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1 Background and motivation
[ Project goal, proposed approach, and advantages
J Methods

] Results

= Solvent recovery by filtration
= Solvent recovery by drying

. Conclusions
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Background

] Dewatering fine coal is important for both coal beneficiation
and the environment

» 70-90 million tons of fine coal tailings discarded each year in the US

» Dewatering by mechanical means has reached its limit

» Dewatering by thermal drying is energy-intensive

= One of the most energy-intensive processes in industry due to the high
enthalpy cost of phase change (Mujumdar and Wu, 2007)
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HHS Technology

d Hydrophobic-Hydrophilic Separation (HHS)
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Solvent Recovery

Results Obtained with a Sub-bituminous Coal

Particle Size Moisture Ash Heat Value
(mm) (%wt) (%wt) (Btu/Ib)
0.350 3.20 9.92 10,827
0.600 3.20 9.82 11,019
1.180 2.87 8.4 11,216
6.300 2.30 6.27 11,529

N N

I',r

StepA - Water Displacement

Solvent

Tank ).

StepB - Solvent Recovery

Condenser

Solvent recovery is essential for
the economic operation of HHS

= Low solvent loss (<~1400 ppm
solvent in coal product or 0.56
gallon/ton coal)

" Low equipment/capital cost

= | ow operation cost
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Goal and Approach

(d Goal: to develop an efficient solvent recovery system for the HHS process

d Approach - in-situ recovery combining filtration and drying
= recover the bulk of solvents by pressure filtration
= recover the small amount of residual solvents by in-situ evaporation

solvent
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stage 1: liquid-solid separation

J Key advantages

= Only a small fraction of solvents is removed through phase change

- energy efficient
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stage 2: evaporative recovery

= Asingle device is used in separation and drying = low equipment cost
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Methods — Physical Modeling

(d Solvent vaporization and removal by a carrier gas

Underlying physics
 Thermal transport
* Liquid solvent evaporation

* Transport of multi-component
gas mixtures
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Model Development

[ Gas transport model

n xjli—xi]j 3+ Ji _ ld‘pi B xikyp dp

Dusty gas model: —1 = i=12,..n
J= " peDij ptDik p dz  uDj dz ( 20T
JES!
Ji = pjutg = — X1DakD1k+D12Dq + kppP1RgT\ dp, + X1D2x D1k + kpp1RgT\ dp,
1 11 XoDqp+Xx1Dop+D1> i dz X2Dqp+x1D2p+D1> u dz

] = polUy, = — X2D21kD1k +RPPZRQT dp-l_l_ xzngD1k+D12D2k+kpp2RgT dp,
2 242 X2D1i+x1D3p+Dq2 u dz XoDqp+x1Dok+D12 y dz

2
Effective permeability (with slippage effect): k,, = %" (1+ -’-}[(n(gi —-1))

e 2ry [8kpT
Knudsen diffusion: Dy = =° B

(i =1,2)

Mutual diffusion: Dy; = (Dy, 1) (Dxﬁg)(l_xl), Dy, 1 = ZYIIRBTIT 1 2)

3 Mioipi
. . . . . Hq H2
VISCOSIty for mixture gas: U = X, 138517 + X11.385[i5
"x1D12p1 "x2 D12p2
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Model Development

J Evaporation and radial mass transfer

bLALLLLLALLLLL LA AL LA AL AL AL L L L L Y

sat
» Limit of evaporation Kinetics Ps pslevaporation
(evaporation << diffusion): <
d 05 diffusion
i — 2_0- M; Psat D2 bulk
Schrage equation m; = — (mg) ( = = ol

» Limit of vapor transport (evaporation >> diffusion):
Vapor diffusion  m,~D.M,(psar — P2) /7o

: 0.5
> Ratio: n?k ~ 200 ( RgT) =75>1

my Ds \2mM,

Vapor diffusion is more rate-limiting than evaporation kinetics

Quasi-static condition at any cross section

mevp = a(psat - Pz) a=ShX DS/ZTO
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Model Development

(J Conservation laws

o0, _ _Oh
at 0z
dpz _ 0]z
ot = oz T 2Mewp/To
oh .
plrlq E — _mevp

[ Initial and boundary conditions

Initial conditions boundary conditions
p1(t =0) = — = Psar z=0:p1+p2=$
p2(t =0) = psa z=07:J,=0

h(t = 0) = hy Z=Lipi+pr =75
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Method — Solid/Liquid Filtration

(d Stage 1: pressure filtration to remove bulk of solvents

" Pressurized room-temperature N, as the agent
= Solvent-coal slurries are pressure filtered

Pressure filter

Pressure
_ gauge
Top cap N inlet
Valve
Tubing
Solvent level
Filter cloth ilter cake
and/or paper Bottom cap
Gas outlet
N, tank

| 000g |

Digital balance
11/ 25



Method — Solvent Vaporization and Removal

(1 Stage 2: solvent vaporization and removal

vapor pressure of solvents

l N, or steam
0.8 /
/
— /
S 06 /
v /
S /
§ /
é‘ 0.4 //
o
&
>
0.2 pentane
====hexane
= = heptane
vapor mixture 0
0 20 40 60 80 100

. . Temperature (°C)
evaporation and mass convection

operating temperature must be elevated
for some solvents

= Room-temperature N,, heated N,, and superheated steam as carrier gas
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Method — Solvent Vaporization and Removal

(d Stage 2: solvent vaporization and removal

N, Steam
A B FILTRATION/DRYING
CYLINDER WITH
X UBE
mc
\)(/ WATER SUPPLY 4-PASS HEAT SINK
heat exchange

PRESSURE
REGULATING
VALVE

v exhaust

B thermal couple

® valve

A pressure transducer/flow meter FEEDWATER PUMP
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Method — Solvent Vaporization and Removal

(1 Stage 2: solvent vaporization and removal
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Method — Solvent Vaporization and Removal

(1 Stage 2: solvent vaporization and removal

s - -

Device fabrication, shake-down, and tuning accomplished in 11/2020

"~ Michael
Huylo




Results - Coal and Solvents

3

~J
(a1

Accumulative Percentage
M Ul
%2} o

Coal: Met Warrior Clean Coal

Solvents: pentane and hexane

Solvent Viscosity Boiling point Vapor pressure

(mPa-s) (°C) (kPa)
Pentane 0.250 36.0 57.3
Hexane 0.310 69.0 16.0

0.1 1 10 100 1000
Particle size (um)

De, = 13.1 pum; Dy, = 43.3 pm
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Results — Solid/Liquid Filtration

(d Stage 1: pressure filtration for bulk solvent removal
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filtration curves for 10-15% pentane-coal slurries at various pressure differences

= Nonlinear filtration kinetics due to cake formation and three phase
flow in cakes

= @Gas breakthrough occurs within 60 s even at the lowest pressure
difference = compatible with HHS technologies
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Results — Solid/Liquid Filtration

(d Stage 1: pressure filtration for bulk solvent removal
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filtration curves for 10-15% hexane-coal slurries at various pressure differences

= Slurries with 10% mass loading are selected in subsequent studies
= Solvent: pentane and hexane
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Results — Filtration Cake Properties

d Analytical model for pressure filtration

N w0 ' : '
IR 2 o Experimanial Filtration Rate
l 250 | — Fitted Model Filtration Rate
=
i‘ E .| Fitting Parameters:
E 3 1 1x10%m~*
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,.j o
— E o Pentane
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> +AR_ kinetics curve
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Huang, Pan, and Yoon, Minerals Eng., 115, 88, 2018 19/25



Results — Room-Temperature N, Drying

 Drying using room-temperature N,
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= Pentane and hexane are removed to acceptable concentration (1400ppm) in
105 and 230 s
= Drying rate decreases during the late stage of solvent removal

= Drying time is far longer than desired (within 10 s for integration with HHS)
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Results — Model Validation

 Drying of pentane-loaded cakes by room-temperature N,

25000

® Experiment

— Simulation

m)

20000 -

15000

10000

5000 -

Residual solvent in filtration cake (pp

0 26 46 60 50 160 120 140
Time (s)
= Cake properties taken from measurement and filtration model fitting
= Dropping drying rate accommodated by dividing residual solvents in filtration

cakes into two populations

= Model revealed that gas at cake exit is not saturated with solvent vapor /
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Results — Drying by Heated N,

 Drying of solvent-loaded filtration cakes by heated N,

Residual Solvent Loading (ppm)
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Heating N, to 100°C and 150°C reduces drying time, but not significant enough
Increasing pressure difference reduces drying time, but still not enough

Transport of vapor from solvent evaporation site to carrier gas streams in filtration

cake limits the drying rate
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Results — Drying by Superheated Steam

d Drying of solvent-loaded filtration cakes by superheated steam
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= Superheated steam greatly accelerates drying Sub-10s drying time
" |ncreasing pressure greatly accelerates drying achieved!

= Superfast heating (and possibly perturbation of cake structure by water condensation
and evaporation) responsible for fast drying

= Final water content in coal cake <5% —> acceptable for commercial coal handling /
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Results — Drying of Vacuum-Formed Cakes

J Drying of filtration cakes formed by Vacuum filtration

= Vacuum filtration is sometimes preferred over pressure filtration
due to lower equipment cost
= Vacuum-formed filtration cake is less compact
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J

J

An in-situ solvent recovery method for recovering solvents from
solvent-ultrafine coal slurries is proposed

Bench-scale tests confirmed the effectiveness of the proposed
method

=  Pressure filtration can be accomplished in less 60 s at realistic coal
loading (10-15%)

=  Using superheated steam as carrier gas, the solvents in the final
filtration cake can be reduced below 1400 ppm in less than 10 s

The project cleared the way for pilot-scale development of the
proposed method

Fruitful collaboration with Dr. Evan Granite of NETL
is gratefully acknowledged
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