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Power generation facilities in the U.S. are looking for a pential renewable fuel that is
sustainable, low-cost, complies with environmental regation standards and is a drop-in
fuel in the existing infrastructure. Although torre ed wody biomass, meets most of
these requirements, its high cost, due to the use of woody bimass, prevented its
commercialization. Industrial waste blends, which are atsmostly renewable, are suitable
feedstock for torrefaction, and can be an economically viale solution, thus may prolong
the life of some of the existing coal power plants in the U.S. His paper focuses on
the torrefaction dynamics of paper ber-plastic waste blem of 60% ber and 40%
plastic and the characterization of its torre ed product asa function of extent of reaction
(denoted by mass loss). Two forms of the blend are used, one ign-densi ed and the
other is in the form of pellets with three times the density athe un-densi ed material.
Torrefaction of these blends was conducted at 300C in the mass loss range of 0-51%.
The torre ed product was characterized by moisture content grindability, particle size
distribution, energy content, molecular functional struttire, and chlorine content. It was
shown that although torrefaction dynamics is of the two forra differs signi cantly from
each other, their properties and composition depend on the rass loss. Fiber content
was shown to decrease relative to plastic upon the extent ofdrrefaction. Further, the
torre ed product demonstrates a similar grinding behavioto Powder River Basin (PRB)
coal. Upon grinding the ber was concentrated in the smallersize fractions, while the
plastic was concentrated in the larger size fractions.

Keywords: waste, ber, plastic, torrefaction, grindabilit y, energy content, chlorine content, FTIR spectroscopy

INTRODUCTION

The U.S. Environmental Protection Agency (EPA) has acdelénegulatory pressure on utilities
burning pulverized coal by issuing carbon emission guidsdion June 18, 201&PA, 201} The
EPA has proposed state by state goals to achieveedtssion reductions; 30% from the power
sector as compared to G@mission levels in 200&PA, 201% The ultimate fate and form of the
EPA proposed rule may not be known for some time until the rulekimg process is complete
but the past history of utility emissions regulation and SupesCourt decisions on EPA rule-
making authority indicate a high probability that some for@O, regulation will be implemented
(White, 2013. Internationally, the U.S. has announced the reduction efegthouse gas emissions
by 26—28% below 2005 levels by 2025Kamura and Mufson, 20)4
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Torre ed-biomass is a high-energy fuel that can be used ifTABLE 1 | U.S. wastes, quantities, and heat content.
combustion, gasi cation, and pyrolysis, and is consideridez

fully or partially renewable and complies with the above EPAt\\clsste l&%at'::%éik % H(Zz;ffﬂzt/i;t Source
regulations EPA, 201% Kiel (Kiel, 201) suggested the use 2016)

of biomass for coal power plants. Potential users of torre ed

biomass are suggested for re neries to produce bio-di(lg  Paper 19,470 18 14.7 Demirbas, 1999
etal., 2016; De Rezende Pinho et al., 2@hd syngas producers Plastic 25,100 23 35.7 Themelis and
(TRI, 2019. A considerable amount of studies, pilot-scale plants, Mussche, 2014
patents and commercial e orts have been devoted to torreacti Rubber 4,150 4 36.5 Unapumnuk etal.,

and torre ed materials. The entries “torrefaction” and fte ed” fer;‘:her 2006

in the title, shows 790 papers, 19 reviews, and 50 patents, &etwe )
Textile 10,000 9 17 Miranda et al., 2007

1990 and 2017. The 50 patents comprise many technologies f\%r

. . . L. 00 11,010 10 15-16 McKendry, 2002
torrefaction, most of which are based on mechanical mixing. 20319 07 1516 US.EIA 2010
Although torrefaction technology is well developed, it has yet ' '

. . Yard 10,790 10 15-16 McKendry, 2002
moved to the commercial market. The consensus is that the Mal ;i mings
hindrance to the commercialization of this technology ig tise Total 109,839 100

of high-cost woody biomass as a feedstd¢kr(ar et al., 2017,
Radics et al., 20).7
The use of wastes (for example, municipal solid wastes—
MSW—or industrial manufacturing residuals— ber and plastic PRB coal) (IS-EIA, 201} U.S. waste could replace well over 15%
blends) can be the answer to the deployment of this technologyf the U.S. coal.
as tipping fees are paid for the waste destined for land Il. U.S. The present paper deals with torrefaction of certain U.S.
wastes possess substantial energy content that can beedtiliavastes, including plastics, which can be converted into drop-
for energy and powerl(S-EIA, 201 Wastes, as a feedstock in fuels as a replacement of coal in coal power plants. Speci cally,
torrefaction, has been suggestedByy-Ziv and Saveliev (2013) the paper deals with wastes blends from paper/carton (wood
and Bar-Ziv et al. (2016and others, using regular torrefaction bers) and plastics. As such, the torre ed fuel should be show
(Yuan et al., 2015 wet torrefaction {lumin et al., 201), and  to match the characteristics and properties of coals.
microwave torrefactionl(oba et al., 2017a)bSome di culties
have been recognized while using waste for torrefactioabse MATERIALS AND METHODS
of di culties in conveying, pretreatment and potential emisss.
Other hurdles were also identi ed while using waste feedsto Materials
in torrefaction: (i) inconsistency in feedstock, (ii) pdséty = Convergen Energy (CE) developed a fuel engineering process:
of high Cl, S, and N content, (i) binders required for sorting and blending feedstocks of ber and plastic, remayin
compaction of torre ed biomassHar-Ziv and Saveliev, 2013; metal and shredding down to 25mm by 1 mm akes by which
Bar-Ziv et al., 201) (iv) high moisture content in MSW and the waste blends of bers (from paper, label matrix residuals,
like, and (v) high contaminant content that leads to emissio and laminated non-recyclable papers/plastics and the like) an
issues. plastics, become uniform, owable and consistent, with a bulk
The EPA regulatory actiond&=PA, 2014, 20)5egarding the density in the range 200-300 kgmCE also developed a
use of alternative fuels raise the likelihood that torre maste pelletization process that produces pellets (12mm OD and
will nd a market to replace pulverized coal in energy productio 50 mm long) that are rather uniform with a density of 750-
One other recent development a ecting the market for torre ed 800 kg/n? and bulk density of 400-450 kgAnThe binder for
biomass from MSW was a memorandum from the EPAs O ce ofthe CE palletization process was the plastic component in the
Air and Radiation addressing the framework for determinthg  blend. CE characterized their product for over 7 years with
carbon neutrality of biomassf{cCabe, 2014 properties that showed rather consistent produ@tble 2shows
There is a signi cant amount of waste in the U.S., which isaverage properties of waste blends of 60% ber with 40% plastics
being disposed of in land lIs, that can be used as an energyith standard deviations of its product over a 7-year period.
sourceTable 1summarizes the various wastes, totalinty10,000  As seen, the properties ifable 2are indicative of reproducible
ton per year, as well as their calori ¢ values. This signi tan and consistent material. This material was the feedstodkién
amount, if torre ed, can replace coal and be consideredorrefaction process, both in un-densi ed and densi ed forms.
renewable and clean fuel. From an energy perspective, exceptin this study, both the un-densi ed as well as the densi ed
plastic wastes with very high heat content36 MJ/kg, the rest material (pellets indicated above) were ugéidure 1shows both
have heat values in the range 15-17 MJ/kg. The weighted averdgans before torrefaction, used in this study: (a) un-dendi@E
heat content in U.S. waste is21 MJ/kg, which is comparable to material; and (b) CE pellets.
that of Powder River Basin (PRB) coal that has a heat content
of 17-19 MJ/kg l(uppens, 201)1 This indicates that 1 dry ton Waste and Product Characterization
of U.S. waste can replace 1 ton of PRB coal. With current codlhe properties depicted iffable 2 are part of the routine
consumption of 650,000 tons/d of coal in the US (with over 50%characterization of CE products, both before and after
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TABLE 2 | Properties of CE material averaged over a 7-year period.

Proximate Values Ash Values, % Others Values, ppm Fusion temp V alue C
Moisture, % 33 05 SiOo, 33 18 Cl 1162 487 Reducing

Ash, % 6.0 0.6 Ar0O3 27 11 F 75 75 Deformation 1,319
Volatiles, % 835 2.6 TiOy 72 3.4 Hg 0.01 0.01 Softening 1,359
Fixed Carbon, % 72 20 Fe, O3 0.9 0.9 Sn 29 09 Hemispherical 1,374
Sulfur, % 0.2 01 CaO 21 12 As 1.1 09 Fluid 1,396
HHV, MJ/kg 26.10 1.05 MgO 3.0 30 Be 0.3 0.8 Oxidizing

Ultimate Values, % K>0 0.6 04 Cr 22 1.2 Deformation 1,327
Carbon 554 1.8 Nay O 1.6 0.7 Co 0.21 0.16 Softening 1,369
Hydrogen 79 03 MnO, 0.02 0.01 Pb 11 14 Hemispherical 1,384
Nitrogen 03 0.1 BaO 0.2 0.2 Ni 0.81 0.57 Fluid 1,406
Oxygen 271 16 Others 28 14 Se 15 18

FIGURE 1 | (A) Un-densi ed CE material.(B) Densi ed (pellets) CE material.

pelletization. Other characterization methods are as falodl (2) A 100-200 g torre ed sample was placed in the grinder and
data presented in this paper were averaged over 3-5 data points. operated for short time intervals — 15-30 s. After each grigdi
run (time interval) the pulverized material was sifted tosev
sizes, in the range of 150-2,086®, after which all size
Grinding fractions were mixed and were further pulverized for another
Grindability is an important characteristic that has an edisg time interval. This process was repeated until the size frasti
impact on the applicability of torre ed material as a drop-in fue  reached asymptotic values.

in coal power plants. Typically, coal power plant gse.pulverizerﬁn both methods, the power was measured with and without
of type MPS 89 %torm, 2003, however, for the grinding tests, the sample in the grinder. The power without the sample was

b"?‘de_ grinders (that operat(_e at .24’000 rpm) were used._ Thseubtracted from that with the sample, which provided the net
grinding results presented in this paper are for comparison

. . . wer requir rind th mplé&igure 2 show: ical
purposes. Two blade grinders were used in this study: ModdloWer redu ed to_g d.t € sa |_o<§gu € < shows a typ ca
. plot of power vs. time with and without a sample (in this case,
CIT-FW-800 and Model CIT-FW-200. An on-line power meter— . .
. 2009 of a torre ed non-densi ed material at 21.4% mass loss
Wattsup pro was used for power vs. time measurements. Alsg, . : . .
. ; . uring torrefaction). Note that the startup is accompanigdamn
note that CE material was torre ed in both non-densi ed and .
. s - overshoot, in both cases.
densi ed (pellets) forms and grinding tests were carried fart
both materials. Two types of grinding tests were performed as

follows: i
Sifting
(1) A 100-200g torre ed sample (either un-densi ed or pelletSifting of the pulverized material was carried out in a W.SeRyl

form) was placed in the grinder, which was continuouslyRX-86 model sieve shaker. Seven size fractions were otftaine
operated for up to 120s time interval (to avoid damage tawith screen sizes of 75, 150, 180, 250, 425, and8b®\t each

the motor); the power was measured continuously during theime interval after grinding, all the material inside themter was
experiment. If necessary, grinding was repeated in a similaaken out and put into the shaker to sift for an hour. The weight
manner for a total of 1,800 s. of all the screens before and after the sifting were measites
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temperature di erence after the burning of the measured sample
The heating value was displayed by the calorimeter based on the
calibration and temperature di erence.

1600

With material

1200 4
Moisture Content

Moisture content was measured using HFT-1000 moisture
analyser. Around 1 g of sample was put into the analyser. After
starting the analysis, the heating coil would heat up and the
Without material moisture inside the material would volatilize. The analyseuld
show the moisture content by measuring the di erence of the
weight before and after the experiment. Moisture content was
measured before and after torrefaction. The values weteerat

0 2 40 60 consistent, before torrefaction moisture was in range 2-a8bh

Time (s) after torrefaction, 0%.

Power (W)

800 ~

400

FIGURE 2 | Examples of power vs. time traces of the grinder without mateal

. . . Density Measurements
and with 200 g torre ed un-densi ed material.

Density measurement of pellets was done using a scale (model
A&D HR-60) with readability of 0.0001g. The Archimedes'
principle/buoyancy method was used for density measurement.

di erence in these weights provided the sample weight of each simple stand with suspended metal wire setup was used to dip
size fractions. the pellet in water. The procedure followed was as below:

1. The pellet was placed on scale and dry weightyas noted.

Chioride f"‘”d thonne - . .. 2. A beaker lled with set level of distilled water was placed on
The chloride dissolved liquid samples from high shear mixing
the scale and tared zero.

(described below) were diluted by a factor of hundred. Cioler 3. The stand and wire setup were placed next to scale such that

was measured in this aqueous solution using Milwaukee . . .
. . m rt of wire di in the water. Th led w r
Instruments, MI414 model Chloride Professional Photometer igrozdpggtaci)n e dipped in the wate e scaled was tared

Two cuvettes were used for the experiments. One is the blanzt The sample was attached to wire and the sample was dipped in

Slfrgs\llﬁhnle(;j mv}”t? dlllo tm:j cl)if d;jt'"erg vlvat_?_:] a:g grrlr?lth?: cuver:te water. Care was take that entire sample dipped in well and did
edw otdruted fiquid sampie. Then u. ofreage not touch bottom of the beaker. The reading with suspended
1 (Thiocyanate and Mercury) was added to both cuvettes, and | d
after 30s of swirling, 0.5ml of reagent-2 (Nitric Acid) was sampiens, was noted. . . .
T - 5. The density was obtained by taking the ratio of suspended
added to both cuvettes. After another 30 s of swirling, trenkl sample weightys and dry weigh
sample was rst measured and zeroed, then the liquid sample S y '
was inserted in Chloride photometer which directly showed th
chloride content of the liquid sample FTIR
S quic pie. . FTIR spectra were obtained on (i) 20 randomly selected piefces o
Total Chlorine in the solid phase was measured using th(f:i”nixed waste and (ii) screened fractions of the torre ed rmizte
ASTM D4208-1 standard. The testing process included follgwin

key steps: The weighed solid sample was burned in a bon‘v@t;rglgit;)]uu;zg t(?t[a\:If;f;ii;;:iessziitr?zr?l estgré;rfjg;;a
lled with 2—3 MPa oxygen. After the combustion, a diluted bas Y Y

solution (2% NaCOs solution) was added to the bomb to react and data analyzed and averaged with the OMNIC v9.8 software

with the chloride product. Water was then used to wash theand Aldrich, Hummel, and Nicolet spectral libraries. Carlybn

. . . index (ClI), cellulose index (Cel), and hydroxyl index (HI) ree
!n5|de cylinder wall Of_ th? bomb. All the wa;hlngs were e calculated as the ratio of the band intensity (absorbantg)/20,
in a beaker and the ionic strength was adjusted using (NaNO

solution) (Zhu, 2013. The total chloride content of the solid 1,024, and 3,342 c, respectively, to the band 2,916 chfor

material is determined by measuring the potential of the §olu the -CH2- groups {Vei etal., 2013
with a chlorine ion-selective electrode using a potentiaicet

titration (916 Ti-Touch) with silver nitrate solution. Experiments
Torrefaction
Heat Content Torrefaction experiments were carried out by placing a

Heat content was measured by Parr 6100 Compensated Jackample, motionless, at the center of a convection furnace,
Calorimeter, where 1g samples was placed inside samplihgndenberg/Blue type BF51828C-1, with ow of inert gas, eith
bowl/tray, and the sample was connected to the electric itircuN, or CO, to avoid oxidation of the material. For un-densi ed
using fuse string. This setup was put into a bomb and therCE material, typically samples of 150g were placed in a thin
lled with oxygen. The bomb was then put into a bucket with aluminum foil at the furnace center, with residence time et
2,000 0.5¢ of distilled water. The process involved ignition ofrange 1-40 min. For CE pellets, sample size w&90g and
sample using an ignition circuit and subsequent measureraént torrefaction residence time was between 3 and 120 min.
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Removal of Soluble Minerals of heat transfer coe cient,h, was selected to be 10 (W#m
Soluble minerals in the torre ed material were removed byK) and was the closest to the ow conditions prevailing in the
a method developed by DonepudD¢nepudi, 201). In the furnace (ncropera and DeWitt, 2002 The value for thermal
present study, a 7.5g torre ed sample was placed in a higbonductivity, , varies between 0.15 (W/m-K) for PVC, and
shear mixer of Charles Ross & Son Company (Model HSMO.38 (W/m-K) for polyethylenel(icropera and DeWitt, 2002;
100LSK-1) where water was added to the sample in 20:1 ratio Batterson and Miers, 20);0for biomass and bers the values
weight and the mixer was rotated at7,000 rpm for 5min. A range in 0.03-0.29 (W/m-K)Mason et al., 2006 A value of
suspension generated was Itered bynirh porosity paper Iter 0.2 (W/m-K) was selected which was an average of the above.
(Whatman 1001-0155 quantitative Iter paper circles), folev Literature data on reaction rates of the material used were
by another ltration by 1.6mm porosity paper Iter (Whatman even more scattered than thermal conductivity, therefdreyt
1820-047 glass micro ber binder free Iter). The two Itrath  were measured by thermogravimetry in the furnace. The rate
processes produced a transparent solution with no apparemf mass loss of the CE material from both measurements at
suspend particles or colloids. The aqueous solution was megsu 300 C was about 0.03%/s, where the material temperature has

for chloride as described above. been equal to the wall temperatur&,f); using the density of
each form to obtain a value of 0.2-0.3 (kgs) for the un-

RESULTS densi ed mater_|al and 0.1-0.2 (kgA¥s) for the pgllets. In thls
study, the density was 1,150 (kgiyfor the un-densi ed material

Torrefaction and 850 (kg/m) for the pellets. Heat capacity was both taken

As mentioned, all current torrefaction experiments wererigat ~ from the literature (ncropera and DeWitt, 2002and measured
out by introducing un-densied material and pellets in a to yield an acceptable value of 1,600 (J/kg-EQiGepudi, 201Y.
convective furnace at 30Q, with the initial temperature of the The characteristic lengths of the two forms were measuredy(v
particle, To, at ambient temperature. The material was placedccurately for the pellets and rather scattered for the unsiled
in the furnace center and was kept stationary. In this case, thmaterial). Table 3 summarizes all properties required for the
particle was heated by heat transported from the hot walls aletermination ofBi and M, yielding values for (iBi of 0.1 for
temperature Ty) to the particle surface by convection; the heatthe un-densi ed material and 0.35 for the pellets and (iiM
was then transported into the particle by conduction. Numesou of 0.01 for the un-densi ed material and 0.08 for the pellets.
torrefaction experiments were carried out for pellets as wedl  The values foiBi in the range 0.1-0.35 indicate that the rate of
densi ed material. In both cases, the results show cleardse heat transfer by convection from the furnace walls to the ighat
with a delay in the onset of mass loss followed by an increaseas lower than the rate of heat transfer into the particle. The
in the mass loss with time. The dynamic behavior in the twovalues ofM are in the range 0.01-0.08 which indicate that the
cases di ered signi cantly from each other; for the un-deesi  reaction rate was signi cantly slower than the heat trangfiéo
material, the mass loss starts at around 3 min, whereas for tiihe particle, and the particles equilibrate its temperatuiseia
pellets, it starts at around 9 min. Further, for the un-derexi  than the reaction rate. This analysis indicates that thetiea
material, mass loss increase with time was faster comparg@gdopagation was controlled by the rate of heat transfer from
to pellets. This behavior was indicative to the heat-transfe the furnace walls to the particle surface, after which the plarti
chemical-reaction system. To determine the regime that bes temperature equilibrates instantly.
the description of the system behavior, one should start with Establishing that the torrefaction reaction rate was coléd
analysis with Biot numberRi) and thermal Thiele modulugy); by the heat transfer from the walls to the particle surface and
the former is related to the heating regime of the particleg an that the particle temperature was uniform at all times, meé&ag t
the latter relates to the propagation of the torrefaction teac  the reaction propagates with the rate of ramp-up of the particle
within the particle. TheBi andM, which are de ned as: temperature. To calculate the particle temperature, the eguat
of the heat ratedQ(t)/dt, from the walls to the particle surface
was needed to be solved, which was equal to

BID — 1)
- dQ.t/
?T D hA[Tw Te.t/] 3)
= where Ty, and T¢(t)DT(t) are wall and particle surface (or
M D ~D (2) particle) temperatures, respectivey(t) is the heat required to
=Gk increase the particle temperature, or
where h is the convective heat transfer coe cient, is the Q.t/ Dmg[T.t/ T Cmh (4)

particle thermal conductivityl. is the particle characteristic

length, R" is the torrefaction reaction rate within the particle, wherem and G, are particle mass and speci ¢ heat capacity,
Gy is the particle heat capacity, andis particle density. The respectivelyT, is the particle core temperature, which is also
parameters required to determirigi and M from Equations (1) equal to the initial temperature of the particle, arfg is
and (2) are not easy to determine as the material is not wetnthalpy of reaction. It was a challenge to nd values for
de ned and therefore, can only provide an estimate. The valuas the torre ed material was not well de ned, it comprises
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TABLE 3 | Estimated values for the parameters to determine the Bi and M

common assumption in many torrefaction studidsz@ié, 2010;
Funke et al., 200)7or

Parameter Value Source
2 . + d (t)
h, W/m2-K 10 Incropera and DeWitt, 2002 R'D —=D k (1) 9)
for CE material, 0.2 Incropera and DeWitt, 2002 dt
W/m-K . . N .
Tm _ ) where aDm/my is ratio of mass-to-initial-massk is rate
R for un-densi ed 03 Measured in current study coe cient assumed to follow an Arrhenius behavior,
material, kg/m-s
+ .
R’ for pellets, k /m3-s 0.2 Measured in current stud =
peliets. kg _ y k.T/ D ATe Ta=T0) (10)
for un-densi ed 1,150 Measured in current study
material, kg/m® 4 . . .
) whereA'" is a pre-exponential factor andly is a characteristic
for pellets, kg/m?3 850 Measured in current study . . . .
. temperature equal$,; D E4/R, E; is activation energy an® is
Cp, Jkg-K 1,600 Incropera and DeWitt, 2002; tant. Introduci E ti 10) into E ti 9
Donepudi, 2017 gas constant. Introducing Equation (10) into Equation (8)da
Le thickness for 0.002 Measured in current stuy integrating yields an expression for the mass lass, equals
un-densi ed material, m + —
Lc diameter for pellets, 0.007 Measured in current study 1 D1 (A = )e =10 (11)
m
Bi for un-densi ed 0.1 Current result The required values for determining, Equation (6), for each

material case are given ifiable 3 Introducing these values in Equation
Bifor pellets 0.35 Current result (6) yields gap D184(s) and ¢y D 475(s), the subscripslabis

M for un-densi ed 0.01 for the un-densi ed material angylis for the pellets. Using these
material values, the particle temperatures were calculated and pesent

M for pellets 0.08 Current result Figure 3. As noted, the particle temperature in the un-densi ed
case increases much faster than that of the pellets. Note from
Figure 3the temperature of the un-densi ed material reaches the

bers (mostly cellulose) and a large variety of plastic miafer wall temperature after 10 min, whereas for the pellets, it re;iche

Cellulose torrefaction in the 25-300 temperature range starts the wall temperaturefafter 30min. _ _

as an endothermic reaction and continues as an exothermic '€ values for &'/ ) and T, were determined by tting
reaction @ates and Ghoniem, 20).Enthalpies of reaction for theé model results for mass loss of Equation (11), using
plastic in the same temperature range were always positive afféf temperature transients of Equation (7igure 3, to the
vary in the range (12.55-147.86 J/kghéo et al., 2017 which expe_rlmental resultskigure 4 shows the measured mass Ios_s
is smaller than the value ah(T-To) ( 400kJ/kg) in Equation VS. tlme data (scattered results) and the model results using
(4). Thus, for simpli cation, this term was ignored. Introding Equation (11). Clearly, the model results yielded an excellent

Equation (4), withouth,, into Equation (3) and integration from t to the _experimer_nal data. The tting process yielded for the
Tw to T(t) yields un-densi ed material (slab) values oAl/ ) gjap D1.23x16 and

(Ta)siab D15,200 (K) and for the pellets (slab) values &'( )

(5) S D1.08x18 and (Ta)cyi D15,800 (K).The values ofA'/
and T4 for both forms of materials are very close to each other
which is a strong indication that the model proposed here is
representing the actual system behavior rather well.

Current result

Tw Tt
Tw To

where is a characteristic time, de ned as

p ®)

" Grinding Energy

The method of determining the grinding behavior has been
For the pellets (cylinders)c, Dd cy/4h (dis cylinder diameter, explained above, with power that was continuously measured as
is particle density) and for the un-densi ed material (slabis ~ a function of time during grinding for a given sample weight.
slab DA Gy/2h (d is slab thickness). Rearrangement of EquatiorNumerous grinding tests were conducted, in the mass losgean
(5) yields 10-51%, for the two forms of torre ed materials: un-densi ed
and pellets. All net power transient results portrayed distinct
behavior that showed two characteristic time: short and muc

longer. Further, the net grinding power transients for alirgdes
tted a double exponential rise of the form:

T.t/D1 (1 E)e = (7)
Tw

T isde nedas

Tt Pt/Dal e ) Ca(l e ¥?), 12
T .U/D # ®) i ) el ) (12)
" where 1 and » are the short (1) and long (2) characteristic times,

To model the mass loss, the torrefaction reaction rate wasespectively, andi@and g are the asymptotic values of the power
assumed to be represented by a rst order rate, which a rathefor the short and long characteristic times, respectively.
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Figure 5 shows typical examples of the measured (symboldjnes) of the net power to Equation (12). In both cases, thetsho
net power vs. time of two 200g samples during grinding oftharacteristic time was foundl D 9.2's and characteristic time

torre ed CE, un-densi ed material and pellets and ts (dashe

400

300 A

200 A

Temperature (C)

100 A

' ! - - = Un-densified - - = Pellets

20 40

Time (min)

FIGURE 3 | Temperature transient for the un-densi ed material and the

pellets, using Equation (7) and characteristic times of 16() for the former and

475 (s) for the later.

60

Mass Loss

[
60% O Exp —un-densified
e Model—m-densiﬁ%f
40% - 99
g PRE 4
-
R
20% - aé &
¢ Exp —pellets
;Q = - =Model —pellets
0% 0—6—@-"

0 20. _ 40
Time (min)

60

FIGURE 4 | Experimental and modeled mass loss transients for the
un-densi ed material and the pellets, using Equation (11) he temperature

transients

of Figure 3 and tting for Ta and Af.

2D 203s.

All results for the torre ed samples and pellets in the range
10-51% mass loss were tted to Equation (12) to yield: for the
short characteristic time of1 D 9.1 0.5s, and for the long
timeitwas 2D 203 10 s with the respective asymptotic values
of alD 378.1W and aD 73.0W that varied within 5%. To
demonstrate the general behavior of torre ed samplagure 6
shows normalized net grinding power (by the asymptotic values)
vs. time for the short time range, showing clearly identical
behavior for all samples tested. The dashed line in the gure is
a unity line that shows the normalized asymptotic value. Tdue f
that the grinding dynamics is characterized by two chanastie
times, that signi cantly di er from each other, indicates ealdy
that there are two materials. A detailed discussion of these
materials is given in the energy content section below.

As will be shown below, most of the material was ground
in the short time range, thus a characteristic grinding eyer
can be determined by integrating the power over a certain time
which we selected as 1g, 2 g, and 3 g (or, 8.1s, 16.25s,
24.3 s).Table 4shows the values of the speci c grinding energy
for three characteristic grinding time, 1g, 2 g, 3 g, where

1.2

R N

Z

~ 0.8 -

8 A

N AR Mass Loss

ERYRE 01500%  =21.40%

é : & X20.80% X33%

o A36.40% 042%

Z ©50.80%

0 T T
0 20 40 60
Time (s)

FIGURE 6 | Normalized net grinding power vs time for torre ed material &
various mass losses; with g D 9.1 (s).

FIGURE 5 | Symbols—measured net power vs. time of 200 g samples during gnding of torre ed CE, un-densi ed material and pellets. Daked lines, ts of net
power to Equation (12) for the short characteristic time,1 D 9.2's; and characteristic time , D 203.0s.
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g D8.1 (s) in kd/kg and in commonly used kWh/ton units. As there is scatter in the results, there are clear trends: the siz
expected, the speci ¢ grinding energies increases strongly w fraction > 850mm decreased with mass loss and the size fraction
the integration time. The values determined here are sintda < 150mm increased with mass loss and the size fractions in
values obtained in other studies at 8.23 kWh/tath@lsa et al., between did not change much with mass loss. Therefore, the
2016. For comparison, grinding characteristics of PRB were alsbehavior in two size fractions: under and above B&0 was
studied with power vs. time results for a 200 g PRB coal sampfarther investigatedFigure 8 shows size fraction as a function
shown in Figure 7. A t of these results with a characteristic of mass loss for the torre ed un-densi ed material and pellets f
grinding time, g, of 8.1 was done and speci c grinding energieghese two size fractions. It is interesting to note that facle size
were calculated as shown Table 4 The values for the speci c fraction, the dependence on mass loss is rather similar (tiee |
grinding energies for the torre ed (un-densi ed) materi@re is a tto a straight line). For the size under 85@n, its fraction
within the experimental uncertainty to those of the PRB coal an starts at 82% for 4.5% mass loss and reaches almost 100% at 51%
smaller than the energy required to grind the torre ed biossa mass loss, the size fraction above 860 balances the smaller

(Wang et al., 2007 size fraction.Table 5 shows fraction>200 mesh of pulverized
torre ed material at various mass losses. The table inég#hat
Sizing Distribution above 8.4% mass loss, after grinding the fractior 200 mesh

Many sifting experiments were done as a function of grinding$ > 70%, which is consistent with of the typical coal power plant
time (or grinding energy), where the samples were sifted iffequirementskielble etal., 1990

size range 150mqm 3mm in 5 size fractions: «150mm,

(x denote size). It was observed that after reaching ste@§ S 1,5 cE waste mix plus ber (20 random pieces selected) was
(ie., the net grinding power reached an asymptotic valuelay eq by FTIR spectroscopy to determine their chemical
the size distribution did not change anymore. Therefore,Sio jqeniity with spectra library matching. The mix was shown to
of the sifting experiments were done after reaching grinding,e comprised of three cellulose/paper, three polypropylene (PP),
steady state. The initial sample was around 100 grams, affiree polyvethylene (PE), four polyethylene terephthaiate (PET)
after grinding and sifting, there was1g of sample loss during gjjicone, ‘three cellulose/silicone mix, two paper/acrylate mi
the transferring procedure, which occurred only once during, 4 e nylon samples. A composite FTIR spectrum is shown
the process. Therefore, loss was not more than 1%. Althougyj Figure 9A and shows the major bands associated with PE,

TABLE 4 | Speci ¢ grinding energy.
1 y
Grinding speci ¢ energy Integration time A _A-5-
paa-A KBRS
lyg 2y 39 = :
g o Un-densified >850mm
Torre ed un-densi ed 93 08 257 15 447 25 g A un-densified <850mm
material, kJ/kg (kWh/ton) (2.59) (7.13) (12.4) el ° Pellets >85011]Ill
PRB coal, kd/kg (kWh/t 86 0.5 243 14 424 24 Q
coal Ik (mion 238) 675 L) N A Pellets <850mm
. . . )
Torre ed biomass, kJ/kg 43-54 C®-P.0_o o
(kWhiton) (12-15) S e
0 ; 2 —=a
0% 20% 40% 60%
Mass loss
600
o) FIGURE 8 | Size fraction for the torre ed un-densi ed material and pellés vs.
£ loss for size fractions under and above 856m.
o0, R [o) W mass
g 400 o2-- 9
=
L
;:? TABLE 5 | Fraction< 200 mesh of torre ed material in various mass losses.
+« 200 4 .
% o PRB Coal Mass loss Fraction <200 mesh
(X4 e - Fi
/’ Fit 8.4% 67.0%
0 e T T 15.0% 73.9%
0 10 20 30 21.4% 77.3%
Time (s) 33.0% 775%
36.4% 89.2%
FIGURE 7 | Grinding power vs. time for PRB coal with g D 9.1 (s). 51.0% 95.4%
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PP, PET and paper. No characteristic bands at 610%c(@- moderate level of torrefaction (8-20% mass loss)=18&0mm
Cl stretch) and 1,425 cnt (C-H2 bending) were observed for fraction the higher CI values could be associated with higher
polyvinylchloride Krimm, 1963. levels of PET plastic. Furthermore, the ClI levels were alsaisho

The major chemical changes that occurred upon torrefaction
on densi ed and un-densi ed material and subsequent paticl
screening  €150mm, 156 x<250mm, 256<x<425mm,
425 x< 850mm, and >850mm) after grinding were also
monitored by FTIR spectroscopy. The spectra for the ground
screened 425x< 850mm fraction for the densied torre ed
(10, 20, and 42% mass loss) material as well as the CE- ber mix
are shown inFigure 9A. The spectra for the ground screened
fractions for the un-densi ed torre ed (30% mass loss) nréée
are shown inFigure 9B Specic spectral bands can provide
information on specic chemical changes that occur during
thermal treatment Balogun et al., 20)7All the samples had
C-H stretching bands at assigned to methyl (2,960 and 2,870
cm 1) and methylene (2,916 and 2,850 ch groups mainly
associated with PP and PE plasti¢zyo, 2004x In the ground
screened torre ed material, plastic was generally concésdra
in the larger sized fractions (42%<850mm and >850mm)
(Figure 9B). The O-H stretching band 3,100-3,600 chwas
present in all samples and progressively decreased in ingensit
upon the extent of torrefaction due to dehydration reactions
(Wang et al., 20L4Figure 9B). A broad carbonyl (©O) band
at 1,690-1,750 cnt was observed and assigned to mainly ar
ester in linkage in PET and acrylate and an amide linkage i
nylon (Mayo, 2004h A small band at 1,505 cnt was assigned
to lignin from paper Faix, 199). The spectral region between
1,000 and 1,070 cnt has been assigned to C—O stretching in
wood cellulose and hemicellulose and decreased in intews
torrefaction mass lossP@ndey, 1999 All samples were shown
to have cis- and trans-vinylene bands at 727 and 974 ¢m
respectivelyl(liller, 2009.

The relative changes in carbonyl, cellulose and hydroxy
content to methylene groups (plastic) that occurred during
torrefaction were examined by calculating ClI, Cel and HI,
respectivelyKigure 10. Low values of Cl, Cel and HI means that
there was a higher level of polyole n plastic in the materiddeT
Cl generally decreased for all torre ed samples with an inseea
in particle size (from< 150mm to 425 x< 850mm), except for FIGURE 10 | Plots showing changes in(A) carbonyl index (Cl)(B) cellulose
the >850mm fraction (Figure 10A). For example, in the 30% | index (Cel), and(C) hydroxyl index (HI) for ground screened fractions
mass loss torre ed material the Cl decreased from 1.78 t§ 0.4 (<150mm, 150<x<250mm, 250<x< 425nmm, 425<x< 850 mm, and
going from < 150mm to > 850mm particle size. For the low to > 850 mm) of torre ed densi ed (D) and un-densi ed (U) mate.

=)

FIGURE 9 | FTIR spectra of(A) CE- ber mix and ground/screened (425-850mm) torre ed (10, 20, and 42% mass loss) densi ed material andB) ground/screened
(<150 mm, 150-250 mm, 250—425mm, 425-850 mm, and > 850 mm) un-densi ed torre ed (30% mass loss) material.
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to decrease, associated with cleavage of the ester linkagesx< 150nm, 156< x< 250mm, 25(< x< 425mm, 425 x< 850mm,
PET/acrylates and removal of the volatile degradation potslu and x> 850mm separately. Although the heat content for all
(Cepeliogullar and Putin, 20),4with the extent of torrefaction. sifted samples in these size fractions, for the sake of brevity
Generally, for both Cel Kigure 108 and HI (Figure 10Q heat content was shown for the following consolidated fausi
decreased for all torre ed materials as screened partide six<150mm, 156< x< 850mm, x> 850mm, and the calculated total
increased< 150 to> 850mm), suggesting that the cellulose ber heat content (from the fraction and heat content for each
was mainly in the ner screened fractions. For example, in thdraction). Heat content results presented here are dry- fasb-
30% mass loss torre ed material the Cel and HI respectivelpasis.Figure 11 top-left is a plot of the heat content of the
decreased from 1.21 to 0.33 and 0.29 to 0.07 going &#dm0 to  x< 150mm fraction as a function of mass loss. The point at zero
> 850mm particle size. Again, at low-moderate torrefaction levelsnass loss is the heat content of the blend prior to torrefactio
(8—-20% mass loss), the Cel and HI levels were high, suggestiand the dashed line is a linear trend line to lead the eye.rylea
that undegraded paper fragments were collected irstB80mm  the main source of this fraction was pulp bers that increasah
fraction. Moreover, Both Cel and HI were shown to decrease asontent with an increase in mass loss as predicted by Klinger e
torrefaction severity increased. These ndings support ttheg  (Klinger et al., 2013, 20153, Figure 11top-right is a plot of the
cellulose content decreased relative to plastic with thergxaf  heat content of the 156m< x< 850mm fraction as a function
torrefaction as a result of dehydration and degradatiorctiess  of mass loss. The heat content does not seem to change with

(Wang etal., 2014 mass loss and has an average heat content of 3 MJ/Kg;
this value was lower than that of plastic and it was assumed as
Energy Content a combination of ber and plastic materialgigure 11bottom-

The energy content was originally measured for un-siftedeft is a plot of the heat content of the>850mm fraction
pulverized samples; however, it was discovered that scoopiag a function of mass loss. The heat content does not seem
a sample of 1g for the heat content test from a 200g of thto change with mass loss and has an average heat content of
pulverized material gave very large scatter in the measuretl.5 3.0 MJ/Kkg; this value was similar to most of the plastic
value. This was because the pulverized material has a largeterial Sonawane et al., 20land thus was attributed as
size distribution (as observed above) and the scooping did nglastic.Figure 11bottom-right is a plot of the total heat content,
necessarily give uniform size distribution. Therefore,wias as calculated from all fractions, as a function of mass lokss. T
decided to measure the heat content for ve size fractionsslope of heat contentincrease was identical to that of the. be

FIGURE 11 | Top left. Heat content of the size fraction x 150 mm. Top right, same for 150< x< 850 nm. Bottom left. Same for x> 850 nm. Bottom right. Total heat
content.
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Although the entire sample was pulverized, two materialshlorine/chloride vs. mass loss; chlorine in solid aftee thigh
( bers and plastics) clearly retain their original structuwhich  shear mixing and chloride in the Itrate (aqueous solution,
is indicated by the size distribution as shown above and thadjusted for dilution). The scatter in the results was lasgel
heat content as shown here. However, this material distnct originate primarily from the fact that in these experimentseth
diminishes as the torrefaction reaction proceeds (seen fiteen samples were small (2-3g) and the composition may dier
decrease of fractiorm850mm). To further quantify this process, signi cantly in its content and may not well represent the
a plot of the contribution of the< 850nm fraction, which is a actual case. Nevertheless, there was a clear trend: (i) in the
combination of torre ed material (from bers) and bers and aqueous solution there was little-to-no chloride at zerosma
the fraction> 850mm, which was entirely from plasti€igure 12  loss (no torrefaction); (ii) the chloride in the aqueousg@n
shows results of the contribution to the total energy frontlea increases gradually until 25% mass loss, after which it stays
fraction, showing that the contribution from plastics wasoab constant at an asymptotic value of 2,043 207 ppm; (iii)
20% at about 5-8% mass loss and became zero at 50% mass lddsrine in the solid phase has a value of 2,031129 at
where the plastic lost its original integrity. zero mass loss, then decreases gradually10% of the initial

value.

Chlorine Removal

There was evidence that at the working temperatures of th
torrefaction experiments (30C) in this study, chlorine from the
plastic materials should have been released as HGE[ et al.,
2019. Further, Bar-Ziv and Saveliev (2013neasured HCI in
the torrefaction gas stream that was equivalent to the dhéor

SUMMARY AND CONCLUSION

In the present study blends of ber and plastic wastes at a ratio
of 60:40 ( ber-to-plastic) were used as feedstock for toictdm.
Both the un-densi ed material and pellets were torre ed at

torrefaction experiments were performed as described a 5300 C with di erent time periods. It was observed that the two
0 exp € P edas describe '’ forms have signi cantly dierent torrefaction dynamics. Un-

m_frz:\snu;e: %h;ﬁggeolfe;ils rlg dthcet.g’ﬁl'gf im?sfn(g’eihqgta'Iseall.tr)]mﬁensi ed material takes less time to start torrefaction qgared
\rNI It thI) splained 133/ th UW' th i :“ .x :’impunZtZ IvngO the pellets, which is due to the faster heat transfer to the u
esu't can be expiained by the way the cufrent Expenments Wevg, j o4 material. The torre ed samples were characteribgd
conducted, i.e., the sample was placed motionless. In thés itas

. - . ; - 777 moisture content, grindability, particle size distributioaner
was possible that in the time frame of the experiment, di usion 9 Y. P 0 9y

of HCI from the solid phase was so slow that it was not releas content, molecular functional structure, and chlorine tent.
. old p w Slow that itw . was shown that although torrefaction dynamics is of the
during the experiment. However, in previous experiments b;{w

” . . . ; o forms di ers signi cantly from each other, their propertse
Bar-Ziv and Saveliev (201,3he material was torre ed in a stirred depend on the mass loss. The ber content was shown to

reaf:ﬁ:fiﬂg;'knihzl"régéftu:;ng n;ﬁghcﬁ’e n;glI(Zhizzg?ggflﬁéﬁecrease relative to plastic with the extent of torrefactiorass
\(N el ) d ! P udy y show oss) as determined by FTIR spectroscopy. Further, chemical
as released. (cellulose, hydroxyl, and carbonyl) changes were also shown

ma’?‘;.g?eni?gegénrgglgtesdhetzr ft;(t[;c_e:n;entjow:het?rzcttgrre ﬁiho progressively decrease by torrefaction mass loss. @gndi
1l w u N aqueous ex WIS aracteristics, size distribution after grinding gavenikir

Wrﬁriinlteriid tand mltia;sur(\a/\(/jdf(:rlzichlcr)ruig mh ﬂ\:\? srolutllc;n ar]Jdresults as a function of mass loss during torrefaction, foe t
chiorine € solid powder.Figure Lo Shows Tesults O ¢5:ms of material. Further, the torre ed product demonstrate

FIGURE 12 | Energy contribution of the above and under 850rm size
fractions to the total heat content of both un-densi ed mateial and pellets as a FIGURE 13 | Chlorine in solid Itrate after high shear mixing and chloriglin the
function of mass loss. aqueous solution (adjusted for dilution).
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a similar grinding behavior to PRB coal. The heat content cAUTHOR CONTRIBUTIONS
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