MREmBE Modern Food Science and Technology 2026, Vol.42, No.6

o ERREL B BERAIE R RIFR Tl B &
6 Bl R R PR EPEFIZ IR a

ERARA %kﬂif ZRERR"Y, EFEER'Y, REE, FTHERE, Kk
(1 FiBFREEANTARFR, HEAT 361021)

(2. BB Rk ’%ﬂﬁalﬁzﬁvb F¥E, AT RSAN IARBRMARE TS, BEZET 361021)

W FERT Y EER SRy XA, TMFHEE PO FERFBRSHRESTRRE, BERT R
TH. A FRMNFIRT Jk/z,é‘# @Hi‘f‘ahﬂx%#ﬁfﬁﬂ"ﬁkza KH R KA v R B SEARAY K- F AR B K AR 2 g Tl B
ARBERE A A Ak STmL-g ™', FE3EE 500 rmin’', - FEREBRIME 20U, RAEEBE 41 C, pHAELA 8.0 FEE
30 min, AL 4G BEAR T 420k A €% - Sk (LC-MS) %% 7’7‘["1?4}]5&_»%)?%’@%15 Hok, @i B F RIS 4 B
M4 g T B BB A R 40 mL-g !, BEERE 500 rmin', F4EE#HRAE 200U, RLRE 50 C, pH
ik 40 FRE 2h, festidah b, AR ERZTRIGEACE BRI NS TR E W RAET LA A RLRE 90 C, 02molL" 84
R 2h, EREM TSR EQSEE SN 736 Darcy, EAREBEA 0207 grom s AEH ks R E RATE, 4
LA, W EEMRRIRGRAEE LR E R ERANR S, AR TR GESANN iR T LR EREE L LF

A ASE,
XK. FERRILEE;, mEdk DRg; FEREME, ZEDK
XEHS: 1673-9078(2026)06-75-85 DOI: 10.13982/j.mfst.1673-9078.2026.6.1227

Stepwise Enzymatic Hydrolysis Combined with Acid Treatment for
Simultaneous Carrageenan Oligosaccharide and Perlite Recovery from

Carrageenan Industrial Waste Residues

LAN Mengmeng', ZHANG Xiwen', LI Zhipeng"’, JIANG Zedong"’, NI Hui"’, LI Qingbiao"’, ZHU Yanbing"*

(1.College of Ocean Food and Biological Engineering, Jimei University, Xiamen 361021, China)
(2.Fujian Provincial Key Laboratory of Food Microbiology and Enzyme Engineering, Research Center of Food
Biotechnology of Xiamen City, Xiamen 361021, China)

Abstract: The disposal of carrageenan industrial waste residues at landfill sites not only causes environmental pollution
but also wastes valuable resources, such as the carrageenan oligosaccharides and perlite contained within the waste. To realize the
recovery of carrageenan oligosaccharides and perlite from carrageenan industrial waste residues, response surface methodology was
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used to optimize the conditions for the enzymatic hydrolysis of 2 g of industrial waste residues using k-carrageenase. The optimal
conditions were determined to be as follows: liquid-to-solid ratio, 57 mL-g; stirring speed, 500 r-min '; k-carrageenase amount,
20 U; reaction temperature, 41 “C ; pH, 8.0; and reaction time, 30 min. Using liquid chromatography-mass spectrometry (LC-MS),
the recovered enzymatic products were identified as carrageenan disaccharides and tetrasaccharides. Additionally, single-factor
experiments were performed to ascertain the optimal conditions for the cellulase hydrolysis of 4 g of industrial waste residues. These
conditions were determined to be as follows: liquid-to-solid ratio, 40 mL- g"; stirring speed, 500 r'min'; cellulase amount, 200 U;
reaction temperature, 50 ‘C ; pH, 4.0; and reaction time, 2 h. On the basis of these findings, additional single-factor experiments were
performed to determine the optimal process conditions for recovering perlite through hydrochloric acid treatment. These conditions
were determined to be as follows: reaction temperature, 90 ‘C ; hydrochloric acid concentration, 0.2 mol-L™'; and reaction time, 2 h.
Under these conditions, the recovered perlite exhibited a permeability of 7.36 Darcy and a bulk density of 0.207 g-cm, meeting the
national standard for perlite filter aids. In conclusion, the successful recovery of perlite via stepwise enzymatic hydrolysis combined
with acid treatment demonstrates the potential for the recycling of carrageenan industrial waste. These findings provide theoretical
support and a technical reference for realizing the comprehensive utilization of seaweed industrial waste residues by leveraging
enzymatic technology.
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Table 4 Physical and chemical properties of recovered perlite

RE B bk e SHS%E FEEILVEDS

pH 14 10.53 £0.04"  6.68+0.17° 7.85+0.13°

BiEF (Darcy)  6.52+0.38  7.36+0.54° 2.97 £0.35°

EAREE (grem”) 0.151£0.005° 0.207 £0.014° 0.512 +0.018°

E: EZRMIFHEAE—ATEE G RF B FEET
(P<0.05).

2.6 B IR E R AR Tk R B B9 R AR

35383 i BB B A
3583 e 1027
: \ ! :
! [ElveZ73 ]
1
. P AT T AL

FEHE ) %

1
1

' o R il Ak £ Tl
1 R Tl

4000 3500 3000 2500 2000 1500 1000 500
PH/ em™?
6 EESEREFFHRIAE T A &R FT-IR 447
Fig.6 FT-IR analysis of the recycled perlite and carrageenan

industrial waste residues

I FH 8 B oA 3 2T A0 RE Ao MR S A B R A
7 M oMb R TS R AN () Ak TR R VS ) T AR AT 7 U
mE 6 fiir, FamWEERE. KA LA LR
JB2 Tk JR VS 417 3 558 1 062 A 787 em ' AbAG 5 58 1)
REAE S U o 8 AL IS BR A R0 R USRS Bk 2 11 2 BRI
e 1Y) e RN UR FE B W) A, BRI BRA R M Bk s
B RSY . Hi, 3558 em ! AL AR I S H A
A 29 ) Si-OH 4 & [ £ 2£85Y, 1 061 F1 788 cm ' Ak



MK EBBHT

Modern Food Science and Technology

2026, Vol.42, No.6

IR AL UEE 53 31l 2 H Si-O-Si A1 Si-O B FrY AR 5 Bk A 45 41
FRE RSN 51 AR M. 788 em ' AL L6 IS Bk A
[BISES BR A BAR AR SO 3 B [ WA B2 B P ) Si-O i
FEEIRT . ZREPTIR, BECARPINEERA T 1 E
gy, R ECE A SRS EeE M.

E 7 Bl IR B FHRE Tl & &R SEM 4347

Fig.7 SEM analysis of the recycled perlite and carrageenan

20.0 um [l $4800 5.0 kV 6.9 mmx2.00 k SE (M)

industrial waste residues
E:a: FEKRIVLES. b: - FEKBAMES, ¢ k-
F R IR B Aot R BARR AT R E. d: BRI AL R E,

e: AL TRE.

FIRS RS s MU ERE . RER T
JR T KA R AT 736, S5 R 7 o FEdn
WEBRERI N, BARKERRPILE (B 70, =
TR FLAE R AR VE A, MR i i e s i BAE ™Y
R Tk R FE S A EREARG 2, L7
WA T R (P 7a), s RN BB 2 TR AR R AT 0 R
DR FT & — S R IR I e A I IR 4 R . RALR
TNV EELZ - RA B EE 5, B = Bt g B
fENRHRSENE, W ERE B ES tok, 305 FLIR B
191 (B 70). & - REIREEFNLFYER BRI b P )=
A BRE NI RA IR 4 K PR, BERE N
AL, 2IHE R (B 70). HER
WS BIE BRs, HALEFIRE L2 BRA A L
TR ZERN (E 7, FIBERE BAHTEAF I
M.

PR X &R AE SR TR S &E, R
JiE Tl S 1 2 B G R UL Siv All K. Ca. Na,
Mg.S F Fe, i i fb 2 BR 5 1 R B0 R AL A Si ALK,
Na. Ca fll Fe (K 5). S JLE &M <R &1 2 b
BRI EE LR 2 —PY, R B 55 ik
BERAEMEERAAGICR S, 1R H R EE AR i
& KRS, W DA RS h IR A KB R R
% k- RPREKARE, IR AENH S TRNSE
B, U8 0.09% (R 5), REFTERIIZERE
R TR RRRESEHRE S ENER. HWEZKRES
P A2 BRAE B G R U e B AR, R R
JR N v r B AL (1 32 B B m) B SR A AL

x5 EWEHRENX-STERIEREST

Table 5 X-ray fluorescence spectrometric analysis of recovered coarse perlite
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