water sources
and campaigns. We then tested for significant effects of water parameters on water sources and collection campaigns
using separate Kruskall-Wallis test since assumptions for Multivariate Analysis Of Variance were violated. When the null
hypothesis is rejected in a validation, Wilcoxon multiple comparisons test is performed using multicomp package. When
the influence is significant from the analysis of variance, the separation of the two metals averages has been made with
the Student - Newman Keuls test. The relationship between the different water parameters was evaluated with the Pearson
correlation test. The one-sample t-test was used to compare the three water sources. The concentration of each type of
water have been compared with Beninese standards and those of the World Health Organization for drinking water. For
all statistical analyses, the significance threshold used is 5%.

3. Results and Discussion
Spatial evolutions of median values of metal concentrations

The Kruskal Wallis test was carried out to study the evolution of the median values of the concentrations. The results
show the p-value is less than 0.05 (P-value =0.0001). So there is a difference in significance at the 5% threshold between
the median values of the concentrations of metals in the waters of the different localities studied. The multivariate analysis
of variances (Figure 2) made it possible to see that the concentrations of mercury (Hg) and arsenic (As) are very lower
than these of cadmium (Cd) and lead (Pb) and below the quantification limit of the device for the arsenic.
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Figure 2. Comparison of median values of metal concentrations according to localities for the first campaign;
Pr(>F)=0.0001

These results show two trends of variations of metals concentrations in water samples. Cadmium and lead concentrations
are in the order of micrograms per liter to a few tens and hundreds micrograms per liter. While mercury and arsenic
concentrations are in the order of a few tenths of micrograms per liter or in the state of traces (below the quantification limit).
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Influence of water sources on Pb, Cd and As concentrations variations between the two campaigns

Lead, Cd and As concentrations did not vary significantly (p<0.05) in cistern, surface and well water between the two
sampling campaigns despite a slight upward trend (Figure 3). On the other hand, surface waters have concentrations of
Pb and Cd higher than those of cisterns at the 5% threshold. While cistern water is more contaminated with arsenic
compared to surface and well water.
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Figure 3. Variations in the concentrations of Pb, Cd and As according to the water sources between the two sampling
campaigns

Variations of mercury residues

As for mercury (Hg) residues, the highest concentration of Hg was recorded in Kpozoun (1,060 pg/L) and the lowest in
Za-Kpota with a concentration below the detection threshold in cistern water samples. Indeed, the cisterns are left open
and exposed to bad weather throughout the rainy period while waiting for the drought period. The average concentrations
recorded are 0.580; 0.077 and 0.186 |g/L in cistern, surface and well water, respectively. After cistern water, well water
is the most contaminated with Hg. This indicates a local source like from using material as the thermometer, cosmetics
products and pomades for women, etc. Indeed, the populations are frequently in contact with these waters for their daily
needs by plunging all kinds of containers into them. These wells are also left open; which also exposes them to the weather.
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Figure 4. Comparison of median values (at the left) and means (at the right) of Hg concentrations according to water
sources

The Kruskal Wallis test was carried out to study the evolution of median values of mercury concentrations (Figure 4).
The results show the p-value is less than 0.05 (P-value =0.003). So there is a difference in significance at the 5% threshold
between the median values of the concentrations of cistern, surface and well water.

Variations in concentrations of arsenic (As) residues

Most of the results obtained for arsenic residues are below the detection limit. Only the water samples taken from Kpota
(5.00 o/L) during the first sampling campaign and from Adingnigon (10 Lg/L) in cistern water and Assanlin (3 pg/L)
during the second sampling campaign in well water have showed concentrations above quantification limit (Table 2).

Evolution of the concentrations of Pb and Cd
The results of the analyses carried out for the metals are presented in Table 2.

Lead residues are mainly represented in the surface water collected during the first sampling campaign on the sites of
Adjaha (in Agbangnizoun), Couffonou (in Agbangnizoun) and Za-kpota (in Za-kpota) then in Toga and Yaba (in Za-
Kpota). The Sahéo (in Agbangnizoun) site has the lowest lead concentration among the surface waters studied. The
highest lead concentrations are obtained during the second sampling campaign with a value of 611 |g/L in Yaba, 296.25
o/L in Za kpota and 261 g/L in Adjaha.

As for rainwater stored in cisterns and water from traditional wells, the trends in lead residue variations are similar with
concentration values ranging from 5.82 pg/L at Sahe to 13.77 ug/L at Kpozoun (in Za-kpota) for cistern water and 3.53
pg/L at Assanlin (in Za-kpota) to 12.70 pg/L at Adingnigon (in Agbangnizoun) for the first sampling campaign.

Correlations between the parameters studied
From the analysis of tables 3 and 4, it appears that:

- The concentration of suspended solids in the water is very strongly correlated with the concentration of lead (r = 0.98
with p < 0,0001) on the one hand, and very strongly correlated with the concentration of cadmium (r = 0.99 withp <
0,0001) on the other hand ;

- The colour of the water is very strongly correlated with lead concentrations (r = 0.96 with p < 0,0001) on the one hand
and strongly correlated with cadmium concentrations (r = 0.93 with p < 0,0001) on the other hand;

- Water turbidity is correlated with cadmium concentrations (r =0.74 with p < 0,0001).

From these significant correlations, it can be deduced that the large part of lead and cadmium (in particulate phase) is
kept by suspended solids in the water, as shown by the results of the phase speciation of said metals (Table 3). The
turbidity of the water depends on the suspended solids which are at the origin of the water colour. This justifies the strong
correlations observed between lead and cadmium fixed on suspended matter and the colour of the water. The correlation
between suspended solids and metals also explains that established between turbidity, lead and cadmium.
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Legend
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Table 2. Correlation matrix (Pearson)
Variables pH Temp Cond TDS Turbo SM NO2- NO3- PO43- Pb Cd Colo ammo Sulp
pH 1
Temp -0.5320 1
Cond -0.6039  0.5608 1
TDS 04112 03955  0.8878 1
Turbo 20.0149  0.1410  -0.1753  -0.1439 1
MY 20.0395  -0.2443 02941  0.4608  0.7763 1
NO2- -0.0080  -0.1039 03466  0.5038  0.5775  0.9112 1
NO3- 04315 0.6381  0.6577  0.4292  -0.0963 -0.2183  -0.2261 1
PO43- 202562 03606  0.1774  0.0937  0.0545 -0.0367 -0.0907  0.6227 1
Pb 20.0329  -0.2320  0.2874  0.4621  0.6843  0.9801  0.9244 -0.2273  0.1997 1

) 1
cd 0.0288 02643 02604  0.4327  0.7478  0.9904  0.9274 02581 0.0803  0.9642
Colo 00383 -0.2031 02659  0.4475 05949 09512  0.9207 -0.2355 05790  0.9650  0.9380 1
ammo 0.1386  -0.1831 02729 04723 05115  0.8274  0.9447 02187 0.7342  0.8638 0.8441 0.8383 |
) 1

Sulp -0.1130  0.0722  0.0534  0.0155  0.1573  0.3728  0.4538  -0.1433  0.2123 03771 03981  0.4038  0.0250
Values in bold are different from 0 at significance level alpha=0.05
Table 3. Probability values associated with the correlation between water parameters
Variables pH Temp Cond TDS Turbo MY NO2- NO3- PO43- Pb Cd Color ammo  Sulf
pH
Temp 0.0090
Cond 0.0023  0.0054
TDS 0.0513  0.0618  <0.0001
Turbo 0.9501  0.5532 0.4599  0.5450
SM 0.8581 02614  0.1732  0.0269 < 0.0001
NO2- 09711  0.6370  0.1051  0.0143  0.0039 < 0.0001
NO3- 0.0398  0.0011 0.0006  0.0410 0.6621 0.3170 0.2995
PO43- 02379  0.0909 04180 0.6705  0.8051 0.8680  0.6806  0.0015
Pb 0.8817 02868  0.1837  0.0264  0.0003 <0.0001 <0.0001 02969 0.3987
Cd 0.8962  0.2229 0.2300  0.0392 <0.0001 <0.0001 <0.0001 0.2344 0.7366 < 0.0001
Color 0.8623 03526  0.2201  0.0323  0.0028 <0.0001 <0.0001 02794 0.0075 <0.0001 <0.0001
ammo 0.5281  0.4031 02077 0.0229  0.0126 <0.0001 <0.0001 03161 0.0002 <0.0001 <0.0001 <0.0001
Sulf 0.6076  0.7432 0.8088  0.9439 0.4735 0.0798 0.0296 0.5141  0.3689 0.0761 0.0599 0.0560  0.9167

Values in bold are different from 0 at significance level alpha=0.05

Lead concentration’s variations

The Student - Newman Keuls test of the results shows that the concentration of total lead in water varies significantly
(p<0.05) depending on the alternative water sources (Table 4). On average for the two targeted campaigns, the total lead
in surface water is significantly higher (220.97pug/L) than in cistern waters (10.90ug/L), wells (10.37ug/ L) and drillings
(8.22ng/L) (witness). There is a significant difference between the lead concentration obtained in the sampled surface
waters and the guidelines regulated by the WHO and the Bénin standards. The lead concentration in the well and cistern
waters is significantly lower than Beninese standards. On the other hand, surface waters have a high concentration which
significantly exceeds the guideline values set by the WHO and the standards of Bénin.
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Table 4. Variation of metals according to water sources

Water sources
Parameters - — -
Cisterns Wells Surface waters Drilling (witness)
Cadmium (Lg/L) 2.42+0.19° 1.28+0.17° 20.13%1.46° 0.82+0.17¢
Lead (po/L) 10.90 +0.61° 10.37 +0.10° 220.97+9.45° 8.22+0.66"

Legend: The same letters (a or b) mean that there is no significant difference between the values.
Cadmium concentration’s variations

Regarding cadmium, the statistical analysis has showed that the results obtained are similar to those of lead. The average
total cadmium, for the two years, is the lowest (0.82 pg/L) in the drilling waters (witness) compared to surface waters
which have a total cadmium concentration of 20.13 pg/L, an increase of more than 95%. Moreover, the total cadmium
concentrations vary significantly (p<0.05) from one alternative water source to another. The cistern and well waters
concentrations in cadmium are significantly lower than the WHO guideline values and the Bénin standard. On the other
hand, surface waters contain a cadmium concentration significantly higher than the reference values.

The concentrations represent the average values of the waters of the different sources. the same letters (a or b) mean that
there is no significant difference between the values.

The presence of metal concentrations (Pb and Cd) in the water consumed above the witnesses and standards indicates a
contribution of anthropogenic activities (agriculture, solid and liquid wastes). The results obtained are in agreement with
those of African researchers (Table 5) who have devoted research to the metallic contamination of waters where the values
of lead vary from 0.02 to 70.4 mg/L in surface waters ( Kakulu et al., 1992; Chitou et al., 2010; Youssao et al., 2011;
Blinda et al., 2013; Kabunga et al., 2013; Onivogui et al., 2013; Yapi et al., 2014; Fouad et al., 2014; Traore et al., 2015;
Wanga et al., 2015; Greichus et al., 2015; Mohiuddin et al., 2015; Fahssi et al., 2016; Edward et al., 2017; Kadriua et al.,
2017; Agbandou et al., 2018). On the other hand, our results are in disagreement with those obtained by researchers where
the values of Cadmium vary from 0.1 to 20.49 mg/L in surface waters ( Chitou et al., 2010; Yapi et al., 2014; Fouad et al.,
2014; Wanga et al., 2015; Greichus et al., 2015; Mohiuddin et al., 2015). For the well waters, the cadmium values obtained
(0.0010 mg/L) are contrary to those obtained by researchers and which are in the range of 0.02 mg/1 to 0.23 mg/1 exceeding
the standards for cadmium (Tanouayi et al., 2015; Yapi et al., 2014; Gbamele et al., 2020 ); those of lead (0.010 mg/L)
are lower than the values (0.03 mg/I to 4.8 mg/l) obtained by other researchers ( Peliba et al., 1991; Creppy et al., 2003;
Tanouayi et al., 2015; Chaieb et al. , 2016; Gbamele et al., 2020 ; Yapi et al., 2014 ). As for the cistern waters, the average
values obtained for lead (0.010 mg/L) and cadmium (0.002 mg/L) are lower than the values obtained respectively by
Legret et al.,1994 and Hebabaze et al., 2015 in rainwaters collected in cisterns for lead (0.078 mg/L and 0.016 mg/L) and
cadmium (0.017 mg/L and 0.011 mg/L).

Health effects linked to the presence of these toxic metals in drinking water are known. Mention may be made, for lead,
of lead poisoning, which results in clinical troubles, biological anomalies and various histopathological alterations,
cognitive and neurobehavioural damage, increased sensitivity to the toxic effects of lead in young children linked to
blood-brain barrier permeability, anorexia, vomiting, irritability, behavioral disturbances, abdominal pain, coma, and
death; in pregnant women, there is harm to the development of the central nervous system of the fetus (INSPQ, 2003;
Degbey et al., 2010; Laurent et al., 2013). The health effects linked to cadmium are: kidney pains, bone alterations and
arterial hypertension; “ Itai Itai ” characterized by bone decalcification, proteinuria and glucosuria (Botta and Bellon,
2004; Rodier et al., 2009).
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Table 5. Calculation of contamination indexes (CI) of lead and cadmium residues

Campaign_1_Concentrations in pg/L

Campaign_2_Concentrations in pg/L

No,  Water sources Localities Sample name
Pb_tot Cl pp Cd_tot Cl cd Pb_tot Cl pp cd_tot Cl cd
20 Drilling (Reference) Kpakpame BF/AEV (Reference) 10.35 0.00 3.01 0.00 10.35 0.00 3.01 0.00
16 Sahe Cistern 1 5.82 -0.28 1.88 -0.23 6.81 -0.21 1.96 -0.21
17 Adingnigon Cistern 2 9.7 -0.03 2.13 -0.17 10.2 -0.01 2.25 -0.14
18 Adanhondji Cistern 3 10.84 0.02 2.15 -0.17 10.75 0.02 2.25 -0.14
19 Kpota Cistern 4 12.04 0.08 2.29 -0.14 11.97 0.07 1.85 -0.24
20 . Tanve Cistern 5 13.47 0.13 1.75 -0.26 11.32 0.04 0.94 -0.52
g Cistem Lissazounme  Cistern 6 928  -005 137 037 988 -0.02 326 0.04
22 Kpozoun Cistern 7 13.77 0.14 0.6 -0.67 9.89 -0.02 11 -0.46
23 Assanlin Cistern 8 10.83 0.02 0.29 -0.82 11.02 0.03 0.5 -0.72
24 tanta Cistern 9 12.36 0.09 0.71 -0.62 12.63 0.10 0.89 -0.54
25 Za kpota Cistern 10 13.22 0.12 0.96 -0.52 12.23 0.08 1.52 -0.33
1 Adjaha SW Adjaha 325.63 0.94 18.75 0.72 261 0.92 1321 0.63
2 couffonou SW Couffo 324.38 0.94 45 0.87 325 0.94 46 0.88
3 Za kpota SW Oung 227.81 0.91 18.44 0.72 296.25 0.93 20.51 0.74
Surface water (SW)
4 saheto SW Saheto 5.35 -0.32 0.41 -0.76 49.25 0.65 211 -0.18
5 Toga SW Toga 178.44 0.89 23.44 0.77 297 0.93 252 0.79
6 yaba SW Yaba 183.13 0.89 13.44 0.63 611 0.97 15.02 0.67
7 Adanhondji W Adan 9.92 -0.02 3.46 0.07 8.02 -0.13 35 0.08
8 Adingnigon W Adin 12.7 0.10 0.9 -0.54 12.84 0.11 1.02 -0.49
9 Assanlin W ASS 353  -0.49 07  -0.62 206  -0.67 269  -0.06
12 Kpota W Kpota 13.44 0.13 1.67 -0.29 5.95 -0.27 1.09 -0.47
10 Well (W) Kpozoun W Kpozoun 6.17 -0.25 0.94 -0.52 14.2 0.16 2.1 -0.18
11 Lissazounme W Lissazou 7.85 -0.14 0.76 -0.60 7.61 -0.15 0.85 -0.56
14 Sahe W Sahe 7.98 -0.13 0.4 -0.77 7.65 -0.15 1.01 -0.50
15 tanta W Tanta 6.49 -0.23 0.24 -0.85 6.94 -0.20 51 0.89
13 Tanve W Tanve 596  -0.27 036  -0.79 6.01  -0.27 034  -0.80
Table 6. Phase speciation of Cadmium and Lead in surface waters

Surface water Lead (lo/L) Cadmium (jo/L)

Dissolved(D) Particulate(P) (P) P/D?! | Dissolved(D) Particulate(P) P/D
Adjaha 15.29 245.71 2.1 11.11 5
Couffonou 13.75 311.25 3.6 42.4 12
Oumgbediho 26.61 269.64 1.96 18.55 9
Saheto 27.71 21.54 0.5 1.61 3
Toga 13.51 283.49 2.91 22.29 8
Yaba 17.54 593.46 1.58 13.44 9

P/D represents the particulate Pb / dissolved Pb and the particulate Cd / dissolved Cd ratios

The phase speciation results show that the P/D ratio varies from 1 to 34 for lead and from 3 to 12 for cadmium (Table 6).
This relatively high ratio shows that the total lead and cadmium present in the water are found in high proportion in the
particulate form retained by suspended matter. This means that most of the lead and cadmium inputs are essentially in the
particulate form and there is little mineralization of the organic matter contained in the water. The total lead and cadmium
in water are therefore mainly found in the form of particles. These lead and cadmium particles can have as, among other
sources, aerial fallout that is drained to surface waters by runoff. Under certain environmental conditions, the
mineralization of organic matter having fixed the particulate lead and cadmium could increase the dissolved lead and
cadmium which would merge with the total lead and cadmium, as in the case of water sources where suspended matter
are low or even non-existent. This is the case of cistern and well waters where the total lead and cadmium practically
merge with the dissolved lead and cadmium.

Spatial evolution of total lead levels
Analysis of variance of total lead levels according to Town Hall

Total lead is the only pollution parameter that differs significantly from one Town Hall to another; the highest
concentration (78.50 pw/L) has been recorded in the waters of Za-kpota Town Hall (Figure 5).
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Figure 5. Variation in the average concentration of lead in the Town Halls studied
Analysis of variance of total Pb and Cd concentrations according to the concerned localities

The water samples collected in Adjaha and Couffonou are more polluted in lead (293.32 pg/L and 324.69 pg/L
respectively). The lead concentration is lower in the threshold of 0.05 (Figure 6), in the waters of Adanhondjigon
Adingningon , Assanlin , Kpota , Kpozoun , Lissazounmé , Tanta and Tanvé. As far as the cadmium is concerned, the
highest concentration was recorded in Couffonou (45.50 pg /L).
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Figure 6. Variation of pollution parameters in the sampled localities
Contamination indexes (CI) of lead and cadmium residues

The contamination index is defined in relation to the reference site, representative of the natural background noise of the
study area. For a metal i, it is determined by the formula:
Ci—Cyg
I CL' — ( i ref) .
C £+Créf

Where Ci is the concentration of metal i at the sample site and Cref its concentration at the control sample site which is
sample BF/AEF, the drilling water. The results are presented in Table 6 where the abbreviations used are as follows:
Pb_tot =Total Lead; Cd_tot = total cadmium; As_tot = Total Arsenic; Hg_tot = Total Mercury.

The analysis of the table 6 makes it possible to deduce that the contamination indexes of lead and cadmium vary from
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one water source to another and from sampling campaign to another. However, we note some peculiarities within the
same source.

Except of the Sahéto water, all the calculated indexes for surface waters sampled, has showed positive contamination
indexes for lead and cadmium during the two campaigns.

The probable sources of contamination of these waters are the chemical fertilizers and pesticides used by agriculture in
the cotton, maize and groundnut fields located in the slopes of these waters.

With regard to well and cistern water, the cadmium contamination indexes are negative during the first campaign, except
for the cistern water sampled at Lissazounme and the well water sampled at Adanhondjigon and Tanta which presented
positive contamination. For the two water sampling campaigns, the lead contamination indexes are positive for water
from cisterns sampled at Adanhondjigon , Tanve , Kpota , Assanlin , Tanta and Za-Kpota. Those from wells sampled at
Adingnigon , Kpota for the first campaign and in kpozoun for the second campaign are also positive. The sources of
contamination of cistern water by lead would therefore be aerial and probably old sheets and dry palm leaves used to
cover cisterns. On the other hand, the probable source of contamination of well water by lead would be the source rock
constituting the aquifer. It is the same source which would be at the origin of the presence of cadmium in the water of
wells taken from Adanhondjigon and Tanta.

4. Conclusion

The study of metallic contamination of surface, traditional well and cistern waters used for drinking by human populations
in Agbangnizoun and Za-kpota Town Halls, southern Bénin, shows that these waters are not suitable for consumption.
The heavy metals recorded in surface waters whose average values are higher than the standards accepted for drinking
water are:

- Lead with an average value of 220.97 +9.45 ng/L;
- Cadmium with an average value of 20.13 +0.17 pg/L.

These metals are found to a large extent, retained by suspended solids in the water. These results reflect the evidence of
the poor quality of these surface waters. The influence of human activities and poor sanitation of the study area on water
quality has also been picked up.

The populations who consume these waters for drinking are therefore exposed to health risks. However, the consumption
of water from cisterns and traditional wells presents less danger for vulnerable populations than that of surface water. We
suggest a primary treatment by water filtration before any human consumption to eliminate the particulate phase which
is the most abundant.
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