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Abstract

As a result of immense industrialisation and high population growth, groundwater is heavily relied on in La-
gos metropolis to serve as an alternative source of water where surface water is seriously polluted. The con-
tinued reliance on ground water has resulted in its decline in guantity and quality. In this study, the coastal
aquifers of Lagos metropolis were selected for an assessment of its groundwater quality and impact of saline
intrusion. Water samples collected along the coastal region were subjected to various physicochemical
analyses. Results obtained were compared with permissible values for drinking water stated by Federal En-
vironmental Protection Agency (FEPA) and World Health Organization (WHO). The results revealed that all
the water samples were significantly hard (range 522.14-1233.34 mg/L). The salinity was delineated by
conductivity measurements. Three samples had specific conductance above the stated limits for fresh water.

The samples however met the stipulated limits for drinking water for the other tested parameters.

Keywords: Industrialisation, Groundwater, Physiochemical Analysis, Salinity, Conductivity

1. Introduction

Groundwater has long served as a source of drinking
water and it is still very important today. The develop-
ment of ground water has provided great socio-economic
benefits to humanity. Globally, groundwater is estimated
to provide about 50% of current drinking water supplies.
As groundwater is isolated from the surface, most people
take it for granted that groundwater should be relatively
pure and free from pollutants. Although most groundwa-
ter are still of high quality, at some locations, it is be-
coming increasingly difficult to maintain the purity of
groundwater. One of the major sources of pollution of
groundwater is by saltwater intrusions. Others include
seepages from underground storage tanks, oil wells, sep-
tic tanks, land fills and agricultural leaching.

Saline intrusions into coastal groundwater via aquifer
penetration have become a major concern [1] because it
is the commonest source of pollution to groundwater.
The extent of saltwater intrusions into groundwater is
dependent on several natural and anthropogenic factors;
the nature of the aquifer and its natural recharge rates
being the major natural factors. The anthropogenic fac-

Copyright © 2010 SciRes.

tors include excessive groundwater withdrawals [1-6]
and lack of sealing of abandoned boreholes and oil wells.
Studies have indicated that increased groundwater salin-
ity may be due to clearing of natural forests resuslting in
enhanced recharges which leaches salt downwards from
salt stored in the unsaturated zone [7] or causes the water
to rise dissolving salt as it does so [8]. The pollution of
shallow aquifers under cities represents a major treat to
sustainability of drinking water supplies in many urban
areas throughout the world [4,9]. Frohlich and Urish [10]
reported that the deterioration of the freshwater quality
due to natural sea water infiltration affects the balanced
life of the coastal strip of Rhodes Island. The present
study was conducted in Lagos State in South western
Nigeria, boarded in the south by the Atlantic ocean, in
the north and east by Ogun state and in the west by Re-
public of Benin. It occupies an area of about 3.577 sq km
with a population of about 14 million. 80% of the popu-
lation resides in the metropolitan Lagos, making the state
the most urbanized in Nigeria [11].

The aquifer structure of Lagos state falls in the Benin
basin where salt water intrusion into the recent sediments
aquifers occurs beneath the fresh water lens [12]. These

JWARP
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intrusions of salt water from the Atlantic ocean have
caused untold hardship to habitats of the coastal areas of
the state. There is an increasing pressure on the ground
water reserves of the state as a result of massive influx of
people from other parts of Nigeria to Lagos metropolis
(rural to urban migration). Longe et al. [13], estimate
that about 10 million gallons of water are extracted from
the multilayer aquifers areas per day. Most of the bore
holes drilled in the areas of Lagos have been abandoned
due to salt water intrusions into the aquifer

The federal and state water agencies have initiated
several hydrogeological evaluation of its groundwater
resources [14,15]. However, the extent of groundwater
intrusions and nature of these intrusions still require fur-
ther investigations [16].

The objective of the present study is to ascertain the
groundwater quality along the coastal region of Lagos
state and assess the extent of saline intrusions in coastal
aquifers of Lagos metropolis. Sampling sites were iden-
tified along the coastal line and groundwater samples
were collected and subjected to physicochemical analy-
Sis.

2. Materials and Methods
2.1. Sampling

Groundwater samples were collected from eight (8) dif-
ferent sites (wells) along the coastal areas of Lagos me-
tropolis. The wells were pumped for ten (10) minutes
before samples were collected to ensure representative
sampling. Plastic containers used for collection of sam-
ples were pre-treated by washing with 0.05 M HCI and
then rinsed with distilled water [17]. After collection,
sample bottles were tightly covered and transported un-
der 4°C to the laboratory for chemical analysis. The loca-
tion of sampling sites is shown in Figure 1. The global
positioning coordinates as well as relief features of the
sites are shown in Table 1.

Refrigerated samples were allowed to attain room
temperature prior to chemical analysis. Fast changing
parameters such as pH, temperature and electric conduc-
tivity were determined insitu. Temperature was measured
using a mercury thermometer (range 0°C to 100°C), pH
was measured using a pre-calibrated pH meter. Electrical

Figure 1. Map showing sampling points. Code A-H refers to points on the map.

Copyright © 2010 SciRes.
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Table 1. Showing sampling points, GPS coordinates and relative positions from the ocean.

Location Code Elevation (ft) Dist. from ocean (m) Latitude (°North) Longitude (°)
Adeniji Adele AA 52 3600 6.4572 3.3961
Ajah Al 57 2470 6.4686 3.5924
CMS CMS 68 2180 6.4541 3.3902
Ebutte Metta EBM 7 9000 6.4903 3.3813
Ikeja IKJ 91 4730 6.6065 3.3482
Ikorodu IKO 102 5000 6.6411 3.4806
Obalende OBA 116 5360 6.4489 3.1482
Victoria Island VIL 23 400 6.4211 3.4806

conductivity (specific conductance) was measured using
a Horiba U90 meter with an accuracy of 0.001 ps/cm.
Total dissolved solids, total hardness, sulphate, alkalinity
and chloride were determined by standard methods [17,
18]. Alkali metals — sodium and potassium was deter-
mined by flame absorption spectrophotometry. All re-
agents used for analysis were prepared from analar grade
chemicals. Appropriate reagent blanks were prepared for
each analysis. All analysis was done in triplicates.

3. Results and Discussion

The results obtained from the analyses of ground water
samples collected revealed that some of the tested pa-
rameters fall within the permissible limits stipulated by
FEPA (Federal Environmental Protection Agency) [19]
and WHO (World Health Organization) [20]. The pH,
sulphate SO,*, phosphate PO,*, hardness due to calcium
and alkalinity fall within the accepted values for drinking
water as shown by the results in Table 2 and standards
for FEPA and WHO in Table 3 and Table 4 respec-
tively.

The total hardness of all the water samples however
exceeds the permissible limits stated by the controlling
agencies (refer to Tables 2, 3 and 4). The total hardness
is a measure of contributions from calcium, magnesium,
and other polyvalent cations such as iron, zinc, manga-
nese, aluminium, and strontium. The low contribution of
calcium to the total hardness may be suggestive of an
absence of calcium bearing mineral from the underlying
aquifer. The high values of total hardness may be due to
the introduction of polyvalent cations into the ground-
water system. All the water samples may be regarded as
‘very hard’ (hardness > 300 mg/L) according to the clas-
sification for hardness [18].

The chloride concentration measured for the samples
did not exceed the limit set by WHO and FEPA (250
mg/L). Chloride is not considered harmful to humans,
but imparts a salty taste to water above this limit. The

Copyright © 2010 SciRes.

high chloride concentration recorded in this study may
however cause harm to plants if used for irrigation pur-
poses. Chloride concentrations as high as 70 mg/L have
been reported to cause damage to plant tissues [18]. The
concentration of alkali metals sodium and potassium
varied widely. Sodium concentrations ranged from 46.78
mg/L for Ebutte Metta to 490 mg/L for Victoria Island.
Potassium concentrations ranged from 8.67 mg/L for
Ebutte Metta to 341.70 for Victoria Island. The correla-
tion R? (0.759), for both ions though weak is suggestive
of identical sources for both ions.

Conductivity measurement is widely used as substitute
for total dissolved solids (TDS) and salinity determina-
tions. Adekunle [19] used resistivity method (inverse of
conductivity) to delineate salt water intrusions into fresh
water aquifer of Lekki Peninsula, Lagos, Nigeria. The
data obtained for conductivity measurements in this stu-
dy ranged from 126 ps/cm for lkeja to 1565 ps/cm for
Victoria Island. Permissible values for conductivity for
drinking water is 1000 ps/cm. Values exceeding this li-
mit are indicative of saline intrusions into the groundwa-
ter. Water samples collected from Adeniji Adele (1251.2
ps/cm), CMS (1520.0 ps/cm) and Victoria Island
(1565.2 ps/cm) exceed the permissible value and could
be under threat of saline pollution. The intrusions gradual
intrusion of saline water into the groundwater for Adeniji
Adele, CMS and Victoria Island may be attributed to
their relative closeness to the Atlantic Ocean and their
elevation from sea level. Data on relative elevation and
distance from sea level is shown in Table 1. The ground-
water in Victoria Island is under stress due to pollution
from saline waters. Characteristic features of the area
include: close proximity to the ocean, low elevation from
sea level, poor aquifer structure (belonging to the Benin
basin where salt water bearing sand overlie fresh water
[12]. Adekunle [19]; Oteri and Atolagbe [12] have pre-
viously reported cases of saline intrusions occurring in
Lekki Peninsula which is separated from Victoria Island
by Falomo River. Obalende which has the highest eleva-
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Table 2. Showing mean results of physico-chemical analyses of samples.

Ca Total Electric

S0.)*  (POs)* cr Na* K* ' DS
Code pH (mgjl)_ (mgjl)_ —Hﬁ:g/rtess Hf:}rq(égfss mgL myL myL ﬁ;)/ggq mgL
AA 601 3491 0.01 120.9 1090.25 943 232.82 86.67 1251 625.50
Al 6.38  29.68 ND 89.24 99856  61.28 156.99 36.01 407 203.51
CMS 6.68 63.4 ND 121.2 123334 582 48342 1932 1520 760.01
EBM 6.76  24.28 0.03 27.98 522.14 2233 46.78 867 130 65.05
1KJ 6.59  32.62 ND 41.73 526.14  19.01 56.15 1091 126 63.31
IKO 645 3271 ND 47.32 890.53 2898 9199 2046 288 144.13
OBA 593 4407 ND 148.76 113146 9216 311.24 92.88 940 470.00
VIL  6.63 4213 ND 119.2 926.25 1095 430.07 3417 1565 782.51

ND = Not detected

Table 3. Federal Environmental Protection Agency (FEPA) now Federal Ministry of Environment - water quality criteria
(FEPA, 1988).

Parameter permissible criteria (mg/L) Desirable Criteria mg/L
Colour 75 <10
Odour Virtually absent Virtually absent
Turbidity 25 Turbidity unity Nil
pH 6.0-8.5 6.0-8.5
Alkalinity CaCOs 30-500 30-500
Cl- 25 <25
S0” 250 <50
TDS 500 500
P 0.01 0.01

Table 4. World Health Organisation (WHO) standards for drinking water (WHO, 1971).

Parameter Maximum permissible limit
Turbidity 25 turbidity units
pH 6.5-9.2
Total solids 1500 mg/L
Total Hardness 500 mg/L
Hardness-Ca 200 mg/L
Cr 600 mg/L
S0% 400 mg/L

Table 5. Assessment of water samples based on the stipulated limits.

Total Hard- Electric. Conduc-

Location pH S0,” PO Hardness-Ca cr ness tivity
AA + + + + + - -
Al + + + + + - +
CMS + + + + + - -
EBM + + + + + - +
1KJ + + + + + - +
IKO + + + + + - +
OBA + + + + + - +
VIL + + + + + - -

+ meets the stipulated permissible limits
— fails to meet the stipulated permissible limits

Copyright © 2010 SciRes. JWARP
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tion from sea level (Table 1) still has high electrical
conductivity. This may be attributed to the area’s close
proximity to the ocean (3.6 Km) as compared to values
for the other sites.

4. Conclusions

Conclusively, at present there is no universal system for
classification of groundwater systems. Several agencies
such as the Rhode Island department of environmental
management office of water resource have classified
groundwater based on its suitability for drinking with or
without pre-treatment. The assessment of groundwater
for Lagos state adopted in this study is based on whether
the water meets all the requirements as stated by FEPA
and WHO. The result from this study revealed that all the
water samples analysed were hard and three did not meet
the standard for conductivity. The water samples how-
ever met the permissible limits for drinking water for
S0,%, PO,*, CI', pH and hardness due to calcium.
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Abstract

Investigation and assessment of water quality status in the surface microlayer (SML) and subsurface water
(SSW) in several kinds of typical water bodies in Sichuan were carried out from May to June 2010. The re-
sults showed that N, P were enriched to some extent at SML in Xichi pool, Funan River and Longquan res-
ervoir, which made concentrations of the indexes such as total nitrogen (TN), total phosphorus (TP), chemi-
cal oxygen demand (COD) of SML be much higher than those of SSW (P < 0.05), and the exceeding rates
were up to 100%. The contents of TN, TP, COD of SML and SSW in Xichi pool, and Funan River exceeded
Il even IV level of water quality standard, while these indexes in Longquan reservoir were lower than III or
IT level of water quality standard. Though Chl. a mass concentration at SML and SSW in Funan River was
prominently lower than those in Xichi pool and Longquan reservoir, according to the eutrophic evaluation
standard, the water bodies of SML and SSW in Funan River and Xichi pool were in middle eutrophication,
the highest index of eutrophication (E value) was up to 66.78, while there was light entuophic in Longquan
reservoir, and there had obvious difference with E value and COD, TP, TN (P < 0.05). This research shows
that the water quality of Longquan reservoir is generally well. While Funan River is a middle eutrophication,
and its pollution is more serious than Xichi pool, the two waters belong to national 11l even 1V level, and
SML has the capability of enrichment to the pollutants such as N, P.

Keywords: Surface Microlayer, Eutrophication, Subsurface Water, Funan River, Assessment

1. Introduction enriched, relatively to subsurface water (SSW), with
various chemical and microbiological components. Com-
pared to SSW, the SML normally contains relatively

high amounts of nutrients, organic carbon, phytoplankton

Total water resources in Sichuan Province are rich in years
of average rainfall across the province about 488.975 bil-

lion cubic meters. However, due to the complex terrain
of Sichuan, a large number of domestic sewage, indus-
trial waste and agricultural irrigation water through a
variety of different ways into the water body, cause phy-
sical and chemical properties of water environment and
the spatial distribution of biological communities to
change, then to effect the optimization of regional water
resources configuration and aquatic ecosystems virtuous
circle.

Surface Microlayer (SML) is the interface between air
and water. The SML has been generally considered to be

Copyright © 2010 SciRes.

and bacteria [1-3]. Numerous substances, especially
those with low water solubility and a high lipid/water
partitioning coefficient such as polycyclic aromatic hy-
drocarbons [4] and polychlorinated biphenyls [5], exhibit
a strong interfacial affinity. Therefore, SML biota may
be exposed to higher levels of pollutants than organisms
residing below the underlying water. Properties of the
SML influence the flux of gases across the air—water
interface [6,7]. Air-water gas exchange may also be af-
fected by chemical and biological processes of contami-
nants during transport through the SML.

JWARP
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At present, most national and abroad researchers focus
on the study that the concentration, distribution, trans-
formation and enrichment of the heavy metal, organic
compound, and nutrient salt have effects on the biology
of SML in sea. It is seldom to report the relevant features
of pollution of SML in rivers, lakes and reservoirs. In
this article, it is the first time to do an investigation and
assessment on the water quality status of SML and SSW
in three kinds of typical water bodies in Sichuan Prov-
ince, in order to explore the physicochemical characteris-
tic changes in fresh water, and provide a strong theory
basis for environmental protection of water bodies in
Sichuan Province.

2. Materials and Methods
2.1. Sampling Points and Water Sampling

Three kinds of typical water bodies selected in Sichuan
Province included man-made lake (Xichi pool), Long-
quan reservoir and Funan River in this investigation;
each type of water set two representative samples. Sam-
pling time was from May to June 2010. Water samplings
were collected from SML and subsurface water at the
two points respectively.

SML samples were collected using a glass plate tech-
nique of Harvey and Burzell [8]. During sampling, a glass
plate (30 cm x 40 cm) was dipped vertically through the
water surface and then drawn up at a constant velocity.
The water film adhering to the glass plate was wiped off
into a sample bottle with a silicone wipe blade. The
thickness of the sample obtained with this device was
50-80 um.

SSW samples were collected with a glass bottle from a
depth of 20-50 cm.

COD (mg. L—1)
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2.2. Determination of Water Physicochemical
Index

Chlorophyll a, was determined using a UV/Vis spec-
trometry of Crank [9]. Nutrient determinations were
made according to the standard methods [10]. COD
(CODw,) was determined by improved Permanganate
Method. Water body eutrophic situation was evaluated
by comprehensive nutrition state index method [11].

The enrichment of SML in three types of water bodies
was analyzed according to enrichment factor. Enrich-
ment factor (EF) in the micolayer is defined as follows:

EF = Cu/Cs
where Cy, is the concentration of any substance in the
microlayer, and Cs is its concentration in the subsurface
water. An EF value > 1.0 was termed an enrichment,
while a value < 1.0 was designated a depletion.

2.3. Statistical Analyse

Statistical analyses were done with the software SPSS at
the level of significance at P < 0.05. All data were re-
ported as means +S.D.

3. Results

3.1. Comparison of Physicochemical Character-
istics in Typical Water Bodies

3.1.1.COD

The monitoring results of COD of SML and SSW at dif-
ferent sampling sites in Xichi pool, Funan River and
Longquan reservoir were shown in Figure 1. From Fig-
ure 1, COD contents of SML at all sampling points were
higher than those of SSW. According to Environmental

Sampling site
Figure 1. COD contents of SML and SSW at different sampling sites in Xichi pool, Funan River and Longquan reservoir.

Copyright © 2010 SciRes.
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Quality Standard for Surface Water (GB 3838-2002),
COD contents of SML in Xichi pool and Funan River
exceeded Il level of water standard, and the exceeding
rates were 100%. COD contents of SML and SSW in
Longquan reservoir were lower than Il level of water
standard, which showed the water quality well in gen-
eral.

3.12.TP

TP mass concentrations of SML and SSW at different
sampling sites in Xichi pool, Funan River and Longquan
reservoir were shown in Figure 2. From Figure 2, there
was no obvious difference between TP mass concentra-
tions of SML and that of SSW in Funan River (P >0.05),
but TP mass concentrations of the two layers exceeded
111 level of water standard with the exceeding rates up to
100%, and higher than those of other two water bodies (P
< 0.05). TP mass concentration ranges of SML and SSW
in Longquan reservoir were 0.096 ~ 0.105, 0.049 ~ 0.084
mg/L, respectively, there was no remarkable difference
(P >0.05).

TP /(mg. L)

3.13. TN

TN mass concentrations of SML and SSW in Xichi pool,
Funan River and Longquan reservoir exceeded Ill, IVand
III level of water standard, respectively, and the exceed-
ing rates were up to 100%. Among three kinds of water
bodies, the TN mass concentrations of SML were higher
than those of SSW, except for 1 *sampling site in Funan
River, there was no obvious difference between different
layers at other sampling sties (Figure 3).

3.1.4. Chl.a

Chl.a mass concentrations of SML and SSW in Xichi
pool and Longquan reservoir were much higher than
those of Funan River (Figure 4). Chl.a mass concentra-
tions of two layers in Funan River were low, and there
was no significant difference (P > 0.05) . But Chl.a mass
concentrations of SSW in Xichi pool exceeded those of
SML (P < 0.05), with an increase by 90.48, 55.59%, re-
spectively, compared with the SML; the same monitoring
results were shown in Longquan reservoir, but there was
no obvious difference between the two layers (P > 0.05).

Sampling site

Figure 2. TP contents of SML and SSW at different sampling sites in Xichi pool, Funan River and Longquan reservoir.

TN (mg. L-1)

Sampling site

Figure 3. TN contents of SML and SSW at different sampling sites in Xichi pool, Funan River and Longquan reservoir.

Copyright © 2010 SciRes.
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Chla (ug. L-1)

Sampling site

Figure 4. Chl.a contents of SML and SSW at different sampling sites in Xichi pool, Funan River and Longquan reservoir.

2.2. Enrichment of SML to N, P and Chl. a

From Table 1, it was obvious that N, P were enriched to
some extent at SML in Xichi pool, Funan River and
Longquan reservoir, with enrichment rates all reaching
100%. The enrichment of SML to TN, TP was remark-
able at 2# sampling point in Xichi pool, the EFy, EFp
was 2.28, 3.51, respectively. However, the enrichment of
SML to Chl. a in Funan River was low, the EF¢p 2 was
only 16.67%.

2.3. Assessment of Water Body Eutrophication

The eutrophic indexes (E value) of SML at three types of
water samples were higher than those of SSW. The two
layers in Funan River were middle eutrophication, and
the SML in Xichi pool showed the same, and 50% of
SSW was light eutrophication. 75% of SML and SSW in
Longquan reservoir presented light eutrophic situation,
which showed the water quality in Longquan reservoir
was better than Xichi pool and Funan River (Table 2).
By analyzing the correlation between E value and COD,
TN, TP, Chl. a (Table 3), the results showed that there
was a significant positive correlation between E and
COD, TN, TP, and while there had a negative correlation
between E and Chl. a, which indicated that water body
eutrophication of SML might be limited by nitrogen and
phosphorus.

3. Discussion

Many studies indicate that the microlayer is generally
enriched with various organisms and chemical subs-
tances and considered to exhibit distinct physical, che-
mical and biological properties due to the accumulation
of surface-active material within this thin layer [12-14].
Peng et al. [15] observed that BOD and COD average

Copyright © 2010 SciRes.

enrichment factor of sea and air interface SML was 3.00
and 3.28, respectively in Daya Bay. Our investigation
shows that SML of different kinds of fresh water bodies
can enrich to N and P. Pollution of SML is becoming
more serious due to SML enriching to many pollutants.
The study also shows that COD, TN, TP of SML in
Xichi pool and Funan River is obviously higher than the
ones of SSW, and the water quality exceeds Il and IV
level standard.

Eutrophication is an excess of organic substances and
N, P nutrient, which will bring algae bloom. It is certain
that algae quantity is too much with little types, and the
algae variety index decreases, dissolved oxygen of lake
upper layer is too high and the one of lower layer is too
low, and the water quality is getting steadily worse. As
we can know from Figure 1 to Figure 3, most of TN, TP,
COD of SML and SSW in Xichi pool and Funan River
exceed the level in comparison with national 111 level of
water standard, which indicates that pollution for matters
containing nitrogen, phosphorus is severe and the water
quality is getting worse. According to the eutrophic eval-
uation criteria, SML and SSW at sampling points are in a
eutrophic level, especially in Funan River. It is known
from Table 3, there is a significant difference between E
of SML and COD, TP and TN in three types of water
bodies (p < 0.05), which can indicates that eutrophication
is mainly restricted by nitrogen and phosphorus in three
types of water bodies.

Moreover, this investigation indicates that Chl. a mass
concentration at SML and SSW in Funan River are
prominently lower than those in Xichi pool and Long-
quan reservoir. The reason might be that large runoff
volume of Funan River, muddy river water, fast flow
velocity, flow erosion and dilution in the high flow pe-
riod (May to June) which decreases the cell number of
plankton, and further causes Chl. a, a comprehensive
index of biomass of phytoplankton in water, to decrease.
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Table 1. Enrichment factor of SML to P, N, Chl. a in three kinds of typical water bodies.

Index Xichi pool Funan River Longquan reservoir
14 2# 14 2# 1# 2#

TP 1.16 2.28 1.01 1.02 1.25 1.96

TN 1.42 3.51 1.04 241 2.49 1.88

Chla 0.52 0.64 1.15 0.88 0.79 0.81

Table 2. Eutrophic status of SML and SSW in three kinds of typical water bodiese.

Layer Pollution Xichi pool Funan River Longquan reservoir
1# 2# 1# 2# 1# 24
SML E-value 63.71 66.78 63.52 65.54 60.31 59.48
Eutrophic Level M M M M M L
SSW E-value 62.81 58.37 61.95 60.22 56.06 53.96
Eutrophic Level M L M M L L

Remarks: M to be moderation; L to be light.

Table 3. The relationship of E value and COD, TN, TP and Chl. a of SML.

Index Regression Equation p
cob y = 2.002x + 48.906, R? = 0.7508, n=12 <0.05
N y = 1.3572x - 6.3862x + 69.077, R? = 0.5631, n=12 <0.05
TP y = 27.12x + 57.537, R? = 0.8078, n=12 <0.05
Chl.a y = -0.0239x?+ 0.8705x + 60.604, R? = 0.73,n=12 <0.05

However, much higher TN, TP, COD contents in Funan
River still make E value increase and result in these wa-
ters to be eutrophic.
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Abstract

In this study, the factor analysis techniques is applied to water quality data sets obtained from the Sanganer
Tehsil, Jaipur District, Rajasthan (India). The data obtained were standardized and subjected to principal
components analysis (PCA) extraction to simplifying its interpretation and to define the parameters respon-
sible for the main variability in water quality for Sanganer Tehsil in Jaipur District. The PCA analysis re-
sulted in two factors explaining more than 94.5% of the total variation in water quality data set. The first
factor indicates the variation in water quality is due to anthropogenic sources and second factor shows varia-
tion in water quality due to organic sources that are taking place in the system. Finally the results of PCA

reflect a good look on the water quality monitoring and interpretation of the surface water.

Keywords: Factor Analysis, Principal Component Analysis, Drinking Water, Fluoride

1. Introduction

Quality of water is an important factor in development
and use of ground water as resources. Due to pressure of
human activity, urbanization and industrialization, the
groundwater sources are degraded gradually; therefore
pure, safe, healthy and odorless drinking water is a mat-
ter of deep concern. There are many pollutants in
groundwater due to seepages viz. organic and inorganic
pollutants, heavy metals, pesticides, fluorides etc. The
quality of water is identified in terms of its physical,
chemical and biological parameters [1]. The particular
problem in the case of water quality monitoring is the
complexity associated with analyzing the large humber
of measured variables [2]. The data sets contain rich in-
formation about the behavior of the water resources. The
classification, modelling and interpretation of monitoring
data are the most important steps in the assessment of
water quality.

The application of different multivariate statistical
techniques such as Cluster Analysis (CA) and Principal
Component Analysis (PCA) helps in the interpretation of
complex water quality data matrix. These techniques
have been applied by many researchers to characterize
and evaluate groundwater and surface water quality. In
the present study, a water quality data matrix, obtained

Copyright © 2010 SciRes.

from 50 villages of Sanagner Tehsil, Jaipur District, Ra-
jasthan, has been subjected to different multivariate sta-
tistical techniques such as Factor analysis and Principal
Component Analysis (PCA).

2. Materials and Methods

In Rajasthan (a state of India), all 32 districts are affected
with high fluoride concentration in groundwater and
among these Jaipur ranks second. Sanganer, the Tehsil of
Jaipur District, is attached with the main city of Jaipur. It
lies between 26° 49’ to 26° 51 N latitude and 75° 46’ to
75° 51’ E longitude. It covers an area of 635.5 sg. km.
There are different sources of drinking water viz., hand
pumps, tube wells, open wells, PHED supply etc.

Samples of drinking water were collected in clean
polyethylene bottles from different sources viz. hand
pumps, open wells, tube wells and PHED supply from
villages of study area [3]. Using Multivariate statistical
technique we analyzed the data for different parameters
as pH, F, EC, TDS, Ca, Mg, TH, CI', CO3? HCOs, Al-
kalinity, Na*, K* and NOs'.

3. Results and Discussion

Data were analyzed and result presented in Table 1.
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Table 1. Summary statistics of the parameters and villages%b fall in permissible limit.

Summary Villages (%)
Parameters Permissible Mean Minimum Maximum Below Optimum Higher
PH 6.9-9.2 8.37 8.0 9.0 - 100% -
F- 1-1.5 ppm 1.10 0.2 5.4 42% 48% 10%
EC 300pumhosicm  1,985.10 483.0 9,570.0 . . 100%
TDS 500-1500 mg/l 1,059.54 242.0 4,650.0 12% 72% 16%
Ca-H 75-200 mg/I 38.18 4.0 172.0 86% 14% -
Mg-H 30-150 mg/l 36.28 2.0 132.0 50% 50% -
TH 100-500 mg/I 236.66 90.0 700.0 6% 88% 6%
Cl- 200-600 mg/l 217.68 42.0 2,173.0 82% 8% 10%
Alkalinity 200 mg/l 634.38 49.0 1,460.0 2% - 98%
Na+ 50-60 mg/I 387.46 39.0 1,000.0 2% - 98%
K+ 20 mg/l 3.03 0.8 10.6 100% - -
NO; 40-50 mg/ 47.70 2.0 202.0 64% 10% 26%
Table 2. Correlation matrix of parameters.
pH F- EC
pH 1.00
F- 0.88 1.00
EC -0.64 048 1.00
TDS -0.66  —0.50 1.00 1.00
Ca-H —0.65 —0.50 0.96 0.97 1.00
Mg-H -073  —057 0.93 0.95 0.98 1.00
TH —-0.69 —0.53 0.91 0.94 0.98 0.99 1.00
Cl- -050 035 0.97 0.95 0.92 0.87 0.85 1.00
TA -0.77 —0.58 0.85 0.87 0.88 0.90 0.91 0.76 1.00
Na+ -0.82 065 0.84 0.87 0.90 0.94 0.93 0.74 0.93 1.00
K+ -0.67 —0.53 0.94 0.96 0.97 0.96 0.97 0.89 0.89 0.91 1.00
NO3 -0.65  —0.49 0.92 0.95 0.97 0.98 0.99 0.87 0.89 0.93 0.98 1.00

Table 3. Eigenvalues of the correlation matrix.

Eigenvalue | Difference | Proportion | Cumulative
1 10.174 9.006 0.848 0.848
2 1.167 0.862 0.097 0.945
3 0.305 0.155 0.025 0.971
4 0.150 0.074 0.013 0.983
5 0.076 0.029 0.006 0.989
6 0.047 0.009 0.004 0.993
7 0.038 0.018 0.003 0.996
8 0.020 0.009 0.002 0.998
9 0.011 0.003 0.001 0.999
10 0.008 0.004 0.001 0.999
11 0.004 0.003 0.000 1.000
12 0.001 - 1.000

Copyright © 2010 SciRes.

Analysis revealed that pH of all water samples are
within range. pH showed positive correlation with fluo-
ride and negative correlation with other parameters (Ta-
ble 2). 10% of villages of the study area are affected with
high concentration of fluoride; whereas 42% villages had
lower F-. Only 48% of the villages are under optimum
limit of fluoride.

EC was reported higher than the permissible limit for
all the villages. TDS was found to be within limit in 72%
of villages, whereas 16% villages showed TDS higher
than limit. Ca-H (Calcium hardness) and Mg-H (Magne-
sium hardness) combined to form total hardness. 14%
villages showed Ca-H within limit, whereas 86% are
below the limit. Mg-H reported 50% below the limit and
50% within the limit. Total hardness was higher in 6%
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Figure 1. Scree plot of the eigenvalues.

villages; below than limit in 6% villages whereas 88%
samples contained TH within optimum limit (Table 2).
In this study, hardness showed negative correlation with
F- and pH (Table 2).

Chloride (CI) varied from 42 to 2173 mg/l. The chlo-
ride content was higher than permissible limit (200-600
mg/l) in 10% villages and lower in 82% villages. Only
8% villages were within optimum limit (Table 1). High
content of chloride gives salty taste to water. Carbonate
(C0O3-2) and bicarbonate (HCO3-) together make total
alkalinity. Alkalinity was higher than permissible limit
i.e., (200 mg/l) in 98% villages, only 2% villages contain
alkalinity below than limit (Table 1). Alkalinity showed
positive correlation with EC, TDS, Cl, TH, NO3-, Na+
and K+ (Table 2). High values of alkalinity give unde-
sirable taste to water. Almost all the villages (98%) con-
tain higher concentration of sodium (Na+). Potassium
(K+) content of water samples varied from 0.782 to
10.557 mg/l and all the water samples (100%) contain
K+ content lower than permissible limit, i.e., 20 mg/l
(Table 1). Nitrate (NO3-) content was lower than per-
missible limit (40-50 mg/l) in 64% villages; 10% villages
are within limit and 26% villages have NO3- concentra-
tion higher than limit. Higher concentration of NO3- in
water causes a disease called “Methaemoglobinaemia” or
known as “Blue-baby Syndrome”. It is particularly infant
disease up to 6 months of child.

Factor analysis was applied to data obtained from 50
villages and factors extracted by the centroid method,
rotated by Varimax rotation [4]. Calculated eigenvalues,
percent total variance, factor loading and cumulative
variance are given in Table 3.

The factor analysis generated two significant factors
shown by scree plot (Figure 1) which explain 94.5% of
the variation in the data set. Factor 1 explained 84.7% of
the variance and Factor 2 explained 9.7% of the variance.

The following factors were indicated considering the
hydro-chemical aspects of the water.

Copyright © 2010 SciRes.

Table 3. Rotated factor pattern, rotation method = varimax.

Factor 1 Factor 2

CL- 0.942 -0.132
Ca-H 0.934 -0.330
TDS 0.933 -0.321
EC 0.930 -0.291
NO3 0.919 -0.347
K+ 0.912 -0.367
TH 0.898 -0.395
mg-H 0.883 -0.436
TA 0.777 -0.522
Na+ 0.760 -0.591
F- -0.190 0.941
pH -0.390 0.892

o Factor 1 includes EC, TDS, Calcium hardness
(Ca-H), Magnesium hardness (mg-H), Total hardness
(TH), Chloride (CL"), Alkalinity, Sodium (Na*), Potas-
sium (K) and Nitrate (NOs), which originate from an-
thropogenic causes like industrial and agricultural pollu-
tion in surface water. So we named this factor as ‘an-
thropogenic origin’.

. Factor 2 includes pH which comes from natural
sources. Fluorides are due to industrial waste but also
due to geological sources so we named this factor as
*Organic origin’.

4. Conclusions

The data indicate that the groundwater of Sanganer
Tehsil is highly deteriorated as it is polluted with high
amount of fluoride, nitrate and alkalinity. Most of the
water quality parameters are above the permissible limit.
PCA of water quality data for Sanganer Tehsil shows
that the main variation in water quality of the Sanganer
Tehsil of Jaipur city is due to anthropogenic sources and
organic sources.
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Abstract

Investigating into the quality of groundwater in the lower Pra basin using physico-chemical parameters have
been carried out. Samples were collected from thirty one (31) water points. All major ions were determined
using standard methods. The results show that approximately 97% of the water sampled has TDS values less
than 1000 mg/I. Chemical parameters are influenced primarily by silicate weathering, ion exchange processes
and sea aerosol spray. Sodium ion (Na") concentration is generally high compared to other cations and bi-
carbonate (HCOzy) is the most abundant anion. Approximately 90% of the samples have iron concentrations
greater than the W.H.O. limit for drinking water. Aluminium showed relatively higher concentration than other
trace metals. The maximum and minimum concentrations recorded for cadmium Cd are 0.005 mg/l and 0.013
mg/l respectively. Concentrations of lead (Pb) zinc (Zn) were below detection limit. The groundwater in the
basin is generally Na-Cl in character. Minor water types such as Ca-Mg-HCO; Na-Mg-Ca-HCO; and

Na-CI-SO, were also delineated.

Keywords: Lower Pra Basin, Ghana, Groundwater, Hydrochemistry

1. Introduction

In the last decade, there has been an increase in the ex-
ploitation of groundwater for water supply needs of
many small communities in Africa including Ghana.
Groundwater is not only feasible, but also the most cost
effective source of potable water for scattered and re-
mote communities. In Ghana, about 68 per cent of the
population lives in rural communities. Until the last dec-
ade, groundwater contamination was not a priority con-
cern for water resource managers in Ghana but potential
for groundwater contamination is now acknowledged
widely [1]. Groundwater has become an important sour-
ce of potable water for most communities in the lower
Pra basin since the mining activities within the Pra Basin
has rendered most surface waters polluted and the cost of
water treatment highly prohibitive. However, groundwa-
ter in hard rock areas and mostly in mining areas as the
lower Pra Basin is known to be susceptible to quality
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problems that may have serious connotation on human
health [2]. Secondly the mining activities in the areas
generate acid mine drainage (low pH waters) that can
leach trace metals in dangerous proportions into the
groundwater system rendering it dangerous for human
consumption. Despite the susceptibility of groundwater
in the area to pollution, only scanty chemical data exist
on groundwater. Accordingly, the present quality of
many groundwater systems is largely unknown and the
baseline chemical data on which changes, in present and
future water quality, can be based is unavailable. The
necessity, therefore, to generate baseline data cannot be
overemphasized. It is equally imperative to know natural
processes or phenomena that govern the chemical com-
position of the groundwater or the anthropogenic factors
that presently affect it. The objectives of this research are
to investigate the quality of groundwater in the lower Pra
basin; characterize the groundwater and to delineate the
relevant water-rock interaction and anthropogenic factors
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that control water quality in the study area and acquire a
database for further research and monitory of groundwa-
ter quality in the basin. Season is from September to Oc-
tober [3]. Temperatures are almost the same as in the
south-west equatorial region (26°C in August and 30°C
between March and April). Monthly relative humidity is
higher in the rainy seasons than during the rest of the
year. The highest average monthly humidity does not
exceed 75% and the lowest is about 60% [3]. The vege-
tation is Coastal scrub and grassland. The study area is
within the coastal plain. The land is not flat but rather
undulating. Various types of rock are found here, but the
most widespread are the granites which also form most
of the hills. The coastline is different from that of the
south-east coastal plains and forms a series of bays and
headlands, and is cliffed in numerous places [3]. The
Upper Birimian Series consists of great thickness of ba-
saltic and andesitic lavas, beds of agglomerate, tuff and
tuffaceous sediments [4].

2. Materials and Methods

Samples were collected from thirty one (31) water points
(boreholes and hand-dug wells). Sampling protocols de-
scribed by Claasen [5] and Barcelona et al. [6] were
strictly followed during sample collection: the sampling
bottles were conditioned by washing with detergent, then
with ten percent (10%) nitric acid, and finally rinsing
several times with distilled water. This was carried out to
ensure that the sample bottles were free from contamina-
tion, which could affect the concentrations of various
ions in the groundwater samples. At the sampling points,
the boreholes were pumped for five minutes to purge the
aquifer of stagnant water so as to acquire fresh samples
for analysis. Samples were collected in duplicate, and
samples earmarked for metal analysis were acidified to a
pH less than 2 after filtration using reagent grade nitric
acid. Samples for anion analysis were without preserva-
tion because addition of acids could lead to a reaction
with the carbonates in the water sample. Samples for
cation analysis were filtered on site through 0.45 pm
filters on acetate cellulose into 250 ml bottles and imme-
diately acidified to a pH less than 2 by addition of Merck
™ Ultra pure nitric acid. Samples for anion analysis were
collected into 600 cm® polyethylene bottles without pres-
ervation. All samples were stored in an ice-chest and
transported to the Ghana Atomic Energy Commission
chemistry laboratory, stored at temperature less than four
degrees Celsius (4°C) and analysed in ten days. The
physical parameters and major ions were determined
using standard methods [7]. Zinc (Zn), cadmium (Cd) and
lead (Pb) were analysed using digestion, followed by
atomic absorption spectrometry using the AA240FS Fast
Sequential Atomic Absorption Spectrometer [8-10]. Alu-
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minum (Al), Iron (Fe), Calcium (Ca), magnesium (Mg),
manganese (Mn) were analysed by Neutron Activation
Analysis (NAA) using the GHARR-1 at a neutron flux of
1 x 10" ncm?s! [11-13]. Figure 1 shows the location and
geological map of the study area.

3. Results and Discussion
3.1. Hydrochemistry

The results were analysed statistically and the summary,
which include minimum and maximum values; mean and
median, as well as standard deviation has been presented
in Table 1 below. The actual results will be put in the
appendix. The groundwater pH is generally low, in the
range of 5.29 and 7.91 with mean and median values of
6.47 and 6.42 respectively. The pH values, however, fall
within the natural water pH range of 4.5 to 9.0 [14]. The
mean and median values of the electrical conductivity
(EC) are 675.3 ps/cm and 416 ps/cm respectively. The
range is a minimum of 51 ps/cm to a maximum of 4060
ps/cm. The standard deviation with respect to the mean
is 938.8 pus/cm. The difference may reflect the wide
variation in activities and processes prevailing in the
surface and subsurface [15]. The order of the relative
abundances of cations and anions as measured in the
basin are: Na*> Ca?* > Mg® > K* and HCO; > CI >
S0, > NOy > PO,*, respectively. Sodium is, by far the
most abundant cation. A high percentage of the TDS is
contributed by Na* CI', and SO,* Conductivity is also
most influenced by Na*, CI" and SO,* as depicted in Ta-
ble 2 by the Pearson correlation which shows the extent
of correlation between and among major ions, TDS and
conductivity. Phosphate concentrations are, in general,
very low as compared to NO; and SO,

3.2. Sources of Major lons

Figure 2 shows the relationship between Na" and CI, for
the deduction of the origin of salinity in the basin. Ap-
proximately 74% of the water samples have Na'/(Na* +
CI") ratio within the range of 0.5 £ 0.1 or plot along or
close to 1:1 line of the Na* vrs. CI" gragh, implying that
sea aerosol spray or halite dissolution is partially respon-
sible for Na* and CI" in the groundwater. However, halite
is not known to be associated with the geology of the
sampling area (Cape Coast granitoid complex, Discove
granotide complex and Upper Birimian). This leaves sea
aerosol spray as the most likely source of Na* and CI". A
very small percentage of the samples plot below and
away from the 1:1 line, which indicate that reverse ion
exchange might be a minor process controlling the
chemical evolution of the basin.

If ion exchange is the controlling factor of groundwa-
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Figure 1. Location and geological map of the study area.
Table 1. Statistical summary of physical and chemical parameters.
Parameter Unit Min. Max. Mean Median Std. Dev. W.HO.(2094).
Guideline limit
Temp. (°C) 25.20 29.80 27.87 28.00 1.52
pH pH units) 5.29 7.91 6.47 6.42 0.67 6.5-8.5
Cond. (usf/cm) 51.00 4060 675.27 416.00 938.79
Sal. (ppm) 0.00 211 0.27 0.11 0.51
DS (mg/l) 146.00 2030 507.83 394.50 425.29
Hardness (mgfl) 55.89 165.09 104.87 101.88 32.19
Ca* (mg/) 5.98 29.50 17.92 17.93 6.39
Mg (mg/l) 2.86 25.38 15.34 15.69 5.20
Na* (mg/) 22.60 697.50 132.80 77.90 155.40 200
K* (mg/l) 3.10 52.00 15.30 13.90 11.40
HCO3 (mgl/l) 43.90 300.80 139.30 130.20 63.90
cr (mg/l) 10.60 715.10 130.10 93.90 158.60 250
S0% (mgl/l) 18.10 266.90 83.60 68.40 63.30 250
NOy (mg/l) 0.09 9.03 2.79 2.16 2.594 50
PO (mg/1) 0.02 0.19 0.07 0.07 0.05
Fe (mg/) 0.16 0.78 0.42 0.14 0.30 0.3
Mn (mg/l) 0.003 0.08 0.02 0.01 0.02 0.5
cd (mg/) 0.005 0.01 0.01 0.01 0.002 0.003
Al (mg/l) 2522 9.264 5.005 4583 1.722 0.2
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Table 2. Pearson correlation of major ions, TDS and conductivitye.

ca® Mg** Na* K* HCOy (ol} S0 TDS Cond.

Ca* 1

Mg? 427 1

Na* .052 .031 1

K* 177 .099 707" 1
HCO5 .264 .068 273 129 1

cr 11 112 .969™ 745" 162 1

S0 .058 149 811™ 697 183 757" 1

TDS .138 .099 986" 762" .329 970" 830" 1
Cond. .090 156 954" 7747 277 956" 798" 966" 1

Figure 2. Na"and CI relationship.

ter composition, a plot of Na-Cl against Ca+Mg—(HCO;
+S0,4) will have a negative slope of unity [16]. Figure 3
shows a plot with a slope of —0.634, indicating some
level of ion exchange. Also, approximately 6.5% of sam-
ples plot above the 1:1 line.

This percentage represents samples with Na'/(Na" +
CI") ratio greater than 0.5 and suggest that apart from sea
aerosol spray, silicate dissolution could also be a source of
sodium. The dissolution of albitic feldspars (NaAlSizOg),
which is present in the Cape Coast granite complex,
could be the origin of excess Na* ions.

The functional sources of dissolved ions can also be
broadly assessed by plotting a graph of Na*: (Na* + Ca?*)
as a function of TDS [17]. The data points of the area on
the Gibbs’ diagram in Figure 4 suggest chemical weath-
ering of rock-forming minerals and evaporation.

Figure 5 shows the relationship between Ca + Mg
(meg/l) and HCO3; + SO4 (meg/l). A 1:1 relationship
could give an indication of gypsum, anhydrite, calcite
and dolomite as the predominant processes controlling
solution composition and groundwater falling below the
1:1 signifies ion exchange which involves the depletion
of Ca + Mg as compared to HCO3z + SO, [18]. A high per-
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Figure 3. Relationship between Na-Cl and Ca+Mg—(HCO;
+S0,).

Figure 4. Mechanism governing groundwater chemistry.
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Figure 5. Relationship between Ca + Mg (meg/l) and HCO;
+S0,.

centage of the groundwater samples in the basin fall be-
low 1:1 dissolution line: this further proves that there is
some level of ion exchange. The plot also depicts defi-
ciency of Ca + Mg relative to HCO; + SO,. Therefore,
Na" must balance the excess HCO;z; + SO,. Sulphate in
the groundwater is derived principally from the evapo-
rate minerals gypsum (hydrous calcium sulphate =
CaS0,4-2H,0), and the anhydride (CaS0O,). It may also
come from oxidation of pyrite, which is an iron sulfide
mineral. The groundwater may also contain other miner-
als like MgSO,-7H,0 (Epsom salt) and Na,SO410H,0
(Glauber’s salt).

From the Pearson correlation, there is a fairly high
correlation between calcium ions and the sulphate. Also,
from the data obtained, there was lower concentration of
calcium ions compared to sulphate ions (Ca®* < SO4%)
(Figure 6) which is an indication of oxidation of pyrite
or calcium removal as a result of calcite (CaCOj) pre-
cipitation.

The nitrate concentrations obtained in the sampling
area are very low. This is because the samples were
taken from predominantly rural areas and the nitrate
concentrations could not have been affected by urban
wastewater and industrial activities. Sewages generated
from domestic and industrial activities and septic tanks
are also remote sources of NOs in the area. The NO3
could originate from ammonium and NO; fertilizers and
aerobic decomposition of organic matter in the soils. All
the groundwater in the basin had nitrate concentrations
far below the WHO maximum acceptable value. The
minimum and maximum concentrations are 0.089 mg/I
and 9.028 mg/l respectively, far below 50 mg/l (WHO
value). This is an indication of minimal application of
ammonium and NOjs  fertilizers in the basin. Other an-
thropogenic activities are not likely sources of nitrate in
the basin.

Copyright © 2010 SciRes.
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Figure 6. A bar chart: comparing Ca?" and SO,%.
3.3. Trace Elements

3.3.1. Aluminium (APF*)

The minimum, maximum, mean, median concentrations,
as well as the standard deviation and WHO acceptable
limit for drinking water has been depicted in the Table 1.
All samples clearly had concentrations higher than the
acceptable limit. The lower Pra Basin contains potassium
feldspars (KAISi3;Og), albitic feldspars (NaAlSizOg) and
plagioclase (CaAl,Si,Og). The relatively high concentra-
tion of Al could be a result of the dissolution of these
salts.

3.3.2. Iron (Fe)

A minimum of 0.16 mg/l and a maximum of 0.776 mg/I
were recorded (Table 1). Approximately 90% of the wa-
ter has concentration greater than 0.3 mg/l, the WHO
standard for iron in drinking water. Igneous rocks miner-
als whose iron content is relatively high include the py-
roxenes, the amphiboles, biotite magnetite and especially
the nesosilicate olivine [19]. The Lower Pra Basin has
the biotite, which might be the sources of high iron con-
centrations in the basin.

3.3.3. Manganese

Manganese occurs in rocks mainly as manganese and
manganeferrous oxides, particularly in areas underlain by
Birimian rocks [4]. Reaction between these oxides and
the mildly acidic groundwater results in the production
of manganous ion (Mn?"). The manganese concentration
measured varies from 0.003 mg/l to 0.078 mg/l. All the
measured concentration values are lower than 0.5 mg/I,
which is the WHO 1993 permissible limit for potable
water [20]. A high concentration of manganese is unde-
sirable impurity in water owing to a tendency to deposit
black oxide stains but this was not observed. Manganese
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usually occurs with iron as redox couple, where the Mn?*
is reduced to Mnand the iron 11 (Fe**) is oxidized to iron
11 (Fe*).

3.3.4. Cadmium

Cadmium naturally occurs as accessory element in zinc
ore (sphalerite, ZnS) (largest industrial source), CdS;
CdCO; (rare). Anthropogenic sources are industrial
wastes (batteries; electroplating; pigment manufacture;
video/fluorescenttubes, Galvanized pipes, Roadside soils
(vehicle use) [21]. The maximum and minimum concen-
trations of cadmium measured in the lower Pra basin are
0.013 mg/l and 0.005 mg/l respectively. The zinc (Zn)
concentrations were below detection limit (0.0010)
which implies Cd could not have occurred as an acces-
sory element of zinc ore, sphalerite. The other natural
sources (rare) could have contributed to the concentra-
tion of cadmium in the basin. The cadmium concentra-
tions are above the WHO limit of 0.003 mg/l (WHO,
1993).

3.4. Hydrochemical Facies

Hydrochemical facies are generally distinct zones that
cation and anion concentrations are described within
defined composition categories [22]. The chemical com-
position of groundwater from the lower Pra Basin is pre-
sented in Figure 7. A high percentage of samples clus-
tered in the Na-Cl dominant section. Therefore, from the
analysis of the chemical plot in the triangular field of the
Trilinear Piper, Na-Cl water is the major water type. Mi-
nor water types identified are Na-Mg-Ca-HCO;, Ca-Mg-
HCOg, and Na-Cl-SO,.

4. Conclusions

The hydrochemical analysis of groundwater in the lower
Pra basin revealed that the water is mildly acidic to basic
(5.29-7.91). The physico-chemical parameters suggest
that the groundwater in the lower Pra basin is generally
good for domestic use. Approximately 97% of the water
sampled has TDS values less than 1000 mg/Il, this falls
within fresh water recommended value which is between
0 and 1000 mg/l. Chemical parameter (ions in the water)
is influenced primarily by silicate weathering, ion ex-
change processes and sea aerosol spray. Sodium ion (Na")
concentration is generally high compared to other cations.
Bicarbonate (HCOy) is the most abundant anion with a
total concentration of 4251.04 mg/l, followed closely by
chloride ions. Aluminium showed relatively high con-
centrations; all the water sampled has Al concentration
greater than 0.2 mg/l, which is the W.H.O. maximum
acceptable limit for drinking water. The minimum and
maximum iron concentrations are 0.161 mg/l and 0.776
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Figure 7. Trilinear Piper diagram.

mg/l respectively. Approximately 90% of the samples
have iron concentrations greater than the W.H.O. limit
for drinking water which is 0.3 mg/l. Considerable con-
centrations were recorded for manganese (0.003 mg/l to
0.078 mg/l). These are, however, lower levels compared
with the W.H.O. guideline limit of 0.5 mg/l. The maxi-
mum and minimum concentrations recorded for cad-
mium (Cd) are 0.005 mg/l and 0.013 mg/l respectively.
Concentrations of lead (Pb) zinc (Zn) were below detec-
tion limit of the AA240FS Fast Sequential Atomic Ab-
sorption Spectrometer used. The ground waters in the
basin are generally NaCl waters. Minor water types such
as Ca-Mg-HCOgs, Na-Mg-Ca-HCO3z and Na- CI-SO, were
also delineated.
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Appendix: Measured Parameters
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Abstract

A new approach to explain forest interception was proposed by introducing micro-droplets of crushed rain-
drops during rainfall. The aerodynamic diffusion and transfer of both vapour and micro-droplets from can-
opy to upper air were described and calculated, and proposed formulas applied to eight rainfall events at the
Okunoi Experimental Station, Tokushima, Japan. Contributions from droplet transfer were 0.9-58.2 times of
contributions from vapour transfer, taking a majority portion in total interception loss. Accounting only the
vapour transfer or evaporation loss as estimated by Penman equation was not able to account for actual in-
terception loss. The micro-droplet flux component took major portion in the two heavily rained events, and
completely made up the interception as happened in October 2004. The droplet flux could accommodate a
high interception rate, even when the air was nearly vapour-saturated and vapour flux was zero. This ap-

proach provided a new explanation to extraordinarily high interception rates.

Keywords: Rainfall Interception, Micro-Droplet Transfer, Vapour Flux, Forest Canopy, Aerodynamic

Diffusion

1. Introduction

Traditional theories and estimation methods of rainfall in-
terception and its evaporation were based on a dominating
conception: raindrops fell on leaves and branches of vege-
tation, some of raindrops were caught or intercepted by the
leaves and branches, and intercepted raindrops were va-
porized and transported outward during rainfall periods and
after the periods. Three major methodologies as summa-
rized by Chow et al. [1] have been developed to describe
the interception evaporation process and estimate intercep-
tion-evaporation rates: aerodynamic methods such as Thor-
nthwaite-Holzman equation, energy balance methods, and
combined methods such as Penman equation. They per-
formed well for many geographical regions and various
types of vegetations in the world. However, at some loca-
tions (especially humid tropical forests, maritime areas, or
islands experiencing frequent storms or typhoons), none of
the three methods could give satisfactory estimations.

One main reason for the failure would be that only va-
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pour flux was considered in these methods, while other
forms of water in the air — floating or suspended water
droplets, or micro-droplets created by the canopy during
rainfall interception — have not been paid much attention.
Apart from the raindrops captured by the canopy, some
raindrops were crushed into tiny/micro droplets looking
like mist or fog droplets. These micro-droplets have much
smaller sizes than raindrops and can float in the air, and can
be aerodynamically transported from inside canopy to out-
side. During rainfall events, the air near ground or around
forest was easily saturated with water vapour, and the mi-
cro-droplets appeared. This portion of micro-droplets and
their vertical flux were a loss to the rainfall (they did not
fall down onto ground as throughfall), and should be a
component of interception loss. If that portion took a sub-
stantial proportion in the total interception loss, an underes-
timation of interception loss could occur as explained later.
Therefore, the role of micro-droplet flux in interception
loss needs to be noted for the situations of tropical forests,
maritime areas, and islands.
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So far no specific studies have been conducted to ad-
dress the flux of micro-droplets and its connection to inter-
ception process. A few field studies have partially touched
the topic. The fogwater droplets and their vertical move-
ment were confirmed by field measurements [2,3], re-
minding a possible contribution from the micro-droplets.
The phenomenon of extraordinarily high interception rates
(higher than the Penman-Monteith equation rate) was par-
tially explained by different perspectives: an extra energy
coming from horizontal transfers (from dry locations to
raining locations, or from warmer oceans to cooler forests)
might lead to the high evaporation rate [4,5], the aerody-
namic resistance of the canopy could be very low to force a
high evaporation rate [5,6], the interception rate was related
to rainfall rate and exceeded the net radiation [7], or the
wind gusts and splashed droplets might enhance evapora-
tion rates [8,9]. But neither of these studies or suggestions
has given a thorough explanation for the phenomenon.

Therefore, we tried and suggested a new approach by in-
troducing the existence and transport of micro-droplets. In
our scheme for interpretation of interception loss of rainfall,
the interception flux is composed of two flux components:
vapour flux and micro-droplets flux. The vapour flux has
its source from the liquid water on canopy surface and
raindrops within the canopy; liquid water is vaporized first
because of radiation or heat and the vapour is transported in
the air. The micro-droplets are not gaseous vapour, not
created by vapouration but by rain crushing on leaves and
branches; the droplets do not fall down, they are trans-
ported by aerodynamic diffusion and winds. Not neglecting
the droplets, an aerodynamic transfer estimation method
was proposed and applied to both the vapour and droplets
in the air within and above the canopy to calculate inter-
ception evaporation process, and each of the two flux
components were calculated. The new method was pre-
sented in this article, and a case study was provided to
demonstrate its applicability (capable to explain the ex-
traordinarily high interception loss).

2. Experimental Station and Data

The Okunoi Forest Experimental Station (latitude 34° 01°,
longitude 134° 127) is located at Yamakawa Town, Yo-
shinokawa City, Tokushima Prefecture, Japan (Figure 1),
where the annual precipitation and annual averaged air
temperature are 1600 mm and 15°C respectively.

A meteorological observation tower was set up at the
elevation of 230 m, with a height of 26 meters. Meteoro-
logical observations were conducted at three different
heights along the tower. A set of meteorological factors
(temperature, humidity, wind speed, wind direction,
sunshine duration, and net radiation) were measured at
the height of 18.2 m, temperature and humidity were

Copyright © 2010 SciRes.
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Figure 1. Location of experimental station.
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measured at the height 1.5 m and 25.8 m.

Measurements of canopy’s interception of rainfall
were made for two typical trees: a Hinoki cypress
(Chamaecyparis obtusa, a conifer in cypress family and
native to Japan) and a Sugi cypress (Cryptomeria japon-
ica, a conifer in cypress family and endemic to Japan),
using similar methods as described by Chang [10]. The
gross rainfall was measured at an open spot close to the
station with standard rain gauges. The representative
Hinoki and Sugi trees were both 17 m high.

Automatic recording of meteorological variables was
started in 1999 at the meteorological tower, and hourly,
daily and annual data were collected for the station. In-
terception measurements were conducted in 2003 and
2004, providing hourly data of throughfall, stemflow and
interception loss.

3. Methods

Vertical transfer flux of vapour and micro-droplets by
turbulent air diffusion were described by the Fick law of
aerodynamics as follows.

PuE =-p,K, (dq/ dz) (1)
where, p,, was the density of liquid water, E the rate of
interception loss (volumetric water loss per unit time per
unit area), p,E the vertical flux of interception, p, the
density of moist air, K, the coefficient of turbulent air
diffusion, q the specific humidity of water vapour and
droplets in the air at a giving height z.

Momentum flux of turbulent air mass was expressed
as
7= p,K, (du/dz) 2
where 7 was the friction stress at height z, K, the diffu-
sion coefficient for the momentum (usually equal to the
turbulent air diffusion coefficient K,), and u the wind
velocity at height z.
Vertical profiles of wind velocity and specific humid-
ity, and an illustrative scheme of transfer fluxes of va-
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pour and droplets were illustrated in Figure 2. The tree
canopy had a height of h, produced a roughness height of
Zo at which the wind velocity was zero, gave a canopy’s
displacement height of d at which a zero heat flux ex-
isted. The z; and z, were two heights (may be the mete-
orological measurement heights), and their correspond-
ing wind velocity and specific humidity were uy, u, and
01, g2 respectively. Note that any height as z, z; or z, was
the height measured against the position of displacement
height, or it was a residual height of actual height from
the ground minus the displacement.

Applying (1) and (2) to the heights zo and z; respec-
tively and combining the results together, gave the fol-
lowing equation.

PuE ==K K- (d—dp)/ (U —Uy) 3)

Wind velocity distribution in vertical was well de-
scribed by a logarithm formula:

u=u./x-In(z/zy) 4)

Here u. was the frictional velocity of air, x the Von
Karman constant (0.4). Applying (4) to the height z, pro-
vided an estimation of frictional velocity,

u. =xu, /In(z, / z,) (5)

The friction stress was expressed as a relationship of
frictional velocity,

r=p,(u.) (6)

In (3) let the u, being zero and K, being equal to K,
and substitute it for (6), an estimation formula for the
rate of interception loss E was obtained.

E= sza [ pu - (dy =) /In(z, / 2,) (7
This equation of interception rate had a similar shape
as traditional ones. However, here the specific humidity
included both water vapour and droplets. The vapour
pressure or its humidity component could be measured in
field or calculated with empirical formulas, while the
droplet pressure or its humidity component were not
measured at present and had to be estimated.
Vapour pressure e, was related to its specific humidity
Qv as
q, =0.622¢,/ p (8)

Figure 2. Scheme of evaporation flux and profiles of wind
velocity, specific humidity.
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where p was air pressure. It was assumed that the com-
bined pressure e of water vapour and droplets in the air
was similarly related to their specific humidity q: q =
0.622e/p. A new equation of interception rate in terms of
pressure was obtained by inserting the g~e relation into
(7).

E=0.622-xp, I p, U (e —€)/ p/In(z,/z,) (9)

Since u; was known from wind observation, and all
other parameters except e, and e; were known too, (9)
was written as

E=Au (eo _e1) (10)
in which A was a constant for a given canopy. For exam-
ple, for the Sugi tree, h=17m, z,=0.07hor 1.19m,d =
0.78 h [11] or 13.26 m, z; = 4.94 m. Other constant pa-
rameters in (9) or (10) took values as p = 1,013 hPa, p, =
1.19 kg/m®, p,, = 997 kg/m®. By using the units of E, uy,
€, and e; in mm/hr, m/s, and hPa respectively, a value for
A was determined as 0.20835.

An effort was made to separate pressure e into two
compartments — the vapour pressure e, and droplet pres-
sure ep, so that e, could be described by existing knowl-
edge and e, could be estimated in some way. For the
height z,, the separation was expressed as

eO = eOv + eOm = esat +e0m =€ + fm 'esat (11)
frn = eOm /e0v = eOm /esat (12)
where eg was the saturated vapour pressure and was
determined solely by air temperature at the site. It was
acceptable that the vapour pressure eq, would be equal to
or very close to the saturated vapour pressure, when it
was raining and floating droplets existed in and around
canopy. In order to estimate the droplet pressure, ey, was
supposed to be proportional to ey, as appeared in (12).
Whenever the ratio f,, was determined, the droplet pres-
sure and flux could be estimated.

Similarly the separation was used for the height z; that
was usually a meteorology observation height and close
to the top of canopy, resulting in e; = ey, + ey, = €1y +
f-ew. By substituting this e; expression and (11) for (10),
a calculation formula for vapour and droplet flux was
established as:

E= Aul(esat _elv) + fm Aul(esat _elv) or
E=E +E,=E,+f,E, (13)
where E, and E,, were water vapour flux and droplet flux
respectively. The integrated vapour and droplet flux E
was a sum of vapour flux and droplet flux.

It was difficult to determine the separation ratio f,, for
any given time as it varied with time. It was not practical
to derive a ratio value by using (13) and observing va-
pour and droplet pressures for any time in a rainfall
process. Therefore, an approximate method of determin-
ing the ratio f, was proposed. A rainfall-interception
event or process (with time scale of some hours to a few

sat
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days) was divided into many segments timely with each
segment being a time unit such as an hour. From the
starting hour till a time point in the process, the cumula-
tive interception amount | was the sum of cumulative
loss via vapour flux and cumulative loss via droplet flux,
ie.,

I=S, +1,41, =5, + 3 E )+ E, )
i1 i1 (14)

=S+ E M+ f,E ()

where |, was the interception loss via vapour transfer, I,
was the loss via droplet transfer, S; was the storage of
water held by canopy, and i was the number of time
segments. The S, possessed a small portion in total in-
terception loss when the rainfall was large enough, and
could be negligible. For instance if there was a rainfall of
50 mm, the loss would be 10 mm via interception, while
the water on canopy was 1 mm.

If the average value of f,, over a time period (from
segment 1 to n) was named as f.,, Equation (14) became
(15).

=3 E Q)+ fru D E ) (15)

Now the average ratio for the cumulative time period
at a time point was estimated by following formula. And
that average ratio was an approximate estimation of f,, at
a time point during rainfall.

fa (- EN(CE)=(1-1)/1,  (16)

A calculation process for a rainfall event looked like this:
starting from the first time segment, getting interception
loss and vapour flux during the segment using observed
data, obtaining a ratio value for the first segment with
(16), obtaining the droplet flux loss with (14); then going
to the second segment, getting cumulative interception
loss and vapour flux loss for the two segments, obtaining
a ratio (average) and a droplet loss; and so on continued
until the end of rainfall. The processes of cumulative
interception, vapour flux and droplet flux were calcu-
lated, and separate vapour flux loss and droplet flux loss
for a rain event were thus obtained.

The rainfall events whose rainfall amount was more
than 50 mm were considered, because the canopy water
storage in (14) could be neglected for these events. Eight
such events were chosen from collected data in year
2004. The date of events, duration D, total rainfall
amount R, observed interception amount | of the Sugi
cypress tree at the Okunoi Experimental Station, mean
temperature T for a event, mean wind speed u and mean
relative humidity Rhl as observed at height 18 m, and
mean humidity Rh2 as observed at height 26 m were
listed in Table 1.

Copyright © 2010 SciRes.

The rain events occurring in May through October had
rainfall durations of 14 to 74 hours, rainfall amounts of
56 to 425 mm, interception loss of 7.7 to 51.7 mm, air
temperatures of 14.6 to 24.2°C, wind speeds of 0.2 to 1.4
m/s, and relative humidity of 97.6 to 99.7% at the height
18 m which was just on top of canopy. Humidity in the
canopy was very high for all events. However, the hu-
midity at height of 26 m was 86.6 to 96.0%, a little bit
lower.

Another typical method of estimating evaporative loss
from intercepted water was the Penman method as fol-
lows,

A
R, + /4

- A+}/ A+)/ f(U) (esat ev) (17)
where Ep was the Penman’s evaporation rate from can-
opy surface (water vapour flux from captured water), »
the psychrometric constant, equal to 0.66 mbar/°C, A
the slope of the saturation-vapour-pressure versus tem-
perature curve (mbar/°C), f(u)=0.26(1+0.537u), (mm
-hrt-mbar™), u the wind velocity (m/s), e and e, are
the saturation and actual values of vapour pressure.

Ep

4. Results

4.1. Existence of Droplet Transfer and its
Separation from Total Interception

Interception loss of each event (Figure 3) was strongly
proportional to total rainfall. A traditional aerodynamic
method estimating interception took only vapour flux
into consideration, i.e., the I, component in Equation (14).
Obviously I, was much less than observed interception I.
In other words, an important interception component, the
droplet transfer, did exist in these rain events and could
not be ignored. The difference | — I, was the droplet
transfer and had values of 7.1 to 70.0 mm, possessing a
percentage of 48 to 98 % in total interception amount.

Figure 3. Observed interception loss, estimated interception
by aerodynamic method or Penman method, corresponding
to total rainfall of eight events.
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Table 1. Interceptions of Sugi tree and meteorological conditions of rain events (2004).

No Month Day D (hr) R (mm) I (mm) T (°C) u (m/s) Rh1 (%) Rh2 (%)
1 5 19 38 56.0 7.7 14.6 0.2 98.8 97.0
2 6 11 14 83.0 12.0 19.2 0.5 99.4 95.5
3 7 30 74 425.0 51.7 22.6 0.7 97.6 934
4 8 17 15 75.5 16.0 24.2 0.4 98.5 95.6
5 8 29 27 189.5 15.2 24.1 14 98.1 86.6
6 9 6 36 259.5 26.0 22.8 0.6 99.7 94.9
7 9 28 28 2155 21.7 20.7 0.5 99.7 96.0
8 10 19 43 420.5 71.6 16.3 0.5 99.7 95.6

Estimated interception Ip with the Penman equation
was compared with observed | in the figure. Ip was too
less than | to give a reasonable estimation. The underes-
timation of aerodynamic method (I,) or Penman method
(Ip) against observed interception loss was explained like
this: during the hours or days of rainfall events, water
vapour in and around canopy was saturated or near satu-
ration, and vapour diffusion could hardly proceed to
transfer the moisture which was lost via interception
process; the low level of net radiation was not able to
vapourize water on wet canopy and maintain the inter-
ception rate, and vapour transfer did not contribute much
to interception. On the other hand, the floating droplets
created by raindrop crushing provided water source for
interception loss, and this part of water transfer became
the major part in interception for these events.

The average ratio fy,, of droplet pressure to vapour
pressure for an event, or the average ratio of total droplet
transfer to vapour transfer in the event, was calculated
with (16). The ratio varied between 0.9 and 58.2 (Figure
4) among the eight events depending on individual con-
dition of each event. It did not imply that a bigger rain-
fall gave a bigger ratio value.

4.2. Detailed Processes in Two Different Events
and their Comparison

In the above section, total interception losses of eight
rainfall events were displayed and explained. Hourly
process of interception in an event was discussed by us-
ing two events that have different meteorological condi-
tions and interception features, and their difference was
explained. There were two events with extraordinary
heavy rainfall: one occurred on July 30-31-August 1, the
other occurred on October 19-20-21. Name them as
Event A and B. Both A and B had rainfall over 400 mm,
but A had higher temperature, greater wind speed,
smaller humidity, smaller rain intensity, longer rain du-
ration, and less interception loss, compared to B. The
meteorological condition and hourly interception rate
were displayed in Figure 5.
Among the meteorological factors, rainfall intensity

Copyright © 2010 SciRes.

Figure 4. Average separation ratio and total rainfall.

played the most important role in shaping interception
rates. Although the higher temperature, lower humidity
and larger wind speed condition in Event A would have
caused more interception than Event B would do, the
weaker rain intensity of A determined that its total inter-
ception loss was 51.7 mm, less than the total loss 71.6
mm of B which had stronger intensity, even A has a
longer duration (74 hours versus 43 hours). The intercep-
tion amount which happened around the peak rainfall
rate was keen in determining the total loss. A clear pro-
portional relationship between interception rate and rain
intensity was seen in Figure 6, especially for Event B.
Interception process or the changes with time was de-
scribed in terms of cumulative features. Cumulative in-
terception Yi (i.e., accumulated interception by the 10th
hour was il + i2 + ...... + i10), and cumulative rainfall
amount Y'r, were displayed in Figure 7 for Event A and
B, starting from the first hour and ending at the last hour.
Cumulative vapour transfer Y'i, estimated with aerody-
namic Equation (10) and cumulative interception estima-
tion Yi, estimated with Penman equation were also
showed in the figure. For Event A, vapour component
>iy, dominated the cumulative interception for the initial
hours, and then lose its domination, and the droplet
component (3i - ¥'i,) dominated the cumulative intercep-
tion. Estimation by Penman method }'i, was almost zero.
For Event B, cumulative vapour transfer did not ap-
pear, and the entire interception process was controlled
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Figure 5. Meteorological conditions and interception rates
for Events A and B (r — rainfall intensity, T — temperature,
u — wind speed, Rh1 - relative humidity at height 1, Ph2 -
relative humidity at height 2, i — interception rate as ob-
served).

Figure 6. Relationship of interception rate i and rainfall
intensity r (circles for Event A, solid dots for Event B).

by droplet transfer component.

The ratio of cumulative droplet transfer (3'i - Y'i,) to
cumulative vapour transfer i, was named as f;, and
showed in Figure 8. For Event A, it fluctuated at first,
and then increased with cumulative rainfall (or with time)
and reached over 3. This meant that droplet component
possessed more and more contribution in the cumulative
interception. The ratio for Event B was not seen in the

Copyright © 2010 SciRes.

Figure 7. Cumulative interception during Event A or B,
respectively from observation, aerodynamic method and
Penman method.

Figure 8. Ratio of droplet flux to vapour component.

figure as the value was too big — the cumulative vapour
component was close to zero.

To explain the importance of droplet transfer compo-
nent more clearly, a ratio of cumulative droplet transfer
(3 - Yiy) to cumulative interception >.i was plotted in
Figure 9. For Event A the ratio changed between 0.0 and
0.8 and increased with cumulative rainfall. Droplet com-
ponent possessed more than 50% in most of the duration.
For Event B, the ratio did not change and took the high-
est value 1.0, or there was only droplet component in the
interception for that case.

5. Discussion
The behavior and relative importance of the two compo-

nents vary with climate condition, rainfall type and size,
canopy structure and so on. It is reasonable that vapour
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Figure 9. Ratio of droplet flux component to cumulative in-
terception.

transfer is the main part of interception loss in areas of
temperate/cold regions where there are often drizzle rains
— they do not show a good chance to produce droplets,
and the canopy is easily wetted. The droplet transfer
component may be the main part of interception in other
areas such as tropical rainforests or humid islands where
there are more storms with heavy rainfall and larger
raindrops.

Droplet transfer, advected heat/energy provision from
nearby environment, and upward wind may together
contribute to the reported and questioned high intercep-
tion rates, or some of the three mechanisms contribute
more substantially. For example, to take droplet transfer
into consideration would help to explain the questions
and contradictions indicated by Dykes, Schellekens et al.,
Zimmermann et al., Hashino et al.,, Murakami, and
Vernimmen et al.

Hall’s investigation [12] at tropical tree canopies
showed that predicted interception loss was relatively
insensitive to raindrop size, while some others’ results
indicated the sensitivity. The interception calculation he
used was based on a mechanism of canopy wetting, and
therefore raindrop size was not as important as canopy
characteristics in determining the loss. If we also think of
the existence of micro-droplets and their contribution to
interception loss, the size of raindrops may need to be
considered, because the volume of micro-droplets are
related to raindrops.

Toba and Ohta [13] compared two Siberian forest sites
and five Japanese forest sites with regards to interception
loss. At the Siberian sites, net radiation was always lar-
ger than latent heat flux consumed by interception,
therefore the energy supply met the interception evapo-
ration usage. The Japanese sites often showed opposite
pattern: latent heat flux exceeded net radiation and gave
high interception rates. They noted that air temperature at
upper levels were higher than that at lower levels, and
thought that the sensible heat flux was directed down-

Copyright © 2010 SciRes.

ward to support the evaporation from wet canopies. We
would like to say that micro-droplets are another reason
for the exceedance of interception rate over net radiation.
In the temperate and humid Japanese sites, heavy and
frequent rains produce micro-droplets that are not negli-
gible for interception loss, while in the cold Siberian
sites, micro-droplet transfer is not so important.

6. Conclusions

The aerodynamic diffusion and transfer of both vapour
and micro-droplets from canopy zone to upper air were
described and calculated in a new perspective, and pro-
posed formulas were applied to eight rainfall events at
the Okunoi Experimental Station. Contributions from
droplet transfer were 0.9-58.2 times of contributions
from vapour transfer, taking a majority portion in total
interception loss of the rain events. Taking only the va-
pour transfer or evaporation loss estimated by Penman
equation was not able to account for the actual intercep-
tion loss at some tropical forests and maritime areas,
because the important portion as droplet flux were ig-
nored.

Micro-droplets flux component took major portion in
the two heavily rained events, and even completely made
up the interception as happened in October 2004. It was
an important finding that droplet flux could accommo-
date a high interception rate, even when the air was
nearly vapour-saturated and vapour flux was zero. This
proposed approach was tried to answer the difficult ques-
tion on significantly high interception rates.

The separation ratio f, or f,,. was estimated using ob-
served interception data in our study. An effective
method to determine the ratio and then to derive inter-
ception process without using the observed data has not
been established because of limited information and re-
search source. Detailed experiments on droplets size,
their pressure or liquid water content, and droplets flux
have not been conducted at our study site. This problem
or challenge should be targeted in future studies.
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Abstract

The floods in river Mahanadi delta are due to either dam release of Hirakud or due to contribution of inter-
cepted catchment between Hirakud dam and delta. It is seen from post-Hirakud periods (1958) that out of 19
floods 14 are due to intercepted catchment contribution. The existing flood forecasting systems are mostly
for upstream catchment, forecasting the inflow to reservoir, whereas the downstream catchment is devoid of
a sound flood forecasting system. Therefore, in this study an attempt has been made to develop a workable
forecasting system for downstream catchment. Instead of taking the flow time series concurrent flood peaks
of 12 years of base and forecasting stations with its corresponding travel time are considered for analysis.
Both statistical method and ANN based approach are considered for finding the peak to reach at delta head
with its corresponding travel time. The travel time has been finalized adopting clustering techniques, there by
differentiating high, medium and low peaks. The method is simple and it does not take into consideration the
rainfall and other factors in the intercepted catchment. A comparison between both methods are tested and it
is found that the ANN methods are better beyond the calibration range over statistical method and the effi-
ciency of either methods reduces as the prediction reach is extended. However, it is able to give the peak
discharge at delta head before 24 hour to 37 hour for high to low peaks.

Keywords: Flood Forecasting, Mahanadi Basin, Hirakud Dam, Statistical Method, ANN Architecture,
Clustering

1. Introduction order to establish a Rainfall-Runoff model, rainfall data
of all station is highly essential. For further strengthening
of model evaporation, soil moisture, temperature, dam

release etc. are needed. Sometimes all information is not

Flood is a regular phenomenon in the delta of Mahanadi
basin. The discharge of the intercepted catchment of be-

low Hirakud dam has contributed largely to the flood at
delta. The delta is highly fertile and thickly populated
with population density 400-450 persons per sq.km. The
drainage capacity of deltaic rivers is 25500 m*/s only. Any
discharge above this can create a flood like situation.
Establishment of a workable flood forecasting method
for the downstream catchment of Mahanadi basin is al-
ways under scanner. A lot of hydro-meteorological in-
formation is needed for establishment of a model. The
dam at upstream is operated by a rule curve. The inter-
cepted catchment is very big around 40000 sq.km. In

Copyright © 2010 SciRes.

available on real time basis making it difficult for estab-
lishment of a physical based model. In that case statisti-
cal methods are more useful.

The statistical methods are generally graphical or in
the form of mathematical relationship, developed with
the help of historical data, using statistical analysis.
These include simple gauge to gauge relationships,
gauge to gauge relationship with additional parameters
and rainfall-peak stage relationship. These relationships
can be easily developed and are most commonly used in
India as well as other countries of the world [1]. Spok-
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kerreff [2] has mentioned about application of statistical
model till 1995 on river Rhine.

Consequently, there is need for models capable of ef-
ficiently forecasting water levels and discharge rates. In
this regard application of ANN is more effective. Earlier
the works of Bruen and Yang [3], Campolo et al. [4,5],
Coulibaly et al. [6], Dawson and Wilby [7], Imrie et al.
[8], Lekkas et al. [9], Lohani [10], Minns and Hall [11],
Muhamad and Hassan [12], Mukerji et al. [13], Solo-
mantine and Xue [14], Solomantine and Price [15], Zea-
land et al. [16] emphasized the application of artificial
neural networks over other methods. In flood forecasting
both the peak and travel time has equal significance. The
travel time is also of great importance in prediction of
the stage. It varies with stages and channel condition.
Travel time generally reduces when water approaches the
top of the bank. As the river overflows flooding over the
flood plain the travel time may begin to increase again
due to the relatively rough surfaces lying in the overbank
stages. In order to give justification for different types of
peaks with respect to travel time clustering method is
adopted in this study. Earlier, Zhang and Hall [17] have
applied clustering methods in regional flood frequency
analysis and Xiongrui et al. [18] in establishing rainfall-
runoff relationships. In view of the above an attempt has
been made in this study to apply both statistical method
and ANN based approach for forecasting the peak dis-
charge and travel time in the downstream reach of the

Hirakud 115 km Khairmal 106 km

[
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Mahanadi River.
2. Study Area

The Mahanadi basin lies between 80°-30" to 86%-50" of
East Longitude and 19°-20" to 23°-35" of North Latitude.
The river Mahanadi is an interstate river. The catchment
area of the basin is 141569 sq. km. The major part of this
catchment lies in Chhatisgarh (75136 sg. km.) (Figure 1).
As this part is the upstream part, 143 channels in this
zone generally feeds the Hirakud reservoir having a cat-
chment of 83400 sg.km. The downstream catchment has
three main tributaries like Jeera, Ong and Tel with cat-
chments 2383, 5128 and 25045 sg.km. respectively. So
the contributions from the Tel catchment always remain
predominant. Even the flood of 2008 is mainly due to the
contribution of this tributary. It has produced a peak dis-
charge of 33762 cumecs during 2008. So establishment
of a flood forecasting model below the joining of these
tributaries reduces the ambiguity. The river Tel joins at
Patharla to the main river Mahanadi and our base station
Khairmal is at downstream of Patharla station. The other
tributaries Ong and Jeera join also at the upstream of
base station (Khairmal). The whole river from Khairmal
is taken as one unit ignoring the contribution of further
small tributaries. A schematic presentation shows the
distance and travel time from Hirakud to Mundali pres-
ently being used for the official purposes of Department
of Water Resources, Government of Orissa [19].

Barmul

95km Mundali (delta head)

(12-18 hours)  B.S

(12-16 hrs.) "~

1.S (12-16 hrs.)) ~  F.S

Figure 1. Showing catchment details with different zones of Mahanadi basin.

Copyright © 2010 SciRes.
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In our study the station at Khairmal is taken as the
base station (B.S) which is 115 km away and with an
average lead time of 12-16 hour for Hirakud release to
reach here. Barmul is the intermediate station (1.S) and
Mundali is the forecasting station (F.S) just upstream of
Cuttack city.

3. Data Availability

Adequate data is needed for the formulation of the fore-
casting services. The development of the river forecast-
ing procedure requires historical hydrological data and
for the preparation of operational forecasts sufficient
current information is required. Discharge data of (3
hourly) is available at base, intermediate and forecasting
station for a period of 1996-2007. Discharge of 2830
cumecs and above at forecasting stations are considered
as peaks and its corresponding peaks at intermediate and
base station are collected with their related travel times
after drawing the corresponding time series. Out of this
80 peaks are considered for our analysis, taking 60 peaks
for calibration and 20 peaks for testing of models. Gen-
erally, it can be said that it is necessary to have a mini-
mum of 10 years of basic hydraulic data, available to
develop adequate river forecasting procedures, the pri-
mary requirement being that the period of record should
contain a representative range of peak flows [20].

4. Methodology

The selection of an appropriate flood forecasting model

depends on the availability of the data, output desired etc.

On the basis of the analytical approach for the develop-
ment of flood forecasting method can be classified as:

1) Methods based on statistical approach.

2) Methods based on mechanism of formation and
propagation of floods.

4.1. Statistical Approach

Finding correlation between stage and discharges be-
tween upstream and downstream gauging stations is one
of the simplest methods. This gives better result when
there is less influence of tributaries joining the main
stream in between or the intercepted catchment is not
influenced by heavy rainfall.

4.2. ANN Approach

There are many ANN architectures and algorithms de-
veloped. Out of them most common are Multi layer feed
forward, Hoppfield networks, Radial basis function net-
work, Recurrent network, Self organization feature maps,
Counter propagation networks. Selection of a particular

Copyright © 2010 SciRes.

network is application oriented. However, the multi layer
feed forward networks are most commonly used for hy-
drological applications [7].

Generally four distinct steps applied to any ANN —
based solution including flood forecasting problems.
First of all data transformation is the initial step. The
input always varies in a larger range. So in order to les-
sen the range the data is put in logarithmic scale. Then
normalization and scaling is done. Data sets with many
variations make training difficult. In order to prevent it
the data are usually scaled using statistical, min-max,
sigmoidal or principal component transformations [21].
Also the absolute input values are scaled to avoid as-
ymptotic issues [22].

The second step is the fixing the network architecture
in which for a particular problem the number of hidden
layers, neurons in each layer and the connectivity be-
tween neurons are set. Many experimental results say
that one hidden layer may be enough for most forecast-
ing problems [6,17]. The studies of Cybenko [23], Hor-
nik et al. [24] revealed that a single hidden layer is suffi-
cient for ANNs to approximate any non-linear transfer
function. The number of neurons in each layer depends
upon the problem being studied. Less number of neurons
in hidden layer will make the network with less degree of
freedom for learning and more number of neurons will
lead towards more time and over fitting [25]. Validation
set error is often used to determine the optimal number
of hidden neurons for a given study.

In the third step is the finalization of a learning algo-
rithm for training the network. The parameters are final-
ized for the training data set to be applicable for any kind
of testing data. ANN architecture is considered to be
trained when the difference between ANN output and
observed output is very small.

Finally the validation step is applied to get the per-
formance of the network. The optimal number of hidden
neurons and training iterations can also be determined
through validation. The selection of acceptable model is
finalized on the basis of RMSE, R? and efficiency.

4.3. Clustering Approach

As the data set varies in a wide range, it requires some
distinction and in particular when different peaks are
available for the same travel time. In order to make
proper justice for different peaks with respective travel
time, it requires clustering. Both K-mean and Fuzzy
C-mean clustering methods are attempted.

4.3.1. K-Mean

This method was developed by MacQueen [26]. It is best
described as a partitioning method. It partitions the data
into K mutually exclusive clusters and returns a vector of
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indices indicating to which of the K-clusters it has as-
signed each observation. The algorithm to clusters N
objects based on attributes into K partitions where K < N.
The optimization function

k 2
V:Z 2 (Xj_lui) 1)
i=1 Xj€Si
It tries to achieve minimum intra cluster variance or
the squared error function. Where there are K clusters S;
=12...... K, and V; is the centroid or mean point of all
the points X; € S;. [27].

4.3.2. Fuzzy C-Mean (FC)

In this method the affinity of a site to undergo either two
or more clusters are visualized. Earlier developed by
Dunn [28] and improved by Bezdeck [29] is basically
used for pattern recognition. Here the data are bound to
each cluster by means of a membership function which
represents the Fuzzy behavior of this algorithm. It shows
how to group data points that populate some multidi-
mensional space into a specific number of different clus-
ters. The objective function

Jm= 221 z;“i?

m= any real number,u; = degree of membership of

X; —cj||2, 1<m<wo (2)

X in cluster j, x = ith of d-dimensional measured

data, ¢; = d-dimension center of cluster.

Similarly, different ANN architectures are attempted
over the discharge and corresponding travel times. The
calibration and validation data sets remain same for both
the methodology. The same methodology is also adopted

for finding the travel time. But in order to further distin-
guish K-mean and Fuzzy C mean clustering methods are
adopted to find a better answer for travel time of differ-
ent peaks.

5. Results and Discussion

First of all statistical approach is applied into calibration
dataset (60 nos.). The relationships between the dischar-
ges between Khairmal-Barmul, Barmul-Mundali, Khair-
mal-Mundali and Khairmal-Barmul-Mundali are devel-
oped. These relationships are put on the testing data sets
(20 nos.) and the results are recorded in Table 1.

Where, Qy = discharge at Mundali (Forecasting Sta-
tion), Qg = discharge at Barmul (Intermediate Station)
and Qg = discharge at Khairmal (Base Station).

The same dataset is again put into ANN architecture
using MATLAB codes. The trial has been taken with a
3-layer feed forward network. Different combinations of
feed forward network with changing transfer function,
number of neurons and epochs varying at an increment
of 50 are trailed. The combinations which are mostly as
per performance criteria fixed are noted. The Cascade
feed forward network has been most successful for
Khairmal-Barmul and Khairmal-Barmul-Mundali and
other two cases are with Feed forward network. Numbers
of neurons in input and output layers are mentioned in
column (2) of Table 2. In all cases ‘tansig’ neurons are
used in first layer, *purelin’ in second layer and ‘trainbr’
remains the training function. Both ‘tansig’ and ‘purelin’
are better compatible with feed forward networks. Again
the two layer sigmoid/linear network can represent any

Table 1. Relationship between discharges using simple statistical method (peak to peak).

3 2 LA
Between stations Equation .RMSE(m s) _ _ R _ _ E“'C'E“CY
Training Testing Training Testing  Training  Testing
Khairmal-Barmul Qp=1.122*Qx—289.4 2382.62 1287.4 0.94 0.974 0.952 0.9678
Barmul-Mundali Qum =1.009*Qg + 678.17 1740.26 1275.16 0.968 0.989 0.948 0.9735
Khairmal-Mundali Qum=1.144Q« + 225.04 2623.76 1769 0.929 0.9826 0.929 0.9490
Khairmal-Barmul-Mundali ?“262 3'284197(93 +0.1996Q« 1705.85  1272.12 0.970 0.990 0.934 0.9736
Table 2. Relationship between discharges using ANN architecture.
3 2 P
Between stations ANN architecture Epochs . RMSE(m /Sf) — R . — Eﬁ'C'enCy,
Training Testing Training Testing  Training Testing
(@) @ @) 4) (®) (6) O] ®) 9)
Khairmal-Barmul CFF1,7,1 3000 2249.1 1132.2 0.9720 0.9891 0.9446 0.9752
Barmul-Mundali FF1,7,1 3000 1681.5 1251.9 0.9852 0.9962 0.9705 0.9745
Khairmal-Mundali FF 15,1 2000 24415 17417 09684 00789 09375 09908
Khairmal-Barmul-Mundali CFF 2,15,1 4000 1697 1324.1 0.9850 0.9922 0.9700 0.9714
Copyright © 2010 SciRes. JWARP
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functional relationship between inputs and outputs if the
sigmoid layer has enough neurons [30]. The ‘trainbr’
function updates the weight and bias values as per Le-
venberg-Marquardt optimization. It minimizes the com-
bination of squared errors and weights and then deter-
mines the correct combination so as to produce a net-
work that generalizes well as per Bayesian regularization
process. It reduces the difficulty of determining the op-
timum network architecture also over fitting of training
dataset is prevented, whereas in other networks gener-
alization and early stopping is required for reducing over
fitting. The performance functions are set as RMSE, R
and efficiency. The details of the network applied for
different combinations are shown in Table 2.

The plots of the statistical method and ANN network
over the testing value of 20 numbers of observation as
obtained from MATLAB is also produced in Figures 2(a)
to (d) respectively.

For travel time the corresponding discharge and tra-
vel times between the stations are trailed with the same
calibration and testing data range applying both Statisti-
cal (Table 3) and ANN architectures (Table 4). The
ANN is also applied in the same way with many num-
bers of trials.

It has been revealed that none of the case has a good
efficiency, RMSE and R?. All the relations are ended

Copyright © 2010 SciRes.
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with a poor correlation. The lack of correlation does not
imply lack of association. Because ‘r’ measures only
linear association, a strict curvilinear relationship would
not necessarily be reflected in a high ‘r’ value. Con-
versely, correlation between two variables does not
guarantee that they are causatively connected [31].

However, to have a better answer for efficiency and
RMSE values clustering methods are adopted for the
discharge value at base station and its corresponding
travel time for the calibration dataset. At least 4 clusters
are attempted applying K-mean and Fuzzy c-mean me-
thod using the same MATLAB code. The datasets are
divided into 4 clusters and their varying ranges are re-
corded. For each range the average travel time has been
calculated. In both methods low peak (2660-8256 m?/s)
has large travel time (37.77 hours) to reach at delta head
where as high peaks has taken nearly 25 hours to reach at
delta head. As each peak is categorized the respective
travel time for different discharge values are fixed.
However when the result is put over the test dataset
K-mean clustering has given 80% efficiency with RMSE
value of 2.5 hour (Table 5). One value of testing dataset
has been removed because it seems that it has some re
cording errors. So travel time test series has been carried
out with 19 numbers of data.

A plot (Figure 3) has been drawn with observed test-
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©

(d)
Figure 2. (a) Comparison between observed and computed discharge (Khairmal-Barmul); (b) Comparison between observed
and computed discharge (Barmul-Mundali); (c) Comparison between observed and computed discharge (Khairmal-Mundali);
(d) Comparison between observed and computed discharge (Khairmal-Barmul-Mundali).

Table 3. Relationship between discharges and travel time using simple statistical method.

RMSE(hours) R? Efficiency
Between stations Equation
Training Testing Training Testing Training Testing
Khairmal-Barmul Te=270.7%(Qx) ** 3.42 2.93 0.409 0.261 0.465 0.2973
Barmul-Mundali T = 64.96*(Qg) " 434 2.14 0.134 0.607 0.1366 0.507
Khairmal-Mundali Tw= 239.1*(Qx) % 5.67 3.95 0.394 0.568 0.4191 0.508

where, Ty = time (hour) to peak at Mundali, Tg = time (hour) to peak at Barmul.

Table 4. Relationship between discharges and travel time using ANN.

RMSE (hours) R? Efficiency
Between stations Equation — - — - — -
Training Testing Training Testing Training Testing
Khairmal- Barmul CFF,15,1 (2000) 3.449 2.998 0.6826 0.6259 0.4546 0.2634
Barmul- Mundali CFF,10,1 (3000) 4.350 2.173 0.3933 0.7961 0.1352 0.4906
Khairmal-Mundali FF,15,1 (2000) 5.683 3.043 0.6506 0.8306 0.4170 0.6965

Copyright © 2010 SciRes. JWARP
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Table 5. Peak values with corresponding travel time obtained by using different clusteringmethods

K-mean Fuzzy-C-Mean
Discharge range 1;:?:\’:' 'Lehs;lsné) Tgs?ing Discharge range  Travel time Lel\s;ltlsng T(_es?ing
(m°/s) (hours) (hours) Efficiency (m°/s) (hours) (hours) Efficiency
2660-8256 37.77 2660-8256 37.77
10329-15508 30.53 10329-6300 30
16102-22810 26.06 16499-5470 27.07
2.52 0.8011 4.27 0.4003
25470-36300 25 28102-6300 25.2

Figure 3. Plot between testing travel time and estimated by different clustering methods.

ing values and validation result of different clustering
values. The plot shows the result of K-mean clustering is
almost close with that of observed, whereas result of
Fuzzy C mean for some low peak values. For high peaks
both K-mean and Fuzzy have same results. As K-mean
has able to model both high and low peaks with an effi-
ciency of 80.1%,which is higher than Fuzzy C-mean
methods, the discharge range values and its correspond-
ing travel time fixed by this method may be taken as the
forecast travel time between base station and forecasted
station. The travel time has not calculated for other in-
termediate stations as our concentration is with the peak
at base station and travel time of at least 24 hour.

6. Conclusions

Both statistical and ANN methods are applied for down-
stream Hirakud catchment between stations Khairmal,
Barmul and Mundali. The forecasting obtained by both
the methods is encouraging. Although the ANN method
has a better performance, the existence of statistical me-
thod cannot be denied as far as discharge measurement is
considered. However, the adoption of clustering method
in order to find travel time with respect to different peaks
is another finding. The best result for travel time is for

Copyright © 2010 SciRes.

Khairmal-Mundali reach (efficiency = 80.11% and
RMSE = 2.55 hour). As the data recording is of 3 hour
interval this kind of result is still encouraging. The travel
time between base and forecasting stations varies be-
tween 24-37 hour. By applying clustering method justice
has been made for different magnitude of peaks. The
results are handy to operate. The moment one gets the
discharge at Khairmal (Base Station), he can immedi-
ately calculate the discharge to be obtained at Mundali
(Forecasting Station) with its corresponding travel time.
The result at Mundali (Forecasting Station) with respect
to Khairmal (Base Station) basing on the ANN network
is best for taking the flood forecasting effectively be-
cause in taking Khairmal-Barmul and Barmul-Mundali
efficiency is above 97% and RMSE value is 500 m*/s
less than Khairmal-Mundali but lead time of only 12
hours remains after Barmul. So considering the factor of
higher lead time for more relief measures we are making
a tradeoff with efficiency. Thus calculating peak dis-
charge and travel time at Mundali on the basis of Khair-
mal discharge and time of occurrence will be a best
workable method for practicing hydrologists and field
engineers. Still the results are running with the limitation
of data insufficiency, large recording intervals, non-con-
sideration of influence of other climatic variation.
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Abstract

Orange peel (OP) and rice husk (RH) were tested as low-cost biosorbents for Cr(l11) removal from aqueous
solutions. Dynamics of the biosorption process indicated that intraparticle mass transfer represents the
rate-limiting step in the system that attained equilibrium at 120 min. While the OP sorbent material was ca-
pable of taking up 39.11 mg Cr(ll1)/g at the optimum pH 4.4, RH immobilized 3.20 mg Cr(I11)/g at the opti-
mum pH 3.0. The fitting of different sorption isotherms models resulted in the best fit with the Langmuir
isotherm model. The mean free energy of the metal sorption process was in the range of 8-16 kJ/M. Abiotic
Cr(V1) reduction was observed at various contact times and Cr-laden biomass was characterized by XPS,
XAFS and EPR spectroscopy. These instrumental analyses confirmed that Cr(\V1) removed from the solution
was reduced and bound to the biomass as Cr(ll1). Results indicated that OP and RH materials are efficient

biosorbents for eliminating Chromium from aqueous solutions.

Keywords: Chromium, Adsorption, Orange Peel, Rice Husk

1. Introduction

Chromium and its compounds are widely employed in
industry [1] and Cr(lIl) is used as a tanning agent, re-
sulting in severe groundwater contamination around tan-
neries [2,3]. Oxidation of polyuronic acids and pectin by
hipervalent Chromium showed the presence of Cr(V),
Cr(IV) and Cr(lll)-saccharide complexes, with Cr(l1)-
pectin as an insoluble compound in the reaction media
[4,5]. Following the treatment of Cr(VI) solution
(ICr(VD]o = 0.0176 M) with 1.0 g of D-polygalacturonic
acid, only 10% of the total Cr (Cry = Cr(lIl) + Cr(VI))
remained in solution [5].

Different metal removal methods (ion exchange,
chemical reduction and precipitation, reverse osmosis,
phytoremediation, bioremediation, etc.) have been tested
for detoxification of Chromium-laden wastewaters in the

Copyright © 2010 SciRes.

recent years. However, these methods have high ope-
rating costs and problems in the disposal of the residual
metal sludges. Biosorption techniques could use inex-
pensive sorbent materials as a feasible alternative for
Chromium removal that features high efficiency, low
operating costs with no adverse effects on the environ-
ment [6]. In recent years, several types of agricultural
wastes such as sugarcane bagasse, grainless stalk of corn,
etc. [7,8] have been applied with the aim of removing
Chromium from wastewaters.

In this work, we study the behavior of biomaterials
with different proportions of polyuronic acids when con-
tacted with Chromium-containing wastewater. The study
focused on easily obtainable waste materials such as or-
ange peels (OP) and rice hulk (RH) which contain high
proportions of pectin and lignin, respectively. XPS, XAS
and EPR techniques were used to determine the oxida-
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tion state of Chromium in the sorbent material, leading to
establishing the mechanism of Chromium uptake/re-
moval by OP and RH.

2. Experimental Section
2.1. Materials

The following analytical-grade reagents were used with-
out purification: K,Cr,0;, K,CrOy4, Cr(NO3)3-9H,0, Cr,0s3,
Na,COs3, K,S,05 AgNO;, 1,5-diphenylcarbazide (DPC),
and diphenylpicrylhydrazyl (dpph) (Sigma Grade). Na-
[CrO(V)(ehba),]-H,O was synthesized [9].

OP was obtained from oranges harvested near the city
of Rosario (Argentina) and RH came from a rice mill
located in San Javier (Argentina). Both, OP and RH were
washed with water, dried at 40°C for 12 h, powdered and
sieved to retain the fraction of particles in the size range
of 0.3-1.2 mm (OP) or 0.3-0.5 mm (RH), and were
stored at room temperature in sealed polyethylene bags.

The reference solid compounds: oxidation state of
Cr(VI) as K,CrO4, Cr(V) as Na[CrO(V)(ehba),]-H,0,
and Cr(I11) as Cr(NO3)3-9H,0 and Cr,0s.

2.2. Chromium Analysis

The [Cr(VI1)] was determined at 540 nm by using a dou-
ble-beam UV-vis JASCO V-550 spectrophotometer after
complexation with DPC [10]. [Cr]r = [Cr(VD)] + [Cr(lID)]
was determined by oxidizing Cr(lll) to Cr(VI) using
K,S,0g and AgNO; saturated solution as catalyst [11],
prior to the DPC reaction. [Cr(I11)] was calculated as the
difference between [Cr]; and [Cr(V1)]. The amount of Cr
sorbed by the OP and RH biomass exposed to Cr(l11) and
Cr(VI) solutions was calculated from the difference be-
tween the initial chromium concentration of the control
solutions and the final total Cr concentration in the re-
spective supernatant solutions.

2.3. Spectroscopic Analysis

Cr-laden solid biomaterial samples were examined by
EPR, XPS and XAS spectroscopy. The EPR spectra were
derived on a Bruker ESP 300 E spectrometer at room
temperature. XPS analyses were done with a SPECS
system equipped with a hemispherical energy analyzer, a
nine channeltron detector System and a double anode
X-ray source. XAS experiments at the Cr K-edge (5989
eV) were carried out at beamline BL-9A with a ring en-
ergy of 2.5 GeV and a ring current of 450 mA. A double-
crystal Si(111) monochromator was used, and the beam
was focused using a pair of bent conical mirrors coated
with Rh [12]. XAFS measurements were performed in a
transmission mode for Cr-laden OP samples (Cr loading

Copyright © 2010 SciRes.

4.9 wt%) and in fluorescence a mode for Cr-laden RH
samples (Cr loading 0.71 wt%), respectively. The spectra
of Cr-laden OP samples were recorded in transmission
mode, with N,(30)-He(70) gas for the 1o chamber and N,
gas for the I chamber to monitor the incident and trans-
mitted X-rays, respectively. On the other hand, the spec-
tra of Cr-laden RH samples were collected in a fluores-
cence mode, using an argon-filled Lytle detector with a
vanadium filter (ut = 6) for monitoring the fluorescent
X-ray (lf). The XANES spectra were measured with 0.35
eV steps and 1 s collecting time between 5980 and 6060
eV, while the EXAFS spectra were measured with 2.5
eV steps and 4 s (in transmission mode) or 8 s (in fluo-
rescence mode) collecting time between 5500 and 7080
eV. XAFS data were analyzed with commercially avail-
able software (REX2000 program, Rigaku Co.). EXAFS
analysis was performed as described in detail elsewhere
[13]. The reference samples were used to compare their
spectral shapes and to identify major Cr species on the
biomaterial surface [14].

2.4. Batch Studies

2.4.1. Effect of pH, Contact Time and Biomass
Dosage on Cr(111) Adsorption

Batch equilibrium sorption studies were carried out at
20.0 + 1.0°C. Biomaterials were suspended in Erlen-
meyer flasks with an appropriate volume of work under
constant stirring. [Cr(l11)]o was 0.77 mM and 0.44 mM
for OP and RH respectively. pH ranged from 0.2 to 5.2;
pH was constantly controlled using a pH controller. A
total amount of 5.0 g and 1.25 g of RH and OP, respec-
tively, was used in these experiments. Time-based sorp-
tion uptake studies (process dynamics, including mass
transfer and reaction) were carried out at 20.0 + 1°C,
using a series of 150 mL Erlenmeyer flasks. For Cr(lll)
sorption by OP, 1.50 g was suspended in 75.0 mL of
Cr(111) solution at pH 4.0. Cr(1ll) sorption by RH was
performed using 5.0 g of sorbent suspended in 50.0 mL
of Cr(l1l) solution at pH 3.0. Mixtures were magnetically
stirred and samples withdrawn at different time intervals
followed by centrifugal solids separation. Clear super-
natants were analyzed for their Cr content. Separate con-
trols were maintained for each period of time. All ex-
periments were performed in triplicate for statistical
purposes.

2.4.2. Adsorption Isotherms

Equilibrium sorption experiments were performed under
optimum conditions derived using factorial design. The
sorbent material (OP or RH) was exposed to varying
concentrations of Cr(I11) in Erlenmeyer flasks containing
75.0 mL or 50.0 mL of solution. The pH was adjusted to
4.4 or 3.0 for OP or RH, respectively. The biosorbent
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dosage was 1.45 g and 5.65 g for OP and RH, respec-
tively. The Cr(lll) adsorption experiments were per-
formed at 20.0 £ 0.1°C. Mixtures were stirred for 120
min to reach equilibrium and then centrifuged. The su-
pernatants were analyzed for their Cr content. All ex-
periments were performed in triplicate for statistical pur-
pOoses.

3. Results and Discussion

3.1. Cr-laden Biomaterials Spectroscopic
Characterization

Characterization of the Chromium oxidation state on the
surface of the biomaterial would establish if Cr(VI) ad-
sorption-reduction mechanism contributes to its removal
from the aqueous solution. Grainless stalk of corn (GLSC),
an agricultural waste, was tested as a reference biomass
for sorption and reduction of Cr(VI) [8]. The reduction
took place mainly in the presence of solid biomaterial.
High-resolution XPS of Cr-laden GLSC showed the
presence of Cr(V) and Cr(lll) at short contact time (Fig-
ure 1(a)) and only Cr(l11) at prolonged contact time (Fi-
gure 1(b)).

The present experimental results support the conclu-
sion of Park et al. [16] that the mechanism of Cr(VI)
removal by GLSC is Cr(VI) sorption-coupled reduction
to Cr(l11) and partial complexation of Cr(ll1).

Figure 2 shows XPS spectra of Cr-laden OP. As can
be seen in the high-resolution XPS spectrum of long-
exposure Cr-laden OP, it was Cr(l11) that became bound
to the sorbent. While at short contact time, the amount of
Cr sorbed by OP was below the XPS detection limit giv-
ing thus no discernible spectrum, at long contact times
the amount of Cr sorbed was sufficient to produce an
XPS spectrum with a Cr signal. Similarly, no chromium
signal could be detected in the XPS spectrum of Cr-laden
RH where Cr was still below the apparatus detection
limit. The detection of intermediate states of Chromium
for short contact times could be improved employing a
more sensitive spectroscopic technique such as EPR. The
EPR spectra are shown in Figures 3 and 4.

EPR spectra of Cr-laden OP and Cr-laden RH for dif-
ferent contact-time samples exhibit a sharp signal at gis,
=1.9788 and gjs, = 1.9785, respectively, characteristic of
Cr(V), superimposed on a broad signal (~ 600 G) at gis, ~
2.00, typical of Cr(l11). The intensity of this broad signal
increased for longer-contact time samples while the
sharp Cr(V) signal diminished and finally disappeared,
indicating thus that Cr(V) in these biosorbents was fur-
ther reduced to Cr(l11). The g;s, value of the Cr(V) EPR
signal provides useful information on the nature and
number of donor groups bound to Cr(V). The gis, values
1.9788 and 1.9785 correspond to oxo-Cr(V) bound to

Copyright © 2010 SciRes.
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Figure 1. High-resolution XPS of Cr(VI)-laden GLSC.
MassgLsc = 0.3 g; V = 25.0 mL; pH = 0.9; [Cr(VI)] = 624
mg/L; contact time:(a) 12 h (b) 1 week.
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Figure 2. High-resolution XPS of Cr(VI)-laden OP. Massop
=0.39g; V=25mL; pH =2; [Cr(VI)] = 624 mg/L; contact
time: 1 week.

carboxylate and alcohol groups [17]. The detection of
Cr(V) bound by OP and RH biomaterials reinforces the
sorption-reduction model hypothesis for the removal of
Cr(VI) by these biosorbents. In both sorbents exposed to
Cr(VI1), Cr(l111) was the final species as can be seen in the
EPR and XPS spectra.

XPS spectroscopy was also employed for detection of
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Figure 3. EPR spectra of Cr-laden OP at various contact
time. Massgp = 0.2 g; V =75 mL; pH = 2.0; [Cr(VD)], = 624
mg/L; contact time: (a) 12 hs; (b) 1 week.
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Figure 4. EPR spectra of Cr-laden RH at various contact
time. Massgy = 0.2 g; V =50 mL; pH = 2.0; [Cr(VI)], = 624
mg/L; contact time: (a) 3.5 hs; (b) 30 hs; (c) 1 week.

Cr(I1) in metal-laden biomaterials and compared with a
model complex Cr(l11)-pectinate and Cr,O;.
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Figure 5. High-resolution XPS of Cr(l11)-laden biomaterials.

MasSpiomaterial = 0.3 g; V = 25 mL; pH = 4; [Cr(IIl)] = 624
mg/L; contact time: 1 week.

High-resolution XPS spectra collected from the Cr2p
core region indicated that there were significant contri-
butions of the Cr bound to the biomaterials. Figure 5
shows bands of Cr,03 (576.8 and 586.7 eV). The spectra
of all the Cr(I11)-laden biomaterials (OP, RH) could well
be matched with that of the Cr,Os3, similarly as with
Cr(I1)-pectinate. This fact indicates that Cr(I11) is bound
to oxygen atoms in the solid structures of the biosorbent.
The XANES data were used to verify the oxidation state
of the Cr(VI)- or Cr(Ill)-laden biomass. Figure 6 shows
the normalized Cr K-edge XANES spectra of reference
compounds. The XANES data for Cr(l11) standards show
a small peak at 5990.5 eV, while those for Cr(V) and
Cr(VI) show a pre-edge peak at 5993.0 and 5993.3 eV,
respectively. The edge energy and the intensity of pre-
edge absorbance decrease in the following order:
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Figure 6. Cr K-edge XANES spectra of solid samples.
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Cr(VI) > Cr(V) > Cr(Ill). The octahedral symmetry in
XANES spectra of Cr(l11) compounds is characterized by
small resonances in the pre-edge region as signed to tran-
sitions of 1s electrons into antibonding orbitals with oc-
tahedral symmetry [18] whereas Cr(0) (body centered
cubic) shows a broad pre-edge conduction band feature.
The XANES data for K,CrO,4 show the well-defined pre-
edge peak from 5990 to 5997 eV [19], and for Na-
[Cr(V)O(ehba),]-H,0, the pre-edge peak position is con-
sistent with that reported in the literature [20].

On the other hand, both Cr(I11)-laden OP and Cr(VI)-
laden RH samples do not show a pre-edge peak between
5990 and 5997 eV, and they have a small peak at 5990.5
eV, indicating the presence of Cr(lll) binding in both
biomaterials. It is also evident that Cr(I11) is bound in the
OP and Cr(VI) sorbed by the RH is completely reduced
to Cr(l1I1). This is quite consistent with the XPS and EPR
results. EXAFS spectroscopy was employed to determine
the local atomic structure of Cr in Cr(lll)-laden OP and
Cr(VI)-laden RH biomaterials. The experimental Fourier
transform results are shown in Figure 7 and the
curve-fitted values are given in Table 1.

S.BELLU ET AL.

A. The structure of the first coordination shell in the
Cr(V) seems to be similar to that in the Cr(lll). The Fou-
rier transformed EXAFS spectra for the Cr(l11)-laden OP
and Cr(VI)-laden RH biomaterials were very similar to
those for Cr(l11) reference compound. This result means
that the coordination environment of the chromium on
the OP and RH biomaterials was also similar to that of
Cr(111) compound, where Cr(lll) is in an octahedral geo-
metrical arrangement. The Cr-O bond distances were
approximately the same lengths, which corresponds to
the Cr-O bond lengths cited in the literature [18,21,22].
Cr(l11)-laden OP sample showed the presence of the
second and third peaks of Cr,03 allowing thus a guess as
to the formation of Chromium polynucleate species [23].
For the curve-fitting to determine the structural parame-
ters, phase and amplitude functions for the absorbing and
back-scatterer (Cr, O) pair were extracted from the fil-
tering of the first peak of the EXAFS Fourier transform

Table 1. Cr K-edge EXAFS fitting results for reference sam-
ples and Cr-laden biomaterials.

For Cr(NO3)s:9H,0, the k®-weighted FT function gave Sample Bond CN r(A) AE(eV) o(R) R(%)
a main peak centered at 1_.60 A which arises from first- CrO; Cr-0 57 197 0238 0063 0226
shell oxygen back-scattering and another smaller peak NalCro(ehb CrO 24 191  -0961 0075 7847
centered at ~ 3.15 A (phase-uncorrected). Three main alCrO(ehba)] ~ Cr-O 24 1. : : :
peaks at 1.60, 2.52, and 3.31 A (phase-uncorrected) KeCrO, Cr-O 38 166 108 0066 1931
could also be observed for the Cr,0; compound, as-
signed to thg first, second, and third shell con_tributions OP+Cr(lll) Cr-O 61 197 0903 0072 0.261
of a Cr(lIl) in an octahedral sy_/mmetry, respectively. For RH+Cr(VI) CrO 52 196 1605 0049 0456
Na[Cr(V)O(ehba),]-H,0, a main peak is observed at 1.47
15 15 F 15
Cr(NO;)3.9H,0 < Na[CrO(ehba),]-H.O
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Figure 7. Fourier-transformed EXAFS spectra of solid samples.
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of Cr(NOs)3.9H,0, where the chromium absorbing atom
is surrounded by 6 oxygen atoms at the bond distance of
1.96 A [21].

3.2. Effect of pH

The effect of pH, on the removal of Cr(lll) by OP and
RH is shown in Figure 8. The uptake of Cr(lll) ion in-
creased with increasing pH and OP biomaterial was more
efficient in the removal. At pH < 1.0 there was a small
adsorption, less than 7-25% for RH or OP respectively
and Cr(I11) removal yield increased up to 86-98% at pH
3.0-4.0 for OP. RH showed a capacity something smaller
than OP for Cr(lIl) adsorption. In spite of employing
four times biomass, only 78.0-85.0% was achieved at pH
3.0-4.0. At lower pH values, the higher [H'] effectively
leads to fewer ligands being available for metal ions
binding [24]. According to the pH dependence of this
biosorption process, deprotonation of the carboxylic
groups of uronic pectin moieties [4,5] might be involved.
Increasing pH, surfaces becomes deprotonated, resulting
in more ligand groups available for Cr(I11) cations bind-
ing and electrostatic attraction available from carboxy-
late groups is likely enhanced. Thus, at high pH values
where the [H"] is very low, carboxylic groups from OP
and RH work as ion exchanger, where protons are re-
leased in the solution while metal ions are sorbed.

3.3. Sorption Process Dynamics

Reaction kinetics of the sorption process that is based on
ion exchange is inherently very fast and studying it is
experimentally difficult and inaccurate. With biosorbent
particles involved that are “transparent” to ionic species,
it is predominantly the intraparticle mass transfer that is
observed externally and that represents the rate-limiting

120
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Figure 8. Effect of pH on the removal of Cr(111) by OP and
RH. T =20°C; V = 75.0 mL; [Cr(l11)]o = 0.77 mM (OP) and
0.44 mM (RH); mass = 5.0 g (OP) and 1.25 g (RH).
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step. With easily accessible surface layers of the particles
saturating first and fast, biosorption of Cr(Ill) onto OP
and RH features two apparent steps, a fast initial sorption
followed by a slower phase that reflects the penetration
of sorbate into the particles. Correspondingly, the bio-
sorption uptake increased sharply in the first 30 min,
with more than 80% of Cr(lIl) taken up, and then con-
tinued increasing only at much slower rate. The sorption
system equilibrium was reached in less than 120 min. A
distinct two-step behavior has often been reported for
metal ion biosorption. While Liu and Huang [25] attrib-
uted the two-step sorption characteristic to the heteroge-
neity of the surface binding sites on sorbents, Qin et al.
[26] asserted that the fast initial sorption was the result of
the fast transfer of metal ions to the surface of biomate-
rial, followed by a relatively slow uptake caused by the
slow diffusion of metal ions into the intra-particle spaces
of sorbents.

We tested of three kinetic models approach in order to
stablish the mechanism of Cr(I11) adsorption onto OP/RH.
Pseudo-first-order kinetic model (Lagergren [27]) is:

d

ok @-a) &)
Pseudo-second-order kinetic expression (Ho [28]) is:

dq

5 =K @0’ (2)

ki (1/min) and k, (g/mg min) are the equilibrium rate
constant of pseudo-first and pseudo-second order sorp-
tion respectively, and g, and g; are the amounts of solute
sorbed per unit adsorbent at equilibrium (mg/g) and at
time t, respectively.

Separating variables of (2), integrating and reordered
one can obtain the following lineal expression:

i:% + L (3)
a k,q; Qe

The intraparticle diffusion model (Weber-Morris [29]

is:

gt = kdif t0'5 + C (4)
where kg is the intraparticle diffusion rate constant and
C can be obtained from the slope and intercept of the plot
qq vs. t°°,

The correlation coefficient (R?) of pseudo-first-order
(1), are nearly 0.86 (OP) and 0.54 (RH), and g, calcu-
lated with (1) are lower than the experimental ¢,. There-
fore, the pseudo-first-order equation is not a good fit for
Cr(I11) adsorption on OP and RH.

The kinetic adsorption data were further fitted by the
pseudo-second-order Kinetic model, using (3). Table 2
shows the experimental g, ko, R? values, and the calcu-
lated g, values which agree perfectly with the experi-
mental g. values. Those results indicate that the rate-
limiting step is a chemical sorption involving valance
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Table 2. Kinetic parameters from pseudo-second-order for
Cr(l1l) sorption.

Biomaterial ke Ge (€Xp) Ge (calc) R?
(9/mg min) (mg/g) (mg/g)
oP 0.14 0.83 0.88 0.9975
RH 2.26 0.40 0.42 0.9997

force through sharing between adsorbent and adsorbate.

The intraparticle diffusion kinetic model (4) provides
information about the nature of the adsorption process
[29]. A plot of g vs. t° for Cr(I11) adsorption on OP and
RH afforded two linear sections. A deviation of the
straight line from the origin indicates that the intraparti-
cle diffusion is not the only rate controlling step [30] and
boundary layer diffusion controls the adsorption to some.
If the regression of g; vs. t°° is linear and passes through
the origin, intraparticle diffusion is the sole rate-control-
ling step [31]. The first straight portion was attributed to
the fast mass transfer of sorbate molecules from the bulk
solution to the sorbent surface and the second linear por-
tion to the slower intraparticle diffusion into the biosor-
bent. Similar results were found for acid dye adsorption
on activated palm ash [32].

Additionally, the kinetic model proposed by Boyd et al.
[33] was applied to check that sorption proceeds via sur-
face uptake followed by intra-particle diffusion:

F=1- (%J e ™ 5)

T

where F is the fraction of solute adsorbed at different

times t:
S
Qe

Bt, in (5), is a mathematical function of F which can
be evaluated from each value of F as:

Bt = — 0.4977 - |n[1-ij 0
e

Plot of Bt vs. t for both, OP and RH, are shown in
Figure 9 which are straight lines with R? of 0.9970 and
0.9921, respectively. The results suggest that intraparti-
cle diffusion is not the sole rate controlling step because
the plot does not pass through the origin. This is in
agreement with the results obtained by using intraparticle
diffusion model and, at the same time, indicating that the
mechanism of metal adsorption by OP and RH is com-
plex and both, external mass transport as well as in-
traparticle diffusion contribute to the rate determining
step, being the rate limiting step the intraparticle transfer.
Value of rate constant B was calculated from the slope
in Figure 9 and used to calculate the effective diffusion

coefficient, D; (cm?/s) employing the relationship:
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RH
R’ =0.9921

oP
R®=0.9970

Mass ,=159g;pH=4.0;V=75mL
Mass,, = 5.0 g; pH =3.0; V =50 mL
L L L L

0 15 30 45 60
t (min)
Figure 9. Boyd plot for Cr(lll) sorption. T = 20°C;
[Cr(111)]o = 0.385 mM (OP) and 0.77 mM (RH).

Di
= ®)
where r represents the radius of the assumed spherical
particle. The calculated D; values for OP and RH were
9.5 x 10 cm?/s and 5.9 x 1078 cm?/s, respectively.

B = n?

3.4. Adsorption Isotherms

Freundlich, Langmuir and Dubinin-Radushkevich (D-R)
adsorption models were employed for describing the
chromium biosorption behavior in the OP- and RH-Cr(l11)
systems.

Freundlich isotherm

qe = Kf Cel/n (9)
where C. is equilibrium concentration of chromium in
the bulk solution (mg/L), K; and 1/n are Freundlich con-
stants. Values of 1/n and K; correspond to the adsorption
intensity and maximum adsorption capacity, respectively.
This empirical model can be applied to non-ideal adsorp-
tion on heterogeneous surfaces as well as multilayer ad-
sorption. Relatively higher fractional values of 1/n (0 <
1/n < 1) indicate a fair validity of classical Freundlich
isotherm over the entire concentration of Chromium
[34].

Langmuir isotherm

g = Il S (10)
1+ K, C,
where gy, is the monolayer adsorption capacity (mg/g)
and K, is the Langmuir constant related to the free en-
ergy of adsorption. High values of K, are reflected by the
step initial slope of a sorption isotherm and indicate a
high affinity for the adsorbate.

The non-linear Freundlich and Langmuir isotherms for
the uptake of Cr(l11) on the OP and RH are presented in
Figures 10 and 11. The solid curves represent the model
fits in the wide range of concentrations. The correspond-
ing Freundlich and Langmuir parameters together with
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Figure 10. Adsorption isotherm for Cr(I11) removal by OP.
Massop = 1.45 ¢; T = 20°C; pH =4.4; V =75 mL; [Cr(lI1D]o
=76.96 - 769.60 mg/L; time contact = 120 min.

35
(b)
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3.0
25+
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Figure 11. Adsorption isotherm for Cr(lll) removal by RH.
Massgy = 5.65 g; pH =3.0; T = 20°C; V =50 mL; [Cr(I1D]o
=23.09 - 461.76 mg/L; time contact = 120 min.

correlation coefficients are given in Table 3. In the given
concentration range, the correlation coefficients showed
that the Langmuir model fitted the experimental data
better than the Freundlich model.

In previous studies [34,35], authors have suggested
that using a dimensionless separation factor is suitable
for evaluation of sorption data. For the Langmuir-type
sorption process, the isotherm shape can be classified by
a term R_, dimensionless constant separation factor,
which is defined as:

R, = _ (12)

1+ K_C,

where C, is initial metal concentration. The parameter R
indicates the shape of the isotherm accordingly: R, > 1
unfavorable; R_ = 1 linear; 0 < R_ < 1 favorable; R_. =0
irreversible. The values of R_ were found to be less than
1 and greater than 0 for both biomaterials indicating a
favorable adsorption for Cr(l11) by the biomass.

Copyright © 2010 SciRes.

Table 3. Langmuir and Freundlich constants and correla-
tion coefficients for Cr(I111) removal.

Langmuir constants Freundlich constants

Biomaterial G Ke R? Ke 1/n R?
(mglg)  (L/mg) (mg/g)
OP 39.11 0.14 0.9902 11.30 0.29 0.9687
RH 3.20 2.98 0.9864 2.11 0.12 0.8173

D-R isotherm model [36]

Ing, = Ing,, — B& (12)
where gy is maximum amount of ion that can be sorbed
onto unit weight of sorbent (mol/g), B is a constant re-
lated to sorption energy (mol/kJ) and ¢ is the Polanyi
potential:

e=RTlIn (1+iJ 13)
Ce

where R is gas constant (8.314 x 10~ kd/mol K) and T is
absolute temperature expressed in K. Constant f (- 3.7 x
10~ mol’/J%) and gn (9.60 x 10 mol/g) values were
obtained from slope and intercept of the plot of In g vs.
¢” (R? = 0.9891), (10) and Figure 12. The mean sorption
energy, E, which is the free energy mean of transference
for 1 mol of solute from infinity (in solution) to the sur-
face of biomaterial, can be calculated from:

E- 1 (14)

[ — Zﬂ
The obtained value of E = 11.6 kJ/mol, is in the ex-
pected range of 8-16 kJ/mol for ion exchange phenom-
ena [36]. The correlation coefficient for RH was lower
than OP system (0.9136) using D-R model with an esti-
mate value of E of 16 kJ/mol.

7.0
7.2
7.4

7.6

7.8+ R?=0.9891

In g, (mg/g)

-8.0 1
-8.2 1

8.4 . . . .
5.0x10’ 1.0x10° 1.5x10°

&’ (3%/mol’)

T T
2.0x10° 2.5x10°

Figure 12. D-R isotherm plot for sorption Cr(l11) onto OP.
Massop = 1.45 g; T = 20°C; pH =4.4; V =75 mL; [Cr(111)],
=76.96 - 769.60 mg/L; time contact = 120 min.
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4. Conclusions

OP and RH agriculture biowaste materials were exam
ined as possible low-cost sorbents for Cr(lll) removal
from aqueous solutions. Fitting of the intraparticle diffu-
sion model indicated that intraparticle mass transfer re-
sistance is likely the rate limiting phenomenon. The ef-
fective diffusion coefficient values for OP and RH were
9.5 x 1078 cm?/s and 5.9 x 10 cm?s. Sorption dynamics
data indicated that the time required to reach sorption
equilibrium was approximately 120 min. Langmuir, Fre-
undlich and Dubinin-Radushkevich sorption isotherm
models were fitted to the experimentally derived bio-
sorption isotherms. The isotherm data most accurately
conformed to the Langmuir equation. The values ob-
tained for g, were 39.11 and 3.20 mg/g for Cr(lll) ad-
sorption by OP and RH, respectively. The mean free en-
ergy of metal sorption process calculated from D-R pa-
rameter and the Polanyi potential was found to be in the
range of 8-16 kJ/mol indicating that the main mechanism
governing the sorption process is most likely ion ex-
change. Abiotic Cr(VI) reduction by the biomass was
performed with various contact times, and characteristics
of the Cr-laden biomass were determined by spectro-
scopic studies that demonstrated that the Cr(\V1) bound to
the biomass was reduced to Cr(I11). Results indicated that
OP and RH are biomaterials quite effective in removing
Chromium from aqueous solutions to drinking water
standards.
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Abstract

Chitosan was utilized as adsorbent to remove methyl orange (MO) from aqueous solution by adsorption.
Batch experiments were conducted to study the effects of pH, initial concentration of adsorbate and tem-
perature on dye adsorption. The kinetic data obtained from different batch experiments were analyzed using
both pseudo first-order and pseudo second-order equations. The equilibrium adsorption data were analyzed
by using the Freundlich and Langmuir models. The best results were achieved with the pseudo second-order
kinetic model and with the Langmuir isotherm equilibrium model. The equilibrium adsorption capacity ()
increases with increasing the initial concentration of dye and with decreasing pH. The values of g, were
found to be slightly increased with increasing solution temperatures. The activation energy (E,) of sorption
kinetics was found to be 10.41 kJ/mol. Thermodynamic parameters such as change in free energy (AG), en-

thalpy (AH) and entropy (AS) were also discussed.

Keywords: Adsorption, Kinetics, Chitosan, Anionic dyes, Wastewater

1. Introduction

With economic and technological development, water
pollution is a common problem in worldwide. Water
pollution has become more and more serious, especially
regarding dye ions. Dye ions; mainly from dyeing indus-
tries have become serious threats to human beings and
the aquatic ecosystem, due to their toxicity and persis-
tence after being released into the natural water [1,2].
Therefore, discharge regulations are progressively be-
coming more stringent. Many recent studies have been
focused on the development of efficient processes for the
recovery of these organic contaminants from the efflu-
ents of textile industries [3-5]. Usually conventional
techniques such as precipitation, coagulation and floccu-
lation have been used in wastewater treatment although
these techniques are not very efficient for removing sev-
eral common dyes, especially from dilute solutions [3].
Photo-oxidation has also been proposed for the treatment
of dye-containing effluents [4,5], however, this process
is relatively expensive and not appropriate for the treat-
ment of large flows. More recently, biological degrada-
tion has been cited as an alternative process for the de-

Copyright © 2010 SciRes.

colorization of the reactive dye [6]. On the other hand,
adsorption processes remain the most common useful
techniques for the decontamination of the effluents of
textile and dyeing industries. Many studies have been
made on the possibility of adsorbents using mineral sor-
bents [7], activated carbons [8-10], peat [11,12], chitin
[13-16], rice husk [17], soy meal hull [18] and agro
wastes [19-21]. However, the adsorption capacity of the
adsorbents is not very effective; to improve adsorption
performance new adsorbents are still under development.

It is well known that chitosan (Figure 1(a)) has widely
been used in the preparation of various biomedical prod-
ucts [22-24]. Chitosan is easily prepared from chitin by
deacetylating its acetoamide groups with a strong alka-
line solution. This is the most abundant biopolymer in
nature after cellulose. The high proportions of amino
functions in chitosan have been found to provide novel
adsorption properties for many metal ions [25-27] and
organic dyes [28-36]. The deacetylated amino groups in
chitosan can be protonated and the polycationic proper-
ties of the polymer are expected to contribute to the
charged interactions with a model dye, methyl orange
(MO), which is an anionic azo dye (Figure 1(b)).
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@

(b)
Figure 1. (a) The structures of chitosan 10B; (b) methyl
orange (MO).

In this study, chitosan 10B (100% deacetylated) was
used as an adsorbent to remove dye MO from aqueous
solution. The investigation for dye removal was carried
out through a series of batch adsorption experiments. The
attention has been placed in an understanding of the ki-
netics; mechanisms and equilibrium processes involved
in adsorption of MO onto the chitosan 10B. Treatment of
the chitosan surface with a cross-linking agent was not
utilized in this study since cross-linking may change the
properties of chitosan. The effects of pH, initial concen-
tration of MO and temperatures on the adsorption phe-
nomena have been studied.

2. Materials and Methods

2.1. Chemicals and Preliminary
Characterization of the Chitosan Sample

Chitosan 10B (100% deacetylated, Katokichi Bio Co.,
Ltd., Japan) was used without further purification. The
mass median diameters of the chitosan flakes were esti-
mated to be (228 + 5) um using a laser scattering particle
size analyzer (LDSA-2400A, Tonichi Computer Appli-
cations, Japan) equipped with a dry dispersing apparatus
(PD-10S, Tonichi Computer Applications, Japan).

The dye methyl orange (MO) was from Acros Organ-
ics (New Jersey, USA) and was used without further
purification. The chemical structure of MO is shown in
Figure 1(b). The other reagents used in this study were
of pure analytical grade. Deionized water was prepared
by passing distilled water through a deionizing column
(Barnstead, Syboron Corporation, Boston, USA).

2.2. Batch Adsorption Experiments

Batch adsorption experiments of MO were carried out in
a 122 mL stoppered bottle at a constant temperature (33

Copyright © 2010 SciRes.

* 0.2°C) using a shaking thermostat machine at a speed
of 120 r/min. The effect of pH on the adsorption of MO
was examined by mixing 0.05 g of chitosan 10B with 25
mL of MO (100 umol/L) solution with the pH ranging
from 4.0 to 9.0. The pH of the samples was adjusted by
adding micro liter quantities of 1 mol/L HCI or 1 mol/L
NaOH. In kinetics studies, 0.05 g of chitosan 10B was
mixed with 25 mL of MO solution with varied initial
concentrations (15-100 umol/L), and samples were with-
drawn at desired time intervals. In isotherm experiments,
0.05 g of chitosan 10B was added to 25 mL of MO solu-
tion with varied initial concentrations (5-50 umol/L).

After adsorption, the samples were centrifuged using a
centrifuge machine (Labofuge 200, D-37520 Osterods,
Germany) at a speed of 4000 r/min. The concentrations
of MO in the supernatant liquor were determined by us-
ing standard curve. The absorbance of MO in agueous
solutions was measured with a Shimadzu UV-1601PC
spectrophotometer at 465 nm, equipped with an elec-
tronically thermostatic cell holder (Shimadzu); the quartz
cell had a path length of 1.0 cm. Before each measure-
ment, the base line of spectrophotometer was calibrated
against solvent. The standard curve was obtained by
plotting absorbance versus concentration of MO.

The amount of MO adsorbed (ge) was determined by
using the following equation:

ge = V(Co — Ce)/m @

where C, and C, represent the initial and equilibrium MO
concentrations (umol/L), respectively; V is the volume of
the MO solution (L) and m is the amount (g) of chitosan
10B. The adsorption kinetics and equilibrium adsorption
were also performed at different temperatures (27, 33, 40
and 45°C), respectively. The amount of adsorption was
determined in the same way as described above.

3. Results and Discussion
3.1. Kinetics of Adsorption

3.1.1. Effect of pH

In order to avoid solubilization of the chitosan in aque-
ous solution at very low pH [37], adsorption experiments
were conducted with the pH ranging from 4.0 to 9.0. The
effect of pH on adsorption kinetics of MO onto chitosan
10B at 33°C is shown in Figure 2, where the initial dye
concentration was 100 umol/L. It indicates that the ad-
sorption rate (dg/dt) and adsorption capacity () increase
significantly with decrease in solution pH. After 240 min
of adsorption, the equilibrium adsorption capacity (g.) at
pH 4.0 (30.14 umol/g) is more than double of that at pH
9.0 (11.79 umol/g) (Table 1). It can be seen that the pH
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Figure 2. Adsorption kinetics of MO on chitosan 10B at
different pH (initial concentration of MO: 100 pmol/L;
solution volume: 25 mL; chitosan: 0.05 g; temperature: 33
°C; solution pHs: closed circles: pH 4; closed triangles: pH
5; closed squares: pH 6; opened circles: pH 7; stars: pH 8;
opened triangles: pH 9). All solid lines are simulated ad-
sorption kinetics of MO onto the chitosan at respective pHs.
The simulated adsorption kinetic profiles were generated
using the pseudo second-order model in Equation (3) and
the values of equilibrium adsorption capacity (Qeca)) and
the pseudo second-order rate constant (k,) listed in Table 1.

of aqueous solution plays an important role in the ad-
sorption Kinetics of MO onto chitosan 10B and the most

suitable pH is 4.0 among the observed pH ranging from
4.0 to 9.0. Similar results were also observed in the ad-
sorption of reactive [32] and acid dyes [33] on cross-
linked chitosan. Figure 2 also shows that the time to
reach equilibrium adsorption increases gradually with
increase in pH of the aqueous solution. Our data show
that the time to reach equilibrium adsorption is about 60
min for pH 4.0-5.0 and 120 min for pH 6.0-9.0, respec-
tively.

3.1.2. Effect of Initial Dye Concentration

Figure 3 shows that the effect of initial MO concentra-
tion on the adsorption kinetics of the chitosan 10B at pH
4.0 and temperature 33°C. An increase in the initial dye
concentration leads to an increase in the adsorption ca-
pacity of the dye on chitosan. This is due to the increase
in the driving force of the concentration gradient, as an
increase in the initial dye concentration [32]. Figure 3
also shows that most of the dye is adsorbed to achieve
equilibrium adsorption within 60 min, although the data
were taken for 120 min. The equilibrium adsorption ca-
pacity (ge) at an initial dye concentration of 100 umol/L
is nearly six times larger than that of 15 umol/L (Table
1).

3.1.3. Effect of Temperature
The effect of temperature on adsorption kinetics of MO

Table 1. Comparison of the pseudo first- and second-order adsorption rate constants, and calculated and experimental g
values for different pH, initial dye concentrations and temperatures.

Parameters Experimental First-order kinetic model Second-order kinetic model
pH Getorp) k: (per min) Getca ko (g/pmol per min) Getcan R?
pumol/g umol/g umol/g
4 30.14 0.0545 9.73 0.976 0.0164 30.39 0.999
5 25.52 0.0543 11.29 0.991 0.0127 25.84 0.999
6 16.58 0.0204 9.37 0.908 0.0059 17.09 0.996
7 15.75 0.3026 20.46 0.619 0.0049 16.47 0.994
8 14.02 0.0280 12.92 0.942 0.0046 14.84 0.990
9 11.79 0.0202 9.28 0.970 0.0042 12.58 0.993
Initial dye concentration (umol/L) (pH 4.0)
15 5.53 0.0764 2.71 0.986 0.0642 5.65 0.999
30 11.26 0.0893 4.61 0.982 0.0477 11.43 1.000
40 15.52 0.0693 4.99 0.942 0.0403 15.72 0.999
50 19.08 0.0736 6.85 0.973 0.0310 19.34 0.999
70 24.29 0.0741 10.09 0.994 0.0207 24.75 0.999
100 29.82 0.0545 9.72 0.976 0.0164 30.40 0.999
Temperature (°C) (pH 4.0)
27 18.48 0.0771 7.83 0.927 0.0271 18.90 0.999
33 18.94 0.0755 6.92 0.973 0.0309 19.34 0.999
40 19.40 0.0755 6.65 0.974 0.0322 19.76 0.999
45 20.24 0.0810 6.63 0.971 0.0349 20.61 0.999

Copyright © 2010 SciRes.
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Figure 3. Adsorption kinetics of MO on chitosan 10B at
different initial concentration. (solution volume: 25 mL;
chitosan: 0.05 g; solution pH: 4; temperature: 33°C; initial
concentrations of MO: closed circles: 15 pmol/L; opened
circles: 30 umol/L; closed triangles: 40 pmol/L; opened
triangles: 50 umol/L; closed squares: 70 umol/L; opened
circles: 100 pmol/L). All solid lines are simulated adsorp-
tion kinetics of MO onto the chitosan at respective initial
concentrations of dye. The simulated adsorption Kinetic
profiles were generated using the pseudo second-order
model in Equation (3) and the values of equilibrium ad-
sorption capacity (Qeca)) and the pseudo second-order rate
constant (ky) listed in Table 1.

onto chitosan at pH 4.0 is shown in Figure 4 where ini-
tial dye concentration was 50 umol/L. Below and above
the equilibrium time, an increase in the temperature leads
to an increase in dye adsorption rate (dg/dt) and adsorp-
tion capacity (qy), this indicates a kinetically controlling
process. However, it can be seen from Figure 4 that the
temperature effects are insignificant. It has been reported
that the variation of wastewater temperature does not
significantly affect the overall decolorization perform-
ance [34]. However, a significant effect of temperature
on the equilibrium isotherms was observed in the adsorp-
tion of trisodium 2-hydroxy-1,1’-azonaphthalene-3,4’,6-
trisulfonate onto chitosan [28] and of Acid Orange Il
(acid dye) onto the cross-linked chitosan [33].

3.2. Rate Constant Studies

In order to investigate the mechanism of adsorption ki-
netics, the pseudo first-order and pseudo second-order
equations were used to test the experimental data of pH,
initial concentration and temperature, respectively. The
pseudo first-order rate expression of Lagergren and An-
nadurai and Krishnan [38,15] is given as:

log(de — dy = logde — (ki/2.303)t (2
where g and g, are the amounts of dye adsorbed on chi-
tosan 10B at equilibrium and at time t, respectively
(umol/g), and k; is the rate constant of pseudo first-order

Copyright © 2010 SciRes.
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Figure 4. Adsorption kinetics of MO on chitosan 10B at
different temperatures (initial concentration of MO: 50
pmol/L; solution volume: 25 mL; chitosan: 0.05 g; solution
pH: 4; temperatures: closed circles: 27°C; opened circles:
33°C; closed triangles: 40°C; opened triangles: 45°C). All
solid lines are simulated adsorption kinetics of MO onto the
chitosan at respective temperature. The simulated adsorp-
tion kinetic profiles were generated using the pseudo sec-
ond-order model in Equation (3) and the values of equilib-
rium adsorption capacity (Qeca) and the pseudo second-
order rate constant (k) listed in Table 1.

adsorption (per min). A straight line of log(ge — ;) versus
t suggests the applicability of this kinetic model to fit the
experimental data. The equilibrium adsorption capacity
(9e) is required to fit the data, but in many cases ge re-
mains unknown due to slow adsorption processes. Also,
in many cases, the pseudo first-order equation of Lager-
gren does not fit well to the whole range of contact time
and is generally applicable over the initial stage of the
adsorption processes [38,39].

The pseudo second-order kinetic model [39,40] is ex-
pressed as:

Gt = Ko t/(1+ ko) ®3)
where k, (g/umol per min) is the rate constant of pseudo
second-order adsorption and can be determined from a
linearized form of this equation, represented by Equation
(4):

o = koQe” + (L)t (4)

If second-order kinetics is applicable, the plot of t/q,
versus t should show a linear relationship. There is no
need to know any parameter beforehand and the equilib-
rium adsorption capacity (dge) can be calculated from
Equation (4). Contrary to the other model it predicts the
behavior over the whole range of adsorption and is in
agreement with an adsorption mechanism being the rate-
controlling step [39,40], which may involve interactions
between dye anions and adsorbent.

The slopes and y-intercepts of plots of log(qe — qy)
versus t were used to determine the pseudo first-order
rate constant (k;) and equilibrium adsorption capacity
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(9e). These results are shown in Table 1. A comparison
of results with the correlation coefficients (R?) is also
shown in Table 1. The values of R? for the pseudo first-
order kinetics model were low. Also, the calculated g
values obtained from the pseudo first-order kinetic model
do not give reasonable values, which are too low com-
pared with experimental g, values (Table 1). These re-
sults suggest that the adsorption of dye MO onto the chi-
tosan 10B is not a pseudo first-order reaction.

The slopes and y-intercepts of plots of t/g; versus t
were used to calculate the pseudo second-order rate con-
stant k, and ge. The straight lines in plot of t/g, versus t
(Figure 5) show a good agreement of experimental data
with the pseudo second-order kinetic model for different
initial dye concentrations. The similar straight-line agree-
ments are also observed for data at different pH and
temperature although their plots are not shown in this
paper. The computed results obtained from the pseudo
second-order kinetic model are shown in Table 1. The
values of correlation coefficients (R?) for the pseudo
second-order kinetic model are > 0.999 for almost all the
cases. The values of calculated equilibrium adsorption
capacity (Oeccay) also agree very well with experimental
data (Table 1). Moreover, the experimental adsorption
kinetic profiles (Figures 2, 3 and 4) are perfectly repro-
duced in the simulated data (each solid line in Figures 2,
3 and 4) obtained from numerical analysis on the basis of
pseudo second-order kinetic model (Equation (3)) using
the values of k, and ge(ca listed in Table 1. These results
indicate that the present adsorption system belongs to the
pseudo second-order kinetic model. The similar phe-
nomena were also observed in biosorption of reactive
blue 2 (RB2), reactive yellow 2 (RY2) and Remazol
black B on biomass [20,21]. According to the pseudo
second-order model, the adsorption rate dg/dt is propor-
tional to the second-order of (g.— ;). Since the chitosan
10B in our experiments have relatively high values of g,
(Table 1), the adsorption rates become very fast and the
equilibrium times are short. Such short equilibrium times
coupled with high adsorption capacity indicate a high
degree of affinity between the dye MO and the chitosan
10B [20].

The rate constant k; at different temperatures listed in
Table 1 was used to estimate the activation energy of the
MO adsorption onto chitosan 10B. Assume that the cor-
relation among the rate constant (k,), temperature (T) and
activation energy (E,) follows the Arrhenius equation,
which induces the following expression:

Ink, = — EJ/R (1/T) + const (5)
where R is the gas constant. The slope of plot of Ink,
versus 1/T was used to evaluate E,. The value of E, was

estimated to be 10.41 kJ/mol. This value seems to be
small and the adsorption rate is not very sensitive to

Copyright © 2010 SciRes.

25

t/qt (min/umol per g)

0 30 60 90 120
t (min)
Figure 5. Plot of the pseudo second-order model (t/g; versus
t) at different initial dye concentration. (closed circles: 15
umol/L; opened circles: 30 umol/L; closed triangles: 40
pmol/L; opened triangles: 50 pmol/L; closed squares: 70
pmol/L; opened circles: 100 umol/L).

temperature in the range (27—45°C) we studied.
3.3. Equilibrium Adsorption

Adsorption isotherms describe how adsorbates interact
with adsorbents and so are critical in optimizing the use
of adsorbents. Thus, the correlation of equilibrium data
by either theoretical or empirical equations is essential to
the practical design and operation of adsorption systems.
A plot of the equilibrium adsorption capacity, d. (wumol/g),
versus the liquid phase MO equilibrium concentration,
Ce (umol/L), for various temperatures at pH 4 is shown
in Figure 6. The adsorption capacities of the chitosan
increased slightly when the solution temperature was
increased from 27 to 45 °C. The isotherm constants ob-
tained from the linearized plots of Freundlich and
Langmuir equations and the values of correlation coeffi-
cients (R?) are discussed in the following sections.

3.3.1. Freundlich Isotherm
The well-known Freundlich isotherm [41] used for iso-
thermal adsorption is a special model for heterogeneous
surface energy in which the energy term in the Langmuir
equation varies as a function of surface coverage strictly
due to variation of the sorption. The Freundlich equation
is given as:
Ge = KeCe™" (6)

Equation (6) can be linearized by taking logarithms to
find out the parameters Kr and 1/n.

In(ge) = (1/n)In C, + InKk @)
where K is roughly an indicator of the adsorption capac-
ity and 1/n of the adsorption intensity. Kg and 1/n can be
determined from the linear plot of In(ge) versus In(Ce).
The calculated results are listed in Table 2. The magni
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Figure 6. Equilibrium adsorption of MO on chitosan 10B at
different temperatures (initial concentration of MO: 5-50
pmol/L; solution volume: 25 mL; chitosan: 0.05 g; solution
pH: 4; temperatures: closed circles: 27°C; opened circles:
33°C; closed triangles: 40°C; opened triangles: 45°C). All
solid lines are simulated equilibrium adsorption of MO
onto the chitosan at respective temperature. The simulated
equilibrium adsorption isotherms were generated using the
Langmuir model in Equation (8) and the Langmuir iso-
therm constants listed in Table 2.

tude of the exponent 1/n gives an indication of the fa-
vorability of adsorption. From Table 2, the exponent n is
larger than 1 for adsorption of MO onto the chitosan at
different temperatures indicating favorable adsorption
condition [14]. However, the low values correlation co-
efficients (R?< 0.999) show poor agreement of Freund-
lich isotherm with the experimental data.

3.3.2. Langmuir Isotherm

The widely used Langmuir isotherm [42] has found suc-
cessful application in many real sorption processes and is
expressed as:

Je = KLCe/(l + a._Ce) (8)

The constants K, and a, are the characteristics of the
Langmuir equation and can be determined from a lin-
earized form of this equation, represented by Equation
(9):

Celge= 1K, + (a/KL)Ce 9)

Therefore, a plot of C./g. versus C. gives a straight
line of slope a, /K, and y-intercept 1/K,. The constant K,
is the equilibrium constant and the ratio a /K, gives the
inverse of theoretical monolayer saturation capacity (qm).

A linearized plot of (C¢/qe) versus C, is obtained from
the model as shown in Figure 7. The values of K, and a,
are computed from the slopes and y-intercepts of differ-
ent straight lines representing at different temperatures.
The calculated results are shown in Table 2. The fits are
quite well for all the four different temperatures under
the concentration range studied (correlation coefficient,
R?> 0.999). From the results shown in Table 2, the ca-
pacities of the chitosan for dye adsorption are not sig-
nificantly dependent on the solution temperature al-
though the values of K, and g, slightly increase when
the solution temperature was increased from about 27 to
45°C. These results also suggest that the dye-chitosan
interaction must be an endothermic process.

In an effort to understand the equilibrium processes
involved in MO adsorption onto the chitosan, a computer
simulation of the adsorption isotherms has been per-
formed numerically on the basis of the Langmuir model
in Equation (8) and using the Langmuir isotherm con-
stants listed in Table 2, and the results are compared
with the experimental data (Figure 6). The observed
curves were obtained from the plots of equilibrium ad-
sorption capacity, g (umol/g), versus the liquid phase
MO equilibrium concentration, C, (umol/L), at different
temperatures. The simulated curves (all solid lines) were
obtained as described as stated. The adsorption capacities
of the chitosan increased slightly when the solution tem-

Table 2. Freundlich and Langmuir isotherm constants at different temperatures, and thermodynamic parameters for the
adsorption of dye MO onto chitosan from aqueous solution at pH 4.

Parameters Freundlich Langmuir
Temé?,‘ér;’t”re (unfgl FREICTS R? Ko(Ug)  a(L/umol) An (umol/g) R?
27 1.9776 1.36 0.991 1.8386 0.0647 2841 0.999
33 2.1338 1.33 0.991 2.0292 0.0657 30.86 0.999
40 2.3556 131 0.991 2.3031 0.0684 33.67 0.999
45 2.7385 1.32 0.991 2.7617 0.0793 34.83 0.999
Thermodynamic parameters
Temperature (°C) AG (kJ/mol) AH (kJ/mol) . AS (J/K/mol) R?
27 -1.52
33 -1.80
40 217 17.29 62.52 0.960
45 -2.68

Copyright © 2010 SciRes.
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Figure 7. Plot of Langmuir model (C¢/q. versus C,) at dif-
ferent temperatures (closed circles: 27°C; opened circles: 33
°C; closed triangles: 40°C; opened triangles: 45°C).

perature was increased from 27 to 45°C. These features
of the observed data are well reproduced in the simulated
data as shown in Figure 6, supporting that the all iso-
therms data are described well by the Langmuir equation.
The thermodynamic parameters such as change in free
energy (AG), enthalpy (AH) and entropy (AS) were de-
termined using the following equations [35]:
AG = -RTInK_ 9)
InK_ = AS/R — AH/RT (10)
where K, is the equilibrium constant, T is the solution
temperature (K) and R is the gas constant. AH and AS
were calculated from the slope and y-intercept of van’t
Hoff plots of InK_ vs. 1/T. The results are presented in
Table 2. The negative values of AG and positive value of
AH indicate that the adsorption of MO on chitosan 10B
is spontaneous and an endothermic process. These be-
haviors seem to be explained by the ionic-nature of the
dye MO-chitosan interaction [16,36]. The positive value
of AS suggests that entropy is responsible for making the
AG negative for the adsorption process to be spontaneous.

4. Conclusions

The kinetics and adsorption mechanism of methyl orange
(MO) onto chitosan 10B were studied in the present
work. Batch experiments showed that both the initial dye
concentration and the pH of aqueous solutions signifi-
cantly affect the adsorption capacity of dye MO on the
chitosan 10B. However, the adsorption kinetics of the
dye on chitosan is slightly influenced by the temperature.
The pseudo second-order kinetic model agrees very well
with the dynamical behavior for the adsorption of dye
MO on chitosan flakes under several different pHs, ini-
tial dye concentrations and temperatures in the whole
ranges we studied. The ¢, values calculated from this
kinetic model are very similar to the experimental g
values obtained from several experiments as shown in
Table 1. Moreover, the experimental adsorption kinetic

Copyright © 2010 SciRes.

profiles are perfectly reproduced in the simulated data
obtained from numerically on the basis of the pseudo
second-order kinetic model in Equation (3) and using the
isotherm constants listed in Table 1. On the contrary, the
pseudo first-order kinetic model fits the experimental
data poorly for the entire range under study. The Lang-
muir equation is the best-fit equilibrium isotherm for the
sorption of dye MO onto chitosan based on a linearized
correlation coefficient. The experimental adsorption iso-
therms also are perfectly reproduced in the simulated
data obtained from numerical analysis on the basis of the
Langmuir model in Equation (8) and using the Langmuir
isotherm constants listed in Table 2. The Gibbs free en-
ergy (AG) demonstrated that the adsorption process is
favorable for the interaction cited and the pronounced
chitosan-dye interaction is reflected in the positive values
of entropy (AS).

It may be concluded that chitosan may be used as a
low-cost, natural and abundant source for the removal of
anionic azo dyes from water and wastewater as an alter-
native to more costly materials such as activated carbon.
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Abstract

Quantification of water quality (WQ) is an integral part of scientifically based water resources management.
The main objective of this study was comparative analysis of two approaches applied for quantitative as-
sessment of WQ: the trophic level index (TLI) and the Delphi method (DM). We analyzed the following
features of these conceptually different approaches: A. similarity of estimates of lake WQ; B. sensitivity to
indicating disturbances in the aquatic ecosystem structure and functioning; C. capacity to reflect the impact
of major management measures on the quality of water resources. We compared the DM and TLI based on
results from a series of lakes covering varying productivity levels, mixing regimes and climatic zones. We
assumed that the conservation of aquatic ecosystem in some predefined, “reference”, state is a major objec-
tive of sustainable water resources management in the study lakes. The comparison between the two ap-
proaches was quantified as a relationship between the DM ranks and respective TLI values. We show that
being a classification system, the TLI does not account for specific characteristics of aquatic ecosystems and
the array of different potential uses of the water resource. It indirectly assumes that oligotrophication is iden-
tical to WQ improvement, and reduction of economic activity within the lake catchment area is the most ef-
fective way to improve WQ. WQ assessed with the TLI is more suitable for needs of natural water resources
management if eutrophication is a major threat. The DM allows accounting for several water resource uses
and therefore it may serve as a more robust and comprehensive tool for WQ quantification and thus for sus-
tainable water resources management.

Keywords: Water Quality, Trophic Level Index, Delphi Method, Sustainable Management, Lakes

1. Introduction

The most challenging problem of modern theoretical and
applied hydroecology is to understand the fundamental
principles of ecology for its application in effective ma-
nagement of water resources for both hydrological avai-
lability and water quality [1]. Quality is not absolute; the
terms “good” or “poor” water quality have meaning only
in relation to the use of water and the assessment of the
user. Quantification of water quality (WQ) aims at de-
scribing the condition of a water body with reference to
human needs. Investigations of the eutrophication phe-
nomenon in the 1960s and 1970s, resulted in quantifica-
tion of a trophic classification system [2,3]. WQ has been

Copyright © 2010 SciRes.

considered synonymous with ‘trophic status’ in many
cases [4-6]. Further progress in WQ assessment is asso-
ciated with implementation of optimization approaches
to establishment of the natural resource sustainable
management policies contributing to conservation of
aquatic ecosystems within some desired reference condi-
tion [1,7]. We analyze and compare two key approaches
to WQ quantification in relation to the increasing need
for natural water resources management. The approaches
include:

1) Quantitative modification of the expert panel me-
thod developed by Horton [8] and Ott [9] and integrated
into the Delphi method (DM [10]). In the DM, the WQ
ranking is completely defined by the needs of the water
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resources uses and management [11]. DM has been im-
plemented to WQ assessment for several natural water-
bodies in the USA [12,13], New Zealand [14], Belarus
[15] and Israel [16];

2) The trophic classification method [2] and its modi-
fication, the Trophic Level Index [4] (hereafter termed
“TLI"). This approach involves ranking lakes according
to their productivity and nutrient regimes and thereby
evaluating WQ changes based solely on trophic state
responses to various forcing factors (e.g., nutrient load-
ing), the TLI in many cases serves as a monitoring tool
[17-19].

Comparative studies of the Delphi and TLI approaches
to WQ assessment for water resources management are
not available in the literature. In this study, we compare
the DM and TLI using a quantitative WQ assessment
based on results from a series of lakes covering varying
productivity levels, mixing regimes and climatic zones.
The lakes include Kinneret (Israel), Stechlin (Germany),
Naroch Lakes (Belarus) and Rotorua Lakes (New Zea-
land), all of which have extensive databases, are major
focal points for regional lake management. We will
search for a reply to the following questions: Do these
conceptually different approaches provide similar esti-
mates of lake WQ? Do these approaches successfully
indicate disturbances in the aquatic ecosystem structure
and functioning? How well do these approaches reflect
the impact of major management measures on the quality
of water resources?

2. Material and Methods

2.1. Water Quality Assessment for Water
Resources Management Purposes

Quantitative assessment of WQ should be based on the
following principles [11]:

1) WQ system consists of water quality indices (WQI),
and their permissible ranges corresponding to acceptable
WQ.

2) The following functional correspondences should
be established: between the ecological values of the WQI
(e.g. nutrient concentration or Secchi depth) and some
numeric rating value (R): R = f(WQI); between WQI and
the intensity of the management measures (MM. e.g.,
economic activity in the watershed and water supply):
WQI = ®(MM). These two relationships allow estab-
lishment of a direct relationship between WQ and the
management measures: R = F(MM)

3) Any system of WQ is subjective, reflecting a com-
promise between different stake holders and partners in
water resources use and management.

Copyright © 2010 SciRes.

4) An established WQI system should serve as a com-
mon language for all partners using a water resource, and
in this sense, it is a tool for water resources management.
Quantified WQ should also serve as a management tar-
get.

2.2. Brief Description of Study Lakes

Lake Kinneret (Israel) is a subtropical meso-eutrophic
lake located at about an altitude of -210 m (i.e., below
mean sea level). The lake water level depends on cli-
matic inputs and withdrawal for water supply. Limnol-
ogy of the lake is well documented [20]. The WQ system
for conservation of L. Kinneret was assessed with the
Delphi method [16]. The major environmental threat to
the conservation of the lake ecosystem is the progressive
lowering of its water level. The most critical issue for
lake ecosystem stability and WQ is the progressively
increasing proportion of cyanobacteria amongst the algal
assemblage [21] and increase of water salinity above an
assigned acceptable level of 240 mg CI I,

The Naroch Lakes (Belarus) consist of three connected
lakes: Batorino (eutrophic), Miastro (meso-eutrophic)
and Naroch (oligo-mesotrophic). The Naroch Lakes has
been intensely studied [22]. The WQ system for the
Naroch Lakes was also established based on the Delphi
method [15].

Lakes Rotorua and Rotoiti are two lakes that form part
of a complex of volcanic lakes known collectively as the
Rotorua Lakes, in the North Island of New Zealand. A
Trophic Level Index is assigned from routine monitoring
conducted in the Rotorua Lakes [19] and is used as a
basis for the implementation and assessment of man-
agement actions for the lakes [4]. An attempt to assess
WQ has also been made using the Delphi method for
Lakes Rotorua and Rotoiti (Hamilton and Parparov, un-
published data).

Lake Stechlin (Germany) is one of the few remaining
oligotrophic clear-water lakes in Germany’s South-Baltic
Lake District. Long-term monitoring indicates significant
changes in the structure and function of the lake ecosys-
tem especially throughout the past two decades. The
changes relate to a decrease in oxygen concentration in
the deeper hypolimnion accompanied with substantial
increase of hypolimnetic phosphorus concentration, and
a trend of increasing of chlorophyll a concentration
[23,24]. An attempt to assess WQ based on the Delphi
method for Lake Stechlin has recently been completed
(Kasprzak, unpublished data).

Relevant limnological properties of the study lakes are
summarized in Table 1. In this study we use the follow-
ing data sets: for Lake Kinneret - 1991 to 2008, Naroch

JWARP



A.PARPAROV ET AL 909

Table 1. Limnological variables for the study lakes. For the Naroch Lakes, the first value relates to the period from 1979 to 1982 and
the second to the period from 1988 to 2000.

Lakes
Parameters . . Naroch Lakest Rotorua Lakes® .
Kinneret Naroch Miastro Batorino Rotoiti Rotorua Stechlin
Surface area, km? 160 79.6 13.1 6.3 335 80 4.3
Average depth, m 22-24* 8.9 53 2.8 315 10.5 22.8
Secchi depth, m 23 5.1/6.1 1.7/3.8 0.8/1.1 5.3 2.4 85
Total Nitrogen mg I 0.6 0.9/0.4 1.1/0.7 1.6/0.9 0.3 0.3 0.45
Total Phosphorus pg I'* 20 28/16 52/34 84/44 26 32 10
Chl a, pg I 18.0 4.9/2.0 20.0/4.9 50/31 6.7 11.7 1.0-4.0
P”m;rg rﬂ?i‘iﬁ“"”‘ 650 78/81 142/218 140/200 431 800 110-205

*- depending on climate conditions; m -[20,30]; T - [22]; £ - [31,32]; € - [23,24]

Lakes - 1979 to 2008, Rotorua Lakes - 1990 to 2005, and
Lake Stechlin - 1992 to 2006.

2.3. Methodology of Trophic Level Index and
Delphi Methods of Water Quality
Assessment

In the DM, WQ has five grades: from “very bad” (Rating
0 to 20) to “excellent” (Rating 80 to 100) [10,14]. The
correspondence between the ecological values of WQI
(e.g., nutrient concentration or Secchi depth) and some
numeric Rating value (0 < R < 100) was established in a
form of a rating curve. Long-term monitoring data, in-
cluding frequency distributions, means and standard de-
viations of limnological parameters in the studied lakes
were provided to separate expert panels for each lake.
The experts assessed the “reference state” for each lake
as a set of variables corresponding to time periods when
lake water resource was suitable for all purposes (e.g.,
domestic water supply, recreation, fisheries). The panels
were asked to choose about 10 parameters most indica-
tive of WQ in the studied lakes, and to construct rating
curves for each parameter, spanning the entire range of
values observed in the lake. “Acceptable ranges” for the
separate water quality indices were restricted to the range
60-100. Rating curves from individual panel members
were averaged for each index. Piece-wise approxima-
tions of ratings and parameter values were used to con-
struct graphic presentations of the temporal dynamics of
the WQIs [16].

In the TLI, lake trophic state is classified by seven
types: from “ultramicrotrophic” (rank 1) to *“hypertro-
phic” (rank 7) [2,4]. Traditionally, the users of the TLI
establish a correspondence between trophic status and
water quality, i.e., by default oligotrophic lakes are con-
sidered to be of “good” water quality, and eutrophic
lakes of “bad” water quality. Initially, the TLI system
included three indices: Secchi depth (SD), concentrations
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of total phosphorus (TP) and chlorophyll a (Chl) [2].
This system has subsequently been supplemented with
total nitrogen (TN) concentration [4]. The correspon-
dence between ecological and Trophic Level values for
individual indices (TL;) was established in the form of a
logarithmic function connecting the TL to four “trophic”
parameters [2,4]:

TLi =g + biLOG(Pari) (1)
where ‘i’ varies from 1 to 4, Par; means SD, TN, TP and
Chl, and “a’ and ‘b’ are coefficients.

For the objectives of this study, the TL varies from a
value of 2 (oligotrophic = “excellent™) to 7 (hypertrophic
= “very bad”) (we omitted the grade of 1, ‘ultramicro-
trophic’, as irrelevant for this study). A similar corre-
spondence in the DM is described by the rating curve R
= f(WQI), in which the values of the WQ rating vary
from 100 (“excellent”) to 0 (“very bad”). The compari-
son between two systems was quantified as a relationship
between the DM ranks and respective TL values:

R[TL] = 140 — 20*TL 2)

The permissible range of the WQI can then be defined
from the following expression: 60 < R[WQI] < 100

We assumed that the conservation of aquatic ecosys-

tem in some predefined, “reference”, state is a major
objective of sustainable water resources management in
the study lakes. For the objectives of this study we used
an operational definition of “sustainable management”
suggested earlier [15], where water resources manage-
ment should allow use of water resources while main-
taining the quality of the resource in question within de-
fined permissible ranges, i.e.,
{WQIL<WQI <WQlp}>{MM_ < MM <MMy}  (3)
where ‘L’ and ‘H’ correspond to the lower and upper
permissible values of the WQ index and Management
Measure, and < means correspondence. The set of
management measures corresponding to (3) forms the
basis for a “sustainable management policy”.
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In the TLI, an aggregated WQ (TLI) is calculated as
an arithmetic mean of four “trophic” indices [4]:
TLI = (TLewt+ TLgp +TLyp+TLN)/4 4)
Accounting for (2) and (4), the TLI was transformed
into rating values as follows:
R[TLI] = 140 — 20*TLI (5)
We also compared R[TLI] with a similar arithmetic
mean value obtained for the same trophic indices as-
sessed with the DM:

R[DM] = (R[ChI] + R[S] + R[TP] + R[TN])/4 (6)
where R[Chl], R[S], R[TP] and R[TN] are the rating
values of Chl, SD, TP and TN, respectively, assessed
with the DM. For some of the studied lakes with suitable
databases (Kinneret, Stechlin and Naroch Lakes), R[TLI]
was also compared with the values of the composite wa-
ter quality index (CWQI) calculated for entire set of
WAQIs established with the DM according to the formula
[11]:

CWQI = Z(R*(Ro—Ri)/Z(Ro—Ry)) (7
where R, = 100, and R;kare the rating values for WQI i
or k (i, k =1, 2,...n) from the WQ system established
with the DM.

3. Results

3.1. Effects of Water Resource Uses and
Environmental Threats on Water Quality
Assessment

The multiple-use nature of water resources and the wide
range of environmental threats require significant expan-
sion of the variables included in the conventional TLI
system, even for the objective of diagnosing a change in
the lake trophic state. Therefore, at the initial stage of
WQ assessment, the expert panel, using the DM, sup-
plemented the WQI systems in all of the study lakes with
additional WQIs beyond the four “trophic” indices in the
TLI system. These expanded systems allowed for indica-
tions of WQ changes due to specific major water re-
source uses and associated environmental threats. The
additional variables could be categorized generally as

- eutrophication: given by the percentage of cyano-
bacteria in algal biomass (Lakes Kinneret and Rotorua
and Naroch Lakes); percent of oxygen saturation in the
near bottom water layer (Naroch Lakes and Lake Stech-
lin); total phosphorus at the end of stratification period in
the deepest water layer (Lake Stechlin); percent of oxy-
gen saturation in surface water (Naroch Lakes); volumet-
ric hypolimnetic oxygen demand (L. Rotorua);

- pollutants indicative of organic pollution or relevant
to human health: number of coliform bacteria (Lake Kin-
neret and Rotorua Lakes) and BODs test (Naroch Lakes);

Copyright © 2010 SciRes.

- food supply for fishes: zooplankton biomass (Naroch
Lakes, Lake Kinneret, Lake Stechlin and Lake Rotorua);

- increase in salinity above accepted drinking water
supply standards (240 mg I™): chloride concentration
(Lake Kinneret);

- recreation: pH and area occupied by emergent vege-
tation (Naroch Lakes).

3.2. Rating Curves and Permissible Ranges of
WQI in DM and TLI Methods

We illustrate the differences between DM and TLI by
comparing the rating curves for Chl established for
oligotrophic Lake Stechlin and meso-eutrophic Lake
Kinneret (Figure 1). In the TLI, lowering of a lake tro-
phic status (i.e., decrease in Chl) is equivalent to gradual
improvement of WQ. In contrast to this, the DM shows
that both an increase and a decrease of chlorophyll out-
side of some ‘permissible’ range (which varies between
lakes) should be interpreted as WQ deterioration. Similar
distinctions could be revealed for other WQIs under con-
sideration (TN, TP and Secchi depth). This basic differ-
ence may lead to contrasting values for the permissible
ranges for individual WQIs and management measures.

In the DM, permissible ranges for ecological values of
individual WQIs can be described by the following equa-
tion:

{WQI_<WQIc < WQIL}<60 < R[WQI] < 100 (8)
where WQI¢ is the current value of the index; WQI_ and
WQIy are the lower and upper permissible value of the
index, and <> means “correspondence”.

The TLI provides a threshold value, which can be de-
scribed for TN, TP and Chl as follows:

{WQIc < WQI}>60 < R[WQI] < 100 9)

100 F L.Kinneret

80 | R[TI—ChI]

60 |

Rating

40
20

O 'l 'l
0.1 1 10 100
Chlorophyll (Chl), Hg I'*

Figure 1. Rating curves of chlorophyll a assessed with the
DM for Lakes Kinneret (round symbols) and Stechlin
(dashed line), and calculated for the TLI (R[TLg], solid
line) from ((4) and (8)). The horizontal line (R = 60) repre-
sents a boundary between acceptable and unacceptable WQ.
Note logarithmic scale on X-axis.
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For Secchi depth, this ‘threshold’ value is:

{WQlc > WQI_}<=60 <R[WQI] <100 (10)
The main features of the two approaches can be illus-
trated using permissible ranges for chlorophyll (Chl)
established for the study lakes (Figure 2). In the TLI,
minimization of concentrations of TN, TP and Chl is
indirectly considered as the desirable objective. An in-
crease in Chl would therefore be taken as a sign of eu-
trophication, and therefore, of WQ ‘deterioration’. Ac-
cording to this approach, the concentration limit of Chl
for acceptable WQ (R[ChI] > 60) is one-sided (dashed
line in Figure 2), represented by the oligotrophic cate-
gory of Chl < 5.2 ug I™and is identical for all lakes. In
the DM, one-sided rating curves are established only for
pollution variables (e.g., densities of fecal coliform bac-
teria), or other components where

increases will always be undesirable (e.g., percentage
of cyanobacteria in Lake Kinneret). For most WQIs, the
DM gives a two-sided, lake-specific permissible range.
For example, the desirable Chl ranges are 0.8 to 2.1 g
Chl I for oligotrophic Lake Stechlin, 13.0 to 34.0 pg
Chl I'* for Lake Miastro, and 7.0 to 27.0 ug Chl I'* for
eutrophic Lake Batorino.

Similar distinctions between the TLI and DM exist in
the case of use of total phosphorus (TP) as a WQI (not
shown). The TLI gives a single-sided permissible limit of
TP <20 g I (identical for any lake), with concentra-
tions higher than 20 g I considered to represent dete-
rioration in WQ. The DM defines a two-sided permissi-
ble range for TP: 7 < TP < 19 g I for oligotrophic
Lake Stechlin and 30 < TP < 100 g I"* for eutrophic
Lake Batorino.

3.3. Compatibility of Aggregated Estimates of
wQ

Conceptual differences in approaches to WQ quantifica

100
— 10} L _l _l
BT
5 1t
0.1
S X 0 @ .
§ ‘oc,ﬂz?,é oo{& '@0 (\Q’& o‘\&
¥ T I T S o

Figure 2. Comparison of permissible ranges for Chl a as-
sessed with the DM (vertical lines) and TLI. The horizontal
line represents the threshold values assessed with the TLI:
5.2 ug Chl I The lakes on the X-axis are sorted according
to their trophic state: from the lowest chlorophyll values in
oligotrophic Lake Stechlin to the highest in eutrophic Lake
Batorino.
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tion cause distinctions in the aggregated WQ estimates
obtained from the same sets of ecological values. The
relationship between R[TLI] and R[DM] in all three
Naroch lakes is non-linear (bell-shaped curve). The TLI
qualifies as *acceptable’ WQ only for oligo-mesotrophic
L.Naroch and a few values from L. Miastro, while WQ
in eutrophic L. Batorino is ranked as ‘unacceptable’
(Figure 3). The DM qualifies most of the aggregated
WQ values in all three Naroch lakes as ‘acceptable’.
Monitoring of temporal dynamics of WQ is one of the
tasks of WQ quantification [15]. Comparison of the dy-
namics of the calculated aggregated estimates (R[TL],
R[DM] and CWQI; ((4) to (7)) indicates different sensi-
tivities in their representation of change over time. For
oligotrophic L.Stechlin, the dynamics of both R[TLI] and
R[DM], calculated for the four ‘trophic’ indices ((5) and
(6), respectively), do not indicate significant changes in
WQ of these lakes over the last 15 years (Figure 4). In
contrast, the aggregated WQ calculated as CWQI, from
an expanded set of WQ variables (7), indicates clear-cut

O Naroch e Miastro A Batorino

100

R[DM]

20 60 100
R[TLI]

Figure 3. Scatter plots of the relationships between aggre-
gated WQ estimates in the DMi and TLI (R[DM] and
R[TLI]), respectively, for the Naroch Lakes (annual aver-
age values for 1978-2008). The lines represent best-fit re-
gression lines. For the TLI, the acceptable WQ corresponds
to areas to the right of the vertical line given by R[TLI] = 60.
For the DM, acceptable WQ corresponds to areas above the
horizontal line given by R[IDM] = 60.

----- R[DM] —e—RJTLI]

cWQI

Aggregated WQ

20 1 1 1 1 1 1 1 1 1 1 1 1 1
1993 1996 1999 2002 2005

Figure 4. Time series of annual average estimates of aggre-
gated WQ for L.Stechlin: R[TLI] (4&5), R[DM] (6) and
CWQI (7).
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trend in WQ deterioration. For L. Kinneret (not shown),
the TLI indicates that WQ remains close to the boundary
value that defines the difference between ‘good’ and
‘intermediate’ WQ. Conversely, the CWQI dynamics for
L. Kinneret indicates gradual WQ deterioration from
‘good’ to ‘intermediate’. Note that WQ deterioration in
these lakes (as indicated by the CWQI dynamics) is as-
sociated primarily with the in-lake processes usually con-
sidered as signs of eutrophication: disruptions of phos-
phorus and oxygen regimes in hypolimnetic water (Lake
Stechlin) and an increase in cyanobacteria abundance (L.
Kinneret).

3.4. Relationships between WQ and
Management Policy

Existing models (e.g., [25,26]) relate TP loading to TP
concentrations in a lake. Here we applied the model of
Rekhow [27] to L. Kinneret as this model specifically
includes the potential addition of an internal P load asso-
ciated with an anoxic hypolimnion. Assuming stability of
the average lake depth and hydraulic turnover rate, for L.
Kinneret, the following relationship can be established:
Pload [g m? yr'] = 15.7*TP [mg Il  (11)

Permissible ranges for total phosphorus for L. Kin-
neret are as follows: TP < 20 g I (as obtained with the
TLI from (8) and (10) and 7.5 < TP < 36 g I"* (from the
DM, [16]).

Substituting these values into (11) allows for an esti-
mate of the permissible ranges of the external phospho-
rus load (Pload). The estimated maximum allowable
Pload (based on TLI allowable TP values) is Pload <
0.31 g m? yr* (Figure 5), which, given the TLI under-
lying assumptions, is universal for any lake, independent
of its use as a water resource. In contrast, the permissible
range of Pload into Lake Kinneret, based on the DM and
its acceptable range of TP, is 0.12 to 0.58 g m™ yr* (Fig-
ure 5). Management of Lake Kinneret due to Pload regu-
lations within this established permissible range should
allow sustaining and conserving the Lake Kinneret eco-
system.

For L. Kinneret, the relationship between aggregated
WQ (as R[TLI] and CWQI) was established for the lake
water level under the assumption that the water level is
predominantly determined by the volume of water
pumped from the lake and thus is a management deci-
sion . In a water level range of -210 to -214 m of, there
was no significant relationship between R[TLI] and lake
water level (Figure 6). Consideration of the aggregated
WQ based on the expanded WQ system (CWQI) indi-
cated a statistically significant (at P < 0.05) tendency for
deterioration of the lake WQ with water level lowering
(Figure 6). This dependence allowed estimation of a
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Figure 5. Relationship between management measure
(phosphorus loading, Pload) and rating values of WQI (to-
tal phosphorus, TP): R[TL+p] — obtained from (11) for L.
Kinneret with the TLI (solid curve); R[TP] — obtained with
the DM (dotted curve). The arrows indicate permissible
ranges for Pload as regards to TP concentration (corre-
sponding to R > 60). Horizontal line corresponds to R = 60.

80

R[TLI]& CWQI
3

WLL, mbelow-208.0 m

Figure 6. Scatter plots of the relationships between L. Kin-
neret water level lowering (WLL) as a management meas-
ure, and aggregated WQ: R[TLI] and CWQI (solid trian-
gles and open circles, respectively). The best fit regression
of R[TLI] vs WLL (dashed line) is not statistically signifi-
cant (R? = 0.12, P>0.05), while the regression of CWQI vs
WLL (solid line) is statistically significant (R*> = 0.28,
P<0.05). The block arrow indicates the permissible range of
the lake water level lowering estimated with the DM.

threshold water level value of approximately -213 m.
4. Discussion

The problem of WQ quantification is equivalent to the
quantitative solution of the task of “qualification”, i.e.,
the terms like “good/bad”, “improvement/deterioration”
should be expressed in measurable units. This task is
principally different from the task of “classification” (e.
g., lake classification according to their mixing or trophic
status). The developer of the quantitative trophic classi-
fication [28] warned: “An unfortunate misconception
concerning trophic state is that the term is synonymous
with the concept of water quality. Although the concepts
are related, they should not be used interchangeably.”
Despite this warning, the trophic system of classification,
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Table 2. WQ ranks in Delphi and TLI-system (modified from (4) and (14)).

Water Quality Delphi L
Rank Descriptor Rank Descriptor
Excellent 80-100 Eminently usable for all purposes 2-3 Oligotrophic
Good 60-80 Suitable for all uses 3-4 Mesotrophic
Intermediate 40-60 Main use and/or some uses may be jeopardized 4-5 Meso-eutrophic
Bad 20-40 Unsuitable for main and/or several uses 5-6 Eutrophic
Very bad 0-20 Totally unsuitable for main and/or many uses 6-7 Hyper-eutrophic

under various forms, is widely used as a system of water
quality [4-6,17,18].

Freshwater ecosystems are the objects of intense mul-
tipurpose use [29]. The use of the water resource in
question is key to the DM (Table 2). In this study, we
assumed that the objective of sustainable water resources
management is conservation of the lake ecosystem in
some predefined, “reference”, state (3). The TLI ap-
proach does not consider the intended use (Table 2), and,
therefore, the system of WQ indices assessed with this
approach tends to be absolute, independent of the uses of
the water resource in question, and associated hy-
droecological problems, Presumably, implementations of
the TLI are based on an indirect assumption that eutro-
phication (caused by excessive entry of nitrogen and
phosphorus) is the main hydroecological threat to wa-
terbodies under WQ assessment. This is the underlying
distinction between the DM and TLI as regards to WQ
quantification, clearly illustrated in Figures 1 and 2. The
respective rating curves of almost all WQIs in the DM
are bell-shaped curves (Figure 1). As a consequence, the
ecological values of parameters such as S, Chl, TN and
TP should be sustained within limits, (permissible ranges,
(8)); excessive increase and decrease of the respective
variables should be ranked as WQ deterioration. There-
fore, the WQ sets assessed with the Delphi method are
more suitable for the needs of sustainable water re-
sources management. Note that differences between per-
missible ranges assessed with the TLI and Delphi tend to
increase with the lake trophic status, especially for Chl
(Figure 2). In the TLI, the rating value is a monotone
function of the concentration of Chl, TN and TP and S
(1). It should be noted however, that monotone rating
curves are possible also in the DM, usually assessed for
pollutants (e.g., E. coli in the Rototua Lakes) or cyano-
bacteria (%Cyano) in L. Kinneret. However, in some
cases, assessment of the monotone rating curves for basic
ecosystem parameters may lead to paradoxical results
resembling those based on the TLI. According to the
monotone rating curves for TN and TP assessed with the
TLI for transitional Mediterranean waters [6], the best
WQ should correspond to TN, TP and Chl concentrations
close to zero (Figure 1 in [6]). This means that complete

Copyright © 2010 SciRes.

distrophication of transient water ecosystems is consid-
ered, at least formally, as WQ improvement. This, basic,
distinction, is a direct reason for the discrepancies among
the relationships between aggregated WQ and manage-
ment measures. The differences in estimates of the per-
missible Pload values for L. Kinneret (Figure 5) have
obvious consequences when translating them to man-
agement objectives and measures: the DM allows more
intense economic activity in the lake watershed (ex-
pressed in terms of Pload), than possible according to the
TLI, without unacceptable damage to the lake WQ. The
discrepancies between the water level lowering effects
on aggregated WQ have a significant impact on the en-
tire process of decision-making in practical water re-
sources management: acceptance of the TLI approach
would mean that water level lowering of Lake Kinneret
below —214.0 m does not affect lake WQ. In contrast to
this, the DM indicates that the lake water level lowering
below —213.0 m leads to unacceptable WQ deterioration
(Figure 6). Similarly to WQ sets, we may conclude that
the permissible ranges for management measures as-
sessed with the DM better correspond to contributions of
the sustainable water resources management. Respective
“threshold” values of the management measures assessed
with the TLI (or similar) approach are more suitable for
the needs of a management which main objective is pre-
venting of undesirable hydroecological consequences of
the anthropogenic effects (e.g., eutrophication) without
accounting for the needs of water resource management.

Comparison of the aggregated WQ dynamics obtained
with the TLI and DM shows that the simplest average
estimates (as R[DM] and R[TLI]) may lead to contrast-
ing values of lake WQ (Figure 3). In some cases, a WQ
system based on the TLI is not suitable for diagnostics of
the eutrophication processes. The TLI approach does not
indicate WQ deterioration (as shown by the CWQI dy-
namics, Figure 4) associated with the in-lake processes
usually considered as signs of eutrophication: disruptions
of the phosphorus and oxygen regimes in hypolimnetic
water (L. Stechlin) and an increase in cyanobacteria
abundance (L. Kinneret).

Decades of struggle against eutrophication have been
expressed in the form of a paradigm linking between lake
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trophic status and water quality. This misconception can
result in a direct threat to the ecosystems of naturally
eutrophic waterbodies, while producing a misleading
understanding of the possibility of managing water qual-
ity based only on regulating activities according to the
lake’s trophic state. Accounting for the eutrophication
problem only, and neglecting of requirements for water
resources management prevents the trophic classification
system from serving as a “common language” for com-
munication between partners in management

5. Conclusions

In this study, we evaluated the suitability of the different
water quality systems for the needs of sustainable water
resources management. We compared two approaches
used for quantitative assessment of water quality in na-
tural waterbodies: the trophic level index and the Delphi
method.

Comparative analysis of the assessed water quality
systems allows us to draw the following conclusions:

1) The basic distinction between the Delphi and Tro-
phic Level based approaches to quantification of water
quality lies in the form of correspondence between the
ecological and rating/trophic index values of the water
quality index. In the trophic based system, the rating
value is a strictly decreasing function of the concentra-
tion of Chl, TN and TP (increasing function of S). The
respective rating curves of almost all water quality indi-
ces in the Delphi method account for the needs of sus-
tainable management. Therefore they are bell-shaped
curves, i.e., the ecological values of such parameters as S,
Chl, TN and TP should be sustained within limits (per-
missible ranges) that otherwise could result in WQ dete-
rioration. In the trophic state based system, the accept-
able limits for all water quality indices are one-sided and
are taken by default to be applicable to all lakes. The
Delphi method gives a two-sided, lake-specific limit
within which sustainable water resources management
will be possible.

2) The aggregated estimates of WQ with the Delphi
and TLI approaches give comparable estimates for oligo-
to mesotrophic lakes only. The differences between the
two approaches increase with lake trophic state: the tro-
phic status based system always valuate WQ in eutrophic
lakes as “bad”, independently on water resource uses.

3) The trophic state based system is a classification
system, and therefore its implementation does not ac-
count for specific characteristics of aquatic ecosystems
and the array of different potential uses as a water re-
source. The trophic state based system assumes reduction
of economic activities in catchment areas as the most
expedient mean to improve water quality. Therefore,
water quality systems assessed with the trophic state

Copyright © 2010 SciRes.

based system are more suitable for needs of natural water
resources management if eutrophication is a major threat.
The Delphi method allows accounting for several water
resource uses and therefore it may serve as a more robust
and comprehensive tool for WQ quantification.
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Abstract

It has been observed that government resources and interventions towards sustaining water supply in Wukari
town have been insufficient. The result has been constant water crisis and shortages over the years. The ob-
jective of this paper is to explore the possibility of partnering for sustainable water provision, to identify po-
tential partners and to propose an appropriate partnership framework. Two hundred and seventy-five (275)
questionnaires were administered in the three (3) wards of the town from where respondents were drawn at
random. Findings revealed that the centralized system of water management, the location of Wukari on a
basement rock and the scarcity of state financial resources are some of the greatest obstacles to sustainable
water supply. However, about (90%) of the respondents are willing to collaborate with other stakeholders
while the community members are ready to provide land and labor for the partnership arrangement. This
study recommends a paradigm shift from the centralized water management to a partnership approach be-

tween service providers, recipients of services and other related stakeholders

Keywords: Planning, Sustainable Water Supply, Water Scarcity, Partnership Approach

1. Introduction

The World Health Organization [1] reported that the
provision of potable water to an estimated one billion
population who lack access to it remains one of the
foremost challenges of human development today. For
close to two decades, donors and leaders in developing
countries have devoted public resources and leveraged
private funds to construct improved water systems for
urban and rural areas. While coverage rates is said to
have improved over the years, growth in rural service has
lagged behind compared to higher percentage of urban
residents in developing countries who have gained access
to better services. Currently, 1.2 billion people lack ac-
cess to safe water sources. Nearly 2 billion people live
with water scarcity, and this number is expected to rise to
4 billion by 2025, unless radical reforms emerge. Reports
from development agencies, governments, water com-
missions, and research institutes continually point to an
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impending water crisis. These agencies also point to the
water crisis arising from mismanagement not an absolute
scarcity problem. Thus, improving current water provi-
sions and avoiding a crisis of availability with the entire
human suffering is possible. The message highlighted by
various international efforts is that sub-optimal manage-
ment of water is not an option if sustainable development
is to be achieved.

M. Jacqueline [2] stated that in most developing coun-
tries, the dramatic pace of demographic, economic and
social changes severely overburdens the capacity of the
local authorities to provide urgently needed infrastruc-
ture services. The challenge of providing adequate ser-
vices can not be met through investment in technical
facilities alone; and the needs and problems themselves
are evolving too rapidly. In these circumstances, service
provision depends very much on efficient organization of
service delivery processes and the best possible use of
available material and human resources. This involves
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mainly the issue of management which calls for coopera-
tion between government agencies and infrastructure
users as well as private sector actors.

Government must have the capacity to collaborate with
recipients of service and related stakeholder to manage
water infrastructure effectively and in a sustainable
manner. Proponents of partnerships have often appealed
to financial gains, cost reduction, efficiency gains, envi-
ronmental compliance, human resource development and
increased services which have followed private sector
engagement. While opponents of partnerships have ap-
pealed to price increase, imbalance of power, labor dis-
putes, inequalities environmental damage, and increased
risks associated with private sector participation in water
services. The aim of the partnership is to demonstrate
how the private sector and the government can work to-
gether to deliver real and sustainable benefits of devel-
opment for all. This approach argues that no government
can afford to work in isolation. This means that partner-
ships can only complement and do not supplement gov-
ernmental commitments. One of the ideals principles is
the need to designate specific roles to individual or
groups of potential partners based on previous similar
projects or estimated financial potentialities.

P. Schubeler [3] argued that the partnership approach
consists of a number of general principles that are de-
signed to overcome the limitations of the traditional ur-
ban administration and the management of service deliv-
ery. It widens the scope of the actors involved in the pro-

vision of services to include urban infrastructure services.

The stakeholders involved in the process include those
whose interests are affected, those who posses relevant
information and expertise and those who control and
allocate resources. The partnership approach calls for an
appropriate organizational basis for partners. It calls for a
clear division of task in line with the interest and capa-
bilities of each partner. The real benefits of participation
derive not only from cost reduction and from resource
mobilization during implementation of projects, but also
from a more effective targeting of projects that measures
the real needs of the people.

Although partnership is widely advocated for urban
service delivery both in developed and developing coun-
tries, the concept has not been prominent in Nigeria.
Most of the urban services are directly or indirectly
planned and implemented by government through its
various agencies. C. Shaw [4] stated that partnership aim
at demonstrating how the private sector, civil society and
the government can work together and to deliver real and
sustainable benefits of development for all. This ap-
proach recognizes the strength and capabilities of differ-
ent organization and to build partnership and network
accordingly at the local level. The important element of
this approach is that all partners act upon their different
strengths-complementary  resources, knowledge and
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skills to jointly address the complexities surrounding
social, environmental and economic development.

Providing safe drinking water is a task so complex that
neither the public nor the private sector can achieve it
alone. The fact lies in large scale private sector participa-
tion in the provision of a much needed urban service
such as water. Applying the principles of partnership will
increase the potentials for both domestic and interna-
tional private finance. To adequately understand the
conceptual issues raised in this paper, partnership as ap-
plied in legal terms refers to an organization of two or
more persons who have agreed to combine their labor,
property and skill or some or all of them for the purpose
of engaging in a lawful business and sharing the profits
and loses between them. The parties forming such an
association are known as partners.

1.1. Problem Investigated

Various studies [5-7] attributed water scarcity to distri-
bution systems, technical problems and lack of adequate
financial commitment from the part of the government.
Other studies, A. Faniran and Y. Abdul [8,9] noted that
water scarcity is due to inadequate knowledge about
available water resources at all levels of planning and
climatic changes. There is a growing realization in many
developing countries that government provision of water
services has been inadequate as publicly operated water
supplies exposes residents to disease attacks despite the
substantial efforts to improve the quality and coverage of
service; one quarter of the urban population is not con-
nected to public water system. However, private sector
participation in water supply services was advocated as a
way out of the water predicament. But the rural commu-
nities can not afford the high rates of water services
charged by the private sector due to their low income as
peasant farmers.

J. Saghir [10] stated that during the 1990s there was a
wide spread expectations that the private sector would
have a critical role to play in improving access to water
services because of its know how, efficiency and invest-
ment capitals. However, in recent years many interna-
tional operators have been disengaging rather than in-
creasing their involvement in most developing countries.
Various factors are responsible for this such as political
opposition from civil society, contractual disputes be-
tween government and private operators and unclear le-
gal, policy and institutional framework. The international
private operators perceive their involvement in water
sector as carrying increased risk and have become more
cautious in entering any contractual arrangement, par-
ticularly if it involves financial commitment. This his-
torical governance structures range from fully privatized
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systems to public-private arrangements to public systems.
In the light the problems in the water sector, public-pri-
vate partnerships have been increasingly advocated and
adopted in most parts of the world.

2. Methods

The objectives of this study are two folds: 1) to identify
the partners and assess their roles in Wukari water supply,
and 2) to propose an appropriate framework for effective
water delivery in Wukari town. While the research ques-
tions which this study seeks to provide answers to in-
clude a) what is the percentage of households with or
without access to safe water supply, b) what is the capac-
ity of involvement of resident in water service delivery and
c) is partnership the right way to improve water supply?

Primary data on the accessibility to water supply by
households and willingness to pay for water bills were
collected. For the households’ (water users), discussion
centered on their water supply sources, adequacy, how
water was obtained, time spent in obtaining water, dis-
tance of water source from home, water storage facilities
in use. Secondary data includes the data from published
and unpublished literature on water supply was obtained
from Federal Ministry of Water Resources. FMWR [11]
and the Nigeria Population Commission NPC Official
Result [12] etc. The secondary data from these agencies
included budgetary allocations for urban water supply,
the costs of various water facilities provided and cost
recovery process, the actual population of each area de-
lineated.

A structured questionnaire containing multi-choice
answers was used as a guide for the interviews. This tool
was used because of the possibility of its wide coverage
as it helped to obtain data at a relatively short-term pe-
riod. During the survey, questions attempted to elicit the
following data on various sources of water supply, po-
tential partners, socio-economic characteristics of res-
pondents and willingness to pay for water bills among
others.

A total of 275 persons were interviewed using the
stratified random sampling. Wukari town was divided
into three (3) wards from which respondent were drawn.
These wards include Avyi ward (75) Hospital ward and
(100) Puje ward (100). The population of Wukari in
2006 was put at 73,955 based on 3.0% growth rate; the
estimated population for 2010 is expected to be 82,829
persons. This study utilized both descriptive and inferen-
tial statistics in data analysis. The descriptive statistic
was used in summarizing the set of raw data into mean-
ingful and concise information using percentages while
inferential statistics enable generalization concerning the
sampled population.

Copyright © 2010 SciRes.

3. Discussion of Results

The variables used in this study are the factors that in-
fluence and determine water supply in Wukari town.
These factors include existing and potential sources of
water supply, household size, occupation of respondents
and monthly income. Others include water per capita use,
adequacy and willingness to pay for improved water ser-
vices. Table 1 below shows the various sources of water
supply in Wukari town.

At present the existing and reliable source of water
supply is the well accounting for 46.6%., although most
of the wells do not yield water during the dry season.
Water vending account for 37% it provides a wider cov-
erage than well water. The water vendors either purchase
water from borehole operators or fetch directly from the
stream which is vulnerable to water borne diseases. The
implication is that the partners will have to rely mostly
on borehole using appropriate technology to get the re-
quired amount of water needed for the entire population.

Table 2 below shows that respondents within the
household size of 6-10 account for 53.8%. This can be
used as basis for calculating the water per capita use
based on the current population which can be also pro-
jected for future demand.

Table 3 shows that respondents whose monthly in-
come falls between 11,000-N15, 000 accounts for 38.90
and those whose monthly income exceeds 16,000-N20,
000 accounts for 26.30% indicating that a larger per-
centage of the population earn above the government
prescribed minimum wage for civil servants. Given the
amount spent on water daily (N400-500), a subsidized
water bill for the residents will strengthen participation
in the water business.

Tablel. Sources of water supply in Wukari.

Source of Wards Total Per-
water supply  Avyi  Hospital Puje centage
Borehole 13 18 10 41 14.6
Well 37 45 45 127 46.6
Stream 1 2 2 5 1.80
Watei;;’e”d' 24 35 43 102 37.0
Total 75 100 100 275 100
Source: Fieldwork 2005
Table 2. Household size.
House- Wards Total Percent-
hold size Avyi Hospital Puje age
1-5 2 4 3 9 3.27
6-10 33 49 66 148 53.82
11-15 27 37 16 80 29.09
Over 15 13 10 15 38 13.82
Total 75 100 100 275 100
Source: Fieldwork 2005
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Table 3. Monthly income.

Monthly in- Wards Per-

. - - - Total
come(Naira)  Avyi Hospital  Puje centage
5,000-10,000 10 10 8 28 10.18
11000-15,000 28 57 22 107 38.90
16,000-20000 32 6 37 75 27.30
21,000-25000 2 4 13 19 6.90
Over 25,000 3 23 20 46 16.72

Total 75 100 100 275 100

Source: Fieldwork 2005
Table 4. Occupation of respondents.
Occupation - Warc.is - Total Percentage
Avyi  Hospital  Puje

Civil servants 22 68 52 142 51.00
Businessmen 30 23 21 74 26.00
Farmers 23 9 27 59 23.00
Total 75 100 100 275 100

Source: Fieldwork 2005

Figure 1 below shows the monthly income of respon-
dents. It is observed that respondents whose monthly
income is 11, 000-N15, 000 account for 38.90%. This is
above the government approved minimum wage of N7,
500 for the civil servants in the state.

Table 4 revealed that the civil servants accounts for
51% of the sampled population, while the businessmen
and farmers accounts for 26 and 23% respectively. The
implication of this is that the civil servants will be able to
pay for improved service with ease as most of the farm-
ers live in the villages. This means that cost recovery
system will be effective as they are willing to pay for
improved services.

Figure 2 shows the graphical representation of occu-
pation status of respondents and the civil servants ac-
counts for 51% of the total respondents while farmers
represents 23% and mostly reside in the villages but
commutes to the town at different times.

Table 5 above gives the per capita water use by ward,
it worthy to note that daily water requirements are not
evenly distributed due to differences in occupational
status and water per capita use by respondents. Thus, on
the average 20 liters of water is needed by each person
on daily basis for proper hygiene and wellbeing of indi-
viduals World Bank Group [13].

Table 6 shows the water adequacy level of respon-
dents. About 71.63% of the respondents are of the view
that their daily water supply is inadequate. This is attrib-
uted to the fact that the centralized system of water
management by government has not been effective. On
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Figure 1. Monthly income of respondent in each ward.
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Figure 2. Occupation of respondents in each ward.
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Table 5. Water per capita use (Water per capita use in li-
ters (1 jerry can =20 liters).

Wards

Weter/person/day . Total "ercent
Awyi Hospi- Puje age
tal
20 liters 17 48 32 97 35.27
21-30 liters 37 34 59 130 47.27
Above 30 liters 21 18 9 48 17.46
Total 75 100 100 275 100
Source: Fieldwork 2005
Table 6. Adequacy water supply in Wukari.
Level of Wards ;
ade- Total Percent
quacy Avyi Hospital Puje age
Yes 12 39 27 78 28.36
No 63 61 73 195 71.64
Total 75 100 100 275 100

Table 7. Willingness to pay water for improved service.

willing- Wards Total Per-
ness Avyi Hospital Puje centage
Willing 71 93 86 250 90.90
Not
willing - 7 8 15 5.45
Unde-
cided 4 - 6 10 3.65
Total 75 100 100 275 100

the other hand, 28.36% agreed that their daily water re-
quirement is adequate which may be attributed to the low
household size or proximity to alternative water source.
Responses on the willingness to pay for improved wa-
ter services were also collected. Table 7 below revealed
that over 90% of the respondents are willing to pay for
the water bills. This does not automatically mean that
partnership will flourish 100 % but it will encourage the

partners as they are most likely to benefit from their in-
vestment.

Figure 3 above shows a graphical representation Ta-
ble 7 willingness of respondents to pay for improved
water service across the wards.

4. Partnership Frame Work for Wukari
Water Supply

The important aspect of this study is to propose an effec-
tive partnership framework and machinery for the im-
plementation that will translate these proposals for water
supply into a reality. In view of the current state gov-
ernment dwindling financial resources which is reflected
in its inability to tackle the water crisis for over 2 dec-
ades as well as growing demands for safe water supply,
there is the need for an efficient arrangement which
should reflect the participation of various consumers and
service provider such as government agencies, private
organizations, non-governmental organizations and com-
munity based organizations.

The responsibility of ensuring the enabling environ-
ment for the partnership to operate rest squarely with the
government which need to provide the legal, fiscal and
policy framework. However, role assignment becomes
very necessary on the basis of previous similar projects
or financial potentialities. Potential partners in Wukari
water supply will involve the following stakeholders as
shown in Figure 4 below.

4.1. Taraba State Government

The Taraba state government is to play a supervisory role
involving institutional, fiscal and legal framework. The
state government is to also install water facilities, under-
take rehabilitation works, provide technical advice and
above all provide funds.
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Figure 3. Percentage of willingness of Respondents per ward.
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Figure 4. Partnership framework.

4.2. Wukari Local Government Council

The local government council is commonly referred to as
the third tier of government will be responsible for op-
eration and maintenance of water facilities, embark on
awareness campaign, digging of additional sanitary wells
and provide funds.

4.3. Non-Governmental Organizations (NGO’s)

The non-governmental organizations though very few
are potentially important in the partnership arrangement.
They play a crucial role in facilitating communities in
infrastructure development. They will provide free labor,
technical advice, awareness campaign and raise funds

4.4. Community Based Organizations (CBOSs)

The main objective is to support the local development
of infrastructure services and to enhance the community
capacity to manage services. Because of this bottom-up
approach, the local partners have a sense of ownership of
development project and strongly committed to seeing
through a successful conclusion. They are to provide
labor, land and food during constructional works, drill
well and borehole, raise funds and embark on awareness

Copyright © 2010 SciRes.

campaign in the various communities
4.5. Private Sector

The private sector refers to institutions, firms and indi-
viduals who may be active in many different aspects of
infrastructure management but whose objective is to
generate profit from their investment. These groups shall
provide funds, drill boreholes, offer technical advice and
the maintenance of water facilities

At this point, partnership requires the establishment
and strengthening of participating mechanisms which
will ensure that all voices are heard in identifying prob-
lems and priorities, setting goals and exercising legal
rights in determining service standard, mobilizing re-
sources and implementing policies and programs of wa-
ter supply in Wukari. This cooperation will result in or-
ganization of specific forms of coordinating committees
by the state government through the local government.

5. Conclusions
The water supply plant for Wukari town is located in
Tsokundi about 25 km away from Wukari town. This

plant was meant to generate 3400 cubic meter (0.75 mil-
lion gallons) of water per day, although the water de-

JWARP
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mand for the town was put at 7000 cubic meters (1.5
million gallons) per day. Dar-Alhandasah Consultant
[14], this figure is far from being adequate for the esti-
mated 59,955 people in 1996 and 73,955 in 2006 and
estimated 82,829 persons in 2010 when compared with
the national average per water supply of 63 and 21 liters
per person per day for both urban and rural areas respec-
tively.

The location of Wukari on a basement rock coupled
with lack of funds and the centralized system of water
management has significantly affected service delivery
to the residents. This is evident in the fact that most taps
have not had water for years. There is the need to under-
take the geological survey to determine the aquifer and
underground water recharge.

The treatment plant located in Tsokundi is usually
heavily silted during the rainy season which adds to the
total cost of treatment and hence the absence of tap water
in the area. It is suggested that this plant be moved to
river 1bi about 34 km which is not heavily silted and rela-
tively maintains a higher volume of water during the dry
season.

Another implication of the findings is that water
vending constitutes the bulk of water source. This source
has health related problems since the water is not usually
treated before being sold to public.
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