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ABSTRACT
This study was performed in a full-scale biological nutrient removal wastewater

treatment plant at the Clark County Sanitation District (CCSD), Las Vegas, Nevada, USA.
The use of concepts of solid flux and state point analysis as an operational tool to control
denitrification in clarifier of BNR systems was attempted in this study. Biological nutrient
removal system in this plant worked well (> 95% removal for nutrients and > 97% for total
suspended solids removal (TSS)); however, the system occasionally suffered some instability
and sporadic phosphorus-excursion. The plant effluent were discharged into the Las Vegas
Wash, which flows into Lake Mead, a national recreational area and the primary source of
drinking water supply to the entire valley. Hence, CCSD has to be operated under strict
regulation for nutrient removal in order to avoid eutrophication of the Lake.

The results showed that solids flux had influence on dissolved oxygen (DO), TSS,
and SBH in the clarifier. The DO decreased with the increase in the solid flux, while TSS
increased as the solid flux increased. The increase in the SBH was observed as a consequence
of increased solid flux. The results indicated that the solid flux, state point analysis, and
SBH could be used as operating tools for the control of denitrification occurring within
clarifiers. The data generated  in this research was used as the starting point to control
denitrification in the clarifiers at CCSD.

Key Words : Secondary Claifier, Solid Flux, Sludge Blanket Height,
Dentrification, P-release

INTRODUCTION
In order to avoid eutrophication of

receiving water bodies, wastewater effluent
requirements for nutrient removal have been
made more stringent in recent years1,2. In
addition, low effluent quality causes other
serious problems, such as toxicity to aquatic
life3, depletion of dissolved oxygen in receiving
waters4,5, diseases like methemoglobinemia

(infantile cyanosis), and carcinogenesis,
particularly, gastric cancer1. When wastewater
treatment plants have to achieve high level of
nutrient removal, the secondary clarifier often
becomes the focus of attention for
improvements6.

Although, the major objective of
clarification is to separate solids from liquid,
the processes that would normally take place
in bioreactors, such as denitrification, may occur*Author for correspondence
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in clarifiers. Denitrification occurring during
clarification may be beneficial or detrimental
to the operation of BNR systems, depending
on its intensity. Therefore, characterization
of denitrification within the clarifier provides
the insight into the influence of denitrification
on the overall performance of BNR
systems. Several  parameters  are  known
to influence denitrification in the clarifier,
which affect efficiency to remove
nutrients. Parameters which play an important
role in the amount of denitrification within the
clarifier include availability of carbon source
(e.g. soluble COD), dissolved oxygen (DO),
temperature, pH, influent nitrate concentration,
and sludge concentration7,8,9,10. The  primary
objective of this study was to investigate the
occurrence and to determine the parameters
influencing denitrification within the secondary
clarifier of a full-scale wastewater treatment
plant.

The present study was performed in a
full-scale BNR wastewater treatment plant, the
Clark County Sanitation District (CCSD), in Las
Vegas, Nevada. The CCSD plant treated
approximately 88 MGD of domestic waste-
water. This  plant had  eight  identical  aeration
basins, each compartmentalized into anoxic/
anaerobic/aerobic sections with total detention
time of 14 hours and its dedicated secondary
clarifier with detention time of 3.5 hours. The
study was performed in one of the 8 aeration
basins and its dedicated clarifier, which treated
on an average of 10 MGD of wastewater

(aeration basin and clarifier # 4). The BNR
system in this plant worked well; nearly 95%
of N-removal and 97% of P-removal is
achieved. However, the system suffered some
instability and sporadic phosphorus-
excursion. The  CCSD  plant  discharged  its
effluent into the Las Vegas Wash, which flows
into Lake Mead. Lake Mead is a national
recreational area and the primary source of
drinking water supply to the entire
valley. Hence,  the CCSD operates  the  plant
under strict regulation for nutrient (N and P)
removal in order to avoid eutrophication of the
Lake.

AIMS AND OBJECTIVES
In this research an attempt was made

to1 investigate the occurrence and determine
the major parameters influencing denitrification
within secondary clarifiers at the CCSD2, use
the mass balance approach, to estimate the
extent of clarifier denitrification occurring at
CCSD, and3 examine whether sludge blanket
height, solid flux, and state point analysis can
be used as operational tools to control clarifier
denitrification.

MATERIAL AND METHODS
In order to characterize denitrification

in the secondary clarifier, nine sampling points
were established on an axial plane (Fig. 1). The
clarifier was 140 feet in diameter with 14 feet
side water depth. To perform characterization,
the clarifier diameter was divided into two
platforms, A and B. Assuming similar

 

Fig. 1: Sampling points location for this study in the secondary clarifier # 4 at
the Clark County Sanitation District (CCSD).
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conditions existed throughout the clarifier, the
axial characterization profile was performed on
platform A. The axial plane was divided into
three locations, to define 9 sampling points,
C1-S, C2-S, and C3-S at the surface; C1-10, C2-10,
and C3-10, at 10 feet depth, and C1-10, C2-10, and
C3-10, at the bottom.

 Samples were  collected  twice  a  week
for an 8-month period within a basin and a
clarifier (referred herein as # 4). Two sets of
each, filtered and unfiltered, grab samples were
collected for this study. Samples were vacuum
filtered through a 0.145 µm membrane filter
immediately after collection, placed on ice, and
transported to laboratory for analysis. Filtered
samples were analyzed for nitrate nitrogen
(NO3

––N), nitrite nitrogen (NO2
– –N), ortho-

phosphate (OP), and soluble chemical oxygen
demand (SCOD). Unfiltered samples were
analyzed for total suspended solids (TSS), total
phosphorus (TP), and sludge volume index
(SVI). All samples were analysed using
Standard Methods11. On-site measurements of
temperature, conductivity, oxidation-reduction
potential (ORP), pH, and DO were performed
in each location using a Hydrolab H20-G
multiprobe. The probe was calibrated weekly
as per manufacturer instructions. The sludge
blanket heights (SBH) at all three sampling

points, were measured using a sludge judge.All
statistical analysis were performed using
Minitab 14.0 software. Data used to construct
graphs were randomly chosen from a large
data set collected to avoid overcrowding of the
points. 
Mass Balance to Calculate Denitrification
and P-release in Clarifier

To calculate denitrification (nitrate
removal) and P-release in the secondary
clarifier, a mass balance was performed for
nitrate and for phosphorus around the
secondary clarifier (Fig. 2). Denitrification and
P-release calculated were expressed in kg of
nitrate removed and phosphorus release per
day (kg/d).
Nitrate removal, kg/d = [C0* Q0 - Ce*Qe–
CU*QU] P-release, kg/d = [Ce*Qe + CU*QU -
C0* Q0]
Where: C0 = Influent concentration of nitrate/
phosphorus to clarifier, mg/L; Q0 = Inflow to
secondary clarifier, MGD; Ce = Effluent nitrate/
phosphorus concentration, mg/L; Qe = Clarifier
outflow from secondary clarifier, MGD; CU =
Clarifier underflow nitrate/phosphorus
concentration in the clarifier, mg/L; QU =
Clarifier underflow [RAS flow (QRAS) + Sludge
wasted (QWAS)], MGD

 

Fig. 2 : Schematic layout of typical biological nutrient removal (BNR)
process. Mass balance was performed on dotted area.

To calculate denitrification (nitrate
removal) and P-release in the secondary
clarifier, a mass balance was performed for

nitrate and for phosphorus around the
secondary clarifier (Fig. 2). Denitrification and
P-release calculated were expressed in kg of
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nitrate removed and phosphorus release per
day (kg/d).
Nitrate removal, kg/d = [C0*Q0–Ce*Qe -
CU*QU]
P-release, kg/d = [Ce*Qe + CU*QU - C0* Q0]
Where: C0 = Influent concentration of nitrate/
phosphorus to clarifier, mg/L; Q0 = Inflow to
secondary clarifier, MGD; Ce = Effluent nitrate/
phosphorus concentration, mg/L; Qe = Clarifier
outflow from secondary clarifier, MGD; CU =
Clarifier underflow nitrate/phosphorus
concentration in the clarifier, mg/L; QU =
Clarifier underflow [RAS flow (QRAS) + Sludge
wasted (QWAS)], MGD
Developing Solid Flux Curve for CCSD

Column settling tests were performed to
develop a solid flux curve for the CCSD
sludge. The  tests  were  conducted  in  a  2”
diameter plexiglass column in which a range
of concentrations of activated sludge was
added. RAS, mixed liquor, and clarifier effluent
were mixed in selected ratios to obtain
suspended solids concentrations (Xi), ranging
from 2,000 to 12,000 mg/L. The sludge in the
column was mixed well for 5 minutes prior to

each test and then was allowed to settle. The
interface height (the zone between the clear
water and the top of the settled sludge blanket)
was recorded every 5 minutes for each
concentration until the compression phase was
reached (approximately 30 minutes). The
interface height was recorded as a function of
time and a plot generated from the height-time
data pairs for each measured sludge
concentration was constructed (Fig. 3a). 

The sludge settling velocity (V) at each
SS concentration (Xi) was calculated
analytically by dividing the height of the
interface by the settling time. Only the linear
portion of the curve, corresponding to a constant
settling velocity, was used in the
calculation. Solids  flux  (Gs  =  V X i) was
calculated using the obtained V (from Fig. 3a)
values and their corresponding solids
concentration. Each value of Gs represents the
gravity settling flux per unit area of clarifier
that would be expected to occur at the
corresponding sludge concentration. A settling
flux curve was then plotted using calculated
Gs values on the y-axis and its corresponding
solids concentrations on the x-axis (Fig. 3b).

 

RESULTS AND DISCUSSION
Distinctive decrease in nitrate

concentration (between 0.02–9 mg/L), ORP
(from 123 to 31 mV), and DO (from 0.3 to
0.06 mg/L) was observed along the vertical axis
from the surface to the bottom of the clarifier.

Fig. 3 : Interface height-time profile as a function of solids concentration for CCSD sludge.
Solid flux curve for the Clark County Sanitation District (CCSD), Las Vegas, Nevada, USA.

In contrast, nitrite (0.001 to 10.1 mg/L), TP
(from 0.1 to 145.8 mg/L), OP (0.01 to 5.43mg/
L), pH (from 6.58 to 7.15), SCOD (from 12 to
144 mg/L), and TSS (from 4 to 12,800 mg/L)
increase along the vertical axis from the surface
to the bottom of the clarifier. Vertical profile
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within the clarifier provided some insight on
how parameters varied from surface to the
bottom.

To evaluate the effect of solid flux on
denitrification, P-release, and factors that were
thought to influence denitrification in clarifier
where correlated with solid flux (Fig. 4). A
significantly strong positive correlation was

obtained between solids flux and both SBH and
SS were. The results showed that high solid
flux in the CCSD clarifier results in higher
SBH, thus increasing the SS concentration
within the blanket. Similarly, strong positive
correlation was observed between SCOD and
solid flux, suggesting that SCOD increased
with the increase in solid flux. In contrast, solid

 

flux and DO within the blanket yielded strong
negative relation, demonstrating that the high
solid flux within the clarifier reduced the DO
levels within the blanket inducing anaerobic
conditions. These DO levels were sufficiently
low to promote denitrification. Finally, solid flux
was correlated with denitrification and P-
release to evaluate direct effect of solid flux
on these processes. A significantly strong
relationship was observed between solid and

Fig. 4 : Regression coefficients (R2) for correlation analyses between solid flux (kg/m2.d) and various
parameters measured in the secondary clarifier.

denitrification and P-release within the
secondary clarifier. This suggested that
denitrification and P-release within clarifier
occurred during high solid flux condition.
Additionally our data showed that denitrification
and P-release were strongly related with SBH
(Fig. 5). Also, SBH was well correlated to the
parameters which influenced denitrification and
P-release within clarifier (Fig. 5).

 

Fig. 5 : Regression coefficients (R2) for correlation analyses between sludge blanket height (SBH, feet)
and various parameters measured in the secondary clarifier.
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 As  noted  from  the  above  correlation
coefficients, both SBH and solid flux correlate
well with denitrification and other parameters
affecting denitrification in clarifiers. This was
expected, since the height of the sludge blanket
in the clarifier was a consequence of solid
flux. However,  the R2 values found for the
correlation between SBH and denitrification
were larger than those for solid flux. It seems
that both parameters could be used to control
the rate of denitrification in clarifiers. For plant
operational purposes, SBH measurement would
be the simplest method to be used. However,
for evaluation of the impacts of changing
settling velocities (e.g. coagulant addition), solid
flux would be the preferred method. Further,
the solid flux curve developed for the CCSD
plant was used to investigate operating
conditions in the clarifier. The observed
operating conditions were then related to
corresponding denitrification and P-release
within the clarifier during that period. 

Fig. 6a shows underflow clarifier
operating lines were below the solid flux
curve, indicating that in these dates the CCSD
clarifier # 4 was operated in underload
conditions. Overload conditions were observed

for solid fluxes greater than 75 kg/m2.d (Figure
6b). We  noted  that  the  underload  conditions
promoted moderate denitrification (< 470 kg/
d) and P-release (< 22 kg/d) within the clarifier,
whereas, overload conditions promoted high
denitrification (> 635 kg/d) and P-release (>
51 kg/d). 

Strong denitrification during overloaded
clarifier conditions could be detrimental to
the plant’s efficiency to remove
phosphorus. Nitrogen  bubbles  formed  during
denitrification promoted rising of the sludge to
the surface of the clarifier. This resulted to the
increased suspended solids concentration in the
clarifier effluent, affecting the overall removal
efficiency of the plant with respect to BOD,
TSS, TN, and TP. On the other hand, strong
denitrification which is beneficial in increasing
the alkalinity of the wastewater (e.g. increase
in pH) was lowered during nitrifi-
cation. However, overload condition could be
controlled in the clarifier by increasing the
underflow waste rate, until the underflow
operating line falls below the solid flux
curve12. Therefore, solid flux could be used as
an operating tool to control denitrification and
P-release within the clarifier.

 

CONCLUSION
Based on the results obtained from our

study we made following conclusions,
1. A strong correlation between sludge

blanket height (SBH), denitrification and
P-release within the CCSD clarifier was

found. In addition, a strong correlation was
found between low DO and high SCOD
levels with increasing sludge blanket
height. Thus, SBH could be used by the
CCSD as an operational parameter to
control denitrification in clarifiers. This

Fig. 6 : Secondary clarifier operating loading conditions observed at the Clark County
Sanitation District (CCSD), Las Vegas, Nevada, USA.
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would consequently result in control of
total-P in the clarifier effluent. 

2. The solids flux was found to have influence
on DO, SCOD, SS, and SBH in the
clarifier. The  DO  decreased  with  the
increase in the solid flux, while SCOD and
SS increased as the solid flux
increased. The  increase  in  the SBH was
observed as a consequence of increased
solid flux. 

3. Both parameters, solid flux and SBH
could be used as operating tools to control
denitrification occurring within clarifiers
at the CCSD. However, application of
solid flux as operating tool to control
denitrification depends mainly on the RAS
pump capacities to withdraw sludge.

      The  data  generated  in  this  research was
used as the starting point to control
denitrification in the clarifiers at CCSD. To keep
a lower sludge blanket height, CCSD can either
increase the clarifier scrapper velocity or the
interval of scrapping. However, such changes
have to be implemented slowly to make sure
that the sludge concentration of the settled
sludge and the associated return flows are
sufficient to maintain the required mixed liquor
suspended solids concentration in the aeration
basin.
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