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SUMMARY

Two-stage hydropyrolysis and €O, gasification has been inves-
tigated with Greek lignite al wvarious lemperatures and residence
Limes In order to indentify optimal conditions for switching between
Lthe two sleps.Oplimalily was based on carbon conversion and product
formation.Such optimum conditions are obtained for hydrocharing at
900" C four 2 ta O min amd gubsequent CO. gasificalion of the resulting
chars ab 900°C and 10 min.

INTRODUCT 1 ON

Hydrougasification 1is a relatively slow process [1,2], with most
hydrocarbons formed in Lthe wealry hydropyrolysis step [(2,3).Carbon
dioxtde gasiflcation of chars is faster than hydrogasification and
can improve conversion and carbon atom utilization, Char gasification
In €C0; has been Investlgated with respect to carbon reactivity (4,51,
kinetic behavior (6], and promotion by catalysis[7].However, most
chars used In CO; gasification have been prepared, almost ex-
clusively, in non-reactive atmouspheres, such as N; or He [4-6].Little
I3 known about the effect of the initial charring step (pyrolysis or
hydropyrolyasis) on the reactivity in the second stage and on total
carbon conversion and gaseous product formation.

In this work Greek lignite was gasified in a reactive hydrogen at-
musphece and subsequently in CO., to explore lignite behavior wunder
two stlage, ambient pressure gasification.The effect of temperature
and solids residence time in each stage on total carbon conversion
and on gaseous product yields and selectivity was studied.

EXPERIMENTAL

Greekl Ilgnite firom the Plolemais reserve ( 4 10 t) was used,
with particles in Lhe range of 150 to 250 p.This lignite is high in
calceium  carbonate ash and humidity and has a volialiles content of
47.16% (on dry basis).

The gasification test reactor was egquipped with gas and solids
feeding controls and with product collecltion and analysis devices,
Fig. 1.The U-shape reactor design permitted rapid quenching of the
reactar, thus, hydropyrolysis or CO, gasification reaclions could be
interrupted at any desirable time.

Lignite samples were initially hydropyrolyzed (800°C or 300°C, at
2., 5 or 10 min) and the produced chars were gasitied under a CO; at-
mosphere (800°C nyr 900°C, at up to 15 min).Gaseous producls were col-
lected in both stages, and were analyzed mainly for CH. and CO by
G.C. (Varian Vista 6000).Chars obtained in the hydropyrolysis and the
0, gasification step were analyzed by a LECO C-H-N 800 analyzer, in
order to determine elemental compositions and counversions In  each
step.

RESULTS AND DISCUSSION
Durfng the first stage (hydropyrolysis), the devolatilization and
hydrucracking reactions which take place [3,8) cause significant
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weight {oss.0n a dry and ash free hasis, weight losses are of the or-
der of B2% at 800°C, reachin about B67% a@AQOQ“C @nd(]ong reslidence
timegs,Since Lhe initial volatile matter aof tignite is 47% w/Ww an &

dry  bas devolatilizetion appeara ta be the main reaction during
this flsrst age [3,8,91.The heterogeneous carbon-hydrogen gas-scolid
rercstion becomes  signiflcant only at longer gsolld residence times

(210 min).

Methane, C0 and CO; are Lhe main gaseous products during this
firgl stage, Tables 1 and 2.Maximum CH, formation is observed at
QanN*C and 10 mlin, via the heterogeneous hydrogen-carban gas-solid
reaction. in contrast, Cp+C0; yields are less affected by the
hydeopyralysis residence time, since these are products of
hydropyrolysis and hydrocracking reactions during the initial 2 min
of pyrolysls.The yleld of CO, however, increases appreciably (about
60%) wilth temperature, from 800°C to 900°C, while that of CO; drops
to about one third, due to enhacement of the CO; reduction to CO in a
H, atmosphere [3).0Lher hydrocarbons (Ca2H4, CaH, elc) are also
produced 1v swall quantitles (1 to 12 ces/g lign. daf), Tabte 1 and 2.

in weder to evaluate the significance of each preduct at the
vartuouz cunditions tested a "selectivity index™ has been used, shown
in Table 1 and 2.To calculate the selectivity of the gaseous
products, other higher molecular weight products have been assumed to
be Insignificant compared to CO,CO;,CHs,CiHa and Cy;H..lIncrease of
sulld resldence time at low hydropyrolysis temperature (800°C) alimost
doubiles the CHy, "selectivity index™ (8.15% at 2 min, and 15.7% at 10
ming, Table 1.5imilar behavior is also exhlbited by CO selectivity
far bouth  hydropyrolysis temperatures.In contrast, Ch; selectlivity
dizereages wikh an bnersase of hydropyrolysis time and temperalure.
This dis particutarly evident by the relalive sejectivity of CO and
CQ; ecxpressed as Lhe ratio CD/CO,, Tabies 1 and 2.Thus, high T and
long  times miniwmize CO0; formation while total (CO+CO;) sselectivity
decreases sowmewhat.

The @lemental analyses of chars prepared at 800°C and 2,5 or 10
min <show Lhat elemental carbon conversion is rather low in this
stage, Trable 3.Increase of hydropyrolysis temperature to 900°C im-
proves the elemental carbon conversion, which reaches 51.5% for 10
mln splld residence time, Table 3.This improvement results from en-
hacement of the devolatilization and hydrocracking reactions with
temperature. Elemental H and 0 conversiuns, are in all cases high
(84-~06% w/w), Table 3,Thus, during hydropyrolysis, cleavage of oxygen
containing groups wccurs.In the same period, cleavage and release of
aliphatic and aromatic groups take place ([81, resulting in high
hydrogen conversion (84-96% w/w).The chars formed are, hence, rich in
carbon and ash.

In the second stage, the carbon-carbon dioxide gas-solid reaction
is practically ihe only one taking place, since the volatile matter
haa been almost completely removed during hydropyrolysis [8,91.
Truces of hydrocarbons detected in this stage, come from residual
valatiles of the original lignite.

Conversion of organic matter (essentially C-conversion) in the
second stage depends on the history of the char and on the conditions
of CO, gasification, Ile temparature and residence time.Increase of
the suollds residence time at low temperature (800°C) hydropyrolysis,
increases cunversion in the second stage, Fig 2.1n contrast, at high
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hydropyrolysis temperature '(900°C) and solid residence time. conver -
sion in CO; gasificatlon decreases, Figs 2 and 3.Thus, chars prepared
by hydropyrolysis st low T and residence time (B00°C/2-5 miny yleld
29% C-vonversion when geelfied 1n CO; at 800°C and 5 min, Fig 2.As
Lhe residence Lime in hydropyrolysis stage Iincreases, more active
sltes are formed In the char, capable of further reactfon with CO,,
thereby increasing C-cunversion, Fig 2,3.For the same hydropyrolysis
char, conversion increases by 20 to 30% with increasing residence
time in CO, gasification.

Simllar behavior is also exhibited by hydrochars prepared at 900°C
However, C0; ~gagification of these chars yields lower conversions in
Lthe second slage, as compared with chars prepared at 800°C and 10
min, Fig 2,3.Cunversion in CD; gasificalion decreases further with an
fnceease in hydropyrolysis soiid residence time, for chars prepared
at 900°C, Fig Z.This is probably due to aclive site deactivalion, oc-
curing at hlgh hydropyrolysis temperatures (900°C) and long residence
times,[10-121 cf Fig 2,3

Formalion of CH. and other hydrocarbons practically stops during
CO; gasificalion of the chars.Hydropyrolysis chars react in the
gecond stage accurding to the Boudouard reaction, and produce CO
which is the main gaseuus product, Figs 4 and 5.We should note here
that second-stage product yields are presented per gram of initial
lignite (daf), permiting direcl comparison of yields between the two
stages. Carbon monoxide formation in the second stage, improves with
hydrochars oblained at 800°C and lung residence time, Fig 4 and 5.
However, chars prepared at 900°C and long residence times yield low
CO product by CO; gasification, Fig 4 and 5, due to active site deac-
tivation umler such conditions.These results are in good agreement
with the ubserved C-conversions discussed previously.S5uch agreement
should be anticipated since CO is formed by char reaction with CO; in
the =zecond slage.

Elewental- carbon conversion of C0O; gasification chars at 800<C .or
900°C and 5 nmin residence time, is rather low and incomplete (29 -46%
w/w), Flg 6.The Increase of second stage solid residence time im-
proves elemental C-conversion for both CO;~gasification temperatures
(800°C & 900°C), Fig 6.1t should be noted here that second stage
elemental C-conversion values at 900°C are higher than at 800°C, Fig
G, due tu enhacemenl of the Buudouard reaction rate with increasing
Lemperalure.

Similar to weight loss, elementlal C-conversion in the second stage
depends on the hislory of the char, ie hydropyrolysis temperature and
reslidence time.lncrease of the solid residence time at low tempera-
ture (800°C) hydrupyrolysis, increases elemental carbon conversion in
the second stage, Fig 6.1n contrast, at high hydropyrolysis tempera-
ture (900°C), and tong solid residence time, second stage elemental
C-conversion decreases, Fig 6.This behavior is in agreement with the
previously discussed aclive carbon deactivation at high
hydropyrouiysis temperakures and times.

From Figs 2-5 it is apparent Lhat an optimum hydropyrolysis tem-
perature and cesidence time should exist, which, combined with CO2
gasification, leads to  maximum carbon conversion.The optimum cor-
cesponds Lo hydrogasification at 900°C and 2 to 5 min.Thus, a
hydropyralysis char, ottained at 900°C/2 min, reacted with CO; at
200°C and 10 min, gives & maximum twtal carbon conversion of about
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B3%.For CO, gasification al 900°C and 10 min total C-conversion
rrAaches 98%.AL other temperatures and residene times, overall conver-

slons &
Tie
generales more

‘e somewhat towsr (B4-90%), at longer times (15-20 min).
resultls =t that hydropyrolysis at 900°C and 2 to 5 min

a Lles in the lignite matrix than hydropyvrolysls
at D000 At Lhe resldence time, resulting in higher second-stage
char conversiuns., However, protongation of Lhe residence time (10 min)
At luwer hydrupycolysis tempecature (800°C) {mproves C-conversion in
the second stlage, Fig Z.Thus, total C-conversion of hydrochars
prepared at 800°C/10 wmin is compacable to that of chars obtained at
900°C/2 min.This indicates that similar amounls of active sites exist
in the ligalte mateix of these lLwo chars, further supporting the no-
tion of deactivation at high hydropyrolysis temperature and long
time, .

The abwve comments on optimality are based saolely on total carbon
conversion. However, selection of optimum operating conditions should
also  take into aceount the yields of gaseous producls.Thus, maximum
CHs produclion is observed for sauples hydropyrolyzed at 900°C and 10
min., This maximum should be anticipated, since CHs formation via the
helerogenous carbon-hydrogen gas-solid reaction becomes significant
fun long hydiropyrolysis times.Maximum CO production is observed for
chars hydropyrolyzed at 900°C and 2 min and subsequently gasifled in
Cll: at 900°C and 10 min (about 1700 cm® CO/g lignite daf).Maximum to-
tad carbon  conversion (97.8% w/w) is also observed at Lhese condi-
LIcons. Thus, aptimum conditions for carbon conversion coincide with
these for CQ formation.However, maximum CH. production appears at
somewhat different conditions.
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Table 1 : Total gaseous products during hydropyrolysis at 800°C
cu® /g lignite d.a.f. &
Product 800°C/2 sin 800°C/5 min 800°C/10 min
Yield | Selectivity(%) jYield Seleclivily(!)‘ Yield Seleclivity‘(!)

CHa 26.6 8.2 42.5 11.8 66.4 15.7

CHe 6.5 2.0 6.0 2.2 14,0 3.3

C;Hs 1.9 0.5 2.0 0.6 2.3 0.5

co 128.0 3.1 139.0 38.4 236.0 54.3

C0: 164.0 50.3 170.0 A7.1 114.0 26.2

C0+C0, [292.0 89.4 309.0 85.5 350.0 80,5

€0/C0, 0.8 0.8 2.1
Tabie 2 : Total gaseous products during hydropyrolysis at 800*C

co' /g tignite d.a.f. ®
Product 900*C/2 min 900°C/S min 900°C/10 min
Yield_ Selectivity(%) Yield | Selectivity(¥%) {Yield | Selectivity(¥%}

CHa 52.3 11.6 72.2 14,4 .1 14.8

CqHe 1t.8 2.6 12.0 2.4 12,7 2.4

CHe 0.8 0.2 1.0 0.2 1.2 0.2

co 308.9 67,7 37.0 67.2 378.9 12,4

€0, 81.0 17.9 80.0 15.9 53.0 10.2

C0+C0, ]397.0 85.6 4.7 83.0 431.0 82.8

€0/C0, 3.8 4,2 7.1
Table 3 : Composition and conversion of hydropyrolysis chars

Char Composition (¥ w/w) Elemental conversion (Ci)¥ w/v

Sample [Temp/Tine|Weight loss

Code  {(°C,nin) (% w/v) 4 H N ASH 0 Ce [+ G C.

TSla 800/2 48.10 55.74 } 1.21 | t.18 | 31.97] 9.30 | 38.60 | 86.60| 51.80 } 83.50

T52a 800/5 49,20 57.80 | 0.93 | 1.19 [ 32.69( 8.92 | 37.90 | 89.90| 52,40 | 86.00

TS3a 800/10 51.70 56.04 | 1,22 | 0.66 | 34.35| 8.13 | 43.60 { 87.40| 74.90 | 86.60

TS4a 900/2 54.10 54,21 | 0.42 | 1.27 | 36.15 7.35 [ 47,20 { 95.90{ 54.10 | 86.50

553 90075 §5.00 54.72 1 0.51 | 1,01 | 36.92] 6.24 | 48,80 | 95.10{ 64.20 } 90.40

T56a 900/10 56.70 52.84 | 0.44 | 1.15 [ 38.33( 6.24 | 51.50 | 95.90{ €0.80 | 90.20
E—

1931




VENT
1
F WTGH
Pl
(::)——- VENT
" {
SAMPLE
CO: b BAGS
Pl

Pressure Indicator
Temperature Indicator
Bubble Meter

Flouw Meler

Wet Test Gas Heter

i8]

e se we as e

Figure 1 : Flow diagram of a rapid quenching gasification
syslem.
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Figure 2 : Effect of hydropyrolysis temperature and reslidence
time on weight loss during CO, gasification. Open. points:
hydropyrotlysals at 800°C; closed poinils: hydropyrolysis at
900°C. CO0; gasificalion: o e : B00°C/5 min, A A :800°C/10 min
om : H00°C/S min, v ¥ : 900°C/10 min. ’

1932




e ———— i

100

R v— v v
a - v v
o v o
> .-— /-
~ oo~
3 A
D A

» " u::::::-—::::A 2
[ A
o X _—",,——_,—
— 60— A -
: C .
2 -
>
[
Q
Q 40 }__ P N o
@
+ -
o
-

20 1 I 1 ' A

o 2 A 6 ) 10 12

Firsl-stlage residence time, min.

Figure 3 : Effecl of hydropyrolysis temperalure and residence
Lime on Lolal weight loss. Open polints: hydropyrolysis at
800°C; closed poinis: hydropyrolysis al 900°cC. Co,
gasificanllion:o e : BOO°C/H min, Ao & :000°C/10 min, g m : 900°C/5
min, v v: 900°C/10 wmin.
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Flgure 4 : Effecl of hydropyrolysis temperature and resldence
time on total €CO produclion, during CO, gasification al B00°C.
Open poinls: hydropyrolysis at 0800°C; closed points:
hydrupyrolysis al 900vC.
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Figure 5 : Effecl of hydropyrolysis Llemperalure and residence
Lime on Lotal CO productiovn, during CO, gasification at 800°C.
Gpen points: hydropyrolysis at 800°C; clased poinLs:
hydreopyralysis al 900°C.
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Figure G : Effect of hydropyrolysis lemperature and residence
Lime on elemenlal C-conversion during CO, gasification. Open
polnta: hydropyrolyala al 000°C; olaosed pointa: hydrapyrolysis

Al B800°C. CO; gasiflcatlion:o e : 000°C/S min, & A :800°C/10
min, o m: 900°C/% min, v v : 900°C/10 min.
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