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The demand for refined metals will increase over the next decade.

Meanwhile, reliance on imports is at an all-time high.

U.S. Department of Energy
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The Unites States needs more geologists,

mining engineers and chemists.

“Our nation faces another critical shortage that jeopardizes our
ability to produce the necessary quantity of these minerals

efficiently, safely, and sustainably :

a lack of college graduates sufficiently skilled in the key
geological and engineering disciplines (mining, metallurgical,
mineral, and geological).”

- Essential Minerals Association




What if we could be 100x more effective

or be in 100 places at once?
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Continuous Process Monitors

What is the Hummingbird "Platform?

* New sensor technology can detect a wide range of chemicals.

+ Measurements are performed in-process to provide actionable data for process control.

How does it work?

The key sensing element is a fluid-fluid microreactor.
Photochemicals are circulated through the microreactor, where they interact with crossflow.
Optical instruments measure the fluorescent response of the photochemicals.

A wide range of substances can be targeted for measurement using photochemicals.




Dean Gouramanis

Automation Engineer

About Myself

* My day job: I build robots that build aircraft.

What does that mean?

* | solve problems through automation.

* | work with hydraulics.




The toolbox of a Chemical Process Control Engineer.
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Systems

are heavily reliant on mathematical models.

Modeling Recipe of Liquid-Liquid Extraction Processes

* Distributed Plug Flow Model:

) oy i & P 6
Dispersed Phase MB: =0 gy Xx= 4D 3 e i (Gt t — €
pel x ug w ax,d 0;’- eff ddrnp (q,i—<d eq,i)
i o RPq @ 6
i Phase MB:  —= = =t 3 = KoffX T X = X (Cd.i = Cd.cq
Continuous Phase MB: 5 = e X 3"+ Dax,e X 3 = keffX 7 X Tarop X (cd,i~d,cqi)

= 1. Fluid Dynamics:

1.2 Tracer Experiments:

1.4 Settling

3 days to1 week
100- 200 g Feed material
3 Tracer velocities + rep.
5 Droplet sizes + rep.

5 Concentrations

1.1 Column Hold-Up

i

[
2
I

1.3 Drop Experiments

* 2. Phase Equilibrium:

2.1 Phase Diagram

3. Mas

Behavior

s Transfer Kinetics:

-
- BuylAcime
-

Sohent 1har, 20°C

T
1 Literatury data
2 Prinr knowledge

Touls:
Chck cquatiors for
1. Syntax
2 Dimensiomal analysis
3 Mass and envergy balances
o
Tools:
1. Oin-parameter-at-a-time

sudy
2 Design of Experiments
incluiivg model snd

[

= pros the model sl
sbviewsly weung

Tools:
1. Phwsical progerties
(database)

2 Cormlations

3 Lalvscale experiments &

operating parsmeters ta detect

prapeg;
4 Lab-scale experiments for
‘mondel validation at different

points o operation (DoF)

Taols fstepmise assembling
of equationsr:
1. Trergy bulance cqipmens

{5 Beaction,equlioeum ancd
Kirwtics)

2.2 Distribution/Separation Factors 3.1 Effective Mass Transfer Coefficient
. S8 5
z ¥ .
i i . 230
§ . ES
§ o llel L i i 3
! R o "« e i
i - © o Lo %
x ol i
§n1-F 3
w0 ;‘ w
[ Time ()
Define model task and
pplcarin
experiental wodel
pararmete determinatson e
ookt errors on model Mo
1. Error propagation of
experiments
Tmplement concuptual 2 Impact oferroe of model
model prametcr determinatien on
Samalation result precision) gl
| L higher than _f
Decision citeria 1 {accurncy) P o tabe
il substited?
puteriand model Noeer e )
e la—Semsitivity = accuracy ot reached—— 1
| No 2 Smubsionof Yes
simplified case stucl i o -~
Simulae expecimental data 2 DoE/MC-based
il and comparison with Tools: = wesipres
il v e st Pt e for mode ke compathn of ool
validtion a ndividal Dok JLT——
[ of paintsof aperation —
’T 2 Diata ecancliation v
Sxmtivty Sy i (‘
‘Decision citeia 1L - of model equalsreality
Sensitiviy fits itivity: fexperiment) Mo emur <
Sl experinenisl exrer
- pe—
i . 1. Characteristic target
. [re— Y uch ik, puily..)
wanéariand i = e Inieaction d
e validated
g :
& 3L rgrevion
Separation of cfects and :
oxperimental determination 5
£ e
& Coxthidentol
correlation (K}

Schmidt, A.; Strube, J. Distinct and Quantitative Validation Method for Predictive Process Modeling with Examples of Liquid-

Liquid Extraction Processes of Complex Feed Mixtures. Processes 2019, 7, 298. https://doi.org/10.3390/pr7050298

8



Chemical composition is measured periodically.

METHOD 200.7

Method 200.2, R
Sample Prepara

DETERMINATION OF METALS AND TRACE ELEMENTS IN WATER AND WASTES
BY INDUCTIVELY COUPLED PLASMA-ATOMIC EMISSION SPECTROMETRY

Revision
EMMC Vg

Spectrochemical
Total Recoverab Designation: D1976 - 07
ATT LA

StandardTest Method for

Elements in Water by Inductively-Coupled
Atomic Emission Spectroscopy

‘This standard is issued under the fixed designation D1976: the number immediately followil

original adoption or. in the case of revision, the year of lastrevision. A numberin parenthesef
superscript epsilon () indicates an editorial change since the last revision or reapproval




There are different kinds of precision.

Accuracy

Event Recording

1.5

Seconds

temperature

pressure

flow

pH
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Photochemical Sensors
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Chemical Sensors

« Thousands are published.

* Hundreds of new sensors every year.

ACS Publications

ol SO

RS

g

ACS Sens. 2024, 9, 6, 2869-2876
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Types of sensors.

Colorimetric reagents

exhibit a change in absorbance.

Examples:

Copper
Arsenic

Molybdenum

Absorbance Signal

Fluorescent reagents

exhibit a change in emission.

Examples:

Lithium
Cobalt

Neodymium

Fluorescent Signal
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Not a sensor. A sensing platform.

1. Fluid Reactor

2. Optical Instruments

3. Pumps
4. Reagents

5. Computer

14
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Hummingbird

Continuous Process Monitors

How does it work?

126
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Not a sensor. A sensing platform.

1. Fluid Reactor

2. Optical Instruments
3. Pumps

4. Reagents

5. Computer
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Auto-Ranging Sample Column

<= Low Range Hi Range ==p

Sample |:| u H H i i
Reagent [ l
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Sensor Creation Process

Candidate Sensor

Optimize

\ 4

Water Sample

Validation Test Field Test
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Sensor Creation Process

Candidate Sensor

S

Optimize

\ 4

Water Sample

Validation Test Field Test
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Case Study: Creating a continuous copper monitor using DDTC

The accurate way to

__test aquorom waterauoly! $ * Originally published in 1956.

« Used to measure copper content

"TE‘ST KIT in food, rubber and industrial

products.

MONITOR COPPER
f WHEN MEDICATING

«+ Corect copper level is essential
for effective parasitic freatment

CONTROLE LE TAUX DE CUIVRE
PENDANT UN TRAITEMENT
* Un niveau de cuivre correct
est essentiel pour traiter
efficacement les

parasites

» Used everyday to test for copper

ThYY
=

in saltwater aquariums.

w
9
=
O

For FRESH & SALT WATER

o —
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How does it work?

DDTC = diethyldithiocarbamate

M g 2+
Al 3+ Ca 2+
Transparent Opagque
PHOTON'CS Fluid Photonics Corporation
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How does it work?

EDTA = ethylenediaminetetraacetic acid

Transparent, Always
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How does it work?

8 ppm 4 ppm 0 ppm
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Absorbance vs. Wavelength

0.9
0.8
0.7

Bhuyan, Mohammad. (2014). Copper and Mercury in
06 Food, Biological and Pharmaceutical Samples:
Spectrophotometric Estimation as Cu(DDTC)2. American
Journal of Analytical Chemistry. 5. 838-850.

~—®— Absorbance Cu-DDTC
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Sensor Research

How to we turn reagents into sensors?

/
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Apparatus
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Apparatus

Hummingbird
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Apparatus
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Apparatus

o W -
-
— > ST

Pipettor 96-ch

Reagent Plate

SAMD Plate

Data Recorder q y
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Dynam ic Ran ge Test Parameters:
Acidity = 3.0 pH H2S04

Temperature = 22 °C

Excitation Power = 2.6 mW
Wavelength = 435 nm

o Dilution Factor = 1:3
ADC Counts Responsivity to Copper - 1250 ppm DDTC

3,000,000

2,500,000

2,000,000

1,500,000

1,000,000

500,000

0 20 40 60 80 100 120

Copper Concentration (ppm)
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Dynam ic Ran ge Test Parameters:
Acidity = 3.0 pH H2S04

Temperature = 22 °C

Excitation Power = 2.6 mW
Wavelength = 435 nm

Dilution Factor = 1:4
ADC Counts Responsivity to Copper - 1250 ppm DDTC

3,000,000

2,500,000
2,000,000
1,500,000 Digital Resolution = 0.109 ppb

1,000,000

500,000

0 20 40 60 80 100 120

Copper Concentration (ppm)
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Raw Data

3000000

2500000

2000000

1500000

1000000

500000

Differential Signal

Well ID
A
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Raw Data Frame

120 ppm

100 ppm

80 ppm

60 ppm

40 ppm

20 ppm

10 ppm

5ppm
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140ul — Reagent Plate

pH Stability Experiment Design

Excitation: 0.6 mW @ 435nm

1 2 3 4 5 6 7 8 9 10 11 12
A 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
B 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
C 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
D 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
E 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
F 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
G 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC | 1250 ppm DDTC
H WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER
I
140ul — Simulated Acid Mine Drainage (SAMD) Plate
1 2 3 4 5 6 7 8 9 10 11 12

A WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER
B pH 1.5 pH 1.5 pH 15 pH 1.5 pH 1.5 pH 1.5 pH 1.5 pH 1.5 pH 15 pH 1.5 pH 1.5 pH 1.5

20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm
C pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0 pH 2.0

20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm
D pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5 pH 2.5

20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm
E pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0 pH 3.0

20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm
E pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5 pH 3.5

20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm
G pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0 pH 4.0

20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 20 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm 10 ppm
H WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER WATER
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pH Stability

ADC Counts

2000000
1800000
1600000
1400000
1200000
1000000
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400000
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Responsivity to Copper in Sulfuric Acid - 1250 ppm DDTC

—e— 1.5pH
—e— 2.0pH
—o—2.5pH
—e— 3.0pH
—o— 3.5pH
—o—4.0pH

Test Parameters:

Temperature = 22 °C
Excitation Power = 0.6 mW
Wavelength = 435 nm

Dilution Factor = 1
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Copper Mining Use Case

Method 200.2, Revision 2.8:
Sample Preparation Procedure for
spectrochel Total Metals Analysis
Total Recov|
Parameter Date Analyzed Method LoOQ Result Units Flag
Aluminum 05/23/2025 EPA 200.7, Rev. 4.4 25.0 3160 mg/L 3E
(1994)
Calcium 05/23/2025 EPA200.7, Rev. 4.4 1.00 185 mg/L 3E 4R
(1994)
Copper 05/23/2025 EPA200.7, Rev. 4.4 5.00 525 mg/L 3EC
(1994)
——|| Iron 05/23/2025 EPA200.7, Rev. 4.4 0.20 91.8 mg/L 3.E,5P
(1 994) 'ortland \M \
Magnesium 05/23/2025 EPA 200.7, Rev. 4.4 10.0 6660 mgiL 3E 4R esalem He.,,,a.gllontana Mok
(1994)
Manganese 05/23/2025 EPA200.7, Rev. 4.4 5.00 273 mg/L 3.E,C (opstoner
(1994) Idaho
Nickel 05/23/2025 EPA 200.7, Rev. 4.4 0.05 7.59 mg/L 3E St
(1994)
Zinc 05/23/2025 EPA200.7, Rev. 4.4 5.00 124 mg/L 3E
(1994) Wyoming
Date Prepared: 05/23/2025 Preparation Method: EPA 200.2 Great Basin

+LUID
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Great
Salt Lake

California

efFresno

T
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Copper Mining Use Case

7000
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4000

ppm

3000
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Relative Concentration

] — - | ]

aluminum calcium copper iron magnesium manganese nickel zinc
13 ! I 20c 29c 26 F 12M 25M 28 N. SOZ

ALUMINUM CALCIUM COPPER IRON MAGNESIUM MANGANESE NICKEL ZINC

26.981 40.08 63.55 55.84 24.305 54.938 58.693 65.4

®Salem

Vrortpock |
Hele"a.@ontana Lake

“\\ewi toneR.

Idaho

@ Boise

Wyoming

Sacramento
°

. Oakland
Francisco, \ eStockton

California

(R
efFresno
RTH

o Bakersfield
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Effect of Interferant Metals

Objectives:
+ Determine which interferant metals cause a response by DDTC.

» Quantify the effective concentration of EDTA for mitigating interference.

PLATE TYPE Description

Reagent Plate A EDTA concentrations 0, 300, 1200, 4800
Reagent Plates

Reagent Plate B EDTA concentrations 0, 600, 2400, 9600

Interferant Plate 5 ppm | Interferant Metals Only

Interferant Plate 10 ppm| Interferant Metals Only

Interferant Plate 20 ppm| Interferant Metals Only

SAMD Plates
SAMD Plate 5 ppm Copper in the presence of Interferant 1:1 ratio

SAMD Plate 10 ppm Copper in the presence of Interferant 1:1 ratio

SAMD Plate 20 ppm Copper in the presence of Interferant 1:1 ratio

+ Each SAMD plate was repeated with each Reagent plate.
» All Reagents contain 1250 ppm DDTC

» Each combination was repeated 3 times (3 columns each)

PLTO56
PLTO57
PLTO58
PLTO50
PLTO51
PLTO052
PLTO59
PLTO60
PLTO61
PLTO062
PLTO63
PLTO64

Table of Contents

Reagent SAMD
Plate A Interferant Plate 5 ppm
Plate A Interferant Plate 10 ppm
Plate A Interferant Plate 20 ppm
Plate B Interferant Plate 5 ppm
Plate B Interferant Plate 10 ppm
Plate B Interferant Plate 20 ppm
Plate A SAMD Plate 5 ppm
Plate A SAMD Plate 10 ppm
Plate A SAMD Plate 20 ppm
Plate B SAMD Plate 5 ppm
Plate B SAMD Plate 10 ppm
Plate B SAMD Plate 20 ppm
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Effect of Interferant Metals

Objectives:
+ Determine which interferant metals cause a response by DDTC.

» Quantify the effective concentration of EDTA for mitigating interference.

PLATE TYPE Description

Reagent Plate A EDTA concentrations 0, 300, 1200, 4800
Reagent Plates

Reagent Plate B EDTA concentrations 0, 600, 2400, 9600

Interferant Plate 5 ppm | Interferant Metals Only

Interferant Plate 10 ppm| Interferant Metals Only

Interferant Plate 20 ppm| Interferant Metals Only

SAMD Plates
SAMD Plate 5 ppm Copper in the presence of Interferant 1:1 ratio

SAMD Plate 10 ppm Copper in the presence of Interferant 1:1 ratio

SAMD Plate 20 ppm Copper in the presence of Interferant 1:1 ratio

+ Each SAMD plate was repeated with each Reagent plate.
» All Reagents contain 1250 ppm DDTC

» Each combination was repeated 3 times (3 columns each)

PLTO56
PLTO57
PLTO58
PLTO50
PLTO51
PLTO052
PLTO59
PLTO60
PLTO61
PLTO062
PLTO63
PLTO64

Table of Contents

Reagent SAMD
Plate A Interferant Plate 5 ppm
Plate A Interferant Plate 10 ppm
Plate A Interferant Plate 20 ppm
Plate B Interferant Plate 5 ppm
Plate B Interferant Plate 10 ppm
Plate B Interferant Plate 20 ppm
Plate A SAMD Plate 5 ppm
Plate A SAMD Plate 10 ppm
Plate A SAMD Plate 20 ppm
Plate B SAMD Plate 5 ppm
Plate B SAMD Plate 10 ppm
Plate B SAMD Plate 20 ppm
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Selectivity for Copper

ADC Counts Responsivity to Interferant Metals vs. EDTA Concentration
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1000000 Al
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—0— Mg
600000 Mn
400000 e—Ni
——2Zn
200000
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-200000 -
EDTA Concentration (ppm)
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Selectivity for Copper

ADC Counts
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Responsivity to Interferant Metals vs. EDTA Concentration
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Selectivity for Copper

ADC Counts
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Responsivity at 2400 ppm EDTA

Al Ca Fe Mg Mn
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Responsivity at 4800 ppm EDTA
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Responsivity in the Presence of Interferants

Responsivity to Copper in the Presence of Interfering Metals:
2400 ppm EDTA

ADC Counts ADC Counts
1800000 1800000
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1400000 1400000
1200000 1200000
1000000 1000000
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400000 400000
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0 0
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Metal Concentration (ppm)

Responsivity to Copper in the Presence of Interfering Metals:
4800 ppm EDTA

—e—Cu
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Metal Concentration (ppm)
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Standard Addition to AMD

Intersection of AMD Std. Addition and
ADC Counts Sensor Charicterization data
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ADC Counts
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1000000
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455 ppm

Intersection of AMD Std. Addition and
Sensor Charicterization data

1455 ppm

955 ppm

PHOTONICS

1000
Metal Concentration (ppm)

1500

525 — 455

2000

—o—Cu-Al
—e—Cu-Ca
—e—Cu-Fe
—o—Cu-Mg
—o—Cu-Mn
—8—Cu-Ni
—e—Cu-Zn
—e—Cu
e=g==Std. Addition

e Trendline

525

Method 200.2, Revision 2.8:

ure for
tion of

Total Metals Analysis
Parameter Date Analyzed Method LoQ Result Units Flag
Aluminum 05/23/2025 EPA 200.7, Rev. 4.4 | 25.0 | 3160 mg/L 3.E
(1994)
mglL 3E, 4R
(1994)
05/23/2025 EPA 200.7, Rev. 4.4 mg/L 3E,C
mg/L 3E,5P
Magnesium 05/23/2025 EPA200.7, Rev. 4.4 10.0 6660 mg/L 3E 4R
(1994)
Manganese 05/23/2025 EPA200.7, Rev. 4.4 5.00 273 mg/L 3EC
(1994)
Nickel 05/23/2025 EPA200.7, Rev. 4.4 0.05 7.59 mg/L 3E
(1994)
Zinc 05/23/2025 EPA200.7, Rev. 4.4 5.00 124 mg/L 3.E
(1994)

Date Prepared: 05/23/2025

Preparation Method: EPA 200.2

x100% = 1 3% error
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Apparatus
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Continuous Monitoring of Copper Concentration
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1 2 3

Refinery Process Control Remote Monitoring Geological Survey

+LUID

PHOTONICS

Enable a new generation of intelligent Monitor outflows 24-7. 365,

) : Accelerate resource discovery.
hydrometallurgical processing.

52

© Fluid Photonics Corporation

www.fluidphotonics.com 998C Old Country Rd. #128 « Plainview, NY 11803 « United States



ENGINEERED SORBENT METERING — ENVIRONMENTAL REMEDIATION

« Sorbent addition is triggered when sensors detect dissolved metal at the outflow.

« Sensors work 24/7 to ensure that discharge water is free of dissolved metal.
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i SENSOR
nu@ua

INFLOW Settling Pond OUTFLOW
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PASSIVE BINNING REFINEMENT — PROCESS CONTROL

« Computer-controlled valves divert flow whenever the concentration of a target material falls above the programmed threshold.

« High-grade and low-grade solutions are automatically binned.

SOLUTION

MINING RIG PUMP SENSOR DIVERTING

.................. - VALVE(s)

‘ BULK SOLUTION

DE-WATERING
PROCESS

RAFFINATE

>
CONCENTRATE

LUID :

.
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ADAPTIVE DRILLING - GEOLOGICAL SURVEY

Screen samples in the field.

Conceptual lllustration

CONCENTRATION

100
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Adjust.

Find deposits faster.

Time, Date, Location, Process |ID

Hardness (GH) ——— Lithium (ppm) ———REE (ppm)

18 24 30 36 42 48 54 60 66 72 78
HOURS
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THANK YOU

+LUID

PHOTONICS

Dean Gouramanis

Fluid Photonics Corporation
Phone: (934) 345-0560

Email: dean@fluidphotonics.com




