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BWE KRB (HTC) R—HESRBLESEKREYRANBRBO I RFRACBER. SUBH ( Laminaria sp. ) . HE
( Ulva prolifera ) fER KEEREMNA R |, NERE ( Chlorella sp. ) EABTENNR R , EREKBRRAKBREE, &8
ER:BTEKAR., HBEEKARMPNREREKRRNSULRES SN 184, 18.8 F 25.5 Ml/kg , 3 kB RGH
EARBER, 3 MARBTTERENENY , AEREEE , PREKARR (HL-C) WILEEFEEE (COD) . B
A, BRI ( VFAs ) M pH BE , MBw KRR (HL-L ) MG BKBRE (HL-U ) K2 #4E. HL-L, HL-U
HL-C =B RBeeo 50 1714, 153.2 F 191.3 mL/g ( A COD it ) , HL-C ¥ 5K VFAs EEA RS HHREW R
B, AL, HTC RAEBRENACERFAMN —RRE, SHER , BEAREHCEDKE HTC FUHNRRESHE
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Comparative study on the characteristics of macroalgae and microalgae
hydrothermal carbonization products

WANG Fengbo' 2, ZAN Chun?, LIU Mengxue' , WU Danni! , WANG Jing' ™

( 1. School of Environmental Science and Technology, Dalian University of Technology, Dalian 116024, China; 2. China Vanke Co. Ltd.,

Shenzhen 518000, China; 3. CRRC Ziyang Co. Ltd. , Ziyang 641300, China )

Abstract The hydrothermal carbonization (HTC) is an emerging technology to produce biofuels from wet biomass. At
present, the comparison of HTC products between macroalgae and microalgae has not been reported. In this study, the
macroalgae Laminaria sp., Ulva prolifera, and microalgae Chlorella sp. were treated by the HTC process to assess the
characteristics of hydrochar and process water. The results show that the high heating value (HHV) of Laminaria sp.-based
hydrochar, Ulva prolifera-based hydrochar and Chlorella sp.-based hydrochar were 18.4, 18.8 and 25.5 MJ/kg, respectively,
all three kinds of hydrochars can be used as solid fuels. And, three algaec HTC process waters contained large amounts of
organic compounds, the chemical oxygen demand (COD), total nitrogen, volatile fatty acids (VFAs) and pH of Chlorella HTC
process water (HL-C) were higher. The composition of Laminaria sp. HTC process water (HL-L) was similar to that of Ulva
prolifera HTC process water (HL-U). The methanogenic potential of HL-L, HL-U and HL-C is 171.4 mL/g (by COD), 153.2
mL/g (by COD) and 191.3 mL/g (by COD), respectively. Higher VFAs content in HL-C may lead to higher CH4 production.
This study shows that HTC is a fast and efficient strategy for macroalgae and microalgae utilization, and the HTC products of
microalgae Chlorella sp. possess better fuel characteristics.

Key words macroalgae; microalgae; hydrothermal carbonization; hydrochar; process water
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W, BEESFAA SRR, NEXRRIEM R REJL T ENIE2FEIG K. A, AnTHELAR
RO K ETHFEC LG T 2EREEFE AR, W EBE T HERAER ., a7, ST B0 HA TG
R S ER VI

AW R — B R T AR P AT AR AR R BEORHASY, T AR AR N = U
BRELERL, SfEgh ARG, A EY R ER . AKEER. AL 8, A
VDIRRL I SRR 52 O . Al BB R AT ARG MED R E SRR E EEEH,
EEAMETT DI K TR ) N Py BEEEW, EnT L E A4k (CO) HULH H4KP., E1E
TR, WA S0 0B R ARSI TAR 2 7 AR R E R ), WA Z 8 4b 38, T 223 1
IREE 5 Ge A A o1 B VR (R IR B o

AR, AKBRAL (HTC) H AR AT EAS T 7K R 2% A4 T K- 0 v 9 A ) Dot v 28802 A /K o i AT
REYR I, SR TN BRI SENCY, Smith SR KM E (3 Apifgay) HTC IR IRA T 51K
FREVE R AR K B R, R I R K B R T DL B AR Y A BRRHME A . Marin-Batista Z5UO7E 180, 210
M 240 CHAF T VAL TR HTC P2 AR RIK R, B TR IR BRI m AL 2l (HHV) B IR T+
EmIE M. PTLVE R, HETHEEEE HTC b F2 4 R o BUAH 7= P 7K FA40R [P BT, T 0T TRAH 7= 420 7K 34
W ERA . M H, WEMEER, 2R REEEMMER R, (A EE HTC B, WAEM
VIRV ) BB U8 R TR R AR E . DRI, 25 R 30 I A A BRI 1 R 28 9 R AN GG R (i & 4%
WL BRI, DAL SR P B ORI (AN SR N TR R BRI R Y, IR
AN PR B g S A HTC e+ 22

A5 LA w7 (Laminaria sp.) FF & (Ulva prolifera) 1E N KB HE AR, PLANEKE
(Chlorella sp.) fERWGEMARFRIEIT HTC, R AW AFIHEEE HTC [ AH =)7K $0R FEAH F= 917K
PR, B HTC L2 A E R 5 v P A A 1 .

1| MBI ETE

1.1 2R M &

W WCE T REEE AU (121.5603° E, 38.8758° N) , & 4aili FH [ k7K 5 B b g 5 vh vk 3
W, DNEBEIOWERSES, ARETEET 105 CHAAMEEE, HAEAMENEEED 100 HiF
W5y, T N TR ESEH . MEWE TN, ANERERIEE T M A THRA
ql, AHRET 105 CHAEMEEE, o 100 BiF, & TERERSTEH. HTREHMKE
Fhym R E T REE R 54, HEFEAKE (MLSS) A 78.0 g/L, K MEIFHEMIKE
(MLVSS) & 58.8 g/L.

1.2 R E KRR M AR &

R W R/ INBRTEE 2 BIAE oK R S R NG () S B AR SR HE AT HTC, BT HTC RN E %
BN 100 mL, B A AR FTE 60 mL. B 26, MRIEHTHIR S HTC Biskss, DUKHRRMT C & &
NHEEFEGEARER, WK R C BULETRIR, ZRA T 1iEE HTC 24, Hd KA e
& Mt HTC 808 RBGEEE 220 °C, RMNEFE 2 h, BHEL 1:205 fEE/NEREE &£ HTC
SN RNIREE 220 'C. N 4 he BHEEE 1:20. #R¥E iR HTC %, BAAREEE HTC £ %
WR: K 2.88 gk HHAKYEIEA R 60 mL, K S5/KPIRNRE N 1:20, 3 LIRS BN [N 28
RS E, AR RNEE TS (L#F—1E, DHG-9075A) ', L. 10 ‘C/min iR IHE %
B 220 CHIRMNEEE, RFEF—ENE; NERE, HRNERESE, BE, 1707 xMEMd
FH e B EAR =Y OKRIR) SWAEY OKRPGRD 28, KRARHBAKER =&, BT
105 CHEFE 4 hHtE T, FJa BN T 100 Bt H, KPGREGET 4 CKFEN&H. . i
LR PE /N ER B L K HOR 4> B98N HC-L. HC-U #1 HC-C, #HRM /K7 %licy HL-L. HL-U A1 HL-
C.
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1.3 KB 7= B e 7 BB M 72

KoK AR B T RA P2 AR ME— REERY), IMANEME e, fR& TIEARBYERETE 50 mL,
VAL T B (COD) £ 2000 mg/L, MLSS A 10 g/L. % ZE%E, @RS &K REFE, &
S ¥ S BE I RNAE IR PEIR (BRI, ZWYR-2102C) 1, ¥ E N (35.0£0.5) C, ¥ N 150
r/min. 3% 7Rk P OE N OR A ARRE S, IR R A ISR I B S B A (RERSE, GCT790011)
MERES T HLE (CHy) A1 COy &8 . K Gompertz 77 FE0 /K G 19 CH, 77 & 308 34T L & 130,

1.4 D&

P2 500 A G E T4 (Elemental, Vario EL D) #fi5E JF B 5K R E C. Ho N 0%
WA, Kor&mimfE 600 C5ipdr (b2 Eu, TM0610) HR M 2 h Mlf, 1 O RS EN
W E AR T W RS K AR HHV UARYE Parshetti S50 1) A S FRIGUY, 35 K 5
4T W8 SEM (FEL QUANTA 450, 20 kV) 3R B M T 28 45 1E

WARF= T B AR FE S E AT i 33d 0.22 pm A HLJENRE, COD. MLSS. MLVSS. &%
(TND . &8 (TP) . HEFAREE S B R HET LS HERMERDIR (VFAs) 2% Qiao 55
(77 3 s 151, K BGR oEEE AD 5-¥2 FJL RS (S-HMF) TUAd FH BC 45 — B0 I 200 6 00 268 1) v 2500
il (Shimadzu, LC-20AT) &, #F ODS-BP H A7 B4t (5 um, 4.6 mmx250 mm, CA), 10%Z
EONRBIAE, W 1.0 mL/min, AIRFE 40 'C, T 284 nm Wl KKK pH EH pH il (Mettler
Toledo, FE20) %€ .

1.5 BIBE T D47

SEIGHIEE 3 R, BIEEEEER SN EL SPSS 25.0 HHL[A 2 ANOVA (Fisher’s Least

Significant Difference) J7VA#E1T, P<0.05 # N N EA Geit = L.

25REWE

2.1 REKRRESMN

3 Mk#oR (HC-L. HC-U Ml HC-C) K HJGEM B EEMET WL 1. &3 HTC, K#FIRFITER
C FEmiTET 3 MRk, W& MM R )RR EESE, Houk C S8MEL, & HTC 3k
317 HC-L 1 HC-U Witz C S\l A, /NEREF HC-C MItER C & & N(45.1:0.5) %1
(62.2+0.1)%, Wl FE S T . WEM HC-L. HC-U. A&PrE&, Mgk KME TR N S8,
EAM A, NERERITCERE N 58 N(9.8£0.2)%, HlEmEL 4 %, WS &L 2 5. HC-C 2 3
FoK#ORT N TR S EREN. XK OME, B3 MERFEEMITE O FEMEL, H 3 Ak
HRMILE O S ETEEAF. HC-L. HC-U M HC-C ML HE O & &4 5 N (34.9£0.1)%,
(20.2+£0.1)%H1(12.5£0.1)%, XRAWFEF/NKER SE A EZ S5 T HTC &, WF KRB %R
B, BeAh, HC-C HIGE O & EEK AT A8 & HTC B AR K AT ek .
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Tab.1 The main properties of raw feedstock and hydrochars (dry basis)

PEBRFR A8 e INEREE HC-LUS HC-U HC-C

w(C)/% 26.6+0.0¢ 33.9+0.1°¢ 45.1+0.5° 459+0.1° 46.7+0.1° 622+0.1%
w(N)/% 224009 46+0.0° 9.8+02° 3.6+0.1° 3.9+£0.0b 6.8+0.0°
w(H)/% 45+0.1°¢ 55+0.0¢ 74+0.0° 6.3+0.0¢ 53+0.0° 74+0.0°
w(0)/% 304+04° 37.6+0.1° 31.1+£03° 349+0.1° 202+0.14 125+0.1°
WK % 362+042 18.5+£0.2° 6.6+£04¢ 9.4+0.04 24.0+0.1¢ 11.2+02f
HHV/(MJ-kg™") 10.0 0.0¢ 132+0.0° 18.0+0.2° 18.4+0.0° 18.8+0.0° 25.5+0.0°
I A 7= 2/ % - - - 13.3+0.2° 152+0.3° 212+03°
CRHI# /% - - - 229£04° 20.9£0.3° 293+0.4°
A EL &I - 22.9+0.4° 20.9+0.3° 29.3+0.4%

T FATEUE EARAR NG FRF R A AR E T 2% (P<0.05) , FH.
Van Krevelen B FiZ4 %, K 1 fizn, HC-U Al HC-C HHI76E O F1 C R FH LL M o/C
5 HC-LAK, Ui B & F/NEREEAE HTC i A2 o K IR I B0 52 N R 24, HC-U #il HC-C [ #A KL
K8 HC-L 5.

204 CH ® Ll e
Chiorella aminaria
1.6 ¥
I:C L

1.2 | HC-‘: HC_'[]’
@ *
S

Low-rank coal

= 0.8

0.4

-CO™,
0.0 T T =
0.0 0.2 0.4 0.6 0.8 1.0 1.2

o/C

B 13 il EORLA HTC 12 7 £ (KK A4 9% (1 Van Krevelen &
Fig.1 Van Krevelen diagram of the three algae feedstock and the hydrochars resulting from HTC process

WA K S BV SR 2 5, /NEREER 6 5, (HA2, KHIR MK 7 & & H R H AR
F s . BAREAT IR &2 3 Mk m i, (B HTC J&, B s HC-L #152& 3 Fik
o KA BRINK. 5EEMEE, HC-L. HC-U M HC-C MRS REEL N 3.5%, 19.7%HM
36.1%. W& 5 /NERTE I 45 7T B8 5 B NOK OR K 7> & E R m, Wi 2 FoR, WS BARRR I
JEMRE SR, INEREER AL B 4R, XL R E S FEK T HTC — 2K #ik. HC-L. HC-
U 1 HC-C B = 2 20 5 & (13.3£0.2)%,  (15.2+0.3)%M1(21.2+0.3)%, 3 Pk R K C B R LT
30%. IXEESZIGEE LN, KPR IEM T KRR C MK, ST N —00, thah, 3 Rk
B B v A BB R L R R, 3F H HC-L. HC-U M1 HC-C #BA A B B AR ALk B9 R R v 171,
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(a) #if7; (b) W&E; (c) /NEK#EE; (d) HC-L; (e) HC-U; (f) HC-C,

Pl 23 it JEURL R K A P41 4 HL 8 TR
Fig.2 The SEM images of the three algae feedstock and hydrochars

INERFER) O/C W BAR Tl A s (B 1D, XRUNERES BRI BREERE, BB A &
R e AR BRI, T HTC ik F2 R KRR [ B2, 3 Bk #OR I H/C EoRl O/C ELEMIE T3
J7kl. HC-C ) O/C L& Z KT HC-L M HC-U, XFRM/NERFEEE HTC I FEF R AE T 8 L2 KR M

SRR RUK#OR RSB E 2 Frox, FERREEIE NN, £ HTC =YK oR N Af
FEURE AR (R TSR, fLBRE 2, 456 1 1 Van Krevelen B2 M7 R K8 A 7E HTC i F2 1 i
BERAE T RIZURI MK RN 0 PR 0 S B, 5 LG 7K Rt 32 5 A 45 77 0 7K 38 e B R HRE P ¢ D e} S
FHIRT. W 2)ME 2(d)Fr, WA R EEN, (H HC-L MR AR B &R S, xR
BT HTC, W MRMEESKAE TRKMAZM. HEM HC-U MRMIEESWE 20)FE 2(e)Fin, i
ERHRE, BANZEMIELERN, 4 HTC JG, W& 4R NE/NY HC-U, HRFRMIIEM . Nk
A HC-C MR LAWK 2(c) K 2(H)FT7R, HC-C KRS 2 FL45 ) 5 H50RAR A B 3% e 4e
2.2 SRR

WA KB (HL-L) W& K#GE (HL-U) FUNBRE KK (HL-C) M EZ R WK 2. HL-L
AHL-U BRe B A A, A EATTI JEORE6 7 AT A2 L8 R 2, AR, /hEkiE HTC &
A7) HL-C %4> 5 HL-L 1 HL-U ML Sos B B 2 5% . BAfkai, HL-L. HL-U #1 HL-C ) pH
fH53 5N 4.840.2, 4.6£0.0 F1 6.7£0.1, —#& 2 HL-C ¥ pH fH& &, AlRe2H TREA SR &S,
I HL-U [ pH 5K, X5 HBREKMEAAEEA K 5 HL-U ML, 54 HL-L Al HL-C F11) &
B, WA TRKREER, HEHTLREF[RBEEM AT, [F5H pH H FEAHE. HL-L 1
COD &y HL-U N(24736.3£945.9) mg/L, HL-U 4(19068.8+2147.8) mg/L, HL-C }(31556.3+1670.5)
mg/L, FHER T KEHIRLE 7T, COD 4R 5K#Mm C mirEHE (£ 1) —F. HL-
C ) TN &8 N(1514.4+85.3) mg/L, P& & T HL-L FJ(315.5+1.4) mg/L F1 HL-U [](278.0+24.1)
mg/L, XM F/NEREFR BEA E SN N SE. £ 3 Hok$od, TP SEHAEFIK, VA 252~
32.4 mg/L. HL-L. HL-U 1 HL-C H () SR FE 73 301l 9 (2172.5+182.1) mg/L, (1843.8+108.1) mg/L Fll
(675.8£54.2) mg/L. HL-L. HL-U Ml HL-C & f K& VFAs, EATHWKE 32 58 COD 1y
14.8%, 5.6%F1 12.6%. AFTREN, FHERMV-LF4ERE HTC KRG v Yok 4 SO fl 5S-HMFRO,
£ HL-L f1 HL-U R T & ERACHEEE A 5-HMF, X 58 ER AR R LT 4R S8
HR, RHEESIAEREELEEMX. SRETHEEE (NEFR. FARRD FKSGRAHL, HEiE
KA RS AT S-HMF & =B B AL, HEFRWRE W R AR LA RZNSEHRIKT LR
A ARG e S5k
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Tab. 2 Main characteristics of three algae HTC process waters

ESRER L2 HL-L HL-U HL-C
pH 4.8+0.2° 46+0.0° 6.7+0.12
COD & &/(mg-L") 24736.3 £ 945.9® 19068.8 +2147.8 31556.3 + 1670.5°
TN & & /(mg-L") 3155+ 1.4° 278.0+£24.1° 1514.4 +85.31
TP & &/(mg-L") 27.1+2.5% 252+4.6° 324+3.7%
SBEE E/(mg L) 2172.5+182.12 1843.8 +108.1° 675.8+54.2°
TR & #/(mg- L) 34+02° 2.6+0.1° ND
5-HMF % H/(mg-L") 10.2+0.92 824042 ND
LR &E/(mg L, LA COD itf) 1339.1 £26.7° 720.5 +28.4¢ 2360.9 +47.1%
W& &/(mg- L, LA COD it) 1484.1 £206.32 288.8+22.7° 1152.0 +56.0°¢
T & ®/(mg- L, L COD it) 831.2+7.5° 27.3+£2.7° 4642 +963°¢

VE: ND (not detected) , AKAGiH .

2.3 KK R IR

3 MoK AE 7 4E CHy, 14 d J5, HL-L. HL-U A1 HL-C ] CHs /=3 % 5 8 (171.4£1.0)
mL/g, (153.2+3.2) mL/g f1(191.3+£0.6) mL/g (L COD i) (K 3(a)) - HH, HL-U i CH, /=K
i, XnfRegZFEA HL-U # VFAs (55 COD B LLBIHAK. Wirth 22215 H HTC /K IR H & & & 10 16
BANERATREFECEL CHy 197/=4: . HL-C 7 3 FlK#GE R A S i) CHy P %, XA REJ& T HL-
C ") VFAs LB, KOWRERAL, HASHERM 5S-HMF T8, Tabassum ZEPHBAESE, KRATHIL
AR R B BB MENES B4 . HL-C B2 iE A H CHy B EHH128(76.340.3)%, =T HL-L K
(68.2+0.5)%F1 HL-U 1(68.0+£0.9)% (& 3(b)) »

(a) CH, 7%, (b) CH, 5 {BA ML),
3 3 PG TR K AR 7 CH, He 1

Fig. 3 CHy4 production characteristics of three HTC process water from different algae

%Uﬁﬁ Gompertz 7:7*5?9\% 3 %*i@ﬁi7km?ﬁ% CH4 ﬁz}izygéjj (Pmethane) N Bi-_x‘j( CH4 iﬁﬁ%
(Rpax) FUSHEH (2D o W1 3 Fi78, HL-L. HL-U Fl HL-C (] Puetane 5530 162.944.3, 145.143.5
A1 183.6+4.5 mL/g (UL COD it) , HSLfrgi R, HL-L. HL-U F1 HL-C ] Ryax 73714 33.0+4.5,
30.1+3.9 Al 30.1+3.9 mL/(g-d) (EL COD it) . HL-L. HL-U Ml HL-C K& 2 058 0.2+0.4.
0.4£0.3 1 0.240.3 do % Rue AN A (E AT HEFE T HL-U K Prcohane o SKIEEREY], KALHEES
AIBA B A IR R AT D 7 A CH,, AR 38 5 38 I R AT AL AR B 2R

%3 Gompertzll 177 FETHH 3 FIEHUK AIBCH, ™ H 45 R
Tab.3 The results of calculation using the Gompertz fitting equation on CH, yield of three algae HTC process waters

ErRs P ethane/(mL-g”!, LA COD i) Rye/(mL-g'-d!, LL COD it) Ad R?

HL-L 162.9+4.3¢ 33.044.5° 0.2+0.4° 0.984
HL-U 145.1£3.5° 30.1£3.9° 0.4+0.3? 0.987
HL-C 183.6+4.5° 33.943.9¢° 0.2+0.3° 0.988

T RS ERRARNG TR KPR I Z R 2 (P<0.05) .
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BeAh, HL-L. HL-U F1 HL-C JREJH A 5 BT 7= A8 17 RS B Y AR A DU BBR S A1 S-HMF, X &
Wk R A TH LIS FE AT AR X S s A ML &Y. 1 H 3 MRS BRI R (e 3 b7k 2F, EEN
JERFF B K 7, W HL-L R A0 5 1) R B T o - 2 45 B0 1= 53.8%124,

34 18

HTC T2 1 R AR ) 0 1 7 AT DO VU, 7 B SR BRI, B Ah, 7 o A 2
T340 I 2 RIS 1 3K W S 4 )3 TR [0 CHL AT B MO IR o 3 3 A SR 38 S G
FUA AL RIS P, 0 3 K 0 LG K 8 B K R B R V., AR C IR
BEAR, 3 RS G A RAT UL 2, A Al R A B CHae 3 R B 3T
R S5 77 2 1 R TR Y RE SRR TR OF . B E IR E KB 1. 45 b, HTC R
A A K KR SRR MR 1 — B A, ELAR SR M G NERE HTC P4 0 LA 8 0
R 1

SE .
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