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Current and Potential Future Bromide Loads from Coal-Fired Power
Plants in the Allegheny River Basin and Their Effects on Downstream
Concentrations
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Department of Civil and Environmental Engineering, Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, Pennsylvania
15213, United States

© Supporting Information

ABSTRACT: The presence of bromide in rivers does not
affect ecosystems or present a human health risk; however,
elevated concentrations of bromide in drinking water sources
can lead to difficulty meeting drinking water disinfection
byproduct (DBP) regulations. Recent attention has focused on
oil and gas wastewater and coal-fired power plant wet flue gas
desulfurization (FGD) wastewater bromide discharges. Bro-
mide can be added to coal to enhance mercury removal, and
increased use of bromide at some power plants is expected.
Evaluation of potential increases in bromide concentrations
from bromide addition for mercury control is lacking. The
present work utilizes bromide monitoring data in the
Allegheny River and a mass-balance approach to elucidate

Potential future (natural Br in
coal + Br added for Hg control)
wastewater bromide mass
loading (kg/day) from wet flue
gas desulfurization
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Bromide in PA

B Good & VanBriesen

Publication
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i Downstream Bromide Levels
B Crooked Creek & Allegheny
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i Upstream Bromide Levels

m Buffalo Creek contribution
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Basics

B Types of material balances

B Mass Balance
MW Law of conservation of matter

B Energy Balance
B Law of conservation of energy
B General Approach
B Define a control volume

B Within that volume
B Accumulation = Input — Output
B Rate of Accumulation = Rate of Input — Rate of Output

David Reckhow CEE 370 L#9 8



iMass Flux

B Rate of input/output
B Flux In: Flow entering a control volume

min — Qin Cin

mass | volume . mass
time time volume
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or
Control volume

/

i MaSS Bala NCes System boundary

Mass input

(einﬂ X CAinj Mass output

(goutﬂ X CAou}
Y

min

Moyt

av _d(vC)
dt  dt
dC

—y =
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i Mass Balances (cont.)

dMA n n
dl' = Z(CAQ )in - Z(CAQ )out - rAV
i=1 j=I
where,
M, = mass of a, [mass]
Can = concentration of species A entering the system, [mass/volume]
Caout= concentration of species A leaving the system, [mass/volume]
Q,, = volumetric flow rate bulk mass entering the system, [volume/time]
Q. = Volumetric flow rate of bulk mass leaving the system, [volume/time]
r, = reaction rate of species “A” forming something else, [mass/volume-time]
V = volume of reactor

And for a reaction of order *n”,  r,=kC,"

David Reckhow CEE 370 L#9 11



i Mass Balances (cont.)

For systems at steady state with no accumulation, the time
dependent term goes to zero and the equation reduces to:

dM 4
dt

=0=32(C.0 ),=3(C.0 o1V

I”AV:Z(CAQ )m_z(CAQ )out
i=1 i=1
Look at Example 4.1

David Reckhow CEE 370 L#9 12



i Mass Balances (cont.)

Conservative substances are those that do not react. For
these the value of r, is zero and the mass balance equation
reduces to:

dM 4
dt

:i(CAQ )m_i(CAQ Dou

And if the conservative substance is as steady state, the MB
IS even simpler:

>(C.0 )=X(C.0 ),

David Reckhow CEE 370 L#9 13



iAnaIysis of Treatment Processes

B Basic Fluid Principles
B Volumetric Flow Rate
W Hydraulic Retention Time

H Conversion
B Mass Balances

M Reaction Kinetics and Reactor Design
B Chemical Reaction Rates
M Reactor Design

B Sedimentation Principles

CEE 370 L#9 14



Basic Fluid Principles

Volumetric Flow Rate

where,

volumetric flow rate, [m3/day, ft3/s]

area across which the fluid passes, [m?, ft?]
fluid velocity, [m/d, ft/s]

<>Q0
[T

David Reckhow CEE 370 L#9 15
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iFIuid Principles cont.

Hydraulic Retention Time

HRT = 0 = X
Q
where,
0 = hydraulic retention time, [days]
\Y = volume, [m3]
Q = volumetric flow rate, [m3/day]

Work out Example 7.1

David Reckhow CEE 370 L#9 16
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i Flux Density

Flux is the movement of a mass past a surface, plane, or
boundary.

Ji= M
Aot
where,
J. = flux density crossing the boundary i, [Kg/m?-hr]
M. = mass crossing the boundary i in time t, [Kg]
A, = area of boundary i, [m]
t = time for the mass to cross the boundary i, [hr]

David Reckhow CEE 370 L#9
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i Flux (cont.)

Velocity, V,

Area, A,

_J

Y
Length L

If the right side of the above equation is multiplied by L/L,
where L is the distance the approaching mass moves during
time t, then the equation becomes:

David Reckhow CEE 370 L#9 18




i Flux (cont.)

M: L_ M, L

Ji — )C - X
A:xt L g xL t
J, =CV,
where,
C, = the concentration of the material crossing the boundary
I, [Kg/m?]
V. = the velocity of the material crossing the boundary i,

[m/hr]

David Reckhow CEE 370 L#9 19



iCIarifier Example

A 25 m diameter secondary clarifier has an influent solids concentration of
2500 mg TSS/L. The flowrate into the clarifier is 17,500 m3/day. If the
effluent solids are assumed to be zero, what return or recycle flow rate is
required to attain a return solids concentration of 7500 mg TSS/L. Also,
what is the solids flux across the boundary shown below.

Q=17,500 m3/d
X.=2500 mg/L >

) Q-
X

—0

Q,=?
X, =7500 mg/L

David Reckhow CEE 370 L#9 20



i Clarifier example (cont.)

We can perform a mass balance to determine the underflow or
recycle solids concentration, X,. Assuming no accumulation in
the sedimentation tank,

Mass in = Mass out
or

XiQi = XeQe T XuQy

Since X, is assumed to be zero,

David Reckhow CEE 370 L#9 21
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iCIarifier example (cont.)

Q, = 5,800 m?/day

To determine the flux across A, we need the mass moving
across i perday, or, M; = X;V

where V is the volume applied per time. If we choose one day
for t, then, V is 17,500 m3. Thus, the mass is,
Kg 10°L

M; = (2500 mg TSS/L) x (17,500 m?) x — = 44,000 Kg
10" mg m
And the flux 1s: Ji= 43,7502Kg
(7 x(25m/2)%) x (1day)

Ji=89Kg/m?-day=3.7Kg/ m?-hr

David Reckhow CEE 370 L#9 22
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i River Example

An industry is located adjacent to Spring Creek. The industry uses copper
cyanide for plating both copper and brass. Estimate the maximum
concentration of copper that can be discharged in the effluent in order to
meet the required maximum concentration, C,, of 0.005 mg Cu?*/L in the
stream. The upstream copper concentration is below the detection limit, i.e.
C, =0 mg/L. Assume steady state conditions.

Industry |y — .08 m¥/s
C, =2

v

Spring Creek
mg

David Reckhow CEE 370 L#9 23



iSqution to River EX.

We first use a mass balance on the flow into and out of the
system. The flow after discharge can be calculated by a mass
balance on the water entering and leaving the system (the
concentration of water in water is unity, and thus cancels):

Qa = Qu + Qe

where the "e" subscript indicates effluent, the "u" subscript
Indicates up-stream, and the "d" subscript indicates down-
stream.

Qq = 0.25 m3/sec+ 0.08 m3/sec = 0.33 m3/sec

David Reckhow CEE 370 L#9 24
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Solution to River Ex. (cont.)

The allowable concentration of copper in the effluent can then
be determined by a mass balance on copper entering and
leaving the system:

QuCu T QeCe = Q4C4q

Solving for C_ (two equations and two unknowns):

_ Qdcd_QuCu
Ce=
Q.
o _0337/0.005"5/+0257/ 0"
: 0.08""/

Ce = 0.021 mg/ L

David Reckhow CEE 370 L#9 25
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i Reactor Kinetics

M Batch Reactors
mPg 129
B Continuous Flow

B Completely Mixed (CMFR)
mPg 122-129

B Plug Flow (PFR)
mPg 130-131

B Mixed Flow (non-ideal)

CEE 370 L#10
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i Reactor Question

B \Which type of reactor is more effective?
A. Plug Flow Reactor (PFR)
B. Completely Mixed Flow Reactor (CMFR)
C. Batch Reactor (BR)
D. Depends on the reaction order
E. Both PFR and BR

CEE 370 L#9 27



iPIug Flow Reactors

M Like laminar flow through a pipe

B Examples

_ong, narrow Rivers
Packed tower biofilters

Drinking water distribution pipes

CEE 370 L#9
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‘L Plug Flow Reactors
== HEESS
C

C
A0 A

Qo Qy

Concentration

Hydraulic Residence Time
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i PFR’s (cont.)

« Minimal or no axial or longitudinal mixing

» As a slice of fluid progresses through the reactor, the reactants are
converted to products. The reaction in the slice of fluid is analogous to
the reaction in a batch reactor. The difference is that the fluid in this case
is actually flowing through the reactor. The hydraulic residence time, 6, is
the amount of time it takes the slice of fluid travel completely through the
PFR. Thus, the mass balance equation for the PFR is:

Accumulation _ | Input Output Conversion
rate . rate |. rate |. rate ; dC O
- A
Input and output are \—1 . dt
set to zero because "
nothing crosses the dC C =C e™
boundaries of the slug dM 4 =) —4-0-0- r,V 4 Ao
of water as it moves dt dt —— |
along the reactor _
4 =L, €

David Reckhow CEE 370 L#10 30
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i Fluid Principles cont.

Hydraulic Retention Time V
4 HRT = 0 = —
where, Q
0 = hydraulic retention time, [days]
V = volume, [m?3] of reactor or reactor segment
Q = volumetric flow rate, [m3/day]
And so it becomes: €, = 45

o h{&]:_kzz_kg
CAO

David Reckhow CEE 370 L#10 31
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iPFR Example

B Disinfection (example)

A wastewater treatment plant must disinfect its effluent before discharging the wastewater to a
near-by stream. The wastewater contains 4.5 x 10° fecal coliform colony-forming units (CFU)
per liter, The maximum permissible fecal coliform concentration that may be discharged is
2000 fecal coliform CFU - L™, It is proposed that a pipe carrying the wastewater be used for dis-
infection process. Determine the length of pipe required if the linear velocity of the wastewater
in the pipe is 0.75 m - s~!. Assume that the pipe behaves as a steady-state plug-flow system and

that the reaction rate constant for destruction of the fecal coliforms is 0.23 min .

The mass balance diagram is sketched here. The control volume is the pipe itself.

e e e e e — o ——

|

L 3 i ' I e LA = =

C, =45 x 10°CFU-L~! _ A €, = 2,000 CFU-L""
u=075m-s"" [, ey | u=075m-s"!

Using the steady-state solution to the mass-balance equation, we obtain

n Cout - _k£
in i
2000 CFU - L! L

= 19 ) .
ooviaRecke A8 3 10P CEU - L1 B e m (60 5 -



iPFR Example (cont.)

Solving for the length of pipe, we have
L
45 m - min—!

I
45 m - min~!

In(4.44 x 107%) = —0.23 min™"

~542 = —0.23 min~!

L = 1060 m

A little over 1 km of pipe is needed to meet the discharge standard. For most wastewater treat-
ment systems this would be an exceptionally long discharge and another alternative such as a
mixing reactor (discussed in the following section) would be investigated.

David Reckhow CEE 370 L#10 33
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Ay, 5y

St

atfield

Main g5

{5 NS

Connecticul Rjy...

River Dy

(a7)

Ad
Hunungon

(a7)

.J}%

Roo

JE"'-:I-

r,rll_
Yo Ay

N Maple 51

Stadium Oy

M Mapie 51

yh Rl
W

0
o
K Maple 5y

Sadmm [y

N L'n:'.'f-rsliy De

N
P 4
Magg achiv®



i Batch Reactors

General Reactor dM . n n
mass balance 7 = Z (CAi Ql‘ )in - Z (CAj Qj )out - T4 V
=1 j=1

Batch reactors are usually filled,
allowed to react, then emptied for
the next batch — “Fill & Draw”

Because there 1sn’t any flow 1n a batch reactor:

1 dMa _ .
vV dt A
And: dC Which for a dC
4 =—p, 1 order 4 =—kC,

dt reaction is: dt

David Reckhow CEE 370 L#10
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iBatch Reactor Example

A wastewater contains contaminant "A" with an initial concentration of
1200 mg/L. ltis to be treated in a batch reactor. The reaction of Ato
products is assumed to be first order. The rate constant, k, is 2.5/day.
Determine the time required to convert 75 percent of A to products. Plot
the conversion of A versus time for the first 10 days.

dc, _
V', =kCA So: At =

~kC,
— kt], = lnC]gjO

CAa = CAoe'kt

David Reckhow CEE 370 L#10 38
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iBatch Reactor Example (cont.)

(&
Cao
-k

CA = Caro(1-X) = 1200 mg/Lx (1 - 0.75)
Ca = 300 mg/L

t =

ln( 300 mg/L)
1200 mg/ L

- 2.5/ day
t = 0.55 days

CEE 370 L#10 39
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Batch Reactor Example (cont.)

David Reckhow

Conversion

1.2

1.1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Batch Reactor Conversion

A Products

Ca

A i
CAO I

AN

DX = - ek

0 1 2 3 4 5 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24
Time, hours



[image: image1.wmf]







_915891621









_915891616




CMFR (completely mixed)

General Reactor Wi
mass balance A
dt

:Zn:(CAiQi)in_ZH:(CA]'QJ')M_I”AV

But with CMFRs we have a
single outlet concentration
(C,) and usually a single ‘
inlet flow as well

C
Q

David Reckhow CEE 370 L#10 41



iCMFR at SS

And at SS, dM,/dt =0,s0: 7,V = C.0Q9 - C40,

where,

Q, = volumetric flow rate into and out of the reactor, [volume/time]
C,, = reactant concentration entering the reactor, [mass/volume]
C, = reactant concentration in the reactor and in the effluent,

[mass/volume]

V = reactor volume, [volume]
. (CAOQO - CAQO)
r, =
V
And 1f we define the 9 = X _ CAO B CA

hydraulic residence time: Q 6

David Reckhow CEE 370 L#10 42
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i CMFR with 1st order reaction

B From the general equation -




iCMFR SS Example #1

A CMFR is used to treat a wastewater that has a concentration
of 800 mg/L. The hydraulic detention time of the wastewater in

the reactor is 6 hours. The chemical reaction is an elementary
irreversible second order reaction:

24—~ 5 Products

The reaction constant, k, is 3.7 L/mg-day. Determine the
conversion, X, for the process.

David Reckhow CEE 370 L#10 44



iCMFR SS Example #1 (cont.)

The first step is to determine the reactor mass balance and the

Kinetic expressions. The reaction is second order irreversible
so the kinetic expression is:

- & = I-ﬁz
A KUA
The mass balance for a CMFR is: = (CAO(; Ca)
And: (CAO - CA) _ kCi
G

Rearranging, we obtain a quadratic equation with C,
as the unknown:

kOCX + CA - Cao = 0

David Reckhow CEE 370 L#10 45
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iCMFR SS Example #1 (cont.)

If the values for k, 0, and C,, are substituted into the
relationship, the effluent concentration can be determined. ltis
29 mg/L. The conversion can now be calculated:

_ (Cao - CA) _ (800 mg/L- 29 mg/L)
CAo 800 mg/ L

X

X = 0.96

David Reckhow CEE 370 L#10 46
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i Reactor Question

M For a first order reaction, which type of
reactor is more effective?

A. Plug Flow Reactor (PFR)

B. Completely Mixed Flow Reactor (CMFR)
C. Batch Reactor (BR)

D. All are the same

E. Both PFR and BR

CEE 370 L#9 47
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B To next lecture

David Reckhow
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