Wastewater treatment overview



Wastewater treatment overview

* The treatment train
* Unit processes



Overview of wastewater treatment
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Preliminary: Removal of wastewater constituents such as rags,
sticks, floatables, grit, and grease that may cause maintenance or
operational problems with the subsequent processes

Primary: Removal of a portion of the suspended solids and organic
matter from the wastewater by gravity

Secondary: Removal of biodegradable organic matter and
suspended solids by biological treatment. The conventional
secondary treatment process may be modified to enhance nutrient
removal (biological nutrient removal, BNR)

Tertiary (zadvanced): Polishing secondary effluent by i) enhanced
removal of suspended solids, ii) nutrient removal, iii) removal of
dissolved species, iv) removal of refractory organics, etc.
Disinfection is also often classified as tertiary treatment.



Typical flow diagrams

(a) Conventional secondary
treatment

(b) Applying biological
nutrient removal

(c) Advanced treatment
following secondary treatment
(e.g., for water reuse)

(d) Anaerobic treatment of
primary and secondary sludge
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Overview of wastewater treatment

 Wastewater treatment system is a combination of different
unit processes

— Unit processes for wastewater and residual treatment

* Each unit process has different functions, different target
constituents, and different mechanisms

— Physical, chemical, and biological unit processes



Unit processes - wastewater

[Unit processes to remove constituents of concern from wastewater]

Target constituent

Suspended solids

Biodegradable
organics

Nitrogen

Phosphorus

Nitrogen and
phosphorus

Unit process

Screening; Grit removal; Sedimentation; High-rate clarification;
Flotation; Chemical precipitation with settling, flotation, or filtration;
Depth filtration; Surface filtration; Membrane filtration

Aerobic suspended growth processes; Aerobic attached growth
processes; Anaerobic suspended growth processes; Anaerobic
attached growth processes; Physical-chemical systems; Chemical
oxidation; Advanced oxidation; Membrane filtration

Chemical oxidation (breakpoint chlorination); Suspended-growth
nitrification and denitrification processes; Fixed film nitrification
and denitrification processes; Air stripping; ion exchange

Chemical precipitation; Biological P removal

Biological nutrient removal processes



Unit processes - wastewater

[Unit processes to remove constituents of concern from wastewater (cont’d)]

Target constituent Unit process

Pathogens Chemical disinfection (chlorine, chlorine dioxide, ozone, etc.); UV
radiation; Heat treatment (pasteurization)

Colloidal and Membrane filtration; Chemical treatment; Carbon adsorption; lon
dissolved solids exchange

Volatile organic Air stripping; Carbon adsorption; Advanced oxidation

compounds

Odors Chemical scrubbers; Carbon adsorption; Bio-trickling filters;

Compost filters

10



Unit processes - residuals

[Residuals processing and disposal methods]

Processing or
disposal process

Preliminary
operations

Thickening

Stabilization

Conditioning

Disinfection

Unit process or treatment method

Sludge pumping; Sludge grinding; Sludge blending and storage,;
Sludge degritting

Gravity thickening; Flotation thickening; Centrifugation; Gravity belt

thickening; Rotary drum thickening

Lime stabilization; Heat treatment; Anaerobic digestion; Aerobic
digestion; Composting

Chemical conditioning; Heat treatment

Pasteurization; Long term storage
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Unit processes - residuals

[Residuals processing and disposal methods (cont’d)]

Processing or
disposal process

Dewatering

Heat drying

Thermal reduction

Resource recovery

Energy recovery

Ultimate disposal

Unit process or treatment method

Centrifuge; Belt press filter; Rotary press; Screw press; Filter press;
Electro-dewatering; Sludge drying beds; Reed beds; Lagoons

Dryer variations

Multiple hearth incineration; Fluidized bed incineration; Co-
incineration with solid wastes

Nutrient recovery processes

Anaerobic digestion; Thermal oxidation; Production of oil and liquid
fuels

Land application; Landfill; Lagooning

12



Reactions & reactors
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Reactions and reactors

* Types of reactions
* Reaction rate expressions
e Types of reactors
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Types of reactions

 Homogeneous reactions

Reactants are distributed uniformly throughout the fluid

Reaction rates are the same at any point within the fluid

ex: reaction between water-dissolved constituents

Reaction rates are usually a function of constituent concentration

* Heterogeneous reactions

Occur between one or more constituents that can be identified with
specific sites

ex: reactions occurring at a solid surface, reactions that requires a
solid-phase catalyst

Reaction rates are usually a function of surface area of a solid phase

15



Reaction rates

* Reactionrate, r

dcC
r=+t—

reaction

* Types of rate expressions

(zero-order)
(first-order)
(first-order)
(second-order)

(second-order)

(saturation or mixed-order)

(first-order retarded)

16



Examples of common rate expressions

Process Rate expression | Comments

Bacterial conversion in . = —kC 1. = rate of conversion, M/L3/T

natural systems k = first order reaction rate constant, 1/T
C = concentration of organic material
remaining, M/L3

Bacterial growth in . as U = specific growth rate, 1/T

bioreactors K= K+S [l = maximum specific growth rate, 1/T
S = concentration of substrate, M/L3

Chemical reactions . = +k,C" 1. = rate of conversion, M/L3/T
k., = reaction rate constant, (M/L3)"1/T
C = concentration of constituent, M/L3
n = reaction order

Natural decay g = —kgN r,4 = rate of decay, #/T

k4 = first order reaction rate constant, 1/T
N = amount of organisms remaining, #

17



Examples of common rate expressions

Process

Rate expression

Comments

Gas absorption

A
Tab = kab V(Cs - C)

Gas desorption

A
Tde = _kde V(C - Cs)

Volatilization

n, = _kv(C - Cs)

r,p = rate of absorption, M/L3/T

k 1, = coefficient of absorption, L/T

T4e = rate of desorption, M/L3/T

k 4.= coefficient of desorption, L/T

1, = rate of volatilization, M/L3/T

k., = volatilization constant, 1/T

C = saturation concentration of constituent in
liquid, M/L3

C = concentration of constituent in liquid, M/L3
A =areaq, L2

V =volume, L3

18



Determination of rxn rate coefficients

Conduct reaction kinetic studies in a batch reactor to measure
concentration changes of the target constituent over time
(more than 4-5 time points)

If the reaction rate expression is known, plot the results
according to the corresponding rate expression; if the reaction
rate expression is unknown, plot the results for various rate
expressions to find the most appropriate one

Find the best-fit value of k from the plot

19



Linear plots to determine rate coefficients

Type of reaction

Integrated form

Linearized plot

zero-order C=Cy—kt Cvs.t

r=—k

first-order —In(C/Cy) = kt —In(C/Cy) vs. t
r=—kC

second-order 1/C =1/Cy + kt 1/C vs. t
r = —kC?
saturation K-In(Cy/C)+ (Co—C) = | (1/)In(Cy/C) vs.

r=—kC/(K + C)

kt

(Co—0O)/t

20



Determination of rxn. rate coefficients

Q: Following set of data was obtained using a batch reactor kinetic

study. Determine the order of reaction that most appropriately
describe the reaction kinetics. Determine the reaction rate coefficient.

Time, d Concentration, mM
250
70
42
30
23
18
16
13
12

0o N oo ol A W N L O

21



Determination of rxn. rate coefficients

C vs. t plot
300
250 O
200
% 150
O 100
O
50 5
0 © ¢ O o 0 0
0 2 4 6 8 10
Time (d)

[> Maybe 15t or 2" order

22



Determination of rxn. rate coefficients

Time, d

0o N o ol A W N L O

Concentration, mM
250
70
42
30
23
18
16
13
12

-In(C/C,)
0
0.553
0.775
0.921
1.036
1.143
1.194
1.284
1.319

1/C
0.004
0.014
0.024
0.033
0.044
0.056
0.063
0.077
0.083

23



Determination of rxn. rate coefficients

15t order:
—log(C/Cy) vs. t

Time (d)

10

0.1

0.08

0.06

1/C

0.04

0.02

2nd order:
1/Cvs. t
O
O
O
O
O
@)
O
O
(0]
0 2 4 6 8
Time (d)

10
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Determination of rxn. rate coefficients

0.1
O

0.08 o

0.06 T
O o

0.04 ...,.--@

9 y=0.0101 x + 0.0038
0.02 It
e
0 o
0 2 4 6 8 10

Time (d)

> k=0.010L/mmole —d



Types of reactors

e Batch reactor
— No flow entering/leaving the reactor
— The liquid contents are mixed completely

e Continuously stirred tank reactor (CSTR)

— Also known as completely-mixed flow reactor (CMFR)
— Flow enters and leaves the reactor at a constant rate
— The liquid contents are mixed completely

26



Types of reactors

* Plug-flow reactor (PFR)
— Applies to reactors with high length-to-width ratio

— ldeal PFR assumes no mixing in the direction of flow and complete
mixing in the direction perpendicular to the flow

e CSTRs in series

— Multiple CSTRs are connected in series
— n=1: CSTR; n=<=: PFR (n=number of CSTRs)

—
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Types of reactors

* Packed-bed reactors
— Filled with packing material (e.g., rock, slag, ceramic, plastics, etc.)

— Operated in either the downflow or upflow mode

— Continuous or intermittent dosing

 Fluidized-bed reactors

— Similar to packed-bed reactors
— Flow is applied in upflow mode, and the packing material is expanded

by relatively high flow velocity

Off gas 1 Off gas ICﬂ! gas
Il Duifiow = Ciutliow
——-h- - — i
B | T L Iv.a Sl . PSS T [
o e £ ’”f?«?a"“’ " e packing
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{ ot opbonal)
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Key references

e Textbook sec 1-4, 1-5, 1-7~1-10

Next class

* Physical unit processes |
— Screen
— Particle settling: theory
— Particle removal in sedimentation basins
— Grit removal
— Primary sedimentation

29



Reactor analysis



Reactor analysis

* Mass balance analysis
e Behavior of ideal tracers in reactors

* Non-ideal flow in CSTR & PFR
e Reactor analysis for reactive substances



Mass balance analysis

(Reaction kinetics) + (Mass balance) = (Reactor analysis)

* Applying mass balance

1) Draw a simplified schematic of the system and identify the control
volume (CV). Make assumptions if necessary.

2) Write a mass balance equation:

(rate of accumulation) = (rate of inflow) — (rate of outflow) + (rate of generation)

3) Solve or rearrange the equation to a useful form.



Mass balance analysis

e Steady-state simplification

— In most applications in water/wastewater treatment, we are concerned
with long-term operation = assume steady state

— Steady-state: no accumulation in the CV (rate of accumulation = 0)

0

(rate of %Jlaﬁon} = (rate of inflow) — (rate of outflow) + (rate of generation)



Some definitions

* Hydraulic retention time

t=V/Q

T = hydraulic retention time [T];  V = volume of the reactor [L3]
Q = flowrate [L3/T]

* Conservative tracers: substances that do neither chemically
transform nor partition from water; used to analyze the flow
characteristics either in natural/engineered systems



Ideal CSTR - tracer response

o TRy
1) Draw schematic, identify CV : l
| |
1 . | |
Assumptions: Q | vl
— C=0att<0 — P S
: . : G 1] ¢ !
— Step input of tracer: influent concentration of | :
Coatt =0 L------
— Complete mixing in the reactor /Conc_ in
— No reaction (conservative tracer) influent
CO -—-
=0 ti=me
2) Write mass balance eq. \_ <Step input>

(rate of accumulation)

= (rate of inflow) — (rate of outflow) + (rate Mation)

VdC— C C
;=0Co—Q




Ideal CSTR - tracer response

3) Solve the eq.

dC Co—C
_:_(Co C) =

[moc=sha

t
—In(C, — C)|0 = t|0

T




Ideal CSTR - tracer response

t
C=Cy|l—exp (- —>] CSTR solution for step input of conservative tracer
T

cf) CSTR solution for slug input of conservative tracer:

C

C_ = e t/7 Co = concentration at t=0 in CSTR due to slug input of tracer (Cy/V)
0
/" mass added N\
in influent

Mo f---

n

=0 time

K <Slug input> /




Ideal PFR — tracer response

1) Draw schematic, identify CV

| |
Q Q
— —
CO Ce

V: total volume of the reactor
A: cross-sectional area

Assumptions:
— C=0att <0foranyx
— Step input of tracer: influent concentration (C forx = 0) of Cy att > 0

— No mixing in the direction of flow and complete mixing in the direction
perpendicular to the flow

— No reaction (conservative tracer)



Ideal PFR — tracer response

1) Draw schematic, identify CV

I |
Q — Q
—> II' - —

I

Co ! C,

e
Ax V: total volume of the reactor
A: cross-sectional area
X AV: volume of the CV
CV selection:

— A thin plate moving at the same speed as the flow velocity

— The plate is thin enough (At = dt) such that the concentration is
homogeneous within the plate

Then: - Q : Length of time the CV stays in the reactor
A L LxA V

= =—=T1
v vXA Q 10



Ideal PFR — tracer response

2) Write mass balance eq.
(rate of accumulation)
= (rate of inflow) — (rate of outflow) + (rate of generation)

dC
AV—=0-0+0
dt
dC

a5 0 No change in concentration while the CV travels through the reactor

"



Ideal PFR — tracer response

3) Solve the eq. (appreciate the result in this case!)

The CV experiences no change in concentration while it moves along
the ideal PFR

The CV stays in the PFR for atime of T
So, for the following step input condition in the influent

conc. in

influent
Cot---

t=0

time
we get effluent concentration as:

conc. in

12



Ideal PFR — tracer response generalization

Forany Cy, = C(x =0,t) = F(t):

Co.=C(x=1Lt)=F(t—1)

For a PFR, the inflow concentration
profile of a tracer is observed exactly

the same in the outflow with a time
shiftof T

13



Non-ideal flow in CSTR & PFR

In practice, the flow in
CSTR and PFR is seldom
ideal — there are some
extent of deviations from
the ideal cases

-----

14



Non-ideal flow in CSTR & PFR

e Factors leading to non-ideal flow (short-circuiting)

Temperature differences: temperature difference developed within a
reactor = density currents occur - water does not flow at a full
depth

Wind-driven circulation patterns: wind creates a circulation cell which
acts as a dead space

Inadequate mixing: insufficient mixing of some portions of the reactor

Poor design: dead zones developed at the inlet and the outlet of the
reactor

Axial dispersion in PFRs: mechanical dispersion and molecular
diffusion in the direction of the flow

15



Reactor analysis — including reactions

* Now, let’s deal with a non-tracer compound, which undergoes
reactions when staying in a reactor

* Incorporate the reaction rate expression into the mass
balance equation!

e Batch reactor with first-order reaction

1) Draw schematic, identify CV o 7=
: |

- Assume homogeneous mixing I :
. Cypatt=0 | v
I

- 1t order reaction: :_ _C_ _

dc
— = —kC

reaction 16



Batch reactor analysis, 1% order reaction

2) Write mass balance eq.

(rate of accumulation)
= (rate of inflow) — (rate of outflow) + (rate of generation)

dc dC
Vee=0-0+V -—
dt

dt .
reaction
dc C _kC
dt
3) Solve the eq.

C/Cy= ekt




CSTR analysis, 15t order reaction

1) Draw schematic, identify CV r=== + =
|
- C=Cyatt=0 : :
Q : V4 : Q
Cin 1| C I C

2) Write mass balance eq.
(rate of accumulation)

= (rate of inflow) — (rate of outflow) + (rate of generation)

Vdc— C C+V dc

reaction

dC
V== QCin — QC +V(=k0)

dC—lC 1+kC
at  t ™" T

18



CSTR analysis, 15t order reaction

3) Solve the eq.
X - (E+k)c
dt ™ \1
I —1+k
et ,B—T

1
C'+BC ==Cy
multiply both sides by an integrating factor, eft
Be(cr Lo ot
e’ (C +,BC)=; in€

1
(ceft) = - CinePt

C C;
CePt = T ePtdt = Eeﬁt + K (K =constant)

Cin
C=—+Ke Pt
p

19



CSTR analysis, 15t order reaction

3) Solve the eq. (cont’d)
use the initial condition, C = Cyatt =0
Cin

fotomg

Solution:

C;
C=Coekt1/Dt "I (4 _ o—(k+1/D)t
0 1+ kr( )

** Steady-state solution for CSTR, 1% order reaction

let t » oo:




CSTR in series, 15t order reaction

r 1 r= === r= ===

[ I [ I | 1

| | I | | |

| | I I 1 |
Q | V/n I | V/n I Q Q V/n| Q
C | ‘¢ ' Cor 1 e
in | C1 I 1 1 C2 I 2 n-1 1 Cn I n

L | L= | L=———= |

Ccv, cv, cv,

Steady-state solution:

Cn/Cin =
_ 1
(1 + kt/n)n

(1 + kV/nQ)"

V = sum of all reactor volumes
T = hydraulic retention time in the entire system

21



PFR, 15t order reaction

le |

| L |
Q l: v Q

— P NN
G 1L C.
3
Ax V: total volume of the reactor
A: cross-sectional area
X AV: volume of the CV

(rate of accumulation)
= (rate of inflow) — (rate of outflow) + (rate of generation)

AVdC—O 0+AVdC
dt dt

reaction

dc dc

dt  dt = —kC

reaction

22



PFR, 15t order reaction

A PFR solution should be obtained by replacing “t” in the batch reactor
solution by “” (= V/Q):

batch reactor solution, 1%t order reaction:

C/CO - e_kt

PFR solution, 15t order reaction:

C/Cy=e

23



Comparison of reactor performances

Q: Compare the performance of i) a CSTR, ii) CSTRs in series, and
iii) a PFR having the same hydraulic retention time of 0.2 days
when the first-order reaction rate coefficient, k, is 10 day.
Assume steady state.

24



Comparison of reactor performances

i) CSTR

c 1 1
Co 1+kt 1+ (10day1)(0.2day)

= 0.333 $ 66.7% removal

ii) 3 CSTRs in series

C 1 1
Co (1+kt/3)3 {1+ (10 day-1)(0.2 day)/3}3

= 0.216 |:> 78.4% removal

iii) PFR

L ekt = p—(10day™')(02day) — (135 [> 86.5% removal

Co

25



Steady-state CSTR vs. PFR

CSTR in series,

o
2
O n=5

CSTR in serjes,
n=10

~
/

PER Hydraulic retention time, t




Key references

 Textbook sec 1-4, 1-5, 1-7~1-10

Next class

* Physical unit processes |
— Screen
— Particle settling: theory
— Particle removal in sedimentation basins
— Grit removal
— Primary sedimentation
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