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Abstract 
The majority of the population of Burkina Faso lives from agriculture and 
therefore depends on the land. The main objective of this study is to assess 
the quality of the soils in the area linked to artisanal mining activities. The 
methodology adopted consisted in sampling and characterizing the main 
types of soil. In order to assess the level of soil pollution by artisanal mining, 
parameters such as the geo-accumulation index (Igeo) and the contamination 
factor (CF) are calculated. A prediction of acid mine drainage (AMD) was al-
so carried out on samples of mine tailings which are potential sources of pol-
lution of these soils. The results obtained show that the soils in Yimiougou 
are of nil to low agronomic interest. The Igeo shows that for lead, copper, 
zinc and arsenic the levels found in the different morphological units are partly 
attributable to human action and specifically artisanal mining. The values of 
the contamination factor indicate contamination. Cobalt presents the lowest 
contamination. For cadmium, the different types of soil are moderately con-
taminated except for the FITLC type, which has a CF value of 0.50, therefore 
synonymous with low or absent contamination. The various morphological 
units studied are very heavily contaminated with zinc, copper, lead and ar-
senic. The pH and conductivity values indicate that the mine tailings samples 
are non-acidogenic, therefore not yet oxidized. As for the sulphide contents, 
they show that only samples S17, S22, S23 and S24 present values that are 
strictly above the threshold (0.3%) and therefore potentially acid-generating. 
The comparative study of the acid potential (AP) and the neutralization po-
tential (NP) reveals that the neutralization potentials of the different samples 
are clearly higher than the acid potentials even for the samples which present 
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a proven acidification potential (S17, S22, S23 and S24). These results show 
that the mine tailings have the natural capacity to neutralize any possible mine 
drainage, given the presence of acid-eating minerals such as the carbonates 
associated with the mineralization. 
 

Keywords 
Soil, Artisanal Mining, Environment, Heavy Metals, Potentially Harmful 
Elements, Burkina Faso 

 

1. Introduction 

In recent years, the economy of Burkina Faso has diversified with the exploita-
tion of extractive resources including gold. Depending on the technology used in 
the exploitation of these resources, there are two main types of exploitation: in-
dustrial and artisanal mining. Started in the 1980s, artisanal mining was consi-
dered a survival activity due to the periods of drought that the country had expe-
rienced before. Thus, artisanal mining will experience rapid development, as 
evidenced by the number of artisanal mining sites on the national territory esti-
mated today at more than 800 with approximately two million artisanal miners 
[1]. Indeed, more than 25% of the territory of Burkina Faso (approximately 
70,000 km2) is occupied by the Birimian volcano-sedimentary formations (lower 
Proterozoic) known for their richness in mineral resources. Each year, between 5 
and 10 new artisanal mining sites are discovered with areas between 1 and 1.26 
km2. 

This sector is experiencing an unprecedented expansion as it generates more 
than 232.22 billion CFA francs in revenue [1]. Thus, the artisanal mining sector 
is nowadays a very important pillar in the same way as agriculture and livestock 
in the country’s economy because it helps to curb the rural exodus and generates 
foreign currency for the national economy. 

However, artisanal mining has negative repercussions on the environment, 
mainly on the biophysical environment. Added to this are the many harmful ef-
fects of the chemicals (mercury, cyanide and acids) used during the extraction of 
gold. The damage caused by this activity on the soil, in particular the expropria-
tion of agricultural areas, the storage of mining residues in areas originally in-
tended for agricultural activities, the destruction of plant cover and the incessant 
deforestation of forests are difficult to assess from an economic point of view. 

The village of Yimiougou, which falls administratively within the province of 
Sanmatenga (“land of gold”, in the local language) was once a cotton-growing 
region. It ended up giving way, nowadays to subsistence farming and artisanal 
mining. Yimiougou is today characterized by the importance of artisanal mining 
in the upper part of the Nakanbe River (the second in terms of importance after 
the Mouhoun), which feeds the Ziga dam (source of drinking water supply for 
the city of Ouagadougou, the capital of Burkina Faso). The proximity of artisanal 
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mining sites to the river and tributaries remains problematic. This situation has 
a corollary, an ecological fragility marked by strong soil erosion. These soils then 
have a massive and mediocre structure, a low retention capacity and a high acid-
ity. In general, they are of almost zero agronomic interest with a pronounced 
lack of organic matter. As for the vegetation, it is weakly dense with a very weak 
wildlife in constant decline. However, the populations remain dependent on ar-
able land and water resources and live mainly from agriculture and livestock. A 
reduction of these cultivable lands can only inevitably lead to land conflicts with 
its share of corollaries. It is therefore in this context that the present study is si-
tuated, the objective of which is to assess the quality of the soils of the artisanal 
mining site of Yimiougou. 

2. Study Area 

Yimiougou is located in the province of Sanmatenga (Centre-North Region), 
precisely in the commune of Korsimoro, 70 km northeast of Ouagadougou, the 
capital of Burkina Faso (Figure 1). 

The relief is essentially characterized by more or less rugged lateritic hill 
chains, with tabular or rounded tops, and very marked by the phenomenon of 
bauxitic or ferruginous hardening. Climatically, the study area falls within the 
Sudano-Sahelian climatic zone, characterized by two main seasons. A long dry  

 

 
Figure 1. Location of the study area. 
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season that lasts from October to May. This season is marked by harmattan 
winds blowing from north to south, with periods of high heat in March and 
April, and extreme temperatures that can reach 42˚C in the shade. The shorter 
winter season, runs from June to September and is marked by thunderstorms 
with strong runoff. 

Given that the spatial distribution of vegetation depends on the type of cli-
mate, in Yimiougou, we mainly encounter thorny trees, which constitute ligne-
ous trees. There is also a carpet of grasses, which are becoming more and more 
persistent nowadays thanks to the control of bush fires and the many awareness 
campaigns made on the harmful effects of excessive woodcutting. 

3. Methodology 

Soil samples were collected, and then analyzed. This concerned the four units 
which are: tropical ferruginous soils, leached, indurated, shallow (FTLI), tropical 
ferruginous soils, leached, with concretions (FTLC), tropical ferruginous soils, 
leached, with stains and concretions (FILTC) and evolved soils, gravelly erosion 
(PEEG). The choice is made on these soils because they are the most represented. 
Several parameters were determined. These are particle size, total carbon, total 
nitrogen, total phosphorus, pH, conductivity, cation exchange capacity (CEC), 
exchangeable bases (Ca2+, Mg2+, Na+, K+), organic matter and potentially harmful 
elements (cadmium, lead, copper, zinc, iron, aluminum, cobalt, arsenic, mer-
cury). In order to assess the level of soil pollution by artisanal mining, parame-
ters such as the geo-accumulation index and the contamination factor are calcu-
lated. 

4. Results and Discussions 
4.1. Soils Characterization 

The Yimiougou area is characterized by four soil units which are: tropical ferru-
ginous soils, leached, indurated, shallow (FTLI), tropical ferruginous soils, leached, 
with concretions (FTLC), tropical ferruginous soils, leached, with stains and con-
cretions (FILTC) and evolved soils, gravelly erosion (PEEG) whose different pa-
rameters are listed in Table 1. 

4.1.1. Tropical Ferruginous Soils, Leached, Indurated, Shallow (FTLI) 
The useful depth of these soils is limited by a ferruginous shell between 0 and 40 
centimeters. In the dry state, they are light brown on the surface (0 - 75 cm), 
reddish yellow in the lower horizon (20 - 40 cm). Between these two layers, there 
is a rather gravelly horizon (7 - 20 cm). 

The texture is coarse (sandy-loamy) on the surface and quite fine (silty-clayey) 
in depth. The soils are very porous. Fauna activity is average, but root activity is 
good on the surface and low below. 

FTLIs have a grain size that varies with depth. For the three size fractions, the 
values are 26.98% to 49.12% for clay, 25.32% to 43.02% for silts and 25.03% to  
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Table 1. Physico-chemical parameters of soils. 

Soil 
type 

pH 
Conductivity 

(µScm−1) 

Particle size  
proportion (%) O.M 

(%) 
N (%) 

P 
(ppm) 

C/N ∑bases CEC 

Exchangeable bases 
(meq/100) 

Clay Silt Sand Ca2+ Mg2+ Na+ K+ 

FTLC 4.62 338 
31.26 - 
35.32 

25.42 - 
35.61 

33.19 - 
39.36 

0.86 0.05 576 11 1.46 2.25 1.36 0.24 0.06 0.17 

FILTC 4.78 224 
19.72 - 
39.14 

34.98 - 
53.96 

25.24 0.94 0.07 574 11 1.78 3.79 1.32 0.32 0.19 0.09 

PEEG 5.54 278 - 49.00 - 0.88 0.054 480 11 2.98 6.51 1.78 0.99 0.06 0.22 

FTLI 5.28 348 
26.98 - 
49.12 

25.32 - 
43.02 

25.03 - 
29.38 

0.7 0.04 408 12 1.78 5.02 1.56 - 0.09 0.15 

 
29.38% for sands. The soils are deficient in organic matter (0.86%) and total ni-
trogen (0.05%). Conversely, they have relatively high average levels of total 
phosphorus (408 ppm). The C/N ratio is average (C/N = 12), indicating good 
decomposition of organic matter. The sum of exchangeable bases and the cation 
exchange capacity are low (respectively 1.78 and 5.02 meq/100g). These are soils 
poor in exchangeable calcium (1.56 meq/100g), also poor in potassium and ex-
changeable sodium (respectively 0.15 and 0.09 meq/100g). The pH (5.28) is 
moderately acidic. 

4.1.2. Tropical Ferruginous Soils, Leached, with Concretions (FTLC) 
FTLCs are deep soils, with depths generally greater than 120 cm and compris-
ing a variable rate of coarse elements (5% to 10% concretions) depending on 
the depth. They are clayey-silty to clayey and normally to moderately drain at 
depth. These soils are not very hard in the dry state on all horizons. In the dry 
state, these are porous soils with a dominant reddish-yellow to yellowish-red 
color at depth. They contain approximately 5% gravel and ferruginous to fer-
ro-manganiferous concretions. The root presence is weak. It weakens more with 
depth. Faunal activity is well expressed throughout the profile with numerous 
pockets of coprolites on all horizons. 

The grain size also varies with depth, ranging from 31.26% to 35.32% for 
clays, from 25.42% to 35.61% for silts and from 33.19% to 39.36% for sands. The 
soils are poor in organic matter (0.86%) and total nitrogen (0.05%). The con-
tents are high in total phosphorus (576 ppm). The C/N ratio is average (11) and 
indicates good decomposition of organic matter. The sum of the exchangeable 
bases and the cation exchange capacity remain low (respectively 1.46 and 2.25 
meq/100g). These are soils poor in exchangeable calcium (1.36 meq/100g), also 
poor in exchangeable magnesium, potassium and sodium (respectively 0.24; 0.17 
and 0.06 meq/100g). Their pH is acidic (pH 4.62). 

4.1.3. Tropical Ferruginous Soils, Leached, with Stains and Concretions 
(FILTC) 

Like the FTLCs, these soils are deep with depths greater than 120 cm and include 
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a variable rate of coarse elements (5% to 10% concretions) and some oxida-
tion-reduction stains, which are present at average rates of 10%, depending on 
the depth. They are moderately porous with a dominant reddish-yellow to pink 
color when dry to depth. The structure is moderately developed in coarse or me-
dium polyhedral sub-angular elements. The root presence is average on the sur-
face and weakly developed in the lower horizons. Faunal activity decreases with 
depth. There are numerous pockets of coprolites on the 2nd and 3rd horizon. 

The proportion of fine earth oscillates between 19.72% and 39.14% for clay, 
from 34.98% to 53.96% for total silt. On the other hand, the total sands remain 
constant (25.24%). The soils are deficient in organic matter (0.94%) and total ni-
trogen (0.07%). The total phosphorus contents are high (574 ppm). The C/N ra-
tio is average (11) and indicates good decomposition of organic matter. The sum 
of exchangeable bases (1.78 meq/100g) and the cation exchange capacity (3.79 
meq/100g) are unfavorable. These are soils poor in exchangeable calcium (1.32 
meq/100g), also poor in exchangeable magnesium, potassium and sodium (re-
spectively 0.32; 0.09 and 0.19 meq/100g). Their pH is acidic (pH 4.78). 

4.1.4. Evolved Soils, Gravelly Erosion (PEEG) 
These are soils with a poorly differentiated profile with essentially gravelly ho-
rizons (about 50% ferruginous gravel) on the 40 cm of useful depth. The hu-
mus horizon rests on a slightly altered parent material. The cuirass is outcrop-
ping in places and the ground surface is covered by a spreading of gravel. The 
surface texture is fine (silty) with normal drainage. The dominant color is very 
pale brown in the dry state. These are friable soils also in the dry state. The 
structure is weakly developed. The root presence is important as well as the pores. 
Fauna activity is well developed. The thickness is limited, the water reserve and 
the chemical fertility are very weak. These soils are of nil to low agronomic in-
terest. 

The fine part is essentially loamy with 49% total silt. The soils are deficient in 
organic matter (0.88%) and total nitrogen (0.054%). They have high total phos-
phorus contents (480 ppm). The C/N ratio is average (11) and indicates good 
decomposition of organic matter. The sum of exchangeable bases and the cation 
exchange capacity are low (respectively 2.98 and 6.51 meq/100g). These are soils 
poor in exchangeable calcium (1.78 meq/100g), also poor in magnesium, potas-
sium and exchangeable sodium (respectively 0.99; 0.22 and 0.06 meq/100g). 
Their pH is moderately acidic (pH 5.54). These soils are of nil to low agronomic 
interest. 

The textures of these four soil types are predominantly silty. The organic mat-
ter content is less than 1% while the nitrogen is below 0.06% (except soils FILTC 
= 0.06), which indicates a poverty in organic matter and nitrogen. Nevertheless, 
the organic matter content is higher than 0.6% considered as the threshold of 
non-response to mineral fertilizers [2]. These soils are also rich in total phos-
phorus with levels above 200 ppm. On the other hand, on all the soils studied, 
the sum of the bases and the CEC are low (low for the sum of the bases and very 
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low for the CEC). pH values are less than or equal to 5.5 indicating that the soil 
is strongly acidic [3]. This acidity could have a negative effect on the assimilabil-
ity by plants of certain nutrients such as phosphorus and promote the phy-
to-availability of heavy metals such as Cd. FTLCs and FILTCs with pH values of 
4.62 and 4.78 respectively are lower than the standards (5.5 - 8) and therefore 
unsuitable for agricultural activities. The C/N ratio of the soil is between 11 and 
12 indicating good mineralization of organic matter. The calculation of the sa-
turation rate (Sum of exchangeable bases/CEC) shows that the soils studied are 
moderately saturated with exchangeable bases. 

4.2. Content of Potentially Harmful Element (PHE) in Soil 

The results (Figure 2) show that the main potentially harmful elements present 
in these different soils are essentially lead (Pb), copper (Cu), zinc (Zn), iron (Fe), 
aluminum (Al), cobalt (Co) and arsenic (As). Cadmium and mercury have al-
most zero content. Lead has levels lower than the standards that are 100 ppm. 
For copper, in the different types of soil, the contents are higher than the stan-
dards that are 20 ppm. 

Regarding zinc, despite the high levels compared to the others, they are below 
the standards (200 ppm respectively) in these in these soil units. 

Iron (Fe) expressed, as a percentage (5.24% - 8.52%) unlike the other ele-
ments, is present in all units regardless of the type of soil. This high content 
compared to the current standard (50 ppm) could be detrimental to the envi-
ronment. However, the generally high concentration of iron, especially in West 
Africa, is due to leaching of lateritic soils. 

The Al contents are above the limit value (20 ppm) for FTLI and FILTC type 
soils. This could be explained by the fact that the acidity of the environment 
contributes to increasing the solubility of aluminum because, at pH < 5.5, alu-
minum is very mobile in the form of Al3+. Yimiougou soils are acidic with a pH 
between 4.62 and 5.54, which could explain the mobility of aluminum ions for  

 

 
Figure 2. Distribution of PHE in different soils. 
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FLTI and FILTC soils that have the lowest pH. The same applies to the presence 
of clay in these soils, which could also more or less control the mobility of alu-
minum through adsorption or desorption reactions. 

Cobalt has levels well above the standards of 25 ppm. The same is true of ar-
senic, the levels of which are much higher than the values, which are 20 ppm. 

Apart from copper, which has increasing contents from FLTI to PEEG via 
FILTC and FTLC, the contents vary from one type of soil to another for the oth-
er elements. 

In order to assess the level of soil contamination by potentially harmful ele-
ments (PHE) in the Yimiougou site, the geo-accumulation index (Igeo) and the 
accumulation factor were calculated. 

4.2.1. Geo-Accumulation Index (Igeo) 
It is an empirical parameter proposed by [4] [5] as a criterion for assessing metal 
contamination in sediments. The purpose of this index is to compare a datum 
with a value considered as a geochemical background, which makes it possible to 
assess the level of heavy metal contamination in the soil. This value is subject to 
a correction factor of 1.5, which makes it possible to reduce the consequences of 
variations in the values of the origin, which can be attributed to lithological vari-
ations in the sediments [6] [7]. 

Considering the variations caused by the effect of lithology [8], the average 
content of elements in the earth’s crust replaced the geochemical background in 
the calculation [9]. So the formula is: 

( )Igeo log2 Cx 1.5 Bgx= ×  
Cx = the measured content of a given element (metal) x, 
Bgx = geochemical background for element x. 
The levels of contamination can be distinguished according to the value of the 

geo-accumulation index (Igeo). 
The values of the geo-accumulation index for PHE in the different morpho- 

pedological units in the Yimiougou area are recorded in the following Table 2. 
The Igeo values for cadmium and cobalt of the different soil units are nega-

tive, reflecting an absence of pollution of these entities. The contents obtained 
for these elements would only represent the geochemical background, i.e. the 
concentration in the crust. With regard to zinc, the Igeo values belong to class I, 
therefore unpolluted to slightly polluted. 

 
Table 2. Geo-accumulation index (Igeo). 

Soil type Cd Pb Cu Zn Co As 

FTLI −0.18 1.30 1.30 0.55 −0.18 1.68 

FILTC −0.48 1.38 1.38 0.62 −0.21 1.64 

FTLC −0.18 1.47 1.47 0.61 −0.19 1.69 

PEEG −0.18 1.54 1.54 0.61 −0.26 1.63 
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The Igeo values for lead, copper and arsenic place them in class II, i.e. slightly 
to moderately be polluted. It therefore appears that for lead, copper, zinc and 
arsenic that the levels found in the different morphological units are partly at-
tributable to anthropogenic action and specifically artisanal mining. 

4.2.2. Contamination Factor (CF) 
The introduction of the contamination factor was inspired by analogy to the 
weathering indices [10]. These indices use the comparison between the mobile 
elements and the conservative elements. The conservative element is used to 
quantify the gain of an element in a weathering product compared to the source 
rock and thus define an anthropogenic contribution [11]. Through this factor, it 
is possible to discriminate anthropogenic contributions from natural sources, 
and to assess the degree of contamination. The latter gives the number of times 
an element is enriched compared to the abundance of this element in the refer-
ence material [12]. 

The CF corresponds to the ratio of the measured content of an element x in 
the tested sediment and the background content of the same element. 

CF = Cx/Bgx 

Cx: Concentration measured for an element x, 
Bgx: Background for an element x. 
The values of the contamination factor for PHE in the different morpho- 

pedological units in the Yimiougou area are recorded in the following Table 3. 
The contamination factor values obtained in the different morphological units 

for the PHEs studied indicate contamination according to the classification 
made by [13]. However, this contamination is of varying degrees according to 
the PHE. The weakest contamination is observed at the cobalt level. Indeed, the 
value of the CF with regard to cobalt places it in class I, namely that relating to 
the absence of contamination or low. For cadmium, the different types of soil are 
moderately contaminated (class II) with the exception of the FITLC type, which 
has a CF value of 0.50, therefore synonymous with low or absent contamination. 

The various morphological units are very heavily contaminated (class VI) with 
zinc, copper, lead and arsenic. 

This very high contamination of the different types of soil would be attributa-
ble to the highly developed artisanal mining in the study area. In addition, the 
presence in the study area of oxides of iron, aluminum or manganese (Mn),  

 
Table 3. Contamination factor (CF) in different soil types. 

Soil type Cd Pb Cu Zn Co As 

FTLI 1.00 49.50 30.02 5.37 0.99 71.49 

FILTC 0.50 52.10 35.65 6.27 0.93 65.85 

FTLC 1.00 56.20 43.80 6.05 0.96 73.35 

PEEG 1.00 51.08 52.40 6.11 0.82 63.99 
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organic matter constitute potential factors of immobilization of heavy metals in 
sediments or in soils [14] [15]. This could subsequently constitute a major source 
of local contamination in addition to the elements remobilized to the surface 
during the extraction of the ore. 

Mining residues from artisanal mining activities represent significant poten-
tial sources of pollution through leaching and water infiltration [16]. These piled 
up mine tailings release PHE [17]. Given that soils and water are the sources of 
ingestion of arsenic, the latter could infiltrate and return to groundwater given 
the high permeability of the environment. 

The distribution of heavy metals between the solid phase and the liquid phase 
of soil is strongly influenced by soil properties such as pH, organic matter con-
tent, ionic strength of soil solution, manganese and iron oxides. In other words, 
the distribution, the interactions between heavy metals as well as their transport 
in the different soil compartments are governed by these parameters and are 
carried out by very complex physico-chemical mechanisms such as adsorption, 
precipitation and complexation [18] [19]. 

If a soil contains too high levels of metals, it becomes toxic for the majority of 
plants [20] and consequently unsuitable for agriculture. In Yimiougou, in the 
different types of soil, the copper, iron, aluminum, cobalt and arsenic contents 
are clearly higher than the standards in force in Burkina Faso and could make 
them unsuitable for agricultural activities. If for cobalt, the Igeo calculation shows 
that it is of lithogenic origin, and not linked to gold panning activities, it is not 
the same for copper, iron, aluminum and arsenic. However, the contamination 
factor indicates that in the case of cobalt there is contamination, even if it is low. 
For the other metals, the contamination factors indicate high contamination ex-
cept for cadmium for which this contamination is moderate. This state of affairs 
indicates that soil contamination in Yimiougou is attributable to artisanal min-
ing activities. 

4.3. Acid Mine Drainage (AMD) 

Mine tailings can be a source of pollution, because when they contain sulphides, 
their contact with oxygen in the air, water and acidogenic bacteria can lead to 
their oxidation, resulting in the generation of AMD. The presence of pyrite which 
is one of the sulphides accompanying gold in mineralized zones in Burkina Faso 
[21] [22] is an important factor in the generation of DMA. The populations of 
Yimiougou live mainly from agriculture and livestock. For this reason, pollution 
by AMD is detrimental to the very life of this riverside community, which is highly 
dependent on these water resources. However, buffer reactions such as the disso-
lution of carbonates, aluminum silicates and aluminum hydroxides sometimes 
take place and have the effect of reducing the acidity of AMD and making the pH 
almost neutral. Hence, the need to estimate the total quantity of acidifying and 
neutralizing minerals contained in the mine tailings [23]. 

Geochemical tests (static and kinetic) are methods that predict acid mine 
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drainage for better waste rock and tailings management. 
Static geochemical tests are very simple to perform and inexpensive. They 

thus make it possible to estimate the variability of the acidification potential at 
the scale of the site (establish the balance between the acid generation potential 
(AP) and the neutralization potential (NP) for a given material). These are re-
ferred to as static conditions in that they do not take into account the relative 
rates of acid production and consumption. Their results therefore have above all 
an indicative and predictive value [24]. The static test is considered positive if 
the net neutralization potential (NNP) is less than 20 kg CaCO3/tonne of materi-
al or the NP/AP neutralization ratio is less than 3. Static tests commonly called 
geochemical tests are based on analytical data and three main ones can be dis-
tinguished: measurement of pH and conductivity in saturated paste (EC), the 
aptitude test for the production of net acidity (ABA or NAPP) and the Net Acid-
ity Generation (NAG) test. 

25 samples of mine tailings from artisanal mining were collected for the pre-
diction of acid mine drainage. 

4.3.1. Measurement of pH and Conductivity in Saturated Paste (EC) 
From physical parameters such as pH and conductivity, acid mine drainage 
(AMD) predictions can be made according to [25] who defines classes of DMA 
(Table 4). 

The table below gives the predictions of AMD generation according to the pH 
and conductivity values measured in saturated paste of the samples of mine tail-
ings from artisanal mining in Yimiougou. 

The pH (6.7 to 8.5) and conductivity (70 to 468 µS∙cm−1) values place the mine 
tailings samples in class IV of the [25] classification, therefore non-acidogenic 
(no risk of AMD). These values indicate that the analyzed samples are not yet 
oxidized. However, the risk of oxidation over time cannot be excluded because 
the possibility of acid generation from the oxidation of sulphide minerals de-
pends on the primary factors, which are the presence of sulphides, their expo-
sure to water and/or oxygen. 

4.3.2. Sulphide Contents 
The diagram of [26] allows from the threshold content of 0.3% distinguishing the 
range where the samples are not acidogenic from that where they are potentially  

 
Table 4. AMD prediction classes from pH and conductivity [25]. 

pH 
Conductivity 

(µS∙cm−1) 
AMD 
classes 

Diagnostic 

pH < 4 >1000 I confirmed acid mine drainage 

4 < pH < 5 >750 II Acid mine drainage in development confirmed 

5 < pH < 6 >500 III Acid mine drainage in potential development 

pH > 6 ≤500 IV No risk of acid mine drainage 
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acid generating according to the sulphide content (Figure 3). 
Thus, only samples S17, S22, S23 and S24 present values, which are strictly 

above the threshold (0.3%) and therefore are potentially acid generators (Figure 
3). However, the sulphide content is not synonymous with acid production, be-
cause the inhibiting or neutralizing minerals (carbonates) can produce neutrali-
zation reactions, i.e. play a buffer role [21] [22] [23]. 

Since carbonates are acid neutralizing minerals [21], a comparison of the aci-
dification potential with that of the neutralization potential was made (Figure 4) 
in order to evaluate the neutralization capacity acid-consuming minerals. 

The comparative study of the acid potential (AP) and the neutralization po-
tential (NP) reveals that the neutralization potentials of the different samples are 
clearly higher than the acid potentials even for the samples presenting a proven 
acidification potential (S17, S22, S23 and S24).  

 

 
Figure 3. Sulphide content of Yimiougou mine tailings. 

 

 
Figure 4. Comparative diagram of acid potential (AP) and neutralization potential (NP). 
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These results show that the mine tailings from the artisanal mining of Yi-
miougou have the natural capacity to neutralize any possible acid mine drainage. 
This is explained by the presence of neutralizing minerals such as carbonates 
associated with mineralization that is exploited by gold miners in the study area. 

5. Conclusion 

Soils in Yimiougou are mostly loamy, acidic and deficient in organic matter and 
total nitrogen. They are also poor in exchangeable calcium, magnesium and po-
tassium. These soils are of nil to low agronomic interest. The various morpho-
logical units are very heavily contaminated with zinc, copper, lead and arsenic. 
The neutralization potentials of the different samples are clearly higher than the 
acid potentials indicating that the mine tailings have the natural capacity to neu-
tralize any possible mine drainage, given the presence of acid-eating minerals 
such as carbonates associated with the mineralization. 
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Abstract 
A new composite photocatalyst of modified oyster shell powder/Ce-N-TiO2 
was prepared by sol-gel method. Based on single factor experiment, Ce dop-
ing rate, N doping rate and calcination temperature were taken as input va-
riables. Based on the central composite design (BBD) response surface model, 
two functional relationship models between three independent variables and 
glyphosate removal rate were established to evaluate the influence degree of 
independent variables and interaction on catalyst. The significance of the mod-
el and regression coefficient was tested by variance analysis. The analysis of 
the obtained data showed that the degradation performance of the composite 
photocatalyst was significantly affected by the calcination temperature and 
the rate of N doping, while the rate of Ce doping had little effect; at the calci-
nation temperature of 505.440˚C, the degradation rate of glyphosate reached 
the maximum of 82.15% under the preparation conditions of 17.057 mol% N 
doping and 0.165 mol% Ce doping, respectively. 
 

Keywords 
Modified Titanium Dioxide, Response Surface Methodology (RSM),  
Photocatalysis, Glyphosate 

 

1. Introduction 

Glyphosate (N-(Phosphonomethyl) glycine, PMG) is one of the most widely used 
broad-spectrum active organophosphorus herbicides in the world [1], reaching a 
solubility of 15.7 g/L (pH = 7) in water at 25˚C. In recent years, with the devel-
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opment of agriculture and industry, the intensive use of glyphosate pesticides on 
a large scale has made it an important component of DOP input to the water en-
vironment through the surface water circulation system, with significant toxic 
effects on phytoplankton, fish and other aquatic organisms in the water column 
[2]. In view of the harmful side effects of glyphosate and its derivative AMPA on 
soil and water quality as well as plant, animal and human health, it has been rec-
lassified as a possible carcinogen by the World Health Organization in 2015 
based on reports of potential chronic side effects of glyphosate in recent years [3] 
[4] [5]. 

In recent years, photocatalytic technology has shown great promise for the 
degradation of various persistent and toxic organic pollutants in water bodies [6] 
[7] [8]. Among them, TiO2 is the most widely used photocatalyst, however, its 
low light absorption capacity and high electron-hole pair loading rate directly 
limit its photocatalytic activity and further engineering applications [9]. In re-
cent years, researchers have used various approaches to improve their photoca-
talytic activity, such as surface modification of noble metals, doping with metal 
or non-metal ions, and synthesis of different nanostructures, among which, co- 
doping with different metal or non-metal ions is considered as one of the most 
effective strategies to improve photocatalytic performance. For example, mod-
ified TiO2 photocatalysts such as Ce-TiO2 [10], C-N-S-TiO2 [11] and Fe-N-TiO2 
[12] have been explored and studied for their mechanism of pollutant degrada-
tion. However, the low adsorption capacity of the suspension-modified TiO2 alone 
resulted in its photocatalytic degradation of pollutants and could not be further 
enhanced. 

Further, combining TiO2 photocatalysts with efficient adsorbent materials 
may enhance their ability to degrade pollutants, which is mainly attributed to the 
synergistic effect of adsorption and photocatalysis [13]. The adsorbent may ad-
sorb a large number of organic pollutant molecules, thus facilitating the reaction 
between the organic molecules and the active radicals formed on the TiO2 sur-
face, forming an adsorption-catalysis photodegradation pathway. Currently, the 
use of waste materials to prepare new, inexpensive, “green” adsorbents is a hot 
research topic [14] [15], such as quartz particles, fly ash, zeolite, and other natural 
materials and waste residue-based adsorbent materials [16] [17] [18] [19]. Howev-
er, there are not many reports on the preparation of composite photocatalysts with 
adsorption-photocatalytic synergy by combining the above-mentioned types of 
adsorbent materials with modified TiO2. 

In this study, cerium metal and non-metallic nitrogen were doped into tita-
nium dioxide by sol-gel method, based on this research team's study of modified 
oyster shell powder prepared by processing and modification of natural oyster 
shell as raw material, the Ce-N-TiO2 photocatalyst was loaded onto the modified 
oyster shell powder to form a modified oyster shell powder/Ce-N-TiO2 compo-
site photocatalyst. The effect of the preparation conditions on the degradation of 
glyphosate was analyzed on the basis of a single-factor test, and the suitability of 
the composite photocatalyst for the removal of glyphosate was assessed by para-
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meter optimization and modelling using the response surface methodology (RSM). 
The model was validated for reasonableness. 

2. Materials and Methods 
2.1. Materials 

Discarded oyster shells, Glyphosate (N-(Phosphonomethyl) glycine, C3H8NO5P, 
95%) was from Shi-Feng Biotechnology Co. Ltd, Shanghai, PRC; Tetrabutyl or-
thotitanate (TBOT), Absolute ethanol (C2H5OH) as solvent, Cerium nitrate hex-
ahydrate (Ce(NO3)3·6H2O) and urea (CH4N2O) were used as the source of cerium 
and nitrogen, respectively, hydrochloric acid (HCl). All chemicals were analytical 
grade purity and can be directly applied without any further treatment. 

2.2. Photocatalyst Preparation 
2.2.1. Preparation of Modified Oyster Shell Powder 
The surface residue of waste oyster shells was cleaned with detergent and clean-
ing ball, and the surface was polished to white with cutting machine and cut into 
small pieces, dried at 65˚C in blast drying oven and crushed in sealed sample 
making machine, sieved at 120 mesh, then soaked in 0.1% HCl, vacuum dried 
and calcined at 900˚C for 2 h in muffle furnace to obtain modified oyster shell 
powder, sealed and kept for backup. 

2.2.2. Preparation of Modified Oyster Shell Powder/Ce-N-TiO2 
Measure 36 mL of anhydrous ethanol and quantitative modified oyster shell 
powder mixed with ultrasonic shaking for 10 mins, then under the action of 
magnetic stirring, tetrabutyl titanate was added to the above mixture drop by 
drop at a rate of 1 - 2 drops/s and stirred evenly for 20 min to form solution A; 
Measure 36 mL of anhydrous ethanol, 3.0 mL of distilled water, 0.2 mL of hy-
drochloric acid and mix thoroughly, add a certain rate of urea and cerium ni-
trate hexahydrate, and form solution B by ultrasonic shaking for 10 min. The 
solution B was slowly added dropwise to the above solution A at a rate of 30 - 35 
drops/min and stirred until a uniform transparent sol was formed. After aging in 
a vacuum drying oven at 25˚C for 24 hours, it was put into a blast dryer at 85˚C 
for overnight drying, crushed, and finally calcined in a muffle furnace at a cer-
tain temperature for 2 h to form the modified oyster shell powder/Ce-N-TiO2 
composite photocatalyst. Alternatively, the method of preparing the Ce-N-TiO2 
photocatalyst is the same as that described above except that the modified oyster 
shell powder is not added. 

2.3. Photocatalytic Activity Measurement 

To investigate the photocatalytic activity of modified oyster shell powder/Ce- 
N-TiO2, photodegradation tests were carried out on glyphosate solutions under 
simulated daylight xenon lamps. 100 mg of catalyst was dispersed into 100 mL of 
glyphosate solution, where the initial glyphosate concentration was 50 mg/L and 
the pH was adjusted to between 2 and 3. The mixture was magnetically stirred in 
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a dark room to achieve complete adsorption-desorption equilibrium before the 
light source was switched on. The xenon lamp light source was then switched on 
and the appropriate power adjusted. 3 mL of the sample was taken after each 
time interval and the supernatant was centrifuged to determine the 3

4PO −  con-
centration and calculate the organophosphorus degradation rate of the glypho-
sate solution. The formula is shown in Equation (1). 

( )% 100%t

o

C
C

η = ×                        (1) 

η—organophosphorus degradation rate in glyphosate; 
Ct— 3

4PO −  content in glyphosate at moment t, mg/L; 
Co—Total phosphorus content in glyphosate at the initial moment, mg/L. 

2.4. Experimental Design 

Based on the previous research of the subject group, three main influencing fac-
tors, namely Ce doping rate, N doping rate and calcination temperature, were 
selected to investigate the effect of modified oyster shell powder/Ce-N-TiO2 
composite photocatalyst in the degradation of PMG solution by simulated sun-
light and to analyze the reasons for it. In order to determine the optimal prepa-
ration conditions for the degradation of PMG solution by modified oyster shell 
powder/Ce-N-TiO2, as well as to analyse the degree of influence of each factor 
on the experimental results, the optimized variable values were determined 
through the above experiments, based on Design Eepert 11.0 software, combined 
with the central combination design (BBD) response surface test scheme, as 
shown in Table 1. 

3. Results and Discussion 
3.1. Single-Factor Experiment 
3.1.1. Effect of Ce Doping Rate on Photocatalytic Degradation 
It can be seen from Figure 1 that the degradation rate of PMG increases with the 
increase of Ce doping rate. When the Ce doping rate is 0.1 mol%, the maximum 
degradation rate is 79.5%, and when the Ce doping rate increases to 1.0 mol%, 
the degradation rate of glyphosate decreases to 52%. The results show that, there 
is an optimal doping value for cerium doped with different photocatalysts. Ce  

 
Table 1. Process variables and their experimental levels. 

Factor name Code Units 

Range and levels 

Actual Coded 

Low High Low High 

N doping X1 mol% 10 50 −1.000 1.000 

Ce dopiong X2 mol% 0.1 0.3 −1.000 1.000 

Calcination temperature X3 ˚C 450 550 −1.000 1.000 
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doping makes Ce3+ and Ce4+ coexist on the crystal surface or gap. Ce3+/Ce4+ is 
called “oxygen tank” because of its special redox performance [20]. Ce4+ has 
strong electron capture ability to improve the separation efficiency of photoge-
nerated e−/h+ pairs, while Ce3+ can absorb oxygen to form superoxide radicals to 
participate in the photocatalytic reaction, as shown in Equation (2) and Equation 
(3). However, with the increase of cerium doping rate, the TiO2 anatase lattice 
will cause structural changes, which will instead produce the compound pheno-
menon of photogenerated e−/h+ pairs [21], thus reducing its photodegradation 
activity to PMG. 

4 3Ce e Ce+ − ++ →                        (2) 
3 4

2 2Ce O O Ce+ • − ++ → +                     (3) 

3.1.2. Effect of N Doping Rate on Photocatalytic Degradation 
As shown in Figure 2, the N doping reaches a maximum at 10 mol% and the  

 

 
Figure 1. Effect of Ce doping rate on photodegradation of PMG. 

 

 
Figure 2. Effect of N doping rate on photodegradation of PMG. 
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degradation rate of PMG is even inferior to that of the undoped nitrogen photo-
catalyst after the N doping exceeds 50 mol%. It has been shown [22] [23] [24] 
that N doping forms a new N 2p energy level band between the TiO2 conduction 
and forbidden bands. The valence band electrons can be excited and leap to the 
impurity energy level N 2p, and then move further to the conduction band, 
shortening its forbidden band width to make its absorption edge appear red- 
shifted and improve the photocatalytic efficiency. When the rate of N doping is 
excessive, it will form deposits on the surface of TiO2, which will not be un-
iformly dispersed and the active sites will be covered, thus reducing the photo-
catalytic activity. 

3.1.3. Effect of Calcination Temperature on Photocatalytic Degradation 
As can be seen from Figure 3, the calcination temperature has a greater effect on 
the degradation rate of PMG than the Ce and N doping, with the degradation 
rate of PMG reaching over 80% at 500˚C, however dropping to 40% at 700˚C. 
When the calcination temperature was low, TiO2 did not reach the crystalliza-
tion critical temperature of amorphous phase-anatase, and the photocatalytic 
degradation performance of the formed amorphous phase TiO2 was low. When 
the calcination temperature was too high, firstly, the agglomeration and sinter-
ing phenomena on the catalyst surface during the high temperature calcination 
led to a decrease in the specific surface area of the modified oyster shell powd-
er/Ce-N-TiO2 composite photocatalyst [25] Secondly, when the calcination tem-
perature is excessive, the rate of nitrogen or cerium doping may be lost and thus 
affect the effective formation of impurity energy levels [26], reducing the use of 
visible light portion of the photocatalyst. 

3.2. Response Surface Modelling of Modified Oyster Shell  
Powder/Ce-N-TiO2 

3.2.1. Model Building and Analysis 
Based on the Box-Behnken Design (BBD) design response surface test set shown  

 

 

Figure 3. Effect of calcination temperature on photodegradation of PMG. 
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in Table 2, a ternary linear regression equation with N doping (X1), Ce doping 
(X2) and calcination temperature (X3) as the response variables and PMG degra-
dation rate (Y) as the response value was established and is shown in Equation 
(4). 

1 2 3 1 2 1 3
2 2 2

2 3 1 2 3

78.80 2.52 0.9375 3.58 1.37 0.3333

0.8333 2.30 2.46 14.17

Y X X X X X X X

X X X X X

= − − + + +

+ − − −
    (4) 

The results of the preliminary model statistical significance analysis based on 
analysis of variance (ANOVA) of the model data based on Design-Expert 11.0 
software are shown in Table 3. the ANOVA results show a p-value of <0.0001 
and an F-value of 101.69, indicating that the model is highly significant; on the 
other hand, the lack of fit term has an F-value of 2.39 and the response has a 
p-value of 0.2092 > 0.05, which indicates that the model is not significant in 
terms of its shortcomings in predicting the data. The X1, X2 and X3 terms in the 
model were all significant levels, with the interaction term X1X2 being more sig-
nificant, indicating that the three factors selected through the one-way test had a 
more significant effect on the photocatalytic performance of modified oyster 
shell powder/Ce-N-TiO2. 

 
Table 2. Matrix design results in the experiments performed according to the BBD me-
thod for PMG removal. 

Run 
Code Removal efficiency (%) 

X1 (mol%) X2 (mol%) X3 (˚C) Actual Predicted 

1 30 0.1 550 65.33 65.85 

2 30 0.2 500 78.00 78.80 

3 50 0.2 550 63.33 63.73 

4 10 0.2 550 68.00 68.10 

5 30 0.3 550 66.67 65.64 

6 50 0.3 500 71.33 71.96 

7 30 0.1 450 59.33 60.35 

8 30 0.2 500 80.00 78.80 

9 10 0.3 500 73.33 74.25 

10 30 0.2 500 78.67 78.80 

11 30 0.2 500 79.33 78.80 

12 30 0.2 500 78.00 78.80 

13 10 0.2 450 62.00 61.60 

14 50 0.1 500 72.00 71.08 

15 30 0.3 450 57.33 56.81 

16 50 0.2 450 56.00 55.90 

17 10 0.1 500 79.50 78.88 

https://doi.org/10.4236/jep.2023.141002


W. Zhang et al. 
 

 

DOI: 10.4236/jep.2023.141002 23 Journal of Environmental Protection 
 

Table 3. Analysis of variance (ANOVA) for response surface quadratic model applied for 
modeling PMG removal. 

Source 
Sum of  
Squares 

df 
Mean  

Square 
F value p value 

Model 1104.27 9 122.70 101.69 
<0.0001  

(Significant) 

X1-Ce doping 50.84 1 50.84 42.13 0.0003 

X2-Ce doping 7.03 1 7.03 5.83 0.0465 

X3-calcination temperature 102.72 1 102.72 85.14 <0.0001 

X1X2 7.56 1 7.56 6.27 0.0408 

X1X3 0.4444 1 0.4444 0..684 0.5631 

X2X3 2.78 1 2.78 2.30 0.1730 

2
1X  22.19 1 22.19 18.39 0.0036 

2
2X  25.53 1 25.53 21.16 0.0025 

2
3X  845.53 1 845.53 700.78 <0.0001 

Residual 8.45 7 1.88   

Lack of Fit 5.42 3 1.81 2.39 
0.2092  

(Not significant) 

Pure Error 3.02 4 0.7556   

Cor Total 1112.72 16    

 
Based on Pareto analysis, the effect of each independent variable, the interac-

tion effect variable, on the photocatalytic degradation of PMG was assessed [27]. 
The relative magnitude of the effect of each factor on the response was calculated 
according to Equation (5) [28] as follows. 

2

2
i

i
i

P
β
β

=
Σ

                           (5) 

where βi denotes the regression coefficient for the linear, quadratic and interac-
tion effects of the response of the second order polynomial. As shown in the Pa-
reto graphical analysis in Figure 4, where calcination temperature had the greatest 
effect on the response, followed by N doping, the interaction effect of X1X2 was 
more pronounced than X2X3 and X1X3. In summary, the results of the Pareto 
analysis remained consistent with the results of the ANOVA analysis. The sign 
of the single factor coefficients in Equation (4) indicates positive or negative ef-
fects, and within the range of this study, catalyst calcination temperature has a 
positive effect, while N and Ce doping are both negative effects; for the crossed 
product coefficients, positive and negative values represent synergistic and an-
tagonistic effects, respectively, and there are mutual synergistic effects between 
the three factors within the range of this study. 
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Figure 4. Pareto graph analysis showing the relative effects of the first order, interaction 
terms of Eq.5 on the photocatalytic reduction of PMG. 

3.2.2. Model Validation 
In response surface experimental analysis, the model validity depends on a num-
ber of assumptions expressed by diagnostic statistics [29] [30], such as scatter 
plots of actual versus predicted values, scatter plots of studentized residuals ver-
sus predicted values, fold plots of studentized residuals versus number of runs 
and normal probability plots. From Figure 5(a), it is found that the scatter points 
corresponding to the actual and predicted values are evenly scattered around a 
certain straight line, indicating that the predicted response is in good agreement 
with the actual values and that the model shows a good fitting trend. Figure 5(b) 
compares the studentized residual values with the predicted response values and 
then tests the assumption of constant variance. The scatter plot has some ran-
dom dispersion, with residuals randomly distributed between the range of [−3, 
3]. In addition, the uniform random distribution of each point does not indicate 
that the variance has a peculiar tendency of linear increase or decrease, so the 
assumption of constant variance is tenable. Figure 5(c) shows the studentized 
residuals from a model run test, usually used to test hypothetical outliers. The 
studentized residuals should obey N (0, 1) interval distribution and be approx-
imately independent of each other, and by the nature of the standard normal 
distribution there exists approximately 95% falling in the range of [−2, 2] hori-
zontal band and further approximately 97% falling in the range [−3, 3] horizon-
tal band [31], whereas Figure 5(c) shows that the model studentized residual 
values fit perfectly and do not show any trend. Figure 5(d) is the normal graph 
of simulation residuals, indicating that the model residuals follow the normal 
distribution. Obviously, it is proved that it is sufficient to describe the relation-
ship between the research variables and the response values. 

From the statistical analysis of the errors, the correlation coefficient R2 of 
0.9924 indicates that the model can explain more than 99.24% of the deviation of 
the data; the corrected coefficient of determination 2

adjR  of 0.9827 indicates that 
there is a high correlation between the experimental and predicted values; the 
signal-to-noise ratio (Adeq Precision) of 27.2764 is much greater than 4, indi-
cating that the model has sufficient signal and likewise The CV of 1.57% < 10%  
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Figure 5. Statistical plots for PMG removal by catalyst: (a) Graph of actual values against predicted 
ones; (b) The Internally Studentized Residuals against predicted values; (c) The Externally Studen-
tized Residuals against run number; and (d) Normal plot of residuals. 

 
indicates that the test data is accurate and the experimental operation is reliable. 
In summary, the response surface regression model designed by this central 
combination can be used to predict the optimal preparation process parameters 
of modified oyster shell powder/Ce-N-TiO2 for the degradation of PMG aqueous 
solution. 

3.2.3. Optimized Model Response Surface and Contour Analysis 
By fixing one preparation factor parameter, the relationship between the other 
two preparation parameters and the response can be analyzed by 3D response 
surface plots and contour plots [32]. Figure 6 shows the contour and 3D re-
sponse surface of the degradation rate of PMG solution (150 mL, 50 mg/L, reac-
tion time of 300 min) by simulated Ce doping rate, N doping rate and calcina-
tion temperature under fluorescent light. 

The contours formed by Ce doping and N doping at a calcination temperature 
of 500˚C are elliptical, indicating a more significant interaction between the two 
factors. From the (Figure 6(a), Figure 6(b)), the resulting 3D surface has less 
curvature and is a gentler convex surface, indicating that both have less influence  
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Figure 6. Three-dimensional response surface plots using RSM for PMG photocatalytic reduction: ((a), (b)) Ce dop-
ing rate vs. N doping rate; ((c), (d)) N doping rate vs. Calcination temperature; and ((e), (f)) Ce doping rate vs. Calci-
nation temperature. 
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on the degradation rate within the range of values taken for this test. However, 
the slope of the N doping curve is steeper and denser compared to the Ce doping 
curve, indicating a greater contribution of N doping to the effect on response 
values. This is consistent with the results of comparing the F-values of Ce doping 
and N doping in Table 3, where the contribution of N doping to the response 
value is much greater than that of Ce doping. 

From the Figures 6(c)-(f), the interaction between N doping and calcination 
temperature is not significant; the contour plot of Ce doping and calcination 
temperature is approximately elliptical, indicating that there is some interaction 
between the two, and this result is more consistent with the results of the p-test 
in Table 3. The 3D response surface shows that the calcination temperature 
plays an important role in the degradation of PMG by the photocatalyst, with the 
degradation rate of PMG solution increasing and then decreasing with the in-
crease in calcination temperature while the Ce or N doping is kept constant, 
with the maximum response value around 500˚C. 

The results of the contour and 3D response surface analysis are consistent 
with the ANOVA as derived from the graph. Both the steepness of the 3D sur-
face and the F-value showed that the degradation rate of PMG degradation by 
modified oyster shell powder/Ce-N-TiO2 was affected in the order of calcination 
temperature > N-doping rate > Ce-doping rate. The model was solved using De-
sign-Expert 11, and the optimum conditions for the preparation of modified 
oyster shell powder/Ce-N-TiO2 to achieve the highest activity in degrading PMG 
solution were as follows: N doping rate of 17.057 mol%, Ce doping rate of 0.165 
mol% and calcination temperature of 505.440˚C. The predicted degradation rate 
of PMG solution (100 mL, 50 mg/L, 300 min reaction time) was 82.15%. Consi-
dering the actual conditions, the optimal preparation conditions were finally de-
termined: N doping rate of 17 mol%, Ce doping rate of 0.165 mol% and calcina-
tion temperature of 505˚C. 

3.3. Model Validation and Reusability of Catalyst 

As shown in Figure 7(a), the photocatalysts were prepared under the optimum 
conditions, and three replicate tests (150 mL, 50 mg/L, 300 min reaction time) 
were carried out to degrade PMG under simulated daylight xenon lamp, and 
the mean value of PMG degradation was 81.51% and the predicted value was 
82.15%, with an error rate of 0.64%, which indicated that there was good agree-
ment between the predicted and experimental real values, confirming that the 
response surface model is reliable 

Furthermore, compared to the composite photocatalyst, photocatalytic expe-
riments using the P25 catalyst and Ce-N-TiO2 under the same conditions were 
48.67% and 22% less effective, respectively, indicating that Ce and N doping 
enabled photocatalytic reactions under visible light and that the addition of 
modified oyster shell powder resulted in a significant increase in its ability to 
adsorb pollutants. 
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Figure 7. (a) Comparison of PMG degradation rate with TiO2 (P25) and Ce-N-TiO2 under optimized conditions; (b) the reprodu-
cibility of modified oyster shell powder/Ce-N-TiO2 catalyst after three times of photocatalytic reduction of PMG. 
 

As the stability of the photocatalyst was equally important, the recycling of 
modified oyster shell powder/Ce-N-TiO2 for PMG removal was tested and the 
results are shown in Figure 7(b). After three cycles, the degradation rate of PMG 
decreased but was still maintained at around 80%, and the catalyst did not show 
a significant deactivation trend, indicating that the catalyst has good stability 
under the experimental conditions studied. 

4. Conclusion 

Based on the single factor test results, the degradation of PMG by the modified 
oyster shell powder/Ce-N-TiO2 under the analog daylight xenon lamp was stu-
died in detail; Box behenken design and response surface methodology (RSM) 
are used to further optimize and determine the optimal level of the three factors. 
Compared with the N doping rate, the Ce doping rate and calcination tempera-
ture have a greater impact on the photocatalytic process. The interaction be-
tween the three is a synergistic effect, and the synergistic interaction between the 
Ce doping rate and the N doping rate is more obvious. Compared with TiO2, the 
photodegradation rate of PMG by the modified oyster shell powder/Ce-N-TiO2 
was improved, which was mainly due to the improvement of adsorption perfor-
mance and the generation of impurity energy levels to expand the light response 
range. After three consecutive catalyst cycles, the catalytic activity of the compo-
site photocatalyst didn’t decrease significantly. The results showed that the re-
sponse surface model was an effective tool to optimize the preparation condi-
tions of the modified oyster shell powder/Ce-N-TiO2. 
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Abstract 
This study aims to generate data which can be used as a potential starting 
point for the updating of the Philippine Water Quality Criteria and the de-
termination of the true impact of land use to the fecal contamination of the 
Pampanga River Basin (PRB), the largest subwatershed of Manila Bay. Levels 
of fecal indicator bacteria (FIB) were determined in the selected tributaries of 
the PRB, representing three land use categories, namely, the forest/woodland 
(control), agricultural and residential lands. FIB were quantified in order to 
investigate the potential contribution of the selected areas in the fecal con-
tamination of the PRB. The study was conducted in 2021 covering March, 
May, June, July, and September to represent the dry (March and May) and 
wet (June, July, and September) seasons. Counts of FIB, namely thermotol-
erant coliform, E. coli, and enterococci were qualitatively correlated with the 
results of the ocular survey and key informant interview based on known fe-
cal contributors and their relevant rainfall data. FIB counts of water bodies in 
the selected agricultural and residential land use categories had Geometric 
Mean (GM) counts that are statistically greater than those of bodies of water 
near the representative forest/woodland (control), and exceeded the accept-
able GM limits for all FIB, regardless of the season. Notably, the GM values 
recorded for the waters near the selected forest/woodland (control) passed the 
water quality criteria for all measured FIB parameters for both seasons. Fur-
thermore, enterococci levels in the control site were statistically lower during 
the wet season. These initial findings suggest that agricultural and residential 
land use categories could be major contributors to the unacceptable water 
quality of tributaries of the Pampanga River Basin. The prevalence of ther-
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motolerant coliforms and E. coli was noted regardless of rainfall and land use, 
indicating these FIB may not be adequate as water quality indicators. With 
their ability to survive and persist in fecally contaminated sediments in water 
bodies and in nutrient-poor environments, enterococci could be more defini-
tive indicators of fecal contamination and microbiological quality of envi-
ronmental waters. 
 

Keywords 
Enterococci, Thermotolerant Coliforms, E. coli, Geometric Mean, Land Use 

 

1. Introduction 

Through the implementation of the mandamus rulings by the Supreme Court of 
the Philippine Government (GR Nos. 171947-48), three key government offices, 
namely: the Bureau of Soils and Water Management (BSWM), an attached 
agency of the Department of Agriculture (DA), the Manila Bay Coordinating 
Office (MBCO) and the National Mapping and Resource Information Authority 
(NAMRIA), both of which under the banner of the Department of Environment 
and Natural Resources (DENR) have determined in their respective independent 
reports done in 2012 [1] and 2015 ([2]; NAMRIA) that fecal contamination is 
present not only in the sampled tributaries of the four main subwatersheds of 
Manila Bay [1], but also in the Bay itself [2], which still occurs even in recent 
time [3]. One of the said subwatersheds that drain into the Bay is the Pampanga 
River Basin (PRB or Basin), one of the 18 major river basins in the country ac-
cording to the River Basin Control Office (RBCO) of the DENR [4]. The PRB is 
composed of the majority (63%) of the entire watershed of the Manila Bay with 
an area of 1,237,688 hectares (ha) [1]. It was found to have tributaries that ex-
ceeded the 1990 DENR water quality criteria for fecal coliforms, confirming 
fecal contamination of the Basin from 2012 to 2014 [5]. These studies recom-
mended that a link between the fecal contamination of each subwatershed and 
specific land use categories be established to determine the primary source of the 
contamination. This present study was conducted in order to address this gap 
through the quantification of fecal enterococci in the tributaries of the PRB, 
largest subwatershed of Manila Bay, while accounting for differing major land 
use categories present in the area. Enterococci, which are known to be in high 
levels in feces of humans and warm-blooded animals, have shown remarkable 
persistence once released into the environment [6], suggesting these microor-
ganisms are ideal indicators of fecal contamination, and subsequently, of poor 
sanitation. 

This present study hypothesized that the residential and agricultural land use 
categories are the main contributors to the fecal contamination of the subwater-
shed. The main objective was to preliminarily assess the potential contributions 
of land uses in the levels of key fecal indicator bacteria (FIB), namely, the ther-
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motolerant coliforms, E. coli, and the enterococci in the PRB. The specific objec-
tives of this study were to determine the thermotolerant coliform, E. coli, and 
enterococci counts of selected tributaries representing the different general land 
use categories in the PRB, to preliminarily estimate the contribution of land use 
to the fecal contamination within the PRB, and to appraise the suitability of the 
enterococci group as a microbial indicator of fecal contamination. 

This study has generated baseline data on the nature and proposed source of 
the fecal contamination in the subwatershed that could be used as a potential 
starting point or reference for policymaking on water quality assessment and the 
impact of land use in relation to fecal contamination. The said data can also be 
used in the review and updating of the national Water Quality Criteria (WQC), 
thereby facilitating more targeted solutions that will improve the state of sanita-
tion in the country. While this study was focused on the assessment of fecal 
contamination of the selected tributaries of the Pampanga River Basin only, the 
findings will provide valuable input on the impact of anthropogenic activities on 
the ecological dynamics of the Bay. 

2. Materials and Methods 
2.1. Selection of Sampling Site, Ocular Survey, and Key Informant 

Interview 

Specific tributaries of the PRB were plotted as potential sampling points and 
grouped according to the different land use categories they represent. Figure 1 
indicates the overlay map of PRB according to DENR-RBCO [4], with the plot-
ted sampling points designated with the following categories: A for Agricultural, 
R for Residential and C for Forest/Woodland (Control). The sampling sites were 
selected based on the following criteria: the sampling point must be in the land 
use category's general area as categorized by the BSWM [1] Land Use Map, the 
tributary must be accessible by regular means (by vehicle, boat, or on foot); and 
(except for the Control Sites) it must be a tributary draining to a major river of 
the basin. Additionally, the sites were chosen based only on their position in the 
BSWM [1] Land Use Map and not due to any prior knowledge of the area’s 
sanitation laws, infrastructure, or cultures to ensure relatively unbiased selection. 
To maximize the representation and minimize sampling bias in lieu of limited 
logistics, three (3) sites per Land Use Category were selected, for a total sampling 
size of nine (9) sites. Furthermore, the agricultural and residential areas were la-
beled based on the main rivers they drain into, namely the Pampanga River 
(designated with the number 1), the Angat River (designated with the number 
2), and the Santa Maria River (designated with the number 3). The sites that 
serve as Control are headwater sites located at the forest/woodland areas of Car-
ranglan, Nueva Ecija, which is in the upper borders of the Basin, away from any 
potential interaction from anthropogenic factors. 

After initial assessment based on the identified criteria, a preliminary visit to 
the sites was done, wherein coordination with the relevant Local Government  
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Figure 1. Location of Study Sampling Points [Agricultural 1 (A1)—Santa Cruz, San Simon, Pampanga; Agricultural 2 
(A2)—Marungko, Angat, Bulacan; Agricultural 3 (A3)—Tumana, Santa Maria, Bulacan; Residential 1 (R1)—Santa Lucia Anac, 
Masantol, Pampanga; Residential 2 (R2)—Santo Niño, Calumpit, Bulacan; Residential 3 (R3)—Turo, Bocaue, Bulacan, For-
est/Woodland (Control) 1 (C1)—Puncan, Carranglan, Nueva Ecija; Forest/Woodland (Control) 2 (C2)—Bunga, Carranglan, 
Nueva Ecija, Forest/Woodland (Control) 3 (C3)—Burgos, Carranglan, Nueva Ecija)]. 
 

Units (LGUs) and government officials in charge of the area where the sites are lo-
cated was conducted. Furthermore, notable environmental features (e.g., wildlife, 
vegetation, population density) were documented. An ocular survey and key in-
formant interview relevant to fecal contamination contributory activities at each 
designated sampling point were performed using a checklist. The checklist includes: 
sampling point code; coordinates; location; land use type; population category of 
the barangay; general sanitation facilities (i.e., improved sanitation in residences, 
toilet with septic tank, unimproved open sanitation at sampling site); and presence 
of contributory activities based on Boehm & Sassoubre [6] such as livestock pro-
duction, poultry production, wildlife, informal settlements, and open dumping of 
fecal wastes into water bodies. Key informants are defined as residents who are 
currently living, or are working for, at least 5 years in the sampling area, and who 
were also tapped as collectors of samples for the water body for their occupation. 

2.2. Water Sampling, Transport, and Analysis 

From each designated sampling point, except in the Forest/Woodland (Control) 
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sites, a 450-m long transect was drawn, and three (3) water samples of at least 
300-ml volume were collected in sterile bottles in the 0-meter, 225-meter, and 
450-meter points of the transect. For the Forest/Woodland (Control) sites, the 
three replicate water samples were collected directly from the waterfall at 1 to 
2-minute intervals per bottle, until each bottle contained at least 300 ml. The 
collected water samples were then stored in a cooler with ice (about ≤10˚C) and 
transported to the Soil Biological Resources Management Section (SBRMS) Labo-
ratory of the Soil and Water Resources Research Division (SWRRD), or alterna-
tively in the Soil Microbiology Section (SMS) of the Laboratory Services Division 
(LSD), both in BSWM, Quezon City. Samples were analyzed within the 8 to 24 
hour-holding time, employing aseptic techniques. Prior to testing, the samples 
were serially diluted up to 10−4 using sterile distilled water. Aliquots of undi-
luted samples and their dilutions were analyzed using standard procedures de-
scribed in the Standard Methods for the Examination of Water and Wastewater 
or SMEWW [7]. The samples collected on March 15, 16, and 17, 2021 were 
analyzed using the Defined Substrate Technology (DST), an IDEXX Laborato-
ries-patented protocol. DST-based testing of samples was performed at the 
SMS-LSD Laboratory, BSWM. Using DST, determination of thermotolerant coli-
form and E. coli counts was performed using Colilert-18 (IDEXX, USA) accord-
ing to the manufacturer’s instruction based on SMEWW 9223 [8]. Enterococci 
counts were determined using Enterolert (IDEXX, USA) according to the manu-
facturer’s instructions based on SMEWW 9230D [9]. 

For samples collected in succeeding sampling periods, namely, May 24, 25, 
and 26, June 28, 29, and July 1, July 26, 27, and 29, and September 13, 14, and 16, 
2021, determination of thermotolerant coliform and E. coli counts was per-
formed using the multiple tube technique fermentation technique (MTFT) ac-
cording to SMEWW 9221B [7]. Enterococci were quantified using the multi-
pletubetechnique (MTT) detailed in SMEWW 9230B [9]. These aforementioned 
methodologies were performed at the SBRMS-SWRRD Laboratory, BSWM. 

2.3. Sampling Frequency and Data Analysis 

Samples were collected during the months of March and May 2021 for the Dry 
Season, and in June, July, and September 2021 for the Wet Season to consider 
climate variability. The months were selected based on the historical monthly 
rainfall data of the specific municipalities of Bulacan, Pampanga, and Nueva 
Ecija, where the sampling points are located (Figure 1). The period from June to 
September 2021 was confirmed as part of the wet season with the official decla-
ration by the Philippine Atmospheric, Geophysical, and Astronomical Services 
Administration’s (PAGASA) on June 4, 2021, after the passage of Tropical Storm 
(TS) Dante [10]. As stipulated in DENR-DAO 2016-08 Section 6.3.c [11], the 
GM in Most Probable Number per 100 ml (MPN/100ml) of each group of fecal 
indicators determined for every sampling site was calculated by taking the nth 
root of the product of each site’s averaged MPN/100ml obtained per sampling 
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month of a climactic season [11]. The GM is used instead of the arithmetic mean 
because the microbial count data is expected to cover a vast range, and the GM will 
help in the variance homogeneity for inferential statistics purposes. The generated 
GM data were common log-transformed to further homogenize the variances 
across samples, which were then analyzed statistically via Two-Way Analysis of 
Variance (ANOVA) using SAS OnDemand for Academics. The thermotolerant 
coliform, enterococci and E. coli counts for each sampling point were qualitatively 
compared with the presence of contributory activities as indicated in the checklist 
and the Water Quality Criteria (WQC) for the thermotolerant coliforms set by the 
DENR-DAO 2016-08 [11], E. coli as set by the USEPA Recreational Water Quality 
Criteria or RWQC [12], and enterococci as set by WHO Guidelines for Recrea-
tional Water Quality or GRWQ [13]. This is to determine whether links between 
microbial counts and certain land use categories exist. Moreover, relevant mete-
orological data, like rainfall and temperature, were sourced out locally from 
PAGASA and internationally via the Langley Research Center of NASA, with the 
intention of comparing them qualitatively with the counts of the target fecal bacte-
rial groups alongside the WQCs and the data on fecal contributory activities gath-
ered through the survey and key informant interview. 

3. Results 
Statistical Analysis of FIB GM Counts 

Figure 2 presents the thermotolerant coliform, E. coli, and enterococci counts, 
expressed as the common logarithm of their GM, recorded at all sampling sites 
at different sampling periods. Results of the study demonstrated that the ther-
motolerant coliform, E. coli, and enterococci GM levels in water bodies near the 
selected agricultural and residential land use categories exceeded the limits for 
each microbial group specified in the Water Quality Guidelines stipulated in the 
DENR-DAO 2016-08 (for thermotolerant coliform) [11], the USEPA RWQC of 
2012for E. coli) [12] and the WHO GRWQ of 2021 (for enterococci) [13], re-
gardless of season. Alternatively, the GM enterococci count of samples from the 
representative control sites are within the acceptable levels set by the WHO [13] 
in both the dry and wet seasons. No statistically significant interactions between 
season and land use were found in all microbial counts (p = 0.9176 for thermo-
tolerant coliform, p = 0.9602 for E. coli., and p = 0.2713 for enterococci). Addi-
tionally, FIB counts of water bodies in both agricultural and residential land use 
categories had statistically significant differences over the forest/woodland (con-
trol) land use category for the thermotolerant coliform (p = 0.0003), E. coli (p = 
0.0006), and enterococci GM count (p = 0.0005). 

Lastly, the enterococci counts for the dry season are statistically greater than 
those ones recorded during the wet season (p = 0.0002) across land use catego-
ries, while no such differences were observed for the thermotolerant coliforms (p 
= 0.8143). All the land use categories registered a rather wide 95% Confidence 
Interval (CI) range in all microbial counts, particularly, for the agricultural and  
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Figure 2. Log microbial counts of all representative land uses during the dry and wet seasons of 2021. The graphs are arranged in 
an ascending order based on mean. 
 

residential land use categories. To illustrate, the dry season samples from the for-
est/woodland (control), agricultural, and residential categories yielded thermotol-
erant coliform counts that ranged from 25 to 1400 MPN/100ml, 18 to 28,000,000 
MPN/100ml, and 470 to 340,000 MPN/100ml, respectively. It should be noted that 
the acceptable microbial limit for environmental waters ranges from 100 to 400 
MPN/100ml [11] depending on the class of water body. This trend is also observed 
in the thermotolerant coliform counts recorded for the water bodies adjacent to 
the selected control (58 - 200 MPN/100ml), agricultural (140 to 2,400,000 
MPN/100ml) and residential areas (930 to 270,000 MPN/100ml) during the wet 
season. The wide 95% CI range continued even in the E. coli counts recorded for 
the water bodies near the selected land use categories, during the dry and wet sea-
sons, respectively: 20 to 260 MPN/100ml and 4 to 340 MPN/100ml for the for-
est/woodland (control) site; 13 to 24,000,000 MPN/100ml and 7 to 8,400,000 
MPN/100ml for the agricultural site; and 300 to 240,000 MPN/100ml and 79 to 
540,000 MPN/100ml for the residential area. Most of the values exceeded the ac-
ceptable microbial limit for E. coli, which is 126 MPN/100ml [12]. In terms of en-
terococci count, regardless of the dry or wet season, the wide 95% CI was also ob-
served in water bodies near the selected agricultural (27 to 12,000 MPN/100ml and 
8 to 810 MPN/100ml) and residential (98 to 11,000 MPN/100ml and 120 to 1000 
MPN/100ml) sites. Meanwhile, the enterococci counts recorded for the for-
est/woodland (control) category had a noticeably narrower range, that is, 120 to 
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310 MPN/100ml for the dry season and 13 to 16 MPN/100ml for the wet season. 

4. DISCUSSION 
4.1. Relationship between Land Use and FIB Levels 

Byappanahalli and co-authors [14] have reviewed the different ways by which 
FIB like thermotolerant coliforms, E. coli and enterococci can enter or exit water 
bodies. They surmised that the presence of different sources of FIB near a water 
body, especially those that are caused by human activities, generally lead to a 
higher concentration of FIB. The conducted ocular survey and key informant 
interview confirmed that, alongside the presence of natural fauna like birds, all 
the representative residential sites have sewage as a main source directly being 
deposited in many residences and establishments in the area. Moreover, overall 
agricultural soil runoff is considered as the main FIB contributor in all repre-
sentative agricultural sites, alongside one or more of the following pollution 
sources: domesticated animals, piggeries, poultry and bird farms, and related 
livestock areas. The representative control (forest/woodland) sites have virtually 
none of those readily identifiable anthropogenic sources, owing to their inacces-
sibility to humans. Likely, only natural sources, such as soil, and the local wild-
life (e.g., birds and boars) could have contributed to the FIB numbers in water 
bodies near the selected forest/woodland site. These observations concurred with 
the assertion of Byappanahalli et al. [14], that FIB numbers are significantly 
higher in water sources near areas with recurring anthropogenic activities due to 
the presence of well-defined fecal sources. This is further reinforced by the fact 
that in the agricultural and residential land use categories, riparian cover is 
greatly reduced, and that a marked decrease in riparian vegetation density in-
creases fecal bacteria surface runoff in the water sources near it, as compared to 
forested areas [15]. 

As of the February 2020 Annual Action Plan + Investment Report (APIR) of 
the Manila Bay Sustainable Development Master Plan (MBSDMP) [3], it was 
seen that the water quality in the Bay continues to deteriorate, and this includes 
fecal pollution. Many monitoring stations in the Bay have reported fecal pollu-
tion levels beyond the WQC set by the DENR-DAO [11] for Class SB  (Fishery 
water class, tourism zones and recreational water Class 1 in marine waters), that 
is 100 MPN/100 ml, as recent as 2018. The report attributed this to several fac-
tors, the first being many Metro Manila households are still “not yet being 
served by sewerage and septage systems”. Households outside Manila that are 
not properly connected to proper septage systems were also seen as contributors. 
Further, effluents with non-complying FIB levels from livestock farms, indus-
tries and commercial establishments and the like, were also recognized as point 
sources of fecal contamination. Finally, wastewater from non-point sources like 
agricultural or aquacultural runoff was also noted as a main contributing factor. 
These factors could be linked to the results of this study, as the agricultural and 
residential sites sampled in the PRB generally have numerous activities that con-
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tribute to fecal pollution of the water body. Moreover, some sites have poor or 
non-existent sanitation systems as observed in Calumpit, Bulacan (Residential 1) 
and Bocaue, Bulacan (Residential 3) where pipes directly discharge sewage into 
the nearby water bodies and numerous stilt houses with no sanitation facilities 
are located on top of the tributary river of the Masantol, Pampanga site (Resi-
dential 2). This led to the overall non-compliance of the sampled tributaries in 
the agricultural and residential land use categories to the WQCs set for thermo-
tolerant coliforms, E. coli, and enterococci, regardless of season. Such contami-
nated tributaries drain into the even bigger rivers that eventually drain into the 
Manila Bay, hence their impact to the fecal pollution of the Bay is inevitable. 
This phenomenon further reinforced the general position of many previous 
studies that land use categories with continuous anthropogenic activities, are 
inextricably tied with high FIB levels of their nearby water bodies [14] [16]. 

4.2. FIB Survivability and Persistence during  
Hydrologic Transit 

Devane et al. [17], citing numerous previous works, stated that the transport of 
microorganisms between the sediment and water column in river systems is a 
“dynamic process that occurs during base river flows and during high flow 
events”. Haller et al. [18] had also established that FIB like thermotolerant coli-
forms and E. coli can survive and remain culturable for up to 40 days in fresh-
water sediment, while enterococci could remain culturable for up to 50 days. In 
an earlier concurrence with the study of Haller et al., [18], Lleo et al. [19] had 
elucidated that for certain Enterococcus species that originated from human and 
animal feces like E. faecium, E. casseliflavus (formerly E. flavescens), and E. du-
rans [14], their cultivability can last for about 55 to 61 days in a freshwater mi-
crocosm and about 51 to 57 days in a seawater microcosm. Since sediments like 
soil and animal excrement are the primary vehicles of the FIB during hydrologic 
transit, the continued persistence and survivability of enterococci are ensured 
provided the sediment particles remain intact or new sources, like sewage from 
pipes or soil runoff, are added into the environment. Nutrients from sewage, 
soil, and interstitial water column regardless of flow rate, could enhance the 
growth of FIB in water bodies [17]. However, there are other environmental fac-
tors that may also play a role in decreasing their survivability. The most common 
environmental factors that could induce stress to FIB survival include sunlight, 
salinity, disinfection, starvation, and predation [14]. However, this present study 
did not determine these environmental parameters due to lack of appropriate 
equipment and funding constraints. In future studies, an investigation on the ef-
fects of these factors to the survivability and persistence of the FIB may be un-
dertaken. Previous studies reported that FIB could be inactivated through expo-
sure to higher sunlight intensity [20] and disinfectants like chlorine [21]. Scar-
city of nutrients which leads to starvation could have more inhibitory effect on 
E. coli than on enterococci [22], suggesting that the latter FIB have better sur-
vivability in the environment. In addition, the presence of predators like proto-
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zoa can lead to a net decrease of FIB numbers in water [23]. 
Relating this information in the context of the PRB, the sampled agricultural 

and residential sites were in close proximity to tributaries that drained to three 
main rivers, the Pampanga River, the Angat River, and the Santa Maria River. 
With the Manila Bay as the endpoint, the Pampanga River has a total length of 
around 260 km, the Angat River at around 153 km, and the Santa Maria River at 
around 26 km (as per Google Maps estimate). In addition, according to the 
2013-2018 monthly and yearly discharge data collected by Macalalad et al. [24], 
the volume of water that drains from the rivers of the PRB to the Manila Bay, 
which generally increases from June to December, can exceed 500 m3 per second 
when at least two (2) tropical cyclones occur. As previously stated, the survival 
of FIB could be extended when attached to nutrient-rich sediments that harbor 
feces, decaying organic matter, and other debris, which are commonly dis-
charged into the water bodies near areas with poor or non-existent sanitation 
systems. These sediments continually get replenished due to the mixing of water 
inflows coming from the other tributaries of the PRB, which in turn have their 
own stockpile of nutrients like organic matter, phosphorus, nitrates, and ammo-
nium-nitrogen, all of which mostly obtained from anthropogenic sources like 
sewage [14] [16] or agricultural runoff [1]. Furthermore, enterococci can enter 
either the starvation state or the viable but not culturable (VBNC) state if certain 
environmental conditions such as oligotrophy, presence of predators and lower 
ambient temperatures occur [17] [19]. All of these factors can enhance the sur-
vivability of FIB, especially the enterococci group, during transit, and subse-
quently, during their transport to Manila Bay while in a culturable state. This 
could possibly take place even in FIB that originated in headwater sites (e.g. 
Carranglan, Nueva Ecija), which could be verified through a more extensive study 
on FIB level determination in the central area of the PRB. This future study will 
facilitate the validation of the survivability potential of FIB during hydrologic 
transit, especially for the enterococci group. 

4.3. The Wet Season in Relation to FIB Persistence 

Alongside the aquatic environment’s physico-chemical characteristics, the per-
sistence of FIB in waters is also heavily affected by climactic variations [16]. In 
relation to this, increased rainfall generally leads to heightened concentrations of 
FIB in ambient waters due to increased runoff and resuspension from sediments 
like soil, animal excrement, decaying plant matter, and, in the case of more ur-
ban areas, exfiltrated sewage [6], which was already reflected in some represen-
tative PRB tributaries that generated high thermotolerant coliform counts in 
previous studies [1] [2] [5]. Moreover, the sampling sites in this study are all 
within a Type III Climate according to the Modified Corona Classification 
(MCC) System, wherein after a relatively dry season from November to April, a 
relatively wet season characterized with increased tropical cyclone incidence 
during the rest of the year is a common phenomenon. The increased runoff due 
to high precipitation is therefore considered a main contributing factor to fecal 
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contamination in the sampled areas, especially during the last two sampling pe-
riods, namely, in July and September 2021, when three typhoons significantly 
increased rainfall in all sampling sites (i.e., TY Fabian on July 16 - 23; TY Jolina 
on Sept. 6 - 9, and TY Kiko on Sept. 7 - 12). This is evidenced not only by ob-
servably higher depth and flow of the water sources during the conduct of the 
sampling proper during the wet season regimes, but also according to the daily 
adjusted precipitation data obtained from the National Aeronautics and Space 
Administration Prediction of World Energy Resources (NASA POWER) Data 
Viewer (Figures 3-5). 

Isobe et al. [25] stated in their work that, in general, FIB levels in tropical wa-
ters apparently tend to be lower during the dry season, and it is attributed to the 
lower flow of water. However, this was not reflected in this present study since 
the measured FIB, for the mean GM thermotolerant coliform and E. coli counts 
and 95% CI range remained statistically similar regardless of season and land 
use. Moreover, the mean GM values for the enterococci count and their corre-
sponding 95% CI range observed during the wet season are significantly lower 
than those observed uring the dry season. These results suggest that enterococci 
are not resuspended in non-fecal sediments to the river basins as effectively as 
the thermotolerant coliforms and E. coli. Likely, with the lower inflow due to 
lack of rainfall, sediments that harbor fecal matter from wildlife and human 
could get concentrated in the area. Moreover, this finding concurs with the re-
port on the natural presence and prevalence of thermotolerant coliforms and E. 
coli in water bodies [7] [16], as their numbers did not statistically differ even 
with the increased precipitation caused by the passing of three typhoon events, 
regardless of the nearby land use. Earlier studies had demonstrated the survival  

 

 
Figure 3. Daily adjusted precipitation records of all Forest/Woodland (control) from January 1 - Septem-
ber 19, 2021 (Source of basic data: https://power.larc.nasa.gov/data-access-viewer/). Note: The Collection 
Reference Week is the sampling day proper plus the six days before it. 

https://doi.org/10.4236/jep.2023.141003
https://power.larc.nasa.gov/data-access-viewer/


L. A. A. Cortez et al. 
 

 

DOI: 10.4236/jep.2023.141003 43 Journal of Environmental Protection 
 

 
Figure 4. Daily adjusted precipitation records of Agricultural 2, Agricultural 3, and Residential 3 sites from 
January 1 - September 19, 2021 (Source of basic data: https://power.larc.nasa.gov/data-access-viewer/). 
Note: The Collection Reference Week is the sampling day proper plus the six days before it. 

 

 
Figure 5. Daily adjusted precipitation records of Residential 2, Residential 1, and Agricultural 1 sites from 
January 1-September 19, 2021 (Source of basic data: https://power.larc.nasa.gov/data-access-viewer/). Note: 
The Collection Reference Week is the sampling day proper plus the six days before it. 

 
of thermotolerant coliforms like E. coli in river water and under laboratory con-
ditions for up to 260 days [26] and their persistence in tropical environments, 
where E. coli could be found naturally in pristine areas of tropical rainforests 
[27]. Coliforms and E. coli survive indefinitely after introduction from natural 
reservoirs like soil until they eventually become part of the natural microflora 
[28]. Results of this present study concurred with their observations. 
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4.4. Evaluation of Enterococci as a Fecal Microbial Indicator 

The data generated from this present study indicate that the presence of entero-
cocci in the sampled waters was a consequence of fecal matter concentration and 
not by environmental runoff like soil especially in the forest/woodland (control) 
land use category, unlike the thermotolerant coliforms and E. coli, whose num-
bers remained relatively similar regardless of rainfall amount and land use. This 
is because the sampled water bodies from the forest/woodland (control) land use 
category had no consistent source of fecal matter outside of occasional wildlife. 
No anthropogenic sources like toilets, sewers, or latrines were observed in the 
control sites. These observations were corroborated by the data derived from the 
results of the ocular survey and key informant interview related to fecal con-
tributory activity in the selected sites. According to the informants, human set-
tlements in areas near the forest/woodland site are generally located at least one 
to three kilometers from the site of collection. On the other hand, there are more 
persistent sources of fecal contamination in the tributaries near the selected ag-
ricultural and residential sites. For example, all residential sites examined in this 
study had sewage as a consistent source, which directly drains from the resi-
dences or establishments beside and atop the water body (such as in the Masan-
tol, Pampanga site), or above the water body via dikes (like in the Bocaue and 
Calumpit sites in Bulacan). This is also coupled with other sources like plant lit-
ter, leftover food, animal carcass, and manure from domesticated animals that 
may have flowed from the upstream areas. Meanwhile, the sampled water bodies 
in the selected agricultural sites have received runoff from the irrigation of the 
farms, the cleaning of the livestock shelters harboring feces from chicken, ducks, 
cattle and goat and the roaming domesticated animals. There is likely a con-
tinuous introduction of enterococci from the agricultural and residential areas to 
the adjacent bodies of water and these FIB may have been more concentrated in 
these areas during the dry season. 

Additionally, fecal contamination of water bodies near the selected residential 
areas is apparent and alarming since there is a continuous deposition of sewage 
and occurrence of contributory anthropogenic activities throughout the year. 
Furthermore, while all the key informants interviewed within the sites under the 
residential land use category reported that they have improved sanitation facili-
ties, it was observed that the communities near the sites, such as those in Bocaue 
and Calumpit, Bulacan, were directly disposing their wastes into the river. In 
some sites, open defecation still occurs in certain areas, like in a community of 
stilt houses atop the sampled Pampanga River tributary in Masantol, Pampanga 
(Residential 1). On the other hand, the FIB levels in the agricultural and for-
est/woodland (control) land use categories, were observed to be more fluctuat-
ing. Agricultural sites have regular periods of planting, fertilization, irrigation, 
and cleaning. In these sites, septic tanks are the main improved sanitation facil-
ity which are regularly emptied and disposed. Meanwhile, generally random 
rainfall events caused by climactic factors influence the flow of fecal matter the 
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most for the water bodies within the forest/woodland (control) land use cate-
gory, as there are no nearby human settlements, and no sanitation facilities 
which could consistently contribute to their FIB levels. All these events and fac-
tors are reflected through the 95% CI of the FIB counts of the water bodies near 
the selected agricultural and forest/woodland sites (control), in which they have 
periods when the counts are within acceptable limits (Figure 2). This is more 
pronounced with the enterococci counts observed in forest/woodland (control) 
land use category, where counts were found to be fluctuating between conform-
ing and non-conforming to the WHO WQC [13] during the dry season, while 
strictly conforming to the said WQC during the wet season. With the prevalence 
of thermotolerant coliforms and E. coli in water bodies within PRB and in simi-
lar tropical waters where these FIB became part of the natural microflora over 
time [28], these FIB may not be sufficient microbial parameters in determining 
the microbiological quality of environmental water. The suitability of entero-
cocci as FIB is also exemplified due to their higher survival and persistence in 
fecal sediments as compared to thermotolerant coliforms and E. coli [17], attrib-
utable to its morphology and ability to respond to unfavorable conditions. With 
their coccoidal morphology, the cells have less surface area which enables them 
to require less nutrients for survival, avoid predators, and attach to smaller 
sediments [29]. Notably, enterococci have the ability to enter either the starva-
tion state or the VBNC state within 14 - 61 days (depending on species group) 
during periods of unfavorable growth conditions such as poor nutrient levels in 
the environment and be resuscitated to culturable state when nutrients, such as 
those coming from anthropogenic sources in the PRB (i.e., sewage from pipes 
located downstream), become available within that time frame [19]. 

The enterococci group is not only suitable as an alternate microbial indicator 
for fecal contamination of water bodies, but it is also a better microbial quality 
parameter when compared with thermotolerant coliforms and E. coli in the 
context of this study, due to the occurrence of host/reservoir-specificity. Unlike 
thermotolerant coliforms and E. coli, species of enterococci have specific hosts, 
which includes humans and warm-blooded animals such as wildlife and do-
mesticated animals [9]. Enterococcus cecorum, E. sacharrolyticus, E. dispar, E. 
cecorum and E. asini are harbored by specific animal reservoirs, namely, chick-
ens, cattles, humans, pigeons and donkeys, respectively [14]. Detection of these 
enterococci will lead to more definitive tracking of direct fecal sources of con-
tamination. The data gathered through the ocular survey and key informant in-
terview can serve as an initial guide for this endeavor. 

5. Conclusions 

Both the agricultural and residential land use categories may have contributed 
more to the fecal contamination of their nearby water bodies compared to the 
forest/woodland (control) category for all FIB determined. This is most likely 
caused by the presence of numerous sources of fecal contamination in both the 
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agricultural and residential land use categories that contribute to the high FIB 
values in the tributaries that exceeded the established microbial limits, during 
the dry and wet seasons, as compared to the control. Moreover, the findings also 
reinforce the fact that anthropogenic activities in the selected sampling sites are 
the main sources of fecal contamination of the adjacent water bodies, which 
were also observed and reported in previous studies [14] [16] [30] [31] [32]. 

This study showed that the enterococci group is a better indicator of fecal 
contamination compared to thermotolerant coliforms, the current microbial 
quality indicators adapted by the Philippines for environmental waters [11], and 
to E. coli, the microbial indicator recommended by the USEPA [12] to be used 
alongside the enterococci group. Results of this study also concurred with the 
well-established literature that the thermotolerant coliforms and E. coli are part 
of the natural microbial fauna of tropical waters. 

However, the FIB counts recorded for the water bodies near the selected sites 
do not fully reflect the actual contribution of each land use to the fecal contami-
nation and the FIB levels, as there are other factors to be considered and investi-
gated. There is a need for a long-term investigation that will assess the in-
ter-annual variation of environmental factors that may affect the thermotolerant 
coliform, E. coli, and enterococci counts in the sampled river bodies, like rain-
fall, temperature, and the water body’s chemical composition, with special focus 
on the contribution of land uses and their sanitation levels. Moreover, it is rec-
ommended to have more extensive sampling selection to encompass the un-
der-represented areas of the PRB, such as the industrial, commercial and other 
built-up areas. Also, to further establish the suitability of the enterococci as an 
alternative fecal indicator in differing tropical water compositions and condi-
tions, it is recommended that studies on enterococci levels in other freshwater 
and marine bodies in the country be undertaken. In these proposed future stud-
ies, physico-chemical parameters of the water bodies such as pH, temperature, 
nitrates, phosphorus, dissolved oxygen, and chlorides will be measured to de-
termine their effects on the persistence and survival of these FIB in local aquatic 
environmental conditions. Finally, the enumeration of enterococci in water bodies 
in the country through conventional or molecular methods should be conducted 
as part of a Microbial Source Tracking (MST) initiative, allowing for an even 
more specific recognition of fecal contributors which can lead to more targeted 
solutions. 
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Abstract 
The Kaw Nation has been collecting water, sediment, and fish samples from 
Kaw Lake and upper Arkansas River from 2007 to present to examine the 
concentrations of Mercury and other heavy metals to protect the health of the 
tribal members. Kaw Lake is in the North-Central part of Oklahoma. Kaw 
Lake is a permanent water body constructed in 1976 by the Army of Corps of 
Engineers. The Lake is consistently fed by the Arkansas River and other tri-
butaries as runoff coming all the way from Colorado through Kansas to Kaw 
Lake of Oklahoma. The Lake has a surface area of 26.64 square miles (69 km2) 
and shoreline of 168 miles (270 km) with a total drainage area of 56,345 
square miles (145,393 km2) and an average water depth of 8 meters. The wa-
ter and fish samples were collected from 7 sites of Kaw Lake, once in a month 
and the fish samples once in a year during summertime, early July to end of 
July. The fish samples focused on 5 sport, predator, and bottom dwelling spe-
cies of large consumable size, greater than 200 mm length and 560 grams 
weight. The five fish sampled were Catfish, White bass, Largemouth and 
Smallmouth bass, Black and White crappie. The fish and water samples were 
sent to Accurate Environmental Labs for detailed analysis. Predator species 
were analyzed as fillet and the bottom dwellings as a whole fish using EPA 
Method 7471A-M. Mercury from Water and Fish Tissue Samples were ana-
lyzed by Atomic Fluorescence Spectrometry. The laboratory analysis indi-
cated that all the Mercury concentration in the fish samples except in Blue 
Catfish and Spotted Bass fall below the Maximum Contaminant Level (MCL) 
of 0.5 mg/kg. 
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1. Introduction 

Mercury is a naturally occurring metal found throughout the environment. Most 
of the mercury found in the environment is in the form of metallic and inor-
ganic mercury compounds [1] [2]. Metallic and inorganic mercury enters the air 
from mining deposits of ores that contain mercury, from the emissions of coal- 
fired power plants, burning municipal and medical waste, production of cement, 
and from uncontrolled releases in factories that use mercury [2]. Metallic mer-
cury is liquid at room temperature, but some of the metal will evaporate into the 
air and can be carried long distances. In air, the mercury vapor can be changed 
into other forms of mercury and can be further transported to water or soil in 
rain or snow [3]. Inorganic mercury may also enter water or soil from the wea-
thering of rocks that contain mercury, from factories or water treatment facilities 
that release water contaminated with mercury, and from incineration of municipal 
garbage that contains mercury (for example, in thermometers, electrical switch-
es, or batteries that have been thrown away). Inorganic or organic compounds of 
mercury may be released to the water or soil if mercury-containing fungicides 
are used [4] [5]. 

Microorganisms such as bacteria, phytoplankton, and fungi convert inorganic 
mercury to methylmercury. Methylmercury released from microorganisms can 
enter the water or soil and remain there for a long time, particularly if the me-
thylmercury becomes attached to small particles in the soil or water. Mercury 
usually stays on the surface of sediments or soil and does not move through the 
soil to underground water. If mercury enters the water in any form, it is likely to 
settle to the bottom where it can remain for a long time [5] [6].  

Fish have two routes of mercury uptake. Fish concentrate mercury from water 
and through their diet (bioaccumulation). Fish typically accumulate only small 
amounts of methyl mercury through gill tissue and directly from the water col-
umn [7]. Majority of the mercury accumulation occurs through the food web or 
food chain. Bioaccumulation of mercury in fish is of concern because of poten-
tial human health effects from fish consumption, as well as potential effects of on 
fish eating phytoplankton [8]. The form of mercury that bioaccumulates in the 
food chain is methylmercury. Inorganic mercury does not accumulate up the 
food chain to any extent. When small fish eat the methylmercury in food, it goes 
into their tissues. When larger fish eat smaller fish or other organisms that con-
tain methylmercury, most of the methylmercury originally present in the small 
fish will then be stored in the bodies of the larger fish. As a result, the larger and 
older fish living in contaminated waters build up the highest amounts of me-
thylmercury in their bodies [9]. Saltwater fish (especially sharks and swordfish) 
that live a long time and can grow to a very large size tend to have the highest 
levels of mercury in their bodies. Plants (such as corn, wheat, and peas) have 
very low levels of mercury, even if grown in soils containing mercury at signifi-
cantly higher rates than background levels. Mushrooms, however, can accumu-
late high levels if grown in contaminated soils [10]. Mercury levels in fish tend to 
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increase with age and size because of slow elimination of methyl mercury and 
increased intake as fish grow to larger size. Therefore, older, larger fish typically 
have higher mercury concentration in their tissue than younger fish of the same 
species [2]. 

The objective of this study was to examine and determine the concentration, 
distribution, and bioaccumulation of mercury in water and fish tissue in Kaw 
Lake of Oklahoma (Figure 1). 

2. Materials and Methods 
2.1. Study Design 

The Kaw Nation Environmental Department in close cooperation with the Ok-
lahoma Department of Wildlife Conservation (ODWC) conducted water, sedi-
ment, and fish samples from 4 sites of Kaw Lake. The sampling was conducted 
in the early mornings of late summer where most of the sport fish are harvested, 
and the level of the lake was down. The sampling was done in the southern part 
of the Lake at Sandy, Sarge and Washunga (Figure 1). Kaw Lake is a permanent 
water body constructed in 1976 by the Army of Corps of Engineers. The Lake is 
consistently fed by the Arkansas River coming all the way from Colorado 
through Kansas to Kaw Lake of Oklahoma. Other tributary creeks bring flood 
from agricultural areas, mining and water and wastewater treatment areas into 
the Lake as well. The Lake has a surface area of 69 km2 and shoreline of 168 
miles (270 km) with a total drainage area of 56,345 square miles (145,393 km2), 
Army Corps of Engineers [11]. The Lake has an average depth of 8 meters. The 
fish sampling was carried on a ODWC’s motorboat where an electric shocker is 
mounted. To meet the National Fish Tissue Study Objectives, a composite sam-
ple of predator and bottom dwelling fish were decided to be sampled. Five indi-
viduals per composite were collected, all of which were large enough to provide 
sufficient tissue for analysis of the target analytes (Table 1). Each composite 
samples of the predators were more than 560 grams of edible tissue and 560 
grams of total body tissue of bottom dwellers (Table 2). Based on US EPA 1995 
guidance each composite had the same fish species and reached legal require-
ment of harvestable size, or weight with the smallest individual is no less than 
75% of the largest individual [12] [13]. 

2.2. Field Sampling 

The protocol for collecting fish and water samples in the field and subsequent 
processing in the laboratory are shown in Figure 2, Table 1 and Table 2. The 
fish samples were collected with box nets, gill nets, trot lines, electroshocking 
and rod and reel. The samples were removed from the water, rinsed with am-
bient water, wrapped individually in aluminum foil, placed in polyethylene Zip-
loc bags and placed on ice and delivered to Stillwater Accurate Laboratory 
within 24 hours of collection.  

Justification for selecting target species were based on US EPA guidance for 
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assessing chemical contaminants data for fish advisories, Volume 1: Fish Sam-
pling and Analysis, 3rd Edition, [14]. 

1) Abundance and preference of consumption in the study area. 
2) May potentially accumulate high concentration of chemicals. 
3) Species easy to identify. 
4) Adult species are large enough to provide adequate tissue for analysis. 
 

 
Figure 1. Locations of water, sediment and fish sampling sites of kaw lake (Map: ACOE). 

 

 
Figure 2. Field and lab handling protocol. 
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Table 1. Target chemicals and analytic methods. 

Analytic Method Target Chemical 

Total Mercury by oxidation, purge and trap, and  
cold vapor atomic spectrometry (Method 1631,  
Revision B with Appendix A—Digestion procedures 
for Total Mercury in tissue, Sludge, sediment, and 
soil. 

• Mercury 

Arsenic specialization Arsine Generation  
Chromatographs and Atomic Adsorption  
Spectrometry (Method 1632, Revision A) 

• Arsenic (III) 

• Arsenic (IV) 

• Dimethylarsenic Acid (DMA) 

• Monomethylaersenic (MMA) 

• Total inorganic arsenic 

Organochlorine pesticides by Gas Chromatography/ 
Halide Specific Detector (GC/HSD) method 1656, 
Revision A). 

• 2,4’ DDD Kepone 

• 2,4’ DDE Methoxychlor 

• 4,4’ DDT, Aldrin Dieldrin 

• Endosulfine 

 
Table 2. Target species. 

Predator/ Game 
Fish Species 

Family Name Common Name Scientific Name 

Centrachidae 

• Largemouth Bass 

• Smallmouth Bass 

• Black Crappie 

• White Crappie 

• Micropterus salmoldes 

• Micropterus dolomleu 

• Promoxis nigromaculatus 

• Promoxis annulants 

Percichthyidae White Bass • Morone Chrysops 

Bottom 
Dwelling Fish 
Species 

Cyprinidae Common Carp • Ictalurus carplo 

Ictaluridae 
Channel Catfish 

Blue Catfish 

• Ictalurus punctatus 

• Ictalurus furcatus 

 
Basic water quality measurements (Table 3) were conducted at four stations 

of the lake at 1.2 m depth intervals with multiprobe field instruments. Tempera-
ture, pH, turbidity, dissolved oxygen, salinity, total dissolved solids, and conduc-
tivity were measured. Water samples were taken from 4 feet (1.2 m), 8 feet (2.4 
m) and 12 feet (3.6 m) and composited to have adequate representation of the 
lake strata and the samples were sent for more analysis of major cations and 
anions (Na, K, Ca, Mg, Fe, Mn, SO4, Cl), dissolved organic carbon content 
(DOC), total organic carbon content (TOC), nitrate, nitrite nitrogen, total phos-
phorus, and ammonia. The analytical techniques used for each, and associated 
detection limits are provided in Table 3 and Table 4. 
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Table 3. Analytical methods for water testing. 

Analyte Method Reporting Limit, mg/L Method 

Na 0.02 EPA 200.7 

K 0.07 EPA 200.7 

Ca 0.01 EPA 200.7 

Mg 0.005 EPA 200.7 

SO4 0.06 EPA 300 

Cl 0.07 EPA 300 

Fe 0.01 EPA 200.7 

Mn 0.005 EPA 200.7 

TOC 0.2 EPA 415.1 

DOC 0.2 EPA 415.1 

Alkalinity 0.25 EPA 310.1 

NO2 0.003 EPA 300.0 

NO3 0.002 EPA 300.0 

NH3 0.001 APHA, 1998. Method 4500-NH3 F 

Tot. P 0.001 APHA, 1998. Method 4500-P E 

2.3. Laboratory Procedure 

According to US EPA guidelines [15] and [16], the lab analyzed different tissue 
fractions for predator composites (fillets) and bottom dweller composites (whole 
bodies) (Table 1 and Table 2) to obtain target chemicals. Analyzing fish fillets 
provides information for human health, while whole body analysis produces in-
formation for ecosystem health [16] [17].  

Fish were processed for analysis of mercury in lateral muscle in accordance 
with US EPA procedures [13]. Total fish lengths and wet weights were recorded. 
The sex and reproductive condition of each fish was assessed by visual examina-
tion of gonads and classified as: immature; developing; ripe and spent. Gonad 
wet weights were recorded. Tissue moisture contents were determined for calcu-
lation of the dry weight basis of the mercury content of the tissues (Figure 2). 
The frozen fish tissue was thawed, chopped into manageable size (1 - 2 cubes) 
and added into the sample processor to completely homogenize the sample. In-
dividual fish was composited and digested through Atomic Fluorescence Spec-
trometry. The whole fish was also eviscerated as described in US EPA Method 
7471A [17] and (Figure 3).  

Moisture content was determined on a duplicate tissue sample of the same 
size and from the same portion of the fillet as the sample for mercury analysis. 
Individual samples were gently blotted on laboratory tissue paper and their wet 
weights determined. They were then dried overnight at 104˚C in an aluminum 
weighing dish and weighed again. The moisture content as a percent was calcu-
lated from the wet and dry weights of the tissues. Mercury concentrations of the 
samples were then calculated using the wet weight and the dry weight values.  
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Figure 3. Laboratory processing protocol whole fish tissue analysis. 

3. Results 
3.1. Water Quality Parameters or Measurements 

To better understand patterns, dynamics, and changes in mercury accumulation 
in fish, Kaw Nation also collects water chemistry and in-situ measurements from 
each site. Kaw Nation measured the water chemistry parameters listed in Table 
3 and Table 4 during the summer of 2008-2015. 

 
Table 4. Water quality parameters or measurements. 

Year 
Temp  

(C degree) 
Conductivity 

(uS/cm) 
DO 

(mg/L) 
pH 

Turbidity 
(NTU) 

Chlorophyl 
(ug/L) 

Salinity 
(ppt) 

TDS 

2008 16.43 536 9.51 7.84 16.5 6.4 0.29 292 
2009 24.33 807 7.40 7.98 9.2 4.7 0.41 547 
2010 28.29 396 8.87 8.14 21.1 5.6 0.18 258 
2011 26.18 326 10.46 8.51 13.8 7.5 0.64 842 
2012 22.67 568 6.85 8.20 13.0 3.4 0.27 369 
2013 26.07 763 6.05 8.10 12.8 3.7 0.37 496 
2014 26.65 584 6.38 8.00 25.4 2.7 0.27 341 
2015 26.71 158 7.60 8.51 7.5 4.4 0.29 394 

 

 
Figure 4. Dissolved oxygen of Kaw Lake. 
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Figure 5. Water temperature of Kaw Lake. 
 

 

Figure 6. Total dissolved solids of Kaw lake. 

3.2. Fish Tissue Analysis 

 
Figure 7. Mercury level by location. ---------------- = 0.5 mg/kg of Mercury, MCL. 
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Figure 8. Mercury level by species. ---------------- = 0.5 mg/kg of Mercury, MCL. 

 

 
(a) 
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(b) 

Figure 9. Mercury level by year. ---------------- = 0.5 mg/kg of Mercury, MCL. 
 

 

Figure 10. Mercury level by family. 
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Figure 11. Mercury concentrations by length and weight. 

4. Discussion 

The presence and abundance of fish species can be related to water chemistry, 
physical habitat, and land-use activities to provide a more complete picture of 
water quality across the watershed. Although fish communities may have a high 
degree of natural variability, they can be useful indicators of ecosystem health 
[18]. Berkman and others [19] recommended fish be given consideration in bio-
logical water-quality monitoring of streams because they generally are perceived 
by the public to be ecologically relevant, and they are directly related to legisla-
tive mandates because of human health and endangered species concerns. 
Stream habitats vary from cool, clear, and forested headwater streams that have 
crystalline bedrock with high gradients and coarse substrates less vegetated, to 
that have low gradients and fine substrates of the Kaw Lake. Some of the major 
water quality parameters that can have influence on fish population are listed in 
Table 4 and Figures 4-6.  

Dissolved oxygen, temperature and total dissolved solids as indicated in Fig-
ures 4-6, are major indicators of water quality parameters and have significant 
impact on the survival and distribution of aquatic species including fish species. 
Water with high concentrations of dissolved materials above 800 mg/L have 
lower DO concentrations (<7 mg/L) and could be a contributing factor for fish 
kills. Similarly, water with high temperature decrease oxygen solubility in water 
and creates stressful conditions for the survival of fish species. Direct discharge 
of pollutants including mercury from point source and non-point sources into 
river or lake would decrease water quality and at the same time, the fish species 
would be exposed to consume mercury through the food chain [20]. 

In this study we analyzed 5 species from top of the chain fish and generally 
these species have higher concentrations of mercury than those of lower trophic 
levels [21] [22]. Difference in mercury accumulation found in these fish species 
may be related to morphological difference, life cycle and food items of each 
species [23] [24]. Bioaccumulation of methyl mercury might be one factor for 
the increase in Hg concentrations in lake [25]. 

The feeding behavior of predatory species might contribute for an increased 
concentration of Hg. The other factor could be the nature of mobility or move-
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ments such as migratory or sedentary [26]. Fish from lentic system have mer-
cury contents higher than fish from the same trophic levels in lotic system, with 
the same concentration MeHg in water [27]. The other possible factor might be 
the land use or deforestation. Human factor may play an important role in the 
concentration of Hg. Impact of hydroelectric dam in increased MeHg and bio-
accumulation in fish are not fully studied. 

While fish consumption is the main source of exposure to methylmercury, the 
Oklahoma Department Environmental Quality (ODEQ) advises that the benefits 
and risks of eating fish should be balanced, since fish are an excellent source of 
high-quality protein and omega-3 fatty acids and are low in saturated fat. To 
protect Oklahomans from mercury poisoning, ODEQ issues fish consumption 
advisories which recommend limits for consumption of fish caught in Oklahoma 
waters. The Oklahoma Department of Environmental Quality have developed a 
downloadable fish advisory card. Although the ODEQ does not issue advisories 
on “Fish you buy” such as salmon, cod, pollock, sole, shrimp, mussels, and scal-
lops, these species generally have lower mercury levels and are therefore consi-
dered safe for consumption [28]. 

Bioaccumulation of Mercury 
Mercury in water is converted to methylmercury by bacteria and other pro- 

cesses. Fish absorb methylmercury from their food and from water as it passes 
over their gills. Mercury is tightly bound to proteins in all fish tissue.  

According to the Vermont Department of Environmental Conservation [29], 
methyl mercury accumulates as you move up the food chain: 

1) Methylmercury in the water and sediment is taken up by tiny animals and 
plants known as plankton. 

2) Small fishes eat large quantities of plankton over time. 
3) Large predatory fish consume many smaller fish, accumulating methyl-

mercury in their tissues. The older and larger the fish, the greater the potential 
for high mercury levels in their bodies. 

4) Fish are caught and eaten by humans and animals, causing methylmercury 
to accumulate in their tissues. 

The Kaw Nation Environmental Department (KNED) has been monitoring 
the levels of mercury in fish tissue since 2001. Measurable concentrations of 
mercury have not been observed in all the samples collected from lakes and riv-
ers within the watershed. 

Mercury Level by Location: 
Of all the fish sampling locations, Figure 3. Pioneer Cove and Sandy beach 

showed high levels of mercury concentrations above 0.5 mg/kg - 0.7 mg/kg fol-
lowed by Washunga Bay with 0.35 mg/kg of mercury. Pioneer and Bay are the two 
busiest camping sites. Pioneer is a marine place where there are many boat activi-
ties that could discharge toxic chemicals to the air and water. The lowest site where 
there are low mercury concentrations is Below the Dam, Osage Cove and Sarge 
Creek or Cove (Figure 7). 
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Mercury Level by Species: 
Fish species that fall below 0.5 mg/kg are the blue Catfish and Spotted bass, 

Figure 2. The proportion of fish sample species with a high mercury level are 
30% Blue catfish followed by 25% of the spotted bass (Figure 8). 

Mercury Level by Year: 
Of all the fish species higher concentrations of mercury observed in the year 

2015, 2017 and 2018 among spotted bass, white bass, and white crappie due to 
higher flooding. Total dissolved solids including mercury concentrations showed 
elevated levels (Figure 9).  

Mercury Level by Fish Family: 
Based on the fish family analysis Figure 1, all the fish species including Small-

mouth buffalo (Catostomidae), Common carb (Cyprinidae), Blue catfish (Ictalu-
ridae) and White bass (Moronidae) are all below 0.5 mg/kg of mercury concen-
trations. Out of all the fish family analyzed 25% of the sample proportion is blue 
catfish followed by 20% of the White bass. The other two-family species, the 
Smallmouth buffalo and White crappie (Centrachidae) are in the proportion of 
10% with high level of mercury (Figure 10). 

Mercury Level by Length and Width: 
The mercury concentrations were analyzed by correlating the weight and length 

of fish species as shown in Figure 11. The concentration of mercury in length 
and weight have shown good correlation as per US EPA guidelines of [13] that 
all edible size of fish greater than 560 grams of weight showed mercury concen-
trations. 

5. Conclusions 

Water samples and sport fish of edible size were collected for Hg analysis from 4 
sites of Kaw Lake. Water sample was collected from each of the 4 sites. Five spe-
cies of sport fish mainly, white bass, white and black crappie, Catfish, striped 
bass, large and small mouthed bass were analyzed for Hg concentration. 

Mercury concentrations in the water sampled ranged below the quantification 
limit in all the 4 lake sites. All samples were less than US EPA aquatic life criteria 
(0.002 mg/L). 

Concentration of Hg in fish tissue collected from 4 Kaw Lake sites was ana-
lyzed by family, species, and locations. Blue catfish and spotted bass were found 
higher in Methyl Mercury concentration 0.5 mg/kg as the Maximum Contami-
nants Level (MCL) set by US EPA. Pioneer and Washunga Bay sites where there 
are many marine activities have shown a higher concentration of methyl mer-
cury above the US EPA MCL of 0.5 mg/kg.  

Fish species heavier than 560 grams in weight and over 400 mm in length 
meaning at edible size have shown good correlation for mercury concentrations. 
Fish with over 400 mm of length have shown to have higher mercury concentra-
tions indicating length to be one of the good indicators for mercury concentra-
tions. Weight alone didn’t show high mercury concentrations that could be be-
cause of limited fish sample size. According to Oklahoma Department of Envi-
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ronmental Quality [28], fish tissue that had less than 0.5 mg/kg of mercury con-
centrations been edible at any time without any advisory note. According to Kaw 
Nation’s of over 8 years laboratory fish tissue analysis, all small mouth buffalo, 
common carb, white bass are edible without any restriction. Fish tissue of blue 
catfish and spotted bass with mercury concentrations of 0.5 to 1.0 mg/kg are ad-
vised to be consume only two times per month. 

Finally, this study agrees with the US Environmental Protection Agency Fish 
Advisories [30] that fish is an excellent, low-fat source of protein and other nu-
trients and an important part of a balanced diet. But some fish also contain un-
safe levels of mercury. The amount of mercury in fish varies depending on the 
type of fish; their size, weight, and age; what they eat; and where they live. Smaller, 
non-predatory fish with shorter life spans tend to have lower levels of mercury. 
Larger, older fish that eat smaller fish tend to have the highest levels. Fish with 
an average level of less than 0.5 milligram of mercury per kilogram of body 
weight are considered safe for eating. 
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Abstract 
Study of physisorbed and chemisorbed carbon dioxide (CO2) species was 
carried out on the NaX zeolite modified by cationic exchanges with biva-
lent cations (Ca2+ and Ba2+) by temperature-programmed desorption of CO2 
(CO2-TPD). Others results were obtained by infrared to complete the study. 
The results of this research showed, in the physisorption region (213 - 473 K), 
that the cationic exchanges on NaX zeolite with bivalent cations increase 
slightly the interactions of CO2 molecule with adsorbents and/or cationic site. 
Indeed, the desorption energies of physisorbed CO2 obtained on the reference 
zeolite NaX (13.5 kJ∙mol−1) are lower than that of exchanged zeolites E-CaX 
and E-BaX (15.77 and 15.17 kJ∙mol−1 respectively). In the chemisorbed CO2 
region (573 - 873 K), the desorption energies related to desorbed species (bi-
dentate carbonates: 2

3CO − ) on the exchanged zeolites E-CaX and E-BaX are 

about 81 kJ∙mol−1, higher than the desorbed species (bicarbonates: 3HCO− ) 
on the reference R-NaX (62 kJ∙mol−1). In addition, the exchanged E-BaX zeo-
lite develops the secondary adsorption sites corresponding to bicarbonates 
species with desorption energies of 35 kJ∙mol−1 lower to desorption energies 
of bicarbonates noted on the reference zeolite NaX. 
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1. Introduction 

Nowadays, about 80% of annual emissions of greenhouse gases are attributed to 
carbon dioxide (CO2). And these emissions of CO2 have rapidly increased in the 
atmosphere during the last 200 years [1] [2] [3]. This increase of CO2 concentra-
tions is due to anthropic activities such as the fluid catalytic cracking, combus-
tion processes and other industrial activities which are responsible to many en-
vironmental problems [4] [5]. Therefore, it is a great urgency to reduce the CO2 
concentration from the atmosphere. 

Technologies including membrane separation, absorption with solvent and 
adsorption using adsorbents porous have been successful for the trapping of CO2 
from flue gas [6] [7] [8] [9] [10]. In that way, processes for CO2 trapping from 
gas stream based on the adsorption/desorption using porous basic materials 
such as natural or synthetic faujasite-type zeolites, have shown promising results 
[1]. Zeolite-types adsorbents are widely used as compound for gas separation 
and purification, ion exchange, and catalysis [11]. According to literature, the 
experimental results when using faujasite X-type zeolites as adsorbents for CO2 
are better that to others zeolites such as faujasite Y-type zeolites and other zeo-
lites [12] [13] [14]. More recently, several experiments have been conducted on 
CO2 adsorption using X-type zeolites exchanged with monovalent or bivalent 
cations to evaluate the effects of the crystal structure and the nature of the ion on 
the capacities CO2 adsorption [11] [12] [15] [16]. Moreover, experiments on in-
frared spectroscopy by Fourier transformation infrared (FTIR) and CO2 tem-
perature-programmed desorption (TPD) on X-type zeolites have shown two 
types of adsorption onto the surface: a physisorption attributed to adsorbed CO2 
linearly linked onto cationic sites and a chemisorption attributed to adsorbed 
CO2 as bicarbonates ( 2HO-CO−  or 3HCO− ), and unidentate or bidentate car-
bonates species ( 2

3CO − ) [17] [18]. As previously published by our team, study on 
the physisorbed CO2 by TPD-CO2 further concludes that the addition of small 
amounts of magnesium oxide on faujasite zeolites of X-type improved the inter-
actions of physisorbed CO2 without noticeable increase of the chemisorptions 
[18]. 

In this work, we studied sodium cation exchange (Na+) by bivalent cations 
(Ba2+ and Ca2+) to increase the strength of the basic sites and thus the interac-
tions between CO2 and the cation and/or with porosity (adsorbent). Then, we 
have evaluate the influence of barium and calcium on the capacities of CO2 ad-
sorption of CO2 physisorbed and chemisorbed species and it’s desorption ener-
gies at low and high temperature using the CO2 temperature-programmed de-
sorption as the primary technique. Infrared analysis was carried out in comple-
ment for the identification of adsorbed species on adsorbents. 

2. Experimental 

Zeolite used as reference adsorbent is a faujasite type zeolite NaX (Axens: Si/Al ratio 
= 1.2). The exchange of the sodium cations by calcium and barium cations has been 
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obtained by cationic exchange using CaCl2 and Ba(NO3)2 from Sigma-Aldrich (pu-
rity > 99%) and Pro-Lab (purity > 96%) respectively. 

2.1. Cationic Exchanges 

Protocol for cationic exchanges is the same used in recent studies [16] [18]. 3 g 
of NaX zeolite were placed under agitation in 250 mL during 24 hours (h) in an 
aqueous solution containing 0.02 mol∙L−1 of the metal nitrate or chloride ([Ba2+] 
= [Ca2+]). The samples was then filtered, then washed with an ultrapure water (3 
× 40 mL) to eliminate the free nitrate or chloride ions into the adsorbents. The 
solids was then dried during 24 h at 373 K in a furnace. Exchanged zeolites were 
been sieved to have a particle size between 0.2 and 0.4 mm. In this study, all 
samples obtained by cationic exchanges and the reference will be designated re-
spectively by letters E and R. For example R-NaX (Reference NaX) and E-CaX 
and E-BaX (Exchanged zeolites by the calcium and Barium). 

2.2. Adsorbents Characterizations 

Characterization techniques and protocols used in this work are the same as 
those applied in recent studies [16] [18]. 

Thermal stability and mass losses of samples were obtained using an SDT- 
Q-600 TA instrument with a stream of dry argon (100 mL∙min−1) in a tempera-
ture range between 298 and 873 K, with a 5 K∙min−1 ramp. 

The specific surface area and pore volumes were obtained using a Micromer-
itics TRISTAR 3000 instrument with automatic injection of nitrogen, where 
about 100 - 150 mg of sample was pre-treated during 1 h at 363 K then at 623 K 
during 10 h. 

The N2 physisorption isotherms were carried out at 77 K. The specific surface 
area was determined by the BET method, and the micropore volume was esti-
mated through the t-plot method, applied to a layer thickness between 5 and 7 Å, 
and the Dubinin-Raduskevitch method. Therefore, the mesopore volume was de-
termined by the difference between the total pore volume, determined at 0.97 P/P0, 
and the total porous volume obtained by the Dubinin-Raduskevitch method. 

X-ray diffraction (XRD) patterns were registered at room temperature using a 
Siemens D5005 low-resolution diffractometer using Cu Kα monochromatic ra-
diation (λ = 0.154050 nm). The samples were scanned in the 3˚ - 70˚ (θ) range 
with a 0.01 (θ) step and a scanning speed of 0.1˚(θ)/min. Structural Rietveld re-
finements were carried out using the Fullprof program. 

2.3. CO2 Adsorption/Desorption 

Protocols on carbon dioxide thermal desorption (CO2-TPD) measurements are 
the same used by T. Belin et al. [18]. 

2.4. Infrared Experiments 

Protocols of Fourier transformed infrared (FTIR) measurements are the same 
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used by T. Belin et al. [18]. 

2.5. Theoretical Aspects 

Desorption energies of CO2 on adsorbents were calculated using the method of 
Cvetanovic et al. [19]. The assumptions are that no readsorption occurs and no 
diffusional limitations of the desorbed species within the porosity during the 
process. Values were derived from the following equation [18]: 

( ) ( )
max

2 ln ln des
m

E
T

RT
β− =  

where Tmax (or Tm) is the temperature at the peak maximum (K), β is the heating 
rate (K∙min−1), Edes is the desorption energy (J∙mol−1) and R is the perfect gas 
constant (J∙mol−1∙K−1). Desorbed quantities of CO2 are determined using a cali-
bration curve, previously established, and representing the TCD signal in func-
tion of known CO2 amounts. 

3. Results and Discussion 
3.1. Ion Exchange 

In Table 1 are reported the ionic radius of Ca2+, Ba2+ and Na+, cationic exchange 
percentages and the global Si/Al molar ratio. The cationic exchange percentage 
is close to 100% after replacement. The same order of magnitude as those ob-
tained for Chabazite, Beta, X and Y in the preparation of adsorbents for the 
elimination of CO2 [16] [20] [21]. Cations are considered as centers of adsorp-
tion for CO2 and that is why their numbers and distribution will have a direct in-
fluence on their performances [16] [22]. 

In contrast, the exchange of monovalent cations by divalent cations results in 
a decrease in the number of cations and of the electronic density in the cationic 
supercage [8] [16] [23]. This would cause a loss of the adsorption amounts of 
carbon dioxide onto zeolites modified with the divalent cations [16] [24]. 

3.2. DTA-TGA Analysis 

Dehydration temperatures of adsorbents are determined by thermal gravimet-
ric and differential analysis (TGA-TDA) and Figure 1 shows the curves ob-
tained. On the three adsorbents, most of the weight is lost between 300 and 
600 K related to the loss of water adsorbed into the pores of the zeolites [16] [24] 
[25]. 

 
Table 1. Ionic radius of alkali-earth and the cationic exchange percentage obtained on 
exchanged zeolites. 

Adsorbents Ionic radius (nm) Ion exchanged (%mol) Si/Al molar ratio 

R-NaX 0.102 - 1.2 

E-CaX 0.100 >97.0 1.4 

E-BaX 0.135 >98.9 1.2 
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After 600 and 1023 K, the weight losses are very low. The ratio between the 
total mass lost in 623 and 1073 K was calculated and the results are shown in 
Table 2. This ratio is very high as it is between 92% and 96%. Compared to ref-
erence zeolite NaX and E-CaX. The exchanged E-BaX zeolite shows a ratio more 
important. 

This result is in line with those of Moïse et al. [25] who showed that the 
amount of water adsorbed on MgX zeolite was higher than that adsorbed on 
NaX zeolite. The author attributed this behaviour to the radius of the cation 
Mg2+ which is higher than that of Na+ resulting in a radius of hydration higher 
for Mg2+. 

Thus, for all adsorbents, the minimal required temperature for the activation 
of exchanged zeolites is of about 623 K [16]. At this temperature, an average of 
85% of the adsorbed species have already been desorbed. Then, before each ex-
periment, an outgassing thermal treatment will be carried out in two steps as in-
dicated by T. Belin et al. [18]. 

3.3. N2 Physisorption 

N2 adsorption/desorption isotherms obtained on R-NaX and the exchanged zeo-
lites (E-CaX and E-BaX) are shown in Figure 2. According to IUPAC norms, the 
shape of the isotherms is of Type I for all the adsorbents indicating that they can 
be considered as microporous zeolites. A strong adsorption is observed at low 
P/Psaturation (less than 0.2) followed by a plateau at higher pressure indicating that  

 

 
Figure 1. TGA curves of NaX reference and exchanged zeolites (heating rate of 5 K∙min−1). 

 
Table 2. Results of structural characteristics and TGA-DTA study obtained on the NaX reference and on 
exchanged zeolites. 

Adsorbents 
ABET 

(m2.g−1) 
Vtotal pore 

(cm3.g−1) 
Vmicroporous 

(cm3.g−1) 
mass loss up to 

623 K (wt%) 
mass loss up 

to 1073 (wt%) 
623 K/1073K 
Ratio (wt%) 

R-NaX 590 0.317 0.300 22.05 23.93 92.14 

E-CaX 492 0.285 0.274 16.93 18.05 92.16 

E-BaX 349 0.200 0.193 16.21 16.72 96.95 
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Figure 2. Isotherms of N2 physisorption obtained on the reference zeolite NaX and 
onexchanged zeolites. 

 
no more adsorption occurs. From these isotherms, BET surface areas and mi-
croporous and total porous volumes have been calculated (Table 2). Discussions 
of its results on the reference NaX and exchanged BaX have been widely dis-
cussed on previous studies [16] [18]. 

However after cationic exchange, there is a decrease of BET surface areas and 
the microporous volumes. It seems that the main cause of these losses BET sur-
face areas and the microporous volumes is the decrease of cationic density into 
supercage of faujasite X or to a plugging of the porosity as indicated by Chand-
wadkar et al. in these studies [20] [21]. These losses are also related to the quality 
of cationic exchange. They increase when the cationic exchange rate is important 
(Table 1 and Table 2). 

Ammoudi [20] also made the same observations during cationic exchanges of 
Cu2+ on zeolite X with different rates. However, since the CO2 adsorption oc-
curred mainly into the micropores, a significant decrease in the accessible pore 
volume would result in a loss of CO2 amounts adsorbed into exchanged zeolites 
[18]. 

3.4. XRD Analysis 

Results of this analysis do not show amorphous phase on these diffractograms. 
The crystalline structure of the faujasite X does not seem to be modified after 
cationic exchange since the significant XRD peaks of reference NaX remain visi-
ble for the XRD spectrum of the exchanged zeolite (Figure 3). 

Moreover, the data of these XRD spectra indicates the absence of parasite 
phase and/or impurities within the detection limit of the apparatus (~2%) for 
E-BaX and E-CaX. On the other hand contrary to E-CaX, the diffractogram of 
the E-BaX zeolite shows some peaks more intense in the region between 10˚ and 
45˚. This is probably due to new arrangement of cationic sites within of the X 
zeolite structure [16]. 
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3.5. FTIR Analysis 

The FTIR analysis of all adsorbents was performed in the range between 4000 
and 1000 cm−1. Hydroxyl groups (HO−), the linearly adsorbed CO2 on the cati-
onic sites (CO2-Na+), the bicarbonates ( 3HCO− ), the unidentate and bidentate 
carbonates ( 2

3CO − ) are the species studied in this region [18] [26]. 
The spectra obtained at 373 and 473 K on the reference zeolite (R-NaX) and 

exchanged zeolites (E-CaX and E-BaX) are shown in Figure 4. Differences  
 

 

Figure 3. XRD patterns of the reference zeolite NaX and exchanged zeolites (Cu Kα = 
0.154050 nm). 

 

 

Figure 4. Infrared spectra obtained on the reference NaX and on E-BaX and E-CaX zeo-
lites at (a) 373 K and (b) at 473 K. 
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between the samples are visible and two main domains are studied: 2400 - 2200 
cm−1 and 1800 - 1000 cm−1. These regions are respectively attributed to the phy-
sisorbed and chemisorbed CO2 species [18] [23] [27] [28]. In the domain of the 
physisorbed CO2 at 323 K (Figure 4(a)) all adsorbents show a band of phy-
sisorbed CO2. These zeolites present the adsorption sites of CO2 at this tempera-
ture. However, the intensity of the absorption band of exchanged E-CaX remains 
higher than that of two others adsorbents (Figure 4(a)). The amounts of phy-
sisorbed CO2 are thus more important on this adsorbent at 373 K, which can 
translate strong interactions CO2/cation. 

At 473, a quasi-disappearance of the band of physisorbed CO2 is observed on 
zeolites R-NaX (Figure 4(b)). Exchanged zeolites E-CaX and E-BaX show a 
band of low intensity. Bonenfant et al. [12] explained that a loss of the CO2 ad-
sorbed capacities is generally expected on the NaX zeolite when the temperature 
increases, due to the thermal agitation in the zeolite pores. Thus, a decrease of 
the microporous volume is only sufficient to explain the intensities of this band 
whatever the modification process [18]. However, the absorption band obtained 
on E-BaX is more intense than that of E-CaX (Figure 4(b)), which indicates an 
amount of physisorbed CO2 more important present at this temperature. This 
remains in conformity with the basic force of exchanged cation (Ba2+ > Ca2+). It 
seems in this case, that a reinforcement of the alkalinity of the cationic sites in 
the reference zeolite NaX would increase the trapping of physisorbed CO2 at 
high temperatures on the cationic sites. 

In the chemisorbed CO2 domain (1800 - 1200 cm−1), R-NaX zeolite shows 
three bands well defined at 373 and 473 K. These bands are identified as uniden-
tate carbonates at 1691 and 1360 cm−1 ( 2

3CO − : υasOCO et υsOCO respectively) 
and as water or bicarbonates at 1642 cm−1 ( 3HCO− : υasOCO ou υasH2O) [18] [28] 
[29]. The presence of bands due to carbonate groups revealed that the frame-
work oxygen atoms surrounding the cations in the reference NaX zeolite behave 
as stronger basic centers [30]. Contrary to R-NaX, at 373 K, exchanged E-CaX 
shows only the presence of monodentate and bidentate carbonates (1672 cm−1 
and 1628 cm−1) and on the exchanged E-BaX, only the bicarbonates are show 
(1650 cm−1). It seems that at 373 K (Figure 4(b)) the bicarbonates and bidentate 
carbonates are majority on exchanged zeolites (E-BaX and E-CaX respectively). 

At 473 K, there is the appearance of two bands at 1480 cm−1 and 1420 cm−1 on 
reference R-NaX corresponding to bidentate carbonates. A decrease intensity of 
bicarbonates (1642 cm−1) is observed. The monodentate carbonates (1700 and 
1350 cm−1) are always present. However, the amount of the carbonates is re-
duced by the temperature as evidenced with the slight decrease of bands intensi-
ties. The spectra obtained on exchanged E-BaX (Figure 4(b)) indicate that the 
bicarbonates (1642 cm−1) are majority, in front of bidentate carbonates (1360 
cm−1). For the exchanged E-CaX, the majority species remain are the bidentate 
carbonates (1628 cm−1). We will tend to associate the energies desorption of each 
type of CO2 species. 
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3.6. CO2 Thermal Desorption: CO2-TPD 

The thermal desorption curve obtained show two regions (Figure 5) which are 
attributed to physisorbed (200 - 400 K) and chemisorbed CO2 species (above 600 
K) [18] [31]. For each region, these curves associated with the desorbed amount 
are deconvoluted using Gaussian functions and the peaks are indexed. These 
peaks represent the minimum number to avoid the errors between experimental 
and theoretical profile [18] in its study of physisorbed CO2 on NaX zeolite. It 
was then possible to estimate the temperature of maximum desorption, to calcu-
late the amounts and the desorption energies of physisorbed and chemisorbed 
species of adsorbed CO2. 

Table 3 recapitulates the total amounts adsorbed and desorbed of CO2 ob-
tained after exploitation of thermal desorption curves to 2, 4, 6 and 10 K∙min−1 
for R-NaX and of exchanged zeolites. The amounts of adsorbed and desorbed 
CO2 on reference R-NaX zeolite (4.041 and 3.103 mol∙g−1 respectively) are higher 
than exchanged zeolites (Table 3). On the other hand, it is interesting to note  

 

 
Figure 5. Thermal desorption curve of CO2 obtained on R-NaX at 4 K∙min−1 in a temperature 
range between 213 and 873 K. 

 
Table 3. Total amounts adsorbed and desorbed of CO2 obtained after exploitation of 
thermal desorption curves to 2, 4, 6 and 10 K∙min−1 with the reference NaX and of ex-
changed zeolites. 

Adsorbed CO2 
amounts (mol∙g−1) 

desorbed CO2 amounts (mol∙g−1) Ratio (% mol) 

Samples Total Total Physisorbed Chemisorbed 
CO2 desorbed 

CO2 adsorbed 
CO2 desorbed 

CO2 adsorbed 

R-NaX 4.041 3.103 2.874 0.229 76.8 8.0 

E-CaX 3.523 2.627 2.206 0.421 74.6 19.1 

E-BaX 2.885 2.774 2.473 0.301 96.2 12.2 

https://doi.org/10.4236/jep.2023.141005


C. M. Mfoumou et al. 
 

 

DOI: 10.4236/jep.2023.141005 75 Journal of Environmental Protection 
 

that the CO2 desorbed percentage increases with the alkalinity of the cation 
(Table 3). This must be also close to the specific loss of surface and to micro-
porous volume observed during textural analysis. 

The total amount adsorbed decreases with the reduction of porous volume but 
the difference between adsorbed and desorbed amount is also reduced. This ob-
servation must be relativized by the observation of the relationship between 
amounts desorbed and adsorbed. 

For example, approximately 77% of the species are desorbed on the zeolite of 
R-NaX reference. The residue seems be irreversibly adsorbed. A decrease of phy-
sisorbed CO2 amounts is also observed on exchanged zeolites E-CaX and E-BaX. 
These results also can be explained by the fact that the cationic density is de-
creased in the supercage during the cationic exchanges with bivalent cations 
(2Na+ for 1M2+) [10] [12] [32] and that specific surface is decreased. Desorbed 
amounts of chemisorbed CO2 on exchanged zeolites are higher than those ob-
tained on the R-NaX reference. This seems related to the basic character of the 
cations Ca2+ and Ba2+ which is higher than Na+. However, exchanged zeolite 
E-BaX shows a total desorbed amount near to 100% at 873 K (Table 3) and an 
average proportion of chemisorbed absorbed species (≈12%), contrary to E-CaX 
which shows an average proportion of 19.1 with a total desorbed amount (about 
75%) near to reference R-NaX zeolite (Table 3). For the adsorption /desorption 
processes, the exchanged zeolite E-BaX can be interesting. 

In CO2 physisorbed region (210 K - 450 K), the deconvoluted curves using 
Gaussian functions obtained to 2 K∙min−1 on exchanged E-BaX, E-CaX zeolites 
and on R-NaX are show on Figure 6. The maximum desorption temperature Tm 
determined is also indicated. 

Desorption energies calculated for the CO2 physisorbed (and chemisorbed) to 
the maximal desorption temperature (Tm) after exploitation of curves to 2, 4, 6 
and 10 K∙min−1 des adsorbents studied are recapitulated in Table 4. Reference 
NaX zeolite indicates a desorption energy of CO2 physisorbed equal to 13.47  

 

 

Figure 6. Physisorbed region of R-NaX, E-BaXand E-CaXthermal desorption curvesafter 
deconvolution using Gaussian functionsat 4 K∙min−1. 
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Table 4. The desorption energies of physisorbed CO2 correlated to the maximum desorp-
tion after exploitation the thermal (CO2-TPD) desorption curves to 2, 4, 6 and 10 
K∙min−1. 

 CO2 desorption energies (kJ∙mol−1) 

Adsorbents 
Physisorbed 

Cation---CO2 

Chemisorbed 

3HCO−  2
3CO −  

R-NaX 13.47 62.34 u.d 

E-CaX 15.77 u.d 81.06 

E-BaX 15.17 35.27 80.82 

u.d: undefined. 
 

kJ∙mol−1. These obtained on exchanged zeolites E-CaX and E-BaX are compara-
ble (15.77 and 15.07 kJ∙mol−1 respectively) and higher than those obtained on 
R-NaX. 

It seems that the cationic exchanged with bivalent cations (Ba2+ and Ca2+) in-
crease CO2 interactions at low temperature with adsorbents. This slight increase 
of energy can be attributed to basic character of the cation (Na+ < M2+ or M = 
alkaline earth metal ions) [12]. CO2 molecule will be, in cases, linked more 
strongly on the cation most basic. In addition, a study realizes by Aguilar et al. 
on the CO2 adsorption on the clinoptilolite has indicated that the substitution of 
Na+ and K+ by Ca2+ caused a rise of the basicity of the framework oxygen acting 
as basic center [33]. Others studies carried out by Krista et al. [11], on the CO2 
adsorption by X and Y zeolites exchanged with alkaline metal, have shown an 
increase of CO2/zeolite when the cation size increases. And according to them, 
this is related with an increase of basicity of the framework compared to the 
smaller cation forms. 

Contrary to desorption profiles obtained in physisorbed region, the desorp-
tion profiles in CO2 chemisorbed region between 523 - 813 K of exchanged zeo-
lites (E-BaX and E-CaX) are very different compared to that obtained on refer-
ence NaX zeolite (Figure 7). In the region of the exploited temperatures, the de-
sorption profile of R-NaX shows one massif with a maximal desorption tem-
perature (Tm1) about 673 K. 

The E-BaX desorption profile shows two massifs. One with a maximal desorp-
tion temperature (Tm1) belong 673 K and another with temperature (Tm2) above 
673 K. This adsorbent seems developed of adsorption sites, at high temperature, 
lower than those of reference NaX in the temperature region studied. On ex-
changed E-CaX zeolite, one massif only is observed with a maximal desorption 
temperature (Tm 1) higher to that determined on R-NaX and comparable to that 
determined on E-BaX zeolite (Figure 7). 

The infrared spectra results at 473 K (Figure 4(b)) for the exchanged E-CaX, 
the majority species remain mainly the bidentate carbonates with the CO2 ad-
sorption sites more homogeneous on the surface than other exchanged. It  
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Figure 7. Chemisorbed region of thermal desorption curves obtained after deconvolution 
using Gaussian functions on (a) reference zeolite NaX and the exchanged zeolites (b) 
E-BaX and (c) E-CaX at 4 K∙min−1. 

 
appears therefore that the species of CO2 chemisorbed to peak of maximal tem-
perature desorption (Tm > 673 K), on exchanged E-CaX and E-BaX zeolites (Tm 1 
and Tm 2 respectively) are bidentate carbonates (Figure 7). Thus, desorption en-
ergies related of these species on E-CaX and E-BaX zeolites are about 81.1 and 
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80.8 kJ∙mol−1 respectively (Table 4). It seems that cationic exchanges no change 
the desorption energies of bidentate carbonates on faujasite X zeolites. 

The infrared spectra obtained on exchanged E-BaX (Figure 4(b)) indicate that 
the bicarbonates are majority, in front of bidentate carbonates on the surface of 
the zeolite. Thus, CO2 chemisorbed species with a maximal temperature desorp-
tion belong to 623 K (Tm 1 < 623 K) correspond to bicarbonates (Figure 4(b)) 
and the associated energies on E-BaX are about 35.3 kJ∙mol−1, corresponding to 
secondary adsorption sites (Table 4). On reference NaX zeolite, related energies 
bicarbonates are about of 62.3 kJ∙mol−1. Compared to R-NaX zeolite, on E-BaX 
zeolite a decrease of CO2 desorption energy of bicarbonates is observed (35.27 
kJ∙mol−1). It seems that the desorption energies of bicarbonates decrease and de-
pending on the type of exchanged cation. 

On other hand, in the literature, the isosteric heat of adsorption (Qst) varies 
between 40 and 46 kJ∙mol−1 [10] [32]. 

Desorption energy of bicarbonate does not correspond to the Qst value found 
in the literature, but seems to be near. Then, the determination of Qst value on 
NaX zeolite will be principally assigned to chemisorbed species. Amine khelifa et 
al. [10] have also observed a decrease of Qst values when Na+ is exchanged with 
Mg2+ cation within the NaX zeolite. 

4. Conclusions 

The faujasite NaX was used as reference for the cationic exchanges with bivalent 
cations (Ca2+ and Ba2+) to study the influences of the cations on physisorbed and 
chemisorbed carbon dioxide (CO2) species by temperature-programmed desorp-
tion of CO2 (CO2-TPD). Infrared analysis was carried out in complement for the 
identification of adsorbed species on adsorbents. 

The analysis of infrared spectra at 473 K showed that the majority adsorbed 
species on reference NaX are mainly the bicarbonates, the unidentate and bi-
dentate carbonates. On exchanged zeolites (E-CaX and E-BaX) the mainly spe-
cies are the bicarbonates and the bidentate carbonates. The linearly adsorbed 
CO2 on the cationic sites is also present but very small proportion at this tem-
perature. However compared to other adsorbents, the exchanged E-BaX zeolite 
shows the highest proportions. 

As expected with the CO2-TPD experiments, the profiles of CO2 desorption 
on zeolites revealed two distinct zones. A CO2 physisorbed region (213 - 373 K) 
and other CO2 chemisorbed region (573 - 873 K). The CO2 adsorbed and de-
sorbed amounts and the CO2 desorption energies which are associated to the 
physisorbed and chemisorbed species were calculated. 

The amounts of CO2 adsorbed obtained on R-NaX (4.041 mol∙g−1) are higher 
than those obtained on exchanged E-CaX and E-BaX zeolites (3.523 and 2.885 
mol∙g−1 respectively). The influence of the microporous volume of the zeolite is 
clearly evidenced on the experimental CO2-TPD. The total amounts of CO2 de-
sorbed on R-NaX (2.874 mol∙g−1) are also higher to E-CaX and E-BaX (2.627 and 
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2.774 mol∙g−1). On the other hand, the exchanged zeolite E-BaX shows a total 
desorbed amount near to 100% at 873 K, unlike R-NaX and E-CaX zeolites 
where the total desorbed amounts are evaluated at about 75%. It seems that on 
its two adsorbents, carbon dioxide is irreversible adsorbed. 

In the CO2 physisorbed region, the CO2 desorbed amount obtained on R-NaX 
is 2.874 mol∙g−1 and the desorption energies related to physisorbed species at the 
maximal temperature desorption are 13.43 kJ∙mol−1. The amounts obtained on 
E-CaX and E-BaX (2.206 and 2.473 mol∙g−1 respectively) are lower compared to 
R-NaX. On the other hand, the CO2 desorption energies related to CO2 phy-
sisorbed obtained on exchanged E-CaX and E-BaX zeolites are 15.77 and 15.17 
kJ∙mol−1 respectively, higher than that of the reference R-NaX zeolite (13.47 
kJ∙mol−1). Thus, it appears that the cationic exchanges carried out do not im-
prove the adsorption capacities of carbon dioxide physisorbed but increase the 
interactions of CO2/cation or CO2/adsorbent in the low temperatures region 
(213 - 373 K). 

In the CO2 chemisorbed region (573 - 873 K), the desorbed amounts of CO2 
chemisorbed species of exchanged E-CaX (0.421 mol∙g−1) and E-BaX (0.301 
mol∙g−1) zeolites are higher than those obtained on the reference R-NaX (0.229 
mol∙g−1). The desorption energies related to desorbed species (bidentate carbon-
ates: 2

3CO − ) on E-CaX and E-BaX are about 81 kJ∙mol−1, higher than the de-
sorbed species (bicarbonates: 3HCO− ) on the reference R-NaX (62 kJ∙mol−1). 
However, the exchanged E-BaX zeolite develops the secondary adsorption sites 
corresponding to bicarbonates species with desorption energies of 35 kJ∙mol−1 
lower to desorption energies of bicarbonates noted on R-NaX. The exchanged 
E-BaX zeolite can be used in the processes of CO2 adsorption/desorption for the 
carbon dioxide recovery. It desorbs near to 100% of CO2 species at 873 K and 
has low energies CO2 adsorption sites at high temperature (573 - 873). 
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