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Effect of Acid Pretreatment of Activated Carbon (AC) on Catalytic Performance
of Co-Zr-La/AC Catalysts for Higher Alcohols Production from Syngas
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Abstract: Activated carbon (AC) was treated with nitric acid of different concentrations prior to the preparation of Co-Zr-La/AC higher
alcohol synthesis catalysts. The effect of acid pretreatment on the catalyst activity was studied. The surface properties of the samples were
investigated by Boehm titration and N, physisorption. And the Co dispersion, reduction properties, and physical structure of the catalysts
were characterized by CO chemisorption, temperature-programmed reduction, and X-ray diffraction (XRD), respectively. The results show
that the nitric acid pretreatment causes the surface oxygen groups on the AC surface increase significantly and the XRD peak intensities of
Co and Co,C in the catalysts vary dramatically. As a result, CO conversion increases from 9.9% to 65.3%, and the selectivity for total alcohol
decreases from 62.3% to 40.5%. Although total alcohol selectivity decreases after the pretreatment, the selectivity for Ce; alcohols increases
from about 12.6% to 40.3% when there are suitable amounts of Co and Co,C active sites in the catalyst that is treated with 4.6 mol/L nitric
acid.
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K 18~36 H I fi M AE 72 35 Pk B T 20 Hy A
NAE 850°C A EE 14 h £ I A0y AC-0. 433 2.3,
4.6 F1 6.9 mol/L 1] HNO; ¥ i 7E 90 °C F At # AC-0,
wEER RS, T ro°c T 12h &M, /5l h
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¥ EiR AC-0~AC-3 Ff it T2 110°C H 2 T4 6 h,
PR IG5 Co, Zr A1 La FAH B8 2535 800 T34 1,
7E %M BT )5, 190 °C T4 8 h, 2R 5 76 N, U T
350 °C #5483 h Bl 3 — & 41| Co-Zr-La/AC 4k 7], 3L
2H 1535 K 15% Co, 1% Zr, 0.5% La (3£ T2 4%).
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B T v B TR T S AR ] S DR SR, i gk
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JEEAH [ 1) A o b 5 R R RGBS . MK A s 20
H, 73 54 400 F1430°C ib 7 12 A1 1 h. B& 5 220°C ),
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K FH Boehm §ii 52 V£ 0 5 AC R 10 R PE 3 11 (1 B
FEANHE . MY AS R 58 FE IR 5 AC 2 11 R 1 2 4]
1) 5 ] R0 R AT o2 B 5 Pk 43 7, EI NaHCOs
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30mA, FIHH I 0.2°/min, F14 70 H 20 = 5°~75°.

H, P2 7 THilR 38 J5 (H,-TPR) 5256 48 A 1 1 47 25
SR A% P REAT . FREX 50 mg #4671, 7E 120 °C il He
(99.999%) il &b # 2 h, Fid & 80 °C J& Y #He il 5%
H,-95% Ar ¥ 4 /< (50 ml/min), LA 10 °C/min 1 &
900°C, | TCD Al & & 5.
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F 1 Co-Zr-La/AC #EWFI L CO ME R4 8ER = 2
Table 1 Performance of Co-Zr-La/AC catalysts and distribution of products
Sampl Conversion of CO Selectivity for products (%) Distribution of alcohols (%)
ample

P (%) CO, CH,4 HC,. ROH CH;OH C—Cs Ce+
Co-Zr-La/AC-0 9.9 4.9 14.5 18.3 62.3 30.2 57.2 12.6
Co-Zr-La/AC-1 65.3 14 332 24.9 40.5 29.8 46.6 23.6
Co-Zr-La/AC-2 44.8 1.1 28.2 254 453 20.6 39.1 40.3
Co-Zr-La/AC-3 534 2.0 314 24.0 42.6 24.6 55.9 19.5

Reaction conditions: n(H,)/n(CO) =2, p = 3.0 MPa, ¢ = 220 °C. HC,.: Hydrocarbons with carbon numbers of 2-21; ROH: Total alcohol.
AC-0, AC-1, AC-2, and AC-3 denote the activated carbon untreated with acid, treated with 2.3, 4.6, and 6.9 mol/L nitric acid, respectively.
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Table 2 Texture properties of activated carbon

VHSE N, FErR R L Py e i R S5 141 1 5 1 4 B AR TR
A TS P S8 i 3590, T PR A 01 50 A A R A

Sample Aggr/(m?/g) Pore volume (cm®/g)  Pore size (nm) %J 4.6 mol/L I H 9 f& 1[(‘ fﬁ

AC-0 1039 0.56 1.8 ' e o .
AC-1 974 0.53 1.9 SR 1A, R AR A PR IR, AC 3R 1R 1 4
AC-2 953 0.51 18 HR 110 32 R P T G 2 ARG, 3 BB Co? 1) AE
AC-3 947 0.49 1.9

HE0T AC 2R T 1R 53 1 A K
2.3 EAFIEConHE

% 3 M % Co-Zr-La/AC 4L 7] | Co 43 HUE .
] UL, AH S oA 28 A 1 Ak 3 () 4 46 5, F 2.3 mol/L
{14 A 1 Ak BN, A BV A 44771 b Coo 1 43 B RE s A7 42 v
B 5 i PR A< B () 189 T, Co 43 B I T A A 1 %L s
MR, AC 20l I Ak BTG 4K 7 2R T Co 43 5% 1)
SEMAEE /N, B1E 3.0% oA, R W Co 4 HLEE AN & 5 3K
A A 700 i S R T AL

#z 3 Co-Zr-La/AC {ELFI £ Co 7 E1E
Table 3 Dispersion of Co on the surface of Co-Zr-La/AC catalysts

1855, BEAR T Co®" BE AN B AR SLIE A i LA, i m]
R A8 45 PR R T 2 1) Co 71 i N 2 v 5548 25 11
CO JE BB 2% 1) CopC, A% P L 2 & Co I K ik
b, PRI TR 5150, R B AC
RIMAFAED RIS S TTER, W REE K T 3036 Tk
Hraty Co () o 2 20, AT 5 S50 1 37 ¥ Ak B A 50—
Ji i, R 2R R A BE 1) AC EL R AR K, [ I, e [
SE VP A O 3 T R BE T A, T O
PRI PE L Co 1 1) K, AN T e 2 i ] 4
O BER A, TR AD T B EE ) R . 2R TR Ak
Bm, AC T F kAN Py T 5 e W A 98, G
Co®' I fiE 7y 3 3, A4 Co™ 25 5 E N B3 AR FLIE Y,
KA RERRAR T SR RE T Co,C HITE L, 1Y

Sample CO uptake (umol/g..)  Co dispersion (%) Ny ™ b5 R A 1 iR =1 ikl
CoZr LD 64 3.00 T TiEP O Co Hi 5 A A0 771 1 F8E E 1k, lﬁlﬂfﬁ%@&
Co-Zr-La/AC-1 83.7 3.28 AbBRIE W] e bR 2 AC R EAA . SR,
CoZr-LuAC2 s 273 BT 85 T PR 5 R 53 0, 8 L e
Co-Zr-La/AC-3 67.3 2.66
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Table 4 Amount of acidic sites on the surface of activated carbon

Amount of acidic sites (mmol/g) Total amount

Sample

gl /I AR 7y e 5 A 8 o A FG R TR P AR Co 11
M) B /N, A7 R T B A ) A (R B R I, P v T B
BER LRy 2 v R e A PR AV

{24 b H AC AR IR SE R IR, 25 A R i
I 2 iR A, i 2 R FATEAE RO A RE
P, JE I F 23 A AR AR R R 6 T 2 32 BB 7K T B
FC Al IR P, AT BUHE AL 7 18 23 Co 8 &5 sl 41 2R,
Co 43 BRI Bk, BRI i Ak 770 0% P ik A B A7),

_COOH —COOR _OH (mmol/g) 2.5 fELFIEERE R
AC-0 0.13 0.01 0.03 0.17 1 j’{l % Co-Zr-La/AC {% ’T’t %U *i HEE] E@ HZ-TPR
AC-1 0.35 0.35 0.15 0.85 i y .
AC2 0.63 0.26 017 106 . TR, & AR 5 23 0 AE 200, 250, 350 A 520
AC3 0.79 0.56 0.24 1.59 °C Ji A7 HILIA JR U, Hrp 200 °C A2 A7 1 1 nT E )
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1 A Co-Zr-La/AC #ELFIH H,-TPR &
Fig. 1. H,-TPR profiles of Co-Zr-La/AC catalysts. (1) Co-Zr-La/
AC-0; (2) Co-Zr-La/AC-1;(3) Co-Zr-La/AC-2; (4) Co-Zr-La/AC-3.
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Bl 2(a) 24 % Co-Zr-La/AC i 4651 & i Rl 4k J5
(19 XRD . ph B AT O, 34 DS P 45 1 0B 2
M4 JRA Co (20=44.2°) S AH AT TG, I8 7T 36.8°4b
HY IR Co3Oy i AH IR AT S5 0, AR R tH 3B 562 1) Co,C fiT
S, 18 2(b) A& RN R AL R RE S XRD % i
AL, SN S A SRR B B R AR & B AT Co
(20=44.2°F147.6°) F11 Co,C (20=37.0°,41.3°,42.6°A
45.7°) fb AHAT S 08, (H AR B Co3 0, b AH AT S 08, ]
DU, 48400 Hy 38 55, A FRIRE i B3 A H I B
i) CorC Tt e, Ui W4 H, 1 < J8 Co 5 Bk (0] AT
T 1% Co,C fh 1, (E7E CO Al H, 1) ) B 4 itk
7T W] CooC AR, 15 W £ s W ok i Hp mp
REMR I CO 5 4 )8 & Co KB, F5T Co,C 1Y
A
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® ° ° Co
v v COzC
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= (4)
=
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Fig. 2. XRD patterns of different Co-Zr-La/AC catalysts. (a) After
reduction and passivation; (b) After reaction. (1) Co-Zr-La/AC-0; (2)
Co-Zr-La/AC-1; (3) Co-Zr-La/AC-2; (4) Co-Zr-La/AC-3.
I E4JE A Co dhAH AT I 16 2w A JF] . 5 Co-Zr-La/
AC-0 AL FIAH E, AC 28 2.3 mol/L il R AL #1 )5 , AH W
PEALT b4 B A Co IR SR U8 iR FEE A7 DT ook 59, U6g 36
A 50, U HAE LR E Co 2 B A I 4 & T A A
PR VA< FEE 89 N 1) 4.6 mol/L I, 42 & A Co fi7 5 e 5 i 1
WG, JF H CosOy fits AH PRI AT SR 048 WS 555 W A7 ik /)N, AT
WA BEI Co Y 73 B BEFHAT R B, 3X 5 CO 4627 W b
A

i1 &l 2(b) BT L, Y. 1) Co-Zr-La/AC-0 {4k 7]
1 CoyC AT S U 45 588, 1717 462 J8 2 Co M AT S W AR 59
HERSIR AL 15, (A6 77 142 8 4 Co dAH A7 5 06 1
G OR, THT CoyC v AH B WU I AT sk 559 A R R B R
4.6 mol/L I, A B A AL 71 I CooC & A 1A AT 5 U 23 52,
1M 42 J& 4 Co it AH AT 54 6 e 55

Khodakov %P5k, i 4k 71 I 4 8 4 Co 1147
TEAT R T CO (1A 25 R 22 B b () A2 B A6 2 IR
DU 2 B0, 42 8 25 Co il AR AT 5T 6 1) 388 5 A7 1) T4
5 CO #: 4L 2. Volkova 2525\ Co Ak 71 E 77
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TE 1) CooC alAH AT 28 Bt 4 i P 0, e d2 AL IR (e ik I
fiff 5 WP 1) CO 478 N 21198 J5E v T BB, 0 e 32 6 2 B
# CoyC 5 5 [V 38 0 iy $48 v . LR s T 0, 8 0 1R Ak
S, A TURE S A JE A Co i AH IR A 555 06 184 5,
w7 AR 2 CO MIBE Ty, BRI CO B A6 48 ;1M
HEAL T | CoyC b AH AT S WE B A7 95 59, 5 BAR i 25
W Bt 1) CO Y3/, DAL I e B 1 1 LA [ B
i TR Adk BEL I AR A0 7 S 8 Ji5 1) XRD 3% 1) 01, 4 A PR ik
J& 2 4.6 mol/L I, AH N AR A 771 |43 & 25 Co AT 1%
B9y, vl fie it B4 R A Co (R3TG IE A7 55 5 AN B B s AT
Pk /D>, R L5 PR AT BB AHAE LT 1 Co,C iy
AEATT SR W2 i, DR) MG R R P RH A 19 I 53 %, ik
71 F CoyC b AHAT ST 068 1) 58 FEE I &y Co-Zr-La/AC-0
> Co-Zr-La/AC-2 > Co-Zr-La/AC-1 > Co-Zr-La/AC-3,
G553 4 AT AN, CopC AT S e i B2 1 A8 Ak W e b ik
T PN PR R 1) i A 0%, X 5 STk [7,33] 45 S — 3
% 1 AT %0, Co-Zr-La/AC-2 i 4k 71 2 21t 45
{10 v e T 2 P 2, 3K MT i T K1 T A R A B X AC 3R T
B A I ) R . AN TR A B T A 1R Ak 3 AC T LA
SO H R T P AR T R D A Co 5 3R 0] 1) AH
ELAE AR A 7R 3 SRR S R ) 3o B R AN TR
5 1) 42 JB A Co Fll CooC AT . A% BT J& 4, 4 )@
A Co A2 CO it 25 1355 T oy, 2 e i 19 < 1)
AR ZE . M Co,C AR AN Rl fh 25 5% i B B 4 K, A
AT BE E R 25 B CO i NS P TR S 2 =),
T A B8 v = W W P ) T LR 35 T LA, v il e 1)
A2 BFFAS i B 2K 5 4 JR A 11 Co 5L Co,C, BRI A Tl IR
AL L A E B A Co Bl &R A1 Co iz iz
% F Co,C, Wi A5 Co-Zr-La/AC-3, H 4 it 25 W it
1) CO iz 7t % F B4 N K Ik b i B Wt 1) Co, i
PR 43 A AR 25 T Bt CO A Ja 3 T8 B () 4 (R e
BRI 4l N BE T Y U B, B T 4E N KRR
BE10 CO W&, T 2U™ W v s b i 2 e BRAIG. AR, 4
AL | CorC 8 Co,C EZIEE T & EEN
Co, WAL 5 Co-Zr-La/AC-0, M =E % 25 W it 1) CO it
%, 15 ML AN ) CO M b 3 N B4 T B 1) 98 3 (1%
Wi ), BRI T KA IE I TR . 534, IR D 1 4
JE A Co it b B 3G K LA BRAK, SR BB S
Sk 2D, MR TR R I AR . T 4 IR A Co
Al CoC B M 3 EL I, i AL 7] Co-Zr-La/ AC-2, AMH
& JE A Co A 0 B B 35 K 2 AL LR B, 17 HL Co,C

P78 AL AR AR R I A CO, IXFERE AR AE 1 1) 7
WA R 10 2 R, A A 5 BE 98 B 1 78 2 1) CO
A DL N BB v DA TR 0E e gk I D A4

3 #£ig

W I 2 S0 IR T AL B AC X Co-Zr-La/AC {4k
7 F CO MM A B i I S5 N R PR 53 1, LA 1
A BERT LS B v A S Pk, [ I A A v Ak
FE RV IR S N AR AL B REAE — e FE P AR
re AL b B A Co A7 56 W I i B, T M A 3R 7%
PEBR a1 ) 22D 255 (R AT A3 (A0 57 | ConC AT S U
59, AT BEA T I PR a8 e 22 P O I8 B TR A TR
AEHE AC J5, AH N A A7) 1 4 8 25 Co Al Co,C 48 My i
B, AT A BE v s I D A .
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