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1.0
Introduction

The Water Quality Analysis Simulation Program (WASP)

is a dynamic, spatially-resolved, differential mass balance
fate and transport modeling framework. WASP is used to
develop models to simulate concentrations of environmental
contaminants in surface waters and sediments. As a modeling
framework, it allows users to construct the model design

that is appropriate for the system of interest, in one, two, or
three dimensions. WASP allows for time-varying processes
of advection, dispersion, point and diffuse mass loading,
boundary conditions and boundary exchange. WASP can be
linked to hydrodynamic and sediment transport models, or
the hydrodynamic algorithms within the WASP framework
can be used. WASP is one of the most widely used water
quality models in the USA and throughout the world. It has
been applied in development of Total Maximum Daily Loads
(TMDLs)"2; simulation of nutrients in Tampa Bay, FL3; and
remediation strategies for mercury in the Sudbury River,
MA*3.

WASP is an enhancement of the original version developed
in the 1980s 8. Over the years, it has undergone many
improvements and enhancements. In July 2017, WASPS8
(WASP, v.8.1) was released. It was a complete overhaul
and recoding that moved from Fortran77 to Fortran95 to
take advantage of many updated features. This release also
incorporated a new WASP interface, a new post-processor
(WRDB), and the ability to run on a PC or Mac.

WASP8 contains two modules: the Advanced Eutrophication
module and the Advanced Toxicant module. These provide
the tools to simulate different environmental contaminants

of concern. Advanced Eutrophication simulates conventional
pollutants (e.g., dissolved oxygen, nitrogen, algae). Over

the years, much of WASP’s development focused on the
eutrophication module, details that are not part of this
document. Similarly, the overall workings of WASP, such as

how to construct a WASP model or how to simulate flow, are
not included. The focus here is on the Advanced Toxicant
module’s recent advances.

WASP’s Toxicant module (WASP TOXI, WASP7 and earlier)
originally focused on dissolved organic contaminants, with
the capacity to model metals in a descriptive manner and
simulate solids. The new Advanced Toxicant module in
WASPS8 was completely rewritten to advance it from being
able to simulate three chemicals and three solids (generally,
sands, fines, and particulate organic matter). WASP8 now
permits simulation of seven state variables: dissolved
chemicals, nanomaterials, solids, dissolved organic carbon,
temperature, salinity, and bacteria. For each variable, the
number of how many can be simulated is pre-set (e.g., up
to 10 chemicals); due to the new architecture, these can be
increased with small adjustments in the source code, by
request.

As part of the upgrade to WASPS, and the incorporation of
nanomaterials as a new state variable, we present here an
overview of the theory and application of:

Solids Transport

Light and Phototransformations

Particle Attachment

Nanomaterial Transformation Reactions

Chemical Transformation Reactions

Each topic is discussed by providing an introduction; the
theory of the topic with equations used to describe the
processes; implementation of this module within WASP; and
specific examples in some cases. Quality assurance/quality
control (QA/QC) tests to verify that incorporation of these
processes into WASP match analytical results are presented
in Appendix A.



2.0

The Advanced Toxicant Module

The WASP8 Advanced Toxicant Module is structured to
provide flexibility in constructing the processes that govern
the contaminant(s) of interest. The user selects the type of
state variables and number of each. The type of contaminants
that WASPS can simulate, ranging from simple to more
complex, are shown below.

e Metals

o Copper, Lead, Zinc, Cadmium
o Arsenic, Tin, Selenium, Chromium
e Mercury
o Elemental, Divalent, Methyl (Explicit Mercury Model
to Be Released)
e Organics
oMTBE, PCB Homolog

o Petroleum, BTEX, PAHs, Chlorinated Solvents,
VOCs

o Pesticides, Organic Acids
e Nanomaterials

o Carbon Nanotubes, Graphene Oxide, Titanium
Dioxide, Silver Sulfide

WASP8’s Advanced Toxicant Module is a noticeable advance
over WASP7. The types and numbers of state variables now
include:

Dissolved Chemicals (n=1to 10+)
Nanomaterials (n=1to 10+)
Solids (n=1to 10+)
Dissolved Organic Cartbon  (n=1to 5+)
Bacteria (n=1to 5+)
Temperature (n=1)
Salinity (n=1)

The maximum number of variables for each class of state
variable is set as a limit in the code, however, it can be
updated by adjusting and recompiling the source code.

We discuss the three main state variables of dissolved
chemicals, nanoparticles, and solids. Solids are particularly
important for simulating toxicants because they provide

a surface for attachment. Their transport is governed by
associated particles. Light governs phototransformations of
dissolved chemicals and nanoparticles, so we incorporate the
new way that WASP handles light and phototransformations.
Simulation of Dissolved Organic Carbon, Bacteria,
Temperature, and Salinity are not incorporated here, as it is
beyond the scope of this effort. Some processes governing
chemicals are also left out (e.g., volatilization). Details on
how to simulate these will be incorporated as develop the
user’s guide documents that is part of the WASP executable.




3.0
Solids Transport

3.1. Introduction

Suspended and benthic solids are important components

of water quality. Excess suspended solids concentrations

can harm fish directly through direct mortality, or by
reducing their growth rate and resistance to disease. High
concentrations increase light attenuation and surface heating;
the consequential reductions in light affect algal growth rates
and abundance of food available to fish. Excess silts can
blanket benthic spawning areas and damage invertebrates.
Organic deposits can reduce dissolved oxygen levels, causing
an imbalance in natural biota.

Solids affect conventional water quality through sorption of
nutrients. Sorption reduces dissolved ammonia (NH,) and
phosphate (PO,) fractions, reducing nitrification and algal
uptake and growth. Particulate nutrient fractions are removed
from the water column by deposition, and returned by erosion
and resuspension.

Solids also affect the fate of potential toxicants, including
organic chemicals and nanomaterials. Sorption reduces

their dissolved fraction and bioavailability, and deposition
removes them from the water column, attenuating some peak
loading events. Net deposition stores chemicals in sediments
for long periods. Pore water diffusion and resuspension
return chemicals to the water column between loading events.
Large flood events scour significant amounts of sediment
and chemical from the upper sediment to the water column.
Burial below bioturbation depth potentially sequesters
chemicals from biota.

The solids module is an independent set of routines for
the solids state variable. It has its own set of associated
Constants, Parameters, and Time Functions and is
implemented as a unit within each of these modules.

Like other state variables, Solids are transported between
segments by advection and dispersion. They can also settle
through the water column; deposit to the surface benthic
(sediment) layer; erode and resuspend back to the water
column; and bury to lower benthic layers. These processes
are described below. Using the Solids Option in the
Constants section, Solids Transport group, you can choose
the descriptive option (0) or one of the process-based solids
transport options (1 or 2) for each Solid system.

3.2. Theory

3.2.1. Solids Systems

WASPS8 can simulate up to 10 different Solids systems,
each representing a discrete size range and density. You
must choose how many solids types to simulate, and then
specify their characteristic sizes and densities. Table 1 gives
characteristic size ranges for different classes of solids.
Table 2 gives typical densities.

Table 1. Particle size classification’

Common
Size Range Wentworth Name Name
110 100 nm nanoparticle nanoparticle
<1 pum colloid mud
1.0-3.9 ym clay mud
3.9-62.5 ym silt mud
62.5- 125 ym very fine sand sand
125 - 250 pym fine sand sand
0.25-0.5mm medium sand sand
0.5-1mm coarse sand sand
1-2mm very coarse sand sand
2 -4 mm granule gravel
4 — 64 mm pebble gravel
64 — 256 mm cobble gravel
> 256 mm boulder gravel
Table 2. Particle densities '
Substance Density [g/mL]
Organic matter (dry weight) 1.27
Siliceous minerals 2.65
Garnet sands 4.0

3.3. Implementation

Solids are specified in the Systems section. Each row is an
independent model system. Enter new rows by clicking the
‘Insert’ button or by setting the cursor to the bottom row
and pressing the keyboard’s down arrow. To specify a solids
variable, double-click a cell in the System Type column and
select “SOLID”; a default name is provided in the System
Name column. You can specify a more descriptive name by
double-clicking a cell in that column.

Particle densities are also specified in the Systems section.
The Density column is preset to 1.0 g/mL, the nominal
density of water. WASPS8 will reset the particle density to
2.65 g/mL if you do not specify an alternate density.



The characteristic particle diameter for each Solid is specified
in the Constants section, Solids Transport group. WASP8 will
assign a default value of 0.025 mm, which is characteristic of
silt, if you do not specify particle diameter.

3.4. Water Body Compartments

WASPS8 model networks are composed of spatially-discrete
segments, or compartments. Detailed network segmentation
is best generated with special WASP builder software linked
to GIS platforms such as BASINS (https://www.epa.gov/
exposure-assessment-models/basins). Simple networks can
be specified directly in the WASPS8 user interface.

Each segment is represented by a row in the Segments section
of the interface. Segments are specified in the Segment Type
column, and consist of four types:

o Surface Water

o Subsurface Water
o Surface Benthic

o Subsurface Benthic

The Transport Mode determines how advective transport
through each segment is calculated. This is covered in the
WASP8 Advective Flow document.

For networks with vertical discretization, map segments
vertically, using the Segment Below column. The default
setting is “None,” indicating there is no model segment
immediately below the current one. To specify a segment
below, double-click in the cell and select the proper segment
from a pick list. WASP8 will internally map the segments in
vertical columns.

The water column — The water column is composed of
Surface Water and Subsurface Water segments, linked by
advective flow paths and dispersive exchanges.

The sediment bed — Sediment beds are layers composed of
Surface Benthic and Subsurface Benthic segments, arranged
in vertical stacks beneath a water column segment. Each
segment is defined by its bulk density, porosity, cohesiveness
and organic content. These properties are not specified
directly in WASPS, but are a product of the simulated
individual solids systems with their properties.

The initial total solids concentration in a benthic segment
[mg/L or g/m*] sets the reference bulk density [g/mL] and
porosity [L /L]. As described in Section 3.8, the solids mass
balance preserves reference bulk densities and porosities

for benthic segments when individual solids are added or
removed. Initial concentrations are specified in the Segments
section, Initial Conditions group.

A benthic segment is considered “non-cohesive” or
“cohesive” based on whether the fraction of clay and silt-size
solids (those less than 0.10 mm) exceeds the specified critical
fraction. You can specify the “Critical cohesive sediment
fraction, above which bed acts cohesively” in the Constants
section, Solids Transport group; the default value is 0.2. In
cohesive beds, clay and silt particles are eroded as a unit, but
eroded separately in non-cohesive beds.

3.4.1. Stream Sedimentation Regimes

The transport of solids in surface waters is governed to a
large degree by particle size and stream velocity (or
bottom shear stress).
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Figure 1. Stream Sedimentation Regimes

3.5. Descriptive Solids Transport

If default Solids Option 0 is chosen for a Solid system,
WASPS will apply segment-specific settling and resuspension
velocities as shown in the Parameter Data section, Solids
group. Settling is the movement of a solid from one water
column segment to the underlying water column segment.
Deposition is the transfer of a solid from a water column
segment to the underlying surface benthic segment.
Resuspension is the transfer of a solid from a surface
benthic segment to the overlying water column segment.
Solids burial is calculated internally, based on mass balance
calculations for total solids within the benthic segments.

Settling and Deposition — The Solids Settling Velocity w,
[m/d] should be specified for settling or deposition from each
water column segment. WASP multiplies w, by the solids
concentration in the segment [g/m?] to obtain the solids flux
[g/m?-d] to the segment below. Note that the deposition
velocity for a solid is generally a fraction of the characteristic
settling velocity for that solid, as described in the Deposition
subsection in Section . In WASP8, Solids Transport
constants can be specified to make deposition dependent

on shear stress. For Solids Option 0, the default values for
these deposition constants are set so that specified settling
velocities will be used for deposition.

Note that settling and deposition velocities can be quite
high for size classes from coarse silts and above, causing
severe numerical burdens. When settling removes more than
0.1% of a solid from a water column segment during the
calculation time step, WASPS uses an analytical solution
described in Appendix 1. The calculates C* [g/m?], the
average solid concentration during the time step; this
concentration is used in the WASPS solution for settling and
advection out of the segment during the time step.



Resuspension — The Solids Resuspension Velocity, w,
[m/d], should be specified for resuspension from each
surface benthic segment. WASP multiplies w, by the solids
concentration in the segment [g/m?®] to obtain the solids flux
[g/m2-d] to the segment above.

3.6. Process Based Solids Transport

If Solids Option 1 or 2 is chosen, WASP8 will use a set

of solids constants, along with process-based equations

to calculate dynamic settling, deposition, erosion, and
resuspension velocities. While settling is a function

of particle size and density, deposition, erosion, and
resuspension are functions of bottom shear stress. Erosion
and resuspension also depend on whether the sediment

bed is acting cohesively or noncohesively. Solids burial is
calculated internally based on mass balance calculations for
total solids within the benthic segments, which is described
in Section 3.8.

Bottom Shear Stress — Flowing water exerts a shear stress, t,
[N/m?], on the benthic surface layer. WASP8 uses the Darcy—
Weisbach expression for the grain-related bottom shear stress
(skin friction) that is a function of the average water velocity,
u [m/s], and water density, p [kg/m’]:

2
u
Tp = % Equation 1
fis the Darcy—Weisbach friction factor, estimated by:
f= 0.24
log2(12:—s) Equation 2

where /1 is water depth [m], D, is median sediment grain
size [m], and k_is the equivalent roughness height [m],
calculated as 3D, or 0.01/7, whichever is larger. Note that for
a bed of medium sand (0.5 mm), or finer, in streams greater
than 5 cm deep, f'assumes a constant value of 0.0253. With
values of p  close to 998 kg/m’, the bottom shear stress
simplifies to:

7, = 3.16u” Equation 3

Settling — Settling is the movement of solids down through
the water column. WASPS calculates the settling velocity, w
[m/s], for each solid using the van Rijn (1984) method. This
set of equations is based on mean particle diameter, D [m],
particle density, p_[kg/m’], water density, p [kg/m’], and
absolute viscosity, x4 [kg/m-s]:

Raq
T8 D <100um
= 2( /1 +0.01R% — 1) 100pm < D < 1000um
9P |Ra T - Equation 4
11 D > 1000um

where R is the sediment particle densimetric Reynolds
number:

R, = Dgy/g'Ds .
d i/ Pw Equation 5
and
"= gL
g9 = g(pw 1) Equation 6

where g is the acceleration of gravity, 9.807 [m/sec?]. For
D_ <100 pm (very fine sands and smaller), the van Rijn
expression reduces to Stokes’ Law:

_ D3
T 18 "

Ws 9(ps — pw)

Equation 7

For D > 1000 um (very coarse sands and larger), and particle
density of 2650 kg/m’, the van Rijn expression simplifies to:

wg = 4.425,/D

In the model initialization phase, WASP8 calculates the
characteristic settling velocity for each simulated solid using
the input particle densities and diameters, along with nominal
values for water viscosity (0.001 kg/m-s) and water density
(1000 kg/m?).

Deposition — Deposition is the movement of solids from

the water column to the surficial benthic (or sediment) bed.
In noncohesive deposition, the settling of individual solids
particles is attenuated by the shear stress from water flow.
WASPS calculates the deposition velocity, w, [m/s], for each
solid as the product of its settling velocity, w , and probability
of deposition upon contact with bed, a,,:

Equation 8

Wp = Ws@p Equation 9

where a,, is a function of bottom shear stress, 7, as well as
the lower and upper critical shear stress thresholds, t, and
T,,,- Using a formulation by Krone (1963), a,, is equal to

1 fort, <7, and equal to 0 for t, > 7 _, .. Within the critical
shear stress range, a, varies from 1 to 0 as bottom shear

stress rises from 1, to T, in a roughly linear fashion:

_ Tcp2—Th Yp
aD - _
Tcp2~TeD1

Equation 10
where © ) and t_, are in [N/m*], and vy, is a dimensionless
exponent. For the default g, of 1.0, the interpolation function

is linear.

These three constants are input for each solid in the Constants
section, Solids Transport group. The lower critical shear
stress for deposition is generally considered to be close to

0.0 N/m?, while the upper critical shear stress for deposition
is in the range of 0.01 - 0.2 N/m?, depending on particle size.
For Solids Options 1 and 2, the default values fort , and 7,
are set to 0.0 and 0.2 N/m?. For Solids Option 0, they are set
to 10 and 20 N/m? so that, under all reasonable conditions,
deposition is set to the specified settling velocity.

Noncohesive Erosion — Noncohesive erosion is the
detachment of solids particles from the surface benthic
sediment into a mobile boundary layer. Resuspension is

the transport of the solids particles from the mobile layer
into the water column (Figure 2). In noncohesive benthic
segments, all solids particles are subject to noncohesive
erosion and resuspension. In cohesive benthic segments, only
sands and larger particles (> 0.1 mm diameter) are subject to
noncohesive erosion and resuspension.



Components of noncohesive sediment transport:
Erosion from surface sediment: Eg, Wg

+ Deposition from the boundary layer: Dg, Wg
Entrainment from the boundary layer, W,

« Net resuspension from sediment to water, Wgg

« Bedload through boundary layer: g,
T A
w, 2 Wes

Surface Water Column Cw

Figure 2 - Noncohesive erosion and resuspension

In WASPS, erosion velocity and flux are calculated for

each particle size class using either the van Rijn or Roberts
formulation (Solids option 1 or 2). These are based on particle
diameter and density, the bottom shear stress, and the critical
shear stress for erosion.

The van Rijn erosion algorithm (Solids Option 1) calculates
a non-dimensional quantity, £, which is the ratio of the gross
erosion to gross deposition rate. The erosion velocity, then, is
the product of £ and the settling velocity:

Wg = EWS Equation 11

The van Rijn non-dimensional E is:

Ds —
E =0.015y, k—st"-z ) Equation 12

where y,. is a user-specified multiplier that defaults to 1.0

D_ is the median particle size [m], &, is the roughness height
[m], R, is the sediment particle densimetric Reynolds number
(defined above), 7 is a user-specified exponent that defaults to
1.5, and 7, is the non-dimensional shear stress:

Tp— TcE
= DT > .
T Ter T = Teg Equation 13

7, =0 Ty < Tcg

Equation 14

where 1, is the bottom shear stress [N/m’] and 7 , is the

critical shear stress for erosion:

Tee =Yg (ps = Pw)gDsOck Equation 15

where v , is a user-specified multiplier that defaults to 1.0
and 0 , is the non-dimensional Shields parameter, which is
calculated by the Brownlie (1981) fit to the Shields curve:

0.5 = 0.22 R7%® +0.06 x 10777 Ra"° Equation 16

The critical velocity for erosion, u_, [m/s], is the velocity that
produces t_,:

Ueg = +/ 8TcE/pwf

In WASPS, calibrate van Rijn noncohesive erosion by
specifying values for the following constants in the Solids
Transport group: shear stress exponent for noncohesive
resuspension, / (default = 1.5); critical shear stress multiplier

Equation 17

for noncohesive resuspension, vy , (default = 1.0), and
shear stress multiplier for noncohesive resuspension, v,
(default = 1.0).

Eroded solids in the mobile boundary layer may be
transported along the sediment bed by bed load, or to the
water column by resuspension.

The Roberts erosion algorithm (Solids Option 2) calculates
erosion velocity w, [m/s] for each particle size class as a
function of bottom shear stress t, [N/m?] and bulk density p,
[kg/m?]:

m.n

We = VgApPp'Tp Equation 18

where y,is a user-specified multiplier that defaults to

1.0. The fitting coefficients A, m, and n were determined
experimentally for different particle sizes from fine silt
(less than 5.7 nm) to coarse sand (greater than 1.25 mm).
In WASPS, you can calibrate the Roberts erosion rate

by specifying a value for the shear stress multiplier for
noncohesive resuspension, v, (default = 1.0) in the Solids
Transport group.

Noncohesive Resuspension — Noncohesive resuspension is
the transport of the solids particles from the mobile layer
or from the surface benthic segment into the water column
(Figure 2). Eroded particles move in the boundary layer as
bed load below the critical shear stress for resuspension, p
[N/m’].

cRS

— (.1 (ws100/D)?

Ters = 5,/ 1000 Equation 19

where w_is the settling velocity [m/s], p,  is the water density
[kg/m?], ‘and D, is the non-dimensional partlcle diameter,

given by 1/3

=[],

v? Equation 20

When bottom shear stress exceeds 7, particles are entrained
from the mobile boundary layer and resuspension begins. The
net resuspension velocity w, is given by:

Wr = frsWe Equation 21

where f, . is the fraction of the noncohesive erosion that is
entrained to suspension, given by:

frs =10 Tp < TcRs Equation 22
n(u,/ws)— In(Uicrs/Ws) R

oS = Ziniar- taans/w) b Ters  Equation 23

frs =1 u, = 4w Equation 24

where u, is shear velocity [m/s], u, , is critical shear velocity
for resuspension [m/s], and w_is particle settling velocity
[m/s]. The shear velocity and critical shear velocity are given

by:

U, =~/Tp/Pw Equation 25
Uicrs = v/ Ters/ Pw Equation 26




Noncohesive Bed Load — Bed load is the transport of
noncohesive solids particles downstream through the mobile
layer Bed load begins when the bottom shear stress exceeds
the critical shear stress for erosion, t . Most eroded particles
are redeposited back to the surface sediment layer. The bed
load flux per unit width, g,, [g/m-s] is given by the van Rijn
expression:
D 1.2
B (=) M,

o1 = OoiPst ( h ) € Equation 27
where o, is a fitted coefficient, u is stream velocity [m/s], /4 is
depth [m], £ is a fitted exponent, and M, is given by:

Me — u— ucg

(Ps;vl;w) 9 Dso

Equation 28

where u , is the critical velocity for erosion, given in the
previous section.

van Rijn calibrated the bed load flux equation to measured
transport data (van Rijn, 2007), yielding o, = 15 and
n = 1.5. In WASPS, o, is given by:

oy = 15 * vBLmult Equation 29

where vBLmult is the calibration multiplier for bed load flux
(default = 1.0) and % is set to vRNonCohExp, the shear stress
exponent for noncohesive resuspension (default = 1.5). Both
are specified in the Constants section, Solids Transport group.

Cohesive Resuspension — Cohesive erosion is the detachment
and transfer of a thin layer of cohesive sediment from the
surface benthic sediment to the water column. All cohesive
solids in the eroded layer are transferred at the erosion
velocity, w, [m/s].

A commonly-used expression for cohesive erosion flux
[g/m?-s] is the following excess shear stress power law
formulation (Lick et al., 1994):

E. ., = Ml

coh = feon Equation 30

where M is the shear stress multiplier [g/m?-s], n is the shear
stress exponent, £ is the fraction of the surface bed that is
cohesive, and 1, is the excess shear stress [N/m?]:

_ Th—T¢E

Ty Tp = Teg Equation 31

TcE

7, =0 Ty < Tep Equation 32

where 1, is the bottom shear stress [N/m’] and t , is the
critical shear stress for erosion [N/m?].

The set of cohesive constants can be specified for each solid
in the Constants section, Solids Transport group. The shear
stress multiplier varies between 0.1 — 100 [g/m?-s], with a
default value of 5. The shear stress exponent varies between
1.6 — 4, with a default value of 3. The critical shear stress for
erosion varies between 0.5 — 8 [N/m?], with a default value
of 2.

The shear stress multiplier, exponent, and the critical shear
stress for erosion can vary spatially in a water body. Input
different values for these for each surface benthic segment

in the Parameter Data, Solids group. If a nonzero value is
specified for a segment, that value is used instead of the
constant.

3.7 Biotic Solids Production and Dissolution
Biotic solids include living algae and non-living detritus.

The WASPS eutrophication model simulates the growth,
settling and death of phytoplankton and macro algae, with the
subsequent production, settling, and dissolution of detritus.
The total dry weight of these biotic solids components is
added to the inorganic solids concentrations to produce total
suspended solids in water column segments.

In the WASPS toxicant model, one or more solids variables
can be characterized as biotic. For solid “7” the net

production rate R, ir [g/m3-d] is given by:

20

. T-
Rproai = (Rp,seg + Rp.t)eprod Equation 33

where R is the spatially-variable Biotic Solids Net
Production Rate [g/m*-d] specified in the Parameters section,
Solids group; R, is the time-variable Biotic Solids Net
Production Rate [g/m*-d] specified in the Time Functions
section, and Hpm , 18 the temperature correction coefficient,
specified in the Constants section, Solids Transport group.

Similarly, the dissolution rate constant k,_,

[d'] is given by:

T-20
kdiss,i = (kd,seg + kd,t)ediss

where k& dseg is the spatially-variable Biotic Solids Dissolution
Rate Constant [d'] specified in the Parameters section, Solids
group; &, is the time-variable Biotic Solids Dissolution Rate
Constant [d"'] specified in the Time Functions section, and
0, is the temperature correction coefficient, specified in the
Constants section, Solids Transport group.

Equation 34

The dissolution rate R, . [g/m*-d] is the product of its

2

dissolution rate constant [d'] and its concentration [g/m?]:
Raiss,i = Kaiss,iSi Equation 35

s
1

The inorganic residue of biotic solid dissolution will be
added to solid “j” if the user specifies the Ash Dry Weight
Residue and the Residue Solid Identification Number in

the Constants section, Solids Transport group. The organic
carbon fraction of biotic solid “i”" dissolution will be added
to DOC “k” if the user specifies the Organic Carbon Fraction
and Dissolution Product DOC Identification Number in the
Constants section, Solids Transport group.

3.8. Solids Burial

Sediments below each water segment can be represented in
WASP by using one or more layers. The initial total solids
concentration in each benthic segment [mg/L or g/m?] sets
its reference bulk density [g/mL] and porosity [L /L]. Driven
by deposition, erosion (including resuspension and bed
load), growth, and dissolution fluxes, WASP8 conducts a
solids mass balance in these layers. Two options appear in
the Dataset screen — Static (constant volumes) and Dynamic
(constant densities). We recommend the Dynamic option



(described below) in which you must also set the benthic
time step DT, in the Dataset screen; the default value
is 1 day.

Surface Benthic Layer — The surface benthic layer is active.
When solids are deposited, it accumulates volume and depth.
When solids are eroded, it loses volume and depth. Except as
noted below, the initial reference bulk density and porosity
are maintained.

If there are no subsurface benthic layers, deposition

causes the surface layer to accumulate depth and volume
indefinitely, meaning there is no net burial. Erosion reduces
the depth and volume until it reaches 5% of the initial values
and no further erosion is allowed.

If there are underlying subsurface benthic layers, the surface
layer volume and depth are reset to initial reference values
for each benthic time step. The reset correspond to net burial
(V,, and d,) or net erosion (¥, and d,).

Under depositional conditions, the surface benthic
segment buries V, and d,, to the first subsurface benthic
segment at each benthic time step. The solids and pollutant
concentrations in the buried volume are also passed
downward. The burial velocity, w,, [m/s], from the surface
benthic segment is
dp1

W81 = b Equation 36
Note that burial velocity is reported in the model output in
units of [cm/yr]. The burial fluxes from the surface layer for
solids and pollutants are:

Fpix = CraWp1 Equation 37

where C, | is the concentration of constituent ‘4’ in the
surface benthic layer [g/m’], and F,,  is the burial flux
[g/m?-s] from the surface benthic layer.

Under erosion conditions, the surface benthic segment
recruits ¥/, and d,, from the first subsurface benthic
segment at each benthic time step. The solids and pollutant
concentrations in the subsurface volume, C, ., are also
passed ‘upward’ (the surface benthic segment is moving
downward). In subsurface benthic layers, total solids are
usually packed more tightly and have higher bulk densities
and lower porosities. To preserve mass and volume balance,
the surface layer bulk density and porosity are recalculated
at each benthic time step. If erosion continues over time,
the bulk density and porosity approach the values in the
subsurface layer.

Subsurface Benthic Layers — Subsurface benthic layers
are passive. Each benthic time step, mass is transported
downward or upward through the subsurface layers,
depending on whether the surface benthic segment
experiences deposition or erosion conditions.

Under deposition, the first subsurface segment receives
solids from the surface layer at each benthic time step. If
the subsurface segment has a higher bulk density, the buried
volume and depth (¥, and d,,) are compressed to V,, and

d,,, and pore water is squeezed upward. The compressed

volume V,,is passed downward to the next benthic layer or
out of the system. Solids and pollutant concentrations in the
subsurface volume, C, ;. are also passed downward to the

next lower benthic segment through the bed, maintaining the

initial bulk density and porosity.

Under erosion conditions, the surface segment receives
volume V_, from the first subsurface layer at each benthic
time step. Solids within this volume are also transferred
upward. In turn, lower subsurface benthic layers transfer
eroded volume and solids concentrations to their overlying
benthic layers. Erosion reduces the depth and volume of the
bottom layer until it reaches 5% of its initial value; no further
erosion of that layer is allowed. Erosion then reduces the
depth and volume of the next lowest benthic layer until it,
too, reaches 5% of its initial value. If erosion continues, all
benthic layers will eventually reach 5% of their initial values.
At this point, no more erosion is allowed.

3.9. Analytical Solution for Settling

WASPS8 normally uses a backward difference numerical
solution technique. For each state variable, the concentration
at the beginning of a time step, C,, is used in transport and
transformation equations. The time step, DT, is adjusted to
maintain stability.

For coarse silts and sands, however, high settling velocities
could cause WASPS to use increasingly smaller time steps.
When settling removes more than 0.1% of a solid from a
water column segment during the normal calculation time
step, WASPS uses the alternative analytical solution, which
calculates C*, the average solid concentration during the time
step, applied in the solid settling and advection loss for the
time step.

Balancing loading, advection, and settling, the analytical
steady-state solution for a solid under prevailing
conditions is:

L
Coc= —
S5 or ves

Equation 38

ITERT]

where L is the total loading of solid “i” [g/d] including
external loadings, advection in, and resuspension; Q is the
advective flow [m?/d], V' is the segment volume [m?], d is
the segment depth [m], and w, is the settling or deposition
velocity [m/d]. During the time step, the concentration will
move from C, toward C,.

For convenience, this equation can be rearranged:

L

Css = VXks Equation 39

where X is the overall loss rate constant due to outflow plus
settling [1/d]:

Equation 40

The first order attenuation equation is:

= L-(0+5)c

dt d Equation 41




The solution for C as a function of time is:

L -
C=0Cy+ Vin (1—e Xust) Equation 42
C= CO + Css(l - e_st t) Equatlon 43
Integrating this equation over DT gives:
DT —
[y cdt = [~ 5=(Co = Cos) ™Mot + Cost| %y Equation 44

evaluating the right-hand side at = DT minus ¢ = 0 and
rearranging terms gives:

DT 1 -
Jo~ Cdt = CssDT + 7. (Co—Css)(A—e %) Equation 45
The average concentration during DT is:

T cat

* 1 -
I ——= Css + s (Co — Css )(1 — e Xks PT ) Equation 46

It is convenient to define X, which varies from close to 1
(for small DT or X, ) to 0 (for large DT or X, ):

1—e—Xks DT

Xterm = X DT Equation 47

so that:

C* = CoXierm *+ Css(1 — Xeerm ) Equation 48

The average concentration C* varies from C, at small time
steps or loss rates to C, for large time steps or loss rates.

3.10. Example

This section describes how interaction of solids behaves
between the water column and benthic segments. A simple
pond system consisting of a water column, a surface benthic
layer, and a subsurface benthic layer model the transport of
solids. Table 3 describes the geometry of the segments.

Table 3. Channel Geometry of WASP Segments

Segment V‘z:::;' e Depth (m)
Water Column 10,000 1
Surface Sediments 200 0.02
Subsurface
Sediments 500 0.05

The WASP model simulates flow, as well as silt and sand
loads, with simple process-based settling and resuspension.
Dynamic bed compaction was used in the sediment layer at a
time step of one day. Table 4 describes parameters used and
their values.

Table 4. Solids Demonstration Parameters

Variable Description Units Value
Flow through the Water
Q Column md 10,000
Silt Load into the Water
S Column el 60
Sand Load into the
Seand Surface Sediment kg/d 40
A Cross-sectional Area of m?
bed Bed 10,000
M Silt radius mm  0.004
Vo Silt Settling Velocity m/d  5.E-01
Vi Silt Resuspension Velocity m/d  5.E-05
T Bed Compaction Time d
bed Step 1

The model is simulated until all three segments have reached
steady state, with the subsurface sediment layer taking the
longest time. Figures 3-5 show the concentrations of total
solids, silt, and sand in each segment layer. Sand is not
present in the water column because the load is entered
directly into the surface sediment layer. Silt concentrations
reach steady state in the water column segment relatively
quickly, compared to sediment layers.
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Figure 3. Solids Concentration in the Surface Water



Total solids and sand concentrations are plotted on the left
y axis and silt concentrations are plotted on the right. Sand
concentration decreases rapidly as silt is deposited from the
water column. The dynamic bed compaction option allows
the surface benthic layer to accumulate volume and depth
until the bed compaction time step is reached, which then
resets the volume and depth of the surface benthic segment
while burying excess volume and depth to the segment
below. Concentration of total solids remains constant after
minor volume adjustments in the first few time steps.
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Figure 4. Solids Concentration in the Surface Sediments
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Figure 5. Solids Concentration in the Subsurface

Sediments

Sediment composition of the subsurface benthic layer
changes more slowly than surface layers as a function of
the bed compaction time step. Overall, sand concentration
decreases as mass from the surface sediments is buried.
Steady state is eventually reached in all three layers.

Burial or removal from the subsurface benthic layer is lost
from the system and equals the rate of mass being moved
downward from the surface benthic layer. Figure 6 shows
the burial rates of the surface and subsurface benthic layers.
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Figure 6. Sediment Burial Rates




4.0
Light

4.1. Introduction

Solar radiation can result in phototransformation of
contaminants and constituents in surface water systems.
Chemicals, metals, and nanomaterials all undergo
photochemical reactions, which can result in the degradation
and/or transformation of contaminants. Solar radiation

can deactivate pathogens and viruses, and be used for
photosynthesis by microorganisms. It is therefore important
to capture transmission of light from the water surface and
through the water column.

4.2. Theory

Several factors affect the amount of solar radiation within
the water column. The amount of light reaching the surface
water is affected by clouds and shading of the water, and
the amount of radiation is dependent on the time of day and
time of year "%, Light is comprised of a range of different
wavelengths. Total radiation is copmrised of different
fractions of the different wavelengths. Each wavelength is
attenuated as it travels through the water column, and the
extent depends on the wavelength as well as factors such

as suspended solids and dissolved organic carbon. How
WASP addresses light reaching the surface, how it divides
up wavelength bands, and how it attenuates light through the
water column is detailed in this section.

4.2.1 Light Attenuation
Within the water column, light is attenuated with depth
following the Beer-Lambert equation '* 1%

I, = Ipe™"ea* Equation 49

where /_is the light intensity (W/m?) at depth z, /, is the
light intensity (W/m?) at the water surface K, is the light
extinction coefficient [1/m], A is the wavelength index, and z

is depth below the surface [m].

The light extinction coefficients are calculated internally as a
function of background water, algal chlorophyll a, DOC, and
solids:

Kes = Kui+ Keny s (chD)® 4 Kppoe ;D0C + Kpgs ,TSS Equation 50

where Chl is algal chlorophyll concentration [ug/L], a, is a
wavelength-specific exponent for chlorophyll, DOC is total
dissolved organic carbon [mg/L], 7SS is total suspended
solids [mg/L], K , [1/m] is the light attenuation coefficient
of water for wavelength A, K . [1/m] is the light attenuation

chl, .

coefficient due to chlorophyll for wavelength A, K, .,

[1/m] is the light attenuation coefficient due to chlorophyll
for wavelength A, and K, [1/m] is the light attenuation
coefficient due to suspended solids for wavelength A.

4.3. Implementation

4.3.1 Input Total Radiation

The first aspect of using the light module within WASPS is to
incorporate incident radiation that reaches the surface of the
water body. Total solar radiation reaching the water surface
can be specified by user input light and internally-calculated
diel light. This option is specified in the Constants section,
Light group; the default is 0, Calculated diel light.

Option 0, Calculated diel light

Light option 0 is driven by internally-calculated light, based
on latitude, longitude, day of year and time of day. The
latitude of the water body is input to the Constants section,
General group. Simulated day and time are kept internally
based on the simulation start day and time and the calculation
time step. Calculated light represents clear sky radiation, /,
in W/m?.

lear’

Option 1, User Input Diel Light

Light Option 1 is driven by as many as four specified time
series of hourly (or less) surface light fluxes. WASPS8 assumes
that these input functions represent the total spectrum of solar
radiation [W/m?]. At each time step, the model reads the total
radiation and applies it to each surface segment.

The appropriate solar radiation time function for each
segment (1 —4) is specified in the Parameter Data section,
Environmental group. The solar radiation time functions are
entered in the Time Functions section. If the data represent
a fraction of the total (i.e., visible or PAR light), or if the
data are expressed in alternate units, the user must enter an
appropriate scale factor in the “Solar Radiation Multiplier
[unitless or W/m?]” located in the Parameter Data section,
Environmental group. To convert from PAR light to total
radiation, the multiplier is 2.155.

Option 2, User Input Daily Light, Calculated Diel Light

Total daily light flux — Light Option 2 is driven by as many
as four specified time series of total daily surface light
fluxes [W/m?]. On each new simulation day, the model reads
the total daily radiation for that day, /. . At each time step
through the diel cycle, the model calculates and applies a
portion of the daily total radiation to each surface segment.



The appropriate solar radiation time function for each
segment (1 — 4) is specified in the Parameter Data section,
Environmental group. The solar radiation time functions
are entered in the Time Functions section. If the data

are expressed in alternate units, the user must enter an
appropriate scale factor in the “Solar Radiation Multiplier
[unitless or W/m?]” located in the Parameter Data section,
Environmental group.

Default diel light distribution — The default diel cycle is
based on latitude, longitude, day of year and time of day.
The model calculates the total clear-sky radiation for the
day (Z ClearDay) and the clear-sky radiation for each time step
through the day (/). The instantaneous solar radiation
flux is the input total daily flux (7, ) times the diel ratio for

that time step:

— I ClearSky
R

I ClearDay

Equation 51

The latitude and longitude of the water body is input to the
Constants section, General group. The simulation day and
time are kept internally based on the simulation start day and
time and the calculation time step.

Alternate diel light distribution — An alternative user-
controlled diel option is applied if a daylight fraction time
function £, is specified. In this case, total daily radiation is
distributed through daylight hours (between dawn and dusk)
using a half-sine curve with a maximum value at noon.

_ Irom
max —
Zfday

Equation 52

I = Lnax sin(nrday)

where 7, is the total daily radiation [W/m?], f, is the fraction
of day that is daylight (0.2 - 0.8) and t sy is normalized time
between sunrise and sunset, expressed as fraction of the
daylight interval. Sunrise is 1, noon is 0.5, and sunset is 1.
1= 0 during nighttime hours.

Equation 53

The “Fraction Daily Light (fraction)” is input to the Time
Functions section. The simulation day and time are kept
internally based on the simulation start day and time and the
calculation time step.

4.3.2. Light Attenuation Above Water Surface
Input solar radiation can be attenuated by cloud cover,
canopy shading, ice cover, and water surface reflectance.

Cloud Cover

Internally-generated light (option 1) represents clear sky
radiation. This can be attenuated by user-specified cloud
cover [fraction of sky].

I = 0.65 I jpqr (1 — Cloud)? Equation 54

The appropriate cloud cover time function (1 —4) is
specified for each segment in the Parameter Data section,
Environmental group. The cloud cover time functions

are entered in the Time Functions section as a fraction
(0.0 — 1.0). Options 1 and 2 assume cloud cover is already
accounted for in the surface light flux time series.

Canopy Shading

Near-surface light can be diminished by vegetative shading.
Light beneath the canopy must be attenuated by user-
specified vegetative shading [fraction of light intercepted].

I; = I1(1 — Shade) Equation 55

The appropriate canopy shading time function (1 —4) is
specified for each segment in the Parameter Data section,
Environmental group. The canopy shading time functions
are entered in the Time Functions section as a fraction
(0.0 - 1.0).

Water Surface Reflectance

A fraction of light reaching the water surface, I, is reflected.
Light at the top of the water column, /,, is reduced by the
fraction of light reflected:

I, = Is(l - ﬁw)

The default reflectance (B ) is 0.06 and is automatically
implemented for surface water segments. The user can input
an alternate value in the Constants section, Light group.

Equation 56

Attenuation in Ice

When ice forms on the water surface, the surface light, 7,
is attenuated by reflectance of the ice surface (albedo, o),
surface absorption (), and light extinction through the ice
thickness, /..

Iy =I,(1 —a)(1 — e Vil

The default values for albedo, surface absorption, and ice
extinction coefficient (,) are 0; these values can be updated
in the Constants section, Water temperature group.

Equation 57

Surface ice cover fractions can be input in the Parameter Data
section, Environmental group and the Time function group.
Together, they give the fraction surface areas covered by ice.

Fice = SGiceTFice Equation 58

Ice thickness is calculated by the temperature module. If
water temperature and ice are not being simulated, then the
“Minimum ice thickness before ice formation is allowed” is
applied as an average thickness. This is input in the Constants
section, General group.

4.3.3. Light Attenuation Below the Water Surface
As discussed previously, within the water column, light is
attenuated with depth following the Beer-Lambert equation:

1, = I,e Xea? Equation 59

where K, is the light extinction coefficient [1/m], 1is the
wavelength index, and z is depth below the surface [m].




Table 5. WASP Default Light Extinction Coefficients for the Wavelength Bands

Water Chlorophyll DOC Solids
Index Color [m] [m-* (pug/L)"] [m* (mg/L)"] [m* (mg/L) -]
1 UVB med 0.151 0.103 6.22 0.34
2 UVB high 0.109 0.0816 5.40 0.34
3 UVA low 0.0805 0.069 4.59 0.34
4 UVA med 0.0512 0.057 3.40 0.34
5 UVA high 0.0340 0.053 2.54 0.34
6 violet 0.0169 0.039 1.266 0.34
7 blue 0.0166 0.0262 0.514 0.34
8 green 0.0475 0.0143 0.289 0.34
9 yellow-orange 0.217 0.0063 0.115 0.34
10 red 1.007 0.0065 0.0 0.34
1 infrared 2.07 0.0 0.0 0.34

The light extinction coefficients are calculated internally as
a function of background water, algal chlorophyll a [ug/L],
chlorophyll exponent [unitless], DOC [mg/L], and solids
[mg/L]:

Ke; = Kw+ Kenia(chD)® P2+ Kpoc ;DOC + K010, TSS  Equation 60

Table 5 provides the default coefficients by wavelength.

The chlorophyll exponent by wavelength defaults to 1. The
coefficients for total ultraviolet and total visible light are
calculated internally as the weighted sum of their component
wavebands (1 — 5 for ultraviolet, 6 — 10 for visible).

The default coefficients for visible light are listed in Table 6.
Division of Wavelengths by Wave Class. These can be

Table 6. Division of Wavelengths by Wave Class

changed in the Constants group, Light section. If multiple
fractions of DOC are simulated, the user can enter a set of
light extinction coefficients for each DOC fraction.

Total solar radiation is divided into three classes:

The classes are used in the heat balance equations in the
WASPS8 Temperature module, and in the bacterial death
equations.

Table 7 provides how WASP divides ultrbiolet and visible
solar radiation into 10 wave bands.

These wavebands allow each band to have its own light
attenuation at it penetrates the water column. The radiation of
each wavelength band then drives photochemical reactions.

WASPS8 uses time series of total radiation, along with

Wave Wavelengths, Fraction of
Class Color nm Total

1 ultraviolet 295 - 379 0.036

2 visible 380 - 749 0.464

3 infrared 750 — 2500 0.500

waveband fractions, to deliver solar radiation to the water
surface. The total radiation can be input by the user or
calculated internally by the model. Waveband fractions can
be specified or default values used.

Table 7. Division of Wavelengths into Wave Bands, with Fractions Given by Latitude

Wavelengths

Index Color [nm] 0°N 10°N
1 UVBmed  295-304 0.00015  0.00015
2 UVB high  305-314 0.00142  0.00139
3 UVAlow  315-334 0.00845  0.00839
4 UVAmed  335-354 0.01141  0.01137
5 UVAhigh  355-379 0.01723  0.01718
6 violet 380449 0.07626  0.07617
7 blue 450 —494 0.06664  0.06663
8 green 495-569 010386  0.10388
9 yellow- 570 -619 0.06546  0.06549
orange
10 red 620 — 749  0.14914  0.14934

20°N
0.00013
0.00132
0.00825

0.01126
0.01706
0.07593
0.06659
0.10394
0.06556

0.14995

Latitude
30°N

0.00011
0.00120
0.00801

0.01108
0.01686
0.07550
0.06652
0.10402
0.06566

0.15106

40° N
0.00008
0.00104
0.00766

0.01082
0.01655
0.07482
0.06639
0.10406
0.06576

0.15282

50° N
0.00006
0.00085
0.00721

0.01052
0.01619
0.07394
0.06616
0.10390
0.06568

0.15550

60° N
0.00004
0.00067
0.00681

0.01054
0.01630
0.07443
0.06644
0.10285
0.06422

0.15769



5.0
Particle Attachment

5.1. Introduction

Sorption is the association of aqueous species with a solid
material '°. Surface waters are abundant with suspended
solids (e.g., silt, clay and particulate organic matter), and
sorption affects the fate transport of contaminants in surface
waters. Sorption involves sorption and desorption - 1%,
Sorption is the association of a contaminant with the surface
of a solid particle. Desorption is the reverse and describes
dissociation of a sorbed molecule and its return to the
aqueous or gaseous phase.

Depending on system assumptions, sorption can be simulated
by an equilibrium or kinetic model. If an equilibrium

model is used, it is assumed that sorption is fast and occurs
instantaneously. If a kinetic model is used, the processes are
simulated as two competing reactions.

Previous versions of WASP included equilibrium sorption
only, but WASPS includes kinetic sorption, as well as
heteroaggregation of nanomaterials.

5.2. Theory

5.2.1. Equilibrium Sorption

Sorption reactions are usually fast, relative to environmental
processes, and equilibrium may be assumed. For
environmentally relevant concentrations (less than 10° M or
one-half water solubility), equilibrium sorption is linear with
dissolved chemical concentration' or:

CL-S = Kd,iCiW Equation 61

where C;' is chemical concentration in the solid phase

and C/”is chemical concentration in the aqueous phase.
Table 8 provides a full list of parameter descriptions used in
this section.

Table 8. Equilibrium Sorption Parameters

Symbol Definition Units
Ci Total Chemical i Concentration mg,,../L
Dissolved Chemical i
W
Gi Concentration MG
Dissolved Chemical i
ci Concentration in Water Mg/l
Ci"=Ci%n
Concentration of Sorbed
S.
Cr Chemical i on Solid j MGcper -
Concentration of Sorbed
CiS Chemical i on Solid ; mg,,../Kg,

C7 = Cryss;

Symbol Definition Units
8j Solid j Concentration mg /L
Solid j Concentration
Sj SJ =g x 10° kgs/L
S Solid j Concentration in Water kg /L,
n Porosity or Volume Water LL
per Volume w
3 Partition Coefficient of
Kajj Chemical i on Solid j L/kg,
Fraction of Chemical i in
Jai -

Dissolved Phase

Lo Fraction of Chemical i Sorbed )
Sy to Solid j

At equilibrium, distribution between the aqueous phase
and the solid phase is determined by partition coefficients.
When multiple solid phases are present (e.g., sand, silt,
clay, organic matter), the total mass of chemical associated
with each phase is controlled by K 4 where i represents the
specific chemical and j is the solid phase of interest (e.g.
visane Kaisiw K i clay! and K d‘iorgmc). Complexation with DOC
is handled in a similar manner, using the same equations
and associated K, . All of these relationships are solved
simultaneously, assuming instantaneous distribution among
the phases (equilibrium assumption). The fraction of mass

associated with each phase is given by:

di — ™ )
f n+ XL, Ka,ijSj Equatlon 62
and
ij Ka,ijSj
St = - k] )
! n+ X, Ka,ijSj Equation 63

where f, . is the fraction of chemical I concentration present
in the freely dissolved form, f  is the fraction of chemical

i sorbed to solid S} If complexation with DOC is simulated,
the fraction in the aqueous phase includes the freely dissolved
form and all complexed with DOC. These functions are
determined in time and space throughout a simulation from
the partition coefficients, internally calculated porosities, and
simulated sediment concentrations.

In addition to the assumption of instantaneous equilibrium,
the assumption of reversibility is also implicit in the use
of these equations. Laboratory data for very hydrophobic
chemicals suggest, however, that a hysteresis exists, with
desorption being much slower than adsorption. They

also suggest this effect may be the result of intraparticle
kinetics in which the chemical is slowly incorporated into
components of the sorbant.!’




Site-specific values for partition coefficients can be obtained
from laboratory experiments or field data; literature values
may be used in lieu of site-specific values. WASP can also
simulate equilibrium partitioning to DOC state variables,
but is not included in current documentation. A more
comprehensive discussion of chemical processes will be
released in the WASP8 manual.

5.2.2. Kinetic Sorption

When the equilibrium assumption is not applicable, sorption
can be simulated kinetically which incorporates a forward
reaction and competing reverse reaction. Because the system
is changing dynamically, separate state variables must be
incorporated to represent freely-dissolved chemical, Chem,
(mg/L), and chemical sorbed to the solid particles, Chem,
(mg/L). The sorption process is described by the following
differential equation:

d[Chem,
[ de;m 1= —kgor [Chem,][S] + Ky, [Chem,]

where [S] is the suspend solid concentration in the
aqueous phase (mg/L), k,, is the forward, sorption rate
constant (L/mg-d), and k  is the reverse, desorption rate
constant (1/d).

Equation 64

[Chem,] is the contaminant concentration sorbed on the solid,
which can be expressed as:

[Chem,] = [Chem ], — [Chem,] Equation 65

where [Chem ], represents the initial contaminant
concentration (mg/L) in surface waters.

Therefore, Equation 1 can be derived into the following
differential equation:

d[Chem,] _

= “Kror[Chemy][S]+ kyep([Chemo] — [Chemi])  Equation 66

Initial contaminant concentration (CHHEM,) and initial solid
concentration (S) are set in the Segment section, Initial
Conditions group.

5.2.3. Nanomaterial Heteroaggregation
The architecture of the WASP has been redesigned to allow
simulation of nanomaterials.

A new state variable class NANOC, for nanomaterials,

is included in WASPS8 which uses the kinetic process

of heteroaggregation ! to simulate attachment

of a nanomaterial to suspended particulate matter.
Heteroaggregation is the process by which nanoparticles
collide and stick to particulate matter, based on three separate
collision processes. The overall heteroaggregation rate is
defined by:

Knetij = akeon,ij NP Equation 67

where

o The collision efficiency or the probability that
a nanoparticle will stick to a suspended solid
particle in the event of a collision. This is a
unitless parameter that can range between 0-1.

k

coll i The rate of collision between two particles in

units of volume per day.

NjSPM: The number of suspended particulate matter per

volume.
k, ollif 18 defined by:
2KgTwater (TNpitTsem)? | 4
keowij = SZJT;AT]:T;::JI +360wp, + Top,)* + W(rup, + Topm ) Vit — viety |

Equation 68

which consists of three components:

. . . 2 Equation 30a
Brownian Motion = 2XeTwater Cnei¥Tsem,) 1
3Uwater  TNP,iTSPM,j
] o 3 Equation 30b
Fluid Motion = -G (rvp,i + Tspm,;) 7

Dif ferential Settling = m(ryp,; + Tspu, ) 2|V — vaset|

Equation 30c

Parameter descriptions and values used in this analysis

are presented in Table 31. The rate of collision between
nanoparticles and particulate matter is dependent on three
processes: Brownian motion (perikinetic aggregation), fluid
motion (orthokinetic aggregation), and differential settling.
Settling velocity is calculated using Stokes’ law:

_2 (Pparticle=Pwater) _ 2

particle
- rp article

set 9 Equation 69

Hwater
Assuming a spherical particle, is calculated by:

SPM s .
N = Equation 70

Pspm,j%ﬂrspm,ﬁ
The heteroaggregation process is described by the following
differential equation:

ACNPC

— wc
At - _khetNi Sj

Equation 71

The collision efficiency is a system dependent parameter that
must be measured or estimated. is calculated internally by
WASP. These equations assume that the particles collide with
nanoparticles at the same rate as hard spheres.

5.3. Implementation

In the Constant Group section, Chemical Kinetic Sorption
group, reaction products must be specified to simulate
contaminant transport. This is implemented by checking the
‘Chemical sorbed to Solid (i), [ID#]’ for the desired chemical
(ID#) and solid (i) state variables, and entering a value
pointing to the sorbed chemical.

5.3.1. Equilibrium Sorption

To assign a partition coefficient of a dissolved chemical to a
solid, check the ‘Partition Coefficient of chemical to Solid(1),
[L/kg], CHEM]1’ constant and enter a coefficient in the



value column. Unlike kinetic sorption and heteroaggregation
which handle phases as different state variables, equilibrium
sorption uses initial total concentration of a single state
variable to partition dissolved and sorbed chemical
concentrations internally in WASPS8, and outputs them as
different time series.

5.3.2. Kinetic Sorption

To assign sorption (k/m) and desorption (k) rates to a
chemical, check the ‘Sorption rate constant to Solid (1), [L/
kg-d], CHEM]1,” and ‘Desorption rate constant from Solid (1),
[1/d], CHEM?2, and enter rates in the value column.

5.3.3. Nanomaterial Heteroaggregation

In the Systems section, users can add nano chemical
(NANOOC) state variables to the model with unique names and
densities. Users must add a nano state variable for each phase
of a specific nano chemical i (e.g., aqueous phase, sorbed
phase to solid j, etc.). Nano state variables that represent
heteroaggregated phases assume the density, diameter, and
settling rate of the solid that it is sorbed to. Concentrations
can be added to the system as initial conditions (IC) in the
Segments section, Initial Conditions tab, or as boundary

conditions (BC) in the Boundaries and Loads section. IC and
BC are entered as mg/L. Loads are entered as kg/d.

Under the Parameter Data Group section, Nano Chemical
group, nano chemical collision efficiency (o) and nano
chemical settling velocity can be entered for each segment.
Input values will only display the first four decimal places,
but WASPS retains the value even if it is too small to display.
For small values, the Scale Factor ensures that the entered
values can be seen.

Under the Constant Group section, Nano Chemical Kinetic
Sorption group, reaction products must be specified to
simulate contaminant transport. This is implemented by
checking the ‘Nano chemical sorbed to Solid (i), [ID#]’ for
the desired nanochemical (ID#) and solid (i) state variables,
and entering a value pointing to the sorbed nano chemical.
Particle diameter,s which are used in the heteroaggregation
equation, must be specified in the Nano Chemical
Partitioning group.




6.0
Nanomaterial Reactions

6.1. Introduction

Nanomaterials are routinely defined as materials sized
between 1 nm to 100 nm, with properties not found in bulk
samples of the same materials. **?* Engineered nanomaterials
(ENMs) have been applied in all areas of our daily lives,

and their production has increased appreciably in recent
years.?3! Such rapid expansion of ENM production
increases the likelihood of ENPs being released into the
environment. Besides the heteroaggregation process in
surface waters, ENMs may undergo transformation reactions
including photochemically-driven reactions, sulfidation,
oxidation, and dissolution. For example, graphene oxide
undergoes phototransformation under simulated sunlight
radiation, resulting in reduced graphene oxide and polycyclic
aromatic hydrocarbons (PAHs). 33 Dissolution,*-
oxidation®”* and sulfidation*****! are common reactions to
metal nanomaterials.

To simulate the fate of nanomaterials in aquatic
environments, WASPS8 incorporates algorithms to describe
ENM reactions. WASP8’s Advanced Toxicant Module
simulates 10 state variables for nanomaterials and dissolved
chemicals, respectively. This limit can be adjusted upward
to handle any number of state variables. WASPS users may
simulate concentrations of multiple nanomaterials, their
heteroaggregated forms, and their reaction products in
surface waters and sediments. Nanomaterials are simulated
using the WASP nanomaterial state variables; dissolved
chemicals (e.g., organics, metal ions) are simulated using
chemical state variables. For internal calculations, WASP8
assumes a spherical shape for nanomaterials. Another
assumption is that a nanomaterial keeps uniform size and
morphology both before and after reactions.

Figure 7 Possible Nanomaterial Reaction Pathways. Chem
indicates dissolved chemicals (e.g., organics, metal ion)
shows different possible reaction pathways for nanomaterials
and chemicals.

Nano; — Nano,
Nano; — Chem;,
Nano; — Nano, + Chem,

Nano; + Chem; — Nano, + Chem,

Figure 7 Possible Nanomaterial Reaction Pathways.
Chem indicates dissolved chemicals (e.g., organics,
metal ion)

6.2. Nanomaterial Reactions

6.2.1. General Reactions Module

The WASP8 nanomaterial reaction module employs a general
reaction to simulate nanomaterial reactions which consider a
series of factors. The general form reaction rate constant in
WASPS is structured as

kreaction = krateXtempXphaseXsechonc Xenv El]uafion 72

where k. is the overall reaction rate constant (d"),

k. 1s the base reaction rate constant (d") at 20°C, Xtemp
is the temperature correction factor, X ase is the phase
multiplication factor, X, " is the segment type mulplication
factor, X is the Monod Equation term, and X is the

environmental factor structured similarly to Monod kinetics.

k . is the first-order reaction rate constant at 20°C that is
input into WASP8. The other terms default to 1 in Equation
72 if no other terms are entered. The default reaction for
nanomaterial follows first-order kinetics. If the reaction

rate is influenced by other terms or WASP8 users intend to
simulate second-order reaction, users turn on the other terms

and input their values.

Nanomaterial reactions are essentially surface area-
dependent, because only nanomaterial surfaces are available.
The first-order nanomaterial surface reaction is expressed as

dmpyp

= —ksyA
at safnp

Equation 73

where m,, is the mass of nanomaterials (ug), &, is the
surface-area-normalized reaction rate (ug/m*-d), and 4, , is
the total surface area of nanomaterials (m?).

Because a key assumption in WASPS is a nanomaterial keeps
uniform size during the reaction, A, is

_ myp 2N\ mpyp
Ayp = (4nr?) = —3—
PnPVNP pnpGTET?)

where is nanomaterial density (g/m?), is the volume

of a single nanoparticle (m?), is the total quantity of
nanomaterials, and r is the radius of a single nanoparticle
(m), assuming a spherical structure.

(4mr?) Equation 74

The nanomaterial surface area-dependent reaction can be
written as

dmyp

mpyp 2 3myp 3Kksa
NP — ke, — NP (4mr?) = —k —:—( myp = —km
ar SA PNPG”T3) ( ) SA e pupr) NP NP

Equation 75
where £ is first-order reaction rate constant (d).

Since we assume nanomaterial size remains uniform during
reactions, we use a mass-dependent reaction. Another reason



is that when users create a nanomaterial state variable
in WASP, it is convenient to input nanomaterial mass
(or concentration) rather than nanomaterial surface area.

6.2.2. Effect of Temperature
The temperature corrector factor must be turned on in
WASPS to capture the effect of temperature. The van’t Hoff-
Arrhenius relationship adjusts the value of the reaction rate
constant to reflect the effect of temperature:
— g(T-20)

Xtemp Equation 76

where O is the temperature-activity coefficient, and 7 is
temperature (°C). O value can be set in WASPS8, based on
different reaction types.* For example, typical values for ©
vary from 1.020 - 1.10 for a biodegradation reaction.

6.2.3. Phase Multiplication Factor

X s 18 the phase multiplication factorused to account for
processes happening in different phases. For example, if a
certain nanomaterial is sorbed on a solid, or the surface is
coated with DOC, the physicochemical properties might
differ from pristine nanomaterial, and reaction rate might
change. Also, if silver nanoparticle (AgNP) surface is
associated with DOC in surface waters, the AgNP dissolution
rate may be reduced.

Phase multiplication factor is expressed as

Xphase = franoXnano T faocXaoc + fsotiaXsoia Equation 77

where fn o fdoc and fs g AT€ the mass fractions of nanomaterial
in its pristine form, nanomaterial coated with DOC, and
nanomaterial sorbed on solid phase, respectively. Their

relationship is

frano t faoc + fsotia =1

x. ..x,.andx are phase multiplication factor for its
pristine form, nanomaterial complexed with DOC, and
nanomaterial sorbed on solid phase. The default values for
each of these three rate multipliers is 1. The use of f, is
specifically for sorbed nanomaterials. When a nanomaterial
heteroaggregates with a solid phase, it is accounted for by
using a separate state variable, and all reactions are structured

for that variable.

Equation 78

6.2.4. Segment Multiplication Factor

Like most pollutant fate models for surface waters, WASP8
breaks the modeled region into different segments along
the river mainstream. Reaction rates for nanomaterial or
dissolved chemicals may be different in different segments,
and WASPS users can adjust reaction rates in different
segments by using the segment multiplication factor option.
Segment multiplication factors include water column (x, ),
surface sediment(x ,), and subsurface sediment (x_,).

An example would be a river divided into five segments
along the mainstream, where AgNPs are released in the
first segment and dissolution rates for AgNPs in these five
segments are 0.0010, 0.0013, 0.0006, 0.03, and 0.00058 d-',
respectively, in the water column. In WASPS, users can

set a dissolution rate in “Constant Group,” and use a phase
multiplication factor to adjust dissolution rates in different
segments. For this example, users set a dissolution rate as
0.0010 in “Constant Group” for water column and segment
multiplication factors from segments 1 - 5 as 1, 1.3, 0.6, 30,
and 0.58, respectively.

If users want different reaction rates in the sediment
in different segments, they can follow the approach
described above.

6.2.5. Monod Kinetics
X, is the factor that accounts for Monod-type kinetics as a

function of the nanomaterial structure. This is structured in
WASP as follows

Kn

X = —T—
conc g, +Nano

Equation 79

where K is the Monod half-saturation coefficient (mg/L).
This is structured so that the base reaction rate constant, k_,
must be adjusted so the maximum reaction rate is .

6.2.6. Environmental Kinetics

Similar to Monod kinetics, environmental factors can be
incorporated into the reaction rate using X . This can
incorporate oxidation with oxygen, for example. This is
structured in WASP as

Ex
Ke+E,
where E_is the environmental concentration of interest
(mg/L) (e.g., oxygen, sulfate) and K| is the half-saturation
coefficient for this environmental parameter. The use of this
functionality requires an E-option switch of 1, 2, or 3. If the
switch is 1, then X = 1. If the switch is 2, then it is modeled
as second order and X, = E . If the switch is 3, Equation 81
is used.

Xenw =

Equation 80

6.3. Nanomaterial Phototransformation
Nanomaterials can undergo phototransformation. For
example, lab studies show graphene oxide (GO) undergoes
phototransformation under simulated sunlight radiation,
resulting in products that include reduced GO (rGO) and
polycyclic aromatic hydrocarbons (PAHs). Nanomaterial
phototransformation follows first-order kinetic reaction as:

danN

a _kphotoN

Equation 81

where k , _ is the phototransformation rate constant (d"), and

N is nanomaterial concentration (ng/L).

Formations of new nanomaterials and dissolved chemicals
can be simulated using first-order kinetics. The reaction
yield coefficient (g/g) in WASPS8 allocates how much of each
daughter product (nanomaterials and dissolved chemicals) is
formed.

In WASPS, the spectrum of sunlight is divided into 11
specific wavelength bands, as shown in Tables 3-5. The
division is owing to the fact that different wavelengths drive
different environmental processes. “**® Since infrared light is
generally not photoreactive, we only consider contributions




of ultraviolet and visible lights to the phototransformation
rate constants. WASPS calculates the phototransformation
rate constant for each wavelength first, then lumps these
10 together. The lumped photoreaction rate constant is
expressed as:

kphoto = Zigl(kphoto,l) Equation 82

where kphuto is the overal phototransformation rate constant
(d") and K 05, 1S the phototransformation rate constant (dh
for each specific wavelength, A. An example is available to

show how to calculate kpho . in WASPS.

1t

6.4. Implementation

First-order kinetic rate constants and other correctors can

be set in the Nano Chemical Photolysis and Nano Chemical
Decay sections. Besides setting the wavelength-dependent
reaction rate constant for Nano Chemical Photolysis, the solar
radiation intensity data should use WASP’s light routines.

6.5. Examples

6.5.1. Silver Nanoparticles Dissolution

Silver nanoparticles (AgNPs) are one of the most widely
used nanomaterials. AgNPs dissolution is the heterogeneous
reaction of AgNPs surface with oxygen in aquatic
environments, and AgNPs dissolution is a size-controlled
process. Most studies suggest that solubility of AgNPs
increases as their size decreases.*!

Several studies simulate silver ion release using first-

order reaction kinetics, with the model fitting well with
experimental data.’>** Peretyazhko et al. studied size-
controlled dissolution of AgNPs at neutral and acidic pH
conditions. They found that AgNPs increase in size after
dissolution, which follows first-order reaction kinetics.>
Zhang et al. indicate that dissolved oxygen (DO) significantly
influences AgNPs aggregation kinetics, and that aggregation
rate increases when DO is present compared to those without
DO.* DO and proton concentrations can affect silver ion
dissolution kinetics based on the heterogeneous reaction that
occurs on AgNPs surfaces in the aquatic environment:

Ages + %Oz(aq) + ZH(J;q) © ZAg(J;q) + H,0  Equation 83

The consumption of [O,] and [H'] from AgNPs in the aquatic
environment is negligible.** Besides first-order reaction,
Martin, et al. found that silver ion release matches second-
order kinetics for protein-coated AgNPs.*

WASPS can simulate first-order and second-order kinetic
reactions. We also assume that the nanomaterial maintains
a uniform size throughout the reaction process. It has been
suggested that even though nanomaterial size changes after
reaction, reaction can still match first-order or second-order
reaction kinetics.

Here, we demonstrate the simulation of AgNP dissolution.
Experimental dissolution data are obtained from Zhang et
al.’s publication. ** In WASPS8, AgNPs are simulated using
the nanomaterial state variable, and dissolved silver ion as a
chemical state variable. Dissolution rate is set in “Constant

Group” “Nanodecay” section. Parameters like nanomaterial
density and diameter can be set in the “System” and
“Constant Group.” Heteroaggregation coefficient can be set
in “Parameter.”

The equation used to model AgNPs dissolution derived in
Zhang et al.’s publication can be simplified as:

[A.g+]released = [Aglinitia[1 — exp(—at)] Equation 84

where [Ag'] ... 1S the aqueous silver ion(ug/L), [Ag], ...
is the fitted initial aqueous AgNP concentration (ng/L),
and a is dissolution rate constant (h'!). Experimental data
indicated that

[Ag)totar = [Ag ™ 1reteasea + [A9]

where [Ag] is AgNP concentration at a given time (pg/L),
and [Ag], is the sum of [Ag] and [Ag'] concentrations
when t is zero.

Equation 85

released

We choose two sets of data from Zhang et al.’s publication.**
The first data set for AgNP dissolution kinetics is that size of
AgNPs is 40 nm, [Ag] is 300 pg/L. The second has AgNP
size of 80 nm and [Ag], s 600 pg/L. Two types of AgNPs
in WASPS are created as two nanomaterial state variables,
and two chemical state variables are created that correspond
to dissolved silver ion released from each type. First-order
reaction kinetics simulate [Ag'] | and [Ag] in aqueous
solution. The reaction rate constant and [Ag]. .. are available
in Zhang et al.’s publication.

Data retrieved from Zhang et al.’s paper and WASP simulated
results are presented in Table 9. Figure 8 shows experimental
data and WASPS simulation results. Simulation results are
similar to Zhang et al.’s publication: for the first eight hours,
results show that overall R2 values for 40 nm-300 ug/L and
80 nm — 600 ug/L are 0.98 and 0.99, respectively; between

8 — 96 hours, R2 values are 0.97 and 0.95, respectively. R2
values are lower between 96 — 300 hour -- 0.71 and 0.62,
respectively -- possibly due to aggregation effects.

In Peretyazhko et al.’s paper,* the following equation is used
to model [Ag'] in aqueous solution:

released

[Ag+]released = [Ag+]total[1 — exp(—kt)]

where [Ag'] ..., 18 silver ion concentration in aqueous
solution at a given time, and [Ag'] i total dissolved silver
concentration when no further silver ion concentration
increases in aqueous solution during the reaction, and k

is dissolution rate. Their research also gets satisfactory
agreement between experimental data and model fitting.
Because they didn’t provide experimental data, we made

no effort to fit it, however, the example shows that WASPS
is able to simulate first-order and second-order dissolution
reactions.

Besides AgNPs dissolution, new updates of WASPS8 can
simulate the fate of AgNP in surface waters, which are
summarized in Dale et al.”’

Equation 86



Table 9. Data retrieved from publication and WASPS8 simulated results

40 nm - 300 uL/L 80 nm - 600 uL AgNPs
Dissolved silverion data Dissolved silverion Dissolved silverion data Dissolved silverion
Time (hour) from Zhang et al's paper simulated by WASP8 from Zhang et al's paper simulated by WASP8

0 12 0.00 12 0.00
2 18 6.41 12 4.18
4 21 12.16 12 7.97
8 27 21.96 18 14.53
12 30 29.84 18 19.93
24 39 45.42 30 31.04
48 51 57.78 36 40.69
72 54 61.15 42 43.69
96 60 62.07 48 44.62
144 63 62.39 48 45.00
192 66 62.41 48 45.03
240 66 62.41 42 45.04
288 69 62.41 48 45.04
336 63 62.41 48 45.04
600 Y 120
B N Iy I S e ¢ AgNPs 40 nm - 300 ug/L (publication data) (b)
E 500 A (a) % 100 - AgNPs 80 nm - 600 ug/L (Publication data)
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Figure 8. (a) [Ag] experimental data and WASPS8 simulation results, (b) [Ag]
simulation results.

experimental data and WASPS8

released

6.5.2. Calculation of Nanomaterial Phototransformation Table 10. Wavelength-dependent reaction rate of each

Rate Constants wavelength band

This example shows how WASPS internally calculates i I

nanomaterial phototransformation rate constants. WASP8 Wavelength (d (W/m?))

divides the light spectrum into 10 specific wavelengths. The 620 - 749 nm 0.0001

wavelength-dependent reaction rate constant &, /I" (d"'m*/W) 570-619 nm 0.0001

is determined. k", (d') is the reaction rate constant due to the 495 - 569 1

irradiation intensity of /* (W/m?), which is the light intensity 95 - 569 nm 0.000

of a specific wavelength band. Example wavelength- 450 - 494 nm 0.0001

dependent reaction rate constants and wavelength-dependent 380 -449 nm 0.0002

reaction rates are listed in Table 10. 355 - 379 nm 0.0002

With thp wavelength-dependent réaction rate concentrations 335 - 354 nm 0.0002

determined, the phototransformation rate constant for each

wavelength band is calculated as follows: 315-334 nm 0.0004
305-314 nm 0.0003

Kobsa = “22Ian Equation §7 295 - 304 nm 0.0003




where [, (W/m?) is average light intensity in water column,
and k, , (d") is the phototransformation rate constant of each
wavelength band.

The overall phototransformation rate constant is expressed as

— 10 .
kobs,overall = Z/l:l kobs,/l Equation 88

I, is average light intensity in water column, which WASP3
calculates by attenuating the sunlight radiation intensity

at water surface (/). Calculation of average light intensity
and light attenuation is documented in Chapter 4. Hourly
sunlight intensity on earth surface data in the U.S. can be
retrieved from the North American Land Data Assimilation
Systems (NLDAS) database. Surface solar radiation varies
over the course of the day. Time varying solar radiation data
(e.g., hourly) can be input using “Time Functions.” WASP8
can internally calculate the hourly GO phototransformation
rate and nanomaterial phototransformation and new
nanomaterial production.

6.5.3. Nanomaterial Parallel Reaction

The nanomaterial, graphene oxide, undergoes
phototransformation and generates daughter products:
reduced graphene oxide and PAHs. This is a parallel reaction
whose reaction pathways are shown in Figure 9.

K Nano,

Nano;

Chem;

Figure 9. Nanomaterial parellel reaction pathways.

For illustration, we assumed that initial Nano, concentration
is 10 pg/L and the overall phototransformation rate

constant is 0.1 d'. Because Nano, and Chem, are generated
simultaneously, reaction yield (g/g) is introduced to quantify
how much of each product is generated. In this example,
reaction yield for Nano, production is 0.9 (Y,), and reaction
yield for Chem, production is 0.1(Y,).

Based on the reaction scheme, reaction rates can be
written as:

d[Nano;] __ _
= k[Nano,] Equation 89
d[Nanoy] _
—— = —Tk[Nano] Equation 90
d[Chem] _ —Y,k[Nano,] Equation 91

dt.
WASP8 simulation results are presented in Figure 10. This
example shows that WASPS tracks the degradation of the
parent nanomaterial and formation of reaction products.

6.5.4. Segment Multiplication Factor
When conditions change along the course of a water body, it
may be useful to incorporate different reaction rates through
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Figure 10. Nanomaterial parallel reaction simulation
results using WASPS8

the system. For a river divided into different segments along
the mainstem, users can adjust reaction rates in different
segments using the segment multiplication factor. Besides
reaction rate, the segment multiplication factor can be used
to adjust other model parameters in different segments (e.g.,
water temperature, solar radiation intensity, wind speed, etc.),
and it is a convenient way to set the model parameters in
WASPS.

For a river model divided into 8 segments along its
mainstem, the temperature from segments 1 to 8 is 20, 22, 18,
16, 21, 23, 20, 25°C, respectively, in water column. WASP8
users can set a temperature of 20°C once in “Environmental
Parameter” for water column, then turn on segment
multiplication factor and set segment multiplication factors 1,
1.1,0.9,0.8, 1.05, 1.15, 1 and 1.25 from segments 1 to 8. The
same method can set other parameters in different segments.

6.5.5. Phase Multiplication Factor

Using AgNP dissolution as an example, we show how to use
the phase multiplication factor to adjust the nanomaterial
reaction rate constant. Studies indicate that nanomaterials
coated with polymer or DOC can stabilize nanomaterial in
the environment, which prevents them from aggregating

and reducing the dissolution or oxidation rate. Nanomaterial
surfaces coated with DOC in surface waters is common. This
process may reduce the nanomaterial dissolution rate.

Assuming that surfaces of all AgNPs in surface waters are
covered by DOC, and that this surface modification reduces
the dissolution rate two-fold, compared to pristine AgNPs,
the phase multiplication factor can be written as

Xphase = faocXaoc = 0.5 Equation 92

so the dissolution rate is

kreaction = KrateXphase = 0-5Kkrqre Equation 93

We still use data from WASPS simulation results of the AgNP
dissolution example. Dissolution rate is 0.0542 hour for 40
nm-300 pg/L AgNPs group, and 0.0487 hour for 80 nm-

600 pg/L AgNPs group. Keeping the same dissolution rate
settings in WASP, we set f, as 1 and x, as 0.5; simulation
results are presented in Figure 11.
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Figure 11. WASPS8 simulation results.




7.0

Dissolved Chemicals Reactions

7.1. Introduction

Distribution and concentrations of dissolved contaminants
in surface waters are significantly influenced by interactions
between contaminants and the physical and chemical
components of aquatic environments. These fate processes
must be fully assessed during the evaluation of contaminant
fate and transport to accurately simulate the behavior of
contaminants in surface waters. Oxidation-reduction (redox)
reactions, biodegradation and photochemical reactions
account for a range of chemical reactions that occur in
surface waters (e.g., rivers, lakes, sediments). Redox
reactions involve oxidation and reduction, which occur

with the exchange of electrons between reacting chemical
species. Electrons are lost in oxidation, and gained in
reduction. Organic contaminants of concern such as aromatic
hydrocarbons, aldehydes, ketones, phenols, hydroquinones,
and aliphatics are susceptible to oxidation. Typical reductive
transformation of environmental contaminants includes
dehalogenation of chlorinated aliphatic or aromatic
contaminants and reduction of nitroaromatic compounds.
Typical environmental oxidants include oxygen, ozone,
chlorine dioxide, ferrate, and chromate; typical environmental
reductants include low molecular weight organics, dithionite,
sulfides (and polysulfides), Fe(Il) at mineral surfaces, and
zero-valent iron. Biodegradation refers to the conversion to
mineralized end products (e.g., CO,, H,O and salts) through
metabolism by living organisms, an important process

for removing organic contaminants in surface waters and
sediment. Phototransformation refers to a chemical reaction
initiated by the absorption of energy in the form of light;
most phototransformations occurring in surface water is
driven by sunlight radiation.

WASPS includes biodegradation, oxidation, and reduction
and photochemical reactions. The previous WASP version
(WASP7) can simulate these four chemical reactions for
up to three chemical state variables, but WASP8allows
simulation of up to 10 variables and handles more
complicated situations.

7.2. Simulation for Oxidation, Reduction and
Biodegradation
7.2.1. Generic Reaction Module

Oxidation, reduction, and biodegradation reaction uses a
generic transformation reaction and is constructed as:

kreaction = krateXtemesegXphaseXmonod_concXmonod_emi

Equation 94

where k . is the overall reaction rate constant (d™') that
WASPS calculates, k_is first-order reaction rate constant
(d'!) at 20°C, X‘emp is the temperature correction factor,

X e is the segment multiplication factor, X s is the phase
multiplication factor, X . ‘is Monod equation and X
. 18 Monod environmental reactant corrector. k__is first-
order reaction rate constant at 20°C that needs to be input
into WASPS. Default values are 1 for the other five terms in
Equation 96 if reaction rate is not affected by them. If the
reaction rate is influenced by other terms, WASPS users must
activate them and input the correct values.

7.2.2. Effect of Temperature
X emp is the temperature correction factor when temperature
affects the reaction rate, expressed as

Xtemp = §(T-20) Equation 95

where O is temperature-activity coefficient, and 7' is
temperature (°C).

7.2.3. Phase Multiplication Factor

X hase is used when the reaction only occurs for specific
phases. For example, if a contaminant in aqueous
environment is sorbed on a suspended solid, its reaction
rate may be different than that in dissolved form. Phase

multiplication factor is thus designed and expressed as

Xphase = faissXaiss T faocXdoc + fsotiaXsotia Equation 96
where f , f, ., andf . are the mass fractions of the
iss” “doc solid

contaminant in its dissolved form, DOC-complexed form,
and the contaminant sorbed on solid phase, respectively;
X o> Xgoe @nd X, are phase multiplication factors for the
contaminant in its dissolved form, DOC-complexed form,
and sorbed form.

Mass fractions of the contaminant in three different forms are
determined by their partition coefficients, and their relation is

faiss + faoc + fsotia =1

Default values for three phase multiplication factors are 1 in
WASPS.

Equation 97

7.2.4. Segment Multiplication Factor

Similarly to nanomaterial reaction, segment multiplication

factor adjusts chemical reaction rates in different segments

in the modeled region. Methods are described in a previous
chapter.



7.2.5. Monod Kinetics
X is the factor that accounts for Monod-type kinetics as a

conc

function of the nanomaterial structure. This is structured in
WASP as follows:

Kin
K +C

Xeone =

Equation 98

where K is the Monod half-saturation coefficient (mg/L).
This is structured so that the base reaction rate constant, k_,
must be adjusted so the maximum reaction rate is k_ /K .

7.2.6. Environmental Kinetics

Similarly to Monod kinetics, environmental factors can be
incorporated into the reaction rate using X . This can be
used to incorporate oxidation with oxygen, for example and
is structured in WASP as

Ex

Xoppy = ——
env Ko+Ey

Equation 99

where E_ is the environmental concentration of interest
(mg/L) (e.g., oxygen, sulfate) and K| is the half-saturation
coefficient for this environmental parameter. The use of this
functionality requires an E-option switch of 1, 2, or 3. If the
switch is 1, then this is not used, and X, = 1. If the switch is
2, then it is modeled as first order, and X, = E . If the switch
is 3,then X, =E /K +E_Equation 80 is used.

7.2.7. Second Order Kinetics
For chemical reactions, second order kinetics can also be
implemented. For this case, the stoichiometry of the reaction
is important.
k . .

nC; +mcC, » i C3 +jC, Equation 100
where n, m, i, and j are molar quantities input in the new
constant group: Chemical Second Order Rxn. Chemical
reactant and product identifiers are also input, along with
reaction rate constant, temperature correction constants, and
phase efficiencies. The reaction is of the form:

dc,

—1 kCZm/"Cl

. Equation 101

The reaction yields [g/g] include the consumption of C, and
production of C, and C,. These are calculated from the molar
stoichiometry and molecular weights.

7.2.8. Biodegradation
When degradation of dissolved chemical is through
biodegradation reaction, Monod kinetics can be used to

simulate biodegradation, and X _is expressed as
monod_conc
follows:

K
Ko+C
where X is the biomass concentration (mg/L), C is the
limiting substrate concentration (mg/L), K is the half-
saturation coefficient (mg/L). The way this is structured is
such that the base reaction rate constant, k_ , needs to be
adjusted so that the maximum reaction rate is k_ /K . This

Equation 102

Xmonod_conc =

allows the Monod relation to collapse to first order at low
substrate concentrations. When this occurs, C << K, which
is common in surface waters, the reaction becomes

KX
k L=k KX
reaction rate K5+C

K,
~ krage ;z X = krqreX Equation 103

where k__is the maximum substrate utilization rate (d") in
Monod equation, and &’ is first-order kinetic reaction rate
constant (d).

In biodegradation module, WASPS offers users two
alternatives to model biodegradation: Users can either
directly input first-order reaction rate constant, or input all
the parameters in Monod equation into WASPS.

Dissolved oxygen, nitrate or other environmental reactants
can influence enzyme metabolism activity and, thus,
biodegradation. The effect of possible environmental
reactants on the biokinetic is accounted for by one correction
factor, expressedas X in the form of one saturation
term:

E
Kenyt+E

Xmonod?env =

Equation 104

where £ is the environmental reactant concentration (mg/L),
and K is the half-saturation coefficient of environmental
reactant (mg/L).

7.3. Dissolved Chemicals Phototransformation
The dissolved chemical phototransformation module is

the same as the nanomaterial phototransformation module:
reaction follows first-order kinetic reaction and the light
spectrum is divided into 10 specific wavelengths. WASP8
calculates a phototransformation rate for each wavelength
first, and then aggregates them.

Dissolved chemical phototransformation is expressed as
follows:

dc
P —kphotoC Equation 105
where kphm is phototransformation rate (d') that WASPS8

calculates, and C is chemical concentration (mg/L). The
overall photoreaction rate constant is expressed as

kphoto = Z}.gl(kphoto,ﬂ.) Equation 106

where kphm is the overal phototransformation rate constant
(d), and k& is phototransformation rate constant for

‘photo, .

specific wavelength (d).

7.4. Examples

7.4.1. First-Order Biodegradation Influenced by
Temperature

When temperature influences reaction rate, the temperature
corrector must be turned on. WASP8’s default setting is

that when temperature is 20°C, reaction rate is not affected.
In this example, we examine biodegradation rates at 10°C,
20°C, and 32°C. We assume the reaction rate is 0.2 d'at
20°C, which can be set in “Constant Group.” Initial dissolved



chemical concentration is 10 mg/L. At a temperature of 20°C,
the temperature corrector is not needed, but at temperatures
of 10°C and 30°C, users must consider temperature’s effect.

In general, when temperature influences on reaction rate, the
reaction rate constant is expressed as

)

kreaction = KrateXtemp = kratee(T_zo Equation 107

For biodegradation, typical values for © vary from 1.020 to
1.10. In WASPS, we set O as 1.020 and temperature (T) can
be set in “Constant Group.”

The dissolved chemical biodegradation rate is

dac

at = —KreactionC Equation 108

Its analytical solution is

Ct = Cinitiar(1 — exp(kreactiont)) Equation 109
where C, is dissolved chemical concentration (mg/L)
ata given time, and C, s initial dissolved chemical
concentration (mg/L). Simulation results are shown in the
following figure.
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Figure 12. WASPS8 output of biodegradation rate at
different temperatures, fitted with analytical solution

7.4.2. Second-Order Reaction

WASP8 simulates second-order kinetic reaction by turning
on the second-order kinetics option. Here, we use hydrogen
peroxide (H,0,) decomposition reaction as an example. H,O,
can decompose into water and oxygen as follows:

2H,0, - 2H,0 + 0, Equation 110

Suppose initial H,O, contraction is 20 mg/L, and reaction rate
k is 0.02 L/(mmol-d™").

Consumption of H,0, and formation of O, are expressed as

d[H20,] _

20:] = —k[H,0,][H,0,]

Equation 111

d[o 1
el = 2 k[H,0,][H,0,]

Equation 112
If WASPS users only want to simulate the consumption

of H,0, and formation of O,, they create two chemical

state variables, and then input the initial concentrations,
molecular weights of these two state variables and second-
order reaction rates into WASPS. Next, turn on second-
order functionality and provide concentration of the second
reactant, H,O,. In these two differential equations, H,O, and
O, are in the unit of mmol/L. In WASPS, the default unit of
chemical state variable is “mg/L.” WASP8 simulation results
are shown in the following figure.
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Figure 13. Second-order reaction simulation results
by WASPS.
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9.0
APPENDIX

9.1 Solids QA/QC

Table 11. Parameters used in Analytical Equations

Variable Description Units
0, Flow in m®/d
0, Flow out m®/d
ye Water Column Volume m?3
S Sediment Layer Volume m3

v, Settling Velocity m/d
v, Resuspension Velocity m/d
4,, Cross-sectional Area of Bed m?
Concentration of Solid j in
we
5 Water Column ol
s Concentration of Solid j in
5 Sediments mg/L
wc Initial Concentration of
Sos Solid j et
wc  Boundary Condition
Sic. Concentration of Solid j mg/L
t Time d

A two-segment WASP model (consisting of a water column
and sediment layer below) simulated solids processes for
comparing analytical solutions to WASP simulation results.
Table 12 shows the channel geometry of the segments.

Table 12. Channel Geometry of WASP Segment

Segment Water Column Sediments
Volume 100,000 m? 500 m?
Length 100 m 100 m

Depth 10m 0.05m
Width 100 m 100 m

To ensure quality assurance of the solids module, we tested
boundary condition (BC) and initial condition (IC) of

solids concentrations, Stokes’ settling, and resuspension.
For both BC and IC scenarios, we simulated a single solid
with streamflow moving through the segment. Settling was
simulated with 10 solids simultaneously, varying streamflow
and settling velocities. Resuspension was simulated using a
single solid with no flow.

9.1.1. Scenario 1 — Constant Boundary Conditions,
Initial Concentration = O, No Settling

Using a solid boundary condition of 10 mg/L, we modeled
the increase of concentration over time. With no initial solid
concentration, and a steady state streamflow, the analytical
equation for this problem is defined as:

Vwc%_ Swe. _ Swe
- Qin BC,j Qout out,j

T Equation 113

where:
S(‘)’Z-C =0 mg/L

Spc; =10 mg/L
Qin= Qout =172,800 m3/d
V"¢ =100,000 m?

At steady state, Q=Q, =Q_ . We solve for 57, where the
concentration flowing out equals the concentration in the

water column (S/.WC =Sr¢), to get:

Qt
we _ cwC _ cwcC ,(—mwe)
Souti = Seci —Spcie Vv

Equation 114

Figure 14 shows the comparison of WASP simulation to
analytical solution. WASP outputs were set to a 0.1/d time
step, about two and a half hours.
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Figure 14. Comparison of WASP Simulation to Analytical
Solution for Scenario 1



9.1.2. Scenario 2 - Initial Conditions, Boundary
Condition = 0, No Settling

Similarly to the BC scenario, an initial solid concentration
modeled the decrease of concentrations over time. With no
BC input and a steady state flow, the analytical equation for
this problem is defined as:

wc
VWC 4s; —

- Equation 115
At

Qoutsy{tg,j
where:
S(‘,"S-C= 10 mg/L

Spe; =0mg/L
Qin= Qo = 172,800 m?/d

V"¢ =100,000 m?
Solving for §”¢ we get:

Qt
wc e
Sj= Sgl,/jce( o) Equation 116

Figure 15 shows the comparison of WASP simulation to
analytical solution.
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Figure 15. Comparison of WASP Simulations to
Analytical Solutions for Scenario 2

9.1.3. Scenario 3 - Initial Concentration, With and
Without Streamflow, Settling

We tested settling scenarios with and without streamflow.
Because settling can be simulated with multiple solids
independently, we were able to simulate 10 solids
simultaneously settling. For the first scenario, we simulated
10 solids, all with different settling velocities and all with
an initial concentration of 10 mg/L, and no streamflow.
Descriptive settling rates were applied to each solid using:

particle _ 2 (Pparticle=Pwater) T'Z
set 9 Uwater particle

Equation 117

Table 13 lists properties for the 10 solids used in scenario 3.

Table 13. Physical properties of solids

Particle Settling
Density Radius Velocity
Solid (mgl/L) (mm) (m/d)
1 2.65 8.97E-04 0.25
2 2.65 1.27E-03 0.5
3 2.65 1.79E-03 1
4 2.65 4.01E-03 5
5 2.65 8.97E-03 25
6 2.65 1.27E-02 50
7 2.65 1.79E-02 100
8 2.65 2.20E-02 150
9 2.65 2.54E-02 200
10 2.65 2.84E-02 250

Settling can be described with the mass balance equation:

VWCASJWC_ _ SWC 4 gWC
- Qout out,j Vs bed®j

n Equation 118

where:
S(‘)/f’jc =10 mg/L for solids 1-10

vs=0.25,0.5, 1, 5, 25, 50, 100, 150, 200, 250 m/d
Apeqd = 10000 m2
Qin= Qout =0; 172,800 m3/d

VW¢ =100,000 m?

Solving for SjWC to get:

Q+vsAped

S}(VC= S%Ce-(w)t Equation 119

Figure 16 shows the output comparison of all 10 solids
modeled in WASP when O, = QO = 172,800 m*/d.
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In the scenario where Q =0 the solution can be simplified:

vSAbed[)

wc_ cwc ,(——wc
Sji =S8y;e v

Figure 17 shows the output comparison of all 10 solids

modeled in WASP when Q= 0 m*/d.

9.1.4. Scenario 4 - Resuspension

Simulating resuspension analytically is more complicated

because all solids concentrations in sediments affect the
concentration of an individual solid that is being resuspended.
We therefore modeled a single solid being resuspended from

the sediment layer into the water column. This demonstrates
the processes in WASPS8 and tests if code is working properly.

T
80 100

Figure 16. Comparison of WASP
Simulations to Analytical Solutions for
Scenario 3, With Streamflow

Figure 17. Comparison of WASP
Simulations to Analytical Solutions for
Scenario 3, Without Streamflow

Resuspension from the sediment layer can be described with
the mass balance equation:

Equation 120

where:

S
VS a5} _
At

—vrAbedes Equation 121

0=0
7°=500 m?

We simplify and differentiate to solve:

S—= ¢S VS
S = Spe v

vrApeaS;t

Equation 122

Figure 18. Shows the solid concentration in
sediments over time.
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Figure 18. Comparison of WASP Simulations to
Analytical Solutions for Scenario 4, Solids in Sediment
Layer

Concentration in the water column can be described by the
differential equation:

VS22, yS?
Tt T Vrflbea>j Equation 123

where S, 7€ at time t is equal to:

(S5=Sepvs

5%6 = wc Equation 124

Figure 19 shows the solid concentration in the water column
over time.

9.2. Light QA/QC
A WASP model consisting of two stacked water column
segments simulated light processes for comparing analytical
solutions to WASP simulation results. Table 14 shows the
channel geometry of the segments.

Table 14. Channel Geometry of WASP Segments

Segment Sur(f;a:)c:ﬁn\(‘v:ter Subsgrofﬁ‘c;r\‘IVater
Volume [m?] 10,000 10,000
Length [m] 100 100

Depth [m] 1 1

Width [m] 100 100

For each light option we tested parameters related to light
attenuation above and below the water column. Water surface
reflectance, canopy shading, and light extinction were
considered in all three light options. Cloud cover was tested
in option 0 and fraction of daily light was tested in option 2.
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Figure 19. Comparison of WASP Simulations to Analytical
Solutions for Scenario 4, Solids in Water Column

Table 15 lists the attenuation fraction for light groups and
each light attenuation parameter value used for all three
options, where applicable. Options 1 and 2 used a constant
solar radiation time series of 100 W/m?. For the chlorophyll
scenario, algal chlorophyll was input as a constant 2 pg/L.
An initial concentration in the surface water segment of

5 mg/L was used for the solids attenuation scenario and

4 mg/L for the DOC global attenuation scenario. For the
DOC(i) scenario, a 3 mg/L initial concentration was used for
DOC(1) in the surface water segment and a 2 mg/L initial
concentration for DOC(2) in the subsurface water segment.

Table 15. Attenuation Fractions Used for Above Surface
Parameters

Parameter Input Value
Ultraviolet Light 0.036
PAR Light 0.464
Infrared Light 0.5
Surface Reflectance 0.15
Canopy Shading 0.2
Cloud Cover 0.4
Ice Cover 0.733
Light Extinction 0.5
Chlorophyll Extinction 0.8
Chlorophyll Exponent 0.1
Solids Extinction 0.5
DOC Global Extinction 0.6
DOC(1) Extinction 1
DOC(2) Extinction 2
Fraction of Day 0.5




Attenuation parameters below the water surface were tested Table 17. WASP Outputs by Wavelength Group for
with the average K for each light group, an output calculated Option 0 Using Athens, GA Coordinates
internally by WASP, and applied to the Beer-Lambert

equation (Equation 21). The average K, outputs for each Segment Ui oV b L
attenuation parameter, by light group, is listed in Table 16. 9:00 9.62 124.02 133.68
9.2.1. Option 0, Calculated Diel Light Topof  s00 1563 20142 21705
Using coordinates from Athens, GA (33.9519, -83.3576), the Surface
model is simulated for a single day to get outputs for UV, 15:00 5.71 73.57 79.28
PAR, and IR at the top and bottom of each segment. Using )
default settings with no attenuators turned on, the output light 9:00 8.89 93.79 16.86
for a single day in each segment is described by wavelength Bottomof 500 1444 15222 2739
group in Table 17. Surface
15:00 5.27 55.60 10.00
Table 16. Average K Outputs for Each Attenuation 9:00 8.89 93.72 16.86
Parameter by Light Group Top of 1200 1444 15222 27 39
Segment Parameter K, K,. K. Subsurface
Light 15:00 5.27 55.60 10.00
gn 0051 05 2.07
Extinction 9:00 822  79.93 2.13
Chlorophyll ~ 0.168 0.289 2.07 Bottom of
1 Solids 2551 2789 457 Subsurface 1200 134 129.83 3.46
DOC Global 10.962 2.689 2.07 15:00 4.88 47 .42 1.26

DOC (i) 8.394 1.189 2.07
Frac of Day  0.051 0.289 2.07

Table 18 shows the comparison of WASP simulations and

".'ghF 0.051 0.5 2.07 analytical solutions for light attenuation parameters, above
Extinction and at the water surface in percent error. Table 19 and Table
Chiorophyll Al Lilee 20 20 show the comparison between WASP simulations and
2 Solids 0.051 0.164 2.07 analytical solutions for light attenuation parameters, below
DOC Global ~ 0.034 0.164 2.07 the water surface in percent error.

DOC (i) 5.154  0.764 2.07
Frac of Day  0.051 0.164 2.07

Table 18. Comparison of WASP Outputs to Analytical Solutions for Above Surface Light Attenuation — Option 0

WaRi:eef'iescl:g?Ice Canopy Shading Cloud Cover Ice Cover
Segment Time UV PAR IR UV PAR IR Uv PAR IR Uv PAR IR

9:00 0.00 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 o0.00 0.00
Top of Surface 12:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15:00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 o0.00 0.00
9:00 0.00 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Bottomof 15,55 501 000 000 -0.01 000 000 -0.01 0.00 000 -0.01 0.00 0.00
Surface

15:00 0.00 0.00 0.00 -0.01 0.00 0.00 -0.01 0.00 0.0 -0.01 0.00 0.00

9:00 0.00 0.00 000 000 000 000 000 0.00 000 0.00 0.00 0.00
Topof 41500 000 000 000 000 000 000 000 000 000 0.00 0.00 0.00
Subsurface

15:00 0.00 0.00 0.00 0.00 000 0.00 0.00 000 000 0.0 0.00 0.00

9:00 0.00 0.00 -0.01 -0.01 000 -0.02 000 000 002 001 000  -0.01
Bottomof 15,55 000 000 000 000 000 001 000 000 001 -0.01 0.00 0.01
Subsurface

15:00 0.00 0.00 0.07 0.02 0.00 0.04 0.01 0.00 0.02 0.02 0.00 0.00



Table 19. Comparison of WASP Outputs to Analytical Solutions for Below Surface Light Attenuation — Option 0

Light Extinction Chlorophyll
Segment Date uv PAR IR uv PAR IR
9:00 -0.05 0.00 0.00 -0.04 -0.02 0.00
Bottom of 12:00 -0.05 0.00 0.00 -0.03 -0.02 0.00
Surface
15:00 -0.04 0.00 0.00 -0.03 -0.02 0.00
9:00 0.00 0.00 0.00 0.00 0.00 0.00
Top of 12:00 0.00 0.00 0.00 0.00 0.00 0.00
Subsurface
15:00 0.00 0.00 0.00 0.00 0.00 0.00
9:00 -0.01 0.00 0.01 0.01 0.02 0.01
Bottom of 12:00 -0.01 0.00 0.00 -0.01 0.02 0.00
Subsurface
15:00 -0.01 0.00 -0.03 0.00 0.02 -0.03

Table 20. Comparison of WASP Outputs to Analytical Solutions for Below Surface Light Attenuation — Option 0

Solids DOC Global DOC (i)
Segment Date uv PAR IR uv PAR IR uv PAR IR
9:00 -007 -002 -001 004 -002 000 001 -002 0.0
Bottomof 1550 009 002 -001 003 -002 000 002 -002 0.0
Surface
15:00 -0.05 -0.01 -002 002 -003 000 006 -002 0.0
9:00 000 000 000 000 000 000 000 000 0.0
el 12:00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Subsurface
15:00 000  0.00 000 000 000 000 000 000 000
9:00 004 002 021 -007 002  0.01 004 002 001
Bottomof 155 005 002 012 -005 002 000 003 002 0.0
Subsurface

15:00 0.03 0.00 0.39 -0.03 0.02 -0.03 -0.03 0.02 -0.03

Table 21. Comparison of WASP Outputs to Analytical Solutions for Above Surface Light Attenuation — Option 1

Water Surface Reflection Canopy Shading Ice
Segment uv PAR IR uv PAR IR uv PAR IR
Top of Surface 0.00 0.00 0.00 -0.01 0.00 0.00 0.02 0.00 0.00
Bottom of Surface  -0.06 -0.02 0.00 -0.05 -0.02 0.01 -0.07 -0.01 0.00

Top of Subsurface 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Bottom of

0.02 0.02 0.04 -0.01 0.02 0.04 -0.02 0.01 0.09
Subsurface




9.2.2. Option 1, User Input Diel Light 9.2.3. Option 2, User Input Daily Light, Calculated

Table 21 shows the comparison of WASP simulations and Diel Light

analytical solutions for light attenuation parameters, above Using coordinates from Athens, GA (33.9519, -83.3576), the
and at the water surface in percent error. model is simulated for a single day to get outputs for UV,
Table 22 and Table 23 show the comparison of WASP PAR, and IR at the top and bottom of each segment. Using

default settings with no attenuators turned on, the output light
for a single day in each segment is described by wavelength
group in Table 24.

simulations and analytical solutions for light attenuation
parameters, below the water surface in percent error.

Table 22. Comparison of WASP Outputs to Analytical Solutions for Below Surface Light Attenuation — Option 1

Light Extinction Chlorophyll
Segment uv PAR IR uv PAR IR
Top of Surface 0.00 0.00 0.00 0.00 0.00 0.00
Bottom of Surface 0.00 0.00 0.00 0.00 0.00 0.00
Top of Subsurface 0.00 0.00 0.00 0.00 0.00 0.00
Bottom of Subsurface 0.00 0.00 0.00 0.00 0.00 0.01

Table 23. Comparison of WASP Outputs to Analytical Solutions for Below Surface Light Attenuation — Option 1

Solids DOC Global DOC (i)
Segment uv PAR IR uv PAR IR uv PAR IR
Top of Surface 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bottom of Surface 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Top of Subsurface 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bottom of Subsurface 0.00 0.00 0.01 -0.01 0.00 0.01 -0.01 0.00 0.01

Table 24. WASP Outputs by Wavelength Group for Option 2 Using Athens, GA Coordinates

Segment Time uv PAR IR
9:00 8.58 110.62 119.20
Top of Surface 12:00 13.94 179.66 193.60
15:00 5.09 65.62 70.72
9:00 7.93 83.59 15.04
Bottom of Surface 12:00 12.88 135.77 24.43
15:00 4.70 49.59 8.92
9:00 7.93 83.59 15.04
Top of Subsurface 12:00 12.88 135.77 24.43
15:00 4.70 49.59 8.92
9:00 7.34 71.30 1.90
Bottom of Subsurface 12:00 11.91 115.80 3.08

15:00 4.35 42.30 1.13



Table 25 shows the comparison of WASP simulations and Table 26 and Table 27 show the comparison of WASP
analytical solutions for light attenuation parameters above simulations and analytical solutions for light attenuation
and at the water surface in percent error. parameters, below the water surface in percent error.

Table 25. Comparison of WASP Outputs to Analytical Solutions for Above Surface Light Attenuation — Option 2

Water Surface .
Reflecl:ion Canopy Shading Ice Cover
Segment Time uv PAR IR uv PAR IR uv PAR IR
9:00 0.00 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00
Top of Surface 12:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

15:00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00

9:00 0.00 0.00 0.00 -0.01 0.00 0.00 0.00 0.00 0.00

Bottom of Surface 12:00 -0.01 0.00 0.00 -0.01 0.00 0.00 -0.01 0.00 0.00
15:00 0.00 0.00 0.00 -0.01 0.00 0.00 -0.01 0.00 0.00

9:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Top of Subsurface 12:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9:00 0.00 0.00 -0.01 -0.01 0.00 -0.02 0.01 0.00 -0.01

Bottom of Subsurface 12:00 0.00 0.00 0.00 0.00 0.00 0.01 -0.01 0.00 0.01
15:00 0.00 0.00 0.07 0.02 0.00 0.04 0.02 0.00 0.00

Table 26. Comparison of WASP Outputs to Analytical Solutions for Below Surface Light Attenuation — Option 2
Light Extinction Chlorophyll Fraction of Day
Segment Date uv PAR IR uv PAR IR uv PAR IR

9:00 -0.05 0.00 0.00 -0.02 -0.02 0.00 -0.05 -0.02 0.00

Bottom of Surface 12:00 -0.04 0.00 0.00 -0.03 -0.02 0.00 -0.04 -0.02 0.00
15:00 -0.05 0.00 0.00 -0.03 -0.02 0.00 -0.05 -0.02 0.00

9:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Top of Subsurface 12:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9:00 0.00 0.00 -0.03 0.00 0.02 -0.03 0.00 0.02 -0.03

Bottom of Subsurface 12:00 -0.01 0.00 0.00 0.00 0.02 0.00 -0.01 0.02 0.00
15:00 0.00 0.00 -0.03  -0.01 0.02 -0.03 0.00 0.02 -0.03

Table 27. Comparison of WASP Outputs to Analytical Solutions for Below Surface Light Attenuation — Option 2

Solids DOC Global DOC (i)
Segment Date uv PAR IR uv PAR IR uv PAR IR

9:00 -006 -0.02 -0.04 -001 -002 000 003 -002 0.0
Bottom of Surface  12.00 003 -0.02 -003 004 -0.02 000 004 -0.02 0.00

15:00 -0.01 -0.02 0.02 0.05 -0.02 0.00 0.02 -0.02 0.00
9:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Top of Subsurface  12.00 000 000 000 000 000 000 0.00 000 0.0
15:00 000 000 000 000 000 000 000 000 0.0
9:00 0.02 002 -030 -003 003 -003 000 002 -0.03

Bottom of Subsurface  12:00  0.03 0.01 0.03 -0.07 0.01 0.00 -0.06 0.01 0.00
15:00 0.02 0.03 -0.30  -0.03 0.02 -0.03  -0.01 0.02 -0.03




Table 28. Variables Related to Equilibrium Sorption

Variable Description Units
Cp,; Initial Concentration of Chemical i  mg/L
K, Partition Coefficient L/kg

Sj Concentration of Solid j mg/L
CiW Concent(r:e:wt(ia(:rr:i g; ID;ssolved il
C; S ConcergLa;ir?]liﬁc;);c iSorbed mg/L

14 Volume of Segment m?3

Table 29. Parameter Values and Results for each Scenario

9.3. Particle Attachment QA/QC

9.3.1. Equilibrium Sorption

Four scenarios tested the equilibrium sorption algorithm

in WASPS and steady state WASP output concentrations
were then compared to analytic solutions. Variables used in
this section are defined in Table 28. WASP outputs sorbed
chemicals in mg of chemical i per kg of total solids, but units
have been converted for consistency.

Parameter values as well as output results and percent error
for each scenario are shown in Table 29.

9.3.2. Kinetic Sorption

Kinetic sorption algorithms were tested by constructing

a WASP model with a single water segment. Sorption
process were assumed to occur between chemical and solid
in the water segment, with no flow or transport of solids.

Two scenarios were tested and the parameters are listed in
Table 30.

We tested sorption kinetics in WASP8 with two different
scenarios (Table 30). Analytical solutions of these test cases
were simulated for comparison and results are presented in
Figure 20.

Scenario Parameter Variable  Units Value WASP output % Error
1 Initial Concentration of Chemical i Co,i mg/L 10
Partition Coefficient K, L/kg 10
Concentration of Solid i S] mg/L 500
Concentration of Dissolved Chemical i G/ mg/L 9.950 9.952 -0.018
Concentration of Sorbed Chemical i cS mg/L 0.050 0.050 -0.020
Volume of Segment 14 m3 100,000
2 Initial Concentration of Chemical i Co,i mg/L 10
Partition Coefficient K, L/kg 10
Concentration of Solid i S; mg/L 250
Concentration of Dissolved Chemical i G/ mg/L 9.975 9.976 -0.009
Concentration of Sorbed Chemical i cS mg/L 0.025 0.025 -0.010
3 Volume of Segment 14 m3 100,000
Initial Concentration of Chemical i Coi mg/L 10
Partition Coefficient K, L/kg 100
Concentration of Solid i S; mg/L 250
Concentration of Dissolved Chemical i G/ mg/L 9.756 9.757 -0.009
Concentration of Sorbed Chemical i cS mg/L 0.244 0.244 -0.010
Volume of Segment 14 m3 100,000
Table 30. Sorption Kinetic Constants and Analytical Errors of Two Scenarios
Scenario Parameter Variable Units Value % Error
1 Initial chemical concentration Col" mg/L 5 0
Suspended solid concentration cS mg/L 5
Sorption rate constant kfor L/mg-d 0.05
Desorption rate constant ki, d-1 0.005
2 Initial chemical concentration Col" mg/L 15 0



Table 30. Sorption Kinetic Constants and Analytical Errors of Two Scenarios (continued)

Scenario Parameter Variable Units Value % Error
Suspended solid concentration cS mg/L B
Sorption rate constant kfor L/mg-d 0.01
Desorption rate constant o d-1 0.005
Chem 1 Chem 2
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Figure 20. Comparison of Analytical Solution and WASP Simulation for Sorption Kinetics of Scenario 1. Chem 1
represents the freely dissolved chemical concentration, and Chem 2 represents the chemical concentration sorbed
to the suspended solid.
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Figure 21. Comparison of Analytical Solution and WASP Simulation for Sorption Kinetics of Scenario 2. Chem 1
represents the freely dissolved chemical concentration, and Chem 2 represents the chemical concentration sorbed
on the suspended solid.




Variable Description Units Value

kp, Boltzmann Constant m?2 g s? K 1.38E-20
V/— Absolute Temperature of Water K 288.15
G Shear Rate s’ 2.00E-05
Hoater Dynamic Viscosity of Water g/m/s 1.13
g Gravitational Acceleration on Earth m/s? 9.81
S;5PM Initial/Boundary Concentration of Solid mg/L 100
CNP Initial/Boundary Concentration of Nanoparticle i mg/L 20
PSP, Density of Solid j g/cm?® 2.65
Prvater Water Density g/lem? 1.00
PNPi Density of Nanoparticle i g/lcm? 1.30
INpi Radius of Nanoparticle i nm 100
TSP Radius of Solid j mm 8.00E-03
Veeri VP Settling Velocities of Nanoparticle i m/d 4.99E-04
Veer M Settling Velocities of Solid j m/d 17.55
O Inflow m3/s Varies
Oput Outflow m3/s Varies

Table 31. Heteroaggregation Kinetics Parameters

9.3.3. Nanomaterial Heteroaggregation Table 33. Calculated Rate of Collision by Mechanism
To test WASPS8’s heteroaggregation routines, we solved Component Calculated Value Units
and simulated scenarios for all three components of the ij Brownian 1 66E-11 mé/d
parameter. Variables used in this section are defined in Fluid 1 ' 23E-15 3
Table 31. Ul ook m

o ] ) Settling 3.62E-9 m3d
A WASP model consisting of a single segment simulated Kootl i 3.63E-09 o

coll,ij o

the heteroaggregation process between concentrations of
nanoparticle i and solid j suspended in the water column.
Table 32. Channel Geometry of WASP Segment We used a concentration of 100 mg/L for S5 and 20

mg/L for C'* for all three scenarios. The first used these

Channel Geometry concentrations as initial conditions; for scenarios two
Volume 100,000 m® and three, these concentrations are boundary conditions.
Length 100 m Scenario 1 used only Brownian motion and was solved
Depth 10 m dynamically. The second and third scenarios added
Width 100 m components of kmw to the first scenario. Scenario 2

incorporates Brownian motion and fluid motion. Scenario 3
incorporates Brownian motion, fluid motion, and differential

Table 33 Shows calculated values for £, and its individual ; : i
¥ settling. The second and third scenarios were solved at

components. For each scenario we varied a as 0.1, 0.01,
0.001, and 1E-6. steady state.



Scenario 1 - Brownian motion only

Scenario 1 looks solely at the effects of the Brownian motion
component of k.. It is solved dynamically because the
steady state solution would result in zero concentrations.

Initial concentrations of 100 mg/L and 20 mg/L are used
for S5 and C, respectively. The scenario is solved
analytically using the mass balance equation:
ach? .
VA_lt = Qincil;lz,[; - QoutCiNP - khet,ijCiNPV Equation 125
We assumed no settling or flows in or out of the system.
Therefore, Qin = 0 and Qout = 0, leaving:

ach®?
at

= —kpee,ijCN° Equation 126

From this we can differentiate and solve:

cNP = Cé"’fe—khet.ijf Equation 127

Table 34 shows calculated khet,lj for different a’s, using

an analytic solution. Figure 22 compares the analytic
solution and WASP simulation of free nanoparticle and
heteroaggregated nanoparticle (Nano-Solid) concentrations,
over time when a = 0.01.

Table 34. Parameters for Different Cases of a for
Brownian Motion Scenario

Parameter Case 1 Case2 Case3 Case4
khe,,ij 2.92E-02 2.92E-03 2.92E-04 2.92E-07
o 0.1 0.01 0.001 1.00E-06
NJ.SPM 1.76E+10 1.76E+10 1.76E+101.76E+10
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Scenario 2 - Brownian and fluid motion only

Scenario 2 incorporates Brownian motion and fluid
motion; because the two cannot be isolated, we solved
them simultaneously. A constant inflow (Q, ) and outflow
(Q,,) of 0.2 m’/s was added to the WASP model. Solid and
nanoparticle transport were not included in this scenario.
Table 35 shows calculated &, . for different alphas using an
analytic solution. Solids concentration is set to 100 mg/L.

Table 35. Parameters for Different Cases of a for
Brownian Motion and Fluid Motion Scenario

Parameter Case 1 Case2 Case3 Cased

Khesij 2.92E-02 2.92E-03 2.92E-04 2.92E-07

a 0.1 0.01 0.001 1.00E-06
SjSPM 100 100 100 100

N jASPM  1.76E+10 1.76E+10 1.76E+10 1.76E+10

WASP’s simulated and analytically solved nanomaterial
concentrations for all four alphas are compared in Table 36.

Table 36. Calculated and Simulated Nanoparticle
Concentrations Using Different Alphas

Nano Conc
[mg/l] =01 «=0.01 ¢=0.001 o=1E-6
Analytic 42 44 4967 1997  20.00
Solution
.WASP 17.11 19.67 19.97 20.00
Simulated
% Error 0.00 0.00 0.00 0.00
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Figure 22. Comparison of Analytical Solution and WASP Simulated Nanoparticle Concentration over Time for Scenario 1




Scenario 3 - Brownian motion, fluid motion, and
differential settling.

We add settling into &, " Again, we cannot isolate dynamic
settling from other components, so we simulate all three
simultaneously. Scenario 3 uses Brownian motion, fluid
motion, and differential settling.

Using the steady state equation:
ASSPM

J — SPM SPM SPM ¢SPM
4 At _Qinsin,j _Qoutsj _vset,ij

Equation 128

we solve for S]-SP M_ By incorporating settling we get a
steady state solids concentration of approximately 9 mg/L.
Following steps from the previous scenario, we solve for the
steady state C ' concentration:

NP
CNP — QinCin,i
i

" Qoutt+knetijV Equation 129

khet,ij constants for different alphas were solved analytically.
Parameter values for each case are presented in Table 37.

Table 37. Analytic Solutions for Heteroaggregation
Constants Using

Parameter Case 1 Case2 Case3d Case4
knet,ij 0.573 5.73E-02 5.73E-03 5.73E-06
a 0.1 0.01 0.001  1.00E-06
SjSPM 8.96 8.96 8.96 8.96
NjSPM  1.58E+09 1.58E+09 1.58E+09 1.58E+09

Calculated and simulated free nanoparticle concentrations
for all four alphas are shown in Table 38. WASP outputs are
within 0.02 percent of the analytic solution.

Table 38. Nanoparticle Concentrations Using
Different Alphas

Nano Conc
[mg/L] a=0.1 a=0.01 a=0.001 o=1E-6
Analytic 4 oq 15.02 1936  20.00
Solution
WASE 63 15.02 1936  20.00
Simulated
% Error 002 -0.01 000  0.00
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