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ABSTRACT
Carlsson, Bjorn. M.S. The University of Memphis. December 2013. A
Statistical Analysis of the Beneficial Effects of Ferrous Chloride at the T. E.
Maxson Treatment Plant. Major Professor: Larry W. Moore, Ph. D.
Addition of ferrous chloride can improve wastewater treatment plant
process outcomes. In the study, a municipal wastewater treatment plant ceased
adding ferrous chloride to its anaerobic lagoon and belt filter press filtrate return
streams. Total suspended solids (TSS) and five-day biochemical oxygen
demand (BOD5) effluent concentrations and percent removals, primary clarifier
BOD5 and TSS effluent concentration and percent removals, sludge volume
index (SVI), sludge polymer feed demand, and H2S concentration in biogas on
days with ferrous chloride addition were all compared using non-parametric
randomization statistical techniques to days without ferrous chloride addition. It
was found that plant performance on days with ferrous chloride addition were
significantly different (p < .01) for all examined variables except for primary
clarifier TSS percent removal. This is in agreement with findings in the
wastewater treatment literature that ferrous chloride can control H2S in biogas,
improve sludge dewatering, and improve sludge settleability.
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CHAPTER 1
INTRODUCTION
1.1 Iron Salts in Wastewater Treatment
Iron salts have a long history of use in wastewater treatment applications. As
a chemical coagulant, they can help remove substances that contribute to five
day biochemical oxygen demand (BOD5) and total suspended solids (TSS).
Ferrous chloride is an iron salt of utility in wastewater treatment applications.
Adding ferrous chloride is a simple way of adding iron ions into solution, which
have a number of beneficial effects. Wastewater treatment plant operation
literature and wastewater research suggest that addition of ferrous chloride to
influent can control hydrogen sulfide gas, improve primary clarifier performance,
improve sludge dewatering, and improve overall effluent quality. The T. E.
Maxson Treatment plant in Memphis added ferrous chloride to its influent for a
period of several years, but ceased January 2012. This provides an opportunity
to study the beneficial effects of ferrous chloride addition on wastewater
treatment plant operations by comparing the performance of the plant with
ferrous chloride added with the performance without ferrous chloride. This shall
be done via a statistical comparison between the two data sets.
1.2 Overview of the T. E. Maxson Wastewater Treatment Plant
The T.E. Maxson wastewater treatment plant is a publicly-owned wastewater
treatment plant that treats on average 70 million gallons of influent per day.
Figure 1.1 displays a flow diagram for the plant. Influent flows through coarse
bar screens to remove large material and then grit basins and finer screens to
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remove grit and smaller material not caught by the bar screens. Influent then
proceeds through primary clarification, high-rate trickling filters known as
biotowers, and an activated sludge process. A part of the effluent from the
biotowers is recirculated to the head of the biotowers. Effluent from the
secondary (marked final on the diagram) clarifier is returned to the head of the
biotowers or to the head of the aeration basins depending on the operation mode
of the plant. Effluent is then discharged into the Mississippi River. Waste
activated sludge (WAS) and primary sludge go to a series of anaerobic lagoons
where the sludge is anaerobically digested. Biogas generated by the anaerobic
digestion process is flared onsite. Lagoon supernatant is returned to the
headworks of the plant. Sludge is then stored and then dewatered using a belt
filter press. The belt filter press filtrate is pumped to the headworks of the plant,
and the solids are land-applied onsite.
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Figure 1.1: Flow diagram of Maxson WWTP with Ferrous Chloride Addition
Streams in Red
1.3 Iron Salt Use at T. E. Maxson Treatment Plant
The T. E. Maxson plant in Memphis Tennessee added recycled ferrous
chloride in solution to improve its process outcomes. Addition of ferrous chloride
started in January 1998 and lasted until February 2012. The last month ferrous
chloride was added to influent was September 2011. Ferrous chloride continued
to be added to sludge as a coagulant until February 2012, when it also ceased.
Ferrous chloride was added at three points in the process. The first point was a
manhole located at the headworks of the plant. Ferrous chloride added here is
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referred to as influent ferrous chloride. Figure 1.2 shows the addition point. The
second addition point was a manhole for a lagoon supernatant return stream
shown in Figure 1.3. Ferrous chloride added here is also referred to as influent
ferrous chloride. The last addition point was to the Number 5 sludge lagoon,
shown in Figure 1.4. Ferrous chloride added at this last point is referred to as
sludge ferrous chloride.

Figure 1.2: First addition point of ferrous chloride at headworks manhole
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Figure 1.3: Second addition point of ferrous chloride at lagoon supernatant return
stream

Figure 1.4: Third addition point of ferrous chloride at Number 5 Sludge Lagoon
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1.4 Purpose of the Study
The cessation of ferrous chloride use at the T. E. Maxson plant provides an
opportunity to study its beneficial effects in wastewater treatment in vivo. Some
of the potential benefits of adding ferrous chloride or other iron salts are
•

Improved TSS removal in primary clarifier

•

Less hydrogen sulfide at plant headworks

•

Reduced polymer costs for dewatering

•

Less hydrogen sulfide in biogas

•

Improved sludge settleability

•

Better effluent quality

These effects can be measured by comparing the data set with ferrous chloride
addition with the data set without ferrous chloride addition using computational
randomization statistical techniques.
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CHAPTER 2
LITERATURE REVIEW
2.1 Iron Salt Control of Hydrogen Sulfide
H2S is “the most commonly known and prevalent odorous gas associated with
domestic wastewater collection and treatment systems” (Bowker et al. 1989).
The emission of H2S from wastewater transfer and treatment plants can result in
complaints from the surrounding area due to its unpleasant rotten egg odor (Gore
and McLaughlin 2009). The odor of H2S is detectable at concentrations as low
as 0.02 ppm, with one study suggesting a detection level as low as 0.1 ppb. H2S
is also a precursor to sulfuric acid, which can corrode infrastructure. This type of
corrosion requires the following conditions (Bowker et al. et al. 1989):
•

Presence of dissolved sulfides in the wastewater.

•

Release of H2S gas from the water phase to the gaseous phase.

•

Biological oxidation of H2S to sulfuric acid above the wastewater surface in
a pipe or basin.

•

Acid attack on the moistened surfaces of cementitious or metallic surfaces
exposed to the atmosphere.

Materials such as iron, zinc, copper and copper base alloys, lead, cadmium,
carbon steel, stainless steel, and aluminum alloys are corroded by sulfuric acid
(Bowker et al. et al. 1989; Hobson and Yang 2000; Wiener et al. 2006). Damage
caused by this type of corrosion is endemic in the industrialized world, and
requires costly rehabilitation and replacement activities (Padival et al. 1995).
7

Minor problems occur at concentrations of 0.1-0.5 mg S/L, while severe corrosion
can occur at concentrations as low as 2 mg S/L (Nielsen et al. 2005).
H2S is produced under anaerobic conditions from sulfate, an abundant
anion in water, in the following reduction of sulfur reactions (Bowker et al. 1989):
SO4 +organic matter  S +H2 O+CO2
anaerobic bacteria

2-

2-

S +2H-  H2 S
2-

(1)

(2)

These two reactions can be combined to form the single equation:
SO4 +organic matter+H2 O  2HCO3 +H2 S
bacteria

2-

-

(3)

Desulfovibrio desulfircans or, alternately, Desulfatomaculum desulfuricans, are
the primary sulfate-reducing bacteria in sewers and wastewater treatment plants.
As obligate anerobes, they utilize sulfate as an oxygen source and organic
matter as food supply. All three, bacteria, sulfates, and organic matter, are
ubiquitous in wastewater, therefore, provided fully anaerobic conditions,
hydrogen sulfide gas is produced. This anaerobic process mainly occurs in
biofilms and sediments in the submerged part of sewers (Zhang et al. 2008;
Bowker et al. 1989)
H2S as a gas heavier than air and readily accumulates in poorly-ventilated
areas commonly found in wastewater treatment and transport such as manholes,
sewer-lines, and anaerobic digesters (OSHA 2005). H2S can be dangerous at
relatively low concentrations: 1 ppm is perceived as a rotten-egg odor, 50 ppm
8

deadens olfactory nerves preventing smell and causes illness and 300 ppm can
cause instant death. (Jameel 1989). The loss of smell can occur quite rapidly if
not instantaneously at sufficiently high concentrations, increasing the danger to
unprotected personnel (OSHA 2005). In a public health study following a mass
exposure at a construction site, Snyder et. al found that exposure to H2S was
associated with coma, death, and hypoxic brain damage. The authors note that
significant H2S exposure and poisoning occur despite workplace knowledge of
the hazard the gas presents. The authors also suggest annual neurological and
neuropsychological testing for exposure victims who display neurotoxicity
symptoms on an annual basis for five years. This is to detect and study the
“subtle but permanent alterations of central nervous system function that follows
H2S exposure.” (Snyder et. al 1995) In addition to its direct inhalation dangers,
H2S is also an explosive gas, with a lower explosive level of 4.3 percent by
volume in air and an upper limit of 45 percent by volume in air (Bowker et al.
1989). As sites that can potentially produce or expose H2S to the air, wastewater
treatment plants must manage H2S gas for public safety.
Due to its numerous hazards and damaging effects, prevention of H2S is
preferred to its treatment (Boon 1995). However, if prevention is not feasible in
specific applications, adding iron salts to wastewater is one of the more common
methods to control H2S gas (Bowker et al. 1989; Firer et al 2008.; Ganigue et al.
2011; Nielsen et al. 2008). This type of treatment has been in use in wastewater
treatment plants as early as the 1920s in some areas (Padival et al. 1995). Iron
salts dissolve in water, forming ferric or ferrous ions in solution. One mechanism
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of H2S removal is that ferrous salt is added to wastewater, and sulfide is
precipitated out in the following reaction (Bowker et al. 1989):
Fe2+ +HS  FeS+H
-

(4)

Another method is to use ferric chloride, which reacts with sulfide (Jameel 1989):
2Fe +3HS  Fe2 S3 +3H
3+

-

+

(5)

The ferrous sulfide and ferric sulfide formed in previous two reactions are highly
insoluble in water, removing sulfide from solution and thus preventing the
formation of H2S. It is presently unclear whether one salt is more effective than
another. With one empirical finding that ferrous chloride was more effective than
ferric chloride in sewer sulfide control applications (Jameel 1989), while another
found ferric chloride slightly more effective than ferrous chloride (Tomar and
Abdullah 1994). More effective than ferrous salts by themselves is a mixture of
one part ferrous salt to 2 or 1.9 parts ferric salt which precipitates sulfide in the
following reaction (Bowker et al. 1989; Padival 1995):
Fe2+ +2Fe3+ +4HS  Fe3 S4 +4H+
-

(6)

Iron salts are mainly added at wet wells and pumping stations for H2S control in
sewer applications (Ganigue et al. 2011). Other sites of concern are areas of
high turbulence, such as wastewater treatment plant headworks, where H2S can
escape readily (Barjenbruch 2003). Iron salts can also control H2S gas
production downstream in anaerobic digesters by addition to raw wastewater,
10

and an empirical study suggested that FeCl2 is more effective than FeCl3 for this
application (Dezham et al. 1988). This method has been shown to have no
impact on biogas production or other digestion processes (Ge et al. 2013).
Determining iron salt dose for this method of controlling H2S can be difficult
as it is largely determined empirically and the number of parameters and the
complexity of the wastewater as a medium can make predictions difficult (Firer
et. al 2008; Nielsen et al. 2008). A study by Nielsen et. al added ferric chloride to
two different wastewaters and found that the variability in kinetics could not be
sufficiently explained by background concentrations of iron. The authors
suggested that other background metals are likely important in chemical sulfide
oxidation (Nielsen et al. 2007). A recent study suggested that a minimal molar
ratio of 1.3 Fe to 1 S will control H2S gas with only ferrous salts and that a 2-to-1
ferric to ferrous mixture of iron salts will control H2S at a minimal ratio of 0.9 Fe to
1 S (Firer et al. 2008). Another study found that a laboratory-scale sewer system
fed with real sewage could have its H2S controlled by a FeCl2 dose as low as 0.7
mol of ferrous iron to precipitate 1 mol of sulfate. The authors suggested that this
may be due to the action of sewer biofilms, which are not present in batch tests
(Zhang et al. 2010). Another study showed that a pH below 7 can cause less
than 40% of added ferrous iron to precipitate sulfide (Nielsen et al. 2008).
2.2 Iron Salts Impact on Effluent Quality
Adding iron salts to wastewater influent is also a form of chemical
precipitation, whereby chemicals added to the influent aid in the removal of
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pollutants. Chemical precipitation is done in wastewater treatment for four
primary reasons (Metcalf and Eddy 2003; Filali-Meknassi et al. 2005):
•

To improve performance of primary settling facilities.

•

As a basic step in the independent physical-chemical treatment of
wastewater.

•

To remove phosphorus.

•

To remove heavy metals.

Ferric chloride can fulfill the first two functions when added to influent, provided
the influent has sufficient alkalinity. When added, it reacts in the following way
(Metcalf and Eddy 2003):
2FeCl3 +3Ca(OH)2  2Fe(OH)3 +3CaCl2

(7)

The ferric hydroxide formed is highly insoluble and creates a bulky, gelatinous
floc which enhances suspended solids removal in the primary clarifier. By
comparison, a well-designed and well-operated primary clarifier can remove 50
to 70 percent of TSS, 25 to 40 percent of BOD, and 25 to 75 percent of bacteria
in wastewater. Chemical precipitation can increase these removals to 80 to 90
percent of TSS, 50 to 80 percent of BOD, and 80 to 90 percent of bacteria
(Metcalf and Eddy 2003).
Phosphorous is a key nutrient for algae growth in eutrophic bodies and
thus adequate removal is necessary in wastewater treatment plant applications
(Singer 1972; Gutierrez et al. 2010). Ferrous chloride and ferric chloride can
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both chemically precipitate phosphorous. Ferrous iron reacts with phosphate
ions in solution (Singer 1972):
3Fe2+ +2PO4  Fe3 (PO4 )2
3-

(8)

It has been established that ferrous iron can remove orthophosphate ( )
efficiently from wastewater by this mechanism (Singer 1972).
Ferric chloride can also remove orthophosphate as a function of pH (Singer
1972):
Fe3+ +PO4  FePO4
3-

(9)

In a comparative study of chemical and biological methods of phosphorous
removal, it was found that ferric chloride removed phosphorous at an
approximate 1:1 molar ratio, while ferrous chloride, added in the form of spent
pickle liquor, removed phosphorous at a 0.47 molar ratio. Both of these were
conducted in a highly efficient Sequencing Batch Reactor (SBR) process, which
likely increased the observed removal rates (Ketchum et al. 1987). In another
study of the contribution to phosphorus removal by iron salts dosed to sewage to
control hydrogen sulfide, it was found that ferric chloride removed phosphorus in
a 0.44 molar ratio while ferrous chloride removed in a 0.37 molar ratio (Gutierrez
et al. 2010). However, this phosphorus removal via iron salt addition comes at
the price of inhibition of nitrification, which can be a problem for wastewater
treatment plants with high levels of ammonia (Clark et al. 2000; Phillips et al.
2003).
13

Another study on paper mill effluents found that ferrous sulfate (FeSO4 ) was
effective in improving activated sludge settleability. In three weeks, sludge with
an SVI greater than 300 mL/L and filamentous characteristics was reduced to 90
mL/L with a compact structure. When ferrous sulfate dosing stopped, the sludge
returned to a bulky, filamentous state within four weeks (Agridiotis et al. 2006).
2.3 Iron Salts as Chemical Sludge Conditioners
Iron salts can also be used as chemical conditioners to dewater sludge.
Sludge solids are coagulated and absorbed water is released (Metcalf & Eddy
2003). Ferric chloride and ferrous sulfate are commonly used to dewater sludge,
and are usually selected based on cost and availability (Journal [Water Pollution
Control Federation] 1960; Thomas 1971). Dewatering characteristics and
dosages vary based on the composition of sludge being treated and whether it is
a combined primary and secondary sludge (Parker et al. 1974; Zack 1950). One
study found that ferric chloride was effective in reducing polymer demand for the
dewatering of biosolids from authothermal thermophilic aerobic digesters (Murthy
et al. 2000).
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CHAPTER 3
MATERIALS AND METHODS
3.1 Treatment Plant Data
All data were supplied to the author by the City of Memphis. Influent BOD5
and TSS were sampled from the headworks of the plant. Effluent BOD5 and TSS
were sampled after the secondary clarifier. SVI was measured from active
sludge mixed liquor. Hydrogen sulfide was sampled from biogas and analyzed at
an off-site laboratory. Primary clarifier effluent was sampled before entering the
biotowers. Standard methods or EPA methods were used to analyze all data
(Eaton et al. 2005). Sampling frequencies for each variable are summarized on
Table 3.1.

Table 3.1: Sampling frequency for variables under analysis
Data Type
Units
Method Used
Influent BOD5 conc.
Influent TSS conc.

mg/L
mg/L

Daily sampling
Daily sampling

Effluent BOD5 conc.
Effluent TSS conc.
Primary effluent TSS conc.

mg/L
mg/L
mg/L

Daily sampling
Daily sampling
Daily sampling

Primary effluent BOD5 conc.

mg/L

Calculated from data

%
%

Daily sampling
Calculated from data

BOD5 removal
TSS removal
SVI
Polymer feed

%
%
mL/L
lbs/ton

Calculated from data
Calculated from data
Daily sampling
Monthly sampling

FeCl2 added to Influent

lbs/day

Monthly and daily

FeCl2 added to Sludge
Hydrogen Sulfide in Biogas

lbs/day
ppm

Monthly and daily
Approximately monthly

Primary effluent BOD5 removal
Primary effluent TSS removal
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Ferrous chloride addition data were reported as total poundage added per
month and by fraction added to influent and fraction added to the sludge return
stream. Influent and sludge return stream daily addition amount used in the
analysis were obtained using the following formula

Daily dose=

Monthly dose*Respective fraction

(10)

Number of days in month

Percent BOD5 removal was calculated as

BOD5 Removal=

Influent BOD5 conc,-Effluent BOD5 conc.
Influent BOD5 conc.

*100

(11)

Percent TSS removal was calculated similarly:

TSS Removal=

Influent TSS conc.-Effluent TSS conc.
Influent TSS conc.

*100

(12)

Primary clarifier TSS removal was calculated using the concentration of TSS of
effluent coming out of the primary clarifier as

Primary TSS Removal=

Influent TSS conc. -Primary Eff. TSS conc.
Influent TSS conc.

*100

(13)

Primary clarifier BOD5 removal was reported directly. Thus, to find the primary
effluent BOD5 concentration, we arrange the BOD5 removal equation above as

Primary BOD conc. = 1-

Primary BOD removal
100

16

*Influent BOD conc.

(14)

The testing method for primary BOD5 removal returns some anomalous readings,
namely negative BOD5 removal percentages and 100% removal rates. These
data primarily occur because influent and effluent samples are taken at about the
same time, but the actual process has a lag of a few hours as the wastewater
flows through the primary clarifiers. Therefore, some unusual data are expected.
These unusual data are discarded from the following analysis for being unusable.
3.2 Statistical Analysis
To determine whether any observed differences between the two data sets of
using ferrous chloride and not using ferrous chloride are significant, statistical
methods must be used. The statistical program Statistical Product and Service
Solutions (SPSS) was used to store and sort data as well as generate descriptive
statistics for all data sets. The open-source statistics program R was used for
randomization analyses. R is a modular program with robust graphic capabilities,
which allows for extensive customization for various analyses. The author used
existing code base and modules along with some small modifications to
implement their analysis. The data, being from a complex physical medium,
have no guarantee of meeting a normality assumption. Hence, non-parametric
methods were used to test the significance of any observed differences.
The main statistical test used in this study is the Two-Sample Permutation
Test or Randomization Test. This is a useful test to compare two distributions
when there is no knowledge about the form of either distribution. The following
discussion is a reproduction of the discussion from the textbook Introduction to
Probability and Statistics for Engineers and Scientists. Let  , … ,  be samples
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from an unknown distribution  and  , … ,  be samples from an unknown
distribution . The null hypothesis to be tested is:
H0 :F = G

(15)

Ha :F ≠ G

(16)

Against the alternative:

Provided the test statistic is chosen so that unequal variances area assumed, a
result in the rejection region would be evidence that the only difference between
the distributions is in central tendency. Specifically:
center of F > center of G

(17)

A set of all samples from both distributions and in no particular order is created,
 = { , … … ,  }. If  is true, then all  +

variables are independent and

identically distributed. Then each subset or permutation of size  from  is
equally likely to be the exact set  , … ,  from distribution . To evaluate
whether the null hypothesis is true, a test statistic is computed for each possible
subset drawn from set . In this study, a good choice for the test statistic is the
t-test for unequal variances, also known as Welch’s test:

t=

!F - X
!G
X
"

sF
n

-

sG
m

This #-statistic has the advantage of not being influenced by unequal sample
variances in the underlying distributions  and , which fulfills the condition
18

(18)

above of chosing a test statistic that assumes unequal variances. Hence, a
significant result from the Permutation Test can be interpreted as evidence of a
difference in the central tendencies of the two distributions. A suitable $-value
can be calculated:

p-value=

Number of t' s greater than or equal to observed t

(19)

Number of all possible permutations from S

If the calculated $-value is small, this is evidence to reject the null hypothesis of
identical distributions. Also, since Welch’s test does not assume equal
variances, a small $-value can be taken as evidence of differing means between
the data sets. The standard rejection region of .05 will be used for this study. An
exact computation of this $-value for large datasets requires an enormous
amount of computing power as %
& grows rapidly as  and


increase. A

suitable solution to this problem is to run a simulation that generates a smaller
number of permutations and then calculates the fraction:

Estimated p-value=

Number of t' s greater than or equal to observed t
Number of permutations generated from S

(20)

This method is commonly called the randomization test. Due to the size of the
data sets under examination, this later method of estimating $-values will be
used.
In summary, the computer statistics program R will be used to perform
randomization tests to compare the data sets with ferrous chloride to the data
sets without ferrous chloride using a Randomization Test algorithm.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Results
Data were entered into an SPSS data file. The EXPLORE command was
used to produce descriptive statistics on each of the variables, with data points
grouped by addition of ferrous chloride and non-addition of ferrous chloride.
Table 4.1 summarizes the descriptive variables of the group with ferrous chloride,
and Table 4.2 summarizes the group without ferrous chloride.

Table 4.1: Summary of data set with FeCl2 addition from January 2007 to January 2012
# of
Data
Std.
Units
Points
Mean Median Variance Deviation
Influent BOD5 conc.

mg/L

1852

691

695

30677

175

Influent TSS conc.

mg/L

1857

586

548

48591

220

Effluent BOD5 conc.

mg/L

1852

27.4

24

244

15.6

Effluent TSS conc.

mg/L

1857

33

30

237

15.4

Primary effluent BOD5 conc.

mg/L

1639

559

566

17406

132

Primary effluent TSS conc.

mg/L

1844

237

221

7270

85.3

Primary clarifier BOD5 removal

%

1644

20

19.1

128

11.3

Primary clarifier TSS removal

%

1825

57.1

59.9

253

15.9

WWTP BOD5 removal

%

1852

95.8

96.5

8.4

2.9

WWTP TSS removal

%

1857

93.5

94.7

26.3

5.1

mL/L

1857

130

105

6272

79.2

lbs/ton

57

10.4

10

8.8

3

ppm

48

238

6.1

359289

599

SVI
Polymer feed
Hydrogen Sulfide in Biogas
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Table 4.2: Summary of data set without FeCl2 addition from February 2012 to July 2013
# of
Data
Std.
Units
Points
Mean Median Variance Deviation
Influent BOD5 conc.

mg/L

531

821

817

30631

175

Influent TSS conc.

mg/L

535

594

586

19780

141

Effluent BOD5 conc.

mg/L

531

39

34

455

21.3

Effluent TSS conc.

mg/L

535

47.5

44

668

25.9

Primary effluent BOD5 conc.

mg/L

268

662

669

13416

116

Primary effluent TSS conc.

mg/L

535

252

226

11352

107

Primary clarifier BOD5 removal

%

268

18.3

17.7

122

11

Primary clarifier TSS removal

%

527

57

61.2

295

17.2

WWTP BOD5 removal

%

531

95

95.9

10.4

3.2

WWTP TSS removal

%

535

91.7

92.6

23.9

4.9

mL/L

535

193

131

16388

128

lbs/ton

11

24

22.8

27.9

5.3

ppm

10

681

895

186370

432

SVI
Polymer feed
Hydrogen Sulfide in Biogas

The two tables suggest a number of notable differences between the
groups. Influent BOD5 appears to be lower in the data set with ferrous chloride,
which, if significant, must be accounted for in the analysis. Effluent BOD5 and
TSS appear to be lower in the ferrous chloride group. If this is significant, it
would suggest that ferrous chloride had an effect in improving plant performance.
Primary effluent BOD5 also appears to be lower in the ferrous chloride group,
which is in accordance with what the literature suggests. BOD5 and TSS removal
appear to be slightly higher in the with ferrous chloride sample, but any
improvement in the already high efficiency in an activated sludge process will be
small, so a small difference is expected. SVI also appears to be lower in the
sample data with ferrous chloride addition, in keeping with the literature’s
suggestion that ferrous chloride improves primary sludge settleability. Polymer
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feed addition and hydrogen sulfide also appear to be lower in the with ferrous
chloride sample. These observed differences were then analyzed for
significance in R. To provide a sense of the size of each of the two data sets as
well as a comparison in distribution shape, double histograms were generated for
each variable. The data with ferrous chloride addition are marked in light blue,
while the data without ferrous chloride addition are marked in a pink. The
overlap region is a mix of the two colors. The second histogram for each variable
shows the results of the randomization test for that variable. P-values are
reported after each histogram. Results are listed in the order of the previous
tables.
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Figure 4.1: Histograms of Influent BOD5 with and without FeCl2 added
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Figure 4.2: Randomization Distribution of Influent BOD5
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Figure 4.1 suggests that influent BOD5 was, on average, higher on days where
ferrous chloride was not added. The reported p-value for the Randomization
Test in Figure 4.2 on influent BOD5 was less than .0001, which is strong
evidence to reject the null hypothesis that the two distributions are equal. Hence,
influent BOD5 may have been higher on days that ferrous chloride was not used.
Obviously this is not an effect of the ferrous chloride, but it does impact the
analysis of the effects of ferrous chloride in that this extra pollutant load must be
taken into account. The influent TSS histograms in Figure 4.3 and Figure 4.4
demonstrate a similar phenomenon. The comparison histograms show a higher,
on average, observed influent TSS concentration on days without ferrous
chloride addition. The Randomization Test confirms this with strong evidence to
reject the null hypothesis that the mean influent TSS concentrations are the
same with a p-value of less than .0001.
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0.4

Figure 4.3: Histograms of Influent TSS with and without FeCl2 added
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Figure 4.4: Randomization Distribution of Influent TSS
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Effluent BOD5 is displayed in Figures 4.5 and 4.6. The comparison histograms
suggest a slightly higher mean effluent BOD5 concentration for the data without
ferrous chloride. The Randomization Test provides strong evidence (p < .0001)
to reject the null hypothesis that the two distributions are equal. Since unequal
variances were assumed in the use of Welch’s test, it can be concluded that the
observed difference in means is statistically significant.
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0.4

Figure 4.5: Histograms of Effluent BOD5 with and without FeCl2 added

0.2
0.0

0.1

Density

0.3

Observed t = 13.15

-5

0

5

10

t statistics

Figure 4.6: Randomization Distribution of Effluent BOD5
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The effluent TSS distributions were similar to those of effluent BOD5, as shown in
Figure 4.7 and 4.8. Both graphs provided strong evidence to reject the null
hypothesis that the two samples came from the same distribution (p < .0001).

Figure 4.7: Histograms of Effluent TSS with and without FeCl2 added
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Figure 4.8: Randomization Distribution of Effluent TSS
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Primary effluent BOD5 appears to be generally lower in the group with
ferrous chloride addition. The Randomization Test in Figure 4.10 provides strong
evidence to reject the null hypothesis (p < .0001) that the distributions are the
same, and that the observed difference in means is significant.

0.4

Figure 4.9: Histograms of Primary Effluent BOD5 with and without FeCl2 added
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Figure 4.10: Randomization Distribution of Primary Effluent BOD5
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Figure 4.11 shows the comparison histograms for primary effluent TSS.
The difference between the two is not as extreme as the previous variables, but
the randomization test in Figure 4.12 confirms that the observed difference is
statistically significant with a strong rejection (p = .0033) of the null hypothesis.

0.4

Figure 4.11: Histograms of Primary Effluent TSS with and without FeCl2 added
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Figure 4.12: Randomization Distribution of Primary Effluent TSS
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Primary clarifier BOD5 percent removal is compared in Figure 4.13. As a
measure of wastewater treatment efficiency, a lower percent removal would
indicate worse performance. Figure 4.14 shows a negative t-statistic (p = .0034)
returned for the Randomization Test, which indicates that the plant may have
removed less BOD5 on a percentage removal basis without ferrous chloride
addition.

Figure 4.13: Histograms of Primary Clarifier BOD5 Percent Removal
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Figure 4.14: Randomization Distribution of Primary Clarifier BOD5 Percent
Removal

Figure 4.15 shows the comparative histograms for primary clarifier TSS percent
removal. The distributions have a similar shape and central tendency,
suggesting that there may not be a difference between the two groups. The
Randomization Test in Figure 4.16 confirms this with a p-value of 0.12, which is
larger than the chosen rejection region of 0.05.

Figure 4.15: Histograms of Primary Clarifier TSS Percent Removal
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Figure 4.16: Randomization Distribution of Primary Clarifier TSS Percent
Removal

Figure 4.17 shows a slightly higher total BOD5 percent removal for the group with
ferrous chloride. The Randomization Test in Figure 4.18 shows a strong
rejection (p < .0001) of the null hypothesis of identical distributions. This
suggests that the observed difference in means is statistically significant.

Figure 4.17: Histograms of Total BOD5 Percent Removal with and without FeCl2
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Figure 4.18: Randomization Distribution of Total BOD5 Percent Removal

Figure 4.19 suggests a similar difference in distributions as found for total BOD5
percent removal for total TSS percent removal. The Randomization Test finds a
similarly strong rejection of the null hypothesis (p-value < .0001) of equal
distributions suggesting that there may be a statistically significant difference in
means for total TSS percent removal.

Figure 4.19: Histograms of Total TSS Percent Removal with and without FeCl2
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Figure 4.20: Randomization Distribution of Total TSS Percent Removal

A comparison between the two groups for SVI is shown in Figure 4.21. The
central tendencies of both groups appear to be roughly the same, but the ferrous
chloride addition group seems to have produced more consistent results. Figure
4.22 shows that the null hypothesis is strongly rejected (p-value <.0001), and that
there is strong evidence that the two groups are not from the same distribution.

Figure 4.21: Histograms of SVI with and without FeCl2 added
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Figure 4.22: Randomization Distribution of SVI

Figure 4.23 compares polymer feed demand on days when ferrous chloride was
added with days when ferrous chloride was not added. This comparison of the
two histograms suggests that there may be a large difference between the two
groups in polymer feed. Figure 4.24 confirms this observed difference with a p-value < .0001, providing strong evidence that the two distributions are not equal.
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0.4

Figure 4.23: Histograms of Monthly Polymer Feed Demand
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Figure 4.24: Randomization Distribution of Monthly Polymer Feed Demand

Finally, hydrogen sulfide levels in biogas are compared in Figure 4.25. This
difference is the starkest shown in the study. Despite some significant outliers,
the median of the group with ferrous chloride addition is zero ppm, while the

37

group without ferrous chloride is around 1000 ppm. The Randomization test
confirms this observation with a p-value = .003

Figure 4.25: Histograms of Lagoon Biogas H2S Content with and without FeCl2
added
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Figure 4.26: Randomization Distribution of Lagoon Biogas H2S Content
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The results of the Randomization Test procedures are summarized on
Table 4.3:
Table 4.3: t-statistics and Corresponding p-values Returned
by Randomization Test Program with 20000 Combinations
pObserved
t-statistic
value
Influent BOD5 conc.
Influent TSS conc.

13.96
13.84

<.0001
<.0001

Effluent BOD5 conc.
Effluent TSS conc.

13.15
14.08

<.0001
<.0001

Primary effluent BOD5 conc.
Primary effluent TSS conc.

11.4
2.57

<.0001
0.0033

Primary clarifier BOD5 removal
Primary clarifier TSS removal

-2.75
-1.17

0.0034
0.12

WWTP BOD5 removal
WWTP TSS removal
SVI
Polymer feed
Hydrogen Sulfide in Biogas

-6.71
-10.3
13.9
8.1
2.07

<.0001
<.0001
<.0001
<.0001
0.006

Every measure of wastewater plant performance, except primary clarifier TSS
removal, was found to be significantly different with ferrous chloride addition.
However, two of the main measurements of influent pollutant load, BOD5 and
TSS concentration, were higher in the group without ferrous chloride. This
suggests that the observed differences in effluent BOD5 and TSS concentrations
may not be entirely attributable to enhanced pollutant removal via ferrous
chloride addition. But when differing pollutant loads are controlled for by
comparing pollutant percent removals, it was found that there was significantly
higher BOD5 and TSS removal on days with ferrous chloride addition. It was also
found that there was significantly higher BOD5 removal across the primary
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clarifier on days where ferrous chloride was added, but there was not a
significant difference in TSS removal across the same. SVI was found to be
significantly lower on the days where ferrous chloride was added, which is in
agreement with the predicted effect of ferrous chloride addition in the wastewater
treatment plant operation literature. Polymer feed for sludge dewatering was
lower on the days where ferrous chloride was added, which is to be expected
from the predicted effect of ferrous chloride as a coagulant on sludge. The
observed decrease in H2S concentration in biogas on days where ferrous
chloride was added is also in agreement with the findings in the wastewater
treatment literature that ferrous chloride can control H2S generation.
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CHAPTER 5
CONCLUSION
The statistical analysis suggests that ferrous chloride had some beneficial
effects on treatment processes at the Maxson plant. However, ferrous chloride
cannot be said to cause all of the observed differences, due to the analysis being
done on happenstance data and not on data from a designed experiment. Lack
of control of the influent pollutant concentrations and random variations prevent
absolute causation from being established. For example, an unrecorded plant
malfunction could distort the observed central tendencies for one of the groups,
creating a difference unrelated to the effects of adding ferrous chloride. Absolute
causation would require a controlled, designed experiment, where all factors are
under the control of the investigator, such as a bench-scale test. This does not
dismiss entirely the significant differences observed, as long as they are
considered in context of the wastewater treatment plant operation literature.
BOD5 and TSS percent removal were found to be significantly different by
the randomization test, but the observed differences of 0.8% more BOD5 removal
and 1.8% more TSS removal are not physically significant by wastewater
treatment operation standards. It is possible that in the data recorded, BOD5 and
TSS percent removals tended to be higher on days where ferrous chloride was
added. However, this difference may be due to random variation. Similarly,
primary clarifier BOD5 percent removal was found to be significant statistically,
but the difference of 1.7% more BOD5 percent removal with ferrous chloride
addition is not physically significant by wastewater treatment plant operation
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standards. There was no observed difference in primary clarifier TSS percent
removal.
The observed difference of 63 mL/L lower SVI on ferrous chloride addition
days was found to be significant. The literature suggests that ferrous chloride
can increase sludge settleability, so it is likely that the observed higher sludge
settleability was due to the effect of ferrous chloride. The observed reduction of
polymer feed demand of 13.6 lbs/ton was also likely caused by the addition of
ferrous chloride. The wastewater treatment literature suggests that ferrous
chloride is effective in improving sludge dewatering, lessening the polymer feed
demand. Finally, the observed reduction of H2S levels in the biogas was also
likely due to the addition of ferrous chloride. The effect of ferrous chloride
controlling H2S is well-documented, and is one of the most common uses of
ferrous chloride.
Future studies on the Maxson plant should consider the effect of ferrous
chloride on phosphorus percent removal from the effluent. This is a welldocumented effect in the wastewater literature, but it was not examined in this
study. Additionally, this study examined five years of ferrous chloride addition
against one-and-a-half years without ferrous chloride addition. A future study
should strive to incorporate more data from days without ferrous chloride addition
to reduce the impact of yearly and seasonal variations on the analysis. The
present study could have been influenced by particularly high seasonal loadings.
In conclusion, the study indicated that ferrous chloride was addition
yielded improvement of wastewater treatment plant outcomes, but further
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studies, preferably in the form of designed experiments, are needed to more
rigorously establish the beneficial effects of adding ferrous chloride.
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