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Long-Term Study of Lake Evaporation and Evaluation of
Seven Estimation Methods: Results from Dickie Lake,
South-Central Ontario, Canada
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Abstract

Establishing satisfactory calculation methods of lake evaporation has been crucial for research and manage-
ment of water resources and ecosystems. A 30 year dataset from Dickie Lake, south-central Ontario, Canada
added to the limited long-term studies on lake evaporation. Evaporation during ice-free season was calcu-
lated separately using seven evaporation methods, based on field meteorology, hydrology and lake water
temperature data. Actual evaporation determined during a portion of a year was estimated using a lake en-
ergy budget model, and the estimation was used as reference evaporation for evaluation of the seven methods.
The deviation of method-induced evaporation from the reference evaporation was compared among the
seven methods, and a performance rank was proposed based on the root mean squared deviation and coeffi-
cient of efficiency. As for the whole ice-free season (roughly May to November), the water balance was the
best method, followed by Makkink, DeBruin-Kejiman, Penman, Priestley-Taylor, Hamon, and Jensen-Haise
methods. As for shorter duration (a week to a month), the DeBruin-Kejiman was the best method, followed
by Penman, Priestley-Taylor, Makkink, Hamon, Jensen-Haise, and water balance method. Annual and sea-
sonal changes of energy budget terms and the compensation function of lake heat storage in evaporation flux
were also analyzed.

Keywords: Long-Term Study, Lake Evaporation, Water Balance, Energy Budget, Lake Temperature, Stream Discharge

1. Introduction evaporation loss from the lake surface. Therefore, it is

crucial to understand the lake evaporation process, estab-

Natural lakes and artificial reservoirs provide a valuable
water resource. The quantity and quality of lake water
resource are important for agriculture, fisheries, recrea-
tion, domestic and industrial water supply, aquatic eco-
system, and hydropower [1-2]. Lake water availability is
regulated by the water balance and energy budget proc-
esses which in turn are closely tied to climate variations,
land use change or other human influences [3-5]. For
example, a common indicator of water availability — lake
water level — is influenced by four major processes or
factors: 1) precipitation on the lake and its drainage wa-
tersheds; 2) surface and subsurface runoff generated from
the watersheds; 3) runoff leaving the lake; and 4) direct

Copyright © 2009 SciRes.

lish satisfactory calculation methods, and identify the
effects of lake evaporation on lake level and water re-
sources.

Long-term observations and field data are important for
understanding lake evaporation, creating estimation meth-
ods, and evaluating effects of evaporation change (caused
by climate change or land use change) on water resources.
However, it is challenging or difficult to directly measure
lake evaporation for a long time, because it involves sig-
nificant financial investment in instruments, field main-
tenance, and field work on a lake. Usually lake evapora-
tion is estimated or calculated by a formula and using
regular meteorological and hydrological data. Lake eva-
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60 H. X. YAO

poration is affected not only by climatic variables, but
also by lake characteristics such as depth, surface area,
and water clarity and temperature. Lake water itself in-
fluences the energy budget and lake evaporation through
the changes in water temperature and water mixing (turn
over). Accurate accounting of energy budget processes
requires observations of temperature profiles of lake wa-
ter. As a result, these field difficulties have severely re-
stricted the number of long-term evaporation studies.
Methods, equations or models for determining lake
evaporation may be categorized into four categories: en-
ergy budget, aerodynamic transfer (or mass transfer),
combination of aerodynamic transfer and energy budget,
and empirical method. Most literature studies using one
or more of these methods have utilized short-term field
monitoring and datasets. In this paper “long-term” studies
mean those that conduct and utilize monitoring data of
multiple years to more than 5 years. Lenters et al. [6]
completed a comprehensive study of lake evaporation and
effects of climate variation by using 10 year data from a
small lake in Wisconsin USA. In the article by Lenters et
al., some long-term studies were summarized. Apart from
these summarized examples, there are other long-term
studies that have been conducted: a lake in Northwest
Territories of Canada for six years [7], the small Lake
Kinneret in Israel for five years [8], the large Lake Okee-
chobee (1732 km?) in Florida USA for five years [9], a
small reservoir (8.8 km?) in Minas Gerais State, Brazil for

ET AL.

three years [10], the large man-made Lake Mead (506
km?) in Las Vegas, Nevada USA for three years [11], the
large Bear Lake in Idaho and Utah, USA for two years
[12], the Cottonwood Lake Area in North Dakota USA
for 5 years [13], the Mirror Lake in New Hampshire USA
for 6 years [14], the Perch Lake in eastern Ontario Can-
ada for 11 years [15], several lakes in Minnesota USA for
11 years [16], and several more examples using two-year
data [17-19]. Scheider et al. [20-21] and Hutchinson et al.
[22] have reported on lake evaporation study of 15 years
(1976-1992) for lakes in Muskoka area of Ontario, Can-
ada.

The study examples mentioned above are listed in Ta-
ble 1, illustrating the limited number of long-term studies.
There are only 14 examples of studies in Table 1 where
five or more years of data are used. The Lake Ziway
study with the longest data record of 30 years made many
simplifications in its calculations of monthly and annual
average evaporation and did not provide details of the
evaporation process. Therefore, additional studies of lake
evaporation using long-term data are needed to describe
the evaporation process and its variability; and to confirm
and compare the applicability of available estimation
methods. A detailed analysis of 30 year (1978-2007) field
data for Dickie Lake (the lake is located in the same
Muskoka-Haliburton area as monitored and reported by
Scheider et al. and Hutchinson et al.) is presented in this

paper.

Table 1. Study examples of long-term lake evaporation.

Authors Study site Country Years of data Methods used
Vallet-Coulomb Lake Ziway Ethiopia 30 Three methods
Hutchinson et al. Muskoka Area Canada 15 Energy budget
Rasmussen et al. Cedar Lake etc. USA 11 Seven methods
Robertson et al. Perch Lake Canada 11 Energy budget
Lenters et al. Sparkling Lake USA 10 Energy budget
Robertson et al. Perch Lake Canada 10 Energy budget
Winter et al. Mirror Lake USA 6 Energy budget
Rosenberry et al. Mirror Lake USA 6 15 methods
Gibson et al. Yellowknife Canada 6 Two methods
Rosenberry et al. Cottonwood Lake USA 5 13 methods
Winter et al. Williams Lake USA 5 11 methods
Sturrock et al. Williams Lake USA 5 Energy budget
Assouline Lake Kinneret Israel 5 Two methods
Abtew Lake Okeechobee USA 5 Seven methods
Myrup et al. Lake Tahoe USA 3 Two methods
Sacks et al. Two lakes USA 3 Energy budget
Dos Reis et al. Lake Serra Azul Brazil 3 Two methods
USGS Lake Mead USA 3 Energy budget
Amayreh Bear Lake USA 2 Two methods
Hamblin et al. Lake Malawi Mozambique 2 Three methods
Keskin et al. Lake Egirdir Turkey 2 Six methods
Linacre Copenhagen Awustralia 2 Three methods

Copyright © 2009 SciRes.
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H. X.YAO ET AL. 61

Apart from the need for long-term data, methods for
evaporation estimation should be discussed and assessed,
because more than 30 methods or equations have been
proposed and most of them perform differently for dif-
ferent geographical areas. Winter et al. [23] compared 11
well-used methods with the energy budget method by
using high-quality data for five years from Williams Lake,
and proposed a ranking based on best to least perform-
ance. Their ranking is: Penman, DeBruin-Kejiman, Mak-
kink, Priestley-Taylor, Hamon, Jensen-Haise, mass trans-
fer, DeBruin, Papadakis, Stephens-Stewart, and Brut-
saert-Stricker. Rosenberry et al. [13,14] compared as
more as 15 methods with energy-budget method using
6-year data and proposed their ranking. Rasmussen et al.
[16] compared seven methods for use in lake temperature
modeling. The evaluation of seven methods by Abtew [9]
suggested that simple models (such as the modified Turc
model only using solar radiation and maximum air tem-
perature) could perform better than Penman-combination
or Priestley-Taylor model requiring many more parame-
ters. The four methods—Priestley-Taylor, DeBruin-Keji-
man, Papadakis and Penman were compared with energy
budget by Mosner and Aulenbach [24] using single-year
data, and the Priestley-Taylor was found to be the best of
the four methods. Xu and Singh [25] tested eight radia-
tion-based evaporation models in order to estimate future
lake levels. Singh and Xu [26] evaluated 13 mass-transfer
equations against pan evaporation data. Delclaux et al.
[27] compared five monthly evaporation methods and the
best results of lake evaporation were obtained by the Ab-
tew model and Makkink model. Comparisons of estima-
tion methods were also made by Keskin and Terzi [18]
and Sadek et al. [28]. All these comparisons provided
somehow different conclusions depending on sites and
data used.

As indicated by Winter et al. [23], earlier comparisons
of evaporation methods did not use extensive or long term
data. Also comparisons have been focused more on large
lakes in arid and semiarid climates than on small lakes in
humid and sub-humid climates. The lakes in cold or bo-
real ecozones (such as those located on the Canadian
Shield) have received even less attention. The evaluation
of methods needs to be made for a longer period of time,
a wider scope of lake sizes and more climatic settings. In
our study, seven commonly used methods are compared
with each other and assessed by using long-term data
from Dickie Lake on the Canadian Shield where such
comparison has rarely been made. Only one case of
method comparison was reported for Canadian Shield:
Singh and Xu [26].

Another issue in evaporation studies is the standard or
reference that was used to verify estimation methods.
Actual lake evaporation can be measured by an instru-
ment such as the eddy covariance system, but long-term
data from the system has not been reported. A common

Copyright © 2009 SciRes.

measure of lake evaporation is by using an evaporation
pan, with a limitation: the pan coefficient (multiplying the
coefficient with the pan evaporation data to get lake
evaporation) depends on season, location and the specific
pan in use [9]. In case a reliable and direct measure of
long-term evaporation did not exist, many reported com-
parison studies chose to evaluate methods by comparing
evaporation results with that of an energy budget method,
as the latter was considered the best method to estimate
lake evaporation [6,13,14,23,24]. In our study of Dickie
Lake, there was no data from pan evaporation or eddy
covariance instrument, the energy-budget results were
used to be the reference for evaluating performance of
other estimation methods.

Therefore, our study has three goals: 1) provide an
evaporation study using long-term 30-year datasets ob-
tained for a small lake located in the Canadian Shield
region; 2) estimate evaporation of ice-free season for 30
years using seven methods, and discuss their applicability
to cold ecoregions; and 3) compare deviations of meth-
od-calculated evaporation to the energy-budget-estimated
evaporation, and identify the better methods for estimat-
ing lake evaporation for the region.

2. Site and Data Description

The Muskoka-Haliburton study region as shown in Figure
1 is located in south-central Ontario, Canada, to the east
of Lake Huron, one of the five Great Lakes in North
America. Environmental monitoring programs including
hydrological and meteorological observations were star-
ted and managed by the Dorset Environmental Science
Centre, Ontario Ministry of the Environment in 1976, and
have been continuous till present. The program includes
nine lakes and their contributing watersheds, as represen-
tatives of inland lakes on the Canadian Shield landscape,
which typically consists of exposed bedrock and numer-
ous lakes. The lakes and watersheds in the Muskoka-
Haliburton study area drain into Muskoka River or Gull
River which contributes to Muskoka Lake and finally into
Georgian Bay of Lake Huron. The region is relatively
undeveloped by humans, with the exception of small
towns or villages like Huntsville, Bracebridge or Dorset,
and some scattered cottages alongside shorelines or in
forested areas.

The study lake, Dickie Lake, is one of the nine lakes
(Figure 1, Number 6), and is located between Bracebridge
and Dorset, about 20 km from both. The lake, streams and
drainage watersheds, and monitoring gages are shown in
Figure 2. There are five main streams going into the lake,
and their watersheds are numbered as 5, 6, 8, 10 and 11 in
Figure 2. These stream watersheds occupy a large portion
of the total drainage area. There is a weir (gauge) at the
end of each stream to monitor water levels at that par-
ticular point and the levels are converted to stream dis-
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62 H. X.YAO ET AL.

charges with calibrated level-discharge relationships. A
small portion of the drainage area, which is close to the
lake’s shoreline and does not have obvious streams, has
not been monitored by gauges. The outflow on the
south-west side of the lake is also monitored. The lake’s
water level is observed at a location off the inlet of wa-
tershed 6. The areas of the five main watersheds are 0.30,
0.22, 0.67, 0.79, and 0.76 km? respectively, giving a
gauged drainage area of 2.74 km?. The ungauged drain-
age area is 1.32 km? whereas the total drainage area is
4.06 km®. The lake itself has an area of 0.94 km? The
lake’s outlet point controls a total area of 5.0 km?.

The geology of Dickie Lake drainage area is composed
of three surficial geology types [21]: shallow surficial
deposits (less than 1 m in depth) covering 78 % of the
area, deep surficial deposits (greater than 1 m in depth)
covering 3 %, and organic soils covering 19 %. Therefore,
the soil is thin and poorly developed, making surface
runoff the dominant runoff generation while groundwater
runoff from bedrock is minimal. Forest cover is almost
continuous in the watershed although it contains some
areas of exposed bedrock. The percentages of wooded
land and exposed bedrock among the whole watershed

are 83 % and 17 % respectively. Small logging operations
and dwellings around the lake and watershed exist, but
their influence on the hydrological cycle is minimal.
Consumptive use of lake and stream water is also mini-
mal.

The climate of the study area is cold and humid in fall
and winter, with less precipitation in summer than in fall
or winter, and usually has significant snow/ice melting in
spring. As presented by the data records, annual mean air
temperature is 4.9 °C, and average annual precipitation is
1010 mm.

The data collection and processing was completed us-
ing a meteorology station located at Heney Lake ap-
proximately 1.0 km away from Dickie Lake (Figure 1).
The data used for calculations include daily precipitation,
daily mean temperature, relative humidity, wind speed,
and daily global radiation. This station provides a major-
ity of data used for the Dickie Lake study. When a data
point was missing or unreliable at the Heney station, three
other nearby stations located close to Chub Lake, Plastic
Lake and Harp Lake were used to give a proper data
value. The processed data are available for 30 years:
1978-2007.

Figure 1. Locations of study area and study lake.

Copyright © 2009 SciRes.
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Figure 2. Dickie Lake and its watersheds (W and F mean stream gauge type: weir and flume).

Stream water level data are obtained from field re-
cording charts which are used to provide hourly and daily
discharges for five watershed streams. Daily mean dis-
charges are available for 30 years: 1978-2007. They are
used for evaporation estimation via lake water balance
calculations.

Lake temperature profiles (water temperature at 1 m
intervals from lake surface to lake bottom) were con-
ducted at one and central point of the lake, on varying

dates throughout a year, mostly during the ice-free season.

A period between two observation dates consists of 6 to
45 days, two weeks on average. The water depth meas-
ured at the deepest and central part of the lake varies be-
tween 9 and 12 meters, therefore, the number of vertical
profile zones changes slightly in the year, with one zone
being one meter thick. Available data covers a period of
30 years (1978-2007).

Lake levels were monitored once every two or three
weeks on average, during ice-free season only, for 23
years; 1980 to 2002. They are used to calculate water
balance.

For clarification, the three timing concepts used in the
study are explained. Lake temperature profile observation

Copyright © 2009 SciRes.

begins in early May but not fix on a specific date, ends in
mid November. The time length between any two obser-
vation dates is called a “period”. A period has a range of
6 — 45 days depending on actual field work, and is used
for evaporation calculations. The lake level observation
begins in May and ends in November (differs between
years, and differs from the lake profile observation dates).
The time length between two observation dates is called
an “interval”. A period and an interval may cover some
same days, but do not necessarily coincide completely
with each other, as water temperature and lake level may
not be observed on a same date. An interval has a range
of 2 — 34 days, and is used for water balance calculations.
The length of whole ice-free time appointed in the study,
or the total cumulative time over all intervals in a year, is
called a “span”. It starts from the earliest day of lake level
observations that falls within the periods and ends at the
last day of level observations falling into the periods. The
span for water balance is 68 — 190 days long depending
on the year.

The concept “period” is important for calculating the
evaporation using any lake-heat-storage-based method,
because only the first day and last day of the period have

JWARP
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observations of the lake’s temperature profile which is
needed to know lake heat storage. For those methods us-
ing lake temperature data, total evaporations in periods
have to be calculated before a daily evaporation rate av-
eraged over the period can be known or the daily rates are
approximately allocated (see a later allocation explana-
tion). For other methods not using lake temperature data,
daily evaporation can be calculated first, and the periods
are not necessarily required. However, for consistency,
the periods are used for all methods in this study.

Listed in Table 2 is the number of periods of each year,
number of consecutive days covered by the periods,
number of intervals, and span length in a year. For exam-
ple, there are 21 periods in 1980 which cover 180 con-
secutive days (from Julian day 126 to 305), and 17 inter-
vals which cover 141 days (the span from Julian day 162

ET AL.

to 302). There are no intervals assigned for years 1978
and 1979 as the lake level monitoring was started in 1980,
and no intervals for years 2003-2007 as recorded level
data in these years were found unreliable.

3. Methods

3.1. Reference Evaporation Derived by Energy
Budget

The energy budget is often used for lake evaporation cal-
culations. For a lake and for a given time period previ-
ously defined, its energy budget is written as

ﬁ*E:Rnet'*’Hsed"’Anet_H_S 1)

Table 2. Calculation periods and intervals.

Year Periods Days in periods Intervals span
1978 22 169

1979 23 179

1980 21 180 17 141
1981 21 171 21 162
1982 13 189 24 176
1983 13 189 26 183
1984 12 196 24 183
1985 11 171 24 161
1986 8 176 73 174
1987 6 164 44 161
1988 6 175 24 169
1989 7 189 26 183
1990 8 183 26 183
1991 7 197 27 190
1992 6 161 15 148
1993 5 180 12 169
1994 5 174 9 114
1995 5 168 9 139
1996 5 121 5 101
1997 5 177 13 153
1998 11 180 10 68

1999 13 184 12 149
2000 13 176 14 164
2001 12 166 15 160
2002 11 185 21 152
2003 11 149

2004 11 163

2005 11 190

2006 12 190

2007 12 198

Total 326 5290 490

Copyright © 2009 SciRes.
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where all energy terms are in unit of Joule. AE is latent
energy used by evaporation of lake water during the pe-
riod, / is the latent heat of vaporization (2.46x10° J kg™),
E is the evaporation (mm) within the period, R is net
radiation, Hgeqy is heat released by lake sediments and is
negligible for most cases, Ay is net heat advected into the
lake from precipitation, inflows and outflows, and is also
negligible, H is sensible heat transfer from lake surface to
atmosphere, and S is the change of heat stored in the lake
(due to temperature changes) during the period. The neg-
ligibility of the net heat advection A could be supported
by the study results of Lenters et al. [6] for Sparkling
Lake (0.64 km? similarly small as Dickie Lake’s area
0.94 km?). They found that this advection term only had a
mean value of 0.1 W m? in 10 summers, very small
compared to other energy budget components (107 W m™
of Rne, OF 89 W m™ of AE). Although a lacking of stream
water temperature data at our site does not warrant a rig-
orous calculation of the advection term, it is believed
negligible.

The sensible heat term can be expressed as H=B: 1 E,
where B is the mean Bowen ratio for the period. Remov-
ing the two negligible terms, Equation (1) is rewritten as

_ Rnet -3
~ A(1+B) @)

The net radiation is an accumulation of daily net radia-
tion in the period:

ET AL. 65

Roet = D [0— g )T (1) + (L= 2y )i (D)~ Ty )] 3)

i=1

where i is the order of any day in the period (i=1, 2, ...... :
n days), req(i) is daily downward shortwave radiation
which is observed at the meteorological station, 04,=0.07
is the shortwave albedo of water (value taken from
Lenters et al. [6]), rwq(i) is daily downward longwave
radiation, «;,=0.03 is the longwave albedo, and ry,(i) is
daily upward longwave radiation. Longwave radiations
are calculated by rug(i)=e.0Ta", rwu(i)=eoTs', Where
£,=0.91 and &,=0.97 are emissivity of the atmosphere and
surface water respectively, T, and T, are daily air tem-
perature and surface water temperature (in unit of °K).
The daily air temperature is provided by routine monitor-
ing, while surface water temperature is observed only on
the first and last day of a period (roughly 14-21 days
long). The daily water temperature within a period is ob-
tained by interpolation between the two days’ temperature
values.

The heat storage change S in Equation (2) is calculated
by using vertical lake zones and lake temperature profiles.
Temperature profiles are observed at the central lake
where it has the deepest water. The water body is divided
into vertical zones from lake surface to lake bottom, and
the number of zones may differ a little among periods.
The heat stored in the lake on the last and first day of the
period is calculated, and their difference is the change in
heat storage,

S :82—81="W—°WZT2(1)-a2(j)-zz(j)—";—%ZTl(j)-al(j)-zl(j> @)
j=1 j=1

S2

where S2 and S1 are heat storage on the last and first day
respectively, p,=1000 kg m* is water density, ¢,=4186 J
kg™ °C™ is specific heat of water, ag, and a,(j) are the lake
surface area and water area (m?) of any zone j (j=1,
2, ... , my starting from the lake surface zone) on the
last day, T»(j) and zy(j) are the temperature and thickness
of zone j on the last day. Similarly, as, a:(j), T1(j), z:(j)
are the surface area, water area, water temperature and
zone thickness respectively on the first day. Water area a
(m?) at a height h (m) from lake bottom is estimated by an
empirical relation derived from observed lake mor-
phometry data [29] as follows.

a=-389-h®+10245-h? +11592-h—-3340  (5)

As in Equation (6), the period-mean Bowen ratio B is
calculated from daily Bowen ratios which is derived from
air and lake surface temperatures [30].

57y T0-T.0) 6

n i=1 €ss (') —€5a (')
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where y is psychrometric constant (67 Pa °C™), n is the
number of days in a period, i is any day within a period,
Ts(i) and Ta(i) are daily mean temperature ("C) of lake
surface and air above the lake respectively, eg(i) and es(i)
are saturated vapour pressure (Pa) at the lake surface and
air temperatures. The saturated vapour pressure is calcu-
lated with the Arden Buck Formula [31]:

(18.678—T, /234.5)T
257.14+T,

e, =611.21-exp[ 2] )

Daily evaporation is not obtained by using Equation (2)
as the field collection of lake temperature profiles is not
conducted every day in a period. After the total evapora-
tion E is calculated as above, daily evaporation is allo-
cated from the total amount based on a distribution pat-
tern. Hamon method is the easiest way to estimate daily
evaporation and uses only air temperature. Therefore, a
time series of daily evaporation is created by using the
Hamon method (described later), their summation gives a
total amount, and the ratio of daily evaporation to total
evaporation is determined. By applying the same ratios to
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the total amount value obtained from the energy budget
method, daily evaporations for the energy budget method
are obtained. A further discussion on the allocation caveat
will be provided in the Discussion section.

3.2. Evaporation Methods

Seven methods are selected for calculation of lake evapo-
ration at Dickie Lake and are later compared to each other.
They are Hamon (HM), Penman (PM), Priestley-Taylor
(PT), DeBruin-Kejiman (DK), Jensen-Haise (JH), Mak-
kink (MK) and water balance (WB). These methods are
commonly used and once compared in literature, but they
have not been compared or evaluated for lakes on the
cold Canadian Shield, using dataset as long as 30 years.
Water balance method has not been compared with other
methods in the published reports. Calculations are con-
ducted for the defined periods of each year, and two val-
ues are estimated — the total evaporation amount in a pe-
riod, and daily evaporation rates for the period. Depend-
ing on individual methods, the total evaporation is given
first, then daily rates are calculated from the total value;
or the daily evaporation rate is calculated first, then the
total value is derived from daily rates. Comparisons of the
seven methods are made on basis of interval and span, not
on daily basis. However, daily evaporation rate is re-
quired to provide the evaporation amount within an in-
terval, as the dates in an interval are different from the
dates in a period.

ET AL.

3.2.1. Hamon Method

It is often used to estimate lake evaporation or watershed
potential evaporation because of its simplicity [32]. For a
given lake, daily evaporation e (mm) is calculated from
daily temperature T, ("C) as follows.

75T,
e=0.63-D2.10%"" (8)

where D is the ratio of maximum sunshine duration (hour)
to 12 hours, and is determined by latitude of the lake and
the date:

(J -80
365

360°)]}
©)

where ¢ is the latitude (45.13° for Dickie Lake), J is the
Julian day of any date of interest.

Total evaporation E in a period is the sum of daily
evaporations of all included days.

3.2.2. Penman Method

A format of Penman equation, once recommended by
Food and Agriculture Organization [33], is used and
slightly modified to calculate lake evaporation. The
modification is an addition of the lake heat storage
change rather than taking only the net radiation. The
evaporation in a period is written as

D= 9—10 arccos{—tan(y) - tan[23.45°sin

-8 Ra=S . 7 40026-(1+0540)-0-q)e,-n (10)
A+y A A+y
where R,; and S are the net radiation (Joule) and lake heat E—126 A ) Roet =S (12)
storage change in the period, U is the mean daily wind A+y A

speed (m s™) for the period, @ is the mean daily relative
humidity (<1.0), &, is the mean daily saturated vapour
pressure (Pa), 4 is the mean slope of the saturated vapour
pressure — temperature curve at the air temperature, and n
is number of days in the period. The two terms related to
the slope 4 and psychrometric constant y are expressed as
empirical relations of air temperature [34]:

A _0439+001124T, 7
A+y A+y

= 0.5495-0.01119T,
(11)

Total evaporation is obtained first as the lake heat
storage change in a period (S) is included in Equation (10).
The total evaporation E is allocated to each day of the
period as done for the case of energy budget.

3.2.3. Priestley-Taylor Method
Evaporation is estimated based on radiation and heat
storage only, as done by Winter et al. [23].

Copyright © 2009 SciRes.

where the variable A4/(4+ y) is estimated in Equation (11).
3.2.4. DeBruin-Kejiman Method
The DeBruin-Kejiman equation is written as [23,35]
E = A . Rnet -S
0.95A +0.63y A

(13)

where the slope of saturated vapour pressure curve A
could be estimated by using Equation (11), and net radia-
tion and lake heat storage change have been estimated in
the energy budget calculations.

3.2.5. Jensen-Haise Method
Daily evaporation is first calculated by the following
Equation [23].

e = [0.014(L.8T, +32)~0.5] r%d (14)
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where T, is daily temperature (°C), rgq is daily shortwave
radiation as used in Equation (3). The total evaporation in
a period is the sum of the daily rates.

3.2.6. Makkink Method
Daily evaporation is calculated as [23]
e=0.61—2 i 012 (15)
A+y A

And then the total evaporation is obtained.

3.2.7. Water Balance Method

As shown in Figure 2, the lake’s inflows from five major
streams are measured, the inflows from ungauged water-
sheds can be prorated from measured flows, and the lake
outflow, lake level and precipitation are also known.
Therefore, the lake evaporation during a time span (or
interval) can be estimated by using a water balance equa-
tion for the lake.

Water balance analysis is made for a time in ice-free
season (early May — mid November) as long as the lake
level data are available. For a span in a year, the water
balance is expressed as

where Eyg is the total evaporation (mm) during the span,
P is the precipitation volume (mm) during the span, R is
the runoff (mm) from all watersheds (gauged and un-
gauged), O is the outflow volume at the lake outlet, and
AL is the level change over the span.

The span length of a year varies with years, because the
starting date and ending date may differ between years.
Water balance estimation must begin and end at a day
when the lake level is known. After an estimation is com-
pleted for a year (May to November usually), a new esti-
mation for the next year is made. Regarding the inflow
from ungauged watershed area, a proration method was
applied to the study area [20,22] to derive discharge from
ungauged area based on the assumption: the areal runoff
is equal among the lake’s watersheds. An evaluation of
errors originated by the proration was made by Devito
and Dillon [36] using two lakes other than Dickie Lake in
the same region, and the errors were within 10% of the
annual runoff measured. Therefore, we use the same
method to get an estimation of the ungauged runoff.

Groundwater inflow and outflow, or groundwater net
flow to the lake, are not included in Equation (16) as they
are assumed negligible. This assumption was applied to
the study area before [20,22,36], and was used in other
regions [37]. The characteristic shallow surficial till and
largely impermeable bedrock in the Canadian Shield re-
gion support the assumption, as it is supported by the
small ratio 0.07 of groundwater inflow against surface
water inflow to Lake Michigan [38], and by a satisfactory
analysis of water balance in 30 years for Dickie Lake
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without including groundwater flow [Yao et al., Data
Report in editing, Ontario Ministry of Environment].

A similar equation as Equation (16) is applied to any
interval within a span, and the evaporation amount of the
interval is obtained.

3.3. Comparison and Evaluation of Seven Methods

The difference of method-calculated evaporations from
the energy-budget Ewg values is used as an accuracy in-
dex of an evaporation method. Comparing the differences
of seven methods will provide a quantitative evaluation of
their performance and accuracy. The root mean square
deviation (RMSD) is a frequently-used measure of the
differences between values predicted by an estimator and
the values observed from the thing being estimated.
Another indication of how well the estimator
follows/predicts the variations in the measured values
could be given by a coefficient of efficiency (CE) as
proposed and applied by Nash and Sutcliffe [39]. This CE
index is expressed as

Eest — Erer )’
CE=1- Z( est ref) . (17)
Z(Eref _Emean)

where Egy and E, are the estimated and reference (or
measured) evaporation for a span (or interval) respec-
tively, and Ejean is the mean of reference evaporations. A
larger CE number indicates a more accurate estimator.

Both indexes RMSD and CE are used in our study to
evaluate and compare the accuracy and performance of
the seven evaporation methods, and a performance rank is
then proposed. The estimated evaporation is plotted
against the reference evaporation for examining each
method’s bias and errors. The comparison is conducted
separately for the span (longer time) and interval (shorter
time) because a method might perform quite differently
between the two time scales.

4. Results

Results of energy budget calculation for 30 years
(1978-2007) and the resulted reference evaporation used
for comparison are presented first. They are followed by
the results of evaporation estimated with the seven meth-
ods. Then method comparison results are presented.

4.1. Energy Budget

Span-mean values of energy budget variables (net radia-
tion, sensible heat flux, evaporative heat flux, and lake
heat storage rate) and meteorological variables are illus-
trated in Figure 3 to show their inter-annual changes.
Figure 3(a) shows the meteorological variables, and Fig-
ure 3(b) shows the energy budget fluxes, with the source
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Figure 3. Span averages of (a) meteorological variables, and (b) energy budget variables.

items in upper section and consumptive items in lower
section. Air temperature and lake surface temperature
change in an identical way, as is usually expected. Net
radiation flux changes coincidently with temperature.
Very little correspondence is seen between humidity (or
wind speed) and temperature (or net radiation). Further-
more, lake heat storage rate possesses a tiny portion in
source energy (net radiation - heat storage). For a major-
ity of 30 years, the lake heat storage contributes very little
to the energy source on annual basis. For this reason, the
consumptive term (E or E+H) has a strong correspon-
dence to net radiation flux: climbing or dropping in the
same years.

Daily mean values of meteorological and energy
budget variables (the 30-year mean for any day between
the Julian day 121 and 319) are illustrated in Figure 4 to
show seasonal changes. Air temperature has some fluc-
tuations while demonstrating a clear curving. Corre-
sponding to air temperature, the lake surface temperature
has a similar changing curve, but smoother. To their con-
trast, relative humidity does not have clear seasonal

Copyright © 2009 SciRes.

change although it increases slightly, nor does wind speed
have clear changes.

The seasonal patterns of energy terms demonstrate two
phenomena. 1) The energy source (net radiation minus
lake heat storage change, NETR - S) determines how
much energy could be consumed by sensible and evapo-
rative fluxes, therefore the source term NETR-S and con-
sumptive term E+H have the same changing pattern —
climbing in the summer to their peaks in mid July (around
day 200) and dropping in the late summer and fall. 2)
There is a time lag between net radiation NETR and con-
sumption E+H, because of the function of lake heat stor-
age. Unlike E+H, net radiation is high in May and June,
and then decreases quickly in July and August till No-
vember. By dividing the curves at the Julian day 200
(July 20), lake water uses net radiation to increase its
temperature or increase heat storage over the first section
of the curve, the usable energy source for evaporation and
sensible heat conduction is less than the net radiation, and
therefore, the high radiation rate does not produce a high
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E+H rate in May and June. In July the lake is not absorb-
ing net radiation and the high radiation finally creates the
highest evaporation rate. Contrarily, lake water reduces
its temperature over the second section of the curve, and
releases its stored heat to compensate for the decreasing
radiation. The usable energy source is more than the net
radiation. E+H does not decrease as quickly as the net
radiation because of the lake heat compensation. Espe-
cially in late October and November, energy provided by
lake water overrides the net radiation to maintain a small
evaporation flux.

The total reference evaporation in a span of a year, as
calculated with the energy budget equations, fluctuates
irregularly because of its natural changes with meteoro-
logical inputs and the difference in span length (number

Ta — — Ts
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of days in a span differs, see Table 2). The reference
evaporation in a period among the 30 years (totally 326
periods) has large fluctuations too, because a period can be
in the hot summer or cold fall, and the period length can
be quite different. Therefore, these total reference evapo-
rations are not plotted in a figure. But they will be the ba-
sis for methods comparison. In order to illustrate the in-
ter-annual variations in evaporation rates, all daily evapo-
ration rates within a span of a year (121-198 days de-
pending on the year, see Table 2) is averaged to obtain the
annual average rate, and the average rates over 30 years
are shown in Figure 5. The rate varies between 2.0 — 3.5
mm/d, with lower rates in 1979-1986 and 1999-2004, and
higher rates in 1987-1992 and 2005-2007. Not a clear
increase or decrease trend is found.
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Figure 4. Seasonal changes and patterns of (a) meteorological variable, and (b) energy budget variables, the mean values of
daily variables over 30 years.
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Figure 6. Comparison of method-estimated evaporation with reference evaporation for each of the 30 years: (a) span evapora-
tion (mm) by four methods (HM, PM, DK, JH), (b) span evaporation (mm) by remaining three methods (PT, MK, WB), (c)
percent deviation of estimated evaporation from the reference (with HM, PM, DK, JH), and (d) percent deviation of estimated
evaporation from the reference (with PT, MK, WB).

Table 3. RMSD and CE values of estimated vs. reference evaporations, and ranked performance of seven evaporation methods
when used to span length. The rank of six methods as appeared in Winter et al. study and Rosenberry et al. study are also listed
for comparison.

Method RMSD (mm) CE Rank Rank by Winter Rank by Rosenberry
WB 328 0.84 1 N/A N/A
MK 56.5 0.54 2 4 5
DK 58.3 0.51 3 3 3
PM 68.1 0.33 4 2 4
PT 75.6 0.17 5 5 2
HM 80.6 0.06 6 6 6
JH 89.2 -0.15 7 7 7
Copyright © 2009 SciRes. JWARP



72 H. X. YAO

150

o WB
° x HM
.50 A ¢ A PM
° Linear (WB)

Estimated evaporation (mm)

— — Linear (HM)
@) - = = . Linear (PM)

-100
0 50 100 150
Interval reference evaporation (mm)

ET AL.

150

PT

DK

JH

MK

Linear (PT)
— — Linear (DK)
- = = :Linear (JH)

(b) Linear (MK)

Estimated evaporation (mm)

X O e O

-50

-100

0 50 100 150
Interval reference evaporation (mm)

Figure 7. Comparison of interval evaporations against the reference: (a) evaporations from WB, HM and PM and their linear
trends, (b) evaporations from PT, DK, JH and MK and their trends.

Table 4. RMSD and CE values and ranked performance of seven methods when used to interval evaporation.

Method RMSD (mm) CE Rank
DK 35 0.94 1
PM 41 0.92 2
PT 4.7 0.89 3
MK 5.6 0.85 4
HM 6.4 0.80 5
JH 7.3 0.74 6
WB 18.6 -0.66 7

4.2. Evaporation from Seven Methods and
Method Comparison

Among the seven methods, six provide evaporation esti-
mations for 30 years (1978-2007): Hamon (HM), Pen-
man (PM), Priestley-Taylor (PT), DeBruin-Kejiman (DK),
Jensen-Haise (JH) and Makkink (MK), as they rely on
meteorological data. The water balance (WB) provides
estimations for 23 years (1980-2002) because the lake
level observation data is available only for these years.
Therefore, the results from these 23 years are presented
and used for comparison. Estimated evaporations in an-
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nual spans are shown in Figure 6. The results are divided
into two groups in the figure to provide a better distin-
guishing, as all results plotted on one figure would make
the lines difficult to be distinguished. One group includes
four methods: HM, PM, DK and JH, the other group in-
cludes three methods: PT, MK and WB. Results of
evaporation obtained from the seven methods and the
reference evaporation from energy budget are shown in
Figure 6(a) and (b). Evaporations from WB are mostly
close to reference evaporations, results of Penman,
Priestley-Taylor, DeBruin-Kejiman and Makkink meth-
ods are away from the reference, whereas results of
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Hamon and Jensen-Haise are even farther from the refer-
ence.

Another feature that is seen from Figure 6(a) and (b) is
the inter-annual change. Except for the Hamon method,
evaporations of the other six methods have almost identi-
cal changing patterns: very low in 1984 and 1998, very
high in 1983, 1991 and 2002. The major reason for this
similarity is that they use a controlling meteorological
factor — solar radiation which has had the inter-annual
change. The Hamon uses only air temperature which does
not show such a change style.

The percent deviations (or errors) of method-estimated
evaporation from the reference evaporation are shown in
Figure 6(c) and (d). The WB deviations are scattered
around the zero level (zero error level), with both positive
and negative errors, being the best evenly scattered over
the 23 years. The PM or PT or DK deviations are scat-

tered above the zero level (over estimated) for all 23 years.

The overestimation of Penman and Priestley-Taylor met-
hods are often reported [9]. The HM, JH and MK devia-
tions are scattered below the zero level (under estimated)
for all years except for 1998.

Values of root mean squared deviation (RMSD) be-
tween estimated and reference span evaporation, and val-
ues of coefficient of efficiency (CE) are listed in Table 3.
A lower RMSD value or a higher CE value indicates a
lower error between the estimated and observed evapo-

ration, i.e. a better performance in evaporation calculation.

Therefore, a performance rank from best to least is deter-
mined by the RMSD and CE values, and the rank is: WB,
MK, DK, PM, PT, HM, and JH.

Method comparison results with regards to span
evaporation might differ from a comparison using interval
evaporation. The estimated evaporations for 490 intervals
in the 23 years are illustrated in Figure 7 against their
corresponding reference evaporations, with three methods
in Figure 7(a) and other four methods in Figure 7(b). A
linear trend line is shown for each method’s result, and
the slope 1:1 center line is also drawn. Surprisingly, the
results from WB scattered greatly around the center line,
indicating the worst result (opposite to being the best re-
sult with the span comparison), although its trend is
mostly close to the center line. Method PM, PT and DK
tend to overestimate evaporations, while method HM, JH
and MK tend to underestimate evaporations.

Similarly to span comparison, the RMSD and CE val-
ues of estimated interval evaporation vs. the reference are
summarized in Table 4. The rank is: DK, PM, PT, MK,
HM, JH and WB. The performance and ranking of seven
methods, when applied to estimate evaporation in shorter
time duration, are different from the performance when
applied to estimate evaporation in longer duration.

Why the water balance calculations do not give reliable
evaporations for intervals? When the time duration be-
comes shorter, the magnitude of evaporation item be-
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comes smaller in the water balance items (compared to
precipitation, runoff, outflow, lake level change), and
influence of data mistakes or observation uncertainties
become more obvious. For instance, if the evaporation is
in a magnitude of 30 mm for an interval of 10 days, then
any single mistake in lake level, precipitation or discharge
could reach to 5 mm, and the mistake could cause a 17%
influence on evaporation through water balance account-
ing. Combined influence of multiple mistakes could cause
severer error in evaporation result. But for an evaporation
of 500 mm in a span of 7 months, the influence of the
same mistake would be 1%.

Collectively assessing Table 3 and Table 4, it is noted
that the method HM and JH perform comparatively worse
in both cases of span and interval, and should be avoided
if other methods are applicable. The DK, MK, PM and PT
perform either the best or better than other methods in
both cases, and therefore should be well applied to lake
evaporation calculation. The water balance WB can be
satisfactorily used to long duration (annual, open water
season), but should not be used to short duration (weeks,
month).

5. Discussion

There may be concerns about the collection location of
meteorological data or the distance of the weather station
to the lake. Our data are from a station located approxi-
mately 1.0 km away from Dickie Lake, not from a raft
facility on the lake. This concern was addressed by the
study results of Winter et al. [23]. They used 11 evapora-
tion methods including six we used here, and they com-
pared the differences caused by using raft-based,
land-based (near the lake) and remote-site-based (60 km
away) data. Their results indicated that the usage of raft-
and land-based data did not result in marked differences
in evaporation rates for those six methods. Therefore, the
location of our meteorology station on land instead of on
lake is not a concern, although raft-based data would have
been desirable.

As indicated before, the energy-budget equations only
calculated a total evaporation amount within a period
because of limited number of lake temperature profiles,
and the daily evaporation rate in the period was allocated
by using daily rates estimated from the Hamon formula.
These allocated daily evaporations used as reference rates
could contain potential errors associated with the alloca-
tion, since Hamon formula only utilized air temperature
and could have large bias from true evaporation rate. Two
rational are suggested to argue for the daily allocation.
Method comparison in the study was made on the basis of
annual span evaporation or interval evaporation, not daily
rates. The high accuracy of energy-budget results for pe-
riods and spans have been ensured by the method itself.
Secondly, although the Hamon evaporation amount for a
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period might be less accurate than that of energy budget,
the distribution pattern of daily rates within the period is
usually similar between the two methods. The similar
distribution is used to allocate daily rates for energy
budget method. Resulted daily rates would not be exactly
the same as the values that would be calculated on daily
basis if there were available water temperature data,
however, the resulted rates should be quite close to those
values.

The performance rank of the six methods (not includ-
ing WB) recommended by Winter et al. [23] and the rank
of same six methods recommended by Rosenberry et al.
[14] are also listed in Table 3. It would be understandable
that the three ranks may be different because the lakes are
in different locations, and the datasets used are different.
However, the three ranks are similar to some extent. De-
Bruin-Kejiman and Penman are among the better methods,
with DK being the 3rd position among all three ranks;
Hamon and Jensen-Haise are among those showing
poorer results, positioned at 6th and 7th among all ranks.
If comparing two ranks, the difference between our rank
and Winter rank is that Makkink, DeBruin-Kejiman and
Penman are positioned at 2, 3 and 4 in our rank, against 4,
3 and 2 in Winter rank. The difference between our rank
and Rosenberry rank is that Makkink and Priestley-Taylor
are positioned at 2 and 5 in our rank, against 5 and 2 in
Rosenberry rank. In other words, it is more possible and
reliable to use an evaporation method from the en-
ergy-aerodynamics combination group, such as Penman,
DeBruin-Kejiman and Priestely-Taylor. A method from
the two-parameter (solar radiation and temperature) group,
such as Makkink, may provide a satisfactory estimation
of lake evaporation. But a method from the tempera-
ture-only group, such as Hamon, provides poorer estima-
tions.

An effort is tried to interpret physical or logic reasons
to why the methods perform in a way as shown in Table 3,
why some methods perform better than other ones. First
of all the accuracy of the reference method — energy
budget would not be doubted, as it is based on
strictly-defined theories and has been proved by many
researchers. It provides reliable evaporation reference
provided that the input data are correctly collected. The
best performer — water balance method (Equation (16))
has the ability to provide good evaporation estimations, if
the in and out items are well measured. The runoff com-
ing from 2/3 watershed area of Dickie Lake has been well
monitored, precipitation and outflow are well monitored
too, and lake level is measured too. This data information
ensures that estimated evaporation in spans is reasonable
and reliable. The second-ranked Makkink method (Equa-
tion (15)) has a simple empirical format and uses only air
temperature and short-wave radiation as input. These two
factors are the most important among many meteorologi-
cal factors. Its equation has a fairly correct description of
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the two key factors, and the equation applies well to the
lake in the Canadian Shield as it did to its original data-
sets. Although it gives fairly good evaporation estimates,
it has a drawback of underestimation. Probably a minor
adjustment to the equation (i.e. change the constant 0.61)
can improve this drawback.

The third-ranked DeBruin-Kejiman method is an em-
pirical equation similar to Makkink, considers more af-
fecting factors (temperature, short- and long-wave radia-
tions, lake heat storage) than MK does. Its performance is
accepted just because it can be applied to the studied lake
without equation adaption. Actually the overestimation
problem as seen from Figure 6 could be improved by ad-
justing the equation. The fourth-ranked Penman method
(Equation (10)) has been widely used to estimate lake
evaporation or watershed potential evapotranspiration,
having taken consideration of all affecting factors. There
might be two reasons leading to its overestimation prob-
lem: the function in relation to the wind speed and the
period-averaging treatments in wind speed and air humid-
ity. The fifth-ranked Priestley-Taylor method (Equation
(12)) is an empirical equation similar to DK. Its not-good
performance means that probably it needs adjustment to
be well applied to the study area, for example changing
its constant 1.26. One common concern for the three
methods (DK, PM, PT) which all overestimate evapora-
tion is noted but has not been identified: they all include a
net radiation in their equations. If the net radiation were
not correctly measured or calculated, a systematic overes-
timation would have occurred.

The sixth-ranked Hamon method (Equation (8)) does
not give good estimates simply because it only considers
air temperature as the controlling factor. Unless the mete-
orological data is severely restricted, this method is not
recommended for lake evaporation. The seventh-ranked
Jensen-Haise method (Equation (14)) includes very site-
dependent parameters, and may be not applicable to our
study lake without proper adjustment. The evaporation is
badly underestimated.

The data length of 30 years would remind that a timely
trend analysis may be worthwhile. All meteorological and
energy budget variables were checked to find potential
trends or periodic cycles in the 30 years, but none has
been found to have a significant trend at Dickie Lake.
Linacre [40] proposed that lake-evaporation rate is gener-
ally decreasing at around 0.1 mm/d per decade around the
world, chiefly on account of reduced solar radiation. The
estimated rates by energy budget method for Dickie Lake
do not show such a reduction. The averaged daily rate in
ice-free season for three decades (1981-1990, 1991-2000,
2001-2007, with the third decade being 7 years only) is
2.66, 2.57 and 2.74 mm/d respectively, the rate decreases
by 0.09 mm/d from the first to second decade, but in-
creases 0.17 mm/d from the second to third decade.
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Apart from the traditional methods such as the energy
budget and seven methods used here that need meteoro-
logical data, a newer way to estimate lake evaporation is
by using isotope technology. Saxena [41] estimated
evaporation from a central Swedish lake by measuring
oxygen-18 content in lake water, stream inflows and out-
flow, and precipitation. The results of isotope method
were further compared with results of bulk-aerodynamic
and Bowen ratio methods [42]. Except for some situations
such as high-precipitation events, high-outflow periods or
rapid lake-volume change periods, the evaporation esti-
mated from the three methods agreed. A similar experi-
mental study was conducted by He et al. (personal corre-
spondence with one of the authors, 2009) for Dickie Lake
by measuring oxygen-18, and their results gave a total
evaporation 660 mm for year 2003 (January 1 to Decem-
ber 31). For comparison, a total evaporation for the same
year was calculated using the Makkink method (it needed
air temperature and radiation data, not needing lake tem-
perature), and the calculated evaporation was 451 mm.
This reveals a significant difference between isotope-
estimated evaporation and Makkink-estimated evapora-
tion.

6. Conclusions

The 30 year dataset from Dickie Lake provided a valuable
opportunity to conduct a long-term study on lake evapo-
ration. Evaporations in longer spans and shorter intervals
during ice-free season were calculated separately using
seven evaporation methods, based on field meteorology,
hydrology and lake water temperature data. A reference
value of the evaporation was provided by a lake water
energy budget, and was used to evaluate the performance
of the seven methods. The deviations of method-induced
evaporation from reference evaporation were compared
among the seven methods, and a performance rank was
proposed based on the comparison. For purpose of
evaporation in long time duration such as a span or a year,
the best-to-least methods were ranked as: water balance,
Makkink, DeBruin-Kejiman, Penman, Priestley-Taylor,
Hamon, and Jensen-Haise. For purpose of evaporation in
short time such as an interval or a month, the best-to-least
methods were ranked as: DK, PM, PT, MK, HM, JH and
WB. Overall, four methods (MK, DK, PM and PT) work
better than other three methods.

Details of energy budget, correspondences between
energy terms and meteorological variables, annual or
seasonal changes of these terms and variables, and the
compensation function of lake heat storage in evaporation
flux were also analyzed and illustrated. Within the
ice-free duration of a year, lake water absorbed a portion
of net radiation in early and mid summer, and released the
absorbed energy in the fall to compensate for evaporation.
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Strong correspondence existed between net radiation and
consumptive heat flux (latent and sensible heat) but with
a time lag, or between temperature and the heat flux.
From year to year, the lake heat storage did not play a
notable role in energy budgeting, and lake evaporation or
consumptive heat flux was controlled by the net radiation.
Our study results have shown a similar energy budget
pattern as other studies in similar climatic regions, and
identified a performance rank for the evaporation calcula-
tion methods to be used for lakes in Canadian Shield.
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Abstract

Palladium/iron bimetallic nanoparticles were synthesized using microemulsion method in the water-in-oil
(W/O) microemulsion system, which was made up of iso-octane, cetyltrimethyl-ammonium bromide
(CTAB), butanol and water and characterized by measuring the conductivity of the solution. Transmission
electron microscope (TEM) and energy dispersive X-ray microanalysis (EDX) analysis showed that the av-
erage diameter of synthesized palladium/iron bimetallic nanoparticles was less than 80 nm, which was much
smaller than the particles produced by the solution method. The palladium/iron bimetallic nanoscale particles
produced in the laboratory showed better performance on dechlorinating TCE than the other materials. The
nanoscale Fe/Pd particles exhibited high reactivity. When Pd content is 0.5%, the best TCE dechlorination
efficiency is achieved within 30min. And Fe/Pd nanoparticles show persistent reaction activity in some

sense.

Keywords: Trichloroethylene, Microemulsion, Nanoscale Pd/Fe Particles

1. Introduction

Chlorinated hydrocarbons are dense non-aqueous phase
liquids (DNAPLs), which are utilized by a number of
industries as solvents in large quantities on a regular ba-
sis. Given this high frequency of use, handling, and
transportation, along with past disposal and storage prac-
tices, DNAPL compounds presently represent a signifi-
cant threat to soil and groundwater resources. Trichloro-
ethylene (TCE), has been widely detected in areas adja-
cent to dry cleaners, automobile manufacturers or shops,
asphalt processing plants, and military bases, listed as a
priority pollutant by the US EPA, is one of the most
commonly detected chlorinated organic compounds in
surface water, groundwater and soil. Cleanup of soils and
groundwater contaminated by chlorinated hydrocarbons
such as TCE and PCBs has been a challenging task for
decades.

Remediation of DNAPL-contaminated sites is espe-
cially critical because DNAPLSs in the subsurface repre-
sent a long-term source for groundwater contamination.

Copyright © 2009 SciRes.

Aquifers contaminated with DNAPLSs are extremely dif-
ficult to remediate with standard pump-and-treat meth-
ods. Since DNAPLs are extremely difficult and costly to
remove, a cost-effective, reliable technology is needed to
treat DNAPL contaminants.

Various technologies have been explored for dechlo-
rination of TCE, including bioremediation [1], thermal
treatment [2], and permeable reactive barriers [3].
Among many technologies tested so far, abiotic dechlo-
rination using zerovalent iron, Fe® particles appears to
be one of the most promising technologies [4,5]. The
most common metal being utilized for this purpose is
iron due to its dehalogenation efficiency, cost, and be-
nign environmental impact. However, due to the limited
reactivity, the TCE reduction rate of granular iron parti-
cles has been found very slow, with half-lives in the or-
der of days or longer [6,7]. As a result, toxic intermediate
byproducts such as vinyl chloride (VC) are often de-
tected [8,9]. In order to further enhance the dechlorina-
tion reaction rates and minimize byproduct formation,
bi-metal systems of palladized iron (Fe complex) were
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developed and used [10-12]. Various strategies have
been explored to enhance the dechlorination rates using
Fe®-based particles. Because dechlorination of chlorin-
ated compounds by Fe’-based nparticles is a sur-
face-mediated process, increasing the surface area of iron
will increase the dechlorination rate. Therefore, reducing
particle size can greatly enhance the degradation rate.
Coating iron particles with a second catalytic metal such
as Pd, Pt, Ag, or Ni can also accelerate the dechlorination
process and thereby prevent formation of toxic byprod-
ucts [13-15]. Zhang et al. reported that reducing
Pd-coated iron particle size from millimeters to nanome-
ters (10-100 nm) increased TCE degradation rate by
10-100 times. Typically, Fe’-based nanoparticles were
prepared by reducing Fe (I1) or Fe(lll) in aqueous solu-
tion using a strong reducing agent (e.g., sodium boro-
hydride, NaBH,). However, due to the extremely high
reactivity, the initially formed nanoparticles tend to ei-
ther react rapidly with surrounding media (e.g., dissolved
oxygen (DO) or water) or agglomerate rapidly, resulting
in the formation of much larger (in the micrometer to
millimeter scale) particles or flocs and rapid loss in reac-
tivity [16]. To overcome these drawbacks, a microemul-
sion [17,18] with the cetyltrimethyl-ammonium bromide
(CTAB) as the surfactant was used in the preparation of
the Fe/Pd nanoparticles and the chemical reactivity for
degradation of TCE in water was studied in the experi-
ment of dechlorination in this study. And the nanoparti-
cles were characterized by using the transmission elec-
tron microscope (TEM) and energy dispersive X-ray
microanalysis (EDX). The water-in-oil (W/O) microe-
mulsion system was made up of iso-octane, CTAB, bu-
tanol and water, and was characterized by measuring the
conductivity of the solution. The average diameter of
synthesized palladium/iron bimetallic nanoparticles us-
ing the microemulsion method was less than 80 nm,
which was much smaller than the particles produced by
the solution method. And then the primary objective of
this work was to 1) prepare the nanoparticles in the
CTAB microemulsion under inert conditions; and 2)
characterize the resultant nanoparticles with respect to
their physical stability and chemical reactivity for deg-
radation of TCE in water. And the performance of the
nanoparticles produced in the laboratory was studied by
dechlorinating TCE. The degradation rate of TCE by the
nano palladium/iron bimetallic particles produced in the
laboratory was quantified and compared with nano iron
particles.

2. Experiments
The experiments were divided into five parts. And labo-

ratory grade chemicals were used in this experimental
study.
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2.1. Conductivity

The conductivity was measured using a microprocessor
conductometer (DDS-307, ShangHai Precision and Sci-
entific Instrument Corporation). The conductivity was
measured to an accuracy of £0.5% of full scale reading
within each range.

2.2. Titration

In order to construct the phase diagram of water/CTAB
+n-butanol/iso-octane system, the titration method was
used. Based on the literature review and preliminary tests,
the mass ratio of co-surfactant-to-surfactant was fixed,
and a predetermined amount of hydrocarbon iso-octane
was added to the surfactant mixture. Water was then ti-
trated into the octane—surfactant mixture (octane/(octa-
ne+surfactant) weight ratio of (S)) and changes were
observed by visual inspection and conductivity meas-
urement and the information was used in developing a
phase diagram.

2.3. Production of Fe/Pd Nanoparticles

The preparation of iron nanoparticles was achieved by
mixing rapidly the same volumes of two W/O microe-
mulsion solutions, with FeSO, solubilized in one solu-
tion and NaBH, as the reducing agent in the other solu-
tion. Then firstly, two water/CTAB/isooctane microe-
mulsions (A and B), differing only in the type of aqueous
phase, were prepared. The CTAB was selected as sur-
factant, with n-butanol as the co-surfactant and iso-oc-
tane as the oil phase. A solution of 0.2 M FeSO, was
added to the above mixture. The compositions of the
microemulsion system used are summarized in Table 1.
The weight ratio of iso-octane to surfactant was 3. After
completely stirring, a transparent yellow solution mi-
croemulsion A was obtained. With the same method mi-
croemulsion B was prepared, whereas the aqueous phase
of microemulsion B was 1.3mol/L KBH, solution.

And then microemulsions A and B were quickly
mixed at the protection of argon in a conical flask for
preparation of nanoiron. The reduction reaction made the
solution turbid with gas production and with a black
color solid dispersed in the solution. The reduction reac-
tion could be expressed as

Fe?* + 2BH, + 6H,0 — Fe + 2B(OH); + 7TH,1
1)

After the gas evolution, the mixtures were stirred for
another 20 min with vigorous stirring (3000r/min). And
then loading of Pd to the Fe® particles was accomplished
by adding known quantities of PdCl, into the microe-
mulsion-Fe® solution and allowing for reaction for 30
min under vacuum. The amount of Pd added in this study
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Table 1. Compositions of microemulsions system.

Surfactant  Co-Surfactant Qil Aqgueous
ME CTAB butanol iso-octane FeSO,
Weight (%) 11 31 48

was 0.5% (w/w) of Fe. Palladium was deposited on the
iron surface through the following redox reaction 2,

Pd* + 2Fe — Pd + Fe** 2

At the end of the reaction, the microemulsion system
with the well-dispersed iron nanoparticles was trans-
ferred into a sealed vessel filled with argon by a dou-
ble-tipped needle. The resulting black-gray solids were
settled by magnet, and the supernatant was decanted.
Then the solids were washed with deionized water and
finally with a mixture of anhydrous ethanol and acetone
(volume ratio is 1:1) for six times, respectively. Finally,
the resultant black-gray solids were dried under argon
atomosphere, and then stored in another sealed vessel
filled with argon.

2.4. Characterization of Particles

The particles obtained using the microemulsion were
characterized using the Philips EM400ST transmission
electron microscope (TEM) and energy dispersive X-ray
microanalysis (EDX).

2.5. Dechlorination of TCE

Pd content can affect TCE dechlorination efficiency
strongly. In order to select the optimal Fe/Pd radio, ex-
periments were designed to investigate the effect of Pd
content on TCE dechlorination efficiency of nanoscale
Pd/Fe within 30min. In this study, Pd/Fe ratios were
0.2%, 0.5%, 1%, 2% respectively. For comparison, Fe
and Fe/Pd nanoparticles were also prepared following
similar procedures but use the liquid reduction method.
Experiments were conducted to investigate the reduction
of TCE using the two synthesized iron particles. Dechlo-
rination of 15 mg/L TCE solution with the 1.5 g/L
iron-to-solution loading was investigated. TCE solutions
(173 mL) were mixed with the iron particles in separate
bottles with Teflon coated caps. The mix was stirred us-
ing a platform shaker operated at 200 rpm. The concen-
tration of TCE was analyzed using a HP 6890 GC
equipped with an electron capture detector (ECD).
Experiments were also designed to evaluate Fe/Pd
nanoparticles’ persistent activity. Batch experiments
were conducted in 175 ml serum bottles. In each batch

Copyright © 2009 SciRes.

bottle, 45uL TCE stock solution was repeatedly spiked
into 173ml deionized water which was deoxygenized
with Argon. Initial TCE concentration is 56g/L. The so-
lution contained 0.2768g of Fe/Pd nanoparticles.

3. Results and Discussion

3.1. Phase Behavior of Water/Mixed-Surfactants/
Isooctane Microemulsion System

In order to construct the phase diagram of water/mixed-
surfactants/iso-octane microemulsion system, the titra-
tion method was used. The optimum weight ratio men-
tioned above was used to prepare the mixed-surfactants/
n-butanol mixture (EM). A predetermined amount of hy-
drocarbon iso-octane was added to the surfactant mixture.
Water was then titrated into the iso-octane/surfactant
mixture and changes were observed by visual inspection
and conductivity measurement and the information was
used to develop a phase diagram. The phase behavior of
the water/mixed-surfactants/iso-octane system is repre-
sented in Figure 1. As can be seen in Figure 1, an ideal
W/O region has been observed where n-butanol: mixed-
surfactants=1:2 (weight ratio), which will be used as the
microemulsion system to produce nanoscale particles.

CgHig

0.00 A 1.00

L L L L

1.00° - 0.00

0
0.00 0.25 0.50 0.75 1.00
H,O EM

Figure 1. Microemulsion phase diagram of CTAB/Butanol/
Octane/H,0 system.
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Figure 2. Variation of conductivity with amount of water in
microemulsion.

Figure 3. Characterizing the nanoscale Fe/Pd particles
produced by microemulsion method; (a), (b) transmission
electron micrograph (TEM) of the particles.

3.2. Conductivity

The variation of conductivity with different water con-

Fe

Fe
(6]
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tent (WO) is shown in Figure 2. Two turning points
(R1, R2) are found in Figure 2. Almost no change was
observed in the initial conductivity of the
iso-octane/surfactant mixture before R1. This is at-
tributed to the formation of surfactant-bonded water in
the system. But after R1 the conductivity increased
sharply upon addition of the water into the
iso-octane/surfactant mixture since it formed wa-
ter-in-oil (W/O) microemulsion. In this region, water
was present in micelle form and the water droplet size
and number increased with an increased amount of
water. When the droplet size increased, it was easy to
exchange charges between the droplets and hence the
conductivity increased. The conductivity reached a
maximum when the water content was 50 % (wt%,
R2). This can be explained by the saturation of drop-
lets and the percolation of charges through the droplet
clusters with minimum resistance. When more water
was added to the system after R2, it leads to phase
separation and the conductivity was lowered. The op-
tically clear W/O microemulsion system which was
formed between R1 and R2 can be used as microreac-
tors for preparation of nanoscale materials.

3.3. Characterization of Synthesized Nanoscale
Particles

A small amount of microemulsion containing the palla-
dium/iron bimetallic particles were withdrawn from the
reaction vessel, and then preserved in a small sealed
glass tube. For the TEM and EDX investigations, a small
drop of microemulsion containing iron nanoparticles was
deposited on a copper grid.

1V.uy 1wy 1Touv TRV A VIV

Figure 4. Energy dispersive X-ray microanalysis (EDX) of products.

Copyright © 2009 SciRes.
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Dechlorination efficiency (%)
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Figure 5. Effect of Pd content on TCE dechlorination effi-
ciency of nanoscale Pd/Fe(Reaction conditions: catalyst
added 1.6 g/L, T=25C, pH=6.98, TCE concentration=14.8
mg/L, stirring at 250rpm, reaction for 30min).

Morphology of the particles is shown in Figure 3(a),
(b). From the TEM images, the particles were nearly
spherical in shape and uniform in size with the average
particle size less than 80 nm. The EDX for the sample is
shown in Figure 4. It also shows that the product con-
sisted of Fe and Pd, and no other notable peaks were
observed.

3.4. Dechlorination of TCE

As shown in Figure 5, it is apparent that Pd content af-
fects TCE dechlorination efficiency of nanoscale Pd/Fe.
By comparison, Fe nanoparticles with Pd showed sig-
nificant dechlorination. When Pd content was 0.5%, the
best TCE dechlorination efficiency was achieved. But,
Lower TCE was observed along with Pd content in-
creasing. When Pd content was 2%, TCE dechlorination
efficiency was merely 60%. Dechlorination efficiency
decreasing was probably attributable to Pd films coating
on the surface of Fe nanoparticles closely, that prevented
Fe oxidation.

Figure 6 shows that degradation of TCE can be greatly
enhanced when a small fraction (0.5% of Fe) of Pd was
coated on the Fe particles. At the rather modest Fe dose
of 1.5 g/L, even the NPI particles prepared by liquid
method were able to eliminate 61% of TCE in the batch
reactor within 0.5 h. When the particles were prepared by
microemulsion, 98% of TCE was destroyed within 0.5 h.
In contrast, a TCE degradation of only 8% was observed
when the nanoscale Fe particles were prepared by mi-
croemulsion.

It can conclude that dechlorination efficiency of tri-
chloroethylene with Fe/Pd nanoparticles is above 99% in
30min from Figure 7. It is also expected that the
nanoparticles can remain reactive for extended period of
time in the subsurface environment.

Copyright © 2009 SciRes.
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Figure 6. Dechlorination of TCE using nanoscale iron par-
ticles (MNI), nanoscale Fe/Pd particles (MNPI) prepared in
microemulsion method, and nanoscale Fe/Pd particles pre-
pared in liquid method (NPI). Fe dose was 1.5 g/L in all
cases. Pd-to-iron ratio was 0.5/100 (w/w).
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Figure 7. TCE concentration change with time in a multiple
spiking experiment (reaction conditions: Fe/Pd added 1.6
g/L, T=25°C, pH=6.98, TCE concentration=14.8 mg/L, stir-
ring at 250rpm)

4. Conclusions

Based on the experimental study, the following conclu-
sions are advanced:

Iron and Fe/Pd nanoparticles were successfully pro-
duced by the solution method and the microemulsion
method. For the microemulsion method, the particles
were uniform in size and were less than 80 nm, and ap-
pear to be clearly discrete and well-dispersed.

It showed in our results that the Fe/Pd nanoparticles
synthesized in our lab have the potential of remediation
of TCE. The reduction rate of TCE by the microemulsion
Fe/Pd product was the highest compared with the solu-
tion product and to the iron prepared by microemulsion.
Particle size is an important factor in determining the
degradation rate of TCE.
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The nanoscale Fe/Pd particles exhibited high reactivity.
When Pd content is 0.5%, the best TCE dechlorination
efficiency is achieved. And Fe/Pd nanoparticles show
persistent reaction activity in some sense.
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Abstract

Experimental investigations of electrokinetic phenomena of modified polytetrafluoroethylene membranes in
the oily sewage from oil field were performed by using the streaming potential method. The zeta potentials
of the membranes in the oily waste water are estimated on the basis of Helmholtz—Smoluchowski equation.
The experiment and calculation results show that the membranes are charged negatively, whose zeta poten-
tials maintain at around -20mV. And the aperture of membranes, the temperature and the filtration flux have
little influence on the streaming potentials and the zeta potentials of the membranes. Also the suspended
particulates in the oily sewage are charged negatively. The membranes have strong ability to withhold the
suspended substance and powerful antipollution competence because of the role of the charges on the mem-

branes.

Keywords: Oily Sewage, Membrane, Electrokinetic Phenomena, Streaming Potential, Zeta Potential

1. Introduction

At present, flood development is used primarily in most
oilfields all over China. As the water contents of main
productive zones have entered the middle or high stage,
oily sewage treatment problems in nearly every oilfield
are getting more and more rigorous. In order to meet the
requests of sewage discharge in remote producing field
and produced water reinjection in low permeable sub-
layer oilfields, the water quality must be handled more
deeply based on the routine sewage disposal technology.
Membrane separation technology is one of the most im-
portant developing tendency in deep treatment [1,2]. The
researches on electrokinetic phenomena of membranes
have attracted extensive attention in membrane science,
interface science and other academic circles [3-6]. When
electrolyte solution leaking porous membrane verti-
cally(or tangentially) with definite differential pressure,
potential difference will appear accordingly between two

Copyright © 2009 SciRes.

sides of the membrane, and valid electric charges on the
membrane surface are usually originated from the ion
absorption in solution or the liberation of some func-
tional group on membrane micro bore surface. The exis-
tence of membrane surface charges influences the ion
distribution nearby the contact interface between the
membrane and the solution, and results in the formation
of so-called ion diffuse electric double layer in neigh-
boring membrane surface [7,8]. Electrokinetic phenom-
ena will appear when the solution and the membrane
surface move relatively as a result of pressure difference
and other outside forces. However, the reports on elec-
trokinetic phenomena of membranes in oily sewage dis-
posal are few. Experimental investigations on electroki-
netic phenomena of modified polytetrafluoroethylene
membranes (The polytetrafluoroethylene membranes
undergo chemical modification, hot-rolling and surface
radiation treatment, which make the reprimanding oil
abilities and water affinities of the membrane enhanced
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remarkably and the antipollution abilities also improved)
in handling the oily waste water of oilfields are mainly
performed in the paper.

2. Experimentation
2.1. Experimental Apparatuses and Equipments

Membrane fine filtration equipments. (Figure 1) under
the pressure offered by centrifugal pump, oily sewage
from the stuff fluid tank leak out membrane subassembly
to the permeated fluid storage tank. This flow chart is
divided into dead end filtration and mixed current filtra-
tion based on the way by which the stuff fluid leak the
membrane (The experiments here used mixed current
filtration). The membranes used in the tests are modified
polytetrafluoroethylene membranes which are supplied
by First Petroleum Technology Ltd., whose bore diame-
ters are separately 0.45 and 0.8 um. In the tests, the
pressure differences between both sides of membrane
subassembly are measured with EJA110A differential
pressure transmitter (used at low pressure) and AM1151
capacitive differential pressure transmitter (used at
high pressure), the measuring ranges of which are sepa-
rately 0~40KPa and 0~300KPa, the accuracy figures
0.1% and 0.5%, and the output electric currents are both
4~20mA. Electric signal outputted from differential
pressure transmitter are inputted to the computer by
HK-PCI812 data acquisition board whose system syn-

Flow
meter

lfeed
liquid
tank

thesis error is not more than 0.2%. The flow measure-
ment of membrane assembly used glass rotameter, the
main technical descriptions of which are: the measure-
ment range 60~600L/h, the accuracy figure 1.5%. There
are agitator made by self and temperature control equip-
ment in stuff fluid tank in order to maintain the homog-
enization of the stuff fluid and control its temperature.
To keep the sample temperature as it is collected,
THD-0515W low temperature thermostatic bath was
used to maintain the temperature of sample bottle, and
the main technical descriptions of the bath are the meas-
urement range -5~100°C, the waveness +0.05 C.

HP 34401A digital multimeter is used to measure po-
tential differences between both sides of membrane as-
sembly as oily sewage leaking. WTW high accuracy
inoLab 740, made in Xiamen Longlide Environment
Technique exploitation Co. Ltd., is used to measure elec-
trical conductivities of oily waste water in different tem-
peratures. The dynamic viscosities of the sewage are
tested by the concentric cylinder rotary rheometer
MCR301, of which the main technical descriptions are:
the minimal torque 0.1 xNm , the maximum torque
200 mNm . Zetasizer3000 Zeta potential measuring in-
strument, made by Malvern corporation in England,
could detect the electrokinetic potentials of the test solu-
tion, and the test temperatures are able to be adjusted
within 10~70°C.The paper test Zeta potentials of sus-
pended particles in oily sewage before and after treat-
ment with this equipment.

<
film
condensation
permeate

Ei liquid

tank

pump

Figure 1. Membrane filtration experimental apparatus of oily sewage.
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2.2. Test Water Samples

The oily sewages handled in this paper are all from a
sewage plant of Shengli Qilfield. In the water, suspended
solid content is 10 ~ 50mg/L, total mineralization
48497.1mg/L, oil content 20~100mg/L(measured with
721 light meter), the median diameter of suspended par-
ticles around 4 um (measured with COULTER fully
automatic particle size analyzer COULTER MUL-
TISIZER 1I).

3. Experiment Results and Analysis
3.1. Experiment Basis

According to the surface and colloid science [7], poten-
tial differences between both sides of capillary pore net
or porous bung made by powder compacting will appear
when fluid leaking by force of compression. Millipore
filter can be considered made up from lots of punctuates,
and potential differences will also arise during filtering.
The streaming potential is then the gradient of potential
differences changing with pressure differences when
electrostatic current through the membranes is zero, i.e.,
when solution leaking porous membrane vertically at
specified pressure difference AP, there will be a po-
tential difference AE between both sides of membrane
accordingly, and the streaming potential can be described
as:

v =d(AE)/d(AP) L)

The streaming potentials of membranes can be ob-
tained by tested directly, in which, just connect a volt-
meter between the two ends [9]. The streaming potentials
can only describe the membrane charged properties
qualitatively, but not the quantitative magnitude which
can be indicated with Zeta potentials of the membrane
surface. The double electrode layer theory considers that
there is a “glide surface”, on which the solution and sur-
face move relatively, at some distance away from the
surface within the membrane surface ion diffuse electric
double layer, and the potential difference between “glide
surface” and main part of the solution is called Zeta po-
tential. Zeta potential of the membrane surface is an im-
portant parameter which determines electrokinetic phe-
nomena of membranes, and depends on membrane mate-
rial and solution system intently [10]. The micro bore
surface Zeta potential (¢ ) [3] of modified polytetra-
fluoroethylene membranes can be estimated by out-
standing Helmholtz-Smoluchowski equation using mem-
brane streaming potential which has been obtained:

_ d(AE): gogrg = é/_ﬂ (2)

d(AP) sk E0&r

Copyright © 2009 SciRes.

In which, v is the streaming potential, whose unit is
V/Pa; k the electric conductivity of solution, unit
S/m(1S =1c-st-V1); u the viscosity, unitPa-s, &,
and &, are separately relative dielectric constant and
vacuum dielectric constant, whose units are F/m
(IF =1c-V1).

Helmholtz-Smoluchowski equation is suit for the case
when the pipe diameter or capillary tube diameter is far
larger than the thickness of double electrode layer. The
thicknesses of double electrode layer of membrane
borehole wall are nanometer degree, while the bore di-
ameters of modified polytetrafluoroethylene membranes
used in the experiments are meter degree, in which the
latter are far larger than the former, so the equation is fit
for the estimate of the membrane surface Zeta potentials
here.

3.2. Membrane Surface Zeta Potentials

As the membrane bore diameters, filtering temperatures,
filtering flow rates and other elements have obvious ef-
fects on filtering effect, and those elements also probably
influence the membrane surface Zeta potentials, filtering
tests with membranes of different bore diameters were
performed under different temperatures and specified
flow rates. The potential differences of oily waste water
between both sides of the modified PTFE filter mem-
brane are measured with HP 34401A digital multimeter
at correspondent operating conditions. The streaming
potential v of the membrane at different operating
conditions could be calculated according to Formula (1)
with the potential difference AE and the pressure dif-
ference AP obtained from experiments. Some results
are shown in Table 1.

The table shows that, although there are differences
among the membrane bore diameters and operating con-
ditions, the changes of membrane streaming potentials
are not obvious: of the 9 tests, the average maximal value
is -5.01 mV/KPa, the maximal value -5.3 mV/KPa, the
minimum value -4.9 mV/KPa and the standard deviation
0.13642 mV/KPa. In fact, the absolute value of mem-
brane streaming potentials is probably affected by the
electrolyte concentration of solution, types and valence
states of basic ion and negative ion and other elements
[6]. It is found that the oily waste water investigated here
contains Na“ with a concentration of 15951.58mg/L and
Mg?®" of only 261.91 mg/L through water quality analysis,
so the effect of Na' is dominating, and as its concentra-
tion is far larger than the critical concentration given in
reference [6], the components of the waste water would
not change suddenly. Thus the slight alternation of ion
concentration caused by sample collection and other
reasons would not influence the value of membrane
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Table 1. Membrane streaming potentials at different operating conditions.

Sequence number Bore diameter of membrane (um) Temperature ('C) Given flow rate (L/h) (mV‘//Kpa)
1 0.8 30 600 -4.9
2 0.8 50 400 -5.1
3 0.8 70 250 -5.0
4 0.45 30 400 -4.9
5 0.45 50 250 -4.9
6 0.45 70 600 -5.0
7 0.45 30 250 -5.3
8 0.45 50 600 -4.9
9 0.45 70 400 -5.1

Table 2. Conductance ratios and dynamic viscosity of oily waste water under different temperatures.

Temperature of water sample (C) 30 50 70
Conductance ratio (S/m) 25 35 4.9
dynamic viscosity (mPa:s) 0.944 0.689 0.544

Note: the conductance ratios shown in the table were measured by inoLab 740, of which the measuring range is

LR001 and the accuracy degree is 0.001 ¢S /cm.

Table 3. Dynamic viscosities factors £ of oily waste water under different temperatures.

Temperature of water sample ('C)

30 50 70

Dynamic viscosity (mPa-s)

0.944 0.689 0.544

According to the data above, Zeta potentials of modified polytetrafluoroethylene membranes can be calculated
through Formula (2). Table 4 shows Zeta potentials of the membrane surface under different experiment condi-

tions.

streaming potentials, which is accordant to the experi-
ment results shown in Table 1.

It has been told before that the membrane streaming
potentials can not indicate the magnitude of membrane
surface electrical properties quantitatively. In order to
estimate the membrane surface Zeta potentials and quan-
titatively describe the electrical properties, Helmholtz-
Smoluchowski equation is needed. The correlating pa-
rameters in the equation are defined as shown in Table 2
and Table 3 by experiments.

It is thus evident that the Zeta potentials of modified
polytetrafluoroethylene membrane surface are between
-18.67 — -21.94mV, of which the average value is
-20.06mV and the standard deviation 1.3078. In other
words, during the oil sewage treatment using modified
polytetrafluoroethylene membrane, the membrane sur-

Copyright © 2009 SciRes.

face charged negatively and the influences on membrane
surface Zeta potentials caused by membrane bore di-
ameters and operating conditions are not obvious. The
Zeta potentials of membrane surface are maintained
around -20mV.

Table 4. Zeta potential on the modified PTFE membrane
under different conditions.

No. Zeta/mV No. Zeta/mV
1 -18.67 6 -21.52
2 -19.85 7 -20.19
3 -21.52 8 -19.07
4 -18.67 9 -21.94
5 -19.07
JWARP
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Table 5. Zeta potential of suspended particles under differ-
ent temperatures.

Sequence number Tem[ierature Zeta potential
(€) (mV)
1 30 -14.2
2 40 -1.8
3 50 -4.4
4 60 -8.2
5 70 -12.3

3.3. Zeta Potentials of the Suspended Particles
in Oily Waste Water

In order to profoundly study the electrokinetic phenom-
ena of modified polytetrafluoroethylene membranes, the
charging properties of suspended particles should be
known. As the electrical properties of general colloidal
particles are not expressed with the value of electric
charges but the Zeta potential ¢, the paper measured Zeta
potentials of suspended particles under various tempera-
tures by Zetasizer3000 Zeta potential test set, and the
results are shown in Table 5.

Obviously, the Zeta potentials are all negative and of
the same electrical properties as the surface Zeta poten-
tials. Zeta potential changes apparently as temperature
changes, but not show regular patterns of increasing or
decreasing monotonously, which is probably relevant
with the vergent suspended particles and the fact that
sampling sewage could not be absolute uniform.

Seen from the separation behavior, conventional mem-
brane separation filtration is based on a physical sieving
rule, that is, the membrane allows the components with
smaller bore diameters to go through but entraps those
with larger or similar bore diameters. Obviously, with the
decrease of the particle diameters, the membrane bore
diameters should decreases correspondently, which is
bound to cause such problems as decreasing flux and in-
creasing operating costs. However, besides physical siev-
ing, the charging membrane has Donnan effect. According
to the Donnan balance model, when the solution leak
through membrane with charging group, the concentration
of counter ions(those ions taking opposite charges to that
fixed in the membrane) in the membrane is larger than that
in the solution body, while the behavior of ions with same
charges is just opposite. Donnan potential difference is
thus formed and prevents the ions with same charges in
the solution body from diffusing to the membrane. In or-
der to maintain electrically neutral, the membrane also
entraps counter ions. So such charging membrane has par-
ticular adsorptive separation properties. Additionally,
charging groups generate in the membrane, which
strengthens the hydrophilicity and increases the perme-

Copyright © 2009 SciRes.

ability of the membrane. Meanwhile, the antipollution
competence of the membrane is improved markedly be-
cause of the charge effect that charges with the same elec-
tric nature reject each other.

Thus the modified polytetrafluoroethylene membranes
have strong ability withholding the suspended substance
and powerful antipollution competence as a result of the
role of the charges on the membranes when used to han-
dle oily waste water, which prolong the backwashing
cycle and service life of the filter element. The content
about the effectiveness of the modified polytetrafluoro-
ethylene membranes processing oily sewage will be
elaborated in other papers.

4. Conclusions

When dealing with oily waste water, the streaming po-
tentials of the modified polytetrafluoroethylene mem-
branes maintain around -5mV/KPa while the membrane
surface Zeta potentials around -20mV, which are slightly
dependent on such operating conditions as membrane
bore diameters, flow rates, etc. The Zeta potentials of the
suspended particles in the sewage being processed are
also negative.

The membranes have strong ability withholding the
suspended substance and powerful antipollution compe-
tence because of the role of the charges on the membranes.
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Abstract

Coagulation and flocculation are the most important processes in water treatment plants. Nowadays, in Iran,
coagulants which have the most usage in water treatment are Aluminum Sulphate (Alum) and Ferric Chlo-
ride. Using synthetic coagulants are not economical and useful for health in developing countries. The aim of
this research is to survey and compare the Ferric Chloride coagulant function and this coagulant accompany
with Plantago ovata coagulant aid under variable pH for eliminating of water turbidity.

This study was performed in lab scale for water containing artificial turbidity of clay. The experiments
were done in three turbidity ranges 100, 50, 20 NTU and two ranges of pH 7 and 8. The amount of Ferric
Chloride in all experiments were 10 ppm and P.ovata extarct in optimum concentration for turbidity of 100,
50, 20 NTU was 0.2 ppm, 0.1 ppm and 0.04 ppm respectively. The optimum pH was 7. Using P.ovata co-
agulant aid in turbidity 100, 50, 20 NTU can eliminate 94.1, 94.5, 88.15 percent of above turbidities, while
using Ferric Chloride coagulant alone in optimum pH can eliminate 90.3, 85.16, 80.2 percent of the turbid-
ities mentioned above. Results show that P.ovata extract is less efficient in high turbidities when used as a
coagulant aid. Plantago ovata, as a coagulant aid, showed positive influence on turbidity removal from water.
In addition, optimized pH showed important role in reducing turbidity.

Keywords: Water Treatment, Coagulation and Flocculation, Jar Test, Turbidity, Plantago Ovata, Ferric Chloride

1. Introduction Ferric Chloride, Anion, cation and non ionic organic

About million peoples of the world suffering lack of
sanitary drinking water. Every year, more than 6 million
peoples (about 2 million children) are dieing, because of
polluted drinking water, and developing countries ex-
pend a lot for importing chemical materials like Poly
Aluminum Chloride and Alum [1]. Surface water has got
different kinds of suspended materials which cause tur-
bidity and color [2,3]. Coagulation and flocculation are
physic and chemical processes in which small particles
causing turbidity and color change into giant particles
and finally their elimination will be performed by dif-
ferent physical methods such as sedimentation, and fil-
tration [4). Coagulants were used many years ago and
Egyptians used Alum 2000 year B.C. [5]. Usually, me-
tallic salts such as Alum, Ferric Sulphate, Ferro Sulphate,

Copyright © 2009 SciRes.

polymers are among coagulant materials [6]. Several
researches have been done on the function of coagulant
materials and appointing the best pH [7]. Nowadays by
using usual salts of Iron and aluminum a new group of
coagulants named inorganic polymers have been pro-
duced and used in many countries of the world especially
China, Japan, Russia and Western European countries
[8,9]. Among them Poly Aluminium Chloride (PACI) the
most usual is vastly used [8]. Inorganic metallic salts
make unstable the particles by pressing double electrical
layers around colloid particles, while polymers perform
instability functions by absorption in colloid particle
surface and making bridge among polymer particles [10].
Using metal coagulants and Al and Fe(l11) salts started in
U.S. since 1880. Application of active silica (a kind of
anionic polymer) as coagulant aid was presented in 1930.
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Then synthetic poly electrolytes entered the market and
presented interesting abilities in elimination turbidity since
1960 [11]. Many of the developing countries are using
natural poly electrolytes like Chitosan [12-14].

Historical records of using different parts of plants
such as, root, stem and seed for making clear water is
related to Sanskrit book which says more than 4000
years ago Indians used seeds of Nirmali tree for making
clear water from turbid water of the rivers. In many
countries of the world using artificial polymers as co-
agulant and coagulant aid have been forbidden because
of bad effects on human health [12,13,15,16]. This re-
search studies the application of P.ovata as a coagulant
aid. In addition, because of lack of comprehensive stud-
ies concerning elimination of turbidity with P.ovata as a
coagulant aid and also in accompany with coagulant Fer-
ric Chloride.

Plantago ovata is a native Iranian plant. It is a small,
one year old plant without or with very short stem cov-
ered with soft fiber, from Plantginaceae family and its
height is 7 to 30 centimeters [17-21]. P.ovata seeds con-
tain Mosilaj, protein, fixed oil, cellulose and starch [17].
P.ovata seeds contain 30 percent [22] or 10 percent [23]
musilaj which produces D-galacturonic acid under hy-
drolyze [17,22,24].

2. Materials and Methods

In this study, while preparing artificial water turbidity,
the effect of adding coagulant aid in optimum pH to im-
prove turbidity elimination was studied, and necessary
comparisons were made practically. It is not possible to
store enough water containing natural turbidity in the
laboratory because of instability. Therefore, in this study,
water containing three turbidities: high turbidity of 100
NTU, medium 50 NTU and low 20 NTU were added to
the tap water by clay which was sieved with mesh 60 for
making artificial turbidity. Ferric Chloride (FeCl; 6H,0)
made in Merck KGaA as coagulant and extract of
P.ovata as coagulant aid were used. Sulphuric acid (1N)
was used in this study to regulate pH value. The experi-
ments were performed in the water and waste water lab
of the faculty of environment, University of Tehran.

Experimental conditions of all experiments are as fol-
lows:

1) Experiments were performed in 252 °C because
temperature is one of the most effective parameters on
density, viscosity and amount of coagulants in keeping
conditions.

2) The volume of applied water was 500 cc for all
three applied turbidities.

3) Chemical oxygen demand (COD) was determined
by Spectrophotometer DR/2000HACH.

4) TOC of samples for examining TOC before and af-
ter using coagulant aid P.ovata was measured by Spe-
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ctrophotometer HACH- LANGE DR/5000 uv/vis.

5) pH of the samples was measured by digital pH
meter Metrohm Model 691.

6) Turbidity was determined by turbidity meter gage
HANNA.

7) Digital scale METTLER AE200 was used for
weighing.

All the experiments were performed by using jar ex-
periment method. Jar unit PHIPPS & BIRD STIRRER
MODEL 7790-402 was used.

2.1. Preparation of P.ovata Extract

At first, the seeds of plants were soaked in water for 24
hours. The obtained gelatine was filtered and dried at
10515 °C in oven. The obtained powder was used for the
experiments. Plants contain mosilaj, protein, cellulose
and starch [17,22,24].

2.2. Method of Experiment

In this study, at first 5 samples of 500 ml water which its
pH and turbidity has already been measured and con-
tained the turbidity of 100, 50 or 20 NTU, was poured in
special jar vessels, one time with known amount of co-
agulant Ferric Chloride and another time with coagulant
Ferric Chloride with in accompany coagulant aid P.ovata.

The samples were shaken for one minute with 100 cy-
cles per minute, then 25 minutes with 30 cycles per min-
ute to make Floc. During this time, formation of Flocs
were observed , then Flocs were allowed to settle for 30
minutes and after that jars were sampled for analyzing
and measuring turbidity and pH. The residual turbidity
was compared with initial turbidity. In addition, pH
variations were examined. This method was repeated for
four times, Sulphuric acid (1N) was used to study the
influence of pH on efficiency of coagulant aid P.ovata.
Then pH variation as well as final turbidity of the sam-
ples was compared with the initial values.

3. Discussion and Conclusions

In this research, the role of P.ovata in elimination of wa-
ter turbidity was studied, using coagulation and floccula-
tion processes. P.ovata coagulant aid was used to reduce
Ferric chloride consumption and optimum value and op-
timum pH were determined. One of the most important
parameters was the amount of produced sludge which
examined in each stage. Obtained results concerning use
of Ferric Chloride alone and with coagulant aid in vari-
able pH, were shown in Figures 1 t010.

Figures 1, 3 and 5 show results for pH, 7 and for con-
sumption Ferric Chloride alone and with coagulant aid
P.ovata. Figures 2, 4 and 6 for pH, 8 is produced.
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B 10ppm FeCI3 & 0.2ppm P.ovata
0 10ppm FeClI3

final
Turbidity

12+

10

»
AN

0- pH
6.8 682 687 69 6.95

Figure 1. Comparison of final turbidities at initial pH 7 and 100(NTU) turbidity in two stages. Stagel: Ferric Chloride co-
agulant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid.

| sludge weight = 0.039 gr ] sludge weight = 0.042 gr

B 10ppm FeCI3 & 0.2ppm P.ovata
O 10ppm FeClI3

final
Turbidity

18-
16+
14
12-
10+

O- pH
8.07 8.08 8.09 8.11 8.12

Figure 2. Comparison of final turbidities at initial pH 8 and 100(NTU) turbidity in two stages. Stagel: Ferric Chloride co-
agulant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid.

| sludge weight = 0.051 gr O] sludge weight = 0.050 gr
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B 10ppm FeCl3 & 0.1ppm P.ovata
O 10ppm FeCI3

final
Turbidity

12-

107

pH
6.74 6.79 6.82 6.91 6.97

Figure 3. Comparison of final turbidities at initial pH 7 and 50(NTU) turbidity in two stages. Stagel: Ferric Chloride coagu-
lant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid.

| sludge weight = 0.028 gr O] sludge weight = 0.026 gr

B 10ppm FeClI3 & 0.1ppm P.ovata
O 10ppm FeClI3

final
Turbidity
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12+
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8.01 8.05 8.07 8.1 8.13

Figure 4. Comparison of final turbidities at initial pH 8 and 50(NTU) turbidity in two stages. Stagel: Ferric Chloride coagu-
lant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid.

| sludge weight = 0.032 gr O] sludge weight = 0.028 gr
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B 10ppm FeCl3 & 0.04ppm P.ovata
O10ppm FeCl3

final
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Figure 5. Comparison of final turbidities at initial pH 7 and 20 (NTU) turbidity in two stages. Stagel: Ferric Chloride coagu-
lant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid.

[ sludge weight = 0.010 gr O] sludge weight = 0.010 gr

B 10ppm FeCl3 & 0.04ppm P.ovata
O 10ppm FeClI3

final
T urbidity
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Figure 6. Comparison of final turbidities at initial pH 8 and 20 (NTU) turbidity in two stages. Stagel: Ferric Chloride coagu-
lant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid.

| sludge weight = 0.012 gr O] sludge weight = 0.014 gr
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B 10ppm FeClI3 & P.ovata
0O 10ppm FeCI3

final
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7 1
6 YV
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31
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100 50 20 Turbidit

Figure 7. Comparison of final turbidities for the applied turbidities: high, moderate and low in two stages. Stagel: Ferric
Chloride coagulant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid, pH 7.

W 10ppm FeCI3 & P.ovata
O 10ppm FeCI3

final
Turbidity

16
14+
12
10

i Initial

100 50 20 Turbidit

Figure 8. Comparison of final turbidities for the applied turbidities: high, moderate and low in two stages. Stagel: Ferric
Chloride coagulant and Stage2: Ferric Chloride coagulant in accompany with P.ovata coagulant aid, pH 8.
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B 10ppm FeCI3 & P.ovata

final
Turbidity

Initial

100 50 20 Turbidity

Figure 9. Comparison of final turbidities for the applied turbidities: high, moderate and low in stage: Ferric Chloride coagu-
lant in accompany with P.ovata coagulant aid, pH 7.

l 10ppm FeCI3 & P.ovata

final
Turbidity

124

10+

0- Initial
100 50 20 Turbidit

Figure 10. Comparison of final turbidities for the applied turbidities: high, moderate and low in stage: Ferric Chloride co-
agulant in accompany with P.ovata coagulant aid, pH 8.
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Results indicates that turbidity elimination is ideal in
pH,7 and using Ferric Chloride with P.ovata. Figures 7
t010 present the comparison of turbidity elimination for
all experiments. The results are as follows:

1) Using 10 ppm Ferric Chloride and 0.2 ppm of P.ov-
ata in 100 NTU turbidity and pH, 7 could remove 94.1%
of turbidity, while in pH, 8, turbidity elimination was
89.2%.

2) In moderate turbidity 50 NTU using 10 ppm Ferric
Chloride and 0.1 ppm of P.ovata in pH, 7, eliminate
94.5% of the turbidity while in pH, 8 this value was
89.3%

3) In low turbidity of 20 NTU using 10 ppm Ferric
Chloride and 0.04 ppm of P.ovata in pH, 7, turbidity
reached to 2.37 NTU and elimination rate efficiency was
88.15%. At the same condition in pH, 8 the removal effi-
ciency was 81.45 %.

4) COD measurement results, in all experiment were
Nil and it shows that using P.ovata does not have any
residual in treated water.

5) TOC in all experiment has been done and there is
not any Toc in treated water.

Application of P.ovata plays an important role in tur-
bidity elimination, reducing Ferric Chloride consumption
as well as producing sludge significantly.

3.1. Study the Influence of pH Variation on
P.ovata Performance

In this section of research, jar test on water sample with
pH, 7 was repeated and in each time of injection speci-
fied quantity of P.ovata has used as coagulant aid. The
results of these tests are presented in Figures 1, 3, 5, 7
and 9.

The influence of P.ovata on coagulation process in-
creases with P.ovata injection enhancement. However, if
P.ovata injection exceeds its optimum value, its effect
will decrease. Increase in the efficiency of water turbid-
ity removal was observed in low pH values, should be
determined under conditions in water treatment plants.

3.2. The Influence of P.ovata Utilization on
Sludge Production

The produced sludge from water plant operation is clas-
sified as chemical sludge which should be disposed un-
der specific procedures in some countries. Sludge pro-
duction reduction is the first step to decrease investment
cost and sludge transfer and removal operation. One
technique is simultaneous utilizations of Ferric Chloride
and coagulant aid. When P.ovata is selected as a coagu-
lant aid, consumption of Ferric Chloride decreases that
leads to decrease of sludge production.

Copyright © 2009 SciRes.
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3.3. Economic Explanation of P.ovata
Application in Water Treatment

In this research economized value of variation of con-
sumption of chemical materials was studied. If consump-
tion of P.ovata leads to decrease in Ferric Chloride con-
sumption, with considering global and regional price of
this material, it is possible to estimate decreased cost of
chemical materials.

Totally, the following results were obtained from the
tests:

1) The efficiency of P.ovata seed extract coagulant aid
is influenced by pH and optimum pH increases its effi-
ciency.

2) In turbidity of 50 NTU the seed extract of P.ovata
in concentration of 0.1 ppm with 10 ppm of Ferric Chlo-
ride can eliminate turbidity more than Ferric Chloride in
concentration of alone.

3) With turbidity reduction to 20 NTU, efficiency of
P.ovata decreases, however leads to standard turbidity
level.

4) According to the results presented in figures and ta-
bles of this research, the extract of P.ovata does not re-
duce final pH of water sample, while using Ferric Chlo-
ride alone reduces final pH of the samples.

5) pH reduction improves the performance of Ferric
Chloride alone as well as Ferric Chloride in accompany
with P.ovata.

6) Using coagulant aid promotes the efficiency of Fer-
ric Chloride and reduces the turbidity more than alone
situation.

7) The seeds of this plant are much cheaper than arti-
ficial coagulant aids. This plant is sowed in Iran and
readily accessible. In addition, from health aspect, not
only P.ovata does not have any harmful effect in com-
parison with artificial coagulant aid but also it used as a
medicinal plant. Finally it is recommended that the same
research is conducted on the influent of water treatment
plants in pilot scale.
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Abstract

Phenolic compounds have very strong toxicity, so it has been paid sharply attention to find an effective way
of controlling the wastewater containing phenolic compounds. The work on this subject done by domestic
and overseas scholars is studied in this paper, and the progress of researches on low-temperature plasma
treatment is summarized through the electrical discharge types, mechanism, kinetics of phenolic compounds
decomposition and combination of several methods with low-temperature plasma treatment. In addition, the
crucial problem and the developing tendency on low-temperature plasma treatment for phenol-bearing
wastewater are briefly discussed.

Keywords: Low-Temperature Plasma Treatment, Phenolic Compounds, Types of Electrical Discharge,

Mechanism, Kinetics, Combination of Several Methods

1. Introduction

Phenolic compounds are well-known disinfectants and
sterilizers as well as raw materials for synthetic resin,
dyes, pharmaceuticals, perfumes, pesticides, tanning
agents, solvents or lubricating oils. Long-term exposure
to phenol paralyzes the human central nervous system
and damages kidneys and lungs [1]. They are the repre-
sentatives of water soluble. Especially phenol, it is also
classified as a teratogenic and carcinogenic agent. Thus,
phenol is listed in water hazard class 2 in several coun-
tries. Biodegradability is only 90% in surface waters after
seven days, and the aquatic toxicity of phenol (LC50) is
12 mg-L™ (Daphnia magna, 48 h). In EU countries, the
maximum concentration of phenol allowed in drinking
water is 0.5 mg:-L™ (Weber et al., 2008) [2].The removal
of phenolic compounds from wastewater is one of the
most critical and urgent topics in environmental research.

Plasma is a group of positive particles, negative parti-
cles, which includes positive ions, negative ions, electron,
free radicals, and a variety of active radicals, etc. Because
positive charge is equal to negative charge in this group,
it is called plasma. Based on the particle temperature,
plasma can be divided into two categories, namely ther-

Copyright © 2009 SciRes.

mal plasma, and non-thermal plasma (low-temperature
plasma) [3]. As one of the potential advanced oxidation
processes (AOPs), non-thermal plasma production during
various discharges has long been exploited for water and
wastewater purification. Owing to its virtue of producing
in situ oxidative species (OHe, He, Os, H,O,, H,, Oy, Os)
as well as initiating a variety of chemical and physical
processes(a high electric field, intense ultraviolet radia-
tion, overpressure shock waves) [4-7] in water for de-
composing toxic compounds, its operational simplicity
(realized under the conditions of an ambient temperature
and pressure), its variable reactor configuration, and its
good-performance degradation of low-concentration or-
ganic compounds. This low-temperature plasma treatment
has been of great interest in the field of environmental
protection. In this review, electrical discharge types,
mechanism, kinetics of phenolic compounds decomposi-
tion and combination of several methods with low-tem-
perature plasma treatment will be presented.

2. Types of Electrical Discharges

Non-thermal plasma was produced during discharge in
the gas, liquid or hybrid liquid-gas phase. Recently, many
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types of plasma processes have been developed for the
removal of phenolic compounds from water, including
pulsed electrical discharge, glow discharge plasma
(GDP), gas-liquid gliding arc discharges.

2.1. Pulsed High-Voltage Electrical Discharge

A pulsed high-voltage electrical discharge can begin in
gas phase close proximity to the liquid surface, liquid
phase and gas-liquid phase. When in liquid, it produces
spark, streamers and corona, which are called pulsed
spark discharge (PSD), pulsed streamer corona discharge
(PSCD), and pulseless corona discharge (PCD) respec-
tively. When it discharges on surface of water (WSP), it
can only produce corona, arc and so on [4].

2.1.1. Gas Phase Discharge

L. R. Grabowski et al. [8] studied the removal of phenol
from a thin layer of water by creating pulsed corona dis-
charges above the water (CAW). The CAW reactor was
proved to be an effective source for ozone production,
which is capable to remove 45% of phenol in 5 min of a
100 ml 1mM batch. Sun et al. [9] found that the removal
efficiency of phenol contaminants in the aqueous solution
by plasma produced in gas phase discharge was higher
when it came to the spark discharge than to the streamer
corona discharge. But [4] the specific energy required to
decompose phenol was higher in the WSP (Pulsed high-
voltage discharges on the water surface) discharge mode
than in the corona and streamer discharge modes, but the
treatment time required for decomposition in the WSP
mode was shorter than in the other modes.

2.1.2. Liquid Phase Discharge

For the pulsed high-voltage electrical discharge in liquid,
there are three different types of reactors, which have
rod-rod, rod-plate and wire-cylinder electrode construc-
tions. Shinta et al. [10] studied the pulsed high voltage
discharge in water and degradation properties of three
different types of reactors. They found that of the three
reactors (rod-rod and rod-plate, wire-cylinder), the high-
est phenol removal efficiency was obtained with the
wire-cylinder reactor, while the removal efficiency with
the rod-rod and rod-plate almost the same. Ilie Suarasan
et al. [11] changed the traditional discharge rod-plate re-
actor in water to multipoint reactor, and studied many
factors affecting the produce of O;. Wang Fangzheng et
al. [12] researched a multi-needle-to-plate high voltage
pulsed discharge plasma system to degrade phenol. They
found that the degradation rate of phenol increases with
the decrease of solution conductivity and electrode dis-
tance, but with the increase of gas bubbling. In the case of
100 mLemin™ solution circulation rate, the degradation
rate with pH value of 6.4 and electric conductivity of 100
p s/cm reached 86.2% after 60 min treatment.
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Chen, Y. S. et al. [13-15] made a series of study on the
removal of phenolic compounds (phenol, 4-chlorphenol)
in the aqueous solution with pulsed high-voltage corona
discharge plasma. They studied the effects of various
parameters on the removal efficiency, and found that
phenol degradation can be raised considerably by in-
creasing the peak voltage of the pulsed discharge and the
repetition rate of pulse, or by increasing pH of the aque-
ous solution. Furthermore, decreasing the diameter of
discharge electrode and electric conductivity of the aque-
ous solution can increase the degradation efficiency. The
addition of gas, especially oxygen through the hollow
needle electrode, and of FeSO, to the aqueous solution of
phenol is found to significantly enhance phenol degrada-
tion. L. R. Grabowski et al.

Yongjun Shen et al. [16] investigated the processes of
phenol degradation by pulsed electrical discharges under
several kinds of discharge atmospheres (oxygen, argon,
nitrogen and ozone) and chemical catalysts (ferrous ion
and hydrogen peroxide). It has been found that the effect
of various gases bubbling on phenol degradation rate
ranked in the following order: oxygen containing ozone >
oxygen > argon > nitrogen. However [9], when the argon
was used for the electrode-enveloping gas with pulsed
discharges on the water surface, a higher phenol decom-
position rate was obtained than that for oxygen and air.
But when the argon flow rate was increased from 1 to 40
Lemin™, there was no change in the phenol decomposition
rate. On the other hand, in the case of oxygen, the de-
composition rate decreased with increasing gas flow.

2.1.3. Gas-Liquid Phase Discharge
Electrical discharges in two-phase medium not only com-
bine the advantages of gas-phase discharge (i.e., for
ozone Oz and oxygen radical O« formation, UV-radiation
generation) with liquid-phase discharge (i.e., for hydroxyl
radical OHe and hydrogen peroxide H,O, formation), but
also have more advantages: increase of the gas-liquid
boundary surface area which is exposed to hydrated elec-
trons and free radicals; enhancement of the electric field
at the droplet surface; concentration of the organics near
the droplet surface [17]. Petr Lukes et al. [18] studied the
mechanism of phenol degradation through its dependence
on the gas phase and liquid phase compositions using
pure argon and oxygen atmospheres above the liquid and
different initial pH values in the aqueous solution. Phenol
degradation was significantly enhanced in the hy-
brid-series reactor compared with the phenol removal by
the single-liquid phase discharge reactor.

The hybrid series gas-liquid electrical dischargereactor
was described in detail in Figure 1 [19], which was very
typical.

JWARP


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=Refine&qid=11&SID=2CI@KlaNI52JDOnbn8e&page=5&doc=49&colname=WOS
http://apps.isiknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&doc=7&db_id=&SID=3BgN6II763NAP@Eff@J&field=AU&value=Wang+Fangzheng

J.F.ZHANG ET AL. 101

Figure 1. Hybridseriesgas-liquid electrical discharge reac-
tor. (HV) pulse power supply.

However, liquid-phase discharge has a problem of
consuming an extremely high energy. Kuroki T. et al.
[20] have investigated phenol decomposition using a gas-
liquid interface discharge induced by an ultra-short width
(similar to 600 ns) pulse of high voltage. Gas bubbling
was employed to enhance both convection and the
gas-liquid interface area. A significant improvement in
energy efficiency of phenol decomposition was achieved.

2.2. Glow Discharge

Glow discharge plasma (GDP) is one of them where the
plasma is sustained by glow discharges across a pointed
electrode and the surface of the liquid electrolyte [21].

Gao Jinzhang et al. [21-23] made a series study of the
oxidative degradation of phenolic compounds (o-chlorop-
henol; 2, 4-dichlorophenol; 4-chlorophenol (4-CP)); in
aqu- eous solution induced by plasma with submersed
glow discharge has been investigated. Various influenc-
ing factors such as the initial pH, the concentration of
phenolic compounds and the catalytic action of Fe*" were
examined. It was showed that degradation of phenolic
compounds can be efficiently increased in alkaline condi-
tions with the addition of Fe?*. Liu, Y. J. et al. [24] also
found that adding appropriate amounts of Fe?* or Fe*" to
the solution was favorable for phenol degradation by
plasma with submersed glow discharge. Furthermore,
carbonate ions or n-butanol in the solution can decelerate
the phenol removal. When the treatment time is increased
and the pH value of the solution is decreased, leading to
an increase in the phenol decomposition.

Wang L. et al. [25] investigated the degradation of
bisphenol A (BPA) and simultaneous formation of hy-
drogen peroxide induced by glow discharge plasma in
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contact with a queous solution. Experimental results in-
dicated that the BPA degradation rate was higher in so-
dium chloride solution than that in sodium sulfate or
phosphate solutions. However, the formation rates of hy-
drogen peroxide were on the opposite case.

The schematic diagram of the glow discharge set-up
is shown in Figure 2 [22].

2.3. Gliding Arc Discharge

The gliding arc discharge is a simple and inexpensive
way to generate non-thermal plasma. It has a dual char-
acter of thermal and non-thermal plasma, and can involve
relatively high electric powers compared with the corona
discharge [26].

Ch. M. Du et al. [21-24] has designed a gliding arc re-
actor in their laboratory with the aim to degrade aqueous
phenol solutions and 4-CP solution at atmospheric pres-
sure. They have already made a series study on the vari-
ous factors affecting the degradation efficiency, including
supply voltage, electrode gap distance, and gas—liquid
flow properties. The efficiency, which steeply increases
when increasing the supply voltage, can reach 96% when
the minimum electrode distance is fixed at 3 mm. Ex-
periments show that their degradation efficiency also de-
pends on solution pH, Fe* addition, gas nature and gas
flow rate. Furthermore the chemical oxygen demand
(COD) abatement of 4-CP solution with stainless steel
electrode is higher than that with aluminum or brass elec-
trode .Increasing gas—liquid mixing rate could also in-
crease the degradation of 4-CP.They also used this
method to degrade highly concentrated phenol wastewa-
ter [31], about 1000mgeL™. It was found that the COD
removal efficiency is very high, which can reached
88.82% after degradation.

Figure 2. The sketch map of the glow discharge set-up.

JWARP



102 J.F.ZHANG ET AL.

Figure 3. Scheme of the gliding arc discharge reactor.

The schematic diagram of the gliding arc discharge
reactor is shown in Figure 3 [30].

3. Mechanism

Pyrolysis, ultraviolet photolysis, electrohydraulic, cavita-
tion and supercritical water oxidation occur in these
plasma channels when discharged, and generate various
active species such as OHe, O, He, O3, etc [32]. Petr
Lukes et al. [18] confirmed that hydroxyl radicals and
ozone are the key oxidation species produced by the
gas-phase discharge of the hybrid series reactor under
argon and oxygen atmospheres, respectively. An electro-
philic substitution reaction mechanism was proved by the
significant correlation between the relative rates of oxida-
tion of substituted phenols obtained in the hybrid series
reactor and the Hammett substituent constants [28]. In
conclusion, the mechanism of phenol’s degradation was
commonly found to be attributed mainly to the oxidation
by hydroxy! radicals produced directly by the discharge.

3.1. Mechanism of Discharge Only

Depending on the degradation region, discharge process
can be conveniently grouped into two categories of ef-
fects: 1) localized and 2) extended. Localized effects
occur in the immediate vicinity of the plasma channel
and include thermal oxidation within the plasma channel,
vacuum UV photolysis at the surface of the plasma
channel, and supercritical oxidation within the subse-
quent steam bubbles. On the other hand, extended effects
are due to radical reactions in which active species gen-
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erated in the vicinity of the plasma channel expand out-
wardly from the circumference [33]. In different dis-
charge types, the radical reactions in localized process
are different, but in extended process are nearly the same
as each other.

For the pulsed high-voltage electrical discharge in lig-
uid, initial models of the bulk-phase corona-induced
chemical reactions were reported by M. Dors et al [34].
In that study it was assumed that the pulsed corona dis-
charge leads to the formation of hydrogen peroxide, hy-
droxyl radicals, and aqueous electrons through reactions
(1-3) as shown in Table 1. The other major species pro-
duced by the corona reactor were assumed to be the same
as those formed in radiation processes such as electron
beam radiation and pulse radiolysis as indicated by the
propagation and termination reactions given in Table 1.
When degrading phenols, the reactions as reactions
(57-68) shown in Tablel.

For the pulsed high-voltage electrical discharge in gas
and in gas-liquid phase [4,6,19,35], ozone was first pro-
duced by gas phase discharge, then went into liquid phase
to induce the radical reaction and produced OH radicals
(reactions 56-57). Furthermore, reactions between high
energetic electrons in discharge streamer and the initial
molecules in agueous solution could form -OH (as shown
in reactions 4-16 given in Table 1).

O3+H.0+hv—>H,0,+0;, (56)
H,0, — 20Hg (57)

In the glow discharge, the gaseous water molecules
were dissociated into positive water ions and electrons as
indicated in reaction [22] (2):

H,Oy > H.0" +e” (58)

The positive water ions were accelerated in the cath-
ode-fall of the GDP and entered the solution with enough
kinetic energy to break up the liquid water molecules to
form the following primary species both through energy
transfer and through charge transfer (Equations (3)—(5)):

H,O" +cathode-fall - HZO** (59)
HZO** +nH,0 — neOH +H,0" (energytransfer) (60)
H,0" + H,0 — ¢OH + H;0" (chargetransfer) (61)

For gliding arc plasma in humid air , it is revealed that
OH: and NO- radicals are simultaneously, present in the
discharge [36]

H.0+e > H+HO-+e! (62)
2H,0+et > H,0,+H, +e? (63)
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Table 1. The present study utilizes the basic reactions reported by M. Dors et al.

No.

a > W N

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
3L
32.

Chemical reaction

H20=H-: + -OH
2H20=H202+H2

H20 = H+ + eaq + -OH
eaq + H- =H2 + OH"
eaq +-OH = OH"

eaq + HO2 = HO2

eaq + 02 =HO2 + OH"

eaq + H202 = -OH + OH"

eaq + HO2' =0 + OH"
eaq + 02 =02
eaq+H"=H

eaq + H20 =OH" + H-
2eaq = H2 + 20H"

2H = H2

H.- +.0H = H20

H + HO2 = H202

H- + 02’ = HO2"

H: + H202 = H20 + -OH
H- + 02 =HO02

OH" + H =eaq + H20
‘OH + -OH = H202
‘OH + O =HO2

OH + HO2 =02 + H20
OH+ 02 =02+ OH

OH + H202 = HO2 + H20

OH + HO2 = HO2 + OH’

OH +H2 =H + H20
OH+OH =0 +H20
20 =0H + HO2

02 +0 =02 +20H
O +H202 =02+ H20
O +HO2 =02 +OH"

Reaction rate constant[M™s™]

1.7
3.9
4.2
25
3.01
2.01
1.3
1.2
3.51
1.8
231
1.00
4.99
7.82
251
2.01
2.01
8.44
211
221
5.51
2.01
6.32
8.22
4.07
7.52
3.82
1.2
1.0
6.02
5.01
4.01

107
10°
107
1010
1010
1010
1010
1010
10°
1010
1010
10°
10°
10°
1010
1010
1010
10°
1010
10’
10°
1010
10°
10°
10’
10’
10’
1010
10°
10°
108
10°
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33.
34.
35.
36.
3.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

O+H2=H+OH

O +H20 =0OH + OH’
2HO2 =02+ H202
HO2+H202 =OH+0 +H20
02 +HO02 =HO2 + 02
HO2 =H*+ 02

202" =H202+02+20H"

02" + H202 = OH+02+0H"
02+HO2 =0 +O2+0OH"
H"+ 02 =HO2

H202 =2.0H

H202 + OH = HO2" + H20
HO2 + H20 = H202 + OH"
HO2 + H" = H202

H" + OH = H20
H20=H"+ OH"

O +02=03

0 +03 =202

H202+03 =0, +02 + H20
HO2 + 03=02"+ 02 + OH"
03=0,+0
H2+03-=H+ 02+ OH"
O +H"=0OH

HO2 + OH = 02" + H20
Phenol+OH =0-C6H5(0OH)2
Phenol+OH=m-C6H5(0H)2
Phenol+OH=p-C6H5(0OH)2
CO3* + OH = CO3" + OH-

20-C6H5(0OH)2 =Catechol+H20+Phenol
2m-C6H5(0OH)2 =Resorcinol+H20+ Phenol
2 p-C6H5(0H)2 =Hydroquinone+H20+Phenol

Phenol + H = products
Phenol + eaq = products
Catechol+OH = products
Resorcinol+OH=products

Hydroquinone+OH= products

8.02
1.76
8.34
2.01
9.72
7.52
3.01
131
131
511
3.18
1.0
1.13
2.01
14
2.54
3.0
7.0
1.6
8.9
3.0
2.5
1.0
1.0
8.0
1.0
6.5
4.0
2.1
2.0
1.0
1.7
3.0
11
12
5.2

10’
106
10°
10
10’
10°
10
10
10
1010
107
1 010
10°
1010
1011
10°
10°
10°
10°
10°
107
10°
1 010
1 010
10°
10°
10°
108
108
108
10°
10°
10’
1010
1 010
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H:0+e™ > He +HO- e, (64)
e110, >et420 (65)
0(D)+0, -0, (66)
H+0, - HO, (67)
et+N, >et+2N (69)
N, +O— N+NO- (70)

3.2. Intermediate Products and a Discussion of
the Degradation Pathways

In many studies [7,37,38], it was revealed by high per-
formance liquid chromatography and ionic chromatogra-
phy that the main intermediates of phenol decomposition
are hydroquinone, pyrocatechol, p-benzoquinone and
organic acids. The OHe radical reacts with phenol to form

dihydroxycyclohexadienyl radical *C¢Hs(OH), (DHCHD).

Under the circumstance of oxygen, oxygen will attack
these radicals to produce dihydroxycyclohexadienylper-
oxyl (DHCHDP) radicals. The DHCHDP radical may
decay in a first-order process to form catechol by elimina-
tion of a hydroperoxyl radical. (HO,*)4-CP [39] was
mainly converted to 4-chlorocatechol, hydroquinone, 1,
4-benzoquinone, 2, 4-dichlorophenol, 5-chloro-3-nitro-
pyrocatechol, and 4-chloro-2-nitrophenol, and then, they
all degraded into organic acids, such as formic acid, ace-
tic acid, oxalic acid, etc., which converted into CO, and
H,0 finally.

The intermediate products are easily oxidized further
under the action of the radicals and oxygen. The opening
of the aromatic ring leads to the formation of low mo-
lecular weight compounds, mainly organic acids.
DHCHDP form endoperoxides through repeated scav-
enges of oxygen. These very instable intermediates are
decomposed by ring cleavage. The intermediate product
or organic acids can also be oxidized through hydroxyla-
tion and hydration, finally forming carbon dioxide. Figure
1 shows the degradation pathway of phenol by pulsed
electrical discharge in the presence of oxygen [38].

3.3. Mechanism and Effect of Oxgen Bubbling

The degradation rates under oxygen gas and oxygen-
containing ozone bubbling were greatly improved. When
oxygen was bubbled to the aqueous solution in the dis-
charge reactor through the discharge electrode [5], the
phenolic compounds in the aqueous solution were de-
graded through the following steps (As shown by the fol-
lowing equations). First, ozone was formed due to the
oxygen discharge in the strong electric field. And then
ozone transfered from gas bubble to the aqueous solution
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Figure 4. Degradation pathways of phenol by pulsed elec-
trical discharges under conditions of oxygen-containing gas.

containing phenolic compounds, not only lots of «OH
radicals were produced (reaction56, 57) to degrade phe-
nol, but also other species such as ozone, or superoxide
(O,-) and singlet oxygen (*O,), participated in the
chemical reactions (as shown in Table 1) [16]. The ozone
and OH- radical in the aqueous solution could react with
the phenols, which was shown as Figure 4.

3.4. Mechanism and Effect of Adding H,0,

Shinta et al. [6] studied the effect of added hydrogen
peroxide on phenol removal efficiency. They found that
the phenol degradation rate was higher in the presence of
hydrogen peroxide. It’s rational to assume [10] the reac-
tion scheme where hydroxyl radical would act as the most
responsible key-species for the organic degradation in
competition with the coupling to hydrogen peroxide.
Anto et al. [40] found that the addition of a small amount
of hydrogen peroxide greatly increased the degradation
rate of phenol, in which the ultraviolet light from dis-
charge plasma was considered to be a cause of effective
degradation. However [16], since the reaction of phenol
with hydrogen peroxide is very slow at the ambient tem-
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perature, the degradation process may be due to the reac-
tion of hydroxyl radicals produced by photolysis of hy-
drogen peroxide, which was caused by UV radiation
from electrical discharge plasma. The chemical effects of
the electrical discharge plasma are due to direct photoly-
sis (the electrical discharge plasma only), indirect
photolysis (combination of chemical additives and the
electrical discharge plasma) and pyrolysis destruction in
plasma Channels and pyrolysis destruction in plasma
Channels [41]. In conclution, it can be mainly explained
by three equations (reaction 36,43,44) as shown in Table
1.

3.5. Mechanism and Effect of Adding Iron Salts

Grymonpre DR et al. [42] found that it was useful to add
iron salts to enhance hydroxyl radical formation and in-
crease the efficiency of phenol degradation through Fen-
ton’s reaction (Equations (3)):

Fe?* +H,0, - Fe* + HO- +HO"™ (71)
Fe** +H,0, +hv - Fe?* + HO - +H* (72)

It can be seen that in the presence of Fe2+, more free
radicals were produced due to the catalysis of Fe2+,
which in turn, accelerated the reaction.

Neyens et al. [43] found that by adding Fe** highly in-
fluenced the phenol removal process. With the addition
of Fe?* ions the removal increased significantly from
15.45% to 94.94%, but decreased if continuing. Gao
Jinzhang et al. also found that the removal rate cannot be
further enhanced when the concentration of Fe2+ is over
some value (80mg.l) [22]. However Lei Wang et al. [25]
demonstrated that Fe** exhibits a better catalytic effect
than Fe**, which is contradictory to the principles of the
Fenton reaction because the reaction rate between ferric
ion and hydrogen peroxide is much lower than that fer-
rous ion with hydrogen peroxide. They thought this
phenomenon may be attributed to the following. When
the aqueous BPA was exposed to GDP, the BPA initially
react with hydroxyl radicals to form the intermediate
products through the hydrogen abstraction or electro-
philic addition to benzene ring of BPA. Lei Wang et al.
[44] newly reported that when degrading phenol, one
most probable way was by dihydroxycyclohexadienyl
radicals, which were resulted from the attack of the hy-
droxyl radicals on phenol. The dihydroxycyclohexadi-
enyl radicals then can react with Fe*" ions, so Fe** exhib-
its a better catalytic effect than Fe?*.

3.6. Mechanism and Effect of Adding Activated
Carbon Particles on Phenol Degradation

Activated carbon particles suspended in the liquid phase
have been found to play a role in enhancing-phase co-
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rona reactions, in addition to their role as physical ad-
sorbents [19].There exists also the possibility of reac-
tions occurring on the surface of the activated car-
bon-induced by the electrical discharge, thus continually
regenerating the activated carbon [45]. David R. et al.
[46] also found that there was a strong possibility that the
activated carbon participates in catalytic reactions with
phenol and its primary byproducts. This occurs by ad-
sorption of the organic molecules and possible reactions
of the phenol on the carbon surface. After the carbon
particles have been suspended in the solution treated by
the pulsed corona, the physical properties of the carbon
remain unchanged. An analysis of the carbon showed
that little of the phenol initially adsorbed on the activated
carbon was still present after treatment was completed.

3.7. Mechanism and Effect of Adding TiO, on
Phenol Degradation

Lukes et al. [47] and Hao, X L et al. [48] both studied
the non-thermal plasma-induced degradation of phenols
in the presence of photocatalytically active TiO,. It was
found that the phenols removal efficiency with TiO, was
obviously increased. The main effect of TiO, addition
was in the utilizing of ultraviolet radiation from the
plasma resulting in the photocatalytical formation of OH
radicals on the surface of TiO, particles and, thus, in the
increase of the yield of OH radicals available for pheno-
lic compounds degradation [49]. Farre et al. [50] sug-
gested that the OH radical was produced by reaction of
absorbed H,O molecule with photogenerated holes at the
illuminated TiO, particle. Equation (4).

TiO, +hv >h* +e” (73)
H,0+h* — OH - +H* (74)

Because when discharged, there will be much Oj
produced. It can also generate OHe radicals through the
formation of an ozonide radical (Oze—) in the adsorption
layer. Equation (5) [51].

TiO, +hv — h* +e~ (73)
0;+e” —0;- (75)
Og-+H* > HO; - (76)
HO,-— 0, + OH - (77)

Hao, XL et al. compared the 4-CP removals between
original TiO, and TiO, (used thrice), and found no obvi-
ous differences

4. The Kinetics of Phenol Decomposition
It is commonly believed that the phenol degradation with

pulsed high-voltage discharge in aqueous solution shows
a first-order kinetics: C = C (0) e ®[7, 10-12].
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M. Dors et al. [34] build a chemical kinetics model of
phenol decomposition in water. The densities of the spe-
cies participating in the chemical reactions were calcu-
lated with a set of first order, differential equations de-
scribing the chemical conversions. Results of their cal-
culations are in good agreement with experimental and
modelling results obtained by Joshi et al. Shunsuke et al.
[52] studied the mechanism of phenol degradation by
means of contact glow discharge electrolysis. They
found that the rate of disappearance followed the first
order rate law when the initial concentration of phenol
was lower than 100 mM. As the initial concentration
increased, the rate equation gradually deviated from the
first-order and eventually shifted to zero-order above 250
mM. Grymonpr'e et al. [54] developed models including
chemical reaction kinetics, and determined the rates of
function of hydrogen peroxide, hydroxyl radicals and
aqueous electrons by fitting the experimental data of
phenol degradation to the model. Le C. Lei et al. [55]
established a kinetic model to compare three different
discharge systems (pulsed spark discharge, PS; pulsed
streamer corona discharge (PSCD), and pulseless corona
discharge (PCD), and predict the degradation pathway.
The model results are in good agreement with the ex-
perimental observations on hydrogen peroxide and ozone
formation, 4-CP degradation, and intermediates forma-
tion.

5. Combination of Several Methods with
Low-Temperature Plasma Treatment

Wen Yuezhong et al. [54] used the combination of high
voltage pulse discharge and ozone as an advanced oxida-
tion technology was used to investigate the degradation
of 4-chlorophenol (4-CP) in water. The factors that affect
the rate of degradation were discussed. The 1.95x107
moleL solutions of 4-CP were almost completely (96%)
degraded after the discharge treatment of 30min.

Lukes et al. [47] investigated the non-thermal plasma-
induced degradation of phenol by pulsed high-voltage
discharge generated in water using point to plane geome-
try of electrodes in the presence of photocatalytically
active TiO,.They found that the phenol removal attrib-
uted directly to the effects of plasma chemical activity of
the discharge was enhanced in the presence of TiO,. Hao,
XL et al. [48] also used this method to degrade para-
chlorophenol (4-CP), including other compounds phenol
and methyl red in water. The experimental results
showed that rate constant of 4-CP degradation, energy
efficiency for 4-CP removal and TOC removal with TiO,
were obviously increased. Pulsed high-voltage discharge
process with TiO, had a promoted effect for the degrada-
tion of these pollutants under a broad range of liquid
conductivity.
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Bubnov et al. [55] studied the decomposing phenol in
aqueous solutions under the action of an atmospheric
pressure. Oxygen dielectric barrier discharged in the
presence or absence of catalysts in the plasma zone, and
tested two types of catalysts, NiO and TiO,. It was found
that both materials exhibited catalytic properties. The
action of NiO accelerated the step of phenol destruction
while the action of TiO, catalyst resulted in a more pref-
erable composition of decomposition products and pro-
vided a higher degree of carboxylic acid conversion into
carbon dioxide than the NiO catalyst.

6. Conclusions

Although non-thermal plasma produced by different
types of electrical discharges have recently attracted par-
ticular interest as a promising method of water treatment
without pollution or less pollution. Report on basic re-
search are too less and not have been used to the practi-
cal application. Moreover, the final byproducts and the
reaction mechanisms involved in the destruction of phe-
nolic compounds have not been sufficiently clarified up
until now. Therefore, it is need a lot of basic research for
the application of technology to industrial implementa-
tion. Finally, a combination of other methods (activated
carbon particles, TiO,, H,0,, O3, and so on) with low-
temperature plasma treatment to treat phenolic com-
pounds will become more popular.
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Abstract

Multivariate statistical techniques, including cluster analysis (CA), principal component analysis (PCA),
factor analysis (FA) and discriminant analysis (DA), were used to evaluate temporal and spatial variations
and to interpret a large and complex water quality data sets collected from the Songhua River Basin. The
data sets, which contained 14 parameters, were generated during the 7-year (1998-2004) monitoring program
at 14 different sites along the rivers. Three significant sampling locations (less polluted sites, moderately
polluted sites and highly polluted sites) were detected by CA method, and five latent factors (organic, inor-
ganic, petrochemical, physiochemical, and heavy metals) were identified by PCA and FA methods. The re-
sults of DA showed only five parameters (temperature, pH, dissolved oxygen, ammonia nitrogen, and nitrate
nitrogen) and eight parameters (temperature, pH, dissolved oxygen, biochemical oxygen demand, ammonia
nitrogen, nitrate nitrogen, volatile phenols and total arsenic) were necessarily in temporal and spatial varia-
tions analysis, respectively. Furthermore, this study revealed the major causes of water quality deterioration
were related to inflow of effluent from domestic and industrial wastewater disposal.

Keywords: Water Quality, Multivariate Statistical Analysis, the Songhua River Basin, the North-Eastern Re-

gion Of China

1. Introduction

Rivers are among the most vulnerable water bodies to
pollution because of their role in carrying municipal and
industrial wastes and run-offs from agricultural lands in
their vast drainage basins. Detailed hydrochemical re-
search is needed to evaluate the different processes and
mechanisms involved in polluting water [1]. Furthermore,
due to temporal and spatial variations in water qualities,
monitoring programs that involve a large number of
physicochemical parameters and frequent water sam-
plings at various sites are mandatory to produce reliable
estimated topographies of surface water qualities [2].
The results are usually compiled into a large data matrix,
which requires sophisticated data interpretations [3].

A variety of mathematical assessment models, includ-
ing water quality index models [4], structurally dynamic

“Corresponding author.

Copyright © 2009 SciRes.

models [5], fuzzy synthetic evaluation approach [6],
generalized logistic models [7], Bayesian models [8], etc,
have been used to study the physicochemical interrela-
tionships and processes. However, these methods aren’t
useful for large-scale and long-term monitoring database.
Because of the limitations of these methods, the multi-
variate statistical analysis methods have the advantage of
explaining complex water quality monitoring data to get
a better understanding of the ecological status of the
studied systems [9]. The multivariate statistical analysis
has been successfully applied in a number of hydrogeo-
chemical studies [10-13]. All the studies show that mul-
tivariate statistical analysis can help to interpret the com-
plex data sets and assess the water quality, and it is use-
ful in verifying temporal and spatial variations caused by
natural and anthropogenic factors linked to seasonality.

In the study, the large database analyzed, was obtained
during a 7-year (1998-2004) monitoring program (5,320
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observations) of the Songhua River Basin. It was sub-
jected to different multivariate statistical techniques
(cluster analysis (CA), principal components analysis
(PCA), factor analysis (FA) and discriminant analysis
(DA)) with a view to extract information about the simi-
larities or dissimilarities among the sampling sites. La-
tent factors in river water quality were identified and the
water quality variables responsible for temporal and spa-
tial variations explained the structure of the data sets.
Further, the hidden factors revealed the influence of pos-
sible sources on the water quality parameters and pollu-
tion levels of sampling stations in the Songhua River
Basin.

2. Materials and Methods

2.1. Study Area

The Songhua River Basin is one of the biggest river ba-
sins in China, which consists of Nen River, Second
Songhua River, and Songhua River. The basin area is
556,800 km? and the main stream spans 2,308 km long,
in the north-eastern region of the China (Figure 1). The
rivers are the major freshwater source for industries,
farms, and millions of residents along their expansions
[14,15]. The area of the Songhua River Basin is China’s
largest aggregate of oil shale, borax and steatite, ac-
counting for more than half of the nation’s total reserve.
The region’s total population amounts are 62 million,
50% of which live in urban areas. At the end of 2004, the
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rate of urban sewage treatment was less than 40% in cit-
ies, such as Harbin, Changchun, Daging and Mudanjiang.
At 2006, the average sewage treatment of the whole ba-
sin is only about 15% [15].

2.2. Monitoring Sites

To accurately represent the water quality of the river sy-
stems, a sampling strategy was designed to cover a wide
range of determinants at the key sites. In the present
study, total 14 sampling stations (Figure 1). The location
information of the 14 monitoring sites is showed in Table 1.

2.3. Data Preparation

The data sets of the 14 water quality monitoring stations,
which comprised 14 water quality parameters monitored
quarterly over 7 years (1998-2004), were obtained from
the Ministry of Environmental Protection (MEP) of
China. Although there were more than 20 water quality
parameters available, only 14 parameters were selected
because of their continuity in measurement at all selected
water quality monitoring stations. The selected water
quality parameters included temperature, pH, suspended
solids, dissolved oxygen, chemical oxygen demand
(manganese), biochemical oxygen demand after 5 days,
ammonia nitrogen, nitrate nitrogen, volatile phenol, pe-
troleum oil, total cyanide, total arsenic, total mercury and
chromium VI. The water quality parameters with units
and basic statistics are summarized in Table 2.
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Figure 1. Map of study area and surface water quality monitoring stations.
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Table 1. Basic situation of the 14 monitoring stations.

Code Station River City
1 Ashihekounei R. Ashi Harbin
2 Baiqi R. second Songhua Jilin
3 Chaihetilugiao R. Mudan Mudanjiang
4 Dadingzishan R. Songhua Harbin
5 Fengman R. second Songhua Jilin
6 Hulanhekounei R. Hulan Harbin
7 Hulanhekouxia R. Songhua Harbin
8 Jiamusishang R. Songhua Jiamusi
9 Jiangnantun R. Songhua Jiamusi
10 Liuyuan R. Nen Qigihaer
11 Nenjianghekounei R. Nen Zhaoyuan
12 Tongjiang R. Songhua Tongjiang
13 Yangjiaweizi R. Yitong Changchun
14 Zhushuntun R. Songhua Harbin

Table 2. Water quality parameters and summary basic statistics of the Songhua River Basin®®.

Parameters Abbreviation Minimum Maximum Mean Stand. dev.
Temperature WT -1.000 26.000 11.770 8.901
pH pH 4.950 9.300 7.493 0.461
Suspended solids SS 0.000 1031.700 69.435 106.008
Dissolved oxygen DO 0.000 14.000 6.948 3.069
Chemﬂiﬁ' do(xm?n de- CODMn 0.000 189.000 9.140 11.235
gé‘r’]f;‘r‘fgg‘;ﬂrog‘ggsg BOD5 0.000 302.000 9.590 21611
Ammonia nitrogen NH4-N 0.000 22.339 1.111 3.335
Nitrate nitrogen NO3-N 0.000 2.963 0.563 0.474
Volatile Phenols VP 0.000 5.695 0.032 0.317
Petroleum oil Qil 0.000 6.890 0.249 0.839
Total cyanide CN 0.000 1.07E-01 3.14E-03 8.73E-03
Total arsenic As 0.000 5.00E-02 3.35E-03 5.73E-03
Total mercury Hg 0.000 1.23E-03 5.03E-05 1.24E-04
Chromium VI Cr(vI) 0.000 0.046 0.002 0.003

3zero means no detected. °concentration units in mgL™; temperature units in Celsius.
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The K-S statistics were used to test the goodness-of-fit
of the data to log-normal distribution. According to the
K-S test, all the variables are log-normally distributed
with 95% or higher confidence. Similarly, to examine the
suitability of the data for principal component analy-
sis/factor analysis, KMO and Bartlett’s test were per-
formed, which also indicates that there are significant
relationships among variables.

2.4. Multivariate Statistical Methods

The multivariate analyses of the river water quality data
sets were performed through CA, PCA, FA and DA. CA,
PCA and FA were applied to experimental data, stan-
dardized through z-scale transformation to avoid mis-
classification due to wide differences in data dimension-
ality [16-18], whereas DA was applied to raw data [19,
20].

Then, with Equation (1) and Equation (2) the authors
calculated the component scores (CS) and composite
factor score (CFS) of each sampling station. The values
of CFS reflected the pollution levels of sampling stations
whereas the CS of each site revealed the sources of pol-
lutants.

14
fi :Z P xi(i=12,-5) @)
ko1

FoY it @
i=1

where f is the component score of sampling station, F the
composite factor score, S the factor score (get from

FA), y the standardized measured value of a variable,
n the % variance of the principal component (get from

PCA), i the component number, k the variable number.

In this study, CA was performed on the normalized
data sets by means of the Ward’s method, using squared
Euclidean distances as a measure of similarity. The spa-
tial variability of water quality in the whole river basin
was determined by CA, using the linkage distance
(Djin/Dmax), Which represented the quotient between the
linkage distances for a particular case divided by the
maximal linkage distance. The quotient was then multi-
plied by 100 to standardize the linkage distance repre-
sented on the y-axis.

PCA is designed to transform the original variables
into new, uncorrelated variables (axes), called the prin-
cipal components, which are linear combinations of the
original variables. The new axes lie along the directions
of maximum variance. FA follows the PCA. The main
purpose of the FA is to extract a lower dimensional lin-
ear structure from the data sets. It further reduces the
contribution of less significant variables obtained from

Copyright © 2009 SciRes.
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the PCA. And the new group of variables known as vari-
factors (VFs) is extracted through rotating the axis de-
fined by the PCA.

The DA was applied to raw data by using the Bayesian
model to construct the discriminant functions to evaluate
both the temporal and spatial variations in river water
quality.

All mathematical and statistical computations were
carried out using Microsoft Office Excel 2003 and SPSS
11.5.

3. Results and Discussion

3.1. Site Similarity

The result of CA is shown in Figure 2. All the 14 sam-
pling sites on the rivers were grouped into three statisti-
cally significant clusters at (Djjn/Dmax)*100<60: Cluster
1 (site 3, site 4, site 6, site 7, site 8, site 9, site 11, site 14),
cluster 2 (site 2, site 5, site 10, site 12) and cluster 3 (site
1 and site 13). These clusters of sampling stations indi-
cated that each cluster had a water quality of its own
which was different from the other clusters. The CA re-
sults revealed that this approach was useful in offering
reliable classifications of surface waters in the whole
region and optimizing the design of a future spatial sam-
pling strategy. Thus it can be said that for quick spatial
assessments of water quality, one site sampled in each
cluster is sufficient to determine the water quality of the
entire network.

3.2. Data Structure Determination and Source
Identification

The PCA and FA were performed on the normalized [16]
data sets (14 variables). Five principal components (PC)
were obtained with Eigenvalues >1 summing more than
85% of the total variance in the water data sets (Table 3).

Site

Figure 2. Dendrogram showing clustering of sampling sites.
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The first component (PC1), accounting for 33.3% of
the total variance in the data sets of the river water, was
correlated with CODy,, BODs and VP to represent “or-
ganic” pollution [8,10,11]. This “‘organic’’ factor can be
interpreted as influences from point sources such as dis-
charges from wastewater treatment plants, domestic
wastewater and industrial effluents. The same interpreta-
tion was also suggested by the other studies [21,22]. The
second component (PC2) that accounted for 21.01% of
the total variance represented the “inorganic” parameters,
which included SS, NOs-N, AS and CN in the solution
and demonstrated similar behaviors as in the river water
samples [19,20]. The third component of the total vari-
ance (PC3, 15.29%) had a strong positive loading on
NH,-N and Qil and a moderate negative loading on DO.
It was, therefore, a group of “petrochemical” source pol-

ET AL

lution indicator parameters [18]. The fourth component
(PC4) associated to 9.89% of the total variance, was
weighted on WT and pH and represented the “physio-
chemical” source of variability. The former study also
supports the idea [23]. Finally, the fifth component (PC5)
of PCA and FA that had strong positive loadings on Hg
and Cr(VI) presented the last 7.18% of the total variation.
The authors reckoned that PC5 could be associated with
“heavy metals” pollution from metal activities and in-
dustrial effluents. The same conclusion was drawn by at
least one other research [24,25].

Therefore, as the “*organic’” factor (PC1) has the larg-
est proportion of the total variance, we have come to the
conclusion that anthropogenic pollution mainly due to
the domestic and industrial wastewater disposal, was the
major source of river water contamination.

Table 3. Varimax rotated factor matrix for the whole data sets®.

PC
Parameter
1 2 3 4 5

WT -0.122 0.071 0.069 0.815 0.184
pH 0.121 0.047 -0.183 0.725 -0.166

SS 0.091 0.693 0.02 0.202 0.094
DO -0.372 -0.324 -0.546 0.099 -0.053
CODMn 0.870 0.354 0.098 0.007 -0.009
BOD 0.885 0.135 0.31 -0.014 -0.008
NH4-N 0.135 -0.09 0.847 -0.028 -0.065
NO3-N -0.002 0.793 -0.126 0.004 -0.24
VP 0.924 0.003 -0.134 0.016 0.022
Oil 0.092 0.331 0.807 -0.046 -0.026
CN 0.125 0.753 0.21 -0.02 0.013

As 0.016 0.806 0.138 -0.118 0.072

Hg 0.083 -0.128 0.281 0.054 0.736
Cr(V1) -0.004 0.052 -0.063 0.033 0.942
% variance 33.30 21.08 15.29 9.89 7.18
Cumulative % variance 33.30 54.38 69.66 79.56 86.74

2 Significant factor loadings are bold faced.
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Table 4. Sampling stations score matrix.
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PC
Site CFS
1 2 3 4 5
1 4.152 1.303 2.181 0.375 0.941 2.095
2 -0.900 -0.902 -1.014 -1.010 -0.754 -0.799
3 -0.446 -0.122 -0.664 0.302 -0.200 -0.260
4 -0.582 -0.064 -0.892 0.455 -0.371 -0.325
5 -1.118 -1.378 -1.200 -1.240 -0.649 -1.015
6 0.342 0.385 0.012 0.467 0.067 0.248
7 -0.535 -0.049 -0.802 0.466 -0.297 -0.286
8 -0.583 -0.082 -0.536 0.216 -0.249 -0.290
9 -0.504 -0.348 -0.527 0.457 -0.245 -0.294
10 -1.119 -1.661 -1.272 0.115 -0.243 -0.923
11 -0.736 -1.053 -0.338 0.283 1.428 -0.388
12 -0.914 -1.175 -0.614 -0.667 0.551 -0.672
13 3.693 5.104 6.976 -0.809 0.384 3.320
14 -0.875 -0.069 -1.342 0.274 -0.524 -0.522

115

3.3. Pollution Level Analysis

With Equation (1) and Equation (2) the authors calcu-
lated the component score (CS) and composite factor
score (CFS) of each sampling station. The values of CFS
reflected the pollution levels of sampling stations
whereas the CS of each site revealed the sources of pol-
lutants. The results of the 14 sampling stations are pre-
sented in Table 4, which showed high pollution levels at
site 1 and 13, especially site 13.

Water quality of site 13 was rated as "heavily pol-
luted" due to pollutions from domestic wastewater,
wastewater treatment plants, and from industrial efflu-
ents located in the city of Changchun. Compared to the
upstream samples at station 14, severe pollution seen at
site 1 indicated rapid deterioration of water quality while
the Songhua River flowed through the city of Harbin.
Both of the cities are big cities, and whose municipal
sewage and industrial waste water not meeting the dis-
charge standards [15,26,27] were found to be the imme-
diate cause.

Site 4, site 6 and site 7 were situated at the lower pe-
ripheries of the city of Harbin. The pollution levels of

Copyright © 2009 SciRes.

these stations were moderate. Site 11 had a high value of
PC5 which pointed heavy metals such as Hg and Cr(V1)
in its samples. This station placed at the Nen River estu-
ary, so the Nen River was a source of the heavy metal
pollution of the Songhua River [28]. In the rivers net-
work, site 3, site 8 and Site 9 were located in the me-
dium-sized cities (Mudanjiang and Jiamusi). These sites
also had medium values of CFS. According to the CFS
values, site 2, site 5, sitel0 and site 12 of cluster 2
showed low pollution levels. Let’s recall the Figure 1,
site 2, 5 and 10 were located at upstream whereas site 12
was at the most downstream location of the rivers. This
observation that site 12 demonstrated a low degree of
pollution may suggest a strong self purifying and assimi-
lating capability of the rivers. Meanwhile, the above re-
sults also showed that the big cities had great impacts on
the water quality of the Songhua River Basin.

Referring to the result of the CA technique (Figure 1),
cluster 1 (sampling stations 3, 4, 6-9, 11, 14), Cluster 2
(sampling stations 2, 5, 10, 12) and cluster 3 (sampling
stations 1, 13) corresponded to relatively moderate pollu-
tion (MP), low pollution (LP) and high pollution (HP)
regions, respectively.
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Table 5. Classification functions for discriminant analysis of temporal variations.

Coefficient
Parameter
1st Quarter 2nd Quarter 3rd Quarter 4th Quarter
WT -0.613 0.078 0.351 -0.178
pH 38.72 38.62 37.32 39.379
DO 0.564 1.061 0.954 1.088
NH4-N 0.681 0.891 0.849 0.89
NO3-N -1.919 -1.142 -0.109 -1.35
(Constant) -143.902 -152.634 -147.697 -155.293

Table 6. Classification matrix for discriminant analysis of temporal variations.

Quarter assigned by DA

Quarter % Correct
1st 2nd 3rd 4th
1st 90.4 85 0 0 9
2nd 70.1 6 68 16 7
3rd 86.3 4 9 82 0
4th 735 7 16 3 72
Total 79.9 102 93 101 88

3.4. Temporal and Spatial Variations in River

Water Quality

A total of 5,320 observations were categorized into four
known groups (1st Quarter: January 1-March 31, 2nd
Quarter: April 1-June 30, 3rd Quarter: July 1-September
30, and 4th Quarter: October 1-December 31) and ana-
lyzed statistically using DA technique. The discriminant
functions (DFs) and classification matrices (CMs) ob-
tained from the Bayesian model of DA are listed in Ta-
bles 5 and 6, respectively. The DA gave the CMs with
79.9% correct assignations using only five discriminant
parameters. Thus, the temporal DA results suggested that
WT, pH, DO, NH4-N and NOs-N were the most signifi-
cant parameters to discriminate between the four differ-
ent quarters, which means that these five parameters ac-
count for most of the expected temporal variations in the
river water quality.

Box and whisker plots of the selected parameters
showing quarterly trends are given in Figure 3. The
variation of water temperatures (Figure 3(a)) showed a
clear-cut seasonal effect. The water pH values (Figure
3(b)) are higher in 2nd Quarter and Quarter 4th com-
pared to 1st Quarter and 3rd Quarter. The average con-
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centration of DO (Figure 3(c)) was observed to be lowest
in 1st Quarter when parts of the river were frozen over.
During 2nd Quarter to 4th Quarter, the inverse relationship
between temperature and DO was a natural process be-
cause warmer water became more easily saturated with
oxygen and it can hold less DO. A decrease in average
NH,-N concentration (Figure 3(d)) from 1st Quarter to 3rd
Quarter followed by an increase in 4th Quarter was ob-
served. Similar temporal variations in concentration of
NH,-N were also reported by [29]. The average concentra-
tion of NOs-N (Figure 3(f)) was highest in 3rd Quarter. It
should be attributed to the influences from non-point
sources such as agricultural runoff and atmospheric deposi-
tion. This fact was also supported by other studies [21,29].
Spatial DA was performed with the raw data after di-
viding the whole data sets into three spatial groups (LP
region, MP region and HP region) obtained through the
CA technique. The station (clustered) was the grouping
(dependent) variable, while all the measured parameters
constituted the independent variables. The DFs and CMs
obtained from the Bayesian model of DA are listed in
Tables 7 and 8, respectively. The DA gave the CMs with
78.6% correct assignations using only eight discriminant
parameters. Thus, the result showed that only WT, pH,
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(a (b)

(© (d)

(e)
Figure 3. Temporal variations: (a) WT, (b) pH, (c) DO, (d) NH4-N, (e) NOs-N in water quality of the Songhua River Basin.
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Table 7. Classification functions for discriminant analysis of spatial variations.

Site
Parameter LP coefficient MP coefficient HP coefficient

WT -0.191 -0.134 -0.057
pH 41.194 43.78 44.74
DO -0.584 -1.075 -1.986
BOD 0.058 0.076 0.282
NH4-N 0.604 0.724 1.561
NO3-N 0.981 2.253 3.436
VP -10.647 -11.866 -17.763

As 4.877 9.99 333.564

(Constant) -147.292 -163.931 -177.389

Table 8. Classification matrix for discriminant analysis of spatial variations.

Monitoring Region

% Correct

Region assigned by DA

LP MP HP

LP 75 168 51 5
MP 83.8 17 88 0
HP 83.6 9 0 46
Total 78.6 194 139 51

DO, BODs, NH4-N, NOs-N, VP and As were the dis-
criminate parameters in space. And there were signifi-
cant differences between these three categories (LP, MP
and HP), which were expressed in terms of eight differ-
entiating parameters. Hence, DA made a considerable
data reduction.

Box and whisker plots of discriminating parameters
identified by spatial DA were constructed to evaluate
different patterns associated with spatial variations in
river water quality (Figure 4). The river water tempera-
tures (Figure 4(a)) were the highest at the MP sites as
discharges of municipal wastewater merged. The water
pH values (Figure 4(b)) were highest in the MP region
and lowest in the LP region. The trends for DO (Figure
4(c)), BODs (Figure 4(d)) and NH4-N (Figure 4(e)) sug-
gested a large load of dissolved organic matter at the HP
sites where domestic wastewater from treatment plants
and industrial effluents were injected. The MP sites had a
high average concentration of NOz-N (Figure 4(f)),
which should be attributed to the use of nitrogenous fer-
tilizers in orchard and agricultural areas [15]. Similar
trends of spatial variations observed for VP (Figure 4(g))
and As (Figure 4(h)) suggested vast difference in pollu-
tion load and sources in regions of the river.

Copyright © 2009 SciRes.

4. Conclusions

In this study, different multivariate statistical techniques
were used to evaluate variations in surface water quality
of the Songhua River Basin. CA grouped the 14 sam-
pling stations into three clusters of similar water quality
characteristics. PCA and FA helped to identify that the
parameters responsible for water quality variations were
mainly related to trace organic, inorganic, petrochemical,
physiochemical and heavy metals, and the principal
components revealed the Songhua River Basin water
quality was mainly controlled by domestic wastewater
and industrial discharges. DA rendered an important data
reduction, as it used only five parameters (WT, pH, DO,
NH4-N and NOs-N) affording more than 79% correct
assignations in temporal analysis, while eight parameters
(WT, pH, DO, BODs, NH,;-N, NOs-N, VP and As) af-
fording more than 78% right assignations in spatial
analysis. Therefore, DA showed a reduction in the di-
mensionality of the large data sets, by delineating a few
indicator parameters of the water quality. Consequently,
this study illustrated the usefulness of multivariate statis-
tical techniques for interpretation of complex data sets,
identification of pollution sources, understanding tem-
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Figure 4. Spatial variations: (a) WT, (b) pH, (c) DO, (d) BOD, (e) NH4-N, (f) NOs-N, (g) VP, (h) As in water quality of the

Songhua River Basin.

poral and spatial variations in water quality, analysis of
pollution levels and design of monitoring strategy for
effective river water quality management.
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Abstract

Pulp and paper industry is responsible for large discharge of highly polluted effluents, which often be treated
by biological treatment process. For biological treatment system, pH is an important environmental factor
that can influence the activity of microorganisms. In general, the optimal pH for aerobic processes is around
neutral pH (7_7.8) and for the anaerobic process is between 6.8 _7.2. The control of pH is a difficult link in
the biological treatment system due to its nonlinearity and large time-delay. Aiming at the difficult point in
the pH control of the biological wastewater treatment system, a mathematical model of pH control is estab-
lished in the essay. On this basis, a traditional PID control and a cascade control are adopted to carry out
simulation and comparison with MATLAB. The results show that the cascade control has better comprehen-

sive effect in terms of response speed, stability and disturbance resistance.

Keywords: Biological Treatment, pH, MATLAB, Cascade Control

1. Introduction

Pulp and paper industry is the greatest industrial polluter
in terms of wastewater volumes and organic discharges.
The general characteristics of the pulp and paper industry
effluent can be listed as: 1) high lignin content, 2) high
absorbable organic halide concentration, 3) color, 4) low
biodegradability which is indicated by their high chemical
oxygen demand to biochemical oxygen demand ratios,
and 5) potential toxicity problems.

The typical treatment processes for pulp and paper ef-
fluents are chemical precipitation, lagooning, activated
sludge, and anaerobic treatment. It should be mentioned
that the liquors from alkaline pulping, wood resins, and
tannins are potentially toxic to methane bacteria. More-
over, the degradation of lignin by the anaerobic consor-
tium is limited to the low molecular weight fraction. Until
now aerobic treatment systems are the most widely used
method to treat effluents from pulp plants. However when
the economic concerns and the rate of treatment are con-
sidered, anaerobic treatment is an alternative that must be
considered [1].

Copyright © 2009 SciRes.

The anaerobic process has been successfully applied in
the treatment of nontoxic and easily biodegradable waste-
waters from pulp and paper plants, such as the effluents
from mechanical pulping, from paper recycling and from
evaporation condensates. In fact anaerobic reactor fol-
lowed by aerobic reactor is more successful at reducing
toxicity [2]. Reductive dechlorination may occur in an-
aerobic stage and produce less chlorinated organics. Th-
ese organics may be further biotransformed in conven-
tional aerobic stage.

Biological treatment such as aerobic and anaerobic
process is indisputably the most effective, economical
way used for treating pulp and paper effluents [2]. In bio-
logical treatment living organisms are used for purifying
waste, which can be solid, liquid or gas. The substance
that is degraded acts as a source of building blocs and/or
energy source for the microorganisms so they can fulfill
their goal in life, which is to multiply.

There are a lot of factors that influence the well being
of microorganisms, such as temperature, pH, nutrient, etc.
And pH is one of the most important factors. It should not
be allowed to vary too much during a short time period
since variations of the pH can be of big influence on the
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behaviour of bacteria, low pH(<6.8)and high (>8.2) as
well as sudden increase or decrease of the pH, should be
avoided. In general the optimal pH for aerobic processes
is around neutral pH (7_7.8) [2-3] and for the anaerobic
process is between 6.8 7.2 [4-5].

For pulp and paper wastewater, pH may vary consid-
erably, depending on the raw material and manufacturing
process utilized. For control of the pH in the system, an
automatic dosing system is installed and strong acid
(HCL) and strong base (NaOH) are adopted as neutraliz-
ing liquid in the system.

2. Basis and the Difficult Point of pH Control

As shown in the acid-base titration curve [6], the changes
at the two ends of the curve are gentle, that is to say, the
pH varies very little with the addition of strong acid (or
strong base); however, the sensitivity is very high around
the neutral point, and the pH is to change dramatically
even when a little strong acid (or strong base) is added in.
the sensitivity is very high near the neutral point, while is
extremely low at the place far from the neutral point, and
it has been proven by experiments that the nonlinearity of
a strong acid-strong base neutralization process is more
obvious than that of a weak acid-strong base process.

As for the pH control system in biological wastewater
treatment, the target range of pH is required to be con-
trolled within 7_7.8 for aerobic processes and 6.8-7.2 for
the anaerobic process, which are just located in the vicin-
ity of the neutral point of the titration curve, thus the sen-
sitivity of change is high; on the one hand, a controller is
required to have relatively high control precision, on the
other hand, control difficulty is raised as the controller
becomes more sensitive to lagging.

The pH control of the biological wastewater treatment
system is an indispensable measurement item; however, it
is difficult to control, for there are numerous phenomena
that can not be described quantitatively. The main reasons
are as follows:

1) Wastewater from pulp and paper mill may be either
acidic or basic at different moments; therefore, two neu-
tralization reagents are needed. The pH in the neutraliza-
tion reaction has typical nonlinearity [7-8].

2) The acidic and basic ingredients contained in
wastewater are complex, which causes the pH curve of
the measured object to be difficult to determine.

3) There is pure lagging at the mixing, measuring and
other links in the pH control process [9-10], so that the
regulated amount fails to reflect the perturbation borne by
the system in time. Even if a measuring signal reaches an
adjustor and the adjustor receives a regulatory signal to
take action instantly, it is not until after a pure lagging
period that the regulated amount can be concerned and
controlled. Therefore, such a process will inevitably gen-
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erate a more significant overshoot and a longer control
period. The existence of pure lagging also contributes to
the difficulty of pH control.

3. Modelling of pH Control System

3.1. Model Building of pH Control Process in
the Biological Wastewater Treatment
System

For the reasons described above, it is necessary to carry
out preliminary model building to a concerned object
before a pH control proposal is put forward so as to fa-
cilitate the research and to further study the characteristics
of the object.

If the relation between the flow rate u of a neutraliza-
tion flow and the flow rate F of a process flow in the neu-
tralization process is assumed to be that: u«F, the follow-
ing input/output relation can be worked out [11]:

dX
V= u-FX @)
T(pH) =X 2

Wherein: F represents the flow rate of the process flow;
u represents the flow rate of the neutralization flow; V
represents the volume of the preparation pool; X repre-
sents the state variable of the model; T (pH) represents
the back-titration cure of the process flow, the nonlinear-
ity of the process is just contained in the back-titration
cure T (pH) of the process flow, and the T (pH) is related
to ingredients and concentration of all chemical sub-
stances added in the preparation pool; if all chemical in-
gredients in the whole system are known, the nonlinearity
of the process can be expressed as follows:

A(PH)+3 2, (PH)G
- X ©

iai(pH)Xi

Wherein: n represents the number of the ions in the
preparation pool, c;represents the ion concentration of the
i th kind of process flow, and x;t represents the concentra-
tion of the i th kind of neutralizing liquid,

A(pH) =10CP) — 100 (4)

a;(pH) Represents an acid-base weight factor, and it is

equal to -1 for strong monacid and +1 for strong mono-
acidic base. Therefore, when there are only strong acid
solution and strong alkaline solution, the concentration of
solution can be directly combined; only when there are
weak acid and weak base, a weight factor,a;(pH,) .

needs to be multiplied. The required volume of solution
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when it reaches a set point is determined by a weight sum,
that is, z”:a_(pH)X_ . The weight sum is named as a strong

i=1
acid equivalent which can directly reflect the amount of
the neutralizing agent required for titrate the pH to a set
value, and it can be taken as a control objective and has
larger practical significance than the pH.

In the process of neutralization titration, the difference
value between an actually measured pH and a set value is
in line with a non-linear conversion process, and the nu-
meral value is [12-13]:

Y =T(pHg )-T(pH) ()

The process is dynamic balance output of pH; as long
as there is a one-to-one relation between the pH and T (pH),
the pH is controlled to be pH,, which is equivalent to the
control of Y, and the Y is set to be 0. In this way, the con-
trol problem of pH is converted into a linear problem.

The following study on pH control is based on the
Formula (1) and the Formula (2) described above.

4. pH Control

As remarked above, the adjustment of the pH in the an

J.Y.KANG ET AL.

aerobic wastewater treatment is completed in the prepara-
tion pool, and strong acid (HCL) and strong base (NaOH)
are generally adopted as neutralizing liquid in a project.
The flow chart of pH neutralizing process is shown as
Figure 1. In the Figure 1, F represents the flow rate of the
process flow; u, and u, represent the flow rate of the
neutralizing flow; a, and a, represent the concentra-
tion of the neutralizing flow; F,, represent the flow rate
of the wastewater in a branch loop of the preparation pool;
F., is the flow rate of the swage sent to the reactor.

The concentration of the acid liquor or alkali liquor to
be added is calculated and adjusted according to the
technology. It is prevented from fluctuating, so that we
can focus on the stabilization of the flow rate of acid or
base. We can take the acid adding single feeding process
when the pH is too high as the study object to carry out
further analysis so as to obtain a structural diagram of the
system as shown in the Figure 2.

As shown in the Figure 2, the cascade control system
forms two closed loops in terms of the structure, the flow
loop and the pH loop, which are called auxiliary ring and
main ring respectively. The flow PID controller controls
the flow control valve according to the pH PID controller,
thus ensuring that the pH can still meet the requirements
under the condition of feeding disturbance.

l—l\‘

Figure 1. Flow chart of pH neutralizing control system.

Figure 2. pH cascade control system.

Copyright © 2009 SciRes.
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Nevertheless, in the actual production process, it is in-
evitable that the mixing concentration of the neutralizing
liquid has small difference and fluctuation in different
times, however, the method described above can effec-
tively eliminate the influence on pH adjustment caused by
the fluctuation; as the flow self stabilization system can
act quickly, the fluctuation of the concentration of the
neutralizing liquid can be eliminated in a short time.

5. Simulation of the pH Cascade Control
System

5.1. Building a Simulation Model

1) Model building of a main controlled object and an aux-
iliary controlled object in the cascade loops

According to the preliminary model building of the
neutralization process in section Il, a first order model can
be obtained:

V%(:”_Fx & T(pH) = X

The study on the pH control is based on the above two
formulas; similarly, let’s take the acid adding process
when the pH is too high as an example. The formulas are
subject to Laplace transformation to obtain the following
transfer function:

1
Vs+F
Given the pure lagging caused by the pipeline and the

detection process of a measuring instrument as well as a
delay factor, the transfer function is converted into:

1
G, (S)= e
) Vs+F
The Formula (7) shows the model of the pH neutraliz-
ing process; according to the actual situation, the parame-
ters in the formula are respectively as follows:

V =102m*; F =250m* /h=0.069m* /s; 7 =4s

G,(S)= (6)

(7)

All the parameters are written into the formula which is
simplified into a standard form:

6.(5)= Ko g 1449 .
P Ts+1 1478.265 +1

As for the flow adjusting process in the cascade control
loops, the objective transfer function is as:

G(S) = - (©)

@)

2) Selection of a main adjuster and an auxiliary ad-
juster in the cascade loops

In the cascade control system, the main adjuster and
the auxiliary adjuster have different tasks; their type se-
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lection, that is, the selection of adjusting action law, also
have different requirements. The task of the auxiliary
adjuster is to take quick action to offset the secondary
disturbance in the auxiliary ring, and non-error adjust-
ment of auxiliary parameters is not required, thus a P ad-
juster is adopted in the model building. However, the task
of the main adjuster is to accurately maintain the regu-
lated variable to meet production requirements, therefore,
a Pl adjuster is selected to eliminate residual error.

5.2. Setting the Parameters of the Adjusters

A step-by-step method is employed for the parameter
setting of the cascade loop; in the method, the main ring
and the auxiliary ring are set in sequence, and then the
process is repeated to approach the optimal setting. The
basic steps thereof include: setting the auxiliary ring, cut-
ting off the main ring, working out the setting parameters
of the auxiliary adjuster according to the setting method
of a single loop, taking the just set auxiliary ring as a link
of the main ring, and working out the setting parameters
of the main adjuster according to the setting method of a
single loop.

The relevant parameters of the main adjuster obtained
through the method described above are as follows:

The parameter of the auxiliary adjuster is: K¢ =15;

The parameter of the main adjuster is: k. =12, T, =15.

According to above parameters, we carry out the fol-
lowing simulation; wherein the ordinate axis represents
pH, the horizontal axis represents time, and the unit is
second (S):

1) Only under the action of PID, the step response
curve of the pH control loop is in line with the Figure 3:
From the Figure 3, we can know the overshoot &,% of

the system is relatively large, while the adjusting time tg;
is relatively long.

2) Only when the pH control loop is under the action of
PID and is affected by inlet water pH, fluctuation of the
flow rate of the neutralizing fluid, and other disturbing
factors, the system response cure is as shown in the
Figure 4: We can learn that disturbance resisting capacity
of the system is rather poor; when disturbed, the
overshoot basically remains unchanged; however, the
system still cannot enter a steady state 300 s later.

iH

o 50 100 150 200 =250 S00
timels)

Figure 3. Simulation response curve of PID control
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o =0 100 150 200 2s0 s00
timegs)

Figure 4. Simulation response curve under PID control wh-
en disturbed

Figure 5. The curve of cascade control system

Figure 6. The curve of cascade control system with interfere-
nce

3) The system step response curve under the action of
the cascade control loop based on PID is as shown in the

Figure 5. We can know that: the overshoot of the cascade
control system based on PID is 8,% <6,%, and the

adjusting time ts, is significantly shortened ts. < t;.

4) When the pH control system is under the action of
the cascade control loop based on PID and is affected by
inlet water pH, fluctuation of the flow rate of the
neutralizing fluid, and other disturbing factors, the system
response cure is as shown in the Fig.6: We can know that
the anti-disturbing capacity of the system is dramatically
improved, and especially has strong inhibiting function
on the secondary disturbance in the flow control loop.
Though it still takes a long time for the system to
completely enter a steady state after being disturbed, the
fluctuation is small and is basically within the acceptable
range in an industrial site.

6. Conclusions

From the above simulation figure, we can know that: the
cascade control system based on PID can contribute to
excellent control effect and facilitate engineering applica-
tion. Compared with a simple PID control, not only the
capacity adaptive to the change of the controlled parame-
ters is strong, but also good control effect can still be
achieved when the structure of the objective model is
intensively disturbed. The step response curve of the cas-
cade control system based on PID has the advantages of
quick raising, short adjusting time, high adjusting preci-
sion, excellent steady state performance and small over-
shoot, and can competently fulfill the automatic control of
pH. The runtime curve of the pH control system used in a
pulp and paper wastewater treatment process is showed in
Figure 7. We can know that it worked well.

Figure 7. The runtime curve of the pH control system.

Copyright © 2009 SciRes.

JWARP



J.Y.KANG ET AL.

7. References

(1]

[2]
(3]
(4]
[5]

(6]

(7]

U. Tezel, E. Guven, T. H. Erguder, and G. N. Demirer,
“Sequential (anaerobic/aerobi) biological treatment of
dalaman SEKA pulp and paper industry effluent,” Waste
Management, Vol. 21, pp. 717-724, 2001.

X. F. Yang, “Wastewater treatment in pulp paper making
sector,” Chemical Industry Press, Beijing, 2001.

Biothane System International, Enclosure F: Aerobic
Microbiology [M], 2006.

Biothane System International, Enclosure F: Anaerobic
Microbiology [M], 2006.

“An expert system for monitoring and diagnosis of an-
aerobic wastewater treatment plants,” Water Research,
Vol. 36, pp. 2656-2666, 2002.

S. B. Wu, “Water pollution control and treatment tech-
nology in the paper industry,” Chemical Industry Press,
Beijing, Vol. 5, 2001.

J. F. Bieteaua, “Modelling of anaerobic digestion in a
fluidised bed with a view to control,” Biochemical Engi-
neering Journal, VVol. 24, pp. 255-267, 2005.

Copyright © 2009 SciRes.

(8]

9]

[10]

[11]

[12]

[13]

127

G. Ulvsson and B.Newell, “The model building, diagno-
sis and control of the wastewater treatment system,”
Chemical Industry Press, Beijing, 2004.

J. C. Wang and H. Y. Zhu, “Chemical process control
[M],” Chemical Industry Press, Beijing, 1991.

S. Regunath and V. Kadirkamanathan, “Design of a pH
control system using fuzzy non-uniform grid scheduling
and evolutionary programming,” Applied Soft Comput-
ing, pp. 91-104, 2001.

W. W. Tan, F. Lu, A. P. Loh, and K. C. Tan, “Modeling
and control of a pilot pH plant using genetic algorithm,”
Engineering Applications of Artificial Intelligence, Vol.
18, pp. 485-494, 2005.

R. A. Wright and C. Kravaris, “On-line identification and
nonlinear control of an industrial pH process,” Journal of
Process Control, Vol. 11, pp. 361-374, 2005.

H. H. Lee and J. W. Yang, “A new method to control
electrolytes pH by circulation system in electrokinetic
soil remediation,” Journal of Hazardous Materials B77,
pp. 227-240, 2000.

JWARP



J. Water Resource and Protection, 2009, 2, 128-135
d0i:10.4236/jwarp.2009.12017 Published Online August 2009 (http://www.SciRP.org/journal/jwarp/).

3% Scientific
9,
*4* Research

Health Risk Assessment on Rural Drinking Water Safety
—A Case Study in Rain City District of Ya’an City of Sichuan Province

Fuquan NI*?, Guodong LI1U? Huazhun REN?, Shangchuan YANG', Jian YE, Xiuyuan LU, Min YANG"
'College of Information & Engineering, Sichuan Agricultural University, Ya’an, China
“College of Water Resources & Hydropower, Sichuan University, Chengdu, China
®College of Hydrology & Water Resources, Hohai University, Nanjing, China
E-mail: nfq1965@163.com
Received March 31, 2009; revised May 28, 2009; accepted May 31, 2009

Abstract

Taking Rain City District of Ya’an for example, this paper based on ComGIS (Component Object Model
Geographic Information System) platform takes comprehensive and systematic detection on the exposure
dose of chemical carcinogens and non-carcinogens from drinking water sources in this region and discusses
health risk assessment of single factor and the whole health risk assessment. As, Hg, Cr, Pb, Cd and fluorides
in some drinking water sources of Rain City District are analyzed according to Standards For Drinking Wa-
ter Quality (GB5749-2006). A health risk assessment model called USEPA is also applied to drinking water
health risk assessment and management countermeasure is proposed.

The results show that the greatest health risk for individual person per year is caused by Cr(V1). The health
risk of carcinogens is much higher than that of non-carcinogens: the greatest risk value due to
non-carcinogen pollutants is caused by fluoride (F), achieving 1.05x10®%/a. The ranking of risk values due to
non-carcinogen pollutants by drinking water is Pb>fluoride (F)>Hg, within Pb accounting for 44.77%, fluo-
ride (F) accounting for 34.30% and Hg accounting for 20.92%. The average individual carcinogenesis annual
risk of Cr(VI1) is the greatest, achieving 8.91x10*/a. The ranking of risk value due to chemical carcinogen by
rural drinking water of Ya’an is Cr®*>As>Cd, within Cr®* accounting for 91.12%, As accounting for 5.89%
and Cd accounting for 3.00%. Based on this, the strategy and measures of the health risk management are put
forward.

This study has worked efficiently in practice. Compared with the same kind of methods which have been
found, the paper has the outstanding results for the health risk assessment of the rural drinking water safety.

Keywords: Rural Drinking Water Safety, Health Risk Assessment, ComGIS, Ya’an

1. Introduction 1/3 people living in the city of developing countries

could not get safe drinking water in the world [1,2].

At present, water safety and water environment health
risk assessment is mainly focused on the polluted fields
in certain areas, the drinking water of city, reuse of
wastewater in city, groundwater, etc. The rural drinking
water safety is being paid more and more attention.

The report from UN points out that there are 80% hu-
man diseases caused by unsafe drinking water in poor
areas and about 25 thousand people died of unsafe
drinking water every day. Besides, the report from World
Health Organization (WHO) points out that there are

Copyright © 2009 SciRes.

In China, there are about 300 million rural residents
have no safe water supply, so the drinking water safety is
important. It is not only the problem of resources and
environment, but also the strategic problem, which have
influence on the national economy, sustainable develop-
ment of society, as well as the harmony between water
and human. The factors influencing rural drinking water
are multitudinous, which have non-determinism and the
spatial variability characteristics. Based on this, the paper
coupled the ComGIS technology and the health risk as-

JWARP



F.Q. NI

sessment model together, carries out the spatial analysis
and the system research of rural drinking water safety
problem in typical mountainous region of Ya’an, Si-
chuan [3,4].

In the whole water safety assessments which are based
on water standard, health risk assessment only describes
whether hazardous pollutants exceeded seriously. It
doesn’t directly reflect the effect of water on human
health. This paper aims at how to quantify severity of
pollutants in drinking water so that risk degree can be
used directly to represent hazard to human health.

This paper takes Rain City District of Ya’an in Si-
chuan Province for example. According to the analysis of
detection result for the 8 water sources, carcinogenic risk
and non-carcinogenic risk of transnormal items in water
are calculated and analyzed using health risk assessment
model recommended by USEPA. Risk level of rural
drinking water environment in research area, the pri-
mary-secondary of pollutants and the priority order of
governance are also demonstrated in this paper, provid-
ing scientific foundation for drinking water risk man-
agement in research area.

2. Material and Methods

2.1. Overview of the Study Area

Rain City District of Ya’an locates in western edge of the
basin where sits in the middle Qingyi River, with longi-
tude of 102°51°E-103°12" E and latitude of 29°40’N-
30°14’N and covering 1,066.99 km?. It locates in the
northern slope of Erlang branch range which belongs to
Qionglai Mountains, at 515.97-2,629.4m altitude. It be-
longs to middle-low mountain region that the west area is
higher than east. The mountains occupied 91% of the
whole region including 45% low mountains which alti-
tude is less than 1,000m, 46% middle mountains which
altitude is more than 1,000m and 9% flatland. In this area,
the climate type belongs to subtropical humid monsoon
climate except a few high mountain regions. The annual
precipitation is 1,732mm. The maximum is 2,367.3mm
(in 1966) and the minimum is 1,204.2mm (in 1974). The
main rivers in this area are Qingyi River, Zhougong
River, Longxi River, Fen River, Gaogiang River,
Yanchang River and Yangiao River. The amount of their
total length is 197.4 Km. The main runoff of these rivers
is 580.5 m%s and the amount of total runoff is 15.1 bil-
lion m°.

The population in this area is 320 thousand including
207.326 thousand in rural. The investigation in 2004
points out that unsafe rural drinking water affects 657.88
million people in this area. And 354.02 million people
drink untreated surface water whose bacteriological in-
dex exceeds standard seriously. Besides, the untreated
and seriously polluted groundwater affects 1,517 people

Copyright © 2009 SciRes.
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and other drinking water affects 101.04 million people. It
is urgent and essential to make health risk assessment
actively and improve the rural drinking water conditions
in this area.

2.2. Samples Investigation

8 water samples were collected in 2005 according to ter-
rain, landform, geology, hydrology, water system,
drinking water sources, distribution of waterborne infec-
tious disease and types of water supply project. Accord-
ing to related standards of water quality detection meth-
ods, there are 21 indexes of these water samples which
are detected, such as physics water quality indexes (color,
turbidity, odor, visible material by bare eye), hydro-
chemistry index (PH, COD, total hardness, total dis-
solved solids, chloride, sulfate), toxicological indexes
(Fe, Mn, fluoride, As, Hg, Cd, Cr, Pb, nitrate), bacterio-
logical index (total bacterial count, total coliform count.
6 hydrochemistry toxicological indexes need health risk
assessment according to if the detected water quality
indexes are harmful to human. And the 6 indexes are As,
Hg, Cr, Pb, Cd and fluoride.

The sampling sites and mainly water quality problems
of rural drinking water safety in Rain City District of
Ya’an can be seen in Figure 1.

The monitoring data of pollutants of rural drinking
water in Rain City of Ya’an can be seen in Table 1 In the
study area, the pollutants concentration scopes of the
water sampling are as follows: As: 0.004mg/l, Hg: 0.001
mg/I, Cr®*: 0.005~0.015 mg/l, Pb: 0.01 mg/l, Cd: 0.005
mg/l, fluoride (F): 0.01~1.4 mg/l. Compared with the
Rural Surface Water Environment Quality Standard
(GB3838-2002), each indicator achieves I~Ill sort of
standard except fluoride (F).

2.3. Health Risk Assessment Models and
Parameters

There are many researches of dosage-reaction relation to
human health risk assessment at present [5,6,7], which
are calculated from the basis of various investigation and
experiment data. The first choice is the survey materials
of human epidemiology, and the second one is the ex-
periment materials of sensitive animal close to the man-
kind. In the light of the hazard effect by pollutants and a
large number of research results from hazard substance
(including the carcinogen and non-carcinogen) for sev-
eral decades, the risk models that are applied to the hu-
man health hazard affected by different contaminations
(including the drinking approach) may be established.
These models include the carcinogenic risk model, the
non-carcinogenic risk model and the total hazard risk
model of health.
The carcinogenic risk model:
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Sites distribution of fluoride exceeded

Sites distribution of water quality seriously polluted Sites distribution of bacteria exceeded

Figure 1. The map of water quality problems in Rain City District of Ya’an.

Table 1. Exposure concentrations of the sampling sites in Rain City of Ya’an (mg/l) .

Serial Number Sample Sites As Hg cré Pb Cd fluoride(F)
1 Fuping village 0.004 0.001 0.05 0.01 0.005 0.1
2 Liujia village 0.004 0.001 0.05 0.01 0.005 14
3 Kanpo village 0.004 0.001 0.05 0.01 0.005 0.1
4 Liuliang village 0.004 0.001 0.015 0.01 0.005 0.39
5 Pingshi village 0.004 0.001 0.005 0.01 0.005 0.32
6 Liba village 0.004 0.001 0.006 0.01 0.005 0.12
7 Zhanggou village 0.004 0.001 0.005 0.01 0.005 0.16
8 Baishu village 0.004 0.001 0.005 0.01 0.005 0.36
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k
R°= RS @
i=1
Rf =[1—exp(-D;q;)] 2

where, Rfis assigned the carcinogenic contamination i
to the average individual carcinogenesis annual risk by
pathway-intake, a'; D; is assigned the carcinogenic
contamination i to the daily average exposure dosage per
unit weight by the pathway-intake, mg/(kg-d); q; is
assigned the carcinogenic contamination i to the car-
cinogenic by the pathway-intake, mg(kg-d); 70 is average
span of human, a. The D; can be expressed:

Di=2.2xC;/70 3)

where, 2.2 is average daily intake from drinking water
for an adult, L; C; is the concentration of carcinogenic
contamination i, mg/L; 70 is average weight of human,

kg).
The non-carcinogenic risk model:

RI'=(Di/RfDj)x107°/70 @)

where, R'is assigned the non-carcinogenic contamina-
tion i to the average individual health hazard annual risk
by pathway-intake, a= ; D; is assigned the

non-carcinogenic contamination — to the daily expo-
sure dosage per unit weight by pathway-intake,
mg/(kg-d); RfD;is assigned the non-carcinogenic con-
tamination i to reference dosage, mg/(kg-d); 70 is aver-
age span of human, a.

Total risk model of water environment health assess-
ment:

The cumulative effects of the toxic substances which
damage the physical health of human include addition
relation, cooperating relation and resisting relation. Cu-
mulative effects analysis (CEA) is a very complicated
and uncertainty work. To obtain reliable result, it is nec-
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essary to get enough successive historical and current
observation data. At present, the developed countries are
paying great attention to CEA, and also have carried out
a lot of real researches. But the systematic theory and
method have not formed.

The concentrations of toxic substances are very low in
the daily drinking water source. It is assumed that the
effect which each compound causes is independent and
the relation among between cumulative effects of the
toxic substances which damage the physical health of
human is addition relation, but not cooperating relation
or resisting relation. So the total water environmental
health risk ( Rp, ) can be expressed as following:

Rh=R°+R" )

Formula (5) is the total risk model of rural drinking
water safety health assessment.

Health risk assessment parameters [8,9,10]:

According to the taxonomy of the International Cancer
Development Facility (IARC) and the World Health Or-
ganization (WHO) which is established through the
comprehensive appraisal chemical substance carcino-
genicity reliability level, the chemical substances in
Group 1 or Group 2A are chemistry carcinogen. Their
carcinogenicity assurance factors can be found in Table
2.

Regarding to the health risk appraisal resulting from
the non-carcinogen, the reference dosage is an important
parameter. According to the relevant data, the reference
dosages are found and can be seen in Table 3.

3. Results and Discussion
3.1. Results

According to health risk assessment models recom-
mended by USEPA and the evaluation parameters, the
average individual health hazard annual risk of the
non-carcinogens and the average individual carcinogene-
sis annual risk of the chemical carcinogens through the
drinking water in this district in 2005 can be calculated.

Table 2. Carcinogenicity intensity coefficient of chemical carcinogen q; [mg/(kg-d)].

chemical carcinogen Cd

As cré*

di 6.1

15 41

Table 3. The reference doses of non-carcinogens RfD; [mg/(kg-d)].

Non-carcinogen Hg Pb fluoride(F)
RfD; 3.0x10™ 1.4x10° 6.0x107
Copyright © 2009 SciRes. JWARP
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Figure 2. The average individual health hazard annual risk of the non-carcinogens.
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Figure 3. The average individual carcinogenesis annual risk of the carcinogens.

The average individual health hazard annual risk of
the non-carcinogens can be seen in Figure 2. In the in-
vestigation area, the greatest risk value due to
non-carcinogen pollutant is caused by fluoride (F),
achieving 1.05x10°®%/a. The ranking of risk value due to
non-carcinogen pollutant by drinking water is
Pb>fluoride (F)>Hg, within Pb accounting for 44.77%,
fluoride (F) accounting for 34.30% and Hg accounting
for 20.92%. The average risk values order of the 8 sam-
pling points caused by the non-carcinogen pollutants is
as follows: Number 2 > Number 4 > Number 8 > Num-
ber 5> Number 7 > Number 6 > Number 3 = Number 1.

The average individual carcinogenesis annual risk can
be seen in Figure 3. Among the three kinds of chemical
carcinogens, the average individual carcinogenesis an-
nual risk of Cr®" is the greatest, achieving 8.91x10™/a.
The ranking of risk values due to chemical carcinogen by
rural drinking water of Ya’an is Cr"" > As> Cd, within
Cr®* accounting for 91.12%, As accounting for 5.89%
and Cd accounting for 3.00%. The order of risk values of
the 8 investigation sampling sites caused by the chemical

Copyright © 2009 SciRes.

carcinogen is as follows: Number 1 = Number 2
Number 3 > Number 4 > Number 6 > Number 5
Number 7 = Number 8.

3.2. Discussion

The level of human health hazard individual annual risk
caused by non-carcinogens virulent chemical material
concentrates in 108~107° /a. Namely, because of the
drinking water’s non-carcinogens pollutants, human
health risk or the death population in each ten million
people is less than one person. This indicates that the
human health risk caused by the non-carcinogenicity
chemical substances is slighter and will not be harmful to
human health obviously. The level of human health indi-
vidual annual risk caused by carcinogens virulent
chemical substances concentrates in 10~10"/a. Namely,
because of the drinking water’s carcinogenic pollutants,
the health dangers (or deaths) in each ten million are
more than 100 or 1000 people. Thus, the health danger
individual annual risk caused by carcinogenic toxic sub-
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stances is much bigger than one caused by total
non-carcinogen toxic substances in the research area.
The American Environmental Protection Bureau (EPA)
carcinogenicity risk assessment guide points out that the
risk is acceptable if the risk level is lower than 10*/a in
one year. The health danger individual annual risk re-
sulting from each kind of pollutant of rural drinking wa-
ter source in Ya’an is on this level. But it surpasses the
acceptable maximum (5%107/a), which is recommended
by International Commission on Radiological Protection
(ICRP).

Thus, chemical carcinogens are primary and should be
removed accordingly. The effective way of decreasing
the health risk is to control and dispose the rural drinking
water containing Cr(VI), Pb and fluoride (F). The results
can provide important information of the early warning
for rural drinking water quality management.

3.3. Risk Management

Enhance the conservation of water sources

Technical measures: In order to ensure the drinking
water quality, the drinking water source of Qingyi River
should be protected according to the relational laws in
Regulations of pollution control to the Drinking Water
Source Conservation Areas, etc.

Construction contents: The conservation areas are de-
termined and the signs are set. The point source pollution
in conservation areas, such as rubbish, toilet, are re-
moved. In conservation areas, the organic agriculture and
water protection forest are developed to avoid non-point
pollution caused by pesticide and fertilizer and to reduce
the soil and water losses and preserve the water re-
sources.

Construction standards: The water quality is improved
and reaches the drinking water standard. The ground-
water quality reaches standards of groundwater quality
(GB/T14848) and the surface water quality reaches envi-
ronmental quality standards of surface water (GB3838).

Construction of drinking water supply

The construction of drinking water supply contains
water sources, facilities of water treatment, pipe network
of water delivery and distribution, water quality detec-
tion and so on. The construction of each part should
reach the requirements of relational regulations.

The selection and distribution of water sources: The
exploration and demonstration of water source selection
should be so deep and meticulous that can reduce the
investment of water supply system and the cost of water.
In addition, the exploration and demonstration should
ensure that the technologies are feasible, operation and
management are convenient and water supplying is safe
and reliable. When there are more than two water
sources to select, the different schemes should be com-
pared according to heir water qualities, water volume,
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engineering investments, operation cost, constructions,
managements and the conditions of healthy protection.
Then, the best scheme is decided. The regional water
resources allocation should be optimized well. The high
quality water is priority as drinking water for daily life.

Engineering type selection: According to the local
conditions of water source, water demand, landform and
the residential area density and the engineering types are
determined reasonably by comparing their technologies
and investment.

Selections of water treatment measures: the following
conventional water treatments are adopted to process the
original water which reaches the standards of water
source quality. The groundwater with good quality only
needs disinfection treatment. If the original water’s per-
manent turbidity is less than 20NTU and the instant one
is less than 60NTU, the technology of slow filtering with
disinfection or contact filtration with disinfection will be
adopted. In addition, the ultrafiltration membrane tech-
nology can be taken to process the original water. If the
original water’s permanent turbidity is less than 500NTU
and the instant one is less than 1000NTU, the technology
of coagulation sedimentation (or clarification) and filtra-
tion with the disinfection will be adopted. If the original
water’s sediment concentration changes greatly or its
turbidity is usually more than 500NTU, the facilities of
pre-precipitation and rough filtration or infiltration will
be added before the conventional water treatment tech-
nology.

If there is no qualified water source indeed, the fol-
lowing special water treatment measures should be
adopted. For brackish water desalination, the treatment
measures, such as electrodialysis, reverse 0smosis,
electric absorption should be adopted. For reducing the
fluoride in high fluoride water, the treatment measures,
such as medium adsorption, electrodialysis, reverse os-
mosis, electric absorption should be adopted. For the
treatment of micro-polluted water, the enhanced conven-
tional water treatment technology should be adopted. In
addition, the following measures added into the
conventional water treatment technology are adopted,
such as air floatation technology, biological pretreatment,
chemical pre-oxidation treatment, activated carbon
treatment, the ozone activated carbon advanced treat-
ment.

Selection of material and equipment: Comparing the
technology and investment, the material and equipment
in water supply engineering are determined according to
the concrete engineering situation. The material and
equipment should have reliable performance and reach
the relational national standards and requirements of hy-
gienic and safety. The products which are corrosion re-
sistant, aging resistant, energy-saving, water-saving and
good for environmental protection should be given prior-
ity to be used.
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Water quality monitoring

According to the requirements of The Drinking Water
Health Standards (GB5749), laboratory has been built
which is equipped with the appropriate water quality
monitoring equipment to monitor the water quality com-
ing from the water resources, the waterworks and pe-
ripheral water of pipe network. For the water supply
project in smaller scale, automatic test equipment or
simple testing equipment should be adopted or can be
also tested by the entrusted with drinking water quality
testing units.

Establishment and effective implementation for
water safety emergency mechanism

For the study of the emergency measures to unex-
pected events water safety, the comprehensive emer-
gency preparedness should be formulated from the legal
system, institutional settings, the application of informa-
tion technology, multi-sector participation, professional
research, capital protection, etc. The main contents of the
rural water safety emergency mechanism include as fol-
lows: forecasting the large-scale flood and drought dis-
aster and possible rural water safety emergency events
based on the regional climate and water resources status;
designing the corresponding emergency preparedness
according to rural water safety emergency calculation
water quantity; setting up a special inter-departmental
water safety emergency control and implementation
agencies to enhance reaction speed and achieve the
“emergency” requirement really.

5. Conclusions

Combining the rural drinking water quality with public
health hazards, this paper quantitatively analyzes the
degree of water environmental pollution on public health
hazards and obtains the synthesized results of the water
environmental quality based on the health risk calculated
results. And it also determines the primary-secondary
water pollutions, gives the control priority, and provides
a scientific basis and decision-making objects of the en-
vironmental risk management.

In the study area, the mainly problems of the water
environmental health risks are as follows: rural water
source pollutant risk, the outburst water source pollutant
risk, simple supply structures and the weak ability to
resist risks, unexpected geological disasters increasing
the risk of the rural water supply system, water treatment
risk, water sources health risk of surrounding areas, etc.
The calculated results show that the greatest health risk
for individual person per year is caused by Cr(VI). The
health risk of carcinogens is much higher than that of
non-carcinogens. The greatest risk value due to non-car-
cinogen pollutants is caused by fluoride (F), achieving
1.05x10®/a. The ranking of risk values due to non-car-
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cinogen pollutants by drinking water is Pb>fluoride
(F)>Hg, within Pb accounting for 44.77%, fluoride (F)
accounting for 34.30% and Hg accounting for 20.92%.
The average individual carcinogenesis annual risk of
Cr(VI) is the greatest, achieving 8.91x10*/a. The rank-
ing of risk values due to chemical carcinogen by rural
drinking water of Ya’an is Cr®* > As> Cd, within Cr®*
accounting for 91.12%, As accounting for 5.89% and Cd
accounting for 3.00%. Based on this, this study pointed
out that the effective way of decreasing the health risk is
to control and dispose the rural drinking water containing
Cr(VI), Pb and fluoride (F). The results can provide im-
portant information of the early warning for rural drink-
ing water quality management.

In the study area, the mainly control measures of the
water environmental health risk are as follows: conserv-
ing the water resources, constructing supply water pro-
ject, monitoring water quality, investigating and con-
structing emergency water sources, establishing and im-
plementing of water safety emergency mechanism effec-
tively.

The rural water source water quality health risk as-
sessment shows the relationship between water quality
and human health. It can provide much more scientific
information for the management and protection of rural
water sources to apply this method to evaluate the water
quality safety of rural water source and detect the rela-
tionship between the source water quality and human
health.

This study has uncertainty to some extent and mainly
showing as follows. On one hand, following the risk as-
sessment method of the effect of drinking water pollut-
ants on human used by EPA, the exposure way just takes
average drinking intake into consideration which ex-
cludes other toxic substances and their routes, for in-
stance, inhaling by dermal touch and the form of steam
and dieting. Actually, the exposure risk of pollutants is
underestimated. On the other hand, the exposure risk by
drinking is also closely bound up with residence time of
water in domestic pipe network, consumer’s life style,
consuming habit and career. So more complicated expo-
sure assessment method is needed to get the average ex-
posure dose by consumer touch, the daily distribution of
pollutants exposure dose and the main exposure chance
that individual is affected by pollutants. Therefore, this
study on the pollutants exposure risk in water is elemen-
tary which need to be developed further in future [11].
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Abstract

Quantification of spatial and temporal patterns of rainfall is an important step toward developing regional
water sewage models, the intensity and spatial distribution of rainfall can affect the magnitude and duration
of water sewage. However, this input is subject to uncertainty, mainly as a result of the interpolation method
and stochastic error due to the random nature of rainfall. In this study, we analyze some rainfall series from
30 rain gauges located in the Great Lyon area, including annual, month, day and intensity of 6mins, aiming
at improving the understanding of the major sources of variation and uncertainty in small scale rainfall in-
terpolation in different input series. The main results show the model and the parameter of Kriging should be
different for the different rainfall series, even if in the same research area. To the small region with high den-
sity of rain gauges (15km?), the Kriging method superiority is not obvious, IDW and the spline interpolation
result maybe can be better. The different methods will be suitable for the different research series, and it

must be determined by the data series distribution.

Keywords: Rainfall, Spatial Distribution, Kriging, Interpolation

1. Introduction

Precipitation is in many cases the most important input
factor in hydrological modeling [1]. The role of rainfall
is essential for urban hydrology: it is the driving phe-
nomenon of runoff mechanisms, particularly in an urban
context. Its variability constitutes a significant source of
uncertainty for hydrological modeling. Assessing rainfall
variability is an important element to developing con-
ceptual and predictive models of runoff, pollutant load-
ing, and river dynamics. Quantification of spatial and
temporal patterns of rainfall is an important step toward
developing regional water sewage models. For example,
the intensity and spatial distribution of rainfall can affect
the magnitude and duration of pollutant washoff to the
ocean [2,3], which are also an input for hydrological
models. The small size of the urban catchments and the
hydrological purposes (especially for real time applica-
tions) oblige us to consider rainfall at small scales: on the

“Corresponding author. Foundation item: The Major Science and
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order of 6 min in time and 5 km in space. Hence urban
hydrology requires rainfall measurements with high tem-
poral and spatial resolution.

However, this input is subject to uncertainty, as a re-
sult of measurement errors, systematic errors in the in-
terpolation method and stochastic error due to the ran-
dom nature of rainfall. In addition to the stochastic na-
ture of rainfall, the precipitation pattern may be influ-
enced by the irregular topography. The large variability
in altitude, slope and aspect may increase variability by
means of processes such as rain shading and strong
winds. Accurate estimation of the spatial distribution of
rainfall and extrapolation of point measurements over
large areas is complicated.

The best method to improve the quality of spatial
rainfall estimation is to increase the density of the moni-
toring network. However, traditionally used rain gauges
data are sparse and do not always provide adequate spa-
tial representation of rainfall. This is very costly, and in
many cases practically infeasible. And even for dense
networks, interpolation remains necessary in order to
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calculate the total rainfall over a certain area [4]. There-
fore, both the design of an adequate monitoring network
and choice of an interpolation method require insight in
the patterns of rainfall variability and the sources of un-
certainty. To provide optimal input for distributed hy-
drological modeling, the best strategy is probably a com-
bination of all available information on rainfall, includ-
ing data from hourly point observations, radar data,
denser daily measurements, physiographic factors like
elevation, and applying sophisticated interpolation or
merging methods [5].

Rainfall has been interpolated using averaged values

ranging from daily, monthly or annual aggregation levels.

And quite a number of modern interpolation methods
have been proposed for rainfall. Besides geostatistical
approaches, such as ordinary Kriging, Kriging with ex-
ternal drift and co-Kriging [6,7], other techniques based
on splines [8,9] or genetic algorithms [10,11] have been
applied. These studies concluded that the Kriging
method yields a more realistic spatial behaviour of the
climatological variable of interest. The use of auxiliary
variables in order to improve the spatial interpolation of
rainfall variables has been analyzed. Some authors use
elevation as an auxiliary variable improving the spatial
interpolation of monthly rainfall data, and showing that
the interpolation of daily events is improved by the use
of elevation as a secondary variable even when these
variables show a low correlation [12].

For years various correlation and Semi-Variogram
techniques have been used to evaluate both the temporal
and spatial structure of rainfall events. Apart from corre-
lation techniques, use of a semi-variogram model for
two-dimensional (2-D) interpolation with Kriging ap-
proach has been a common practice in different engi-
neering applications, especially in the fields of mining
and hydrogeology [13]. By its definition, a semi-
variogram function has the capability of estimating the
disassociation between measurements from the different
gauge locations. In hydrologic engineering applications,
the semi-variogram development has been applied to
estimate the mean precipitation over a catchment by
Matheron (1971), Creutin and Obled (1982), Bastin,
Larent and Gevers (1984).

In this study, we analyze some rainfall series from 30
rain gauges located in the Great Lyon area (Figure 1),
including annual, monthly, daily and intensity of 6mins,
which is more useful to water drainage model. Lyon
possesses one of the densest rain gauge networks in an
urban area within Europe, having 52 gauges in an area of
460 km®. Most of the pluviometers belong to the urban
community of Lyon, with 30 tipping bucket rain gauges
working in this area. This creates a density of more than
1 pluviometer for every 15 km?. They are spread all over
the Lyon area, although with a lower density in the east-
ern part of the agglomeration. The first rain gauges were
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set up in 1985, but the actual network density of the pre-
sent day was reached in 1989. The data is available every
6 minutes although this is variable according to the tip of
the bucket.

This paper focuses on three interpolation methods for
the different rainfall series. The study is aimed at im-
proving our understanding of the major sources of varia-
tion and uncertainty in small scale rainfall interpolation
in the time series with different time resolution. This is
achieved by means of a spatial characterization and data
analysis of the rainfall series. The difference in uncer-
tainty between three interpolation methods that differ
strongly in complexity, IDW, Spline and Kriging, is as-
sessed by means of cross validation and validation. This
allows us to evaluate the amount of complexity allowed
in interpolation, in view of the available data.

2. Methods

Ground-based rain gauge networks supply a reliable
source of precipitation data used in many analyses asso-
ciated with the development of rainfall models. Three
methods for the interpolation are used: IDW, Spline and
ordinary Kriging. The methods are chosen because they
represent two kinds of interpolation methods -- determi-
nistic and geostatistical methods. Each interpolated loca-
tion is given the value of the closest measurement point,
resulting in a typical polygonal pattern and discontinui-
ties at the borders of the polygons. IDW and Spline are
deterministic, while Kriging is a geostatistical method.
The Inverse Distance Weighted (IDW) and Spline
methods are referred to as deterministic interpolation
methods because they assign values to locations based on
the surrounding measured values and on specified
mathematical formulas that determine the smoothness of
the resulting surface. Inverse distance weighted (IDW)
interpolation determines cell values using a linearly
weighted combination of a set of sample points. The
weight is a function of inverse distance. The surface be-
ing interpolated should be that of a locationally depend-
ent variable. The Spline method is an interpolation
method that estimates values using a mathematical func-
tion that minimizes overall surface curvature, resulting in
a smooth surface that passes exactly through the input
points. It fits a mathematical function to a specified
number of nearest input points while passing through the
sample points. This method is best for generating gently
varying surfaces such as elevation, water table heights,
or pollution concentrations.

A second family of interpolation methods consists of
geostatistical methods, such as Kriging, that are based on
statistical models that include autocorrelation (the statis-
tical relationship among the measured points). Because
of this, not only do geostatistical techniques have the

JWARP



138 T.TAO ET AL.

Altitude g
154

296
346
440

&
n

Figure 1. The location of rain gauges in Great Lyon.
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Figure 2. Average monthly precipitation of 30 rain gauges.

capability of producing a prediction surface, but they
also provide some measure of the certainty or accuracy
of the predictions. Geostatistical Analyst uses sample
points taken at different locations in a landscape and cre-
ates (interpolates) a continuous surface. The sample
points are measurements of some phenomenon such as
radiation leaking from a nuclear power plant, an oil spill,
or elevation heights. Geostatistical Analyst derives a
surface using the values from the measured locations to
predict values for each location in the landscape. Kriging
is an advanced, computationally intensive, geostatistical
estimation method that generates an estimated surface
from a scattered set of points with z-values [6,14,15].
Kriging involves an interactive investigation of the spa-
tial behavior of the phenomenon represented by the
z-values before the best estimation method is selected for
generating the output surface.

Kriging, like most interpolation techniques, is built on
the basis that things that are close to one another are
more alike than those farther away (quantified here as
spatial autocorrelation). The semivariogram is a means to
explore this relationship. Pairs that are close in distance
should have a smaller difference than those farther away
from one another. The extent that this assumption is true
can be examined in the semivariogram. Semivariogram
measures the strength of statistical correlation as a func-
tion of distance.

The semivariogram function is defined as: Y(si, sj)
= Y2 var(Z(si) - Z(sj)), where var is the variance. si and
sj are two locations, Z(si) and Z(sj) are their values.

If two locations are close to each other in terms of the
distance measure of d(si, sj), then they are expected to be
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more similar, so the difference in their values Z(si) -
Z(sj), will be small. As si and sj get farther apart, they
become less similar, so the difference in their values will
become larger. Notice that the variance of the difference
increases with distance, so the semivariogram can be
thought of as a dissimilarity function.

3. Results and Discussion

The results include three parts: one is to analyze the data,
deeper understanding of data will be useful to make de-
cision of model and results analysis; two is to make deci-
sion of parameters, such as the choice of semivariogram
model, lag size, and search neighborhood, and then ac-
cording to the cross validation, and comparison of dif-
ferent models, choose the appropriate model for ordinary
Kriging interpolation; three is to use the validation to
compare the three interpolation methods in annual,
monthly, daily and intensity data, and analyze the uncer-
tainty of different methods to different rainfall series.

3.1. Data Analysis

Rainfall data collected from January 1, 1986 to Decem-
ber 31, 2005 on 30 available stations in the whole study
area were analized with interpolation technologies. Data
with different time span may also have different spatial
and temperal distribution. Furthermore, different analysis
method should be selected for different data series. In
this study, four types of data series were studied, which
were annual, monthly, daily, and maxium 6-min precipi-
tation data. Average precipitation in November were
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selected as monthly rainfall data, because precipitation in
this month is always the highest one over 20 years. Pre-
cipitation on December 2, 2003 is selected as the one-
day rainfall data, because the storm event was happened
at this period, and all stations have non-zero rainfall data.

As the distribution of data will affect the selection of
methods, we firstly analyzed the Statistical Charateristics
of rainfall data. As shown in table 1, the distribution dif-
ference of the annual rainfall is not very big, and the C,
(Skewness Coefficient) is only 0.0557. While for the
rainfall intensity, the range of variation is bigger and Cs
is 0.194, and the biggest Cs is of the rainfall intensity.

3.2. Original Kriging Analysis

This section discusses the impact of different approaches
for the estimation of the semivariogram on the original
Kriging interpolation performance for different rainfall
data series. Because Kriging is a more complicated in-
terpolation process, one special problem for geostatistical
interpolation of whole time series is the effective and
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reliable estimation of the variograms for each time step
[5], so special attention is given to the analysis of the
impact of the semivariogram estimation on the interpola-
tion performance. First we should have a deeper under-
standing of the phenomena investigated so that we can
make better decisions on issues relating to our data, and
then by cross validation and comparing the different
models, to choose an appropriate model and parameters.

1) Fit a model—to create a surface and to choose the
definition and refinement of an appropriate model.

In the process of Kriging analysis, the semivariogram
plays a central role in the analysis of geostatistical data.
A valid semivariogram model is selected and the model
parameters are estimated before Kriging analysis is per-
formed.

According the history data spatial analysis, notice that
the values of the annual rainfall change more slowly in
the north—south direction than in east—west the direction.
This is because the terrain in east-west direction changes
greatly from high to low while the north-south direction

Table 1. of the data series from 30 stations.

Results Annual(mm) Month(mm) Day(mm) Intensity of 6min(mm/h)
Mean 798.966 105.565 63.479 94.062
Minimum 719.64 77.44 46.6 66
Maximum 877.98 130.87 86.2 140.5
Sd(yErt) 445 9.226 10.111 18.28
Cs 0.0557 0.0874 0.159 0.194
Sd(yErz): Standard Deviation
Distance, 10

Figure 3. Semivariogram result of annual data.

Copyright © 2009 SciRes.
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Table 2. Interpolation model parameters and results of different rainfall series.

Model and results Annual Month Day Intensity
Model spherical exponential spherical Gaussian
Anisotrop yes yes no yes
Root-Mean-Square(mm) 33.36 8.311 6.48 15.29
Average Standard Error(mm) 38.24 8.945 6.776 16.48
Mean Standardized -0.01779 -0.05089 -0.007049 -0.0018
Root-Mean-Square Standardized 0.898 0.9329 0.985 0.936

is more flat. So the anisotropy method is chose. Anisot-
ropy is a characteristic of a random process that shows
higher autocorrelation in one direction than another.
Annual semivariograms are inferred from annual data
considering anisotropic behavior using automatic and
manual fitting procedures. Figure 3 shows the semi-
variogram result of the annual precipitation data, and the
parameters of different rainfall series are shown in Table
2.

2) Perform diagnostics—the output surface using
cross-validation method, which will help understand how
well the model predicts the values at unmeasured loca-
tions.

Cross-validation uses the following idea—removes
one data locations and then predicts their associated data
using the data at the rest of the locations. In this way, we
ComPared the pr_ed'CtEd \_’alue to the observed value _and Figure 5. Error of Kriging interpolation in monthly rain-
obtained useful information about some of our previous fall(mm).
decisions on the Kriging model. The most rigorous way
to assess the quality of an output surface is to compare
the predicted values with those measured in the field.

Cross-validation is used to determine "how good" the
model is. The goal should be to have standardized mean
prediction errors near 0, small root-mean-squared predic-
tion errors, average standard error near root-mean-
squared prediction errors, and standardized root-mean-
squared prediction errors near 1.

Table 2 lists the different rainfall series estimation ~ Figure 6. Error of Kriging interpolation in intensity rain-
models, parameters and results that are compared here. fall(mm).

Figure 4 shows the standardized error of Kriging in-
terpolation on annual rainfall data. We may conclude
from the analysis result that, for the annual rainfalls se-
ries from 30 stations, the majority of results of Kriging
interpolation is very good with +5% limits of relative
errors. Although the maximum and minimum interpola-
tion errors are a little high, the results are reasonably
accepted, because Kriging interpolation is based on the
measured value so that the predicted value can not sur- Figure 7. Error of Kriging interpolation in daily rain-

pass this scope. fall(mm).

Figure 4. Standardized error of Kriging in annual rainfall.
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Figure 8. Measured value and predicted value of IDW for
annual rainfall.

Figure 9. Measured value and predicted value of Kriging
for annual rainfall.

The same spatial analysis was carried out in monthly
rainfall, daily rainfall and rainfall intensity data, as
shown in Figure 5, Figure 6, and Figure 7. The result
shows that interpolation on the monthly data series is
obviously better than the results on the intensity series
and the daily series. The relative errors of monthly series
are about within £8% limits, and we also noticed that the
Cs of monthly data serie is obviously smaller than that of
the intensity data serie and the daily data seire. Therefore,
for the Kriging interpolation method, where there is
smaller data variation, there is better interpolation result.

3.3. Results of Three Interpolation Methods

The annual rainfall interpolation results of Kriging and
IDW method are shown in Figure 8 and Figure 9. From
the regression line of interpolation result, we could see
that both methods show good outputs, while the Kriging
result (the regression line slope is 0.38) is slightly better
than IDW (the regression line slope is 0.317). More de-
tailed analysis results are shown in Table 3-1. For
Kriging method, the relative error and std_dev of results
are 3.9 and 2.273, while for IDW the values are 2.192
and 3.959. It is believed that the difference of results
from these two methods is acceptable. Although neither
of these two methods has remarkable advantage in han-
dling with the average annual rainfall data, the spline
method will surely get worse results than the above two
methods.

Copyright © 2009 SciRes.
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Table 3-1. Validation results of three methods in annual
rainfall.

Relative Error of Annual rainfall

Method Standard
Low High Mean andar
deviation
0512 8186  3.900 2.273

Kriging-ordinary
IDW Spline 1.043 7.498  3.959 2.192
0.322 10.342 5.848 3.168

Table 3-2. Validation results of three methods in monthly
rainfall.

Relative Error of Monthly rainfall

Method

. Standard
Low High  Mean devaiti
evaition
0.0013  21.24 7.052 5.638

Kriging-ordinary
IDW Spline 0.6327 20.017 6.698 4.528
0.0196 21.132 6.068 5.454

Table 3-3. Validation results of three methods in the daily
rainfall.

Relative Error of Daily rainfall

Method

. Standard
Low High Mean -
deviation
0.337 20.01 7.282 5.139

Kriging-ordinary
IDW Spline 0.127 22159 6.817 6.410
0.001 20.951 8.969 7.981

Table 3-4. Validation results of three methods in the inten-
sity (6mins).

Relative Error of Intensity (6mins)

Method

Low High Mean Sta’.‘d"?“d
deviation
. . 2.640 25.691 11.829 7.046
Kriging-ordinar
y 1.759 34533 12217 8.961
IDW Spline
5902  52.392 16.699 14.213

For the average monthly rainfall data, result from
spline method is comparatively better(shown in Table
3-2), the relative error and std_dev of which are respec-
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tively 6.068 and 5.454, while the Kriging result (7.052,
5.638) is inferior to the IDW result. For daily rainfall
data, IDW method is the best one (shown in Table 3-3),
while spline is obviously worst. For intensity of
6-minute data series, none of the three methods produce
high-quality result. Kriging is comparatively good, while
the average relative error approaches 11.829 (shown in
Table 3-4).

3.4. Uncertainty in Interpolation

These results suggest that most of the uncertainty in-
volved in the interpolation is related to the different basic
data statistics. In this view, Kriging is not a better
method, as it relies strongly on the assumption of sta-
tionarity in the means and thus, a lack of external trends.

In fact, for different rainfall series, it is difficult to de-
termine which method is better. It is not changed with
the variation of measured value, its essence should be
closely related to the space and temporal distribution of
different series. For this study region, because the rain-
fall station distributed in high density with a small area,
the Kriging method cannot show an obvious advantage.
At the same time, results from kriging and IDW interpo-
lation are not much different. But for the spline method,
the interpolation results in daily rainfall and intensity are
not very good. According to statistics analysis of data,
we can consider that the spline method is not favorable
for data with big Cs .

Although some researchers proposed that in order to
reduce the uncertainty of spatial rainfall information, the
basic way is to introduce other relative variations with
high sample density [6], and to integrate them in inter-
polation methods. But this suggestion is only suitable for
the big area with low distribution density of rain gauges.
The choice of those relative variations and their integra-
tion with interpolation methods will be one of the main
directions of the future research in rainfall interpolation.

4. Conclusions

In this study, different interpolation approaches are
compared for the different precipitation series. Special
attention is given to the impact of the variogram estima-
tion approach on the interpolation performance. The
main results can be summarized as follows:

a) As a kind of geostatistical interpolation methods,
the application of the Kriging method obtained the wide-
spread promaotion, but in the application process it still
had the choice of multi parameters and the model. For
the different rainfall series in the same area, its model
and the parameter choice of Kriging method may be dif-
ferent.

Copyright © 2009 SciRes.

b) The impact of the semivariogram on interpolation
performance is also discussed in this paper. And anisot-
ropy and isotropy are all present in the data, also leading
to the little difference in prediction performance. The
best results can be obtained using an automatic fitting
procedure except isotropic and anisotropic varigrams
from all precipitation series.

c) Given the small region with high density of rain
gauges (15km?), the Kriging method superiority is not
obvious, and to some data series, IDW and the spline
interpolation result can be better. Therefore we may ob-
tain, to the different rainfall series, they will be suitable
for the different methods, and it must be determined by
the data distribution.

In this paper, we have analyzed the connection be-
tween data variance and the different interpolation
methods, but this kind of data variance that we analyzed
is only in the magnitude, not involved spatial distribution.
From the characteristic of spatial interpolation, the spa-
tial distribution can be influential to the method selected,
so it still needs further to study in this point. Although
we concluded that the different data series possibly can
be more suitable for different method, the detailed rela-
tions between the data and method, at present still has
not been able to analyze. Therefore to the small region, if
there is no relative information to be applied, selecting
the appropriate method will be the key research point.
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Abstract

According to the characteristics of oil containing wastewater, four strains of microorganism, named TA-11,
TA-17, HA-9, HD-1, were picked out from the oil contaminated soil and activated sludge of biochemical
treatment system of an asphalt plant wastewater in Panjin. They can degrade oil and CODc;, in oil containing
wastewater. The research result showed that each strain of microorganisms can remove oil and CODc; in oil
containing wastewater effectively when the pH value was 7.0, the temperature was 30 degree Celsius, the
rotation speed was 140r/min and the inoculation amount was 10%. Especially the highest removal ratio of
CODc, was 68% after growth of 64 hours. The removal ratio of CODc; in oil containing wastewater of mixed
bacilli was much higher than that of unitary bacilli, and mixing a certain amount of domestic sewage with the

oil containing wastewater will also improve the removal rate of COD,.

Keywords: Oil Containing Wastewater, Screening, Domestication, CODc,, Removal Ratio

1. Introduction

The source of oily wastewater is very extensive, mainly
including the oil industry, the oil processing, refining,
storage and transportation, the emulsified oil waste water
owing to the machinery manufacturing and processing,
car washing in the transport industry, railway mainte-
nance of the wash tank, and other oily waste water emis-
sions of restaurants, food processing, textile industry and
other manufacturing wastewater [1]. The main pollutant
in oily wastewater is oil, as well as the sulfide, volatile
phenol and so on.

According to the existing form of oil in the oily
wastewater, it can be divided into floating oil, dispersed
oil, emulsified oil, dissolved oil and so on. In the proc-
essing of oily wastewater, first of all, most of the floating
oil, dispersed oil and emulsified oil are removed by
physical or physical-chemical methods. And then bio-
chemical method is used in further treatment. At last, the
treated water was discharged after reaching standard
[2-5]. However, the oily wastewater is poor biodegrad-

Copyright © 2009 SciRes.

ability, and problems such as running instability and low
efficiency commonly exist in the bio-chemical process.
Consequently, it is academic and practical significance
that we should develop screening and domestication of
microorganism which is used in oil containing wastewa-
ter remediation.

2. Materrial and Methods
2.1. Experimental Strains

Strains of microorganism used in the experiment were
isolated from the oil contaminated soil and activated
sludge of biochemical treatment system of an asphalt
plant wastewater in Panjin. Four strains of microorgan-
ism, which can degrade oil and CODc;, of oil containing
wastewater effectively, were obtained through screening
and domestication [6-8]. In the laboratory they were
named TA-11(short rod-like, yellow, gram positive bac-
teria), TAL17 (globular, pink, gram positive bacteria) iso-
lated and purified from the oil contaminated soil of Panjin
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Table 1. Water quality of oil containing wastewater sample
(mg/L).

Phenol
34.31

Qil CODc¢;, Sulfur
63 1125 6.41

NH; - N
29.80

asphalt plant and HA-9 (rod-like, yellow, gram positive
bacteria), HD-1 (rod-like, pink, gram positive bacteria)
from activated sludge of biochemical treatment system of
an asphalt plant wastewater in Panjin.

2.2. Experimental Wastewater Sample

The oily wastewater is from biochemical treatment sys-
tem of an asphalt plant wastewater in Panjin, of which
the water quality is listed in Table 1.

2.3. Screening and Domestication of Strains

2.3.1. Preliminary Screening Method of the Strains
Through esterase decomposition test, strains which can
highly degrade oil were screened out. Pick one purified
strain, streak in prepared lipid culture medium, then put
it into biochemical incubator with the temperature of 30
C, finally observe the color of medium after static cul-
ture for 64h. If it became red, it would suggest that the
strain can degrade oil. The deeper the color showed, the
stronger the ability of oil degradation was.

2.3.2. Secondary Screening Method of Strains

After obtaining strains in preliminary screening, secon-
dary screening was based on ability of single strain deg-
radation of COD in oil containing wastewater.

2.3.3. Domestication Methods of Strains

Domestication processes were divided into three phases.
In the first phase, sterilized culture solution was filled
into erlenmeyer flasks with 70 ml in each, and inocula-
tion amount in each erlenmeyer flask was 5 ml. They
were cultivated in shaking cultivation at the speed of
130~140r/min, in the temperature of 30°C and for 72h.
At the same time, the ODsgsoWas measured every 6 hours.
In the second phase, the condition was the same as first
phase except that culture medium formula was different.
In the third phase, sterilized culture solution was filled
into the erlenmeyer flasks with 30 ml in each, and In-
oculation amount of each erlenmeyer flask was 2 ml. The

culture condition was the same as the two phrases before.
2.4. Determination of Growth Curve of Strains

Turbidimetry was applied to determine concentration of
bacterial suspension in order to decide the growth curve.
2ml of bacterial suspension was inoculated in newly
prepared and sterilized basic culture medium, and culti-
vated in 30°C. The ODss Was measured every 2h.

2.5. Medium-Related

Medium: beef extract 3g, peptone 10g, NaCl 5¢g, agar
15~20g, distilled water 1000 ml, pH value 7.0~7.2.

Oil medium: beef extract 3g, peptone 10g, NaCl 5g,
agar 15 ~20g, 90# diesel 1ml, the concentration of 1.6%
neutral red solution 1ml, distilled water 1000ml, pH va-
lue 7.0~7.2.

Domesticated medium: components of domesticated
medium shown in Table 2.

Seed Media: glucose 12.5g, yeast extract 2.5g,
NH4NO; 1g, MgSO,4-7H,0 0.2g, KCI 0.2g, distilled wa-
ter 1000ml, pH value 7.0~7.2.

Proliferated medium: glucose 30g, yeast extract 4g,
beef extract 1g, NH;NOs; 1g, MgSO4+7H,0 0.2g, KCI
0.2g, distilled water 1000ml, pH value 7.0~7.2.

2.6. Test Method of COD¢,

CODc;, in wastewater was determined by CODc, instru-
ment with the principle of potassium dichromate method.

2.7. Test Method of ODsggg

ODsgo was determined by 722E spectrophotometer at
550nm wavelength.

3. Results and Discussion

3.1. Screening of Strains

3.1.1. Primary Screening of Strains

Screen out the strains which can degrade the oil contain-

ing wastewater according to the esterase decomposition
experiment. The result is shown in Table 3.

Table 2. Culture medium component of high oil domesticating at different stages (g/L).

Stage of culture diesel yeast extract NH;NO; MgSO, 7H,0 KCI
1 1.0 3.0 1.0 0.2 0.2
2 5.0 1.0 1.0 0.2 0.2
3 10.0 1.0 1.0 0.2 0.2

Copyright © 2009 SciRes.
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Table 3. Esterase decompound experiment.

147

Flat culture time 12h 24h 36h 48h 64h
TA-11 ++ +++ ++++ ++++ ++++
TA-17 ++ ++ +++ ++++ ++++
TA-15 + ++ ++ +++ ++++

HA-9 + + ++ +++ ++++
HB-7 - + ++ +++ +++
HD-1 - - + ++ +++
HC-16 - - + + ++
TB-5 - - - + +
TC-11 - - - + +
HD-3 - - - + +

®: TA-11, TA-17. TA-15, TB-5. TC-11 are strains of microorganism separated from the oil contaminated soil
of an asphalt plant in Panjin; HA-9. HB-7. HD-1. HC-16. HD-3 are strains of microorganism isolated from ac-

tivated sludge of an asphalt plant in Panjin.

@): The results were divided into five grades according to shade:

our, the stronger of the degradation ability.

-\ +. ++, +++, ++++, the deeper of the col-

(®: The 10 strains of microorganism which can degrade the oil were listed in the table above.

3.1.2. Secondary Screening of Strains
The secondary screening standard of the strains is the
removal ability of CODc;.

We inoculated the single strain to the oil containing
wastewater with the pH value 7.0~7.2 and rotation speed
140r/min in 30°C. After 72 hours’ cultivation, CODg,
was determined. We performed the same experiment 3
times and the average result was shown in Figure 1.

In Figure 1, HA-9 has the highest COD¢, removal ratio
of 50.3%, the next is the strain nhamed HD-1 48%, and
then TA-11, TA-17, with the removal ratio of 44.8%

7

40H

20H

removal ratio %

T 1 1 Tt oo
HA-9 HD-1TA-11TA-17TA-15HB-7HC-16 TB-5 TC-11HD-3
strains

Figure 1. Variation of degradation ratios of pure strain.
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and 43.8% respectively. Consequently, the four strains
named HA-9, HD-1. TA-17 and TA-11 are chosen to
domesticate in the following experiment.

3.2. Taming of Stains

4 strains selected were domesticated, of which the result
is shown in Figure 2.
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In Figure 2, the value of the optical density ODsg, re-
flects the number of bacteria in suspension, thereby re-
flecting the propagation of growth of microorganisms.
According to the growth tendency, the number of bacte-
ria reaches to the highest value within about 48h with the
extension of time, while the trend becomes slow after
48h. It indicates that strains have a good capacity for
diesel degradation within a certain period of time, and
can survive in high oil concentration.

3.2.1. Morphological Characteristics and Growth
Curve of Strains

In beef extract peptone solid medium, TA-11 was yellow,
transparent, smooth in surface, round uplift for the col-
ony, and regular around. Cells were short rod-shaped,
positive in gram stain when they were observed in the
microscope.

In beef extract peptone solid medium, TA-17 was pink,
opaque, smooth in surface, of round colonies, smaller,
and regular around. Observed in the microscope, cells
were spherical, positive in gram stain.

In beef extract peptone solid medium, HD-1 was pink,
opaque, smooth in surface, of round colonies, regular of
the edge. Observed in the microscope, cells were rod-
shaped, positive in gram stain.

In beef extract peptone solid medium, HA-9 yellow,
deep color in center, opaque, of round colonies, regular
around. Observed in the microscope, cells were rod-
shaped, positive in gram stain.

The morphology characteristics and growth curves of
different strains are shown in Figure 3.
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Figure 4. Influence of pH on CODc, removal.

The Influence of Environmental Factor on
COD¢, Removal Effect

3.3.

3.3.1. The Influence of Original pH Value on CODc¢,
Removal Effect

PH value has a great influence on living activity of mi-

croorganism. It mainly changes electric charge on the

cell’s membrane, thereby affecting microorganism’s ab-

sorbability of nutriment; affects the enzyme’s acting;
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transforms the acquirable ability of nutriment and the
toxicity of injuring in their living circumstance. All kinds
of microorganism have their own and optimal pH value.

In order to investigate the influence of original pH
value on CODc, removal effect, we took bacterium liquid
2ml from each single bacteria, put them into 50ml
wastewater of different pH value respectively, cultivated
them at 30°C and rotate speed of shaking bed of
130r/min, and then measured the COD¢, removal ratio
after 64h. The result is shown in Figure 4.

The optimal pH value range of four bacteria is 7-8. In
this scope, their removal rates are high. When pH<S5, the
removal efficiencies of CODc;, in the wastewater are very
limited. When pH> 8, the removal efficiencies of all
kinds of microorganism are obvious declined. The result
shows that it is suitable for the four stains of bacteria to
survive in a neutral condition, while it is not conducive
to microbial growth and the degradation of oil in the
condition of too high or too low pH value.

3.3.2. The Influence of Temperature on COD¢,
Removal Effect

The principal part of wastewater treatment is kinds of
microorganism which have special function. And their
growth and propagating have consanguineous connec-
tions with the temperature. Microorganisms’ growth is
complicated biochemical reaction, which requires a cer-
tain range of temperature to perform in. The temperature
range is wide (-10~95 degree Celsius), but each kind of
microorganism can only growth in a definite range of
temperature. In the range of the optimal temperature,
microorganisms are vigorous physical activity, which
conducts high treatment efficiency of the wastewater.
And above or below this temperature range, it will injure
microbial enzymatic systems, and affect the microorgan-
isms’ metabolism and the degradation of organic pollut-
ants.

In order to investigate the influence of temperature on
CODc, removal effect, we took each single bacterium
liquid, put them into 50ml wastewater with pH value
about 7.0, cultivated them at different temperatures and
rotate speed of shaking bed of 130r/min, and measured
the COD¢, removal ratio after 64h. The result is shown in
Figure 5.

As shown in Figure 5, when the scope of temperature
is between 25 to 35 degree Celsius, removal ratios of
these four bacterium are high. In conclusion, the optimal
degradation temperature is 30 degree Celsius.

3.3.3. The Influence of Inoculation Amount on
CODc, Removal Effect

In order to investigate the influence of inoculation am-

ount on CODc, removal effect, we took each single bac-

terium liquid of 1ml, 2.5ml, 5ml, 7.5ml, 10ml, put them
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COD_ removal rate (%)

into 50ml wastewater with pH value at about 7.0, culti-
vated for 64h at 30°C and rotate speed of shaking bed of
130r/min, and then measured the COD¢, removal ratio.
The result is shown in Figure 6.
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It can be seen that the less of inoculation amount, the
higher concentration of residual CODc,. When the in-
oculation amounts are 2% and 5% respectively, the re-
moval ratios of the 4 strains are less than 50%. And
when the amount is over 10%, the influence on removal
ratio is not obvious. Considering the economic benefit,
10% inoculation amount is optimal.

3.3.4. The Influence of Aeration Intensity on

CODc, Removal Effect
The speed of shaking bed is used to represent aeration
intensity in this experiment. We have investigate the in-
fluence of aeration intensity on CODc, removal effect at
the range of 0~180 r/min.

We chose each single bacterium liquid, put them into
50ml wastewater with pH value about 7.0, in the 30 de-
gree Celsius temperature conditions, cultivated them at
the speed of 0, 40, 80, 120, 140, 160 and 180 r/min re-
spectively for 64h. At last, we contrasted the CODc, re-
moval ratios in the wastewater of different bacterium
liquids at different speeds. The result is shown in Figure
7.

As the result shown in Figure 5, with the increase of
speed, CODc, removal ratios in the oil containing
wastewater are in upward trend. When the speed is at
140r/min, the CODc, removal ratios are the highest, es-
pecially the removal ratio of HA-9 can be 68%.

3.3.5. The Influence of Mix-Bacterium on CODc,
Removal Effect

We took 5ml bacterium liquid of each bacterium, put all
of them into 50mL wastewater with pH value about 7.0
in the 30 degree Celsius temperature conditions, culti-
vated them for 64h at the speed of 140r/min. At last, we
measured CODc¢, removal ratios which changed with
time, and compared with the equivalent single-strain
vaccine. The result is shown in Figure 8. As shown, the
removal ratio of the mix of efficiency is higher than that
of each single stain.
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Table 4. Comparation of the removal ratios of CODc,.

Strains TA-11 TA-17 HA-9 HD-1 4 mixed strains
Add nutriments 74 76 80 78 88
Removal ratio
No add 60 65 68© 67 78

3.3.6. The Influence of Nutriment on CODc,
Removal Effect

It is not only enough organic matters, but also many
kinds of well-proportioned nutriment that are required in
the growth of microorganism, including C, N, P, S and
many microelements such as K, Ca, Mg, Fe and vitamins.
Domestic sewage can meet the requirement. As a result,
domestic wastewater which was simulated with com-
pounds of 0.4% NH4NO3 0.8% K,HPO, 0.8% KH,PO,
0.1% MgSO4H,O and distilled water with pH value
around 7 is added to the oil containing water in this ex-
periment. Their proportional is 1:1, and CODc, of the
mixed wastewater is 850 mg/L. We added 10% of total
inoculation amount, and 2.5% of inoculation amount of
each single bacterium, into the mixed wastewater, and
cultivated them in 30°C, at rotate speed of shaking bed of
140r/min for 64h. Compared with the wastewater which
is diluted as twice of the original, we investigated the
removal ratio of CODc, of immobilized bacterium. The
result is shown in Table 4.

The result shows that the removal ratios of each strain
have increased after 64h. So it is helpful to improve the
removal effect if a certain amount of domestic sewage is
added into the oil containing wastewater in practical
treatment.

4. Conclusions

1) We have separated four objective stains of bacterium
which have high efficiencies on removal of oil and
CODc; in the oil containing wastewater from soil pol-
luted by heavy oil and activated sludge biochemical
treatment system of an asphalt plant wastewater in Panjin.
And they are named in the laboratory: TA-11, TA-17,
HA-9 and HD-1. It is observed in the microscope that the
four stains of bacterium are gram-positive.

2) The biochemical degradation tests on the oil con-
taining wastewater show that the treatment effects of
each stain are best when the pH value is 7.0, the rotation
speed 140r/min, the inoculation amount 10% and the

Copyright © 2009 SciRes.

temperature of circumstance 30 degree Celsius. And af-
ter 64h’s cultivation, the COD¢, removal ratio can reach
approximately 68% of single bacterium. The CODc;, re-
moval efficiency of the mix stains is higher than that of
any single stain.

3) It is mixing a certain amount of domestic sewage
with the oil containing wastewater that will also improve
the removal efficiency of CODc, in practical treatment.
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