52 B 10 W Ei Ev;; Eh h%é TE( Vol. 52, No. 10

I

2024 4 10 H JOURNAL OF THE CHINESE CERAMIC SOCIETY October, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240150

T RO ST T R Sk M AR 25 B K AR R A

Ri%, £ & &xE ZXF, IXH

(P EB R 2 MY B AT, HONE R L W E Sseie =, 220 730000)

# E: FRAEHIACZEN)E T AERESME. SURS5EER, ™EAEINM AR, RN ZE ZEN 6 80572
Z o PRI E IR AR E T 3 P77 (ComimBr, n=12. 14. 16 18)2tEM ™ #E A (APT)HI4% 7 ZEN Wt 577 (ComimBr-APT).
JEIL Fourier ZL4MGIE(FT-IR). X SFLEATH(XRD) B AR P00 Bt o0 BT S RAE 745 Bk B . TR RN E, HIFTT
CoymimBr-APT IR EE M KR AT, REHE T HMESH(ComimBr F 2 KBEEK AL 5 (R FI A 2 TR
[ WIGRIRAE . pH . LAFEFZMION ComimBr-APT WY HERERISZI . 455K ComimBr it F2 R 4 APT 184
GEHE), TSR S R PR 7R (4 R TR B 7K 1 1 e o W B BR300 F 2208 ComimBr ik EE 5 ZEN 2 F I E/KAER, TGS CymimBr
AR S 2 IEADE. Ci\gmimBr-APT Xf ZEN WL B FRFF &1 403 11 B Langmuir S5iREES, 4 CsmimBr
&N 5.0% (RS EDI, CieminBr-APT Xf ZEN HJf KW &~ 7.45 mg-g™'s WA R pH 18RI AF R IR 4k B A
W YIR(L-8ERR . 4i2E &K By Ca®'s Cu®'. Fe’ ™)t ZEN W HERE L B E M. Kk, ComimBr-APT 7EWL k% ZEN J5
AR R N E.

FHEIR: MR B TIRAARCRTEIE R ORI W :
FESES: TDSS — NEAREM: A XEHS: 0454-5648(2024)10-3170-10 "'
W% AR EHE] . 2024-09-02 E

TKARFEIRIZEN)E ARSI AR —F w2 DB 3 AN 48 B Rl 1 25 K o 20
MEMER R R, fERK. N MRS LI UK RS IR R T 7 14 77 (ComimBr), BT 8K
Rl rp e e, BARENAEEENE. QR BT DU IDKIMEER 5 38 1 5 DR IR EA ] (1 S
PE. BE R DL R EUE S S Z EAEEN, ™ EH, RIFEREEK A SR i g 55 B A /N Y

USRI N BT, £B ZEN M IR AIRAKEZ(CMC), T E R R S A R
2 BRI AL SR A AR Ho, T RE . 25 CHE, KM B 1 9 4R 3 T3 4 77
YEY R T RRAG . W RCR S AR T ComimBr(n=12.14.16)f] CMC {5551~ 9.53.2.61.
2R o I B B S A AR A S RE 0.65 mmol/L, X N P B 12 v M ) e 3k = R R R
TR W) o AHH TRERRERT VIR MG KRR, X k% C.TBr(n=12. 14, 16)1] CMC {H % 514 16.00.
FRK g9 E 7T ZEN REVHE ZRSEMEE .8 3.60. 0.92 mmol/L, CymimBr % C,TBr Y] CMC 4>
HOR MR MG R T e, T AR S LR K BIRRE T2 30%0 M,

P, I5RXT ZEN W EHPERE . BN, o Nkidt = H MY A (APT) 2 B A U FLIE 4544(0.37 nmx
B SR A D AR AR 0.64 nm) AT 4ERR SR SUK LN 1~5 um, BARZ
BRI AL A SR A AT D 20~70 nm)IEK B BEER RS . TRy
J\JedE IR A R e e IS ZEN R ISR SR . AU AR FLIE . K I B T AR
ISR R B R T AT R AT, TR k. AW 2E 55

S KRR T AR IR 2 AR NP R R E Y, APT R NRHE R

M2 haeRmGEEAC o, mKEEFUKBEE  WTURMAR P ERE SR SR R SRR

ek 3. 2024-02-27. BITHW: 2024-04-15. Received date: 2024-02-27. Revised date: 2024-04-15.
EATH: Hla BT 5 015 BRI H (23JRRAS568). First author: KANG Yuru (1978-), female, Senior Engineer.
W1 BEHA978—), L, BTN, E-mail: yurukang@licp.cas.cn

WBEEE: £ w1983 —), B, #L, #IREA. Correspondent author: MU Bin (1983-), male, Ph.D., Professor.

E-mail: mubin@licp.cas.cn



5255 10 1

REEA S5 BT IR I PR SO M R A R B R B .« 3171 -

SAALRES . (R ImIE R, M4 = sh e =1 A
AP i s O,

Hh ] ] A SRR KR, I R I S AT
TEVL TG, B A R IR EE . TR M A
B P 2 R BRI S S, R SEE T A R Y
ERIF, 0T 255 1R e BRI 2 HE1E
TSI L W], RAFK) APT % ZEN WP pe 22,
= APT X ZEN Bt 6e 77, 48 TAE B CymimBr
(n=12. 14, 16+ 18) NI T ComimBr-APT
W B 7)o J8IE Fourier ZLAMGIE(FT-IR) X 2R 475
(XRD). &AW BBt A S RAEF AR, TRiT T
ComimBr-APT PO S5 46 S 3R AT, R0
T HHERE SR ZEN [RSMRERAT A, DA APT
TEFRIATE 1 = (R 3 2% .

1.1 M5

SIS S A4 R 1T 14 1) (ComimBr) £ 45 ¥R
1 1-F ke dk- = H LK (C ,mimBr) . AL 1-1
DU e dt- = P LKA (C ymimBr). JR4L 1-F /e dk-
= FAE- BRI (C emimBr) FRAL 1-- )\ Joe 2k - = 1 -
WKPE(CsmimBr), HH E BB == A0 2= BT 52
Bt & S e R 0 K p s = fE k. APT
KBTI RG B el # HR5T & b 1:20 [ L,
K FH 5273 BOH 2% B Ak A N R AL EE 4 h )5
Ve, T 1 200 HORALRS 80 um)iiis H -
APT FEEAL2EH N 1.05%Ca0. 12.28%A1,03+
8.60%MgO- 69.97% SiO,+ 1.51%K,0 i1 7.74%Fe,05
(B %0 . ZEN FRitkfh(ZERE 98%)W H B R AR
HIRAT], A ZEN bR S (S me)a T 50 mL
FH B L 100 mg/L [¥] ZEN ARAEfig 59 H
(B2l (BG4l B R EE TR 227
5 CaCly(73 B4t B BB R AL 22 A BR A A
KH,PO, (43 HT4L) . FeCly(4Hr 48 F v Bl A6 T84y
AIRAT], CuSO4 SHO(7 M4l 5 K i i B BR
ARG IRA T, LR Lys, EilHIg)e
H R AEMEAREGRAFR, HEERMet, £
RAGR) e R Bi(VBy, AEMIXAIZ)E B FifgH;
AR R AT, AE TR T ) 5T B FE
N 4.440 0. 1.580 0. 0.040 0. 0.003 7. 1.410 0. 0.550
0. 0.006 2 g/L FI7KIEWR .S58 FH7K ALK o
1.2 NS RMRT5E

F P IR X T 1846 (DHG-9145A), Ll —1{E
RHAIRAT: BEON(TDL-5A), skl

7, HIRIR A (THZ-98A), bl —1E R} 2 4%
BIRAT: FEL4ED 3557 (TM-0612P), dbii& %%
R E A IR A F s pH 1 (Mettler Toledo 320),
AR SRR Z AR AF] s 1260 Infinity 11 7Y &
ROB AR B, ZHERFHEAIRA R BRE,
Eppendorf HEARAF], &5 100.0~1000.0+
0.5~10.0. 20.0~200.0 pL.

FIH Fourier L4414 (Thermo Nicolet 6700,
Thermo Fisher, 3% [E)XFE AT HHE, BTG H]
400~4 000 cm ', A& FHIEIELL KBr s RAIZ
il X SHRATHHMY(XRD, X'Pert PRO, PANalytical, fif
E)RAEFE b R REE ), BB RN 0.05 (s,
PN 26=3°~80°; F 4 H 3l L3R TH A AL
P EE ML (ASAP 2020 M, Micromeritics Instrument
Corporation, 3% [ )il 5& £ & (1) L R AR I F SR AL 45
M2, MEHTRE S AE Ny £R37 R 90 CBLS 10 h B
22K 43 o F R 80 €43 43 (1260 Infinity 11, Agilent,
5 )X W B AT JE VT R ZEN & BT I E . il
IXELA G7114A VWD faill 2%, G7219 Hshidt it
2, C18 (i 4E(250.0 mmx4.6 mm, 5.0 pm). £l
WA 238 nm, WBNHH MG KAERIE A 60:40, it
i# 0.6 mL/min, #EFEE 50 pL.

KPR BN R LA RE T FRER
FEZ) 1 g TTHHREE IR, K I b & 4
e g gprh, L 10 C/min MTHEERZHTHE S
700 CHIBE2 h, B&EZE 80 CJaBUH RN T 1528
W EIE =, THEREKE.

KRR A AL APT sk M g . FREX
MFEL) 02 g £ 80 CTH 6 h 5, B THIAELY
WX EE 75%) T2 N, EEFESITEA
A, R,

1.3 C,mimBr-APT B9I%&

I35 APT(25.0 g)7E 540 t/min K 73E0F 250 mL
AR PR ) 5B ARG 0.5% 1.0%-
2.5%- 3.0%- 5.0%(f% APT JFi &3 %0/ C,mimBr.
CismimBr. C;¢mimBr 1 C;gmimBr, =& 4 h
JE1E 4500 r/min R B0 78 10 min, 325 G,
] 4 FH 25 B8 17K ek B 0 IR &5 1R N 1E(AgNOs—
i HNO; £25%), 105 CFJ& 4 h, W8 200 H i e
o ARREEKE ComimBr SHERE S 2 BIFRIC N
CiomimBr-APT. C;ymimBr-APT. C;smimBr-APT.
Ci;gsmimBr-APT,

1.4 IRBEREIRN
W i I 56 SR FH k1 52 50 757 o X 100 pl A if fig



. 3172 - (RERR Sh2230)

J Chin Ceram Soc, 2024, 52(10): 3170-3179

2024 4F

BW, FAKERZE 10 mL, 0N PEAG IR B 5751
FEf 0.02 go 7E 37 CLL 120 r/min #R% 60 min,
5000 r/min 250> 10 min J5# H EIER. & LERF
IINZEARFR RS, 3 0.22 um A HLIENE )G #AT 2L
WA IS M, T3 ZEN £BRR) S5 FHE(ge)-
R & Qe HHEARXA:

R=(1-c,)/c,x100% (D)

0. =[V(c, —¢C.)]/m 2)
Hrr: g At BECPEDIRES R SR ZEN &
(mg-g™"): Co VAT ZEN )6 5 B 4 (mg L)
Co NWLPHJE W ZEN (MR B E (mg-L"); m Ny
W BRI B (g); V o ZEN AR AR (mL). A
SPATINGE 3 IR JE B AR

2 HER53%
2.1 FT-IR 947

K] 1a N CymimBr ST 5 APT #J FT-IR i,
APT 7£ 3 614 cm ' Aty AL—OH—AI(Mg)$ O—H fif
TEPRENIE, 3551 em ™' Ak )\ T AT 545 i 7K 1ok 4
PRENIE, 1030 cm ' 4by Si—O—Si {1 SO FRAR 45 4R
Fi, 783 em ' AbNy Si—O—Si W FRIHLE RS,
685 cm ' 4b N Si—O—Mg M Si—O—Al F: KB
I, 514 cm ' 4k Si—O—Si 125 HiHR 514, 469 cm ™!
AbN O—Si—O KIS H R B IEAE ot R 5 R K A BH

2. CymimBr-APT 7E 2 930 cm ' 12 865 cm
BT H B T B R ) C—H B (—CH,« —CH;) X FR Al
RXFHRAGEIR BN, 75 1470 o' BT BB T ke
B C—N R IRBN%, 1630 cm ' 4b C=N 1)
ARG S 1642 e ' 4b APT Wb A7 7K A1 2 T
Bt K ()25 PR s e A B B . B ComimBr H & 11
H8 s R B K OIS, 2 930 em ! AT 2 865 cm!
A C—H LK 1 630 cm ' Ak C=N FRIFHAE 06 AH T
SREEMAGE, FA ComimBrT 5 APT RINGE 4, ¢
T AN, A HLACHE B BE A P R R KR
K BB . et AL EEZ CymimBr
B NS K i I R A R B T B e
APT !,

2.2 XRD 7#f

Kl 1b 2y ComimBr (P HG J5 APT [ XRD i

APT 1£ 260 5 19.82°.27.53°.35.05°4L [1(040) . (400)
(102) 4 T AT 5T U6 DL B2 20.87° A1 26.65° Ak )47 FE4SAE
AT e B ERT B R R A B AL, & 5.0%(57
=08, FEHH ComimBr. CymimBr. C;gmimBr.
CsmimBr 5 2.5%CmimBr /5, APT 7E 260=8.37°
(d=1.055 nm)4&L(110) AT IS AL 3h & 8.35°
(d=1.058 nm). 8.35°(d=1.058 nm). 8.36°(d=1.057 nm)-
8.57°(d=1.031 nm). 8.32°(d=1.061 nm)4t, itidFe
RXF APT (1) B2 & A 25 16 72 A2 B

I=S0A
W5,

C,¢mimBr “‘
APT = b ﬂ 5.0% C\;mimBr-APT
g T 1.0%C Jemim lﬂl"}yf \Ew f B ‘ }
g | ———— g / \ :
X TF A 2.5%CmimBr-APT VY N\ F 2| I 5.0% C,,;mimBr-APT
b ~\__ T 2.5%C,mimBr-APT/ "\ V| nn FE iz MML’JMH—**—%
g [— N S NN\ 5 | o 5.0% C,,mimBr-APT
8 \‘ i % 5.0% C;,mimBr-APT \ X £ — e A —— e |
é i e ’//" 5.0% CumimBr—APr'I: 0 o g \ \_J 5.0% C,(,mimBr—APT
s | T\ s , ™ 5.0% C,mimBr-APT\ ™\ 5 |
= v ) Pt ~ || N 2.5% C,qmimBr-APT
g 8 SOACumBRAPT § ¥ gl BE) | ‘\ 1.0% C,gmimBr-APT
aks 7 AN W \(110) 040y |[400) P
. P e S S
4000 3500 3000 2500 2000 1500 1000 500 0 10 20 30 40 50 60 70 80
Wavenumber/cm™! 20/(°)
(a) FT-IR spectra (b) XRD patterns
K1 APT SPERT)S FT-IR #5H1 XRD %
Fig. 1 FT-IR spectra and XRD patterns of APT before and after modification
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Fig. 2 Loss on ignition and moisture absorption ratio of APT before and after modification
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FLEA B K, X S5 gL I TR APT 45
g T S APT HR AR S FLAR TR
/N, B ComimBr 7 F-7E APT R _E 154 5HEY
JEYLEDIE APT % ZEN W b Ak 2 i 3 i R
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Table 1 Specific surface areas and pore structural parameters of APT and C,mimBr-APT samples

Sample Sppr/(m*: ') Spmiero/ (M ') Sext/(m*- g Viniero/(cm* ) Viorar/(cm® g PZ/nm
APT 200.08 71.92 128.16 0.032 5 0.299 5 5.98
1.0% CmimBr-APT 137.92 3.60 134.33 —0.000 2 0.2619 7.60
2.5% C¢mimBr-APT 112.02 122.77 —-0.007 2 0.259 8 9.28
5.0% C;,mimBr-APT 106.00 115.68 —0.006 7 0.228 4 8.62
5.0% C4mimBr-APT 97.99 104.76 —0.005 1 02223 9.08
5.0% C¢mimBr-APT 92.45 99.60 —-0.005 3 0.208 6 9.03
5.0% CgmimBr-APT 85.66 96.58 —0.007 0 0.207 7 9.70

Sger is specific surface area; Spicro is micropore surface area; Sey is external surface area; Viicro is micropore volue; Vi, is total pore volume; PZ is pore size.
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(a) Effect of CymimBr amount on the adsorption performance
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(b) Effect of C;mimBr-APT amount on the adsorption performance

3 CymimBr } C,;qmimBr-APT F =%} ZEN W B4 & 1) 52 M
Fig. 3 Effect of CymimBr and C;smimBr-APT content on the adsorption performance of ZEN
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Table 2 Pseudo-first-order and pseudo-second-order fitting parameters

Pseudo-first-order Pseudo-second-order

Sample
Geerp/(Mg'g ") Gecal(mgg)  ki/ min”! R®  Geal(mgg!) kof(gmgmin’)  ko/(mg-g'min) R?

1.0% C,¢mimBr-APT 0.17 0.0170 0.006 7 0.669 9 0.17 2.96 0.08 0.996 7
2.5% CismimBr-APT 0.39 0.0310 0.0150 0.926 3 0.39 2.93 0.44 0.999 2
5.0% CismimBr-APT 0.45 0.004 5 0.0140 0.309 1 0.44 23.25 4.59 1.000 0

Qe.cxp is the adsorption amount of ZEN on the adsorbent at equilibrium time by experiment; Qe a1 is the adsorption amount of ZEN on the adsorbent at equilibrium

time by theoretical calculation; K, is the equilibrium rate constant of the pseudo-first-order model; R? is correlation coefficient; k, is the equilibrium rate

constant of the pseudo-second-order model; ky; is initial adsorption rate constant.
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& ®
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T;’ 60 - —u—1.0% C,qmimBr-APT
% —e2.5% C,;mimBr-APT
e S0+ —45.0% C,,mimBr-APT
40 L
0F o » . "
1 1 1 1
0 20 40 60 80 100

Contact #/min

(a) Effect of contact time on the adsorption performance

600
® 1.0% C,;mimBr-APT
500 e 2.5% C,qmimBr-APT
4 5.0% C,;mimBr-APT
400 -
=300 |
y J
200 - — 4
100 +
" ==
oL &
1 1 1 1 1
0 20 40 60 80 100

t/min

(b) Pseudo-second-order kinetic adsorption curves

t is contact time; Q is the adsorption amount of ZEN on the adsorbent at the sampling time.

Pl 4 B 1) X6F W B PE R PR R R 1 — 2 50 7 2 A TR B i 2

Fig. 4 Effect of contact time on the adsorption performance and pseudo-second-order model kinetic adsorption curves
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(b) Langmuir equation fitting curves

. is the amount of ZEN adsorbed at equilibrium time; C. is the equilibrium mass concentration.
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Fig. 6 Effect of different initial mass concentrations on the adsorption performance and Langmuir equation fitting curves
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Table 3 Parameters of isotherm equations for the adsorption of ZEN onto the C;;mimBr-APT
Langmuir equation Freundlich equation
Sample
Geew/(mg'g)  Gnad(mgg!)  Ki(L-mg) R’ R Ke/(mg-g H)(L-mgH'™) 1 R’

1.0% C;¢smimBr-APT 0.44 0.53 0.52 0.962 4 0.86-0.15 6.42 0.48 0.9590
2.5% C¢mimBr-APT 3.13 3.84 0.34 0.971 4 0.90-0.12 1.36 0.30 0.796 7
5.0% C¢mimBr-APT 6.53 7.45 0.45 0.993 8 0.88-0.06 0.66 0.33 0.8314

Omax 18 the maximum adsorption capacity; Ky is the Langmuir constant; Ry is the dimensionless constant separation factor; K is the constant of the Freundlich

isotherm; 1/n is the adsorption intensity exponent.
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Adsorption Properties of Ionic Liquid Surfactants Modified Attapulgite Toward Zearalenone

KANG Yuru, MU Bin, ZHU Yongfeng, HUI Aiping, WANG Aigin
(Key Laboratory of Clay Minerals of Gansu Province, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences,
Lanzhou 730000, China)

Extended Abstract

Introduction Zearalenone (ZEN) as an estrogenic fungal toxin produced by Fusarium graminearum widely presents in grains, corn,
wheat and their by-products. The presence of ZEN seriously endangers the health of animal and humanbeing due to the reproductive
toxicity, immunotoxicity, genotoxicity, carcinogenic and teratogenic effects. The adsorption method is the most effective way to
remove ZEN, and the commonly used adsorbents are silicate minerals. Attapulgite is an advantageous resource in China, which is
used as a feed material to enhance immune function and antioxidant capacity, promote intestinal health, and improve animal
production performance and product quality. However, it is difficult to realize the efficient removal of low polarity and hydrophobic
ZEN using hydrophilic and negatively charged attapulgite. It is thus indispensable to modify attapulgite with cationic surfactants to
enhance their surface hydrophobicity and adsorption property toward ZEN. Imidazole ionic liquid surfactant C,mimBr has lower
critical micelle concentration, higher adsorption efficiency and better surface properties than conventional surfactants with the same
carbon chain length. In this paper, attapulgite was modified with ionic liquid surfactant CymimBr for the efficient adsorption of ZEN.

Methods APT (25.0 g) was dispersed in 250 mL distilled water at a stirring rate of 540 r/min to form a uniform suspension, and
different types of CymimBr (i.e., C;;mimBr, C;ymimBr, C;smimBr, and C;ymimBr) were added into the suspension with different
concentrations (i.e., 0.5%, 1.0%, 2.5%, 3.0%, and 5.0%), respectively. The mixtures of C,mimBr and APT were stirred at room
temperature for 4 h, and then the solid products labeled as C,mimBr-APT nanocomposites were centrifuged, washed with deionized
water until no bromine ions, dried at 105 ‘C for 4 h, and ground to the fine particles below 75 um.

The removal ratio of C,mimBr-APT nanocomposites toward ZEN was determined via batch experiments. The influences of
C,mimBr amounts and carbon chain length on the adsorption performance for ZEN were investigated. 1.0% C;smmBr-APT, 2.5%
C;smmBr-APT, and 5.0% C,qmmBr-APT were selected as adsorbents to investigate the effect of adsorption condition (i.e., adsorbent
dosage, contact time, pH value, initial concentration, and coexisting nutrients) on the adsorption performance of ZEN. The adsorption
process was analyzed using kinetic and thermodynamic models.
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Results and discussion According to the Fourier transform infrared spectra, the relative intensity of C—H bonds at 2 930 cm ™' and
2865 cm™', and C=N at 1 630 cm™' gradually increases with the increase in the carbon chain length and added amount of C,mimBr,
indicating that CymimBr is anchored on the APT surface to realize the organic modification. Meanwhile, the organicization degree
also increases with the increase in the carbon chain length and C,mimBr dosage. Furthermore, the modification process does not
change the crystal structure of APT, but the specific surface area reduces with the increase in the hydrophobicity, which is beneficial
to the efficient removal of ZEN through hydrophobic interaction.

The in-vitro adsorption experiments indicate that the adsorption performance of C,mimBr-APT nanocomposites is positively
associated with CymimBr dosage and carbon chain length. The adsorption process follows the pseudo second order kinetic model and
Langmuir isotherm. When the modified amount of C;smimBr is 5.0%, the maximum adsorption capacity of C;sminBr-APT
nanocomposites to ZEN is 7.45 mg-g~'. Furthermore, pH value and co-existed nutrients (€.g., amino acids, vitamins and minerals)
have little effect on the adsorption performance of ZEN.

Conclusions The novel ZEN adsorbents were prepared based on the organic modification of APT using C,mimBr with different
carbon chain lengths. The results indicated that CymimBr modification did not change the crystal structure of APT, while the surface
hydrophobicity increased with the increase in the carbon chain length of CymimBr. Meanwhile, the adsorption capacity of
CymimBr-APT nanocomposites toward ZEN increased with the increase in the CymimBr dosage, carbon chain length, adsorbent
dosage, and initial solution concentration. The adsorption mechanism was mainly due to the hydrophobic interaction between the long
organic carbon chains of CymimBr and ZEN molecules, and C,mimBr-APT nanocomposites presented a considerable application
potential for the removal of ZEN adsorbents due to the good selective adsorption in the presence multiple nutrients.

Keywords attapulgite; ionic liquid surfactants; zearalenone; adsorption



