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Acronyms and notation

ABgock = bulk amendment in the stock solution (mg amendment / L of solution)

AOC;c« = amendment organic carbon in the stock solution (total organic carbon in the
amendment in unitsof mg C / L)

BLM = Biotic Ligand Model

CCC = Criterion Continuous Concentration in pug Cu / L (this is the estimate of
continuous copper concentration that results in projected long term, or chronic,
ecosystem impacts)

CMC = Criterion Maximum Concentration in pg Cu / L (this is the estimate of the copper
concentration that results in projected short-term ecosystem impacts)

Cu = copper

DHEC = SC Department of Health and Environmental Control

DOC = dissolved organic carbon (mg C/ L)

EPA = US Environmental Protection Agency

FAV = Final Acute Value in pg/L (this is copper concentration that results in measurable
acute impacts)

gpm = gallons per minute

gph = gallons per hour

HOC = humic organic carbon (the organic carbon in the amendment that is contributed
by humic acid and similar compounds that complex copper)

HOC0se = required concentration of HOC in the outfall to mitigate copper toxicity
(mg HOC /L)

OMRI = Organic Materials Review Institute

PLC = programmable logic controller

Qourrann = flow of water in target outfall (gpm)

Qmeteringpump = flow of metering pump (either gpm or gph, see text)

SRS = Savannah River Site

SRNL = Savannah River National Laboratory

TU = Acute Toxic Units

WHAM = Windermere Humic Aquatic Model

onc,AB = fraction organic carbon in the amendment (the ratio of the mass of organic

carbon in the amendment to the total mass of bulk amendment)

fre.s = fraction bulk humic acid content in the bulk amendment (the ratio of the mass of

equivalent standard humic acid to the total mass of bulk amendment)

fHoc‘Aoc = fraction of humic organic carbon in the amendment organic carbon (the ratio

of the mass of humic organic carbon to amendment organic carbon)

fHoc,HB = fraction humic organic carbon in the bulk humic acid (the ratio of the mass of

carbon in humic acid to the total mass of bulk humic acid)
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Executive Summary

Robust control equations are needed to support implementation of an innovative copper
detoxification process to assure that water discharged to the H-12 Outfall is protective of
the ecology in the receiving stream. The equations, based on the EPA Biotic Ligand
Model (BLM), establish the amount of humate amendment to achieve ecosystem
protection goals. Humate binds and detoxifies copper; the amount of amendment needed
is a function of pH and outfall flow. After analyzing a variety of options, we developed a
polynomial equation, using hydrogen ion concentration as the independent variable, to
determine target amendment concentration. This polynomial provides good performance
over a wide pH range and was superior to various alternatives. When mathematically
combined with measured outfall flow rate and the specific measured properties of various
brands of potential amendments, the polynomial provides for high-quality and “real-
time” process control. The final-combined equation is suitable for use by an industry
standard programmable logic controller (PLC), so that data from sensors may be used to
modulate the amendment delivery/dosing pump.

The final process control equation is depicted below. Required sensor/monitor inputs
(pH and outfall flow) are shown above the hypothetical “controller box” and the required
information from laboratory measurements are designated below the box. Definition of
the various terms, units* and values for the measured coefficients are found in the
appropriate sections of the document:

.-~ sensor / monitor inputs -----

> pH outfall flow rate: Q

‘/_/

“controller box”

outfall

(9.465 10" J1072# ¥ +(1.690107 J10P# )+1.108
g?meferingpmp = g_)owj'afi
AB stock f AOC,ABf HoC,AOC
—"1Bsrockf AOC,ABf HOC,AOC>
@ SIGNAL TO
*-- data from laboratory METERING PUMP

* Note that this equation results in a metering pump flow in the same units as the outfall
flow (i.e., gpm). For a metering pump flow in traditional gph units, the result would be
multiplied by 60.
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Introduction

Recent scientific research and changes in regulatory policies have led to reductions in the
allowable discharges of several contaminant metals, including copper, into surface water.
Low target concentrations and variable outfall conditions challenge the efficacy of
traditional treatment technologies such as ion exchange. In reviewing various treatment
options, scientists and engineers at the Savannah River Site (SRS) developed a treatment
strategy focusing on toxicity reduction (rather than the removal of the copper) and
demonstrated that the method is viable and promising for mitigating copper toxicity. The
resulting outfall chemistry protects the ecosystem in the receiving stream in a manner that
is equal to, or better than, technologies that remove copper to the emerging regulatory
levels. Further, the proposed toxicity reduction strategy results in collateral beneficial
changes in outfall water chemistry such that the outfall more closely matches the
chemistry of natural streams for key parameters such as the dissolved organic carbon
(DOC).

The detoxification process is based on the EPA BLM. Specifically, modeling indicates
that copper toxicity can be mitigated by modest additions of natural organic carbon and
that the amount of amendment needed can be determined based on pH and stream flow.
The organic carbon amendments proposed for the treatment/detoxification process are
extracts of natural materials that are produced for use in organic agriculture. These
extracts are known by several common names such as potassium humate, soluble humic
acid, and a variety of brand trademarks. When used to reduce ecosystem toxicity in
surface water, these amendments bind copper and compete with the biological receptor
sites, resulting in a reduction of impacts to key food chain organisms such as the Daphnia
(“water flea”).

Design and implementation of the process is straightforward. The core equipment
consists of storage tank(s), pH sensor(s), outfall flow monitor(s), variable speed pump(s),
and a programmable logic controller (PLC). The PLC collects information on pH and
outfall flow, and modulates the pump flow rate to meter the correct amount of
amendment into the outfall. A mathematical relationship, or control equation, is
programmed into the PLC and serves as the basis of the operation. A summary of the
development of, and key documentation for, the process control equation is provided
below.
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Process Control Equation Development
Overall Conceptual Approach

The Savannah River National Laboratory (SRNL) investigated the effect of humate
(“soluble humic acid”) addition on copper speciation and the associated toxicity of the
water. Consistent with recent regulatory guidance, the evaluation assessed potential
effluent toxicity using the EPA Biotic Ligand Model (BLM) Windows Interface, version
2.2.1, by HydroQual, Inc. Baseline model runs using measured chemistry for the H-12
Outfall at the DOE Savannah River Site (Millings et al., 2008) were supplemented by
model runs in which humic acid amendment was “added” to reduce copper toxicity. In
these supplemental runs, the baseline chemistry was kept constant and the humic organic
carbon (dissolved organic assumed to be 100% humic acid) was varied to determine the
minimum required amendment dose (humic acid concentration) that assures that the
whole effluent meets regulatory requirements for protection of the stream at the highest
expected outfall copper concentrations. In later experiments using a copper electrode, the
mechanism of the copper toxicity reduction was confirmed by titrating “free” copper
using humate amendments. These experiments corroborated the BLM results and
provided amendment specific coefficients for the process control equation.

The BLM calculations provided the fundamental underpinnings for the process control
equation and were performed as the first of a series of organized steps. The entire
development sequence consisted of the following modeling, laboratory, and data analysis
activities: 1) Determine target humic organic carbon, HOC, concentrations using the
BLM model, 2) develop a simplified mathematical relationship between HOC and pH, 3)
evaluate potential humate amendments and determine their humic acid content and HOC
content, and 4) combine all of the information into an overall control equation that
accounts for pH, outfall flow, and selected amendment. As depicted in Figure 1, the final
product of these steps is a responsive and robust equation for process control.
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SIMPLIFIED CALCULATION - METERING PUMP FLOW

4 Programmable N

R = T Logic Controller
| Signal to
2‘ outfall flow rate: composite control
2 Qouttall s Equationto - amendment
s cal_culate metering
B outfall pH -+~ | Mmetering pump oump
K Qmeterirlg pump
| | I‘atiO Of humiC bU|k amenc.ime.nt amendment
oraanic carbon concentration in :
BLM Model g stock (AB_. )& || °rganic carbon
to amendment = stock in stock
Results: organic carbon: organic f:arbon lution:
HOC,,. = | fraction SOl
fHOC'AOC (fHOC Aoc) AOCstock

...........

Figure 1. Graphical depiction of copper detoxification process control and the technical and modeling basis of the final equation
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Determine Target Humic Organic Carbon Concentrations

Version 2.2.1, the approved version of the BLM for use in making outfall water quality
decisions, focuses only on the “Instantaneous WQC Calculations” for copper. The output
for this version provides a criteria report with the following parameters (HydroQual, Inc,
2007):

* Final Acute Value (FAV) in ug/L (this is the model estimate of copper
concentration that would result in measurable acute impacts)

* CMC or Criterion Maximum Concentration in ug/L, which is determined by
dividing the FAV by 2 (based on EPA and SC DHEC guidance, this is the
estimate of the copper concentration that would result in short-term ecosystem
impacts)

» CCC or Criterion Continuous Concentration in ug/L, which is the calculated chronic
concentration and is determined by dividing the FAV by ACR — where ACR is
the acute-to-chronic ratio (the CCC is the model estimate of continuous copper
concentration that would result in long term, or chronic, ecosystem impacts)

* Cu in ug/L, which is the amount of total dissolved copper measured in the effluent
(this value is used along with the CMC and calculate the Acute Toxic Units)

* Acute Toxic Units (TU), which is a ratio of the total dissolved copper to the CMC
(TU values greater than 1 indicate that measured copper level is above the CMC
and the magnitude indicates the degree of exceedance of the CMC)

As expected, the baseline water BLM output exhibited low CCC and CMC values for all
of the certified and screening sample events (Millings et al., 2008) since little DOC and
hardness are present in the water (Table 1). Importantly, the BLM runs for baseline data
suggested that the historical outfall limits (25 pg/L average and 35 pg/L maximum) are
not fully protective of the ecosystem in the receiving ephemeral stream. Copper at these
historical concentration limits resulted in estimated TU ratios ranging from about 3 to 21,
depending on the specific effluent chemistry.

The input data and results from the humate detoxification modeling are shown in Table 2.
CCC values are highlighted and are 25 ug/L (or slightly above). The amount of dissolved
organic carbon amendment (mg DOC / L) added in order to generate the calculated CCC
is included in the table. Note that this set of modeling runs assumes that the 100% of the
DOC is associated with humic acid so that the values listed represent the humic organic
carbon, HOC, requirements. BLM results show that HOC values of approximately 22 mg
DOCI/L or less are needed to achieve CCC values of 25 ug/L at all outfall pH values >5.9.
At a typical outfall pH (approximately 7.3) the DOC dose required to mitigate toxicity
and achieve the ecological objectives is approximately 2.4 mg DOC / L. Note that for all
DOC amended cases, the associated CMC values are above 35 ug/L, so that the quantity
of DOC added to achieve the CCC goal is sufficient to achieve the CMC goal.
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Table 1. Baseline BLM Model Results for Certified and Screening Samples at the SRS H-12 Outfall

. Criterion Criterion
| Final Acute - . Acute
Site Label Sample Value (FAV) Mammum Contlnuoqs Cu Toxic
Label L ' | Concentration | Concentration | ug/L Units
Hg (CMC), ug/L | (CCC), pg/L
H-12 3-28-07
Certified sample 6.93 3.47 2.15 4.9 141
H-12 4-10-07 20.16 10.08 6.26 68 | 067
Certified sample
H-12 Median 3.28 1.64 1.02 765 | 467
Screening

Table 2. Input and output information for optimized model runs to determine target dose requirements
Input Data

Alkalinity

Run Temp(gr)ature pH Cu (pg/L) typical | DOC (mg/L) HA% (mcgellL) (mNglj?L) (m'\:;/\L) (mg/L) ?:1575 (mcgllL) (Q;]élbg;s S (mg/L)
Optimized pH - 7.3 18 7.3 6.8 2.10 100 2.1 0.20 8.19 1.02 75 2.0 12.0 1x10™%°
Optimized pH - 8 18 8 6.8 1.35 100 2.1 0.20 8.19 1.02 75 2.0 13.0 1x10™°
Optimized pH - 7 18 7 6.8 2.85 100 2.1 0.20 8.19 1.02 75 2.0 11.0 1x10™°
Optimized pH - 6.5 18 6.5 6.8 6.15 100 2.1 0.20 8.19 1.02 75 2.0 9.0 1x10™°
Optimized pH - 6 18 6 6.8 19.1 100 2.1 0.20 8.19 1.02 75 2.0 7.0 1x10™°
Optimized pH - 5.5 18 55 6.8 64.0 100 2.1 0.20 8.19 1.02 75 2.0 5.0 1x10™%°

notes: modified 6-30-08; run using BLM version 2.2.1; HA set to 100% & DOC optimized by iteration so that Criterion Continuous Concentration ~25 ug/L

Final Acute Crlt_enon Crlt'erlon Typical Acute
Maximum Continuous measured . .
Value ) . Toxic Units
FAV Concentration | Concentration Copper TU
Output Data (FAV) (CMC) (Cce) (Cu) ()
FAV/2, FAV/ACR,

Run pa/L ug/L ug/L ua/L Cu/CMC
Optimized pH - 7.3 80.96 40.48 25.14 6.8 0.17
Optimized pH - 8 80.70 40.35 25.06 6.8 0.17
Optimized pH - 7 81.59 40.80 25.34 6.8 0.17
Optimized pH - 6.5 81.21 40.61 25.22 6.8 0.17
Optimized pH - 6 80.83 40.42 25.10 6.8 0.17

Optimized pH - 5.5 80.83 40.42 25.10 6.8 0.17




SRNL-STI-2009-00353 page 7 of 22

Note that the target concentrations from the model are slightly conservative, since these
values do not take credit for the DOC typically present in the outfall (approximately 1 to
3 mg C/ L of undifferentiated DOC) and the targets assume that the all of the required

DOC needs to be added in the form of high quality and high humic-content amendment.

A follow-up sensitivity analysis was conducted to verify the conceptual model that pH
and DOC are the primary chemical variables that impact copper toxicity. The sensitivity
study varied the solution concentration for each parameter around the nominal values in
the optimized model runs (5x and 0.2x), leaving all other parameters the same, and
documented the impact on the calculated CCC. Figure 2 provides a graphical summary
of the results. In this figure, the various changes are plotted as a ratio of the new CCC to
the original CCC — values near “1.0” represent little change and little sensitivity to a
particular parameter and larger or smaller numbers indicate a high sensitivity. The graph
confirms that pH and DOC are the primary parameters that control copper toxicity and
the remaining chemical parameters have minimal impact on copper toxicity, even when
large excursions of concentration (e.g., 5x) are assumed. This evaluation supports the
development of a process control equation in which the target amendment concentration
is determined based on real-time monitoring of pH.

Sensitivity of BLM toxicity results to changes in input parameters

100.00

g
()
X DOC
— —
1
10.00 +
o _Bx
sodium alkalinity chloride
1.00,7_:F—,_|:_ ;
I calcium sulfate
L 0.5x

L pH
0.2x (hydrogen ion)
0.10 +

[ result when parameter changed to 5x baseline
mEmmmm result when parameter changed to 0.2x baseline

change in calculated CCC (1 = no change, 10

o
o
=

I
«Q
c
=
@D
N

. Sensitivity analysis documenting the impacts of large changes in individual
water quality parameters on predicted copper toxicity
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Simplified mathematical relationship between humic organic carbon and pH

The BLM modeling confirmed that pH and DOC are the primary parameters that control
ecological toxicity of copper. Further, the modeling supports developing a process that
mitigates copper toxicity based on pH, an easily monitored parameter, using standard
process equipment to add the required quantity of humic organic carbon. To facilitate
reasonable implementation, the BLM modeling results need to be captured in a
mathematical relationship suitable for use in a programmable logic controller. The core
of the equation is a defensible closed form equation that relates pH to humic organic
carbon. The process of examining various potential relationships indicated that equations
that are based on hydrogen ion concentration ([H] = 10™") as the independent variable
were simpler and provided superior predictions (compared to equations that directly use
pH as the independent variable). Two of the best fits were a simple linear regression and
a simple second order polynomial:

linear regression:
HOCgose = 1.993x10° [H'] + 0.521 (r* = 0.998)

polynomial:
HOCose = 9.465x10™ [H*]? + 1.690x10 [H*] + 1.108 (r* = 0.999)

HOC s IS the required concentration of humic organic carbon (in mg HOC / L) needed
to mitigate ecological toxicity (achieving a CCC of 25 pgCu/L) and [H'] is the hydrogen
ion concentration (this can be replaced by 10" as needed to relate the equation to the
output of a pH probe). Figure 3 provides graphical representations of the above
equations. The symbols in Figure 3 are plotted from the data listed in the Table 2 above
and the lines represent the model fits for the polynomial and the linear equations as noted.
The x axis is the hydrogen ion concentration; reference lines designating specific pH
values between 5.5 and 7.5 are provided to assist in using the graphs. While both of the
simple equations provide a good correlation to the BLM model results based on r?, the
linear formulation exhibited relatively significant bias and HOC dosing underpredictions
at pH values above 7 (as noted in Figure 3b). The polynomial provided robust and
accurate dosing predictions over the entire pH range (Figure 3a) and is compatible with
the capabilities of most standard PLCs. Thus, this equation was selected to serve as the
core calculation in the process control equation.
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a) polynomial equation

100 T

I dose — - X T+1 X 1+ L
[ HOC 9.465x10™ [H']? + 1.690x10" [H+] + 1.108
R*=0.9999

25 ug/L)

A A A
10 4 pH=75 pH=7.0 pH=6.5

pH=55

of Cu (CCC

€—m—mmmm———
€——mmmmm————

P2 ",
€-—————

€————mm————

humic organic carbon dose
required to mitigate chronic toxicity

1 . i} . et
0.00000001 0.0000001 0.000001 0.00001

b) linearized equation

100 T

A A A A A
pH=75 pH=7.0 pH=65 pH=60

25 ug/L)

10 1

of Cu (CCC

HOC gpss = 1.993x107 [H'] + 0.521
R?=0.998

0.00000001 0000001 0.000001 0.00001

hydrogen ion concentration (moles/L)

humic organic carbon dose
required to mitigate chronic toxicity

Figure 3. Comparison of alternative mathematical representations of the BLM results for
copper detoxification — both graphs establish humic organic carbon dose required to meet
toxicity reduction goals as a function of hydrogen ion concentration — a) polynomial
regression, and b) linear regression
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Evaluate potential humate amendments and determine humic organic carbon content

Humate amendments are natural products that are derived and extracted from various
sources and which are subject to varying degrees of processing. A selection of
commercially available amendments was identified for testing. Each amendment was
characterized in terms of solubility, pH, organic content and other bulk parameters
(Millings et al., 2008). To effectively apply the proposed humate based copper
detoxification — in which we have defined a relationship between HOC and pH - the
humic acid content of potential amendments must be determined. Importantly, to assure
consistency with the BLM the HOC most be normalized to the “standard humic acid”
whose characteristics are built into the BLM. We performed a series of activities with
potential amendments to quantitatively determine their performance normalized to
standard humic acid and to capture this information in coefficients that can be utilized in
the final control equation. These steps are depicted in Figure 4. Each of the steps (a-f) is
described below. The coefficients developed for the tested amendments are provided in
Table 3.

a) Specify bulk amendment concentration in stock (ABsick). Based on the solubility of
the amendment and the logistics of handling and storage, a nominal bulk amendment
concentration for a stock solution was determined. This concentration (ABstock) IS in
units of mg bulk amendment /L of solution. Differences in this parameter are related to
the specific extraction and processing steps used in preparing the humate for delivery.

b) Measure organic carbon content in bulk amendment fraction (Frocae). Samples of
each amendment were diluted and analyzed to determine the organic carbon content.
This parameter represents the ratio of the mass of organic carbon in the amendment to
mass of bulk amendment. The data were originally reported in Millings et al. (2008);
these data have been updated due to additional measurements and the results used to
develop the process control equation are provided in Table 3.

¢) Amendment organic carbon in stock solution (AOCsiock). If desired, the concentration
of organic carbon in the stock solution can be calculated as follows:

Aocstock = (ABstock) (fAOC,AB)

Note that this parameter is simply a combination of the previous measurements and the
process control equation can use either the combined or separate parameters. As
designated by the dashed box, we have included the separate parameters in the process
control equation for clarity and to support and simplify amendment procurement
specification.
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Amendment Properties — Consolidating Data for Use

1
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|
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: amendment organic g:arbon : organic carbon
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: HOC,AOC :
(fHB,AB) | :
1 1
\/f | T I
o ______ 1

Figure 4. Flowchart of process to characterize potential amendments for use in the
process control equation.

Table 3.

Tabulated Values for Control Equation for Potential Amendments

Amendment AB stock fAOC,AB f HB,AB f HOC,HB f HOC,AOC
Humak 140,000 0.318 0.55 0.555 0.96
Borregro 210,000 0.244 0.55 0.555 1.25
Vanisperse 150,000 0.386 0.25 0.555 0.36
Humisolve -- 0.17 nm -- 0.96*
Custom Sample 0.17 nm 0.96*
Mesa Verde Liquid -- 0.11 nm 0.96*

* assumed to be similar to HumaK (i.e., standard humate extract)

nm - not measured
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d) Determine amendment performance referenced to standard humic acid (fHB,AB). This
parameter represents the ratio of the mass of equivalent standard humic acid to the mass
of bulk amendment. The only way to determine a standardized performance is to actually
measure the complexation of copper by the amendment and to determine the amount of
humic acid that would provide the observed amount of complexation. To perform these
tests, we used an ion specific electrode (ISE) for copper which measures only free
(uncomplexed) copper. Since free copper and other labile forms of copper are the
dominant aqueous species that contribute to toxicity, the copper electrode serves as a
viable surrogate for the ecological receptors (i.e., gill tissue and other “biotic ligands”).
For these tests, a low concentration copper solution was treated with ionic strength
adjusting solution and titrated with each of the tested amendments and the response of the
copper electrode was recorded. Based on the initial screening of amendments (Millings
et al., 2008), three amendments were tested: HumakK, BorreGro HA1 and Vanisperse.
The first two amendments are humates that are extracted from natural materials and
processed for distribution and the third material is a lignosulfonate byproduct of pulp and
paper processing. All of these materials are used in agriculture and soil conditioners and
the humates are certified by the Organic Materials Review Institute (OMRI) for use in
organic farming.

The resulting data for the three tested materials is provided in Tables 4-6 and plotted in
Figures 5-7. The symbols in these figures represent the laboratory measurements and the
lines are fitted models in which the fitting parameter is the fHB,AB. Because of the use of
nitrate containing ionic strength adjusting solution (a standard protocol for reliable
measurements with the copper ISE), the modeling for this particular activity was
performed with the Windermere Humic Aqueous Model (WHAM), version 6. The
calculations in the BLM are a subset of those in WHAM but the BLM does not include
nitrate as an available solution constituent. WHAM provided consistency with the BLM,
particularly in terms of humic acid complexation and the associated geochemical
coefficients, and also provided enhanced capability to properly model the laboratory
tests. The model allowed the complexation capabilities of each amendment to be
carefully referenced to standard humic acid precisely as quantified in the BLM/WHAM.

Both of the tested humates, which contain primarily humic and fulvic acids, behaved
exactly as predicted in the model for standard humic acid with a fHB,AB of 0.55 (i.e., 55%
of the bulk amendment is actively complexing copper equivalent to standard humic acid
— the remainder of the amendment consisting of potassium, hydroxide, and other
materials). The model fit to the data for the humate amendments was excellent over the
entire pH range. Vanisperse is a lignosulfonate, a class of natural material related to
humic acid. The best fit for Vanisperse indicated a significantly lower complexation
capability (a fHB,AB of 0.25) and a less accurate model fit with underpredictions at low pH
and overpredictions at higher pH. The data suggested that the tested lignosulfonate is not
functionally equivalent to humic acid.
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Table 4.

humic acid
carbon inraw total carbonin
amendment raw
(based on amendment measured fraction of copper bound to predicted fraction of copper bound to
empirical (measured doc (humic acid) using copper electrode doc (humic acid) based on WHAM model
formula - fraction of total
fraction of total mass)

humic acid in
raw
amendment
(based on
WHAM model --
fraction of total
mass)

ma
0555 0318

% of total
calibrated calibrated total carbon
raw humic acid humic acid organic as
amendment total carbon carbon humic acid
(g/L) (g/L) (mg/L) (mg/L)
0.00E+00 0.00E+00 0.00 0.00 0.0000 0.0000 0.0000 0.0000 0.0000
7.94E-03 4.37E-03 2.42 2.52 0.9372 0.9487 0.8078 0.9372 0.9428
1.57E-02 8.64E-03 4.79 4.99 0.9936 0.9840 0.9612 0.9952 0.9963
2.34E-02 1.29E-02 7.14 7.44 0.9977 0.9934 0.9855 0.9987 0.9994
3.09E-02 1.70E-02 9.43 9.83 0.9990 0.9962 0.9929 0.9994 0.9998
3.82E-02 2.10E-02 11.66 12.15 0.9993 0.9982 0.9960 0.9997 0.9999
5.25E-02 2.89E-02 16.03 16.70 0.9995 0.9988 0.9985 0.9999 1.0000
6.62E-02 3.64E-02 20.21 21.05 0.9996 0.9991 0.9992 0.9999 1.0000
7.95E-02 4.37E-02 24.27 25.28 0.9997 nm 0.9996 1.0000 1.0000
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HumakK Characterization Using Copper Electrode

1.2

Fraction of copper bound to humic acid

— pH 6 measured

m  pH 6 calibrated WHAM model prediction
------ pH 7 measured

¢ pH 7 calibrated WHAM model prediction
—--— pH 8 measured

4 pH 8 calibrated WHAM model prediction

Based on:
measured organic carbon content in bulk HumaK of 31.8%
best fit humic acid content in bulk HumaK of 55%

approximately 96% of the organic carbon in HumaK equivalent
to reference humic acid

5 10 15 20 25 30 35
total organic carbon in solution (mg/L)

Figure 5. Electrode Study Data and Modeling Results for HumaK
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Table 5.

humic acid
carbon inraw total carbonin
amendment raw
(based on amendment measured fraction of copper bound to predicted fraction of copper bound to
empirical (measured doc (humic acid) using copper electrode doc (humic acid) based on WHAM model
formula - fraction of total
fraction of total mass)

humic acid in
raw
amendment
(based on
WHAM model --
fraction of total
mass)

ma
0555 024

% of total
calibrated calibrated total carbon
raw humic acid humic acid organic as
amendment total carbon carbon humic acid

(g/L) (g/L) (mg/L) (mg/L)
0.00E+00 0.00E+00 0.00 0.00 0.0000 0.0000 0.0000 0.0000 0.0000
7.93E-03 4.36E-03 2.42 1.93 0.9473 0.9167 0.8069 0.9367 0.9423
1.57E-02 8.64E-03 4.79 3.83 0.9916 0.9874 0.9612 0.9952 0.9963
2.33E-02 1.28E-02 7.12 5.69 0.9969 0.9953 0.9853 0.9986 0.9993
3.08E-02 1.69E-02 9.40 7.52 0.9986 0.9979 0.9928 0.9994 0.9998
3.81E-02 2.10E-02 11.64 9.30 0.9991 0.9989 0.9960 0.9997 0.9999
5.24E-02 2.88E-02 15.99 12.78 0.9995 0.9995 0.9984 0.9999 1.0000
6.61E-02 3.64E-02 20.18 16.13 0.9996 0.9996 0.9992 0.9999 1.0000
7.94E-02 4.36E-02 24.22 19.36 0.9997 0.9997 0.9996 1.0000 1.0000

@
=
(@))
)
—
—
o
m
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Borregro Characterization Using Copper Electrode

1.2

— pH 6 measured

m  pH 6 calibrated WHAM model prediction
------ pH 7 measured

¢ pH 7 calibrated WHAM model prediction
—--— pH 8 measured

4 pH 8 calibrated WHAM model prediction

Based on:
measured organic carbon content in bulk Borregro: 24.4%
best fit humic acid content in bulk Borregro: 55%

Fraction of copper bound to humic acid

approximately 125% of the organic carbon in Borregro
equivalent to reference humic acid

0. O e e e e e e e e e e e

0 5 10 15 20 25 30
total organic carbon in solution (mg/L)

Figure 6. Electrode Study Data and Modeling Results for BorreGro HA1
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Table 6.

humic acid
carbon in raw total carbon in
amendment raw
(based on amendment measured fraction of copper bound to predicted fraction of copper bound to
empirical (measured doc (humic acid) using copper electrode doc (humic acid) based on WHAM model
formula - fraction of total
fraction of total mass)

humic acid in
raw
amendment
(based on
WHAM model --
fraction of total
mass)

% of total
calibrated calibrated carbon
humic acid humic acid organic from
amendment total carbon carbon humic acid
(9/b) (g/L) (mglL) (mglL)
0.00E+00 0.00E+00 0.00 0.00 0.0000 0.0000 0.0000 0.0000 0.0000
7.93E-03 1.98E-03 1.10 3.06 0.7785 0.8695 0.4716 0.6068 0.6208
1.57E-02 3.93E-03 2.18 6.06 0.9487 0.9684 0.7655 0.9084 0.9170
2.33E-02 5.83E-03 3.24 9.00 0.9811 0.9895 0.8983 0.9799 0.9815
3.08E-02 7.70E-03 4.27 11.89 0.9906 0.9957 0.9485 0.9929 0.9940
3.81E-02 9.54E-03 5.29 14.72 0.9946 0.9973 0.9695 0.9965 0.9975
5.24E-02 1.31E-02 7.27 20.23 0.9975 0.9984 0.9861 0.9987 0.9994
6.61E-02 1.65E-02 9.18 25.53 0.9985 0.9990 0.9923 0.9994 0.9998
7.94E-02 1.98E-02 11.01 30.64 0.9990 0.9993 0.9953 0.9996 0.9999

)
0
—
QO
o
82
C
©
>
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Fraction of copper bound to humic acid
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Vanisperse Characterization Using Copper Electrode

1.2

1.0 1

— pH 6 measured

m  pH 6 calibrated WHAM model prediction
------ pH 7 measured

¢ pH 7 calibrated WHAM model prediction
—--—pH 8 measured

a2 pH 8 calibrated WHAM model prediction

Based on:
measured organic carbon content in bulk Vanisperse: 38.6%
best fit humic acid content in bulk Vanisperse: 25%

approximately 36% of the organic carbon in Vanisperse
equivalent to reference humic acid

5 10 15 20 25 30 35
total organic carbon in solution (mg/L)

Figure 6. Electrode Study Data and Modeling Results for Vanisperse
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e) Determine the humic organic carbon content of the amendments (fHoc,AOC)_ This
parameter represents the ratio of the mass of humic organic carbon to amendment organic
carbon:

frocaoc = frocae / faocas
In this calculation the faoc.ag Was calculated in step b and the fHOC,AB term is calculated

using the frg.ae from step d combined with the approximate carbon content of standard
humic acid (fHoc‘HB) of 0.55 (i.e., humic acid contains about 55% carbon by weight):

fHOC,AB = (fHB,AB) _(IHOC HB)

The resulting values for all of the parameters for the various amendments are summarized
in Table 3 and presented in detail in Tables 4-6. The fHoc,Aoc is 0.36 for Vanisperse a
lignosulfonate (this relatively low value indicating that the bulk of the carbon in
Vanisperse is not involved in complexing copper and that this material is dissimilar to
humic acid). Conversely, the fHOC,Aoc is 0.96 for HumaK (suggesting that 96% of the
carbon in this amendment can be characterized as humic acid) and 1.25 for BorreGro
HAZ1 indicating a slightly higher complexation capacity for the carbon in this amendment
than standard humic acid. This increased complexation results from a different extraction
and processing regime that increases the presence of sulfonate functional groups (this
processing also results in a slightly higher solubility as reflected in the higher ABstock)-

As depicted in Figure 4, the fHOC,AOC is considered a key property of the amendment that
is used in the process control equation.
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Putting it together -- the overall process control equation

The previous activities result in a relatively simple approach to assemble the final
consolidated process control equation. In concept, the equation is as follows:

required HOC dose concentration in outfall
stock solution HOC concentration

Metering pump flow = outfall flow

In this equation the numerator and denominator of the fraction are both in concentration
units (mg HOC / L) and the fraction represents the required flow relationship (ratio
between the metering pump and the outfall). The outfall flow is then used as an overall
scalar to determine metering pump flow. Mathematically, this equation is summarized in
Figure 7.

.-~ sensor / monitor inputs -----

> pH outfall flow rate: Q

/_/

“controller box”

outfall

(9.465 < 10" Y102 | +(1.690 107 Y10 )+1.108
g_)mefermgp:mp = g_)ow_'faff
A“BsrockaOC,ABfHOC,AOC
-4Bsrocscf Ao C,Asf HOC,AOC>
J SIGNAL TO
*~- data from laboratory METERING PUMP

Figure 7. Summary of Process Control Equation

The numerator of the fraction is the polynomial dose equation developed above and the
denominator represents the stock solution HOC concentration based on the various
laboratory measurements. Required sensor/monitor inputs are pH and outfall flow
(shown above the hypothetical controller box) and required information from laboratory
measurements are designated below the box. Note that this equation results in a metering
pump flow in the same units as the outfall flow (i.e., gpm). For a metering pump flow in
traditional gph units, the result would be multiplied by 60. Figure 8 is a screenshot of a
spreadsheet that calculates metering pump flow for a variety of example pH and outfall
flow scenarios for an example amendment (BorreGro HA1). Figure 8 indicates that the
required amendment needed to mitigate toxicity increases significantly at low pH
suggesting that it would be prudent to operate the facility to maintain circum-neutral pH
in the water discharged to the outfall to the extent practicable. The calculated metering
pump flow rates range widely depending on conditions with maximum values above 100

gph.
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Sample calculations of metering pump flow rate

Amendment =

ratio of humic acid organic carbon to total organic carbon in amendment (fHoc,Aoc) =
ratio of organic carbon in bulk amendment to total amendment (faocag) =

Stock solution concentration =

bulk
amendment dose
mg/L

I - nput data for amendment

= Calculated by spreadsheet

I - vt data for assumed outfall pH and flow sensing scenario

page 21 of 22

BorreGro HA-1
1.250
0.244

210000

outfall
flow

gpm

1000
1000
1000
1000
1000
3000
3000
3000
3000
3000
7000
7000
7000
7000
7000

from lab measurement of copper complexation
from lab measurement of organic carbon

mg bulk amendment / L stock solution

metering pump
flow

Figure 8. Example calculations of metering pump flow using polynomial based composite process control equation
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